
    

HEFAT2014 
10th International Conference on Heat Transfer, Fluid Mechanics and Thermodynamics 

14 – 26 July 2014 
Orlando, Florida 

 

PARAMETRIC ANALYSIS OF THE HEAT TRANSFER IN IMPIMGING JETS  
 

Fernandes C. A., Loureiro J.B.R.* and Silva Freire A. P. 
*Author for correspondence 

Mechanical Engineering Program, 
Federal University of Rio de Janeiro, 

C.P. 68503, 21941-972,Brazil, 
E-mail: jbrloureiro@mecanica.coppe.ufrj.br 

 
 

ABSTRACT 
The paper shows how a phenomenological model can be 

constructed to develop a simulator that furnishes the dynamic 
and thermal properties of impinging jets in real time. The 
presented correlations cover a large range of flow conditions, 
are based on eleven different experimental data sets and furnish 
predictions for the local pressure distribution, mean velocity 
distribution, wall shear stress, temperature distribution and 
Nusselt number. The analysis considers that the flow properties 
can be determined in terms of gross parameters like the free-jet 
momentum flux, the free-jet heat flux per unit length and the 
wall heat flux. 

 
INTRODUCTION 

The simulation of industrial flows in real time provides 
obvious advantages for the implementation of control and 
automation systems in desired applications. One major 
problem, however, is the inherent difficulty in solving the 
Navier-Stokes equations. The non-linear and multi-scale 
character of high-Reynolds number flows makes any attempt at 
resolving the smallest dynamically important scales through 
direct numerical simulation an extremely difficult affair due to 
the very fine meshes and time steps that are required. In fact, 
even numerical approaches that resort to averaged equations 
and closure modelling are rendered impractical. 

Unfortunately, many problems of interest involve fluids 
with small viscosities and large velocities, so that turbulence 
effects are frequently present in their fullness and complexity. 
As an alternative to the absence of analytical solutions or to 
very expensive and sophisticated numerical schemes, 
experimental methods of investigation together with parametric 
analyses can many times define simple working rules and 
predictive mathematical relations. Of course, to some analyses 
this approach may not rely on formal derivations based on the 
first principles so that results must be interpreted with much 
caution. However, in many instances simple experimental facts 
can be used to construct general laws expressed in terms of 
parameters that reflect the main effects of the phenomenon 
under consideration. For example, phenomenological models 

for the turbulent boundary layer and the wall jet have been 
introduced by Sreenivasan [1] and Narasimha [2] respectively. 

NOMENCLATURE 

A,A1,A2 

B,B1,B2 

C1, C2 

cp 

D1, D2 

D 
H 
k 
n1, n2 

m1,m2 

Mj 

Nu 
P 
Pr 
qj 

qw 

r 
Re 
S1, S2 

Tj 

Tw 

U, u  
u 
x,y 
y0.5 

Parameters in velocity law of the wall. 
Parameters in temperature law of the wall. 
Parameters in power-law expressions. 
Specific heat. 
Parameters in power-law expressions. 
Nozzle diameter. 
Nozzle-to-plate distance. 
Thermal conductivity.  
Parameters in power-law expressions. 
Parameters in power-law expressions. 
Jet momentum flux (=DUj

2). 
Nusselt number (=hD/k). 
Pressure. 
Prandtl number (). 
Free-jet heat ux per unit length (= cpDUjTj) 
Wall heat flux. 
Radial distance. 
Reynolds number ((DMj)

1/2). 
Parameters in the free-jet far-field solution. 
Free-jet temperature. 
Wall temperature. 
Longitudinal velocity component. 
Friction velocity. 
Flow cartesian coordinates 
Position of the half-velocity. 

  
Greek symbols  


 


t 






 
 
Subscripts  
min 
max 
o 
w 

Thermal diffusivity (= k/(cp)). 
Parameters in Weibull distribution. 
von Karman's constant (=0.4). 
von Karman's constant, temperature profile (=0.44). 
Absolut viscosity. 
Mean value. 
Kinematic viscosity. 
Density. 
Standard deviation. 
Shear stress. 
r/D. 
 
 
Local minimum. 
Local maximum. 
External flow conditions. 
Wall condition. 
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The pressure over an impinging wall can then be obtained 
by the simple consideration, 

),(
2

1
)( 2 HrUrp j ,     (4) 

where H is the wall distance from the nozzle. 
 
Wall jet 

Regarding the velocity field, Phares et al. [19] proposed 
complete analytical solutions for the inviscid impingement 
region and the impingement boundary layer. In the wall jet 
region, however, predictions of the wall shear stress were 
provided by the empirical expression of Poreh et al. [6]. 

The wall jet region of an impinging jet was studied by 
Loureiro and Silva Freire [5] experimentally through Laser 
Doppler Anemometry and theoretically through the parametric 
approach suggested by Narasimha et al. [2]. The latter authors 
propose that at sufficiently large distances downstream of the 
issuing nozzle the flow dynamics is governed by the total 
momentum flux at the jet exit (Mj) and viscosity.  

A further proposition by Ozdemir and Whitelaw [16] 
suggests that a Weibull distribution, given by Eq. (5) can be 
used to represent the global features of the mean velocity 
profile with  = 1.32 and β = 0.73 and y0.5 = ymax/0.2495, so that 




































 5.0

1-

5.0

max

/
exp

/ yyyy

U

U .  (5) 

Ozdemir and Whitelaw [16] have also shown that near the 
wall a logarithmic velocity profile is observed with a level, A, 
that obeys a scaling law based on the stream-wise evolution of 
the flow characterized by its maximum velocity, Umax. Thus, 
according to Ozdemir and Whitelaw [16] the nozzle diameter is 
an inappropriate reference scaling.  

To describe the logarithmic velocity profile, Ozdemir and 
Whitelaw [16] proposed an expression of the form: 

A
yu

u

u













ln
1 , (6) 

with 

2
max

1 A
u

U
AA 



,      (7) 

where χ = 0.4, uτ denotes the friction velocity and A1 (= 0.962 
[5]) and A2 (= 8.987 [5]) are constants. 

The analysis of Loureiro and Silva Freire [5] has shown that 
the following parametric relations apply in the wall region of an 
impinging jet,  

1

21
max

m

j
e

j

rM

H

D
RC

M

U











 ,    (8) 

2

222

max

m

jj rM
C

My











,     (9) 

where C1, m1, C2 and m2 must be experimentally determined. 

Given Eq. (9), the quantity y0.5 can be determined from Eq. 
(5). 

To determine the friction velocity, Eq. (5) can be solved at 
say, the point yc = 0.8ymax to give Uc. The pair (yc,Uc) can then 
be substituted into Eq. (6) to find uτ. 
 
Temperature Field 

We propose that the heat transfer problem is governed by 
parameters qj (=cpDUjTj, jet heat flux per unit length) and qw 
(= wall heat flux) and that the following relation holds 

1

1)(
1

n

j

w

rej

jw

q

rq

D

r

PR
D

q

kTT












 ,    (10) 

where Re = (DMj)
1/2 , Pr =. 

Hence, given the flow dynamics and the wall heat flux, Tw 

can be found directly from Eq. (10). 
Most authors present their thermal data in terms of the 

Nusselt number (Nu  hD/k, h qw/(TwTj)). It follows 
immediately from Eq. (10) that 

1

1
1

n

w

j

j

w
reu rq

q

q

Dq

r

D
PRDN 


















  .    (11) 

Guerra et al. [9] have shown that the inner temperature 
profile follows a logarithmic solution, 

B
yu

t

TT

t

w 














ln
1 ,     (12) 

with 

2
min

1 B
t

TT
BB w 







 




,     (13) 

where B1  1.031 and B2 = 25.869. 
In the above equation, tτ is the friction temperature (= qw/ ( 

cp uτ )), uτ is the friction velocity (=(w)1/2) and t = 0.44. 
The data of Guerra et al. [9] also suggest that the 

temperature profile follows a modified Weibull distribution, 



























  


 5.0

1

5.0

min

/
exp

/ yyyy

TT

TT

w

w  

















1

5.0/ yy ,    (14) 

where, Tw = wall temperature, Tmin = temperature minimum in 
temperature profile, ymin = height of minimum temperature, σ, γ 
and ζ must be determined form the experiments, and the last 
exponential term has been added since as y  , T  Tj. 

The position of ymin is here considered to be given by 

2

2
min

n

j

w

j

w

q

rq
D

q

qy










 ,     (15) 

where D2 is constant. 
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