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1. Introduction 

 
Globally, advanced reactor developers are focusing on 

minimizing the reactor size to facilitate modular 

construction. A modular configuration simplifies 

installation and maintenance, and lowers construction 

costs. To achieve these goals, a helical steam generator 

(HSG) is being considered as a viable option. 

However, in designing HSGs, it is crucial to address 

two-phase flow instabilities, such as density wave 

oscillation (DWO). The DWO mechanism involves 

delays and multiple feedback loops related to pressure 

drop, inlet flow rate, and void fraction [1]. At high void 

fractions, even small changes in inlet velocity can cause 

large fluctuations in two-phase friction pressure drop due 

to variations in density and flow, with these fluctuations 

propagating slowly and potentially destabilizing the 

system, leading to mechanical vibrations, system control 

failures, and thermal fatigue [2, 3]. 

Since an HSG is composed of tube bundles arranged 

in multiple layers, the geometrical values can vary across 

layers. It is essential to understand the sensitivity of 

DWO to these geometric parameters during the design 

process. These parameters include tube length, tube 

diameter, helical diameter, and helix angle (Fig. 1). 

Although experimental studies under different helical 

tube geometric conditions conducted by Papini [4], 

Wang [5], Shen [6], it is difficult to understand the single 

sensitivity of each parameter because the values of the 

parameters mentioned just before are all different. 

 

2. Methods 

 

In this section, the modeling of parallel helical tubes 

using the MARS-KS code is thoroughly explained, and 

summaries of the simulation cases and the thermal-

hydraulic model are provided. 

 

 
Fig. 1. Geometric parameters of the helical tube 

 

2.1 Parallel Helical Tubes Modeling 

 

MARS-KS V2.0 code is utilized to examine DWO. 

Fig. 2 shows the nodalization of parallel helical tubes. 

The fluid enters the problem domain with constant sub-

cooling from a time dependent volume (TMDPVOL 

100), and the inlet flow rate is determined using a time 

dependent junction (TMDPJUN 101). The helical tubes 

are modeled as inclined straight pipes (PIPE 10, 20) in 

MARS-KS code. The thermal-hydraulic model option 

for helical tubes is applied. The inlet and outlet of the 

pipes are linked to the inlet header (BRANCH 102) and 

the outlet header (BRANCH 103), respectively. The 

boundary for the outlet pressure is set by TMDPVOL 105. 

A uniform heat flux boundary condition is applied. The 

tube inlet throttle is modeled by assigning the energy loss 

coefficient of the junction connecting BRANCH 102 

with PIPE 10 and 20. The method to determine instability 

is based on the previous research [7]. 

 

 
Fig. 2. Examples of parallel helical tubes nodalization 

 

2.2 Thermal-hydraulic Correlations for Helical tubes in 

MARS-KS Code 

 

The MARS-KS code is a system code developed for 

the safety evaluation of pressurized water reactors and 

heavy water reactors during licensing reviews by nuclear 

regulators [8]. It consists of governing and constitutive 

equations, with the latter being regularly updated to 

incorporate newly developed components and systems. 
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Among these updates is the inclusion of a heat transfer 

correlation for helical tubes. However, the MARS-KS 

code does not originally include correlations for pressure 

drop calculations in helical tubes. In this study, a 

modified version of the MARS-KS code was developed 

to incorporate pressure drop correlations for helical tubes. 

The Ito correlation [9] was applied for modeling single-

phase flow, while the two-phase flow was modeled using 

the correlation developed by Colombo et al. [10], which 

was formulated using experimental data from studies by 

Santini et al. [11] and Zhao et al. [12]. Tables I and II 

summarize the heat transfer correlations and the pressure 

drop correlations for the modified MARS-KS code. 

 

Table I: Heat transfer correlation 

Single-phase turbulent  

(Mori-Nakayama correlation) 
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Nucleate boiling (Chen correlation)  
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Saturated nucleate boiling 

𝐹 = 2.35(𝜒𝑡𝑡
−1 + 0.213)0.736 

 

Subcooled nucleate boiling 
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Transition boiling (0.99 ≤ 𝛼 ≤ 0.999)  

𝑞𝑇𝐵
′′ = 𝑞𝑁𝐵

′′ 𝑎𝑓 + ℎ𝑚𝑛(𝑇𝑤 − 𝑇𝑔)(1 − 𝑎𝑓) 

𝑎𝑓 = 1.0 −
𝛼 − 0.99

0.009
 

(3) 

 

Table II. Pressure drop correlation 

Single-phase flow (Ito correlation)  
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Two-phase flow (Colombo correlation)  
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2.3 Simulation cases 

 

Table III. Simulation cases 

Case Ref. 1 2 3 4 

𝑑𝑖  (𝑚𝑚) 12 9 15 12 12 

𝐿 (𝑚) 25 25 25 15 35 

𝛿 50 50 50 50 50 

𝜃 (°) 8 8 8 8 8 

 

Case 5 6 7 8 

𝑑𝑖  (𝑚𝑚) 12 12 12 12 

𝐿 (𝑚) 25 25 25 25 

𝛿 25 100 50 50 

𝜃 (°) 8 8 16 24 

𝑑𝑖 : Tube inner diameter 𝐿 : Length 𝛿 : Curvature ratio 

(Helical diameter/Tube inner diameter) 𝜃: Helix angle 

 

 
Fig. 3. Range of geometric conditions of each case 

 

In this study, the reference tube was determined based 

on the public source [13, 14] of the helical steam 

generator of the SMART reactor developed by KAERI. 

Cases 1 and 2 analyze the sensitivity to tube inner 

diameter, Cases 3 and 4 to length, Cases 5 and 6 to 

curvature ratio, Cases 7 and 8 to helix angle. Although 

there are cases that exceed the dimensions of the 

experimental facility used for developing the Colombo 

correlation (Fig. 3), geometric parameter values were set 

over a wide range to analyze the overall sensitivity 

anyway. Cases 1 to 4 have the same curvature ratio and 
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helix angle as the reference, so they are omitted from Fig. 

3. All cases were performed under the conditions of 𝐺 =

500𝑘𝑔/(𝑚2𝑠), 𝑃𝑜𝑢𝑡 = 5𝑀𝑃𝑎. Therefore, in cases 1 and 2, 

the tube inner diameter is different, so the flow rate will 

become different. 

 

 

 

2.4 Stability map 

 

Once the fluid, tube geometry, and operating pressure 

are defined, it can identify stable and unstable regions 

within a three-dimensional space characterized by flow 

rate, heat power, and inlet subcooling. This space can be 

simplified into a two-dimensional plot using dimension-

less numbers, which results in what is known as a 

stability map. The stability map developed by Ishii and 

Zuber [15] is the most widely used (see Eq. (6) and Eq. 

(7)). In this map, the stable region is represented on the 

left side of the boundary line, while the unstable region 

is on the right. Additionally, in the stability map, the 

diagonal line representing constant equilibrium quality 

corresponds to Eq. (8). To create a stability map, it is 

crucial to determine the instability threshold, which can 

be derived from experimental data or simulations across 

various operating conditions. 
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𝜌𝑓𝑔

𝜌𝑔
 (8) 

 

3. Results 

 

Fig. 4. shows the node sensitivity of inclined pipes 

under reference conditions. Based on these results 80 

nodes were used for the simulation cases. Fig. 5 to Fig. 8 

present sensitivity to each parameter. It was confirmed 

that the onset of DWO boundary conditions changed 

with respect to the tube inner diameter and length. In 

contrast, the occurrence of DWO was not sensitive to the 

curvature ratio and helix angle. 

 

 

Fig. 4. Node sensitivity (Reference) 

 

 
Fig. 5. Sensitivity to inner diameter (Cases 1 and 2) 

 

 
Fig. 6. Sensitivity to length (Cases 3 and 4) 

 

 
Fig. 7. Sensitivity to curvature ratio (Cases 5 and 6) 

 

 
Fig. 8. Sensitivity to helix angle (Cases 7 and 8)  
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Figs. 9 through 12 illustrate the variation in total 

pressure drop for each case as heat power changes. It is 

noted that the arrow in each plot represents how much 

the pressure drop has changed when heat was increased. 

First, in examining Cases 1 and 2, it is evident that when 

𝑑𝑖 = 9𝑚𝑚 , the change in total pressure drop is 

significantly larger (56 kPa vs. 11 kPa). When comparing 

Cases 3 and 4, it is apparent that the pressure drop is 

notably higher when 𝐿 = 35𝑚 (31 kPa vs. 14 kPa). These 

results imply a larger change in pressure drop increases 

the possibility of the system becoming relatively more 

unstable. However, in Fig. 11, the difference in the 

degree of change between cases is minimal (26 kPa vs. 

21 kPa). Although the pressure drop is greater when the 

curvature ratio is small, the degree of change is almost 

similar to when the curvature ratio is large, indicating 

that the impact on DWO occurrence is nearly identical. 

In the case of the helical angle (Fig. 12), it is not a factor 

considered in the Colombo correlation, and while the 

pressure drop is relatively large when the helical angle is 

high due to gravity, the degree of change is similar for 

both helical angles. 

 

 
Fig. 9. Pressure drop change (Case 1 (𝑄 = 30~37𝑘𝑊) 

Case 2 (𝑄 = 100~107𝑘𝑊), 𝑁𝑠𝑢𝑏 = 6,) 

 

 
Fig. 10. Pressure drop change (Cases 3 and 4, 𝑁𝑠𝑢𝑏 = 6, 

𝑄 = 60~67𝑘𝑊) 

 

 
Fig. 11. Pressure drop change (Cases 5 and 6, 𝑁𝑠𝑢𝑏 = 6, 

𝑄 = 60~67𝑘𝑊) 

 

 
Fig. 12. Pressure drop change (Reference and Case 8, 

𝑁𝑠𝑢𝑏 = 6, 𝑄 = 60~67𝑘𝑊) 

 

4. Summary and Further Works 

 

This study explored the sensitivity of various 

geometric parameters of HSG tubes to the onset of DWO 

using the modified MARS-KS code. The pressure drop 

correlations specific to helical tubes were newly added to 

the MARS-KS code. The findings indicate that the tube 

inner diameter and length significantly influence the 

onset of DWO. In contrast, the curvature ratio and helix 

angle were found to have minimal impact on DWO. This 

sensitivity may be due to using the correlation outside its 

valid range, resulting in similar pressure drop changes 

even when heat varied significantly. 

Additionally, the previous experimental studies used 

helical tubes with identical geometries, leading to a lack 

of diverse experimental data. This limits the 

understanding of DWO and constrains the applicability 

of the MARS-KS code to advanced reactor designs. 

Future research should focus on experimental studies 

with varying geometric configurations to improve the 

reliability and applicability of the MARS-KS code in 

advanced reactors. 
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NOMENCLATURE 

 
General symbols 

ℎ  Heat transfer coefficient (𝑊/𝑚2𝐾) 

𝑘  Thermal conductivity (𝑊/𝑚𝐾) 

𝑑  Tube diameter (𝑚) 

𝐷  Helical diameter (𝑚) 

𝑅𝑒  Reynolds number 

𝑃𝑟  Prandtl number 

𝑞′′  Heat flux (𝑊/𝑚2) 

𝑇  Temperature (𝐾) 

𝐶𝑝  Specific heat capacity (𝐽/𝑘𝑔𝐾) 

𝑋𝑡𝑡  Lockhart-Martinelli parameter 

ℎ𝑓𝑔  Enthalpy difference between vapor saturation 

and liquid saturation  

𝛼  Void fraction 

  

Greek symbols 

𝜌  Density (𝑘𝑔/𝑚3) 

𝜎  Surface tension (𝑁/𝑚) 

𝜇  Dynamic viscosity (𝑃𝑎 𝑠) 

  

Subscripts 

𝑚𝑛  Mori-Nakayama 

𝑘  Liquid or Vapor 

𝑤  Wall 

𝑠𝑎𝑡  Saturation 

𝑚𝑖𝑐  Microscopic 

𝑁𝐵  Nucleate boiling 

𝑇𝐵  Transition boiling 

𝑓  Liquid 

𝑔  Vapor 
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