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RELAPS ASSESSMENT ON DIRECT-CONTACT CONDENSATION,

,

IN HORIZONTAL C0 CURRENT STRATIFIED FLOW-

..

Abstract

_

Assessment on the direct-contact condensation model was carried out

using the RELAPS/ MOD 2 Cycle 36.04 and the RELAPS/ MOD 3 Version Sm5 codcs.

The -test data were obtained .from the experiments at Northwestern *

-University, which involved the horizontal cocurrent stratified steam / water

flow in a rectangular channel.

A nodalization sensitivity study and a simulation with a _ fixed

interfacial-area, same as test section, wtre also carried out to examine
C

the effect of the interfacial heat and mass transfer.

.The results showed that the RELAPS code model under the horizontal
_

stratified flow regime predicted the condensation rate well, though the

interfaci.! heat- transfer- area was - underpredicted. However, some

discrepancies with experimental results were- found cin water layer

-thickness and local heat transfer coefficient especially when there was a

--wavy interface.- The interfacial wave structure was' found to-play an

important role lbi describing .the interfacial heat and- mass transfer, as

obtained in the experiment.,

._.
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Executive Sumary

The modelling of direct condensation phenomena between liquid and

rieam interface can play an important role in the analysis of hypothetical

Loss of Coolant Accidents. In order to further understand this

phenomenon, the steady, cocurrent stratified flow of water vapor and
.

liquid in a horizontal, rectangular channel was studied in a number of '

s

experiments perfonned at Northwestern University. The data from these

experiments were selected for the assessments of condensation model in the

RELAP5/ MOD 2 and M003 codes, as a part of the independent code assessment

plan.

For the nodalization of the experimental apparatus, a model which is

very similar to the experiment was first applied. However it was found to

be difficult to obtain steady state conditions and to prescribe proper

cutlet conditions evca though the calculation reached steady state

condition. Therefore, a simple nodalization was introduced to describe

the experimental outlet conditions for the present calculations.

A series of calculations was perfonned using the RELAP5/ MOD 2 and MOD 3

to compare with the experimental results. The RELAP5 prediction of the

condensation rates was in good agreement with the experiments, and no

majordifferences were observed between two base calculations. However,

some discrepancies with experimental results were found in water layer

thickness and local heat transfer coefficient especially when there was a

wasy interface.

A nodali7.ation study for the test component was also carried out by

xi
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increasing the number of the volumes from 10 to 20. r,.marison shows no

) difference in the principal variables.

The RERAP5 may not give highly accurate quantitative results in

comparison with the experimental data, mainly because of the difference in

the pipe geometry used in the code and the experiments. The geometrical
,

restriction has the obvious consequence that the liquid level and

interfacial area are coupled in the calculations. In order to examine the _

If I effect of the interfacial area, another calculation with a fixed
_

interfacial area, which is the same as the experiment, was perfonned by

implementing that into the PHAINT subroutine in the RELAP5/ MOD 2. However,

the results did not give any improvement on reflecting the effect of the

wavy interface accurately.

Therefore, an effort to develope models including the effect of the

wavy interface might be taken into consideration to enhance the capability

of the RELAP5 by considering the interfacial shear as well as the

interfacial heat transfer.
_
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1. Introduction

The International a de Assessment and Application Program (ICAP) has

been conducted by fourteen nations and multinational organizations under

the auspirn of the USNFC[1]. For the pressurized water reactor analysis,

the USNRC selected two Best Estimate (BE) codes: RELAP5/M002 and
'TRAC /PFl/M001[2]. The goal of the program is to assess the prediction

capabilities of the current BE themal hydraulic codes utilizing the

available facility test and plant data. At present the ICAP activities in

Korea are aimed to help quantifying uncertainties in the codes so that the '

codes may be used for regulatory purposes.

This report is a part of the Korean contribution to the ICAP. The

REIMS/ MOD 2[3] Cycle 36.04 and the RELAP5/ MOD 3[4] Version 5m5 were used in

the present assessment for the simulation of the condensation experiment

in horizontal cocurrent stratified flow conducted by the work of Lim and
_

Bankoff [5).

The condensatim ,henomena in stratified two-phase flows are of great,

interest to the refrigeration industries, in secondary oil recovery

processes, in steam-jet propulsion systems, and in nuclear reactor

programs. The direct-contact condensation effects on heat and mass

tr:nsfer between liquid and vapor interface become one of the safety

issues in nuclear reactor transients [6). Especially, when the cold

emergency core cooling water comes into contact with steam, the

interfacial heat and mas.; transfer dominates the transients. The

1

1
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condensation phenomena under various flow regimes can be characterized by

the interfacial- heat transfer coefficient and the interfacial heat

transfer area. It is therefore important to predict them exactly, so

there have been intensive studies in these areass through experiments as

well as model developments.

The test- facility [5} was designed and constnicted to measure the

condensation rate of steam along the channel in cocurrent, horizontal flow

of steam and wter. The- cbrac1 cross-section is rectangular in shape

with a height of - 6.35 cm,-a width of 30.48 cm, and a length of 160.1 cm.

Since the RELAPS is one-dimensional transient thermo-hydraulic system

analysis computer code, the rectangular channel in the experiment can only

be_specified as a PIPE component which has one azimuthal segment. Then,

the interfacial heat transfer area is calculated from the equivalent

hydraulic diameter.

- Calculations, perfomed with both the RELAP5/?!0D2 and t10D3,were

compared with the experimental results. In ort'er to examine the effect of

the _iaterfacial_ area, another calculation with a fixed interfacial area,

which is the same as the experiment, was performed . hy implementing that

into the PHAINT subroutine in the RELAP5/P1002. A nodalization study was

also carried out by increasing the number of volumes of the-test PIPE from

10 to 20.-

'Section 2 contains a description of the equipment and procedure used-

in the tests, and'of the reported data. Section 3 describes the code

features of-the RELAPS, the two cases of nodalizations -for the test
1

section and the input models. The interfacial heat and mass transfer

2

,
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model and particularly, the model change of the interphase drag in the

- RELAPC '':JD3 are also- described in section 3. The results and the

discussions on the variations in the inlet steam and water flow rates are

treated in Section 4. The motivations for the sentivity and nodalization

studies and their results are included in Section 5'. The code efficiency

is evaluated in '-Section 6 through nm statistics. Conclusions drawn from

this study and- the- possible implications for further assessment are

' presented in Section 7.

|

|
|
!

.

!
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2. Facility and Test Description

2.1 Facility Description

Measurements [5] of local steam condensation rates of cocurrent

stratified flow of steam and subcooled water were carried out at

atmospherir oressure in a horizontal rectangular channel. Fig. I shows a

schematit. 1agram of the system. The channel was constructed of 6.4 m

thick stainless steel with pyrex glass windows, and its dimensions are

about 1.6 m long, 0.3 m wide, and 0.06 m high as shown in Fig. 2. The

channel was insulated on the upper and lower surfaces with 50 m layers of

fiaerglass to minimize possible heat loss through the surface of the

channel.

Steam and water inlet plenums are designed to provide uniform flow at

the entrance of the channel. The exit plenum separates the exit steam and

water flows in a uniform manner such that the channel flow is not
1

disturbed. i
|

Steam is obtained from the building supply line. The steam passes

!
through a gate valve and a steam-water separator to remove any liquid'~

|
droplets that might be present. After being throttled by a globe valve,

|

|- the . steam flow rate is metered with 2 inch venturi and enters the plenum

chamber. Water used in the experiment is stored in a 450 gallon steel

tank. Water is pumped by centrifugal pump from the water tank to test.

| section. The water flow rate is measured by 1 and 1/4 inch venturi.

l'
4
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Water and condensate leave the channel through the exit plenum and are

pumped to a heat exchanger and returned to the water tank. The water line

fanns a closed loop; whereas the steam line is an open loop.

A pitot tube is inserted for the measurement of local mean steam

velocity, a tiny hole of 0.8 mm is drilled at wall for static pressure

measurements, a conductivity probe is inserted for water height

measurements and a thermocouple is inserted for the measurenments of
~

temperatures,

2.2 Test Description

Condensation rate measurements have been made under different

conditions by varying the system parameters: 1) the inlet steam flow rate,

2) the inlet water flow rate, 3) the initial water lav c thickness, and 4)

the degree of water subcooling.

A data matrix for this experiment is shown in Fig. 3. The steam
,

flow rate varied from 0.04 kg/see to 0.16 kg/sec. The water flow rate
4

varied from 0.7 kg/sec to 1.45 kg/sec. The maximum ranges of water and

steam flow rates were restricted by either the initiation of bridging

phenomena or the occurrence of a hydraubc jump near the entrance region.

Data for water layer thickness, vapor flow rate, and the differential

pressure were tabulated at the 5 locations along the flow path, together

with flow rates, water temperatures at the inlet and outlet and inlet

vapor temperatures.

The steam flow was established at a constant value for at least 10

5
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1

J

minutes before beginning the water flow,_ and all data were taken in

steady-state conditions, Vapor -velocities were measured at vertical

increments of about 4 m from the liquid surface, and the integrated to

provide mass flow rates at each axial station. The vapor was slightly

superheated, and-variations were perfonned on inlet flow rates, water

level, and the amount of subcooling of the water.

To observe the effect of ' velocity on condensation,-the water height

at entrance was- varied. Thus for the same flow rate, the velocities of

steam and water will change at the entrance section. Water inlet

temperature of 25 C and 50 C were used. -By adjusting -% . mount of

cooling water at the heat exchanger, the inlet water temperature is

controlled and kept' constant.

2.3 Measurement 11ncertainty
-

The accuracy of inlet steam mass flux''and each pitot tube measurement

were checked by_two methodsi 11theenergybalanceand2)thecomparison-

of venturi reading with the integrated pitot tube measurements [5). . In the

first method, the energy balance was obtained by measuring the water flow
.

rate, the water inlet and outlet temperatures when all the steam ~ is

condensed. To ensure that all-the steam condenses,-three full jet spray

nozzles were installed at the exit plenum. -The second method is the
,

comparison between venturi and pitot tube measurement which were made-

without condensation. In this case, steam flowed through the test section

in the usual manner without water present or witt, the presence of water.
.

6

- - -. -_ _. --- ._



The mass flow rate obtained * 'om the venturi reading, pitot tubes

traverses and the energy balance are all agreed within + 3 %.

_
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3. Code a~' riodelling Description

3.1 Code Descrintion

The RELAP5/t10DZ code has been developed for best-estimate transient

simulation of PWRs and associated systems. The code is based on a

non-homogeneeus and non-equilibrium model for one dimensional, two-phase

' system that is solved by a fast, partially implicit numerical scheme to

pennit economical. evaluation of system transients. Recently, the

RELAP5/r10D3 code development program has been initiated to develop a code

version suitable for the analysis of all transients and postulated

accidents in PWR systems including both large and small break LOCAs as

well as the full range of operational transients. Although the emphasis

of the RELAP5/t10D3 development is on large break LOCA, improvements to

existing code models, based on the results of assessments against small
-

break LOCA and operational trai.e ant test data, are also being made.

Table 1 is a list of the phenomena and code 'models, improved from the
f

RELAP5/t10D2, that are being addressed by the RELAP5/t10D3 code development

program.

The RELAP5/t10D2 Cycle 36.04 and the RELAPS/t10D3 Version Sm5 were used

in this assessment.

8
...
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3.2 tiodelling Description

in RELAP5/fl0D2 and fl003, the interfacial mass transfer is modelled

according to the thermodynamic process, interphase heat transfer regime

and flow regime. Af ter the thennodynamic process is decided, the flow

regime map is used to detenuine the phasic interfacial area and to select

the interphase heat transfer correlation, i

The interfacial heat transfer between the gas and liquid phase

actualb involves both heat and mass transfer. Temperature

gradient-driven - interfacial heat trinsfer is compe' M betwech each phase

and the interface. The temperature at the interface is assigned the

saturation value for the local pr:ssure. itcat transfer correlation for

cach side of the interface are prcvided in the code. The fonn used in

defining the htat transfer correlations for superheated liquid, subcooled

liquid, superheated gas, and subcooled gas is that for a volumetric heat-

transfer coefficient. Since heat transfer coefficients are given in the
_

fouiof a dimensionless parameter (usu!!1y - Nusselt number, Nu), the

volumetric heat transfer coefficients are coded as follon[7);

Hi = (k / L) Hu agf

where 111 = volumetric interfacial heat transfer coefficient

k = thennal conductivity

L = characteristic length

-agf = interfacial area per unit volume

9
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The volumetric interfacial area, agf. is based on simple geometric ;

t

considerations, ,

/
For smooth interface,

,

,

agf a 4 sin 9/( . D) |Y

t

For wavy interfa.e.

,

'

agf - (4 sin e/( n DJ) F27

where e = angle between the vertical and the stratified liquid level .

D = pipe diameter

F27 = 1 + r |vg/verit |te a multiplicative parameter is applied to

agf in the code to attemp to account for an increase in agf due to a wavy

surface. This parameter F27 appropriately increases as vg increases. An

evaluation of the validi.ty of function F27 requires comparision with

experiment.

. Independent assessment of the RELAP5/ MOD 2 code through the ICAP has

identifiul a number of deficiencies in the code (8). For the interphase

drag calculation, it has been reported [9] that the RELAP5/M002

overpredicted the void fraction profile in the simulation of the ROSA-IV

'Two Phase Test Facility (TPIF) and overpredicted the hot leg void frcction ,

in the-simulation -of ROSA-IV Large Scale Test Facility _ (LSTF). Thei --

. jur,ction-based interphase drag,which were incorporated into RELAPS/ MOD 3,
i

uses th6 donor void fraction to evaluate the interphase dra;, rather than

,

10
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; using the M003 method of averaging the interphase drag from the two ;
ivolumes on either side ofthejunction. The JAERI TPTF void f raction

calculations were significantly improved with this modification, although

itwasjust donc for specific junctions [10). However, it may be expected

that this improvcNat is only for the case where the flow experiences a,

,

significantchange (e.g., a change in direction, from horizontal to
.

vertical) across the junction.

3.3 Nodalization

In RELAP5, the only apparent nmans of nodelling a rectangular channel

is by specifying a PIPE component which has t,uc azimuthal segment. Thus

it apptars that the RELAP5 can model condensing flow pirallel to a

horizontal vapor-liquid interface only in PIPE component. The flow area

of the test section is given equal to the actual flow area and the

equivalent diameters of the test section is calculated using the relation

| between flow area and wetted perimeter.

The test section as shown in Fig. 1 is one-dimensionally nodalized
,

into four TIME DEPENDENT VOLUMES,four SINGLE VOLUMES, two TIME DEPENDENT
,

JUNCTIONS, five SINGLE JUNCTIONS, and one PIPE. This nodalization of the

test section is shown in Fig. 4, and the input deck is described in

Appendix. The PIPE, representing the main test sectit.a, consists of - 10

nodes. The size of the time step was-chosen to be 10E-6 and 10E-1 seconds -

,

as the minimum and the maximum time step,respectively. The steady ctate

option was selected for the calculation.

Il
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It was found difficult to obtain steady state conditions due to
.: ,

'

oscillation of the principal parameters and to preccribe proper outlet

conditions even though the calculation reached steady state condition.

Therefore, a simpic podalization was introduced to describe the

experimental outlet conditions. The test section is one-dimensionally

nodalized into two TIME DEPENDENT VOLilMEs, one TIME DEPENDENT JUNCTION,

one SINGLE JUNCTION, and one PlPE, This nodalization of the test section

is shown in Fig. 5, and the ir.put deck is described in Appendix. The

- PIPE, representing the main test section. consists of 10 nodes. The size of

the time step was chosen to be 10E-6 and 10E-1 seconds as the minimum and

the maximum time step,respectively. The steady state option was sciccted

for the assessment.

!

,

ti
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4. Base Case Calculation i

!

Four calculations among the experimental data (test no. 253, 259,

279, and 293) were donc using the RELAP5/ MOD 3 Version Sm5 and the i

RELAP5/ MOD 2 Cys:le 30.04 codes. The initial conditions of the experiments

are sumarized by the test matrix in Fig.3, and the corresponding inlet

conditions of the four tests are represented in Table 2.

4.1 Base Calculation With RELPP5/M003 i

for various inlet conditions, the calculated and experimental !

variables as a function of axial position are shown in Figs. 6 to 3/ and

Figs. 46 to 56.

1) Steam Flow Rate- |
i

Fig. 46 shows the effect of the inlet steam flow rate on interfacial

heat and mass tran ner at constant inlet water flow rate and water

temperature. The decrease in steam flow rate is a measure of the m?.ss ;

L exchanged through condensation. By increasing the steam flow rate the

condensation rates increase and heat transfer coefficients increase as

shown in the experiment [5).
,

The effec' of' momentum exchange is to retard the steam and accelerate

the water. Most of the exchange occurs between the inlet and the first

measuring stations, as indicated by the rapid adjustment in water layer

13 i
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N

thickness. The steam flow rate drops motutonically from their initial :

;

value at the inlett the magnitude of the drop increases with the inlet

steam flow rate. The calculated and experimental steam flow rates are in
.

good agreement.

ii) Water flow Rate
9

Fig. 47 shows the effect of the inlet water flow rate on interfacial

heat and mass transfer at constant inlet steam flow rate and water ,

temperature. The calculations and the experiments shcw approximately the

same increase in water flow rate.

An increase in the water flow rate leads to an increase in the .;

condensation rate and therefore to a more rapid decrease in the steam flow

rate-downstream from the inlet. The condensation rate is higher at high ,

water flow rate because the residence time of the water in the channel is

less in that case. Thus less heat is transferred to a given volume of

water as it flows through the channel, so the subcooling remains high and

a large mass exchange rate persists downstream from the inlet,

;

iii) Local Condensatien Rate

-The calculated and experimental axial local condensation lates for |

each test are shown in Figs. 9,17,25, an! 33, it was found that all

the calculated results are in good agreement with the experiment.
.

The experiment (11] indicated that the themal resistance in the gas

side is Ngligible compared to the themal resistance in the liquid side.
.

The condensation rate therefore depends on the ability of the liquid
,

14
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!

;

i

motion to transport themal energy away from the interface into the liquid
,

main stream, in this case, it is the interfacial wave agitation which
,

i enhances the convection. This explains the increast of condensation rates

with higher steam flow rates. On the ot M r hand, the increase in

coPdensation rate With water flow ral0 can be explained as follows: at the
,

higher water flow rates, water temperature slowly increases due to the

larger themal capacity of the liquid, and therefore the temperature

difference remains relatively larger, llecause the steam velocity is much

larger than water velocity, an increase in water velocity does not
'

increase the interfacial wavc agitation rather than the steam velocity.

However. >- increase in water flow rate may increase the liquid side

turbulence intensity in the water and therefore increase the heat transfer

coefficient.

Comparisons of the calculated condensation rates with the experiment

are shown in Figs. 55 and 50. A relatively large deviation from the

experiment was occurred at very lower condens: tion rate: however, the

order of the magnitude was quite small and this deviation became smaller

tur higher condensation rates. And little differences in the local

condensation rate between caleclation and experiment are casily seen, it

was also observed that the absolute difference between these results were

nearly constant along the channel,

iv) Pressure Difference

Figs. 7, 15, PJ, and 31 show the change in static pressure along the

channel and the entrance to test section is chosen as reference. Due to

151
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large steam condensation, the pressure increases with axial distance,

v) Steam and Water Temperatures

The axial variation of the steam and water temperatures is shown in
,

Figs. 50 and 51. As is to be expected, the steam temperature decreases +

faster and the water temperature increases faster for higher inlet steam

flow rate or for higher inlet water flow rate,

vi) Water I,ayer Thickness

The principal effects of increasing the inlet steam flow rate are an

increase in the icyc1 of turbulence creaMon in the water and an increase

ih momentuni exchange through shear,resulting in a rapid decrease in the

water height. This abrupt change in water height leads to a decrease in

the thennal boundary layer thickness and consequent increase in heat flux

through the water near the interface.

The water layer thickness as a function of axial position is shown in

Figs. 8, 16, 24, and 32. Since it may not be possible to evaluate the
2

vater layer thickness with one-dimensional model of the code, there are

some discrepancies with experimental results, but.are satisfied only

within the limited range.-

vii) Local lleat Iransfer Coefficient
.

Similar discrepancies described as above were found in the local heat

transfet coefficient as shown in Fig. 54. It was observed in the

experimentsl5) that if the interface is smooth or wavy throughout, the

16
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i

!' heat transfer coefficient decreates monotonically, whereas, tha interface

is smooth from the entrance to a certain point in downstream, and is wavy

|
from there to theexit,the heat transfer coefficient decreases from the

entrance to that point and sharply increates in the vicinity of that point

and then decreases monotonically. The RELAP5 talculations show that the

interfacial 'aat transfer model did not predict well, especially when

there exists a wavy interface, but is satisfied with experimental results

only within the limited range.

4.2 Base Case Calcul tion With RELAP5/ MOD 2

For various inlet conditions, the calculated and experimental

variables as a function of axial position are shown in Figs. 6 to 44.
,

The calculations show approximately the same trend as the REl.AP5/ MOD 3

calculation in st. cam f!.,w rate, water flow rate, pressure difference.
|

water layer thickness, etc.. Since -it may be expected that the-

RELAPS/ MOD 3 model in calculating the interphase drag may result in better "

|

prediction, only for the case when the flow experiences a significant

change (e.g , a change in direction, from horizontal to vertical) across

thejunction,little difference in comparison with the RELAP5#10D3 was

found in the horizontal,-stratified flow.

17
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5. Sensitivity and Nodalization Studies ;

i

|

5.1 Calculation Without a fixed interfacial area

!
!

l!nder stratified flow condition, the interfacial heat transfer area
,

is calculated from the hydraulic diameter and the void fraction. In this
,

experiment, the cross section of the test section is 0.30 m x 0.063 m,

resulting in the hydraulic diameter of about 0.105 m. It implies that the

maximum width of the flow is not 0.30 m but 0.105 m in the code

calculation. The interfacial heat transfer area calculated by RELAP5 is -

thus about 3 times smaller than actual interfacial area.

The RERAP5 may not give highly accurate quantitative results compared

to the experimental data,- principally because a pipe has a circular cross

section. The geometrical restriction has the obvious consequence that the

linuid-level and interfacial area are coupled - in the calculations.

Calculated interphase innsfer of mass, monentum, and energy at a point in

the flow path are thus more strongly affected by upstream condensation

rate than would he the case with a constant interfacial area. The

interfacial area, therefore, was fixed to be the same as the area of the
-

test section by implementing that into the PHAINT Subroutine in the
_

RELAPS/ MOD 2.

The results, represented by the "FIA" in the figures, are shown in

Figs. 6 to 21 for various inlet conditions, and compared with the base
' calculations. Water temperafure is higher and steam temperature is lower

18
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>

than the base calculations due to higher condensation rate. This may have :

occurred by using larger interfacial heat transfer area in calculating the

local condensation rate. It is also shown in the Figs. 12 and 13 that

the liquid wall friction drag coefficient is smaller and the interphase

friction is larger than the base calculations. The interphase drag per

unit volume due to the difference in velocities of the two phases is

proportional to the product of the square of the velocity difference, drag

coefficient and the interfacial area per unit volume. The interfacial

area in this case was implemented larger than the base cases, and then the
-

interphase frictica became relatively larger.

5.2 Nodalization Sensitivity Study

The base calculations predict the local condensation rate well,
i

haever some discrepancies were found in the water layer thickness and
!

local heat- transfer coefficient. Thus calculation with nodalization

change in the number of volumes of the test component for test number 253

j. was carried out 1,y increasing 10 to 20. Comparison shows no differer;ce in

the principal parameters as shown in Figs. 57 to 60

19
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'

6. Run Statistics

CDC 170-875 Series with NOS Version 2.6.1 and CRAYZS/4-128 were used

for the calculations with the RELAP5/H0D2 and the RELAPS/ MOD 3 Codes,
,

respectively.

Fig. 61 shows the required CPU time vs the real time in the base

calculations. The computational efficiency is sumarized in Table 3

obtained from the base calculations and can be calculated as follows.
,

k

ICalculation Computer Time Number of Time Number of Grind Time,
(CPU),sec Step (DT) Volume (N) CPU /(N*DT)

RELAPS/ MOD 2 102.83 5289 12 0.001620

RELAP5/ MOD 3 28.64 5200 -12 0.000451

:

l.
|

|

!
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i7. Conclusion

The local condensation rate in horizontal cocurrent stratified flow
'

was calculaL o using tl.e RELAPS/ MOD 2 and MOD 3. It appears that the RELAPS

can model condensing flow parallel to a horizontal vapor-liquid 4terface

onli with PIPE co:nponent. Therefore, the only apparent means of modelling

a rectangulas channel is by specifying a PIPE component .which has one
,

azimuthal segment.

The REI)P5 prediction of the condensation rates is in good agreement

with the experimental data. However, some discrepancies with experimental
D

results were found in water layer thickness and local heat transfer

coefficient especially whe'l t'x. was a wavy interface. The interfacial

wave structure was found to be play an important role in describing

interfacial heat and mass transfer, as obtained in the experiment. i

A nodalization study at the test section for test number 253 was also

carried out by changing the number of the volumes fro.n 10 to 20,

0 oparison shows no differei.;e in the principal . variables. In order to

examine the effect of the interfacial area, another calculation with a

fixed interfacial area, which is the same as the experiment, was perfonned

by implementing that into the PHAINT subroutine in t!.c RELAPS/ MOD 2.

However, the results did not gi"e any improvement on predicting the wavy-

interface accurately. Therefore an effort to develope pedels including

the effect of the wavy interface udght be taken to enhance llu capability

of the"AdLAP5 by considering the interfacial . shear as well as the

interfacial heat transfer.

21
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Table 1. RELAP5/ MOD 3 Model Improvements

- Counter Current And Flow Limiting

- Interfacial Friction in Bubbly / Slug Flow Regime

- Vapor Pu11through, Liquid Entrainment ir florizonal Pipes
__

- Critical lleat Flux

- Interfacial Condensation on Subcooled ECCS Liquid in llorizontal Pipes

- Horizontal Stratification inception Criterion

- Reflood Heat Transfer

- Vertical Stratification

- Metal-Water Reaction

- Fuel Rod Ballooning and Rupture Model
<

- Radiation Heat Transfer Model

Non-Condensible Gas Modelling -

Jovncomer Penetration and ECCS Bypass
~

Upper Plenta De-entrainment

M

i
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1

Table 2. Inlet Conditions of the Calculations s

_.--

7

Test No. Vg (kg/s) W1 (kg/s) lg (C) T) (C) wit (cm) ,

_.

253 0.0651 0.657 138.1 21.6 1.533
i -

239 0.1593 0.765 142.3 24.2 1.583
_ . _ _ .

279 0.160() 1.043 142.3 25.0 1.583

293 0.065d 1.439 137.0 24.9 1.583

where Wg : steam mass flow rate
W1 : water mass flow rate
Tg : steam temperatute
Tl : water temperature

wit : water layer thickness
and inlet pressuti is 1 atm.

L

25
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_

l-

Table 3. Run Statistics Data in Base Case

Real Time CPUTime(sec) Attemped ADV Mass Error (kg)

(sec) R5M2* d5M3* R5M2 RSM3 R5,12 R5M3

0 0.3 0.3 0 0 0 0

10 9.7 2.5 489 400 4.99E-3 2.37E-4
20 17.4 4.6 889 800 5.01E-5 2.50E-4

-

30 25.1 6.8 1289 1200 5.00E-5 2.51E-4
40 32.8 8.9 1689- 1600

50 40.8 11.3 20b9 2000

60 - 48.0 13.4 2489 2400

70 56.2 15.5 2889 2800
" "

80 63.9 17.7 3289 3200

90- 71.7 19.8 3689 3600
100 79.7 22.2 4089 4000

110 87.4 24.3 4489 4400

120 95.1 26.4 4889 4800
130 102.8 28.6 5289 5200

,

* R5M2 : RELAPS/ MOD 2
-RSM3 : RELAPS/ MOD 3

.

.'
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Cocurrent Condensation . No. 253
150 .
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Fig. 61 CPU Time in Base Calculations (No. 253)
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-- - - _ - _ - _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

!

/ JOB
BANK 253,TX00.
/ USER

/NC300
AliACH,STH2XT,RE3MBX.
PURGE BANKRS1/NA.
. PURGE,LANKPF1/NA.
DEFINE,RSTPLT=BANKRSI.
* DEFINE,PLOTFL=BANKPfl.
FILE,RSTIN.SBF=NO.
I1LE,RS11'LT,SBF=UU.
RTL,CM=3(X000.EC=100.

REDUCE (-)

RE364BX..PL$10000.
/ EOR
...........................**...**.t.... .................

. .

00 CURRENT CONDENSATION TEST NO. 253 WITil nosAllzATION A .-

. .

. . . . . . . ...................................................

* PROBLEM 1TPE
.

0000100 NEW STDY-ST
0000104 NONE
0000201 ?/XI. 1.E-6 0.1 00003 10 100 1000
.

......................**

* MINOR EDIT VARIABLES +
. ......................

.

301 CNTRLVAR '
302 CNTRLVAR 2
203 CNTRLVAR 3
304 CNTRLVAR 4
305 CNTRLVAR 5
306 ChTRLVAR 6
307 CNTRLVAR 7
308 CNTRLVAR 8
309 CNTRLVAR 9
310 CNTRLVAR 10
311 ChTRLVAR 11
312 CNTRLVAR 12
313 CNTRLVAR 13
314 CNTRLVAR M
315 ChTRLVAR a
316 CNTRI. VAR
317 CNTRLVAR n
318 ChTRLVAR 18
319 TEMPF 3010(AN
320 TEMPF 3021000
321 TEMPF 3030000

89



_ _ _ _ _ ___ ___ _ _______

N

322 TLMPF 3050000
333 TEM'F 3070000
124 TEM'F 3090000
025 TEMPF 3100000
326 TLMPG 301(KX0
327 TEM'G 3020000
328 Tails 3030(KX)
329 TEMPG 3050000
330 TFM C 3070000
331 TER'G 309000()
332 TEMPG 3100(X)0
333 V01DG 3010000

~

334 V01DG 3030000
335 V01DG 3030000
336 V01DG 3040000
337 V01DG 305C000
338 V01DG 3060000
339 VOIDG 3070000
340 VOIDG 30B0000
341 VOIDG 3090(XX)
342 VOIDG 310(X00
343 HIF 3010000
344 !!1F 3020000
M5 HIF 3030000
346 HIF 3040000
347 Hlf 3050000
348tilf 3060000
349lilF 3070000
350 Hlf 3080000
351 HIF 3090000
552 Hlf 3100000
353 HIG 3010000
354111G 302(X)00
355 HIG 3030000
356 HIG 3040000
357 HIG 3050000
358 HIG 30C0000
359 HIG 3070000
360111G 3080000
361 HIG 3090000
362 HIG 3100000
363 P 02010000
364 P 04010000
365 P 5010000
366 P 3310000
367 P 3020000
368 P 3030000
369 P 30'Jh00
370 P 3050000
371 P 30C0000
372 P 3070000

90
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373 P 3080000
374 P 3090(X0
375 P 310(XX0
376 VAPGEN 3010000
377 VAPGEN 3020C00
378 VAPGEN 3030000
379 VAPGEN 3010000
380 VAPGEN 305(XXX)
381 VAPGEN 30flXX)0
382 VAPGEN 3070000
383 VAPGEN 3080000
384 VAPGEN 3090000

_

385 VAPGEN 31(XX)00
3S6 VAPGEN 5010(X0
337 SAITEMP 5010090
388 TEMPF 5010000
389 TEMPG 5010000 ,

390 FWALF 3010000
391 FWALF 3020(00
392 FWALF 3050000
393 FWALF 3070000
394 FWALF 3090000
395 Fl] 3010000
396 F1J 3030000
397 F1J 3050000
393 F1J 3070000 .

399 F1J 309(klX)
.

..................***..**

N0DALIZATIO"*

.........................

.

3030000 INLETP SNGLVOL
0020101 0.0193518 0.50 0. O. O. O.
0020102 3.333E-5 0.1051 10
0020200 2 101325, 1.0
*

0030000 TESTS PIPE
0030001 10
0030101 0.0193548 10
0030301 0.1601 10
0030601 0.0 10
0030S01 3.333E-5 0.1051 10
0031001 0 10
0031101 1000 9
0031201 2 101325. 0.12 0. O 0.0 10
0031301 0 0. O. 9
.

0040000 ACCINJ SNGLVOL
0040101 1.96-3 c. 0 0. O. -90. -0.2
0010102 3.333E-5 0.05 10
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.

0040200 2 103285. 0.0
.

0060000 kTEXIT SNGLVOL
0060101 1.96-3 2.0 0. O. -90. -0.2
0060102 3.333E-5 0.05 0
t060200 2 1.0E5 0.0
.

0050000 EXITVOL SNGLVOL
0050101 0.08 1.0 0.0 0. O. O.
0050102 3.333E-5 0.22 0
0050200 2 101325. 0.12

00S0000 Sil! EXIT TMDPVOL
0080101 0.5 1.0 0.0 0. O. O.
00S0102 0. O. O. ,

0080200 2
00S0201 0, 101325. 1.0 -

.

0090000 VATER TtIDPVOL
0090101 0.2 1.0 0,0 0. O. O.
0090103 0. O. O.
0090200 2
0090201 0. 101325. 0.0
.

0100000 TESTIN TMDPJUN
0100101 100000000 002000000 0.0
0100200 1
0100201 200. 0.0 0.0651 0.6 ',

0200000 ?.CCINJJ TMDPJUN O

0200101 200000000 004010000 0.0
0300200 1
0200201 200. 0.657 0.0 0.0
*

0300000 ACCJUN SNGLJUN
0300101 004000000 003000000 0.0 0.0 100, 1100
0300201 0 0.0 0.0 0.3
*

0560000 kTEXII SNGIJUN
0560101 005010000 006000000 4.0-4 1.0 100. 21100
0560201 0 0.0 0.0 0.0
.

0500000 TEST 21N SNGLJUN
0500101 002010000 003000000 0.0 0.0 100. 1000
0500?01 0 0.0 0.0 0.0
*

0690000 WATER SNGLJUN
0690101 006010000 009000000 0.0 0.0 0.0 1100
0690201 0 0.0 0.0 0.0
*

0600000 TEST 2EX SNGLJUN
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0600101 003010000 005000000 0.05 1.0 0.0 1000
0600201 0 0.0 0.0 0.0
.

0580000 STMEXII SNGLJUN
05801010050100l0 008000C00 2.0-4 0.0 0.010100
0580201 0 0.0 0.0 0.0
*

1000000 STMGLN IMDi'VOL
1000101 0.2 IN). O. O. O. O.
1000102 0. O. O.
1000200 3
1(00201 0. 101325, 411.25
.

2000000 ACC TMDPVOL
2000101 0.2 100. O. O. O. O.
2000102 0. O. O.
2000200 3
2000201 0. 1032S5. 294.75
.....................

* CONTROL VARIAllLES *
......... ...........

20500100 GMFLWJ1 MULT 1.93M8-2 0.01
20500101 VOIDGJ 3010000 VELGJ 3010000 PJ10GJ 3010000
20500200 GMFLWJ2 MULT 1.93548-2 0.0 1
20500201 V01DGJ 3020000 VELGJ 3020000 Ril0GJ 3020000
20500300 GMFLWJ3 ISILT 1.93548-2 0.0 1
20500301 V01DGJ 3030000 VELGJ 3030000 Ril0GJ 3030000
20500400 GMFLWJ4 MULT 1.93M8-2 0.01
2050M01 V01DGJ 3040000 VELGJ 3040000 Ril0GJ 3040C00
20500500 GMFLWJ5 MULT 1.93548-2 0.0 1
20500501 V01DGJ 3050000 VELGJ 3050000 M 0GJ 3050000
20500600 GMFLWJ6 MULT 1.93548-2 0.0 1
P.0500601 V01DGJ 3060000 VELGJ 3060000 Ril0GJ 3060000
20500700 GMFLWJ7 MULT 1.93MS-2 0.01
20500701 VOIDGJ 3070000 VFAGJ 3070000 R110GJ 3070000
20500800 CMFLWJ8 MULT 1.93548-2 0.0 1
20500S01 V01DGJ 3080000 VELGJ 3080000 Ril0GJ 3080000
20500900 GMFLWJ9 MULT 1.93MS-2 0.01
20500901 V01DGJ 3090000 VELGJ 3090000 RH0GJ 3090000
20501000 GMFLW10 MULT 1.93548-2 0.0 1
20501001 V01DFJ 3010000 VELFJ 3010000 RH0FJ 3010000
20501100 GMFLW11 MULT 1.93548-2 0.0 1
20501101 V01DFJ 3020000 VELFJ 3020000 M0FJ 3020000
20501200 GMFLW12 MULT 1.93M8 4. 0.01
20501201 VOIDFJ 3030000 VELFJ 3030000 RHOFJ 3030000
20501300 GMFLW13 MULT 1.93MS-2 0.01
20501301 V01DFJ 3040000 VELFJ 3040000 R110FJ 3040000
20501400 GMFLW14 MULT 1,93M8-2 0.01
20501401 VOIDFJ WA000 VELFJ 3050000 R110FJ 3050000
20501500 GMFLW15 MULT 1.93548-2 0.0 1
20501501 V010FJ 3060000 VELFJ 3060000 R110FJ 3060000
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20501600 GMFLW16 MULT 1.93MS-2 0.01
20501601 V01DFJ 307(XXX) VELFJ 3070000 R110FJ 3070000
20501700 GMFLW17 MULT 1.93518-2 0.0 1
20501701 V01DFJ 30S(XXX) VELFJ 3080000 R110FJ 3080lXX)
20501800 GMFLW18 MULT 1.93MS-2 0.01
20501801 VOIDFJ 309(000 VELFJ 309C000 R110FJ 3090LXX)
4

-

-
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/J0B
BAN 1253,T1000.

/ USER

/NOSEQ
AlTACH,STil2(T.RE364BX.
PURGE,BANKR31/NA.
* PURGE,BANKPFl/NA.
DEFINE,RSTPLT4ANKRSI.

. DEFINE.PLOlFL4ANKPfl.
FILE,RSTIN,SI'FtNO.
FILE,R5TPLT SBF=NO.
RFL,UP300000,EC=100.
REDUCE H
RE364BX,*PL=10MO.
/ EOR
...........................................................

* .

= COCURREh7 CONDENSATION TEST NO. 253 WITH N0DALIZATION B *
. .

.................................**..................**....

* PROBLEM TYPE
.

0000100 NEW STDY-ST
0000104 NONE
0000201 300. 1.E-6 0.1 00003 10 100 1(00
.

.......$..**. 4$........

MINOR EDIT VARIABLES *.

.....** ...**.**........

*

301 CNTRLVAR 1
302 ChTRLVAR 2
303 ChTRLVAR 3
304 CSTRINAR 4
305 CNTRLVAR 5
306 CNTRLVAR 6
307 C O LVAR 7
308 CNTRLVAR 8
309 ChTRLVAR 9
310 CNTRLVAR 10
311 CNTRLVAR 11
312 CNTRLVAR 12
313 CNTRLVAR 13
314 CNTRINAR 14 ,

315 ChTRLVAR 15 -

316 CNTRLVAR 16
317 ChTRLVAR 17
318 CNTRLVAR 18
319 TEMPF 1010000
320 TEMPF 2010000
321 TEMPF 2040000
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322 TEMPF 2070000
323 TEMPF 20900(X)
324 TEMPF 210(XXX)
325 TEMPF 3010000
326 TEMPG 1010000
327 TEMPG 2010000
3?2 TEMis 2010000
329 TEMPG 2070000
330 TEMPG 20900C0
331 TEMPG 2100000
332 TEMPG 3010(XX)
333 VOIDF 1010C00

<

334 V01DF 2010000
335 VOIDF 2020000
336 VOIDF 2040000
337 V01DF 2050C00
338 VOIDF 2060000
339 V0iDF 2070000
340 VOIDF 2090000
341 VOIDF 2100000
342 V0lDF 3010000
343 HIF 1010000
341 HIF 201(X)00
345 Hlf 202tXX)0
346 HIF 2040000
347 HIF 2050000
348 HIF 2060000
349 Hlf 2070000
350 HIF 2090000
351 Hlf 2100000
352 Hlf 3010000
353 HIG 1010000
354 HIG 2010000
355 HIG 2020000
356 !!!G 2040000
357 HIG 2050000
358 HIG 2060000
359 HIG 2070000
360 HIG 209tX)00
361 HIG 2100000
362 HIG 3010000
363 P 1010000
364 P 2010000
365 P 2020000
366 P 203(X)00
367 P 2040000
368 P 2050000
369 P 2060000
370 P 2070000
371 P 2080000
372 P 2090000
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373 P 21(XXXU
374 P 3010000
376 VAPGEN 1010000
377 VAPGEN 2010000
378 VAPGEN 2020000
379 VAPGEN 2040000
380 VAPGEN 2050lXX)
381 VAPGEN 2tGXXX)
382 VAPGEN 2070000
383 VAPGEN 20S0000
381 VAPGEN 209(XX10
385 VAPGEN 2100000
386 VAPGEN 3010000

-

387 SATTEMP 3010000
388 TEMPF 30100(X)
389 TEMPG 301tXX)0
390 FWALF 2010000
391 FWALF 2020000
392 FWALF 2050(XF1
393 FWALF 2070000
394 FWALF 20900(X)
395 F1J 201(X00
396 F1J 2030000
397 FIJ 2050000
39S FIJ 2070000
399 Fl] 2090000
.

....**...................

NODALIZATION*

...**....................

.

0010000 INLET TMDPVOL
-

0010101 0.0193548 0.1601 0. O. O. O. O. 0.10510 10
0010200 100
0010261 0. 1.01E5 0.905371ES 3.25G159E7 0.75

0020000 TESTS PIPE
0020001 10
00201010.019''M8 10
0020301 0.1601 10
0020401 0, 10
0020601 0.0 10

0020801 3.333E-5 0.1051 10
0021001 0 10
0021101 1000 9

0021201 100 1.01007E5 0.189417E6 0.256466E7 0.7779 0. 10
0021300 1
0021301 0.7 0.04 0. 9
.

0030000 OUTLET TMDPVOL

0030101 0.0193548 0.1601 0. O. O. O. D. 0.10510 10
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0030200 100
0030401 0. 1.01014234E5 0.2SS323E6 0.256459E7 0.80630
*

0110000 INLLT TMDPJUN
0110101001000000 0020000W 0.0193MS ,

0110200 1
0110201 0. 0.657 0.0651 0.0
.

0120000 OUTLET) SNGLJUN
0120101002010000 003000000 0.0193MS
0120102 0. O. 01000 1.0 1.0 *

.

0120201 1 0.7398 0.0177 0

.....................

. CONTP.0L U RIM LES *

.............****....

*

20500000 999
20500100 GMFLWJ1 MULT 1.9354S-2 0.0 1
20500101 V01DGJ 11000000 VELGJ 11000000 M0GJ 11000000
P.0500200 GMFLWJ2 MULT 1.93M8-2 0.01
20500201 V01DGJ 2010000 VELGJ 2010000 RHOGJ 2010000
20500300 GMFLWJ3 MULT 1.93548-2 0.0 1 -

20500301 V01D3J 2020000 VELGJ 2020000 M 0GJ 2020000
20500400 GMFLWJ4 MULT 1.93MS-2 0.01
20500401 VOIDGJ 2040000 VELGJ 2040000 M 0GJ 2040C00
20500500 GMFLWJ5 MULT 1.93548-2 0.0 1
20500501 V01DGJ 2050000 VELGJ 2050000 M 0GJ 20f0000
20500600 GMFLWJ6 MUL'l 1.93548-2 0.0 1
20500601 V01DGJ 2060000 VELGJ 2060000 M 0GJ 2060000
20500700 GMFLWJ7 MULT 1.93MS 2 0.01
20500701 V01DGJ 2080000 VELGJ 20S0000 RHOG.I 2080000

-

20500800 GMFLWJ8 MULT 1.93MS-2 0.01
20500S01 V01DGJ 2090000 VELGJ 2090000 M 0GJ 2090000
20500900 GMFLWJ9 MULT 1.93518-2 0.0 1
20500901 V01DGJ 12000000 VELGJ 12000000 RH0GJ 12000000
20501000 GMFLW10 MULT 1.93548-2 0.0 1
20501001 ValDFJ 11000000 VELFJ 11000000 RHOFJ 11000000 n

20501100 GMFLW11 MULT 1.93M8-2 0.01
20501101 VOIDFJ 2010000 VELt] 2010000 RH0FJ 2010000
20501200 GMFLW12 MULT 1.93548-2 0.0 1
205u1201 V01DFJ 2020000 VELFJ 2020000 RH0FJ 2020000
20501300 GMFLW13 MULT 1.93M8-2 0.01
20501301 VOIDFJ 244n000 VELFJ 2040000 RHOFJ 2040000
20501400 GMFLW14 MULT 1.93548-2 0.0 1
20501401 V01DFJ P.050000 VELFJ 2050000 RH0FJ 2050000
20501500 GMFLW15 MULT 1.93548-2 0.0 1
20501501 VOIDFJ 2060000 VELFJ 2060000 RH0FJ 2060000
20501600 GMFLW16 MULT 1.93MS-2 0.01
20501601 V01DFJ 2080000 VELFJ 20S0000 RHOFJ 20S0000
20501700 GMFLW17 MULT 1.93548-2 0.0 1
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20501701 VOIDFJ 209tXXX) VELFJ 2WXXXXI Ril0FJ 20(XXXU
20 K)1800 GMFIS18 MULT 1.9354S-2 0.01
20501501 VOIDFJ 12000000 VELFJ 12(XXX00 R110FJ 1200lxKO
e
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11. AB5f M ACT me ,m e en/

Assessment on the direct-contact condensation model was carried out using RELAP5/M002
Cycle 36.04 and the RELAPS/ MOD 3 Version Sm5 codes. The test data was obtained from
the experiments at Northwestern University, which involved the horizontal cocurrent
stratified steam / water flow in a rectangular channel. A nodal JMion sensitivity study
and a simulation with a fixed interf acial area, same as test set. tion, were also carried
out to (.xamine the ef fect of the interf acial heat and mass transfer. The results showed
that the RELAPS code model under the horizontal stratified flow regime predicted the
condensation rate well, though the interf acial heat transfer area was underpredicted.
However, some discrepancies with experimental results were found in water layer
thickness and local heat transfer coefficient especially when there was a wavy interface <

The imcf acial wave structure was found to play an important role in describing the
interfacial reat and mass transfer, as obtained in the experiment,
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