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Abstract. The attachment of turbulators, such as baffles, fins, ribs, bars, and blocks, inside the thermal solar receiver ducts, is 

among the most effective mechanisms for important thermal exchange by creating the turbulence, extending the trajectory of the 

flow, increasing the surface of heat exchange, forcing recycling cells, and hence a high thermal exchange. The solar finned and 

baffled heat exchangers are employed in a wide application interval, and it is important to examine the design of a duct for this 

configuration of the flow field and its effect on the heat transport phenomenon. In This study, dynamic field simulations are 

reported in horizontal rectangular form ducts, using three obstacles with oil HTF (heat transfer fluid). Two various finned and 

baffled duct configurations are treated, i.e., case (A) with one fin and two baffles, and case (B) with two fins and one baffle. 

Different hydrodynamic fields, i.e., X-velocity and Y-speed, as well as various X-velocity profiles in many flow stations, related to 

Re value, are analyzed. A computational approach is applied in order to simulate the oil flow, using finite volume (FV) integration 

method, SIMPLE discretization algorithm, QUICK interpolation scheme, Standard k-epsilon turbulence model, and ANSYS FLUENT 

12.0 software. Simulation results reported an unstable flow structure, with powerful recycling cells, on the backsides of each fin 

and baffle, as a result of fluid detachment at their upper front sharp edges, in both studied models (A and B). As expected, the first 

duct model, i.e., Case A, has better X- and Y-velocity values, due to its large recirculation regions. In This paper, many physical 

phenomena, such as the turbulence, instability, flow separation, and the appearance of reverse secondary currents, are reported. 

As its data confirmed by many previous numerical and experimental results, the suggested new models of finned and baffled 

heat exchangers filled with high thermal conductivity oil, allow an improvement in the dynamic thermal-energy behavior of 

many thermal devices such as flat plate solar collectors.  

Keywords: Solar finned and baffled heat exchangers, flat plate solar collectors, dynamic thermal-energy behavior, CFD.  

1. Introduction 

It is well known that the energy output of any solar baffled and finned heat exchanger is mainly related to a set of factors, 

such as the duct geometry, baffle and fin dimensions and shapes, boundary conditions, pure or composite fluid nature, physical 

data of the fluid, etc. These factors greatly affect the flow field and change the hydrodynamic characteristics, which affect the 

heat transfer between the hot zones and working fluid (for example, see Berner et al. [1], Habib et al. [2], Yuan et al. [3], Cheng and 

Huang [4], Hong and Hsieh [5], Bazdidi-Tehrani and Naderi-Abadi [6], Demartini et al. [7], Li and Kottke [8], Mousavi and Hooman 

[9], Pirouz et al. [10], Mokhtari et al. [11], Webb and Ramadhyani [12], Wen et al. [13], Dong et al. [14], Skullong et al. [15], Thianpong 

et al. [16], Nanan et al. [17], Promvonge [18], Eiamsa-ard et al. [19], Chamoli [20], and Kumar et al. [21]). The majority of these 

research projects relied mainly on the technique of reconfiguring the internal geometry of the ducts and channels by introducing 

new baffles and fins of very complex geometric irregular shapes; see Tables 1 and 2. Other researchers have used various 

nanofluids, porous medias, perforated turbulators, solid deflectors, and vortex generators to favor the heat and mass transfer (for 

example, see Oguntala et al. [22], Davies [23], Sobamowo and Kamiyo [24], Caccia et al. [25], Ghahremani et al. [26], Amy et al. [27], 

Akinshilo et al. [28], Tolstoy et al. [29], Oguntala and Abd-Alhameed [30], and Amari et al. [31]). 
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Table 1. Numerical and experimental baffled channels.  

Authors Study/flow regime Geometry 

Berner et al. (1984) 
Experimental study 

Turbulent and laminar flow 

 

Habib et al. (1988) 
Computational analysis 

Turbulent flow 

 

Yuan et al. (1998) 
Numerical prediction 

Laminar flow 

 

Cheng and Huang (1991) 
Numerical prediction 

Laminar flow 

 

Hong and Hsieh (1991) 
Experimental investigation 

turbulent flow 

 

Bazdidi-Tehrani and Naderi-
Abadi (2004) 

Numerical analysis 

Laminar flow 

 

Demartini et al. (2004) 
Numeric and experimental analysis 

Turbulent flow 

 

Li and Kottke (1998) 
Experimental study 

Turbulent and laminar flows 

 

Mousavi and Hooman (2006) 
Numerical investigation 

Laminar flow 

 

Pirouz et al. (2011) 
Numerical simulation 

Laminar flow 

 

Mokhtari et al. (2017) 
Numerical study 

Turbulent and laminar flows 

 

Webb and Ramadhyani 
(1985) 

Numerical simulation 

Laminar flow 
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Table 2. Baffle and fin reconfiguration.  

Investigators Study/flow regime Configuration 

Wen et al. (2015) 
Experimental investigation 

Turbulent flow 

 

Dong et al. (2017) 
Numerical investigation  

Turbulent flow 

 

Skullong et al. (2016) 
Experimental and numerical study 

Turbulent flow 

 

Thianpong et al. (2012) 
Experimental investigation  

Turbulent flow 

 

 

Nanan et al. (2016) 
Experimental and numerical study 

Turbulent flow 

 

Promvonge (2015) 
Experimental investigation  

Turbulent flow 

 

Eiamsa-ard et al. (2010) 
Experimental investigation  

Turbulent flow 

 

Chamoli (2015) 
Experimental study  

Turbulent flow 

 

Kumar et al. (2016) 
Experimental analysis  

Turbulent flow 
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Fig. 1. Pipe models used: (a) A model, (b) B model [32]. 

Solar duct heat exchangers are heat transfer devices that convert the solar radiation into heat energy for use in various fields. 
Due to the increasing demand on the use of the thermal energy, it has become necessary to search for advanced thermal 
receptors with high energy efficiency by improving their dynamic and thermal characteristics. Many researchers, as we 
mentioned earlier at the top, have focused their studies on how to improve the fluid flow inside the ducts contained in these solar 
receptors, such as adding extended areas as fins and baffles.  

 
In most of these scientific attempts, the only heat transfer fluid used is air. Whereas, this fluid is weak, in terms of thermo-

physical properties, such as the density and thermal conductivity. For this, the energetic efficiency yield of these thermal 
receptors was very low. This is what prompted us to search for a new fluid with elevated thermo-physical properties, which would 
enable it to acquire a greater amount of heat energy as it comes into contact with the hot spaces of the duct. 

In this scope, our study adopted a combination of two methods. The first method involved changing the vein of the fluid by 
inserting transverse obstacles in order to create gaps, secreting recycling cells and allowing the fluid to acquire significant heat 
energy. The second method involved compensating the air with a high thermal conductivity Oil fluid in order to increase the heat 
transfer between the two media. Both methods help dynamically and thermally improve the energetic performance. Through this 
study, we will study the dynamic behavior of the adopted Oil fluid by analyzing and discussing flow fields in terms of velocity, as 
well as examining axial velocity curves at different locations of the duct to reveal the hydrodynamic characteristics of each duct 
region. The results of this simulation will serve as a database for studying the thermal performance of these solar receptors in the 
future researchs.   

2. Mathematical Foundation 

2.1 Flow Geometry 

Enhancement of flow characteristics of oil fluid in horizontal ducts by installing flat rectangular baffles and fins is addressed 
in Fig. 1. The baffled duct design and its impact on the turbulence phenomenon are studied, using a CFD (Computational Fluid 
Dynamics) technique. Two different duct configurations are considered through this analysis. In the first situation, as in Fig. 1a, a 
first duct with one fin and two baffles is studied (Case A), and in the second proposition, as in Fig. 1b, a second duct with two fins 
and one baffle is investigated (Case B). All concerned geometry dimensions and considered boundary conditions are also 
presented in Fig. 1. This study is complementary to the study mentioned in the referenced paper [32].  

2.2 Physical Model 

Several simplifications were taken in this study, as follows: 
 Oil HTF is steady. 
 Oil HTF is turbulent. 
 Oil HTF is incompressible. 
 Oil HTF density ρf is constant. 
 Oil HTF specific heat Cp is constant. 
 Oil HTF dynamic viscosity μf is constant. 
 Oil HTF thermal conductivity kf is constant. 

The ρf, Cp, μf, and kf properties are found in [33].  

2.3 Boundary Conditions 

The various boundary conditions used are as follows: 
 Oil HTF velocity for x = 0, is u = Uin [7,34] 
 Oil HTF temperature for x = 0, is Tin = 298 K [33], 
 Oil HTF pressure for x = L, is P = Patm [7], 
 Temperature of the wall with y = H/2 is Tw = 375 k [34], and 
 Wall with y = -H/2 is insulated. 
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2.4 Governing Equations 

The mathematical relationship describing the fluid flow within the considered baffled and finned ducts can be written as 
follows: 

( ) ( )u v S
x y x x y yϕ ϕ ϕ

ϕ ϕ
ρ ϕ ρ ϕ

  ∂ ∂ ∂ ∂ ∂ ∂  + = Γ + Γ +
  ∂ ∂ ∂ ∂ ∂ ∂   

 (1) 

with 
ϕ ≡ (u, v, k, ε and T),  
u: x-velocity,  
v: y-velocity, 
k: turbulent kinetic energy, 
ε: turbulent dissipation rate, 
Γϕ: turbulent diffusion coefficient, and  
Sϕ: source term. 

Equations for ϕ, Γϕ and Sϕ: 
 
Continuity: 

1ϕ =  (2) 

0
ϕ
Γ =  (3) 

0S
ϕ
=  (4) 

X-momentum: 

uϕ =  (5) 

eϕ
µΓ =  (6) 

e e

P u v
S

x x x y xϕ
µ µ
      ∂ ∂ ∂ ∂ ∂     = + +          ∂ ∂ ∂ ∂ ∂   

 (7) 

 
Y-momentum: 

vϕ =  (8) 

eϕ
µΓ =  (9) 

e e

P u v
S

y x y y yϕ
µ µ

      ∂ ∂ ∂ ∂ ∂      = + +        ∂ ∂ ∂ ∂ ∂         
 (10) 

 
Fluid energy: 

Tϕ =  (11) 

e

T

ϕ

µ

σ
Γ =  (12) 

0S
ϕ
=  (13) 

 
Al solid Energy: 

Tϕ =  (14) 

sk
ϕ
Γ =  (15) 

( ) ( )s sS uT vT
x yϕ
ρ ρ

∂ ∂
= +
∂ ∂

 (16) 

 
Turb-Kinetic-energy (k): 

kϕ =  (17) 
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t
l

k

ϕ

µ
µ

σ
Γ = +  (18) 

kS G
ϕ

ρε=− +  (19) 

 
Turbulence dissipation rate (ε): 

ϕ ε=  (20) 

t
lϕ

ε

µ
µ

σ
Γ = +  (21) 

( )1 2kS C G C
kϕ ε ε

ε
ρε= −  (22) 

                                                                                                                          
with 

tleffµ µ µ= +  (23) 

2

t

k
f C
µ µ

µ ρ
ε

=  (24) 

2 22

2tk

u v u v
G

x y y x
µ

        ∂ ∂ ∂ ∂      = + + +           ∂ ∂ ∂ ∂        

 (24) 

 
and 

C1ε = C3ε = 1.44, C2ε = 1.92, Cµ = 0.09, σk = 1.0, σε = 1.3, and σT = 0.85 (26) 

 

2.5 Governing Parameters 

 
Reynolds number (Re): 

Re hUDρ µ=  (27) 

 
Hydraulic diameter (Dh): 

( )2hD HW H W= +  (28) 

 
Petukhov correlation [35]: 

( )
2

0 0.79lnRe 1.64f
−

= −  (29) 

 

Fig. 2. Computational domain mesh: (a) case A, and (b) case B. 
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Fig. 3. Validation of the present profiles of X-velocity with the referenced 
data (Demartini et al., 2004) at x = 0.525 m, under similar geometry and 
fluid flow conditions (a rectangular channel with staggered two baffle 

plates, turbulent air flow, and Uin = 7.8 m/s). 

  

 
Fig. 4. Verification of the friction factor (f0) for the present smooth 

channel with the referenced empirical correlation [35]. 

 
 

Fig. 5. Contours of X-velocity in A and B cases: Re = (a) 5 × 103, (b) 104, (c) 1.5 × 104, (d) 2 × 104, and (e) 2.5 × 104. 

3. Numerical Model 

3.1 Numerical Methods 

The system of Eq. (1) is solved numerically using the following:  
 Standard k-epsilon (k-ε) turbulence model [36], 
 Finite Volume (VF) method [37], 
 SIMPLE discretization formulation [37], 
 QUICK interpolation scheme [38], and 
 ANSYS FLUENT simulation software [39]. 

Case (A) Case (B) 

(a) 

(b) 

(c) 

(d) 

(e) 
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3.2 Numerical Mesh 

In this study, a two-dimensional mesh is used according to the horizontal (X) and vertical (Y) axes, with quadrilateral shaped 
cells. It is an irregular grid near the solid limits of the duct walls as well as the sides of the fins and baffles. Whereas, this mesh is 
regular far from these solid boundaries; Fig. 2 gives the model of the mesh used.  

  

(a) (b) 

Fig. 6. u at x = 0 in (a) A, (b) B case, Re = 5,000. 

  

(a) (b) 

Fig. 7. u at x = 0.043 m in (a) A, (b) B case, Re = 5,000. 

  
(a) (b) 

Fig. 8. u at x = 0.141 m in (a) A, (b) B case, Re = 5,000. 
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(a) (b) 

Fig. 9. u at x = 0.239 m in (a) A, (b) B case, Re = 5,000. 

  

(a) (b) 

Fig. 10. u at x = 0.277 m in (a) A, (b) B case, Re = 5,000. 

  

(a) (b) 

Fig. 11. u at x = 0.315 m in (a) A, (b) B case, Re = 5,000. 

Several node densities (Nx × Ny) were verified in order to obtain a mesh independent of the numerical solution, by comparing 
various grids, i.e. (95 × 35), (120 × 45), (145 × 55), (170 × 65), (195 × 75), (220 × 85), (245 × 95), and (370 × 145) cells. The comparison 
stated that the grid of (245 × 95) cells is considered to be an optimal mesh system by comparing it with the reference pair of (370 × 
145) cells. So, the grid system of (245 × 95) cells is used during the simulation length of this study.  
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(a) (b) 

Fig. 12. u at x = 0.413 m in (a) A, (b) B case, Re = 5,000. 

 

  

(a) (b) 

Fig. 13. u at x = 0.554 m in (a) A, (b) B case, Re = 5,000. 

3.3 Numerical Validation with Referenced Numerical and Experimental Data 

Fig. 3 reports a comparison of axial velocity (u) values obtained in the present simulation with that of the numerical and 
experimental values provided by Demartini et al. [7]. This comparison was made by relying on the same flow and geometry 
conditions reported by the referenced paper [7], which gave the same behavior both quantitatively and qualitatively, and this 
indicates the validity of the numerical model that is used in this research work.   

3.4 Numerical Verification with Smooth Channels 

In addition, there is a preview of the pressure drop values in terms of friction faction (f0) in the case of the smooth channel by 
relying on the empirical correlation of Petukhov [35] as shown in Fig. 4. The plot shows a good agreement between the simulation 
and correlation data.  

4. Results and Discussion 

This type of analysis is very useful in many industry and engineering related problem for getting good idea about the physical 
model whenever the analytic solution is out of reach. The axial velocity (X-velocity or u) fields are presented in this study for a 
good analysis of the effect of the staggered obstacles and the nature of the fluid along with the internal structure of the duct on 
the dynamics of the flow field in both cases investigated (A and B), as reported in Fig. 5a-e. 
As shown in Fig. 5a-e,  

 Values of u are very high near the duct walls, between the last two obstacles, as well as near their upper frontal sides. 
This rise in the axial velocity is the result of a change in the stream direction due to the turbulators, as reported 
numerically in [12], for staggered rib and fin type obstacles in parallel plate type ducts. 

 Values of u are also increased between the turbulator sharp edges and the duct wall surfaces due to the higher dynamic 
pressure values caused by the reduction in the stream surface. Similar behavior was found numerically and 
experimentally in [1, 4-7, 10]. 
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A case B case 

(a) x = 0.043 m 

  

A case B case 

(b) x = 0.141 m 

  

A case B case 

(c) x = 0.239 m 

Fig. 14. u = f (Re) in both A and B types and different Xs. 
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A case B case 

(d) x = 0.277 m 

 

  

A case B case 

(e) x = 0.315 m 

  

A case B case 

(f) x = 0.413 m 

Fig. 14. u = f (Re) in both A and B types and different Xs. 
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A case B case 

(g) x = 0.554 m 

Fig. 14. u = f (Re) in both A and B types and different Xs. 
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Fig. 15. umax = f (Re) in both A and B models. 

 
 Values of u are very low on the left and right faces of the obstacles due to the low dynamic pressure in these zones. 

Similar data were reported numerically in [34] and experimentally in [7].  
 There is a positive behavior between the u and Re values in both A and B cases. The same observation was also 

unregistered by [12, 34], for laminar and turbulent regime flows. 
 Furthermore, the presence of obstacles inside the first duct (Case A) contributes to the formation of strong cells for 

recycling with high flow speeds compared to the B second case. This improvement in flow dynamics increases with 
increasing Re values. 

Figs. 6 to 13 show the distribution of X-velocity profiles in both A and B duct models for various axial stations (Xs). The oil 
current flows from the upper input of the duct in the first case (Case A), while from the lower entrance in the second case (Case B). 
Starting from the entrance, the velocity profiles are uniform one-dimensional, u = Uin, on the upper part of the first duct while in 
the bottom of the second duct (Fig. 6a and b with x = 0). The value of u is very poor in the area next to deflector near its right face 
(Fig. 7a and b with at x = 0.043 m). These values are negative and indicate la presence of a large vortex of recycling cells as a result 
of low pressure in this region of the duct (Fig. 8a and b with x = 0.141 m). This vortex is a result of the current flow in the 
mainstream vertical direction. Similar fluid flow phenomenon was found experimentally in [7], and numerically in [34]. The 
height of this cell of vortex is the same as the height of the obstacle while its extension up to the vicinity of the second obstacle. 
Besides, u is high between the first-obstacle top-edge and the adjacent duct wall. Next to second-obstacle upper-left-side, small 
cells for recycling exist. These vortices are the result of the separation of the main flow from the duct wall near this obstacle (Fig. 
9a and b with x = 0.239 m). While in the opposite region of this same obstacle, the axial velocity values rise due to existing of a 
small-gap for the stream passage, where the dynamic pressure increases in this region and thus rise in speed values in both cases 
investigated (Fig. 10a and b with x = 0.277 m). As expected, the current is detached on the front upper sharp edge of the second 
obstacle, leading to the creation of very strong cells for recycling with very low axial velocities on the back region of this same 
second obstacle (Fig. 11a and b with x = 0.315 m). These vortices occupy a large region next to the right face of the second obstacle, 
which extend up to the gap adjacent to the tip of the last third obstacle (Fig. 12a and b with x = 0.413 m). In addition, the current 
flows at very high velocities, from the top edge of the second obstacle, near the adjacent duct wall, to the upper left side of the 
last obstacle as well as at the duct exit section (Fig. 13a and b with x = 0.554 m).  

It is very clear that the values of u are very low for small values of Reynolds number (see Figs. 14 and 15). The u value is 
enhanced by augmenting Re. This improvement is shown on the back regions of the first and second obstacles (see Fig. 5). This 
enhancement is due to the presence of recycling cells on their right sides and in both cases.    
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Fig. 16. Contours of Y-velocity in A and B cases: Re = (a) 5 × 103, (b) 104, (c) 1.5 × 104, (d) 2 × 104, (e) 2.5 × 104. 
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Fig. 17. vmax = f (Re) in both A and B models. 

 
In addition, and depending on the two cases studied (A and B), when the Reynolds number is high, the recycling cells are 

greatly improved in terms of size, length, and strength. The same structure was also reported experimentally by [1] for laminar 
regime flow, and numerically by [34] for turbulent regime flow. These cells occupy the entire backspace of the obstacles, pushing 
the current to flow at very high velocities (Fig. 14a-g, with respectively, x = 0.043 m, x = 0.141 m, x = 0.239 m, x = 0.277 m, x = 0.315 
m, x = 0.413 m, and x = 0.554 m). As expected, the arrangement of obstacles according to the first strategy (Case A) shows an 
increase in the axial velocity (Fig. 15) with a great support for the recycling cell strength.  

The transverse velocity values are very low on the front top sharp edge of the second obstacle, while they are very high on the 
upper area of the left side of the last third obstacle. This is for the duct case (Case A); unlike the second duct case (Case B). The y-
speed change in both direct and reverse directions is increased by raising the Reynolds values in both cases examined, (see Fig. 16 
a-e). The first duct (Case A) has better y-velocity values, due to its large recycling cells (see Fig. 17), indicating the advantage of 
using the baffled and finned duct first model in order to increase the dynamic performance across the smooth ducts, as an 
enhanced passive method. 

5. Conclusion 

In this analysis, hydrodynamic field simulations in horizontal rectangular form ducts, using three obstacles with Oil HTF, were 
reported. Two various finned and baffled duct configurations were treated, i.e., case (A) with one fin and two baffles, and case (B) 

Case (A) Case (B) 

(a) 

(b) 

(c) 

(d) 

(e) 
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with two fins and one baffle. Different oil flow fields, i.e., X-velocity and Y-speed, as well as various X-velocity profiles in many 
flow stations, related to Re value, were analyzed. A computational approach was applied in order to simulate the Oil flow, basing 
the Finite Volume (FV) integration method, SIMPLE discretization algorithm, QUICK interpolation scheme, and Standard k-epsilon 
turbulence model, using ANSYS FLUENT 12.0 software.  
 Simulation results reported an unstable flow structure, with powerful recycling cells, on the backsides of each fin and baffle, 

as a result of fluid detachment on their upper front sharp edges, in both studied models (A and B).  
 The u values are very high near the duct walls, between the last two obstacles, as well as near their upper frontal sides. This 

rise in u is the result of a change in the stream direction due to the turbulators. 
 The u values are also increased between the turbulator sharp edges and the duct wall surfaces, due to the higher dynamic 

pressure values caused by the reduction in the stream surface.  
 The u values are very low on the left and right faces of the obstacles due to the low dynamic pressure in these zones.  
 There is a direct correlation between the u and Re values in both A and B cases.  
 The v velocity values are very low on the front top sharp edge of the second obstacle, while they are very high on the upper 

area of the left side of the last third obstacle. This is for the duct case (Case A); unlike the second duct case (Case B). The y-
speed changes in both direct and reverse directions are increased by raising the Reynolds values in both cases examined. 

 Depending on the two cases studied (A and B), when the Re number is high; the recycling cells are greatly improved in terms 
of size, length, and strength. 

 Furthermore, the presence of obstacles inside the first duct (Case A) contributes to the formation of strong cells for recycling 
with high flow speeds compared to the B second case. This improvement in flow dynamics increases with increasing Re values. 

 Finally, the simulation mentioned many physical phenomena such as the turbulence, instability, flow separation, and the 
appearance of reverse secondary currents. As its data confirmed by many previous numerical and experimental results; the 
suggested new models of finned and baffled heat exchanger ducts filled with high thermal conductivity oil allow an 
improvement in the dynamic thermal-energy behavior of many thermal devices such as flat plate solar collectors. 

 Many research works in the literature describe the results of experimental research or computer simulations, in which the 
influence of various types of baffled ducts on the flow dynamics has been studied. This paper confirmed previous 
observations. The results of this simulation will serve as a database for studying the thermal performance of these solar 
receptors in future research. This type of analysis is very useful in many industries and engineering-related problems for 
getting a good idea about the physical model whenever the analytic solution is out of reach. 

Author Contributions 

Y. Menni numerically simulated the considered physical model; A.J. Chamkha developed the mathematical modeling; and H. 
Ameur and M.H. Ahmadi analyzed the numerical results. The manuscript was written through the contribution of all authors. All 
authors discussed the results, reviewed and approved the final version of the manuscript. 

Acknowledgments 

Not applicable.   

Conflict of Interest 

The authors declared no potential conflicts of interest with respect to the research, authorship and publication of this article. 

Funding  

The authors received no financial support for the research, authorship and publication of this article. 

Data Availability Statements 

The datasets generated and/or analyzed during the current study are available from the corresponding author on reasonable 
request. 

Nomenclature 

C1ε Constant used in the standard k-ε model T Temperature [K] 
C2ε Constant used in the standard k-ε model Tin Inlet fluid temperature [K] 
C3ε Constant used in the standard k-ε model Tw Channel wall temperature [K] 
Cμ Constant used in the standard k-ε model S Source term. 
Dh Aeraulic diameter of rectangular channel [m] u X-velocity of fluid [m/s] 
e Baffle and fin thickness [m] Uin Inlet fluid velocity [m/s] 
f0 Friction factor for the smooth channel with no fin v Y-velocity of fluid [m/s] 
h Baffle and fin height [m]  W Channel width 
H Channel height [m] ρf Fluid density [kg/m3] 
k Turbulent kinetic energy [m2/s2]  ρs Solid density [kg/m3] 
L Channel length [m] ε Turbulent dissipation rate [m2/s3] 
L1 Distance between the first and the second obstacles [m] Γ Turbulent diffusion coefficient 
L2 Distance between the second and the third obstacles [m] μe Effective viscosity [kg/m-s] 
P Pressure [Pa] μl Laminar viscosity [kg/m-s]  
Patm Atmospheric pressure [Pa] μt Turbulent viscosity [kg/m-s] 
Pr Prandtl number τw Wall shear stress [Pa] 
Re  Reynolds number kf Fluid thermal conductivity [W/m- C] 
S Source term ks Solid thermal conductivity [W/m- C] 
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