






ABSTRACT 

 

 
The premixed gas-fired impinging flame jets are widely used for domestic and 

industrial applications because of their advantages in offering high heat transfer rate, 

rapid combustion process and lower emission of air pollutants. In addition, they are of 

simple construction, convenient and safe to use, and very suitable for low Reynolds 

number and low pressure applications.  

 

The heat transfer characteristics of impinging flame jets have been investigated by 

many researchers. There have been several methods applied successfully to enhance 

their flammable limits for the production of stable and reliable flame, and hence 

enhance their heat transfer performance. For example, swirl has been successfully 

adopted in industrial combustors utilizing turbulent diffusion flame jets to extend the 

flammable limits as well as to improve the combustion efficiency, to enhance the 

heating performance and to reduce the pollution emissions. The use of swirl appears 

to be a rather promising method, but the application of swirl to the small-scale 

domestic and industrial appliances utilizing premixed gas-fired impinging flame jets 

at low Reynolds numbers has not yet been investigated.  

 

The present study had been conducted to fill this gap by studying the heat transfer 

from a small-scale premixed butane/air circular impinging flame jet with induced 
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swirl to a horizontally placed copper impingement plate. It was essentially an 

experimental study, and the major parameters affecting the impingement heat transfer 

including: Reynolds number of the air/fuel jet, Swirl number of the air/fuel jet, 

nozzle-to-plate distance and equivalence ratio of the air/fuel mixture, had been fully 

investigated. Butane gas was used as the gaseous fuel for the present investigation, as 

it is one of the major gaseous fuels used in Hong Kong.   

 

The first part of the present study was to confirm the feasibility of introducing 

swirl to a gas-fired premixed circular flame jet operating at low Reynolds numbers 

and low pressure. After reviewing the relevant literature, there were several 

approaches considered. The ability of each of these approaches to produce the 

swirling flame was examined. It was decided that the swirl is better induced by 

mixing and balancing the axial and tangential flows of working fluids into the conical 

chamber of the burner, where the tangential flow is admitted into the burner through 

two symmetrical tangential inlets. It had been confirmed from this part of study that it 

is feasible to apply the laminar premixed gas-fired swirling impinging flame jets 

under quite a wide range of operation conditions. 

 

The second part of the present study was to investigate the thermal characteristics 

of the swirling impinging flame jets. Two experimental setups, namely I and II, had 

been used to produce the swirling flame jets, in which different methods were applied 

to mix and distribute the air and fuel streams into the burner. For the entire heat 
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transfer characteristics study, the local heat flux distributions on the impingement 

plate under different operating conditions were measured and compared. The total 

heat flux on the impingement surface was obtained by integrating the local heat flux 

along the whole impingement area, from which the area-averaged-heat-flux was then 

determined. 

 

In the experimental setup I, the air and fuel streams were admitted into the burner 

via the tangential and axial inlets, respectively. Thus, ratio between the tangential flow 

and axial flow which determines the Swirl number is directly linked to the 

equivalence ratio (i.e. air/fuel ratio). This approach enables a rather high swirl 

intensity to be obtained, but effects of the Swirl number and equivalence ratio on the 

heat transfer performance of the swirling impinging flame can not be separately 

identified. The method used to calculate the Swirl number is referred as the 

“Geometric Swirl Number Calculation Method”, where the Swirl number is calculated 

directly from the tangential and axial flow rates. 

 

In the experimental setup II, the air and fuel were premixed and the air/fuel 

mixture was divided into two separate streams, which were then supplied to the 

burner via the axial and tangential inlets. Each of these two streams can be adjusted 

and measured by a flow meter. In this approach, the Swirl number can be determined 

with the aid of the photographs obtained by applying the “Smoke Flow Visualization 

Technique”. This approach enables the production of a very stable swirling impinging 
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flame having rather good thermal performance. In addition, effects of Swirl number 

and equivalence ratio can be individually identified, but a rather low swirl intensity 

can only be generated with this approach. 

 

Experimental results obtained from both experimental setups I and II were 

discussed and compared with each other, as well as with the findings obtained from 

the previous work on non-swirling flame jets.  

 

In the final part of the present study, semi-analytical non-dimensional equations 

had been developed with the aid of the present experimental results and the multiple 

regression method in Matlab 7.0. These equations provide quick but accurate 

predictions of the convective heat transfer coefficient, both local and area-averaged, 

between the swirling impinging flame jet and the impingement plate. The predictions 

obtained from these equations had been compared with the findings obtained from 

similar impinging flame jets without swirl induced, which were reported in literature.  
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CHAPTER 1 

INTRODUCTION 

 

 
1.1 BACKGROUND 

Gas-fired impinging flame jet is an effective means of localized heating, which 

has been widely used for both industrial and domestic purposes because of the rapid 

heat transfer rate and the convenience to apply. For industrial applications, it is used 

to melt scrap metals, shape glasses, heat-treat metal bars, and etc. Gaseous fuel 

burners are also playing a more and more important role in domestic cooking and 

heating appliances. Thus, it is necessary to perform a thorough investigation into the 

heat transfer of the impinging flame, which includes the flame structure, the heat 

transfer mechanisms and characteristics. 

 

There are two basic idealized types of flame jets: premixed and non-premixed 

(diffusion), which are schematically illustrated in Figure 1.1. For premixed flames, 

fuel is previously mixed with the oxidizer (usually air) before combustion at the 

burner exit. For non-premixed flames, the oxidizer (again, usually air) diffuses into 

the fuel stream to sustain a continuous combustion. 
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Figure 1.1  Schematics of the two operation modes of flame jet 

 

 

The present study is concentrated on premixed flame jets since they are commonly 

adopted for small-scale gas-fired domestic, commercial and light-industrial 

applications. However, even though they are used in almost every household in 

modern cities, information is not yet available to facilitate their best utilization. It is 

significant to improve the burner’s heating performance so as to reduce the energy 

consumption, which is supposed to depend on several important parameters such as 

geometry and configuration of the burner system including the nozzle-to-plate 

distance, and the flow conditions including Reynolds number, the chemical properties 
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of the fuel, the arrangement of the mixing including equivalence ratio. 

 

Research efforts on the enhancement of the heating efficiency as well as stability 

of t

Swirl has been applied to non-reacting tube flows for many years as an effective 

way

he premixed impinging flame jets have been ever increased. The main principle of 

combustion stabilization is to create a region where the local velocity is equal to the 

flame propagation velocity. This can be achieved either by using a stabilizer in the 

form of a bluff body or by inducing swirl.  

 

 to enhance the heat transfer rate between the decaying internal flow and its 

adjacent tube wall [1 and 2]. When applying to laminar impinging jets, it is an 

effective way to enhance the thermal performance of the impinging flow, because 

swirl encourages recirculation, thereby decreases the transport coefficient [3]. It has 

also been proven to be able to enhance the air/fuel mixing, stabilize the flame and 

hence extend the flammable limits, consequently, the combustion efficiency is 

increased and the pollutant emissions reduced [4, 5 and 6]. Currently, most of the 

applications of swirling-flow concerning with large-scale industrial burners, such as 

aircraft gas turbines are usually operating in diffusion mode. However, studies on the 

introduction of swirl to the gas-fired domestic burners have rarely been reported. 

Neither its feasibility has been ascertained nor its thermal characteristics explored.  
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The schematics of both non-swirling and swirling impinging jets are shown in 

Figure 1.2 [7]. 

 

 

 

 

Figure 1.2  Developed flows for non-swirling and swirling impinging jets 
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Heat transfer from a premixed flame jet to the impingement surface is a 

complicated problem still under investigation. The thermal and flow characteristics 

become even more complex when swirl is to be introduced. Many parameters have 

been proven to have significant influence on the thermal performance in previous 

research on non-swirling impinging flame jets. These parameters include equivalence 

ratio and Reynolds number of the air/fuel mixture as well as their mixing condition [8 

– 12, 13 and 14]. Considering the research on swirling jets, the method of inducing 

swirl, the strength of the swirl and the burner configurations also have strong effects 

on the combustion and heat transfer of the swirling flame in addition to the parameters 

as mentioned previously [7, 15, 16]. 

 

In order to achieve an optimal burner design, utilizing a small-scale gas-fired 

premixed impinging flame jet with induced swirl, for better heating performance and 

energy saving, effort is necessary on the full investigation of such impinging flame jet 

system operating at low pressure and low Reynolds numbers. 

 

 

1.2 RESEARCH OBJECTIVES 

 

The present study mainly focuses on experimental investigation of the heat 

transfer characteristics of premixed butane/air circular impinging flame jets with swirl 

induced operating at low inlet Reynolds numbers and low pressure. Effects of the 
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important parameters affecting the thermal characteristics of the impinging flame jet 

as well as the heat transfer between the flame and the impingement plate are 

investigated. The entire research project can be divided into the following specific 

tasks: 

 

1. To investigate the feasibility of inducing swirl to a small-scale gas-fired impinging 

circular flame jet. The techniques used to generate a swirling flame and the 

methods applied to measure the strength of the generated swirling flame, will be 

investigated. 

 

2. To investigate the heat transfer characteristics of the premixed butane/air 

impinging circular flame jet with swirl induced. To determine the effects of the 

major parameters on the thermal performance of the flame jet system. The 

interaction between the flame jet system with the important experimental 

conditions including equivalence ratio of the air/fuel mixture, Reynolds number of 

the air/fuel jet, the nozzle-to-plate distance and the swirling intensity, will also be 

investigated.  

 

3. To develop a non-dimensional equation by using the multiple regression method 

with the aid of the experimental results obtained. The developed equation is for 

the prediction of the heat transfer coefficient of the impinging flame jet system 

with swirl induced. 
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4. To compare the heat transfer characteristics of the premixed butane/air impinging 

circular flame jets, with and without swirl induced. Such comparison will provide 

a bench mark for the swirling flame jet. 

 

 

1.3 THESIS STRUCTURE 

 

This thesis mainly contains nine chapters. The 1st chapter provides a brief 

introduction of the background and the objectives of the present study. The 2nd chapter 

gives an intensive review of the investigations of heat transfer characteristics of the 

premixed impinging flame jets, as well as the previous research work on swirling 

flame combustion, both theoretical and experimental.  

 

Then the methodology applied in the current study is introduced. The methods of 

swirl generation are discussed in the 3rd chapter, which is followed by the description 

of the two experimental setups being used to determine the swirl number of an 

impinging flame jet with swirl induced. The 4th chapter mainly describes the setup of 

the experimental system to measure the heat transfer characteristics of the swirling 

flame system. It includes recording, collection and handling of the experimental data, 

and error analysis of the experiment. As there are two methods used to generate the 

swirling flame, this experimental study will be repeated twice, with each of them 

conducted with one of these two methods in generating the swirling flame. 
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The 5th and 6th chapters present the experimental results obtained from both setups, 

respectively, illustrating the effects of different parameters on the heat transfer 

characteristics of the impinging flame jet system with swirl induced.  

 

The 7th chapter gives a comparison of the heat transfer characteristics of the 

swirling flames produced by the two experimental setups. They are also compared 

with the heat transfer characteristics of a premixed butane/air impinging circular 

flame jet without swirl induced.  

 

In the 8th chapter, a non-dimensional equation has been developed by using the 

multiple regression method. The developed equation is for the prediction of the heat 

transfer coefficient of the impinging flame jet system with swirl induced. 

 

Conclusions are then drawn in the 9th chapter based on the present investigation, 

with suggestions for future work being put forward. 

 

 8



CHAPTER 2 

LITERATURE SURVEY 

 

 
Research works have been carried out on the flow and thermal characteristics of 

impinging flame jets for many years. In this survey, the previous works, both 

theoretical and experimental, are reviewed to provide a fundamental understanding of 

the flame structure and the heat transfer characteristics of the premixed impinging 

flame jet, with and without swirl induced. 

 

 

2.1 FLAME STRUCTURE 

 

Relatively more information about premixed circular flame jets can be found in 

the literature as the topic has been studied for many years. Figure 2.1 demonstrates the 

schematics of the flow of an impinging flame jet. The flow structure is basically 

divided into three regions: free jet region, stagnation region and wall-jet region.  

 

The free jet region consists of a potential core and a fully developed region. The 

potential core plays an important role in ignition and flame stability. The fluid in the 

potential core is not affected by contacting with the surrounding fluid, and has the 

same characteristics as the flow in the nozzle [17]. The jet flow in the fully developed 
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region is of constant velocity profile. There are relatively more investigations, 

experimental and numerical, conducted to study this region. 

 

 

Free jet region 

Potential core 

Stagnation region Wall jet region 

 

 

Figure 2.1  Flow characteristics of an impinging flame jet 

 

 

The stagnation region is also known as the impingement region. It has been found 

to be an intensive combustion zone, in which the heat transfer rate is very high [18]. 

Yet the heat transfer mechanisms here are complicated not only because of the 

uncertainty of the impinging boundary layer, but also for the intensive combustion of 

the mixture. 
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The wall jet region has been considered as half of a free jet with an inner layer 

near the wall [19]. The temperatures in the zone are relatively low due to a fuel-lean 

combustion, with excess ambient air entrained [18 and 20]. 

 

The thermal and flow characteristics become more difficult to understand when 

swirl is induced to the impinging flame jet. It will change the flow pattern and hence 

influences the combustion process. Therefore the heat transfer characteristics of an 

impinging flame jet with swirl induced need further investigated. 

 

The complicated flow characteristics of the swirling flame jet lead to the absence 

of a well described flame structure in the literature. The formation of an impinging 

swirling flame is even more difficult to be fully understood. Zhao et al. [15] carried 

out a numerical study of an open swirl-stabilized premixed flame. The weak swirl 

generates flow divergence to stabilize the flame at a distance above the burner exit. 

Figures 2.2 (a) and (b) illustrate the fuel burning velocity and the flame temperature 

distribution, which both indicate that combustion is taking place in a region which is 

locally normal to the centerline and close to the exit of the nozzle.  
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Figure 2.2 (a)  Distribution of fuel burning rate 

(Zhao et al. [15]) 
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Figure 2.2 (b)  Distribution of flame temperature in a simulated domain 

(Zhao et al. [15]) 
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2.2 HEAT TRANSFER MECHANISMS 

 

There are several heat transfer mechanisms in the impinging flame jet system, 

among which forced convection, thermo-chemical-heat-release (TCHR), radiation and 

condensation have been verified, and will be discussed here. Yet the predominant 

mechanism varies with the experimental conditions. In the absence of information 

about the impinging flame jet with induced swirl at low Reynolds numbers, the 

impinging flame jet without swirl induced has usually been used as the foundation of 

its studies. 

 

 

2.2.1 Forced Convection 

 

In flame impingement without a furnace enclosure, forced convection is the 

predominant heat transfer mechanism. Convective heat transfer rates have been 

experimentally quantified by many investigators. The fraction of convection in the 

total heat transferred varies with the operating conditions. In the work of Hustad and 

Sonju [21] which was conducted to investigate the propane flames impinging 

normally to a submerged pipe, the convection heat transfer sums up to 80% of the 

total heat flux. It was also concluded that it is the intense convective heat transfer 

between the flame and the impingement surface that brings up the rapid heating 

technique.  
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2.2.2 Thermo-Chemical-Heat-Release (TCHR) 

 

This mechanism refers to the exothermic release of energy from the burning gases. 

When temperature of the impinging flame is sufficiently high, effect of the 

Thermo-Chemical-Heat-Release (TCHR) which is featured with the recombination of 

atoms and the radicals, becomes important on the overall heat transfer. This process is 

also termed as chemical recombination or recombination [22]. Pyro-generation of the 

combustion products occurs when temperature exceeds 1800K. The atoms or radicals 

are then recombined into molecules when they are reaching the cool surface, and heat 

is thus released during the process [23 and 24].  

 

In high temperature flame impingement, the combustion products diffuse along 

the boundary layer to the colder surface. It was found that this chemical process 

usually indicates two mechanisms: equilibrium and catalytic [25]. In the former type 

of process, the gaseous chemical reactions occur in the boundary layer. The reaction 

time is much less than the time required for the gases to diffuse to the surface. The 

latter one involves chemical diffusion reactions at a surface, where radical species are 

reacting with the surface materials. These two mechanisms can also be combined to 

provide another type of TCHR process, the mixed flow process. However, there are 

very few methods reported to measure TCHR directly.   
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2.2.3 Radiation 

 

Radiation in a heating furnace should be taken into consideration because of the 

radiation heat transfer from the high temperature furnace walls. Radiation heat 

transfer can be measured directly by using radiometer. It has been concluded by 

Baukal et al. [26] that the heat transferred by radiation can be neglected for 

non-luminous flames, after comparing the results with impingement surfaces 

fabricated with different emissivities ranging from black body to highly polished 

surface. The largest difference in radiation heat transfer between the two extreme 

situations is only 9.8 %. In most of the studies on premixed impinging flames, the 

non-luminous radiation is assumed and therefore becomes negligible. 

 

2.2.4 Condensation  

 

Condensation occurs when temperature of the impingement surface is lower than 

the dew point temperature of the combustion gases. Energy will be released during the 

condensation process. The target surface temperature can be maintained at an 

appropriately high level above the dew point temperature of the combustion gases to 

prevent the vapor from condensing [27], thus, the contribution of condensation to the 

total heat transfer is usually not significant.  
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2.3 HEAT TRANSFER ENHANCEMENT BY INDUCED SWIRL 

 

Swirl has been adopted as an effective way for many years to enhance heat transfer 

between a decaying internal flow and its adjacent tube wall. Dhir and Chang [28] studied 

the heat transfer enhancement using tangential injections. An average enhancement of 35 to 

40 % in heat transfer rate is obtained on a constant pumping power basis.  

 

Razgaitis and Holman [29] suggested several possible mechanisms to enhance the heat 

transfer in swirling tube flow. One of them is to enhance the recirculation zone at the center 

of the tube, which increases the effective axial Reynolds number by reducing the 

cross-sectional flow area. The increasing velocity produces larger temperature gradients 

and hence a higher heat transfer rate. They also suggested that even in a flow with low 

swirling intensity in which no recirculation is found, the axial velocity near the wall can be 

increased because of tangential injection. Another possible mechanism is the destabilizing 

distribution of angular momentum in the free vortex zone predicted from the Rayleigh 

criterion, which improves both the heat and momentum transfer. The third mechanism 

discussed by them is the thermal instability. A thermally stratified layer caused by the 

centrifugal force promotes mixing by pushing the cold fluid towards the wall and hot fluid 

towards the center when the tube wall is heated.  

 

Shuja et al. [30] simulated the flow field of a confined swirling jet, which is 

impinging onto an adiabatic wall, and is able to show its velocity profiles and 
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temperature distributions. However, there is no heat transfer processes discussed. 

Owsenek et al. [31] conducted a numerical study on the heat transfer of impinging 

axial jets with superimposed swirl. They observed a significant heat transfer 

enhancement of as high as 77 % at the swirl number of unity.  

 

However, discussion on the heat transfer mechanisms of an impinging flame jet 

with swirl induced is hardly found in literature. 

 

 

2.4 HEAT TRANSFER PREDICTION 

 

 The heat transfer of an impinging flame jet system can usually be predicted via 

the approaches as described in the following sections. 

 

 

2.4.1 Numerical Simulation 

 

Owsenek et al. [31] conducted a numerical simulation on the heat transfer of the 

impinging axial and radial air jets with superimposed swirl. The near-field and 

far-field flow structures and temperature fields are simulated by solving the unsteady 

Navier-Stokes and Energy Equations. The flow has been considered as laminar at the 

locations where it is either periodic or unsteady periodic. The surfaces, except the 
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constant temperature impingement plate, are all assumed adiabatic. As Reynolds 

number is varied from 10 to 1000, the steady solutions become periodic and then 

chaotically unsteady. No attempt has been made to identify the transition points. 

Moreover, there is no investigation to study the swirling intensity performed.  

 

The interaction between combustion and swirl increases the complexity of the 

flow and thermal characteristics. In the numerical simulation of an open 

swirl-stabilized premixed combustion carried out by Zhao et al. [15], the flow is 

considered to be two-dimensional, steady and incompressible, while the swirling 

velocity is assumed to uniformly distribute along the burner circumference. A 

standard k-ε turbulence model has been applied to perform the simulation. However, 

the reported numerical simulation needs to be validated against experimental data. 

 

2.4.2 Semi-analytical Solution 

 

There have been attempts to predict the convective heat transfer from impinging 

flame jet to a target plate [32, 33, 34, 35 and 36]. However, it may be immature at this 

stage to identify reliable analytical solutions because most of these attempts are based 

on assumptions, which have not been totally validated. Therefore, the semi-analytical 

method is usually preferred in performing the prediction. Baukal and Gebhart [37] 

reviewed the semi-analytical solutions for impinging flame jet heat transfer. 
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Sibulkin [36] obtained the solution for the heat transfer from a uniform flow to the 

stagnation point on the revolution body, at which it impinged on. Equation (2.1) is 

derived by numerically solving the laminar boundary layer equations around the 

impingement body generated by the flow, which is assumed to be incompressible, 

axisymmetric and low-speed. 

 

6.05.0 )()(763.0 −−= rwfsffs Phhq βμρ&         . . . . . . (2.1) 

 

In Equation (2.1), fρ , fμ  and  are respectively the density, dynamic viscosity 

and enthalpy of the flame attached to the boundary layer at the stagnation point, and 

 represents the enthalpy of gas clung to the wall. Whereas 

fh

wh sβ  is the radial 

velocity gradient at the stagnation point obtained by Van der Meer [32]: 

 

d
u

s π
β 4

=               . . . . . . (2.2) 

 

In Equation (2.2),  is the average axial velocity and d is diameter of the nozzle 

exit. 

u

 

Fay and Ridell [38] considered the influences of air flow and recombination of 

radicals (TCHR) on the heat transfer at the boundary layer of an impingement plate by 

applying the Sibulkin’s theory. The developed equation for the determination of 

stagnation point heat flux is as shown in Equation (2.3): 
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In Equation (2.3): 

52.0=b  for equilibrium TCHR 

b   for catalytic TCHR 63.0=

 

Besides, 

Le = D/a (i.e. the Lewis number), wρ  and wμ  are the gas properties of the target 

surface, and  is the dissociation enthalpy.  Dfh ,

 

When equilibrium TCHR occurs, the above equation can be further developed 

into Equation (2.4) [39]: 
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Dong et al. [12] performed the study of a single circular premixed impinging 

flame jet. They derived a semi-analytical solution of the heat transfer between the 

flame and the impingement plate, and compared with the results of Sibulkin. The 

correlation between Nusselt number and the non-dimensional influencing parameters 

has been given in Equation (2.5): 
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2.5 HEAT TRANSFER AND TEMPERATURE MEASUREMENTS 

 

Baukal and Gebhart [40] reviewed the measurement techniques on the 

experimental studies of impinging flame jet system. The configurations under 

investigation include normal and oblique impingement of the jet onto a plane surface 

or a hemi-nosed cylinder, and normal impingement of the jet onto a cylinder. The 

most basic measurement required is the total heat flux received by the impingement 

plate, and then the flame jet’s temperature and velocity. The flame jet’s velocity 

profile is especially significant in the study of the swirling flame, as it is needed for 

the calculation of the swirl number, as well as the investigation of the swirling flow 

pattern. 

 

The total heat flux is the total amount of energy received by a unit surface area of 

the target plate. There are several methods applicable for its measurement. Among 

them, use of a water-cooled impingement plate operating at steady-state was adopted 

by Baukal [8] in an early experimental study. In his experiments, the entire target 

surface was internally cooled by multiple cooling circuits. After the steady-state 

conditions of the coolant had been reached, the heat flux was then calculated from the 
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rate of sensible energy gain by the coolant. In the study of Dong et al. [9 – 12], the 

impingement surface was cooled at its back-side (non-flame-side) with a steady 

supply of water maintained at a constant temperature. The local heat flux transferred 

to the surface was recorded by a heat flux sensor mounted into the surface. The total 

heat flux was then obtained by integrating the local heat flux over the entire 

impingement surface area. 

 

There are many previous works conducted with the use of five-wire 

thermocouples, with and without coatings to measure the burning gas temperature. 

Van der Meer et al. [32] selected a B-type thermocouple of Pt30%Rh / Pt-6%Rh 

alloys, which are coated with Yt2O3 / BeO, with a diameter of 0.05 – 0.18 mm. While 

in the study of Baukal [8], a B-type thermocouple of Pt30%Rh / Pt-6%Rh with a 

diameter of 0.23 – 0.79 mm was applied without coating. Corrections were made for 

the radiation and conduction heat losses [40, 41 and 42]. 

 

Gas velocity is important for the understanding of the flow patterns, as well as for 

comparison of the experimental data with results calculated from semi-analytical 

expressions. The most commonly used instrument for measuring velocity are Pitot 

tube, Hot-Wire Anemometry and Laser Doppler Anemometry (LDA). Among them, 

LDA has been widely used in recent research on swirl-stabilized combustors [43, 44 

and 45].  
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Besides, flow visualization techniques are also commonly applied to the 

investigation of the flow field. Masri et al. [13] and Khezzar [46] used the 

laser-induced fluorescence technique to study the compositional structure and velocity 

fields of a turbulent diffusion flame. Mixing modes, temperature and composition 

distributions, and reacted fields were presented, which covered a wide range of Swirl 

number and Reynolds number. 

 

 

2.6 BURNER CONFIGURATION 

     

The heat transfer characteristics of single circular burner, single slot burner and 

multiple-ports impinging flame jet systems have been investigated by previous 

researchers [8 – 12, 13 and 14]. However, the introduction of swirl to the small-scale 

impinging flame jet system has been rarely reported. Most of the applications of swirl 

to combustion process concern with large-scale non-premixed industrial combustors 

operating under very high Reynolds numbers. 

 

Syred and Beer [47] conducted a review of the recent progress in the applications 

of swirling-flow. The possible methods to produce a swirling-flow were summarized, 

with the major considerations in the thermal performance, flame stability and 

combustion behavior of the impinging flame jet systems. Guillaume and LaRue [48] 

created a swirling flow by drawing the entrained air through two channels, which 
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were formed by two overlapping curved vanes surrounding the fuel jet. A swirling 

flame jet was produced without the use of a high-pressure air source.  

 

In most of the previous works, induction of the vortex swirling flow is produced 

by the addition of tangential entrances or guided vanes. Chang and Dhir [2] applied 

six tangential injectors to produce a decaying swirl flow, which was used to study the 

turbulent flow field and the heat transfer performance of a tube heated uniformly from 

the wall. Schematic drawing of the burner system is shown in Figure 2.3. 

 

 

 

 

Figure 2.3  Tangential injectors to create swirling flow [Chang and Dhir, 1995] 
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Feikema et al. [5] applied a swirling flow to enhance the blowout limits of a 

non-premixed flame jet, which was produced with the aid of a nozzle having four 

tangential inlets in addition to the main axial flow. In their later study [6], the 

maximum co-axial air velocities achievable with and without swirl, were determined. 

It was suggested that flame stability can only be achieved when the 

velocity-to-diameter ratio of the fuel jet is within a critical value. Schematic drawing 

of the swirl burner used is presented in Figure 2.4. 

 

 

 

Tangential 
air (four inlets) 

Axial air 

Enclosure 

Fuel 

Vycor 
glass 
tube 

Throat 

Figure 2.4  Burner provided with swirling flow [Feikema et al., 1990] 

 26



Chan et al. [49] applied weak swirls to stabilize premixed flames which were 

produced by a small amount of tangential injection, as shown in Figure 2.5. It was 

suggested that the flame can be maintained stable at the point where the local mass 

flux is balanced. Laser Doppler anemometry was applied to measure the velocity 

components to facilitate the calculation of swirl number.  

 

 

 

 

Figure 2.5  Burner provided with a weak swirl [Chan et al., 1992] 
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Noui-Mehidi et al. [49] studied the effect of apex angle of the nozzle on the 

swirling flow induced by tangential inlets between conical nozzles, and found that the 

use of conical configuration has advantages to enhance the swirl characteristics. The 

conical nozzle structures applied in their numerical work are presented in Figure 2.6. 

 

 

 

 

 

 

 

Figure 2.6  Conical nozzles used for numerical simulation  

[Noui-Mehidi et al., 1999] 
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2.7 IMPINGEMENT SURFACE CONDITIONS   

 

Most of the reported studies on the impingement surface condition have been 

focused on a stationary surface, which is the common situation in real-life 

applications. Baukal and Gebhart [51] fabricated the impingement plates with 

polished, untreated, and blackened surfaces to study the effect of surface emissivity. 

The heat flux received by the blackened and polished surfaces was the highest and 

lowest, respectively, and that received by the untreated surfaces is of value between 

them. Catalytic effects were also investigated by using alumina-coated (nearly 

non-catalytic), untreated, and platinum-coated (highly catalytic) impingement plate 

surfaces. The heat flux received by the platinum-coated surface is found to be the 

highest, whereas the heat flux received by the untreated surface is similar to that 

received by the alumina-coated surface. 

 

Kilham et al. [52] performed a study on the effect of curvature radius of the 

impingement plate. The thermal resistance was first determined, thus, the heat transfer 

rate along the plate was controlled. However, there are yet very few literatures 

available on the effect of the curvature of the impingement plate surface. 

 

Most of the attentions have been concentrated on the thermal characteristics of 

impingement plates with a flat surface. In the studies to investigate the heat transfer 

characteristics of impinging flame jet system conducted by Dong et al. [9 – 12], a 
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highly polished copper plate had been adopted as the impingement target. Zhao et al. 

[53] fabricated the impingement plates with brass, bronze and stainless steel. It is 

found that with the use of a metal impingement plate of excellent thermal conductivity, 

a more rapid conduction and hence overall heat transfer through the plate can be 

achieved because of the very low thermal resistance encountered. 

 

 

2.8 NOZZLE-TO-PLATE DISTANCE 

 

Since the flame is impinging normally onto a flat polished copper plate in the 

present study, the geometry between the flame holder and the impingement surface is 

essentially decided by the nozzle-to-plate distance (H/d). It has been found that the 

nozzle-to-plate distance can significantly affect the impinging flame structure and 

thus the heat transfer characteristics, especially the Nusselt number [9 – 12]. Baukal et 

al. [51] found that the impingement heat transfer efficiency decreases with increasing 

nozzle-to-plate distance. Kataoka [54] and Viskanta [22] concluded that the optimum 

nozzle-to-plate distance corresponding to a maximum heat transfer performance 

coincides with the length of the potential core for isothermal jets. It was also 

suggested that the optimum nozzle-to-plate distance for a single circular flame jet is a 

function of Reynolds number and equivalence ratio, which have important effects on 

the burning velocity and the flame length.  
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Hargrave et al. [55] summarized the approximate nozzle-to-plate distances that 

correspond to maximum heat flux under different Reynolds numbers and equivalence 

ratios. It was concluded that the peak heat flux occurs when H/d = 2.5 for a circular 

flame jet operating under a Reynolds number of 2000. However, Van der Meer [32] 

found that the highest heat flux generated by a circular burner is obtained at H/d = 5 

when the Reynolds number is varied from 1771 to 2700.  

 

However, there are yet very few literature concerning with the applications of 

impinging circular flame jet with swirl induced. The vortex flow caused by the swirl 

may provide great impact on the flame length, configuration of the wall-jet zone and 

distribution of the high temperature combustion gas. This may change significantly 

the relationship between the thermal performance and the operation parameters of the 

impinging flame jet system. 

 

 

2.9 FUEL TYPE 

 

In the gas-fired flame jet studies, various gaseous fuels have been selected to 

produce the flame jet. Hydrocarbon fuel is most commonly used, which is oxidized by 

either air or pure oxygen. Use of different gaseous fuels will certainly result with 

different thermal characteristics of the impinging flame jet system as well as its 

pollutant emissions.  
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Beer et al. [56] conducted experimental work to compare the convective heat 

transfer characteristics of the flames produced by burning heavy fuel oil and coke 

oven gas. It was concluded that no remarkable difference is identified between the 

applications of these two fuels.  

 

In the present study, butane gas is selected as the fuel. On the one hand, it is ideal 

for the purpose to generate a stable premixed flame. On the other hand, it is 

commonly used for domestic and light-industrial applications in Hong Kong, such 

that results obtained will have immediate significance to the local community. 

 

 

2.10 OTHER MAJOR OPERATING PARAMETERS 

 

In addition to the parameters as described in the above sections, there are other 

operating parameters believed to have significant influence on the thermal effect. 

 

2.10.1 Equivalence Ratio 

 

Equivalence ratio of the air/fuel mixture is a comparison of the stoichiometric 

air/fuel ratio to the actual one, i.e. 

 

)/(
)/(
FA

FA stoic=φ              . . . . . . (2.6) 
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Equivalence ratio is proven to have very significant effect on the heat transfer 

characteristics of an impinging flame jet system, and many research works have been 

conducted to explore its thermal effects.  

 

It was concluded by Hargrave et al. [55] that a fuel/air mixture deviating from the 

stoichiometric condition will result in a decrease in the maximum rate of the heat 

transfer.  

 

Premixed combustion is chosen in many applications, especially small-scale 

systems with low operating pressure, because it can provide very rapid combustion, 

high heat transfer rate and very low formation of soot. Equivalence ratio is of 

particular importance to premixed flame. In the study conducted by Kwok et al. [14 

and 57] on the heat transfer characteristics of a single impinging circular flame jet, the 

peak heat flux occurs when the combustion is conducted at a slightly fuel-rich 

condition with the equivalence ratio varied between 1.0 and 1.1.  

 

2.10.2 Reynolds Number 

 

Reynolds number of the air/fuel jet is defined as: 

 

υ
udRe =               . . . . . . (2.7) 
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Reynolds number of a flame jet at the exit port determines the jet aerodynamics 

and hence becomes an important aspect of the heat transfer characteristics. Hargrave 

et al. [55] concluded that the peak heat flux in the flame increases with Reynolds 

number, but the axial extent of the flame’s equilibrium region decreases with 

increasing Reynolds number. Dong et al. [9 – 12] carried out experimental studies on 

impinging flame jet systems operating under laminar and transitional flow conditions 

with Re < 2300, and the results are in good agreement with those proposed by 

Hargrave.  

 

However, different results may be expected in the present study because of the 

addition of swirl to the impinging flame jet. The effects of equivalence ratio and 

Reynolds number on the heat transfer characteristics of the flame jet system may also 

be different for swirling and non-swirling flame jets, since the flame properties and 

flow characteristics may be changed significantly due to the induced swirl. 

 

2.10.3 Swirl Number 

 

The swirl number (S) of a flame jet with swirl induced had been defined by 

Claypole and Syred [59] as the ratio between the angular and axial momentum rates 

passing through the nozzle throat, divided by the nozzle throat radius (R) as shown in 

Equation (2.8): 
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Quantity of the swirl number was calculated using the velocity profiles obtained 

by LDA / LDV. The same method has also been applied by other researchers. Chan et 

al. [49] studied the properties of a turbulent flame by measuring the velocity profile at 

the nozzle exit using a four-beam two-color LDA system. The swirl number 

calculated directly from the velocity values ranged from 0.07 – 0.18, indicating the 

production of a weak swirl. 

   

Magnitude of the swirl number indicates the intensity of the swirling flow. In the 

study of Huang and El-genk [7], different swirling intensities were produced by solid 

inserts with different swirl angles. It was suggested that heat transfer to a heating 

object is first augmented with a larger swirl angle, and then decreases when the swirl 

angle is further increased.  

 

 

2.11 SUMMARY OF LITERATURE SURVEY 

 

Summarizing the above information on heat transfer characteristics of impinging 

flame jets, rather sufficient studies have been conducted on the non-swirling 

impinging flame jets to explore the influences of the major parameters on their 

thermal performance.  
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Concerning about the flame jets with swirl induced, swirl has been applied as an 

effective way to enhance the heat transfer rate between an internal tube flow and the 

tube wall, as well as to enhance the combustion efficiency in a chamber. It has also 

been shown that the blow-off limits can be extended by imposing swirl with 

appropriate intensity. However, the introduction of a weak swirl to small-scale, low 

Reynolds number, low pressure, domestic or light-industrial application, has rarely 

been reported. Neither the feasibility in applying a weak swirl has been investigated 

nor the heat transfer characteristics of an impinging flame jet with swirl induced been 

studied. 

 

The present study aims to provide information to fill this gap by studying a 

circular impinging premixed flame jet with swirl induced. Heat transfer characteristics 

of the swirling impinging flame are investigated with the aid of the results reported by 

previous researchers to facilitate comparison. 

 

 

2.12 RESEARCH METHODOLOGY 

   

 The present study on the heat transfer characteristics of premixed circular 

impinging flame jet with swirl induced essentially concern with experimental 

investigations, which are carried out to fulfill the following tasks. 
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(a) To investigate experimentally the feasibility of inducing swirl to a 

small-scale gas-fired impinging circular flame jet including the techniques 

used to generate a swirling flame and the methods applied to measure the 

strength of the generated swirling flame. 

 

(b) To investigate the heat transfer characteristics of the premixed butane/air 

impinging circular flame jet with swirl induced. Effects of the major 

parameters on the thermal performance of the flame jet system under 

consideration: equivalence ratio of the air/fuel mixture, Reynolds number of 

the air/fuel jet, the nozzle-to-plate distance and the swirling intensity, will be 

investigated experimentally.  

 

(c) To develop a non-dimensional equation by using the multiple regression 

method with the aid of the experimental results obtained. The developed 

equation is for the prediction of the heat transfer coefficient of the impinging 

flame jet system with swirl induced. 

 

(d) To compare the heat transfer characteristics of the premixed butane/air 

impinging circular flame jets, with and without swirl induced. Such 

comparison will provide a benchmarking for the swirling flame jet. 
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CHAPTER 3 

SWIRL GENERATION AND MEASUREMENT 

 

 
In this chapter, the feasibility of several approaches in producing a stable swirling 

flow which have been proposed by previous researchers will be fully investigated. 

Design of the burner applied in the present study was based on the configuration of a 

Bunsen burner, a typical device to produce premixed flame, which causes less 

pressure drop by the flow and hence is able to provide a more flexible operating 

range.  

 

It was concluded by Yilmaz et al. [16] that swirling flows can be classified into 

three groups: curved flow, rotating flow and vortex flow, according to the velocity 

profile characteristics, and these swirling flows are normally required to be produced 

with different methods. A curved flow can be generated by inserting twisted tapes or 

helical vanes. A rotating flow is usually generated by the application of a rotating tube. 

A vortex flow is also called a “decaying swirl flow”, which can be produced by 

drawing the flow through tangential inlets or guided vanes. 

 

With regard to the experimental conditions under consideration, helical vane is 

first considered as the method of introducing swirl. As concluded by Huang and 

El-genk [7] in their heat transfer experiments of impinging air jet with induced swirl, 
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the swirling jet is able to enhance significantly the local and average Nusselt numbers 

and hence the heat transfer at the impingement surface when it is compared to an 

impinging jet of the same geometry without swirl. The swirling flow is also able to 

improve the radial uniformity of heat transfer to the impingement surface. However, 

in the case when combustion is involved, the curved flow produced by inserting 

helical vanes scarcely contributes to the air/fuel mixing and combustion. In addition, 

the inserted vanes increase the flow resistance and hence the friction loss, which is 

disadvantageous for a flame jet operating with low inlet pressure.  

 

 

3.1 ADDITIONAL TANGENTIAL FLOWS 

 

As suggested by Yilmaz et al. [16], a swirling flow can be produced by drawing an 

additional tangential flow into the burner to react with the main axial flow. The 

resultant swirl intensity can be controlled by adjusting the ratio between the tangential 

and axial flows. This is the most common method adopted by many researchers in 

producing a stable swirling flow in their studies, and is suggested to be rather 

effective. However, the burners applied in the studies of heat transfer enhanced by 

inducing swirl, which have been reviewed in Chapter 2, are usually in large-scale for 

heavy-industrial applications. They are operating with turbulent flows with very high 

Reynolds numbers, and therefore are not suitable for the present investigation. 

 

 39



The concept of additional tangential flows to generate a swirling flow will be 

considered in the present study, but an appropriate scaling down of the burner for low 

Reynolds number and low pressure application is required. Therefore a much smaller 

flame holder was used in the present study. A nozzle with an inner diameter of 8.6 mm 

was purposely chosen to facilitate comparison with the previous work. However, it 

seems not practical to add tangential flow directly to a burner of such a small diameter. 

According to the suggestion of Noui-mehidi [50], a conical configuration has the 

advantage in producing a swirling flow. The schematic drawing of the burner used in 

the present study is shown in Figure 3.1, while its geometry as viewed from the 

bottom is shown in Figure 3.2. 

 

 

 

 

 

 

 

 
 
 
 
 

 

Tangential flow Tangential flow 

Axial flow 

 
Figure 3.1  Schematics of the present burner system with swirl induced 
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Figure 3.2  Bottom view of the present burner system with swirl induced 

 
 
 

 

The flame holder is attached to a conical chamber to which two symmetrical 

tangential inlets are added to facilitate the production of a swirling flow. All 

components are made of copper. The length of the flame holder is 100 mm, with a 

wall thickness of 1 mm. The axial flow passes through a 200 mm cylindrical 

aluminum equalizing chamber, which is filled with stainless steel beads to well 

regulate the flow and to prevent the flame from flashing back. It then flows vertically 

through the flame holder. There are two tangential flows introduced into the conical 

chamber to facilitate the generation of the swirling flow. The swirl intensity can be 

adjusted via correctly proportioning between these two streams.  
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3.2 SWIRL NUMBER CALCULATION 

   

The most commonly used parameter for the characterization of a swirling flow is 

the Swirl number (S), which can be determined analytically or experimentally.  

 

3.2.1 Analytical Approach 

 

As suggested by Claypore and Syred [59], Swirl number is the ratio between the 

rate of angular momentum and the rate of axial momentum, divided by the tangential 

inlet radius, as shown in Equation (3.1): 
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It was suggested by Syred and Beer [47] that the Swirl number can be calculated 

from the experimentally measured velocity and static pressure profiles. Chan et al. [49] 

derived the following expression from Equation (3.1): 
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In their study, Laser Doppler Anemometry was also applied to measure the flame 

velocity to facilitate the calculation of Swirl number with Equation (3.2). 
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Tangirala et al. [4] applied Equation (3.1) in their investigation of swirl-stabilized 

flames, and the Laser Doppler Anemometry had also been used for the measurement 

of actual velocity profile. The geometric Swirl numbers as calculated from Equation 

(3.1) were greater than the experimentally measured Swirl numbers with a maximum 

deviation of 50 %.  

 

In the present study, both flow visualization technique and Equation (3.1) have 

been applied for the determination of Swirl number. 

 

3.2.2 Smoke flow technique 

 

Smoke-flow technique has been used to visualize the flow field of a premixed 

open flame jet with different swirling intensities, in which one of the tangential 

streams is used to mix with smoke generated from a smoke generator. The mixture of 

smoke and air/fuel flows along the nozzle. Laser is applied to illuminate the vicinity 

of the burner exit to facilitate a clear visualization of the swirling flow and a 

quantitative analysis of the flow field. The scheme of the illuminating system is 

shown in Figure 3.3. A digital camera (Sony P-10) is then used to take the photograph 

of the flow pattern of the smoke/butane/air mixture, which provides the inclined angle 

of the swirling flow. It can be used to calculate the swirl number in the absence of a 

detailed velocity profile. 
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Smoke flow 

Laser Lens Cylindrical lens 

Burner Camera 

Smoke flow 

 

 

Figure 3.3  Illuminating system for smoke-flow visualization technique  

 

 

Photographs of the flow pattern of the smoke/butane/air mixture taken under 

different operating conditions are indicated in Figure 3.4. The inclination angle of the 

flow deviated from the vertical axis ( )θ  is obtained directly on the photograph, with 

a maximum uncertainty of 1.5 º, which can be considered as rather accurate. 
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(a) 
 

 
(c) 
 

 
 

 
(b) 
 

 

(d) 
 

 

Figure 3.4  Photographs obtained from smoke-flow visualization 

(Re = 1200, Ф= 1, H/d = 2; (a) S = 0.075, (b) S = 0.109, (c) S = 0.144, (d) S = 0.171) 
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Due to the transient nature, the variation in local value and inclination of the velocity 

of the smoke/butane/air mixture at the nozzle exit, the axial component of the average 

velocity at the nozzle exit (U) is therefore measured instead of the swirling velocity itself. 

A rather reliable and accurate determination of the axial component of the average 

velocity of the smoke/butane/air mixture at the nozzle exit (U) can be obtained, with the 

aid of the measured flow rate and the Continuity Equation: 

 

tConsUA tan=ρ              . . . . . . (3.3) 

 

The tangential component of the average velocity (W) of the smoke/butane/air 

mixture in Equation (3.2) can be obtained from the axial component of average velocity 

(U), with the aid of the inclination angle ( )θ , as shown in Figure 3.5. 

 
 
 

          Velocity Component with Swirl 

           U 

 

 

           θ 

   Y    Z 

 

      X         W 

 
Figure 3.5  Velocity components at the nozzle exit 
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However, as indicated in Figure 3.6, the photograph obtained from the smoke flow 

technique becomes vague when the ratio between the tangential and axial components of 

the average velocity continues to increase and becomes too large. When the swirl 

intensity is further increased, the inclined angle can no longer be obtained clearly from 

the photograph. Thus, the smoke flow visualization technique is unable to produce 

reliable and accurate result under such situation, and it is the limitation of the technique. 

 

 

 

 

 

Figure 3.6  Photograph of the swirling flow when swirling intensity is too large 

[ ( )θ  is unable to determine] 
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Up to a Swirl number of 1.09 (Geometric Swirl number calculated from Equation (3.1) 

based on tangential/axial flow rate ratio), the Swirl number of a flow induced with a weak 

swirl can be obtained with the smoke flow visualization technique. However, when the 

swirling intensity is stronger and the corresponding Swirl number exceeds 1.09, the 

smoke flow visualization technique can no longer be used. The Swirl number of such a 

swirling flow will be obtained from Equation (3.1), because the axial and tangential mass 

flow rates used in the equation can be measured directly from the flow meters. According 

to the study of Tangirala et al. [4], the deviation of swirl numbers obtained by this method 

are much larger (may exceed 50 %) than those obtained from the visualization method at 

which the velocity profiles are measured by the LDA technique.  

 

These two methods of determining the Swirl numbers will be further discussed 

together with the experimental results in the later chapters. 

 

 

3.3 EXPERIMENTAL SETUPS TO INDUCE SWIRL 

 

As discussed in the previous sections, the major experimental parameters to be 

measured in the present study are those required to study the thermal performance of a 

circular premixed butane/air impinging flame jet with swirl induced. These experimental 

parameters are: the air and fuel supplies of the burner, the local heat flux received by the 

impingement plate, the flame temperature, the impingement plate surface temperature, 

the axial and tangential components of the average velocity at the nozzle exit. 
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Once the flame has been ignited, the steady-state operating conditions can be reached 

within several minutes. It is very important for the measurements to be conducted after 

the steady-state conditions are achieved. 

 

The basic configuration of the burner has been described in Section 3.1. In the present 

study, there were two different methods applied to generate the swirling flow. These two 

methods will be described clearly in the later sections, and the effects in using each of 

them on the thermal performance of the impinging flame jet system are also discussed. 

The major operating parameters will be varied in order to examine their effects on the 

heat transfer characteristics in both parts of the investigation. These major parameters are: 

the equivalence ratio ( )φ  of the butane/air mixture, the Reynolds number (Re) of the 

butane/air jet, the nozzle-to-plate distance (H/d), and the Swirl number (S). The ranges of 

these operating parameters used in the experimental work performed with each of these 

two experimental setups, are summarized in the following Table 3.1. 
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Test Reynolds 

Number 

(Re) 

Nozzle-to-plate 

Distance 

(H/d) 

Equivalence 

Ratio 

( )φ  

Swirl Number 

(S) 

800 2 1 2.53 

1000 2 1 2.53 

1200 1.5; 2; 2.5; 

3; 3.5; 4 

1; 1.1; 1.2; 

1.3; 1.4 

1.32; 1.52; 1.78; 

2.11; 2.53 

1500 2 1 2.53 

1. Separated 

Air and Fuel 

Flows  

1700 2 1 2.53 

800 2.5 1 0.144 

1000 2.5 1 0.144 

1200 2; 2.5; 3; 

4; 5 

1; 1.2; 1.4 0.075; 0.109; 

0.144; 0.171 

1500 2.5 1 0.144 

2. Premixed 

Air and Fuel 

1700 2.5 1 0.144 

 

Table 3.1  Operating parameters applied in both experimental setups 

 

 

 

In the first experimental setup, the axial flow contains only fuel and air is introduced 

via the two tangential inlets to mix with the axial fuel flow. It is found that with the use of 

this method, the swirl number can be adjusted to relatively high values while a stable 

flame is still maintained. It may be due to the large momentum associated with the rapid 

flow rate of air supplied through the tangential inlets, which enhances the mixing of the 

air and fuel to facilitate the consequent combustion process. However, there is a 
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significant drawback in using this method: the swirl intensity is directly linked to the 

equivalence ratio. As the swirling intensity is regulated by changing the ratio between the 

tangential and axial flow rates, which are referred to the air and fuel supplies directly and 

hence the equivalence ratio is fixed accordingly. 

 

In the second experimental setup, air and fuel are premixed before they are divided 

into two separate air/fuel streams: one will be supplied to the burner in the axial direction, 

whereas the other in the tangential direction. Each of these two streams can be 

individually regulated and measured with separate flow meter. The swirl number and 

equivalence ratio are no longer linked together and can be adjusted to different values, 

and their effects on the thermal performance of the impinging flame jet system can then 

be studied individually. A shortcoming of this design was that the operating range became 

smaller, compared with the first setup. Due to the absence of literature reporting the 

investigation on the heat transfer characteristics of impinging flame jet with swirl induced 

under low Reynolds numbers, the present study performed experiments on the thermal 

performance of both setups. 

 

In the following studies, experiments will be carried out to investigate the heat 

transfer characteristics of the circular premixed butane/air impinging flame jet with swirl 

induced. Experimental results obtained from using both setups will be compared with 

each other, as well as the results obtained from previous work on similar impinging flame 

jet without the application of swirl. 
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CHAPTER 4 

EXPERIMENTAL SYSTEMS 

 

 

This chapter describes the construction of the test rig and the instrumentation used. 

The experimental system mainly includes the burner system, the impingement plate and 

the instruments for measurement. In this chapter, the operation ranges of the important 

parameters are described.  

 

The flow visualization technique has been applied in the present study to determine 

the flow pattern of the swirling flow at the exit of the nozzle, and the study has also been 

reported. The last section of this chapter provides the methods applied to handle the 

experimental data and to estimate the possible experimental errors involved. 

 

 

4.1 TEST RIG 

 

The schematic drawing of the experimental system is shown in Figure 4.1. It mainly 

contains the air/fuel supply system, the burner system and the impingement plate. 
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4.1.1 Burner system 

 

For the experimental setup having premixed butane/air mixture supplied through both 

axial and tangential inlets, butane and air are first premixed in the premixed chamber. The 

premixed butane/air mixture is then regulated in the equalizing chamber. The equalizing 

chamber is filled with stainless steel beads to well regulate the flow and to prevent the 

flame from flashing back. The butane/air mixture is then divided into two separate 

streams: one is supplied to the flame holder (conical part of the burner) through the axial 

inlet, whereas the other through the tangential inlets. These two separate streams will mix 

again in the flame holder and enter into the nozzle part of the burner, which is a 200 mm 

long stainless steel tube. 

 

The burner system is firmly attached to a 3-D positioner so that it can be conveniently 

moved both horizontally and vertically to change the radial distance and the 

nozzle-to-plate distance respectively, in order to achieve a desirable position of the flame 

in relation to the impingement plate. 

 

A slightly different arrangement is needed for the experimental setup having butane 

and air supplied separately to the flame holder. In this case, the air stream will be 

supplied directly to the tangential inlets of the flame holder without passing through the 

premixed chamber and the equalizing chamber. 
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14. Heat Flux Sensor 
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Figure 4.1  Schematics of the present experimental setup 
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4.1.2 Impin

 

The impingement target plate adopted in the present study is a smooth and highly 

polished copper plate with a total area of 400 x 400 mm2 and a thickness of 8 mm. It is 

horizontally placed with a deviation of ± 0.5º to the ground. Copper is chosen as the 

material because of its excellent thermal conductivity. 

 

Surface of the impingement plate is highly polished to achieve a very low surface 

emissivity, in order to minimize the contribution of non-luminous radiation. The 

impingement plate is uniformly cooled on its backside (non-flame side) by a cooling 

water jacket. The water’s temperature is maintained at 38 ºC through a thermostat to 

prevent the condensation of water vapor in the burned gases on the target surface, in 

order to minimize the condensation heat transfer [13, 14 and 58].  

 

Detailed dimensions of the fabricated impingement plate are shown in Figure 4.2. 

gement Plate 
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Figure 4.2  Fabrication details of the impingement plate 
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4.2 MEASUREMENT INSTRUMENTS 

 

4.2.1 Flow Monitoring and Measurement 

 

During the experimental investigations, the mass flow rates of air and butane gas 

supplies were closely monitored and measured with flow meters (see Figure 4.3) having 

an accuracy of ±2 %. While the inlet pressures of air and butane gas were regulated by 

several regulators. The flow meters manufactured by the Gilmont Co. Ltd. were well 

calibrated before the experiment by using a piston flow calibrator corresponding to 

different fluid types (i.e. air, fuel or premixed flow) and different inlet pressures. The 

 the flow meter is 0.1 lb/min within the range of 5 lb/min. 

 

 

resolution of

  

 
Figure 4.3  Flow meters for flow rate measurements of air and fuel 
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4.2.2 Heat Flux Measurement 

 

The heat flux transferred from the flame to the impingement plate is an important 

parameter to quantify the heating performance of the impinging flame. In the present 

stud

onverted from the 

voltage signal output of the sensor, by using a computer program (i.e. Personal Data 

acquisition view) provided by Vatell.  

 

The heat flux sensor was mounted in a small cavity fabricated at the centre of the 

im ment plate, with an effective diameter of 6.35 mm, as shown in Figure 4.4. The 

cooling-water system installed at the backside (non-flame side) of the impingement plate 

prevents the sensor to be over-heated. The accuracy of the heat flux sensor as specified by 

the m nufacturer is ±1 %. 

y, the local heat flux received by the impingement plate was measured by a heat flux 

sensor (Vatell Heat Flux Micro-sensor, Model: HFM-7E/H, Serial No.: 1310), which was 

connected to a pre-calibrated amplifier (Model: AMP-6). Two groups of data can be 

obtained from the readings. One is the HFS value, which corresponds to the heat flux 

value; while the other is the RTS value, which provides the surface temperature of the 

heat flux sensor. A T-type thermocouple is installed at the centre of the heat flux sensor 

for the temperature measurement. All the recorded readings are then c

pinge

a
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Figure 4.4  Fabrication of heat flux sensor holder 

 

 

 

4.2.3 Gas Temperature Measurement 

 

It is difficult to decide the appropriate reference temperature for the definition of the 

convective heat transfer coefficient [17]. Adiabatic flame temperature can be adopted but 

it is usually much higher than the actual value because of the assumptions of no heat 

losses and occurrence of perfect combustion. According to Dong et al. [9 – 12], the gas 

temperature at the location of 5 mm below the impingement plate was adopted to be the 
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local flame temperature as reference. It was suggested to be the location very close to but 

 temperatures were 

measured by a T-type thermocouple. 

  

The present study adopted the same method of measurement and def nition. The 

flame tem eratures (Tf) were measured by using a bare-wire B-type thermocouple with a 

diameter of 0.25 mm, which was located at 5 mm right below the impingement plate as 

shown in Figure 4.5. The temperature values were then corrected for convection and 

radiation effects by using the method proposed by Bradley and Matthews [44], with an 

accuracy estimated to be ±5 %. 

 

 

 

was not in contact with the impingement plate surface. These local

i

p

Impingement plate Heat flux sensor 

5mm 
B-type 
thermocouple 

Burner 

 

 

Figure 4.5  Arrangement of thermocouple for flame temperature measurement 
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4.2.4 Data acquisition 

 

The heat flux and temperature data were both recorded by a computer recording 

program (i.e. Personal Data acquisition view), with a frequency of 2 scans per second 

wit

4.3 HANDLING OF EXPERIMENTAL DATA 

 

The equivalence ratio of the air/fuel mixture in the combustion process is 

pre-determined according to the readings of the flow meters. It is defined as: 

 

hin a duration of 120 seconds. The recorded heat fluxes and temperatures were then 

averaged to provide the values adopted for presentation. Due to the highly transient 

nature of the flame, it is necessary to average a large number of readings in order to 

provide reliable and consistent results in temperature and heat flux measurements. 
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F

(
)/(
FA

A stoic=φ              . . . . . . (4.1) 

 

Since the swirl applied in the present study is relatively weak, the swirling flame is 

still stabilized at the rim of the nozzle exit. Under the operation conditions of the present 

study, it should seldom demonstrate the characteristics of a turbulent flam  

investigation was conducted essentially under the laminar flow and occasionally 

e. The present

transitional conditions.  
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The flame jet exit Reynolds number is evaluated based on the unburned butane/air 

ixture: 
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In Equation (4.2), “ mix

e

μ ” can be calculated according to Ikoku [60]: 
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Forced convection has been identified to be the most crucial heat transfer mechanism 

in t

nging flame 

jet, radiation and TCHR can be assumed negligible when forced convection is most 

dominant and the local Nusselt number (i.e. non-d t) is 

therefore defined as: 

 

he premixed gas-fired impinging flame [8 – 12], with the reasons presented in the later 

section. Similarly, in the present study on swirling premixed butane/air impi

imensional heat transfer coefficien

 

)(~ Tk
hd

u

 

The convective heat transfer coefficient “h” can be obtained from the Newton’s law 

of cooling: 

N =               . . . . . . (4.4) 
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While the thermal conductivity of the combustion gas “k” is a weighted average value 

related to the gas tem

 

perature as shown: 
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Equations (4.4) an Nusselt 

number in the present study: 

 

d (4.5) are combined to give the definition of the local 
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As indicated in the study of Beer and Chigier [56], for a gas-fired flame jet 

impinging directly to a target surface, around 90% of the heat should be transferred by 

convection. In many 

dq&

studies of the impinging flame jet heat transfer, the non-luminous 

diation is usually assumed negligible. Moreover, the heat transfer mechanism of TCHR 

(Thermo-C emixed 

gas-fired flame jet heat transfer since the flame temperature is rather low [14]. So the 

area-averaged heat flux can be derived from the total amount of heat transfer to the 

t plate ), which is obtained through integration of the local heat flux ( ) 

ver the impingement area on the plate under consideration as shown in Equation (4.8): 

ra

hemical-Heat-Release) is assumed to be less important in the pr

(Q& q&impingemen
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Thus, the average heat flux q&  can be expressed by: 
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In Equation (4.9), “R” is the largest radial distance away from the stagnation point in 

the 

 Equation (4.7), the area-averaged Nusselt number can be 

hown to be: 

 

present investigation, which indicates the magnitude of the impingement area. 

Substitute Equation (4.9) into
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In the study of the impinging flame jet with induced swirl, the swirl number is an 

important parameter. Claypole and Syred [59] defined the swirl number as:  
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In the present study, the swirl number would also be calculated by Equation (4.12) 

according to the work of Chan et al. [49]: 
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4.4 ERROR ANALYSIS 

 

2 scans per second within a duration of 120 seconds. The recorded heat 

uxes and temperatures were then averaged to provide the final values.  

 

Three experiments w

reliability and repeatability of the results. Every presented value is the average of the 

recorded data in the three experiments. 

 

The uncertainly analysis had been carried out based on the method suggested by 

Kline and McClintock [61], with a confidence level of 95 %. The instrumentation errors 

of the present experim

ncertainties in the surface temperature measurements are respectively 3.1 % and 6.7 %. 

The

value of the local heat flux measurements are 

 

Heat fluxes and temperatures recorded by the heat flux sensor and thermocouple were 

collected via the data acquisition system as described in Section 4.2.4. They were both 

recorded via a computer recording program (i.e. Personal Data acquisition view), with a 

frequency of 

fl

ere conducted under the same operating conditions to ensure the 

ental investigation were analyzed. The minimum and maximum 

u

 measured flame temperature uncertainties vary from 2.4 % to 10.6 %. The minimum 

and maximum deviations from the mean 
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4.2 % and 13.3 % respectively. The uncertainty of the visualization method mainly lies in 

the determination of the swirling angle. As indicated in Figure 4.6, the inclined angle 

determined by the smoke flow technique varies within the range of  1.5º. By 

g all the errors involved, the maximum uncertainty of the present 

experimental study is estimated to be 

±

summarizin

±  16 %. 

 

 

 

 

 

 
Figure 4.6  Uncertainty in the inclined angle determination 
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CHAPTER 5 

 

EXPERIMENTAL STUDY WITH SETUP – I 

 

s mentioned in Chapter 3, there were two experimental setups used to generate the 

swirling flow. In the first experimental setup, air is introduced via the two tangential 

inlets to mix with the axial fuel flow. In the second experimental setup, air and fuel are 

previously premixed before they are divided into two separate air/fuel streams: one will 

be supplied to the burner in the axial direction, whereas the other in the tangential 

direction.  

 

This chapter reports the experimental results obtained by using the first experimental 

setup: the axial flow contains only fuel whereas air is tangentially admitted through the 

tangential inlets. The air and fuel are then mixed in the conical chamber before they are 

burned at the nozzle exit. In this chapter, the local heat flux distributions under different 

operating conditions are shown, so that the average heat fluxes can be obtained which 

provide a better criterion for comparison. The effects of different parameters: Reynolds 

number (Re), equivalence ratio (Φ) and the nozzle-to-plate distance (H/d), on the thermal 

performance of a premixed butane/air circular impinging flame jet with induced swirl, are 

discussed. Then, the results are compared with those of the similar non-swirling 

impinging flame jet operating under the same experimental conditions.  

A
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5.1 FLAME SHAPE 

 

Figu om the 

otographs taken by a digital camera. It is observed that a stable flame can be produced 

by inducing swirl. 

 

plate, which leads to a wider spread of the luminous flame.  

 

re 5.1 shows the flame shapes of a swirling flame, which are indicated fr

ph

Comparing Figures 5.1 (a) and (b), the flame length is found to increase when 

burning a fuel-rich mixture. When the equivalence ratio is increased, the flame becomes 

longer. The heating around the stagnation point is reduced due to the incomplete 

combustion of fuel there as the nozzle-to-plate distance is maintained unchanged. 

However, there is more unburned fuel consumed at locations away from the stagnation 

point on the 

 

Moreover, impingement causes more species including oxygen and unburned fuel to 

flow outwards along the radial direction away from the stagnation point, such 

phenomenon becomes more obvious as the flame length is increased. In this case, more 

fuel will be consumed towards the wall-jet region, which results in a more uniform 

distribution of heat flux on the impingement plate. 

 

Comparing Figures 5.1 (a) and (c), as Reynolds number is increased, the flame is 

observed to become brighter which implies the occurrence of a higher flame temperature 

and hence a higher heat transfer. It agrees with the fact that heat transfer is enhanced with 

the increasing Reynolds number. 
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Figure 5.1 (b)  Flame shape 

(Re = 1200, φ = 1.3, S = 1.52) 

 

Figure 5.1 (a)  Flame shape  

φ(Re = 1200,  = 1.0, S = 2.53) 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 (c)  Flame shape (Re = 1500, φ = 1.0, S = 2.53) 
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5.2 LOCAL HEAT FLUX DISTRIBUTION 

 

Previous research works on the application of induced swirl to combustion are 

essentially concerned with open diffusion flames operating at large-scale, high-pressure 

and highly turbulent-flow conditions. Investigations on swirling impinging flame jets 

have rarely been reported, especially those operating with low Reynolds numbers. The 

present experimental study was conducted to investigate the heat transfer characteristics 

of a small-scale circular premixed butane/air impinging flame jet with swirl induced.  

 

A parametric study had been performed to identify the ranges of experim

parameters to be adopted in the present study. It was found that a swirling impinging 

flame can be operated with good stability over rather wide ranges of Reynolds numbers 

and equivalence ratios. It was also identified that the swirling impinging flame is able to 

produce a very symm

impinge ent plate. So the heat flux results are presented as radial distribution away from 

the stagnation point (i.e. centre point) on the impingement plate. 

 

In the present experimental study, effect of Reynolds number (Re) on the heat flux 

distribution on the impingement plate impinging upon by a swirling flame jet was firstly 

examined, with Re ranging from 800 to 1700 at a nozzle-to-plate distance of 2d under the 

stoichiometric condition ( = 1). Then, effect of the nozzle-to-plate distance (H/d) on the 

heat flux distr  4, when Re 

equals to 1200 and Φ is fixed at unity.  

ental 

etrical heat flux distribution around the stagnation point of the 

m

Ф

ibution was investigated by varying from H/d = 1.5 to H/d =
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F lowing this, effect of the equivalence ratio (ol Φ) on the heat flux distribution was 

studied by varying the equivalence ratio from Φ = 1 to Φ = 1.4, to cover stoichiometric 

to f

 

5.2

a nozzle-to-plate distance of H/d = 2 and a Swirl number of S = 2.53. The flame is 

 

It is indicated from the distribution that the impinging flame jet with swirl induced is 

able to produce a symmetrical and uniform heat flux distribution around the stagnation 

point of the impingement plate. The peak heat flux occurs at a location at or close to the 

hich results in a more complete combustion. 

uel-rich combustion, at Re = 1200 and H/d = 2. In this experimental setup, the ratio 

between tangential air flow and axial fuel flow determines not only the equivalence ratio 

but also the swirl number, according to Claypole and Syred [59]. So the effect of swirling 

intensity of the impinging flame jet with swirl induced on the heat flux distribution can 

also be explored through this study.  

 

.1 Effect of Reynolds number 

 

Figure 5.2 demonstrates the local heat flux distribution along the radial direction on 

the impingement plate under different Reynolds numbers at an equivalence ratio of Φ= 1, 

believed to extend from the laminar-flow to transitional conditions.  

stagnation point. When Reynolds number is increased, the heat flux value on the entire 

impingement area including the stagnation and wall-jet regions increases as the 

turbulence in the reacting flow becomes greater. Firstly, mixing of the air and fuel is 

enhanced by the increasing turbulence w
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Sec

1700, as suggested by Dong et al. [12], heat flux 

value around the stagnation point is found to decrease instead of increase continuously. 

he flame length increases with the increasing Reynolds number, and the same 

 small for the complete combustion to take place. 

Thus, there is some relatively low temperature unburned air/fuel mixture impinging upon 

the

and Re = 1700.  

The unburned air/fuel mixture will later be consumed at the wall-jet region, leading to 

a higher local heat flux there at Re = 1700. Such phenomenon is also shown in Figure 

5.2.   

 

ondly, the larger supply of air/fuel mixture provides more reactive gas species around 

the stagnation point, so that more heat is generated during the combustion process.  

 

Moreover, use of the swirling flame provides a larger space for the combustion to 

become more complete within the same distance between the nozzle exit and the 

impingement plate surface. However, when the Reynolds number increases continuously 

to the transitional condition at Re = 

T

nozzle-to-plate distance becomes too

 stagnation point of the impingement plate surface, which leads to the occurrence of a 

lower local heat flux at this point by comparing the heat flux distributions at Re = 1500 
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Radial heat flux distribution under different Reynolds numbers  

(Φ= 1, H/d = 2, S = 2.53) 

re 5.3 shows a comparison of the area-averaged heat flux on the impingement 

late under different Reynolds numbers at φ = 1, H/d = 2 and S = 2.53. It is found that the 

heat flux received by the plate increases with Re. As mentioned previously, at high Re the 

flow turbulence enhances the mixing of air and fuel and hence enhances the convection 

heat transfer. Moreover, more fuel is burned as Re is increased. It is noted that the 

increase in average heat flux is stopped at Re = 1700, and the reason has been explained 

in the previous section.  

 
Figure 5.2  
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Figure 5.3  Area-averaged heat flux on the impingement plate under different 

Reynolds numbers (Φ

 
 

 

5.2.2 Effect of nozzle-to-plate distance 

 

The effect of nozzle-to-plate distance is investigated by comparing the local heat flux 

distribution and the area-averaged heat flux on the impingement plate at Φ= 1, Re = 

heat flux distribution around the stagnation point becomes more uniform when the burner 

pingement plate, i.e. the H/d ratio is increased. But the local 
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1200 and S = 2.53. The results are shown in Figure 5.4 and Figure 5.5, respectively. The 

is moved away from the im
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heat flux there is lower. For the H/d ratio around 2.0, the high-temperature combustion 

gases impinge directly onto the plate surface to give the highest local heat flux at the 

stagnation point, as shown from Figure 5.4. However, as the H/d ratio is either decreased 

to 1.5 or increased to 2.5, a lower heating value is obtained around the stagnation point.  

 

 
 
 

Figure 5.4  Radial heat flux distribution under different nozzle-to-plate distances  

(φ = 1, Re = 1200 and S = 2.53) 

0 

20 

40 

60 

80 

100 

140 

160 

180 

0 1 2 3 4 

 

 
 
 
 
 
Local heat flux (kW/m2)

H/d=1.5
H/d=2
H/d=2.5120 
H/d=3
H/d=3.5
H/d=4

r/d

 75



It can be concluded that the nozzle-to-plate distance should not be too small, in order 

to provide sufficient space for the flame to become fully-developed. However, the heat 

flux received by the impingement plate surface decreases when the distance between the 

potential core of the flame and the plate surface is excessively large. When the H/d ratio 

 varied from 1.5 to 4, there is almost no difference in local heat flux received by the 

impinge obtained at H/d = 2.5 

pinging flame jet as 

 

ent plate surface are 

e jet is able to produce 

aximum 

swirling  more complete 

within the s obtained at the small 

H/d ratios. 

 

e so that the flame 

surface area at that point is enlarged as shown in Figure 5.1. When the nozzle-to-plate 

d

increased and its distributio owever, further increasing 

the nozzle-to-plate distance will move the high-temperature outer layer of the flame away 

from the plate surface, which leads to a decline of the heating performance. 

is

ment plate at its wall-jet region (i.e. r/d > 1.7), except that 

is slightly higher, which is a normal phenomenon of premixed im

suggested by Dong et al. [12]. 

The area-averaged heat flux values obtained on the impingem

shown in Figure 5.5. It indicates that the swirling impinging flam

higher average heat flux at the small H/d ratios (i.e. from 1.5 to 2.5), while the m

average heat flux is obtained at H/d = 2.5. As explained in the previous section, use of the 

 flame provides a larger space for the combustion to become

ame nozzle-to-plate distance, hence higher heat flux is 

 

Besides, the introduction of swirl causes the flame tip to diverg

istance is large enough for the fully-development of the flame, not only the heat flux is 

n also becoming more uniform. H
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5.2

e jet system. 

Figure 5.5  Area-averaged heat flux on the impingement plate under different 

nozzle-to-plate distances (φ = 1, Re = 1200 and S = 2.35) 

 

 

.3 Effect of equivalence ratio/Swirl number 

 

It was concluded by previous researchers [13, 14 and 35] that the maximum heat 

transfer occurs at a slightly fuel-rich laminar condition for the circular non-swirling flame 

jet. In the present study on the impinging flame jet with swirl induced, the equivalence 

ratio is varied to observe its effect on the heating performance of the flam
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Since the tangential air flow and axial fuel flow arrangement is used in this part of study, 

the air/fuel ratio and hence equivalence ratio is therefore linked directly to the Swirl 

number according to Equation (3.1): 
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When more fuel is added to the axial flow, equivalence ratio of the air/fuel mixture 

increases but due to the decrease in the ratio of the tangential flow / axial flow, the Swirl 

number is reduced. At the stoichiometric condition (i.e. Φ= 1), the corresponding Swirl 

number calculated via Equation (3.1) is as high as 2.53, so that the smoke-flow 

visualization technique can not be applied for the calculation of Swirl number. 

 

The local h  hence Swirl 

umber, at H/d = 2 and Re = 1200 is shown in Figure 5.6. Relationships between 

quivalence ratio and Swirl number are provided in the following Table 5.1: 

eat flux distribution under different equivalence ratio and

n

e
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Table 5.1  Direct Relationship Between “Φ” and “S” for Experimental Setup 1 

Equivalence Ratio Corresponding Swirl Number 

1.0 2.53 

1.1 2.11 

1.2 1.78 

1.3 1.52 

1.4 1.32 

 

 

Figure 5.6  Radial heat flux distribution under different equivalence ratios and 

Swirl numbers (Re = 1200, H/d = 2) 
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Heat flux around the stagnation point decreases severely when the equivalence ratio 

increases from of the peak om the 

stagnation point of the impingement plate. Although the heat flux continues to decrease 

as the equivalence ratio is increased, their distributions are r under the fuel-rich 

conditions.  

 

When the air/fuel ure varies from the stoichiometric ich conditions, the 

increasing fuel supply will eventually becomes excessive leading to the occurrence of 

significant amount of relatively low temperature unburned air/fuel mixture at the 

stagnation point of the impingement plate. Moreover, a higher equivalence ratio implies a 

lower Swirl number, which leads to a poorer mixing of the air and fuel and hence the 

convection heat transfer is suppressed. 

 

According to the study of Dong et al. [9 – 12], flame length of a premixed impinging 

flame jet is slightly increased when its equivalence ratio increases. As the flame length 

increases while the nozzle-to-plate distance is maintained constant, less space is therefore 

available for the combustion to become complete. The situation becomes worse as the 

induced swirl is reduced. There are more unburned air/fuel mixtures occurring at the 

stagnation point region, and they will be consumed in the later wall-jet region. Because of 

that, the location of peak heat flux is shifting outwards away from the stagnation point. It 

is worth to note that the heat flux distribution along the impingement plate has the sim ar 

tre r 

fuel-rich conditions [13]. 

 unity. The location heat flux also shifts outwards fr

simila

mixt to fuel-r

il

nd with that of a non-swirling slot premixed impinging flame jet operating unde
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The area-averaged heat fluxes obtained on the impingement plate surface under 

various equivalence ratios and also Swirl numbers are compared and presented in Figure 

5.7. The maximum heat transfer is found to occur under the stoichiometric condition and 

hence the highest Swirl number for the present experimental setup.  

 

However, due to the direct linking between the equivalence ratio and the Swirl 

num

 ratios and Swirl numbers (Re = 1200, H/d = 2) 

ber of the air/fuel jet for the present experimental setup, their effects on the heat flux 

received by the impingement plate can not be separately identified. It is therefore a 

drawback of this arrangement. 

 

 

 

Figure 5.7  Area-averaged heat flux on the impingement plate under different 

equivalence
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5.3 

e first experimental 

setup. In this particular experimental setup, fuel is admitted into the burner via the axial 

inle

ber of the air/fuel jet, the equivalence ratio of the air/fuel 

ixture, the Swirl number of the air/fuel jet and the nozzle-to-plate distance between the 

ozzle rim and the impingement plate surface, have been examined. For the present 

experimental setup, the swirl number is determined by the ratio between the tangential 

flow and the axial flow and is therefore directly linked to the equivalence ratio. Due to 

this direct linking, the effects of equivalence ratio and Swirl number on the heat flux 

received by the impingement plate can not be separately identified. It is a drawback of 

this arrangement. 

 

Based on this part of experimental study, the following conclusions can be drawn: 

 

1) The swirling flame is able to produce a more uniform heat flux distribution on 

the impingement plate around the stagnation point. Introduction of swirl causes 

 

such

SUMMARY 

 

Experiments were carried out to study the heat transfer characteristics of a circular 

premixed butane/air impinging flame jet with swirl induced via th

t while air is supplied into the burner as separate streams through the two tangential 

inlets. 

 

Effects of the Reynolds num

m

n

the flame tip to diverge so that the flame surface area at that point is enlarged

 that the heat flux distribution becomes more uniform. 
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2) When the Re ynolds number is increased, the heat flux is enhanced. Firstly, it is 

due to the increasing supply of air and fuel. In addition, the mixing between air 

premixed butane/air impinging flame jet without swirl induced [8 – 12], the best 

thermal performance is obtained when H/d = 6, which is much larger. Use of the 

obvious when the fuel supply is excessive for very fuel-rich air/fuel 

mixture. It reduces the heat flux received by the impingement plate. Besides, the 

ent 

experimental setup, which also provides a negative effect on the heat transfer to 

 

and fuel is enhanced because of the increasing turbulence. 

 

3) The optimum nozzle-to-plate distance corresponding to the occurrence of the 

peak heat flux is H/d = 2.5. While in the previous studies on single circular 

swirling flame is able to provide a larger space for the combustion to become 

more complete within the same nozzle-to-plate distance, hence higher heat flux 

is obtained at the small H/d ratios. 

 

4) When the equivalence ratio is increased, the air supply starts to become 

insufficient for the complete combustion to proceed. Occurrence of the 

relatively cool region consisting of significant unburned air/fuel mixture 

becomes 

Swirl number is also decreased as the equivalence ratio increases for the pres

the plate from the impinging flame jet. 
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CHAPTER 6 

EXPERIMENTAL STUDY WITH SETUP – II 

 

This 

which ai

into two 

other is 

streams is monitored and controlled by a rotameter. A better mixing of air and fuel is 

expected to achieve before they reach the nozzle exit. Moreover, the swirl number 

det n

independ

heat flux

 

In th

under di

received 

different  number (Re), equivalence ratio (Φ), 

ozzle-to-plate distance (H/d) and Swirl number (S) are investigated. The results obtained 

are compared with those obtained from the experimental setup I and the previous studies 

on similar circular premixed gas-fired impinging flame jets without swirl. 

 

part of experimental study was conducted with the experimental setup II, in 

r and fuel are previously mixed. The premixed butane/air mixture is then divided 

separate streams: one is admitted into the burner via the axial inlet, whereas the 

supplied into the burner through the two tangential inlets. Each of these two 

ermi ed by the ratio between the tangential flow and the axial flow is totally 

ent from the equivalence ratio so that the effects of these two parameters on the 

 received by the impingement plate can be studied separately.  

is chapter, the local heat flux distributions on the impingement plate obtained 

fferent operating conditions are reported, and the area-averaged heat flux 

by the plate can then be calculated to facilitate comparison. The effects of 

major parameters including Reynolds

n
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6.1. FLOW VISUALIZATIO

 

As ze the 

ow field of an open premixed butane/air flame jet with different swirl intensities. One of 

the tangential sub-streams is used to mix with smoke generated from a smoke generator. 

aser is applied to illuminate the flow field to facilitate a clear visualization and 

qua

. They are 

found to agree well with the values obtained from the flow visualization method when the 

swi

N 

described in Chapter 3, a smoke-flow technique has been used to visuali

fl

L

ntitative analysis of the flow field.  

 

The photographs are taken at different tangential/axial flow ratios. The Swirl number 

of the flow is then calculated with the aid of Equation (3.2). In the present study, the 

Swirl numbers are determined to be 0.075, 0.109, 0.144, and 0.171. 

 

The swirl number under each operating condition is calculated according to Equation 

(3.2). It can also be obtained by the equation, i.e. Equation (3.1), provided by Claypole 

and Syred [59], in this case, they are 0.067, 0.112, 0.24, and 0.37, respectively

rl intensity is weak (i.e. comparing S = 0.075 with 0.067, and S = 0.109 with 0.112, 

giving a difference of only 10.7 % and 2.8 %). However, the Swirl numbers obtained 

from both methods have rather significant deviation from each other when the swirl 

intensity becomes larger (i.e. comparing S = 0.144 with 0.24, and S = 0.171 with 0.37, 

giving a difference of 66.7 % and 116.4 %).  
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When turbulence is enhanced due to the increasing swirl, the velocity profile 

becomes complicated as observed in the photographs and a clear observation is relatively 

diff

 e can also be produced by inducing weak swirl. 

The

icult to obtain. In this case, the inclined angle obtained from the photograph may 

contain error. In addition, when the turbulence is enhanced, the flow decay increases so 

that the difference between the swirl number at the nozzle exit and that at the throat of the 

tangential inlets becomes very significant. 

 

It is observed that very stable flam

re is no undesirable phenomenon observed including uplift, flash back and smoke 

production.   
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(b) 

 

(a) 

 

(c) 

 

(d) 

 
 

Figure 6.1 (a) to (d)  Smoke-flow visualization of the open gaseous flows at the 

nozzle exit under different swirling intensities (Re = 1200): 

(a) θ = 4.5˚, u = 1.67 m/s, S = 0.075;   

(b) θ = 6.5˚, u = 1.54 m/s, S = 0.109;   

(c) θ = 8.5˚, u = 1.33 m/s, S = 0.144;   

(d) θ = 10˚, u = 1.21 m/s, S = 0.171. 
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6.2 LOCAL HEAT FLUX DISTRIBUTION 

 

Air and fuel are first premixed in the equalizing chamber to provide more sufficient 

mixing. Local heat flux distributions on the impingement plate obtained under different 

operating conditions are compared, in order to examine the effects of different parameters 

on the heating performance of the impinging flame jet system with swirl induced.  

 

Firstly, Reynolds number (Re) is varied from 800 to 1700 under the stochiom tric 

bustion condition (Φ= 1) at a fixed nozzle-to-plate distance ratio (H/d) of 2.5, as 

well as a fixed Swirl number (S) of 0.144. Then the nozzle-to-plate distance is varied 

from 2d to 5d at a Reynolds number of 1200 and an equivalence ratio of unity, whereas 

all four Swirl numbers have been used in this part of study.  

 

Different swirling intensities have been adopted such that effects of the 

nozzle-to-plate distance and Swirl number are investigated, besides, their interactions can 

also be studied. Finally, the equivalence ratio is varied from 1.0 to 1.2 and 1.4 at Re = 

1200 and H/d = 2.5, whereas the four Swirl numbers are again applied. Therefore the 

ffect of equivalence ratio on the heat flux received by the impingement plate can be 

observed, as well as the interaction between equivalence ratio and Swirl number studied. 

 

 

e

com

e
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6.2.1 Effect of Reynolds number  

 

 

 
 

Figure 6.2  Radial heat flux distribution under different Reynolds numbers  

(Φ= 1, H/d = 2.5 and S = 0.144) 

 

 

Figure 6.2 presents the local heat flux distribution along the radial direction on the 

impingement plate obtained under different Reynolds numbers when the equivalence 

ratio Φ= 1, the nozzle-to-plate distance ratio H/d = 2.5, and the Swirl number S = 0.144.  

 

200 

250 

Local heat flux (kW/m2)

Re=800
Re=1000
Re=1200
Re=1500

0 

50 

 

0 1 2 3 4 
r/d

100

150 
Re=1700

 89



It is obvious that as Reynolds number increases, the heat flux along the whole 

im ingement area is increased. There are more high-temperature combustion gases 

imp

istribution around the stagnation point is rather uniform and shows some characteristics 

f a non-swirling laminar impinging flame jet. It is found that under a low Reynolds 

umber and a low Swirl number, effect of inducing swirl on the thermal characteristics of 

a premixed butane/air impinging flame jet is less significant. 

 

The area-averaged heat fluxes on the impingement plate obtained under different 

Reynolds numbers are compared and presented in Figure 6.3. It can be seen that the heat 

flux is increased with Reynolds number, at which a higher flow rate of air/fuel mixture 

implies that more reacting gases are brought to the combustion zone within the same time 

period. Also, it is noted that when Reynolds number is increased from 1200 to 1500, the 

heat flux value experiences a rather rapid augmentation. The swirling flow added to the 

turbulence of the flame may lead to the development of laminar flow into transitional 

flow at a lower Reynolds number compared with the non-swirling impinging flame jets. 

p

inging onto the impingement plate to enhance the heat transfer. The increasing 

turbulence leads to more rigorous mixing to facilitate a more complete combustion 

process. When the Reynolds number is low, for example Re = 800, the heat flux 

d

o

n
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6.2.2 Effect of nozzle-to-plate distance 

 

Figures 6.4 (a) to (d) show the comparison of local heat flux distributions on the 

impingement plate obtained at various nozzle-to-plate distances under different swirling 

intensities at Re = 1200 and Φ= 1. Use of the induced swirl enhances the space between 

the nozzle exit and the impingement plate surface, such that more complete combustion 

 
 

Figure 6.3  Area-averaged heat fluxes on the impingement plate under different 

Reynolds numbers (Φ= 1, H/d = 2.5 and S = 0.144)  
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can be achieved at the same nozzle-to-plate istance so that the heat transfer rate around 

the stagnation point is rather high even though at the rather small nozzle-to-plate distance 

of H/d = 2.  

 

When the flame jet is operating under a laminar flow condition and a low swirling 

intensity the centrifugal force generated by the swirling flow results in a divergence of 

the flame. As a result, the flame surface area at the flame tip is enlarged. Hence the heat 

flux distribution is rather uniform around the stagnation point.  

 

However, when the swirl intensity is rather low (i.e. θ = 4.5º and S = 0.075), the 

central cool core of significant amount of unburned air/fuel mixture which is the 

characteristics of a non-swirling laminar impinging flame jet appears when H/d = 2. The 

swirl is too weak to ef  

close to the impingement plate, this unburned air/fuel mixture impinges directly onto the 

plate.  

 

When the burner is moved away from the impingement plate, the longer distance 

between the nozzle exit and the impingement plate allows the flame to become 

fully-developed so that the cold core disappears and the local heat flux around the 

stagnation point becomes more uniform.  

d

fectively enhance the mixing so that when the nozzle exit is too
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Figure 6.4 (a)  Radial heat flux distribution at different nozzle-to-plate distances  

(Φ= 1, Re = 1200 and S = 0.075) 

 
 
 
 

 

the difference in local heat flux on the 

impingement plate caused by changing the nozzle-to-plate distance is rather small when 

the radial distance exceeds 1.7d away from the stagnation point (i.e. the wall-jet region). 

 
In addition, influence of the nozzle-to-plate distance on the heat flux distribution at 

the stagnation region is rather similar when the Swirl number is increased from 0.075 to 

0.171. One more thing to be noted is that 
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Figure 6.4 (b)  Radial h ozzle-to-plate distances 

(Φ= 1, Re = 1200 and S = 0.109) 
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Figure 6.4 (c)  Radial heat flux distribution at different nozzle-to-plate distances 

(Φ= 1, Re = 1200 and S = 0.144) 
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Figure 6.4 (d)  Radial heat flux distribution at different nozzle-to-plate distances 

(Φ= 1, Re = 1200 and S = 0.171) 

 

 

 

The area-averaged heat transfer rate that varied with the nozzle-to-plate distance is 

shown in Figure 6.5. The area-averaged heat flux on the impingement plate decreases as 

the nozzle-to-plate distance is increased from 2d to 5d. The induced swirl reduced the 

flame length in the axial direction leading to the occurrence of a very short optimum 

nozzle-to-plate distance of 2d, which is corresponding to a maximum impinging heat 

transfer. 
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According to Dong et al. [11 and 12] that a peak area-averaged heat flux is occurred 

at H/d = 5 for a premixed butane/air non-swirling impinging flame jet of the same 

geometrical configuration. The reduction in flame length of a premixed flame jet with 

induced swirl has been confirmed by Zhao et al. [15] in their numerical study of a 

swirl-stabilized premixed open flame. Therefore there is no contradiction between the 

present findings with that suggested by Dong et al. [11 and 12]. The swirl induced 

promotes a more rigorous mixing of the air and fuel within a smaller distance between 

the nozzle exit and the impingement plate surface, which leads to a more complete 

combustion to occur within a smaller nozzle-to-plate distance. 

 

 

 

Figure 6.5  Area-averaged heat flux on the impingement plate at different 

nozzle-to-plate distances and Swirl numbers (Φ= 1 and Re = 1200)
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6.2

 

.3 Effect of Swirl number 

 

The heat flux distributions on the impingement plate obtained under different swirl 

intensities are compared and presented in Figure 6.6. The centrifugal force generated by 

the swirling flow produces an outflow of high temperature gas species so that when the 

swirl intensity and hence the Swirl number is increased from 0.075 to 0.144, location of 

the peak heat flux shifts outwards from the stagnation point. Besides, the local heat flux 

at the stagnation point is slightly reduced. 
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Figure 6.6  Radial heat flux distribution under different swirl intensities 

(Φ= 1, Re = 1200 and H/d = 4) 
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However, it is interesting to note that when the Swirl number is further increased to 

0.171, the turbulence in the flame can be easily observed. The swirling flow may produce 

a r

 

Figure 6.7 indicates the area-averaged heat flux on the impingement plate under 

different Swirl numbers. It is observed that the area-averaged heat transfer to the 

impingement plate is not much varied with the swirl intensity, disregarding the change in 

nozzle-to-plate distance. The heat transfer rate first slightly increases with the increasing 

Swirl number, but declines suddenly when the swirl intensity becomes stronger at S = 

0.171.  

 

As shown in Figure 5.1, when a tangential stream is applied, the flow of butane/air 

mixture at the nozzle exit diverges from the axial direction due to the centrifugal force 

generated so that the flame surface area becomes larger. Besides, increase of the 

tangential flow rate results in an enhanced mixing of the air and fuel which leads to a 

more complete burning of the fuel. It is the reason for the area-averaged heat flux to 

increase when the tangential stream continue to increase.  

 

ecirculation zone around the stagnation point as suggested by the flow model 

developed by Huang and El-genk [7]. Thus, a higher heat transfer from the impinging 

flame to the stagnation point of the impingement plate is obtained. In addition, the 

outward shift of the peak heat flux is slightly reduced and the heat flux is much lower at 

the wall jet region, which indicates the outflow of the high temperature gas species 

becomes less serious. 

s 
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Average heat flux 

 
 
 

Figure 6.7  Area-averaged heat flux on the impingement plate under different swirl 

intensities and nozzle-to-plate distances (Φ= 1 and Re = 1200) 

 

 
 
 

augmented with larger swirl 

intensities and then decreases when the swirl intensity is further increased.  

 

 

In addition, the flow starts to change from laminar to turbulent conditions, which can 

be observed in Figure 6.1 (d). The same phenomenon is observed in the work of Huang 

and El-genk [7], in which the heat transfer of swirling impinging jets has been studied 

and the influence of Swirl number on the heat transfer performance is examined. It is 

suggested that heat transfer to a heating object is first 
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In the present study, when the flow of butane/air mixture at the nozzle exit is 

s vague 

sity. 

ely with 

ay 

 

6.2.4 

 

the heat tra s shown in 

Figures 6.8 (a) to (d). The influence of the equivalence ratio on the heat transfer between 

the swirling flame and the impingement plate is different from that of the non-swirling 

flame. When the swirl intensity is rather low (θ = 4.5º, S = 0.075), the heat flux value 

around the stagnation point is highest under the stoichiometric condition, which is the 

sam

developed from laminar to transitional conditions, the flame front become

because of the increasing turbulence which is enhanced by the increasing swirl inten

It is possible for the flame to approach the flammable limit and the heating performance 

begins to decrease at the same nozzle-to-plate distance. The findings agreed clos

those suggested by Zhang and Hill [62]: further increase of the swirling intensity m

cause the flame to become unstable and even blow off.  

 
 

Effect of equivalence ratio  

The premixed air/fuel ratio is varied to examine the effect of the equivalence ratio on 

nsfer characteristics of the circular swirling impinging flame jet, a

e as the non-swirling flame jet. However, the induced swirl not only effectively 

enhances the mixing of air and fuel but also entrains more ambient air into the burning 

zone around the nozzle exit, so that the heating performance of the swirling impinging 

flame jet under fuel-rich conditions becomes better than that of the non-swirling flame 

jet. 
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bustion process but the induced swirl is able to entrain more air into the combustion 

zone and the heating performance can be further enhanced.  
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Figure 6.8 (a)  Radial heat flux distribution under different equivalence ratios  

(Re = 1200, H/d = 2.5 and S = 0.075) 

 
 
 
 
 
 

When the equivalence ratio increases to 1.2, the flame length increases which results 

in the outflow of high-temperature combustion gases after impingement, thus the heat 

flux value in the stagnation region decreases and the heat flux distribution becomes more 

uniform. As the equivalence ratio continues to increase, more fuel is added to the 

com
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The flame length is increased as a result of the increasing equivalence ratio. It 

enlarges the area impinged by the flame on the impingement plate, which also provides a 

positive effect on the heat flux received by the plate.  

 
 

 

Figur

(Re = 1200, H/d = 2.5 and S = 0.109) 
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Figure 6.8 (c)  Radial heat flux distribution under different equivalence ratios 
 

(Re = 1200, H/d = 2.5 and S = 0.144) 
 

 

 

 

 

impingement plate at diff ent at the wall-jet region. 

It may be due to the rather excessive amount f unburned air/fuel mixture obtained at the 

wall-jet region when the equivalence ratio is high (i.e. Φ= 1.4). Consumption of this 

unburned air/fuel mixture increases the heat flux received by the impingement plate at its 

wall-jet region. 

It is observed from Figures 6.8 (a) to (d) that heat fluxes received by the 

erent equivalent rati s are slightly differo
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Figure 6.8 (d)  Radial heat flux distribution under different equivalence ratios  

(Re = 1200, H/d = 2.5 and S = 0.171) 
 

 

 

 

The area-averaged heat flux on the impingement plate increases rather slightly when 

more fuel is provided, which is shown in Figure 6.9. It is worth to note that when the 

swirl is strong enough to produce a transitional flame (θ = 10º and S = 0.171), the 

turbulence causes a change in the effect of equivalence ratio on the heat flux distribution 

at the stagnation point region. The heat transfer rate shows small difference between 
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different air/fuel mixture ratios.  
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As the fuel supply is increased, the peak heat flux occurs at a location closer to the 

stagnation point. Besides, a fuel-rich mixture of Φ= 1.2 provides the highest maximum 

heat transfer rate. It is assumed that the turbulence can promote a more complete 

combustion within a shorter nozzle-to-plate distance at the equivalence ratio of 1.2. But 

when the fuel supply becomes too rich, more high-temperature gases flow out from the 

stagnation point region causing a drop of local heat flux at the stagnation point due to the 

occurrence of a larger cool region of significant amount of unburned air/fuel mixture. 

 

 

 
 Swirl numbers (Re = 1200 and H/d = 2.5) 
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Figure 6.9  Area-averaged heat flux on the impingement plate under different 

equivalence ratios and
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6.3 

he 

ffects of important parameters, including Reynolds number of the air/fuel jet, 

ozzle-to-plate distance, Swirl number of the air/fuel jet and equivalence ratio of the 

air/fuel mixture, on the local heat flux distribution along the radial direction of the 

impingement plate and the area-averaged heat flux arriving at the plate are examined.  

 

Based on the experimental results, the following conclusions can be made: 

 

1) When the experimental setup II is applied, effects of the equivalence ratio and 

Swirl number on the heat flux received by the impingement plate are no longer 

depended on each other, and can be individually assessed. It is definitely an 

advantage in using this particular setup. However, only very weak swirl can be 

introduced via this approach, which is a significant drawback of the method. On 

the one hand, the smoke-flow visualization method is unable to accurately 

identify the swirl number when the swirl intensity becomes too large. On the 

e 

co

SUMMARY 

 

Experimental studies have been conducted to investigate the heat transfer 

characteristics of a butane/air premixed impinging round flame jet with swirl induced via 

the second experimental setup. In this particular setup, air and fuel are premixed before 

they are divided into two separate streams: one is supplied to the burner through the axial 

entrance, whereas the other is admitted into the burner via the tangential inlets. T

e

n

other hand, because of the rather narrow flammable limits such swirling flam

uld be operated within a small operation range only. 
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2) The heat transfer rate on the whole impingement plate increases with the 

increasing Reynolds number, which agrees with the study on non-swirling 

e. 

around H/d = 2 to 2.5), corresponding to a maximum heat transfer received by 

nd in the 

experimental work conducted with the experimental setup I. Thus, it is suggested 

 

4) 

impinging flame jet with similar configuration and operating conditions. It is 

noted that the average heat flux experienced a more rapid increase when Re is 

increased from 1200 to 1500, but the increase becomes less significant when Re 

is further increased to 1700, at which point the transitional flow is assumed to 

start to occur. 

 

3) Use of a swirling flow can promote the local turbulence and enhance the mixing 

of air and fuel, which enables a complete combustion to occur within a smaller 

nozzle-to-plate distance. Thus, a smaller optimum nozzle-to-plate distance (i.

the impingement plate, is obtained. Such phenomenon is also fou

that a smaller nozzle-to-plate distance can be used to enhance the thermal 

performance of a swirling impinging flame jet.  

As mentioned in the previous section, a smaller nozzle-to-plate distance can be 

adopted when a swirling impinging flame jet is used even though a complete 

combustion is aimed to achieve. In fact, the axial component of the flame length 

is reduced by applying swirl. Occurrence of the cool central core consisting of a 

significant amount of unburned air/fuel mixture of a premixed flame, which is 

the characteristics of a laminar impinging flame jet without swirl induced, can be 
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avoided. It is achieved by applying a swirling flow with sufficiently large swirl 

intensity. 

The local heat flux distribution is far more uniform around the stagnation point 

of the impingement plate when a swirling impinging flame with large intensity is 

applied. The divergence of the flame tip enlarges the flame’s surface area there 

so that the hea

 

5) 

t transfer rate in the stagnation zone is higher. In addition, location 

of the maximum local heat flux is shifted outwards away from the stagnation 

 

6) 

 laminar to transitional flow 

conditions, the flame front becomes vague because of the increasing turbulence 

 

point as intensity of the induced swirl is increased because of the increasing 

centrifugal force. Such that a significant amount of active gaseous species is 

brought to the wall-jet region from the stagnation region. 

The total heat flux received by the impingement plate is first increased with the 

swirl intensity because of a better mixing between the air and fuel. However, it 

decreases as the Swirl number becomes too large. When the flow of butane/air 

mixture at the nozzle exit is developed from

which is enhanced by the increasing swirl intensity. It is possible for the flame to 

approach the flammable limit, beyond this the flame starts to flicker and 

becomes unstable and the heating performance begins to decrease at the same 

nozzle-to-plate distance. 
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7) 

mpinging flame jet system is different from that concluded in the 

experimental work conducted with the experimental setup I, as well as those 

 of the heat flux values 

along the whole plate. When the swirl intensity is further enhanced, more 

 

The influence of equivalence ratio on the heat transfer characteristics of the 

swirling i

reported by previous studies on the impinging flame jet without swirl induced. 

The induced swirl enables more ambient air to be entrained so that even though 

the premixed butane/air mixture is fuel-rich, the combustion can still be more 

complete when compared to that of the non-swirling flame jet of similar 

configuration. The heating performance is only slightly enhanced when more 

fuel is provided. The flame length is slightly lengthened as the equivalence ratio 

increases, which enlarges the surface area on the impingement plate to be 

impinged by the swirling flame jet. It leads to an increase

high-temperature gases flow out from the stagnation point region causing a drop 

of local heat flux at the stagnation point due to the occurrence of a larger cool 

region of significant amount of unburned air/fuel mixture. 
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CHAPTER 7  

is chapter, the heat transfer characteristics of the premixed impinging flame jet 

irl induced obtained from both setups of the present experimental study are 

d with those obtained from previous studies on the non-swirling single 

g circular and slot flame jets. 

OMPARISON BETWEEN SWIRLING AND NON-SWIRLING FLAME 

ETS 

COMPARISON WITH NON-SWIRLING FLAME JET 

 

 

In th

with sw

compare

impingin

 

 

7.1 C

J

 

.1.1 Comparison between swirling flame jet of experimental setup I and 

non-swirling flame jet 

 

Heat flux distributions on the impingement plate obtained from the present study 

conducting with the experimental setup I are compared with the results obtained from 

previous studies on non-swirling premixed impinging flame jets of similar configuration 

[9 – 14] operating under the same operating conditions, and presented in Figure 7.1.  

7

111 



 

F .1  Comparison of heat flux distributions between swirling and 

non-swirling premixed impinging flame jets (Φ= 1, H/d = 2 and Re = 1700) 

 
 

 

oth 

circular and slot flame jets. Besides, it is more pronounced in the circular instead of slot 

flame jets due to the influence of nozzle shape. As described previously, the inner 

igure 7

 

It is concluded by Dong et al. [12] that the cool central core consisting of a significant 

amount of unburned fuel as shown in Figure 7.1, which is a special feature of the laminar 

impinging flame jet, usually occurs at the stagnation region of impingement plate for b
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reaction zone of an impinging flame jet acts as a barrier to a certain extent to prevent the 

entraining of ambient air. This results in the occurrence of the central cool core and the 

direct impingement of unburned air/fuel mixture onto the plate. However, use of the 

circular impinging flame jet with swirl induced helps minimizing the occurrence of such 

central cool core. The heat flux distribution on an impingement plate operating with a 

swirling flame is more uniform around its stagnation point, and the peak heat flux is also 

occurred in this region.  

 

The introduction of swirl is able to shorten the axial component of the flame length so 

that the flame can be developed better within the same nozzle-to-place distance before it 

is impinging upon impingement plate. Moreover, the divergence of the flame tip 

enhances the flame’s surface area and therefore increases the contacting area between the 

flame and the plate. In addition, the induced swirl also promotes local turbulence in the 

reacting f  

combustion at the stagnation point region. 

 

It is impossible to consider accurately the difference in surface properties including 

aterial’s thermal conductivity, surface emissivity and surface roughness, and heat loss 

om the flame jet system to its surroundings, between the present experimental systems 

wit

low, which enhances the mixing of air and fuel to facilitate a more complete

m

fr

h those applied in the previous studies. However, thermal performance of the swirling 

impinging flame jet can be estimated to be comparable with that of the non-swirling 

flame jet, as shown on Figure 7.1.  
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7.1.2 Comparison between swirling flame jet produced by experimental setup II 

and non-swirling flame jet 

 

Figure 7.2 indicates the comparison between the heat flux distributions on the 

impingement plate obtained with a swirling impinging flame jet operating with different 

swirl intensities and those obtained with a single non-swirling circular or slot impinging 

flame jet with similar configuration [12 and 13], and operating under the same operation 

onditions. It is concluded that the optimum nozzle-to-plate distance corresponding to the 

max

ved through the comparison. Firstly, the cool 

core of the flame at the stagnation point region occurring in both circular and slot flame 

jets

l performance.   

 

c

imum area-averaged heat flux on the impingement plate is obtained at H/d = 5 under 

the stoichiometric combustion condition for non-swirling flames. The cool core appears 

in both non-swirling circular and slot flame jets. However, the optimum nozzle-to-plate 

distance for the swirling impinging flame jet is obtained at H/d = 2, according to the 

present study.   

 

There are two important findings obser

 can be avoided by inducing swirl even with rather low swirl numbers. Thus, inducing 

swirl help producing a more uniform heat flux distribution on the impingement plate, 

especially around the stagnation point. Secondly, it is able to develop a stable premixed 

impinging flame with induced swirl at low Reynolds numbers and swirl numbers. 

However, further investigations are desirable to identify the most suitable operation 

conditions to utilize its better therma
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Figure 7.2  Heat flux distribution comparison of flame jets with and without swirl 
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Again, it is impossible to consider accurately the difference in surface properties and 

the heat loss from the flame jet system to its surroundings, between the present 

experimental systems with those applied in the previous studies. Besides, the swirling 

impinging flame jet appears to have better thermal performance around the stagnation 

region, but a lower heat flux distribution is obtained at the wall-jet region. The swirling 

flames are able to produce a more uniform heat flux on the impingement plate when 

compared to their counterparts, as shown on Figure 7.2.  

 

It seems possible to achieve comparable thermal performance by the non-swirling 

flames when they are working under the optimized operation conditions. However, 

further investigations will be required to utilize their applications.   

 

 

7.2 COMPARISON BETWEEN SWIRLING FLAME JETS PRODUCED BY 

EXPERIMENTAL SETUPS I AND II 

 

Figure 7.3 illustrates the heat flux distributions on the impingement plate obtained 

from the premi imental setups 

and II.  

 

The heat transfer rate around the stagnation point is evidently enhanced in the setup II. 

he mixing of air and fuel is more rigorous as they have been premixed in the premixed 

chamber. Even though the swirl number of the swirling flow produced by the 

xed swirling impinging flame jets produced from both exper

I 

T
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exp

 

erimental setup I, as calculated from Equation (3.1), is much larger than that obtained 

from the experimental setup II, its heating performance around the stagnation point is 

actually lower.  

 

 

Figure 7.3  Heat flux distributions on the impingement plate in Experimental 

setups I and II (φ = 1, Re = 1200 and H/d = 2) 
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For example, at φ = 1 and Re = 1200, the swirl number is determined from Equation 

(3.1) to be 2.53, which is very large. However, as shown from the experimental results, 

the area-averaged heat fluxes on the impingement plate obtained from the experimental 

setup I are still lower than those obtained from the experimental setup II, when both 

systems are operating under the same operation conditions. Such discrepancy may also be 

attributed to the over-estimate of the actual Swirl number by using Equation (3.1), which 

is a drawback of the experimental setup I. 

 

For the experimental setup I, the swirl number is determined by the ratio between the 

tangential flow and the axial flow and is therefore directly linked to the equivalence ratio. 

Effects of equivalence ratio and Swirl number on the heat flux received by the 

impingement plate are unable to be separately identified. It becomes another drawback of 

this arrangement. 

 

Considering the experimental setup II, effects of the equivalence ratio and Swirl 

number on the heat flux received by the impingement plate can be individually assessed, 

which is definitely an advantage in using this particular setup. It is found that only very 

weak swirl can be introduced via this approach, which is a drawback of the method. 

However, such drawback may be compensated to a certain extent because the air and fuel 

are premixed thoroughly before they are delivered to the burner in this arrangement. 
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CHAPTER 8 

 

 

In this chapter, non-dimensional heat transfer coefficient, the Nusselt number, is 

analytically correlated with the major non-dim

ANALYSIS OF IMPINGEMENT HEAT TRANSFER 

ensional experimental parameters, 

including Prandtl number (Pr), Reynolds number (Re), equivalence ratio (Φ), 

nozzle-to-plate distance (H/d) and Swirl number (S), by using the multiple regression 

method in Matlab 7. Comparison of heat transfer characteristics can then be made 

between the present study and previous studies on premixed circular impinging flame jets 

without swirl. 

 

 

8.1 MAXIMUM LOCAL NUSSELT NUMBER 

   

For the swirling impinging flame jet system under consideration, the 

non-dimensional correlation of maximum local Nusselt number (hence maximum local 

convective heat transfer coefficient) with the other major operating parameters for the 

premixed gas-fired circular impinging flame jets with swirl induced can be developed 

with the following general form: 
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⎛= φRePrmax      . . . . . . (8.1) 

 

With the aid of the experimental results obtained from the experimental setup II of 

the present study, the unknowns in Equation (8.1) (i.e. C, a, b, c, d and e) can be 

determined and the resultant non-dimensional semi-empirical equation takes the 

following f
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correlation line and the experimental data are shown in Figure 8.1, with a maximum 

devi

 

The 

ation of 7.5 %. It is suggested by Dong et al. [12] that the correlation of maximum 

local Nusselt number for the similar impinging flame jet without swirl induced as: 
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Figure 8.1  Maximum local Nusselt number correlation for 

swirling impinging flame jet  
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8.2 AREA-AVERAGED NUSSELT NUMBER 

The correlation of area-averaged Nusselt number 

 

( )Nu  (hence the area-averaged 

convective heat transfer coefficient) and the major non-dimensional experimental 

parameters, including Prandtl number (Pr), Reynolds number (Re), equivalence ratio (Φ), 

nozzle-to-plate distance (H/d) and Swirl number (S), for the premixed gas-fired circular 

impinging jets with swirl induced is obtained with the following general form: 

 

1
1

111 Re1Pr e
d

cba S
d
HCNu ⎟
⎠
⎞

⎜
⎝
⎛= φ          . . . . . . (8.4) 

 

Nu  is calculated accord 4.10). With the aid of the experimental 

results obtained from tup II of the present study, the unknowns in 

can be determined to give an equation for 

solving 

ing to Equation (

 the experimental se

Equation (8.4) (i.e. C1, a1, b1, c1, d1 and e1) 

Nu

rly wall-

. The integration area under consideration contains the stagnation zone and 

the ea jet region (i.e. 0 ≦ r/d ≦ 3.5 ion ates the 

non-dimensional correlation for the determi tion o ber. 

As shown in Figure 8.2, the maximum deviation of the experimental results from the 

correlation line is 8.9 %. 

 

). Equat  (8.5) indic

na f the area-averaged Nusselt num
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which is proposed by Dong et al. [
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Figure 8.2  Area-averaged Nusselt number correlation for  
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8.3 COMPARISON BETWEEN SWIRLING AND NON-SWIRLING 

CIRCULAR PREMIXED IMPINGING FLAME JETS 

 

The effect of Reynolds number on the variation of maximum local Nusselt number is 

similar for both swirling and non-swirling flame jets, as shown by comparing Equations 

(8.2) and (8.3). However, when the equivalence ratio is increased to achieve the fuel-rich 

combustion, swirling flame jet shows advantage over its counterpart in term of maximum 

local heat transfer rate on the impingement plate. The difference is also caused by the 

influence of nozzle-to-plate distance. The peak value of local Nusselt number starts to 

decrease when the swirling flame jet is moved away from the plate (i.e. H/d ratio is 

increased) while an opposite trend is obtained for the non-swirling impinging flame. In 

addition, effect of the Swirl number can be concluded from the correlation. When the 

swirl intensity becomes too strong, the maximum heat transfer rate on the impingement 

 

As can be seen in the Equations (8.5) and (8.6), the area-averaged heat transfer rate 

on the im ent plate is enhanced when the Reynolds  both the 

on-swirling and swirling flame jets, but the increasing rate is much rapid for the 

fuel 

mixture so that the influence of increasing Reynolds number becomes less obvious. In the 

swirling impinging flame fect the 

flow, combustion and heat transfer characteristics. 

 

plate is decreased instead of increased. 

 number increases forpingem

n

non-swirling flame jet. The induced swirl enhances the local turbulence of the air/

 jet, Swirl number becomes an important factor to af
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It is suggested by Dong et al. [12] that not only the maximum local heat transfer rate 

o the area-averaged heat transfer increase when the nozzbut als le-to-plate distance is 

creased from very small value, with an optimum nozzle-to-plate distance corresponding 

to a

hich contributed to the amount of heat produced. 

This is favorable in practical applications because the gas-fired domestic heating 

app

f a central cool core, which is usually 

found in the non-swirling laminar flame jet. Therefore the local heat flux received at the 

in

 maximum heat transfer obtained at H/d = 5. In the present study of impinging flame 

jet with swirl induced, it is found that the axial component of the flame length is 

shortened and the mixing of air and fuel becomes more rigorous, so that the best heating 

performance is obtained at a smaller H/d ratio between 2 and 2.5. The heat flux decreases 

when the burner is moved away from the plate, i.e. H/d > 2.5. Thus, it is suggested that a 

smaller optimum nozzle-to-plate distance occurs for the swirling flame jets. 

 

Another finding which is worth to note is both the maximum and area-averaged heat 

transfer rates increase when the equivalence ratio is raised to the fuel-rich condition. The 

swirl entrains more ambient air into the combustion zone during the combustion process 

so that the extra fuel can be burned, w

liances commonly adopted are mainly operated under fuel-rich conditions.  

 

The heat transfer rates produced by a premixed impinging flame jet with induced 

swirl as measured in the present study are compared with those obtained from previous 

works on similar non-swirling flame jets as shown in Figures 7.1 and 7.2. It is noted from 

the heat transfer rates obtained at the stagnation point that, use of a premixed flame jet 

with induced swirl is able to reduce the production o
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stagnation point of the impingement plate is much higher when it is impinged upon by a 

swirling flame. 
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CHAPTER 9 

CONCLUSIONS AND RECOMMENDATIONS 

 

Heat transfer characteristics of impinging flame jets have been investigated by many 

previous researchers. Different methods were applied to enhance the combustion 

efficiency and hence the heat transfer performance of the flame jets. Swirl has been 

successfully adopted in the large-scale industrial combustors utilizing turbulent diffusion 

flame jets to extend the flame stability as well as to enhance the combustion efficiency. 

However, the application of swirl to the small-scale premixed gas-fired impinging flame 

jets under low Reynolds numbers has not yet been reported.  

 

The present study is conducted to fill the gap by studying the flow and heat transfer 

characteristics of the premixed butane/air circular impinging flame jets with induced 

swirl. An essentially experimental approach has been adopted. Swirl is induced by 

balancing the axial flow and tangential flow of working fluids into the conical chamber of 

the burner, where the tangential flow is admitted into the burner through two symmetrical 

tangential inlets. The local heat flux distributions on the copper impingement plate under 

different operating conditions are measured and compared. The total heat flux received 

 

 

9.1 CONCLUSIONS 
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by the impingement plate is then o g the local heat flux of the whole 

impingement area of the plate. The area-averaged heat flux can also be obtained by 

dividi

 

The major operation parameters including Reynolds number of the air/fuel jet, Swirl 

umber of the air/fuel jet, nozzle-to-plate distance and equivalence ratio of the air/fuel 

riments, in order to examine their effects on the thermal 

performance of the swirling impinging flame jet. Butane gas is used as the gaseous fuel 

for 

itted into the burner via the 

tangential and axial inlets, respectively. Thus, ratio between the tangential flow / axial 

flow

btained by integratin

ng the total heat flux by the whole impingement area under consideration. 

n

mixture are varied in the expe

the present investigation.   

 

Two experimental setups, namely I and II, have been used to produce the swirling 

flame jets, in which different methods to mix and distribute the air and fuel streams into 

the burner are applied.  

 

In the experiment setup I, the air and fuel streams are adm

 which determines the Swirl number is directly linked to the air/fuel ratio (i.e. 

equivalence ratio). For this particular setup, effects of the Swirl number and equivalence 

ratio can not be separately assessed but the swirl intensity obtained within the flame 

stability limit can be rather high. The method used together with the experimental setup I 

is also referred as the “Geometric Swirl Number Calculation Method” [55 and 56], in 

which the Swirl number is calculated directly from the tangential and axial flow rates. 
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In the experiment setup II, the air and fuel are premixed in a premixed chamber and 

the air/fuel mixture is divided into two separate streams, which are then supplied to the 

burner via the axial and tangential inlets. Each of these two streams is monitored and 

measured by a flow meter. The method applied with the experimental setup II can be 

call

d from both experimental setups I and II are discussed 

and compared with each other, as well as with the findings obtained form the previous 

wor

 of the convective heat transfer coefficient, both local and 

area-averaged, between the swirling impinging flame jet and the impingement plate. In 

add

 

ed the “Smoke Flow Visualization Technique”, in which the Swirl number is 

determined with the aid of the photographs obtained by applying the smoke flow 

visualization technique. 

 

Experimental results obtaine

k on non-swirling flame jets. Semi-analytical non-dimensional equations are 

developed with the aid of the present experimental results. These equations provide quick 

but accurate predictions

ition, a better understanding of the impinging flame jet with swirl induced can be 

achieved by comparing the present findings with those obtained with similar impinging 

flame jets without swirl induced, which have been reported by previous researchers.  

 

In this chapter, conclusions are drawn based on the present study, however, 

suggestions for possible future work on premixed gas-fired impinging flame jets with 

swirl induced are also provided. 
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9.1

e of a swirling impinging flame jet shows a divergence at the 

flame tip, which is different from the typical conical Bunsen flame without swirl 

the 

other hand, the local turbulence is enhanced. The heat flux distribution around 

as been avoided.  

 

.1 Work performed with experimental setup I 

 

Photographs of the impinging flame are taken by a digital camera. Effects of 

Reynolds number, nozzle-to-plate distance, Swirl number and equivalence ratio are 

examined. The following summaries can be drawn: 

 

1) The flame shap

induced. Besides, flow pattern of the combustion gases is slightly changed due to 

the introduction of swirl.  

 

2) The premixed circular impinging flame jets with swirl induced can produce a 

more uniform local heat flux distribution around the stagnation point of the 

impingement plate when compared with the non-swirling counterparts. 

 

3) When Reynolds number is increased, the heat flux received by the impingement 

plate increases. On the one hand, the air and fuel supplies are increased. On 

the stagnation point is rather uniform and the occurrence of a central cool region 

at the stagnation point, which is usually obtained with the impinging flame jet 

without swirl induced, h
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4) The optimum nozzle-to-plate distance corresponding to the occurrence of a 

maximum area-averaged heat flux is obtained at H/d = 2.5 in swirling flame jet. 

lame.  

 

. The heat transfer rate around the stagnation point 

decreases, and the thermal characteristics of the flame becomes similar to that of 

 

6) ances of 

both circular and slot premixed impinging flame jets without swirl, it can be 

 

 

 

The introduction of swirl has obviously reduced the axial component of the 

flame length which indicates a smaller nozzle-to-plate distance is already 

sufficient for the fully development of the f

5) When the equivalence ratio is increased, not only the air supply is insufficient 

for the combustion to become complete but the Swirl number is also decreased, 

which results in the impingement of larger amount of unburned fuel onto the 

impingement plate surface

the non-swirling impinging flame.  

Comparing the present experimental findings with the heating perform

concluded that the swirling flame is able to produce a better heating effect 

around the stagnation point of the impingement plate. This also suggests the 

significance to investigate the feasibility in substituting the multiple-jet 

arrangement of the non-swirling impinging flame jets by swirling flame jets in 

many domestic and industrial applications.  
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9.1 W

 

Smo

flow and

setup. E olds number, nozzle-to-plate 

istance, Swirl number and equivalence ratio, on the local heat flux distribution along the 

rad i

plate are

 

1) 

ore uniform. 

 

he flow condition from laminar to 

transitional, perhaps, it brings an adverse effect to the thermal performance of 

the flame jet system. Thus, it suggests the importance to investigate the 

flammable limits of the swirling impinging flame jet.     

.2 ork performed with experiment setup II 

ke flow visualization technique has been applied to aid the understanding of the 

 heat transfer characteristics of the swirling impinging flame in this experimental 

ffects of the important parameters, including Reyn

d

ial d rection of the impingement plate and the area-averaged heat flux receiving by the 

 examined. The following summaries can be drawn: 

The divergence of the flame tip caused by the swirl has enlarged the flame’s 

surface area there, so that the heat flux received by the impingement plate 

around its stagnation zone becomes m

2) The heat flux received by the whole impingement plate increases with the 

increasing Reynolds number, which agrees well with the findings of the studies 

on non-swirling impinging flame jets. It is noted that for the swirling flame, the 

area-averaged heat flux experiences a more rapid increase when Re is increased 

from 1200 to 1500. However, when Re is further increased to 1700, the 

area-averaged heat flux received by the impingement plate is slightly decreased 

instead. It may be due to the transition of t
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3) The optimum nozzle-to-plate distance corresponding to the occurrence of a 

maximum impingement heat transfer is obtained between H/d = 2 and H/d = 2.5. 

t of an impingement plate, 

which is the usual characteristics of a premixed gas-fired laminar impinging 

 

5) s outwards away from the 

stagnation point as the induced swirl is increased because of the increasing 

 

It confirms the findings obtained from the experimental setup I that the mixing 

of air and fuel, and hence a more rapid combustion can be achieved by the 

introduction of swirl. It also shows that a better mixing of the air and fuel can be 

achieved by using the experimental setup II.   

 

4) The central cool core occurs at the stagnation poin

flame jet system can be avoided by applying a swirling flow. 

Location of the maximum local heat flux shift

centrifugal force, which brings the active gaseous species towards the wall-jet 

region. When the swirl intensity is increased, the heat transferred to the 

impingement plate is first increased because of a better mixing between the air 

and fuel but is decreased when the Swirl number is becoming too large. It may 

be attributed to the fact that transition of the flow condition from laminar to 

transitional is encouraged to take place earlier by the turbulence generating with 

the swirling flow. 
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6) The induced swirl enables more ambient air to be entrained into the combustion 

zone to facilitate a more complete combustion, so that even though the premixed 

mixture is slightly fuel-rich, the combustion can be more complete than that is 

occurred in the non-swirling impinging flame jet. When the swirling impinging 

flame jet is applied, the heating performance is enhanced when the supplied fuel 

is slightly rich. The flame length is also slightly prolonged when the equivalence 

ratio is increased, which enlarges the area to be impinged on the impingement 

 by applying a much higher swirl number, which is associated 

with the generation of higher turbulence and can only be achieved by using the 

experimental setup I. 

 

plate. As a result, a better heating performance is obtained. It is a definite 

advantage for the domestic applications, which is usually operated under 

fuel-rich conditions.  

 

7) Comparing the experimental results obtained from the present study and those 

from the previous work on non-swirling impinging flame jets shows that the use 

of swirl is able to enhance the mixing of air and fuel effectively, thus, to 

facilitate a more complete combustion. It is evident that the axial component of 

the flame length can be reduced. It is found that the premixed impinging flame 

jet with swirl induced is able to provide higher heat flux and more uniform heat 

flux distribution around the stagnation point of the impingement plate. However, 

it seems that a higher area-averaged heat flux can be obtained at the 

impingement plate
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9.1 D

 

 Non-

major n

equivale

regressio

maximu

from th

non-dim

obtained setup II of the present study.  

 

compari

flame jet

 

 For t

jet syste

 

.3 evelopment of non-dimensional correlations  

dimensional heat transfer coefficient, the Nusselt number, is correlated with the 

on-dimensional parameters including Prandtl number, Reynolds number, 

nce ratio, nozzle-to-plate distance and Swirl number, by using the multiple 

n method. A quick and accurate method is provided for the predictions of the 

m heat flux and the area-averaged heat flux received by the impingement plate 

e circular premixed gas-fired impinging flame jet with swirl induced. The 

ensional equations are developed with the aid of the experimental results 

 with the experimental 

 

A better understanding of the swirling impinging flame jets can also be achieved by 

ng the predictions with the analytical solutions of the non-swirling impinging 

s provided by the previous researchers. 

he calculation of maximum local heat flux of the non-swirling impinging flame 

m: 
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 For the prediction of area-averaged heat flux of the non-swirling impinging flame jet 

system: 
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9.2 RECOMMENDATIONS 

 

The gaseous flow and heat transfer characteristics of the premixed gas-fired 

impinging flame jet with induced swirl have demonstrated to be very complicated. The 

situation should become far more difficult to analyze when combustion is also considered. 

The present experimental study has provided fundamental information about the heat 

transfer characteristics of a small-scale premixed impinging flame jet with swirl induced. 

With the aid of the results presented, future works in the following areas are suggested to 

carry out: 

 

1) The velocity profile at the exit of the burner nozzle should be determined to 

provide sufficient information for the study of the flame properties and the heat 
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transfer mechanisms. The influence of introducing swirl to the impinging flame 

jet on the combustion process and the heat transfer characteristics can then be 

better understood. 

 

2) It is found in the previous studies on turbulent diffusion flame with swirl 

induced that the flame stability and hence the flammable limits can be en  

by the introduction of swirl. The range of flame stability for the small-scale 

premixed gas-fired swirling impinging flame jet operating under different 

operating conditions needs to be investigated. 

 

3) Since the heat transfer performance of the swirling impinging flame jet appears 

to be better especially around the stagnation point region of the impingement 

plate, it is worth to look into the feasibility of substituting the multiple 

non-swirling impinging flame jets, which are commonly used in the domestic 

and industrial applications, by the swirling flame jets. 

 

4) Emissions obtained after combustion should also be influenced by the 

introduction of swirl. Thus, measurement of the emitted gaseous products 

including CO, CO2, NOX, hydrocarbon and particulates, is necessary for a 

comprehensive understanding of the effects of inducing swirl to the impinging 

flame jet. 

 

 

hanced
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9.3 C

 

The present study creates valuable information and knowledge on the thermal and 

flow characteristics of the circular premixed butane/air impinging laminar flame jets with 

ind  

the swir

literature

air/fuel j

 

The feasibility of introducing a swirl to small-scale, low-Reynolds-number and 

low s

flame je

the topic

  

Deve tions with the aid of the 

xtensive experimental results enables more user-friendly and accurate quantitative 

pre io

provide 

Reynold

followin

area-averaged Nusselt number, respectively:  

ontributions of Present Investigation 

uced swirl. The effects of each of the major parameters on the thermal performance of 

ling impinging flame jets are explored, which have not been reported in the 

. These parameters are: Reynolds number of the air/fuel jet, Swirl number of the 

et, equivalence ratio of the air/fuel mixture and nozzle-to-plate distance. 

-pre sure thermal or combustion systems utilizing premixed gas-fired impinging 

ts is confirmed. Such finding provides a very good reference for further work on 

 of swirling impinging flame jets. 

lopment of the semi-analytical non-dimensional equa

e

dict n of the heat transfer at the flame and plate interface. The following equations 

reliable quantitative relationships between Nusselt number, Prandtl number, 

s number, Swirl number, equivalence ratio and nozzle-to-plate distance. The 

g equations are for the calculation of maximum Nusselt number and 
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a conclusion, the present investigations have made very significant contributions 

in e
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xploring the science of this problem. In addition, several publications have been 

emerged from the present findings.       
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