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1. Introduction 
 

One of the major subjects in pool boiling heat transfer 
is a tube arrangement. The upper tube is affected by the 
lower one. The bundle effect ( ݄௥ ) estimates the 
enhancement of the heat transfer on the upper tube. It is 
defined as the ratio of the heat transfer coefficient (݄௕) 
for an upper tube in a bundle with lower tubes activated 
to that for the same tube activated alone in the bundle [1]. 
Since heat transfer is related to the geometries of a tube, 
lots of studies have been carried out to identify its effect 
[2].  

The upper tube within a tube bundle can significantly 
increase nucleate boiling heat transfer compared to the 
lower ones at moderate heat fluxes. At high heat fluxes 
this influence disappears and the data merge onto the 
pool boiling curve of a single tube [3]. The convective 
effects due to the fluid flow and the rising bubbles are the 
major influencing factors [2]. 

One of the key parameters is the inclination angle (߶) 
of the heated surfaces. Many researchers had in the past 
generations investigated the effects of the orientation of 
a heated surface for the various combinations of 
geometries and liquids [4]. Kang [4] performed an 
experimental study to investigate the combined effects of 
an inclination angle and the heat flux of the lower tube 
௅ݍ)

ᇱᇱ ) on pool boiling heat transfer of tandem tubes. The 
increase in the heat flux of the lower tube and the 
decrease of the inclination angle increases the heat 
transfer of the upper tube. 

Since the lower tube was also inclined as the upper one, 
the tube array used in Kang’s study [4] maintains equal 
spacing through the inclination angles. If the lower tube 
maintains as horizontal and the upper one is inclined, the 
effect of the flow on pool boiling heat transfer will be 
different. Therefore, the present study is aimed at the 
identification of the combined effects of ߶  and ݍ௅

ᇱᇱ  on 
pool boiling of the inclined upper tube in a tube bundle 
having a lower horizontal tube.  

 
2. Experiments 

 
For the tests, the assembled test section is located in a 

water tank which has a rectangular cross section 
(9501300 mm) and a height of 1400 mm (Fig. 1). The 
heat exchanging tube is a resistance heater made of a very 
smooth stainless steel tube of 19 mm diameter (ܦ) and 400 
mm length (ܮ). The supporter regulates the inclination 

angle (shown in Fig. 2) of the upper tube from 0° to 90° 
in step of 15°. The lower tube maintains as horizontal. 
The average pitch ( ௔ܲ௩௚, Table 1) is 270 mm.  
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Fig. 1.  Schematic of experimental apparatus. 
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Fig. 2.  Layout of tube array. 
 
Table 1. Value of Pitches 

Pitch,
mm

Inclination Angle,  
0 15 30 45 60 75 90 

ଵܲ 270 321.7 370 411.4 443.2 463.2 470

ଶܲ 270 218.3 170 128.6 96.8 76.8 70 

௔ܲ௩௚ 270 270 270 270 270 270 270
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The tube outside is instrumented with six T-type 

sheathed thermocouples. The thermocouples are brazed on 
the sides of the tube. The water temperatures are measured 
with six sheathed T-type thermocouples that places 
vertically at a corner of the inside tank. All thermocouples 
are calibrated at a saturation value (100 C since all tests 
were done at atmospheric pressure). To measure and/or 
control the supplied voltage and current, power supply 
systems are used.  

After the water tank is filled with water until the initial 
water level reaches 1.1 m, the water is, then, heated using 
four pre-heaters at constant power. When the water 
temperature is reached the saturation value, the water is 
then boiled for 30 minutes to remove the dissolved air. 
The temperatures of the tube surfaces are measured when 
they are at steady state while controlling the heat flux on 
the upper tube surface (்ݍ

ᇱᇱ) with input power. The degree 
of a wall superheating ( Δ ௦ܶ௔௧ሻ  is calculated by 
subtracting the liquid saturation temperature from the 
tube surface temperature. 

The uncertainties of the experimental data are 
calculated from the law of error propagation [5]. The 
uncertainty of the measured temperature has the value of 
±0.11°C. The uncertainty in the heat flux is estimated to 
be ±0.7%. Since the values of the heat transfer coefficient 
are the results of the calculation of  ்ݍ

ᇱᇱ/Δ ௦ܶ௔௧, a statistical 
analysis on the results is performed. After calculating and 
taking the mean of the uncertainties of the propagation 
errors, the uncertainty of the heat transfer coefficient is 
determined to be ±6%. 
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Fig. 3.  Plots of Tq   versus satT . 

 
3. Results 

 
Figure 3 shows plots of ்ݍ

ᇱᇱ versus Δ ௦ܶ௔௧ data obtained 
from the experiments. Three heat fluxes of the lower tube 
are tested for ߶=30°. As shown in the figure, the heat 
transfer on the upper tube is enhanced when 
௅ݍ
ᇱᇱ =120kW/m2 and ்ݍ

ᇱᇱ  30kW/m2 comparing to the 
single tube (i.e., Lq  =0kW/m2). The change of Lq   from 

120 to 0kW/m2 results in 107.7% (from 2.6 to 5.4°C) 
increase of Δ ௦ܶ௔௧  when ்ݍ

ᇱᇱ  =10kW/m2. When ݍ௅
ᇱᇱ=்ݍ

ᇱᇱ , 
the heat transfer of the upper tube is deteriorating 
comparing to the single tube at moderate heat fluxes. 
However, the curves for Lq 0kW/m2 converge to the 

curve for the single tube when Tq  >40kW/m2. 
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Fig. 4. Variation in heat transfer coefficient against inclination 
angle for different heat fluxes. 

 
The variation of the heat transfer coefficient due to the 

inclination angle change is plotted in Fig. 4 for the 
different heat fluxes (்ݍ

ᇱᇱ	 and ݍ௅
ᇱᇱ ). Through the heat 

fluxes, the increase of the inclination angle eventually 
decreases heat transfer coefficients. As the inclination 
angle increases the affected region by the bubbly flow 
from the lower tube becomes reducing, and this causes 
the decrease in the heat transfer. The curve for 
௅ݍ
ᇱᇱ =120kW/m2 and ்ݍ

ᇱᇱ	  shows enhanced heat transfer 
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coefficient comparing to the single tube. As the 
inclination angle increases, the local pitches ( ଵܲ and ଶܲ) 
are changing. Since the affected area of the convective 
flow gets broadened and the intensity becomes weaker as 
 increases, the enhancement is observed great when ܦ/ܲ
the pitch is not large [6]. As the pitch increases over a 
critical value, the heat transfer of the upper tube becomes 
insensitive to the one [6]. As the inclination angle 
increases, part of the tube has a region of smaller local 
pitches than the average one. This region causes the 
enhancement in heat transfer. When ்ݍ

ᇱᇱ	=20kW/m2 and 
௅ݍ
ᇱᇱ  is high, the intensity of the convective flow gets 

stronger. When ்ݍ
ᇱᇱ	 =110kW/m2, the effect of bubble 

dynamics gets dominant. Therefore, enhanced heat 
transfer is observed for the curves of ݍ௅

ᇱᇱ=120kW/m2 and 
்ݍ
ᇱᇱ	  at these heat fluxes. However, no visible 

enhancement in heat transfer is observed among the three 
cases of ݍ௅

ᇱᇱ when ்ݍ
ᇱᇱ	=70kW/m2.  
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Fig. 5.  Plots of  ݄௥ versus ்ݍ

ᇱᇱ for different inclination angles. 
 
The bundle effect is expected as the convective flow of 

bubbles and liquid, rising from the lower tube, enhances 
the heat transfer on the upper tube [7]. The increase in ݍ௅

ᇱᇱ 
results in the stronger intensity of the convective flow. 
The heat transfer on the upper tube is associated with (1) 
the bulk movement of bubble and liquid coming from the 
lower side and (2) micro-convective component relates 
to the heat transfer associated with the bubble nucleation 
and growth on the tube surface [8].  

Figure 5 shows variations in the bundle effect against 
the heat flux of the upper tube for ݍ௅

ᇱᇱ=120kW/m2 and ்ݍ
ᇱᇱ	. 

As the heat flux of the upper tube increases, the bundle 
effect decreases dramatically. The maximum bundle 
effect is observed at ்ݍ

ᇱᇱ	=10 kW/m2. Significant bundle 
effect has been found at ்ݍ

ᇱᇱ	 is less than 60kW/m2. 
However, the bundle effect converges to unity at higher 
heat fluxes regardless of the heat flux of the lower tube. 
When ߶=15 and 30 higher bundle effect is observed 
comparing to the other inclinations. For the angles, the 
affected region is not much reduced, and the bubble 
dynamics is stronger compared to the single tube. These 
phenomena lead to the increase in the bundle effect. 
However, the gradual increase in the inclination angle 
results in the reduction of the affected region and this 
causes the deterioration in the bundle effect. 

 
4. Conclusions 

 
An experimental study is performed to investigate the 

combined effects of an inclination angle of the upper tube 
and the heat flux of the lower one on pool boiling heat 
transfer of the upper one. Through the study, two smooth 
stainless steel tubes of 19mm diameter and 400mm 
length are tested in the water at atmospheric pressure. 
The major conclusions of the present study are as follows: 
 
(1) Through the heat fluxes, the increase of the 

inclination angle eventually decreases heat transfer 
coefficients because the affected region by the 
bubbly flow from the lower tube becomes reducing. 
 

(2) Significant bundle effect has been found at ்ݍ
ᇱᇱ	is 

less than 60kW/m2. The enhancement is clearly 
observed at the heat fluxes where the convective 
effect is dominant. 
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