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A B S T R A C T   

Heat exchangers are multi-benefit thermal-devices, of wide use, as their structure varies with 
their scope of application. The development of channel configurations contained in these ex-
changers, and evaluation of their performance is the goal of many recent numerical and exper-
imental achievements. Because of the high cost of such devices, many researchers had to follow 
CFD based computational methods instead of using experimental techniques. In this study, the 
hydrothermal structure of a finned channel heat exchanger is evaluated using the finite-volume 
based Ansys Fluent. Due to the complex structure of these channels, which contain overlapping 
transverse vortex generators, the flow develops into a turbulent structure that strongly influences 
the enhanced heat transfer. In this sense, various turbulence models are simulated to assess their 
numerical effect on the performance of the exchanger. Five different models are under experi-
mentation which are (i) standard-, (ii) RNG- and (iii) realizable-case k-ε type models as well as 
(iv) standard- and (v) SST-case k-ω type models. As highlighted, the highest performance is 
reached with the SST-type k-ω, while the lowest one is that with the realizable-type k-ԑ.   

1. Introduction 

Both radiation and heat from the sun are renewable energies, as humans have known and used them since ancient times in various 
fields in order to meet their needs. Radiation is exploited in generating electrical energy using photovoltaic panels, and thermal energy 
is converted for heating or cooling [1–5], depending on the heat exchangers [6–10] that have been widely popular in the recent period 
due to its various applications in different industrial domains [11–15], which is the subject of our study. Several experimental 
achievements and many numerical attempts are made by academic researchers to update and evaluate the performance of these 
thermal devices. Various techniques are used to enhance performance, such as those involved in adding obstacles within the fluid 
stream [16–20], which is the technique adopted in the current study. Given the degraded economic conditions resulting from the 
outbreak of the COVID-19 virus in various countries of the world, it has become difficult to conduct empirical studies due to the 
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impossibility of acquiring all equipment, which made most researchers rely on numerical methods [21–25] in order to study their 
evaluation of the performance of these exchangers [26–30] as recorded in Table 1 for different numerical models. 

Heat exchangers are multi-purpose thermal devices with a range of applications. Their construction changes depending on the use. 
Many recent computational and experimental successes have focused on the creation of channel configurations seen in these ex-
changers, as well as the evolution of their performance. Due to the expensive of such devices, many researchers were forced to utilize 
computational approaches based on CFD rather than experimental procedures. The thermo-energetic structure of a finned channel heat 
exchanger (CHE) is investigated in this study utilizing the Ansys-Fluent 17.0 simulation software [31]. Due to the complicated ar-
chitecture of these HECs, which feature overlapping transverse vortex generators, the flow develops a turbulent structure, which has a 
significant influence on the enhanced heat transmission. This analysis is used to simulate several turbulence models in order to assess 
their numerical influence on the CHE’s performance. Standard-, RNG- and Realizable-case k-ԑ models are all being evaluated, as well as 
standard- and SST-case k-ω models. Each model predicts the plots of Nusselt number, friction factor, axial velocity, kinetic energy, 
turbulence intensity, thermal fields, and thermal enhancement factor. 

2. Mathematical modeling 

2.1. CHE under considerataion 

The study is carried out around a heat exchanger, its rectangular channel, with hot walls of constant temperature, containing 
extended areas in the form of overlapping obstacles. A detailed engineering representation is given in Fig. 1. 

2.2. CHE dimensions and fluid characteristics 

The convective transfer of heat is carried out using a turbulent Newtonian fluid, which is air with a temperature of 300K and stable 
physical properties. The exchanger dimensions as well as the fluid physical-properties are shown in Table 2. 

2.3. Boundary conditions 

On the other hand, all boundary conditions, i.e., velocity, pressure, and temperature, contained for various channel sections, i.e., 
inlet, outlet, walls and fluid-free free spaces, are given in Table 3. 

Table 1 
List of different numerical attempts related to finned - channel heat exchangers.  

Author  (s) Study  type  Algorithm Method  Model  Software 

Liu and Wang [1] Numerical   SIMPLE  Finite  volumes   Reynolds  stress   Ansys  Fluent   
Boursas et al. [2] Numerical SIMPLE Finite volumes Standard k-ε Ansys Fluent 

Menasria et al. [3] Numerical   SIMPLE  Finite  volumes   RNG  k − ε  Ansys  Fluent   
Mokhtari et al. [4] Numerical   SIMPLE  Finite  volumes   RNG  k − ε  Linux  platform  
Nasiruddin et al. [5] Numerical   SIMPLE  Finite  volumes   SST  k − ω  Ansys  Fluent   
Sahel et al. [6] Numerical   SIMPLE  Finite  volumes   Standard  k − ε  Ansys  Fluent   
Salmi et al. [7] Numerical SIMPLE Finite volumes Standard k-ε Ansys Fluent 

Menni and Azzi [8] Numerical SIMPLE Finite volumes Standard k-ε Ansys Fluent 

Zhao et al. [9] Numerical SIMPLE Finite volumes Standard k-ε Ansys Fluent 

Handoyo et al. [10] Numerical   SIMPLEC  Finite  volumes   SST  k − ω  Ansys  Fluent   
Chamkha et al. [11] Numerical SIMPLE Finite volumes Standard k-ε Ansys Fluent 

Maouedj et al. [12] Numerical SIMPLE Finite volumes Standard k-ε Ansys Fluent 

Fawaz et al. [13] Numerical   SIMPLE  Finite  volumes   RNG  k − ε  Ansys  Fluent   
Boonloi et al. [14] Numerical   SIMPLE  Finite  volumes   Realizable  k − ε  Ansys  Fluent   
Tamna et al. [15] Numerical   SIMPLE  Finite  volumes   RNG  k − ε  Ansys Fluent 

Nanan et al. [16] Numerical   SIMPLE  Finite  volumes   Realizable  k − ε  Ansys Fluent 

Yang et al. [17] Numerical   SIMPLE  Finite  volumes   Standard  k − ε  Ansys Fluent 

Demartini et al. [18] Numerical   SIMPLEC  Finite  volumes   Standard  k − ε  Ansys  Fluent   
Menni et al. [19] Numerical SIMPLE Finite volumes Standard k-ε Ansys Fluent 

Ekiciler [20] Numerical   SIMPLE  Finite  volumes   RNG  k − ε  Ansys  Fluent   
Zargoushi et al. [21] Numerical   Coupled  Finite  volumes   SST  k − ω  Ansys  Fluent   
Guendouz et al. [22] Numerical SIMPLEC Finite volumes SST k-ω Ansys  Fluent   
Antony et al. [23] Numerical   SIMPLE  Finite  volumes   RNG  k − ε  Ansys  Fluent   
Ünal et al. [24] Numerical   PISO  Finite  volumes   k-ε and k-ω Ansys Fluent 

Sun et al. [25] Numerical SIMPLEC  Finite volumes SST  k − ω  Ansys Fluent 
Lv et al. [26] Numerical   PISO  Finite  volumes   Standard  k − ε  Ansys  Fluent   
Hu et al. [27] Numerical   SIMPLE  Finite  volumes   Realizable  k − ε  Ansys  Fluent   
Reddy et al. [28] Numerical   SIMPLEC  Finite  volumes   RNG  k − ε  Ansys  Fluent   
Zidani et al. [29] Numerical   SIMPLE Finite volumes Standard k-ε Ansys Fluent 

Promvonge et al. [30] Numerical   SIMPLE  Finite  volumes   Realizable  k − ε  Ansys  CFX   
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2.4. Hydro-thermal modeling 

The turbulent heat transfer modeling is done with three mathematical relationships, which are [19]: 
Continuity: 

∂
∂xi

(ρui)= 0 (1) 

Momentum: 

∂
∂xi

(
ρuiuj

)
=

∂
ρxi

[

μ
(

∂ui

∂xj
− ρu′

iu
′

j

)]

−
∂P
∂xi

(2) 

P is the fluid pressure, ρ is the fluid density, μ is the fluid dynamic viscosity. In the xi and xj axes, ui and uj are mean-speed 
components. 

Energy: 

∂
∂xi

(ρuiT)=
∂

ρxi

(

(Γ +Γt)
∂T
∂xj

)

(3)  

where Γ is the molecular thermal diffusivity stated as follows: 

Γ = μ/Pr (4a)  

while Γt represents the turbulent thermal diffusivity explained as: 

Fig. 1. Computatio nal domain under simulation.  

Table 2 
Dimensions and physical properties.  

Exchanger  dimensions  Physical  properties  of  fluid  (air)

Parameter  Value  at  300K  

Channel  length (L) 0.554m  Density (ρ) 1.225kg/m3  

Channel  height (H) 0.146m  Specific  heat (Cp) 1006.43j/kg.K  
Baffle  height (h) 0.08m  Thermal  conductivity (kf ) 0.0242W/m.K  

Baffle  spacing (Ds) Pi/2  Viscosity (μ) 1.7894× 10− 5Kg/m.s  
Baffle  thickness (e) 0.01m  Prandtl  number (Pr) 0.71  

Note: L, H, h, e and Pi (=0.142 m) are set according to [18]. 

Table 3 
Hydrothermal boundary conditions.  

Inlet(x = 0, − H/2≤ y≤ H/2) u = uin, v = 0, Tin = 300K  

Upper wall(0≤ x≤ L, y = H/2) Tw = 375K  
Lower wall(0≤ x≤ L, y = − H/2) Tw = 375K  
Outlet(x = L, − H/2≤ y≤ H/2) P = Patm  

Fluid - solid interface 
Ts = Tf , ks

∂Ts

∂n
= kf

∂Tf

∂n   
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Γt = μt/Prt (4b) 

The Reynolds stresses (ρu′

iu
′

j), cited in Eq. (2), is discrebed by the Boussinesq hypothesis as follows: 

− ρu′

iu
′

j = μt

(
∂ui

xj
+

uj

xi

)

−
2
3

(

ρk+ μt
∂ui

∂xj

)

δij (5)  

where μt is the fluid turbulent viscosity, while δij represents the Kroenecker delta. 

2.5. Turbulence modeling 

In this study, the turbulence phenomenon is described with five different models which are: 

2.5.1. Standard k-ε model 
The following transport equations are used to calculate the kinetic energy (k)of turbulence and its rate (ε) of dissipation for this 

model in the Ansys-Fluent program [31,32]: 
k-equation: 

∂
∂t
(ρk) +

∂
∂xi

(ρkui)=
∂

∂xj

[(

μ+
μt

σk

)
∂k
∂xj

]

+Gk +Gb − ρε − YM + Sk (6) 

ε-equation: 

∂
∂t
(ρε)+ ∂

∂xi
(ρεui)=

∂
∂xj

[(

μ+
μt

σε

)
∂ε
∂xj

]

+C1ε
ε
k
(Gk +C3εGb) − C2ερ

ε2

k
+ Sε (7) 

Turbulent viscosity: 
The following formula may be used to calculate μt: 

μt = ρCμ
k2

ε (8)  

where Gk is the k production due to average speed gradients, Gb is the k production due to buoyancy, YM is the contribution of 
fluctuating expansion in compressible turbulence at the rate of global dissipation, and Sk and Sε are user-defined source terms in these 
equations. The constant parameters are as follows: 

C1ε = 1.44, C2ε = 1.92, Cμ = 0.09, σk = 1.0, σε = 1.3 (9)  

2.5.2. RNG k-ε model 
It’s an updated version of the classic k-ε Model [32]. It includes an additional term in its ε-equation to account for the effect of 

vortex on turbulence, with an analytical formula for Prandtl’s turbulent numbers and an analytically derived differential formula for 
effective viscosity. For this model, the k-energy and its ε-rate are calculated using the following transport equations [31,33]: 

k-equation: 

∂
∂t
(ρk) +

∂
∂xi

(ρkui)=
∂

∂xj

(

αkμeff
∂k
∂xj

)

+Gk +Gb − ρε − YM + Sk (10) 

ε-equation: 

∂
∂t
(ρε)+ ∂

∂xi
(ρεui)=

∂
∂xj

(

αεμeff
∂ε
∂xj

)

+C1ε
ε
k
(Gk +C3εGb) − C2ερ ε2

k
− Rε + Sε (11) 

The values, 1.42, 1.68, and 0.0845, are given to the constants C1ε, C2ε, and Cμ, respectively. The inverse effective Pr numbers for k 
and ε are αk and αε, respectively. 

Turbulent viscosity: 
It is determined as follows: 

μt = μt0f
(

αs,Ω,
k
ε

)

(12)  

where μt0 is the calculated μt without the change caused by the tourbillon phenomenon, using Eq. (8). Ω is a number associated with the 
vortex phenomena, while αs is a vortex constant that varies based on whether the flow is swirling or brely whirling. 

2.5.3. Realizable k-ε model 
This model was developed in response to the shortcomings of the classic k-epsilon model [32]. It uses the same k formula as 

previously (Eq. (6)), but epsilon-equation is different [31,34]: 
k-equation: 
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∂
∂t
(ρk) +

∂
∂xi

(ρkui)=
∂

∂xj

[(

μ+
μt

σk

)
∂k
∂xj

]

+Gk +Gb − ρε − YM + Sk (13) 

ε-equation: 

∂
∂t
(ρε)+ ∂

∂xj

(
ρεuj

)
=

∂
∂xj

[(

μ+
μt

σε

)
∂ε
∂xj

]

+ ρC1Sε − ρC2
ε2

k +
̅̅̅̅̅
νε

√ +C1ε
ε
k
C3εGb + Sε (14)  

where: 

C1 = max
[
0.43,

η
η + 5

]
, η =

̅̅̅̅̅̅̅̅̅̅̅̅
2SijSij

√ k
ε, Sij =

1
2

(
∂ui

∂xi
+

∂uj

∂xi

)

, C2 = 1.9 (15) 

The values of the constants, σk and σε, are the same as in the standard k-epsilon model (see, Eq. (9)). 
Turbulent viscosity: 
It is reported for this model as follows: 

μt = ρCμ
k2

ε (16) 

Cμ is a variable proposed by Reynolds [35] as: 

Cμ =
1

A0 + As
kU*

ε

(17) 

The A0, As, et U* parameters can be found in the Ansys-Fluent user guide [31]. 

2.5.4. Standard k-ω model 
The following transport equations provide the k-energy and the specific ε-rate [31,36]: 
k-equation: 

∂
∂t
(ρk) +

∂
∂xi

(ρkui)=
∂

∂xj

(

Γk
∂k
∂xj

)

+Gk − Yk + Sk (18) 

ε-equation: 

∂
∂t
(ρω)+ ∂

∂xi
(ρωui)=

∂
∂xj

(

Γω
∂ω
∂xj

)

+Gω − Yω + Sω (19) 

Gk denotes the creation of k owing to mean speed gradients, Gω represents the k generation. Γt and Γt represent the effective 
diffusivities of k and ω, respectively, in these equations. Similarly, Yk and Yω reflect the turbulence-induced dissipations of k and ω, 
whereas Sk and Sω are user-defined source terms. 

Turbulent viscosity: 
The μt parameter my be calculated according to the following: 

μt =α*ρk
ω (20) 

The μt viscosity is dampened by the coefficient α*, resulting in a low Re correction. It is provided by: 

α* = α*
∞

(
α*

0 + Ret/Rk

1 + Ret/Rk

)

(21) 

The corresponding constant parameters are: 

Ret =
ρk
μω, Rk = 6, α*

0 =
βi

3
, βi = 0.072 (22) 

α* = α*
∞ = 1 for the high Re k-ω model. 

2.5.5. SST k-ω model 
In Ansys-Fluent program, a version of the k-ω model known as SST k-ω (shear-stress transport model) is also accessible. The 

corresponding equations for k and ω are as follows [31,37]: 
k-equation: 

∂
∂t
(ρk) +

∂
∂xi

(ρkui)=
∂

∂xj

(

Γk
∂k
∂xj

)

+ G̃k − Yk + Sk (23) 

ε-equation: 

Y. Menni et al.                                                                                                                                                                                                         



Case Studies in Thermal Engineering 31 (2022) 101824

6

∂
∂t
(ρω)+ ∂

∂xi
(ρωui)=

∂
∂xj

(

Γω
∂ω
∂xj

)

+Gω − Yω +Dω + Sω (24) 

Turbulent viscosity: 
The following formula is used to determine the μt viscosity: 

μt = ρ k
ω

1

max
[

1
α*,

SF2
a1ω

] (25)  

where G̃k is the k generated by average speed gradients, Dω is the transverse diffusion term, S is the strain rate amplitude, and F2 is the 
mixing function. In Eq. (21), the α* term is specified, and a1 is set to 0,31. 

3. Numerical modeling 

3.1. Numerical tools 

The physics model, described above, is simulated by FV [38], SIMPLEC [39], as well as Second-Order Upwind (SOU) scheme [38], 
using Ansys-Fluent 17.0 simulation software [31]. The heat exchanger model is evaluated by analyzing its overall performance, where 
its hydrodynamic and thermal characteristics can be modeled in the various relationships given in Table 4. 

3.2. Verification of the mesh density 

The mesh density utilized in this simulation has been confirmed by analyzing the effect of changing node density on the numerical 
solution for a smooth CHE without obstacle in terms of Nusselt number (Nu0). In both the horizontal and vertical axes, the numbr of 
nodes has been varied, while the Re value has remained constant at 2 × 104. The predicted findings of Nu0 revealed that increasing the 
density of nodes on the X-direction from 245 to 370, and on the Y-direction from 95 to 145 resulted in relative changes of less than 
1.300% for all tested k-models (Table 5). Furthermore, the deep analysis of the results given in this table reveals that the grid (245 ×
95) has given a change in Nu0 by 1.291%, 0.850%, 0.603%, 0.752% and 0.667%, respectively, for standard, RNG and realizable k-ε; 
and standard and SST k-ω models. This obtained optimal mesh is validated in the next section of the simulation by comparing its 
numerical solution with the empirical correlations of Dittus-Boelter [40] and Petukhov [41] for the tested range of the Re number. 

3.3. Verification of the smooth CHE 

Fig. 2(a) and (b) present, respectively, the results of Nu0 and f0 for airflows through smooth channel. In these figures, a comparison 
is made between our results and those given by the correlations of Dittus and Boelter [40] and Petukhov [41] in the case of 5 × 103 ≤

Re ≤ 2 × 104 with five various two-equation models. Firstly, an augmentation in Nu0 while a reduction in f0 are observed with the Re 
increase for all models of the turbulence. Secondly, the result analysis in different k-ε and k-ω models showed that the standard 
version for the k-ԑ model is able to provide satisfactory Nu0 and f0 values over the interval of flow rate adopted. 

4. Findings and analysis 

4.1. Hydrothermal fields 

The hydrothermal fields of the baffled CHE are illustrated in Fig. 3, where the u (axial velocity), k (turbulent kinetic energy), TI 
(turbulence intensity), and the isothermal patterns are discussed (in Fig. 3(a, b, c, and d), respectively). These details are given for the 
same Reynolds number, Re = 5 × 103 (i.e., uin = 0.45 m/s), and the same turbulence intensity, TIin = 10%. 

The plots of u fields in Fig. 3(a) reveal a non-uniform distribution of the flow patterns and intensity inside the exchanger due to the 
existence of VGs (vortex-generators). These VGs increase the turbulence intensity, even at low Re, creating thus complex structures of 

Table 4 
Governing parameters.  

Parameter Formula 

Flow Reynolds Re Re = ρuinDh/μ  
Hydraulic diameter Dh Dh =

2HW
(H + W)

Local Nusselt Nux Nux =
hxDh

k  
Average Nusselt Nu Nu =

1
L

∫

Nux∂x  
Friction factor f 

f =
(ΔP/L)Dh

1
2

ρu2
in   

Thermal enhancement η η =
(Nu/Nu0)

(f/f0)1/3  

Dittus-Boelter Nu0 Nu0 = 0.023Re0.8Pr0.4  

Petukhov f0 f0 = (0.79lnRe − 1.64)− 2   
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the flow. Vortices with low intensity of the velocity are generated near each VG, while the most intense u-velocity is reached near the 
VG tip. The comparison between the five turbulence models suggests that the predicted flow behavior is the same for each model. 
However, the maximum u-value is different. The umax values for the standard-, RNG-, and realizable-type k-ԑ models as well as 
standard- and SST-type k-ω models are: 2.44, 2.5, 2.23, 2.52, and 2.58 m/s, respectively. As can be seen, the last model (SST k-ω) yields 
the greatest u value, while the realizable-case k-ԑ model yields the lowest. 

The k distribution is given in Fig. 3(b). A similar behavior is observed for the three first models (standard-, RNG-, and realizable- 
case k-ԑ type models), however, the regions of high energy intensity is wider for the standard case of k-ω, and furthermore for the SST- 
type k-ω. The maximum values of the kinetic energy kmax are 0.21, 0.32, 0.18, 0.35, and 0.44 m2/s2 for the standard, RNG, and 
realizable cases of the k-ԑ type model, as well as the standard and SST cases of the k-ω type model, respectively. As previously stated, 
the SST-type k-ω model achieves the greatest k value, while the realizable-type k-ԑ model achieves the lowest. 

A two-dimensional view of the distribution of the turbulence intensity inside the baffled exchanger is exhibited in Fig. 3(c). A 
similar behavior as that the previous figure (Fig. 3(a)) is remarked. 85, 103, 77, 107, and 120% are the most significant values of the 
turbulence intensity for the standard-, RNG-, and realizable-case k-ε type model, as well as the standard- and SST-case k-ω type model, 
respectively. 

The thermal patterns presented in Fig. 3(d) are highly related to the flow patterns. These plots prove the efficiency of the insertion 
of VGs. This technique promotes the interaction between the fluid particles and enhances the convection through the exchanger. 

4.2. Heat transfer and friction loss 

The average values of Nu have been also computed employing the five different two-equation models. In Fig. 4(a), the results of the 
average Nu are reported for the lower wall of the exchanger. The value of Nu for each model increases when the Re number is 
increased. At Re = 2 × 104, the Nu/Nu0 values are 3.865, 4.02, 3.75, 4.17, and 4.262 for the standard-, RNG-, and realizable-; and 
standard- and SST-cases of k-ε and k-ω type two-equation models, respectively. 

With the same manner, the average Nu values on the upper wall of the exchanger are summarized in Fig. 4(b). At Re = 2 × 104, the 
Nu values are 4.893, 5.093, 4.822, 5.2, and 5.327 for the standard, RNG and realizable k-ԑ models, as well as the standard and SST k-ω 
models, respectively. For both baffled CHE walls, the SST k-ω model provides the greatest significant Nu quantity, while the realizable 
k-ԑ model provides the least. 

In the next figures (Fig. 5(a, and b)), the computed results of f friction on the opposite exchanger walls (bottom and upper) are, 
respectively, indicated. A proportional relationship between the increase of the friction factor related to Re is observed. At Re = 2 ×
104 and for five different models (the standard-, RNG-, and realizable-case k-ԑ type models, as well as standard- and SST-case k-ω type 
models), the f values are 29.310, 31.200, 27.252, 32.272, and 34.081 on the lower wall, while the friction factor on the upper wall was 
found to be equal to 41.418, 43.000, 37.892, 44.215, and 48.503, respectively. The analysis of these findings indicates the existence of 
the lowest friction values with the realizable k-ԑ model and the highest ones with the SST k-ω. 

4.3. Thermal performance 

Finally, the thermal enhancement factor (η) is presented in Fig. 6, where similar changes as those of Nu and f are observed. More 
precisely, the most significant thermal improvements of about 1.33 and 1.49 on the bottom and top surfaces of the baffled CHE, 
respectively are obtained with the SST k-ω. However, the minimum values of η (1.26 and 1.43) on the bottom and top walls are found 
with the realizable k-ԑ model. 

5. Conclusion 

The main results of this computational analysis are as follows: 

Table 5 
Mesh tests (0 ≤ x ≤ L, y = H/2, and Re = 2 × 104).  

Mesh cell: (nx × ny)  

(95 × 35) (120 × 45) (145 × 55) (170 × 65) (195 × 75) (220 × 85) (245 × 95) (370 × 145)
Standard k-ε 
Nu0 56.161 57.065 58.336 58.577 59.020 59.53 60.139 60.926 
Er (%) 7.820 6.377 4.251 3.855 3.128 2.291 1.291 Ref. 
RNG k-ε 
Nu0 57.840 58.810 60.030 60.282 60.786 61.459 62.257 62.791 
Er (%) 7.884 6.340 4.397 3.995 3.193 2.121 0.850 Ref. 
Realizable k-ε 
Nu0 60.352 61.157 61.515 61.273 62.231 62.678 64.070 64.459 
Er (%) 6.371 5.122 4.567 4.942 3.456 2.762 0.603 Ref. 
Standard k-ω 
Nu0 68.207 68.799 70.180 70.669 71.309 72.382 72.695 73.246 
Er (%) 6.879 6.071 4.185 3.518 2.644 1.179 0.752 Ref. 
SST k-ω 
Nu0 72.484 73.610 74.254 74.897 76.195 77.365 77.839 78.362 
Er (%) 7.501 6.064 5.242 4.421 2.765 1.272 0.667 Ref.  
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⁃ The numerical data of the axial velocity revealed a non-uniform distribution of the flow patterns and intensity inside the exchanger 
due to the presence of VGs. These VGs increase the turbulence intensity, even at low Re, creating thus complex structures of the 
flow. Vortices with low intensity of the velocity are generated near each VG, while the most intense u-velocity is reached near the 
VG tip. Also, the comparison between the five turbulence models suggested that the predicted flow behavior is the same for each 
model. However, the maximum u-value is different. 

Fig. 2. (a) Nu0 and (b)f0 for the smooth channel in different models of turbulence using SIMPLEC algorithm and SOU scheme.  
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⁃ Similar behaviors in terms of k and TI were observed for the three cases (standard, RNG, and realizable) of the 1st model. However, 
the regions of high energy intensity are wider for the case of standard k-ω, and furthermore for the SST k-ω.  

⁃ The thermal patterns were highly related to the flow patterns. These plots proved the efficiency of the insertion of VGs. This 
technique promotes the interaction between the fluid particles and enhances the convection through the exchanger. 

Fig. 3. Hydrotherm al fileds for Re = 5000.  
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⁃ The maximum values of u, k and TI are 2.44, 2.5, 2.23, 2.52, and 2.58 m/s; 0.21, 0.32, 0.18, 0.35, and 0.44 m2/s2; and 85, 103, 77, 
107, and 120%, for the standard (case 1), RNG (case 2), and realizable (case 3) k-ԑ type models, as well as the standard (case 4) and 
SST (case 5) k-ω type models, respectively. As observed, the highest hydrothermal value is that obtained with the last model case 
(SST k-ω), while the lowest is that of the realizable-case k-ԑ type. 

Fig. 4. Nu/Nu 0 profiles as a function of Re for (a) lower and (b) upper exchanger walls.  
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⁃ The Re enhancement yielded a rise in the Nu values for each model. For both baffled CHE walls, the SST k-ω model provides the 
greatest significant Nu quantity, while the realizable k-ԑ model provides the least.  

⁃ On the other hand, a proportional relationship between the increase of the friction factor related to Re was observed. At the 
maximum Re number, and for five models, i.e., standard (case 1), RNG (case 2) and realizable (case 3) k-ԑ models as well as 
standard (case 4) and SST (case 5) k-ω models, the f values are 29.310, 31.200, 27.252, 32.272, and 34.081 on the lower wall, while 
the friction factor on the opposite wall was found to be equal to 41.418, 43.000, 37.892, 44.215, and 48.503, respectively. The 

Fig. 5. Variation of f/f 0 with Re for (a) lower and (b) upper wall s of the exchanger.  
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analysis of these findings indicates the existence of the lowest friction values with the realizable k-ԑ model and the highest ones with 
the SST k-ω.  

⁃ Moreover, the most significant thermal improvements of about 1.33 and 1.49 on the opposite exchanger walls (bottom and upper) 
respectively, are obtained with the SST-type k-ω type. However, the minimum values of η (1.26 and 1.43 on the bottom and upper 
walls, respectively) are found with the realizable-case k-ԑ type model. Finally 

Fig. 6. Peformance evaluation for (a) lower and (b) upper wall s of the exchanger.  
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⁃ Also, a comparison of Nu0 and f0 values was made against the experimental data of Dittus-Boelter [40] and Petukhov [41], 
respectively. The standard k-ԑ model was able to produce appropriate Nu0 and f0 values across the range of Re investigated, ac-
cording to the results of the comparison between the various 2-equation models. The alternative models, on the other hand, showed 
a substantial divergence, with the realizable k-ԑ case model yielding the lowest quantities of f0, and the SST k-ω model yielding the 
highest levels of Nu0, especially at high Re. 

CRediT author statement 

Younes Menni: Conceptualization. Hijaz Ahmad: Writing - review editing. Houari Ameur: Writing - original draft. Sameh Askar: 
Funding and Resources. Thongchai Botmart: Data curation. M. A. Aiyashi: Formal analysis. Giulio Lorenzini: Validation. 

Declaration of competing interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Acknowledgment 

Research Supporting Project number (RSP-2021/167), King Saud University, Riyadh, Saudi Arabia. 

References 

[1] H. Liu, J. Wang, Numerical investigation on synthetical performances of fluid flow and heat transfer of semiattached rib-channels, Int. J. Heat Mass Tran. 54 
(2011) 575–583. 

[2] A. Boursas, M. Salmi, G. Lorenzini, H. Ahmad, Y. Menni, D. Fridja, Enhanced heat transfer by oil/multi-walled carbon nano-tubes nanofluid, Ann. Chimie Sci. 
Matériaux 45 (2) (2021) 93–103. 

[3] F. Menasria, M. Zedairia, A. Moummi, Numerical study of thermohydraulic performance of solar air heater duct equipped with novel continuous rectangular 
baffles with high aspect ratio, Energy (2017), https://doi.org/10.1016/j.energy.2017.05.002. 

[4] M. Mokhtari, M.B. Gerdroodbary, R. Yeganeh, K. Fallah, Numerical study of mixed convection heat transfer of various fin arrangements in a horizontal channel, 
Engineering Science and Technology 20 (2017) 1106–1114. 

[5] Nasiruddin, M.H.K. Siddiqui, Heat transfer augmentation in a heat exchanger tube using a baffle, Int. J. Heat Fluid Flow 28 (2007) 318–328. 
[6] D. Sahel, H. Ameur, R. Benzeguir, Y. Kamla, Enhancement of heat transfer in a rectangular channel with perforated baffles, Appl. Therm. Eng. (2016), https:// 

doi.org/10.1016/j.applthermaleng.2016.02.136. 
[7] M. Salmi, A. Boursas, M. Derradji, G. Lorenzini, H. Ahmad, Y. Menni, H. Ameur, R. Maoudj, Improved heat transfer in w-baffled air-heat exchangers with upper- 

inlet and lower-exit, Mathematical Modelling of Engineering Problems 8 (1) (2021) 1–9. 
[8] Y. Menni, A. Azzi, Design and performance evaluation of air solar channels with diverse baffle structures, Comput. Therm. Sci. 10 (3) (2018) 225–249. 
[9] L. Zhao, X. Gu, L. Gao, Z. Yang, Numerical study on airside thermal-hydraulic performance of rectangular finned elliptical tube heat exchanger with large row 

number in turbulent flow regime, Int. J. Heat Mass Tran. 114 (2017) 1314–1330. 
[10] E.A. Handoyo, D. Ichsani, Sutardi Prabowo, Numerical studies on the effect of delta-shaped obstacles’ spacing on the heat transfer and pressure drop in v- 

corrugated channel of solar air heater, Sol. Energy 131 (2016) 47–60. 
[11] A.J. Chamkha, Y. Menni, Hydrogen flow over a detached V-shaped rib in a rectangular channel, Mathematical Modelling of Engineering Problems 7 (2) (2020) 

178–186. 
[12] R. Maouedj, Y. Menni, M. Inc, Y.M. Chu, H. Ameur, G. Lorenzini, Simulating the turbulent hydrothermal behavior of oil/MWCNT nanofluid in a solar channel 

heat exchanger equipped with vortex generators, Comput. Model. Eng. Sci. 126 (3) (2021) 855–889. 
[13] H.E. Fawaz, M.T.S. Badawy, M.F. Abd Rabbo, A. Elfeky, Numerical investigation of fully developed periodic turbulent flow in a square channel fitted with 45◦

in-line V-baffle turbulators pointing upstream, Alex. Eng. J. (2017), https://doi.org/10.1016/j.aej.2017.02.020. 
[14] A. Boonloi, W. Jedsadaratanachai, Numerical investigation on turbulent forced convection and heat transfer characteristic in a square channel with discrete 

combined V-baffle and V-orifice, Case Stud. Therm. Eng. 8 (2016) 226–235. 
[15] S. Tamna, S. Skullong, C. Thianpong, P. Promvonge, Heat transfer behaviors in a solar air heater channel with multiple V-baffle vortex generators, Sol. Energy 

110 (2014) 720–735. 
[16] K. Nanan, C. Thianpong, M. Pimsarn, V. Chuwattanakul, S. Eiamsa-ard, Flow and thermal mechanisms in a heat exchanger tube inserted with twisted cross- 

baffle turbulators, Appl. Therm. Eng. (2016), https://doi.org/10.1016/j.applthermaleng.2016.11.153. 
[17] Y.T. Yang, C.Z. Hwang, Calculation of turbulent flow and heat transfer in a porous-baffled channel, Int. J. Heat Mass Tran. 46 (2003) 771–780. 
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