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1. Introduction 
 

Dropwise condensation (DWC) were first recognized 
by Schmidt et al. Typically, DWC was known as high 
heat transfer coefficient which has 5~7 times higher that 
of filmwise condensation (FWC). Several papers 
reported that DWC phenomena can be observed on 
stainless steel or coated substrate by hydrophobic 
material, and utilization of dropwise condensation has an 
opportunity to reduce the heat exchanger size when we 
design safety system for PCCS.  

In the presence of droplet on the vertical cooling 
surface, the thermal resistance model for DWC is 
different from that of FWC. Overall resistance for DWC 
is consists of interfacial resistance, capillary depression 
resistance, droplet conduction resistance and constriction 
resistance. Table I shows the previous study on thermal 
resistance models for DWC [1–6]. The notaion of 
parameters, Ri, Rcap, Rdrop, Rs, and θ are interfacial 
resistance, capillary depression resistance, drop 
conduction resistance, constriction resistance and surface 
inclination, respectively. There was a controversy on the 
constriction resistance model[7]. However, the studies 
from Mikic[2] and Tsuruta & Tanaka[4,5] found out that 
there is significant decrease of DWC heat transfer 
coefficient induced by constriction resistance. Their 
constriction resistance model assumed that 1) heat 
transfer through inactive droplet is negligible and 2) 
there is no discontinuity if droplet number density 
correlation[1,8] at a droplet radius larger than 0.2 times 
of its departure radius[9]. Therefore, the objective of this 
paper is to develop DWC with the consideration of 
constriction resistance model and to reflect the effect of 
using realistic drop-size distribution.  

 
 

Table I: Summary of existing DWC models 
 

Models Ri Rcap Rdrop Rs θ 

Le Fevre & Rose (1966) O O O X 90o 

Mikic (1969) O X O O 90o 

Tanaka (1975) O X O X 90o 

Tsuruta & Tanaka (1990) O X O O 90o 

Abu-Orabi (1998) O O O X 90o 

Bonner III (2013) O O O X 0~90o 

 
 

2. Methods 
 
2.1 Experimental Method 

 
A schematic diagram of the experimental loop and test 

section are shown in Fig. 1. Four K-type sheathed 
thermocouples(accuracy: ±0.1 K, and response time: 
less than 4 ms) were mounted in the SUS316 cooling 
surface with different depth from the outer surface (1, 2, 
3, and 4 ± 0.005 mm). In addition, the cooling surface 
was observed by a high-speed camera at a right angle to 
quantify the drop-size distribution parameters. All 
experiments were conducted in atmospheric pressure. 
The experimental results for subcooled temperature 
(1~30K) and non-condensable gas concentration (0~40%) 
were observed. 

 
 
Fig.1. Schematic of the experimental apparatus 
 

2.2 Droplet Visualization 
 

The original images (1024 x 1024 pixels, 8-bit gray-
scale images, bitmap file) have been obtained at each 
experimental conditions. The images were recorded with 
three different magnifications: x 2.28, x16.0, and 36.8. 
Each magnification can measure the droplets with the 
radius range of over 100 microns, 40 ~ 1000 microns, 
and 10 ~ 500 microns, respectively. To quantify the drop-
size distribution, contrast, sharpening, binarization, 
filtering and drop size correction were processed in order 
as shown in Fig.2. At last, 512 x 512 pixels in the center 
of processed images were inspected for accurate 
measuring regardless of observed droplet size.  
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Fig. 2. Procedures of image processing 

 
3. Results and Discussions 

 
3.1 Drop-size distribution 

 
Maximum droplet departure radius was obtained from 

all experimental condition as shown in Fig. 3.  

 

 
Fig. 3. Maximum droplet departure radius 

Upper and lower figure show the effect of subcooled 
temperature and non-condensable gas, respectively. As 
we can notice from the results, the maximum drop 
departure radius was measured to be 1.37mm for 
SUS316 surface regardless of experimental conditions.  

 

 

 
Fig. 4. Drop-size distribution density (time-averaged) 
 
Various drop-size distribution functions versus drop 

radius were observed. The basic parameter to express the 
state of droplet distribution is drop-size distribution 
density 𝑁𝑁�(𝑟𝑟). In Fig. 4. The correlation derived by other 
researchers are fitted in the graph. Those correlations 
were well-fitted to the experimental data at small drop 
radius region. However, breakaway from the correlation 
was observed for droplet radius larger than 0.2 times of 
its maximum departure radius. Therefore, current drop-
size distribution study over-estimated the number of 
large droplets, which lead to high constriction resistance.  

As like as the measurement of maximum departure 
radius in Fig. 3., the drop-size distribution density 𝑁𝑁�(𝑟𝑟) 
is independent to the experimental condition. 

The time-averaged fraction of the area covered by 
drops with larger than r 𝑓𝑓(̅𝑟𝑟) is shown in Fig. 5. By the 
definition of 𝑓𝑓(̅𝑟𝑟), the function can be expressed as: 

 
𝑓𝑓(𝑟𝑟) = ∫ 𝜋𝜋𝑟𝑟2𝑁𝑁(𝑟𝑟)𝑑𝑑𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚

𝑟𝑟    (1) 
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Fig. 5. Fraction of the area covered by drops with 

larger than r (time-averaged) 
 

 

 
Fig. 6. Area coverage fraction from r to r+Δr (time-

averaged) 

By Rose & Glicksman’s model, 𝑓𝑓(̅𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚)  reaches to 
0.78. Similar to 𝑁𝑁�(𝑟𝑟), existing 𝑓𝑓̅(𝑟𝑟) correlations show 
also bad estimation for large droplet larger than 0.2 times 
of its maximum departure radius. Moreover, the time-
averaged area coverage fraction within [ 𝑟𝑟  𝑟𝑟 + Δ𝑟𝑟] , 
�̅�𝐴(𝑟𝑟)Δ𝑟𝑟, is presented in Fig.6. (Δ𝑟𝑟 = 0.05 mm) 
 
3.2 Model Development 

 
The model for the single elemental channel, described 

in Fig. 7., was derived. The heat conduction equation and 
corresponding boundary conditions were described as:  

 
𝛻𝛻2𝑇𝑇 = 𝜕𝜕2𝑇𝑇

𝜕𝜕𝑟𝑟2
+ 1

𝑟𝑟
𝜕𝜕𝑇𝑇
𝜕𝜕𝑟𝑟

+ 𝜕𝜕2𝑇𝑇
𝜕𝜕𝑧𝑧2

= 0   (2) 

−𝑘𝑘𝑠𝑠 �
𝜕𝜕𝑇𝑇
𝜕𝜕𝑧𝑧
� = 𝑄𝑄𝑑𝑑

𝜋𝜋𝑟𝑟𝑑𝑑
2   at 𝑧𝑧 = 0  and 0 < 𝑟𝑟 < 𝑟𝑟𝑑𝑑 (3) 

−𝑘𝑘𝑠𝑠 �
𝜕𝜕𝑇𝑇
𝜕𝜕𝑧𝑧
� = 𝑄𝑄𝑚𝑚

𝜋𝜋(𝑟𝑟𝑚𝑚2−𝑟𝑟𝑑𝑑
2)

   at 𝑧𝑧 = 0  and  𝑟𝑟𝑑𝑑 ≤ 𝑟𝑟 < 𝑟𝑟𝑎𝑎 (4) 

−𝑘𝑘𝑠𝑠 �
𝜕𝜕𝑇𝑇
𝜕𝜕𝑧𝑧
� = 𝑄𝑄𝑚𝑚+𝑄𝑄𝑑𝑑

𝜋𝜋𝑟𝑟𝑚𝑚2
   at 𝑧𝑧 → ∞  (5) 

−𝑘𝑘𝑠𝑠 �
𝜕𝜕𝑇𝑇
𝜕𝜕𝑟𝑟
� = 0   at 𝑟𝑟 = 0 and 𝑟𝑟𝑎𝑎   (6) 

 
By solving equation (2)~(6), the analytic solution for 

local surface temperature 𝑇𝑇𝑐𝑐(𝑟𝑟), and weighted mean 
surface temperature 𝑇𝑇𝑐𝑐𝑚𝑚 is:  

 
𝑇𝑇𝑐𝑐 = 𝑇𝑇𝑠𝑠� + 2𝑟𝑟𝑑𝑑

𝑘𝑘𝑠𝑠
�𝑄𝑄𝑑𝑑
𝐴𝐴𝑑𝑑
− 𝑄𝑄𝑚𝑚

𝐴𝐴𝑚𝑚
�∑ 𝐽𝐽1(𝛼𝛼𝑛𝑛𝑟𝑟𝑑𝑑)𝐽𝐽0(𝛼𝛼𝑛𝑛𝑟𝑟)

(𝛼𝛼𝑛𝑛𝑟𝑟𝑚𝑚)2𝐽𝐽𝑜𝑜2(𝛼𝛼𝑛𝑛𝑟𝑟𝑚𝑚)
∞
𝑚𝑚=1  (7) 

𝑇𝑇𝑐𝑐𝑚𝑚 = 𝑇𝑇𝑠𝑠� + 4𝜋𝜋
𝑘𝑘𝑠𝑠
�𝑄𝑄𝑚𝑚
𝐴𝐴𝑚𝑚
− 𝑄𝑄𝑑𝑑

𝐴𝐴𝑑𝑑
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2
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2(𝛼𝛼𝑛𝑛𝑟𝑟𝑑𝑑)
(𝛼𝛼𝑛𝑛𝑟𝑟𝑚𝑚)3𝐽𝐽𝑜𝑜2(𝛼𝛼𝑛𝑛𝑟𝑟𝑚𝑚)

∞
𝑚𝑚=1  (8) 

 
Then, by the definition of constriction resistance,  
 

𝑅𝑅𝑠𝑠 = 4𝜋𝜋
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 (9) 
Where,  

𝜓𝜓 = 𝑟𝑟𝑚𝑚
𝑟𝑟𝑑𝑑
∑ 𝐽𝐽1

2(𝛼𝛼𝑛𝑛𝑟𝑟𝑑𝑑)
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∞
𝑚𝑚=1 ≅ 2

3𝜋𝜋
�1 − 𝑟𝑟𝑑𝑑

𝑟𝑟𝑚𝑚
�
1.5

         (10) 

𝑋𝑋𝑄𝑄,𝑎𝑎 ≡
𝑄𝑄𝑚𝑚

𝑄𝑄𝑚𝑚+𝑄𝑄𝑑𝑑
,𝑋𝑋𝑄𝑄,𝑑𝑑 ≡

𝑄𝑄𝑑𝑑
𝑄𝑄𝑚𝑚+𝑄𝑄𝑑𝑑

            (11) 
 

 
Fig. 7. A schematic of the elemental heat channel 

 
Derived constriction resistance model can be 

expanded to multiple droplet surface. By the proper 
approximation, (𝑟𝑟𝑑𝑑 → 𝑟𝑟, 𝑅𝑅𝑠𝑠 = 𝑅𝑅𝑠𝑠′𝑑𝑑𝑟𝑟, 𝐴𝐴𝑑𝑑

𝐴𝐴𝑚𝑚2
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𝑅𝑅𝑠𝑠 = ∫𝑅𝑅𝑠𝑠′(𝑟𝑟)𝑑𝑑𝑟𝑟 = ∫ 4

𝑘𝑘𝑠𝑠
𝛥𝛥𝑋𝑋𝑄𝑄𝜓𝜓

𝐴𝐴(𝑟𝑟)

�1−𝑓𝑓(𝑟𝑟)�
2 𝑟𝑟𝑑𝑑𝑟𝑟

𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚
𝑟𝑟𝑚𝑚𝑚𝑚𝑛𝑛

   (12) 

 
And overall heat transfer coefficient considering four 

thermal resistances can be expressed as: 
 
ℎ−1 = 𝐴𝐴𝑡𝑡𝑜𝑜𝑡𝑡𝑚𝑚𝑡𝑡

4𝜋𝜋𝑘𝑘𝑡𝑡

1

∑ 4𝜋𝜋𝑘𝑘𝑡𝑡𝑟𝑟

1+
2𝑘𝑘𝑡𝑡
ℎ𝑚𝑚𝑟𝑟

�1−
𝑟𝑟𝑐𝑐𝑟𝑟𝑚𝑚
𝑟𝑟 �𝑚𝑚

+ 1.188
𝑘𝑘𝑠𝑠

∫ 𝐴𝐴(𝑟𝑟)
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𝑟𝑟𝑚𝑚𝑚𝑚𝑛𝑛

 

(13) 
 

4. Conclusions 
 

In this study, drop-size distribution parameters were 
quantified and new constriction resistance model was 
developed. All drop-size distribution, including droplet 
number density, fraction of the area covered by drops 
with larger than r, and Area coverage fraction from r to 
r+Δr, are independent to the experimental condition such 
as subcooled temperature and non-condensable gas 
concentration. The drop-size distribution parameters are 
the function of r and rmax. The equation for constriction 
resistance were derived and it considered the heat 
transfer through inactive droplet and the distribution of 
large droplets. 
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