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ABSTRACT

In PWR steam generator tube rupture (SGTR) faults, a direct pathway for the 
release of radioactive fission products can exist if there is a coincident 
stuck-open safety relief valve (SORV) or if the safety relief valve is 
cycled. In addition to the release of fission products from the bulk steam 
generator water by moisture carryover, there exists the possibility that some 
primary coolant may be released without having first mixed with the bulk water 
- a process called primary coolant bypassing? The MB-2 Phase II test program 
was designed specifically to identify the processes for droplet carryover 
during SGTR faults and to provide data of sufficient accuracy for use in 
developing physical models and computer codes to describe activity release.

The test program consisted of sixteen separate tests designed to cover a range 
of steady-state and transient fault conditions. These included a full 
SGTR/SORV transient simulation, two SGTR overfill tests, ten steady-state SGTR 
tests at water levels ranging from very low levels in the bundle up to those 
when the dryer was flooded, and three moisture carryover tests without SGTR.
In these tests the influence of break location and the effect of bypassing the 
dryer were also studied. In a final test the behavior with respect to aerosol 
particles in a dry steam generator, appropriate to a severe accident fault, 
was investigated.

The main conclusions from these tests were that moisture carryover was very 
low in the absence of an SGTR, that there was no significant increase in 
moisture carryover during an SGTR/SORV fault and that very little or no 
primary coolant passed through the steam generator without having first 
completely mixed with the bulk secondary liquid (primary coolant bypassing). 
Short-term perturbations to steady-state conditions were found to produce 
transient releases, which could be mainly due to primary coolant bypassing or 
carryover, depending on type of transient and on water level. While small, 
these releases were the equivalent of steady-state releases over tens of 
hours, and could be important factors in determining the overall activity 
release in these types of fault. At very low water levels, when recirculation 
within the boiler could not be maintained, conditions typical of early stages

m
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ABSTRACT (Continued)

in an SGTR/SORV fault produced large transient releases. These are believed 
to be due to the rewetting of dry deposits formed on the exposed tube bundle. 
Similar releases were not produced under conditions typical of later stages in 
an SGTR/SORV fault.

Based on the MB-2 data it is suggested that the steady-state MB-2 value of 
0.001% should be used to assess primary cooUnt bypassing in SGTR/SORV 
faults. Under these fault conditions it is suggested that moisture carryover 
should be taken as 0.005%. This carryover value represents a factor of ten 
increase over that found in the present tests and, apart from a question of 
prudence, is chiefly determined by a comparison between the results from the 
MB-2 tests and plant at 100% load. A verification of this factor of safety 
could only be made from a detailed assessment of the known, but largely 
unquantified, influence of minor differences in design and disposition of the 
separators and dryers as well as the scaling factors associated with changing 
from a segment of a steam generator, as in MB-2, to a complete unit.

The test data show that short-term perturbations to steady-state or near 
steady-state conditions can result in transient releases that may account for 
a substantial part of the total release. The types of perturbation tested in 
MB-2 may not all necessarily occur in plant, but the most significant 
perturbation, opening the safety relief valve, is expected to occur in many 
SGTR fault sequences. If the MB-2 data are applied to a typical SGTR 
sequence, it is predicted that the quantity of primary coolant released by 
primary coolant bypassing will be dominated by the transient release on 
opening the safety relief valve.

Comparing the present test data with the current calculational procedure for 
radiological releases shows that the MB-2 test data predict a release by 
primary coolant bypassing that is two orders of magnitude less than that 
predicted by the current procedure. As this will have a significant impact on 
the total activity release, it is suggested that the implication of these 
findings to plant should be considered when the current calculational 
procedure is next revised.

IV
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SECTION 1 

INTRODUCTION

In normal operation, PWR steam generator tubing can be damaged by a variety of 
corrosion or mechanical wear processes. If this damage causes a tube leak and 
if steam is vented to atmosphere, a pathway exists for the direct release of
radioactive fission products to the environment. This possibility has long
been recognized to the extent that a full double-ended guillotine break of a 
single steam generator tube is considered as a design basis fault by the USNRC 
and by regulatory bodies elsewhere. Currently, for these faults, activity 
levels in the primary circuit are set at a value such that even a full break 
will not give an activity release which exceeds that laid down in 10 CFR Part 
100 (1). None of the seven steam generator tube rupture (SGTR) events that 
have occurred has exceeded this limit (2, 3).

In any SGTR fault the amount of activity released will depend on the degree of
active species retention in the steam generator, as well as on the activity 
levels in the primary coolant. For primary coolant that has mixed fully with 
the bulk steam generator, the retention is assumed to be similar to that which 
exists under normal operating conditions (4). Thus, it is assumed that there 
is no retention of noble gases, 1% carryover by mass of iodine with the steam, 
and 0.1% carryover by mass of cesium (and similar non-volatile fission 
products). In this code the carryover of cesium was derived directly from 
measured levels of moisture carryover, while that for iodine was based on 
steam volatility.

In addition to the release of fission products from the bulk steam generator 
water, there exists the possibility that some primary coolant may be released 
without having first mixed with the bulk water (a process defined here as 
primary coolant bypassing). Here it is postulated that the primary coolant 
will flash as it leaves the tube break and in so doing it will form very fine
droplets which may be carried in steam bubbles through the bulk water to the
separators. A fraction of these droplets may be small enough to pass through
the separators to be released to the atmosphere (5, 6 and 7). Such
uncertainties can not be quantified because of lack of experimental data and
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as a consequence the U.K. safety case for the Sizewell 6 PWR has made the 
conservative assumption that no retention will occur in SGTR faults involving 
releases to the environment.

The assumptions made in the current assessment routes can only be confirmed by 
experimental measurements on plant or under prototypical conditions. More 
importantly, the assessment routes can only be improved if experimental data 
are available and if the processes which govern the release of active species 
are understood. As part of a cooperative USNRC, EPRI and Westinghouse program 
to provide these data, programs are in hand to quantify iodine volatility 
under steam generator fault conditions and to define levels of carryover and 
bypassing (8). The MB-2 Phase II Test Program forms part of this overall 
program and was specifically designed to quantify levels of carryover and 
bypassing in SGTR/SORV (coincident steam generator tube rupture and stuck-open 
safety relief valve) faults and in SGTR overfill faults. For this phase of 
the test program funding was provided jointly by USNRC, EPRI, Westinghouse and 
by the U.K. Central Electricity Generating Board. It is anticipated that the 
data provided by these programs will have a significant impact on the design 
and on the operational and inspection requirements needed to meet regulatory 
requirements for activity release. In particular, they may determine the 
importance placed on maintaining very low primary coolant activity levels, the 
economic consequences for fuel integrity, the assumed frequencies of SGTR and 
SORV events and, finally, the costs and operational exposure incurred in 
maintenance and inspection if either the SGTR frequency (unresolved issues 
A-3, A-4 and A-5 (9)) or SORV frequency needs to be reduced.

1-1. TEST MATRIX

The original matrix proposed is shown in Table 1-1 and consisted of six 
steady-state and three transient tests. The test conditions selected for the 
steady-state tests correspond to three instants of time in a complete 
SGTR/SORV transient at which the dominant fission product release mechanisms 
could change. These times are 900 seconds (Tests 2.3, 2.4, and 2.5), 4000 
seconds (Test 2.2) and 15000 seconds (Test 2.1).
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In Test 2.1, because of the small degree of superheat and low SGTR discharge 
velocity, the preferential release of primary coolant (primary coolant 
bypassing) was not expected and it was believed that the primary coolant would 
mix with the bulk liquid. In Tests 2.2 to 2.5 primary coolant bypassing was 
considered possible, either because of flashing or the higher velocity of the 
SGTR discharge. In one test. Test 2.5, the dryer was to be bypassed to assess 
its effect on carryover.

Tests 2.7 and 2.9 were designed to simulate-SGTR/SORV transients with the SGTR 
occurring at the bottom or top of the tube bundle, respectively, and when 
offsite power was not available. In both transients the auxiliary flow was to 
be maintained to t = 15000 seconds at a rate sufficient to maintain normal 
water level. This procedure was adopted as it was believed that the 
mechanisms for fission product retention would be significantly different if 
the steam generator were to dry out completely or if a significant fraction of 
the surface area of the tube bundle were to dry out. There are several 
reasons for the belief. Fission products could be deposited as solids on dry 
surfaces and possibly react with the surface oxides. This could result in 
enhanced retention. However, if any reaction leads to the formation of 
volatile species, the fission product release could be enhanced.
Alternatively, if the SGTR break flow sprays onto a region of dry surface, 
boiling may involve concentration of the fission product and lead to enhanced 
release either by an increase in volatility or by the release of droplets 
containing more concentrated solutions of primary coolant.

Test 2.8 was designed to simulate a top break SGTR transient in which the 
steam generator overfills and where the pressure is relieved by repeated 
cycling of the safety relief valve. This test was based on the SGTR at the R. 
E. Ginna plant (2), when continued operation of the charging pumps to maintain 
primary circuit pressure, and with the faulted steam generator isolated, 
caused both the level and steam generator pressure to rise.

The initial phase of this test matrix was carried out over the period 3/14/85 
to 3/27/85. This consisted of Test 2.3 (T-1952), Test 2.2 (T-1970) and Test
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2.1 (T-1972). These were supplemented by a group of diagnostic tests to 
quantify moisture carryover in the absence of an SGTR and an SGTR at reduced 
water level. These tests were a moisture carryover test at 8% power (T-1957, 
at conditions corresponding to Test 2.3), a moisture carryover test at 100% 
power (T-1966), and a top break SGTR test with an 8% SORV steam flow rate and 
at reduced water level (T-1958, also under Test 2.3 conditions.) To simplify 
reporting, these tests have been reordered and renumbered as part of the 
revised test matrix shown in Table 1-2.

As the initial series of six tests gave very low carryover, the test matrix 
was revised to cover test conditions that might promote higher levels of 
carryover. Principally, the revision involved the deletion of Test 2.7, a 
revised version of Test 2.2, designed to promote flashing of the primary 
coolant as it emerges from the SGTR break (T-1982), and the inclusion of two 
tests, revised versions of Tests 2.3 and 2.4, designed to examine the 
carryover at very low water levels. These latter tests were split into five 
sections, blowdown to a water level of 50 in. followed by four successive SGTR 
phases at progressively higher water levels. Finally, because it was
important to define the contribution of the dryer in obtaining the low
observed carryover. Test 2.5 was deleted and replaced by four tests in which 
the dryer was bypassed. These tests were repeats of the modified versions of
Tests 2.2, 2.3 and 2.4 and a further 100% power moisture carryover test. In
all these tests the SORV steam flow rate was increased to 10% and, generally, 
the primary coolant temperature increased to promote flashing. The revised 
test matrix is given in Table 1-2; again, to simplify reporting, all tests 
have been reordered and renumbered.

The final test in the original test matrix. Test 2.6, was a scoping trial 
designed to provide information on fission product retention when both the 
primary circuit and steam generator have dried out completely. Under these 
severe accident conditions the postulated route for fission product release is 
an aerosol originating from the molten reactor core. This test was carried 
out as a separate test program immediately before the MB-2 unit was modified 
to bypass the dryer. The results for this group of tests are given in 
Appendix 1.
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1-2. TESTING METHODOLOGY

In the test program the SORV was represented in MB-2 by a steam line break 
(SLB), of equivalent area, and the assumption was made that the water carried 
over into the MB-2 steam line is representative of that which would be 
released to the atmosphere via an SORV in a Model F steam generator. To 
simulate the cases where either all four or only one steam generator 
contribute to the SORV steam flow, two SORV lines were provided. These were 
scaled to give either 2% or 8% of the steam .flow at 100% power.

To simulate the SGTR, two break lines were fitted to the model boiler. Of 
these, one was located above the tube bundle with the break location 
positioned such that the jet of primary coolant would be directed upwards 
towards the primary separator The second line entered the tube bundle just 
above the tube sheet. While the latter location is more representative of 
most modes of tube failure, the former location would be expected to maximize 
any primary coolant bypassing.

In each test, different chemical tracers were used in the primary loop 
(potassium) and in the model boiler (lithium), so that it would be possible to 
distinguish between moisture carryover from the bulk steam generator water or 
that due to primary coolant bypassing. These species were monitored by taking 
continuous samples of the primary loop, the model boiler and the SORV 
condensate, and by analyzing for the two different tracers by atomic emission 
spectrophotometry.

A detailed description of the MB-2 test facility and its instrumentation is 
given in Sections 2 and 3, a description of the chemical control and 
instrumentation in Section 4, details of the individual tests in Section 5 and 
the analysis of the results in Sections 6 and 7. The overall conclusions of 
the test program are given in Section 8.
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TABLE 1-1 
PHASE II TEST MATRIX

I

Test Type***

2.1 Steady-state with SORV** bottom break
2.2 Steady-state with SORV bottom break
2.3 Steady-state with SORV bottom break
2.4 Steady-state with SORV top break
2.5 Steady-state with primary top break, no dryer

Primary*Pj (psia), (°F) 

170, 320

557, 427

1850, 560 

1850, 560 

1850, 560

2.6 Steady-state with primary superheat with non- condensible
2.7 Transient SGTR & SORV with bottom break

2.8 Overfill transient with top break

2.9 Transient SGTR & SORV with top break

Secondary*(psia)

85

287

1080

1080

1080

Primary conditions taken from 
analytical calculations simulating PWR response to SGTR + SORV
Primary conditions held constant

Same as test 2.7

Comments

To assess low velocity discharge without flashing.
To assess flashing break flow.

To assess high velocity discharge without flashing.
To assess effect of break location.

To determine effect of dryer on carryover. Upper shell must be 
removed.
Test conditions to be defined by EPRI.

Auxiliary feed remains on until 
15,000 s, then stopped and SG allowed to boil dry.
Overfill simulated with normal safety valve operation, followed by SORV, no SGTR.
Test 2.9 to be performed as a continuation of test 2.4, with boundary conditions as close as possible to those for test 2.7.

* Preliminary conditions - parameters to be confirmed following thermal-hydraulic support analysis.** SORV - Stuck-Open Safety Valve*** Tests are preceded by steady-state measurements without SGTR



TestNumber Test Type TestReferenceNumber

TABLE 1-2
REVISED PHASE II TEST MATRIX

Primary SecondaryPj (psia), T^ (•’F) (Psia) Comments

Icx>

6

7

2.3 Steady-state T-1952 2% SORV - bottom break
Steady-state 8% SORV - top break

T-1958

2.2 Steady-state T-1970 8% SORV - bottombreak
2.2 Steady-state T-1982 Revised 10% SORV- bottom break
2.1 Steady-state T-1972 8% SORV - bottom break
8% power moisture T-1957 carryover
100% powermoisturecarryover

T-1966

1850

1850

557

557

170

1842

2215

560

574

427

470

320

580

617

1080

1015

287

305

85

1000

1015

Shakedown test

Investigation of low S/G water

Test 5 revised to increase of SGTR flow and to promote flashing.
To assess low velocity discharge without flashing

8% SORV flow

Variable S/G water level



Test
Number

TABLE 1-2 (Continued)
REVISED PHASE II TEST MATRIX

Test Type
TestReference

Number

Primary 
Pj (psia), T^ (-F)

Secondary 
?2 (psia) Comments

8

<x> 9

10 and 11

12

2.4 Steady-state T-1975 10% SORV-top to
break. Revised T-1979 test with blow­down to 50 in. water level followed by SGTRs at levels of about 60, 100, 150 and 280 ins.
2.3 Steady-state T-1988 100% SORV - bottom to break. Revised T-1992 
test as in Test 8

2.8 Overfill transient - top break

2.9 Full transient, 2% to 10% SORV - top break

T-1998andT-2003

T-2001

1850 580 1080

1850 580 1080

1850 580 1000

Primary conditions taken from analytical calculations simulating PWR response to SGTR + SORV.

SORV was increased from 8% to 10%: T, was increased from
560®F to 580®F; original test only at normal water level.

SORV was increased from 8% to 10%: T, was increasedfrom 560®F to 580®F; original 
test only at normal water level.
T, was increased from 560®F to 580®F; max. SORV was increased from 8% to 10%.
Test 11 used an improved method of SORV sampling.
SORV was increased from 8% to 10%.
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Test
Number

TABLE 1-2 (Continued)
REVISED PHASE II TEST MATRIX

Test Type
TestReferenceNumber

Primary Pj (psia). Tj CF) Secondary(psia) Comments

IO

13

14

15

16

17

100% power with T-2069 2250dryer bypassed
2.2 Steady-state T-2067 57710% SORV - bottombreak, dryers bypassed
2.4 Steady-state T-2050 185010% SORV - top tobreak, dryers T-2054bypassed.
2.3 Steady-state T-2061 185010% SORV - bottom tobreak, dryers T-2065bypassed
2.6 Aerosol tests with 1-2 and 35 micron particles

615

470

580

580

1015

305

1080

1080

Repeat of Test 7 with dryer bypassed
Repeat of Test 5 with dryer bypassed

Repeat of Test 8 with dryer bypassed

Repeat of Test 9 with dryer 
bypassed

See Appendix 1



SECTION 2 

THE MB-2 TEST FACILITY 

2-1. DESCRIPTION OF MODEL BOILER

The Model Boiler No. 2 (MB-2) is an approximately 0.8-percent power-scaled 
model of the Model F steam generator, a feedring type unit. It is designed to 
be geometrically and thermal-hydraulically similar to the Model F in important 
areas and it is capable of generating a maximum of 10 MWt. At 100-percent 
power (6.67 MWt) it produces dry, saturated steam at 6.9 Mpa (1000 psia), the 
same as in the Model F. A schematic of the model as configured for the Phase 
II tests is shown in Figure 2-1, while a typical Model F steam generator is
shown in Figure 2-2.

Within the model, dry saturated steam is generated by the transfer of heat 
from primary side high pressure water at 15.5 Mpa (2250 psia) to a steam and 
water mixture on the secondary side. The primary water enters the inlet side 
of the channel head, flows through the U-tubes, and leaves through the exit 
side of the channel head.

On the secondary side, feedwater or auxiliary feedwater enters the "unit cell" 
surrounding the primary separator where it mixes with the recirculating 
water. The latter flows down the downcomer pipes, and then enters the tube 
bundle through the wrapper box cutouts which lie just above the tubesheet.
The flow is directed across the tubesheet by a flow distribution baffle before
the flow turns upwards to pass through the tube bundle. As the fluid travels
upward, a steam-water mixture is generated. When this mixture leaves the top 
of the tube bundle, it flows through a cone into the riser, at the top of 
which is the primary separator. The latter removes the water by centrifugal 
action and returns it to the downcomer circuit. The steam, with entrained 
moisture, then enters the secondary separator (dryer) where the moisture is 
removed by a single-tier vane type separator and is returned to the downcomer 
circuit via a straight drain pipe (Figure 2-1). The steam, exiting the vessel 
through the outlet nozzle, is saturated and essentially dry.
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2-1-1. Tube Bundle

The MB-2 tube bundle is composed of 52 tubes arranged in a rectangular array 
having 13 tube rows and 4 tube columns, as shown in Figure 2-3. All tubes are 
fabricated from Inconel 600. They have the same outside diameter (1.75 cm, 
11/16 in.) and wall thickness (1 mm, 0.040 in.) as the tubes in the Model F 
and are configured in the same 2,49 cm (0.98 in.) square-pitch array. As a 
result, the primary and secondary unit cell flow areas for the model and the 
full-size steam generator are identical. The straight length of the tube 
bundle is 6.69 meters (21.94 ft.), which is about 0.5 meter (20 in.) shorter 
than in the Model F. The radii of the U-bends and the length of the tubes are 
as defined in Figure 2-4.

There are six tube supports in the MB-2 bundle, compared with seven supports 
in the Model F, and also a flow distribution baffle (Figure 2-1). The tube 
support plates utilized in MB-2 provide a full-size simulation of the tube/ 
support plate juncture in a representative environment. The plates, with the 
exception of the grid at the third support location, have the same thickness 
and make use of the same quatrefoil broached hole configuration as is used in 
the full-size Model F. The support plates in MB-2 are partially composed of 
alternate broached (40) and drilled hole (12) designs. The axial spacing of 
the tube supports was selected to be identical to that which exists in the 
Model F, 1.02 m, (40.16 in.). The flow distribution baffle is located 0.5 
meter (20 in.) above the top of the tubesheet, as in the Model F. It is 
partially configured with oversized drilled holes and an alternate 
"mini-broached" quatrefoil hole design. The baffle also includes a central 
cutout which simulates the effect of the central cutout in the Model F.

The heat transfer area of the MB-2 tube bundle is 39.75 m^ (428 ft.^). 
Utilizing this area, a scaling philosophy was adopted which maintains the same 
bundle average heat flux as exists in the Model F. This power scaling was 
subsequently used in sizing the flow areas for the downcomers and the primary 
and secondary separators to provide velocities and mass fluxes which are 
comparable to those of the Model F. This scaling approach, as it applies to 
transient testing, is described in more detail in reference 1 (Section 2-3).
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2-1-2. MB-2 Upper Shell Region

Figure 2-5 is a schematic of the upper shell region. A cross-sectional view 
at the deckplate is shown in Figure 2-6. Detailed descriptions of the 
components are provided in the following sections.

Modular Primary Separator -- The MB-2 modular separator employs four swirl 
vane blades oriented at 37® from the horizontal, the same as specified in some 
existing designs. The hub of the swirl vane.is slightly elongated and is more 
streamlined than earlier units. The major design change, in addition to the 
overall size reduction, is that the riser downstream of the hub is perforated 
with 0.8 cm (0.31 in.) diameter holes, evenly spaced around the 
circumference. These holes allow the liquid, which has been forced to the 
periphery of the riser pipe by the centrifugal motion imparted by the blades, 
to exit the riser and enter the annul us formed by the riser and the riser 
barrel. The remaining steam/liquid mixture continues to flow upwards into the 
orifice, which also strips off some portion of the liquid. Figure 2-7 
provides a schematic of the steam and liquid flow paths in the upper shell 
region. The riser barrel extends down approximately 48 cm (19 in.) below the 
deck plate. Both the riser and riser barrel cylinders are concentrically 
located about the center of the MB-2 shell (Figure 2-6).

Outside of the riser barrel, the unit cell cylinder serves to define the local 
cross-sectional area which is associated with a single modular separator in a 
full-size steam generator. A unit cell partition is necessary because the 
cross-sectional area enclosed within the MB-2 shell is much too large for a 
single modular separator. The unit cell also encloses the appropriate areas 
for liquid drainage and steam venting through the deck plate. Liquid which 
collects on the deck plate is removed by drain pipes which extend from the 
deck plate down to the intermediate deck plate. The vent area is represented 
by a pipe which extends 12.7 cm (5 in.) above the deck plate. The extension 
is provided to minimize the potential for reentrainment of any liquid which 
may be present on the deck plate. Additional vent area is also provided 
within the unit cell to represent a portion of the steam vent area present in 
the annular space between the deck plate and shell in the full-size steam
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generator. The edge of the deck plate is ringed with a 10 cm (4 in.) dam that 
limits the possibility of liquid reentrainment in the steam vented through 
the deck plate-to-downcomer drum gap. The sizing and layout of these various 
components are discussed in more detail in the following paragraph.

The riser and riser barrel cylinders used in the MB-2 are identical to those
of the prototype modular separator, along with the swirl vane, hub, and
orifice. The selection of the appropriate cross-sectional areas within the
unit cell, downcomer drum, liquid drain and §team vents was based on matching
the areas present in a typical modular separator configured in a Model F
shell. Figure 2-8 provides a schematic of a Model F upper shell region
configured with 130 modular separators. The separators are arranged in a 26
cm (10.25 in.) square pitch array. The specific arrangement of separators is
constrained by the available space enclosed by the feedwater distribution
ring. Within the array there are 90 interstitial deck drains and 25 deck
vents. In addition, there is a larger cylindrical drain in the center of the
array. In the annular space between the edge of the deck plate and the shell2 2there is approximately 4.5 m (48 ft. ) of area also available for steam 
venting. This annular area is more accessible to the modular separators 
located on the periphery of the array. Separators positioned in the interior 
of the array would not be influenced by this free space. Hence, a variety of 
separator situations exist from the outside to the inside of the array. It 
was decided to assign one-half of this peripheral area (on a per separator 
basis) to the region which lies within the unit cell for use in defining an 
average or typical modular separator configuration for the MB-2. This portion 
is therefore more local to the operation of the separator. The remaining 
one-half of the peripheral area will be contained within the downcomer drum, 
which, in effect, serves as a new shell for the single modular separator 
assembly. The following calculations summarize the derivation of the various 
areas in the Model F primary separator region and the corresponding areas 
specified for the MB-2:
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Model F

0 Total area within shell 14.39 (154.9 ft.^)

0 Number of modular separators 130

0 Shell area for each separator 0.111 m^ (1.19 ft.^)

0 Total annular area between 
edge of deck plate and shell

4.47 m^ (48.1 ft.^)

0 Portion of total annular area 
to assign to each separator

0.34 m^ (0.37 ft.^)

0 Number of deck drains 
(3.5 inch Sch. 40 pipes,
9.89 in^ inside)

90

0 1 central drain: area 0.045 m^ (0.49 ft.^)

0 Total deck drain area 0.62 m^ (6.7 ft.^)

0 Deck drain area for each 
separator

0.0047 m^ (0.051 ft.^)

0 Number of deck vents 
(3.5 inch Sch. 40 pipes,
9.89 in^ inside)

25

0 Total deck vent area 0.16 m^ (1.71 ft.^)

0 Deck vent area for each 
separator

0.00123m^ (0.0132 ft.^)
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MB-2 desired
^Model F value^

0 Downcomer drum: outer diameter = 40 cm (15.75 in.)
inner diameter = 38.7 cm (15.25 in.)

0 Unit cell: outer diameter = 34.9.cm (13.75 in.)
inner diameter = 33.6 cm (13.25 in.)

0 Area enclosed within downcomer = 1110 cm^ (172.1 in.^) [1106 cm^ (171.5 in.^)]
drum (excluding unit cell 
piping metal)

0 Area enclosed within unit cell = 890 cm^ (137.9 in.^) [935 cm^ (144.9 in.^)3

0 Deck drain area (2 and = 52.9 cm^ (8.2 in.^) [47.4 cm^ (7.4 in.^)]
2 1/2 inch Sch. 40 pipes)

0 Deck vent area = 13.2 cm^ (2.04 in.^) [12.26 cm^ (1.9 in.^)]
(1 1/2 inch Sch. 40 pipe)

0 Additional vent area included ~ 176.8 cm^ (27.4 in.^) [171.6 cm^ (26.6 in.^)]
within unit cell to account 
for 1/2 peripheral vent area 
assigned to a typical modular 
separator

The small differences between the desired areas and the actual MB-2 areas are 
primarily due to the use of commercially available pipes for the various 
components.
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Downcomer -- As discussed previously, a cylindrical downcomer drum, 38.7 cm 
(15.25 in.) in diameter, is used to limit the upper downcomer cross-sectional 
rea to a value which corresponds to the area associated with a single modular 

separator configured in a Model F steam generator. The lower downcomer volume 
therefore only includes the water contained within the two 7.8 cm (3.07 in.)
ID pipes that feed into the hot and cold leg wrapper openings to the bundle. 
These pipes were scaled to represent the cross-sectional area in the Model F 
lower downcomer annul us.

A funnel was needed to link the upper cylindrical drum to the lower downcomer 
pipes (Figure 2-5). The design specified for the funnel is such that the 
enclosed water volume is minimized, again to simulate better the Model F 
downcomer response. The drainage from the secondary separator is channeled 
into the downcomer funnel via a straight pipe of scaled size, as shown in 
Figure 2-5.

Table 2-1 provides a comparison of the downcomer cross-sectional areas and 
component volumes in MB-2 and Model F. The differences between desired and 
actual values are a result of use of commercially available material.

Feedwater Inlet -- For the Phase II tests the main feedwater penetration and 
distribution was at the 993 cm (391 in.) elevation. The auxiliary feedwater 
line penetrated the shell at 1016 cm (400 in.) and discharged at 1018 cm 
(401 in.).

Structural Protection -- The downcomer drum, dryer shroud and tube bundle 
wrapper box are reinforced with stiffener plates to allow for a maximum 
differential pressure of 140 psid across these walls. To provide steam to the 
dead space between the test model and the shell and thus to equalize the 
pressures in the model and the dead space during startup and normal operation, 
a 1/2-inch check valve (with cracking pressure = 6 + 2  psid) was installed in 
the deck plate supporting the dryer (Figure 2-9). Also, two 2-inch check 
valves were installed in the deck plate to prevent collapse of the test 
section, and two 2-inch check valves were installed to prevent rupture of the
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test section during blowdown. (The 2-inch check valves had a cracking 
pressure of 90 + 6 psid). To depressurize the dead space at essentially the 
same rate as test section is depressurized, a 4-inch control valve was 
installed into a blowdown line connected to the dead space. This valve is 
controlled from the signal of a differential pressure transducer connected 
between the test section and the dead space.
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2-2. TEST LOOP DESCRIPTION 

2-2-1. General Description

The test facility associated with MB-2 is a pressurized water heat supply loop 
and a steam cycle complex constructed primarily for the thermal-hydraulic 
testing of model steam generators. The test facility can also be used for 
flow tests of components or for materials tests on prototype parts in a 
high-purity water chemistry environment, whare the carbon steel piping 
materials are not adversely affected by corrosion.

The high pressure-high temperature MB-2 test facility complex consists of 
three main systems, primary, secondary, and tertiary, with the attendant 
process instrumentation and control systems. The following paragraphs 
describe the three systems and the modifications that were required to the 
primary and secondary loop to accomplish the various tests of the MB-2 
Transient Test Program.

2-2-2. Primary Loop

The primary or heat supply system is a closed pressurized water loop, 
consisting of a pump, a flow control valve, a 10 MW natural-gas-fired heater 
as the primary heat source, two 3.5 MW gas-fired heaters, used for isothermal 
or low power operation, a pressurizer, and a model steam generator (MB-2) as 
the heat sink. The test loop has a design pressure of 17.22 Mpa (2500 psia) 
and a design temperature of 344®C (650°F). Numerous temperatures, pressures, 
and flow rates are monitored to provide safe operation of equipment and for 
data collection purposes. A schematic of the primary loop flow paths is shown 
in Figure 2-10, and the main equipment specifications are given in Table 2-2.

Primary Loop Makeup System -- The primary loop was modified for the Phase II 
test program by the installation of a 1500 gallon primary makeup tank and its 
associated chemical dosing pipework. This modification ensured that any 
primary water lost via the simulated tube rupture could be replaced by dosed 
makeup water of a similar chemical composition, hence avoiding major changes 
in composition during the transient tests.
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The primary makeup system consisted of two positive displacement charging 
pumps, a low capacity (4 GPM) variable speed unit and a high capacity (8 GPM)
single speed unit, which drew water from either the makeup tank or a
demineralized water supply. During startup, shutdown or normal operation, the 
primary makeup water was drawn from the demineralized water supply. The 
makeup tank water chemistry was matched with the primary loop chemistry prior 
to a tube rupture test and the charging pumps suction switched to the makeup 
tank. Either or both of the primary charging pumps could be operated, 
depending upon the makeup requirements.

The makeup tank was provided with a recirculation pump and line into which the 
chemicals for dosing were added using the normal chemical injection pumps.
The tank was also provided with a nitrogen sparge line to provide some degree 
of deoxygenation.

Steam Generator Tube Rupture (SGTR) System -- Two flow lines were installed to 
simulate the primary to secondary leakage occurring following an SGTR, as 
shown in Figure 2-lla. These were taken from a warmup line running from the
MB-2 T^^^ inlet to the outlet. Use of this line before each
transient test ensured that the SGTR lines contained primary fluid of known 
chemistry and temperature at the initiation of the test. A calibrated venturi 
flow meter was installed in the line to measure the primary to secondary leak 
rate.

The primary to secondary leakage simulation capability was provided at two 
elevations in the tube bundle. The lower SGTR break element penetrated the 
lower shell at elevation 57 cm (26.36 in.) and was routed down to elevation
15.2 cm (6.0 in.), where it discharged into the tube bundle on the hot leg 
side between tube rows 8 and 9, as shown in Figures 2-lla and 2-llb. A flow 
limiting orifice (0.0935 in. as-built dia., ~ 2.37 mm) was installed in the 
5/8 in. (0.495 in. I.D.) line just before the lower shell inlet. Physical 
obstacles prevented penetration with a straight injection tube at the lower 
elevation. Thus the flow limiting orifice had to be externally mounted. 
Downstream of the orifice plate, two-phase flow would exist in all Phase II 
tests.
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The upper SGTR break element penetrated both the lower shell and the wrapper 
box wall at elevation 716 cm (282 in.). as shown in Figure 2-lla., i.e. ~ 14 
cm above the top of the tube bundle (which is at elevation 702 cm, 276 in.). 
Here the model geometry allowed the use of a straight 5/8 in. (0.495 in. I.D.) 
injection tube with the flow limiting orifice (0.0938 in. as-built dia.,
~ 2.38 mm) located at the top of the tube on the tube bundle centerline 
(Figure 2-llc). With this installation, flashing would only occur as the 
primary fluid emerged from the orifice.

2-2-3. Secondary Loop

The secondary system of the facility consists of a model steam generator 
(MB-2) as the steam supply source, a steam flow system, a condensate system, 
and a feedwater supply system. In the standard operational mode, the steam 
leaving the model steam generator passes through an orifice flow meter, 
through the shell side of the feedwater heater, and into the condenser which 
it leaves as saturated or slightly subcooled water. The temperature of the 
condensed water is further lowered in the subcooler before it passes to a 
5000-gallon surge tank or to the feedwater pump which circulates the water 
through the single-stage feedwater heater and back into the downcomer of the 
model steam generator. Steam and feedwater control valves, flow venturis, 
pressure transducers and thermocouples are provided to control and monitor the 
secondary loop. Finally the model boiler is provided with a blowdown line 
located in the center of the tubesheet at an elevation of 1 cm (0.5 in.). A 
schematic of the secondary loop flow paths is given in Figure 2-12, and the 
main equipment specifications are shown in Table 2-2. The MB-2 Phase II Test 
Program required several modifications to the secondary loop. These are 
described below.

Stuck-Open Relief Valve (SORV) Lines -- The secondary steam line was modified 
to provide two additional SORV steam pathways which would simulate either a 2% 
or an 8% steam flow, as shown schematically in Figure 2-12. In a 4-loop PWR 
these would be equivalent to the flows escaping to atmosphere via a safety 
relief valve, when either all 4 steam generators or a single steam generator 
contributes to the total steam discharge. These two lines originated close to 
the MB-2 steam exit nozzle and upstream of the main steamline isolation
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valve. Each line contained a steam flow limiting orifice (0.386 in. dia. for 
8% SORV, 0.193 in. dia. for 2% SORV) and an air-operated isolation valve.
These lines joined and then discharged to the SORV condenser. The condenser 
and piping were located close to the MB-2 steam exit nozzle to minimize the 
steam transport time. Cooling water to the condenser was provided from the 
tertiary system by the auxiliary pump. An isometric sketch of the SORV 
condenser and piping is shown in Figure 2-13. The SORV condensate discharged 
through a calibrated venturi flowmeter and then drained into a collection tank 
where the level was measured and recorded. The piping downstream of the 
condensate venturi was sized such that greater than 25 psig backpressure 
existed at the condenser. This was necessary to drive the SORV condensate 
sample flow to the sample station. For the 2% SORV test, the downstream 
condensate piping was changed from 3/4" O.D. x .050 wall tubing to 3/8 O.D. x 
.065 wall tubing to provide the necessary backpressure.

Feedwater System -- The introduction of feedwater into the MB-2 has several 
flow paths depending upon the demanded flow and temperature. The system 
consists of a main feedwater line and an auxiliary feedwater line coupled with 
various inlet connections to the model boiler. A schematic of the feedwater 
system is shown in Figure 2-12.

The auxiliary feedwater line originates at the feedwater pump discharge and 
bypasses the feedwater heater and thus can only deliver unheated water 
(90-120®F). The auxiliary feedwater line contains an air operated flow 
control valve (FCV-299) and a calibrated venturi flowmeter (FE-299) which can 
measure flow rates up to 2000 Ibm/hr. Normal auxiliary feedwater lineup is to 
the upper shell connection at elevation 401 in. This line was usually 
sufficient for the 2% SORV tests.

In order to provide the additional feedwater flow required for the 8% and 10% 
SORV tests, the main feedwater line was employed. This line originates at the 
feedwater pump and passed through the feedwater heater if required. A bypass 
line around the feedwater heater is available if unheated water is, required. 
The main feedwater line contains an air operated flow control valve 
(FCV-201A), a manual throttle valve (HCV-222) and a calibrated venturi 
flowmeter (FE-201A) usable up to 40,000 Ibm/hr. Normal main feedwater lineup
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is to the MB-2 upper shell connection at elevation 390". This lineup was 
usually employed for the 8% SORV, 10% SORV and 100% moisture carryover tests. 
Due to its wide range (0-40,000 Ibm/hr), the main feedwater flow venturi had a
loss of accuracy at the low flow conditions (< 10% of span). To improve the
accuracy of the main feedwater flow measurement a smaller calibrated venturi 
flowmeter (FE-299B) was installed in series with FE-201A. This venturi was 
identical to the auxiliary feedwater venturi FE-299 and would pass up to 
2000 Ibm/hr.

Because of the wide range of test conditions required for the Phase II tests, 
various combinations of feedlines, venturis and inlet connections to the model
boiler were used. The lineup for each test is identified in the test
performance writeup.

For the transient tests the secondary loop was operated in either of two 
modified forms of operation. For most transient tests, the exceptions being 
the two 100% power moisture carryover tests, the secondary loop was operated 
as a once-through system. In this form of operation water was drawn from the 
surge tank and was passed via the feedwater system into the MB-2 downcomer.
The steam then passed via the 2% or 8% SORV steam lines to the SORV condenser 
(Figure 2-13) and to the SORV collection tank. For the 100% power moisture 
carryover tests the secondary loop was operated as described above for 
standard operations, but with, in addition, the 8% SORV steam flow line open 
and with additional makeup water being drawn continuously from the surge 
tank. In all tests chemical dosing solutions (lithium hydroxide or hydrazine) 
were added to the secondary loop via the auxiliary feedwater line. For the 
nonvolatile alkali used this ensured that only the MB-2 model boiler was dosed 
and not the complete loop. During startup the secondary loop was normally 
dosed via the main feedwater line and in all tests the surge tank was also 
dosed with chemicals. The single chemical dosing pump was used for all these 
operations.

The final group of tests were carried out with the dryer bypassed. For these 
tests the perforated plate which forms the inlet to the dryer was sealed with 
a welded solid plate. A "0" shaped hole of equivalent area (39.7 in .) was 
then cut in the dryer inlet top plate. By this means steam passed directly to 
the model boiler steam dome without passing through the dryer.
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2-2-4. Tertiary Loop

The tertiary loop forms the cooling water system for both the primary and 
secondary loops. It provides cooling water for the cooling tower, condenser, 
subcooler, primary pump, feedwater pump bearings and recirculation line, 
nonregenerative heat exchanger moisture probe and the isokinetic and chemical 
sample coolers. For the Phase II tests it was only necessary to modify this 
loop slightly, so that it also supplied the SORV condenser mounted beside the 
model boiler and the additional chemical sample lines installed for the 
tests. A schematic of the tertiary loop flow paths is included in Figure 
2-lld.

2-2-5. Chemical Sampling System

The complete test facility is provided with a number of chemical sample lines 
from each of the three loops. These pass to a central sampling room where 
they are cooled and sampled. For the Phase II tests these sample points were 
only used for the routine monitoring of the loops during startup and pretest 
operation.

For the transient tests five additional sampling lines were installed. These 
were taken from the primary loop, the model boiler (3 samples) and the SORV 
condensate. No sample was taken from the auxiliary feedwater line as this 
only contained demineralized water dosed with hydrazine. Each sample line was 
cooled locally and then run in small bore stainless steel tubing, to reduce 
transit times, to an air-conditioned sample hut sited at the foot of the tower 
housing the MB-2 model boiler. Here each sample line was provided with an 
isolation valve, a ten-turn flow control valve and an additional cooling coil 
immersed in a bath containing flowing city water. The four principal sample 
lines were then routed to in-line conductivity cells and finally to sample 
collection points which flowed continuously into a common drain. The overflow 
from the cooling bath was arranged so that it flushed the drain continuously 
and an internal divider was provided to segregate the low-level SORV 
condensate sample from other sample streams, hence minimizing cross 
contamination. The outputs from the conductivity monitors were fed to two 
chart recorders in the hut and to the Data General computer system in the main
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control room. An overall schematic drawing of this system is shown in Figure 
2-14; details of the individual sample lines are given below.

Primary Sample Point -- The primary sample was taken from the SGTR warmup line
at a point close to the hot leg inlet to the model boiler and immediately
downstream of the isolation valve in the warmup line. The sample line was
piped in 1/4-inch stainless steel tubing to a standard cooler (Parker, size 6)
and then in 1/8-inch stainless steel tubing to the sample hut 12 to 15 feet 
away. The cooler fitted to this line was of.a counterflow double coil design 
having an inner coil of 3/8-inch outside diameter; its internal volume was 
approximately 200 ml. The overall volume of the sample line up to the inlet 
of the conductivity cell was 465 ml.

Model Boiler Sample Points -- Twelve sample points were available in the MB-2 
model boiler, namely the steam sampling points S-1 to S-6 and the isokinetic 
sample points IKP-1 to IKP-6 located within the tube bundle. In addition, 
samples could be taken from the model boiler blowdown line. Of these, two 
were selected as the main sample points, while a blowdown sample line was
installed for use in one series of tests.

Of the sample points installed in the upper section of the model boiler, 
sample points S-2 to S-6 lay above the primary separator; S-2 within the 
shroud, S-3 to S-5 in the entrance to the dryers and S-6 at the exit to the 
model boiler. These, therefore, could not be used to sample the model boiler 
water under normal operating conditions. The remaining sample point, S-1, was
located in the downcomer below the swirl vane (elevation 1143 to 1194 cm, 450
to 470 in.), but still above the level of the auxiliary feedwater inlet at 
elevation 1018 cm (401 in.). This sample point should therefore see water 
essentially identical in composition to that of the entrained droplets passing 
through the primary separator and should provide the most representative 
sample for determining carryover; it was selected as the principal sample 
point for tests at nt--mal water level. Physically, the sample point consisted 
of a 1/4-inch stainless steel tube which entered the downcomer at elevation 
1072 cm (422 in.) and which had a 3-inch vertical section pointing upwards 
into the downcomer flow; the top elevation was thus at 1080 cm (425 in.).
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The isokinetic sample points IKP-1 to IKP-6 all lay within the tube bundle 
between rows 6 and 7 and between columns 2 and 3. They were located at 
elevations 153, 357 and 561 cm (60.25, 140.50 and 220.88 in.), there being a 
sample point in the hot and the cold legs at each level. In each case the 
sample point was a 1/4-inch stainless steel tube having a 3-inch vertical 
section pointing down into the flow. Since the bottom break SGTR line entered 
the tube bundle wrapper on the hot leg side and since voidage will increase 
with elevation, the cold leg sample point at elevation 153 cm (60.25 in.), 
designated IKP-4, was used as the second sampling point. As there is a flow 
distribution baffle (elevation 51 cm (20.0 in.)) between the bottom break SGTR 
line and the sample point, it was expected that good mixing would occur under 
most conditions.

The blowdown sample point was taken from the 3/4-inch blowdown line at a 
point ~ 125 inches downstream from the base of the model boiler. This 
sample line and those taken from sample points S-1 and IKP-4 were piped in 
1/4-inch stainless steel tubing to an adjacent sample cooler and from there in 
1/8-inch stainless steel tubing to the sample hut (Figure 2-14). The maximum 
length of any sample line was about 50 feet (S-1). Both the blowdown and 
IKP-4 sample lines used coolers identical to that fitted to the primary sample 
line, but that fitted to the S-1 sample point (Parker, size 4) was of smaller 
size, 1/4-inch outside diameter tubing, and volume ~ 75 ml. The calculated 
volume of the blowdown sample line from the blowdown inlet within the model 
boiler to the collection point was 1212 ml. For the S-1 and IKP-4 sample 
lines the measured volumes from the model boiler shell to the collection 
points were 172 and 492 ml, respectively, while the estimated volumes within 
the model boiler were 38 and 37 ml. Hence the overall volumes were 172 ml 
(S-1) and 529 ml (IKP-4).

SORV Condensate Sample Point -- Steam from the 2% and 8% SORV lines was 
condensed and then passed through a flow measurement venturi in a loop seal 
U-tube before passing to the collection tank. The sample was taken from the 
base of the U-tube and run in 1/4-inch stainless steel tubing first to a 
sample cooler and from there directly to the sample hut; again the sample 
cooler was identical to that used on the primary sample. For this sample a 
larger bore sample line was installed since only a small pressure head was 
available to drive the sample flow. The measured volume of this sample line 
was 690 ml.
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TABLE 2-1

DOWNCOMER VOLUME/AREA COMPARISON

Component 
VOLUMES (ft^)
a. Upper downcomer
b. Secondary separator dis­engagement pipe, J-tube, and extension
c. Downcomer funnel
d. Downcomer "dead space"
e. Downcomer pipes and ducts
f. Total

MB-2Configuration

0.148 (5.24) 
0.Oil'(0.38)

0.025 (0.89)

0.087 (3.09) 
0.272 (9.60)

Model F

19.47 (687)

12.89 (455) 
32.36 (1142)

VOLUME RATIOS 
a. Upper downcomer Lower downcomer
b. Lower downcomer Secondary bundle
c. Total downcomer Secondary bundle
MB-2 CROSS-SECTIONAL AREAS (ft^)

2.11

0.29

0.89

1.51

0.29

0.73

a. Upper downcomer (typical)
b. Lower downcomer pipes

0.086 (0.93) 
0.009 (0.10)
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TABLE 2-2

TEST LOOP EQUIPMENT SPECIFICATIONS

Item 
Primary Pump

Primary Heater No. 1 and No. 3 
Primary Heater No. 4 
Primary Charging Pump No. 1 
Primary Charging Pump No. 2 
Pressurizer Relief Pressure 
Primary Heater No. 4 Relief Pressure 
Feedwater Pump

Chemical Addition Pump

Cooling Tower

Circulating Pump
Condenser Pump
Subcooler Pump
Auxiliary Cooling Pump
Steam Generator Relief Pressure
Condenser Relief Pressure
Feedwater Heater Relief Pressure

Specification
0.0674 m V s  at 128 m (1068 GPM, 420H .  Head)
3.5 MWt (12 X 10® Btu/hr) (each)
10 MWt (34 X 10® Btu/hr)
2.6 X 10"^ m V s  (4.1 GPM)
5.0 X 10"^ m V s  (8.0 GPM)
17.2 Mpa (2500 psig)
20.7 Mpa (3000 psig)
5.24 - 6.5 X 10'^ m V s  (83-103 GPM, 2725-2850 ft. Head)
5.6 X 10'® m Vs (0-5.3 GPH) (Two 
units, each system)
0.236 mVs, 40-30“C at 27“ wet bulb (3740 GPM (105“ to 85“F at 80“F wet bulb))
0.252 m V s  (4000 GPM, 32 ft. Head) 
0.143 m V s  (2260 GPM, 91 ft. Head) 
0.0934 m V s  (1480 GPM, 111 ft. Head)
0.0189 m V s  (300 GPM, 230 ft. Head) 
8.27 Mpa (1200 psig)
4.03 Mpa (585 psig)
11.4 Mpa (1650 psig)
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DIMENSIONS IN cm (in.) •T41C-1

FEEDWATER
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2062.5(812.0)

Figure 2-2. Westinghouse Model F Steam Generator
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Figure 2-3. HB-2 Bundle Cross-Section

81160:10/112784 2 - 2 2



6741C-2

ROW "R" 
cm (in.)

1 3.10 ( 1.22 )

2 5.59 ( 2.200)

3 8.08 ( 3.180)

4 10.57 ( 4.160)

5 13.06 ( 5.140)

6 15.54 ( 6.120)

7 18.03 ( 7.100)

8 20.52 ( 8.080)

9 23.01 ( 9.060)

10 25.50 (10.040)

11 27.99(11.020)

12 30.48 (12.000)

13 32.97 (12.980)

668.7
(263.27)

* MEASURED FROM TOP OF TUBESHEET

M A X IM ^  DRAWING TOLERANCE 
MINIMUM

Figure 2-4. MB-2 U-Tube Dimensions
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Figure 2-5. MB-2 Upper Shell Region 
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6741C-S
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VENT
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RIFICE
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VENT

Figure 2-6. MB-2 Cross-Section at Deck Plate (Elevation 477.01 in.)
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Figure 2-7. Flow Paths in MB-2 Upper Shell Region
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6741C-6

DECK PLATE

SHELL

367 (144.5) DIA.

428 (168.5) DIA.

21.9 (8.62)

SINGLE 
LARGER 
CENTRAL 
DRAIN

FEED RING

DECK
DRAIN

DECK
VENT

- ^ m w r n m w r n m m r -

5.1 (ZO) CLEARANCE

3.5 (1.38) CLEARANCE

26 (10.25) 
SQUARE PITCH

INTERSTITIAL 
DECK DRAINS AND 
VENTS 

MODULAR SEPARATOR 
(-130 TOTAL)

MODULAR
SEPARATOR DECK DAM

ALL DIMENSIONS 
IN cm (in.)

Figure 2-8. Modular Separators Configured 1n a Model F Shell

8116Q:10/112784 2-27



2 CHECK VALVES (2 
CRACKING p re s s u re :  9 0 i6 P S l 
TO p r e v e n t  c o l la p s e  o f  
TEST s e c t io n  i n t e r n a l s

2 *CHECK VALVES (2) 
c r a c k in g  p re s s u r e :  9 0 * 6 PSI
TO PREVENT RUPTURE OF 
TEST SECTION INTERNALS

XCHECK VALVE (I)
CRACKIN6. PRESSURE: 6 1 2  PS I 
TO ALLOW MODEL DIFFERENTIAL 
PRESSURE TO EQUALIZE DURING 
STARTUP AND NORMAL OPERATION

SECONDARY 
EPARATOR

DECK HLATE

T E S T  s e c t i o n

SHELL DEAD 
SPACE

Figure 2-9. MB-2 Internal Check Valves
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SECTION 3 

TEST FACILITY INSTRUMENTATION

3-1. TUBE BUNDLE

The instrumentation of the model boiler tube bundle consisted of 
thermocouples, pressure transmitters and differential pressure transmitters.

3-1-1. Thermocouples

The MB-2 tube bundle was instrumented with 106 thermocouples to measure the 
temperatures of the primary fluid, secondary fluid, and the tube wall near its 
outer surface. The temperatures recorded by these thermocouples can be used 
to calculate local heat fluxes and heat transfer coefficients for both the 
primary and secondary sides of the tubes. The thermocouples were positioned 
at various axial and radial locations in the bundle. They extend axially from 
just above the tubesheet surface up to the U-bend and radially from tube rows 
3 through 12.

The overall distribution of the thermocouples was selected considering the 
experience gained in previous model test programs, in particular the FLECHT 
SEASET natural circulation tests (1). The distribution of thermocouples shown 
in Figure 3-1, is such that a relatively large portion of the total number 
were located near the bottom of the generator where the cold feedwater flow 
enters the bundle. It was expected that the maximum temperature differences, 
the highest heat fluxes, and the largest tube-to-tube differences would occur 
at the bottom of the bundle. Differences in boiling regimes (subcooled and 
saturated) were also expected in this region due to the crossflow nature of 
the feedwater. In addition, since the power was to be significantly less than 
the full-power capability of the generator for several of the tests, the 
majority of the heat would be transferred at the bottom of the bundle. At the 
lowest elevations the thermocouples were radially positioned within three 
"super cells" in each leg of the bundle (Figure 3-2). The super cells have 
been defined for the purpose of analyzing the temperature measurements. It is 
assumed that all the tubes in a cell behave the same so the data from adjacent 
tubes can be used to obtain the heat flux distribution for each cell.
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The higher elevations in the tube bundle contained a smaller fraction of the 
total number of thermocouples and, therefore, a coarser distribution existed. 
As shown in Figures 3-1 and 3-2, in the hot leg the thermocouple strings 
present in the three super cells near the bottom of the bundle were 
redistributed radially, such that only two super cells existed near the top of 
the bundle. In the cold leg, a single super cell was utilized above the 127 
cm (50 in.) elevation. At higher elevations it is believed that the flow is 
more one-dimensional (axial) within each leg, therefore, less radial detail 
was required. The lower heat fluxes which were expected at the higher 
elevations, particularly during low power operation and when the bundle was 
uncovered during water level reductions, also permitted greater spacing of the 
thermocouples.

All bundle thermocouples were routed through the south wrapper box wall and 
from there out to the shell penetrations. Figures 3-3 to 3-5 illustrate the 
various configurations which were used for mounting the thermocouples to the 
tubes and for routing them through the bundle to the wrapper box wall. As 
shown, guide tubes having a 0.32 cm (1/8 in.) CD were used to enclose the PTC 
(primary thermocouple) and STC (secondary thermocouple) leads, protecting them 
from potential damage caused by crossflow.

The tube bundle thermocouples were premium grade, chromel/constant (Type E) 
thermocouples, having "Special Limits of Error" for the thermocouple and 
extension wires. The sheaths were fabricated from Inconel 600. All 
thermocouples had ungrounded hot junctions to provide electrical isolation 
from interference and stray noise. As shown in Figure 3-6, both the PTC's and 
STC's had 0.157 cm (0.062 in.) sheath O.D.'s. The TTC's (tube wall 
thermocouples) included a transition in the sheath diameter. Over a short 
length near the sensing tip the diameter was 0.051 cm (0.020 in.) while the 
remainder was 0.102 cm (0.040 in). The 0.051 cm (0.020 in.) diameter sensing 
tip of the TTC's was embedded in a machined slot in the tube so that the hot 
junction was nominally positioned 0.041 cm (0.016 in.) below the tube outer 
surface. All thermocouples were calibrated by the vendor at a number of 
temperatures which covered the expected operating range during the transient 
tests (94° to 330°C, 200° to 625°F).
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As stated previously, the temperature measurements made within a super cell 
can be used to determine the local heat flux and heat transfer coefficients.
'or this, the heat flux is first determined from the measured primary 
temperature difference over an axial span within the cell. Next, having the 
measured tube wall temperature for one of the tubes within the cell, the heat 
transfer coefficient on the inside surface of the tube can be calculated. The 
tube wall temperature, along with the measured secondary fluid temperature in 
the cell, may then be used to calculate the heat transfer coefficient on the 
tube outer surface.

3-1-2. Pressure Taps and Differential Pressure Measurements

The secondary side of the tube bundle included nine static pressure taps
located on the south wrapper box wall. The taps extended axially from a point 
just below the flow distribution baffle to an elevation 25.4 cm (10 in.) above 
the top of the bundle (Figure 3-7 and Table 3-1). They were spaced so that a
tap was positioned within each support span of the tube bundle. As a result,
the differential pressure measurements obtained using these taps include the 
loss associated with each support plate (Table 3-2). In additidn, an absolute 
jressure measurement was made at tap P07 to determine the bundle steam 
pressure.
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TABLE 3-1
LOCATION OF MB-2 TUBE BUNDLE PRESSURE TAPS

Secondary Side
Elevation AboveTap Tubesheet cm (in.) Radial 1-ocation

POl 43.18 (17.00) Hot leg between rows 6 and 7
P02 66.95 (26.36) Hot leg between rows 6 and 7
P03 131.62 (51.82) Hot leg between rows 6 and 7
P08A 213.36 (84.0) Hot leg between rows 6 and 7
P08 284.02 (111.82) Hot leg between rows 6 and 7
P09 322.12 (126.82) Hot leg between rows 6 and 7
P04A 416.56 (164.00) Hot leg between rows 6 and 7
P04 493.24 (194.19) Hot leg between rows 6 and 7
P05 599.33 (235.96) Hot leg between rows 6 and 7
P06 637.44 (250.96) Hot leg between rows 6 and 7
P07 727.94 (286.59) Opposite tube lane

TABLE 3-2

TUBE BUNDLE DIFFERENTIAL PRESSURE MEASUREMENTS

Secondary Side Identification

DP-0102
DP-0203
DP-0308
DP-0809
DP-0904
DP-0405
DP-0506
DP-0607
DP-0107
DP-0404A
DP-0808A

Locati on/Measurement

Flow distribution baffle 
Tube support plate No. 1 
Tube support plate No. 2 
Tube support plate No. 3 
Tube support plate No. 4 
Tube support plate No. 5 
Tube support plate No. 6 
U-bend 
Total bundle
Between support plates No. 4 and No. 5
Between support plates No. 2 and No. 3
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3-2. LOWER DOWNCOMER

3-2-1. Pressure Taps and Differential Pressure Measurements

A number of pressure taps were included in both the hot and cold leg downcomer 
pipes to obtain measurements of the water level, recirculation flow rates, and 
differential pressures. Table 3-3 and Figure 3-8 identify the locations of 
the pressure taps. Table 3-4 lists the differential pressure measurements 
which were obtained during the transient te^ts.

As shown in Table 3-4, three differential pressure (DP) measurements were made 
in the hot leg downcomer pipe for the purpose of determining the water 
level--one for top, middle, and bottom sections of the pipe.

Separate DP measurements were also provided in each downcomer pipe to 
determine the recirculation flow rates. These measurements were made using 
the existing Pitot-static probes which had previously been used for flow 
measurement over the normal operating power range (15-100 percent of full 
power).

Differential pressure measurements were also made in each leg to determine the 
pressure drop in the downcomer duct and through the wrapper opening into the 
bottom of the tube bundle.

An additional DP measurement was also made to provide an indication of the 
amount of condensate that had collected on the tubesheet in the dead space 
between the wrapper box and the shell (DP-9914).
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TABLE 3-3

LOCATION OF PRESSURE TAPS IN MB-2 LOWER DOWNCOMER REGION

Elevation Above
Tap Location Tubesheet cm (

P42 Hot leg downcomer pipe 2.54 (1.0)
P21 Hot leg downcomer pipe 36.83 (14.5)
P19 Hot leg downcomer pipe 103.6 (40.8)
P31 Hot leg downcomer pipe 243.3 (95.8)
P30 Hot leg downcomer pipe 247.1 (97.3)
P23 Hot leg downcomer pipe 635.0 (250.0)
P92 Hot leg downcomer pipe 848.4 (334.0)

P22 Cold leg downcomer pipe 36.83 (14.5)
P20 Cold leg downcomer pipe 103.6 (40.8)
P33 Cold leg downcomer pipe 243.3 (95.8)
P32 Cold leg downcomer pipe 247.1 (97.3)

P99 Dead space 98.60 (38.82)
P14 Dead space -10.80 (-4.25)

TABLE 3-4

LOWER DOWNCOMER REGION DIFFERENTIAL PRESSURE MEASUREMENTS

Identification Locat i on/Measuremen t

DP-9219 Hot leg water level (middle)
DP-1942 Hot leg water level (bottom)
DP-9223 Hot leg water level (top)
DP-3031 Hot leg downcomer flow (Pitot-static probe 1)
DP-3233 Cold leg downcomer flow (Pitot-static probe 1)
DP-1901 Hot leg downcomer duct + wrapper opening
DP-2001 Cold leg downcomer duct + wrapper opening
DP-9914 Tubesheet dead space condensate level
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3-2-2. Thermocouples

The determination of the water level in the hot leg downcomer pipe from 
differential pressure measurements requires a knowledge of the axial 
distribution of the density of the downcomer fluid. This density information 
can be determined from temperature measurements in the downcomer pipes. Since 
the downcomer fluid was expected to experience a wide variation in temperature 
during these transient tests, a number of thermocouples were provided. As 
shown in Figure 3-8 and Table 3-5, four downcomer thermocouples (DTCs) were 
positioned at elevations of 118.1, 368.3, 609.6 and 825.5 cm. (46.5, 145, 240 
and 325 in.) in the hot leg downcomer; a further two were provided in the cold 
leg pipe at 118.1 and 825.5 cm (46.5 and 325 in.). The fluid densities 
determined from the lowest thermocouple readings may also be used in the 
calculation of the downcomer flow rates.

In addition to the thermocouples installed within the downcomer pipes, 
additional temperature measurements were made in the lower shell "dead space," 
external to the pipes and wrapper box. Two thermocouples, DTC-5A and DTC-6A, 
were used to measure the temperature of the dead space fluid (steam for the 
Phase II transient tests) at elevations of 131.62 and 637.5 cm (51.82 and
251.0 in.), respectively. These thermocouples were mounted on the I-beam 
supporting the south wrapper box wall. Four other thermocouples were embedded 
in the outside surface of the south wrapper box wall at two elevations, on 
both the hot leg and cold leg sides. Two were located at the 127 cm (50.00 
in) elevation and two at the 637.5 cm (251.00 in.) elevation. The purpose of 
these wrapper box wall and dead space thermocouples was to provide a means of 
establishing heat transfer through the walls of the wrapper box and into the 
dead space. The locations of these'thermocouples are given in Tables 3-6 and 
3-7 and are shown in Figure 3-9.
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TABLE 3-5

DOWNCOMER PIPE FLUID THERMOCOUPLES (DTCs)

Elevation Above 
Tubesheet cm (in.)

118.1 (46.5) 
368.3 (145.0) 
609.6 (240.0)
825.5 (325.0)

Hot Leg 
Downcomer Pipe

DTC-2
DTC-9
DTC-10
DTC-7A

Cold Leg 
Downcomer Pipe

DTC-4

DTC-8A

TABLE 3-6

"DEAD SPACE" FLUID THERMOCOUPLES (DTCs)

Elevation Above 
Tubesheet cm (in.) Thermocouple

131.6 (51.82) 
637.5 (251.00)

DTC-5A
DTC-6A

TABLE 3-7

WRAPPER BOX WALL THERMOCOUPLES (WTCs)

Elevation Above 
Tubesheet cm (in.)

127. (50.00)
637.5 (251.00)

Hot Leg Side

WTC-1
WTC-2

Cold Leg Side

WTC-3
WTC-4
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3-3. UPPER SHELL REGION

3-3-1. Pressure Taps and Differential Pressure Measurements

A total of 15 pressure taps were provided in the upper shell region to obtain 
differential pressure measurements a) for the pressure losses through the 
various components and flow paths, b) for determining the water level, and c) 
for determining the drain flow from the secondary separator. The locations of 
the pressure taps are defined in Table 3-8 and Figure 3-10. The differential 
pressure measurements obtained during the accident tests are listed in Table
3-10.

Two principal water level measurements were made. Of these a wide range 
differential pressure measurement (DP-9321) was made to determine the 
secondary water level during the initial filling of the boiler and during 
transient tests at reduced levels. For most tests at more normal water levels 
the narrow range measurement (DP-9368) was used to determine the water level 
in the upper downcomer region; this latter signal was transmitted to the 
computer for water level control. In those tests where the dryer was flooded, 
an additional measurement (DP-8069) was used to determine the water level at 
high levels.

The remainder of the differential pressure measurements was used to obtain the 
pressure drop along the major flow paths in the upper shell region. These 
include losses up through the primary separator riser, across the swirl vane, 
through the primary separator orifice, the gravity separation region between 
the separators, and through the secondary separator.

Other paths included the return path through the downcomer and through the 
secondary separator drain box and pipe. The total pressure drop between the 
top of the tube bundle and the steam generator exit was measured with 
DP-0791. Note, however, that absolute pressure measurements were also 
obtained from taps 07 and 91.
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3-3-2. Thermocouples

Two thermocouples were included in the upper downcomer water volume for use in 
determining the fluid density needed in the water level calculations. Figure
3-10 and Table 3-9 identify these thermocouples. As shown in Figure 3-10, one 
thermocouple, DTC-11, was located below the feedwater inlet and indicated the 
temperature of the feedwater/recirculated fluid mixture. The second, DTC-12, 
was located above the feedwater inlet and measured the temperature of the 
recirculated (saturated) water which was returned from the separators. Three 
thermocouples (STC-60, STC-61 and STC-62) were installed to monitor fluid 
temperatures in the riser and the steam dome during transient tests (Figure
3-10).

TABLE 3-8

LOCATION OF PRESSURE TAPS IN MB-2 UPPER SHELL REGION
Elevation Above

Tap Tubesheet, cm (i

60 973.3 (383.2
61 1074.4 (423.0
62 1204.7 (474.3
65 1204.7 (474.3
68 973.1 (383.1
69 1224.3 (482.0
80 1340.9 (527.9
81 1340.9 (527.9
82 1313.9 (517.3
83 1079.5 (425.0
87 1026.2 (404.0
88 1221.7 (481.0
91 1427.0 (561.8
93 1290.3 (508.0
94 1295.4 (510.0
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TABLE 3-9

LOCATION OF UPPER DOWNCOMER THERMOCOUPLES 

Elevation Above
Tubesheet cm (in.) Thermocouple

965.2 (380) (below feedwater inlet) DTC-11
1041.4 (410) (above feedwater inlet) DTC-12

TABLE 3-10

UPPER SHELL REGION DIFFERENTIAL PRESSURE MEASUREMENTS

Identification Location/Measurement

DP-0760 Bundle plenum to riser transition
DP-6061 Primary separator riser
DP-6165 Primary separator total
DP-6269 Primary separator orifice
DP-6569 Deck plate
DP-6980 Steam shroud and secondary separator inlet
DP-8081 Secondary separator
DP-0791 Tube bundle to S/G exit
DP-6869 Upper downcomer
DP-6892 Downcomer funnel
DP-8281 Secondary separator drain box
DP-8887 Secondary separator drain pipe
DP-9321 Wide range downcomer water level
DP-9368 Narrow range downcomer water level
DP-9914 Shell void water level
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3-4. LOOP INSTRUMENTATION

A number of measurements were made in both the primary and secondary loops to 
monitor and control the pressures, temperatures, and flows among the various 
components. Figure 3-11 presents a schematic identifying the loop 
measurements which were of interest in evaluating the performance of the MB-2 
model during the accident tests. For clarity, additional measurements in the
remainder of the loop and various subsystems have not been shown.

Considering first the instrumentation in the primary loop, platinum resistance 
temperature detectors (RTD's) were used to measure both the inlet and outlet 
primary fluid temperatures to the model (T-1150 and T-1250). The primary flow 
to the model was determined using either an annubar and two ranges of
differential pressure transducers (DP-109) or, at low flow rates, a venturi
tube (FE-111). The flow measurement was made in the cold leg piping. In 
addition, the pressure in the primary loop was measured at both the cold leg 
exit from the steam generator (P-13) and at the pressurizer (P-139) and, 
finally, the pressure drop between taps located in the inlet and outlet 
channel heads was also recorded (DP-1112).

On the secondary side, both the temperature and pressure of the main feedwater 
were measured at the inlet to the steam generator (T-2101 and P-2101). The 
main feedwater flow rate was measured using a venturi together with narrow, 
middle, and wide range differential pressure transducers (DP-201A), and the 
outlet temperature and pressure of the feedwater heater was also obtained 
(T-265 and P-261).

The temperature and pressure of the auxiliary feedwater at the inlet to the 
model boiler were both measured (T-299, P-299), while the auxiliary feed flow 
was measured using a venturi (FE-299) and both narrow and wide range 
differential pressure transducers (DP-299).

Finally, steam pressure measurements were made at the outlet from the steam 
generator (P-91).
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The flow coefficients for the primary flow annubar, low primary flow venturi, 
and main and auxiliary feedwater flow venturis were derived from calibration 
tests performed either by the vendors of the flow meters or by Westinghouse.

Cold leg elevation head corrections for all differential pressure and absolute 
pressure measurements made use of the ambient air temperature recorded by 
thermocouples T-601, T-602, and T-603 located at various elevations adjacent 
to the MB-2 model.

91110:10/081486 3" 13



3-5 DATA ACQUISITION SYSTEM DESCRIPTION

All of the digital data were acquired using a Data General computer system.

The Data General computer system consisted of the following main frame and 
peripheral equipment;

Device
CPU

Terminal

Magnetic Tape Unit 

Disc Drive

Line Printer
The computer system had the
Max. number of low-level channels:

Max. number of high-level channels:

Total number of channels: 
Max. sampling rate^^^: 
Min. sampling rate^^^: 
Max. test run time:
Max. samples per test:

Features
Eclipse S/130 with 128K byte memory and floating point instruction set
Keyboard with CRT which displayed up to 24 lines of 80 characters each
9 track, 75 inches per second, 800 bytes per inch density
10 Megabyte fixed-disc capacity plus10 megabyte removable-disc capacity with 20 megabyte total disc capacity
180 characters per second, bidirectional

following capabilities:
192 channels capable of accepting analog signals in ranges for +5 mV up to +1000 mV. Thesechannels were suitable for thermocouple inputsand other low-level signal inputs.
80 channels capable of accepting +4.096 volt analog signal inputs. These channels were used mainly for process signals and steam generator pressure and differential pressure data.
272 channels (192 low level and 80 high level)
All 272 channels every 0.1 second
All 272 channels every 99.9 seconds
99,999 seconds
12,500 samples

(1)The sampling rate could be changed once during the test run, if desired.
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Elevationtinch) ElevationHOT LEGCOLO LEG
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S31U2(195.00 S5SH4: 195.00
170.00 P52 170.00
150.00 530 150.00
140.50 140.50
130.00 946554 P28 130.00
110.00 110.00
90.00 P26 90.00
70.00 945553 526 70.00
50.00 P49 P24 l>23 50.00
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38.00 S51U4I 38.00
34.00 522 34.00
30.00 30.00
26.00 26.00
23.00 942549 520W20 23.00
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15.50 ■M40S47 15.50
13.00 <14514 13.00

. 10100 P42 10.00
8.00 543W3I 8.00
6.00 P38 »39 6.00
3.75 S40H33 3.75W7S7
2.00 P34 >35 P36 2.00
1.00 

tube Row
1.00Jim

5econdary Thenabcouple 
Hall Thenaocouple •  Col, 2

Primary Thermocouple •  Co1. 2 
Primary Thermocouple -  C ol. 3

Figure 3-1. Location of MB-2 Tube Bundle Thermocouples
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ALL DIMENSIONS IN cm (in.)

HEIGHT >  102 (40)

6741E-9

■

HEIGHT <  102 (40)

MB*2
SUPER CELL

1-

<!>

(B) (A)
Figure 3-2. HB-2 Bundle Cross-Section and Super Cell Locations
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6741E-7
INSERT T/C INTO HOLE 
IN TUBE AT ELEV. SHOWN 
ft BRAZE ALL AROUND

PULL T/C BACK TO FORM 0.12 MIN. 
BEND RAO. AFTER BRAZING

ALL DIMENSIONS 
IN cm (in.)

6.58 (2.59) 
COLUMN 3

-9.07 (3.57) 
COLUMN 2

SECTION B-B 
AT HIGHER ELEVATIONS

INSERT T/C INTO HOLE 
IN TUBE AT ELEV. SHOWN 
ft BRAZE ALL AROUND

PULL T/C BACK TO FORM 0.3 (0.12) 
MIN. BEND RAD. AFTER BRAZING

WELD CLIP APPROX. 
AS SHOWN 17.19

14.65
(5.77)
REF

1.27 (0.5)

SECTION A-A 
ELEVATIONS NEAREST THE TUBESHEET

Figure 3-3. MB-2 Primary Thermocouple Configurations
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ALL DIMENSIONS IN cm (in.)
6741E-6

1.27
(0.5)
TYP

5.87
(2.31)
REF

SECTION B-B
AT HIGHER ELEVATIONS

GUIDE TUBE

17.2 i.77)
REF

9.525 (3.75) 14.66 (5.77) 
REF

1.27 (0.5) 
TYP -7  i

2.54
(1.00)-|

SECTION A-A
ELEVATIONS DiEAREST THE TUBESHEET 

Figure 3-4. RB-2 Secondary Thermocouple Configurations

8116Q:10/113084 3-19



6741E-S
ALL DIMENSIONS IN cm (In.)

49.83
(19.62)

DURING INSTALLATION 
OF TUBES T/C LEADS A  /
SHALL GO THRU SUPPORT /  /
PLATES BEFORE TUBES. _ /  '

THERMOCOUPLE LEADS ARE 
TO BE ATTACHED TO TUBES AS 
SHOWN AFTER INSTALLATION 
OF TUBES IN TUBE SHEET.

(18.00) REF

(15.50) REF

(13.00) REF

45.72

(10.00) REF

20.32
(8.00) REF

48.9
(19.25)

9.525
(3.75) REF

2.54 (1.00) REF 

-D A TU M

Figure 3-5. MB-2 Tube Wall Thermocouple Configurations 
(Routing Below the Flow Distribution Baffle)
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ALL DIMENSIONS IN cm (in.)

6741E-8

PRIMARY (PTC) AND SECONDARY (SIC) THERMOCOUPLES

TRANSITION
(POTTING ADAPTOR)

0.157
0.062) SHEATH OD

+15.24 
A" (+6.00) 

-0.00 EXTENSION
WIRE

TUBE WALL (TTC) THERMOCOUPLES

NECKDOWN TRANSITION TRANSITION
BY MANUFACTURER (POTTING ADAPTOR)-n

0.1016 (0.040) 0 00.051 (0.020) OD

7.6 (2.00)

+15.24 
A" (+6.00) 

-0.00
EXTENSION

WIRE

'A" -  VARIOUS LENGTHS

Figure 3-6. MB-2 Thermocouple Dimensions
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6741E-11

ELEVATION cm (In.) 

727.94 (286.58)

637.44 (250.96) 
599.34 (235.96)

483.24 (194.19)

416.56 (164.00)

322.12 (126.82) 

284.02 (111.82)

213.36 (84.00)

131.62 (51.82)

66.95 (26.36) 
43.18 (17.00) 

0 (0.00)

COLO

PRESSURE
TAP

Figure 3-7. Secondary Side Pressure Taps Within Tube Bundle
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6741E-3

ALL ELEVATIONS IN cm (in.)

•  - PRESSURE TAPS 
□  -  THERMOCOUPLES

DTC-8A

COLD LEG 
DOWNCOMER PIPE

PITOT TUBE /P 3 2 ____
\P 3 3 -------

OTC-4
P20

DOWNCOMER 
DUCT

(0.0) P14

V /  /  /

UPPER DOWNCOMER DRUM

DOWNCOMER FUNNEL

FLEXIBLE
CONNECTION

-848.4 (334) P92 
-625.5 (325) DTC-7A

■635 (250) P23 
609.6 (240) DTC-10

HOT LEG
DOWNCOMER PIPE

□ ----- 368.3 (145) DTC-9

 247.1 (97.3) P30l
 243.3 (95.8) P31J

PITOT
TUBE

-118.1 (46.5) DTC-2 
■103.6 (40.8) P19

-36.8 (14.5) P21 
■ 2.54 (1.0) P42

Figure 3-8. Pressure Taps and Thermocouples W1th1n MB-2 Downcomer Pipes

81160:10/113084 3-23



ALL DIMENSIONS IN cm (in.)
6741E-1

WRAPPER BOX

ELEV 637.5 (251)

WTC-2, DTC-6A

WTC-41
ELEV 131.6(51.82) 
ELEV 127 (50)

WTC-1 DTC-5A

HOT LEG
DOWNCOMER
PIPE

COLD LEG 
DOWNCOMER 
PIPE —

WTC-3.

* X

DTC-5A, 6A -  "DEAD SPACE" FLUID THERMOCOUPLE 
WTC-1.2 ,3 ,4-WRAPPER BOX WALL THERMOCOUPLE

Figure 3-9. Location of Dead Space and Wrapper Box Wa11 Thermocouples
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•  PRESSURE TAPS
□  t h e r m o c o u p le s 1427.0 (561.8)

1358.9 (535.0)

1313.9 (517.3) 

1295.4 (510.0)

1221.7 (481.0)

1026.2 (404.0)

STC-61(E) 
STC-62(W)

ALL DIMENSIONS
IN on (in.)

P92

1340.9 (527.9)

1290.3 (508.0)

1224.3 (482.0) 

1204.7 (474.3)

1124.2 (442.6) (NORMAL
WATER LEVEL)

1074.4 (423.0)

1041.4 (410.0) DTC-12

973.3 (383.2)
973.1 (383.1)
965.2 (380.0) DTC-11 

922.0 (363.0) STC-60

848.4 (334)

Figure 3-10. Location of Pressure Taps and Thermocouples 
in MB-2 Upper Shell Region (Phase II Tests)
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SECTION 4

CHEMICAL CONTROL AND INSTRUMENTATION

4-1. ANALYTICAL MEASUREMENTS

For the tests two main types of analytical instruments were available. These 
were the four conductivity monitors fitted to the sample lines and the atomic 
absorption spectrophotometer used for batch analysis.

4-1-1. Continuous Monitors

For the continuous monitoring of the relatively concentrated primary and model 
boiler (S-1 and IKP-4) sample streams each sample line was fitted with Foxboro 
flow cells, conductivity probes and monitors. Initially, type 910 
conductivity probes having cell constants of 1.0 were fitted to each line. 
These were connected to type 910M temperature compensated conductivity 
monitors which could operate over three alternative ranges of 0-20, 0-200 and 
0-2000 vS/cm. After the initial tests had shown that high steam generator 
concentrations were required to detect carryover, the S-1 and IKP-4 
conductivity probes were replaced by identical models having cell constants of 
10; these extended the measurement ranges to 0-2000 vS/cm

•

For the SORV condensate sample the conductivities expected could not easily be 
defined. In principle, they could range from that of almost pure water to 
that approaching model boiler water, depending on the degree of carryover of 
both the tracer chemicals and of other constituents of the water. To cover 
this wide range of possibilities a Foxboro 920M resistivity monitor and 920 
conductivity probe of cell constant 0.01 were fitted to this line. While 
primarily designed for use in ultra pure water, this monitor could be used 
over ranges of 0-0.2, 0-2 and 0-20 megohm-cm and thus could be used 
satisfactorily even in solutions having conductivities of approximately 200 
vS/cm
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At both the start and end of the test series the primary, S-1 and IKP-4 
conductivity monitors were calibrated by immersing the probes in solutions of 
potassium chloride at ambient temperature (approximately 22”C) and at 
concentrations of 50, 125 and 250 ppm (192, 480 and 960 uS/cm at 25*C). In 
each case the measured values were found to be approximately 2% lower than the 
calculated values. The resistivity monitor could not be calibrated as the 
readings became inaccurate in dilute solution, due to contamination and poor 
mixing in non-flowing solutions, but a similar level of accuracy is expected.

4-1-2. Batch Analyses

Batch analyses were carried out using a Perkin Elmer 360 Atomic Absorption 
Spectrophotometer operating as a flame emission spectrophotometer for maximum 
sensitivity. Due to the number of samples produced in each test, between 70 
and 200 per test, the analyses were restricted to two analytical ranges, 0 to 
20 ppb and 0 to 1 ppm for both lithium and potassium. The samples collected 
were either analyzed undiluted or brought into one of the analytical ranges by 
dilution. Generally a dilution of 1 to 100 was used, but on occassion samples 
were diluted 1 to 200 or 1 to 1000.

Analytical standards were prepared from standard solutions containing 1000 ppm 
lithium or potassium (Fisher Certified Reagents, atomic absorption reference 
standard solutions). These were diluted in grade A volumetric flasks to 
provide stock solutions containing either 1 or 10 ppm lithium or potassium.
The stock solutions were further diluted to provide working standards. Low 
level standards were prepared daily; the 0.5, 1 and 2 ppb standards from 1 ppm 
stock solution and the 5, 10 and 20 ppb standards from 10 ppm stock solution. 
High level standards were prepared only as required. All standards were 
prepared using micropipettes (Eppendorf Tip Ejector Microliter Pipettes) and 
with water having a conductivity of 0.06 yS/cm or less. The demineralized 
water was produced using a Mitco Water Laboratories demineralization unit, 
which consisted of three sequential mixed bed ion exchange canisters followed 
by a carbon filter. All standards were stored in 600 ml polystyrene tissue 
culture bottles (Corning, type 25120), which had been soaked in demineralized 
water before use.
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For each test samples were collected 1n 70 ml polystyrene tissue culture
4bottles (Corning, type 25100). These were soaked in demineralized water for 

at least one day before use; the bottles were not reused. Samples were 
diluted by the same procedure as was used for standard solutions. Low level 
samples were analyzed within 2 to 3 hours of sample collection and high level 
samples within 1 day. Tests showed no significant lossed due to plateout on 
storage.

In each test a standard calibration graph was prepared. For this the 
spectrophotometer was set to zero absorbence on blank water and then set to 
100% emission using the highest standard solution. During each series of 
analyses the zero and 100% emission set points were reset every five to ten 
determinations. The precision of the analytical procedure has been estimated 
from the individual calibrations carried out for each test. These are given 
in Table 4-1. For both lithium and potassium the precision was generally of 
the order of 0.5 to 1.0% emission corresponding to approximately 0.1 to 0.2 
ppb over the range 0 to 20 ppb and 5 to 10 ppb over the range 0 to 1 ppm. 
Throughout the tests the precision of the analysis for lithium was unaffected 
by rig operation. However, for potassium the precision was, on occassion, 
affected by the vibration of the building during the test or by air-borne 
contamination from the sea. Of the tests only the initial test. Test 1, was 
particularly affected in this way with the practical limit of detection being 
raised to about 1 ppb.

Throughout the test series other determinands were analyzed by standard 
analytical methods. Specifically, oxygen, ammonia and hydrazine were analyzed 
using Chemets analytical test kits, pH measured using standard electrodes and 
conductivity measured using a flow-through conductivity cell and a 
conductivity bridge.

4-2. CHEMISTRY CONTROL DURING TRANSIENT TESTS

For each Phase II test a standard method was used to add chemical tracers to 
the primary loop, the model boiler and the primary makeup tank and to dose the 
surge tank with hydrazine. With some exceptions, a standard procedure was 
also used for chemical sampling and monitoring. These general procedures are 
described below.
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4-2-1. Loop Chemistries

At startup the primary loop was dosed with a 45% w/w potassium hydroxide 
solution (Fisher Certified Reagent) to pH 9.0 to 9.5 and with hydrazine to 
deoxygenate the water. At rig operating temperature the hydrazine decomposed 
to ammonia, which then built up in the loop as additional hydrazine, was added 
via the makeup water. Normally, dissolved oxygen levels were low, < 5 ppb,
but residual hydrazine levels ranged from 0.01 to 10 ppm with occasional
excursions to higher concentrations. Before each test the potassium 
concentration in the loop was measured and, if necessary, the concentration 
raised to the target tracer level by adding a further calculated quantity of 
45% w/w potassium hydroxide solution.

In each test water from the primary makeup tank was added to the primary loop 
to replace that injected into the model boiler. The quantity injected varied
from test to test, but ranged from approximately 1280 lb (580 kg, Test 5) to
approximately 6200 lb (2800 kg. Test 12). This represents from 14% to 72% of 
the primary loop mass at temperature, approximately 8700 lb (4000 kg, volume 
200 cu. ft. or 5663 liters). As the makeup tank normally contained 3 to 5 ppm 
dissolved oxygen, it was considered essential to add excess hydrazine to the 
tank before each test; the oxygen would then be consumed as soon as the makeup 
water entered the primary loop. Generally, the dosing level used was between 
9 and 16 ppm hydrazine. For all tests the potassium concentrations were 
matched to those in the primary loop to avoid rapid changes in concentration 
during the tests.

The secondary loop was dosed at startup in a similar manner to the primary 
loop, but here ammonia was used as the alkalysing agent. Again, due to the 
rapid sequence of tests, it was difficult to maintain a stable loop 
chemistry. However, normally the loop was maintained with the pH in the range
8.0 to 9.5, with ammonia at < 1 to 5 ppm and hydrazine at 0.01 to 6 ppm.
Before each test the dissolved oxygen level was normally < 5 ppb.
Iiranediately before each test the model boiler alone was dosed with lithium 
hydroxide to give the desired tracer concentration. This was carried out by 
injecting a concentrated solution, prepared from the anhydrous solid (Fisher 
purified chemical), into the auxiliary feed line. Initially, the amount of
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lithium hydroxide /equired to give the specified tracer concentration was not 
known, but for later tests a standard dose rate of 2 g anhydrous lithium
lydroxide powder for each ppm lithium in the model boiler was found to be
satisfactory. During each test water was drawn from the surge tank to replace 
that lost via the 2% or 8% SORV lines. The quantities varied from test to 
test, but on occasion the entire contents of the tank {4000 to 5000 gallons, 
33000 to 42000 Ibm water) were used during a test. To ensure that no damage 
to the model boiler occurred, the class A demineralized water in the surge 
tank was dosed with excess hydrazine before each test and, when required, on 
refilling during the tests. It was then expected that the oxygen would be 
consumed rapidly as the heated water passed down the internal downcomer of the 
model boiler. In general, the surge tank contained from 3 to 5 ppm dissolved 
oxygen and from 4 to 12 ppm hydrazine before any test. With the exception of
Test 5 the dissolved oxygen concentrations for the sample S-1 on completion of
the tests were typically 60 to 200 ppb. In Test 5 the model boiler 
temperature was so low that the oxygen did not react rapidly with hydrazine.
As a result, the samples collected in this test were a pale yellow color due 
to the presence of ferric ions. However, as the major corrosion risk to the 
model boiler was expected to be stress corrosion cracking of the Inconel 800 
tubing, and as rapid attack only occurs at higher temperatures, no additional 
risk was anticipated.

On completion of each test the chemical tracers in the model boiler were 
normally removed by a series of fill and blowdown cycles. Normally, these 
were monitored by following the S-1 sample conductivity. Usually 3 to 5 
blowdowns were sufficient to reduce the levels in the boiler to an acceptable 
potassium concentration (about 2 ppm) and conductivity (30 uS/cm).

4-2-2. Sampling and Monitoring

For any individual test the sample lines, conductivity monitors and recorders 
were normally setup one to two hours before the test commenced. Typically, 
the S-1, IKP-4 and primary samples were adjusted to give a flow rate of 60 to 
SO ml/min, while the SORV condensate sample was allowed to flow at its maximum 
rate. For most tests the SORV condensate line gave a constant flow, but for 
Tests 3, 4, 5 and 14 it was necessary to increase the backpressure in the
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line from the SORV condenser to the SORV tank (accomplished by substituting a
43/8-inch O.D. line for the normal 3/4-inch O.D. line) in order to ensure a 

stable flow. In most tests the flow rates for the S-1, IKP-4 and primary 
samples decreased slowly with time. For all tests the actual flow rates were 
determined periodically using a measuring cylinder and stop watch.

For each test, samples and thermal-hydraulic data were collected for a fixed 
period, usually 30 minutes, before the SGTR was initiated and for a similar 
period after the SGTR had been halted. For most tests primary samples were 
normally collected at 30 minute intervals, while the S-1, IKP-4 and SORV 
condensate samples were collected at 15 minute intervals. Samples were 
collected at more frequent intervals, normally every 5 minutes, at the start 
of the SGTR injection or when there were rapid level changes, or other rapid 
changes in conditions, within the model boiler. In all cases the samples were 
collected in the presoaked tissue culture bottles, having first rinsed the 
bottles with the sample. Generally, the S-1, IKP-4 and primary samples were 
collected over a period of about 1 minute, commencing about 0.5 minutes before 
the nominal time of collection. The SORV condensate sample was normally 
collected over a period of 5 to 10 seconds at the indicated collection time.
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TABLE 4-1

PRECISION OF ANALYSES FOR LITHIUM AND POTASSIUM

Concentration Mean 
(p.p.b.) Emission

Lithium
Standard Deviation

Emission
(%)

Concentration
(ppb)

Mean
Emission
(%)

Potassium
Standard Deviation

Emission Concentration
(ppb)

0
0.5
1.0
2.0
5.0

10.0
20.0

0
3.05
5.00
10.90
25.90
50.90 

100

0.69
1.15
0.57
0.57
1.20

0.14
0.23
0.11
0.11
0.24

0
2.93
5.43

10.93
25.14
50.14 

100

0.53
0.53
0.84
1.46
0.38

0.11
0.11
0.17
0.29
0.08

0
50
100
200
500

1000

0
5.06

10.56
20.75
51.00

100

0.18
0.50
0.71
1.20

1.8
5.0
7.1 
12.0

0
5.28

10.11
21.56
51.00

100

0.44
0.60
2.36
1.22

4.4
6.0

23.6
12.2

Notes: (a) based on approximately 10 calibration graphs for each range.
(b) limit of detection estimated as 0.2 to 0.3 ppb (2.3o) for 0 to 20 ppb range.
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SECTION 5

TEST PERFORMANCE

Test 1 - 2 %  SORV Flow with S6TR at Bottom of Tube Bundle (T-1952)

This was the initial shakedown steady-state test with a 2% SORV flow and with 
SGTR injection at the bottom of the tube bundle. The conditions and SORV flow 
rate chosen were those that would exist at an early stage in an overall 
SGTR/SORV transient, before isolation of the faulted steam generator and when 
all four steam generators would be discharging through the stuck-open safety 
relief valve. The test objective was to assess the scrubbing effect of the 
tube bundle and upper generator internals on the high velocity SGTR discharge 
without flashing, and to demonstrate the capabilities of the chemical 
monitoring system. The target initial steady-state plant conditions were as 
follows:

Plant Parameter Desired Value

Primary pressure 1850 psia (127.6 bar)

Primary 560°F (PgS'C)

Primary flow rate As required to maintain desired 
secondary pressure

Secondary pressure 1080 psia (74.5 bar)

Saturation temperature 554"F (290“C)

Water level (from top of 
tubesheet)

442.5 in. (11.24 m)

SORV flow 2%
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To achieve these donditions, the primary flow rate was increased to the 
maximum attainable (91 Ibm/sec) and then was raised to 565®F (296®C) to 
achieve the specified steam pressure of 1080 psia. Before the test, the model 
boiler void space was drained, but steam could still pass from the steam dome 
into the void space. Periodically, the void space drain valve was opened to 
drain off any additional accumulated condensate. However, during data 
collection the void space drain valve was kept closed to prevent excessive 
steaming through the void space.

Before the SGTR phase of the test, the SGTR line was warmed up for a minimum 
of 5 minutes and was then lined up with the bottom SGTR element. During this 
period, water level was maintained using both the main feedwater line, 
maintained with HCV-222 cracked 1/4 turn open, and the auxiliary feedwater 
line, controlled via FCV-299. The SGTR flow was initiated 1 minute after 
commencing data collection. As the steam generator water level rose on 
initiating the SGTR flow, the auxiliary feedwater was throttled in an attempt 
to maintain the normal water level (442.5 in.). After 2 minutes the auxiliary 
feed flow was halted, but the water level still continued to increase slowly 
since the SGTR flow was greater than the 2% SORV flow. The SGTR flow was 
terminated 119 minutes after initiation (t = 120 minutes) and the auxiliary 
feedwater was reinitiated to maintain the water level at its final level (470 
in.). Plant test conditions were maintained for another 30 minutes to allow 
the model boiler chemistry to stabilize.

Figures 5-1 to 5-14 illustrate the performance of relevant thermal-hydraulic 
parameters during the test. Chemical samples were collected both before and 
during the SGTR phase of the test. During the test, it was found that the use 
of the main feedwater line introduced particulate matter into the model boiler 
which in turn affected the sample line flows. The presence of these 
particulates did not appear to affect the carryover results. In this test 
primary loop water lost via the SGTR was replaced by makeup tank water 
injected into the primary loop by the main charging pump. This pump, run at 
full speed, caused general vibration of the loop buildings and, in particular, 
dislodged dust containing potassium in the analytical laboratory. In 
consequence, the limit of detection for potassium was raised for this
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particular test. 'In other tests the second charging pump was used, together 
with the main charging pump run at reduced speed. The chemistry results are 
summarized in Tables 5-1 and 5-2 and are shown in Figures 5-15 and 5-16. They 
are described in detail below.

Prior to the test, the potassium concentration in the primary loop was 
increased from its pretest value of approximately 5 ppm to 50 ppm. Attempts 
to achieve an identical concentration in the makeup tank were unsuccessful and 
this tank contained 77 ppm potassium at the start of the test. As a result, 
the concentration in the primary loop increased to 54 ppm during the test.
This rise is consistent with the amount added from the makeup tank (4176 Ibm 
into a loop mass of about 8700 Ibm, i.e., 48%). In contrast with the rise in 
potassium concentrations, the lithium concentration in the primary loop fell 
from approximately 3 ppb to 2 ppb during the test. Again, this is consistent 
with the mass added, assuming that the makeup tank contained no lithium.

Prior to the test, the tracer concentration in the model boiler was 34 ppm 
lithium, a concentration added for an earlier test in the shakedown program.
A further 10 g lithium hydroxide was added raising the tracer concentration to 
40 ppm. Equilibration following this addition was rapid, about 10 minutes; 
thereafter both the conductivity and concentration were essentially constant 
until the SGTR commenced. Following the start of the SGTR both the 
conductivity and the potassium concentration rose at an almost linear rate to 
reach a maximum about 15 minutes after the break had been terminated. From 
the results the maximum potassium concentration is estimated to be 240 ppm. 
Over this period, the lithium concentration fell to 34 ppm. This decrease is 
again believed to be due mainly to dilution on raising level, rather than to 
sample losses. The latter are estimated at approximately 6% of the initial 
inventory compared with an overall 15% decrease in concentration.

When allowance is made for the different sample line delays, the results 
obtained for the S-1 and IKP-4 samples were found to be virtually identical. 
This is shown in Figure 5-16, the sample lines being corrected for delays of 
about 1.3 and 8.5 minutes respectively. The agreement suggests that good 
mixing occurs throughout the model boiler and that both sample points were 
taking representative samples.
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During the test, the pH of the water in the model boiler was found to be low, 
about pH 9.5 rather than pH 10.8. It is believed that the low pH was caused 
by acidic impurities in the model boiler water, similar problems were 
encountered in a number of later tests.

Throughout the test very low levels of both lithium and potassium were 
detected in the SORV condensate. In both cases the levels were at, or very 
close to, the detection limits for the two tracers used. Based on the limits 
of detection for this test (taken as 0.2 ppb lithium and 1 ppm potassium) and 
on the maximum concentrations in the model boiler (40 ppm lithium and 240 ppm 
potassium), carryover is estimated to be < 0.0005% and < 0.0004%, 
respectively. The resistivity of the SORV condensate was again low throughout 
the test and showed a marked change to even lower values during the SGTR.
Both before and after the SGTR, the measured resistivity was approximately 0.1
Mn cm (= 10 vS/cm), while during the SGTR it fell to 0.03 to 0.05 MSI
cm (20 to 33 vS/cm). This type of behavior was observed in all SGTR tests 
and is believed to be due to the differing concentrations of volatile species, 
mainly ammonia, in the surge tank water and primary loop water. Assuming that 
the resistivity is due to ammonia, the surge tank water injected about 2 ppm
and the primary loop 6 to 10 ppm ammonia into the condensate.

Test 2 - 8 %  SORV Flow with SGTR at Top of Tube Bundle and Low S/G Water Level 
(T-1958)

This was designed as a diagnostic test to be carried out under plant 
conditions that would favor enhanced moisture carryover and/or primary coolant 
bypassing. The test conditions were generally similar to those established in 
the previous test (T-1957), but with the water level reduced, as it was hoped 
that a top SGTR break jetting straight up under these conditions would give 
significant primary coolant bypassing. The initial steady-state conditions 
for the test were as follows:
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Plant Parameter Desired Value

Primary pressure 1850 psia (127.6 bar)

Primary 574®F (301“C)

Primary flow rate 48 Ibm/sec (21.8 kg/s)

Secondary pressure 1015 psia (70 bar)

Saturation temperature 547®F (286®C)

Water level 240 in. (6.1 m)

SORV flow 8%

Throughout the test the water level was maintained by introducing feedwater 
via both the auxiliary and main feedwater lines. These were controlled using 
valves FCV-299 and HCV-222, respectively. Before the test, the model boiler 
void space was drained, but steam could still pass from the steam dome into 
the void space. During data collection, the void space drain valve was kept 
closed to prevent excessive steaming through the void. Before initiating the 
S0TR flow, the SGTR line was warmed up for at least 5 minutes, it was then 
lined up with the upper break element and the SGTR initiated.

On initiating the SGTR flow, valve HCV-222 in the main feed line was closed, 
but this caused a rapid drop in water level. Accordingly, this valve was re­
opened after a few seconds and water level was recovered and then controlled 
at about 250 in. After 99 minutes (69 minutes after initiating the SGTR 
flow), the auxiliary feed flow was halted to allow the water level to boil 
down to approximately 200 in., so that the upper SGTR break element was 
further exposed. This level was maintained for approximately 40 minutes after 
which the level was raised to normal water level, 442 in. The SGTR flow was 
halted after 165 minutes. In this test, data were collected for a period of 
30 minutes before the SGTR, for the 135 minute period of the SGTR and for a 
further period of 30 minutes after the SGTR.
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Figures 5-17 to 5-31 illustrate the performance of the relevant thermal- 
hydraulic parameters during the test. Chemical samples were collected 
throughout the test; the results obtained on these samples are summarized in 
Tables 5-3 and 5-4 and are shown in Figures 5-32 and 5-33. They are described 
in detail below.

Before the test, the potassium concentration in the primary loop was raised to 
approximately 54 ppm. Once again, the makeup tank concentration was not 
exactly matched to this value, the level being 48 ppm potassium, so that the 
primary loop concentration fell as the SGTR proceeded. As in the earlier 
test, the lithium concentration in the primary loop water was low, 1.7 ppb, 
but this also fell during the test as uncontaminated water from the makeup 
tank was added to the primary loop.

Prior to the test, the tracer concentration in the model boiler was 1 ppm 
lithium. This was increased to a calculated level of 81 ppm lithium by the 
injection of 60 g lithium hydroxide (see Section 7-2). As the test proceeded, 
the measured lithium concentrations varied significantly. Generally, these 
changes in concentration mirrored the changes in water level that were also 
occurring, but there was also an underlying trend towards reduced 
concentrations due to sample line losses. The major changes in concentration 
observed were the increases that occurred when the water level fell at the 
start of the SGTR and again after 99 minutes, and the fall in concentration 
when the water level was raised at the end of the test.

Following the start of the SGTR and over the period when the water level was 
maintained at about 250 in., both the conductivity and the potassium 
concentration rose at an approximately linear rate. However, the conductivity 
record also showed smaller cyclic variations (Figure 5-32) which were due to 
changes in water level within the model boiler. Similar, but larger changes 
in both the conductivity and potassium concentration, also occurred when the 
water level was allowed to boil down to 190 in. and when, subsequently, the 
water level was raised to 440 in.
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Even when allowanc'e is made for the differences in sample line delays, the 
results for the S-1 and IKP-4 sample lines can be seen to differ 
significantly, except for the period at the end of the test when the water 
level had returned to normal (Figure 5-33). In general, this behavior was not 
unexpected, as the S-1 sample point at least should have been uncovered when 
the downcomer water level fell below 425 in. However, mass balance 
considerations (Section 7-2) and thermocouple data show that the IKP-4 sample 
take-off point also lay in a region where two-phase conditions existed. The 
observed differences merely reflect the different levels of voidage which 
existed at the two sample points; a difference which became more pronounced as 
water level was reduced further.

For most of the test, very low levels of both lithium and potassium were 
detected in the SORV condensate. This includes the initial period of 
steady-state operation and the SGTR phase at about 250 in. water level, when 
carryover was barely detectable, and the SGTR phase at about 200 in. water 
level and above. During the latter phase, carryover tended to be at a 
significantly higher level, 0.2 to 0.65 ppb lithium and 0.3 to 12.5 ppb 
potassium. Based on the limit of detection of the analytical methods (0.2 ppb 
lithium and potassium) and the maximum calculated concentrations in the model 
boiler (81 ppm lithium and 241 ppm potassium), the carryover at a water level 
of 250 in. is estimated to be < 0.0005% and < 0.00008%, respectively. At 
200 in. water level the carryover, based on the measured levels given above 
and on model boiler water concentrations of 97 ppm lithium and 461 ppm 
potassium, was 0.0005% lithium and 0.00007 to 0.00008% potassium. In neither 
period was there any evidence for selective bypassing of the primary coolant.

On three occasions, higher levels of carryover were seen. These were during 
two periods when conditions were changing rapidly (at the start of the SGTR 
and when level was reduced from 250 in. to 200 in.), and on one occasion 
during the SGTR phase at 200 in. In the latter case, only the potassium level 
had increased and this sample may have been contaminated, but during the 
remaining periods the concentrations of both tracers were increased suggesting 
a real effect. Estimates of the releases during these transients are given in 
Section 7-3.
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As in the previoui test, the resistivity of the SORV condensate was low 
throughout the test; 0.2 to 0.3 Mn cm {= 3.3 to 5 yS/cm) before and 
after the SGTR and 0.05 to 0.09 Mflm (11 to 20 yS/cm) during the SGTR.
Assuming that this is due to ammonia, the surge tank injected 0.3 to 0.6 ppm 
and the primary loop 2 to 6 ppm ammonia into the condensate.

Test 3 - 8 %  SORV Flow with SGTR at Bottom of Tube Bundle (T-1970)

This was a steady-state test at reduced pressure, with an 8% SORV flow and 
with SGTR injection at the bottom of the tube bundle. These conditions 
correspond to an intermediate stage in the overall SGTR/SORV transient, 
following the isolation of the faulted steam generator. The specific test 
conditions were chosen to asses the effect of a flashing SGTR flow on primary 
coolant bypassing. The target initial steady-state conditions were as follows:

Plant Parameter Desired Value

Primary pressure 557 psia (38.4 bar)

Primary 427“F (219*0

Primary flow rate As required to maintain desired 
secondary pressure

Secondary pressure 287 psia (19.8 bar)

Saturation temperature 413*F (212*0

Water level 442.5 in. (11.24 m)

SORV flow 8%

In this test, auxiliary flow was supplied to the model boiler by the auxiliary 
feedwater line, but with a small additional flow via a leaking valve in the 
main feedwater line. The leak rate was estimated to be approximately 450 to 
600 Ibm/hr and was due to the large pressure differential between the

93800:10/081486 5-8



feedwater pump discharge (about 1500 psig) and the model boiler at its 
operating pressure. Before the test, the model boiler void space was drained 
periodically, but steam could still pass from the steam dome into the void 
space. During data collection, the void space drain valve was kept closed to 
prevent excessive steaming through the void.

Before the SGTR phase of the test, the SGTR line was warmed up for at least 
5 minutes and it was then lined up with the bottom SGTR break element. On 
initiating the SGTR flow, the model boiler water level rose sharply. This was 
counteracted by isolating the main feedwater line and by throttling the 
auxiliary feedwater flow first to reduce and then to control the water level. 
On halting the SGTR flow after 120 minutes (at t = 150 minutes), the feedwater 
flow was provided by both the auxiliary feedwater line and the low flow bypass 
line to the main feedwater line. Plant conditions were then maintained for 
another 30 minutes to allow the model boiler chemistry to stabilize.

Figures 5-34 to 5-42 illustrate the performance of the relevant thermal- 
hydraulic parameters during the test. Chemical samples were collected 
throughout the tests. The results for these are summarized in Tables 5-5 and 
5-6 and are shown in Figures 5-43 and 5-44. The results are described below.

For the test, the primary loop and makeup tank had similar potassium concen­
trations, 40-41 ppm, and as a result there was little change during the SGTR 
injection. However, as in other tests the lithium concentration fell from 
7 ppb to about 4 ppb during the test. While this occurred in all tests, 
lithium levels often increased significantly during subsequent loop operations 
between tests. This was probably due to contamination of the primary loop 
with model boiler water, but the pathway and conditions under which it 
occurred could not be identified. In this test, which followed the 100% power 
moisture carryover test, the highest levels of lithium contamination were 
observed.

Before starting the test, the model boiler was dosed with 84 g lithium 
hydroxide to give a concentration of 42 ppm lithium. Over the entire test the 
concentration fell to about 41 ppm, this is consistent with the sampling 
losses of 5% and with the absence of any significant change in level. Prior
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to the SGTR, the conductivity fell even though the lithium concentration 
remained constant. The reason for this is not known, but probably it reflects 
changes in the concentrations of ammonia and hydrazine in the surge tank 
water. During the SGTR phase of the test, the potassium concentration 
increased linearly to reach a maximum of approximately 80 ppm potassium.
Again, as in Test 1, and allowing for sample line delays, the results for the 
S-1 and IKP-4 sample lines were virtually superimposable except during the 
subsequent blowdown of the model boiler. Figure 5-44.

The behavior of the SORV condensate was similar to that seen in Test 1. In 
this case no lithium was detected at any stage in the test, while generally no 
potassium was detected. On the three occasions when potassium was seen, it is 
believed that it was due to adventitious contamination. Based on the limit of 
detection of 0.2 ppb for both elements, upper limits for carryover are < 
0.0005% (lithium) and < 0.00025% (potassium).

In this test the observed changes in resistivity were similar to those seen in 
all other tests, but at somewhat lower values. Assuming that the resistivity 
is due to ammonia, then surge tank water produced a concentration in the SORV 
condensate of 2 to 3.5 ppm (0.06 to 0.9 MSI cm), while the primary loop water 
gave about 150 ppm ammonia (0.007 M$2 cm).

Test 4 - 10% SORV Flow with SGTR at Bottom of Tube Bundle (T-1982)

This was a repeat of the bottom break steady-state Test 3, but with the SORV 
flow rate increased to 10%, the secondary side pressure increased from 
287 psia to 305 psia and Tj^^^ increased from 427®F to 470®F. These revised 
conditions were chosen to promote flashing at the SGTR break location and to 
provide a more representative SORV flow rate. The target initial steady-state 
conditions are as follows:
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Plant Parafmeter Desired Value

Primary pressure 557 psia (38.4 bar)

Primary

Primary flow rate

470*F (243’’C)

As required to maintain desired 
secondary pressure

Secondary pressure 305 psia (21 bar)

Saturation temperature 419‘’F (215“C)

Water level 442.5 in. (11.24 m)

SORV flow 10%

The test was carried out using a procedure essentially identical to that 
described for Test 3 (T-1970), but with feedwater supplied via the auxiliary 
feedwater line and the main feedwater line. As before, the void space was
drained periodically before the test, the void space drain valve kept closed
during the test to prevent excessive steaming through the void space and the 
SGTR line warmed up before the SGTR flow was indicated. During the SGTR 
injection, feedwater flow was throttled to maintain water level.

Figures 5-45 to 5-55 illustrate the performance of the relevant thermal- 
hydraulic parameters during the test. The results for the chemical samples 
collected during the test are summarized in Tables 5-7 and 5-8 and are shown 
in Figures 5-56 and 5-57. The results are described below.

For this test, the concentrations of both potassium and lithium in the primary 
loop fell during the test. Again, this was due to a mismatch between the 
primary loop and the makeup tank, in this case the makeup tank containing less 
of both elements. For potassium, the measured concentrations were, primary
loop 47 ppm and makeup tank 40 ppm.
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Before starting tHe test, the model boiler was dosed with 85 g lithium 
hydroxide which equilibrated over 10 minutes to give a concentration of 42 ppm 
lithium. Prior to the SGTR, both the conductivity and concentration remained 
constant. During the SGTR injection, the potassium concentration again rose 
at a constant rate to a maximum of 88 ppm, but in this case the lithium 
concentration fell slightly to 40 ppm. The latter can be entirely accounted 
for by the sampling line losses, estimated at 5.2% of the initial inventory, 
and is consistent with the absence of any dilution due to a level change.
Once again, as in other tests at normal water level, the observed concen­
trations and conductivities for samples S-1 and IKP-4 can be superimposed when 
allowance is made for the different sample line delays.

The behavior of the SORV condensate was also similar to that observed in other 
tests. In this case, no detectable carryover of lithium was observed except 
at the start of the SGTR, while small quantities only of potassium, at or 
close to the limit of detection, were seen. Although any carryover is poorly 
resolved, comparison with the repeat test with the dryer bypassed. Test 14 
(T-2067), possibly suggests that there was a small peak in carryover at the 
start of the SGTR injection followed by a slightly increased level of 
carryover. If the results are due to carryover alone, then the maximum level 
during the bulk of the SGTR flow, based on the limit of detection of 0.2 ppb 
lithium or potassium, was < 0.0005% (lithium) and < 0.0002% (potassium).
If the potassium results were due to bypassing alone, the upper limit for 
bypassing is estimated to be 0.0007 to 0.0008%. An estimate of the transient 
released at the start of the SGTR injection is given in Section 7-3.

The resistivity of the SORV condensate again showed a clear change during the 
SGTR. Based on the resistivity levels, the ammonia derived from the contents 
of surge tank water is estimated to be 0.7 to 0.8 ppm ammonia and that from 
primary loop water about 70 ppm ammonia. It is probable that the higher value 
for the primary loop water compared with other tests is due to thermal 
decomposition of the hydrazine introduced in makeup tank water during the 
preceding test in chronological order. Test 8, and in normal operation to 
maintain a residual hydrazine concentration.
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Test 5 - 8 %  SORV Flow with SGTR at Bottom of Tube Bundle (T-1972)

This was a steady-state test at low pressure, with an 8% SORV flow and with 
SGTR injection at the bottom of the tube bundle. These conditions correspond 
to a late stage in the overall SGTR/SORV transient. The specific test 
conditions were chosen to assess the effect of a low velocity non-flashing 
SGTR discharge. The target initial steady-state conditions were as follows:

Plant Parameter Desired Value

Primary pressure 170 psia (11.7 bar)

Primary

Primary flow rate

320*F (160“C)

As required to maintain desired 
secondary pressure

Secondary pressure

Saturation temperature

85 psia (5.9 bar) 

316*F (158*0

Water level 442.5 in. (11.24 m)

SORV flow 8%

For this test, auxiliary feedwater was supplied by the auxiliary feedline 
alone. Before the test the model boiler void space was drained, but steam 
could still pass from the steam dome into the void space. During data 
collection, the void space drain valve was kept closed to prevent excessive 
steaming through the void.

Before the SGTR phase of the test, the SGTR line was warmed up for at least 
5 minutes and it was then lined up with the bottom SGTR break element. On 
initiating the SGTR flow, the model boiler water level began to rise. Even 
though the auxiliary feedwater was halted, the level continued to rise. After
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100 minutes of SGT'R flow, the level exceeded the range covered by the normal 
narrow range level instrumentation. After halting the SGTR flow, plant 
conditions were maintained for a further 30 minutes to allow the model boiler 
chemistry to stabilize.

Figures 5-58 to 5-66 illustrate the performance of the relevant thermal- 
hydraulic parameters. The results for the chemical samples collected during 
this test are summarized in Tables 5-9 and 5-10 and shown in Figures 5-67 and
5-68; they are discussed in detail below.

In this test, the composition of the primary loop did not change greatly, due 
mainly to the reduced SGTR flow under these conditions, resulting in ~ 14% 
replacement of the loop contents. Thus, even though the makeup tank contained 
lower concentrations of both potassium and lithium, the measured 
concentrations only fell from 41 to about 40 ppm potassium and from 
approximately 3.5 to 3.0 ppb lithium.

The observed changes in the concentration and conductivity of the model boiler 
water were dominated by the change in level during this test. Prior to the 
test, 80 g lithium hydroxide was added giving an initial concentration of 
45 ppm lithium. Up to the SGTR this concentration was maintained, as was the 
conductivity. During the SGTR, the lithium concentration fell linearly to 
approximately 37 ppm after which it again became constant. The fall in 
concentration, ~ 18%, was much greater than sampling losses, ~ 4.5%, 
reflecting the effects due to dilution caused by the increase in water level. 
During the SGTR the potassium concentration rose progressively, but it only 
reached a maximum concentration of about 30 ppm potassium. As this increase 
in concentration failed to offset the dilution effect on raising level, the 
overall conductivity fell during the test. Once again, as seen in Figure 5-68, 
the results for samples S-1 and IKP-4 were superimposable after allowing for 
sample line delays.
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The behavior of the SORV condensate was similar to that seen in other tests. 
Again no lithium was detected, but generally approximately 0.5 pg kg  ̂
potassium was found. Although this could be due to a change in the detection
limit for potassium, the occurrence of similar effects in other tests at low
pressure (for example. Test 12 (T-2001) and Test 14 (T-2065)) would suggest 
that some bypassing did occur. Based on the limit of detection for lithium, 
0.2 ppb and on 0.5 ppb potassium and assuming that only carryover occurred, 
the maximum levels for carryover are < 0.0004% (lithium) and < 0.0016% 
(potassium).

Alternatively, if the potassium in SORV condensate is assumed to be due to 
bypassing alone, then from a comparison of the mass injection into the model 
boiler (40.5 ppm on average at 0.18 Ibm/sec) and that lost via the SORV flow
(0.5 ppb to 0.1 Ibm/sec) the bypass fraction was 0.0007%.

During this test, the resistivity of the SORV condensate was very low. Based 
on the assumption that the volatile species was ammonia, the SORV condensate 
contained 30 to 50 ppm ammonia (0.012 to 0.015 MJ2 cm) derived from surge 
tank water and about 300 ppm ammonia (0.004 Mil cm) derived from the primary 
loop during the SGTR. In part, these higher concentrations were due to a 
hydrazine dosing error before the test, but they were also the result of the 
continual increase in ammonia concentrations as each test was carried out. 
Following this test, both the primary and secondary loops and tanks were 
drained and refilled with fresh water. The presence of high concentrations of 
ammonia and hydrazine are not expected to have affected moisture carryover.

Test 6 - 8% SORV Flow Moisture Carryover Test (T-1957)

This was conducted as a diagnostic test under conditions similar to those of 
the shakedown test. Test 1, but with the secondary tracer level raised to 
100 ppm lithium (2PH25O0I2 .I) to improve the carryover detection limit.
In addition, the effect of raising the steam generator water level was 
investigated to see if this would result in higher moisture carryover. The 
target initial steady-state conditions were as follows:
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Plant Pareftneter Desired Value

Primary pressure 1842 psia (127 bar)

PrlMry 580‘F (304°C)

Primary flow rate As required to maintain steam pressure

Secondary pressure 1000 psia (69 bar)

Saturation temperature 545‘*F (2S5'’C)

Water level 447 in. (11.35 m) initial, ramped to 
495 in. (12.57 m) final

SORV flow 8%

Before the test, the model boiler void space was drained of all water, but 
steam could still pass from the steam dome into the void space. The void 
space drain valve was kept closed during the test to prevent excessive 
steaming through the void space. After an initial period of operation at 
approximately normal water level, when the feedwater flow was maintained using 
both the main and auxiliary feedwater lines, the water level was raised to 
495 in. over a period of 100 minutes. At this point, a plant trip occurred 
due to low feedwater suction pressure, itself caused by low level in the surge 
tank. This caused a rapid drop in water level to less than 442 in. The test 
was halted at this point.

Figures 5-69 to 5-75 illustrate the performance of relevant thermal-hydraulic 
parameters during the test. The chemistry results are summarized in Tables
5-11 and 5-12 and are shown in Figure 5-76. They are discussed in detail 
below.

Prior to the test, the model boiler was dosed with approximately 200g 
anhydrous lithium hydroxide, producing an initial concentration of 130 ppm 
lithium, this was reduced to 94 ppm by blowdown before the start of the test.
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During the test, the concentration fell further to 82 ppm (Figure 5-76). The 
change, 13%, can be attributed to the dilution caused on raising the water 
level rather than to sampling losses which totalled about 2% of the initial
inventory at the start of the test.

The lithium concentrations in the SORV condensate were above the limit of 
detection throughout the test. Initially, the measured level was 0.9 ppb, but 
this fell rapidly and a constant level of 0.5 ppb was maintained for most of 
the test. The condensate resistivity was relatively low throughout the test 
and did not follow the changes in lithium concentration. The observed value, 
0.12 MO cm (= 8.2 yS/cm), would suggest the presence of about 1.4 ppm 
ammonia in the SORV condensate; probably this was derived from the hydrazine
dosed into the surge tank and secondary loop. The change in resistivity at
the start of the test cannot be explained (possibly it was due to poor mixing 
in the surge tank), but the change at the end of the test was due to a feed 
pump trip caused by low water level in the surge tank.

Based on the measured values, the carryover was in the range 0.0006% to 
0.0009%. No effect due to the change in water level was detected.

Test 7 - 100% Power Moisture Carryover Test (T-1966)

This was conducted as a diagnostic test to determine if significant carryover 
could be detected with the model boiler operating at a high power/high water 
level condition. The initial steady-state conditions for the test were as 
follows:
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Plant Paratneter Desired Value

Primary pressure 2215 psia (152.8 bar)

Primary 617“F (325“C)

Primary flow rate 91 Ibm/sec (41.3 kg/s)

Secondary pressure 1015 psia (70 bar)

Saturation temperature 547®F (2S6‘’C)

Water level 438 in. (11.12 m) initially, gradually
raised to 495 in. (12.57 m)

As configured for the Phase II tests, the SORV condenser was not scaled to 
handle large steam flows and could not be used alone at 100% power. However, 
as the 8% SORV line diverged from the main steam line at a 180“ "Tee", the 
inlet being at 90“ to both outlets, the 8% SORV line could be used to sample 
the main flow in a reasonably representative manner. Accordingly, this test 
was carried out by first running up to full power under normal operating 
conditions with steam passing to the feedwater heater and feedwater supplied 
via the main feedwater line, then with the power level maintained opening the 
8% SORV line, dosing the model boiler and finally measuring the carryover.

As performed, data were collected for 30 minutes under steady-state conditions 
at normal water level. The water level was then raised to 495 in. over about 
20 minutes. The plant was maintained at this high water level condition for 
about 5 minutes, during which time it was observed that the void space water 
level was increasing at a higher than normal rate (see Figure 5-86). This was 
indicative of water leakage into the void space, due probably to water froth 
that had flooded the dryer. Water level was then returned to normal water 
level by a temporary decrease in feedwater flow. Steady-state conditions were 
subsequently maintained for 30 minutes, followed by a further period when load 
was reduced to ~ 50% power.
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Figures 5-77 to 5-*83 illustrate the performance of the relevant thermal- 
hydraulic parameters during the test. The results obtained from the analysis 
of the chemical samples are summarized in Tables 5-13 and 5-14 and are shown 
in Figures 5-84 to 5-86. They are discussed below.

For this test the tracer level in the model boiler was set at 100 ppm 
lithium. In practice, the tracer was added in two stages of 80 g each, in 
each case it being added to the auxiliary feed line, which was then run 
temporarily to inject the tracer into the model boiler. On both occasions, 
the tracer was lost rapidly from the water in the model boiler. After the 
first tracer injection, the maximum concentration observed was 13 ppm lithium 
(compared with a calculated value of > 50 ppm), this fell to about 5 ppm 
over 90 minutes. The second injection, see Figure 5-84, gave a greater 
initial increase in concentration, but again the concentration fell rapidly to 
20 ppm over 80 minutes. On both occasions, the fall in concentration is 
believed to be due to hideout in the crevices of the model boiler. 
Approximately 53 minutes into the test (83 minutes after injecting the 
tracer), measurements of water level in the void spaces of the model boiler. 
Figure 5-86, indicated that the model boiler water level had been raised to 
the point where a two-phase mixture flooded the dryer, which resulted in 
leakage into the void space. At this stage there was a rapid fall in tracer 
concentration to approximately 10 ppm. Subsequent lowering of the water level 
only caused a partial recovery in the lithium concentration. A sample taken 
from the void space after the test indicated a concentration of 8 ppm lithium 
compared with 1 to 2 ppm measured after the first tracer injection, confirming 
that the tracer had been lost via this route.

When the S-1 and IKP-4 analytical results were compared, those for the IKP-4 
line after correcting for the sample line delays were found to be only 70 to 
80% of those for the S-1 sample line. This was probably due to the presence 
of two-phase conditions adjacent to the IKP-4 sample point at high power, so 
that the samples collected were mixtures of model boiler water and condensed 
steam. Mass balance considerations suggest that voidage may also have 
affected the S-1 sample point (see Section 7-2).
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The concentration^ detected in the SORV condensate can be separated into a 
period of low carryover which encompasses the first 50 minutes of the test and 
then the final 70 minutes dominated by the peak in the carryover. In the 
initial period of the test, the lithium concentration in the condensate fell 
from an initial value of 0.8 ppb to about 0.2 ppb in parallel with the fall in 
tracer concentration in the model boiler. Over this period the calculated 
carryover varied from 0.0016% initially to approximately 0.001% after 
50 minutes. No detectable effect due to the increase in water level was 
observed.

After 53 minutes, carryover increased rapidly, the maximum concentration 
observed being 210 ppb. The increase in carryover corresponds to the point 
where there was an increase in the rate of accumulation of water in the model 
boiler void space, the latter in turn indicating that the dryer had been 
flooded. This can be inferred because flooding of the dryer increases the 
quantity of water entering the steam dome, collecting on the steam dome base 
plate and finally passing into the void space via the check valves. Based on 
the measured concentration in the model boiler, allowing for differences in 
delay times on sample lines, the maximum observed value corresponds to 2.3% 
carryover. However, if we assume a rapid initial increase in carryover on 
flooding the dryer, as shown in Figure 5-86, then the maximum carryover was 
possibly of the order of 10% to 20%.

On lowering the water level, carryover decreased. Over the first few minutes 
the carryover decreased approximately exponentially, but this stage was 
followed by a slower rate process before carryover fell to its original 
value. It seems probable that the relatively slow decay in carryover is due 
to the difficulty in cleaning surfaces or crevices contaminated with tracer in 
the dry steam environment beyond the dryer.

As in the previous test, the resistivity of the condensate was relatively low 
throughout the test and only gave minor indications of the enhanced carry­
over. Based on the observed value of 0.12 to 0.14 Mn cm (7 to 8 yS/cm), 
the ammonia content of the condensate (and model boiler water) was 
approximately 1 ppm.
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Test 8 - 10% SORV flow. Blowdown from 442 in. to 54 in.. and Operation 
with SGTR at Top of Tube Bundle at Four Water Levels 
(T-1975 - T-1979)

This test was designed to investigate the effect of a top break SGTR on 
carryover and/or primary coolant bypassing over a range of model boiler water
levels. The test conditions were to be identical with those originally
defined for Test 2.4 and were an extension of the previous test. Test 2
(T-1958), to lower water levels. As carried out, the test was split into five
separate runs; an initial blowdown phase when water level was reduced from 
442 in. to 54 in. and then four short SGTR injections at water levels of about 
62 in., 104 in., 160 in., and 280 in. Between each SGTR phase, the level was 
raised and then allowed to stabilize. This sequence of operation was selected 
as it was believed that blowing down the model boiler after it had been dosed 
with lithium hydroxide would provide the most reliable way of establishing the 
initial tracer concentration at low level and because there were concerns over 
the integrity of the Inconel 600 tubing if the model boiler water was allowed 
to boil down to very low levels. For all five segments of the test, the 
target initial steady-state conditions were as follows:

Plant Parameter Desired Value

Primary pressure 1850 psia (127.6 bar)

Primary T̂ ^^̂  580“F* (304“C*)

Primary flow 91 Ibm/sec* (41.3 kg/s)

Secondary pressure 1080 psia (74.5 bar)

Saturation temperature 554®F (290*C)

*Thot primary flow could be adjusted as required to achieve the 
desired secondary pressure.
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In the initial ph^se of the test, the model boiler was dosed with lithium 
hydroxide while it was at normal water level. Once the concentration in the 
model boiler water had been defined, the level was reduced to 54 in. using the 
blowdown line. The blowdown rate was controlled so that the level was reduced 
over a period of 50 minutes, thus enabling any change in carryover behavior to 
be detected. As the tube bundle uncovered and the secondary side pressure 
dropped (due to a reduction in heat transfer surface), the auxiliary feed flow 
had to be decreased to maintain the rate of change in water level. Data were 
collected for a period of one hour commencing 10 minutes before blowdown was 
started.

It was originally intended to carry out the first SGTR phase at a water level 
of 54 in., but this proved to be impracticable due to the fall in secondary 
side pressure. To restore pressure, the level was raised to 62 in., but 
Thot also had to be raised to 595®F (313"C) even with the primary loop at 
its maximum primary flow rate. The system was then allowed to stabilize over 
a period of approximately one hour before starting the SGTRs. During this 
first SGTR injection, the SGTR flow was halted after 13 minutes as the model 
boiler pressure was approaching its plant trip setpoint. During the SGTR 
phase, feedwater flow was adjusted as required to maintain the water level. 
Once the SGTR injection had been halted, level was maintained for 5 minutes 
and then raised to 104 in. Data were collected over the period extending from 
5 minutes before the SGTR injection until the level had been stabilized at 
104 in.

The remaining three SGTR phases were carried out in a manner similar to that 
described above, but in each case over an injection period of 25 minutes. For 
the SGTR injection at 104 in., T^^^^ was returned to 580*F, since sufficient 
water existed in the tube bundle to generate the desired secondary pressure. 
This value of T^^^ was retained for the SGTR phases at 165 and 280 in., with 
the exception that it was mistakenly reduced slightly during testing at 
165 in. after 15 minutes to keep the secondary pressure within specification. 
Finally, in this particular phase, the water level was raised only 3 minutes 
after halting the SGTR injection. For each phase of the test, the void space
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was drained before' the test, the void space drain valve kept closed during 
data collection and the SGTR line warmed up before initiating the break flow. 
At all times feedwater was supplied via the main feedwater system.

Figures 5-87 to 5-189 illustrate the performance of the relevant thermal- 
hydraulic parameters during this test. They are presented subdivided into the 
separate phases of the test in the following pages.

Chemical samples were collected for the entire duration of the test. Unlike 
the thermal-hydraulic results, these cannot be treated in isolation, and in 
the following description they are subdivided into three major divisions, 
namely the blowdown phase, the SGTR injections at 62 in. and 104 in. and the 
SGTR injections at 165 in. and 280 in. Over the long duration of the test, 
the sample line flow rates tended to decrease, probably due to particulates 
collecting in the control valves. Neither the drop in flow nor the resetting 
of the flow rates are believed to have influenced the results significantly. 
The full results are summarized in Tables 5-15 and 5-16 and are shown in 
Figures 5-190 to 5-195.

Blowdown Phase (T-1975)

Prior to the blowdown phase, the model boiler was dosed with approximately 
80 g lithium hydroxide to give an initial concentration of 50 ppm lithium. 
During blowdown, the measured concentrations fell on both the S-1 and IKP-4 
sample lines. Mass balance considerations, see Section 7, indicate that this 
was due to the sample lines sampling steam/water mixtures, rather than due to 
a decrease in the concentration of the model boiler water. For the S-1 sample 
line, the fall in measured concentration was rapid. Nevertheless, even at a 
water level of approximately 130 in., the measured concentration was 12 ppm 
lithium, indicating that 24% of the mass sampled in the upper downcomer barrel 
at 425 in. was as droplets of model boiler water. When the level had fallen 
below 130 in., the measured concentration collapsed to values which eventually 
fell to only 10 to 20 ppb lithium. This change in behavior corresponded to 
the point when recirculation ceased within the model boiler and when superheat 
was developed at the top of the tube bundle. Under these conditions, the S-1 
line would sample essentially pure steam. The IKP-4 sample line showed a
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similar pattern of behavior, except that here the concentrations were 
generally higher than those seen on the S-1 sample line at a comparable water 
level. Figure 5-191, and the concentrations did not finally collapse to low 
values until the level had stabilized at 54 in. While steam/water mixtures in 
the tube bundle were expected at low levels, the drop in measured 
concentration from the onset of blowdown was not anticipated.

At water levels > 130 in. the observed carryover was low. Typically, the 
SORV condensate contained approximately 0.2 ppb lithium, which at a model 
boiler concentration of 50 ppm corresponds to a carryover rate of 0.0004%. 
Below 130 in. carryover increased, there being an initial burst of carryover 
as the environment above the tube bundle "dried" out and superheat was 
developed at the top of the bundle, followed by a sustained increased level of 
carryover. Estimates of the quantity released during the initial transient 
and of the sustained level of carryover are given in Section 7-3.

SGTRs at 62 in. and 104 in. (T-1976 and T-1977)

Before the SGTR phases of the test the primary circuit was dosed to give a 
concentration of 52 ppm potassium and it also contained 0.4 to 0.5 ppb 
lithium. Although, nominally, the makeup tank contained less potassium, in 
practice the concentration rose slightly during the SGTRs. Unusually the 
lithium concentration at first fell slightly, but then recovered to its former 
value by the end of the complete test.

The behavior of the two model boiler sample lines was very different during 
these two SGTR injections at low water level. The S-1 sample line showed 
little response either to the SGTR flow or to the first level change and 
detected only low levels of both potassium and lithium. In parallel with this 
behavior, the conductivity was essentially identical to that of the SORV 
condensate. Both effects suggest that the S-1 sample line was sampling steam 
during this phase of the test and that there were few droplets of model boiler 
water present. As the level was raised above 130 in. during the second level 
change, the S~1 sample recovered and again gave samples containing high 
concentrations of lithium and potassium.
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During the S6TR injection at 62 in. and the subsequent level change, only a
small response was detected using the IKP-4 sample line. In this period, both
the conductivity and the potassium concentration peaked at the end of the SGTR 
injection, at 8 ppm potassium, before they collapsed again to 1 ppm during the 
level change. Concurrently, the lithium concentration increased to about
1.5 ppm during the SGTR and then fell more slowly as the system equilibrated 
following the level change. In contrast with the behavior at 62 in., the SGTR 
injection at 104 in. produced a large increase in conductivity and in 
potassium and lithium concentrations. In this case the potassium again peaked 
at the end of the SGTR injection, at 176 ppm potassium, before falling to 
about 70 ppm as the level was raised to 165 in. Once again, the lithium level
increased throughout the SGTR injection and level change to give a final
concentration of 9 ppm lithium. Finally, as the system equilibrated fully, 
the concentrations stabilized at about 110 ppm potassium and 10 ppm lithium.

The SORV condensate gave a complex response to both the SGTR injections and to 
the level changes. This consisted of a series of bursts of carryover at the 
start of each SGTR or level change. In each case the carryover decayed after 
the initial peak, but not fully before the next initiating event. For lithium 
the peak concentrations observed were: 62 in. SGTR, 400 ppb; 62 to 104 in. 
level change, 40 ppb; 104 in. SGTR, 40 ppb; 104 to 165 in. level change,
9.2 ppb, all occurring at the start of the SGTR injections or level changes. 
During the three later events the potassium gave a similar response, in this 
case the peaks at the start of the events being: 62 to 104 in. level change, 
90 ppb; 104 in. SGTR, 180 ppb; 104 to 165 in. level change, 1500 ppb. In 
contrast with its behavior in subsequent events, the potassium concentration 
during the first SGTR injection at 62 in. did not show an initial peak, but 
built up throughout the SGTR injection to peak at 60 ppb at the end of the 
SGTR.

As in all other tests, the resistivity of the SORV condensate was dominated by 
the carryover of ammonia derived from the surge tank or from the primary 
loop. Typically, during the SGTR injections, the resistivity was 0.03 to 
0.04 Mn cm (h 25 to 33 yS/cm) and 0.11 to 0.15 Mn cm (6.7 to 
9 yS/cm) at other times. These levels correspond to 8 to 10 ppm and to 1 to 
16 ppm ammonia, respectively. Similar levels were also seen in the later
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stages of the test. For part of the period during normal operation, the 
resistivity was reduced. The reason for this is unknown, but may be due to 
poor mixing within the surge tank as this was refilled during the test.

The analysis of carryover and/or bypassing during this part of the test is 
dependent on defining the concentrations in the model boiler water. These 
aspects are considered fully in Section 7-3. Here we may note that the IKP-4 
sample line mainly sampled steam during the SGTR injection at 62 in., that at 
both levels there was evidence that the tracers were lost from solution and 
accumulated as deposits on the dry surfaces of the tube and, finally, that 
these deposits did not redissolve and mix fully until level was raised above 
about 130 in. and the recirculation reestablished. From the pattern of 
behavior, there was little evidence for any high level of primary coolant 
bypassing.

SGTRs at 165 in. and 280 in. (T-1978 and T-1979)

During the final two SGTR injections, both the S-1 and IKP-4 sample lines 
detected high concentrations of both lithium and potassium, indicating that 
both lines were sampling steam/water mixtures. Generally, the responses were 
similar, but as in Test 2 (T-1958), the S-1 line detected lower tracer 
concentrations. At 165 in. the S-1 conductivity trace showed large scale 
fluctuations. These are believed to be due to changes in the quantity of 
droplets of model boiler water reaching the primary separator, this in turn 
caused by small variations in water level at levels close to the critical 
level for the collapse of recirculation within the model boiler - for example, 
during the SGTR the conductivity dips coincide with small changes in water 
level. During the two SGTR injections, the lithium concentrations remained 
constant and only changed when the water level was raised, thereby causing the 
tracers to be diluted. For the IKP-4 sample line, the measured concentrations 
were about 12 ppm lithium at 165 in. and 7 ppm lithium at 280 in. As in other 
SGTR tests, both the potassium concentration and the conductivity rose at an 
approximately linear rate during the SGTR injections, but they then fell 
during the level change. For the IKP-4 line, the change in potassium 
concentration was from about 105 ppm to 200 ppm at 165 in., and from 120 ppm 
to 170 ppm at 280 in.

93800:10 /061486 5 - 2 6



The response of the SORV condensate differed somewhat for lithium and 
potassium, see Figure 5-196. For lithium, the carryover decreased progres­
sively via an exponential decay process throughout the period covering the 
final two SGTR injections. There was no evidence for any bursts of carryover 
on initiating either the SGTRs or the level change. The potassium carryover 
showed a similar underlying trend towards lower carryover as the test 
progressed, but in this case there were peaks in carryover at the start of 
each SGTR and during the level change. It is probable that the progressive 
background decrease in carryover seen for both chemical tracers is due to the 
slow cleanup of the steam dome and steam lines after the surfaces had been 
contaminated during the earlier phases of the test. An analysis of the bursts 
of potassium carryover is given in Section 7-3.

Test 9- 10% SORV Flow. Blowdown from 442 in. to 54 in. and Operation with SGTR
at Bottom of Tube Bundle at Four Water Levels (T-1988 - T-1992)

This test was a repeat of Test 8, but was designed to investigate the 
difference in carryover and/or primary coolant bypassing caused by a change in 
break location from the top to the bottom of the tube bundle. As before, the 
test was split into five separate sections: an initial blowdown phase when
water level was reduced from 442 in. to 54 in. and then four short SGTR 
injections at water levels of about 64 in., 102 in., 165 in. and 285 in. For 
each part of the test the target steady-state initial conditions were as 
follows:

Plant Parameter Desired Value

Primary pressure 1850 psia (127.6 bar)

Primary T̂ ^^^ 580“F* (304*C*)

Primary flow 91 Ibm/sec* (41.3 kg/s)

Secondary pressure 1080 psia (74.5 bar)

Saturation temperature 554®F (290*C)
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*Thot 3nd fjrimary flow could be adjusted as required to achieve the 
desired secondary pressure.

In the initial phase of the test the model boiler was dosed with lithium 
hydroxide while at normal water level. Once the tracer concentration in the 
model boiler had been defined, the level was reduced to 54 in. As in the 
previous test, the blowdown rate was controlled such that the level reduction 
took about 50 minutes. Data were collected over a period extending from about 
10 minutes before blowdown commenced until the level had stabilized at 54 in. 
As the tube bundle uncovered and the secondary pressure dropped, the feed flow 
was reduced to maintain the rate of change in water level.

After blowdown was complete, the system was allowed to equilibrate for about
80 minutes before the first SGTR injection was initiated. During this period 
water level was raised to 64 in. and increased to 595®F (313®C) at 
maximum primary flow in order to restore secondary pressure to the target 
level. During the first SGTR cycle at 64 in. data were collected for 5
minutes before initiating the SGTR, then during the 25 minutes of SGTR
injection, a further 5 minutes of steady-state operation and finally during 
the level change to 102 in. During this period, the feedwater flow was 
adjusted first to maintain water level and then to increase it to 102 in. For 
the remaining SGTR cycles an identical sequence was followed, the only 
exception being that T̂ ^^^ could be reduced to 580“F in all tests as 
sufficient water existed in the tube bundle at 102 in. and above to generate 
the required secondary pressure. As in other tests, the model boiler void 
space was drained before the tests, the void space drain valve was kept closed 
during the individual test phases and the SGTR line warmed up before each SGTR 
injection. At all times feedwater was supplied via the main feedwater system.

Figures 5-197 to 5-299 illustrate the performance of the relevant thermal- 
hydraulic parameters during the test. They are presented subdivided into the 
separate phases of the test in the following pages.

Chemical samples were collected for the entire duration of the test. As in 
Test 8, the results are subdivided into three major divisions, namely the 
blowdown phase, the SGTR injections at 64 in. and 102 in. and the SGTR
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injections at 165'in. and 285 in. For this test an additional sample line was 
installed in the model boiler blowdown line in an attempt to collect 
representative samples at low water level from a point where only single phase 
conditions should exist. In practice, the blowdown samples were 
nonrepresentative and this sample line was not used in other tests. Because 
of the long duration of the test, the sample line flow rates fell throughout 
the test and had to be reset on several occasions. Neither the drop in flow 
rate, nor the resetting of the flow rates are believed to have influenced the 
results significantly. The full results are summarized in Tables 5-17 and 
5-18 and are shown in Figures 5-300 to 5-306.

Blowdown Phase (T-1988)

Before the blowdown phase the model boiler was dosed with approximately 100 g 
lithium hydroxide. After equilibration both the IKP-4 and blowdown lines 
indicated an initial concentration of 65 ppm lithium, while the S-1 line 
indicated only 58 ppm. The reason for this discrepancy, which was also 
detected by conductivity, is unknown and similar differences were only seen in 
one other test. It is considered that the IKP-4 and blowdown lines give the 
more representative results for this test. During blowdown the measured 
concentrations fell on all three sample lines. For both the S-1 and blowdown 
lines the fall in concentration was rapid. Based on the conductivity the
measured S-1 concentrations collapsed to very low values, about 50 to 100 ppb
lithium, once the level had fallen below 120 in. While this behavior was
expected for the S-1 sample line, a similar behavior was not expected for the
blowdown line. Two explanations can be suggested for the observed behavior. 
One is that steam/water mixtures develop in the area of blowdown line take-off 
point, alternatively, the take-off point may be in a region where it samples 
an unmixed stream of water from the downcomers as this passes over the 
tubesheet. In practice, both effects contributed to the observed behavior 
(see Section 7-3). As in the previous test. Test 8, the IKP-4 sample line 
showed a similar pattern of behavior, but again the concentrations fell more 
slowly than did those on the other sample lines and here the concentrations 
only fell to very low levels once the level had stabilized at 54 in.
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At water levels > 1 5 0  in. carryover was low, typically < 0.3 ppb lithium.
At a model boiler concentration of 65 ppm this corresponds to < 0.0003 to 
0.0005%. Below 130 in. carryover increased, there being an initial burst of 
carryover, as the environment above the tube bundle "dried" out and as 
superheat was developed at the top of the bundle, followed by a sustained 
increased level of carryover. Estimates of the quantity released during the 
initial transient and of the sustained level of carryover are given in Section 
7-3.

SGTRs at 64 in. and 102 in. (T-1989 and T-1990)

Before the SGTR phases of the test the primary circuit was dosed to give a 
concentration of 45 ppm potassium. As the makeup tank contained less 
potassium, 39 to 42 ppm, the concentration in the primary loop fell slightly 
as the test progressed. At the start of the test the lithium concentration 
was 4.8 ppb; once again the concentration fell as the test proceeded, since 
the makeup tank contained no lithium.

The three model boiler sample lines gave different responses during these two 
SGTR injections. As in Test 8, the S-1 sample line showed little response to 
either the SGTR flows or to the level change and the conductivities were again 
identical to those of the SORV condensable. Both effects suggest that the S-1 
sample line was sampling essentially pure steam during this phase of the 
test. Compared with the top break test. Test 8, the potassium concentrations 
detected in this test were greater - the reverse of what might be expected if 
a top break promoted primary coolant bypassing. As the water level was raised 
to 165 in., the S-1 sample recovered and once again gave samples containing 
high concentrations of both lithium and potassium.

In contrast with the behavior seen in the top break test. Test 8, the IKP-4 
sample line responded strongly to the SGTR flow during both SGTR injections. 
During the SGTR injection at 64 in. the potassium concentration increased to 
390 ppm (cf 8 ppm in Test 8), while at 102 in. it increased to 280 ppm (cf 176 
ppm in Test 8). During the level change to 102 in. and subsequent 
equilibration the potassium concentration fell to about 20 ppm, while after 
the second level change the concentration stabilized at about 130 ppm
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potassium. Througtiout the SGTR injections the lithium concentrations remained 
elatively low, < 5 ppm, and only increased to a stable higher level of 

about 26 ppm lithium when the level was increased to 150 in. The concurrent 
measurement of low lithium and high potassium concentrations, when combined 
with data from the other low level tests, indicates that hideout occurred at 
these low levels. An analysis of this behavior is given in Section 7-3.

Throughout this period of the test the blowdown line gave a response which was 
intermediate between that of the S-1 and IKP-4 sample lines. Thus, the 
response resembled that of the IKP-4 sample line, but with the concentrations 
very much reduced (by factors of up to 70). Again, this would indicate either 
very little mixing between the auxiliary feedwater and the model boiler water 
at the position of the blowdown line take-off, or local high voidage at the 
take-off point.

As in Test 8, the SORV condensate gave a complex response to both the SGTR 
injections and to the level changes. These consisted of large bursts of 
carryover at the start of the two level changes and of slightly smaller bursts 
)f carryover during the SGTR injections at 64 in. and 102 in. (the latter in 
contrast with Test 8). As in the previous test, these bursts of carryover had 
not decayed fully before the next initiating event. For the level changes the 
peak concentrations were; 64 to 102 in., 60 ppb lithium and 980 ppb 
potassium; 102 to 165 in., 20 ppb lithium and 350 ppb potassium. During the 
SGTRs there were no transient peaks in lithium concentration during either 
SGTR injection and only two peaks in potassium concentration during the SGTR 
injection at 102 in., of 340 and 750 ppb. Estimates of carryover and for 
bypassing based on these values are given in Section 7-3.

As in the other tests, the resistivity of the SORV condensate was dominated by 
carryover of ammonia derived from the primary loop water or from the surge 
tank water. Typically, the levels were about 0.03 Mfi cm (= 33 yS/cm) 
during the SGTR injections and about 0.09 Mfi cm (= 11 yS/cm) at other 
times. These correspond to about 10 ppm and 2.2 ppm ammonia, respectively. 
Similar values were also observed in the later stages of the test.
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SGTRs at 165 in. ^nd 285 in. (T-1991 and T-1992)

In the final two SGTR injections all three model boiler sample lines generally 
responded in a similar manner to that seen in Test 8. At both water levels 
the S-1 sample line again detected lower concentrations then the IKP-4 line, 
with the difference more pronounced at the lower water level. Once again, at
165 in. the conductivity trace for the S-1 sample line showed large
variations, which were probably due to changes in conditions above the tube 
bundle caused by small variations in water level. The blowdown line gave a 
response which changed as the water level was raised. Thus, at 165 in. the
response was identical to that of the S-1 sample line, while at 285 in. it was
identical to the IKP-4 line. The reason for this change is not known.

During both SGTR injections the lithium concentrations remained constant and 
only changed when the water level was raised. For the IKP-4 sample line the 
measured concentrations were about 26 ppm lithium at 165 in. and 15 ppm 
lithium at 285 in. In both SGTR injections the potassium concentration and 
the conductivity rose at an approximately linear rate, but then fell during 
the level change. For the IKP-4 sample line the changes in potassium 
concentration were from about 130 ppm to 192 ppm at 165 in. and from 125 ppm 
to 166 ppm at 285 in.

In this phase of the test the SORV condensate gave a simple response which was 
identical for both tracers. In each case the measured carryover decreased 
progressively via an exponential decay process, see Figure 5-306, throughout 
the period covering the final two SGTR injections. There was no evidence for 
any increase in carryover caused either by the SGTR flows or by the final 
level change. Again, it is probable that the observed behavior was due to the 
slow removal of lithium and potassium from the surfaces of the steam dome and 
steam lines after these had been contaminated during the earlier phases of the 
test.
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Test 10 - OverfilV Transient with SGTR at Top of Bundle, 10% SORV Flow (T-1998)

This test was designed to simulate an overfill transient caused by an SGTR at 
the top of the tube bundle in an isolated steam generator. In this transient 
the SGTR flow will cause both the secondary level and pressure to rise, but 
periodically the pressure will be relieved by the opening of the safety relief 
valve. In this first test the target initial steady-state test conditions 
were similar to those for Tests 1, 8 and 9. They were as follows:

Plant Parameter Desired Value

Primary pressure 1850 psia (127.6 bar)

Primary 580“F (304“C)

Primary flow rate 14 Ibm/sec (6.4 kg/s)

Secondary pressure 1000 psia (69 bar)

Saturation temperature 545“F (285“C)

S/G Water level 442.5 in. (11.24 m)

SORV flow 2%

Throughout the test feedwater was supplied via the normal auxiliary feedwater 
line. Before the test the model boiler void space was drained of water
periodically, but steam could still pass from the steam dome into the void
space. During data collection the void space drain valve was kept closed to
prevent excessive steaming through the void. Before the SGTR injection the
SGTR line was warmed up for at least 5 minutes, it was then lined up with the
top break element and the SGTR flow initiated.

For the first 30 minutes of the test steady-state conditions were maintained 
with an SORV flow rate of 2%. After 30 minutes the SGTR flow was initiated
and the auxiliary feed flow halted, but the 2% SORV flow was continued as it
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was hoped to maintain SORV condensate sampling. Since neither the level nor 
the secondary pressure rose, the auxiliary feed flow was restarted after 5.7 
minutes and the 2% SORV flow halted after 14 minutes; thereafter both level 
and pressure rose.

When the model boiler pressure reached 1200 psig, a 10% SORV flow was 
initiated by opening both SORV lines. A 10% rather than an 8% SORV flow was 
used as this was more representative of the actual flow through a safety 
relief valve. The SORV flow was allowed to continue until the model boiler 
had depressurized to 1000 psig. This cycle of pressure and level increase 
followed by a 10% SORV depressurization was carried out a total of eight 
times. Before the final depressurization the water level had increased to 
about 530 in. In the final cycle the 10% SORV flow was not halted at 1000 
psig, instead the model boiler was allowed to boil down to < 50 in. to 
detect any change in carryover on reducing water level. At this water level 
both the SGTR and SORV flows were halted, while the auxiliary feed flow was 
restarted to stabilize the level at 50 in. This condition was maintained for 
30 minutes to permit chemical sampling from the model boiler.

During this test, after approximately 2 hours, it was found that the shock 
wave propagating through the SORV condensate pipework on initiating the 10% 
SORV flow had caused the SORV condensate drain tube to jump out of the drain 
pipe leading to the SORV condensate collection tank. As a result, 
measurements of the total SORV mass flows derived from the SORV collection 
tank level are not available for the complete test. In addition, due to the 
slow draining of the SORV condenser, plus the delays down the SORV condensate 
sampling line, it was not possible to collect satisfactory samples during the 
depressurization cycles. For these reasons the test was repeated, see Test 11 
(T-2003).

Figures 5-307 to 5-317 illustrate the performance of the relevant 
thermal-hydraulic parameters during the test. The results obtained from the 
analysis of the chemical samples are summarized in Tables 5-19 and 5-20 and 
are shown in Figures 5-318 to 5-319. They are described below.
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For this test the'primary loop was dosed to 16 ppm potassium, while the makeup 
tank contained < 10 ppm; consequently the concentration fell as the test 
proceeded. The lithium concentration was low, about 0.5 ppb, and fell to 
< 0.2 ppb during the test.

At the start of the test the model boiler was dosed with 18 g lithium 
hydroxide giving a concentration of 10 ppm lithium. In the early stages of 
the test, up to 75 minutes, the concentration fell slowly to 8.5 ppm, while 
the potassium concentration rose at a constant rate to 12 ppm potassium.
These changes are consistent with the level change and sampling losses.
Beyond 75 minutes the lithium concentration fell more rapidly, reaching 2 ppm 
by the end of the test. At the same time the conductivity fell and so 
eventually did the potassium concentration. Mainly, these changes were due to 
the loss of water to the void space of the model boiler when the level rose 
above the dryer, but some losses could also be due to hideout. In total, the 
mass is estimated to have risen from about 1050 Ibm at the start of the test 
to about 5300 Ibm by the end of the overfill phase. Of this, very little was 
lost by venting and up to 3000 Ibm would be displaced into the void space. 
Analysis of the void space confirmed the presence of water displaced from the 
model boiler.

Prior to the final boildown phase of the test, both the S-1 and IKP-4 sample 
lines gave identical results, as seen in the other tests at normal water 
level. During the boildown the IKP-4 concentrations increased as expected, 
but those measured on the S-1 sample line fell to very low values. The latter 
behavior was also seen in the other low level tests, e.g.. Tests 8 and 9, and 
was indicative of a steam environment at the S-1 sample point.

In theory, the SORV condensate sample line should only have operated for the 
first 44 minutes of the test, during each pressure relief cycle and then 
during the final boildown. In practice, however, there was sufficient leakage 
past the SORV valves or slow draining of the SORV condenser to ensure that the 
line flowed continuously, except immediately after venting. In general, and 
except during venting, the observed carryover was low, approximately 0.2 ppb, 
while the resistivity matched that seen in other tests. The latter indicated 
about 0.5 ppm ammonia (0.25 MJ2 cm) in the condensate before the SGTR, 25 to
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35 ppm (0.015 to 0.02 MO cm) during the SGTR and about 0.08 ppm ammonia 
(1 MP cm) after the final boil down. During a number of the pressure relief 
cycles higher carryover was observed. The results observed were variable, but 
in one cycle the SORV condensate concentrations rose to 30 ppb lithium and 170 
ppb potassium. During the boildown phase no increase in carryover was seen, 
but sampling was not maintained beyond the point where higher carryover was 
seen in other tests, i.e., at water levels < 100 inches.

Based on the limit of detection of 0.2 ppb, the carryover generally was 
< 0.002% (lithium) and < 0.0004% (potassium). The maximum observed levels 
during venting corresponded to 0.09% (lithium) and 1.13% (potassium).

Test 11 - Overfill Transient with SGTR at Top of Bundle, 10% SORV Flow (T-2003)

This test was a repeat of Test 10, but with the SORV condensate sample point 
relocated to collect almost instantaneous SORV condensate samples during the 
pressure relief cycles. During the first 30 minutes of steady-state 
operation, the plant conditions were as follows:

Plant Parameter Desired Value

Primary pressure 1850 (127.6 bar)

580°F (304'C)

Primary flow rate 12.5 Ibm/sec (5.7 kg/s)

Secondary pressure 1000 psia (69 bar)

Saturation temperature 545“F (285“C)

Water level 442.5 in. (11.24 m)

Initial SORV flow 2%
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Throughout the test, feedwater was supplied via the normal auxiliary feedwater 
line. Before the test, the model boiler void space was drained of water 
periodically, but steam could still pass from the steam dome into the void 
space. During data collection, the void space drain valve was kept closed to 
prevent excessive steaming through the void space. Before the SGTR injection, 
the SGTR line was warmed up for at least 5 minutes, it was then lined up with 
the top break element and the SGTR flow initiated.

For the first 30 minutes of the test, steady-state conditions were maintained 
with a 2% SORV flow rate. After 30 minutes, the transient was started by 
initiating the SGTR flow and by simultaneously halting the 2% SORV flow and 
the auxiliary feedwater flow. After 43 minutes the secondary pressure had 
increased to 1200 psig. At this point, the first pressure relief cycle was 
initiated by opening both the 2% and the 8% SORV flow lines. Over 1.33 
minutes the pressure fell to 1000 psig, the SORV flow was then halted.
Further pressure relief cycles, each of 1.25 minutes were carried out after 
59, 77, 98 and 130 minutes. After 45.5 minutes the auxiliary feed flow was 
restarted as water level was not rising. The flow rate was further increased 
after 78.25, 99.25 and 131.25 minutes. After 160 minutes, when the water 
level had reached 530 in., the auxiliary feedwater flow was stopped and a 
final pressure relief cycle started. On this occasion, the 10% SORV flow was 
not halted at 1000 psig, instead the water level was allowed to boil down to 
about 50 in. After 190 minutes, when the level had reached 50 in., the 8% 
SORV line was closed reducing the total SORV flow to 2%. This state was 
maintained until 195.5 minutes, when the SORV flow rate was again increased to 
10% for a short period (72 seconds) to see if an increase in the SORV flow 
rate affected moisture carryover. After 197.5 minutes, the SGTR flow was 
stopped and the auxiliary feed flow was again restarted to maintain water 
level at 50 in. This final steady-state condition, with a 2% SORV flow rate, 
was maintained for a further 30 minutes to permit additional chemical 
monitoring of the model boiler water.

Figures 5-320 to 5-336 illustrate the performance of the relevant thermal- 
hydraulic parameters during the test. Chemical samples were collected 
throughout the test. While the standard method of sample collection was 
followed for the primary, S-1 and IKP-4 sample lines, a modified procedure was

93800:10/081488 5-37



adopted for collecting the SORV condensate samples. For this, the sample line 
was disconnected at its take-off point and grab samples were collected during 
the pressure relief cycles directly from the sample point at the base of the 
loop seal "U" tube mounted below the SORV condenser. Because the sample did 
not flow continuously to the sample hut, continuous resistivity results are 
not available for this test. The analyzed results are summarized in Tables 
5-21 and 5-22 and are shown in Figures 5-337 to 5-341. These results are 
described below.

The behavior of both the primary loop and the model boiler were similar to 
that observed in the first trial. Test 10. There were, however, some 
differences. Thus, on this occasion, the primary loop concentration rose from 
8 to 9 ppm potassium since the makeup tank concentration of 10 ppm was greater 
than that of the primary loop. In addition, the model boiler water 
concentration began to decrease even before the first SORV cycle. The latter 
probably reflects the more rapid increase in level with the 2% SORV line 
isolated. Again, as in the previous test, boildown caused the S-1 and IKP-4 
sample lines to respond differently, but at higher water levels the sample 
lines gave identical results.

Grab SORV condensate samples were collected during steady-state operation, 
during each pressure relief cycle and during the final boildown phase of the 
test. During the initial period of steady-state operation carryover was low,
< 0.2 ppb. Low carryover was also seen during boildown until about 190 
minutes, when low level, < 100 inches, was reached. Carryover then 
increased to 20 to 30 ppb potassium and to 1 to 1.5 ppb lithium, as seen in 
other tests at low level, see Section 7-3. During the period at low level 
there was a larger spike in carryover, at 196 minutes. This was caused by 
increasing the steam flow from 2% to 10% SORV for a short period (195.5 to 
196.7 minutes).

During each pressure relief cycle a spike in carryover was observed. In each 
cycle the 2% and 8% SORV lines were both opened for 75 seconds. This caused a 
flow of SORV condensate for about 150 seconds. During the first four cycles, 
samples were collected at 30 second intervals, but for the final two cycles 
they were collected every 15 seconds. The results are shown in Figures 5-399 
to 5-341. For each cycle the results show that there was a burst of carryover
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at the start of the pressure relief cycle. This resulted in high concentra­
tion in the first few SORV condensate samples collected, but over 60 seconds 
the concentrations returned to relatively low levels. As the test proceeded 
and the model boiler water level rose, the relative concentrations detected in 
each cycle increased; this was particularly apparent in the final two cycles. 
The observed behavior suggests that there was a transient release of water 
from the model boiler as steam production rates increased in response to the 
opening of the SORV steam lines. The analysis of the behavior is given in 
Section 7-3.

Test 12 - Transient Test with SGTR at Top of Tube Bundle, 2% - 10%
SORV Flow (T-2001)

This test was designed to simulate the plant conditions which would exist 
following an SGTR at the top of the tube bundle in one steam generator of a
4-loop PWR, occurring in conjunction with a stuck-open safety relief valve and 
at a time when there was no off-site power available. The initial target 
steady-state conditions at 60% power for the test were as follows:

Plant Parameter Desired Value

Primary pressure 2295 psia (158.3 bar)

Primary T^^^ (313‘’C)

Primary flow rate 91 Ibm/sec (41.3 kg/s)

Secondary pressure 1050 psia (72.4 bar)

Saturation temperature 551®F (2S8‘*C)

Water level 442.5 in. (11.24 m)

93800:10/081486 5-39



steam flow' As required to maintain desired steam
pressure

Feedwater temperature 390®F (199®C)

The calculated and actual conditions for the SGTR phase of the test are shown 
in Figure 5-353. As calculated, the early stages of the transient predict 
that the reactor scrams after about 600 seconds due to low pressurizer 
pressure, closely followed by a turbine trip and by the cessation of the main 
feedwater flow. Auxiliary feedwater flow commences within 60 seconds. As 
steam cannot be dumped to the condenser after the reactor scram when there is 
no off-site power, it is vented to atmosphere via the safety relief valves. 
After about 1850 seconds low steam pressure closes all the main steam 
isolation valves, isolating the affected steam generator. No operator 
intervention is assumed until 30 minutes after the reactor scram, when steps 
are taken to control the leak rate by reducing the safety injection flow rate 
and hence the primary circuit pressure. In the transient followed it is 
assumed that the operators will not halt the auxiliary feedwater supply to the 
faulted steam generator, but that they will control the flow to maintain 
normal water level for as long as is practicable. Until the affected steam 
generator is isolated, all four steam generators will contribute equally to 
the total steam flow escaping via the stuck open safety relief valve.
However, once the steam generator is isolated, all the escaping steam is 
derived from the affected steam generator. Thus, the steaming rate for the 
affected steam generator rises from 2% to 8%, the maximum steam flow rate for 
the relief valve, when the steam generator is isolated.

In practice, steady-state conditions at about 60% power were maintained for 30 
minutes before the start of the transient. During this time feedwater was 
supplied via both the main and the auxiliary feedwater lines. The use of the 
auxiliary feed line at this stage was an error, but its effect is considered 
minimal. In addition, the main feedwater temperature was lower, 369®F, than 
the target value, because the feedwater heater had about 25% of its tubes 
plugged. Steam was removed using both the main steam line and the 2% SORV 
line, the latter to establish SORV condensate sampling before the SGTR was 
initiated. Before the test the model boiler void space was drained of water.
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but steam could still pass from the steam dome into the void space. The void 
space drain valve was kept closed during the transient to prevent excessive 
steaming through the void space. Before the SGTR injection, the SGTR line was 
warmed up for at least 5 minutes and it was then lined up with the top break 
element and the SGTR flow initiated.

After 30 minutes, the transient was started by initiating the SGTR flow and 
the primary loop pressure transient. After 38.5 minutes it was discovered 
that the auxiliary feed line was in use, and it was secured. Water level 
control continued to be maintained using the main feedwater line. After 
40 minutes the reactor scram and turbine trip were simulated by initiating the 
Thot transient and by closing the main steam and main feedwater lines. The 
2% SORV line remained open to simulate the stuck-open safety relief valve. At 
the same time the auxiliary feedwater line was reopened, but as water level 
rose with only a 2% SORV flow, the auxiliary feed flow was again halted.
Steam pressure in the model boiler rose sharply when the main steam and main 
feedwater lines were closed, and after 42.5 minutes the 8% SORV line was 
opened to prevent the model boiler safety relief valve opening. A plant trip 
occurred at the same time as the 8% SORV line was opened, but this did not 
seriously affect either the T^^^^ or the primary pressure transients.
However, the model boiler water level experienced a sudden drop due to the 
collapse of the voidage in the bundle region. The plant was returned to test 
conditions immediately and the transient continued. After 52 minutes, the 
main steam line was further isolated using the hand-operated isolation gate 
valve, HCV-2203, to prevent condensation in the steam line dead leg.

Steaming was allowed to continue using only the 2% SORV line until 60.8 
minutes had elapsed (30.8 minutes, 1850 seconds, into the transient). At this 
point, steam generator isolation was simulated by opening the 8% SORV line in 
addition to the 2% SORV line. As in other tests in the modified program, a 
10% SORV flow was used rather than an 8% SORV flow, as this gave a better 
simulation of the flows through a safety relief valve. After 70 minutes the 
second stage of the primary pressure transient was commenced, in this case to 
simulate the actions of the operators to control the SGTR flow rate. After 
83.75 minutes the auxiliary feed flow was restarted to maintain water level. 
The flow was then maintained until the water level again started to rise as
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the SORV flow rat^ fell. During the final stages of the test, water level 
rose even without any auxiliary feed flow, as it did in Test 2.1. The 
transient was allowed to continue until 363.33 minutes had elapsed, 20,000 
seconds after initiating the transient, when both the SGTR and the SORV flows 
were halted. Data were then collected for a further 30 minutes to permit 
additional monitoring of the model boiler sample lines.

Figures 5-342 to 5-353 illustrate the performance of the relevant thermal- 
hydraulic parameters during the test. Chemical samples were collected for the 
entire duration of the test. During the test, both the model boiler and the 
primary loop sample line flow rates fell progressively and had to be reset on 
a number of occasions. For the model boiler lines, the loss of flow rate was 
particularly rapid; this was probably due to particulates disturbed by the 
initial operation at 60% power. There was no evidence to indicate that the 
changing sample line flow rates had any effect on the results. The analytical
results are summarized in Tables 5-23 and 5-24 and are shown in Figures 5-354
and 5-355. These results are described below.

Before the test the primary loop concentration was 8 ppm potassium. This
level was matched in the makeup tank before the test began and it was also 
matched when the makeup tank was refilled and redosed during the test over the 
period from 105 to 153 minutes. Because the levels were the same, the 
potassium concentration did not alter during the test. Throughout the test 
the lithium concentrations were low. Initially the level was 0.5 ppb lithium, 
but this fell to about 0.2 ppb as the test proceeded. Even though the 
potassium concentration remained constant, the conductivity fell during the 
test. Probably this was due to the changing concentrations of ammonia and 
hydrazine in the primary loop as fresh makeup water was added, these changes 
being more apparent due to the lower potassium concentrations and consequent 
lower pH.

The behavior of the model boiler water was more complex than in other tests, 
due to the effects of the initial change in water level and to the varying 
SGTR leak rate and increasing water level towards the end of the test. At the 
start of the test, the model boiler was dosed with about 18 g lithium 
hydroxide to give a concentration of 11 ppm lithium. This level was
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maintained for thd first 12.5 minutes of the SGTR, until the coincident 
opening of the 8% SORV line and the plant trip caused a rapid loss in water 
level. In other tests, for example Test 2 (T-1958), boiling down to reduce 
level caused an increase in concentration, but here it resulted in a fall to 
about 7 ppm. It is possible that the reduction in concentration was due to 
hideout as the voidage collapsed, but it is also possible that there was an 
accidental loss of water during the plant trip. Accompanying the fall in 
concentration were changes in conductivity in the S-1 and IKP-4 samples.
These changes were, however, different; the S-1 conductivity decreasing, the 
IKP-4 conductivity increasing. Figure 5-355. Similar effects were seen in 
other tests during boildown and blowdown, see for example Figures 5-44, 5-57, 
5-319, 5-338 and 5-390.

After the initial level change, the changes in lithium concentration followed 
those seen in other tests, there being an overall decrease in concentration by 
30%. This was due mainly to the late stage increase in water level rather 
than to the sampling losses of about 6%. In contrast with the constant rate 
of increase in potassium concentrations seen in steady-state SGTR tests, in 
this test the rate of increase in potassium decreased as the test proceeded 
and eventually the concentration fell. This is consistent with the falling 
leak rate as the test proceeded and with the increase in level at the end of 
the test when leak rates were low. In the final stage of the transient, the
fall in the potassium concentration was due, even after allowing for the 10%
SORV flow, to the increase in water level caused by adding primary loop water 
of lower concentration than that present in the model boiler. As seen in 
other tests at normal or high water level, essentially identical results were
obtained on both the S-1 and IKP-4 sample lines.

The SORV condensate behaved in a similar way to that seen in other SGTR 
tests. Thus, in general, carryover was very low, 0.2 ppb or less, while the 
resistivity showed the step changes believed to be due to the differences in 
ammonia levels in the primary and secondary loops. The latter indicate SORV 
condensate ammonia concentrations of 1.7 and 3.7 ppm (0.5 and 0.07 MJ2 cm) 
before and after the SGTR and 10 ppm (0.03 MJ2 cm) during the SGTR.
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On five occasions/ Figure 5-54 and Table 5-23, individual samples showed 
higher carryover. While these may be due to contamination, two of these 
samples were collected when rapid changes in level or pressure were occurring; 
in other tests similar rapid changes also gave bursts of higher carryover. 
Based on the general level of carryover and a limit of detection of 0.2 ppb, 
the normal level of carryover was < 0.003% (lithium) and < 0.0006%
(potassium); estimates of the transient releases are given in Section 7-3.

Test 13 - 100% Power Moisture Carryover Test with Dryer Bypassed (T-2069)

This was carried out as a diagnostic test to determine if carryover would be 
significantly increased when the model boiler was operating at high power with 
the dryer bypassed. The test was carried out in a similar manner to Test 7 
(T-1966) (with dryer in operation), but the increase in level was limited to 
about 465 in., at which point the primary separator was fully flooded but not 
the entrance plenum to the dryer assembly (the bypass pathway). The initial 
steady-state conditions were as follows:

Plant Parameter Desired Value

Primary pressure 

Primary test

2250 psia (155.2 bar)

615®F (324‘*C)

Primary flow rate 91 Ibm/sec (41.3 kg/s)

Secondary pressure 1015 psia (70 bar)

Saturation temperature 547*F (286“C)

Water level 442 in. (11.24 m)

Steam flow rate As required to maintain desired steam 
pressure
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As in Test 7 (T-1966), the test was carried out by first running up to full 
power under normal operating conditions with steam passing to the feedwater 
heater and feedwater supplied via the main feedwater line. Then, with the 
power level maintained, the 8% SORV line was opened, the model boiler dosed 
and, finally, the carryover measured.

As performed, data were collected for 20 minutes under steady-state conditions 
at normal water level. The water level was then raised to about 465 in. over 
about 15 minutes. The plant was maintained at this level for a further 15 
minutes, and finally returned back to normal water level. As in other tests, 
the model boiler void space was drained of water prior to the test, and during 
the test the void space drain valve was kept closed to prevent excessive 
steaming through the void space. Throughout the test there was a small leak 
of approximately 84.5 Ibm/hr (10 gallon/hr) at the feedwater connection to the 
upper shell of the model boiler.

Figures 5-356 to 5-369 illustrate the performance of the relevant thermal- 
hydraulic parameters during the test. The results obtained from the analysis 
of the chemical samples are summarized in Tables 5-25 and 5-26 and are shown 
in Figure 5-370. They are discussed below.

For this test, 50 g lithium hydroxide were added to the model boiler to give 
an initial concentration estimated to be 35 ppm lithium. As the test 
progressed, hideout again was observed, the concentration falling to 
approximately 14 ppm over 80 minutes. Since the dryer entrance plenum was not 
flooded, no tracer was lost to the void spaces and no rapid fall in tracer 
concentration was observed.

Over the initial phase of the test, corresponding to the period at normal 
water level, low carryover was observed. The measured levels, 0.6 ppb falling 
to 0.4 ppb lithium, correspond to a carryover rate of 0.0023% to 0.0017%, 
comparable to that with the dryer present. On raising water level, the 
carryover increased reaching a maximum of 2.2 ppb lithium at 465 inches. At 
this point the carryover was 0.012%. On reducing water level, carryover again 
decreased.
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As in other tests/ the SORV condensate resistivity was dominated by carryover 
of volatile species in the secondary loop. Again assuming that the volatile 
species is ammonia, the resistivity, 0.3 to 0.4 MO cm (2.5 to 3.3 vS/cm) 
corresponds to 0.25 to 0.35 ppm ammonia.

Test 14 10% SORV Flow with SGTR at Bottom of Tube Bundle and with Dryer 
Bypassed (T-2067)

This was designed as a two-part steady-state test at intermediate secondary 
pressures, with the secondary separators bypassed and with the SGTR injection 
at the bottom of the tube bundle. The first half of this test was carried out 
at normal water level and was a repeat of Test 4 (T-1982). It was aimed at 
eliminating the variability associated with the efficiency of different dryer 
designs and at defining the effectiveness of the primary separator alone. The 
second half of the test was carried out at low water level, 102.5 in. Here 
the test was designed to show if enhanced carryover occurred at the reduced 
pressures and temperatures which would exist at an intermediate stage in an 
overall SGTR/SORV transient. The target initial steady-state conditions were 
as follows:

Plant Parameter Desired Value

Primary pressure 

Primary test 

Primary flow rate

557 psia (38.4 bar)

470‘’F (243"C)

As required to maintain desired 
secondary pressure

Secondary pressure 305 psia (21 bar)

Saturation temperature 419*F (215*C)

Water level 442.5 in. (11.24 m)

SORV flow 10%
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Throughout the teSt, feedwater was supplied via the auxiliary feedwater line. 
In this line there was a small leak of about 84.5 Ibm/hr (10 gallon/hr) at the 
upper shell feedline connection. Prior to the test the model boiler void 
space was drained periodically of condensate, but steam could still pass from 
the steam dome into the void space. During data collection the void space 
drain valve was kept closed to prevent excessive steaming through the void 
space. As in other tests, the SGTR was warmed up for at least 5 minutes 
before being lined up with the bottom break element and the SGTR flow 
initiated.

In the first half of the test, 15 minutes of steady-state data were collected 
before initiating the SGTR flow. After 60 minutes, the SGTR flow was halted 
and 7 minutes later the level was reduced by blowdown to 102.5 in., the latter 
taking approximately 20 minutes. Conditions were allowed to stabilize for a 
further 20 minutes after which the SGTR flow was reinitiated and allowed to 
continue for a further 60 minutes. The test was completed by a final 30 
minute period of steady-state operation at 102.5 in.

Figures 5-371 to 5-388 illustrate the performance of the relevant thermal- 
hydraulic parameters during the test. Samples were collected for chemical 
analysis throughout the test. The results are summarized in Tables 5-27 and 
5-28 and are shown in Figures 5-389 and 5-392. The results are described 
below subdivided into the periods of operation at different water levels.

Normal Water Level

Before the test, the primary loop was dosed to give a concentration of 50 ppm 
potassium. As the test proceeded, the potassium level rose slightly since the 
makeup tank contained a higher concentration. As in other tests, the lithium 
concentration fell during the test because the makeup tank was free of lithium 
contamination.

Before the test, the model boiler was dosed with about 65 g lithium hydroxide 
to give a concentration of 36 ppm lithium. Both before and during the test 
the lithium concentration remained essentially constant. In general, this is 
consistent with the absence of any dilution due to a level change and to the
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small sample line losses during the first half of the test, 1.1%. During the 
SGTR injection the potassium concentration increased at an almost constant 
rate to a maximum concentration of 61 ppm, with the maximum occurring a few 
minutes after the SGTR flow had ceased. As in all other SGTR tests at normal 
water level, the observed concentrations, and in general the conductivities 
for the S-1 and IKP-4 sample lines, can be superimposed when allowance is made 
for the different sample line delays.

The behavior of the SORV condensate differed slightly from that seen in the 
corresponding test with the dryer in operation. In this test carryover was 
not detectable when there was no SGTR flow, but it was detectable during the 
SGTR injection with, in addition, there being a peak in carryover when the 
flow was initiated. While similar effects were seen in the earlier test. Test 
4 (T-1982), they were not well resolved and appeared to be mainly restricted 
to the potassium carryover. The present results may be interpreted either in 
terms of carryover alone or as primary coolant bypassing with an increased 
level of secondary carryover.

If we assume carryover alone, then carryover during steady-state SGTR 
injection can be estimated from the typical SORV condensate levels of 0.2 ppb 
lithium and 0.3 to 0.4 ppb potassium and from the maximum model boiler water 
concentrations of 36 ppm lithium and 61 ppm potassium. These give estimates 
of 0.0006% (lithium) and 0.0005 to 0.0007% (potassium). If we assume 
bypassing, then based on a comparison between the mass of potassium entering 
the model boiler to that leaving in the SORV flow, the steady-state bypass 
fraction was 0.0009 to 0.0012%. Estimates for the transient release at the 
start of the SGTR injection are given in Section 7-3.

As in other tests, the resistivity of the SORV condensate showed a marked 
change during the SGTR. Typically, the observed values were 1.4 to 
1.8 MJ2 cm (0.55 to 0.70 iiS/cm) during normal operation and 0.02 to 
0.024 Mn cm (42 to 50 yS/cm) during the SGTR injection. Assuming that 
this is due to ammonia, these correspond to 0.04 to 0.06 ppm ammonia during 
normal operation and 18 to 25 ppm ammonia during the SGTR injection. Similar 
values were seen in the second stage of the test.
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Blowdown to 102.5*in. Water Level

During blowdown the S-1 and IKP-4 sample lines gave very different responses. 
As expected, the concentrations as measured by the S-1 sample line collapsed 
as the level was reduced and as progressively drier conditions existed at the 
take-off point in the upper downcomer barrel. However, unlike the other tests 
where blowdown was monitored, the measured IKP-4 concentrations increased by 
about 22% overall, rather than collapsing to low values. This change in 
observed behavior is believed to be caused by low levels of voidage at the 
IKP-4 sample take-off point, so that the effects of concentration during 
blowdown could be observed directly. Similar behavior to that described here 
can be inferred in earlier tests from the conductivity traces during blowdown 
following completion of the test, or from mass balance considerations.

Unlike earlier tests, blowdown did not cause any change in the observed 
carryover level. At all times, carryover of both lithium and potassium 
remained undetectable.

Operation at 102.5 in. Water Level

At 102.5 in. the behavior of the two model boiler sample lines was different. 
As in other tests at this level, the S-1 line showed little response to the 
SGTR injection, but rather it showed a progressive fall in tracer concentra­
tions. As before, also the conductivity measured was essentially identical to 
that of the SORV condensate. Both results indicate that the S-1 line was 
sampling steam and that the change in tracer concentrations were due to the 
slow cleanup of contaminated surfaces exposed to steam. In contrast with this 
behavior, the IKP-4 line gave the response seen typically in tests at normal 
water level. Thus the lithium concentration only fell by the amount expected 
by sampling losses, while the potassium concentration and the conductivity 
increased at a constant rate during the SGTR injection. Further, there was 
little change on equilibration after the SGTR flow was halted. All this would 
indicate no loss of tracers by hideout, and clearly this is different from the 
behavior seen in tests at higher secondary pressures.
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In this part of the test, the SORV condensate gave a similar response to that 
seen at normal water level, but with an enhanced initial burst of carryover.
In this case, the maximum values observed were 1 ppb lithium and 60 ppb 
potassium, while the values towards the end of the SGTR injection were of the 
order of 0.2 ppb lithium or potassium. Estimates for the transient releases 
and for steady-state carryover and bypassing based on these figures are given 
in Section 7-3.

Test 15 - 10% SORV Flow, Blowdown from 442 in. to 48 in. and Operation with 
SGTR at Top of Tube Bundle at Four Water Levels with Dryer Bypassed 
(T-2050 - T-2054)

This test was a repeat of Test 8, but with the secondary separator vanes 
bypassed so that the effectiveness of the primary separator alone could be 
assessed. The test was again split into five separate sections: an initial
blowdown phase when water level was reduced from 442 in. to 48 in. and then 
four short SGTR injections at water levels of 60 in., 100 in., 160 in. and 
285 in. For each part of the test, the target initial steady-state conditions 
were as follows:

Plant Parameter Desired Value

Primary pressure 1850 psia (127.6 bar)

Primary T^^^ 580“F* (304‘’C*)

Primary flow rate 91 Ibm/sec* (41.3 kg/s)

Secondary pressure 1080 psia (74.5 bar)

Saturation temperature 554*F (290®C)

*Thot primary flow could be adjusted as required to achieve the 
desired secondary pressure.
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In the initial phetse of the test, the model boiler was dosed with lithium 
hydroxide while at normal water level. The level dosed was inadvertently less 
than intended, but the lower concentration was accepted as it was expected 
that it would reduce the time taken to remove tracer contamination of the 
steam dome and steam line should carryover be increased with the dryer 
bypassed. Once the lithium concentration was known, the level was blown 
down. As in the other tests, the blowdown rate was controlled so that the 
level was reduced over a period of about 60 minutes. Data were collected over 
a period extending from 10 minutes before blowdown commenced until the level 
had stabilized at 48 in. As the tube bundle uncovered, the secondary pressure 
fell and the auxiliary feedwater flow had to be reduced to maintain the rate 
of change in water level.

After blowdown was complete, the system was allowed to equilibrate for about 
80 minutes before the first SGTR injection was started. During this period, 
water level was raised to 60 in. and Tj^^^ to 593®F (312®C), with maximum 
primary loop flow, in order to restore secondary pressure to the target 
level. During the first SGTR cycle at 60 in., data were collected for 
5 minutes before initiating the SGTR, then during the 30 minutes of SGTR 
injection, a further 20 minutes of steady-state operation and finally during 
the level increase to 100 in. During this period, the auxiliary feedwater 
flow was adjusted as required, first to maintain water level and then to 
increase it to 100 in. This sequence differed from that used in the earlier 
tests in that the period between the SGTR injection and the level change was 
extended to 20 minutes in order to give a better separation between the bursts 
of carryover. For the remaining SGTR cycles, an identical sequence was 
followed, the only exception being that T^^^ could be reduced to 580®F in 
all tests as sufficient water existed in the tube bundle at 100 in. and above 
to generate the required secondary pressure.

For all the five sections of the test, the model boiler void space was drained 
periodically before the test, the void space drain valve was kept closed 
during the individual tests and the SGTR line was warmed up before each SGTR 
injection. At all times, feedwater was supplied via the main feed system. In 
this system, there was a small leak at the feedline connection to the upper
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shell of the modeT boiler. The leak rate was 33 Ibm/hr (about 4 gallon/hr). 
Additionally, the primary outlet thermocouple (T-1250) was found to be 
operating erratically and probably should be disregarded.

Figures 5-393 to 5-472 illustrate the performance of the relevant thermal- 
hydraulic parameters during the test. They are presented subdivided into the 
separate phases of the test in the following pages.

Chemical samples were collected for the entire duration of the test. As in 
Test 8, the results are subdivided into three major divisions, namely the 
blowdown phase, the SGTR injections at 60 in. and 100 in. and the SGTR 
injections at 160 in. and 285 in. Due to the duration of the test the sample 
line flow rates, particularly that of the IKP-4 line, fell during the test and 
had to be reset. Neither the drop in flow rate, nor the resetting of the flow 
rates are believed to have influenced the results significantly. The full 
results are summarized in Tables 5-29 and 5-30 and are shown in Figures 5-473 
to 5-479.

Blowdown Phase (T-2050)

Before the blowdown phase, the model boiler was dosed with about 20 g lithium 
hydroxide to give an initial concentration of 8 ppm lithium. During blowdown, 
the measured concentrations fell on both the S-1 and IKP-4 sample lines. For 
the S-1 sample line the concentrations fell rapidly, but even at 160 in. the 
measured concentration was about 1.8 ppm lithium, indicating that 23% of the 
mass sampled was due to droplets of model boiler water. When the level fell 
below 150 in., the measured concentrations again collapsed to low values, 
eventually to 4 to 6 ppb lithium, suggesting that the line was now sampling 
only steam. The IKP-4 sample line showed a similar pattern of behavior, but 
once again the concentrations did not fall away as rapidly as did those on the
S-1 sample line and the concentrations did not finally collapse to low values 
until the level had stabilized at 48 in. For both sample lines, the changes 
in potassium concentration paralleled those noted above for lithium.
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At water levels > 430 in. carryover was not detectable. Based on a limit of 
detection of 0.2 ppb lithium and a model boiler water concentration of 8 ppm, 
the upper limit for carryover was < 0.0025%. Below 130 in. carryover again 
increased, there being an initial peak in carryover as the bundle uncovered 
followed by a sustained increased level. Estimates of the quantity released 
during the initial transient and of carryover during subsequent steady-state 
operation are given in Section 7-3.

SGTRs at 60 in. and 100 in. (T-2051 and T-2052)

Before the SGTR phases of the test, the primary circuit was dosed to give a
concentration of 53 ppm potassium. As the makeup tank nominally contained 
50 ppm potassium the concentrations were expected to fall slightly; however, 
in practice the levels rose slightly over the complete test, indicating a 
slightly higher concentration in the makeup tank. As in previous tests, the 
lithium concentrations were low, 1.8 ppb initially. Unusually* the 
concentrations rose to 4.6 ppb by the end of the test, indicating that some 
contamination of the makeup tank had occurred.

The behavior of the two model boiler sample lines was again different during 
these SGTR injections at low level. As in the earlier tests, the S-1 sample 
line showed little response either to the SGTR flows or to the first level 
change, and only detected low concentrations of both lithium and potassium.
In parallel with this behavior, the conductivity was essentially identical to 
that of the SORV condensate. Both effects indicate that the S-1 line was 
sampling steam, with very few droplets of model boiler water present. As the
level was raised above about 140 in. during the second level change, the S-1
sample line recovered and again gave samples containing high concentrations of 
both lithium and potassium.

As in the earlier top break test. Test 8, the SGTR injection at 60 in. and the 
subsequent level change to 100 in. produced only a small response on the IKP-4 
sample line. In this period the potassium concentration peaked at the end of 
the SGTR injection, at 12 ppm (cf 8 ppm in Test 8), but it then decayed to 
6 ppm during the subsequent period of steady-state operation. Following the
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level change, the'concentration at first rose to 57 ppm before finally 
stabilizing at about 16 to 20 ppm as the system equilibrated fully. Similar 
changes in lithium concentration were seen. Again, as in Test 8, the SGTR 
injection at 100 in. produced a large increase in conductivity and in both 
lithium and potassium concentrations. Here the potassium concentration again 
peaked at the end of the SGTR injection, at 400 ppm (cf 176 ppm in Test 8), 
but then fell to about 300 ppm during the subsequent period of steady-state 
operation. As the level was raised to 160 in., the concentration fell further 
to 200 ppm potassium. Once again the lithium concentration increased during 
the initial part of the SGTR injection to a stable value of 2 ppm, before 
falling during the level change to about 0.7 ppm lithium.

The behavior of the SORV condensate was again dominated by bursts of carryover 
during the SGTR injections and level changes. In the two SGTR injections, 
there were initial bursts of lithium carryover as the SGTR flows commenced, 
the maximum carryover observed being 25 ppb at 60 in. and 7 ppb at 100 in. In 
each case the carryover fell during the remainder of the SGTR injection and 
the subsequent steady-state operation. During the SGTR injection at 60 in., 
there was no corresponding burst in potassium carryover, instead carryover 
increased during the SGTR injection to reach a maximum value of 100 to 130 ppb 
which was maintained during the subsequent steady-state operation. In the 
following SGTR injection at 100 in., the potassium carryover was similar to 
that for lithium. In this case the initial peak was 1000 ppb potassium, but 
this fell to 120 to 150 ppb before rising again during steady-state 
operation. Unlike other tests of this type, the level changes produced 
smaller and less well-defined bursts of carryover. For potassium, the maximum 
carryover detected was 600 ppb for the 60 in. to 100 in. level change and 
690 ppb for the 100 in. to 160 in. level change. The corresponding values for 
lithium were 2.5 to 1.7 ppb, respectively. The analysis of carryover and/or 
bypassing in this part of the test is given in Section 7-3.

As in other SGTR tests, the resistivity of the SORV condensate in this and the 
later stages of the test was dominated by the carryover of ammonia. Typically, 
during the SGTR injections the resistivity was 0.018 to 0.028 MR cm (= 36 
to 56 uS/cm), corresponding to 15 to 31 ppm ammonia. At other times the
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resistivity varied from 0.6 to 1.8 Mn cm (= 0.56 to 1.7 yS/cm), 
equivalent to 0.03 to 0.14 ppm ammonia. During steady-state operation, the 
variation in resistivity is believed in part to be due to poor mixing within 
the surge tank, but also to the refilling of the surge tank which took place 
during the test.

SGTRs at 160 in. and 285 in. (T-2053 and T-2054)

In the final two SGTR injections, both the S-1 and IKP-4 sample lines 
responded in a similar manner to that seen in Tests 8 and 9. At both water 
levels the S-1 sample line gave lower measured concentrations, with the 
difference being more pronounced at the lower level, and once again the 
conductivity trace at 160 in. for the S-1 line showed fairly large variations 
due to small changes in level.

During each SGTR injection, the lithium concentrations remained constant. On 
increasing the water level, the concentrations measured using the IKP-4 sample 
line fell as expected due to dilution, but this was not detected on the S-1 
line where the effects of dilution were compensated for by an increase in the 
quantity of droplets sampled. For the IKP-4 sample line, the measured 
concentrations were about 0.7 ppm lithium at 160 in. and about 0.47 ppm at
285 in. As in the other SGTR tests, both the potassium concentration and the
conductivity increased approximately linearly during the SGTR injections. At 
160 in. the concentration fell significantly during the following period of 
steady-state operation, indicating incomplete mixing due to the poor 
recirculation rate, and then it fell again as the level was increased. At 
285 in., there was little change in concentration following the SGTR 
injection. For the IKP-4 line, the change in potassium concentration was from 
200 ppm to 360 ppm and then to 320 ppm at 160 in. and from about 205 ppm to
275 ppm at 285 in.

The response of the SORV condensate was essentially identical for both lithium 
and potassium, see Figure 5-479. In both cases the level of carryover 
decreased progressively throughout the period covered in this part of the test 
from the level initially caused on raising water level to 160 in.
Superimposed on this general trend were three small bursts of carryover. Of
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these, two occurred at the start of each SGTR injection while the third 
occurred during steady-state operation preceding the level change. An
analysis of this carryover behavior is also given in Section 7-3.

Test 16 - 10% SORV Flow, Blowdown from 442 in. to 57 in. and Operation with 
SGTR at Bottom of Tube Bundle at Four Water Levels with Dryer 
B.ypassed (T-2061 - T-2065)

This test was a repeat of Test 9, but with the secondary separator vanes 
bypassed so that the effectiveness of the primary separator alone could be 
assessed. The test was again split into five separate sections: an initial
blowdown phase when water level was reduced from 442 in. to 57 in. and then
four short SGTR injections at water levels of 60 in., 105 in., 155 in. and
285 in. For each part of the test, the target initial steady-state conditions 
were as follows:

Plant Parameter Desired Value

Primary pressure 1850 psia (127.6 bar)

Primary T^^^ 580"F* (304"C*)

Primary flow rate 91 Ibm/sec* (41.3 kg/s)

Secondary pressure 1080 psia (74.5 bar)

Saturation temperature 554®F (290®C)

*Thot 3nd primary flow could be adjusted as required to achieve the 
desired secondary pressure.

In the initial phase of the test, the model boiler was dosed with lithium 
hydroxide while at normal water level. Once the lithium concentration had 
been established, the level was reduced to 57 in. As in other tests, the 
blowdown rate was controlled so that the level was reduced over about
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50 minutes. Data Vere collected over a period extending from 10 minutes 
before blowdown commenced until the level had stabilized at 57 in. As the 
tube bundle uncovered, the secondary pressure fell and the auxiliary feedwater 
flow had to be reduced to maintain the rate of change in water level.

After blowdown was complete, the system was allowed to equilibrate for about 
75 minutes before the first SGTR injection was started. During this period, 
water level was raised to 60 in. and to 594®F (312®C), with maximum 
primary loop flow, in order to restore secondary pressure to the target 
level. For the first SGTR cycle at 60 in., data were collected for 5 minutes 
before initiating the SGTR, then during the 30 minutes of SGTR injection, a 
further 20 minutes of steady-state operation and, finally, during the level 
increase to 105 in. During this period, the auxiliary feedwater flow was 
adjusted as required, first to maintain water level and then to increase it to 
105 in. The sequence was identical to that adopted in the previous test, with 
the extended period of steady-state operation designed to increase the 
separation between the bursts of carryover. For the remaining SGTR cycles an
identical sequence was followed, the only exception being that T^^^ could be
reduced to 580®F in all tests as sufficient water existed in the tube bundle 
at 105 in. and above to generate the required secondary pressure.

For all the five sections of the test, the model boiler void space was drained 
periodically before the test^ the void space drain valve was kept closed 
during the individual tests, and the SGTR line was warmed up before each SGTR 
injection. Throughout the testing, feedwater was supplied via the main 
feedwater system. In this line, there was a small leak at the feedline
connection to the upper shell of the model boiler. The leak rate was
84.5 Ibm/hr (10 gallon/hr). Additionally, the primary outlet thermocouple 
(T-1250) was found to be operating erratically and probably should be 
disregarded.

Figures 5-480 to 5-559 illustrate the performance of the relevant thermal- 
hydraulic parameters during the test. They are presented subdivided into the 
separate phases in the following pages.
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Chemical samples Were collected for the entire duration of the test. As in 
earlier tests, these results are subdivided into three major divisions, namely 
the blowdown phase, the SGTR injections at 60 in. and 105 in. and the SGTR 
injections at 155 in. and 285 in. Due to the duration of the test the sample 
line flow rates tended to fall as the test proceeded. This was particularly 
true of the IKP-4 sample line which had to be reset repeatedly. Neither the 
drop in flow rate, nor the resetting of the flows are believed to have 
affected most results, but the very low IKP-4 sample line flow rates which 
occurred during the blowdown phase did influence the measured concentrations. 
The full results are summarized in Tables 5-31 and 5-32 and are shown in 
Figures 5-560 to 5-566.

Blowdown Phase (T-2061)

Before the blowdown phase, the model boiler was dosed with about 100 g lithium 
hydroxide. After equilibration, the S-1 sample line indicated an initial 
concentration of 59 ppm lithium, while the IKP-4 line indicated only 51 ppm, 
both after dilution for analysis. The reason for this discrepancy, which was 
not observed on the undiluted samples analyzed for potassium, is not known. 
From calculations based on the mass of water in the model boiler, see 
Section 7-2, it is considered that the S-1 sample line gave the more 
representative result.

During blowdown, the measured concentrations fell on both the S-1 and IKP-4 
sample lines. For the S-1 sample line the concentrations fell rapidly, but 
even at about 150 in. the measured concentration was 20 ppm lithium and 
150 ppb potassium, indicating that even at this level about 34% of the mass 
sampled was due to droplets of model boiler water. When the level fell below 
150 in., the measured concentrations collapsed to low values which eventually 
reached 20 to 40 ppb lithium, suggesting that the line was sampling only 
steam. The IKP-4 sample line showed a similar pattern of behavior, but once 
again the concentrations did not fall away as rapidly as did those on the S-1 
sample line and the concentrations did not finally collapse to low values 
until the level had stabilized at 57 in. In addition, the results for this 
line were also affected by the very low sample line flow rates which occurred
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over the period 56 to 67 minutes. At these very low flow rates the results 
indicate that there was a change in the proportion of steam and water sampled 
from the two-phase mixture in the model boiler.

At water levels > 150 in., carryover was low. Based on the observed values 
of 0.2 to 0.6 ppb lithium and 0.4 to 1.2 ppb potassium and on model boiler 
water concentrations of 59 ppm lithium and 460 ppb potassium, carryover was 
0.0003 to 0.001% (lithium) or 0.087 to 0.26% (potassium). The higher 
carryover indicated from potassium measurements in this test was influenced by 
slightly elevated background potassium concentrations associated with an 
offshore wind and rain during testing. Below about 100 in. carryover again 
increased. In this test there was no well defined peak as the bundle 
uncovered, instead maximum carryover occurred shortly after blowdown was 
complete, at 40 ppb lithium, before it decayed again to a sustained level of 
about 6 ppb lithium. Estimates of the quantity released during the transient 
and of carryover during subsequent steady-state operation are given in Section 
7-3.

SGTRs at 60 in. and 105 in. (T-2062 and T-2063)

Before the SGTR phases of the test, the primary circuit was dosed to give a
concentration of 53 ppm potassium. As the makeup tank contained approximately 
60 ppm potassium, the concentration of the primary loop increased during the 
test. In contrast with this behavior, both the conductivity and the lithium 
concentrations fell, since the makeup tank contained less lithium and probably 
less ammonia than the primary loop. Similar behavior occurred in the later 
stages of the test.

The behavior of the two model boiler water sample lines was again different at
low level. As in the other tests of this type, the S-1 sample line showed
little response either to the SGTR flows or to the first level change, and 
only detected low concentrations of both lithium and potassium. Again, the 
conductivity was essentially identical to that of the SORV condensate. Both 
effects indicate that the S-1 line was sampling almost pure steam, with very
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few droplets of mddel boiler water present. As the level was raised above 
about 140 in. during the second level change, the S-1 line recovered and again 
gave samples containing high concentrations of both lithium and potassium.

As in the other bottom break test, Test 9, but in contrast with the top break 
tests. Tests 8 and 14, the IKP-4 sample line responded strongly to the SGTR 
flow during both SGTR injections. During the SGTR injection at 60 in. the 
potassium concentration increased to 380 ppm (cf 390 ppm in Test 9 and 8 or 
12 ppm in the two top break tests), while at 105 in. it increased to 310 ppm 
(cf 280 ppm. Test 9; 176 to 400 ppm, top break tests). During steady-state 
operation, the concentrations fell to about 145 ppm at 60 in. and to about 
250 ppm at 105 in., indicating that the model boiler water was poorly mixed 
during the SGTR injections. During the level change to 105 in. the measured 
concentrations unexpectedly increased. The reason for this is not known, but 
it could be due to incomplete equilibration during the preceding steady-state 
operation or possibly to a change in steam quality around the sample take-off 
point. A similar effect did not occur during the second level change after 
which the potassium concentration stabilized at about 250 ppm. Unlike other 
tests, the lithium concentration did not remain stable during this part of the 
test, instead it responded in a similar way to that for potassium, although on 
a very much reduced scale. Again, the reason for this behavior is unknown, 
but it must reflect changes in concentration and/or steam quality at the 
sample take-off point.

As in the other three tests of this type, the SORV condensate gave a complex 
response to both the SGTR injections and to the level changes. These 
consisted of large bursts of carryover at the start of the two level changes 
and of smaller bursts of carryover during the SGTR injections. In this, the 
test was similar to the earlier bottom break test. Test 9, but different from 
the two top break tests. As in other tests, the bursts in carryover did not 
decay fully before the next initiating event. For the level changes, the peak 
concentrations were 60 to 105 in., 80 ppb lithium and 1260 ppb potassium; 105 
to 155 in., 50 ppb lithium and 1220 ppb potassium. During the SGTRs, in 
contrast with the earlier test with the dryer in operation, there were small 
peaks at the start of the SGTR flows, 20 ppb lithium and 15.6 ppb potassium at 
60 in. and 20 ppb lithium and 760 ppb potassium at 105 in. However, for the
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remainder of the SGTR injection at 60 in., the potassium carryover increased 
as it did in the other three tests to reach a maximum of 50 ppb at the end of 
the SGTR injection. At 105 in., unlike other tests, the potassium carryover 
remained high, about 600 ppb, throughout the SGTR injection and subsequent 
level change. Estimates of carryover and/or bypassing based on these values 
are given in Section 7-3.

As in the other tests, the resistivity of the SORV condensate was dominated by 
carryover of ammonia. Typically, the levels were 0.044 to 0.060 Mn cm (16 
to 23 vS/cm) during the SGTR injections and 0.06 to 0.11 Mfl cm (9 to 
16 vS/cm) at other times. These correspond to 4 to 7.5 ppm and 1.6 to 4 ppm 
ammonia respectively. Similar levels were seen in the final stages of the 
test.

SGTRs at 155 in. and 285 in. (T-2064 and T-2065)

In the final two SGTR injections, both the S-1 and IKP-4 lines gave results 
similar to those seen in the other tests of this type. At both water levels, 
the S-1 lines gave lower measured results, particularly at 155 in., and again 
the conductivity trace of 155 in. for the S-1 line showed large variations due 
to small changes in water level.

During the SGTR injection at 285 in., the blowdown concentrations on both 
sample lines, as expected, remained constant; but at 155 in. the measured 
concentrations increased slightly. On increasing water level, the 
concentrations measured using the IKP-4 line fell, but this was not seen on 
the S-1 line. The latter effect must be because the effects of dilution are 
compensated for by a change in steam quality at the S-1 take-off point, but 
the cause of the effect during the SGTR at 155 in. is unknown. For the IKP-4 
sample line, the measured concentrations were about 17 ppm lithium at 155 in. 
and 11 ppm at 285 in. As in the other SGTR tests, the potassium concentration 
and the conductivity increased approximately linearly during the SGTR 
injections. At 155 in. the concentration fell slightly during the following 
period of steady-state operation and then again as the level was increased.
At 285 in. there was no change in concentration following the SGTR injection.
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For the IKP-4 lin^ the change in potassium concentration was from about 
250 ppm to 325 ppm and then to 310 ppm at 155 in. and from 205 ppm to 285 ppm 
at 285 in.

The behavior of the SORV condensate was essentially identical for both lithium 
and potassium, see Figure 5-566. In both cases the level of carryover 
decreased progressively throughout the period covered in this part of the test 
from the level produced on raising water level to 155 in. Superimposed on 
this general trend were two (or possibly three) small bursts of carryover 
which were more clearly defined in the results for potassium. One of these 
bursts of carryover occurred at the start of the SGTR injection at 155 in. and 
a similar burst possibly occurred at the start of the SGTR injection at 
285 in. The remaining burst was again associated with the level change, but, 
as in the previous test, it occurred immediately before the level change was 
carried out. An analysis of this behavior is given in Section 7-3.
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TABLE 5-1
ANALYTICAL RESULTS, TEST 1 (T-1952)

Run
Tiae
(■ In )

Prlaary
Model B o iler

SORV Condensate
S-1 IKP-4

L i K pH Conductivity L I K pH Conductivity L I K pH Conductivity L I K R e s is tiv ity
(ppb) (PP«) (pS /ca) (pp«) (PP*> (pS /ca) (PP«) (PP») (pS /ca) (ppb) (ppb) (M3 ca)

-60 - - - 240 - - - 2 9 0 (f) - - - - - - 0.100
-50 - - - 240 - - - 365 - - - - - - 0.101
-40 - - - 240 - - - 410 - - - 365 - - 0.102
-30 - - - 240 - - - 410 - - - 400 - - 0.102
-20 3.1 50 9.45 240 40 0.200 - 405 40 0.200 - 401 - 0 .2 2.0 0.102
-10 - - - 240 - - - 405 - - - 403 - - 0.102
-5 3.1 49 - 240 38.5 0.200 9.3 405 40 0.200 - 405 - 0 1 .0 0.103

0 - - - 239 - - - 405 - - - 410 - - 0.102
6 - - - 239 38 6 9,35 416 40 0.220 9.7 409 - 0 .2 1.8 0.100

11 - - 238 37.5 10 9.35 439 40 4 9.65 417 - 0 2.0 0.050
16 3.1 50 - 235 38 18 9.35 455 40 8 9.65 440 - 0 0.8 0.041
31 - - - 239 37 41.5 9.45 528 39 32 9.7 506 - 0 .2 0.8 0.033
46 2.8 50 - 241 37 63 9.55 593 39 59 9.75 571 - 0 .2 1.1 0.033
61 - - - 245 38 90 9.6 664 38 81 9*8 633 -0 .2 1.1 0.036
76 0.7 54 - 247 36 130 9.65 724 37 97 9*9 703 - 0 1.1 0.037
91 - - - 249 35 160 9.7 795 36.5 142 9.95 768 -0 .1 0.5 0.041

106 2 .0 55 - 252 35 192 9.95 876 35 172 9.95 835 - 0 1 .0 0.044
121 1.8 54 9.10 255 34 236 9 .8 945 35 208 10.0 895 -0 .2 1.2 0.047
130 - - - 255 - - - 980 - - - 940 - - 0.090
140 - - - 255 - - - 1005 - - - 980 - - 0.114
150 - - - 255 - - - 1005 - - - 1010 - - 0.106
160 - - - 255 - - - 1000 - - - 1020 - - 0.104
170 - - - 255 - - - 995 - - - 1015 - - 0.100
180 — — — 255 - - - 980 - - - 1010 - - 0.120

cn
I

C O

Notes: (a ) SGTR extended frooi 1 to 120 alnutes*
(b ) Conductivity and r e s is t iv i t y  data taken from the coaputer output fo r  the period 0-120 alnutes and fro a  the recorder trace a t o ther t laes*
(c ) A ll  SORV condensate analyses and l l th lu a  analyses on p rlaary  saaples were carried  out undiluted using the 0-20 ppb ranges* Precision ±0*1 to

0*3 ppb*
<d) A ll S-1 and IKP-4 saaples and potasslun analyses on primary saaples analysed a t 1:100 d ilu t io n  using the 0-1000 ppb ranges, precision  ±0 .2  to

1.2 ppa, w ith  the exception of soae potasslua analyses carried  out a t d ilu tio n s  of 1:200 (S-1 saaples 9 76 and 91 a lnu tes , IKP-4 saaples 9 91
and 105 aunutes) and 1:400 (S-1 saaples ? 105 and 120 minutes, IKP-4 sample 0 120 a lnu te s )*

(e )  Make-up tank p re -te s t contained 77 ppa potassium, ~0*4 ppb lith ium * The primary loop p re -te s t contained <5 ppb oxygen and 3*6 ppa 
hydrazine and the surge tank 3 ppa oxygen and 8 ppa hydrazine*

( f )  Pre-dose value.



TABLE 5-2
SAMPLE LINE FLOW RATES, TEST 1 (T-1952)

Primary
Model Boiler

SORV Condensate
S-1 IKP-4

Run Flow Run Flow Run Flow Run Flow
Time Rate Time Rate Time Rate Time Rate
(mln) (ml/min) (min) (ml/min) (min) (ml/min) (min) (ml/min)
-27 55 -25 154 -29 75 -

-13 54 -15 146 -13 70 -13 1277
- - 10 134 12 64 - -

26 48 24 138 25 64 23 1200
56 44 54 126 54 60 53 1200
80 44 77 126 78 62 77 1253
118 42 113 124 115 62 112 1200
125 40 123 124 124 62 122 1154
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TABLE 5-3
ANALYTICAL RESULTS, TEST 2 (T-1958)

Run
Tlae

(■ In )

P rlaary
Model B o ile r

SORV Condensate
S-1 IKP-4

L I
(ppb)

K
(PP«)

pH Conductlvit]f 
( pS/ca)

L I
(PP«)

K
(PP»)

pH Conductivity  
{ pS/ca)

L I
(ppa)

K
(PP«)

pH Conductivity  
( |£ /c a )

L I
(ppb)

K
(ppb)

R e s is tiv ity  
(MQ ca)

-133 - - - - 1 ( f ) 4 7 .0 - - - - - -0 -0 _
-123 - - - - 1 ( f ) 2 .5 7.0 - - - - - ~0 -0 -

-20 - - - 208 - - - 1463 - - - 1908 - - 0.270
-10 - - - 208 - - - 1460 - - - 1902 - - 0.290

0 1.7 53 9.5 207 50 1.5 11.60 1459 66 4 11.65 1908 ~0 -0 0.303
15 - - - 208 50 1.5 11.50 1444 63 2 .5 11.60 1975 -0 -o 0.300
30 1.7 55 - 208 50 3 11.50 1440 67 I 11.60 1932 ..0 -0 0.298
35 - - - 208 48 3 11.35 1387 66 1 11.60 1890 -0 .2 1.0 0.056
40 - - - 208 53 15 11.55 1560 77 12 11.70 2298 1.9 0 .7 0.052
45 - - - 206 48 27 11.45 1492 68 26 11.50 2094 -0 -0 0.051
60 1.7 51 - 202 51 65 11.55 1730 66 72 11.70 2315 -0 -0 0.054
75 - - - 197 48 93 11.65 1941 62 102 11.50 2487 -0 -0 0.058
90 , 1.9 50 9 .5 192 47 116 11.70 2135 64 154 11.70 2747 -0 -0 .2 0.062

105 - - - 189 50 160 11.60 2361 62 195 11.80 3023 .0 -0 .2 0.067
110 - - - 186 49 170 11.70 2480 64 210 11.80 3274 -0 0.7 0.068
115 - - - 185 47 190 11.70 2518 70 255 11.90 3901 1.9 5.6 0.072
120 1.3 52 - 185 50 210 11.50 2524 80 330 11.80 4577 0.65 4 .0 0.074
125 - - - 183 52 230 11.70 2831 85 350 12.00 4795 -0 .2 -0 0.075
135 - - - 180 54 260 11.90 3266 79 370 11.80 4739 0.65 4 .5 0.078
142.5 - - - 179 53 275 11.80 3377 75 370 11.80 4717 0 .5 1.25 0.081
150 1.0 47 - 178 48 265 11.80 3031 67 350 11.90 4180 0 .5 0 .3 0.083
155 - - - 177 45 265 11.80 3086 57 300 11.60 3666 0 .5 0.7 0.084
160 - - - 175 44 260 11.25 3094 56 350 11.90 3696 -0 -0 0.086
165 - - - 175 42 250 11.80 2719 52 300 11.50 3369 0 .4 0.7 0.088
175.5 - - - 173 37 230 11.60 2558 42 250 11.50 2954 -0 .2 -0 0.228
180 1.0 46 9.15 172 36 220 11.40 2474 38 230 11.80 2679 -0 .O 0.249
195 - - - 171 33 220 11.45 2402 33 210 11.70 2454 -0 -0 0.230
205 - - - 170 - - - 2402 - - - 2450 - - 0.220

cn
I<T>
(St

Notes: (a )
(b )
(c)(d)
(e )

( f )

SGTR extended fro a  30 to  164 a lnu tes .
C onductivity end r e s is t iv i t y  data taken fro a  the coaputer output fo r  the period 0-196 alnutes and fro a  the recorder trace  a t o ther t la e s .
A ll SORV condensate analyses and l l t h l m  analyses on p rlaary  aaaples carried  out ualng the 0-20 ppb rangea. Precision jP . l  to  0 .3  ppb.
A ll o ther analyses were ca rried  out using the 0-1000 ppb ranges, e ith e r  a f te r  d ilu t io n  by 1:100, 1:200 ( l l t h l i a  analysea IKP-4 saaple 9 45 
a lnu tes , potasslua analyses IKP-4 saaples 9 45 and 60 alnutes and the S-1 saaples 9 60 and 75 a lnutes) or 1:1000 (p o ta s s lia  analyses on the 
IKP-4 or S -I saaples 9 60 and 75 alnutes re s p e c tiv e ly ).
P re -tes t the surge tank contained 2 ppa oxygen and 10 ppa hydrazine, and the p rlaa ry  aake-up tank 48 ppa p o tass lw  and -3  ppa oxygen. P re -tea t 
the aodel b o ile r contained <5 ppb oxygen and 0.01 ppa hydrazine, p o s t-tes t the oxygen was .^50 ppb.
Pre-dose values.



TABLE 5-4

SAMPLE LINE FLOW RATES, TEST 2 (T-1958)

Primary
Model Boiler

SORV Condensate
S-1 IKP-4

Run Flow Run Flow Run Flow Run Flow
Time Rate Time Rate Time Rate Time Rate
(min) (ml/min) (min) (ml/min) (min) (ml/min) (min) (ml/min)

8 42 6 96 7 44 5 723
- - - - 13 84 - -

21 40 18 60 20 80 17 750
38 40 34 56 35 78 33 698
49 36 47 52 49 76 47 732
65 34 63 52 64 72 62 732
79 34 78 52 78 72 77 750
95 32 93 52 94 72 92 732
109 32 108 50 113 70 107 750
130 32 128 46 129 68 126 732
140 30 139 42 139 68 138 732
154 30 152 42 157 66 152 723
172 30 170 38 171 64 169 723
183 30 184 38 184 64 183 714

Notes: IKP-4 and S-1 flows adjusted after 12 and 14 minutes respectively.
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TABLE 5-5

ANALYTICAL RESULTS, TEST 3 (T-1970)

Prlaary
Model B o ile r

Run S-1 IKP-4
Tlae
(a ln ) L I K Conductivity L I K Conductivity L i K Conductivity L i R R e s is tiv ity

(ppb) (pp«> (pS/ca> (ppa) (PP«) (pS /ca) (ppa) (ppa) (pS /ca) (ppb) (ppb) ( »  ca)

-30 _ _ 207 _ _ 960 _ - 935 - - 0.057
-20 as - 207 - - 935 - - 910 - - 0.061
-10 - 207 - - 910 - - 880 - - 0.070

0 - - 207 - - 900 - - 865 - - 0.081
1 6 .9 40 207 41.5 1.5 900 42 1.5 865 ~0 ~0 0.082

15 - 207 42 1 872 42 1.5 845 ~0 ~0 0.089
30 6.5 39 207 42 2 858 38 1 830 ~0 ~0 0.089
35 - 207 41 4 829 41.5 1 824 ~0 ~0 0.016
40 - a. 207 41 5 845 41.5 1 812 ~0 ~0 0.008
45 - - 206 41.5 9 873 41 3 819 ~0 1 .0 0.006
60 6.2 38 207 41.5 18 940 41 12 894 ~0 1 .0 0.007
75 - - 206 41.5 29 1000 41 23 957 ~0 - 0 .2 0.007
90 5.4 37 206 41.5 39 1044 41 33 1008 ~0 - 0 0.007

105 - - 206 41.5 51 1111 41 45 1060 ~0 6 .2 0.007
112 - - 206 - - 1137 - - 1090 ~0 - 0 .2 0.007
120 5.0 39 206 41.5 60 1161 41 54 1116 ~0 - 0 0.007
135 - - 206 41.5 70 1226 41 65 1173 ~0 - 0 0.007
150 4.5 40 207 41 80 1265 41 75 1226 ~0 - 0 .2 0.007
152.5 - - 207 - - 1297 - - 1234 ~0 - 0 .2 0.008
155 - - 206 - - 1301 - - 1239 ~0 - 0 0.009
160 - - 207 - - 1281 - - 1244 ~0 - 0 .2 0.017
165 - - 206 42 88 1261 41 80 1228 ~0 - 0 0.026
180 4.2 41 207 42 92 1251 41 81 1212 ~0 - 0 0.056
190 - - 207 - - 1290 - - 1195 - - 0.066
200 - - 207 - - 1170 - - 1235 - - » 0 .2
210 - - 207 - 1060 - - 1305 - - -

U1
I

CT>

Note*: (a )  SGTR extended fro a  30 to 150 a lnu tes .
(b ) Conductivity and r e s is t iv i t y  data taken fro a  the coaputer output fo r the period 0-180 alnutes and fro a  the recorder traces at

other t la e s .
(c )  A ll  SORV condensate analyses and l l th lu a  analyses on p rlaa ry  saaples were ca rried  out ualng the 0-20 ppb ranges. Precision  

t O . l  to  0 .3  ppb.
(d ) A ll  other analyses, except where noted below, were ca rried  out a t a 1:100 d ilu t io n  using the 0-1000 ppb ranges. Precision ±0 .2  

to  1.2 ppa.
(e )  S-1 saaples a f te r  165 and 180 alnutes were analysed a t a 1:200 d ilu tio n .
( f )  P re -te s t the aake-up tank contained ~40 ppa potasslua and ~80 ppa hydrazine and the surge tank 3 ppa oxygen and 8 ppa

hydrazine. P re -te s t the aodel h o lle r  contained <5 ppb oxygen and post te s t ~60 ppb oxygen. The p rlaa ry  loop contained <5 ppb
oxygen and 2 ppa hydrazine.



TABLE 5-6

SAMPLE LINE FLOW RATES, TEST 3 (T-1970)

Primary
Model Boiler

SORV Condensate
S-1 lKP-4

Run Flow Run Flow Run Flow Run Flow
Time Rate Time Rate Time Rate Time Rate
(min) (ml/min) (min) (ml/min) (min) (ml/min) (min) (ml/min)
-28 52 -29 80 -29 62 -31 556

8 50 5 80 7 60 5 556
19 50 18 76 19 60 17 577
33 50 32 74 33 60 31 556
49 50 48 74 48 60 47 545
63 50 62 74 62 60 61 545
78 48 77 72 77 60 76 536
93 50 92 74 92 60 91 526
109 48 108 76 109 60 107 536
123 48 122 76 123 60 121 526
139 48 138 74 139 60 137 517
155 46 154 70 156 59 153 612
167 46 166 70 167 58 166 638
182 46 181 74 182 58 181 556
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TABLE 5-7

ANALYTICAL RESULTS, TEST 4 (T-1982)

Prim ary
Model B o i le r .

Run S-1 IK P -4
r i M
(m ln ) L I K C o n d u c tiv ity L I K C o n d u c tiv ity L I K C o n d u c tiv ity L I K R e s is t iv i t y

(ppb) (ppn) (pS/cm ) (PP») (ppm) (pS /cm ) (ppm) (ppm) (pS /cm ) (ppb) (ppb) (M3 cm)

-3 0 _ 205 _ . « - - 860 - - 0 .1 7 4
-2 0 - - 205 - - - - - 860 - - 0 .1 7 3
-1 0 - - 205 - - 845 - - 860 - - 0 .1 7 3

0 - - 205 - - 847 - - 862 - - 0 .1 7 2
2 1 .6 45 202 41 2 .5 847 42 2 .0 862 ~ 0 ~ 0 0 .1 7 2

15 - - 205 42 3 .5 848 44 1 .5 864 0 .4 - 0 0 .1 71
30 1 .6 47 205 42 1 .5 850 44 1 .5 869 0 .4 0 .4 0 .1 7 3
35 - - 205 42 2 .0 839 42 1 ,0 869 0 .6 0 .4 0 .0 2 7
40 - - 202 38 5 .0 851 42 2 .5 872 0 .3 - 0 . 2 0 .0 1 6
45 - - 208 42 8 .5 858 42 5 .0 875 ~ 0 - 0 0 .0 1 3
60 1 .6 4 7 .5 212 42 20 907 41 15 918 ~ 0 - 0 0 .0 1 1
75 - - 212 42 31 981 41 25 981 ~ 0 0 .4 0 .0 1 0
90 1 .2 47 211 42 42 1028 41 35 1040 ~ 0 - 0 . 2 0 .0 1 0

105 - - 212 41 52 1096 4 1 .5 47 1117 ~ 0 - 0 . 2 0 .0 1 0
120 1 .4 46 212 41 63 1157 41 58 1183 ~ 0 - 0 0 .0 1 0
135 - - 212 40 73 1206 43 74 1231 ~ 0 - 0 0 .0 1 0
150 1 .0 43 211 40 84 1261 41 77 1286 ~ 0 - 0 . 2 0 .0 1 0
165 - - 210 40 85 1270 42 88 1311 ~ 0 - 0 0 .0 8 6
180 2 .0 43 210 41 88 1292 40 83 1312 - 0 . 2 - 0 0 .1 8 8
190 - - 210 - - 1280 - - 1335 - - 0 .1 8 2
200 - - 210 - - 1050 - - 1345 - - » 0 . 2

tn
I

<T>y£>

N otes: ( a )  SGTR extended from 30 to  150 m inutes*
(b )  C o n d u c tiv ity  and r e s i s t i v i t y  d a ta  taken  from  the  computer o u tp u t fo r  the  p e r io d  0 -1 8 0  m inutes and from the  re c o rd e r tra c e s  a t

o th e r tim e s .
( c )  A l l  SORV condensate analyses  and l i th iu m  analyses on p rim ary  samples u ere  c a r r ie d  o u t using  the  0 -2 0  ppb ran ges . P re c is io n  

± 0 .1  to  0 .3  ppb.
(d )  A l l  o th e r analyses c a r r ie d  o u t a t  a 1 :100  d i lu t io n  u s in g  the  0 -1000  ppb ranges. P re c is io n  ± 0 .2  to  1 .2  ppm.
( e )  P r e - te s t  the make-up tank con ta in ed  40 ppm potassium , 3 ppm oxygen and 8 ppm h y d ra z in e , and the  surge tan k  con ta in ed  3 ppm

oxygen and 4 to  5 ppm h y d ra z in e . P r e - te s t  the  model b o i le r  con tained  <5 ppb oxygen, post t e s t  the  le v e l  was ~ 9 0  ppb. The
prim ary  loop con tained  <5 ppb oxygen and 0 .4  ppm h y d ra z in e .



TABLE 5-8

SAMPLE LINE FLOW RATES, TEST 4 (T-1982)

Primary
Model Boiler

SORV Condensate
S-1 IKP-4

Run Flow Run Flow Run Flow Run Flow
Time Rate Time Rate Time Rate Time Rate
(min) (ml/min) (min) (ml/min) (min) (ml/min) (min) (ml/min)
-12 58 -13 90 -12 74 -14 588

4 57 3 87 4 74 2 600
18 56 16 84 17 72 16 588
33 56 31 84 32 69 31 588
48 54 46 84 47 66 46 556
63 55 62 82 63 66 61 577
78 56 77 82 77 66 76 545
93 56 92 81 92 64 91 484
- - - - - - 93 492
108 56 106 80 107 64 106 526
123 58 121 78 123 68 121 488
138 60 137 79 137 66 136 484
154 60 152 77 153 62 151 545
168 58 167 74 167 60 166 500
183 59 181 72 182 56 181 500

Note: The SORV condensate sample line tended to airlock due to insufficient back
pressure in the line to the SORV collection tank.
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TABLE 5-9

ANALYTICAL RESULTS, TEST 5 (T-1972)

P rim ary
Model B o ile r

Run S-1 lK P -4
Time
(■ In ) L I K C o n d u c tiv ity L I K C o n d u c tiv ity L I K C o n d u c tiv ity L l K R e s is t iv i t y

(ppb) (ppm) (pS/cm ) (ppn) (ppm) (pS /cm ) (ppm) (ppm) (pS/pm ) (ppb) (ppl>) (H ) cm)

-3 0 _ 218 _ _ 930 - - 925 - - 0 .0 1 5
-2 0 218 - - 922 - - 910 - - 0 .0 1 5
-1 0 • 218 - - 917 - - 900 - - 0 .0 1 5

0 218 - - 913 - - 892 - - 0 .0 14
1 3 .5 41 218 45 5 912 45 3 892 ~ 0 ~ 0 0 .0 1 5

15 3 .7 41 216 4 5 .5 6 .5 909 45 1 887 ~ 0 ~ 0 0 .0 1 4
30 3 .7 41 218 46 6 .5 910 45 2 890 ~ 0 ~ 0 0 .0 1 4
35 _ _ 217 46 3 .5 895 45 1 887 ~ 0 ~ 0 0 .0 0 9
40 _ _ 218 4 5 .5 5 897 45 3 884 ~ 0 ~ 0 0 .0 05
45 217 45 5 898 44 2 .5 884 ~ 0 ~ 0 .2 0 .0 05
60 3 .5 41 216 43 9 902 44 6 .5 889 ~ 0 0 .5 0 .0 05
75 _ • 216 43 14 904 43 11 891 ~ 0 0 .6 0 .0 04
90 3 .5 40 216 4 2 .5 17 906 47 16 894 ~ 0 0 .5 0 .0 04

105 - — 216 39 20 903 40 18 .5 892 ~ 0 0 .5 0 .0 04
120 3 .5 41 216 39 21 900 39 2 1 .5 889 - 0 *-0 .2 0 .0 04
135 _ _ 216 39 2 8 .5 891 38 25 881 ~ 0 - 0 . 2 0 .0 0 4
150 3 .0 40 216 38 30 883 36 29 874 ~ 0 0 .5 0 .0 04
165 — _ 216 39 3 0 .5 894 36.5 31 885 ~ 0 0 .4 0 .0 0 5
180 3 .0 3 8 .5 216 37 30 879 36 31 870 ~ 0 - 0 0 .0 0 6
190 _ 216 - - 865 - - 865 - - 0 .0 0 8
200 _ _ 216 - - 960 - - 865 - - 0 .0 1 0
210 - - 216 - - 1P35

■
880 — 0 .0 12

tnI'vi

N otes: ( a )  SGTR extended from 30 to  150 m in u tes .
(b )  C o n d u c tiv ity  and r e s i s t i v i t y  d a ta  taken  from  the  computer output fo r  the  p erio d  0 -1 8 0  m inutes and from  the  re c o rd e r tra c e  a t

o th e r tim e s .
( c )  A l l  SORV condensate analyses and l i th iu m  analyses  on prim ary samples were c a r r ie d  o u t u s in g  the  0 -2 0  ppb ranges. P re c is io n  

± 0 .1  to  0 .3  ppb.
(d )  A l l  o th e r analyses were c a r r ie d  out a t  a 1 :100  d i lu t io n  using the 0 -1000 ppb range. P re c is io n  ± 0 .2  to  1 .2  ppm.
( e )  P r e - te s t  the make-up tank con tained  40 ppm potassium , 2 ppm oxygen and 38 ppm h yd raz in e  and the  surge tank con tained  1 ppm

oxygen and 45 ppm h y d ra z in e . The model b o i le r  con tained  <5 ppb oxygen and the  p rim ary  loop <5 ppb oxygen and 13 ppm 
h y d ra z in e .



TABLE 5-10 

SAMPLE LINE FLOW RATES, TEST 5 (T-1972)

Primary
Model Boiler

SORV Condensate
S-1 IKP-4

Run Flow Run Flow Run Flow Run Flow
Time Rate Time Rate Time Rate Time Rate
(min) (ml/min) (min) (ml/min) (min) (ml/min) (min) (ml/min)
-11 62 -12 80 -12 68 -13 714

3 62 3 82 3 66 2 732
18 62 17 82 17 68 16 714
32 62 31 81 32 69 31 732
48 62 47 82 47 68 46 698
64 60 63 83 63 69 62 667
79 60 77 83 78 70 77 667
93 62 91 83 93 69 91 667
108 63 107 83 107 69 106 625
123 62 122 84 122 69 121 638
138 62 136 84 137 69 136 652
153 64 152 83 153 68 152 682
167 62 166 82 167 68 165 674
183 63 182 82 183 66 182 698
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TABLE 5-11

ANALYTICAL RESULTS, TEST 6 (T-1957)

Run
Time
(min)

Model Boiler SORVM M A ̂ A
S-1 IKP-4

Li
(ppm)

pH Conductivity 
(pS/cm)

Conductivity 
( pS/cm)

Li
(ppb)

Resistivity 
(MQ cm)

-323 0.500(b) - - - - -
-254 130(c) 11.5 - - - -
-131 96(c) - - - - -
- 50 - ■ - 3130 3130 - 0.155
- 40 - - 3060 3170 - 0.155
- 30 - - 2870 3180 - 0.155
- 20 - - 2830 3130 - 0.156
- 10 - - 2820 3060 - 0.156

2 94 11.85 2802 2947 0.9 0.139
10 - - 2767 2816 0.8 0.122
22 93 11.85 2692 2726 0.6 0.122
32 91 11.85 2619 2619 0.4 0.122
42 89 11.8 2562 2511 0.5 0.122
52 88 11.8 2518 2438 0.5 0.123
62 87 11.8 2487 2384 0.5 0.123
72 86 11.8 2420 2327 0.5 0.123
82 85 11.0 2338 2204 0.5 0.122
90 83 11.75 2281 2130 0.5 0.123
95 82 11.75 2216 2089 0.5 0.123
100 82 11.8 2156 2043 0.5 0.123
105 78 11.8 2151 1989 1.0 0.171
110 - - 2281 1989 - 0.094
120 - - 1850 2350 — 0.220

Notes: (a)
(b)
(c)
(d)
(e)

Conductivity and reaiativity data taken from the computer output for the 
period 0-110 minutes and from the recorder trace at other times.
Pre-dose value, measured undiluted 0-1000 ppb range.
Diluted 1:1000, measured on 1-1000 ppb range, precision ±2 to 
12 ppm.
All S-1 samples (except where noted) diluted 1:100 and measured on 1- 
1000 ppb range. Precision ±0.2 to 1.2 ppm.
All SORV condensate samples measured undiluted on 0-20 ppb range. 
Precision ±0.1 to 0.3 ppb.
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TABLE 5-12 

SAMPLE LINE FLOW RATES, TEST 6 (T-1957)

Model Boiler
SORV Condensate

S-1 IKP-4

Run Flow Run Flow Run Flow
Time Rate Time Rate Time Rate
(min) (ml/min) (min) (ml/min) (min) (ml/min)
4 63 4 46 4 714

18 62 - - 18 732
34 62 - - 33 741
44 62 - - 44 732
53 62 - - 52 750
63 64 - - 62 732
74 60 - - 74 741
84 60 - - 84 732
95 60 — — 95 750
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TABLE 5-13
ANALTTICAL RESULTS, TEST 7 (T-1966)

Run
Time

(min)

Model B o ile r
SAW Cj

S-1 IKP-4
9WKV M >ndensate

R e s is tiv ity  
(MQ cm)

L i
(ppm)

pH Conductivity  
( pS/cm)

L i
(ppm)

pH Conductivity  
( pS/cm)

L i
(ppb)

-40 _ 94 _ - 50 - 0.132
-30 - - 90 - - 43 - 0.137
-28 10(e) 9.2 90 - - 45 -0 -
-20 - - 760 - - 210 - 0.137
-10 - - 1130 - - 650 - 0.133

0 - - 909 - - 785 0 .8 0.133
2 50 11.0 860 51 10.7 762 - 0.133
5 50 11.1 802 50 11.1 711 0 .6 0.135

10 48 11.0 725 46 11 .0 622 0 .8 0.140
15 46 11.0 656 45 10.9 555 2 .0 0.140
20 43 10.8 571 42 10.9 499 -0 .2 0.133
25 42 10.6 489 39 10.6 433 -0 .2 0.130
30 40 10.5 424 36 10.5 372 ~0.2 0.130
35 38 - 370 31 10.3 323 -0 .2 0.128
40 33 - 310 28 10.3 286 -0 .2 0.128
45 28 9.8 271 25 10.2 249 -0 0.128
50 25 10.1 240 23 9 .9 217 -0 .2 0.127
55 21 9.9 192 20 9 .8 189 50 0.134
60 9 9.9 99 18 9 .8 159 210 0.129
61 - - 87 - - 152 80 0.136
63 - - 91 - - 131 20 0.134
65 11 8.6 95 9 9.7 109 4 .2 0.127
70 9 9.5 93 7 9 .3 76 2 .4 0.125
75 9 9.2 89 7 9.2 72 1.2 0.123
80 9 9.5 82 7 8 .9 69 0 .4 0.125
85 8 9.2 77 6 9.0 66 0 .6 0.123
95 7 9.3 69 5 9.0 62 0 .4 0.135

105 7 9.2 66 5 9.1 61 0 .6 0.130
115 7 9.2 65 5 8 .8 60 -0 0.138
120 6 8.9 69 5 9.1 60 -0 0.139
130 - - 66 - - 59 - 0.140
140 - - 7 - — 186 - 0.307

Notes: (a )  Conductivity and r e s is t iv i ty  data taken fro a  the computer output, except fo r  the period
before the te s t commenced when i t  was estim ated from the recorder tra c e .

(b ) A ll  S-1 and IKP-4 samples analysed a t 1:100 d ilu t io n  on 0-1000 ppb range. P recis ion  10.2
to  1 .2  ppm.

(c )  A ll  SORV condensate samples, except a t 55 and 60 minutes, analysed und ilu ted  on 0-20  ppb
range. Precision lO .l to  0 .3  ppb. Samples a t  55 and 60 minutes analysed on 0 - 1000 ppb
range. Precision l2 to  12 ppb.

(d ) Before the te s t the S-1 sample contained <5 ppb oxygen, <0.1 ppm ammonia and 0.01 ppm 
hydrazine. A fte r the tes ts  S-1 contained -100 ppb oxygen. The surge tank contained 3 ppm 
oxygen and 5 ppm hydrazine. The model b o ile r  void space contained -1 ppm lith iia s  >^0 
minutes before the te s t commenced and 8 ppm l i t h i m  a f te r  -75 m inutes.

(e )  Before the second add ition  of lith iu m  hydroxide.
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TABLE 5-14 

SAMPLE LINE FLOW RATES, TEST 7 (T-1966)

Model Boiler
SORV Condensate

S-1 IKP-4

Run Flow Run Flow Run Flow
Time Rate Time Rate Time Rate
(fflln) (ml/mln) (min) (ml/min) (min) (ml/min)

4 74 5 46 3 698
17 76 18 46 16 714
25 74 29 46 27 698
39 76 41 48 38 714
48 76 49 48 47 732
66 76 67 48 65 698
77 75 78 49 75 682
89 76 90 50 88 732
107 78 107 52 106 750
122 78 122 52 121 750
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TABLE 5-15
ANALYTICAL RESULTS, TEST 8 (T-1975 to T-1979)

tn
1

P rlaary
Model B o iler

CABU
Run
Tlae
(■ In )

S-1 IKP-4

L I K Conductivity Lt K Conductivity L I K Conductivity L i K R e . i . t i v l t y
(ppb) (pp«) ( | iS /cb) (PP») (PP«) ( (iS /c .) (PP») (PP«) ( |£ /c a ) (ppb) (ppb) (MQ ca)

-30 _ 161 - • 806 - - 840 - - 0.107
-20 - 161 - - 800 - - 830 - - 0.110
-10 _ 161 - - 795 - - 805 - - 0.112

0 _ - 161 - - 791 - - 792 - - 0.115
1 - 161 - - 786 - - 791 ~0 - 0.116
2 - - 161 50 0.220 784 50 - 786 - - 0.116
5 - - 162 50 - 776 50 0.210 779 -0 - 0.117

10 - - 161 50 - 765 50 - 766 >0.2 - 0.118
15 - 162 45 - 659 49 - 748 -0 .1 - 0.119
20 - - 163 35 - 489 47 - 704 -0 .2 - 0.116
25 _ - 162 26 - 346 43 - 616 -0 .2 - 0.115
30 - - 162 21 - 268 36 - 508 -0 .2 - 0.117
35 - 162 16 - 208 30 - 400 -0 - 0.117
AO - - 162 12 - 131 26 - 313 >0.2 - 0.127
45 _ - 163 0.960 - 17 18 - 208 25.8 - 0.116
50 - 163 0.380 - 11 10 - 116 10.0 - 0.113
55 - 163 0.190 - 10 5 - 58 3 .2 - 0.109
60 - - 162 0.115 - 9 5 - 59 8.4 - 0.108
65 - - 163 0.100 - 9 3.5 - 45 6.4 - 0.120
70 - - 163 0.080 - 9 2 - 25 5.6 - 0.128
75 - - 163 0.070 - 9 0.820 - 13 5.6 - 0.136
95 - - 163 0.050 - 8 0.230 - 10 4 .0 - 0.134

125 - - 195 0.040 - 8 0.265 - 10 4 .9 - 0.134
165 _ - 195 0.045 - 11 0.265 - 14 6 .0 - 0.098
182 0 .5 52 195 - 0.080 15 0.260 0.010 21 10 0.7 0.077

187 0.4 52 196 0.040 0.040 23 0.230 0.010 23 400 4 .2 0.046
195 0 .4 52 195 0.025 0.090 35 0.260 0.020 25 30 60 0.030
200 0 ,5 52 194 0.130 0.150 29 1 0.970 42 11.0 30 0.042
215 •-0.2 53 201 0.050 0.150 9 1.5 8 73 40 90 0.117
230 _ - 200 0.025 0.070 7 1.5 2.5 36 16.0 50 0.140
241 0.4 53 200 0.010 0.025 7 0.960 1.5 22 8.0 25 0.144
245 _ - 199 0.010 0.025 7 0.750 1 17 7 .0 20 0.142
250 _ - 200 0.010 0,070 26 0.580 1 14 40 180 0.040
260 _ - 199 0.270 1.5 32 1 20 87 14 140 0.040
270 0.3 53 197 0.160 0,650 27 2 67 254 6.9 150 0.042
278 - - 196 - - 7 - - 626 9.2 1500 0.126
279 - - 197 0.040 0.560 7 5 176 659 - - 0.131
295 - - 196 9 100 425 9 106 410 6 .0 50 0.148
311 - - 196 - - 315 - - 470 2.7 20 0.133
312 M).2 53 196 11 110 300 6 68 475 - - 0.138



TABLE 5-15 (CONTINUED)

ANALYTICAL RESULTS, TEST 8 (T-1975 to T-1979)

P rla a ry
Model B o ile r

CAD\r
Run
Tlae
(a ln )

S-1 IKP-4

L I K C o nd uctiv ity L I K C o nd uctiv ity L I K C o nd uctiv ity 11 K R e s is t iv ity
(ppb) , (ppa) (p S /ca ) (PP«) (ppa) (p S /ca ) (ppa) (ppa) (p S /ca ) (ppi>) (ppb) •(KJ ca)

326 - 195 7 78 298 11 116 466 2 .0 18.9 0.131
330 - - 195 8 84 359 10 106 449 2 .0 22 0.118
335 « 0 .2 53 196 7 86 328 9 ,5 108 440 1 .8 14.4 0.044
345 - - 195 7 98 388 12 146 586 1.4 5.2 0.043
355 - - 194 7 120 462 13 184 723 1 .2 4 .0 0 .044
365 0 .5 53 191 6 110 452 12 200 813 0 .8 7 .0 0.123
390 - - 192 5 85 340 6 120 470 0 .8 1 .5 0.136
406 0 .4 51 192 5 89 341 6 120 451 0 .5 0 .8 0 .155
410 - - 191 5 94 352 7 120 449 0 .8 0 .5 0.159
415 - - 191 6 97 368 7 124 457 0 .5 20 0.061
425 - - 191 5 100 423 7 136 503 0 .8 2 .0 0 .055
435 0 .4 52 190 5 130 482 7 156 575 0 .5 1 .7 0.058
445 - - 190 5 120 495 7 170 630 0 .4 1 .0 0 .146
460 0 .4 53 190 5 130 490 7 166 605 0 .3 1.4 0.168
470 - - 190 - - 480 - - 630 - - 0 .158
480 - - 190 - - 330 - - 610 - - 0 .140
490 - 190 - - 290 - - 400 - - 0 .084on

I
CO

Notes: (s )
(b )

(c)

(d)

(e)

SGTRs extended fro a  185 to  198, 245 to  270, 330 to 355 and 410 to  435 a ln u te a , blowdom fro a  10 to  55 a ln u te s .
C ond uctiv ity  and r e s is t iv i t y  data taken fro a  the coaputer outputs fo r  the periods 0 to  60, 180 to  225, 240 to  285, 325 to  370
and 405 to  435 a ln u te s , and fro a  the recorder tra c e  a t  o ther t la e s .
A l l  l l t h lu a  analyses on SORV condensate and p r la a ry  aaaples , except where noted below, were c a rr ie d  out using the 0 -20  ppb
range. P rec is io n  ± 0 .1  to  0 .3  ppb. Potasslua analyses on SORV condensate aaaples taken a f te r  182, 188, 326, 365 to  410 and
425 to  460 a lnu tes  were a lso  analysed using th is  range. Potasslua analyses on SORV condensate saaples taken a f t e r  330 to  355 
and 415 a lnu tes  were analysed using a 0 -40  ppb range.
A l l  o ther analyses were c a rr ie d  out using the 0-1000 ppb ranges, e ith e r  u nd ilu ted  ( a l l  o th er SORV condensate saaples , S-1 
saaples ( l l t h lu a  45 to  279 a ln u te s , potasslua up to  279 a ln u te s ) and IKP-4 saaples ( l l t h lu a  75 to  195 and 241 to  250 a ln u te s , 
potasslua up to  200 a ln u te s ) , d ilu te d  1:100 (p r la a ry  saaples fo r  potasslua , S-1 saaples ( l l t h lu a  1 to  40 and 295 to  460 
a ln u te s , potasslua 260, 326 to  345 and 390 to  415 a ln u te s ) and IKP-4 saaples ( l l t h lu a  200 to  230 and 260 to  460 a ln u te s ,
potasslua 215 to  270 and 312 a ln u te s ) , 1:200 (IK P -4  saaples (potsss lua  278 to  295, 326 to  355 and 390 to  460 a ln u te s ) or
1:1000 (S-1 saaples (po tass lua  295, 312, 355, 365 sikI 425 to  460 a ln u te s ) and IKP-4 saaples (po tass lua  365 a ln u te s ) .
P re -te s t  the aake-up tank contained 46 ppa potasslua , 2 ppa oxygen and 12 ppa h ydrazine , the surge tank 3 ppa oxygen and
1 .6  ppa hydrazine , the p r la a ry  loop <5 ppb oxygen and 8 ppa hydrazine and the aodel b o ile r  <5 ppb oxygen and 0 .01  ppa
hydrazine .



TABLE 5-16

SAMPLE LINE FLOW RATES, TEST 8 (T-1975 to T-1979)

Primary
Model Boiler

SORV Condensate
S-1 IKP-4

Run Flow Run Flow Run Flow Run Flow
Time Rate Time Rate Time Rate Time Rate
(min) (ml/mln) (min) (ml/mln) (min) (ml/mln) (min) (ml/mln)

— — 3 80 4 84 3 600
- - 16 68 17 84 16 577
- - 31 70 32 80 31 600
- - 46 68 46 68 45 556
- - 62 64 62 64 61 484
- - 76 63 76 69 78 68
99 50 97 66 98 68 96 769
166 46 166 80 167 50 165 833
197 36 197 84 197 42 195 811
217 34 216 82 217 36 216 833
220 114 - - 220 66 - -

233 110 232 82 232 48 231 811
254 90 252 82 253 49 252 769
270 86 272 80 272 48 271 811
300 83 298 79 299 49 298 833
333 78 332 80 333 54 331 833
348 70 346 81 347 54 345 833
358 68 357 82 357 52 356 811
368 67 367 80 367 52 366 833
393 64 391 78 392 52 391 833
412 64 408 76 407 52 408 769
418 63 417 80 418 53 416 811
428 61 427 79 428 53 426 833
440 60 439 75 440 52 439 833
463 59 462 72 462 54 461 833

Notes; (a) Blowdown commenced at 10 minutes, SGTRs at 185, 245, 330 and 410 
minutes.

(b) Primary and IKP-4 flow rates Increased after 219 minutes.
(c) SORV condensate flow failed after 70 minutes due to alrlocklng. Flow 

re-established after 90 minutes by Increasing the back pressure In the 
line to the SORV collection tank.
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TABLE S-17 (CONTIlfUED)
ANALTTICAL RESULTS, TEST 9 (T-1988 to T-1992)

Prlaary
Hodel Boiler

Run S-1 IKP-4 Blovdoim

(aln) LI K Conductivity LI K Conductivity Li K Conductivity Li K Conductivity Li K Resistivity
(ppb) (PP«) (|iS/ca) (ppa) (ppa) (pS/ca) (ppa) (ppa) (pS/ca) (ppa) (ppa) ((fi/ca) (ppb) (ppb) (NO ca)

320 3.2 44 162 10 67 356 25.5 140 679 12 64 - 7.5 60 0.031
330 3.0 44 174 10 89 390 25 166 779 14 80 - 6.0 50 0.026
340 3.0 43 177 15 130 519 25 192 887 13 90 - 4.1 30 0.100
355 2.9 43 177 11 98 470 16 130 570 16 134 - 2.3 25 0.094
385 2.9 43 177 11 97 388 15 124 547 15 126 - 1.1 7.5 0.094
390 - - 177 11 98 388 15 124 541 15 124 - 1.1 6.2 0.095
395 2.9 40 177 11 100 401 15 126 547 15 124 - 1.1 5.9 0.030
400 - - 175 11 112 425 15 130 565 15 122 - 1.0 4.7 0.027
410 2.5 43 173 11 122 468 15 150 626 15 126 - 0.8 4.2 0.029
420 2.2 43 172 11 134 510 15 166 670 15 144 - 0.8 2.2 0.100
435 2.2 42 171 11 132 510 15 166 690 15 160 - 0.6 2.1 0.096
445 - - 171 - - 510 - - 690 - “ - “ - 0.095

tnI00 Notes: (•)
(b)
(c) 
(<»

(e)

SCTKa extended fro* 140 to 16S, 215 to 240, 310 to 335 and 390 to 415 alnutea, blondown froa 10 to 55 nlnutea.
Conductivity end reeletlvlty data taken froa the coaputer outputa for the periods 0 to 70, 135 to 185, 210 to 255, 305 to 355 and 385 to 420 alnutes and froa 
the recorder trace at other tlaea.
All SORV condensate aaaples, except ea noted belov, and all llthlua analyaes on prlaary aaaplet analysed using the 0-20 ppb ranges. Precision lO.l to 0.3 ppb. 
All other aaaples analysed using the 0-1000 ppb ranges at a dilution of 1:100, precision tO.2 to 1.2 ppa, except for the following. No dilution, llthlua 
analyses on SORV condensate saaples at 45,185 and 250 alnutes, S-1 saaples (50 to 245 alnutes) lRP-4 saaples (80 to 150 alnutes) end blowdown saaples. (55 to 
250 alnutes) plus potassliai analyses on SORV condensate eaaples froa 150 to 355 alnutes. 1:200 dilution, potaaalw analyses on S-1 aaaples (340, 400 to 435 
alnutes), IKP-4 (160, 185, 235 and 260 to 435 alnutes) and blowdown (355 to 435 alnutes). 1:1000 llthlua, potasslia analyses on lKP-4 saaples at 170 and 245 
alnutes.
A prlaary aake-up taid: saaple taken et 425 alnutes contained 42 ppa potassltai and -O ppb llthlw. Pre-teat the aake-up tank contained 39 ppa potasslua and 
—2 ppa hydraxine and the surge tank 2 ppa oxygen and 6 ppa hydrazine.



TABLE 5-18
SAMPLE LINE PLOU RATES, TEST 9 (T-1988 to T-1992)

P rlaary
Model B o ile r

SORV
S-1 IKP-4 Blowdown

Run
Tlae
( B i n )

Flow
Rate

( a l /a ln )

Run
Tlae
(a ln )

Flow
Rate

(a l /a ln )

Run
Tlae
(a ln )

Flow
Rate

( a l /a ln )

Run
Tlae
(a ln )

Flow
Rate

( a l /a ln )

Run
Tlae
(■ In )

Flow
Rate

(is l/a ln )

- - 13 82 12 80 14 60 11 857
20 64 - - - - 22 86 - -
- - 37 76 38 70 39 86 36 800
- - 47 72 49 72 48 82 46 857
- - 57 70 59 56 58 76 56 800
- - 73 68 75 56 74 76 72 800
- - 103 62 105 48 104 86 102 800
- - 123 74 125 46 124 88 122 750
- - - - 128 86 - - - -

145 48 143 76 146 86 144 81 142 857
166 40 162 78 165 96 163 80 161 857
177 40 174 76 176 88 175 90 172 800
208 40 212 76 215 100 217 88 211 800
209 104 - - - - - - - -

219 78 - - - - - - - -

230 66 227 76 229 108 228 88 226 800
250 60 247 74 249 84 248 86 246 800
266 60 263 74 265 84 264 88 - -

309 58 309 86 311 104 308 90 306 857
323 42 317 86 319 112 318 92 316 800
335 52 332 88 334 106 332 90 331 800
349 46 345 80 348 114 347 92 344 800
380 44 379 90 380 114 378 92 378 857
381 80 - - 382 92 - - - -

396 76 392 90 394 96 393 92 391 857
406 78 403 82 405 94 404 92 401 857
415 80 412 78 414 96 413 92 411 857
427 80 423 86 425 98 424 92 422 800
435 78 435 90 435 100 435 92 435 857

Notes: (a )  Blowdown conacnced a t 10 a in u tea , SCTRa a t lAO, 215, 310 and 390 a in u te s .
(b ) P rlaary  flow  adjusted a f te r  209, 219 and 380 a lnu tes; S-1 a f te r  110 and 300 a lnu tes , IKP-4 

a f te r  128, 300 and 380 alnutes and blowdown a f ta r  22 a lnu tes .
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TABLE 5-19

ANALYTICAL RESULTS, TEST 10 (T-1998)

P rin a ry
Model B o ile r

CADU

Run
Tine
(n in )

S-1 lKP-4

L i R C o nd uctiv ity L i K C o nd uctiv ity L i K C o nd uctiv ity L i K R e s is t iv ity
(ppb) (ppa) ( pS/cm) (ppn) (ppn) (pS /cn) (ppn) (ppn) (  pS/cn) (ppb) (ppb) (HQ cn)

-20 _ _ 81 _ _ 345 - - 355 - - 0.240
-10 - 81 - - 340 - - 355 - - 0 .245

0 0 .5 16 81 10 0.250 337 9 .5 0.240 351 -0 4 .0 0 .245
15 - - 81 10 0 .250 339 9 .5 0.240 346 -0 .2 0.266
30 -0 .2 17 80 9 0.250 327 9 0.240 341 ~0 -0 0.247
35 - - 80 9 1 317 9 0.240 337 ..0.2 -0 0 .053
40 - - 80 9 3 326 9 .5 2 354 0 .3 -0 .2 0.024
45 _ - 80 9 .5 3 318 9 5 350 0 .3 -0 0 .019
50 _ - 79 8 .5 5 318 9 5 341 -0 .1 -0 0.017
55 _ _ 79 - - 327 - - 341 -0 .2 -0 .1 0.017
60 - 78 8 .5 8 334 8 .5 7 .5 349 -0 .1 0 .3 0.017
65 - _ 78 - - 327 - - 352 -0 .1 0 .4 0.015
68 _ 77 - - 329 - - 349 1 .5 3 .9 0 .023
70 _ _ 77 - - 352 - - 346 1 .5 12.2 0 .022
75 0 .3 16 76 8 .5 12 340 8 .5 12 372 2.7 5 .9 0 .015
80 _ _ 76 - - 357 - - 373 -0 .2 1 .2 0 .020
85 _ 75 - - 328 - - 372 -0 .1 0 .6 0 .020
90 -0 12 74 7 14 333 8 14 343 -0 .2 0 .6 0 .018
95 _ - 74 - - 307 - - 345 -0 .2 0 .6 0.017

100 - _ 73 - - 284 - - 321 11.7 14.9 0 .015
105 - - 73 6 .5 16 289 6 .5 15 313 -0 7 .8 0.019
110 _ 72 - - 265 - - 300 -0 0 .4 0.017
115 _ 72 - - 262 - - 278 -0 .2 0 .5 0.017
120 -0 12 71 5 15.5 245 5 16 277 -0 1 .0 0 .018
125 - - 71 - - 221 - - 254 -0 -0 .2 0 .018

129 _ - 71 - - 225 - - 235 -0 0 .4 0 .019
135 _ 70 4 17 202 4 15 232 -0 -0 .2 0.019
140 _ - 70 - - 183 - - 210 0 .8 1 .0 0 .019
142 - - 69 - - 177 - - 202 30 90 0.019
144 _ - 69 - - 189 - - 195 -0 170 0 .020
150 -0 11 69 3 15 167 3 15 192 -0 0 .8 0 .019
155 - _ 68 - - 151 - - 173 1 .5 2 .9 0 .019
160 _ 68 - - 141 - - 157 5 .0 20 0.020
161 _ - 68 _ - 147 - - 155 -0 0 .4 0 .020
165 - - 68 2 14 139 2 .5 12.5 157 -0 14 0.020
170 - - 67 - - 125 - - 145 -0 -0 0 .020
175 - - 67 - - 114 - - 130 4 .0 20 0.020

cn
Icx>CO



TABLE 5-19 (CONTINUED)

ANALYTICAL RESULTS, TEST 10 (T-1998)

P r la a ry
Model B o ile r

Run
T la e
( a ln )

S-1 IK P -4

L I R C o n d u c tiv ity L I K C o n d u c tiv ity L I K C o n d u c tiv ity L I K R e s is t iv i t y
(p p b ) (PP«) ( |iS /c a ) (p p n ) (p p n ) (p S /c a ) (PP«) (p p n ) (p S /c a ) (p p b ) (p p b ) (K ) ca )

180 ~ 0 11 67 2 13 151 2 12 127 ~ 0 2 .3 0 .0 8 0
183 - - 67 - - 122 - 147 ~ 0 ~ 0 0 .1 2 9
185 - - 67 - - 146 - - 169 ~0 ~ 0 0 .1 9 0
187 - - 67 - - 117 - - 200 ~ 0 ~ 0 0 .3 62
190 ~ 0 11 67 1 7 20 3 22 274 ~ 0 ~ 0 0 .591
192 - - 67 - - 13 - - 400 ~ 0 ~ 0 0 .5 48
193 - - 67 - - 12 - - 464 0 .3 3 .2 0 .5 3 8
205 - - 67 0 .1 3 0 0 .4 5 0 9 1 5 34 - - 0 .8 8 6
220 - 0 11 67 0 .0 6 0 0 .1 4 0 9 5 44 1070 - - 0 .3 37
230 - - 67 - - 9 - - 1120 - - 0 .3 4 0Ui

I
CO
■p> N otes: ( a )  SGTR extended f ro a  30 to  190 a ln u te s . Bolldown from 174 to  191 a ln u te s .

(b )  C o n d u c tiv ity  and r e s i s t i v i t y  d a ta  taken  f ro a  the coap uter o u tpu t fo r  the p erio d  0 -2 2 0  a ln u te s  and f ro a  the  re c o rd e r tra c e  a t  
o th e r t la e s .

( c )  A l l  SORV condensate a n a ly s e s , excep t where noted below , and a l l  l l t h l u a  analyses  on p r la a ry  saap les  were c a r r ie d  o u t using
the 0 -2 0  ppb ranges. P re c is io n  ± 0 .1  to  0 .3  ppb.

(d )  A l l  o th e r  a n a ly s e s , excep t where noted below , were c a r r ie d  out a t  a 1 :100  d i lu t io n  using  the  0 -1 0 0 0  ppb ranges . P re c is io n
± 0 .2  to  1 .2  ppa.

(e )  P o tas s lu a  analyses  on the  SORV condensate saap les  a t  142 and 144 a ln u te s , S-1 saap les  a t  0 , IS ,  30 , 205 and 220 a ln u te s  and
IK P -4  saaples  a t  0 , 15, 30 and 35 a ln u te s  were analysed  u n d ilu te d  on the 0 -1 0 0 0  ppb range.

( f )  L lth lu a  ana lyses  on the  SORV condensate saap le  a t  142 a ln u te s  and the S-1 saap les  a t  205 and 220 a ln u te s  were analysed
u n d ilu te d  using  the 0 -1000  ppb range.

(g )  The vo id  space o f the  aod e l b o i le r  con ta in ed  2 ppa l l t h l u a  and 5 ppa p o ta ss lu a  when analysed  a f t e r  170 and 180 a ln u te s .
(h )  P r e - te s t  the  aake-up  tank con ta in ed  ~13 ag kg~^ p o ta ss lu a  and 10 ppa h yd ra z in e  and the surge tank ~ 3  ppa oxygen and 6 ppa

h y d ra z in e . The p r la a ry  loop con ta in ed  <5 ppb oxygen and 0 .0 3  ppa h y d ra z in e .



TABLE 5-20

SAMPLE LINE FLOW RATES, TEST 10 (T-1998)

Primary
Model Boiler

SORV Condensate
S-1 IKP-4

Run Flow Run Flow Run Flow Run Flow
Time Rate Time Rate Time Rate Time Rate
(min) (ml/mln) (min) (ml/mln) (min) (ml/mln) (min) (91/mln)
-28 86 -30 78 -30 80 -30 632
6 84 3 78 5 78 2 571
21 84 18 80 26 78 17 600
40 66 38 80 39 80 36 600
52 68 48 80 49 80 47 632
64 68 63 82 65 80 62 600
82 66 80 70 81 82 78 706
108 68 106 66 107 82 - -
124 68 120 68 122 82 119 261

- - - - - - 128 600
154 66 152 64 153 80 151 286
171 64 171 62 170 80 170 133
184 64 182 30 183 64 180 750

- - - - - - 186 750
199 66 196 46 198 60 - -
212 64 210 50 211 62 - -
220 64 220 52 221 214

Note: SORV condensate flow stopped after a number of the pressure relief cycles for
the following periods, 72-74, 91-92, 103-105, 117-118 and 129-129.5 minutes. 
On each occasion the flow rate recovered over several minutes. After the 
SORV flow was stopped at 191 minutes a slow erratic SORV condensate flow was 
maintained for the rest of the test.
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TABLE 5-21

ANALYTICAL RESULTS, TEST 11 (T-2003)

cnI
COcn

P rlaary
Model B o ile r

ctSDIt
Run

mM___
S-1 IKP-4

JKV conden Bate

T IM
(■ In ) Li K Conductivity L I K Conductivity Li K Conductivity L l K R e s is tiv ity

(ppb) (pp») ( pS/ca) (ppa) (P I» ) ( pS/ca) (pp») (PP») ( pS/ca) (ppb) (ppb) (MQ ca)

-20 - 76 _ w 370 - - 390 - _ 0«940
-10 - - 76 - - 365 - - 385 - - -

0 -0 .2 8 76 10 0.150 366 11 0.160 381 -0 -0 -
15 -0 .2 8 76 11 0.150 362 11 0.160 377 -0 -O -
25 - - 75 - - 356 - - 372 ~0 -0 -
30 -0 .2 8 76 11 0.160 355 11 0.160 371 -0 .1 -0 -
35 - - 76 11 0.760 346 11 0.160 370 - - -
40 - - 75 11 3 341 I I 0,730 368 - - -
43.5 - - - - - - - - - 2.6 12.2 -
44 - - - - - - - - - 2 .0 3.8 -
44.5 - - - - - - - - - 1.0 5.4 -
45 - - 75 10 3 332 10,5 3 360 0 .8 2.4 -
45.5 - - - - - - - - - 0 .8 2.8 -
50 - - 74 10 6 345 11 4 372 - - -
53 - - - - - - - - - 0 .6 1.4 -
59.5 - - - - - - - - - 16 7.6 -
60 -0 .2 8 72 9 6.5 295 10 5 328 10.4 6 .0 -
60.5 - - - - - - - - - 3.2 3.8 -
61 - - - - - - - - - 3.2 3.0 -
61.5 - - - - - - - - - 3 .2 3 .0 -
67 - - - - - - - - • 2.2 1.2 -
70 -0 .2 9 72 8 6.5 278 8.5 7 307 - - -
77.5 - - - - - - - - - 13.6 12.4 -
78 - - - - - - - - - 0 .6 5.6 -
78.5 - - - - - - - - - 0.4 6 .4 -
79 - - - - - - - - 0 .3 -0 -
79.5 - - - - - - - - - 0.4 -0 .2 -
80 - - 71 6 .5 7 251 7 7 267 - - -
85 - - - - - - - - - 0.4 -0 -
90 -0 .2 8 78 6 9 223 6 8 249 - - -
98.5 - - - - - - - - - 14.4 16.6 -
99.5 - - - - - - - - - -0 .2 3.2 -
99 - - - - - - - - - -0 .2 5.2 -

100 - - 82 5 9 194 5 9 216 -0 .2 3.2 -
100.5 - - - - - - - - - -0 .2 1.6 -
110 - - 82 5 9 .5 178 5 9 200 - - -
120 -0 .2 8 80 4 9.5 151 4 9 168 - - -
125 - - - - - « - - - 9 .6 11.6 -
130 — — 78 3 9 131 % 9 146 - - -



TABLE 5-21 (CONTINUED)

ANALYTICAL RESULTS, TEST 11 (T-2003)

<Ji
ICD

P rlaary
Hodel B o ile r

CnOV
Run S-1 IKP-4

Tlse
(■ In ) L i K Conductivity L I K Conductivity L I K Conductivity L I K R e a ls tlv lty

(ppb) (pp«) (pS /ca) (PP«) (PP«) (pS /ca) (ppa) (PP«) ( pS/ca) (ppb) (ppb) (MQ c«)

130.25 _ _ - - - 80 130 -

130.5 - - - - - - - - - 14.4 20 -
130.75 - - - - - - - - - 3.6 6.2 -
131 _ _ - - - - - - 0 .3 -0 -
131.25 - - - - - - - - - -0 .2 2.4 -
131.5 - - - - - - - - 0 .4 -0 -
132 _ - - - - - - - -0 .2 -0 -
132.5 - - - - - - - - - 0 .3 1.0 -
140 - - 77 3 9 125 3 9 140 - - -
149 _ - _ - - - - - - 6 .0 19.6 -
150 "0.2 9 77 2.5 9 108 3 9 122 - - -
160 - 75 2 9 98 3 9 108 - - -
160.25 - - - - - - - - - 130 510 -
160.5 - - - - - - - - - 15 50 -
160.75 - - - - - - - - - 1.2 5.6 -
161 _ _ - - - - - - -0 .2 2.4 -
161.25 _ - - - - - - - - -0 .2 1.0 -
161.5 - - - - - - - - - -0 0 .5 -
162 _ - - - - - - - - -0 -0 .2 -
162.5 - - - - - - - - - -0 -0 -
163 _ - - - - - - - -0 -0 -

163.5 - - - - - - - - - -0 .2 -0 -
164 - - - - - - - - -0 .2 -0 .2 -

165 _ - 74 - - 113 - - I l l -0 0 .6 -
166 - - - - - - - - - -0 -0 .2 -
167 _ _ _ - - - - -0 .2 -0 .2 -
168 _ _ - - - - - - - -0 .2 1.2 -
169 _ - _ - - - - - - -0 -0 -

170 - 73 2 13 147 i 11 138 -0 .2 -0 .2 -

171 _ _ - - - - - - -0 .2 -0 .2 -

172 - _ - - - - - - - -0 .2 -0 -

173 _ - - - - - - -0 -0 -

174 - _ - - - - - - - -0 .2 -0 .2 -

175 - - 73 - - 122 - - 174 -0 .2 -0 .2 -

176 _ _ - - - - - - - -0 .2 -0 -

177 - _ - - - - - - - -0 .2 -0 -

178 - - - - - - - - - -0 -O -

179 - - - - - - - - - -0 -0 .2 -



TABLE 5-21 (CONTINUED)

ANALYTICAL RESULTS, TEST 11 (T-2003)

I00
CO

P rlaary
Model B o iler

Run
T1iD6

S-1 IKP-4
\.uiiu«fniiai.e

(■ in ) L I K Conductivity L i K C onductivity L i K Conductivity L l K R e s is tiv ity
(ppb) (ppm) ( pS/cm) (ppm) (ppm) ( pS/cm) (ppm) (PP®) ( pS/cm) (ppb) (ppb) (MQ ca)

180 -0 .2 9 72 2 16 168 2 22 235 -0 -0
181 - - - - - - - - - -0 .2 ~0 -
182 - - - - - - - - - -0 -0 -
183 - - - - - - - - - -0 .2 -0 -
184 - - - - - - - - - -0 -0 -
185 - - 72 - - 34 - - 372 -0 ~0 -
186 - - - - - - - - - -0 -0 -
187 - - - - - - - - - -0 -0 -
188 - - - - - - - - - -0 -0 -
189 - - - - - - - - - -0 1.2 -
190 - - 71 0.030 0.090 29 2 59 737 -0 1.4 -
191 - - - - - - - - - -0 2 .6 -
192 - - - - - - - - - -0 .2 5 .0 -
193 - - - - - - - - 0 .6 20 -
194 - - - - - - - - - 1.4 30 -
195 - - 71 - - 41 - - 1030 1 .0 18.4 -
196 - - - - - - - - - 80 670 -
196.5 - - - - - - - - - 0 .8 6 -
197 - - - - - - - - - 0 .5 2.4 -
200 - - 70 0.030 0,215 27 2 22 74 - - -
215 -0 .2 9 70 0,020 0.060 7 18 225 215 - - -
230 -0 .2 9 70 0.015 0.040 5 15 194 1900 - - -

200 a lnu tes , bolldown froa  160 to  190 a lnu tes . The pressure r e l ie f  cycles occurred a t 43, 59, 77,Notes: (a )  SGTR extended froa 30 to
98, 130 and 160 a lnu tes .

(b ) Conductivity and r e s is t iv i t y  data taken fro a  the coaputer output fo r  the period 0-220 a lnutes and fro a  the recorder trace  a t 
other t la e s .

(c )  A ll  SORV condensate analyses, except as noted below, and a l l  l l th lu a  analyses on p rlaa ry  saaples were ca rried  out using the 0 -  
20 ppb ranges. Precision 10.1 to  0 .3  ppb.

(d ) A ll  o ther analyses, except as noted below, ca rried  out a t a d ilu tio n  of 1:100 using the 0-1000 ppb ranges. Precision  10.2 to  
1.2 ppa.

(e )  L lth lta i analyses on SORV condensate saaples a f t e r  130.25, 160.25 and 196 alnutes and potasslua analyses on SORV condensate 
saaples a f te r  130.25, 160.25, 160 .5 , 193, 194 and 196 alnutes analysed undiluted using the 0-1000 ppb range. Preclalon l2 to  
12 ppb.

( f )  S-1 saaples fro a  190 to  230 a lnu tes , and p o ta s s l«  analyses on S-1 saaples fro a  0 to  35 alnutes and IKP-4 saaples fro a  0 to  40
alnutes were analysed undiluted using the 0-1000 ppb range. The IKP-4 saaple a f te r  215 alnutes was analysed at a d ilu tio n  of
1:500 and th a t a f t e r  230 alnutes a t 1:200 (both fo r  potasslua o n ly ).

(g ) The aake-up taiik p re -te s t contained 10 ppa potasslua, 3 ppa oxygen and 14 ppa hydrazine. The surge tank contained 4 ppa
oxygen and 16 ppa hydrazine. The p rlaary  loop contained <5 ppb oxygen and ~1 ppa hydrazine and the aodel b o ile r  <10 ppb,
oxygen 0.01 ppa hydrazine and <2 ppa aaaonla.



TABLE 5-22

SAMPLE LINE FLOW RATES, TEST 11 (T-2003)

Primary
Model Boiler

SORV Condensate
S-1 IKP-4

Run Flow Run Flow Run Flow Run Flow
Time Rate Time Rate Time Rate Time Rate
(min) (ml/mln) (min) (ml/mln) (min) (ml/mln) (min) (ml/mln)

-19 76 -23 78 -21 86 0 0
4 74 2 78 3 82 - -
16 74 18 76 17 82 - -
31 72 32 82 32 82 - -
46 76 48 80 47 100 - -
64 72 62 72 63 100 - -
76 72 78 70 77 106 - -
93 70 91 72 92 106 - -
105 70 108 70 106 104 - -
123 68 121 72 122 108 - -
136 68 135 64 137 102 - -
- - 138 86 - - - -
153 68 151 88 152 102 - -
167 66 164 70 165 86 - -
185 70 183 52 184 82 - -
196 64 194 56 195 82 - -

221 66 218 56 220 72 - -
235 66 233 58 234 74 •

Notes: (a) SORV condensate line disconnected.
(b) S-1 flow adjusted after 137 minutes.
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TABLE 5-23

ANALTTICAL RESOLTS, TEST 12 (T-2001)

tn
I

O

p rlaa ry
Hodel B o ile r

Ci
Run S-1 IKP-4

JK.W (.onoen late

Tlae
(■ In ) L l K Conductivity L l K Conductivity L l K Conductivity L l K R e la t iv i t y

(ppb) (pp«) (v5 /c a ) (PP») <PP«) (pS /ca) (PP«) (PP*) ( | £ / cb) (ppb) (ppb) (MO ca)

-20 _ 68 - - 355 - - 320 _ - 0.500
-10 - - 68 - - 350 - - 318 - - 0.505

0 0 .5 8 68 l l 0.050 345 10 0.060 318 -0 .2 -0 0.470
IS - - 68 11 0.065 337 10 0.060 312 -0 .2 5.8 0.474
30 0 .5 8 68 l l 0 .060 328 10 0.060 306 -0 .2 -0 0.499
35 - - 68 11 0.600 327 10 0.060 302 -0 .2 -0 .2 0.100
AO - - 67 11 3 348 10 2 317 0 .3 0 .3 0.090
45 - - 67 9 4 236 10 4 334 0 .8 6 .0 0.067
50 - - 66 - - 152 - - 500 -0 0 .6 0.020
55 - - 65 - - 192 - - 410 ■O 0 .4 0.015
60 -0 .2 8 64 7 6 235 9 7 289 0.3 0 .8 0.011
65 - - 64 - - 230 - - 265 -0 .2 9 .6 0.020
70 - - 63 - - 250 - - 260 -0 .1 1.0 0.022
75 - - 62 6 10 257 7 10 273 -0 0 .8 0.020
80 - - 62 - - 271 - - 284 -0 0.7 0.028
85 - - 61 - 311 - - 302 -0 0 .5 0.036
90 0 .8 8 58 7 16 313 7 16 328 0.3 -0 .2 0.035
95 - - 58 - - 319 - - 333 -0 .2 -0 0.039

100 - - 57 - - 328 - - 343 -0 -0 0.040
105 - - 57 7 19 326 7 19 348 -0 .2 -0 .2 0.037
115 - - 57 326 - - 348 -0 -0 0.035
120 0.4 8 56 7 21 333 7 20 352 - - 0.034
125 - - 56 - - 329 - - 360 -0 .2 6 .0 0.033
135 -0 .2 8 56 7 23 334 7 23 361 -0 .2 -0 0.033
145 - - 55 - - 348 - - 367 -0 -0 .2 0.033
150 0.4 8 55 - - 351 - - 372 - - 0.033
155 - - 55 7 28 352 7 29 376 -0 -0 0.033
165 - - 55 - - 356 - - 381 -0 -0 0.034
175 - - 54 - - 354 - - 382 -0 -0 0.034
180 -0 ,2 8 54 - - 354 - - 382 - - 0.034
185 - - 54 - - 354 - - 382 -0 -0 .2 0.034
195 - - 53 6 30 366 7 30 387 -0 0 .8 0.034
205 - - 53 - - 371 - - 395 -0 -0 0.034
210 -0 .2 8 53 - - 372 - - 396 - - 0.034
215 - - 53 - - 372 - - 399 -0 0 .8 0.035
225 - - 52 6 33 371 7 32 401 -0 .2 0 .6 0.034
235 - - 52 - - 368 - - 399 -0 0.4 0.031
240 -0 .2 8 52 - - 368 - - 398 - - 0.031
245 - - 52 - - 366 - - 396 -0 0.4 0.031
255 -0 .2 8 52 6 32 356 6 33 395 -0 0 .8 0.030



TABLE 5-23 (CONTINUED)

ANALYTICAL RESULTS, TEST 12 (T-2001)

Prim ary
Model B o ile r

Run S-1 IK P -4

(a ln ) L l K C o n d u c tiv ity L l K C o n d u c tiv ity L l K C o n d u c tiv ity L l K R e s is t iv i t y
(ppb) (ppn) (p S /c n ) (P P «). (PP"> (pS /cm ) (ppn) (ppm) (p S /c a ) (ppb) (ppb) (M3 ca )

265 - _ 52 _ _ 346 - - 392 - 0 0 .6 0 .0 2 9
275 - - 52 - - 335 - - 382 - 0 0 .6 0 .0 2 8
285 - 0 . 2 8 51 5 31 323 6 33 365 0 .4 - 0 0 .0 2 8
300 - - 51 - - 306 - - 341 - 0 . 2 - 0 0 .0 2 6
315 - 0 . 2 8 51 5 29 288 5 30 323 - 0 . 2 - 0 0 .0 2 4
330 - - 50 - - 354 - - 305 0 .3 1 .0 0 .0 2 9
345 0 .3 8 50 4 27 258 4 29 283 1 .0 7 .2 0 .0 2 6
360 - - 50 - - 246 - - 265 - 0 . 2 - 0 . 2 0 .0 1 9
375 0 .3 8 49 4 26 245 4 26 244 - - 0 .0 7 4
390 - 0 . 2 8 49 4 25 233 3 24 244 - - 0 .0 7 0

cn
I

N otes: ( a )  SGTR extended f ro a  30 to  390 a ln u te s .
(b )  C o n d u c tiv ity  and r e s i s t i v i t y  d ata  taken  f r o a  the  coap uter o u tp u t fo r  the  p e r io d  0 -3 9 0  a ln u te s  and f ro a  the  re c o rd e r tra c e  a t  

o th e r t la e s .
( c )  A l l  SORV condensate ana lyses  and l l t h l u a  ana lyses  on p r la a ry  saaples c a r r ie d  o u t u s in g  th e  0 -2 0  ppb ranges . P re c is io n  ± 0 .1  

to  0 .3  ppb.
(d )  A l l  o th e r  s a a p le s , excep t where noted below , were analysed  a t  a d i lu t io n  o f 1 :100  u s in g  th e  0 -1 0 0 0  ppb ranges. P re c is io n  

± 0 .2  to  1 .2  ppa.
( e )  S-1 and IK P -4  aaap les  taken  a f t e r  0 ,1 5 ,3 0  and 35 a ln u te s  were analysed fo r  p o ta s s lu a  u s in g  the  0 -1 0 0 0  ppb range w ith o u t  

d i lu t io n .
( f )  P r e - te s t  the  aake-up  tan k  con ta in ed  9 .5  ppa p o ta s s lu a , 3 ppa oxygen and 10 ppa h yd rac ln e  and th e  surge tan k  3 ppa oxygen and 

~ 4  ppa h y d ra z in e . The p r la a ry  loop con ta in ed  <5 ppb oxygen and 1 .5  ppa h y d ra z in e .



TABLE 5-24

SAMPLE LINE FLOW RATES, TEST 12 (T-2001)

Primary
Model Boiler

SORV Condensate
S-1 IKP-4

Run
Time
(min)

Flow
Rate

(ml/mln)
Run
Time
(min)

Flow
Rate

(ml/mln)
Run
Time
(min)

Flow
Rate

(ml/mln)
Run
Time
(min)

Flow
Rate

(ml/mln)
2 70 0 82 1 92 0 667

29 72 27 76 30 90 25 667
43 50 42 84 42 98 41 667
56 70 54 70 54 78 - -
78 32 73 40 79 68 73 731
87 84 80 84 83 82 88 682
99 74 97 72 98 76 96 667
112 66 109 60 110 66 108 667
124 64 123 50 125 60 123 667
137 62 138 40 136 56 135 667141 92 140 82 140 80 - -
151 86 150 80 151 76 150 667
178 74 176 66 177 66 175 667
191 72 189 54 190 62 188 667
211 64 208 50 210 56 208 667
229 62 227 44 228 52 227 667
243 58 241 40 242 50 240 667
259 56 258 34 259 42 257 600
- - 265 88 - - - -
289 54 288 68 288 48 287 667
303 44 301 64 302 44 300 571
322 44 321 56 322 40 320 632
330 42 329 50 329 38 328 667
348 40 347 46 348 48 347 667
368 60 364 44 367 44 363 171
375 120 377 44 376 68 - -
390 114 391 40 390 66 - -

Notes: (a) SORV flow halted at 363 minutes.
(b) PrisMry flow rates adjusted after 86, 140 and 374 minutes; S-1 rates 

adjusted after 79, 139 and 264 measures and IKP-4 rates after 82, 139 
and 375 minutes.
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TABLE 5-25

ANALYTICAL RESULTS, TEST 13 (T-2069)

Run
Time
(min)

Model Boiler SORV Condensate

Li Conductivity Li Resistivity
(ppm) (pS/cm) (ppb) (MB cm)

-40 — 50(e) - -

-30 - 1085 - 0.130
-20 - 980 - 0.530
-10 - 880 - 0.380

0 26 804 0.6 0.317
5 - 769 - 0.304

10 24 723 0.4 0.332
15 26 693 0.4 0.345
20 - 680 0.4 0.365
25 21 633 0.7 0.334
30 21 571 1.6 0.321
35 18 508 2.2 0.307
40 15 450 1.8 0.294
45 14 401 1.8 0.284
50 14 368 1.4 0.278
55 - 349 - 0.278
60 — 330 — 0.271

Notes; (a) Conductivity and resistivity data taken from the 
computer output, except for the period before the 
test commenced when it was estimated from the 
recorder trace.

(b) All S-1 samples analysed at 1:100 dilution using 
the 0-1000 ppb range. Precision ±0.2 to
1.2 ppm.

(c) All SORV condensate samples analysed using the 0- 
20 ppb range. Precision ±0.1 to 0.3 ppb.

(d) Pre-test the surge tank contained 2 ppm oxygen 
and ppm hydrazine.

(e) Pre-dose value.
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TABLE 5-26 

SAMPLE LINE FLOW RATES, TEST 13 (T-2069)

Model Boiler
SORV Condensate

S-1 IKP-4

Run Flow Run Flow Run Flow
Time Rate Time Rate Time Rate
(min) (ml/min) (min) (ml/min) (min) (ml/min)
4 156 6 142 4 732

11 154 11 144 10 732
18 154 - - 22 732
26 152 - - - -

31 158 - - 31 750
37 158 - - 36 750
46 154 — — 46 750

Note: IKP-4 sample flow halted after ~15 minutes.
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TABl 7
ANALYTICAL RESULTS, TEST 14 (T-2067)

cnI
COcn

Run
Primary

Hodel B o ile r
SORV Condensate

S-1 lKP-4
Tlse
(min) L l K Conductivity L l K Conductivity L l K Conductivity L l K R e s is tiv ity

(ppb) (ppa) ( pS/cm) (ppa) (ppa) ( |iS/cm) (ppa) (ppa) ( pS/cm) (ppb) (ppb) (MQ cm)

-20 _ 201 _ - 1310 - - 1380 - - 1.370
-10 - - 201 - - 1265 - - 1350 - - 1.510

0 3.4 50 201 37 0.090 1251 36 0.080 1306 -0 -0 1.438
15 - - 201 36 0.080 1231 36 0.090 1290 -0 4 .0 1.409
20 - - 201 36 1 1239 36 0.100 1288 0 .5 1.2 0.058
25 - - 201 36 5 1242 37 4 1323 -0 .2 0 .6 0.029
30 3.4 50 200 35 8 1244 36 7 1312 -0 .2 0 .4 0.024
45 - - 202 35 23 1323 36 21 1386 -0 .2 -0 0.020
60 3.0 50 206 35 50 1389 36 35 1452 -0 .2 0 .3 0.022
75 - - 208 35 55 1463 36 30 1527 -0 0 .4 0.022
80 - - 210 - - 1489 - - 1551 -0 -0 0.039

82.5 - - 210 37 61 1484 36 58 1545 - - 0.061
85 - - 210 - - 1294 - - 1541 -0 -O 0.096
90 2.8 50 211 24 40 1021 36 56 1569 -0 -0 0.271
95 - - 211 - - 999 - - 1577 -0 -0 0.686
97.5 - - 211 4 8 170 33 53 1599 - - 1.098

100 - - 211 - - 21 - - 1763 -0 -0 1.574
105 - - 212 0.200 1.5 10 43 70 1986 -0 -0 1.786
110 - - 212 - - 6 - - 2034 -0 .2 -0 1.672
112.5 - - 212 0.100 1 5 45 72 2047 - - 1.568
115 - - 212 - - 4 - - 2047 0.5 -0 1.466
120 2.4 52 212 0.060 0.120 3 46 75 2059 -0 .2 -0 1.286
123 - - 212 - - 26 - - 2047 1.0 50 0.037
125 - - 212 - - 35 - - 2010 0 .6 60 0.028
127.5 - - 212 0.060 0.100 37 43 77 2121 - - 0.025
130 - - 211 - - 39 - - 2230 0.4 20 0.024
135 - - 212 0.040 0.050 38 46 114 2316 0.4 0 .8 0.024
150 2 .0 52 216 0.020 0.030 43 43 230 2596 -0 0 .4 0.022
165 - - 219 0.0060 0.020 43 44 230 3232 -0 .2 -0 0.022
180 2 .0 52 223 0.0044 0.015 46 43 280 3451 -0 .2 1.6 0.020
195 - - 227 0.0024 0.015 3 45 315 4062 -0 -0 0.567
210 1.6 50 228 0.0018 0.010 2 42 300 3806 -0 -0 0.596

Notes: ( a )
(b)

(c )

(d)

(e)

SGTRs extended from IS to  75 end 120 to 180 minutes, blowdown from 80 to 103 minutes.
Conductivity end r e s is t iv i t y  dats taken from the computer output fo r  the period 0 to  195 minutes and from the recorder trace
a t other times.
A ll  SORV analyses, except where noted below, and a l l  l l t h l u i  analyses on primary samples were ca rried  out using the 0-20 ppb 
ranges. Precision lO .l to  0 .3  ppb. Lithium  analyses on S-1 samples from 165 to  210 minutes were also ca rried  out using th is  
range.
A ll other analyses were ca rried  out using the 0-1000 ppb ranges, e ith e r  undilu ted  (potassium analysis  on SORV condensate 
samples from 123 to  130 minutes, llth lis s  analyses on S-1 samples from 105 to 210 minutes, potassium analyses on S-1 samples 
from 0 to  15 and 120 to  210 minutes, lKP-4 samples from 0 to  15 m inutes), or d ilu te d  1:100, 1:200 (potassium analyses on the 
lKP-4 sample a fte r  150 minutes) or 1:500 (potassium on lKP-4 samples from 165 to 210 m inutes).
P re -te s t the make-up tank contained 71 ppm potassium and 16 ppm hydrazine, the surge tank 2 ppm oxygen and ~5 ppm hydrazine
and the primary loop <5 ppb oxygen and 0.01 ppm hydrazine.



TABLE 5-28

SAMPLE LINE FLOW SATES, TEST 14 (T-2067)

Primary
Model Boiler

SORV Condensate
S-1 IKP-4

Run Flow Run Flow Run Flow Run Flow
Time Sate Time Rate Time Rate Time Rate
(min) (ml/min) (min) (ml/min) (min) (ml/min) (min) (ml/min)

6 58 4 90 5 91 3 667
22 56 21 88 22 94 21 682
37 58 36 88 36 96 35 667
53 56 52 88 52 94 51 667
77 57 76 88 76 92 75 667
93 53 91 76 92 94 91 682
112 54 109 78 111 93 109 682
122 53 121 79 122 94 120 625
137 51 136 80 136 96 135 667
153 50 151 79 152 88 150 682
178 50 176 76 177 82 176 652
183 50 181 74 182 78 180 652
198 50 196 72 197 78 195 667
208 49 207 74 208 79 207 682
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ANALYTICAL RESULTS, TEST 15 (T-2050 to T-2054)

cn
IVO

Primary
Hodel Boiler

Run S-1 IKP-4
Tlae
(aln) Ll K Conductivity Ll K Conductivity Ll K Conductivity Ll K Re.i.tivlty

(ppb) (pp«) ( gS/cn) (PP») (PP«) ( gS/ca) (PP«) (PP«) ( gS/ca) (ppb) (ppb) (MQ ca)

-30
_ 290 _ 275 - - 270 - - -

-20 _ 300 - 270 - - 270 - - 0.097
-10 _ _ 300 _ - 270 - - 270 - - 1.330
0 _ 301 - - 268 - - 269 •0 -0 1.349
1 _ _ 301 8 0.090 268 8 0.090 269 - - 1.349
5 _ _ 299 8 0.090 264 8 0.090 268 4) -0.2 1.354
10 _ 299 7.5 0.100 262 8 0.090 267 4} -0.2 1.353
15 _ _ 299 6 0.080 214 8 0.090 263 41 -0.2 1.369
20 _ 299 5 0.075 180 8 0.090 262 4) -0 1.339
25 _ _ 300 5 0.050 160 8 0.090 254 4) 1.4 1.303
30 _ 299 4 0.050 135 7 0.090 235 4) -0 1.314
35 295 3 0.040 108 6 0.080 210 -0 -0 1.323
40 295 2 0.040 90 5.5 0.060 177 -0 -0 1.364
45 _ 294 2 0.030 77 5 0.050 148 ~0 -0 1.436
50 _ 295 1.000 0.020 35 4 0.040 127 -0 -0.2 1.729

52.5 _ 294 - - 10 - - 113 3.0 -0.2 1.300
55 294 0.070 0.0014 5 3 0.030 94 4.6 -0 0.936

57.5 __ _ 295 _ _ 4 - - 89 0.5 -0 0.900
60 295 0.030 0.0008 3 3 0.040 83 0.8 -0 0.807
65 295 0.0164 --0 2 2.5 0.040 74 1.0 -0 0.861
70 _ - 293 0.0064 -0.0002 2 2 0.040 65 0.4 -0 0.972
75 1.8 53 295 0.0078 0.0005 1 2 0.025 45 0.4 -0 1.248
90 295 . .. 1 ~ - 22 -0 -0 1.320
105 2.6 53 290 0,0074 0.0004 1 0.400 0.0108 16 0.6 -0 1.330
120 290 - - 1 - - 10 1.0 -0 1.320
135 3.0 53 290 0.0052 0.0056 1 0.360 0.0116 12 0.4 -0 1.340
150 3.0 54 289 0.0040 0.0008 1 0.140 0.0054 8 0.8 -0 1.393

152.5 291 - - 10 - - 7 1.8 0.8 0.060
155 _ 293 0.0050 0.030 54 0.100 0.0054 6 25 8.2 0.019
160 289 0.0060 0.050 57 0.260 2.0 25 14.0 60 0.018
165 294 - - 57 - - 57 6.0 100 0.018
170 _ _ 293 0.030 0.400 56 0.420 8.0 74 3.6 110 0.019
175 288 - - 54 - - 83 2.6 120 0.019
ISO 3.4 55 284 0.030 0.600 53 0.370 12.0 100 1.6 120 0.020
185 279 - - 10 - - 113 -0.2 40 0.123
190 278 0.0042 0.180 2 0.320 12.0 104 -0.2 100 0.797
200 _ 278 0.0032 0.230 2 0.420 6.0 64 0.3 130 0.978
205 _ 277 - 2 - - 56 0.6 100 0.913
210 3.6 55 278 0.0036 0.260 2 0.550 7.0 81 1.2 600 0.285
215 277 - - 2 - - 119 1.8 460 0.615
225 _ _ 275 0.0038 0.350 2 0.950 57 405 2.5 520 0.600
240 3.6 55 274 0.0034 0.300 1 0.430 26 400 2.5 470 0.595
255 _ 273 0.0030 0.250 1 0.380 27 213 1.8 370 0.622
260 - _ 272 0.0028 0.200 1 0.300 19 156 2.0 400 0.600
262 _ - 273 - - 23 - - 136 4.4 1000 0.036
265 - - 273 0.0028 0.110 45 0.270 16 181 7.0 640 0.022
270 3.8 55 273 0.0028 7 62 0.850 190 1617 4.6 220 0.021
275 - - 272 - - 51 - - 2474 2.6 150 0.021
280 - - 269 0.020 0.700 48 2 330 2938 1.8 140 0.021



TABLE 5-29 (CONTINUED)
ANALYTICAL RESULTS, TEST 15 <T-2050 to T-2054)

CT!IKOCO

primary
Model Boiler

Run S-1 IKP-6
vunv \.onoenBace

TIm
(aln) Ll K Conductivity Ll K Conductivity Ll K Conductivity Ll K Reslatlvlty

(ppb) (PP») ( pS/ca) (PP«) (PP«) ( pS/ca) (PP«) (PP«) (|fi/ca) (ppb) (ppb) (MO ca)
290 _ _ 267 0.020 0.650 65 2 600 3862 1.0 120 0.022
300 6.2 54 265 0.0062 0.570 3 2 600 3667 0.6 670 0.530
310 - - 260 0.0066 0.540 3 2 365 3280 0.6 610 0.333
315 - - 263 - - 3 - - 3136 0.8 690 0.296
320 - - 263 0.0032 0.120 1 1.5 290 2687 1.6 690 0.367
323 - - 262 - - 96 - - 1668 1.7 350 0.861
325 - - 262 - - 500 - - 1600 1.6 200 1.000
330 6.2 55 262 0.630 116 900 0.720 190 1750 1.0 70 1.600
365 - - 262 0.330 100 900 0.720 200 1700 0.3 30 1.830
360 6.2 55 262 0.350 112 862 0.650 200 1666 0.6 20 1.866
365 - - 261 0.350 104 759 0.630 200 1595 0.3 15 1.866
367 - - 261 - - 865 - - 1619 0.3 25 0.063
370 - - 262 0.320 108 688 0.660 200 1681 0.3 20 0.026
375 - - 260 - - 626 - - 2067 >«.2 12.6 0.023
380 - - 261 0.370 156 1058 0.700 283 2262 -0.2 8.6 0.026
390 6.2 55 257 0.350 180 1216 0.700 335 2633 -0.2 9.6 0.025
600 - - 258 0.290 166 1216 0.660 360 2877 -0 16.6 0.189
610 - - 258 0.260 175 1216 0.520 325 2621 -0.2 25 1.832
620 6.6 55 257 0.350 185 1387 0.520 320 2568 -0.2 12.0 1.303
635 - - 257 0.320 150 1070 0.630 205 1570 -0 6.0 1.290
665 - - 258 0.325 150 1065 0.650 205 1558 -0 2.6 1.303
650 6.6 55 258 0.330 165 1021 0.660 200 1522 -0 2.0 1.320

652.5 - - 258 - - 1021 - - 1522 -0 6.6 0.060
655 - - 258 0.320 165 1009 0.660 200 1510 -0.2 6.0 0.029
660 - - 256 0.360 160 1119 0.660 205 1583 -0.2 3.6 0.027
665 - - 258 - - 1180 - - 1705 -0 3.6 0.026
670 - - 260 0.350 180 1277 0.670 260 1778 -0 3.6 0.028
680 6.6 53 260 0.360 205 1668 0.470 265 1986 -0 6.6 0.029
690 - - 260 0.350 210 1697 0.670 275 2108 -0 3.0 0.928
500 - - 262 0.360 210 1673 0.660 275 2096 - - 1.286
510 - - 262 - - 1670 - - 2000 - - 1.100

Notes: (a)
(b)
(c)

(a)

(e)

SGTRs extended froa 151 to 181, 260 to 290, 365 to 395 and 650 to 680 ainutea, bloadown froa 10 to 65 alnutes.
Conductivity and resistivity data taken froa the coaputer outputs for the periods 0 to 75, 166 to 216, 255 to 326, 360 to 625 
and 665 to 501 alnutes and froa the recorder trace at other tlaes.
All SORV condensate analysea, except as noted belov, llthliai analyses on all prlaary saaples and on S-1 saaples froa 65 to 
160, 190 to 270 and 300 to 320 alnutes anad potasslua analyses on S-1 saaples froa 55 to 150 alnutes were carried out using 
the 0-20 ppb ranges. Precision ±0.1 to 0.3 ppb. The 0-1000 ppb ranges were used for the SORV condensate saaples taken after 
155 alnutes (llthlua) and 160 to 370 and 610 alnutes (potasslua).
All other analyses were carried out using the 0-1000 ppb ranges, either undiluted or. diluted 1:100 (S-1 saaples after 1 to 65
alnutes (llthlua), IKP-6 saaples after 1 to 95 and 280 to 320 ainutea (llthlua) and 160 to 265 alnutes (potasslua) and 
potasslua analyses on prlaary saaples), 1:200 (potasslua analyses on S-1 saaples, 330 to 600 alnutes and IKP-6 saaples, 270
and 365 to 380 alnutes) or 1:500 (potasslua analyses on S-1 saaples, 610 to 500 alnutes) and IKP-6 saaples, 280 to 330 and 380
to 500 alnutes).
Pre-test the aake-up tank contained 50 ppa potasalua and 16 ppa hydrazine, the surge tank 3 ppa oxygen and 6 ppa hydrazine and 
the prlaary loop <5 ppb oxygen and 0.01 ppa hydrazine.



TABLE 5-30

SAMPLE LINE FLOW RATES, TEST 15 (T-2050 to T-2054)

Primary
Model Boiler

SORV Condensate
S-1 IKP-4

Run
Time
(min)

Flow
Rate
(ml/mm)

Run
Time
(min)

Flow
Rate

(ml/mln)
Run
Time
(min)

Flow
Rate

(ml/mln)
Run
Time
(min)

Flow
Rate

(ml/mln)
-4 94 -6 94 -5 82 -7 833
14 84 12 90 13 76 11 811
28 88 27 66 27 76 26 833
43 86 42 70 43 72 41 882
53 84 57 70 53 64 57 833
74 83 72 66 73 44 71 800
133 64 132 69 133 36 131 811
142 108 135 92 136 100 - -
163 68 162 92 162 74 161 833
183 66 181 92 182 71 181 870
203 63 202 88 202 52 201 811
- - - - 214 98 - -
228 64 227 88 231 98 226 833
258 62 257 90 258 87 256 833
272 54 271 90 272 100 271 857
289 56 288 91 289 118 287 811
- - - - 291 116 - -
307 54 306 85 307 110 305 833
322 54 322 85 322 111 321 833
- - 323 84 - - - -
347 53 346 80 347 113 345 857
363 53 361 80 362 105 361 833
382 52 381 80 382 108 380 857
402 52 401 78 402 108 401 833
422 51 421 76 422 100 421 833
448 52 447 76 448 100 447 811
468 50 466 65 467 102 465 811
493 51 491 61 492 102 491 811

Motes: (a) Blowdown conunenced at 10 minutes, SGTRs at 151, 260, 365 and 450
minutes respectively.

(b) Primary, S-1 and IKP-4 flows adjusted after 134 minutes; IKP-4 flow 
adjusted 213 minutes.
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TABLE 5-3] TINUED)

ANALYTICAL RESULTS, TEST 16 (T-206I to T-2065)

p rim ary
Model B o i le r

Run
T la e
(■ In )

S-1 lK P -4
ovftkT \/vuu«5uva«.e

L I K C o n d u c tiv ity L I K C o n d u c tiv ity L I K C o n d u c tiv ity L i K R e s is t iv i t y
(ppb) (p p » ) ( pS/cm) (ppm) (PP«) ( pS /ca) (ppm) (p p a ) ( pS/ca ) (ppb) (ppb) (MQ ca)

300 - - 223 - - 511 12 235 924 50 300 0 .0 61
305 - - 223 8 136 460 - - 990 50 150 0 .0 6 6
320 5 .2 59 223 8 136 596 16 250 1079 30 100 0 .0 7 0
325 - - 223 - - 675 - - 1151 20 100 0 .0 6 5
330 - - 223 7 124 630 16 245 1282 1 9 .6 120 0 .0 4 2
335 - - 224 - - 889 - - 1431 1 6 .0 90 0 .0 4 1
340 - - 221 7 144 776 17 265 1590 14. 4 80 0 .0 4 2
350 5 .8 59 216 9 240 1193 18 300 1937 11 .4 60 0 .0 5 2
360 - - 211 9 260 1284 18 330 2108 7 .6 60 0 .0 7 2
370 - - 210 8 225 1046 18 325 2157 8 .0 80 0 .0 7 5
380 5 .0 59 210 9 255 1254 17 310 1876 6 .0 60 0 .0 6 6
385 - - 210 - - 995 - - 1461 6 .2 40 0 .0 6 7
395 - 210 7 195 952 11 205 1277 6 .6 40 0 .0 7 3
400 - - 210 - - 953 - - 1290 6 .4 40 0 .0 74
405 - - 210 7 200 972 11 215 1302 7 .0 40 0 .0 6 0
410 5 .0 60 210 - - 1002 - - 1314 6 .0 40 0 .0 57
415 - - 208 7 205 1032 11 225 1339 6 .0 40 0 .0 5 8
420 - - 206 - - 1069 - - 1387 5 .4 30 0 .0 5 9
425 - - 206 7 230 1119 11 260 1473 5 .0 30 0 .0 5 3
435 - - 203 7 250 1216 11 260 1546 4 .4 20 0 .0 7 3
440 4 .4 60 203 - - 1266 - - 1656 - - 0 .0 7 4
445 - - 203 7 255 1297 11 285 1705 3 .0 20 0 .0 7 3
450 • - - 203 - - 1340 - - 1717 - - 0 .0 7 3

tnI

Notes: (a )
(b )

(c)

(d)

(e)

SGTRs extended fro n  135 to  165 , 240 to  2 7 0 , 325 to  355 and 400 to  430 a ln u te s , blowdown extended f ro a  10 to  59 a ln u te s .  
C o n d u c tiv ity  and r e s i s t i v i t y  d a ta  taken  f r o a  the  coa p u te r o u tpu ts  fo r  the  p erio d s  0 to  7 5 , 130 to  2 0 0 , 235 to  3 00 , 320 to  385 
and 395 to  450 a ln u te s .
A l l  SORV condensate a n a ly s e s , excep t as noted  below , a l l  l l t h l u a  ana lyses  on p r la a ry  saap les  and p o ta s s ltn  ana lyses  on S-1 
saaples (55  to  135 a ln u te s )  were c a r r ie d  out using  the  0 -2 0  ppb ran ges . P re c is io n  ±0 .1  to  0 .3  ppb. The SORV condensate  
saap le  a f t e r  250 a ln u te s  was analysed  u s in g  th is  range a f t e r  d i lu t io n  1 : 2 .
A l l  o th e r ana lyses  were c a r r ie d  out u s in g  th e  0 -1 0 0 0  ppb ran ges , a a ln ly  u n d ilu te d , p re c is io n  ±2 to  12 ppb, o r d ilu te d  1 :2  
(SORV condensate saap les  fo r  p o ta s s lis i a t  200 and 295 a ln u te s ) ,  1 :100  ( l l t h l u a  ana lyses  on S-1 saap les  a t  0 to  50 and 295 to  
445 a ln u te s  and lK P -4  saap les  a t  0 to  80 and 145 to  445 a ln u te s , p o ta ss lu a  analyses on p r la a ry  saap les  and on the lK P-4  
saap le  a t  145 a ln u te s ) ,  1 :200  (p o ta s s ltm  ana lyses  on S-1 samples a t  295 to  340 m inutes and lK P -4  samples a t  250 to  260 
a ln u te s )  o r 1 :500 (p o ta s s lu a  analyses  on S-1 samples a t  350 to  445 m inutes and lK P -4  saaples  a t  155 to  245 and 270 to  445  
a ln u te s ) .
P r e - te s t  th e  aake-u p  tan k  c o n ta in ed  ~60 ppm potassium , ~2 ppm oxygen and 10 ppm h y d ra z in e , th e  surge tan k  2 ppa oxygen and 
-5  ppa h yd raz in e  and the  p rloM ry  loop <5 ppb oxygen and 0 .0 1  ppm h y d ra z in e .



TABLE 5 -3 2

SAMPLE L IN E  FLOW RATES, TEST 16 (T -2 0 6 1  to  T -2 0 6 5 )

Primary
Model Boiler

SORV Condensate
S-1 lKP-4

Run
Time
(min)

Flow
Rate
(ml/min)

Run
Time
(min)

Flow
Rate

(ml/min)
Run
Time
(min)

Flow
Rate

(ml/min)
Run
Time
(min)

Flow
Rate

(ml/min)
3 118 2 104 2 74 1 811

22 116 21 70 21 74 20 857
43 116 42 66 43 68 41 833
57 116 56 64 57 50 56 857
- - - - 66 20 - -
78 116 69 84 69 89 71 811
88 114 81 82 87 50 85 833
- - - - 88 131 - -
112 112 Ill 88 112 59 110 811

- - - - 117 90 - -
132 108 131 84 132 72 130 811
149 108 148 90 148 60 147 811
168 106 166 88 167 44 166 833

- - - - 171 102 - -
- - - - 182 68 - -
187 106 186 86 187 38 185 811

- - - - 190 108 - -

200 102 197 86 197 43 196 811
- - - - 201 100 - -

216 104 216 87 216 58 215 857
234 106 232 82 233 58 232 833
247 100 246 83 246 60 245 833
262 104 261 86 262 66 260 811
273 101 272 88 273 64 271 833
284 100 284 87 283 58 283 833
293 102 291 86 293 54 291 811

- - - - 292 120 - -

322 102 321 85 322 83 321 833
333 106 332 84 333 110 331 833
352 103 351 84 352 80 350 833
372 102 371 76 372 138 370 857
384 100 383 80 384 132 382 857
398 100 396 86 398 158 395 833
408 98 406 86 407 130 406 857
418 97 416 82 417 162 415 833
432 97 431 88 431 158 430 833
447 94 446 84 447 140 445 857

Notes: (a) Blowdown phase commenced at 10 minutes, SGTRs at 135, 240, 315 and 400
minutes respectively.

(b) S-1 flow adjusted after 67 minutes; lKP-4 flows adjusted after 67, 87,
114, 169, 188, 200 and 292 minutes.
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Figure 5-2. Primary Fluid (T-1150): Test No. 1 (T-1952)
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Figure 5-3. Primary Fluid Flow Rate (WF-109): Test No. 1 (T-1952)
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Figure 5-4. Secondary Side Pressure (P-7): Test No. 1 (T-1952)
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Figure 5-5. Downcomer Water Level - Narrow Range (WL-9368): Test No. 1 (T-1952)
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Figure 5-6. SGTR Flow Rate (WF-150): Test No. 1 (T-1952)
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Figure 5-7. SORV Flow Rate (WF-01): Test No. 1 (T-1952)
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Figure 5-8. SORV Tank Level (LT-3): Test No. 1 (T-1952)
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Figure 5-9. Hot Leg Downcomer Flow Rate (WDCHL): Test No. 1 (T-1952)
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Figure 5-10. Cold Leg Downcomer Flow Rate (WDCCL): Test No. 1 (T-1952)
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Figure 5-11. Secondary Fluid Temperature (STC-7): Test No. 1 (T-1952)
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Figure 5-12. Secondary Fluid Temperature (STC-41): Test No. 1 (T-1952)
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Figure 5-13. Secondary Fluid Temperature (STC-53): Test No. 1 (T-1952)
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Figure 5-14. Integrated SGTR Flow: Test No. 1 (T-1952)
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Figure 5-15. Variation in Tracer Concentrations: Test No. 1 (T-1952)

LEVEL, RESISTIVITY OR CONDUCTIVITY 
LITHIUM CONCENTRATION 
POTASSIUM CONCENTRATION
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Figure 5-16. Comparison Between S-1 ( O) and IKP-4 ( ▲)  Results After Correcting for Sample Line Delays: TestNo. 1 (T-1952)

5-111



RUN 1958
2200

2100

 ̂2000
1900

1600

K 1700

1600
80000 2000 100004000 6000

Tine (SCCONOS)u

Figure 5-17. Primary System (Pressurizer) Pressure (P-139): Test No. 2 (T-1958)
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Figure 5-18. Primary Fluid (T-1150): Test No. 1 (T-1958)
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Figure 5-19. Primary Fluid Flow Rate (WF-109): Test No. 2 (T-1958)
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Figure 5-20. Secondary Side Pressure (P-7): Test No. 2 (T-1958)
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Figure 5-21. Downcomer Water Level - Wide Range (WL-9321); Test No. 2 (T-1958)
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Figure 5-22. SGTR Flow Rate (WF-150): Test No. 2 (T-1958)
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Figure 5-23. SORV Flow Rate (WF-01): Test No. 2 (T-1958)
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Figure 5-24. SORV Tank Level (LT-3): Test No. 2 (T-1958)
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Figure 5-25. Hot Leg Downcomer Flow Rate (WDCHL): Test No. 2 (T-1958)
RUN 1958 3-19-85

•OCCl

2000 4000 0000
KMC (UCMS)

•000 10000

Figure 5-26. Cold Leg Downcomer Flow Rate (WDCCL): Test No. 2 (T-1958)
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Figure 5-27. Downcomer Water Level - Narrow Range (WL-9368): Test5 27 DowncomerreNo. 2 (T-1958)
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Figure 5-28. Integrated SGTR Flow: Test No. 2 (T-1958)
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Figure 5-29. Secondary Fluid Temperature (STC-7): Test No. 2 (T-1958)
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Figure 5-30. Secondary Fluid Temperature (STC-41): Test No. 2 (T-1958)
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Figure 5-31. Secondary Fluid Temperature (STC-53): Test No. 2 (T-1958)
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Figure 5-32. Variation in Tracer Concentrations: Test No. 2 (T-1958)
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Figure 5-33. Comparison Between S-1 ( O ) and IKP-4 (▲)  Results After Correcting for Sample Line Delays.; Test No. 2 (T-1958)
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Figure 5-34. Primary System (Pressurizer) Pressure (P-140): Test No. 3 (T-1970)
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Figure 5-35. Primary Fluid (T-1151): Test No. 3 (T-1970)
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Figure 5-36. Primary Fluid Flow Rate (WF-109): Test No. 3 (T-1970)
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Figure 5-37. Secondary Side Pressure (P-7): Test No. 3 (T-1970)
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Figure 5-38. Downcomer Water Level - Narrow Range (WL-9368): Test No. 3 (T-1970)
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Figure 5-39. SGTR Flow Rate (WF-150): Test No. 3 (T-1970)
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Figure 5-40. SORV Flow Rate (WF-01): Test No. 3 (T-1970)
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Figure 5-41. SORV Tank Level (LT-3); Test No. 3 (T-1970)
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Figure 5-42. Integrated SGTR Flow: Test No. 3 (T-1970)
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Figure 5-43. Variation in Tracer Concentrations: Test No. 3 (T-1970)
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Figure 5-44. Comparison Between S-1 ( O ) and IKP-4 ( A) Results After Correcting for Sample Line Delays: Test No. 3 (T-1970)
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Figure 5-45. Primary System (Pressurizer) Pressure (P-140): Test No. 4 (T-1982)
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Figure 5-46. Primary Fluid (T-1151): Test No. 4 (T-1982)
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Figure 5-47. Primary Fluid Flow Rate (WF-111): Test No. 4 (T-1982)
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Figure 5-48. Secondary Side Pressure (P-7): Test No. 4 (T-1982)
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Figure 5-50. SGTR Flow Rate (WF-150): Test No. 4 (T-1982)
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Figure 5-51. SORV Flow Rate (WF-01): Test No. 4 (T-1982)
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Figure 5-52. SORV Tank Level (LT-3): Test No. 4 (T-1982)
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Figure 5-53. Hot Leg Downcomer Flow Rate (WDCHL): Test No. 4 (T-1982)
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Figure 5-54. Cold Leg Downcomer Flow Rate (WDCCL): Test
No. 4 (T-1982)
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Figure 5-55. Integrated SGTR Flow: Test No. 4 (T-1982)
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Figure 5-56. Variation in Tracer Concentrations: Test No. 4 (T-1982)
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Figure 5-57. Comparison Between S-1 ( O) and IKP-4 (A) Results After Correcting for Sample Line Delays: TestNo. 4 (T-1982)
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Figure 5-59. Primary Fluid Tu.+ (T-1151): Test No. 5
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Figure 5-60. Primary Fluid Flow Rate (WF-109): Test No. 5 (T-1972)
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Figure 5-61. Secondary Side Pressure (P-7): Test No. 5 (T-1972)
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Figure 5-62. Downcomer Water Level - Narrow Range (WL-9368): Test No. 5 (T-1972)Figure
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Figure 5-63. SGTR Flow Rate (WF-150): Test No. 5 (T-1976)
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Figure 5-64. SORV Flow Rate (WF-01): Test No. 5 (T-1972)
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Figure 5-65. SORV Tank Level (LT-3): Test No. 5 (T-1972)
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Figure 5-66. Integrated SGTR Flow: Test No. 5 (T-1972)
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Figure 5-67. Variation in Tracer Concentrations: Test No. 5 (T-1972) (N.B. Uncorrected Water Level Plotted)
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Figure 5-68. Comparison Between S-1 ( O )  and IKP-4 ( A )  Results After Correcting for Sample Line Delays: TestNo. 5 (T-1972)
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Figure 5-69. Primary System (Pressurizer) Pressure (P-139): Test No. 6 (T-1957)
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Figure 5-70. Primary Fluid (T-1150): Test No. 6 (T-1957)
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Figure 5-71. Primary Fluid Flow Rate (WF-109): Test No. 6 (T-1957)
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Figure 5-72. Secondary Side Pressure (P-7): Test No. 6 (T-1957)
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Figure 5-73. SORV Flow Rate (WF-01): Test No. 6 (T-1957)
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Figure 5-74. SORV Tank Level (LT-3): Test No. 6 (T-1957)
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Figure 5-75. Downcomer Water Level - Narrow Range (WL-9368): Test No. 6 (T-1957)
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Figure 5-76. Variation in Tracer Concentrations: Test No. 6 (T-1957)
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Figure 5-77. Primary System (Pressurizer) Pressure (P-139): Test No. 7 (T-1966)
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Figure 5-78. Primary Fluid (T-1150): Test No. 7 (T-1966)
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Figure 5-79. Primary Fluid Flow Rate (WF-109): Test No. 7 (T-1966)
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Figure 5-80. Secondary Side Pressure (P-7): Test No. 7 (T-1966)
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Figure 5-81. SORV Flow Rate (WF-01): Test No. 7 (T-1966)
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Figure 5-82. SORV Tank Level (LT-3): Test No. 7 (T-1966)
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Figure 5-83. Downcomer Water Level - Narrow Range (WL-9268): Test No. 7 (T-1966)
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Figure 5-84. Variation in Tracer Concentrations:
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Figure 5-85. Comparison Between S-1 ( O ) and IKP-4 ( A )  Results After Correcting for Sample Line Delays: Test No. 7 (T-1966)
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Figure 5-86. Comparison Between SORV Condensate Results with Model Boiler Water Levels After Correcting for Sample Line Delays: Test No. 7 (T-1966)
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Figure 5-87. Primary System (Pressurizer) Pressure (P-139): Test 8 (T-1975)
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Figure 5-88, Primary Fluid (T-1150): Test No. 8 (T-1975)
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Figure 5-91. Downcomer Water Level - Narrow Range (WL-9368): Test No. 8 (T-1975)
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Figure 5-92. Downcomer Water Level - Wide Range (WL-9321):
Test No. 8 (T-1975)
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Figure 5-93. SORV Flow Rate (WF-01): Test No. 8 (T-1975)
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Figure 5-94. SORV Tank Level (LT-3): Test No. 8 (T-1975)
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Figure 5-95. Hot Leg Downcomer Flow Rate (WDCHL): Test No. 
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Figure 5-96. Cold Leg Downcomer Flow Rate (WOCCL): Test No.
8 (T-1975)
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Figure 5-97. Secondary Fluid Temperature (STC-2): Test No. 8 
(T-1975)
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Figure 5-98. Secondary Fluid Temperature (STC-7): Test No. 8
(T-1975)
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Figure 5-99. Secondary Fluid Temperature (STC-21): Test No. 8 (T-1975)

RUN
MO

MO

tooo MOO

Figure 5-100. Secondary Fluid Temperature (STC-27): Test No.
8 (T-1975)
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Figure 5-101. Secondary Fluid Temperature (STC-34): Test No. 8 (T-1975)
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Figure 5-102. Secondary Fluid Temperature (STC-41): Test No.
8 (T-1975)

5-163



SM

Ul

2000 
TIIC (SCCONOS)

2500500 tooo 1500 3000

Figure 5-103. Secondary Fluid Temperature (STC-55); Test No
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Figure 5-104. Secondary Fluid Temperature (STC-60): Test No
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Figure 5-105. Secondary Fluid Temperature (STC-61); Test No. 8 (T-1975)
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Figure 5-106. Differential Pressure, DP-0404A;
Test No. 8 (T-1975)
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Figure 5-107. Differential Pressure, DP-0808A: Test No. 8 (T-1975)
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Figure 5-108. Differential Pressure, DP-0760; Test No. 8 (T-1975)
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Figure 5-109. Primary System (Pressurizer) Pressure (P-139): Test 
No. 8 (T-1976)
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Figure 5-110. Primary Fluid (T-1150): Test No. 8 (T-1976)
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Figure 5-111. Primary Fluid Flow Rate (WF-109); Test No. 8 (T-1976)
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Figure 5-112. Secondary Side Pressure (P-7): Test No. 8 (T-1976)
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Figure 5-113. Downcomer Water Level - Wide Range (WL-9321); Test No. 8 (T-1976)
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Figure 5-114. S6TR Flow Rate (WF-150): Test No. 8 (T-1976)
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Figure 5-115. SORV Flow Rate (WF-01): Test No. 8 (T-1976)
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Figure 5-116. SORV Tank Level (LT-3): Test No. 8 (T-1976)
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Figure 5-117. Secondary Fluid Temperature (STC-2): 
Test No. 8 (T-1976)
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Figure 5-118. Secondary Fluid Temperature (STC-7): Test No. 8 (T-1976)
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Figure 5-119. Secondary Fluid Temperature (STC-21): Test 
No. 8 (T-1976)
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Figure 5-120. Secondary Fluid Temperature (STC-27): Test
No. 8 (T-1976)
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Figure 5-121. Secondary Fluid Temperature (STC-34): Test121Figure No. 8 (T-1976)
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Figure 5-122. Secondary Fluid Temperature (STC-41): Test
No. 8 (T-1976)
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Figure 5-123. Secondary Fluid Temperature (STC-55): Test No. 8 (T-1976)
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Figure 5-124. Secondary Fluid Temperature (STC-60): Test
No. 8 (T-1976)
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Figure 5-125. Hot Leg Downcomer Flow Rate (WDCHL): Test 
No. 8 (T-1976)
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Figure 5-126. Cold Leg Downcomer Flow Rate (WDCCL): Test
No. 8 (T-1976)
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Figure 5-127. Differential Pressure, DP-0404A: Test No. 8 (T-1976)
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Figure 5-128. Differential Pressure, DP-0808A: Test No. 8 (T-1976)
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Figure 5-129. Integrated S6TR Flow: Test No. 8 (T-1976)
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Figure 5-130. Primary System (Pressurizer) Pressure (P-139); Test No. 8 (T-1977)
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Figure 5-131. Primary Fluid (T-1150): Test No. 8 (T-1977)
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Figure 5-132. Primary Fluid Flow Rate (WF-109): Test No. 8 (T-1977)
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Figure 5-133. Secondary Side Pressure (P-7): Test No. 8 (T-1977)

5-179



00

I-<

•tM

IMO ItM

Figure 5-134. Downcomer Water Level - Wide Range (WL-9321): Test No. 8 (T-1977)
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Figure 5-135. S6TR Flow Rate (WF-150): Test No. 8 (T-1977)
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Figure 5-136. SORV Flow Rate (WF-01): Test No. 8 (T-1977)
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Figure 5-137. SORV Tank Level (LT-3): Test No. 8 (T-1977)
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Figure 5-138. Secondary Fluid Temperature (STC-2): Test No. 8 (T-1977)
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Figure 5-139. Secondary Fluid Temperature (STC-7): Test
No. 8 (T-1977)
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Figure 5-140. Secondary Fluid Temperature (STC-21): Test No. 8 (T-1977)
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Figure 5-141. Secondary Fluid Temperature (STC-27): Test
No. 8 (T-1977)
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Figure 5-142. Secondary Fluid Temperature (STC-34); Test No. 8 (T-1977)
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Figure 5-143. Secondary Fluid Temperature (STC-41): Test
No. 8 (T-1977)

5 -1 8 4



SS3

S 5S2

SSIK

ISOO 2100 24001800300 600 900

Figure 5-144. Secondary Fluid Temperature (STC-55): Test 
No. 8 (T-1977)
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Figure 5-145. Secondary Fluid Temperature (STC-60): Test
No. 8 (T-1977)
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Figure 5-147. Cold Leg Downcomer Flow Rate (WDCCL): Test
No. 8 (T-1977)
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Figure 5-148. Differential Pressure DP-0760: Test No. 8 (T-1977)
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Figure 5-149. Integrated SGTR Flow: Test
No. 8 (T-1977)
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Figure 5-150. Primary System (Pressurizer) Pressure (P-139): 
Test No. 8 (T-1978)
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Figure 5-151. Primary Fluid (T-1150): Test No. 8 (T-1978)
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Figure 5-152. Primary Fluid Flow Rate (WF-109): Test No. 8 (T-1978)
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Figure 5-153. Secondary Side Pressure (P-7): Test No. 8 (T-1978)
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Figure 5-154. Downcomer Water Level - Wide Range (WL-9321): Test No. 8 (T-1978)
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Figure 5-155. SGTR Flow Rate (WF-150): Test No. 8 (T-1978)
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Figure 5-156. SORV Flow Rate (WF-01): Test No. 8 (T-1978)
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Figure 5-157. SORV Tank Level (LT-3): Test No. 8 (T-1978)
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Figure 5-158. Hot Leg Downcomer Flow Rate (WDCHL): Test No. 8 (T-1978)
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Figure 5-159. Cold Leg Downcomer Flow Rate (WDCCL): Test
No. 8 (T-1978)
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Figure 5-160. Secondary Fluid Temperature (STC-2): Test No. 8 (T-1978)
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Figure 5-161. Secondary Fluid Temperature (STC-7): Test
No. 8 (T-1978)
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Figure 5-162. Secondary Fluid Temperature (STC-21): Test No. 8 (T-1978)
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Figure 5-163. Secondary Fluid Temperature (STC-27): Test
No. 8 (T-1978)
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Figure 5-164. Secondary Fluid Temperature (STC-34): Test 
No. 8 (T-1978)
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Figure 5-165. Secondary Fluid Temperature (STC-41): Test
No. 8 (T-1978)
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Figure 5-166. Secondary Fluid Temperature (STC-55): Test No. 8 (T-1978)
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Figure 5-167. Secondary Fluid Temperature (STC-60): Test167Figure
No. 8 (T-1978)
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Figure 5-170. Primary System (Pressurizer) Pressure (P-139): Test No. 8 (T-1979)
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Figure 5-171. Primary Fluid (T-1150): Test No. 8 (T-1979)
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Figure 5-172. Primary Fluid Flow Rate (WF-109): Test No. 8 (T-1979)
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Figure 5-173. Secondary Side Pressure (P-7): Test No. 8 (T-1979)
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Figure 5-174. Downcomer Water Level - Wide Range (WL-9321): Test No. 8 (T-1979)
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Figure 5-175. SGTR Flow Rate (WF-150): Test No. 8 (T-1979)
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Figure 5-176. SORV Flow Rate (WF-01): Test No. 8 (T-1979)
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Figure 5-177. SORVTank Level (LT-3): Test No. 8 (T-1979)
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Figure 5-178. Hot Leg Downcomer Flow Rate (WDCHL): Test No. 8 (T-1979)
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Figure 5-179. Cold Leg Downcomer Flow Rate (WDCCL): TestNo. 8 (T-1979)
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Figure 5-180. Secondary Fluid Temperature (STC-2): Test No. 8 (T-1979)
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Figure 5-181. Secondary Fluid Temperature (STC-7): Test
No. 8 (T-1979)
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Figure 5-182. Secondary Fluid Temperature (STC-21): Test 
No. 8 (T-1979)
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Figure 5-183. Secondary Fluid Temperature (STC-27): Test
No. 8 (T-1979)
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Figure 5-184. Secondary Fluid Temperature (STC-34): Test 
No. 8 (T-1979)
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Figure 5-185. Secondary Fluid Temperature (STC-41): Test
No. 8 (T-1979)
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Figure 5-186. Secondary Fluid Temperature (STC-55): Test No. 8 (T-1979)
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Figure 5-187. Secondary Fluid Temperature (STC-60) Test No.
8 (T-1979)
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Figure 5-188. Differential Pressure DP-0760; Test No. 8 (T-1979)
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Figure 5-189. Integrated SGTR Flow: Test
No. 9 (T-1979)
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Figure 5-190. Variation in Tracer Concentrations; Blowdown Phase, Test No. 8 (T-1975)
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Figure 5-191. Comparison Between S-1 ( O)  and IKP-4 ( A )  Results After Correcting for Sample Line Delays: Blowdown Phase, Test No. 8 (T-1975)
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Figure 5-192. Variation in Tracer Concentrations: SGTRs at 62 and 104 in. Test No. 8 (T-1976 and T-1977)
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Figure 5-193. Comparison Between S-1 ( O )  and IKP-4 ( A )  Results After Correcting for Sample Line Delays: SGTRsat 62 and 104 in.. Test No. 8 (T-1976 and T-1977)
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Figure 5-195. Comparison Between S-1 (O) and IKP-4 (A) Results After Correcting for Sample Line Delays: SGTRsat 160 and 280 in., Test No. 8 (T-1978 and T-1979)
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Figure 5-197. Primary System (Pressurizer) Pressure (P-139): Test No. 9 (T-1988)

F^UN 1968
T-nso

610 r

590

;  570

560in

550 3000 45001500 2000 
TlUC (SCCONOS)

1000 2500 4000500

Figure 5-198. Primary Fluid (T-1150): Test No. 9 (T-1988)
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Figure 5-199. Primary Fluid Flow Rate (WF-109): Test No. 9 (T-1988)
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Figure 5-200. Secondary Side Pressure (P-7): Test No. 9 (T-1988)

5-2 16



■19368
600

I/I

500

Ui

Ui

400

300 35002000 2500 3000
riMC (SECONDS)

450C1000 1500 4000500

Figure 5-201. Downcomer Water Level - Narrow Range (WL-9368) Test No. 9 (T-1988)
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Figure 5-202. Downcomer Water Level - Wide Range (WL-9321):
Test No. 9 (T-1988)
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Figure 5-203. SORV Flow Rate (WF-01): Test No. 9 (T-1988)

4 -

u

=  40ow
g 30

500 1000 2000 2500
TlUC (SCCONOS)

3000 3500 450C4000

Figure 5-204. SORV Tank Level (LT-3): Test No. 9 (T-1988)
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Figure 5-205. Hot Leg Downcomer Flow Rate (WDCHL): Test No. 9 (T-1988)
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Figure 5-206. Cold Leg Downcomer Flow Rate (WDCCL): Test
No. 9 (T-1988)
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Figure 5-207. Secondary Fluid Temperature (STC-2): Test No
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Figure 5-208. Secondary Fluid Temperature (STC-7): Test No208Figure9 (T-1988)

5-220



4-~g=^RUN 1988

S»40

4tM

Figure 5-209. Secondary Fluid Temperature (STC-21): Test No. 9 (T-1988)
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Figure 5-210. Secondary Fluid Temperature (STC-27): Test No.
9 (T-1988)
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Figure 5-212. Secondary Fluid Temperature (STC-41): Test No.
9 (T-1988)
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Figure 5-213. Secondary Fluid Temperature (STC-55): Test No. 
8 (T-1988)

Figure 5-214. Secondary Fluid Temperature (STC-60): Test No.
9 a-1988)
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Figure 5-215. Differential Pressure, DP-0404A: Test No. 9 (T-1988)

4- 9-65

o

00oCO
o

-1
600 1 0 0 0 2000 2600 

TlUC (SCCONOS)
3000 460C4000

Figure 5-216. Differential Pressure, DP-0808A: Test No. 9 (T-1988)
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Figure 5-217. Differential Pressure DP-0760: Test No. 9 (T-1988)
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Figure 5-218. Primary System (Pressurizer) Pressure (P-139): Test 
No. 9 (T-1989)
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Figure 5-219. Primary Fluid (T-1150): Test No. 9 (T-1989)
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Figure 5-220. Primary Fluid Flow Rate (WF-109): Test No. 9 (T-1989)
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Figure 5-221. Secondary Side Pressure (P-7): Test No. 9 (T-1989)
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Figure 5-222. Downcomer Water Level - Wide Range (WL-9321): 
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Figure 5-223. SGTR Flow Rate (WF-150): Test No. 9 (T-1989)
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Figure 5-224. SORV Flow Rate (WF-01): Test No. 9 (T-1989)
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Figure 5-225. SORV Tank Level (LT-3): Test No. 9 (T-1989)
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Figure 5-226. Hot Leg Downcomer Flow Rate (WDCHL): Test No. 9 (T-1989)
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Figure 5-227, Cold Leg Downcomer Flow Rate (WDCCL): Test
No. 9 (T-1989)
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Figure 5-228. Secondary Fluid Temperature (STC-2): Test 
No. 9 (T-1989)
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Figure 5-229. Secondary Fluid Temperature (STC-7): Test
No. 9 (T-1989)
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Figure 5-230. Secondary Fluid Temperature (STC-21): Test No. 9 (T-1989)
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Figure 5-231. Secondary Fluid Temperature (STC-27): Test
No. 9 (T-1989)
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Figure 5-232. Secondary Fluid Temperature (STC-34): Test No. 9 (T-1989)
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Figure 5-233. Secondary Fluid Temperature (STC-41); Test
No. 9 (T-1989)
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Figure 5-234. Secondary Fluid Temperature (STC-55): Test No. 9 (T-1989)
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Figure 5-235. Secondary Fluid Temperature (STC-60): Test
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Figure 5-236. Differential Pressure, DP-0404A: Test No. 9 (T-1989)
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Figure 5-237. Differential Pressure, DP-0808A: Test No. 9 (T-1989)
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Figure 5-238. Integrated SGTR Flow: Test No. 9 (T-1989)

5-236



p-139
2300

^  3100

3000

% 1900

Kl
s leoo

1700

1600
1600 3100 3400300 900 1300 

TlIC (SECONDS)
600

Figure 5-239. Primary System (Pressurizer) Pressure (P-139): Test 
No. 9 (T-1990)
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Figure 5-240. Primary Fluid (T-1150): Test No. 9 (T-1990)
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Figure 5-241. Primary Fluid Flow Rate (WF-109): Test No. 9 (T-1990)
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Figure 5-242. Secondary Side Pressure (P-7): Test No. 9 (T-1990)
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Figure 5-243. Downcomer Water Level - Wide Range (WL-9321); 
Test No. 9 (T-1990)

RUN 1990 4 -  0 ^ 5 5 -tf >&01.1L>
1.

Ui

0 taootsoo 2100 2400600 900 12000 300
TIMC (SCCONOS)

Figure 5-244. SGTR Flow Rate (WF-150): Test No. 9 (T-1990)
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Figure 5-245. SORV Flow Rate (WF-01): Test No. 9 (T-1990)
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Figure 5-246. SORV Tank Level (LT-3): Test No. 9 (T-1990)
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Figure 5-247. Hot Leg Downcomer Flow Rate (WDCHL): Test No. 9 (T-1990)
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Figure 5-248. Cold Leg Downcomer Flow Rate (WDCCL): Test
No. 9 (T-1990)
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Figure 5-249. Secondary Fluid Temperature (STC-2): Test No. 9 (T-1990)
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Figure 5-250. Secondary Fluid Temperature (STC-7): Test
No. 9 (T-1990)
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Figure 5-251. Secondary Fluid Temperature (STC-21): Test No. 9 (T-1990)
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Figure 5-252. Secondary Fluid Temperature (STC-27): Test
No. 9 (T-1990)
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Figure 5-253. Secondary Fluid Temperature (STC-34): Test No. 9 (T-1990)
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Figure 5-254. Secondary Fluid Temperature (STC-41): Test
No. 9 (T-1990)
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Figure 5-255. Secondary Fluid Temperature (STC-55): Test 
No. 9 (T-1990)
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Figure 5-256. Secondary Fluid Temperature (STC-60): Test
No. 9 (T-1990)
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Figure 5-257. Differential Pressure, DP-0404A: Test No. 9 (T-1990)
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Figure 5-258. Differential Pressure DP-0760: Test No. 9 (T-1990)
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Figure 5-259. Integrated SGTR Flow: Test No. 9 (T-1990)
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Figure 5-260. Primary System (Pressurizer) Pressure (P-139): Test No. 9 (T-1992)
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Figure 5-261. Primary Fluid (T-1150): Test No. 9 (T-1992)
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Figure 5-262. Primary Fluid Flow Rate (WF-109): Test No. 9 (T-1992)
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Figure 5-263. Secondary Side Pressure (P-7): Test No. 9 (T-1992)
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Figure 5-264. Downcomer Water Level - Wide Range (WL-9321): Test No. 9 (T-1992)
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Figure 5-265. S6TR Flow Rate (WF-150); Test No. 9 (T-1992)
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Figure 5-266. SORV Flow Rate (WF-01): Test No. 9 (T-1992)
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Figure 5-267. SORV Tank Level (LT-3): Test No. 9 (T-1992)
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Figure 5-268. Hot Leg Downcomer Flow Rate (WDCHL): Test No. 9 (T-1992)
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Figure 5-269. Cold Leg Downcomer Flow Rate (WDCCL): Test
No. 9 (T-1992)
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Figure 5-270. Secondary Fluid Temperature (STC-2): Test
No. 9 (T-1992)
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Figure 5-271. Secondary Fluid Temperature (STC-7): Test
No. 9 (T-1992)
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Figure 5-273. Secondary Fluid Temperature (STC-27):
Test No. 9 (T-1992)
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Figure 5-274. Secondary Fluid Temperature (STC-34): TestNo. 9 (T-1992)
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Figure 5-275. Secondary Fluid Temperature (STC-41): Test
No. 9 (T-1992)
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Figure 5-276. Secondary Fluid Temperature (STC-55): TestNo. 9 (T-1992)
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Figure 5-277. Secondary Fluid Temperature (STC-60): Test
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Figure 5-278. D iffe ren tia l Pressure DP-0760: Test No. 9 (T-1992)
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Figure 5-280. Primary System (Pressurizer) Pressure (P-139): Test 
No. 9 (T-1991)
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Figure 5-281. Primary Fluid (T-1150): Test No. 9 (T-1991)
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Figure 5-282. Primary Fluid Flow Rate (WF-109): Test No. 9 (T-1991)
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Figure 5-283. Secondary Side Pressure (P-7): Test No. 9 (T-1991)
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Figure 5-284. Downcomer Water Level - Wide Range (WL-9321); 
Test No. 9 (T-1991)
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Figure 5-285. SGTR Flow Rate (WF-150): Test No. 9 (T-1991)
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Figure 5-287. SORV Tank Level (LT-3): Test No. 9 (T-1991)
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Figure 5-288. Hot Leg Downcomer Flow Rate (WDHCL): Test
No. 9 (T-1991)
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Figure 5-289. Cold Leg Downcomer Flow Rate (WDCCL): Test
No, 9 (T-1991)
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Figure 5-291. Secondary Fluid Temperature (STC-7): Test
No. 9 (T-1991)
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Figure 5-293. Secondary Fluid Temperature (STC-27): Test
No. 9 (T-1991)
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Test No. 9 (T-1991)
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Figure 5-296. Secondary Fluid Temperature (STC-55): 
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Figure 5-297. Secondary Fluid Temperature (STC-60): 
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Figure 5-298. D iffe ren tia l Pressure DP-0760: Test No. 9 (T-1991)
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Figure 5-307. Primary System (Pressurizer) Pressure 
(P-139): Test No. 10 (T-1998)
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Figure 5-308. Primary Fluid (T-1150): Test 
No. 10 (T-1998)
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Figure 5-310. Secondary Side Pressure (P-7): 
Test No. 10 (T-1998)
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Figure 5-311. Downcomer Water Level - Narrow Range (WL-9368); 
Test No. 10 (T-1998)
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Figure 5-312. SGTR Flow Rate (WF-150): Test No. 10 (T-1998)
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Figure 5-314. Water Level - Upper Region5 314 Water
(WL-8069): Test No. 10 (T-1998)
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Figure 5-316. SORV Tank Level (LT-3): 
Test No. 10 (T-1998)
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Figure 5-317. Integrated SGTR Flow; Test No. 10 (T-1998)
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Figure 5-321. Primary Fluid (T-1150): Test No. 11 (T-2003)
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Figure 5-323. Secondary Side Pressure (P-7): Test No. 11 (T-2003)
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Figure 5-325. SGTR Flow Rate (WF-150): Test No. 11 (T-2003)
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Figure 5-328. SORV Flow Rate (WF-01): Test No. 11 (T-2003)
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Figure 5-329. SORV Tank Level (LT-3): Test No. 11 (T-2003)
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Figure 5-330. Secondary Fluid Temperature (STC-2): 
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Figure 5-331. Secondary Fluid Temperature (STC-21)Secondary3315
Test No. 11 (T-2003)
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Figure 5-333. Secondary F lu id  Temperature (STC-34);
Test No. 11 (T-2003)
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Figure 5-334. Secondary Fluid Temperature (STC-55): 
Test No. 11 (T-2003)
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Figure 5-335. Secondary F lu id Temperature (STC-60)
Test No. 11 (T-2003)
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Figure 5-336. Integrated SGTR Flow: Test No. 11 (T-2003)
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Figure 5-340. Variations in SORV Condensate Lithium (O ) and 
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Figure 5-342. Primary System (Pressurizer) Pressure (P-140): 
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Figure 5-343. Primary Fluid (T-1150): Test No. 12 (T-2001)
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Figure 5-346. Primary Fluid Flow Rate (WF-109): Test No. 12 (T-2001)
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Figure 5-347. Secondary Side Pressure (P-7); Test No. 12 (T-2001)
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Figure 5-349. Water Level - Upper Region (WL-8069): Test No. 12
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Figure 5-350. SORV Flow Rate (WF-01); Test No. 12 (T-2001)
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Figure 5-351. SORV Tank Level (LT-3): Test No. 12 (T-2001)
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Figure 5-352. Integrated SGTR Flow: Test No. 12 (T-2001)
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Figure 5-355. Comparison Between S-1 (O ) and IKP-4 (A) Results 
A fter Correcting fo r Sample Line Delays: Test No. 12 (T-2001)
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Figure 5-358. Primary Fluid Flow Rate (WF-109): Test No. 13 
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Figure 5-359. Secondary Side Pressure (P-7): Test No. 13
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Figure 5-360. Downcomer Water Level - Narrow Range (WL-9368) 
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Figure 5-361. SORV Flow Rate (WF-01): Test No. 13 (T-2069)
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Figure 5-362. SORV Tank Level (LT-3): Test No. 13 (T-2069)
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Figure 5-364. D iffe ren tia l Pressure, DP-0808A: Test No. 13 
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Figure 5-371. Primary System (Pressurizer) Pressure (P-140) 
Test No. 14 (T-2067)
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Figure 5-372. Primary F lu id T. . (T-1151): Test No. 14
(T-2067)
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Figure 3-375. Downcomer Water Level - Narrow Range (WL-9368): 
Test No. 14 (T-2067)
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Figure 3-376. Downcomer Water Level - Wide Range (WL-9321)
Test No. 14 (T-2067)
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Figure 5-377. SORV Flow Rate (WF-01): Test No. 14 (T-2067)
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Figure 5-378. SORV Tank Level (LT-3): Test No. 14 (T-2067)
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Figure 5-381. D iffe ren tia l Pressure, DP-0808A: 
Test No. 14 (T-2067)
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Figure 5-383. Secondary Fluid Temperature (STC-2): 
Test No. 14 (T-2067)
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Figure 5-384. Secondary Flu id Temperature (STC-34):
Test No. 14 (T-2067)
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Figure 5-385. Secondary Fluid Temperature (STC-55): 
Test No. 14 (T-2067)
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Figure 5-386. Secondary Flu id Temperature (STC-60):
Test No. 14 (T-2067)

5-321



RUN 2067
STC-61

SOO

490
u

480

Ul

2  « 0  r

440

430
u

420

410

400
2000 4000 6000 

TlUC (SCCONOS)
8000 10000 12000

Figure 5-387. Secondary Fluid Temperature (STC-61): 
Test No. 14 (T-2067)
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Figure 5-388. Integrated SGTR Flow: Test No. 14 (T-2067)
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Figure 5-390. Comparison Between S-1 (O ) and IKP-4 (▲) 
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SGTR at Normal Water Level, Test No. 14 (T-2067)
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Figure 5-393. Primary System (Pressurizer) Pressure (P-139) 
Test No. 15 (T-2050)
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Figure 5-394. Primary Flu id I .  ^  (T-1150):
Test No. 15 (T-2050)
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Figure 5-395. Primary Fluid Flow Rate (WF-109): 
Test No. 15 (T-2050)
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Figure 5-396. Secondary Side Pressure (P-7):
Test No. 15 (T-2050)

5-328



RUN 20S0
  119368

500

o

400

300 4000 450C35002000 

HUE (SECONDS)
25001000 1500500

Figure 5-397. Downcomer Water Level - Narrow Range 
(WL-9368): Test No. 15 (T-2050)
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Figure 5-398. Downcomer Water Level - Wide Range
(WL-9321): Test No. 15 (T-2050)
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Figure 5-399. SORV Flow Rate (WF-01): Test No. 15 (T-2050)
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Figure 5-400. SORV Tank Level (LT-3): Test No. 15 (T-2050)
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Figure 5-401. Secondary Fluid Temperature (STC-34): 
Test No. 15 (T-2050)
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Figure 5-402. Secondary F lu id Temperature (STC-55):
Test No. 15 (T-2050)
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Figure 5-403. Secondary Fluid Temperature (STC-60): 
Test No. 15 (T-2050)
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Figure 5-404. Secondary Fluid Temperature (STC-61):
Test No. 15 (T-2050)
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Figure 5-405. D iffe re n tia l Pressure, DP-0404A: 
Test No. 15 (T-2050)
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Figure 5-406. D if fe re n t ia l  Pressure, DP-0808A:
Test No. 15 (T-2050)
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Figure 5-407. D iffe re n tia l Pressure, DP-0760: 
Test No. 15 (T-2050;
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Figure 5-408. Primary System (Pressurizer) Pressure (P-139) 
Test No. 15 (T-2051)
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Figure 5-409. Primary Flu id I. . (T-1150):
Test No. 15 (T-2051)
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Figure 5-410. Primary Fluid Flow Rate (WF-109); 
Test No. 15 (T-2051)
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Figure 5-411. Secondary Side Pressure (P-7):
Test No. 15 (T-2051)
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Figure 5-412. Downcomer Water Level - Wide Range (WL-9321) 
Test No. 15 (T-2051)
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Figure 5-413. SGTR Flow Rate (WF-150): Test No. 15 (T-2051)
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Figure 5-414. SORV Flow Rate (WF-01): 
Test No. 15 (T-2051)
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Figure 5-415. SORV Tank Level (LT-3)
Test No. 15 (T-2051)
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Figure 5-416. Secondary Fluid Temperature (STC-34): 
Test No. 15 (T-2051)
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Figure 5-417. Secondary Flu id Temperature (STC-55):
Test No. 15 (T-2051)
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Figure 5-418. Secondary Fluid Temperature (STC-60): 
Test No. 15 (T-2051)

STC-61
600 r

590

580

E? 570

w 560

2  550

530
u

520

510

500
500 1000 — 1500 2000 

TIMC (SCCONOS)
2500 3000 3500 4000

Figure 5-419. Secondary Flu id Temperature (STC-61):
Test No. 15 (T-2051)
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Figure 5-420. D iffe re n tia l Pressure* DP-0404A: 
Test No. 15 (T-2051)
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Figure 5-421. D if fe re n t ia l  Pressure, DP-0808A:
Test No. 15 (T-2051)
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Figure 5-422. D iffe re n tia l Pressure, DP-0760: 
Test No. 15 (T-2051)
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Figure 5-423, Integrated SGTR Flow: Test No. 15 (T-2051)
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Figure 5-424. Primary System (Pressurizer) Pressure (P-139) 
Test No. 15 (T-2052)
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Figure 5-425. Primary Fluid T . ^  (T-1150):
Test No. 15 (T-2052)
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Figure 5-426. Primary Fluid Flow Rate (WF-109): 
Test No. 15 (T-2052)
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Figure 5-427. Secondary Side Pressure (P-7):
Test No. 15 (T-2052)
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Figure 5-428. Downcomer Water Level - Wide Range (WL-9321) 
Test No. 15 (T-2052)
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Figure 5-429. SGTR Flow Rate (WF-150);
Test No. 15 (T-2052)
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Figure 5-430. SORV Flow Rate (WF-01): 
Test No. 15 (T-2052)
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Figure 5-431. SORV Tank Level (LT-3):5 431 SORV
Test No. 15 (T-2052)
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Figure 5-432. Secondary Fluid Temperature (STC-34); 
Test No. 15 (T-2052)

STC-55
600

590

580

570

560

550

540

-  530

w 520

500
500 1000 2000 

TIMC (SCCOMOS)
2500 3000 3500 4000

Figure 5-433. Secondary Fluid Temperature (STC-55):
Test No. 15 (T-2052)
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Figure 5-434. Secondary Fluid Temperature (STC-60); 
Test No. 15 (T-2052)
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Figure 5-435. Secondary Fluid Temperature (STC-61):
Test No. 15 (T-2052)
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Figure 5-436. D iffe re n tia l Pressure, DP-0404A: 
Test No. 15 (T-2052)
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Figure 5-437. D if fe re n t ia l  Pressure, DP-08Q8A:
Test No. 15 (T-2052)
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Figure 5-438. D iffe re n tia l Pressure, DP-0760: 
Test No. 15 (T-2052)
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Figure 5-439. Integrated SGTR Flow: Test No. 15 (T-2052)
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Figure 5-440. Primary System (Pressurizer) Pressure (P-139): 
Test No. 15 (T-2053)
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Figure 5-441. Primary Fluid T, (T-1150);
Test No. 15 (T-2053)
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Figure 5-442. Primary Fiuid Flow Rate (WF-109): 
Test No. 15 (T-2053)
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Figure 5-443. Secondary Side Pressure (P-7)
Test No. 15 (T-2053)
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Figure 5-444. Downcomer Water Level - Wide Range (WL-9321) 
Test No. 15 (T-2053)
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Figure 5-445. SGTR Flow Rate (WF-150):
Test No. 15 (T-2053)
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Figure 5-446. SORV Flow Rate (WF-01): 
Test No. 15 (T-2053)
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Figure 5-447. SORV Tank Level (LT-3):
Test No. 15 (T-2053)
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Figure 5-448. Secondary Fluid Temperature (STC-34): 
Test No. 15 (T-2053)
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Figure 5-449. Secondary Flu id Temperature (STC-55):
Test No. 15 (T-2053)
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Figure 5-450. Secondary Fluid Temperature (STC-60): 
Test No. 15 (T-2053)
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Figure 5-451. Secondary Fluid Temperature (STC-61)
Test No. 15 (T-2053)

5-356



RUN 2 6 5 3 5 - 2 0 - 8 5

0

\

-.2
<
O

3

O

.4

- .5
2500 3000 35001500I 2000 

TIHC (SECONDS)
10005000

Figure 5-452. D iffe re n tia l Pressure, DP-0404A: 
Test No. 15 (T-2053)
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Figure 5-453. D if fe re n t ia l  Pressure, DP-0808A:
Test No. 15 (T-2053)
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Figure 5-454. D iffe re n tia l Pressure, DP-0760: 
Test No. 15 (T-2053)
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Figure 5-455. Integrated SGTR Flow: Test No. 15 (T-2053)
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Figure 5-456. Primary System (Pressurizer) Pressure (P-139) 
Test No. 15 (T-2054)
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Figure 5-457. Primary Fluid T. . (T-1150):
Test No. 15 (T-2054)
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Figure 5-458. Primary Fluid Flow Rate (WF-109): 
Test No. 15 (T-2054)
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Figure 5-459. Secondary Side Pressure (P-7):
Test No. 15 (T-2054)
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Figure 5-460. Downcomer Water Level - Narrow Range (WL-9368): 
Test No. 15 (T-2054)
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Figure 5-461. Downcomer Water Level - Wide Range (WL-9321)
Test No. 15 (T-2054)
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Figure 5-462. SORV Flow Rate (WF-01) 
Test No. 15 (T-2054)

Run 2054 5-20-65
tT-3

c  so

10 =■

500 1000 1500 
HUE (SECONDS)

2000 2500 3000

Figure 5-463. SORV Tank Level (LT-3):
Test No. 15 (T-2054)
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Figure 5-464. SGTR Flow Rate (WF-150): 
Test No. 15 (T-2054)
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Figure 5-465. D if fe re n t ia l  Pressure, DP-0404A:
Test No. 15 (T-2054)
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Figure 5-466. D iffe ren tia l Pressure, DP-0808A; 
Test No. 15 (T-2054)
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Figure 5-467. D if fe re n t ia l  Pressure, DP-0760:
Test No. 15 (T-2054)

5-364



f^UN 2054
  STC-34

600

590 r

580

570

560

540

u 530

520

510

500
2500 300020001500 

TIMC (SECONDS)
1000500

Figure 5-468. Secondary Fluid Temperature (STC-34) 
Test No. 15 (T-2054)
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Figure 5-469. Secondary F lu id Temperature (STC-55):
Test No. 15 (T-2054)
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Figure 5-470. Secondary Fluid Temperature (STC-60) 
Test No. 15 (T-2054)
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Figure 5-471. Secondary Flu id Temperature (STC-61)
Test No. 15 (T-2054)
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Figure 5-472. Integrated SGTR Flow: Test No. 15 (T-2054)
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Figure 5-474. Comparison Between S-1 (O ) and IKP-4 (A) 
Results A fte r Correcting fo r  Sample Line Delays: Blowdown 
Phase Test No. 15 (T-2050)
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Figure 5-480. Primary System (Pressurizer) Pressure (P-139): 
Test No. 16 (T-2061)
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Figure 5-481. Primary Fluid (T-1150):
Test No. 16 (T-2061)
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Figure 5-482. Primary Fluid Flow Rate (WF-109): 
Test No. 16 (T-2061)
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Figure 5-483. Secondary Side Pressure (P-7):
Test No. 16 (T-2061)
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Figure 5-484. Downcomer Water Level - Narrow Range (WL-9368) 
Test No. 16 (T-2061)

f e - 2 2 - 8 5R U N  2 0 6  1
  »T9321

500

400

300

200

TOO

500 1500 2000 
TlUC (SCCONOS)

2500 3000ICOO 4000

Figure 5-485. Downcomer Water Level - Wide Range (WL-9321):
Test No. 15 (T-2061)
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Figure 5-486. SORV Flow Rate (WF-01): 
Test No. 16 (T-2061)
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Figure 5-487. SORV Tank Level (LT-3):
Test No. 16 (T-2061)
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Figure 5-488. Secondary Fluid Temperature (STC-34): 
Test No. 16 (T-2061)
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Figure 5-489. Secondary Fluid Temperature (STC-55):
Test No. 16 (T-2061)
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Figure 5-490. Secondary Fluid Temperature (STC-60): 
Test No. 16 (T-2061)
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Figure 5-491. Secondary Fluid Temperature (STC-61):
Test No. 16 (T-2061)
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Figure 5-492. D iffe re n tia l Pressure, DP-0404A: 
Test No. 16 (1-2061)
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Figure 5-493. D if fe re n t ia l  Pressure, DP-0808A:
Test No. 16 (T-2061)
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Figure 5-494. D iffe re n tia l Pressure, DP-0760: 
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Figure 5-495. Primary System (Pressurizer) Pressure (P-139) 
Test No. 16 (T-2062)
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Figure 5-496. Primary Fluid I. . (T-1150):
Test No. 16 (T-2062)
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Figure 5-498. Secondary Side Pressure (P-7):
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Figure 5-499. Downcomer Water Level - Wide Range (WL-9321): 
Test No. 16 (T-2062)
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Figure 5-503. Secondary Fluid Temperature (STC-34): 
Test No. 16 (T-2062)
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Figure 5-504. Secondary Flu id Temperature (STC-55):
Test No. 16 (T-2062)
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Figure 5-505. Secondary Fluid Temperature (STC-60): 
Test No. 16 (T-2062)
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Figure 5-506. Secondary Fluid Temperature (STC-61):
Test No. 16 (T-2062)
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Figure 5-507. D iffe re n tia l Pressure, DP-0404A5 Di
Test No. 16 (T-2062)

DP-0808A
. 1

0.

« t  - . 200O
CO

- .3O

o
5

5000 tooo t500 2000 2500
TlUC (SECONDS)

3D00 4000

Figure 5-508. D if fe re n t ia l  Pressure, DP-0808A:
Test No. 16 (T-2062)
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Figure 5-509. D iffe re n tia l Pressure, DP-0760: 
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Figure 5-515. Downcomer Water Level - Wide Range (WL-9321):5155 Downcomer
Test No. 16 (T-2063)
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Figure 5-518. SORV Tank Level (LT-3):
Test No. 16 (T-2063)
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Figure 5-519. Secondary Fluid Temperature {STC-34) 
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Figure 5-520. Secondary Flu id Temperature (STC-55)
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Figure 5-521. Secondary Fluid Temperature (STC-60) 
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Figure 5-531. Downcomer Water Level - Wide Range (WL-9321) 
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Figure 5-533. SORV Flow Rate (WF-01): Test No. 16 (T-2062)
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Figure 5-534. SORV Tank Level (LT-3): Test No. 16 (T-2064)
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Figure 5-535. Secondary Fluid Temperature (STC-34): 
Test No. 16 (T-2064)
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Figure 5-536. Secondary F lu id  Temperature (STC-55):
Test No. 16 (T-2064)
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Figure 5-537. Secondary Fluid Temperature (STC-60) 
Test No. 16 (T-2064)
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Figure 5-538. Secondary F lu id Temperature (STC-61):
Test No. 16 (T-2064)
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Figure 5-556. Secondary F lu id  Temperature (STC-55):
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Test No. 16 (T-2065)
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SECTION 6

MASS DISTRIBUTION IN MB-2

To calculate the lith ium  and potassium concentrations at low water leve l, when 
the sample points were operating under two-phase conditions and not taking 
representative samples, i t  is  necessary to  know both the masses o f the tracers 
and the liq u id  mass in the model b o ile r a t the appropriate downcomer water 
levels. As the la t te r  could not be measured d ire c tly , a series of f iv e  tests 
were performed in which d if fe re n tia l pressure measurements were used to 
calculate the density d is tr ib u tio n  w ith in  the model b o ile r and, hence, both 
the liq u id  and steam masses. These values could then be compared w ith the 
to ta l mass in the model b o ile r, which was measured d ire c tly  by blowing down 
through the SORV condenser and weighing the discharge.

The target plant conditions fo r  the steady-state period p r io r  to blowdown were 
as fo llows:

Plant Parameter Desired Value

Primary pressure 
Primary
Primary flow rate
Secondary pressure
Water level (panel ind ication)

SORV flow

1850 psia (127.6 bar)
580‘’F (304*0 
91 Ibm/hr (41.3 kg/s)
1080 psia (74.5 bar)
58, 100, 150, 280, 442 in . (1.5, 
2.5, 3.8, 7.1, 11.23 m)
10%

The actual in i t ia l  plant conditions are shown in Table 6-1 fo r the f iv e  
tests. As indicated in th is  tab le , the in i t ia l  conditions were established 
with "10% SORV flow ", i .e . ,  flow through o r if ic e s  simulating a 2% and an 8% 
SLB. The test was in it ia te d  by trip p ing  shut the main feedwater flow and the 
8% SORV flow. At a la te r time, which varied from test to te s t, the 8% SORV 
flow was restarted to allow depressurization via the 10% (2% + 8%) break. The 
test was terminated when the secondary side had depressurized to near- 
atmospheric pressure. The mass o f the collected discharge is  lis te d  in Table 
6-2 and is  shown plotted in Figure 6-1.
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In these tests (as in the other Phase I I  tes ts ) d iffe re n tia l pressure 
measurements were made across a number of axia l increments between the 
tubesheet and the sw irl vane. These data were used herein to obtain a density 
d is tr ib u tio n  in the model b o ile r from which the to ta l mass inventory as well 
as the mass of the liq u id  in the b o ile r were calculated.

In the tube bundle region, d iffe re n tia l pressure measurements were made across 
the flow d is tr ib u tio n  b a ffle  (DP-0102), across each of the six tube support 
plates (DP-0203, DP-0308, DP-0809, DP-0904, DP-0405, DP-0506), across the 
U-bend (DP-0607), and between support plates a t two locations (DP-0404A, 
DP-0808A). Pressure tap in s ta lla tio n s  fo r  the la t te r  two measurements were 
sp e c ifica lly  made to  permit the determination of void frac tions at these 
elevations in the bundle region. D iffe re n tia l pressure measurements were also 
made between the top of the U-bend and a po in t in the r is e r  (DP-0760), and 
between two points in the r is e r (DP-6160). (The locations of the pressure 
taps are shown in Figures 3-7 and 3-10.)

In calculating the densities fo r the model b o ile r , the assumption was made 
that the f r ic t io n a l,  form and accelerational components of the measured 

pressure d iffe re n tia ls  were neg lig ib le , tha t is , ~ ^^elevational*
Thus, average densities were calculated from where DZ = 22-21 =
distance between pressure taps. The calculated densities, p lo tted  against 
average tap e levation, (21+22)/2, are shown in Figures 6-2 to 6-6 fo r  tests 
T-2055 - T-2059. From these figures, density values were read o f f  and void 
fractions (o) calculated fo r every 20 in . increment between the tubesheet 
and the point where o = 1. The 'collapsed water leve ls ' fo r each 20 in . 
increment (20" (1-a)) were then summed up to  obtain the collapsed water 
level fo r the model b o ile r . The model b o ile r  volume above the 'collapsed 
water le ve l' and above the downcomer water was assumed to be occupied by 
saturated steam. In tests T-2055 - T-2058 the thermocouples in the downcomer 
indicated saturation temperature, so saturated water was assumed in  the 
downcomer. Only in te s t T-2059 was the water in the downcomer and in part of 
the bundle region subcooled.
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Table 6-2 shows tKe calculated masses fo r the tes ts . The good agreements seen 
between the calculated to ta l masses and the measured masses gives confidence 
In the density d is tribu tions  obtained from the d if fe re n t ia l pressure data and, 
hence, the liq u id  and steam s p lits  derived from the density d is tr ib u tio n s .
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TABLE 6-1

ACTUAL INITIAL CONDITIONS OF MASS BLOWDOWN TESTS^^^

Test T-2055 Test T-2056 Test T-2057 Test T-2058 Test T-2059

Primary Pressure (psia) 1850 1850 1850 1840 1840

Primary Tj^^^ CF) 594^2^ 580 578 578 581

Primary flow  rate (Ibm/s) 91 91 90 91 91

Secondary pressure (psia) 1060 1085 1090 1070 1070

Water level ( in .) 62 104 152.5 285 440

SORV (=SLB break) size lOX 10% 10% 10% 10%

Values read from p lo ts
(21

"''"hot »“aised to increase steam pressure
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TABLE 6-2

MEASURED AND CALCULATED MASSES IN MB-2 

Test T-2055 Test T-2056 Test T-2057 Test T-2058 Test T-2059

Measured to ta l mass (Ibm) 182 303.5 418 640 1026

Calculated to ta l mass (Ibm) 205.3 303.4 405 639.3 1207.4

Calculated liq u id  mass in 71 
bundle region (Ibm)

148.5 236.4 432.6 710.8

Calculated liq u id  mass in 32.3 
downcomer region (Ibm)

48.6 67.6 119.4 441

Calculated steam mass (Ibm) 102 106.3 101 87.3 55.6

Collapsed water level ( in . )  41.3 86.3 136.7 249.8 369.9

Discrepancy between 12.8 
calculated and measured

~ 0 3 -.1 17.7

to ta l masses (%)
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Figure 6-1. Measured and Calculated Manes In MB-2: Tests T-2065 to T-2069

6-6

K6/MCJ(30.7.86)RL 5.1.1861



EJB

COz
UJ

50

40

30

20

10
STEAM DENSITY 

/  (pg)

0
300 5004002000 100

ELEVATION ABOVE TUBESHEET, in

Figure 6-2. Density Distribution in MB-2.lnitial Downcomer Level: 62 in. Test T-2055
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Figure 6*3. Density Distribution in MB-2.lnitial Downcomer Level: 104 In. Test T-2056

6-8



40

500200 300
ELEVATION ABOVE TUBESHEET, in

400100

Figure 6-4. Density Distribution in MB-2.lnltlai Downcomer Level: 152.5 in. Test T-2057

6-9



to

50

40

30
SWIRL
VANE

BOTTOM 
OF DRYER20

10
STEAM
DENSITY

^ ( p g )

Zj
600

0
500100 200 300 4000

ELEVATION ABOVE TUBESHEET, in

Figure 6-5. Density Distribution in MB-2.lnitial Downoomer Level: 285 in. Test T-2058

6-10



SWIRL
VANE

I
f :
Th
Z
UJ
O

BOTTOM 
OF DRYER

STEAM 
DENSITY (Pg)

600500300 4002001000
ELEVATION ABOVE TUBESHEET, In 

Figure 6*6. Density Distribution in MB-2. Initial Downconier Level: 440 in. Test 2069

6-11



SECTION 7 

EVALUATION OF RESULTS

7-1. ANALYTICAL RESULTS

The samples analyzed originated from three d iffe re n t types of water sources, 
namely condensed SORV steam, single- or two-phase model b o ile r water and 
single-phase primary loop water. Due to the differences in o rig in  and in 
concentration, each type has a d iffe re n t set of ana ly tica l requirements and 
sources of error which need to be considered. These are.

(a) SORV Condensate Samples - 0 The lim its  of detection and precision 
of the ana ly tica l methods;

0 Interference e ffec ts ;

0 The risks  of sample contamination;

0 The p o s s ib ility  that p lateout could
occur a fte r sampling;

0 The contribution of steam v o la t i l i t y  to 
the measured carryover.

(b) Model Boiler Water Samples - o The consistency of the measured resu lts  
w ith  those calculated from the mass 
added to the model b o ile r;

0 The consistency of the measured 
concentrations and conductiv ities;

0 The conditions when the S-1 and IKP-4 
sample lines monitor model b o ile r water 
alone;
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0 Under two-phase conditions, what
scaling factors need to be applied to 
convert the resu lts  to the true aqueous 
phase concentrations?

0 The consistency o f the S-1 and IKP-4 
resu lts  when good mixing w ith in  the 
model b o ile r is  expected;

0 Hideout, e ither in crevices or on dry 
surfaces;

0 During blowdown, does the model bo ile r 
water concentration remain constant as 
the level is reduced?

(c) Primary Loop Samples - o The consistency o f the measured
concentrations and conductiv ities.

Low Concentration Samples

Throughout the tes t program most SORV condensate samples were found to contain 
sub-ppb levels of both lith ium  and potassium, while s l ig h t ly  higher 
concentrations were seen in tests at low water level. In the la t te r  tests 
s im ila r concentrations were also seen on the S-1, IKP-4 and blowdown samples. 
Generally, at trace levels the p rinc ipa l concerns are how representative are 
the samples, the lim its  of detection, precisions and interference e ffec ts  of 
the analytica l methods and, f in a l ly ,  the r is ks  of contamination and/or 
plateout during sampling and analysis. With the exception of representative 
sampling in the case of the SORV condensate samples, these reservations apply 
to the analyses carried out here. For the SORV condensate samples 
representative sampling was assured by the to ta l condensation of the SORV 
steam flow, but w ith these samples there are additional concerns because of 
the p o s s ib ility  that the results could be biased high by the v o la t i l i t y  of the 
tracer chemicals or by the slow release of the tracers from contaminated 
surfaces in the steam spaces of the model b o ile r .
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Of these factors the most important are those associated with the analytical 
methods. In the present tests the performance of the analytica l methods was 
assessed from a s ta t is t ic a l analysis of the ca lib ra tion  data produced during 
each individual te s t. These resu lts , see Table 4-1, show that the l im it  of 
detection was 0.2 to 0.3 ppb lith iu m  or potassium and the precision 0.1 to 0.2 
ppb. Inspection of the data shows that carryover generally exceeded these 
lim its  o f detection only at low water leve ls , during the 100% power moisture 
carryover tests or when these were transien t releases. At other times 
carryover was e ither comparable w ith the l im i t  of detection or i t  was not 
detectable. For the la t te r  cases the lim its  of detection have been used to 
define upper lim its  fo r both carryover and bypassing. Even though the lim it 
o f detection was 0.2 to 0.3 ppb, a number o f the tests (e .g .. Test 14) gave no 
detectable carryover except during the SGTR in je c tion , when carryover 
increased to values at or ju s t above the detection l im it .  From the 
consistency of the resu lts , these are considered to be real e ffe c ts .

L i t t le  evidence fo r interference effects were seen, nor were any expected from 
the other constituents present in the samples. However, in Test 5 the 
presence of high concentrations of hydrazine did cause interference when an 
attempt was made to analyze potassium at low levels on undiluted S-1 and IKP-4 
samples. This was due to a molecular band spectrum centered on the lith ium  
emission lin e , which caused a small increase in emission at the potassium 
emission wavelength. The e ffe c t disappeared on d ilu t io n  and did not affect 
the reported resu lts .

Contamination of the SORV condensate samples was possible, e ither by cross­
contamination from the adjacent sample lin es  or from the atmosphere. From the 
s ta rt of the program steps were taken to minimize cross-contamination and even 
though the sample streams often d iffe red  in  concentration by factors of the 
order of 1 x 10 , only one or two samples were affected. For potassium, 
contamination from the atmosphere was more d i f f ic u l t  to  elim inate, due to the 
location of the tes t f a c i l i t y  on the shore of Tampa Bay. As a re s u lt,  any 
airborne partic les  contained potassium which could e ith e r contaminate the 
samples or a ffect the analytica l method. In practice, contamination of the 
SORV condensate samples occurred on a number of occasions, but not w ith a
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frequency that affected the overall re su lts . However, in two tes ts , Tests 1 
and 16, an increase in the general level o f particu la tes is  thought to be 
responsible fo r the increased levels measured.

In a ll tests i t  was possible that the contamination o f the surfaces of the 
steam dome and steam lines could lead to bias in the SORV condensate resu lts , 
i f  the contamination was only slowly removed by the dry SORV steam flow. In 
most tests steady-state operation before the model b o ile r was dosed with 
lith ium  hydroxide ensured that the steam surfaces were not contaminated and no 
e ffec t was seen. I t  did appear, however, when transients released re la tiv e ly  
large amounts o f tracer in to  the steam spaces and was observed during the 100% 
power moisture carryover tes t and in a ll the low level tests.

With samples at sub-ppb leve ls, there was the p o s s ib ility  that part of the 
sample could be lo s t by plateout onto the walls of the sample b o ttle s .
Plateout was minimized by analyzing the SORV samples w ith in  2 to 3 hours, but 
tests also showed that plateout was in s ig n ifica n t on storage over 24 hours.

The fin a l facto r which can a ffec t the SORV condensate resu lts  is  the 
contribution of v o la t i l i t y  to the measured carryover. For the tracers used in 
the tests th is  can be derived from the data reported by Stephan and Kuske (1 )̂, 
extrapolated to the conditions used in ind iv idual tes ts . The estimated values 
are given in Table 7-1 as a function of tracer concentration at the secondary 
side operating pressures used in the tes ts .

Although the calculated v o la t it ie s  are subject to some uncertainty, the values 
indicate that v o la t i l i t y  need only be considered at normal operating 
pressures. For such conditions s ig n ifica n t contributions are only predicted 
when the lith ium  concentration exceeds 40 ppm or when the potassium 
concentration exceeds 300 ppm, at which levels the the v o la t iv ity  would be 
predicted to be comparable to the carryover measured in many of the tests.

In summary, the ana lytica l techniques were capable o f measuring down to 0.2 
ppb lith ium  or potassium, w ith a precision of + 0.2 ppb and without bias due 
to interference e ffec ts , contamination or plateout. However, at the tracer 
levels generally used in the tests , the v o la tit ie s  o f both lith ium  and 
potassium hydroxide are predicted to be comparable w ith the measured carryover.
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High Concentration Samples

■or these samples the important ana lytica l aspects are whether the samples 
were representative of the conditions ex is ting  w ith in  the model b o ile r  and 
whether the results obtained by analysis a fte r d ilu tio n  are consistent e ither 
with the mass of tracer added to the system or to the conductiv ities measured 
on the undiluted sample streams.

For primary loop samples representative sampling can be assumed at a l l  times, 
but fo r the model bo ile r representative sampling can only be assumed when 
single-phase conditions, e ithe r water or steam, existed in the v ic in ity  of the 
sample take-off po int. Generally, th is  applied at normal or high water level 
only. At other times, under two-phase conditions, representative sampling 
cannot be expected as the sample points were not designed fo r iso k in e tic  
sampling under the test conditions. For such two-phase conditions the results 
require additional data before they can be scaled to true model b o ile r  
concentrations.

A comparison between the observed conductiv ities and those calculated from the 
analytica l results is given in Table 7-2. From th is  i t  is  clear tha t good 
agreement was only obtained in seven of the tes ts . In the remaining cases the 
conductivities and, when measured, the pHs were low. Since mass balance 
considerations, see Section 7-2, indicate tha t the ana lytica l resu lts  were 
generally correct, the conductiv ities suggest that there were un identified  
acid ic impurities present in the water which would reduce the pH and hence, 
the conductivity. These im purities are not expected to have influenced 
carryover, but could have had some influence on v o la t i l i t y .  In general, 
however, since the resu lts  show very l i t t l e  carryover, any e ffec t due to other 
v o la tile  salts is  considered to be neg lig ib le .

95400:10/081386 7 -5



7-2. ASSESSMENT OF MODEL BOILER WATER CONCENTRATIONS

For each tes t the lith ium  and potassium concentrations in MB-2 are a function 
of the amounts dissolved in the model b o ile r water and the mass of water 
present. I f  no hideout occurs, the masses o f lith ium  and potassium can be 
calculated from the amounts added, summarized in Table 7-3, a fte r correcting 
fo r losses via the SORV steam and the model b o ile r sample lines , while the 
mass of water can be estimated from the data given in Section 6.0. When the 
sample lines are expected to be taking representative liq u id  samples, these 
estimates provide a means of confirming tha t they are g iv ing  correct 
readings. At other times they provide a means of ca lcu la ting  the true 
concentrations in the model b o ile r and, fo r  those tests involving blowdown to 
low water leve l, they enable estimates to be made of the mass of lith ium  
remaining in the model b o ile r a t the end o f the blowdown phase. F in a lly , at 
low level the mass balances can indicate whether hideout was occurring.

At low power and at normal or high water leve l, themocouple readings indicate 
that both the S-1 and IKP-4 samples are taken from subcooled regions of MB-2 
and they should, therefore, provide representative samples o f model bo ile r 
water. To confirm th is , i t  is  simpler to use the amounts o f tracer added and 
the measured concentrations to calculate the mass of water present in the 
model b o ile r, rather than to calculate the concentrations, since the liq u id  
masses can be compared with those,given in Section 6.0 and with independent 
estimates using the NOTRUMP code (2). These estimated masses are summarized 
in Table 7-4.

Of the tests performed, ten were carried out at normal operating pressures 
(1050 to 1080 psia), normal water levels and at low power (2 to 10% steam 
flow ). For these tests , the estimated masses from the in i t ia l  lith ium  
in jec tion  are generally in the range of 934 to 1099 Ibm. These values may be 
compared with that estimated in Section 6 of 1152 Ibm and with the values 
predicted using the NOTRUMP code, which ranged from 980 to 1038 Ibm fo r the 
tes t conditions appropriate to Test 1, both with and without an SGTR flow.
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From the agreement between the three methods o f estimating mass i t  is  clear 
tha t, normally, the observed concentrations were consistent w ith the masses of 
lith ium  hydroxide in jected into the model b o ile r and tha t both the S-1 and 
IKP-4 sample lines were taking representative samples. At la te r stages in the 
tests the estimates of liq u id  mass are complicated by changes in level during 
the tests and by the loss of liq u id  into the void space when the dryer was 
flooded. As a re su lt, the estimated masses derived from the lith iu m  and 
potassium results may be inaccurate. However, generally s im ila r estimates 
were obtained using e ithe r the amount of lith iu m  or the amount o f potassium 
present.

In Tests 3, 4 and 14 water level was maintained throughout the tests and here 
mass can be estimated using both the lith ium  and the potassium data and at 
e ithe r the s ta rt or end of the te s ts . For the three tests  a ll estimates of 
liq u id  mass l ie  in the range of 1120 to 1300 Ibm, somewhat higher than the 
NOTRUMP estimate of ~ 1100 Ibm. From the consistency, however, the mass 
estimates are probably correct and again they indicate that the sample lines 
were giving representative resu lts . Moreover, the resu lts  also show tha t the 
calculated SGTR flow rates, used to  calculated the mass of potassium injected 
in to  the model b o ile r, are essen tia lly  correct, and tha t there were no 
s ig n ifican t losses due to hideout. In Test 5 water level again increased 
during the te s t, but without flooding the secondary dryers. In th is  te s t the 
masses calculated from the lith ium  concentrations are low, both when compared 
w ith the estimate derived from the SGTR flow and with tha t estimated by the 
NOTRUMP code, 1280 Ibm. This suggests some loss of lith ium  hydroxide during 
dosing, but, nevertheless, the measured concentrations were expected to be 
accurate.

In the two tests at 100% power, only the resu lts  from the S-1 sample lin e  can 
be used to estimate mass, since two-phase conditions existed at the IKP-4 
sample point in the tube bundle. Using the S-1 results  the two tests give 
s im ila r estimates of mass, 839 and 850 Ibm, both of which are s ig n if ic a n tly  
higher that those calculated using the NOTRUMP code, 594 Ibm. While the 
differences may, in pa rt, be due to the rapid loss of lith ium  by hideout that
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occurred at f u l l  power, the resu lts  possibly suggest tha t some level of 
voidage might have existed in the upper downcomer ba rre l, even though, 
nominally, the S-1 sample point lay below the downcomer water leve l. Voidage 
would, o f course, resu lt in lower observed sample line  concentrations, since 
the steam would contain very l i t t l e  lith ium , and lead to high estimates of 
liq u id  mass in the model b o ile r.

As soon as the water level is  reduced, the S-1 sample po in t uncovers and i t  
w il l sample a two-phase mixture. Concurrently, bundle thermocouple data 
recorded during blowdown (see Tests 8, 9 and 14) plus the density 
d is trib u tio ns  w ith in  the model b o ile r , both indicate tha t the IKP-4 and the 
blowdown sample points also sample two-phase mixtures. Thus, as soon as the 
level is  reduced, none of the sample lines can be assumed to be taking 
representative samples and they can no longer be re lie d  upon to give absolute 
resu lts . However, since the steam sampled w i l l  contain very low tracer 
concentrations, the re la tive  concentrations measured should s t i l l  be 
representative of the values in the model b o ile r water. For tests a t low 
leve l, therefore, i f  suitable scaling factors can be calculated, they can be 
used to derive the absolute model b o ile r concentrations from those measured 
using the S-1 and IKP-4 sample lines .

For Test 2 corrected concentrations can be derived from e ithe r the lith ium  or 
potassium masses in the model b o ile r , but fo r  most of the remaining tests at 
low level only the potassium mass can be used, since lith iu m  was lo s t during 
the blowdown phases of the tests. In add ition, in Tests 8, 9, 15 and 16 only 
the resu lts  at 160 and 280 in . can be used, since the data indicate that 
hideout occurred at lower levels (see below). Although lith ium  was los t 
during blowdown, the amounts remaining in the model b o ile r can be calculated 
from the mass of potassium in jected during each SGTR and using the measured 
lith ium  and potassium concentrations, and then correcting fo r  losses via the 
SORV steam and sample lines . The calculated concentrations and lith iu m  masses 
are summarized in Tables 7-5 and 7-6.
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In Test 2 the calculated concentrations, based on the masses of lith iu m  and 
potassium present, gave almost identica l lith ium  to potassium ra tio s  to those 
measured using e ithe r the S-1 or IKP-4 sample lines. As expected, however, 
the measured concentrations were low and the scaling fac to rs  required to 
correct fo r d ilu tio n  by steam during sampling ranged from 1.08 to 1.98 (see 
Table 7-5). Again, as expected, the scaling factors are greater fo r  the S-1 
sample line  and increase as the level is  reduced. As in other tes ts  at normal 
water leve l, the agreement observed confirms the accuracy o f the SGTR flows 
and that hideout did not occur to any s ig n ifica n t extent.

For the remaining tests the accuracy of the calculated concentrations cannot 
be checked d ire c tly , but here, the consistency obtained in  the estimates of 
the lith ium  mass present at the end of blowdown would ind icate tha t the 
calculated results are essentia lly  correct. Again, as expected, the scaling 
factors increase on reducing water level and are greater fo r  the S-1 sample 
lin e . However, from test to tes t these scaling factors vary s ig n if ic a n tly , 
again confirming that the sample lines cannot be expected to  give reproducible 
sampling of a two-phase mixture. I f  the calculated lith iu m  masses at the end 
o f the blowdown phase are compared, i t  may be seen that good agreement was 
obtained fo r e ither sample line  in the top break tests (Tests 8 and 15) but 
that in the bottom break tests (Tests 9 and 16) the mass estimated using the 
IKP-4 line  was systematically greater. This suggests uniform mixing at the 
sample points in the top break tes ts , but incomplete mixing at the IKP-4 
sample point in the bottom break tests .

At lower water levels in Tests 8, 9, 15 and 16, below about 130 in . ,  when • 
there was no rec ircu la tion  w ith in  the model b o ile r, the data indicate that 
hideout occurred via the transfer o f tracer chemical onto the dry surfaces of 
the tube bundle. Five observations point to  the occurrence of hideout. These 
are,

( i )  During steady-state operation (w ith no SGTR flow) the measured model 
b o ile r concentrations fe l l  s tead ily . Notably, th is  was seen a fter 
blowdown and a fte r the SGTRs in the la te r tests w ith  the dryers 
bypassed.
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( i i )  In the SGTRs at ~ 60 in . the measured concentrations on the IKP-4 
sample lin e , from the pool of b o ilin g  water, are very much less fo r 
top break tests (8 and 12 ppm) than fo r bottom break tests (380 and 
390 ppm). This suggests that most o f the potassium in jected during 
the top break SGTRs was lo s t onto the surfaces of the tube bundle.

( i i i )  On ra is ing water level fo llow ing the SGTRs at ~ 60 in . in the two 
tests with the dryers bypassed, when steady state conditions had been 
maintained fo r  20 minutes a fte r the SGTR, both the lith ium  and 
potassium concentrations increased. Here, th is  would indicate 
redissolution of the tracers as the water level was raised.

( iv )  In the absence of hideout the ra tio s  of lith ium  to potassium would be
expected to be s im ila r, e ither when calculated from the mass present 
or from the measured concentrations. A comparison of these ra tio s , 
given in Table 7-7, shows that th is  was not so and, in p a rticu la r at 
~ 60 in . ,  the ra tios  d iffe red  by up to one order of magnitude.
Again, th is  points to hideout during the tes ts .

(v) In the top break SGTR tests at ~ 60 in . ,  in it ia t io n  of the break 
flow caused a spike of lith ium  release, but not of potassium.
Probably, th is  was derived from lith iu m  hydroxide deposited on the dry 
surfaces before the SGTR was in it ia te d .

From the above considerations, the low level tests at 60 and 100 in . water 
level were associated with s ig n ifica n t amounts of hideout. Because of th is , 
i t  is  not generally possible to estimate the concentrations present in the 
liq u id  phase, since the amounts los t by hideout cannot be determined. The 
to ta l masses in the model b o ile r can be calculated, however, as can the 
concentrations at the end of blowdown before any lith ium  was lo s t in to  the 
tube bundle. Estimates of these values are given in Table 7-7.
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In the f in a l test of th is  group, Test 14, blowdown occurred between the two 
SGTR phases and both lith ium  and potassium were lo s t during blowdown. 
ience,the amounts remaining a fte r blowdown are uncertain. Fortunately, fo r 
these test conditions the IKP-4 sample lin e  results  show tha t hideout did not 
occur, since the lith ium  concentrations decayed only by the amounts predicted 
by sampling losses. The results  at 100 in . can, therefore, be analyzed and 
the mass present calculated on the basis o f the mass of potassium added during 
the fin a l SGTR and of the observed increase in potassium concentration. The 
masses can then be used to calculate the true concentrations in the model 
b o ile r. As expected, the calculations show that two-phase conditions existed 
at the IKP-4 sample point and tha t a scaling facto r of ~ 1.3 is  required to 
correct the measured concentrations. These resu lts  are summarized in Table 
7-8.

7-3. CARRYOVER AND BYPASSING

During a potentia l steam generator fa u lt involving a coincident SGTR and SORV, 
moisture released via the SORV steam can orig inate e ithe r from the bulk steam 
generator water or from unmixed primary coolant issuing from the SGTR break 
s ite . The former is  referred to as moisture carryover, while the la t te r  can 
be defined as primary coolant bypassing. Both carryover and bypassing can 
occur e ithe r as steady-state processes or as transient releases, and i t  should 
be noted that primary coolant which has mixed with the bulk steam generator 
water can be released by moisture carryover as well as by bypassing.

Steady-State Defin itions

In the present series of tests lith ium  was added to the model b o ile r as the 
secondary tracer, and moisture carryover can be determined d ire c tly  from the 
concentrations of lith ium  in the SORV condensate, and in the model
b o ile r water, [Li]|^|g_2 * Carryover is  defined as,

■"water ^
■"water "’steam
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However since FLil = \ aterHowever, since LLiJ^Qi^y \ a t e r

Carryover can also be defined as,

[L i ] copy
Carryover = m   x 100% (7-2)

'̂-̂ ■'MB-2

Potassium was used as the primary tracer and w il l  enter the model b o ile r via 
the SGTR break. I f  there is  no bypassing, and the in jected primary coolant 
mixes uniformly with the model bo ile r water, carryover can also be determined 
from the equivalent potassium concentrations.

Carryover = x 100% (7-3)
['̂ ■'mB-2

Since the lith ium  concentration in the model bo ile r water remains 
approximately constant during the tests, while the potassium concentration 
increases throughout the SGTR in jec tion , in theory s im ila r behavior in 
concentration should be observed in the SORV condensate. In practice, the 
measured concentrations were so low that these trends could not be detected. 
Here, therefore, only upper lim its  fo r carryover based on potassium data have 
been calculated. These use the maximum concentrations in the model bo ile r at 
the end of each SGTR in je c tion .

Bypassing can be defined as that fraction  of the mass of primary coolant 
entering the model b o ile r, via the SGTR break, which escapes d ire c tly  in the 
SORV steam. I f  bypassing occurs, the potassium concentrations measured in the 
SORV steam w ill be a combination of the contributions due to bypassing and to 
moisture carryover. I t  should consist of a constant contribution due to 
bypassing plus an increasing contribution due to moisture carryover. Since, 
in practice, the observed concentrations were very low, the individual 
contributions cannot be separated and, again, here only upper lim its  fo r 
bypassing ( i .e . ,  to ta l primary carryover) have been calculated. These assume 
that a ll the potassium in the SORV condensate was due to bypassing. Thus,
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Upper L im it fo r Bypassing = i ja ^  Inte^ing'^MB-? * 1“ “

_ *̂̂ ŜORV ŜORV X 100% ,n ,s

'  l̂ Jp “ sGTR

where and Wggji  ̂ are the SORV steam and SGTR flow rates and [K]p is
the concentration of potassium in the primary loop.

Transient Release Defin itions

In a number of the tests, perturbations in operating conditions caused 
transient increases in the amount of lith ium  or potassium carried over into 
the SORV steam. Usually, the leve ls observed were not sustained and decayed 
exponentially towards the steady-state values. These releases have been 
assessed by f i r s t  estimating the to ta l mass of tracer released,
^SORV’ comparing th is  w ith the calculated mass in the model
b o ile r, at the s ta rt of the perturbation.

Carryover = x 100% (7-5)
^MB-2

For potassium, transient releases can orig inate  from the bulk liq u id  or from 
bypassing. Of these, bypassing could only be id e n tif ie d  unambiguously at the 
s ta rt of an SGTR, when potassium was absent from the bulk liq u id  phase. For 
these transients, upper lim its  fo r  the fra c tio n  of primary coolant released by 
bypassing can be calculated by comparing the mass of potassium released via 
the SORV steam, and the mass of potassium in jected in to  the
model b o ile r over the period of the perturbation, where OjQi-g is  the to ta l 
quantity of primary coolant in jected. Thus,

^DRV
Upper L im it fo r Bypassing = -rirT— ^ ^  (7-6)

'̂ •̂'p ^SGTR
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In most instances the perturbations which produced transien t releases probably 
occurred over re la tiv e ly  short periods, ty p ic a lly  20 to 30 seconds at the 
s ta rt o f the SGTR break flow or up to 60 seconds on opening the safety re l ie f  
valve. Generally, however, these short perturbation caused much longer 
transients in the SORV condensate, ty p ic a lly  10 to  15 minutes. In calcu lating 
transient carryover, th is  aspect w il l  not influence the calculated re su lt, but 
fo r bypassing, the values estimated w il l  be c r i t ic a l ly  dependent on the time 
period chosen fo r the perturbation and can only be used w ith reference to th is  
assumed time. Since th is  approach can introduce uncertainties in assessing 
transient bypassing, the release can be reexpressed in terms of the time 
period over which 100% bypass release can be assumed to occur, an approach 
which elim inates the need to specify a perturbation time period.

7-3-1. Carryover and Bypassing at Normal or High Water Level

Under steady-state conditions the measured SORV condensate concentrations were 
very low and usually were e ithe r not detectable or close to the lim its  of 
detection of the ana lytica l methods. Carryover and bypassing levels 
calculated from those values were also low, generally ly ing  in the range of 
0.0004% to 0.002%. These resu lts  are summarized in Tables 7-9 and 7-10.

Examination o f Table 7-9 shows that the resu lts  were s im ila r fo r a l l  tests and 
that comparable values were estimated using e ithe r lith ium  or potassium data. 
In most instances the apparent range in the resu lts  arises from the varia tion 
in model b o ile r concentrations and was not a real e ffe c t. From the data at 
higher dosing leve ls, the true carryover level was very low and of the order 
of 0.0005% or less. As noted in Section 7-1, v o la t i l i t y  should not contribute 
to the measured carryover in Tests 3, 4, 5 and 14, but the predicted 
v o la t i l i t y  could account fo r most of the observed carryover in the remaining 
tests. In the two 100% power tests the measured carryover was s ig n if ic a n tly  
higher than in other tes ts . This w il l  remain correct, even i f  the model bo ile r 
concentrations were higher than measured (see Section 7-2) and i f  increased 
v o la t i l i t y  corrections are made.
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In most tests, variations in water level did not have any s ig n ifica n t e ffect 
on the measured carryover. These span the range 130 in . to 495 in . under Test 

type conditions, and up to ~ 520 in . at lower secondary temperatures and 
pressures. At 100% power ra is ing  the level up to the dryer had no e ffe c t, but 
carryover increased to 10 to 20% on flooding the dryers. With the dryer 
bypassed no change in carryover was detected, except again at 100% power when
water level was increased above normal leve l.

Although there was l i t t l e  evidence fo r  primary coolant bypassing, upper lim its  
can be calculated fo r each te s t. These show that any bypassing was very low 
and comparable to the level fo r carryover. Again, the values mainly re fle c t 
the dosing levels used, rather than d e fin it iv e  values. Even though the 
evidence fo r bypassing was s lig h t, the sustained higher levels o f potassium 
seen in Tests 5 and 14 would suggest that bypassing did occur to a very small
extent in these tests. I t  may also have occurred in Test 4. I t  is  perhaps
s ign ifica n t that evidence fo r bypassing was only seen in tests at lower 
secondary temperatures and pressures. Possibly th is  was re lated to the 
greater volumes of steam produced when the primary flow flashed under these 
conditions. Associated with the small degree of bypassing in Test 14, 
:arryover, as measured by the lith iu m  concentration, also increased while 
there was an SGTR break flow.

In a number of tests, perturbations to steady-state conditions caused 
transient releases. At these water levels, they occurred in the o v e r f i l l  
tests (Tests 10 and 11), in the f u l l  transien t test (Test 12), and in Tests 1, 
4 and 14. These transient releases are summarized in Tables 7-11.

In the two o v e r f i l l  tests. Tests 10 and 11, each pressure r e l ie f  cycle caused 
a transient release. In Test 10 these could not be resolved fu l ly  due to the 
method of sampling and are not analyzed fu rth e r. In Test 11, each pressure 
re l ie f  cycle lasted fo r 75 or 80 seconds and caused an SORV condensate flow 
fo r about 150 seconds. During th is  time the tracers gave high in i t ia l  
concentrations, which decayed exponentially to lower values. During the f i r s t  
two cycles the in i t ia l  concentrations were re la tiv e ly  low and the decay slow, 
while in the fin a l two cycles the in i t ia l  concentrations were high and the
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decay rapid. In the intermediate cycles both types o f behavior appeared to be 
present.

For the four cycles where s u ff ic ie n t data e x is t, the observed concentrations 
can be expressed as.

Cycle 1: Lithium -
^Li = 4e

Potassium - = 19e'^-^^
Cycle 2: Lithium -

N
s 28e'^*^^

Potassium • s 11.5e"°-^^^
Cycle 5: Lithium -

K

^Li
s 300e-0‘ 098t

Potassium - s 530e"®*°^®^
Cycle 6: Lithium -

l\

^'Li
1̂/

= 1050e'°-^^®^
Potassium - = 4600e'°-^^®^

where concentration is  expressed in ppb and time in seconds. I f  we integrate 
over in f in ite  time and use an average SORV steam flow ra te  of 1.97 Ibm/sec. 
(0.895 kg/sec), we obtain estimates of the to ta l mass released. These are 
summarized in Table 7-11.

I t  is  d i f f ic u l t  to compare a ll six pressure re l ie f  cycles on a quantita tive  
basis, due to the d i f f ic u l t y  in analyzing the intermediate cycles and because 
of the uncertainty in  the actual mass of water available fo r release, when 
part of the to ta l inventory was being lo s t continua lly  in to  the void space of 
the model b o ile r. However, i t  is  clear from the data that the mass released 
generally increased progressively from cycle to cycle as the water level was 
raised. Further, i f  the calculated releases given in Table 7-11 are compared, 
i t  may be seen that s im ila r quantities of both lith ium  and potassium were 
released during cycles 5 and 6, but that in  cycles 1 and, possibly, 2, greater 
percentages of potassium were released than lith ium . A s im ila r conclusion can 
also be drawn from the data fo r  a ll six cycles, i f  the observed concentrations 
a fte r 30 seconds are compared w ith the corresponding concentrations in the 
model b o ile r. These are given in Table 7-12. Both comparisons would indicate 
that the release in cycles 3 to  6 was of model b o ile r water alone and that 
there was no contribution from bypassing. In the in i t ia l  cycles the data
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indicate that some bypassing occurred in cycle 1 and possibly also in cycle 
2. I f  the water levels are compared, i t  may be seen tha t cycle 1 occurred at 
about 502 in . ,  whereas a ll other cycles occurred at or above 514 in . ,  the 
level of the entrance to the dryer.

The transients observed in the remaining te s ts . Tests 1, 4, 12 and 14, were
detected over longer time periods, 10 to 20 minutes, and at times when samples
were being collected at 5 minute in te rva ls . In these cases the quantities 
released were estimated d ire c tly  from the p lo tted  resu lts  and from the 
corresponding SORV steam flow ra tes. The transients f a l l  in to  two groups, 
those seen in Test 12, the fu l l  SORV transien t w ith a top break SGTR, and 
those seen in the remaining bottom break SGTR tests at the s ta rt o f the SGTR 
break flows.

In Test 12, both id e n tif ia b le  transients occurred when the SORV lines were 
opened, in one case to re lieve  pressure, in the other to increase flow from 2%
to 10%. Both were, therefore, s im ila r events to those described above fo r
Test 11, but here they occured at lower water levels of about 440 in . and 480 
in . ,  respectively. In both cases, as in Test 11, cycle 1, the resu lts  
indicate that some bypassing occurred. Although the transients were observed 
over a period of about 12.5 minutes, the SORV flow (Figure 5-350) shows that 
the in it ia t in g  perturbation occurred over much shorter time scales. From the 
data these are estimated to have lasted of the order of 60 seconds. However, 
fo r ease of d irect comparison w ith Test 11, cycles 1 and 2, here, upper lim its  
fo r bypassing are calculated on the basis o f an 80 second perturbation. On 
th is  basis the results indicate tha t there was about 0.5% bypassing in each 
transient. This is equivalent to 100% primary coolant bypassing over a period 
of 0.4 seconds. Because of th e ir  s im ila r ity , the four transien ts, from Test 
12 and from Test 11 (cycles 1 and 2), should provide a basis fo r estimating 
releases caused by the operation o f a safety r e l ie f  valve a t normal water 
levels.

In the three bottom break tests small transien ts, lasting  fo r 15 to  20 
minutes, were observed when the SGTR break flow commenced. Since potassium 
was absent from the model b o ile r water before the SGTR flow  was in it ia te d .
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these transients must be due to bypassing. Again, as noted above, the 
in it ia t in g  perturbations fo r these transients are believed to have occurred 
over much shorter periods and probably o rig ina te  from the surge which occurred 
on in it ia t in g  the SGTR flow. From the data these surges lasted fo r  20 to 30 
seconds. Here, we have assumed a fixed period of 25 seconds fo r estimating 
bypass in each trans ien t. From Table 7-11, the calculated levels o f bypassing 
in each case are predicted to be small and would not be expected to  dominate 
the to ta l release in actual fa u lts .

7-3-2. Carryover and Bypassing at Low Water Level

Low water levels were investigated in e ight tests. P rin c ip a lly , the 
conditions explored were blowdown or boildown, SGTRs at very low water level 
when there was no rec ircu la tio n  in the model b o ile r, and SGTRs at intermediate 
water levels with rec ircu la tio n  maintained. Generally, these tests were 
dominated by transient releases, which were related to the specific  operating 
conditions in each te s t. These conditions and the observed releases are 
described below, while the resu lts  are summarized in Tables 7-13 to 7-15.

Blowdown and Boildown

The e ffec t of blowdown or boildown was examined in a l l  low level tes ts . Of 
these, four were carried out under essen tia lly  identica l conditions and w ill 
be considered in d e ta il.

In these tests. Tests 8, 9, 15 and 16, level was reduced by blowdown from 
normal leve l, 442.5 in . ,  to about 50 in . while steaming a t about 1.9 Ibm/sec. 
Typ ica lly , the primary in le t temperature, T^^^, was bSÔ F {304“C), the 
primary flow rate 91 to 95 Ibm/sec., the secondary pressure 1080 psia and the 
saturation temperature 552 to 556®F (~ 290®C). At normal water level the 
downcomer flow rates indicated a c ircu la tio n  ra tio  of about 17. This fe l l  to 
5 by a downcomer water level o f about 180 in . ,  a fte r which i t  remained 
constant. Since the ana lytica l results obtained on the S-1 sample lin e  show 
that rec ircu la tion  did not cease u n til the level had fa lle n  to about 130 in . ,  
the downcomer flow rates probably were inaccurate at low level (when the
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apparent c ircu la tio n  ra tio  should equal un ity , since the a ux ilia ry  feed flow 
should equal the SORV steam flow ra te ). As soon as the water level was 
reduced, thermocouple readings showed that the subcooled region at the base of 
the tube bundle rose to saturation temperatures and that two-phase conditions 
existed throughout the tube bundle. These conditions persisted u n til 
rec ircu la tion  collapsed, when superheat was developed in the upper part of the 
tube bundle (observed at both 195 and 260 in . ) .  Eventually the steam in th is  
region of the tube bundle developed up to 20°F  (11®C) superheat (Figures 
5-101, 5-103, 5-211, 5-213, 5-401, 5-402, 5-488 and 5-489). Even though 
superheat was developed in the tube bundle, thermocouples in the r is e r  at 363 
in . showed that saturated conditions were maintained at th is  location at a ll 
times. F ina lly , when water level had fa lle n  below 100 in . ,  both the 
saturation temperature and secondary pressure f e l l ,  as there was no longer 
s u ff ic ie n t heat transfer surface in the tube bundle to maintain secondary 
pressure.

When water level is  reduced by blowdown, i t  might be expected tha t the model 
b o ile r water concentrations would remain constant. In practice th is  does not
occur, since the blowdown take-o ff point lie s  in the path of the return
downcomer flows and removes the downcomer water and not bulk water. In the 
in i t ia l  stages of blowdown the downcomer water is  s im ila r in composition to 
the bulk model b o ile r water, but as level is  reduced and the c ircu la tio n  ra tio  
fa l ls ,  the downcomer water becomes progressively more lik e  the undosed 
a u x ilia ry  feed water that is  being added to the downcomer at a ll times. Thus, 
blowdown involves the removal of water, but not of the corresponding amount of 
chemical tracers and the re su lt should be to  concentrate the la t te r  in the 
bulk water. In the tests considered here, the predicted concentrating e ffec t 
could not be observed d ire c tly , since the sample points saw progressively 
higher levels of voidage, but i t  was observed in the s im ila r te s t. Test 14 
(T-2067), and i t  can be demonstrated via the mass balances outlined in Section 
7.2 The la tte r  indicate tha t the model b o ile r  water concentrated by factors 
of the order of 2 to  3 in th is  series of tes ts .

The observed carryover can be s p li t  in to  three phases, namely steady-state
values w ith rec ircu la tion  maintained (at levels above 130 in . ) ,  transient 
releases as rec ircu la tion  w ith in  the model b o ile r collapsed, and steady-state
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values at levels between 50 and 130 in. when there was no rec ircu la tion .
During the in i t ia l  stages of blowdown, when rec ircu la tion  was maintained 
w ithin the model b o ile r and at levels between 442.5 and 130 in . ,  carryover was 
very low and not s ig n ifica n tly  d iffe re n t from that at normal water level, see 
Tables 7-11 and 7-13. Neither was there any evidence fo r an increase in 
carryover as concentrations increased w ith in  the model b o ile r. At about 130 
in . ,  when rec ircu la tion  collapsed, carryover increased and a transient release 
o f variable character and duration was observed in a ll four tes ts . In two 
cases carryover increased over 5 minutes and then decayed exponentially over a 
fu rther 10 minutes, but in the remaining tests the transient was more variable 
and of longer duration. Probably these varia tions were related to the 
p a rticu la r rates of reduction in water leve l employed in each te s t. I f  the 
to ta l masses released are compared with the masses present at the end of 
blowdown. Table 7-16, the quantities released were s im ila r in a ll tests and 
a ll l ie  in the range of 0.4 to 1.3%. Once level had been s tab ilized  at about 
50 in . ,  and when there was no re c ircu la tio n  in the model b o ile r, carryover 
rap id ly increased to  new steady-state values which were about one order of 
magnitude higher than those seen e a rlie r. Table 7-13. These levels are s t i l l  
s ig n ific a n tly  higher, even when account is  taken of the increased v o la t i l i t y  
predicted at the higher concentrations fo llow ing blowdown, see Table 7-1. In 
the 70 to 80 minutes operation before the in i t ia l  SGTR phase, no e ffec t due to 
loss of tracer by hideout was observed. At a ll stages, there were no 
id e n tifia b le  effects due to the bypassing of the dryer in the repeat tests.

Water level was reduced to very low levels in three fu rthe r tes ts . In two of 
these. Tests 10 and 11, level was reduced by boildown (with a concurrent SGTR 
flow in Test 11), while in Test 14 level was reduced by blowdown. In Tests 10 
and 11 conditions were s im ilar to those above, but w ith a much reduced primary 
flow ra te . In Test 14, at lower temperature and pressure, they were, T^^^ 
470"F (233®C), primary flow 13 Ibm/sec, secondary pressure ~ 430®F (221“ C) 
and SORV steam flow, 0.5 Ibm/sec. In these three tests blowdown or boildown 
did not cause the same transient release when rec ircu la tion  collapsed as was 
seen in the tests described above. Further, only in Test 11 was there any 
indication fo r an increase in carryover o f very low leve l. Table 7-13. The 
differences in behavior between these sets of tests would appear to be 
associated with the amount of heat transfer available in the tube bundle and.
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possibly also, with the lower SORV steam flow rates. This was re flec ted  in 
the amount of superheat generated in the tube bundle, which here was about 9“ F 
(5°C) maximum in Test 11 (Figures 5-333 and 5-334) and 3“ F (2®C) in  Test 14 
(Figures 5-383 and 5-384).

In Test 2 (T-1958), two small transient releases also coincide w ith  rapid 
reductions in level due to boildown. In both cases the reductions in water 
level were from 250 in . to about 200 in . and, hence, took place w ith  a fa ir ly  
high c ircu la tion  ra tio  in the model b o ile r . In both cases the quantities 
released were small. Table 7-16.

SGTRs or Other Events at Very Low Water Levels

The e ffects of SGTRs at very low water levels were studied in f iv e  tests.
Tests 8, 9, 14, 15 and 16. In addition, the e ffec t of increasing the SORV 
steam flow ra te , as in a pressure r e l ie f  cycle, was examined in Test 11. The 
resu lts  are summarized in Tables 7-13 to 7-15.

In the main group of four tes ts . Tests 8, 9, 15 and 16, SGTRs were carried out 
at water levels of about 60 in . and 104 in . ,  with the break location at e ither 
the top or bottom of the tube bundle and with the dryer e ithe r in service or 
bypassed (Figures 5-192, 5-302, 5-475 and 5-562). Since no e ffe c t due to 
bypassing the dryer could be id e n tif ie d , the fo llow ing description deals only 
with the effects due to the break location and considers tests w ith  or without 
the dryers bypassed as equivalent. For each test the conditions were s im ila r, 
the only differences being an increase in T^^^ at the lower SGTR le ve l,
594®F (312°C) versus 580®F (304°C). At 60 in . up to 16®F (10®C) superheat was 
observed in the upper part of the tube bundle (at 195 and 260 in . ;  Figures 
5-121, 5-123, 5-232, 5-234, 5-416, 5-417, 5-503 and 5-504), but a t 100 in. 
superheat was only seen at the very top o f the bundle at 260 in . At th is  
level the superheat was about 5®F (2.5®C) before the SGTRs and during the 
bottom break SGTRs (Figures 5-253 and 5-519), but i t  was reduced to  zero 
during the top break tests (Figures 5-142 and 5-432). In a ll tes ts  the 
concentrations observed in the SORV condensate were dominated by large 
transient releases. These occurred at the s ta rt o f each SGTR and during the 
associated level changes from 60 to 100 in . and from 100 to 150 in .
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Generally, the SORV condensate concentrations f e l l  only slowly in each 
transien t, so that steady-state conditions were never f u l ly  established.

At 60 in . the in i t ia l  SGTR produced a marked difference in behavior depending 
on whether the break was located at the top or bottom o f the tube bundle. In 
both top break tes ts , in it ia t in g  the SGTR break flow caused a large transient 
release of lith ium , but no corresponding release of potassium, while in the 
bottom break tests there were no large releases of e ith e r lith ium  or 
potassium. In one bottom break te s t there was a small release o f both 
potassium and lith ium  at the s ta rt o f the break flow , but the amounts released 
were small when compared w ith the lith ium  released in the top break tests. As 
the SGTRs proceeded, the potassium carryover increased steadily  in a ll the 
tests, in pa ra lle l w ith the to ta l amount added to the model b o ile r, and in the 
repeat tests th is  carryover level was maintained in steady-state operations 
a fte r the break flow had ceased. Apart from the small release seen in one 
te s t, there was no evidence that bypassing occurred.

At f i r s t  sight these resu lts  are d i f f ic u l t  to explain, fo r  i f  the lith ium  had 
remained in the bo ilin g  pool at the bottom of the tube bundle i t  might be 
expected that i t  would only be released in a bottom break tes t, and not in a 
top break tes t. Further, i f  the releases were caused by in it ia t in g  the break 
flows, then corresponding releases o f potassium would be seen. The results 
may be explained, however, i f  i t  is  assumed that the lith iu m  was not 
res tric te d  to the b o iling  pool, but that i t  was d is tr ib u te d  throughout the 
tube bundle and that i t  had accumulated as deposits on the dry surfaces in the 
upper part of the bundle. A top break SGTR w il l  now re s u lt in the primary 
coolant, at saturation temperature a fte r i t  has flashed, draining onto the 
tube bundle where i t  w il l  b o il and release these deposits as fine  particu la tes 
or concentrated droplets. Evidence fo r th is  behavior can be seen in Figure 
5-121 and 5-416, the thermocouple traces at 260 in . in Tests 8 (T-1976) and 15 
(T-2051). The absence of a corresponding release in the bottom break tests 
may now be explained simply as due to the lack of access to these dry 
deposits. As outlined in Section 7-2, there are other indications that 
hideout of th is  type occurred at very low water leve l, p a rtic u la r ly  the 
observations that the potassium in jected in top break tests did not reach the
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bo iling  pool and that in steady-state operation a fte r the SGTR the measured 
•potassium concentrations on the IKP-4 sample line  fe l l  rap id ly .

I f  th is  in te rpre ta tion  o f the resu lts  is correct, then quan tita tive  estimates 
of the amounts released must be treated w ith  caution as they w il l  now depend 
on the quantity of dry deposit exposed to the break flow , which in turn w ill 
depend on the p rio r operational h isto ry when i t  w il l  have accumulated. In the 
present series of tests th is  period was s im ila r in a ll cases, 70 to  80 
minutes, and resulted in the loss of up to  8% of the to ta l lith ium  inventory 
in top break tests, but very l i t t l e  in the bottom break tes ts . For the same 
reason, estimates of steady-state carryover and bypassing cannot s t r ic t ly  be 
made, since the true concentrations in the bo ilin g  pool are unknown, as are 
contributions due to other processes occurring in the tube bundle. The 
estimates given in Tables 7-13 and 7-14 must, therefore, also be treated with 
caution, but they suggest that both carryover and bypassing were low.

At the second SGTR le ve l, 104 in . ,  both lith iu m  and potassium were present 
before the SGTR flow commenced and both may be expected to  have been present 
in any deposits on the dry surfaces of the tube bundle. At th is  level a ll 
tests gave a s im ila r re s u lt, with the release being dominated by transients of 
both lith ium  and potassium. Although variab le , the releases. Table 7-15, were 
s im ila r in magnitude to those seen at 60 in . and were re la tiv e ly  s im ila r fo r 
both tracers. Again, th is  suggests release from dry deposits, w ith no 
dominant contribution due to bypassing. In each tes t the measured lith ium  
concentrations decayed u n til water level was raised to 150 inches. A sim ilar 
behavior was not normally seen with potassium, where the measured 
concentration remained high even a fte r the SGTR flow was halted. This would 
indicate some type of carryover behavior ra ther than bypassing, but again, i t  
is  d i f f ic u l t  to define these values accurately. As at 60 in . ,  however, 
steady-state estimates suggest low levels o f both carryover and bypassing.

On ra ising water le el at the end of each SGTR phase, fu rth e r large transient 
releases of both lil-hium and potassium occurred in a ll tes ts . In each case 
the transients were s im ila r to those seen in the SGTRs and were o f s im ila r 
magnitude. As with the SGTRs, there were appreciable varia tions in  the 
quantities released from test to te s t and in the re la tive  amounts o f lith ium
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and potassium. Generally, such varia tion  might be expected i f  the release was 
from deposits in the tube bundle, since the quantities released would depend 
on the p r io r  operational h is to ry  and on the varia tion in d is tr ib u tio n  caused 
by the a lte rna tive  break locations. In these level changes i t  is  probable 
that the releases were caused by the rewetting of these dry surfaces as level 
was raised. Consistent with th is  in te rp re ta tion  was the observation that the 
measured concentrations on the IKP-4 sample lin e  from the bo iling  pool at the 
base of the tube bundle increased when level was raised, rather than decreased 
as expected due to d ilu t io n . This would suggest redissolution of deposits as 
the level was raised.

In a ll transien t releases the SORV concentrations fe l l  exponentially to lower 
concentrations over prolonged periods. This was p a rtic u la r ly  apparent a fte r 
levels had been raised to 160 in . ,  when concentrations continued decaying fo r 
1 to 2 hours a fte r the level change. This slow recovery would ind icate that 
the tracers were trapped in crevices w ith in  the model b o ile r from which they 
were only slowly leached out. The sites fo r  these crevices are uncertain and 
they could l ie  in the steam spaces of the model b o ile r or in the support plate 
crevices of the tube bundle. As, however, a uniform d is tr ib u tio n  o f the 
tracers in the model b o ile r water was reestablished ra p id ly  once re c ircu la tio n  
had been established, the slow decay seen a fte r re c ircu la tion  was 
reestablished at 150 in . suggests that crevices in the steam spaces were 
responsible.

A s im ila r tes t to those described above, but at lower temperatures and 
pressure, was carried out in Test 14, where the second stage of the test 
involved a bottom break SGTR at a water level of 102.5 in . In th is  case, 
however, the SGTR was carried out only 18 minutes a fte r completing blowdown 
and when the measured concentrations on the IKP-4 sample line  suggested that 
mass was not being lo s t in to  the tube bundle. As in the previous tests at 
th is  water leve l, both lith ium  and potassium were present before the SGTR 
break flow commenced and, again, in it ia t in g  the SGTR break flow caused 
transient releases o f both tracers (Figure 5-391). In th is  example, however, 
the to ta l quantities released were very much less, since hideout was not 
taking place, and there was a much greater quantity of potassium released than 
lith ium . This then indicates that the release was mainly due to bypassing and
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that i t  pa ra lle ls  the behavior seen at normal water level in th is  pa rticu la r 
tes t. Estimated as bypass, and assuming a 25-second in it ia t io n  period as at 
lormal water leve l, the bypass frac tion  is  estimated at ~ 3% , approximately 
30 times that seen at normal water leve l. Again, as at normal water level, 
bypassing was associated with a small release of bulk model bo ile r water.
A fter the in i t ia l  release, the measured SORV condensate concentrations fe l l  to 
very low levels. Based on these values, both steady-state carryover and 
bypassing were low. Table 7-13 and 7-14, and were s im ila r in magnitude to that 
seen at normal water leve l. These levels were s ig n if ic a n tly  less than the 
carryover seen in the other tests at these low water leve ls . Possibly th is  
difference is  re lated to the lower steam flow and the absence of hideout in 
th is  pa rticu la r te s t.

In the f in a l low level te s t, Test 11, the e ffe c t of increasing the steam flow 
from 2% to 10% was examined (Figure 5-337). As th is period of increased flow 
lasted fo r  72 seconds, i t  was almost d ire c tly  comparable with the pressure 
re lie f  cycles carried out at e a rlie r stages in the te s t, but carried out at a 
level of 23 in. As in the other pressure r e l ie f  cycles, the top break SGTR 
flow was s t i l l  in operation during the transien t. The transient caused a 
re la tiv e ly  large release of both lith ium  and potassium, w ith approximately 
three times the amount of potassium released as lith ium . Since there was no 
reason to expect an uneven d is tr ib u tio n  of tracers w ith in  the model bo ile r or 
an uneven release due to carryover, the re su lt would suggest that ~ 65% of 
the potassium release was due to bypassing. On th is basis, over a 72-second 
in jection  period, bypassing was ~ 44%, the highest level seen in any test.

SGTRs and Other Events at Intermediate Water Levels

Five tests were carried out at water levels between 150 in . and 290 in .,  when 
rec ircu la tion  was s t i l l  being maintained in the model b o ile r . Four of these 
were continuations of those described above. Tests 8, 9, 15 and 16, while the 
additional test was Test 2 (T-1958) carried out under essen tia lly  identical 
conditions. In the main group of four tests the overall carryover was 
dominated by the decay of the SORV condensate concentrations fo llow ing the 
transient releases when water level was raised to 160 in . As th is  decay 
extended throughout the remainder of each te s t, steady s ta te -leve ls  could not
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be estimated and only transient releases are considered. The results  are *

given in Tables 7-13, 7-14 and 7-16.

In Tests 8, 9, 15 and 16, SGTRs were carried out at two water levels of 160 
in. and 285 in . ,  separated by a single change in water level (Figures 5-194, 
5-304, 5-477 and 5-564). In most cases, in it ia t in g  the SGTR flow or ra ising 
water level caused small transient releases, which were detected above the 
general background concentrations. However, while most events caused 
potassium releases, only three events caused a corresponding lith ium  release. 
In the SGTR phases, these differences could suggest tha t bypassing occurred, 
but s im ila r variations seen in the level change plus the small quantities 
released suggest that the differences mainly are due to the d if f ic u lt ie s  in 
iden tify ing  and estimating the amounts released. I f  the tests with or without 
the dryer are compared, transient releases are seen more frequently with the 
dryer bypassed. I f  th is  was caused by bypassing the dryer, then i t  was the 
only occasion when any e ffe c t was detected, other that at 100% power and at 
high water leve l.

The d if f ic u lt ie s  caused by background carryover from e a r lie r  phases of the 
tests did not a ffec t Test 2, and in th is  tes t steady-state carryover estimates 
could be made. In the in i t ia l  phase of th is  te s t, carried out at 240 to 280
in .,  carryover was very low and was comparable to that seen at normal water
leve l. At lower water leve l, 190 to 205 in . ,  carryover increased and was more 
variable, but s t i l l  was of a s im ila r magnitude to that seen at normal water
leve l. Upper lim its  fo r bypassing at both levels were also small and there
was no evidence fo r any s ig n ifica n t level of bypassing. As described e a rlie r, 
transient releases were seen on two occasions. The f i r s t  of these transients 
occurred when the SGTR break flow was in it ia te d , but i t  also coincided with a 
rapid reduction in level by boildown. This transient was probably caused by 
the break flow surge and gave a s im ila r level of bypassing to the s im ila r 
transients in Tests 1, 4 and 14. The second transient also coincided with a 
rapid change in water level and, in th is  case, was c le a rly  due to th is  event. 
In contrast with the e a r lie r  transien t, there was no evidence fo r bypassing on 
th is  occasion.

95400:10/082686 7-26



7-4. ASSESSMENT OF TEST RESULTS

The prime objective of the tes t program was to measure moisture carryover and 
to look fo r any evidence of primary coolant bypassing on a fa c i l i t y  that could 
model the geometrical and thermal-hydraulic conditions of a Westinghouse Model 
F steam generator during SGTR/SORV fa u lts . For th is , the LOFTRAN code was 
used to define the thermal-hydraulic conditions expected during the fa u lt  and 
these were then used as the basis fo r a series of steady-state and transient 
tests.

For the basic transient i t  was assumed tha t an SGTR and a coincident SORV 
occurred at a time when o f f -s ite  power was unavailable, but when a u x ilia ry  
feedwater was maintained fo r 15000 seconds. The conditions predicted using 
the LOFTRAN code were used to define the f u l l  transient te s t. Test 12, and of 
the available parameters the primary pressure and primary temperature, 
were selected as control parameters. In the actual tes t these parameters were 
followed accurately, as is  shown in Figure 7-1, in spite o f a plant t r ip  which 
occurred partway through the te s t.

Within the overall transient three steady-state instances were selected at 
which the re la tive  importance of moisture carryover and primary coolant 
bypassing were to be assessed. These were at 900, 4000 and 15000 seconds, as 
shown on Figure 7-1. At these instances the follow ing characteris tics were 
anticipated:

900 seconds: At th is  early stage in the transient the reactor scram w ill
have occurred, but primary pressure w il l  s t i l l  remain high as 
no operator action w ill have been taken to reduce primary 
pressure. Under these conditions primary and secondary 
temperatures and pressures are such that the tube rupture flow 
w il l  enter the secondary side at high ve loc ity , but with 
l i t t l e  flash ing. In the o rig ina l test matrix, with T^^^ at 
560®F, only 0.83% of the primary coolant would flash , whereas 
in the modified tests, w ith  T^^^ at 580°F, flashing would be 
increased to 5.12%. These give voidage levels in the emerging 
je t  of 0.14 and 0.50, respectively, fo r the break flow . Under
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these conditions there was the p o s s ib ility  that primary 
coolant bypassing could occur and since steam ve lo c itie s  were 
low, 2% or 10% respectively, tha t the performance o f the 
primary separator and dryer would be impaired.

4000 seconds: By th is  time the operators are assumed to have taken steps to 
reduce the primary coolant pressure and the fau lted  steam 
generator would be iso lated. Following these actions the 
difference in temperature between the primary and secondary 
side can increase, which could promote flashing of the break 
flow and increase fiss ion  product release via primary coolant 
bypassing. In the o rig ina l te s t matrix w ith at 427"F, 
1.34% of the je t  was expected to flash to give a voidage level 
of 0.53 in the emerging je t .  In the revised tes t designed to 
promote flash ing, these values become 470®F, 6.64% and 0.84, 
respectively.

15000 seconds: At la te r stages in the transient the tube rupture flow w ill 
have a low discharge ve loc ity  and only a small temperature 
difference w il l  ex is t between primary and secondary flu id s . 
Only low levels of flashing are expected, but voidage levels 
w il l  remain s ig n ifica n t due to the large specific  volume of 
steam at these temperatures. Under these conditions mixing of 
the break flow and the bulk liq u id  would be expected and 
bypassing would be small. However, as the steam ve loc ities  
w il l  now be very low, the e ffic ienc ies  of the separators and 
dryers may be fu rther impaired. These conditions a fte r 15000 
seconds are s im ilar to those which would be expected to exist 
from about 10000 seconds onwards and up to cold shutdown. As 
planned with at 320‘*F and a secondary pressure of 85 
psia, only 0.47% of the break flow should flash and the 
voidage would be 0.58. In the test the actual values obtained 
were 324®F and 81 psia respectively, which gave increased 
flashing, 1.21%, and voidage, 0.79.
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The thermal-hydraulic conditions fo r  the o rig ina l steady-state tests  were 
confirmed using the NOTRUMP code. In the actual tests these conditions were 
maintained s a tis fa c to r ily , as were those of the revised steady-state tests.
The revised conditions specified fo r  the 900 second steady-state time period 
were taken as the basis fo r the group of tests carried out over a range of low 
water levels. Although these tes t conditions lay outside the normal operating 
range fo r the MB-2 fa c i l i t y ,  in general the desired te s t conditions were 
maintained in each tes t. The only exceptions to th is  was the need to increase 
Thot water levels and the increased d i f f ic u l t y  in maintaining
the specified water levels.

In the two o v e r f i l l  tests. Tests 10 and 11, the tes t conditions selected were 
s im ila r to those used in the SGTR/SORV tests and approximate the early stage 
in an SGTR transient fo llow ing reactor scram 580®F rather than 617“ F),
but with lower primary heat flu x  as under hot standby conditions. The lim its  
fo r the operation of the safety r e l ie f  valve were taken as 1200 psia and lOOO 
psia fo r opening and closing, respectively. The value o f 1200 psia was taken 
as typ ica l fo r the operation of the code safety r e l ie f  valve w ith the lowest 
pressure se tting . In carrying out these tests no d i f f ic u l t y  was encountered 
in obtaining the in i t ia l  thermal-hydraulic conditions, but o v e r f i l l in g  the 
MB-2 model b o ile r proved more d i f f ic u l t  than antic ipated. In Test 10 th is  was 
in part due to the continued operation of the 2% SORV steam lin e  in the 
in i t ia l  stages of the te s t, but in both tests i t  was mainly due to the loss of 
water to the void space of the model bo ile r once the water level was 
su ffic ie n t to flood the dryer. Because of the la t te r  e ffe c t, in both tests, 
a u x ilia ry  feedwater had to be supplied in addition to the SGTR break flow to 
raise level and pressure at a sa tis fac to ry  ra te .

As part of the test program, three moisture carryover tests were carried out 
to provide comparative data fo r  the SGTR tests . Of these, the 8% moisture 
carryover tes t was carried out under conditions s im ila r to those specified fo r 
the steady-state tests a fte r 900 seconds and the tes t conditions were met 
s a tis fa c to r ily . In the two 100% power tests most thermal-hydraulic parameters 
were maintained s a tis fa c to r ily , but in both tests the feedwater temperature 
was low due to the loss of feedheater surface area. In addition, as the SORV 
condenser could not handle the fu l l  steam flow, the main steam lin e  was used
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in both tes ts , with the 8% SORV steam lin e  acting as a steam sampling lin e .
#

While th is  could lead to errors in determining moisture carryover, the rapid 
increase in carryover seen in Test 7 when the dryers flooded and tha t seen in 
Test 13 when the water level was raised would suggest tha t gross errors were 
absent.

Throughout the tes t series the princ ipa l objective was to establish the level 
o f moisture carryover and that of primary coolant bypassing. This was to be 
achieved by the use of two d iffe re n t chemical tracers, namely lith ium  
hydroxide fo r  the model b o ile r water and potassium hydroxide fo r the primary 
coolant. These p a rticu la r tracers were selected because they could be 
detected and analyzed at low concentration, did not have high steam 
v o la t i l i t ie s ,  were not prone to gross contamination and were not expected to 
cause unacceptable corrosion damage to the te s t f a c i l i t y .  In each tes t 
moisture carryover from the bulk steam generator water was to be determined by 
measuring the lith ium  in the condensed SORV steam and in the model b o ile r 
water. During the SGTR phases o f the tests the corresponding measurements fo r 
potassium would give the to ta l carryover o f primary coolant. This would in 
part be due to primary coolant that had mixed with the bulk model b o ile r water 
and was released by moisture carryover and, in part, would be due to that 
frac tion  of the emerging SGTR break flow which escapes d ire c tly  in the steam, 
the process defined as primary coolant bypassing.

Because of the importance associated with the measurement o f the tracers in 
the condensed SORV steam (SORV condensate) and in the model b o ile r water, 
add itiona l, continuously flowing sample lines were in s ta lle d  fo r the Phase I I  
tes t program and measures taken to ensure tha t the ana ly tica l resu lts  were of 
s u ffic ie n t precision and were free from e rro r. These are described fu l ly  in 
Sections 2-2-5 and 4.0. Due to the low levels o f carryover observed and 
because model b o ile r samples were taken from a b o ilin g  water source, the 
principal ana lytica l problems centered on the measurement of very low 
concentrations of tracer in the SORV condensate and on whether the samples 
taken from the model b o ile r were representative o f the liq u id  phase alone.
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For the SORV condensate samples an assessment o f the data, given in Section 
7-1, shows that the measured concentrations were correct and that they were 
not influenced by a na ly tica l bias, sample contamination or plateout. However, 
v o la t i l i t y  data would ind ica te  that, at the tracer levels generally used, the 
v o la t i l i t ie s  of both lith iu m  hydroxide and potassium hydroxide at normal 
secondary pressures are comparable to  the measured concentrations and that the 
observed very low carryover could be due to steam v o la t i l i t y  rather than to 
droplet carryover. At lower pressures, as in Tests 3, 4, 5 and 14, the 
v o la t i l i t ie s  would be such that no contribution from v o la t i l i t y  would be 
anticipated.

The in terpre ta tion  of the data for the model b o ile r  water sample line s  was 
more d i f f ic u l t  because o f changes in conditions a t the sample takeoff points 
at d iffe re n t water leve ls . At normal or high water an assessment using mass 
balances showed that the sample lines gave accurate resu lts , but a t lower 
level the measured concentrations were low due to the sampling of two-phase 
mixtures. Fortunately, i t  was possible to correct these concentrations using 
mass balance arguments, but at very low level the data indicated tha t hideout 
occurred and meaningful concentrations could not be derived.

Overall, the data show th a t the desired thermal-hydraulic conditions were 
achieved under a ll test conditions and that they accurately model those 
expected in a Model F steam generator. For each test the assessment of the 
chemical data show that the SORV condensate resu lts  can be expected to be 
correct and that suitab le corrections can be derived fo r the model bo ile r 
water samples, so that the concentrations in the model b o ile r can be 
established. From these resu lts  we can be confident that the estimates of 
both carryover and primary coolant bypassing are free from major experimental 
inaccuracy.
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TABLE 7-1

PREDICTED CONTRIBUTION OF VOLATILITY TO OBSERVED CARRYOVER

SECONDARY
PRESSURE
(psia)

MODEL BOILER 
CONCENTRATION 

(ppm)

LITHIUM HYDROXIDE 
SORV 

CONDENSATE 
CONCENTRATION 

(ppb)

PARTITION
COEFFICIENT

*̂ app

MODEL BOILER 
CONCENTRATION 

(ppm)

POTASSIUM HYDROXIDE 
SORV 

CONDENSATE 
CONCENTRATION 

(ppb)

PARTITION
COEFFICIENT

*̂ app

1000 -  1080 10
20
40
60
80

100
200

0.02
0.05
0.12
0.27
0.50
0.80
3.20

1.6x10"5 
2.5x10"°  
3.0x10 1  
4.5x10"?  
6.3x10"?  
8.0x10"?  
1.6x10"°

100
200
300
400
600
800

0.01
0.06
0.18
0.24
0.53
0.96

1.2x10"!
3.1x10";
4.4x10";
5.9x10";
8 .9x10"!
1.2x10"°

287 -  305 40
60
80

«  0.01 ~ IxlO"®
20
40
60

100
200
300

«  0.01 < IxlO "^

85 40 «  0.01 «  IxlO"® 10 «  0.01 «  IxlO"^
20
30

IU>U)

The apparent p a r t it io n  c o e ff ic ie n t , was estimated by extrap o la tio n  of
r11

the data o f Stephan and Kuske a t 3118, 2900, 2320 and 1740 psia using the
p

power law = ( - ^ ) " ,  where p, and are the den s ities  o f the steam app p  ̂ s w

and water phases in the model b o ile r .



TABLE 7 -2

COMPARISON OF OBSERVED AND CALCULATED CONDUCTIVITIES

TEST
REFERENCE

NO.

S-1 SAMPLE lKP-4 SAMPLE PRIMARY SAMPLE
ANALYSIS 

LI (p p m ) K (p p m )
CONDUCTIVITY
OBSERVED

(ys/cm )
CALCULATED

ANALYSIS 
L1 (ppw) K (ppm)

Iu>

T-1952 40 - 405 1371
34 236 945 2811

T-1957 94 - 2802 3221

T-1958 50 _ 1459 1714
33 220 2402 2665

T-1966 50 - 860 1714

T-1970 41.5 - 900 1422
42 92 1251 2082

T-1972 45 - 912 1542
37 30 879 1460

T-1975 50 . 784 1714
to

T-1979 5 130 490 1078

T-1982 42 - 848 1440
40 88 1292 1984

T -1988 58 - 942 1988
to

T-1992 11 132 510 1266

T-1998 10 - 337 343
2 13 151 160

T-2001 11 - 345 377
4 25 233 311

T-2003 11 - 366 377
2 16 168 181

T-2050 8 - 268 274
to

T-2054 0.34 210 1473 1477

T-2061 59 _ 1177 2021
to

T-2065 7 255 1297 2416

40
35

66
33

51

42
41

45
36

50

7

42 
40

65

15

9.5
2

10
3

11
2

8
0.46

51 

11

208

210

81

31

166

88

166

12

24

22

275

285

CONDUCTIVITY
OBSERVED

401
895

1908
2454

762

865
1212

892
870

779

60S

862
1312

1018

690

351
127

318
244

381
235

269

2069

1317

1705

(yS/CM)
CALCULATED

1371
2650

2262
2596

1748

1440
1970

1542
1450

1714

1396

1440
1984

2228

1672

325
153

343
269

377
222

274

1939

1748

3018

ANALYSIS 
K (p p m )

50

53

40

41

52

47

45

16

CONDUCTIVITY (yS /cn ) 
OBSERVED CALCULATED

53

53

240

207

207

218

195

205

172

81

68

76

295

335

349

370

279

286

363

328

314

116

56

56

370

370
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TAB (C o n tlrH M d )

COM>AR1SON OF 0B5EBVED AND CALCULATED CONDUCT IV IT  lES

TEST ____________________ S - t  SAMPLE IK P -4  SAMPLE____________________________________________ PRIMARY SAMPLE________________
REFERENCE ANALYSIS CONDUCTIVITY ()1 S /cm )  ANALYSIS CONDUCTIVITY (U S /c n )  ANALYSIS CONDUCTIVITY (U S /c n )

NO. L I  (p pw ) K (p p m ) OBSERVED CALCULATED L I  (ppm ) K (ppm ) OBSERVED CALCULATED K (ppm ) OBSERVED CALCULATED

T -2067  37 -  1251 1267 36 -  1306 1234 50  201 349
37 61 I4B4 1676 36 SB 1545 1710 . . .

T -206 9  26 -  804 B91 . . .

C o n d u c t i v i t lM  wmrm c a tc u la te d  u s in g  t h s  s q u lv s T s n t  c o n d u c t i v l t f s s  a t  25 ^C . Tb sy  s r s  n o t  c o r r a c ts d  f o r  c o n c o n t r a t lo n .  w b lc h  im u 'tt f ro d u c o  th o  v a lu s s ,  
t y p i c a l l y  by  a b o u t S%. Tha aaasuract r a s u t t a  v a ra  a l i  t a a p a r a tu r a  c o a p a n s a ta d  t o  2S C ; c a l i b r a t i o n  d a ta  in d ic a t e  t h a t  th a  re a d in g s  a re  a b o u t 2% lo w .

I
Ca»U1

95 4 0 0 :1 0 /0 8 1 3 8 6



Test

TABLE 7 -3

MASSES OF LITHIUM AND POTASSIUM ADDED TO MB-2

LITHIUM POTASSIUM

Water Mass LiOH Mass 
Level Added Lithium
(in.) (g) (g)

Mass Total 
Mass Primary Potassium Mass

SGTR Flow Concentration Added Potassium
(ppm)' (g) (g)

1 (T-1952) 442 ~ 10 2.898^^^ 4176 52 98.705
2 (T-1958) 442 ~ 60 17.388 4640 50 105.045 -

3 (T-1970) 443 84 24.343 2637 39 46.747 -
4 (T-1982) 446 ~ 85 24.633 2456 46 51.353 -

5 (T-1972) 440 ~ 80 23.184 1281 40 23.291 -

6 (T-1957) 447 ~ 200 57.960 - - -

7 (T-1966) 442 ~ 80 23.184 - - -

8 (T-1975) 446 ~ 80 23.184 - - - -
8 (T-1976) 62 - - 404 53 9.733 -
8 (T-1977) 104 - - 812 53 19.561 29.295
8 (T-1978) 165 - - 809 53 19.490 48.784
8 (T-1979) 280 - - 806 52 19.051 67.835
9 (T-1988) 442 ~ 100 28.980 - - - -
9 (T-1989) 64 - - 846 44 16.920 -
9 (T-1990) 100 - - 878 44 17.560 34.4E
9 (T-1992) 165 - - 872 43.5 17.242 51.72
9 (T-1991) 285 - - 868 43 16.965 68.687
10 (T-1998) 445 ~ 18 5.216 4699 14.5 30.971 -

11 (T-2003) 483 ~ 18 5.216 5528 8.5 21.358 -

12 (T-2001) 443 ~ 18 5.216 6286 8 22.858 -

13 (T-2069) 442 ~ 50 14.490 - - - -

14 (T-2067) 447 ~ 65 18.84 1305 50 29.659 -

14 (T-2067) 102 - - 1305 50 29.659 -

15 (T-2050) 439 ~ 20 5.796 - - - -

15 (T-2051) 60 - - 935 55 23.375 -

15 (T-2052) 100 - - 960 55 24.000 47.375
15 (T-2053) 160 - - 974 55 24.350 71.725
15 (T-2054) 285 - - 975 55 24.375 96.100
15 (T-2061) 443 ~ 100 28.980 - - - -

16 (T-2062) 60 - - 1002 57.5 26.188 -

16 (T-2063) 105 - - 1051 59 28.186 54.374
16 (T-2064) 155 - - 1042 59 27.945 82.319
16 (T-2065) 285 - - 1042 60 28.418 110.738

NOTES:

(a) Average value fo r  period o f SGTR in jec tion
(b) Total Mass = 18.837g (inc lud ing  preexisting  dose)
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TABLE 7 -4

IU>

T e s t
L e ve l 
( I n . )

ESTIMATES OF 

E s t lm t e

MB-2 LIQ UID MASS 

From L ith iu m  Dose

AT NORMAL OR HIGH WATER LEVEL

E s tim a te From P o ta s s iu m  In ie c te d

L ith iu m
SORV ♦ 
Sample 
Losses 
( 0 ( L 1 ) )

M easured 
C o n c e n tra t io n  

(ppm L I )

C a lc u la te d  
L iq u id  

M ass.M B -2 
d b ) < ® "

SORV ♦ 
K Samp1e 

I n je c te d  Losses 
( g )  ( g ( K ) )

M easured 
C o n c e n tra t io n  

(ppm K)

C a lc u la te d  
L iq u id  

Mass.MB-2

7 (T -1 9 6 6 ) (C ) 442 2 3 .1 8
( d )

A l I  .  60 850
13 (T -2 0 6 9 ) ( c , e ) 442 14 .49 - A l I  -  38 839 - - - -

1 (T -1 9 5 2 ) 442 2 .9 0 . A l I  .  6 < ^ ’ 1063 ,
470 18 .84 1 .1 0 34 1147 9 8 .7 1 3 .2 5 236 890

2 (T -1 9 5 8 ) 442 17 .39 1 .34 33 1070 105 .45 3 .7 0 215 1041
6 (T -1 9 5 7 ) 447 5 7 .9 6 - 130 981 - - - -
10 (T -1 9 9 8 ) 445 5 .2 2 - 9 .5 - - -

~  525 5 .2 2 0 . 17 2 5548 3 0 .97 0 .2 5 13 5199 °
11 (T -2 0 0 3 ) 483 5 .2 2 - 11 - - -

~  525 5 .2 2 0 .1 9 2 5533 15 .97 0 .1 9 9
I n)

3875
12 (T -2 0 0 1 ) 443 5 .2 2 - 1 0 .5 1093 - - “ -

~  525 5 .2 2 0 .3 2 4 2692 2 2 .8 6 1 .0 0 2 4 .4 1971
8 (T -1 9 7 5 ) 446 2 3 .1 8 - 50 1020 - - - -
9 (T -1 9 8 8 ) 442 2 8 .9 8 - 5 8 /6 5 98 1 /10 99 - - - -
15 (T -20 5O ) i e ; 439 5 .8 0 - 8 1594 - - - -

16 (T -2 0 6 1 ) le  j 443 2 8 .9 8 — 5 1 /5 9 93 4 /10 81 - “ - -

3 (T -1 9 7 0 ) 443 2 4 .3 4 _ 41 1306 _

457 2 4 .3 4 0 .9 8 41 1254 4 6 .7 5 0 .9 8 81 1243
4 (T -1 9 8 2 ) 446 2 4 .6 3 - 42 1290 - - - -

1 450 2 4 .63 1 .1 0 41 1263 5 1 .3 5 1 .0 9 85 1301
14 (T -2 0 6 7 ) l e j 447 18 .84 - 36 1151 - - - -

447 18 .84 0 .5 2 36 1120 2 9 .6 6 0 .3 3 56 1152

5 (T -1 9 7 2 ) 440 23 . 18 - 45 1133 . _ _

~  500 2 3 .1 8 1 .19 3 6 .5 1325 2 3 .2 9 0 .4 8 3 0 .5 1645

N o tM :

(a )

( b )

( c )
(d)
( a )
( f )
(g)
( h )

Dose 1n g L i t h lw *  

L iq u id  m s s

0 .2 8 9 8  (L IO H  d o se )
Mass L I o r  K ( g )  x  1000 x  2 .2  

L I o r  K C o n c e n tra t io n  (ppm ) 1b

lOOX power
E s t lm te d  m xlnH je i fro m  S-1 c o n d u c t iv i t y  t r a c e
S econdary  d r y e rs  bypassed
In c re a s e  fro m  p re -d o s e  le v e l  o f  33 ppm L I
F in a l m s s  •  1208 t  4699 (SSTR) *  a u x i l i a r y  fe e d w a te r  •  > 5907 1b
F in a l m s s  t o  s t a r t  o f  b o ild o w n  > 1040 *  4134 (SGTR) a u x i l i a r y  fe e d w a te r > 5174 1b

95 4 0 0 :1 0 /0 5 1 4 8 6



TABLE 7 -5

CALCULATED CONCENTRATIONS FOR TEST 2 (T -1 9 5 8 )

C a lc u la te d  
I n  M8-2

Mass
(b )

M easured 
C o n c e n tra t io n s  ( c )

C a lc u la te d  
C o n c e n tra t io n s  (d ) R a t io

L I
K

Run
Time
(m ln )

W ater
Leve l
( I n s )

L iq u id
Mass

( 1 b ) ( a )

Sample
L in e L ith iu m  P o ta ss iu m  

( 9 )  ( 9 )
L i th iu m

(ppm)
P o ta s s i um 

(ppm)
L ith iu m

(ppm)
P o ta ss iu m  

(ppm)
C o n c e n tra t io n

R a t io
Mass
R a t io

0 240 470 S-1 17.39 0 50 1 .5 81 0 3 3 .3

0 240 470 IK P -4 17.39 0 66 4 81 0 16 .5 m

99 250 485 S-1 16 .62 5 3 .1 0 49 155 75 241 0 .3 2 0 .3 1
99 250 485 IK P -4 16 .62 53 . 10 64 200 75 241 0 .3 2 0 .3 1

110 190 375 S-1 16 .55 6 1 .4 3 47 190 97 360 0 .2 5 0 .2 7
110 190 375 IK P -4 16 .55 6 1 .4 3 80 330 97 360 0 .2 4 0 .2 7
140 205 400 S-1 16 .32 8 3 .81 53 275 90 461 0 .1 9 0 . 19
140 205 400 IK P -4 16 .32 8 3 .81 67 350 90 461 0 . 19 0 .1 9

IU>00

N o te s :

( a )  E s tim a te d  fro m  F ig u re  6 -1 ,  u s in g  th e  t o t a l  l i q u i d  mass and th e  c o r re c te d  w a te r  le v e l  WL9321.
(b )  T o ta l mass added ta k e n  fro m  T a b le  7 -3  assum ing  a l i n e a r  r a t e  o f  In p u t  f o r  th e  SGTR. B o th  masses c o r re c te d

f o r  lo s s e s  v ia  th e  SORV steam  and model b o i l e r  sam ple  l i n e s .
( c )  C o rre c te d  f o r  sam ple  l i n e  d e la y s .
(d )  C a lc u la te d  u s in g  t o t a l  l i q u i d  mass, assum ing  an I n s i g n i f i c a n t  d i l u t i o n  In  th e  downcomers b y  th e  a u x i l i a r y  

fe e d  w a te r ,  and th e  c a lc u la te d  mass o f  l i t h i u m  o r  p o ta s s iu m .
( f )  E s tim a te d  s c a l in g  f a c t o r s ,  S -1 : 24 0 -2 5 0  I n . ,  1 .5 3 -1 .6 2 ;  190-205 I n . ,  1 .6 8 -2 .0 6

IK P -4 : 24 0 -2 5 0  I n . ,  1 .1 7 -1 .2 2 ;  190-205 I n . ,  1 .0 9 -1 .3 3
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TABLE 7

CALCULATED CONCENTRATIONS AND LIT H IU M  MASSES FOR
LOW LEVEL TESTS WITH RECIRCULATION ( a )

C a 1 c u la te a

T e s t
Run
T in e
( ■ I n )

W a te r
L e v e l
( i n . )

L iq u id
M ass
(lb)

S a a p le
L in e

C a lc u la te d  M ass 
I n  M 8-2

M ass o f  
L i t h iu m  
A t  End o f  
B low dow n 

(9)

M e a su re d
C o n c e n t r a t io n s

C a l c u l  a te d  
C o n c e n t r a t io n s

L i t h lu a
(0)

P o ta s s iu a
(g)

L i t h lu a
(p pm )

P o ta s s iu m  
(p pm )

L i t h iu m
(p pm )

P o ta s s iu a  
(p pm )

2 80 540 IK P -4 2 .7 1 6 4 .2 2 3 .1 1 7 166 11 262
2 80 540 S -1 2 .4 7 6 4 .2 2 2 .8 7 5 130 10 262
280 540 IK P -4 2 .6 6 6 4 .6 7 3 .0 4 7 170 11 263
2 80 540 S -1 2 .4 9 6 4 .6 7 2 .8 9 5 130 10 263
280 54 0 IK P -4 2 .6 9 4 6 .1 8 3 .0 5 7 120 11 188
280 54 0 S -1 2 .7 2 4 6 .1 8 3 .0 7 5 85 11 188
165 325 IK P -4 2 .8 1 4 6 .8 5 3 .1 3 12 200 19 317
165 325 S -1 2 .7 3 4 6 .8 5 3 .0 5 7 120 18 317
165 325 IK P -4 2 .6 6 2 7 .8 8 2 .9 3 10 105 18 189
165 325 S -1 2 .5 0 2 7 .8 8 2 .7 8 7 78 17 189

285 55 0 IK P -4 5 .3 4 5 9 .1 4 6 .  15 15 166 21 237
285 55 0 S -1 4 .9 3 5 9 .1 4 5 .9 7 11 132 20 237
285 550 IK P -4 5 .4 2 5 9 .9 9 6 .3 8 15 166 22 240
285 55 0 S -1 4 .9 2 5 9 .9 9 5 .8 9 11 134 2 0 240
285 550 IK P -4 5 .3 4 4 4 .1 5 6 .1 5 15 124 21 177
285 550 S -1 4 .9 6 4 4 .1 5 5 .7 7 11 98 20 177
165 325 IK P -4 5 .9 4 4 5 .6 1 6 .5 8 25 192 4 0 309
165 325 S -1 5 .2 6 4 5 .6 1 5 .9 0 15 130 36 309
165 325 IK P -4 6 .1 4 2 9 .7 5 6 .5 7 26 126 42 201
165 325 S -1 5 .5 8 2 9 .7 5 6 .0 0 15 8 0 38 201

8
(T -1 9 7 8 )
(T -1 9 7 9 )

7 *  (T -1 9 9 1 )
W  (T -1 9 9 2 )

460
460
435
435
400
400
355
355
325
325

4 4 0
440
4 2 0
42 0
380
380
340
340
300
300

N o te s :

( a )
( b )

( c )

See N o te s  f o r  T a b le  7 - 5 .  w i t h  th e  e x c e p t io n  t h a t  t h e  c o n c e n t r a t io n s  a n d  n a s s e s  a r e  c a lc u la t e d  f r o a  th e  d a ta  f o r  p o ta s s lu a  o n ly .  
S e c o n d a ry  d r y e r s  b y p a s s e d .

S c a l in g  f a c t o r s ,  S -1 :  - ~

IK P -4 :  - ~

285 I n . ~  2 .0 (T -1 9 7 9 ) ~  1 .7 , (T -1 9 9 1 ) : ~  1 .7 ,  (T -2 0 5 4 )  a n d  ~  1 .5 (T -2 0 6 7 )

160 I n . ~  2 .2 , ( T - 1 9 7 8 ) ; ~  2 .1 , ( T - 1 9 9 2 ) ; ~  2 . 5 ,  (T -2 0 5 3 )  an d  ~  2 . 3 , (T -2 0 6 4 )

285 I n . ~  1 .5 , ( T - 1 9 7 9 ) ; ~  1 .3 5 , (T -1 9 9 1 ) 1 .2 ,  ( T - 2 0 5 4 ) ;  an d  ~  1 .3 5 , (T -2 0 6 7 )

160 I n . ~  1 .5 , (T - 1 9 7 8 ) ; ~  1 .4 , ( T - 1 9 9 2 ) ; ~  1 .3 ,  (T -2 0 5 3 )  an d  ~  1 .5 , (T -2 0 6 4 )

9 5 4 0 0 :1 0 /0 8 1 3 8 6



TABLE 7 - 6  ( C o n t . )

CALCOLATEO CONCENTRATIONS AND L ITH IU M  MASSES FOR
LOW LEVEL TESTS WITH RECIRCULATION ( a )

C a lc u la te d  M ass 
1n MB-2

C a lc u la te m  
M ass o f  
L i t h iu m

M e asu re d  
C o n c e n t r a t io n s

C a lc u la te d  
C o n c e n t ra t1on s

T e s t
Run
T im e
( m ln )

W a te r
L e v e l
( i n . )

L iq u id
M ass
(lb)

S a a p le
L in e L i t h iu m

(B )
P o ta s s iu m  

(9)

A t  End o f  
B low dow n

(g)
L i t h iu m

(P P » )
P o ta s s iu m

(PP«)
L i t h iu m
(PP«)

P o ta s s iu m  
(P P * )

49 0 285 550 IK P -4 0 .1 4 8 4 .0 7 0.21 0 .4 7 275 0 .5 7 336
49 0 285 5 5 0 S -1 0 .1 4 8 4 .0 7 0.21 0 .3 5 210 0 .5 6 336
45 0 285 5 5 0 IK P -4 0 .  14 6 1 .2 1 0.20 0 .4 6 200 0 .5 6 245
4 5 0 285 550 S -1 0 .1 4 6 1 .2 1 0.20 0 .3 3 140 0 .5 8 245
4 1 0 160 320 IK P -4 0.10 6 2 .7 1 0.16 0 .5 2 325 0 .6 9 431

15 ( b ) 4 1 0 160 320 S -1 0 .0 9 6 2 .7 1 0 .1 5 0 .2 6 175 0 .6 4 431
(T -2 0 5 3 ) 390 160 3 2 0 IK P -4 0.12 6 3 .7 0 0 .1 7 0 .6 6 360 0 .8 0 438
(T -2 0 5 4 ) 390 160 320 S -1 0.12 6 3 .7 0 0 .1 8 0 .3 5 180 0 .8 5 438

365 160 320 IK P -4 0 .1 3 4 0 .4 3 0 .1 8 0 .6 4 200 0 .8 9 278
365 160 320 S -1 0.12 4 0 .4 3 0 .1 7 0 .3 2 180 0 .8 2 278

445 285 55 0 IK P -4 3 .7 5 9 7 .1 8 4 .4 9 11 285 IS 389
445 285 5 5 0 S -1 2 .6 7 9 7 .1 8 3 .4 0 7 255 11 389
395 285 55 0 IK P -4 3 .8 5 7 1 .6 7 4 .4 5 11 205 15 287
395 285 5 5 0 S -1 2 .5 7 7 1 .6 7 3 . 18 7 195 10 287
370 155 310 IK P -4 4 .0 6 7 3 .2 5 4 .5 8 18 325 29 52 0

16 ( b ) 370 155 310 S -1 2 .6 0 7 3 .2 5 3 .1 3 8 225 18 52 0
(T -2 0 6 4 ) 3 6 0 155 310 IK P -4 4 .0 3 7 3 .8 5 4 .5 2 18 330 28 508
(T -2 0 6 5 ) 360 155 310 S -1 2 .5 6 7 3 .8 5 3 .0 5 9 260 18 508

32 0 155 31 0 lK P -4 3 .0 5 4 7 .6 6 3 .4 4 16 250 22 338
320 155 3 1 0 S -1 2 .8 0 4 7 .6 6 3 .1 9 8 136 20 338

"4I

N o te s :

( a )
( b )

( c )

See N o te s  f o r  T a b le  7 - S ,  w i t h  th e  e x c e p t io n  t h a t  t h e  c o n c e n t r a t io n s  an d  m asses a r e  c a lc u la t e d  f ro m  th e  d a ta  f o r  p o ta s s iu m  o n ly .  
S e c o n d a ry  d r y e r s  b y p a s s e d .

S c a l in g  f a c t o r s ,  S -1 :  285  I n . ,  ~  2 . 0 ,  (T -1 9 7 9 )

~  160 I n . ,  ~  2 . 2 ,  (T -1 9 7 8 )

IK P -4 :  - ~  285 I n . ,  ~  1 .5 ,  (T -1 9 7 9 )

~  160 I n . , ~  1 .5 ,  (T -1 9 7 8 )

~  1 .7 ,  ( T - 1 9 9 1 ) :  ~  1 .7 ,  (T -2 0 5 4 )  an d  ~  1 .5  (T -2 0 6 7 )

~  2 . 1 ,  ( T - 1 9 9 2 ) :  ~  2 . 5 ,  (T -2 0 5 3 )  a n d  ~  2 .3 ,  (T -2 0 6 4 )

~  1 .3 5 ,  ( T - 1 9 9 1 ) :  1 .2 ,  ( T - 2 0 5 4 ) :  an d  ~  1 .3 5 ,  (T -2 0 6 7 )

~  1 .4 ,  ( T - 1 9 9 2 ) ;  ~  1 .3 ,  (T -2 0 5 3 )  an d  ~  1 .5 ,  (T -2 0 6 4 )

9540 )51486



TABLE 7 -7

CALCULATED AND MEASURED RATIOS OF TRACER CHEMICALS
FOR LOW LEVEL TESTS WITHOUT RECIRCULATION

M easured C a lc u la te d

T e s t
Run
Tim e
(m ln )

W ate r
L e ve l
( i n . )

L iq u id
Mass
( l b )

Sample
L in e

C o n c e n tra t lo n s Mass (b ) R a t io L1 /K

L ith iu m
(ppm )

P o ta ss iu m
(P P »)

L ith iu m
(g)

P o ta ss iu m
(g)

Concen­
t r a t i o n

R a t io
Mass
R a t io

275 104 150 IK P -4 5 176 2 .8 3 28 .87 0 .0 2 8 0 .0 9 8
8 245 104 150 IK P -4 0 .5 8 1 2 .8 9 9 .6 0 0 .5 8 0 0 .3 0 1

(T -1 9 7 6 ) 205 56 65 IK P -4 1 8 2 .9 3 9 .7 1 0 .1 2 5 0 .3 0 2
(T -1 9 7 7 ) 184 62 71 IK P -4 0 .2 6 0 .0 1 3 .0 2 0 26 -

250 86 115 IK P -4 1 280 5 .7 1 3 1 .51 0 .0 0 3 6 0 .1 8 1
9 215 102 147 IK P -4 1 .5 23 5 .7 2 14 .93 0 .0 6 5 0 .3 8 4

(T -1 9 8 9 ) 170 66 72 IK P -4 1 390 5 .8 1 16 .64 0 .0 0 2 6 0 .3 4 9
(T -1 9 9 0 ) 140 64 72 IK P -4 0 .4 2 5 .8 2 0 0 .2 -

300 95 140 IK P -4 2 265 0 .1 6 2 4 2 .4 0 0 .0 0 5 5 0 .0 0 3 7
15 ( d ) 290 100 145 IK P -4 2 400 0 .1 6 4 4 3 .9 8 0 .0 0 5 0 0 .0 0 3 7
(T -2 0 5 1 ) 260 100 145 IK P -4 0 .2 7 16 0 .1 7 5 2 1 .6 9 0 .0 1 7 0 .0 0 8 1
(T -2 0 5 2 ) 190 60 70 IK P -4 0 .4 2 6 0 .  184 2 2 .1 9 0 .0 7 0 0 .0 0 7 9

180 60 70 IK P -4 0 .2 2 12 0 .1 8 7 2 2 .2 4 0 .0 2 8 0 .0 0 8 0
ISO 60 70 IK P -4 0 .1 0 .0 0 5 4 0 .2 0 1 0 1 8 .5 ••

270 105 ISO IK P -4 6 220 2 .0 5 5 0 .5 8 0 .0 2 6 0 .0 6 0
16 ( d ) 240 105 ISO IK P -4 8 75 3 .0 9 2 2 .5 9 0 .1 0 7 0 .1 3 1
(T -2 0 6 2 ) 165 60 70 IK P -4 6 ' 280 2 .2 1 2 5 .7 2 0 .0 1 6 0 .1 2 5
(T -2 0 6 2 ) 125 6 0 70 IK P -4 0 . 12 0 .2 8 2 .2 2 0 0 .4 6

I

N o te s :

( a )  L iq u id  Mass I n  b u n d le  o n ly ,  ta k e n  fro m  F ig u re  S -1 . Mass I n  dow ncoee r assuned  t o  be undosed a u x i l i a r y  fe e d  w a te r .
( b )  C a lc u la te d  aa ss  o f  T l t h lu n  a t  end o f  b low dow n, e s t im a te d  a s . S.OSg (T -1 9 7 5 ) ;  S .SBg; (T -1 9 8 B ) ; O.ZOSg. (T -2 0 5 0 )  and

3 .2 9 g . (T -2 0 6 1 ) .  L I t h iM *  mass a t  any I n d iv id u a l  ru n  t im e  e s t im a te d  fro m  th e s e  m asses, m inu s  th e  SORV steam  and
sam ple  11ns T o sses . P o ta s s iu m  mass c a lc u la te d  as  I n  T a b le  7 -5 .

( c )  C a lc u la te d  l i t h i u m  c o n c e n t r a t io n s  a t  th e  end o f  b low dow n e s t im a te d  a s . 118 ppm. (T -1 9 7 5 ) ;  227 ppm. (T -1 9 8 8 ) ;  9 .0  ppm. 
(T -2 0 5 0 ) and 111 ppm. (T -2 0 6 1 )

( d )  S econdary  d r y e rs  bypassed

95400: ID /08 138 6



TA B IE  7 - 8

CALCULATED CONCENTRATIONS FOR TEST 14 (T -2 0 6 7 )

Run W a te r L iq u id

C a lc u la te d  
N ass I n  MB-2 ( b )

M e a su re d
C o n c e n t r a t io n s

C a lc u la te d  
C o n c e n t r a t1o n s R a t io  L 1 /K

T im e
( m ln )

L e v e l 
( I n . )

M ass
( l b )

L i t h iu m
(B )

P o ta s s iu m  
( 9 )

L i t h iu m
(p pm )

P o ta s s iu m
(p pm )

L i t h iu m
(p pm )

P o ta s s iu m
(p pm )

C o n c e n t r a t io n
R a t io

Mass
R a t io

0 4 4 0 ~  1150 1 8 .8 4 0 36 0 .0 8 36 0 450 «•

80 4 40 ~  1150 1 8 .3 2 2 9 .3 3 36 58 35 56 0 .6 2 0 .6 2

105 1 0 2 .5 2 0 5 .6 5 .4 6 8 .7 4 45 72 58 94 0 .6 3 0 .6 2

120 1 0 2 .5 2 0 5 .6 5 .3 4 9 .1 1 44 75 57 97 0 .5 9 0 .5 9

190 1 0 2 .5 2 0 5 .6 5 .2 2 3 7 .6 5 43 3 10 56 403 0 .1 4 0 .1 4

I

N o te s :

( a )  M ass a t  440  I n .  ta k e n  f r o n  T a b le  7 - 4 .  M ass a t  1 0 2 .5  I n .  e s t im a te d  f ro m  d e n s i t y  d i s t r i b u t i o n  and 
u s in g  o n ly  th e  mass I n  th e  tu b e  b u n d le .  AT 1 0 2 .5  I n .  th e  dow ncom ers  a r e  assum ed t o  b e  f u l l  o f  
un d o se d  a u x i l i a r y  fe e d  w a te r  (d ow ncom er m ass > 5 5 .9  1 b . )

( b )  M ass a t  440  I n .  c a lc u la t e d  d i r e c t l y  f r o m  l i t h i u m  an d  p o ta s s iu m  a d ded  I n  t h e  f i r s t  s ta g e  o f  th e  
t e s t .  M asses a t  1 0 2 .5  I n .  c a lc u la t e d  f r o m  th e  m ass o f  p o ta s s iu m  a d d e d  d u r in g  t h e  s e c o n d  SGTR 
I n j e c t i o n  (2 8 .5 4 g  a f t e r  c o r r e c t i n g  f o r  s a m p le  lo s s e s )  an d  e q u a t in g  t h i s  w i t h  a  m e a su re d  In c r e a s e  
o f  235 ppm p o ta s s iu m .

9 5 4 0 0 : 1486



TABLE 7

I
OJ

T e s t L e ve l 
( I n . )

STEADY-STATE

L ith iu m

CARRYOVER AT NORMAL OR HIGH WATER LEVEL

P o ta ss iu m

SORV
C ondensate

(p p b )
MB-2
(ppm )

C a rry o v e r
( X ) ( a )

SORV
C ondensa te

(p p b )
MB-2
(ppm )

C a rry o v e r  
(%) ( a )

7 (T -1 9 6 6 ) ( b ) 442 t o  495 0 .8  t o  0 .6 50 t o  20 0 .0 0 1 6  t o  0 .0 01
1 3 (T -2 0 6 9 ) ( b , c ) 442 0 .6  t o  0 .4 26 t o  23 0 .0 0 2 3  t o  0 .0 0 1 7 - - -

13 (T -2 0 6 9 ) ( b , c ) 465 2 .2 18 0 .0 1 2 “ -

1 (T -1 9 5 2 ) 442 t o  470 ~  0 .2 40 ~  0 .0 0 0 5 0 ~  1 .0 240 ~  0 .0 0 0 4 2

2 (T -1 9 5 8 ) 442 ~  0 33 < 0 .0 006 1  (d ) ~  0 215 < 0 .0 0 0 0 9 3  (d )
6 (T -1 9 5 7 ) 442 t o  495 0 .9  t o  0 .5 94 to  82 0 .0 0 0 9 6  t o  0 .0 006 1 - - -
10 (T -1 9 9 8 ) 445 t o  525 0  t o  0 .3 10 < 0 .0 0 2  ( d )  t o  0 .0 0 3 0 .2  t o  0 .6 16 0 .0 0 1 3  t o  0 .0 0 3 8
11 (T -2 0 0 3 ) 483 ~  0 11 < 0 .0 0 1 8  (d ) - - -
12 (T -2 0 0 1 ) 443 (e ) 0 .2  t o  0 .3 11 0 .0 0 1 8  t o  0 .0 0 2 7 0 .4  t o  0 .8 0  t o  10 0 .0 0 4  t o  0 .0 0 8

12 (T -2 0 0 1 ) to ~  0 5 t o  7 <  0 .0 0 2 9  ( d ) 0  t o  0 .8 20 t o  30 <  0 .0 0 6 7  ( d )  t o  0 .0 0 2 7

12 (T -2 0 0 1 ) 525 ( f ) 0 .2  t o  0 .3 4 to  5 0 .Q 04 t o  0 .0 0 8 0  t o  0 .6 30 t o  33 <  0 .0 0 0 6 1  ( d )  t o  0 .0 0 1 8
8 (T -1 9 7 5 ) 446 t o  130 0  t o  0 .2 50 <  0 .0 0 0 4 0 - - -
9 (T -1 9 8 8 ) 442 t o  130 0  t o  0 .3 65 < 0 .0 0 0 3 1  ( d )  t o  0 .0 0 0 4 6 - -
15 (T -2 0 5 0 ) ( c ) 439 t o  130 ~  0 8 < 0 .0 0 2 5  (d ) - - -
16 (T -2 0 6 1 ) ( c ) 443 t o  130 0 .2  t o  0 .6 59 0 .0 0 0 3 4  t o  0 .0 0 1 0 “

3 (T -1 9 7 0 ) 443 t o  457 ~  0 41 < 0 .0 0 0 4 9  (d ) 0  t o  0 .2 81 < 0 .0 0 0 2 5
4 (T -1 9 8 2 ) 446 t o  450 ~  0 42 <  0 .0 0 0 5 0  ( d ) ~  0 .2 88 0 .0 0 0 2 3

~  0  ( g ) 36 < 0 .0 0 0 5 6  ( d ) - - -

14 (T -2 0 6 7 ) ( c ) 447 t o  450
14 (T -2 0 6 7 ) ( c ) 447 t o  450 ~  0 .2  ( h ) 36 ~  0 .0 0 0 5 6 0 .3  t o  0 .4 58 0 .0 0 0 5 2  t o  0 .0 0 0 6 9

5 (T -1 9 7 2 ) 440 t o  500 ~  0 45 < 0 .0 0 0 4 4  (d ) ~  0 .5 31 0 .0 0 1 6

N o te s ;

(a )  P re c is io n s  may be c a lc u la te d  fro m  th e  d a ta  g iv e n  In  T a b le  4 -1  and fro m  th e  T a b le s  g iv e n  I n  S e c t io n  5 .0 .  T y p ic a l l y .  I n  t e s t s  where
th e  c o n c e n t r a t io n  I n  MB-2 was ~  10 ppm, th e  p r e c is io n  was + 0 .0 0 2 X . a t  ~  50 ppm, ^  0.0004%  and a t  ~  200 ppm, ♦ O.OOOIX

(b )  100X power ~
( c )  S econdary  d r y e rs  bypassed
( d )  Based on th e  l i m i t  o f  d e te c t io n  o f  0 .2  ppb
( e )  B e fo re  10X SORV f lo w
( f )  A t end o f  t e s t
( g )  B e fo re  SGTR
(h )  D u r in g  SGTR

9 5 4 0 0 ;ID /08 138 6



TABLE 7 -1 0

UPPER L IM IT S  FOR STEADY-STATE PRIMARY COOLANT BYPASSING 
AT NORMAL OR HIGH WATER LEVEL

Mass O u tp u t M ass In p u t

T e s t ( a ) L e v e l 
( I n . )

SORV 
C o n ce n t r a t 1 on  

(p p b )

SORV 
F lo w  R a te  

( k g /m in )

P r im a ry
C o n c e n t r a t io n

(p pm )

SGTR 
F lo w  R a te  

( k g /m in )
B ypass  
(X )  ( a )

1 (T -1 9 5 2 ) 442 t o 470 1 .0 1 2 .2 7 50 t o 54 1 6 .0 9 0 .0 0 1 4  t o  0 .0 0 1 5

12 (T -2 0 0 1 ) 443 t o 525 0 t o  0 ,.4 28 t o  4 .9 8 21 t o  6 .3 0 .0 0 3 2  t o  0 .0 0 6 3  ( b )

<  0 .0 0 3 9  t o  0 .0 1 7  ( c )

3 (T -1 9 7 0 ) 443 t o 457 ~ 0 .2 1 2 .2 7 37 t o 41 1 0 .3 6 0 .0 0 0 5 8  t o  0 .0 0 0 6 4

4 (T -1 9 8 2 ) 446 t o 450 ~ 0 .2 1 6 .3 6 47 t o 43 9 .5 5 0 .0 0 0 7 3  t o  0 .0 0 0 8 0

14 (T -2 0 6 7 )  ( d ) 447 t o 450 0 . 3 t o 0 .4 1 4 .7 3 50 1 0 .0 9 0 .0 0 0 8 8  t o  0 .0 0 1 2

5 (T -1 9 7 2 ) 440 t o 500 ~ 0 .5 2 .7 3 40 t o 41 4 .9 1 0 .0 0 0 6 8  t o  0 .0 0 0 7 0

--4
I

N o te s ;

( a )  F o r p r e c is io n s  se e  n o te s  t o  T a b le  7 -9
( b )  B e fo r e  10X SORV f lo w
( c )  A t e n d  o f  t e s t
( d )  S e c o n d a ry  d r y e r s  b y p a s s e d

9 5 4 0 0 : ID /O B 1386



TAB' " 11

' ' J
I

tn

TRANSIENT RELEASES AT L OR HIGH WATER LEVEL

L i t h iu m R e le a s e P o ta s s iu m R e le a se

T e s t T r a n s ie n t

SORV 
Mass 
R e le a s e d  

(m g)

Mass 
I n  MB-2

( g )
C a r r y o v e r

(X )

SORV 
Mass 
R e le a s e d  

(m g)

M ass I n  M 8-2  
o r  Mass 
I n je c t e d

( g )
C a r r y o v e r

(X )

B ypass  
(U p p e r L im i t  

(X )  ( a )
V

1 (T -1 9 5 2 ) A t s t a r t  SGTR? 0 _ 0 0 .2 7 6 0 .3 3 5 ^ “*^ _ 0 .0 8 2

4 (T -1 9 8 2 ) A t s t a r t  SGTR? 0 .0 6 7 2 4 . 19 0 .0 0 0 2 8 0 .0 4 9 0 -1 8 7 ^ ^ * ' - 0 .0 2 6

14 (T -2 0 6 7 )  ( c ) A t s t a r t  SGTR 0 .0 5 7 2 3 .0 2 0 .0 0 0 2 5 0 .2 9 5 0 .2 8 0 ^ * ’ ^ - 0 .1 0 5

12 (T -2 0 0 1 ) P re s s u re  r e l i e f  
4 2 .5  m ln .

0 .0 4 4 5 . 13 0 .0 0 0 8 6 0 .3 2 7
0 .3 2 7

1 .6 8 0 ,^ v
0 .1 6 0 < “ >

0 .0 1 9
0 .2 0

12 (T -2 0 0 1 ) 2% t o  10X 
SORV

0 - 0 1 .0 61
1 .0 61

4 . 0 8 0 , ^ ,  
0 .2 0 4 '  '

0 .0 2 6
0 .5 2

'  C y c le  1 0 .4 6 5 5 . 125 0 .0 0 9 1 1 .7 2 7
1 .7 2 7 0 . 3 4 0 ' ^

0 .0 5 4
0 .5 1

C y c le  2 2 .5 4 6 5 .0 9 6 0 .0 5 0 1 .5 9 7
1 .5 9 7 ( e )  0 .3 1 9 '  '

0 .0 2 2
0 .5 0

11 (T -2 0 0 3 )  ( e ) ■ C y c le  3 ( f ) - ( f ) - - -

C y c le  4 ( f ) - - ( f ) - - -

C y c le  5 3 .0 6 1 3 .6 3 0 .0 8 4 5 .4 0 8 8 .1 8 0 .0 6 6 -

C y c le  6 7 .0 4 7 1 .8 2 0 .3 9 3 0 .8 7 2 8 .1 8 0 .3 8 -

( a )  E q u iv a le n t t im e s  f o r  lOOX b y p a s s . T e s t 1, 0 .0 2 1  s e c ; T e s t  4 ,  0 .0 0 7  s e c . ;  T e s t  14 , 0 .0 2 6  s e c . T e s t  12 , 0 .  16 a n d  0 .4 2  s e c . ;
T e s t  11 , 0 .3 8  and  0 .4 0  s e c .

( b )  O ve r 25 s e c . R a te s  -  T e s t  1 , SO ppm a  1 6 .0 9  k g /m in ;  T e s t  4 ,  47 ppm a  9 .5 5  k g /m in ;  T e s t  14 , 50  ppm a  1 0 .0 9  k g /m in
( c )  S e c o n d a ry  d r y e r s  b y p a s s e d
( d )  O ve r 80  s e c . R a te s  -  T e s t  12 , 8 ppm a IS  o r  1 9 .0 9  k g / m in . .  T e s t  11 ( C y c le  1 ) ,  7 ppm a 15 k g /m in
( e )  O ve r 75 s e c o n d s . R a te :  17 ppm a 15 k g /m in
( f )  No lo s s  t o  v o id  assum ed I n  C y c le s  1 and  2 . M ass o f  20 00  1b assum ed I n  C y c le s  5 a n d  6 .  I n s u f f i c i e n t  d a ta  f o r  C y c le s  3 and  4 .

9 5 4 0 0 :1 0 /0 8 1 3 8 6



TABLE 7 -1 2

COMPARISON OF TRACER CONCENTRATIONS IN SOKV CONDENSATE AND 
IN MODEL BOILER WATER'OURING THE PRESSURE RELIEF 

CYCLES OF TEST 11 (T-2003)

Pressur*
R«11«r
Cycl*

SORV Cond«nsat« 
at 30 Saconds

Modal Bollar Watar 
(S-1) (a)__________

Lithlua
(ppo)

PotassliM
(pph)

Lithlui
(pp*)

Potasslua
(ppa)

Ratio SORV 
S-1

Lithn Potasslua

1 2.6 12.2 10.5 1 0.02 1.20

2 16 7.6 10 5 0.16 0.15

3 13.6 12.4 6.5 7 0.16 0 .18

4 14.4 16.6 6 8 0.24 0.21

S 14.4 20 4 9 0.36 0.22

S 15 SO 4 9 0.50 0.56

*»4
1

a *

ta) Jnartw*po1atad froa plottad data



TABLE 7 - 1 3

STEADY-STATE CARRYOVER AT LOW WATER LEVEL

T est Phase Level
( i n . )

L ith iu m Potassium

SORV
Condensate

(p pb )
MB-2
<PP«)

C a rryo ve r
( X ) ( a )

SORV
Condensate

(p pb )
MB-2
(ppm)

C a rryo vo r 
(X ) (a )

B (T -19 75 ) 3 446 to  130 0  to  0 .2 50 < 0 .00040 . . .

9 (T-19BB) 442 to  130 0 to  0 .3 65 < 0.00031 to - - -
> Blowdown 0.00046

15 (T -20 50) (b ) 439 to  130 ~  0 8 < 0 .0025 - - -
16 (T -20 61) (b ) 443 to  130 0 .2  to  0 .6 59 0.00034 to - - -

0 .0010

10 (T -199B ) B o ildow n ~  525 to  20 ~  0 2 < 0 .0 1 0  ( c ) ~  0 12 < 0 .0017 ( c )
11 (T -20 03) B o ildow n *  SGTR ~  525 to  50 ~  0 2 < 0 .0 1 0  ( c ) ~  0 22 < 0.00091 ( c )
2 (T -195B ) SGTR 240 to  250 ~  0 75 to  81 <  0 .00027 ( c ) ~  0 241 < 0.000083 ( c )
2 (T -195B ) SGTR 190 to  205 ~  0 .5 90 to  97 0.00052 to 0 .3  to  0 .7 360 to  461 0.000065 to

0 .00056 0.000083

11 (T -2 0 8 ) P os t-B o lld o w n ~  40 ~  1.4 ~  100 ~  0  .0014 ~  30 ~  1100 ~  0.0027
B (T -19 75) ' i 54 to  62 4 to  6 95 to  118 0 .0 034  to  0 .0063 - - -
9 (T -19 88 ) ■ Post-B lowdown 54 to  62 10 to  14 182 to  227 0.0044  to  0 .0077 - - -
15 (T -20 50 ) (b ) 48 to  62 0 .4  to  1 .0 6 .3  to  9 .0 0 .0044  to  0 .0 16 - - -
16 (T -20 61 ) (b )  J 57 t o  62 ~  5.B 102 to  111 0 .0 052  t o  0 .0057 - - -

8 (T -19 76) 1 ~  62 < 11 99 < 0 .011 ~  60 329 ~  0 .0 18
9 (T -19 89) SGTR ~  64 3 to  9 174 0 .0017  to  0 .0052 ~  50 508 ~  0  .0098
15 (T -20 51) ( b j Post-SGTR ~  60 < 1 .6 5 .8 < 0 .0 28 ~  120 729 ~  0 .0 16
16 (T -20 62) (b )  J ~  60 ~  2 .4 101 ~  0 .0024 ~  50 809 ~  0 .0062

B (T -19 77) 1 ~  104 < 7 42 < 0 .0 17 < 20 140 < 0 .0 14
9 (T -19 90 ) Pre-SGTR ~  100 < 2 .9 85 < 0 .0034 < 150 211 < 0 .071
15 (T -20 52 ) (b) ~  100 1 .8  to  2 .5 2 .7 0 .0 67  to  0 .0 93 370 to  GOO 329 0 .1 1  to  0 .1 8
16 (T -20 63 ) (b )  J ~  105 < 12.8 45 < 0 .0 2 8 < 220 346 < 0 .0 64

8 (T -19 77 ) 1 ~  104 < 6 .9 42 < 0 .0 16 < 150 423 < 0 .0 35
9 (T -19 90) SGTR * ~  100 < 1.5 108 < 0 .0014 . < 110 592 < 0 .0 19
15 (T -20 52) (b ) Post-SGTR ~  100 ~  0 .6 2 .5 ~  0 .0 24 < 120 682 < 0 .0 18
16 (T -20 63) (b )  , ~  105 < 7 .6 45 < 0 .017 550 to  650 742 0 .0 74  to  0 .088

14 (T -2067) (b ) SGTR ~  102.5 0 to  0 .2 56 to  58 < 0.00036 0  to  0 .8 94 to  403 < 0.00005 to

•S J
I
'-J

0.0008S

For p re c is io n s  a t  n o rn a l w a ta r le v e l see T a b le  7 .9 .  Where e s t im a te s  based on c a lc u la te d  mass a re  used, th e  p re c is io n  has n o t been
assessed, b u t I s  p ro b a b ly  to  w i th in  a few  p e rc e n t. -
Secondary d ry e rs  bypassed
Based on th e  le v e l o f  d e te c t io n  o f  0 .2  ppb.
The quoted  r e s u l t s  f o r  T e s ts  8 , 9 , IS and 16 d u r in g  SGTRs a t  60 and 100 In .  sh o u ld  be rega rd ed  w ith  c a u t io n ,  as n e ith e r  th e  t r u e  SORV 
condensate n o r th e  MB-2 c o n c e n tra t io n s  can s t r i c t l y  be e s tim a te d . The c o n c e n tra t io n s  c a lc u la te d  In  MB-2 assume no h id e o u t and use th e  
masses g iv e n  In  T a b le  7 -7 .

(a )

(b )
(c )
(d )

9 5 4 0 0 :10/0813B6



TABLE 7 -1 4

UPPER L IM IT S  FOR STEADY-STATE PRIMARY COOLANT BYPASSING AT LOW WATER LEVEL

T e s t L e v e l 
( I n . )

M ass O u tp u t

SORV
C o n c e n t r a t io n

(p p b )

SORV
F lo w  R a te  
( k g /m ln )

M ass In p u t

P r in a r y
C o n c e n t r a t io n

(P P » )

S6TR
F lo w  R a te  
( k g / n i n )

B yp a ss  ( a )  
(X )

I
00

8 (T -1 9 7 6 ) ~  62 ~  6 0 5 0 .4 5 53 1 3 .3 6

9 (T -1 9 B 9 ) ~  64 ~  50 5 1 .8 2 44 1 3 .91

15 ( T -2 0 5 1 )  ( b ) ~  6 0 ~  120 5 1 .8 2 55 1 4 .5 9

16 (T -2 0 6 2 )  ( b ) ~  60 ~  50 5 1 .8 2 59 1 4 .5 9

B (T -1 9 7 7 ) ~  104 ~  150 5 0 .4 5 53 1 3 .6 4

9 (T -1 9 9 0 ) ~  100 ~  110 5 0 .4 5 44 1 6 .2 3

15 (T -2 0 5 2 )  ( b ) ~  100 ~  120 5 1 .8 2 55 1 6 .0 9

16 (2 0 6 3 )  ( b ) ~  105 ~  65 0 5 0 .4 5 59 1 6 .0 9

14 (T -2 0 6 7 )  ( b ) ~  1 0 2 .5 0  t o  0 .2 1 4 .4 5  t o  1 5 .5 5 52 9 .5 4  t o

2 (T -1 9 5 8 ) 240  t o  250 ~  0 4 0 .9 1 50  t o  53 1 5 .8 2

2 (T -1 9 5 8 ) 190 t o  205 0 .3  t o  0 .7 4 0 .9 1 47 t o  50 1 5 .8 2

( a )  F o r  p r e c is io n s  se e  n o te s  t o  T a b le  7 - 9 .

( b )  S e c o n d a ry  d r y e r s  b y p a s s e d

( c )  B ased o n  th e  l i m i t  o f  d e t e c t io n o f  0 . 2  ppb

0 .4 3

0 .4 2

0 .7 7

0 .3 0

1 .0 5

0 .7 B

0 .7 0

3 .4 5

<  0 .0 0 0 5 4  ( c )

<  0 .0 0 1 0  ( c )  

0 .0 0 1 7  t o  0 .0 0 3 6



TABLE 7 -

TRANSIENT RELEASES AT VERY LOW WATER LEVEL

L ith iu m  R e lease P o ta ss iu m  R e lea se

T e s t T r a n s ie n t Leve l 
(1 n . )

SORV (a )  
Mass 
R e leased  

(m g)

Mass 
In  M8-2 

(9 )
C a rry o v e r

(X ) (b )

SORV (a )  
Mass 
R e leased  

( m g )

Mass 1n M8-2 
o r  Mass 
In je c te d  

( 9 )  ( c )
C a rry o v e r

(X)

Bypass 
(U pp e r L im i t  

(X) (b)

8 (T -1 9 7 5 ) ~  130 2 0 .6 3 .0 5 0 .6 8
9 (T -1 9 8 8 ) Blowdown ~  130 2 3 .5 5 .8 8 0 .4 0 - - - -

15 (T -2 0 5 0 ) ( d ) ~  130 1.37 0 .2 0 5 0 .6 7 - - - -
16 (T -2 0 6 1 ) ( d ) 130 t o  150 4 1 .5 3 .2 9 1 .2 6 - - - -

8 (T -197G ) 62 85 . 1 3 .0 2 2 .8 2 0 - 0 0
9 (T -1 9 8 9 S ta r t 64 0 5 .8 3 0 0 - 0 0
15 (T -2 0 5 1 ) ( d ) SGTR 60 16 .4 0 .2 0 1 8 . 16 0 - 0 0
16 (T -2 0 6 2 ) ( d ) 60 6 .7 3 .2 3 0 .2 1 4 .2 5 0 0 -

- - - 4 .2 5 0 .3 6 9 - 1 .15  ( g )

8 (T -1 9 7 6 ) 4 8 .5 2 .9 3 1 .6 6 117 9 .7 1 1 .2 0 -
9 (T -1 9 8 9 ) L e ve l 60 t o  100 8 4 .6 5 .8 1 1 .4 6 1122 16 .64 6 .7 4 -
15 (T -2 0 5 1 ) ( d ) Change 5 .5 7 0 . 180 3 .0 9 1302 23 . 13 5 .6 3 -
16 (T -2 0 6 2 ) ( d ) 8 2 .8 3 .21 2 .5 8 1355 2 5 .4 5 5 .2 6 -

8 (T -1 9 7 7 ) 104 3 0 .9 2 .8 9 1.07 139 9 .6 0 1 .45 -
- - - 139 0 .3 3 7 - (4 1 .2 )

9 (T -1 9 9 0 ) S ta r t 102 0 5 .7 3 0 204 14 .93 1 .36 -
SGTR - - - 204 0 .3 0 0 - (€ B .O )

15 (T -2 0 5 2 ) (d ) 100 5 .4 8 0 .1 7 5 3 .1 3 432 2 1 .6 9 1 .99 -
- - - 432 0 .3 6 3 - (1 1 9 )

16 (T -2 0 6 3 ) (d ) 105 3 1 .2 3 .0 9 1.01 1026 2 3 .5 9 4 .3 4 -
- - - 1026 0 .4 0 2 - (2 5 5 )

8 (T -1 9 7 7 ) L e ve l 1 7 .0 2 .8 3 0 .6 0 454 2 8 .8 7 1.57 -
9 (T -1 9 9 0 ) Change 100 t o  160 7 4 .6 5 .7 1 1.31 901 31 .51 2 .8 6 -
15 (T -2 0 5 2 ) ( d ) 2 . 19 0 . 159 1 .3 8 503 4 2 .7 3 1 .1 8 -
16 (T -2 0 6 3 ) ( d ) 9 6 .7 3 .0 4 3 . 18 819 4 9 .5 7 1 .65 -

14 (T -2 0 6 7 ) (d ) S t a r t  SGTR 102 0 . 156 5 .3 4 0 .0 0 2 9 6 .5 7 9 .1 1 0 .0 7 2 -

- - - 6 .5 7 0 .2 0 4 - 3 .2 2  (e )

11 (T -2 0 0 3 ) 2X t o  8X SORV 23 14 .9 1 .82 0 .8 2 125 8 . 18 1 .53 -

♦ SGTR - - - 125 0 .1 8 6 - € 7 .2  (o )

I

( a )  Mass re le a s e d  d u r in g  SGTRs c a lc u la te d  assum ing an In s ta n ta n e o u s  re le a s e  a t  th e  s t a r t  o f  th e  SGTR fo l lo w e d  b y  an e x p o n e n t ia l d e ca y .
D u r in g  le v e l  changes a l i n e a r  In c re a s e  I n  c o n c e n t r a t io n  was assumed (e x c e p t w here th e r e  w ere s u f f i c i e n t  d a ta ) ,  f o l lo w e d  b y  an
e x p o n e n t1a1 decay

( b )  F o r p r e c is io n s  see  n o te s  I n  T a b le s  7 -9  and 7 -1 3
( c )  Mass In je c te d  a t  th e  s t a r t  o f  th e  SGTRs c a lc u la te d  o v e r a 25 second p e r io d ,  t h a t  I n  T e s t 11 o v e r  a 72 second p e r io d .
(d )  S econdary  d r y e rs  bypassed
( e )  E q u iv a le n t  t im e s  f o r  100X b y p a s s . T e s t 16, 0 .2 9  s e c ; T e s t 14, 0 .8 1  8 e c . ;  T e s t 11, 48 s e c .

9S 40Q :ID /081386



TABLE 7 -1 6

TRANSIENT RELEASES AT INTERMEDIATE WATER LEVEL

T e s t T r a n s ie n t L e v e l
( I n . )

L i t h iu m  R e le a s e P o ta s s lU M  R e le a s e

B yp a ss
(U p p e r L im i t !  

( X )  ( b )

SORV ( a )  
M ass 
R e le a s e d  

(e g )

M ass
I n  MB-2 

( 9 )
C a r r y o v e r  

( X )  ( b )

SORV ( a )  
Mass 
R e le a s e d  

( n g )

Mass I n  MB-2 
o r  Mass 
I n je c t e d  

( g )  ( c )
C a r r y o v e r  

(X) ( b )

8  (T -1 9 7 7 ) 165 0 2 .6 5 0 7 .7 7 2 7 .8 1 0 .0 2 8
165 - - - 7 .7 7 0 .3 3 0 - 2 .3 5

9 (T -1 9 9 2 ) 165 0 5 .5 2 0 0 2 9 .4 6 0 -
S t a r t  SGTR 165 - - - 0 0 .3 0 0 - 0

5 (T -2 0 5 3 ) ( d ) 160 0 .5 8 0 .1 2 9 0 .4 5 1 5 .6 4 0 .4 3 0 .0 3 9 -
160 - - - 1 5 .6 0 .3 5 0 - 4 .4 6

16 (T -2 0 6 4 ) ( d ) 155 0 2 .7 9 0 220 4 7 .4 8 0 .4 6 -
155 - - - 220 0 .4 0 0 - 55

8 (T -1 9 7 7 ) 160 0 2 .7 3 0 3 .6 4 4 6 .8 5 0 .0 0 7 8 -
9 (T -1 9 9 2 ) L e v e l To 0 5 .2 6 0 0 4 5 .6 1 0 -
15 (T -2 0 5 3 ) ( d ) Change 280 2 0 .5 0 .1 0 0 0 5 3 .3 6 2 .4 3 0 .0 8 5 -

16 (T -2 0 6 4 ) ( d ) ~  10 2 .6 0 0 .3 8 350 7 3 .2 5 0 .4 8 -

8 (T -1 9 7 8 ) 280 0 2 .6 9 0 7 .1 9 4 6 .0 4 0 .0 1 6 -
2 80 - - - 7 .1 9 0 .3 4 0 - 2 .1 1

9 (T -1 9 9 1 ) S t a r t 285 0 5 .3 0 0 0 4 3 .8 3 0 -
SGTR 285 - - - 0 0 .3 0 0 - 0

15 (T -2 0 5 4 ) ( d ) 285 0 0 .1 4 1 0 1 8 .2 6 1 .2 1 0 .0 3 0 -
285 - - - 1 8 .2 0 .3 5 0 - 5 .2 0

16 (T -2 0 6 5 ) ( d ) 285 ~  10 2 .5 6 0 .3 9 50 7 1 .4 0 0 .0 7 0 -
285 - - - 5 0 0 .3 9 5 - 1 .2 7

S t a r t  SGTR ♦ 250  t o  200 0 .5 1 1 7 .1 3 0 .0 0 3 0 .3 5 0 - -

2 (T -1 9 5 8 ) B o lld o w n - - - 0 .3 5 0 .3 5 6 - 0 .0 9 8  ( e )
B o l l  down 250  t o  190 0 .8 3 1 6 .5 5 0 .0 0 5 1 .9 6 8 7 .8 9 0 .0 0 2 2 -
♦ SGTR - - - 1 .9 6 1 .1 4 - 0 .1 7

ItnO

( a )  M ass r e le a s e d  g e n e r a l l y  e s t in a t e d  d i r e c t l y  f r o a  th e  p l o t t e d  r e s u l t s  a f t e r  c o r r e c t i n g  f o r  th e  b a c k g ro u n d  c o n c e n t r a t io n s  a r i s i n g
th e  100 t o  160 i n .  l e v e l  In c r e a s e .

( b )  F o r p r e c is io n s  se e  n o te s  I n  T a b le s  7 - 9  an d  7 -1 3

( c )  M ass I n je c t e d  a t  th e  s t a r t  o f  t h e  SGTRs c a lc u la t e d  o v e r  a  25 s e c o n d  p e r io d ,  t h a t  I n  T e s t  T -1 9 S 8  d u r in g  th e  2 5 0  t o  190 I n .
b o l l  down o v e r  8 0  s e c o n d s .

( d )  S e c o n d a ry  d r y e r s  b y p a s s e d

( e )  E q u iv a le n t  t i n e  f o r  lOOX b y p a s s . 0 .0 2 5  s e c .

9 5 4 0 0 - in /0 8 1 3 8 6
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SECTION 8 

DISCUSSION AND CONCLUSIONS 

8-1. CARRYOVER AND BYPASSING

The principal observation made during the tes t program was that very l i t t l e  or 
no primary coolant bypassing was detected under steady-state SGTR/SORV fa u lt 
conditions, e ither at normal water level or when the break location was 
exposed. Under a ll te s t conditions, both at low power or at 100% power, 
moisture carryover was very low, and under steady-state SGTR/SORV fa u lt  
conditions no s ig n ifica n t increase in moisture carryover was detected. 
Following short-term perturbations, various types o f transient releases were 
id e n tifie d . Depending on water level and on the type of transien t, these 
could be dominated by e ither primary coolant bypassing or moisture carryover 
and could be the equivalent of steady-state releases over many hours. At very 
low water levels the resu lts  showed that a change in behavior occurred. This 
can be associated with the cessation of rec ircu la tion  w ith in the model bo ile r, 
so that i t  was operating, in e ffe c t, as a once-through un it.

Under the SGTR/SORV fa u lt  conditions, steady-state levels of carryover and 
bypassing were very low when rec ircu la tion  was maintained, were insensitive  to 
changes in water level from 130 in . collapsed level (the lower l im it  fo r 
maintaining rec iruc la tion ) to 495 in. ( ju s t below the dryer in le t)  and to the 
bypassing of the dryer. At low power, 2 to  10%, i t  was d i f f ic u l t  to define 
the absolute carryover leve l, and at normal temperatures and pressures (1000 
to 1080 psia) the observed carryover could have been dominated by the 
v o la t i l i t ie s  of lith ium  or potassium hydroxide. Typ ica lly , the observed 
carryover was of the order of 0.0005%. At lower temperatures and pressures
carryover was not detected, < 0.0005%. In most tests, no evidence fo r
steady-state primary coolant bypassing was seen, but in two or possibly three 
tests, a very small bypass frac tio n  was detected. Again, th is  level of
bypassing was of the order of 0.0007 to 0.0012%. Surpris ingly, bypassing was
seen only in bottom break tests at lower temperatures and pressures (Tests 4,
5 and 14), and no bypassing was seen in any top break tests (but the la tte r  
were not carried out under s im ila rly  reduced temperatures and pressures).
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At 100% power, steady-state carryover at normal or high water level was also 
low, 0.001 to 0.002%, but was about three times that found at low power. With 
the dryer in  service, raising the water level to ju s t below the dryer had no 
e ffec t, but there was a massive increase to 10 to 20% once the dryer flooded. 
With the dryer bypassed, carryover at normal water level was s im ila r to that 
with the dryer in service (0.0017 to 0.0023%), but carryover increased to 
0.012% when water level was raised to submerge the primary separator. The 
absence of any increase in carryover on bypassing the dryer may indicate that 
the MB-2 primary separator and gravity  separation were very e ff ic ie n t in 
removing droplets. However, since the dryer modification e ffe c tive ly  
increased the g ravity  separation region to include the dryer entrance plenum 
and the steam dome, the results could, in pa rt, be also due to an increase in 
the e ffic iency of g rav ity  separation.

In a number of tests under rec ircu la ting  conditions, perturbations to test 
conditions caused transient releases. These can be collected in to  three major 
groupings, namely, sudden increases in steam flow ra te , in it ia t io n  of SGTR 
break flows, and rapid changes in water leve l. Of these groups the greatest 
releases were caused by increases in steam flow rate, e ither by cycling the 
safety r e l ie f  valve (Tests 10 and 11) or by opening the steam lines to promote 
increased flow (Test 12) or boildown (Tests 10 and 11). When the water level 
lay between normal water level and the entrance to the dryer, the transients 
caused only a small carryover release, but a s ig n ifica n t degree of primary 
coolant bypassing. Typically, the bypass release was about 0.5% of the 
primary coolant injected over an 80 second period, or the equivalent of 100% 
bypass fo r a period of 0.4 seconds. At the very low levels of carryover seen 
in these tes ts , such a transient could be a major fac to r in any overall 
release. For a steady-state bypass level o f 0.001%, a transient release 
equivalent to 100% bypassing fo r  0.4 seconds corresponds to a steady-state 
release over 11 hours. Unfortunately, however, no transient due to an 
increase in steam production rate was studied during a bottom break tes t, and 
no data are available on the e ffe c t of varia tion  in break location on 
bypassing. When the water level lay above the in le t to the dyrer, i .e . ,  up 
to  ~ 525 in . ,  transient releases of th is  type increased in magnitude, up to 
0.4% of the to ta l tracer mass in the b o ile r, but in each case was of bulk 
model bo ile r water alone, with no evidence fo r any p re fe ren tia l bypassing.
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Again, such transient releases could dominate the overall releases during a 
fa u lt .  For steady-state carryover at 0.0005%, a transien t release of 0.4% of 
the liq u id  mass (about 4 lb at normal water leve l) is  the equivalent of a 
steady-state release over about 120 hours at 10% power with an SORV flow rate 
of 1.8 lb/sec. The remaining transient releases were of smaller magnitude.
In four tests they were produced on in it ia t in g  the SGTR flow and were mainly 
due to transient bypassing. S im ilar releases were seen in the group of tests 
carried out at low leve l, once water level had been raised to reestablish 
re c ircu la tion . Of the examples seen, four transients occurred in bottom break 
tests. Tests 1, 4, 14 and 16, and three in top break tes ts . Tests 2, 8 and 
15. Sim ilar-sized transient releases were also produced by rapid changes in 
water leve l. These were seen in Test 2 during boildown and in Tests 8, 15 and 
16 on increasing water level to 280 in . A ll these transients gave releases of 
bulk model bo ile r water only and, even though that in Test 2 occurred while 
the SGTR was in progress, gave no p re ferentia l bypassing.

When collapsed water level was reduced below about 130 in . ,  rec ircu la tion  
ceased in the model b o ile r and i t  became, in e ffe c t, a once-through u n it. In
Tests 8, 9, 15 and 16 th is  change was accompanied by a s ig n ifica n t change in 
the type of release observed. In the early stages of these tes ts , blowdown 
caused transient releases of 0.4 to 1.3% of the available tracer mass as 
rec ircu la tion  collapsed, and th is  was followed by sustained levels of 
increased carryover, 0.004 to 0.008%. At la te r stages in the tests the 
in it ia t io n  of the SGTR break flows tended to cause large transient releases of 
up to 8% of the to ta l liq u id  mass, as did the subsequent changes in water 
leve l. During the SGTR phases the type of transient release was dependent on 
the break location, at least during the in i t ia l  SGTR phase. S ign ifica n tly , 
there was l i t t l e  or no release in the two bottom break tes ts , but a large 
release of secondary side tracer alone in the top break tes ts . Due to the 
nature of the transient releases, the steady-state carryover levels were not 
read ily determined, but they appeared to be s im ila rly  enhanced in the way seen
a fte r blowdown. In io tes t, e ithe r top or bottom break, was there any 
evidence fo r a s ig n 'fica n t level of primary coolant bypassing. A detailed 
analysis of the group of tests, see Sections 7-2 and 7-3-2, indicates that the 
dominant mechanism fo r the transient releases was the transfer of the tracers
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onto the dry surfaces of the tube bundle in regions where th is was generating 
superheated steam, followed by th e ir release on rewetting the surfaces.

In three fu rther tests the transient releases described above were not seen. 
These were when rec ircu la tion  collapsed as water level was reduced in Tests 
10, 11 and 14, and when the SGTR break flow was restarted in Test 14. 
S ign ifican tly , the available heat transfer was less in these tests, superheat 
levels lower and evidence fo r hideout of the type described above absent. 
Moreover, in Test 14 there was no evidence fo r any sustained level of 
increased carryover under these conditions. In Test 11, increasing the steam 
flow rate at very low water level gave a large transien t release.

The analysis of these overall results can be separated in to  two steps.
F irs tly , there is  a need to explain the generally low levels of carryover and 
bypassing under a ll conditions and the transient releases observed. Secondly, 
there is  a requirement to consider i f  the resu lts  can be applied d ire c tly  to 
fau lts  in Model F and other steam generators, or whether the results  need to 
be scaled and, i f  so, by how much. These aspects are considered below.

Sources of Fine Drops fo r Carryover

The observed carryover at low power was very low in a ll tests, generally about 
0.0005% when rec ircu la tion  was maintained and 0.003 to 0.008% when there was 
no recircu la tion  (both at normal secondary temperatures and pressures as in 
Tests 8, 9, 15 and 16; carryover decreased fu rthe r at lower temperatures and 
pressures). I t  is  improbable that th is  carryover could arise from the ta i l  
end of a unimodal drop size d is tr ib u tio n  created by the two-phase flow system 
and i t  is  more probable that i t  w il l  arise from some special mechanism capable 
of producing fine drops that would escape co llection  by e ither the primary 
separator or dryer. In addition, at very low water le ve l, i t  w il l be 
necessary to explain how the mechanism can gain access to salts present in the 
model b o ile r so that the various transient releases can be explained.

I t  has long been known that bubbles come to rest at liquid-vapor interfaces 
and take on a le n ticu la r shape. The top of these are enclosed by th in  liq u id  
film s, which drain, th in  and f in a l ly  break. The discharge of the enclosed
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vapor creates a cloud of micron-sized drops. The cavity  le f t  behind in the 
liq u id  surface rap id ly f i l l s  and th is  may e ject several drops of substantia lly  
greater size. Here we are concerned with the small drops from the liq u id  
film , and data on these are available from geophysicists, as such drops are 
the source of sa lt nuclei from the sea and are important in the seeding of 
clouds.

The number of fine  drops, N, produced by the bursting o f bubble domes with 
diameters up to 3 mm in d is t i l le d  or sea water were counted by Day and Lease 
(1), who found that

N = 2.9 X 10  ̂ d f^ /^  (8-1)

where d^ is  the dome diameter in meters.

There are much less data on the size of the fine  drops produced. Blanchard 
and Syzdek (2) measured the size d is tr ib u tio n  produced by bursting bubbles of
0.74 mm in diameter. These gave log normal d is tribu tion s  with mass median
sizes of 7vim and approximately 8 drops per bubble. Day and Lease showed 
that the diameter of the exposed bubble dome would be 0.07 mm, from which 
equation 8-1 gives 49 drops per bubble. However, Day and Lease burst bubbles
in to  a supersaturated atmosphere to prevent loss of drops by evaporation, and
i t  must be concluded tha t there were many fin e  drops of less than lum, which 
were undetected in Blanchard and Syzdek's work. Such fin e  drops would not 
contribute greatly to the mass.

Cipriano and Blanchard (3) indicate that bubbles of 4.5 mm diameter produce 
170 drops per bubble w ith sizes ranging between 2 and 6 iim, equivalent to a 
mass median size of 4 to 5ym. For these bubbles the diameter of the exposed 
bubble dome would be about 3.4 mm, fo r which equation 8-1 predicts 650 drops 
per bubble. Since the bubble sizes considered in the b o ilin g  process below 
are of about th is  size and because most of the mass w il l  be in the drops 
detected by Cipriano and Blanchard, the numerical co e ffic ie n t in equation 8-1 
w il l  be divided by four and the mass median drop size w i l l  be assumed to be 
between 4 and 5 urn. This makes no allowance fo r the change in physical
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properties to ste^m and water under pressure, because no ju s t if ia b le  allowance 
can be made.

We may now assume that a ll the steam produced in the bo ile r bursts as bubbles
of suitable size and estimate the carryover, assuming fu rther that 5 vm
drops w ill not be removed at any stage. However, i t  is  of in te res t f i r s t  to
consider bo iling  from th in , draining water film s because, especially when
there is no rec ircu la tion , these may be expected to be present in the upper
parts of the bo ile r. I t  should be noted that the steam ve loc ity  is  low and
w il l  not substantia lly  a ffec t bo iling  under these circumstances, except that
the steam w il l  carry away fine  drops. Kusada and Nishikawa (4) studied
bo iling  from thin stationary water film s on horizontal surfaces and showed
that steam domes up to 50 mm diameter can form. Steam bubbles beside
projecting above the water level as domes, penetrate the water f ilm  and
evaporation occurs from a m icrofilm  on the heating surface; the m icrofilm  may
even dry out. More relevant data were provided by the studies of Petrovichev,
Kokorev, Didenko and Dubvrovskiy (5) and F u jita  and Ueda (6), who observed
bubble domes forming and flowing down with a bo iling  liq u id  f ilm  on a vertica l
tube. The la tte r  found that the domes had diameters between 5.2 and 6.4 mm,

1/2which is about twice the Laplace length scale of [o/Apg] ’ where o 
is  the surface tension, g the acceleration due to g rav ity  and Ap the density 
difference between the phases. I t  is  also about the size of bubbles found in 
nucleate pool bo iling . Here we w il l  use th is  value and assume a hemispherical 
bubble in bo iling  from a th in f ilm . This may now be used w ith equation 8-1, 
w ith the numerical co e ffic ie n t divided by four to give the carryover, w,

■a ■a p . 7 / 6

w = 2.9 X 10-̂  d-̂  [ - ^ ]  [ - ^ ]  (8-2)
^s

where d is  the mass median diameter of drops, p^ is  the water density,w
p is  the steam density and SI units are used. A substantial change would 
not be expected i f  the general bo iling  process is considered, where bubbles 
s im ila rly  have to burst.
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I f  we assume that d = 5 ym, then at 1080 psia (74.5 bar) equation 8-2 gives
-t:

w = 2.5 X 10 (0.0025%). This is  five  times the value observed ty p ic a lly
at normal water level in MB-2, but considering the many uncertainties that
have been stressed with respect to numerical values, th is  must be regarded as
good agreement. I t  is  possible that some of the largest o f the fin e  drops
would be separated and i f  that reduced the mass median diameter by a factor of

-6two, carryover fra c tion  would f a l l  to 3 x 10 . We may fu rthe r note, since
the carryover is produced by the bursting of bubbles at the liquid-vapor
interface, that the quantity o f fine  drops produced should, as an
approximation, be proportional to the number of bubbles being produced, which,
again, as an approximation, should be proportional to the steam flow . Thus,
fo r th is  mechanism, the carryover expressed as a weight frac tion  o f the steam
flow rate should, to a f i r s t  order of approximation, be independent o f the
steam flow rate. However, some varia tion w ith power is  not unexpected and an
increase in carryover by a fac to r of between two and three as power is  raised
from 10% to 100% is  reasonable. I t  should be noted also that the mechanism is
essentia lly  independent of water level and the in s e n s it iv ity  to th is  parameter
is  also explained, and that carryover should decrease as the secondary
pressure fa l ls  due to the decrease in heat flu x  and steam flow ra te . We may
conclude then that there is a strong p o s s ib ility  that the observed carryover
is due to the fine  drops produced by the bursting of bubbles. I t  is  of
in te rest to note that Petrovichev, Kokorev, Didenko and Dubvrovskiy (5) and
Fujita  and Ueda (6) both collected, spray formed from the bo iling  process and
deposited nearby. Sim ilar resu lts  were obtained, with the la tte r  authors
concluding that the rate of spray volume to bubble volume was a simple

-4constant of 6.2 x 10 . This is  equivalent to ten 160 ym drops from a 5
_2

mm hemispherical bubble or to carryover of about 10 at 1080 psia. This 
merely emphasises that carryover probably arises from a small part o f the 
volume of drops produced in a bubbling process, though the number of drops 
concerned may be a large proportion of those generated.

The picture that emerges is tha t a carryover fraction  o f 5 x 10 ^ at water 
levels when there is  rec ircu la tion  is reasonably accounted fo r. When 
rec ircu la tion  stops and part of the tube bundle is exposed above the general 
water le ve l, water w il l  be splashed up from the water pool and w ill drain back 
to the pool as th in  film s on the tube surfaces. Entrainment from those film s
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due to bo iling  may be easier than from bo ilin g  in the pool. At least,
a

entrained fine  drops w ill be less easily separated than in the churning 
steam-water system in the pool. Therefore, the overall level of carryover may 
be greater than when there is  rec ircu la tion . The same argument explains the 
transient carryover observed when rec ircu la tion  ceases, when a large area of 
tube surface w ill be covered by a water f i lm  draining back into the bo iling  
pool.

I f  we now consider the state existing once rec ircu la tion  has ceased and when 
the b o ile r is  acting as a once-through system, we have a s itua tion  where there 
is a bo iling  pool of liq u id  w ith above i t  a large tube surface area. Some of 
the area w il l  be dry and lo ca lly  producing superheat in the steam passing over 
the surface. As described above, there w il l  be water splashing up and 
draining, but above that leve l, some water spray can dry out on the tube 
surfaces and leave deposits o f dry sa lt. Clearly, the degree to which the 
la tte r  can occur w il l  depend on the steam flow ra te , the available heat 
transfer at the tube surface and on how long operations are maintained under 
these conditions. When water level is raised, access to th is  dry sa lt w il l be 
gained by water splashing up from the pool and draining. This w il l  account 
fo r the transient releases under these circumstances. I t  also w il l  account 
fo r the transient releases of lith ium  when the top break SGTR, containing only 
potassium, was started and when the injected water gains access to the dry 
salts as i t  fa l ls  back onto the tube bundle. In bottom break tests access to 
those deposits cannot occur and no release was seen. In the la te r SGTR 
phases, transient releases o f both lith ium  and potassium were seen, but here 
only a lim ited area of tube surface was available on which salts could dry out 
and presumably th is  was accessible during both top and bottom breaks.

F ina lly , in a ll low level tes ts , transient releases gave a slow exponential 
decay in carryover, even in the transient follow ing the increase in water 
level to reestablish rec ircu la tion  in the model b o ile r. This and other 
de ta ils  of the experimental results  are examined in more deta il below, so that 
we can be sure that they are consistent w ith the general p icture outlined 
above.
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In jection of SGTR Break Water

During the SGTRs the primary coolant injected into the model b o ile r w il l  flash 
as i t  discharges and such a process usually produces fine  water droplets. The 
frac tion  present as fine  drops, say < 10 ym diameter, w il l  not be removed 
by the separator or dryer and should escape with the SORV steam. This 
consideration was the o rig in  of the postulates fo r primary coolant bypassing 
and i t  is surprising that i t  was not seen, but the data unambiguously show 
that bypassing was absent or present only at very low leve ls.

The droplet sizes produced from je ts  flashing through o r if ic e s  of 0.25 to 3 mm
diameter and at temperatures up to 145**C were measured by Gooderum and 
Bushnell (7). The resu lts , and those of others show a log normal droplet size 
d is tr ib u tio n  where the Sauter mean diameter, d , can be correlated by,

.  D ( g . 3 )

where D is  the o r if ic e  diameter (mm) and T the upstream temperature (®C); 
there was no influence of downstream temperature. In the current tests D was 
about 2.4 mm and T ranged from 162 to 304®C, so the corre la tion must be 
extrapolated to higher temperature. The calculated mean diameters are; Test 
5 (162“C), 55 ym; Test 3 (219“C), 17 ym; Tests 4 and 14 (240 to 244“ C), 10 
to 11 ym and Tests 8, 9, 15 and 16 (304“C), 2.9 ym.

Since the mean size is  predicted to fa l l  on increasing temperature, i t  might
be expected that bypassing would become more s ig n ifica n t as the primary 
temperature increased. In fac t, the opposite trend was apparent and bypassing 
was only detected at lower temperatures though, even then, i t  was only at very 
low levels. I t  should be noted that there is  no experimental evidence 
available on the size of drops produced by the flashing of water je ts  at the 
experimental conditions o f in terest here. In p a rticu la r, these involve 
flashing to a high secondary side pressure, such that the steam voidage 
produced immediately upon flashing varied between 0.5 and 0.84. When i t  is 
noted that a randomly dumped bed of unform spheres has a voidage of about 0.4, 
i t  is  probable that substantial agglomeration of fine  drops, even i f  they were 
produced in the f i r s t  place, would occur. I t  is  then not unreasonable that 
bypassing would only become apparent at the higher flashed voidages, which

95400:10/082686 8 “ 9



here occurred at the lower primary water temperatures. Confirmation of th is  
hypothesis could only come from suitable experimental work, but th is  would not 
a lte r the unambiguous conclusions o f the present tests regarding bypassing.

Flow Conditions at Very Low Water Level

In Tests 8, 9, 15 and 16 c ircu la tion  rates f e l l  as water level was reduced
and, on the basis of the S-1 sample line  behavior, c ircu la tio n  ceased at a
downcomer water level o f about 130 in . This implies tha t there was an 
essentia lly  stagnant pool of water with a definable in terface and the f i r s t  
step is  to determine i f  th is  is  probable when taking in to  consideration the 
fac t that such an interface is  no longer definable i f  the voidage rises above 
a value of between 0.7 and 0.8.

Gardner (8) correlated a large body of information on the voidage, o, in
liq u id  pools with the expression,

= 11.2 (8-4)

where

and

P^ / 2 U
F =  1/4 (8-5)

(Apgo)^/^

0

where p^ and p  ̂ are the water and steam densities, Ap = (p^ -  p . ) ,
W S W 5

is  the kinematic v iscos ity  of water, o is  the surface tension, g isw
the acceleration due to g rav ity , and U is  the superfic ia l steam ve lo c ity . For 
Tests 8, 9, 15 and 16 the value of U at the top of the tube bundle was 0.48 
m/sec (and was 0.30 m/sec above the tube bundle). I t  w i l l  be assumed that i t  
has the same value at the top o f the liq u id  pool, although some evaporation 
w il l  occur above th is  leve l. At 1075 psia (74 bar), F * 3.98 and P = 2.25 x 10 ® 
and hence
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- 2 — . / ,  = 0 .8 3  ( 8 -7 )

from which o = 0.555. This resu lt is  s t r ic t ly  only applicable to pools of 
large diameter and needs to be modified somewhat fo r use with pools having 
small hydraulic diameters, since i t  is  known that the influence of the walls 
o f a tube is  to increase voidage. This was recognized by Sterman (9) and is 
shown by the work of Behringer ( ^ )  and Filimonov e t a l.  (U ) in tubes of 57 
to 82.5 mm bore. Examination of the la t te r  data and also some unpublished 
data on boildown in PWR fuel bundles indicates that the e ffec t o f the tube 
walls can be accommodated by m ultip ly ing the voidage given by equation 8-7 by 
a factor of 1.2. Assuming that th is  correction fac to r is  applicable here, 
o > 0.665. Hence i t  appears that a definable water level is  probable in 
these tests, though the steam production ra te  might not have to  be increased 
by too large a facto r fo r  th is  to cease to be true.

Applying the correction facto r of 1.2, the r ig h t hand side of equation 8-6 now 
becomes 1.15. From th is , i t  is  then a simple matter to  estimate the swell of 
the water pool by a simple in tegration, i f  i t  is  assumed that the steam is 
generated uniformly up the height o f the pool. The average value of the 
voidage is .

= ( ( ,8 /3  ,  ^ ,4 /3  ,1/2 .  ^4/3)

* 0 2 (1 . 15^^ )̂

which evaluated numerically gives a = 0.463. Therefore, the downcomerQ
level should be m u ltip lied  by 1.86 to give the interface levels in the 
b o ile r. For downcomer levels of 60, 104 and 160 in . the interface levels are 
112, 193 and 298 in . ,  respectively.

The v a lid ity  of the above analysis can be checked by the density measurements 
reported in Section 6. The results  at downcomer water levels of 62, 106 and 
152.5 in . ,  reexpressed as voidage and normalized in terms of height in the 
b o ile r divided by downcomer level are shown in Figure 8-1. From th is  i t  is 
seen that th is  method o f p lo ttin g  reduces the data to a satis factory single 
experimental curve. A theoretical curve is  also given where, fo r  example.

95400:10/090386 8 -11



voidage is  0.665 at the reduced height of 1.86. Agreement between theory and 
experiment is fa ir  and shows that conditions w ith in the b o ile r when 
c ircu la tion  has stopped is in accord with normal expectation. For th is  
s im plified  approach better agreement is not expected, fo r , besides any fau lts  
in the theory, discrepancies may be due to a number of factors such as 
nonuniform generation of steam with height and the substantial nonsymmetric 
generation of steam between hot and cold legs. These factors were not 
included in the current analysis as they would not s ig n if ic a n tly  modify the 
overall description of the conditions ex is ting  w ith in the bo iling  pool.

From the data given in Figure 8-1, a voidage of about 0.975 exists at a 
reduced height of 2.5, where th is  level o f voidage corresponds to a qua lity  of 
0.68. Applying th is  factor to a downcomer level of 130 in . predicts that th is  
qua lity  would ex is t at about 325 in . This is  close to the in le t to the r ise r 
to the primary separator at 340 in . ,  and i t  is  reasonable that c ircu la tio n  
should cease at about th is  leve l. We assume here that the height o f the r ise r 
can be ignored, as steam ve loc ities  w ill increase substantia lly  in the r ise r 
and w ill carry any moisture up to the primary separator.

I f  we now examine the data at a downcomer water level of 62 in . ,  as shown in 
Figure 8-1, we see that there are only four data points. Those fo r the two 
lower levels are consistent with the rest of the data, but the others have 
appreciably higher voidages. These are consistent with the concept that there 
is  a liq u id  pool up to a voidage of 0.7, corresponding to a level of 70 in. 
and that water splashed up above th is  level separates out on the tube surfaces 
and on the tube support plate at 80 in. and is  v ir tu a l ly  eliminated from the 
steam at a level of 100 in . In other words, there is  a splash height of about 
30 in. The data fo r a downcomer level of 104 in . is , in th is  respect, less 
certain but i t  is consistent with a liq u id  pool up to a voidage o f about 0.8 
at a level of 190 in . with a splash height of about 50 in . to a height of 240 
in . ,  s t i l l  w ithin the tube bundle.

The inferences of the las t paragraph support the view that there w il l  be 
draining water film s extending 30 to 50 in . above a water pool when water 
level is  low and, i f  bo iling  from these film s w il l  give additional carryover.
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then the greater carryover observed without c ircu la tion  is  explained. As a 
co ro lla ry , at a downcomer water level of 62 in . the tube bundle above 190 in. 
should be essentia lly  dry and can be expected to generate superheated steam 
w ith in  the bundle. At a downcomer level o f 104 in . ,  the corresponding level 
is  240 in . Both resu lts  are in agreement w ith the superheat observed in the 
tests at these water levels. F in a lly , i f  these dried-out surfaces above the 
splash height co lle c t dried-out sa lts , these would be released as carryover 
through bo ilin g  from draining film s when the level was raised.

To re inforce the idea of a splash height i t  is  useful to look at the 
corre la tion of Sterman (9) fo r the c r it ic a l height, H, to which substantial 
quantities of water are carried above a water pool through which steam is 
being bubbled. Sterman examined data on water being sampled at various 
heights and found a sharp break in the curve of the va ria tion  of water 
concentration versus height at the c r it ic a l height; above th is  level water 
concentrations fa l l  only slowly. The corre lation is :

« = 9.12 X 10= ■ (8-9)
w

where
1/2

L = (8-10)

and the other terms are as have been defined above. At 1075 psia (74 bar), L
“8= 1.56 mm, P = 2.25 x 10 and, w ith a superfic ia l steam ve loc ity  o f 0.48

m/sec, F = 3.98. Thus H is 30.6 in . ,  in good agreement w ith the observations 
made above. However, i t  should be noted tha t A llis  Chalmer ( ^ )  gave a 
d iffe re n t corre la tion fo r th e ir  own data where,

. f =  4.21 X  10‘ » f2-38 pl-52 (8-11)
s

which gives H = 10.3 in . In th is  corre la tion the very d iffe re n t exponent in 
F, which contains the steam ve lo c ity , is surprising.
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sterman (9) also correlated carryover at the c r it ic a l height, H, and found that

w = 1.19 X 10--' p (8-12)

-4Here, th is  gives a carryover of 5.76 x 10 (0.058%), which w il l  decrease
slowly with height. This value is  about an order of magnitude greater than 
found in the present tests. Since no difference was observed when the dryer 
was bypassed, i t  would imply that the reduction in carryover observed was due
to the e ffec t of the primary separator.

Transient Releases When C irculation Collapses

In the blowdown phases of Tests 8, 9, 15 and 16, at the fin a l downcomer water
level of about 50 in . ,  the splash height would reach about 125 in . ,  leaving
the top 145 in . o f the tube bundle exposed. Each of the 52 tubes has an
exposed length of about 300 in . and, since the tube diameter is  0.6875 in . ,

2
the to ta l surface area is  about 22 m .

We may also calculate the thickness of a water film s tha t can be held
stationary in a r is in g  steam flow, in order to calculate the quantity of sa lt
that could be available fo r release as the f ilm  bo ils  away. In the present
cases the hydraulic diameter o f the passages in the tube bundle fo r steam flow
is  0.0276 m, and with a steam ve loc ity  of 0.48 m/sec. th is  gives a Reynolds
number of 27000. With a f r ic t io n  factor o f 0.006, the shear stress, x,
exerted on the tube wall ( f r ic t io n  factor times the steam ve loc ity  head) is

2
0.027 kg/m sec .

The thickness, h, of a liq u id  f ilm  on a ve rtica l surface fo r which there is  no
net flow is  given by.

This formula assumes viscous laminar flow and here gives h = 5.9 ym. For a
2

22 m surface area th is  corresponds to 0.095 kg of water. At a 
concentration of about 50 ppm lith ium  (50 mg/kg), and making no allowance fo r
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concentration during blowdown, the quantity in the liq u id  is  about 4.7 mg 
lith ium .

In the tests the quantities released were in the range o f 20 to 40 mg lith ium  
(om itting Test 15 at lower tracer levels) and were observed over periods of 10 
to 20 minutes. Considering a ll the uncertainties and assumption, including 
the e ffects of concentration during blowdown, the values compare favorably.
One would expect that a t least some of the s a lt in the hanging liq u id  film  
le f t  a fte r drainage to dry out and be le f t  on the tube surface. Equally, 
however, one would also expect there to be some carryover before the f ilm  
reaches the thickness predicted by equation 8-13.

For these tests a fu rth e r calculation reinforces th is  la s t conclusion.
Jeffreys { 13)  showed tha t the thickness, h, of a liq u id  f ilm  le f t  behind at 
time, t ,  at a distance, x, from the top o f a draining ve rtica l surface is 
given by,

t  = -^H — 2  (8-14)
Apgh

where is  the liq u id  dynamic v iscos ity . No shear from the steam flow is 
considered, but i t  is  o f in te rest to calculate the time to achieve the 
thickness of 5.9 ym fo r  x equal to half the draining height of the tube 
bundle, i . e . ,  1.84 m. This time is  700 sec. Such a value is in agreement 
with the experimental resu lts , though the estimate is  confused to some extent 
by the continuation o f blowdown a fte r rec ircu la tion  had ceased.

We must now consider the three tests. Tests 10, 11 and 14, where the collapse 
of rec ircu la tion  was not associated with a transient release. In submerged 
nucleate bo iling  a ll the heat transferred generates bubbles which may then 
progress to the steam-water interface to burst and thus produce fin e  drops fo r 
carryover. The carryover as a fraction  o f steam produced may then be expected 
to be fa ir ly  independent of heat flu x . Circumstances are d iffe re n t when 
b o iling  from a th in  draining f ilm , such as would occur above the water level 
in the MB-2 tests and which might occur, to  a lesser extent, fo r some distance 
below the water leve l. Here the opportunity arises fo r heat to pass in to  the
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water f ilm  and cause evaporation from the main film-steam in terface. A simple 
model is  that a draining film  has no more than a certa in capacity to evaporate 
in th is  fashion. Once a certain wall superheat is exceeded nucleation sites 
w il l  be activated, tending to control the superheat. I f  the heat flu x  is 
increased, more nucleation s ites  w ill be activated and the superheat w ill only 
r ise  marginally, so that the heat transferred to give in terface evaporation 
w il l  not change substantia lly .

Fu jita  and Ueda (6) used th is  model to deduce the amount of liq u id  entrainment
volume per un it steam bubble volume. A consequence of the argument is simply
that the carryover may be expected to f a l l  dramatically as the c r i t ic a l heat
flu x  fo r nucleation is  approached with fa ll in g  heat f lu x . According to Fu jita
and Ueda, as well as Petrovichev, Kokorev, Didenko and Dubvrovskiy (5), the

2 ~
c r it ic a l heat flux  at atmospheric pressure is  about 0.1 MW/m . There is  no 
way of re la ting  th is  to local conditions in the MB-2 tes ts , but a decrease in 
the magnitude of the transient releases (as well as a decrease in steady-state 
carryover from wetted tubes) is  to be expected as the measured superheat in 
the tube bundle fa l ls .

Transient Releases

When rec ircu la tion  was maintained, three forms of trans ien t release were 
found. Of these the most s ig n ifica n t was that caused by a sudden increase in 
steam flow rate, such as when the safety re l ie f  valve opens. This type of 
release can be ascribed to the sudden increase in steam production rate, which 
w il l  cause swell in the b o iling  f lu id  and additional fro th in g . This may be 
expected to give a transient release, the magnitude of which should increase 
as water level increases, although the time constant fo r  the transient may be 
expected to d if fe r  fo r d iffe re n t systems depending on the thermal-hydraulic 
response of the system. In the present tests, at water levels below that of 
the dryer, the top break SGTR gave an associated trans ient primary coolant 
bypass release. Expressed in a form which is  independent of the time constant 
fo r the thermal-hydraulic response, the release was ty p ic a lly  equivalent to 
100% primary coolant bypassing fo r 0.4 sec. As th is  top break location was 
designed to maximize bypassing, some reduction in bypasing may be expected fo r 
SGTR break locations w ithin a tube bundle.
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The second group of transients, p r in c ip a lly  due to transient primary coolant 
bypassing, was associated with the s ta rt o f the SGTR break flow. These 
transients were of lesser magnitude, equivalent to 100% bypassing fo r 0.02 
seconds, and were probably due to the in i t ia l  surge as the break flow 
commenced. Even though no corresponding change in steam production rate 
occurred, the transients must s im ila rly  o rig inate  from a change in the swell 
and fro th ing in the bo iling  pool. The f in a l type of transient in th is  group 
was that caused by rapid changes in water leve l. Of th is  group, tha t caused 
by boildown probably has a s im ila r o rig in  to the releases produced when 
rec ircu la tion  collapses, while those when level was raised were presumably due 
to the increase in the quantity of a u x ilia ry  feedwater entering the base of 
the bo iling  pool and to the disturbance tha t th is  change creates.

When rec ircu la tion  was absent, much larger transient releases were seen. As 
described e a rlie r , most of these were almost ce rta in ly  caused by the rewetting 
of dry surfaces covered with sa lt deposits, e ither when the break flow was 
in it ia te d  or as level was raised. Typ ica lly , these transients showed a large 
in i t ia l  increase in concentration in the SORV condensate, followed by a slow 
exponential decay. Here we w il l  not consider the magnitude of the releases, 
fo r they w ill be re lated to the quantity o f s a lt available fo r release, which 
in turn w il l  be re lated to the rate of transfer from the bo iling  pool and to 
the period over which the sa lt had been accumulated. Both these w il l  be test 
specific  and in the real case would be fa u lt  specific . We note only that 
under the less vigorous conditions of Test 14, with lower steam flow rates, 
lower heat fluxes and measured superheat, the transient release was much 
reduced. Indeed, in th is  tes t the release on restarting  the SGTR break flow 
was probably of a s im ila r type to those seen at normal water level on starting 
the break flow, but was of greater magnitude, a 30-fold increase, as might be 
expected at th is  low water leve l. A s im ila r enhancement was seen in the 
single transient produced on increasing the steam flow rate at very low water 
leve l, but here with a top break there was about a 100-fold increase in the 
release.

At f i r s t ,  i t  is  puzzling that carryover decays rather slowly once i t  has 
peaked a fte r a level change or when rec ircu la tion  res ta rts , because the salts 
concerned would dissolve rap id ly . Since, from Tables 7-15 and 7-16, the to ta l
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quantities released are small, i t  is  probable that the release is  from sa lt 
which has hidden out in crevices w ithin the model b o ile r. When dry surfaces 
ex is t in the tube bundle, such crevices e x is t w ith in the tube support plates 
and i f  these trap so lid  sa lts , one might expect that leaching would be slow. 
Indeed, rewetting would only le t  in water slowly, because bo iling  would be 
occurring, and the bursting of bubbles due to th is  bo iling  might be an 
e ff ic ie n t mechanism fo r entraining the s a lt in fine  drops. However, while 
th is  may explain the slow decay at low water levels, once rec ircu la tion  is 
reestablished any support plate crevices w i l l  be submerged and there should be 
much more rapid access to any s a lt.  This then suggests that other crevices 
may be implicated in the decay and th is may well be the case in view of the 
number of crevices that ex is t elsewhere in the model b o ile r, p a rtic u la r ly  in 
the upper shell and separator assemblies.

8-2. APPLICATION TO FULL-SCALE STEAM GENERATORS

Although the principal value of the present MB-2 data is  the id e n tifica tio n  
and quantifica tion of the processes responsible fo r droplet carryover during 
SGTR fau lts  and the provision of data of s u ff ic ie n t de ta il and accuracy fo r 
use in developing and ve rify ing  physical models (usually computer codes) fo r 
these processes, the data may also be compared with fu ll-s iz e d  un its to 
id e n tify  any systematic differences in carryover. For th is , two major aspects 
need to be considered. These are (a) whether there is a need to scale the 
current data to make i t  applicable to fu ll-s iz e d  units and (b) whether the 
data allow fo r the extrapolation of existing plant carryover data to low power 
fo r use under SGTR fa u lt  conditions. These aspects are considered in th is 
section and are intended to h igh ligh t those areas which w il l  need to be 
considered in any physical models or computer codes developed fo r use with 
fu ll-s iz e d  units.

Steam Generator Under Recirculating Conditions

Nuclear power plant steam generators are generally warranted to produce steam 
with a moisture content of less than 0.25 percent by weight. In practice, at 
100% power, plant performance has been variable, with the d iffe re n t designs of 
separators and dryers giving moisture carryover at up to or beyond the
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warranted value (14, 15, 16). Tests have shown that the performance of the 
sw irl vane primary separators can be improved by modifications such as the 
addition of a hydraulic s k ir t  around the separator o u tle t deck p late (mid deck 
p la te ), the provision of additional drains and vents, the extension of the the 
separator ou tle t o r if ic e  to form a co lla r above the mid deck p late, an 
increase in the size o f the separator ou tle t o r if ic e  and the provision of 
perforations in the r is e r  barrel beyond the separator ( ^ ,  15, 16). These 
modifications are p rim arily  designed to reduce the fro th  believed to form on 
the mid deck plate, generated by the vapor je ts  issuing from the separator 
o r if ic e s , and to improve separation by taking advantage of the liq u id  film  
which should form against the r is e r  barrel wall beyond the separator sw irl 
vane (H , 1^). In addition to improving separator performance, improvements 
may also be made in the dryer performance, but in practice these have been 
re s tr ic te d  to improvements in the drainage capacity, to prevent reentrainment 
due to the o v e rf il lin g  of the dryer drip trays (1^). In Model 51A steam 
generators such improvements have reduced carryover a t 100% power from 0.25% 
to 0.04% (16).

In the present tests the MB-2 model bo ile r was designed to provide overall 
prototypical thermal-hydraulic behavior fo r a Westinghouse Model F steam 
generator. However, exact prototypical behavior cannot be expected in every 
aspect o f i ts  performance and th is  w ill apply p a rtic u la r ly  to moisture 
carryover. While the modular separator used in the MB-2 was an exact 
duplicate of the primary separators in Turkey Point 3 and 4, some of the f ie ld  
un it primary separators may "see" much higher than average steam loading owing 
to uneven flow d is tr ib u tio n  in fu ll-s iz e d  un its. Furthermore, the use of a 
single primary separator in the te s t model necessitates an appportioned steam 
shroud between the primary and secondary separator. This introduces a large 
surface-to-volume ra tio  between these components, which could possibly result 
in enhanced separation upstream o f the dryer. I t  should be noted also that 
there are some differences among the Model F f ie ld  un it primary separators 
themselves; while a ll have extensions to the separator o u tle t o r if ic e , only 
the modular and the 2- and 3-loop units have perforations in the r is e r  above 
the sw irl vane. These differences between the MB-2 and the f ie ld  units may 
explain the improved moisture separation seen in MB-2.
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To assess the present resu lts , a comparison at 100% power may be made with 
plant data obtained on Model F or 44F steam generators. At 100% power data 
are available on f iv e  un its , Kori 2, a two loop station operating at higher 
steam flows (17), Wolf Creek { 1 6 ) ,  Callaway ( ^ )  and Turkey Point, Units 3 and 
4 ( ^ ) .  The la t te r ,  although 44F units, are p a rticu la r ly  relevant here as 
they contain identica l modular primary separators to that incorporated in the 
MB-2 model bo ile r. The data fo r these stations gave carryover values o f 0.08% 
(Kori 2), 0.015% (Wolf Creek), 0.0135% (Callaway), 0.016% (Turkey Point, Unit 
3) and 0.012% ave., 0.015% max. (Turkey Point, Unit 4) at 100% power. These 
vaues are an order of magnitude higher than those seen in the present tests, 
but we note that they were obtained using sodium-24 radio-tracers and may not 
have the precision or d iscrim ination of the MB-2 resu lts . Typically, such 
sodium-24 measurements w il l  only detect carryover above about 0.005%, compared 
with a l im it  of detection in the present tests of 0.0002 to 0.0003%.

I t  is d i f f ic u l t  to id e n tify  the orig in  fo r the differences in carryover, but 
some indication may be obtained by considering the quantity of moisture 
removed by the dryer. In the current series of tests, v ir tu a lly  identica l 
results were obtained both with the dryer in service and w ith i t  bypassed, 
which may imply that v ir tu a l ly  no moisture reached the dryer (see above).
This resu lt d iffe rs  from that obtained with the e a rlie r instrumented bundle 
(see Figure 2 - la ), which had a d iffe re n t primary separator/deck p la te 
configuration and where the moisture removed in the dryer was ~ 0.8% at 60% 
power, ~ 2.5% at 100% power and ~ 10% at 130% power. I t  also d iffe rs  from 
the value found at Wolf Creek, where up to 9% moisture was removed by the 
secondary dryers a t 100% power { 1 8 ) .  These differences suggest d iffe re n t 
primary separator e ffic ie nc ies  in the three cases.

I f  we consider the MB-2 resu lts , the conclusion reached is  that carryover is 
due to the fine drops produced by bubble bursting; drops tha t w ill pass 
through the separator without loss. This frac tio n  w il l  not be affected by 
changes in geometry, surface area, e tc ., and should not a lte r  greatly in a 
fu l l  sized un it. However, fine  drops may also be generated by other processes 
and, in p a rticu la r, could be generated from the type of fro th  postulated to 
form on the mid deck plate (14, ^ ) .  Although there is  no d irect evidence to
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indicate that such a fro th  forms in a Model F un it, the removal of up to 9% 
moisture by the dryers at Wolf Creek would suggest that such a fro th  may be 
)resent.

Overall, the conclusion reached is  that the MB-2 data at 100% power are not 
prototypical of a Model F steam generator and that there probably ex is t other 
mechanisms fo r producing fine  droplets in addition to that proposed in th is 
report. Such mechanisms w ill need to be identifed  and modelled in any overall 
mechanistic model. U n til validated mechanistic models fo r  incorporating a ll 
mechanisms fo r producing fine droplets have been developed, in p ractica l use 
i t  follows that the MB-2 data should not be used d ire c tly  at fu l l  power and 
that any calculations o f release should be based on measured plant values.
For Model F type steam generators the data indicate a value of 0.015%, a 
factor of ten increase over the MB-2 resu lts . Other values may be appropriate 
fo r other steam generator designs.

At 10% power the current MB-2 data show a reduction in carryover by about a 
factor o f three from that at 100% power. More im portantly, the data also show 
minimal primary coolant bypassing and that no increase in moisture carryover 
iccurs under SGTR/SORV fa u lt conditions. For primary coolant bypassing no 

data ex is t with which the present data may be compared. Although the question 
of scaling w ill need to be addressed in any mechanistic model for a c t iv ity  
release, i t  is  un like ly  that primary colant bypassing w il l  d if fe r  
substantia lly  in a fu ll-s iz e d  u n it, since s im ila r mechanisms for agglomeration 
and removal may be expected to operate. In the interim , i t  is suggested here 
that the MB-2 value of approximately 0.001% primary coolant bypassing should 
be used fo r SGTR/SORV fa u lts  under steady-state conditions.

The observation that moisture carryover does not increase s ig n ific a n tly  during 
SGTR/SORV fau lts  enables comparisons to be made between the MB-2 data and 
plant and experimental data on moisture carryover, and, from th is , fo r 
recommendations to be made fo r SGTR/SORV fa u lts . Experimental data show that 
sw irl vane separators (14, 1^) or separator/dryer combinations ( ^ )
increase in e ffic iency  as steam flow ra te , or power, decreases. For e ff ic ie n t 
systems the improvement in e ffic iency  was s im ila r to that seen in the present 
*ests, but fo r less e ff ic ie n t separators the improvement was much greater so

95400:10/082686 8 -2 1



that at low power a ll the sw irl vane separators tested gave s im ila r results of 
about 0.05% carryover ( H ,  ^ ) .  The e a rlie r  MB-2 data quoted above ( ^ ,
Figure 4-20) show a s im ila r trend. In -p lan t data are lim ited  ( ^ ,  22),
but generally carryover is  known to decrease with power and, from 
extrapolations and measurement, should fa l l  below 0.005% once power is  reduced 
below about 60%. Generally, these resu lts  are expected, fo r  not only w ill 
g rav ity  separation become more e ff ic ie n t as steam flow rates f a l l ,  but other 
mechanisms fo r producing fin e  drops (e .g ., fro th  formation on the separator 
deck) w il l  also become less important. Overall, one may expect carryover to 
fa l l  towards that seen in  the present data and fo r the MB-2 data to become 
more prototypical a t lower power. However, u n til th is  aspect of the MB-2 data 
has been considered in d e ta il,  we recommend here that a conservative approach 
should be followed and th a t the MB-2 results  should be increased by a factor 
of ten fo r use with fu l l  sized units at low power. Thus, fo r 10% power and 
fo r SGTR/SORV fa u lts  i t  is  suggested that moisture carryover should be taken 
as 0.005%.

Short-term perturbations gave releases of variable magnitude depending on 
th e ir type and on water le ve l. The most s ign ifica n t here were those caused by 
cycling the safety r e l ie f  valve, where both transient carryover of bulk liq u id  
and transient bypassing were seen, depending on the water leve l. At high 
water level the maximum carryover seen was 0.4% of the to ta l bulk water mass, 
while at normal level the amount of bypassing was equivalent to 100% primary 
coolant bypassing fo r 0.4 seconds. We note that both lim itin g  values, while 
small, are the equivalent o f steady state carryover and bypassing fo r  periods 
of the order of 100 and 10 hours, respectively. In transferring these results 
to a fu l l  sized steam generator, no ju s t if ic a t io n  exists at present fo r  the 
use of any pa rticu la r scaling facto r, nor can i t  be assumed that the 
magnitudes of the transients or the re la tive  contributions of primary coolant 
bypassing and carryover are the same as was found in the present tes ts . This 
view is  reinforced by the differences already noted between steady-state 
carryover in operating p la n t and the MB-2 tests. The more detailed 
considerations needed to assess such factors and the magnitude of the impact 
on the to ta l a c t iv ity  release are outside the scope of th is  report, but 
c lea rly , there is  a need to use the MB-2 data to develop validated mechanistic 
models from which the contributions o f transient releases can be calculated.
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The present data indicate that these transient releases w ill be important in 
determining the to ta l releases during an SGTR fa u lt .

Steam Generator at Very Low Water Levels

In the current MB-2 tests at low water level with no rec ircu la tion , conditions 
typ ica l of an early stage in an SGTR/SORV fa u lt  (Tests 8, 9, 15 and 16) gave 
an increase in carryover by a fac to r of about ten over that at normal water 
leve l, but l i t t l e  enhancement in carryover at intermediate stage SGTR/SORV 
conditions (Test 14). For both i t  is  concluded that the relase is  again due 
to bubble bursting, with the d iffe re n t carryover in Test 14 being due to a 
fa l l  in temperature, pressure, steam flow ra te , splash height and in heat flu x  
necessary to cause b o iling  in th in  film s. Transient releases associated with 
these conditions also d iffe re d , depending on the rate and available time fo r 
accumulating salts on the dry tube surfaces.

For use with fu ll-s iz e d  units an assessment of scaling factors w i l l  again be 
required. More importantly, however, the present data show that i t  w il l  be 
necessary to consider the fa u lt  sequences in de ta il before applying the data, 
is the effects w i l l ,  in practice, depend on the thermal-hydraulic conditions 
existing at the time when rec ircu la tion  ceases and the bundle begins to dry
out. Thus, the e ffects seen in SGTR/SORV fa u lts  in the absence of aux ilia ry
feedwater may not be great i f  the tube bundle only uncovers at a la te r stage 
in the fa u lt ,  when temperature, pressure, steam flow rate and heat flu x  are 
low, but i t  may be more s ig n ifica n t in fa u lts  where the level fa l ls  more 
rap id ly . Of course, in these fa u lts  such considerations only apply to droplet 
release mechanisms and do not address any additional e ffe c t due to iodine 
v o la t i l i t y  under these conditions.

Comparison with Radiological Release Calculations fo r SGTR Faults

Currently fo r U.S. PWRs, design-base calculations cover only an isolated SGTR 
fa u lt ,  occurring when o ffs ite  power is  or is  not availab le. For th is  fa u lt, 
complete severance of a single steam generator tube is  assumed and the 
radiolog ica l consequences are calculated fo r the sequence when o f fs ite  power 
is unavailable. In th is  case, steam w ill be discharged from the faulted steam
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generator fo r a period o f up to 30 minutes via the safety re l ie f  valves or the 
power-operated re l ie f  valves. This part of the fa u lt  sequence has 
s im ila rit ie s  with the SGTR/SORV and SGTR o v e r f i l l  tests studied in the current 
tests and the present data may, therefore, be compared w ith the assumptions 
used in the radiolog ica l release ca lcu lational procedure.

For SGTR fau lts , the current calculational procedure is  given in NUREG-0800, 
Section 15.6.3 ( ^ ) .  In th is  procedure i t  is  assumed that a frac tion  of the 
iodine in the primary coolant escaping to the secondary system w il l  become 
airborne immediately due to  flashing and atomization. Credit may only be 
given fo r "scrubbing" o f iodine contained in the steam phase and in the 
atomized primary coolant suspended in the steam phase fo r release points which 
are below the steam generator water leve l. The frac tion  of primary coolant 
which does not become airborne immediately is  assumed to mix with the bulk 
steam generator water and to become airborne at a rate determined by the 
steaming rate and the iodine p a rtit io n  co e ffic ie n t. An iodine p a rtit io n  
coe ffic ien t of 100 between steam generator water and steam is  conservatively 
assumed, unless reasonable evidence is  available to ju s t i fy  an a lte rnative  
value.

For th is  procedure, the frac tion  flashed is  the equivalent of the type of 
release defined as primary coolant bypassing in the present MB-2 tes ts . The 
p a rtitio n  coe ffic ien t fo r  iodine recommended is  that derived for use under 
normal operations (U ) and is u ltim ate ly derived from the p a rtitio n  
coe ffic ien t fo r hypoiodous acid determined by Styrikovich (25). Im p lic it ly , 
th is  approach assumes th a t a ll iodine is  present in elemental form ( I 2 ) and 
that th is , at trace quan tities , has hydrolyzed completely to equal quantities 
of hypoiodous acid and iodine ion. No contributions due to  moisture carryover 
are used in the ca lcu la tiona l procedure, but the normal operating value of 
0.1% carryover is  implied. Note tha t the p a rtit io n  coe ffic ien t fo r iodine is  
the equivalent of 1% carryover and, hence, that iodine v o la t i l i t y  is  the 
dominant assumed release mechanism. Again, as in normal operations, no 
retention of noble gases is  implied.
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For Westinghouse plants, the use of the ca lcu lational procedure may be 
illu s tra te d  by the analysis given in the Final Safety Analysis Report fo r the 

Iv in  W. Vogtle plant ( ^ ) .  For th is  plant the LOFTRAN code was used to 
analyze the mass and energy balance over the f i r s t  30 minutes and to provide 
conservative estimates of the SGTR break flows and quantities of steam 
released to the atmosphere. In the sequence analyzed, the SGTR (a t 0 sec) 
causes a loss of primary pressure and inventory leading to reactor t r ip  a fte r 
about 285 seconds. The reactor t r ip  automatically tr ip s  the turbines. I f  
o ffs ite  power is unavailable, the steam dump valves do not open and steam 
generator pressure increases rap id ly , the safety r e l ie f  valves open and steam 
is  discharged d ire c tly  to the atmosphere. During the in i t ia l  30 minutes of 
the fa u lt  the operator is  assumed to th ro tt le  the a u x ilia ry  feedwater flows to 
control steam generator leve l, to id e n tify  the faulted steam generator and to 
iso la te  i t  by halting au x ilia ry  feedwater flow and by equalizing primary and 
faulted steam generator pressure at a value below the safety r e l ie f  valve 
settings. Steam discharge w il l  continue from the in ta c t steam generators via 
the power-operated r e l ie f  valves, to remove decay heat from the reactor core 
and to reduce primary c irc u it  temperature. Compared with the MB-2 tests, the 
"pening of the safety r e l ie f  valve a fte r about 300 seconds is d ire c tly  

omparable with the event seen in the fu l l  SGTR/SORV transient (Test 12) and 
with those studied in the o v e r f i l l  tests (Tests 10 and 11), and may be 
expected to give a transient release. The remainder o f the steam discharge, 
from 300 to 1800 seconds, is  essentia lly  iden tica l w ith the steady-state tests 
carried out on MB-2 and may be expected to give steady-state releases.

Using the LOFTRAN code, the Vogtle FSAR analysis predicts that 104,400 Ibm of 
primary coolant w il l  enter the fau lted steam generator over the 30 minute 
period. For the f i r s t  300 seconds, before reactor t r ip ,  the flashing fraction  
based on primary and secondary pressures and temperatures is estimated to be 
16.5%. Following reactor t r ip ,  the flashing frac tion  averages about 4% (5%, 
300 to 120 seconds; 3%, 1200 to 1800 seconds). As about 85,000 Ibm of primary 
coolant enters via the SGTR a fte r reactor t r ip ,  and no c red it fo r scrubbing is 
claimed, the release to the atmosphere is  about 3400 Ibm. (Note that th is  is 
a s ig n ifica n t reduction from the release assumed in e a r lie r  analyses (27), 
where a constant 17% flashing frac tion  was assumed). For iodine p a rtit io n  in
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the condenser before reactor t r ip  and in the bulk steam generator water a fte r 
reactor t r ip ,  the recommended coe ffic ien t o f 100 was used (p a rtit io n  factor of 
0.01).

I f  the Vogtle FSAR analysis is  compared w ith the present MB-2 te s t data, i t  is 
clear that the present data w il l  have no impact on the quantity o f iodine 
released from the condensers or from the bulk steam generator water, as th is  
is  determined so le ly by v o la t i l i t y .  The data do show, however, tha t no 
additional contribution due to moisture carryover need be considered.
However, should iodine v o la t i l i t y  be shown to be much less, then the lower 
carryover levels predicted by the MB-2 resu lts  would s ig n if ic a n tly  reduce the 
quantity released as compared with the current implied carryover level of 
0.1%. For a c t iv ity  release due to flashing primary coolant, the MB-2 tes t 
data show that the assumptions made in the current ca lcu lational procedure 
overestimate the quantity released. For the Vogtle FSAR analysis, and using 
the present MB-2 data, the quantity of primary coolant released would consist 
of two components, namely a transient release as the safety r e l ie f  valves 
open, followed by a steady-state release over the period 300 to 1800 seconds. 
For the in i t ia l  transient release, the MB-2 data pred ict the equivalent of 
100% primary coolant bypassing fo r 0.4 seconds. At the Vogtle SGTR break flow 
rate of about 65 Ibm/sec th is  corresponds to a release of 26 Ibm. Over the 
remaining 15,000 seconds u n til iso la tion , the MB-2 steady-state value of 
0.001% primary coolant bypassing would pred ict an additional release of 0.85 
Ibm from 85,000 Ibm primary coolant. Thus the MB-2 data predict a release
dominated by the in i t ia l  transient release and about two orders of magnitude
less than that predicted by the current ca lcu lational procedure. While th is  
estimate is based on results obtained at normal water leve l, a s im ila r release 
would be predicted i f  the break becomes exposed provided that transient
releases do not occur at lower water leve ls.

From th is  comparison, the present MB-2 data indicate that the current 
calculational procedure substantia lly  overestimates the frac tion  o f primary 
coolant released due to primary coolant bypassing. From th is  i t  fo llows that 
even i f  scaling factors to account fo r differences between MB-2 and f u l l  size 
units are used, a s ig n ifica n t reduction in the overall a c t iv ity  release would 
re su lt i f  the present MB-2 data were used to calculate the releases due to
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primary coolant bypassing in SGTR fa u lts . The implications which stem from 
*

these findings are outside the scope of th is  report, but should be considered 
hen the current ca lcu la tiona l procedure fo r  SGTR radiological consequence 

analysis is  revised.

8-3. CONCLUSIONS

The main conclusion from the MB-2 data is  that there is  very l i t t l e  primary 
coolant bypassing or any increase in moisture carryover under steady state 
SGTR/SORV fa u lt conditions. From th is  i t  follows that the release of 
radioactive fiss ion  products by entrainment may not be a s ig n ifica n t factor 
under steady-state conditions, leaving, fo r  iodine, v o la t i l i t y  as the only 
mechnism fo r a c t iv ity  release. In contrast to the steady-state behavior, 
short-term perturbations gave releases which were the equivalent o f the 
steady-state releases fo r ten or tens of hours. Of these transients, the 
largest occurred when the safety re l ie f  valve was opened and were p rim arily  
due to bypassing or carryover, depending on water leve l. The data suggest 
tha t such transients could be important factors in the overall release and 
that they must be considered in any model or computer code fo r calcu lating 

: t iv i t y  release.

Under steady-state conditions and at normal water levels the measured 
carryover at 100% power was 0.001 to 0.002%. At 2 to 10% power ( i . e . ,  at SORV 
flow ra tes), under the conditions of the in i t ia l  phases of the fa u lt  at normal 
secondary temperatures and pressures, carryover was of the order of 0.0005%, a 
fac to r of three lower. At la te r stages in the fa u lt  carryover could not 
detected (< 0.0005%).

When recircu la tion  was maintained in the model b o ile r, carryover at both 10% 
and 100% power was not affected by varia tions in water leve l. Nor was i t  
affected when the secondary dryer was bypassed. However, flooding the dryer 
at 100% power gave a large increase in carryover to 10 to 20%.

At these very low carryover levels, i t  is  concluded that the release must be 
due to very fine  drops which are not separated out in the dryer. A bubble 
bursting mechanism can be shown to be consistent with the level o f carryover 

d w ith the re la tive  in s e n s it iv ity  to water level and power output.
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In a ll tes ts , there was l i t t l e  evidence fo r s ig n ifica n t steady-state levels of 
primary coolant bypassing (the d ire c t release of some primary coolant before 
mixing w ith the bulk liq u id ) . Very low levels of bypassing were only seen in 
two or, possibly, three tests at lower secondary temperatures and pressures. 
Again, th is  was of the order of 0.0007 to 0.0012%. The mechanism fo r  the 
flashing of je ts  from o rifice s  predicts that s ig n ifica n t quantities of fine 
drops should be produced. The absence of primary coolant bypassing is , 
therefore, surprising and shows that e f f ic ie n t processes fo r  agglomeration or 
removal e x is t in the model b o ile r. These findings do not support the 
postulates made by Postma, e t a l. (28, 29) and by Raghuram, et a l. ( ^ )  and 
indicate the need fo r fu rther work on the modeling of th is  type of process.

When rec ircu la tion  was maintained, perturbations to te s t conditions caused 
transient releases. These could be produced by sudden increases in steam flow 
rate (as when a safety re l ie f  valve opens), the in it ia t io n  of the SGTR break 
flow or rapid changes in leve l. The greatest release was caused by the swell 
and fro th ing  associated with a sudden increase in steam production ra te . At 
normal water leve l, with a top break SGTR, the release was mainly due to 
transient bypassing and, ty p ic a lly , was the equivalent o f 100% bypassing fo r 
0.4 seconds. At higher water leve l, bypassing was suppressed and carryover 
increased. With the dryer flooded, the maximum release was 0.4% of the to ta l 
liq u id  mass, with no contribution from bypassing. Although small, these 
transient releases are the equivalent of steady-state SORV releases fo r the 
order of 10 and 100 hours respectively and, hence, could dominate the overall 
release during a fa u lt .

A smaller transient was produced by the in it ia t io n  of the SGTR break flow. 
P rinc ipa lly , th is  release was due to transient primary coolant bypassing and 
occurred with both top and bottom SGTR breaks. Typ ica lly , the release was 
equivalent to 100% bypassing fo r about 0.02 seconds. Rapid changes in water 
level also caused small transient releases of bulk water. These were of 
variable magnitude, but tended to be small, 0.002 to 0.09% of the to ta l liq u id  
mass.
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When rec ircu la tion  w ith in  the model b o ile r could not be sustained, the type of 
carryover behavior changed markedly. Under test conditions typ ica l o f an 
a rly  stage in the SGTR/SORV fa u lt ,  with the secondary side at normal 

temperatures and pressures, the collapse o f rec ircu la tion  was accompanied by a 
transient release of about 0.4 to 1.3% o f the liq u id  mass, and was followed by 
enhanced steady-state carryover, ty p ic a lly  0.003 to 0.008%. The la t te r  was an 
order o f magnitude higher than that seen before rec ircu la tion  ceased. Under 
less vigorous conditions, e ithe r simply lower available heat flu x  (hot standby 
type conditions) or those applicable to an intermediate stage in an SGTR/SORV 
fa u lt,  no transient release was seen and carryover was not s ig n if ic a n tly  
higher than that seen generally in these te s ts .

An analysis of the thermal-hydraulic data showed good agreement between 
predicted and measured water level fo r the collapse of rec ircu la tion  and 
predicted the existence of a recognizable steam/water interface and a splash 
region. The la t te r ,  coupled with the bubble bursting mechanism fo r producing 
fine drops from the draining film s on tube surfaces, is  proposed as the source 
of the enhanced carryover and fo r the va ria tion  in carryover with 
thermal-hydraulic conditions. In addition, the bubble bursting mechanism can 
sa tis fa c to rily  account fo r the instance o f a transient release, provided that 
a c r i t ic a l heat f lu x  exists to activate nucleate bo iling  in the draining film s 
as rec ircu la tion  collapses.

Once rec ircu la tion  had ceased, the occurrence of transient releases was shown 
to be dependent on whether sa lts  were being active ly  transferred onto the dry 
surfaces in the tube bundle. Under the thermal-hydraulic conditions found in 
early stages in SGTR/SORV fa u lts , th is  form of hideout apparently occurred 
read ily . In it ia t in g  the SGTR flow or ra is ing  the water leve l, rewetted these 
surfaces and caused large transient releases of up to 8% of the to ta l 
available tracer mass. Under these conditions a top break SGTR gave a large 
transient release, but not a bottom break due to lack of access to the dry 
deposits. Under no conditions were s ig n ifica n t levels of bypassing detected. 
Under less vigorous conditions, as at an intermediate stage in the transient, 
hideout o f th is  type did not take place and no large transient releases were 
detected.
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At low level, transient releases s im ila r to those at normal water level were 
also seen. One example was produced by a sudden increase in steam flow rate 
and one on in it ia t in g  the SGTR break flow. Both gave much greater releases, 
mainly due to transient primary coolant bypassing, than seen at normal water 
level by of about 100 and 30 times, respectively.

Although the MB-2 model bo ile r is  a prototypical thermal-hydraulic model of a 
Westinghouse Model F steam generator, exact prototypical behavior in terms of 
moisture carryover is  not expected in view of the design differences in the 
primary separator, the e ffec t of differences in flow d is tr ib u tio n  in fu l l  
sized units and factors such as reentrainment. A comparison o f the current 
MB-2 results with those obtained on Model F steam generators in the steady 
state shows that the plant results are generally ten times higher than those 
seen here. Probably th is  is due to existence of additional mechanisms fo r 
producing fine  drops in fu l l  sized un its . In view of these differences, i t  is 
concluded that MB-2 is  not prototypical a t fu l l  power and that the plant value 
of 0.015% should be used at 100% power fo r Model F steam generators.

At 10% power the present MB-2 data show a reduction in carryover by about a 
facto r of 3 from that at 100% power. More importantly, the data show very 
l i t t l e  evidence fo r primary coolant bypassing and that no increase in moisture 
carryover occurs under SGTR/SORV fa u lt  conditions. Since i t  is  un like ly  that 
bypassing w il l  d if fe r  substantia lly  in fu ll-s iz e d  un its , i t  is  suggested that 
the MB-2 value of about 0.001% should be used to assess bypassing in SGTR/SORV 
fa u lts , but i t  is  recognized that fu rthe r work is required to address the 
question of scaling these data.

Since moisture carryover did not increase during SGTR/SORV fa u lt  conditions, 
the MB-2 results  show that low-power plant data may be used to assess moisture 
carryover fo r these types of fa u lt .  Although the MB-2 model b o ile r may become 
more prototypical at low power, here, in the absence of fu rther work to
demonstrate what scaling factors need be applied to the present resu lts , i t  is
suggested that the MB-2 values should be increased by a factor o f ten, to
0.005%, fo r use in SGTR/SORV fa u lts . This value is not inconsistent with the
lim ited  plant data available and, in e ffe c t, is  in lin e  with the factor of 
three reduction on changing from 100% to 10% power in the MB-2 tes ts . For
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transient releases under rec ircu la ting  conditions, no basis fo r deriv ing a 
scaling factor to apply to the MB-2 data could be deduced and no 

jcommendation can be made. The data do show, however, that transien t 
■^leases could be important factors in determining the overall release during 
SGTR fa u lts  and tha t th is  aspect must be addressed with specific  reference to 
the detailed steam generator and separation equipment designs in any model or 
computer code fo r ca lcu lating a c t iv ity  release.

At very low water leve l, when rec ircu la tion  had collapsed, large transient 
releases and increased carryover occurred under conditions typ ica l o f an early 
stage in an SGTR/SORV fa u lt ,  but not under intermediate stage SGTR/SORV 
conditions ( i .e . ,  a t lower pressures and temperatures, as in Test 14). At 
present, the magnitude of s im ila r effects in fu ll-s ize d  steam generators 
cannot be assessed, but i t  is  clear from the data that an equally important 
factor in determining releases w il l  be the thermal-hydraulic conditions that 
w il l  e x is t at the time when rec ircu la tion  fa i ls  and the tube bundle begins to 
dry out. Thus, in SGTR/SORV fa u lts  with a fu l ly  isolated steam generator, 
where dryout w ill occur at a la te r stage in the fa u lt ,  large transien t 
releases are un like ly . However, i f  dryout occurs more rap id ly , say in an 
GTR/SLB fa u lt ,  then substantial transient releases could occur. These 

aspects w i l l  require fu rthe r assessment fo r  each specific  fa u lt sequence, as 
w il l  the consideration o f any additional release due to iodine v o la t i l i t y  
under conditions where primary coolant may evaporate to dryness on the dry 
tube surfaces. The la t te r  consideration could suggest tha t maintaining 
rec ircu la tion  would l im it  the overall release in these fa u lts , even i f  th is is 
not indicated by droplet carryover data alone.

Using the MB-2 resu lts  to assess a c t iv ity  release in the typ ica l SGTR fa u lt 
sequence employed fo r Westinghouse PWRs, i t  is  found tha t the predicted 
quantity o f primary coolant los t d ire c tly  to the atmosphere is two orders of 
magnitude less using the MB-2 data than is  predicted using the current 
calculational procedure fo r th is  fa u lt .  Furthermore, the release is  dominated 
by the transient caused on opening the safety re lie f  valve, with l i t t l e  
steady-state contribution. Although some scaling may be required fo r  use in 
fu ll-s iz e d  units, the MB-2 data show that the current procedure substantia lly  
overestimates a c t iv ity  release due to flashing primary coolant and that a
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s ign ifica n t reduction in overall a c t iv ity  release would resu lt i f  the MB-2
data were used. I t  is  recommended that these data should be considered when
the current calculational procedure is  next revised.
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ABSTRACT

An experiment has been conducted to measure the aerosol attenuation by the 

secondary side structures of the Model Boiler No. 2 (MB-2), a power-scaled model 

of the Westinghouse Model F PWR steam generator. The tests were conducted at 

ambient temperature and pressure using water droplets of either 2.1 um or 53 um 

aerodynamic mass median diameter (AMMD). These aerosols were Introduced either 

at the top of the U-tubes or at the bottom of the tube bundle through Injector 

tubes which simulated a tube rupture. The aerosols were sampled by mllllpore 

filters and cascade Impactors at both the Inlet to the Injector and at the outlet 

of a stuck open relief valve located at the top center of the MB-2 shell. For 

an equivalent tube bundle velocity of 2 ft/s (representing a single tube 

rupture), the 53 um droplets were attenuated by a factor of 11, and the 2.1 um 

droplets were attenuated by a factor of 3.3 • This attenuation does not Include 

any effects due to temperature and pressure, such as steam condensation on the 

walls of the secondary heat transfer system (Stephan flow), or onto the aerosols.
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INTRODUCTION

Experience with PWR steam generators has shown that, under normal operating 

conditions, a small number of the tubes are prone to leak due to corrosion and 

mechanically induced damage. As a result, some 300 small leaks and six tube 

rupture incidents have occured in PVR steam generators in the United Stateŝ

In the tube rupture incidents, minute amounts of radioactive primary coolant was 

released to the atmosphere via the secondary coolant safety relief valve. The 

amount of radioactivity released in these tube rupture incidents was small due 

to the limited amount of radioactivity in the primary coolant water and 

retention and scrubbing in the steam generator. However, it is possible that in 

TMLB* accidents^*^ in which the core meltdown is accompanied by dried-out steam 

generators, the high pressure primary side steam could cause a steam generator 

tube rupture and vent to the secondary side, open the safety relief valve, and 

release large amounts of radioactivity directly to the atmosphere.

In order to study this problem , Westinghouse Electric Company, the

Electric Power Research Institute, EPRI, the United States Nuclear Regulatory 

Commission, NRC, and the U. K. Central Electricity Generating Board, CEGB, have 

sponsored a cooperative experiment to investigate the attenuation of aerosols by 

the structures within a model of a PWR steam generator: the Model Boiler No. 2 

(MB-2) located at the Westinghouse Engineering Test Facility in Tampa, Florida.

*̂̂ TMLB'is a PWR core-melt accident sequence which is initiated bv the loss of 
all AC power and the loss of reactor coolant system heat removal^\ PWRs are 
designed so that if both offsite power is lost and the emergency diesel 
generators fail to operate, decay heat can be removed from the reactor coolant 
by the steam generators fed by steam driven feedwater pumps. If this mode of 
heat removal fails to operate, the reactor coolant water will eventually boil 
away through the pressure relief valves. The core will then melt and release 
'adioactive fission products into the high pressure steam on the reactor side of 
;he dried-out steam generator.
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MODEL BOILER DESCRIPTION^3)

The Model Boiler No. 2 (MB-2) is an approximately 1 percent power-scaled model 

of the Westinghouse Model F steam generator, a feedring type unit. Designed to 
be geometrically and thermo-hydraulically similar to the Model F in the 

important areas, the MB-2 is capable of generating 10 Mwt of power. A schematic 

of the model is shown in figures 1-a and 1-b.

TUBE BUNDLE

The MB-2 tube bundle is composed of 52 tubes arranged in a rectangular array 

having 13 tube rows and 4 tube columns, as shown in figure 1b. All tubes have 

an outside diameter of 1.75 cm (11/16 in.) and a 1 mm (0.040 in.) wall 

thickness, which is the same as the tubes in the model F steam generator, and 

are configured to the same 2.49 cm (0.98 in.) square-pitch array. As a result, 

primary and secondary unit flow areas f o r the model and the full-size steam 

generator are identical. The straight length of the tube bundle is 6.69 m 

(21.94 ft.), which is about 0.5 m (20 in.) shorter than the model F. The U- 

tubes fit into a rectangular cross-section wrapper box with a rectangular to 

circular transition cone at the upper end (see figures 1-a). The circular 

flange on the transition cone mated with a similar flange on the 17.8 cm ( 7 

in.) diameter riser leading to the modular primary separator in the upper shell 

region.

No modelling of the formation of droplets from the rupture of a MB-2 tube has been 

performed. However, Wu and Chuanĝ ^̂  considered a steam generator with a bundle 

of 1.91 cm (0.75 in.) diameter tubes on a 2.54 cm (1 in.) triangular pitch. They 

modeled the collection of droplets from a ruptured tube as an inertial impaction
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process, since some of the droplets hit and coalesce on adjacent tube walls during 

scharge from the ruptured tube. Droplet removal by tubes in rows beyond the 

first was not considered in this analysis. At the lowest pressure-drop 

considered, 1.03̂  MPa (150 psi), removal efficiency became significant for 

droplets > 4 pm diameter, reaching 60% for 22 pm diameter droplets. Larger 

droplets, or higher gas velocity result in higher removal efficiency.

MODULAR PRIMARY SEPARATOR

The MB-2 modular separator is a 17.8 cm (7 in) axial cyclone consisting of four 

swirl vane blades oriented at 37° from the horizontal, the same as specified in 

some existing Westinghouse designs. Geometry of the primary steam separator is 

defined by the quantities shown in figure 2. The normal function of the swirl 

vane is to create a centrifugal force which collects water drops from the 

icident two-phase fluid. The modular separator can readily remove large ( >40 

pm) drops, but is not efficient in removing the micrometer size droplets.

Young, et al.̂ ^̂  have applied Stokes' law to find key parameters for drop 

collection efficiency. This leads to:

Pf Uf cos P
Stk =       (1)

9pg(R/ -Ri^) /

Where: R̂, = riser inner radius Uj.̂  = liquid phase velocity

Rĵ = hub radius u^g s liquid phase circumferential vel.

d s drop diameter Uj.̂  s liqiid phase radial velocity

^ s angle of blade to horizonted Pg s steam viscosity

“Y  ~ angle of blade span Stk = Stokes Number
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The la r g e r  th e  S tokes number (S tk ) ,  th e  more e f f i c i e n t  i s  th e  s w ir l  vane, s in c e :

r̂  . stit ( r 2̂ .  p^2) (2)

However, Beeckmans^^^ has recently found that cyclone efficiency cannot be 

correlated in terms of the Stokes number alone and that the Reynolds number (Re) 

must be included in the correlation. He used the correlation that efficiency 

varies with:

(Re)*̂ * (Stk)®*̂  where: b is an empirical constant. (3)

Parker, et al.̂ ^̂  have sucessfully used Beeckmans* correlation (with b=1) to

correlate high-temperature and high-pressure cyclone dust collector data on the

same curve as room- temperature and low-pressure data (see figure 3). They used

a 5 cm (2 ia) diameter, rectangular-inlet, tangential-entry, reverse-flow

cyclone operated at 2.5 m/s. They found that the correlation of the 50!( cut
diameter against the product of (Re) x (Stk)®*̂  accounted for the observed

(7)temperature and pressure effects in their tests as well as thosê '̂  from a 15 cm 

(5.9 ia) diameter cyclone operated at 36 m/s. Minimum efficiency for 3 pm 

peu'ticles doubled as the pressure was increased from 157 kPa (3 atm) to 1,311 

kPa (25 atm). However, minimum efficiency decreased from 18> to 5K as the 
temperature was increased from 22 ®C to 693°c .

Parker, et al. noted that: (a) although the efficiency clearly increased with 

increasing gas pressure, none of the current theories indicated this effect; (b) 

the effects of high-temperature and high-pressure tend to cancel each other out, 

and therefore the effect is more likely to be related to density than to 
temperature or pressure alone; (e) the curves of efficiency against particle
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aerodynamic diameter all showed a minimum efficiency for particle diameters

etween 2 and pm; (d) apparently, the Reynolds number, and hence the flow 

pattern in the cyclone, is very important in determining particle deposition.

Wu and Chuanĝ ^̂  have calculated from velocity profile datâ ®̂  the removal 

efficiency of a 10.16 cm (4 in) diameter swirl vane cyclone steam separator (See 

Figure 4). For 0.9 m/s (3 ft/s) steam velocity at the inlet of the separator, 

it is nearly 100$ efficient for 80 pm diameter drops, but only 50$ efficient for 

35 pm diameter drops and 25$ efficient for '23 pm diameter drops. It will not 

remove drops smaller than 10 pim diameter. (3.5 ft/s gas velocity in the MB-2 

separator is equivalent to 2 ft/s in the MB-2 tube bundle.)

SECOIIDARy SEPARATOR (Steam Dryer)

'he gas flows from the modular steam separator upward through a 1.268 ft̂  duct 

to the secondary separator, which consists of a perforated plate followed by 

spaced corregated (chevron) dryer vanes (see figure 5). Under normal operating 

conditions, the efficiency for steam separation can be formulated'-*' in terms of 

the Stokes number (Stk) and the blockage parameter H (= h/ŷ ). In effect, a 

fractional separation efficiency is defined by:

hp  =      (4 )
H (1 + Stk^)°*5

for a unit cycle (P) of chevron plates.

The overall efficiency is written as:

= 1 -  (1 -  i|p )^N  (5 )

*or the number ,(N) of wave cycles (P) and the empirical factor (a = 0.5 ~0.6).
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A similar expression was previously developed by Chuang, et al/^^ using a semi- 

empirical approach. They obtained details of the gas velocity profiles in the 

chevron passages by observing the streamlines in a plexiglass model and combined 

this data with droplet trajectories calculated from the equation-of-motion in 

order to obtain the removal efficiency. Their results compare favorably with 

experimental data for solid aerosols^(See Figure 6). They combined the the 

inertial, diffusion, interception and sedimentation removal efficiencies and 

plotted the total removal efficiency as a function of drop diameter with steam 

velocity as a parameter (See Figure 7). Interpolation from their plotŝ **̂  shows 

that droplets of 0.8 )im have the maximum probility of penetrating the steam 

dryer at a steam velocity of 0,22 m/s (0.73 ft/s), (note: 0.73 ft/s in the 

dryer is equivalent to 2 ft/s in the MB-2 tube bundle.) The efficiency was : 1$ 

for 2 ^m diameter drops; 10? for 6 pm diameter drops; 50? for 15 pm diameter 

drops; 80? for 30 pm drops; and 100? for 40 pm drops.

MB-2 AEROSOL TEST

The MB-2 was configured with two simulated break elements (injector tubes 

extending through the shell of the MB-2 and through the wall of the wrapper box 

into the center of the tube bundle) into which water droplet aerosols could be 

injected. The break elements were located at the top of the U-bends (elevationr 

282 in. from the tubesheet) and at the bottom of the U-tubes (elevations 6 in. 

from the tubesheet) (see figure 8). Nitrogen sweep gas (up to 4000 ft^/hr) was 

admitted via the MB-2 blowdown pipe (elevations 0.5 in. from the tubesheet).

The MB-2 was maintained at ambient temperature and pressure during the test.

The aerosols were produced by injecting water and nitrogen into a Spraying 

Systems Model 1/4-J nozzle with a No. 140-6-52-70 tip. Depending on the nozzle
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connections for the gas and water, aerosols with either 53 >«n or 2.1 jim 

erodynamic mass median diameter (AMMD) could be produced (See Appendix).

These aerosols were sprayed into the 5 ft. long by 23.5 in. diameter horizontal 

aerosol chamber whose outlet was connected by the original 202 in. length of 3/4 

in. ID tubing to one of the simulated SGTR break elements. A minimum of 5 

minutes of steady state aerosol injection was allowed prior to initiation of 

aerosol sampling. Figure 9 is a P4I diagram of the system.

The water for the spray nozzle was doped with 100 ppm of LiOH in order to 

provide a tracer. Millipore filters and cascade impactors (see figure 10) were 

used to sample the aerosols at the inlet to the MB>2 SGTR break element and at 

the outlet of the safety relief valve at the top of the MB-2 shell. Expansion 

chambers were provided at both the inlet and outlet to reduce the gas velocity 

so that sampling could occur under approximately isokinetic conditions. The 

samples were obtained by pulling a known volume of gas through either a 

millipore filter or a cascade impactor. Ten liter vacuum flasks, fitted with 

Bourdon type vacuum gauges and gas restriction orifices, were used to pump the 

gas. At the end of each run, the filters and impactor stages were then soaked 

in a known volume of water for ten minutes. The resulting solutions were then 

analyzed using a Perkin-Elmer Model 360 atomic absorption spectrophotometer, 

which had been previously calibrated against lithium solution standards. The 

minimum detectable level of lithium was 0.2 ppb. The mass of lith ium  on each 

millipore filter and impactor stage was estimated from the lithium concentration 

and the volume of dilution water. Aerosol mass concentrations were calculated 

from the lithium masses and the known volumes of gas passing through the 

samplers. Three concentration and two impactor samples were obtained at both 

he inlet and exaust during each rua Because of the limited amount of LiOH
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permitted in these tests (in order to avoid potential long term corrosion of the 

MB-2 system), many of the impactor samples were below the 0.2 ppb limit Of 

lithium detection. As a result, only a few of the impactors supplied useful 

data. However, all of the concentration samples (obtained on millipore filters) 

were above the minimum detectable level. Each concentration reported in Table 1 

is the average of three independent measurements.

Approximate sweep gas velocities in the tube bundle were estimated from the MB-2 

cross-sectional area (see figure 1b) and the nitrogen flow rate measured by the 

pressure drop across a venturi in the inlet to the blowdown pipe (See figure 9). 

These velocities were corrected for the gas pressure in the MB-2 model, and the 

additional gas sweeping through the aerosol generator.

Figure 11 and Table 1 present the attenuation of the aerosols as a function of 

the gas velocity in the tube bundle. For a given gas velocity, aerosols 

injected at the top of the tube bundle show the least attenuation, except for 

the point corresponding to the injection of 2.1 r̂a AMMD particles at a 

equivalent bundle velocity of 1.4 ft/s . There is no current explanation for 

this discrepancy. As expected, the 53 Jia AMMD particle size distribution (see 

figure 13) is attenuated substantially more than the small particle 

distribution. The MB-2 system can be viewed as an aerosol filter with a minimum 

attenuation at 1 to 2 ̂ m and a "cut diameter", the diameter of the particle 

which is collected at 50? efficiency, which decreases as the gas velocity 

increases.
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It has been estimated that following a single tube rupture during a TMLB' 

accident, the steam/gas flow velocity in the tube bundle would be ~ 2 ft/s. At 

this gas velocity in the MB-2, the 53 AMMD particles injected at the botton of 

the tube bundle would be attenuated by a factor of 11, while the 2.1 AMMD 

particles would be attenuated by a factor of 3*3 • Of course, this does not 

include any attenuation due to steam condensation on the walls of the secondary 

heat transfer system, or any effects due to system temperature and 

pressure^®
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APPENDIX- Size Distribution of the Water Droplets Injected into MB-2

According to tests performed by the manufacturer^*^, the Spraying Systems Model 

1/4-J nozzle with a No. 140-6-52-70 tip should produce water droplets in the 

range of 30 pm HMD when used under the conditions of the MB-2 aerosol test. In 

this normal configuration a central water jet is broken up by radial nitrogen 

jets. Previously, Rockwell^**^ had found that if the gas and water connections 

to the nozzle were reversed from those recommended by the manufacturer, the 

water formed a sheet which was broken up by a cental gas jet, and the nozzel 

would produce micrometer size water droplets. (In a separate test, molten 

sodium was pumped through the reversed connections to the fog nozzle, and frozen 

sodium drops were collected on fallout planchets located on the floor of an 

inert atmosphere chamber^***\ Photomicrographs of the collected drops showed 

that they ranged from 0.9 pm to 3.5 pm diameter, with the average size being 2.6 

pm. [For a geometric standard deviation of 2, the Hatch-Choate *̂***̂  equation 

transforms this settled mean diameter (dg) to an Airborne Mass Median Diameter 

(AMMD) of 1.6 pm.] Impactor data taken 30 seconds after the end of the spray, 

showed airborne particles to be 1.6 pm AMMD. Since molten sodium has a

(•) Private communication, letter dated 8/27/85 from J. Haruch (Spraying Systems 
Co., Wheaton,IL 60187) to R. P. Johnson (Aug 1985).

(*•) R. P. Johnson and C. T. Nelson, "Interim Test Report for the High 
Temperature- Concentration Aerosol Tests Conducted in FY 1977," Rockwell 
International, Atomics International Div. internal Report: N707-TI-130019 
(Sept 1977).

(•••) C. T. Nelson and R. P. Johnson , "Subtask D - High Temperature- 
Concentration Aerosol Tests," in Quarterlv Technical Progress Report LMFBR 
Safetv Program. Januarv - March 1977. Rockwell International Report: AI- 
ERDA-13196 (May 1977) (This Report is available from the NTIS, Springfield 
VA 22161).

(**••) Hatch-Choate equation: d = (AMMD) expdn^cr )® o
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higher surface tension, but lower density and viscosity than water, the size of 

the sodium drops were somewhat smaller than those of water (see below).

In order to verify the size distribution of the droplets produced under the 

conditions of the MB-2 aerosol test, a calibration of the aerosol generator was 

undertaken at the Rockwell International Field Laboratory at Santa Susana, 

California. The aerosol chamber was connected by the original length of 3/̂  

inch injector tubing to a spare MB-2 injector which was inserted into the center 

of the narrow end of a rectangular enclosure (4 ft X H ft X 7 ft) whose long 

dimension was horizontal.

For the fine droplet nozzle configuration, the water was doped with 5,000 ppm 

lithium sulphate and impactor samples of the salted fog droplets were obtained 

using a five stage round jet impactor (see figure 10). Each impactor stage was 

lashed with distilled water, and the liquid samples were analyzed by liquid ion 

chromatography (Dionex Model 21201 equipped with CS-1 column and guard and with 

a Spectrophysics Model 2̂70 Integrator). The chromatograph was calibrated over 

the range of 50 to 800 ppb lithium sulphate (minimum detectable level was 0.2 

ppb). The percentage of the total salt mass passing through each impactor stage 

was plotted on logarithmic probability paper as a function of the impactor stage 

cut-off size to estimate the size distribution of the water droplets. From the 

average of eight impactor measurements the fog particle size was estimated to be 

2.1 jim AMMD with a geometric standard deviation of 2.38 (see figure 12).

For the large particle nozzle configuration, the method of size measurement 

consisted of capturing fallout from the ejector in a shallow tray filled with 

liquid nitrogen and sieving the frozen water droplets with standard screens, 

he material captured on each screen was weighed, as well as the particles which
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passed through the finest (last) screen and were caught on a Whatmann filter. 

These weights were converted to percentage mass per screea The cumulative ma: 

percentage of all screens up to, and including a given screen was plotted 

against the sieve opening for each screea Logarithmic probility paper was used 

to estimate the mass median diameter of the settled mass and geometric standard 

deviation ((T_) of the distribution, under the assumption that the distributionO
was log-normal. The settled MMD estimated from an average of seven measurements 

was 53 pm, with a geometric standard deviation of 2.26 (see figure 13). Because 

the containment box was vented during the collection period, the settled HMD 

doesn’t include all of the very fine particle fraction. Since the missing mass 

fraction would not have changed the shape of the distribution significantly, the 

distribution may be taken as equivalent to the airborne MMD . The weight 

fraction of particles with diameters less than 38 pm diameter is 33.5$, but the 

actual shape of the distribution below 38 pm is unknown. By extrapolating the 

data in figure 13 to small particle sizes, the weight fraction of particles les 

than 20 pm diameter is 10 %, the weight fraction of particles less than 10 pm 

diameter is 1.4$ and the weight fraction of particles less than 3 pm is 0.01 $. 

However, this extrapolation is subject to large errors since there are no data 

points below 38 pm and the original data are only accurate to * 20 $ at best.
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TABLE I

TEST TOP/BOTTOM AEROSOL GAS FLOW *INLET CONCENTRATION OUTLET CONCENTRATION ATTENUATION FACTOR
No. INJECTION DIAMETER RATE c. / C ^in out

AMMD ft./s pg/cm^ X 10 ^ pg/cm^ X 10 ^

2 T 53 ;am 1,35 . ,+ 0,3
0,3 - 0.4 1 70^ 0,37 - 0.2

2 T 53 ym 2,21 o ~+ 0,4 
0,5

, ,+ 0.0 
- 0.1 7 55^ 1»15 0.46

3 T 2 „ 1 ym 1.36 g• - 0,2
o o+ 0.3 

- 0.2
9 00+ 0.25 

0.3
3 T 2,1 /am 2.13 0.2 3 03^ 0.41 - 0.46
4 B 2.1 /jm 1.41 9 62^ 0.1

+ 0.26 
0.19

„ .„+ 0.08 
0.15

4 B 2.1 /im 2.14 Q „+ 0.16
0.03

« _+ 0.06 
* - 0.09 3 48-̂- 0.10

5 B 53 pm 1.24 7 1+- 0.5
« 99+ 0.03 
* - 0.02

o 1q+ 0.36 
- 0.26

5 B 53 pm 1.91 13 O"*̂ 1 ig+ 0.18
* - 0,13 10 9+* - 2.94

6 B S3 pm 2.23 ,, .+ 1,0 
0.9

. ,+ 0,04 
• - 0,02 14 91 ^ 0.99 - 0,95

I

* Each concentration is the average of three measurements«
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FIGURE 4: Droplet removal efficiency of an upcoiaer steam generator (Ref. 4;
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FIGURE 12; Cumulative mass % vs. Impactor stage cut-off for 
droplets from water sheet break-up in reversed 
configuration of spray nozzle.
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MB-2 DATA CHANNEL/INSTRUMENTATION LIST

Erigintering Test Fecililn 
HB-2 Disitol 9«to Acquisition Systeo 

Chonncl List 
M 3/BS 17:43:11

vwcl Instruoent Function Bonjc Key Offset Slope Last Hod
1 PTC-1 HOT 812 C2 2.0 500.0 - 650.0 DE6F 1 179.288 23.09859 10/ 4/83
2 PTC-2 HOT 8 8 C2 2.0 500.0 - 650.0 0E6F 1 179.288 23.09859 11/ 8/84
3 PTC-3 HOT 8 5 C2 2.0 500.0 - 650.0 DE6F 1 179.288 23.09859 6/29/83
4 PTC-5 HOT 812 C2 6.0 500.0 - 650.0 0E6F 1 179.288 23.09859 6/29/83
S PTC-6 HOT 8 8 C2 6.0 500.0 - 650.0 DE6F 1 179.288 23.09859 6/29/83
A PTC-7 HOT 8 5 C2 6.0 500.0 - 650.0 K 6 F 1 179.288 23.09859 6/29/83
7 PTC-10 HOT 8 8 a 10.0 500.0 - 650.0 IIE6F 1 179.288 23.09859 6/29/83
8 PTC-11 HOT 8 5 □ 10.0 500.0 - 650.0 DE6F 1 179.288 23.09859 6/29/83
» P T M 3 HOT 8 8 C2 15.5 500.0 - 650.0 K 6 F 1 179.288 23.09859 6/29/83
10 PTC-14 HOT 8 5 C3 15.5 500.0 - 650.0 IIE6F 1 179.288 23.09859 6/29/83
11 PTC-16 HOT 89 C2 21.0 500.0 - 650.0 DE6F 1 179.288 23.09859 6/29/83

PTC-17 HOT 84 C2 21.0 500.0 - 650.0 BE8F 1 179.288 23.09859 6/29/83
13 PTC-19 HOT 89 a 26.0 500.0 - 650.0 K 6 F 1 179.288 23.09859 6/29/83
14 PTC-20 HOT 8 4 C3 30.0 500.0 - 650.0 BE6F 1 179.288 23.09859 1/26/84
15 PTC-21 HOT 8 9 C3 34.0 500.0 - 650.0 8C6F 1 179.288 23.09859 6/29/83
U PTC-22 HOT 8 4 C3 38.0 500.0 - 650.0 K 6 F 1 179.288 23.09859 6/29/83
17 PTC-23 HOT 810 C2 50.0 500.0 - 650.0 K S F 1 179.288 23.09859 6/29/83
IB PTC-24 HOT 8 3 C2 50.0 500.0 - 650.0 K 6 F 1 179.288 23.09859 6/29/83
19 PTC-25 HOT 810 C3 90.0 500.0 - 650.0 1E6F 1 179.288 23.09859 6/29/83
20 PTC-26 HOT 8 3 C2 90.0 500.0 - 650.0 K 6 F 1 179.288 23.09859 6/29/83
21 PTC-27 HOT 810 C3 130.0 500.0 - 650.0 DE6F 1 179.288 23.09859 10/ 8/84
22 PTC-2B HOT 8 3 C2 130.0 500.0 - 650.0 K 6 F 1 179.288 23.09859 6/29/83
23 PTC-30 HOT 811 C3 170.0 500.0 - 650.0 K 6 F 1 179.288 23.09859 6/29/83
24 PTC-31 HOT 8 3 C3 170.0 500.0 - 650.0 OEGF 1 179.288 23.09859 6/29/83
25 PTC-32 HOT 811 C3 220.88 500.0 - 650.0 0E6F 1 179.288 23.09859 6/29/83
26 PTC-33 HOT 8 3 C3 220.88 500.0 - 650.0 K 6 F 1 179.288 23.09859 6/29/83
27 PTC-34 com 811 C2 2.0 500.0 - 650.0 SE6F 1 179.288 23.09859 6/29/83
28 PTC-35 com 8 9 C2 2.0 500.0 - 650.0 K 6 F 1 179.288 23.09859 6/29/83
29 PTC-36 com 8 4 C2 2.0 500.0 - 650.0 0E8F 1 179.288 23.09859 6/29/83
30 PTC-38 com 811 C2 6.0 500.0 - 650.0 1C8F 1 179.288 23.09859 6/29/83
31 PTC-39 com 8 9 C2 6.0 500.0 - 650.0 DE6F 1 179.288 23.09859 6/29/83
32 JTC-40 com 8 4 C2 6.0 500.0 - 650.0 BE6F 1 179.288 23.09859 1/17/84
S3 PTC-42 com 8 7 C2 10.0 500.0 - 650.0 K 6 F 1 179.288 23.09859 6/29/83
34 PTC-45 com 8 7 C2 21.0 500.0 - 650.0 BCGF 1 179.288 23.09859 6/29/83
35 PTC-47 com 8 8 C3 30.0 500.0 - 650.0 K 6 F 1 179.288 23.09859 6/29/83
36 PTC-49 com 8 6 C2 50.0 500.0 - 650.0 OEGF 1 179.288 23.09859 6/29/83
37 PTC-50 com 8 6 C2 90.0 500.0 - 650.0 OEGF 1 179.288 23.09859 6/29/83
38 PTC-52 com 8 5 C2 170.0 500.0 - 650.0 OEGF 1 179.288 23.09859 6/29/83
39 PTC-53 com 8 8 C3 220.88 500.0 - 650.0 OEGF 1 179.288 23.09859 6/29/83
40 STC-1 HOT 811.5 C2.5 1.0 450.0 - 550.0 OEGF 2 173.143 23.50395 6/29/83
41 STC-2 HOT 8 8.5 C2.5 1.0 450.0 - 550.0 OEGF 2 173.143 23.50395 6/29/83
42 STC-5 HOT 811.5 C2.5 3.75 450.0 - 550.0 OEGF 2 173.143 23.50395 6/29/83
43 STC-6 HOT 8 8.5 C2.5 3.75 450.0 - 550.0 OEGF 2 173.143 23.50395 6/29/83
44 STC-7 HOT 8 4.5 C2.5 3.75 450.0 - 550.0 OEGF 2 173.143 23.50395 6/29/83
45 STC-10 HOT 8 8.5 C2.5 8.0 450.0 - 550.0 OEGF 2 173.143 23.50395 6/29/83
46 STC-11 HOT 8 4.5 C2.S 8.0 450.0 - 550.0 OEGF 2 173.143 23.50395 6/29/81
47 STC-13 HOT 8 8.5 C2.5 13.0 450.0 - 550.0 OEGF 2 173.143 23.50395 6/29/83
48 STC-14 HOT 8 4.5 C2.5 13.0 450.0 - 550.0 OEGF 2 173.143 23.50395 6/29/83
49 STC-17 HOT 8 8.5 C2.5 18.0 450.0 - 550.0 OEGF 2 173.143 23.50395 6/29/83
50 STC-18 HOT 8 4.5 C2.5 18.0 450.0 - 550.0 OEGF 2 173.143 23.50395 6/29/83
51 STC-19 HOT 8 8.5 C2.5 23.0 450.0 - 550.0 OEGF 2 173.143 23.50395 6/29/83
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Engiwering Ttst Focility 
m-2 tigittl Dolt Acquisilion Sgsln 

Chonntl Litl 
4/ 3/85 17:43:11

Chonnel InstniMnl Function Range Keg Offtel Slope Loti Nod
52 STC-20 HOT R 4.5 C2.5 23.0 450.0 - 550.0 DEGF 2 173.143 23.50375 6/29/8353 STC-21 HOT R8.S C2.5 30.0 450.0 - 550.0 DCGF 2 173.143 23.50375 6/29/83
54 STC-22 HOT R 4.5 C2.5 34.0 450.0 - 550.0 DEG F 2 173.143 23.50375 6/29/83
55 STC-23 HOT R8.S C2.5 42.0 450.0 - 550.0 DEGF 2 173.143 23.50375 6/29/8354 STC-26 HOT R 3.5 C2.5 70.0 450.0 - 550.0 DEG F 2 173.143 23.50375 6/29/83
57 STC-27 HOT R10.5 C2.5 110.0 450.0 - 550.0 DEGF 2 173.143 23.50375 6/29/83
58 STC-30 HOT R 2.5 C2.5 150.0 450.0 - 550.0 DEGF 2 173.143 23.50375 6/29/835» STC-31 HOT R 7.5 C2.5 175.0 450.0 - 550.0 DEGF 2 173.143 23.50375 6/29/83
60 STC-34 HOT R2.S C2.5 260.0 450.0 - 550.0 DEGF 2 173.143 23.50375 6/29/8361 STC-35 COLD R11.5 C2.5 1.0 450.0 - 550.0 DEGF 2 173.143 23.50375 6/29/8362 STC-36 COLD R8.S C2.5 1.0 450.0 - 550.0 DEGF 2 173.143 23.50375 6/29/83
63 STC-37 COLD Rll.S C2.5 3.75 450.0 - 550.0 K G F 2 173.143 23.50375 6/29/8364 STC-40 COLD R 8.5 C2.5 3.75 450.0 - 550.0 DEGF 2 173.143 23.50375 6/29/83IS STC-41 COLD R4.5 C2.5 3.75 450.0 - 550.0 DEGF 2 173.143 23.50375 6/29/8366 STC-43 COLD R8.S C2.5 8.0 450.0 - 550.0 DEGF 2 173.143 23.50375 6/29/83
67 STC-44 COLD R 4.5 C2.5 8.0 450.0 - 550.0 DEGF 2 173.143 23.50375 6/29/8368 STC-47 COLD R 6.5 C2.5 15.5 450.0 - 550.0 DEGF 2 173.143 23.50375 6/29/83
67 STC-47 COLD R8.S C2.5 23.0 450.0 - 550.0 DEGF 2 173.143 23.50375 6/29/8370 8TC-51 COLD R8.S C2.5 38.0 450.0 - 550.0 DEGF 2 173.143 23.50375 6/29/8371 STC-53 COLD R5.5 C2.5 70.0 450.0 - 550.0 DEGF 2 173.143 23.50375 6/29/83
72 STC-54 COLD R5.S C2.S 130.0 450.0 - 550.0 DEGF 2 173.143 23.50375 6/29/83
73 STC-55 COLD R 6.5 C2.5 175.0 450.0 - 550.0 DEGF 2 173.143 23.50375 6/29/8374 TTC-1 HOT Rll C2 1.0 500.0 - 600.0 DEGF 3 177.434 23.21730 6/29/83
75 TTC-2 HOT R 7 C2 1.0 500.0 - 600.0 DEGF 3 177.434 23.21730 6/29/8376
77

TTC-5
(N.C.)

HOT Rll C2 3.75 500.0 - 600.0 DEGF 3 177.434 23.21730 6/29/83
78 n c -7 NOT R 4 C2 3.75 500.0 - 600.0 DEGF 3 177.434 23.21730 6/29/8377 TTC-10 HOT R 7 Q 8.0 500.0 - 600.0 DEG F 3 177.434 23.21730 6/29/8380 TTC-11 HOT R 4 C2 8.0 500.0 - 600.0 DEG F 3 177.434 23.21730 6/29/83
81 n c -1 3 HOT R 7 C2 13.0 500.0 - 600.0 DEGF 3 177.434 23.21730 6/29/83
82 TTC-14 HOT R 4 C2 13.0 500.0 - 600.0 DEGF 3 177.434 23.21730 6/29/8383 JTC-17 HOT R 8 C2 18.0 500.0 - 600.0 DEG F 3 177.434 23.21730 6/29/83
14 TTC-18 HOT R 5 C2 18.0 500.0 - 600.0 DEGF 3 177.434 23.21730 6/29/83
85
86

TTC-17
(N.C.)

HOT R 8 C2 23.0 500.0 - 600.0 DEG F 3 177.434 23.21730 6/29/83
87 n c -21 HOT R 7 C2 30.0 500.0 - 600.0 DEG F 3 177.434 23.21730 6/29/83
88 n c -22 HOT R 8 C2 42.0 500.0 - 600.0 DEG F 3 177.434 23.21730 6/29/838? nC-23 HOT RIO C2 70.0 500.0 - 600.0 DEGF 3 177.434 23.21730 6/29/83
70 TTC-24 HOT RIO C2 110.0 500.0 - 600.0 DEG F 3 177.434 23.21730 6/29/83
71 TTC-25 HOT RIO C2 150.0 500.0 - 600.0 DEG F 3 177.434 23.21730 6/29/8372 n c -26 HOT RIO C2 175.0 500.0 - 600.0 DEG F 3 177.434 23.21730 6/29/83
73
74

n c -2 7
(NX.)

HOT RIO C2 260.0 500.0 - 600.0 DEGF 3 177.434 23.21730 6/29/83
75 TTC-27 COLD R 8 C2 1.0 500.0 - 600.0 K G  F 3 177.434 23.21730 6/29/83
76 n c -3 2 COLD R12 C2 3.75 500.0 - 600.0 K G  F 3 177.434 23.21730 6/29/8377 TTC-33 COLD R 8 C2 3.75 500.0 - 600.0 K G  F 3 177.434 23.21730 6/29/8378 n c -3 4 COLD R 5 C2 3.75 500.0 - 600.0 K G  F 3 177.434 23.21730 6/29/83
77 n c -3 6 COLD R 8 C2 8.0 500.0 - 600.0 K G  F 3 177.434 23.21730 6/29/83
100 nC-37 COLD R 5 C2 8.0 500.0 - 600.0 K G  F 3 177.434 23.21730 6/29/83101 n c -4 0 COLD R 7 C2 15.5 500.0 - 600.0 K G  F 3 177.434 23.21730 6/29/83
102 TTC-42 COLD R 7 C2 23.0 500.0 - 600.0 K G  F 3 177.434 23.21730 6/29/83
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Enginming Tnt Ftcilitg 
n-2 lifiUl D>t« Acqvisition SgstN 

O M m l  List 
V  3/BS 17i43:ll

Dionntl ImtnttMit FuncUen Rtngi K m orfMi Slopt LtflNod
103 TTC-44 COJ 1 8  C2 38.0 500.0 AOO.O DEGF 3 177.434 23.21730 A/29/83
104 TTt-45 G(U 1 0  C2 70.0 500.0 iOO.O DCGF 3 177.434 23.21730 A/29/83
105 TTC-40 GOU 1 0  C2 130.0 500.0 AOO.O DEGF 3 177.434 23.21730 A/29/83
lOi nc-47 I2U 1 0  C2 195.0 500.0 AOO.O BEGF 3 177.434 23.21730 A/29/83
107 n c -2 WTLE8 v m x ta  40.5 450.0 550.0 DEGF 2 173.143 23.50395 10/28/83
loe rc-4 COJ LE6 iOUNCOHER 40.5 450.0 550.0 BEGF 2 173.143 23.50395 10/28/83
100 ITC-SA 8HEU *8EAD SPACE* 51.82 450.0 550.0 BEGF 2 173.143 23.50395 A/29/83
110 rc-00 S K U  *KAD SPACE* 251.0 450.0 550.0 BEGF 2 173.143 23.50395 A/29/83
111 ITC-70 WTLE6 BOUNCOIOt 325.0 450.0 550.0 BEGF 2 173.143 23.50395 10/28/83
112 ITC-60 a U  lEB 80BNC0HER 325.0 450.0 550.0 BEGF 2 173.143 23.50395 10/28/83
113 lTC-9 )«TIE6 iOUNCOIOt 145.0 450.0 550.0 BCGF 2 173.143 23.50395 10/28/83
114 n c -10 WTLE6 B O M C O O  240.0 450.0 550.0 BEGF 2 173.143 23.50395 10/28/83
U S lTC-11 KLOB FB IMLH 380.0 450.0 SSO.O BEGF 2 173.143 23.50395 A/29/83
110 8TC-12 ABOVE FB n U T  410.0 450.0 550.0 BEGF 2 173.143 23.50395 A/29/83
117 BTC-1 HOT 118 BRAPPa BOX 50.0 450.0 550.0 BEGF 2 173.143 23.50395 10/28/83
118 BTC-2 IDTIE6 VRAPPEB BX 251.0 450.0 550.0 BCGF 2 173.143 23.50395 10/28/83
119 BTC-3 con i£6 w r r a  box so.o 450.0 550.0 DEGF 2. 173.143 23.50395 10/28/83
120
121

BTC-4
(BX.)

a U  l£B VRAPPER IX 251.0 450.0 550.0 BEGF 2 173.143 23.50395 10/28/83
122 T-002 TEST STANB TE)T (31' ElIVATIM 01 P-91) 40.0 120.0 BE6F 4 151.749 29.4AA92 10/8/84
123 T-003 TEST STAND TENP (37' ELEVATION ON P-91) 40.0 120.0 BEGF 4 151.749 29.4AA92 10/8/84
124 T-299 AUXILIART FEEOVATEX OUTin TEIT 80.0 lAO.O BEGF 5 150.095 28.52293 10/3/83
125 ITC-71 HOTLES BOUNCOHEX 325.0 450.0 550.0 BEGF 2 173.143 23.50395 A/ 1/84
120 lTC-81 con lES BOVNcoiat 325.0 450.0 550.0 BEGF 2 173.143 23.50395 A/ i m
127 ITC-IOI NOT LEB BOBNCOHEX 240.0 450.0 550.0 BEGF 2 173.143 23.50395 A/ 1/84
121 T-OOl TEST STAND TEM* (14' ELEVATION ON P-91) 40.0 120.0 BEGF 4 151.749 29.4AA92 10/8/84
129 STC-00 RISEX 3A3.0 450.0 550.0 BEGF 2 173.143 23.50395 10/1/84
130 STC-01 SECONDMtT SEPARATOR QIT STEAH TEIT (E) 450.0 550.0 BEGF 2 173.143 23.50395 10/8 m
131 8TC-02 SECONDART SEPARATOR QIT STEAH TEIV (B) 450.0 550.0 BEGF 2 173.143 23.50395 10/8/84
132 CTC-1 SORV CONDENSER m i T  TENP 200.0 500.0 BEGF A 158.153 24.800A1 2/27/85
133 ETC-2 SORV CONDENSER OUTLET TENP 50.0 200.0 BEGF lA 50.000 .15000 2/27/85
134 ETC-3 SORV CONDENSER INLH COOLING BATEX TENP 50.0 120.0 BEGF 1 151.521 29.34502 2/27/85
135 ITC-4 SORV CONDENSER OUTLET COOLING HATER TEIT 50.0 200.0 BEGF 7 149.412 28.41072 2/27/85
130 nc-5 SORV COOLING HATER TEIT 50.0 120.0 DEGF 1 151.521 29.34502 2/27/85
137 ETC-0 SORV COLLECTION TANK TENP 50.0 200.0 BEGF 7 149.412 28.41072 2/27/85
138 T-004 TEST STAND TENP (EIGHTH DECK) 40.0 120.0 BEGF 4 151.749 29.4AA92 10/lim
139 Rft-1 CONDENSATE RESISTIVin .0 20.0 NGOHH/CN 12 -5.000 .02500 3/18m
140 Ot-1 1-1 CONDUCTIVITT .0 2000.0 vSIEN/CN 15 -500.000 2.50000 3/18m
141 01-2 nP-4 CONDUCTIVITT .0 2000.0 ■SIEN/CN 15 -500.000 2.50000 v i 8 m
142
143
144
145 
140
147
148
149
150
151
152
153

Cft-3
(BX.)
(BX.)
(BX.)
(BX.)
(BX.)
(BX.)
(BX.)
(IX.)
(N.C.)
(I.C.)
(IX.)

PRIHART CONDUCTIVm .0 2000.0 uSIEN/CN 15 -500.000 2.50000 3/18/85
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Engineering Test Focility 
KB-2 Digitol Doto Acquisition Systet Chorine 1 List 

4/ 3/85 17:43:11
Channel Instraient Function Ronge Key Offset Slope Lost ( M
154
155 
154
157
158
159 
U O  
U1 
U2
143
144
145 
144
147
148
149
170
171
172
173
174
175 
174
177
178
179
180 
181 
182
183
184
185 
184
187
188
189
190
191

(NX.) 
(N.C.) 
(N.C.) 
(N.C.) 
(N.C.) 
(N.C.) 
(N.C.) 
(N.C.I 
(N.C.) 
(N.C.) 
(M.C.) 
(N.C.) 
(N.C.) 
(N.C.) 
(NX.) 
(N.C.) 
(N.C.) 
(N.C.) 
(N.C.) 
(NX.) 
(N.C.) 
(N.C.) 
(N.C.) 
(NX.) 
(N.C.) 
(N.C.) 
(N.C.) 
(N.C.) 
(N.C.) 
(N.C.) 
(N.C.) 
(NX.) 
(N.C.) 
(N.C.) 
(N.C.) 
(N.C.) 
(N.C.) 
(N.C.)

192 aocx MANUALLY INITIATED TItE HARK .0- 14.0 NOT com 20 .000 .00000 7/14/84
193 DPT-8887 SEC SEPARATOR DRAIN PIPE UATER LEVEL .0 - 92.0 INCH HC 193 -23.000 .02875 10/ 8/84194 T-1151 S/6 PRIMARY THOT (LOVER RANGE) 200.0 - 500.0 DEGF 194 200.000 .07500 3/ 1/85
195 T-1150 S/B PRIMARY THOT (UPPER RANGE) 500.0 - 450.0 DEGF 195 500.000 .03750 3/ 1/85
194 T-1250 S/B PRIMARY TCOLD 250.0 - 450.0 DEGF 194 250.000 .10000 3/ 1/85
197 DF-0404A TUBE BUNDLE VOID FRACTION .0 - 100.0 INCH HC 197 -25.000 .03125 12/18/84
198 n>-0808A TUBE BUNDLE VOID FRACTION -20.0 - 52.0 INCH HC 198 -38.000 .02250 10/ 8/84
199 W>T-109y S/B PRIMARY FLOU (HIDE RANGE - ANNUBAR) .0- 191.0 INCH HC 199 .000 .04775 1/17/84
200 W>T-109« S/G PRIMARY FLOH (MIDDLE RANGE -ANNUBAR) .0 - 20.0 INCHHC 200 -5.000 .00425 1/17/84
201 BPT-2998 AUXILIARY FEEDVATER FLOH (HIDE RANGE) .0- 2425.0 INCHHC 201 .000 .40425 3/28/85
202 8PT-111 PRIMARY LOU aOH (VENTURI) .0 - 248.0 INCH HC 202 .000 .04700 1/17/84
203 P-139 PRESSURI2ER PRESS (UPPER RANGE) 900.0 - 2500.0 PSIB 203 900.000 .40000 3/ 1/85
204 P-140 PRESSURIZER PRESS (LOVER RANGE) .0 - 1250.0 PSIB 204 -312.500 .39043 3/ 1/85
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Engineering Test Fecility 
10-2 Bigitel lata Acquisition Sgstei 

Channel List 
V  3/85 17:43:11

Channel Instrueent FuKtion Range Keji Offset Slope.. .Last Nol
205 LT-9414 S/6 VOID 8ATER LEVEL (VIDE RANGE) .0 . 510.0 INCHES 205 -127.500 .15938 11/ 9/84
203 BPT-20W FEEDVATER aOV (KIDDLE RANGE) .0 - 20.0 INCH VC 201 -5.000 .00125 10/ 3/83
207 BPT-110 PRIHART LOOP FION .0 - 500.0 INCH VC 207 .000 .12500 9/29/83
208 F-109 S/6 PRIHART FUN (UIK RANGE - ANNU8AR) .0 - 120.0 PERCENT 208 .000 .03000 1A7/84
209 T-215 FEEDVATER HEATER OUTLET TENP SO.O - 500.0 DE6F 209 50.000 .11250 5/77/81
210 T-2101 S/6 i n n  FEEDVATER TENP 50.0 - 500.0 DEGF 210 50.000 .11250 5/27/81
211 T-2201 S/6 EXIT STEAH TENP 500.0 - 150.0 BE6 F 211 500.000 .03750 5/27/81
212 M 3 S/6 PRIHART PRESS (TCOLD) .0 - 3000.0 PS16 212 .000 .75000 7A1/84
213 P-2101 S/6 Iian FEEDVATER PRESS 750.0 - 1500.0 PSI6 213 750.000 .18750 5/27/81
214 FT-91 S/6 EXIT PRESS .0 - 1500.0 PSI6 214 .000 .37500 2/27/85
215 P-255 STEAH HEADER PRESS .0 - 1500.0 PSI6 215 .000 .37500 10/28/83
211 r-299 AUXILIMT FEEDVATER PRESS 1100.0 - IMO.O PS16 211 975.000 .15125 1/17/84
217 M 2 FEEDVATER HEATER INLH STEAH PRESS .0 - 1500.0 PSI6 217 .000 .37500 5/27/81
218 IPT-299II AUXILIART FEEDVATER FUN (NARROV RANGE) .0 - 190.0 INCHHC 218 -172.500 .21513 3/28/85
219 »T-9394 VRAPPER BOX DIFFERENTIAL PRESSURE -150.0 - 150.0 PSIB 219 -150.000 .07500 12/11/84
220 P-211 FEEDVATER ICATER OUTLH FEEDVATER PRESS .0 - 1500.0 PSI6 220 .000 .37500 5/27/81
221 L-9321 S/6 HATER LEVEL (HIDE RANGE) 14.5 - 508.0 INCHES 221 14.500 .12338 ll/8iW
222 L-9318 S/6 HATER LEVEL (NARROV RANGE) 383.1 - 508.0 INQES 222 383.100 .03123 1A7/84
223 T-290 FEEDVATER PUHP DISCHARGE TEHP 25.0 - 350.0 BEGF 223 25.000 .08125 7/11/84
224 F-220 STEM aOV (VIDE RANGE - ORIFICE) .0 - 175.0 PERCENT 224 .000 .04375 1A7/84
225 BPT-1901 n  DOVNCONER DUCT 1 VRAPPER OPENING LOSS -M.O - M.O INCHHC 225 -90.000 .03750 12/18/84
221 »T-9348 S/6 VATER LEVEL DP (NMROV RANGE) .0 - 152.0 INCHHC 221 -38.000 .04750 10/8/84
227 lPT-0904 TUBE SUPPORT PLATE 04 LOSS -88.0 - .0 INCHHC 227 -110.000 .02750 10/ 8/84
228 PT-2 SORV CONDENSER OUTLET PRESS .0 - 750.0 INCH HC 228 -187.500 .23438 3/22/85
229 on-iiio PRIHART SEPARATOR RISER .0 - 44.0 INCH VC 229 -11.000 .01375 9/29/83
230 IPT-8288 SEC SEPARATOR DRAIN PIPE VATER LEVEL .0 - 140.0 INCHHC 230 -35.000 .04375 10/8/84
231 BPT-1219 PRIHART SEPARATOR ORIFICE LOSS -31.0 - M.O INCH VC 231 -M.OOO .03000 10/ 8/84
232 BPT-8019 STEM SmOUD t SEC SEPARATOR INLCT LOSS .0 - 40.0 INCH VC 232 -10.000 .01250 9/29/83
233 IPT-8281 SEC SEPARATOR OUTLET LOSS -28.0 - 32.0 INCH HC 233 -43.000 .01875 10/ 8/84
234 Bn-2 SORV COOLING VATER aOH .0 - 350.0 INCHHC 234 -87.500 .10^8 2/27/85
235 BPT-418N STEM aOV (NARROV RANGE - ANAJBAR) .0 - 8.0 INCHHC 235 -2.000 .00250 1/17/84
231 BPT-9223 n  DovNcoie duct hater iiv a  itop) •80.0 - 100.0 INCH HC 231 -125.000 .05125 12A3/84
237 TT-3 SORV COOLING HATER PRESS .0 - 150.0 PSI6 237 -37.500 .04188 2/27/85
238 8PT-0710 BUNDLE PLENUH TO RISER TRANSITION LOSS -120.0 - .0 INCH HC 238 -150.000 .03750 10/ 8/84
239 in -8081 SECONDARY SEPARATOR LOSS -4.0 - 11.0 INCHHC 239 -9.000 .00125 12/18/84
240 8PT-0405 TUBE SUPPORT PLATE *5 LOSS -M.O - .0 INCHHC 240 -75.000 .01875 10/8/84
241 8PT-1892 BOVNCONER FUOCL LOSS OUT LEG) .0 - 240.0 INCH VC 241 -M.OOO .07500 12/ 5/84
242 BPT-0791 TUBE BUNDLE TO STEM DIT LOSS -50.0 - 950.0 PSID 242 -300.000 .31250 2/27/85
243 8PT-150 BREAK INXCTION FUN (VENTURI) .0 - 750.0 INCHHC 243 -187.500 .23438 7/30/84
244 in-0809 TUBE SUPPORT GRID *3 LOSS -30.0 - 30.0 INCH VC 244 -45.000 .01875 10/8/84
245 DPT-1 SORV CONDENSATE aOH .0 - 150.0 INCHHC 245 -37.500 .04188 2/27/85
241 BPT-O102 FUN DISTRIBUTKM BAFFLE LOSS -25.0 - 35.0 INCHHC 241 -40.000 .01875 10/8/84
247 iPT-0203 TUBE SUPPORT PLATE *1 LOSS -70.0 - 18.0 INCH VC 247 -92.000 .02750 10/ 8/84
248 BPT-9193 S/6 HATER LEVEL FOR OVERFia INDICATION -20.0 - M.O INCHHC 248 -M.OOO .02500 3/ 1/85
249 8PT-0107 U-BEND REGION LOSS -M.O - 1.0 INCHHC 249 -77.000 .02125 10/8/84
250 8PT-2998 AUXILIARY FEEDVATER FUN (PHASE 11) .0 - 750.0 INCH HC 250 -187.500 .23438 3AV85
251 IPT-1819 UPPER DOVNCOHER LOSS -132.0 - .0 INCHHC 251 -115.000 .04125 10/ 8 m
252 IPT-9219 M. DOVNCOHER DUCT VATER LEVEL (HIDDLE) -120.0 - 300.0 INCH HC 252 -225.000 .13125 12A8/84
253 lPT-1942 HL DOVNCOHER DUCT VATER LEVa (BOHOH) -4.0 - 48.0 INCHHC 253 -17.000 .01125 10/ 8/84
254 in-2001 a  DOVNCOHER DUCT 1 VRAPPER OPENING LOSS -40.0 - 100.0 INCH HC 254 -75.000 .04375 12A8/84
255 lPT-0501 TUBE SUPPORT PtATE M  LOSS -30.0 - 30.0 INCH VC 255 -45.000 .01675 10/ 8/84
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CngiMtring Tnt Ftcility 
10*2 tijiUl Dtta kquitition Syttn 

Chcmtl List 
V  3/BS 17:43:11

Choml InstniMnt Function Rongi to* Gffwl Slope Lott Hot
2S6 m-0l07 TUK IUM9LEUBS -280.0 .0 INCHHC 254 -350.000 .06750 9/29/83257 89T-3031 HL DOVNCOHElt DUCT 9IT0T STATIC 9MIE 11 .0 14.0 INCH HC 257 -4.000 .00500 12/18/84
2se lPT-3233 a  DOWCOHER sun 9IT0T STATIC 980K 11 .0 14.0 INCHHC 258 -4.000 .00500 12/18/84259 gPT-4945 SCCX 91ATE toss -40.0 34.0 IHCHHC 259 -84.000 .03000 11/ 8/84240 VT-0308 TUIC SUFFOtT FIATE 02 LOSS -102.0 10.0 INCH HC 240 -130.000 .03500 11/8/84
241 ITT-4145 FRIIMRT SEFARATOR TOTAL LOSS -40.0 220.0 INCHHC 241 -130.000 .08750 11/ 8/84242 JPT-1112 S/6 FRIMART TUBE iUNDLE LOSS .0 800.0 INCHHC 242 -200.000 .25000 9/29/83243 ITT-9321 S/6 HATER LEVEL DF (HIDE RANGE) .0 520.0 INCHHC 243 -130.000 .14250 11/21/84244 DPT-9914 S/6 SHEU VOID HATER LEVa DF .0 48.0 IHCHHC 244 -12.000 .01500 4/19/84245 9-211 FE-220 INIT PRESS 450.0 1200.0 FSIS 245 450.000 .18750 9/29/83244 9-7 S/6 SECONDART DUNDIE PRESSURE .0 1500.0 FSI6 244 .000 .37500 9/29/83247 H>T-201V FEEDHATER FLOH (HIDE RANGE) .0 203.0 INCHHC 247 .000 .05075 9/29/83248 1PT-220V STEAH FLOH (HIDE RANGE - ORIHCE) .0 400.0 INCHHC 248 .000 .15000 1/17/84249 (NX.)
270 9T-1 SORV CONDENSER INIT PRESS .0 400.0 FSIS 270 .000 .15000 2/27/85271 T-119 HEATER HO. 4 GUTUT TENF 500.0 450.0 DE6F 271 500.000 .03750 10/20/81272 LT-3 SORV COLLECTION TANK lEVa .0 94.0 IHCHHC 272 .000 .02400 2/27/85
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Appendix C 

DATA TAPES

Run. No. 

T1952 - T1955 

T1956 - T1957 

T1958 - T1967

T1968 - T1969 

T1970

T1971 - T1972 

T1973 - T1979

T1980 - T1984

T1985 “ T1994

T1996 - T1998

Tape l.D . 

A03155 

A03185 

A03205

A03255

803265

803275

A04015

804035

A04095

A04125

Conunents

Test 2.3 and Tests 2.1/2.2 Shakedown

Isothermal and 8% SORV Moisture

8% SORV Shakedown, SORV Condensate 
Venturi Gal., Zero D if f .  Gal. Check, 
Isothermal, and 100% Power Moisture 
Carryover Shakedown

Isothermal and Zero D if f .  Ca1. Check

Test 2.2

Test 2.1 and Zero D if f .  Cal. Check

Isothermal, Zero D if f .  Cal. Check, 
and Test 2.4 (Revised)

Isothermal, Zero D if f .  Cal. Check, 
and Test 2.2 (Revised)

Isothermal, Zero D if f .  Cal. Check, 
and Test 2.3 (Revised)

Isothermal, Zero D if f .  Cal. Check, 
and Test 2.8 (Revised)
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DATA TAPES

Run. No. 

T1999 - T2003

T2004

T2038 - T2047 

T2048 - T2054

T2055 - T2057 

T2058 - T2059 

T2060 - T2062

T2063 - T2065 

T2066 - T2068

T2069

Tape l.D . Comments

A04155 Zero D if f .  Cal. Check, Test 2.9
(Revised), and Test 2.8 (Revised)

A04185 Isothermal

A05145 Aerosol Testing, Test 2.6, T ria ls  1-10

A05215 Isothermal, Zero D if f .  Cal. Check,
and Test 2.4 (Revised - Dryerless)

C05215 MB-2 Mass Calibration

A05225 MB-2 Mass Calibration

A05235 Zero D if f .  Cal. Check and Test 2.3
(Revised - Dryerless)

B05235 Test 2.3 (Revised - Dryerless)

A05245 Isothermal, Zero D if f .  Cal. Check, and
Test 2.2 (Revised-#2 - Dryerless)

C05245 100% Power Moisture Carryover -
Dryerless
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Appendix D

MB-2 THERMAL-HYDRAULIC DATA REDUCTION

Test measurements obtained via the Data Acquisition System were f i r s t  stored 
on disc and magnetic tape at the Engineering Test F a c ility .  The information 
was then transmitted to the Westinghouse Monroeville Nuclear Center fo r  
reduction and analysis. The reduction o f the raw data in to  the proper 
engineering units and the modification of the data to account fo r the 
necessary corrections, e .g ., cold leg pressure drop corrections w il l  be 
discussed in th is  appendix.

The f i r s t  step in the data reduction operation was to process the raw data 
w ith the DEPAKIT computer program. Basically, th is  program performed a 
conversion of the raw measurements to the corresponding engineering units - -  
This process made use of predetermined ca lib ra tion  curves which re lated the 
measured quantity (e .g ., voltage from a d iffe re n tia l pressure c e ll)  to the 
engineering parameter (e .g ., i t s  d iffe re n tia l pressure in inches of water or 
p s i) . Use was made of the slopes and intercepts derived during the 
ca lib ra tion  of each instrument.

The next step in the data reduction operation was completed using the "MB-2" 
data reduction computer program. I t  accessed the measurements referred to in 
the preceding paragraph, made a number of necessary modifications to those 
values, and prepared tabulations and p lo ts  of the various measurements. The 
program was also used fo r the reduction o f pretest instrument ca lib ra tion  
data. A summary of the calculations performed by the "MB-2" program included:

1. Cold Leg Corrections - -  Cold leg elevation head corrections were included 
fo r a ll d if fe re n tia l pressure and absolute pressure measurements. The 
correction accounted fo r tha t portion of the pressure tube which was 
located w ith in the MB-2 shell at an elevated temperature, and tha t portion 
which ran from the shell to the D/P transm itter and was exposed to ambient
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conditions. Figure D-1 defines the general procedure used to correct the 
measured d iffe re n tia l pressures fo r these cold leg e ffe c ts . Table D-1 
provides the locations of the pressure taps and the elevations a t which 
the pressure lines e x it  the sh e ll. Densities used in these calculations 
were based on conditions defined by the closest available 
temperature/pressure measurements.

The transm itter used fo r system pressure measurements were located below 
the tap elevations. The distances between the pressure taps and pressure 
transm itters used in elevation head corrections are given in Table D-2.

2. Flow Rate Calculations - -  A number of d iffe re n tia l pressure measurements 
were obtained fo r use in determining flow rates. They include:

primary flow
feedwater flow (main and au x ilia ry ) 
steam flow
downcomer flows - hot and cold legs 

Flow rates were calculated from the general expression:

W = K' * Ao *  \ j 2 g ^  * p * aP 

where

W = flow rate (Ibm/hr)
K' = flow coe ffic ien t

2
Ao = flow element throat area ( f t  ) 
g = gravita tiona l constant

3p = density of f lu id  through flow element (Ibm /ft )
Ap = d iffe re n tia l pressure of flowing f lu id  across flow element

taps ( Ib f / f t ^ )
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In th is  calculation the measured pressure drop was corrected fo r  both hot 
and cold leg elevation head e ffects (where required) so that the resulting 
d iffe re n tia l pressure included only the drop associated with the flowing 
f lu id .  Flow coe ffic ien ts  used in the calculations were derived from 
previous ca lib ra tion  tes t runs.
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V E S S E L

 U

W R A P P E R /
RISER

D I F F E R E N T I A L  P R E S S U R E  
T R A N S M I T T E R

• ' TR
General Equation

p. - V '’b*TR *  *'•1 ■ ■ *'•3 ■ *  *'■3 ■

where:

y
P^, Pjj = Pressures at tap locations a and b, Ib ^ /f t  

^^a^R’ ^^b^R " pressure transm itter, Ib^/ft'^

Lp Lg, etc. = Elevations re la tive  to a datum, f t

y = Specific weight. I b / f t ^

Assumptions: JT̂ = i f

^2 = f f  i f  1-2 » b
fg 4  > 4

^2 “ "g ^  '  4

Subcripts f  and g re fe r to saturated liq u id  and vapor a t secondary side 
pressure conditions.

Figure D-1. Calculation of D iffe ren tia l Pressures
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TABLE D-1

PRESSURE TAP ELEVATIONS FOR DIFFERENTIAL PRESSURE MEASUREMENT

Tap Elevation Shell Penetration
Tap Tap Location Elevation

P-42 Hot Leg Downcomer Duct 1.00 -4.25
P-01 Wrapper Box 17.00 17.00
P-21 Hot Leg Downcomer Duct 14.50 14.50
P-02 Wrapper Box 26.36 26.36
P-19 Hot Leg Downcomer Pipe 40.82 40.00
P-20 Cold Leg Downcomer Pipe 40.82 40.82
P-03 Wrapper Box 51.82 51.82
P-04 Wrapper Box 194.19 194.19
P-04A Wrapper Box 164.00 81.82
P-05 Wrapper Box 235.96 235.96
P-06 Wrapper Box 250.96 250.96
P-07 Wrapper Box 286.59 286.59
P-08 Wrapper Box 111.82 111.82
P-08A Wrapper Box 84.00 81.82
P-09 Wrapper Box 126.82 126.82
P-23 Hot Leg Downcomer Pipe 250.00 111.82
P-92 Hot Leg Downcomer Pipe 334.00 111.82
P-30 Hot Leg Downcomer P ito t 100.32 96.82
P-31 Hot Leg Downcomer Pi to t 99.32 96.82
P-32 Cold Leg Downcomer Pi to t 100.32 96.82
P-33 Cold Leg Downcomer Pi to t 99.32 96.82
P-99 Lower Shell Dead Space 38.82 38.82
P-14 Lower Shell Dead Space -4.25 -4.25

(1) From top of tubesheet
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TABLE D-1 (Continued)

PRESSURE TAP ELEVATIONS FOR DIFFERENTIAL PRESSURE MEASUREMENT

Tap Elevation Shell Penetration

Tap Tap Location (in .)^^^ Elevation

P-60 Riser Pipe 383.2 382.1
P-61 Riser Pipe 423.0 422.0
P-62 Riser Pipe 474.3 476.8
P-65 Unit Cell 474.3 476.8
P-68 Downcomer Drum 383.1 382.1
P-69 Dryer Shroud 482.0 495.0
P-80 Secondary Separator 527.9 529.3
P-81 Secondary Separator 527.9 529.3
P-82 Dryer Drain 517.3 517.3
P-87 Dryer Drain 404.0 400.0
P-88 Dryer Drain 481.0 481.0
P-91 Shell Steam Line 561.8 —

P-93 Dryer Shroud 508.0 510.0
P-94 Shell — 510.0

(1) From top of tubesheet
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TABLE D-2

COLD LEG LENGTHS FOR SYSTEM PRESSURE TRANSMITTERS

Transmitter Tap Location Cold Leg Leng

P-7 Bundle 337
P-13 Primary Outlet 61
P-81 Steam Dome 527.9
P-91 Steam Line 582
P-139, P-140 Pressurizer 182.8
P-211 Steam Line 26.3
P-255 Steam Line 17
P-261 Feed Line 109
P-299 A ux ilia ry  Feed Line 45
P-2101 Feed Line 43.8

Pressure tap elevation minus transm itter elevation
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