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Abstract: Fuel staging is often used to suppress combustion instabilities in a gas turbine engine.  

This strategy is accomplished by applying differing flow rates of fuel to different nozzles of a multi-

nozzle combustor. As such, the mixture composition and critical flame properties like flame speed 

and heat release may vary from nozzle to nozzle. In this experiment, five identical nozzles are 

arranged with a central nozzle surrounded symmetrically by four others; this is commonly referred 

to as a “four-around-one” configuration.  The fuel is staged by adding more fuel through the middle 

and one outer nozzle, where staging through the middle nozzle will be referred to as axisymmetric 

staging, and staging through an outer nozzle is non-axisymmetric staging.  This staging is analyzed 

through the use of tomographic image reconstruction.  Images are taken in 5 degree increments over 

a 180 degree span around the flame for each staging condition.  We compare three cases: one without 

staging, one with axisymmetric staging, and another with non-axisymmetric staging.  Fuel staging 

can cause deviations in the flame structure where neighboring flames meet each other.  Non-

axisymmetric versus axisymmetric staging are found to result in different flame shapes and 

stabilization methods due to the difference in the number of flames that are interacting with the 

staged nozzle. Keywords: Turbulent Flames, Fuel Staging, Flame Interaction 

 

1. Introduction 

Most modern gas turbine engines use lean-premixed combustion in order to meet emissions 

requirements. While lean-premixed combustion successfully reduces harmful pollutants such as 

NOx, it makes flames more susceptible to combustion instability. Combustion instability is caused 

by a coupling between heat release rate fluctuations and combustor acoustics in a feedback loop 

[1]. This coupling is undesirable as it reduces engine operability, increases emissions, and in rare 

cases, causes catastrophic hardware failure [1, 2]. Combustion instability may be suppressed using 

active or passive techniques, though passive techniques are preferred in industry due to their 

reliability. Fuel staging, which is when fuel is spatially nonuniformly distributed in the combustor, 

is a commonly used instability suppression mechanism [1-6].  

The primary effect of fuel staging is to redistribute the heat release, and a recent computational 

study by Li et al. [7] illustrates how a non-axisymmetric distribution of heat release rates in a 

Rijike tube has a stabilizing influence. They additionally found that the higher the nonuniformity 

the higher the stabilizing influence. Samarasinghe et al. [8] recently proposed a mechanism as to 

how axisymmetric fuel staging suppresses instability in a model gas turbine combustor. They 

utilized a four-around-one multi-nozzle combustor (the same configuration used in this work) to 

study the effects of axisymmetric fuel staging on self-excited instabilities. They found that fuel 
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staging altered the phase relationships between the staged, center flame and the un-staged, outer 

flames that resulted in destructive interference, thereby suppressing the instability.  

Fuel staging may be conducted in an axisymmetric [3, 9] or non-axisymmetric [5, 6]  manner, 

and it remains an open question as to which configuration is more effective in suppressing 

instability. It is likely that flame interaction plays a strong role in the effectiveness of different fuel 

staging strategies. To investigate the effect of flame interaction, this work utilizes tomographic 

reconstructions of axisymmetrically and non-axisymmetrically staged flames to study how the 

location of fuel staging changes flame shape. 

 

2. Experimental Setup and Methods 

The experimental facility is as pictured in Figure 1a and is described in more detail in Refs. 

[10, 11]. The combustor burns a preheated (200 C), premixed mixture of natural gas and air with 

a bulk velocity of 26 m/s. A 260 mm diameter, 300 mm long quartz tube serves as the combustor 

liner. Each fuel nozzle consists of an annulus, a swirler of swirl number 0.7, and a recessed 

centerbody. The process of fuel staging is described in more detail in previous publications [8, 12], 

and is accomplished by injecting a small amount of fuel through fuel staging annulus where it 

flows to the swirler and enters the main flow path as in Figure 1b. Previous measurements by 

Orawannukul [13] indicate this extra fuel is well mixed by the nozzle exit. The operating 

conditions are summarized in Table 1. 

 

Table 1: Staging equivalence ratios 

Staging Configuration Non-staged ϕ/Staged ϕ 

No Staging 0.65/0.65 

Axisymmetric Staging 0.68/0.85 

Non-Axisymmetric Staging  0.68/0.85 

Non-Axisymmetric Staging 0.68/0.90 

 

 
(a) 

 
(b) 

 
(c) 

Figure 1: (a) Multinozzle Combustor (b) Cutaway of staging fuel path (c) track setup for 

tomographic reconstruction (reproduced from [11]) 

High speed images CH* are obtained using a Photron SA4 high speed camera coupled to an 

Invisible Vision Invisible Vision UVi 1850-10 intensifier, a Nikon AF Micro-Nikkor 60mm f/2.8 
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lens, and a 432 ±5 nm bandpass filter. A recess mounted PCB pressure transducer on the dump 

plane is used to measure the combustor pressure. K-type thermocouples are used to monitor dump 

plane and centerbody temperatures. 

The setup for the tomographic reconstruction is shown in Figure 1c. Three dimensional 

reconstructions of the flame are obtained by calculating the inverse Radon Transform using a 

filtered back projection algorithm as described in Ref. [11]. High-speed CH* chemiluminescence 

images are recorded for one second at a framerate of 4 kHz in five-degree increments along the 

180-degree section of track. This procedure results in a total of 36 angles for each reconstruction. 

The images are background subtracted, flat field corrected, cropped, and time-averaged at each 

angle before being processed using the inverse Radon transform. 

 

3. Results and Discussion 

The interior structures of the multi-nozzle flames are inspected in two-dimensional slices of 

the reconstructed figures.  For each staging case (non-staged, axisymmetric, or non-axisymmetric) 

we consider six horizontal slices of the flame at increasing axial distances from the dump plane in 

increments of 0.5 in.  Additionally, we consider two vertical slices displaying the XZ plane and 

YZ plane through the center nozzle. Figure 2 shows the nozzle configuration where “F” is the 

front nozzle, “L” is the left nozzle, “B” is the back nozzle, and “R” is the right nozzle. The XZ 

plane is shown the by black line which slices through the front, center, and back nozzles while the 

XZ plane is shown by the green line and slices through the right, center, and left nozzles. 

 

 
Figure 2: Nozzle Configuration 

No Fuel Staging 

Figure 3 (a – c) shows the flame structure of the non-staged case.  Interaction between the 

flames is first observed at 1 in. from the dump plane, shown in Figure 3a, image 2.  This area of 

flame interaction grows further downstream.  At z = 1.5 in., the outer flames contact the combustor 

liner. The center flame develops a distinct, non-axisymmetric square shape at the same location, 

whereas the outer nozzle flames remain relatively axisymmetric.  Further downstream, the flame 

shapes begin to twist counter-clockwise due to bulk swirl effects. This is especially evident at 3 

in. downstream. This swirl causes regions of high chemiluminescence intensity, and therefore heat 

release, in a “star” shape around the center nozzle and in a non-axisymmetric “lima bean” shape 

around the outer nozzle flames.  The greatest chemiluminescence intensity is found in the flame 

interaction regions.  Figures 3b and 3c, which show cuts in the XZ and YZ planes respectively, 

highlight the structure of flame stabilization. The outer flames impinge on the wall of the 



Sub Topic: IC and GT Engines  36IC-0040 

 4 

combustor, resulting in high levels of heat release, and can be seen to stabilize in both the inner 

and outer shear layers in the regions near the wall.  In the flame interaction regions, the flame 

shape is less certain. Pockets of high chemiluminescence can be seen between the branches of the 

flames stabilized in the inner shear layers, but the structure is quite different from that of the “M-

flame” shape seen near the walls, suggesting that the flames in the interaction zones may not be 

stabilizing in the outer shear layer. The pocket structure may be the result of strong recirculation 

between flames.  

 

 
(a) 

 
(b) 

 
(c) 

Figure 3: Non-staged at 𝝓 = 𝟎. 𝟔𝟓 a) Z-direction b) XZ-plane c) YZ-plane 

 

Axisymmetric Staging 

The axisymmetric staging case is displayed in Figure 4 (a – c); the staging is evidenced by the 

higher chemiluminescence intensity of the center flame, as the equivalence ratio of that flame is 

higher than that of the outer flames. Despite the additional fuel, there is no clear indication of flame 

interaction until 1.5 in. from the dump plane; this is shown by the low chemiluminescence intensity 

in (Fig 4a). This staged flame structure differs from the non-staged case, which exhibits interaction 

as early as 1.0 in., and this difference is likely due to the change in flame shape from the variation 

in flame speed at higher equivalence ratios. Further downstream, the center flame shape follows a 

similar progression in shape seen in the non-staged case, where the high heat-release region forms 

a square and then a star farther downstream due to the swirl direction of the nozzles. Figures 4b 

and 4c show a significant change in the stabilization of the center flame with staging. In particular, 

the flame seems to stabilize in both the inner and outer shear layers, resulting in an “M-shape” 

flame in the interaction zone, as compared to the “V-shaped” flame seen in the non-staged case.  

 

 
(a) 

 
(b) 

 
(c) 

Figure 4: Axisymmetric staging for  𝝓𝑪𝒆𝒏𝒕𝒆𝒓 = 𝟎. 𝟖𝟓,𝝓𝑶𝒖𝒕𝒆𝒓 = 𝟎. 𝟔𝟖  

a) Z-direction b) XZ-plane c) YZ-plane  

 

 

 



Sub Topic: IC and GT Engines  36IC-0040 

 5 

Non-axisymmetric Staging 

Non-axisymmetric staging of the multinozzle combustor is displayed in Figures 5 (a – c) for a 

staging equivalence ratio of 0.85 and Figure 6 (a – c) for a staging equivalence ratio of 0.9. The 

axial development of the flame shapes is similar to the development in the axisymmetric staging 

case.  The “lima bean” and “star” shapes are present in the outer and inner flames, respective, in 

both Figures 5a and 6a.  The lima bean structure is especially pronounced at the staged nozzle 

because of the additional fuel that ultimately causes higher chemiluminescence signal in that 

flame.  At an axial distance of 3 in., the star shape emerges around the center nozzle as the 

chemiluminescence intensity around the staged nozzle diminishes.  Figures 5b and 6b show the 

XZ plane, where the flame stabilization is more evident; here the pocket of chemilumescence, 

likely from hot-gas recirculation, is present but little outer shear layer flame stabilization is seen. 

This result differs from the axisymmetric staging, where staging the center flame resulted in a 

change in the flame shape, whereas the shape does not change significantly in the outer flames 

when they are staged. For both non-axisymmetric cases, the XZ plane images (Fig 4b, 5b) show 

streaking and nonuniformity.  This could be a result of error in the reconstruction though it is 

suggestive that these features are visible in both reconstructions. 

  

 
(a) 

 
(b) 

 
(c) 

Figure 5:  Non-axisymmetric Staging for  𝝓𝑩𝒂𝒄𝒌 = 𝟎. 𝟖𝟓,𝝓𝑶𝒕𝒉𝒆𝒓 = 𝟎. 𝟔𝟖                         

a) Z-direction b) XZ-plane c) YZ-plane 

 

 
(a) 

 
(b) 

 
(c) 

Figure 6: Non-axisymmetric Staging for 𝝓𝑩𝒂𝒄𝒌 = 𝟎. 𝟗𝟎,𝝓𝑶𝒕𝒉𝒆𝒓 = 𝟎. 𝟔𝟖 

a) Z-direction b) XZ-plane c) YZ-plane 

4. Conclusions 

This work examined the flame structure of non-staged, axisymmetrically staged, and non-

axisymmetrically staged conditions. There were several similarities and differences found between 

the flame structures for different staging configurations.  All cases exhibit flame shape variation 

with downstream distance. Non-staged flames tend to have significant flame interaction and partial 

V-shape flames.  Axisymmetric staged flames have less noticeable flame interaction than the non-
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staged case, but more distinct M-shape flames are formed. Non-axisymmetric staged flames have 

a structure more similar to the non-staged case.    

This work suggests that the location of fuel staging impacts flame shape.  Different staging 

configurations can drastically change flame structure as well as flame-flame interaction, flame-

wall interaction, and heat release rates. Future work will use OH laser-induced fluorescence 

measurements to better understand the connection between flame shape and instability 

suppression.  Steps will be taken to fine tune the tomographic reconstruction techniques in order 

to create the most accurate figures.  More data for each case will allow for precise comparisons of 

the various staging configurations as well as a better assessment of the non-axisymmetric 

discontinuities. 
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