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Abstract 12 

This paper investigates the impact of dilution air addition on the stability and flame structure 13 

of n-heptane turbulent swirl spray flames. Particle Image Velocimetry (PIV) was used to study 14 

the flow fields with and without dilution air. OH Planar Laser Induced Fluorescence (OH-15 

PLIF) measurements were utilized to assess the impact of dilution air addition on flame 16 

structure, local extinction, and lift-off. Experimental results were collected at different flow 17 

conditions including quenching point (global blow-off), near blow-off, and stable conditions. 18 

1D non-premixed laminar counter-flow flame simulations were also conducted to gain 19 

preliminary understanding of the flame structure behaviour and temperature when adding more 20 

air with hot products. The numerical results showed that adding 10% more air on the oxidiser 21 

side increased the peak values of the temperature, heat release rate (HRR) and OH mole 22 

fraction, with the maximum flame temperature rising by approximately 3.9%. The flame's 23 

stability limit increased when adding dilution air, and a 2% addition made the flame persist 24 

longer. The flame restabilized with the addition of 5% dilution air at the blow-off co-flow 25 

conditions of the non-diluted flames. OH* chemiluminescence results showed that the addition 26 

of dilution air up to 10% of the co-flow increased the heat release rate by as much as 247%, 27 

indicating a strong enhancement in flame intensity and reaction zone activity. The addition of 28 

dilution showed the droplets to spread more widely into the inner recirculation zone (IRZ). PIV 29 



showed a clear displacement of the vortex inwards and upwards when adding dilution air, with 30 

increased turbulence intensity aligned with shear layers. Without dilution air, the OH flame 31 

sheet appeared continuous, while with dilution air, it appeared to be wrinkled, cloud-shaped, 32 

and distributed. Statistical analysis of the OH-PLIF results showed that adding 5% dilution air 33 

increased local extinction events by up to 7.5%, primarily due to the intense aerodynamic strain 34 

imposed on the flame front under highly turbulent conditions. OH-PLIF results showed that 35 

the addition of dilution air increases the relative OH intensity in the outer flame branch (OFB) 36 

at the same horizontal plane downstream. The novel findings on extended operation condition 37 

effect by adding dilution air provide the first evidence of enhanced flame stabilization towards 38 

lean combustion strategy.  39 
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1. Introduction 57 

Flame stabilization is fundamentally crucial in the effective operation and design of 58 

combustion systems, particularly aero-engines. The main aim of flame stabilization is to 59 

prevent blow-off leading to flameout. Achieving the stability feature enhances the flexibility 60 

to operate in low emission mode over a wide-ranging load [1]. Different techniques have been 61 

developed to help with flame stabilization, depending on the engine type, such as swirl 62 

stabilization and pilot flames. Among these, the bluff-body is widely used because of its 63 

simplicity and effectiveness in generating a stable recirculation zone that anchors the flame [2]. 64 

The swirl stabilized combustion concept, which provides advantages such as better turbulent 65 

mixing and flame stabilization, has been widely used in aero-engines [3]. Swirling flows 66 

generate an inner recirculation zone (IRZ) within the flame creating an ideal condition for the 67 

hot, recirculated products to maintain the ignition process of newly injected reactants into the 68 

combustor [4]. The strategy of a secondary injection of dilution air downstream of the 69 

combustion chamber, also known as the Rich-Burn, Quick-Mix, Lean-Burn (RQL) combustor, 70 

of gas turbine engines was introduced in 1980 primarily to reduce the NOx emissions [5]. For 71 

optimal operation, modern burners use the bluff-body swirling flames along with the dilution 72 

air strategy [6].  73 

     While the current study investigates a single liquid fuel with secondary air injection, the 74 

downstream air injection methodology is transferable to dual-fuel and partially premixed 75 

combustion strategies, where staged injection influences flame structure and emissions 76 

formation. Several studies have investigated the impact of dual-fuel and partially premixed 77 

combustion strategies on pollutant formation, flame structure, and ignition behaviour under 78 

different conditions [7,8]. Liu et al [7] compared partially premixed combustion and reactivity 79 

controlled compression ignition in an optical engine using different optical diagnostics to study 80 

fuel stratification, ignition and flame development. They reported that the degree of fuel 81 



stratification, controlled via different injection strategies, modulated the balance between these 82 

two combustion modes. More recently, from their optical diagnostics and chemical kinetic 83 

analysis partially premixed combustion of methanol with various cetane improvers, Liu et al. 84 

[8] reported that the ignition and heat release characteristics were greatly affected by the 85 

reactive environment created by fuel additives.    86 

     The dilution air strategy reduces the amount of NOx emissions significantly as its addition 87 

results in a leaner combustion at lower combustion temperatures. However, lean combustion 88 

is associated with an elevated risk of extinction, which can ultimately lead to a global blow-off 89 

event [9]. Wang et al. [10] studied the impact of secondary (dilution) air distribution on 90 

combustion and NOx emissions in a swirl down-fired boiler. They found that as the dilution 91 

air level increased, NOx emissions decreased continuously, and the optimum air-staging 92 

condition reduced NOx emissions by approximately 46% without compromising the thermal 93 

efficiency of the burner. Kikuchi et al. [11] showed that two-stage combustion with parallel 94 

independent air jets can reduce NOx production in ammonia/ natural gas flames. The NOx 95 

reduction was attributed to the formation of a fuel-rich zone downstream of the burner, 96 

followed by lean combustion of the unburned portion with secondary air. Trivanovic and 97 

Pratsinis [12] studied the trade-off between soot and NO emissions during enclosed spray 98 

combustion of Jet A1 fuel. They reported that the location of dilution air injection affected both 99 

pollutants; air injected closer to the burner resulted in the greatest reduction in soot emissions 100 

but produced higher NO levels because of the elevated post-injection temperatures. They 101 

concluded that an injection position of 30 cm downstream provided the best trade-off between 102 

soot and NO emissions.  103 

      Many studies investigated the impact of different operating parameters including the 104 

injection of dilution air on soot emission, oxidation, and particle size distribution of swirl-105 

stabilized flames [6,13–17]. Geigle et al. [15,16] studied the effect of dilution air at a fixed 106 



location on soot emission, oxidation and polycyclic aromatic hydrocarbons (PAH) of ethylene 107 

air swirl-stabilized flames using laser-induced incandescence and PAH-LIF. They observed 108 

that the addition of dilution air had an impact on the location of soot areas as well as OH 109 

distributions in the flames. In addition, they investigated the relationship between soot and OH 110 

distributions after the dilution air introduction. Stöhr et al [17] observed that soot accumulates 111 

in the rich pockets depending on their residence times, while soot oxidation takes place in the 112 

lean zones containing OH. Their findings imply that a suitable modification of dilution air 113 

injection creating adequate recirculation of lean burnt gas may further limit the formation of 114 

soot. El Helou et al. [13] investigated the influence on soot formation and oxidation by varying 115 

the locations and amount of dilution air in C2H4 air (gaseous fuel) flames. Their outcomes 116 

revealed that dilution air resulted in a faster mixing, and smaller lengths of fuel penetration. In 117 

addition, their findings demonstrated that the quantity and location of injected dilution air affect 118 

the soot production. De Falco et al. [14] further investigated the soot formation in a non-119 

premixed ethylene air flames but focusing more on their particle size distribution. El Helou et 120 

al. [6] carried out a comparison on the soot formation of synthetic kerosene and conventional 121 

fossil liquid fuels in a swirl spray flames along with air dilution injection. Their results showed 122 

that the distribution of SVFs is dependent on the quantity of dilution air.  123 

     The fuel properties (e.g., volatility) and swirl-induced recirculation zone both affect flame 124 

stabilization mechanisms and lean blow-off (LBO) limits. Few studies investigated the LBO 125 

conditions of different fuels in swirl spray burners [3,18–22]. Farag et al. [18] evaluated the 126 

effect of fuel volatility on LBO by using four different fuels, heavy oil was the least volatile 127 

and gasoline was the most. According to their findings, the rate of the air stream near the LBO 128 

limit increases as the fuel volatility increases, improving combustion stability. Although Yuan 129 

et al. [19] used a variety of high and low volatility fuels, their results addressing the effect of 130 

fuel volatility on flame stability were in good accord with those of Farag et al. [18]. Numerous 131 



studies have investigated the fuel structure of n-heptane both numerically and experimentally 132 

in swirl spray flames, the appearance being of a dual body with a V shape that has inner and 133 

exterior sections [19]. The flame steadily shrinks and both sections get closer to the bluff-body 134 

as it approaches the blow-off condition by increasing air stream speed. Davide et al. [20] 135 

studied the blow-off behaviour of an n-heptane spray flame. They discovered that the loss of 136 

flame stability causes the velocity to become independent of fuel flow rate at blow-off. The 137 

height of the flame decreased and remained affixed to the bluff-body as the LBO condition 138 

approached. Also, it was discovered that the chemiluminescence of OH* was lower in the inner 139 

flame zone and higher at the outer flame zone. They observed a continuous layer of OH in their 140 

spray flame structure, which pointed to local blow-off activity. Pathania et al. [21] investigated 141 

the LBO conditions of fully premixed, swirl-stabilized methane and kerosene flames. They 142 

found that the kerosene flame exhibited approximately 1.5 times longer blow-off duration and 143 

better stability than the methane flame due re-ignition events and the presence of low-144 

temperature reactions within the central recirculation zone. Zhang et al. [22] investigated the 145 

flame dynamics of swirl-stabilized kerosene spray combustion at stable and near LBO 146 

conditions. Their high-speed OH* chemiluminescence and POD analysis showed that as the 147 

flame approached near LBO condition, the dominant dynamic mode transitioned from 148 

circumferential rotation to axial oscillation, accompanied by flame shedding and stronger 149 

fluctuations. Their results also showed that the swirl intensity strongly influences flame 150 

oscillation behavior, with a lower swirl number reducing flame fluctuation near LBO. 151 

     Although many studies have investigated the n-heptane combustion characteristics in swirl 152 

spray flames, none have examined its combustion behaviour and stability under the influence 153 

of a dilution air strategy. This study addresses that gap by investigating the effects of dilution 154 

air on flame structure and stabilization using advanced optical diagnostics, including Fuel-155 

PLIF, OH-PLIF, and PIV. The understanding of the flame stabilities with dilution air will help 156 



engine manufactures design next-generation aero engines with improved fuel efficiency and 157 

extended operation conditions. 158 

2. Methodology 159 

2.1 Numerical study 160 

1D non-premixed laminar counter flow flame simulations were carried out to gain preliminary 161 

understanding of the flame structure behaviour and temperature when adding more air with hot 162 

products. The San Diego chemical kinetic mechanism [23] was used to conduct the simulations 163 

of 1D n-heptane non-premixed laminar diffusion flame simulations with the COSILAB 164 

package [24]. The mixing conditions of the fuel, air and hot products used in the 1D simulations 165 

are shown in Table 1. Two pure n-heptane flame conditions were investigated; one case (#1) 166 

with an oxidiser of hot combustion products, which can be considered as a close representation 167 

of the interaction in the shear layer (reaction zone area) of the swirl spray flame (without 168 

dilution air). The second case (#2) is with an oxidiser of 10% of air and 90% of hot combustion 169 

products (which has the same composition as in case (#1)), representing the impact of dilution 170 

air. The composition of the hot combustion products used in this study were considered based 171 

on laminar premixed flame calculations suggested by Sidey and Mastorakos [25]. The strain 172 

rate was varied between 1000 to 2000 s-1 to understand better the flame structure at conditions 173 

away and close to extinction. The simulated flame cases were set to a fixed fuel inlet 174 

temperature of 298 K, whereas the oxidiser inlet temperature was fixed at 1838 K for all cases. 175 

Swirling flows generate an inner recirculation zone (IRZ) within the flame, creating an ideal 176 

condition for the hot, recirculated products to keep the newly injected reactants into the 177 

combustor constantly ignited. Therefore, the high inlet temperature set for the oxidiser and the 178 

introduction of hot products in the oxidiser stream provide a closer representation of the hot 179 

products generated in the swirl spray flames. 180 



Table 1 Molar concentrations of the oxidiser stream for the 1D simulations of pure n-heptane counter flow 181 

flames. 182 

 183 

 184 

 185 

 186 

 187 

2.2 Burner and experimental setup 188 

A bluff-body swirl spray burner was used to investigate different flame conditions with and 189 

without dilution air. A similar burner was used in previous studies by Abu Saleh et al. [26,27], 190 

however in this study two separate tubes were inserted through the top section of the confined 191 

chamber of the burner to deliver the dilution air. A schematic of the bluff-body swirl spray 192 

burner is shown in Fig. 1. The two dilution air ports were placed at a height above the burner 193 

surface, each at a corner facing the other diagonally. The hole at the end of each dilution air 194 

port has a size of 1.5 mm diameter. A solid-cone fuel atomizer is placed between the bluff-195 

body, providing a cone-like shape of fuel spray atomisation with an angle of 60°. The co-flow 196 

air travelled through a six-bladed swirl (60° vane angle) before entering the confined 197 

combustion chamber. An SXC 4 air compressor supplied both the dilution air and the co-flow 198 

air (dried, oil and particulate filtered). Separate calibrated mass flow controllers were used to 199 

control the dilution air and co-flow air streams. A calibrated Coriolis flow controller (CODA) 200 

was used to control the flow of n-heptane fuel. 201 

Case 𝑿𝐎𝟐 𝑿𝐍𝟐 𝑿𝐇𝟐𝐎 𝑿𝐎𝐇 𝑿𝐂𝐎𝟐 𝑿𝐍𝐎 

#1 0.06 0.729258 0.14 7.3 × 10−4 0.07 1.2 × 10−5 

#2 0.075 0.7353322 0.126 7.6 × 10−4 0.063 1.1 × 10−5 



 202 

Fig. 1 Schematic of the bluff-body swirl spray burner [26] and dilution air tubes. Dimensions are all in mm. 203 

 204 

 205 

2.3 Flow conditions 206 

In this work, liquid fuel of pure n-heptane was tested in a bluff-body swirl spray burner with 207 

and without dilution air to study the impact of dilution air on flame stability, HRR, and reaction 208 

zone. Data were collected at the quenching point (global blow-off), near blow-off, and stable 209 

conditions. The global blow-off point was identified for each condition to help determine the 210 

near blow-off condition. This was done by gradually increasing the air flow rate in steps of 211 

around 5% every 1 minute until blow-off occurred. The air flow rate for the near blow-off 212 

condition was selected at between 9-15% lower than the air flow rate of the global blow-off 213 

(quenching) point. The air flow rate for the near blow-off condition was not selected based on 214 

a specific percentage difference from the air flow rate of the global blow-off. Instead, it was 215 

selected at that closest rate to the air flow rate of the global blow-off, in which the flame can 216 

sustain for at least 4 minutes.  217 

     Dilution air was added with 5% of the annular air flow rate to study its impact on various 218 

characteristics. For example, if 790 Standard Liter per Minute (SLPM) is the annular air flow 219 



rate, the dilution air is 39.5 SLPM (5%). The impact of dilution air with different percentages 220 

including 2%, 5%, and 10% was also tested on one condition. 221 

     The flow conditions and fuel properties are shown in Table 2. For the first letter of the case 222 

name, Q denotes to the quenching (global blow-off) conditions, N as conditions nearer to blow-223 

off, and S as stable conditions. For the second letter of the case name, N denotes to the cases 224 

with no air dilution, and D as conditions with air dilution. For the third letter of the case name, 225 

L denotes to the cases with low fuel flow rate of 630 g/h, whereas H denotes to the cases with 226 

higher fuel flow rate of 700 g/h. 227 

 228 

Table 2 Turbulent swirl spray flames with and without Dilution Air strategy conditions. 229 

 230 

2.4 PIV 231 

Cold flow (i.e. non-reacting flow) velocity field measurements were obtained for all conditions 232 

via Particle Image Velocimetry (PIV) measurements at 14.5 Hz. These were performed using 233 

a Quantel Evergreen EVG00200 Nd:YAG laser (532 nm) system, generating two laser pulses 234 

with a time-step of 5.5 µs. The laser energy generated from each pulse was about 28 mJ, and 235 

was passed through a set of optics to form an expanded laser sheet aligned to the centre of the 236 

swirl spray burner. A TSI six-jet atomizer fed with olive oil and compressed air generated the 237 

seeding particles that traveled through the annular airflow. The seeding particles signal were 238 

Case 
Name 

Fuel 
flow 
rate 
(g/h) 

Annular 
Air flow 
rate 
(SLPM) 

Dilution 
Air flow 
rate 
(SLPM) 

Global 
equivalence 
ratio 𝝓 

Power 
(kW) 

Fuel 
Reynolds 
No. 𝑹𝒆𝐟 

Air 
Reynolds 
No. 𝑹𝒆𝐚 

Fuel 
Weber 
No. 𝑾𝒆𝐟 

Air 
Weber 
No. 
𝑾𝒆𝐚 

QN_L  
 

630 

790 0 0.167  
 

8.4 

 
 

2.62×103 

1.57×104  
 

3.66×102 

3.01 
QD_L 790 39.5 (5%) 0.162 1.65×104 3.47 

NN_L 700 0 0.192 1.39×104 2.09 
ND_L 700 35 (5%) 0.183 1.46×104 2.43 
SN_L 600 0 0.223 1.19×104 1.26 
SD_L 600 30 (5%) 0.213 1.25×104 1.49 

 
QN_H  

 
 

700 

880 0 0.169  
 
 

9.36 

 
 
 

2.92×103 

1.75×104  
 
 

4.52×102 

3.75 
QD_H 880 44 (5%) 0.161 1.84×104 4.32 
SN_H 790 0 0.188 1.57×104 2.71 
SD1_H 790 15.8 (2%) 0.185 1.60×104 2.88 

SD2_H 790 39.5 (5%) 0.179 1.65×104 3.14 

SD3_H 790 79 (10%) 0.171 1.73×104 3.61 



detected by an intensified CCD camera (TSI) coupled with a narrow bandpass filter centred at 239 

532 nm and a full width-half maximum (FWHM) of 10 nm. The resolution achieved for the 240 

PIV measurements was 0.48 mm/pixel. The MATLAB based open-source PIV software 241 

(PIVlab 3.06) [28] was used to process the PIV images. The background noise was reduced by 242 

subtracting the mean background from the raw images. A multi-pass cross-correlation 243 

technique was employed in the PIV algorithm with an interrogation region overlapping by 50% 244 

to determine the displacements from an image pair. The interrogation window area size (pixel) 245 

and the step size (pixel) of the Multipass FFT window PIV algorithm (three passes) were 246 

128x64, 64x32, and 32x16 pixels. 247 

     The turbulent kinetic energy (TKE) of all conditions were estimated using the root mean 248 

square (RMS) velocity components (2D velocity fields) [29]: 249 

                                                           𝑇𝐾𝐸 =
1

2
(𝑢′2 + 𝑣′2)                                                  (1)    250 

Where 𝑢′ and 𝑣′ correspond to the radial and axial RMS velocity fluctuation components, 251 

respectively. In the current TKE calculations, it is assumed that the radial fluctuations are 252 

equivalent to the out of plane velocity fluctuations since only 2D velocity fields are measured 253 

[30]. The cold flow PIV results that correspond to the SN_H, SD1_H, SD2_H, and SD3_H 254 

conditions will only be shown in the results and discussions section, the remaining results are 255 

attached to the appendix.  256 

 257 

2.5 Chemiluminescence 258 

OH* chemiluminescence imaging was used as a measure of heat release for the QN_L, QD_L, 259 

NN_L, ND_L, SN_L, and SD_L conditions. The chemiluminescence images were captured at 260 

10 Hz and 200 frames were collected for each flame condition. An intensified CCD camera 261 

(M-lite from LaVision) coupled with a narrow bandpass UV filter centred at 310 nm and a 262 

FWHM of 10 nm was used as the detection system. The camera exposure duration and 263 



intensifier gain were set to 20000 ns and 65, respectively. The background noise was reduced 264 

by background subtraction and the use of 2-D median filtering. 265 

     The Inverse Abel Transform (IAT) mathematical approach (onion-peeling) was employed 266 

on the mean chemiluminescence images to reconstruct line-of-sight chemiluminescence data 267 

and provide 2D chemiluminescence images, assuming that the chemiluminescence were 268 

axisymmetric. Due to the turbulent nature of the flame, the IAT was only applied to the mean 269 

images. However, the mean chemiluminescence images of the flame are not always 270 

axisymmetric, hence only one-half of the mean image was chosen for the IAT to reconstruct 271 

an axisymmetric image [31]. 272 

2.6 PLIF 273 

The OH-PLIF diagnostic technique was applied on flame conditions to investigate the impact 274 

of dilution air addition on flame sheet characteristics. OH-PLIF images were also used to study 275 

local extinction and lift-off characteristics in different flame conditions.  An Nd:YAG pumped 276 

dye laser was used to generate a laser light sheet at approximately 283 nm wavelength that 277 

passed through the centre of the flame to excite the Q1(6) rotational transition (282.927 nm) in 278 

the 𝐴2∑ − 𝑋2∏(1,0) band.. The detection system comprised of a 308 nm narrow bandpass 279 

filter mounted on a LaVision camera (ICCD) perpendicular to the light sheet.  280 

     Background noise was removed by background subtraction and the application of the 2-D 281 

median filtering technique. Background images B(Q) were collected for each condition at an 282 

off-resonance laser wavelength of 282.800 nm. The background images provided the 283 

opportunity to gain insights into the impact of dilution air addition on fuel spray atomisation 284 

through the fuel fluorescence signal (fuel-PLIF).  285 

     Lift-off height was measured as the axial distance above the burner surface and the closest 286 

bottom edge of the flame sheet in the outer recirculation zone (ORZ), after that, The probability 287 



density function (PDF) of lift-off heights was then plotted. The PDF of local extinctions were 288 

processed in a similar way described by Abu Saleh et al. [26].  289 

 290 

3. Results and discussions 291 

3.1 Laminar counter flow flames 292 

The laminar counter flow flame simulation results of temperature, OH mole fraction, and heat 293 

release rate for pure n-heptane flame (#1 and #2 flame conditions) at strain rates of 1000 s-1 294 

and 2000 s-1 are shown in Fig. 2. The addition of 10% more air (#2 flame condition) on the 295 

oxidiser side increased the peak values of the temperature and HRR. Fig. 2 shows that 296 

introducing dilution air increases the maximum flame temperature by approximately 3.8% and 297 

3.9% at strain rates of 1000 s⁻¹ and 2000 s⁻¹, respectively. The increased air in the oxidiser side 298 

makes the fuel burn more completely because more O2 becomes available in the mixture. 299 

Consequently, the flame combustion generates more heat, increasing the flame's temperature, 300 

as shown in Fig. 2. Adding 10% more air also increased the OH mole fraction. Increasing the 301 

OH mole fraction promotes more combustion reactions and increases the flame's temperature. 302 

Therefore, the flame stability can be enhanced by the increase in the concentration of OH. As 303 

expected, the increase in the strain rate from 1000 s-1 to 2000 s-1 decreased the peak values of 304 

temperature, OH mole fraction, and heat release rate. However, the increase in strain rate 305 

decreased the flame temperature by about 1.6% for #1 and 1.5% for #2. Therefore, it is expected 306 

that the case with an oxidiser of 10% more air will sustain longer. 307 



 308 

Fig. 2 1D counter flow flame COSILAB simulation results of (a) temperature, OH mole fraction, and (b) heat 309 

release rate for pure n-heptane (#1 and #2 flame conditions) at strain rates of 1000 s-1 and 2000 s-1. 310 

 311 

3.2 Flame appearance 312 

Fig. 3 displays direct images of the n-heptane swirl spray flame with (QD_L) and without 313 

(QN_L) the dilution air effect, corresponding to the global equivalence ratios given in Table 2. 314 

Prior to the introduction of air dilution, yellow was the dominant color appearance in the flame, 315 

indicating the presence of soot. Two clear flame branches at the inner recirculation zone (inner 316 

flame branch, IFB) and near the outer shear layer (outer flame branch, OFB) were shown in 317 

the flame. The IFB of the QN_L flame exhibited less reaction (less luminous flame area) than 318 

the IFB of the QD_L flame. This possibly occurs because the hot product entering the IRZ is 319 

more with the effect of dilution air, making this flame branch look bigger. Introducing dilution 320 

air to the flame removed almost all the yellow luminosities. In addition, the flame was 321 

contained above the edge of the bluff-body within the outer shear layer and the height of the 322 

flame remained almost unchanged. The lift-off from the bluff-body is unclear from the direct 323 

images shown in Fig. 3. 324 



 325 

Fig. 3, From left: n-heptane swirl spray flame without (QN_L, 𝜙 = 0.167) and with (QD_L, 𝜙 = 0.162) dilution 326 

air effect. 327 

 328 

3.3 Stability limit testing 329 

Stability limit testing was performed at two fuel mass flow rates: 630 g/h and 700 g/h. The 330 

blow-off condition at each fuel mass flow rate was determined first, after which dilution air 331 

was introduced. Dilution air mass flow rates were added to each case by 2% and 5% of the co-332 

flow air mass flow rate at the blow-off conditions. For example, 2% dilution air means that the 333 

co-flow air was maintained at the blow-off condition (i.e., 790 SLPM for the condition at 630 334 

g/h), and an additional 15.8 SLPM (2% of the 790 SLPM) was introduced through the air 335 

dilution holes. Overall, the introduction of dilution air was found to increase the stability limit. 336 

In the no-dilution case, the flame quenched at 790 SLPM (Blow-off condition). The addition 337 

of 2% dilution air allowed the flame to persist longer, with the unstable flame extinguishing 338 

after approximately 5 minutes. Whereas the introduction of 5% dilution air completely 339 

stabilized the flame, indicating the effectiveness of the dilution air strategy in enhancing the 340 

stability of bluff-body swirl flames. 341 



 342 

Fig. 4 Fuel mass flow rate against the sum of co-flow air and dilution air. 343 

 344 

3.4 PIV 345 

The cold flow 2D mean velocity, obtained from PIV measurements with and without dilution 346 

air for the SN_H, SD1_H, and SD3_H conditions (shown in Fig. 5, left), provides insight into 347 

the impact of the dilution air strategy on the flame's flow structure. The general structure of the 348 

bluff-body swirl flame consists of two recirculation zones (inner and outer) and two shear 349 

layers along the annular air jet flow. As presented in Fig.5 (left), for all conditions, the highest 350 

velocities, as expected, are observed within the annular air jet flow, along the inner and outer 351 

shear layers. The inner shear layer (ISL) separates the IRZ from the annular air jet flow, and 352 

the outer shear layer (OSL) separates the ORZ from the annular air jet flow. In the common 353 

bluff-body swirl flame configuration (i.e., without dilution air), recirculation zones are 354 

generated by the swirling flow nature and the existence of the bluff-body, which generally 355 

enhances the entrainment of gases as well as blow-off limits [31,32]. The high level of swirling 356 

flow forms steep pressure gradients, which leads to vortex breakdown, resulting in the 357 

formation of a large IRZ [33]. The vortices, shown in all conditions, establish a low-velocity 358 

region at the center of their core, as expected. In the SN_H case shown in Fig. 5 (left), the 359 

vortex created within the IRZ is located at the top of the annular jet flow (at x axis of -35 mm). 360 



As the dilution air is introduced, the vortex starts moving downwards and inwards, towards the 361 

centre of the IRZ (at x axis of -25 mm in the SD1_H case, and at x axis of -15 mm in the SD2_H 362 

case). The location of the vortex in the SD3_H case remained almost unchanged from the 363 

SD2_H case. The addition of 2% dilution air (SD1_H) showed no significant impact on the 364 

flow structure within the flame. The addition of dilution air increased the velocity and the 365 

turbulent kinetic energy in the IRZ, as shown in Fig. 5. The movement of the vortex downwards 366 

and inwards, towards the centre of the IRZ, enhances the flame's ability to stay anchored to the 367 

bottom surface of the burner, thereby improving its overall stability. Furthermore, the increased 368 

turbulent kinetic energy and the steeper velocity gradient within the IRZ suggest enhanced 369 

recirculation and more effective fuel-air mixing (in the case of a reacting flow).  370 



 371 

Fig. 5 cold flow contour plots of the 2D mean velocities (left) and turbulent kinetic energy (right) under stable 372 

conditions for different dilution levels: 0% (SN_H), 2% (SD1_H), 5% (SD2_H), and 10% (SD3_H). The bottom 373 

surface of the combustion chamber is highlighted in red. 374 

 375 

     Figure 6 shows the relative and cumulative energy spectra of the PIV POD modes for the 376 

SN_H, SD1_H, SD2_H, and SD3_H conditions. The relative energy of mode 1 is lower with 377 

the added dilution air conditions, as shown in Fig. 6 (a). The PIV results, in Fig. 5, showed that 378 

the addition of dilution air increases the turbulent kinetic energy, which explains the decrease 379 

in the energy percentage associated with the first mode for the SD3_H condition in Fig. 6 (a). 380 

This is because the energy is distributed across higher modes that represent smaller coherent 381 

structures, such as vortices. The cumulative energy of POD modes, shown in Fig. 6 (b), 382 

indicates the total turbulent kinetic energy captured when combining the successive modes. 383 



Fig. 6 (b) suggests that fewer POD modes are required to capture 50% of the total turbulent 384 

kinetic energy in the no dilution condition (i.e., SN_H). This is because large coherent 385 

structures dominate the flow. Whereas in the added dilution air conditions the flow structure 386 

becomes more fragmented and so the energy is distributed across smaller-scale flow structures, 387 

requiring more modes to capture 50% of the total turbulent kinetic energy, as shown in Fig. 6 388 

(b). 389 

 390 

Fig. 6 relative energy of the PIV POD modes (a) and cumulative energy of the PIV POD modes (b) for the 391 

SN_H, SD1_H, SD2_H, and SD3_H conditions. 392 

 393 

3.5 Chemiluminescence 394 

OH* Chemiluminescence is well known as a heat release indicator. Fig. 7 displays averaged 395 

inverse Abel transformed OH* Chemiluminescence images for QN_L, QD_L, NN_L, ND_L, 396 

SN_L, and SD_L cases. The two flame branches (IFB & OFB) are shown clearly in Fig. 7 in 397 

the flame cases with no air dilution (QN_L, NN_L, and SN_L). Similar to what was observed 398 

earlier in the OH-PLIF results, OH* Chemiluminescence also confirms that the addition of 399 

dilution air confines the OFB further toward the center of the flame due to the high air strain 400 

caused by the air dilution. At all three flow conditions, the addition of dilution air increased the 401 

OH* signal (i.e., heat release rate) by 148%, 128%, and 47% for blow-off, near blow-off, and 402 

stable conditions, respectively, compared with the counterparts without dilution. This increase 403 



is because of the rapid mixing between air and fuel, hence more recirculation of hot combustion 404 

products inside the IRZ.  The results presented in Fig. 7 show that the inner recirculation zone 405 

is where the OH* signals are at their greatest. More details on the flow field motion can be 406 

observed from a PIV study in the future. The addition of dilution air by 2% of the air co-flow 407 

(i.e., SD1_H) did not cause any increase in the HRR, as shown in Fig. 7. Whereas adding 408 

dilution air by 5% and 10% (i.e., SD2_H & SD3_H) of the air co-flow increased the heat release 409 

rate by about 132% and 247%, respectively. 410 



 411 

Fig. 7 Averaged inverse Abel transformed images of OH* Chemiluminescence for QN_L, QD_L, NN_L, 412 

ND_L, SN_L, SD_L SN_H, SD1_H, SD2_H, and SD3_H cases. 413 

 414 

 415 

 416 

 417 



3.6 PLIF 418 

3.6.1 Fuel-PLIF 419 

The background B(Q) signal near the Q1(6) transition was used to correct the background noise 420 

and to study the impact of dilution air on the fuel fluorescence signal, including the fuel 421 

trajectory and spray droplets. Fig. 8 presents the mean images of the fuel-PLIF signal for the 422 

SN_H, SD1_H, SD2_H, and SD3_H. The overall spray trajectory and structure of all the cases 423 

have a cone-like shape. However, the droplet dispersion differs significantly. The effect of 424 

adding dilution air was found to break up the liquid fuel jet into more droplets and spread them 425 

more broadly towards the IRZ region. This is caused by the force exerted (such as the 426 

aerodynamic drag force) from the diluted air combined with the recirculation air hitting the 427 

droplets. This enhances the direct removal of small droplets from the liquid jets surface (shear 428 

breakup). The surface area covered by the droplets increases with the increase of the amount 429 

of very small droplets, and hence the heat and mass exchange rates increase too. Therefore, the 430 

radial injection of air dilution produces fast mixing and a more stable flame. 431 

 432 

Fig. 8 Mean images of fuel-PLIF signal for SN_H, SD1_H, SD2_H, and SD3_H. The arrows shown in the 433 

SN_H case indicate the height of dilution air injection (this applies to all cases). 434 

 435 

 436 

 437 



3.6.2 OH-PLIF 438 

In this study, the OH-PLIF images are used to give information and insight on the flame sheet 439 

characteristics affected by the introduction of dilution air. Fig. 9 shows the instantaneous and 440 

averaged images of OH-PLIF for QN_L, QD_L, NN_L, ND_L, SN_L, and SD_L. The 441 

instantaneous images suggest that cases without the dilution air (i.e., QN_L, NN_L, and SN_L) 442 

mostly have continuous OH flame sheets, in which the flame sheet in the OFB is extended from 443 

one edge of the bluff-body to the other edge. The flame sheet in the cases with dilution air (i.e., 444 

QD_L, ND_L, and SD_L) presents more local extinction due to the high turbulence level. The 445 

relatively small mass fuel flow rates used in this study (630 g/h and 700 g/h) resulted in a low 446 

effective liquid atomization, in which droplets were not efficiently broken to the finest size. 447 

This resulted in fuel-LIF signals from the fuel droplets contained in the OH-PLIF results, such 448 

as the signals found along the spray V-shape trajectory, adding difficulty in analyzing the 449 

characteristics of IRZ. The instantaneous images in Fig. 9 clearly show the fuel-LIF signal. 450 

With background correction, the averaged images in Fig. 9 mostly show no signal where the 451 

spray V-shape trajectory occurs. Nevertheless, few fuel-PLIF signals remain in the averaged 452 

OH-PLIF, as seen clearly in the QN_L case in Fig. 9. Therefore, for a better comparison, 453 

relative OH intensity data across the height of 10 mm (Z-axis) were extracted and plotted 454 

against the radial position, see Fig. 11, to avoid interference with the fuel-PLIF signal.  455 



 456 

Fig. 9 Instantaneous and averaged images of OH-PLIF for QN_L, QD_L, NN_L, ND_L, SN_L, and SD_L. 457 

Bracketed numbers underneath the case names denote the annular air flow rate (SLPM) + dilution air flow rate 458 

(SLPM). The laser beam's location is shown in green, the combustion chamber's bottom surface is shown in 459 

blue, and the surface of the bluff body is shown in red. 460 

     Figure 10 displays the instantaneous and averaged images of OH-PLIF for QN_H, QD_H, 461 

SN_H, SD1_H, SD2_H, and SD3_H. The observations presented here are similar to those 462 

delivered by Fig. 9 regarding the direct relationship between the local extinction and dilution 463 

air. Nevertheless, it is shown in Fig. 10 that the addition of dilution by 2% (SD1_H) of the co-464 

flow air did not have a big impact on the flame sheet continuity, but it only shrank towards the 465 

 



center of the flame and bluff-body. The corrected averaged OH-PLIF images suggest that 466 

adding dilution air increases the relative OH intensity in the OFB. This can be noticed by the 467 

increase in the red and yellow colour in the mean images (Fig. 10) on adding more dilution air.  468 

 469 

Fig.  10 Instantaneous and averaged images of OH-PLIF for QN_H, QD_H, SN_H, SD1_H, SD2_H, and 470 

SD3_H. Bracketed numbers underneath the case names denote the annular air flow rate (SLPM) + dilution air 471 

flow rate (SLPM). The laser beam's location is shown in green, the combustion chamber's bottom surface is 472 

shown in blue, and the surface of the bluff body is shown in red. 473 

     The relative OH intensity across the height of 10 mm in the Z-axis was plotted against the 474 

radial position for all cases in Fig. 11. In cases where air dilution was added, the relative 475 

 



intensity of OH was higher and the location where the OH peak values occur is reasonably 476 

consistent in all cases. The OFB is where the OH intensity peaks above the region where the 477 

annular air enters the chamber. The IRZ is found to have lower OH intensities generally than 478 

OFB. Without dilution air addition, the blow-off condition had higher OH intensity than the 479 

stable condition. However, adding dilution air to both conditions (stable and blow-off) 480 

increased the OH intensity to higher levels for the stable conditions compared to the blow-off 481 

case. Measurements shown in Fig. 11 are plotted at 10 mm above the nozzle, so the peak values 482 

shown do not necessarily correspond to the peak values of the overall OH because the flame 483 

may become more compact when approaching the bluff-body in the blow-off condition. The 484 

cases with dilution air (dashed lines in Fig. 11) have higher OH signal than those without 485 

dilution air (solid lines in Fig. 11) at the same conditions. This means that the flame heights 486 

are similar at the same conditions, and therefore the OFB has a higher OH signal in cases with 487 

dilution air. 488 

 489 

Fig. 11 Relative OH intensity across the height of 10 mm in the Z-axis against the radial position for (A) cases 490 

with fuel mass flow rate of 630 g/h, and (B) cases with fuel mass flow rate of 700 g/h. 491 

 492 

3.6.3 Local extinction & lift-off 493 

Local extinction and lift-off characteristics of the flame sheets were investigated through the 494 

OH-PLIF results. Fig. 12 illustrates the PDF against the number of local extinction events for 495 



all cases. Generally, all cases with dilution air added exhibited higher PDF of local extinction 496 

events than those without dilution air. The addition of dilution air (5% of air co-flow) to the 497 

cases with a lower fuel mass flow rate of 630 g/h resulted in increasing the occurrence of local 498 

extinction by 6-7.5%, regardless of the flame condition (i.e., at quenching, near blow-off, or 499 

stable condition). Whereas adding dilution air (5% of air co-flow) to the cases with a higher 500 

fuel mass flow rate of 700 g/h increased the occurrence of local extinction by 3.9%. The 501 

addition of dilution air by 2% of the air co-flow (i.e. SD1_H case) had a negligible impact on 502 

the amount of local extinction occurrence. These percentages are calculated based on the 503 

difference of the areas under the curves. 504 

     The increase in the degree of local extinction with the addition of dilution air is due to the 505 

high turbulence flow. Local extinction occurrences were likely caused by the air strain that the 506 

high turbulence levels put on the flame front. The rate of diffusive mixing is accelerated by 507 

turbulence, which raises the flame surface area and scalar gradients [34]. Rapid mixing makes 508 

higher HRR possible. Nevertheless, the rise in mixing rates could result in quenching the flame. 509 

The current cases studied in this work showed more stability when more dilution air was added 510 

to the flame despite the fact that local extinction events also increased. This could mean that 511 

the rates of heat diffusion did not outpace the rate of combustion's heat release in the current 512 

cases.  513 



 514 

Fig. 12 PDF of local extinction of (left) cases with fuel mass flow rate of 630 g/h, and (right) cases with fuel 515 

mass flow rate of 700 g/h. 516 

     Figure 13 shows the PDF of the lift-off height for all cases. The lift-off height decreased on 517 

moving from the stable condition towards the blow-off condition. Overall, the mean lift-off 518 

height reduces only slightly with the addition of dilution air. The addition of dilution air (5% 519 

of air co-flow) decreased the mean lift-off heights by about 0.007-0.01%. The lift-off heights 520 

were reduced by roughly 0.0145% when dilution air (10% of the air co-flow) was added. 521 

Therefore, there is almost no impact of the dilution air on the lift-off heights at the flow 522 

conditions tested. 523 

 524 

Fig. 13 PDF of lift-off height of (left) cases with fuel mass flow rate of 630 g/h, and (right) cases with fuel mass 525 

flow rate of 700 g/h. 526 

 527 

 528 

 529 



4. Conclusion 530 

This work primarily focuses on the impact of the dilution air introduction on flame structure 531 

and flame stability including local extinction and lift-off of the n-heptane bluff-body swirl 532 

spray flame. Multiple flow conditions, with and without dilution air, at global blow-off, near 533 

blow-off, and stable conditions have been studied and compared in this study. Preliminary 534 

understanding on the impact of the flame structure behaviour and temperature when adding 535 

more air with hot products has been conducted through 1D non-premixed laminar counter flow 536 

flame simulations. In addition, experimental studies have been carried out in which fuel-PLIF 537 

and OH-PLIF measurements were collected to analyse the impact of dilution air introduction 538 

on fuel spray atomization, flame structure, and stability.  539 

     Based on the experimental and numerical results, the key conclusions of this study as 540 

follows: 541 

• The 1D simulations showed that 10% addition of more air on the oxidiser side increased 542 

the peak value of the temperature by approximately 3.9%, along with corresponding 543 

increases in the HRR and OH mole fraction.  544 

• Direct imaging showed that the addition of dilution air removed most of the yellow 545 

luminosity associated with soot. In addition, the flame branch in the IRZ expanded to 546 

cover a larger area in the case with added dilution air.  547 

• The flame stability limits improved with dilution air; adding 5% dilution air stabilized 548 

the flame completely under conditions where the non-diluted flame blew off.  549 

• More efficient spray breakup near the nozzle region detected with the addition of 550 

dilution air.  551 

• OH flame sheets in the cases without dilution air were mostly continuous and thin 552 

compared to the diluted cases where flame sheets appeared more cloud-shaped and 553 

wrinkled. Statistical analysis of the OH-PLIF results showed that adding 5% dilution 554 



air increased local extinction events by up to 7.5%, primarily due to the intense 555 

aerodynamic strain imposed on the flame front under highly turbulent conditions. 556 

• OH* chemiluminescence measurements indicated negligible change in heat release rate 557 

with 2% dilution air, while increases of approximately 132% and 247% were observed 558 

with 5% and 10% dilution, respectively. 559 

     Overall, the addition of dilution air was also found to enhance the stability of the flame, 560 

which increases the flexibility for gas turbine engines to operate under leaner conditions, 561 

improving combustion efficiency, and thus local operational cost, and lower emissions. 562 
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