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1. Introduction 

 
Marine reactors are accompanied by various physical 

phenomena such as inclination and oscillation by sea 

waves. Several thermal-hydraulic characteristics can be 

changed by these physical phenomena. Therefore, the 

physical quantities used in land-based reactors under 

vertical conditions must be recalculated for the marine 

conditions. Among them, this paper focuses on CHF 

(Critical Heat Flux), which is an important criterion for 

nuclear reactor safety [1,2]. 

In this study, the inclined CHF correlation which was 

experimentally investigated in the previous study (Kim, 

2021) is implemented into MARS-KS [3]. Then, it was 

validated that the experimental results of the CHF under 

inclination can be reasonably predicted by the improved 

code. Two experiments on a single heater rod conducted 

by Kim and Levy and Swan [4], were used for the 

validation. 

This study would extend the applicability of MARS-

KS to the safety analysis of a marine reactor. 

 

2. MARS-KS Improvement 

 

This section describes the modifications of MARS-KS 

for the implementation of the correlation and the 

simulation of the CHF experiments under inclination. 

They include the addition of a new fluid option for R134a, 

the annulus geometry correction factor for CHF Look-up 

Table, and the CHF correlation under inclination 

proposed by Kim. 

 

2.1 R134a Properties addition in MARS-KS 

 

The CHF correlation for the inclined geometry was 

developed based on the experimental database using 

water and R134a. In order to cover the available 

experimental conditions for thorough validation, the 

property information of R134a based on NIST data was 

added to MARS-KS. 

 

2.2 CHF Correlation for annulus geometry 

 

MARS-KS uses the Groeneveld Lookup Tables [5] for 

CHF prediction. It uses various correction factors to 

adjust various geometric and fluidic conditions. One of 

the factors is the annulus geometry correction factor. 

MARS-KS uses all the correction factors except for the 

annulus correction factor and thus, it was implemented 

in the present work. The concentric annuli correlation 

(Doerffer,1994) was used to compromise the geometrical 

differences between the rod heater experiments and tube 

experiments of look-up table [6]. The annulus correction 

comprises three correction factors; quality, gap size, and 

pressure correction as below. 

 

𝐶𝐻𝐹𝐴𝑛 = 𝐶𝐻𝐹𝐷=8𝑘𝑥𝑘𝛿𝑘𝑝  (1) 

 

where 𝐶𝐻𝐹𝐴𝑛 is the CHF for an annulus rod and 𝐶𝐻𝐹𝐷=8 

is the CHF for a tube with an inner diameter of 8 mm, as 

predicted by the tube CHF look-up table (Groenveld, 

1986). kx accounts for quality effect;  

 

for 𝑥𝑐 ≤ 0.025 mm 

𝑘𝑥 = 0.81  (2) 

for 𝑥𝑐 > 0.025 mm 

𝑘𝑥 = 0.859 − 16.179 𝑥𝑐
1.5 + 15.6𝑥𝑐

2 −
           7.195𝑥𝑐

2 𝑙𝑛 𝑥𝑐  
(3) 

where 𝑥𝑐 denotes critical quality. 

 

kδ accounts for the gap effect; 

for 𝛿 < 4.26 mm 

 𝑘𝛿 = 0.2872 + 1.209𝛿2 − 1.156𝛿2.5 +
           0.2873𝛿3  (4) 

for 4.26 ≤ 𝛿 ≤ 6.27 mm 

 𝑘𝛿 = 1.2672 − 0.0298𝛿  (5) 

for  6.27 < 𝛿 ≤ 8.26 𝑚𝑚 

 𝑘𝛿 = 0.6663 + 64.374 𝑒𝑥𝑝(−
𝛿

1.242
)  (6) 

for 𝛿 > 8.26 𝑚𝑚 

 𝑘𝛿 = 0.75  (7) 

 

kp accounts for the pressure effect; 

for 𝑃 < 3.30 𝑀𝑃𝑎 

  𝑘𝑝 = 0.9  (8) 

for 3.3 ≤ 𝑃 ≤ 10.5 𝑀𝑃𝑎 

  𝑘𝑝 = 0.808 + 0.0278𝑃  (9) 

for 𝑃 > 10.5 MPa 

  𝑘𝑝 = 1.1  (10) 

 

2.3 CHF correlation under inclination 

 

The inclined CHF correlation for a single rod and single 

tube heater were proposed by Kim which considered the 

changes of relative direction between gravity and the 

flow direction under inclined condition, in both rod and 

tube geometries. The CHF mechanism can be 

distinguished into the DNB (Departure of nucleate 

boiling) and dry-out [7], and Kim suggested the Katto 
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number (𝜎𝜌𝑙 𝐺2𝑙ℎ⁄ ) of 5 ∙ 10−6 as the criterion of the 

two regime. The inclined CHF correlations are suggested 

for the DNB, dry-out regime, respectively, and Kim 

applied the CHF-regime determination function 𝑹  in 

order to apply the correlation for each region without any 

discontinuity. 

 

𝑹 =
1

1+(
𝜓𝑘𝑎𝑡𝑡𝑜,𝑇𝑅

𝜓𝑘𝑎𝑡𝑡𝑜
)

4  
(11) 

  

where 𝜓𝑘𝑎𝑡𝑡𝑜 = 𝜎𝜌𝑙/𝐺2𝑙ℎ, , 𝜓𝑘𝑎𝑡𝑡𝑜,𝑇𝑅 = 5 ∙ 10−6,, , and,

subscript,TR,means,transition. 

The inclined CHF correlation consists of the 

correlation for DNB 𝒇𝑫𝑵𝑩 and the correlation for dry-out 

𝒇𝑫𝑶.  

 
𝐶𝐻𝐹𝐼𝑁

𝐶𝐻𝐹𝑉𝑇
= 𝒇 = (1 − 𝑹) ∙ 𝒇𝑫𝑵𝑩 + 𝑹 ∙ 𝒇𝑫𝑶  (12) 

  

where subscript IN and VT mean inclined and vertical 

respectively. 

 

2.3.1 The correlation for DNB 

 

The correlation for DNB is the function of non-

dimensional numbers; 
𝜌𝑙

𝜌𝑣
, 𝑭𝒓𝑫𝑵𝑩 , 𝛿𝑖𝑗 , where 𝜌𝑙 ,  𝜌𝑣 , 

𝑭𝒓𝑫𝑵𝑩  ,and 𝛿𝑖𝑗  are saturated liquid density, saturated 

vapor density, Froude number for DNB region,  and the 

geometry factor, respectively. To distinguish the 

buoyancy- and flow- dominant region, Kim reformed the 

non-dimensional numbers as 𝜫𝑫𝑵𝑩 [3]. 

 𝒇𝑫𝑵𝑩 ≡
𝐶𝐻𝐹𝐼𝑁

𝐶𝐻𝐹𝑉𝑇
= 1 + (−1)𝛿𝑖𝑗 [{(

(0.12∙𝜫𝑫𝑵𝑩)2

1+(0.12∙𝜫𝑫𝑵𝑩)2)
2

+

(
1

(0.22∙𝜫𝑫𝑵𝑩 )0.7)
2

}

1

2

− 1] , 

(13) 

where 

𝑭𝒓𝑫𝑵𝑩 ≡
𝐺

𝜌𝑙√𝑔𝑐𝑜𝑠𝜑𝐷(Δ𝜌 𝜌𝑙⁄ )
 , (14) 

𝜫𝑫𝑵𝑩 = (
𝜌𝑙

𝜌𝑣
)

0.5
𝑭𝒓𝑫𝑵𝑩 , (15) 

𝛿𝑖𝑗 = {
1 (𝑟𝑜𝑑)

  0 (𝑡𝑢𝑏𝑒)
  (16) 

 

2.3.2 The correlation for dry-out 

 

The correlation for dry-out is the function of non-

dimensional number; 
𝝆𝒍

𝝆𝒗
, 

𝒍𝒉𝒆𝒂𝒕

𝒅𝒉𝒆𝒂𝒕
, 𝑭𝒓𝑫𝑶, and 𝑎, b, c, where 

𝒍𝒉𝒆𝒂𝒕, 𝒅𝒉𝒆𝒂𝒕 , 𝑭𝒓𝑫𝑶 and 𝑎, b, c are heated length, heated 

equivalent diameter, Froude number for dry-out region, 

and the geometry factors, respectively [3]. 

𝒇𝑫𝑶 ≡
𝐶𝐻𝐹𝐼𝑁

𝐶𝐻𝐹𝑉𝑇
= 1 + (

𝝆𝒍

𝝆𝒗
)

−0.7
(

𝒍𝒉𝒆𝒂𝒕

𝒅𝒉𝒆𝒂𝒕
)

𝑎
  

(𝑭𝒓𝑫𝑶
3.2 − 𝑏)exp(−(𝑭𝒓𝑫𝑶 + 7.5)𝑐) , 

(17) 

where 

𝑭𝒓𝑫𝑶 ≡
𝐺𝑥𝑒𝑞

𝜌𝑣√𝑔𝐷𝑐𝑜𝑠𝜑(
𝛥𝜌

𝜌𝑣
)
 , (18) 

(𝑎, 𝑏, 𝑐) = {
(1.15,  0,  0.9) 𝑓𝑜𝑟 𝑟𝑜𝑑

  (1.30,  100,  0.8) 𝑓𝑜𝑟 𝑡𝑢𝑏𝑒
  (19) 

 

The applicable ranges of the correlation are 

summarized in Table 1 [3]. 

Table 1: Applicable ranges of CHF correlation 

L/D 

𝐷hy,[mm] 

Dheat[mm] 

Pressure 

[MPa] 

Mass,flux 

[kg/m2s] 

Quality 

[-] 

48,~,125 

6.3,~,8.5 

16.6,~,22.3  

7,~,18 300,~,2500 -0.5,~,0.9 

 

2.4 CHF detection in MARS-KS 

 

The CHF condition for a given condition was detected 

by comparing the imposed heat flux and the CHF value 

calculated using the correlation and the look-up table. 

For this, the wall heat flux was increased gradually. 

When the heat transfer from the convective boundary 

became larger than or equal to the calculated value, the 

condition was selected for the CHF point. Fig. 1 show an 

example of the CHF determination. It is clearly shown 

that the heat transfer from the convective boundary 

suddenly dropped when the two lines crosses and 

consequently, the heat transfer suddenly deteriorated. 

This procedure was repeated for all heat structure nodes 

and the CHF occurred in the node at the end of the heated 

channel for all cases. 

 
Fig.1. Example of the CHF detection in MARS-KS 

 

3. Verification & Validation 

 

In this section, the V&V of the modified MARS-KS 

was performed by simulating test facilities of Kim [3] 

and Levy and Swan[4]. The experiment platform by Kim 

is called NEOUL-R. 

 

3. V&V against NEOUL-R [3] (R-134a test) 

 

A MARS-KS nodalization that can simulate the test 

section geometry of the experiment by Kim was 

presented in Fig.2. The schematic diagram of the test 

section is shown in Fig.3. It consists of a heater rod with 
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9.5 mm diameter and 800 mm heated length which was 

installed inside of a pipe, and the outer surface of the rod 

allowed heat transfer through convection. 

For verification, the calculated ratio between inclined 

CHF and vertical CHF according to 𝐹𝑟𝐷𝑁𝐵   and 𝐹𝑟𝐷𝑂 is 

compared with the stand-alone correlation in Fig.4. The 

region near zero value of 𝐹𝑟𝐷𝑂 , the predicted values 

showed larger values than the correlation. This is caused 

by the interpolation between the DNB and dry-out 

correlations and it was confirmed that the implemented 

interpolation scheme works properly according to the 𝑓 

value. The calculated result by developed MARS-KS 

code indicated good agreement with the correlation. 

The result of calculating all inclined CHF according to 

experimental data is shown in Fig.5. It exhibited better 

agreement with the experimental data after 

implementation within a standard deviation of 8.4 % and 

maximum error of 32.1 %, especially at high pressure. 

 

 
Fig.2. Nodalization of NEOUL-R and Levy and Swan 

experiment in MARS-KS 

 

 
Fig.3. Schematic diagram of NEOUL-R experiment loop 

 

 
Fig.4. Comparison of CHFIN/CHFVT of MARS-KS 

calculation and NEOUL-R experiment due to (a) FrDNB (b) 

FrDO 

 

 
Fig.5. The inclined CHF of MARS-KS calculation due to 

inclined CHF of NEOUL-R experiment (a) before 

implementation (b) after implementation 

 

3.2 V&V against Levy and Swan [4] (water test) 

 

The MARS-KS nodalization for the test section of the 

experiment by Levy and Swan was presented in Fig.2. 

The schematic diagram of the test section is shown in 

Fig.6. It consists of a heater rod with 13.72 mm diameter 

and 2794 mm heated length which was installed at the 

center of a pipe. 

 

 
Fig.6. Schematic geometry of Levy and Swan experiment 

loop 

 

The predicted result of the CHF ratio is shown in Fig.8 

with the stand-alone correlation and the experimental 

data. It was verified that MARS-KS reproduced the 

correlation accurately. Then, the calculation results are 
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compared with the experimental results in fig. 9. It 

exhibited better agreement with the experimental data 

after implementation within a standard deviation of 4.70 % 

and maximum error of 17.5 %. It was confirmed that the 

predictability of MARS-KS was improved after the 

modification. 

 
Fig.8. Comparison of CHFIN/CHFVT of MARS-KS 

calculation and NEOUL-R experiment due to (a) FrDNB (b) 

FrDO 

 

 
Fig.9. The inclined CHF of MARS-KS calculation due to the 

inclined CHF of Levy and Swan experiment before and after 

implementation 

 

4. Conclusion 

 

In this study, the CHF correlation for a inclined heater 

was applied to the MARS-KS code and the validity of 

the implementation was confirmed by simulating two 

test facilities. Through this work, the CHF prediction 

capability of MARS-KS under inclined conditions is 

improved with the new correlation and the annulus 

correction factor.  

In this paper, only validation of a single rod heater was 

conducted. Therefore, validation for a single tube heater 

should be carried out. After the validation for the inclined 

condition is completed, a model for rolling conditions, 

which is another physical phenomenon of the marine 

environment, will be tested. 
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