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In this study, thermal-hydraulic performance of a confined slot jet impingement with Al2O3-wa-
ter nanofluid has been numerically investigated over Reynolds number ranges of 100-1000. Two 
triangular ribs are mounted at a heated target wall; one rib located on the right side of the stag-
nation point and another one located on left side of the stagnation point. The governing momen-
tum, continuity and energy equations in the body-fitted coordinates terms are solved using the 
finite volume method and determined iteratively based on SIMPLE algorithm. In this study, ef-
fects of Reynolds number, rib height and rib location on the thermal and flow characteristics 
have been displayed and discussed. Numerical results show an increase in the average Nusselt 
number and pressure drop when Reynolds number and rib height increases. In addition, the 
pressure drop and average Nusselt number increases with decrease the space between the stag-
nation point and rib. The maximum enhancement of the average Nusselt number is up to 39 % 
at Reynolds number of 1000, the rib height of 0.3, rib location of 2 and nanoparticles volume 
fraction of 4%. The best thermal-hydraulic performance of the impinging jet can be obtained 
when the rib height of 0.2 and rib location of 2 from the stagnation point with 4% nanoparticles 
volume fraction. 
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1. Introduction    

Among many convection transport methods, jet 
impingement considered an attractive method espe-
cially in cooling or heating systems because of the 
high heat transfer rates. Therefore, the impinging jet 
technique is widely employed in different industrial 
applications such as cooling of electronic equipment, 
turbine blades, glass tempering, metal annealing and 
paper drying [1,2].    

There are many experimental and numerical in-
vestigations on the jet impingement. A confined air 
jet impingement on the flat channel have experimen-
tally and numerically investigatd by Hee et al. [3] as 
well as Sahoo and Sharif [4]. Their results showed 
that the maximum heat transfer rate at the stagna-
tion point. Dagtekin and Oztop [5] numerically inves-
tigated on the double slot-jets impingement and the 

results showed that the average Nusselt number in-
creases linearly with increasing Reynolds number 
and the influence of Reynolds number on skin fric-
tion was significant around the impingement zone. 
Choo and Kim [6] performed an experimental study 
to compare the confined and unconfined air jets cor-
relations for average Nusselt number. It was ob-
served that under a constant pumping power condi-
tion, the heat transfer rates of the unconfined jet was 
similar to that for the confined jet. Sharif [7] numeri-
cally investigated of the air slot-jet impingement on 
heated plate. Results noted that the skin friction and 
Nusselt number increased with decreasing the jet-to-
plate spacing. Simionescu et al. [8] carried out an ex-
perimental and numerical investigation to study the 
heat transfer enhancement using air jet impingement 
and it is found that the static wall pressure increased 
with increasing Reynolds number. Barik et al. [9] nu-
merically investigated on the thermal field using a 
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rectangular channel with various surface protrusion 
by cross-flow jet. Three different protrusion such as 
trapezoidal, triangular and rectangular shapes have 
been presented. It is found that the triangular protru-
sion shape displyas the best heat transfer rate but 
with the higher pressure drop.  

Using the jet impingement with dimples surface 
to increase the heat transfer rates was studied by 
many investigators [10,11 and 12]. They showed the 
heat transfer rate enhanced with using dimples sur-
face as a compared to flat plate. Casanova and Ortiz 
[13] investigated on the effect of bumps and dimples 
surfaces on the air jet impingement to enhance heat 
transfer and compared with the flat plate. Gau and 
Lee [14] performed an experimental study on the 
heat transfer of air jet impingement with the triangu-
lar rib-roughened surface to enhance the heat trans-
fer rate. Dobbertean and Rahman [15] presented the 
effect of the triangular rib and triangular steps 
shaped surfaces on the heat transfer enhancement 
using liquid jet impingement. Results showed that 
the heat transfer rates improved with height of ribs. 

Manca et al. [16] conducted the numerical inves-
tigation of the turbulent jet impingement with Al2O3-
water nanofluid and it is found that the mean Nusselt 
number increased as increasing nanoparticle con-
centration and Reynolds number. Forced convection 
flow using Al2O3-water nanofluid in a radial flow 
cooling system have been investigated by Palm et al. 
[17] as well as  Yang and Lai [18]. Results showed 
that the Nusselt number and pressure drop increased 
with increasing nanoparticle volume fraction.  Sun et 
al. [19] have been conducted an experiments to study 
the heat transfer of jet impingement with copper-wa-
ter nanofluids and it is observed that best heat trans-
fer enhancement obtained at the jet angle of 90o. Ghe-
rasim et al. [20] have been performed an experi-
mental investigation on laminar convective heat 
transfer of  Al2O3-water nanofluid flow between a 
heated disk and flate plate. It was noted that the 
mean Nusselt number enhanced with increasing na-
noparticle concentration and it decreases as increas-
ing the jet-to-disk spacing. Manca et al. [21] numeri-
cally investigated on laminar slot-jet impingement 
with Al2O3-water nanofluid and it was showed that 
the maximum Nusselt number was about 36% at na-
noparticles concentration of 0.05. 

In the present study, a laminar forced convention 
of a confined impinging slot-jet on a heated plate with 
triangular ribs using nanofluid is numerically inves-
tigated for Reynolds number range of 100-1000 and 
nanoparticles volume fraction of 4%. The effects of 
Reynolds number, the rib heights and the distance 

between the rib and the stagnation point on the ther-
mal and flow characteristics have been displayed and 
discussed. 

2. Mathematical Formulation 

2.1.  Problem description 

Figure 1 shows the geometrical configuration of 
a confined slot-jet impingement. The jet width (w) is 
10 mm, the distance between the jet and the target 
plate is (H), and the length of the target plate is L=200 
mm. Two triangular ribs with height of (a) are 
mounted at the target plate; one rib located right the 
stagnation point while another one located left the 
stagnation point. The distance between the rib and 
the stagnation point is (b). For the current study, the 
following geometric parameters are applied; H/W= 
1, a/W=0.0, 0.15, 0.2 and 0.3 as well as b/W=1, 2, 3 
and 4. The assumptions of this study are: laminar 
flow, steady state, incompressible fluid and two-di-
mensional as well as the mixture of nanoparticles 
and water is homogeneous. The diameter of the 
spherical nanoparticles is 30 nm. Because of the 
physical domain is symmetric about the y-axis, only 
the half-domain is considered in this study. 

2.2. Governing equations  

The non-dimensional governing equations in the 
body-fitted coordinate are [22]: 

Continuity equation: 

𝜕𝑈𝐶

𝜕𝜁
+

𝜕𝑉𝐶

𝜕𝜂
= 0                                                          (1) 

X-Momentum: 

∂

∂ζ
(UUC) +

∂

∂η
(UVC) =

− ∂

∂ζ
(YηP) +

∂

∂η
(YζP) +

1

Re
[

∂

∂ζ
(β11

∂U

∂ζ
) +

∂

∂η
(β22

∂U

∂η
) +

∂

∂ζ
(β12

∂U

∂η
) +

∂

∂η
(β21

∂U

∂ζ
)](2) 

Y-Momentum: 

∂

∂ζ
(VUC) +

∂

∂η
(VVC) =

∂

∂ζ
(XηP) −

∂

∂η
(XζP) +

1

Re
[

∂

∂ζ
(β11

∂V

∂ζ
) +

∂

∂η
(β22

∂V

∂η
) +

∂

∂ζ
(β12

∂V

∂η
) +

∂

∂η
(β21

∂V

∂ζ
)](3)                                          

Energy: 

∂

∂ζ
(θUC) +

∂

∂η
(θVC) =

1

Re Pr
[

∂

∂ζ
(β11

∂θ

∂ζ
) +

∂

∂η
(β22

∂θ

∂η
) +

∂

∂ζ
(β12

∂θ

∂η
) +

∂

∂η
(β21

∂θ

∂ζ
)]                                               (4)                                       

 

Where: 

UC = UYη − VXη,     VC = −UYζ + VXζ ,   

 J = XζYη − XηYζ ,      β12 = β21 = − (XζXη + YζYη) J  ⁄ , 

β22 = (Xζ
2 + Yζ

2) J⁄ ,   β11 = (Yη
2 + Xη

2) J⁄                            (5) 
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Figure 1 :  Geo metry  of  th e curr ent st udy.  

The non-dimensional quantities used in the pre-
vious equations are given as: 

 

𝑋 =
𝑥

𝑊
  ,  𝑌 =

𝑦

𝑊
  ,  𝑈 =

𝑢

𝑉𝑖𝑛
  ,   𝑉 =

𝑣

𝑉𝑖𝑛
   , 

 𝜃 =
𝑇−𝑇𝑖𝑛

𝑇𝑤−𝑇𝑖𝑛
 ,  𝑃 =

𝑃

 𝜌
𝑛𝑓  𝑉𝑖𝑛

2
                                                     (6) 

2.3. Boundary conditions  

The boundary conditions used in the current 
study is expressed as: 
 

i. Jet inlet section: 

U = 0,  V = −1 ,  θ = 0                                     (7a) 

ii. Outlet section: 

     
∂U

∂X
= 0  ,  

∂V

∂X
= 0 , 

∂θ

∂X
= 0                                    (7b)            

iii. Target wall: 

     U = 0,  V = 0 ,θ = 1                                           (7c) 

iv. Upper wall: 

     U = 0  ,  V = 0   ,  
∂θ

∂Y
= 0                                   (7d) 

v. Symmetry line: 

    
∂U

∂X
= 0   ,   

∂V

∂X
= 0    ,   

∂θ

∂X
= 0                              (7e) 

The local and average Nusselt number at the tar-
get plate can be calculated as follow:  

𝑁𝑢𝑥 =
ℎ𝑥 𝑊

𝐾𝑛𝑓
= −

𝐾𝑛𝑓

𝐾𝑏𝑓

𝜕𝜃

𝜕𝑌
  ,  𝑁𝑢𝑎𝑣. =

1

𝐿
∫ 𝑁𝑢𝑥  𝑑𝑥

𝐿

0
  (8) 

The friction factor can be expressed as: 

𝑓 = 𝛥𝑃 
𝑊

𝐿

2 

𝜌𝑛𝑓 𝑉𝑖𝑛
2                                                    (9) 

 

The thermal-hydraulic performance factor can be 
defined as [23]: 

PEC = (
𝑁𝑢𝑎𝑣,𝑛𝑓

𝑁𝑢𝑎𝑣,𝑏𝑓
) (

𝑓𝑛𝑓

𝑓𝑏𝑓
)

1
3⁄

⁄                                  (10)  

           

2.4.  Thermophysical properties of nanofluid 

i. Density and heat capacity: 

The density and heat capacity of Al2O3-water is 
produced as [24]:  

𝜌𝑛𝑓 = (1 − 𝜑)𝜌𝑓 + 𝜑𝜌𝑝                                    (11)            

(𝜌 𝐶𝑝)
𝑛𝑓

= (1 − 𝜑)(𝜌 𝐶𝑝)
𝑓

+ 𝜑(𝜌 𝐶𝑝)
𝑝
          (12) 

ii. The dynamic viscosity: 
The dynamic viscosity of nanofluid is given by 

[25]: 

µ𝑛𝑓

µ𝑓
=

1

1−34.87 (𝑑𝑝 𝑑𝑓⁄ )
−0.3

 𝜑1.03
                              (13) 

where d𝑓 is the equivalent diameter of the base 
fluid molecule, it can be calculated as: 

𝑑𝑓 = 0.1 [
6 𝑀

𝑁 𝜋 𝜌𝑓𝑜
]

1/3

                                           (14) 

where ρ𝑓o is the density of the base fluid deter-
mined at the temperature of To = 293 K. 

iii. Thermal conductivity:  

The effective thermal conductivity of nanofluid  
can be presented by [26]: 

𝐾𝑒𝑓𝑓 = 𝐾𝑠𝑡𝑎𝑡𝑖𝑐 + 𝐾𝐵𝑟𝑜𝑤𝑛𝑖𝑎𝑛                               (15) 

Where 

𝐾𝑠𝑡𝑎𝑡𝑖𝑐 = 𝐾𝑓  [
(𝐾𝑝+2𝐾𝑓)−2𝜑(𝐾𝑓−𝐾𝑝)

(𝐾𝑝+2𝐾𝑓)+𝜑(𝐾𝑓−𝐾𝑝)
]                    (16) 

𝐾𝐵𝑟𝑜𝑤𝑛𝑖𝑎𝑛 = 5 × 104 ℬ 𝜑 𝜌𝑓  𝐶𝑝𝑓  √
𝜅 𝑇

𝜌𝑝 𝑑𝑝
 𝑓(𝑇, 𝜑) (17) 

ℬ = 1.9526 (100 𝜑)−1.4594                               (18) 

𝑓(𝑇, 𝜑) = (2.8217 × 10−2 𝜑 + 3.917 × 10−3) (
𝑇

𝑇𝑜

) 

+(−3.0669 × 10−2 𝜑 − 3.91123 × 10−3)          (19) 

The properties of nanoparticles and water is sim-
ilar to that of Mohammed et al. [27].  
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3. Numerical Method 

The governing equations in the body-fitted coor-
dinate have been discretized using finite volume ap-
proach and solved iteratively using SIMPLE algo-
rithm [28]. The upwind scheme is adopted to discre-
tize the convection terms in governing equations, 
while the central difference scheme is employed to 
discretize the diffusion terms. Moreover, a collocated 
grid arrangement is adopted in the current study 
[29]. On the other hand, the differential equation 
method (which is relied on the Poisson equations) 
can be used to develop the computational mesh. 
Therefore, the Poisson equations solved using the fi-
nite difference method to generate the computa-
tional grid. Figure 2 presents computational grid for 
the current study at a/W=0.3 and b/W=2. The under-
relaxation factor is employed to obtain the best con-
vergence and the value of convergence criterion for 
all variables is 10-5. 

4. Code Validation and Grid Test 

In order to verify the numerical algorithm used in 
this investigation, the average Nusselt number of the 
jet impingement confined by parallel walls was de-
termined and compared with a numerical result of 
Sahoo and Sharif [4]. According to Figure 3, It is ob-
served that the agreement between the results of 
these two studies is very good. To check the grid in-
dependence, different mesh sizes such as (101×31, 
161×51, 241×71, 361×101, 421×121) are tested. Fig-
ure 4 displays the local Nusselt number along the 
smooth target plate for various mesh sizes at Re = 
300, φ=4%. It can be employed the fourth grid size of 
361×101 as the grid independence for all results in 
the current study. 

 
Figure 2: Computational Grid for the current study. 

 
Figure 3: The comparison of average Nusselt number for the current 

study with a previous numerical study of Sahoo and Sharif [4]. 

 
Figure 4: The local Nusselt number along the smooth target 

surface for various grid sizes at Re = 300, φ=4%.  

5. Results and Discussion 

The effects of Reynolds number, height of ribs and 
the distance between the stagnation point and ribs 
on flow and thermal characteristics are presented 
and discussed. The streamwise velocity contours 
(left) and the isotherms contours (right) at Re= 100, 
500 and 1000, a/W= 0.3, b/W= 2, and φ= 4 % are 
shown in Figure 5. When a jet impinges on the target 
plate, a re-circulation region can be seen in the neigh-
borhood of confinement plate and jet inlet due to the 
shear force induced by jet on the fluid in channel. An-
other re-circulation region is formed downstream 
the rib near the target plate and the nanofluid leaves 
the domain as a channel flow. At Re=1000, the size of 
re-circulation regions increase as well as a third re-
circulation region grows at the confinement plate 
near the exit of channel. Looking at isotherms con-
tours, that the minimum thermal boundary layer 
thickness is observed at the stagnation region due to 
the high velocity gradient. As Reynolds number in-
crease, the thickness of thermal boundary layer de-
creases and then increase the temperature gradient 
near the target plate due to increase the velocity gra-
dient at the target wall. Also it can be seen that the 
presence of recirculation region downstream the rib 
can improve the hot fluid near the target plate with 
cold fluid in core and hence improve the heat transfer 
from the target plate. This effect increase with Reyn-
olds number due to increase the recirculation re-
gions size.  

Figure 6 shows the prediction of the mean 
Nusselt number with Reynolds number for various 
rib heights at b/W=2 and φ=4%. For all rib heights, 
the average Nusselt numbers increase with Reynolds 
number because of the increase in the temperature 
gradient at the target wall. At a given Reynolds 
number, the mean Nusselt number increases with 
rising the rib heights. This is due to 
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(a) 

 

 

 
 
(b) 

 

 

 
 
(c) 

 
Figure 5: Streamwise velocity (left) and the temperature contours (right) for various Reynolds number (a) Re=100, (b) Re=500 and                       

(c) Re=1000 at a/W=0.3 and b/W=2. 

the improvement in the fluid flow mixing and hence 
enhance the heat transfer rates. The average Nusselt 
number is enhanced up to 31.2, 34.4 and 39 % for 
a/W= 0.1, 0.2 and 0.3, respectively at Re =1000, φ=4 
% and b/W=2 compared with the smooth target 
plate. Figure 7 presents the variation of pressure 
drop with Reynolds numbers for various rib heights 
at b/W=2 and φ=4%. As Reynolds number increase, 
the pressure drop increases for any value of rib 
height. It is also found that the pressure drop in-
creases with the rib heights, especially at high Reyn-
olds number. When ribs height increase, the size and 
intensity of the re-circulation regions, that formed 
near the target, as well as the reverse flow increases 
which leads to increase the pressure drop. Figure 8 
displays the variation of thermal-hydraulic 
performance factor with Reynolds numbers for dif-
ferent rib heights at b/W=2 and φ=4%. Gernerally, it 
can be seen that the height of the rib has a significant 
effect on the performance factor. The highest 
performance factor is achived with rib height of 0.2. 
Therefore, the peak value of thermal-hydraulic 
performance factor is about 1.9 at rib height of 0.2, 
Re =1000 and b/W = 2. In addition, the 

  
Figure 6: Average Nusselt number with Reynolds numbers for 

various rib heights at b/W=2. 

performance factor is lower than unity when the rib 
height of 0.3 and Re < 300. This indicates that the 
increase in pressure drop is greater than the 
enhancement in heat transfer. The effect of the dis-
tance between a rib and the stagnation point on the 
average Nusselt number at a/W=0.2 and φ=4 % is 
presented in Figure 9. It is found that the average 
Nusselt number increase with decreasing the dis-
tance between the rib and the stagnation point. This 
because of the flow becomes more disturbed and 
hence improves the fluid flow mixing and increases 
the heat transfer rates. It is also observed that there 
is a slight effect of rib location on the average Nusselt 
number at b/W=1.0 and 2.0. Figure 10 depicts the 
variation of the pressure drop with Reynolds number 
for different distance between the rib and the stagna-
tion point at a/W=0.2 and φ=4 %. It is observed that 
the pressure drop raises with decreasing the distance 
between the rib and stagnation point. This is because 
when the rib location is closer to the stagnation point, 
the flow becomes more disturbed and hence increase 
the pressure drop due to the intensity of the fluid 
flow is the greatest near the stagnation point.  

 
Figure 7: Pressure drop with Reynolds number for different rib 

heights at b/W=2. 

-0.174 0.000 0.001 0.013 0.296 0.400 0.593 0.901 1.165 0.1286 0.2130 0.3735 0.5712 0.7415 0.8012 0.9248

V3

1.1653

0.9012

0.5926

0.4001

0.2963

0.0131

0.0008

0.0000

-0.1738

Frame 001  09 Feb 2018 Frame 001  09 Feb 2018 

0.1286 0.2130 0.3735 0.5712 0.7415 0.8012 0.9248

V3

1.1653

0.9012

0.5926

0.4001

0.2963

0.0131

0.0008

0.0000

-0.1738

Frame 001  09 Feb 2018 Frame 001  09 Feb 2018 

0.9248

0.8012

0.7415

0.5712

0.3735

0.2130

0.1286

Re

A
v
e

ra
g

e
N

u
s
s
e

lt
n

u
m

b
e

r

100 300 500 700 900

6

8

10

12

14

16

18

20

22

a/W =0.0

a/W =0.15

a/W =0.2

a/W =0.3

Re

P
re

s
s
u

re
d

ro
p

(p
a

)

100 300 500 700 900
0

0.5

1

1.5

2

2.5

3

3.5

4

a/W =0.0

a/W =0.15

a/W =0.2

a/W =0.3



 

 

 

313 

 

 
Figure 8: Thermal-hydraulic performance factor vs. Reynolds 

number for different rib heights at b/W=2. 

 
Figure 9: Average Nusselt number with Reynolds numbers for 

different rib locations at a/W=0.2. 

Figure 11 Presents the influence of rib locations 
on thermal-hydraulic performance at a/W=0.2 and 
φ=0.4 %. It can be seen that the performance factor 
increases with Reynolds number for any location of 
rib on the target wall. It is also found that the perfor-
mance factor for all rib locations and Reynolds num-
bers are higher than unity. This is because the heat 
transfer enhancement is greater than the augmenta-
tion in pressure drop. The highest performance fac-
tor occurs when the rib is located at distance of 2 
from the stagnation point because of the b/W = 2 has 
the best fluid flow mixing compared with other ribs 
locations. However, the peak value of performance 
factor is around 1.9 at b/W=2, a/W=0.2 and φ=4 %.  

6. Conclusion 

In this study, the flow and thermal characteristics  
of a confined  slot  jet  impingement  with Al2O3-  

 
Figure 10: Pressure drop with Reynolds numbers for various rib 

locations at a/W=0.2. 

  
Figure 11: Thermal-hydraulic performance factor vs. Reynolds 

numbers for different rib locations at a/W=0.2. 

water nanofluid has been numerically investigated. 
Two triangular ribs which are mounted on a target 
wall have been employed to enhance the heat trans-
fer. The effect of Reynolds number, rib height and rib 
location on the thermal and flow fields have been dis-
played. It is observed that the average Nusselt num-
ber increase with Reynolds number and rib height, 
but this is a companied by increasing in the pressure 
drop. Furthermore, the average Nusselt number and 
the pressure drop increase with decrease in the dis-
tance between the rib and the stagnation point. Due 
to the highest performance factor up to 1.9 is ob-
tained at the rib height of 0.2 and rib location of 2, 
therefore the use of nanofluid and triangular ribs can 
be achieved the best choice of a confined impinging 
jet over Reynolds number range. 
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   H                channel height (m) 
   w                jet width (m) 
   L                channel length (m) 
   K                thermal conductivity (W/m.K) 
   Nu             Nusselt number 
   h                heat transfer coefficients (W/m2.oC) 
   P                pressure (pa) 
  Cp                 specific heat (J/Kg.K) 
   J                 Jacobian of transformation 
  T               temperature (oC) 
  f                 friction factor  
  Pr              Prandtl number 
  Re              Reynolds number (Re=ρnf vin w/µnf) 
  U, V           dimensionless velocity component 
  u, v            velocities components (m/s) 
  X, Y            non-dimensional Cartesian coordinates       
  x, y            2D Cartesian coordinate (m) 

Greek symbols 

  β21, β22      transformation coefficients 
  β11, β12      transformation coefficients 
  η, ζ              body-fitted coordinates 
  µ                 dynamic viscosity (N.s/m2) 
  θ                 non-dimensional temperature 
  ρ                 density (Kg/m3) 
 φ                concentration of nanofluids 
 Δp              pressure drop (pa) 
 κ                 Boltzmann constant 1.381 x 10-23 (J/K) 

Subscripts                

 in              inlet 
 n𝑓             nanofluid 
 av              average value 
 e𝑓𝑓            effective 
 p               particles 
 w              wall 
 𝑓               base fluid 
 x               local value 
 bf             base fluid (Water) 
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