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ABSTRACT 

Spirally fluted tubes have been widely used for heat exchangers due to their superior heat 

transfer enhancement. However, most of the previous studies focused on the effects of a limited 

number of geometric parameters, i.e., the flute pitch and flute depth, on convective heat transfer 

and friction factor characteristics of low-Prandtl-number fluids, i.e., air or water. The correlations 

developed in these studies may not be accurate or applicable for medium-Prandtl-number fluids, 

such as molten salts. A numerical analysis using a Computational Fluid Dynamics (CFD) tool, 

STAR CCM+, is therefore carried out in this study to systematically investigate the effects of 

four geometric parameters, including the flute pitch �, flute depth �, flute start number �� (or 

flute helix angle �), and trough length ��� on convective heat transfer and friction factor 

characteristics of a medium-Prandtl-number fluid, FLiNaK (46.5LiF-11.5NaF-42KF mol %), in 

spirally fluted tubes. In addition, the convective heat transfer and Darcy friction factor 

correlations are proposed and validated, with ±20% uncertainties, for medium-Prandtl-number 

fluids under the following conditions: Re = 88 to 1,600, Pr = 2.5 to 40, � ��⁄ = 0.44 to 3.51, 

� ��⁄ = 0.10 to 0.40, � 90⁄ = 0.20 to 0.81, and ��� ��⁄ = 0.71 to 2.16. The correlations 

proposed help improve the design of spirally fluted-tube heat exchangers.  
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Nomenclature 

 

Ah          equivalent heat transfer area, m2 

cp           fluid specific heat capacity, J/kg-K 

���        cross-sectional area based diameter, m 

Dbi         inner bore diameter, m 
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Dbo        outside bore diameter, m 

Dc          characteristic length (or equivalent diameter), m 

Deo         outside envelop diameter, m 

Di           inner diameter, m 

e            flute depth, m 

e*          non-dimensional flute depth 

f             Darcy friction factor 

ℎ             average heat transfer coefficient, W/m2-K 

k            fluid thermal conductivity, W/m-K 

L            tube length, m 

Ltr           trough length, m 

���∗          non-dimensional trough length 

"#            mass flow rate, kg/s 

"# �          total mass flow rate, kg/s 

N            number of the spirally fluted tubes 

Ns           flute start number 

Nu          Nusselt number 

p             flute pitch, m 

p*           non-dimensional flute pitch 

Δp          pressure drop, Pa 

Δph         pressure drop in the two headers of a tube bundle, Pa 

Δpt          total pressure drop in a tube bundle (including the two headers) , Pa 

Pr            Prandtl number 

$#             heat transfer rate, W 

Re          Reynolds number 

%&'            arithmetic mean of the fluid bulk inlet and outlet temperatures , °C 

%()              fluid bulk inlet temperature, °C 

%*+�             fluid bulk outlet temperature, °C 

%,               wall-surface-area-averaged temperature, °C 

u             fluid velocity, m/s 
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Greek symbols 

-            wall thickness, m 

./          predicted value of a parameter . 

.�          true value of a parameter .  

0            fluid dynamic viscosity, kg/m-s 

1            fluid density, kg/m3 

�            flute helix angle, ° 

�∗          non-dimensional flute helix angle 

 

Abbreviations 

CFD      computational fluid dynamics 

GCI       grid convergence index 

HX        heat exchanger 

MSR     molten salt reactor 

TB         tube bundle 

 

1. Introduction 

 

Various techniques on heat transfer enhancement are used in the design of heat exchangers 

(HXs), which are generally classified into two categories, (1) active method which needs 

external power, i.e., the surface vibration and (2) passive method without additional power, i.e., 

spirally fluted surface, coiled wire, and twisted-tape insert. These techniques increase heat 

transfer by reducing the thickness of the laminar sublayer or viscous layer, where thermal 

conduction, a heat transfer mechanism inferior to thermal convection, dominates heat transfer 

through the stagnant layer.  

One promising passive technique on heat transfer enhancement is to adopt a spirally fluted 

tube that increases local turbulence on both the inner and outer surfaces of the tube. In addition, 

the spirally fluted tube usually has a much larger heat transfer area compared with a smooth tube 

for the same cross-sectional area (flow area). Due to enhanced heat transfer performance and 

large surface area, spirally fluted tubes have been proposed for the design of HXs in the 

Advanced High-Temperature Reactor [1] and the design of double-wall HXs to control tritium 
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leakage in the Fluoride-salt-cooled High-temperature Reactor [2]. In addition, they have been 

widely used for low-temperature applications, i.e., residential heating and air-conditioning [3]. 

There are a number of publications focused on spirally fluted tubes as summarized in Table 

1. Srinivasan et al. [4-6] experimentally investigated heat transfer and friction factor for water in 

spirally fluted tubes for different flute pitches �, flute depths �, flute helix angles �, Reynolds 

numbers Re, and Prandtl numbers Pr , while Garimella and Christensen [7-8] experimentally 

investigated thermal-hydraulic performance of water flowing in different annuli, where the 

smooth tubes and spirally fluted tubes were used as the inner and outer tubes, respectively. In 

their studies [4-6], the heat transfer enhancement ratio, defined as the ratio of the Nusselt number 

between the spirally fluted tube and smooth tube Nu& Nu�⁄ , was up to 10.0 for laminar flows and 

2.6 for turbulent flows. As for the friction factor ratio, defined as the ratio of the friction factor 

between the spirally fluted tube and smooth tube 6& 6�⁄ , was up to 2.0 for laminar flows and 10.0 

for turbulent flows.  

 

Table 1 Previous studies on spirally fluted tubes 

Exp. or 

CFD 

study 

Fluid Tube dimensions Characteristic length 

(Dc) 

Enhancement Ref. 

Exp. Ethylene-

glycol 

solution 

and water  

(tube side) 

�� = 3; � ��⁄  = 0.125; � ��⁄  = 1.020; � 90⁄  = 0.556; �� = 12.75 mm; 

Inner diameter of the 

smooth section 

Nuf / Nus > 8;  

ff / fs < 3 

[3] 

Exp. Water  

(tube side) 
�� = 1 to 5; � ��⁄  = 0.11 to 0.42; � ��⁄  = 0.41 to 7.29; � 90⁄  = 0.28 to 0.65; �� = 8.79 to 18.97 mm; 

Inside volumetric 

diameter 

Nuf / Nus = 1.1 to 

10.0; 

ff / fs = 1.1 to 10.0  

[5] 

Exp. Water 

(shell side) 
�� = 1 to 5; � ��⁄  = 0.104 to 0.384; � ��⁄  = 0.383 to 6.714; � 90⁄  = 0.279 to 0.652; 

Hydraulic diameter  Nuf / Nus = 4 to 20 

 

[7]  

Exp. Water 

(shell side) 
��  = 3 to 5; � ��⁄  = 0.124 to 0.309; � ��⁄  = 0.358 to 1.302; � 90⁄  = 0.431 to 0.671; 

Hydraulic diameter  ff / fs = 1.1 to 2.0 for 

laminar flows and up 

to 10 for turbulent 

flows 

[8] 

Exp. Ethylene-

glycol 
�� = 1 � ��⁄  = 0.02 to 0.06; 

Inside envelop 

diameter 

Nuf / Nus = 1.3 to 4.0;  

ff / fs = 1.2 to 4.0  

[9] 
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solution 

and water   

(tube side) 

� ��⁄  = 0.6 to 1.2; �� = 18 mm; 

Exp. Ethoquad 

T13-50 and 

SPE98330 

(tube side) 

��  = 4; �� = 10.3 mm; 

Inner diameter of the 

smooth section 

Nuf / Nus > 1.2;  

ff / fs = 2.6 to 3.5 

[10] 

Exp. Water 

(tube side) 
��  = 4; � ��⁄  = 0.116 to 0.118; � ��⁄  = 0.450 to 0.525; �� = 18.85 to 18.90 mm; 

Inner diameter of the 

smooth section 

Nuf / Nus < 2.72;  

ff / fs > 5 

[11] 

Exp. 

and 

CFD  

Water 

(tube side) 
�� = 3; � ��⁄  =0.18; � ��⁄  = 0.91 to 3.64; �� = 11 mm; 

Arithmetic average of 

the inside bore 

diameter and inside 

envelope diameter 

Nuf / Nus = 2.4 to 3.7;  

ff / fs = 1.7 to 2.3 

[12] 

Exp. Air 

(tube side) 
�� = 1 and 3; � ��⁄   = 0.02 to 0.056; � ��⁄  = 0.27 to 1.53; � 90⁄  = 0.102 to 0.411; �� = 23 mm 

Inner diameter of the 

smooth section 

Nuf / Nus < 2.15;  

ff / fs < 3.7 

[13]  

CFD 

study 

Water 

(shell side) 
�� = 1 to 4; � = 3 mm; 

Hydraulic diameter  Nuf / Nus = 1.05 to 

1.10;  

ff / fs = 1.08 to 1.21 

[14] 

CFD 

study 

Water 

(tube side) 
�� = 6; � ��⁄  = 0.09 to 0.28; � ��⁄  = 4.07 to 5.52; �� = 8.0 to 12.3 mm 

Inside envelope 

diameter 

Nuf / Nus = 1.1 to 1.3;  

ff / fs = 1.5 to 2.4 

[15] 

CFD 

study  

Water 

(tube side) 
�� = 6; � ��⁄  = 0.15 to 0.46; � ��⁄  = 0.77 to 2.31; �� = 13 mm; 

Arithmetic average of 

the inside bore 

diameter and inside 

envelope diameter 

Nuf / Nus = 2.4 to 3.7;  

ff / fs = 1.7 to 2.3 

[16] 

CFD 

study 

Air 

(tube side) 
�� = 5; � ��⁄  = 0.06; � ��⁄  = 1.0 to 3.5; �� = 50 mm 

Inside envelope 

diameter 

Nuf / Nus < 2.02;  

ff / fs < 6.12 

[17] 

CFD 

study 

Air 

(tube side) 
�� = 2 to 5; � ��⁄  = 0.02 to 0.16; � ��⁄  = 1.5; �� = 50 mm 

Inside envelope 

diameter 

Nuf / Nus = 0.8 to 2.2;  

ff / fs = 1.0 to 8.3 

[18] 

 

The large values of the heat transfer enhancement ratio and friction factor ratio were also 

identified in other experimental studies, as summarized in Table1, using ethylene-glycol 

solutions [3, 9], reducing surfactant solutions [10], water [11-12], and air [13] as the working 
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fluids. In addition, several numerical studies [14-18], as summarized in Table 1, focused on the 

effects of a limited number of geometric parameters on heat transfer and friction factor 

characteristics of low-Prandtl-number fluids in spirally fluted tubes. The identified findings may 

not be accurate or applicable for medium-Prandtl-number fluids, i.e., molten salts. It is therefore 

necessary to systematically investigate the effects of all key geometric parameters on heat 

transfer and friction factor characteristics of medium-Prandtl-number fluids in spirally fluted 

tubes.   

A numerical study using a Computational Fluid Dynamics (CFD) tool, STAR CCM+, is 

carried out to investigate the effects of the flute pitch �, flute depth �, flute start number �� 

(affecting the flute helix angle �), and trough length ��� on convective heat transfer and friction 

factor characteristics of a molten salt FLiNaK (46.5LiF-11.5NaF-42KF mol %) and water (as a 

reference) in spirally fluted tubes. In addition, new convective heat transfer and friction factor 

correlations are proposed for laminar flows in spirally fluted tubes and validated by comparing 

with the experiments using air (this study), water, and ethylene-glycol solution as the working 

fluids. 

 

2. Numerical modeling 

2.1.Geometric parameters 

 

A spirally fluted tube is normally fabricated by twisting a smooth tube. The smooth tube has 

three geometric parameters, tube inner diameter �7, wall thickness -, and tube length L, while 

the spirally fluted tube, taking a three-start spirally fluted tube as an example as shown in Fig. 1, 

has seven basic geometric parameters, including the inner bore diameter �87, outside envelope 

diameter �9*, wall thickness -, flute pitch �, trough length ���, number of flute starts ��, and 

tube length L (not shown in Fig. 1). The inner bore diameter is the maximum outer diameter of a 

smooth tube which can slip in the spirally fluted tube, while the outside envelope diameter is the 

minimum inner diameter of a smooth tube in which the spirally fluted tube can slip. 
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Fig. 1 A three-start spirally fluted tube 

 

There are four non-dimensional geometric parameters widely used to characterize thermal-

hydraulic performance of fluids in spirally fluted tubes, namely, the non-dimensional flute pitch 

�∗, non-dimensional flute depth �∗, non-dimensional trough length ���∗ , and non-dimensional 

flute helix angle �∗ defined in Eqs. (1) to (4), respectively.   

�∗ =  /:;                                                                 (1) 

�∗ =  9:;                                                                 (2) 

���∗ =  <=>:;                                                                 (3) 

�∗ =  ?@A                                                                 (4) 

�� is the characteristic length (or equivalent diameter) used to calculate the Reynolds 

number. A cross-sectional area B& based diameter, defined as  

    ��� =  CD��E                                                             (5) 

is used as the characteristic length �� for data reduction in this study.  

Previous studies, as summarized in Table 1, defined the characteristic length of a spirally 

fluted tube in different ways, i.e., the inside volumetric diameter, hydraulic diameter, inside 

envelop diameter, inner diameter of the smooth section, and arithmetic average of the inside bore 

and inside envelop diameter. To have a meaningful comparison between the CFD results in this 
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study and experimental data in the literature, the experimental data are reprocessed if needed 

based on the characteristic length defined in Eq. (5).  

The flute depth � is defined as  

� = :FGH:IGJ                                                             (6) 

where the outside bore diameter �8* is calculated by 

         �8* =  �87 K 2-                                                       (7) 

The flute helix angle � is defined as 

� = arctan OEP:;QJRSTU/ V                                                  (8) 

Convective heat transfer and friction factor characteristics of FLiNaK (46.5LiF-11.5NaF-

42KF mol %) and/or water in nineteen spirally fluted tubes, T#1 to T#19 as summarized in Table 

2, are investigated in this study. The non-dimensional geometric parameters for these tubes are 

summarized in Table 3, where �∗ = 0.44 to 3.51, �∗ = 0.10 to 0.40, ���∗  = 0.71 to 2.16, and �∗ = 

0.20 to 0.81. In addition, new convective heat transfer and friction factor correlations are 

proposed and validated by comparing with the experiments, as summarized in Tables 2 and 3, 

using the spirally fluted tubes E#1 to E#4 as the test sections. 

 

Table 2 Geometric parameters for sprially fluted tubes  

Tube 

# 

Working 

fluids 

Measured parameters Calculated 

parameter 

Ref. 

�87 
(mm) 

�9* 
(mm) 

- 
(mm) 

�  
(mm) 

��� 
(mm) 

�� 
 

�� 
(mm) 

Numerical study (L = 762 mm) 

T#1 FLiNaK  10.11 17.15 0.51 5.49 22.30 3 12.50  

 

 

 

 

 

 

 

 

 

 

This study 

T#2 FLiNaK 

and water 

10.11 17.15 0.51 11.73 22.30 3 12.50 

T#3 FLiNaK 10.11 17.15 0.51 21.94 22.30 3 12.50 

T#4 FLiNaK 

and water 

10.11 17.15 0.51 32.91 22.30 3 12.50 

T#5 FLiNaK 10.11 17.15 0.51 43.88 22.30 3 12.50 

T#6 FLiNaK 10.11 13.22 0.51 11.73 22.30 3 10.34 

T#7 FLiNaK 

and water 

10.11 15.51 0.51 11.73 22.30 3 12.16 

T#8 FLiNaK 

and water 

10.11 19.90 0.51 11.73 22.30 3 13.14 



 9 

T#9 FLiNaK  10.11 22.10 0.51 11.73 22.30 3 13.75 

T#10 FLiNaK  10.11 17.15 0.51 11.73 22.30 1 11.10 

T#11 FLiNaK 10.11 17.15 0.51 11.73 22.30 2 11.10 

T#12 FLiNaK 10.11 17.15 0.51 11.73 22.30 4 12.16 

T#13 FLiNaK 10.11 17.15 0.51 11.73 22.30 5 11.82 

T#14 FLiNaK  10.11 17.15 0.51 11.73 22.30 6 11.47 

T#15 FLiNaK 

and water 

10.11 17.15 0.51 11.73 9.52 3 13.45 

T#16 FLiNaK 10.11 17.15 0.51 11.73 12.70 3 13.14 

T#17 FLiNaK 

and water 

10.11 17.15 0.51 11.73 15.87 3 12.82 

T#18 FLiNaK 10.11 17.15 0.51 11.73 19.05 3 12.82 

T#19 FLiNaK 10.11 17.15 0.51 11.73 25.40 3 12.50 

Experimental study 

E#1 Air 10.76a 18.37a 0.71a 10.00a 21.46a 3 12.97 This study 

E#2 Water 10.11 17.15 0.51 11.73 22.30 3 12.50b [5] 

E#3 Water 10.21 18.80 0.51 13.26 19.68 3 12.82b [5] 

E#4 Ethylene-

glycol 

solution 

10.64c 15.88c 1.02 13 22.49c 3 12.75c [3] 

Notes: 

a: An average value of the measurements at three locations/sections equally spaced was used for 

each geometric parameter with an associated uncertainty less than 1.4%;  

b: Estimated values from 3D models constructed based on information in the literature [5];  

c: Estimated values from an image in the literature [3]. 

 

Table 3 Non-dimensional geometric parameters for sprially fluted tubes  

Tube 

# 
�∗ �∗ ���∗  �∗ 

 

References 

Numerical study 

T#1 0.44 0.24 1.78 0.76  

 

 

 

 

 

 

 

 

This study 

T#2 0.94 0.24 1.78 0.56 

T#3 1.76 0.24 1.78 0.36 

T#4 2.63 0.24 1.78 0.26 

T#5 3.51 0.24 1.78 0.20 

T#6 1.13 0.10 2.16 0.50 

T#7 0.96 0.18 1.83 0.55 

T#8 0.89 0.33 1.70 0.57 

T#9 0.85 0.40 1.62 0.59 

T#10 1.06 0.27 2.01 0.81 

T#11 1.06 0.27 2.01 0.65 

T#12 0.96 0.25 1.83 0.46 

T#13 0.99 0.25 1.89 0.38 

T#14 1.02 0.26 1.94 0.32 
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T#15 0.87 0.22 0.71 0.58 

T#16 0.89 0.23 0.97 0.57 

T#17 0.91 0.23 1.24 0.57 

T#18 0.91 0.23 1.49 0.57 

T#19 0.94 0.24 2.03 0.56 

Experimental study 

E#1 0.77 0.24 1.65 0.63 This study 

E#2 0.94 0.24 1.78 0.56 [5] 

E#3 1.03 0.30 1.54 0.53 [5] 

E#4 1.02 0.13 1.76 0.56 [3] 

 

2.2.Boundary conditions 

 

The fluid domain in each of the nineteen spirally fluted tubes is constructed in STAR CCM+. 

Boundary conditions include a uniform mass flow rate inlet at 500 °C for FLiNaK and 20 °C for 

water in laminar flow regime (Re = 88 to 1,600), an atmospheric pressure outlet, and a constant 

wall heat flux of 20 kW/m2 for FLiNaK and 1.5 kW/m2 for water to study thermal performance 

(Nusselt number) or isothermal wall condition to study hydrodynamic performance (Darcy 

friction factor) of laminar flows in spirally fluted tubes.  

Several mesh models, i.e., the polyhedral mesher, surface remesher, and prism layer mesher 

are enabled for meshing. The key physical models include laminar, liquid, polynomial density, 

segregated flow, segregated fluid enthalpy, and steady. In addition, the thermophysical properties 

of the FLiNaK salt recommended in the literature [19] are used in this study. It should be noted 

that the radiative heat transfer in the FLiNaK salt is neglected in this study, because the enhanced 

convection is the dominated form of heat transfer under conditions investigated, while it needs to 

be evaluated for molten salts in the reactor core of a Molten Salt Reactor (MSR) for high-

accuracy predictions of reactor performance [19-20].  

 

2.3.Data reduction for CFD results 

2.3.1. Tube-side friction factor 

 

The Darcy friction factor, defined as 

         6 =  JW:;��X<Y# X Δ�                                                            (9) 
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is used to estimate the pressure loss, where "# , 1, and Δ� are the mass flow rate, fluid density, 

and pressure drop, respectively. It should be noted that Δ� includes pressure drops due to 

frictional and form losses.  

 

2.3.2. Tube-side Nusselt number 

 

The tube-side Nusselt number is defined as 

      Nu = [':;\                                                                (10) 

where ℎ  and ] are the average heat transfer coefficient and fluid thermal conductivity, 

respectively. 

The average heat transfer coefficient is defined as 

      ℎ = #̂
�_`a bHa �c                                                            (11) 

where $# , B[, % ,, and % & are the heat transfer rate, equivalent heat transfer area defined by Eq. 

(12), wall-surface-area-averaged temperature defined by Eq. (13), and arithmetic mean of the 

fluid bulk inlet and outlet temperatures defined by Eq. (14), respectively.  

B[ =  d���                                                             (12) 

          % , =  e abf��b                                                              (13) 

     % & =  gJ P% 7) K % *+�S                                                    (14) 

The fluid bulk inlet (or outlet) temperature is defined as 

         % 7) =  e W�h+aijf�
e W�h+f�                                                          (15) 

where u and k/ are the fluid velocity in the axial direction and fluid specific heat capacity, 

respectively.  

In addition, the fluid Reynolds number and Prandtl number are calculated respectively as  

         Re =  Y# :;l��                                                               (16) 
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         Pr =  l�h\                                                                (17) 

 

2.4.Grid independence study 

 

The Grid Convergence Index (GCI) [21] has been widely used for the grid independence 

study. It is therefore adopted to investigate the spatial convergence of numerical results in this 

study. Taking FLiNaK in the spirally fluted tube T#2 as an example, three mesh options, as 

summarized in Table 4, are used for the grid independence study. The GCI values of the Nusselt 

number Nu and Darcy friction factor f are 1.32% and 1.71%, respectively. The CFD results using 

the fine mesh, as shown in Fig. 2, are therefore considered to be mesh independent, which are 

adopted in this study for thermal-hydraulic analysis of FLiNaK and/or water in spirally fluted 

tubes.  

 

Table 4 Grid independence study for FLiNaK in the spirally fluted tube T#2 (Re = 1,600) 

Mesh option Cell quantity 

(106) 

Grid size 

(mm) 

Nu f  

1 (Fine) 3.753 0.292 58.040 0.157 

2 (Medium) 1.655 0.384 59.314 0.163 

3 (Coarse) 0.745 0.501 55.486 0.141 

GCI (%) N/A N/A 1.32 1.71 

         

 

Fig. 2 Fine mesh for the fluid domain in T#2 (transverse and longitudinal cross-sections) 

 

3. Experiments  

Before applying the CFD tool STAR CCM+ for thermal-hydraulic analysis of FLiNaK and/or 

water in spirally fluted tubes, it is necessary to validate the numerical model initially by 

comparing with the experiments.   

 

3.1.Tube-side friction factor 
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3.1.1. Shell-and-fluted-tube HXs 

 

The tube-side Darcy friction factor for air flowing in two shell-and-fluted-tube HXs, as 

shown in Fig. 3, was investigated under isothermal conditions in this study. The Tube Bundles #1 

and #2 (TB#1 and TB#2) of the two HXs were composed of eleven spirally fluted tubes (E#1) in 

a triangular configuration and twelve such tubes in an inline configuration, respectively.    

 

0.470 m (fluted region: 0.457 m)

0.084 m

0.635 m

Top view (tube bundle)

Front view  (tube bundle)

0.111 m

D = 0.035 m0.051 m

Pressure drop measurement 

Left 

header

Right 

header

Left header

Right header  

(a) 

Left 

header

Right 

header

Left header

Right header

1.334 m (fluted region: 1.321m)

0.084 m

1.499 m

Top view (tube bundle)

Front view  (tube bundle)

0.111 m

D = 0.035 m0.051 m

Pressure drop measurement 

 

(b) 

Fig. 3 Dimensions of (a) TB#1 and (2) TB#2  

 

The flow rate was measured by a flow meter FMA1743A from Omega Engineering, Inc., 

providing a range of 0 - 200 L/min and accuracy of ±1.5% of the full scale. The differential 

pressure was measured by a differential pressure transducer STD800 from Honeywell Process, 
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Inc., with a span of 80 Pa and accuracy of ±0.32% of the span. The temperature was measured by 

a T type thermocouple with an accuracy of ±1.0 °C.  

 

3.1.2. Uncertainty analysis 

 

To calculate the Darcy friction factor, Eq. (9) is rewritten as follows, 

        6 =  DW��m X⁄
√o<PY# = T⁄ SX PΔ�� − Δ�[S                                            (18) 

where Δ��, Δ�[, "# �, and � are the total pressure drop in a tube bundle (including the two 

headers), pressure drop in the two headers of the tube bundle, total mass flow rate, and number 

of the spirally fluted tubes.  

Δ�[ is predicted through a CFD study, while other parameters in Eq. (18) could be either 

measured or calculated. Fig. 4 shows the relationship between the flow rate and pressure drop. 

The pressure drop in one spirally fluted tube is obtained by subtracting the pressure drop in the 

two headers from the total pressure drop in the tube bundle. 

 

  

Fig. 4 Mass flow rate and pressure drop for air in the experiments  

 

p
 (

P
a
)
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The uncertainty in the Darcy friction factor is estimated by an error propagation analysis as 

follows, 

q�& =  rsqtW uJ K vwJ
qx��� yJ K Oqzh={/= VJ K Oqzh_{/_ VJ K sq|< uJ K s2 q}# =Y# = uJ K sq~T uJ

           (19) 

The Reynolds number, defined by Eq. (16), is rewritten as follows, 

         Re =  JY# =lT�E��                                                             (20) 

The uncertainty in the Reynolds number is estimated by  

q���� =  rsq}# =Y# = uJ K sq~T uJ K sq�l uJ K vgJ
qx��� yJ

                                  (21) 

The uncertainties in the cross-sectional area, number of the spirally fluted tubes, spirally 

fluted-tube length, density and dynamic viscosity of air due to the uncertainty in the temperature 

measurements are ±4.14%, 0.00%, ±0.35% for TB#1 (±0.12% for TB#2), ±0.34%, and ±0.26%, 

respectively. 

 

The uncertainties in the Darcy friction factor and Reynolds number are shown in Fig. 5. As 

the air Reynolds number increases from 104 to 1,980, the uncertainties in the Darcy friction 

factor and Reynolds number of air in TB#1 decrease from 70.7% to 10.8% and 29.7% to 2.6%, 

respectively. Similarly, those uncertainties decrease respectively from 52.9% to 10.8% and 

25.0% to 2.6% as the air Reynolds number increases from 113 to 1,818 for TB#2. 
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(a)                                                                 (b) 

Fig. 5 Uncertainties in the Darcy friction factor and Reynolds number of air in (a) TB#1 and (b) 

TB#2 

 

3.1.3. Numerical model validation 

 

As shown in Fig. 6, the Darcy friction factor for air in TB#1 is slightly larger than that in 

TB#2. This is because the � ��⁄  value is about 35.1 for the spirally fluted tube E#1 in TB#1, 

smaller than the � ��⁄  value (101.5) for E#1 in TB #2. The developing flow therefore occupies a 

larger fraction of E#1 in TB#1, leading to a larger Darcy friction factor. Considering their 

associated uncertainties, however, the two sets of experimental data are consistent with each 

other. In addition, it is observed that the CFD results agree reasonably well (±20% uncertainties) 

with the experimental data except for a few data points. Therefore, it is appropriate to apply the 

numerical model for the study of hydraulic performance of fluids in spirally fluted tubes.  

 

  

Fig. 6 Darcy friction factor for air in the spirally fluted tube E#1  

 

f f
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3.2.Tube-side Nusselt number 

 

The CFD results of the tube-side Nusselt number are validated by comparing with the 

experimental data in the literature [5]. Unlike the cross-sectional-area-averaged diameter used in 

this study as the characteristic length, Srinivasan [5] used the inside volumetric diameter. To 

have a meaningful comparison, all characteristic-length-dependent parameters in the literature 

[5], such as the Reynolds number and Nusselt number, are reprocessed based on the 

characteristic length defined in this study.  

As shown in Fig. 7, the Nusselt number predicted in this study agrees well (±20% 

uncertainties) with the experimental data except for one abnormal data point. It is therefore 

appropriate to apply the numerical model for the study of thermal performance of fluids in 

spirally fluted tubes.  

 

  

Fig. 7 Nusselt number for water in the spirally fluted tube E#2  

 

4. Results and discussions 
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The effects of four geometric parameters, i.e., non-dimensional flute pitch, non-dimensional 

flute depth, non-dimensional flute helix angle (or flute start number), and non-dimensional 

trough length on convective heat transfer and friction factor characteristics of FLiNaK in spirally 

fluted tubes are investigated. In addition, convective heat transfer and Darcy friction factor 

correlations are proposed for medium-Prandtl-number fluids in spirally fluted tubes under the 

following conditions: Re = 88 to 1,600, Pr = 5 to 23, � ��⁄ = 0.44 to 3.51, � ��⁄ =
0.10 to 0.40, � 90⁄ = 0.20 to 0.81, and ��� ��⁄ = 0.71 to 2.16.  

 

4.1. Effect of the non-dimensional flute pitch 

 

Five different values of the non-dimensional flute pitch, namely, � ��⁄ = 0.44, 0.94, 1.76, 

2.63, and 3.51, are used for the parametric study. For any given Reynolds number (laminar 

flows), as shown in Fig. 8(a), the Darcy friction factor for FLiNaK in spirally fluted tubes, 6& , 

decreases as � ��⁄  increases. This is because the smaller values of � ��⁄  (more compact spiral 

flutes) normally lead to larger numbers of perturbations in a unit length experienced by the 

working fluid FLiNaK.  

 

  

(a) 
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 (b) 

Fig. 8 Effect of the non-dimensional flute pitch on the (a) Darcy friction factor 6&  and (b) 

friction increment ratio 6& 6�⁄  (FLiNaK; 6� = 64 Re⁄ ; p = 5.49, 11.73, 21.94, 32.91, and 

43.88 mm; e = 3.01 mm; Ns = 3; Ltr = 22.30 mm)  

 

In addition, it is expected that the spirally fluted tube will eventually become a smooth tube if 

� ��⁄  is infinitely large. Taking Re = 88 as an example, as � ��⁄  increases from 0.44 to 3.51, 6&  

decreases from 1.46 to 0.89, approaching 0.73, the friction factor for fully-developed laminar 

flows in smooth circular tubes (64 Re⁄ ).  

Compared with smooth tubes, the friction factor for fluids in spirally fluted tubes is normally 

much larger under the same conditions. As shown in Fig. 8(b), the friction increment ratio 6& 6�⁄ , 

defined as the ratio of the Darcy friction factor between the spirally fluted tube and smooth tube, 

increases as the increase of the salt Reynolds number for a given � ��⁄ . Taking � ��⁄ = 0.44 as an 

example, 6& 6�⁄  increases from 2.0 to 6.7 as the salt Reynolds number increases from 88 to 1,580.  

As for heat transfer, the Nusselt number follows one of the two trends as � ��⁄  increases for a 

fixed Reynolds number: (1) non-monotonic decreasing and (2) monotonic decreasing.  

As shown in Fig. 9(a), the Nusselt number increases initially to a peak value, then it 

decreases as the increase of � ��⁄  for small Reynolds numbers, such as Re = 105 to 1,074. This 

is because if � ��⁄  is too small (compact spiral flutes), less than a critical value, the spirally 

 f
f /

 f
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fluted tube will act as a smooth tube and the flow may glide past the spiral flutes as observed in 

the experiments [5].  

 

    

(a) 

 

 (b) 

Fig. 9 Effect of the non-dimensional flute pitch on the (a) Nusselt number Nu& and (b) 

heat transfer enhancement ratio Nu& Nu�⁄  (FLiNaK; Nu� = 4.36; p = 5.49, 11.73, 21.94, 

32.91, and 43.88 mm; e = 3.01 mm; Ns = 3; Ltr = 22.30 mm) 
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For larger Reynolds numbers, Re = 1,337 to 1,600 as shown in Fig. 9(a), the Nusselt number 

monotonically decreases as � ��⁄  increases. Since the critical � ��⁄  value decreases as the 

Reynolds number increases, it is expected that the critical � ��⁄  value for Re = 1,337 to 1,600 is 

less than 0.44, which is out of the range investigated in this study.  

As shown in Fig. 9(b), the heat transfer enhancement ratio, Nu& Nu�⁄ , increases as the 

increase of the salt Reynolds number for a fixed � ��⁄ , where Nu� =  4.36 for fully-developed 

laminar flows in circular tubes under constant heat flux conditions. Taking � ��⁄ = 0.44 as an 

example, Nu& Nu�⁄  increases from 1.2 to 15.7 as the salt Reynolds number increases from 105 to 

1,600.  

 

4.2. Effect of the non-dimensional flute depth 

 

Five different values of the non-dimensional flute depth, namely, � ��⁄ = 0.10, 0.18, 0.24, 

0.33, and 0.40, are used for the parametric study. As shown in Fig. 10(a), the Darcy friction 

factor for FLiNaK in spirally fluted tubes, 6&, increases as � ��⁄  increases for a fixed Reynolds 

number. Taking Re = 88 as an example, the Darcy friction factor increases from 0.82 (� ��⁄  = 

0.10) to 1.80 (� ��⁄  = 0.40). This is because the larger values of � ��⁄  (deeper spiral flutes) lead 

to larger fractions of the working fluid that swirl in the flute region, resulting in larger pressure 

drops per unit length.  
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(a) 

     

 (b) 

Fig. 10 Effect of the non-dimensional flute depth on the (a) Darcy friction factor 6&  and 

(b) friction increment ratio 6& 6�⁄  (FLiNaK; 6� = 64 Re⁄ ; p = 11.73 mm; e = 1.05, 2.19, 

3.01, 4.39, and 5.49 mm; Ns = 3; Ltr = 22.30 mm) 
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The friction increment ratio 6& 6�⁄  increases as the increase of the salt Reynolds number as 

shown in Fig. 10(b). Taking � ��⁄ = 0.40 as an example, 6& 6�⁄  increases from 2.5 to 7.2 as the salt 

Reynolds number increases from 88 to 1,580. 

As for heat transfer, the Nusselt number may either increase initially and decrease afterwards 

or monotonically decrease as � ��⁄  increases for a fixed Reynolds number. For large Reynolds 

numbers, such as Re = 280 to 1,600 as shown in Fig. 11(a), the Nusselt number increases initially 

to a peak value then decreases as the increase of � ��⁄ . This is because if � ��⁄  is too large (deep 

spiral flutes), larger than a critical value, the flow in deep spiral flutes will become stagnant, thus 

increasing the thermal resistance and inhibiting heat transfer between the bulk fluid and tube 

wall. 

 

    

(a) 

 N
u

f



 24 

 

 (b) 

Fig. 11 Effect of the non-dimensional flute depth on the (a) Nusselt number Nu& and (b) 

heat transfer enhancement ratio Nu& Nu�⁄  (FLiNaK; Nu� = 4.36; p = 11.73 mm; e = 

1.05, 2.19, 3.01, 4.39, and 5.49 mm; Ns = 3; Ltr = 22.30 mm) 

 

For smaller Reynolds numbers, Re = 105 to 192, a monotonic-decreasing trend is observed 

for the Nusselt number as shown in Fig. 11(a). In addition, the critical � ��⁄  value, where the 

Nusselt number achieves its maximum value, decreases as the Reynolds number decreases. For 

example, the critical � ��⁄  value is about 0.33 for Re = 1,600, while it decreases to 0.24 for Re = 

280. Therefore, it is expected that the critical � ��⁄  value for Re = 105 to 192 is less than 0.10.  

The heat transfer enhancement ratio Nu& Nu�⁄  increases as the increase of the Reynolds 

number for a fixed � ��⁄  as shown in Fig. 11(b). For example, Nu& Nu�⁄  increases from 1.3 to 

15.8 as the Reynolds number increases from 105 to 1,600 for � ��⁄ = 0.33.  

 

4.3. Effect of the non-dimensional flute helix angle (or flute start number) 

 

Six different values of the flute start numbe, �� = 1, 2, 3, 4, 5, 6 or non-dimensional flute 

helix angel, � 90⁄ = 0.32, 0.38, 0.46, 0.56, 0.65, and 0.81, are used for the parametric study. As 
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shown in Fig. 12(a), the Darcy friction factor 6& increases initially to a peak value at �� = 4 

(� 90⁄  = 0.46), then it decreases as �� increases or � 90⁄  decreases. This is because there are two 

competing effects for larger values of �� or smaller values of � 90⁄ : (1) stronger swirl intensity, 

leading to larger flow resistance and (2) narrower spiral flutes, leading to smaller flow resistance. 

As shown in Fig. 12(a), the former effect dominates the flow resistance for ��  ≤ 4 (� 90⁄  ≥ 

0.46), leading to an increase of the Darcy friction factor as �� increases or � 90⁄  decreases, while 

the latter effect becomes dominant for ��  ≥ 4 (� 90⁄  ≤  0.46), leading to a decrease of the 

Darcy friction factor.  
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  (b) 

Fig. 12 Effect of the flute start number or non-dimensional flute helix angle on the (a) 

Darcy friction factor 6& and (b) friction increment ratio 6& 6�⁄  (FLiNaK; 6� = 64 Re⁄ ; p = 

11.73 mm; e = 3.01 mm; Ns = 1, 2, 3, 4, 5, and 6; Ltr = 22.30 mm) 

 

As shown in Fig. 12(b), the friction increment ratio increases as the Reynolds number 

increases for a fixed �� or � 90⁄ . For example, 6& 6�⁄  increases from 1.64 to 4.20 for �� = 4 or 

� 90⁄  = 0.46 as the Reynolds number increases from 88 to 1,580. 

As for heat transfer as shown in Fig. 13(a), the Nusselt number increases initially and then it 

decreases as �� continuously increases. This is because two competing effects exist for larger 

values of ��: (1) stronger swirl intensity, leading to larger heat transfer coefficients and (2) 

narrower spiral flutes, leading to smaller heat transfer coefficients because of the thicker stagnant 

or low-velocity layers in spiral flutes. In addition, the heat transfer enhancement ratio Nu& Nu�⁄  

could be as high as 13.60, as shown in Fig. 13(b), for �� = 3 or � 90⁄  = 0.56 and Re = 1,600.  

 

 f
f /

 f
s



 27 

    

(a) 

 

 (b) 

Fig. 13 Effect of the flute start number or non-dimensional flute helix angle on the (a) 

Nusselt number Nu& and (b) heat transfer enhancement ratio Nu& Nu�⁄  (FLiNaK; Nu� =
4.36; p = 11.73 mm; e = 3.01 mm; Ns = 1, 2, 3, 4, 5, and 6; Ltr = 22.30 mm) 
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4.4.Effect of the non-dimensional trough length 

 

Six different values of the non-dimensional trough length, namely, ��� ��⁄  = 0.71, 0.97, 1.24, 

1.49, 1.78, and 2.03, are used for the parametric study. As shown in Fig. 14(a), the Darcy friction 

factor for FLiNaK in the spirally fluted tube, 6&, decreases as the increase of the non-dimensional 

trough length for a fixed Reynolds number. This is because larger values of ��� ��⁄  represent 

smaller fractions of the working fluid in spiral flutes, leading to smaller pressure drops per unit 

length.  
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 (b) 

Fig. 14 Effect of the non-dimensional trough length on the (a) Darcy friction factor 6& and 

(b) friction increment ratio 6& 6�⁄  (FLiNaK; 6� = 64 Re⁄ ; p = 11.73 mm; e = 3.01 mm; Ns 

= 3; Ltr = 9.52, 12.70, 15.87, 19.05, 22.30, and 25.40 mm) 

 

In addition, the friction increment ratio 6& 6�⁄  increases as the Reynolds number increases as 

shown in Fig. 14(b). For example, 6& 6�⁄  increases from 1.94 to 5.70 as the Reynolds number 

increases from 88 to 1,580 for ��� ��⁄  = 0.71. 

Fig. 15(a) shows the effect of the non-dimensional trough length on the Nusselt number. The 

Nusselt number decreases as ��� ��⁄  increases for a fixed Reynolds number. It is because the 

spirally fluted tubes with larger values of the non-dimensional trough length have narrower spiral 

flutes, where smaller fractions of the working fluid experience the local perturbations. In 

addition, the heat transfer enhancement ratio Nu& Nu�⁄  is up to 16.55 for ��� ��⁄  = 0.71 and Re = 

1,600 as shown in Fig. 15(b).  
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 (b) 

Fig. 15 Effect of the non-dimensional trough length on the (a) Nusselt number Nu& and 

(b) heat transfer enhancement ratio Nu& Nu�⁄  (FLiNaK; Nu� = 4.36; p = 11.73 mm; e = 

3.01 mm; Ns = 3; Ltr = 9.52, 12.70, 15.87, 19.05, 22.30, and 25.40 mm) 

 

4.5. Friction factor correlations  

 

The effects of the non-dimensional geometric parameters on the Darcy friction factor for 

spirally fluted tubes have been investigated in Sections 4.1 to 4.4 and they are also summarized 

as follows, 

(1) As � ��⁄ varies from 0.44 to 3.51, the Darcy friction factor varies from 39.0% (Re = 88) 

to 66.7% (Re = 1,580); 

(2) As � ��⁄ varies from 0.10 to 0.40, the Darcy friction factor varies from 54.4% (Re = 88) 

to 72.4% (Re = 1,580);  

(3) As � 90⁄  varies from 0.32 to 0.81, the Darcy friction factor varies from 10.9% (Re = 88) 

to 18.8% (Re = 1,580);  

(4) As ��� ��⁄  varies from 0.71 to 2.03, the Darcy friction factor varies from 16.3% (Re = 

88) to 31.6% (Re = 1,580).  
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It is identified that two non-dimensional geometric parameters, � ��⁄  and � ��⁄ , have a much 

larger effect on the Darcy friction factor compared with the other two parameters,  � 90⁄  and  

��� ��⁄  under conditions investigated. Therefore, � ��⁄  and � ��⁄  are normally used to correlate 

the data in the literature as summarized in Table 1. In this study, the Darcy friction factor 

correlations are initially developed based on the following four different sets of the non-

dimensional parameters: (1) Reynolds number, � ��⁄  (�∗), and � ��⁄  (�∗); (2) Reynolds number 

and �∗ �∗⁄ ; (3) Reynolds number, � ��⁄ , � ��⁄ , � 90⁄  (�∗), and ��� ��⁄  (���∗ ); and (4) Reynolds 

number and  �∗ �∗���∗ �∗⁄ , which are respectively expressed by   

6 = �gPRe, �∗, �∗S                                                         (22a) 

6 = �J sRe, 9∗
/∗u                                                             (22b) 

6 = ��PRe, �∗, �∗, �∗, ���∗  S                                                (22c) 

6 = �D sRe, 9∗
/∗<=>∗ ?∗ u                                                     (22d) 

Since the power law has been widely used to correlate the friction factor data [5, 9, 13, 15], it 

is adopted in this study to process the data for the Darcy friction factor. Eqs. (22a) to (22d) are 

rewritten as 

6 = �ARe�� s /:;u�X s 9:;u��                                                   (23a) 

6 = �ARe8� s9/u8X                                                              (23b) 

6 = kARe�� s /:;u�X s 9:;u�� s ?@Au�� s<=>:; u�m                                         (23c) 

6 = �ARe�� s 9:;/<=>?u�X
                                                      (23d) 

where a0 to a3, b0 to b2, c0 to c5, and d0 to d2 are constants.  

Eqs. (23a) to (23d) are linearized by applying a natural logarithm approach on both sides of 

these equations. A multiple linear regression approach is then adopted and performed by 

MATLAB for the linear forms of Eqs. (23a) to (23d) derived earlier. The Darcy friction factor 

correlations, developed from 171 data points of FLiNaK in nineteen spirally fluted tubes, are 

proposed as follows, 
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6 = 53.2395ReHA.�@g� s /:;uHA.��gD s 9:;uA.w�AD                                 (24a) 

6 = 43.5191ReHA.�@g� s9/uA.DJ�w                                             (24b) 

6 = 57.4606ReHA.�@g� s /:;uHA.���� s 9:;uA.ww�� s ?@AuHA.AwgD s<=>:; uHA.J���          (24c) 

6 = 40.1812ReHA.�@g� s 9:;/<=>? @A⁄ uA.D�DJ
                                      (24d) 

The values of the coefficient of determination (R2) are 0.9625, 0.9588, 0.9738, and 0.9439 

for Eqs. (24a) to (24d), respectively. In addition, the residual, defined as  

Residual = �hH�=�= × 100%                                             (25) 

where ./ and .� are respectively the predicted and true values, is plotted in Fig. 16 for each of 

the four correlations. It turns out that Eqs. (24a) to (24d) predict 87.7%, 85.4%, 94.7%, and 

81.3% of the 171 data points within ±20% uncertainties of the true values, respectively. 

Therefore, it is suggested to use Eq. (24c) for predictions of the Darcy friction factor for spirally 

fluted tubes under the following conditions: Re = 88 to 1,580, �∗ = 0.44 to 3.51,  �∗ = 0.10 to 

0.40, �∗ = 0.20 to 0.81, and ���∗  = 0.71 to 2.16. 
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(c)                                                                     (d) 

Fig. 16 Residuals for different correlations used to predict the Darcy friction factor in spirally 

fluted tubes: (a) Eq. (24a), (b) Eq. (24b), (c) Eq. (24c), and (d) Eq. (24d) 

 

4.6. Heat transfer correlations 

 

The effects of the non-dimensional geometric parameters on the Nusselt number for spirally 

fluted tubes have been investigated in Sections 4.1 to 4.4 and they are also summarized as 

follows, 

(1) As � ��⁄ varies from 0.44 to 3.51, the Nusselt number varies from 33.9% (Re = 1,600) to 

37.1% (Re = 105);  

(2) As � ��⁄  varies from 0.10 to 0.40, the Nusselt number varies from 24.3% (Re = 1,600) to 

48.9% (Re = 105);  

(3) As � 90⁄  varies from 0.32 to 0.81, the Nusselt number varies from 24.8% (Re = 105) to 

37.1% (Re = 1,600);  

(4) As ��� ��⁄  varies from 0.71 to 2.03, the Nusselt number varies from 18.6% (Re = 1,600) 

to 23.5% (Re = 105). 

It is identified that variations in the Nusselt number for different values of � ��⁄ , � ��⁄ , � 90⁄  

and ��� ��⁄  investigated are similar. Therefore, it is necessary to correlate the data with the four 

non-dimensional geometric parameters. As a reference, the CFD data is also correlated with 

� ��⁄  and � ��⁄ . In addition, it is observed that the effects of most non-dimensional geometric 
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parameters on the Nusselt number are not monotonous. It is therefore difficult to develop 

correlations similar to Eqs. (24b) and (24d) using any combined geometric parameters.  

The heat transfer correlations are initially developed based on the following two different sets 

of the non-dimensional parameters: (1) Reynolds number, Prandtl number, � ��⁄  (�∗), and � ��⁄  

(�∗) and (2) Reynolds number, Prandtl number, � ��⁄ , � ��⁄ , � 90⁄  (�∗), and ��� ��⁄  (���∗ ), which 

are respectively expressed by    

Nu = �gPRe, Pr, �∗, �∗S                                                    (26a) 

Nu = �JPRe, Pr, �∗, �∗, �∗, ���∗  S                                            (26b) 

The power of 1/3 has been widely used for the Prandtl number of fluids in both the spirally 

fluted and smooth tubes [3, 15, 19]. Therefore, it is adopted for the Prandtl number in this study 

to correlate the data for the Nusselt number as follows, 

Nu = "AReY�Prg �⁄ s /:;uYX s 9:;uY�                                           (27a) 

Nu = �ARe)�Prg �⁄ s /:;u)X s 9:;u)� s ?@Au)� s<=>:; u)m                             (27b) 

where m0 to m3 and n0 to n5 are constants.  

The heat transfer correlations, developed from 171 data points of FLiNaK in nineteen spirally 

fluted tubes and 42 data points of water in six spirally fluted tubes, are proposed as follows, 

Nu = 0.05623ReA.�w��Prg �⁄ s /:;uHA.AJ�D s 9:;uHA.gwDD                            (28a) 

Nu = 0.06082ReA.��A�Prg �⁄ s /:;uHA.ADAJ s 9:;uHA.g�D@ s ?@AuHA.A@JJ s<=>:; uHA.�w��    (28b) 

The values of R2 are 0.9316 and 0.9526 for Eqs. (28a) and (28b), respectively. In addition, 

the residual is plotted for each of the two correlations as shown in Fig. 17. It turns out that Eqs. 

(28a) and (28b) predict 69.0% and 81.8% of the 213 data points within ±20% uncertainties, 

respectively. They also predict 85.9% and 91.5% of the data points within ±25% uncertainties, 

respectively. Therefore, it is suggested to use Eq. (28b) for predictions of the Nusselt number for 

spirally fluted tubes under the following conditions: Re = 105 to 1,600, Pr = 5 to 23, �∗ = 0.44 to 

3.51,  �∗ = 0.10 to 0.40, �∗ = 0.20 to 0.81, and ���∗  = 0.71 to 2.16. 

 



 35 

      

(a)                                                                    (b) 

Fig. 17 Residuals for different correlations used to predict the Nusselt number in spirally fluted 

tubes: (a) Eq. (28a) and (b) Eq. (28b) 

 

4.7. Validation of the proposed correlations  

 

The correlation developed for the Darcy friction factor, Eq. (24c), is validated by comparing 

with the experiments using (1) air as the working fluid for the spirally fluted tube E#1 in this 

study and (2) water as the working fluid for the spirally fluted tubes E#2 and E#3 in the literature 

[5]. 

 Eq. (24c) predicts 86.7% of the total 75 data points within ±20% uncertainties as shown in 

Fig. 18, and 87.0% of the total 22 data points within ±20% uncertainties as shown in Fig. 19. 

Although the maximum relative discrepancy is as high as 52% for a few data points, the 

predicted values are within the experimental uncertainty. Therefore, it is appropriate to apply Eq. 

(24c) with ±20% uncertainties for predictions of the Darcy friction factor for spirally fluted tubes 

under conditions investigated.  
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Fig. 18 Comparison of the Darcy friction factor for the spirally fluted tube E#1 between the 

experimental data and correlation results 

 

       

(a)                                                                        (b) 

Fig. 19 Comparisons of the Darcy friction factor for the spirally fluted tubes (a) E#2 and (b) E#3 

between the experimental data and correlation results 

 

The correlation developed for the Nusselt number, Eq. (28b), is validated by comparing with 

the experiments using (1) water (Pr = 2.5 to 7) for the spirally fluted tubes E#2 and E#3 in the 
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literature [5] and (2) ethylene-glycol water solution (Pr = 40) and ethylene glycol (Pr = 115) for 

the spirally fluted tube E#4 in the literature [3].  

The relative discrepancies of the Nusselt number between the experimental data and 

correlation results predicted by Eq. (28b) are within ±22.4% uncertainties for E#2 except for one 

abnormal data as shown in Fig. 20(a) and ±7.8% uncertainties for E#3 except for one data point 

as shown in Fig. 20(b). In addition, the experimental data for ethylene-glycol water solution and 

ethylene glycol are generally within ±20% and ±30% uncertainties of the predicted values as 

shown in Figs. 21(a) and 21(b), respectively. The relatively large discrepancy of the Nusselt 

number between the experimental data and correlation results for ethylene glycol is mainly due 

to its large Prandlt number (Pr = 115), which is far beyond the application scope of Eq. (28b). 

Therefore, Eq. (28b) is applicable for Pr = 2.5 to 40 with ±20% uncertainties and Pr = 2.5 to 115 

with ±30% uncertainties. 

 

        

(a)                                                                             (b) 

Fig. 20 Comparisons of the Nusselt number for the spirally fluted tubes (a) E#2 and (b) E#3 

between the experimental data and correlation results (Pr = 4.5) 
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(a)                                                                         (b) 

Fig. 21 Comparisons of the Nusselt number for the spirally fluted tube E#4 between the 

experimental data and correlation results: (a) Pr = 40 and (b) Pr = 115  

 

5. Conclusion  

 

This study numerically investigates the effects of four non-dimensional geometric 

parameters, i.e., the non-dimensional flute pitch ratio (� ��⁄ = 0.44 to 3.51), non-dimensional 

flute depth ratio (� ��⁄ = 0.10 to 0.40), non-dimensional flute helix angle ratio (� 90⁄ =
0.20 to 0.81), and non-dimensional trough length ratio (��� ��⁄ = 0.71 to 2.16) on thermal and 

hydrodynamic characteristics of FLiNaK and/or water in spirally fluted tubes using STAR 

CCM+. Accurate correlations for the Darcy friction factor and Nusselt number are proposed and 

validated for medium-Prandtl-number fluids, i.e., molten salts, in spirally fluted tubes, which 

help improve the design of the spirally fluted-tube HXs for molten salt applications.  

Several concluding remarks are summarized as follows: 

(1) The non-dimensional geometric parameters, � ��⁄  and � ��⁄ , generally have a larger 

effect on the Darcy friction factor and Nusselt number for spirally fluted tubes compared 

with the other two parameters, i.e., � 90⁄  and ��� ��⁄ ; 

(2) As the increase of � ��⁄  or ��� ��⁄ , the Darcy friction factor continuously decreases. 

However, it increases as the increase of � ��⁄ . In addition, as the increase of � 90⁄ , the 

Darcy friction factor increases initially and then decreases under conditions investigated 

(Re = 88 to 1,580); 

N
u
/P

r1
/3

N
u
/P

r1
/3



 39 

(3) As the increase of � ��⁄ , � ��⁄ , or � 90⁄ , the Nusselt number follows either a non-

monotonic decreasing trend or monotonic decreasing trend, which depends on the 

Reynolds number. In addition, as the increase of ��� ��⁄ , the Nusselt number 

continuously decreases under conditions investigated;   

(4) A new Darcy friction factor correlation is suggested for spirally fluted tubes under the 

following conditions: Re = 88 to 1,580, �∗ = 0.44 to 3.51, �∗ = 0.10 to 0.40, �∗ = 0.20 to 

0.81, and ���∗  = 0.71 to 2.16. The associated uncertainty is about ±20% for Re = 200 to 

1,580 and 36% to 52% for Re = 88 to 200. 

(5) A new heat transfer correlation is suggested for spirally fluted tubes with ±20% 

uncertainties under the following conditions: Re = 105 to 1,600, Pr = 2.5 to 40, �∗ = 0.44 

to 3.51, �∗ = 0.10 to 0.40, �∗ = 0.20 to 0.81, and ���∗  = 0.71 to 2.16. The developed 

correlation is also applicable for Pr = 2.5 to 115 with ±30% uncertainties. 
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