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ABSTRACT 

An experimental study has been carried out to investigate the effects of inlet velocity, equivalence ratio, and 
acoustic forcing on flame lengths and flame center lengths in a dump combustor. A premixed gas of ethylene 
and air was supplied to a combustor through an inlet section and an acoustic driver was used to generate 
acoustic forcing to simulate unstable combustion. By changing these parameters, combustion tests were 
performed and flame images were taken using an ICCD camera with a bandpass filter corresponding to a 
CH* chemiluminescence band. Flame lengths/flame center lengths were obtained from the flame images and 
were analyzed with respect to dimensional parameters. For a more general finding, the flame length and flame 
center length were normalized by the inlet width. The dimensional parameters were also replaced with non-
dimensional parameters such as the Reynolds number, Strouhal number, Damköhler number, and normalized 
inlet velocity fluctuation, since dimensional parameters have a complex influence on these non-dimensional 
parameters. The normalized flame lengths and flame center lengths could be expressed well as a function of 
the non-dimensional parameters. It was found that an increase in the Reynolds number and a decrease in the 
Strouhal number, Damköhler number and normalized inlet velocity fluctuation caused the flame length/flame 
center length to become greater. 

Keywords: Flame length; Flame center length; Dump combustor; Combustion instability; Turbulent vortex 
flame. 

1. INTRODUCTION

Since the flame length is a dominant factor in the 
combustion efficiency, heat release/transfer, and 
NOx formation in dump combustors of gas turbine 
engines and ramjet engines, it has been a subject of 
great importance to many researchers (Bondaryuk 
and Il’yashenko 1960; Hill and Peterson 1992; 
Turns 2012). The flame length in premixed and 
non-premixed turbulent flames is affected by the 
geometric dimensions of a combustor and the 
operating conditions, such as the inlet 
velocity/temperature, equivalence ratio, combustion 
pressure, etc. (Dahm and Mayman 1990; Morcos 
and Abdel-Rahim 1999; Choi and Kim 2002). 

Gas turbine engines are generally designed to work 
at low equivalence ratios to reduce NOX formation 
due to strict emission regulations (Lefebvre 1977; 
Foglesong et al. 1999; Lieuwen and Yang 2005) 
and ramjet engines are operated in the vicinity of a 
stoichiometric condition to increase the combustion 
efficiency (Bondaryuk and Il’yashenko 1960). 

Combustion instabilities, with high pressure 
fluctuations, are often encountered in these 
operating regions, and large-scale coherent vortical 
structures are known to play a critical role in 
sustaining such combustion instabilities. Poinsot et 
al. (1987) proposed various mechanisms for low-
frequency vortex-driven instabilities. Yu et al. 
(1991) showed that both the vortex kinetics in the 
combustor and acoustic response of the inlet section 
control the instability frequency. Byrne (1983) 
concentrated on the relationship between the flow 
dynamics observed in acoustically excited jets and 
ramjet pressure oscillations. Altay et al. (2009a) 
discovered four distinct operating modes for the 
combustor depending on experimental conditions. 
Dhanuka et al. (2011) found that the frequency of a 
lean-limit instability is related to the flow velocity, 
flame velocity, and combustor length. 

Previous research has shown that acoustic forcing in 
premixed flames and non-premixed flames causes 
heat release patterns to periodically change and a 
high heat release region to be distributed in the near 



D. Hwang et al. / JAFM, Vol. 11, No.3, pp. 647-654, 2018.  
 

648 

field of the combustor (Ahn and Yu 2012; Kim et 
al. 2009a). Hot-firing tests in combustors, using 
kerosene and liquid oxygen for a liquid rocket 
engine, also indicated that low-frequency 
combustion instabilities induced the high 
temperature region to move forward near the 
faceplate plane of the combustor and high-
frequency combustion instabilities also increased 
heat flux into the combustion chamber by 5 ~ 20% 
(Ahn 2014; Ahn et al. 2014). 

Several numerical simulations and experiments 
have shown that reaction zones in the vortex 
structure are affected by flow conditions such as the 
Strouhal number and the Damköhler number 
(Ghoniem and Heidarinejad 1991; Rutland and 
Ferziger 1991; Renard et al. 2000; Stöhr et al. 
2013). The zone of heat release could be moved 
further downstream of the vortex structure under 
low Damköhler numbers. Buchner et al. (1993) 
found that the dynamic behavior of jet flames was 
predominantly a function of the Strouhal number. 
Combustion instability changes the flame length 
and the flame center length, and therefore the heat 
release pattern, which affects heat transfer to the 
chamber walls (Ahn 2014; Kim and Santavicca 
2009). A study on the flame length and flame center 
length in unstable combustion is therefore very 
important. Though numerous numerical and 
experimental works have been performed, a 
parametric study focusing on the flame length and 
flame center length in a dump combustor with 
unstable combustion has not been reported. 

The first objective of the present study is to 
investigate the effects of inlet velocity, equivalence 
ratio and acoustic forcing frequency/amplitude on 
flame lengths and flame center lengths in a dump 
combustor simulating unstable combustion. The 
second objective is then to examine whether flame 
lengths and flame center lengths can be expressed 
as a function of non-dimensional parameters such as 
the Reynolds number, Strouhal number, Damköhler 
number, and normalized inlet velocity fluctuation. 
If one estimates the flame length and flame center 
length by knowing the non-dimensional parameters, 
it will help to understand and predict combustion 
instabilities in gas turbine engines and ramjet 
engines. 

2. EXPERIMENTAL METHODS 

2.1 Experimental Set-up 

The experimental apparatus for the model dump 
combustor is as shown in Fig. 1. The inlet section 
had a cross section of 25 × 25 mm and a length of 
360 mm. Ethylene (C2H4) and air were supplied 
into the inlet section at a height of 35 mm from the 
bottom. The flow rates were controlled using 
choked orifice nozzles (O’Keefe Controls Co.), 
which were located opposite one another on the side 
walls. A honeycomb was installed in the inlet to 
straighten out the premixed flow. The combustor 
section had a cross section of 25 × 75 mm and a 
length of 270 mm. Two quartz windows were 
attached to function as the front/rear walls and to 

provide visual access to the combustor section. 

An acoustic driver with a maximum power of 75 W 
was used at the bottom of the model combustor to 
supply a pressure wave into the premixed flow at 
the open end of the inlet section. Sine waves, which 
were generated from a NI VirtualBench and 
amplified by an Inkel AX5505, were used to force 
the driver at controlled frequencies and amplitudes. 
PCB 101A05 dynamic pressure sensors were flush-
mounted at both the inlet and combustor walls to 
measure the pressure fluctuations. Dynamic 
pressure signals were amplified by a signal 
conditioner (PCB Piezotronics, 482A16) and 
recorded at a rate of 10 kHz by a NI c-DAQ. 

A DSLR camera (Samsung GX-10) and an ICCD 
camera (Andor DH334T-18U-03) were set up at 
opposite sides to simultaneously capture flame 
images. A 431.5 ± 5 nm bandpass filter, which 
includes a CH* chemiluminescence band, was 
mounted to the lens of the ICCD. For simplicity, the 
present emission measurements are referred to as 
direct flame images and CH* chemiluminescence 
images respectively throughout the paper. The 
photographs for CH* chemiluminescence were 
taken at 3 fps by controlling the exposure time of 
the camera to avoid saturation. The direct flame 
image was obtained from one long-exposed 
photograph and the CH* chemiluminescence image 
was acquired by averaging ten long-exposed 
photographs to remove any random features 
associated with turbulence. 
 

 
Fig. 1. Schematic of the experimental set-up. 

 
2.2 Test Conditions 

Several physical parameters such as the 
inlet/combustor dimensions, inlet velocity, 
equivalence ratio, and acoustic forcing 
frequency/amplitude may affect the flame structure 
in a dump combustor. In this study, the inlet mean 
velocity (U), equivalence ratio (φ), forcing 
frequency (f), and forcing power (Po) were varied 
independently to investigate their combined effects 
on the flame length in the dump combustor. To 
cover a broad turbulent combustion range, the inlet 
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mean velocity and the equivalence ratio were varied 
from 7.5 m/s to 12.5 m/s and from 0.55 to 0.80, 
respectively. The forcing frequency was selected 
within the range of the jet preferred mode, which in 
terms of the Strouhal number was between 0.24 and 
0.64 (Gutmark and Ho 1983). Considering that the 
acoustic driver can be operated between 150 and 
5,500 Hz, the forcing frequencies were determined 
differently for each inlet velocity.  

In a plane wave, pressure fluctuation (݌ᇱ) and 
velocity fluctuation (ݑᇱ) are in phase and have a 
following relation:  ݑᇱ = ௣ᇲఘ௖                   (1) 

where ρ is a density and c is a speed of sound 
(Dowling and Williams 1983, Altay 2005, Altay et 
al. 2009a). By detecting pressure fluctuation from 
the inlet dynamic pressure sensor, the acoustic 
forcing power was controlled to maintain the 
normalized inlet velocity peak fluctuation (ݑ௣ᇱ/ܷ) 
constant from 0.1 to 0.5. The test conditions, which 
include the values of non-dimensional parameters, 
are summarized in Table 1. 

The Reynolds number, Strouhal number, and 
Damköhler number are defined as follows: Re = ௎ௐ಺జ , St = ௙ௐ಺௎ , Da = ఛ೑೗೚ೢఛ೎೓೐೘                (2) 

where WI is the inlet width and ν is the kinematic 
viscosity of air at 298.15 K. Following Ahn and Yu 
(2012), the characteristic flow time, τflow, was 
selected as the period of the forcing frequency. This 
was because the period of oscillation in unsteady 
combustion was thought to be reasonable as the 
characteristic flow time. The characteristic 
chemistry time, τchem, was also calculated by 
dividing the flame thickness by the laminar burning 
velocity. This followed the process of Sterling 
(1987), where the laminar burning velocity and 
flame thickness of lean ethylene flames were 
acquired from an analytical equation suggested by 
Göttgens et al. (1992).  

 
Table 1 Experimental conditions 

U 7.5 m/s 10.0 m/s 12.5 m/s 
φ 0.55, 0.60, 0.65, 0.70, 0.75, 0.80 

f 180 Hz 180, 240 Hz 
180, 240, 
300 Hz ݑ௣ᇱ/ܷ 0.1, 0.2, 0.3, 0.4, 0.5 

Re 1.19 × 104 1.59 × 104 1.99 × 104 

St 0.60 0.45, 0.60 
0.36, 0.48, 

0.60 
Da 2.25 ~ 12.45 1.69 ~ 12.45 1.35 ~ 12.45 

3. RESULTS AND DISCUSSION 

3.1 Flame Images During Acoustic Forcing 

Representative images of the direct flame and CH* 
chemiluminescence data for the case of U = 10 m/s, 
with or without acoustic forcing of f = 180 Hz and 
Po = 25 W, are shown in Fig. 2. Figure 2 represents 
the effects of acoustic forcing and the equivalence 

ratio on turbulent premixed flames. These images 
were taken from an area of 75 × 215 mm, which 
was bounded by the two side walls and the inlet 
dump plane at the bottom. As the equivalence ratio 
was changed from 0.55 to 0.80 in fuel-lean 
conditions, the flame became short and intense in 
the near field of the combustor. Acoustic forcing 
generated a large periodic vortex structure, which 
caused the flame to change from a conical shape to 
a shape with brilliant luminosity in the center and 
side walls of the combustor. This also made the 
flame become shorter at relatively low equivalence 
ratios. 

 

 
Fig. 2. Flame images at various equivalence 
ratios (from left to right: φ = 0.55, 0.60, 0.65, 

0.70, 0.75, 0.80 and from top to bottom: direct 
flame images without acoustic forcing, direct 

flame images with acoustic forcing, CH* 
chemiluminescence images without acoustic 

forcing, CH* chemiluminescence images with 
acoustic forcing) at U = 10 m/s. 

 
The radiation intensity of free radicals such as C2, 
CH, and OH has been used to measure the rate of 
combustion. Hurle et al. (1968) found that light 
emission of CH radicals in an ethylene/air flame 
had a linear relationship with the fuel flow rate for a 
given equivalence ratio. The relationship between 
chemiluminescence and the heat release rate was 
assumed to be linear (Poinsot et al. 1987; 
Langhorne 1988). CH* chemiluminescence has 
been successfully used previously as a 
qualitative/quantitative marker for reaction 
dynamics (Lieuwen and Yang 2005; Altay et al. 
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2009b). Though both the direct flame image and 
CH* chemiluminescence image had almost the 
same results as shown in Fig. 2, the direct images 
included a hazy plume downstream of the bright 
flame in high equivalence ratios. The flame length 
and flame center length is therefore calculated from 
the CH* chemiluminescence image throughout this 
paper. 

3.2 Effects of the Equivalence Ratio, Inlet 
Velocity, and Acoustic Forcing 

Figure 3 shows a sequence of the image processing 
which was applied to the CH* chemiluminescence 
images with and without acoustic forcing. To 
reduce the background noise, a CH* 
chemiluminescence image averaged from ten 
photographs was normalized by linearly replacing 
the maximum intensity value with 255 and the 
minimum with 0. The normalized image was 
binarized by substituting pixels with values below 
10% of the maximum intensity value with 0 and 
others with 1. The flame length (LF) was 
determined as the maximum height with five 
sequential 1s in a row in the binarized image. The 
final image was obtained by multiplying the values 
at each pixel of the normalized image and the 
binarized image. The flame center length (LFC) was 
defined as the height with the maximum value in 
the sums of each row of pixels in the final image.  

 

 
Fig. 3. Sequence of the image processing and 

definition of the flame length/flame center length 
for images without and with acoustic forcing (① 
the averaged CH* chemiluminescence image, ② 
the normalized image, ③ the binarized image, ④ 

the final image). 
 
The experimental data of the flame lengths and 
flame center lengths normalized by the inlet width 
at f = 300 Hz and U = 12.5 m/s are plotted in Figs. 4 
and 5. As could be expected from Fig. 2 and as is 
shown in Fig. 4, several flame lengths could not be 
obtained for cases with very low equivalence ratios 
and especially cases without acoustic forcing, since 
the flame extended over the measurement window. 
Nevertheless, the experimental tendency could be 

sufficiently acquired due to broad test conditions. 
As is well known, both flame lengths and flame 
center lengths decreased with increment of the 
equivalence ratio in fuel-lean conditions due to 
shorter chemical reaction time even without 
acoustic forcing. An increase in the normalized inlet 
velocity fluctuation generally appeared to cause the 
flame length and flame center length to be reduced 
because the considerable burned product was 
induced to recirculate into the inlet plane and to be 
rapidly mixed with the fresh premixed gas. It also 
more strongly affect those with low equivalence 
ratios, where the early mixing effect of the burned 
product and fresh reactant by vortical roll-ups was 
more significantly impacted due to the longer 
chemical time. It seems that acoustic forcing 
influenced the flame center lengths greater than the 
flame length. This could mean that the vortex 
structure generated by acoustic forcing significantly 
distorted the flame pattern in the near field of the 
combustor and became weak in the far field due to 
the interaction with the flow and combustion. 
 

 
Fig. 4. Effect of the acoustic forcing power on 
flame lengths in the case of f = 300 Hz and U = 

12.5 m/s. 
 

 
Fig. 5. Effect of the acoustic forcing power on 

flame center lengths in the case of f = 300 Hz and 
U = 12.5 m/s. 

 
Figures 6 and 7 show the effects of inlet velocity on 
flame lengths and flame center lengths under 
acoustic forcing at f = 180 Hz and ݑ௣ᇱ/ܷ = 0.5. At 
the same equivalence ratio, as the inlet velocity 
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decreased, the flame lengths and flame center 
lengths generally dropped off as reported in gas 
turbine model combustors (Stöhr et al. 2012; Stöhr 
et al. 2013). It is interesting that the difference in 
the flame lengths was greater than that in the flame 
center lengths. The reason for this is thought to be 
that the reaction was most active in the near field 
due to the vortex roll-up and merging of the two 
mixing layers and therefore the flame center length 
was less affected by variation of the inlet velocity. 
At high equivalence ratios and high inlet velocities, 
variation in flame center lengths was less owing to 
near saturation of the recirculation zone length and 
the reaction time scale. This is similar to the results 
of Kim et al. (2009b) which showed that the flame 
length did not change when hydrogen was injected 
above a certain level compared to natural gas. 
 

 
Fig. 6. Effect of the inlet velocity on flame 

lengths in the case of f = 180 Hz and ࢛࢖ᇱ/0.5 = ࢁ. 
 

 
Fig. 7. Effect of the inlet velocity on flame center 
lengths in the case of f = 180 Hz and ࢛࢖ᇱ/0.5 = ࢁ. 
 
Finally, the influences of the acoustic forcing 
frequency on the flame lengths and flame center 
lengths were investigated. The experimental data 
with respect to the forcing frequency for the case of 
U = 12.5 m/s and ݑ௣ᇱ/ܷ = 0.4 are presented in Figs. 
8 and 9. The acoustic forcing frequency played a 
different role on flame lengths and flame center 
lengths. As the forcing frequency increased from 
180 Hz to 300 Hz, the flame center length generally 
increased but the flame length showed an opposite 

trend. Because the vortical structure size was 
affected by the acoustic forcing frequency and inlet 
velocity, the lower forcing frequency at the same 
inlet velocity was thought to induce larger roll-up 
structures and to have a locally higher heat release 
region in the near field of the combustor. It is 
known that the shear layer has a smaller length 
scale, whereas the wake has a larger length scale 
comparable to the extent of dump. The disparity 
between the flame length and the flame center 
length could be a result of this scale mismatch. 
 

 
Fig. 8. Effect of the acoustic forcing frequency on 

flame lengths in the case of U = 12.5 m/s and ࢛࢖ᇱ/0.4 = ࢁ. 
 

 
Fig. 9. Effect of the acoustic forcing frequency on 

flame center lengths in the case of U = 12.5 m/s 
and ࢛࢖ᇱ/0.4 = ࢁ. 

 
3.3 Effects of the Reynolds Number, 
Strouhal Number, Damköhler Number, and 
Normalized inlet Velocity fluctuation 

The effects of the equivalence ratio, inlet velocity, 
and acoustic forcing frequency/amplitude on the 
flame lengths and flame center lengths in a dump 
combustor have been examined in the previous 
section. However, parameters such as the 
equivalence ratio, inlet velocity, and acoustic 
forcing frequency/amplitude have dimensions. If 
one uses a different fuel or a different size of 
combustor to repeat a similar study, the result may 
be different. Therefore, the dimensional parameters 
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were replaced with non-dimensional parameters 
such as the Reynolds number, Strouhal number, and 
Damköhler number, which consider the fuel 
properties and inlet dimensions. 

The flame lengths and flame center lengths 
normalized by the inlet width from the experiment 
were investigated as functions of the four 
parameters. The normalized lengths were analyzed 
on the following assumption: ௅ௐ಺ = a × Reఈ × Stఉ × Daఊ × ቀ௨೛ᇲ௎ ቁఋ                     (3) 

By using multiple linear regression analysis, the 
variables in the equation were calculated and the 
following empirical equations were obtained.  ܮி/Wூ = 1.9303 × Re଴.ଵସ଺଺ × Stି଴.ହଵ଴଴ ×Da ି଴.ଷ଺ସଷ × ி஼/Wூܮ ଴.଴ସ଴ସ                                (4)ି(ܷ/௣ᇱݑ) = 2.1334 × Re଴.଴ଷଶ଺ × Stି଴.ଶଶ଼ଵ ×Daି଴.ସସ଴ସ ×  ଴.ଶଽସଷ                 (5)ି(ܷ/௣ᇱݑ)

The experimental data are plotted with the 
calculated data in Fig. 10 and 11. The empirical 
equations are found to match well with the 
experimental results in the whole range of 
experimental conditions. From the empirical 
equations, the following general conclusions can be 
obtained: 1) as the Reynolds number increased, the 
flame length and flame center length increased, 2) 
as the Strouhal number, Damköhler number and 
normalized inlet velocity fluctuation increased, the 
flame length and flame center length decreased. 

 

 
Fig. 10. Comparison of the measured flame 

length data with those estimated from Eq. (4). 

4. SUMMARY AND CONCLUSIONS 

Flame lengths and flame center lengths of premixed 
flames in a dump combustor simulating unstable 
combustion were experimentally investigated. 
Experiments using ethylene and air were performed, 
changing the inlet velocity, equivalence ratio, and 
acoustic forcing power/frequency. For a more 
general finding, the flame length and flame center 
length were normalized by the inlet width. The 
dimensional operating parameters were replaced 
with non-dimensional parameters such as the 
Reynolds number, Strouhal number, Damköhler 

number, and normalized inlet velocity fluctuation.  
 

 
Fig. 11. Comparison of the measured flame 

center length data with those estimated from Eq. 
(5). 

 

Acoustic forcing affected more significantly heat 
release rate in the near field of the combustor under 
relatively low equivalence ratios. As the inlet 
velocity decreased and the equivalence ratio 
increased, the flame lengths and flame center 
lengths generally became shorter. The acoustic 
forcing frequency played a different role on the 
flame lengths and flame center lengths. 

The flame lengths and flame center lengths 
normalized by the inlet width could be expressed 
well as a function of non-dimensional parameters. It 
was found that an increase in the Reynolds number 
and a decrease in the Damköhler number, Strouhal 
number and normalized inlet velocity fluctuation 
caused the flame length/flame center length to 
become greater. In light of these findings, one could 
expect a flame pattern in unstable combustion if one 
knows the non-dimensional parameters. 

As a first step, ethylene with wide combustion 
limits and a low ignition temperature/energy was 
used in this study. Though the present results in a 
dump combustor shed new insight into the flame 
pattern in unstable combustion, more general 
validity of the results using other fuels with a low 
reactivity is highly recommended to achieve a 
deeper understanding. Also, the phase-averaged 
flame length/flame center length with respect to 
different acoustic pressure phases will be carried 
out for future work. 
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