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ABSTRACT 
Impinging jets are used in a wide number of industrial cooling 

applications due to their high heat and mass transfer abilities. 

The current research is concerned with the effect of swirl on the 

heat transfer characteristics of jet impingement cooling. Two 

inserts were designed order to generate swirling flow. These 

two designs, “Swirl Insert A” and “Swirl Insert B”, were tested 

at various Reynolds numbers, between 8000 and 16000 

inclusive, and at H/D=0.5 and 1. The jet was directed 

downwards onto a 25µm thick stainless steel foil which was 

ohmically heated. Images were recorded using a thermal 

imaging camera focused on the underside of the foil. 

These images were then analysed using Matlab and the Nusselt 

number profile was obtained. 

It was found that, while both swirl inserts establish an 

improvement in the heat transfer by comparison to that of a jet 

with no swirl, the “Swirl Insert B” design performed better that 

the “Swirl Insert A” design for high Reynolds number at 

H/D=0.5 and consistently for H/D=1. It was also discovered 

that, while both the “No Insert” and “Swirl Insert B” results 

did not change dramatically with an alteration in H/D, “Swirl 

Insert A” decreased by ~10%. 

 

INTRODUCTION 
Impinging jets are used in a wide number of industrial cooling 

applications due to their high heat and mass transfer abilities. 

Such applications include the tempering of glass, cooling of 

turbine blades and thermal management of electronics in high 

power systems amongst others. 

Impinging jets are also quite versatile since they can be 

arranged in arrays to cover specific areas and shapes, their 

heights and impingement angles can be altered and the flow rate 

of the fluid can be changed. Furthermore, a degree of swirl can 

be incorporated in the flow 

Many different approaches have been taken into the 

understanding of the effect on heat transfer caused by different 

types of jet conditions; jet arrays, synthetic jets and swirling 

jets. 

The discussion and experimentation of the advantages of 

swirling jets over normal impinging jets has been around for 

many years. Over this period of time many different designs 

have been tested in order to initiate a swirling flow.  

Bakirci and Bilen [1] developed helical channels which were 

placed inside a hollow aluminium tube. These inserts caused the 

fluid flow to be divided up into four separate streams and then 

rotated along a centre column a specific number of times, 

depending on the swirl number. These designs did have a 

certain draw back; when the flow was divided up into four 

separate flows, they were not given the time to recombine into 

one single swirling flow. Thus at certain swirl numbers the 

flows act as a multi-jet array and as they impinged the surface at 

an angle, the heat transfer at r/D=0 was a lot lower than a non-

swirling impinging jet. 

Hee Lee et al. [2] attempted something quite similar to this also. 

They designed swirl generator inserts for a long straight pipe 

which involved a centre core with guide vanes along the outside 

to rotate the flow. This design gave results comparable to that of 

Bakirci and Bilen. At a distance of r/D=0, L/D=2 and large 

swirl angles the heat transfer was diminished by comparison to 

that of a jet with no swirl. However this would then surpass the 

non-swirl jet at r/D≈0.5. At higher values of L/D the higher 

swirl angled jets would perform worse than the non-swirl jet at 
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all values of r/D. Similar results were also found in experiments 

by Huang and El-Genk [3]. 

Kinsella et al. [4] used similar techniques in order to test the 

effects of swirl jets. The jet used had a contoured nozzle 

geometry and swirl generating fins were fixed inside. The fins 

caused a blockage in the centre of the jet which resulted in low 

heat transfer at the stagnation point. Aside from this, the 

average Nusselt number calculated from testing showed a 

constant increase over the three swirl angles tested. 

In a report by Owsenek et al. [5] a numerical comparison in 

heat transfer between applying a swirl flow axially and radially 

to an impingement surface is considered at Reynolds numbers 

below 1000. It was found that the axial swirling flow had a 

negative effect on the heat transfer capabilities in contrast to a 

non-swirling impinging jet. However when the swirl flow was 

applied radially the results showed an increase in the average 

and local Nusselt number over that of a non-swirling jet. 

Experimentation conducted by Atsushi et al. [6] for a Reynolds 

number of 4000 showed an increase in the local heat transfer 

coefficient as the swirl number of the swirl jet used increased. 

Alekseenko et al. [7] discussed the theory behind impinging jets 

and the advancement in the development of swirling jets. While 

they did not look at the heat transfer characteristics of a swirling 

impinging jet, they thoroughly investigated the structure of 

turbulent impinging jets. While using a fixed Reynolds number 

and jet nozzle height while varying the swirl rate, 2D PIV 

measurements were conducted and it was discovered that the 

swirling jet arrangements used showed a greater spread rate and 

a more rapid decay in absolute velocity in comparison to that of 

a non-swirling jet. 

 

The objective of the present study is to explore the influence of 

swirl on jet impingement heat transfer. In the first phase of the 

work, two swirl generating inserts are designed and preliminary 

data is reported for time averaged heat transfer. At a later stage, 

time resolved heat transfer and flow field measurements will be 

obtained for an optimal swirl configuration. 

NOMENCLATURE 
A  : The jet nozzle area [m

2
] 

D  : The diameter of the jet nozzle [m] 

I  : The current passing through the foil [A] 

k  : The thermal conductivity of air [W/m.K] 

Nu  : Nusselt Number 

q : The power applied to the foil [W] 

Q  : The volume flow rate of the air flow [m
3
/s]. 

Sn : Swirl Number 

Re  : Reynolds Number 

V  : The voltage across the foil [V]  

µ  : The viscosity of the air [kg/ms] 

ρ  : The density of the air [kg/m
3
] 

ν  : The kinematic viscosity of the air [m
2
/s] 

 

EXPERIMENTATION 
 

Theory 

To establish a swirling jet flow, separate insertions for addition 

to a conventional contoured nozzle geometry were designed and 

produced with guiding vanes corresponding to different swirl 

numbers.  The swirl number, Sn, of each jet was evaluated using 

the following equation put forward by Gupta et al. [8] and 

implemented by Alekseenko [7]: 
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where l is the height of the swirl generator; r and R are the inner 

and outer radii of the swirl generator and  θ  is the angle of the 

swirl fins. 

Unlike such designs as those from Bakirci and Bilen [1] and 

Lee et al. [2] where the swirl generators divided the flow into 

four separate streams, causing a blockage area, the generators 

used for this project allowed the streams to rejoin and a 

continuous flow emerge from the nozzle, similar to that used by 

Alekseenko et al. [7].  

In order to calculate the Nusselt number distribution the 

following equations were used.  

Using images from the thermal camera, the temperature of a 

heated foil is able to be extracted over a specific area. Two 

images are then used, representing the adiabatic and surface 

temperature, Tadiabatic and Tsurface respectively, to calculate the 

film temperature, Tfilm, which is in turn used to determine the air 

properties to be used in the corresponding equations. The 

equation: 

).("
adiabatic

T
surface

Thq −=  

is then used to estimate the value of the heat transfer coefficient, 

h, where q” is the heat flux of the foil and is established using: 

A

VI

A

q
q =="  

Having found the value for the heat transfer coefficient, the 

following expression is used to calculate the Nusselt number, 

Nu: 

k

Dh

DNu
.

=  

Each test is performed at a certain Reynolds number which is 

estimated using: 

µ
ρUD

D =Re  

where ρ is the density of air; µ is the viscosity of air; ν is the 

kinematic viscosity of air; U is the velocity; D is the nozzle 

diameter; A is the nozzle area. 
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For these preliminary measurements the assumption has been 

made that all the power applied to heat the foil is dissipated 

from the jet only. Thus, the heat losses from the foil through 

natural convection and radiation have yet to be quantified. 

Furthermore, lateral conduction is expected to influence the 

results in regions of large temperature gradients. A correction 

for this effect will be included in processing the final results. 

 

Experimental Rig & Instrumentation 

The rig consists of three major sections; the frame, Figure 1, the 

impingement surface, Figure 2, and the jet assembly. 

The frame is constructed from 40 x 40mm
2
 aluminium bars 

assembled in order to mount a flowmeter, Omega FMA-1600, a 

thermal imaging camera, Flir Systems
TM

 Thermovision
TM

 A40, 

the impingement surface and the jet assembly. 

The impingement surface, shown in Figure 2, is made of 

Perspex and includes an internal movable section on three linear 

sliding bearings. The clamp contains a stainless steel foil with 

an area of 150 x 190mm
2
 and a thickness of 25µm. The foil is 

clamped between two copper bus bars at each end, then at one 

end to the movable section (yellow section in image) and at the 

other end to the main outer clamp section (green section in 

image). Using a spring along with each of the slider bearings, 

the foil is kept taut at all times during testing. 

 

The stainless steel foil is connected at either end to an AC to 

DC power supply, Lambda GEN6-200, which provides a 

specified amount of current to pass through the foil. The current 

of the power supply, along with the foil resistance, determines 

the heat flux of the foil. The temperature of the foil is then a 

result of the heat flux in balance with the losses to convection, 

radiation, conduction to the ambient. 

 

The contoured jet assembly was created using a Dimension
TM

 

rapid prototyper from a previously designed setup for past jet 

based projects. The assembly is attached to the aluminium 

frame in a position above the foil which is also directly above 

the thermal imaging camera. The jet assembly is also attached 

to the air supply via four equal length tubes which are 

connected to a manifold joined to the main supply. 

 

Percentage Error & Uncertainty 

The 95 percent confidence uncertainty of the instrumentation 

used for testing was estimated for the worst case scenario 

percentage error. The values were calculated using known 

techniques outlined by Moffat [9]. These values are shown in 

the following table. 

 

Measurement Units Uncertainty % 

Re - 3.5 

q” W/m
2
 3 

h W/m
2
K 12 

Nu - 12.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Swirl Insert Designs 

Two options for swirl generators have been designed to date. 

The first of these designs, “Swirl Insert A” incorporated two 

sections to create swirl; radial guide vanes and a ‘+’ cross-

sectioned column located in the centre which has been twisted 

about its central axis and makes a certain angle with the 

horizontal. In the case of the insert designed, shown in Figure 4, 

the angle the centre section made is 45°. This centre section is 

designed to pass down into the curved part of the nozzle until it 

straightens. This was to ensure that the flow that passed around 

it in the four chambers would recombine before being expelled 

from the exit of the jet. This specific insert has a swirl number 

of Sn=0.67. The second design, “Swirl Insert B”, is a scaled 

down version of the first design without the centre axial section, 

Figure 5, and has a swirl number of Sn=0.22. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Impingement Surface 

Figure 1: Frame 

Figure 3: Elevation of Jet 
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PIV (Particle Image Velocimetry) 

 

 Figure 6: “Swirl Insert A” 

 

 Figure 7: “Swirl Insert B” 

 

Figures 6 and 7 illustrate the flow emerging from the jet nozzle 

for each of the scenarios involving each of the swirl inserts. 

These images were taken at a distance of 4cm away from the 

nozzle and the speed of the air ~12m/s.  

Over the sequence of images recorded, a distinct swirling 

pattern was noticed in the flow for each of the inserts, proving 

that both inserts had an effect on the jet. 

 

Testing Procedure 

Before tests began the air supply was activated and a steady 

flow was established corresponding to the Reynolds number 

required. Once the flow has stabilised a series of images are 

taken by the thermal camera of the foil and are displayed using 

ThermaCAM Researcher Pro 2.8 SR-1. Due to past 

experimentation it has been found that thirty images at a rate of 

60 images/second are sufficient to have an accurate 

representation of the surface temperature. These images are 

later averaged to give a single image of the temperature 

distribution of the foil which is then used to calculate the 

temperature difference between a heated and an unheated foil. 

Once this initial adiabatic test has been performed the power 

supply is turned on and specific current levels are used to heat 

the foil. The heated foil is then allowed to stabilise in 

temperature under the jet for several minutes before a test is 

recorded. These tests also acquire thirty images as with the 

adiabatic test and are subsequently averaged using Matlab. 

This Matlab code takes both of these averaged images and by 

comparing each cell, which contains the temperature of the foil 

at that point, in the image calculates the heat transfer 

coefficient, h, from the power input and the local temperature 

difference. The Nusselt number is the calculated. The images 

themselves are 320 x 240 cells in size, so at the centre 

coordinate, [160,120], the Nusselt number was averaged 

radially and the result graphed as Nu vs. r/D where r is the 

radius from the centre of the jet and D is the diameter of the jet. 

RESULTS AND DISCUSSION 

Before testing the various swirl inserts, tests of the jet without 

any insert were performed for comparison purposes. All tests 

have so far been conducted at H/D values of 0.5 and 1, where H 

is the nozzle exit to impingement surface spacing, seen in 

Figure 3.  

These tests have been conducted under similar situations; at 

flow rates at Reynolds numbers of 8000 to 16000 in increments 

of 2000 and jet heights as mentioned above. 

 

Figure 4: “Swirl Insert A” 

Sn=0.67 

Figure 5: “Swirl Insert B” 

Sn=0.22 
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Nusselt Number vs. r/D : No Insert @ H/D = 0.5
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 Figure 8: Nusselt Number vs. r/D for No Swirl at H/D=0.5 

 

Comparison of Jet Inserts @ Re = 8000 & H/D = 0.5
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Figure 9: Comparison @ Re=8000, H/D=0.5    
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Comparison of Jet Inserts @ Re = 12000 & H/D = 0.5
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Figure 10: Comparison @ Re=12000, H/D=0.5 

 

 

Comparison of Jet Inserts @ Re = 16000 & H/D = 0.5
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       Figure 11: Comparison @ Re=16000, H/D=0.5 
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H/D = 0.5: 

Jet with No Insert 

These initial tests produced interesting results. As we see from 

the graphs shown, the Nusselt number is at its highest between 

0<r/D<0.5 and then decreases as r/D increases.  

 

In many jet impingement studies, at low H/D the Nusselt 

number would peak at the centre of the jet and then begin to 

decrease with distance as with this design but usually at a 

distance of approx. 2-3 diameters away a secondary peak would 

appear due to the transition of turbulence in the flow, 

O’Donovan et al. [10]. However, the thermal boundary 

condition for this experiment is different to that of O’Donovan 

et al., so similar secondary peaks wouldn’t necessarily be 

expected, although the stagnation point should compare 

reasonably well. It is possible that the design of this jet could be 

affecting the local heat transfer distribution. This could be due 

to an element of confinement from the contoured nozzle 

geometry used here as evident from Figure 3. 

 

Jet with “Swirl Insert A” 

It was found with this insert that the Nusselt number peaks 

consistently at 0<r/D<0.1 point before decreasing as r/D 

increases. Increasing the Reynolds number leads to higher 

Nusselt numbers as expected. This trend is similar to the no 

swirl situation previously but in this case the values are slightly 

higher. 

 

Jet with “Swirl Insert B” 

As with the previous swirl configuration, we see the point at 

which the Nusselt number is a maximum is at the stagnation 

point at r/D=0, and then drops off as r/D increases. 

 

Comparison between Swirl Configurations and Jet with No 

Swirl 

From Figures 9 to 11 we can see the differences between both 

of the swirl jet configurations and the jet with no swirl, as well 

as which swirl insert performs better. 

 

From Figure 9 for a Reynolds number of 8000, we see that the 

Nusselt number distribution suggests that both swirl insert 

configurations have a positive effect on the cooling of the foil. 

This graph shows that “Swirl Insert A” has a better effect than 

“Swirl Insert B”. As the flow rate is increased to a Reynolds 

number of 12000, Figure 10, however the two insert designs are 

equivalent at the stagnation point. As the flow rate is raised to a 

Reynolds number 16000, Figure 11, the effect of “Swirl Insert 

B” on the cooling of the foil is greater than that of “Swirl Insert 

A”. 

It can be seen from this that at close proximity to the heat 

source, the “‘Swirl Insert B”’ design increases in performance 

as the flow rate is increased.  

 

H/D = 1: 

Jet with No Swirl 

In the case of the jet nozzle being positioned at a distance of 

one diameter from the foil surface, similar trends appear when 

compared with those tests completed at a height of 0.5D. The 

peak Nusselt number at each test at different Reynolds numbers 

are at the stagnation point, Figure 12. After this point the 

Nusselt number decreases as r/D increases. 

Slight secondary peaks can be seen for Re=10000, 12000 & 

16000 at approximately 2D from the stagnation point; this 

feature is not apparent with other Reynolds numbers. The 

reason for this unclear is at the moment. 

 

Jet with “Swirl Insert A” 

The trends from testing this swirl insert at H/D=1 were similar 

results to that of H/D=0.5. Nusselt number values for this 

situation were found to be within ~10% of the 0.5H/D values, 

with these values being lower overall. 

 

Jet with “Swirl Insert B” 

The inclusion of this insert caused a similar trend again to that 

of previous testing. The highest Nusselt numbers resided at the 

stagnation point and were within 5% of results from testing at 

0.5H/D. 

 

Comparison between Swirl Configurations and Jet with No 

Swirl 

As has been discussed the trends discovered from testing at 

H/D=1 are comparable to those recorded at H/D=0.5. 

From Figure 13 it can be seen that both swirl inserts, “Swirl 

Insert A” and “Swirl Insert B”, have a similar effect on the heat 

transfer. However there is a noticeable change as the Reynolds 

number is increased. 
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Nusselt Number vs. r/D : No Insert @ H/D = 1
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Figure 12: Nusselt Number vs. r/D for No Swirl at H/D=1 

 

 

Comparison of Jet Inserts @ Re = 8000 & H/D = 1
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Figure 13: Comparison @ Re=8000, H/D=1         
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Comparison of Jet Inserts @ Re = 12000 & H/D = 1
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Figure 14: Comparison @ Re=12000, H/D=1    

     

 

 

Comparison of Jet Inserts @ Re = 16000 & H/D =1
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       Figure 15: Comparison @ Re=16000, H/D=1        
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Comparison between Swirl Scenarios at H/D = 0.5 & 1 @ Re = 10000
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                         Figure 16: Comparison of “No Insert”, “Insert A” & “Insert B” @ H/D = 0.5 & 1@ Re=10000 

 

In Figure 14, “Swirl Insert B” increases its stagnation point 

Nusselt number further above that of “Swirl Insert A” at a 

Reynolds number of 12000. As the Reynolds number is then 

raised to 16000, “Swirl Insert B” enhances this difference well 

above that of “Swirl Insert A”, proving to be the stronger of 

the two inserts in this situation. 

However, the Nusselt number “Swirl Insert B” is consistently 

lower than that of a “No Insert” condition for r/D>~1.75. 

While “Swirl Insert A” is lower that “No Insert” for 

r/D>~1.75 for a Reynolds number of 8000, it increases above 

“No Insert” for higher Reynolds numbers.  

 

Figure 16 shows the change in the stagnation point Nusselt 

number as the height between the nozzle exit and the heated 

surface in increased for a Reynolds number of 10000. The 

overall result from this graph is that the Nusselt number for the 

scenario of “Swirl Insert A” at H/D=0.5 {thinner line} is 

higher than that for H/D=1 {thicker line}. For the other two 

scenarios the changes in Nusselt number with spacing are quite 

small for all Reynolds numbers with the results from H/D=1 

being slightly lower. 

  

The results reported here have identified some interesting swirl 

induced changes in heat transfer. Although the relative effects 

reported are consistent and repeatable, a number of 

refinements to the test methodology are required to progress 

this work further. Thus, heat loss by natural convection and 

radiation need to be looked at further and their effect on the 

heat transfer more accurately accounted for, as does the lateral 

conduction within the foil and the foil resistivity variation with 

temperature. Although the impact of these corrections is 

expected to be small, from related studies conducted by 

Lupton et al. [11], a more rigorous evaluation will be 

conducted to confirm this. 

CONCLUSIONS 
The effect of applying a swirl into a jet flow has been explored 

experimentally.  

For H/D=0.5, “Swirl Insert B” design performed better than 

“Swirl Insert A” for higher Reynolds numbers. It was also 

seen that the results for both insert designs were consistently 

an improvement on the non-swirling jet. 

In the scenario for H/D=1, it was shown that “Swirl Insert B” 

had a greater effect on the non-swirling jet for all Reynolds 

numbers than “Swirl Insert A”, although “Swirl Insert B” 

consistently had a lower result for r/D>~1.75. 

 

These preliminary tests however do not take detailed account 

of heat lost from the foil due to natural convection or radiation 

or to the effect of lateral conduction. Fluctuating heat transfer 

and detailed PIV flow field measurements are also planned to 

allow the swirl enhancement mechanisms to be better 

understood. 
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