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Abstract- we propose in this paper, a numerical study of laminar, unconfined plane type jet, impinging a heated flat 
horizontal surface. The developed computer code is based on the finite volume method, which was used to discretize the     
N - S equations. The code allowed us to simulate the evolution of the jet. The study of heat transfer has been made by 
considering variable physical properties of the fluid, and in function of several parameters such as the Reynolds number, the 
Froude number, the distance between the nozzle and the heated impact surface, and the temperature of the heated surface. 
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I. INTRODUCTION 
 
The impinging plane jet has wide technological 
applications in several industrial domains such as the 
control of a surface temperature by forced convection 
in cooling, heating, ventilation, air conditioning, 
drying, chemical coating etc…. There are only a few 
results in the literature on the plane jet under laminar 
flow and unconfined configuration, most of the 
published researches concerning the flow of an 

impinging jet were devoted to the axisymmetric jet 
type, emanating from a cylindrical nozzle, the reason 
being the simplicity in practice. Among these works, 
we can mention the theoretical works in refs [1, 2] the 
experimental works in refs [3, 4] and the numerical 
works in refs [5-10]. These research works were 
devoted to the influence of on heat and mass transfers 
of a number of parameters, such as the Reynolds 
number, the velocity profile in the nozzle inlet and 
the impact height of the jet. The heat transfer is 
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characterized by the local Nusselt number at the 
stagnation point, which is usually determined for a 
given fluid as a function of several parameters such 
as the Reynolds, Froude and Prandtl numbers, the 
temperature of the impact heated surface and the 
impact height. The Nu number function is very 
complex and there is no universal correlation between 
Nu and these parameters. Nevertheless, it is possible 
to use dimensional analysis for the Nusselt number at 
the center of the heated surface, in a limited range of 
non-dimensional numbers (Re,Fr and Pr) and for a 
given fluid. However it does not allow the 
establishment of a law, but to predict its appearance. 
In general and for more precision, obtaining the heat 
flux requires a complete solution of the equations of 
motion and energy. This is the objective of the 
numerical study presented here for the plane jet 
impinging a flat heated surface. 
 
II. NUMERICAL METHOD 
 
2.1. Assumptions  
In this theoretical unconfined domain approach, we 
have chosen a finite domain having a width X  big 
enough compared to the width d = 2X  of the nozzle, 
and a distance H X⁄  between the nozzle and the 
heated surface as shown in Fig. 1. Our jet can be 
defined as being two-dimensional and perfectly 
symmetrical. The initial temperature of the jet fluid is 
T  and is equal to the ambient temperature. The jet 
impinges a flat surface heated at the temperature T  
greater than  T  and length L X = 10⁄  is chosen. Due 
to the presence of such temperature gradient, the 
thermo physical properties of the fluid ρ, 	C ,	µ and λ 
are variable and the equations of motion and energy 
transfer are coupled. We consider air as a fluid jet; 
the properties physical values in function of 
temperature are calculated by interpolation from the 
tables published in the reference [11]. Generally for 
gases, the Prandtl number is close to the 0.7 value 
regardless of its condition or its chemical 
composition, we do not consider its variation. 
 
2.2. Governing Equations 
By setting the reference values equal to those at the 
nozzle inlet, we can define the following 
dimensionless variables: 
x′ =  ; 	y′ =  ; 	u′ =  ; 	v′ =  ; 

	p′ =
( )

ρ
 ; 	T ′ =  ; 	ρ′ = ρ

ρ
 ; 	C′ =  ; 

	µ′ = µ
µ

 ;  	λ′ = λ
λ

 ;  	P (y) = P − ∫ (ρg)	dy  ;                                                                                                 

The dimensionless equations governing the flow can 
then be written in the following form: 
ρ′ ′

′ + ρ′ ′

′ = 0                             (1)        

ρ′ u′
′

′ + v′
′

′ = −
′

′ + ′ 2µ′
′

′ +
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′

′ +
′
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′
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′
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′ +
′

′ +

′ 2µ′
′
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′

′ + (1 − ρ′)            (3)    

ρ′C′ u′
′ T ′ + v′

′ T ′ = ( 	 ) ′ k ′
′

′ 	+

	 ′ k ′
′

′ 	                                        (4) 
Therefore by adopting the above dimensionless 
formulation (Equations 1-4), the following 
independent parameters appear in the problem: 
Re, Fr, T   and  H X⁄ . 
 
2.3. The Numerical Solution 
The numerical solution of the set of partial 
differential equations governing the flow is based on 
the finite volume method and by using the SIMPLER 
algorithm proposed by Patankar [12] for pressure-
velocity coupling. Given the symmetry of the 
problem as shown in Fig. 1 we only considered half 
of the domain determined by the rectangular section 
noted (X 	x	Y ). The convergence of the overall 
solution is considered to be reached when the residual 
on the continuity equation, does not exceed the value 
10-4. Although we use the dimensionless equations, 
we set the standard state from the parameters which 
have a dimension (Table 1) in order to allow the 
physical interpretation of various phenomena 
occurring in the jet. 
 

Table 1: State of Reference Parameters with Dimension and 
Dimensionless Used for Calculations. 

 
 
 

Fig.1. Representation of the finished domain, for numeric 
computation. 
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Fig.2. Schematic of the mesh (퐇 퐗ퟎ⁄ = ퟏ) 
 

2.4. Boundary conditions 
On AB: v = 0  P = P  and  T = T                                                  
On BC: u = 0 	(∂v ∂y⁄ ) = 0   P = P   and T = T   
On CD: v = V [1− (x X⁄ ) ]  and T = T                          
On DO:	u = 0 (∂v ∂y⁄ ) = 0 and  (∂T ∂x⁄ ) = 0                      
On OA:	T = T   for  0 ≤ x ≤ L  and  T = T   for 
L < 푥 ≤ X                                                                                       
On CF: 	u = 0 and v = 0 
 
2.5. Mesh 
In order to optimize the accuracy of the results, the 
increments of the mesh are not the same in the 
various zones of the computational domain. Fig. 2 
shows the layout of the mesh; we adopt a progressive 
variation both in the direction Ox and in the direction 
Oy . On the Ox axis, the increment is constant up to 
the wall of the nozzle; it then increases in a geometric 
progression. On the Oy axis, from the impact surface 
to the inlet of the nozzle, the increment increases with 
a geometric progression up to a height H X⁄  then it 
increases with another geometric progression having 
a different ratio up to the entrance of the nozzle. The 
second geometric progression is chosen in such a way 
as to avoid an abrupt change. 
 
Following the mesh generation, a grid independency 
test of the numerical method is done in reference 
conditions and the results are summarized in (Table 
2). We can notice that the values of the selected 
dynamic criteria of comparison (U V⁄  , 
position of U  and  ψ  ) are very close when we 
change the mesh and the size of the domain to 
another. For heat transfer, we studied the influence of 
the increase in the number of nodes in the direction  
Oy ; the curves of the local Nusselt number for 
different meshes are practically coincident (Fig. 3 
curves 1, 2, and 3). 
Therefore, both dynamic and heat transfer tests 
confirm our use of the node number (91x91) for the 
mesh and the size of the computational domain 
(21X x21X ). 

Table 2: the Values of Dynamic Criteria for the Different Sizes 
of the Computational Domain and Different Mesh. 

 

Fig.3. Evolution of the local Nusselt, number on the 
width of the total computation domain and for different 

mesh sizes. 
 
III. RESULTS AND DISCUSSION 
 
3.1. Dependence of the Nusselt number 
For small differences between the initial temperature 
of the fluid jet and the temperature of the heated 
surface, the variations of the quantity 
Nu (Re . 	Pr . )⁄  on the heated surface obtained for 
different Reynolds values are shown in Fig. 4. The 
superposition of the (curve 2) Re = 375 and (curve 
3) Re = 550 confirms the dependence Nu =
f(Re . Pr . ) for high Reynolds number. The same 
dependence of the Nusselt number was noticed in 
previous studies for the round jet [1, 8].      

 
Fig.4. Variation of the quantity 퐍퐮 (퐑퐞ퟎ.ퟓ	퐏퐫ퟎ.ퟒ)⁄   , on the 

heated surface as a function of  퐑퐞. 
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3.2. Evolution of the non-isothermal jet 
Our calculations are carried out by varying the 
independent parameters around the reference point. 
The selected cases are presented in Figs. 5, 6 and 7. 
In case (a), the parameters are those of the reference 
state. In cases (b) and (c) the conditions are the same 
as in (a) except the temperature T  and height H X⁄ , 
respectively. 

 

 

 
Fig.5. Streamlines obtained for different parameters. 

On Figs. 5(a) and (b) which correspond to H X⁄ = 1, 
we notice in the domain and on the outside of the 
nozzle, the presence of recirculation caused by the 
depression. The center of this depression is located on 
the wall of the impact surface and in the vicinity of 
the end of the heated surface at x X⁄ = 10. The 
recirculation zone is open laterally at the domain 
border thus entraining the cold ambient air. When T  
increases it approaches the Oy axis and extends 
longitudinally under the action of buoyancy. This 
recirculation constitutes a barrier to the spread of the 
jet in the vicinity of the heated surface, so the 
streamlines of the flow of the jet detach from the 
heated surface and while separating from the heated 
surface, they spread in the Ox direction. Indeed when 
we increase the temperature T  for the same Reynolds 
number, buoyancy forces are more predominant as 
compared to the forces of inertia. The same 
detachment was observed for a round jet [4].     
In Fig. 5(c) which corresponds to H X⁄ = 6, we can 
notice that the recirculation phenomena are not 
observed for greater heights, because the jet flow is 
greatly reduced on the heated surface. 
In Fig. 6(c) which corresponds to H X⁄ = 6 we can 
notice that the isotherms are almost parallel to the 
heated surface due to the preponderance of natural 
convection which generates a temperature gradient 
developing mainly in the Oy direction. 
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Fig.6. Isotherms obtained for different parameters. 

 
From Figs. 7(a), (b) and (c), we notice a depression 
outside the nozzle which extends nearly until the 
domain border where the pressure is ambient. The 
absolute value of depression varies inversely with the 
height H X⁄  and directly with T  . In Fig. 7(c) which 
corresponds to  H X⁄ = 6, we see that the change in 
the fluid pressure in the whole domain is very low. 
The notable absence of recirculation is related to the 
low absolute value of the indicated depression.                                                                                                                                                                          
In Figs. 7(a), and (b) which correspond to H X⁄ = 1, 
we can notice at the upper region of the domain high 
pressure the cells formed under the action of 
buoyancy on the fluid of the jet, in the Oy direction. 
The pressure in these cells increases as the 
temperature T  increases. 

 

 

 
Fig.7. Isobars obtained for different parameters. 

 
3.3. Influence of the Reynolds number on heat 
transfer 
In Fig. 8 we observe an increase in the Nusselt 
number Nu  the center of the heated surface, where 
the forced convection is more important with 
increasing Reynolds number.                                                                           
In Fig. 9 the curves 1, 2, 3 and 4 show that the heat 
transfer depends on the location on the heated 
surface. From the point of stagnation onwards, the 
heat transfer increases by forced convection, but 
decreases due to the inertia forces along the heated 
surface which increase head losses. While 
approaching regions remote from the  Oy axis, the 
buoyancy forces become more preponderant over the 
inertia forces and therefore the influence of natural 
convection becomes more important in the periphery. 
The analysis of the curves shows that when the 
number Re is greater than 10, the Nusselt number 
Nu  is the maximum for the entire domain. While for 
very low Reynolds numbers, the normalized Nusselt 
number (Nu Nu⁄ ) significantly increases in the 
periphery of the heated surface, because of the 
increased heat transfer by natural convection. The 
natural convection is generated by the entrainment of 
the ambient air which is colder in this region. 

 
Fig.8. Evolution of the local Nusselt number  퐍퐮ퟎ in the center 

versus Re. 
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Fig.9. Evolution of the normalized local Nusselt number 
(퐍퐮 퐍퐮ퟎ⁄ )  on the heated surface versus Re. 

 
3.4. Influence of impact height on heat transfer 
In Fig. 10 we notice a significant influence of the 
height H X⁄  on Nusselt number Nu . Upon exiting 
the nozzle, when the height H X⁄  is small, the heat 
transfer is increased by the acceleration of the lateral 
velocity of the jet flow. Conversely increasing H X⁄  
causes a weakening of the jet flow in the vicinity of 
the surface and therefore the Nusselt number Nu  
decreases.  
 
In Fig. 11 and for the very low impact height as 
shown the curve 1 (H X⁄ = 0.5), we note that there 
is a region around the center where the Nusselt 
number Nu increases above Nu  . For greater impact 
heights, i.e. H X⁄ > 0.5  the relative importance of 
heat transfer (Nu Nu⁄ ) increases with H X⁄  in 
regions which are remote from the Oy  axis while it 
decreases in the center of the heated surface. We infer 
that the heat transfer in the central area is favored by 
small values of the impact height, i.e. by approaching 
the nozzle to the heated surface. 

 

Fig.10. Evolution of the central Nusselt number 퐍퐮ퟎ as a 
function of  퐇 퐗ퟎ⁄ . 

Fig.11. Variation of the normalized local Nusselt number on 
the heated surface as a function of  퐇 퐗ퟎ⁄ . 

 
3.5. Effect of the heated surface temperature on 
heat transfer 
In Fig. 12 we notice the increase in the Nusselt 
number Nu  in the center of the heated surface when 
the temperature T  is increased.  Indeed for a fixed 
Reynolds number, increasing the temperature of the 
heated surface T  leads to an increase of the heat 
transfer by natural convection because the 
temperature difference (T − T ) increases. 
In Fig. 13 we observe in the central area near the 
stagnation point, the weak influence of the change in 
T  on heat transfer. The relative importance of the 
local heat flux increases with temperature T  in 
regions which are remote from the Oy axis. This 
results from an increased ambient fluid entrainment 
by recirculation in these regions. The ambient fluid 
being colder than the fluid of the jet. 

Fig.12. Evolution of the central Nusselt number 퐍퐮ퟎ as a 
function of Ts. 

Fig.13. Variation of the normalized local Nusselt number on 
the heated surface as a function of  퐓퐬. 
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3.6. Influence of Froude number on heat transfer 
The jet being directed downwards, the movement 
generated by natural convection occurs in the 
opposite direction. The relative importance of natural 
convection compared to forced convection is 
estimated by the constant G = Gr Re⁄ , Gr indicates 
the Grashof number, which is a function of the 
Froude number Fr. The constant G can be rewritten 
as: G = (1 Fr⁄ ) ∆ρ ρ⁄ , which for an ideal gas 
becomes  G = (1 Fr⁄ )[(T − T ) T⁄ ] . 
In Fig. 14 we observe an increase of  Nu  with G 
when G is small. Indeed for very small values of G, 
the movement generated by natural convection is 
small compared with the jet flow; the heat transfer is 
therefore increased by forced convection which is 
more important. However for values of G higher than 
0.1137, natural convection weakens the flow of the 
jet because of the preponderance of buoyancy forces 
over the inertia forces. This slowdown in the jet flow 
near the impact surface consequently reduces the heat 
transfer and Nu  decreases rapidly with G.  
In Fig. 15 we see the superposition of curves at 
different Froude numbers. The evolution of the 
normalized Nusselt number (Nu Nu⁄ ) remains 
practically independent of the Froude number Fr, in 
the region of the computing domain that extends from 
0.1 up to 50. The similar evolution of the number 
(Nu Nu⁄ ) relative the Froude number is also 
observed for the round jet [8]. 

Fig.14. Evolution of the central Nusselt number 퐍퐮ퟎ as a 
function of  퐅퐫. 

Fig.15. Variation of the normalized local Nusselt number on 
the heated surface as a function of	퐅퐫. 

CONCLUSIONS 
 
We have developed a computer code in a two-
dimensional space by considering all physical 
properties as variables. 
 
This code allowed us to solve the problem of heat 
transfer in an impacting, unconfined laminar jet 
configuration. The distance which separates the 
nozzle from the heated surface and the width of the 
nozzle are small as compared to the impact surface 
length. 
 
For high Reynolds numbers and small differences 
between the initial temperature of the fluid jet and the 
temperature of the heated surface, we found that the 
Nusselt number is a function of the square root of the 
Reynolds number. The influence of parameters such 
as the Reynolds number and Froude, the heated 
surface temperature and the distance between the 
nozzle outlet and the heated surface are important in 
the dynamic of parietal flow on the heated surface. 
 
The amount of heat exchange between the fluid and 
the heated surface varies depending on the resulting 
relative preponderance of buoyancy and inertial 
forces and the location on the heated surface. The 
results of our calculations show that the heat transfer 
is improved by a high Reynolds numbers as well as 
small distances between the nozzle exit and the 
heated surface. 
 
However the increase in the Reynolds number 
appears more effective than the reduction of the 
distance nozzle-heated surface. 
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