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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 facilityl5) was designed and constructed to measure the
condensation rate of steai along the channel in cocurrent, horizontal flow
of steam and woter. The cha~iel cross-section is rectangular in  shape
with a height of 6.35 cm, a width of 30.48 cw, and a length of 160.1 em,
Since the RELAPS is one-dimensional transiest 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 t*he equivalent
hydraulic diameter,

Calculations, performed with both the RELAPS/MODZ and MOD3,were
compared with the experimental results. In orcer to examine the effect of
the i.terfacial area, another calculacion with a fixed interfacial area,
which is the same as the experiment, was performed hy implementing that
into the PHAINT subroutine in the RELAPS/MODZ. 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

section and the input models, The interfecial heat and wmass transfer




model and particularly, the model change of the interphase drag in the
RELAP{ JD3 are also described in section J, The results and the
discussions on the variations in the inlet steam and water flow rates are
1 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 run statistics. Conclusions drawn from
this study and the possible implications for further assessment are

presented in Section 7.




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
atmospheric nressure in a horizontal rectangular channel. Fig. 1 shows a
schematiL .iagram of the system. The channel was constructed of 6.4 mm
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 insulatea on the upper and lower surfaces with 50 mm layers of
fiverglass to minimize possible heat loss through the surface of the
channel.

Steam and water inlet plenums are designed fo 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
disturbed.

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 tark to test

section. The water flow rate is measured by 1 and 1/4 inch venturi.
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minutes before beginning the water flow, and all data were taken 1in
steady-state conditions. Vapor velocities were measured at vertical
increments of about 4 mm from the liquid surface, and the integrated to
provide mass flow rates at each axial station. The vapor was slightly
superheated, and variations were performed 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 1is

controlled and kept constant.

2.3 Measurement Uncertainty

The accuracy of inlet steam mass flux and each pitot tube measurement
were checked by two methods: 1) the energy balance and 2) the comparison
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 measuremen® which were made
without condensation. In this case, steam flowed through the test section

in the usual manner without water present or with _he presence of water,













The volumetric interfacial arvea, agf, is based on simple geometric

considerations,

for smooth interface,

agt = 4 8in 8/( = D)

For wavy interfa e.

agf - (4 2in 8/( 7 b)) F27

where & = angle between the vertical and the stratified liquid level
D = pipe diameter

F27 = 14 r |vg/verit |asm 1 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 ihe validity of function F27 requires comparision with
experiment,

Independent assessment of the RELAPS/MODZ code through the ICAP has
identified a number of deficiencies in the code (8], For the interphase
drag calculation, it has been reported 9] that the RELAPS/MOD2
overpredicted the void fraction profile in the simulation of the RUSA-IV
Two Phase Test Facility (TPTF) and overpredicted the hot leg void fraction
in the simulation of ROSA-IV large Scale Test Facility (LSTF). The
jusiction-based interphase drag,which were incorporated into RELAPS/MOD3,

uses the donor void fraction to evaluate the interphase dray rather than

10




using the MOD2 method of averaging the interphase drag from the two

volumes on either side of the junction, The JAERI TPTF wvoid fraction
calculations were significantly improved with this moéification, although
it was just done for specific junctions[10], However, it may be expected
that this improvemcat i<« only for the case where tne flow experiences a
significant chang: (e.g., a change in direction, from horizontal to

vert.cal) across the junction,

3.3 Rodalization

In RELAPS, the only apparent means of modelling a rectangular channel
is by specafying a PIPE component which has uoe azimuthal segment, Thus
it appcars that the RELAPS can model condensing flow parellel to a
horizontal wvapor-liquid interface anly in PIPE component. The flow arca
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 iu 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 sectica,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 caleulation.

11




It was found difficult to obtain steady state conditions due to

oscillation of the principal parameters and to prescribe proper outlet
conditions even though the calculation reached steady state condition.
Therefore, a simple npodalization was introduced to describe the
experimental outlet conditions., The test section is one-dimensionally
nodalized into two TIME DEPENUENT VOLUMEs, one TIME DEPENDENT JUNCTION,
one SINGLE JUNCTION, and one PIPE. This nodalization of the test section
is shown in Fig. 5, and the irput deck is described in Appendix. The
PIPE.representing the main test section,consists of 10 nodes. The size of
the time step was chosen tu be 10E-6 and 10E-1 seconds as the minimum and
the maximum Lime step,respectively. The steady state option was selected

for the assessment.

12
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1. Base Cas¢ Calcwration

Four calculations among the experimental data (test no. 253, 269,
279, and 293) were done using the RELAPS/MOD3 Version 5m5 and the
RELAPS/MODZ  Cyele 36.04 codes. The initial conditions of the sxperiments
are sumarized by the test matrix in Fig.3, and the corresponding inlet

conditions of the four tests are represented in Tahle 2,

4.1 Base Calculation With KELAPS, MOD3

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,

i) Steam Flow Rate

Fig, 46 shows the effect of the inlet steam €low rate on interfacial
heat and mass trans.er at constant inlet water flow rate and water
temperature. The decrease in steam flow rate is a measure of the mass
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 effect 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
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thickness, The steam flow rate drops mor stonically from their initial
value at the diplet: the magnitude of the drop increases with the inlet
steam flow rate. The calculated and experimental steam flow rates are in

good agreement .,

i1) Water Flow Rate

Fig. 47 shows the effect of the inlet water flow rate on interfacial
heat and mass transfer at constant dinlet steam flow rate and water
temperature, The calcuiations and the experiments shos 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 condensatiun 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 channei, so the subcooling remains high and

a large mass exchange rate persists downstream from the inlet,

11i) Local Condensaticn Rate

The calculated and experimental axial local condensation ates fou
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 thermal resistance in the gas
side is ~.gligible compared to the thermal resistance in the liquid side,
The condensation rate t{herefore deperds on the ability of the liquid

14




metion to transport thermal energy away from the interface into the liquid
main stream. In this case, it is the interfacial wave agitation which
enhances the convection. This explains the increase of condensation rates
with higher steam fiow rates, On the othar hand, the increase in
cordensation rate with water flow rate can be explained as follows: at the
higher water flow rates, water temperature slowly increases due to the
larger thermal capacity of the liquid, and therefore the temperature
difference remains relatively larger, Because the steam velocity is much
larger than wvater velocity, an increase in water velocity does not
increase the interfacial wave 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 56, 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 hecame smaller
tor higher condensation rates, And little differences in the local
condensation rate between calerlation and experiment are easily scen, It
was also observed that the absolute difference between these results were

aearly constant along the channel.
iv) Pressure Difference
Figs. 7, 15, 23, and 31 show the change in static pressure along the

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

15







aeat .ransfer coefficient decreaces monotonically, whereas, the interface

is smooth from the entrance to a certain point in downstream, and is wavy
from there to the exit, the heat transfer coefficient decreases from the
entrance to that point and sharply increaces in the vicinity of that point
and then decreases monotonically. The RELAPS calculations show that the
interfacial "2at transfer model did not predict well, especially when
there exists a wavy interface, but is satisfied with experimental resulis

only within the 'imited range.

4.2 Base Case Calcul-tion With RELAPS/MOD2

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 RELAPS/MOD3
calculation in steam f ,w rate, water flow rate, pressure difference,
water layer thickness, etc.,. Since it may be expected that the
RELAPS/MOD3 model in calcusisting the interphase drag may result in be‘ter
prediction, only for the case when the flow experiences a significant
change (e.g , a change in direction, from horizontal to vertical) across
the junction, little difference in comparison with the RELAPS/MOD3 was

found in the horizontal, stratified flow.

17
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5. Sensitivity and Nodalization Studies

5.1 Calculation Without a fixed interfacial area

Under stratified flow condition, the interfacial heat transfer area
is ralculated from the hydraulic diameter and the void fraction, In this
experinent, the cross section of the test section is 0,30 m x 0.063 m,
resulting in the hydraviic diameter of about 0.105 m. It implies that the
maximum width of the flow is not 0.0 m but 0.105 m in the code
calewlation,  The interfacial heat transfer area calculated by RELAPS 1s
thus about 3 times smaller than actual interfacial area,

The RERAPS may not give highly accurate quantitative results compared
to the experimental data, principally because a pipe has a circular cross
section, The geometricai restriction has the obvious consequence that the
liouid level and interfacial area are coupled in the calculations.
Calculated interphase transfer of mass, momentum, and energy at a point in
the flow path are thus more strongly affected by upstream condensation
rate than would be the case with a constant interfacial area. The
interfacial area, therefore, was fixed to be the sase as the area of the
test section by implementing that into the PHAINT Subroutine in the
RELAPS/MOD2.

The results, represented by the "“FIA" in the figures, are shown in
Figs. 6 to 21 for various dnlet conditions, and compared with the base

calculations, Water temperature is higher and steam temperature is lower

18
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than *he 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 liguid 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 fricticn became relatively larger,

5.2 Nodalization Sensitivity Study

The base calculations predict the local condensation rate well,
however some discrepancies were found in the water layer thickness and
local heat transfer cuefficient, Thus calculation with nodalization
change in the nunber of volumes of the test component for test number 253
was carried out by ncreasing 10 to 20, Comparison shows no differerce 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 CRAY2S/4-128 were used
for the calculations with the RELAPS/MODZ and the RELAPSMOD3 Codes,
respectively,

1 Fig. 61 shows the required CPU time vs the real time in Lhe base
f calculations. The computational efficiency is summarized in Table 3
|

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

Calculation | Computer Time |Number of Time |Number of |Grind Time,

(CPU), sec Step (DT) Volume (N) | CPU/(NsDT)
RELAPS/MODZ | 102.83 5289 12 0.001620
RELAPS/MOD3 | 28.64 5200 12 0,000451




{

!

7. Conclusion

The local condensation rate in horizontal cocurrent stratified flow
was calculal .y using the RELAPS/MODZ and MOD3, it appears that the RELAPS
can moc21 condensing flow parallel to a horizontal vapor-liquid ‘rterface
only with PIPE cosponent. Therefore, the only apparent means of modelling
a rectangular channel is by specifying a PIPE component which has one
azimuthal segment,

The RELAPS prediction of the condensation rates is in good agreement
with the experimental data. However, some discrepancies with experimental
results were found in water layer thickness and local heat transfer
coefficient especially when t .. 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.

A nodalization study at the test section for test wumber 253 was also
carried out by changing the number of the volumes from 10 to 20,
C ~parison shows no differer.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 performed
by implementing that into the PHAINT subroutine in the RELAPS/MOD2.
However, the results did not gi e any improvement on predicting the wavy
interface accurately, Therefore an effort to develope models including
the effect of the wavy interface night be taken to enhance th: capability
of the ~elAPS hy considering the interfacial shear as well as the

interfacial heat transfer,
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