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ABSTRACT

In recent years, a new class of reactor designs has been proposed that uti-
lize passive safety systems. General Electric has developed a Simplified Boil-
ing Water Reactor (SBWR) design that relies on such passive systems. The
SBWR has two passive cooling systems that involve energy transfer by con-
densation. These are the isolation condenser system (ICS) and the passive
containment cooling systems (PCCS). It is important that such heat transfer
phenomena be correctly understood and quantified. The General Electric
Company has sponsored tests at the Massachusetts Institute of Technology
(MIT) and at the University of California at Berkeley (UCB) to obtain data
simulating PCCS conditions. Data was obtained with pure steam, steam-air
mixtures and steam-helium mixtures. INEL has been contracted by the NRC
to evaluate these tests and assess existing condensation heat transfer correla-
tions against the test data. This report assesses the relevance of the tests to
SBWR conditions and shows RELAP5/MOD3.2 predictions of the tests.
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SUMMARY

Simplified Boiling Water Reactor designs have heat exchangers in the con-
tainment building to remove reactor decay heat in the event of an accident.
The heat exchangers are bundles of tubes submerged in large pools of water.
Steam or a mixture of steam and noncondensable gases flows downward
through the heat exchanger tubes where steam is conclensed to help maintain
a low containment and primary system pressure. When air and other noncon-
densable gases are entrained in the mixture, the condensation efficiency of the
heat exchanger is reduced. The question of the amount of reduction was
experimentally investigated by two university programs sponsored by the
General Electric Company. Both the Massachusetts Institute of Technology
(MIT) and the University of California at Berkeley (UCB) obtained data simu-
lating reactor plant conditions.

This report discusses those tests and points out strengths and weaknesses
of these programs relative to the reactor containment heat exchangers. The
test scaling and parameter ranges were adequate except for the lack of high
pressure data. No limitations or qualifications to the application of these data
within their data range are needed. The test section dimensions closely
matched the prototypic plant system, and the test pressure, fluids and flow
rates are representative of anticipated operating conditions. However, the
reported error bands appear optimistic. ‘

This report also addresses RELAP5/MOD3.2 (a pre-release version of 3.2)
predictions of the university tests. Ninety RELAP5 calculations were per-
formed using two different condensation models. Based on these calculations,
the RELAP5 ‘default’ condensation model accuracy is considered marginal.
The other model (‘diffusion’) agreed reasonably well with the data, and would
make an improved RELAPS5 ‘default’ model.

iv
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Assessment of UCB and MIT Wall Condensation Tests
and of the Pre-Release RELAP5/Mod3.2 Code
Condensation Models

1.0 Introduction

Condensation of steam on cold walls is an integral part of the passive
safety features in the Simplified Boiling Water Reactor (SBWR) design. Wall
condensation is the process of changing a vapor near a cold wall to a liquid on
the wall by removing heat. In many postulated light water reactor accident
conditions, there may be noncondensable (NC) gases mixed with steam. The
noncondensable gases have an insulating effect on the heat transfer between
the steam and the wall. The rate of the condensation process and heat trans-
fer to the wall depends on the degree of wall subcooling relative to the satura-
tion temperature of the steam based on the partial pressure of the steam and
other factors, such as the water film thickness, turbulence, vapor shear, ete.
The heat released at the vapor-liquid interface is transferred through the lig-
uid film and into the wall. Heat exchanger tubes in the SBWR have water on
the outside of the walls (the shell side) to absorb the heat.

Two general classifications of condensation are “film” and “dropwise.” Film
condensation has been studied experimentally more than dropwise condensa-
tion because metal tubes are easily wetted. Special coating materials are
sometimes applied to metals to increase the surface areas over which beads of
water drops exist because dropwise condensation rates can be an order of
magnitude larger than film condensation rates. Coatings are not used in the
SBWR heat exchangers. A schematic of film condensation on a vertical surface
is shown in Figure 1. Radial flow of steam toward the cold wall pushes the
NC towards the wall. The NC concentration gradient results in NC diffusion
toward the mainstream counter to the steam flow direction. The steam partial
pressure and temperature are lower in the NC buffer layer than in the main-
stream as shown in the figure. The effect of the NC is to cause a reduced tem-
perature difference (Tg;-Ty,) and a reduced heat flux through the water film.

Figure 1 also shows that as the condensate layer thickness increases it
can undergo a transition from laminar to turbulent flow. McAdams! suggests
that transition occurs at a condensate Reynolds number of 1800 where the
Reynolds number (Re) is defined as:

Re = — EQD

where
Ky = liquid viscosity
r = liquid mass flow rate per unit periphery:
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FIGURE 1. Film condensation schematic.

= e (EQ2)
nD
ms  =liquid mass flow rate
D = inner diameter of the tube.

At high values of the vapor shear stress, however, Carpenter and Colburn?
found transition values as low as 200 to 300.%

This report concentrates on low pressure, low flow, condensation data
(taken at two universities) pertinent to the SBWR design.

2.0 Wall Condensation in SBWRs

The SBWR is an advanced design which relies on a passive containment
cooling system (PCCS) and isolation condenser system (ICS) for decay heat
removal. Nominal values for key PCCS/ICS parameters are presented in
Table 1.4 These systems include large arrays of vertical tubes in compart-
mentalized pools of water located at the top of the containment dry well (DW)
in the reactor building (see Figure 2). These pools are vented to atmosphere -
and are designed with enough initial water inventory to provide decay heat
cooling for three days. The design operating pressure of the PCCS is low and
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the ICS can operate at low or high pressure levels.

Table 1. SBWR PCCS/ICS Nominal Bundle Capacity Specifications.®

Nominal Design Specifications PCCS ICS ~

| Thermal power (MW/unit) 10 (3 units) | 30 (3 units)
Operating pressure [MPa (psia)] 0.31(45) 7.18 (1041)
Operating temperature [K (°F)] 407(273) 561(550)
Number of tubes per unit 496 240
Tube material Stainless Inconel-600

Steel

Tube Effective length (m) 1.8 1.8
Tube OD (mm) 50.8 50.8
Tube wall thickness (mm) 1.65 2.1

a. Various sources give different values for some of the specifications.

A summary of the data available to study the behavior of condensation in
the presence of noncondensables for the PCCS and the ICS follow.

2.1 PCCS

The PCCS is designed to remove the decay heat rejected to the contain-
ment building following a loss-of-coolant-accident (LOCA) and operates at the
containment pressure (~0.1-0.4 MPa). The system includes three condenser
units each with two tube bundles in a water pool high in the drywell area of
the containment building. Each tube in the vertical bundle is connected to an
upper and lower header. Condensation in the tubes lowers the local pressure
and causes steam to be drawn into the exchanger. Gas flow rates are also
influenced by the wetwell-drywell pressure difference. The surface area of the
tube bundles is sized to limit the containment pressure to less than the design
value of 0.48 MPa (70 psia). The tubes have an outside diameter of 0.0508
meters (2 inches), a 1.65 mm wall thickness, and are 1.8 meters long.

Condensate from the bundle is routed from the bottom header to the grav-
ity driven cooling system (GDCS) tank. The GDCS tank is an elevated tank of
water located inside the drywell. Drain lines at the bottom of the pool are con-
nected to the vessel downcomer. _A second line from the bottom header of the
PCCS vents noncondensables to the wetwell suppression pool. The PCCS has
no valves at its inlets or outlets and is thus a totally self-starting passive sys-
tem. During a LOCA, the drywell becomes pressurized relative to the sup-
pression chamber. This differential pressure is one of the key forces that
produces circulation into the PCCS.

The General Electric Company (GE) sponsored tests at the Massachusetts



Institute of Technology (MIT) and at the University of California at Berkeley
(UCB) to obtain data simulating PCCS conditions. Data were obtained with
pure steam, steam-air mixtures and steam-helium mixtures flowing down
inside of a tube. Steam-helium data were obtained to simulate steam-hydro-
gen. Hydrogen gas can be generated in a reactor accident if the core becomes
hot enough to undergo a zircaloy-water reaction. Condensation correlations
were developed from the test for use in GE's TRACG reactor transient code.

Separate effects and integral effects experiments for the PCCS have been
conducted in the GIRAFFE Test Facility by Toshiba in Japan. PANDAS: 8 and
PANTHERS? are additional facilities in which PCCS data will be obtained.
PANDA is a facility at the Paul Scherrer Institute in Switzerland. PAN-
THERS is a full scale facility at SIET in Italy. GIRAFFE and PANDA will
include NC venting.

2.2 ICS

The ICS can operate in either a high pressure mode during plant isolation
or in a low pressure mode during and after a LOCA. The principal design
objective of the ICS is to provide an alternate heat sink in the event of sudden
termination of the steam flow to the turbine/condenser system.

The primary inlet sides of the ICS are connected to the main steam line
and condensate is returned to the vessel via return lines. During normal plant
operation the condensate return lines are valved off. When ICS operation is
needed these valves are opened and steam flows from the vessel to the ICS.
The ICS condensate is then gravity drained back to the vessel via the return
lines. Vent lines which are normally valved off are connected to the ICS to
remove noncondensables to the suppression pool. During normal use of the
ICS these noncondensables may include radiolytic hydrogen and oxygen. Dur-
ing long term post LOCA conditions these noncondensables may also include
nitrogen. '

The UCB and MIT test programs did not provide high pressure data. Con-
densation at high pressure is not much different than condensation at low
pressure, however, correlations for predicting condensation do not necessarily
contain enough of the physics to be applicable over a wide pressure range. For
instance, the default condensation model in RELAPS5 is based on the earlier
UCB tests and is more of a simple curve fit than a model of all the physics.
Thus, existing RELAP5 condensation models that are based on low pressure
test data may not adequately predict condensation under high pressure ICS
operating conditions. There are two known sources of high pressure data cur-
rently available with steam-NC in tubes: Borishanskiy® and Babcock-Wilcox?.
Downflow data were taken by B&W and will be discussed in a RELAPS5 devel-
opmental assessment report by Rex Shumway available in the first quarter of
1995.

Test plans for PANDA and PANTHERS include provisions to obtain high
pressure data. :



2.3 Key SBWR PCCS/ICS Phenomena
The key phenomena associated with PCCS/ICS energy transport are sum-
marized as follows.

1. Tube side condensation heat transfer with laminar and turbulent liquid films.

2. Tube side condensate films in the presence of forced gas flow and associated bound-
ary layer effects in the presence of noncondensables.

3. Tube side parallel channel effects and nonuniform distribution on noncondensable in
the header supplying the tubes.

" 4. Shell side nucleate boiling and multi-dimensional flow effects.
5. Noncondensables venting to suppression pool (SP).

Items one and two will be discussed in this report and are directly applica-
ble to the MIT/UCB test results. Items three and four are not applicable to the
MIT/UCB experiments. Because the MIT/UCB experiments are single tube
down-flow experiments with annular cooling jackets, multi-dimensional
effects characteristic of a full scale PCCS/ICS are not captured in these exper-
iments. The effects of shell side boundary conditions will be discussed in
Section 4.2 below. ,

Likewise, item five is not simulated in the MIT/UCB tests but is an impor-
tant factor in controlling the condensation heat transfer rate. Noncondensable
venting is controlled by the suppression pool/dry well (SP/DW) differential
pressure.

Phenomena associated with items 3-5 are expected to be addressed in
other SBWR experimental programs including PANTHERS, PANDA, and the
GIRAFFE facilities.

3.0 Report Objectives and Scope

The objectives of this report are:

1. Evaluate the hardware scaling, range of test conditions, and instrumen-
tation of the UCB/MIT facilities and note geometric distortions and
measurement uncertainties.

2. Review the UCB/MIT test results against the needs for assessment of
the RELAPS5 code and advise if any additional experimentaticn may be
needed.

3. Assess the current RELAP5/MOD3 condensation models using the UCB/
MIT tests.



4.0 UCB Tests

UCB performed four different series of condensation tests (see Table 2).

Table 2. Comparison of Experimental Parameters

SBWR UCB-3
PCCS |UCB-1 |UCB-2 |Kage- |UCB-4 | MIT
parameter Design | Vierow | Ogg yama | Kuhn Siddique
e e e ——— —
Inlet Pressure 027- | 0028 |0.089- |o0.101- |0.109- [0.11-0.48
(MPa) | 0.48 0448 |0303 |013 |o0518
Inlet Tempera- | 393-423 | 345-419 | 368-407 373-427 | 373-413
ture (K)
Inlet Steam Flow | 0.1667- | 0.164- | 0.42-2.0 | 0.069- |0.83- |0.28-092
(kg/s)x100 LI 0.69 0.86 1.67
Inlet Steam Mass | 0.94-62 | 43-18.1 | 2.2-10.4 | 0.49- [4.794 |17-55
Flux (kg/s-m?) 6.1
Inlet Gas:
Air mass fraction | 0-04 | 00.14 ]004 |007 |004 |009-035
He mass fraction 0-0.15 |0-005 |0.003 |0.02-0.05
0.15
Condensing
Tube:
Mat’l Type SS Copper | SS Glass | SS ss
Length (m) 1.8 2.1 2.44 1.0 242 254
O.D. (m) 0.0508 |00254 |.0508 |0.0508 |0.0508 |0.0508
Thickness (m) | 0.00165 | 0.0017 | 0.00071 | 0.00426 | 0.00165 | 0.0024
Jacket L. D. (m) 0.0483 | 0.0574 |0.0592 |0.0737 |o0.0627
Cooling Water:
Flow rate (kg/s) | NA 0.11-39 | 0.27-34 | NA 0.17-.33 | 0.057-.06
Inlet Temp K) | NA 322-326 | 290-305 | NA 299-305 | 280-297
Temperature rise | NA 1826 | 7-43 NA 20-40 | 20-87
(Tout-Tin) (K)

The first, Vierow1? tests, used a one inch diameter copper test section which
operated in a natural convection mode. The natural convection loop led to flow
instabilities in some cases and on some “steady” tests, axial “temperature
inversions” were observed which are difficult to explain with the measure-
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ments available. A condensation correlation was developed!! which had an
enhancement factor f1 and a degradation factor f2. f1 accounts for the effects
of shear of the gas on the liquid film and f2 accounts for NC effects on the heat
transfer coefficient. The Nusselt number is defined as the ratio of the mea-
sured heat transfer coefficient A, to the film conductivity over thickness.
Vierow relates the f factors to the Nusselt Number by:

hmeas8 hmeas
Nu = k =h = f1f2 (EQ3)
where from Nusselt’s12 derivation of the theoretical coefficient A,
1
k gpAPT?
=J =L
where
ke = liquid conductivity
o = liquid film thickness
My = liquid viscosity
r = liquid mass flow rate per unit periphery:

Pr = liquid density
Ap  =difference between liquid and gas density
g = gravitational constant.
Thus, the expression for the measured heat transfer coefficient is:

1
gpAp73
o = e[ 222]

Expressions for f1 and f2 derived from fits to the measured data are:

f1 = 1+2.88x10 Res EQ6)

where
Re,,;, =steam-NC gas mixture Reynolds number=

G gD
— EQT7
He
G, = steam-NC gas mixture mass flux

He = gas mixture viscosity.



1-10Ma;Ma < 0.063
0.13

2 = {1-0.938Ma " ";0.063 <Ma <0.60 (EQ8)
1 —Mamz;Ma > 0.60
where
Ma  =mass fraction of noncondensable in the vapor-gas mixture.

f1 is limited to 2.0 based on Toshiba data applicable to the SBWR?,

Vierow’s tests used natural convection, but by the time Ogg’s experiment
was run the importance of the pressure drop between the drywell and the
wetwell was realized. The second tests series was performed by Ogg!® using
forced convection and a stainless steel test section similar to SBWR PCCS
tubes. Using forced convection eliminated the unsteady flow problem, but
temperature inversions near the inlet still occurred during some tests. Post-
test examination of the condenser tube wall thermocouples suggested that
these inversions might have been caused by faulty thermocouple mounting
procedures“‘.

The third UCB tests series was by Kageyamals. Kageyama used a 1 meter
long glass test section with a traversing wet-bulb probe to obtain the local
radial and axial gas concentration profiles. The outer cooling water annulus
was also made from glass. INEL does not have this thesis. It appears that the
profiles were used to help establish analytical models of diffusion theory.

Kuhn16 tests were the last in the series to obtain PCCS related data. Kuhn
et. al. show a table of important parameters for the four UCB tests, the MIT
tests and the SBWR PCCS, which is reproduced as Table 2.They also itemize
nine hardware improvements required to overcome problems with previous
experiments.

The Kuhn test series avoided problems encountered in the previous UCB
series and produced excellent data. Because of known problems with the ear-
lier data, only the Kuhn data is analyzed in this report.

Kuhn performed more than 100 tests; over 40 tests used pure steam as the
test gas. Thirty-three ‘steam only’ tests were ‘qualified’ and used to improve
the f1 factor and 68 ‘qualified steam-air tests’ were used to improve the {2 fac-
tor.

4.1 UCB-Kuhn Test Apparatus

The test section (condenser tube) was a vertical pipe with downflow of
steam and noncondensable (see Figure 8). The steam came from the building
service steam supply furnished at 0.86 MPa. Kuhn calculated that the amount
of inlet moisture in the Ogg experiment could have been as high as 3.5%. He
therefore installed a centrifugal separator with a bleed valve to help dry out
the steam before it reached the test section. No inlet quality measurements

a. Personal communication from V. E. Schrock of UCB to Gary Johnsen,
INEL, 1991.



were reported but the data reduction procedure assumed the quality was 1.0.

Air also came from the building supply lines at 0.79 MPa but was pre-
heated to match the steam temperature. Helium was supplied from high pres-
sure cylinders and no mention of preheating is given.

The condenser tube was 3.37 m long with the same OD and ID as the
PCCS but was cooled over only 2.418 m starting at 0.8065 m from the top of
the tube.

Water was pumped upward through an annular jacket around the con-
denser tube absorbing the energy conducted through the test section wall. The
discharged water could be sent through a heat exchanger or mixed with city
water to obtain the desired inlet temperature for recirculation.

Twenty nylon spacers held the inner tube a uniform distance from the
outer tube. The spacers were oriented to not disrupt the flow next to a thermo-
couple location.

A two phase, two component mixture or liquid-only (for steam only tests)
was discharged at the bottom of the test section. After leaving the test section
the effluent went through a separator.

4.2 UCB-Kuhn Test Scaling

Four issues regarding scaling are addressed: (1) entrance length, (2)
entrance geometry and entrance fluid conditions, (3) flow range, and (4) sec-
ondary side conditions.

No attempt was made to study the effects (if any) of tube vibrations on con-
densation rates in the SBWR.

Other than the entrance differences, the facility hardware was adequately
scaled. The experimental tube ID and OD were exactly the same as the SBWR
PCCS tubes. Therefore, for the same pressure and flow conditions, nondimen-
sional numbers such as the inlet Reynolds, Prandtl and Jacob numbers in the
test will be the same as in the plant.

4.2.1 Entrance Length ]

The test section used by Kuhn had the same inner and outer dimensions as
the SBWR PCCS tubes. However, it had an entrance length of 0.8065 meters
(L/D=16) upstream of the cooling water annulus. An L/D of about 10 results in
a fully developed turbulent velocity profile. The SBWR PCCS upper header is
in the water pool and therefore no tube entrance length exists upstream of the
condensing section. However, Lucas and Moserl? claim that the entrance
velocity profile has a negligible effect on the condensation process. Thus, dif-
ferences caused by entrance length are probably negligible.

4.2.2 Entrance Geometry and Entrance Fluid Conditions

Another difference between the test tube and the PCCS tubes is that the
entrance section in the PCCS is not vertical. Most of the PCCS tubes come out
of the header at an angle before they become vertical. Different tubes have dif-
ferent angles depending on their azimuthal attachment point to the header.
There are ten tubes at each axial connection region. Figure 4 illustrates four
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FIGURE 3. UCB-Kuhn test section.
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of the ten tubes. The entrance angle differences between the actual tubes and

Horizontal Header

’. Steam + NC

>4
*(;/L

FIGURE 4. Schematic of PCCS upper header.

Tubes

the experimental tubes means that the axial film thickness profiles and heat
flux profiles will not be the same even with all other parameters similar. NC-
steam separation or stratification in the header could cause the tube-to tube
entrance quality to be different. More will be said about the practical effect of
differences between the experiment and PCCS.

The PCCS tubes attached to the lowest position on the header are likely to
have condensate running into them. Since the header walls also sit in the
water pool (see Figure 2), condensation will occur on these walls and conden-
sate will drain down into the tube bundle.

4.2.3 Flow Range

The test section inlet conditions cover the PCCS operating ranges for tem-
perature and pressure but miss the low end flow rate by a factor of 5 as shown
in Table 2. The MIT data set covers an inlet low flow value which is within
60% of the SBWR value. The minimum inlet gas Reynolds numbers are all in
the turbulent range. They range from approximately 2900, 4600, and 14000
for the SBWR, MIT tests, and UCB-Kuhn tests, respectively. Having inlet flow
rates higher than the SBWR is not believed to be a significant problem
because the steam flow approaches zero as it condenses. Therefore, condensa-
tion models are assessed at low steam flow rates.

4.2.4 Secondary Side Conditions
Another remaining scaling issue is the water jacket water temperature
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axial profile. The axial profile of the inner wall temperature of the condenser
tube will not be the same in the PCCS or the ICS as it was in the experiment.
The water in the pool surrounding the PCCS tube bundle will be warmer than
it was in the experiment and will circulate naturally upwards through the
bundle. In the ICS pool, because the pressure and saturation temperature can
be high in the tubes, the water on the outside of the ICS tubes may boil. Cool-
ing water flow was forced in the test. The forced flow water Reynolds number
in the test varied from about 1000 to about 2000.

Although the axial temperature profile and condensate thickness profile
inside the condenser will differ between the SBWR and the experiments for
the same gas side inlet conditions, this fact does not invalidate the usefulness
or purpose of the data. Because the data are used to assess numerical models
which make use of the calculated condensate film thickness or flow rate (see
Equation 5) to predict the resistance in the heat flux flow path, they are
designed to predict the condensate thickness profile independent of the wall
temperature profile. Because the steam inlet flow range is similar between the
experiments and the reactor, the film flow regimes will be similar, the resis-
tances to heat transfer through the film will be similar and the heat flux val-
ues will be similar. Film Reynolds numbers varied from zero at the inlet of all
tests to over 2000 at the outlet on some tests. Therefore, both laminar and tur-
bulent films are represented in the data base and the experiment will have
similar condensate film thicknesses-but at different elevations than the
SBWR. Even so, such differences are acceptable for assessment purposes.

4.3 UCB-Kuhn Test Instrumentation

Twenty two thermocouples (TCs) were embedded at 11 axial elevations in
the condenser tube outer wall. Pairs of TCs were placed 180 degrees apart
from each other. Thermocouples were attached to the inner wall of the water
jacket at the same locations as they were attached to the condenser tube (see
Figure 3) plus additional cooling water temperature measurements were
made at the inlet and outlet. Condenser tube thermocouple problems were
avoided in this series by silver soldering the thermocouples in an axial grove
in the test section wall (see Figure 5). The water jacket thermocouples pro-
truded about 1 mm into the water and the stainless steel sheath ran azimuth-
ally for a short distance before penetrating through the wall in a plastic
sheath. Kuhn discovered that an earlier attachment method where they did
not wrap azimuthally caused low readings because of axial conduction down
the metal sheath.

Variable reluctance (magnetic resistance) delta-pressure transducers were
placed across square edged orifices to measure the liquid and gas flow rates.
Rotameters were also used to measure the air flow.

Test section pressure was measured at the top of the test section with a
variable reluctance transducer.

The movable probe inside the test section was used to measure the steam-
NC mixture temperature and the water level in steam-only tests. It was not
used in the calculation of the heat transfer coefficients. On some steam-only
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FIGURE 5. UCB-Kuhn thermocouple attachment.

tests the condenser was mainly full of condensate. The data reporl:18 does not
contain measured temperature readings below the liquid level.

4.4 UCB-Kuhn Data Uncertainty

Even though this is the most carefully instrumented test set available, the
reported uncertainties in the heat transfer coefficients and degradation factor
are high, as shown in Table 3.

Table 3. Uncertainty of UCB-Kuhn Data

Reduced Quantity Average Relative uncertainty

| Heat Flux +10.4%
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Table 3. Uncertainty of UCB-Kuhn Data (Continued)

Reduced Quantity Average Relative uncertainty
“Tinlet ) T099°Kk

Experimental Heat Transfer Coefficient +18.7%

Theoretical Heat Transfer Coefficient +3.36%

Degradation Factor +19.0%

Uncertainties in the NC quality at each axial location were not reported
but they are probably close to the heat flux uncertainty. Because NC uncer-
tainty are not reported, uncertainty bars are not shown in the comparisons
with the RELAP5 predictions.

Based on the repeatability tests discussed in the next section, the esti-
mated heat flux uncertainty is suspect (see especially Test 1.1-4). Uncertainty
bars should overlap on repeat tests.

4.5 UCB-Kuhn Data Repeatability

Comparisons were made between temperatures recorded on thermocouples
circumferentially offset from one another by 180°. Excellent agreement was
found. However, it appeared the condenser thermocouples at the 9 cm eleva-
tion were affected by the water jacket connector, and the first axial position
where measurements are reported is therefore at 17 cm.

Some tests were repeated long after the initial data were taken to confirm
such important aspects as: instrument calibration drift, and chem1cal fouling
of the walls causing heat transfer reductions. The data report 16 (page 71)
says that tests with NC show a larger repeatability problem than the steam-
only data. Plots of the inner surface heat flux profiles from repeatability sets
do not support this statement. Table 4 gives the conditions for seven sets of
repeatability runs. The first four are steam-only at pressures of about 1, 2, 4,

Table 4. UCB-Kuhn Test Conditions.

Steam NC Inlet NC Inlet Water

Inlet Flow | Flow Rate | Mass Inlet Flow
Test Pressure Rate (kg/hr)/gas- | Fraction Rate
Number (kPa) (kg/hr) species (%) (kg/hr)
1.1-1 116.1 60.2 0 ¢ 999.8
1.1-1R 116.9 59.40 0 0 1018.8
L1-1IR2 120.2 59.20 0 0 993.1
1.1-2 202.0 61.5 0 ] 1085.8
1.1-2R 206.5 61.2 0 1] 1078.7
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Table 4. UCB-Kuhn test conditions,

Steam | NC Inlet NC Inlet Water

Inlet Flow | Flow Rate | Mass Inlet Flow
Test Pressure Rate (kg/hr)/gas- | Fraction Rate
Number (kPa) (kg/hr) species (%) (kg/hr)

114 | 4074|602 |0 0 T10866 |

1.1-4R1 410.3 60.7 0 0 1084.5
1.1-4R2 393.3 60.5 0 0 1081.1
1.1-5 504.2 61.0 0 0 1085.5
1.1-5R1 503.4 61.3 0 0 1074.0
1.1-5R2 499.5 614 0 0 1082.0
1.1-5R3 517.7 61.2 0 0 1020.4
1.1-5R4 498.0 57.1 0 0 1057.6
34-2 212.0 59.9 14.60/Air 19.577 838.8
3.4-2R1 206.3 60.3 14.25/Air 19.115 836.0
3.5-2 205.9 59.8 39.20/Air 39.596 819.2
3.5-2R 208.9 60.1 34.35/Air 36.368 820.5
5.2-6 4330 45.1 5.54/He 10.94 641.1
5.2-6R 388.0 47.1 5.60/He 10.63 634.3

and 5 bars. Next are two steam-air sets at two different NC fractions followed
by a steam-helium set. The heat flux values are shown in Figure 6 through
Figure 12 as negative values because, by INEL convention, heat flux into a
surface is negative. The uncertainty bars result from the 10.4% uncertainty
reported in Table 8. Some of the tests show repeatability problems; the uncer-
tainty bars on Test 1.1-4 do not overlap near the tube entrance. When uncer-
tainty bars do not overlap using the same test conditions, the size of the
uncertainty bars should be increased.

4.6 UCB-Kuhn Data Reduction Method
The iterative procedure used by Kuhn to obtain the heat flux uncertainties
is explained below.

1. The measured annulus outer wall temperature was initially assumed to be
the cooling water bulk temperature. An energy balance relates the axial
rate of heat-up of the water jacket wall to the condenser inner wall heat
flux:
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" Ww_C dT (x)
= cw'p _a
where
qQ wi®) = condenser inner wall heat flux at the x position.
Wew = cooling water flow rate.
(&) = water specific heat.
d; = condenser tube inner diameter.
T, = annulus outer wall temperature.

Various curve fitting methods were used to obtain the derivative.

2. The radial conduction equation was then solved to obtain the inner wall
temperature using the heat flux and outer temperature as boundary condi-
tions.

3. With the inner and outer annulus wall temperature known, a numerical
solution of the radial water jacket water temperature profile at each axial
position is found by solving the conservation equations.



4. The average or bulk temperature was found by integrating the radial tem-
perature profile. If the calculated annulus outlet temperature disagreed
with the measured outlet temperature by more than 0.2 degrees Kelvin, the
new values of the axial bulk temperature profile were used to obtain the
gradient in Equation 9 and the steps were repeated.

The heat transfer coefficients in the condenser tube were found from: .

q ”wi (x)
hexp (x) = T, -T,;® (EQ10)
where
hexp(x) = experimental heat transfer coefficients.
Tsp = bulk steam saturation temperature based on the partial pressure
based on an energy and mass balance.
Twi(X) = tube inner wall temperature.

Knowledge of the axial variation of the heat flux allowed the condensate
mass flow rate to be found at each axial position by integrating the flux pro-
file. The mass flow rate of steam was also known at each axial position
because the energy transfer was the result of condensing steam, and therefore
the NC quality was found at each position.

4.7 UCB-Kuhn Test Deficiencies
Test deficiencies were:

1. Test pressures were not high enough for examination of high pressure ICS
performance (see Section 2.2 ).

2. Minimum steam flow rates were well above the lowest expected values in
the PCCS operating range.

3. The test section had a hydrodynamic entrance prior to the condensing sec-
tion.

4. The test section did not simulate the non-vertical part of the PCCS tubes.
5. The PCCS cooling water temperatures and velocities were not matched.

6. The liquid mass flow rate at the test section inlet was assumed to be zero.
No inlet condensate measurements were made to confirm the assumption.

Deficiencies 2 through 6 were discussed in Section 4.2 and are of minor
importance. Deficiency 1, however, is significant since additional test data is
needed to confirm predictions of ICS condensation behavior.

5.0 MIT Tests

The MIT NC study addresses many issues that parallel the UCB experi-
mental work relative to condensation heat transfer in the presence of noncon-
densables. The MIT study dealt with both the effects of air and helium in
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degrading condensation heat transfer in a single tube test apparatus. How-
ever, no steam-only experiments were conducted. Both experimental and theo-
retical analysis were done in the course of this work. These investigations
were performed by a student by the name of Siddiquel®.

These data were used to generate wall condensation heat transfer correla-
tions in the presence of air and helium. Helium was used in the experimental
apparatus as a surrogate for hydrogen for safety reasons. The thermo-physical
properties of helium are closer to hydrogen than are those of air. Hydrogen is
expected to be released into the containment during a postulated degraded
core accident scenario. Siddique concluded that: (1) air had a more inhibiting
effect on condensation heat transfer than helium at the same mole fraction,
and (2) for the same mass fraction, helium is more inhibiting. The reason for
(1) is unknown but the cause of (2) is that helium has a lower molecular
weight than air. Therefore at the same mass fraction, there are more mole-
cules of helium blocking the diffusion of steam toward the wall than if the
noncondensable were air, The molecular weight difference between helium
and hydrogen is much less than between helium and air, but the same trend
should be evident if hydrogen were used as the noncondensable instead of
helium.

5.1 MIT-Siddique Test Apparatus
The MIT test apparatus was composed of the following key components

¢ Pressure vessel/boiler system
o Steam inlet lines
¢ Condenser test section

Condensate separator drain system

e Instrumentation -

The above components comprise an open forced flow test loop to measure
condensation heat transfer in the presence of noncondensables. Figure 13
shows a schematic of the test apparatus with distances between thermocou-
ples in the test section. :

The boiler system was an electrically heated, 4.5 meter high cylindrical
stainless steel vessel with an inside diameter of 0.45 m (1.48 ft). Power was
supplied by four immersion heaters, each rated at approximately 7 kilowatts.

Noncondensables were injected into the base of the boiler. The noncondens-
able flow was measured and controlled using a calibrated rotameter, a pres-
sure regulating valve, and a flow control valve. Injected noncondensables were
subsequently mixed with the steam in the boiler vessel as both flowed toward
the test section. Thermal equilibrium between the steam and noncondensable
was assumed. It also appears that the flow quality of the steam/NC entering
the test section was assumed to be 100%. In actuality, some condensation
could have occurred in the pipe connecting the boiler to the test section. No
measurements confirmed the ‘complete mixing’ and ‘no condensation’ assump-
tions. Water at the inlet would have caused a heat flux reduction.
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The condenser test section consisted of one vertical stainless steel tube
with the down flowing steam/NC injected at the top of the condenser section.
This test section had a 50.8 mm (2.0 inches) outside diameter, 46.0 mm (1.81
inches) inside diameter, and a length of 2.54 m (8.33 ft). The condenser region
was cooled with a concentric cooling water jacket. The concentric jacket had
an outer diameter of 62.7 mm (2.47 inches). Secondary cooling water was
pumped into the bottom of the outer annulus of the condenser section and dis-
charged at the top.

5.2 MIT-Siddique Test Scaling

The scaling discussion for the UCB-Kuhn experiment (Section 4.2 ) applies
to the MIT-Siddique tests. The inside diameter of the MIT experiment test
section was slightly smaller than the one used by Kuhn.

5.3 MIT-Siddique Test Instrumentation

Thermocouples in the condenser tube region were iron-constantan. These
TCs were placed on both the inside and outside of the condenser tube. Ther-
mocouples in the test section were located at nine locations spaced at 30.5 cm
intervals along the condenser region with the first one 10 centimeters from
the inlet. The outer thermocouples were attached in a manner similar to the
UCB-Kuhn thermocouples. Holes were drilled through the tube wall at an
angle to locate the physical junction of the inner tube thermocouples at less
than 0.2 mm from the inner surface. These thermocouples were silver sol-
dered in place.

Gas mixture temperatures were measured along the center line of the con-
denser region. These thermocouples were fixed at each position since they
came through a hole in the test section wall at the elevations shown.

Thermocouples were positioned to measure the secondary bulk coolant
temperatures at the inlet and outlet. To get an accurate measure of the bulk
secondary water cooling temperature, good mixing was required in the annu-
lar region. To obtain mixing without high flow rates and small axial water
temperature increases air was injected into the flow stream. Although the
amount of injected air was assumed to be small, the amount injected was not
quantified. If the water-air mixing was not uniform, there is the possibility of
additional experimental uncertainties.

A gas sampling probe could also be inserted at each of the nine measuring
stations but condensate in the lines caused this technique to fail. The probe
was therefore not used during the reported tests.

Downstream of the boiler the steam/NC mixture flow rate was measured
with a flow vortex meter. Gas mixture temperature and pressure were also
measured upstream and downstream of the condenser test region.

Immersion heater power levels in the boiler were monitored with a watt
meter.

Water flow to the annulus was measured with a rotameter.

The UCB-Kuhn!6 report compared the MIT and UCB data, and the com-
parisons look relatively good. But the report also noted that (on page 71): “it
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seems more likely that there was a faulty thermocouple in Siddique’s appara-
tus.” The positions of the suspect thermocouples were not stated. The conse-
quence would be incorrect values of reported heat transfer coefficients.

5.4 MIT-Siddique Data Uncertainty

Siddique did not report the uncertainty in his reported values of heat flux.
He reported the data uncertainties for the experimental heat transfer coeffi-
cient, the Tbulk-Twall difference, and the annulus coolant temperature gradi-
ent (see Table 3). To obtain the heat flux uncertainty, Siddique’s procedures

for calculating uncertainty were followed.
Table 5. Uncertainty of MIT Data

Reduced Quantity Average Relative Uncertainty
Heat Flux +150% ]
Experimental Heat Transfer Coefficient +17.3%
Tbulk-Twall +8.48%
Annulus coolant temperature gradient +15.0%
The heat flux is:
” w_C_ dT (x)
_ ew”p " a
qy; (x) = nd, ax EQ1)

where the terms are defined as in Equation 9. The heat flux uncertainty is
defined as:

i ( a ” 2 T l
0 2 NP\ 2
” a( g)
S _ | MWen | 2 | Ndx/ | 2 EQ12)
q” qll w q” EI_'
dx
5 \ Y, i
where
c = uncertainty.

The partial differential of Equation 11 with respect to W divided by q” is 1/
W,,, and the partial differential with respect to the temperature gradient
divided by q” is one over the temperature gradient. Therefore Equation 12
becomes:




2

o | &
;17 = | 5+—%5 EQ13)
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dx

Most of this uncertainty comes from the uncertainty in the axial gradient
of the cooling water temperature. The report gives the following information:

Ow = OOIWCW (EQ 14)
- ar
O'g = 0.15(2;) (EQ1S5)
dx

Using Equation 14 and Equation 15 in Equation 13 yields a heat flux
uncertainty of about 15%.

The temperature gradients were calculated by taking derivatives from a
least squares polynomial fit of the annulus water temperature measurement.

As was the case for the UCB-Kuhn tests, no NC uncertainties are reported.

Siddique used air injection to help get a well mixed average cooling water
temperature. This may have caused accuracy problems that were not
accounted for. Page 71 of the UCB-Kuhn!® report says that: “ recent use of
Siddique’s equipment has shown that the measured bulk temperatures
depend on the air flowrate. Further it has not been found possible to repro-
duce Siddique’s data.” No reference is given for the ‘recent use’. This implies
that the above uncertainties may be optimistic.

5.5 MIT-Siddique Data Repeatability
Duplicate tests were not performed.

5.6 MIT-Siddique Data Reduction Method

Siddique found the axial heat flux values from Equation 9 as was done for
the UCB experiment, except that the temperature was the bulk water temper-
ature instead of the annulus wall temperature. No iterative check on the exit
annulus water temperature and analytical solution for the radial temperature
profile was needed because Siddique’s measured annulus temperature was in
the bulk stream rather than at the wall. This assumes good mixing was occur-
ring. Siddique’s data tables show the integral of the estimated heat flux into
the water jacket. On a few of the tests, this integral value was checked against
the reported flow rate times the total enthalpy change calculated from the
inlet and outlet water temperatures. Differences of less than 1% were found.

Siddique tried to check the heat flux obtained from the annulus water tem-
perature gradient by using the measured gradient across the condenser tube
wall. This method failed because of “a large scatter in the tube outer wall tem-



perature measurements (possibly due to fluctuations in the cooling water flow
field)”. The probability of air bubbles causing the fluctuations is unknown.

5.7 MIT-Siddique Test Deficiencies

All the deficiencies in the UCB tests were present in the MIT tests. In
addition, the MIT tests had no steam-only cases and no repeatability tests
were reported. Also air injection in the water jacket to promote mixing may
have been a problem. The measured heat flux values, which will be compared
to RELAP5 predicted values, have a larger uncertainty band than those for
UCB.

6.0 RELAPS Wall Condensation Models

Two wall condensation models will be available in Mod 3.2 because the
model selection process is not complete. The base model is Nusselt with UCB
multiplier f1, see Equation 6, to account for gas shear on the liquid film and
£2, see Equation 8, to account for heat transfer degradation caused by the
presence of noncondensable gas. ?

The second RELAP5 condensation option is the maximum of the Nusselt
and the Shaw?? model in place of the Nusselt model the f1 factor and the Col-
burn-Hougen?! diffusion method in place of the f2 factor. The details of the
last model can be found in Volume 4 of the 1995 RELAP5 documentation of
MOD 3.2. The Colburn-Hougen diffusion calculation involves an iterative pro-
cess to solve for the steam saturation temperature at the interface between
the steam and water film. A third condensation model is being developed
which will use the diffusion method for both the wall and steam-water interfa-
cial heat transfer rates. Currently the two wall condensation models are par-
tially uncoupled from the interfacial heat transfer model. The mass transfer
rate calculated in either of the two wall condensation heat transfer sections of
the code are used in the energy and mass continuity equations. However, the
bulk interfacial part of the code does not recognize a unique film condensation
mode where, in steady state, heat from the gas must equal heat to the wall.

7.0 RELAPS Model of UCB-Kuhn Test Apparatus

Figure 14 shows the RELAP5 model components. Nine cells were used in
the pipe to cover all the locations where heat flux data is reported. The model
cell L/D was about 4. RELAP5 models of the SBWR reactor PCCS normally
have about eight cells with an I/D of 4.6.

Since the task objective is to assess the ability of the code to predict condi-

a. The RELAPS5 correlation is believed to be similar to the one used by
TRACG. Vial and Schrock!? compared TRACG with MIT and early
UCB data but did not report the details of the correlation implementa-
tion.
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FIGURE 14. RELAPS Model of UCB and MIT experiment.

tions inside the tube, the coolant channel was not modelled. ''he outer bound-
ary condition is the measured inside wall temperature. The wall was modeled
as a thin wall with high thermal conductivity so the inner and outer tempera-
ture would be nearly the same. RELAP5 was compared with ‘measured’ heat
flux and noncondensable quality values.

7.1 UCB-Kuhn Tests Chosen for Assessment

Of the 141 tests performed by Kuhn, 27 were chosen for code assessment
(see Table 6). They were chosen to systematically cover the entire test matrix.
Nine of the tests are steam-only, fifteen are steam-air and three are steam-
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helium. The inlet gas Reynolds numbers were calculated by RELAPS.
Table 6. UCB-Kuhn Tests Selected for Assessment

Inlet | Inlet NC l(\;/hz":ture Inlet Gas | Inlet Gas
Press | Mass Flow Mass Reynolds
Test ure Fraction | Rate(kg/ } Flux Number

# Number-Gas | (MPa) | (%) s)x100 (kgls-mz) (Approx.)

1 TT:I-Steam 0.1 01 1.67 B 0.44 36000

2 1.1-2-Steam | 0.2 0 1.71 0.64 35000

3 1.1-3-Steam | 0.3 0 1.67 9.41 32000

4 1.1-4-Steam | 0.4 0 1.67 0.44 31000

5 1.1-5-Steam | 0.5 0 1.69 9.56 30000

6 1.4-1-Steam | 0.1 0 0.833 4.70 18000

7 1.4-3-Steam | 0.3 0 0.786 4.43 14000

8 1.4-5-Steam | 0.5 0 0.819 4.62 14000

9 6.1-5-Steam | 0.5 0 1.64 9.28 30000

10 | 2.1-1-Air 0.4 1 41 7.93 25000

11 2.1-7-Air 0.4 10 1.56 8.79 27000

12 | 3.1-2-Air 0.2 1 1.65 9.30 32000

13 | 3.2-2-Air 0.2 5 1.66 9.39 32000

14 | 3.3-2-Air 0.2 10 1.84 104 34000

15 | 3.4-2-Air 0.2 20 1.66 9.39 30000

16 | 3.5-2-Air 0.2 40 1.66 9.37 28000

17 | 3.1-5-Air 0.5 1 1.66 9.37 29000

18 | 3.3-5-Air 0.5 10 1.84 104 32000

19 | 3.5-5-Air 0.5 40 2.63 149 41000

20 | 4.1-2-Air 0.2 1 0.839 4.74 16000

21 | 4.3-2-Air 0.2 10 0.965 545 19000

22 | 4.5-2-Air 0.2 40 1.39 7.87 23000

23 | 4.3-5-Air 0.5 10 1.01 5.68 17000

24 | 4.5-5-Air 0.5 40 1.39 7.84 21000
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Table 6. UCB-Kuhn Tests Selected for Assessment (Continued)

Gas
Inlet | Inlet NC | Mixture | Inlet Gas | Inlet Gas
Press | Mass Flow Mass Reynolds
Test ure Fraction | Rate(kg/ | Flux Number
# Number-Gas | (MPa) | (%) $)x100 (kg/s-m?) | (Approx.)
p—— e e e —— —er—————
25 5.2-1-Helium | 0.4 03 1.26 7.09 23000
26 5.2-3-Helium | 0.4 1 1.29 7.26 23000
27 5.2-6-Helium | 0.4 10 141 7.94 23000

7.2 UCB-Kuhn Heat Flux Comparisons with RELAPS

Fifty four RELAP5/MODS3 (version 8ci; a developmental version of MOD
3.2) calculations were made to obtain all the comparisons with the UCB-Kuhn
data. Appendix A shows the 27 heat flux profiles with data and two RELAP5
calculations on each plot. R5 Default on the plots means RELAP5 was using
the Nusselt-UCB model to obtain the results. R5 Diffusion refers to use of the
Shaw-Colburn-Hougen model.

All the measured versus predicted data points were processed to obtain the
RMS value for the two RELAP5 condensation methods. The RMS value was
defined as:

N ” ” 2
z 4 predicted ™ 9 measured
qll
= 1 measured
RMS zea EQ 16)
where
N = total number of points.

The values for RMS are given in Table 9. Two-hundred and five data points
are in the data set (205 is less than 9 cells times 27 tests because some tests
only reported data at the first few axial positions). For some tests, only the
first three elevations were reported because the tube was full of water below
that location. The Diffusion method performs best with data both with and
without noncondensables. Referencel6 reports that their Kuhn-Schrock-
Peterson (K-S-P) prediction method compared to their own data has a stan-
dard deviation of 0.129. The K-S-P correlation is an upgraded version of
Equation 5 through Equation 8 and has a different f2 form for air than it
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does for helium.

Table 7. Summary of RMS Values for UCB Data versus RELAPS Prediction.

RMS Value | RMS Value | RMS Value | RMS Value
RELAPS all 205 steam only | air only helium only
Condensation Model | points 62 points 119 points | 24 points
e e
Default 0.395 0.435 0.343 0.566
Diffusion 0.188 0.211 0.181 0.163

To further define where the heat flux uncertainties were the largest, a plot
of heat flux error versus pressure for a fixed flow was made using the steam
only data (the first five Tests in Table 6). Results are shown in Figure 15 and
Figure 16. The Default method agrees best at the highest pressure and the
reverse is true of the Diffusion model.

RELAPS Default Method Errors Kuhn Steam Data vs. Pressure
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FIGURE 15. RELAPS Default errors vs. pressure using Kuhn steam data.

Figure 17 shows that the Default method errors are larger at low NC
quality values than at high values. The Diffusion method shows the opposite
trend (see Figure 18). Tests 3.1-2, 3.2-2, 3.3-2, 3.4-2 and 3.5-2 were used for
this later comparison.

Scatter plots of measured heat flux versus predicted heat flux are shown
for the two RELAP5 condensation methods in Figure 19 and Figure 20, for
all 205 data points. Superior agreement of the Diffusion model with Kuhn
data compared to the Default model is evident in these two figures.
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FIGURE 16. RELAPS5 Diffusion errors vs. pressure using Kuhn steam data.
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FIGURE 17. RELAPS Default method errors versus UCB NC quality.
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FIGURE 18. RELAPS5 Diffusion method errors versus UCB NC quality.

UCB Measured vs R5 Default Heat Flux
O¢3O 00 1 ' ¢ v 1 7 ¢ v vt

025 F
0.20 |
0.15 F

0.10 |

Predicted Heat Flux (MW/m2)

0.05 |

PSS S R R ST SR N WU T S T S
0.00 0.05 0.10 0.15 0.20
Measured Heat Flux (M'W/m2)

0.00

FIGURE 19. UCB measured vs. RELAPS5 Default method predicted heat flux.
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FIGURE 20. UCB measured vs. RELAPS Diffusion method predicted heat flux.

7.3 UCB-Kuhn NC Quality Comparisons with RELAPS
Appendix B shows RELAP5 comparisons with the 18 NC quality profiles.
The NC quality is defined as:

X = Mass (NC)
NC ™ Mass (NC) + Mass (Steam)

RELAP5 generally overpredicted the NC quality. The RELAP5 NC quality
values are plotted at the RELAP5 cell exit axial position instead of at the cell
center position. This was done because the quality reported for a cell is a func-
tion of the area integral of the heat flux along the complete length of the cell.

(EQ17)

8.0 RELAPS Model of MIT-Siddique Test Apparatus

The MIT test apparatus was similar enough to the Kuhn setup that it was
modeled the same way. The main difference was that the lengths of the nine
cells were changed to more closely match the MIT instrumentation locations.

8.1 MIT-Siddique Tests Chosen for Assessment

Siddique reported results from 52 steam-air tests and 22 steam-helium
tests. Eleven air and seven helium tests, shown in Table 8, were chosen for
assessment. The tests where chosen to cover the pressure, flow and NC qual-
ity ranges available.
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Table 8. MIT-Siddique Test Chosen for Assessment

Inlet
Inlet Mass
NC Inlet Inlet Gas Flow
Test | Inlet Mass Mass Reynolds Rate
Number- Pressure | Fraction | Flux Mumber (kg/s)
# | Gas (MPa) | (%) (kg/m%-s) | (Approx.) | x100
[T [7Ar 0209 |802 |L71 _ |4600  |0284 |
2 | 8-Air 0.217 13.68 1.80 4900 0.299
3 | 19-Air 0.114 16.77 3.99 14000 0.663
4 | 24-Air 0214 11.28 3.84 12000 0.639
5 |25-Air 0.221 15.46 4.12 13000 0.685
6 | 26-Air 0.233 22.38 4.45 13000 0.740
7 | 27-Air 0.243 26.90 4.73 14000 0.786
8 | 28-Air 0.252 30.60 4.90 14000 0.814
9 | 29-Air 0.266 35.61 5.36 15000 0.890
10 | 31-Air 0.403 14.80 1.71 12000 0.644
11 | 42-Air 0.221 14.85 6.08 20000 1.01
12 | 6-Helium 0.244 4.792 1.53 5000 0.255
13 | 14-Helium | 0.144 5.317 3.28 12000 0.545
14 | 16-Helium | 0.214 2.133 3.16 11000 0.526
15 | 17-Helium | 0.252 5.363 3.30 11000 0.549
16 | 18-Helium | 0.271 7.306 3.33 11000 0.553
17 | 19-Helium | 0.293 9.322 3.33 10000 0.553
18 | 22-Helium | 0.465 5.426 3.59 11000 0.596

8.2 MIT-Siddique Heat Flux Comparisons with RELAPS

" Appendix C shows the RELAP5 calculated versus measured heat flux pro-
files for the 18 MIT tests for recorded data at 10 cm downstream of the inlet
and below (see Figure 13).

All the measured versus predicted data points were processed to obtain the
RMS value for the RELAP5 condensation models. The 10 cm data were omit-
ted from the RMS study as it was in the UCB study to remove the influence of
axial conduction on the RMS errors. This left eight axial data points within
the region modeled by RELAPS5. Since the RELAP5 cell center positions were
not exactly aligned with the measurement positions, interpolation was used to
obtain the heat flux at the measurement elevations. The comparison points
were also limited to all points with a measured heat flux greater than 0.001
MW/m? because the experimental errors became large at low values of heat
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fluz. This data limiting procedure was not needed with the UCB-Kuhn data
because Kuhn only included the thin film condensation points in the data
base. Near the bottom of the MIT test section the heat flux values are small
because the steam content is small. Small values of heat flux result in large
errors in the derivatives of the axial water temperature profile. The RMS val-
ues for the MIT data are given in Table 9. A comparison with points above a
heat flux of 0.002 and 0.005 MW/m? is also given. The RMS values improve as
the low heat flux points are removed. On the basis of the comparison to the

MIT data, neither of the models appear acceptable.

Table 9. Summary of RMS Values for MIT Data versus RELAPS Prediction.

RMS Value

RMS Value | RMS Value | RMS Value | RMS Value | with 62

with 136 with 132 with 123 with 61 air | helium

points points points points points
RELAPS above above above above above
Condensa | q”=1kW/ | q’=2kW/ |q’=5kW/ |q”=5kW/ [|q”=5kW/
tion Model | m? m? m? m2 m2

_ ﬁﬁ

Default 1.120 0.882 0.463 0.498 0.431
Diffusion 1.44 0.915 0.358 0.301 0.409

Scatter plots are shown for the RELAP5 condensation models in
Figure 21 and Figure 22 using the 123 point data set. The percent error
near a heat flux of zero is large.

8.3 MIT-Siddique NC Quality Comparisons with RELAPS
Appendix D shows the 18 quality profiles. The quality at each location is a
function of the inlet quality and the integral of the heat flux and are plotted at
the cell exit position. The quality profile comparisons between the data and
the predictions appear worse than the heat flux comparisons shown in Appen-
dix C in many cases.
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FIGURE 21. MIT measured vs. RELAPS5 Default method predicted heat flux.
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FIGURE 22. MIT measured vs. RELAPS Diffusion method predicted heat flux.
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9.0 Summary and Conclusions

Two assessment efforts are described in the preceding sections: assessment
of the tests and assessment of the RELAPS5 code.

« Assessment of the UCB and MIT condensation tests yielded the following
conclusions:

1. The test scaling and parameter ranges were adequate for characterizing
the PCCS but not for the ICS. All of the tests were run at low pressure,
whereas the ICS operates at high pressure.

9. A weakness of the early UCB tests and the entire MIT test series was
that ‘steam-only’ data were not taken. Steam-only data offers a base case
to quantify the effect of noncondensables on condensation heat transfer.

3. The dominant contributor to the experimental uncertainty in both tests
was obtaining the condensation heat flux from the cooling water temper-
ature axial gradient.

4. The uncertainty bands on the UCB-Kuhn heat flux were smaller than
those on the MIT-Siddique data. However, the heat flux uncertainty
bands appear to be underestimated since some of the UCB test repeat-
ability experiments do not have uncertainty bars which overlap each
other when plotted on the same graph.

« Assessment of RELAPS5 code using UCB and MIT data resulted in the fol-
lowing conclusions:
1. The RELAP5 Default model prediction accuracy is poor for many of the

tests.
9. Neither the Default or the Diffusion model predictions were consistently

within the data uncertainty bands.

3. The Diffusion model yielded RMS errors of about 20% when compared to
all the UCB-Kuhn data. Consideration should be given to make the Dif-
fusion model the RELAP5 default model.

4. Both models gave RMS errors on the MIT tests above 35% even after the
low heat flux points were removed from consideration.
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APPENDIX A

UCB Wall Condensation Heat Flux
Comparisons with RELAP5/MOD3.2
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FIGURE Al. RELAPS heat flux comparison with UCE-Kuhn Test 1.1-1
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APPENDIX B

UCB Wall Condensation NC Quality
Comparisons with RELAP5/MOD3.2
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APPENDIX C

MIT Wall Condensation Heat Flux
Comparisons with RELAP5/MOD3.2
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APPENDIX D

MIT Wall Condensation NC Quality
Comparisons with RELAP5/MOD3.2
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FIGURE D1. RELAP5 NC quality comparison with MIT-Siddique Test 7A.
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FIGURE D2. RELAPS5 NC quality comparison with MIT-Siddique Test 8A.
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FIGURE D3. RELAP5 NC quality comparison with MIT-Siddique Test 19A.
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FIGURE D7. RELAP5 NC quality comparison with MIT-Siddique Test 27A.
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FIGURE D9. RELAPS NC quality comparison withMIT-Siddique Test 29A.
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FIGURE D10. RELAP5 NC quality comparison with MIT-Siddique Test 31A.
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FIGURE D11. RELAP5 NC quality comparison with MIT-Siddique Test 42A.
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FIGURE D14. RELAP5 NC quality comparison with MIT-Siddique Test 16H.

D-8

AL o rrc o v . TMATINSTATT T T T v T owe o



Siddique Test 17H, R5/v 3.2
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FIGURE D15, RELAPS NC quality comparison with MIT-Siddique Test 17H.
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FIGURE D16. RELAP5 NC quality comparison with MIT-Siddique Test 18H.
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FIGURE D17. RELAP5 NC quality comparison with MIT-Siddique Test 19H.
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FIGURE D18. RELAP5 NC quality comparison with MIT-Siddique Test 22H.
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