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Abstract 
 
This research investigates the fluid flow and heat transfer characteristics for the effect of multiple swirling 
jets impinging on a heated plate. In this regard, numerical simulations were performed for the inline-type jet 
arrangement using ANSYS v16.2. Governing equations for turbulent swirl flows were solved by coupled 
algorithm whereby turbulences are described by SST k-ω model. The analysis is studied for Reynolds number 
Re = 11600 and swirl number 0.74 at impingement distances equal to 1, 2, 3 and 4 times nozzle diameter. The 
numerical results showed that impinging distance has a significant effect on both heat transfer and fluid flow 
characteristics. In case of low impinging distance (H=1D) swirling effect was dominant and the strong 
recirculation zones resulted in a higher heat transfer from the heated surface. With the increase of 
impingement distance, the turbulent kinetic energy reduced significantly near the heated surface. It was 
evident that for higher impingement distance (H=4D) the effect of swirl was greatly reduced resulting in a 
lower heat transfer from the heated surface. 
 
Keywords: CFD, Heat Transfer, Impinging Jet, Swirl, Turbulence.   

 

1. Introduction 
 
Impinging jets are widely used in cooling and heating applications. Moderate heat transfer rate of 
impinging jets increased its applications substantially and also gained popularity among 
researchers. Impinging jet is used in gas turbine cooling, electrical equipment cooling, heating and 
also in textile industries. There are several factors which affect the heat transfer rate of impinging 
jets and complicate the phenomena. Zerrout et al. (2016) reported for a three swirling jet system 
that different jet configuration and impingement distance is significant for heat transfer of swirling 
impinging jet. Terekhov et al. (2018) alalyzed impinging jet flow for low Reynolds number and 
stated that maximum heat transfer occurs for low Reynolds number. So, among the factors 
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Reynolds number, jet diameter, impingement distance, jet-to-jet distance are found to be the 
important and may potentially alter fundamental behaviors when swirl is added to an impinging jet, 
which is the primary focus of the current study. In addition, Xu et. al. (2017) reported that thermal 
stress generated by non-uniform heating or cooling by conventional (non-swirl) impinging jet may 
induce rupture of the structure from excess stress generation. As such, it warrants further research 
so as to uniform heating or cooling can be achieved. To this connection, Markal (2018) performed 
experimental investigation on swirling co-axial impinging jet and found that better uniform heat 
transfer occurs with the increase of flow rate. This observation agrees with the previous 
experimental study on aerodynamic swirling jets by Ahmed et al. (2016), who also speculated more 
uniform heat transfer only at moderate swirling impinging jet. However, such uniformity in heat 
transfer is also significantly dependent on the impingement distance. So, further research on strong 
swirling jets or multiple swirling impinging jets may be required to improve the uniformity of heat 
transfer on the impingement surface. 
Existing literature includes investigations mainly on non-swirling impinging jets both for single jet 
or multiple jets. In contrast, multiple swirling impinging jets are very limited in the literature. 
Several swirl generating mechanisms had previously been tested for single jets, for example using 
geometric means i.e. twisted tape and block inserts, and aerodynamic. Nuntadusit et al. (2012) 
experimentally studied the effect of nozzle-to-nozzle distance in geometric swirling jets and found 
that multiple swirling jets provided higher heat transfer rate than conventional (non swirl) 
impinging jets. Again, Amini et al. (2015) numerically studied different jet-to-plate distance and 
twist ratios of inserts and found that for low impingement distance (H/D=2) swirling impinging jets 
provided lower heat transfer rate than conventional impinging jets. The opposing behaviors for 
geometrically generated swirl may be due to the variations of jet inlet from the swirl generating 
mechanisms and different impingement distance, which influences fluid interactions. Marzec and 
Pietal (2014) studied the effect of different nozzle geometries and found that installing features 
between adjacent jets may redirect the flow and improve the heat transfer characteristics for 
impinging jets. Recently, Ahmed et al. [2016] found single swirling jet is detrimental to surface heat 
transfer, particularly at larger impingement distances (H/D> 3). Several researchers suggested that 
single swirling impinging jets has benefit in terms of heat transfer intensity and uniformity over 
their non-swirling counterpart at higher impingement distances. At lower impingement distances, 
higher heat transfer rate is observed with the expense of large non-uniformity. Lee et al. (2002) 
suggests that the effect of single swirl is found to be beneficial only for a jet-to-plate distance 
(H/D=2) and for higher impingement distances the benefit of swirl flow is not evident. The likely 
jet-to-jet interactions in multiple swirling jets may affect such characteristics, as will be seen in the 
ensuing study.  
Ianiro and Cardone (2012) showed that multichannel nozzles have higher heat transfer at all 
impingement distances than single nozzle and have relatively higher peak at a lower jet-to-plate 
distance (H/D=2). They also reported that for non-swirling multichannel flow the heat transfer rate 
increases up to H=8D distance whereas the heat transfer rate of swirling jets decreases with an 
increase of the nozzle-to-plate distance.Aldabbagh and Sezai (2002) reported that for multiple 
impinging jets a peripheral vortex is generated around each jet and an up-wash fountain is also 
generated. He reported that the heat transfer is significantly affected by the nozzle-to-plate distance 
and jet-to-jet spacing doesn’t significantly affect heat transfer.Draksler et al. (2017) reported for 
multiple impinging jets in hexagonal configuration that jet-to-jet spacing of (s/D=2) helps to retain 
the characteristics of single impinging jet and the development of the fluid flow interactions alike it. 
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It appears that previous research on impinging jet is highly focused for conventional (non-swirling) 
single and multiple jets as well as single swirling jets, both aerodynamic (axial-plus-tangential flow 
mixing) and geometric (vane, inserts etc.). Relatively limited studies on multiple swirling jets are 
available in the literature whereby swirl is generated geometrically in majority of these studies. 
Some studies reported that such geometry-induced swirling jets are known to have negative 
impacts on heat transfer due to the inherent bluff-body, lack of control on swirl intensity and strong 
dependency of results on geometrical shape. As such, aerodynamic swirling jets may be considered 
to elucidate the exact effect of swirl on flow behaviors for multiple impinging jets, as investigated in 
this study. In this regard, numerical investigation is carried out to examine the fluid flow and heat 
transfer characteristics for various swirl intensities at a Reynolds number equal to 11,600 and the 
range of impingement distance 1D-4D. 
 
Nomenclature  

D        diameter of the nozzles (40 mm) h      heat transfer Co efficient (W/m2K) 

H        nozzle to plate Distance (mm) r      radial co ordinate (mm) 

q         joule Heating (W/m2) A      area of the impingement surface (m2) 

Nu       local Nusselt Number (Dimensionless) Z       axial co ordinate (mm) 

uN     spatially averaged Nusselt number X     ordinate of the impingement plane (mm) 

S        swirl Number (Dimensionless) Y      abscissa of the impingement plane (mm) 

Re      Reynolds Number (Dimensionless) Uc     velocity along centerline (m/s) 

Tw      heated wall temperature Ub     bulk velocity (m/s) 

 

2. Numerical Methodology 
 
Steady incompressible turbulent swirling impinging air jets are solved using RANS equations for 
mass, momentum and energy conservations. The generalized RANS equation for flow field and heat 
transfer is obtained as (Ahmed et al., 2017): 

( ) ( )
( ) ( )
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 (1) 
where,   ,   and S  represents the generalized variables, effective transport coefficients and 

source terms respectively. Different variables, effective transport coefficients and source terms 
used in the governing equations are available in Ahmed et al. (2017), and hence is not reported 
here for brevity. 
 
The turbulence closures associated with RANS approach are achieved via mean velocity gradients 
by the Boussinesq hypothesis using eddy viscosity and eddy thermal conductivity. The eddy 
transport coefficients are solved by SST k-ω turbulence model, which is considered to be effective 
for the prediction of near wall turbulence region. The Shear Stress Transport (SST) k-ω model by 
Menter and Egorov (2010) is: 
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In these equations kG
~

and wG  represent the generations of turbulence kinetic energy due to mean 

velocity gradients and specific dissipation rate . kΓ and  represent the effective diffusivity of k 

and  respectively. kY and ωY represent the dissipation of k and  due to turbulence. ωD represents 

the cross diffusion term, and kS and ωS are user defined source terms. Detailed expressions of these 

terms are available in the Table 1 of Ahmed et al. (2017). 
A finite-volume based software ANSYS Fluent v16.2 was used to solve the mean and turbulence 
quantities. An inline array of 17 circular nozzles with the same diameter D equally positioned (45o 
interval) in two circles (8 each) and one in the center is considered in this study. Inner and outer 
circle is located at a distance of 2D and 4D, respectively from the center. Swirling jets generated by 
any means emanated from these nozzles and impinges on a flat smooth surface located at a distance 
H. A quarter of the full 3-D model was considered for simulation due to the symmetric nature and to 

save the computational cost. The relative position of the nozzles, physical setup of the geometry and 
the numerical domain is shown in Figure 1. The radial extent of the numerical domain was 
sufficiently large i.e. 15D from the center to avoid the end effect to the region of interest. The 
pressure velocity coupling was implemented using the coupled solver algorithm with Green-Gauss 
Cell spatial discretization for gradients, PRESTO for pressure and second order upwind scheme was 
used for momentum, turbulent kinetic energy, specific dissipation rate and energy. All the residuals 

were set to 10-5 for accuracy except energy to 10-6.  

Fig. 2. Solution Domain and Boundary Conditions 

Fig. 1. Physical set up of the system 
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Unstructured triangular mesh is used with inflation at the impingement surface whereby 15 layers 
with growth rate of 1.2 is applied to capture near wall behaviors well. Fine mesh was generated 
near the axis and progressively coarser mesh in the radially outward direction. Mesh independency 
was performed with three mesh elements, namely 330470, 470010 and 596019, and the mesh 
consisting of 470k elements was found to be sufficient to predict numerical results, as increasing to 
higher mesh elements does not alter the results remarkably. 
Inlet conditions for the numerical simulation is taken from an experimental study of single swirling 
impinging jets where swirling is achieved by a nozzle that has the ability to provide non-swirling-
to-strongly swirling jets for the same flow rate (Ahmed et al. 2016). Introducing data from such 
swirl nozzle may help to see the exact scenario for the effect of multiple swirling jets on 
thermofluidic behaviors. Mean and turbulence quantities at the exit of the single swirl nozzle 
(Ahmed et al. 2016) were taken as the inlet in the current simulation. In this regard, experimental 
data for axial velocity (u) and tangential velocity (w) component as well as k and ω for a single jet is 
used for all nozzles. The fluid inlet temperature is set to ambient (300 K). Outlet boundary was set 
as pressure outlet. Periodic boundary conditions were applied at the two side surfaces of the 
domain, which were patch-controlled during meshing in order to impose periodic boundary. No slip 

boundary is applied at the impingement surface with constant heat flux equal to 1070 W/m2, 
similar to the experimental conditions. 
 
The swirl intensity is characterized by swirl number and the definition is similar to the 
experimental study (Ahmed et al. 2016) for consistency: 

   b

b

W
S=

U
,         (4) 

where Ub and Wb are the bulk axial and tangential velocity, determined by averaging velocity 
profiles across the nozzle diameter at the swirl nozzle exit as: 
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In this study, a swirl number S = 0.74 is considered that corresponds to a strong swirling jets where 
both axial and tangential velocities increases with radius and have a peak near the wall. Further 
detail of the profiles and explanations is available in Ahmed et al., 2016.  The local heat transfer 
coefficient h and Nusselt number are defined by: 

q
h=

T-TW

        (7) 

hD
Nu=

kair

        (8) 

In these equations Tw is the wall temperature, q is the net heat flux of the plate and kair is the 
thermal conductivity of the impinged air. The skin friction coefficient is defined by: 
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where w  is the wall shear stress. 

The current simulation is first validated against published literature (Tummers et al. 2004, 
Fairweather et al. 2002, Geers et al. 2004, Ahmed et al. 2016) for single jet. Fig. 3 presents the axial 

velocity (left) along the axis Uc (r=0, z) for H/D = 2 case and radial distribution of heat transfer 

(right) within r/D ≤ 2.0. The centerline velocity Uc is normalized by Ub . This bulk axial velocity is 
also used to calculate Reynolds number. The results generally are in good agreement with each 
other. The slight deviations among the velocity profiles may be due to the variations of different 
inlet boundary conditions, different nozzle diameters and plate dimensions. Similar to the velocity 
profiles, a good agreement is also found for Nu distribution and its magnitude, with a deviation 
from the experimental data at r/D > 1.5. This may be due to the intense flow mixing and turbulence 
in that region. Both velocity and heat transfer validation with existing literature showed the 
reliability and accuracy of the current simulation methodology.  
 

3. Results and Discussions 
 
3.1 Flow Field Characteristics 
 
Fig.4 presents the velocity streamline of array of swirling impinging jet at a symmetric plane y=0 
for various impingement distances H/D = 1, 2, 3 and 4. It is evident from the figure that several 
recirculation zones appear between two neighboring jets and around the each jet axis, with a strong 
recirculation around the central jet axis. For the smallest distance (H/D = 1), such recirculation 
zones had strong appearance, due to the jets have little space to move away and their interactions 
induce recirculation. It is worth noting here fountain creation with an upward movement due to the 
interaction of non-swirling jets (Geers et al., 2004) does not exist in swirling impinging jets. As the 
H/D ratio increases, it is found that these recirculation zones become weaker eventually tends to 
disappear for the highest H/D investigated, except the recirculation zone near the impingement 
surface around the central jet axis. The extent of which becomes larger with the increase of H/D. 
This is attributed to the tangential components of the jet which tends to move the fluid stream 

Fig.3. Comparison between the current result and experimental data for velocity and heat transfer 
distribution. 
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radially away with the increase of H. This causes a larger adverse pressure region around the jet 
axis. Beyond r = 5D, streamlines seem to have similar behavior regardless of the impingement 
distance, and sweep away in radial direction. It may be presumed from the results that due to 
decreased turbulence at higher H/D ratio the heat transfer rate may decrease accordingly. 
Fig.5 shows the pressure distribution on the impingement surface at various H/D. The same color 
scale is used for all the results to facilitate better explanations. The static pressure is found to be 
stronger only in the impingement region for the smallest H/D and more uniformly distributed at 
higher H/D. For small H/D, the jet has the maximum kinetic energy which essentially converts into 
pressure, and as the H/D increases fluid streams becomes weaker and spreads out. For 
conventional (non-swirling) impinging jet this uniform pressure distribution is not evident. 

 

Fig. 6 compares the co-efficient of skin friction (Cf) along any radial direction for various 
impingement distances (H=1D-4D). It appears that three maximum peaks around 1.5D, 3.5D and 
5.1D occur for the lowest impingement distance H/D=1. The first two peaks appear to be correlated 

Fig. 6. Co-efficient of skin friction distribution at various H/D for swirling jets 

Fig.4. Velocity Streamline for different H/D 
ratio at S=0.74 

Fig.5. Pressure contour for different H/D  
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with corresponding recirculation in those regions. Strong radial flows exist near the impingement 
surface underneath these recirculation zones, which may be the reason for the first two peaks. The 
third peak, however, resembles to the strong shear layer and mixing zones for a single swirling jets. 
With the increase of the impingement distance the peaks becomes weaker and tends to shift 
radially outward, which is correlated with the jets movement when H increases. The distributions 
for H/D=3 and H/D=4 are almost identical in nature and less significant in magnitude. This aspect 
corroborates well with the similar velocity streamline characteristics at these two distances.  
 
Eddy turbulent viscosity ( t ) is the key parameter in defining turbulence for two-equation models. 

As such, Fig. 7 presents the contour of eddy viscosity ratio ( /t  ) along the symmetric plane (y=0) 

for various H/D distances. At the smallest H/D, eddy viscosity confined to the jet interaction regions 
only, as at this distance the jets have minimum space to mix further before impingement. With the 
increase of H/D, the extent of the mixing region becomes larger and fluids streams interacts 
intensely, which is evident from the figures for H/D = 2-4, where eddy viscosity ratio significantly 
increases with H and near the impingement surface. A very weak viscosity ratio appears near the 
surface around central axis for all H, which is attributed to the lack of fluid streams in that region.  
 
Fig. 8 represents the turbulent kinetic energy, another important turbulence parameter, for swirling 
impinging jets at various H/D. The turbulent kinetic energy appears to be strong at small 
impingement distances, such as H/D =1 and 2. With the increase of impingement distance, 
turbulence is found to be scattered outward limiting its intensity. The effect of jet interaction is also 
found strong at small impingement distance. This aspect may significantly affect heat transfer, 
which will be discussed in the ensuing results. 
 

 

 

Figure 8 Turbulent Kinetic Energy for the 
effect of H/D at the same swirl and Reynolds 
number. 

Figure 7 Effect of impingement distance on 
eddy viscosity ratio at S = 0.74. 
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3.2 Heat Transfer Characteristics 

Fig. 9 depicts the local Nusselt number distribution along radial direction at the symmetric plane 
(y=0) on the impingement surface. The radial location of nozzle axis is also shown in the figure by 
vertical dotted line. It shows that heat transfer is minimum at the central axis (r = 0) region and 
maximum between the neighboring nozzles. Similar to the skin friction coefficient profiles at H/D 
=1, three peaks also appear at the similar radial locations i.e. 1.5D, 3.5D and 5.1D, which may be due 
to the strong radial flow corresponding to recirculation zone near the surface at those locations that 
causes increased heat transfer. At higher H/D, such similarities do not exist, and the number of peak 
reduces to two for H/D =2 and to one for H/D=3,4. Within the first two nozzles heat transfer is 
decreasing with the increasing H/D, which may be associated with the reduced velocity due to the 
larger travel distance of the jets. The peak Nu shifts radially away with the increase of H/D. The 
effect of H/D is found to be insignificant on local Nusselt number distribution beyond r/D=7. 
 

Fig. 10 shows the temperature contour of the heated impingement plate for different H/D. It is 
Fig. 10. Temperature Contour for various impingement distance 

 

Fig. 9. Local Nusselt number distribution for different H/D ratio at 
S=0.74 
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evident from the figure that maximum cooling was obtained for the lowest impingement distance 
below the nozzles and between the nozzles where a strong recirculation region exists. As the 
impingement ratio increases the temperature distribution of the wall becomes more uniform and 
cooling effect extends radially farther. It appears that there is a competition between the cooling 
and uniformity of heat transfer. The uniformity is achieved by the expense of cooling effect. 
 

Finally, Fig. 11 presents the area-averaged Nusselt number for the swirling flows at various H/D. 
For H/D=1, the heat transfer is found to be larger than other impingement distances, i.e. H/D=2,3,4 
with a percentage improvement of 29.58%, 53.8%, 71.27%, respectively. This result appears to be 

consistent with other results of this study. At higher impingement distance, kinetic energy of the jet 
and turbulence becomes weaker, and consequently less heat transfer occurs. 
 

4. Conclusion 
A numerical analysis is carried out to investigate the flow field and heat transfer characteristics of 
turbulent multiple swirling jets when strong swirl (S=0.74) is imposed through the nozzle at 
different impingement distances within the range H/D=1-4 at Reynolds number Re=11,600. In this 
case, RANS equations are solved coupled with SST k-ω turbulence closure via ANSYS Fluent v16.2. 
The results show that several recirculation zones appear between jets and the impingement surface 
that are found to be significant in fluid flow and heat transfer behaviors. For the smallest distance 
(H/D = 1), such recirculation zones had strong appearance, and they become weaker as H/D 
increases and eventually tends to disappear for the highest H/D, except the recirculation around 
the central axis which becomes larger with the increase of H/D. The static pressure is found to be 
stronger only in the impingement region for the smallest H/D and more uniformly distributed at 
higher H/D. Few peaks of skin friction coefficient is also predicted for H/D=1 which are found to be 
correlated with heat transfer peaks. With the increase of the H/D the peaks becomes weaker and 
tends to shift radially outward. As expected, better turbulence and flow mixing is achieved at higher 
H/D. A non-uniform but highly improved heat transfer is obtained at the smallest H/D, but 
relatively more uniform with reduced magnitudes is predicted at higher H/D. 
 

 

Fig. 11.Average Nusselt Number distribution for different H/D ratio at S=0.74 
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