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Hypersonic Inlet Performance
from Direct Force Measurements

PAUL H. KUTSCHENREUTER JR.*
General Electric Company, Cincinnati, Ohio

AND
RICHARD L. BALENT|
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The problem of establishing one-dimensional values of supersonic combustion inlet per-
formance is approached from the standpoint of direct internal drag measurements. Ana-
lytically, one-dimensional inlet component efficiencies can be obtained consistent with mass,
momentum, and energy considerations as a function of inlet internal drag. Such efficiency
values reflect combined shock wave and viscous losses. Direct measurements of model in-
ternal drag were made in a hypersonic shock tunnel to determine the experimental feasibility
of this concept for an axisymmetric inlet designed for unity mass flow ratio. With this
model, effective internal drag isolation was accomplished by physical separation of the model
internal surfaces from adjacent parts of the inlet. With such a technique, a correction must
be made to the measured internal drag to account for balance cavity forces. The results of
this experiment indicate that, through careful model design, the magnitude of such correc-
tions can be minimized and applied to the measured internal force in an accurate and "con-
sistent manner.

Nomenclature

A = flow area, ft2

Ae = inlet capture area, ft2

Cm = internal drag coefficient
DI = internal drag, Ib
cp = specific heat at constant pressure, ft2/sec2-°R
CT = net thrust coefficient
FN = net thrust, Ib
^2 = impulse function, Ib
Hz = total enthalpy, Ib-ft/sec
KI = influence coefficient
K2 — mass-momentum-energy parameter
ra = mass flow, slugs/sec
M — Mach number
N = boundary-layer profile exponent
P = static pressure, lb/ft2

QL = heat loss, (ft/sec)2

T = static temperature, °R
u = local velocity for nonuniform flow, fps
V — velocity for uniform or reference flow, fps
y — duct passage height, ft
Z = ptVJyAl - 0/2/2 - «*/2/2), Ib
A = finite incremental difference notation
A* = mass flow deficiency parameter
5 = boundary-layer thickness, ft
6* = boundary-layer displacement thickness, ft
TIR = inlet pressure recovery defined as the ratio of the actual

static pressure rise at the diffuser exit enthalpy to the
isentropic static pressure rise from freestream condi-
tions to the same diffuser exit enthalpy

0 = boundary-layer momentum thickness, ft

= density ̂  slugs/ft3

= momentum deficiency parameter
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Subscripts
0,1 =
2
1-D =
MO A =
MW =

freestream conditions
diffuser exit conditions
one-dimensional
momentum-weighted average
mass-weighted average

Introduction

THE performance potential of the supersonic burning ram-
jet has been widely established on the basis of one-dimen-

sional cycle analyses employing parametric variations of
component efficiency parameters.1-2 On the basis of these
encouraging calculations, experimental programs have been
subsequently initiated for the purpose of validating and im-
proving the assumptions of component efficiency proposed for
various demonstration vehicle concepts which employ this
promising mode of hypersonic air-breathing propulsion. A
problem arises, however, in the interpretation of small-scale
component test results to substantiate computations of one-
dimensional cycle performance when the experimental flow
profiles are not uniform and one-dimensional.

The inconsistencies associated with the conversion of non-
uniform flow profiles to equivalent one-dimensional profiles
have been considered before.3- 4 When such conversion
techniques must be employed in the analysis of a supersonic
burning ramjet they take on increased significance and should
therefore be re-examined. In regard to inlet performance,
the consequences of such averaging techniques are by con-
trast less pronounced for the subsonic burning ramjet. For
the latter case, the nonuniform supersonic flow profiles up-
stream of the inlet throat are afforded an opportunity to mix
to a more uniform flow in the subsonic diffuser. In addition,
the increase in flow area of the subsonic diffuser permits the
attainment of relatively low values of boundary-layer thick-
ness to duct passage height ratio as compared to supersonic
conditions upstream of the inlet throat. In addition, because
of the relatively low subsonic exit Mach number, the velocity
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difference across the boundary layer is significantly reduced.
In comparison, for supersonic burning ramjet inlets, the exit
flow profile is not afforded this mixing opportunity; it may be
further distorted due to a fixed geometry design constraint,
and the ratio of boundary-layer thickness to duct passage
height might be relatively large. It is apparent then that use
must be made of some appropriate averaging technique to one-
dimensionalize experimental data on inlet component per-
formance for use in one-dimensional propulsion system cycle
calculations.

Assuming then that a requirement exists for one-dimen-
sionalizing nonuniform flow properties to establish values of
component efficiency, a criterion must be established to deter-
mine the adequacy of the averaging technique employed. It
is proposed that this criterion be the degree of representation
of the actual change in the internal total momentum of all the
inlet airflow during the compression process. An averaging
or one-dimensionalizing process satisfying this criterion would
then reflect both shock losses as well as viscous losses, and by
definition would permit correct representation of the inlet
internal drag and burner entrance flow momentum when used
in one-dimensional propulsion system cycle calculations.
In this article, different averaging techniques are evaluated
against this criterion. The concept of "drag equivalent"
pressure recovery which is consistent with it is discussed in
detail. Results of an experimental program establishing the
feasibility of determining the "drag equivalent" pressure re-
covery from direct force measurements are presented.

Core Flow Efficiency

Perhaps the simplest averaging technique is that involving
only the consideration of the values of fluid properties con-
tained in the "core flow." When the nonuniform exit flow
profile is composed of a one-dimensional core consisting of
uniform flow properties plus a nonuniform component of
boundary-layer flow (Fig. 1), it can be argued in many cases
that there is by comparison with the core flow, much less
mass flow in the boundary layer. Thus core flow efficiencies
may be representative of the complete process efficiency.
This technique has much appeal, because core flow per-
formance is by comparison much easier to obtain experimen-
tally than other methods that require essentially complete
flow profile measurement. The argument against this con-
cept even at the conditions previously described is illustrated
by the curves of Fig. 2.

These curves were generated at the selected combina-
tions of Mo, Ai/Az, and core flow 77R assuming the existence of
a laminar boundary layer represented by the profile param-
eter A/" = 1 at station 2. For such core flow conditions, there
are many solutions for the actual CD%, each being determined
by the particular value of S*/2/2 consistent with the continuity
equation

i.oo

5* = 1 _y
2/2 y

and the momentum equation

(1)

r», p>/ps \]
U*U VJ (2)

The numerical results indicate the degree to which the actual
change in total momentum of the inlet airflow, i.e., the inlet
internal drag, can be underestimated when core flow efficiency
values are used.

For those cases where this deviation is significant, two
alternative approaches immediately suggest themselves.
The first is that of using an effective area ratio in conjunction
with the core flow efficiency. With this approach, however,

BOUNDARY LAYER THICKNESS RATIO-0/,

Fig. 1 Comparison of core flow and mass weighted

the experimental attractiveness of the core flow concept de-
generates somewhat because now there is a requirement to
provide enough additional instrumentation to determine the
appropriate effective area ratio. Except for those cases of
constant static pressure across the entire duct exit area, the
instrumentation requirements rapidly approach those for
complete profile measurement. In addition, knowledge or
estimates of this effective area ratio (an additional variable)
are required for all conditions at which the propulsion system
performance is to be calculated. The second alternative is
that of seeking an average value of one-dimensional compo-
nent efficiency based on the complete nonuniform profile shape.
Several approaches to this alternative are considered in the
next section.

Mass and Momentum Averages

When seeking an average fluid property value for a non-
uniform flow profile, the concept of averaging with respect to
mass flow or momentum is relatively common practice.

As defined here

XMW = pxudA

XMOA ^ - I
Z J A<L

(3)

(4)

and applied to a nonuniform flow with a finite uniform one-
dimensional core (Fig. 1), it can be shown for the case of con-

TWO-DIMENSIONAL FLOW
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Fig. 2 Effect of core flow averaging on
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Fig. 3 Mass-momen-
tum-energy parameter
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stant static pressure across the duct that XMW is slightly less
than XMOA-

Applying the more conservative mass averaging technique
to the component efficiency parameter inlet pressure re-
covery, the results of Fig. 1 indicate that significant numerical
deviations from the core flow value occur only for large
values of boundary-layer thickness to duct passage height.
At conditions of relatively low boundary-layer thickness ratio,
it is to be expected that utilization of mass and momentum
averaging would give results similar to those obtained from
direct use of core flow values alone. Relatively large values
of boundary-layer thickness ratio are not uncommon in small
scale inlet tests conducted in current ground test facilities,
however. As will be shown in a later section, use of the mass-
weighted pressure recovery does, of course, result in an im-
provement over the use of core flow values alone, but it can
still lead to significant underestimation of the internal drag.
Here again, the situation could be improved with the use of an
effective exit flow area rather than the geometrical area.
Since this could presumably be determined without instru-
mentation beyond that already required to accurately deter-
mine the flow profile shape, it represents no apparent addi-
tional experimental difficulty.

Drag Equivalent Pressure Recovery

If instrumentation sufficient for accurately determining the
flow profile shape can be provided., a further improvement can
be realized; an ideally exact representation of the inlet inter-
nal drag or burner entrance flow momentum can be achieved.
From integration of such profile data,

= f
J A

\)dA = (5)

to note that such an M2 is independent of A* or P2, but choice
of one determines the value of the other. For instance, if Az
is assumed to be the physical flow area, the result is actually a
constant-area mixing solution, and a one-dimensional value of
P2 less than actual can result. The corresponding one-di-
mensional value of inlet pressure recovery would necessarily
be the lowest possible value for a one-dimensional solution.
On the other hand, choice of a one-dimensional static pressure
equal to some greater measured value results in a constant-
pressure mixing solution with an effective flow area less than
the physical flow area. Correspondingly, the pressure re-
covery value for the constant-pressure mixing solution would
be greater than the value obtained from the constant-area
mixing solution.

The foregoing is the basis for what has been designated as
the "drag equivalent" pressure recovery. Such a one-di-
mensional value, by its very formulation, must satisfy the
criteria set forth in the Introduction. Its accurate evalua-
tion from flow profile measurements may pose a rather dif-
ficult physical problem for small-scale hypersonic inlets with
even moderately high contraction, however. Consideration
of probe interference, cooling, and lag time limit the number of
pitot probes that can be employed. For high-temperature
flow with cooled walls, measurements of the variation in the
total temperature profile may be required. For fixed-geom-
etry inlets, flow profile distortion at least at off-design Mach
numbers may introduce the additional requirement for sur-
veys of static pressure variation across the duct.

In approaching the question of anticipated levels of accu-
racy in establishing integrated flow properties from profile
measurements, simple calculations using power-law-type pro-
files show that the order of 8 to 10 probes per half-passage-
height are generally required to maintain reasonable levels of
accuracy in determining F2. For nonideal application where
the profile shape is more irregular and the static pressure may
vary across the duct, it is to be expected that an additional
number of probes would be required to maintain comparable
accuracy levels.

The importance of discrepancies in inlet performance repre-
sentation on over-all supersonic combustion ramjet per-
formance is difficult to accurately assess in a generalized man-
ner. Specific engine geometry as well as inlet, burner, and
nozzle thermodynamics can play an important role. A
discrepancy in the one-dimensional representation of inlet
pressure recovery represents a direct discrepancy in the
representation of inlet internal drag and thus in burner en-
trance flow impulse F2. However, with the aid of the follow-
ing approximation

-[(2 - (9)

pucp

changes in inlet internal drag brought about by discrepancies
in FZ can be viewed in terms of engine net thrust fraction.
As written, consideration is not given to the fact that one-
dimensionally the engine choking equivalence ratio and other
thermodynamic phenomena are influenced by the value of F2
used in the cycle analysis. The latter effects on the reference
net thrust may tend to offset the effects of such changes in F2

from which the quantity

+ I)2

m2H2 - 1)]

(7)

(8)

is seen to be a function only of the one-dimensional Mach
number M2. This function K2 is plotted in Fig. 3 for y =
1.3 and 1.4. Thus from integration of the nonuniform flow
profile shape, a one-dimensional Mach number M2 can be de-
termined which simultaneously satisfies the equations of con-
servation of mass, momentum, and energy. It is significant

FUEL EQUIVALENCE RATIO = 1.0
AT TYPICALLY ASSUMED
LEVELS OF SUPERSONIC
BURNING RAMJET
PERFORMANCE

AD; _ AFg(|g

Fig. 4 Influence
coefficient K\ vs
flight Mach number.
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at some flight conditions. The value of such a comparison is
that, should small drag fractions be indicated, the implication
would be that one could afford to be less concerned about this
aspect of one-dimensional inlet performance representation.

On this basis, the preceding equation was evaluated for
typically quoted levels of supersonic combustion ramjet per-
formance and inlet geometry. Although use of different
engine geometry and other levels of component efficiency will
alter the values shown in Fig. 4, the indicated need for greater
accuracy with increasing flight Mach number is quite pro-
nounced.

Direct Force Measurement Approach

Although the study of exit flow profiles are necessary for ob-
taining a better understanding of the inlet compression proc-
ess, it appears in light of the previous discussions that, when
the primary test objectives are the establishment of appropri-
ate one-dimensional values of inlet component efficiency,
then direct force measurements5 may be quite adequate.
Such an approach can result in direct determination of inlet
internal drag and one-dimensional burner entrance momen-
tum. In those cases where flow profile distortion makes ac-
curate interpretation of flow profile data difficult, direct
measurements of model internal drag may be even more de-
sirable.

On this basis, it is convenient to rewrite the equations of
conservation of mass, momentum, and energy as follows:

Continuity

i.o

Momentum

p272A2 =

DA - mF, - A2(PZ -
Energy

* + (TV/2) = cPT, + (T/2
2/2) + QL

(10)

(11)

(12)

Examination of the equations in this form indicate that in
order to establish F2 and other computed flow properties from
direct force measurement, it is necessary to know not only
the inlet mass flow ratio but also the inlet additive drag. In
addition, it is to be noted that such formulation does not
directly account for the effect of nonaxial velocity compo-
nents. The latter is not considered to be critical in that such
nonaxial components must necessarily be small in high per-
formance inlets designed for use with axially aligned burners.

Using equations similar to those given previously, the cal-
culation procedure for establishing the one-dimensional drag
equivalent pressure recovery is presented in detail for the
case of nonadiabatic flow of a reacting thermally perfect gas in
equilibrium in Appendix I of Ref. 6. For most ground testing
of small-scale inlets, however, the temperatures are usually
low enough that dissociation effects can be neglected and only
caloric imperfections considered. For the case of unity mass

T0=76°K
P0 = .OOI43ATM
ADIABATIC FLOW
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Fig. 5 Mach 16 parametric inlet performance.
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Fig. 6 Effect on CD^ of one-dimensional weighting of VJR.

flow ratio, at given freestream conditions QL and A^/A<1, the
internal drag coefficient can be expressed as a function of
the single variable T2. Choice of a range of T2 then permits
the determination of curves of rjR vs Coi as presented in Fig. 5.

With the aid of such curves, a relative comparison of the
use of the drag-equivalent, mass-weighted, and core-flow
pressure recoveries can be made. Such a comparison is pre-
sented in Fig. 6. At condition 1, integration of the exit flow
profile establishes the actual value of internal drag coefficient
and the intercept with the one-dimensional uniform flow solu-
tion curve of TJR vs Cm defines the drag equivalent pressure
recovery. The exit flow profile for this particular example
had a core flow pressure recovery of 50%. The line of (7jR)COTe
= 0.50 represents the mass weighted pressure recovery for a
family of seventh power velocity profiles with variable d/y
and constant value of core flow pressure recovery. At the
actual value of CD^ (condition 1), use of the mass flow weighted
value of TJR infers the value of CD* indicated at 2, and use of
the core flow 77 R infers the value of GDI indicated at 3. The
deviation of the inferred values of C#t- from the actual value at
1 is thus obtained for identical exit flow profiles as a function
of the one-dimensionalizing technique employed.

This deviation from the actual internal drag inferred by the
use of either core flow or mass weighted values of 77 R in con-
j unction with the inlet geometrical area ratio has been found
to be most pronounced for high performance inlets with rela-
tively low contraction ratio, and of minimum variation for
low performance inlets with high contraction ratio. Since the
one-dimensional value of inlet component efficiency, drag-
equivalent pressure recovery, must permit exact representa-
tion of the change in internal total momentum of the inlet
airflow for all cases, it seems in this sense to be ideally suited
for use in one-dimensional cycle calculations.

Uniform Flow Parametric Calculations

Presented in this section are results obtained from simul-
taneous solution of Eqs. (10-12) for the case of unity inlet
mass flow ratio. As presented, these results also represent
the uniform flow constant area mixing solution for a nonuni-
form exit flow with the same integrated value of F% as the one-
dimensional value. This would correspond to the same in-
tegrated value of internal drag Cm as the one-dimensional
value. Thus direct measurement of Cm would in turn permit
determination of required one-dimensional flow properties.

In Fig. 7, the curves of rjR vs Cm are bounded at one end by
conditions of 100% pressure recovery, and at the other end
by one-dimensional choking. As pointed out in Ref. 6, lines
of inlet static enthalpy ratio superimposed on such curves are
almost vertical for hypersonic freestream conditions, inde-
pendent of inlet contraction ratio. In Fig. 8, the static pres-
sure ratio solution is presented for the curves of Fig. 7. In
Figs. 9 and 10, the effect of heat loss can be noted. As would
be expected, this effect is most pronounced when the amount
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Fig. 7 Cosntant-area mixing solution for
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Fig. 9 Parametric effect of heat loss on

of heat transferred is of the order of the inlet static enthalpy
rise.

Nonuniform Flow Formulation and
Parametric Results

To provide a basis for obtaining the constant-pressure mix-
ing solution, the continuity and momentum equations can be
rewritten in familiar integral parameter notation

— 5*) (13)

Dt =
P2y2

2(^2 - 0 - 5 * ) (14)
For ducts with irregular cross-sectional shape where the

local displacement thickness <5* may not be concentrically
uniform around the circumference, it is convenient to replace
<5* and 6 in the preceding equations with the following defined
parameters :

A*EEEE

Although evaluation of such parameters would ordinarily
require flow profile instrumentation, an approximation is
possible simply by adding duct-exit static pressure instru-
mentation to a force model. Such an approach requires,
however, that <£ « A*, which, by analogy with 6 and 5* at
hypersonic speeds, would appear to be a reasonable assump-
tion to a first approximation. Following such a procedure,
having established both the model internal drag and exit static
pressure level, the corresponding A*/A2

 can ^e determined
as indicated in Fig. 11 and the one-dimensional constant
pressure solution drag equivalent pressure recovery estab-
lished as in Fig. 12.

Force Model Design

Aerodynamic

The previous sections indicated the manner in which the
drag-equivalent pressure recovery could be established assum-

ing the required drag measurements could be made. A hy-
personic inlet model was specifically designed7 to determine
whether the required drag measurements could be obtained
from direct force measurements in a hypersonic shock tunnel.
Although this model was specifically tailored for this purpose,
consideration was also given to the simulation of particular
full-scale supersonic-burning-ramjet inlet design characteris-
tics. A requirement was also established that the con-
figuration selected should be reasonably amenable to theo-
retical analysis in order to provide the additional opportunity
of checking the adequacy of existing inlet performance esti-
mation techniques.

The inlet configuration selected for this investigation was
an axisymmetric, external-internal compression design with an
"X" shock-wave system supported by intermediate isentropic
compression. For the scheduled test Mach numbers, the
inlet was designed to operate at unity mass flow ratio. A
design point Mach number of 16.0 was selected at a unit Reyn-
olds number of 105 based on anticipated test conditions in
the Cornell Aeronautical Laboratory 48-in. shock tunnel.8

Design point calculations at these operating conditions were
made assuming that the boundary layer was laminar and
attached. The inlet wall contours were corrected for the
laminar boundary-layer growth by means of an iterative
combination method of characteristics solution9 of the "ef-
fective" body comprised of the actual wall contour and the
laminar boundary-layer displacement thickness.10 The actual
wall contour was continually modified until the iterated "ef-
fective" body had the desired characteristics solution for the
inviscid flow. A photograph of the fabricated model is shown
in Fig. 13. (The steep external cowl angle is required for
balance installation.)

Experimental considerations dictated that the internal duct
contours be designed so that positive drag loads always act on
both the centerbody and the cowl. Otherwise, accurate
measurement of small component forces becomes a difficult
problem for a balance system that must be capable of ac-
curately measuring much larger loads at other test condi-
tions. For this reason, the internal duct lines were designed
to achieve stream-aligned flow at the exit. A cross-section of
the model internal lines is presented in the drawing of Fig. 14.

ADIABATIC FLOW
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Fig. 8 Constant-area mixing solution for P^
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Fig. 10 Parametric effect of heat loss on P2//V
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Fig. 11 Constant-pressure mixing solution for Pz/Po vs
CDi.

To provide experimental flexibility, provision was made for
fore and aft spike translation but at a constant value of inlet
geometric contraction ratio. The aft portion (nonmetric) of
the constant-area duct and the high adverse pressure gradient
region of the centerbody were instrumented with static pres-
sure transducers to provide direct indication of the degree of
actual compression achieved and to provide an indication of
the static pressure variation along and across the constant-
area duct. Thin-film heat-transfer gages were installed in
the high adverse pressure gradient region of the centerbody,
and, for several runs, pitot tubes were added at the exit of the
constant area throat region.

Aeromechanical

The translation of the aerodynamic model lines into actual
test hardware was the result of a joint effort with the Cornell
Aeronautical Laboratory under Air Force Contract AF33-
(657)-11414, which also provided for model testing. Al-
though force balance drag measurements for external aero-
dynamic models are quite common, such models do not gener-
ally require the same degree of actual mechanical drag iso-
lation. The complete inlet drag (both external and internal)
could be measured; however, some method of subtracting the
external drag has to be devised if the values of drag-equiva-
lent pressure recovery are to have any reasonable resemblence
to the actual quantities at the exit station of the diffuser.

The required drag isolation is accomplished by the use of
metric and nonmetric surfaces. These surfaces are physically
isolated from each other, and separate balances are used to
measure the forces on the metric cowl and the metric spike
surfaces. This arrangement is evident in Fig. 14. The gap
distance between the metric and nonmetric surfaces is ap-
proximately 0.020 in. wide. Calculations indicated that less
than 1% of the inlet mass flow would bleed through these gaps
in the constant-area "throat" section. Because of the rela-

Fig. 13 Axisymmetric inlet force model.

tively low volume of the balance cavity, transient calculations
indicated that significant increases in cavity pressure (above
tunnel ambient) would occur even during the few milliseconds
of steady-state inlet operation. To limit the resulting
"thrust" forces on the gap rim in the constant-area duct to a
small fraction of the measured internal drag, provisions were
made for venting the balance cavity and beveling the gap rim
as indicated in Fig. 14.

Mass flow into the inner balance cavity was minimized
through the use of labyrinth seals at both the upstream and
downstream edges of the metric surfaces. On the cowl, this
amounts to omission of the leading edge drag increment (a
relatively small correction for sharp leading edges, and one
that can be made analytically with a reasonable degree of
certainty). Cowl-lip-bluntness drag could have been in-
cluded in the direct force measurement by locating the laby-
rinth seals externally on the cowl instead of internally. Such
an external location, because of the higher local static pressure,
represents a more critical sealing problem and could result in
larger corrections to the measured internal force to compen-
sate for balance cavity pressure effects. For these reasons,
the cowl leading edge seal was located internally, and an
analytical correction was made to account for lip bluntness
drag. With the inlet configuration of Fig. 13, this corcction
amounts to less than 4% of the measured internal drag at
Mach 12.

Experimental Results

Two series of force tests consisting of 40 shots were per-
formed in the Cornell Aeronautical Laboratory 48-in. shock
tunnel at Mach numbers of 8, 12, 14, and 16 with a systematic
variation in unit Reynolds number at each Mach number.

-METRIC SURFACES
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Fig. 12 Con slant-pressure mixing solution for 77/2 vs CD;.

COWL FORCE
CRYSTAL

Fig. 14 Cross-section schematic of inlet force model.
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Fig. 17 Typical static pressure data with attached boun-
dary layer.

Other test variables included spike bluntness and a small
amount of center body travel. Schlieren movies were taken
at the majority of the test conditions. The major difference
between the two series of tests was the addition of static pres-
sure transducers and thin-film heat-transfer gages in the high
adverse pressure gradient region (metric surface) of the center-
body. Three pitot probes aft of the constant-area throat
region were also provided in the second test phase. This in-
strumentation was added in an attempt to determine the in-
tersection of the cowl shock on the centerbody and also to ob-
tain core flow total pressure recovery measurements.

A typical Mach 12 force trace is replotted in Fig. 15 for
Re/ft = 0.43 X 106. The cowl and centerbody curves have
been taken directly from the force data traces. The center-
body cavity and cowl cavity plots have been obtained from
calculations based on metric surface projected area and inter-
nal cavity pressure measurements. For this rather large
model (10-in. capture diameter), steady-state force measure-
ments were obtained after approximately 3 to 4 msec, meas-
ured from the initiation of tunnel starting. After 4 msec,
correction of the measured force data, by addition of the
computed cavity force, results in an essentially flat curve for
total internal drag as well as a flat component drag history.
Although the cavity pressure correction represents a larger
fraction of the measured internal drag than originally antici-
pated, judging from the flatness of the corrected data, it is a
correction that can be made quite consistently and accurately.

At some test conditions, inlet boundary-layer separation
was detected. It is interesting to note that in some of these
cases although the separation propagated upstream on the
inlet spike, past the cowl, lip station, steady-state inlet opera-
tion was achieved, and the inlet remained started at full mass
flow ratio. Such separation was clearly evident in the schlie-
ren movies and was further substantiated by observation of
static pressure, heat flux, and force data time histories.

Although no such evidence of boundary-layer separation
was found to exist in the data of Fig. 15, a reduction in free-
stream unit Reynolds number (Re/ft) to 0.1 X 106 caused the
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Fig. 16 Typical force data with boundary-layer separation.

inlet boundary layer to separate. This low-Reynolds-num-
ber, separated-flow force data is presented in Fig. 16. Al-
though again approximately 4 msec were required for a peak
force measurement, the data indicate an additional 2 msec
were required to obtain steady-state force readings with a
stabilized separated boundary layer. The static pressure
data at this condition indicate throat static pressure ratios
(P/Po) two to three times greater than those measured when
no boundary-layer separation was observed. Comparison of
the maximum steady-state drag levels as indicated by Figs.
15 and 16 suggest that, even though the pressure drag of the
metric surface may have risen sharply as a result of the bound-
ary-layer separation, this was more than compensated for by
reductions in local skin-friction drag.

The extent of the separated boundary layer at M0 = 16
and Re/ft = 0.1 X 106 was severe enough to cause the inlet to
unstart. This unstart problem at Mach 16 was later elimi-
nated by increasing Re} but the separation problem remained.

Typical static pressure data are presented in Fig. 17 for the
test conditions of Fig. 15. The constant-area throat begins
on the metric surfaces approximately 0.20 in. upstream of the
0.020-in. gap between the metric and nonmetric surfaces.
Considering the latter, it can be seen from the data of Fig. 17
that the pressure rise from the impinging cowl and centerbody
shock waves extended downstream of the centerbody and
cowl shoulders, well into the constant-area duct. In spite of
such rapidly changing flow characteristics, it is interesting to
note that a relatively high degree of flow symmetry was
achieved as recorded by the upper and lower surface pressure
transducers. The static pressure deviation between the cowl
and centerbody resulted in the use of a numerical average
pressure rise ratio for data reduction purposes such as re-
quired for estimation of A*/A2.

The inlet pitot pressure was recorded in the second series of
tests by adding three probes to the exit of the constant-area
throat region. These probes were located 120° apart, and
since they were in the center of the passage height, they
served only to give an indication of the core flow total pres-
sure recovery. As would be expected, these readings were
considerably higher than the drag derived pressure recovery
values. Complete inlet performance details, which are con-
sidered classified, will be included in a final report currently
being prepared by the Air Force Flight Dynamics Laboratory.

Concluding Remarks

The method of establishing over-all inlet performance from
direct force measurements is well suited for the determination
of one-dimensional inlet efficiency such as that required for
cycle analysis of supersonic combustion ramjets. Such a
technique can result in the accurate representation of com-
bined viscous and shock losses. The experimental feasi-
bility of this technique depends to a great extent on the isola-
tion of the internal and external drag forces as well as knowl-
edge of inlet airflow and additive drag. In the described
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experiment, the latter problem was eliminated since the inlet
was designed for unity mass flow ratio. Effective internal
drag isolation was accomplished with an axisymmetric inlet
through the use of metric and nonmetric surfaces. With
such a technique, it was found that the associated correc-
tions to the measured drag levels to account for lip bluntness
drag and balance cavity internal forces could be made both
accurately and consistently. Careful model design can also
minimize the magnitude of such corrections. It is to be ex-
pected, however, that comparable degrees of internal drag iso-
lation and performance will be more difficult to achieve with
three-dimensional inlet designs.
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Shock-Induced Supersonic Combustion in a
Constant-Area Duct

P. M. RUBINS* AND T. H. M. CuNNINGHAMf
ARO, Inc., Arnold Air Force Station, Tenn.

A two-oblique-shock compression was used as a reaction-initialing mechanism for the
H2-air reaction in a constant-area duct while maintaining supersonic flow. Gradual pres-
sure rise from the chemical heat release was observed as the fuel concentration was increased
until the duct flow was choked. The aerodynamic, thermodynamic, and chemical kinetic
problems are discussed. For the small model used, it was found that the generation of a
turbulent boundary layer was necessary to prevent thermally produced pressure rise from
causing boundary-layer separation and premature choking. It is concluded that shock-in-
duced combustion 1) is experimentally feasible in ducted flow, 2) can be controlled by varying
inlet temperature, pressure, Mach number, or fuel concentration, 3) may be analyzed as a
one-dimensional flow for the small models investigated if average stream properties are used,
and 4) experimentally produces ignition delay times that agree with existing chemical kinetic
flow computations within the accuracy that stream properties can be determined. The pos-
sible use of shock-induced combustion for air-breathing hypersonic propulsion is discussed.

Nomenclature

A = area
Cp = specific heat at constant pressure (refers to

when no additional subscripts are used)
D = duct diameter
ER = equivalence ratio
d = ignition delay distance
F — stream force

/ = fuel-air ratio
L = duct length
M = Mach number
p = static pressure
pt = stagnation pressure
Pi = pitot pressure
Q = heat flux
T — static temperature, °R
Tt = stagnation temperature,
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