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a b s t r a c t 

Two-photon, planar laser-induced fluorescence (PLIF) of carbon-monoxide (CO) and two-dimensional 

thermometry employing two-color, hydroxyl radical (OH) PLIF are used to characterize atmospheric- 

pressure inverse diffusion flames. These flames are important tools to aid the understanding of secondary 

reaction zones that may form in gas turbine engines when film-cooling air reacts with fuel-rich packets 

from the combustor. For the experiments performed in the present study, exhaust from a propane–air 

well-stirred reactor is channeled to a test section where three different film-cooling geometries are used 

to create inverse diffusion flames: (1) a single row of normal cooling holes, (2) a slot cut at an angle of 

30 ° with respect to the wall, and (3) an 5 ×11 array of cooling holes. It is found that CO and H 2 concen- 

trations of a few percent can lead to secondary reaction zones and that different cooling-hole geometries 

can produce dramatically different secondary reaction-zone shapes. These secondary reaction zone flames 

have Damköhler numbers greater than unity and are diffusion limited. The PLIF measurements show re- 

gions where CO is consumed, OH produced, and the temperature perturbed. For film-cooling flows that 

remain attached to the wall, the secondary reaction zone is also close to the wall and can cover a rela- 

tively long axial length. For film-cooling flows that separate from the wall, the secondary reaction zones 

protrude farther into the cross flow then quickly mix with the cross flow. By comparing the CO, OH, and 

temperature fields, three characteristic regions of flows with secondary reaction zones are identified: the 

injection region where cooling air displaces the vitiated cross flow, the secondary reaction zone region, 

and the mix-out region where all of the oxygen has been consumed and mixing with the vitiated cross 

flow controls the local composition and temperature. 

© 2016 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Improvements in gas-turbine engine thrust-specific fuel con-

sumption and performance continue to push engine cycles to

higher pressures and temperatures. Gas temperatures inside the

engines typically exceed the safe working temperature of the ma-

terials used in the construction of the hot-section components.

While significant progress has been made in the development

of materials with augmented temperature capabilities, the use of

compressor bleed air for effusion and impingement cooling of

the combustor liner and turbine components is a critical design
∗ Corresponding authors. 
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eature that allows these engine components to survive the ex-

reme gas temperatures. The use of cooling air in gas-turbine en-

ine applications has been the subject of numerous studies [1–7] .

ith the push for smaller, lighter high-performance engines, the

otential for incomplete chemical reactions to occur in the com-

ustor may become an issue of increasing importance. Chemical

pecies with high chemical potential energy such as CO, H 2 , and

nburned hydrocarbons are a possible source of additional heat re-

ease in the turbine and nozzle regions of the engine. The air sup-

lied for cooling may become the needed source of oxygen for sec-

ndary reaction zones. The presence of secondary reaction zones

an increase the local heat load on engine components. From a

undamental perspective, the presence of an oxidizer stream in a

uel-rich environment is an inverse diffusion flame. The character-

stics of inverse diffusion flames have been studied using laser di-

gnostics for a variety of fuels and flow conditions, primarily to

nvestigate soot formation [8–12] . 
. 
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The potential for secondary reaction zones and the associated

ndesirable heat flux is directly related to the presence of ener-

etic species (such as raw fuel, unburned hydrocarbons, CO, H 2 ,

H, etc.) exiting the combustor. Due to unsteadiness and poor mix-

ng in the combustor, gas temperatures at the exit of the combus-

or may vary from the compressor discharge temperature to the

diabatic flame temperature. The unsteady nature of gas-turbine

ngine combustors has been studied experimentally using laser di-

gnostics [13–15] and computationally using large eddy simula-

ions [16] . One of the characteristics of unsteady combustor opera-

ion that is directly related to this study is the presence of fuel-rich

treaks that leave the combustor and enter downstream compo-

ents [17,18] . These pockets of fuel-rich gases, particularly CO, can

ead to secondary reaction zones and additional heat release after

he combustor, which can severely limit the life of turbine engines.

luctuations in the temperature and gas composition at the exit of

he combustor lead to unsteady secondary reaction zones. This is

ue, in part, to the strong temperature-dependent nature of the

eaction rates for the chemical kinetics [19] . Even in the ideal case

f a steady combustor, if the gas temperature is above 20 0 0 K, the

ow should not be considered inert [20] . 

Lukachko et al. [21] were among the first to study secondary

eaction zones in gas-turbine engines and predicted heat-flux

agnitudes for engine components. Few, if any, experiments had

een performed on reacting film-cooling flows before this time,

lthough flows with reacting boundary layers are related and

ave been studied extensively [22,23] . The primary difference be-

ween the reacting boundary layer studies and the reacting film-

ooling work is the presence of an additional air stream ema-

ating from the wall. The first experimental studies of reacting

lm cooling were performed by Kirk et al. [24] who used shock

ubes to achieve high-pressure, high-temperature flows to simulate

ombustor conditions. They performed simultaneous wall heat-

ux measurements downstream of reacting and nonreacting film-

ooling streams by injecting air and nitrogen, respectively. Ethylene

n an argon bath was used as the fuel source in the freestream, and

he composition was controlled to vary the available chemical en-

rgy in the freestream. They concluded that four nondimensional

arameters can be used to characterize reacting film-cooling flows:

1) a Damköhler number, (2) a heat-release potential to quantify

he amount of chemical energy available in the freestream, (3) a

lowing parameter to characterize the magnitude of the cooling

ow, and (4) a scaled heat-flux ratio [19,24] . The blowing ratio,

 , is defined as the momentum ratio of the cooling air to that

f the free stream: m = ( ρu ) cooling air / ( ρu ) ∞ 

, where ρ is the den-

ity and u is the velocity of the gases. A similar study was con-

ucted to examine the interaction between film-cooling flows and

ecirculation zones by placing a backward-facing step in the flow

25] . Reacting film-cooling flows from various cooling-hole geome-

ries have been studied by comparing data from wall temperature

nd heat-flux measurements [26,27] and by recording high-speed

ovies and filtered chemiluminescence images [28] in an exper-

mental apparatus similar to that used in the present study. Fur-

hermore, the interaction between film-cooling flows at different

xial locations has been studied with OH-PLIF [29] . In a computa-

ional study the cooling effectiveness and secondary reaction zones

rom three different cooling-hole geometries were examined and

ugmented wall heat flux due to secondary combustion zones was

umerically predicted [30] . Recently, Frank et al. introduced a new

omputational tool called the enthalpy defect parameter for studies

f near-wall reacting flows [31] . In a computational study of flows

hat are very similar to those employed in this work, it was found

hat preferential diffusion plays a critical role in these inverse dif-

usion flames and that preferential diffusion must be included in

omputational studies to correctly predict the flame behavior at

ifferent flow conditions [32] . 
In the present study the structure of inverse diffusion flames

n a cross flow of high-temperature products of rich combustion

ere studied by employing planar laser-induced fluorescence of

O and OH. A well-stirred reactor (WSR) was employed to gen-

rate the cross flow over the film-cooling holes. WSR have been

sed to study flame-stability limits [33–35] , pollution formation

36–39] , chemical kinetics models [40–43] , and combustion stud-

es at pressures up to 10 bar [44–46] . By using high-temperature

roducts of fuel-rich combustion as the cross flow, some aspects

f flows found in gas-turbine engines were replicated. All of the

easurements presented here were performed at atmospheric

ressure, although future work may include similar studies con-

ucted at elevated pressure. Planar laser-induced fluorescence

PLIF) of the hydroxyl radical (OH) was used to determine the

elative OH concentration near the cooling jets. Since its inception,

LIF has become one of the most common laser diagnostics for

ombustion studies and is used in many areas of combustion

esearch [47–54] . Two-color OH-PLIF was used to perform planar

emperature measurements by exciting two separate spectral

ransitions of OH [55] . The ratio of the signals is directly related

o the population of the OH molecules in the ground state, which

s a function of temperature. Signal trapping, quenching, excitation

fficiency, and detection efficiency differences as well as other

ources of systematic errors limit the accuracy of this technique

o approximately 15% of the measured temperature [51,52,55–57] .

wo-color OH-PLIF thermometry has been utilized in a variety of

ther fundamental and applied combustion studies [58–61] and

as been compared to other planar thermometry techniques [62] . 

Planar laser induced fluorescence of carbon monoxide (CO) was

sed to determine the relative CO concentration in the inverse

iffusion flames. For fluorescence studies of CO, the fundamental

xcitation energies are in the vacuum ultraviolet (VUV); so two-

hoton excitation near 230 nm is employed [63–65] . Two-photon

O-PLIF has been used for fundamental and applied combustion

tudies [66,67] , and has been used previously in conjunction with

ther planar laser techniques [68–70] . Other researchers have in-

estigated challenges associated with two-photon CO-PLIF such as

nterference from other fluorescing species [71] , photodissociation

72] , the influence of soot [73] , and photolytic interferences [74] . 

Finally, by examining the OH and CO concentration measure-

ents together with the planar temperature measurements a more

omplete understanding of the secondary reaction zones is gained.

n particular, the consumption of CO as a primary fuel species will

e studied with respect to the location of the secondary reaction

ones. The side-by-side comparison of these PLIF studies is particu-

arly appropriate as the role of unequal mass and thermal diffusion

as recently been proposed as a critical physical process in these

ames [32] . 

. Experimental setup 

.1. Well stirred reactor and test-section hardware 

In this study an atmospheric-pressure WSR was used to gener-

te a flow of high-temperature products of rich combustion con-

aining chemical species with high chemical potential energy such

s CO, H 2 , OH, and unburned hydrocarbons. This WSR has been

sed for previous studies [37,75,76] . Premixed propane and air

ith an equivalence ratio of 1.4 were injected in the outer di-

meter of the toroidally-shaped WSR volume shown in Fig. 1 a.

he air flow rate through the WSR was 600 standard liters per

inute (SLPM) and the fuel flow rate was varied to achieve

he desired equivalence ratio. The fuel–air mixture was pre-

eated to 450 K before injection into the WSR. The exhaust gases

ere passed through a ceramic transition piece to a test section

ith a rectangular cross section with characteristic dimensions
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Fig. 1. (a) Diagram of the combustion apparatus including the optically accessible test section. (b) Sketches of the three cooling-hole geometries employed in this work. 
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1.91 cm ×5.08 cm and optical access on three sides. The test sec-

tion was instrumented with thermocouples at the inlet and exit

and with gas-sampling probes at the test section exit to measure

CO, CO 2 , and O 2 concentrations. The CO and CO 2 concentrations

were measured by nondispersive infrared absorption methods and

the O 2 concentrations were measured by magneto-pneumatic de-

tection (Horiba). Based on measurements of temperature, CO and

CO 2 concentrations at the exit of the test section, the flow from

the WSR was close to equilibrium conditions. For a WSR equiva-

lence ratio of 1.4, the temperature of the gases entering the test

section was 1550 K, the average bulk velocity was 73 m/s, and the

bulk Reynolds number was 3700. This temperature is less than the

propane–air adiabatic flame temperature as there are significant

heat losses in the WSR, the ceramic transition section, and the

test section itself. Cooling air was injected into the hot, vitiated

stream from one of the walls of the test section. This wall had a

modular design to permit testing of different cooling-hole geome-

tries. The test section was optically accessible from three sides, as

shown in Fig. 1 a. Since the WSR was operated at fuel-rich equiv-

alence ratios, a jet diffusion flame was established at the exit of

the rig where the remaining unburned species (e.g. CO, H 2 ) mixed

with the ambient air and burned. The choice of propane as the fuel

was not a critical aspect of this study. Using a different fuel may

have changed the range of flow rates and equivalence ratios that

could be used with this WSR and still maintain stable combustion;

this in turn, may have changed the bulk flow velocity, temperature

and composition of the vitiated flow. Propane was chosen to en-

able comparison of the planar laser measurements reported in this

work to pervious measurements performed in propane–air flames

with this WSR. 

For the work presented here, three types of cooling-hole ge-

ometries were employed and are shown in Fig. 1 b. (1) A single

row of equally-spaced 0.51-mm diameter holes drilled perpendic-

ular to the surface (hereafter referred to as normal holes). The

spacing between hole centers is 2.0 mm and the laser sheet was

located on one of the center holes. (2) A single 0.51-mm tall, 25.7-

mm wide slot titled at 30 ° with respect to the wall (angled slot).

For this geometry, the laser sheet was located at the center of the

slot. (3) A 5 ×11 array of 0.51-mm diameter holes drilled such that
he cooling air is directed toward the vertical centerline of the rig

nd downstream (shaped array). Characteristic orientations for the

oles can be seen in Fig. 1 b. This third geometry is meant to pro-

uce a three-dimensional cooling flow in the test section. For this

eometry, the laser sheet was placed on the center five holes. The

ir for the cooling jets was metered by mass flow controllers, and

he temperature of the plenum that feeds the air jets (not shown

n Fig. 1 a) was monitored using a thermocouple. The measured

ass flow rates, measured temperatures, calculated average veloc-

ties and Reynolds numbers for some of the flow conditions are

hown in Table 1 . 

The vertical dimension in the PLIF data is defined with respect

o the cooling holes. For the normal cooling holes and the angled

lot geometry, the vertical origin ( y = 0 mm) is defined to be at

he center of the cooling-hole exit. For the shaped array of cool-

ng holes, the origin is defined to be level with the row of cooling

oles farthest downstream as indicated in Fig. 1 b. The other four

ows of cooling holes are located at negative vertical positions. The

orizontal dimension in the PLIF data is the distance away from

he wall. 

.2. Laser diagnostics 

Laser-based measurements were employed to perform two-

imensional CO and OH concentration measurements as well as

wo-dimensional temperature measurements near the cooling jets.

ll measurements were performed using Nd:YAG and dye lasers

perating at 10 Hz repetition rates. Two-color OH-PLIF and cold-

ow PIV data for this rig were reported previously [77,78] . Re-

cting flow PIV was not possible due to the PIV seed sticking to

he hot windows and obstructing optical access. The OH-PLIF data

eported here were acquired using a detection system with im-

roved sensitivity as compared to that employed in previous stud-

es [78] , resulting in better signal-to-noise ratios than in previous

tudies, particularly at low blowing ratios where the PLIF signals

ere weakest. 

To perform the OH-PLIF measurements, the following laser

etup was implemented. The frequency-doubled output of an

d:YAG laser at 532 nm was used to pump a dye laser with a
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Table 1 

The measured mass flow rate, measured temperature, calculated average velocity and Reynolds number for 

some of the cooling air flows studied in this work. 

m Mass flow rate (g/min) Temperature (K) Average velocity (m/s) Re 

Normal holes 0 .5 1 .1 545 12 150 

1 2 .2 550 23 310 

3 6 .5 535 67 910 

7 15 .2 450 133 3140 

Angled slot 0 .5 5 .8 540 11 150 

1 11 .7 465 20 320 

3 35 .0 425 54 1060 

7 81 .6 385 114 2500 

Shaped array 0 .5 5 .0 605 13 130 

1 10 .0 475 20 320 

3 30 .0 435 55 1080 

7 69 .9 390 116 2540 

Fig. 2. Diagrams of laser systems used for (a) OH-PLIF and (b) two-photon CO-PLIF. 
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olution of rhodamine-590 laser dye in methanol. The output of

he dye laser near 568 nm was frequency doubled using a nonlin-

ar crystal to produce pulsed UV radiation. The layout of the laser

ystem used for these measurements is shown in Fig. 2 a. The two

xcitation wavelengths for the OH transitions were 282.750 and

86.456 nm, corresponding to the A 

2 �+ ← X 

2 � (1,0) Q 1 (5) and

 1 (14) transitions, respectively. The pulse energy at both UV wave-

engths was ∼9.0 mJ. This pair of transitions was found to yield the

ost accurate OH-PLIF thermometry measurements among many

ransition pairs reported in the literature [57] . The fluorescence

as captured using a UV image intensifier (LaVision IRO) and cam-

ra (Photron SA5) with a spectral band-pass filter at 320 ± 10 nm

laced in front of the image intensifier. The spatial resolution was

easured to be ∼65 μm. To achieve this resolution, lens extenders

ere used between the camera lens and the image intensifier, and

he detection system is located in close proximity to the combus-

ion rig. The intensifier gate is set at 100 ns, and the timing of the

aser and camera is controlled using an external timing unit (Lab-

mith LC880). The use of two different spectroscopic features pro-

ided information about the local Boltzmann distribution of the

H molecules in the flow, which is directly related to tempera-

ure assuming that the OH is in thermal equilibrium. Since the fea-

ures of the average flow field were of primary importance in this

tudy, the two-color OH-PLIF data were recorded sequentially us-

ng a single laser system to avoid uncertainties associated with the

se of two different laser and detection systems which may have

ifferent laser linewidths, detector efficiencies, and fields of view.

equentially recorded PLIF images from different spectroscopic

ransitions have been successfully compared previously [79] . Si-

ultaneous two-color OH-PLIF thermometry measurements were

erformed previously under similar conditions in the same com-
ustion rig. The results of the simultaneous measurements are

imilar to the sequentially-recorded measurements shown below.

he sequentially recorded OH-PLIF signals are used for this work as

hey have superior signal-to-noise ratios due to the improved sen-

itivity of the detection system used to acquire the images. Since

he single-laser-shot OH-PLIF images reveal an unsteady secondary

eaction zone, several hundred images are recorded at each rig

ondition, and the average OH-PLIF image is used to characterize

he flow and perform two-dimensional thermometry. 

A similar laser system was used to perform the two-photon CO-

LIF measurements and is shown in Fig. 2 b. The second harmonic

f an Nd:YAG laser was used to pump a dye laser having a solution

f DCM laser dye in methanol. The output of the dye laser near

54 nm was sum-frequency-mixed in a beta-barium-borate (BBO)

rystal with the third harmonic of the Nd:YAG laser to produce ra-

iation at 230.086 nm. The dye laser wavelength and linewidth was

easured using a wavemeter (High Finesse WS7). The UV laser

inewidth is estimated to be 0.09 cm 

−1 . This wavelength corre-

ponds to the Q (17) spectroscopic transition in the B ← X band and

he transition linewidth is approximately 0.25 cm 

−1 [80] . The UV

xcitation beam was formed into a 25-mm-high collimated sheet

nd had pulse energy of ∼5.5 mJ. Fluorescence was detected in the

ngstrom band (450–575 nm) [81] , and the detection system de-

cribed above for the OH-PLIF measurements was used to record

he CO-PLIF images after removing the spectral filter for OH. A

hort temporal gate of 100 ns was used with the intensifier to limit

he amount of flame luminosity that forms a background to the

uorescence signal. The PLIF images from many laser pulses were

veraged to generate a time-averaged CO profile in the inverse dif-

usion flame. Quantitative CO concentration measurements are not

ttempted due to the lack of knowledge of the local collisional en-

ironment and quenching rates. The spatial resolution of the CO-

LIF imaging system was ∼75 μm. A jet of cool compressed air was

sed to maintain the detection system at an acceptable tempera-

ure during rig operation. 

. Results and discussion 

.1. Nondimensional analysis 

Prior to discussing the laboratory measurements, we first con-

ider a nondimensional analysis to predict secondary reaction zone

ehaviors. For this purpose, the Damköhler number, Da , was cal-

ulated for each test condition. The Damköhler number is a nondi-

ensional parameter that is defined as the ratio of the character-

stic time scales for mass transport and chemical reactions: Da =
mass transport / τchemical reactions . By comparing the relative Da values

or these secondary reaction zones, we gain some understanding of

he relative importance of the chemical heat release for the various
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Table 2 

Calculated chemical time scales, Damköhler numbers and 

adiabatic flame temperatures are shown from simulations 

performed with detailed chemical kinetics and using the in- 

verse of an estimated scalar dissipation rate. 

Geometry m τ chem (ms) Da T adiab. (K) 

Normal holes 0 .5 7 .3 17 1550 

1 6 .4 19 1550 

2 5 .2 24 1560 

7 2 .6 48 1580 

Angled slot 0 .5 4 .5 28 1560 

1 3 .1 40 1580 

2 1 .9 65 1600 

7 0 .8 155 1710 

Shaped array 0 .5 4 .9 26 1570 

1 3 .4 37 1580 

2 2 .2 58 1610 

7 0 .9 144 1760 
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experimental conditions. The results of this analysis are in good

agreement with the PLIF measurements discussed below. 

To estimate the chemical time scales of the reacting flows stud-

ied in this work, chemical-kinetic simulations were performed.

The initial conditions used in these simulations were taken from

the experimental conditions such as mass flow rates and mea-

sured temperatures, and chemical equilibrium at atmospheric pres-

sure was assumed. For the case of a WSR operating at an equiv-

alence ratio of 1.4 and for a measured inlet temperature of

1550 K, the flow from the WSR entering the test section has the

following composition: X CO =0.080 6, X C O 2 = 0 . 0 6 63 , X H 2 = 0 . 0593 ,

X H 2 O = 0 . 137 , and X N 2 = 0 . 657 . The CO and CO 2 concentrations at

the exit of the rig were measured using gas-sampling probes and

agree with these values to within 3%. The inlet temperature of

1550 K is typical of the cross flows used in this work and is ∼600 K

lower than the adiabatic flame temperature at this equivalence

ratio because of heat losses in the rig. In the chemical kinetics

simulations, the mass flow rate of cooling air was added to the

computational mixture, and perfect mixing was assumed. The sim-

ulation was then stepped forward in time until chemical equi-

librium was reached. The chemical time scale was estimated to

be the time required to reach 95% of the total temperature rise.

The chemical-kinetics simulations were performed using Cantera

[82] . Three different detailed chemical-kinetics mechanisms were

tested and similar trends were observed with all three mecha-

nisms. As the amount of cooling air increased, the temperature

rise of the flow increased, and the time required to reach equi-

librium decreased. This is attributed to increased reaction rates at

higher temperatures. The kinetic mechanisms of Gokulakrishnan et

al. [83] and Petersen et al. [84] yielded very similar chemical time

scales (less than 6% difference), while that of Sung et al. [85] re-

sulted in chemical time scales that are 50–100% longer, although

with nearly identical trends. The presence of the cooling air led to

increased mixture temperatures as additional oxidation reactions

occurred. However, the presence of the cooling air did not dra-

matically alter the bulk flow properties when perfect mixing was

assumed. Even for conditions with the maximum cooling-air flow

rates (highest blowing ratio), the maximum temperature rise was

about 200 K. The amount of cooling air injected was never more

than 30% of the amount required to reach an overall equivalence

ratio of unity. Due to the elevated temperature of the cross flow,

oxidation reactions took place spontaneously and at relatively fast

rates compared to ambient conditions. 

The mass transport time scale of the flows was estimated us-

ing the inverse of the scalar dissipation rate [86] . Based on the

measurements of scalar dissipation rate by Sutton and Driscoll

[87] in non-premixed CO–air flames somewhat similar to those

studied here, we estimate that a typical scalar dissipation rate for

these inverse diffusion flames is 8 s −1 . The flames studied in Ref.

[87] had a Reynolds number of 80 0 0, while the Reynolds number

of the flows studied in this work is approximately 3600 based on

the width of the test section. The lower Reynolds number of the

flows used in this work would tend to increase the characteris-

tic diffusion time scale compared to the work in Ref. [87] . On the

other hand, the vitiated flows used in this work have a significant

amount of H 2 , which will tend to increase the rate of diffusion in

the mixture, while the flows studied in Ref. [87] did not have any

H 2 . Using 8 s −1 as a characteristic mass transport time, the calcu-

lated Da values are shown in Table 2 for three cooling-hole geome-

tries and a range of test conditions. It is seen that the Da values

change by a factor of 8 and are in the range 17–155. This implies

that the chemical reactions and heat release happen quickly com-

pared to the molecular diffusion. If, instead of using a diffusion-

based estimate for the characteristic mass transport time, and a

convective time scale is used as was done in previous works [24] ,

the Da values are always less than unity. This would indicate that
he chemical reactions do not have time to complete before being

onvected out of the test section. These calculations are reasonable

onsidering the relatively high convection velocities and the rela-

ively slow process of molecular diffusion. In other words, the rela-

ive magnitudes of the characteristic time scales for these flows are

s follows: τ convection < τ reactions < τ diffusion . As these flows are in-

erse diffusion flames, the diffusion-based estimate is most appro-

riate for the Da calculations and the values are shown in Table 2 .

he use of the diffusion-based mass-transport time scale and not

he convection-based time scale is justified by the agreement be-

ween the planar laser measurements presented below and the

rends predicted by the nondimensional analysis. 

While all of the Damköhler numbers are greater than unity, the

rend is insightful. For flows with the largest Damköhler numbers,

he chemical time scale is small compared to the mass transport

ime scale. This means that chemical reactions happen relatively

uickly compared to molecular diffusion. For the conditions hav-

ng the smallest Damköhler numbers, the chemical times scales

re more similar to the mass transport time scales. These condi-

ions are found at the lowest blowing ratios and correspond to

he lowest simulated adiabatic flame temperatures. For all of the

xperimental conditions, the secondary reaction zones are diffu-

ion limited. Therefore, any change in the experimental conditions

hat enhances diffusion, such as stronger gradients, higher con-

entrations of light-weight species, or increased mixing will tend

o move the flame anchoring location upstream and increase the

mount of secondary reactions. These conclusions were validated

y the OH-PLIF data as the flame anchoring location moved up-

tream as the blowing ratio was increased. Increasing the blowing

atio tended to increase mixing between the cooling air and the

ross flow which enhanced diffusion. If the flames were limited by

hemical kinetics rather than diffusion, increasing the blowing ra-

io would tend to move the secondary reaction zone downstream

ue to the increased flow velocity and colder flow temperatures

s more cold air is injecting into the test section. The diffusion-

imited nature of the flow is reasonable considering that (1) the

ame is nonpremixed, (2) the Reynolds number is moderately low,

nd (3) the hot temperature of the fuel-rich combustion products

hich leads to relatively fast reaction rates. 

The adiabatic temperatures given in Table 2 assume perfect

ixing between the cross flow and the cooling air. In reality, the

ow through the rig is not perfectly mixed. Perfect mixing would

e contrary to the purpose of film cooling. In the actual flow,

igher temperatures are realized since the local equivalence ratios

ay be lean, stoichiometric, or rich, depending on the local mixing.

emperatures up to ∼20 0 0 K were measured via two-color OH-

LIF thermometry. These measured temperatures are lower than
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Fig. 3. Single-laser-shot OH-PLIF images are shown in the first three columns and reveal the instantaneous shape of the secondary reaction zones. The fourth column shows 

the RMS of more than 250 OH-PLIF images. The RMS values have been scaled by a factor of three. The cooling-hole geometries are noted on the left of the figure. These 

data were recorded with a blowing ratio of 3. The WSR equivalence ratio was 1.4 for all PLIF data presented in this paper. 
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he adiabatic flame temperature at this stoichiometry, but higher

han the temperatures given in Table 2 . 

.2. OH-PLIF thermometry 

Unprocessed single-laser-shot OH-PLIF images are shown for

he three cooling hole geometries at one blowing ratio in Fig. 3 .

he root-mean-square (RMS) OH-PLIF signals for these conditions

re also shown in the figure. The OH-PLIF data were not corrected

or laser sheet intensity variations as the laser sheet was verified

o be mostly uniform in the field of view. The laser sheet was

arger than the field of view and the most uniform portion of the

heet was chosen to illuminate the field of view. The OH-PLIF data

ave not been corrected for quenching which precludes quantita-

ive measurements. The primary focus of this experiment was the

eatures of the time-averaged flow field, so the instantaneous flow

elds are not of primary importance and are shown for one blow-

ng ratio to show typical instantaneous secondary reaction zone

hapes. Reactions associated with the shaped array of cooling holes

end to be more wrinkled and have greater variations in concen-

rations at an axial location compared to normal holes or angled

lot configurations. This is anticipated considering the interactions
f multiple rows of jets upstream of the OH reactions. As a result

here is not a single air jet where reactions occur. This is evident

n the RMS of the signal, where the shaped array of cooling holes

ad a relatively wide region with peak RMS signal. In contrast, the

eak RMS for the slot and normal configurations was observed in

 narrow region near the outer edge of the reaction zone, as ex-

ected for discrete jets. The RMS and average OH-PLIF data (shown

n Fig. 4 ) can be compared to further understand the secondary

eaction zones. All of the PLIF data reported in this paper were

ecorded with the WSR operating at an equivalence ratio of 1.4. 

Average OH-PLIF images from the Q 1 (5) transition are shown

n Fig. 4 for three cooling-hole geometries and seven blow-

ng ratios. The data in this figure were obtained from averag-

ng more than 250 single-laser-shot images at each condition. A

ackground subtraction and Gaussian two-dimensional smoothing 

ith a full-width at half-maximum (FWHM) of five pixels (corre-

ponds to 0.325 mm) have been applied to these data. The smooth-

ng was performed to improve the temperature measurements

presented below), particularly in areas with low OH-PLIF signal.

he smoothing did not change the shape of the secondary re-

ction zones perceptibly, but did remove some of the fine-scale

ariations. 
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Fig. 4. Average OH-PLIF images showing the shape of the secondary reaction zones. The cooling-hole geometries and blowing ratios are noted on the left and top of the 

figures, respectively. The data recorded with angled slot is shown over a different vertical range than the data recorded with other two cooling hole geometries. 
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wall. 
The OH-PLIF results show that significant secondary reaction

zones were established at these conditions. These reaction zones

were generally observed to have central regions of high OH con-

centration surrounded by regions of lower OH concentration. For

the normal cooling holes (top row in Fig. 4 ), the secondary reac-

tion zone tended to protrude farther into the flow as the blowing

ratio was increased. The region with OH-PLIF signal greater than

1200 counts was observed to end at an axial distance of about

y = 15 mm and not continue throughout of the field of view. This

indicates that the secondary reaction zone was confined to an ax-

ial region that was relatively close to the normal cooling holes. At

the highest blowing ratios, the secondary reaction zone separated

from the wall, as evident by the peak concentrations being lifted

from the wall at blowing ratios of 4 and 7. 

For the normal holes and the angled slot geometries, the re-

action zone moved upstream as the blowing ratio was increased.

This is consistent with the trends seen for the Da analysis; namely,

that for these diffusion-limited flames, increased mixing tended

to move the reaction zone upstream. The higher blowing ratios

tended to enhance mixing and diffusion and thus lead to sec-
ndary reaction zones being established farther upstream. Other

esearchers have made similar observations and also pointed to

iffusion effects to explain the behavior [32] . For the angled slot

eometry, the secondary reaction zone remained attached to the

all but also extended into the cross flow 7 mm. The regions with

igh OH-PLIF signal persisted axially past the end of the viewable

rea. 

The OH-PLIF images recorded with the shaped array of cool-

ng holes (bottom row in Fig. 4 ) revealed a more complex re-

ction zone. These PLIF data were acquired with the laser sheet

ocated at the centerline of the cooling-hole array. Cooling air

rom the off-centerline holes converged to the center. Even at low

lowing ratios, a large secondary reaction zone was observed. As

he blowing ratio increased, the OH-PLIF signal decreased, which

ay have been caused by increased mixing and entrainment of

he cross flow or by relatively cold mixture temperatures, slow

eaction rates, and insufficient time to achieve the same level

f secondary combustion. At the higher blowing ratios, the re-

ion with high OH-PLIF signal was observed to separate from the
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Fig. 5. Simulated fluorescence-signal ratios (symbols) and a polynomial fit (line and 

equation) are shown for various simulated OH temperatures. 
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Using the ratio of average OH-PLIF signals from the two differ-

nt spectroscopic transitions, two-dimensional temperature fields

ere computed. To determine the mapping function from the

uorescence-signal ratio to temperature, fluorescence simulations

ere performed using the software package LIFBASE (version 1.9).

he relationship between the gas-phase temperature (related to

he ground-state OH-population distribution) and the ratio of

he fluorescence signals from the two spectroscopic transitions is

hown in Fig. 5 . The two-dimensional thermometry measurements

re shown in Fig. 6 for the same geometries and blowing ratios as

hown for the OH-PLIF data. Temperature measurements can only

e performed where there is sufficient OH-PLIF signal. To avoid

arge fluctuations of the calculated temperature in regions with

eak OH-PLIF signal levels, a threshold was applied to the images

efore finding the PLIF signal ratio. Regions with OH-PLIF signals

elow this threshold do not have a calculated temperature and are

olored white in the temperature plots. 

For the temperature measurements recorded with the row of

ormal cooling holes (top row in Fig. 6 ), the cool jets of air can be

learly observed protruding into the cross flow at the higher blow-

ng ratios. These streams of cool air were surrounded by gases with

emperatures higher than the freestream temperature of ∼1550 K.

hese characteristics have been noted previously for cooling flows

rom angled cooling holes [24] . Since the cooling holes were lo-

ated at discrete spanwise locations, some of the hot cross flow

assed between the jets of cool air, and increased mixing and com-

ustion were evidenced by the increased temperatures at locations

ownstream of the cooling holes and close to the wall. Elevated

emperatures may be present on the side of the cooling-air stream

pposite of the wall, but insufficient OH-PLIF signal levels pre-

ented the temperature measurements in these locations. 

For the angled slot, the secondary-reaction-zone peak temper-

tures were lower than those observed for the other two cooling-

ole geometries. The lowest temperatures were observed closest

o the slot. As the flow convected farther downstream, additional

eactions occurred and the temperature increased. For all but the

ighest blowing ratio, the region close to the wall remained rela-

ively cool. For the data recorded with the shaped array of cool-

ng holes (bottom row in Fig. 6 ), a low-temperature region ex-

sted close to the wall for low blowing ratios but then protruded

ut into the cross flow for higher blowing ratios. The stream of

ooling air from the shaped array can be clearly observed at the

igher blowing ratios. The highest temperatures occurred opposite

he wall on the edge of the secondary reaction zone. This region

ay indicate a diffusion flame between the stream of cooling air

nd the cross flow. 

The creation of long-lived radicals such as OH in one secondary

eaction zone may affect other downstream secondary reaction
ones. The presence of these radicals may lead to reduced ignition

elay times or flame lift-off lengths. The effect of a series of cool-

ng holes on secondary reaction zones may be studied in a future

xperiment 

.3. Two-photon CO-PLIF 

Two-photon CO-PLIF images were acquired for the same

ooling-hole geometries and blowing ratios. Four hundred CO-

LIF images were averaged then a white-field correction, a laser-

rofile correction, and a two-dimensional Gaussian smoothing fil-

er (FWHM = 9 pixels) were applied. Additionally, the CO-PLIF data

ere normalized by the CO-PLIF data recorded with the cool-

ng air shut off ( m = 0) to correct for optical vignetting and vari-

tions in the detector sensitively; S CO , norm . = ( S CO ,m 

) / ( S CO,m =0 ) .

he processed two-photon CO-PLIF images are shown in Fig. 7 .

hese CO-PLIF data were not corrected for quenching due to in-

omplete information regarding the flow composition and temper-

ture throughout the field of view. Thus no attempt to perform

uantitative CO concentration measurements was made. 

The two-photon CO-PLIF images show a relatively uniform, high

O concentration flow entering the field of view. The cross flow

ontained 8% CO, and the temperature was 1550 K; at these condi-

ions the CO number density was sufficient to obtain good signal-

o-noise ratios in the average images. Small features in these im-

ges close to the wall near y = 0 mm are artifacts that result from

aser scatter off of the cooling-hole hardware. The cooling air flows

re discernible by regions of low CO concentration. In general,

hese regions may result from two distinct causes: a region where

he cooling air that has displaced the CO-laden cross flow, or a re-

ion where secondary combustion has consumed the CO. By per-

orming OH and CO concentration measurements, these two types

f low-CO regions are distinguishable. Regions with low CO con-

entration and high OH concentrations indicate that CO is a fuel

or the secondary reaction zones and is being consumed. On the

ther hand, regions with low CO and low OH concentration indi-

ate regions where the cooling air has displaced the cross flow. 

Higher blowing ratios generally led to larger secondary reac-

ion zones because of the increased amount of air available for

xidation reactions. For the data recorded with the normal cool-

ng holes (top row in Fig. 7 ), at blowing ratios greater than 1.5, a

egion of low CO concentration existed downstream of the cool-

ng holes. This region of low CO began almost immediately down-

tream of the cooling holes, but the CO concentration minimum

ccurred farther downstream. The CO-depleted region began to ter-

inate around y = 12 mm and did not persist throughout the field

f view. The region of low CO protruded farther into the cross flow

s the blowing ratio was increased. 

For data recorded with the angled slot, the amount of CO was

educed only near the wall where the cooling air was injected. The

wo-photon CO-PLIF images for this cooling-hole geometry look

imilar for the entire range of blowing ratios. As the blowing ra-

io was increased, the region of low CO grew and extended farther

nto the cross flow. At blowing ratios less than 1.5, only the region

ess than 1 mm from the wall showed decreased CO-PLIF signals.

ven at the highest blowing ratio, regions past 3 mm from the wall

ere unperturbed. These features of the CO-PLIF data agree with

hose seen in the OH-PLIF data. (The vertical ranges for the angled

lot data shown in Figs. 4 and 6 is different than the range shown

n Fig. 7. ) 

The shaped array of cooling holes produced significantly differ-

nt features in the CO distribution. For this cooling-hole geometry

t low blowing ratios, a significant deficit of CO was present in the

egion extending from the wall about 4 mm into the cross flow. Be-

ause of the three-dimensional nature of this cooling-hole pattern,

ut-of-plane locations may not exhibit the same low–CO-PLIF sig-
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Fig. 6. Average OH-PLIF-based thermometry results for three different cooling-hole geometries and various blowing ratios. The vertical range for the data recorded with the 

angled slot is different than that of the data recorded with the other two cooling hole geometries. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3 

Ground-state population fractions for OH and CO are listed for two 

temperatures for the spectroscopic transitions used in these PLIF 

studies. The numbers shown in the table are calculated assuming a 

Boltzmann distribution of a single gas species i , in the v = 0 vibra- 

tional level, for a given rotational level J : X i, v ′′ = 0 , J = N i, v ′′ , J / N i, tot . 

Ground state X i, v ′′ = 0 , J 

[ 
( X i, v ′′ = 0 , J ′′ ) 1800 K 

( X i, v ′′ = 0 , J ′′ ) 10 0 0 K 

] 

T = 10 0 0 K T = 1800 K 

OH , J” = 5 0 .1315 0 .0923 0 .702 

OH , J” = 14 0 .0032 0 .0180 5 .625 

CO , J” = 17 0 .0395 0 .0277 0 .701 

o  

C  

i  

1  

t  

T  

P  

t  

I  
nal levels. The data shown in Fig. 7 were recorded along the center

five holes of the cooling hole array where the flow from the array

of cooling holes converged; thus, it is expected that less CO existed

in this plane. For blowing ratios from 0.5 to 4, the CO-PLIF images

changed in a systematic fashion, but a dramatic change occurred

at the highest blowing ratio. The lowest CO concentrations were

found near the wall, and the remainder of the flow appeared to

be unperturbed. This may be due to the increased unsteadiness of

the flow at the highest blowing ratio and the stream of cooling air

flapping in and out of the laser plane. 

The two-photon CO-PLIF signal intensity depends on many fac-

tors. It depends on the CO number density, which can be related

to the total gas density and the relative CO concentration, and also

on the portion of CO in the ground state of the two-photon tran-

sition ( N CO , v = 0, J = 17 / N CO,total ), which is a function of temperature.

To illustrate this point, consider a situation where the CO number

density is exactly uniform throughout some region but the temper-

ature is not uniform. The two-photon CO-PLIF signal would vary

because of changes in the amount of CO in the ground state of the

two-photon transition being probed. 

The temperature dependence of the two-photon CO-PLIF signal

is estimated by comparing the population in the lower energy level
f the Q(17) transition at a cold and a hot temperature. The OH and

O population fractions in the lower level of each transition used

n this work are shown in Table 3 for temperatures of 10 0 0 and

800 K. Thermal equilibrium is assumed. Based on these values, the

emperature-dependent error in the CO-PLIF data is, at most, 30%.

he Q(17) two-photon transition of CO was chosen to enhance the

LIF signal levels at flame temperatures since the ground state for

his transition is relatively well-populated at flame temperatures.

f a lower rotational state had been chosen for the CO excitation,
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Fig. 7. Average two-photon CO-PLIF data for three different cooling-hole geometries and various blowing ratios. These data have been normalized by the CO-PLIF data 

recorded with m = 0. 
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Fig. 8. Correction factors for two-photon CO-PLIF data used to account for 

temperature-dependent variations in the ground state population levels. 

 

c  

l  

i  
he susceptibility to temperature-induced variations in the CO-PLIF

ignal may have been reduced, but the total fluorescence signal at

levated temperatures would have also been reduced [64] . 

To correct the CO-PLIF images for temperature-dependent varia-

ions of the ground-state population level ( N CO , v = 0 ,J = 17 / N CO,total ),

he following procedure was used. The relative population of the

round state was calculated for the range of temperatures encoun-

ered in this flow. Using the experimentally measured tempera-

ures from the two-color OH-PLIF thermometry, the CO-PLIF sig-

al S CO was adjusted to account for differences in the ground-

tate population according to S CO , corr = S CO / C co (T ) . Figure 8 shows

he correction factor, C CO , as a function of two-color OH-PLIF tem-

erature. In regions where no experimentally measured temper-

ture data was available, this correction was not possible. For

lowing ratios less than m = 2, performing this temperature cor-

ection made only a negligible difference or the available tempera-

ure data covered only a small region of the CO-PLIF data. For the

igher blowing ratios, the temperature-corrected CO-PLIF images

re shown in Fig. 9 . These images have not been corrected to ac-

ount for gas density variations based on the local temperature,

nly for the relative changes in the ground state populations based

n temperature. 
For the temperature-corrected data recorded with the normal

ooling holes (top row in Fig. 9 ), the shape of the region with

ow CO differed somewhat from that in the uncorrected CO-PLIF

mages shown in Fig. 7 . The greatest difference was the absence
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Fig. 9. Temperature-corrected, average, two-photon CO-PLIF data based on the experimentally measured temperatures from the two-color OH-PLIF thermometry. The blowing 

ratios are indicated at the top of the figure. 
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of the low-CO region adjacent to the wall in the temperature-

corrected images. The temperature-corrected data recorded with

the angled slot geometry appeared to vary only slightly from the

uncorrected data. The limited temperature information available

for this cooling-hole geometry limits the region where the temper-

ature correction could be performed. If the temperature correction

were critically important, a different thermometry technique, such

as coherent anti-Stokes Raman scattering, could be used to acquire

temperature information over the entire region covered by the CO-

PLIF images. For the temperature-corrected data recorded with the

shaped array of cooling holes, the CO-PLIF features were signif-

icantly different from those in the uncorrected data. The region

between the edge of the secondary reaction zone and the cross

flow exhibits high CO concentration. The central region with low

CO concentration is larger in the corrected images than in the un-

corrected images. The most dramatic effect of the temperature cor-

rection was observed at a blowing ratio of m = 7. The temperature-
orrected CO-PLIF image had a low CO concentration near the wall,

hen a region with fairly uniform CO concentration, and, finally, a

egion with high CO concentration where the cooling air bordered

he cross flow. 

Additional insights into the structure of these inverse diffusion

ames can be gained by plotting the OH-PLIF, temperature, and

O-PLIF data together. Figure 10 shows the average temperature

eld, overlaid with OH-PLIF and CO-PLIF signal contours. The OH

nd CO contours are taken from the average OH-PLIF and CO-PLIF

mages after being smoothed by a two-dimensional Gaussian filter

ith a FWHM of 9 pixels. 

For the data recorded with the normal cooling holes (top row in

ig. 10 ), the location of minimum CO concentration occurred closer

o the wall than the location of maximum OH concentration. At

lowing ratios of 3 and 7, the region of low CO concentration and

igh OH concentration was bounded on the windward side by the

tream of cool air from the normal holes. The CO concentration
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Fig. 10. Isocontours of average OH (dashed gray lines) and average CO (solid red lines) PLIF signals overlaid on the average two-dimensional temperature field. The OH-PLIF 

isocontours range from black to gray with increasing PLIF signal intensity, and the CO-PLIF isocontours range from dark red to light red with increasing PLIF signal intensity. 

(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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egan to increase from a minimum value at an axial distance of

0 mm, while the region with high OH concentration did not begin

o diminish until a few millimeters farther downstream. 

For the angled slot data, the region with low CO concentration

as confined to regions closer to the wall and farther upstream

han the regions with high OH concentration. The region of high

H concentration did not begin until ∼6 mm downstream from the

eginning of the CO-depleted region. In this region the cooling air

ad displaced the CO-rich vitiated cross flow. The region with high

H concentration began after sufficient molecular mixing has oc-

urred and the secondary reaction zone was sustained. In the ab-

ence of a secondary combustion zone, the cooling air supplied to

he rig (which becomes a part of the boundary layer), would even-
ually mix out and the CO-depleted region would persist for much

onger. As it is, the secondary reaction zones consumed the CO as

ast as it mixed with the fresh air. The Da number of these flows

as significantly greater than unity. Once all the oxygen was con-

umed, chemical reactions largely ceased, and the CO-depleted re-

ion ended as CO from the vitiated stream mixed back into the

ombustion products. 

For the shaped array of cooling holes (bottom row in Fig. 10 ),

he location of minimum CO concentration again occurred up-

tream of the location of maximum OH concentration. However,

or this cooling hole geometry, the CO-depleted region began at

pproximately the same axial location as the region with high OH

oncentration. The temperature field characteristics change with
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Fig. 11. The three general regions of flows with secondary reaction zones are shown in plots with isocontours of average OH (dashed gray lines) and average CO (solid red 

lines) PLIF signals overlaid on the average two-dimensional temperature field. The OH-PLIF isocontours range from black to gray with increasing PLIF signal intensity, and 

the CO-PLIF isocontours range from dark red to light red with increasing PLIF signal intensity. The cooling hole geometry is labeled above the plots. All data were recorded 

with a blowing ratio of 3 and a WSR equivalence ratio of 1.4. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 

this article.) 
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blowing ratio, but the maximum in the OH-PLIF signal is seen to

occur on the wall-side of the high temperature region and in loca-

tions with relatively high CO concentration. For blowing ratios of

1 and 3, the CO-depleted region was approximately 8 mm long in

the axial direction and extended away from the wall 6 mm, while

the region of high OH concentration was significantly bigger in its

axial and transverse extent. For the blowing ratio of 7, the CO-

depleted region remained close to the wall, while the region of

high OH concentration remained lifted from the wall. An interest-

ing feature of flows with this cooling hole geometry was the av-

erage temperature at the location of the maximum OH concentra-

tion. For a blowing ratio of 1, the maximum OH concentration was

located in a relatively hot region of the flow. As the blowing ra-

tio increased, the location of maximum OH concentration occurred

at regions with lower temperatures. For the blowing ratio of 7, the

location of maximum OH concentration occurred in a region of rel-

atively cold temperatures. This is probably a result of the unsteady

nature of the secondary reaction zone at this condition, which may

exhibit the reaction zone flapping in and out of the laser sheet. 

3.4. General features of secondary reaction zones 

As indicated previously, the regions of depleted CO concentra-

tion and high OH concentration occurred in close proximity to each

other. Based on the overlaid data, we identify three general regions

of flows with secondary reactions zones: (I) the injection region,

(II) the secondary reaction region, (III) and the mix-out region. The

purpose of this section is to describe the general features of high-

temperature flows with secondary reaction zones and to provide

a few examples ( Fig. 11 ). This analysis is not shown for all con-

ditions studied as these examples illustrate typical flows found in

these experiments. The identification of these three regions would

not be possible without the combined information from the pla-

nar laser techniques employed in this experiment. Figure 11 shows

these three regions for each cooling hole geometry used in this

work. In the injection region the cooling air has displaced the hot

products of fuel-rich combustion (the cross flow) and the mixture
emperature is relatively cold. The CO concentration in this region

s low as the cross flow has been displaced and the cooling air

as no CO. The OH concentration in this region is low as oxida-

ion reactions have not yet occurred. The injection region may be

arge, small, or nonexistent depending on the cooling hole geom-

try, blowing ratio, and the cross flow conditions. For the angled

lot data shown in Fig. 11 , the injection region is observed to be-

in at approximately y = 3 mm in the vicinity close to the wall. In

his region the CO concentration is diminished and there is no OH

oncentration. Only a small injection region is visible in the normal

ole and shaped array data as indicated in Fig. 11 , as the secondary

eaction zone region begins relatively close to the holes. 

The second region is the area where most of the secondary re-

ctions occur. This region begins when sufficient mixing has oc-

urred between the cooling air and the cross flow. This region has

ow CO concentration as the CO is consumed in the chemical re-

ctions. This region has high OH concentration as OH is produced

n the chemical reactions. Temperatures in this region ranges from

elow the hot cross flow temperature, due to the reduced enthalpy

f the cooling air, to above the cross flow temperatures as addi-

ional heat release occurs with the secondary reactions. As shown

n Fig. 11 , this region can have very different shapes and sizes

epending on the cooling hole geometry. For the normal holes

nd shaped array data the secondary reaction regions were rela-

ively large while for the angled slot data, this region was rela-

ively small. This region occurred where the OH concentration is

igh and the CO concentration is low. 

The final region is the mix-out region and this region begins

here all of the oxygen has been consumed. As further mixing

ith the cross flow occurs, the CO and OH concentrations return

ack to near the free stream value. This is the case for all data

resented in this paper although the restricted field of view does

ot allow us to visualize the entire mix-out region as is indicated

y the regions enclosed in dashed lines in Fig. 11 . The relative lo-

ation of the mix-out region with respect to the secondary reac-

ion region can vary depending on the fluid mechanics. For the

ormal holes and shaped array data, the mix-out regions were
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rimarily downstream of the secondary reaction region, whereas

or the angled slot data, the mix-out region was located on the

hear layer between the secondary reaction region and the cross

ow. The flow far downstream of the mix-out region is character-

zed by elevated temperatures, lower concentrations of CO, H 2 , and

ther unburned species, and higher concentrations of CO 2 and H 2 O

s compared to flows with no cooling air. These three regions may

ot have distinct boundaries and may overlap. 

Aside from characterizing flows with secondary reaction zones

n terms of these three regions, other generalizations can be made.

s was mentioned earlier during the discussion of the Da analy-

is, these flows are diffusion limited. Any change in conditions that

nhances diffusion will cause the secondary reaction zone to move

pstream and become stronger. For cooling-air flows where the air

oes not remain attached to the wall, i.e., the normal cooling holes

nd the shaped array, the cooling air mixes and reacts with the

ross flow at axial distances that are relatively close to the cooling-

ole geometry ( y < 16 mm). Farther downstream the secondary re-

ction zone ceases. The extent of the secondary reaction zone is

overned by the limited supply of oxygen from the cooling air and

ixing with the cross flow. This leads us to conclude that sec-

ndary reaction zones with separated flows are confined to regions

ear the cooling holes. For flows where the cooling air remains at-

ached to the wall, as in the case of the angled slot, the secondary

eaction zone may persist for longer axial distances because of less

ixing with the cross flow. 

. Conclusions 

Secondary reaction zones may exist in gas-turbine engines

hen unburned fuel and products of incomplete combustion leave

he combustor and mix with fresh air supplied as cooling air for

ot section components. These secondary reaction zones can dam-

ge engine hardware as the local heat release is increased through

he oxidation of raw fuel, unburned hydrocarbons, CO, H 2 , OH and

ther species. The presence and strength of secondary reaction

ones depends on the steadiness, degree of mixing, residence time

nd efficiency of the combustor. 

In the present work two-photon CO-PLIF and two-color OH-PLIF

hermometry have been used to characterize atmospheric-pressure

nverse diffusion flames in high-temperature cross flows. Hot prod-

cts from a fuel-rich, propane–air WSR were used as the cross

ow. Cooling air was injected into this cross flow using three dif-

erent geometries: (1) a single row of normal cooing holes, (2) a

lot cut at 30 ° with respect to the wall, and (3) an array of cooling

oles that produces a three-dimensional flow. OH-PLIF was used

o measure the extent of the secondary reaction zone, and two-

olor OH-PLIF was employed to perform two-dimensional temper-

ture measurements. Two-photon CO-PLIF was employed to mea-

ure relative CO concentrations. The characteristics of the average

ow field were studied by processing a few hundred PLIF images

ecorded at each condition. 

The primary observations from this work are as follows: 

• Concentrations of a few percent of CO and H 2 can lead to

secondary reactions zones. Measurements revealed the average

shape and extent of secondary reaction zones where OH is pro-

duced, CO consumed, and temperature perturbed. 

• Cooling holes with different shapes can produce dramatically

different secondary reaction zones. The CO-depleted region may

or may not overlap the region of high OH concentration de-

pending on the cooling hole geometry and the blowing ratio. 

• For cooling-air flows that separate from the wall, the secondary

reaction zone was confined to a region relatively close to the

cooling holes. Further mixing led to more uniform flow condi-

tions downstream of the main secondary reaction zone. 
• For cooling-air flows that remain attached to the wall, the lo-

cation of the secondary reaction zone was much more confined

in the spanwise direction but greater in axial extent. 

• The region of high OH concentration was typically larger in

the axial and transverse directions that the region with low CO

concentration. 

• The location of minimum CO concentration typically occurred

upstream of the location of maximum OH concentration. The

peak temperatures were located farther downstream and away

from the wall. 

Due to the high temperature of the cross flow, the Damkhöler

umber values for these flows were greater than unity—in other

ords, the reactions were limited by mass transport and not by

he chemical reaction time scale. Any change in the conditions that

roduced stronger diffusion and mixing tended to move the sec-

ndary reaction zone upstream and increased its size and strength.

By comparing the CO concentration, OH concentration, and

emperature profiles, we identified three characteristic regions in

ows with secondary reaction zones. First, the injection region

here flow from the cooling hole displaces the hot cross flow. This

egion is characterized by low CO and OH concentrations, and rel-

tively cold temperatures. Second, the secondary reaction region

hich is established as the cooling air and the cross flow mix and

eact. This region is marked by low CO concentrations as CO is con-

umed in the oxidation reactions, and high OH concentrations as

H is produced by the reactions. Once all of the available oxygen

s consumed the third region, the mix-out region, begins. This re-

ion is characterized by increasing levels of CO and decreasing lev-

ls of OH as the products of the secondary reaction region and the

ross flow mix. The identification of these three regions was made

ossible by using the combined information from the planar laser

iagnostic techniques employed in this experiment. 
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