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�Modeled inverse diffusion flames in fuel-rich combustion products.
� Reacting flow associated with jet-in-cross-flow environment is simulated using a detailed chemical kinetics.
� Predicted the unusual flame movement when the blowing ratio or equivalence ratio was increased.
� Hydrogen in the cracked fuel products causes non-intuitive flame behavior due to preferential diffusion.
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Advances in combustor technologies are driving aircraft gas turbine engines to operate at higher pres-
sures, temperatures and equivalence ratios. A viable approach for protecting the combustor from the
high-temperature environment is to inject air through the holes drilled on the surfaces. However, it is
possible that the air intended for cooling purposes may react with fuel-rich combustion products and
may increase heat flux. Air Force Research Laboratory (AFRL) has developed an experimental rig for
studying the flames formed between the injected cold air and the cross flow of combustion products.
Laser-based OH measurements revealed an upstream shift for the flames when the air injection velocity
was increased and downstream shift when the fuel content in the cross flow was increased. As conven-
tional understanding of the flame stability does not explain such shifts in flame anchoring location, a
time-dependent, detailed-chemistry computational-fluid-dynamics model is used for identifying the
mechanisms that are responsible. Combustion of propane fuel with air is modeled using a chemical-
kinetics mechanism involving 52 species and 544 reactions. Calculations reveled that the flames in the
film-cooling experiment are formed through autoignition process. Simulations have reproduced the var-
ious flame characteristics observed in the experiments. Numerical results are used for explaining the
non-intuitive shifts in flame anchoring location to the changes in blowing ratio and equivalence ratio.
The higher diffusive mass transfer rate of hydrogen in comparison to the local heat transport enhances
H2–O2 mixing compared to thermal dissipation rate, which, in turn, affects the autoignition process.
While increasing the blowing ratio abates the differences resulting from non-equal mass and heat trans-
port rates, higher concentrations of hydrogen in the fuel-rich cross flows accelerate those differences.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Efforts continue to be made to make gas turbine engines small-
er, more efficient and operate with reduced environmental impact.
Studies [1] have indicated that reheating of the combustion
products between the high- and low-pressure turbine stages in a
gas turbine engine could improve the specific thrust by as much
as 50%. However, as a conventional combustor is too large to be
incorporated for generating the extra heat between the two tur-
bine stages, new technologies such as Ultra Compact Combustor
(UCC) are being developed. The UCC reduces the length of the sys-
tem by integrating turbine turning vanes within the combustor
[2,3] and incorporating trapped-vortex concepts [4,5]. One chal-
lenge to developing UCC technology is providing adequate cooling
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Fig. 1. (a) Schematic diagram of AFRL test rig, (b) direct photograph of the flame formed in the test section.

Fig. 2. Two-dimensional view of the test section of AFRL test rig. Left sidewall
upstream of the slot is water cooled in the experiment.

Table 1
Cross-flow description.

/ T (K) XH2 XCO XCO2 XH2O XN2

1.3 1750 0.0333 0.0731 0.0664 0.1521 0.675
1.4 1720 0.0488 0.0899 0.0567 0.1463 0.658
1.5 1670 0.0654 0.1040 0.0492 0.1388 0.642
1.6 1630 0.0999 0.1269 0.0390 0.1211 0.613
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for the vanes. A strategy for cooling the surface of vanes is to inject
air through the perforations (holes). However, because portions of
the vanes are exposed to fuel-rich combustion products there is a
potential that the air supplied for cooling may actually react. Hence
improperly designed air-cooling may actually increase heat flux to
the surfaces. Irrespective of UCC technology, the motivation for
increasing cycle efficiency is also pushing the combustors to oper-
ate at overall equivalence ratio closer to unity. This increases the
opportunity for unburned fuel from the combustor to pass into
the turbine section where air intended for cooling may cause
flames to form. Reactions near the surfaces can increase tem-
peratures-effectively deteriorating the cooling efficiencies
obtained through injecting air [6,7].

Research studying reactions between film-cooling air and
incomplete combustion products has typically been limited to
quantifying increase in temperature or change in the heat flux near
the surfaces [6–9]. For example, studies of Polanka et al. [6] and
Kirk et al. [9] compared the heat fluxes resulted from the reacting
and nonreacting environments for a range of freestream equiva-
lence ratios and cooling-hole geometries. On the other hand, char-
acterization of the reacting flow (for example, identification of
flame and extinction zones) is also needed to help understand
the causes for changes in measured heat flux and to help in apply-
ing the laboratory findings to practical systems. Two exceptions
are the work of Polanka et al. [6] and Lin et al. [10] who performed
CFD calculations using two-step reaction scheme. The reaction
zone distribution for varying equivalence ratios and freestream
conditions was reported. Such studies must be enhanced with
measurements and calculations made with detailed chemical
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kinetics for determining flame anchoring positions and their sensi-
tivity to the operating conditions.

Air injected into a cross flow of fuel-rich combustion products
represents an inverse diffusion flame chemically and a jet in cross
flow fluid dynamically. The structure (i.e., temperature and species
distributions) of an inverse diffusion flame is similar to that of a
normal diffusion flame [11–14]. Only limited studies have been
made in the past for inverse diffusion flames at conditions that
are relevant to gas turbine combustors [15–17]. Similarly, most
of the jet-in-cross-flow studies in the past were limited to non-re-
acting flows. The direct numerical simulations of Muppidi and
Mahesh [18] showed that transverse jets entrain significantly more
fluid than the normal coaxial jets. Gutmark et al. [19] demonstrat-
ed this experimentally through identifying additional vortical
structures surrounding the transverse jets. The reacting jet-
in-cross-flow studies of Clausing et al. [16] demonstrated the
effects of size and temperature of transverse jets on flame stability.
On considering the importance of flame stability in reacting film
cooling environments, an attempt is made in the present study
for understanding the anchoring behavior of inverse diffusion
flames formed between transverse air jets and cross flow of
combustion products.

2. Burner configuration

Realizing the need for understanding the reactivity of the air
jets in a cross flow of combustion products, Air Force Research
Laboratory (AFRL) developed a reacting film cooling test rig
[6,20]. A schematic diagram of the experimental rig is shown in
Fig. 1a. It consists of a rectangular test section and a well-stirred
reactor (WSR) for supplying high temperature, fuel-rich combus-
tion products. Premixed fuel (propane) and air are injected into
WSR [21] and burned at atmospheric pressure. The combustion
products exiting the WSR flowed through a transition duct and
then through the film cooling test section. A transition duct is
Fig. 3. OH images obtained for blowin
placed between the circular exit of the WSR and the rectangular
test section. Flow straighteners are installed at the base of the tran-
sition duct for straightening the swirling flow exiting the WSR. The
transition duct is covered with ceramic material for minimizing
heat losses.

The film cooling test section consists of an instrumented flat
wall plate on one side and quartz windows on the other three
sides. The wall plate is water cooled to ensure that the material
does not warp or ablate. A rectangular slot is machined into the
wall plate for inserting various injection schemes such as a group
of circular jets, a rectangular jet, etc. Each insert was designed with
hollow, capped cavity to create a plenum for the air supply. The
supplied cooling air at room temperature gets convectively heated
as it passes through the insert reaching a temperature of �500 K.
The test section is equipped with thermocouples for temperature
measurements and Nd:YAG pumped dye lasers for measuring OH
mole fractions with planar-laser-induced-fluorescence (PLIF) tech-
nique. Details of the measurements and the experimental arrange-
ment are provided in Ref. [22].

A slot (two-dimensional) injection scheme is considered in this
study. A direct photograph of the flame formed in the test section is
shown in Fig. 1b. It is a very weak flame with light blue visible light
emission. Flame is located very close to the wall and, most likely,
within the boundary layer. It is very stable and anchored a few
mm downstream of the slot. The hot combustion products entering
the test section heated up the metal surfaces and caused visible
radiation (yellow to orange). The quartz windows are also reflect-
ing this light. Even though the fuel used in this study is propane,
very little soot was generated in the test section, probably due to
the short residence times (�2 ms).

The cross-sectional geometry of the test section used in the
model is shown in Fig. 2. Combustion products from WSR are fed
into the test section as a cross flow at �25 m/s. Fresh air is injected
into the test section from the left wall through a 1.0-mm (at the
exit) slot hole that was made between x = 200 and 201 mm at an
g ratios (a) 1.0, (b) 4.0 and (c) 7.0.
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angle of 30 degrees. The measured temperatures of the air and
fuel-rich flow entering the test section were used as boundary con-
ditions in the simulations. While the temperature of the cooling air
was set at 500 K for all the cases, the temperature of the cross flow
changed with equivalence ratio. The four equivalence ratios con-
sidered in this study and the corresponding WSR exit temperatures
are given in Table 1. The composition of the gas exiting the WSR
was estimated using an equilibrium code and is assumed to be
the same at the entrance of the test section. Note that the residence
time in the WSR was sufficient for yielding exhaust products (espe-
cially, the major species) very close to the equilibrium values. All
the minor species with concentrations below 0.5% were ignored
for making the boundary conditions well defined. Note that the
adiabatic temperatures of the cross flow are about 200 K higher
than the measured values. The differences are attributed to the
heat loss within the WSR.

3. Computational model

Simulations for the reacting flowfields in AFRL film-cooling test
rig are performed using UNICORN code [23–26]. UNICORN is a
time-dependent, two-dimensional mathematical model developed
for the simulation of unsteady reacting flows. It is capable of per-
forming simulations for laminar and turbulent flames and has been
developed over a ten-year period. Its evolution has been in con-
junction with experiments conducted to test its ability to predict
ignition, extinction, stability limits, and the dynamic characteris-
tics of nonpremixed and premixed flames of various fuels. It solves
for u- and v-momentum equations, continuity, and enthalpy- and
species-conservation equations on a staggered-grid system. A clus-
tered mesh system is employed to resolve the large gradients in
flow variables near the flame surface. A semi-detailed, chemical-ki-
netics model developed at University of California at San Diego
Fig. 4. OH images obtained for cross-flow equivale
[27] for the combustion of propane is incorporated. The mechan-
ism consists of 52 species and 544 reactions and is listed in the
Supplementary material. Earlier studies [28] using this mechanism
suggested that it is reasonable for computing structures of various
diffusion and partially premixed flames. Thermo-physical proper-
ties such as enthalpy, molecular viscosity, molecular thermal con-
ductivity, and binary molecular diffusion of all the species are
calculated from the polynomial curve fits developed for the tem-
perature range 300–5000 K. The laminar mixture viscosity and
thermal conductivity are then estimated using the Wilke and Kee
expressions, respectively. Molecular diffusion is assumed to be of
the binary-diffusion type, and the laminar diffusion velocity of spe-
cies is calculated using Fick’s law and the effective-diffusion coef-
ficient of that species in the mixture.

The finite-difference forms of the momentum equations are
obtained using an implicit QUICKEST scheme [24], and those of
the species and energy equations are obtained using a hybrid
scheme of upwind and central differencing. At every time step,
the pressure field is accurately calculated by solving all the pres-
sure Poisson equations simultaneously and using the LU (Lower
and Upper diagonal) matrix-decomposition technique. The imple-
mentation of various boundary conditions is described in Ref. [29].

The computational domain between the walls in Fig. 2 was dis-
cretized using a non-uniform grid system of 601 � 251. The mini-
mum grid spacing achieved near the base of the flame formed
around the air jet was 50 lm. Simulations presented here were
performed on a single cpu, Intel i7-920 Personal Computer with
2.0 GB of memory. Typical execution time is �20 ls/time-step.
Steady state solutions are typically obtained in about 50,000 time
steps (0.1 s real time) starting from the solution obtained using a
global combustion chemistry model. These large numbers of time
steps are needed for an accurate development of the boundary
layer.
nce ratios (a) 1.3, (b) 1.4, (c) 1.5, and (d) 1.6.



Fig. 5. Flames computed for blowing ratios of (a) 1, (b) 4 and (c) 7. Streamlines (solid lines) and iso-contours of heat release rate (broken lines) are superimposed on OH
concentrations. Black dots represent peak heat release rate locations.
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The cross-flow velocity of 25 m/s suggests a turbulent flow in
the test section. However, as the cross-flow gas temperature is
�1700 K, the velocity based on cold-flow Reynolds number is only
3 m/s; which suggests a laminar or transitional flow. Recent lami-
nar and turbulent calculations [32] performed for this rig using k–e
turbulence model further suggests that the flows are mostly
laminar.
4. Results and discussion

A parameter that is often used for characterizing the film-
cooling conditions is the blowing ratio [30], which is defined as

M ¼ qcUc

q1U1
: ð1Þ

Here, q and U represent density and velocity, respectively and the
subscripts c and 1 represent cooling flow from the holes and the
fuel-rich cross flow from WSR, respectively. In non-reacting flows
it is obvious that higher blowing ratios yield greater cooling for
the wall downstream of the injection holes, as along as the film
remains attached to the wall. However, in reacting flows, effects
of blowing ratio on wall cooling depends on the characteristics of
the flames established between the injected air and fuel-rich cross
flow.

Experiments for AFRL test rig with slot injection hole were
conducted for different blowing ratios and equivalence ratios.
Time-averaged OH images obtained with the PLIF technique [22]
are plotted in Fig. 3 for three blowing ratios (M = 1, 4 and 7). Here,
the cross-flow equivalence ratio (/) and velocity (U1) were fixed at
1.3 and 25 m/s, respectively. The blowing ratio was varied through
changing the velocity (Uc) of the cooling air injected from the slot.
The line at h = 0 represents cooling plate and that at x = 0 repre-
sents cross-section of the test rig at the leading edge of the slot.
The average OH emission in Fig. 3 suggests that flames have been
established for all the blowing ratios considered. Note that no
external source of ignition was provided. Faint blue radiation from
flames was also observed with naked eyes for all the cases. The OH
images shown in Fig. 3 were not corrected for the temperature or
molar densities, hence, represent relative concentrations. It is also
imperative that the peak concentration in one image has no rela-
tionship with those in the other two images. Nevertheless, the
time-averaged OH images in Fig. 3 give qualitative information
regarding the flame structure. The following observations are
made:

� In general, flames are thin (�2.5 mm) and seem laminar. Shot-
to-shot measurements (not shown) did not reveal significant
variations in OH fluorescence.
� Flames are not anchored to the slot. They are formed sig-

nificantly away from the slot’s trailing edge (x = 1.0 mm).
� Flame anchoring location shifted upstream with increasing

blowing ratio.
� Flame moved away from the wall as the blowing ratio is

increased.

Conventional understanding about jet diffusion flames (regular
or inverse) suggests that the flame anchoring location should shift
downstream with increase in jet velocity [31]. However, the flames
in AFRL test rig shifted upstream as the jet velocity was increased.
Such a non-intuitive shift in flame location is not limited to cross-
flow equivalence ratio of 1.3. Experiments performed with



Fig. 6. Flame for blowing ratio of unity computed with two different grid systems.
(a) Grid system of 601 � 151 used in the present work and (b) a finer system of
1201 � 301 used for demonstrating the accuracy of the flame computed with the
former.
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different equivalence ratios (1.3–1.8) also revealed similar trends.
As the velocity of the cross flow was kept constant for all the cases,
the boundary layer growth on the side walls should not influence
the observed flame shift with blowing ratio.

Experiments conducted at a fixed blowing ratio suggested that
the flame anchoring location shifts downstream when equivalence
Fig. 7. Cross-sectional distributions of temperature and local equivalence ratio at
x = 202.5 mm in flames formed with different blowing ratios. Temperatures at
stoichiometry (/local = 1) are marked with black circles.
ratio is increased. OH images obtained for different equivalence
ratios with a blowing ratio of 4 are shown in Fig. 4. Such a shift
in flame anchor location when the equivalence ratio was increased
is also not as expected. Note that the equivalence ratio used in this
study represents the fuel-air ratio entering the WSR. Most of the
fuel and all of the air was burned in WSR and only leftover fuel
(in the decomposed form) along with the products enters test sec-
tion. This excess fuel mixes with the air issued from the slot and
forms a flame. Therefore, one should not correlate the burning
velocities of the initial fuel–air mixtures to the anchoring location
of the diffusion flames. A more appropriate variable for character-
izing the cross flow is fuel dilution ratio, which represents the ratio
between the fuel and products concentrations. Fuel dilution ratio
decreases with equivalence ratio. Typically, a diffusion flame
moves upstream when the fuel dilution is decreased (or increase
in /). However, the flame in the test rig moved downstream with
/ (Fig. 4). The unique responses of the flame to the variations in
blowing ratio and equivalence ratio are studied further using
numerical simulations.

Laminar, two-dimensional calculations for the test rig are per-
formed for different blowing-ratio and equivalence-ratio condi-
tions. While the velocity for the cross flow was set at 25 m/s to
match with the experiments, the velocities for the injection jet
were calculated based on blowing ratios, densities and a correction
factor. The blowing ratios specified in the experiments were
obtained from Eq. (1) with the velocities that were estimated from
the mass flow rates and areas. While the estimation of cross-flow
velocity was straightforward, estimation of cooling air velocity
requires some understanding of the geometry. As the slot hole is
inclined at an angle of 30 degrees with respect to the wall surface,
the width of the slot at the exit is twice larger than the actual slot
hole. Moreover, as the slot in the experiment was not extended all
the way to the sidewalls (in the direction normal to x and h in
Fig. 2), a reduction in jet velocity by 20% was needed for 2-d mod-
eling (allowing the assumption of slot extending to the sidewalls).
Considering the differences in the slot widths and lengths used in
the experiment and model, velocities for the injection jets were
determined after reducing the values estimated from blowing
ratios by a factor of 2.5 as follows:

Uc ¼ 0:4 �Mq1U1=qc: ð2Þ

Note that the mass flow rates used in the simulations matched
exactly with those used in the experiment and Uc is in the direction
parallel to the slot hole. The wall at h = 0 was cooled between inlet
and slot and its surface temperature (610 K) was measured at a
location a few mm upstream of the slot. In the absence of a detailed
distribution, a simple linear variation from inlet temperature (given
in Table 1) to 610 K was applied as boundary condition to the bot-
tom wall in the calculations. The wall downstream of the slot
(x > 201 mm) was treated as an adiabatic wall.
4.1. Effect of blowing ratio

Flame structures computed for three blowing ratios (1, 4 and 7)
are shown in Fig. 5. Here, streamlines and iso-contours of heat
release rate are superimposed on OH concentration distributions.
Locations where heat release rate peaks are marked with black cir-
cles. Note, similar to experiments, no separate ignition source was
provided in the calculations for obtaining these flames. The high
gas temperature was sufficient for igniting the fuel–air mixture
downstream of the slot. Similar to normal jet diffusion flames heat
release rate peaked near the flame base. Computed peak OH con-
centration is located between 1 and 2 mm away from the sidewall.
This separation is similar to that observed in the experiments
(Fig. 3).



Fig. 8. Flames computed after assuming diffusivities of all the species are equal. Blowing ratios are (a) 1, (b) 4 and (c) 7. Streamlines (solid lines) and iso-contours of heat
release rate (broken lines) are superimposed on OH concentrations. Black dots represent peak heat release rate locations.
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Fig. 5 suggests that the flames are lifted and anchored about
3 mm downstream of the injection slot. These results are qualita-
tively in good agreement with the experimental data shown in
Fig. 3. Note that the leading edge of the slot is at x = 0 in the
experimental images (Fig. 3) and at x = 200 mm in the computed
images (Fig. 5). Because of the high temperature (�1750 K) of the
fuel-rich gases spontaneous ignition of the fuel is expected when
it mixes with air. However, as shown in Figs. 3 and 5, flames in
both the experiments and computations are anchored a few mil-
limeters downstream of the injection jet. As previously mentioned
the wall upstream of the slot hole was water cooled, which
reduced the temperature of the fuel-rich gases near the wall and
delayed the autoignition process.

Simulations predicted the flame’s upstream movement when
the blowing ratio was increased. While the flame in the calcula-
tions shifted only about 0.6 mm (based on peak-heat-release-rate
location), it has shifted nearly 3 mm (based on OH concentration)
in the experiment. The smaller shift in the calculation could be
resulting from the semi-detailed chemistry model used in the pre-
sent study. It is known that the low-temperature chemistry
(important for ignition) is often compromised while reducing the
chemical-kinetics models for combustion. Nevertheless, the
upstream shift predicted in the simulations, which is inline with
the experiments, is counterintuitive and must be understood.

Calculations in Fig. 5 were repeated with a finer grid system for
eliminating the possibility that the adopted grid system (50-lm
resolution) might have artificially caused an upstream shift in
the flame location when the blowing ratio was increased. Flames
obtained for M = 4 case with the standard grid (601 � 151) and
refined grid (1201 � 301) are shown in Fig. 6a and b, respectively.
The latter grid has a resolution of 25 lm in both the x and h direc-
tions. Fig. 6 demonstrates that nearly the same flame structure is
obtained with both the grid systems. A slight shift in heat-
release-rate distribution was noted in the flame simulated with
the finer grid. It is believed that more points near the wall in the
finer-grid simulations in Fig. 6b resolved the thermal boundary
layer slightly better and delayed the autoignition process by
�0.25 mm. Identical shifts in autoignition were also observed in
the finer-grid simulations for the other two cases of M = 1 and 7
when compared to their counterparts in the standard-grid simula-
tions. These simulations suggested that the noted upstream shift in
flame-anchor location with blowing ratio is grid independent.

To understand the upstream shift of flame with blowing ratio
several parameters associated with the flame base are investigated.
Velocity and heat release rate at the peak heat-release-rate loca-
tions (black dots in Fig. 5) are found to increase with blowing ratio.
Temperatures at these locations are nearly the same. All of these
observations suggest that the flame should have moved down-
stream rather than upstream when the blowing ratio was
increased [31]. To understand this unusual flame behavior better,
flow variables upstream of the flame base are compared for the
three blowing ratio cases. Cross-sectional distributions of tem-
perature and local equivalence ratio at x = 202.5 mm are plotted
in Fig. 7. This location is about half way between the trailing edge
of the slot and the peak-heat-release-rate location. Here, the local
equivalence ratio is calculated based on the fuel and oxygen mole
fractions present locally. Table 1 suggests that H2 and CO fuels are
present in the cross flow. Hence, both of these species are used in
the local equivalence ratio calculations. Temperatures at stoichio-
metry (/local = 1) are marked with black circles in Fig. 7 for the
three blowing-ratio cases. As the blowing ratio is increased,
stoichiometric location shifted away from the wall and the local
temperature at this location increased. These trends can be under-
stood by following the flowfields.



Fig. 9. Cross-sectional distributions (at x = 215 mm) of temperature and longitu-
dinal velocity computed with air (broken lines) and nitrogen (solid lines) injections
at blowing ratios of (a) 1, (b) 4 and (c) 7.
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The flowfields downstream of the slot (Fig. 5) suggest that fuel
components such as H2 and CO from cross flow diffuse toward the
wall, heat of the cross flow conducts toward the wall into the cool-
ing jet, and oxygen in the cooling jet diffuses away from the wall
into cross flow. As the concentration of oxygen near the wall
decreases when the cooling-jet velocity is reduced (decreasing
M), the stoichiometric location moves closer to the wall as seen
in Fig. 7. On the other hand, H2 in the cross flow has to diffuse fur-
ther toward the wall for finding enough oxygen. If the mass and
heat diffusion rates were the same, then one would expect the heat
also to conduct similarly and make the stoichiometric point to be
at the same temperature. However, the diffusion of H2 occurs at
a much faster rate than the heat transport, which makes tem-
perature to lag behind H2. Consequently, temperature at the
stoichiometric point did not reach to the same value when blowing
ratio was decreased as seen in Fig. 7. By how much temperature
decreases at stoichiometry will depend on the flow residence time,
which is inversely proportional to the blowing ratio. Therefore, due
to the differences in mass and heat transports (non-unity Lewis
number), local temperature at stoichiometry decreases when the
blowing ratio is decreased (residence time increased). Lower tem-
perature at stoichiometry delays autoignition—hence, the flames at
lower blowing ratios are established at locations further
downstream.

The proposed hypothesis on the role of non-unity Lewis number
in shifting the flame anchor location upstream with blowing ratio
could be verified in the calculations through artificially changing
the diffusion coefficients. Calculations for the flames in Fig. 5 are
repeated after setting the diffusion coefficient of each species equal
to the thermal conductivity of the local mixture. This eliminated
the preferential diffusion for the species and set the mass diffusion
equal to heat diffusion (Lewis number equal to unity). Resulted
flame structures in the form of heat-release-rate and OH-concen-
tration distributions and streamlines are shown in Fig. 8. Com-
pared to the original simulations (Fig. 5) the modified
calculations resulted in flames that are anchored closer to the slot.
This is as expected since the diffusion of H2 is artificially reduced
for enforcing the unity-Lewis-number condition, which allowed
the stoichiometry to establish at higher temperatures and, thereby,
the autoignition to occur sooner (closer to the lot). All three flames
in Fig. 8 are anchored at the same location (x = 203.7 mm) making
the flame anchoring location independent of the blowing ratio.
These calculations confirm that the differences in the mass and
heat transports shifted the flame (Fig. 5) upstream as the blowing
ratio is increased.
4.2. Effect of heat release

The incoming hot, fuel-rich combustion products are cooled by
the sidewall prior to the slot and then by the cold injected air
downstream of the slot. The latter cooling is not obvious in Fig. 5
due to the heat released from combustion. For understanding the
extent of cooling provided in the film-cooling test rig, calculations
have been repeated after replacing the air jet with a nitrogen jet
and, thereby, suppressing the combustion processes. Cross-sec-
tional variations of velocity and temperature at x = 215 mm with
and without combustion are compared in Fig. 9a–c for the three
blowing-ratio cases, respectively. Velocity component in the
lengthwise direction (x) is shown in these figures. Broken lines
labeled with air represent the cases with combustion. The weak
nitrogen or air jet (injected at x = 200 mm) in the case of M = 1
has dissipated completely by the time it reached 215 mm and a
smooth boundary-layer type velocity profile was established
(Fig. 9a). Highly viscous combustion products in the boundary lay-
er in the air-injection case retarded the flow in the boundary layer
and, consequently, accelerated the flow in the freestream. Tem-
perature profile shows a flame-like structure in the boundary layer.
Interestingly, temperature near the top edge of the boundary layer
(3 < h < 4.2 mm) dropped slightly below that obtained with N2

injection. In fact, such drop in temperature was noted in all of
the blowing-ratio cases, even though it is less significant at higher
blowing ratios. The difference in heat and mass transport is
responsible for this temperature behavior. Oxygen diffuses at a
slower rate compared to the local heat transport where as, nitrogen
diffuses at a rate close to that of heat. Therefore, replacing air jet
with nitrogen made the temperature of the cross-flow gas to dissi-
pate slowly. The variations in temperature arising from the differ-
ences in heat and mass transport decrease with flow velocity
(blowing ratio) due to residence time as explained with respect
to the flame base movement.



Fig. 10. Flames obtained for cross-flow equivalence ratios of (a) 1.4, (b) 1.5, and (c) 1.6 and for a blowing ratio of 4. Streamlines (solid lines) and iso-contours of heat release
rate (broken lines) are superimposed on OH concentrations.

Fig. 11. Cross-sectional distributions (at x = 210 mm) of heat release rate and CO
and CO2 concentrations obtained at a blowing ratio of 7.
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4.3. Effect of cross-flow equivalence ratio

Influence of fuel content in cross flow on the flame structure is
studied through changing the equivalence ratio of the propane-air
mixture fed into WSR. The composition of product gasses that
enter the test section for different equivalence ratios are listed in
Table 1 along with the measured temperatures. As expected, con-
centrations of fuels H2 and CO increased with equivalence ratio.
Calculations for the reacting flowfields in the test section are per-
formed for all these equivalence ratios for blowing ratios 1, 4 and 7.
Laminar flames computed for a blowing ratio of 4 with cross-flow
equivalence ratios of 1.3, 1.4, 1.5 and 1.6 are shown in Fig. 10a–d,
respectively. Streamlines and heat-release-rate contours are super-
imposed on OH-concentration distributions. Note that the flame in
Fig. 10a for cross-flow equivalence ratio of 1.3 is identical to that
shown in Fig. 5b. However, a larger color scale is used in Fig. 10
for covering wider range of OH concentrations. The peak OH con-
centration was nearly doubled when the equivalence ratio was
increased from 1.3 to 1.6. Similarly, peak temperature (not shown
in the plots) went up from 1784 K to 1972 K and heat release rate
also increased. Cross-sectional distributions of heat release rate
and CO and CO2 concentrations at x = 210 mm are compared for
different cross-flow equivalence ratios in Fig. 11.

Calculations in Fig. 10 suggest that the flame anchoring location
shifted downstream with /. This trend matches with that observed
in the experiment (Fig. 3). A quick conclusion based on premixed
flame theory could erroneously link the decreasing flame speed
with increasing / to the observed downstream shift in the flame
anchor location. However, as discussed previously, increasing /
should be viewed as decreasing fuel dilution. As seen in Figs. 10
and 11, decreasing fuel dilution increases heat release rate. That
means the intensely burning flame base at higher /’s should move
its location upstream under the same flow conditions. This is not
what happened to the flames in Fig. 10. In fact, the downstream
shift in flame anchor location is resulting from the preferential-d-
iffusion effects. Recall the roles of mass and heat transports in
shifting the flame anchoring location when blowing ratio was
increased (Fig. 5). Diffusive mass transport of hydrogen is faster
than conductive heat transport. The increased amount of hydrogen
in the higher-equivalence-ratio cross flow makes the temperature
of the local mixture at stoichiometry to decrease further. Note that
the flames in film cooling test rig are established through autoigni-
tion process. Decrease in the temperature of the fuel–air mixture
delays autoignition process and shifts the ignition point to down-
stream location. Interestingly, calculations performed after setting
diffusion of every species is equal to local thermal conductivity
(similar to those in Fig. 8) resulted a slight upstream shift to the
flame base when / was increased. In the absence of preferential
diffusion, the effect of fuel dilution became predominant and
moved the flame base upstream as the flame burned more intense-
ly in higher / cases.
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5. Summary and conclusions

OH-PLIF measurements in AFRL film-cooling rig suggested that
the base of the flame shifts upstream with increase in blowing ratio
for a fixed cross flow and shifts downstream with increase in
equivalence ratio for a fixed blowing ratio. Both these trends are
counterintuitive from jet diffusion flames’ stability viewpoint. A
time-dependent, detailed-chemistry CFD model was used for
understanding this phenomenon. Calculations for the laminar-like
flowfields in the test section were performed with detailed laminar
transport models. A semi-detailed chemical-kinetics model involv-
ing 52 species and 544 reactions was incorporated into UNICORN
code for the combustion of propane–air mixtures.

Calculations have predicted the experimentally observed shifts
in flame base when the blowing ratio and equivalence ratio were
changed independently. Detailed analyses of the flowfields
revealed that the changes in flame anchoring location resulted
from the preferential diffusion of species. The higher diffusive
transport rate of hydrogen compared to the local heat transport
causes hydrogen to move into cooler regions and, consequently,
causes stoichiometry to occur at lower temperatures. This effect
becomes more pronounced when the concentration of H2 in the
cross flow or the local residence time increases. As a flame estab-
lishes in the test section when the temperature of the stoichiomet-
ric mixture reaches autoignition value, shifting of hydrogen into
cooler regions delays the formation of the flame. Consequently,
higher / and lower blowing ratio cases shifted the flame anchoring
location downstream. Simulations performed after setting diffu-
sive mass transport of each species equal to the conductive trans-
port of temperature yielded flame anchoring location independent
of blowing ratio and equivalence ratio—confirming the hypothesis
proposed based on preferential diffusion.

The reacting flow simulations presented here brought out sev-
eral important aspects of secondary flames formed in fuel-rich
combustion products. Presence of H2 in the products enhances
preferential diffusion effects, which are normally ignored in the
combustion of hydrocarbon fuels. As H2 will be a major fuel species
in the products generated from burning of fuel-rich mixtures of
any hydrocarbon fuels, one must pay attention to preferential dif-
fusion while understanding the secondary flames formed in these
mixtures.
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