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ABSTRACT

In PWR steam generatér 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 bypassings 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
Tow 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
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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 coolant 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 dauble-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 1imit (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 B 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 cn 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 SGIR
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 (1ithium), 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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Test Type***

TABLE 1-1
PHASE II TEST MATRIX

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

Primary* Secondary*
P, (psia), T, (°F) P, (psia)
1 1 2
170, 320 85
557, 427 287
1850, 560 1080
1850, 560 1080
1850, 560 1080

2.5 Steady-state with primary
top break, no dryer

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

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.

¥ PreTiminary conditions - parameters to be confirmed following thermal-hydraulic support analysis.

** SORV - Stuck-Open Safety Valve

**% Tests are preceded by steady-state measurements without SGTR
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TABLE 1-2

REVISED PHASE II TEST MATRIX

Test Test Primary Secondary
Number Test Type Reference P1 (psia), T1 (°F) P2 (psia) Comments
Number

1 2.3 Steady-state T-1952 1850 560 1080 Shakedown test
2% SORV - bottom
break

2 Steady-state T-1958 1850 574 1015 Investigation of low S/G water
8% SORV - top
break

3 2.2 Steady-state T-1970 557 427 287
8% SORV - bottom
break

4 2.2 Steady-state T-1982 557 470 305 Test 5 revised to increase
Revised 10% SORV of SGTR flow.and to promote
- bottom break flashing.

5 2.1 Steady-state T-1972 170 320 85 To assess low velocity
8% SORV - bottom discharge without flashing
break

6 8% power moisture T-1957 1842 580 1000 8% SORV flow
carryover

7 100% power T-1966 2215 617 1015 Variable S/G water level
moisture

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

Test Test Primary Secondary
Number Test Type Reference P1 (psia), T1 (°F) P2 (psia) Comments
Number

8 2.4 Steady-state T-1975 1850 580 1080 SORV was increased from 8% to
10% SORV-top to 10%: T, was increased from
break. Revised T-1979 560°F td 580°F; original test
test with blow- only at normal water level.
down to 50 in.
water level
followed by SGTRs
at levels of about
60, 100, 150 and
280 ins.

9 2.3 Steady-state T-1988 1850 580 1080 SORV was increased from 8%
100% SORV - bottom to to 10%: T1 was increased
break. Revised T-1992 from 560°F " to 580°F; original
test as in Test 8 test only at normal water

level.
10 and 11 2.8 Overfill T-1998 1850 580 1000 T, was increased from 560°F
transient - top and t% 580°F; max. SORV was
break T-2003 increased from 8% to 10%.
Test 11 used an improved
method of SORV sampling.
12 2.9 Full T-2001 Primary conditions taken from analytical SORV was increased from

transient, 2% to
10% SORV - top
break

9540Q:1D/0€ 2686

calculations simulating PWR response
to SGTR + SORV.

8% to 10%.
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TABLE 1-2 (Continued)

REVISED PHASE II TEST MATRIX

Test Test Primary Secondary
Number Test Type Reference P1 (psia), T1 (°F) P2 (psia) Comments
Number
13 100% power with T-2069 2250 615 1015 Repeat of Test 7 with dryer
dryer bypassed bypassed
14 2.2 Steady-state T-2067 577 470 305 Repeat of Test 5 with dryer
10% SORV - bottom bypassed
break, dryers
bypassed
15 2.4 Steady-state T-2050 1850 580 1080 Repeat of Test 8 with dryer
10% SORV - top to bypassed
break, dryers T-2054
bypassed.
16 2.3 Steady-state T-2061 1850 580 1080 Repeat of Test 9 with dryer
10% SORV - bottom to bypassed
break, dryers T-2065
- bypassed
17 2.6 Aerosol tests with 1-2 See Appendix 1

and 35 micron particles



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
Il 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 baffie 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 m2 (428 ft.z).
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 annulus formed by the riser and the riser
barrel. The remaining steam/1liquid 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).

OQutside 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 separatér. 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 steam 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 shell
there is approximately 4.5 m2 (48 ft.z) 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

Total area within shell
Number of modular separators
Shell area for each separator

Total annular area between
edge of deck plate and shell

Portion of total annular area
to assign to each separator

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

1 central drain: area

Total deck drain area

Deck drain area for each
separator

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

Total deck vent area

Deck vent area for each
separator

9111Q:10/081486
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"

"

1]

"

1]

14.39 m? (154.9 ft.%)

130

0.111 m? (1.19 ft.%)

_4.47 m® (48.1 ft.9)

0.34 m® (0.37 ft.9)

90

0.045 m® (0.49 ft.2)

0.62 m% (6.7 ft.2)

0.0047 m® (0.051 ft.2)

25

0.16 m® (1.71 ft.2)

2

0.00123n% (0.0132 ft.2)



outer diameter
inner diameter

Downcomer drum:

Unit cell: outer diameter

inner diameter

Area enclosed within downcomer
drum (excluding unit cell
piping metal)

Area enclosed within unit cell

Deck drain area (2 and
2 1/2 inch Sch. 40 pipes)

Deck vent area
(1 1/2 inch Sch. 40 pipe)

Additional vent area included
within unit cell to account
for 1/2 peripheral vent area
assigned to a typical modular
separator

1t

desired
[Model F va]ue]

40 cm (15.75 in.)
38.7 cm (15.25 in.)

34.9.cm (13.75 in.)
33.6 cm (13.25 in.)

1110 em? (172.1 n.2) [1106 cn® (171.5 in.2)]

890 cm? (137.9 in.%) [935 cm® (144.9 in.2)]

52.9 cmé (8.2 in.2) [47.4 cm® (7.4 in.2)]
13.2 cm® (2.04 in.2) [12.26 en® (1.9 in.2)]

176.8 cm® (27.4 in.2) [171.6 cm® (26.6 in.2)]

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 1imit 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 annulus.

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, where 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 1ine 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 2-1la. These were taken from a warmup line running from the
MB-2 Thot inlet to the Tco]d 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 2-1la and 2-11b. A flow
1imiting 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 Il
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 2-1la., 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 2-11c). 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 em (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 1imiting 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" 0.D. x .050 wall tubing to 3/8 0.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 1ine contains an air operated flow
control valve (FCV-299) and a calibrated venturi flowmeter (FE-299) which can
measure flow rates up to 2000 1bm/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 1ine was employed. This line originates at the
feedwater pump and passed through the feedwater heater if required. A bypass
1ine 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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js 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 1bm/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
jdentical to the auxiliary feedwater venturi FE-299 and would pass up to

2000 1bm/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 (1ithium 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 "D" shaped hole of equivalent area (39.7 in2.) 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
Toop 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
2-11d.

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

91110:1D/081486 2-14



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 m1. 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 nc~mal water level. Physically, the sample point consisted
of a 1/4-inch stainicss 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 1ine 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 mi. For the S-1 and IKP-4 sample
Yines 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 m1 (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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DOWNCOMER VOLUME/AREA COMPARISON

Component

VOLUMES m° (ft3)

Upper downcomer

TABLE 2-1

MB-2

Configuration

0.148 (5.24)

Model F

19.47 (687)

b. Secondary separator dis- 0.011.(0.38) -
engagement pipe, J-tube,
and extension
¢. Downcomer funnel 0.025 (0.89) -
d. Downcomer "dead space" - -
e. Downcomer pipes and ducts 0.087 (3.09) 12.89 (455)
f. Total 0.272 (9.60) 32.36 (1142)

VOLUME RATIOS

Secondary bundle

‘a, Upper downcomer 2.11 1.51
Lower downcomer

b. Lower downcomer 0.29 0.29
Secondary bundle

¢c. Total downcomer 0.89 0.73

MB-2 CROSS-SECTIONAL AREAS m? (ft2)

0.086 (0.93)
0.009 (0.10)

a. Upper downcomer (typical)

b. Lower downcomer pipes
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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

8111Q:10/081486

Specification

0.0674 m3/s at 128 m (1068 GPM, 420
ft. Head)

3.5 MWt (12 x 10° Btu/hr) (each)
10 MWt (34 x 10° Btu/hr)

2.6 x 107 m3/s (4.1 6PM)

5.0 x 1074 m3/s (8.0 GPM)

17.2 Mpa (2500 psig)

20.7 Mpa (3000 psig)

5.24 - 6.5 x 1073 m3/s (83-103 GPM,
2725-2850 ft. Head)

5.6 x 10" m3/s (0-5.3 GPH) (Two
units, each system)

0.236 m3/s, 40-30°C at 27° wet bulb
(3740 GPM (105° to 85°F at 80°F wet
bulb))

0.252 m>/s (4000 GPM, 32 ft. Head)
0.143 m3/s (2260 GPM, 91 ft. Head)
0.0934 m>/s (1480 GPM, 111 ft. Head)
0.0189 m>/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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Flow Paths in MB-2 Upper Shell Region

Figure 2-7.
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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 (1l). 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.

A11 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.) OD 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 0.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 addition, an absolute
ressure measurement was made at tap P07 to determine the bundle steam
pressure.
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Secondary Side

Secondary Side

TABLE 3-1

LOCATION OF MB-2 TUBE BUNDLE PRESSURE

Tap

PO1
P02
P03
POBA
P08
POS
PO4A
P04
P05
P06
P07

Elevation Above
Tubesheet e¢m (in.)

43.

66.
131.
213.
284.
322.
416.
493.
599.

637

18 (17.00)
95 (26.36)
62 (51.82)
36 (84.0)

02 (111.82)
12 (126.82)
56 (164.00)
24 (194.19)
33 (235.96)

.44 (250.96)
7217.

94 (286.59)

TABLE 3-2

Hot
Hot
Hot
Hot
Hot
Hot
Hot
Hot
Hot
Hot

TAPS

leg
leg
leg
leg
leg
leg
leg
leg
leg
leg

Radial Location

between
between
between
between
between
between
between
between
between
between

rows
TOWS
rows
rOws
rOWS
rows
rOWS
rows
YOWS
rows

Opposite tube lane

TUBE BUNDLE DIFFERENTIAL PRESSURE MEASUREMENTS

Identification

9111Q:10/081486

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

Location/Measurement

Flow distribution baffle

Tube support plate No.
Tube support plate No.
Tube support plate No.
Tube support plate No.
Tube support plate No.
Tube support plate No.

U-bend
Total bundle

1
2
3
4
5
6

6 and
6 and
6 and
6 and
6 and
and
and
and
and
and

o OO Oy O O

Between support plates No. 4 and No. 5

Between support plates No. 2 and No. 3

NN SN SN N N N N NN



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 tests.

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).

91110:1D/081486 3-5




TABLE 3-3

LOCATION OF PRESSURE TAPS IN MB-2 LOWER DOWNCOMER REGION

Elevation Above

Tap Location Tubesheet cm (in.)
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 Location/Measurement
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 downgcomer 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 thermocoupies 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
jn) 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 Tocations of these’ thermocouples are given in Tables 3-6 and
3-7 and are shown in Figure 3-9.

8111Q:1D/081486 3-7



TABLE 3-5

DOWNCOMER PIPE FLUID THERMOCOUPLES (DTCs)

Elevation Above Hot Leg Cold Leg
Tubesheet cm (in.) Downcomer Pipe Downcomer Pipe
118.1 (46.5) DTC-2 DTC-4
368.3 (145.0) DTC-9
609.6 (240.0) DTC-10
825.5 (325.0) DTC-7A DTC-8A
TABLE 3-6

"DEAD SPACE" FLUID THERMOCOUPLES (DTCs)

Elevation Above

Tubesheet cm (in.) Thermocouple
131.6 (51.82) DTC-5A
637.5 (251.00) DTC-6A

TABLE 3-7

WRAPPER BOX WALL THERMOCOUPLES (WTCs)

Elevation Above

Tubesheet cm (in.) Hot Leg Side Cold Leg Side
127. (50.00) WTC-1 WTC-3
637.5 (251.00) WTC-2 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 (in.)
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)
a1 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 (T7-2101 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.
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3-5 DATA ACQUISITION SYSTEM DESCRIPTION

A1l of the digital data were acquired using a Data General computer system.

The Data General computér system consisted'of the following mafn frame and

peripheral equipment:

Device

CPU
Terminal
Magnetic Tape Unit

Disc Drive

Line Printer

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 plus
10 megabyte removable-disc capacity with
20 megabyte total disc capacity

180 characters per second, bidirectional

The computer system had the following capabilities:

Max. number of low-level
channels:

Max. number of high-level
channels:

Total number of channels:
Max. sampling rate(1)°

Min. sampling rate(l)
Max. test run time:

Max. samples per test:

192 channels capable of accepting analog signals
in ranges for +5 mV up to +1000 mV. These
channels were suitable for thermocouple inputs
and 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)
A11 272 channels every 0.1 second

A1l 272 channels every 99.9 seconds

99,999 seconds

12,500 samples

(I)The sampling rate could be changed once during the test run, if desired.
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Figure 3-3. MB-2 Primary Thermocouple Configurations
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Figure 3-6. MB-2 Thermocouple Dimensions
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Figure 3-10. Location of Pressure Taps and Thermocouples

in MB-2 Upper Shell Region (Phase II Tests)
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