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1. Introduction 

 

Among various heat transfer mechanisms, 

condensation is deemed as an most effective as used for 

various heat exchange devices. For example, Passive 

Containment Cooling System (PCCS) suppresses 

overpressure inside a containment by using the 

condensation heat transfer and numerous studies have 

tried to evaluate the condensation heat transfer of PCCS. 

Some theoretical heat transfer models have been 

proposed for PCCS focusing only on the filmwise 

condensation. Recent studies reported the dropwise 

condensation on a commercial vertical tube [1, 2]. Of 

note is that conventional heat transfer models for 

dropwise condensation may be ineffective to evaluate the 

PCCS performance because these models were validated 

only on small size test specimens unlike the long vertical 

tube of the PCCS. Therefore, a new heat transfer model 

of dropwise condensation is proposed to incorporate the 

length effect of the vertical tube in this study.  

 

2. Theoretical modeling of rivulet flow 

 

Rivulet flows during dropwise condensation are formed 

by means of coalescence droplets on the upper side of the 

surface. So, the behavior of rivulet flows is directly 

related to the heat and mass transfer on the upper side 

surface. According to a previous study by Gajewski [1], 

the width of rivulets is constant as the flow rate increases, 

and the contact angle of rivulet flows is increased. In this 

study, the width of rivulet flows is assumed as two times 

of the droplet contact area (𝑊 = 2𝑟𝑚𝑎𝑥 sin 𝜃). Through 

this assumption, the thickness and the cross-sectional 

area of the rivulet flow can be derived by geometric 

calculation as shown in Eqs. (1) and (2), and Fig. 1.  

 

𝛿𝑟 =
𝑊

2
 ∙ (

1−𝑐𝑜𝑠 𝜔

𝑠𝑖𝑛𝜔
) (1) 

𝐴𝑟𝑐 =
𝑊2

4
 (𝜔 𝑐𝑠𝑐2 𝜔 − 𝑐𝑜𝑡 𝜔) (2) 

 

Rivulet flows are formed by heat and mass transfer rate 

on the upper side surface. Thus, the volumetric flow rate 

of rivulet flows can be calculated by the heat transfer rate 

on the upper side and the number of rivulet flows. It is 

assumed that the number of rivulets and the width of a 

single rivulet can derive the circumference of the tube, 

and it can be expressed as follows: 

 

𝑛 =
𝜋𝑑𝑜𝑢𝑡

2𝑊
 (3) 

 

The condensate volume should be formed by the rivulets, 

so the total flow rate of rivulet flows is given as, 

 

𝑛𝑉̇ =
𝑄𝑢𝑝

ℎ𝑓𝑔𝜌𝑙
 (4) 

 

 
 

Fig. 1 Schematic of the cross-sectional view of the 

rivulet flow. 

 

Hence, the velocity of rivulet flows can be calculated by 

assumption that it is a laminar flow on the free surface. 

 

𝑣𝑟𝑖𝑣𝑢𝑙𝑒𝑡 =
𝑉̇

𝐴𝑟𝑐
=

𝜌𝑙𝑔𝛿𝑟
2

4𝜇
 (5) 

 

As a result, substituting Eq. (4) into Eq. (5) produces the 

contact angle of rivulet flows is given as, 

 

(𝜔 𝑐𝑠𝑐2 𝜔 − 𝑐𝑜𝑡 𝜔) ∙ (
1−𝑐𝑜𝑠 𝜔

𝑠𝑖𝑛𝜔
)
2

=
64𝑉̇𝜇

𝑊4𝜌𝑙𝑔
=

16𝜇

𝜋𝑟𝑚𝑎𝑥
3 𝑠𝑖𝑛3 𝜃𝜌𝑙

2𝑔

𝑄𝑢𝑝

𝑑𝑜𝑢𝑡ℎ𝑓𝑔
 (6) 

 

After the contact angle calculation, the previous single 

droplet heat transfer equations can be modified by 

applying the geometry of rivulet flows. 
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∆𝑇𝑐𝑢𝑟𝑣,𝑟𝑖𝑣𝑢𝑙𝑒𝑡 =

2𝑇𝑠𝑎𝑡𝜎

ℎ𝑓𝑔𝜌𝑙𝑟
=

2𝑇𝑠𝑎𝑡𝜎𝑠𝑖𝑛𝜔

ℎ𝑓𝑔𝜌𝑙𝑟𝑚𝑎𝑥𝑠𝑖𝑛𝜃
 (7) 

∆𝑇𝑙𝑣,𝑟𝑖𝑣𝑢𝑙𝑒𝑡 =
𝑞𝑟

𝑊
𝜔

𝑠𝑖𝑛𝜔
ℎ𝑙𝑣𝑑𝑦

=
𝑞𝑟 𝑠𝑖𝑛𝜔

2𝜔𝑟𝑚𝑎𝑥 𝑠𝑖𝑛 𝜃𝑑𝑦ℎ𝑙𝑣
 (8) 

∆𝑇𝑙𝑠,𝑟𝑖𝑣𝑢𝑙𝑒𝑡 =
𝑞𝑟

2𝑟𝑚𝑎𝑥 𝑠𝑖𝑛 𝜃𝑑𝑦ℎ𝑙𝑠
 (9) 

∆𝑇𝑟𝑖𝑣𝑢𝑙𝑒𝑡 =
𝑞𝑟

4𝑘𝑙𝑑𝑦
∫

𝑡𝑎𝑛⁡(
𝜑

2
)

𝜑
𝑑𝜑

𝜔

0
 (10) 

 

Therefore, temperature drop is derived as follows. 

 

∆𝑇 = ∆𝑇𝑐𝑢𝑟𝑣,𝑟𝑖𝑣𝑢𝑙𝑒𝑡 + ∆𝑇𝑙𝑣,𝑟𝑖𝑣𝑢𝑙𝑒𝑡 + ∆𝑇𝑟𝑖𝑣𝑢𝑙𝑒𝑡 +

∆𝑇𝑙𝑠,𝑟𝑖𝑣𝑢𝑙𝑒𝑡 (11) 

 

Finally, substituting Eq. (7-10) into Eq. (11) produces 

the heat flux through the single rivulet flow: 

 

∴ 𝑞𝑟
′′(𝜔(𝑄𝑢𝑝)) =

[∆𝑇−
2𝑇𝑠𝑎𝑡𝜎𝑠𝑖𝑛𝜔

ℎ𝑓𝑔𝜌𝑙𝑟𝑚𝑎𝑥𝑠𝑖𝑛𝜃
]

𝑟𝑚𝑎𝑥 sin𝜃

2𝑘𝑙
∫

tan⁡(
𝜑
2)

𝜑
𝑑𝜑

𝜔
0 +

sin𝜔

𝜔ℎ𝑙𝑣
+

1

ℎ𝑙𝑠

 (12) 

 

3. Changing of droplet parameters by rivulet flow 

 

 
Fig. 2 Droplet growth modeling (a) in reality (b) 

modeling for a rivulet flow (not to scale). 

 

In addition to the rivulet heat transfer, the rivulet flows 

can affect the droplet parameters such as the maximum 

droplet radius and droplet population density. In 

particular, the maximum droplet radius is an important 

factor to calculate the droplet population density. On a 

long vertical tube, a sweeping period of droplets 

determines the maximum droplet radius. To calculate the 

relationship between the sweeping period (𝑡𝑐𝑦𝑐(𝑦)) and 

the maximum droplet radius, the droplet growth is 

expressed as [2], 

 

𝑑𝑟

𝑑𝑡
|
𝑟≤𝑟𝑒

= 𝐺 = 𝐴1
(1−

∆𝑇𝑐𝑢𝑟𝑣
∆𝑇

)

𝐴2𝑟+𝐴3
 (13) 

 

The droplet grows by condensation before the droplet 

reaches to a sufficiently large size, and then the droplet 

grows further by coalescence with other droplets. Thus, 

the droplet radius can be described as shown in Fig. 1 (a). 

However, it is difficult to predict the droplet growth by 

the coalescence, so it was assumed as shown in Fig. 2 (b) 

and Eqs. (14) and (15). 

 

𝑟𝑒 − 𝑟𝑚𝑖𝑛 = ∫
𝒅𝒓

𝒅𝒕
|
𝒓≤𝒓𝒆

𝑡𝑒
0

𝑑𝑡 (14) 

𝑟𝑚𝑎𝑥(𝑦)−𝑟𝑒

(𝑡𝑐𝑦𝑐(𝑦)−𝑡𝑒)
= 𝛼

𝑑𝑟

𝑑𝑡
|
𝑟=𝑟𝑒

 (15) 

 

The equivalent time can be solved using Runge-Kutta 

method, and the wall subcooling is an important factor 

determining the maximum droplet radius. The sweeping 

period is assumed to be a power function as proposed in 

Weisensee et al.’s study [3]. In addition, the sweeping 

period is related to the droplet growth, so the droplet 

growth is also the factor determining the sweeping period 

(Eq. (16)). 

 

𝑡𝑐𝑦𝑐(𝑦, 𝑑𝑇) =
𝑘

𝑑𝑟

𝑑𝑡
|
𝑟=𝑟𝑒

(𝑑𝑇)
× 𝑦−0.3  (16) 

 

Eq. (16) includes an empirical coefficient, so it is 

determined by comparison with previous experimental 

data [4] as shown in Fig. 3. 
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Fig. 3 Comparison between the sweeping period model 

and experimental data 

 

Finally, the maximum droplet radius can be expressed 

as Eq. (17), and it is plotted as shown in Fig. 4. 

 

𝑟𝑚𝑎𝑥(𝑦) = 𝑟𝑒 + 𝛼
𝑑𝑟

𝑑𝑡
|
𝑟=𝑟𝑒

(𝑡𝑐𝑦𝑐 − 𝑡𝑒)  (17) 

 

 

 

Fig. 4 Comparison between the maximum droplet 

radius model and experimental data 

 
4. Calculation of overall heat transfer 

 

Subsequently, the overall heat transfer in dropwise 

condensation was calculated based on modified rivulet 

heat transfer and droplet parameters. There are two 

regions on the condensation surface: the rivulet heat 

transfer region and dropwise condensation region. Thus, 

the rivulet heat transfer region is derived as, 

 

𝐴𝑟(𝑦) = 𝑛 ∙ 𝑊𝑑𝑦
𝑡𝑟

𝑡𝑐𝑦𝑐(𝑦,𝑑𝑇)+𝑡𝑟
 (18) 

𝑡𝑟(𝑦) =
𝑑𝑦

𝑣𝑟𝑖𝑣𝑢𝑙𝑒𝑡(𝑦)
 (19) 

 

𝑑𝑦 is a unit length for calculation of overall heat transfer, 

which is necessary because the rivulet heat transfer is 

related to the heat transfer rate on the upper side surface. 

Then the overall heat transfer can be derived as, 

 

𝑞′′(𝑦) =
𝐴𝑑(𝑦)

𝐴
(𝑞𝐹

′′(𝑦) + 𝑞𝑑
′′(𝑦)) +

𝐴𝑟(𝑦)

𝐴
𝑞𝑟
′′(𝑦) (20) 

 

Finally, the condensation heat flux can be calculated by 

the overall heat transfer (Eq. (20)). The condensation 

heat flux is shown in Fig. 5, and it shows the comparison 

with the experimental data of the previous studies [5-8]. 

There is a significant discrepancy between the model and 

the experimental results, but the model clearly shows the 

dependence on the length and the wall subcooling 

successfully. Still the model needs to be improved to 

predict experiment data more accurately. 

 

 

 

Fig. 5 Condensation heat flux of the modified model and 

experimental data 

 

Even though the prediction model shows a poor 

agreement with the experimental data, the effect of wall 

subcooling and the length on the heat transfer rate could 

be captured in the model successfully. The normalized 

heat flux at the top of the surface is shown in Fig. 6, and 

it shows a good agreement with the previous study [3]. 
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Fig. 6 Normalized heat flux of the modified model and 

the previous study 

 

5. Conclusions 

 

Improper models have been adopted in predicting the 

condensation heat transfer in PCCS; the filmwise 

condensation correlations have been used, but the 

dropwise condensation is shown predominantly during 

the abundant experimental database. However, the 

conventional dropwise condensation correlations are not 

applicable to the geometry of PCCS. Therefore, a new 

dropwise condensation correlation was proposed in this 

study, and it incorporates a length effect considering the 

length of the heat exchanger tubes in PCCS. This 

approach is comparable to the previous study, and it 

represents a new approach to predict the condensation 

heat transfer for PCCS application. However, the 

proposed model needs to be validated through the 

sufficient experimental data. So a future work will be 

focused on producing sufficient data to support the 

improved model. 
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