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Abstract

The upper inflow area was changed to identify its effects on the pool boiling heat transfer of saturated water at atmospheric pressure in
a vertical annulus with closed bottoms. The inside surface of a 25.4 mm diameter tube was heated. The ratio between the gaps measured
at the upper and lower regions of the annulus ranged from 0.18 to 1. Two different lengths of modified gap were investigated. The effects
of the inflow area on heat transfer became evident as the heat flux increased and the gap ratio decreased. If the gap ratio was smaller than
0.51 and the height of the interrupter was 10 mm, a significant change in heat transfer was observed. This was attributed primarily to the
formation of a lumped bubble around the upper regions of the annulus and the generation of active liquid agitation in the annular gap

space.
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1. Introduction

The mechanism of pool boiling heat transfer has been stud-
ied extensively for several decades [1, 2]. Studies on the crev-
ices can be divided into two categories: those concerning an-
nuli [3-6] and those regarding plates [7-9]. Like geometric
conditions, flow to the crevices can be controlled. Some ge-
ometries include a closed bottom [3, 6, 7].

Confined boiling, as compared with unconfined boiling, can
result in heat-transfer improvements of up to 300%-800% at
low heat fluxes [3, 7]. The heat-transfer coefficient increases
when the gap size decreases to a certain value [2-5, 8]; any
further gap size decrease, however, effects a sudden heat-
transfer coefficient drop. One of the possible causes of this
deterioration is the formation of large bubbles in the upper
regions of the annulus [5].

Around the upper region of a closed-bottom annulus, the
downward liquid flow interferes with the upward bubble flow.
Thereafter, bubbles coalesce into a large lump while fluctuat-
ing up and down in the annular gap. Kang [6] published the
effective results of moving the deterioration point to the higher
heat flux and preventing, thereby, the occurrence of critical
heat flux. He accomplished this by controlling the length of
the outer tube of the annulus. The major cause of large bubble
T This paper was recommended for publication in revised form by Associate Editor

Dae Hee Lee
“Corresponding author. Tel.: +82 54 820 5483, Fax.: +82 54 823 1766

E-mail address: mgkang@andong.ac.kr
© KSME & Springer 2010

formation, which is, in turn, the cause of deterioration, is the
lack of inflow through the lower regions of the annulus. Kang
[10] determined that the inflow area in the bottom regions of
an annulus changes heat transfer significantly, moving the
deterioration point to higher heat fluxes.

Summarizing the previous work on pool boiling heat transfer
in an annulus, it can be stated that heat-transfer coefficients
are highly dependent on the geometry and the confinement
condition. Variation of the upper inflow area changes the out-
ward velocity of the bubbles from the annulus. It also changes
the inflow velocity through the upside gap. This kind of ge-
ometry is found in in-pile test sections that, importantly, are
used to identify nuclear fuel irradiation behavior under the
operating conditions of commercial power plants. To the pre-
sent author’s knowledge, no results on this effect have as yet
been published. The results of this study therefore could pro-
vide clues to the thermal design of such facilities.

2. Experiments

Schematic views of the experimental apparatus and test sec-
tion are shown in Fig. 1. The water tank (Fig. 1(a)), composed
of stainless steel, had a 950x1300 mm rectangular cross-
section, a height of 1400 mm, and an 800x1000x1100 mm
(depthxwidthxheight) inner tank. Four auxiliary heaters (5
kW/heater) were installed at the space between the inside and
outside tank bottoms. The heat exchanging tube was a resis-
tance heater (Fig. 1(b)) in the form of a stainless steel tube
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Fig. 1. Schematic of experimental apparatus.

(L=0.5 m, D=25.4 mm), the surface of which was buffed to
a high degree of smoothness. Electric power, 220 V AC, was
supplied through the bottom of the tube.

The tube outside was instrumented with five T-type sheathed
thermocouples (diameter: 1.5 mm). The thermocouple tip
(about 10 mm) was brazed onto the tube wall to an average
thickness of less than 0.1 mm using a kind of brass. The tem-
perature decrease along this brazing metal was calibrated by
means of a one-dimensional conduction equation. The water
temperatures were measured with six sheathed T-type thermo-
couples brazed onto a stainless steel tube placed vertically at a
corner of the inside tank. All of the thermocouples were cali-
brated for the saturation value of 100°C, since all of the tests
were conducted at atmospheric pressure. To measure and/or
control the supplied voltage and current, two power supply
systems were used.

For the tests, the heat exchanging tube was assembled verti-
cally at the supporter (Fig. 1(a)), and an auxiliary supporter
was used to fix a glass tube (Fig. 1(b)). To create the annular
condition, a glass tube of 55.4 mm inner diameter ( D, ) and

Table 1. Test matrix and ¢” versus AT, data.

d w s, s q" Geometry Number
mm mm mm ! kW/m? of data
- - - - 0-120 Single tube 12

254 - 15.0 1 0-120 | Bottom closed 12
40 10 7.7 0.51 0-120 | Bottom closed 12
45 10 52 0.35 | 0-120 | Bottom closed 12
50 10 2.7 0.18 0-120 | Bottom closed 12
40 30 7.7 0.51 0-120 | Bottom closed 12
45 30 52 0.35 | 0-120 | Bottom closed 12
50 30 2.7 0.18 | 0-120 | Bottom closed 12

) M24x0.5 - H - Unit: mm
R
24.9| © 3
254] 2

(a) test section (c) flow interrupter

(b) spacer

Fig. 2. Detailed view of tube upper regions.

600 mm length was situated around the heated tube. The gap
size (s = (D, —D)/2) of the main body of the annulus was 15
mm. To maintain the gap size between the heated tube and the
glass tube, a spacer (Fig. 2(b)) was installed in the upper re-
gion of the test section. The upper inflow into the annular
space was controlled by flow interrupters (Fig. 2(c)) having
outside diameters ( d ) of 40, 45, and 50 mm, respectively.
After installing the flow interrupter, the spacer was screwed
down tightly on the test section. The gap size around the inter-
rupter (s, =(D,—d)/2) was different from that of the main
body. The gap ratios (s, =s,/s ) varied from 0.18 to 1, as
shown in Table 1. The single tube is without the outer annulus.
Among the values, s, =1 represents the annulus without the
flow interrupter and the number of data means the arithmetic
average values of the measured local temperatures.

After the water tank was filled to the initial level of 1100
mm, the water was heated by four pre-heaters running at con-
stant power. When the water temperature reached the satura-
tion value, the water boiled for 30 minutes, removing the dis-
solved air. The temperatures of the tube surfaces ( 7;, ) were
measured when they were in the steady state, while the heat
flux on the tube surface was controlled with input power.

The heat flux from the electrically heated tube surface was
calculated from the measured values of the input power as

, VI
q :E:thT :hb(TW_Tmz) (1)

sat

where V' and I are the supplied voltage and current, and D
and L are the outside diameter and length of the heated tube,
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Fig. 3. Curves of ¢” versus AT, data.

sat

respectively, and 7, and T, represent the measured tempera-
tures of the tube surface and the saturated water, respectively.

The uncertainties of the experimental data were calculated
from the law of error propagation [11]. The data acquisition
error ( 4, ,+0.05°C) and the precision limit ( 7, , £0.1°C) were
factored into an uncertainty analysis of the temperature. The
95%-confidence uncertainty of the measured temperature was
calculated as +0.11 °C from (4; + B’)"*. The error bound of
the voltage and current meters used for the test was +0.5% of
the measured value. Therefore, the uncertainty in the heat flux
was estimated to be £0.7%. Since the values of the heat-
transfer coefficient were derived from the calculation of
q"/AT,, , they were statistically analyzed. Taking the mean of
the uncertainties of the propagation errors into consideration,
the uncertainty of the heat-transfer coefficient was determined
to be £6%.

3. Results and discussion

Fig. 3 shows the variations in the heat transfer as s, and w

change. Owing to the interrupter, the heat transfer deteriorated.

The smaller gap ratio and the shorter length resulted in a very
significant heat-transfer change. At w =10 mm, AT, in-
creased 18.2% (from 4.4 to 5.2 °C) when s, was decreased
by 31.4% (from 0.51 to 0.35) at the given heat flux (¢” =120
kW/m’®). At w=30 mm however, the effect of the interrupter
on the heat transfer was smaller than that for the shorter one.
According to Fig. 3, AT, had the same value under the
same conditions used for the shorter interrupter. A further
decrease in the gap ratio, from 0.35 to 0.18, showed a slight
decrease in AT, through the heat fluxes for w =30 mm, or
at the higher heat fluxes, more than 90 kW/m” for w =10 mm.
Therefore, the changes in heat-transfer mechanism depend on
s,,w, and ¢”. The slope ofthe ¢” versus AT, curve for
w =10 mm became smaller than that of the w =30 mm annu-
lusas s, decreased from 1 to 0.18.

However, significant improvements in heat transfer were

observed in the annuli, compared with the single unrestricted

520,35 50,18

single tube 5= 5,051

Fig. 4. Photos of pool boiling at w =10 mm.

tube. For the heat fluxes lower than 60 kW/m?, the heat trans-
fer for the annuli was much greater than for the single tube.
The annuli with the interrupter had similar curve slopes to that
of the annulus without the interrupter. As w =10 mm, the
curves with the interrupter were seen to merge into the curve
of the single unrestricted tube when s, <0.35 and the heat flux
increased beyond 60 kW/m?2 The slops of the curves for
w =30 mm were similar to that of the annulus without the
interrupter.

Fig. 4 shows photos of pool boiling for w =10 mm. The
photos are taken at around the mid-point of the tube length.
The annuli show large bubbles inside the gap space. The in-
crease in the number and size of the bubbles was observed
while the interrupter was installed. Although the annuli
showed no remarkable differences, the visual observation of
the boiling phenomena indicated that, as the gap ratio de-
creased from 1 to 0.18, more frequent generation of bubble
lumps was observed in the upper region of the annulus. And
this was accelerated as the heat flux increased.

Changes in the average heat-transfer coefficients for the gap
ratio increases are plotted in Fig. 5. When the gap ratio was
less than 0.51, a sudden change in heat-transfer coefficients
was observed at w=10 mm regardless of the heat flux. How-
ever, at w=30 mm, no such change was apparent.

To clarify the effects of the interrupter length on heat trans-
fer, the ratios between two averaged heat-transfer coefficients
for the annuli with different interrupter lengths are plotted in
Fig. 6. At s, =0.51, the calculated results of 4, _,,/h, _, are
less than 1 regardless of the heat flux. The ratio converges to a
value around 0.95 as the heat flux grows larger than 50 kW/m”.
At s,=0.35, the ratios of 4, ., /h, , are larger than 1 be-
cause the heat flux is more than 40 kW/m’ . These results
might be attributable to the following phenomena.
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Fig. 6. Changes in heat-transfer coefficient versus heat flux.

(1) Two competing heat-transfer mechanisms can be consid-
ered. One is the reduced liquid velocity due to bubble coa-
lescence, and the other is active liquid agitation due to pul-
sating flow. Velocity reduction decreases heat transfer,
whereas agitation increases it.

(2) The flow interrupter obstructs the outward bubble flow
from the annulus. The detached bubbles become stagnant
for a while and accumulate in the upper region of the annu-
lus. Thereafter, the upward velocity of the fluid decreases
due to the bubbles. Since the major heat-transfer resistance
is the heat conduction across the liquid film, the reduced
film thickness under the bubbles increases the heat-transfer
coefficient [3]. When the fluid velocity decreases, the shear
stress on the liquid film at the heated surface decreases and,
accordingly, the thickness of the liquid film increases. The
thickened film decreases heat transfer. The phenomenon of
decreasing heat transfer resulting from decreased fluid ve-
locity is observed also in forced convective nucleate boiling
[12].

(3) For the annuli with closed bottoms, serious interference is
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Fig. 7. Local heat-transfer coefficients versus heat flux.

generated between the outward bubbles and the incoming
liquid. This interference, then, disturbs the outward bubble
flow and creates large lumps of bubbles in the annular
space. The smaller the gap ratio, the larger the bubbles will
be. If the lump flows out, a vacancy is created and, then, a
sudden rush of liquid occurs. During the process, the inside
fluid is accelerated, moving upward and downward, gener-
ating a pulsating flow in the gap space. As a result, very ac-
tive liquid agitation is created. The high rate of heat transfer
by boiling in the gap space has been ascribed to the intense
agitation of the liquid at the heating surface by the bubbles
[10]. If large bubble lumps are generated, a reduction in
fluid velocity first occurs. Then, increased liquid agitation
results. If the upper inflow area is not sufficient, the flow
friction increases. The decrease in the heat-transfer rate is
accelerated as the value of the gap ratio decreases.

(4) Further decreases in the gap ratio results in the generation
of much larger bubbles underneath the interrupter. These
lumps occupy a larger space, and finally generate stronger
liquid agitation in the annular space. This tendency is also
caused by the increase in the heat flux and the interrupter
length. As the heat flux increases, more bubbles are gener-
ated, coalescing together to create larger bubbles. As the in-
terrupter length is increased, stronger flow friction is cre-
ated between the outward fluid and the wall than with the
shorter interrupter. Thereafter, larger bubble lumps are gen-
erated and, then, increased heat-transfer coefficients are ef-
fected, followed by increased liquid agitation.

Local heat-transfer coefficients at the locations of thermo-
couples #1, #3, and #5 are shown in Fig. 7. The ratios between
two heat-transfer coefficients with or without the interrupter
are plotted. The ratios are almost 1 at the uppermost location
(T/C1) where bubble coalescence is dominant. However, the
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ratios are almost 1 at the lowermost location (T/C5) as well.
Atw =30 mm, this tendency is more evident. At T/CS5, the
major heat-transfer mechanism is the intensity of liquid agita-
tion. The generation of larger bubbles creates active pulsating
flow in the space and, then, results in increased heat transfer at
this location.

To obtain the parametric effects of the gap ratio and the in-
terrupter length on heat-transfer coefficients, two empirical
correlations were suggested. As listed in Table 1, a total of 84
data points were obtained for the heat flux versus the wall
superheat. The value of w, (=d/w) for the annulus without
the interrupter was taken as 1 for the convenience of correla-
tion development. From visual observations of the boiling
behavior and also from the analysis of the present experimen-
tal data, two empirical heat-transfer correlations were derived
for the two different heat flux regions, in order to fit the pre-
sent experimental data more closely. Using the present ex-
perimental data and a statistical analysis computer program
(which uses the least square method as a regression technique),
the following correlations for prediction of the average heat-
transfer coefficients were derived:

h, =0.95¢"7s"%w " (¢” <60 kW/m’) )

h, =0.53¢g""s" W% (¢” >60 kW/m®) . 3)
In the above equations, the dimensions of 4, and ¢” are
kW/m?-°C and kW/m?, respectively, and s, (=s,/s ) and
w, (=d/w) are dimensionless. The equations are valid for
10<q” <120 kW/m2-°C, 0.18<s, <1, and 0.85<w, <5. Since
the annular height can change heat-transfer coefficients, the
equation is applicable only to annuli of similar height.

To confirm the validity of the empirical correlations, statisti-
cal analyses of the ratios between the calculated and the meas-
ured heat-transfer coefficients were performed. The standard
deviations were 0.066 and 0.042 for ¢” <60 kW/m® and
q” >60 kW/m’, respectively. A comparison between the heat-
transfer coefficients from the tests and the correlations is
shown in Fig. 8. The scattering bounds of the present experi-
mental data, obtained from the fitted curves of Egs. (2) and (3),
were 7%, with some exceptions. Therefore, it can be stated
that the developed correlations predict the data within a rea-
sonable error bound.

4. Conclusions

To investigate the effects of the upside inflow area on pool
boiling heat transfer in a vertical annulus with closed bottoms,
the gap size at the upper region of the annulus was regulated.
For the test, a heated tube of 25.4 mm diameter and water at
atmospheric pressure were used. The major conclusions of the
study are as follows:

(1) Adoption of a flow interrupter for an annulus generally
decreases heat-transfer coefficients compared with the case
without a flow interrupter. For s, <0.51 and w=10 mm, a
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noticeable decrease in heat-transfer coefficients was ob-
served. However, if the height of the interrupter was in-
creased, no noticeable change in heat transfer was observed.

(2) The causes of the heat-transfer change are recognized as
the reduced fluid velocity and active liquid agitation result-
ing from the generation of large bunches of bubbles under-
neath the flow interrupter.

(3) To quantify the effects of the upside narrower gaps on heat
transfer, two empirical correlations predicting the experi-
mental data within a reasonable error bound were derived.
According to the correlations, the heat-transfer coefficients
were proportional to s°® and w’" at ¢” <60 kW/m’ and
to s*" and w'%at ¢” >60 kW/m’.
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