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Abstract

In an effort to determine the combined effects of major parameters of heat exchanger tubes on
the nucleate pool boiling heat transfer in the scaled in-containment refueling water storage tank
(IRWST), a total of 1,966 data for q”versus AT has been obtained using various combinations of
tube diameters, surface roughness, and tube orientations. The experimental results show that (1)
increased surface roughness enhances heat transfer for both horizontal and vertical tubes, (2) the
two heat transfer mechanisms, i.e., enhanced heat transfer due to liquid agitation by bubbles gen-
erated and reduced heat transfer by the formation of large vapor slugs and bubble coalescence are
different in two regions of low heat fluxes (q” <50kW/m?) and high heat fluxes (q” >50kW/m?)
depending on the orientation of tubes and the degree of surface roughness, and (3) the heat trans-
fer rate decreases as the tube diameter is increased for both horizontal and vertical tubes, but the
effect of tube diameter on the nucleate pool boiling heat transfer for vertical tubes is greater than
that for horizontal tubes. Two empirical heat transfer correlations for q”, one for horizontal tubes
and the other for vertical tubes, are obtained in terms of surface roughness (&) and tube diameter
(D). In addition, a simple empirical correlation for nucleate pool boiling heat transfer coefficient (hs)
is obtained as a function of heat flux (q”) only.
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1. Introduction

One of the key features of the passive safety
systems employed in the advanced light water reactor
(ALWR) designs such as the Westinghouse AP600
plant is the passive residual heat removal (PRHR)
heat exchanger shown schematically in Fig. 1 [1].
The PRHR system transfers decay heat from the re-
actor coolant system (RCS) to the containment by
heating and boiling the water in the in-containment
refueling water storage tank (IRWST} whenever the
steam generators become unavailable for heat re-
moval during normal operation, hot standby, heatup,
or cooldown. The steam generated in the IRWST is
condensed at the inner wall of the containment ves-’“
sel and retumned by gravity via the [RWST conden-
sate return gutter [2]. The current version of ALWR
requirements document requires the RCS tempera-

Z PRHR HX | ReFUEL STEAM
/‘ CAVITY GEN.

VESSEL FUEL

Fig. 1. Passive Residual Heat RemovallPRHR) Heat
Exchanger(HX) for Advanced Light Water Reac-
tor

ture of 204.4°C (400 °F) to be achieved in 72 hours,
with or without reactor coolant pumps operating [3].

The PRHR heat exchanger shown in Fig. 1 receiv-
es hot reactor coolant from the RCS pressurizer sur-
ge line and discharges to the steam generator chan-
nel head. When the PRHR flow is driven by natural
circulation only, its decay heat removal capability is
determined mainly by the natural circulation flow rate
of the PRHR system. The natural circulation flow
rate in the PRHR system, on the other hand, dep-
ends primarily on the buovancy effects induced by
the temperature difference between the cold and the
hot legs and the vertical length of the PRHR systern.
However, the vertical length of the PRHR system is
more or less limited to a narrow range and cannot
easily be increased without incurring significant extra
expenses. The major remaining option to improve
the heat transfer capability of the PRHR system seem-
s to be the thermal design aspect of the heat exchan-
ger.

To determine the required heat transfer surface
area as well as to evaluate the PRHR performance
during postulated accidents, an overall heat transfer
coefficient applicable for the PRHR system is need-
ed. Cumently, the generalized PRHR boiling corre-
lation developed by Corletti et al. [4] is the only avail-
able correlation. However, the measured heat flux
data obtained from the PRHR test facility, where the
PRHR heat exchanger tubes are mounted vertically
in a cylindrical tank which has the prototypic height
to preserve the buovancy effects of .the IRWST, is
one order of magnitude lower than conventional nu-
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cleate pool boiling heat transfer correlations summar-

ized in Table 1. For example, the heat flux values cal-

culated by the generalized PRHR boiling correlation

of Corletti et al. [4] are less than one-tenth of the val-

ue predicted by Rohsenow comelation [5]. That is,
the coefficient (Cs) value which appears in the de-
nominator in both expressions for the heat flux rep-
orted by Corletti et al. [4] and Rohsenow [5], C«=
0.034 for the PRHR data [4] whereas C«=0.013 for
Rohsenow’s value of water.

Many workers have in the past two generations
investigated the effects of the diameter [6-8], the
orientation of heated surface [6, 9], and the surface

roughness [10-13] on nucleate pool boiling heat tran-

sfer along with the effects of pressure and fluid prop-
erties. Earlier workers have generally found that a
decrease in tube diameter and an increase in surface
roughness give better heat transfer at a given super-
heat. Also, van Stralen and Sluyter [6} have found
that, in general, the heat flux on horizontal wires in
pure liquids exceed the value on vertical wires. How-
ever, there seems to be some inconsistencies in their
results. For example, Vachon'’s polished surface data
[10] suggest that a maximum in nucleate boiling heat
transfer may be reached with a certain surface rough-
ness for unidirectionally polished surface. In addition,
according to the Jakob’s nucleate boiling correlation

[9] the heat transfer coefficient of vertical heating sur-

face is larger than that of horizontal heating surfaces
as opposed to the results of van Stralen and Sluyter
(6].

In an effort to investigate the potential areas for
improvement of the thermal design of the PRHR sys-
tem of ALWRs and to resolve the inconsistencies of
the previous work by others, an experimental para-
metric study of a tubular heat exchanger has been
performed under nucleate pool boiling conditions.
That is, the present study is aimed at the determi-
nation of the combined effects of tube diameter, sur-
face roughness, and tube orientation (horizontal and
vertical) on the nucleate pool boiling heat transfer.
As a result, new empirical heat transfer correlations,
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one for horzontal heat exchanger tubes and the
other for vertical heat exchanger tubes, in terms of
major heat exchanger tube parameters and the tube
wall superheat have been obtained. Because of the
limited practical applicability of these correlations,
however, a simple empirical correlation for nucleate
pool boiling heat transfer coefficient hy in terms of
only q” has also been presented here.

2. Experimental Apparatus and Procedure

2.1. Experimental Apparatus

A schematic view of the present experimental ap-
paratus is shown in Fig. 2. The experimental appar-
atus essentially consists of a scaled (1/10th in length)
IRWST (i.e., a water tank), three heat exchanger tub-
es shown in Fg. 2(b), water and power supply
systems, and associated data acquisition system to
measure the temperatures of tube surfaces and the
water in the [IRWST.

Two major scaling parameters for AP600 PRHR
system are (1) the heat flux on the tube surface and
(2) the water wolume of the tank (i.e., IRWST) per
unit core decay power. The heat flux that correspon-
ds to 2% of the core decéy power is 101.2kW/m?,
and the water volume per unit decay power is 0.05
m®/kW. A comparison between the prototype [4, 14]
of the IRWST and the scaled model is given in Table
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{a) Scaled In-containment Refueling Water Storage Tank

Resistance Heating Element £poxy Putty
Electrode  EMCIroce Supporter s"‘“’i‘” Tube
Electncal lnsulation Thermocouphs Junctions. Teflon
Powder
{b} Heated Tube

Fig. 2. Schematic Diagram of Experimental Apparatus
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Table 2. Comparison Between Prototype(AP600
PRHRS) and Experimental Apparatus

Table 3. Values of Tube Surface Roughness Measured

by Phase Measuring Interferometer

ftem Proitype {P)  Scaled Mode (M) Ratio (M/P} Test Section Gein S, rms Surface Roughness, nm
HX Tube Length, m 5305 05305 110 (Sand Paper) Circumferential ~ Awial Average
Heat Tranger Area, m’ w 00956 1/4000 #800 3175 703 515 609
Water Volume, m* 19% 048375 14000 # 2000 1270 306 218 262
Power (2%, 1 28560 9665 14000 # 3000 847 172 130 151
Heat Flux, kWjm? 1012 1012 1n
WeterVokame er Uri P, W 05 0 11 7mm to 25.4mm), three different surface roughness

2. The IRWST model is made of stainless steel and
has a rectangular cross section (790 X 860mm) and a
height of 1,000mm. This tank has a glass view port
(595 % 790mm) which permits viewing of the tubes
and photographing. The heat exchanger tubes are
simulated by resistance heaters made of stainless
steel tubes whose heating length is 530.5mm. To

measure the surface temperatures of the heat exchan-

ger one of the three heat exchanger tubes were

instrumented with five thermocouples outside the sur-

face of the tube. The thermocouple tip {about

10mm) has been bent at a 90 degree angle and braz-

ed the bent tip on the tube wall. The thermocouple
diameter is 1.5mm. The first and the fifth thermoc-
ouples are placed at 115.25mm from both ends of
the heating element and the space between other
thermocouples are 75mm.

For vertical tube tests, the heat exchanger tubes
are placed at 80mm from the tank bottom and 290
mm from both sides. In horizontal tube tests, on the
other hand, the tubes are situated at 400mm from
the tank bottom and 130 mm from both sides. The
space between the heaters (i.e., pitch) is 100mm for
both cases.

2.2. Major Test Parameters and Procedures

To determine the combined effects of the major
test parameters of the heat exchanger tube on the
nucleate pool boiling heat transfer in the scaled
IRWST, four different diameters (ranging from 9.

(15.1, 262, and 60.9 nm in RMS measured by the
phase measuring interferometer as given in Table 3)

and two different orientations of heat exchanger tub-
es (horizontal and vertical) are used to obtain the

heat flux (q”) versus wall superheat (AT =Tw-Tsa)
data for various combinations of test parameters as
summarized in Table 4. The three surface roughness
of the heating tubes were obtained by polishing unid-
irectionally with three different grain size sand papers
(#800, #2000, and # 3000).

The scaled IRWST is filled with water until the in-
itial water level is reached at 730mm and the water
is then boiled for 30 minutes at saturation tempera-
ture to remove the air. The temperatures of the wat-
er and heater surfaces are measured while the heater
power is set at constant value. However, once the
water temperature is reached at saturation value (i.e.,
100°C since all the tests are run at atmospheric pres-
sure condition), the temperatures of the water and
tube surfaces are measured when they are at steady
state while controlling the heat flux on the tube sur-
face with input power. In this manner a series of
experiments has been performed for various combin-
ations of test parameters.

2.3. Measurements of Heat Flux and Tube
Surface Temperature

The heat flux from the electrically heated tube sur-
face is calculated from the measured values of the

power input as follows :

//=Q_= EI — _ =
4 = - = (T~ Ta) =h, AT (1)
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Table 4. Test Matrix and Experimental q” versus AT Data for Correlation Development

Heated Tube Water Heat Flux =~ Number of = Number
Thermocouples
Test Number of Tube D 3 L Level Range Water Tube of Data
Tubes Orientation (mm) {nm) (mm) (mm) (kW/m?)
1 H 1905 609 5305 730 0-160 5 5
2 H 1905 609 5305 730 0-160 5 5 373
Nucleate 3 H 1905 609 5305 730 0-160 5 5
Pool 1 \Y 1905 609 5305 730 0-160 5 5 131
Boiling 1 H 1905 262 5305 730 0-160 5 5 121
Heat 1 \Y 1905 262 5305 730 0-160 5 5 147
Transfer 1 H 1905 151 5305 730 0-160 5 5 85
Tests 1 \Y 1905 151 5305 730 0-160 5 5 121
1 H 97 609 3000 730 0-80 5 3 90
1 Y 97 609 3000 730 0-80 5 3 76
1 H 97 151 3000 730 080 5 3 63
1 Y 97 151 3000 730 0-80 5 3 87
1 H 140 609 3000 730 090 5 3 116
1 \Y 140 609 3000 730 090 5 3 121
1 H 254 609 3000 730 0110 5 3 148
1 Y 254 609 3000 730 0-110 5 3 123
1 H 254 151 3000 730 0-110 5 3 80
1 Y 254 151 3000 730 0110 5 3 84

o q” versus AT test data with Horizontal Tube (H) =1076 points
o q” versus AT test data with Vertical Tube (V) =890 points
o Total Number of q" versus AT test data=1966 points

where E and I are the supplied voltage (in volt) and versus wall superheat (AT) using the diameter, the

current (in ampere), and D and L are the outside di-
ameter and the length of the heated tube, respect-
ively. The tube surface temperature T. used in Eq.
(1), on the other hand, is the arithmetic average val-
ue of the temperatures measured by five thermoc-
ouples brazed on the tube surface.

3. Correlations of Experimental Data

As summarized in Table 4, a total of 1,966 data
(1,076 with horizontal tubes and 890 with vertical
tubes) has been obtained for heat flux (q”) versus
wall superheat(AT) for various combinations of the
diameter, surface roughness, and tube orientation. In
Figs. 3~7 the experimental results for nucleate pool
boiling heat transfer are plotted as the heat flux (q”)

surface roughness, and the orientation of heated tub-
es as major test parameters.

A close review of literatures on the nucleate pool
boiling heat transfer has revealed the following facts :

(1) It is not realistic to obtain any general theoreti-
cal correlation for heat transfer coefficients in nu-
cleate boiling.

This is because the boiling occurs at nucleation sit-
es, and the number of sites is very dependent upon
{a) the physical condition and preparation of the sur-
face ; and (b) how well the liquid wets the surface
and how efficiently the liquid displaces air from the
cavities [15].

{2) For a given fluid on a surface of given rough-
ness, at constant pressure an empirical correlation
may be developed in the following form [13] :
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hy< (q/A)" 2
(3) Two practical approaches to develop a nu-
cleate boiling heat transfer correlation are possible :
The first approach is to take account of both effects
of the surface roughness and the diameter of the
heat exchanger tube. The second approach is to ig-
nore both effects and develop a correlation that gives
a typical boiling heat transfer coefficient at the par-
ticular heat flux for the fluid since the surface effects
are often very difficult to define quantitatively.
Using the first approach, simple correlations are
sought in the following form :

q" = Cie® ATDS (3)
hy = Cslq”)C (4)

As a result, two empirical correlations, one for ver-
tical tubes and the other for horizontal tubes, have
been obtained using present experimental data and
the statistical analysis system (SAS) computer prog-
ram (which uses the least square methods as a re-

gression technique) as follows :

q), = 0.0156"® AT***/D'® (for horizontal tubes) (5a)
he = 0.0156"® AT**®/D'** (for horizontal tubes) (5b)
q;, = 00246 AT**?/D'** (for vertical tubes) (6a)
hw = 0.0245"7 AT**2 /D' (for vertical tubes) (6b)

From visual observations of boiling behavior and
also from the analysis of present experimental data it
has been confirmed that the effectiveness of two com-
peting heat transfer mechanisms (i.e., enhanced heat
transfer due to liquid agitation by bubbles generated
and reduced heat transfer by the formation of large
vapor slugs and bubble coalescence) is different in
two regions of low heat fluxes and high heat fluxes
depending on the degree of surface roughness and
the tube orientation. Therefore, two empirical heat
transfer correlations are derived for two different reg-

ions of heat fluxes to fit present experimental data

more closely and for convenience in discussion as fol-

lows :
For low heat flux region (q"” < 50kW/m?) :

q’n = 0.0068%° AT*M¢/D'*® (for horizontal tube) (7a)
q’v = 0.0026""° AT*/D'** (for vertical tube)  (7b)

For high heat flux region (g”>50kW/m?) :

q’n = 0.054¢"% AT**#/D'**® (for horizontal tube) (8a)
q’v = 0.031" ATY®/D'*  (for vertical tube} (8b)

The above correlations alone, however, may be of
no use for general application unless the surface
roughness &lin nm) of the tubes in question is either
given or a priori known. Therefore, using the second
approach, another simple correlation has been obtain-

ed as follows :

h, = 0.266 (q")°** (9)

Predictions made by the above correlations are
shown by solid lines and compared with experimen-
tal data from Fig. 3 to Fig. 7.

4, Summary of Parametric Effects and Discussion

4.1. Effects of Surface Roughness on Nucleate
Boiling Heat Transfer

Figures 3(a) and 3(b) are q”versus AT curves for a
given tube diameter when the tube surface roughness
is used as a major test parameter. In these figures
the following observations can be made :

(1) Increased surface roughness gives better heat
transfer at a given superheat for both horizontal and
vertical tubes which is in general agreement with pre-
vious investigators [10-13]. As noted by earlier wor-
kers, the main reason for the increase of heat trans-
fer in rough surface is because the rough surface has
usually more cavities over a wide range of radius
than the smooth surface has, while the nucleate boil-

ing heat transfer coefficient depends on the nu-



cleation sites density.

(2) Figure 3(a) shows that the effect of surface
roughness on the nucleate boiling heat transfer for
horizontal tubes is very small. For example, q
increases only 9.6% (from 37.5 to 41.1 kW/m?)
when ¢ is increased by 300% (from 15.1 to 60.9nm)
according to Eq.(5a) at the given wall superheat
(AT =8K) and the tube diameter (D = 19.05mm). For
vertical tubes, on the other hand, Fig.3(b) shows that
the effect of surface roughness on the nucleate boil-
ing heat transfer is significantly larger than that for
horizontal tubes. According to Eq.(6a), q increases
more than 150% (from 27.8 to 70.9kW/m?) under
the same conditions used for horizontal tubes. The
reason for this is partly because the liquid agitation
effect of the bubbles generated is more pronounced
in vertical tubes with rough surface.

200 LML T T L4 LI ¥
180 |- Note: -
£ €2
Horizontal Tube (D=19.05 mm) ]
160 | q,20.015:0084AT5508/D1 218 (5a) .
I bot 1
140 L Symbotk: . {
& o =609 nm (S.P.#800) = /g ]
E 40l * ®2msPa000) 70 ]
2 4 £=15.1nm (S.P.#3000) o o 4
= /) 1
=, 100 i
o- -
5 80 {
L -
©
] i
o 60}
40 -
20 4

0 b=y AL LI R . .
4 5 6 7 8 g 10 11 12
Tube Wall Superheat, AT=T,-T_, [K]

(a) Horizontal Tube
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4.2, Combined Effects of Tube Orientation and
Surface Roughness On Nucleate Boiling
Heat Transfer

To examine the combined effects of tube orien-
tation and surface roughness on nucleate pool boil-
ing, q" versus AT data obtained from the tests with
horizontal and vertical tubes (for a given tube diam-
eter D =19.05mm) are plotted in Fig. 4 for three dif-
ferent surface roughnesses. It is particularly interest-
ing to note that the slope of q” versus AT curve of
the vertical tube becomes smaller than that of the
horizontal tube as the surface roughness decreases
from £=60.9 to €é=15.1nm. That is, when the sur-
face roughness is £ =26.2nm, the slopes of two q”
versus AT curves shown in Fig. 4(b) shift and cross
each other at about AT=84K and q" =50.0kW/m?.

200 L T T LI ML T
180 . .
[‘ Note: c *
[ Vertical Tube (D=19.05 mm)
160 |- qv"\oousamutm/o' 5 (6a) .
140 | Symbol .
o £,=60.9 nm (S.P.#800)
120 |- % €,=26.2 nm (S.P.#2000) .
& &=15.10m (SPAI00) o ﬁ
100 .

Heat Flux, g, [kW/m?]

" 1 " | PO U
9 10 11 12
Tube Wall Superheat, AT=T _-Tg, [K]

(b) Vertical Tube

Fig. 3. Heat Flux versus Wall Superheat for Various Surface Roughness with Different Tube Orientation
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The reason for this may be attributable to the follow-
ing phenomena :

{1) From visual observations (shown in Photos 1
and 2) the relationship between the combined effects
of the orientation and the surface roughness of the
tube and the heat transfer mechanisms in nucleate
boiling region is first inferred as follows : There seems
to be two competing effects on the nucleate boiling
heat transfer. One is the effect of liquid agitation by
bubbles generated on the surface which enhances
heat transfer and the other is the effect of bubble co-
alescence and the formation of large vapor slugs in
the high heat flux region (e.g., " Y50kW/m?) in par-
ticular which reduces heat transfer from the tube sur-
face.

(2) For vertical tubes, particularly in the high heat
flux region {q”)50kW/m?), the coalescing bubbles
originate from nuclei which are distributed over the

9

entire heating surface as noted by earlier workers [6).
For horizontal tubes, on the other hand, bubble co-
alescence is generally limited to only part of the up-
per surface while the lower half is almost entirely free
from large bubbles or bubble coalescence. Therefore,
the horizontal tube enhances nucleate boiling heat
transfer much more than the vertical tube particularly
in the high heat flux region and when the surface is
more smooth (eg, &(262nm). For vertical tubes
with smooth surface (&(26.2nm), the effect of red-
uctions in the effective heat transfer area and in the
number of active nucleation sites due to the bubble
coalescence and formation of large bubble slugs bec-
omes more predominant than the liquid agitation ef-
fect and the net effect is the decrease in nucleate
boiling heat transfer in comparison with horizontal
tubes.

In essence, the effectiveness of the two heat trans-

200 T T 7T T T 200 T T T T T T 200 — T T T T T \Emas
} D=19.05mm, 5,=60.9 nm (S P.#800) 4 }  D=19.05 mm, c,526 2 nm (S.P #2000} D=19.05 mm, 5y=15.1 nym (S.P #3000) 4
4 & 5y
180 L xoorse, 0000575500072 _ (5u) 18O b ¢ reosep0sssrs w3 _ gom 180 | g orse o004s7e 500t 10 _say 1
[ 9,"=0.024¢,0 972374 211 8¢ .. (8a) L 6y =0.024e,7 872574 367/D1 95 _ (Bg) Gy =0.024c,0 7244 3201 058 _ (ga) ]
G,y"=0.008¢,9.490 75 131 18 _ (74) Q=0.0086,° %0 3T 118D1 2 _ (74) _j "=0.0086,0 4035 11801 318 . (79)
160 | 4 -0 002e,2970375 01 280 . 71 {160 | 4700025091078 90D 650 _ (7 160 L oy 00020 FOATS KU1 88 _ ) -
L 0.7=0.054c,00%8 574 %2p 18 _ () { ,7%0.0546,0 90T 021N _ gg) ,"30.054e,0 008374 982101 118 _ (ng)
G, =0.0316,00405T4 7D 856 _ @by i ~=0) Q315,040 T4 780/ 1 656 __ (g e y7"0.631¢,0 840374 T80,y 1 856 _ (g "
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Fig. 4. Heat Flux versus Wall Superheat for Three Different Roughness with Different Tube Orientation
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) q” =125 kw/m?

0 q” =146 kw/m?

Photo. 1. Bubble Generation and Coalescence On the Horizontal Heated Tube Surface (D=19.05mm, ¢=60.9nm)'

for Various Heat Fluxes

fer mechanisms, ie., (1) enhanced heat transfer due
to liquid agitation by bubbles generated and (2) red-
uced heat transfer by the formation of large vapor
slugs and bubble coalescence is different in two reg-

ions of low heat fluxes and high heat fluxes depend-
ing on the orientation of the tube and the degree of

surface roughness.
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(d) q” =100 kW/m?

(e) q” =125 kW/m?

11

kW/m?

f) q° =144 kW/m?

Photo. 2. Bubble Generation and Coalescence On the Vertical Heated Tube Surface (D=19.05mm, ¢=60.9nm)

for Various Heat Fluxes

4.3. Effect of Tube Diameter On Nucleate Boiling
Heat Transfer

The effect of heat exchanger tube diameter on the
nucleate boiling heat transfer for both horizontal and
vertical tubes can be observed in Fig. 5 where q” ver-
sus AT is plotted for four different tube diameters

from D=9.7 to D =25.4mm. The curves obtained by
Eqgs.(5) and (6) show that the heat transfer rate dec-
reases as the tube diameter is increased for both hor-
izontal and vertical tubes. This result is in general
agreement with previous results obtained by others
l6, 71.

For a given surface roughness of the tube, the ef-
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Fig. 5. Heat Flux versus Wall Superheat for Various Diameters with Different Tube Orientation

fect of tube diameter on. the nucleate boiling heat
transfer for vertical tubes is greater than that for hori-
zontal tubes. For example, as shown in Fig. 5, when
the tube diameter is decreased from 25.4 to 9.7mm
(~162%), q;; increases from 9.0 to 31.8 kW/m?
(~253%) whereas q; increases from 16.0 to 79.0
kW/m? (~394%).

4.4. Comparison with Existing Studies

A comparison between the measured heat flux q,,
and the calculated heat flux q”«r by Egs.(5a} and
(6a) is shown in Fig. 6. This figure indicates that the
scatter of the present experimental data is between
+30% and —20%, with some exceptions, from the
fitted curve of Eqgs.(5a) and (6a). In Fig. 7, present
experimental data for q” versus h, are plotted along
with the fitted curve of Eq.(9). This figure also shows

that the scatter of the present data for both horizon-
tal and vertical tubes ranges from +35% to —20%
considering from the fitted curve of Eq.(9). The scat-
ter of the present data is of similar size to that found
in other existing pool boiling data. As noted by other-
s {8), there seems to be some inherent randomness
in pool boiling due to the uncertainties associated
with nucleation site density, physical conditions of
the tube surface and others. This fact precludes great-
er accuracy of both theoretical and empirical correla-
tions for heat transfer coefficients in nucleate boiling.
In Fig. 8, on the other hand, q” versus AT curves
obtained by typical existing correlations of Rohsenow
{5], Comwell [7], Comwell and Houston [8], and
dJakob [9] are compared with the calculated values
obtained by present empirical correlations for water
boiling on heated surfaces at atmospheric pressure.
The wide. scatter between the curves shown in Fig. 8
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Fig. 6. Measured Heat Flux(q”ew)versus Calculated
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Tubes

is mainly due to the difference in surface roughness
e and orientation of heated tubes. For example, in
Rohsenow’s correlation (5] C«=0.0132 is for mec-
hanically polished stainless steel, whereas Cs=
0.0080 is for ground and polished stainless steel.
Also, in Comwell’s correlation {7], C+=100 and
Cw =200 are for very smooth surface and very rough
surface, respectively.

Finally, Eq.(6a), which represents a statistical mean
value of the present experimental data for vertical
tubes, is compared with PRHR test data of Corletti et
al. {1, 4] and Rohsenow's correlation [5] in Fig. 9.
From this figure it can be observed that the heat flux
q” for a given AT obtained by Corletti et al. [4] is
about one order of magnitude smaller than that of
the present or Rohsenow's correlations. The main
reason for this difference may be attributable to the
difference in heat exchanger tube geometries. That is,
when the tube length(L) and the space between the
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Fig. 7. Variation of Nucleate Pool Boiling Heat Transfer
Coefficient versus Heat Flux

tubes (i.e., pitch) of the PRHR heat exchanger test
tubes of Corletti et al. [1] are compared with the
present work, their tube length is about 10 times lon-
ger {ie, L=5486.4mm) while their tube pitch (38.
1mm) is only 38% of the present work. When the
heated tubes are extremely long and their pitches are
very small, the effect of bubble coalescence and the
formation of large vapor slugs could be magnified,
which could effectively reduce heat transfer from the
tube surface. One possible explanation for the red-
uced boiling heat flux offered by Corletti et al. [4] is
the vertical orientation of the tubes, which prevents
the tube from being in a fully developed nucleate
boiling regime.

5. Conclusie:nis

An experimental parametric study of a tubular heat

exchanger has been carried out under nucleate pool



200 —v— ——
Symbol Correlations
pevvem with C,.=0.0132 (R1)
e [Rohasnow with C,=0.0080 (R.2)
- [Comwelt with C, *100 (¢=18.06 mm) (C.1)
e [Comwell with C,, =200 (d=18.05 mm) (C.2)
-u= [Comwell and Houston (CH.1)
150 ape Pakob for Horizontal Case (J.1)
[*| - pakob for vertical Case (2.2)
—a—  MHorizontal (¢=19.05 mm, e=60.8 nm) (Eq.5e
—o—  Horizontsl (4=19.05 mm, e=15. nm) (Eq.Sa
: —e— |ertical (d=19.05 mm, £=60.9 nm) {Eq.6a)
£ —o—  |Vartical (d=#9.05 mm, £=15.1 vm) (Eq.6e)
§ g
X
=
o 100
x
2
u-
-
©
[}
I -
50 |-
0

Tube Wall Superheat, AT=T,-T., [K]

Fig. 8. Comparison of Present Correlation with Typical
Exostomg Cprre;atopms fpr q” versis AT

boiling conditions for an application to the thermal
design of a passive residual heat removal system of
advanced light water reactors. To determine the com-
bined effects of major parameters of heat exchanger
tubes on the nucleate pool boiling heat transfer in a
scaled incontainment refueling water storage tank, a
total of 1,966 data (1,076 with horizontal tubes and
890 with vertical tubes) for heat flux versus wall sup-
erheat has been obtained with various combinations
of test parameters of tube diameter, surface rough-
ness, and tube orientation. Main conclusions of the
present experimental results are as follows :

(1) Increased surface roughness enhances heat
transfer for both horizontal and vertical tubes. How-
ever, the effect of surface roughness on the nucleate
boiling heat transfer for vertical tubes is significantly
greater than that for horizontal tubes. The reason for
this is partly because the liquid agitation effect of bub-
bles generated is more pronounced in vertical tubes

d. Korean Nuclear Society, Vol. 28, No. 1, February 1996
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with rough surface.

(2) The effectiveness of the two heat transfer mec-
hanisms, i.e., enhanced heat transfer due to liquid
agitation by bubbles generated and reduced heat tran-
sfer by the formation of large vapor slugs and bubble
coalescence is different in two regions of low heat
fluxes (q" < 50 kW/m?} and high heat fluxes (q">
50 kW/m?) depending on the orentation of tubes
and the degree of surface roughness.

(3) The heat transfer rate decreases as the tube di-
ameter is increased for both horizontal and vertical
tubes. For a given surface roughness of the tube, the
effect of tube diameter on the nucleate pool boiling
heat transfer for vertical tubes is greater than that for
horizontal tubes.

Two empirical heat transfer correlations for q”,
one for horizontal tubes and the other for vertical tub-
es, are obtained in terms of surface roughness (&)
and tube diameter (D) as given by Eqs.(5) and (6). In
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addition, a simple empirical correlation, Eq.(9), for
nucleate pool boiling heat transfer coefficient hy is
obtained as a function of heat flux (q”) only. The
overall scatter of the present data ranges from
+35% to —20% from the fitted curve of Eq.(9).
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Nomenclature

>

heat transfer area, m?
C, specific heat, J/kg-K

C: empirical constant between q” and geometric par-

ameters

Cs empirical constant between h, and q”

Cy empirical constant to express effects of liquid and
heating surface combination in Rohsenow’s cor-
relation

Cs» empirical constant to express surface roughness
effect in Comwell’s correlation

D tube outer diameter, m or mm

E supplied voltage, V

hy, boiling heat transfer coefficient, kW/m?K

hy, enthalpy of vaporization, J/kg

I supplied current, A

k thermal conductivity, W/m-K

L tube length, m

Nu Nusselt number

Pr Prandtl number

p liquid pressure, Pa

pr  reduced pressure

q" heat flux, kW/m?

q total heat transfer, kW

Re Reynolds number

T temperature, K

AT degree of superheat of the heating surface
(Tw-Tsat), K

Greek Symbols

average tube surface roughness in rms value, nm
viscosity, kg/m-s

density, kg/m®

surface tension of liquid-vapor interface, N/m

Iyl

Q ©™ =

Subscripts

b boiling heat transfer
corrcorrelation

exp experiment

f fluid

g vapor

H horizontal tube

sat saturation state

t tube

V vertical tube

w tube surface wall

Superscripts

C; empirical constant to express surface roughness
effect

C; empirical constant to express wall superheat ef-
fect

C: empirical constant to express tube diameter ef-
fect

Cs empirical constant to express heat flux effect
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