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Surface Heat Transfer Measurements Inside a Supersonic
Combustor by Laser-Induced Fluorescence
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A study has been conducted to measure surface temperatures inside a model rectangular supersonic combustor
by the use of a nonintrusive thermal imaging system, based on the � uorescence properties of a dysprosium doped
yttrium–aluminum–garnet (Dy3+:YAG) thermographic phosphor. In this system, the phosphor coating on the test
surface is excited by a pulsed Nd:YAG laser. The resulting � uorescent emission of the temperature-sensitive 456-nm
transition and that of the temperature-independent 496-nm transition are acquired by the use of a pair of image-
intensi� ed charge-coupled device cameras. The ratio of the acquired emissions is then correlated to temperature.
The wind tunnel was a blowdown type that used vitiated air with nominal conditions at the entrance of the test
section: M1 = 2.5, Po = 5 ££ 105 N/m2 , To = 800 K, and Re1/m = 9:6 ££ 106 . The fuel was hydrogen gas at room
temperature, injected parallel to the tunnel through a fuel-injector slit located along the backward surface of a
step. The results under hot � ow conditions were compared with numerical simulations performed using a two-
dimensional Navier–Stokes code with full chemistry. Temperature measurements demonstrate the feasibility of
laser-induced � uorescence for surface heat transfer studies in reactive � ows involving signi� cant unsteadiness and
transient phenomena.

Nomenclature
A = preexponential factor for Arrhenius law
cp = pressure speci� c heat, Jkg¡1 K¡1

Dim = molecular diffusion coef� cient of i th species, m2s¡1

Dit = turbulent diffusion coef� cient of i th species, m2s¡1

E = total energy or Arrhenius activation energy, cal mole¡1

h = height of backward facing step, m
h i = speci� c enthalpy of i th species, Jkg¡1

L = coating thickness,m
M = Mach number
Pm i = mass � ux of i species, kgs¡1

n = temperature exponent for Arrhenius law
NS = number of species
P = pressure, Nm¡2

q = heat � ux, Wm¡2

R = universal gas constant, Jkg¡1 mole¡1 K¡1

Re = Reynolds number
s = speci� c entropy, Jkg¡1K¡1

T = temperature,K
t = time, s
u = horizontal component of velocity, ms¡1

v = vertical component of velocity, ms¡1

Wi = molecular weight of i th species, kg kmole¡1

x = horizontal direction, m
Yi = mass fraction of i th species
y = vertical direction, m
y¤ = semi-in� nity penetration depth, m
® = thermal diffusivity, m2s¡1

´ = transformed coordinate in vertical direction
· = thermal conductivity,Wm¡1 K¡1
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¹ = dynamic viscosity, kg m¡1s¡1

» = transformed coordinate in horizontal direction
½ = density, kg m¡3

¾ = normal stress, Nm¡2

¿ = shear stress, Nm¡2

P!i = rate of production of i th species during
chemical reaction, mole m¡3 s¡1

Subscripts

i = i th species
ini = initial
` = laminar
o = total condition
sub = substrate
t = turbulent
TSP = temperature sensitive paint
w = wall
x = horizontal direction
xy = reference plane
y = vertical direction
yx = reference plane
1 = in� nity

Introduction

C URRENT interestin supersoniccombustionhas initiatedmany
research studies to understand the � ow� eld and predict the

performance of supersonic combustors.1;2 Because of the inherent
dif� culties of the experimentalsetup and measurements, the major-
ity of the experiments have been done under cold � ow conditions
(without combustion).3;4 Those experiments provided the funda-
mental understanding of the mixing mechanism and load distribu-
tion in supersonic and hypersonic � ows. Experiments in hot � ow
(with combustion) have been directed toward measuring pressure
distributions along the internal surfaces, concentrationof chemical
species, and engine thrust.5;6 These results have indicated drastic
changes of the fuel and main � ow properties,which are due mainly
to the shockwave system locatedupstreamof the combustionregion
(precombustion shock wave system).

The present study aims to measure experimentally the surface
temperatures inside a model supersonic combustor on the fuel in-
jection side, by the use of a nonintrusive, high spatial and tempo-
ral resolution thermal imaging system, based on the � uorescence

320



KONTIS 321

propertiesof dysprosium,doped at 3%, into an yttrium–aluminum–
garnet (Dy3C:YAG) thermographicphosphor.7 The resultsunderhot
� ow conditions will be compared with numerical simulations.

Laser-Induced Fluorescence Technique
Of the available optical diagnostic techniques, laser-induced � u-

orescence (LIF) was considered to be the most effective diag-
nostic method for surface high-temperature measurements.7 The
primary components of the LIF thermal imaging system are 1)
the neodymium doped yttrium–aluminum–garnet (Nd:YAG) pulsed
laser, 2) a pair of image-intensi�ed charge-coupleddevice (ICCD)
cameras (Hamamatsu C5987), and 3) a diffraction grating poly-
chromator (Jasco CT-50N). The arrangementwith the polychroma-
tor was used in the initial studies7 to analyze the entire emission
spectrum of Dy:YAG and its dependence on temperature.

The emission analysis of Dy:YAG indicated that the phosphor
starts to � uorescence 199.17 ¹s after being excited by the 355-nm
tripled output of the Nd:YAG laser. The absorbed laser light excites
the trivalent dysprosium to a high energy level, which radiatively
and non radiatively decays to the F-level � uorescence, located at
496 nm (temperature independent). The G-level � uorescence, lo-
cated at 456 nm, is temperaturesensitive.7 Therefore, F-level emis-
sion can be used as an internalstandardfor calibrationof the G-level
emission, which allows the temperature determination to be a rel-
ative measurement rather than an absolute intensity one. The � u-
orescence from the F and G levels disappears at a temperature of
approximately1800 K due to the large photon quenching rates. The
lifetime of the F-level � uorescentemission is approximately0.1 ms
(Ref. 7).

The laser was allowed to operate at its optimum frequency of
10 Hz to minimize pulse-to-pulseenergydeviations.Approximately
50 mJ of excitation energy over a beam diameter of 0.012 m were
providedduring each 5-ns laser pulse. Each pulsehad an energy sta-
bility of 4% and a power drift of 6%. The timing and durationof the
image-intensi�er gate, or electronic shutter, on the ICCD cameras
was precisely coordinated with the laser pulse by a pulse generator.
It was adjusted to provide a 10-¹s gate in a “single shot” mode of
operation. This feature is very important at elevated temperatures,
where the natural blackbodyemission from the surface and the sur-
roundings is high. The � uorescencesignal from the test surface was
collimated by an -6 lens, was split into two equal paths by a cube
beamsplitter,and was thendirectedthroughtwo opticalnarrowband
� lters, at 496 and 456 nm for the F and G levels of � uorescence,
respectively. The two paths were separately imaged on two ICCD
cameras. To ensure that the images at the two wavelengths were
spatially identical, matched imaging lenses were used. When the
speci� ed number of laser pulses comprisinga single exposure were
completed, the camera controllerdisabledthe image-intensi�er gate
and stored the raw digital image data to a disk � le for analysis. A
high-performance personal computer provided the overall system
control, as well as image storage and analysis.

Intensity differences over the test surface occur as a result of
variations in the density of the phosphor coating, the laser excita-
tion energy, and the energy level of the expandedlaser beam output.
For three-dimensional surfaces, variations in viewing angle due to
surface curvature will affect the spatial emission intensities. Tak-
ing the ratio of the intensities of F and G levels can eliminate
the in� uence of these factors. Before the collection of the � uores-
cent images for analysis, a pixel-to-pixel correspondence between
the two images, projected onto the CCD cameras, was conducted.
The spatial intensity response of the cameras was also established.
Variations in the phosphor coating of the ICCD cameras’ photo-
cathode, which converts photons to electrons, caused differences in
the pixel-to-pixelintensityvalues. Imaging a uniformly illuminated
white surface checked the variation of the intensity response of the
cameras. Obtaining a correction array for each image, focused on
the detectors,eliminated the error. The array was establishedby the
division of the individual pixel intensity by the average intensity of
the image. The postacquisitionanalysis of the acquired images was
performed using IPLab Spectrum (V.3.1.1 Signal Analytics Corpo-
ration) image and data analysis software. The ratio of the intensities

of the F and G emissions was calculated for each pixel. It was then
correlated to temperature.The calibrationprocedure is described in
Ref. 7.

Because the LIF signal is very reproducibleas a function of tem-
perature, the accuracy of the technique corresponds to that of the
thermocoupleused for calibration,7 which is in the range of §2.0 K,
depending on the absolute temperature. The precision of the tem-
perature is affected by a number of factors, like photon statistics,
detector noise, and background signal levels. With the large signal
levels from Dy:YAG crystals, the major limit to precision is the de-
tector noise, which is 3%. The spatial resolution of the technique
depends on the minimum pixel size, which can be resolved by the
CCD camera. In the present study, it is equivalent to a square of
side length 0.0001 m (or 0.1 mm). The temporal resolutiondepends
on the choice of the data acquisition system. For example, a linear-
array detector can offer a high sample rate in excess of 30 Hz. In the
present study, a temporal resolutionof less than 2 s can be achieved
by setting the CCD camera in the maximum frequency acquisition
mode. The time constantof the technique is of the order of 0.21 ms.

Apparatus and Procedure
The experiments were performed on a blowdown type design

supersonic wind tunnel with vitiated air (Fig. 1). The nominal con-
ditions at the entrance of the test section were M1 D 2:5 § 2%,
Po D 5 £ 105 N/m2, To D 800 K § 3%, and Re1/m D 9:6 £
106 § 5%. (The Reynolds number varies due to the variation in
reservoir conditions.) The total run time of the tunnel was approxi-
mately 8 s with 4 s of steady-state� ow conditionsat nominalvalues.
The complete synchronization of the valves for the air, hydrogen,
and oxygenwas achievedelectronically,which allowed the valvesto
maintain a steady pressure inside the heater (typicallywithin §3%).
At the heater section, hydrogen gas and oxygen gas were injected
into the air and burned. The oxygen concentration of the produced
hot gas was kept to similar concentrationsas in that of standard air.
The hot gas was then accelerated to supersonic speeds at the nozzle
section. The test cross section was rectangular, 0.12 m in height,
0.12 m in width, and 0.4 m in length, with a backward-facing step
of height 0.01 m and width 0.12 m located 0.075 m from the nozzle
exit plane (Fig. 2).

A zirconia (ZrO2/ ceramic coating (0.005 m thick) provided
the thermal protection for the metal structure. Optical access was
achieved through quartz windows on both sidewalls. The fuel was
hydrogen and was injected parallel to the tunnel � oor through a
fuel-injector slit located along the backward surface of the step at
subsonic speed and at room temperature.The equivalenceratio was

Fig. 1 Schematic of the test facility, where C is the compressor, AD a
high-pressure air-dryer, F the � lter, V the valves, R the regulator, a the
wide angle diffuser and recti� er, b the settling chamber and air heater,
c the nozzle section, d the isolator duct, e the supersonic combustor, f
the spray-cooled diffuser, and T the air storage tank. (Note: valves V5,
V6, V7, and V8 are digitally controlled.)

Fig. 2 Schematic of the supersonic combustor. (Note: dimensions in
meters.)
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set to be about 0.15 at most because more fuel caused a strong pre-
combustionshock system,which caused the main � ow to decelerate
to subsonicspeeds.The injectorslit was rectangular,0.09 m in width
with a 0.003-m vertical opening.Because of the low static tempera-
ture, ignition was provided by a high-energyspark plug located at a
distanceof about0.15 m from the step. Ignitionwas initiated2 s after
the beginningof the run and 160 ¹s after reaching steady-state� ow
rates.Althoughthe � ame was heldstablyat the designpoint, thermal
choke or blowoff can occur just beside the design point. Therefore,
an activecontrol systemwas used to controlcombustioninstabilities
and to improve � ame holding. The system was based in the design
described in Ref. 8. A thick boundarylayer developsdownstreamof
the backward-facing step that controls the effective cross-sectional
area of the combustor. Four air injectors were installed in the fuel-
injectionside of the combustor,0.07 m from the step in a continuous
fashion. Air was injected perpendicular to the boundary layer at a
subsonic speed to affect the thickness of the boundary layer. Air in-
jectionwas � xedat 0.5%of themain air� ow in mole � owrate. An air
injectorconsistedof 50holeswith diameterof 0.002m. Air injection
was controlled by a system of stop and needle valves operated by
four stepping motors. Signals from two pressure transducerson the
combustor wall were used as feedback signals for the control. The
pressure transducers were installed at 0.03 and 0.06 m downstream
of the step.A controllerand a personalcomputermonitoredthe pres-
sure sensors and controlled the stepping motors according to these
signals.

On the fuel-injectionside of the combustor, two alumina ceramic
pieces of 0.05-m length and 0.01-mwidth were securedwith a high-
temperaturealumina adhesivealong the centerlineof the surface in-
side premachined strips. One of the pieces was placed immediately
upstream of the backward step, whereas the other piece was placed
immediately downstream of the step (Fig. 2). A steady-state heat
transfer analysis was performed to determine the optimum coat-
ing thickness.7 The ceramic pieces were coated with a thin layer
(<50 ¹m) of dysprosium YAG thermographic phosphor (equiva-
lent to a coating density of 0.05 kg/m2/, with � uorescence signal
uniformity of §3% and total thickness (alumina ceramic plus phos-
phor coating) of 0.01 m. The phosphor coating was excited by the
355-nm tripled output of a Nd:YAG laser 1 s after ignition, allowing
for establishment of the hydrogen fuel combustion. The emission
pro� le was then recorded at every 1-s time interval within the re-
maining time of steady-state� ow conditionsby theuseof the system
described in Sec. “Laser-Induced-Fluorescence Technique.”

Heat-Flux Estimation
Because the surface under consideration did not have time to

attain an equilibrium temperature due to the short run time under
steady-state � ow conditions, transient techniques can be employed
to measure heat � uxes. With the transient technique, the measured
emission intensity change during testing is used as an indication
of the changing surface temperature. By the use of an appropriate
theoretical model of the thermal response of the wind-tunnel sur-
face to the heat � ux (assumed to be suddenlyapplied), the latter can
be deduced from temperature changes. Such a model should also
satisfy the following criteria: 1) The phosphor coating is in� nitely
thin. 2) The convectiveheat transfer is transmittednormally into the
model surface. 3) The local surface radius of curvature is large. 4)
The heat conduction toward the metal nickel structure is negligible,
due to the short run time under steady-state conditions (<4 s) and
the low conductivity of the zirconia and alumina ceramic coatings.
Therefore, the one-dimensionalunsteady heat conduction equation
can be used for both the phosphor layer and the alumina–zirconia
ceramic substrate. The thermal model of the surface is shown in
Fig. 3. The data reduction model also assumes a surface tempera-
ture distributionon the temperature sensitive paint (TSP) layer with
both the TSP layer and the substrate material to have a constant
temperature Tini at t D 0:

@µ

@t
D ®

@2µ

@y2
D ·

½cp

@ 2µ

@y2
(1)

Fig. 3 Thermal model
of the surface.

Fig. 4 Transient heat-� ux using an assumed time-varying wall tem-
perature distribution.

where, for the TSP layer, µ D µTSP.y; t/ D Tw ¡ Tini and ® D ®TSP.
For the substrate, µ D µsub.y; t/ D Tsub ¡ Tini and ® D ®sub. The
boundary conditions are

qw .t/ D ·TSP
@µTSP

@y
.y D L/ D 0; µsub.y D 1/ D 0

The matching conditions on the interface are

µTSP.y D 0/ D µsub.y D 0/

·TSP
@µTSP

@y
.y D 0/ D ·sub

@µsub

@y
.y D 0/

Equation (1) was solved numerically by the Crank–Nicholson
� nite difference scheme, which is second-order accurate and usu-
ally stable at large time steps. A validation test for transient heat
transfer measurement in a supersonic wind tunnel was performed
with an initial temperature of 300 K, a time-varying wall temper-
ature distribution (Tw ¡ Tini D 80t 2=3/, and the geometry discussed
in Sec. “Apparatus and Procedure.” The properties of the materials
used are given in Ref. 9. The results indicate a steep increase in
heat � ux value within the � rst 1.5 s of operation under steady-state
conditions, followed by a much smaller increase between the 2.5
and the 4 s of operation of the order of 10% (Fig. 4).

In the present study, the experimentally measured and compu-
tationally calculated values of heat � ux at 4 s after establishment
of steady-state � ow rates were compared. (See Sec. “Results and
Discussion.”) The surface under considerationmust continue to be-
have as though it is semi-in� nite in extent throughoutthe measuring
period. (The conductive heat pulse must not re� ect off of the back
wall of the surface.) The thickness required for semi-in� nite be-
havior is10 y¤ D 4.®t/1=2. For typical plastic materials, this depth is
approximately 0.004 m for t D 4 s; for ceramics it is 0.008 m and
for metals it is O(0.04) m.

The accurate determinationof heat � ux depends on the degree to
which the theoretical model of the thermal response of the wind-
tunnelsurfaceto theheat � ux satis� es thecriteriaset out in the begin-
ning of the present section. When all of these factors are taken into
account, together with the uncertainties in the nominal wind-tunnel
conditions, run time, and operation (described in Sec. “Experimen-
tal Apparatus and Procedure”), the overall uncertainty in heat-� ux
determinationis estimated to be typicallyin the regionof§5%. This
measurement compares well with the typical uncertaintyof similar
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Table 1 Chemical kinetic mechanism of hydrogen–air
combustion2: rate constant,a kf = ATn exp (¡¡E/RT)

Reaction A E N

H2 C O2 $ HO2 C H 1:0 £ 1014 56000.0 0.0
H C O2 $ OH C O 2:6 £ 1014 16800.0 0.0
O C H2 $ OH C H 1:8 £ 1010 8900.0 1.0
OH C H2 $ H C H2O 2:2 £ 1013 5150.0 0.0
OH C OH $ O C H2O 6:3 £ 1012 1090.0 0.0
H C OH C M $ H2O C M 2:2 £ 1022 0.0 ¡2.0
H C H C M $ H2 C M 6:4 £ 1017 0.0 ¡1.0
H C O C M $ OH C M 6:0 £ 1016 0.0 ¡0.6
H C O2 C M $ HO2 C M 2:1 £ 1015 ¡1000.0 0.0
O C O C M $ O2 C M 6:0 £ 1017 ¡1800.0 0.0
HO2 C H $ OH C OH 1:4 £ 1014 1080.0 0.0
HO2 C H $ H2O C O 1:0 £ 1013 1080.0 0.0
HO2 C O $ O2 C OH 1:5 £ 1013 950.0 0.0
HO2 C OH $ H2O C O2 8:0 £ 1012 0.0 0.0
HO2 C HO2 $ H2O2 C O2 2:0 £ 1012 0.0 0.0
H C H2O2 $ H2 C HO2 1:4 £ 1012 3600.0 0.0
O C H2O2 $ OH C HO2 1:4 £ 1013 6400.0 0.0
OH C H2O2 $ H2O C HO2 6:1 £ 1012 1430.0 0.0
H2O2 C M $ OH C OH C M 1:2 £ 1017 45500.0 0.0

aUnits are cubic centimeters per mole per second.

value in heat-� ux estimationmade with more conventionaltransient
techniques (thin � lm or thermocouple gauges).

Computational Fluid Dynamics (CFD) Code
The � ow� eld inside the supersonic combustor was modeled with

a two-dimensional full Navier–Stokes code with a full chemistry
model of nine species (i.e., H2 , O2, O, H, OH, HO2 , H2O2, H2O,
and N2) on a cluster personal computer network arrangement. Ni-
trogen was inert. The chemical kinetic mechanism of hydrogen–air
combustionwas given by 19 elementary reactions2 (Table 1), where
M is the thirdbodythat absorbsexcessenergyreleaseduring thecol-
lision process. To avoid error accumulation over a speci� c species,
the total mass conservation equation and single species conserva-
tion equations were solved simultaneously. Hence, the governing
equations in the conservation form are as follows:

@U

@t
C @ F

@x
C @G

@y
D @ Fv

@x
C @Gv

@y
C S (2)

where U is the conservative vector, F and G are the convective
terms, Fv and Gv are theviscousterms,and S is thechemicalreaction
source term:
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The values of cpi , h i , and si were considered as polynomials of
temperature,and the equation of state for ideal gases was used. The
coef� cients of the polynomials were determined from the polyno-
mial curve � tting developedin Ref. 11. Body forces, bulk viscosity,
Soret effect, Dufour effect, and diffusion due to pressure gradi-
ent were neglected. The transport properties, the viscosity coef� -
cient, and the thermal conductivityof each specieswere determined
from Sutherland’s formulas (see Ref. 12). The mixtureviscosityand
thermal conductivity were determined from Wilke’s formula and
Wassiljewa’s equation, respectively (see Ref. 12). The effectiveand
binarydiffusioncoef� cientswereobtainedfromChapman–Cowling
and Chapman–Enskog formulas(see Ref. 12). The Baldwin–Lomax
algebraic turbulence model was employed to provide a turbulent
contribution to the viscosity.13 It has been shown in Refs. 5 and 14
that this turbulencemodelcan successfullycalculateseparated� ows
with much more complicatedgrid geometry than that of the present
study. The values of the turbulent thermal conductivity of the mix-
ture and turbulent diffusion coef� cient of i th species were obtained
from the eddy-viscosity coef� cient by the assumption of constant
turbulent Prandtl and Lewis numbers equal to 0.91 and 1.0, respec-
tively. They can be expressed as follows:

·t D ¹t cp=0:91; Dit D 1:0·t =½cp (4)

The system of the governing equations has been solved with an
explicitHarten–Yee non-MUSCL modi� ed-� ux type total variation
diminishing(TVD) scheme (see Ref. 15) accurate in time and space.
The two-dimensional,rectangularphysicalcoordinatesystem(x; y)
was transformed into the computationalcoordinate system (»; ´/ to
solve the problem on a uniform grid. The Roe’s average Riemann
solver was used (see Ref. 15) due to its simplicity and its ability to
return to the exact solution whenever the variables lie on a shock or
contact discontinuity. The Courant–Friedrichs–Lewy (CFL) num-
ber was chosen as 0.7 to obtain rapid convergence and to avoid
unsteadiness in calculation.

The numerical diffusionhas been checkedwith differentkinds of
limiters in a TVD scheme on a simulation study of the physics of
mixing and combustionwith the present code. The study indicateda
signi� cant reductionof thenumericaldiffusionwhena changeof the
limiter in the TVD scheme from minmod to “superbee” was made.
No signi� cant difference in the pattern of shocks and their positions
was found between the two limiters, and, for both cases, similar
tendencies of pressure distributions existed all over the � ow� elds.
However, the signi� cant differencein hydrogenpenetrationdistance
led the author to perform the simulation using the superbee limiter
because it can reduce the numerical diffusion in the present solution
of a mixing problem.
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The study indicated that the inclusion of the turbulence model
causes an increase in the viscosity, the diffusion coef� cient, and the
thermal conductivity, which causes an increase in the size of the
recirculation region and boundary-layer thickness both upstream
and downstream of the injector. Downstream of the injector, the
turbulencemodel causeshigherpenetrationand mixingof hydrogen
due to the enhancement of the diffusion coef� cient. The code has
been validated with the experimental data of Ref. 16. The code
was considered suitable for calculating the induced � ow� eld by
hydrogen injection in a supersonic � ow.

Computational Domain and Boundary Conditions
The geometry of the grid used for the numericalstudy is the same

as that of the model combustor used in the experiments. (See Sec.
“Apparatus and Procedure.”) The grid was generated using a two-
dimensional trans� nite interpolation technique17: 1) generation of
the one-dimensionalline gridsat all junctionsof the domain surfaces
with high density at all walls and in the region of the step where
high gradientsexist, to ensure the accuracyof the simulationsand 2)
generationof the two-dimensionalsurfacegridsfor all of thedomain
boundary surfaces by the use of the one-dimensional line grids as
the interpolation boundaries and the application of any geometric
constraints.

The sensitivity of the numerical solution to the computational
grid was checkedwith � ve grid densitiesand distributions.Smooth-
ing and stabilizing parameters were kept to a minimum during the
grid-sensitivity studies. The grid was re� ned in each direction of
the two dimensions while the other dimension was held � xed. The
study showed a difference of less than 1% between results for grid
systems of more than 350 nodes in the longitudinal direction and
80 nodes in the vertical direction. A grid system of 400 £ 90 nodes
was selected for these simulations.The minimum grid spacing was
10 ¹m (in theneighborhoodof thewall).The boundaryconditionsat
the top and bottom walls were no-slip and adiabatic, (@T=@n/w D 0.
For noncatalytic walls, the normal derivative of species mass frac-
tion also vanishes, and, consequently, the gradient of total density
becomes zero. The temperature, pressure, and density at the in� ow
boundary were assumed steady. At the out� ow boundary, the vari-
ables were determined by � rst-order extrapolation if the � ow was
supersonicin characteror by zero-orderextrapolationwhen the � ow
was subsonic.The velocity pro� le of the air� ow at the entrancewas
assumed uniform. In the computational study, the main air� ow was
dry air, whereas in the experiments it was vitiated air (containing
water and radicals).

The boundaryconditionat the fuel-injectorexit was uniformcon-
dition, and its static pressurewas made equal to that of the surround-
ing main� ow. Therefore, the fuel velocity varied according to the
equivalence ratio (ER) and the pressure at the exit of the fuel injec-
tor. For To D 800 K and ER D 0:15, the fuel velocity was 335 m/s
(M D 0:25/. After ignition and � ame establishment at the step, the
fuel velocity decreased to 215 m/s .M D 0:19/, due to an increase
of the ambient pressure. In the simulations, ignition was initiated
� rst by calculation of a steady-state solution (freezing all chemical
reactions) and then by provision of a supply of ignition energy at
x D 0:15 m from the step for 40 ¹s (that used to generate a shock
wave). The total energy supplied was about 9.5 J. The � ame began
to propagate upstream with the shock wave after it. The solution
history was monitored and the steady-state solution was selected if
the change of the � ow� eld parameters residuals became small or
the maximum number of iterations was satis� ed. The convergence
criterion required that the residuals be smaller than 10¡5 for the
mass, momentum, and energy equations.

Results and Discussion
A precombustion shock is generated near the step, and the aver-

age pressure level in the combustor is high (Fig. 5a). A separation
region is observedbehind the step (Fig. 5b). Hydrogen spreadsboth
upstream and downstreamof the injector due to stretchingand fold-
ing of the � uid layers. It is then transported toward the core of
the main air� ow, creating a shear layer (Figs. 5b and 5c). Because
of interaction between the main and injecting � ows, air enters the

a) Pressure distribution

b) Mach number distribution

c) Velocity contours and streamlines

d) Heat release distribution

e) Temperature distribution

Fig. 5 Typical � ow property distributions inside the supersonic com-
bustor.

recirculation region downstream the backward-facing step, and it
mixes with hydrogen. When this hydrogen–air mixture reaches the
top of the recirculation region, it mixes further with air. This en-
hanced hydrogen–air mixture is carried downstream by the main
� ow, and mixes with more air and spreads by expansion and dif-
fusion phenomena. Because, around the injector, there is a high
mass concentrationof hydrogen,mixing is caused by both diffusion
and convection of hydrogen. Further downstream, in the recircula-
tion region, mixing is mainly due to diffusion. The reacting region
is located in this shear layer, precisely where the temperature and
pressure recover due to the shock wave, which favors combustion
(Figs. 5a, 5d, and 5e). The activation of the diffusion terms in the
speciescontinuityequationsof the governingequation (2) enhances
mixing, which causes a larger penetrationof hydrogen into the � ow.
Because the dynamic pressure of the fuel is low due to the low ER,
it is conjectured that separation has a large effect on the fuel � ow.
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It is believed that the mixing ef� ciency is higher than that under
cold � ow conditions because of the vortex structure generated in
the separationregion. Under the present conditions, the shock wave
is supportedby the high backpressuredue to combustion,which, in
turn, induces separation that transports fuel and creates a favorable
reaction. The whole � ow� eld is not changed into subsonic, and the
main � ow still remains supersonic(Fig. 5b). The proposed� ow� eld
inside the combustor is depicted in Fig. 6.

Figure 7 shows the water productionzone in the reacting � ow re-
gion.The highestmole fractionof water appearsat about the middle
of the combustible mixing layer, where a stoichiometric mixture is
present.The upper region of the highestwater mole fraction layer is
fuel lean. The lower region is fuel rich. It is conjecturedthat the rise
in temperatureand pressuredue to chemicalreactionexpandsthe re-
circulationzone, resulting in a change in the location and steepness
of the separation shock wave in comparison with nonreacting case.

The surfacetemperaturerisededucedfromthemeasuredemission
intensities of the phosphor and calculated from the CFD code were
used to estimatetheheat � ux to the surface.The thermalmodelof the
unsteady heat conduction process described in Sec. “Heat-Flux Es-
timation” was used for this purpose. The comparison is depicted in
Fig. 8. Good agreementon the regionswith lower heatingcan be ob-
served, although in areas with intense combustion, the CFD predic-

Fig. 6 Proposed � ow� eld inside the combustor.

Fig. 7 Water (H2O) mole fraction in fully developed chemically react-
ing � ow� eld. (Note: all dimensions in meters.)

Fig. 8 Heat � ux comparisons along the centerline on the fuel injection
side.

tions are poor, with the experimental study indicating substantially
higher heating rates. The disagreement is believed to be due mainly
to the inability of the code to take into account the effect of the wall
and its complicatedcontributionto the chemistryof the combustion,
for example, heterogeneous reactions occurring at the interfaces of
the gas–solid wall interface. In the present case, the surface acts
as a catalyst for the gas reactions, for example, catalytic surface
recombination of dissociated diatomic atoms, which are known to
be � rst-order reactions. Another reason for the disagreement is the
three-dimensionalnature of the combustion, which is not modeled
in the present study (two-dimensionalmodel was assumed), due to
the huge computationaleffort required.

Conclusions
This study is one of the � rst to use LIF surface thermometry for

high-temperaturemeasurements on a model supersonic combustor.
Though it is necessary to apply a thin phosphor coating to the sur-
face on which temperature measurements are to be conducted, the
thermal resistance of the coating is negligible. With respect to the
spatial resolution capability of LIF thermal imaging, the only the-
oretical limitation is the precision of available optics. In practice,
however, the resolution will be a function of the surface area to
be measured, which determines the level of optical magni� cation,
as well as the quality of the phosphor surface. Coupled with full
Navier–Stokes simulations, the result is a methodology that quickly
provides a wealth of information critical to the design of thermal
protectionsystems for applicationsinvolvingengine design, reentry
vehicles, missiles, and supersonic transports.
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