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ABSTRACT: The objective of the present numerical study is to investigate the influence of using triangular 

obstacle on the flow separation, with subsequent reattachment that occurs by sudden expansion. In this study, a 

numerical analysis is presented on turbulent forced convection flow over the 2D horizontal sudden expansion in 

order to investigate the performance of using a triangular obstacle with different height ratio. The duct top wall 

is subjected to heat flux that varied from 400 to 2000 W/m2, and the Reynolds number (Re) varied from 9800 to 

19000 but the bottom is equipped with triangular obstacle with different height ratio is maintained at (h/di = 0.5, 

07, 1.1 and 1.5) and different distance ratio is maintained at (s/di = 1, 2.5 and 3.5). The finite volume method is 

used to solve the continuity, momentum, and energy equations. The results show an increase in the thermal and 

hydrodynamic performance by about 35% and 77% respectively, due to the effect of using different height and 

distance ratios of the triangular obstacle on recirculation cell region size. Generally, the results show that the 

length of the recirculation reattachment zone is increased with increasing the following parameters of heat flux, 

ratios of obstacle height and obstacle distance, but it decreases with increasing the (Re). The results show that 

with increasing the expansion ratio from 2.5 to 3.5, the reattachment length decreased by 10.3 % and the 

maximum temperature decreased by 1.8 %. Finally, the highest enhancement of Nusselt number (Nu) is about 

31.9 % that detected at the obstacle height ratio of (h/di=1.5). 
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INTRODUCTION 

The phenomenon of flow separation attachment zone was studied as one of the important role in many 

engineering field such as power plants, heat exchangers, nuclear reactors and cooling of turbine blades [1]. 

Several experimental and numerical studies were presented on the fluid flow and heat transfer in sudden 

expansion. The flow over the sudden expansion step laminar flows was studied by [2]. Also, at low moderate 

(Re) with various expansion ratios H/h = 1.9423, 2.5 and 3.0 was studied by [3]. They found that with 

increasing the expansion ratio, the increasing of recirculation length is non-linear. Also, for the laminar range, 

the computational fluid dynamic (CFD) was continuously utilized to simulate the fluid flow and heat transfer 

overstep with sudden expansion is very limited [4]. The investigation of heat transfer of supercritical CO2 flow 

in a duct with sudden expansion was performed by [5]. They showed that any increased in the heat flux or in 

(Re) will lead to an increase in (Nu). Also, they found that the reattachment length increased along the bottom 

surface, in addition, it decreased along the top surface. Some researchers such as in [6] used the techniques of 

swirl generators like spiral springs with different pitches and propellers in the sudden expansion of channels to 

improve the heat transfer rate in the duct with sudden expansion. Also, [7] investigated the heat transfer of the 

airflow in a circular pipe with a contraction and a sudden expansion with 0.4 as an expansion ratio and Re that 

ranged from 4300 to 44500. They showed that the (Nu) was at the maximum value at a step height between 9 

and 12. 

The phenomenon of the airflow separation and reattachment through an annular duct with a sudden expansion 

and a step ratio of 1.8 was performed by [8]. They showed that the increase in velocity of fluid flow will lead to 

extending the reattachment point further. Also, the forced convective heat transfer in the channel over a sudden 

expansion step having a baffle on the top wall was considered by [9]. They showed that using solid baffle to get 

an expansion ratio of (2) has the highest (Nu). And the average (Nu) increases by increasing the expansion 

ratio. Also, they found that the using a slotted baffle with expansion ratio of (3) has a minimal coefficient of the 

skin friction. 
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Nanofluid flow in a heated rectangular duct with a sudden expansion with a baffle that was simulated by [10]. 

For laminar flow, the (Re) was ranged by 100 ≤ Re ≤ 400, and it was ranged by 7500 ≤ Re ≤ 15000 for 

turbulent flow. They investigated the influence of widths of the baffle as 0.01 ≤ wb ≤ 0.04, distances of the 

baffle as 0 ≤ D ≤ 4 and heights of the baffle as 0.005 ≤ hb ≤ 0.015. Their results indicated that the (Nu) has the 

highest values with using SiO2 nanofluid. The turbulent heat transfer airflow in the annular pipe with an 

axisymmetric expansion was performed by [11]. For turbulent, the range of heat flux was from 1000 to 4000 

W/m2, the range of (Re) was from 5000 to 30000, and the expansion ratio was given by 1, 1.25, 1.67 and 2. 

They showed that for the outer and inner pipes at the ratio of expansion of 2, Re=30000 and q’’= 4000 W/m2, 

the maximum heat transfer enhancement was between 63-78 %. Also, the water flow through a sudden 

expansion in an annular duct with a step ratio of 1.8 was examined by [12]. They showed that the surface 

temperature along the annular duct reduces to a minimum point as the flow increases and the lowest wall 

temperature is located at the point of flow reattachment. The turbulent airflow over sudden expansion presented 

by using three different turbulence models (realizable k-e, standard k-e and SST k-ω) [13]. A three-dimensional 

sudden expansion with variables dimensions baffles positions under laminar forced convection flow has been 

numerically investigated by [14]. Their results concluded that the highest Nusselt number grows near the wall, 

then transfers further downstream as the position of the baffle moves in the direction of the stream-wise.  A 

review of various studies and researches that focuses on the experimental and numerical studies of using water 

and air over sudden expansion and forward facing steps was presented by [15]. The laminar fluid flow over a 

sudden expansion step with an adiabatic rotating cylinder in a channel was performed by [16]. They observed 

that the fluid flow and heat transfer are influenced by many parameters such as cylinder rotation angle 

(−3≤ω≤3), obstacle location (b = 0.5S, S and 1.5S) and Reynolds number (1≤Re≤200). Furthermore, they 

showed that the size and length of the wake zones can be controlled with cylinder rotation angles.  Also, a 

simulation was performed to investigate the influence the presence of a square obstacle behind the first primary 

recirculation zone on the heat transfer field over a sudden expansion by using Cu-water nanofluid was 

presented by [17]. The results indicated that an augmenting the heat transfer and fluid flow when using a heated 

square obstacle for enhancements in the maximum values of the Nu reached to 194 %. Finally, the heat transfer 

characteristics presented by using SiO2-H2O nanofluid flow over a corrugated sudden expansion was studied by 

[18]. They used duct inlet and step heights of 4.8 mm, the expansion ratio was 2, the length of the upstream 

wall was 48 cm and the length of the downstream wall was 96 cm, respectively. The results revealed that the 

increasing the nanoparticle concentration will enhance the heat transfer and fluid flow performance especially 

when using 3.0 % nanoparticle concentration. 

As mentioned above there are a few numerical works were conducted to investigate the technique of reducing 

the length of the attachment point recirculation attachment zone in a duct with sudden expansion. The objective 

of this work is to investigate the effect of presenting a triangular obstacle that attached on the bottom wall on 

the fluid flow and heat transfer enhancement over the sudden expansion and compare the results with the case 

without triangular obstacle. 

MATHEMATICAL MODELING 

In this study, the Computational Fluid Dynamics (CFD) was applied based on the finite volume method to 

study the fluid flow and heat transfer performance in the sudden expansion with a sudden expansion section and 

a triangular obstacle that located in front of the sudden expansion in order to control the reattachment length. In 

this study, the flow domain was discretized by using the finite volume method in order to solve the continuity, 

momentum, and energy governing equations of the flow domain. 

Physical Model 

The numerical analysis was accomplished by using a 2D airflow domain. The heat transfer by forced 

convection air flows in a sudden expansion with an upper heated surface sudden expansion section with the 

triangular obstacle. The configuration sketch of 2D computational test section domain is presented in Figure 1. 

The numerical domain includes inlet air section, test section, and outlet air section. The fully developed air 

fluid flow is ensured by using an entrance length of about Li=300 mm and the outlet length is chosen by Lo=700 

mm to prevent the reversed flows from the outlet section Also, uniform heat flux is applied on the top walls of 

the test section is varied by (q''= 400 to 1000 W/m2). The inlet (Re) was varied by (6500 to 13000). In the 

present study, the inlet diameter is kept at constant dimension at (di=10) but the exit diameter is varied by (do= 

25 to 40 mm) to obtain an expansion ratio is maintained at do/di=2.5, 3.0, 3.5 and 4.0. The triangular obstacle is 
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used with different obstacle heights to inlet diameter ratio of (h/di=0.5, 0.7, 1.1 and 1.5) but with a constant 

base of (5 mm). The distance between the sudden section exit is given by the ratio of (s/d i=1.5, 2.5, 3.5 and 

4.5). 

 

(a) Without triangular obstacle 

 

(b) With triangular obstacle 

Figure 1. Physical model problem geometry and dimensions of the test section 

Assumption 

In this study it is considered that the airflow through the heated test section will absorb the heat from the heat 

source located at the upper surface of the duct. Thus, the following assumptions were considered in this paper: 

1. The two-dimensional computational domain is used. 

2. Thermal conductivity does not affect by the temperature near the heated surface. 

3. Steady-state and turbulent airflow. 

4. Incompressible airflow. 

 

Governing equations  

The fluid flow and heat transfer are presented by the following governing equations [19]. The continuity 

equation is: 

 

∂

∂xi
(ρui) = 0                      (1) 

 

The momentum equation is: 

 

∂

∂xj
(ρuiuj) =

∂P

∂xi
+

∂

∂xj
[μ (

∂ui

∂xj
+

∂ui

∂xi
−

2

3
δij +

∂ui

∂xj
)] +

∂

∂xj
(−ρu′

iu
′
j)          (2) 

 

The approach of Reynolds-averaged to describe the turbulence model is needed to the Reynolds stresses of 
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(u′
iu

′
j) is used by utilizing the common method of the Boussinesq hypothesis that given as [19]: 

 

−ρu′
iu

′
j = μt (

∂ui

∂xj
+

∂uj

∂xi
)                     (3) 

 

The energy equation is given by [19]: 

 

∂

∂xi
(ρuiT) =

∂

∂xj
((Γ + Γt)

∂T

∂xj
)                    (4) 

 

Where Γ and Γt are formed as [19]: 

 

Γ =
μ

Pr
    and   Γt =

μt

Prt
                         (5) 

 

Turbulence Model 

In this study, to describe heat flux quantities and turbulent stresses, the model of k–ε turbulence is employed, 

which includes two equations, where, the equation of turbulent kinetic energy (k) is formed as [20]: 

 

∂

∂xi
(ρkui) =

∂

∂xi
[(μ +

μt

σk
)

∂k

∂xj
] + Gk − ρε                  (6) 

 

Also, the turbulent kinetic dissipation rate (ε) is formed as [20]: 

 

∂

∂xi
(ρεui) =

∂

∂xj
[(μ +

μt

σε
)

∂ε

∂xj
] + C1ε (

ε

k
) Gk − ρC2ε (

ε2

k
)                         (7) 

 

Where μt is the eddy viscosity which given by [20]: 

 

μt = ρCμ (
k2

ε
)                      (8) 

 

And Gk is represented by [20]: 

 

Gk = (−ρu′
iu

′
j)

∂uj

∂xi
              (9)   

                                              

The turbulence model empirical constants are given as [20]: 

  

Cμ = 0.09, C1ε = 1.47, C2ε = 1.92, σk = 1.0 and σε = 1.3 
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Heat Transfer and Fluid Flow Key Parameters 

The inlet air flows with a uniform constant average velocity of (Uav), thus the inlet Reynolds number can be 

defined as [20]: 

 

Re =
ρUavDh

μ
       (10) 

And Prandtl number is given by: 

Pr =
μCp

k
       (11) 

 

Where Dh is the hydraulic diameter and given by: 

  

Dh =
4P

Ac

 

 

Also, the hydraulic diameter was given by the inlet channel diameter of di. Also, the heat transfer coefficient of 

the air can be calculated as follows [19]: 

 

h∗ =
q′′

(Tw−Tf)
         (12)   

 

Nusselt number is defined as [21]: 

 

Nu =
h∗Dh

k
        (13)   

 

Numerically, it can be found the pressure drop ΔP is: 

 

∆P = Pin − Pout 

 

Where Pout=0 as mentioned in the boundary conditions and Pin was calculated by the simulation, thus, the 

friction factor is calculated as [22]: 

 

f =
2∆PDh

LρUav
2         (14)   

 

Boundary Conditions  

Based on the previous assumptions, the employed boundary conditions are given as:  

(a) The boundary conditions along the inlet section are given by: 

 

ux = uin ,   uy = 0, T = Tin  , k = kin   ,   ε = εin  
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Also, the inlet turbulent kinetic energy kin is formulated by turbulent intensity I as follows [19]: 

 

kin =
3

2
(uinI)2 

 

And the inlet turbulent dissipation εin is given by: 

 

εin =
Cμ

3/4
k3/2

L
 

 

(b) The boundary conditions along the lower section are given by: 

 

ux = uy = 0,   
∂T

∂x
= 0  

 

(c) The boundary conditions along the upper section are given by: 

 

ux = uy = 0, −k
∂T

∂y
= q′′  

 

(e) The boundary conditions along the outlet section are given by: 

∂ux

∂x
=

∂uy

∂x
= 0,    

∂T

∂x
= 0,    

∂k

∂x
= 0,    

∂ε

∂x
= 0 

 

NUMERICAL SOLUTION 

The Finite Volume Method (FVM) is used to solve and discretize the physical governing equations along the 

computational domain of horizontal sudden expansion with a sudden expansion channel at specific boundary 

conditions. In order to couple the system of pressure-velocity, a SIMPLE algorithm is utilized. The second-

order upwind scheme is selected for the convective terms in order to achieve a more precise numerical solution. 

The appropriate convergence criteria are obtained. In this numerical analysis, the criteria of numerical solution 

convergence for the governing equations of continuity, momentum, and energy equations are given by 10-6, 10-

6, and 10-8, respectively.  

Mesh Generation 

To perform the simulation of the present compositional duct channel with a step of sudden expansion and a 

sudden expansion by using tow-dimensional computational domain on a computer, the PDEs need to be 

discretized, resulting in a finite number of points in space. In the present study, the ANSYS-Fluent-v.16.2 

meshing software starts with advanced SOLID WORKS 2016 x64 edition reading, after drawing all the 

geometrical details, and generates the mesh of the present channel in the design model. In this work, the 

generated grids are presented in Table 1. The meshing procedure starts with edge mesh and continues to the 

domain face using non-uniform quadrilateral grids mesh were used in this study, in order to have the whole 2D 
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model as shown in Figure 2 of the channel of the sudden expansion step in sudden expansion channel for 

further simulation.  

 

Figure 2. Meshed computational domain 

In this numerical study, three mesh sizes of (25003, 78920, and 136545) are modeled by software computations 

but only one mesh is considered for the future simulation modeling, thus the numerical mesh with 136545 

nodes is chosen to increase the accuracy and lowest time of computations. The summary of the grid 

independence test results is shown in Table 1. The criteria are represented by various grid sizes at Re = 9800 as 

shown in Figure 3.  

Table 1. Grid independent test. 

Grid Type Number of 

Nodes 

The difference with previous 

coarse mesh (%) 

Coarse  25003 - 

Medium 78920 0.759 

Fine 136545 0.421 

 

 

Figure 3. Grid independence for Re=9800 
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For more validations, the present study results were compared with the work of Oon et al., [8] for computed 

static temperatures. The conditions of the Oon et al., [8] used the inner diameter of (83 mm) with diameters 

ratio of (d/D = 1.80) and heated length of (600 mm) with constant applied heat flux was varied by 719 to 2098 

W/m2 and the Re was ranged by17050 to 44545. The results indicate a good agreement with a small deviation 

that comes from the differences in the dimensions of the test section as shown in Figure 4. 

 

Figure 4. Validation the present results of static temperature with [8] for without obstacle q''=3000 W/m2 

RESULTS AND DISCUSSION 

The turbulent heat transfer forced convection and skin friction coefficients in a 2D step of sudden expansion 

with four expansion ratios of (do/di=2.5,3.0,3.5 and 4.0) and four different obstacle heights ratios (h/di=0.5, 0.7, 

1.1 and 1.5) were carried out in this study. Also, to predict the best performance of four different geometries, 

different values of (Re) that varied by 9800-19000. Isotherms and streamlines of the airflow for all four cases 

are presented in Figures 5 to 9. By using the triangular obstacle in the duct, the recirculation downstream of the 

step wall is disappeared. Figure 5 presented the influence of increasing the (Re) on the length of the point of 

recirculation attachment from the step, the figure showed that this length reduced by 3.6 % with increasing the 

Re from 13000 to 16000 for without obstacle case and the maximum temperature decreased by 1.8 %. Also, the 

cell of the circulation zone of the streamlines will be decreased with increasing the Re. Moreover, the effect of 

increasing the expansion ratio on the streamlines and isotherms is presented in Figure 6. The results indicated 

that the reattachment length increased by 15.5 % and the maximum temperature increased by 2.9 % with 

increasing the expansion ratio from 2.5 to 3.5 in the case of without obstacle. In the case of increasing the 

applied heat flux, the results were presented in Figure 7. The results indicated that the reattachment length 

increased by 3.8 % and the maximum temperature increased by 11.2 % with increasing the expansion ratio 

from 1000 to 2000, due to increasing the air flow velocity and this leading to increasing the momentum of the 

air flow and increasing the region of the separation region. Recirculation cell zone will become larger with 

increasing the heat flux. Figure 8 presents the contour isothermal of the streamline for heated sudden expansion 

step for with the triangular obstacle of obstacle height ratio h/di=0.5 and 1.1 at Re=6500. The results show that 

with increasing the expansion ratio from 2.5 to 3.5, reattachment length decreased by 10.3 % and the maximum 

temperature decreased by 1.8 %, due to decreasing the air flow momentum and decreasing the flow separation 

region. The numerical results indicated that the recirculation zone for all cases will appear after the inlet region 

of the sudden expansion step, but in the case of presence the triangular obstacle there are two recirculation 

regions that will appear after and before the located obstacle. The recirculation region size will increase in the 

region that locates after the obstacle by increasing the obstacle height, but it decreases before the obstacle due 

to flow velocity increases with the volume height ratio to 1.1 as compared with other models. Finally, the effect 

of obstacle distance (s/di) is plotted in Figure 9.  
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(a) Re=13000 

 

 

(b) Re=16000 

Figure 5. Effect of the Reynolds number on reattachment length of air flow through a sudden expansion for 

without triangular obstacle case. 

36.5 cm 

35.2 cm 
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(a) do/di=2.5 

 

(b) do/di=3.5 

Figure 6. Effect of the expansion ratio on reattachment length of air flow through a sudden 

expansion for without triangular obstacle case. 

32.6 cm 

38.6 cm 
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(a) q''=1000 W/m2 

 

 

(b) q''=2000 W/m2 

Figure 7. Effect of the heat flux on reattachment length of air flow through a sudden expansion for 

without triangular obstacle case. 

 

35.7 cm 

37.1 cm 
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(a) h/di=0.5 

 

(b) h/di=1.1 

Figure 8. Effect of obstacle height ratio on reattachment length of air flow through a sudden 

expansion for without triangular obstacle case. 

 

34.8 cm 

31.2 cm 
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(a) s/di=1 

 

 

(b) s/di=3.5 

Figures 9. Effect of heat flux on reattachment length of airflow through a sudden expansion for 

without triangular obstacle case at h/di=0.7 

The results showed that the reattachment length decreases by 4.3 % and the maximum temperature decreased 

34.1 cm 

37.3 cm 



Numerical Study of Turbulent Forced Convection Flow Over Sudden Expansion with Triangular Obstacle 

138  

by 2.3 % with increasing the obstacle distance ratio from 1 to 3.5. The numerical results concluded that the 

recirculation zone size will decrease in the region after the obstacle with increased obstacle distance ratio, but it 

decreases before the obstacle. The influence of (Re) on local (Nu) and skin friction factor for flow over a 

channel of sudden expansion step for the case of without triangular obstacle at s/di=1 and h/di=0.5 are presented 

in Figures 10 and 11 respectively. The results show that the skin friction factor increases with increasing the 

(Re) due to the increasing the hydrodynamics of the air flow. Also, the (Nu) increases with increasing the Re. 

The maximum (Nu) is found with high Re, due to increasing the recirculation region after step backing-face. 

 

Figure 10. Effect of Reynolds number on the skin friction factor along the top heated wall for with triangular 

obstacle case at s/di=1 and h/di=0.5 

 

Figure 11. Effect of Reynolds number on the local Nusselt number along the top heated wall for with triangular 

obstacle case at s/di=1 and h/di=0.5 

The effect of obstacle distance ratio s/di on the skin friction factor is examined with three different values and 
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compared with the case of without obstacle. Figure 12 shows the variation of skin friction factor with 

increasing the obstacle distance ratio at Re=9800 and q''= 1000 W/m2. Generally, local skin friction factor 

found increases with decreasing the obstacle distance ratio due to increasing the volume of the recirculation 

regions in upstream of the obstacle. The high value of the skin friction factor is observed at the obstacle 

distance ratio of 1 as compared with others cases. 

 

Figure 12. Variation of the skin friction factor with obstacle distance ratio along the top heated wall for with 

and without triangular obstacle case at h/di=0.5 and Re=13000 

Also, the skin friction factor increases with increasing the obstacle height ratio along the top heated wall for 

sudden expansion at s/di=1 Re=13000, for example it increases by about 77 % at x=0.35 when using obstacle 

height ratio of (h/di=1.5), due to increasing the restriction of the flow as the obstacle height as shown in Figure 

13. Moreover, the highest skin friction factor is observed at the obstacle height ratio of 1.5 compared with 

others. 

 

Figure 13. Variation of the skin friction factor with obstacle height ratio along the top heated wall for with and 

without triangular obstacle case at s/di=1 and Re=13000 

To examine the influence of the configuration design parameter obstacle distance and height ratio on the heat 

transfer enhancement and Nu, Figures 14 and 15 respectively were plotted. The results showed that the local Nu 
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increases with decrease obstacle distance ratio for all cases at constant Re, and the maximum value of the local 

Nu was found at s/di=1.   

 

Figure 14. Effect of obstacle distance ratio on the variation of local Nusselt number along the top heated wall 

for with and without triangular obstacle case at h/di=0.5 and Re=13000 

Figure 15 illustrates the relationship between the obstacle height ratio and the local Nu. The results showed that 

the local Nu increases with decrease obstacle distance ratio for all cases at constant Re, and the maximum value 

of local Nu was found at the case with the triangular obstacle of height ratio of h/di=1.5 with an enhancement 

of about 31.9 % as compared with the case without obstacle.   

 

Figure 15. Variation of the local Nusselt number with obstacle height ratio along the top heated wall for with 

and without triangular obstacle case at s/di=1 and Re=13000 

CONCLUSIONS 

In this study, the effect of triangular obstacle attached to the bottom downstream wall on the turbulent forced 

convection of the air flow and heat transfer numerical simulation are presented over the sudden expansion step. 

The parameters are considered in the present numerical simulation are the Reynolds number ranged by (9800-
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19000) and the constant wall heat flux varied between 400-2000 W/m2. Generally, the results show that the 

reattachment length decreases by 10.3 % and the maximum temperature decreased by 1.8 % with increasing the 

expansion ratio from 2.5 to 3.5. The maximum value of local heat transfer coefficient augments located in the 

recirculation zone at the reattachment length. The reattachment length increased with increased heat flux, with 

increased obstacle height and distance, but it decreased with increasing the Reynolds number. Also, the results 

show that the (Nu) and increasing the Reynolds number lead to increase the skin friction factor. The numerical 

results also gave an increase in the thermal and hydrodynamic performance due to the effect of using the 

triangular obstacle on recirculation cell region size. Enhancement of heat transfer of about 31.9 % is obtained at 

height obstacle ratio h/di=1.5, due to increasing the recirculation flow after the obstacle in addition that at 

sudden expansion. 
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NOMENCLATURES 

Ac  duct cross section area, m2 

C1ε,C2ε   constants 

𝑐𝑝   specific heat of the fluid, kJ/kg.K  

Dh  duct hydraulic diameter, m 

di  inlet diameter, m 

do  outlet diameter, m 

f  skin friction factor 

g   gravitational acceleration m/s2 

Gk  turbulent kinetic energy generation 

h  triangular obstacle height, m 

h*   convective heat transfer coefficient, W/m2.K. 

k   thermal conductivity of fluid W/m.K 

L   length of the channel, m 

Li  inlet length of the channel, m 

Lo  outlet length of the channel, m 

mw  mass flow rate, kg/s 

Nu  Nusselt number 

p   pressure N/m2 

P  duct perimeter, m 

Pr   Prandtl number 

q''  solar surface heat flux, W/m2 

Re   Reynolds number 

s  obstacle distance, m 

Tin  inlet temperatures, K 

Tw   wall temperature, K 
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u’i  fluctuating velocity in x-direction. m/s 

u’j  fluctuating velocity in y-direction, m/s 

Uav  mean fluid velocity over the cross section, m/s 

ui  mean velocity in x-direction, m/s 

uj  mean velocity in y-direction, m/s 

w  triangular obstacle width, m 

x, y   Cartesian coordinates, m 

 

Greek Letters 

𝛼   fluid thermal diffusivity, m2/sec 

𝜇   air viscosity, Pa. sec 

𝜌  air density, kg/m3 

ε  turbulent kinetic energy dissipation, m2/sec 

ΔP  pressure drop N/m2 

σk  turbulent kinetic energy of the effective Prandtl numbers 

σε  rate of dissipation of the effective Prandtl numbers  

Γ   diffusivity of molecular thermal  

Γt   diffusivity of turbulent thermal  

 

Subscripts  

𝑖   inlet 

𝑜  outlet  
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