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2. Geometrical Description and Mathematical Formulation 
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x-momentum equation: 
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r-momentum equation: 
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- Fluid phase: 

 
Energy equation: 
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- Solid phase: 

 
Energy equation: 
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where u and v are velocity components in cylindrical coordinates (x, r). 

The boundary conditions are: 
- Inlet section: Vj and Tj are velocity and temperature values respectively for the round jet. 

 
- Outlet section: =u=v=T;        0n  (6) 
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- Unheated adiabatic wall: u=v=0;             0nT  (7) 
 

The dimensionless variables are defined as: 
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The average Nusselt number along the heated surface is defined as: 
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where Dj is the inner diameter of the round jet and h is the heat transfer coefficient, calculated as: 
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where Qnet is the net heat input, Ab is the substrate area, Ts is the average temperature of the substrate and 
Te is the jet exit temperature. 
 
3. Results and discussion 
Wall temperatures for solid and fluid phases are equal, as assumed in Eq. (7). The porous medium is 
saturated by air (Pr = 0.71, kf= 0.025 W/m K). Simulations are performed for assigned dimensionless 
lengths of the channel and the heated surface lengths. They are R/H = 5 and Rh/H =1 respectively. Da is 
equal to 10-3 and is equal to 10-4. The dimensionless half-width of the round jet varies in the range 0.1  
R/H  1. Results are discussed for 1 Pe 1000 and for Ra equal to 10, 50, 100, 1000. Dimensionless 
parameters are calculated as: 
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In the following, several configurations are analyzed, considering different geometrical and thermal 
parameters. 
 
3.1 Configuration 1: S equal to 0.2, Rp equal to 5. 
In Figure 2(a), Nuavg varies in function Pe, considering four values of Ra. When Pe and Ra arise, Nuavg 
grows. When Pe>100, curves have the same trend: values are equal changing Ra. Curves demonstrate that 
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when Ra>100, forced convection is predominant; instead, when Ra<100, buoyancy forces are 
predominant. Observing temperature trend along x-direction in Figure 2(b), it is notable that near the spot, 
values are constant thanks to the high thermal conductivity of the porous medium. 
 

 

 

 

 
 

. 

 

 

. 

 

 

 

   
Figure 3. Streamlines and isothermal patterns in proximity of the heated spot. 
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Figures 3(a), 3(b) and 3(c) show streamlines for the fixed value Pe =10, and for three different values of 
Ra. Greater is Ra, more variable is the flow, above all in proximity of the porous medium and greater is 
the swirling zone, due to buoyancy forces. 

 

 

 

 

 

  
 

 

  . 
Figure 5. Streamlines and isothermal patterns in proximity of the heated spot for (a) S=0.4 and (b) S=0.8. 
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3.2 Configuration 2: S variable, Rp equal to 5. 
To optimize heat transfer, it is essential to know the Nu trend as a function of porous medium thickness. In 
Figure 4(a), Ra and Pe are constant and equal to 10; S is variable from 0.1(clean channel) to 1.0 (channel 
totally filled by porous medium). Nuavg is almost constant when S varies from 0.1 to 0.9 and it is 
maximum when S = 1.0. The porous medium grants a higher convective heat transfer coefficient for any S 
value and this is confirmed by , as a function of S. In Figure 4(b),  raises with S when S>0.8. These 
results indicate that the heat loss is the least when S varies from 0.4 to 0.8. Figure 4(c) shows an almost 
constant temperature when S varies from 0.4 to 0.8. 
Figures 5(a) and 5(b) show streamlines and the vortex is the same for different S values. 
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Figure 7. Streamlines and isothermal patterns in proximity of the heated spot for (a) S=0.4 and (b) S=0.8 
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3.3 Configuration 3: S variable, Rp equal to 1. 
In this case, the porous medium length is equal to the heated wall. Ra and Pe are equal to 100. In Figure 
6(a), Nuavg is almost linear, when S varies from 0.1 to 0.8 and it is maximum when S = 1.0. , in Figure 
6(b), has a considerable growth when S > 0.8, so it is appropriate to choose a smaller S value. Figure 6(c) 
shows an almost constant temperature when S is equal to 0.4 and to 0.8. 
Figures 7(a) and 7(b) show streamlines and the vortex is the same for different S values. 
 
3.4 Configuration 4: S equal to 0.4, Rp variable. 
Now, the S value is fixed and Rp varies from 1 to 12, considering Ra = Pe = 100. In Figure 8(a), Nuavg 
stabilizes when Rp>8, so the porous medium is not necessary. When Rp = 12, Nuavg decreases, because 
vortexes make worse the heat change, so the most suitable value of Rp is smaller than 10. , in Figure 
8(b), does not change considerably with Rp. These results prove that, for S = 0.4, the most suitable value of 
Rp is 2. Figure 8(c) shows an almost constant temperature when Rp varies from 3 to 8. 
Figures 9(a) and 9(b) show streamlines and the vortex is the same for different S values. 
 

 

 

 

  . 
Figure 9. Streamlines and isothermal patterns in proximity of the heated spot for (a) Rp=3 and (b) Rp=8. 

 

 
Figure 10. Average Nusselt number as a function of Pe for different Rayleigh numbers. 
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3.5 Configuration 5: S equal to 1 (channel totally filled). 
In this chase, the channel is totally filled by the porous medium. Figure 10 shows that curves coincide for 
different values of Ra: Nuavg is not influenced by Ra, because solid medium heat conductivity is greater 
then fluid medium (k = 10-4), so solid temperature drops are negligible and buoyancy forces are weak. 
Figures 11(a) and 11(b) show that streamlines are the same for different values of Ra. 
 

 

 

 

  . 
Figure 11. Streamlines and isothermal patterns in proximity of the heated spot for (a) Ra=10 and (b) 

Ra=100. 
 
Furthermore, the heat transfer coefficient ratio, hm/hc, is analyzed in the following, as a function of S and 
Rp, for assigned Ra and Pe (Ra = Pe = 100). As shown in Figure 12(a), if S varies from 0.2 to 0.8, hm/hc 
does not arise considerably with or without porous medium but it is noticeable when S is equal to the 
channel height. In Figure 12(b), if Rp < 3, hm/hc arise considerably with or without porous medium, so in 
this range heat losses are the smallest. 
 

 

 

 

   

Figure 12. Heat transfer coefficient ratio. 
 
4. Conclusions 
A parallel-plate channel filled partially with a high permeability porous medium and a single round jet 
impinging on the porous medium are numerically investigated. The opposite wall to the air round jet is 
partially heated at uniform heat flux. The fluid flow in the channel is assumed two dimensional and the 
porous medium is modeled using the Brinkman Forchheimer-extended Darcy model. The porous medium 

10

34th UIT Heat Transfer Conference 2016                                                                                            IOP Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 796 (2017) 012012          doi:10.1088/1742-6596/796/1/012012



 
 

structure is homogenous and isotropic, the thermophysical properties considered temperature independent. 
The analysis in the porous medium is accomplished under local thermal equilibrium conditions. 

Analyzing five different configurations, studies reveal the correlation between Nusselt number and 
Rayleigh and Peclet numbers. For assigned S and Rp (Configuration 1), when Pe and Ra arise, Nuavg 
grows, but if Pe > 100, Nuavg values are equal changing Ra. Varying S (Configurations 2 and 3), results 
indicate that the heat loss is the least when S varies from 0.4 to 0.8 and the vortex zones are similar for 
each S. For assigned Rp and varying S (Configuration 4), the average Nusselt number, Nuavg, stabilizes 
when Rp > 8, so the porous medium is not necessary. The study of the correlation between average Nusselt 
number and porous medium thickness (Configuration 5) optimizes heat transfer system. In particular, the 
presence of porous medium increases the heat transfer near the heated bottom wall, so when the channel is 
totally filled by the porous medium, Nuavg is not influenced by Ra, cause solid medium heat conductivity 
is greater then fluid medium, solid temperature differences are negligible and buoyancy forces are weak. 
 
5. Nomenclature 
asf specific surface area, m2/m3 
Bi  Biot-like number 
CF inertia coefficient 
D width of the jet, m 
Da  Darcy number 
g  gravitational acceleration, ms-2 
H  width of the channel, m 
R  round slot radius, m 
hsf interstitial heat transfer coeff., Wm-2K-1 
k thermal conductivity, Wm-1K-1 
K permeability, m2 
Rh half of the heat source length, m 
Ra Rayleigh number 
Nuavg average Nusselt number 
Pr Prandtl number 
q heat flux, Wm-2 
Pe Peclet number 
T temperature, K 
u,v velocity components, ms-1 
U,V dimensionless velocity components 
x,y Cartesian coordinates, m 

X,Y dimensionless Cartesian coordinates 
 pressure drop 

 
Greek Symbols 

 thermal diffusivity, m2s-1 
 volumetric expansion coefficient, K-1 
 modified conductivity ratio 
 dimensionless temperature 
 effective thermal conductivity ratio 
 kinematic viscosity, m2s-1 
 porosity 
 density, kg m-3 

 
Subscripts 
eff effective 
f fluid 
j jet 
s solid 
w wall 
avg average 
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