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1. Introduction 

 
Helically coiled tubes (HCTs) are widely used in 

steam generators of small modular reactors (SMRs) for 

their compact design and heat transfer performance [1]. 

However, the curved geometry forces a continuous 

change in flow direction, inducing centrifugal force that 

generates secondary flow that rotates perpendicular to 

the primary flow. This motion creates a more tortuous 

path, significantly increasing the frictional pressure drop 

by elevating the overall flow resistance [2]. Accurate 

prediction of this pressure drop is essential for reliable 

design and safe operation of SMRs.  

Flow in HCTs is governed by the combined influence 

of centrifugal force, gravity, and secondary flows, which 

makes predicting frictional pressure drop more 

challenging. In single-phase flow, most existing 

correlations rely on Reynold number (Re) and curvature 

ratio (d/D) as the key parameters, but their accuracy is 

often limited to narrow ranges of geometry and flow 

conditions. Moreover, these parameters do not explicitly 

capture and quantify the contribution of centrifugal force 

to the pressure drop.  

In two-phase flow, centrifugal force drives phase 

separation, concentrating liquid toward the outer wall 

and vapor on the inner wall. This causes non-uniform 

phase distribution and changes in flow structure, which 

affect the pressure drop. Although numerous correlations 

have been proposed, they are often derived from limited 

operating conditions, so their accuracy further decreases 

when applied outside those range and neglect the 

influence of centrifugal force.  

This study focuses on developing new correlations for 

predicting single- and two-phase frictional pressure 

drops in helically coiled tubes. Large experimental 

databases were collected and analyzed to identify key 

parameters, with special attention to the role of 

centrifugal force. Using this data, new models were 

formulated and assessed against best-performing 

existing correlations.  

 

 

2. Experimental Database 

 

2.1 Single-phase flow database  

 

The database was built from 13 published studies 

using water as the working fluid in smooth vertical HCTs. 

To distinguish the flow regimes of laminar and turbulent, 

the critical Reynold number based on the Schmidt 

correlation [3], was used to identify fully developed 

turbulent flow regime. The final dataset contains 1,489 

data points. A summary of the resources and parameter 

ranges is given in Table 1.   

 

Table 1. Experimental database for single-phase flow. 

Authors  

Geometry  
Re  

(x103) 

Data points*) 

d  
(mm) 

d/D  
 Pc  

(mm) 
L T Total 

Akagawa 
et al. [4]  

9.92 
0.044- 
0.09 

14.86- 
14.91 

0.25- 
18 

83 28 111 

Ali  

et al. [5]  

4.64- 

6.03 

0.026- 

0.052 
10-50 

0.3- 

17 
102 43 145 

Austen  
et al. [6]  

4.57 0.02 
23- 
265 

0.08- 
5 

22 0 22 

Awwad  

et al. [7]  
25.4 0.073 194 

1- 

62 
5 15 20 

Cioncolini  

et al. [8]  

4.04- 

10.44 

0.003- 

0.144 
7-25 

1- 

63 
412 350 762 

Colombo et 
al. [9]  

12.53 0.012 800 
1.8- 
29 

23 41 64 

Ju  

et al. [10]  
18 0.16 22.5 

3- 

11 
7 0 7 

Liu  
et al. [11] 

4.4 
0.021- 
0.066 

4.4- 
13.2 

0.16- 
10 

91 8 99 

Rogers  

et al. [2]  
7.4-9.5 

0.05- 

0.093 

38.1- 

102 

3- 

48 
20 39 59 

Seban  

et al. [12] 
7.4 0.059 102 

8- 

61 
0 48 48 

Guo  

et al. [13]  
10 0.076 39 

43- 

150 
0 24 24 

Zheng  

et al. [14] 
14 

0.013- 

0.035 

110- 

582 
5-120 0 66 66 

Hardik  
et al. [15] 

5.4- 
7.5 

0.036- 
0.05 

50 
7- 

17.5 
0 62 62 

All 
4.4- 

25.4 

0.003- 

0.16 

7- 

800 

0.08- 

150 
765 724 1489 

   *) L= laminar, T=Turbulent. 
 

2.2 Two-phase flow database  

 

Two-phase steam-water frictional pressure drop data 

for HCTs were collected from the dataset of Santini et al. 

[16], Xiao et al. [17], Zheng et al. [14], and Su et al. [18]. 

The data covers a wide range of geometry and operating 

conditions. The assembled data contains 876 data points, 

as summarized in Table 2.  
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Table 2. Experimental database for two-phase flow. 

Authors  

Geometry  Operating parameters 
Data 

points d  
(mm) 

d/D  
 Pc  

(mm) 
P 

(MPa) 
G 

(kg/m2s) 
x 

Santini et al.
[16]   

12.53 0.0125 800 2-6 200-800 
0.1- 
0.99 

643 

Xiao et al.

[17]  

12.5- 

14.5 

0.033- 

0.08 

59.44- 

125.5 
2-8 300-1100 

0.06- 

0.7 
104 

Zheng et al.

[14]  
14 

0.008- 

0.035 

110- 

582 
2-7.6 100-1200 

0.12- 

0.91 
57 

Su et al.[18]  12 0.107 22.5 3.5-7 320-1100 
0.1- 
0.9 

72 

All 
12.5- 

14.5 

0.008- 

0.107 

22.5- 

800 
2-8 100-1200 

0.06- 

0.99 
876 

 

 

3. Development of a new correlation 

 

3.1 A new friction factor correlation for single-phase 

flow 

 

The friction factor data in HCTs were analyzed with 

respect to Reynold numbers and curvature. Fig. 1 shows 

the measured coil friction factor, fc divided by straight 

tube friction factor, fs versus Reynold number and 

curvature. As can be seen, fc/fs exhibits clear dependence 

on both parameters which consistent with a trend 

observed in previous studies [4,6]. To capture and 

quantify the effect of centrifugal force in single-phase 

frictional pressure drop, the centrifugal force number 

(NCF) proposed by Jeong et al. [19] is adopted, which is 

defined as:  

   ( )2 / 2
CF

v D
N

g




=

 
(1) 

where νθ is the horizontal (azimuthal) component of the 

fluid velocity, and defined as:  

( )
2

1

1 c

v v
P D




=

+

 

(2) 

By substituting Eq. (2) to (1), the centrifugal force 

number in single-phase flow will become: 

( ) ( )

2

2 2

1 1
2 2

1 1
CF

c c

v d
N Fr

gD DP D P D 
= =

+ +

 
(3) 

where Fr is the Froude number ( 2 /v gd ).  

The result in Fig. 2 show fc/fs increases with NCF in 

both regimes. In laminar flow, the rise is steep because 

the stable velocity profile allows centrifugal force to 

redistribute momentum toward the outer wall and 

increase average flow resistance and pressure drop [12]. 

In turbulent flow, fc/fs also increases but more gradually, 

because turbulence already promotes intense mixing and 

momentum exchange through chaotic vortical structures, 

which reduce the relative effect of centrifugal force. 

Even though NCF range is broader in turbulent flow due 

to stronger inertia, the relative increase in wall friction 

induced by centrifugal force remains smaller than in 

laminar flow [4]. These results show that NCF, together 

with Re and curvature, govern frictional pressure drop in 

HCTs.  

 

 
Fig. 1. Experimental friction ratio vs Reynold 

number and curvature. 
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(a) Laminar flow 
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(b) Turbulent flow 

 

Fig. 2. Friction factor vs NCF in single-phase flow. 
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Pearson correlation coefficient [21] then used to 

statistically quantify the relationship between fc/fs, Re, 

curvature (d/D), and NCF for laminar and turbulent flows, 

using the data ranges listed in Table 3.  The heatmaps Fig. 

3 show d/D has the strongest correlation, followed by 

NCF and Re. Because NCF is strongly correlated with d/D, 

multicollinearity was checked using variance inflation 

factor (VIF). As shown in Table 4, all VIF values are 

below 5 which is the threshold values [22], confirming 

the parameters can be used together in the model.  

 

Table 3. The range of non-dimensional parameters used 

for modeling in single-phase flow. 
Parameter Laminar Turbulent 

fc/fs 1.03 - 9.25 1.022 – 1.5 

Re 84.82 – 11642.06 5849.63 – 149500.5 

d/D 0.003 - 0.16 0.0096 – 1.05 

NCF 0.0002 - 47.88 0.04 – 687.1 
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Fig. 3. Pearson correlation coefficients heatmaps for 

laminar (left) and turbulent (right) flow regimes. 

 

 Table 4. VIF measurement for single-phase. 

Parameter 

Laminar Turbulent 

Ri
2 VIFi Ri

2 VIFi 

d/D 0.24 1.31 0.58 2.38 

Re 0.26 1.36 0.12 1.14 

NCF 0.39 1.64 0.58 2.45 

 

Using the selected parameters mentioned in previous 

section and nonlinear least squares method fitting 

process within the applicability range summarized in 

Table 3, empirical correlations were formulated for 

laminar and turbulent regimes as follows. 

For laminar flow:  
  

( )
0.340.591 0.0181 0.05c

CF

s

f
Re d D N

f
= +

 
(4) 

For turbulent flow:  
  

( )
0.5260.189 0.0271 0.143c

CF

s

f
Re d D N

f
= +

 
(5) 

Both correlations converge to the straight tube behavior 

when the coil diameter approaches infinite. Under these 

conditions, the correlations simplify the original Blasius 

equation [23], fs=64/Re and fs=0.316Re-0.25 for laminar 

and turbulent respectively. 

 

3.2 A new two-phase flow frictional pressure drop 

correlation 

 

Two-phase flow frictional pressure drops often 

expressed using a dimensionless liquid-only two-phase 

multiplier which relates it to the corresponding single-

phase flow frictional pressure drop: 
  

2

, ,

lo

TP fr SP lo

dP dP

dz dz


   
=    
   

 
(6) 

In the homogeneous model (HM), where both phases 

move with equal velocity and temperature in constant 

cross-section, mixture density and viscosity from Mc 

Adams et al. [24] are used to evaluate the multiplier. In 

case of straight tube, the HM liquid-only multiplier will 

become Eq. (7) [25]. This expression serves as the 

baseline for developing the new two-phase frictional 

pressure drop correlation for HCTs in this study. 

  0.25

2

, 1 1 1 1l l
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v v

x x
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
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−

      
= + − + −      

      

 
(7) 

 

 
Fig. 4.  ϕ2

lo vs pressure and quality. 

 

The dominant parameters influencing the two-phase 

multiplier in HCTs were analyzed by plotting the 

experimental data using Eq. (6) at different pressures and 

quality, as shown in Fig. 4. Two-phase frictional pressure 

drops were obtained from the experimental database, 

while the corresponding single-phase pressure drop 

values were calculated using the new turbulent friction 

factor correlation in Eq. (5). The result shows that, at 

constant pressure, the multiplier increases with vapor 

quality, peaks near 0.8, then decreases as quality 

approaches unity. Meanwhile, at constant quality, higher 

system pressure decreases the multiplier by increasing 

vapor density, which raises mixture density and lowers 

mixture velocity. Conversely, higher mass flux increases 

the multiplier by intensifying secondary flows from 

centrifugal force which enhances phase interaction and 

leads to higher frictional pressure drop. The effect of 

centrifugal force is represented by reformulating NCF into 

liquid-only form,  NCF,lo, given by:  
   

( )
, 2

1
2

1
CF lo lo

d
N Fr

D P D
=

+

 (8) 
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where 2

2lo

m

G
Fr

gd
=

. 

Since the model also expected to apply in both helical 

and straight tubes in HM model, a correction factor (ψ) 

is added to account the centrifugal force effects, and it 

expressed:  
  2 2

,lo lo HM =  (9) 
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Fig. 5. Multiplier ratio vs NCF,lo for different curvature 

ratios. 

 

Centrifugal force dependence was then evaluated from 

multiplier ratio against NCF,lo as shown in Fig. 5. The 

multiplier ratio does not form a single consistent trend 

with NCF,lo because the NCF,lo range varies with other 

parameters as indicated by the arrow sign. It shows that 

the multiplier ratio increases with increasing NCF,lo, 

indicating that centrifugal force amplifies pressure drop 

in HCTs compared with straight tube. At low or 

moderate quality, a continuous film allows NCF,lo to 

enhance secondary flow and wall shear, raising the 

multiplier. While at high quality, the ratio decreases 

because the liquid film becomes thin and most liquid is 

carried in the vapor core, reducing wall friction [8] and 

decreases pressure drop despite a high NCF,lo. The figure 

also indicates that as curvature increases, the multiplier 

ratio decreases because the value ϕ2
lo becomes smaller. 

This occurs since single-phase flow frictional pressure 

drop rises more rapidly with curvature than two-phase 

flow [1]. 

Subsequently, candidate parameters were examined 

using Pearson correlation coefficients as shown in Fig. 6, 

and VIF results in Table 5 were used to screen the 

influence of these parameters against correction factor, 

ψ, based on the data ranges summarized in Table 6. 

These show that ϕ2
lo and ϕ2

lo,HM  are strongly correlated, 

confirming ϕ2
lo,HM as a reliable baseline. NCF,lo, Relo, and 

quality (x) show relatively high correlation with 

multiplier ratio. In addition, although not plotted in Fig. 

6 or listed in Table 5,  the density and viscosity ratios 

were also evaluated and found to have lower correlation 

and extremely high VIF values (>75) since their 

influence already included in the HM multiplier (Eq.(7)). 

Curvature has the weakest negative correlation but a low 

VIF value, indicating no multicollinearity issue, and is 

retained to ensure correct asymptotic behavior when it 

approaches zero. Based on these findings, the correction 

factor, ψ depends on NCF,lo, Relo, quality (x), and d/D. The 

pressure effect is instead captured in NCF,lo through its 

dependence on mixture density, while mass flux is 

reflected in Relo.   

 

Table 5. VIF measurement for two-phase flow. 
Parameter Ri

2 VIFi 

d/D 0.31 1.45 

Relo 0.32 1.47 

NCF,lo 0.41 1.68 

x 0.18 1.22 
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Fig. 6. Heatmap of Pearson’s correlation for two-phase 

flows. 

 

Table 6. The range of non-dimensional parameters used 

for modelling in two-phase flow. 
Parameter Range of Data 

ϕ2
lo /ϕ

2
lo,HM   1.08-4.04 

d/D 0.008-0.107 

Relo 20,048-144,736.8 

NCF,lo 0.63-5,682 

x 0.06-0.99 

 

Following the previous steps, the correction factor 

model for two-phases was formulated as a function of the 

parameters within the range data presented in Table 6. 

After several iterations using non-linear least squares 

fitting, the obtained correction factor model is as follows:  

( )

0.115 0.658 0.217

,

0.796

1 0.012 1 22.62 (1 )

1 1.98 /

CF lo loN x x Re

d D


 + + − =
+

 
(10) 

The denominator represents the moderating role of the 

curvature ratio. This term limits the growth of the 

correction factor at high curvature, especially for Su et al. 

[18] dataset, where curvature is large and centrifugal 

force are dominant. It also ensures that the model 

approaches unity when curvature vanishes. 

 

4. Assessment and comparison with best-existing 

correlations 
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4.1 Assessment of single-phase correlation  

 

Figure 7 illustrates the performance of the new model 

through predicted versus measured friction factor values. 

The results highlight that both laminar and turbulent 

predictions closely follow the reference line with narrow 

scatter. The data distribution remains tightly bounded 

within ±10% error lines, showing significantly improved 

agreement.  
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Fig. 7. Predicted vs measured friction factor coefficients 

for new model. 

 

Table 7 further provides a detailed comparison of the 

predictive capability of both new and existing single-

phase friction factor models. Among the existing 

correlations, Ito model [27] gives the most reliable 

performance across both laminar and turbulent regimes 

with low error and high accuracy within ±10% error band. 

In contrast, Schmidt model [29] exhibits the poorest 

accuracy in laminar flow, while White model [26] shows 

the largest error in turbulent flow. Other models perform 

reasonably well but fall short compared to Ito. However, 

the new model which defined by Eqs. (4) and (5), 

outperform all existing models, achieving the lowest 

RMSE and the highest percentage data in both regimes 

also reducing RMSE by 7.0% in laminar and 9.1% in 

turbulent flow compared to Ito model which is the best-

existing models. This suggests that the new model 

provides a more accurate and reliable prediction of the 

friction factor across a broad range of flow conditions.  

 

 Table 7. Error comparison of new and existing friction 

factor models for single-phase flow. 

Correlation 
Laminar  Turbulent 

RMSE MRE RMSE MRE 

White [26] 0.0701 0.0193 0.1882 -0.176 

Ito [27] 0.0627 0.0057 0.0362 -0.001 

Mori & Nakayama [28] 0.1915 0.0649 0.0383 0.002 

Schmidt [29] 0.2858 0.2358 0.1302 -0.061 

Mishra & Gupta [30] 0.0693 0.0193 0.0543 -0.039 

New correlation 0.0583 0.0038 0.0329 -0.001 

 

 

4.2 Assessment of two-phase correlation  

 

Fig. 8 provides visual assessment of the new 

correlation against experimental measurements. The 

predicted values align closely with the measured 

frictional pressure gradients across the full data range. 

Furthermore, Table 8 compares statistical evaluation of 

new models against existing correlations. The result 

shows that classical correlations such as Lockhart-

Martinelli [31], Ruffel [32], Friedel [33], and Zhao [34], 

show poor accuracy, while Colombo [9] performed the 

worst overall. Santini [35] and Ferraris [36] show better 

agreement with the data, while Su model [37] stands out 

as the best among existing models. Conversely, the new 

model achieves further improvements, reducing RMSE 

by 15% compared to Su and reaching the highest 

accuracy, with RMSE 0.1165 and 91.55% of data falling 

within error. Since the new correlation consistently 

outperforms all existing models across every dataset, all 

of which  represent conditions closely to SMR operation, 

making it strongly recommended for the design and 

analysis of helical steam generators for SMRs. 
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Fig. 8. Predicted vs measured two-phase frictional 

pressure drop for new model. 

 

Table 8. Error comparison of new and existing friction 

factor models for two-phase flow. 

Correlation RMSE MRE 

Lockhart-Martinelli [31] 0.5060 -0.171 

Ruffel [32]  0.3102 0.257 

Friedel [33]  0.3971 0.350 

Zhao [34]  0.4855 -0.426 

Santini [35]  0.1852 0.105 

Colombo [9]  0.8363 -0.659 

Ferraris [36]  0.1519 0.045 

Su [37]  0.1376 -0.008 

New correlation 0.1165 0.012 
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5. Conclusions 

 

This study introduced new correlations for predicting 

frictional pressure drops in single- and two-phase flows 

through helically coiled tubes. The methodology 

combines key parameters analysis, statistical evaluation, 

and nonlinear regression. The findings show that in 

single- and two-phase flows, centrifugal force plays a 

major role in increasing frictional pressure drop. This 

effect was quantified through inclusion of the centrifugal 

force number in the correlation structure.  

The correlations were developed using extensive 

experimental datasets and validated against the existing 

models. In both cases, the assessment results show that 

the new correlation achieves the highest accuracy, 

ensuring reliable applicability to the design and analysis 

of SMR steam generators. 
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