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A computational fluid dynamics (CFD) investigation to determine the conjugate heat 
transfer (CHT) effect on the stagnation and local thermal characteristics due to an 
impinging process has been carried out in this study using STAR-CCM+ - Siemens PLM 
commercial code. The transient Navier-Stokes’s equations are numerically solved using 
a finite volume approach with k-ω SST eddy viscosity as the turbulence model. A fully 
developed circular air jet with different Reynolds numbers, impinging vertically onto a 
heated flat disc with different metals, thicknesses, and boundary heat fluxes are 
employed in the current study to examine the thermal characteristics and provide an 
enhanced picture for the convection mechanism that used in jet cooling technology. It 
is found that the thermal characteristics are influenced by the thermal conductivity and 
thickness of the target upon using air as a cooling jet. The CHT process enhances the local 
convective heat transfer at the fluid-solid interface due to the variation in transverse and 
axial conductive heat transfer inside the metal up to a certain redial extent from the 
stagnation region compared to the process with no CHT. The extent of the radial 
enhancement depends on the thermal conductivity of the metal. For a given thermal 
conductivity, the CHT process acts to increase the temperature and convective heat flux 
of the stagnation region as the metal thickness increases. 
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1. Introduction 
 

Impinging jets provide an effective means to transfer energy or mass in many industrial 
applications. A directed liquid or gaseous flow released against a surface can easily transfer large 
amounts of thermal energy between the impingement target and the fluid. Jet impingement is 
characterized by very low thermal resistance and is relatively simple to implement. In many 
applications, the conventional cooling requirements are limited by other restrictive factors such as 
available space, coolant selection, local environmental conditions, and maximum allowable surface 
temperature. All these restrictions can be eliminated by using jet cooling technology. 

Nasif et al., [1-3], Steven and Webb [4], Lee and Lee [5], and Liu et al., [6] have extensively studied 
the thermal and flow characteristics associated with liquid jets impinging on surfaces. These studies 
are in relatively good agreement with one another. The maximum heat transfer coefficient (HTC) due 
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to the jet impingement occurs in a small region around the stagnation region [3]. Nasif et al., [1] have 
used CFD simulations to show that for a given Reynolds number, the temperature distribution on the 
impinging surface will be more uniform for larger nozzles compared to smaller nozzles. Smaller 
nozzles provide more efficient convective cooling in the region around the stagnation region, while 
the larger nozzles cool the surface more uniformly. Experiments were performed by Liu et al., [6] to 
study the characteristics of an impinging turbulent jet onto a fixed surface subjected to constant heat 
flux, using different nozzle diameters and a wide range of Reynolds numbers. The investigations 
showed an obvious dependence of the stagnation zone Nusselt number on Reynolds number, Prandtl 
number, and velocity gradient and less dependency on the nozzle to plate spacing. Haidar et al., [7] 
carried out an experimental and numerical study of the heat transfers in a rotating disk with an 
impinging jet. The disk is cooled using the impingement of an eccentric air jet. They revealed that for 
a fixed jet Reynolds number, the local Nusselt number is increasing compared to the fixed disc and it 
was a function of rotational velocity and radius of the disc. The effect of adding air into water jet flow 
for heat transfer enhancement was investigated for impinging jets by Aroonrujiphan & t Nuntadusit 
[8]. It was found that the volumetric fraction of 0.2 gave the maximum heat transfer enhancement 
of about 33% compared to the case of the water jet. Furthermore, the increase of volumetric fraction 
in the range between 0.2 - 0.7 will act to decrease the average Nusselt number. 

Zhu et al., [9] investigated the wall effect on the HTC of an impinging jet. They concluded that the 
conjugate heat transfer (CHT) approach redistributes the boundary heat flux and changes it from a 
uniform heat flux 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 
Nusselt number (Nu), indicating a decrease in the local Nu as the thermal conductivity of the solid 
decreases. Bouafia et al., [10] performed a numerical study to evaluate the effect of the CHT on heat 
transfer. In this study, the problem of conjugate natural convection in a square porous cavity 
saturated with Al2O3/H2O in the presence of two isothermal cylindrical sources was investigated 
numerically. The results show that the average Nusselt number increases when the conductivity ratio 
raises. Furthermore, the heat exchange reduces with the increase in the solid portion thickness, but 
it becomes constant for the thick wall at a higher value of thermal conductivity ratio. Mensch & Thole 
[11] used a conjugate heat transfer approach to account for the combined 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 the 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. Hussien et al., [12] investigated the entropy generation due to 
the conjugate heat transfer process in a porous cavity. Three different cavities with finite walls 
thickness and heat source locations are considered in their study. They revealed that the strength of 
the fluid flow and the convection heat transfer is directly proportional to Rayleigh number (Ra), 
thermal conductivity (κ), thermal source length, and cavity aspect ratio (AR), while they are inversely 
proportional to cavity walls thickness. 

In all previous studies, the effects of the nozzle size, jet Reynolds number, nozzle-to-target 
distance, and working fluids on the thermal characteristics were extensively investigated. However, 
the conjugate effect has not been adequately addressed in these studies. The CHT model was 
developed after computers came into wide use to substitute the empirical relation of proportionality 
of heat flux to temperature difference with heat transfer coefficient. Conjugate heat transfer is a 
crucial issue in many engineering problems, which can be examined in different ways. Analytical 
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approaches generate good results to identify the main parameters of the problem and to verify the 
codes. However, the applications of the analytical methods are restricted to very simple 
configurations [13-15]. Experiments, which are an alternative approach to the analytical methods, 
are considerably expensive and cannot be relied on in the industry. The modern computational CHT 
was developed after computers came into a broad 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 computational method involves coupling the conduction in the solid and 
convection in the fluid to predict the HTC at the interface. The coupled approach is more reliable and 
common than a decoupled solution [16]. In the computational 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 temperature 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 interface. The iteration process continues until the solution is obtained with suitable accuracy. 

The objective of this study is to numerically investigate the effect of the conjugate heat transfer 
method on the problem thermal characteristic due to an impinging jet process. For this end, CFD 
simulations of fully-developed circular air jets impinging orthogonally on a heated flat disc with 
different heat fluxes and thicknesses of 0.0, 5.0, and 10.0 mm are employed in the present study. The 
thermal characteristics, i.e., local and stagnation Nusselt numbers, temperature profile, convective 
heat transfer, etc., are compared for the different cases in this investigation. 
 
2. Methodology  
 

Figure 1 shows the computational domain with relevant boundary conditions. The cases are 
simulated using STAR-CCM+ - Siemens PLM commercial code with an unstructured polyhedral mesh. 
The major advantage of polyhedral cells is that they generally have many neighbours, so gradients of 
the variable at cell centres can be much better approximated compared to other mesh types. 
Polyhedrons are also less sensitive to stretching than other mesh types, i.e., tetrahedrons, which 
results in better mesh quality leading to improved numerical stability of the model. In addition, 
numerical diffusion is reduced due to mass exchange over numerous faces. This leads to a more 
accurate solution achieved with a lower cell count [17]. The solid part in the computational domain 
is created by extruding the interface to a certain thickness (for the CHT simulations) as shown in 
Figure 1. The governing equations for transient analysis include continuity, momentum, and energy 
equations. Each of these equations can be described in a general way by the transport of a particular 
scalar quantity ϕ, represented in a continuous integral form as [18-20] 
 
𝜕

𝜕𝑡
∫ 𝜌𝜙𝑑V

0

CV
+ ∮ 𝐧. (𝜌𝜙𝐮)𝑑𝐴

0

𝐴
= ∮ 𝐧. (𝛤𝜙𝛁𝜙)𝑑𝐴 +

0

𝐴
∫ 𝑆𝜙

0

CV
𝑑V       (1) 

 
where CV is the control volume, 𝐴 is the surface area of the control volume, 𝐧 is the unit outward 
normal vector to the surface element 𝑑𝐴, 𝐮 is the velocity vector and 𝜌 is the density. The terms in 
Eq. (1), from left to right are, the rate of change the property 𝜙 in the control volume, the rate of 
change the property 𝜙 due to the convection flux across the boundaries of the control volume, the 
rate of change the property 𝜙 due to the diffusive flux across the boundaries of the control volume, 
and the source term. The source term in Eq. (1) contains the effects of the pressure gradient and all 
types of body forces. The set of transport equations is obtained by selecting appropriate expressions 
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for the diffusion coefficient 𝛤∅ and source term 𝑆𝜙 and setting the variable 𝜙 in Eq. (1) to velocity 

vector components for momentum equations, and i for energy equation, where i is the internal 
energy of the fluid or solid. The integral form of the mass conservation equation can also be obtained 
from Eq. (1) by setting 𝜙 = 1 and the source term 𝑆∅ = 0.  

Grids independent study was carried out in the earlier stage to select the optimum mesh count. 
The criteria for choosing the cell count in the current study are based on the validation process, i.e., 
the numerical results for many grids and many parameter settings were checked and compared with 
experimental results. Prism layers are clustered at the jet trajectory and the fluid-solid interface to 
better resolve the wall effect, producing a dimensionless wall distance value of y+ < 3.0 at the solid-
fluid interface. First-order implicit time marching and second-order spatial differencing are used to 
discretize the governing equations, within a finite volume framework. The k-ω SST eddy viscosity 
model has been selected as the turbulent model in this study. The CHT is used to couple the heat 
transfer solution between fluid and solid. The time step for the simulations was set at 1x10-3 s with 
twenty internal iterations. Pipe nozzle sizes of d = 25.0 mm, with nozzle-to-target distance h/d = 6.0 
and various bulk velocities at 20°C, are used in the study. The fully-developed velocity profile at the 
nozzle exit is extracted from a separate simulation and mapped at the nozzle exit as shown in Figure 1 
to ensure a fully developed velocity profile, pipes with a length to diameter ratio of 𝐿 𝑑⁄ = 50 are 
used in separate simulations. The effect of the conjugate heat transfer (CHT) is investigated by using 
three different materials, i.e., copper (Cu), aluminium (Al), and stainless steel (316SST). The thermal 
properties of these materials are given in Table 1. Two plate thicknesses (tp) are used in the study, i.e., 
5.0 mm and 10.0 mm while different heat fluxes are employed in the simulations as a thermal boundary. 
The heat fluxes (qB) between 500 and 5000 W/m2 are used as thermal boundary conditions in this study 
and are applied at the bottom of the disc in Figure 1. The subscripts (B) and (T) will be used in this study 
to represent the heat fluxes at the bottom (constant heat flux boundary) and the top (convective heat 
flux at the interface) surfaces of the plate, respectively. The computational results of the CHT simulations 
are compared with each other and with the computational results from the jet impingement with no 
CHT, i.e., plate with zero thickness, to investigate the conjugate effect on the HTC. In the current study, 
the computational results are considered to have converged when the continuity, momentum, and 
energy scaled residuals fall below 10-6. 
 

 

 
 

Section in the computational domain 
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Fig. 1. Computational domain with relevant boundary conditions 
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Table 1 
Physical properties of the investigated metals 
 Density 

ρ (kg/m3) 
Thermal Conductivity 
κ (W/m. K) 

Specific Heat 
cP (J/kg. K) 

Thermal Diffusivity 
α (m2/s) 

Copper (Cu) 8940 398 386 1.2E-04 
Aluminum (Al) 2702 237 903 1.0E-04 
Stainless Steel (316 SST) 7990 15.4 500 4.0E-06 

 
3. Validation 
 

The normalized local Nusselt number from the numerical simulations is compared with 
experimental data [5] at different radial locations (r) from the stagnation region as shown in Figure 
2. In this figure, the Nu0 and Nu represent the stagnation region and local Nusselt number, 
respectively. The local Nusselt number (Nu) is normalized using the stagnation Nusselt number (Nu0), 
while the radial direction is normalized by the diameter of the nozzle. The Nusselt number is 
calculated based on the nozzle diameter and the air temperature at the nozzle exit, i.e., 20 ˚C. Three 
jet Reynolds numbers for nozzle diameter of d = 25.0 mm and h/d = 6.0 are used in the validation 
process, i.e., Re = 5000, 15000 and 30000. The validation process is performed by neglecting the 
conjugate effect to mimic the experiment setup [5], i.e., the jet impinges a flat plate with zero 
thickness and qB = 1000 W/m2. The difference between the computational and experimental results 
increases with the Reynolds number. It is shown that the computational model can reproduce the 
experimental data with a maximum difference of less than 10% for Re = 30000. Therefore, the 
present simulations can satisfactorily predict the heat transfer performance of the impinging jet. The 
validation process was also performed for h/d = 4.0 and 10.0; the results were comparable to what is 
shown in Figure 2. 
 

  
 

 
Fig. 2. Comparison between computational and experimental results at h/d = 6.0 
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4. Results  
 

In this section, the jet Reynolds number of Re = 20000 and nozzle-to-target distance at h/d = 6.0 
are used as sample operating condition to present the results. The case of no CHT process is used as 
the benchmark to evaluate the relative thermal performance of various conjugate scenarios. When 
the solid plate has a finite thickness, the conductive heat transfer inside the solid influences the 
convective heat transfer from the plate surface. The CHT process will act to redistribute the uniform 
boundary heat flux inside the solid and make a difference not only at stagnation but also in the local 
Nusselt number. As the plate thickness (tp) increases, the thermal resistance (R) in the radial direction 
(𝑅𝑟 α 1 𝜅. 𝑡𝑝⁄ ) decreases, while the thermal resistance in the axial direction (𝑅𝑎α 𝑡𝑝 𝜅⁄ ) increases. 

Here, the subscripts r and a represent the radial and axial directions, respectively. Therefore, the 
conductive heat transfer in the radial direction towards the impingement region, which acts as a heat 
sink, increases with the plate thickness, while the axial conductive heat transfer towards the surface 
(interface) decreases as the plate thickness increases. The boundary heat flux will not remain uniform 
at the interface as in the case of plate with zero thickness due to the conjugate effect. In the 
convective heat transfer problem that involves a CHT process, the HTC profile at the interface 
depends on the thermal properties and thickness of the plate besides the other flow parameters. 
Figure 3 shows the conjugate effect on the normalized local Nusselt number (Nu/Nu0) profile of the 
jet impingement process. In this figure, two heat fluxes of qB = 1000 & 1500 W/m2 are used as a 
thermal boundary condition to present the results. For all disc materials that were used in the 
simulation (see Table 1), the Nu/Nu0 profiles deviate downwards from the one with no CHT process as 
shown in Figure 3(a). The thermal conductivity of the metal has an effect on the CHT process and 
subsequently on the normalized Nu/Nu0 profile. The profile is shifted up towards the profile with no 
CHT as the metal thermal conductivity decreases (316SST). This can be attributed to that the radial 
and axial thermal resistances of metal with lower thermal conductivity approaches to the case of 
plate with zero thickness, i.e., ∞ and 0, respectively. The value of the parameter (1 𝜅. 𝑡𝑝⁄ ) which 

influences the thermal resistance in the radial direction in 5.0 mm disc is 0.5, 0.85, and 13.0 K/W 
corresponding to Cu, Al, and 316SST, respectively. While the value of the parameter (𝑡𝑝 𝜅⁄ ) which 

impacts the thermal resistance in the axial direction in 5.0 mm disc is 1.25E-05, 2.10E-05, and 3.25E-
04 m2.K/W corresponding to Cu, Al, and 316SST, respectively. The effect of the disc thickness is 
presented in Figure 3(b). The conclusion that can be drawn from this figure is that the disc thickness 
has an insignificant effect on the Nu/Nu0 distribution for the cases that are used in the current study 
with the air jet. The normalized Nusselt number profiles are comparable for Cu and Al metals due to 
their alike thermal characteristics as shown in Figure 3. 
 

 
(a) 

 
(b) 

Fig. 3. The effect of (a) metal type, (b) metal thickness on the conjugate heat transfer (CHT) 

0.0

0.5

1.0

0.0 1.0 2.0 3.0 4.0

N
u
 /

 N
u

0

r/d

Surface (0.0 mm)
Cu
Al
316SST

tp = 5.0 mm

0.0

0.5

1.0

0.0 1.0 2.0 3.0 4.0

N
u
 /

 N
u

0

r/d

Al: 5.0 mm

Al:10.0 mm

316SST: 5.0 mm

316SST:10.0 mm

qB = 1500 W/m2



CFD Letters 

Volume 13, Issue 10 (2021) 25-35 

31 
 

In the current simulation, the effect of the thermal boundary condition and CHT on the Nu0 have 
been investigated as shown in Figure 4. In this figure, three heat fluxes, i.e., qB = 500, 1000, and 1500 
W/m2 are used as a thermal boundary condition at the bottom surface of the disc. The fluxes at the 
bottom (qB) and the convective fluxes at the top of the disc (qT) are identical for jet impingement onto a 
plate with zero thickness, i.e., qB = qT. In jet impingement problems, the difference in the Nu0 is more 
obvious at higher heat fluxes for the CHT process compared to plate with zero thickness. The stagnation 
Nusselt number is comparable for all metals when the boundary heat flux (qB) is small, i.e., qB = 500 
W/m2. This indicates that CHT has a small influence on stagnation Nusselt number when the boundary 
heat flux value is small. The Nu0 profile that implies a CHT process approaches the one with no CHT 
process as metal thermal conductivity decreases (316SST). Another observation that can be drawn 
from Figure 4 is that the Nu0 decreases monotony with the increase of the boundary heat flux in metals 
of high thermal conductivity (Al and Cu). This indicates that temperature at the stagnation region rises 
at a rate faster than the increase in the convective heat flux (qT0) as the boundary heat flux (qB), where 
qT0 is the convective heat flux at the stagnation point. The conjugate effect will enhance the energy flow 
towards the stagnation region and increase its temperature. Contrary to this, the Nu0 slightly increases 
and becomes nearly steady at qB = 1000 W/m2 with the increase of the boundary heat flux in metals with 
a low thermal conductivity as shown in Figure 4.  

 

 
Fig. 4. The effect of the CHT process on stagnation region Nusselt 
number (Nu0) 
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given for the same operating conditions, i.e., qB = 1500 W/m2 and Re = 20000, but different metals. The 
convective heat flux (qT) profile becomes more uniform as Ra → ∞, and more nonuniform as Ra → 0 
with distinct maxima at the stagnation region. The local convective heat transfer profile at the solid-
fluid interface drops below the uniform profile with no CHT process at the transverse location of r/d 
= 6.0 in Al and Cu metals and r/d = 8.0 in 316SST metal as shown in Figure 5. This is attributed to the 
energy flow or diffusion to the stagnation region (see Table 1 for thermal diffusivity α) is comparable 
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This will increase the axial conductive heat transfer compared to Al and Cu metal. Therefore, the local 
convective heat flux will be enhanced up to r/d = 8.0 in 316SST compared to no CHT process as shown 
in Figure 5.  

 

 
Fig. 5. The effect of the CHT process on local convective heat flux, 
tp = 5.0 mm 
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Fig. 6. Effect of the boundary heat flux (qB) and CHT on the stagnation region 
convective heat flux (qT0) 

 
The effect of the CHT process on the minimum disc temperature (Tmin) is illustrated in Figure 7. In 

this figure, two thicknesses are used over a wide range of boundary heat flux (500 – 5000 W/m2) to 
investigate the combined effect of thermal boundary and CHT process on the Tmin. The CHT acts to 
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completely agrees with the results discussed for qT0 in Figure 6. The qT0 will not change significantly 
with Cu metal. This will act to maintain Tmin nearly constant for Cu as disc thickness increases. 
However, there is noticeable increase in qT0 for Al as shown in Figure 6, which acts to increase Tmin for 
Al as disc thickness increases.  
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(b) 

Fig. 7. The effect of the CHT process on disc minimum temperature (a) disc tp = 5.0 mm, (b) disc tp = 10.0 
mm 
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following results are the main conclusions from the current study 
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i. The CHT process is governed by both components of the metal thermal resistance, i.e., the 

radial and axial thermal resistance of the target. 
ii. The metal type has a significant effect on the CHT process. The Nu/Nu0 profile is shifted 

downwards from the one with no CHT as the thermal conductivity of the metal increases. 
iii. For a given boundary heat flux, the stagnation region Nusselt number (Nu0) decreases as the 

thermal conductivity of the metal increases. The decrease in the Nu0 is more obvious at higher 
heat fluxes. The Nu0 value for all metals becomes comparable as thermal boundary heat flux 
approaches zero.  

iv. The CHT process enhances the local convective heat transfer at fluid-solid interface up to a 
certain redial extent from the stagnation region compared to the process with no CHT. For a 
given thickness, the extent of heat transfer enhancements depends on the thermal conductivity 
of the metal. 

v. At the stagnation region, the thickness is more dominant than thermal conductivity on 
thermal characteristics for metal with low thermal conductivity. Contrary to this, thermal 
conductivity is more dominant than the thickness on thermal characteristics for metal with 
high thermal conductivity. The influence of the thickness becomes negligible when the 
thermal conductivity of the metal approaches infinity. 

vi. The CHT process acts to increase the minimum temperature at the stagnation region. For a 
given thickness, the temperature increases with the metal thermal conductivity, while for a 
given thermal conductivity, the temperature of the stagnation region increases with the 
thickness. 
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