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Abstract - Cooling by impingement jet is known to have a significant high heat transfer rate which make it widely used in 
industrial cooling systems. This research paper numerically investigates heat transfer characteristics on an isothermal flat 
surface using computational fluid dynamics for orthogonal and inclined impinging jets. Four jet-to-target distances (H/D), 2 
and 8 respectively were employed in this study. In addition, two jet angles (α) of 45°, 60° and 90° using air as working fluids 
were also employed in this study.  A full analysis of the effect of both turbulence models and mesh sizes is reported for all jet 
to target distances and jet angles.  This paper should help understanding the flow physics in jet impingement problems. The 
numerical values were validated against the experimental data of O’Donovan, 2007. This research paper investigates not only 
the effect of jet-to-target distances but also the effect of changing jet angles on the flow physics under the influence of 
Re=10,000, 20,000 and 30,000. 
 
Index Terms - Heat Transfer, Jet Impingement, Inclined Jet, Orthogonal Jet 
 
I. INTRODUCTION 
 
The complexity of impinging jet flow makes the heat 
transfer from the surface subjected to such flow 
multifaceted and difficult to resolve. However, a range 
of jet configurations and parameters have been 
investigated in terms of both heat transfer and fluid 
flow. Gardon and Akfirat [1] discussed the importance 
of turbulence in determining the heat transfer 
performance of impinging jets. Wang, et al. [2] 
investigated, numerically, fluid flow behavior of 
single jet jet impingement on a flat plate for different 
jet flow speeds, nozzle diameters, jet inclined angles 
and jet-to-target spacings. Their study has been found 
useful for ultra-fast technology (UFC). The fluid flow 
dynamics and structure of such processes is very 
complicated and Computational Fluid Dynamics 
(CFD) methods were used to compute the fluid flow 
pressure and velocity fields based on conservation of 
mass, momentum and energy. Katti, et al. [3], 
conducted an experimental study using wall static 
pressure distribution measurements when a single row 
of circular jets impinged on a cylindrical concave 
surface. Their study also included pressure 
sensitivities to different surface curvature ratios, 
jet-to-jet distance, and jet-to-plate distance. They 
concluded that the peak pressure maximum occurs at 
00 curvature (flat plate) and decreases along the 
curvature at 300 and 600. Lin, et al.[4] , 
experimentally investigated heat transfer and fluid 
flow behavior of a confined slot jet impingement. They 
concluded the entrainment of ambient air due to the jet 
alone is insignificant at low jet Reynolds number (Re 
= 1226). Below this Reynolds number, flow was 
considered laminar with turbulence intensities less 
than 5% on the jet centerline at the nozzle exit. At 

higher Reynolds number, the flow becomes 
transitional/turbulent with higher turbulence intensity 
levels. Like other reported results, Lin, et al., 
identified that jet Reynolds number significantly 
impacted on flow stagnation and local and average 
Nusselt numbers. The ratio of jet spacing to 
impingement distance to nozzle width did not 
significantly affect these heat transfer characteristics. 
-Frost, et. al.[5], conducted an experiment using liquid 
crystal thermography and Laser-Dopper anemometry 
to quantify the effects of nozzle geometry variations 
and semi-confinement on the nozzle jet potential core 
at flows for which Re = 22,500. Variations in the 
potential core were then further investigated to 
identify the effect on the heat transfer rate magnitude 
and distribution on the plate surface. Li et. al.,[6] 
conducted an experimental study of jet flow structure 
for the special condition of an airfoil located inside the 
potential core region of a planar jet. Inside the 
potential core, the experiment was set-up so that the 
highly unsteady jet shear layer did not impinge 
directly on the airfoil’s leading edge. The results 
showed that at low airfoil angle of attack (i.e. α < 200) 
no oscillation was observed. However, when the angle 
of attack reached 300, the jet-airfoil impingement flow 
structure exhibited self-sustained oscillations. The 
oscillating unsteady airfoil wake induced oscillations 
in the jet shear layer at a rate like the airfoil vortex 
shedding frequency . Both volume flow rate and 
momentum thickness were found to increase due to 
this flow oscillation. Using arguments based on 
absolute/convective linear stability theory, it was 
suggested that this induced flow oscillation was 
closely correlated to the mean velocity of the potential 
core region. 
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II. NUMERICAL SETUP 
 
A schematic representation of circular jet 
impingement is shown in Figure 1. A schematic 
representation of circular jet impingement is shown in 
the figure. An orthogonal jet impinges on an 
isothermal flat plate kept at a constant temperature of 
60 ºC, where the nozzle exit velocity is obtained from 
the jet exit Reynolds number. All geometry 
dimensions are normalized by the nozzle hydraulic 
diameter (D=13.5 mm). The flow parameters in this 
simulation are; the jet exit Reynolds number, Re, 
obtained from jet hydraulic diameter (D), the jet exit 
velocity (U), the normalised jet-to-target distance 
(H/D), and finally the normalised vertical distance 
between the flat plate and the nozzle exit, (H/D). The 
chosen values of these parameters are Re=10,000, H/D 
=4, 6 and 8 and, the angle of impingement is 90º 
(orthogonal). The mesh was designed using grid 
refinement to resolve the wall boundary layer. A 
structured hexahedral mesh was employed to maintain 
domain orthogonality; afterward, it was further 
refined in regions of large temperature, pressure, 
velocity and turbulence gradients to attain a stable 
numerical solution. The value of y+ was kept as unity 
for the near-wall cells with at least 10 nodes inside the 
viscous sub-layer as recommended by [7]. 

 
Figure 1: Geometry, boundary conditions, and grid for an 

orthogonal jet impingement 
A. Model Validation 
When you submit your final version, after your paper 
has been accepted, prepare it in two-column format, 
including figures and tables. In the past years, two 
types of turbulence models have been developed to 
predict the turbulent flow; the eddy-viscosity model 
and the Reynolds stress transport model. This 
numerical study uses the eddy-viscosity model. Fluent 
ANSYS v16.2 has both RNG k-ε and SST k-ω 
variations of this turbulence model, both of which 
have been found to be accurate in predicting results for 
this type of numerical investigation. Thus, an initial 
test run was performed using these two models and the 
RSM turbulence model to evaluate their relative 
prediction ability. The distribution of the local Nusselt 

number along the pre-heated impingement surface 
was compared with the experimental data of 
O’Donovan and Murray [8] for H/D=6 and α =90º, see 
Figure 2  The RNG k-ε turbulence model shows better 
overall agreement with the experimental data, and 
succeeded in predicting the local Stagnation point 

Nusselt number (  ) with an error of only about 
1.7% . However, both SST k- ω and RSM models 

overestimated  by an error of 18 % and 21% 
respectively. Moving in radial direction, the RNG k-ω 
turbulence model gives, overall, a more accurate 
prediction of local Nu values. Unfortunately, none of 
the models discerned the slight trough in the 
experimental results at r/D ~ 2, which gave rise to the 
small maximum at r/D ~ 3. Based on this evaluation, 
this turbulence model was selected to be used for this 
parametric study. 

 
Figure 2: Turbulence model study. H/D=6, Re=10,000 

B. Orthogonal jet impingement 

Figure 3 shows typical results obtained from 
simulation of a normally impinging jet with H/D =2. 
Thus, the impingement surface is situated within the 
jet core potential region. There exists a stagnation 
region at or close to the geometric centre within which 
the local velocity normal to the plate is negligible, and 
the surrounding flow moves radially outwards over 
impingement surface. 

Fig
ure 3:Velocity and turbulence intensity contours for Re=10,000 

and H/D=2 
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Also shows the field turbulence intensity profile with a 
maximum value at the shear layer outer edge. Moving 
outwards from the stagnation region close to the jet 
flow wall are local regions of high turbulence 
intensity. 
According to Gardon and Akfirat [1] ,at distances 
greater than 1.5 jet diameters above the impingement 
surface, the free jet is predominantly not disturbed. On 
this basis, if H/D = 2, the differences between a free jet 
and an impinging jet will be in the region 1.5<y/D<2. 
Hence, for the current studies, a numerical simulation 
was obtained for the region 0.5 < y/D < 2 and this is 
shown in Figure 4. 

 
Figure 4: Comparison of a free jet flow with an impinging jet 

flow, Re=10,000, H/D=2 
The simulated heat transfer rate was found to depend 
significantly on H/D spacing, see Error! Reference 
source not found.Figure 5  for simulations at 
Re=10,000, H/D = 2 and 6, which as explained in 
Section 4.2.3, are within and beyond the jet core 
potential region. At H/D = 6, there is penetration of 
the shear layer into the jet centreline which results in a 
reduced velocity at the centreline whilst the turbulence 
intensity sharply increases. Using the given 
parameters for the simulation, the Nusselt number at 
the stagnation point was predicted. At the stagnation 
point, the flow is not actually stationary since there is 
velocity fluctuation in a radial direction, but this flow 
is assumed stagnant based on average time 
considerations. As the flow is not stagnant per se, 
mixing is taking place on a continuous basis due to the 
influx of relatively cold fluid which maintains a 
temperature difference. Using time averaging reduces 
the contribution of these fluctuations. Hence, the heat 
transfer at the stagnation point occurs due to the 
combined effects of both temperature difference and 
time varying velocity. It is seen that the simulated 
Nusselt number increases to a maximum at the 
stagnation point. 

 
Figure 5: Nu as a function of normalized radial distance for free 

jet, for H/D = 2 and 6, Re=10,000 and α = 90° 

At H/D =2, Nu increases in a radial direction between 
the stagnation point and at radial distance of 
approximately r/D=0.5, though this value does depend 
on H/D and Reynolds number. A second maxima is 
observed at approximately r/D=2.5. Three causes have 
been proposed for these peaks, the peak at r/D=0.5 
occurs due the change in the flow radial velocity as it 
travels radially from the stagnation point. When the 
jet deflects after hitting the surface, it accelerates 
rapidly but at greater distance the spreading of the jet 
causes its velocity to diminish. Golden and Akfirat [1] 
, explained the increase in Nu at r/D=2.5 as a result of 
the change in flow boundary layer from laminar to 
turbulent as the jet speeding from the deflection zone. 
This mechanism does not apply at large H/D or 
impingement jets that are fully developed where a 
fully turbulent boundary layer flow exists in the 
stagnation region. 
The position of the maximum at r/D = 2.5 coincides 
approximately with the point where toroidal vortices, 
which form in the shear region around the 
circumference of the jet, strike the plate as highlighted 
in the flow visualization carried out by Popiel and 
Trass [9] at y/D = 1.2 and 2. Popiel and Trass [10]  
suggested that the vortices cause a pulsation in the jet 
that is responsible for the synchronized appearance of 
the next toroidal vortex around the entire nozzle 
circumference. They also show that ring-shaped 
eddies are formed in the wall jet at approximately the 
point where the toroidal vortices reach the plate. 
At H/D = 6, we also see from Figure 6  the maximum 
Nu occurs on the stagnation point due to the jet being 
penetrated by the shear layer at this distance of the 
nozzle above the heated surface. Hence, on the plate, 
the turbulent flow velocity profile is increased 
significant. The heat transfer diminishes with 
increasing radial displacement because the flow 
velocity at the plate decreases. It is obvious that as H/D 
increases the relative magnitude of the secondary peak 
in Nu decreases. This continues until the secondary 
peak ceases to exist. Schlunder et. al. [11],found that, 
the maximum  And the maximum turbulence 
intensity occurring at H/D=7.5. Works presented in 
the literature specifically that of Goldstein and 
Behbahani [12] have highlighted that fact that, at the 
stagnation point, the value of Nu is a local minimum. 
However, this normally applies where nozzle to plate 
spacing is low, and/or Reynolds number is critically 
high and this is normally applicable only to jets of low 
turbulence. Finally, Error! Reference source not 
found. shows also that the distribution of local heat 
transfer is independent on H/D beyond radial distance 
r/D≥4 agreeing with results reported by Goldstein et 
al. [12] and [13]. 
The concept of area averaged heat transfer can be 
better understood with the wider range of plots shown 
in Error! Reference source not found.. Generally, 
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the higher the Reynolds number the higher the area 
averaged heat transfer. Secondary peaks occur only at 
lower spacing and they are more noticeable as 
Reynolds number increases. This is maybe due to the 
difference potential core length for both cases of 
H/D=2 and 6 at larger jet velocities. 

 
Figure 6: Nu as a function of radial distance for an orthogonal 

impinging jet α = 90°, Re = 10, 000, 20,000 and 30,000 and H/D = 
2 and 6 

 
C. Inclined jet impingement 

 
Figure 7 and figure 8. 

 

Figure 7: Nu as a function of r/D for an obliquely 
impinging jet; Re = 10000, H/D = 2 and 6 and α = 45°, 
60°, and 90°present simulated results for the oblique 
impingement of a circular jet on a flat plate. In each 
case, the Nusselt number is plotted as a function of 
normalized radial distance (r/D) from the 
impingement point. 
H/D = 2 and 6, for an obliquely impinging jet. It can be 
clearly seen that the peak heat transfer ceases to exist 
at the geometric center, and the profiles are 
asymmetric with distinct differences in the uphill and 
downhill directions, which increase as the 
impingement angle moves away from normal. When 
the angle between the impingement surface and the jet 
increases, the displacement is increased (note this is 
[900 - α). This is in agreement with the already 
described concept of stagnation point displacement as 
explained in Section 4.2.3. For large values of H/D the 
profile shows the maximum heat transfer moves in an 
uphill direction and, as would be expected, the 
displacement is greatest for smallest α. There is a 
rather rapid decrease in Nu in the downhill direction. 
At both spacings, secondary peaks occur in downhill 
directions for both inclined angles except for α=60º 
which has two peaks for lower H/D. For lower H/D=2, 
the lowest angle has better overall heat transfer 
especially in the uphill direction. This is not the case 
for H/D=6, where the highest inclined angle produces 
more overall heat transfer in the downhill direction. 
When the jet impingement is at an angle away from 
the normal a proportion of the jet flow transforms into 
a wall jet (flow parallel to the plate) some of which 
flows in the downhill direction. Hence, the wall jet 
boundary layer development usually takes the 
direction of the downhill pattern. In instances where 
the angle of impingements is smallest (α = 450), the 
uphill direction jet wall is significantly reduced and 
hence, the heat transfer can be neglected for short 
radial displacements relative to the stagnation point. 
Figure 8 (a) and (b) presents simulated results for Nu 
with H/D = 2 and 6, respectively, for three Reynolds 
numbers, Re = 10,000, 20,000 and 30,000, and α = 
450, and shows that the magnitude of Nu increases 
with increase in Reynolds number but that the position 
of the stagnation point does not change significantly 
with change in Reynolds number. For H/D = 2 the 
simulated results show a major peak at r/D ~ -1, and 
secondary threshold peak occurring between 4 < r/D < 
5. These secondary peaks become more pronounced at 
higher Reynolds numbers. This phenomenon is also 
similar for normal jet impingements which are 
characterized by the fact that the jet is accumulatively 
delayed thereby building large Reynolds number.  
Therefore, for a particular H/D setting there will be 
variations in heat transfer distribution over the 
impingement plate with change in geometric and jet 
flow parameters. 
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For H/D = 6 the maximum (peak) heat transfer occurs 
at r/D ~ -0.5) corresponding to an indirect variation in 
Nusselt number distribution slope. In Figure 8 (b) 
there are secondary heat transfer peaks in the downhill 
direction, and, again, the magnitude of these peaks 
increase with Reynolds number. 

 

 
Figure 7: Nu as a function of r/D for an obliquely impinging jet; 

Re = 10000, H/D = 2 and 6 and α = 45°, 60°, and 90° 
 

 
Figure 8:Nu as a function of radial distance for an obliquely 

impinging jet α = 45º, Re = 10, 000, 20,000 and 30,000 and H/D = 
2 and 6 
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