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1. Introduction 
 

One of the most effective ways to improve current 
pressurized water reactors is the adoption of passive 
decay heat removal systems. These systems cool down 
decay heat of nuclear reactors without any external 
power supply and operator action [1,2]. The most 
important facility is a passive heat exchanger that 
transfers core decay heat to the cold water in a water 
storage tank. 

In general, pool boiling is generating on the surface of 
a heat exchanging tube. Since heat transfer is related to the 
conditions of a tube surface, bundle geometries, and a 
liquid type, lots of studies have been carried out for the 
combinations of those parameters [3,4]. Summarizing the 
previous results, heat transfer coefficients (݄௕) are highly 
dependent on the tube geometry and the heat flux of a 
lower tube (ݍ௅

ᇱᇱ). 
The passive condensers adopted in SWR1000 and 

APR+ has almost V-shape tube bundles [1,2]. Recently, 
Kang[5-7] studied the effects of the included angle (δ) and 
the heat flux of the lower tube on enhancement in heat 
transfer of the upper tube, arranged one above the other in 
the same vertical plane. According to Kang [7], the heat 
transfer coefficient of the upper tube is dependent on not 
only the included angle but also the inclination angles 
(α	and	β, Fig. 1) of the individual tubes. 

Since the exact evaluation of the heat transfer is 
essential for the thermal design of a heat exchanger, an 
empirical correlation is newly developed.  
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Fig. 1. Schematic of tubes in V-shape arrangement. 
 

2. Correlation of Experimental Data 
 

Table 1 lists the details of the 744 data points used for 
the correlation development. Figure 2 shows the plot of 
the experimental data. The data are gained from the 

smooth stainless steel tubes and the saturated water at 
atmospheric pressure. There is much difference among 
the data for the same heat flux because of the inclination 
angles and the heat flux of the lower tube. The maximum 
heat transfer coefficient (9.97kW/m2-C) is 84% larger 
than the minimum one (5.43kW/m2-C) when the heat 
flux of the upper tube (்ݍ

ᇱᇱ) is 50kW/m2. 
 

Table 1. Experimental Data for Correlation Development 

Reference α
deg

β 
deg

௅ݍ
ᇱᇱ  

kW/m2 
்ݍ
ᇱᇱ 

kW/m2
Number 
of data

[5] 

்ݍ,0,10,30,60,90 1 1
ᇱᇱ 10-120 72 

்ݍ,0,30,60,90 3 3
ᇱᇱ 10-120 60 

்ݍ,0,30,60,90 5 5
ᇱᇱ 10-120 60 

்ݍ,0,30,60,90 7 7
ᇱᇱ 10-120 60 

்ݍ,0,30,60,90 9 9
ᇱᇱ 10-120 60 

[6] 

்ݍ,0,60 0 2
ᇱᇱ 10-120 36 

்ݍ,0,60 0 6
ᇱᇱ 10-120 36 

10 ்ݍ,0,60 0
ᇱᇱ 10-120 36 

14 ்ݍ,0,60 0
ᇱᇱ 10-120 36 

18 ்ݍ,0,60 0
ᇱᇱ 10-120 36 

24 ்ݍ,0,60 0
ᇱᇱ 10-120 36 

[7] 

்ݍ,0,60 2 0
ᇱᇱ 10-120 36 

்ݍ,0,60 6 0
ᇱᇱ 10-120 36 

0 10 ்ݍ,0,60
ᇱᇱ 10-120 36 

0 14 ்ݍ,0,60
ᇱᇱ 10-120 36 

0 18 ்ݍ,0,60
ᇱᇱ 10-120 36 

0 24 ்ݍ,0,60
ᇱᇱ 10-120 36 
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Fig. 2.  Plots of experimental data. 
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Figure 3 shows the movement of bubbles around the 

tubes. When α ൌ β, the upper tube is affected by the 
lower tube through the tube length. However, part of the 
upper tube is not directly affected by the lower one for 
the asymmetry cases as shown in Fig. 3(b) and (c). If α ്
β, the projected length of a tube onto the other one is not 
the same. Since the flow generated by the lower tube 
moves upward, the non-overlapped length is not fully 
contributing to the heat transfer of the upper tube. This 
discrepancy leads to the difference in heat transfer [7]. 

 

 

ሺaሻ	α ൌ β             (b) α ൏ β               (c) α ൐ β 
 

Fig. 3. Schematic of bubble movement around tubes. 

 
Table 2. Summary of Published Correlations 

Reference Correlation 

Kang 
[8] 

݄௥ ൌ
݄௕

݄௕,௤ಽᇲᇲୀ଴
ൌ ௅ݍܣ

ᇱᇱሺ஻/௤೅
ᇲᇲሻ

 

ܣ ൌ
ሺܲ/ܦሻି଴.଴ସఏ

1.0448 െ 0.092߶
 

ܤ ൌ
ሺܲ/ܦሻ଴.ଶସ଼ఏ

0.7569 ൅ 0.0003଼݁.ଶଵ଺థ
 

݄௥: bundle effect 
ܲ: pitch 
 azimuthal angle :ߠ
߶: inclination angle of tube bundle 

Cornwell  
et al. [9] 

3/2Rebtbb CNu  ,  
f

b
b k

Dh
Nu  , 

ffg
b

D

h

q




Re  

 ௧௕: constantܥ
݄௙௚: enthalpy of vaporization 

௙݇: thermal conductivity of liquid 
 ᇱᇱ: heat fluxݍ
 ௙: liquid viscosityߤ

Cooper 
[10] 

67.05.055.0
10

)log2.012.0( )log(55 10 qMpph RRb   

  ோ: reduced pressure݌
M : molecular weight 
ϵ: surface roughness 

Rohsenow 
[11] 
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TCg
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
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 ௦௙: constantܥ
g: gravitational acceleration 
Pr௙: Prandtl number of saturated liquid 
 constant :ݏ
∆ ௦ܶ௔௧: superheating of heated surface 
 ௙: density of saturated liquidߩ
 ௚: density of saturated vaporߩ
σ: surface tension 

 
The experimental data are compared with the 

calculated results of the published correlations (Table 2) 
to investigate the applicability of them to this study. The 
correlations, except Kang [8], are well-known and 
frequently accepted in design and analysis of thermal 
systems. The results of the statistical analyses on the 

ratios of the measured (݄௕,௘௫௣) and the calculated (݄௕,௖௔௟) 
heat transfer coefficients (i.e., ݄௕,௖௔௟/݄௕,௘௫௣) have been 
performed and shown in Fig. 4. The calculated heat 
transfer coefficients by the correlations much under 
predict the present experimental data. Since the 
published correlations do not have the parameter 
designating the included angle, this becomes one of the 
major causes of the discrepancy. Therefore, the new 
correlation is including a new geometric parameter. 
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Fig. 4. Comparison of experimental data with published 
correlations. 

 
A simple correlation is considered to evaluate the 

effects of the included angle and the heat fluxes. As a 
result, an empirical correlation has been obtained using 
present experimental data and the statistical analysis 
computer program (which uses the least square method 
as a regression technique) as follows: 

 

݄௕ ൌ ൬0.259 െ ߙ0.115 ൅ ߚ0.012 ൅
଴.ଶ଼௤ಽ

ᇲᇲబ.ఴళ

௤೅
ᇲᇲభ.ర ൰ ்ݍ

ᇱᇱ଴.଼଺  

(1) 
 

In the above equations, ݄௕ and ݍᇱᇱ (i.e., ݍ௅
ᇱᇱ and ்ݍ

ᇱᇱ) are 
the heat transfer coefficient and the heat flux and the 
units are kW/m²-°C and kW/m², respectively. The 
dimension for α and β is radian. The new correlation is 
valid for the data ranges shown in Table 1.  

A comparison between the heat transfer coefficients 
from the tests  and the calculated value  by the developed 
correlation is shown in Fig. 5. To confirm the validity of 
the correlation a statistical analyses on the ratios of the 
calculated and the measured heat transfer coefficients 
(i.e.,	݄௕,௖௔௟/݄௕,௘௫௣) have been performed. The mean and 
the standard deviation are 1.0006 and 0.0823, 
respectively. The newly developed correlation predicts 
the present experimental data within ±8 %, with some 
exceptions. The scatter of the present data is acceptable 
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and of similar size to that found in other existing pool 
boiling data. 
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Fig. 5.  Comparison of experimental data to calculated heat 
transfer coefficients by developed correlation. 
 

 
3. Conclusions 

 
A new empirical correlation including the included 

angle and the heat fluxes is suggested to evaluate the 
pool boiling heat transfer coefficient of V shape tubes. 
Through the survey of published results, 744 data points 
for the tubes submerged in the saturated water at 
atmospheric pressure were obtained and the nonlinear 
least square method was used as a regression technique. 
The newly developed correlation well predicts the 
experimental data within ±8%, with some exceptions. 
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