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ABSTRACT 
 

Experimental Investigation of Flow and Wall Heat Transfer in an Optical Combustor for 

Reacting Swirl Flows  

 

Suhyeon Park 

 

The study of flow fields and heat transfer characteristics inside a gas turbine combustor provides 

one of the most serious challenges for gas turbine researchers because of the harsh environment at 

high temperatures. Design improvements of gas turbine combustors for higher efficiency, reduced 

pollutant emissions, safety and durability require better understanding of combustion in swirl 

flows and thermal energy transfer from the turbulent reacting flows to solid surfaces. Therefore, 

accurate measurement and prediction of the flows and heat loads are indispensable.  

This dissertation presents flow details and wall heat flux measurements for reacting flow 

conditions in a model gas turbine combustor. The objective is to experimentally investigate the 

effects of combustor operating conditions on the reacting swirl flows and heat transfer on the liner 

wall. The results shows the behavior of swirling flows inside a combustor generated by an 

industrial lean pre-mixed, axial swirl fuel nozzle and associated heat loads.  

Planar particle image velocimetry (PIV) data were analyzed to understand the 

characteristics of the flow field. Experiments were conducted with various air flow rates, 

equivalence ratios, pilot fuel split ratios, and inlet air temperatures. Methane and propane were 

used as fuel. Characterizing the impingement location on the liner, and the turbulent kinetic energy 

(TKE) distribution were a main part of the investigation. Proper orthogonal decomposition (POD) 

further analyzed the data to compare coherent structures in the reacting and non-reacting flows. 

Comparison between reacting and non-reacting flows yielded very striking differences. Self-

similarity of the flow were observed at different operating conditions.  

Flow temperature measurements with a thermocouple scanning probe setup revealed the 

temperature distribution and flow structure. Features of premixed swirl flame were observed in the 

measurement. Non-uniformity of flow temperature near liner wall was observed ranging from 

1000 K to 1400 K. The results provide insights on the driving mechanism of convection heat 

transfer.  

As a novel non-intrusive measurement technique for reacting flows, flame infrared 

radiation was measured with a thermographic camera. Features of the flame and swirl flow were 



 

 

 

 

observed from reconstructed map of measured IR radiation projection using Abel transformation. 

Flow structures in the infrared measurement agreed with observations of flame luminosity images 

and the temperature map. The effect of equivalence ratio on the IR radiation was observed.  

Liner wall temperature and heat transfer were measured with infrared thermographic 

camera. The combustor was operated under reacting condition to test realistic heat load inside the 

industrial combustors. Using quartz glass liner and KG2 filter glass, the IR camera could measure 

inner wall surface temperature through the glass at high temperature. Time resolved axial 

distributions of inner/outer wall temperature were obtained, and hot side heat flux distribution was 

also calculated from time accurate solution of finite difference method. 

The information about flows and wall heat transfer found in this work are beneficial for 

numerical simulations for optimized combustor cooling design. Measurement data of flow 

temperature, velocity field, infrared radiation, and heat transfer can be used as validation purpose 

or for direct inputs as boundary conditions. Time-independent location of peak location of liner 

wall temperature was found from time resolved wall temperature measurements and PIV flow 

measurements. This indicates the location where the cooling design should be able to compensate 

for the temperature increase in lean premixed swirl combustors.  

The characteristics on the swirl flows found in this study points out that the reacting 

changes the flow structure significantly, while the operating conditions has minor effect on the 

structure. The limitation of non-reacting testing must be well considered for experimental 

combustor studies. However, reacting testing can be performed cost-effectively for reduced 

number of conditions, utilizing self-similar characteristics of the flows found in this study.  

 

 

 

 

 

 

 

 

  



 

 

 

 

GENERAL ABSTRACT 
 

Experimental Investigation of Flow and Wall Heat Transfer in an Optical Combustor for 

Reacting Swirl Flows  

 

Suhyeon Park  

 

The study of flow fields and heat transfer characteristics inside a gas turbine combustor provides 

one of the most serious challenges for gas turbine researchers because of the harsh environment at 

high temperatures. Design improvements of gas turbine combustors for higher efficiency, reduced 

pollutant emissions, safety and durability require better understanding of combustion in swirl 

flows and thermal energy transfer from the turbulent reacting flows to solid surfaces. Therefore, 

accurate measurement and prediction of the flows and heat loads are indispensable. This 

dissertation presents flow details and wall heat flux measurements for reacting flow conditions in 

a model gas turbine combustor.  

The information about flows and wall heat transfer found in this work are beneficial for 

numerical simulations for optimized combustor cooling design. Measurement data of flow 

temperature, velocity field, infrared radiation, and heat transfer can be used as validation purpose 

or for direct inputs as boundary conditions. Time-independent location of peak location of liner 

wall temperature was found from time resolved wall temperature measurements and PIV flow 

measurements. This indicates the location where the cooling design should be able to compensate 

for the temperature increase in lean premixed swirl combustors.  

The characteristics on the swirl flows found in this study points out that the reacting 

changes the flow structure significantly, while the operating conditions has minor effect on the 

structure. The limitation of non-reacting testing must be well considered for experimental 

combustor studies. However, reacting testing can be performed cost-effectively for reduced 

number of conditions, utilizing self-similar characteristics of the flows found in this study. 
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PREFACE 
 

This dissertation is prepared based on manuscripts of previously published articles or the 

material in preparation for publication. Chapter 1 is an introduction to explain the motivation 

for current project and basics of gas turbine combustor flow and heat transfer research in general. 

Since the project is continued form the past research by previous researchers in the group, the 

introduction is a revisit of the previous work. Chapter 2 describes the combustor used for the 

later chapters, which was designed and fabricated previously for this project. Chapter 3 reports 

PIV results including two sets of measurement. The first part of PIV measurement was presented 

at ASME Turbo Expo 2017, and the other part is in preparation for ASME Turbo Expo 2018. 

Chapter 4 introduces flow temperature measurement with thermocouple, which is in preparation 

for at AIAA SciTech 2018. Infrared flame imaging described in Chapter 5 was presented at 

AITA Conference in Canada 2017. Wall heat transfer measurements in Chapter 6 was a part of 

presentation at ASME Turbo Expo 2017.  
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CHAPTER 1. INTRODUCTION 
 

 

1.1 IMPORTANCE OF GAS TURBINE TECHNOLOGY  

Gas turbines are essential in aero-engines and electric power generations, and it is one of the 

most important area of research in engineering. Energy consumption statistics reported recently 

states that the amount of natural gas usage is increasing. Concerning the environment issues, 

renewable energy sources are the most appropriate alternatives to fossil fuels in a long term 

perspective. However, their costs are not competitive in the beginning stages. Power generation 

using natural gas is beneficial currently and near future, because of its less effect on the 

environment compared to other fossil fuels, and technical maturity from the long history of 

development.  

 

 
Energy consumption by source in the United States (1776-2014) [1] 

 

The net efficiency of modern combined-cycle gas turbine power plant is over 60% (H-

class), which is higher than other types of fossil fuel power generation. Gas turbines are also 

advantageous with less restrictions on the installation site and the independence of weather and 

climate. Gas turbines will play a complementary role, even after renewable energy takes over 

most of the power generation in the future. 

This work is motivated by key factors in current gas turbine research, which is increased 

efficiency and reduced pollutant emissions. For those requirements, higher turbine inlet 
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temperature is achieved with advanced material and designs of turbine blade, and lean-premixed 

combustion is more widely used for ground based gas turbines. The complexity of combustor 

design is increasing consequently.  

 

1.2 BASICS OF COMBUSTOR DESIGN   

1.2.1 Efficiency and Turbine Inlet Temperature 

Common gas turbine engine is based on open Brayton cycle. Figure 1 shows a schematic 

of simple configuration and the T-s diagram of the open Brayton cycle.  

 

 
Figure 1. Schematic of Brayton cycle and T-s diagram.  

 

The efficiency (𝜂) of an air-standard ideal Brayton cycle depends on the pressure ratio 

(𝑟).  Equation 1 and 2 shows the efficiency and the power for the ideal cycle [2].  

 

 

𝜂 = 1 − (
1

𝑟
)

(𝛾−1)
𝛾

, 𝑟 =
𝑝2
𝑝1

 (1) 

 

 
𝑊

𝑐𝑝𝑇1
= 𝑡 (1 −

1

𝑟(𝛾−1)/𝛾
) − (𝑟

(𝛾−1)
𝛾 − 1) , 𝑡 =

𝑇3
𝑇1

 (2) 

 

Net specific work generation 𝑊 increases when the pressure ratio and combustor exit 

temperature 𝑇3 increase. The pressure ratio can be expressed in terms of inlet 𝑇3 and exit 𝑇4 
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temperature of turbines using isentropic relation. The equation indicates that the limiting factor 

of the pressure ratio is the maximum allowable temperature at the turbine inlet.  

 

 𝑟(𝛾−1)/𝛾 = (
𝑝2
𝑝1
)
(𝛾−1)/𝛾

= (
𝑝3
𝑝4
)
(𝛾−1)/𝛾

=
𝑇3
𝑇4

 (3) 

 

The higher turbine inlet temperature leads to higher efficiency, higher maximum power, 

and reduced engine size in accordance. The optimum condition for the work output is achieved 

when 𝑟(𝛾−1)/𝛾  = √𝑡.  Efforts in research are focused on the high turbine inlet temperature for 

this reason [3]. This relation for the performance of an ideal cycle is also valid for the real 

engines accounting for losses.  

 

1.2.2 Durability and Emission 

Durable design and reduced pollutant emission are two main considerations for combustor 

performances. A combustor should bear a durability that can be operated at high temperature 

environment for long lifetime. Thermal barrier coatings and advanced materials extended the 

lifetime of combustor components [4-7]. The durability of combustor for ground based 

commercial gas turbines targets 30000 hours of operation [4]. However, there are failures of 

combustor liners reported in the open literature [4, 8, 9]. Reduced material strength at high 

temperatures, maximum thermal stresses at the location of maximum temperature gradients, and 

corrosion affects the combustor durability. [9-11]. Creep and low cycle fatigue (LCF) are the 

predominant mechanisms of liner failure. Low cycle fatigue is related to startup and shutdown. 

Creep is slow process of cumulative deformation of material in stress below the yield point. The 

thermal management, is the most critical part for enhanced durability of combustors and for 

improved efficiency.  

For combustor liner life assessment, transient operation of the engine was simulated by 

computer modeling [10]. Experimental validation is necessary for the numerical simulation for 

the confidence of the results, and for the reliability of the modeling. However, the study was 

limited to qualitative validation on available examples of failed combustors. The authors pointed 
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out that the experimental data on hot side heat transfer is very limited for different combustor 

configurations.  

Another factor is pollutant emission generated from combustion process. Principal 

pollutants of primary concerns are nitric oxides (NOx), unburned hydrocarbons (UHCs) and 

carbon monoxides (CO). Reducing overall pollutant emission requires two contradicting 

conditions. Formation rate from atmospheric nitrogen to NOx increases with increase in flame 

temperature, but CO and UHC are formed at low flame temperature condition. Reaction 

mechanisms of NOx formation are thermal (Zeldovich) mechanism, prompt (Fenimore) 

mechanism and nitrous oxide (N2O) mechanism. NOx emission is significant at temperature 

above 1850 K, especially for thermal NOx, which contributes 60% of the total NOx [12,13]. 

UHCs result from incomplete combustion of fuel cause by insufficient residence time or low 

temperature. The optimum flame temperature in consideration of environmental influences is in 

the range of 1700-1900 K [13].  

The lean operation is adapted to many of modern gas turbines to lower the flame 

temperature and to reduce NOx emissions. The temperature of lean frame ~ 1700 K is still 

beyond the allowable temperature of liner material (1100 K for common nickel super alloys) 

[13,14]. Bleed air from the compressor is used as coolant for high temperature component in 

gas turbine. The amount of the coolant flow rate should be minimized to maintain high turbine 

inlet temperature. Coolant introduced to the hot gas by film cooling or dilution also affects to 

UHCs and CO formation by quenching the reaction. For the efforts to reduce emissions, the 

importance of thermal management of combustor is more emphasized.  

Realizing the highest efficiency and output power impacts combustor design conditions. 

Optimized cooling design of the combustor liner benefits both durability and emission. However, 

it is impossible without understanding the reacting flow and the associated heat transfer. 

Accurate characterization of flame side heat transfer is not fully investigated yet. The objective 

of the present research work is to improve our understanding of flow and heat transfer inside 

combustor, and to provide insights to the next-generation gas turbine combustor designs.  
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1.2.3 Conventional Combustor Configuration  

Gas turbine generates power from the chemical energy contained in the fuel. Combustor, also 

called as burner or combustion chamber is a component of gas turbine which converts the 

chemical energy to thermal energy by process of chemical reaction. Because it directly contacts 

the reacting flow, the combustor system is exposed to the highest temperature. The pressure 

condition is also very high, since it is located between compressor and turbine. A diagram of 

gas turbine configuration shows the location of combustor in Figure 2.  

 

 
Figure 2. Diagram of a gas turbine engine showing the compressor, combustor, and 

turbine. Diagram by Jeff Dahl [13].  

 

Fundamentals of gas turbine combustor are available in studies by Lefebvre and Ballal 

[14] and Mellor [15]. Details of most of the considerations for gas turbine design are given in 

their works comprehensively. Figure 3 and Figure 4 show a design of conventional combustor 

and section of a conventional combustor (Rolls-Royce Nene turbojet) of 1940s [16].  

Combustor liner or flame tube is contained inside a high pressure casing. Diffuser at the 

combustor inlet reduces the flow velocity to present stable air flow to the compressor. The flow 

recovers the dynamic pressure which enhances overall efficiency due to the diffuser. The snout 

separates the primary and the secondary air. Secondary air is used for cooling and dilution. 

Swirler and fuel nozzle are mounted on the dome of the combustor. Swirl flow generation is 

discussed more in the later part of this chapter. Primary zone holes on the liner are strategically 

placed to stabilize the flame by flow recirculation. Dilution holes introduces more air to adjust 

the temperature of the hot gas to be allowable for the nozzle guide vanes in the turbine section. 
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Film cooling holes of slots are to prevent the liner from overheating and related failure by 

forming a layer of coolant air on the flame side of the liner.  

 

 
Figure 3. Main components of a conventional combustor [13] 

 

 
Figure 4. Sectioned Rolls-Royce Nene Turbojet combustor [16]. 

 

The inner space of the combustor is divided into three zones. The primary zone is where 

fuel is mixed with air and ignites. The most of chemical reaction and heat release occurs near 

the stabilized flame in this zone. More air is introduced at the intermediate (secondary) zone to 

minimize CO and UHCs. The secondary zone increases the residence time and improves 

combustion efficiency, especially for early combustors with diffusion flame. Dilution zone is 

the final region of combustor, where the exhaust gases are mixed with air and tailored to have 
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desired pattern factor (measure of temperature profile uniformity). Finally, a transition piece 

connects the combustor to turbine section.    

 

1.2.4 Modern DLE Combustor  

Two key features of modern combustors for stationary gas turbines are premixing and reduced 

cooling. For traditional combustors, diffusion flame was preferred to maintain high stability, 

and the coolant rate for film cooling and dilution was higher. To enhance efficiency, emission 

and durability, researchers focused on achieving lower flame temperature and more primary air, 

by pioneering dry low emission (DLE) technology. The term ‘dry’ is used opposed to ‘wet’, 

because water injection was widely used for early gas turbines to reduce flame temperature and 

minimize NOx emission. Stringent requirements drove the development of new DLE technology. 

The Environmental Protection Agency (EPA) in the United States limits the emission to 15 ppm 

at 15% O2 for large stationary gas turbines firing natural gas [17]. The pollution management 

became a top priority for this reason.  

 

 
Figure 5. Air distribution in a conventional and a low emission combustor [18].  

 

Solar Turbines Inc. led the early innovations of DLE, featuring their SoLoNOx fuel 

nozzles. A diagram in Figure 5 shows the difference in the distribution of the primary and 
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secondary air flows. Modern lean premixed nozzles require less cooling air and they supply 

more air through primary path for the same turbine inlet temperatures condition. Reduced 

amount of coolant air flow demands improved thermal management technology.  

Figure 6 compares the designs of conventional and SoLoNOx combustor. The SoLoNox 

combustor features no film cooling on the liner. Instead, coolant air from back side of the dome 

splash plate (heat shield) exits along the liner near the dome plate. Film cooling and dilution 

holes are present only to the end of the combustion chamber. The absence the holes in the 

intermediate zone is contrasting aspect from the conventional combustor.  

 

 

 
Figure 6. Comparison between a conventional and a modern SoLoNOx ®  lean pre-mixed 

combustor design from Solar Turbines Incorporated [19].   
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1.3 BACKGROUND OF FLOW FIELD AND HEAT TRANSFER RESEARCH  

1.3.1 Combustor Flow Field 

Swirl is tangential rotation of the flow, which is generated by a swirl fuel nozzle before it enters 

into the combustion chamber. The swirling jet forms flow features for flame stability in the 

primary zone of the combustor.  Typical flow structure in the mean velocity is shown in Figure 

7 [20]. Noticeable features of the flow are the location of shear layers and recirculation zones. 

The inner recirculation zone (IRZ, CRZ, central recirculation zone) brings hot combustion 

products back to the swirling jet exiting the nozzle, igniting the fresh mixture. An important 

coherent flow structures are observed at the inner shear layers that enhance the mixing between 

the swirling jet exiting the fuel nozzle and the recirculated gases. It is important to understand 

the behavior of the flow particularly for interactions between swirl jet and recirculating flow at 

the inner shear layer.  

 

Figure 7. Schematic of typical flow structure inside a swirl combustor 

 

Due to the existence of IRZ, the swirl type burner does not need a blunt body flame 

holder for stabilization. Heat loss at the blunt body is curtailed with the swirl fuel nozzle, and 

cooling design can be simplified. Extended residence time due to recirculation shortens the total 

length of combustor, enhancing the overall efficiency [14].  
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Researchers has studied the swirling flows within combustors for more than 50 years. 

Current works focus on understanding the vortex breakdown phenomena which results the 

central recirculation. Comprehensive reviews are available on combustion in swirling flows by 

Lilley [21], Beér and Chigier [22], Syred and Beér [23], and Gupta et al. [24]. Continued 

research works contributed to the characteristics of swirling flows including IRZ, axial pressure 

recovery of swirling jet, and the trigger of vortex breakdown [20].  

 A balance equation of centrifugal force and pressure force transmitted from the wall can 

be applied for a can combustor. The equation for quasi-cylindrical flow at steady state laminar 

flow is given by Equation 4 [25, 26].  

 

𝜕𝑃

𝜕𝑟
=
𝜌𝑤2

𝑟
                                                                       (4) 

 

Tangential velocity component is 𝑤 , and radial location from central axis is 𝑟 . 

Integration along radial axis yields Equation 5 [25].  

 

𝜕𝑃

𝜕𝑥𝑟=0
≃
𝜕𝑃

𝜕𝑥𝑟=𝑅
−
𝜕

𝜕𝑥
∫

𝜌𝑤2

𝑟

𝑅

0

𝑑𝑟                                                  (5) 

 

If pressure gradient along x axis is always negative i.e., 
𝜕𝑃

𝜕𝑥
< 0 , the fluid will be 

accelerated to the positive direction until it balances with pressure loss such as viscous force. 

Flow reversal is possible only if the pressure gradient term is positive. The axial difference of 

pressure at the center is smaller than that at the wall by the contribution of centrifugal force. 

During the expansion at the nozzle, tangential velocity of the flow decreases due to conservation 

of angular momentum. Accordingly, the last term decreases and reaches negative value, as 

𝜕

𝜕𝑥
∫

𝜌𝑤2

𝑟

𝑅

0
𝑑𝑟 < 0. It causes adverse pressure gradient on the flow near the axis with 

𝜕𝑃

𝜕𝑥𝑟=0
> 0. 

This effect with sufficiently high initial tangential velocity can overcome the axial momentum. 

After a triggering event, a vortex breakdown bubble is created by this mechanism, forming a 

inner recirculation zone in the combustor.  

Recent works on combustor flow field focused on unsteady behavior and combustion 

instabilities by Lieuwen [27], Lucca-Negro and O’Doherty [28], Syred [29], and Huang and 
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Yang. [20]. Various types of vortex breakdown and periodic oscillations in the flow such as 

precessing vortex core (PVC) and the axial-radial shedding vortices at the combustor exit have 

been identified in detail. The size and characteristics of IRZ and PVC are determined by the 

flow properties and velocity profiles at the inlet [25,30,31]. Experimental and theoretical 

demonstration of inlet radial velocity profile on the onset of flow reversal is reported by Hallet 

and Toews [32]. Size of recirculation zones increase when central hub or a diverging fuel nozzle 

were used [21]. Seminal work by Faler and Leibovich [33]  on flow visualizations explained the 

dependence of vortex breakdown on Reynolds numbers up to 10000 with respect to the nozzle 

diameter. At the highest tested Reynolds numbers, only axisymmetric and spiral vortex 

breakdown modes were observed. With increased Reynolds number, an upstream shift of the 

recirculation bubble was identified. The swirl number (S) is a frequently used parameter to 

represent the strength of swirl. It ratio of tangential momentum (𝐺𝜙) to axial momentum (𝐺𝑥) in 

the axial fluxes with a proportional factor inverse of combustor diameter (R) as defined by 

Equation 6.   

 

S =
𝐺𝜙

𝑅 𝐺𝑋
                                                                         (6) 

 

The swirl number is used in many procedures of combustor designs. Existence of vortex 

breakdown is the first one determined by swirl number. Its threshold value to ensure vortex 

breakdown was reported as 0.6-0.7 by Syred [29]. The flow structures are affected by the swirl 

number. Increase in the swirl number leads to a longer recirculation zone and upstream shift of 

the bubble location [25]. The swirl number also governs the mass flow of recirculation, which 

is important for flame stability.  

Terhaar and coauthor recently reported about formation and characteristics of vortex 

breakdown and the effect of inlet flow profile modification using axial injection [34]. The 

triggering of a conical vortex breakdown was identified at high axial flow injection rate. 

Carmack et al. showed the differences between axial and radial swirl nozzles for industrial gas 

turbines by investigation on flow characteristics [35]. Strakey and Yip compared the 

instantaneous flow and the corresponding time-averaged flow field for non-reacting condition. 
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PVC elements were identified using a slot swirler with a swirl number of 1.17 [36]. However, 

their works did not cover reacting conditions.  

Comparison of reacting and non-reacting flows was done by Ji and Gore [37]. 

Instantaneous and time averaged flow fields for unconfined swirl flame were presented with a 

swirl number of 2.4. The results provided insight to the changes between non-reacting and 

reacting flows and the importance of instantaneous flow. Larger turbulent kinetic energy and 

smaller eddy length scales in reacting flow were their main observations.  

 

1.3.2 Combustor Heat Transfer 

The first experimental characterization of the heat transfer on the combustor liner was conducted 

by Lefebvre et al [13,38]. The radiative part of heat transfer is well analyzed by Viskanta [39,40] 

and Lefebvre [41]. Regarding convective heat transfer, Lefebvre and Ballal mentioned that “the 

uncertainties regarding the airflow pattern, the state of the boundary layer development, and the 

effective gas temperature make the choice of a realistic model almost arbitrary” [13]. They 

estimated the convective heat transfer within combustor using a model of fully developed 

turbulent pipe flow as in Equation 7. The similar relation can be assumed to be applied for 

combustor without film cooling, but selecting reference mass flow, velocity, and temperature is 

difficult for the calculation.  

 

𝑄𝐶
′′ = 0.02 ReC,∞

0.8   
 𝑘∞
𝐷𝐶

 (𝑇∞ − 𝑇𝑊)                                                  (7) 

 

The authors suggested replacing the coefficient 0.02 to 0.0017 accounting the reduced 

near wall gas temperature. As an example, the primary zone mass flow was found to be 26% of 

the combustor inlet mass flow [38]. The information of flow distribution and recirculated flows 

was critical for this approach for reliable analysis results. Lefebvre and Herbert validated the 

energy balance model accounting for internal and external liner convection and radiation [38]. 

The results agreed well with experimental engine wall temperatures for different operating 

conditions. This provided valuable information for the engineers of gas turbine combustor for 
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the early designs.  However the distributions such as peak heat load and profile on the wall were 

not discussed in their work.  

Convective heat transfer approximately equals to Dittus-Boelter heat transfer correlation 

(Equation 8) at Pr ≈  0.706. The gas properties are typically evaluated at the local film 

temperature, and exponent 𝑛𝑇 is set to 0.4 for 𝑇𝑊 > 𝑇∞ and 0.3 for 𝑇𝑊 < 𝑇∞.  

 

Nu𝐷𝑖𝑡𝑡𝑢𝑠−𝐵𝑜𝑒𝑙𝑡𝑒𝑟 = 0.023Re𝐶,𝑓
0.8Pr𝑓

𝑛𝑇                                                     (8) 

 

Dittus-Boelter equation is accurate when wall to gas temperature is less than 56 K in the 

range 10000 < Re < 120000. It does not account for the temperature dependent gas properties 

[42, 43]. After the seminal works, understanding of turbulent flow heat transfer correlations 

have improved significantly including the heat transfer with more complicated flow features 

which are found in modern gas turbine combustors [44-47]. Dellenback et al. worked on the 

experimental study of the heat transfer with swirls flows and sudden expansions [48]. The study 

identified details on the effects of swirl and mass flow rates for Re < 51000. The increase in the 

swirl number showed higher heat transfer to the wall, and the location of peak heat transfer 

appeared consistently upstream of the flow reattachment. Similar heat transfer characteristic 

about reattachment and outer recirculation was studied by Baughn et al. in sudden expansion 

without swirl [49]. A study on turbulent decaying swirl flow without sudden expansion have 

been carried out to study the effect of swirl number and swirl generator configuration [50].  

Cooling technologies in combustor have been extensively studied, but the heat transfer 

still remains not fully characterized. Ekkad et al presented convective heat transfer for can and 

annular combustors, using simulated industrial swirl fuel nozzles [35, 51-54]. They covered 

numerical simulation and experimental studies using particle image velocimetry (PIV). Patil et 

al. identified higher Nusselt numbers than Dittus-Boelter relation, which implies 

underestimation of convective heat loads. Recently, Andereini et al and Mazzei et al conducted 

experimental and computational studies on heat transfer and flow field with non-reacting flows 

using a model combustor with three swirl nozzles [55, 56]. The effects of neighboring nozzles 

and the film cooling on convective heat transfer were discussed from PIV results, which 

provided insight to the interaction between flows from multiple nozzles.  
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Combustor engineers optimize the combustor design and its cooling schemes based on 

correlations and semi-empirical models, with various numerical and experimental works [13, 

57-59]. To enhance the cooling design of modern DLE combustors, detailed thermal load on the 

liner should be accurately analyzed. Particularly, the convective heat transfer has to be 

emphasized due to the complexity. Heat loads associated with reacting swirl flow in the primary 

zone is the most challenging area of research.  

 

1.3.3 High Temperature Heat Transfer Measurement 

Numerical models are widely used in industry to evaluate heat transfer, with supplementary 

experimental liner wall temperature measurements for validation purposes [10, 58-60]. 

Conventional methods for liner temperature were embedded thermocouples and thermal paints 

[57, 58]. Thermocouples measures accurate temperatures with limited spatial distribution 

information, and thermal paints provide temperature distribution with semi-quantitative 

estimation. Commonly the thermal paint technique utilizes thermocouples as a reference. Due 

to the limitation of time response of thermocouple, capturing transient behavior is difficult. 

Therefore, high thermal stress during ignition or shut down cannot be accurately estimated, 

which may impact combustor durability.  

Heat flux measurement techniques for reacting conditions is available in other 

communities. Thermographic phosphor (TP) technique is can be a candidate to characterize heat 

transfer in reacting environment [61-65]. Studies on afterburners, internal combustion engines, 

and fire applications were presented by Aldén et al [61]. TP needs to be carefully selected for 

proper temperature range. The available temperature range of YAG:Dy is suitable for gas 

turbine combustor studies. Also, the availability of TP material and complexity of the setup can 

be barriers for the implementation. Sensor probe or gauge are used in internal combustion 

engines for heat flux measurements [66-68]. This technique offers good temporal resolution, 

but the measurement is an intrusive method. Besides, the temperature range of the sensor is 

often limited to about 1000 °C [69].  

Common heat flux measurement techniques used in the fire community are calorimeters 

and Schmidt-Boelter heat flux sensors [70]. Using the two sensors in combination can determine 

convective and radiative heat transfer from flames [69]. One method is differentiating the 
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amount of radiative component using two thermopiles with different emissivities [71]. Heat flux 

sensor measurement removing the effect of convective heat transfer with windows can be 

another method [72]. Infrared thermography was used for total heat flux and measurement to 

overcome the spatial limitation by Rippe and Lattimer [73]. The radiative and convective 

components were measured as well. Hindasageri et al. used infrared thermographic camera to 

monitor the temperature and total heat flux from impinging flames to quartz glass plate [74]. 

However, the use of correlations for convective heat transfer which is still challenging for 

complex geometries.   

Studies on flame impingement are available in the open literature for wide variety of 

applications. A review written by Baukal and Gebhart summarized the experimental works [75-

77]. Earlier research was reviewed by Viskanta [78]. Those reviews pointed out the importance 

of flame impingement for convective heat transfer, and the relative contribution of radiative and 

convective components are one of the concern. Baukal and Gebhart quantified the contributions 

of radiation of non-luminous flame and thermochemical heat release [79]. The radiative heat 

transfer accounted for 9.8% in their results. A more recent review was done by Chander and 

Ray [80]. The type of radiation affects the contributions of heat flux components. Luminous 

radiation of soot particles in the flame is known to contribute enormously [13, 81]. Non-

luminous radiation due to H2O and CO2 yields small contribution on the contrary [82]. A study 

on the radiative heat transfer by Keramida et al simulated radiative heat transfer in a furnace 

and compared it with experimental temperature measurements [83]. Radiation component is 

shown to be necessary for accurate modeling of heat transfer in the furnace.   

Liner wall heat flux measurement technique using infrared camera for reacting 

combustor was developed recently by David Gomez-Ramirez [84]. The author demonstrated 

the technique with non-reacting flow and reacting flow. The tests covered a single case of 

reacting condition, but the effect of combustor operating condition was not fully characterized.  

 

1.4 PROJECT OBJECTIVES  

The heat load under reacting condition is important for thermal management of gas turbine 

combustor, however, the available experimental data is not sufficient. The objective of this work 

is to characterize the flow and heat transfer for reacting flows in a model combustor. A specific 
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overall goal is to better understand thermal interaction between reacting flow and liner wall. 

Measuring and identifying the flow features and properties are the essential topics, since the 

convective heat transfer is closely related to the flow.  As a strategic approach at current stage, 

the scope of this research is set to investigate various aspects of the flow properties and wall 

heat transfer by implementing novel diagnostic methods on the recently built optical combustor 

test rig.  

 The project includes four main topics: 1) velocity field measurement for different 

reacting conditions, 2) flow temperature measurement, 3) infrared measurement of reacting 

flows, and 4) liner wall heat transfer measurement.  The first and the last topics used the same 

technique as the previously developed methodology. Second topic used conventional technique 

for flow temperature measurement. Third topic is an assessment of flow visualization technique 

using infrared thermographic camera.  

 The tests are performed under realistic condition as much as possible. The test rig is 

equipped with an industrial swirl fuel nozzle SoLoNOx, which is made by Solar Turbines. The 

nozzle provided realistic reacting flow conditions to simulate DLE combustor. The design of 

the test rig was to achieve realistic testing conditions for industrial combustor components and 

flexibility for potential broadening of the study area. This facility provided flow rates and flow 

properties closer to real engine operating conditions, compared to scaled research combustors. 

Atmospheric pressure condition is a limitation for the tests, since pressurized setup could not be 

built with the given amount of time and budgets. 
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CHAPTER 2. COMBUSTOR TEST RIG  
 

 

This chapter describes the combustor test rig. A model combustor rig was used throughout the 

work. Features and capabilities are mainly discussed. Further details on the design of this 

research combustor including development process, function, structure and performance can be 

found in [85]. 

 

2.1 OPTICAL MODEL COMBUSTOR RIG 

The optical combustor rig is housed at the Advanced Power and Propulsion Laboratory (APPL) 

at Virginia Tech. Figure 8 shows the schematic of the test rig. The experiments were performed 

on the model combustor test rig. The design of the facility targeted reacting combustor study 

with industrial swirl nozzle. Capability of elevated pressure was a part of the design as well. 

However, the high pressure configuration were not built completely due to time and budget limit. 

The experiments in this study were performed at atmospheric pressure.  

 

 
Figure 8. Schematic of optical combustor test rig 
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Figure 9. Photograph of the optical combustor rig with a pilot flame inside. 

 

2.2 RIG CONTROL AND MONITORING   

Compressed air was supplied to the settling chamber from a compressor through pipe 

connections with maximum capacity of 1.27 kg/s (2.8 lbm/s) mass flow rate. The atmospheric 

pressure was ~0.93 atm at 630 m altitude of Blacksburg, and inlet air was ambient temperature 

(~20°C) when it is not preheated. Compressed air supplied at 160 psig was regulated to 15-30 

psi for precise control with a control valve. Control valves and rig monitoring was done with an 

integrated LabVIEW application.  

The uncertainty of the air flow rate is ~2 %. The pressure of the test section was at 

atmospheric (~0.93 atm at 630 m altitude of Blacksburg, VA). An in-line heater provides 

preheated inlet air. Typical inlet air temperature without preheating was ~23°C. For main air 

control valve, PID control was implemented to compensate compressed air inflow fluctuations. 

Two mass flow controllers from Alicat Scientific controlled fuel lines. The integrated 

LabVIEW application was connected to the controllers through RS-232 interfaces. Main fuel 

controller has 100 ms response time, 0.2% repeatability, and 200:1 turndown ratio. Calculated 

overall uncertainty of total fuel flow rate was ~ 2.8% for typical fuel flow rates. Propane was 

used as fuel in this work.  
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Figure 10. Photograph of assembled fuel supply system.  

 

2.2 TEST SECTION 

The rig is designed with the flexibility to install different combustor components and test them 

on the rig. Modular design of the test section provides the versatility to be modified for different 

test parts such as fuel nozzles, dome plates, liners, or transition pieces.  

The test section is a can type model combustor made of transparent glass to ensure 

visibility for both regular visual cameras and infrared cameras. The design of test section is 

shown in Figure 11. The primary zone of test section is made of an air-cooled flat dome plate 

and a 4 mm thick tubular quartz glass (fused silica, GE 214) liner. The liner has an axially 

symmetric tubular shape which allows 360-degree optical access perpendicular to the axis. 

Optical access from the sides is available for full primary zone of the combustor.  

A settling chamber (plenum chamber) is where the dome and fuel nozzle is installed 

upstream of the combustor primary zone. The settling chamber was designed to allow for easy 

assembly. The material used for manufacturing the settling chamber is SA-516 carbon steel that 

can withstand temperatures of 1000°F (810 K) and 850°F (727 K).   

The mixture of gas reacted in the primary zone then flows through a transition piece. A 

straight metallic transition piece is connected after the quartz liner, and coolant air is supplied 

to the outside periphery of the transition piece. Combustion product and the coolant air were 

mixed after the exit of the combustor. The exhaust flow safely exits the test section to exhaust 

pipe connections.  
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Figure 11. Full Assembly of the Test Section  

 

Water cooled jacketed pipe and quenching unit further cools down the mixture gas from 

the transition piece exit. For typical reacting operations, gas temperature in the exhaust was 200-

500 °C depending on the flame temperature and the rate of coolant air. Water circulation system 

was installed for the cooling jacket and quenching system. About 1.7 gallons per minute of water 

circulated the water, and small portion of water was sprayed in the quenching unit. Temperature 

of the water thank was monitored with a thermocouple. Cold water was supplied to compensate 

the used amount in the quenching unit, and to reduce the temperature.  

 

 
Figure 12. Independent cooling water circulation 
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Figure 13. Photograph of dome plate installed on the settling chamber.  

 

  
Figure 14. Double liner configuration with coolant holes for liner cooling 

 

The test section has capability to control forced coolant airflow on the combustor liner. 

Double liner configuration is made with two glass tubes with different diameter, and two metal 

pieces (add-on piece) to secure the tubes together. The liner assembly can be installed between 

the dome plate assembly and transition piece assembly. There are holes on the add-on piece for 

coolant airflow, which is supplied from coolant air pipeline. The liner coolant air control was 

not applied in this work, due to lack of additional control valve. Forced cooling and different 

liner geometry, cooling schemes with metal liner are left as future works.  
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2.3 SWIRL FUEL NOZZLE  

The research combustor is equipped with a lean premixed swirl fuel nozzle made by Solar 

Turbines Inc. Figure 16 is a schematic of the industrial fuel nozzle installed on the rig. Methane 

or propane was used as fuel. Air and fuel are premixed in the fuel nozzle before it enters the test 

section.  

There are two passages through the nozzle, an annular main nozzle and a circular pilot 

nozzle at the center. As air passes through annular main nozzle, vanes generate swirl in the flow. 

The axial swirl vanes inside the nozzle generates swirling flow after the flow entered into the 

test section, and an annular main jet was formed at the primary zone in a cone shape. The swirl 

flow from the main nozzle stabilizes a conical main flame with inner recirculation and outer 

recirculation flows. A pilot flame is at the center ensures flame stability. Air and fuel flow at 

the pilot is approximately 2 % of the total flow. Since the design of the swirl fuel nozzle is 

property of Solar Turbines Inc., the detailed dimensions are not discussed in this dissertation.  

 
Figure 15. Swirl fuel nozzle (SoLoNOx) designed by Solar Turbines Inc. 

 

 
Figure 16. Schematic of premixing axial swirl fuel nozzle installed in the combustor rig. 
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CHAPTER 3. PIV FLOW FIELD MEASUREMENT  

  

In this chapter, flow details for reacting flow conditions in a model combustor are provided. Gas 

turbine combustor improvements require accurate measurement and prediction of reacting flows. 

However, flow measurements inside combustors under reacting conditions is a very serious 

challenge. Understanding thermal energy transfer requires the study of flow characteristics and 

associated heat load. Experimental investigations are presented on the effects of combustor 

operating conditions on the reacting flow in an optical single can combustor. The swirling flow 

was generated by an industrial lean pre-mixed, axial swirl fuel nozzle.  

 

3.1 PIV MEASUREMENT IN REACTING FLOWS  

The first PIV measurement used methane fuel. Effects of equivalence ratio, pilot split ratio, and 

air mass flow rates on the flow features were tested.  

3.1.1 Background 

Flow velocities within combustors have been studied since the early 1980s (e.g., the seminal 

work of Heitor [86] and the reviews of Lilley [21] and Syred [23]). The majority of those early 

investigations focused on diffusion flames within combustors. The main concern for early 

combustors was stability, contrary to modern burners which have shifted their focus to improve 

emissions. This has been accomplished with the use of lean premixed fuel nozzles, primarily 

used in land based engines where stability can be partially sacrificed (and where the fluctuations 

in operating conditions can be more easily controlled). The use of modern lean fuel-premixed 

nozzles and the goal to reduce emissions has brought important new challenges to combustor 

design. There are few studies that have focused on detailed measurements for these type of 

combustors. 

The objective of this work is to examine the reacting flow fields produced by a lean-

premixed fuel nozzle at different combustor operation conditions including variations in 

equivalence ratios, pilot fuel split ratios, and Reynolds numbers (mass flow rate). Since a 

significant portion of the heat load on the combustor liner is transferred by convection, 
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understanding the velocity fields in the reacting flow is crucial to enhance cooling techniques 

on combustor components. Investigating the effect of these parameters on the reacting flow 

structures and non-dimensional flow properties is the goal of this work, with a special focus on 

flame jet impingement locations as these determine the regions of highest convective heat 

transfer. 

The recent work by Weigand et al. [87] reported measurements of reacting flow with 

laser Doppler velocimetry (LDV), OH planar laser induced fluorescence (PLIF), and laser 

Raman scattering in a laboratory scale model combustor, and concluded that flame structures 

and reacting flow fields are very similar at different combustion regimes. Stopper et al. [88] 

used a commercial swirl burner in a high pressure test rig, and measured reacting flows with 

similar methods. Stopper et al. found that reacting flow behavior is not sensitive to variation of 

combustor parameters tested (4 cases at different pressures, mass flow rates). Even though, 

effects of other important combustor operating parameters (equivalence ratio, pilot fuel split 

ratio, etc) remained unrevealed. The work of Ji and Gore [37] focused on the comparison 

between a non-reacting and reacting case for a lean premixed fuel nozzle, but the extent of their 

observation was limited by their optical access. Moreover, the work of Ji and Gore was 

performed for a single reacting condition and in an effectively open condition (unconfined), 

there were no liner walls in their burner which can cause important changes in the fluid dynamics.  

The present work expands on this by studying several combustor operating conditions 

and using an optical liner with full optical access to confine the flame. The burner was also 

designed to be as simple as possible to facilitate the validation of computational models. Gomez 

et al. [89] performed PIV flow field measurements in non-reacting (isothermal) conditions in 

the same rig, focusing on impingement locations at the liner wall. For the non-reacting flow, 

self-similar velocity fields were measured at different mass flow conditions. The present work 

further focused on the flame jet impingement locations of reacting flows under different 

operating conditions, given their relevance in determining the location of peak heat loads on the 

liner wall. In the current study, the main accomplishments include non-dimensional analysis of 

the flow fields, and quantitative determination and comparison of the swirl impingement 

locations for different combustion operating variables.  

Recent advances in optical heat transfer measurement using infrared thermographic 

camera was demonstrated by Gomez et al. [84, 90]. Outer wall and inner wall temperature 
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distributions were measured simultaneously on a partially painted black coating of a quartz glass 

liner. The same method was applied for multiple cases of reacting flows in this work to compare 

heat load distribution with the flow field features. 

 

3.1.2 Basic Principle of PIV Measurement  

Particle image velocimetry (PIV) is a flow visualization technique, which is partially intrusive. 

The basic principle is that two images were compared with a specific time delay, and then the 

difference between the images is analyzed to obtain velocity vectors from shift of particle 

locations. Planar PIV is the most common setup which uses a single camera. Small sized 

particles submerged in the flow in motion are illuminated by a laser sheet. The camera captures 

the particle images in the measurement plane which coincide with the laser sheet. Cross-

correlation and accompanied calculations, a 2D velocity vectors are measured.  Figure 17 shows 

procedures of PIV measurement.  

 
Figure 17. Principle of particle image velocimetry [91] 
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First, pair of images are obtained with a time delay 𝛥𝑡. Cross-correlation is performed in 

each interrogation area as shown in Equation 9. Peak of the cross-correlation is searched 

followed by subpixel interpolation. Finally, velocity vector is obtained in each interrogation area. 

 

                                 𝑅𝐼𝐼(𝑥, 𝑦) = ∑ ∑ 𝐼(𝑖, 𝑗)𝐼′(𝑖

𝐿

𝑗=−𝐿

+ 𝑥,  𝑗 + 𝑦)

𝐾

𝑖=−𝐾

                                   (9) 

 

3.1.3 Experimental Setup  

The PIV measurement setup comprises of a light source and an image capturing device. Figure 

18 is a schematic of the PIV system installed at the combustor rig. A double pulse Nd:YAG 

laser (Nano-L-135-15 double cavity Q-switched) with maximum pulse energy of 140 mJ at 532 

nm and a PIV camera (FlowSense 4M MkII) were used. An optical band pass filter (Omega 

Optical 532BP10, 10 nm bandwidth at 532 nm) and a neutral density filter (ND 8) were attached 

in front of the 76 mm lens system of the camera. The control of the measurement system and 

data acquisition was performed by Dantec Dynamic Studio software. The collected data were 

pairs of images with a 2048×2048 resolution.  

 

 
Figure 18. Schematic of PIV flow field measurement at the model combustor rig 
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Figure 19. Region of interest for PIV measurement 

 

For seeding, a cyclone seeder was designed, consisting of a cylinder sealed at both ends 

with an inlet port on the side surface (tangential air entry), and an outlet port on the top surface. 

The particles at the bottom are agitated and carried by the air flowing from the inlet, thus 

providing the seeding for the PIV experiments. The inlet airflow can be controlled to 

increase/decrease the particle density for the experiment. Titanium oxide particles (diameter 1-

2 μm) were injected to the main air at the settling chamber for seeding from upstream of the fuel 

nozzle. The relaxation time of the particles, defined by 𝜏𝑠 = 𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
2 𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 (18 𝜇𝑓𝑙𝑢𝑖𝑑)⁄ , 

provides a measure of the capacity of the seeding particles to follow the fluid [37]. The 

relaxation time was 13-52 μs for the 1-2 μm TiO2 particles used at 1 atm air and 293 K. This 

relaxation time satisfied the required time response to represent the flow field from the seeding 

particles velocities. Relaxation time reduces at higher flow temperature due to increased flow 

viscosity.  

 

3.1.4 Challenges and Guidelines for Optimized Measurement  

The flow field produced by the fuel nozzle was previously studied at non-reacting 

conditions [89]. Measuring velocity fields in reacting flow with PIV is experimentally more 

challenging compared to non-reacting flow due to additional optical noise, e.g. flame luminosity, 

infrared radiations from solid surfaces. The control parameters of the PIV system (laser power, 

camera setting, and optical filters on the camera) were optimized to minimize signal 

contamination from the optical noise. The laser sheet was guided to the outside of the camera 

view after it passed the test section to reduce undesired glare. Under the optimal condition, it 

was possible to obtain enough signal intensity from the seeding particles. For stable and accurate 
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measurements, the camera and laser were mounted on sturdy frames to protect them from 

mechanical vibrations. Those instruments were cooled by external electric fans to prevent 

overheating by heat radiation from the combustor. A higher output power for the laser was 

preferred to maximize the Mie scattering signal from the particles relative to the unwanted 

optical noise which in general was independent of the laser intensity (except near the wall or 

when strong reflections are present, which were minimized in the present setup). Laser optical 

output was set close to its maximum (~130 mJ per pulse) during the measurement. An ND 

(neutral density) filter and a band pass filter in front of the lens module decreased external light 

and prevented saturation of the imaging sensor due to the strong laser signal. The focal plane 

was aligned on the laser sheet. Aperture of the lens system was fully open (f/2) to minimize 

noise from off-plane scattering, taking advantage of the narrower depth of field focused on the 

laser sheet. Any remaining background light scattering from the liner inner wall located out of 

the focal plane was removed by a background removal algorithm [89]. The data processing 

sequence incorporates background noise removal, an adaptive correlation, and peak validations. 

Due to higher noise in the reacting flow data, modifications were made on the previous sequence 

for robustness, which are avoiding dynamic range reduction when integer values are divided or 

subtracted, and applying median filter after averaging 400 snapshots (previously done on each 

snapshot). 

 

 
Figure 20. Photograph of PIV measurement in reacting flow;  

(a) Flame luminosity (b) Glow from injected seeding particles (c) Scattering from laser 

sheet 

 

There were two additional major technical difficulties during the reacting flow 

measurement after the optical optimizations mentioned above. First was maintaining a uniform 

and constant seeding density. Gently shaking the seeding particle container with an external 

force during the measurement improved the particle density quality, by dislodging any particle 
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clumps and allowing a more uniform mixture within the cyclone seeder. The second issue was 

minimizing seeding particle deposition on the optical liner. During the measurements, seeding 

particles gradually deposited on the liner wall, which generated a strong optical noise that 

deteriorated the acquisition as the measurement progressed. The particle deposition was not 

severe at non-reacting conditions. It appears that the high temperature or chemical content after 

reaction (e.g. formation of water vapor) in the reacting flow increased the amount of particle 

deposition on the optical liner during the experiment. This problem was minimized by cleaning 

the optical liner before each data acquisition and reducing the time span of the particle injection. 

The number of images taken during an experimental run was limited by acquisition duration 

and repetition rate. The maximum duration of data acquisition before liner contamination was 

about 1 minute, during which the PIV system could take 400 pairs of valid images at a 7.4 Hz 

repetition rate. The images taken after 1 minute of continuous particle injection could not be 

used due to degradation by particle deposition on inner liner wall.  

 

3.1.5 Test Conditions  

Experiments were designed to investigate differences in the flow fields depending on 

combustion parameters. Control variables were fuel-air equivalence ratios (𝜙), pilot fuel split 

ratios, and nozzle Reynolds numbers. To completely compare effects of pilot fuel ratios, 

equivalence ratios, and Reynolds numbers, a total of 7 cases were carried out. For each control 

variable, three different cases were compared as shown on Table 1. The characteristic length for 

non-dimensional scales and Reynolds number calculations was the fuel nozzle diameter. 

 

Table 1. Test matrix of PIV velocity field measurement in reacting flow (k: × 𝟏𝟎𝟑) 

Case 𝝓 Pilot % Re # 

R1 0.65 6 50 k 

R2 0.55 6 50 k 

R3 0.78 6 50 k 

R4 0.65 0 50 k 

R5 0.65 4 50 k 

R6 0.65 6 75 k 

R7 0.55 6 110 k 
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Steady and stable operation of the burner was achieved when the combusting flow 

avoided any strong thermo-acoustic instabilities or near blowout conditions. Therefore, the set 

points of the control variables were chosen within the stable flame regimes for the combustor 

setup. The stable equivalence ratios at a Reynolds number of 50000 were within 0.5-0.8, but 

this uppermost limit in equivalence ratio was reduced for a Reynolds number of 110000. To 

maintain a stable flame regime consistent with the other cases, the equivalence ratio set point of 

case 7 (Reynolds number 110000) was set to 0.55.    

 

3.1.6 Flow Fields in Non-Reacting Flow and Reacting Flow 

Flow structures inside a swirl combustor are shown in Figure 21. The premixed air fuel mixture 

expands forming a conical main jet flow until it interacts with the wall. Jet impingement location 

is where axial velocity component equals to zero near the liner wall. After the impingement, the 

main flow is attached to the liner wall, and moves downstream. A small portion of the flow 

moves upstream from the impingement towards the dome, which formed corner recirculation 

(outer recirculation). Due to swirl effect, another recirculation occurs in the center as well. 

Central recirculation (inner recirculation) is formed by vortex breakdown process when swirl 

number is more than a threshold value. This condition is determined by the swirler geometry. 

In this work, the swirl number of the flow was 0.74, which is higher than the threshold 0.6 [21]. 

Therefore, central recirculation was formed for all tests in this work. 

 

 
Figure 21. Features in PIV time average and TKE.  
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The characteristics of reacting flows are distinctly different from non-reacting flow. 

Figure 22 compares snapshots of instantaneous PIV measurements in non-reacting flow and 

reacting flow. The color scale represents magnitudes of velocity vectors for each pixel.  

 

 

Figure 22. Snapshots of instantaneous flow field; (Top) Non-reacting flow, (Bottom) 

Reacting flow. There are no values at white spots. 

 

The lean premixed swirl stabilized fuel nozzle was located on the left side of each figure, 

the bottom of each contour corresponds to the axis of the burner, and the liner wall would be 

located on the top of the contours. The measurement plane (1.7 𝐷𝑁 × 1.7 𝐷𝑁) included the fuel 

nozzle and the main flow impingement locations. The flow field was measured 2-dimensionally 

on the axial-radial plane, and the 2D velocities vectors can be denoted with two components.  

 

 𝒗𝒙𝒓 = 𝑣𝑥�̂� + 𝑣𝑟�̂� (10) 

 

Large scale vortices were recurrently observed in the non-reacting flow. In comparison, 

smaller vortices were distributed throughout the reacting flow. This vortex breakdown is 

consistent with previous flow field studies on reacting swirl flow [37]. An annular main flame 

is shown as a straight jet in the measurement plane. It is clear from these instantaneous images 

that the two regimes produce different flow behavior. The energization of the flow due to 

combustion is very strong for the reacting flow case. The central small jet shown on the bottom 

of the figure in reacting case is a pilot flame. When there is no particle signal at an interrogation 

area instantaneously, velocity value was not measured for the corresponding pixels, which are 

white spots in the Figure 22. These are excluded in averaging. 
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The mean velocity field in reacting flow was obtained from PIV measurements in reacting 

condition as shown in Figure 23. The arithmetic mean of the 400 snapshots (�̅�) was used for 

each mean vector field. A 3×3 median filter was applied to the mean vector field to remove 

unphysical values (due to noise). Reynolds decomposition, as given by Equation 11, was then 

used to extract the fluctuating velocity component.  

 

 𝒗 = �̅� + 𝒗′ (11) 

The fluctuation part (𝒗′) was used to calculate the turbulent kinetic energy (TKE). This 

TKE distribution represents local velocity fluctuation, which is an important factor for flame 

stability and for convection heat transfer at the combustor liner. TKE in 2-D is characterized by 

the root-mean-square (RMS) of axial and radial velocity fluctuations, or the turbulence normal 

stresses in the measurement plane (Equation 12). This represents the mean kinetic energy 

associated with eddies in turbulent flow that were captured in the 2-D data.  

 

 
𝑘 =

1

2
(𝑣𝑥′

2̅̅ ̅̅ + 𝑣𝑟′
2̅̅ ̅̅  ) (12) 

 

The magnitude of normalized velocity is presented in color scale. The reference velocity 

was the mean nozzle velocity (Equation 13), which was calculated from the inlet air flow rate 

divided by area of the nozzle (annular area between outer perimeter at the nozzle casing and 

inner perimeter at the center hub). 

 

 
𝑣𝑟𝑒𝑓 =

�̇�𝑎𝑖𝑟

𝜌𝑎𝑖𝑟𝐴𝑛𝑜𝑧𝑧𝑙𝑒
 (13) 

 

Figure 23 a and b show contour plots of mean vector fields in non-reacting and reacting 

flows respectively. Combustor parameters of the reacting case were 50000 Reynolds number, 

0.65 equivalence ratio and 6% pilot fuel ratio. The annular jet velocities in general were higher 

in the reacting case because of the combustion reaction causing flow energization and forward 

volume expansion in the flow (high density gradient across the flame front). The maximum 

velocity in the main flow was about 1.1 𝑣𝑟𝑒𝑓 in non-reacting flow and 1.6 𝑣𝑟𝑒𝑓 in reacting flow. 
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Figure 23. Mean velocity and TKE comparison between non-reacting and reacting flow;  

(a, c) Non-reacting NR1, Re 50 k, (b, d) Reacting R1 𝝓: 0.65, Pilot: 6%, Re 50 k (Fixed 

condition: Reynolds number: 50 k) 

 

Thin yellow lines on the mean velocity contours are zero axial velocity locations. One 

of the lines was extended to the liner wall locations to determine the impingement locations of 

the flame. Corner recirculation and some part of central recirculation zones were observed in 

the mean flow field. Corner recirculation is clearly more intense, and the location of the center 

moved downstream in reacting flow. The pilot flame in the reacting flow broke down the central 

recirculation observed in the non-reacting case, splitting the central recirculation zone and 

confining it between the exiting annular jet and the pilot flame. TKE contour plots in Figure 23 

c and d were based on two dimensional vectors from the PIV data, the vectors from the mean 

velocity field were overlaid on the plot for a clear reference on the flow structures. Shear layers 

are observed in the TKE plots. High turbulent regions lie on shear layers in case of reacting flow, 

(a) Non-reacting, 
Velocity  

Impingement 
(b) Reacting, Velocity 

(c) Non-reacting, TKE (d) Reacting, TKE 
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contrary to the non-reacting case with high turbulence in the inner recirculation zone. The TKE 

was high at the shear layer locations both in the main annular and pilot flame boundaries. The 

pilot flame in the reacting flow also induced high turbulence, because of the interaction with the 

inner recirculating flow. The amount of turbulent energy contained in the pilot flame is small 

compared to the main flame considering their actual volume in a cylindrical coordinate in 3-D. 

The precessing vortex core (PVC) effect is believed to be damped in the presence of combustion 

heat release and pilot flame, leading to the difference in TKE distribution observed at non-

reacting conditions. 

    
Figure 24. Velocity component profiles comparison; (a) Non-reacting NR1, Re 50 k, (b) 

Reacting R1 𝛟: 0.65, Pilot: 6%, Re 50 k (Fixed condition: Reynolds number: 50 k) 

 

Axial and radial velocity components at multiple axial locations are shown in Figure 24 

in non-dimensionalized scales. Three axial locations are shown in different colors. Axial 

velocity profiles were normalized with respect to the reference velocity at the fuel nozzle. Both 

the axial and radial velocity decayed down quickly in the non-reacting flow, but the rate of 

decay was slower in reacting flow. This indicates that the reacting main jet flow expands due to 

heat release from combustion and the density decreases as the jet flows downstream. Another 

notable difference is the radial location of the velocity peaks. The peaks on the reacting flow 

were farther from the center at the same axial locations, which indicates that the annular jet 

dissipates less and expands faster in reacting flow. This was contrary to the expectation, which 

assumed that the inner recirculation bubble was the main driving mechanism for the annular jet 

(a) Non-reacting (b) Reacting 

A B C 

A  

B 
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expansion. This inner recirculation was broken down by the pilot flame, and in spite of this, 

annular jet expansion was faster in the reacting case.  

 

3.1.7 Self-Similarity in Reacting Flows under Different Conditions 

Self-similar flow features were observed in reacting flow under different equivalence 

ratios. Flame size, shape and magnitude of velocity in the main flame at different equivalence 

ratios are compared with the mean velocity contours. The TKE contours were qualitatively 

compared to understand the effects of the test variables in the turbulence properties. 

Figure 25 shows comparisons of mean velocity fields and TKE distributions under 

different fuel-air equivalence ratios (0.55, 0.65, and 0.78). Pilot fuel split and Reynolds numbers 

were maintained constant for the three cases. Different equivalence ratios affect the flow 

inducing minor changes on the flame shape. The main annular flame was larger and more intense 

at the highest equivalence ratio (c). The width of the annular jet was also larger at this condition, 

suggesting that the higher equivalence ratio leads to a more rapid exchange of momentum with 

the surrounding flow, broadening the annular jet. For the low equivalence ratio (d), TKE was 

higher because of two reasons, first being the damped vortices, and second the flame was 

slightly less stable leading to larger oscillations. The recirculation intensity also increased at 

higher equivalence ratio. Apart from these observations, the flame shape in general, including 

swirl impingement locations on the liner wall, were similar for all tested equivalence ratios.  

TKE was relatively high for an equivalence ratio of 0.78. TKE was also high with low 

equivalence ratio, because flame structure vibrates in time due to slight instability. Among these 

cases, the most stable flame was observed with an equivalence ratio 0.65. High TKE locations 

near liner impingement were similar. 

The second control variable was the pilot fuel split ratio. The self-similarity also holds 

for different pilot fuel flow cases. Pilot fuel ratio had an insignificant effect on the main flow as 

observed in the mean flow field. The mean velocity field and TKE were almost identical for 

different pilot fuels. TKE at the boundary regions slightly increased as pilot fuel flow decreased, 

because of reduced stability of the main flame.  

 



 

 

36 

 

 
Figure 25. Mean velocity and TKE comparison with different equivalence ratios (Fixed 

conditions: Reynolds number: 50000, Pilot: 6%) 

 
Figure 26. Mean velocity and TKE comparison with different pilot fuel split ratio (Fixed 

conditions: Reynolds number: 50000, ϕ: 0.65)  

(a) 𝝓: 0.55, Velocity  (b) 𝝓: 0.65, Velocity  (c) 𝝓: 0.78, Velocity  

(d) 𝝓: 0.55, TKE (e) 𝝓: 0.65, TKE (f) 𝝓: 0.78, TKE 

(a) Pilot 6%, Velocity  (b) Pilot 4%, Velocity  (c) Pilot 0%, Velocity  

(d) Pilot 6%, TKE (e) Pilot 4%, TKE (f) Pilot 0%, TKE 
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Figure 27. Mean velocity and TKE comparison with different Reynolds numbers (Fixed 

conditions: Pilot 6%, ϕ: 0.65 for a, b, d, e, ϕ: 0.55 for c, f)  

 

There was no pilot fuel supplied during the zero pilot case (c, f), but there was still 

forward flow downstream of the pilot nozzle. This is because a few percent of the flow in the 

main annular premixing portion of the nozzle flows through pilot. This leads to a central jet 

flow, even with the pilot fuel valve closed completely. This was an interesting phenomenon that 

was not previously noted in previous studies. 

Within the range of studied pilot set points (0 – 6%), there appears to be only minor 

effects on the mean and fluctuating flow. Usual conditions of operation for low-emission gas 

turbine combustors maintain low pilot fuel ratios to reduce emissions, since the local 

equivalence ratios in the pilot flame are generally higher than in the main flame. 

The last control variable was Reynolds number, or mass flow rate. The self-similarity 

was also observed for different Reynolds numbers in Figure 27 consistent with observations at 

non-reacting conditions [88]. Reynolds numbers with respect to the fuel nozzle diameter were 

set to 50000, 75000 and 110000. In the 110000 Reynolds number case (c and f), a stable flame 

(a) Re 50 k, Velocity  (b) Re 75 k, Velocity  (c) Re 110 k, Velocity  

(d) Re 50 k, TKE (e) Re 75 k, TKE (f) Re 110 k, TKE 
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could not be achieved at an equivalence ratio of 0.65. In consequence, the main flame zone was 

thinner due to a lower equivalence ratio. The peak main flow velocity increased with Reynolds 

number, but the normalized velocity fields were self-similar with Reynolds number. After the 

velocity was normalized with respect to the velocity at the fuel nozzle, the magnitudes of the 

peak were almost the same. 

Self-similarity with respect to the different combustor operating conditions can also be 

observed in the mean velocity component profiles. The velocity components at different 

conditions (R2-R7 in Table 1) are compared in Figure 28, which can also be compared with R1 

in Figure 24. Top figures are axial velocities and bottom ones are radial velocities for each case. 

Cross-section locations are the same as those shown in Figure 24. Most of the observable 

features in the flow velocity were independent of pilot fuel ratio, equivalence ratio, and 

Reynolds number. In other words, the reacting flows show small differences, compared to the 

differences observed between non-reacting and reacting conditions as shown in Figure 24. The 

equivalence ratio changed the magnitudes of the peaks and width of the main annular flame jet 

(a, b in Figure 28). The recirculation velocity was also higher with high equivalence ratio. 

However, there was no consistent effect observed in the locations of the velocity peaks 

suggesting that the flame expansion was independent of all tested conditions. 

  
Figure 28. Velocity component profiles comparison with different conditions: R2-R7. 

x/DN=0.4(Blue), 0.8(Red) 1.2(Yellow)  

 

3.1.8 Impingement Locations of Reacting Flows on the Liner Wall 

The reacting flow impingement locations on the liner wall were compared in reacting flows 

under different conditions. Zero axial velocity crossings at several axial velocity profiles were 

(a) R2: 𝝓 0.55 (b) R3: 𝝓 0.78 (c) R4: Pilot 

0  

(d) R5: Pilot 

4 % 

(e) R6: Re 75k (f) R7: Re 

110k 

A B C 

A  

B 
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identified near the wall, and then the zero axial velocity location at the wall (𝑟 = 1.45 𝐷𝑁) was 

determined from a line fitting extrapolating the jet expansion trend observed. This procedure is 

exemplified in Figure 29. Four lines were used near maximum radial location available in the 

data. The reason for extrapolating the location of impingement was that the data near the liner 

wall was unreliable due to the intense glare and reflection from the laser sheet in PIV 

experimental data.  

 
Figure 29. Procedure to determine impingement location; Left: Axial velocity profiles 

(along the x/DN direction) near the maximum radial location (rmax), Right) 

Extrapolation of zero velocity location.  

 

The impingement locations found at different combustor operating conditions are shown 

in Table 2. In this study, the locations were consistent around 𝑥 = 1.16 𝐷𝑁  with standard 

deviation of 7% (0.08 𝐷𝑁) in the 7 reacting cases. Impingement locations found in two non-

reacting measurements are given as a reference as well. In the non-reacting case, impingement 

locations were at a farther downstream axial location (𝑥 ≈ 1.33𝐷𝑁). As observed in Figure 24, 

the main flow expands more in reacting flow. As a consequence, impingement locations are 

different in reacting flows. This is an important finding as liner cooling geometry design will 

depend on this impingement location. 

Figure 30 shows the mean axial velocity near the wall as a function of axial location 

(radial locations within 1.3 𝐷𝑁 ≤ 𝑟 ≤ 1.4 𝐷𝑁 range). Although the zero crossing on this plot 

could not accurately measure the jet impingement location, the difference in the reacting flow 

and non-reacting flow is clearly visualized. This was also contrary to the speculation of the flow 

expansion across the flame front leading to a downstream impingement location compared to 

the non-reacting case.  
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Table 2. Jet impingement locations on the liner wall in non-reacting flows (NR) and 

reacting flows (R) 

Case 𝝓 Pilot % Re # x/DN Deviation 

R1 0.65 6 50 k 1.18 +1.9 % 

R2 0.55 6 50 k 1.01 -12.8 % 

R3 0.78 6 50 k 1.10 -5.0 % 

R4 0.65 0 50 k 1.17 +1.0 % 

R5 0.65 4 50 k 1.23 +6.2 % 

R6 0.65 6 75 k 1.25 +7.9% 

R7 0.55 6 110 k 1.17 +1.0 % 

NR1 - - 50 k 1.34 - 

NR2 - - 50 k 1.32 - 

 

This observation conflicts with the results in numerical investigations. This could be due 

to the limited data close to the liner wall in the experiment. The effect of reaction to the flame 

structure needs to be studied further both experimentally and computationally to draw a firm 

conclusion. 

 

  
Figure 30. Averaged near wall profiles; Left: axial velocity, Right: TKE in non-reacting 

flows (Blue) and reacting flows (Red), for radial location 𝟏. 𝟑 𝑫𝑵 ≤ 𝒓 ≤ 𝟏. 𝟒 𝑫𝑵. 

 

3.1.9 Summary and Discussion 

Flow fields were measured with planar PIV for reacting flow in a lean-premixed swirl-stabilized 

can combustor. Significant differences between non-reacting and reacting flows were observed 

in mean flow fields and TKE fields. The rate of velocity decay along the main annular jet flow 

was higher in non-reacting case. Size of vortices decreased in reacting flow. Flow energization 
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due to heat release expanded the flow and generated strong density gradients at the jet boundary 

in reacting flow.  

This work has addressed the effects of important combustor parameters on the reacting 

fluid dynamics and self-similar characteristics of reacting flows observed in a realistic gas 

turbine combustor with an actual industrial fuel nozzle. An observation of practical importance 

in the current study was the self-similarity in reacting flows. Regardless of the combustor 

operating conditions, the normalized flow fields and TKE were similar. 

Observations within our group have shown that the geometry downstream of the 

combustor primary zone has a significant impact on the flow field and heat transfer within the 

combustor [52,92]. If the heat transfer characteristics depend on the transition piece shape and 

size; it is important for the design of combustors to characterize this dependence. For this reason, 

future work should focus on reacting PIV measurements of the flow field using different 

geometries downstream of the combustor primary zone.  
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3.2 PIV MEASUREMENT AND POD ANALYSIS  

The second set of PIV measurement used propane fuel. After a rig upgrade, control and 

measurement were more accurately performed. Effects of equivalence ratio, air mass flow rates 

and inlet air temperature on the flow features were tested. An attempt of POD analysis was applied 

to capture the coherent structure.  

3.2.1 Background 

Heat transfer and flow structures are important aspects to develop improved combustor designs. 

The flow field properties drive convection heat transfer from the flow to the solid surface. 

Understanding the mechanism of lean premixed combustion at swirling flows in modern 

combustors is a challenging topic of research. Experimental studies on effects of combustor 

conditions on the flow fields are necessary to understand the behavior of realistic reacting flows 

in the combustors.  

Early studies on swirl flows were reviews by Lilley [21] and Syred et al.[23], which cover 

vortex breakdown mechanism and presence of PVC. These investigations were mostly about 

diffusion flames. Lean premixed combustors are widely used in modern gas turbine combustors to 

lower pollutant emissions and to enhance efficiency especially for land-based gas turbines [93]. 

To better understand heat transfer and flow fields in lean premixed swirl combustors, Patil et al. 

[51], Andreini et al. [55] conducted detailed measurement of convective heat transfer on the liner 

wall along with PIV flow field measurements. These PIV measurements on non-reacting flows 

focused on relationship between flow structure and heat transfer, but their scope did not cover 

reacting flows.  

Reacting flow fields of lean premixed fuel nozzles have been extensively studied. Ji and 

Gore [37] focused on the comparison between a non-reacting and a single reacting condition in 

unconfined flows. Flows under various topology were reported by Chterev et al. [94]. Huang and 

Yang [20] reported combustion dynamics study regarding stability in the swirl flow. Stopper et al. 

[88] quantified pressure influence on flame shapes. Kewlani et al. [95] used swirl combustor to 

investigate impact of equivalence ratio. Berrino et al. performed POD analysis on the PIV flow 

field data [96]. These recent research progresses have extended understanding of flow fields 

remarkably.  
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The objective of this work is to investigate the effects of reacting conditions on the flow 

structures including air flow rate, equivalence ratio and inlet temperature under realistic swirl 

flows using an industrial swirl nozzle. For future use in heat transfer study, jet impingement 

location on liner wall is one of the major focuses. Previous works within the group provided basis 

of this work [52,89,97].  

 

3.2.2 Experimental Setup 

A PIV camera was installed on top of the test section and captured image pairs on a flat laser sheet 

parallel to the ground at the same height as the central axis of the combustor as shown in Figure 

18. Distance from the laser sheet and the camera was ~0.9 m. The aperture of camera lens system 

was f/2 (fully open). The camera was cooled down with an electric fan to protect from heat and to 

keep steady focus setting. Laser power was set close to its maximum (~130 mJ per pulse). The 

time between laser pulses was set to 30 µs. Repetition rate was set to 7.4 Hz which was limited by 

the camera. 

 
Figure 31. Photo of optical combustor test rig and PIV system 

 

 
Figure 32. PIV region of interest for full primary zone  
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A cyclone seeder was used for seeding. A bypass air was tapped from upstream of air 

control valve, which supplied about 1-2 g/s air to the seeder. 1 µm alumina particles (Baikowski, 

CR1) were injected into the settling chamber, and introduced to the test section along with air. PID 

control of the control valve compensated the amount of bypass air for seeding. The relaxation time 

of the particles, defined by 𝜏𝑠 = 𝑑𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
2 𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 (18 𝜇𝑓𝑙𝑢𝑖𝑑)⁄  was calculated as 12.1-2.4 μs, 

assuming 1 μm alumina in air at 15-1600 °C. Particle seeder was being gently shaken during the 

measurement, to maintain sufficient particle density continuously.  

Initial data processing was performed with Dynamic Studio. The background was 

calculated from a local minimum of multiple images, and subtracted from the raw images. Then, 

the corrected images were normalized with time-averaged images. Each pair of images were 

analyzed using adaptive correlation with a final interrogation area of 32×32 yielding 128×128 

vectors [89]. Neighborhood and peak validations verified the vectors after adaptive cross-

correlation. Invalid vectors and substituted vectors (during validation process) were excluded in 

the analysis. Further analysis and plotting was performed in MATLAB. Functions such as 

‘nanmean’ and a variation of ‘nanmedfilt2’ were used for mean calculation and noise removal in 

the data.  

A significant challenge of PIV measurement was about laser glares. Due to tubular 

geometry of the quartz glass liner, multiple reflections of laser glares from the solid surfaces were 

difficult to avoid, which caused data loss at some locations.   

 

3.2.3 Test Conditions   

The test matrix for experiments is shown in Table 3. Four different air mass flow rates were 

selected for non-reacting flow cases. The Reynolds number is a parameter representing air mass 

flow rate. Control variables for reacting flows are air mass flow rate, fuel-air equivalence ratio, 

and inlet air temperature. 2-3 cases of different conditions were compared to a base case for each 

property. Pilot fuel split ratio was constant at 6% of the total fuel flow. The measurements were 

conducted when the flame is steady and stable by observing acoustic noise and flame luminosity.  
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Table 3 Test matrix of PIV measurements 

Control Tinlet Re 

(× 103) 
ϕ Case # 

variable (°C) 

Re (NR) 23 50  C1 
 23 70  C2 

 23 90  C3 
 23 110  C4 

Re (R) 23 50 0.60 R1 

 23 70 0.60 R2 

 23 90 0.60 R3 
 23 110 0.60 R4 

ϕ (R) 23 50 0.55 R5 

 23 50 0.60 R1 

 23 50 0.65 R6 
 23 50 0.70 R7 

Tinlet (R) 23 50 0.60 R1 

 100 50 0.60 R8 
 200 50 0.60 R9 

 

Reynolds numbers for air mass flow rates were calculated with respect to fuel nozzle throat 

diameter (𝐷𝑁). Characteristic length for non-dimensional length scales was the nozzle diameter as 

well.  

 

3.2.4 PIV Measurement Results  

The flow field was measured 2-dimensionally on the axial-radial plane, and the 2D 

velocities vectors can be denoted with two components.  

 

      𝒗𝒙𝒓 = 𝑣𝑥�̂� +  𝑣𝑟 �̂�          (14) 

 

The mean velocity field in reacting flow was obtained from PIV measurements in reacting 

condition. The arithmetic mean of the 400 snapshots (�̅�) was used for each mean vector field. A 

3×3 median filter was applied to the mean vector field to remove unphysical values (due to noise). 

Reynolds decomposition, as given by Equation 15, was then used to extract the fluctuating velocity 

component.  
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            𝒗 = �̅� + 𝒗′  (15) 

 

The fluctuation part (𝒗′) was used to calculate the turbulent kinetic energy (TKE). This 

TKE distribution represents local velocity fluctuation, which is an important factor for flame 

stability and for convection heat transfer at the combustor liner. TKE in 2-D is characterized by 

the root-mean-square (RMS) of axial and radial velocity fluctuations, or the turbulence normal 

stresses in the measurement plane (Equation 16). This represents the mean kinetic energy 

associated with eddies in turbulent flow that were captured in the 2-D data. Root of TKE √𝑘 was 

normalized with the reference velocity and used for the plots.  

 

      𝑘 =
1

2
(𝑣𝑥′

2̅̅ ̅̅ + 𝑣𝑟′
2̅̅ ̅̅  )        (16) 

 

Vorticity is another flow property obtained from PIV data. Equation 17 shows definition 

of vorticity in this 2D measurement plane. Vorticity was calculated from the instantaneous 

snapshots, and then time averaged. 

 

Ω = |𝛁 × 𝒗| =
𝜕𝑣𝑟

𝜕𝑥
−
𝜕𝑣𝑥

𝜕𝑟
  (17) 

 

The magnitude of normalized velocity is presented in color scale. Field properties such as 

velocity were scaled with reference velocity, which is mean nozzle velocity  (Equation 18), which 

was calculated from the inlet air flow rate divided by the area of the nozzle (annular area between 

outer perimeter at the nozzle casing and inner perimeter at the center hub). 

 

𝑣𝑟𝑒𝑓 =
�̇�𝑎𝑖𝑟

𝜌𝑎𝑖𝑟𝐴𝑛𝑜𝑧𝑧𝑙𝑒
      (18) 
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3.2.5 Effect of Reaction on the Flows 

Significant differences were observed by comparing non-reacting flow and reacting flow with 

mean velocity, turbulent kinetic energy, and vorticity in Figure 33. Flow direction is from left to 

right with the nozzle on the left side (x = 0, -0.5 < r/𝐷𝑁< 0.5).  

 

 
Figure 33. Axial velocity (a, e), velocity vector (b, f), turbulent kinetic energy(c, g), vorticity 

(d, h), distributions of non-reacting flow (a, b, c, d) and reacting flow (e, f, g, h) 

 

The magnitudes of time-averaged axial velocity for non-reacting flow (a) and for reacting 

flow (e) are compared in Figure 33. Black dotted contours show the location where axial velocity 

is zero. These zero axial velocity curves were used to determine impingement locations. Plot (b) 

and (f) show time-averaged velocity vectors and velocity magnitudes in color scale. Plot (c) and 

(g) are TKE distribution in non-reacting and reacting flows. Time-averaged vorticity plots are 

shown in (d) and (h). The area where the noise covers the signals from the particle were marked 

in white. 

The maximum normalized velocity in the main flow was about 1.1 in non-reacting flow 

and 1.6 in reacting flow. The annular main jet velocities were higher in the reacting case because 

of the combustion causing flow energization and forward volume expansion in the flow. In other 

words, the reacting main jet flow expands due to heat release from combustion and the density 

decreases as the jet flows towards downstream. During this process, the density of the fresh air-

fuel mixture is higher than surrounding fluids. The density ratio of reactant to product was 

estimated as 5-7 from combustion calculations. Main jet flow in non-reacting case decays quickly, 
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and axial velocity is lower at the wall attached flow. Pilot jet is not visible in the PIV data, because 

of low momentum of pilot flow. It seems to be not high enough to be detected or the measurement 

plane was not positioned exactly at the flow axis.  

Shear layers are observed in the TKE plots and also vorticity plots. High turbulent regions 

lie on shear layers in case of reacting flow, contrary to the non-reacting case with high turbulence 

is located near the dome. High vorticity of the opposite direction is more prominent in reacting 

flow. High TKE region inside inner shear layer of non-reacting flow can be explained with 

precessing vortex core (PVC). PVC is usually found near the inner shear layer in non-reacting 

swirl flow, but not in reacting flows. Propagation of the flame into the incoming mixture and heat 

release from the flame breaks down the vortex. Vortices in reacting flows are turned to small eddies 

and then dissipates [95].  

 

3.2.6 Effects of Conditions on Reacting Flows 

Flow fields were not affected by air mass flow rates. Flow structures observed in 

normalized mean velocity fields with different Reynolds numbers are compared for non-reacting 

flows (Figure 34) and reacting flows (Figure 35). Expansion angle of jet flow, the magnitude of 

normalized velocity are very similar for four different Reynolds number cases for both non-

reacting and reacting flows.  

 

 
Figure 34. Velocity vectors of reacting flows with different air mass flow rates,  

Re = 50000 (a), 70000 (b), 90000 (c), 110000 (d) with respect to the nozzle diameter. 
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Figure 35. Velocity vectors and flame images of reacting flows with different air mass flow 

rates, Re = 50000 (a), 70000 (b), 90000 (c), 110000 (d) with respect to the nozzle diameter. 

 

Cases with different equivalence ratios are compared in Figure 36. Flow structures, in 

general, were invariant, but velocities at wall attached flow were higher with high equivalence 

ratio.  Normalized magnitudes of velocity at location x/𝐷𝑁= 1.8, r/𝐷𝑁= 1.2 were 0.7, 0.9, 1.0, and 

1.1 for equivalence ratios 0.55, 0.60, 0.65 and 0.70. Velocities at the main jet flow from the nozzle 

showed the same trend implying high density gradient across the flame front. There was no 

significant difference in the velocities observed in the other regions. Size of corner recirculation 

zone and central recirculation zone in the measurement plane were similar as well.  

The flow fields were not sensitive to inlet air temperature. In Figure 37, the flow structures 

are similar, but the velocity is higher for high inlet temperature case. Velocity in the inner 

recirculation also increases with inlet temperature increase. The increase was expected because 

the reference velocity did not account the volume expansion due to preheating. If the actual mean 

velocity at the nozzle were used for normalization, the flow fields would have been almost 

identical.  
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Figure 36. Velocity vectors and flame images of reacting flows with different equivalence 

ratios, ϕ = 0.55 (a), 0.60 (b), 0.65 (c), 0.70 (d) 

 

 

 
Figure 37. Velocity vectors and flame images of reacting flows with different inlet air 

temperatures, T = 23 °C (a), 100 °C (b), 200 °C (c). 

 

A notable observation in the equivalence ratio test and inlet temperature test is that the 

trends of central recirculation velocities are different. Normalized magnitudes of velocity at the 

center recirculating flow (x/𝐷𝑁= 1.7, r/𝐷𝑁= 0.5) were consistent at 0.3 for equivalence ratio 

variations, but they were more than 0.4 for preheated cases. This is the color difference in the 

contour. Although both control variables provides thermal expansion in the flow, but their effects 

are different. Flow expansion by heat from reaction inside the combustor is more complex to 

explain than the incoming expanded air by preheating.  
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3.2.7 Impingement Locations  

The jet impingement on the liner wall is important in confined reacting flow because the heat 

transfer is closely related to the flow structure. In this work, zero axial velocity location near the 

wall (𝑟 = 1.45 𝐷𝑁) is defined as impingement location.  

The impingement locations found at different combustor operating conditions are shown 

in Figure 38. In this study, the locations were consistent around 𝑥 = 1.14 𝐷𝑁  with standard 

deviation of 3.5% for 11 reacting cases. The impingement locations in 6 non-reacting cases were 

around 𝑥 = 1.39 𝐷𝑁 with standard deviation of 2.1%. Repeatability of the locations was checked 

with multiple measurements. Standard deviations of impingement locations with 3 non-reacting 

runs and 3 reacting runs were 0.026 𝐷𝑁 (1.8%) and 0.019 𝐷𝑁 (1.6%) respectively.  

 

 
Figure 38. Measured jet impingement locations on the liner wall of non-reacting (NR) and 

reacting (R) flows 

 

The impingement occurs closer to the dome in reacting flow than non-reacting flow. Size 

of corner recirculation zone changes due to different flow structures and the impingement location 

changes at the same time. Other combustor operating conditions, which are Reynolds number, 

equivalence ratio, or inlet air temperature, did not show a significant effect on the impingement 

location. The location is function of swirl number and combustor geometry only [94].  

This conclusion does not agree with the previous numerical study on the same combustor 

geometry [52]. The simulation using RANS model might not be able to accurately estimate the 

impingement location. LES simulation result performed on a similar type of combustor by Kewlani 

et al. [95] agrees to this experimental result.  
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3.2.8 POD Analysis  

There are three components in the instantaneous flow fields, which are time average, coherent, and 

random components. Total fluctuation of the flow is combination of coherent and random 

components. The PIV system can be operated at 7.4 Hz acquisition rate, which is not able to resolve 

high-frequency phenomena in the flow. Proper orthogonal decomposition (POD) method can 

extract information about coherent structures in the flow even though the data is not time-resolved. 

Detailed description and the mathematical procedure can be found in [89,96]. 

POD first computes eigenvalues, eigenvectors from autocovariance matrix of PIV data. 

The eigenvalues represent fluctuation energy contributions, and the eigenvectors provides 

temporal information of the modes. POD mode is obtained by projecting the original data on the 

eigenvectors. The POD modes are ordered by energy contributions to identify spatial information 

of the most energetic coherent structures in the flow.  

PIV data were analyzed by POD. One non-reacting case and two reacting cases with 

different equivalence ratios were selected. Mode energy contribution and three most energetic 

modes for selected cases are shown in Figure 39-Figure 41. The first reacting case is a typical 

condition (R1, base reacting case), and the other reacting case is a lean condition.  

 

 
Figure 39. Mode energy contribution and three most energetic POD modes for case C1 

non-reacting flow 
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Figure 40. Mode energy contribution and three most energetic POD modes for case R1 

reacting flow 

 

First two modes contained most of the turbulent energy in the non-reacting flow, which is 

about 19% and 12% for each component. The first and the second POD modes are spatially 

correlated, from which can be interpreted as the dominant coherent structure. This coherent 

structure is related to the periodic shedding of the flow which appears to be related to PVC in a 

similar way as in TKE plots. This observation agrees with the previous results of POD analysis on 

non-reacting flow PIV measurement.  

In the previously reported results, POD analysis of reacting flow was not reported. Figure 

40 shows mode energy contributions and POD modes contours for reacting flows (R1). Reacting 

case (R1) was very stable condition with ϕ = 0.60. The first two modes contained about 5% of 

turbulent energy. POD modes shows random fluctuations due to small eddies at the flame front, 

and also measurement noise.  Due to damped PVC and small energy contents of periodic structures 

in reacting flows, coherent structures was not captured even with this POD analysis. Most of other 

reacting flow cases showed similar results.  

One exceptional reacting case was observed for R5 case (Figure 41), while most of the 

other reacting cases showed similar structures and energy contributions to R1 case. The total 

energy contribution is similar to non-reacting case, by looking at energy contents in mode 1 and 

mode 2 of axial velocity (vx, blue in the mode energy plot). Peaks of these modes are located in 

the central recirculation zone in the POD mode plots. Periodic fluctuations of the flow in the 

recirculation zone formed dominant coherent structure. This unstable behavior could not be 
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noticed in the mean / TKE plots. Using POD analysis, the coherent structure inside central 

recirculation zone was revealed for a lean operation case.  

 

 

 
Figure 41. Mode energy contribution and three most energetic POD modes for case R5 

reacting flow (lean) 

 

In this report, POD analysis was used to investigate coherent structure by comparing 

reacting flow and non-reacting flow. Further attempts including phase identification and 

reconstruction will provide more temporal information of the reacting flows.  

 

3.2.9 Uncertainty  

The flowmeter for air flow provides 2.0% uncertainty. Airflow drift due to pressure 

oscillation from compressor on/off operation adds 1.4% of uncertainty at approximate period of 3 

minutes. The overall uncertainty of air flow rate is 2.5%. The subpixel accuracy of PIV data 

processing is 0.1 pixels, which corresponds to < 0.7 m/s depending on the size of measurement 

plane. Flow rates were compared between two independent measurements by flowmeter and by 

axial component of PIV measurement. Under the assumption of axially symmetric geometry, 

integration of axial velocity profile and flowmeter reading showed 5.6% difference in average.   
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3.2.10 Summary and Discussion  

A set of measurements was performed with a 2-D PIV system. Time-averaged flow velocity, 

vorticity and turbulent kinetic energy (TKE) were obtained from PIV data and flow structures 

under different conditions were compared. Jet impingement location on the liner wall was 

determined as well.  

For reacting flows, cases of 4 Reynolds numbers, 4 equivalence ratios, 3 inlet air 

temperatures were selected to examine the effect of combustion operating conditions on the flow 

field structure. Flow structures observed in PIV measurement were significantly affected by 

reaction. Structures of non-reacting flow and reacting flow showed distinct structures. The flow 

structures were invariant with combustor operation variables for reacting flows when the geometry 

was fixed, because the flame shape and flow structure are functions of geometry such as swirl 

number and contraction ratio.  

Main jet impingement location in the liner wall was one of the main focuses of the 

experiment. The impingement locations on the wall were experimentally found to be closer to the 

dome plate in case of reacting flows compared to non-reacting flows. This observation agrees with 

LES numerical simulation results known in the literature.  

POD mode comparisons between non-reacting and reacting flows showed significant 

differences. Reacting flows under lean condition contained more coherent periodic fluctuation in 

the central recirculation zone, which was not observed in the mean flow field. From the POD 

analysis, it was found that the operation of combustor was very stable for most of typical reacting 

flow conditions for this particular swirler nozzle and combustor geometry. Comparing this result 

with pressure data will also be interesting. 

 

 

 

 

 

 

  



 

 

56 

 

 

CHAPTER 4. FLOW TEMPERATURE MEASUREMENT 

 

This chapter reports experimental flow temperature measurements in a research combustor under 

reacting condition. Thermocouple scanning system was built and mapped the spatial temperature 

distribution on a 2-D plane for the swirl flow under reacting condition in an optical model gas 

turbine combustor. The probe was designed to be inserted into the model combustor from exhaust 

side opening. The measurement was conducted at methane flame stabilized with lean-premixed 

swirling nozzle inside an optical model can combustor rig. Features of premixed swirl flame were 

observed in the measurement. Non-uniformity of temperature profiles were observed at combustor 

outlet as well. The thermocouple measured temperature distribution was compared to an infrared 

radiation map measured with a thermographic camera. The experimental data can be used to 

validate CFD calculation, and also to understand flow structure and heat transfer in a swirl type 

combustor. The result shown for a particular swirl combustor is useful information to study the 

structure of swirl flames and associated heat transfer to solid surfaces. 

 

4.1 BACKGROUND  

Experimental measurements are essential to understand flow structure and heat transfer in a lean 

premixed swirl stabilized combustor. The study of flow field characteristics in reacting flow in 

such a harsh environment at high temperatures is very challenging. In combustor studies, 

accurately measuring experimental data is important especially for turbulent reacting flows, due 

to their inherent complexities. Numerical analysis of complex turbulent reacting flows is 

technically difficult, and the accuracy of characterizing such flows is limited compared to non-

reacting cases.  

  Traditionally, thermocouple probes were used to measure to measure fluid temperature 

under reacting conditions in combustion researches [98]. In many applications in the industry, 

thermocouples are advantageous since they are simple, rugged, and inexpensive. Thermocouple 

technique is suitable for references to new techniques owing to their proven reliability and easier 
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access. Appropriate selection can be made from wide temperature ranges from various materials 

for high temperature environment such as in combustors. PtRh/Pt (Type-B) thermocouple is one 

of common high temperature thermocouples. In this chapter, homemade scanning thermocouple 

probe measurements are presented. Practical strategies for how to build the probe and to acquire 

data are also provided. 

 

4.2 EXPERIMENTAL SETUP  

4.2.1 Scanning Themocouple Probe  

A home-made probe was designed to be inserted into the model combustor from exhaust side 

opening. Type B (PtRh/Pt) thermocouple wires were used for this setup which can measure 1700 

C at maximum. The length of the thermocouple ceramic insulation rod was about 45 cm (18 inches) 

from the tip to the connector. And the rod was mounted at the tip of an end of a 1 m long steel 

rectangular tube for extended reach. The steel support was installed on a 2D traversing stage 

system. The setup was made to avoid damage during the measurement. Hot burnt gas flows to the 

exhaust side opening where the probe setup is located. Exposure to flow at high temperature easily 

breaks the mounting structure of the thermocouple probe if it is not made with proper high-

temperature material. Thus, the thermocouple connector side has to be protected by blocking heat 

transfer from surrounding to the connector with an insulation box. The box was made with ceramic 

tiles, and zirconia paste which can sustain at higher than 1200 °C. The enclosed connector mount 

inside an insulation box could stably secure the thermocouple.  

 
Figure 42. Themocouple scanning probe setup in reacting flow 
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Air cooling of the connector is also necessary to prevent the thermocouple junction 

temperature from rising. According to Seebeck effect principle, two different type of material of 

thermocouple generates a voltage signal proportional to the temperature difference between two 

ends. For type-B thermocouple, reference junction location is at thermocouple wire connection to 

copper extension wire. If the reference junction temperature rises more than 200 °C, about 3% 

error will be added to the measured temperature assuming the tip at 1200 °C. An air hose was 

connected to the insulation box and supplied cold air continuously to cool down the thermocouple 

connector and the insulation box. In this way, maximum reference temperature was lower than 

200 °C during the measurement.  

 

Figure 43. Example of copper wire thermocouple extension  

(cf: Thermocouple used in this research is not this type) 

 

 
Figure 44. Thermocouple probe with 2D traversing stage 
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Figure 45. Thermocouple inserted to optical combustor during temperature measurement 

 

4.2.2 Automated Data Acquisition  

 
Figure 46. LabVIEW application (virtual instrument) for traverser control and 

thermocouple acquisition 

 

A custom integrated LabVIEW application operated motor controller and acquired 

thermocouple data. To measure spatially resolved temperature, the linear stage system moved the 

position of the probe by a distance while the rig is operated with flame. This capability enabled 

the test fully operable from a remote location. Spatial resolution determined the distance of each 

motion. The total duration of operation was limited to about 2 hours by our current fuel supply 

system. Optimum resolution of scan was selected by trade-offs. A USB thermocouple data 
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acquisition device from National Instrument TC01 was connected to the extension wire from the 

probe. Three sets of samples were acquired at each point at 2 Hz. Data was saved when the standard 

deviation of samples was less than the threshold value (typically 0.5%) to automatically find 

equilibrium state of the probe tip temperature. After data saving, the thermocouple moved to next 

location in the radial direction. The process was repeated at the different axial location.  

 

4.2.3 Combustor Operation  

For all temperature field measurements reported herein, combustor was operated at one typical 

combination of set points which is at Reynolds number 50000, overall equivalence ratio 0.65 and 

pilot fuel split ratio 6-7%. Air split ratio between the pilot nozzle and annular main nozzle is not 

designed to be controlled by the operator. It is known that a few percent of air flows through the 

pilot nozzle. For thermocouple measurement, the liner and transition piece were disconnected 

during thermocouple scanning in the primary zone.  

 

4.3 COMBUSTOR EXIT TEMPERATURE  

Radial temperature distribution was measured at different axial locations in transition piece. Flow 

temperature coming out from the transition piece is important design factor of combustor because 

it is closely related to turbine inlet condition. The capability of measuring accurate flow 

temperature in our test rig will also be helpful in the future for a more detailed study about 

geometry effect to combustor characteristics.  

Five axial locations from A (x/Dc = 1.64) to E (x/Dc = 3.34) were selected as labeled in 

Figure 47. The axial distance was measured with respect to the fuel nozzle location. The length of 

our combustor was about x/Dc = 3.3 at the exit of the transition piece.   

 
Figure 47. Combustor outlet temperature profile measurement 
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Figure 48. Radial temperature profiles of reacting flow at combustor exit  

 

Measured radial distribution was shown in Figure 48. The black curve which was measured 

at the closest location from the nozzle showed highly non-uniform temperature profile. Peak 

temperature was found at r/DT = 0.17. Lower temperature at the center r = 0 might be caused by 

an error from slight reference temperature increase. Flow temperature was measured until r/DT = 

0.45. The temperature at the outer region was lower than the center. A possible explanation might 

be heat transfer to liner/transition piece wall and corresponding, although the solid walls were not 

actively cooled. Inner recirculation might also contribute to non-uniformity. Burnt hot gas from 

the conical flame recirculates to the center as the flow moves to the downstream. More uniform 

radial distributions were observed at the downstream locations due to continuous mixing in the 

combustor, as well as reduced swirl.   

Bulk averaged temperature was calculated under the assumption of ideal axisymmetric 

distribution and uniform density using the measured profiles at each axial location. The average 

temperature did not significantly vary along the axial locations at 1300 K. Non-symmetric 

temperature, and non-uniform density/composition are sources of error.  

Pattern factor is widely used to study the durability of hot sections downstream of the 

combustor. In this study, extended definition of pattern factor was used to compare the degree of 

non-uniformity of the temperature profiles. Pattern factor is defined as Equation 19 where T2 is 

combustor inlet temperature.  
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                                              Pattern factor (PF): 
𝑇𝑚𝑎𝑥−𝑇𝑚𝑒𝑎𝑛

𝑇𝑚𝑒𝑎𝑛−𝑇2
                                   (19) 

 

The pattern factor was measured inside combustor was shown in Figure 49. 𝑇𝑚𝑒𝑎𝑛 is bulk 

mean temperature at each axial location. As location moved downstream, the pattern factor 

decreased monotonically from 0.1 to 0.04. The pattern factor is known to be a function of axial 

length, liner diameter and pressure-loss factor. The relation to the axial length is shown in this 

result for this type of swirl combustor.  

 
Figure 49. Mean temperature and pattern factor at transition piece  

 

4.4 PRIMARY ZONE TEMPERATURE 

4.4.1 Axial Direction Linear Scan 

Temperature distribution was measured with axial direction traversing in combustor primary zone. 

Radial locations are chosen at the center, half liner radius and near the wall. Length scales are 

dimensionless with respect to fuel nozzle diameter. The inner radius of tubular liner was 1.45 DN. 
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Figure 50. Axial line temperature profile measurement 

 

Figure 50 shows three axial temperature profiles at different radial locations. The 

maximum and minimum temperature were measured at the half radius (r/DN =0.71). The lowest 

temperature was about 400 K, which is close to the fresh air-fuel mixture. The location of (r/DN = 

0.7, x/DN = 0.4) was close to the nozzle. The peak temperature of 1600 K was found at 0.3 DN 

downstream of lowest temperature location. Most of the heat is released from a chemical reaction 

at the flame front which lies on the shear layer between the fresh mixture and recirculating hot gas. 

Location of highest temperature increase (r/DN = 0.7, x/DN = 0.6) agrees with previously measured 

flow field. Sources of mismatching of flame front location are thermal expansion of probe and 

downstream geometry effect on flow field structure. There are sections of different profile features. 

First is low temperature section (1000-1100 K) at 0 < x/DN < 1. Second section shows increasing 

temperature at 1.1 < x/DN <1.8. Last high-temperature section (1300-1400 K) was found at 1.8 < 

x/DN.   

This thermocouple measured temperature profiles can provide insights on the driving 

mechanism of convection heat transfer. The previous experimental study in the same swirl 

combustors reported the flow velocity characteristics and heat transfer. Unlike uniform 

temperature flow, reacting flow in the combustors shows strong non-uniformity. As in Figure 10, 

temperature ranges more than 400 K at near wall. This non-uniform flow temperature can 

significantly contribute to the convection heat transfer to the liner wall.  
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Figure 51. Axial profile of temperature of reacting flow  

 

4.4.2 2-Dimensional Map 

A complete 2-D mapping of reacting flow temperature was conducted at the same combustor 

operating conditions. Number of nodes are 320 in total. Covered area was within 0 < r/DN < 1.36, 

0.14 < x/DN < 0.29 region. Figure 52 shows the area of measurement.  

 
Figure 52. Axial-radial plane temperature measurement 

  

Selected 6 out of 20 lines of axial profiles are shown in Figure 53. Radial profiles are shown 

in Figure 54 in a similar way. Same features were observed as in previous axial line measurement. 

Maximum and minim temperature are almost the same as 400 K and 1600 K. Propagating main 

jet flow was noticeable in radial profiles. The jet impingement location on the wall seems to exist 

between 1.1 < x/DN < 1.4. This observation agrees with flow field result.     
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Figure 53. Axial profile of temperature of reacting flow 

 

Figure 54. Radial profile of temperature of reacting flow 

 

Temperature distribution in 2D map is plotted to help visualization of temperature field. 

Figure 55 is contour plot of raw data in 16 ×20 resolution. Blue region of low temperature is the 

fresh fuel-air mixture incoming jet from the annular main nozzle. The jet forms a cone before the 

jet impinges on the liner. The flow impinges on the wall at an angle where expected impingement 

location is at x/DN ~ 1.1. As the flow approaches the wall, the temperature increased due to reaction. 

The flow temperature in the outer recirculation zone is lower than the other area due to quenching 

and heat loss.  
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Figure 55. Radial-axial plane temperature distribution in reacting flow 

  

Figure 56. Interpolated radial-axial plane temperature distribution in reacting flow 

 

 

4.4.3 Comparison with CFD 

Figure 57 is numerical simulation result from the previous work [52]. The temperature of 

corner recirculation zone (100K-1200 K) is lower than that of CFD (1500-1700 K). This seems to 

be caused by ideal heat transfer condition at the boundary of the CFD, which is not easy to measure 

in the real world. If CFD utilizes measured heat transfer data as a boundary condition, more 

accurate simulation will be achieved.  

The conical shape of main flame jet agrees for both experiment and CFD. However, angle 

of main jet flow shows small difference. It was reported from our team that the downstream 

geometry affects the size of central recirculation zone and shape of the conical mainstream jet. 

Due to the limitation of intrusive type of temperature measurement technique using thermocouple 
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probe, it might not possible to repeat temperature measurement with different combustor 

downstream geometry. This effect can be studied further, with non-intrusive techniques, such as 

optical flow temperature measurement. 

 

 

Figure 57. Radial-axial plane temperature from CFD result for comparison [52] 

 

The flow temperature field agrees with the flow velocity field in terms of geometrical 

structure and quantified jet impingement location. Interpolation was applied to better visualize the 

raw data as shown in Figure 54. Roughly speculated extension of low temperature jet flow lies 

near the flow impingement location at x/DN ~ 1.1. Highest temperature was observed on inner 

shear layer. There is smaller peak temperature on the outer shear layer as well. It is noted that heat 

release without visual wavelength light occurs on the outer shear layer, because luminous flame 

was not observed on the outer shear layer for this combustor operation condition.  

 

4.5 MEASUREMENT UNCERTAINTY   

The effect of other sources of error (radiation, conduction) are shown on the Table 4. The equations 

followed standard procedure of gas temperature measurement found in a paper written by Moffat 

[98]. The major sources of error are radiation error (11.1 K) and reference junction error (19.2 K).  

The reference junction error is caused by increased temperature of the thermocouple 

reference junction. The junction is reference for the tip temperature. Even though the junction is 

protected with an insulation box and active air cooling, enormous amount of heat transfer from 

surrounding increases the temperature. The increased junction temperature reduces temperature 

difference and voltage reading at the DAQ. Most of time during the measurement, the junction 
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temperature was maintained less than 157 °C. The corresponding amount of error is calculated as 

1.2%. The maximum junction temperature was 200 °C only for a short time, which can contribute 

maximum 3% bias error reducing the measurement value.  

 

Table 4. Uncertainty of thermocouple measurement. Equations are from [98] 

Source  Calculation Estimated Max. Error 

Conduction error 𝐸𝐶 =
𝑇𝑟 − 𝑇𝑀

cosh𝐿(4ℎ𝑐 𝑑𝑘𝑠⁄ )1∕2
 0.15 K (at 1600 K) 

Radiation error 𝐸𝑅 =
𝐾𝑅𝜎𝜖𝐴𝑅(𝑇𝐽

4 − 𝑇𝑊
4 )

ℎ𝑐𝐴𝑐
 11.1 K (at 1600 K) 

Transient error 𝐸𝑡𝑟 = 𝜏
𝑑𝑇𝐽

𝑑𝑡
=
𝜌𝑐𝑑

4ℎ𝑐
× √6(𝑆𝑇𝐷) 0.0016 K (at 1600 K) 

Thermocouple error  ±0.05K 

Reference junction 

error 

Maximum ref. jct. T : 430 K 

Voltage error: 0.1 mV / 8.2 mV 
1.2% ~ -19.2 K (at 1600K) 

 

Transient error was estimated by traversing the thermocouple multiple times in a steady 

state flame. Scanning was performed in two directions and the mean values and deviations are 

shown in Figure 58. There is notable hysteresis depending on scan direction. This means that 

thermal equilibrium of the probe tip could not perfectly be accomplished. Nevertheless, the true 

value is between the error bars which is top and bottom bounds of the true temperature (excluding 

other sources of error than time response). Transient error is within 10% for the most of points. A 

peak transient error located near inner shear layer where the temperature gradient is the highest.  

 

 
Figure 58. Estimated error of thermocouple measurement  



 

 

69 

 

4.6 SUMMARY AND DISCUSSION  

Flow temperature in a lean-premixed swirl combustor was measured with a scanning thermocouple 

probe. A home-made thermocouple scanning probe setup was described. Radial profiles were 

measured in a transition piece and at the combustor exit to determine pattern factor. The relation 

of calculated pattern factor to the axial length is shown. The pattern factor at the exit was 0.04. 

Axial temperature distribution was presented inside the primary zone of the combustor. The 

temperature ranged from 400-1600 K in the combustor. The profile near wall was 1000-1400 K, 

which shows significant contribution of the flow temperature to the convection heat transfer to the 

liner wall. This can be studied further, with non-intrusive techniques, such as optical flow 

temperature measurement. Further comparison with PIV measured flow field will make more 

comprehensive data about the swirl flow in this model combustor.  

Flow temperature directly impact on the convective heat transfer. The results shown here 

can be used for heat transfer analysis on the combustor walls. Insights about the 2D distribution of 

the temperature compared with flow structure helps understanding behavior of the reacting flows. 

Moreover, the near wall temperature profile can be used to quantitatively validate models for 

convective heat transfer at the liner wall.  
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CHAPTER 5. FLAME INFRARED RADIATION MEASUREMENT 

 

This chapter describes a proposed diagnostic concept of flame infrared radiation measurement. 

Infrared radiation measurement was demonstrated for a model gas turbine combustor. An IR 

thermographic camera and a filter glass were used to capture the infrared signal from the flame 

through the glass liner during reacting condition. Schott KG glass filtering enabled flame 

measurement through a quartz combustor wall within wavelength of 1-2.7 µm. Feasibility of the 

technique and potential value for combustor systems are shown in this work. Flow characteristics 

in the infrared measurement agreed with flame luminosity observation. Features including double 

shear layers, fresh mixture flows could only be captured with infrared measurement. 

 

5.1 BACKGROUND 

The study of flow field characteristics in reacting flow in a harsh environment at high temperatures 

is very challenging. Experimental data are important in combustor studies especially for turbulent 

reacting flows, due to their inherent complexities. Numerical analysis of complex turbulent 

reacting flows is technically difficult, and the accuracy of characterizing such flows is limited 

compared to non-reacting cases. Measuring infrared emission of reacting flow with an infrared 

thermographic camera can provide information about thermal properties inside a model combustor 

under reacting conditions.  

Measuring infrared radiation is a non-intrusive time resolved technique which does not 

affect the flow field compared to a probe based technique. The proposed experimental setup is 

relatively simple and inexpensive compared to other optical measurement techniques such as laser 

induced fluorescence (LIF), Rayleigh scattering, Raman scattering, thermographic phosphor etc. 

[87,88,99,100]. Infrared measurements of flame are available in the literature to correlate with 

temperature for laminar flames and sooty diffusion flames [101-105]. Their non-intrusive (or 

partially intrusive) capabilities are advantageous for high temperature field measurements. 

However, most of them require delicate alignments of complicated experimental setups, and good 
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understanding of theoretical backgrounds in optics, which are not always available except for 

optical diagnostics experts. Measuring infrared emission of reacting flow with an infrared 

thermographic camera can provide information about flow properties inside combustors during 

reaction in simpler way. By measuring infrared radiation, a non-intrusive time resolved technique 

can be achieved. Infrared measurements of flame are available in the literature to correlate with 

temperature for laminar flames and sooty diffusion flames [102-105]. Applying these techniques 

to turbulent flows within swirl stabilized gas turbine combustor is the focus of this work.  

Optical windows are necessary to measure the reacting flows under realistic condition. 

Quartz glass (fused silica) for the window has high transmissivity in visible light range, however 

the transmissivity is low in the infrared range. Zinc-Selenide (ZnSe) is infrared transmissive 

window material, but it is significantly expensive compared to quartz glass. The proposed 

technique in this work utilizes quartz glass wall as a combustor liner. KG glass filters were installed 

in front of the IR camera lens to measure infrared radiation from the reacting flows. A similar 

technique was recently developed for wall temperature and heat transfer measurement on quartz 

liner using the same combustor test rig [84]. 

 

5.2 EXPERIMENTAL SETUP 

The IR camera measured the signal from one side of the test section through the quartz glass liner. 

A FLIR SC6700 camera was used with a 3 mm thick Schott KG2 filter (Figure 59). The KG glass 

is a heat absorbing filter and can also be an optical short pass filter. The wavelength range of 

measurement was determined by the response range of infrared camera and absorption curve of 

quartz material. The camera sensor responds to infrared signal from a wavelength range of 1-5 µm. 

Infrared signals with wavelengths longer than 2.8 µm are blocked by the KG filter. Transmittance 

curves accounting for the material absorption and surface reflection are shown in Figure 60. 

Material property data was obtained from [106]. This filtering enables the camera to measure the 

IR signal through the quartz glass window.  
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Figure 59. Thermographic camera and KG glass filter for flame measurement 

 

Fused silica material typically does not show resonance bands at near infrared, but OH 

band of a small amount of water content (less than 5 ppm in GE 214 quartz) emits infrared longer 

than 2.8 µm at high temperature [107,108]. When the long wave quartz radiation is sufficiently 

blocked, the quartz is transparent in the camera view. Thus, the flame physically contained in the 

combustor can be measured without optical barriers in the measured wavelengths. Another 

advantage of using KG filter is to prevent saturation of camera sensor by reducing infrared signal 

strength. 

 
Figure 60. Transmission curves of KG2 glass filters with different thicknesses. [106]. 

 

Sources of optical radiation from chemically reacting flow can be soot particles or excited 

molecules or radicals [109]. Blackbody radiation from soot particle dominates in a rich flame with 

high carbon ratio in the fuel. For a land-based power generation gas turbine engine, lean and stable 

flame is required for higher performance and lower pollutant emission. Light radiations from 

molecules or radicals are in narrow bands, in a lean flame. Strong bands are commonly observed 

in ultraviolet and visible ranges, which are out of the measurement range of the infrared camera. 

The source of the infrared seems to be H2O or CO2 bands at the measurement range.  

 



 

 

73 

 

 

5.3 PROOF-OF-CONCEPT  

A proof of concept measurement was conducted with a propane torch flame. TS-1500 low profile 

torch was used to form a flame. The flame was fuel lean without visible soot radiation. The camera 

measured infrared radiation from the flame through a quartz glass. Frame rate was 5 Hz and the 

data was averaged for 30 seconds. Infrared radiation from the flame dominated over radiation 

signals from surfaces and weak radiation was measured at metal part of the torch. Measured 

infrared emission and structures inside flame are shown in Figure 61. The filter reduced intensity 

of infrared radiation received by the camera. Measured infrared radiation distribution represents 

distribution of high temperature combustion product. 

 
Figure 61. Proof of concept measurement with propane torch flame; (left) without filter 

(right) with KG2 filter. Color scales represent measured infrared intensity (a.u.). 

 

5.4 COMBUSTOR FLAME MEASUREMENT 

Figure 62 shows a typical RGB camera image of a flame in the model combustor rig. Flow 

direction is left to right. The fuel nozzle is installed at the center of a round dome plate shown on 

the left side. The main flame is anchored at the hub of the fuel nozzle as a cone. Burnt gas enters 

a transition zone on the right side, and then exits the combustor.  
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Figure 62. Averaged projection image of infrared radiation from reacting flow (a.u.) and 

RGB image of flame luminosity inside the combustor. 

 

Measured infrared radiation of the reacting flow in the combustor is shown in Figure 62. 

Data was measured at 7.5 Hz rate for 60 s duration. Length scale was normalized with the fuel 

nozzle diameter (DN). Flow characteristics observed in the infrared data agree with the flame 

luminosity in general. The main flame was observed as a cone, and strong intensity was radiated 

from the central recirculation zone. Radiation from corner recirculation zone was relatively weaker 

as expected from the characteristics of swirl flow. 

There are several features observed from the infrared measurement that could not be seen 

in flame luminosity image in visible light. Two shear layers were observed from the infrared 

measurement. The layer between corner recirculation and incoming cold jet (x/DN ~0.5, x/DN ~ ± 

0.8) was observed only in the infrared measurement and not visible in the regular image. Between 

those layers, fresh fuel air mixture incoming from the nozzle is shown as low signal gaps. Another 

relatively low intensity region was captured at the center near the fuel nozzle (x~0, y~0) due to 

fuel air mixture injected through a circular pilot nozzle at the center of the fuel nozzle hub.   

 

5.5 ABEL TRANSFORMATION  

The infrared radiation image was further reconstructed with Abel transformation. Infrared radiant 

energy density was spatially resolved, and inner structures of the reacting swirl flow were 

identified. The high density region was observed near flame front where recirculated flow is mixed 

with fresh mixture. Area of incoming mixture of main jet showed lowest density. 
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Figure 63. Reconstruction process from IR radiation projection image to field data  

  

Assuming axially symmetric geometry, the data was further analyzed with a tomographic 

reconstruction. Abel transformation is useful technique to convert line-of-sight averaged 

projection images from axisymmetric objects to cross-section distributions at central axis.  Similar 

techniques were applied to infrared measurements of various laminar flames [100, 102]. In this 

study, averaged symmetric image of a turbulent flame was reconstructed with Abel inversion. 

The combustor is divided into concentric layers of different radiance densities (Xi). A 

matrix (A) was obtained from path length segments (li,j) and radial location (ri). Multiplication of 

inverse matrix to the line-of-sight averaged projection (P) gives radial distribution of radiant 

energy density (X).  

 

 
Figure 64. Principle of Abel transformation. 
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The reconstructed image shown on Figure 65 shows the infrared radiant energy density in 

radial axis. The inner structures of swirl flame are more distinct compared to the projection image. 

The most interesting observation is the flame front between incoming fresh mixture and central 

recirculation zone. It is shown as a high gradient curve starting from x ~ 0, r/DN ~ 0.3 towards 

upper right direction, until impingement on the liner wall at x/DN ~ 1.2, r/DN ~ 1.4. The flame front 

divides the image into two zones, one with low radiation that includes incoming main jet and 

corner recirculation zone, and the other with high radiation at central recirculation zone.  

 

 
Figure 65. Reconstructed infrared radiant energy density (a.u.). 

  

The highest density region was observed near the nozzle and lowest was at incoming fresh 

mixture at main jet. The high density region was located at where heat is transported from the 

flame front. The radiant energy density from the flame decreases as the flow moves to the 

downstream.  On the other hand, total radiant energy increases due to increase in total volume 

along the radial axis. The density at the corner recirculation zone is very low, but higher than the 

incoming jet. Structure of the pilot jet at the center of the flame (r~0) is shown better than the 

projection.  Comparison of the infrared radiant energy density with other diagnostic methods will 

help better understanding of the infrared diagnostics of turbulent reacting flow.   

 

5.6 EFFECT OF EQUIVALENCE RATIO 

The reconstructed image on Figure 66 shows the infrared radiant energy density in radial axis. The 

highest radiation location is the flame front between incoming fresh mixture and central 

recirculation zone. The flame front divides the image into two zones, one with low radiation that 
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includes incoming main jet and corner recirculation zone, and the other with high radiation at 

central recirculation zone.  

The radiant energy density were compared for three equivalence ratios of 0.60, 0.65 and 

0.77 in Figure 66. The result is difficult to understand, because it is opposite from anticipation. 

The highest peak was found at low equivalence ratio. Area of high energy moved downstream 

with increase in equivalence ratio. Structures such as diverging angles, locations of flame front, 

size of recirculation zones, were invariant.   

The equivalence ratio effect seems to have strong relations with optical emissivity of the 

partially transparent flow. This is more severe at the center location or near the axis. The most 

reliable information is infrared density near the wall. The reconstruction comparison on Figure 66 

is showing that the near wall intensity does not vary a lot with different equivalence ratio. Details 

can be found in Figure 67 as well. Near wall intensity is quite different in the outer recirculation 

zone (x<1), but they are at similar level afterwards.  

 

 
Figure 66. Reconstructed infrared radiant energy density (a.u.). 
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Figure 67. Profiles of reconstructed infrared radiation  

 

5.7 SUMMARY AND DISCUSSION  

A concept of infrared radiation measurement was demonstrated for a model gas turbine combustor. 

Initial experiments showed feasibility of the technique and potential value of similar measurements 

for combustor systems. Flow characteristics in the infrared measurement agreed with flame 

luminosity observation. Features including double shear layers, fresh mixture flows could only be 

captured with infrared measurement.  

Abel transformation was applied to the measured projection. Infrared radiant energy 

distribution was spatially resolved, and inner structures of the reacting swirl flow could be 

identified. The high density region was observed near flame front where recirculated flow is mixed 

with fresh mixture. Area of incoming mixture of main jet showed lowest density. 

Although the comparison shows this infrared measurements are not directly related to 

flame temperature or a particular flow property, this novel technique will be useful to investigate 

flow structures and information of reacting flow in gas turbine combustors and other high 

temperature flows. 

Future study will focus on the analysis of the infrared measurement and comparison with 

actual temperature measurements. The emissivity of the partially transparent flow should be 

identified to correlate the infrared measurement to temperature field. If correlations can be found, 

the infrared technique will be more useful in the gas turbine research and other high temperature 

harsh environments. 
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CHAPTER 6. HEAT TRANSFER MEASUREMENT 

 

This chapter covers liner wall heat transfer measurements focusing on the reacting conditions. The 

heat transfer measurement technique using infrared thermography was developed previously [84]. 

The heat transfer data was analyzed by a finite difference model. The results showed the promising 

capability of non-intrusive optical measurement of time-resolved liner heat flux and heat transfer 

coefficient distributions. 

6.1 BACKGROUND 

A technique to measure heat transfer with infrared camera was developed in this research group. 

The method was experimentally validated for non-reacting and reacting conditions in the 

combustor [84,90]. The new technique is able to measure the instantaneous (time-dependent) 

temperatures inner wall surface and outer wall surfaces. Numerical estimation of temperature 

profile yields time resolved heat transfer distribution using finite difference calculation with 

boundary temperature conditions from the measured data. Traditionally, inverse method was used 

in many works including experimental works using 3D heat transfer method [110-116]. The 

numerical technique used in this work is based on forward model, which is simpler than inverse 

calculation. However, there are not many cases where a time-dependent technique was applied to 

gas turbine research. A recent patent proposed a similar type of time dependent heat transfer 

method [117].  

   

6.2 EXPERIMENTAL SETUP  

The liner wall temperature was measured at inner and outer liner wall surfaces simultaneously. 

Two temperature profiles for inner and outer wall was acquired at different azimuthal location of 

the cylindrical quartz liner. To relate the two profiles in axial direction, an assumption of azimuthal 

symmetricity should be confirmed. The geometry was designed symmetrically, and the initial tests 



 

 

80 

 

of the technique validated the symmetric pattern of measured temperature. The inner and outer 

walls were coated with a high temperature black spray paint (Rust-Oleum® ). The infrared 

emission from the paint surface is obtained with infrared camera to get the surface temperature 

distributions. A FLIR SC6700 camera was used, and the spectral range was 1-5 μm.  

The liner wall temperature measurement setup of the combustor is shown in Figure 68. A 

single reacting case was selected (Reynolds number 50000, equivalence ratio 0.65 and pilot fuel 

split 6%). The inner wall and outer wall of the quartz liner was coated with flat black high 

temperature paint, and the outer wall was only partially painted so that the inner wall coating was 

visible from the outside. When the liner heated up, the paint emitted thermal radiation. The radiated 

energy at infrared wavelengths was captured with an infrared camera. Assuming the heat transfer 

was axisymmetric (verified by the temperature distributions observed), the inside and outside wall 

temperatures were measured simultaneously. As shown in Figure 68, only a portion of the outer 

liner wall was coated, and more than half of the inner surface was coated. In the measured 

temperature data, the outer wall temperature region is the area on the top of the contour. 

The wall surfaces of quartz liner are coated with black spray paint. The inner wall is coated 

on the full area of the region of interest (ROI). The outer wall is coated only partially, covering 

upper half of the region. IR camera captures the surface temperature of inner wall coating and 

outer wall coating simultaneously.  

 

 
Figure 68. Schematic of wall temperature measurement with infrared thermographic 

camera. Region of interest (ROI) is indicated. 
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Figure 69. Region of interest in IR camera view 

 

 
Figure 70. Heat transfer measurement setup, Left: IR camera with KG filter, Right: Test 

section with pilot flame 

 

 

    

Figure 71. Photographs of previous IR measurement setup with open test section (left) and 

new IR heat transfer measurement setup with closed test section (right). 
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In the previous work, the setup was configured with open test section as seen in Figure 71. 

Continuing the established IR measurement technique, the technique for heat transfer 

measurement was applied to closed test section configuration. The condition is more realistic in 

this case considering effect of geometry on the flow. Combustor operating parameters are set to 

the same values as typical case of the PIV flow field experiment, and they were maintained at 

constant.  

6.3 INFRARED LINER TEMPERATURE MEASUREMENT 

An infrared thermographic camera (FLIR SC6700) was used to measure the combustor liner 

temperatures at the inner and outer walls of the liner. A Schott KG2 glass with a 3 mm thickness 

covered the lens of the IR camera to remove the quartz liner absorption and emission signal. The 

IR camera has an spectral response range from 1 μm to 5 μm, and the KG glass filter absorbs 2.8 

μm to 5 μm. Material property shows that the quartz glass is transparent (without absorption or 

emission) in 1 μm to 2.8 μm range, which was used for the inner wall and outer wall temperature 

measurement. Calibration of the IR data to wall temperature was separately done with a 

thermocouple measurement. Further details of the measurement technique, calibration of the 

temperature, and the effectiveness of the KG glass to block the emission from the quartz liner are 

discussed in [84,90].  

 

 
Figure 72. Example of IR camera data calibration 
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6.3.1 Liner Inner/Outer Wall Temperature  

Figure 73 shows the infrared derived surface temperatures on the liner wall. Initially there was a 

pilot flame. The main flame was ignited at t = 0. The temperature increase was observed with good 

agreement with azimuthal symmetricity. The peak temperature band was observed. The marked 

locations on the figures show the area used for averaging the results in the radial direction. The 

data acquisition was continued until the liner temperature is almost at steady state.  

  
Figure 73. Calibrated liner temperature field (color scale in K) measured with infrared 

camera, at outer wall (0<r/DN<0.9) and at inner wall (r/DN<0). Dashed line rectangles show 

regions of interest for inner wall and outer wall. TC1 and TC2 labels indicate 

thermocouple locations attached on liner walls.  

 

The rate of temperature increase was not uniform, nor constant. Figure 74 shows 

temperature profiles at the inner wall and outer wall of the quartz liner based on the IR camera 

data shown in Figure 73. Regardless of the shape of the profile at different times, peak temperature 

locations were constant at about 𝑥 ≈ 1.5𝐷𝑁 in the axial location, which is 0.3𝐷𝑁 downstream of 

the flame jet impingement location. A possible explanation for the increased liner temperatures 

downstream of the location where the maximum convective heat transfer coefficient is expected 

(at the impingement location) is that the temperatures at the downstream annular flame jet (fully 

reacted) are presumably higher compared to the temperature close to the flow impingement point. 

TC1 TC1 TC1 

TC2 
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On the corner recirculation zone upstream of the impingement location, the lower flow temperature 

and the relatively lower heat transfer coefficients causes the slower temperature rise in the liner 

wall. 

 

 
Figure 74. Liner temperature profile at inner wall and outer wall. 2D measurements were 

averaged in radial/tangential direction.   

 

The peak wall temperature increased from below 400 K to 900 K during 180 s operation.  

Figure 75 shows the increase of the temperature in time at a fixed axial location. The heat transfer 

before the main flame ignition was indistinguishable from noise, because the initial temperature 

was lower than the minimum range this setup can capture. After the main flame ignition, the 

temperature increase shows typical time response of heating.   

 
Figure 75. Temperature vs. time near peak location in x.  
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Figure 76 shows contours of inner and outer wall temperature profiles changing in time. 

The horizontal axisl is time, and the vertical axis is the axial distance from the dome plate. The 

peak heat location is almost constant. The peak temperature at the start and the end of the test is 

plotted more clearly in profiles in Figure 77.  

 

 

 

Figure 76. Inner and outer wall temperature evolution in time 

 

  
Figure 77. Peak heat transfer location in the start and at the end 
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6.3.2 Heat Flux: Quasi-steady State Assumption 

Heat flux on the liner wall at an experimental time of 180 s was calculated from the temperature 

difference between the inner and outer wall, and the thermal conductivity of the liner at the mean 

temperature of the quartz. Quasi steady-state was assumed for the calculation, which is 

demonstrated by the relatively unchanging temperatures differentials observed for 𝑡 = 160 s, 

170 s, and 180 s. Measured peak heat flux on the liner in this case was approximately 23 kW/m2 

at 𝑥 ≈ 2.3𝐷𝑁. A smaller peak of 15 kW/m2 observed at 𝑥 ≈ 0.5𝐷𝑁 seems to be caused by corner 

recirculation.  

 
Figure 78. Heat flux on the liner under reacting condition with quasi-steady state 

assumption (R1 condition)  

 

Heat transfer rate is expected to be high where there are high local Reynolds numbers and 

high fluid temperatures near the wall. Comparison of the heat flux with the flow field shows that 

the peak heat flux location was far downstream from the flow impingement location in axial 

direction. This seems to indicate that the increased temperature of the main flame jet at the 

downstream location increases heat flux to the liner, which could not be observed in non-reacting 

heat transfer studies. Moving forward, heat transfer measurements are planned to be performed for 

different reacting conditions. 
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6.4 FINITE DIFFERENCE ANALYSIS  

6.4.1 Calculation Methodology  

Finite difference analysis was performed using the acquired the time evolution of the inner and 

outer wall surface temperatures profiles on the combustor liner. The temperature distribution 

inside the liner material was calculated with a finite difference model using the experimentally 

obtained temperature distributions as boundary conditions. Temperature gradient at the inner 

surface in the material equals to the flame side total heat flux of the liner.  

 The temperature does not vary along the azimuthal direction due to axial symmetricity of 

the geometry. A major source of error in the azimuthal temperature measurement is the dependence 

of emissivity on the orientation. The IR camera and the normal direction of the surface should be 

less than 40° for minimal temperature error. In our measurement, the regions of interest are close 

to the center. Experimentally measured azimuthal temperature variation was less than 12 K. Under 

the axial symmetricity assumption, the heat transfer model was simplified to 2 dimensions. The 

domains are axial location x, radial location r (liner thickness), and time t. The boundaries in the 

azimuthal direction were considered as adiabatic condition (𝜕𝑇/𝜕𝜃 = 0). The conduction heat 

transfer of solid material of liner is express as Equation 20. Radiation heat transfer between the 

inner nodes were assumed to be negligible. Thus, Fourier’s law relates the conduction heat transfer 

and temperature distribution in the solid material.  

  

𝑘𝑐𝑝
𝜕𝑇

𝜕𝑡
=
𝜕

𝜕𝑥
(𝑘
𝜕𝑇

𝜕𝑥
) +

1

𝑟

𝜕

𝜕𝑟
(𝑘𝑟

𝜕𝑇

𝜕𝑟
)                                         (20) 

 

Implicit Euler method was used to discretize the temperature distribution with first order 

finite difference in time and second order in space. Simplicity and stability are merits of the 

implicit Euler method. Equation 21 is the discretized equation with indices l and m for space (x 

and r coordinates respectively) and n for time. Material properties are functions of temperature, 

which varies with time. The conductivity of the quartz 𝑘, and the local heat capacity 𝜌𝑐𝑝 were 

updated during the calculation based on the temperature at previous time step to simplify the 

computation. The radial domain extends from  𝑟0 = 101.5 mm to 𝑟𝑚𝑚 = 105.5 mm, and the axial 

domain from 𝑥0 = 0 to 𝑥𝑙𝑙 ≈ 207 mm.  
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𝑛

2Δ𝑟
)
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𝑛−1𝑟 (

𝑇𝑙,𝑚+1
𝑛 − 2𝑇𝑙,𝑚

𝑛 + 𝑇𝑙,𝑚−1
𝑛

Δ𝑟2
)]     

(21) 

 

The equation is arranged to separate the unknown terms to the left and known terms to the 

right as in Equation 22.  
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= 
(𝜌𝑐𝑝)𝑙,𝑚

𝑛−1

Δ𝑡
𝑇𝑙,𝑚
𝑛−1                (22) 

 

The system of equations was solved with MATLAB. A square matrix of size 𝑙𝑙 ∗ 𝑚𝑚 ×

𝑙𝑙 ∗ 𝑚𝑚 is formulated from the coefficients of the left hand side terms. Final solution representing 

the temperature of internal nodes was obtained by matrix inversion with initial and boundary 

condition inputs. At the boundaries of axial location (𝑙 = 0, 618), adiabatic condition was applied 

as 𝑇0,𝑚
𝑛 = 𝑇1,𝑚

𝑛  and 𝑇𝑙𝑙,𝑚
𝑛 = 𝑇𝑙𝑙−1,𝑚

𝑛 . 

The heat flux on the flame side equals to the conduction heat transfer rate (total heat 

transfer) by energy balance at the inner surface as shown by Equation 23.   
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𝑞𝑟=𝑟0
′′ = ℎ(𝑇𝑟=𝑟0 − 𝑇∞)  = −𝑘

𝜕𝑇

𝜕𝑟   𝑟=𝑟0
                                              (23) 

 

Equation 24 shows the relation for the discretized equations, with node indices, yielding 

the heat flux distribution (heat transfer rate per unit area). Temperature information at the radial 

nodes m0 and m1 were taken to determine the temperature gradient.  

  

𝑞′′
𝑖
𝑛
= −𝑘𝑙,𝑚

𝑛−1
𝑇𝑙,𝑚0
𝑛 − 𝑇𝑙,𝑚1

𝑛

Δ𝑟
                                                      (24) 

 

The effect of total number of nodes in radial direction were tested. mm =15 were selected 

considering the accuracy and calculation time. To analyze 180 s of recorded data, the number of 

nodes were 𝑙𝑙 = 618, 𝑚𝑚 = 15, and 𝑛𝑛 = 900. For the selected grid size, the computation took 

approximately 30 minutes with a personal computer using a PC with Intel Xeon 2 GHz dual core 

processor). 

 

6.4.2 Inner Node Temperature  

Temperature distribution within the thickness of the quartz glass wall was obtained using finite 

difference solver. Boundary conditions are the measured wall temperatures. Figure 79 shows 

increasing temperature inside the liner wall at an axial location about center (x/DN = 1.54). Two 

nodes at r=0 and r = 4 mm are measured data, which are used as inputs for the calculation. The 

heat flux information during the transient heat transfer process is extracted from this profile. The 

slope at the inner wall is directly proportional to the hot side the heat transfer. As data was spatially 

(1D) and temporally resolved, the final heat transfer was also temporal and spatial. It is noticeable 

that the temperature increases in time, but the heat flux or the slope of the curve at inner surface 

decreases, which means the hot side heat load decreases in time at the particular axial location.  
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Figure 79. Radial temperature distribution within liner thickness for a selected axial 

location 

 

 
Figure 80. Time resolved radial temperature distribution of the liner wall  

 

 

6.4.3 Heat Flux: Time-resolved Solution 

Measured heat flux in longitudinal axis is shown in Figure 81. Peak heat flux location is denoted 

with red markers. Initially, high heat flux at low liner temperature was observed. As time moves, 

the peak heat flux reduces from 60 kW/m2 to 23 kW/m2, and the location also moved to the 

downstream from x/D = 1.8 to x/D = 2.4. Then, heat transfer is almost at steady state after 160 s. 

A smaller peak of 15 kW/m2 was observed at 𝑥 ≈ 0.5𝐷𝑁 , due to heat release in the corner 

recirculation zone. The heat release in the corner recirculation was minor, but it needs to be 

considered as one of the characteristics of swirl combustors. The most distinct difference between 

this reacting heat flux profiles and the one at non-reacting flow which was reported in previous 

terms is that the heat flux increase along the x axis at 0.9 ≤  𝑥 𝐷𝑁⁄ ≤ 2.3 due to heat release in 

reacting flow attached to liner wall. This feature was not observed in the non-reacting measurement. 

t=20 

t=60 

t=100 

t=140 

t=180 
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It clearly means that the heat transfer measurement for realistic testing should be done under the 

reacting flow condition to accurately measure its characteristics.  

 

 

 
Figure 81. Measured combustor liner heat flux profiles chaning in time 

 

Another way to look at the temperature and heat flux is contour plots. The 2-D plots in 

Figure 76 and Figure 82 are explaining the temporal evolution of the heat flux profile. The vertical 

axes on the plots are axial locations, and the horizontal axes are time. Color scales are for wall 

temperatures and hot side heat flux respectively. For a selected time, vertical color change at a 

fixed horizontal axis in the contour corresponds to the temperature or the heat flux profile at the 

moment. In those figures, Moving peak locations are easily observed. For temperature, the peak 

location is constant at around x/D=1.5. The peak location of heat flux, on the other hand, moves 

from x/D = 1.8 to x/D = 2.4.  
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Figure 82. Hot side heat flux evolution in time 

 

6.4.4 Azimuthal Temperature Variation  

The wall temperatures measured in 2-dimension are averaged in the vertical direction, 

resulting in one-dimensional temperature distributions along inner wall and the outer wall. For 

heat flux calculation, temperature variation along an azimuthal direction is assumed to be small. 

The variation of the wall temperature is shown in Figure 83. Three axial locations were selected, 

and then instantaneous azimuthal (or vertical) wall temperatures are plotted for three selected times. 

Each plot shows increasing surface temperature profile in time. Each curve shows how the 

temperature varies along the azimuthal direction. The lower temperature zone indicate outer wall 

painted area. Regions of interest for this analysis are between gray dotted lines. Amounts of 

temperature variation were different at inner and outer walls, and they also changes in time. Top 

locations of the wall (y > 0.5) should be avoided in the future because of the most significant 

azimuthal temperature variation. Inner wall standard deviation is lower than 3.5 K. Peak of outer 

wall standard deviation is about 12 K at x/DN = 1.13. Curvature effect, misalignment of geometry, 

non-uniform paint coat thickness or uneven natural convection at the outer surface might cause the 

temperature variation.  
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Figure 83. Azimuthal temperature variation for wall temperature measurement 

 

A theoretical prediction of directional emissivity shown in Figure 84 implies that the 

radiation decreases when target surface is not perpendicular to the sensor direction. Directional 

emissivity reduces significantly after 50-60 degree angle, which corresponds to the radial location 

at about 80% of the radius. The area we used for the analysis is within the theoretically valid area. 

However, due to surface roughness, uneven heat transfer, etc., the measured temperature varies 

more than the theory. This issue should be experimentally studied to quantify the uncertainty of 

the measurement. As the effect of directional emissivity is symmetric, even with the error added 

to the temperature measurement, its effect on heat transfer will be reduced.  

 

 
Figure 84. Theoretical prediction of directional emissivity [81]. 
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6.4.5 Uncertainty 

The infrared camera reading was calibrated to temperature with a look-up table and interpolation. 

The fitting table was obtained from comparisons with K-type thermocouples. The error associated 

with temperature fitting was about 2.5% including 0.75 % thermocouple accuracy.  

Heat flux is more sensitive to measurement error than temperature, because the calculation 

uses difference value of two measurements for inner and outer walls. The relative magnitude of 

temperature measurement error increases when the difference temperature values decreases. The 

error is consist of systematic part and random part. By observing multiple sets of measurement 

data, systematic error related to camera and test section alignments, paint coating quality, and 

region of interest setting in the data processing showed stronger effect than random error on the 

measured heat flux. Quantitative uncertainty analysis of the heat transfer measurement has not 

been completed yet. However, findings about characteristics of heat flux in spatial distributions 

and time dependent evolution are still valid, despite of contribution from systematic error. Previous 

reported uncertainty of heat flux using same measurement technique with non-reacting condition 

was estimated to be less than 25%.  

Finite deference calculation assumes linear initial temperature profile for inner nodes. 

Actual temperature profile inside the glass at initial state does not accurately match with the 

assumption. Temperature resolution at the initial cold wall condition (<400K) is less than the high 

temperature range, because of low signal strength with cold wall surfaces. However, updated 

boundary information during the forward step calculation reduces the effect of inaccuracy of the 

initial state. Number of time step before main flame ignition are the most important factor. In this 

work, data recording started at least 30 seconds before the ignition to assure negligible effect from 

initial conditions.  

 

6.5 SUMMARY AND DISCUSSION  

The transient liner heat transfer was measured with an infrared camera at one reacting condition. 

Wall temperature distributions were measured at the inner and outer wall surfaces of the optical 

combustor liner. Peak temperature locations were ≈ 0.3 DN downstream of the flame jet 
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impingement location, attributed to higher flow temperatures downstream of the flow 

impingement. The temperature rose up to 900 K after 3 minutes of operation. Heat flux transferred 

through the liner was measured as ≈ 23 kW/m2, at 𝑥 ≈ 2.3𝐷𝑁, with an assumption of quasi steady-

state wall temperature. 

In the PIV measurement, the flow field is shown to be invariant to operating conditions in 

reacting flows. Impingement locations and swirl structures did not vary with different equivalence 

ratio, air mass flow rate, pilot fuel ratio, and inlet temperature. Similar analysis needs to be done 

with wall heat transfer study. Temperature measurement with thermocouple (including indirect 

field information from IR flame radiation) can be used to explain the heat transfer. For example, 

Figure 85 compares near wall flow properties and liner heat transfer. Flow temperature and wall 

temperature are both showing characteristics step change due to cold region (outer recirculation). 

The points that are the boundary between low temperature and high temperature are different for 

flow and surface temperatures, because heat transfer is enhanced by flow impingement at x/D ~ 

1.2. Peak temperature is located at x/D ~ 1.5, where the effect of impingement and high flow 

temperature partially overlaps.  

 

    

    
Figure 85. Near wall flow properties and liner heat transfer: (a) flow temperature, (b) 

inner wall surface temperature, (c) axial velocity, (d) wall heat flux 

 

Heat flux profile is distinct from temperature profiles. Flow velocity profile (shown until 

x/D ~ 1.5) shows zero crossing at x/D ~ 1.0 and negative and positive regions. A dip observed on 

(a)

) 

(b)

) 

(c)

) 

(d)

) 
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the heat flux profile at x/D ~ 1.0 coincide with the velocity zero crossing. The negative axial 

velocity meaning recirculation at ORZ, and location of the peak is close to the small heat flux peak 

at x/D ~ 0.5. Flow temperature is almost constant after the impingement, but the heat transfer 

increases until x/D ~ 2.3. This can be explained by increase in velocity due to heat release. The 

increased velocity causes higher local heat transfer coefficient, hence higher heat flux. The heat 

flux is more complex than the surface temperature because it is affected by time varying internal 

properties of solid and heat loss from the liner to the surrounding (by means of radiation and natural 

convection). Moreover, uncertainty of heat flux is relatively higher than other data. It is still 

challenging to reach strong conclusion to relate heat transfer, however, this investigation provides 

important characteristics of liner wall heat transfer and its relation to the reacting flow.  

The following works regarding the combustor transfer will be parametric investigation for 

different operating conditions. Finally, the detailed experimental data about the flow properties 

and wall heat transfer will have direct impact on combustor thermal management. Empirical 

information about thermal stress and temperature distribution on swirl combustor will be very 

useful for optimal cooling design. 

The thermal load on the combustor walls is an important design parameter for optimization 

of combustor cooling and emissions. Understanding the combustor wall temperature and velocity 

fields will provide insight into the mechanisms driving the convective heat loads. Therefore, it is 

necessary to improve experimental methods to experimentally corroborate the characteristics of 

reacting flow and to predict heat transfer in reacting condition. The transient infrared liner 

temperature measurement technique described in this study can be used as an accurate method for 

detailed 2D liner wall temperature and heat flux measurements, which to date are accomplished 

with thermocouples or thermal paints (low accuracy).  
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CHAPTER 7. CONCLUSIONS 

 

The characteristics of various aspects of reacting flow in a model combustor were identified in this 

work. The key findings are: 1) independence of swirl flow structure and flow impingement location 

from combustor operating conditions, 2) detailed temperature and heat flux distribution of the 

swirling flow in the combustor primary zone, 3) infrared flow structure captured with IR camera, 

4) time resolved surface temperature and heat flux distribution on the liner with reacting flow using 

IR camera. The observations provide information about the effects of the measured flow properties 

on the liner wall heat transfer under reacting swirl flow conditions. The experimental data using 

an industrial fuel nozzle in this work can be directly used for efficient thermal management design. 

Planar particle image velocimetry (PIV) data were analyzed to understand the 

characteristics of the flow field. Characterizing the impingement location on the liner, and the 

turbulent kinetic energy (TKE) distribution were a fundamental part of the investigation. Proper 

orthogonal decomposition (POD) further analyzed the data to compare coherent structures in the 

reacting and non-reacting flows. Experiments were conducted at Reynolds numbers ranging 

between 50000 and 110000 (with respect to the nozzle diameter, 𝐷𝑁); equivalence ratios between 

0.55 and 0.78; pilot fuel split ratios of 0 to 6%; inlet air temperature of 20 C to 200 C, two different 

fuel types with methane and propane.  

Comparison between reacting and non-reacting flows yielded very interesting and striking 

differences. This is the first study that focuses on understanding the differences in flow fields with 

and without reaction in a realistic gas turbine combustor and the implications on heat flux 

distributions along the liner. Self-similar characteristics were observed at different reacting 

conditions. Flame jet impingement locations on the combustor liner wall were qualitatively 

determined.  Swirling exit flow from the nozzle was found to be unaffected by the operating 

conditions with little effect on the liner. There were minor changes in the flow depending on 

different equivalence ratios (wider annular jet flow with high equivalence ratios indicating more 

mixing). Nevertheless, the jet impingement locations at the liner wall were consistent at around 

x=1.16 DN with 7% standard deviation for the reacting conditions tested in this study. The self-

similarity of the reacting flow field and the invariance of the location of flame impingement on the 



 

 

98 

 

liner wall, allows for scaling of the results to other operating points, simplifying the design and 

testing of cooling methods for combustor liners, and lowering the cost and effort to develop and 

operate combustors. 

Flow temperature in a lean-premixed swirl combustor was measured with a scanning 

thermocouple probe. The 2-dimensional temperature map was obtained for reacting flow in the 

primary zone of the model combustor. The measured temperature in the main jet was about 400 

K, and it increased gradually as the jet approached the wall. The peak temperature was about 1600 

K at the inner shear layer and the center of inner recirculation zone. The near wall temperature 

profile along the axis was identified. The temperature in the outer recirculation was around 1000 

K, while the temperature downstream of jet impingement location was around 1400 K. The non-

uniform profile of near wall temperature observed in this work implies that the temperature 

difference will result in significant contribution to the convective wall heat transfer. If a single 

average flow temperature is used in the correlation for convective heat transfer, it will not 

accurately estimate the heat load, with more severe mismatch near outer recirculation zone in swirl 

combustors. The heat load estimation should account for the non-uniformity in the properties of 

reacting flow to optimize combustor cooling schemes.  

Infrared radiation was also measured with a thermographic camera. Abel transformation 

reconstructed the projected image to infrared radiant energy density in 2D plane under 

axisymmetric assumption. Flow features in the infrared measurement agreed with flame 

luminosity and temperature map. An interesting fact is that infrared data could visualize flow 

structure that cannot be captured with a single method either an RGB camera or a thermocouple 

probe only. Double shear layer structure was not visible in the flame images, and the pilot jet did 

not appear in the thermocouple measured temperature map. Both could be captured with infrared 

image. The infrared thermographic imaging showed possibility as a non-intrusive diagnostic 

technique for turbulent flames in modern combustors.  

Liner surface temperatures were measured with reacting flow in a combustor with an 

infrared camera for a single case. And time resolved axial distribution of hot side heat flux on 

combustor liner wall was calculated using finite difference model. Peak temperature locations 

were downstream of the flame jet impingement location by ≈0.3 DN, attributed to higher flow 

temperatures. The temperature rose up to 900 K after 3 minutes of operation. Heat flux transferred 

through the liner was measured as ≈ 23 kW/m2, at 𝑥 ≈ 2.3𝐷𝑁. An intriguing phenomena observed 
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in this study is moving maximum heat flux location. While temperature peak is stationary, the heat 

flux peak changed its location in time. Further study about the peak heat flux location will improve 

understanding on thermal load on the liner. The time-resolved infrared liner temperature 

measurement technique described in this study can be used as an accurate method for detailed 2D 

liner wall temperature and heat flux measurements, which to date are accomplished with low 

accuracy thermocouples or thermal paints.  

DLE combustors in modern gas turbines with minimized film cooling and dilution air. With 

minimal or no film cooling, it is more difficult to maintain the metal temperature below its limit. 

Optimized impingement cooling or other types of efficient backside cooling schemes are crucial 

for such configurations. Experimental heat transfer data and the relations to flow properties found 

in this work can provide useful data for the cooling design. For example, amount of coolant for 

impingement cooling can be minimized by adjusting location of impingement cooling jets and 

local coolant flow rate on the back side of liner, reflecting high wall temperature locations found 

in this work. From time-dependent wall temperature measurement and PIV flow measurement, the 

peak heat transfer location is found downstream of flow impingement, which was time 

independent. The first target of cooling should be the invariant peak temperature location. More 

specifically, the temperature profile data can be used as boundary conditions for numerical studies 

on design optimizations of the backside impingement cooling.  

Understanding heat transfer from the working fluid to the solid surfaces are one of the 

prime interests in gas turbine combustor research. Convection is the most complicated process 

among different mechanisms of heat transfer, especially for reacting flow conditions. PIV velocity 

field and flow temperature measurement conducted under various conditions in this research 

showed important characteristics of flow properties and heat transfer. Further study on the relations 

between heat transfer and flow properties will allow systematic cooling design for improved 

combustor cooling and enhanced overall gas turbine performance, in terms of efficiency, pollutants 

and reliability.  
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NOMENCLATURE 

𝐴  Area  

𝑐𝑝   Specific heat capacity at constant pressure  

CRZ  Central recirculation zone 

𝑑, 𝐷  Diameter 

𝐷𝐶    Combustor diameter  

𝐺𝑋   Axial flux of axial momentum  

𝐺𝜙   Axial flux of tangential momentum  

k   Thermal conductivity, Turbulent kinetic energy (TKE) 

�̇�  Mass flow rate  

Nu   Nusselt number 

𝑃, 𝑝  Pressure  

Pr   Prandtl number 

𝑄’’    Heat Flux  

𝑄   Heat rate, flow rate  

𝑟   Compression ratio (𝑃2/𝑃1), radial distance 

𝑅   Combustor radius  

𝑅𝑋𝑌  Cross-correlation  

Re   Reynolds Number  

S   Swirl number  

𝑡   Temperature ratio (𝑇3/𝑇1)  

𝑇   Temperature  

𝒗  Velocity field 

VB   Vortex breakdown 

𝑊   Specific work output  

𝑥   Axial direction (along the combustor axis) 

w   Tangential velocity  

𝜂   Thermal efficiency (net work output by heat input) 
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𝛾   Ratio of specific heats 

𝜇  Dynamic viscosity  

𝜙  Fuel-air equivalence ratio 

𝜌  Density 

𝜏𝑠  Relaxation time   

Ω  Vorticity 

 

Subscript 

(⋅)1  Inlet to the gas turbine. 

(⋅)2  Outlet of the compressor (inlet of the combustor) 

(⋅)3  Outlet of the combustor (inlet of the turbine) 

(⋅)4  Gas turbine exhaust (outlet of the turbine) 

(⋅)𝑎𝑖𝑟  Air 

(⋅)𝐶  Related to the combustor diameter 

(⋅)𝑓  Related to the film temperature 

(⋅)𝑓𝑙𝑢𝑖𝑑  Fluid  

(⋅)𝑁   Nozzle  

(⋅)𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒  Particle  

(⋅)𝑟  Radial coordinate  

(⋅)𝑟𝑒𝑓  Reference 

(⋅)𝑊  Related to the liner wall or surface 

(⋅)𝑥  Axial coordinate  

(⋅)∞  Related to the working fluid temperature 

(⋅)̅̅̅̅   Mean 

(⋅)̂  Unit vector  

(⋅)′  Fluctuation 
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