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of this study is to characterize how dilution by combustion products affects the turbulent 
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velocity the flame front propagates through the reactants.  A Bunsen burner system was used that 

allows independent variation of Reynolds number, turbulence intensity, equivalence ratio, diluent 

type, and dilution concentration.  Temporally averaged chemiluminescence images of the flame 

were acquired with an ICCD camera and analyzed to determine the turbulent consumption speed.  

Measurements and calculations were conducted for conditions where Jet-A was diluted by N2 and 

CO2, where the mole fraction of the diluents was selected to match the heat capacity of the 

mixtures.  Laminar flame calculations showed that CO2 decreases the flame speed more than N2 

due to its effect on the reaction chemical kinetics.  For conditions similar to consumption speed 

measurements, dilution by N2 decreases the flame speed by 20% and CO2 results in a 30% 

decrease.  Turbulent consumption speed measurements showed no sensitivity to diluent type or 
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flame speed caused by the diluents.  Future work should attempt to confirm observed trends and 
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1  Introduction 

Large hydrocarbon fuels are the primary energy source for current and future transportation 

applications due to their energy density and ease of use.  It is important to characterize and 

understand how these fuels combust at fluid mechanic conditions representative of their 

application in internal combustion and gas turbine engines.  These combustion systems are 

always highly turbulent and commonly premixed or partially premixed1.  In addition, the 

combusting mixture is commonly comprised of fuel, oxidizer, and combustion products.  

Combustion products can be introduced into the flow through recirculation regions or due to 

combustion control mechanisms.  Combustion in the presence of products can be used to control 

pollutant production to meet emissions standards.  Exhaust Gas Recirculation (EGR) reduces 

pollutant emissions by returning combustion products, which would otherwise be exhausted, into 

the primary reaction zone.  Diluting the reactants inhibits thermal production of NOx by reducing 

the peak temperatures.  Recent regulations on production of NOx and other pollutants have 

motivated application of EGR to gas turbines, internal combustion engines, and furnaces1.  Jet 

afterburners operate in similar conditions, but are used to achieve higher thrust instead of control 

pollutant emissions.  Afterburning systems inject fuel into air and combustion products that exit 

the turbine, which increases exhaust velocity and thrust.  Identifying which combustion processes 

change due to combustion product dilution will provide insight into systems that operate in 

similar conditions and enable exploitation of any altered processes in future systems. 

Products can affect combustion processes by changing the species composition within the flame.  

The composition change affects the mixture heat capacity, as CO2 and other combustion products 

have a higher specific capacity than the reactants.  The higher heat capacity reduces peak 

temperatures, which can hinder the thermal pathway for NOx production in EGR applications.  

While the influence of species composition on mixture thermal properties is well understood, 

there is less information on how the presence of combustion products could change the reaction 
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chemical kinetics.  Therefore, investigating turbulent combustion of transportation fuels at diluted 

conditions will enhance understanding of fundamental combustion processes and can provide 

data to develop and refine predictive chemical mechanisms for combustion modeling. 

The objective of this work is to identify how dilution with combustion products affects a 

premixed turbulent flame.  In particular, it may be possible to identify interactions between 

turbulence and chemistry by comparison to dilution effects in laminar flames.  This objective will 

be satisfied by measuring how dilution effects the turbulent consumption speed of Jet-A.  During 

testing the Reynolds number at the burner exit, turbulence intensity, equivalence ratio, diluent 

type, and diluent concentration will be varied.  The diluents under investigation are N2 and CO2.  

N2 has been shown to have a negligible chemical effect on flame speeds, which permits potential 

chemical effects of CO2 to be isolated from the thermal effects of dilution.  Sensitivities to 

turbulent-chemical interactions will be analyzed by comparing experimental data to laminar 

flame speed calculations using a detailed chemical kinetic model. 
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2  Literature Review 

2.1  Dilution Effects 

The effect of dilution on combustion processes has been studied for a variety of fuels and 

conditions representative of practical applications.  Studies typically focus on quantifying the 

effect of dilution on combustion processes by measuring global metrics including ignition delay, 

extinction stretch rate, and laminar flame speed.  Experiments are frequently analyzed using 

numerical modeling with detailed chemical kinetics to explore changes to kinetic pathways and 

evaluate reaction mechanisms.  This section will review experiments and simulations that have 

quantified how dilution affects ignition delay time and laminar flame speeds. 

2.1.1  Ignition Delay Time 

Several prior studies have investigated the sensitivity of ignition delay time to dilution for liquid 

and gaseous fuels.  Gokulakrishnan et al.2 developed and validated a chemical mechanism for n-

heptane and Jet-A for a variety of diluted and undiluted conditions.  The mechanism was 

evaluated by measuring ignition delay times.  While the model correctly replicated negative 

temperature coefficient effects, the author did not specifically explore the sensitivity of ignition 

delay to diluent type and concentration.  Fuller et al.3 used a design of experiments approach to 

evaluate the effect of temperature, equivalence ratio, and NO, O2, CO2, CO, and H2O 

concentration on autoignition of JP-8.  It was determined that temperature affected the ignition 

delay the most, followed by NO and O2 concentration, while the remaining variables had a 

negligible effect.  A follow-on study by Fuller4 investigated the sensitivity of JP-8 autoignition to 

temperature, NO, and O2 concentration in greater detail.  Experiments found that increasing the 

initial NO concentration by 1000 ppm can reduce ignition delay time by as much as 80% and that 

NO concentration couples with temperature, O2 concentration, and initial pressure to produce 

secondary effects.  That is, reduction of temperature, O2 concentration, or initial pressure 

enhanced the effect of NO on reducing the ignition delay time.  Gokulakrishnan et al.5 similarly 
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found that increasing NO concentration would decrease ignition delay time for propane.  Di et al.6 

used a rapid compression machine to investigate ignition delay of iso-octane where N2 was 

completely replaced by Ar or an Ar-CO2 mix designed to match the heat capacity of N2.  

Experiments demonstrated that gas composition could alter the ignition delay time, particularly in 

the negative temperature coefficient region.  Numerical studies compared the chemical and 

thermal effects of CO2 on the ignition delay time by changing its heat capacity to match that of 

N2.  While the change in heat capacity dominated at temperatures lower than 800 K, CO2 affected 

the ignition delay time more through chemical kinetics at higher temperatures. 

2.1.2  Flame Speed 

A second technique for evaluating hydrocarbon combustion is simulating and measuring flame 

speeds.  The laminar flame speed is the velocity at which a flame front propagates through an 

unburned mixture of fuel and oxidizer.  It is a property of the mixture and the initial combustion 

conditions1.  Potential sensitivities to mixture dilution are important because the flame speed is a 

metric for combustion research and flame stability criteria.  Zhao et al.7 conducted a numerical 

and experimental study of n-decane flame speeds with N2 dilution using a stagnation jet-wall 

flame.  The authors concluded that the laminar flame speed is not useful for validating reaction 

kinetics specific to large hydrocarbons based on a sensitivity analysis of the calculations.  The 

calculations showed that the flame speed is most sensitive to primary chain branching reactions, 

not reactions involving the fuel.  Kumar et al.8–10 use the counterflow flame technique to measure 

the laminar flame speed of n-heptane, iso-octane, n-decane, n-dodecane, Jet-A, and S-8 with N2 

dilution.  However, the experiments focused on how fuel type affects the flame speed.  Additional 

analysis used N2 diluted flame speeds to calculate the overall activation energy, which is used for 

single-step reaction models in simulations. 

Later studies measured the influence of dilution on the laminar flame speed of hydrocarbon fuels.  

Fuller et al.11 used combustion bomb and Bunsen flame arrangements to conduct a detailed study 



5 

 

 

of dilution effects in laminar flames with n-decane.  In contrast to prior work on dilution effects 

on ignition delay, the laminar flame speed was found to be highly sensitive to the presence of 

H2O and CO2, with reductions up to 60%.  Numerical analysis indicated that the reduction of 

flame speed was due to a combination of chemical and thermal effects.  Chemically active CO2 

and H2O reduced the flame speed more than when the chemical kinetics of the species were 

artificially deactivated.  Furthermore, the chemical presence of CO2 reduced the flame speed 

more than that of H2O, which was attributed to a reduction in radical production. The presence of 

additional CO2 reduced H production via the reaction, CO + OH = CO2 + H, which in turn 

tempers radical production by H + O2 = OH + O.  Combustion bomb experiments by Mannaa et 

al.12 similarly concluded that the thermal and chemical presence of combustion products reduced 

the laminar flame speed for a gasoline test fuel and a toluene reference fuel.  In addition, they 

determined that the presence of combustion products enhanced flame stability by increasing the 

Markstein length, especially for lean flames. 

2.2  Turbulent Flames 

Recent combustion research has focused on characterizing the effects of turbulence on flame 

speeds.  Laminar flame speeds do not incorporate the complexities associated with turbulent 

flows typical of practical combustion devices.  While the laminar flame speed is a property of a 

given fuel-oxidizer mixture, flame speeds in a turbulent environment also depend on the 

turbulence intensity, mean flow velocity, and flow length scales.  In a similar manner to laminar 

flame speeds, turbulent flame speeds can be used to evaluate the effects of these different 

parameters on flame structures.  Similar to laminar flame speeds, turbulent flame speeds can be 

used as an input parameter for combustion models or for validation of detailed simulations13.  

Depending on the analysis approach, there are four accepted definitions of the turbulent flame 

speed, ST, local displacement speed, global displacement speed, local consumption speed, and 
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global consumption speed14.  The current work will focus on the global consumption speed, ST,GC, 

which considers the reactant mass flow rate through the flame front, 

 𝑆𝑇,𝐺𝐶 =
�̇�𝑅

𝜌𝑅�̅�〈𝐶〉
, (1) 

where �̇�𝑅 is reactant mass flow rate through the flame front, ρR is the reactant density, and �̅�〈𝐶〉 is 

the mean flame area at the 〈𝐶〉 surface.  C is a progress variable, where 〈𝐶〉 = 0 is the surface of 

unburned reactants and 〈𝐶〉 = 1 is the surface of completely burned products13.  Using the mean 

area of the flame surface provides a spatially and temporally averaged definition of the turbulent 

flame speed. 

Several prior studies have investigated turbulent consumption of gaseous fuels.  Yuen15 focused 

on the structure and dynamics of lean, premixed, turbulent methane and propane flames using 2-

D Rayleigh scattering on a Bunsen-type burner.  While the study focused on the effects of 

turbulence intensity on flame structure, the author noted increasing turbulence intensity increased 

turbulent consumption speeds, despite no change in the flame surface density.  Venkateswaran et 

al.14 measured the turbulent consumption speed of syngas mixtures, which are comprised of H2 

and CO.  The researchers determined that the consumption speed was sensitive to fuel 

composition by matching laminar flame speeds of different mixtures at a given turbulence 

intensity.  This observation was attributed the effect to the differing stretch sensitivities for the 

mixtures. 

Recent work at Oregon State University, as part of the FAA Alternative Jet Combustion Research 

Program, has investigated turbulent consumption speeds and radiation emissions from a turbulent 

premixed flame.  The research has used a Bunsen burner configuration to generate the flame.  The 

configuration permits modification of Reynolds number, turbulence intensity, equivalence ratio, 

and preheat temperature.  Fillo and Blunck13 investigated the sensitivity of the global 

consumption speed to changes in turbulence intensity, equivalence ratio, and fuel chemistry.  Fuel 

chemistry sensitivities were attributed to relative concentrations and reactivity of species, 
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particularly alkanes and aromatics.  In addition, Reynolds number and turbulence intensity had a 

strong effect on the turbulent consumption speed.  A 45% increase in the turbulence intensity 

resulted in an average 35% increase in flame speed across all fuels, while increasing the Reynolds 

number by 2,500 for Jet-A fuel increased the consumption speed by approximately 25% at Φ = 

0.85.  Bonebrake et al.16 investigated the effect of turbulence intensity and equivalence ratio on 

radiation emissions from these flames.  Radiation intensity measurements using an IR camera 

showed that increases in turbulence intensity can decrease radiation emissions by as much as 

35%, but increase radiation fluctuations by 20%, particularly at Φ = 0.85. 

2.3  Data Collection Techniques 

Nonintrusive optical imaging techniques are commonly used to conduct measurements in 

combustion systems because they do not physically disturb the phenomenon under investigation.  

Nori and Seitzman17 provided a review of chemiluminescence imaging, which measures light 

emitted by particular species during combustion reactions.  Reactions can excite electrons in 

species such as CH, OH, and CO2 to a higher energy level, known as CH*, OH*, and CO2*.  As 

the electrons return to their ground state, the molecules emit electromagnetic radiation at 

wavelengths specific to the molecule and electron configuration.  Nori and Seitzman noted that 

the approximate wavelengths of CH* and OH* radiation are respectively 431 nm and 309 nm, 

while CO2* emissions are in the region of 200-600 nm.  The location and intensity of these 

transitions can be used to determine species concentrations and heat release rates within the 

flame, as well as general information about its structure. 

Chemiluminescence imaging can be used to measure laminar flame speeds and turbulent 

consumption speeds with Bunsen-type burners.  The two primary methodologies are the angle 

method, used by Fillo and Blunck13, Yuen15, and Venkateswaran et al.14, while Kochar18, Fuller et 

al.11, and Gokulakrishnan et al.5 used a gradient-based edge detection method.  The angle method 

determines the burning area by approximating the average flame surface as a cone anchored at the 
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burner nozzle exit.  The flame tip is then identified by finding the maximum centerline intensity 

of temporally averaged chemiluminescence images, which roughly corresponds with a 〈𝐶〉 = 0.5 

progress variable.  The gradient-based edge detection method identifies the reaction zone by 

finding the maximum gradient of chemiluminescence intensity along each row of pixels.  The 

flame area is then calculated from the identified reaction zone and averaged across a series of 

images.  The key difference between the approaches is that the angle method considers a 

temporally averaged flame area, while the edge detection method calculates an average of 

instantaneous flame areas. 
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3  Experimental Method 

The turbulent consumption speed of a Jet-A/air flame with and without dilution was measured 

used a preexisting burner system and data analysis processes.  The following sections review the 

burner, added dilution system, data processing techniques, and an uncertainty analysis of the data. 

3.1  Bunsen Burner 

The existing experimental apparatus is a Bunsen-type burner system developed by Fillo and 

Blunck13.  The system is shown in Figure 1 as a piping and instrumentation diagram.  It permits 

independent variation of the flame Reynolds number, turbulence intensity, equivalence ratio, and 

preheat temperature.  The system contains plumbing for fuel, air, N2, and CH4.  The primary air 

passes through a series of temperature controlled heaters before entering the vaporizer, while the 

fuel and N2 are fed directly into the vaporizer.  Secondary air and CH4 are used for a pilot flame. 

 

 

Figure 1: Piping and instrumentation diagram of existing turbulent flame burner system, including fuel, N2 

purge, CH4, and air lines. 
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The vaporizer, shown in Figure 2, is based on a design from the Air Force Research Laboratory. 

 Liquid fuel from a pair of syringe pumps is injected into the vaporizer using a conical, air-

assisted jet.  Additional preheated air flows axially into the vaporizer surrounding the conical fuel 

jet, producing a flow pattern similar to a pintle injector.  The curtain of air promotes mixing and 

complete vaporization while reducing cracking by preventing the fuel from directly contacting the 

hot walls.  The vaporizer includes a 2 kW electric band heater for temperature control. 

 

Figure 2: Schematic of burner and vaporizer assembly.  All dimensions in mm.  Copied from reference 13. 

The vaporizer is situated approximately 1.3 m upstream of the burner assembly, also shown in 

Figure 2.  The burner was designed by Venkateswaran et al.14 and consists of a plenum, nozzle, 

and turbulence generator.  The base section of the plenum is filled with ball bearings, which help 

promote a more uniform flow.  The remainder of the plenum allows the flow to fully develop 

before reaching the nozzle.  The nozzle contracts from the plenum diameter of 76 mm to to the 

exit diameter of 12 mm.  The nozzle contour is designed to reduce boundary layer growth and 
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thereby produce a top-hat velocity profile at the burner exit.  The nozzle exit is surrounded by an 

annular coflow region for the CH4 pilot flame and is capped by a sinter plate to produce a more 

uniform pilot flame.  The turbulence generator, based on a design by Marshall et al.19 and shown 

in Figure 3, is situated at the end of the plenum before the nozzle.  The system generates large 

scale vortical structures which impinge upon the contoured nozzle to produce isotropic 

turbulence.  The top plate of the turbulence generator rotates relative to the bottom plate to 

change the turbulence intensity at the burner exit.  The turbulence intensity increases 

monotonically with the blockage ratio without changing the mean flow velocity.  Vertical fins 

attached to the plates act as flow straighteners and reduce swirl at the burner exit.  The turbulence 

intensity (TI) is the ratio between root-mean-squared velocity fluctuations, 𝑢𝑟𝑚𝑠
′ , and the mean 

flow velocity at the nozzle exit, U, 

 𝑇𝐼 =
𝑢𝑟𝑚𝑠
′

𝑈
. (2) 

A high turbulence intensity corresponds with TI ≈ 19% and TI ≈ 13% at low turbulence 

intensities.  While current turbulence intensities are estimates based on the research by Marshall 

et al.19, future work will validate the turbulence intensity using hotwire anemometry. 

 

Figure 3: Schematic of turbulence generator showing fully and partially open states.  Copied from 

reference 13. 
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3.2  Diluent Lines 

Diluents were added to the system through additional plumbing into the vaporizer.  A piping and 

instrumentation diagram for the diluent system is shown in Figure 4.  The diluents are stored in 

N2 and CO2 gas cylinders and individually pressure regulated before being metered using a 

rotameter.  A pressure transducer and globe valve installed at the rotameter outlet are used to 

measure and control backpressure to adjust for compressibility effects.  The flow rate was 

corrected for outlet pressure and gas density based on an equation from the rotameter 

manufacturer20 

 
𝑄𝑟𝑒𝑎𝑑𝑖𝑛𝑔 = 𝑄𝑑𝑒𝑠𝑖𝑟𝑒𝑑√

𝑃𝑎𝑡𝑚∙𝜌𝑔

𝜌𝑎𝑖𝑟∙(𝑃𝑎𝑡𝑚+𝑃𝑜𝑢𝑡𝑙𝑒𝑡)
, (3) 

where Qreading is the required rotameter reading, Qdesired is the required volumetric flow rate, Patm is 

atmospheric pressure, ρg and ρair are densities of the gas and air at standard temperature and 

pressure, and Poutlet is the gauge pressure at the rotameter outlet.  The diluents then flow into the 

vaporizer where they are heated and mixed with the fuel and air. 

  

Figure 4: Piping and instrumentation diagram of dilution system showing interfaces with vaporizer and N2 

purge line. 
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Dilution was quantified by mole fraction of the diluent relative to the air and fuel.  CO2 was 

selected to investigate the effect of combustion byproducts on the flame, while N2 was used for 

comparison as an inert diluent.  Prior work has focused on matching the dilution volume between 

different diluents without controlling the impact of different species’ thermal effects.  For equal 

dilution volumes, the enthalpy difference from ambient conditions to the approximate flame 

temperature is 64% higher for CO2 than N2.  The difference in mixture heat capacity that results 

from changing diluents is important given that flame speeds are sensitive to flame temperature. 

 The current work seeks to match the mixture heat capacity so that flame temperatures are similar. 

 This permits evaluation of the relative thermal versus chemical effects for CO2 dilution.  

Matching the mixture heat capacity after dilution by either species is achieved by setting the 

diluent heat capacities equal, 

 �̇�𝑁2 ∙ 𝑐�̅�,𝑁2 = �̇�𝐶𝑂2 ∙ 𝑐�̅�,𝐶𝑂2, (4) 

where �̇�𝑖 is the mole flow rate and 𝑐�̅�,𝑖 is the molar specific heat of species i.  The specific heat 

was calculated as an average between the initial reactant temperature and an assumed flame 

temperature.  While a flame temperature of 2400 K was selected for the calculations, the resulting 

mole fraction of CO2 is insensitive the flame temperature.  Reducing the assumed flame 

temperature by 33% changes the mole fraction of CO2 by less than 2%.  The fuel and air flow 

rates are adjusted for diluted mixtures so that the Reynolds number and equivalence ratio remain 

constant.  Testing conditions included no dilution, N2 dilution with XN2 = 0.10, and CO2 dilution 

with XCO2 = 0.063 to match the heat capacity of N2 dilution, where Xi is the mole fraction of 

species i.  Data was collected at each of these conditions for Re = 5000 and 10000, Φ = 0.8, 0.9, 

and 1.0, and high and low turbulence intensities.  The unburned reactant temperature was 470 K 

for all test conditions.  These conditions are summarized in Table 1 below. 
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Table 1: Test matrix for ST,GC measurements, including variation in XN2, XCO2, Φ, Re, and the turbulence 

intensity, TI. 

XN2 XCO2 Φ Re TI 

0 0 

0.8, 0.9, 1.0 5000, 10000 High, Low 0.1 0 

0 0.063 

3.3  Data Collection & Processing 

It is necessary to measure the reactant mass flow, reactant density, and mean flame area at the 

chosen 〈𝐶〉 surface to determine ST,GC, as shown in Equation (1).  Reactant mass flow rate was 

determined by summing together the fuel, air, and diluent flow rates, each of which is 

volumetrically metered. The air flow is metered by a rotameter upstream of the vaporizer which 

has a full-scale accuracy of 2%.  Fuel flow is controlled by a pair of syringe pumps, which 

achieve an accuracy of 0.5% of their setpoint.  Diluent flow into the vaporizer is metered by a 

rotameter, which has a full-scale accuracy of 5%.  Preheat and vaporizer temperatures are 

controlled by closed loop temperature controllers and the reactant temperature is measured by a 

type K thermocouple placed in the burner.  This system achieves an unburned temperature 

accuracy of 2% for a setpoint of 470 K.  These measurements permit determination of the reactant 

mass flow and reactant density. 

The final parameter needed to calculate ST,GC is the mean flame area.  Chemiluminescence 

intensity measurements are acquired with an Andor iStar 334T, which is a 16-bit intensified 

charge-coupled device (ICCD) camera with a resolution of 1024 x 1024 pixels.  Typical spatial 

resolution for each pixel is 0.18 mm.  The ICCD camera is sensitive to wavelengths in the range 

230-1,100 nm using a 25 mm UV lens at a focal ratio of 4.  This permits capturing OH*, CH*, 

and CO2* chemiluminescence.  The camera collected a series of 360 images at approximately 2 

frames per second.  These measurements are averaged to provide a temporally averaged 

chemiluminescence intensity. 



15 

 

 

After collecting data, a series of image processing steps are applied to determine the mean flame 

area.  Venkateswaran et al.14 developed the following technique for measuring ST,GC for syngas 

fuels.  Each step is illustrated in Figure 5.  First, the image is cropped and effects from the pilot 

flame and surrounding environment are removed through background subtraction.  An averaged 

image of the pilot flame is subtracted from the data.  Next, the image is straightened to remove 

any cant by averaging the left and right hand sides of the image.  A 2-D median filter, which has a 

kernel size of approximately 2% of the burner diameter, is applied to smooth the resulting 

intensity profile.  The image is then processed using a three-point Abel deconvolution algorithm, 

which reconstructs the 2-D axisymmetric average flame profile from line-of-sight images.  This 

processing technique assumes that the flame structure is axisymmetric, which is reasonable for a 

temporally averaged image. 

 

Figure 5: Sequence of representative images demonstrating the image processing technique.  (a) original 

image, cropped (b) background subtracted (c) straightened (d) filtered (e) Abel transformed with flame tip 

highlighted and 〈C〉 = 0.5 surface drawn. 
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A Gaussian distribution is fitted to the intensity along the centerline of the burner, which is 

extracted from the Abel transformed image, as shown in Figure 6.  The maximum of this fitted 

curve approximately corresponds with the 〈𝐶〉 = 0.5 progress variable surface.  The flame surface 

is then estimated by connecting this point to the flame anchor points at the rim of the burner 

nozzle.  This surface, shown in Figure 5(e), produces a cone which is the mean flame area used to 

calculate ST,GC.  A spatial calibration conducted at the beginning of each test series provides the 

image scale to determine the height of the cone. 

 

Figure 6: Chemiluminescence intensity along the burner centerline for the averaged axisymmetric and 

Abel transformed flame profiles with a Gaussian curve fit to the Abel transformed intensity. 

It is noted that several data points at Φ = 0.8 were not reported because the conditions seem to 

violate the assumptions of the analysis technique.  This resulted in data points that were 

physically not possible and would have confused trends shown in the results.  While currently 

unpublished, Bonebrake and Blunck conducted a study where radiation intensity measurements of 

the flame indicated that not all fuel is consumed through the flame brush at Φ < 0.85.  The current 

method of calculating ST,GC requires that all fuel is consumed in this region. 
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3.4  Uncertainty Analysis 

An uncertainty analysis was conducted to determine the total uncertainty of the turbulent 

consumption speed, including contributions from precision and bias.  The bias uncertainties of the 

Reynolds number, equivalence ratio, and diluent mole fraction were also calculated because these 

parameters are not directly controlled or measured by the experiment design.  Uncertainty 

analysis was conducted using the Kline-McClintock uncertainty propagation method, given by, 

 

𝑢𝑦 = √∑ (𝑢𝑥𝑖
𝜕𝑦

𝜕𝑥𝑖
|
𝑥=�̅�

)
2

𝑖 , (5) 

where uy is the uncertainty of the dependent variable and uxi is the uncertainty of the independent 

variable xi.  The partial derivatives are evaluated numerically using a central difference scheme, 

 𝜕𝑦

𝜕𝑥
|
𝑥
=

𝑦(𝑥+∆𝑥)−𝑦(𝑥−∆𝑥)

2∆𝑥
, (6) 

where Δx is the step size of the finite difference approximation.  The calculations were conducted 

using MATLAB, and associated code is contained in Appendix A. 

The uncertainty was calculated for each tested Reynolds number, as the uncertainty in 

equivalence ratio and diluent mole fraction was sensitive to the flow rate of air.  Results are 

summarized in Table 2. 

Table 2: Bias uncertainty of ST,GC, Φ, Re, and Xdiluent for Re = 5000 and 10000. 

Re 5000 10000 

uST [m/s] 0.174 

uΦ 0.096 0.054 

uXdiluent 0.012 0.007 

uRe 455 
 

The uncertainty analysis considered the following measurements and sources of uncertainty: 

 Air volumetric flow rate, metered by a rotameter with a manufacturer specified 2% full 

scale accuracy. 

 Air rotameter outlet pressure, regulated to 1% of the setpoint by experiment operator. 

 Fuel volumetric flow rate, metered by syringe pumps with an accuracy of 0.5% of the 

setpoint. 
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 Diluent volumetric flow rate, metered by a rotameter with a manufacturer specified 5% 

full scale accuracy. 

 Diluent rotameter outlet pressure, regulated to ±0.1 psi of the setpoint by experiment 

operator. 

 Temperature of unburned reactants, regulated to 2% of the setpoint by the automatically 

controlled heating system. 

 Diameter of the burner nozzle, measured using calipers with a manufacturer specified 

accuracy of ±0.03 mm. 

 Measurement of the flame height, which has an estimated uncertainty of 2%13. 

Experimental uncertainty was determined from three measurements of ST,GC for each condition.  A 

student-t distribution was used to calculate the precision uncertainty with a 95% confidence 

interval and then combined with the bias uncertainty to determine the overall uncertainty.  Total 

uncertainty results are shown as error bars on data. 
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4  Results and Discussion 

A series of simulations and experiments were conducted to quantify the effect of dilution on the 

laminar flame speed and turbulent consumption speed of Jet-A.  The calculations show that the 

laminar flame speed is sensitive to the presence of diluents.  At XCO2 = 0.063, the flame speed 

was reduced 30-40%, while at XN2 = 0.10, it decreased by 20-35%.  However, turbulent 

consumption speeds showed no sensitivity to dilution for the same diluent concentrations. 

4.1  Numerical Results 

Numerical simulations of laminar flames with and without dilution were conducted using 

CHEMKIN-PRO21.  The chemistry for a Jet-A/air flame was modeled using a detailed chemical 

kinetic mechanism developed by the Nano Energy Lab at Stanford22, which is based upon the 

USC Mech II23.  The mechanism has been validated against experimental laminar flame speed 

measurements for undiluted Jet-A/air mixtures.  The simulations and experimental data match 

with a maximum deviation of 3% at Φ = 0.7.  Results are not provided because they are currently 

unpublished.  A grid refinement study was conducted to determine appropriate values for the 

gradient and curvature adaptive grid control settings in CHEMKIN-PRO.  A value of 0.02 was 

selected for the gradient control and 0.1 for the curvature control.  The study showed that further 

increasing the grid density by 400% reduced the laminar flame speed by less than 1%.  The 

calculations used mixture-averaged transport properties and did not include the Soret effect on 

species transport by thermal diffusion.  Neglecting the Soret effect changed the laminar flame 

speed by approximately 2%. 

With confidence in the mechanism, laminar flame speeds were calculated over a range of 

equivalence ratios and five different dilution conditions: no dilution, XN2 = 0.05 and 0.10, and 

XCO2 = 0.031 and 0.063.  The diluent mole fractions were determined by matching the heat 

capacities, as noted previously.  Laminar flame speeds for all conditions are summarized in the 
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upper part of Figure 7.  The simulations were conducted at atmospheric pressure and with an 

unburned reactant temperature of 473 K to match the experimental conditions. 

 

Figure 7: Upper plot shows laminar flame speed for Jet-A/air with no dilution and multiple concentrations 

of dilution by CO2 and N2.  Lower plot shows relative contribution of chemical and thermal effects to the 

reduction in laminar flame speed for CO2 dilution at XCO2 = 0.063. 

Diluting the mixture with N2 or CO2 decreases the laminar flame speed, with CO2 producing a 

larger decrease across the range of studied equivalence ratios.  The decrease in flame speed is 

expected because dilution decreases the flame temperature relative to mixtures composed solely 

of fuel and air.  The lower part of Figure 7 shows the relative contribution of chemical and 

thermal effects in reducing the flame speed for the maximum concentration of CO2.  This was 

determined by comparing CO2 dilution to N2 dilution, where N2 affects the flame speed solely by 
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its thermal properties and CO2 has thermal and chemical effects.  The assumption that any effect 

from N2 is thermal is based on a prior study by Fuller et al.11, which demonstrated that N2 has a 

negligible chemical effect on the laminar flame speed.  The effect of CO2 on the flame speed 

caused by the change mixture thermal properties dominates over the range of equivalence ratios, 

accounting for a minimum of 69% of the total decrease at Φ = 1.1.  At this condition, the thermal 

presence of CO2 causes a 20% decrease in flame speed, while its chemical presence causes a 9% 

decrease. 

Figure 8 shows a normalized change in flame speed, which is the percent change in flame speed 

from the undiluted mixture divided by the dilution mole fraction.  This metric indicates if 

changing the mole fraction of diluent in the mixture had a proportional effect on the laminar 

flame speed.  The normalized change for XN2 = 0.05 and XN2 = 0.10 deviates by less than 2%, 

except for Φ ≥ 1.5.  The similar normalized change in flame speed indicates that N2 dilution 

causes a proportional change in laminar flame speed for most equivalence ratios.  The increase in 

CO2 dilution from XCO2 = 0.031 to XCO2 = 0.063 did not result in a proportional change in the 

flame speed.  Instead, the normalized change in flame speed decreased by a minimum of 7%, and 

more than 10% for Φ > 1.6, when the CO2 mole fraction was increased to 0.063.  This may be a 

result of how CO2 changes the mixture chemical kinetics, which are typically nonlinear.  Changes 

to the mixture thermal properties are expected to have a more linear effect on the laminar flame 

speed. 
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Figure 8: Normalized change in flame speed for each dilution condition.  The normalized change is 

determined by dividing the percent change in flame speed by the mole fraction of diluent. 

Figure 9 shows the simulated flame temperature for each laminar flame speed calculation.  The 

flame temperature was used to validate the dilution heat capacity calculations.  Changing from 

CO2 to N2 at a given dilution level should not affect the flame temperature because the diluent 

mole fractions were selected to match the diluent heat capacity.  The flame temperatures for each 

level of N2 and CO2 dilution match with a maximum deviation of 1%.  There is divergence near Φ 

= 1.0 and fuel-rich conditions above Φ = 1.5.  These may respectively be a result of higher 

temperatures producing dissociation and incomplete combustion products, both of which are not 

accounted for when determining the dilution heat capacity. 
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Figure 9: Flame temperature for the Jet-A/air flame at varying dilution conditions. 

Figure 10 shows curves relating laminar flame speed to flame temperature for undiluted mixtures, 

XN2 = 0.10, and XCO2 = 0.063.  A change in the flame temperature does not affect CO2 and N2 

diluted mixture identically, which confirms that the observed change in laminar flame speed is 

not simply due to their effect on the mixture heat capacity.  The flame speed exhibits a linear 

dependence on flame temperature for Φ < 1 (R2 ≥ 0.997).  This may cause the proportional effect 

of N2 dilution shown in Figure 8, which was especially evident for Φ < 1.  Each of the curves has 

a different slope in the fuel-lean region, which may be a result of the different diluents and 

independent of their thermal effect on the flame speed. 
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Figure 10: Flame temperature sensitivity of flame speed for undiluted case, XN2 = 0.10, and XCO2 = 0.063. 

Diluted mixtures begin to have similar flame speeds for a given flame temperatures at 

temperatures less than 2050 K and equivalence ratios higher than Φ = 1.4.  The flame speed for 

undiluted mixtures approaches the flame speed of the diluted conditions near a flame temperature 

of 1850 K and Φ = 1.9. 

Figure 11 shows the calculated outlet concentration of the combustion products CO2 and CO for 

the undiluted mixtures, XN2 = 0.10, and XCO2 = 0.063.  The plot of outlet species composition 

shows a significant increase in CO at fuel-rich conditions, which is an expected result of 

incomplete combustion.  It is plausible that the similar laminar flame speeds for a given flame 

temperature shown in Figure 10 could be due to the decrease in CO2 and increase in CO 

concentration at these conditions.  Dilution by CO2 increased CO concentration by approximately 

6% relative to the undiluted case at fuel-rich conditions, likely due to changes in the water-gas 

shift reaction1, CO2 + H2 ⇌ H2O + CO.  In contrast, N2 decreases CO by 13% compared to the 

undiluted case at the same conditions, despite similar temperatures and CO2 concentrations. 
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Figure 11: Mole fraction of CO2 and CO at outlet for undiluted case, XN2 = 0.10, and XCO2 = 0.063. 

4.2  Experimental Results 

The turbulent consumption speed of a premixed Jet-A/air flame was measured at atmospheric 

pressure for the conditions summarized in Table 2.  Consumption speeds for all measured 

conditions are shown in Figure 12, where the top panel shows measurements at Re = 5000 and 

the bottom panel at Re = 10000.  Values of turbulent consumption speeds and uncertainties are 

listed in Appendix B.  As shown in Figure 12, the turbulent consumption speed increases with 

equivalence ratio, on average by 25% for 0.8 ≤ Φ ≤ 1.0.  Changing the turbulence intensity from 

low to high increases the consumption speed by an average of 45%.  Finally, increasing the 

Reynolds number from 5000 to 10000 causes an average of 50% increase in the turbulent 

consumption speed. 
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Figure 12: Turbulent consumption speed of Jet-A/air flame at 1 atm and 470 K.  Upper plot shows results 

for Re = 5000, lower plot shows results for Re = 10000.  Error bars include bias and precision uncertainty 

with a 95% confidence interval.  TI indicates the relative turbulence intensity. 

It is noted that dilution does not produce a difference in the turbulent consumption speed 

distinguishable from the experimental uncertainty for a given equivalence ratio, turbulence 

intensity, and Reynolds number.  Laminar flame calculations indicated that N2 and CO2 dilution 

cause a 20% and 30% decrease in the laminar flame speed respectively, for identical conditions.  

A similar decrease in the turbulent consumption speed would be distinct from the experimental 

uncertainty, particularly at Re = 10000 for high turbulence intensities.  It is unclear why the 
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turbulent consumption speed is unchanged by dilution.  It is plausible that decreases in flame 

speed due to changes in mixture thermal properties and different chemical kinetic pathways could 

be offset by other phenomena, including turbulence chemistry interactions. 
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5  Conclusion 

Calculations of laminar flame speeds and measurements of turbulent consumption speeds were 

conducted for Jet-A/air mixtures with and without diluents.  In simulations and experiments, N2 

or CO2 were added to the mixture in concentrations that matched their heat capacities.  This 

method allowed the influence of CO2 on the chemical kinetics of the flame to be isolated by 

comparison to N2.  While laminar flame calculations indicated that dilution by N2 decreases the 

laminar flame speed by 20% and CO2 results in a 30% decrease, there was not a similar trend in 

the turbulent consumption speed.  Instead, the turbulent consumption speed was within the 

experimental error for both N2 and CO2 dilution.  Measurements indicate that changing the 

turbulence intensity, equivalence ratio, or Reynolds number do not affect diluted mixtures 

differently than undiluted mixtures.  The nominally equivalent turbulent consumption speeds for 

diluted and undiluted Jet-A/air mixtures could be a result of turbulence-chemistry interactions 

dominating any chemistry changes caused by CO2. 

While current results indicate that dilution has no effect on the turbulent consumption speed of 

Jet-A, it is possible that any changes are obscured by the experimental uncertainty.  Therefore, 

future work should reduce the bias uncertainty and conduct further testing to validate or disprove 

current results.  Improving the accuracy of air flow metering would provide the greatest benefit, 

as the uncertainty analysis indicated that this was greatest contributor to the turbulent 

consumption speed uncertainty.  It may also be beneficial to collect data over a larger range of 

Reynolds numbers and equivalence ratios to better establish trends.  Additional testing conditions 

may also include different diluents, combinations of diluents, and different fuels.  For example, 

Di et al.6 used mixtures of Ar and CO2 to simultaneously match the heat capacity and dilution 

volume of N2.  Finally, future work could extend current measurement techniques or implement 

new ones, such as planar laser induced fluorescence, to better characterize how dilution changes 

the flame front. 
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Appendix A: Uncertainty Analysis 

The following MATLAB code calculates the bias uncertainty of the turbulent flame burner for 

several representative operating conditions. 

function uncertaintyAnalysis 
clear 
clc 

  
fprintf('   Re   u_Re     phi   u_phi   X_dil   u_dil    S_T    

u_ST\n') 

  
temp   = 473;       %K 
u_temp = .02*temp;  %K 

  
D   = .012;     %m 
u_D = .00002;   %m 

  
dil = [1 1 2 1 1 2]; 
Vdot_dil  = [.0001, 10.3, 8.15, .0001, 17.4, 14.4];     %SCFH 
Vdot_air  = [1.77, 1.61, 1.61, 3.16, 2.86, 2.88];       %SCFM 
Vdot_fuel = [5.7666, 5.2336, 5.2575, 11.5331, 10.4671, 10.5150];  

%ml/min 
u_Vdil    = [0, 1.25, 1.25, 0, 1.25, 1.25];             %SCFH 
u_Vair    = .02*8*ones(1, length(dil));                 %SCFM 
u_Vfuel   = .005*Vdot_fuel;                             %ml/min 

  
P_dil  = [2.75, 2.75, 1.4, 2.75, 10, 6.1];              %psi 
P_air  = [5, 5, 5, 10, 10, 10];                         %psi 
u_Pdil = [0, .1, .1, 0, .1, .1];                        %psi 
u_Pair = [.05, .05, .05, .1, .1, .1];                   %psi 

  
H   = [.0468, .0468, .0468, .0512, .0512, .0512];       %m 
u_H = .02*H;                                            %m 

  
for i = 1:length(dil) 
    x = [Vdot_dil(i), Vdot_air(i), Vdot_fuel(i), P_dil(i), P_air(i), 

H(i), temp, D]; 
    u = [u_Vdil(i), u_Vair(i), u_Vfuel(i), u_Pdil(i), u_Pair(i), 

u_H(i), u_temp, u_D]; 

     
    S_T  = calcs(x, dil(i), 1); 
    u_ST = kline(@(x) calcs(x, dil(i), 1), x, u); 
    phi   = calcs(x, dil(i), 2); 
    u_phi = kline(@(x) calcs(x, dil(i), 2), x, u); 
    X_dil  = calcs(x, dil(i), 3); 
    u_Xdil = kline(@(x) calcs(x, dil(i), 3), x, u); 
    Re   = calcs(x, dil(i), 4); 
    u_Re = kline(@(x) calcs(x, dil(i), 4), x, u); 

  
    fprintf('%6.0f%6.0f%8.3f%8.3f%8.3f%8.3f%7.2f%8.3f\n', Re, u_Re, 

phi, u_phi, X_dil, u_Xdil, S_T, u_ST) 
end 
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end 

  

  
function out = calcs(x, dil, type) 
Vdot_dil  = x(1); 
Vdot_air  = x(2); 
Vdot_fuel = x(3); 
P_dil = x(4); 
P_air = x(5); 
H     = x(6); 
temp  = x(7); 
D     = x(8); 

  
atm = 101.325;  %kPa 
R   = 8.31446;  %kJ/kmol-K 

  
FA_stoic = .06794; 
mu = .00002577;     %Pa*s 

  
rho_air = 1.184;    %kg/m^3 
rho_fuel = 804;     %kg/m^3 
MW_air  = 28.97;    %g/mol 
MW_fuel = 158.6;    %g/mol 

  
if dil == 1 
    rho_dil  = 1.16;    %kg/m^3 
    MW_dil  = 28.01;    %g/mol 
elseif dil == 2 
    rho_dil = 1.832;    %kg/m^3 
    MW_dil  = 44.01;    %g/mol 
end 

  
%Calculate mdot 
Vdot_dil_act = Vdot_dil/(2.119*sqrt(14.7*rho_dil/(1.2*(14.7+P_dil))));     

%SLM 
mdot_dil = Vdot_dil_act*atm*MW_dil/(273*R*60*1000); %kg/s 

  
Vdot_air_act = Vdot_air/sqrt(14.7/(14.7+P_air));    %SCFM 
mdot_air = Vdot_air_act*rho_air/2119;       %kg/s 

  
mdot_fuel = Vdot_fuel*rho_fuel/60000000;    %kg/s 

  
mdot = mdot_dil + mdot_air + mdot_fuel; 

  
%Calculate rho 
MW  = mdot/(mdot_dil/MW_dil + mdot_air/MW_air + mdot_fuel/MW_fuel);  

%g/mol 
rho = atm*MW/(R*temp); 

  
%Calculate S_T 
r = D/2; 
ConeArea = pi*r*sqrt(H^2 + r^2); 
S_T = mdot/(rho*ConeArea); 
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%Calculate phi 
phi = (mdot_fuel/mdot_air)/FA_stoic; 

  
%Calculate X_dil 
X_dil = MW*mdot_dil/(MW_dil*mdot); 

  
%Calculate Re 
Re = 4*mdot/(pi*mu*D); 

  
%Output desired variable 
if type == 1 
    out = S_T; 
elseif type == 2 
    out = phi; 
elseif type == 3 
    out = X_dil; 
elseif type == 4 
    out = Re; 
end 

  
end 

  

  
%Computes the uncertainty of y = f(x) where the uncertainty of x(i) = 

u(i) 
%   using the Kline McClintock method with numerically evaluated 

partial 
%   derivatives 
function uy = kline(f, x, u) 

  
df = zeros(1, length(x)); 

  
for i = 1:length(x) 
    step = zeros(size(x)); 
    step(i) = sqrt(eps)*x(i); 
    df(i) = (f(x+step) - f(x-step))/(2*step(i)); 
end 

  
uy = sqrt(sum((df.*u).^2)); 

  
end 
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Appendix B: Experimental Results 

The following table contains the measured turbulent consumption speed for all test conditions. 

 

 

Diluent Φ ST [m/s] U ST [m/s] U ST [m/s] U ST [m/s] U

None 1.0 1.19 0.175 1.58 0.175 1.78 0.177 2.55 0.175

Xdiluent 0.9 1.04 0.174 1.57 0.178 1.57 0.175 2.34 0.177

0.000 0.8 0.998 0.174 1.78 0.193 1.46 0.174 2.33 0.176

Diluent Φ ST [m/s] U ST [m/s] U ST [m/s] U ST [m/s] U

N2 1.0 1.29 0.175 1.76 0.177 1.87 0.175 2.79 0.175

Xdiluent 0.9 1.11 0.174 1.62 0.177 1.63 0.178 2.64 0.175

0.100 0.8 1.03 0.175 1.77 0.180 1.77 0.196 3.19 0.308

Diluent Φ ST [m/s] U ST [m/s] U ST [m/s] U ST [m/s] U

CO2 1.0 1.26 0.175 1.72 0.176 1.81 0.174 2.55 0.174

Xdiluent 0.9 1.08 0.174 1.54 0.177 1.60 0.174 2.50 0.176

0.063 0.8 1.00 0.175 1.67 0.174 1.81 0.240 3.15 0.193

Re = 5000 Re = 10000

Low TI High TILow TI High TI



 

 


