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ABSTRACT

An experimental program was conducted to investigate steam condensation inside
of tubes in the presence of noncondensables The work was conducted at UC Berkeley
and at MIT The work was initiated in order to obtain a database and a correlation for
heat transfer in similar conditions as would occur in the SBWR PCCS tubes dunng a DBA
LOCA Three researchers utilized three separate experimental configurations at UC
Berkeley while two researchers utilized one configuration at MIT. The researchers ran
tests with pure steam, steam/air, and steam/helium with flowrates and noncondensable
mass fractions representative and bounding of a DBA LOCA. The experimenters found
the system to be well behaved for all tests with either of the noncondensables for forced
flow conditions similar to the SBWR design The results of the first test at UC Berkeley
became the basis for the correlation used currently in the computer code TRACG  Recent
tests at UC Berkeley have shown that the version of the correlation installed in TRACG
generally overpredicts the gas-side heat transfer A correlation based on the latest
Berkeley data was used to show that the latest data do not significantly impact the
containment performance

5 DRAFT
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NOMENCLATURE

Symbol Description

b constant

C cunstant

c specific heat at constant pressure
= lf Diameter (no subscript indicates inner diameter)
¥ f degradation facior
' fr friction factor

g gravity force

h heat transfer coefficient

hfg latent heat of vaponzation

heg' modified latent heat of vaponzation
' H horsepower

ID inside diameter

Ja Jakob number = Cppy/(Tp-Tow )b

k thermal conductivity

L length

Mg noncondensable gas mass fraction
l MIT Massachusetts Institute of Technology

N number of data points

Nu Nusselt number = hD/kq,

oD outside diameter

P pressure

q"(x) local heat flux as a function of x
' R thermal resistance

Re Reynolds number (defined in text)

. standara deviation

1 temperature

{ velocity

UCB University of California at Berkeley
l W mass flow rate

X axial coordinate along condensing surface referenced to the top

: ' X mole fraction
z axial coordinate in the coolant annulus

Oreek Letters

8y condensate film thickness assuming no interfacial shear
) condensate film thickness assuming interfacial shear
l [ condensate mass flow rate per unit width
1 shear
p mass density
M VISCOSItY
v kinematic viscosity = Wwp
. ¢ function
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1.2 Necessity of Test Program

The PCCS tubes are an essential part of the SBWR passive heat removal systems.
in order to develop and qualify modeling tools which evaluate the performance of the
overall system, experimental data are needed Before the imitiation of this investigation,
experimental data for steam condensation inside of tubes in the presence of
noncondensables were rare. The data that were available only showed average heat
transfer results. To make appropriate use of detailed thermal-hydraulic codes, such as
TRACG, requires correlation of local heat transfer data An understanding of steam
condensation in the presence of noncondensables necessitates that local quantities such as
noncondensable mass fractions, local condensate flow rate, and local heat flux be resolved

1.3  Scope of Testing

The intent of this experimental program was to obtain a base of local heat transfer
data for the range of steam/noncondensable flows expected in a DBA LOCA. This
database has been used to develop a correlation suitable to TRACG and other codes and
to support the evaluation of post-LOCA performance of the SBWR containment. The
tubes used in the tests were prototypical in size, with the exception of the initial test at UC
Berkeley which had a | inch diameter tube instead of a 2 inch diameter tube.

The noncondensable gas that would be present in a DBA LOCA would be
essentially all nitrogen from the inert containment atmosphere (negligible quantities of
hydrogen and oxygen are produced by radiolysis) Under severe accident conditions
hydrogsn may be produced by a steam-zircaloy reaction. For safety reasons and for
experimental ease, these noncondensables were represented by air and helium,
respectively ~ Air and helium have similar properties to nitrogen and hydrogen,
respectively, and are expected to closely mimic the effects of nitrogen and hydrogen on
the condensation process. The pressure range for the experiments was from 03 to §
atmospheres. The steam flowrates ranged from 20 to 60 kg/hr  The air inlet mass
fractions ranged from 0 to C 40 while the helium mass fractions ranged from 0 to 0.20
The cooling side of the heat exchanger was accomplished by forced convection of
subcooled water.

. DRAFT
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1.4 Status of Test Program

The tests being conducted at UC Berkeley and MIT were scheduled to be
completed in October of 1993  This report was intended to be the final report on the
subject. However, both Universities experienced delays, largely caused by equipment
failures Both Universities are finished taking data and are in the process of reducing and
analyzing the data. UC Berkeley will issue a final report in January of 1994 and MIT will
issue a report on their current work in the first half of calendar 1994 This present report
includes much of the results of the latest UC Berkeley work After the universities
complete their work, GE will submut the final report on the single tube condensation tests

S DRAFT
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2.1.2 Discussion of Results

Vierow ran a total of 35 tests In 18 of those .ests the system reached a steady
state and the condenser tube wall tempersture monotonically decreased with distance from
the entrance to the condensing section In 12 tests which reached a steady state the
condenser tube wall temperature increased with distance fror. the entrance and then
between 24 and 48 cm downsteam the temperature monotonically decreased to the
cooling water temperature This was termed a “temperature inversion” and was an
unexpected finding Typical plots of cases with and without temperature inversions are
shown in Figure 2 1-3 Temperature inversions occurred when the air mass fraction was
Jow and were more in evidence as the heater power was increased. In three cases system
oscillations occurred during startup with the system settling to a steady state and in two
cases oscillations occurred which did not die out Both of these took place when the air
content was high

The flow oscillations are described in both Vierow [1990] and Vierow and
Schrock [1991] Plots of tube wall and coolant outlet temperature with time are shown in
Figure 2 1-4 While the flow oscillations are phenomenologically interesting, they are not
applicable to the SBWR PCCS design. The Vierow experiment was a pure natural
circulation driven flow, i.e flow ceases when heat transfer ceases The SBWR PCCS tube
flow is forced circulation driven by the pressure difference between the drywell and the
wetwell, even for small inlet noncondensable mass fractions.

The non-oscillatory runs from Vierow can be divided into those with temperature
inversions and those without A partial explanation of the temperature inversions are
made in Vierow [1990] starting on page 59 Siddique at MIT [1992] and the latest tests
at UCB, Kuhn et al [1993), both forced circulation experiments, do not report the
existence of such a temperature inversion. Schrock [1993] postulates that it is a result of
the setup of the flow in a manner which appears 10 be unique to natural circulation. The
data from runs with a temperature inversion were not included in the Vierow-Schrock
correlation ("Tsukuba" correlation), discussed in Section 3.1, on the above-mentioned
basis that they are inapplicable to the SBWR with its forced venting mechanism

2.1.3 Experimental Uncertainties

The two most prominent uncertainties in this experiment were. 1) determining the
inlet air mass fraction, 2) determining the coolant bulk temperature In order to obtain the
air mass fraction at the condenser entrance, the air holdup was determined from
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32.2.2 Discussion of Results

Ciddique ran 52 air/steam and 22 helium/steam tests. He reported neither
oscillations in the test experiment nor a temperature inversion. His inlet air mass fractions
ranged from 009 10 0.42. A test matrix is shown in Table 2 2-1

Comparison of heat transfer coefficients of Siddique and those produced from the
correlation in Vierow [1990] are shown in Figure 2 2-4. Note that the correlation used
for comparing the UCB data is not the "Tsukuba" correlation of Vierow and
Schrock [1991], but is an unpublished correlation from Vierow's thesis.
Notwithstanding, it is still useful for this comparison. It is clear from both plots that the
MIT data predict much higher heat transfer coefficients than does the correlation in
Vierow [1990] This will be explored in more detail in Section 223

Siddigue tested helium/steam mixtures as well as air/steam mixtures. He reported
that, for the same mass fraction, helium degrades the heat transfer more than air does. For
the same mole fraction, air degrades the heat transfer more than does helium This is a
useful, but not a surprising result The gas-side heat transfer is controlled to a large extent
by the partial pressure of steam near the condensate/gas interface. The lower the partial
pressure of steam is (for a given total pressure) the lower the heat transfer will be  The
partial pressure of steam at the interface is controlled by the partial pressure (or
equivalently volume fraction and therefore mole fraction) of the noncondensabie gas ar the
interface.  This, in turn, is controlled by two factors. the bulk amount of the
noncondensable gas in moles and its ability to diffuse away from the interface Because
helium has near an order of magnitude greater moles per unit mass than does air, one
would expect it to degrade the heat transfer more than air does on & mass basis. As steam
condenses, a concentration gradient of noncondensable gas appears near the
condensate/gas mixture interface The ability of the noncondensable to diffuse in steam
will then determine the partial pressure of the noncondensable at the interface for a given
bulk molar fraction Therefore, a gas that diffuses well in steam will degrade steam
condensation heat transfer less than a gas that diffuses poorly Helium diffuses much
better than air in steam and as a result does not degrade heat transfer as much as air doe-
on a molar basis

Plots comparing the ratio of Nusselt numbers of the system run with helium and
the system run with air are shown in Figure 2 2-5 and 2 2-6. Siddique did not expenence
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any differences running the system with helium versus air. No unusual profiles, no
transients, and no stalling were reported

113 Experimental Uncertainties

Data from the current tests at MIT (not presented in this report) as well as analysis
of Siddique's data at UCB reveal some guestions about the data reduction which resulted
in large heat transfer coefficients near the entrance of the tube In analyzing the data for
the Vial correlation (Section 3 4), UCB discovered that Siddique extrapolated the coolant
temperature at the upper end of the test section. The first cooling jacket thermocouple
was located at a distance of 41 cm from the entrance of the tube Siddique reported
condenser tube wall temperatures at a distance of 10 cm from the inlet but did not report a
coolant water temperature  He took the bulk temperature of the coolant at x = 0 to be the
value recorded by the thermocouple located on the coolant exit pipe. It was not clear that
this was indeed measuring the bulk temperature of the coolant. Trying te fit 2 coolant
temperature curve for x < 41 cm using the coolant exit temperature was difficult to justify
and thus only the data at locations greater than or equal to x = 41 cm were included in the
Vial correlation Golay [1993] agreed to this treatment of the data. With this data
excluded the large differences in heat transfer near the entrance of the tube, shown in
Figure 2 2-4, are eliminated. Possible additional sources of error not reported by Siddique
are. 1) uncertainties in obtaining the bulk coolant temperature measurements and 2)
design problem associated with the coolant flow outlet

Siddique's method of injecting air bubbles into the coolant to promote turbulence is
a reasonable procedure but the documentation of the experiments does not provide
sufficient detail for a complete evaluation A detailed evaluation is included in the current
MIT experiment.  Another possible concern about obtaining the bulk coolant
measurements is that all the thermocouple leads for the condenser tube wall are led up
through the annulus and exit at the top. This is a problem which is difficult to avoid, but
nevertheless, the leads can potentially disturb the flow and possibly cause stagnant regions
near the condenser tube

Figure 2 2-7 shows detail of the test section upper end. The figure shows that
there is a region above the coolant outlet where cooling may take place. An improved
design would have the coolant outlet tlush with the top end of the available condensing
tube The problem is compounded by the possibility that air may air collect at the top of
the coolant annulus and inhibit heat transfer Also like Vierow, the coolant outlet is

2-f y
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the top of the cooling jacket the water was cooled by a sheli and tube heat exchanger
The system was a closed loop in order to conserve water.

Sixteen copper-constantan (T-type) thermocouples were used to collect
temperature measurements in the experiment.  Ten were brazed to the outside condensing
tube wall and were spaced in a logarithmic manner along the length of the tube The
remaining six thermocouples were stainless steel sheathed and were placed after the
flanges inside the cooling water annulus  The spacing was also logarithmic with the closer
spacing at the top of the test section All the thermocouples wires entered the test section
through the nearest flanged section. The data reduction methods used by Ogg were
similar to those used by Vierow and are explained in Section 211 Ogg also had a
movable wet bulb probe, but the measurements were not used in the data reduction

232 Discussion of Results

The full test matrix is shown in Table 2 3-1 Ogg reports that the system operation
was very well behaved for all flow conditions No oscillatory behavior was observed
Ogg states that the most notable phenomenon present in the experiment was the condenser
tube wall temperature inversion at the test section inlet. A typical profile is shown in
Figure 2 3-2 The temperature inversion in Vierow [1990] was only present for cases of
low air mass fractions In Ogg, the inversion occurred in virtually all of the cases and 1t
was of a different shape than that of Vierow The Ogg data show an initial decrease in
tube wall temperature followed by a peak then a decline. Vierow's inversion had an initial
increase followed by a decrease Ogg, like Siddique also found that the degradation in
heat transfer on a molar basis with helium was less than the degradation caused by air A
comparison of the Ogg data with Vierow data will be made by comparing the correlations
in Section 3 3

233 Experimental Uncertainties and Analysis

The Ogg results were never published or presented in any journal or conference
because of some inconsistencies in the results Some of the runs, particularly the pure
steam runs, lacked reproducibility Thus, the f] correlation of Ogg is not viewed with a
high degree of confidence. In addition, upon teardown of the Ogg test section it was
noticed that a thermocouple on the condenser tube wail had come loose. The results are
relevant, but should be viewed = ith some skepticism Lessons were learned from this
expeniment provided the basis for mprovements which were apphed to the final tests done
at UC Berkeley by Kuhn et al [1.93]
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I:‘ I(r)v,(r)dr
e =% 24-9
f v,(r)dr
R,
and the cooling water bulk temperature ratio f is defined as
I-T, I _-T
= e 4-10
st 2 Al e -

and this is used in equation 2 4-4 to obtain T}, from measured values of the outside tube
wall temperature and the cooling jacket adiabatic temperature Ty

2.4.2 Results
The complete results will be available in Kuhn et al [1993]. At the time of this

report only limited results were available in a plotted form  These resuits will be discussed

in Section 3.6 A test matrix is shown in Table 2 4-1
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NEDC-32301
Y Run Inlet Air Inlet Inlet steam Run Inlet Air Inlet Inlet steam
No Mass Temp. flowrate No. Mass Temp. flowrate
Frac (°C) (kg/hr) Frac (°C) (kg/hr)
1 0 09 1000 893 27 027 1199 20.70
P 2 0.15 100.0 g 83 28 0.31 1199 20.35
3 018 100.2 8 76 29 036 1199 20.65
4 0.24 100.0 915 30 0.10 140.0 19 95
5 029 100.1 912 31 0.15 140.2 19.73
® 6 033 100 0 9 09 32 0.20 140 2 1992
7 0 08 1199 9 39 33 025 140.0 2037
8 0.14 1199 9 30 34 0.32 140.0 19 90
9 019 1199 924 35 011 100 0 2534
* 10 026 119 6 g 97 36 014 100.5 2708
| 1] 033 1200 938 37 0.19 1005 28 63
12 042 1199 8 80 38 024 100.5 28 84
13 0.11 140 0 7 98 39 0.30 100 5 28.76
e 14 018 139.9 8 04 40 035 100 5 28 97
15 0.24 1399 795 41 0.10 120 1 30 41
16 030 1399 8 00 42 0.15 1201 3097
17 0.34 1399 792 43 020 1201 3035
18 0.12 100.0 2002 44 024 120 1 2991
19 017 100 1 19 85 45 031 1201 29 41
20 021 100.2 19 82 46 034 120.1 29 61
21 0.25 100 2 19 99 47 010 140 0 3191
22 0.31 100.0 19 68 48 0.15 140 0 31.75
23 0.35 100 0 19 82 49 020 140 0 3190
24 0.11 120.0 20.42 50 025 140 1 3161
25 0.15 120.0 20 84 51 0.30 140 1 3141
26 022 1199 20 67 52 035 140 1 31.09

Table 2 2-ia  Test matrix for air/steam runs of Siddique

L]
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Run Inlet He Inlet Inlet steam
No Mass Temp. flowrate
Frac (°C) (kg/hr)
1 002 101.2 8 93
2 0 04 101.2 8 83
3 007 1013 8 76
B 010 100 8 915
b 002 120.0 912
6 00§ 1200 909
7 008 1201 9139
8 0.11 1197 9 30
9 003 1392 924
10 0 04 1396 8 97
11 0 06 1393 938
12 002 1019 8 80
13 004 102.9 798
14 0.0§ 103.5 g 04
15 007 1039 795
16 002 1194 8 00
17 005 120 4 7.92
18 007 1203 20.02
19 009 1203 19 85
20 002 141 19 82
21 0.04 140 9 1999
22 0.05 140 8 19 68

Table 2 2-1b- Test matrix for helium/steam runs of Siddique
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TEST RUN NUMBERS

(Numbers identify test runs performed in chronological order)

Steam flow in kg/hr (Ibm/hr)

72.7 61.4 50.0 386 273 159

(160.0) (135.0) (110.0) (85.0) (60.0) (35.0)
Air Now
(%)
40.0 L "o 4.1 13.1 142 113
15.0 134 13.3 13.2 124 11.4 16.2
10.0 12.1 12.2 12.3 154 16.1 18.3
5.0 15.1 15.2 15.3 17.4 18.1 184
20 17.1 17.2 17.3 19.4 18.2 .0
1.0 19.1 19.3 19.2 i e e
Os LA LA L e e s
0.0 8.1 8.2 83 103 1.1 11.2
He (%)
5.0 » it ot ad 21.1 213
2.0 25.1 25.2 25.3 204 21.2 214
1.0 20.1 20.2 20.3 234 241 242
0.5 23.1 23.2 233 243 oe .

Table 3 2-1a Test matrix for Ogg experiment Used with permission
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SYSTEM INLET PRESSURES
(ABSOLUTE)

RUN # iinlet P. (kPa) RUN # inlet P. (kPa)
8.1 116.0 ER 186.14
8.2 T03.64 79.2 183 94
] 98 34 9.3 779.83
10.3 9792 9.4 739.1¢
11.1 100.05 20.1 273.90
11.2 98 88 20.2] _ 215.78
11.3 105.64 20.3 12697
1.4 105.64 20 4 160.41
2.1 T70.47] AR 74481
12.2 110. 1. 708.95
2. 709.91 : 709.78
iZ.4 107. 214 104.06
131 721.98 23.1 789.33
73, 718, 23.2 73479
J B 131, 233 156.05
X 143.70! 23.4 137.28
4.1 722. 24,1 T06.88
4.2 106. 24.2 104.95
181 50! 243 132.46
18.2 T4e. 25.1 30661

15.3 123.75 : . 792 43
154 738.98 26 4 176.44
6.1 152 .69 27.11 _ 101.38
6.2 T25.4 . 100.07
771 251.73 “27.3 92 62
7.2 T45.14) 27 4 8537
173 132, 27.5 112.76
7.4 725.56 27.6 T00.83
N 117.

8.2 104.90!

8.3 110.42

8.4 105.66

Table 3 2-1b  Test matrix for Ogg experiment. Used with permission
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Experimental Test Matrix

P Test section inlet pressure (atm)

Ma Air inlet mass fraction

Series PS4 (Pure steam) : 42 runs

Ws  Steam inlet flow rate (kg/hr)

Mh  Helium inlet mass fraction

Ws P 1 atm 2 am 3 atm 4 atm 5 atm
60 1.141 11-2 1.1-3 114 118
50 1241 12-2 1.2-3 124 125
40 1.3-1 132 133 1.3-4 135
30 141 14-2 14-3 144 145
60 (R) 1.141R 1.1-ZR 1.1-3R 1.1-4R1 1.1-5R1
40 (R) 1.3-1R1 132R1 1.3-3R1 1.3-4R1 1.3-5R1
Extra 1.1.4R2 1 1-4R3 1.1-5R2 1.1-5R3 1.2-4R1
1.2-5R1 13-1R2 1.3-2R2 13-3R2 1.2 4R2
1.3-5R2 1 4-4R1
Series NC (air-steam mixture) : 32 runs
Ws = 50 kg/hr, P = 4atm
Ma Ma Wa o
1% 211 8% 216 25% 2.1-10
2% 212 10% 217 30% 21-11
3% 21-3 15% 21-8 35% 2112
4% 214 20% 21-8 40% 2.1-13
8% 215
3% (R) 21-3R 8% (R) 2.1-6R 25% (R) 21-10R
&% (R) 2.1-5R 15% (R) 2.1-8R i 35% (R) 2.1-12R
Extra (13 runs at same air mass fraction but 1 atm 221
222 223 224 225 226 22-7
22-8 2289 2210 2211 2212

2.2-13

Table 3 3-1a  Test matrix for Kuhn [1993] experiment. R = repeat runs

-
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NEDC-3230i
® Experimental Test Matrix (continued)
P Test section iniet pressure (atm) Ws  Steam iniet flow rate (kg/hr)
Ma Air inlet mass fraction idh  Helium iniet mass fraction
g Series NCJi (air-steam mixture) : 39 runs
Ws = 80 kg/hr Ws = 30 kg/hr
WMa P 2 atm 3 atm 5 atm 2 atm 3 atm 5 atm
L4 % 3132 373 318 i12 rEK
5% 322 323 325 42-2 423 4 2-5
10% 332 333 335 432 433 435
20% 3142 343 345 442 443 44.5
® 40% 352 353 355 452 ¢53 455
Extra 314 321 324 331 334 34.2R1
32-3R1 35-2R1 35-3R1 354
& Series NCJIl (He-steam mixture) : 24 runs
P=4am
Mh Ws 30 45 60 45(R)
" 0.30% 51-1 521 531 52-1R
0 50% §1-2 §2-2 53.2 52-2R1
1% 513 5§2-3 533 §2-2R2
3% 51-4 52-4 534 5 2-4R
5% 515 52-5 535 52-5R
L) 10% 518 526 52-6R
[ 15% 517
® Table 3 3-1b Test matrix for Kuhn [ 1993] expeniment
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KEY TO SYSTEM SCHEMATIC

Component Descripuon

1 Water feed line from reservowr

P2 Reservour fill pumgp

V3 Pump bypass valve

V4 Regulanng valve for reservour fill line

- | Immersion heaters

€ Reservour fill line

7 Steam/water pressure reservour

g Fill line 10 purge pressure sense line of air

Ve Regulating valve for filling pressure sense Line

10 Reservorr level sense lines

Vil Valve to purge pressure sense line of air

vi2 Valve 10 purge pressure sense Line of ar

13 Steam/air separator

Vid Pressure relief vaive

Vis Arr intake valve

16 Orifice meter on 1/2-inch steam supply line

17 Steam/ar line on 1/2-inch sweam line

VIE Valve on 1/2-inch steam supply line

19 Onfice meter on 1-inch steamn supply line

20 Steam/arr line on 1-inch steam supply Line

Vil Re ' ’ valve on sieam/air line

v22 Valve on 1-inch steam supply L

23 Lower chamber

V4 Gate valve

25 Downcomer

V26 High-point vent valve

27 Condensation test sectuon

28 Test secuon coolant inlet line

V29 Regulatng valve for test secuon coolant

30 Test section coclant outlet une

Vil Pressure relief valve

32 Test loop blowdown line to barrel

Vi3 Ay intake valves

V34 Manometer 1o loop 1solanon valve

P3s V acuum pump

36 Sight glass

37 Condensate drain line

38 Condensate heat exchanger

39 Condensate coolant inlet Line

Va0 Regulating valve for condensate coolant inlet

4] Condensate coolant outlet line

P42 Condensate pump

V43 Pump bypass valve

Vas Regulanng v lve for condensate pump

vas Regulating valve for condensate pump

Vb Three-way valve to direct condensate flow

47 Condensate measurement tank and weighing scale

4¥ Return line 10 supply barrel

Vas Manometer 1o vacuum pump isolaton valve

50 Mercury manometer

51 Pressurized awr bottle

52 Water Reservoir/Quench Tank

Figure 2 1-1b  Key to system schematic of Vierow [1990] experiment. Used wath

permission
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Figure 2 1-2b
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FEY TO INSTRUMENTATION DIAGRAM

Component
Number

PGO
PT2

T3
T4->T9
F10
PT11
T12

Fi4

TiS
Ti6
PG17
PT18
F19
PT20
T21

T22 -> T4
T2S
T26->T33
F34

T3S

136

T3?7

T38

T39
PG40

233"

Descripton

Visual P_Puge for vessel gauge pressure
Diff. PT on reservoir level sense line
Pressure vessel water TC
Pressure vessel wall TC's
Flow meter on 1-inch steam supply line
PT on 1-inch and 1/2-inch steam supply line
1-inch steam ly inlet TC
Flow meter on i/2-inch steam supply line
1/2-inch steam n_;@ly inlet TC
Lower chamber
Visual pressure gauge on lower chamber
PT on lower chamber
Flow meter on steam/air entering test section
Diff. PT for absolute pressure at top of loop
Test secuon coolant inlet TC
Test section coolant bulk
Test section coolant outlet
Condensor tube outer wall temperature TC's
?owlmwl:x on test ne_lguéon coolant line

est loop t
Condensate ’[hcpmn
Condensate TC
Condensor rube outer wall temperature TC
Condensate drain TC
Gauge on pressurized air bottie

rure TC's

= {low meter

= pressure gauge

= pressure transducer
= thermocoupie

= differenual

Key to experimental instrumentation of Vierow [1990] experiment U sed

with permission
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TYPICAL STEADY-STATE TEST SECTION TEMPERATURE PROFILES

Steady=-state Temperature Profile
Run #29

150
=}
©
€ 100
: .
E. [ = & o
5 s
0
0 30

60
Positon Along Condensing Test Section (in.)

Steady~-state lnvujkt.od ;l;emponturo Profile
un # :
150

0 30 60 90
Position Along Condensing Test Secton (in.)

Figure 2 1-3.  Typical steady-state condenser tube wall temperatures for Vierow [1990]
experment. Used with permission
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Temperatures During Oscillation

Run # 10 Resl Start Time

——
e

15:50:01

200 —a— T25
—p— T28
= R
e 501X S BK
S
0 :
3 ‘i /
= 1
- , L 1
@
2 /
& 100- v
o
\'v ‘.*‘\
: g', _‘" Vs = '.' 5
50 + p—— : 4
0 50 100 150 200 250 300

Figure 2 1-4

time (sec)

Sample thermocouple time records for an oscillatory run of Vierow [ 1990]

Used with permission
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inlet of Nonconsensabie Gas/ Stesmn Mxture

Coolng Water Outiet
L] T
@ ] e 4 *1,4]
|
I i 05 an
I " 1
| I
X f
| $em

Center ine I )

TharmMOCo: 1Dk ik - 1

!
e I: i 10-3«-
0

2.54m Mv
i )

. = s

il
One thermocouple each T i |
on the inside and the ly (! 305 am
outside tube wal g4 . h |
o Rt |
| 305 am
iy i '
i
ot |

T

Figure 2 2-2  Test section and thermocouple configuration for Siddique [1992]
experiment. Used with permission
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Noncondensable Gas/Steam Mixture

Wl Tharmocoupies |
ron/ Constanten |
Center Line
Thermocoupie
Broupe
/ Sheathed
Gas Sampling Point iron/Constantan
Coclant Flow
Condenser Tube

Stainiess Steel 304 pipe Stainless Steel 304
62.7 mmiD 46.0 mm 1D, 50.8 mm OO

Figure 2 2-3°  Detail of test section instrumentation for Siddique [1992] expeniment
Used with permission
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15000 \
.
© hAUCE
® ® hMIT
: »
@ .

& P
'y
E 10000
z ! .
)
¢
:E. 1 * .o
¥
- g
kY »
g 5000
-
-
-

0

Mixture Bulk Air Mass Fraction

Figure 2 2-4  Plot of heat transfer coeflicient as predicted by the Siddique correlation and
the Vierow [1990] (not Vierow and Schrock) versus mixture bulk air mass

fraction Taken from Siddique [1992] and used with permuission
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Figure 2 2-5
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30
“
JamQ.038

254
= Rew10000
4 i RemS000
= Rew1000

20+

-

15+
10+ \

“

0S5+

L
00 = | L i L - A T
0.0 0.2 0.4 0.8 o8

Bulk Mole Fraction of Noncondensable Gas

1.0

""*APT

Ratio of Nusselt numbers when helium is present versus when air is present

plotted versus the mole fraction of noncondensable gas Taken from

Siddique [1992] and used with permission
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040

-y "

02' - v T k4 v : ] v -
0.0 0.1 0.2 0.3 0.4 .S 0.6

Bulk Mass Fraction of Noncondensable Gas

Figure 2 2-6  Ratio of Nusselt numbers when helium is present versus when air is present
plotted versus the mass fraction of noncondensable gas. Taken from
Siddique [1992) and used with permission
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6-1/8"
- (155.5mm) -
’. 2-7/8"
'5 (73.0mm )~ ;
| 2.05" | '\
1 A
| (2.1 oy l i
. /7
rT | - / Al o
ve | ‘ - (7 6mm)
(19mm) qo ¥ :
(25 4mem { -
i 5 =
: 1.5" Dis. of boit crcie:
| ' 45" (1143mm)
1/4"(6.3mwm) collw to 3 Dia. of bolt hoies:
ket Db, MEtes with . 3/4°(19.0mm)
e Range y Dis of boits:
3 $/8°(1 6mm)
Dis. of b ot : No. of bofts: 4
Lase
Z7/16%(8) mem) : 2" (50 Smm) OD S§ 304 TUBE \
. BWG s L Eght.1/16" (1.6 mm) NPS,
. OO BOn
/ Prungs wreeged 8t SOLN
1-1/2% W% ookt for v.mw"
Looing wele ouDet
2-1/2", Sch 408
55304 Ppe
0 2.469°(62.7 mwn)
0D 2.875%(75.0 mm)

Figure 2 2-7  Detailed sketch of the upper part of Siddique's [1992] test section Used
with permission
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Axial temperature profiles
(Run 13.4, 8/28/91)

100

Temp. (°C)

30
i 1
e 50 100

Axial pos. (cm)

i
150 200 250

Figure 2 3-2° Typical temperature profiles from Ogg [1991] Used with permission
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0.7 mm

1/16" sheathed
thermocouple

Silver scider

0.02" 0D SSsheathed
J-Type thermocouple

12.7 mm

Figure 2 4-2  Sketch showing the condensing tube thermocouple installation in Kuhn et
al [1993)
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Tube packing glanc
Thermocouple inserted
in cooling water

[ oohing water
. Cooling

outiet

~ssckel packing gland

174" nylon screw (spacer)

— — —

= 0,02" 0D SS sheathed

J tyoe thermocouple embeded
== == = oncongensing tube

1/16" OD SS sheathed
T type thermocouple embeded
on plastic jacket

pe— Coolir Jacket

Condensing Tube

e : 0.02" OD J type TC
0:1/16" 0D T type TC |

. E— _JmNylon spacer

D . Cooling water

inlet

Figure 2 4-3  Test section thermocouple and spacer locations for Kuhn et al [1993]

experiment
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3. CORRELATIONS
3.1 Vierow and Schrock ("Tsukuba")

The correlation currently in TRACG is based on a slightly modified version of the
correlation presented in Vierow and Schrock [1991] The database used was the database
developed by Vierow [1990] The Tsukuba correlation, as noted in Section 2.2.2, differs
from that presented in Vierow [1990] The Tsukuba database excluded the runs which did
not reach a steady-state condition as well as the runs with the temperature inversions

The data were correlated as a two-part correction to a reference local heat transfer
coefficient This reference heat transfer coefficient is termed the "Nusselt" heat transfer
coefficient.  This reference valuc is calculated by dividing the condensate thermal
conductivity by the local liquid film thickness as calculated from the model of smooth
interface, gravity-driven laminar film flow

13

o g
L. ] 31-1

e e, -p,)
where I is the film flowrate per unit circumference The data were correlated such that

hexp = T href . href = k'd) 31-2

where f is the correction factor (also called a degradation factor). The correction factor is
divided into two parts such that f = fjfy. The factor f] is the correction factor which
accounts for the enhancement of heat transfer due to interfacial shear, interfacial waves
and deviations from the Nusselt model The factor fy is the correction factor which
accounts for the effects of heat transfer degradation due to the noncondensable gas mass
fraction. The Vierow and Schrock correlation then is

fy = (1 +288x10°5 Rey, ! 18)

3143
f2=(1 - CMyb)

3-1
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where (for steam/air mixtures)

C=10 b=10 for Mg <0063
C=00938 b=013 for 0063 <My;<060
C=10 b=022 for My>060

M, is the bulk air mass fraction (air mass / total mass) at any axial location and Rep, 1s the
local gas/steam mixture Reynolds number, pUD/jip, The experimental data are shown
plotted in the form of the correlation in Figure 3 1-1. The ordinate, 1-ff], is equivalent to
1-f» such that when the correlation is plotted b is the slope of the curve and C fixes the

position of the curve

32 TRACG

The correlation used in TRACG is a modified version of the Vierow-Schrock
correlation The f5 correlation is changed only slightly to avoid discontinuities:

fa=(1-CM,P) 3241

where (for steam/air mixtures)

C=10 b=10 for M, <0.06586

C=0938 b=013 for 0063 <M,<04911

C=10 b=022 for My>04911

The fiterm is modified as follows:

fi=1+288x105Repy! 18 for Reg < 1000
32-2

fi=1 for Reg> 2000

3
also &, = 323 —L— for Reg> 2000 32-3
P,rgr_
3-2

a
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linear interpolation between Regjm of 1000 and 2000
additional restriction of fj < 3
where in this case Rey = 4l /pg

Because the f] correlation of Vierow and Schrock exceeds a value of 3 (near Repy =
12.500), the TRACG correlation generally predicts lower heat transfer coefficients in the
high heat transfer region near the tube inlet.

3.3 Siddique

Siddique correlated his data in the form

= Mal" |

|44
M . } Ja ' 3341

| M,
Nu(x) = ———L = 6123Re | —=—22
k M

L aw

where My  is the mass fraction of air at the wall (or interface), My b, is the bulk mass
fraction of air, and Ja = [Cpmixture(Th-Tw)ihgg The correlated data are shown in
Figure 3 3-1 The MIT correlation assumes that the condensate thermal resistance 1s a
negligible compared with the gas side resistance This requires that the interface
temperature equal the wall temperature which then allows M, y 10 be calculated It has
been shown that this is not true for all conditions

34 Ogg

Ogg [1991] correlated his data in a similar manner as did Vierow and Schrock
The fj correlation was obtained from pure steam data  Knowing f]. the f3 correlation was
derived from air/steam data. His correlation 1s

fj = 1+00012 Reg,0 7
34.]

f2= ]'CMab
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where

165 b=026 for Mg<03
905 b=005 for 03<Mg<09
0 b=10 for Mg>09

i

o 0O 0
]
—_— O ==

A comparison of the Ogg correlation with the Vierow-Schrock correlaiion is shown in
Figures 3 4-1 and 3 4-2. The f; comparison shows that the two correlations are in
reasonable agreement on the issue of the degradation due to the presence of
noncondensable gas The comparison of f} correlations show that Vierow-Schrock
predicts a significantly higher amount of shear enhancement than the Ogg correlation does

The helium/steam data were correlated also making use of the fycorrelation
fy=1-CMgP 34-1
where
C=159 b=029 for My<011
C=0865 b=0014 for 011<My<086

C=10 b=10 for Mz>086

M, is the Helium mass fraction in this case

3.5 Vial

Under the direction of Professor Schrock, Eric Vial [1993] developed a correlation
from the combined databases of Vierow, Siddique, and Ogg His effort involved only the
development of a correlation and did not involve any additional expenmental work. Each
of the databases had certain data points excluded from the combined database

Vierow
« only the runs without the "temperature inversion” were used

3-4
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o at the inlet of the tube 00103 <Mg<0148
7138 < Repy, < 26300

Siddique
« the data for the first 41 cm were excluded

o at 41 cm from the inlet 0.131 <M, <0.525
1283 < Re, < 19905

« only the data for the points located downstream of the temperature
inversion region are taken into account, namely beyond the first 45 cm

+ at 45 om from the inlet 0.012 <M, <0407
3247 < Rey, < 39560

Vial's correlation was of a similar form as Vierow & Schrock and also Ogg  The

correlation 18

fi=1+12x108Rep?  for Reg, < 7000 35-1
f = 076728 + 1.06543x10°% Rey, for Rey, > 7000

fy = 1-C MY
where
C=10846 b=02344 for My<04

C=095%2 b=0099 for 04<M<09
C=10 b=05229 for Ma>09

3.5 |
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The standard deviation is defined

Y-

|

5= ol . N = number of pointg 3 .5-2

s = ) 3826 for the Vierow data set

s = 0 4854 for the Siddique data set
s = 0 4647 for the Ogg data set

s = 0 4613 for the combined data set

The data sets are plotted along with the new correlation in Figures  5-1 and 3 5-2

3.6 Kuhn
From the results of Kuhn, UCB decided that a different form of the f} correlation
was required  The Kuhin pure steam data were not well correlated by the old form of the

f| correlation which was only a function of mixture Reynolds number The new f] is now
a combination of the heat transfer enhancement due to interfacial shear and other factors

.flzfl‘-‘f: 3 6-1

-

where f,__ is a function of film Reynolds number
fi =®Re,) 36-2

The £, factor is the theoretical approximation derived from smooth interface laminar

film theory with interfacial shear The f,__ factor accounts for other influences such as
interfacial disturbances, deviations from linear temperature profiles, and temperature
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dependent properties, etc. The fy correlation remains in the same form as Vierow-
Schrock, Ogg, and Vial The complete data reduction of Kuhn is given as follows

A Experimental heat transfer coefficient

g" (x)
h = : 36-3
W(r) T;o,(x)..];'m(x)

B Condensate flow rate

ﬂD.l g" (x)dx
W,(x)= 36-4

hg

r(x) = 242) 36-5
D,
C Calculation of two film thickness, 8] and 57
For the case without shear the film thickness is given by equation 3 1-1
Rearranging to solve for I yields.
g 8
I'= bi-p
e P PP~ Pg) 3 36-6
With interfacial shear the predicted film thickness, 87, is given implicitly by
r - -ﬂ p,,. p e p )éﬁ + M 7
" f~Pg 3 2y 36-
1 N
where T = ;&psvm‘ 36-8
fp = 0.046Rey 2 369
leading to the interfacial shear prediction
1.:9__0f;(£ﬂ] Re”” 36-]0
P, \D,

or rearranging equation 3 6-7 gives
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pg 533 162
ri‘-ipf(l""")"‘b*"t"l" 316-11

U Pr 3 2L¢
r
with Rey=— 36-12
My

Now in dimensionless form

83 24 36-13
L
L= r,
T SR i Y 36-13
gp[L!#‘!’ )‘,
Py,
with characteristic length
(v 2"'\){‘
R el 36-14
\ 9/
Then
(.—“'Re' —§:+ rlnoc::. 36-15
\1-p.7p,) 3 2

h
f,=—h2! 36-16
k
h.,=—3.— 36-17
1

assume f] is the combination of the heat transfer enhancement due to interfacial
shear and other factors

£ = Bhear * Flother 3 6-18
e Pep® 36-19
fighear = 5 i
hr, K¢
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where 87 is obtaired numerically from solution of equation 3 6-7 Assume fjother
is a function of film Reynolds number

tlothcr =;_&— 1‘0“[) 3 6-20
Ishoar
with ¢ (Rer)=1+C; Rey 36-21
E Determination of the correlation for degradation factor
h":r;
fa=nhh 36-22
with f; = ¢ Re;,, Rey) 36-23
/; :l—(‘ZMu‘ J6-24

Mixture Reynolds number

o« 2%} .
Re,(x) D 3 6-25
where
¥ 1-X
H, = A‘ﬂ‘, 4( ‘)”', 3 6-26
X‘+(l-.x‘)’“ X‘¢'+(l-X‘)
with
F-up 1/2 M\,”"?
RN
| \w/ M)
J 36-27
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|
¢‘=L - ) 36'28

The correlation of Kuhn 18

f=fify 36-22

/. determined from equation 3.6-19
fi =1+732x10"Rey 3 6.24
fa = (1 -CMgb)
where

C=260] b=0708 for My<0l1
C=10 b=0292 for My>01

For helium the f] correlation remains the same as the air correlation. The f3 correlation

for helium is
fy=1-CMgP

where

3-10
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C=1358] b=1074 for My<00l
C=209 b=0457 for 0VI<My<01
C=10 b=0137 for Mg>0l1

The f/ _ vorrelation is plotted versus film Reynolds number along with the pure

steam data in Figure 3 6-1 The correlation (and plot) were created from 33 pure steam
runs. The standard deviation of the data from the f] correlation is 7 4%.

Figure 3 6-2 shows the f correlation (plotted as 1-f7) and the 68 steam-air cases
from which it was calculated The standard deviations for the data for the two different
regions are shown on the plot The experimental total degradation is plotted versus the
degradation predicted by the Kuhn correlation in Figure 3 6-3. The data spread is small as
evidenced by the 18% standard deviation This is considerably smaller than the standard
deviations for the Vial correlation The standard deviation of Ogg's data with his
correlation was 27%. Figures 3 6-4 and 3 6-5 show the corresponding graphs for the
steam-helium cases The standard deviation is shown in Figure 3 6-5 to be 13%.

A comparison of the heat transfer coefficient predicted by the Kuhn correlation is
made with the heat transfer coefficient predicted by Vierow and Schrock (Tsukuba) for
the Kuhn experimental conditions in Figure 3 66 The crosses represent predictions of
the correlations for the conditions of the 68 steam-air runs. Note that the Kuhn
correlation predicts a consistently lower heat transfer coefficient than does Vierow-
Schrock The f3 correlation of Vierow and Schrock and the f; correlation of Kuhn are
plotted versus air mass fraction in Figure 3 6-7. The plot shows that less degradation
caused by the presence of air is predicted by Kuhn than is predicted by Vierow and
Schrock Because the Vierow-Schrock correlation was not applied directly in TRACG nt
15 also useful to compare the TRACG correlation results with Kuhn  Figure 3 6-8
compares the Kuhn et al correlation with the Vierow-Schrock correlation wath the
restriction that f; < 3. The additional changes for 4T/u > 1000 were not included. Most
of the data are for values of 4I/u less than 1000 The restriction on {] brings the two
correlations are in better agreement, though Kuhn still predicts lower heat transfer
coefficients The impact of the different predictions will be discussed in Section 4 1

Similar comparisons of Kuhn with Ogg and Vial are shown in Figures 3 6-9 and
3 6-10, respectively. The Kuhn correlation also predicts lower heat transfer coefficients

3-11
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than these two correlations predict Finally a companson was made against a generai
correlation for steam condensation inside of tubes found in Chen et al [1987] Though
the applicability of this correlation to the present conditions may be questioned, the
comparison is made in order to satisfy the desire to compare the Kuhn correlation with
any in the existing literature  Figure 3 6-11 shows that Kuhn also predicts a lower heat
transfer coefficient than Chen predicts

3-12
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Comparison of f1 Correlations
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Figure 3 4-1 A companison of the f] correlations of Vierow and Schrock [1991] and
Ogg [1991) plotted against mixture Reynolds number
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Comparison of f2 Correlations
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Figure 3 4-2 Companson of the f correlation of Vierow and Schrock [1991] and Ogg
plotted against air mass fraction
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Comparison of f2 Correlations
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{1993] plotted against air mass fraction
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4. DISCUSSION
4.1 Impact on TRACG Analysis

The results presented in the previous section show that the correlation in TRACG
predicts a higher heat transfer coefficient (htc) than the Kuhn correlation The potential
impact of this result on the post-LOCA containment performance analysis should be
evaluated by considering the overall thermal resistance from the steam inside the tube to
the pool outside Typically, the current TRACG correlation predicts that the inside
resistance is about 25% of the total From the results shown in Figure 3 6-8, the Kuhn
correlation would raise the inside resistance to about 35% of the total resistance. The
effect of this change is equivalent to a 20% reduction in the condenser heat transfer area
Kim et al [1993], submitted to the NRC in February 1993, presented the results of a
TRACG sensitivity study in which the PCCS heat transfer area was reduced by 33% It
was shown that the effect was to raise the containment pressure by 17 kPa (2.5 psi) Fora
20% reduction in heat transfer area the expected effect would be a 10 kPa (1 5psi)
increase In the same reference, it was stated that improvements in the containment model
had resulted in a decrease in the peak containment pressure relative to that presented in
GENE [1992], submitted to the NRC in August 1992 The magnitude of this decrease is
larger than the expected increase from the use of the Kuhn correlation Thus, the peak
pressure predicted with the current mode! and the Kuhn correlation will be less than the
value presented in SSAR

An additional indication of the relatively small sensitivity of predicted condenser
performance to a reduction in the inside htc is provided by the compariscn of TRACG
predictions with GIRAFFE data presented in Andersen [1993], also submitted to the NRC
in February, 1993 Those comparisons, made with the Tsukuba correlation, show
satisfactory agreement of the TRACG predictions with both the Step 1 steady-state
condenser performance, and Step 3 integral system test resuits

4.2  Applicability of Kuhn Correlation to IC Tubes

The applicability of the Kuhn correlation to high pressure pure s:;am environments
will be addresse1 initially here in this report and also in Schrock et al [1994] and Usry
11994] The IC tubes operate at pressures near 70 atmospheres. The maximum pressure
tested in the university tests is S atmospheres The data of Kuhn are well correlated over

4-1
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the range of | to S atmospheres. Fccause the 1C tubes will generally expenience minimal
degradation due the presenc’ of noncondensable gases, the f correlation is not critical
The f,__ correlation, on the other hand, is relevant and include first order effects of

pressure in eguation 3 6-10 in the O 023/98 term  As the pressure increases the shear
enhancement is reduced in a linear manner. The sensitivity of the TRACG analysis of the
IC performance is expected to be very small because the limiting resistance is not the gas-
side resistance Because the ICs contain only small amounts of noncondensable gases and
have thicker tubes, the gas-side resistance will be an even smaller part of the overall
resistance in the IC's than it is in the TRACG PCCS performance analysis. This will be
addressed further in the final report on the university single tube condensation tests (Usry
[1994])
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5.0 SUMMARY

When this experimental program began, there was no known local heat transfer
data or correlation for forced flow steam condensation inside of tubes in the presence of
noncondensables At two Universities, five experiments using four different test rigs have
now investigated this phenomenon Lessons learned from each of them were applied 1o
subsequent tests, such that the final test at UC Berkeley has produced & correlated data set
with a standard deviation of only 18% The effect of the most recent data on the SBWR
post-LOCA containment analysis has been evaluated by comparison with a previous
sensitivity study on PCCS heat transfer area  The results indicate that the effect is small
and bounded by the peak containment pressure presented in the August, 1992 SSAR An
additional GE report will document any new work at UCB and MIT completed after this
report
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APPENDIX

(Kuhn data used for pressure drop calculation)
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