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Abstract

The apphcation of impinging jets for coohng purposes is an ongoing search for greater 

levels of heat dissipation in a world where manufacturing processes are getting more 

advanced and electrical systems are becoming smaller and more confined for aesthetic 

reasons, such tha t they are in constant need of increased therm al management. Over 

the years, a number of methods have been investigated to enhance the heat transfer 

in systems by varying different aspects of the method being used.

The following study evaluates the heat transfer from a horizontal heated surface due 

to a contoured nozzle conventional impinging je t and the enhancement th a t is gained 

by introducing swirl generators into the nozzle structure which produce a series of 

sw'irling impinging jets. This study sets out to describe the background of both the 

flow structure and the levels of heat transfer commonly associated with a conventional 

impinging jet. Past studies conducted into the formation and influence of swirling 

impinging jets are also presented as a precursor to the findings of this study.

Two experimental set-ups are used to evaluate the heat transfer characteristics of 

each of the impinging je t configurations at a range of nozzle to surface heights from 

0.5D to lOD and Reynolds numbers from 8,000 to 20,000. Through the method of 

infrared thermography, a tw'o-dimensional map of the heat transfer is created and this 

allows the uniformity of the distribution to be realised. Using a hot-film sensor in the 

second measurement method, a more defined heat transfer distribution is produced 

prim arily due to the higher spatial resolution of the sensor compared to  the therm al 

imaging camera. This sensor also allows the fluctuations of the heat transfer from the 

surface due to the impinging jets to be evaluated.



Through experimental testing with the different techniques, it is noted th a t each of 

the swirling impinging jets causes a local enhancement up to 20% in the heat transfer 

within the stagnation region for low nozzle heights and high Reynolds numbers in the 

range of param eters examined. From the fluctuating heat transfer measurements, the 

conventional impinging je t is found to have significant increasing levels of fluctuations 

as the distance from the stagnation point is increased at low H / D.  At higher nozzle 

to surface spacings, the near zero fluctuations in the stagnation region increase with 

respect to  the development of the impinging jet. W ith the same method, the swirling 

impinging jets display high levels of fluctuations in the region around r / D = 0  for low 

H/ D,  and as the height of the nozzle is increased, the heat transfer fluctuation levels 

resemble those of a conventional impinging jet.

In order to determine the mechanisms th a t govern the heat transfer distributions 

produced, flow visualisation of each of the impinging je t configurations is conducted. 

The flow fields of each of the impinging jets perm it local aspects to be identified and 

referred to specifics in the different local and fluctuating heat transfer distributions, 

including the characterisation of vortical structures in the wall je t generating additional 

peaks in the local heat transfer of the conventional impinging je t for low H/ D.  Flow' 

visualisation of the swirling impinging jets illustrates the change in flow structure 

compared to the conventional impinging je t and highlights recirculation towards the 

center of the je t at specific nozzle heights, which can further reduce the local heat 

transfer.
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''You can know the name o f a bird in. all the languages o f the world, but when y o u ’re 

finished, you'll know absolutely nothing whatever about the bird. So le t’s look at the 

bird and see what it's  doing - th a t’s what counts. ” - R ichard Feynm an



Chapter 1

Introduction

This research is aimed at experimentally investigating the effect on the convective heat 

transfer from a heated surface subject to an impinging air je t when a swirl component 

is induced in the je t flow. Impinging jets have been established over many years as 

a well defined approach to dissipating heat from high tem perature surfaces such as 

those found connnonly in electrical circuitry, maimfacturing processes or in the post

processing stages of manufactured materials.

In the j)ast, a range of ideas on how to enhance the heat transfer using impinging 

jets have been brought forward, illustrating tha t the area of je t impingement is quite 

diverse. This includes altering the basic geometry of the jet nozzle and changing the 

chamfering of the orifice of the jet nozzle. O ther methods which have been looked at 

to improve the heat dissipation from a surface using impinging jets involve inducing 

a change in the flow of the fluid before and after the nozzle exit. Examples of this 

include synthetic jets, swirling jets, mist jets and je t arrays.

This investigation looks at the diverse aspects of impinging jets which have been 

seen in past studies and particularly focuses on the heat transfer enhancement which 

can be achieved wdth swirling impinging jets compared to tha t of a non-swirling im

pinging jet. The mechanisms behind the changes in heat transfer due to the induced 

sw'irling flow are characterised using flow visualisation techniques and fast response 

heat flux sensors to simultaneously view the flow field and the impact on the heated 

impingement surface.
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1.1. R e s e a r c h  O b j e c t i v e s

1.1 R esearch O bjectives

The proposed research is aimed at understanding the convective heat transfer mech

anisms of swirling impinging jets and assessing whether an induced swirling flow in 

an impinging jet, with air as the working fluid, can enhance the heat transfer from a 

heated surface compared to an ordinary impinging jet under the same experimental 

testing conditions. Such conditions include variations in air flow rate and elevation of 

the je t nozzle above the heated impingement surface. This study explores the use of 

four separate swirl generators with different attributes. W hen the heat transfer due 

to each of these generators is compared, an ideal geometry can be determined.

Infrared therm ography is initially used to evaluate the local heat transfer and to 

give a whole field measurement for the test surface. As the study progressed it was 

necessary to use a second apparatus in conjunction with a flow visualisation system 

to determine the flow regimes of the impinging jets at various heights and Reynolds 

numbers. The second apparatus is employed to explore the fluctuations in the heat 

transfer over the test surface using a hot-fllm sensor. It also provides time-averaged 

local heat transfer da ta  to reinforce the findings of the previous case. Thus, a separate 

method of calculating the corresponding heat transfer is used.

Due to  a difference in therm al boundary conditions and measurement techniques 

between the two systems, the results produced will illustrate how the measured heat 

transfer distributions may vary by employing difl^erent methods. While the resultant 

heat transfer is not solely dependant on the method used, these findings will demon

strate  tha t, when comparing results with past studies, the measurement method should 

be taken into consideration.

To finalise this study, flow visualisation alongside particle image velocimetry mea

surements, PIV, is performed to show the development of each of the impinging jet 

flow fields. These techniques will allow specific aspects in the heat transfer, including 

the appearance of maxima and minima in the local and fiuctuating measurements, due 

to each of the je t flows to be explained. Views of both the elevation and plan of the  jet 

will be acquired to illustrate the rotational aspect of the swirling impinging jets and
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the change in the flow structures between the different impinging je t configurations at 

various nozzle to  surface heights.
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Chapter 2

Background

This chapter discusses the im portance of convective coohng processes in both coimnon 

everyday devices and industrial operations, with a particular focus on je t impingement 

coohng. The study of impinging jets has been continuing for many years and different 

forms of jets have been developed to increase their effectiveness through altering the 

fluid flow characteristics. While this study reports primarily on the use of impinging 

jets for coohng applications, jets employed for heating purposes are not unconnnon. 

In order to discover the governing factors behind the flow' field and development of an 

impinging jet, different techniques to visualise the flow have been developed and are 

also examined in this chapter since knowledge of the flow structure for impinging jets 

is critical to the understanding of the convective heat transfer mechanisms.

2.1 C onvective C ooling P rocesses

The necessity for more efficient cooling techniques is becoming more and more im

portant as technology increases in complexity while at the same time decreasing in 

size. The realisation of the increase in components on integrated circuitry was noted 

in 1965 by Gordon Moore [1]. Commonly known as Moore’s law', the observation was 

made th a t the number of transistors on integrated circuits doubles approximately ev

ery two years, increasing the potential heat generated per unit area. M anufacturing 

processes are also being performed on a nano-scale which can produce high levels of
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2.2.  J e t  I m p i n g e m e n t  F u n d a m e n t a l s

lieat. In high tem pera tu re  electronic com ponents, such as those found in com puters, a 

heat sink is com m only used to  remove heat from  the  source to  the  environm ent; these 

have a lim it as to  how much heat they  can possibly remove, so to  increase th is level 

of heat dissipation a fan is also a ttached . In m anufacturing processes, such as drilling 

and milling, a m ixture  of w ater and oil is frequently  used as bo th  a lubricant and a 

way of cooling th e  procedure. By developing an im pinging je t  su itable for th e  set-ups 

m entioned, along w ith others used in different applications, energy savings have the 

po ten tia l to  increase along w ith the operational costs being decreased.

2.2 Jet Im pingem ent Fundam entals

Je t flows have been explored for m any years now in an a tte m p t to  understand  their 

form ation in a free surface envirom nent and in an environm ent where an im pingem ent 

surface is present. T he in teraction between the  fluid of the  je t and th e  surroTuiding 

fluid environm ent has a  signiflcant effect on the  developm ent of the jet. D epending on 

the  environm ent, a je t  m ay be defined as a free surface je t  or a subm erged je t. A free 

surface je t is known as one which is surrounded by a fluid of lower density, e.g. a jet 

w ith w'ater as the  w'orking fluid surrounded by air. A subm erged je t on the o ther hand 

is one w ith a fluid density  lower or equal to  th e  surrounding flviid. O ther factors which 

influence the  je t  form ation are the  basic category of nozzle (pipe, orifice, converging 

etc.) which determ ines the  exit conditions of th e  flow, the  cross-sectional shape of the 

nozzle, the  Reynolds num ber of the  je t flow and th e  specific type of je t  being used, e.g. 

conventional, swirl, synthetic  etc.; these factors are discussed by Dewan et al. [2]. The 

following discussion concerns prim arily  subm erged im pinging jets, w ith the  working 

fluid and the  surrounding fluid being the  same.
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2.2.1 Structure and Flow C haracteristics

2.2.1.1 Free Jet

The structure of the flow emerging from a conventional jet nozzle has been studied 

by many researchers in the past and is a well defined aspect in the area of fluid 

dynamics. From Gardon and Akfirat [3], figure 2.1 represents the flow structure of 

an axisymmetric je t without being impaired by obstructions (free jet). As the fluid 

leaves the je t nozzle, the velocity is at a uniform maximum across the full width of 

the jet. W hen the fluid moves further away from the nozzle exit how'ever, this region 

of uniform velocity is reduced. This central region, known as the potential core, is 

the area in w'hich the velocity of the je t remains at tlie same velocity as tha t at the 

je t exit. The reduction of this region as the distance from the nozzle exit increases 

is a consequence of the flow mixing with the ambient fluid surrounding the je t in 

the region known as the sliear layer, seen in figure 2.1. The boundary between the 

potential core and the ambient fluid is seen as the area of highest turbulence. Past 

the end of the potential core, conmionly a distance equivalent to 6D from the nozzle 

exit, the maxinmm turbulence level lies on the central axis of the jet.

s
J  lg > 7 / £ l« i2

u/u.
u/u,

2

V e l o c i t y

0

o

Turbu le nce

0-2
2 u'/ui

<
Q 0 01 0-2

Figure 2.1: Schem atic distribution o f velocity and turbulence in  an axisym m etric jet,
Gardon and Akfirat [3]
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The development of a conventional 

impinging je t contains two main aspects 

which are interconnected: the reduction 

of the width of the potential core and the 

occurrence of the Kelvin-Helmholtz in

stability between the je t flow and the sur

rounding fluid [5]. The Kelvin-Helmholtz 

instability is caused by a shear interac

tion between the high velocity je t flow 

and the stagnant ambient fluid surroimd- 

ing it. As the je t initially emerges from 

the je t nozzle small vortical disturbances 

at the boundary of the two fluids are cre

ated. These vortical structures grow in 

size as the je t flow develops away from the nozzle exit, reducing the width of the po

tential core, until they interfere with the je t completely and the potential core ends, 

as displayed in figure 2.2 from the study by Orlii and Alfredsson [4]. The vortices 

then collapse and form a fully turbulent flow. This explains the distributions seen 

in figure 2.1. The high level of turbulence in the ‘mixing region’ is a result of this 

instability generated between the jet flow and surrounding fluid. The location of this 

turbulence travels towards the axis of the je t and increases in magnitude due to the 

increasing size of the vortical structures, until a fully turbulent flow is formed.

2.2 .1 .2  Im pinging Jet

W hen a surface is placed in the path  of the jet, in the je t impingement configuration, 

the structure of the fluid flow changes to take account of the obstruction. Conventional 

jets impinging upon a horizontal surface inherently have four flow zones. The following 

points describe these four zones which are illustrated in figure 2.3.

0 1 2  3 4 5 6 7

x/D

Figure 2.2: Flow visualization of an 
axisym m etric  air j e t  by Orlii and  

Alfredsson [4]



2 .2 . J e t  I m p i n g e m e n t  F u n d a m e n t a l s

1: Initial M ixing Region

The je t flow emerging from the  nozzle begins to  in teract w ith the  am bient fluid 

surrounding it. As the  je t of fluid begins to  mix w ith the  am bient fluid there  rem ains 

an area around its central axis where the  velocity of the  je t is unafTected by the 

en trainm ent of the  surrounding air and rem ains a t a m agnitude m atching th a t of the 

original je t  exit velocity. This po ten tia l core s ta r ts  out a t the  size of the  je t nozzle 

and then  decreases as it moves aw'ay from the  nozzle exit in a conical fashion, as 

indicated in figure 2.3. The po ten tia l core varies in length depending on the  geom etry 

of the  nozzle and the  Reynolds num ber of the  je t flow b u t is found to  be equivalent to 

approxim ately  6 nozzle diam eters in length for Reynolds num bers greater th an  4,000 

for a conventional round im pinging je t [6]. For a rectangular slot nozzle, B eaubert 

and Viazzo [7] reported  th a t  the  po ten tia l core varies for Reynolds m nnbers between 

3,000 and 7,500 b u t for Reynolds num bers greater th an  7,500 is consistent with a 

length of AD. Flow confinem ent, which is discussed in further detail la ter, was shown 

to lengthen the potential core up to  20% as a result of lower levels of turbulence, 

A shforth-Frost and Jam buna than  [8].

2: Established Free Je t Region

T he free je t region is the  term  comm only given to  the area of the  j e t ’s developm ent 

which follows on from the  initial m ixing zone, figure 2.3. At th is stage the  potential 

core has ended and the  flow acts as would a subm erged je t w ithout an im pingem ent 

surface. However, if an im pingem ent surface were positioned w ithin the  length of the  

po ten tia l core of the  je t, th is region would not be present.
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3: Im pingem ent/Stagnation Region

In this area, the flow is affected by the approaching impingement surface. The sur

face creates an obstruction, causing the flow to alter from a downwards axial direction 

to a radial direction outwards from the central point of impingement, the geometric 

stagnation point.

,D .

Nozzle D ischarge

P o ten tia l Core

Q u iescen t A m bient

S hear Layer

Free Jet 
Region

Im pingem en t o r 
S tagnation  Region

Wall Jet 
Region

4 u(r)

Im pingem ent Surface S tagna tion  Point

3

Figure 2.3: Flow regimes associated with im pingem ent o f a circular submerged je t  

4: Wall Jet Region

As the flow moves from the stagnation point radially outwards, it is bounded by 

the impingement surface and the ambient fluid. As seen in figure 2.3, the velocity 

profile of the wall je t contained between these two boundaries has a maximum lying 

approximately equidistant between the two boundaries while the velocity is zero at 

each boundary.
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2.2.2 H eat Transfer C haracteristics

The convective heat transfer between a surface and a fluid flow can be characterised in 

different w'ays, the most common of w'hich is via the non-dimensional Nusselt number. 

The Nusselt munber, Nu,  which relates convective to conductive heat transfer in the 

fluid adjacent to the surface, can be evaluated using equation 2.1, where h is the heat 

transfer coefficient [W/ni^K],  x is a characteristic length of the system [m] and kj  is 

the thermal conductivity of the fluid [W/m-K].

N u ,  = ^  I-] (2.1)

To evaluate the effect of an impinging jet in heat transfer studies a flat surface is 

generally used; the smface used can also be mounted to any angle dej^ending on w’hat 

type of study is being conducted.

Impinging jets are connnonly employed to control the temperature of specific sur

faces or devices and to reduce their chances of overheating. They have been utilised 

more and more due to their high heat transfer rates and their ability to be adapted to 

different scales and space requirements. They also have the capability to focus on spe

cific hot spots if required. The highest level of heat transfer is generally found to reside 

around the stagnation point. This characteristic has been discussed by Incropera and 

DeWitt [9] and an illustration of such results is shown in figure 2.4.

The spacing at which an impinging jet is placed from the impingement surface is 

regularly non-dimensionalised using the diameter of the je t’s nozzle and is designated as 

HjD,  or z /D,  w'here H , or z, is the distance between the exit of the jet nozzle and the 

impingement surface and D is the nozzle diameter. The radial distance away from the 

stagnation point is also represented using the same notation with r, the radial distance, 

being used in place of H . In the case of slot jet nozzles, with square/rectangular nozzle 

exit geometries, the equivalent length parameter used to non-dimensionalise each of 

the characteristics is commonly the width, B,  of the slot nozzle. Using this non- 

dimensional technique, experimental results may be compared across separate studies.

Figure 2.4 is presented in tw'o sections with (a) showing the typical Nusselt num

ber, Nu,  distribution when the jet is positioned at least 5D from the impingement

11
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surface and (b) when it is positioned within bD  of the surface. For the case of the 

conventional impinging je t being positioned at a distance greater than  bD  from the 

target surface, the maximum heat transfer is located at the stagnation point, r /D = 0 , 

and then decreases as the radial distance from the stagnation point increases, follow

ing a bell curve distribution. This distribution changes when the spacing between 

the je t and the surface is reduced to below 5D, as shown in figure 2.4b. While the 

maximum Nusselt number remains at the stagnation point, the subsequent decrease 

is not continuous. Instead a secondary peak appears a distance from the stagnation 

point; after this secondary peak, the Nusselt number decreases, in a manner similar 

to tha t evident in figure 2.4a.

H  I), < 5

O-i I'-l

Figure 2.4'- Local Nusselt numher distributions versus radial distance from, the 
stagnation point of a straight pipe im.pinging je t for nozzle to surface heights o f (a) 

greater than 5D, and (b) less than 5D, Incropera and D eW itt [9]

The appearance of the secondary peak seen in figure 2.4b has been reported many 

times in the past and is commonly argued to be the result of the transition from a 

laminar to turbulent flow within the wall je t (section 2.2.1); this secondary peak is 

usually located at a radial distance of between 1.5D - 2.5D  from the stagnation point, 

r /D = 0 , [3,10-12],

Although the local heat transfer distribution shown in figure 2.4 is well established, 

different heat transfer patterns have been reported in which a local minimum of the 

Nusselt number was found to be located at the stagnation point instead of a local 

maximum, as seen in figure 2.5. The local minimum was noted by Gardon and Akfi- 

ra t [3] along with ‘inner peaks’ which surrounded it at approximately 0.5D  from the 

stagnation point. It was reported th a t this minimum occurs at heights up to 3D  and

12
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the conchisioii was m ade th a t  the peaks are associated w ith a m inim um  thickness of 

the boundary  layer, which is created  in the  radial flow outw ards from the  stagnation  

point. Pam adi and Belov [12] challenged th is idea and through lumierical m odelling 

pu t forw ard the  hypothesis th a t  the  inner peaks are in fact a result of “m ixing-induced 

non-uniform  tm bulence  in the  developing je t” . This theory  is supported  by the  profiles 

presented in figure 2.1, which show the  turbulence levels along w ith the  velocity of the  

je t at different distances away from the nozzle exit. T he turbulence levels were found 

by G ardon and Akfirat [3] to  be at a m axim um  at the  boundary  of the  po ten tia l core. 

This point of m axim um  turbulence resides a t a d istance equivalent to  0. 5D from the  

je t ’s cen tral axis as the  fluid exits the nozzle b u t travels inwards tow ards the  axis as the  

d istance from the  nozzle exit increases. This results in the  m axim um  heat transfer due 

to  the  je t  being located at approxim ately r /D = 0 .5  for low' H / 1) and at the  stagnation  

point for high I I / D.  T he nozzle height relating to  th e  point when the  inner peaks 

disa])pear and the  m axim um  heat transfer lies a t the  s tagnation  point corres])onds to 

the length of the  po ten tia l core of the je t, a t which point the  mixing in the shear layer 

has fully pene tra ted  the  je t struc tu re  [13].
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Figure 2.5: Nusselt number distribution illustrating inner peaks and secondary peaks,
Gardon and Akfirat [3]

13
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In a review carried out by Jam bunathan et al. [13], it was proposed tha t the 

differences in reported findings were related to  the variations in the shapes of the 

nozzles used. Thus, the velocity profiles of the fluid flow exiting the je t nozzles were 

affected by the geometry of the nozzle used, as were the turbulence levels. This 

review reported the common characteristics in the fluid flow from jets which had been 

described by Schundler and Gnielinski [14] in a study tha t identified tha t the maximum 

turbulence and maximum stagnation point heat transfer occur at a je t to surface 

distance equivalent to  7.5D. This distance relates to the end of the potential core of 

the jet, as previously mentioned. An investigation by Gardon and Cobonpue [15] was 

also examined in the review by Jam bunathan et al. [13]. This report by Gardon and 

Cobonpue [15] points out tha t the maximum heat transfer coefficient as a result of the 

impinging je t is located at approximately 0.5D from the stagnation point, for nozzle 

to surface distances of up to / / / D=6,  higher than what was reported by Gardon and 

Akfirat [3]. This investigation by Gardon and Cobonpue [15] also produced a tertiary 

peak at a distance of 2.5D from the stagnation point alongside the secondary peak 

preciously described. This additional peak can be seen in figure 2.5 for 2,800 <Re  

<10,000 sX r / D  K, 2.5. The explanation for this additional peak in heat transfer was 

suggested to be a result of toroidal vortices, which formed in the shear region around 

the jet, disrupting the boundary layer as they come into contact with the impingement 

surface. The tertiary  peak was also noted by O ’Donovan et al. [16], who considered it 

to be an artefact of the measurement technique used.

This section has described the main features of the flow field and associated local 

heat transfer distributions for jet impingement. Since the flow structure and the 

resulting heat transfer for an impinging je t has been studied extensively, further work 

has gone into altering the je t flow characteristics in order to increase the heat transfer 

capabilities. This can be achieved by changing the nozzle geometry of the je t or the 

way in which the flow is ejected from the nozzle. Some examples of heat transfer 

characteristics with modified jets are considered in section 2.4.
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2.3 C onvective H eat Transfer M easurem ents  

and Therm al Boundary C onditions

Im piiigeinent surfaces can be heated through different m ethods, b u t generally the 

surfaces approxim ate one of two different therm al boim dary conditions: uniform  wall 

tem pera tu re  or uniform  w’all flux.

A uniform  wall tem pera tu re  (UW T) therm al boundary  condition is comm only 

formed using conductive heating, e.g. an electrical heater m ounted underneath  a p late  

w ith a high conductiv ity  where the  p late  is the  im pingem ent surface. In con trast, a 

uniform  wall flux (U W F) therm al boundary  condition is produced usually through 

ohm ic heating, e.g. applying a po ten tia l difference across a th in  m etallic foil. To illus

tra te  the  difference in heat transfer th a t  the  two heating m ethods produce, figure 2.6 

represents the  local Nusselt num ber for a conventional im pinging je t a t a Reynolds 

num ber of /?e=23,000 and height of I I / D = 2  for bo th  therm al boundary  conditions 

as reported  by Sagot et al. [17] from a num erical study. It can be determ ined from 

this th a t  the stagnation  point Nusselt num ber is independent of the  therm al boundary  

condition and th a t  the  first local m axim um  is located closer to  the  stagnation  point 

for U W T th an  UW F conditions while the  second local m axim um  occurs a t the  sam e 

position. A lthough the  second m axim um  is more prom inent for the  UW'T case, the  

results for this therm al boundary  condition are significantly lower elsewhere, com pared 

w ith the  UW F case, and the  difference between the  two cases increases for r / D  >3.

In experim ental studies, the  heat transfer levels due to  an im pinging je t on a 

surface w ith a uniform wall tem pera tu re  boundary  condition can be determ ined by 

m any m ethods b u t the  m ost popular are point m easurem ent techniques, such as the  

use of therm ocouples or heat flux sensors.
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Figure 2.6: Local Nusselt number fo r  a conventional impinging je t at a Reynolds 
number of Re=23,000 and height of H /D = 2 for different thermal boundary

conditions, Sagot et al. [17]

While thennocouples generate a volt

age which is proportional to the tem pera

ture at the junction of the device by way 

of the Seebeck effect, heat flux sensors 

commonly contain a series of thermocou

ples, known as a thermopile, which gen

erate a voltage tha t is proportional to the ^^^ure 2 .7; Illustration of typical heat flux
sensor [18]

heat flux of the surface it is attached to.

An additional sensor which is used to evaluate the heat flux is a hot-film sensor, used 

in studies such as O ’Donovan et al. [16] and Scholten and M urray [19]. The voltage 

necessary for this device to remain at a defined tem perature above the tem perature of 

the surface it is attached to can be associated with a known heat transfer rate using 

a known correlation. The operation of this device is described in detail in section 3.3.

While the majority of experimental studies of impinging jets are performed using 

a uniform wall tem perature therm al boundary condition, a uniform wall flux ther

mal boundary condition has also been considered in investigations by Baughn and 

Shimizu [20], Gulati et al. [21], Guerra et al. [22] and Limaye et al. [23] to  name a 

few. As mentioned, this therm al boundary condition is commonly formed by apply

ing a potential difference across a th in  metallic foil. The heat dissipation from the
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2.3.  C o n v e c t i v e  H e a t  T r a n s f e r  M e a s u r e m e n t s  
AND T h e r m a l  B o u n d a r y  C o n d i t i o n s

surface of the foil is then evahiated using, for example, an infrared therm al imaging 

device, tem perature sensitive liquid crystals or thermocouples to detect the surface 

tem perature while undergoing cooling from an impinging jet.

W hen this technique of impingement surface heating is used, it is commonly as

sumed th a t the metallic foil is thermally thin, such tha t the tem perature on the top 

of the surface is the same as the tem perature on the bottom . This depends on the 

thickness and conductivity of the material being used. W ith this assumption, while 

the impinging je t impacts upon one side of the foil, the equivalent therm al gradients 

may be estim ated from the other. The use of therm al imaging or tem perature sensitive 

liquid crystals w'ould allow the full area of affected by the impinging jet to be recorded. 

These measurement methods are less common for uniform wall tem])erature boundary 

condition experiments since only one side of the impingement surface is free to view' 

and the impinging je t would obstruct the view' of the camera being used to visualise 

the surface.

Tem perature sensitive, or therniochromic, liquid crystals are connnonly use to vi

sualise the tem perature difference on heated surfaces undergoing cooling or to locate 

hot spots on circuit boards. By determining w'hich colour produced represents w'hich 

tem perature, the therm al gradient of a surface can be evaluated. W ith high speed 

imaging, transient tem perature differences can be tracked over a specified area.

Therm al imaging, or infrared thermography, operates on the technique of detect

ing the radiation em itted from a source in the region of the electromagnetic spectrum, 

approxim ately 0.1//m-100^m [24]. Using a specialised lens which allows the infrared 

wavelength range to penetrate, the level of radiation can be determined and calibrated 

to display the tem perature of the object being viewed. While this method is used to 

generally differentiate between hot and cold objects, in cases such as security surveil

lance and building maintenance, the therm al emissivity of multiple objects can differ. 

For accurate tem perature readings, the emissivity of the target object must be known. 

Like the therniochromic liquid crystals, infrared therm ography allows the tem perature 

of an area of interest to be determined, giving an advantage over point measuring 

devices on surfaces w'ith tem perature gradients which may miss im portant aspects if 

not positioned in the correct location.
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2.4 Im pinging Jet H eat Transfer

As mentioned previously, impinging jets have been used in the past with a range of 

techniques to change the flow regime of the je t in an attem pt to increase the heat 

transfer of the system. The geometry of the nozzle from which an impinging jet is 

formed is quite im portant to the je t flow structure, as different nozzles can alter the 

exit boundary layer of the je t [25]. This section describes the typical conventional 

impinging jet and some of the enhancement methods explored.

2.4.1 Conventional Im pinging Jets

A conventional impinging je t (CIJ) can also be described as an impinging je t which has 

not been modified specifically to enhance or alter surface heat transfer; the working 

fluid leaves the exit of the nozzle and impinges perpendicularly upon the target surface. 

Conventional impinging jets are widely used as a result of the understanding of their 

structure th a t has emerged from years of research and specifically, in the field of heat 

transfer, due to the high heat transfer rates which can be achieved. Conventional jets 

may be formed using a range of nozzle geometries, the most popular being a straight 

pipe design along with contoured nozzles and nozzles formed by an orifice in a plate.

Straight P ip e  N ozzles

Straight pipe nozzles are most commonly used for impinging je t design due to the 

low level of flow confinement they provide. O ther nozzle geometries, orifice nozzles in 

particular, frequently encompass a support structure which can interfere with the fluid 

flow after leaving the nozzle. The straight pipe nozzle shape is useful due to the well 

defined nature of internal flow development in a pipe and can produce fully developed 

fluid flow at the nozzle exit.

Much work has been done on convective heat transfer for straight pipe impinging 

jets by O ’Donovan [26] and O ’Donovan and M urray [27,28]. While primarily looking at 

the heat transfer distributions due to impinging jets, these investigations also focused 

upon local heat transfer fluctuations using hot-film sensor techniques and on velocity 

fluctuations in the impingement region. Through velocity measurements close to  the
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impingement surface it was observed tha t axial fluctuations influenced the heat transfer 

more than  fluctuations in a radial direction. The fluctuation levels caused by the je t 

depend upon the development stage of the vortices created in the shear layer of the jet. 

When the je t is placed in close proximity to the impingement surface, the vortices are 

in an early stage of development and are strong in magnitude. These young vortices 

promote separation in the boundary layer of the surface causing high fluctuations. For 

higher nozzle to surface spacings the vortices are weaker as they come into contact 

w'ith the surface, so their contribution to the heat dissipated is reduced.

Figure 2.8: Local (a) and fluctuating (b) Nusselt number for  0.5 < H /D  <2 and 
Reynolds number of 10,000, 0 ’Donovan and Murray [28]

Figure 2.8 illustrates the influence of the nozzle to surface distance, for values of 

H ID  <2, on the local and fluctuating heat transfer while the Reynolds number is held 

constant. Figure 2.8a dem onstrates how the stagnation point is consistent across the 

range of H / D  but the secondary peak decreases in magnitude and its radial location 

moves away from the stagnation point as the height is increased.

The fluctuating Nusselt number, Nu',  mirrors this change with a consistent magni

tude at the stagnation point and a maximum point which decreases in magnitude and 

moves away from the stagnation point with increasing height. The maximum points in 

figure 2.8b between 0.5 < r / D  <2 corresponds with the secondary peaks in figure 2.8a 

indicating th a t these maxima represent the change in the transition from a laminar 

boundary layer to a turbulent boundary layer in the w'all jet, as previously mentioned.
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It is noted th a t the stagnation point

heat transfer displayed in figure 2.8a

dem onstrates a local maximum at these

low levels oi H /  D  which is different from

the characteristics shown previously in

figures 2.5 and 2.6. This difference in

stagnation point may be associated with

the measurement method used in the

study. To reinforce this, the heat transfer

distributions evaluated by O ’Donovan et

al. [16] using an RdF MicroFoil heat flux

sensor and a Tao Systems hot-film sensor

illustrated in figure 2.9 dem onstrate how

the measurement technique used may re- Figure 2.9: Local heat transfer results
from a conventional impinging je t wM, a 

suit in a change in the local heat transfer Reynolds number of 20,000 with

trend, especially aroimd the stagnation H /D = 0.5 , 2 and 4 using two different
measurement devices as reported by 

O ’Donovan et al. [16]
To change the flow emerging from a 

straight pipe nozzle, methods such as introducing a cross flow or dividing the flow 

before it exits the nozzle, amongst others, have been explored to determine their 

influences on the associated heat transfer. Goldstein and Behbahani [29] used a straight 

pipe nozzle to investigate the influence of a cross flow on the impinging je t flow and 

subsequently on the heat transfer on the impingement surface. While the straight 

pipe nozzle was placed at a height of H /D = 6,  an orifice type nozzle (discussed later) 

was also examined for a height of H /D =12.  Both jets were utilised for a range of 

Reynolds numbers. For the straight pipe nozzle, their results showed an increase in 

the Nusselt number for a defined range of cross flow rates. Also noted was a decrease in 

the maximum Nusselt number at the stagnation point as the cross flow was increased 

for the orifice nozzle at a height equivalent to  12D.

Emin Arzutug et al. [30] also made use of the simple geometry of the straight pipe 

nozzle to explore the change in mass transfer for a multi-channel impinging je t (MCIJ)
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as compared with a conventional impinging jet. A special insert was developed and 

positioned inside the pipe in order to divide the flow into four streams, creating the 

multi-channel jet, as show'n in figure 2.10. While the conventional je t produced similar

transfer coefficient such th a t the multi-channel je t had a higher level of mass transfer 

than the conventional jet for low H / D  {H/D=2)  whereas for high H /D ,  {H/D=8)  

the mass transfer was lower than  for the conventional jet.

Gulati et al. [21] inspected the changes in heat transfer using differently shaped noz

zles for Reynolds numbers ranging from 5,000 to 15,000 and heights of 0 .5 < ///D < 1 2 . 

It was concluded tha t the performance of the circular, square and rectangular jets 

were similar with respect to increasing heat transfer rates with increasing Reynolds 

number. The square and circular nozzles produced very comparable results whereas 

the rectangular nozzle produced higher levels of heat transfer for low H / D ,  as shown 

in figure 2.11.

Using infrared thermography in studies like this allows a full two-dimensional view 

of the impingement surface which, in tu rn , helps to identify areas of high and low heat 

transfer th a t may be missed when using tem perature or heat flux point measuring 

instrum ents such as thermocouples or heat-flux sensors. This is especially useful in 

cases with non-axisymmetric nozzle shapes, for instance the rectangular nozzle used 

by Gulati et al. [21], Limaye et al. [23] used the same set-up as Gulati et al. [21], but 

in this study looked at much higher Reynolds numbers, equivalent to Mach numbers 

ranging from 0.2 to 1, for a number of heights. Despite the higher Reynolds numbers 

used, similar results were discovered to those conducted for the lower je t velocities.

results to those discussed previously, the multi-channel je t caused a change in the mass

Figure 2.10: Multi-channel im,pinging jet as used by Emin Arzutug et al. [30]
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Figure 2.11: Nusselt number distribution for three different shaped nozzles at 
H /D = 0.5 for Re=5,000 and 10,000 as reported by Gulati et al. [21]

The local heat transfer reached a maximum in the stagnation zone, the appearance of 

secondary peaks between 2 < r / D  <2.5 was noted for low H / D  and the maximum heat 

transfer at the stagnation point occurred for 6 < H / D  <8, as presented in figure 2.12.
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Figure 2.12: Stagnation point Nusselt number for high velocity flows at 1 < H /D  <12
as reported by Limaye et al. [23]
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C ontoured  N ozzles

Contoured nozzles are defined by their geometry. W hile the fluid m ay come from a 

stra igh t pipe or plenum  cham ber to  begin w ith, the  in ternal d iam eter reduces non- 

linearly a t the  nozzle exit. This nozzle geom etry has been used m any tim es to  de

term ine the  heat dissipating characteristics of im pinging je ts  by such researchers as 

O ’Donovan et al. [16], Liu and Sullivan [31] and G oldstein et al. [32].

Air Supply Air Supply

Flow
C onditioning

Mesh

H eated  Surface

Traversing Table

~ rT

- r 0 + r

Figure 2.13: Example of contoured nozzle geometry as used by O ’Donovan  et al. [16]

O ’Donovan et al. [16] used th is style of nozzle in conjunction w ith a conductively 

heated surface w'ith flush m ounted sensors, while Liu and Sullivan [31] and Goldstein et 

al. [32] used electrically heated  m etallic foils. T hough the nozzle has a different ge

om etry to  th a t  of a stra igh t pipe, the results ob tained  from past heat transfer studies 

show a strong  level of consistency depending on the  na tu re  of the  fluid flow and the  

height of the  nozzle from the  im pingem ent surface. T he appearance of a te rtia ry  peak, 

discussed previously, can also be seen to  be a comm on result a t low H / D  and for 

Reynolds num bers of around 10,000; th is is seen in the  work of O ’Donovan et al. [16] 

and Liu and Sullivan [31]. Figure 2.14 shows the  Nusselt num ber d istribu tion  produced 

by Liu and Sullivan [31] a t a height of H /D = 1 .125  and Reynolds num ber of 12,300. 

W hile the  p rim ary  and secondary peaks are well pronounced at r / D  «  0.75 and 1.5, 

a slight te r tia ry  peak at r / D K ,  2.5, circled, also appears.

The, alm ost non-existent, th ird  peak corresponds w ith G ardon and A kfira t’s [3]
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results shown previously in figure 2.5. The final noticeable third peak in figure 2.5 is 

at a Reynolds number of 10,000 while at 14,000 the tertiary  peaks have disappeared. 

This tertiary  peak was also noted in the experimental results of O’Donovan et al. [16] 

but only for a Reynolds number of 10,000 at H /D = l.
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Figure 2.14: Nusselt number distribution fo r  H /D =1.125 and Re=12,300 as reported
by Liu and Sullivan [31]

Orifice N ozzles

An orifice nozzle is the final of the three main nozzle geometries used. An illustration 

of one such nozzle is shown in figure 2.15. W ith the previous two nozzle geometries the 

fluid flow reaches the nozzle exit with either a gradual reduction in the inner diameter 

of the je t or none at all. Whereas with an orifice style nozzle, the inner diameter 

of the nozzle is suddenly reduced. This sudden contraction in je t diameter has an 

effect on the way the working fluid emerges from the nozzle. The abrupt change in 

the nozzle diam eter causes the flow to contract to a width less than th a t of the actual 

nozzle diameter. This width is commonly known as the vena contracta, see figure 2.16. 

Orifice nozzles are also known to cause a flow confinement effect on the fluid flow, as 

illustrated in figure 2.17.

—  Unexcited
 f. = 950Hz
  f = 1750 Hz
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Circular
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100mm

Figure 2.15: Impinging je t with orifice nozzle, as used by Lee and Lee [33]

Depending on nozzle-to-surface dis

tance, this confinement issue can have an 

adverse effect on the level of heat transfer 

due to the recirculation of warm fluid to

wards the stagnation region in cases with 

a heated impingement surface. Using nu

merical methods, Behnia et al. [34] inves

tigated the influence which confinement 

could im part on the heat transfer. It was 

reported tha t confinement does not have

Flow I
f Vena con tract a

Figure 2.16: Vena contracta [33]

a considerable impact on the heat dissipated unless the nozzle is positioned within a 

distance of 0.25D from the surface. Fenot et al. [35] discovered th a t the influence of 

confinement is weak at the conditions explored and had more of an effect on the effec

tiveness of the impinging jet, a param eter which is a ratio between the tem peratures 

of the jet, the ambient air and the adiabatic surface.

Lee and Lee [33] explored how the shape of the orifice edge may alter the flow 

regime and consequently the heat transfer from an impingement surface. The three 

edges employed are show'n in figure 2.15. In general the sharp-edged nozzle, ‘Type 

C ’, performed the best out of the three tested when comparing distributions of the 

Nusselt number versus radial distance from the stagnation point. It was also noticed 

tha t, from the same distributions, when judging the orifice results against past results
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confined | unconfined

!

Figure 2.17: Illustration of difference between fluid flow for a confined jet, for  
example an orifice plate impinging jet, and an unconfined jet, fo r example a straight

pipe impinging jet, Behnia et al. [34]

from straight pipe nozzles and contoured nozzles, th a t the orifice nozzles performed 

25-55% better than a straight pipe set-up and 50-75% better than a contoured nozzle. 

This was attribu ted  to the alteration of the initial flow structure at the nozzle exit. 

However, in an article by Lupton et al. [36], the flow confinement resulting from 

impinging jets with orifice nozzles was discovered to have the effect of reducing the 

convective heat transfer from a heated surface compared to a je t w'hich was unconfined 

for a range of Reynolds immbers and nozzle to surface heights. A consistent reduction 

in the heat transfer was noted for a confined je t when compared to an unconfined 

jet at Reynolds numbers of 7,000 and 12,000 and nozzle to surface distances in the 

range of 1 < H / D  <6. This reduction, which was more significant than reported by 

other researchers, was attributed  to the small je t diameter {1mm) used in this study. 

The reduction in the heat transfer was a consequence of a strong recirculation effect 

inevitably reducing the local tem perature difference.

Just as straight pipe nozzles are not restricted to having a circular cross-section, nor 

are orifice nozzles. Square and rectangular nozzles are common examples th a t have also 

been examined along with geometries such as an elliptical shape studied by Koseoglu 

and Baskaya [37]. By comparing their experimental results to a circular orifice nozzle 

a level of enhancement was found for low H / D ,  despite an element of recirculation 

due to confinement. Following on from this, Koseoglu and Baskaya [38] opted for 

a circular nozzle in a mixed convection jet impingement study, using numerical and 

experimental methods. The buoyancy due to natural convection was shown to have
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the possibihty of both opposing and assisting the heat transfer at different locations. 

It was determined from this work tha t for low Reynolds number, in the range of less 

than 1,000, natural convection has an impact on the results. The influence of natural 

convection was illustrated through the representation of the Richardson immber, Ri, 

defined in chapter 4.

Figure 2.18 is one such representation 

of the results gathered. The modified 

Grashof number, Gr*, is used to signify 

the level of heating of the impingement 

surface, i.e. the higher the value of Gr*, 

the higher the tem perature of the surface 

is. Figm e 2.18 shows th a t at Reynolds 

numbers higher than 3,000, the influence 

of buoyancy due to natural convection is 

negligible.

As previously mentioned, orifice noz

zles are not specific to one geometric 

shape. Amongst the many geometries considered are those th a t have been investi

gated by Collucci and Viskanta [39]. The geometry explored consisted of a hyper

bolic diverging nozzle, shown in figure 2.19, and compared w'ith heat transfer results 

acquired using a common orifice nozzle similar to ‘Type A’ in figure 2.15. The ex

perim ents performed showed tha t the primary and secondary peaks, commonly seen 

near the stagnation area, were more pronounced when the separation distance be

tween the nozzle and the surface decreased, which was also noted by Fitzgerald and 

Garimella [40]; in some cases the secondary peak was greater than the prim ary peak. 

The location of the secondary peak was also found to be related to the size of the 

curvature of the orifice outlet, indicated by Rmax in figure 2.19. Two diverging nozzle 

designs were tested against a common orifice and both were found to produce higher 

levels of heat transfer.

Orifice nozzles have also been utilized in situations involving je t arrays. Generally 

orifice jets are organized in a square or in-line arrangement, such as in the study by
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Figure 2.19: Geometry of orifice nozzle and reported heat transfer results by Collucci
and Viskanta [39]

Garimella and Schroeder [41], but they are not restricted to this geometry. In a study 

by Geers et al. [42], a square and a hexagonal set-up were examined along with two 

nozzle geometries. The first geometry is of a sharp edged orifice, again similar to 

‘Type A ’ in figure 2.15. The second however was a contoured orifice which was used 

to reduce the vena contracta effect of the sharp edged nozzle. The difference in the 

orifice geometries results in the sharp edged orifices having higher heat transfer in the 

impingement region than the contoured orifice, due to higher velocities caused by the 

vena contracta effect. The aspect ratio between the thickness of the orifice plate and 

the diameter of the nozzle also leads to  an effect on the heat transfer as discovered by 

Garimella and Nenaydykh [43]; it was reported th a t the thinner the orifice plate was 

compared to the nozzle diameter, the higher the achievable heat transfer would be. 

However this result was only effective for low H /D .

In general, orifice nozzles have been shown to perform more effectively than the 

straight pipe and contoured nozzles under comparatively similar conditions. It has 

been concluded th a t this increase in performance in heat transfer dissipation is pri

marily due to the increase in velocity of the fluid flow due to  the vena contracta effect 

of the nozzle geometry. Despite the confinement influence which tends to decrease the 

local heat transfer, under certain circumstances it can be used to assist in the heat 

dissipation from a target surface.
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C onventional Im pinging Jet C orrelations

The study of impinging jet coohng has led to correlations describing the magnitude 

of the heat transfer at the stagnation point for different ranges of Reynolds numbers, 

nozzle to surface distances and nozzle geometries. For correlations governing the stag

nation point Nusselt number, the therm al boundary condition of the heated surface 

can be disregarded since this does not affect the stagnation area [17]. A correlation 

analytically derived by Shadlesky [44] and confirmed by Liu and Sullivan [31] estab

lished tha t the stagnation point Nusselt number, for a contoiued nozzle up to a nozzle 

to surface spacing of H / D  <2 and a Reynolds number range of 12,000 <Re  <15,000, 

can be described by:

n . n. { H / D < 2  
Nu„ = 0.5856/^e°'^F?-°'^ (2.2)

[ 12,000 < /{e < 15,000

Lytle and Webb [11] produced a correlation which only takes into account the 

nozzle to surface spacing and the Reynolds number of the flow. This equation was 

generated with a straight pipe nozzle and is valid for H / D  <1 and 3,700 <Re  <30,000:

yVuo =  0.726i?e°'^^(2/D)” " '^ ' {   ̂ (2.3)
3, 700 < Re < 30,000

While the methods used to generate these correlations are different, equations 2.2 

and 2.3 have a similar trend in th a t the exponential power of the Reynolds number is 

approximately 0.5. Indeed the dependence of the Nusselt number on this power has 

also been noted in other studies.

Other correlations have been determined from past studies with regard to the local 

and mean Nusselt number for specific impinging je t configurations, therm al boundary 

conditions and measurement techniques but are not included here.
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2.4.2 O bliquely Im pinging Jets

An impinging je t which is adjusted to strike a surface at an angle other than 90° is 

commonly referred to as an obliquely impinging jet. In an investigation into obliquely 

impinging jets, O ’Donovan and Murray [45] found the appearance of both strong and 

weak vortical structures due to the angle of impingement of the jet, resulting in higher 

levels of heat transfer fluctuations in the uphill direction and low levels in the downhill 

direction. In the uphill direction the vortices from the je t are strong since they have 

comparatively less time to disperse energy to the surrounding environment compared 

to those in the downhill direction, which are at a weaker level by the time they impinge 

upon the surface.

Jet Nozzle
Downhi Direction

Stagnation Point Heated Surface

-  r  0  + r

Figure 2.20: Schematic o f obliquely impinging jet, O ’Donovan and Murray [45]

A similar investigation was conducted by V ipat et al. [46] and came to comparable 

conclusions to th a t of O ’Donovan and M urray [45]. The maximum heat transfer is 

seen in figure 2.21 to be displaced from the geometric stagnation point in the uphill 

direction of the impingement surface as does the equivalent pressure distribution upon 

the impingement surface.

The results from these studies provide information regarding the positioning of an 

impinging je t when employed for cooling purposes. In applications such as the cooling 

of a manufacturing process, if the impinging je t being used was not at 90° to the 

target surface an uneven level of cooling would occur which might affect the material 

properties in different areas.
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Figure 2.21: Demonstration of displacement o f maxim,um heat transfer and 
stagnation point as reported by Vipat et al. [46]

2.4.3 Im pinging  Je ts  w ith  B luff B od ies

In some studies, additional edges are added to the je t nozzle, an example of which is 

displayed in figure 2.22, or bluff bodies such as spheres, cylinders or air-foils are placed

in the path of the fluid flowing from a nozzle, as shown in figure 2.23.

The aim of this is to generate tu rbu

lent mixing of the fluid before it impinges 

on a heated surface, thereby attem pting 

to enhance heat transfer. Gao et al. [47] 

used the straight pipe nozzle geometry 

for their study w'ith the addition of tri

angular tabs at the exit of the nozzle.

The triangular tabs forced the fluid to 

change its flow structure and in doing 

so the speed of the fluid between the in

dividual tabs increased, as did the tu r

bulence level after the tabs. The tabs 

caused an enhancement of the heat trans

fer, mainly in the stagnation region and 

also affected the nozzle-to-plate distance

Figure 2.22: Triangular tabs added to exit 
of round impinging je t nozzle, Gao et 

al. [46]
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tha t the maximum heat transfer occurred at. The turbulence mixing induced by the 

tabs reduced the optimal height from 6-8D, as would be the case for a conventional 

impinging jet, to 4-6D.

Through the use of therm al imaging techniques, B hattacharya and Ahmed [48] 

investigated how a bluff body, such as a cylinder or air-foil, might affect the flow 

emerging from an impinging je t nozzle and whether the resultant alteration in the 

flow would enhance or diminish the heat transfer. It was determined tha t when a 

cylinder is placed in the path  of the jet flow, figure 2.23a, wake vortex shedding from 

around the bluff body would increase the level of mixing in the region where normally 

the potential core of the je t would be. A similar result was obtained when an air-foil 

was placed in the path  of the je t flow, however the vortices woiild primarily occur on 

one side of the air-foil due to its asymmetric geometry, figure 2.23b.

Flow

Sj = Half sad d le  of 
a t ta c h m e n t

Sw elling of je t  
d u e  to  vortex 
pairing

Karman vortices

S h ear layer 
vortices

(a)

V(»rtex _

(b)

Figure 2.23: Fluid flow from a straight nozzle around (a) a stationary/oscillating  
cylinder and (b) an oscillating airfoil, Bhattacharya and Ahmed [48]

The air-foil configuration was discovered to  produce the highest heat transfer rates 

of those tested, including an impinging jet with no obstruction. This was attributed 

to the minimal amount of recirculation along the axis of the jet which occurred when 

using the cylinder along with the large vortical structure, seen in figure 2.23b, which 

was produced with the air-foil acting as the bluff body.

Annular jets can also be considered within this category of impinging jets since 

the central section can be viewed as obstructing the flow. Celik and Eren [49] studied
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how the thickness of the internal section of an annnlar je t can result in different heat 

transfer rates. Three annular jets, each with different configurations, were compared to 

a conventional impinging je t of the same external diameter to determine enhancement 

in heat transfer. For each of the jets tested, the conventional impinging je t gave the 

low'est heat transfer while the geometry with an annulus of 0.55D, where D  is the 

outer diameter of the jet, had the highest. Following these results it was concluded 

th a t if a localised cooling effect is desired, a small annulus is needed, while a large 

annulus should be used for a more uniform cooling efTect over a wide region.

2.4.4 Synthetic Jets

Synthetic je ts are devices tha t have been developed which do not require a continuous 

supply of fluid from pumps or compressors, thereby reducing the cost and increasing 

the convenience of the process. This is accomplished through the use of an oscillat

ing diaphragm, most connuonly found in an electromagnetic actuator or an acoustic 

speaker. The actuator is generally positioned above a je t nozzle but is not restricted 

to this arrangement. As shown in figure 2.24, the system undergoes two stages to 

produce the impinging je t flow. During the first stage, the diaphragm of the actuator 

moves away from the jet nozzle and introduces the working fluid into the jet enclosure. 

In the second stage, the diaphragm moves towards the jet nozzle, expelling the fluid 

which was drawn in during the first stage towards the target. The cycle then repeats 

at a frequency defined by the operator. The displacement of the diaphragm may also 

be controlled, leading to a specific volume of fluid emerging from the je t exit.

The wall region of a synthetic impinging je t was examined by Krishnan and Mohseni 

[50] using the technique of hot-wire anemometry. The flow regime of the synthetic jet 

in the wall region showed similarities to a continuous jet. How’ever, since the synthetic 

je t is primarily dominated by vortices due to the actuator driving the flow, the rate 

at which the jet decayed and spread was foimd to be considerably different. As with 

the other forms of impinging jets, synthetic jets can be used with a number of noz

zle geometries to attem pt to increase performance, such as in a study by Travnicek 

and Tesaf [51] which considered an annular jet. These findings indicated th a t if the
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Figure 2.24: Illustration of fluid (a) suction and (b) ejection processes due to a 
synthetic je t with an orifice nozzle, Krishnan and Mohseni [50]

amplitude of the actuator was to be increased the mass transfer of the je t would also 

increase. From the results presented, it was also clear th a t an increase in the frequency 

caused an increase in the mass transfer, but this is not consistent. The increase in 

the mass transfer with increasing frequency was reported to  be valid up to a point, 

beyond which the level of mass transfer drops. This was reported to be as a result of 

the flow undergoing a significant change in structure.

The effect of various synthetic je t operational param eters on convective heat trans

fer characteristics has been considered thoroughly in many different studies of imping

ing synthetic je t heat transfer [52-55]. These param eters include the stroke length, 

Lo, the Reynolds number. Re, the size of the je t nozzle, D  in the case of a circular 

nozzle, and the distance between the je t and the target plate, H , amongst others. Heat 

transfer results from the synthetic je t were also compared to a standard continuous jet 

under similar conditions. M ajor findings established from studies with this impinging 

je t arrangement included th a t the maximum heat transfer occurs when the actuator 

is set at a frequency equivalent to the resonance frequency of the je t cavity and tha t 

the stroke length of the synthetic je t plays a large part in the fluid dynamics and the 

heat transfer from the impingement surface.

I ^ ' I  N ozzle

i L _  ■ '•
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2.4.5 Swirling Im pinging Jets

The main focus of this study is to characterise the convective heat transfer of a swirhng 

impinging je t relative to the behaviour of a non-swirling jet. Therefore much of the 

examination of past work has been focused in this area, specifically in the area of guide 

vane swirl generators.

Swirling impinging jets are quite diverse in terms of their design. Different ap

proaches have been taken over the years to develop a method of generating a swirling 

flow such as superimposing a tangential flow onto an axial flow, the use of guide vanes 

or direct rotation via a rotating pipe. The pressure requirements of tangential entry 

swirl generators are relatively high, hence industries which commonly employ swirl 

generators, combustion systems for example, are inclined to implement the guide vane 

approach.

r, V-radial

W-swirl

U-axial

Figure 2.25: Axial and radial velocity gradients o f a swirling impinging jet, Shiri et
al. [56]

Figure 2.25 illustrates the typical velocity profiles associated with a swirling jet. 

Unlike a conventional jet which would just have an axial component, a sw'irling jet has 

an angular or azinmthal velocity around the central axis of the jet. The magnitude of 

this azimuthal velocity is governed by the level of swirl in the je t and is dictated by 

the swirl generation technique used.

Many detailed studies into swirling jets have been completed in the past with 

regard to their flow structure and development as they impinge upon a heated surface, 

with the main purpose of discovering a design which will encourage a higher heat
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transfer rate compared to a conventional impinging jet under the same conditions. 

These studies are discussed in the following sections.

T angential F low

The superposition of a tangential flow onto an axial flow to generate a swirling flow 

has been used in much research in the past, since a simple adjustment to the tangential 

flow can change the degree of swirl of the jet. The level of swirl is conmionly described 

by the swirl number, S, which is calculated by comparing the axial flux of angular 

momentum, Ĝ >, with the axial flux of axial momentum, Gx,  as shown in equations 2.4 

and 2.5, described by Gupta et al. [57] and Alekseenko et al. [58]. A swirl number of 

zero is equivalent to a conventional jet.

H (2.4)

P ^ m a x  P ^ m a x

= / puwr^dr G x  =  / pu^rdr (2-5)
Jo Jo

where u and w  are the axial and azimuthal velocities respectively of the fluid flow 

[m/s] and r is the radius of the jet nozzle [m\.

To apply a flow tangentially to an axial flow, additional components are commonly 

included in order to direct the tangential flow towards the enclosure containing the 

axial flow. One such example by Ward and Mahmood [59,60] is shown in figure 2.27. 

The tangential flow passes through these extra sections and the combination of the 

flows creates a swirling motion, whose strength is determined by the impact of the 

tangential flow.

The development and structure of a swirling jet as it exits a nozzle has been 

investigated in many studies including those by Shiri [61], Shiri et al. [56], Toh et 

al. [62,63], Wicker and Eaton [64] and Lee et al. [65]. These studies have observed 

how a swirling jet grows and decays as both the distance from the nozzle and the 

swirl number increase. The study by Lee et al. [65], which particularly focused on 

the combination of swirling flows, chose an annular formation for the jet nozzle in
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an attem pt to  control the spread of the je t by way of experimental and numerical 

methods. Figure 2.26 dem onstrates the spread of a sw’irling je t as the sw'irl number 

is increased. This sequence of images recorded by Toh et al. [62] compares well with 

other studies and truly illustrates the im portance of swirl number regulation since jets 

with high sw'irl numbers, such as in image (f), have little central structure and it will 

be show'n th a t at these levels of swirl, significantly low heat transfer occurs in the 

stagnation region.

Figure 2.26: Breakdown of flow structure of je t as swirl number, S, increases with (a) 
S=0, (b) S=0.06, (c) S=0.29, (d) S=0.65, (e) S=0.94 and (f) S>0.94, Toh et al. [62]

Ward and Mahmood [59,60] generated a sw'irling impinging jet by applying this 

method and using the system illustrated in figure 2.27. The tangential flow enters 

into an annular cavity th a t envelops the tube containing the axial flow. This tube 

includes four parallel slots, as shown, through which the tangential flow enters and 

combines w'ith the axial flow. Through experimental testing at different je t to surface 

distances, Reynolds numbers and swirl numbers it was discovered th a t as the level of 

swirl increased, the heat transfer decreased.
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Figure 2.27: Swirling je t generator as used by Ward and Mahm,ood [59, 60]

The highest swirl number examined, £'=0.48, showed a very low level of heat 

transfer at the stagnation point, while the local maximum was located at r //J= 1 .5 . 

However, when this je t arrangement was set up as a square array, the swirling im

pinging jets caused an enhancement in the heat transfer. The enhancement of heat 

transfer, compared to an array of non-swirling jets, was found to be up to 20% at the 

closest nozzle to surface distance examined and for low swirl numbers. As the swirl 

number increased, this enhancement factor decreased.

Ichimaya and Tsukamoto [66] used a similar approach to Ward and Mahmood [59] 

but with lower Reynolds numbers and smaller nozzle to surface spacings. The find

ings illustrated th a t a swirling impinging je t can both improve and diminish the heat 

transfer compared to a non-swirling jet, depending on the swirl number chosen. In 

this investigation it was revealed th a t a swirl number ranging from 0 < S  <0.8 leads to 

an increase in heat transfer, with a maximum effect at S  «0.4. From these results it 

can be deduced th a t a swirling impinging jet, using the superposition of a tangential 

flow method, can enhance the heat transfer from a system under certain conditions. 

However, at swirl numbers above 5=0.8 , a reduction in the heat transfer has been 

noted. For example, Ichimaya and Tsukamoto [66] noticed a 20% decrease in the 

mean Nusselt number for a swirl number of 5= 1 .
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Guide Vanes

G uide vane swirl generators can be used, depending on the  geom etry of the  je t nozzle, 

to  a lter the  angular com ponent of the  flow. It was noted by Y ajnik and Subbaiah [67] 

th a t  creating a swirling je t by way of guide vanes has advantages over o ther swirl 

developing m ethods since they do not create secondary flows. The theory  outlined 

previously for calculating the  equivalent swirl num ber, equation 2.4, can also be used 

for th is set up. However, a sim pler definition of the  swirl im m ber has been created  for 

guide vane swirl generators tak ing  into consideration the  inner and ou ter diam eters, di 

and fi'2  respectively, of the generator and the  angle at which the  vanes are positioned, 

9, as dem onstrated  in figure 2.28. This form ula is presented in equation 2.6.

(2 .6 )

To highlight the difference between 

the  flow of a non-swirling je t and a guide 

vane generated swirling je t w ith varying 

swirl num bers, Alekseenko et al. [69] used 

flow visualisation techniques to  m easure 

the  m ean and fluctuating velocities of the 

different jets.

It was discovered th a t, near the  je t 

exit, th e  swirling je t exam ined had a near 

zero velocity a t its centre and a m axi

m um  velocity between 0.2 < r / D  <0.4 for 

a high degree of swirl, com pared to  a non

swirling je t which has a consistent veloc

ity for 0 <  r / D  <  0.5. The velocity fluc

tu a tio n s  for a swirling je t  also changed

 N ozzle

M S w irl a en e ra to r

Figure 2.28: Example o f  guide vane style 
swirl generator in a straight pipe nozzle, 

Bakirci and Bilen [68]

appreciably com pared to  a norm al jet. F luctuations in velocity near the  je t exit for a 

non-sw’irling jet were shown to  be near zero for the  span of its diam eter. For a swirling
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je t however there appeared to be a local minimum in fluctuations at the centre fol

lowed by a local maximum at r /D  wO.2. This research was continued by Alekseenko et 

al. [58] who applied an external force on the swirling flow which succeeded in increas

ing the turbulence levels significantly for low swirl numbers. Examples of the flow' 

visualisation produced by Alekseenko et al. [58] next to the swirling jet geometry used 

are displayed in figure 2.29. The images correspond well to those from Toh et al. [62] 

shown in figure 2.26.

(a) (b) (c) (d)

Figure 2.29: Swirling je t geometry (a) and flow visualisation of swirling je ts with 
swirl numbers of (h) S=0, (c) S=0.41 and (d) S=1.0, Alekseenko et al. [58j

Another study on the development of free swirling je t flows as they leave a nozzle 

has been conducted by Majidi and So [70]. This work has provided evidence in support 

of a number of the points made previously about the development of swirling je t flows. 

While the generators used to  create the swirling motion may be similar in geometry 

and design between different studies, a change in the angles of the vanes can alter the 

flow substantially. The level of decay of the je t can generally be related to the swirl 

number, with an increase in the swirl number corresponding to an increase in the rate 

of decay of the fluid flow.

Straight Pipe Nozzle Geometry with Axial Vanes

The most common method used to generate a swirling impinging je t is to incorporate 

axial guide vanes in a straight pipe nozzle, as previously described. The main reason 

for this comes down to the simplicity of being able to change the guide vane section 

within the pipe. The guide vanes, or swirl generators as they are more commonly
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referred, are generally made from a solid metal cylinder (steel or alimiinium) which

al. [71], Lee et al. [72], Bakirci and Bilen [68], Huang and El-Genk [73], Wen [74] and 

Yuan et al. [75] all took similar approaches in this respect. A tw'isted tape method, 

whereby a strip of m etal is twisted along its longitudinal axis, has also been used 

by Nanan et al. [76] and N untadusit et al. [77, 78] for a range of twist ratios w'hich 

correspond with certain swirl angles.

Senda et al. [71] used three separate swirl generators to create swirling impinging 

jets with corresponding swirl numbers of 5= 0 , 0.22 and 0.45. As with many other 

studies, the 5 = 0  case includes the sw'irl generator in the nozzle but the channels or 

vanes are parallel to the flow'. This arrangement is connnonly referred to as a m ulti

channel impinging je t (MCI.I). The generators hi this study w'ere positioned ID  from 

the nozzle exit as seen in figure 2.30.

Using thermo-sensitive liquid crystals, the heat transfer from the heated test sur

face was determined. For each of the three swirl numbers tested at a height of 2D, 

a significant decrease in the heat transfer at the stagnation point compared to a con

ventional impinging je t was noted. This reduction in heat transfer was considered to 

be caused by a blockage effect from the swirl generator, especially for the 5 = 0  case. 

This local minimum in heat transfer at r /D = 0  is followed by a point of maximum 

heat transfer at a location which varies with swirl number, ranging from 0.5 < r/D

is then machined to produce channels th a t create the desired angular flow. Senda et

Impinging plate

Nozzle
^Swirl generator y

Figure 2.30: Impinging jet arrangement as used by Senda et al. [71]
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<1, indicating an outward spread in the fluid flow. As the height, H /D ,  is increased 

to 4 and 6, the stagnation point heat transfer, while low, remains consistent for each 

of the swirl numbers, bu t the local maximum noted at H /D = 2  decreases considerably.

A similar investigation was conducted by Lee et al. [72], examining the same swirl 

numbers as Senda et al. [71] but with the addition of one higher swdrl number, 5=0.77. 

The swirl generators used in this study are depicted in figure 2.31. Since the Reynolds 

number for this study was nearly four times higher than tha t of Senda et al. [71], the 

heat transfer magnitudes vary but the same trends in the Nusselt number distributions 

appear. For a swirl number of 5 = 0  a local minimum in the heat transfer is noted at 

the stagnation point although in this case it is slightly higher than the stagnation 

point Nusselt number for the non-swirling jet. As the level of swirl is increased, the 

stagnation point Nusselt number drops, for all heights examined, and the location of 

the maxinmm Nusselt number moves away from the stagnation point indicating the 

spread of the fluid flow as identified by Senda et al. [71]. The drop in heat transfer 

at the stagnation point can be associated with the outward spread of the fluid as the 

swirl number increases, as noted by Senda et al. [71], however the primary reason 

can be attribu ted  to the central core of the swirl generators causing a blockage. The 

generators were positioned at the leading edge of the je t nozzle, which denied the 

separated fiow stream s space to recombine and consequently created multiple flow 

streams instead of one singular swirling flow.

•'  I) t i l  I  ; S ' - ( )  . 4 4 ^ ^ ' -  . ' ( l "  ; ,S <- I I - A ? " ' I

Figure 2.31: Schematic of swirl generators as used by Lee et al. [72]

The influence of a blockage from the insertion of swirl generators into a nozzle can 

only be minimised by either allowing an area for the separated flows to recombine, as
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perform ed by Senda et al. [71], or by gradually  decreasing the  size of th e  blockage, as 

done by Bakirci and Bilen [68]. The s tudy  by Bakirci and Bilen [68] exam ined five 

different jets; a conventional (C IJ), a m ulti-channel (M CIJ) and three swirling (SIJ) 

im pinging jets, as displayed in figure 2.32.

Figure 2.32: Flow inserts fo r  a M C IJ  and three S IJs  of different angles as used by
Bakirci and Bilen [68]

By applying tem p era tu re  sensitive liquid-crystals on the  im pingem ent surface the 

tem p era tu re  d istribu tion  across the  surface was visualised and the  inform ation ex

trac ted  was converted to  the  corresponding non-dim ensional Nusselt num ber. For the 

C IJ and the  M CIJ, the  tem p era tu re  d istribu tion  on the  surface was showm to have no 

radial variation. How'ever, as the  swirling im pinging je ts  were exam ined, the  separa

tion of the  stream s becam e apparent. For lower angles of swirl, th e  separation  was 

not very noticeable. For th e  higher angles of swirl exam ined, however, four separate  

flows are d istinctly  visible. Figure 2.33 shows bo th  the  liquid-crystal display and the  

associated Nusselt num ber d istribu tion  for the  two higher swirl angles. It is clear to 

see from the  raw images of the  liquid-crystal technique th a t  there  are four d istinguish

able im pingem ent areas instead  of a uniform  distribu tion  radially  outw ard from the 

stagnation  point.

This leads to  a second problem . Since the  Nusselt num ber d istribu tions show a 

non-uniform  cooling effect radially  outw ards from the  center, the  heat transfer can 

vary depending on th e  d irection in which th e  local Nusselt num ber is recorded. W hile 

radially  averaging the  Nusselt num ber w'ould give a result for a  given area, it would 

not adequately  describe the  tru e  d istribu tion  caused by the  im pinging jet.
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Figure 2.33: Surface temperature visualisation using liquid-crystal techniques and 
contours of constant Nusselt number for two swirling impinging je ts with swirl angles 

of 41° and 5(f at H /D = 8 and Re=20,000 by Bakirci and Bilen [68]

This study conchided tha t minimising the angle of swirl led to higher levels of heat 

transfer for nozzle-to-surface heights of 6 < ///D < 1 4  and th a t a M CIJ had the highest 

heat transfer levels of all five scenarios. W ith closer proximity to the impingement 

surface, different results are produced as reported by Huang and El-Genk [73] who 

looked at multiple swirling impinging jets with different angles of swirl for a height 

range of \< H / D<Q. The design and set-up of the swirl generators is similar to Lee et 

al. [72] as the generators used are positioned ID  from the nozzle exit, figure 2.34.

At a nozzle height of ID  above the surface, Huang and El-Genk reported a signif

icantly elevated level of heat transfer for all angles of swirl. As the height is increased 

up to 6D, the heat transfer levels drop as the fluid flow spreads outwards giving way 

to a higher stagnation point heat transfer for the CIJ. However, the SIJs show higher 

heat transfer levels compared to the CIJ in an area approxim ately 2D  outside the 

stagnation point.

From this review, one can determine tha t swirling impinging jets, based on straight 

pipe nozzles, have a higher chance of enhanced heat transfer when they are placed in 

close proximity to the impingement surface.
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flo w  s lo t

(a) a swiii generator

h o u s i n g  t ube

(b) an assembled swirling jet

hous i ng  tube

i nser t

(c) a coitventional jet (d) a multi-chanoel jet

Figure 2.34: Impinging je t arrangement for a CIJ, M CIJ and different SIJs, with 
swirl angles of 15°, 3(F and 45° as used by Huang and El-Genk [73]

Contoured N ozzle  G eom etry  w ith A xia l Vanes

While use of swirl generators is less common in contoured nozzles than in straight 

pipe nozzles, the results from past investigations correspond well with one another, 

as evident from the flow visualisations by Toh et al. [62] shown in figure 2.26 and 

Alekseenko et al. [58] shown in figure 2.29. Such similarities include the breakdown 

of the je t structure and increase in the spread of the je t radially outward as the swirl 

number is increased. The two heat transfer studies discussed in this section, Nozaki et 

al. [79] and Kinsella et al. [80], take different approaches to generate a swirling flow in 

a nozzle which narrows in diameter towards the exit.

Nozaki et al. [79] positioned the swirl generator far from the nozzle exit, allowing 

the stream s of the flow to combine as the nozzle narrows tow'ards the exit. Although 

this reduced the blockage effect noted in earlier studies, a local minimum Nusselt 

number was found at the stagnation point for both swirl numbers examined. As the 

swdrl nmuber increased, the local mininmm became more pronounced and the point of
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Swirl generator(stator) 
with movable guide vane

Figure 2.35: Swirling impinging je t set-up as used by Nozaki et al. [79] 

iiiaxiniuni heat transfer was displaced further from the stagnation point.

( a)  (b)

Figure 2.36: Position of swirl generating guide vanes as used by Kinsella et al. [80]

Kinsella et al. [80] took a different approach to insert swirl generating vanes by 

constructing the nozzles with the vanes built in, as dem onstrated in figure 2.36. This 

concept, however, leads to a similar result to th a t reported by Bakirci and Bilen [68]. 

Thus, since the vanes continue to the exit of the nozzle, the four distinct flow streams 

cause varying levels of heat transfer at constant radial distances from the stagnation 

point. An example of this is shown in figure 2.37, revealing the variation in heat 

transfer distribution depending on the radial direction examined.
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Figure 2.31: Thermal image showing surface temperature distribution on 
impingement surface under influence of swirling impinging je t by Kinsella et al. [80]

N ozzle  G eom etries w ith  R adial V anes

Radial vanes are employed before the nozzle exit with nozzle geometries broadly similar 

to contoiirexl nozzles but not necessarily with a curved transition from a large to a 

small diameter. Such is the case in studies by Yajnik and Subbaiah [67], Yilmaz et 

al. [81], Ortega-Casanova [82] and Sheen et al. [83]. While the studies by Yajnik and 

Subbaiah [67] and Yilmaz et al. [81] did not focus on impinging jets with a swirling 

component, they used radial vanes in order to create a swirling flow through a straight 

pipe. To change the direction of the flow by 90°, as is necessary for radial vanes, a 

cone or ‘deflecting element’ is introduced into the design to channel the flow. One such 

element is displayed in figure 2.38. Sheen et al. [83] also incorporated this element into 

their set-up for an annular swirling impinging jet as did Kinsella et al. [80] with their 

guide vane system, seen in figure 2.36a.

Sheen et al. [83] examined the change in the flow regime wlien radial guide vanes 

and the Reynolds number of the flow' are changed. In doing so, a new correlation 

for the swirl nimiber was formed. This correlation, shown in equation 2.7, takes into 

account the number of vanes in the system, z, the angle at which they are positioned, 

4> and w’hat is known as ‘the blockage factor’, ■0. Equation 2.6 cannot be used for this 

style of sw'irl generator since it is designed for an axial generator and the geometric 

dimensions necessary caimot be determined.
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V anes
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Flow S tra igh tener

Figure 2.38: Experimental set-up displaying deflecting element in accordance with
Yilmaz et al. [81]

S  = Ci{Re)a{4>) (2.7)

where C\ {Re) =  0.28 x [l — sech (0.026/^e” ®̂ )j

cr (S) = ^
1 — V' \  1 +  tancptan ( tt/ z )

■i/i =  z s / 2 ' k R \ C O s 4>

where s is the thickness of each guide vane and R\ is the radius from the center of the 

je t to the traihng edge of the guide vanes. Because the vanes are not placed close to 

the exit, as seen in many other cases, there is a relatively minimal blockage effect.

Sw irling Flow  G enerated  by R ota tin g  P ip e

Besides the methods for generating a swirling flow already discussed, a quite uncom

mon way of producing it is through an axially rotating pipe. Studies involving such 

a design were carried out by Billant et al. [84], Maciel et al. [85] and M atsubara et 

al. [86]. This approach to generate a swirling flow, like th a t of adding a tangential flow 

to an axial flow or the use of radial vanes, encounters no blockage efll'ects in the exit 

flow, but a more complex system is necessary. Each of these studies concern them 

selves with the development of a swirling flow as it emerges from a je t nozzle through 

flow measurement techniques such as laser doppler velocimetry (LDV), particle image
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velociinetry (PIV ) and com putational fluid dynam ic sim ulations. These m ethods are 

described in further detail in section 2.5. The developm ent of a swirling je t is well 

illustrated  in the  work by Billant et al. [84] and shows the  flow from a swirling je t 

divide into a conical shape. This is shown in figure 2.39, which explains why the local 

m axim um  heat transfer for a swirling je t im pinging on a heated surface is located away 

from the  stagnation  point. In addition, as the  angle of swirl is increased, the  conical 

s tru c tu re  widens, as was also seen in figure 2.26, and the  m axim um  heat transfer moves 

away from the stagnation  point.

■ > r

=  X(

Figure 2.39: Developm ent o f swirling je t  flow as it emerges from  the je t  nozzle as
reported by B illant et al. [84]

T he use of large-eddy sim ulations (LES) allowed Maciel et al. [85] to  visualise 

the  swirling flow generated from different perspectives including a dow nstream  view 

which illustrates the  central core of the  j e t ’s flow. T he image shown below, figure 2.40, 

represents the  dow nstream  view of a swirling je t  reported  by Maciel et al. [85]. It 

can be noted from this th a t the  flow is concentrated  a t the  ou ter region of the je t, 

i.e. 0.3 < r / D  <0.5 . This com pares well w ith w hat Billant et al. [84] described 

and corresponds well w ith the  low heat transfer which is consistently  reported  at the  

stagnation  point which is followed by a local m axim um .
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Figure 2-40: Downstream view of swirling je t as reported by Maciel et al. [85]

The past studies regarding the flow structure and heat transfer capabiUties of 

swirhng impinging jets have been discussed in this section. Common aspects in both 

of these fields include the spread of the je t as the angle of swirl, or swirl number, is 

increased, irrespective of the presence of an impingement surface, and the diminished 

heat transfer levels compared to a conventional impinging jet for many of the exper

imental configurations studied. However, it is possible for an enhancement factor to 

be established under specific conditions such as low nozzle to  surface heights. The 

m ajority of studies regarding the heat transfer properties of swirling impinging jets is 

not assisted by flow visualisation to truly understand the flow mechanisms causing the 

respective heat transfer levels. The change in the method of swirl generation between 

the different studies may also have an influence on the structure of the flow emerging 

from the jet nozzles.
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2.5 Flow V isualisation

and M easurem ent Techniques

Flow visualisation techniques are implemented in experimental research to determine 

how the working fluid flow fleld develops and how it may be aff’ected by surrounding 

objects or environmental conditions. Different methods of flow visualisation are com

monly applied in such examples as the observation of fluid as it passes over an air-foil 

to illustrate boundary layer separation at certain angles of attack or in the design of 

sports vehicles to increase performance. Such techniques include those which measiu'e 

the velocity of fluid flow at speciflc points and those which can map the entire flow 

regime. This section w'ill address different techniciues used to examine both swirling 

and non-swirling impinging jets and discuss the findings from such investigations.

Sm oke-W ire

A smoke-wire device consists of a fine wire commonly coated in oil. When a current 

is passed through the wire, the heat generated causes the oil to evaporate and smoke 

is created. When this wire is placed in the path  of a flow, for instance from an 

impinging jet, the smoke is carried by the fluid flow and produces an image of the 

flow. Visualisation of the fluid flow w'hich emerges from an impinging je t nozzle with a 

contoured geometry was explored by Popiel and Trass [87] and Baydar and Ozmen [88].

Figure 2.41' Illustration o f je t  development at H /D = 1 .2  and Re= 5,000 by Popiel and
Trass [87]
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Popiel and Trass [87] used this technique to  further understand the interaction 

of an impinging je t with a flat surface. The resulting images give incredible insight 

into the development of vortex m aturity as the je t fluid mixes with the ambient air 

surrounding it; an example of such is shown in figure 2.41. As these vortex structures 

impinge upon the surface they are diverged outwards in a radial direction and form 

the radial wall je t as indicated in figure 2.3.

Baydar and Ozmen [88] focused on the differences in the flow when the je t nozzle 

introduces a confinement aspect to the system. This confined area was reported to 

have a significant effect on the fluid flow for nozzle spacings up to an equivalent 

of two nozzle diameters, H /D = 2. Figure 2.42 depicts the difference in the level of 

recirculation between a confined and an unconfined flow as noted by Baydar and 

Ozmen [88].

Confined Unconfined

Figure 2.1^2: Influence of confinement on impinging je t flow at H /D = l and 
Re=4,800 by Baydar and Ozmen [88]

Using the smoke-wire method, Huang and El-Genk [73] were able to visually ex

amine the swirling impinging jets and define the flow characteristics while comparing 

them  to a conventional impinging jet. The flow fields sketched in figure 2.43 demon

stra te  the variance between the two flows. Figure 2.43a corresponds with the flow 

structure seen previously in figure 2.3 for a conventional impinging jet.

While figure 2.43b appears similar in terms of the overall structure, the rotational 

aspect of the fiow alters the inner structure considerably. The twisting effect of a 

swirling flow causes the free jet to ro tate axially resulting in the flow area widening 

compared to th a t of the conventional impinging jet. The impinged region, zone (2) 

in figure 2.43b, contains a region of back fiow and internal mixing caused by the 

swirling motion. This viewpoint compares well with the flow configuration developed
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by Billant et al. [84] with regard to the back flow towards the center hne of the jet.

(b) Swirling Impinging Je l

Figure 2.43: Variation in flow dynamics between (a) a convention im,pinging je t and 
(b) a swirling impinging je t as reported by Huang and El-Genk [73]

Laser D oppler V elocim etry (LDV)

Also known as laser doppler anemometry (LDA), LDV is a non-invasive approach 

to fluid velocity measurements. In its simplest form the application involves two 

intersecting beams of monochromatic laser light, typically split from a single beam. 

The intersection of the beams is focused on by a set of optics and a photo-detector. 

When a particle crosses into the path  of the laser intersection the reflected light is 

recorded by the photo-detector and the frequency at which the reflected light fluctuates
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can be related to  the velocity of the particle. This method was used by Fitzgerald and 

Garimella [40] to study the flow field which develops in a confined impinging jet. By 

examining different heights and Reynolds numbers, the velocity of the fluid flow as it 

impinged upon a horizontal surface and travelled outwards from the stagnation point 

was examined and showed th a t the velocity of the flow near the surface decreased as 

the distance from the stagnation point increased.
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Figure 2.44' A z im utha l and axial velocity distributions fo r  a j e t  f low  with increasing 
swirl number as reported by B illant  et al. [84]

Similarly, Billant et al. [84] used this technique to determine both  the axial and 

azimuthal velocities of the swirling jets studied. The result of this investigation pro

duced a clear view of what occurs inside a swirling flow as the level of swirl increases.
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As portrayed  in figure 2.44, the  azim uthal velocity of a je t  changes dram atically  as a 

swirling m otion is induced.

Initially  w ith a swirl num ber of zero, there is no ro tational m otion, as would be 

expected. As the swirl num ber is increased so does the  angular aspect to  the  flow' and 

it appears to  have a m axim um  velocity at r/_D «0 .3 . T he axial velocity also changes 

as the  swirl nm nber is increased, from a near uniform  velocity gradient for 5 = 0  to 

a steep bell-shaped curve w ith a m axim um  velocity at th e  stagnation  point, which 

increases as the  sw'irl im m ber increases.

Particle Im age V elocim etry (PIV )

Like LDV, particle image velocim etry (PIV ) is a non-invasive approach to  flow' field 

m easurem ent bu t is designed to  encom pass a larger viewable region. A typical PIV  

set-up, as shown in figure 2.45, includes a high resolution cam era focused on a desired 

region which is illum inated by a laser light sheet created  using optical lenses. The flow 

field which is being exam ined is seeded w ith small particles, such as smoke for air or 

glass spheres for water. As each particle  passes through the  light of the  laser sheet it 

is illum inated and the positions of all of the  particles w ithin the  area are recorded by 

the  high resolution camera.

M i r r o rL k h l  s h e e l  o p t i c s

l l l i i i i i i n a l e J  
K p a r t i c l e s

F l o w  u  i th 
t r a c e r  pa il i c le*

• F i r s t  l ig h t  p u l s e  at  t 
S e c o n d  l ig h t  p u l s e  at I

F l o w  d i r e c t i o n

Figure 2-45: Typical set-up fo r  particle image velocimetry, Raffel et al. [89]
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Light scattered  by the  seeding particles changes as th e  angle the  particles are 

viewed a t changes; th is is com m only referred to  as Mie scattering. T he level of light 

scattered  changes depending on th e  type of seeding used. A Mie scattering  for a 1 

oil particle , for exam ple, is shown in figure 2.46, and shows th a t  the  location of the  

cam era relative to  the  laser sheet is im portan t in order to  get d istinct images of the  

seeding particles.

L ig h t

Figure 2.46: M ie scattering fo r  1 iim  particle o f oil as described by Raffel e t al. [89]

T he recording of the  flow is done on two separa te  occasions w ith the  tim e between 

the two recordings being determ ined by the  area the  cam era views and the  speed of the  

fluid flow. T he images recorded are divided into subsections known as ‘in terrogation  

areas’. By way of s ta tis tica l m ethods, the  displacem ents of the  particles between the 

two images are determ ined for each of the  interrogation areas, given the  assum ption 

th a t  the  particles in one in terrogation area have moved hom ogeneously betw een the  

two images. T he displacem ent calculated  is displayed as a vector which describes bo th  

th e  velocity and direction of the  fluid flow. F urther details regarding particle  image 

velocim etry are contained in section 3.4.

T his technique of flow visualisation and flow m easurem ent is com m only used in 

the  investigation of im pinging je ts  due to  its unobtrusive m easurem ent m ethod and 

its ability  to  cap tu re  details of th e  full flow field in con trast to  point m easurem ent 

techniques such as LDV or invasive m ethods such as hot-w ire probes. T he use of PIV  

to  explore swirling je ts  has been used by Felli et al. [90] w ith w ater as the  working 

fluid and B u ra ttin i et al. [91] w ith air as the  working fluid. B oth  studies display a 

region around the  central axis of the  swirling je t  w ith near-zero axial velocity, sim ilar 

to  th e  results seen by Maciel et al. [85] in flgure 2.40.
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In the  case of Felh et al. [90], as the  fluid impinges against a wall the  flow spreads 

out from th e  stagnation  area creating an area of near-zero velocity, an exam ple of which 

is shown in figure 2.47. This is consistent w ith the  findings of H uang and El-Genk [73], 

Nozaki et al. [79] and Senda et al. [71].

h=2D h=3D h=4D

Areas of near-zero flow

Figure 2.47: Flow field velocity fo r  H /D  = 2, 3 and 4 fl-s reported by Felli et al. [90]

2.6 C oncluding Rem arks

This section has exam ined m any aspects of im pinging je ts  from bo th  a fiuid dynam ics 

and a heat transfer s tandpoin t. The m ain focus of th is chapter has been on the 

characteristics of swirling im pinging je ts  and on the  m ethods used to  generate them . 

Taking into account form er studies on the  subject, decisions can be m ade on the  design 

of swirl generators to  be used in th is s tudy  in order to  obtain  a level of enhancem ent 

in heat transfer caused by a swirling je t in com parison to  a conventional jet. One 

of th e  im portan t characteristics th a t  will govern the  design of the  swirl generator for 

th is s tudy  will be the  reduction of blockages in th e  nozzle of the  je t which has been 

seen to  reduce the  heat transfer of a swirling je t significantly a t the  stagnation  point. 

A guide vane approach to  swirl generation will be employed in th is s tudy  due to  the 

m inim al am ount of additional com ponents needed in the  je t assem bly and of ex tra  

space required, unlike the  tangentia l flow and ro ta tin g  pipe m ethods.

T hrough bo th  experim ental and num erical analysis, past studies have found com

mon trends in heat transfer d istribu tions caused by conventional im pinging jets. Such
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trends include a local minimum in heat transfer at the stagnation point followed by 

a pair of local maxima at locations of r / D  ~0.5 and 2 for a conventional impinging 

je t and a tertiary  peak at r / D  «2 .5  under specific conditions, but there is some dis

agreement about what is the cause of this tertiary  peak. W ith regard to the swirling 

impinging jets, a significant decrease in the stagnation point heat transfer compared to 

a conventional impinging jet and a high level of flow spreading radially outwards from 

the center of the je t as the angle of swirl or swirl number increases has been consis

tently reported. However, the heat transfer results of the swirling impinging jets can 

vary from case to case depending on swirl generation method. W ithout simultaneous 

acquisition of both the flow field of the swirling impinging je t and corresponding heat 

transfer measurements, the true mechanisms of the swirling impinging je t cannot be 

connected.

To investigate the local heat transfer from a heated horizontal svnface due to both 

a conventional and a swirling impinging jet, the method of infrared therm ography will 

be employed. Using this technique, the influence of the impinging jets can be seen over 

a specific area, as opposed to point measurement methods which may miss defining 

features. In conjunction with this, a hot-film sensor will be employed to evaluate the 

heat transfer fluctuation levels on the impingement surface to  determine the aspects 

of the local heat transfer distributions discovered. To link these heat transfer results 

to the flow structure of each of the impinging jets, flow visualisation and particle 

image velocimetry measurements will be used to identify the flow characteristics which 

correspond with the heat transfer levels.
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Chapter 3

Test Facility and Instrum entation

This chapter describes the different experimental set-ups designed to explore the heat 

transfer characteristics due to the impinging jets examined, for various flow conditions 

and test parameters. Two exj^erimental set-ups are used, each having a different ther

mal bomidary condition, uniform wall flux and miiform wall tem perature respectively, 

and a dift'erent measurement method. Firstly, a description of the impinging je t used 

in this study, together with the swirl generating inserts designed, is presented.

3.1 Im pinging Jet G eom etry

The impinging jet used in this study employs a contoured nozzle, as seen in figure 3.1. 

This geometry was chosen from the three previously discussed since it requires less 

space to create a fully developed flow than a straight pipe nozzle, allowing it to be 

utilised in confined applications, and would not be influenced by confinement issues 

which are common with orifice plate nozzles. The nozzle has an internal diam eter of 

5 mm. Before entering the nozzle, the working fluid flow through a chamber with an 

inner diameter of 80 mm, therefore the ratio between the diameters before and after 

the contoured contraction is 16. This value is im portant when comparing to results 

obtained from other contoured je t nozzles. Clearly, the closer this ratio is to unity, the 

closer the results are to those from a straight pipe nozzle geometry. The contoured 

nozzle extrudes from the main jet assembly by 20 mm. This corresponds to a nozzle 

length to diameter ratio of 4, as comj^ared to an orifice nozzle which would be zero.
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3.1.  I m p i n g i n g  J e t  G e o m e t r y

Figure 3.1: Impinging jet nozzle geometry; elevation view (top) and plan view
(bottom)

This nozzle geometry is combined with two other components; a top section into 

which the fluid enters through four channels, indicated in figure 3.2a, and a centre 

section, figure 3.2b. The four separate flows combine in the completed assembly, then 

passes through a mesh (not pictured) located in the centre section of the assembly 

in order to straighten the flow before it reaches the je t nozzle at the bottom  of the 

assembly. The air is supplied via an external compressor which generates a sufficient 

level of pressure to sustain the flow rates necessary for this study. The flow passes 

through a settling chamber which removes any vibrations or excitations in the fluid 

flow before entering the je t assembly. In Case 1, the flow rate of the air is measured 

using an Omega FMA-1600 flow-meter, which operates by calibrating the pressure 

difference across the device to a specific flow rate measured in L /m in .  In Case 2, the 

flow rate is regulated by an MKS mass flow controller, which allows a specific flow 

rate desired by the user via the Labview system used. The tem perature of the fluid is 

measured by a T-type thermocouple in the center of the je t assembly.
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3 .1.  I m p i n g i n g  J e t  G e o m e t r y

D irection  o f Flow

Air Supply Entry Points

f a ) (b)

Figure 3.2: Top section (a) and central section (b) of je t  assembly

The completed assembly, as shown in figure 3.3, is mounted perpendicular to the 

imi)ingement surface at a distance governed by the user.

Figure 3.3: Cross-section o f  fu ll  je t  assembly
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3 . 1. I m p i n g i n g  J e t  G e o m e t r y

3.1.1 Swirl G enerators

The swirl generators used in this study were designed specifically to avoid the blockage 

issues seen in past studies and to  work with the contoured nozzle geometry show'n in 

figure 3.1. Four swirl generators were created through rapid prototyping, each one 

having a certain characteristic altered in order to  identify the effect of this change. 

The swirl generators illustrated in figure 3.4 were designed to generate a flow in a way 

th a t is broadly similar to the techniques of Yilmaz et al. [81], Ortega-Casanova [82] 

and Sheen et al. [83].

Swirl C ore

Roof

(a)

C ontoured  
D eflecting E lem ent

O u ter V anes

(d)

Figure 3.4-' Swirl generators (a) Large, with swirl core - “L ^”, (b) Large, no swirl 
core - “L n o ” ,  (c) Small, with swirl core - “S c ”  and (d) Small, no swirl core - “S n o ”

The swirl generators effectively have four elements to their design which also de

termine the title designated for each one.

• Roof: The roof section is a circular disc 2 m m  thick upon which the guide vanes 

are positioned. The purpose of the roof is to ensure tha t the flow through the jet 

assembly is contained while travelling radially through the sets of guide vanes towards 

the nozzle exit. Generators with a roof diam eter of 60 mm. are designated ‘L ’ for large 

while those with a roof diam eter of 40 m m  are designated ‘S” for small.
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•  Deflecting Cone: Each of the generators has a contoured deflecting element, 

similar to th a t in figure 2.38, in the centre of the roof which ensures a smooth transition 

for the horizontal flow through the guide vanes to a vertical flow downwards.

• Outer Vanes: A set of six vanes are 

positioned such th a t they are aligned at 

an angle of 45° to a line joining their cen

troid to  the center of the generator, dis

played in figure 3.5. Since generators Lc 

and Sc contain a central guide vane sec

tion, known as the swirl core (described 

below’), these outer vanes have no influ

ence of the angle of swirl w'hich emerges 

from the je t nozzle, but direct the flow 

inwards towards the swirl core. How'cver 

vanes are the primary method of sw'irl generation.

•  Swirl Core: The swirl core is only present in two of the four generators. The 

inclusion of this element is to replicate the flow generated by axial swirl generators 

as seen in previous studies. The swirl core was created by axially twisting a column 

with a ‘x ’ cross-sectional shape so tha t the edges are angled at 45° to the horizontal 

plane. The swirl core is placed in the center of the generator in conjunction with 

the deflecting cone and extends from the roof of the generator to the point when the 

nozzle straightens after the contoured contraction, figure 3.1. A generator including a 

swirl core in its design is given the subscript ‘c’ while a generator w ithout a swirl core 

is given the subscript ‘no’. The main dimensions of each of the swirl generators are 

listed in table 3.1.

Figure 3.5: Position of outer vanes

, for generators L„o t^nd Sno, these outer
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Table 3.1: Characteristic dimensions of swirl generators

Swirl
Name

Roof
Diameter
[mm]

Height
[mm]

Outer
Vane
Height
[mm]

Vane
Thickness
[mm]

Swirl
Core

Swirl
Core
Length
[mm]

“L,” 60 12 10 1 Yes 18
U T  '>'>

^ n o 60 12 10 1 No -
40 7 5 1 Yes 13

u o ”
^ 7 1 0 40 7 5 1 No

■

Figure 3.6: Image of each of the four swirl generators to further illustrate the size
and aspect differences

When a swirl generator is placed inside the jet assembly displayed in figure 3.3, the 

flow is forced outwards to manoeuvre around the roof of the generator. The chosen 

Reynolds number and the generator employed will determine the velocity of the fluid as 

it passes through the outer vanes. In the cases of swirl generators Lc and Sc, the fluid 

will pass through the swirl core, governing the swirl number of the flow, before exiting 

the nozzle. For these two cases, the swirl number is calculated using equation 2.6 as 

S  ~  0.67 for both generators. Thus, the determining factor in assessing these cases will 

be whether the change in the scale of the generator affects the surface heat transfer 

distribution.

In the cases of swirl generators L„o and 5„o, there is no swirl core so the fluid 

is directed downwards, after the outer vanes, towards the nozzle exit. Unlike the 

previous pair of generators, the swirl numbers for L„o and Sno cannot be evaluated
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3 .1.  I m p i n g i n g  J e t  G e o m e t r y

using equation 2.6; instead equation 2.7 is used since it is form ulated specifically for 

radially positioned swirl generators. Using equation 2.7 the swirl niuiiber for bo th  of 

these generators is estim ated  to  be S  «  0.19.

The swirl num ber values indicated are for dem onstrative purposes. This study  

does not investigate the  difference in heat transfer results due to  swirling impinging 

je t w ith different angles of sw'irl, which has been done in past studies, bu t explores the 

change in heat transfer w ith varying swirl generator design.

An illustration of the  position of swirl generator Lc and L„o in the  jet assembly is 

shown in figures 3.7 and 3.8.

Figure 3.1: Cross-section o f fu ll je t  assembly including swirl generator “L c ”

Figure 3.8: Cross-section o f fu ll je t  assembly including swirl generator “Lno”
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3.2. C a s e  1: In f r a r e d  T h e r m o g r a p h y

3.2 Case 1: Infrared Therm ography

As mentioned at tlie beginning of this chapter, two different experimental set-ups 

and associated heat transfer measurement techniques were used in this study. Case 

1 estimates the heat transfer from an impinging je t as it acts upon a surface with 

a uniform wall flux therm al boundary condition using infrared thermography. The 

technique of infrared therm ography involves the employment of an infrared therm al 

imaging camera. In this study, the camera is aimed at a target heated surface to 

evaluate the tem perature of the surface while under the influence of an impinging jet.

3.2.1 Im pingem ent Surface

This test facility uses a Goodfellow stainless steel AISI-321 foil as the heated impinge

ment surface. The foil, with an area of 0.15 x 0.19 and a thickness of 25 fim , 

is clamped at both ends by a pair of copper bars. To ensure maximum contact be

tween the foil and the copper bars, Loctite 3888^^^ electrically conductive adhesive 

is applied. The sets of copper bars are connected to a Lambda GEN6-200 DC power 

supply, shown in figure 3.9, to complete the circuit.

ID ffiHB P ^  ’(

Figure 3.9: Lambda GEN6-200 power supply

This set-up allows the user to apply a constant current through the foil, thereby 

heating it up to a desired tem perature. W ith no external force being applied, the foil 

can warp as electricity passes through and heats it, which can interfere with the focus 

of the therm al imaging camera. To remove this warping effect, the foil is attached to 

a tensioning device. One end of the foil, which is clamped between one set of copper 

bars, is fixed to a perspex mount while the opposite end is fixed to a movable perspex 

section mounted on slider bearings. The movable section tensions the main section 

by a set of springs and in doing so keeps the foil tau t at all times during testing. 

An illustration of the impingement surface is presented in figure 3.10. The complete
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iinpingeinent surface is mounted horizontally on an aluminium frame. This aluminium 

frame is also used to mount other devices such as a flow-meter, a regulatory valve, the 

je t assembly and the therm al imaging camera.

C o p p er Bus B ars Main P e rsp ex  M ount

P e rsp ex  Slider

T ensioning  Springs

— S ta in le ss  S tee l Foil

Figure 3.10: Impingement surface for Case 1

3.2,2 Therm al Im aging Camera

The therm al imaging camera, a FLIR Systems A-40, shown in figure 3.11a, is posi

tioned so th a t it is focused on the bottom  face of the stainless steel foil. This side of 

the foil is coated in a layer of m att black paint to reduce reflection and increase the 

accuracy of the tem perature measurements. The camera is connected to a computer 

via a fire-w'ire cable and displays the cam era’s image using ThermaCAM Researcher 

Pro 2.8. The resolution of the camera is 240 by 320 pixels, equivalent to approximately 

0.11 X  0.15 giving the camera a spatial resolution of approximately 0.46 m m  per 

pixel w'idth.

The contoured impinging je t described in section 3.1 is fixed above the foil, directed 

at the centre of the surface and directly above the therm al imaging camera. The air 

which emerges from the je t nozzle cools the ohmically heated foil and the tem perature 

of the area which is influenced by the impinging je t is recorded by the therm al imaging 

camera. The foil is assumed to be therm ally thin, such th a t the tem perature on the 

top of the foil due to the cooling effect of the jet is equal to the tem perature on the 

bottom  surface of the foil seen by the therm al imaging camera.
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Im pinging  J e t  
A sse m b ly

Im p ingem en t
S u rfac e Im p in g e m en t S u rfa c e  

A s S e e n  By T herm al 
Im ag ing  C a m e ra  B elow

T h erm a l Im ag ing  
C a m e ra

(a)  (b)

Figure 3.11: FLIR  System s A-J^O thermal imaging camera (a) and system  
arrangement fo r  Case 1 while foil undergoes cooling (b)

The Biot number, Bi, is a measure of the therm al gradient across the thickness of 

the foil and confirms this to be true. The therm al imaging cam era records at a rate 

of 50 frames per second and is set for a time period of 10 seconds. Each experiment 

records a set of 500 images.

3.2.3 T im e-A veraged H eat Transfer Experim ental Procedure

The various impinging je t configurations are tested at different nozzle to surface heights 

ranging from a H /D  of 0.5 to 10 and for Reynolds numbers ranging from 8,000 to 

20,000, resulting in 49 sets of results for each impinging je t set-up tested. As previously 

mentioned, the therm al imaging camera is set to record a set of 500 images of the 

surface of the foil over a tim e period of 10 seconds. The cam era records two sets 

of images per test; the first is a set of adiabatic images and the second is a set of 

heated images. The adiabatic images are recorded as the impinging je t acts upon the 

unheated foil, while the heated images are recorded as a current passes through the 

foil under steady state  conditions. These two sets of images are averaged, filtered and 

processed using M atlab. Examples of the surface tem perature as seen by the therm al 

imaging camera for an adiabatic test and for a heated test during cooling are shown 

in figure 3.12.

The processing method uses the images recorded to analyse the energy balance 

of the system, as described in section 4.1. This involves subtracting the heat losses 

from the foil due to natural convection, radiation and lateral conduction from the heat
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generated in the foil to  give the convective heat removal of the impinging jet.

(a)  (b)

Figure 3.12: Therm al image o f fo il during je t  im pingem ent under (a) an adiabatic
and (h) a heated scenario
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3.3 Case 2: H ot-F ilm  Sensor A nalysis

Case 2 examines the same impinging je t scenarios as in Case 1 but investigates the 

effect on local heat transfer distributions of a different therm al boundary condition, 

namely uniform wall tem perature.

3.3.1 Im pingem ent Surface

The impingement surface for Case 2 employs a copper plate heated uniformly by a 

heater m at, supplied by Holroyd Components, to  generate a nominally uniform wall 

tem perature therm al boundary condition. Copper is chosen as the material for the 

impingement plate since it has a high therm al conductivity and is easily workable to 

accommodate alterations if necessary. The copper plate has a surface area of 425 x 

550 m m^ and a thickness of 5 m m . The heater m at is placed underneath the plate 

and consistent contact between it and the copper plate is assured using silicone glue. 

It is operated using a D.C. power supply which is set to provide a constant voltage of

63.3 volts. The underside of the heater m at not in contact with the copper plate is 

surrounded by insulation to ensure tha t the heat generated by the m at transfers to the 

plate. The copper plate reaches an approximate maximum tem perature of 80°C when 

all heat loss is by natural convection and radiation. The plate is fixed to a traversing 

table which allows testing to  be conducted at specific positions.

LabView Control Program  

Impinging Je t Assembly 

Hot-Film Sen so r 

Im pingem ent Surface

Figure 3.13: System arrangement for Case 2 study
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The rate of heat transfer from the surface of the plate is measured using a Senflex 

hot-fihii sensor, shown in figures 3.14 and 3.15. The sensor is positioned in a groove 

in the centre of the plate so tha t it does not protrude from the surface and thereby 

disrupt the impinging je t How. The sensor is comprised of tw'o thin copper leads, 

with a standard thickness and width of approximately 0.0127 m m  and 0.762 m m  

respectively, joined at one end by a thin nickel film. The nickel film, with dimensions 

of 0.1016 mm, w’ide by 1.4478 m m  long by 20 /^m thick, is electro-beam deposited 

onto a 0.0508 mm  thick Upilex S polyimide film substrate^  The sensor is connected 

via BNC cable to a constant tem perature anemometer which is set to m aintain the 

tem perature of the nickel film to a specified tem perature above tha t of the copper 

I)late, w'hich is designated by the term ‘overheat’. The sj^atial resolution of the liot- 

filni sensor is approximately 0.1 mrn,, which is different to  the spatial resolution of 

the infrared thermography techni(}ue using the FLIR Systems A-40 therm al imaging 

camera by nearly a factor of five.

Figure 3.14-' Senflex hot-film sensor SF0303

S u b stra te

C o p p er L eads 

Nickel Film

Figure 3.15: Nickel film  in Senflex hot-film sensor SF0303

'  h ttp : / /www. taosystem .com
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3.3.2 C onstant Tem perature A nem om etry

The hot-fihn sensor is controlled using a constant tem perature anemometer, CTA. The 

CTA operates on a W heatstone bridge configuration which has the hot-film sensor as 

one of the arms of the bridge, as illustrated in figure 3.16. The CTA balances the 

W heatstone bridge such th a t it creates a potential difference across the nickel film, 

thereby raising its tem perature. The CTA is set using user defined values specific to the 

hot-film sensor employed via a LabView system. The tem perature of the impingement 

surface and the resistance of the probe are recorded at a given time. By calibrating the 

resistance of the sensor against tem perature, for more details see section 4.2, the CTA 

balances the W heatstone bridge thereby raising the voltage aci'oss the film to generate 

the desired overheat. The procedure to accomplish this involves the CTA turning off 

the W heatstone bridge first and measuring the total resistance of the hot-film sensor, 

including the nickel film, the copper leads, and the BNC cable along with any other 

connection materials. This resistance corresponds to a certain operating tem perature, 

since resistance is tem perature dependant. The overheat tem perature, set by the user, 

is added to this tem perature and converted back to an adjusted resistance governed 

by the resistance/tem perature calibration. The W heatstone bridge is then activated 

and by balancing the resistance on either side, this adjusted resistance is achieved and 

the tem perature of the film is set to a desired overheat.

Figure 3.16 displays the layout of the constant tem perature anemometer W heat

stone bridge. The arm labelled 'Rprobe represents the resistance of the hot-film sensor, 

including copper leads and nickel film, together with the resistance of the BNC cables 

connecting the hot-film sensor to the CTA. The W heatstone bridge for this study op

erates with a bridge ratio, R 2 '.R\, of 20:1. The probe resistance in this circuit changes 

due to tem perature so the decade resistance, Rdecade, is adjusted in order to balance 

the bridge. Balancing the W heatstone bridge encourages the current to pass equally 

across Ri/Rprobe a^d R 2 /Rdecade, such tha t the potential difference between points (a) 

and (b), shown in figure 3.16, is zero. Further details concerning the operation of the 

hot-film sensor and the CTA are contained in section 4.2.
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/  N.

decade

probe

Figure 3.16: Constant temperature anemometer Wheatstone bridge including hot-film.
sensor probe [16]

3.3.3 T im e-A veraged H eat Transfer Experim ental Procedure

The same impinging je t configurations are tested witli this system as with the infrared 

therm ography approach. A series of Reynolds numbers, ranging from 8,000 to 20,000, 

and nozzle to surface heights, 0.5 < H /D  <10, are examined for a non-swirling and 

four swirling impinging jets. The flush mounted hot-film sensor is positioned directly 

underneath so tha t the nickel film is perpendicular to the direction in which the plate 

will traverse. The heater m at is activated and the plate is allowed to reach a state 

of therm al equilibrium. Once achieved, a Reynolds number is set using a LabView 

program connected to the flow' controller. The plate is moved horizontally so tha t 

the impinging jet is positioned the equivalent of IQD away from the stagnation point. 

When the test program is initialised, the CTA is balanced and key information is 

recorded about the resistance of the probe, the voltage applied to generate the overheat 

of the film and the fluctuations in this voltage. O ther factors are also recorded, such 

as the nozzle position and volume flow' rate of the air jet along with thermocouple 

measurements of the tem peratures of the plate, the jet flow and the ambient air. These 

data are recorded over a number of positions along the plate so th a t a heat transfer 

distribution from the stagnation point outw'ards may be evaluated. The fluctuations 

in the hot-film voltage are recorded in order to estimate the positions of high heat 

transfer fluctuations on the impingement surface.
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Since this is a point measurement method, in the cases of the swirhng impinging 

jets, each of the swirl generators was positioned at difTerent angles inside the je t 

assembly to prove consistency in the local heat transfer measurements despite the 

angular position of the generator.

3.4 Flow  V isualisation

P article Im age V elocim etry

Flow visualisation and particle image velocimetry testing was performed to provide the 

flow field information needed to determine the cause of both enhanced and diminished 

levels of heat transfer occurring in the results obtained from the swirling je t flows. To 

visualise an air flow, seeding must be introduced to the flow. The scale of the system 

and the fluid being used determines what type of seeding is permissible since some 

seeding types may alter the flow'. For this study a Concept Colt 4 smoke machine was 

used since the particle size produced is around 0.2-0.3 f̂ im, in diameter, according to 

the m anufacturer’s specifications^. To introduce the smoke into the air flow, a chamber 

containing the smoke generated is connected to a venturi meter placed before the point 

at which the flow enters the impinging je t assembly. Due to the geometry of a venturi 

meter, the pressure drop at the narrowing of the device causes the smoke to be sucked 

in, thereby dispersing the smoke within the air-flow. The density of the smoke within 

the air-flow can be altered by adjusting the amount of smoke generated by the smoke 

machine.

The system employed for this study to record images of the impinging je t is a 

high speed stereoscopic LaVision system with a Quantronix Darwin  — Duo  dual os

cillator Nd;YLF laser paired with a LaVision HighspeedStarQ  high speed camera. 

The system is controlled by the LaVision Davis  interface, regulating the recording 

aspects of the camera and the tim e delay between the two light pulses em itted by the 

laser. This interface also processes the images recorded, evaluating the velocity vectors 

amongst other flow variables which can be determined. The instrum entation described

^ h ttp ;//www.concept-smoke.co.uk
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Optical lenses Je t assem bly Laser light sheet
\_________________________ _̂_____________________ I____________

LaVision HighspeedStar 6 high speed camera

Figure 3.17: Experim ental instrum enta tion  used to conduct flow  visualisation and 
particle image velocimetry m easurements

is mounted on the experimental set-iip for case study 2. The laser is reflected off a 

series of mirrors in a laser guiding arm and fixed to a set of optical lenses designed to 

form a laser sheet to span the area being recorded by the high speed camera, as seen 

in figure 3.17.
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3.5 C oncluding Rem arks

Two experimental set-ups are employed in this study to evaluate the heat transfer 

of a contoured impinging je t and to compare it with tha t of four swirling impinging 

jets incorporated into the same nozzle geometry using specially designed swirl gener

ators. The two case studies employ different heat transfer measuring techniques with 

respective advantages and disadvantages. For Case 1, using infrared thermography, 

therm al imaging allows a full tem perature field to be evaluated but the spatial resolu

tion is quite poor, approximately 0.5mm per pixel. In Case 2, using a hot-film sensor, 

the measurement system has a more defined spatial resolution, approximately 0.1mm, 

and can establish the fluctuations in the signal from a hot-film sensor. However, this 

method is a point measurement technique and therefore it is possible to miss variations 

in the heat transfer for non-uniform distributions.

The following chapter will address the data  processing and analysis techniques used 

in this study for both heat transfer measurement systems.
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Chapter 4 

Experim ental Analysis

Both of the iiieasurement techniques describeci in chapter 3 use specific theoretical 

api)roaches to determine the heat transfer to the impinging jet. These different theories 

are discussed in the following sections. Conniion factors in both set-ups include the 

non-dimensionalisefl height param eter, H/D,  where H  is the distance from the exit 

of the nozzle to the impingement surface and D is the diameter of the jet, and the 

Reynolds numljer of the flow. The height of the nozzle ranges from 0.5 < H /D  <10 for 

this study. The Reynolds number. Re, is a non-dimensional number which compares 

the inertial forces to the viscous forces of a fluid. The Reynolds number is calculated 

by combining the rate at which the fluid is moving across/through a structure with a 

characteristic dimension of the structure along with properties of the fluid.

For this study the Reynolds immber is calculated using equation 4.1, where Q  is 

the volume flow' rate  [m^/s], v  is the kinematic viscosity of the working fluid [m?/ s] 

and is the cross-sectional area of the jet nozzle [rn?]. As mentioned previously,

the Reynolds mmibers examined in this study range between 8,000 and 20,000.

The convective heat transfer results are displayed in term s of the corresponding 

local Nusselt number for each of the impinging je t scenarios evaluated through equa

tion 4.2, where x  is the characteristic length [m], k j  is the therm al conductivity of

(4.1)

the fluid [VVymA'] and h is the heat transfer coefficient described by Newton’s law of
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cooling \}V/m?K], as shown in equation 4.3, where q" is the heat flux Ts is the

tem perature of the surface being examined [K\ and T^o is the reference tem perature 

[K\\ for example, the ambient fluid tem perature in a natural convection system or the 

tem perature of the fluid from an impinging je t in a forced convection system.

Depending on the situation, the characteristic length used in the calculation of the 

local Nusselt number can differ. W here necessary, the characteristic length used will 

be indicated.

4.1 Case 1: Infrared Therm ography

Convective heat transfer to the impinging je t using the infrared therm ography system 

described previously is estim ated by performing an energy balance on the ohmically 

heated foil. W hen the foil is heated and allowed reach a sta te  of therm al equilibrium, 

the heat generated inside the foil is predominantly lost through natural convection and 

radiation. However, when the jet impinges upon the surface it causes a tem perature 

gradient across the foil which gives rise to lateral conduction.

con v ectio n ,  
radiation from

(4.2)

q” = h { T s -  T o o )  [w/m^] (4.3)

internal heat
generatioja-

m att
co n v ectio n ,  

radiation from  
back

m att black paint

Figure 4-1- Illustration of heat transfer to and from stainless steel foil with one side
coated in matt black paint
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As the  je t is positioned to  cool one side of the  foil, the  heat dissipated  on this 

side is due to  forced convection to  the  je t, while the o ther side loses heat due to  

na tu ra l convection since there  are no external flows acting upon it. In addition to 

these effects, bo th  sides of the  foil lose heat due to  radiation. The energy balance of 

the  foil is illu stra ted  in figure 4.1 and represented by equation 4.4, w'here q” is the 

heat flux for each of the  heat transfer modes identified.

/ /    ff "

^ g e n e r a t e d  ^ c o n v e c t i o n , u p p e r , ^ c o n v e c t i o n ,

Generated Heat Flux

The heat flux generated  ohm ically w ithin the  foil, represented by il'generatedi calculated 

by dividing the  power applied across the  foil by the  surface area of the  foil, equation 4.5, 

where I  is the  curren t passed through the  foil [yl], R  is the  resistance of the  foil [fi] 

and A s  is the  surface area of the  foil [rri ]̂. V ariations in the  thickness, resistivity  of 

the  foil m ay cause the  heat flux generated w ithin the  foil to  be non-uniform . However, 

these factors are assum ed to  be negligible, therefore, is assum ed to  be uniform  for 

th is case study.

T he curren t passed through  the  foil is controlled by the power supply  m entioned 

in section 3.2.1. T he resistance of the  foil is calculated using equation 4.6, where p

the  cross-sectional area of the  m aterial [m^]. The resistance calculated is found to  be 

com parable w ith the  m anufactu rer’s specifications.

\ f !  - i .  - L

^radiat ion,upper  I radiat ion, lower ^conduct ion, ,

^ g e n e r a t ed (4.5)

is the  resistiv ity  of the  m aterial [Qm], I is the  length of the  m aterial [m] and A \  is

H  =  p
Ax

(4.6)
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In this study, the parameters governing the heat generated ohmically within the 

foil, i.e. the power apphed and the surface area of the foil, produce a heat flux of 

approximately 2,000 W/m?.

Convective Heat Flux

The term designated Qconvection upper f  ̂ signifies the heat flux due to the forced con

vection effect of the impinging jet on the upper surface of the foil. Mixed convection 

can occur on a heated surface when the natural convection from the surface is not 

negligible in comparison with the dissipated heat by the forced convection of the jet. 

To quantify the level of mixed convection the Grashof number, Gr, which describes 

the level of buoyancy of a fluid from natural convection, discussed in further detail 

below, is related to the square of the Reynolds number. Re, of the forced fluid flow. 

This ratio, known as the Richardson immber, Ri, determines which form of convection 

dominates the system. If Gr/Re^  then forced convection may be neglected; if 

Gr/Re^ ssl the system nmst take both natural and forced convection into account; 

finally, if Gr/Re^  <Cl then natural convection may be neglected. For the range of 

nozzle to surface distances examined, 8,000 < Re < 20,000, this factor was noted to 

be in the range of 0.5x10“  ̂ <Gr/Re^  <3.5x10“  ̂ for the lowest Reynolds number 

investigated, /£e=8,000, and 0.5x10“  ̂ <Gr/ Re^ <3.5x10““* for the highest Reynolds 

mnnber investigated, 7?e=20,000, therefore, the latter case was found to be the situa

tion for this study. As previously discussed, Koseoglu and Baskaya [38] showed that 

fluid buoyancy due to natural convection can influence the heat transfer caused by 

an impinging jet. However, this was noted for Reynolds numbers lower than 3,000, 

w’hereas this study looks at the heat transfer due to impinging jets for Reynolds num

bers higher than 8,000. Thus, in this case the heat dissipated from the upper surface 

of the foil is due solely to the forced convection of the impinging jet. The heat flux 

due to the jet is the unknown factor in equation 4.4, so to determine its magnitude 

the other factors must be quantified.

The heat flux from the under- or lower-side of the foil is calculated using natural 

convection theory based on the bottom face of a horizontal heated plate. According 

to Fujii and Imura [92], the Nusselt number, Nu, of a heated horizontal plate facing
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downward,s with a nniform w’all flux thermal boundary condition, under natural con

vection, is expressed using the correlation given in equation 4.7. The product of the 

Grashof number and the Prandtl number is also known as the Rayleigh number, Ra.

N u  =  0.58 {Gr.Pr)^ , 10® < Gr.Pr < 10“  [-] (4.7)

In this correlation, Pr  represents the Prandtl number of the system and is the 

ratio of the kinematic viscosity to the thermal diffusivity of the fluid. The Grashof 

number, Gr, which was discussed previously, is calculated using equation 4.8, w'here g 

is the acceleration due to gravity [9.81 m/s^], is the volumetric thermal expansion 

coefficient [A^^], Ts is the temj)erature of the surface [A ], T̂ o is the ambient temper

ature [A] and L is the characteristic length parameter [m]. For this set-up, the length 

parameter is the ratio of the surface area to the perimeter of the foil.

6V„ =  |_ | ,4^8,

Since the heated foil is modelled on a uniform wall flux thermal boundary condition, 

each of the fluid properties are evaluated at a temperature, Tg, except for /3 w'hich is 

evaluated at the film temperature, Tj, defined by equations 4.9 and 4.10 respectively, 

as described by Holman [24] and Thirumaleshwar [93].

T, = T s -  0.25 {Ts -  Too) [A"] (4.9)

Tf = { T s - T ^ ) / 2  [K] (4.10)

However, equation 4.7 is based on the principle that, while there may be small 

variations in the temperature due to natural convection, there is no significant tem

perature gradient across the heated surface. In practice this is not the case since the 

impinging jet, wiiich acts upon the ohmically heated foil, creates a discernible temper

ature gradient. Since no correlation was found to determine the Nusselt number for a 

horizontal surface with an applied thermal gradient of this nature, certain assumptions 

had to be made. As mentioned in section 3.2, the temperature of the foil is measured
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using a therm al imaging camera directed at the underside of the foil. The camera has 

a resolution of 320 x 240 square pixels. Each of these pixels has a width approxi

mately 0.46mm and records a single tem perature. It is assumed tha t the tem perature 

in the area represented by each pixel is constant. Equation 4.7 is applied to  the local 

tem perature of each pixel but using the characteristic length of the full impingement 

surface, i.e. the ratio of surface area to perimeter, therefore resulting a more accurate 

Nusselt number distribution across the foil than to  use an averaged value of the surface 

tem perature, especially at the stagnation point which has a lower surface tem perature 

than the outer regions of the impingement surface.

When the natural convection Nusselt number is evaluated using equation 4.7, the 

result is converted into the equivalent heat flux using the definition of the Nusselt 

number, N u,  and Newton’s law of cooling described in equations 4.2 and 4.3 respec

tively.

An illustration of the natural convection heat flux result obtained for the case of a 

conventional impinging jet at a nozzle to surface distance of H / D=1 and a Reynolds 

number of 12,000 is shown in figure 4.2. The center of the surface dem onstrates a 

low area of convective heat loss since the tem perature difference between the surface 

and the ambient air is low but increases as the distance from stagnation point of the 

impinging je t increases.

cotivcclion.

50 Ipixols]

Figure 4-2: Heat flux due to natural convection from the lower side o f the foil under 
the influence of a conventional impinging jet with Re=12,000 and H /D = l

82



4.1.  C a s e  1: I n f r a r e d  T h e r m o g r a p h y

Radiative Heat Flux

The heat flux due to radiation from each of the sides of the foil is determined from the 

Stefan-Boltzmann law. This states tha t the total energy per unit area per unit time 

radiated from a black-body or the emissive power, Ei,, is proportional to the fourth 

power of the black-body’s tem peratm ’e measured in Kelvin, i.e.

EfcOcT^ (4.11)

The proportionality is balanced by a constant known as the Stefan-Boltzmann 

constant, cr, which has a value of approximately 5.67x10“ * W/m^K'^, such tha t equa

tion 4.11 becomes:

Ek = oT^ [W/m'^] (4.12)

Energy w'hich impacts \ij)on a body by way of radiation is j)artly reflected, absorbed 

and transm itted. Since most bodies do not transm it therm al radiation, the radiative 

energy w'hich strikes the body is partly  reflected and partly absorbed [24]. In the case 

of a body without the characteristics of a black-body placed inside an enclosure with 

black-body characteristics which emits energy according to the Stefan-Boltzmann law, 

at the point of tem perature equilibrium the energy absorbed by the body must be 

equal to  the energy emitted. When the emissive energy of the body, E, is compared to 

the emissive energy of a black-body of the same size placed in the same enclosure. Eh, 

the ratio of the two energies is known as the emissivity, e, as shown in equation 4.13.

I -
The level of radiative energy em itted by real materials is less than tha t of ideal 

black-bodies, thus the emissivity factor of common m aterials is less than  one w'hile the 

emissivity of a black-body is unity. In reality, the emissivity of a m aterial can vary 

w'ith tem perature.

To estim ate the therm al radiation heat flux levels for this study, the ohmically 

heated foil is approximated as a small convex object in a large cavity as outlined by
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Incropera and D eW itt [9]. Under this approximation the radiative heat flux of each 

of the sides of the foil can be calculated using equation 4.14.

(T j -  |M7m"l (4.14)

where e is the emissivity of the m aterial and Tsurr is the tem perature of the surrounding 

environment [K],

Since both sides of the foil are open to the environment, both dissipate heat through 

radiation. As pointed out in section 3.2.2, the foil is known to be ‘therm ally th in ’ since 

the Biot number is evaluated to be therefore the only variable between the

top and bottom  of the foil in equation 4.14 is the emissivity. While the foil is made 

of stainless steel, the bottom  surface is coated in a layer of m att black paint. It was 

evaluated through simple tem perature tests, using the therm al imaging camera, tha t 

the emissivity of the paint was «0.945, while the emissivity of the stainless steel is 

«0.129 according to the m anufacturer’s specifications. This means th a t nearly 88% of 

the heat lost due to radiation is dissipated from the lower surface of the foil because 

of its higher emissivity.

(a)  (b)

Figure 4-3: Heat flux due to radiation from (a) lower and (b) upper side of the foil 
under the influence of a conventional impinging je t with Re=12,000 and H / D = l

The radiative heat flux of the lower and upper sides from the foil under the same 

conditions as figure 4.2 are shown in figure 4.3a and b respectively. While the two 

images are very similar in heat flux distribution, the radiative heat flux for the lower 

side of the foil is approximately seven times higher than the heat flux from the upper 

surface, since the lower surface is coated with m att black paint which has a higher
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emissivity, e. The center of the  surface has the  lowest tem pera tu re  due to  th e  impinging 

je t and therefore has the  lowest level of radiative heat loss as seen in bo th  cases.

Conductive Heat Flux

Lateral conduction is also taken into account in th is system  since there  is a tem per

a tu re  gradient laterally  across th e  foil as a result of the  im pinging je t. To deter

m ine the  im pact th a t  lateral conduction m ay have on a system  STich as this, a non-

dim ensional inequality was established by Hetsroni et al. [94] and reported  by Patil 

and N arayanan [95], as show'n in equation 4.15, where kfon is the  therm al conductiv ity  

of the  foil [W/rnK], tjoii is the  thickness of the  foil [m], de is the  equivalent diam e

ter of the  area of tem pera tu re  heterogeneity  [m] and hmean is th e  m ean heat transfer 

coefficient over this area [ W / m ‘̂ K]. If th is inequality is true, th e  lateral conduction 

can l)e neglected. W hile th is condition is true  for this study, the  lateral conduction is 

nonetheless evaluated and included in the  calculation of the convective heat transfer 

to  the  imj)iuging jet. The heat flux due to  lateral conduction for th is two-dim ensional 

scenario is defined by equation 4.16.

«  1 (4.15)
'^ m ean ^e

(B^T ff^T \
Qj.2 Qy2 J / m  ] (4.16)

T his expression can be simplified by modelling the  surface using a num erical finite 

difference m ethod. Ecjuation 4.16 can be tran sla ted  into a finite-difference form ula 

by way of the  three point central difference form ula as outlined by L upton [96]. This 

is described in equation 4.17, where i and j  describe the position of the  element 

curren tly  being evaluated and dz  is the  length of the side of a single elem ent [m]. 

L upton [96] investigated m any options into the  evaluation of the  lateral conduction 

including radial averaging, curve fitting and the use of specific com puter analysis 

software, b u t concluded th a t th is mmierical m ethod in conjunction w ith image filtering 

achieved the  best results and accuracy. This approxim ation becomes m ore accurate 

th e  closer the  respective points are to  each o ther and the more points th a t  are included
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in the approximation. This approach complements the experimental process as each 

tem perature element in equation 4.17 can be associated with each pixel in the images 

recorded by the therm al imaging camera.

^conduction,I, k f o i i t f o
+ Tj_ij + Tjj+i +

dz^
[W/m^]

(4.17)

While equations 4.16 and 4.17 are described for the stainless steel foil, the paint 

layer on the underside of the foil is also taken into consideration using the therm al 

conductivity and thickness of the paint used.

Figure 4.4 illustrates the lateral conduction heat flux under the same experimental 

conditions as previously illustrated. The high heat flux levels are caused by changes 

in the tem perature gradient on the impingement surface. Two graphs are presented in 

this figure, representing the lateral conduction heat flux in the foil (a) and the paint 

(b). The lateral conduction in the foil is approximately six times greater than  th a t in 

the paint due to their differences in thickness and therm al conductivity.

(a)

|W /m ‘ |

(b)

Figure 4-4- Heat flux due to lateral conduction in (a) foil and (b)  paint under the 
influence of a conventional impinging je t with Re=12,000 and H /D = l
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Im,pinging Jet  Heat Flux

Equation 4.4 is rearranged so th a t  the only unknown variable, the  heat flux due to

the  forced convection of the im pinging je t, (Iconvection.upper  ̂ localised. This is the

param eter of in terest for the  curren t study.

An illustration  of the  tlifferent heat flux levels due to  na tu ra l convection, rad iation

im pinging je t is displayed in hgure 4.5. From this figure, it is noted th a t  the heat 

losses due to  n a tu ra l convection and rad iation  are sm all in the  stagnation  region due 

to  the  low tem pera tu re  difference between the  foil and the surrounding environm ent. 

The levels of heat lost due to  these m echanism s increase as the  d istance from the  

stagnation  point increases. W hile the heat flux due to  rad iation  from the  top  face of 

the foil (w ithout the  paint layer) is consistently  low as the  radial d istance increases, 

the heat flux levels for n a tu ra l convection and rad iation  from the  lower face of the  foil 

(w ith pain t layer) increase tow ards 200 W / w ? .  In th e  cases of lateral conduction in 

bo th  th e  foil and the  paint layer, the area of highest influence resides in the  stagnation  

region due to  the large tem pera tu re  gradients. A t rad ial distances greater th an  AD,  

the  heat lost due to  lateral conduction is small.

To p u t these values into perspective, each of the  m echanism s is displayed as a 

percentage of the  heat flux generated w ithin the  foil in figure 4.6. As m entioned previ

ously, the  heat flux generated w ithin the foil has a uniform  m agnitude of approxim ately 

2,000 W . From figure 4.6 it is noted th a t  rad ia tion  from the  bo ttom  surface of the 

foil accoim ts for the  highest level of heat loss across the  im pingem ent surface ranging 

from 3% at the  stagnation  point to  10% a t r /D = 1 0 . N atura l convection from the 

bo ttom  siu’face is also a m ajor con tribu to r ranging from 2% to  7% from r /£ )= 0  to  10. 

The influence of lateral conduction in the  foil varies across the  foil due to  the  different 

tem pera tu re  gradients present.

^convection. u p p e r , ^genera ted  ^convection,lower,

^conduction,,Eradiation, Eradiation,,u p p e r l a t e r a l
\W/rn^] (4.18)

and lateral conduction p lo tted  with the heat flux due to  the  forced convection of the
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2 2 0 0  - -  -  , . . . _  ^ - ' • - - - T --------------- T---------  -

2 0 0 0  y— ^

1 8 0 0  \ ^ /  ^

1 6 0 0 ------------ ----------------

\  1 4 0 0 “i

S . 1 2 0 0 — N a tu ra l  c o n v e c t io n  f ro m  b o tto m  o f  foil
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Figure 4-5: Heat flux levels of heat loss mechanisms for  a conventional impinging je t  
at a nozzle to surface height of H / D = 1  and Reynolds number of 12,000

15 ,    ^  ,  -  , ,  .

X

N a tu r a l  c o n v e c t io n  f ro m  b o tto m  o f  foil 
R a d ia t io n  fro m  to p  o f  foil 
R a d ia t io n  fro m  b o tto m  o f  foil 
L a te ra l  c o n d u c t io n  in p a in t  la y e r  
L a te ra l  c o n d u c t io n  in foil

^ ° 0  " 1  ~ 2  3  4  5  6  7  8  9 ~  1 0
r/D

Figure 4-6' Heat flux levels of heat loss mechanisms as a percentage of the heat flux 
generated within the foil fo r  a conventional impinging je t  at a nozzle to surface height 

of H / D = 1  and Reynolds number of 12,000

W hen the  heat losses are removed from the  heat generated  w ithin the  foil, according 

to  equation 4.18, th e  convective heat flux due to  the  im pinging je t is realised. Since 

each of the  heat flux calculations uses inform ation from th e  tem pera tu re  m aps recorded 

by the  therm al im aging cam era, the  resu ltan t im pinging je t  heat flux is a 320x240 

array, an exam ple of which is shown in figure 4.7a.

Using N ew ton’s law of cooling, the  heat flux is converted into th e  heat transfer 

coefficient, h, as illu stra ted  in figure 4.7b, using equation 4.3, and by using equa

tion  4.2 the  corresponding N usselt num ber, Nu,  sim ilar to  th a t  of A s ta rita  et al. [97], 

is produced, as shown in figure 4.8.
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loovo

(a) (b)

Figure 4-7: Resultant (a) heat flu x  and (b) heat transfer coefficient due to 
conventional impinging je t  with R e= 12,000 and H / D = l

v l p i \ e l s |  100

X [pixels]

Figure 4-8: Resultant Nusselt num.ber due to conventional im pinging je t  with
Re= 12,000 and H / D = 1

To compare the resulting Nusselt numbers for each of the experimental tests per

formed, separate distributions of the Nusselt number from the stagnation point out

wards up to a distance of r/Z )= 10 were extracted, as shown by figure 4.9.

The Nusselt number distributions are taken along these lines and averaged to give 

a simpler illustration of the heat transfer which will also be used to compare with the 

results from Case 2.
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Stagnation 
P oirt. r/D=0

240 cells

320 cells

Figure 4-9: Illustration of stagnation point in 320 x 240 array and directions in
which results are extracted

4.2 C ase 2: H ot-F ilm  Sensor A nalysis

The experim ental set-up described in section 3.3 is employed to  determ ine local and 

fluctuating  heat transfer d istribu tions for each of the  im pinging je t  scenarios a t the 

range of je t  to  surface heights and Reynolds num bers identified. As explained pre

viously, the  hot-film  sensor is controlled using a constan t tem pera tu re  anem om eter, 

CTA, to  keep the  tem pera tu re  of the  nickel film a t a specific tem pera tu re  above th a t 

of the  surface it is a ttached  to, also known as the  overheat. To quantify  the  convective 

heat transfer m easured by the  hot-film  sensor one m ust first understand  the  elem ents 

a t work.

T he sensor overheat is generated th rough  th e  CTA by adjusting the  decade resis

tance, thereby  creating a specific po ten tia l difTerence across the  nickel film. A LabView 

program  is designed to  operate  th is balancing sequence. T he W heatstone  bridge on 

which th e  CTA operates, as illu stra ted  in figure 3.16, is initially deactivated  for a 

period of tim e until th e  system  is known to  be steady. T he resistance across the  sen

sor is m easured and the  bridge is activated  to  generate the  required overheat. This 

resistance, Rsensor, is defined as th e  resistance of the  entire probe arm  of the  bridge 

less th e  resistance of the  cables and copper elem ents of the  probe.

Rsensar f̂ probe ^cables [^] (4'19)
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The resistance of the sensor relates to a specific tem perature which is evaluated 

using the following correlation.

R s e n so r  = 0.0277 X Ts +  5.5962 [n] (4.20)

This correlation betw'een the resistance and tem perature of the sensor was gener

ated by insulating the sensor on the heated plate and measuring the resistance of the 

complete probe for a range of tem peratures between 30 — 95°C. The results of this 

calibration are show'n in figure 4.10. The resistance of the cables, Rcabies, was then sub

tracted from the calibration equation generated to give the corresponding resistance 

of the sensor in accordance w'ith equation 4.20. This calibration allows the tem per

ature coefficient of resistance (TCR), designated the letter a  [1/A'], to be evaluated 

using the following expression, eciuation 4.21, where T^e/ is the reference tem perature 

[connnonly 20°C]. The tem perature coefficient of resistance for the hot-film sensor 

employ('d in this study was calculated to be approxim ately 0.0045 K~^.

8.4

8.2

7.8

7.6

7.4

6.8

6.6

60 100
T ^ [ C]s u r fa c e  ‘

Figure 4-10: Calibration of hot-film sensor resistance versus temperature

R\Ts = R \T r.A l + a { T s - T r , f ) )  [r>] (4.21)

From equation 4.21, the system converts the measured resistance of the sensor to 

its corresponding tem perature, adds the desired overheat to  this tem perature and then 

converts it back to its equivalent resistance. The decade resistance, Rdecade, is adjusted
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by the CTA in order to balance the bridge with this new sensor resistance in mind. 

When the decade resistance is adjusted, the potential difference across the hot-film 

bridge heats up the nickel film to the desired overheat. This potential difference is 

recorded along with the resistance of the sensor.

The heat generated in the hot-filni sensor is dissipated by way of forced convection 

from the impinging jet and conduction into the sensor substrate. Heat lost due to 

radiation is neglected due to the sensor’s low emissivity of e «0.08. Thus, equation 4.22 

displays the energy balance of the hot-film sensor.

Qdissipated Qconvection Qconduction (4.22)

The heat dissipated in the hot-film is calculated by evaluating the electrical power 

across the nickel him, as defined by equation 4.23, where V  is the voltage across the 

bridge.

Qd ŝs^pated = [IV] (4.23)
( Rprobe R l )

The heat lost through conduction from the sensor element to the surrounding sub

strate  is evaluated using the same theory as equation 4.23 but the voltage is measured 

under “no-flow” conditions such th a t the voltage recorded is designated Vg and is a 

function of tem perature.

Equation 4.22 is rearranged so th a t the heat lost due to the forced convection to 

the impinging je t can be calculated from the heat dissipated and the heat lost due to 

conduction [19,98,99].

Qconvection Q  dissipated Qconduction
R  (4-24)=  ( ^ 2 _ y 2 X   ^ sen so r

 ̂ (Rprobe +  R l f   ̂ ^

The convective heat flux of the impinging jet, q'dissipatedi evaluated by dividing 

the convective heat lost due to the jet, Qdissipated, by the surface area of the sensor’s 

nickel element. As mentioned in section 3.3.1, the nickel element has geometric di-
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mensions of 0.1016mm by 1.4478m,m,, or an area of 1.471xl0“ ^m^. However, due to 

the heat conducted from the element to the substrate and the sensor’s copper leads, 

the effective area of the element is much larger than the geometric area. The effective 

area, Ae/ f ,  is estim ated by combining equations 4.2, 4.3 and 4.24 with a known heat 

transfer correlation for the stagnation point Nusselt number. The correlation initially 

used in this study was th a t of Shadlesky [44], equation 2.2, but due to the geomet

ric and Reynolds number constraints of the correlation it w'as replaced with one that 

matched the exact experimental conditions of this study. To tha t end, a correlation 

was established using the stagnation point Nusselt number measurements evaluated 

in Case 1 through infrared thermography. More details about this correlation are in

cluded in section 5.1.1. This analysis results in an expression for the effective area of 

the hot-film sensor, equation 4.25.

^  ^   R se n so r  ( ~  D ____________

{Rprobe  +  -̂ l̂) [ T s  — T j g t )  k f l u i d ^  ̂ ^correlation

where Ri  is the top resistance in the W heatstone bridge with a value of 201} for this 

study, Tjgt is the tem perature of the jet [A ] and kfiuid is the therm al conductivity of the 

fluid flow [W/niK],  NUcorreiaUon is the stagnation point Nusselt number correlation 

generated in section 5.1.1. The effective area of the hot-film was calculated for an 

overheat of 5°C for a range of surface tem peratures, to establish its range for typical 

test conditions. Figure 4.11 is scaled against the geometric area of the sensor to 

dem onstrate the scale of the change in area as the tem perature diflterence between 

the impingement surface and the impinging jet, A T, changes. It was found, for the 

sensor used, tha t the effective area of the sensor was about 3-5 times the size of the 

geometric area, within the range predicted by Beasley and Figliola [100], and was not 

independent of AT, in fact the effective area was found to decrease as A T  increased.

(4.25)
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4.5

3.5

- Re= 12000.  H D=l

15 20 25 30 40
 ̂ ‘ W  ,e, I '̂1

Figure 4-H- Effective area against geometric area of hot-film sen.sor with respect to 
the temperature difference between the impingement surface and the im,pinging je t

Taking the effective surface area into account, the heat flux from the sensor is 

expressed as:

// ) R s e n s o r  / a o c N
Qsensor =  -------1 J ( 4 - 2 6 )

s f f  {^probe  “ 1“  ^ 1 )

A very detailed study on the use of hot-fihn sensors for the purpose of mea

suring convective heat flux from a heated cyhnder in cross-flow was completed by 

Scholten [101]. The same method as described by Scholten [101] is employed in this 

study. It was reported th a t when the same experiments were performed for different 

sensor overheats, the final results differed as the overheat of the sensor was changed. 

The reason for the difference in measurements was attributed  to the shear stress of 

the flow over the sensor not being taken into account. The shear stress correction, as 

described by Scholten [101], begins with the representation of the heat flux from the 

sensor as one-dimensional conduction at the wall:

[W/m^] (4.27)

where y  is the direction normal to  the surface. An arbitrary location was then intro

duced close to the surface, designated y+, such tha t equation 4.27 becomes:
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T  -  T  ^ff   7 sensor y
^conduction ^

^  f^T^^rface +  T ^ erh ea t ~  T y ,  [W / m ^] (4.28)

  . '^ s u r fa c e  j { .'^overhea t  ”1” .u n h e a te d )  .u n h ea ted
—  K  -  h  K  7

where Ty^ unseated is the tem perature at point wlien the surface is unheated. It 

followed from this tha t the second term  on the right side of equation 4.28 represents 

the heat flux from the sensor when measuring shear stress, while the first term  on the 

right side is the convective heat flux of the system when the sensor is held at the same 

tem perature as the surface, or:

^sensor 7’ . „,=7’ , 4-T >. . ^]convective\T. „ . „ ^ = T  i' • * s c n s 07—  s u r  f  ace  ' o v e r  n e a t  ' s e n s o i —  ̂  s u r  f  ace

+  (h h ea r \r  ,._=T . ,+T ,  . (4.29)' ■* s e n s o r  — ■» o v e r h e a t  ' •* a m b i e n t

The expression formulated in equation 4.26 for q len so r  substituted into

equation 4.29. E(|uation 4.26 also represents the heat flux due to shear of the sensor 

when the impingement surface is unheated, q"h^ar ■ This gives rise to equation 4.30 

which calculates the true convective heat flux from the heated impingement surface,

Qconvective'

^convective
■4e// (/?j)ro6e + )

{V ^  -  V J )

heated

^ e f f  {R probe  +  R \ )
[W /m ^ ]  (4.30)

adiabatic

This term, ifconvecuve^ represents the true convective heat flux from the heated sur

face when the disrupting effects of film overheat have been removed. This is the 

param eter tha t is of interest in this study and it is used, in conjunction with equa

tions 4.2 and 4.3, to determine the Nusselt number distribution.
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4.2.1 F luctuating H eat Transfer A nalysis

Measurement of the fluctuating convective heat transfer at a surface is helpful for im

proving the understanding of the convective heat transfer mechanisms occurring. In 

the case of impinging jets, increased fluctuating heat transfer at the surface may point 

to increased local turbulence in the wall je t or to vortex impact on the impingement 

surface. The theory regarding the fluctuating heat transfer on the impingement surface 

is derived from the expression describing the heat flux from the hot-film sensor, equa

tion 4.26. Thus, a change in heat flux from the surface is reflected in a change in the 

voltage recorded from the sensor. Assuming th a t this change is small, equation 4.31 

holds true:

The second part of the term on the right-hand side of equation 4.32 is the expression 

for the heat flux from the hot-film sensor, as seen in equation 4.26, therefore:

An expression for the fluctuating heat flux, g"*, may then be obtained by localising it 

on the left side of the equation.

where V* is the standard deviation from the mean voltage signal recorded by the 

hot-film sensor.

By applying Newton’s law of cooling, equation 4.3, in conjunction with the defi

nition of the Nusselt number, equation 4.2, the fluctuating Nusselt number, Nu*,  is

6q
I D

^ J  \ ^ ' ^ p T O U C  I ^ ' 1 /

(4.31)

By multiplying above and below by — V^) on the right-hand side of equation 4.31 

the expression becomes:

r  ^  {V̂  -  / t ! ,e n .o r■senscyr (4.32)

2V
(4.33)K* (1/2 _  v;2) ■ sensor

(4.34)
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calculated. Equation 4.35 demonstrates this calculation.

q”*D
N n ' =  ;  (4.35)

kf  [Ts Tjetj

This value is plotted against the radial distance from the stagnation point, r /D , 

to compare with the time averaged Nusselt number trends in chapter 5.
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4.3 U ncertain ty A nalysis

An uncertain ty  analysis was perform ed on bo th  system s to  define the  accuracy of each 

of the m easurem ent m ethods w ith a 95% confidence level. T he uncertain ties of each of 

th e  variables in the  case studies are estim ated  using the  Taylor Series M ethod (TSM ) 

as outlined by Colem an and Steele [102].

The s tandard  uncertainty, u, of a system , r , is a com bination of system atic error, 

b, and random  error, s, as defined in its sim plest form by equation 4.36.

In the  case of a system , r , which is a function of different variables, f { x , y ) ,  the  

uncertain ty  of the  system  is expanded from equation 4.36 to  become;

For a large-sam ple approxim ation, the  expanded uncertain ty  of a result a t a given 

confidence level is expressed by equation 4.39, where t% is the  t d istribu tion  value 

based on the  confidence level and degree of freedom.

For a 95% confidence level it was concluded th a t  t=2  by Colem an and Steele [102]. 

Therefore, th is value can be su b stitu ted  into equation 4.40 for the  expanded uncer-

(4.36)

(4.37)

For the  case of a system  which is a result of several variables a m ore general solution 

of equation 4.37 is given by equation 4.38.

(4.38)

where r  =  / ( X i , X 2 , X 3 , . . . , X j )

(4.39)

Com bining equations 4.36 and 4.39, the  expanded uncertain ty  becomes:

Ur = t% {bl + s i )  2 (4.40)
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tainty of the system. The combination of equations 4.36, 4.38 and 4.40 then gives the 

large-sample expanded uncertainty at a 95% confidence level, shown in equation 4.41.

(4.41)

If it is assumed tha t all of the systematic and random errors are independent, 

ecjuation 4.41 can be simplified as:

—
6r

J x , ,
(4.42)

or

E
. t = i

6r
J x ,

U (4.43)

where Ui is the 95% uncertainty of each variable in the system. Equation 4.43 is 

known as the general uncertainty analysis.

Considering the random error of a series of N  d a ta  pairs (Xj, Y^) are fitted with a 

straight line curve, the 95% uncertainty is defined by Montgomery and Peck [103] as:

U = t l s l
N sxx

(4.44)

where X  is the mean of the N  values of X ,  calculated by equation 4.45, and S x x  is 

defined by equation 4.46.

1 ^

t = i

N

1=1
N

(4.45)

(4.46)

Sy--, for the set of data  (Xj, V,) fitted with the straight line curve y = m x  +  c, is 

evaluated using equation 4.47.
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S y  =
E,=l -  c f

N  - 2
(4.47)

Thi.s analysis provides a detailed estimation of the uncertainties of the param eters 

described in sections 4.1 and 4.2.

4.3 .1  U n certa in ty  for C ase 1

In Case 1, the measurement method of infrared therm ography is employed to measure 

the tem perature of an ohmically heated surface cooled by an impinging jet. Due to 

the tem perature gradient across the impingement surface, as previously mentioned, 

the uncertainty of each of the outlined param eters is not uniform across the surface. 

To dem onstrate this, figure 4.12 displays the percentage uncertainty in the calculations 

of the natural convection heat flux from the lower face of the foil, the radiation heat 

flux from both upper and lower faces of the foil, the resulting impinging je t heat 

flux, the heat transfer coefficient and the Nusselt number for a conventional impinging 

je t at H / D = \  and a Reynolds number of 12,000 from the stagnation point, r /D = 0 , 

outwards.

— Natural convection from bottom of foil 
— Radiation from top and bottom of foil 
— Forced convection due to impinging jet
—  Heat transfer coefficient
- - Nusselt number

30

25

r/D

Figure 4-12: Comparison of the uncertainties associated with the calculation of the 
natural convection heat flux, radiation heat flux, impinging je t heat flux, heat transfer 

coefficient and Nusselt number for a conventional impinging je t at H / D = l  and 
Reynolds number of 12,000 for 0 < r / D  <10

100



4 . 3 . U n c e r t a i n t y  A n a l y s i s

Aside from the  case of the  im pinging je t heat flux, it is noted th a t  the  highest 

levels of uncertain ty  lies in the  stagnation  region. This is prim arily  due to  the  low 

tem p era tu re  difference which resides in th is area. T he less substan tia l uncertain ty  

for the  im pinging jet heat flux in the  stagnation  region is a result of the  m agnitude 

difference betw een each of the  param eters, as show'u in figure 4.5. Due to  the variation 

in the  uncertain ty  across the  surface, the  average of each of the  param eters evaluated 

in th is case s tudy  is displayed in table 4.1.

Table 4-1: Case 1: Uncertainty levels fo r  95% confidence

Parameter Uncertainty
Re 2.5%

^Qenerated 1.5%

^convection , 7.35%
a "iradiation 2.69%

^^conduction,lateral 0.23%

g'convecttoniconveciton,upper, forced 0.55%

h 5.2%
N u 5.3%

4 .3 .2  U n certa in ty  for C ase 2

A sim ilar analysis w'as perform ed for Case 2 w ith the  hot-film  sensor technicjue. The 

calibration  of the resistance of the  sensor to  the  tem p era tu re  of the  surface is used 

to  evaluate the  uncertain ty  of th is m ethod using equation 4.44. Thus, since th e  un

certa in ty  varies w ith the tem pera tu re  of the  surface, the  corresponding heat flux dis

trib u tio n , heat transfer coefficient and Nusselt m m iber uncertain ties are not constan t 

across th e  im pingem ent surface. The uncertain ty  of the  effective area calculation of 

the  hot-film  sensor, A^f f ,  is seen to  be dependan t on the  tem pera tu re  difference be

tween the  heated surface and the  im pinging je t flow, as show’n in figure 4.13. As the 

tem p era tu re  difl'erence approaches zero, th e  uncerta in ty  increases.
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c
o

AT = T T [XI
surface

Figure 4-13: Variation of effective area uncertainty as temperature difference between 
the heated surface and the impinging je t increases

The uncertainty for this method is increased due to the inclusion of the adiabatic 

correction shown in equation 4.30. The fluctuating Nusselt number, Nu*, was noted to 

have the highest level of uncertainty. As with the uncertainty evaluation for Case 1, the 

average uncertainty of the main characteristics calculated are presented in table 4.2.

Table 4.2: Case 2: Uncertainty levels for 95% confidence

Parameter Uncertainty

^convective 19.8%
h 20%
N u 20.1%
Nu* 46%
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Chapter 5

Heat Transfer Results & Discussion

To determine the convective heat transfer characteristics of the conventional impinging 

jet and the four swirling impinging jets, the corresponding local Nusselt number, Nxi, 

was evaluated for nozzle to surface heights ranging from 0.5 <11/D <10 and Reynolds 

numbers between 8,000 <Re  <20,000 over a radial distance of 0 < r/D  <10.

The flow rate, and equivalent Reynolds number, set for the conventional impinging 

jet is used in the cases of the swirling impinging jets. This determines how the swirling 

impinging jets perform compared to the scenario with no swirl generator included in 

the jet assembly. The main findings from Case 1 using the infrared thermography 

measurement technique are presented and discussed in section 5.1, while section 5.2 

looks at the local heat transfer results acquired using the hot-film sensor measurement 

technique in Case 2. To elucidate these regions of interest and to explain some features 

in the local heat transfer distributions, fluctuations in heat transfer are described in 

section 5.3. These provide an insight into the main regions of mixing and turbulence 

in the flow which may lead to enhanced and/or diminished effects in the time-averaged 

heat transfer.

Due to the extensive range of test parameters, not all results are presented here. 

Thus, this chapter focuses on the key characteristics and findings noted through this 

investigation and additional results are included in appendix A.
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5.1 Case 1: Infrared Therm ography

When the convective coohng from the conventional impinging je t is examined using 

infrared thermography, the results are expressed in terms of the local Nusselt number as 

defined in section 4.1. The experimental approach of infrared therm ography provides 

the advantage of allowing an area of the impingement surface to be viewed, as opposed 

to point measurement methods. The analysis discussed in section 4.1 converts the 

tem perature maps recorded by the therm al imaging camera, examples of which are 

shown in figure 3.12, into images which display the heat flux due to each of the heat 

loss effects, i.e. from natural convection, radiation and lateral conduction, and the 

resultant heat transfer due to the impinging jet.

A series of examples of the results detailing the heat loss terms and convective 

heat flux for a conventional impinging je t with /?e=12,000 and I I / D=1  are included 

in section 4.1. For com parative purposes, the Nusselt number distribution shown in 

figure 4.8 is averaged radially according to the layout shown in figure 4.9 and plotted 

against the non-dimensional radial distance from the stagnation point, r / D ,  from 0 

< r / D  <10, to generate figures such as tha t shown in figure 5.1.

5.1.1 C onventional Im pinging Jet - H eat Transfer

Figure 5.1 dem onstrates the change in heat transfer which occurs as the Reynolds imm- 

ber is increased from 8,000 to 20,000 when the conventional je t nozzle is positioned at 

a height of H / D = l .  The stagnation point, r / D=0 ,  is the location of a local minimum 

which increases in m agnitude as the Reynolds number is increased. The increase in 

the stagnation point Nusselt number, Nustag, can be related back to the theoretical 

correlations discussed in section 2.4 which generally report th a t the stagnation point 

Nusselt number varies with an exponent of the Reynolds number of the je t flow.
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Nussell Number Distribution for II D ^ l
100

-e -R e-8000
-A-R c -10000 
- ^ R o - 12000 
- a - R e -14000 

R e - 16000 
-^ R c = l8 0 0 0  
-^ R c -2 0 0 0 060

Z

2 0 -

r D

Figure 5.1: Nusselt number distribution for the conventional impinging jet at H ID  = 
1 for all Reynolds numbers usmg infrared thermography in Case 1

The initial local niininiuni and the point of niaxinumi heat transfer being located 

at r / l )  ^  0.6 are characteristic features for H / D  < 4 [3,16,31]. This location of 

the inaxiniuni heat transfer changes as the nozzle to surface spacing increases. When 

H/ [ )  > 6, the point of niaxiinuin heat transfer is located at the stagnation point, 

r //9 = 0 , as dem onstrated in figure 5.2, and is consistent with what was described 

by Incropera and DeW itt [9]. For low nozzle to surface distances, typically H / D  < 

2, the Nusselt number distribution generally experiences three peaks in total; a local 

maxinunn at r / D  «0.6, a secondary peak located between 1 .6 < r/D < 2 .5  and a tertiary 

peak located between 2 .8 < r/D < 3 .2  depending on the Reynolds number. While the 

existence of the secondary peak in the Nusselt number distribution is conunon across 

the range of Reynolds numbers tested, the tertiary  peak is not produced at Reynolds 

numbers less than  10,000 for H / D<2. The local stagnation point Nusselt numbers 

for each of the Reynolds numbers examined are comparable to the correlation by 

Shadlesky [44] for a height of H /D  < 2, despite the Reynolds number range lying 

outside tha t of the correlation.

As H /D  increases above 6, the Nusselt number becomes bell-curve shaped with 

no additional peaks beyond the stagnation point. This can be seen in figure 5.2 and 

compares well with the distribution reported by Incropera and DeW^itt [9] in figure 2.4.

The variation in the stagnation point Nusselt number, Nugtag, with H /D  is fully 

illustrated in figure 5.3. This figure shows the change in Nugtag as both the Reynolds
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Nussclt Niinibci Distribution for H D - 10
1 0 0   ̂  .

-e -R e-8000  
n ^R e=  10000
- ^ R e =  12000 
-B -R c-14000 

R c -16000 
- ^ R c - 18000 
-^R e = 2 0 0 0 0

°0 I 2 3 4 5 6  7 )! 9 to
r'D

Figure 5.2: Nusselt number distribution fo r  the conventional impinging je t at 11/D = 
10 for all Reynolds numbers using infrared thermography in Case 1

number and the nozzle to surface heights are varied. It is apparent from this figure 

th a t the stagnation point Nusselt number, Nugtagi reaches a maximum value when the 

impinging je t is approximately 6-8D from the surface. This value corresponds to  the 

values noted in past studies [6,14,15] and has been linked to the end of the potential 

core of the jet. The area following the potential core is defined by the complete 

interference of the surrounding vortical structures, described in section 2.2.1. In this 

region, the Kelvin-Helmholtz induced vortices breakdown and form a turbulent flow. 

This transition results in the kinetic energy of the je t being dispersed, causing the je t 

to have a diminished influence at the stagnation point.

100
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40-
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®0 1 2 3 4 5 6 7 8 9  10
HD

Figure 5.3: Stagnation point Nusselt number fo r the conventional impinging je t at 
each H / D and Reynolds number using infrared thermography in Case 1
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These results also allow a correlation to be formed for the stagnation point Nusselt 

number as a function of Reynolds number and nozzle to  surface height. Due to the 

experimental param eters investigated, this correlation has a Reynolds number and 

nozzle height range more expansive than previously produced for a je t nozzle of this 

geometry. From figure 5.3 it can be noted tha t the distributions are not linear, thus 

the correlation includes a polynomial in H/ D.  Equation 5.1 describes the best fit 

for the results presented in figure 5.3 and has a maxinmm deviation of 8% from the 

original experimental results.

I 0.5 < H / D  < 10 
Nu,tag = ■ f { H / D )  { (5.i;

8,000 < Re < 20,000

where /  { H/ D)  = / / /D °  ‘ [-0.0003 • H / D^ +  0.0048 • H/ D^  -  0.0206 • H / D  +  0.142]

In most applications a specific area is to be cooled instead of a single point. To 

tha t end, the mean Nusselt munber for each of the conditions investigated is evaluated 

for a radial distance of 0< r / D  <5.0, the result of which is displayed in figure 5.4.

■©"Rc—8000
-A-Re 10000

2000
-&Ro= 4000

Re- 6000
-^R e -1 8 0 0 0
-^R e -2 0 0 0 0

4 5 6
H D

Figure 5.4'- Mean Nusselt number for the conventional impinging jet averaged over a 
distance of 0 < r / D  <5.0 at each H /D  and Reynolds number using infrared

thermography in Case 1

From figure 5.4, it is apparent th a t the changes in the mean Nusselt number, 

Numean, as the height of the nozzle is increased for low Reynolds numbers are very
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small. The mean Nusselt number generally reaches a maximum at approximately 

H/  D=4  after which it begins to  decrease slowly. The small decrease may be associated 

with the reduction in secondary and tertiary  peaks shown in the Nusselt number 

distributions illustrated in figure 5.1 and contained in appendix A .1.1.

The reduction in these peaks is attribu ted  to the distance between the nozzle and 

the impingement surface increasing, therefore allowing the je t flow to develop and the 

intensity of the impinging vortical structures and turbulence levels to be diminished. 

This change in flow characteristic with nozzle to surface height in the wall je t region 

will be revisited in chapter 6.

5.1.2 Swirling Im pinging Jets - H eat Transfer

An illustration of the tem perature field of the ohmically heated foil under the influence 

of each of the four swirling imjiiiiging jets measured using infrared thermograj^hy as 

described in section 3.2, is given in figure 5.5 . These images dem onstrate the radial 

uniformity of each of the swirling impinging jets as they strike the heated surface with 

a Reynolds number of 14,000 and at a nozzle height of H / D=2.

Figure 5.6 shows the heat transfer results produced by each of the swirling im

pinging jets at a height of H / D —1 for each of the Reynolds numbers explored while 

figure 5.7 illustrates the change in the local heat transfer for each of the swirling im

pinging jets when the nozzle height is increased to H/ D =8  for the same range of 

Reynolds numbers.

Figures 5.6a and c, representing the large and small generators including the swirl 

core, Lc and Sc, dem onstrate local minima in the Nusselt number at r /D=Q  for each 

of the Reynolds numbers. This local minimum was found to  continue up to a height 

of H/D=A,  in some cases extending to H/ D= 6 ,  after which, reflecting tha t of a con

ventional impinging jet, a local maximum occurs, as shown in figure 5.7. For the other 

two cases, figures 5.6b and d representing the large and small generators w ithout the 

swirl core, L„o and Sno, the local minimum remains and is significantly sharper for the 

lower Reynolds number values.
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(c) (d)

Figure 5.5: Instantaneous temperature distributions for swirling impinging jets 
em.ploying generators (a) “L c ” (Large with swirl core), (b) “Lno” (Large without swirl 

core), (c) “S c” (Small with swirl core) and (d) “Sno” (Sm,all without swirl core) at 
H /D  = 2 and a Reynolds number of 14,000

Tlie swirling impinging jets generally exhibit local maxima at r /D  «0.75 followed 

by a decrease in heat transfer magnitude with increasing radius. In some cases, slight 

secondary peaks appear but this is primarily at high Reynolds numbers and when the 

je t nozzle is in close proximity to the impingement surface, as in figure 5.6b for swirl 

generator L„o at a Reynolds number of 20,000.

This radial distribution suggests tha t the swirl generator design causes the motion 

of the fluid flow to be concentrated principally away from the axis of the jet, similar to 

what was reported by Maciel et al. [85]. Thus, as the flow impinges on the heated sur

face the maximum heat transfer is located away from r f  D=0. While a local minimum 

at r /D = 0  is also a feature of a conventional impinging jet, as seen in figure 5.1, the 

relatively stronger reduction in heat transfer magnitude from the swirling impinging 

je ts can be linked to the azimuthal velocity component of the flow. It is also suggested
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th a t recirculation of warm fluid towards the stagnation point by the swirl generators 

without the swirl core, L„o and Sno, promotes a larger decrease in the local heat trans

fer at r /D = 0  than the generators with the swirl core, and Sc- To elaborate on this 

point further, flow field visualisation of each of the swirling impinging jets is discussed 

in chapter 6.
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Figure 5.6: Nusselt number distribution for swirling impinging jets em,ploying 
generators (a) “L c’' (Large with swirl core), (b) “Lno” (Large without swirl core), (c) 

“S c” (Small with swirl core) and (d) “Sno” (Small without swirl core) at H /D  = 1
fo r  all Reynolds numbers

When the conventional impinging je t was examined, the stagnation point Nusselt 

number, Nugtag, was shown in figure 5.3 to increase w'ith H / D ,  for H / D  < 8. As 

figure 5.8 illustrates, the near opposite occurs for the swirl modified flow. Thus, 

the generators w ithout the swirl core, L„o and 5„o, shown in figures 5.8b and 5.8d 

respectively, follow similar trends, having a high magnitude at / / /D = 0 .5  followed by 

a significant decrease; the Nusselt number then increases to a maximum at H / D  ss6 

and subsequently decreases as the height increases further.
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Figure 5.1: Nusselt number distribution for  swirling impinging je ts  employing 
generators (a) “L c ” (Large with swirl core), (b) “L n o ” (Large without swirl core), (c) 

“S c ” (Sm,all with swirl core) and (d) “S n o ” (Small without swirl core) at H /D  =  8
for  all Reynolds numbers

The generators including the  swirl core, Lc and Sc, shown in figures 5.8a and 5.8c 

respectively, also show broadly sim ilar trends, generally having the point of m axim um  

heat transfer a t r / D = 0  when the  im pinging je t  is w ithin close proxim ity to  the  surface. 

As th is distance is increased, the Nusselt num ber a t r / D = 0  tends to  decrease, although 

the  trend  is less consistent for the  large swirl core configuration (figure 5.8a).
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Figure 5.8: Nusselt number at r /D = 0 for swirlin^g impinging jets employnig 
generators (a) “Lc" (Large with swirl corc), (b) “Lno" (Large without swirl core), (c) 

“Sc” (Small with swirl core) and (d) “Sno” (Small without swirl core) at each H /D
and Reynolds number

The mean Nusselt number, Numean, for each swirling impinging je t is evaluated 

in a similar manner to the conventional impinging jet, seen previously. The plots 

in figure 5.9 display the corresponding mean Nusselt number for each of the swirling 

impinging jets examined. A common trend is noted for each of the swirling jets: at low 

nozzle to surface heights, 0.5 < H /D  < 2, the mean Nusselt number has a maximum 

value. As the height is increased, Numean decreases at a higher rate than  for the 

conventional impinging jet, although the fall off is still quite modest.

This outcome is expected from swirling impinging jets. As reported in section 2.4.5, 

the spread of a swirling jet increases as the distance from the je t nozzle increases, up 

to the point when the je t’s cooling impact on a heated surface is small, as seen in 

figure 5.7 for a nozzle to surface height of 8D. This trend is clear also from the 

Nusselt number distributions for each of the swirhng impinging jets at higher H /D  

shown in appendices A .1.2 - A .1.5.
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Figure 5.9: Mean Nusselt number for swirling impinging jets employing generators 
(a) “L c ”  (Large with swirl core), (b) “ L n o ”  (Large without swirl core), (c) “ S c ”  

(Small with swirl core) and (d) “Sno” (Small without swirl core) averaged over a 
distance of 0 < r / D  <5.0 at each H /D  and Reynolds number

5.1.3 Case 1 : Com parison of Conventional and Swirling Im 

pinging Jets

Figure 5.10 compares the performance for each of the five impinging jet configurations 

investigated, a conventional contoured je t and four swirling impinging jets; the Nusselt 

number distribution is plotted for a Reynolds number of 14,000 at three different nozzle 

to surface spacings, H /D  = 0.5, 4 and 10. These results are chosen specifically to 

illustrate the heat transfer enhancement effect of a swirling impinging je t compared to 

a conventional impinging jet, when operated under the same conditions as the nozzle 

height is increased.

It is clear from these graphs th a t each of the swirling impinging jets has a positive 

enhancement effect on the heat transfer at low nozzle to surface heights; this can 

be seen in figure 5.10a. As the height is increased to AD, figure 5.10b, all of the 

impinging jets appear to produce rather similar Nusselt numbers, while at lOD the 

swirling impinging jets lead to a significant reduction in heat transfer, as shown in
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figure 5.10c. This result is consistent across the range of test conditions examined.

Although only one Reynolds number is shown here, the heat transfer enhancement 

due to the induced swirling flow has been noted to increase as the Reynolds number is 

increased and the height of the je t nozzle above the impingement surface is decreased.
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Figure 5.10: Nusselt number distribution for each of the conventional and swirling 
impinging jets examined with a Reynolds number of 14,000 at H /D  of (a) 0.5, (b) 4

and (c) 10

In order to illustrate further the improvement in heat transfer performance with 

sw'irl at low heights and high Reynolds numbers, figures 5.11 and 5.12 show Nusselt 

number at r / D —G and mean Nusselt number respectively at each nozzle height for a 

selection of the Reynolds numbers tested.
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Figure 5.11: Stagnation point Nusselt number, Nugtag for each of the conventional 
and swirling impinging jets examined at each H /D  with a Reynolds number of (a)

8,000, (b) 14,000 and (c) 20,000

It may be recalled tha t the Nusselt number distributions for the swirling impinging 

jets contained a local minimum at r/Z )= 0  followed by a local maximum at approxi

mately r /D  rjO.75 for nozzle heights below 4-6D (figure 5.6). Figure 5.11a displays 

Nusselt number at r /D = 0  for each of the jets for a Reynolds number of 8,000. It is 

noted tha t the two swirling jets with the swirl core, Lc and Sc, have similar magnitudes 

of Nustag to the conventional jet, while the other two swirling jets have significantly 

lower values; this holds true for H /D  <6. When the mean Nusselt numbers of the five 

configurations are compared in figure 5.12a for the same Reynolds number of 8,000,
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it is found th a t tlie results are remarkably similar for each nozzle height. Despite the 

notably lower values of Nugtag for the swirling jets L„o and S„o, the mean heat transfer 

stays up at a comparable level to the other scenarios, dem onstrating the high levels of 

heat transfer around r /D = 0.

As the Reynolds number is increased for each of the jets, the stagnation point 

and mean Nusselt numbers increase respectively but only show increased heat transfer 

compared to the conventional impinging jet for the lower nozzle heights examined.

The drops in both Nustag and Numean at high nozzle to surface distances is indica

tive of the spread of the swirling impinging jets, as discussed in previous studies [58,69], 

This would lead to  less effective heat dissipation by the impinging jets at the stag

nation point and supports the idea of recirculation of warm fluid towards the axis of 

the jet. In the next chapter, the flow field for the different je t configurations will be 

explored, with a view to providing further insight into the convective heat transfer 

characteristics of the conventional and swirling impinging jets.
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Figure 5.12: Mean Nusselt number, Numean, fo r  each o f  the conventional and  
swirlinq impinqinq ■jets examined at each H / D  with a Reynolds number of (a) 8,000,

(b) 14,000 and (c) 20,000
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5.2 Case 2: H ot-F ilm  Sensor A nalysis

Case 2 of this study, on the heat transfer characteristics of conventional and swirling 

impinging jets, employs a hot-film sensor, as discussed in sections 3.3 and 4.2. As 

with the results discussed for Case 1 in section 5.1, this section presents the results 

obtained using this measurement technique th a t support the main trends reported for 

Case 1 and discusses the main characteristics discovered from these results. Using the 

theory outlined in section 4.2, the voltage across the hot-film sensor is converted to the 

equivalent Nusselt number at each recorded position. The same flow and positioning 

param eters as in Case 1 are used to evaluate the heat transfer profiles at a range of 

nozzle to surface heights and Reynolds numbers. A complete set of local heat transfer 

measurements for each nozzle to  surface height and Reynolds number examined are 

located in appendix A.2.

5.2.1 Conventional Im pinging Jet - H eat Transfer

Figures 5.13, 5.14 and 5.15 show the local Nusselt number distributions for the de

velopment of the heat transfer for the range of Reynolds numbers tested at nozzle to 

surface heights of H / D = l ^  4 and 10 respectively.
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Figure 5.13: Local Nusselt number distribution for a conventional impinging je t at 
H / D = 1 for all Reynolds numbers using a hot-film sensor in Case 2
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Comparable to the equivalent results shown in figure 5.1 for Case 1, figure 5.13 

demonstrates the Nusselt number dependence on the Reynolds number. Similar as

pects to the Nusselt number distribution, w'ith regard to those illustrated for Case 1, 

include a local minimum at the stagnation point follow'ed by a series of peaks. This 

can be seen from figure 5.13 for H / D=l  but a similar trend was noted for all heights 

less than 4D. For low heights, three peaks in total are noted following the local min- 

inmm at the stagnation point. However, for a Reynolds number of 8,000 and heights 

less than 2D  the Nusselt number distribution reveals only tw'o peaks; the primary 

peak at r / D  «0.7 and a secondary peak at r / D  «2.2, as shown in figure 5.13. As 

the height is increased to 4D,  the secondary and tertiary peaks appear to be replaced 

by a single secondary peak while still retaining the local minimum at the stagnation 

point, as show'u in figure 5.14. The secondary peak then reduces in magnitude until 

indistinguishable and the local minimum at the stagnation point becomes a local max

imum as the nozzle height increases to lOD. An illustration of this change is shown 

in figure 5.15.
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Figure 5.14- Local Nusselt number distribution for a conventional impinging je t  at 
H / D =  4 for all Reynolds numbers using a hot-film, sensor in Case 2

The three peaks recognised in the local heat transfer distributions for low H / D  

have been linked to vortical induced turbulence and boundary layer separation on the 

impingement surface [3,12,13]. Depending on the height of the nozzle and the Reynolds 

number of the flow, each of these mechanisms can have different levels of influence. For 

example, the initial peak in the local Nusselt number distribution for low H/ D ,  located
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at r / D  ~0.7, is regarded as a consequence of the strong vortical structures, developing 

at the boundary between the je t flow and the surrounding fluid, impinging upon the 

heated surface [12]. The second and third peaks together are only noted under specific 

conditions, primarily when the nozzle is within 4D of the impingement surface, as 

previously mentioned. The number of additional peaks changes as the height of the 

nozzle is increased, dem onstrating th a t this param eter is key to establishing what the 

cause of the separate peaks is. This phenomenon is investigated in the following section 

through fluctuating heat transfer analysis and in chapter 6 via flow' visualisation and 

PIV measurement.

The local minimum at the stagnation point is also seen to change to a local max

imum as the height is increased, creating a bell curve Nusselt number distribution, 

comparable to the distribution shown in figure 5.2 for Case 1. The local Nusselt num

ber distribution characteristics at high I I / D  is displayed in figure 5.15 for ///D = 1 0 .
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Figure 5.15: Local Nusselt number distribution for a conventional impinging je t at 
H /D  = 10 for all Reynolds numbers using a hot-film sensor in Case 2
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5.2 .2  C om parison  o f CIJ H eat Transfer: C ase 1 vs. C ase 2

W ith the heat transfer analysis of a conventional impinging je t complete for two differ

ent experimental methods, a comparison betw'een the results can be made. Figure 5.16 

shows three examples of the heat transfer distributions evaluated from Cases 1 and 2 

at a Reynolds number of /?e=14,000 and for nozzle to  surface distances of / / / D = l ,  4 

and 10 respectively. As described previously, the hot-film sensor is calibrated against 

a correlation generated from the stagnation point Nusselt number results evaluated in 

Case 1.

The three graphs shown in figure 5.16 dem onstrate the close agreement between 

the two studies at the stagnation point. Figure 5.16a shows the Nusselt number 

distribution for both case studies at a Reynolds mnnber of 14,000 and a height of 

\D.  As the radial distance increases, while the Nusselt number trends remain broadly 

similar, the magnitudes vary considerably up to a distance of r /D=2.  Although the 

two cases examined relate to different therm al boundary conditions, the difference in 

the heat transfer within this region can be attributed  primarily to the spatial resolution 

of the experimental method being employed. Both distributions coalesce at a radial 

distance of r / D  « 2  and continue outwards at similar levels from the stagnation point.
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Figure 5.16: Comparison o f  Nusselt number distributions from  Case 1 using infrared 
thermography and Case 2 using hot-film sensor analysis fo r  a conventional impinging 

je t  at a Reynolds number of 14,000 and H / D  of (a) 1, (b) 4 and (c) 10

As mentioned in chapter 3, the resohition of the FLIR systems A-40 infrared ther

mal imaging camera was measured to be approximately 0.5mm per pixel while the 

hot-film sensor technique had a resolution of approximately 0.1mm. In order to de

termine whether this difference in resolution can explain the local variations in the 

measured heat transfer, a second therm al imaging camera, FLIR systems SC-6000, 

was set up under the same conditions as before for Case 1. The SC-6000 has a resolu

tion of 512 X 640 pixels, nearly four times th a t of the A-40. The spatial resolution of 

the SC-6000 infrared camera was calculated to be approximately 0.28mm per pixel. 

Figure 5.17 shows the local Nusselt number distributions for the two different therm al 

imaging cameras used, along with tha t of the hot-film sensor analysis.
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Figure 5.17: Nusselt number distribution from. Case 1 using FLIR A-40 and SC-6000 
thermal imaging cameras and Case 2 using hot-film sensor analysis fo r Reynolds

number of Re=10,000 and I I / D=1

This comparison shows tha t the increased spatial resolution of the second thermal 

imaging camera gives a sharper definition in the three heat transfer peaks, which brings 

the distribution a little closer to tha t recorded using the hot-film sensor technique. If 

it w'ere possible to mimic the resolution of the hot-film sensor with a therm al imaging 

camera, it is possible tha t peaks as prominent as those from the hot-film sensor analysis 

could be obtained. However, this is speculative as there may also be some efi^ect from 

the diff'erence in therm al boundary condition as shown by Sagot et al. [17].

Figures 5.16b and c dem onstrate similar comparative characteristics as figure 5.16a, 

in th a t the main differences between the two cases appear to be located in the stag

nation region, 0 < r / D  <2, while thereafter the tw'o distributions are almost identical. 

In the stagnation region, the two distributions have similar characteristics, in terms 

of the location of maximum and minimum Nusselt numbers. The major difi^erence 

between the two cases investigated is in the difference in magnitude between the heat 

transfer peaks.

5.2 .3  Sw irling Im pinging  J e ts  - H eat Transfer

Local Nusselt number distributions are presented in figure 5.18 in order to illustrate 

the effect of each of the swirl generators on the heat transfer. Similar to Case 1 in 

section 5.1.2, each of the four graphs below' represents one of the swirling impinging 

jet configurations. One of the key characteristics which each of the swirl geometries
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have in common is the prominent local minimum located at the stagnation point. 

Past swirling impinging je t studies have consistently discovered this significant drop 

in heat transfer at the stagnation point [68,71,72,80]. This is commonly associated 

with a blockage in the nozzle geometry or is attribu ted  to the swirling flow primarily 

being focused at the outer wall of the jet, i.e. r /D = 0 .5 , resulting in a lack of fluid 

flow at the center of the jet. It has also been noted th a t recirculation of fluid may 

travel inwards towards the stagnation point as the swirhng jet impinges upon a heated 

surface [73,84], causing the local heat transfer to be reduced due to the lower local 

tem perature difference.
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Figure 5.18: Nusselt number distribution for swirling impinging jets employing 
generators (a) “L c” (Large with swirl core), (b) “Lno” (Large without swirl core), (c) 

“S c” (Small with swirl core) and (d) “Sno” (Small without swirl core) at H /D  = 1
for all Reynolds numbers

The high local maximum located at r / D  wO.6-0.7 is a further prominent char

acteristic of the heat transfer distributions produced, which is common to each of 

the swirling impinging jets. This maximum is associated with low nozzle to surface 

heights, H / D  <4, and can be linked to the concentration of the swirling fluid flow at 

the outer wall of the je t nozzle. Additional peaks in heat transfer are also noted for 

some of the swirling je t configurations w'hen in close proximity to the impingement 

surface. This suggests th a t these geometries may create additional flow aspects to the
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swirling motion which have the ability of enhancing the heat transfer further. This 

will be investigated further in chapter 6.

As the nozzle height is increased to ///Z )= 10 , the influence of each of the swirling 

impinging jets is reduced substantially. This can be seen from figure 5.19 for each of 

the swirling impinging je t configurations at // /D = 1 0 . This was also noted in past 

studies and explained in section 5.1.2. As the distance between the je t nozzle and 

the impingement surface is increased, the swirling flow is able to spread further from 

the central axis of the jet, dissipating much of its kinetic energy away from the target 

surface.
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Figure 5.19: Nusselt number distribution fo r  swirling impinging je ts  employing  
generators (a) “L f.” (Large with swirl core), (b) “Lno” (Large without swirl core), (c) 

“S c ” (Sm.all with swirl core) and (d) “Sno” (Sm all without swirl core) at H /D  = 10
fo r  all Reynolds numbers

5.2.4 Com parison of SIJ H eat Transfer: Case 1 vs. Case 2

Figure 5.20 illustrates the difference between the two set-ups investigated, namely 

the infrared therm ography measurement method with a uniform wall flux therm al 

boundary condition in Case 1 and the hot-film sensor technique with a uniform w'all 

tem perature therm al boundary condition in Case 2. Comparable to wdiat w'as dis

cussed previously w'ith regard to figure 5.16, the local Nusselt number distributions
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evaluated using the hot-film sensor method were noted to have sharper local features. 

This is especially noticeable for the local minimum at r /D=Q  along with the local 

maximum at 0.5 < r / D  <1; in each of the distributions from the swirling impinging 

jets, these features are more prominent for Case 2 than for Case 1. The improved 

spatial resolution of the hot-film sensor also allows more subtle features in the heat 

transfer distributions to be identified, such as those produced in figure 5.20b for the 

swirling impinging je t with swirl generator L„o- Thus, in Case 1, the heat transfer 

results using infrared thermography displayed a steady decrease as the radial location 

increased from r /D = 0 .7  onwards. However, from the results of Case 2 the appearance 

of small peaks in the distribution is recognised. This increased level of detail is also 

observed in figure 5.20c, where a slight secondary peak can just be identified in the 

results from Case 2 yet is not noticeable from Case 1.
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Figure 5.20: Comparison of Nusselt number distributions from  Case 1 using infrared 
thermography and Case 2 using hot-film, sensor analysis fo r  each swirling impinging  
je t  [(a) “Lc" (Large with swirl core), (b) “Lno” (Large without swirl core), (c) “S c ” 

(Sm all with swirl core) and (d) “Sno" (Sm all w ithout swirl core)] at a Reynolds
number o f 12,000 and H /D  o f 2

The comparison of the local time-averaged heat transfer results for the conven

tional impinging je t in figure 5.16 and the swirling impinging jets in figure 5.20 for 

both experimental case studies have dem onstrated th a t the spatial resolution of the 

measurement method being used is an im portant aspect with regard to the difference 

in the results presented. However, small variations between the two studies may be a 

result of the therm al boundary conditions differing.
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5.2.5 Case 2 : Com parison of Conventional and Swirling Im

pinging Jets

Just as the heat transfer due to  the conventional impinging je t was compared with 

th a t of each of the four swirhng impinging jets using the results obtained from infrared 

therm ography in section 5.1.3, so too are the results obtained with hot-film sensor 

analysis compared in figure 5.21. Broadly similar trends due to the introduction of 

swirl are noted between the two methods but due to the more defined nature of the 

results from Case 2, the measured enhancement levels are not as significant as was 

found for Case 1. For example, in Case 1 the Nusselt number distributions for each 

of the four swirling impinging je t scenarios with a Reynolds number of 14,000 and 

H / 0=0.5  showed a consistent level of enhancement in the region 0 < r / D  <2. The 

results show’n in figure 5.21a for Case 2 display a significant reduction in the local 

Nusselt number at r /D =0.  Despite this reduction, the swirling impinging jets show a 

level of enhancement around r/D = 0.5-0 .8 , but this is more localised and less significant 

than for Case 1.
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Figure 5.21: Nusselt number distribution fo r  each of the conventional and swirling 
im.pinging jets  examined with a Reynolds number o f  14,000 at H / D  of (a) 0.5, (b) 4

and (c) 10

The percentage increase in maximum Nusselt number of the swirhng impinging jets 

relative to the conventional impinging jet, determined from figures 5.10a and 5.21a, 

are presented in figure 5.22. While the change in experimental method and test set-up 

has altered the heat transfer distributions, the relative effectiveness of the different 

swirl generators is almost the same, although the magnitudes evaluated using infrared 

thermography in Case 1 are higher than those using the hot-film sensor technique in 

Case 2. In this figure, it is noteworthy th a t the small swirl generator with no swirl 

core, “5'no” , provides a consistent improvement in heat transfer compared to the other
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swirling jets as determined from both test methods, figure 5.22.
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Figure 5.22: Percentage enhancement of maximum Nusselt number for  each swirling 
impinging jet compared to conventional impinging jet at a Reynolds number of 14,000 

and H /D = 0 .5  for both experimental measurement methods

The threshold at which the swirling impinging jets become less effective than  the 

conventional impinging jets has been observed to be at a nozzle to surface height 

of H /D  «4 . This emerged in results from both Case 1 and Case 2. Figures 5.10b 

and 5.21b illustrate this point by showing the Nusselt number distribution at a nozzle 

height of H / D=A for each of the five experimental configurations. As this height is 

increased further to ///Z^=10, a significant reduction in the heat transfer due to the 

swirling impinging jets is realised; this can be seen from figure 5.21c and corresponds 

well to the findings for Case 1.

As reported before, the maximum enhancement in heat transfer was observed pri

marily when the impinging je t was in close proximity to the heated surface and at 

relatively high Reynolds numbers. Figure 5.23 displays the local Nusselt number dis

tributions for each of the swirling jets, plotted with the corresponding non-swirling 

jet, a t the lowest nozzle to surface height and highest Reynolds number examined in 

this study. As before, the point of maximum heat transfer occurs a t r / D  wO.7 for 

each of the configurations.

The swirling impinging jets w ithout the swirl core, and “S'„o” , provide the

greatest enhancement of heat transfer at this point. The other two swirling jets, with 

the swirl core, “Lc” and “S'c” , provide local enhancement but at a reduced level.
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Figure 5.23: Nusselt number distribution, for  each of the conventional and swirling 
impinging jets examined with a Reynolds number of 20,000 at H /D = 0 .5

The heat transfer at r /D = 0  is of particular interest due to the former discussion 

regarding the recirculation of warm fluid and reduction in heat transfer. From fig

ure 5.23, the swirling impinging jets see a large reduction in the stagnation point 

Nusselt number relative to the magnitude of the maxima at r /D  wO.7. The largest 

reduction is noted for swirl generator ''Lno”, while local Nusselt number at r /D = 0  for 

“S'„o” is comparable to tha t of the conventional impinging jet. Generators “Lc” and 

“ S 'c ”  are observed to have similar effects at this nozzle to surface distance. This is 

believed to be due to the inclusion of the swirl core in the design, indicating tha t the 

scale of these two generators does not have a large impact on the heat transfer results.

It is suggested th a t the difference between these two sets of results, acquired using 

infrared thermography and hot-film sensor analysis, is a consequence of the spatial 

resolution of the two experimental methods. O ther effects caused by the use of two 

different set-ups with different therm al boundary conditions may also contribute to 

the difference in results, but further investigation must be conducted. However, from 

the results obtained in this study, it seems tha t the infrared therm ography method 

in Case 1 is over-estimating the heat transfer effect caused by induced swirl in an 

impinging jet, while due to the better resolution of the hot-film sensor in Case 2, 

the sharp drop at the stagnation point is more defined. This results in the overall 

heat transfer enhancement of the swirling impinging jets being lower. To understand 

specific aspects in the local heat transfer further, the fluctuating heat transfer for each 

of the impinging je t configurations is discussed in the following section.

135



5.3. F l u c t u a t i n g  H e a t  T r a n s f e r

5.3 F luctuating  H eat Transfer

Evaluation of the fluctuations in heat transfer, using the hot-film sensor as explained 

in section 4.2.1, provides a link between surface heat transfer and the mixing and tu r

bulence levels on the impingement surface caused by shear and /or vortices from the 

impinging jet. This section aims to employ the measured local heat transfer fluctua

tions to help explain aspects of the heat transfer distributions previously discussed. In 

the next chapter, PIV  flow measurements and flow visualisation of the impinging jets 

will then be used to characterise the fluid flow as it interacts with the heated surface 

and to explain some aspects of the local and fluctuating heat transfer results.

A full set of fluctuating Nusselt number distributions for all Reynolds numbers, 

nozzle to surface heights and impinging je t set-ups can be found in appendix A.3.

5.3.1 C onventional Im p in gin g  J e t - F lu ctu a tin g  H eat Transfer

The fluctuating heat transfer for the conventional impinging jet examined is presented 

in figure 5.24. Results are presented for all Reynolds numbers at nozzle to  surface 

heights of H / D = l ,  4 and 10, to  illustrate the typical change in the fluctuating Nusselt 

number distribution across the range of nozzle to plate spacings. As the heat transfer 

fluctuations are determined from the hot-film measurements, the da ta  relate to Case 

2, with a uniform wall tem perature therm al boundary condition and high spatial 

resolution measurements.

At H /  D = l ,  the fluctuating Nusselt number, TV it*, peaks at slightly different radial 

locations for the different Reynolds numbers, before gradually levelling off at r / D  

>4. Since fluctuations in the heat transfer are likely to be associated primarily with 

variations in local flow velocity caused by turbulence, the first noticeable region in 

figure 5.24a is tha t which lies within 0 < r / D  <0.6 which has a consistent magnitude 

near zero, also noted by Alekseenko et al. [69]. The explanation for the low fluctuations 

in heat transfer in this region comes from the uniformity of the flow emerging from 

the je t nozzle. As discussed previously, the potential core of an impinging je t is the 

region of the je t flow which remains at the same velocity originally emerging from the 

nozzle. The width of the potential core narrows as the distance from the nozzle exit
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increases. The area of near zero fluctuations seen can be linked to this impinging jet 

characteristic. Since H / D  is low, the width of the uniform flow' in the potential core 

is close to the nozzle diameter. As this region impinges upon the surface below, the 

uniform flow is directed radially outwards. This radial flow becomes known as the wall 

jet, as seen in figure 2.3.

The increasing level of fluctuations in the ŵ all je t region may be related to the 

impact of vortical structures developed in the mixing region of the jet, i.e. between 

the potential core and the surrounding stagnant fluid. The generation of these vortical 

structures may explain the increase in heat transfer fluctuations from a level of near 

zero at r / D  ~0.6. It is apparent from the distributions show'n in figure 5.24a tha t 

the turbulence level upon the impingement surface increases up to a radial location 

of r / D  «2.5 at which point it decreases and then levels off. This rise in fluctuations 

may be attributed to the evolution of vortices spreading over the imj^ingement surface 

from the jet, in conjunction with turbulent boundary layer transition on the heated 

surface. PIV measurement anfl flow visualisation of the impinging je t presented in the 

following chapter investigates this further. From this it can also be established tha t 

the conventional impinging je t has a large influence on the impingement surface for a 

limited range in area.
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Figure 5.24: Fluctuating Nusselt number for  a conventional impinging je t  at all 
Reynolds numbers and H /D  of (a) 1, (b) 4 and (c) 10

W hen the  nozzle height is increased to  H / D = A ,  figure 5.24b, th e  d istribu tion  

changes. The stagnation  region, having a near zero level of fluctuations a t H / D = l ,  

now appears to  have finite m agnitudes of approxim ately 0.5. This increase in Nu*  m ay 

be because the  end of the  po ten tia l core, which is associated w ith an increase in m ixing 

betw een the  im pinging je t and th e  am bient fluid, is approaching. This is com m only 

regarded as the  point a t which m axim um  heat transfer occurs. Once the  end of the  

po ten tia l core has been reached, th e  tu rbu len t fluid which surrounded th e  core spans 

the  en tire  je t flow, resulting in fluctuations in th e  stagnation  region. As th e  nozzle 

height is increased to  H / D = 1 0 ,  figure 5.24c, the  im pinging flow is fully tu rbu len t,
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resulting in high levels of fluctuations on the impingement surface, especially at the 

stagnation point.

In the wall jet region of the impinging flow for H/D=4,  the fluctuations in the heat 

transfer increase as they did at / / / / ) = ! ,  however the magnitude of these fluctuations 

do not reach the same magnitude and do not extend as far. The fluctuations reach a 

maximum value at r j D  «1.7, at which point they level off. This indicates that the 

number of components of the impinging jet flow which can influence the heat transfer 

reduces as the nozzle height is increased. This is noted further from figure 5.24c for a 

nozzle height of lOD, w'hich indicates that the main fluctuations in heat transfer are 

located at the stagnation point and could be a consequence of turbulent flow' at the 

end of the potential core. This will be explored further in chapter 6, in which local 

flow' structures will be presented for the near w’all region.

5.3.2 Conventional Im pinging Jet - Local and F luctuating  

H eat Transfer

To view the changes in time-averaged local heat transfer as the surface fluctuations 

increase, the following figures are presented. Figure 5.25 displays the fluctuating Nus- 

selt number distribution, Nu*,  superimposed upon the time-averaged local Nusselt 

number distribution, Nu,  for the conventional impinging jet at a Reynolds number of 

14,000 and for heights of \D,  4D and lOD. This representation provides a compara

tive approach which may help in identifying certain features of the local heat transfer 

distribution.

As shown previously, as the height of the impinging jet is increased, the fluctuating 

aspect to the heat transfer distribution changes. At a high nozzle to surface spacing, 

the fluctuation level at the stagnation point is far greater than that at low spacings. 

When compared with the local Nusselt number distribution, as in figure 5.25c, it 

is noted that the point of maxinmm heat transfer occurs at the stagnation point and 

corresponds with the point of maxinuun Nu*. Following the stagnation point is a large 

decrease in both parameters up to r / D  «2, and a steady decrease thereafter indicating 

a decrease in the intensity of the mixing within the w'all jet flow as r / D  increases.
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( a) (b)

(c)

Figure 5.25: Local and fluctuating Nusselt number for a conventional impinging jet 
at a Reynolds number of 14,000 and H /D  of (a) 1, (b) 4 and (c) 10

As the proximity of the nozzle to the surface is increased, the location of 

is no longer the point of maximum heat transfer. At H /D = 4,  the maximum heat 

transfer coincides with the transition from a region of low to  maximum fluctuations at 

r /D  «0.65. Once the maximum fluctuating Nusselt number is reached at this nozzle 

height, the fluctuation strength gradually decreases as does the local Nusselt number. 

By comparing only these two heights it appears th a t different mechanisms in the flow 

account for the local and fluctuating heat transfer distributions in each case. This 

is further supported by figure 5.25a for a nozzle to  surface spacing of H /D = l .  The 

maximum heat transfer at H / D = l  is located at r /D  ~0.6 in an area of near zero 

fluctuations. As Nu* increases with radial distance, the local Nusselt number drops 

aside from two peaks at r / D  «1 .5  and 2.7. These match well with the location of 

peaks in the fluctuating Nusselt number distribution. While the mechanism causing 

these local peaks in Nu* does not increase the local heat transfer above the prim ary 

maximum at r / D  «0.6, these two peaks dem onstrate the magnitude of fluctuations 

necessary to dissipate heat further at these distances from the stagnation point.

At a height of lOD it is accepted th a t the potential core of the impinging je t has
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Figure 5.26: Local and fluctuating Nusselt number for  a conventional impinging je t  
at a Reynolds number of 14,000 and H / D = 1

ended. It is connnonly considered th a t the  near end of the  poten tia l core is the point 

of m axim um  stagnation  point heat transfer. It is assum ed th a t  th is is due to  the  

in teraction  of the shear layers around the  core as they  m eet a t th is single point. The 

radial location of this shear layer moves from r / Z9=0 to  0.5 as the d istance from the 

je t nozzle decreases. The point of m axinnun heat transfer has been seen to  act in the 

sam e m anner. This points tow ards the  location of the  m axim um  heat transfer being 

determ ined  by the m ixing between the  po ten tia l core of the  im pinging je t and the  

surrounding fluid.

F igure 5.26 displays the local and fluctuating Nusselt num ber of the  conventional 

im pinging je t a t H / D = 1  over a shorter radial range for a clearer view of the  d istribu 

tions. T he m axim um  point in the  local Nusselt num ber, Numaxi is m arked by a green 

line a t r / D  ~0 .6 . At this point on the Nu* d istribu tion , the  fluctuations are begin

ning to  increase. This is an indication of a strong m echanism  in the  im pinging flow 

which generates such a high level of heat dissipation from the  surface. A fter this point 

tw'o fu rther regions of interest can be identified a t around r /D = 1 .5  and 2.7. In these 

regions, it appears th a t  some characteristic  of the  flow' field is producing high levels of 

heat transfer fluctuations, which in tu rn  creates additional peaks in the  tim e-averaged 

heat transfer d istribution.

T he next chapter, which focuses on flow' m easurem ents and visualisation, will seek 

to  characterise the flow' and to  identify the  flow m echanism s which cause these high
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levels of local and fluctuating heat transfer.

5.3.3 Swirling Im pinging Jets - F luctuating H eat Transfer

The fluctuating heat transfer levels for each of the swirling impinging jets are very 

different from those of the conventional impinging je t at low nozzle to surface heights. 

However as the height is increased, the distributions become similar. The fluctuating 

Nusselt numbers for each of the four swirling impinging jets at heights of 0.5D and 

6D  are displayed in figures 5.27 and 5.28 respectively.

Broadly similar characteristics have been noted for each of the swirling imping

ing jets for H / D  <4, as seen in figure 5.27. Examples at other I I / D  settings are 

included in appendix A.3. The Nu* distributions commonly show a local minimmn at 

r / D = 0  followed by a local maximmn at r / D  «0 .3  for this height range, comparable 

to the results fovmd by Alekseenko et al. [69]. When comparing each of the swirling 

je t configurations at a height of 0.5D, the sw'irling impinging jets with the swirl core 

exhibit fluctuating Nusselt numbers th a t are quite similar in magnitude and distribu

tion. This suggests again th a t the inclusion of the swirl core is the dominant factor in 

determining the swirl flow pattern , although the difference in scale may be the cause 

of the small dissimilarity in the two results at r / D = \ .  The larger generator w ithout 

the swirl core produces a region of increased fluctuations at approximately r /D=2.h  

whereas the smaller swirl generator w ithout the sw'irl core produces higher levels of 

fluctuations in the stagnation region.

In comparison to  the fluctuating Nusselt number of the conventional impinging 

jet, the stagnation region displays high levels of fluctuations for each of the swirling 

impinging jets; the levels for the CIJ w'ere near zero in the stagnation zone. This 

change in distribution, which is consistent for each of the swirling impinging jets, 

points towards a drastic change in the flow field. The change in question can be 

linked to the azimuthal velocity of the swirling flow. As reported previously, Billant et 

al. [84] determined th a t the maximum azimuthal velocity of a swirling je t is located 

at r / D  «0 .3  for all angles of swirl, as seen in figure 2.44. Therefore, in the

stagnation region is likely to relate to the maximum azimuthal velocity of the swirling
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impinging jet, although this will be explored further in chapter 6.
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Figure 5.27: Fluctuating Nusselt number for each swirling impinging jet [(a) “L c ” 
(Large with swirl core), (b) “Lno” (Large without swirl core), (c) “S c ” (Small with 
swirl core) and (d) “Sno” (Small without swirl core)] at all Reynolds numbers and

H / 0 = 0 .5

Wlien the height is increased to 6D, as seen in figure 5.28, and the radial distri

bution is plotted up to 5D, the fluctuating Nusselt number distribution is seen to  be 

comparable to th a t of the conventional impinging je t at heights greater than 8D. The 

point of maximum fluctuations resides at r / 0 = 0  for this range of nozzle to surface 

distances, H /D  >6, then decreases up to between r /D = 2  and 2.5, at which point it 

levels off.
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Figure 5.28: Fluctuating Nusselt number fo r  each swirling im,pinging je t  [(a) “L c ” 
(Large with swirl core), (h) “Lno” (Large without swirl core), (c) “S c ” (Sm all with 
swirl core) and (d) “Sno” (Sm all w ithout swirl core)] at all Reynolds numbers and

H / D = 6
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5.3.4 Swirling Im pinging Jets - Local and F luctuating H eat 

Transfer

Figures 5.29 and 5.30 compare the local time-averaged and fluctuating Nusselt number 

for each of the swirling impinging je t situations, similar to the comparison for the 

conventional impinging jet shown in figure 5.25. As discussed before, the  maximum 

in the local fluctuating heat transfer at r /D  ?a0.3 is thought to  be linked to  the point 

of maximum azimuthal velocity of the swirling impinging jet. Due to the directional 

nature of this flow, the impinging jet can travel both inwards, towards r /D = 0 ,  and 

radially outwards. This motion is best illustrated by Huang and El-Genk [73] and was 

formerly presented in figure 2.43.

The fluid th a t moves towards the stagnation point has been warmed by its im

pingement upon the surface. This warm fluid reduces the local tem perature difference 

between the flow and the impingement surface, thereby reducing the local heat transfer 

in the stagnation zone as seen in figure 5.29.
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Figure 5.29: Local and fluctuating Nusselt number for each swirling impinging jet [(a) 
“L c”, (b) “L„o”, (c) “S c”, (d) “S„o”] at a Reynolds number of 14,000 and H /D = 0 .5

146



5 . 3 . F l u c t u a t i n g  H e a t  T r a n s f e r

On the other hand, the fluid flow which travels away from the point of maxinmm 

fluctuating heat transfer ( r /D  ?«0.3) acts similar to a conventional impinging jet, gen

erating a high level of heat transfer and, depending on the swirl generator, additional 

peaks as r /D  increases. These subordinate peaks in heat transfer can be associated 

with the increasing levels in surface fluctuations, similar to those seen in figure 5.26.

As the height is increased, both the local and flvictuating Nusselt numbers change 

from the trends seen in figure 5.29 to similar distributions to those seen using the 

conventional impinging jet. However, the fluctuation levels are lower for the swirling 

impinging jets in the stagnation region at high nozzle heights, svich as / / /D = ] 0 ,  than 

for the conventional impinging jets. This explains the decreased level of heat transfer 

for the swirl jet configurations tha t was seen in figure 5.21c.
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Figure 5.30: Local and fluctuating Nusselt number for each swirling impinging jet [(a) 
“ L c ” ,  (h) “L n o ” ,  (c) “ S c ” ,  (d) ' ‘S n o ” ]  dt a Reynolds number of 14,000 and H /D = 1 0

To elaborate on this point the resultant distributions for each of the swirling im

pinging jets at a nozzle height of lOD are shown in figure 5.30. Comparable to the 

trends from the conventional impinging jet at the same height, both the local and 

fiuctuating Nusselt number distributions present a maxinnnn value at r /D = 0 ,  demon

strating the high level of turbulence of the jets at impingement, following development
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over lOD. However, due to the spreading nature of swirling impinging jets, this value 

of Nu'  is lower than that of the conventional impinging jet, w'hich explains why the 

local Nusselt number is lower for the jets with swirl.

5.4 Concluding Remarks

This chapter has examined the heat transfer distributions determined from two mea

surement techniques, infrared thermography for a uniform wall flux thermal boundary 

condition and hot-film sensor analysis for a uniform wall temperature thermal bound

ary condition. Definitive aspects of the heat transfer due to each of the five impinging 

jet configurations have been explored, including the off-center location of maxinmm 

heat transfer and the onset of secondary and tertiary peaks at low nozzle to surface 

heights. With respect to the two testing approaches it was noted that the second case 

study, using the hot-film sensor analysis technique, showed sharper local features in 

the heat transfer distributions when compared with the first case study method. The 

results from Case 2 illustrated the same general trends as the results from Case 1, 

for both the conventional impinging jet and each of the swirling impinging jets, but 

some local heat transfer magnitudes were higher for Case 2. It was concluded that, 

although the differing thermal boundary conditions can have some influence, the cause 

of the differences reported here is primarily the spatial resolution of the methods being 

employed. This was reinforced by a comparison of heat transfer profiles determined 

from two different thermal imaging cameras, with different spatial resolutions. It was 

shown that the camera with a higher resolution led to a slightly different heat transfer 

distribution, the change being a higher level of detail at points of local maxima and 

minima.

With regard to the comparison of local heat transfer characteristics between the 

conventional impinging jet and the four swirling impinging jet situations, it was dis

covered that each of the swirling impinging jets delivers enhanced heat transfer within 

the general stagnation region at low nozzle heights and high Reynolds numbers. The 

enhancement in heat transfer was greatest at r / D  «0.6 where the maximum heat 

transfer occurred. In many cases, a diminished level of heat transfer at the stagnation
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point was produced by the sw’irhng impinging jets as compared with the conventional 

impinging jet. This has been attributed  to the rotational aspect of the swirling flows 

and to recirculation of the fluid flow' from the point of impingement tow'ards the center 

of the jet, although it is expected th a t the local flow measurements, presented in the 

next chapter, may elucidate this phenomenon.

The swirling impinging jets w'ere also judged against each other to determine the 

most effective swirl generator. Of the four investigated, the generators with no swirl 

core, “Lno” and “Sno” , proved the most promising in term s of maximum heat transfer. 

Of these tw'o, the larger generator, delivered the better overall result. This was

due to additional peaks in the heat transfer profile at low nozzle heights despite a 

higher reduction in heat transfer at the stagnation point, compared to the other three 

generators. The generators th a t included the swirl core, “Lc” and “5c” , produced 

similar results in most res})ects, dem onstrating th a t the swirl core had the dominant 

influence and tha t the scale of the outer vanes was not as im portant in these cases.

In order to  characterise the heat transfer distributions from each of the imping

ing je t configurations further, an investigation into the fluctuating component of the 

heat transfer was ])erformed using the hot-film sensor and uniform wall tem perature 

test facility of Case 2. The locations of maxima and minima in the heat transfer 

distributions were compared with the corresponding fluctuating heat transfer trends 

w'ith a view to  understanding the local convective heat transfer mechanisms. For the 

conventional impinging jet, high levels of fluctuations outside of the stagnation zone 

appear to be linked to the secondary and tertiary peaks noted in the Nusselt number 

distributions at low nozzle heights. Fluctuations of a similar scale are noted in some 

of the swirling impinging jet distributions and also link to additional peaks in the heat 

transfer profiles away from the stagnation point.

In order to clarify the reasons behind the high heat transfer fluctuations in specific 

areas, and their link to the time-averaged heat transfer peaks, flow' visualisation and 

particle image velocimetry measurements have been carried out and will be described 

in the next chapter.
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Chapter 6 

Flow V isualisation &; Particle  

Image Velocim etry M easurem ents

This chapter aims to identify tlie flow field and local flow structures present for the im

pinging jet configinations investigated in this study, with a view' to explaining the local 

and fluctuating heat transfer distributions described throughout chapter 5. In order 

to accomplish this, the respective jet flows were examined visually through high speed 

photography, while densely seeded, and the technique of particle image velocimetry 

was implemented.

The local and fluctuating heat transfer findings presented in chapter 5 will be 

compared against the flow flelds under the same experimental conditions. In this way, 

different aspects of the local heat transfer can be related with specific flow structures 

of the impinging jets. Further illustrations of the conventional and swirling impinging 

jet flows at each of the nozzle to surface heights examined, 0.5 < H / D  <10, for a 

Reynolds immber of /?e=14,000 are included in appendix B,

6.1 C onventional Im pinging Jet

In order to determine the flow' structure of the conventional impinging jet, each nozzle 

height has been examined in turn. Due to the small diameter of the jet nozzle, some 

vortices generated are of the order of l-2mm  in diameter w'hich may be difficult to 

resolve using PIV. Thus, the high speed images used in the PIV process are presented
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to illustrate the je t’s structure in more detail. Figure 6.1 displays the impinging je t flow 

field for the three nozzle heights with the closest proximity to the impingement surface, 

// /D = 0 .5 , 1 and 2. Since the distance between the nozzle and the surface is quite 

small in these instances, the shear layer of the impinging flow does not develop visible 

characteristic vortical structures due to Kelvin-Helmholtz instabilities. However, at a 

height of 2D the beginning of such a structure can just be detected at approximately 

1.2D from the je t nozzle, as indicated in figure 6.1c.

I 
!

17.S .1&« -12^ .10.0 .7.S -S.O -i$  Oi) L5 7.S M.0 ItJi !$.• 17.S

(a)

I

(h)

Nozzle exit

fcj
Figure 6.1: Instantaneous flow visualisation of a conventional impinging jet at a 

Reynolds number of 14,000 and nozzle to surface heights of H /D  = (a) 0.5, (b) 1
and (c) 2

At higher nozzle spacings, induced vortices appear and develop, depending on the 

space given to them. From figure 6.2a, dem onstrating the flow field for the conventional
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impinging jet for a Reynolds number of 14,000 and / / /D = 6 ,  it is estim ated tha t the 

vortex structures at the shear layer of the impinging je t break down approximately 

AD from the nozzle exit, at which point the break down begins to interfere with the 

internal flow. This reduces the potential core of the jet until a fully turbulent flow is 

created, as noted for H/D=1Q,  as shown in figure 6.2b.

From the images show'n in figure 6.1, it is clear th a t a series of induced vortices 

spread radially across the impingement surface. However, from visual inspection, not 

only are there vortices due to the interaction between the je t flow' and the stagnant 

surrounding fluid, but also between the wall je t flow and the impingement surface.

For nozzle heights of this range, the impingement surface restricts the development 

of shear induced vortices in the outer boundary of the jet flow as previously stated. 

The vortices are instead produced as the flow alters direction along the surface and 

are visible from r / D  w 1.2 for II/1)=0.5  and 1. These vortices m ature along the 

impingement surface, growing in size until they collapse into a random turbulent flow 

approximately 31) from the stagnation point.

However, there is a second mechanism at work on the impingement surface which 

influences the distribution of vortical structures. From visual inspection, a vortex 

within the fluid shear layer, at a radial position of r  6mm, causes separation of the 

fluid from the plate, indicated by a red arrow in figure 6.1b. As the fluid continues, 

this separated layer counteracts the shear layer vortex by rotating in the opposite 

direction. This newly created vortex is pushed back towards the surface by the shear 

layer vortex which it paired with, indicated by circle ‘1’, and the vortices in front of it, 

circle ‘2’. As the paired vortices move outw'ards, this new vortex impinges upon the 

heated surface at r w l2m m , circle ‘3’, where it breaks down.

It is postulated tha t the tertiary  peak previously noticed in the local heat transfer 

distributions from chapter 5 is a result of this additionally generated vortex interacting 

with the impingement surface, as dem onstrated above. The appearance of a tertiary 

peak was not noted at heights above 2D,  possibly due to large vortices having been 

produced in the shear layer of the je t before impingement and not having the same 

im pact on the surface. This also suggests tha t the tertiary  peak is a result of vortical 

interactions on the surface and not a result of the hot-film sensor overheat as was
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suggested by O ’Donovan et al. [16].
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Figure 6.2: Instantaneous flow visualisation of a conventional impinging je t at a 
Reynolds number of 14,000 and nozzle to surface heights of H /D  = (a) 6 and (h) 10

The representation of the flow regime at a height of \D ,  figure 6.1b, is superimposed 

in figure 6.3 against the local and fluctuating heat transfer previously evaluated, in 

order to further illustrate the im portance of these vortical forms and their im pact on 

the heat transfer. In section 5.3, the fluctuating heat transfer from the impingement
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surface was compared with the local tinie-averaged heat transfer and the convective 

heat transfer mechanisms responsible for specific features in the distributions were 

examined. Figure 6.3 expands on this discussion and suggests tha t the increase in heat 

transfer fluctuations at r / D = l  is primarily due to the generation and development of 

multiple vortical structures in the wall region.

The initial grow'th in the fluctuating Nusselt immber from a level near zero corre

sponds to the impingement of the shear layer of the jet upon the heated surface. In 

this region, the velocity is lower than the exit velocity of the je t due to mixing. This 

can be seen from figure 6.4. Figure 6.4 represents the time-averaged vector distribution 

of the conventional impinging jet at a Reynolds number of /?e= 14,000 and height of 

/ / / D=l .  The figure is obtained by averaging a series of vector field flow measurements 

over the time i)eriod chosen using LaVision’s DaVis program. In this way, anomalies 

that may occur in the vector prediction process are reduced. Further time-averaged 

images included in this chapter are produced through a similar method. At the stag

nation point, the velocity of the flow' is zero and it then increases with radial distance 

as the flow changes direction to form the wall jet. As the velocity increases, the corre

sponding Nusselt number also increases, but reaches a maximum in the region where 

the shear layer of the impinging jet impacts upon the surface. The vortices created 

above the surface generally slow down the radial flow, but a small region of increased 

velocity is noticed at r / D  ^  1.4, the point at which the new vortex described previ

ously is produced. This local increase in velocity also corresponds with the secondary 

peak in the local heat transfer seen in figure 6.3. The roll-up of these paired vortices 

increases the heat transfer fluctuation levels on the impingement surface as they m a

ture with increasing radial distance. This continues until the new' vortex breaks down 

at r / D  si2.7 in figure 6.3, following which the fluctuation levels decrease and level off 

as random turbulence from the dispersed wall je t is created.
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Figure 6.3: Instantaneous flow structure of a conventional impinging je t 
superimposed against the corresponding local and fluctuating Nusselt number at

Re=14,000 and H /D = l

Locally In creased  
velocity
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r/D

Figure 6.4-' Time-averaged velocity vector distribution using particle image 
velocimetry o f flow field from  conventional impinging je t with a Reynolds num.ber of

14,000 and H /D = l

As seen in chapter 5, the presence of tertiary  peaks in the Nusselt number distribu

tions occurs up to  a height of H / D=2. At a height of 4 < H /D  <6, only a secondary 

peak is observed. Beyond H /D = 6 , no additional peaks in the heat transfer are noted 

and the local minimum at the stagnation point is replaced by a local maximum. Ex

am ination of the flow regimes of the impinging je t at these various heights, allows the 

change in the heat transfer distributions with varying H /D  to be explored in more 

depth.

The appearance of tertiary  peaks is a result of the proximity of the je t nozzle to 

the heated surface. Since Kelvin-Helmholtz vortices do not form in the shear layer of
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the je t  before it impinges upon the  surface, in their place vortices are created  in the 

wall je t  region, causing high levels of heat transfer fluctuations and additional vortical 

struc tu res which influence th e  local heat transfer. W hen the  height is increased to 

betw een AD and 6D, th e  te rtia ry  peak in heat transfer does not appear any longer. 

But the  secondary peak, located at r / D  w l.4  for low HI D,  moves to  r / D  ss2. The 

im pinging je t  develops a ring of vortices around its perim eter before reaching the  

surface. These vortices generate high levels of mixing in the  ou ter boim dary of the  

je t, thereby  reducing the  w idth  of the  po ten tia l core. As the  je t strikes th e  heated 

surface, the  developed vortices are carried along the  surface, sim ilar to  w hat is seen at 

the lower nozzle heights, and due to  their en tra inm ent of cool fluid from th e  am bient 

air, a peak in the h ea t transfer is noted. The im pact of these vortices is especially 

significant at lower Reynolds num ber where it is apparen t th a t they  have higher levels 

of heat transfer fluctuations corresponding to  the  secondary peak.

IJjj

“■’"SilP'*''

Figure 6.5: Illustration of reduction of internal flow velocity for conventional 
impinging je t  with Reynolds number of 14,000 at I I / D = 1 0
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As the height is increased further, the jet flow develops into a fully turbulent flow 

due to the end of the potential core and the spreading of the surrounding shear layer. 

This is shown in figure 6.5 in which the high velocity region in the center of the 

jet, represented in red, indicates the region referred to as the potential core. With 

increasing distance from the nozzle exit, one can see the reduction in the width of this 

region. From this method the potential core was estimated as approximately 6D in 

length, which corresponds with past research and with the maximum stagnation point 

Nusselt number results previously presented in chapter 5.

A cross-section of the flow from the conventional impinging jet, in a plane parallel 

to the impingement surface, is presented in figure 6.6. This image was recorded 2mm  

above the impingement surface with the nozzle positioned 5D from the surface; the 

Reynolds number was set to 14,000. The raw image of the impinging flow in figure 6.6a 

shows the concentration of the seeding particles contained in an area the size of the 

jet nozzle. Around the outside of this area, additional clusters of particles are created 

from vortices which developed around the jet, seen clearly in figure 6.2. A PIV analysis 

of this flow, figure 6.6b, shows the expansion of the flow outwards from the center as 

the flow approaches the impingement surface. The large vectors directed outwards 

from the center of figure 6.6b, r/D=0,  illustrates the radial flow of the impinging jet 

as the impingement surface is in close proximity, similar to what was seen in figure 6.4.
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Figure 6.6: Plan view o f  conventional impinging j e t  recorded 2 m m  above 
im pingem ent surface with Reynolds number of 14 ,000 at H / D = 5 :  (a) Instantaneous  
raw image showing concentration of the seeding particles, (b) time-averaged velocity  

vectors demonstrating direction of m otion  of the je t
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6.2 Swirling Im pinging Jet

The following section aims to bring to light the flow structures present in each of 

the swirling impinging jets in order to further explain the local heat transfer results 

noted in chapter 5. This section will also present plan view visualisations of the 

swirling flows measured through particle image velocimetry at a height of 2m m  above 

the impingement surface when the je t nozzle height is 5D  and set to a Reynolds 

number of 14,000. Appendices B.2 to B.5 contain raw images of the flow regimes 

established under each of the swirling impinging jets with generators Lc, Lno, Sc and 

Sno respectively at a Reynolds number of 14,000 for all heights examined.

6.2.1 Large generator w ith  swirl core Lc

The heat transfer due to the swirling impinging je t with generator Lc was reported to 

have a local minimum Nusselt number at r / D —0 for low nozzle to surface heights while 

maintaining significant levels of fluctuations in the same region. This was shown in 

figure 5.29. From the image of this swirling flow displayed in figure 6.7a it is noted, for 

low nozzle to surface heights, tha t the impinging flow generates high levels of mixing 

along with small vortical structures which influence the local heat transfer. As the jet 

height is increased away from the surface, the flow has time to break down, dispersing 

the flow outwards, as seen in figure 6.7b. This decreases the impact it has on the 

impingement surface and subsequently the local and fluctuating heat transfer.
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Figure 6.1: Instantaneous flow visualisation of swirling impinging je t  with generator 
"Lc” (Large with swirl core) at a Reynolds number of 14,000 and nozzle to surface

heights o f  H / D  =  (a) 2, (h) 10

Figure 6.8 dem onstrates the  ro tational aspect of th is swirling im pinging jet. The 

images were recorded a t the  sam e param eters as for the  conventional impinging je t 

presented in figure 6.6. The raw image displayed in 6.8(a) exhibits the  dispersion of 

seeding particles corresponding to  the  expansion of the  swirling je t seen in figure 6.7. 

W ith  the  PIV  generated velocity vectors in 6.8(b), th e  swirling m otion of the  je t is 

realised. The center of the  swirling flow has a velocity near zero w'hich increases to 

a m axim um  at approxim ately r /D = 0 .6  and then  decreases as the  d istance from the  

center increases. W hile these images were recorded a t a nozzle height of H / D = 5 , this 

change in velocity w ith radial d istance is a characteristic  of the  swirling im pinging jets 

over a range of heights and points to  the  cause of the  low heat transfer a t r /D = 0  and 

high heat transfer at r j D  wO.6 a t low nozzle to  surface heights seen in chapter 5.
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(b)

Figure 6.8: Flan view of swirling impinging j e t  with generator Lc recorded 2 m m  
above im pingem ent surface with Reynolds number of 14,000 at H / D = 5 :  (a) 
Instantaneous raw image showing concentration of the seeding particles, (b)  
time-averaged velocity vectors demonstrating direction of m otion  o f  the je t
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Figure 6.9 illustrates the local and fluctuating heat transfer for this swirling im

pinging jet set against the instantaneous flow structure of the je t with a Reynolds 

number of 14,000 and set to a nozzle height of H / D = l ,  similar to figure 6.3 for the 

conventional impinging jet. It is noted tha t the maximmn Nusselt number occurs at 

the point at which the impinging flow is directed away from the center of the je t and 

forms the wall je t at r /D  r^O.7. Small vortical structures in the wall je t, betw'een 1 

< r / D  <2, stop the Nusselt number levels from decreasing as rapidly as they do at 

r / D = l .  The fluctuating Nusselt number recognises a local maximum much closer to 

the stagnation point at r / D  «0 .4 , close to the point of maximum azimuthal velocity 

for a swirling jet, as reported by Billant et al. [84]. The increased level in fluctuations 

at the stagnation point indicates a high level of mixing within the flow structure of 

the jet.

100, -  - - ■ . - , . :I0
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Figure 6.9: Instantaneous flow structure of a swirling impinging je t with generator 
“L c” superimposed against the corresponding local and fluctuating Nusselt number at

Re=14,000 and H / D = l

6.2.2 Large generator w ithout swirl core L„o

The flow' structure developed by the swirling je t employing generator L„o is completely 

different to th a t of Lc- When a cross-sectional view of the elevation of the swirling jet 

with Lc was recorded, the seeding was distributed throughout the flow, as shown in
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figure 6.7. However, in this case, the seeding is noted to be concentrated at the outer 

boundary of the jet flow, as seen in figure 6.10.

W -25 20 -IS 10 - S O  S 10 IS 20 2$ W 3S

(b)

Figure 6.10: Instantaneous flow visualisation of swirling impinging je t with generator 
“Lno” (Large without swirl core) at a Reynolds number of 14,000 and nozzle to 

surface heights of H /D  = (a) 2, (b) 10

This feature is further illustrated by figure 6.11a, which shows a hollow region in 

the center of the impinging jet where no seeding particles are present. The sudden 

change in flow characteristics between these two cases, Lc and L„o, can be attribu ted  

to the inclusion of the swirl core, since it is the only aspect of the two configurations 

which has changed. W ithout the swirl core present, the guide vanes of the generator 

direct the flow towards the wall of the nozzle, causing the seeding in the flow to create 

this distinctive pattern. Figure 6.11b displays the rotational aspect of this swirling
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je t. Due to  th e  narrow  struc tu re  of the  je t flow seen in figure 6.10a, the  area of swirl 

is smaller th an  th a t seen w ith generator Lc in figure 6.8b a t th is height. As the  height 

is increased, th is flow' s tru c tu re  is seen to  break down and the  im pact area of the  je t 

is wider, as seen in figure 6.10b.

However, the  images in figures 6.10 and 6.11 show the  flow' of the  sw'irling je t at 

one specific point in tim e and do not show clearly the  recirculation of the  flow inwards. 

An example of the ex ten t of the  recirculation is show'n in figure 6.12. T he in ternal flow 

builds up, indicated  by the  red arrows in figure 6.12, to  a point and then  is overcome 

by the  downw'ard flow and expelled. W hen th is occurs, the  inw'ard flow' begins to  

build up again, leading to  a cyclic flow regime in the  im pinging jet. T he recirculation 

was noticed for nozzle heights up to  « 4 D , a t which height the  flow has developed to  

the  stage where 7 ' / l )= 0  is the point of m axim um  fluctuating heat transfer. Over the  

course of the  im pinging flow, the  fraction of the  flow' w'hich travels inw'ards is caught 

inside the flow travelling dow'n.

(a)
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(b)

Figure 6.11: Plan view o f swirling impinging je t  with generator “Lno” recorded 2m m  
above im pingem ent surface with Reynolds number o f 14,000 at H /D = 5 : (a) 
Instantaneous raw image showing concentration o f the seeding particles, (b) 
time-averaged velocity vectors dem onstrating direction o f m otion o f the je t

T he build up of the  in ternal flow is visualised using seeding particles in figure 6.13 

for H /D = 2 . The flow tow ards r /D = 0  carries heat from the  surface w ith it, therefore 

lowering the  tem p era tu re  difference in the  stagnation  region and the  corresponding 

Nusselt num ber. This effect explains the  significant drop in the  local Nusselt num ber 

a t r /D = 0  while there  is a high level of fluctuations, as described previously.

.2.5
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Figure 6.12: Illustration o f recirculation in term ittency  o f flow  in swirling impinging  
je t  with generator “Lno” (Large without swirl core) with Reynolds number o f 14,000

and H /D = l
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Build up of seeding particles

Figure 6.13: Instantaneous flow visualisation of swirling impinging je t with generator 
‘"Lno” (Large without swirl core) at a Reynolds number of 14,000 and nozzle to

surface heights o f I I / D  = 2

The images shown in figures 6.12 and 6.13 also display the appearance of vortical 

structures along the impingement surface, in the wall jet, which explain the increased 

local heat transfer measurements in this region presented in chapter 5.

100
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Figure 6.14: Instantaneous flow structure of a swirling impinging je t with generator 
“Lno ” superimposed against the corresponding local and fluctuating Nusselt number at

Re=14,000 and H / D = l

Figure 6.14 is presented to compare the flow regime with the local and fluctuating 

heat transfer at a Reynolds number of 14,000 and 11/0= 1. This swirling impinging 

jet is noted to have a different flow structure to tha t of the swirling je t using generator 

Lc- The point of maximum heat transfer corresponds to the point at which the inner
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edge of the seeded flow strikes the heated surface aX r / D  wO.5. The high level of heat 

transfer fluctuations at r / D  wO.3, similar to the case of generator Lc, can be related to 

the point of maximum azimuthal velocity of the swirling jet. The drop in the local heat 

transfer is regarded as a result of the inwards recirculating flow previously discussed 

and illustrated in figures 6.12 and 6.13. As the wall jet flows across the impingement 

surface, vortical structures are generated, from 1 < r / D  <2.5, which cause an increase 

in the heat transfer fluctuations and in the local Nusselt number. After this point the 

vortices have broken down and the fluctuation levels decrease.

6.2.3 Sm all generator w ith  swirl core Sc

The third swirling impinging jet examined incorporates the generator Sc- It was noted 

in chapter 5 th a t this swirling je t set-up produced similar local and fluctuating heat 

transfer distributions to the swirling impinging je t using the large generator with the 

sw'irl core, Lc- These similarities may be attributed  to the flow regimes which are 

produced in each case. From the images displayed in figure 6.15, the flow emerging 

from the je t nozzle is comparable to tha t of the Lc swirling je t th a t was show’n in 

figure 6.7.

The planar cross-section of the flow, parallel to the impingement surface, presented 

in figure 6.16 is also similar to th a t of the Lc swirling je t shown in figure 6.8, demon

strating the dispersed seeding particles and the extent of the flow radially from the 

center of the jet.

(a)
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(b)

Figure 6.15: Instantaneous flow  visualisation o f swirling impinging je t  with generator 
“Sc" (Sm.all with swirl core) at a Reynolds num ber o f 14,000 and nozzle to surface

heights o f I I /L)  = (a) 2, (b) 10

Despite the  change in scale of the  generators Lc and Sc, th e  sim ilarity in bo th  flow 

fields and heat transfer d a ta  poin ts to  the  idea th a t  the  inclusion of the  swirl core 

section is the  m ain aspect governing the  flow regime of the  swirhng im pinging jet. For 

the  sm aller generator, Sc, the  increased velocity of the  flow as it passes th rough  the 

ou ter vanes tow ards the  swirl core, due to  th e  decrease in size, m ay account for small 

differences between the  local and fluctuating heat transfer results obtained from these 

two generators.
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(a)

(b)

Figure 6.16: Plan view of swirling impinging j e t  with generator “S c ” recorded 2 m m  
above im pingem ent surface with Reynolds number of 14,000 at H / D = 5 :  (a)  
Instantaneous raw image showing concentration of the seeding particles, (b) 
time-averaged velocity vectors demonstrating direction of m otion  of the j e t
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The similarities between this swirl generator, Sc, and the large equivalent, are 

visible when comparing figure 6.9 to figure 6.17, which illustrates the flow' regime of 

this swirl generator against the local and fluctuating heat transfer distribution for 

a Reynolds number of 14,000 and H / D = l .  The dispersed flow in the wall je t of 

this configuration creates small vortical structures, similar to those seen in figure 6.9, 

causing a slight increase in the local Nusselt number at r / D  w l.6. As with the previous 

two sw'irl configurations, the fluctuating Nusselt number has a local maximum close to 

the center of the jet, r / D  «0.3, which is regarded as the point of maximum azimuthal 

velocity of the sw'irling jet.
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Figure 6.11: Instantaneous flow structure of a swirling impinging je t with generator 
“Sr ” superimposed against the correspondinq local and fluctuating Nusselt number at

R e= U ,000  and H / D = l

6.2.4 Sm all generator w ithout swirl core S n o

This swirling impinging jet, Sno, has the same size and arrangement of guide vanes as 

Sc but without the swirl core. It is similar in design to generator L„o, the only change 

being the size, and it is expected, therefore, th a t the flow field should be somewhat 

similar to the fiow field of the L„o sw'irling jet.

From the images presented in figure 6.18, it is noted th a t the flow regime is indeed 

quite similar to the flow regime of generator Lno in figure 6.10. The seeding particles
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are concentrated at the wall of the jet nozzle with a region in the center with little 

or no seeding present. This aspect can also be seen from figure 6.19 which shows the 

plan of the je t flow before it impinges upon the surface. At the center of the impinging 

flow, a region of no seeding particles is evident as was the case with generator L„o, 

as seen in figure 6.11a. However, from the PIV analysis shown in figure 6.19b, the 

flow field shows a  wider affected area than the swirling flow from generator L„o seen 

in figure 6.11b. This change in impact region may be associated with the change in 

scale of the generator.

17.S t«.» 12.S tn.* 7S 7A *.9 LS 7S MA ti.i IL*
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Figure 6.18: Instantaneous flow visualisation o f  swirling impinging je t  with generator  
“S n o ”  (Sm all  without swirl core) at a Reynolds number of 14,000 and nozzle to 

surface heights o f  H / D  = (a) 2, (h) 10
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(a)

IP*

(b)

Figure 6.19: Plan view of swirling impinging je t  with generator “Sno” recorded 2 m m  
above im pingem ent surface with Reynolds number of 14,000 at H / D = 5 :  (a) 
Instantaneous raw image showing concentration of the seeding particles, (b) 
time-averaged velocity vectors demonstrating direction of m otion  of the je t
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The change in scale of this generator may also explain the differences between the 

images of the flows in figures 6.10 and 6.18. While both generators show the seeding 

particles concentrated to the outside of the jet, the length of the inner region with near 

zero seeding is reduced by ID  for the case of the smaller generator, which dem onstrated 

a seeding free zone spanning 4D, compared to L„o, which had an equivalent length 

of approximately 5D. Since this inner region is shorter, the break down of the flow 

occurs earlier which explains the increased radial spread of the je t dem onstrated in 

figure 6.19b in comparison with the larger case, L„„.

This small generator without the swirl core also appears to create a similar re

circulating flow towards the center of the je t upon impingement, as was reported for 

generator L„q. Thus, figure 6.20 gives an example of the impinging flow from this 

swirling jet at a nozzle height of 2D. As the flow emerges from the nozzle the seeding 

is seen to be concentrated within the outer half of the flow stream. As with genera

tor L„o, the flow begins to flow inward towards the axis of the jet, filling the empty 

space, before reaching a point when the inner flow breaks down and is removed by the 

downward flow and the cycle is then repeated.

Figure 6.20: Illustration of recirculation of flow in swirling impinging je t with 
generator Sno with Reynolds number of 14,000 at H /D = 2

The point at which the internal flow begins to travel upwards, seen in figure 6.20 

to be at r /D  «0.5, was seen in figure 5.27 to be the point of maximum fluctuating 

heat transfer. While this would normally be considered to be a point of increased 

heat transfer, it is noted tha t the maximum Nusselt number is located at the outer 

boundary where the flow impinges upon the surface and flows outwards, r /D  w l.l .
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While the flow iiw ards provides strong mixing and causes high levels of heat transfer 

fluctuations, the tem perature difference between this recirculating fluid and the surface 

is less than the tem perature difference betw'een the jet exit and the surface. This affects 

the surface heat transfer in the stagnation region, resulting in the significant drop seen 

previously in figure 5.18.
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Figure 6.21: Instantaneous flow structure of a swirling impinging je t with generator 
“Sno ” swperim,posed against the corresponding local and fluctuating Nusselt number at

Re=14,000 and H / D = l

Figure 6.21 illustrates the local and fluctuating Nusselt numbers superimposed 

upon an instantaneous visualisation of the flow' structure for this swirling impinging 

je t configuration with a Reynolds number of 14,000 and H / D = l ,  as presented for each 

of the other impinging je t configurations. This figure shows both the recirculation 

of fluid towards the center of the jet, causing a reduction in the m agnitude of the 

local heat transfer and the generation of vortical structures at r / D  « 1  generating a 

secondary peak in the fluctuating heat transfer.
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6.3 C oncluding Rem arks

In the case of the conventional impinging jet, the flow structure was examined at a 

range of nozzle to surface heights, though most im portantly those at the lower end 

of the scale. The flow development as the je t impinges upon the surface and travels 

away from r /D = 0  is of great interest to define the cause of the tertiary peaks noted 

in the Nusselt number distributions presented in chapter 5. From the images acquired 

through high speed imagery and particle image velocimetry, it was found th a t vortex 

generation within the wall je t across the plate plays a major role in explaining both 

the appearance of the tertiary  peak in the local heat transfer distributions and the 

significant increase in the local fluctuating heat transfer. The vortex generation at 

the surface detailed in this section is only apparent for low nozzle to surface heights, 

thereby explaining why tertiary  peaks are only present for low nozzle heights.

W ith regard to the swirling impinging jets, the flow structiu'es of each of the four 

designs examined is primarily determined by whether or not a swirl core is present. 

It was noted th a t the two sizes of generator with the central swirl core, Lc and Sc, 

produce similar flow regimes. The flow from each of these jets was seen to have a large 

radial dispersion as the distance from the je t nozzle increased, corresponding with past 

research [58,73,84]. The other two generators examined, and Sno, which are the 

equivalent of the previous two generators w ithout the swirl core in their design, were 

found to have similar flow characteristics, namely a concentration of the seeding used 

to visualise the flow' at the outside of the jet. At low nozzle heights, recirculation of 

the flow towards the center of the je t can be inferred from the raw images obtained. 

While each of the swirling impinging jets dem onstrate evidence of low heat transfer 

at r /D = 0 , the visualisation of recirculation explains the even further reduced heat 

transfer at this point by the swirling impinging jets employing generators L„o and S„o 

as seen in figure 5.11.

From the particle image velocimetry results of the each of the swirling impinging 

jets, the axial and azimuthal velocity profiles were extracted at a distance of approxi

mately 5D  from the nozzle exit. Using these profiles an estimation of the swirl number 

for each of the swirling impinging jets was established according to equation 2.4. The
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respective swirl numbers for the swirling impinging jets w'ith generators Lc, L„o, Sc and 

Sno were approximated as 0.127, 0.434, 0.157 and 0.289, significantly different from the 

values evahiated theoretically in section 3.1.1. The difference between these values can 

be associated with the fact tha t the swirl numbers estim ated from the PIV analysis 

were done so at a significant distance from the nozzle exit, instead of at the nozzle 

exit itself. It may also be noted tha t the theoretical equations used in section 3.1.1 to 

estim ate the swirl numbers of each of the swirling jets examined may not be suitable 

for the geometry presented in this study.
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Chapter 7

Conclusion

7.1 Conclusions

The key aims of this study were to experimentally characterise and elucidate the 

heat transfer due to a contoured nozzle impinging jet and to evaluate and explain the 

enhancement which could be achieved by introducing a swirling flow in the same nozzle 

geometry. The heat transfer characteristics were measmed by way of two methods; 

infrared therm ography for a uniform wall flux therm al boundary condition and hot- 

fllm sensor analysis for a uniform wall tenijjerature therm al bomidary condition. Both 

systems produced valuable information regarding the local heat transfer due to each 

of five impinging je t set-ups: a conventional impinging je t and four swirling impinging 

jets. The hot-fihn sensor technique also allow'ed the fluctuations in local heat transfer 

to be determined. To elucidate the heat transfer results found through these methods, 

each of the impinging je t flows were visualised via high speed imaging and particle 

image velocimetry measurements. The following are the key findings in this study.

•  The local heat transfer measurements gathered through the methods of infrared 

therm ography and hot-film sensor analysis highlighted how a change in the ex

perimental set-up and instrum entation can affect the measured result. It was 

observed th a t the Nusselt numbers obtained through the hot-film sensor analysis 

tended to be higher, especially in the stagnation region, than  the equivalent re

sults evaluated through infrared thermography. This difference in local Nusselt
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number can be attributed  largely to the spatial resolution of the two methods, 

with the hot-film sensor measuring over «0.1m m  while the therm al imaging 

camera employed had a spatial resolution of ~0.5 mm.  While the heat trans

fer magnitudes were sensitive to the spatial resolution, the general trends in 

the Nusselt number distributions were consistent between the two measurement 

techniques.

• For the hot-film sensor analysis, it is necessary to calibrate the heat transfer 

due to the impinging je t by relating it to a known correlation under specific 

conditions. Since the range of nozzle to surface distances and Reynolds imnibers 

examined in this study lies outside the range for the correlations commonly 

used for this purpose, a correlation for the stagnation point Nusselt number was 

established from the results obtained from the infrared therm ography method. 

This correlation is a function of the Reynolds number of the impinging jet. Re 

for 8,000 < Re < 20,000, and the height of the jet nozzle above the impingement 

surface, H / D  for 0.5 < H / D  < 10.

• Relative to the conventional impinging jet, each of the four swirling impinging 

jets showed a level of heat transfer enhancement in the stagnation region for low' 

nozzle to surface heights and high Reynolds numbers. The enhancement in heat 

transfer was primarily focused at r / D  «0 .6  with increases of up to 20%. The 

overall increase in heat transfer was impeded by significant reductions at r / D = 0  

caused by the rotational nature of the swirling flow leading to a low velocity at 

the center of the je t and to the induced recirculation in the stagnation region for 

the swirl generators w ithout the swirl core, L„o and 5„o- At a height equivalent 

to 4D,  the swirling impinging jets were overtaken by the conventional impinging 

je t with regard to the mean heat transfer.

•  F luctuating Nusselt number distributions were used to assist in identifying local 

convective heat transfer mechanisms. In the case of the conventional impinging 

jet, a near zero region in the stagnation zone is followed by large increases in 

fluctuations caused by mixing in the shear layer of the je t and in the wall jet 

along the surface of the plate. The near zero region around the stagnation point
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can be used to infer the length of the potential core of the je t and, on this basis, 

the potential core was estimated to be 6-8D in length, corresponding well to 

previous studies and to the height at which the Nusselt number is a maximum. 

This was also confirmed by particle image velocimetry measurements. For the 

sw'irling impinging jets, each show a consistent level of fluctuations at r /D = 0  

and increased levels at r / D  «0 .3  for low H /D .  While the m ajority of tests 

show'ed fluctuations to level off at this point, some showed increased fluctuations 

at extended radial locations, indicating th a t additional flow structures playing a 

role in those cases.

•  Of the four swirl generators used to create an effective swirling impinging jet, 

the design of the generators wdthout the swirl core, L„o and Sno, was shown to 

perform better than those with the central swirl core, Lc and Sc- While each 

of the generators led to some enhancement of heat transfer, the two simpler ge

ometries, Lno and Sno-, w'ere shown to have had a greater impact. This allowed 

the conclusion to be made tha t the inclusion of the sw'irl core in the design di

minished the positive influence th a t the generator may have on the heat transfer 

and th a t the scale of the swirl generator did not have a significant impact.

• Flow visualisation and particle image velocimetry of the flow structure for the 

conventional impinging je t at different nozzle heights allowed the mechanisms 

behind the tertiary peaks in the heat transfer distributions and significant fluc

tuation levels for low H / D  to be determined. The vortical structures generated 

in the shear layer of the je t are seen to create new structures as they move 

across the impingement surface. These new vortices explain the increased levels 

of fluctuating heat transfer and the additional peaks in the Nusselt number dis

tributions tha t have been identified. This phenomenon only occurs at low H / D  

since at higher H / D  the vortices impinging upon the surface are not strong 

enough to generate the same effect. It is suggested tha t the appearance of these 

vortical structures and equivalent tertiary peaks in the local heat transfer dis

tributions are a result of the contoured nozzle geometry, since this tertiary peak 

is not noted for straight pipe or orifice plate impinging jet geometries in past
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studies.

•  For the four swirling jets, the flow visuahsation identifies two clear flow fields, 

one for the jets with the central swirl core and one for the jets w ithout this 

feature. The jets with the swirl core, and Sc, showed large, unstructured flows 

which spread radially outwards with increasing distance from the je t nozzle. The 

jets w ithout the swirl core, L„o and Sno, developed a concentration of seeding 

particles at the outer edge of the je t flow, illustrated further with planar views 

of the jet. The la tter case also displayed recirculation of the flow inwards as the 

je t impinges upon the heated surface, which explains the measured decrease in 

the heat transfer at the center of the jet.
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7.2 Further Work

To further this study the following investigations are suggested:

•  Increase the size of the nozzle geometry while keeping the aspect ratio consistent

to  identify the vortex structure of the conventional impinging je t before and

after impingement more clearly. The relationship between the tertiary  peak 

in the local heat transfer distributions for the conventional impinging je t at low 

nozzle heights and the contoured geometry of the nozzle can also be investigated.

•  Conduct a study taking a closer look at the influence of the spatial resolution 

of different heat transfer measurement methods, such as different heat flux sen

sors on a surface approximating a uniform wall tem perature therm al boundary 

condition. Also, by comparing the results obtained through the use of infrared 

therm al imaging cameras with different resolutions with an ohmically heated 

surface to a ttem pt to replicate the findings of the hot-film sensor which has a 

high spatial resolution.

• Alter the angle of the guide vanes in generator L„o or Sno- In this study the

guide vanes w'ere set at an angle of 45°. By changing this to 0°, 15° and 60°, a

full evaluation of the optimal swirl generator can be established.
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Publications

Over the course of this study I have had the privilege of presenting niy work at the 

following conferences and symposia:

• K.,1. Brown, T. Persoons, T.S. O’Donovan and D.B. Murray. Heat transfer char

acteristics of sw'irling impinging jets. In 2009 A S M E  International  Mechanical  

Engineer-ing Congress  & Exposition : IMECE2Q09 — 11179

• K.J. Brown. Heat transfer characteristics of sw'irling impinging jets.

In 13th Annual S ir  Bernard Crossland Sympos ium

April 28 — 29, 2010, Universi ty  College Dublin, Dublin, Ireland.

•  K.J. Brown, T. Persoons, and D.B. Murray. Heat transfer characteristics of 

swirling impinging jets. In 14th International Heat  T r a n s f e r  Conference  : 

I H T C U  -  22860

•  K.J. Brown, T. Persoons, and D.B. Murray. Exam ination of the local and fluctu

ating heat transfer due to swirling impinging jets impinging upon a heat surface. 

In Qth Balt ic  Heat T r a n s f e r  Conference

•  K.J. Brow'n, G. Byrne, T.S. O’Donovan and D.B. Murray. Effect of thermal 

boundary condition on heat dissipation due to swirling jet impingement on a 

heated plate. 6th European Thermal  Sciences Conference — Eurotherm  2012

I have also been involved in the following:

•  T. Persoons, K. Balgazin, K. Brow'n and D.B. Murray. Scaling of convective 

heat transfer enhancement due to flow pulsation in an axisynuiietric impinging 

jet. Journal o f  Heat  T r a n s f e r  - Under review
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A .l  Case 1 : N usselt N um ber D istribution

A .1.1 C onventional Im pinging Jet

Nussch Numlvr Distnbuiioii n  D 1Nuswli Number Distnhuiu
f-€> Re
|-6 R e  10000 
l ^ R c  120(K) 

-• Re I40(K) 
Re IWXIO 

- ^ R e  IX(XK) 
> R c  2(KXK!-

' -e- Rc-X(XXl 
tSrRo 10000 
^•Re 120<K) 

He 140(K> 
Re IMXK) 

■^Re-1X(XKI 
-^ R e  200(KJ-

(a)

NuKsell Sumhor l>i!4nhu(i«ii tur I I I )  2

0 1 2 ^ 6 7 X 9  1(1

(c)

(b)
N'uKsell SumhtfT l>i>lnhiiitiiii l>w II I) 4

iV R e  I2(K)0

(d)

\u s m H i  Vumtvr l>i!4nhuliiiii Uw II I) f

■e Rc-X(MK)
A  Re tOOTH)
9  Rc I20(K(

a

(e)

Nus$«h Number Distnbutioii lor 11D  V

(f)
Nus-vh Number Dionhunon liir IM) 10

■e-Ro-xooo 
^ R e  10000 

 ̂ Rc 12000 
Re 14000 
Rc 16000 

-^Re-1X0<K) 
-&-Ro 20000-

(y)

Case 1: Local Nussel t  number  distribution fo r  conventional impinging j e t  fo r  all 
Reynolds numbers at H / D  =  (a) 0.5, (b) 1, (c) 2, (d) 4, (e) 6, ( f)  8, (g) 10
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A . 1.2 Sw irling Im pinging Jet w ith  G enerator Lc
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Case 1: Local Nusselt  number distribution fo r  swirling impinging j e t  with generator  
Lc fo r  all Reynolds numbers at H / D  — (a) 0.5, (b) 1, (c) 2, (d) 4, (e) 6, (f)  8, (g) 10
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A .1.3 Sw irling Im pinging J e t w ith  G enerator L„o
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Case 1: Local Nusselt number distribution fo r  swirling impinging j e t  with generator

(9)
10

Lno fo r  all Reynolds numbers at H /D  =  (a) 0.5, (b) 1, (c) 2, (d) 4, (e) 6, ( f )
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A . 1.4 Sw irling Im pinging Jet w ith  G enerator Sc
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(y)

Case 1: Local Nusselt number distribution for swirling impinging je t with generator 
Sc for all Reynolds numbers at H /D  = (a) 0.5, (b) 1, (c) 2, (d) 4, (e) 6, (f) 8, (g) 10
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A . 1.5 Sw irling Im pinging J e t w ith  G enerator Sno
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Case 1: Local Nusselt number distribution for  swirling impinging jet with generator 
Sno foi^ Reynolds numbers at H /D  = (a) 0.5, (b) 1, (c) 2, (d) 4, (c-) 6, (f) 8, (g)
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A .2 Case 2 : N usselt N um ber D istribution

A .2.1 C onventional Im pinging Jet
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Case 2: Local Nusselt  number  distribut ion fo r  conventional impinging j e t  fo r  all 
Reynolds numhers at H / D  — (a) 0.5, (b) 1, (c) 2, (d) 4, (^) 6, ( f)  8, (g) 10
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A .2.2 Sw irling Im pinging J e t w ith  G enerator Lc
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Case 2: Local Nusselt number distribution for swirling impinging je t with generator 
Lc for all Reynolds numbers at H /D  = (a) 0.5, (b) 1, (c) 2, (d) 4, (e) 6, (f) 8, (g) 10
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A .2.3 Sw irling Im pinging Jet w ith  G enerator

(a) (b)

2 7 1(1 2 7 90 K •) 0 K i n

(c) (d)

3
y V

2 7 X 104

re; (!)

-eRc-W KKIHD-HI 
■^Re IO()(K)HI> 10 

: V R e  l2(t(K)HI> 10 
■ Re I4«(K IIII) 10' 

Rc 160UUHD 10 
-^Re-IWHH) H l>-10 
■^Re :(K)(KJ H l> 10-

6 7 X 9 10

(9)

Case 2: Local Nusselt  number  distribut ion fo r  swirling im.pinging j e t  with generator  
f o r  all Reynolds numbers at H / D  =  (a) 0.5, (b) 1, (c) 2, (d) 4, (e) 6, ( f)  8, (g)

10
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A .2.4  Sw irling Im pinging J e t w ith  G enerator 5c
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Case 2: Local Nussel t  number  distribut ion for  swirling impinging j e t  with generator  
Sc f o r  all Reynolds  numbers at H / D  =  (a) 0.5, (b) 1, (c) 2, (d) 4, (e) 6, (f)  8, (g) 10
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A .2.5 Sw irling Im pinging Jet w ith  G enerator 5„o
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Case  2: Local Nuss e l t  n u m b e r  d i s t r ibut ion  f o r  swir l ing  im pi ng in g  j e t  wi th ge n era to r  
Sno f o r  all  R eyn o lds  num bers  at  H / D  =  (a)  0.5, (b) 1, (c ) 2, (d)  4, (e)  6, ( f )  8, (g)
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A .3 F luctuating N usselt N um ber D istribution

A .3.1 C onventional Im pinging Jet

X(K)<)HD 0 5 
-A-Rc KKMWHD 0<
'  • Rf 12(MK) H D  0 5 
• Rj I4<MH)lll) 0 5’ 

Rtf 16000 » D  0-5

y.

(a)

Ke K(XX) II 17 2 
■ARc KXXXllil) 2
- R« I2IXM) II l> 2 
' - R« I4(XX) II l> 2 

Rv 16000 111) 2 
•^Re I80(K)HO 2 
■^Rtf 2'XXX)II I) 2

3
J -I-

(c)

•<=• Re »MXJ >1 D 6 
A  Re KHXK) II l> 6 
■ Rc 12000 111) « 

R< I4U00 II l> 6' 
Re 16000 11 U 6 

-4-Rc IKO(X>lll> 6 
•^Re 2fXXXm l> 6

(e)

-e Rc K(KM) II I) I 
A  Re KXHXIIII) I 
"r-Rc I2(HX)HI) I 
■' Re l«KX)H I) I 

He 16000H D  I

1 I)

(h)

■eRe »H )l)ilt>  A 
■^Re HHXMI II I> 4

Re 12UMI II 1> 4
Re 144XKJ II [> 4
Re 16000 i lD  4

(d)

-eKc MMIOIII) K 
i^R e HHXKlll t> X 

Re I200U II l> K 
Ke I40(KJ II [> K 
Ke 16000 110 S 

-^R e liUXHJ II I)  K 
-&-Re 200(X) II I)  K

(I)

-e^Rc «0(K) II 1) 10 
-ARl- I0(NX)III) 10
- Re 12(XX)III) 10
- Rc I40U0IID 10’ 

Rc 16(KK)KI) 10
-4-Rl- rnX K IliD  10 
-&-RC 20(XM»IM) 10’

.............. .

(y)

Fluctuating Nusselt number distribution fo r conventional impinging je t fo r  all 
Reynolds numbers at H /D  =  (a) 0.5, (b) 1, (c) 2, (d) 4 , (^) 6, ( f)  8, (g) 10
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A .3.2 Sw irling Im pinging Jet w ith  G enerator
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Fluctuating Nusselt  number  distribution fo r  swirling impinging j e t  with generator  
fo r  all Reynolds numbers at H / D  =  (a) 0.5, (b) 1, (c) 2, (d) 4, (e) 6, (f)  8, (g) 10
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A .3.3 Sw irling Im pinging J e t w ith  G enerator L„o
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Fluctuating Nusselt number distribution fo r  swirling impinging je t  with generator Lnc 
fo r  all Reynolds numbers at H /D  =  (a) 0.5, (b) 1, (c) 2, (d) 4, (e) 6, ( f )  8, (g) 10
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A .3.4 Sw irling Im pinging Jet w ith  G enerator Sc
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Fluctuating Nusselt number distribution fo r  swirling impinging je t  with generator Sc 
fo r  all Reynolds numbers at H /D  =  (a) 0.5, (b) 1, (c) 2, (d) 4, (e) 6, ( f )  8, (g) 10
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A .3.5 Sw irling Im pinging Jet w ith  G enerator Sno
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(a)

Fluctuating Nusselt number distribution for  swirling impinging jet with generator SnO 
for  all Reynolds numbers at H /D  = (a) 0.5, (b) 1, (c) 2, (d) 4, (e) 6, (f)  8, (g) 10
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A ppendix  B - Flow V isualisation  

B .l  C onventional Im pinging Jet

Instantaneous flow visualisation of conventional impinging j e t  at H / D = 0 . 5  and
Reynolds number of 14,000

Instantaneous flow  visualisation of conventional impinging je t  at I I / D = 1  and
Reynolds number of 14,000

Instantaneous flow visualisation of conventional impinging j e t  at H / D = 2  and
Reynolds number of 14,000

215



?S II.* i t s  lU  V i

Instantaneous f low  visualisation of conventional impinging j e t  at H / D = 4  and
Reynolds number of 14,000

M a  «S 10 S 0 S M t« »  »  M
(wtMoaimn

Instantaneous f low  visualisation of conventional impinging je t  at H / D = 6  and
Reynolds number of 14,000
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Instantaneous flow  visualisation o f conventional impinging je t  at H / D = 8  and
Reynolds num ber o f 14,000

3$ -M -25 -20 -15 10 -5 0 5 10 15 20 25 M 35
posxtotl tlHII

Instantaneous flow  visualisation o f conventional impinging je t  at H /D  — 10 and
Reynolds num ber o f 14,000



B .2 Swirling Im pinging Jet w ith  G enerator Lc

«r.> -H.S I2.S MO r.S -M Li i*  i.i t.l 73 W« i t s  K-D I7.S
miwninnin

Instantaneous flow visualisation of swirling impinging je t  at H /D = 0 .5  and Reynolds
number of 14,000

Its  I tJ  t2.S te j '7.S M M  2.1 M !•.« IT.}

Instantaneous flow visualisation of swirling impinging je t  with generator Lc at 
I I / D — 1 and Reynolds number of 14,000

IM  lUI I2.t 1«.0 t.i U  -2.1 M  2.1 a  r .l WJ IM IS.0 17.1

Instantaneous flow visualisation of swirling im,pinging je t  with generator Lc at 
H / D = 2  and Reynolds number of 14,000
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Instantaneous flow visualisation of swirling impinging j e t  with generator Lc at 
H / D = 4  and Reynolds number of 14,000

Instantaneous flow visualisation of swirling impinging j e t  with generator Lc at 
H / D = 6  and Reynolds number of 14,000
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H  M -2$ 20 IS 10 -5 0 S 10 IS »  25 »  35

Instantaneous flow  visualisation o f swirling impinging je t  with generator Lc at 
11/D = 8  and Reynolds num ber o f 14,000

posCkMi mil)

Instantaneous flow  visualisation o f swirling impinging je t  with generator at 
H /D = 1 0  and Reynolds number o f 14,000
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B.3 Swirling Im pinging Jet w ith G enerator L„o

17.S 11$ 10.0 7.$ SJ) i s  &• 2.S SJ) 74 10.0 12.S 1S.0 17.$

Instantaneous flow visualisation of swirling impinging je t  with generator Lno cit 
H j D = 0 . 5 and Reynolds number of 14,000

173 1&0 11$ 10.0 -73 $.0 ZS 0.0 IS  S.* 73 10.0 12.$ IS.O >7J

Instantaneous flow visualisation of swirling impinging j e t  with generator L„o 
I I / D  — 1 and Reynolds number of 14,000

17J 1VI 12J M.O 7JS $.• U  1$ S.0 r j  10.0 1LS 1M 173
pMatMiinni

Instantaneous flow  visualisation of swirling impinging j e t  with generator Lno o,t 
H / D  = 2  and Reynolds number of 14,000
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ir.s -12.S io« - r j  - i t  - u  u  u  i*  is  104 tz.$ im  n s
W t mmu

Instantaneous flow  visualisation of swirling impinging j e t  with generator L^o at 
I I / D = 4  and Reynolds number of 14,000

I
ir.s £

I

Instantaneous flow visualisation of swirling impinging j e t  with generator Lno at 
H / D = 6  and Reynolds number of 14,000

222



30 -K  20 IS 10 S 0 S 10 IS 20 2S W
poUhHi linn

Instantaneous flow  visualisation o f swirling impinging je t  with generator Lno at 
H / D = 8  aiid Reynolds num ber o f 14,000
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Instantaneous flow  visualisation o f swirling impinging je t  with generator Lno 
H / D = 1 0  and Reynolds number o f 14,000
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B.4 Swirling Im pinging Jet w ith  G enerator Sc
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Instantaneous flow visualisation of swirling impinging j e t  with generator Sc at 
H / D = 0 . 5  and Reynolds number of 14,000

Instantaneous flow visualisation of swirling impinging j e t  with generator Sc at 
11 /D = 1  and Reynolds number of 14,000

ir.f 1S.0 12.S 1«.« 7.S M  2J 0.0 2.S 7.8 KlO tZ.S 15.0 17.S

Instantaneous flow  visualisation of swirling impinging je t  with generator Sc at 
I I / D = 2  and Reynolds number of 14,000
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Instantaneous flow  visualisation of swirling impinging j e t  with generator Sc at 
11/1) =4  and Reynolds number o f  14,000

Instantaneous flow visualisation of swirling impinging j e t  with generator Sc at 
1 1 / 0 = 6  and Reynolds number o f  14,000
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Instantaneous flow visualisation of swirling impinging j e t  with generator Sc at 
11/D = 8  and Reynolds number of 14,000

postttoii

Instantaneous f low  visualisation of swirling impinging j e t  with generator Sc at 
H / D = 1 0  and Reynolds number of 14,000
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B.5 Swirling Im pinging Jet w ith G enerator S n o

17.S ISA IIS 10J 7 5  io  i s  M  U  tJ) 7.S M.O 1I.S l io  175

Instantaneous flow  visualisation of swirling impinging j e t  with generator Sno o,t 
H / D = 0 . 5 and Reynolds number of 14,000

ir.s 1SJI I2.S lao t s  u> 7J  0.0 z.s s« r.i i«.» ii.s i&j 17.&

Instantaneous flow visualisation of swirling impinging j e t  with generator Sno o,t 
11/D = 1  and Reynolds number of 14,000
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Instantaneous flow visualisation of swirling impinging je t  with generator S„o at 
H / D = 2  and Reynolds number of 14,000
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Instantaneous f low  visualisation of swirling impinging je t  with generator Sno at  
H / D —4 and Reynolds number of 14,000

Instantaneous f low  visualisation of swirling impinging j e t  with generator Sno o,i 
H / D = 6  and Reynolds number of 14,000
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Instantaneous flow visualisation of swirling impinging j e t  with generator Sno <ii 
H / D = 8  and Reynolds number of 14,000
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Instantaneous flow visualisation of swirling impinging j e t  with generator Sno cit 
1 1 / 0 = 1 0  and Reynolds number of 14,000
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A ppendix  C - FLIR System s C alibration C ertificate

Ceri.'ficate Ho. 02701

Instrument Calibration Certificate

This is to certify that FLIR, THV, ThermoVision, ThermaCAM and SC 
series  of scanners, the FLIR Tem perature Reference m odels BB-150 and 
BB-400, have been calibrated using radiation sources, the accuracy of 
which are traceable to National S tandards at the Swedish National 
Testing and Research and R esearch Institute (Sweden) or at the NIST, 
National Institute of S tandards and Technology (USA),

All readings are within m anufacturers specification.

FLIR System s recom mend recaiibration every 12 m onths.

■ Service Order No: 097087

■ Custom er: University of Dublin 

• Model: Thermovision A40M F/W

■ Serial No: 25000745

■ Lenses; 36mm

■ Filters: NOF

INITIAL C H E C K :
Within specification 0
Out of Specification ... see  attached Service Order Report

Calibration performed by: Adrian Goodhand

All business  is conducted according to FLIR System s Ltd. S tandard Terms and Conditions of Sale and 
Service, a full set. of which, is  available on request.

FLIR System s Instrum ent Calibration Certificate fo r  Therm ovision A -4 0  thermal
imaging camera

(sign)

(Title)

Calibration date: 07/08/2009

FO RM  100 Issue 3
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