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Shock-Tunnel Skin-Friction Measurement
in a Supersonic Combustor

C. P. Goyne,¤ R. J. Stalker,† and A. Paull‡

University of Queensland, Brisbane, Queensland 4072, Australia

Shock-tunnelmeasurements are reported of skin friction with supersonic hydrogen–air combustion in a constant
area duct. A � oating-elementskin-friction gaugewas used, in which the shear force was applied directly to a piezo-
ceramic measuring element. The experiments were conducted at stagnation enthalpies of 5.7 and 6.8 MJ kg ¡ 1 , a
precombustion Mach number of » 4.5, and with a maximum duct Reynolds number of 1:3 £ 107. The measure-
ments showed that, although supersonic combustion caused the skin friction to � uctuate with time, it did not affect
the mean value of the skin-friction coef� cient, and this mean value could be predicted using existing turbulent
boundary-layer theory. Measurements of heat transfer also established that Reynolds analogy could be used in
both the fuel-off and fuel-on � ows.

Nomenclature
c f = skin-friction coef� cient
ch = Stanton number
cp = speci� c heat at constant pressure
n = number of measurements
Pr = Prandtl number
Pq = heat transfer rate
r = ¿= Pq
T = mainstream temperature
Tw = wall temperature
t = student’s t
U = mainstream velocity
1H = cp.T ¡ Tw/ C 0:44 U 2

½ = mainstream density
¾ = standard deviation
¿ = skin friction

Subscripts

n = fuel-off
0 = fuel-on

Introduction

A IR-BREATHING propulsion is accomplished by producing
thrust that equals or exceeds the drag on a vehicle. Thrust is

generatedby addingenergy to the airstream, in the form of heat, and
converting it into thrust work. Because heat addition is invariably
effected by combustion, it is limited by the calori� c value of the
fuel, which is independent of � ight speed. And, as the work done
by a given level of thrust increases with the � ight speed, it follows
that the thrust tends to decrease with increasing � ight speed. On the
other hand, the skin-frictiondrag dependson the square of the � ight
speed.The well-knownconsequenceof this is that skin-frictiondrag
must become an increasingly signi� cant fraction of the propulsive
balance of forces as the � ight speed increases.

An important part of the skin-friction drag is contributed by su-
personic combustors.This is illustrated by experiments with an ax-
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isymmetric integrated scramjet con� guration, using constant area
combustors,1 at freestream velocities between 2.2 and 3.6 km s¡1.
Calculations indicated that combustion chamber skin friction con-
tributed»28% of the total drag, and 60% of the overall skin friction
drag. The maximum net thrust in the experiments was obtained at
2.2 km s¡1 , and was only half of the calculated skin friction in the
combustion chambers. Although the choice of theory on which the
calculations of skin friction were based could lead to a difference
in the values obtained exceeding 40%, the investigation served to
demonstrate the in� uence of combustion chamber skin friction on
net thrust.The fact that this in� uencewill growwith � ight speed,and
that uncertainty exists regarding the theoretical predictions, makes
it desirable that combustion chamber skin friction be measured at
high speeds.

Impulse facilities,such as the shocktunnelor theexpansiontube,2

offer the only practical means of generating � ows at the necessary
speeds.The shock tunnel offers longer test times than the expansion
tube, and, therefore, is able to accept larger models, but both have
been used previously for measurements of skin friction.3¡6

Early shock-tunnel measurements of skin friction were reported
by Holden.3 The gauge consistedof a � oating element supportedby
two cantilever piezoceramic beams that developed a charge when
de� ected. Measurements were obtained on a � at plate at � ow ve-
locities up to 2.4 km s¡1 . More recently, Bowersox et al.7 have
developed a gauge with the � oating element supported by a single
cantilever beam. The beam was instrumented with semiconductor
straingauges.Noveanet al.6 testedan improvedversionof thisgauge
in a combustion duct in an expansion tube, with mixed success.

As a means of obtaining a higher-frequency response than had
been achieved with cantilever beam-type gauges, Kelly et al.8 de-
signeda skin-frictiongauge that employeddirect shear of a piezoce-
ramic measuring element. The gauge was used to measure laminar
skin friction in a small free-piston shock tunnel. With subsequent
modi� cation and development, this type of gauge has been used
to measure turbulent skin friction in a free-piston shock tunnel.4;5

The present experiments utilize this type of skin-friction gauge.
Simultaneous measurements were made of the distributionsof skin
friction,heat transfer,and pressurealong the lengthof a rectangular,
constant area, combustion duct. The precombustion air� ow Mach
number was 4.5, and the fuel was hydrogen,whereas the maximum
stagnationenthalpy correspondedto a � ight velocity of 3.6 km s¡1.
The use of a constant-areaduct of a moderatelyhigh precombustion
Mach number ensured that, in spite of the combustion pressure rise,
changes in the density and the velocity along the duct were small
(of the order of a few percent). This simpli� ed interpretationof the
results.

This paper begins by describing the experimental appara-
tus, with emphasis on the skin-friction gauges. The skin-friction
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Table 1 Test conditions—Air� ow

Conditions
Estimated

Quantity Units error, % 1 2

Stagnation enthalpy MJ kg¡1 C4, ¡8 6.8 5.7
Nozzle reservoir pressure MPa §5 34 30
Mach number —— —— 4.4 4.5
Precombustion temperature K ¡4, ¡8 1370 1100
Precombustion pressure kPa §8 78 64
Precombustion density kg m¡3 §13 0.198 0.202
Precombustion velocity ms¡1 C2, ¡4 3160 2930
Reynolds number per m m¡1 —— 1:2 £ 107 1:3 £ 107

Equivalence ratio —— §16 0.9 1.0

Fig. 1 Typical test pressure records.

measurement technique is outlined, and the results are then pre-
sented and discussed, before leading to the Conclusions.

Experiment
Shock Tunnel and Test Conditions

The experiments were conducted in the shock re� ected T4 free-
piston shock tunnel at the University of Queensland. The shock
tunnel is described elsewhere.1;9 Basically, it consisted of a free-
piston driver, 229 mm in diameter and 26 m long, with a shock
tube 75 mm in diameter and 10 m long. The shock tube supplied
a contoured axisymmetric nozzle of 25 mm throat diameter and
135 mm exit diameter. After expansion through the nozzle, the test
� ow passed directly into the experimental duct, and therefore, the
experiments were essentially of the “direct connect” type.

The test conditions are set out in Table 1. The nozzle stagnation
enthalpy was obtained from the shock speed and the initial pressure
in the shock tube.Wherenecessary,isentropicexpansionof the air in
the re� ected shock region to the measured nozzle reservoirpressure
was also invoked. A numerical calculation of the nonequilibrium
nozzle expansion then yielded the test � ow conditions.9;10

Typicalrecordsof nozzlereservoirpressureand the staticpressure
at the � rst transducerin the experimentalduct arepresentedin Fig. 1.
The test period is also shown, and corresponds to the time taken for
the air� ow to pass a distance equal to three times the instrumented
length of the duct. The test conditions are taken as the mean value
over the test period.The time when the air� ow may be contaminated
by the helium–argon driver gas11 is also displayed.

Experimental Duct

The experimental duct is shown in Fig. 2. Note that the longi-
tudinal dimensions are scaled by a factor of 4 relative to lateral
dimensions in order to display detail more clearly. The duct is of
48 £ 100 mm rectangular cross section, with a fuel-injection strut
10 mm thick,which spans the 100 mm dimensionin the midplaneof
the duct. The leading edge of the strut is located suf� ciently far up-
stream to ensure that the shocks and expansionwaves that it creates
do not enter the duct. Hydrogen is injected from a nozzle spanning
the blunt trailing edge of the strut. The approximate boundaries of
the resulting mixing and combustionwake, as determined from pre-
vious experiments,12 are also shown, and it can be seen that it � lls

Fig. 2 Experimental duct (dimensions in millimeters).

the duct from »500 mm downstream of the injection station. If the
boundary layers on the walls of the duct are taken into account, the
wake � lls the duct from an even shorter distance downstream of
the injection station. This is also con� rmed by optical studies of a
combustion duct that was a half-scale version of the present one.13

Previousexperimentsin the shock tunnel14 indicate that transition
of the boundary layers will be expected within 150 mm of the duct
leading edge, as shown in Fig. 2, and therefore, the boundary layers
are turbulentover most of the duct length. The estimated boundary-
layer displacement thickness 500 mm downstream of injection is
1.5 mm. As shown, one wall of the duct was instrumentedwith skin-
friction gauges, thin � lm heat transfer gauges, and PCB piezotronic
piezoelectric pressure transducers.

Hydrogenfuelwas introducedfroma room-temperaturereservoir
througha solenoid-operatedvalve that was triggeredby recoil of the
shock-tunnelassembly prior to arrivalof the test � ow. The hydrogen
was suppliedto eachof the two endsof the injectionstrutthroughtwo
supply ducts, and the pressure in each was monitored by a piezo-
electric transducer. The supply pressure was constant throughout
the test time. Injection took place througha two-dimensionalsuper-
sonic nozzle with a 1.6 mm throat, and after isentropic expansion
to the precombustion static pressure, the hydrogen Mach number
and velocity was 2.2 and 2000 ms¡1 , respectively.The system was
precalibratedto yield the mass � ow of hydrogenfrom the measured
supply pressure.

Skin-Friction Gauges

The principleof operation of the gauges used is shown in Fig. 3a.
The skin-friction force is applied through a � oating element that is
attached directly to a piezoceramicring. The piezoceramicmaterial
is lead zirconate titanate, PZT-5H, supplied by Morgan Matroc, of
Southampton, England, United Kingdom. The gauge is mounted so
that the direction of polarization of the piezoceramic is parallel to
the direction of the skin-friction force to be measured. In principle,
the piezoceramic is therefore sensitive only to a shear force, and
not to the normal force arising from the � ow static pressure acting
on the � oating element. However, manufacturingtolerancesallow a
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Fig. 3 Skin-friction gauge: a) principle of operation and b) design
layout.

residual pressureeffect, but this can be accountedfor in the manner
described next.

The design of the gauges is shown in Fig. 3b. It incorporated a
measuring- and an acceleration-compensating piezoceramic. Both
consisted of a 1.5-mm-thick, 8-mm-diam PZT-5H ring with a
2-mm-hole through the center. The ceramics were located on each
side of an aluminium base and 10-mm-diam invar disks were joined
to each of the two remaining faces. One of these invar disks formed
the skin-friction sensing surface, whereas the other, protected from
the � ow, was used for acceleration compensation. Both ceramics
were covered by an acrylic insulator that was then coated with a
conductive paint. The coating was earthed and acted as an electric
shield. The sensing ceramic was also wrapped in approximately
11 layers of � ne brass mesh. This acted to cool the freestream air
that entered the cavity formed between the piezoceramic-invaras-
sembly and the brassgauge housing.The designresulted in a lowest
natural frequency of »40 kHz.

The transducers were calibrated for transient shear and
acceleration forces in separate bench tests. Transient pressure cali-
bration was obtained in situ, within the shock-tunnel� ow, using the
wall static pressures measured adjacent to each transducer.

Shear calibrationswere obtained by loading the sensing element
using an adhered cotton thread arrangement. A vertically hung
weight, of known mass, was suddenly released to produce a step
change in appliedforcewith a rise time of less than 1.5 ms. Figure 4a
presents a typical shear calibration.

Accelerationcalibrationswere obtainedby vibrationallyexciting
the gauge, along the sensingaxis, using an electrodynamicvibrator.
Determination of the ratio of measuringelement output to accelera-
tion elementoutputpermittedroutinesubtractionof the acceleration
component of the signal during service. A nominal excitation fre-
quency of 300 Hz was used, to approximately match the predicted
dominant frequency of acceleration experienced by the gauge in
the shock tunnel. A check measured at 1 kHz was also obtained.
Figure 4b presents a typical acceleration calibration.

Pressure calibrations were obtained through a series of paired
shock-tunnel runs. Measurements were obtained for one test con-
dition and then repeated with the skin-friction gauge rotated by
180 deg relative to the � ow. The shear component of the gauge
output changed sign with rotation, but the pressure component did
not. By comparing half the sum of the two signals with the average
static pressure measured adjacent to the gauge, the pressure sensi-
tivity of the transducerwas established.Figure 4c presents a typical
pressure calibration. During the tests conducted here, the pressure
componentsof the gauge output representedabout 30% of the shear
component.

Pressure and Heat Transfer

As shown in Fig. 2, static pressure was measured with PCB
piezotronic piezoelectric pressure transducers located on the same
wall of the duct as the skin-friction gauges. Heat transfer was also
measured on the same wall using platinum thin � lm heat transfer
gauges mounted on a quartz substrate. Because of the geometry of

Fig. 4 Example of calibration for a skin-friction gauge: a) shear, b)
acceleration 300 Hz (circles 1 kHz), and c) pressure.

the duct and injection system, the � ows produced were essentially
two dimensional, and, therefore, the measurements of pressure and
heat transfer by the gauges adjacent to the skin-frictiongauges were
taken to apply at the location of the skin-frictiongauges.

Data Recording

Data were recorded and stored on a 12-bit transient digital data
store with a sampling time of one ¹s. The output from the skin-
friction gauges was recorded directly, whereas the output from the
pressure transducers and the heat transfer gauges was recorded
through 4 £ multiplexers, resulting in a sampling time of 4 ¹s for
each channel.The recordedsignalfrom thepressuretransducerswas
time averagedovera periodof 20 ¹s beforedisplay,whereasthe sig-
nals from the thin � lm heat transfergaugeswere computerprocessed
to display the heat transfer rate. Because of the high heat transfer
rates experienced, it was necessary to take account of the change in
properties of the quartz substrate in processing the signal.15

Results and Discussion
Skin-Friction Records

A typical set of skin-friction records is shown in Fig. 5. The
records are arranged according to the station of the gauge in the
duct. It will be observed that the upstreamgauge shows a temporary
reduction in the skin friction during the approach to a steady value,
and that, in passing to successive gauges, this reduction grows into
a strong reversal of the skin friction. The nature of the � ow starting
process in the hypersonic nozzle and the resulting � ow through the
duct explains this effect. As shown in Fig. 6, the starting � ow in
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Fig. 5 Typical skin-friction records (condition 1).

Fig. 6 Duct starting � ow.

the nozzle leads to formation of a primary starting shock, followed
by a secondary starting shock and an unsteady expansion.16 The
secondary starting shock faces upstream, but is swept downstream,
along with the rest of the starting wave system. When the starting
wave system enters the duct, the secondary starting shock causes a
region of separated � ow to develop as it passes down the duct, and
hence, a reversal in the skin friction. The duct starting process is
completed when this separation region is swept from the duct, and
steady � ow ensues.

The separated region experiences an increase in pressure as the
unsteady expansion is swept downstream. The resulting increase
in density causes the separated region to become thinner, velocity
gradients normal to the surface are increased, and hence, the skin
friction increases.This effectmay be expectedto lead to larger mag-
nitudesof skin-frictionreversalwhen the pressurechangeacross the
unsteadyexpansionis increased.This occurs for instanceduring the
nozzle starting process when the ratio of nozzle reservoir pressure
to initial test section pressure is increased. Tests where this ratio
was varied showed that the magnitude of the skin-friction rever-
sal did indeed vary as expected, and therefore, provided qualitative
con� rmation of the proposed mechanism of skin-friction reversal.

The skin-frictionrecordsof Fig. 5 are time averagedover 100 ¹s,
and are records of the acceleration-compensated gauge output, be-
fore the pressure sensitivity and the shear calibration factors have
been taken into account. Two sets of fuel-on records are presented,
the second set corresponding to the gauges being relocated in re-

Fig. 7 Typical pressure distributions (condition 1).

verse order in the duct; i.e., the gauges that were at stationsA and B
were exchanged with those located, respectively, at stations D and
C. This was done to avoid the possibility of mistaking the response
characteristicsof a particular gauge for a feature of the � ow.

Station A is close to the point at which the Mach line from the
trailingedgeof the injectionstrut strikesthe surfaceandyieldsgauge
outputs, which, after passage of the separated region, are relatively
steady during the test time. These are typical of outputs obtained in
previousmeasurementsof skin frictionon a � at plate in a rectangular
duct,4;5 and is the output expected when measuring skin friction in
a steady � ow. For the fuel-on � ows, the outputs at the remaining
stations exhibit apparentlyrandom� uctuationsduring the test time,
whereas for the fuel-off case these are con� ned to station B, with
station D exhibiting a tendency for the output to slightly increase
with time.

These random � uctuations are ascribed to shocks and expansion
waves, arising from the presence of the injection strut and from the
combustion wake, giving rise to local regions of pressure gradient
along the surface. Figure 7 shows typical duct unaveraged pressure
distributions, taken at 0.3-ms intervals during the test time, for both
fuel-on and fuel-off cases. Although the pressure gradients are not
captured in detail, the pressure distributions show that substantial
streamwisevariationsin pressureexist, and that these are greater for
the fuel-oncases thanfor the fuel-offcase.The pressuredistributions
vary by only a small amount with time, but in the vicinity of strong
pressure gradients, a small shift in the pressure distribution can
correspondto a substantialchange in thepressuregradientat a point,
and, therefore, it is necessary to consider the effect these pressure
gradients may have on the skin-frictiongauges.

While other investigatorshave found that skin-frictiongaugesare
sensitive to pressure gradients,6 this sensitivity is reduced with the
present gauges. A pressure gradient across the � oating element of
the gauge will have two effects. One effect is to apply a moment
to the � oating element, and the other is to apply a lip force, acting
in the shear-sensing plane of the element, due to the distribution
of pressure on the lip face of the � oating element. In regard to the
former effect it is noted that, in principle, piezoceramics operated
in the shear mode are inherently insensitive to moments. To check
this a 10-mm-diam � ange, with a 16-mm-long, 2-mm-diam post
attached, was temporarily adhered to the � oating element of each
of the gauges, with the post aligned with the axis of symmetry of
the gauge. This arrangement was used to apply a calibrating shear
force to the gauge, together with a moment that could be varied
by changing the point on the post at which the force was applied.
The results showed that, for the pressure gradients of Fig. 7, the
moment effect would alter the measured shear stress by 3% or less.
The possible error due to the lip force can be much greater than that.
Taking the lip force as the product of the pressure gradient, the lip
thickness (0.8 mm), and half the area of the � oating element,17 it
is found that for the pressure gradients of Fig. 7 the lip force can
correspond to as much as 25% of the measured shear force.

The � uctuations in gauge output seen in Fig. 5 indicate skin-
friction variations that are considerably greater than 25%, and it is
concluded that a major part of these � uctuations must be due to
variations in the local skin friction in the � ow. It is noted that, with
the exception of station A, these � uctuations in skin-friction are
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Fig. 8 Skin-friction measurements.

greater for the fuel-on cases, which is consistent with the turbulent
combustionwake being their primary source.Thus, the skin-friction
records are the response of the gauges to the variations of skin
friction in the � ow itself,as well as a limited responseto the pressure
gradients that occur in the � ow. This pressure gradient effect on the
gauges is due mainly to local variations in the pressure gradient,
and will be discussed next. The mean duct fuel-onpressuregradient
is only expected to introduce an error in the gauge measurement
of »3%.

Measurements were made by averaging the output of the skin-
frictiongauges over the test time, and taking the pressure sensitivity
and the shear calibration factor into account. The results are shown
in Fig. 8, for both test condition 1 and test condition 2. Test condi-
tion 2 involved a lower precombustion temperature than 1, thereby
changingcombustionrates. Thus, although the overall pressuredis-
tributions were similar to those at condition 1, they differed in the
detailedlocationof pressurepeaksand troughs,and therefore,would
be expectedto yielddifferentvaryingpressuregradients.This served
to eliminate the possibility that the � uctuationsin gaugeoutputwere
a special feature of test condition 1.

It can be seen that, for both conditions, the gauges at station A
yieldedconsistentresults but, with the exceptionof station D for the
fuel-off cases, the disturbances in the � ow gave rise to considerable
scatter in the measured values of the skin-frictionshear stress at the
remaining stations. The scatter is somewhat greater for the fuel-on
case at condition 2 than at condition 1, which is consistent with the
fact that greater timewise � uctuations in the pressure distributions
were observed at condition 2.

The effect of lip forces due to local pressure gradients was ob-
tainedapproximatelyfrom Fig. 7, which displayspressuregradients
representative of the experiments. Though the spacing of the pres-
sure transducersdid not allow the pressure gradients to be captured
in detail, approximate estimates could be derived as the mean of
the upstream and downstream gradients at each skin-frictiongauge
station. These estimates were used to obtain the lip forces for the
fuel-on case. Taking the pressure gradient as positive for pressure
increasing in the streamwise direction, the lip force was ¡4, C2,
C16, and ¡9% of the mean value of the measured shear forced at
each of stations A, B, C, and D, respectively. In view of the scatter
in the measured value of shear stress seen in Fig. 8, and the varia-
tion in the direction of the lip force from station to station, it was
concluded that the effect of the lip force on the measured average
of shear stress in the duct was negligible.Thus, notwithstandingthe
fact that the lip forcehad a relativelysmall, systematic effect at each
skin-frictiongauge, no attempt was made to isolate this effect in the
measurements presented.

Thus, the mean value of the measurements at each station was
taken as the shear stress there. The skin-friction coef� cient

c f D 2¿=.½U 2/ (1)

could then be obtained from the mean value of the measurements
of shear stress at each station following referral to Table 1 for the

Fig. 9 Skin-friction coef� cient.

Fig. 10 Typical heat transfer distributions (condition 1).

precombustion stream properties. The resulting values are plotted
in Fig. 9. The error bars are calculated by treating the measured
values of shear stress as a normally distributed sample, thereby
yielding the con� dence interval for the mean as t¾=

p
n where ¾ is

the standard deviation of n measurements and t is Student’s t for a
90% con� dence interval with (n ¡ 1) degrees of freedom. The rss
combination of this value with a 12% gauge calibration bias error
and a 2% error in ½U 2 results in the error bars shown. As expected,
the error bars are largest in the fuel-on cases.

It can be seen in Fig. 9 that the mean values of skin-friction
coef� cient exhibit little variation in passing along the duct from
station A into the combustion region, and that the fuel-on values
are not signi� cantly different from the fuel-off values. Figure 9
also shows that the fuel-off values are consistent with predictions
based on experiments by other investigators at lower stagnation
enthalpies18 with a cold surface.These results lead to the conclusion
that the time average of skin friction is not signi� cantly altered by
supersonic combustion.

Heat Transfer

Typical heat transfer distributions are presented in Fig. 10. The
fuel-on case shows a substantial increase in heat transfer with dis-
tance along the duct as combustion takes place. This is different to
the observed skin-friction behavior. Order of magnitude estimates
pointed to the possibility that the skin friction may have been re-
ducedby the rise in pressurealong the duct, and so this was explored
numerically. A two-dimensional model of the duct � ow was used,
and an isentropic compression was applied along the duct. A space
marching, parabolized Navier–Stokes � nite volume code was used
that incorporateda Baldwin–Lomax turbulence model with a com-
pressibilitycorrection.19 An exponentialgrid re� nement at the duct
surface ensured that the behavior of the boundary layer at the sur-
face was captured. Resulting distributionsof pressure, heat transfer
and skin friction are displayed in Fig. 11. The heat transfer and skin
frictionfollow almost identicalcurves, showing that the effect of ap-
plyinga pressuregradientalone to the surfaceas a compressionwave
in an isentropic� ow does not explain the experimentalobservations.
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Fig. 11 Calculated effect ofpressure gradient on skin friction and heat
transfer.

This led to the following discussion on Reynolds analogy in � ows
with supersonic combustion.

Reynolds Analogy
Reynolds analogy involves the relation between heat transfer and

skin friction, and to investigate this it is noted that the heat transfer
is given by

Pq D ch½U1H (2)

where 1H D cp.T ¡ Tw / C 0:44U 2 for a turbulent boundary
layer,20 and Tw D 300 K is taken as the temperature at the surface
of the duct. Combining this with Eq. (1), the ratio of skin friction to
heat transfer rate can be written as

r D ¿= Pq D 0:5.U=1H /c f =ch (3)

and therefore

r0

rn
D

R.c f =ch/0

.c f =ch/n

(4)

where R D .U=1H /0=.U=1H /n . These relations are used in the
analysis of experimental results that follows.

First, the skin-frictionmeasurementwas dividedby theheat trans-
fer measurement, obtained with the heat transfer gauge adjacent to
the skin-frictiongauge, to produce a value of r at each skin-friction
gauge station for each run. In the absence of fuel addition, the mean
characteristics of the duct boundary layer may be represented by a
turbulentboundarylayer on a � at plate in air, implyingthatReynolds
analogy applies, and therefore20

c f =ch ¼ 2Pr
2
3 D 1:61 (5)

This was checked by using the mean of the measured value of r ,
together with Eq. (3), to obtain values for c f =ch of 1:7 § 0:2 and
1:8 § 0:3 for conditions 1 and 2, respectively, the errors represent-
ing uncertainties in the calibrationof skin friction and heat transfer
gauges. Thus, to within experimental errors, Reynolds analogy ap-
plies to the fuel-off � ows.

Next, each fuel-on value of r was divided by each fuel-off value
at each station, and the mean of all the resulting values at each
station was taken, to yield the results presented in Fig. 12. The error
bars represent the 90% con� dence limit, obtained as for Fig. 9. The
variationof R along the duct is calculatedby noting that, as shownin
Fig. 2, the mixing and combustion wake � lls the duct from a station
less than 500 mm downstream of the injection station, suggesting
that the mainstream in the duct be modeled as a one-dimensional
� ow, with combustionrepresentedby heat additionuniformlyacross
the duct.

Thus, the variation of stagnation enthalpy and velocity along the
duct was determined by a Rayleigh � ow analysis, with a ratio of
speci� c heats of 1.3, the mean precombustion static pressure of
conditions1 and 2, and with the pressure rise along the duct takenas
a uniform pressuregradientof 140 kPa m¡1. The resulting variation
of R is also represented in Fig. 12. It can be seen that the trend of
the measurements follows that for R, and referring to Eq. (4), that
c f =ch is unchanged in passing from the fuel-off to the fuel-on case.
Thus, Reynolds analogy also applies in the combustion region, and

Fig. 12 Reynolds analogy—effect of combustion.

therefore, the observed increase in fuel-on heat transfer, without a
correspondingincreasein skin friction,canbe ascribedto the change
in main stream properties.

Conclusions
Skin-friction measurements have been made in a supersonic,

hydrogen–air combustion � ow in a constant area duct with turbu-
lent boundary layers.The measurementswere performed in a shock
tunnel using a � oating element gauge, which employed direct shear
of the piezoceramic element.

The experiments illustrated the dif� culties involved in making
skin-frictionmeasurements in a supersoniccombustion region. The
shocks and expansion waves generated by the combustion process,
and by the method of introducing fuel, led to random disturbances
in the skin friction, together with a lesser effect on the output of
the gauges themselves, and this affected the accuracy of the mea-
surements. Thus, it was necessary to take the mean of a number of
measurements to obtain reasonable accuracy.

The fuel-onvalues of skin frictionwere not signi� cantly different
from the fuel-off values, indicating that the mean skin friction was
not affected by supersonic combustion in the duct. The fuel-off
values and, by implication, the fuel-on values of skin friction were
consistent with predictions based on existing theory for turbulent
boundary layers.

Measurementsof heat transfer rate were also made, and exhibited
a relationship to the levels of skin friction that was consistent with
Reynolds analogy. This relationship was the same for the fuel-on
and fuel-off cases provided that, in the fuel-on case, the effect of
combustion on the mainstream properties was taken into account
through a Rayleigh analysis.

Because the experiments were performed in a shock tunnel, the
surface temperatures were close to the ambient value of 300 K,
and the higher surface temperatures that are appropriate to a � ight
situation might cause the preceding conclusions to be modi� ed.
Havingnoted this caveat, it is alsoworthobservingthat themeasured
valuesof the skin-frictioncoef� cientareon the low side of estimates
that have been made for � ows with supersonic combustion, and this
is an encouraging sign for the future of air-breathingpropulsion at
high speeds.
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