Al-Mansour Journal/ Issue( 26 ) 2016 (26) 2=l /) saaiall das

Numerical Investigation of Three Dimensional Laminar Jet
Impingement on Heated Plate Surface

*

Mohammed A. Al Rawaf, Ph.D,(lecturer) Adel H. Ayaal, Ph.D,(lecturer) **
Jalal M. Jalil,Ph.D,(Prof.)**

Abstract

A numerical three dimensional investigation is performed to study the
effects of the heat flux and Reynolds number on the local heat transfer
distribution on smooth flat plate surface impinged with normal air jet.
Reynolds number based on nozzle exit condition is varied between 1000
and 4000 and heat flux from 500 to 1000 W/m?.

The flow domain was studied by solving Navier Stokes equations by finite
volume while the conduction in the plate was studied by solving Laplace
equation. The results are expressed in terms of flow field and isotherm
contours. The temperature of the plate surface increases when heat flux
increases. The thickness of the thermal boundary layer and plate surface
temperature decreases when Reynolds number increases.
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Nomenclature

d diameter (m)

k conductivity

L domain height (m)
Nu Nusselt number

Pr Prandtl number
P pressure (N/ng
q heat flux ( W/m?)

Re Reynolds number

source term for discretization equation.
temperature (C)

wall temperature difference.

velocity in x direction (m/s)

velocity in y direction (m/s)

velocity in z dirction (m/s)

coordinate (m)

coordinate (m)

coordinate (m)

N‘<><§<tz—|(/)

Greek symbols

@ dependent variable used in discretization equation.
Tp diffusion coefficient used in discretization equation.
u dynamic viscosity (kg/m s)

0 density of the fluid (kg/m®)

Subscripts
h hydraulic
in inlet
s surface
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1.Introduction

The power consumption and heat dissipation from the electronic
components is very vital. The restrictions in both speed and size of the
electronic components compelled to upgrade the circuit design and
materials to decrease power dissipation considerably through cooling
technologies such as free convection and forced convection.

There are number of traditional cooling techniques are in use, major
traditional techniques are heat sink, heat sink with fan, heat exchanger,
heat pipes etc. These conventional methods have lot of limitations such as
low heat removal rate, space constraints in very small electronic
equipments. Therefore, an effective and efficient method for removing
heat is needed. Jet impingement cooling is an efficient method as it
provides high heat removal rate [1]. Jet impingement is one of the very
efficient solutions of cooling hot objects in industrial processes as it
produces a very high heat transfer rate through forced-convection. There
is a large class of industrial processes in which jet impingement cooling is
applied such as the cooling of blades/vanes in a gas turbine, the quench
of products in the steel and glass industries and the enhancement of
cooling efficiency in the electronic industry. Over the past 30 years,
experimental and numerical investigations of flow and heat transfer
characteristics under single or multiple impinging jets remain a very
dynamic research area [2]. Heat transfer rates in case of impinging jets
are influenced by various parameters like Reynolds number, jet-to-plate
spacing, radial distance from stagnation point, Prandtl number, target plate
inclination, confinement of the jet, nozzle geometry, curvature of target
plate, roughness of the target plate and turbulence intensity at the nozzle
exit. A large number of investigations have been carried out in the area
of jet impingement heat transfer over the years. Lytle and Webb [3]
studied the effect of very low nozzle-to-plate spacing (L/d < 1) on the local
heat transfer distribution on a flat plate impinged by a circular air jet issued
by long pipe nozzle which allows for fully developed flow at the nozzle exit
and found that in the acceleration range of the nozzle plate spacing (L / d
< 0.25), maximum Nusselt number shifts from the stagnation point to the
point of secondary peak and the effect being more pronounced at higher
Reynolds number. Lytle and Webb [4] focused their study on low nozzle-
to-plate spacing, and measured the heat transfer coefficient for distance of
6 diameters. Lee et al. [5] studied the effect of nozzle diameter on
impinging jet heat transfer and fluid flow. Anwarullah et al [6] presented
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experimental study of the effect of nozzle-to-surface spacing of the
electronic components and Reynolds number on the heat transfer in
cooling of electronic components by an impinging submerged air jet. The
results are expected to help the designers in coming up with more
effective designs for cooling of electronic components Nucer = 0.8 (Red)®®
(Pr)°% (H/d)*%. Vvadiraj and Prabhu [7] conducted theoretical and
experimental investigations for the local heat transfer distribution between
smooth flat surface and impinging air jet from a circular nozzle. They found
that an increase in Reynolds number increases the heat transfer at all
radial locations for a given radial distance. Amy and Sharareh [8]
conducted an experimental study on the influence of a protruding pedestal
on a single circular impinging air jet on heat transfer rate with different
Reynolds numbers, jet exit diameters and jet exit-to-surface distances.
They found that, at constant Reynolds numbers, the Nusselt number
increases due to increase in jet diameters. Puneet et al [9] performed an
experimental investigation to study the effects of the shape of the nozzle,
jet-to-plate spacing and Reynolds number on the local heat transfer
distribution to normally impinging submerged air jet on smooth and flat
surface. Jeevanlal and Kumar [1] presented an experimentally work to
investigate the heat transfer on a heated plate impinged with cold air jet.
Varied the nozzle exit to target plate distance (Z/D) and varied jet velocity
for obtaining six Reynolds numbers. Detailed reviews on jet impingement
cooling are presented by Jambunathan et al. [10], Viskanta [11] and
Zuckerman and Lior [12]. These reviews are mainly focused on the jet
impingement cooling of flat surfaces. Hollworth and Durbin [13]
investigated the impingement cooling of electronics, Roy et al. [14]
investigated the jet impingement heat transfer on the inside of a vehicle
windscreen and Babic et al. [15] used jet impingement for the cooling of a
grinding process.

In this paper, the lack of three dimensional numerical solution lead
to study the cooling of heated plate by a jet numerically. Finite volume will
be used to study the jet domain while finite difference will be used to
calculate the temperature of the plate. Different parameters will be studied,
Reynolds number based on nozzle exit condition will vary between 1000
and 4000 and heat flux from 500 to 1000 W.
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2.Numerical Formulations

This study focuses on a square air jet impinging at heated plate (30 cm x
03 cm x 30 cm), as shown in Figure 1. The plate is subjected to a constant
heat flux from below.
For the jet domain (30 cm x 30 cm x 30 cm), the flow is considered to be
incompressible, steady and three dimensional. The distance between the
nozzle exit and the plate surface is z, the flow within the inducer is
assumed to be steady incompressible three dimensional laminar flow. The
governing equations for three dimensional, steady, and laminar flow are
represented by continuity, momentum and energy equation as follow:
Continuity:

apu) , 3pw) | apw) _ 0
Ox oy 0z

x-direction momentum equation
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z-direction momentum equation
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In thermal energy equation the radiation heat transfer, the viscous dissipation,
pressure work and Joule heating are ignored, so the source term St becomes:

Sy =0 ©)
Boundary conditions:

Only quarter of the jet domain will be studied, so the boundary conditions are as
expressed as:

- At the right and left sides, % =0

0z
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- At the front and backward sides, Z—¢ =0
X
- At top y=L;v=vin, T=Ti
- At bottom y=0,u=0,v=0,w=0,T=T,

The SIMPLE algorithm by Patankar and Spalding [16,17] is applied to solve the
conservation equation of mass, momentum and energy by Finite volume. The
number of mesh was 24 x 24x 24.

For iron plate with conductivity 45 W/m C, Laplace equation was used to

calculate the temperature in the plate under the effect of heat flux from below
(500, 750, 1000 W/m?.

92T  d%T 33T
oxz Toyz Tz = 0 (©)

The Finite difference was used to find the temperature of the plate. A
subroutine for solving Laplace equation was inserted in main program, so
in each iteration of the main program, the temperature of the surface of the
plate was calculated and became boundary condition of the temperature
at y = 0 for the main program. The main problem in the calculation is the
value of the heat transfer coefficient between the plate and the jet domain.
Ref [18] empirical formula was used:

Nu - 116 R€n447P,0.333 (7)
Where,
Re = P Vindn , Nu = Eﬂ
u k
dn hydraulic diameter based on inlet jet area. A program in Fortran 90 was built to
solve the problem and the figures were plotted by software Tecplot7.
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3.Results and discussion

The results from fluid flow and heat transfer calculation of an impinging
air jet are presented and analyzed in this section. The fluid flow includes
calculating three components of the fluid velocity in a jet impingement
domain. The heat transfer includes calculating temperatures in the jet
domain and in heated plate. As detailed before, there are many
parameters that affect the heat transfer to an impinging jet including heat
flux and jet exit Reynolds number (Re). Results are presented for three
values of the heat flux (500, 750, 1000 W/m?) and four Reynolds numbers
(Re = 1000, 2000, 3000, 4000). Figure 2 shows isotherm contours for jet
domain for different Reynolds with g = 1000 W/m?. High Reynolds number
comes from high inlet velocity or high inlet area. High Reynolds number
forces the gradient in thermal field to become close to the surface of the
plate. Reynolds 1000 plot shows higher temperature gradient field while
Reynolds 4000 shows lower temperature gradient field. Figure 3 shows
isotherm contours for heated plate for different Re with g = 1000 W/m?2.
High Reynolds number shows lower temperature while low Reynolds
number shows higher temperature. The temperatures of different points in
the heated plate were very close because of the conduction effect. The
differences in temperatures were not more than 2 degrees. Figure 4
represents vector field in three planes for selective planes for Re = 1000
and g = 1000 W/m?. Three selective planes were chosen to shows the
existing main vector field. In the first and second plots, the main existing
vector field was the normal components, v, while the third plot shows the x
and z components, u and w because the v components turn into u and w
components as the jet hits the plate. Figure 5 shows the average plate
temperature variations with heat flux for different Reynolds number. The
average temperature of the plate decreases with Reynolds increases with
different values of the heat fluxes. Figure 6 shows the variation of the
average plate temperature with heat fluxes for different Reynolds number.
The temperature of the heated plate increases with heat flux increases.
Same behavior was observed for different Reynolds numbers.
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4.Conclusions

The temperature of heated plate was decided by heat flux and
Reynolds number.

The temperature of the heated plate increases with increases of
heat flux and decreases with increases of Reynolds number.
The whole points in the heated plate had close temperature
according to conduction effect.

The impingement area of the plate had lower temperature
relative to other points in the plate.

The thickness of the thermal boundary layer decreases with
Reynolds number increases.

The effect of plate temperature with Reynolds number
decreases as Reynolds number increases.

5.Future Works

e Study the effect jet angle.
¢ Non-uniform heating of the heated flux.
e Turbulent jet impingement.
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Jet domain

/

Heated plate q
Fig. 1 Schematic diagram of the problem
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Re =1000 Re =2000

Re=3000 Re=4000

Fig.2 Isotherms for jet domain for different Reynolds number
with g = 1000 W/m?
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Fig. 3 Isotherm contours for heated plate for different Reynolds number

with g = 1000 W/m?
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Fig. 4 Vector field in three planes for selective planes for Re = 1000
and q = 1000 W/m?
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heat flux.

§ [

£ :' ____________________

240k o

2 30fF I I
20F
10F
8070"“6(')0‘“"““"“560“‘1‘0'00

700 0
Heat Flux, \%ﬁmZ

Fig. 6 Plate temperature variations with heat flux for different Reynolds
number.
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