Proceedinge of the Forean MNudesr Booety Spring Meeting
Pohang, Korea, May 18546

Local Heat Transfer Coefficienis for Reflux
Condensation Experiment in a Vertical Tube in the
Presence of Noncondensible Gas

Foung Min MOON and Hee Cheon NO
Eorea Advanced Institute of Science and Techmology

Young Seck Bang
FKaorea Imstitute of Nuclear Safety

Abstract

The local heat fransfer oefficient & expeimentally investigoted for the reflux
condensation R o colddercurrent flow  between the steam-air mixture and  the
condensate. A single vertical tudbe has o geometry Wwhich s a length of 2.4dm, inner
dicmeter of 16.50mm and cuter digmeter of 18.05mm and = made of stainless steal,
Afr fe opeed o o Romcondengible gos. The secendory side iz ingalled in the form of
coclant block around pertiond tube and the heat by primary condensation is transferred
to the coolemt water. The local temperaiures are mecsyred of 15 localions in the
vertical direction and each location has 5 mecsurement peints @n the radinl direction,
which are installed af the tube cender, af the oufer wall and of the coclant side. n
three differemt pressires, the 27 sefe of date arme cbioined in the ronge of inlet steam
Flow #ate 13458 ~5.282kg e, of inlet ofr mass frocton TLE~85.0%. The ool heot
transfer coefficient increcses as the increcse of inlet steam flow mte and decresses as
the decregse of indet afr mass fractien. As on incregse of the sygem pressure, the aclite
condensing  mgion It contracted and the heat Pansgfer capabilfty in this region i
magnified. The empirical correlafion s develsped represented with the 165 sabs of loeml
Faet teansfor dete. As o mesplt, the Jocedh number and flm Reymelds number ore
domingnt poremeters o goverm the locel heot tromsfer coofficient. The rms error i
I7.7% between the resilts by the experiment and by the correlation.

1. Introduction

In case of the loss of residual heat removal during midloop operation in nucear
power plant, it is estimated that the safely of the reactor may be severely threatened
by the boiling of a coolant inventory when the decay heat is not properly removed.
Such a probability of accident inducing the core damage in the case of midloop
aperatiom is revealed not to be negligible compared to the case of nommal operation.

The integral experiment and the code amalysis of the loss of residual heat remaoval
accident during midloop operation have been performed in several countries. In Korea,
a few research groups have evaluated and analyzed the experimental resulis of the
foreign integral test facility using the thermal-bydraulic code.

A reflux comdensatiom 5 the countercurremt flow between the steam-air mixiure
upward flow and the condengate downward flow, and has the upper limit by the onset
of flooding. The reflux condensatiom im the TTtube plays an important role of the
residual heat removal to the secondary side of steam gemerator amd has am advantage



not to e the loss of 8 coclant inventorsy.

The present experimental study has two characteristics compared to the previous
wiarks., Une i5 to obtain the local heat transfer coefficients by the meassurement of
local temperatures alomg the axial length of the vertical tube. The other iz to perform
an  experiment in the ranmge of the high air mass fraction that is similar to the
comditions of midloop operation.

2. Previous Works

J W, Park(1984) carried oul several experiments on reflux condensation and flooding
limits with the low concenmtrations of nomoondensible gas in pyrex tubes. He obtained
the following results. The flocding flow rate amd heat transfer rate per unit axial aren
decreases as the air flow rate increases. Once a tube is flocded, its heat removal
capability is much less than that of the tube hefore flocding.

Banerjee et al.(I1981) carmed out the experiment of the tramsitiom from the refhix
com- densation to natural cirodation and the behavior of condensing region amd Mowid
column, Also they performed the theoretical analysis of heat removal and the stability
of flow regime. They related the pressure differemce between the inlet and outlet of
the tube with the length of a single phase liguid colummn.

Neuwen and Banerjee(I1382) used the inverted TJ-tube test sectiom which was
directly attached to the boiler, and observed warious flow patterns amd oscillatory
behavior, And they described the pressure drop of the test section as the parameter
representing the flow regimes.

Hein et al.{1282) carried out the experiments wsing the inverted Tl-tube made of
stainless steel and the saturated secondary coclant podl. And they made a fow steady
states warving the amount of injected nitrogen gas and the secondary  saturated
temperature. The locatioms about the trangition of the active to passive condensing
region are observed by meanuring the temperature at axial locations. The active lengih
became short as the amount of injected nitrogen gas increased.

Tien et. al.(I1982) performed the 2-0 analysis of the condensation in a tube with
the Nusselt film  condensatiom theory and the condemsation expenments using the
copper tube evaporator that leads to the thermosyphoning and the collapse of lgwid
column at the head of tube.

Wan et al.(1983) studies the formatiom of Howid cobumn after fooding using the
gingle long tubes which are different from each other. And the comstents, C and m, in
Wallis' flooding formuda were represented newly from the experimental resulis. The
diameter of the tube was aomsidered as an important factor in their study.

Chang et. all1933) used four tubes for their experiments and predicted that the
multi-tube effects according to the fMuctuation of liquid cobomn exist. The fluctuation
was magnifizd in the multi-tube to the single tube. The heat removal capability was
in¢reased as the inlet pressure increases.

Marcadongo (19871 measurad the local temperatures and investigated for the reflux
condensaticn and  the flooding limit using the inverted TU-tube. The experimental
flooding resulis were compared to a few correlations anmd it was conchided that Wallis'
correlation is most similar to the prediction of the sxperiments. Im the range of high
pressurs(af ~105har) the empincal corrslatiom for the heat iramsfer coefficient was
developed using the Alm Rewmolds mumber. However, the data representing the
correlation was insufficient.

In the previous works the reflux condensatiom is described not independently but
partly as one of the flow regimes in countercurrent flow. Such a separate test related
to the SB-LOCA has a main interest in the tramsition of the flow regime and to the
visual obzervation by the pyrex tube  Small concenirations of noncondensible gases



liks the air or the nitrogem are treated in the previous works. The present work treats
the mixiure flow with the large concentratioms of the air as the noncondensible gas.
Alsa the major characteristic im thisz study i to measure the local poinis of
temperature and to obtain the data for the logal heat transfer coefficient.

3. Experimental Works

5.1 Facility Deseription

A test facility iz installed for the reflux condensation experiments. The test facility
15 composed of two parts. Ome is the steam-air mixture gemeration part and the other
i5 the reflux comdenzatiom part. The main test sectiom i5 composed of the vertical tube,
the coolant block and upperdower plenums, which has a geometry of the tatal lengih
d.56m, the height 4.3m. Figure 1 shows the overall schematic of the test facility

The steam-air mixture gemeration part is composed of steam gemerator, heater,
power controller, air line, air pre-heaters and flow mixer. The steam generated from
the steam generator i5 mixed with the air heated om the air pre-heaters in the flow
mider. The two air pre-hesters having each power 3kKW heat up air to maks a
temperature balance with the saturated steam. The air flow is measured by the two
rotameters that have differemt ranges: 2—20pm, 9.4—040pm. The air rotameters have a
measuring errars of £ 2.5%, The stear-air mixture from the flow mixer flows into the
lower plenum im the reflux  condensation part. The dreoplet  separator  and  the
turbinemeter are located om the steam-air mixture line, The droplet gemerated from
the mixture ling is removed on the droplet separator and then the mixture flow rate
is measurad by the turbinemeter which has a maximuwm range of 3 Im hr.,

The reflux condengation part is composed of wertical tube, coolant block, lower and
upper plemumm, drain tank, venting line and air-steam separator. FE-type GOmm-dia.
thermocouples are attached by the silver soldering om the wertical tube and measure
the tube centerling temperatures and the outer wall temperatures alomg the same axial
locations. Figure 2 shows the position of thermocouples in a wertical tube. They are
located more closely near the tube inlet becauss of the importance of heat transfer in
this regiom. A wertical tube bas a geometry of the outer diameter of 0.75"equal to the
TT-tube dia. of Korea standard NFPP), inner diameter of 16.56mm and effective length
of 24misurrounded by the coolant block). The tube inlet shape is a sharp edge. The
coolant blocks are installed aroumd the wvertical tube and make the aomular shaped
flow of the coolant betweem the block and the tube. The ouwter diamster of coolamt
anmualus iz 57.2mm. The K-ivpe GI125"-dia. thermocouples to measurs the coolant
temperature are installed penetrating into the coolant block., Figure 3 shows the
schematic for the attachment of thermocouples om the test sectiom as a sheared view.
For the stable inlet and cutlet conditioms the upper and lower plemums are installed at
both, ends of a wvertical tube. They have a shape of 2020 = 20em cubic, The adr-steam
geparator is imstalled on the venting line for extracting the remaining steam in A
vented flow, However, the nearly entire amount of inlet steam was comdensed om the
inner surface of the wertical tube and mo noticeable collectiom of the wvented steam
ageurred.

8.2 Experimental Conditdons

The experimental ranges of the system pressure, the inlet steam flow rate, and the
inlet  air mass  fractiom in the experiment: 1~25bar, 1.348~3.282kghr and
11.8—55.0%, The inlet steam is all condensed im a vertical tube and the amount of the
vent of air iz the zame as that of injectiom. The city water used as the coolani and
the steam iz made of the mineralized water. Figure 4 shows the graph of the test
results with, respect to the inlet steam flow rate and the inlet air mass fraction, Table



1 represents the experimental conditions for the present work.

Table.l Experimental Conditioms

Parameter Tnits  Conditions Remarks

FB kgphr 1348~ 3,283 inlef. etearmn flow rate
Ea kgphr 0, 0.551 ~2443 inlet. air flow rafe

Fu kgphr 1875 ~4.443 inlet. mixture flow rate
F bar 1, 1.5 2.5 {approz.) Evetemm prespure

AMF ) 0, 11.85~550 inlet. air maee fraction
FC ke 0.0250~0,0830 oonlant, flowr rate

535 Data Beduction and Instruments
The calewlation of the local heat tramsfer coefficients requires the measurement of
the temperatures at the tube centerline! T), at the tube outer walll T, ) and at the

coolant! T-). Data reduction for heat transfer coefficients is first developed from the

basic heat balance congept., The rate of heat loss by the reflux condensation s
tramsferred to the secomdary side through the infinitesimal tube area, which is the
game as the rate of heat gain by the increase of coclant temperature, Thiz heat
balange i5 expressed mathematically as follows:

g (%) dd = mCWdT, | (1)

where 5 (%3 is the heat fux Aowing out through wnit wall area by the mixture
comdemzation and #:. is the coolant flow rate. If the codlant flow rate and the coolant
temperature are known the local heat flux cam be caloulated using the following
relationship:
e dT %) m Ty dT0x%) )
W= CT g T xd  aL
where I i5 axially the lemgth of interval that the adjacent two T_5 are measurad.

The tube inmer wall temperature cam be calewlated by the heat flux and by the
measured outer wall temperaturs

Teilxl=T, x)+g5 (2] R, (3)
e & = BLIDOD, o

where [y is the hydraulic diameter and Ap-is the thermal conductivity im a vertical
tube, Finally, the local heat tramsfer cosfficient i5 estimated through the heat fux

divided by the difference between the tube centerline temperaturs amd the inmer wall
Lemperature.

_ g (x)

) = T ) — Ta ) &)

In the present experiments the data is measured and collected at the points of 6 in
pressure, 4 in flow rate and 53 in temperature. Among these measurements the poinis
of 2 im pressure, 2 in flow rate and 36 in temperaturs are represented importantly to
analyee the experimental results. The gauges and tramsducers are used for the
pressure measurements. The motameters and turbinemeter are used for the flow rate.
The 1 BRTD amd 52 thermoocoupless are used for the temperature. Data acquisition
system i5 required to collect about G0 data points per GLO5—I1.0 secomd. A set of 486 PC
and data acquisitiom wnit{(HP EI4218) baving a 64 chanmel terminal box is used for




the data collectiom and the experiments are momitored using the software for windows,
HE ¥EE +.3.2. The values of measuring parameter varving with each run time cam be
checked on monitor and the tramgition of temperature profiles due to flooding s
digeernable in a graphic display.

4, Results and DMscussion

4.1 General Description

As a result of the reflux condenzation experiment the 29 sets of date with variations
of three main parameters and total 165 sets of data at locel poants are used to derve
the correlation for the heat transfer coefficients. In conditions of pressure, the § data
at 2.8bar, the 7 data at LSbar and the 16 data at I.0bar are obtained. Among the
Ibar experiments the two data is performed with inlet pure steam in the absenge of
the air injection. Nearly entire amount of inlet steam are condensed on the inner
surface of a wvertical tube. The lemgth of the active comdensing region s estimated to
ke within 1.5868m congidering the local beat tramsfer coefficients amd the temperature
profiles,

4.2 Limitations of the Reflux Condensation

The reflux condensation has an upper Bmit in a vate of upflow in the counterorent
florge, This upper lmit is called 'flooding' and the flow regime chamges in the upflow
over the flooding. The Mooding itzelf iz an important phenomenon in countercurrent
flow and gives a limitation of the reflux conmdensatiom, Therefore, the experimental
study of the onset of flooding was preceded. A5 a resull, the experimental valies are
below the wvalue of Wallis' correlation in the geometric conditioms of the sharp edge
and the inner diameter of 16.56mm.

The flooding diserimination in the previous works depends om the visual cbservation
of the transparemt pyrex tube or the pressure drop between both ends of the test
tube. Im the presemt work, it's impossible to observe visually due to the use of a
stainless steel tube. Therefore, the omset of the oscillation of the tube centerline
temperatures is used for discriminating the flooding. Figure & shows the oscillations of
the temperature due to flooding.

Figure 6 shows the flooding results. f'and f; represemts the mnondimensional
superficial wvelocities of the steam-air mixture amd the condensate. As the condenszate
flow rate is dependent om the inlet steam flow rate, the distributions of data points
are in the limited range of §;° . The valuss of constant C in the Wallis' correlation are

(6548 — 7034 in the experiments, which iz lower tham L7285 suggested by Wallis.

4.5 Parameiric Effects on the Heat Transfer Coefficient

The heat transfer coefficient ingreases with an increase in the svstem pressure and
in the inlst steam flow rate, and decreases with an increase inm the inlet air mass
fraction. The effects om the active condensing length can be estimated by the curves of
the heat tramsfer coefficient amd the heat flux along the axial directiom. The active
region 15 enlarged and contracted at each conditiom of the increase im the air mass
fraction and the system pressure.

Figures 7 and 8 show the effects of the presence and the absence of the air in the
inlet flow onm the temperature distributions. Im the same case for air injectiom bt
different for air mass feaction 1 1.8—50%) the experimental results confirm the effect of
nineondensible gases om the heat tramsfer coefficients. Figure O shows the effect of the
air mass fraction, The heat transfer coefficients in the absence of the air have very
large values comparsd to the presemce of the air. Figure 10 chows the effect of the
inlet steam flow rate. The local heat tramsfer coefficients increases over the active



region with an increase in steam flow rate. Figure 11 shows the effect of the pressure.
With an increase in pressure, the active condensing regiom becomes short and the heat
transfer coefficients moagnify within this region. The heat t{ransfer distribution is
shifted amd concenirated to the tube inlet, but its capability over the adive region
does not change as the pressure increase. Therefore the decay power effecting the
steam generation and the amount of gemerated noncondensible gases are Important
factors to the heat remaoval through the TT-tubes.

44 Development of Experimental Correlation
In wvertical condensation flow, the total heat tramsfer coeffcient! g, 15 separated

inta the film heat transfer coefficient! &, and the mixture upflow heat tramsfer
coefficient{ 4_) with respect to the gecmetry, and is separated into the convective( k...
and condensation k..2) heat transfer coefficients. Ao 15 related to Reg, Pr. and
Booen €AM be expressed in terms of Re,, Rey, Wy, Jfa.

The degradation factor(F) iz introduced for the nondimensionalization of the local
beat  tromsfer coefficients, F is defined as the watio of kg lk,, where bk, i5
g Ty — Ty i) and ke ds g7 f(T,— Ty, ;). ky ds the same a5 &;/8 according to
MNusselt(1916)'s classical film theory., % is a thermal conductivity and & is a film
thickness.

L~

_ 3;&%3@2; (E:‘
dofo— o g

&

The degradation factor is sxpressed as a function of 4 nondimensional mumbers, The
Re, and Rey iz the steam-air mixture EReymolds number and the flm Rewmalds

number. fz is the Jasob number and W, is the local air mass fraction. The Prandil

number reveals to be negligible in this comsideration. Least square method for multd
variables is mumerically used for the correlation development.
The result of the developed empirical correlation using the 165 sets of the local heat

transfer coefficient data is as the fdlowing.

L - - -
F= % = 2.58X107 RE™ RYT 1T w0 (7)
wheve, 6119 ¢ Re, < 66585 (8]
0,140 ¢ Wiy < (.972 (9)
008 < Ja ¢ 0,125 (10}
1.2 ¢ Rey < 186.5 (11}

The F has walues from (LGS o (L3301, This results represemt the heat tramsfer is
severely disturbed by the presence of the air on the high percentage. The local air
mass fraction along the axial length inereases with the condemsatiom of steam and F
decreases axially, This correlation describes the reflux condensation heat tramsfer in
the active condensing regiom. Jacch number is the most dominant parameter: the
temperaturs  differemce  between the tube centerlinge amd the iomer wall i5  very
important to heat tramsfer. The film thickmess is 3.07 %1077 1,188 10 "*m. The rms
error i 17.T% between the experimental resulis and the correlation results.

Figures 12 and 13 show the comparisons of the kg, results by the experiment and
by the correlation in normal and log seales. The rms errors have a similar walues
along the wertical lemgth. Figures 14—16 show the effects of the Jacob mumber, the



film Bewnads number and the air mass fractiom om the heat tramsfer coefficients.
5. Conclusions

Foar the determination of an upper limit of the reflux condensation, the flooding
experiment was preceded. The flooding limits are lower than that of Wallis' correlation.
The data for heat transfer coefficient is obtaimed by measuring the 11 local
temperatures. The presence of the air causes a remarkable decrease of the heat
tramsfer coefficients comparsd to the imlet pure steam. The heat tranmsfer coefficient
decreases with, the increase of the air mass fraction, the decrease of the inlet steam
flow, amd the decrease of the system pressure, The empirical correlation is developed
using four nmondimensicnal parameters; flm Bevmolds number, gas Bewnolds number,
Jagoh number and air mass fraction, Among them Jacob mumber and film Bevnolds
number are the maost dominant parameters, which represent the thermal driving
potential and the growth of a ligquid film.
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