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a b s t r a c t

A transient numerical investigation using the conjugate heat transfer (CHT) technique has been carried
out to evaluate the effects of boundary heat flux on the thermal characteristics due to the turbulent
air and water jet impingement process. For the water jet, the volume of fluid method is employed to cap-
ture the interface in the multiphase flow. It is found that the wall conduction may alter the prediction of
the fluid-solid interfacial thermal characteristics compared with that from a pure convection process. The
degree of influence depends on the working fluid, nozzle size, metal thermal conductivity, metal thick-
ness and boundary heat flux. The CHT approach tends to reorganize the uniform heat flux distribution
at the boundary to a non-uniform heat flux distribution at the fluid-solid interface. This is mainly attrib-
uted to the conjugate effect of the solid. For a given jet Reynolds number and boundary heat flux, the CHT
results reveal that the convective heat flux at the stagnation point is higher for the air jet than for the
water jet. Contrary to the non-CHT predictions, the interfacial temperature distribution is uniform for
metals that possess a higher thermal conductivity with the air jet and for all metals with the water jet.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Impinging jets provide an effective mechanism to transfer
energy and mass in various engineering applications ranging from
textiles to electronic components. Due to its high localized heating
and cooling rates, a turbulent jet of gas or liquid directed to the tar-
get can effectively heat up or cool down a particular region. The
heat transfer mechanism associated with the jet impingement pro-
cess has been studied, both experimentally [1–5] and numerically
[6–10]. The effects of the nozzle diameter, jet Reynolds number
and nozzle-to-target spacing on the thermal characteristics have
been thoroughly investigated in earlier studies. Nevertheless, there
are still other aspects that should be examined to provide an
enhanced understanding for the jet impingement process, e.g.,
the influence of the conduction and wall heat flux on the thermal
characteristics. The conjugate heat transfer technique is used in
the present work to investigate these aspects.

Many industrial applications are subjected to a strong thermal
interaction between fluids and solids. Analytical approaches can
generate good results to identify the main parameters of the ther-
mal interaction problem and to verify the numerical codes. How-
ever, the applications of the analytical methods are restricted to

very simple configurations [11–15]. Experiments are considerably
expensive and cannot be fully relied on in the industry. Modern
computational techniques, such as conjugate heat transfer (CHT),
were developed after computers came into broader application to
replace the empirical expressions of proportionality of heat flux
to temperature difference with heat transfer coefficient (HTC).
The state-of-the-art of the computational methods involves cou-
pling the conduction in the solid and convection in the fluid to pre-
dict the HTC at the interface. The coupled approach is more reliable
and more realistic than a decoupled solution [11]. In the computa-
tional CHT approach, two separate simulations are set up, one for
fluid analysis and another for solid thermal analysis. Assuming
the temperature distribution on the wall boundary, the fluid flow
problem is solved to determine the local HTC distribution on the
wall. The HTC distribution with the reference temperature is
applied to the solid thermal simulation to re-evaluate the temper-
ature distribution in the solid. The wall temperature distribution
predicted by the solid thermal analysis is fed back to the transient
flow simulation and applied as a wall boundary condition to re-
evaluate the modified HTC distribution at the fluid-solid interface.
The iteration process continues until the solution is obtained with
a suitable accuracy.

Zhu et al. [16] investigated the wall effect on the HTC of an
impinging jet. They concluded that the CHT approach redistributes
the boundary heat flux and changes it from a uniform heat flux
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boundary to a nearly isothermal boundary. The heat redistribution
is also driven by the non-uniform distribution of the HTC on the
impinged surface. The degree of heat redistribution is related to
both conductive thermal resistance in the solid and convective
thermal resistance at the interface. The study also revealed that
the CHT prediction may have a negative impact on the local Nus-
selt number (Nu), indicating a decrease in the local Nu as the ther-
mal conductivity of the solid decreases. Mensch and Thole [17]
used a conjugate heat transfer approach to account for the com-
bined effects of both internal and external cooling. The geometry
that was employed in the latter study is a turbine blade endwall
that includes impingement, film cooling and heat conduction
through the endwall. The conclusion from this study revealed that
internal HTC of impingement geometries is sensitive to geometric
parameters, while the average temperature of the endwall external
surface is not particularly sensitive to geometric parameters.

The flow field of the jet impingement process has been exten-
sively investigated in previous work [1–5]. Nevertheless, it is
worthwhile at this point to discuss the effect of the nozzle-to-
target parameter (H/d) on the local Nusselt number to justify the
selection of the H/d = 6.0 in the current study. Here H is the dis-
tance from the nozzle to the impingement plate and d is the nozzle
diameter. The effect of this parameter is well documented in [2] for
air jets using a nozzle size of d ¼ 25:0 mm. The study divulged that
at H/d = 2.0, the local value of Nu begins to increase from the stag-
nation point (Nu0) towards the primary maxima (Num) at the radial
location of the nozzle end-edge side. The Num represents the max-
imum Nusselt number in the local distribution of the Nu profile.
The Nu then decreases towards the transition zone to the local
minima. After this position, the Nu increases and reaches the sec-
ondary maxima due to the flow transition from a laminar to turbu-

lent boundary layer. After the secondary maxima, the Nu decreases
steadily into the wall jet region. The primary maxima in the Nu
profile might be attributed to the accelerating flow in the fluid film
and the interaction between the jet’s central core and wall at small
nozzle-to-target spacing [18]. As the nozzle-to-target parameter
increases to H/d = 4.0, the primary maxima Num is shifted towards
the stagnation point, while the secondary peak does not occur
clearly, but the tendency is maintained with nearly constant Nu
distribution at the transition zone. This indicates that the nozzle-
to-plate spacing H/d = 4.0 can be a threshold for the secondary
maxima to occur for air jets [2]. As the nozzle-to-target spacing
increases beyond the H/d = 4.0, the central potential core of the
jet will not reach the wall. The Num occurs at the stagnation region,
regardless of the jet Reynolds number. This results from the high
turbulent intensity of the impinging jet. The turbulent intensity
at the jet centerline continues to increase with the increase of
the H/d, which will enhance the heat transfer coefficient at the
stagnation point. For liquid jets, the velocity distribution
approaches a uniform profile when the nozzle-to-target spacing
increases, e.g., when H/d > 5.0 (for water), because the viscosity
tends to eliminate the radial gradients within about five diameters
downstream of the nozzle [19]. Therefore, the Num occurs at the
stagnation point for the water jet when H/d > 5.0. In the current
study, a nozzle-to-target spacing of H/d = 6.0 is chosen to provide
a unique location of the occurrence of the Num at the stagnation
point for both air and water jets. The maximum Nusselt number,
i.e., Num = Nu0 will be used as a normalized parameter to normalize
the local Nusselt number profile.

This research is part of an ongoing study to evaluate jet
impingement performance. A detailed analysis for the complex
flow field, including the velocity field and second-order statistics,

Nomenclature

A surface area of the control volume
C Courant number
CHT conjugate heat transfer
cp specific heat
D disc diameter
d nozzle diameter
H nozzle-to-target spacing
HTC heat transfer coefficient
h heat transfer coefficient (HTC)
h0 heat transfer coefficient at the stagnation point
i internal energy
L pipe nozzle length
k turbulent kinetic energy
Nu Local Nusselt number = hd=j
Nu0 stagnation point Nusselt number
Num maximum Nusselt number
n normal vector
Pr Prandtl number = m=a
Prt turbulent Prandtl number
q heat flux vector
qb boundary heat flux
qi interfacial local heat flux
q0 stagnation point heat flux
Re Reynolds number of the jet = Vjd=m
Ra conductive thermal resistance in the axial direction
Rh0 convective thermal resistance at the stagnation point
Rtr conductive thermal resistance in the transverse or radial

direction
r radial distance measured from the jet axis
S; source term
t time

tp plate thickness
T temperature
Ti local temperature at the interface
Tj bulk temperature of the jet at the nozzle exit
T0 minimum temperature at the stagnation point
Tref reference temperature = Tj

U mean velocity vector
u instantaneous velocity vector
Vj bulk velocity at the nozzle exit
u� shear velocity =

ffiffiffiffiffiffiffiffiffiffiffiffi
sw=q

p
V control volume
y normal distance from the wall (or interface)
y+ wall non-dimensional distance = u�y=m
a thermal diffusivity = j=qcp
ai volume fraction of ith phase in the control volume
C; diffusion coefficient ðl or jÞ
Dt time step
j thermal conductivity
jeff effective thermal conductivity
jf fluid thermal conductivity
jm metal (solid) thermal conductivity
l dynamic viscosity
m kinematic viscosity of fluid = l=q
q density
sw wall shear stress
sw0 wall shear stress at the stagnation point
; transported scalar property
x specific dissipation rate
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