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Skin-Friction Measurements in a Supersonic
Combustor with Cross� ow Fuel Injection

H. Tanno,¤ A. Paull,† and R. J. Stalker‡

University of Queensland, Brisbane, Queensland 4072, Australia

Shock-tunnel experiments have been performed to measure the effect on skin-friction drag in a supersonic
combustor of � ow disturbances induced by hydrogen fuel injection transverse to the airstream. Constant-area,
circular cross section combustors of lengths varying up to 0.52 m were employed. The experiments were done
at a stagnation enthalpy of 7.2 MJ ¢ kg ¡ 1 and a Mach number of 4.3, with a boundary layer that was turbulent
downstream of the 0.14-m station in the combustors. Combustor skin-friction drag was measured by a method
based on the stress wave force balance, the method being validated by agreement between fuel-off skin-friction
drag measurements and predictions using existing skin-friction theories. When fuel was injected, it was found that
the drag remained at fuel-off values. Thus, the streamwise vortices and other � ow disturbances induced by the fuel
injection, mixing, and combustion, which are expected to be present in a scramjet combustor, did not in� uence the
skin-friction drag of the combustors.

Introduction

S UPERSONIC combustion ramjets offer promise for airbreath-
ing propulsion at hypersonic � ight speeds, but a number of

issues remain to be resolved before their performance can be pre-
dicted with a reasonabledegree of con� dence. Skin-frictiondrag is
one of these issues.

Skin frictionbecomesof particularimportanceas � ight speeds in-
crease. For instance, in Ref. 1, the results of a performance study of
a hypotheticalvehicle are reported in which the contributionof fric-
tion drag matches that of the wave drag at speedsabove2.5 km ¢ s¡1.
The component contributionsto the net thrust of a scramjet are also
considered in Ref. 2, where viscous effects are seen to halve the
net speci� c impulse at 5 km ¢ s¡1 . A large part of this drag is con-
tributedby the supersoniccombustorsbecausethe � ow density there
is normally considerablyhigher than at any other part of the vehicle.
This was illustratedduring shock-tunnelexperimentswith a generic
modelof a hydrogenscramjetcruisecon� guration,3 whereestimates
indicated that skin friction accounted for 47% of the drag measured
in the fuel-off condition at 2.45 km ¢ s¡1 and that combustioncham-
ber skin friction was responsible for 42% of the skin-friction drag.
For missiles, studies4 have indicated that combustionchamber skin-
friction drag may be an even greater problem. Clearly, combustion
chamber skin friction is an important issue.

The relatively high densities and � ow speed in a scramjet com-
bustion chamber normally result in Reynolds numbers that are high
enough to ensure that boundary layers are turbulent. Substantial
work has been done on the prediction of turbulent skin friction at
high speeds,5 the most popular of the resulting methods of predic-
tion being thosedue to Van Driest6 and Spaldingand Chi.7 However,
these methods apply to a � at-plate boundary layer and, because the
� ow in a scramjet combustionchamber involvesmajor disturbances
associated with both injection and combustion of the fuel, there
is doubt that these analytically based methods can be used in the
scramjet combustion chamber context.

There are very few measurements of skin friction in supersonic
combustors, particularly at the elevated stagnation enthalpies asso-
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ciated with scramjet � ight. Chadwick et al.8 have measured skin
friction in supersonic combustion � ow� elds in vitiated blowdown
facilities, obtaining results for the skin-friction coef� cient that var-
ied by more than a factor of three. Novean et al.9 have made limited
measurements in a combustion duct in an expansion tube and ten-
tatively suggested that skin-friction coef� cients might be increased
by a factor of two by supersoniccombustion.In both cases, the mea-
surements were made at isolated points in the combustion duct, and
it is possible that local effects were being observed that were not
representative of the complete � ow� eld. Bowersox et al.10 tested
skin-friction gauges in supersonic combustors in shock tunnels,
but not enough � ow� eld information was available to evaluate the
results.

Shock-tunnel measurements in a supersonic combustion duct
with hydrogen fuel injection parallel to the mainstream from a cen-
trally located strut have previouslybeen reported.11 These measure-
ments involved four skin-friction gauges spaced along one surface
of the duct. The measured values of skin friction with combustion
were found to vary from test to test but, by performing a number
of tests suf� cient to de� ne a mean value with reasonable accuracy,
it was found that the mean skin friction with combustion was the
same as that without combustion.

It may be argued that these experiments were not representative
of conditions in a practical combustion chamber because they in-
volved only parallel injection of the fuel, whereas the demand for
rapid fuel–air mixing in a practicalcombustionchamber leads to in-
jectionwith a cross-streamcomponentof velocityand the formation
of streamwise vortices.These vorticesmay interactwith the bound-
ary layerandcausean increasein skin friction.Also, theexperiments
showed that a localmeasurementof skin friction in an impulsive su-
personiccombustion� ow� eld required repeated tests, coupledwith
a statistical analysis, to yield reasonable results, thus indicating the
utility of measurements of the integrated overall skin-friction drag
on a supersonic combustor as an alternative to local measurements.

The experiments reported here, therefore, had the twofold aim of
determining the effect of cross� ow injectionon the skin frictionand
of measuring the integrated skin-frictiondrag on a supersonic com-
bustor. Noting the importance of skin friction at high � ight speeds,
the experiments were performed at a stagnation enthalpy corre-
sponding to a � ight speed of 3.8 km ¢ s¡1. Straight, constant-area
combustorsof circular cross section were chosen.The constant area
had the advantage that it avoided extra experimental error involved
in taking account of the integratedpressure force on the walls of the
combustor in determining the skin-frictiondrag, and the axial sym-
metry provided by a circular cross section simpli� ed interpretation
of the pressuremeasurements.Also note that, for structural reasons,

1333



1334 TANNO, PAULL, AND STALKER

a circular cross section is likely to be preferred for supersonic com-
bustors at high enthalpies. The combustor lengths were varied and
included lengths suf� cient to allow almost complete combustion of
the air� ow with the hydrogen fuel.

The paper begins by describing the experimental arrangement,
involving a description of the method of measuring the integrated
skin-friction drag on a constant-areacombustion duct, and follows
this by considerationof the cross� ow established by the method of
fuel injection employed. Then the validity of the method of mea-
suring skin-frictiondrag is con� rmed by considering the results ob-
tainedwithout fuel injection,before goingon to determinethe effect
of supersoniccombustion in the duct. Discussion of the results then
leads to the conclusion.

Experiment
Apparatus

The experimentalapparatusis shown schematicallyin Fig. 1. The
test � ow is produced by the T4 free piston shock tunnel at the Uni-
versity of Queensland, operating in the shock-re�ected mode. The
shock tunnel is described elsewhere.12 It supplies shock-heated air
to a contoured axisymmetric nozzle of 25-mm throat diameter and
135-mm exit diameter, which produced a test � ow with a core uni-
formityof §5% and a diameter of approximately100 mm (Ref. 13).
As shown, the modelassemblywas mountedso that the intakewould
directly sample the test � ow. The test conditions, as determined by
numerical calculation of the one-dimensional nonequilibriumnoz-
zle expansion to the measured pitot pressure, are set out in Table 1.
They are similar to the test conditionsof Ref. 11 and yield a shock-
tunnel � ow for which the level of driver gas contamination of the
test � ow does not rise above 10% for at least 2.2 ms after shock
re� ection at the end of the shock tube. The � ow starting process
was complete within 0.8 ms, and so the test period was taken as the
1 ms beginning 1.0 ms after shock re� ection. This correspondedto
the time taken for the air� ow to pass a distance equal to 6.3 times
the length of the longest combustor tested.

Table 1 Air� ow Test Conditions

Estimated Reproducibility,
Quantity Units Value error, % %

Stagnation enthalpy MJ ¢ kg¡1 7.2 C4, ¡8 §2
Nozzle reservoir MPa 31 §5 §3.3

pressure
Mach number —— 4.3 §5 §0.6
Static temperature K 1600 C4, ¡8 §2
Static pressure kPa 85 §8 §3
Density kg ¢ m¡3 0.18 §13 §2.5
Velocity ms¡1 3300 C2, ¡4 §0.7
Pitot pressure MPa 1.7 §6 §3
Reynolds number —— 1.0 £ 107 §14 §4.7

per meter

Fig. 1 Model assembly (dimensions in millimeters).

Fig. 2 Combustor model geometries (dimensions in millimeters):
type A is for pressure measurement, type B is for skin-friction force
measurement.

The supersoniccombustorsconsistedof a constant-areaduct with
a circularcross section 33 mm in diameter.The drag forceon a com-
bustor was measuredby attaching it to the stress bar of a stress wave
force balance, as shown in Fig. 1. The principle of the stress wave
force balance was set out in Ref. 14, and it has been used in a num-
ber of experimentalprogramsto measuredrag forceon shock-tunnel
models, for example, see Ref. 12. Here the stress bar was a thin-
walled brass tube, of inner diameter98 mm and 2.8 m long, that was
suspendedwith thin steel wires and protectedfrom the external� ow
by theoutershroudand from the internal� ow (which passesthrough
the combustor) by the inner shroud. The shrouding was completed
by the front conical section of 30-deg semivertex angle, leading to
the intake.The arrangementwas intendedto ensurethat transmission
to the stress bar of extraneous forces, other than the force acting on
the internalsurfaceof the combustor,was minimized.To further this
objective,the combustorswere designedwith a short section at each
end of 0.75-mm wall thickness, as shown in Figs. 1 and 2. O-ring
seals were made between the combustor and the shroud assembly
close to the leading and the trailing edge of the combustor, the con-
tact between the O-rings and the outer surface of the combustor be-
ing such that the combustor experienced negligibleO-ring friction.
Thus, theonly extraneousforceactingon the combustorwas thatdue
to the pressuredifference,between the leading and the trailing edge
of the combustor,actingon the surfacearea affordedby the0.75-mm
wall thickness at each end. A correctionwas made for this force by
takingthe meanof the pressuresmeasuredbyanarrayof sixpressure
ports at the leading edge and the trailing edge, using the difference
of the means to calculate the extraneous force, and then subtracting
this from the forcemeasuredwith the stresswave forcebalance.This
led to a maximum correctionof approximately10% of the measured
force. Of course, this correction required that only a small gap ex-
isted between each end of the combustor and the shroud assembly
and, as will be seen later, it fails if this condition is not satis� ed.

Two types of combustors were used, as shown in Fig. 2. Type
A was used to obtain combustion chamber pressure distributions
and was instrumented with PCBTM quartz piezoelectric pressure
transducers, whereas type B, which was used to measure the skin-
frictionforce,was manufacturedof aluminiumin combustioncham-
ber lengths of 67, 120, 220, 320, 420, 500, and 520 mm. The conical
attachment between the combustion chamber and the stress bar is
also shown schematically in Fig. 2.
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a) Inlet duct showing location of fuel injection ori� ces

b) Cross section of � ow pattern 100 mm downstream
of injection (Á = 1)

Fig. 3 Hydrogen fuel injection (dimensions in millimeters).

Inlet Section and Injectant Flow Patterns

A detail of the duct inlet section is shown in Fig. 3a. There were
� ve fuel injection ori� ces, each 3 mm in diameter, equally spaced
about the circumference of the duct at 38 mm from the leading
edge. Room-temperature hydrogen was supplied to the injection
ori� ces by a fast-acting fuel valve,15 the hydrogen � ow rate being
monitored by two piezoelectric pressure transducers located in the
manifold downstream of the valve. The measured pressures were
such as to assure sonic � ow at the injection ori� ces. Precalibration
of the system allowed the hydrogen� ow rate to be determined from
the pressure measurements, and this, together with the test � ow
properties set out in Table 1, yielded the equivalence ratio Á, with
an accuracy of §16%.

Figure 3b is the cross� ow pattern 100 mm downstream of injec-
tion at Á D 1. It was obtained by assuming that the � ow from each
ori� ce was identical to that obtained with a single ori� ce in a � at
surface.The hydrogenpenetrationdistanceinto the mainstreamwas
estimated from Refs. 16 and 17, using the ratio of momentum � ux
per unit area, that is, ½u2, in the hydrogen jet to that in the main-
stream as a correlatingparameter.This correlationis independentof
the injectant molecular weight and the freestream Mach number.16

The lateral hydrogen penetration was obtained in the same manner.
It represents the lateral extent of each of the two vortices17;18 in-
duced by the jet from the ori� ce. The broken line in Fig. 3b shows
the calculated edge of the boundary layer (which is laminar at this
station) in the absenceof the jets and demonstratesthat the hydrogen
penetrates to well beyond the boundary layer.

For stations farther downstream, the injection � ow patterns grow
and merge, and mixing and combustionof the hydrogengeneratesa
rise in pressure. As will be seen hereafter, this pressure rise begins
less than 200 mm from injection, a downstream distance corre-
sponding to 6.1 duct diameters, and approaches the fully mixed and
burned equilibrium value by 400 mm, a distance corresponding to
12.1 duct diameters. Such length to diameter ratios are expected to
be typical of full-scale scramjet combustors at the � ow conditions
of these experiments and, in combination with the hydrogen pene-
tration distances illustrated in Fig. 3b, indicate that the mixing and
combustion obtained in these experimentswas typical of a practical
scramjet combustor. Thus, the streamwise vortices caused by fuel
injection, which may interact with the boundary layer to cause an
increase in skin friction are, at least qualitatively,correctlymodeled
in the experiments.

Calibration of Stress Wave Force Balance

Piezoelectric � lm strain gauges were attached to the stress bar
120 mm from the model attachmentcollar, as shown in Fig. 1. They

Fig. 4 Wire-cutting calibration
test.

encircled the stress bar to cancel the effects of any bending that
might occur, and, therefore, they responded only to longitudinal
stress waves. The time history of these stress waves is a function of
the loads applied to the model, and the relation between the two can
be written as

x.t/ D
Z t

0

g.t ¡ ¿ / f .¿ / d¿ (1)

where x.t/ is the measured signal, f .t/ the input signal due to the
applied loads, and g.t/ an impulse response function that relates
x.t/ and f .t/. Because the system is elastic, and, therefore, linear,
the impulse response functioncan be determinedby applyinga step
function load to the system and measuring the output signal. With
g.t/ thus determined, numerical deconvolution procedures allow
f .t/ to be determined from x.t/. More detail on this procedure can
be found in Ref. 14.

To apply a step load, a wire-cutting calibration test was used. As
shown in Fig. 4, the combustor and force balance assembly (without
the shroud) was suspendedby a � ne wire attached to the combustor,
and the wire was suddenly severed. The strain gauges recorded the
output signal and, by relating it to the change in the wire load, that
is, the weight of the assembly, the impulse response function could
be determined. Both the process of calibration and of numerical
deconvolution of the measured signal in a test were simpli� ed by
using a long stress bar because the arrival of stress wave re� ections
from the downstream end of the bar was delayed until the test time
was over.

Data Recording

Data were recorded and stored on a 12-bit transient digital data
storewith a sampling time of 1 ¹s. Pressure transduceroutputswere
recorded through two-times multiplexers, resulting in a sampling
time of 2 ¹s. The force balance strain-gauge outputs were stored
directly,with the numerical deconvolutionperformedafter each test
to yield the force record.

Results and Discussion
Pressure Measurements

Figure 5 shows pressure distributions measured in the type A
combustor, normalized by the measured pressure at the combus-
tor leading edge. This pressure was 75 § 6 kPa for Á D 0, rising to
95 § 8 kPa for Á D 1:5. Figure 5a displays examples of the pres-
sure distributionobtained at intervals of 0.1 ms during the 1 ms test
time, both with and without the introductionof fuel. The � ow distur-
bances seen are attributed to the presence of the injection ports, the
fuel injection itself, and to the gap between the shroud assemblyand
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a)

b)

Fig. 5 Wall pressure distributions: a) variation during test time to-
gether with theoretical affects of boundary growth and complete com-
bustion and b) effect of fuel � ow.

the leading edge of the combustor, as well as a possible slight mis-
alignment of the duct with respect to the test � ow direction.Though
there is some relatively small variation of the pressure distributions
during the test time, it is seen that the overall distribution remains
unchanged, indicating that the � ow is essentially steady during this
period. Also note that the pressure distributionsof Figs. 5a and 5b,
at Á D 1 and 0, were not taken from the same test. Though there
is some variation in detail between the two sets of data at Á D 1,
possibly due to shot-to-shot variation in the hydrogen mass � ow, it
can be seen that overall shot-to-shot reproducibility is essentially
maintained.

The increase in pressure due to the growth of the boundary layer
in the absence of fuel injection is shown by the broken line at Á D 0
in Fig. 5a. This was calculated by using the predicted incompress-
ible boundary-layer thickness, modi� ed by the reference enthalpy
method,19 and combining this with a one-seventhpower law veloc-
ity pro� le and a linear variationof stagnationenthalpywith velocity
to estimate the displacement thickness.The measured pressure dis-
tribution at Á D 0 is not inconsistent with this calculation.

As shown in Fig. 1, pitot pressure measurements were made at
the exit of the type A combustor and, when these were combined
with the static pressure measurements, they indicated a Mach num-
ber that fell from a value of 3.5 in the absence of hydrogen fuel
addition to a value of 1.8 when the fuel was added at an equivalence
ratio of 1.5. Thus, supersonic combustion took place throughout
the experiments.The expected increase in pressuredue to complete
combustion at Á D 1 in a constant-area duct with the � nal com-
bustion products in chemical equilibrium has been calculated20 and
added to the rise in pressure due to boundary-layergrowth at Á D 1
in Fig. 5a. Measured pressures approach this line between the 200-
and 400-mm stations, indicating that substantially complete com-
bustionhad occurredat these distancesfrom injection.Also, Fig. 5b
shows that the pressure rise increased as the fuel � ow increased up
to an equivalence ratio of one, where it appears that it may have
reached a plateau.This is further evidence that, in addition to being
supersonic, the combustion was essentially completed within the
length of the duct.

Fig. 6 Records of axial force on 520-mm combustor.

Fig. 7 Effect of combustor length on skin-friction drag and compari-
son with fuel-off theoretical predictions.

Force Measurements

Deconvolved records of the axial force on the 520-mm type B
combustor are shown in Fig. 6. Time is measured from the mo-
ment of shock re� ection in the shock tube. It is seen that there was
no distinguishable effect on the axial force as the hydrogen fuel
equivalence ratio was increased from 0 to 1.5. The estimated6 level
expected for the axial force due to skin friction with a fully turbu-
lent boundary layer is also shown on Fig. 6. The measured levels
are approximately 75% of this level, indicating that all or most of
the forces measured were due to skin friction.

Identi� cation of the measured axial force with skin friction was
carried further by measurements on combustion ducts of different
lengths, at equivalence ratios of zero and unity, with the results
shown in Fig. 7. It can be seen that, as in Fig. 6, fuel injection does
not signi� cantly in� uence the measured drag force. However, it can
also be seen that the drag does not approach zero as the combustor
length approaches zero, indicating that a residual extraneous force
on the combustorremains. Inspectionof the model on completionof
these experiments revealed that a design detail fault with the type B
combustorscaused a 5-mm gap to form between the leading edge of
the combustor and the trailing edge of the inlet section, permitting
the possibility of leakage from the air� ow that would be suf� cient
to generate the extraneous forces required. The fault was recti� ed
and the 220- and 420-mm combustors were tested again at Á D 0,
yieldingforcemeasurementsof 48 § 4 N and 95 § 5 N, respectively.
The correspondingmeasurementsin Fig. 7 are 67 and 117 N, respec-
tively, indicating an extraneous force of 19 and 22 N, respectively.
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This will apply to all tests with type B combustors. Thus, the aver-
age value of the extraneous force is taken to be 21 N and is plotted
as the broken line in Fig. 7 to yield an effective zero for the skin-
friction force measurements. The uncertainty of §5 N obtained in
the measurements with the recti� ed combustors is represented by
the crosshatchedzone in Fig. 7, and this may be combined with the
uncertaintyindicatedby the error bars for individualpoints to obtain
the uncertainty in the � nal skin-friction force measurements.

Comparison with Fuel-off Skin-Friction Predictions

With the extraneous force accounted for, the skin-friction drag
measurements with no fuel injection can be compared with pre-
dictions using established methods. These calculations of the skin-
friction drag will depend on the location of the station at which
boundary-layertransitionoccurs.Heat transfermeasurementsin the
shock tunnel at a Mach number of 6 (Ref. 21) and the unit Reynolds
number of the present experiments indicated that transition was
completed at a Reynolds number Rex of 2.7 £ 106 . The different
model con� guration and Mach number of the present experiments
suggested that this value should be checked, and so measurements
were made with thermocouple heat transfer gauges situated in the
wall of duct A. The results, shown at the top of Fig. 7, indicate
that transition is completed approximately 140 mm downstream of
the combustor leading edge and, noting that the length of the in-
let section is 60 mm, the unit Reynolds number of Table 1 yields a
Reynolds number at the end of transitionof 2:0 £ 106, a valuewhich
is only a little less than that of Ref. 21.

Thus, the boundary layer is turbulentdownstreamof the 140-mm
station.The virtual origin for turbulentboundary-layercalculations,
assumed to be at 82.5% of the distance to transition,22 is located
at the 105-mm station. The calculations of the skin-friction drag
were made using the methods of both Van Driest6 and Spalding
and Chi7 for the skin friction in the turbulent boundary layer. In
the transition region, assumed to run from the 60-mm station to
the 140-mm station,21 the skin friction is assumed to vary linearly
from the laminar to the turbulent value. In the laminar region, the
reference enthalpy method is used in determining skin friction.19

The growth of the boundary layer in the duct leads to constriction
of the � ow, with a consequent increase in the dynamic pressure, as
well as the increase in static pressure that has already been noted.
To take account of the effect of this dynamic pressure increase on
the skin friction, the normalized pressure of Fig. 5 was represented
by a distribution that increased linearly from 1.0 to 1.5 over 0.5 m
of duct length, and the associated increase in dynamic pressure was
calculatedby assuming isentropic � ow with a ratio of speci� c heats
of 1.3. This increase was then combined with the skin-friction co-
ef� cient, multiplied by the duct perimeter, and the result integrated
over the duct length to obtain the resulting increase in skin-friction
drag. It was found that the proportionalincreasevaried linearlywith
the duct length, reaching a maximum of 16% for the 520-mm duct.
This was incorporated into the calculations for Fig. 7.

Comparing the results of these calculations of total skin-friction
force with the experimental measurements in Fig. 7, it is seen that
the measured axial force (minus the extraneous force of 21 N) falls
between the skin-frictionpredictionsmade accordingto Van Driest6

and Spalding and Chi.7 This is in accord with Ref. 23, where it was
found that � at-plateskin friction,measured in the shock tunnel, also
tended to fall between predictions made by the same two methods.
Thus, to within the accuracy with which skin friction can be pre-
dicted, the measured and predicted values of the skin-friction force
are consistent,con� rming the ef� cacyof thismethodof skin-friction
force measurement. To within the same accuracy, the measure-
ments with fuel added are indistinguishablefrom those without fuel
addition.

Thus, the measurements indicate that mixing and combustion,
with varying amounts of fuel addition, does not affect the skin-
friction drag of the 520-mm combustor. The same applies when
the length of the combustor is varied at an equivalence ratio of
one, indicating that the axial distribution of skin friction is also
unaffected, in spite of the presence of the pressure disturbances
evident in Fig. 5. It is clear that the generation of � ow conditions

typical of those likely to be found in a practical scramjet combustor
yields the same result as Ref. 11, namely, that the mean skin friction
is not affected by supersonic combustion.

Conclusions
Shock-tunnelexperimentshavebeenconductedto measuretheef-

fectof transversefuel injectionon the skin-frictiondrag experienced
by a simple, constant-area supersonic combustor of circular cross
section. The experiments were done at a precombustion freestream
temperature of 1600 K, a Mach number of 4.3, and a static pres-
sure of 85 kPa. Hydrogen fuel injection took place normal to the
mainstream � ow, through � ve sonic ori� ces equally spaced on the
perimeter of the duct, producing the streamwise vortices and pres-
sure disturbances that are expected to be characteristic of typical
scramjet combustors. Pressure distributions indicated that vigorous
combustion took place at equivalence ratios from 0.5 to 1.5.

An adaptation of the stress wave force balance was used to mea-
sure the total skin-frictiondrag on the combustors.Tests on a series
of combustors of varying length showed that, in the absence of
fuel injection, the measured drag was consistentwith predictionsof
existing skin-friction theories. This con� rmed the ef� cacy of this
method of measuring the integrated skin-friction drag. When fuel
was injected, it was found that the skin friction was not measur-
ably affected, both when the equivalence ratio was varied with a
� xed combustor length and when the combustor length was var-
ied with a � xed equivalence ratio. It is concluded that, in spite of
the streamwise vortices and other � ow disturbances introduced, the
overall skin-frictiondrag is not signi� cantly affected by transverse
fuel injection. Because these disturbances are thought to be typical
of those in a working scramjet combustor, the results, together with
similar results for parallel injection in Ref. 11, indicate that the level
of skin-friction drag in such a combustor would not be affected by
injection, mixing, and burning of the fuel.
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