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Abstract

An experimental and theoretical study is perforrfagdthe steam condensation in a vertical
tube bundle passive condenser simulating PCCS osedé the ESBWR. Four condenser tubes
are submerged in a water pool where the heat fleencbndenser tube is removed through
boiling heat transfer. Condenser tubes with a ldigth/diameter scale are used to obtain the
condensation data with various process paramdikescomparison of tube bundle experimental
data with the single tube data by both the expearitmmand models shows that the single tube
secondary heat transfer coefficient (HTC) is betw28% - 35% less than what was recorded for
the tube bundle, and the tube bundle condensaiies are slightly higher than the data from the
single tube test sections due to turbulent mixiffgcé which increases the condensation heat
removal. The turbulent mixing on the secondary sidereases thAT between pool water and
condenser tube outer wall, causing an increasedonslary HTC. This increase in secondary
HTC thus results in higher condensate mass floesralube bundle boundary layer model and
heat and mass analogy model were then developethéoprediction of the filmwise steam
condensation with noncondensable (NC) gas in ace¢tube bundle. The predictions from the
models are compared with the experimental dataddous complete condensation and through
flow conditions and the agreement is satisfactdrige local parameters predicted by the
boundary layer model and heat and mass analogyImattietube bundle pool boiling can also
be predicted with the axial distance from entrafaredifferent NC gas fractions and system
pressures.

Keywords. Tube bundle, boundary layer model, heat and maakgy model, condensation,
pool boiling.

1. Introduction

Condensation is an important mode of heat trarsiar is widely applicable in the power
industry due to its ability to achieve high heainsfer coefficients. General Electric’s economic
simplified boiling water reactor (ESBWR) includepassive heat exchanger to depressurize the
containment by condensing steam in vertical tultesugh a pool of water [1]. This heat
exchanger is called a passive containment coolstes (PCCS). The PCCS condenser must
provide enough heat removal to keep the pressurancontainment less than the design
pressure after a design basis accident, such assaof coolant accident (LOCA). A detailed
knowledge of the PCCS heat transfer capabilitieaesessary in predicting the containment
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pressure following a design basis accident. The Cahdenser has three modes of operation:
through flow, cyclic venting, and complete condeiosamodg2].

Experiments have been carried out by several relsela on condensation with and without
the presence of NC gas in a vertical tyBell]. Most of these experiments use forced
convection for the heat removal mechanism. HoweherPCCS condenser uses pool boiling as
the method for heat removal. Kim and No [7] die ymol boiling, but in a large rectangular
tank and the experiments did not involve the presesf NC gas. Oh and Revankrl0]
carried out tests with a single condensing tubegupbol boiling in a cylindrical secondary pool
and the presence of air as the NC gas. A new rulde- test facility was designed and
constructed to extend work of Oh and Revankar (9,a5 well as to investigate the tube bundle
effect on PCCS heat removal capabilities by Revaakal [12]. The comparison of tube bundle
experimental data with the single tube data by tloghexperiments and models shows that based
on a linear fit for the trends, the single tubeoselary HTC is between 25% - 35% less than what
was recorded for the tube bundle, and the tubelbwwhdensation rates are slightly higher than
the data from the single tube test sections [18]Fig. 1, data of the secondary HTC for tube
bundle [13] and single tube tests [9, 10] are shaleng with pool boiling HTC.
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Figure 1.Comparison of Single Tube and Tube Bundle Secondafy

Similarly, in order to elucidate boiling heat trégrscharacteristics for each tube for tube
bundles, Fujita and Hidaka [14] performed an expental investigation of pool and flow
boiling of Freon-113 at 0.1 MPa using two typia#bé arrangements for horizontal tube bundles.
It was found in this study that the boiling heainfer coefficient (HTC) of each tube in a bundle
was higher than that for an isolated single tubgoal boiling.

For vertical tube bundle in the PCCS, the bubbles generated and rise up through the
narrow clearance between tubes, induce turbulemteause turbulence mixing. Such two-phase
flow may impose certain influences on tubes inpi#éssage. Its overall effect on heat transfer
depends on various parameters such as bundle emand; tube pitch, tube location, thermal
and hydrodynamic conditions, and system pressune. l&rger secondary HTC is a result of
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turbulent mixing of two phase flow in the secondagter pool. This increases the secondary
pool temperature, which decreases the temperaiffexetice between the outer wall of the

condensing tubes and the secondary pool water.eckedse in the temperature difference will
cause the secondary HTC to be larger. This increasecondary HTC is enough to make the
condensate mass flow rates higher than for a sidle. This effect could cause a better heat
removal capability. The tube bundle effect thuget the secondary pool boiling and then the
in-tube condensation.

However, from the literature review conducted befdghere is no such consideration in all
the boundary layer models and the heat and madsggnenodels. Here in this work we
improved the existing boundary layer models on tabadensation by considering the tube
bundle effects and the induced secondary heat féranefficient and condensate rate
enhancement.

2. Tube Bundle M odd

It is postulated that in pool boiling systems, tasic mechanisms take part in the heat
transfer process for the pool boiling of saturdladis: the ordinary convective mechanism of
heat transfer, and the nucleate boiling mechanssoaated with bubble nucleation and growth
as proposed by Chen [15,16] for flow boiling. Ifusther postulated that these two mechanisms
are additive in their contributions to total heaisfer.

Considering first the convective mechanism, it weognized that at the two limits of 0 and
100% quality, the convective heat transfer showdddescribed by the Dittus-Boelter type of
correlation. It was then postulated that in the-ph@ase region where both liquid and vapor are
present, the convective heat transfer shouldlstildescribed by a modified form of the Dittus-
Boelter equation.

h..=0.023Ré&° Pt K D (1)

In this equation, the Prandtl and the Reynoldslmensnand the thermal conductivity represent
effective values associated with the two-phaselflWWe may define three parameters as ratios of
these quantities divided by the liquid quantities.

B=Pr/P(
y=k/k, )
F=(Re¢/Re)™”

In the case of ordinary fluids, the Prandtl nurshbafrthe liquid and of the vapor are normally
of the same magnitude. The Prandtl number of tleefiaase fluid should therefore also be of the
same magnitude. Furthermore, since the heat isfeaad through an annular film of liquid
adhering to the wall, it is expected that the kibproperties would have the dominant effect. For
these reasons it is reasonable to assume fatd y may be taken to be unity as a first

approximation. Equation 1 may then be rewritten as

N =0.02 Re)**( R)** K D § )3

The functionRe,_ in Equation 3the liquid Reynolds number of two phase flow, can b
described as below:
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where
x=G, /G, is the steam quality of the two phase flow;

G, =m/ A, is the steam mass flux, which can be calculaseti@ss flow per unit area;
q'=mh, = m=q"/h,. m, mass flow can be calculated using heat flux eigidy latent heat;

G =p AAlI/ A= p Al, is the two phase mass flux, which can be caledlasing the secondary

side water level change with timAl() multiplied by liquid density;
A , is the effective two phase flow area, afyd, is the effective liquid phase flow area given as

[17],

(1-x)GA
i - pL - (1_ X)pv (5)
A ([-XGA_ XGA (1-x)p,+xp, "
P oy

and D , is the hydraulic diameter.

The function F in Equation 3the ratio of the two-phase Reynolds number to itpeid
Reynolds number, is based on the liquid fractidmsTatio is strictly a parameter by analogy to
momentum transfer in two-phase flow. It may be as=dithatF is a function of the Martinelli
parameter X, .

1.0 for i <01
X

tt

F = J0.736 (6)
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Xy X

tt
01 1- 09 05
Xy = (ﬂJ (—Xj (’Ovj (7
:uv X pL
The analysis of Forster and Zuber [18] was talsen hasis for the formulation of a nucleate
boiling mechanism of heat transfer with effect&& and Ap.

where

k0.79C0.45p 0.4 0.2 0.04 0.75
—_ L L L c . .
hmic - 0'0012{ Jo.slurz).zan 0.24:0 0.23 (ATe) (Ape) (8)
L fg Y
Then a suppression factor, S, was defined as peddmg Chen [15,16]:
0.24 0.75
S=(AT,/AT) ™ (Ap,/Ap) 9)

Combining with Equation 4, we then obtain an exgim@s for nucleate boiling coefficient in
terms of the suppression factor and the total sigaer
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The suppression facto§, approaches unity at zero flow rate and zero anitefiflow rate. It
was postulated, subject to experimental verificgtithat in all ranges of flowScan be
represented as a function of the local two-phas@m®ds number.

The total heat transfer coefficient is then obtdiae the sum

h=hy +h (11)
3. TubeBundle Boundary Layer Model Results
Using our experimental conditions, test faciligognetries and the above equations for pool
boiling, we can calculate the nucleate boiling, antive and overall heat transfer coefficients
for tube bundle pool boiling, and then calculatedmnsation heat flux and condensation HTC

for the predictions using boundary layer model (919].

Complete Condensation

Using Equations 3, 10 and 11, we can calculatedneective, nucleate boiling, and the overall
HTCs with different pressures. The results aret@tbais shown in Figure 2, and compared with
the experimental overall HTCs. From the figure,caa see the modeling results using Equations
3, 10 and 11 have a good agreement with the expatahresults compared to the results using
single tube model [9, 13,19].
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Figure 2 Overall, Nucleate Boiling, and ConvecttVECs with Different System Pressures
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Then the Equations 3, 10 and 11 were put intobihkendary layer model to replace the
existing secondary pool boiling correlation, ane@ ttesults using tube bundle pool boiling
correlation were obtained [19]. The model condensadss flows and condensation HTCs were
compared with the experimental data [13, 20] asvshim Figures 3 and 4. Good agreement
between the model results with experimental resudts obtained.

Through Flow

Using Equations 3, 10 and 11, we can calculatectimective, nucleate boiling, and the
overall HTCs with different nhoncondensable gas tioms, inlet steam flow rates and system
pressures. The results are plotted as shown inrd-iguand compared with the experimental
overall HTCs. From the figure, we can see the moemllts using Equations 3, 10 and 11 have a
good agreement with the experimental results coetptr the results using single tube model.
For through flow, there are noncondensable gagidracsystem pressure and inlet steam flow
rate which affect condensation. So, we comparecexperimental and model secondary HTCs
for through flow, which is different from what wéogted for complete condensation.

Then the Equations 3, 10 and 11 were put intdthandary layer model [9, 19] to replace the
existing secondary pool boiling correlation, ane ttesults using tube bundle pool boiling
correlation were obtained. The modeling condensass flows and condensation HTCs were
compared with the experimental ones as shown inrégy6-7. Good agreement of modeling
results with experimental results was obtained.
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Figure 3 Comparison of Condensate Mass Flow foreTBindle Model Results with
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Experimentally it is almost impossible to measure tondensate mass flow rate at different
axial points, and the axial profile for condensatldTC could not be directly computed. To
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estimate the local condensation HTC, the boundaygrl model [19] with tube bundle pool
boiling was used to predict the axial condensatesnflaw rates.
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Figures 8 - 11 show the axial profiles of the corsdge film thickness and HTC from the
entrance under the conditions of system pressubekP@ and inlet steam mass flow rate 0.8
grams/sec for four tube bundle case. Figure 8 shibatsthe condensate film thickness increases
with the axial distance from the tube entrance, dacreases with the increasing NC gas mass
fraction at a fixed inlet steam flow rate and aetixsystem pressure. The thickness increases
rapidly initially, and then slowly as the axial @#isce from the entrance. Figure 9 shows that the
average heat flux drops rapidly at first, and tdenreases slowly as the axial distance from the
entrance increases. The average heat flux decrestie increase in NC gas mass fraction.
Figure 10 shows that the condensation mass flosvhas the same trends with the distance from
the entrance and NC gas mass fraction as the avhesg flux shown in Fig. 9. Figure 11 shows
that the local condensation HTC drops rapidly edtfiand then decreases slowly as the axial
distance from the entrance increases. The condenddT C decreased with increase in NC gas
mass fraction and impact of NC gas mass fractiosigsificant at the entrance region where
condensation is efficient.
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Figure 8 Condensate Film Thickness vs. Axial Distafiom Entrance for Different NC Mass
Fraction with Tube Bundle Model
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Mass Fraction with Tube Bundle Model

4, Conclusion

The comparison of tube bundle experimental datid wWie single tube data by both the
experiments and models shows that based on a liméar the trends, the single tube secondary
HTC is between 25% - 35% less than what was reddiatethe tube bundle, and the tube bundle
condensation rates are slightly higher than tha d&m the single tube test sections due to
turbulent mixing effect.

Tube bundle boundary layer model was then devdldpe the prediction of the filmwise
steam condensation with noncondensable gas inti@aledube bundle. The predictions from the
model are compared with the experimental data. i@k&09 pool boiling heat transfer
coefficients, condensation heat fluxes and heatstem coefficients for various complete
condensation and through flow tube bundle experialetata are compared and the agreement is
satisfactory. The tube bundle model predictionshef condensation HTCs and condensate rates
are within a range of: 10-15%, while the single tube model predictions aithin a range of
+ 25%. So, the tube bundle model has a better preditttan the single tube model for the tube
bundle experimental data. The local parametersigisgtiby the boundary layer model and heat
and mass analogy model with tube bundle pool pitian also be plotted with the axial distance
from entrance for different noncondensable gagitras and system pressures.
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