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Abstract 

In this research, the convective heat transfers of turbulent water fluid flow in 

alternating oval tubes is studied using computational fluid dynamics. The purpose 

of the study is to analyze the heat transfer enhancement and secondary internal 

flows under different alternate angles. Also, comparing the effect of two schemes 
for the domain discretization to be used in the solution variablesô gradients on 

simulation results is investigated. The secondary flow causes an increase in the 

numbers of multi-longitudinal vortices (MLV)  by changing the angle of pitches. 

These phenomena permit the cold fluid flow to stream in more paths from center to 

tube wall and better condition for mixing of fluids. Consequently, the heat transfer 

enhances by using the alternating oval tubes. However, forming the multi-

longitudinal vortices causes an increase in pressure drop. Also, by raising the angle 

of pitches, the friction factor and the average of Nusselt number are amplified. It is 

also observed that the average heat transfer coefficient in the transition range is 

more than other areas. The mean Nussult numbers of this kind of tubes in the angles 

of 40Ј, 60Ј, 80Ј, and 90Ј improved 7.77%, 14.6%, 16.93%, and 24.42%, 

respectively in comparison with the round tube. The performance evaluation criteria 

(PEC) for all alternating oval tubes under the constant inlet velocity boundary 

condition indicated that the highest value (PEC=1.09) had been obtained at the 

lowest Reynolds number (Re=10,000) in the alternating oval tube 90°. 

 

Nomenclature 
A Area, m2 
Cp Specific heat, J kg-1 K-1 
Dh Hydraulic diameter, m 
f Friction factor,  f (æp Dh) (

1

2
 ɟ uavg
2  L) 

g Gravitational acceleration, m s-2 
h Heat transfer coefficient, W m-2 K-1 
K Thermal conductivity, W m-1 K-1 
k Turbulent kinetic energy, m2 s-2 
L Total length of the tube, mm 
Nu Nusselt number, Nu (q''Dh)  (K (Tw Tb))ϳ  
P Pressure, kg m-1 s-2 

  

P Pitch length, mm 
P Mean pressure, kg m-1 s-2 
0k Generation of k, kg m-1 s-3 
Pr Prandtl number, Pr ɛ CpKϳ  
q'' Heat flux, W m-2 
Re Reynolds number, Re ɟ u Dhɛϳ 
T Temperature, K 
Tb Average of bulk temperature, K 
T Mean temperature, K 

T' Turbulent temperature fluctuations, K 
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ui Velocity, m s-1 

ui Mean velocity, m s-1 

ui
' Turbulent velocity fluctuations, m s-1 

xi Cartesian coordinates, m 

y+ Non-dimensional wall distance, y+

Űw ɟϳ Y ɡϳ 

Y Closest distance from the wall, m 

z Axial distance from the inlet, m 

 

Greek symbols 

ŭij Kronecker delta 

Ů Turbulent dissipation rate, m2 s-3 

ɛ Laminar dynamic viscosity, kg m-1 s-1 

ɛ
t
 Turbulent dynamic viscosity, kg m-1 s-1 

ɡ Kinematic viscosity, m2 s-1 

ɟ Density, kg m-3 

ůk Turbulent Prandtl number of k 

ůŮ Turbulent Prandtl number of Ů 

Űij Stress tensor,s kg m-1 s-2 

 

Subscripts 

avg Average 

eff Effective 

s Base tube 

w Wall 

 

1. Introduction  

 

Improving the heat transfer in different heat 

exchangers is very important for industrial 

applications, like petroleum industry, vehicle 

industry, chemical engineering, etc. 

Several techniques in the improvement of heat 

transfer are presented to increase the heat 

transfer of heating devices such as reducing 

pressure loss and boosting the performance by 

optimizing heat transfer rate. For instance, 

changing the geometry of the tubes of the heat 

exchanger for improving the heat transfer is one 

of those techniques [1]. 

Meng et al. [2] investigated the alternating oval 

(AO) tubes with water as the working fluid 

experimentally. They analyzed convective heat 

transfer within a wide range 500 < Re < 5 104. 

Furthermore, they observed that the heat transfer 

of the alternating oval tubes is more than that of 

the twisted elliptical and the corrugated tubes for 

equal pumping power. Their analysis revealed 

that the multi-longitudinal vortices (MLV) , 

created by changing the cross-section in the AO 

tubes, improved the heat transfer. 

Sajadi et al. [3] analyzed flow resistance and heat 

transfer of oil flow in a circular, flattened and 

AO tubes, numerically and empirically. Their 

simulation outcomes illustrated that increasing 

the pitch length and aspect ratio increased flow 

resistance and heat transfer. In addition, they 

realized that AO tubes performed better than 

circular or flattened tubes.  

The rate of heat transfer increased by creating the 

MLV in the turbulent flow of the AO tube. 

Considering the latest studies [4-6], all analyses 

were only done within AO tube with the angle of 

90Ј. So, in this research, the forced convection 

heat transfer of turbulent flow in AO tubes is 

investigated numerically in various alternating 

angles. First, the least squares cell-based (LSCB) 

and the green gauss node-based (GGNB) 

schemes were compared with each other for the 

domain discretization of gradients of the solution 

variables in numerical analysis. Then, some 

factors of the convective turbulent flow were 

compared with the AO tube under different 

alternative angles. In the end, for studying the 

overall thermo-hydraulic performance of the AO 

tubes, the average Nusselt number (Nuavg), 

friction factor (f) and the performance evaluation 

criterion (PEC) for the same given pump power 

were investigated. 
 

2. Mathematical model 

2.1. Geometry of model 

 

The alternating oval tube can be applied to 

improve heat transfer [7]. The AO tube consists 

of alternate sections whose cross-section is oval 

and their axes have 40°, 60°, 80°, and 90° 

rotation between each other for each tube. 

Between these alternate parts, the transition 

sections are linked with them. Fig. 1 illustrations 

the geometrical construction of the AO tube for 
all  angles used in the current  study. In addition, 

the inlet and outlet of the AO tube have a round 

cross-section with a diameter of d and length of 

Ld. According to Fig. 1, the parameter of C 

represents the length of the transition section, P 

is the length of pitches, — shows the angle 

between the main axes of the oval section, and 

parameters of A and B signify the main and 

secondary axes measurements of the oval 

section, respectively. Table 1 shows the value of 

these parameters for the AO tubes. In this table, 

the parameters of N and L defined the numbers 
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of alternating oval section and the full length of 

the AO tubes, respectively. 

 

2.2 Theoretical formulation 

 

In the current study, the numerical analysis of the 

convective turbulent flow was implemented by 

the FV method. The Reynolds-averaged Navier 

Stokes (RANS) equations were intended for 

numerical computation. The continuity, 

momentum, and energy equations of the 

turbulence are considered as follows, 

respectively [8]: 

Continuity equation: 

 
Öui

Öxi
=0 (1) 

 

 

Momentum equation: 

 

 ɟuj
Öui

Öxj

ÖP

Öxi

Ö

Öxj
ɛ
Öui

Öxj
ɟui
'uj
' (2) 

 

Energy equation: 

 

 ɟCpui
ÖT

Öxi

Ö

Öxj
K
ÖT

Öxj
ɟCpui

'T'

uiŰijeff
 

(3) 

 

It should be noted that the viscous dissipation 

term is considered at the end of the energy 

equation which is written as follows: 

 

Űijeff
ɛ
eff

Öuj

Öxi

Öui

Öxj

2

3
ɛ
eff

Öuk

Öxk
ŭij 

(4) 

The standard k-Ů equations were used for 

modeling turbulent flow. The formulations of 

two turbulent parameters (k and Ů) were 

calculated from the following formulations [9]: 

 

Ö

Öxi
ɟkui

Ö

Öxj
ɛ
ɛ
t

ůk

Ök

Öxj
+Pk ɟŮ (5) 

 

 

 
Fig. 1. Construction of the alternating oval tubes in the present study. 

 
 

Table 1. The value of geometrical parameters of the AO tubes. 

A (mm) B (mm) P (mm) C (mm) d (mm) Ld (mm) N L (mm) 

20 13 34 6 16.5 34 11 514 
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Ö

Öxi
ɟŮui

Ö

Öxj
ɛ+
ɛ
t

ůŮ

ÖŮ

Öxj
C1Ů
Ů

k
Pk 

                   ɟC2Ů
Ů2

k
 

(6) 

 

where ɛ
t
 represents the dynamic viscosity of 

turbulent, and Pk is the generation of turbulent 

kinetic energy  defined as: 

 

ɛ
t
ɟCɛ
k
2

Ů
 (7) 

Pk ɟui
'uj
'
Öόj

Öxi
 (8) 

 

The model constants have the following values 

[9]: 

 

C1Ů=1.44, C2Ů=1.92, Cɛ=0.09, ůk=1 and ůŮ=1.3 

 

For modeling the manner of fluid flow near the 

tube wall, the enhanced wall treatment method 

was used. Two length scales (Љɛ and ЉŮ) in this 

model are defined as the turbulent viscosity (ɛ
t
) 

and dissipation rate (Ů) near the wall domain, 

which  turbulent kinetic energy has been already 

calculated [10]: 

 

ɛ
t
ɟCɛЉɛЍk     and      Ů

k
32ϳ

ЉŮ
 (9) 

 
where 
 

Љɛ yCl
*1 exp ReyAɛϳ  (10) 

ЉŮ yCl
*1 exp ReyAŮϳ  (11) 

Rey
ɟyЍk

ɛ
 (12) 

 

The constants values of Wolfshtein model [11] 

were considered as follows: 
 

Cɛ=0.09, Cl
*=ə Cɛ

 34ϳ, Aɛ=70, AŮ=2Cl
* and ə= 

0.4187 

 

In addition, one of the serious limitations in this 

study was mesh generation strategy for enhanced 

wall treatment method. For low Reynolds 

number boundary layer, the aspect ratio and 

skewness of grids near the wall should be 

justified as the cross-section is rotated. To 

overcome this drawback, the finer mesh is used 

in the transition zones. 

 

2.3 Explanation of boundary conditions 

 

The velocity inlet and outflow boundary 

conditions were considered for the input and 

output of the circular cross-section of all tubes, 

respectively. The uniform velocity profile, 

which had been considered normal to the 

boundary, was defined for the inlet boundary 

condition of the AO tubes. In all numerical 

computations, the inlet velocity was calculated 

from the input Reynolds number and the inlet 

temperature was constant  that was equal to 295 

Kelvin, according to Ref. [12]. The no-slip 

boundary condition situation was applied on the 

wall of the tube. In addition, the wall temperature 

boundary condition was constant and it was 

equal to 325 Kelvin. 
 

3. Numerical solution 

 

Numerical results of the forced convection heat 

transfer of turbulent flow had been calculated by 

applying the FV method. The SIMPLEC 

algorithm was applied for the pressure-velocity 

coupling of equations [13, 14]. The gradients of 

the solution variables in cell centers of elements 

for the turbulence and energy discretization were 

set by the LSCB [15] and the GGNB [16, 17] 

schemes, respectively. Therefore, the RANS and 

turbulence formulations were initially solved. 

Afterward, the energy parameters were 

calculated, while all variables of flow were 

freezing. In calculating the pressure of cell-faces, 

the standard scheme [15] was used. Also, to 

discretize all equations, the second order upwind 

[18] scheme was applied. Beside, to capture the 

phenomena of boundary layer near the tube wall, 

the enhanced wall treatment method [19] was 

used. In this method, the dimensionless factor of 

y+ for the initial cell center from the tube wall 

was near to or smaller than one. The variables 

had been stored with the double precision. Also, 

the calculation of all solution variables continued 

until the residuals of parameters for all equations 

were lower than 10-6. 
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3.1 Grid independence study 

 

To select a suitable grid number for numerical 

simulations, five different grids had been 

compared with each other for the AO and 

circular tubes (base tube). Fig. 2 illustrates the 

mesh layout of the AO tube 90°, 60°, and the 

base tube which has been used in the current 

numerical simulations. The number of elements 

of five different meshes for the AO tube 90° are 

shown in Table 2. In this Table, the value of the 

Nuavg had been calculated for the AO tube 90° at 

Re=40,000 under the boundary conditions cited 

in part 2.3. The friction factor of turbulence and 

the average of the Nusselt number were 

calculated from the following equations: 

 

f
æp Dh
1

2
ɟuavg
2  L

 (13) 

Nuavg
1

L
 

q
avg
'' Dh

K Tw(z) Tb(z)
 Ὠᾀ

L

0

 
(14) 

 

where æp and Tb(z) represent the difference in 

total pressure along the tube, and the average of 

bulk temperature, respectively. 

 

Tb(z)
1

Auavg
uT

A

 dA (15) 

 
Table 2. Variations of the average Nusselt number 

versus the number of elements. 

Mesh (number of elements) Nuavg ŭ Nu 

Mesh-one (1,444,608) 280.9442 - 

Mesh-two (1,932,800) 339.2751 -58.3309 

Mesh-three (3,379,376) 343.5931 -4.318 

Mesh-four (3,951,360) 345.0233 -1.4302 

Mesh-five (4,646,340) 346.0065 -0.9832 

 

As mentioned before, to select a suitable grid 

number, the numbers of five different meshes 

were compared. From Table 2, it can be found 

that the relative deviation of the Nuavg for the 

mesh-four   is   smaller   than   previous   meshes 

 

 

 
Fig. 2. Mesh domain of the AO tubes for various angles of pitches (a) —=90Ј, (b) —=60Ј and (c) the circular 

ones. 

 


