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- .The boiling heat transfer on a finned tube bundle was experimentally 
studied in R l l  at a pressure of 1 bar. The bundle is composed of 18 finned 
tubes in a 6 × 3 inline arrangement. The heat transfer coefficient of the 
bundle with a pitch-to-diameter ratio s /d  = 1.6 or 1.15 and the time-aver- 
aged liquid velocity under the bundle were measured when the tubes of the 
lower rows were heated with high constant heat flux. The results indicate 
that the boiling heat transfer is strongly enhanced by the strong two-phase 
flow induced by the tubes of the lower rows, especially in the intermediate 
region, with the maximum enhancement of heat transfer relative to that 
with the lower rows not heated was as much as 150%. The greatest 
time-averaged liquid velocity under the bundle occurred with the increase 
of total heat flow. The mass flow rate through the bundle decreased with 
high heat flow. These results show us a way to enhance the boiling heat 
transfer in the intermediate region between natural convection and fully 
developed boiling and suggest that the bundle heat exchanger should be 
designed to work in the intermediate region. 

Keyworfls:  boiling heat transfer; finned surfaces, heat transfer 
augmentation 

I N T R O D U C T I O N  

Finned tubes are widely used in bundle heat  exchangers, 
especially in the bundle evaporators  of  refrigeration ma- 
chinery. The performance of  fins of various shapes for 
boiling heat  transfer has been investigated by many work- 
ers [1-5]. In recent  years, numerous  experimental  studies 
on boiling heat  transfer from finned tubes and finned tube 
bundles have been repor ted  [6-11]. For  example,  the 
effects of pool  geometry,  fluid flow, and enhanced convec- 
tion have been studied. This paper  reports  on an experi- 
mental  investigation of the boiling heat  transfer coeffi- 
cients of a finned tube bundle  when the tubes in the lower 
rows of the bundle were heated with high constant  heat  
flux. The fluid velocities under  the bundle were also 
measured to clarify whether  the thermal  drag phe- 
nomenon exists in pool  boiling. 

E X P E R I M E N T A L  S E T U P  

The experiments  were per formed in R l l  (CFC13) at a 
pressure of  about  1 bar  and a saturat ion tempera ture  
around 23.31 ° C. The test system is shown schematically in 
Fig. 1. The vessel of the evapora tor  was made of stainless 

steel and measured 680 × 600 x 370 ram. Three  sides of 
the vessel were equipped with glass windows to allow 
observation. The vapor  produced in the evaporator  was 
condensed in a controllable condenser,  and the condensed 
liquid was fed back through a thermostat ic  preheater  into 
the vessel. The entire apparatus  was encased in a temper-  
a ture-control led compartment ,  its air tempera ture  ad- 
justed to the saturat ion tempera ture  inside the vessel. 
This proved helpful for the control  of pressure in the 
evapora tor  and for the reduction of heat  losses from the 
vessel. 

The finned heater  tubes were made of copper with a 
finned length of about  270 mm. The cross sections and the 
parameters  of the finned tube are given in Fig. 2. The 
bundle consists of 18 tubes with 26 fins per  inch arranged 
vertically and horizontally in an inline configuration and 
with a pi tch- to-diameter  ratio s / d  = 1.15 or 1.6 as shown 
in Fig. 3. Each tube could be heated separately with an 
internal electric heater  (3 kW at 220 V). To prevent 
lateral flow and to simulate a fraction of a large bundle,  
the test bundle was placed between vertical glass plates, 
the upper  ends of the plates extending out of the fluid by 
about  70 mm to prevent  splashing. 

Address correspondence to Dr. Zhi-Xin Li, Department of Engineering Mechanics, Tsinghua University, Beijing, 100084, People's Republic of 
China. 

Experimental Thermal and Fluid Science 1995; 11:174-180 
© Elsevier Science Inc., 1995 
655 Avenue of the Americas, New York, NY 10010 

0894-1777/95/$9.50 
SSDI 0894-1777(95)00009-B 



Boiling Heat Transfer on Finned Tube Bundle 175 

m 

I I I 

Condenser 

Evaporator 

i 

- - - - ~ )  

(><~ 

Preheater ~ 

r 

b 

*r-" 4-1 

¢O m 
. ~  E 
vI  .I..I 
O I -  
E 

m E  
e" O 

I-"  O 

Figure 1. Schematic drawing of test system. 

MEASUREMENTS 

Temperature 

Temperatures were measured with Phillips NiCr-Ni-coated 
thermocouples of 0.5 mm O. D. The liquid and vapor 
temperatures were measured with six thermocouples at 
the locations shown in Fig. 3. The inside wall temperature 
of the finned tube, Owi, was measured with six thermocou- 
pies that were fixed at intervals along the tube and around 
its inner circumference as shown in Fig. 2. The six tubes in 
the middle column were equipped with interior thermo- 
couples. The outside wall temperature of the finned tube 
is calculated with the equation 

O l n ( d R / d i )  

Ow° =Owi 2 z r k L  ' (1) 

where Owl is the arithmetic mean of six inside wall tem- 
peratures measured with six thermocouples for each tube, 
Q is the electric heating power for each heater tube, d R 
and d i are tube diameters described in Fig. 2, k is the 
thermal conductivity of copper and L is the finned tube 
length of the heating section. The temperature difference 
between the outside wall temperature Owo and the tem- 
perature of the saturated vapor above the liquid O v is 
used to calculate the heat transfer coefficient. 

Pressure 

The saturation pressure of the vapor was measured at the 
vapor outlet of the vessel by a class 0.1 pressure gauge 
within the range 0-1.5 bar. 

Heating Power 

Each of the 18 finned tubes could be heated separately. 
The heating power was measured individually with a class 
0.1 power meter. At the beginning and end of a full 
measurement, the heating power of each tube was mea- 
sured twice. The mean value was used to calculate the 
outside wall temperature and the heat transfer coefficient 
to minimize the measurement error resulting from power 
supply fluctuation. 

Liquid Velocity 

The liquid velocity under the bundle was measured by 
using a small velocimeter placed about 70 mm under the 
bundle as shown in Fig. 3. The liquid velocity was un- 
steady due to the action of the two-phase flow. Therefore, 
the time-averaged velocity was calculated from the veloc- 
ity data (over 1500) collected over a period of about 5 min. 

EXPERIMENTAL PROCEDURE 

The heat transfer coefficient for the finned tubes is ob- 
tained from the equation 

oz = Q / [  A (  Owo - Ov)] , (2) 

where Q is the measured heating power for each tube, A 
is the total surface area of the finned tube, Owo is the 
outside temperature of the tube, and O v is the vapor 
temperature above the liquid in the vessel. The mean heat 
transfer coefficient of the bundle is the arithmetic mean 
of the heat transfer coefficients of each row of the bundle. 
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Figure 2. Finned heater tube geometry. 1, Finned tube; 2, 
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Before the experiments were performed, the test tubes 
had to be heated with a high heat flux for at least 50 h to 
minimize the starting effects and to obtain reproducible 
results. The temperatures of the inside wall of the finned 
tubes were measured 10 times in about 12 min. All experi- 
ments were performed with heat flow being decreased in 
steps from large to small values. During the experiments, 
the vapor pressure was exactly controlled to be 1 + 0.005 
bar. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Boiling Heat Transfer of Tube Bundle 

The heat transfer coefficient of the tube bundle were 
measured with the tubes of the lower two rows heated 
with high constant heat flux. In the experiments, the tubes 
of the two bottom rows were heated separately from those 
of the other rows, with a constant heat flux of 30,000, 
20,000, or 10,000 W / m  2. The results are shown in Fig. 4 
as mean heat transfer coefficients of the four upper rows 
versus the heat flux of these tubes. It is known that in pool 
boiling from a finned tube bundle, a natural convection 
region, an intermediate region, and a fully developed 
boiling region can be distinguished according to the heat 
transfer performance. It can be seen from Fig. 4 that the 
heat transfer from the four upper rows is strongly en- 
hanced by the strong two-phase flow induced from the 

tubes heated with high constant heat flux. The maximum 
enhancement is found in the intermediate region around 
q = 1000 W / m  z. In the fully developed region, with a 
heat flux higher than 20,000 W / m  e , the heat transfer 
enhancement due to the strong two-phase flow is very 
small. The heat transfer in this region is dominated by 
nucleate boiling, and the two-phase flow induced by boil- 
ing from the tubes of the two lowest rows has very little 
effect on the heat transfer of the four uppermost rows. 

In the natural convection region around q = 100 W / m  2, 
the heat transfer is also strongly enhanced. The increase 
in the heat transfer coefficient compared to that when the 
lower two rows were not heated is much smaller than in 
the intermediate heat flux region. In the natural convec- 
tion region, the tubes were heated with a low heat flux 
and only a few bubbles were created, and the increase in 
the heat transfer coefficient was due only to convective 
enhancement. But in the intermediate region, a lot of 
bubbles were created at the tubes of the four upper rows 
and were intensely washed away by the action of the 
two-phase flow induced from the lower two rows. Thus, 
boiling from the tubes of the upper rows was strongly 
enhanced. Heat transfer enhancement in the intermediate 
heat flux region consisted of convective enhancement and 
boiling enhancement. For the case of a constant heat flux 
of 30,000 W / m  e , the maximum increase in the heat 
transfer coefficient relative to that of the upper rows with 
the two lower rows not heated is about 150%. These 
results suggest a way for enhancing heat transfer within 
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Figure 5. Heat transfer coefficients of rows 3 and 5 with 
extra heating. 
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the intermediate heat flux region between natural convec- 
tion and fully developed boiling. 

The heat transfer coefficients for each of  the four upper 
rows were also measured. The heat transfer coefficients of 
rows 3 and 5 versus the heat flux for these tubes are 
plotted in Fig. 5. It can be seen that the enhancement of 
heat transfer for row 3 is much smaller than that for row 5 
due to the strong two-phase flow induced by heating the 
tubes of  the bot tom two rows with a high constant heat 
flux. The difference in the heat transfer enhancement of  
different rows must be due to differences in the two-phase 
flow at the different positions. When the 12 tubes of  the 
top four rows were heated with the same heat flux and the 
tubes of the lower two rows were unheated, the experi- 
mental results show that the heat transfer coefficient of  
row 3 was smaller than those of  the other rows, and the 
heat transfer coefficient of  row 6 was the largest. For 
example, when the tubes were heated with a heat flux of  
9850 W / m  2, a tube pitch-to-diameter ratio s /d  = 1.15, 
the heat transfer coefficients for rows 3 -6  were 1382, 
1454, 1567, and 1878 W/(m2K) ,  respectively. Above the 
tube bundle, the cross section for the two-phase flow is 
much larger than that in the bundle. The bubbles created 
by the tubes of  row 6, therefore, are much easier to move 
away. This is why the heat transfer coefficients of  the row 
6 tubes are much larger than those of  the other tubes. As 
analyzed above, the tubes are intensely washed by the 

two-phase flow induced by heating the tubes of the lower 
two rows with a high heat flux, which enhances the boiling 
heat transfer of  the bundle. It can be concluded that the 
enhancement of  heat transfer of  row 6 is smaller than that 
of  row 5 because the washing effect of the two-phase flow 
is relatively smaller. 

There are two reasons that result in the two-phase flow 
becoming stronger toward the top of  the bundle. First, the 
bubbles become larger as the static pressure decreases, 
which makes the velocity of the two-phase flow increase. 
Second, the collisions among bubbles become more in- 
tense due to the insertion of  the bubbles created by the 
tubes of  rows 3-5,  which results in stronger turbulence. 
According to this analysis, the enhancement of  the heat 
ffansfer of  row 3 due to theex t ra  heating is smaller than 
that of  the other three rows. 

To study the effect of extra heating position on boiling 
heat transfer of  the tube bundle, two experiments were 
performed. In case 1, the tubes of row 3 were heated with 
a constant heat flux of  40,000 W / m  2 and tubes of  rows 1 
and 2 were unheated; in case 2, the tubes of rows 2 and 3 
were unheated and the tubes of row 1 were heated at a 
constant heat flux of 40,000 W / m  E . The experimental 
results are shown in Fig. 6. For the case of s /d  = 1.6, the 
position of  the extra heating does not affect the heat 
transfer enhancement of the tube bundle. For both cases 
1 and 2, the mean heat transfer coefficients of  the upper 
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Figure 6. Effect of the position of extra heating on heat 
transfer. 
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three rows are almost the same. For  the case of s / d  = 
1.15, the difference between the mean heat  transfer co- 
efficients of  the three top rows obtained for cases 1 and 2 
is very small. In o ther  words, the two-phase flow induced 
by the extra heating does not depend  on the posit ion of 
the extra heating if the total  heat  flow and heat  flux are 
unchanged.  In contrast,  the increases in heat  transfer 
coefficients of the tube bundle were very different when 
the heat  flux of the extra heating was different (total heat  
flow unchanged).  Figure 7 shows the results for two cases, 
case 1, with tubes of row 1 unheated,  and tubes of row 2 
hea ted  with a heat  flux of  40,000 W/m 2, gives greater  
heat  transfer enhancement  for the top four rows than case 
2, in which tubes of  rows 1 and 2 were heated with a heat  
flux of 20,000 W / m  2. It is clear that  the tubes heated with 
the larger heat  flux (total  extra heat  flow unchanged)  gives 
greater  enhancement  of  heat  transfer  for the tubes of the 
top four rows. In experiments  on boiling heat  transfer it is 
very difficult to simulate a larger tube bundle,  especially in 
the region of  high heat  flux because doing so requires a 
large power  supply, a high-capacity cooling system, etc. 
Before we carried out our  exper iment  it was suggested 
that tubes of one or  two rows heated with high heat  flux 
could be used to simulate more  rows heat.ed with a lower 
heat  flux. Exper imental  results shown in Fig. 7 show that 
this idea does not  work. The reason is that  the two-phase 

4.103 . . . .  , 

.! 
103 

l 

11o. 
5 0  . ~ .  

0 0 0  ~e~ 2 o o o o ~  ~ 

ease 1 case 2 

/ S fire=26 S/d:: 1.6 

5 0  102 10 a 104 W/m = 4 - 1 0 "  

HEAT FLUX 

Figure 7. Effect of heat flux of extra heating on heat transfer. 

flow induced by extra heating depends  not only on the 
total heat  flow but  also on the heat  flux for each tube. 

The experimental  results shown in Figs. 4 - 7  exhibit 
almost no scatter in heat  transfer coefficients. It can be 
assumed, therefore,  that the extra heating of  the tubes of 
the lower rows has a stabilizing effect upon the heat  
transfer of the upper  tubes. 

F lu id  Veloci ty  u n d e r  the  Bundle  and  the Thermal 
Drag Phenomenon 

To investigate the effect of extra heating on the heat  
transfer of the tube bundle and to clarify whether  the 
thermal  drag phenomenon  exists in pool boiling, the fluid 
velocities under  the bundle with and without extra heating 
were measured for the case of a tube pi tch- to-diameter  
ratio s / d  = 1.15. In our experiments,  to simulate a frac- 
tion of  a large bundle,  the finned tube bundle was chan- 
neled by vertical glass plates. The fluid velocity under  the 
tube bundle was measured by using a small velocimeter.  
Because the fluid velocity is unsteady under  the action of 
two-phase flow, the instantaneous velocity is difficult to 
measure,  Figure 8 shows the experimental  results for 
t ime-averaged velocity. During a per iod of about 5 min, 
over 1500 velocity data were collected. The t ime-averaged 
velocity is the ari thmetic mean of these data. 

The fluid velocity is strongly dependent  upon the heat  
flux of the tubes of the four top rows if the tubes of the 
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two bottom rows are unheated. When the heat flux is less 
than 1000 W / m  2, the fluid velocity is too low to measure 
with the velocimeter. When the heat flux is greater than 
1000 W / m  z, the fluid velocity increases sharply with in- 
creases in the heat flux. When the heat flux is higher than 
20,000 W / m  2, that is, in the fully developed boiling re- 
gion, the fluid velocity decreases as the heat flux increases. 
A small fluid velocity means a small mass flow rate through 
the channel. Thus, this result indicates that the boiling 
heat transfer coefficient of the bundle would be smaller 
for very high heat flux. 

The fluid velocity under the bundle with extra heating is 
very different from that without extra heating. Under the 
action of the strong two-phase flow induced by the extra 
heating, the fluid velocity under the bundle seems to be 
independent of the heat flux of the tubes of the four top 
rows. Only in the high heat flux region does the fluid 
velocity vary with the heat flux. An interesting result is 
that the fluid velocity first increases then decreases with 
increases in the heat flux of the tubes of the two lower 
rows. Among the three cases shown in Fig. 8, the interme- 
diate amount of extra heating (20,000 W / m  2) gives the 
greatest fluid velocity in the region of q < 10,000 W / m  2. 
These results show us that a maximum fluid velocity exists. 
It is also seen that in the fully developed boiling region, a 
larger heat flux of extra heating corresponds to a smaller 
fluid velocity. This indicates that an increase in total heat 
flow would result in a decrease in the mass flow rate. This 
phenomenon is similar to that found in narrow-channel 
natural convective boiling [12]. The reason is that there 
are two forces acting on the fluid flow. Under our experi- 
mental conditions, the driving force of the fluid flow is 
buoyancy induced by heating and increases with heat flow. 
On the other hand, thermal drag resulting from the vol- 
ume expansion due to heating also increases with in- 
creases in heat flow. Combining the actions of buoyancy 
and thermal drag, it can be concluded that a maximum 
fluid velocity must exist. These results indicate that a 
bundle heat exchanger must be designed to work in the 
region in which fluid velocity increases as heat flux in- 
creases. 

MEASUREMENT ERROR 

The uncertainty of the evaluated heat transfer coefficient 
can be estimated from the equation 

AA A(AO) 

where AQ/Qand AA/A are about +0.6% and +3.0%, 
respectively. The main error in the heat transfer coeffi- 
cient results from the temperature measurements. All the 
thermocouples used in the experiments were calibrated. 
The absolute error of the difference between the outside 
wall temperature of the finned tube and the vapor temper- 
ature is about +0.21°C, which is estimated from the 
measurement error of the thermocouples and the error of 
the digital multimeter. In our experiments, the tempera- 
ture differences used to calculate the heat transfer coef- 
ficient are very different for different values of heat flux. 
The minimum temperature difference is about 1.25°C in 
the natural convection region, and the maximum tempera- 
ture difference as much as 20°C in the fully developed 

boiling region. Therefore, the relative error of the temper- 
ature difference ranges from + 1.0% to + 16.6%, and the 
maximum uncertainty of the heat transfer coefficient is 
about + 4.6% in the fully developed boiling region and 
+ 20% in the natural convection region. The uncertainty 
of time-averaged liquid velocity is about + 5.0%, which is 
dependent only on the velocimeter; the uncertainty in the 
data processing can be neglected. 

PRACTICAL SIGNIFICANCE 

This study presents a method to enhance the heat transfer 
from a finned tube bundle. If there is strong two-phase 
flow induced by extra heating or by some other method, 
then the heat transfer in the intermediate region between 
natural convection and fully developed boiling will be 
strongly enhanced. The experimental results show that 
there is maximum fluid velocity as the heat flux increases. 
This indicates that the finned tube bundle should be 
controlled to work in the intermediate region where the 
fluid velocity under the bundle is below maximum. 

CONCLUDING REMARKS 

1. Remarkable enhancement of heat transfer of the top 
four rows in a six-row tube bundle was observed when 
the tubes of the two lower rows were heated with high 
constant heat flux. The greatest enhancement in the 
intermediate heat flux region was as much as 150% 
compared to heat transfer without extra heating. This 
indicates a way to enhance heat transfer in this region. 

2. The position of extra heating has little effect on boiling 
heat transfer, and one row heated with high heat flux 
cannot simulate several rows heated with low heat flux 
even if the total heat flow is the same. 

3. A maximum fluid velocity occurs as the heat flux in- 
creases. The fluid velocity under the bundle with extra 
heating is almost independent of the heat flux of the 
tubes of the upper rows for a heat flux less than 10,000 
W / m  2. In the fully developed boiling region, the fluid 
velocity decreases as heat flux increases for both cases 
of the bundle with and without extra heating. 

4. Pool boiling from a bundle channeled with two glass 
plates is much like natural convective boiling in a 
narrow vertical channel. The thermal drag resulting 
from volume expansion due to heating does affect the 
mass flow through the channel. Therefore, a bundle 
heat exchanger should be designed to work in the 
intermediate' region between natural convection and 
fully developed boiling. 

This investigation was carried out with the support of the Deutsche 
Forschungsgemeinshaft. The finned tubes were produced and pre- 
pared for measurements by Wieland-Werke AG, Ulm, FRG. We 
gratefully acknowledge this assistance. We are also indebted to Dr. 
U. Gross, Dr. Q. Chen, and Mr. O. Schwandt, who gave valuable 
advice for the experiments. 

NOMENCLATURE 

A surface area, m 2 
b fin thickness, mm 
d diameter, mm 
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h fin height,  m m  

k the rma l  conductivi ty,  W / ( m  K) 

L tube  length  o f  the  h e a t e d  sect ion,  m m  

Q hea t  flow rate,  W 
q hea t  flux, W / m  2 

s tube pitch, m m  

t fin spacing, m m  

G r e e k  Symbols  
a hea t  t ransfer  coeff ic ient  W / ( m  2 K) 

a9 t empera tu re ,  K 

H hea t e r  

c channe l  

R roo t  

wi inside wall  

wo outs ide  wall 

1 tube  base  

2 tube  tip 

Subscripts 
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