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Scramjet: Conception and Pre� ight Tests
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The experience ofmodeldual-modescramjet (DMSCRAM) creation and the mainresults of groundand pre� ight
tests are analyzed in this paper beginning from the conception choice, goals, and working program implemented
for about 15 years, preceding to the � rst � ight test of hypersonic � ight laboratory. Design schemes for plane and
axisymmetrical engine concept are examined. The description of experimental test facilities, test instrumentation,
and methods of readings treatment used in ground-test procedure of DMSCRAM are given. The test results of
ground model engine at Mach-number range M = 3.5–6.5 and ground test-results for � ight type engine at M = 5
were cited and con� rmed the durability and readiness of developed DMSCRAM for � ight tests.

Nomenclature
CR = thrust coef� cient, CR D R=.q1 £ Finlet/
CX = drag coef� cient, CX D X=.q1 £ Finlet/
F = cross-sectionarea
G = mass fuel, air rate
g = relative fuel consumption
I = � ow impulse
M = Mach number
PQ = heat release parameter
Qcomb = heat resulted in fuel combustion
QW = summary heat � ux into the duct walls
qw = speci� c heat � ux into the wall
q1 = freestream dynamic pressure
R = thrust
Re = Reynolds number
T = temperature
X = drag force
® = angle, heat-transfer coef� cient
¯ = fuel/air equivalence ratio
±® = heat-transfer nonuniformity coef� cient, ±®;cool D

.®max ®min/=®average

´ = combustion ef� ciency
»6 = nozzle impulse loss coef� cient, »6 D

.1 Ireal=Iideal/
¾ = total pressure recovery coef� cient
’ = inlet capture ratio

Subscripts

at = angle of attack
c, comb = combustor
cool = cooling system, coolant
rz = recirculation zone
t = total parameters
th = inlet throat
w = wall
6 = summary value
I, II, III, = rows of fuel injectors
IV, and V
1 = freestream parameters
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I. Introduction

T HE interest in the development of high-speed ramjet engines,
especially supersonic combustion ramjet (SCRAM) engines,

and its utilizationfor space transportationleads inevitably to a ques-
tion about � ight tests to check its durability and to validate theo-
retical and ground-test results. Flight tests were necessary because
of the impossibility of reproducing real � ight conditions at ground
tests, even with tests in shock and impulse tubes. SCRAM � ight
tests were � rst planned in USA in the 1960s.1 It was planned to use
the X-15 plane as a booster and then as a vehicle, but the work did
not continue through the � ight tests because of funding shortcuts.

In the USSR the preparationof � ight tests was focusedon design-
ing andmanufacturingof hydrogen-fueledSCRAM and its elements
beginningfrom the 1970s.2 It was plannedto install the SCRAM en-
gine and its equipment (fuel and control systems, instrumentation,
and so on) on a hypersonic � ight laboratory (HFL) vehicle. There
were two possibleways for the HFL launching:by aircraftor rocket,
but � nally rocket launching was chosen to accelerate the HFL up
to the hypersonic velocities. E. S. Shchetinkov was the initiator of
� ight tests in the USSR with the supervision D. A. Ogorodnikov,
V. A. Sosounov, and R. I. Kurziner of CIAM.

The main purposesof the � ight tests are 1) to check the possibility
for effective working process in SCRAM and stable joint operation
of its elements; 2) to test engine cooling system at operation on
real fuel, liquid hydrogen (LH2 ); 3) to design and to test fuel tank,
control,and feed systems;4) to check the principleof engine control
and engine LH2 fuel system operation and to meet the possibility
of engine restart; 5) to check the reliability of engine construction
and utilized materials; and 6) to check the operation of onboard
data acquisition and processing systems. All of these issues added
several requirements (con� icting sometimes) on the engine system
development and on the choice of air� ow channel. Figure 1 shows
the photo of the rocket with SCRAM in composition of HFL.

II. Engine Concept for Flight Tests
The trajectory of HFL and Reynolds number (Re) variation vs

� ight time are depicted in Fig. 2, along with the parameters at the
beginningand end of the engine operationduring the � ight. The en-
gineoperatingrangeis boundedwith Mach number from M D 3:5–4
to M D 5.3–5.9 at altitudes H D 11–27 km during ¼120 s for the
nominal trajectory of rocket with HFL. Moreover, the Reynolds
number based on a dimension of 0.2 m varies from 5 £ 105 up to
106. Taking into account the dispositions of engine at the nose of
the rocket and the possible rocket rotation, the angle of attack for
air� ow entering the inlet was chosen to be equal to 5 deg.

It is well known that, at low hypersonic speeds of M D 3–8, the
dual-mode scram (DMSCRAM), operating as ramjet or as scram
depending on � ight velocity and engine operation mode, is one of
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Fig. 1 Experimental DMSCRAM installed on rocket: 1, DMSCRAM;
2, “surface-air” rocket.

Fig. 2 Flight trajectories of HFL: 1, nominal trajectory; 2, low trajec-
tory; 3, high trajectory.

the optimal type of engine.However, at M > 4 the high heat loading
made air� ow channel control almost impossible, and consequently
� xed-geometry engines were used. The scheme exists for a � ight-
test engine with a combined combustor in which a subsonic con-
dition fuel is injected and burns in the expanded part; near the end
of combustor with a cross section more than inlet throat (subsonic
combustion) and at supersonicconditions(supersoniccombustion),
fuel is injected near the entrance of combustor and burns along
the whole its length was chosen for the analysis of such an engine
schemes.3

In accordancewith the DMSCRAM approachesexisting in those
times, the rectangular mode of engine was chosen for the � rst step
of investigation. In later steps, however, an axisymmetrical model
with annular combustor was chosen, mainly to simplify the HFL

Fig. 3 Flight DMSCRAM conception.

a)

b)

Fig. 4 Schemes of experimental models: a) two-dimensional engine
and b) axisymmetrical engine; arrows point fuel row injector position,
units 1– 4 (inlet spike and cowl lip) are removed in case of direct-connect
tests.

construction, to decrease the weight of HFL with engine, and to
decrease the cost of engine development and � nishing treatment.

Following with the � ight-test requirements and goals, the engine
construction was preceded by the development and creation of its
elements (inlet, combustor, nozzle) and its systems: ignition, cool-
ing, fuel feeding, control, diagnostic and instrumentation,and so on
(Fig. 3). It was planned in pre� ight tests to test in ground facilities
these elements and systems and also engine models and the � nal
version of DMSCRAM � ight engine.

III. Engines Design for Ground and Flight Tests
The design and manufacturing of rectangular DMSCRAM mod-

els were conducted at CIAM and the same for axisymmetrical
models—in Design Bureau “Soyus” under the technical require-
ments of CIAM.3 The walls of ground models were made of stain-
less steel without cooling. To determine the possibility of ground
tests for the rectangular model, a full-scale DMSCRAM mock-up
was fabricated. Figure 4 shows schematically the rectangular and
axisymmetrical engines.

The rectangularDMSCRAM model measures a length L D 1:7 m
and an inlet cross-section area of 0:2 £ 0:2 m2 and consists of an
inlet, a combustor, and a short nozzle (see Fig. 4a). The dimen-
sion for the three-shock, � xed-geometry inlet with a total wedge
angle 25 deg and a reference throat area of NFth D 0:2 was chosen
for M D 6. The combustor has a constant height of 0.2 m and com-
prises three sections: the � rst of L D 0:38 m with a cross-section
area of F1 D 0:009 m2, the second with an exit cross-section area
of F3 D 0:016 m2 , and the third with F3 D const and L3 D 0.2–0.35
m. Hydrogen was injected from upper and bottom walls and from
struts through four injector rows, located at the entrance of each
combustor section.Hydrogen ignitionwas accomplishedby electri-
cal spark plugs mounted in wall cavity stabilizers in the � rst and in
the third combustor sections.3

The axisymmetricalDMSCRAM model (see Fig. 4b) had a length
¼1:3 m and was designedby takinginto considerationthe test results
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for the rectangularone. The cross-sectionarea and the design Mach
number for the three-step inlet was the same at NFth D 0:195. The
shape of the combustor was almost the same as that for rectangular
DMSCRAM, but the length of the third part of combustor and the
number of fuel nozzles were enlarged as a result of rectangular
DMSCRAM tests. Fuel injection was performed through � ve rows
of injectorson the bottom(I–IV rows) and upperwalls (V row). Fuel
ignitionwas obtainedbyelectricalsparkplugslocatedin cavity� ame
stabilizers at the entrance of the second (on the cowl) and the third
(on the central body) parts of combustor. The forward and rearward
edges of the force struts connecting the central body and cowl were
cooled by water. The engine nozzle imitates the expansion ratio of
the nozzle of engine � ight type duct with NFnoz D 2.

The engine for � ight tests on the HFL was also performed in the
Design Bureau “Soyus”undertechnicalrequirementsof CIAM, tak-
ing into consideration the results of ground tests for engines and its
elementsand systems.To allow stableoperationof the engine at low
Mach � ight numbers, the cross-sectionarea for the third section of
the combustorwas enlargedmore than 1.5 times in comparisonwith
the ground-test engine. The sparkplugs were installed within cav-
ity � ame stabilizers of the second and the third hydrogen injection
rows. The construction scheme of engine had been also changed.

Figure 5 shows the photos of the ground- and � ight-test models.
The engine was fastened to the rocket through transition junctions
that require special tests on the in� uence of � ow squeezing.

IV. Investigation of DMSCRAM
Elements and Systems

The investigation of elements and systems for hydrogen-fueled
DMSCRAM forestalled the developmentof model engines and en-
gines for � ight tests. Additional data about the combined operation
of elements were obtained at ground tests also. The data was used
in the design and manufacturing of � ight engines.

A. Inlet and Engine Duct Gasdynamics

Selection of the inlet con� gurationand its main dimensionswere
carried out based on a parametric theoretical study.4 The code used
for study of � ow� eld in engine duct was based on Euler equations
for inviscid � ow and integral boundary-layerequation and iterative
procedureof viscous-inviscidinteraction. To determine the charac-
teristics of the � ow� eld within the air� ow passagewith and without
the transition junction, several inlet models were tested at scales of
M1:2 and M1:4, (see Fig. 6). The models were instrumented with
static pressure taps, total pressure rakes, thermocouples, metered
nozzles, and throttle devices. The schlieren method was used to vi-
sualize the � ow around the inlet. Experimental investigationswere
carried at the CIAM and TsAGI test facilities at the ®at D 0–5 deg
in the range of M D 1.75–6 for the axisymmetrical and of M D 2–8
for the rectangular engine versions.

The inlet throat area, cowl and central body radii, and air� ow
passagecon� guration were varied in the tests. To simulate the heat-
addition phenomena in the combustor, the air� ow choking was
achieved by either gas injection or a throttling device up to the
stall condition at the engine entrance. Initial and repeatable starting
conditions for the inlet were determined at experimental investiga-
tion. Besides, inlet performance and total pressure losses in air� ow
passage were determined at ground tests. It was determined that
at M D 3.5–6 and ®at D 0–5 deg, the inlets for the rectangular and
axisymmetrical engines had been started, and the � ow� eld in the
entrance corresponded to the design one. An example of inlet char-
acteristics for the axisymmetrical DMSCRAM is given in Figs.7
and 8.

B. Investigation of Ignition and Combustion Process in Model
Combustors

The studies of ignition, � ame stabilization, and, � nally, on
gaseous hydrogen burning within model combustors were per-
formed in CIAM under connected-pipe conditions at Mair D 2–3,
Pt;air D .5 20/ £ 105 Pa, Tt;air D 900–3000 K and in DMSCRAM
model.5 7 Model combustors of various fashion with wall and strut

Fig. 5 Photos of test engines: a) Two-dimensional DMSCRAM (side
and frontal views), b) Axisymmetrical DMSCRAM for freejet tests,
c) Axisymmetrical DMSCRAM for direct-connect tests, and d) Stend
variant of � ight DMSCRAM.

fuel injection under chemical or plasma air heating were used. Re-
sults revealed that ignition of hydrogen in supersonic � ows with
rather low temperature and pressure (Mair D 2–3, Tt;air < 900 K,
Pair D 15–30 kPa) could be met with the help of an electrical spark
plug mounted in the wall cavity by means of a capacitance igni-
tion system with high energy, ¼2:5 J. The criterion of ignition was
found that allowed development of the ignition system for model
and � ight engines. The tests revealed that hydrogen self-ignition
depends not only on air� ow parameters, but on air� ow structure in
combustor; the presence of shocks and separation zones render the
ignition easier to a great extent.

To provide stable combustion process of hydrogen jets in super-
sonic � ow, the cavity� ameholdersweredevelopedand investigated.
By analyzing the large amount of cavity stabilizationdata, a stabi-
lization criterion Ks (Ks DUair=.P1:45

rz £ T 2
t;air £ L ), where Uair and

Prz are the external � ow velocity and the pressure in recirculation
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Fig. 6 Photos of small-scale engine channel with transient nose rocket
section.

Fig. 7 Axisymmetrical inlet performance (®at = 0 deg): 1, 2-calcula-
tion data without and with taking into account boundary layer6; Ex-
perimental data: r , core Pitot rake; , through cross section Pitot
rake; ² , mass-averaged � ow; ¨, mass-averaged � ow with throttling
at ’max .

Capture ratio

Additive drag (predicted data)

Fig. 8 Effect of attack angle on experimental inlet performance.

zone, was proposed taking into consideration air� ow parameters,
the cavity length L , and fuel/air equivalence ratio ¯rz in cavity (see
Fig. 9).5 It is possible to extract three main regions of combustion:
the � rst one is the residual � ame region, when the combustion takes
place only within the cavity; the second one is the � ame spread-
ing region outside the cavity, which supports by the combustion in
the cavity; and the third one is sel� gnition region. This criterion
was obtained under the following � ow and geometric parameters:

Fig. 9 Generalization of experimental data on ignition and combus-
tion stabilization process: open— , u u , D , +, ! ! —and solid—¥, ¨, ² —
symbols correspond to regimes of residual � ame and � ame spreading
and self-ignition; boundaries of 1, residual � ame; 2, spreading � ame; 3,
self-ignition.

M D 2–3, Tt;air D 800–1400 K, Prz D 7–100 kPa, L D 20–70 mm,
s=d D 3–8 (relative distance between fuel injectors of d diameter),
and Trz=Tair D 0.9–3.6.

Analysis of experimental data on the burning of hydrogen jets,
injected from wall or struts, allowed the development of semi-
empirical relationshipsfor combustion ef� ciency6;7 as a functionof
generalizedparameters.For both relationships the main parameters
were the number of fuel nozzles, air/fuel equivalenceratio, relative
combustor length and its expansionratio. In accordancewith Ref. 6,
the mixing and combustion ef� ciency dependson the uniformity of
fuel/air distribution within the combustor and on the pressure rise
in the combustor. It was found also that combustor expansiongives
rise to combustionef� ciencydecreaseand at certainconditionseven
to � ame extinction as a result of the kinetic factors.6

C. DMSCRAM Nozzle

Research into the nozzle was not the aim of the � rst-stage
� ight test because of the peculiarities of the engine installation
on the rocket and the absence of thrust measurement. However,
based on parametric numerical researchesof nozzle � ow� eld (two-
dimensional and axisymmetrical), the nozzle pro� le and nozzle ex-
pansion ratio were chosen in such a way that the ratio of nozzle-exit
area to inlet entrance area was equal to two. The characterisitcs of
SCRAM noncontrollablenozzle operation in the off-design regime
(� ow Mach numbers and speci� c heat ratio at nozzle entrance are
variable) and effect of � ow nonuniformity and chemical nonequi-
librium processes8 on nozzle performance were obtained. Results
on the nozzle/combustor operation were obtained by carrying out
axisymmetrical DMSCRAM tests.

D. Engine Cooling System and Hydrogen Consumption
Control System

A parametricdesignstudyof theDMSCRAM convective-cooling
system was conducted under ground- and � ight-test conditions.
Based on experimental data, variations in heat-transfer processes
and the maximum thermal-loading location along the engine duct
were determined.A generalizedmathematicalmodel was developed
based on solutions of gas-dynamic and heat-transfer equations for
the processes in the engine duct and jacket of cooling system. Nu-
merical research of the DMSCRAM cooling system under permis-
sible wall temperature Tw;max D 1100 K and stationary � ight condi-
tions of M D 5 (shown in Fig. 10) indicated that much more cooler
cooling � ow is needed than the fuel � ow required during the su-
personic mode combustion at ¯ D 0.3–0.6. The normalized cooling



OGORODNIKOV ET AL. 1045

Fig. 10 Axisymmetrical DMSCRAM cooling system performance at
M 1 = 5 for supersonic a and subsonic combustion modes b.

Fig. 11 Control system architecture of DMSCRAM.

� ow rate, NG cool D G cool=Gfuel ranges from 1.75 to 3.0. During the
subsonic-modecombustion (¯ D 0.3–1.1), less cooler consumption
is needed, with NG cool D 1.2–1.5. Satisfactory agreement between
predicted and experimental data was con� rmed using the meth-
ods developed for analysis of nonstationary� ight data.9 During the
� ight, the excess fuel used for cooling was removed through the
holes circumferentially placed on the rocket transition section, and
it was controlledby the fuel regulatorin accordancewith the control
system operation.In the case of ground tests of engineswith cooling
system under the limit on hydrogen � ow rate, a test method based
on the use of liquid nitrogen or air as a cooler was suggested.

A control system for hydrogen consumption and its distribution
in the injectors rows is necessary for the DMSCRAM � ight tests.
Design and experimental investigationsof the hydrogen-fueleden-
gine and mathematical modeling of the engine control system al-
lowed the generation of control laws, programs, and parameters.10

For its realization without direct hydrogen consumption measure-
ment, a closed-loop nonstatic control system with � uidic compo-
nents was used. Two ratios of the combustor pressures (pc1 and
pc2) to the engine inlet pressure (p4) have been used as control
parameters: pc1=p4 D Fc1.M / and pc2=p4 D Fc2.M /. The control
system functions were � ight Mach-number measurement, control
programsgeneration,changeof gaseoushydrogenconsumptionand
its distribution in sub- and supersonic combustion modes, preven-
tion of disgorgement of the shock from the engine inlet (“shock-
out” mode), and provision of additional combustion chamber wall
cooling. Figure 11 shows schematically the structure of the engine
control unit. The control system consists of a unit for measuring the
freestream and combustor pressures, p0

t , pc1, and pc2 (i.e., pos. 1),
intended for forming the hydrogen consumptioncontrol commands
and for changing the combustoroperatingmode (sub- or supersonic
combustion); a unit for the � uidic components(i.e., pos. 2) for com-
parison of the reduced pressures with the p1 and p4 values and for
logic operationsexecutionaccordingto the engine control program;

a Mach-meterunit (i.e., pos.3) that determinesthe � ight Mach num-
ber as a function of p0

t=p1 and provides program values of Fc1.M/
and Fc2.M / throughthe use of pro� led cams; a piston-typeactuators
assembly (i.e., pos. ACT) to drive � ow throttling valves V1 and V2
for modifying the consumptions to three injector rows and valves
V1=2 and V4, which supply the hydrogen � ow to the combustor
cooling jacket. The V4 valve is operatedon the cooling jacket walls
according to the overheat signal.

The experimental investigations of the control system unit has
been carried out for ground tests with a simulated control loop (the
aggregates are full scale, and the engine model is on the analog
computer) at M D 3.5–5.5 and H D 16–26 km. It was established
that the system operation stability is ensured by special selection
of the motion-valveangular velocities and of the � uidic component
gains.The test resultsweregoodfor the staticcontrolparameters,for
the engine shock-out modes simulated with the p5 > p4 signal, for
the transient regimes from the subsonic to supersonic combustion
mode and vice versa, and for compensationof the fuel-consumption
intensive perturbations.

E. Liquid Hydrogen Storage and Supply Systems

Design, construction, and experimental investigations of LH2

feeding, storage, and supply systems were conducted within the
framework of the ground equipment and launch system preparation
for � ight test by CIAM together with the Design Bureaus “Fakel,”
Scienti� c Industrial Company “Kryogenmash,” and others. Model,
mock-up,and realLH2 tanksprotectedby screen-vacuuminsulation,
controldevices,valves,and other equipmentfor He-pressurizedfuel
tank and fuel supply control systems were fabricated and tested.
Based on the test data analysis, the LH2 losses for precooling of
HFL system were evaluated as 10–15% of tank volume during day-
time. Also the necessary preparations and tests of external feeding
system and control devices were carried out.

V. Ground Tests of Model
and Flight-Type DMSCRAM

The main objectives for the � rst USSR ground test of a full-scale
model DMSCRAM were 1) to determine the operation characteris-
tics at the sub- and supersonicmodes of combustion,2) to obtainex-
perience on engine and experimental data analysis methods, and 3)
to make recommendationsfordesigningthe � ight-typeengine.Tests
of DMSCRAMs were carried out at the CIAM test benches with
gaseous hydrogen (Tfuel D 300 K) under freejet conditions (BMG
test bench) at ®at D 0 deg and M D 5 (sub- and supersonic com-
bustion modes) and M D 6.2–6.4 (supersonic combustion modes)
and direct-connect conditions (Ts-101 test bench) with simulation
of � ight parameters, correspondingto M D 3.5–4.0 (subsonic com-
bustion modes). At M D 5, the freestream � ow stagnation parame-
ters were Tt D 900–1200 K and Pt D 1.8–2.5 MPa; at M D 6.2 these
parameters are Tt D 1300–1600 K and Pt D 4.4–5.8 MPa; and at
M D 3.5–4.0 entering � ow Mach number was ¼2.0 and Tt D 750–

1000 K, Pt D 0.15–0.24 MPa. Heating of air was provided by vi-
tiated (kerosene fueled heater at BMG), resistance-, and arc-type
heaters (Ts-101). For initiation of combustion, the sparkplugswere
used, and as a rule their operation continued during the whole run.

Ground tests of the � ight-model DMSCRAM were carried in
freejet environments (BMG) corresponding to M D 5 and alti-
tude H D 25 km conditions. Schematics of the two-dimensional
DMSCRAM installation at BMG and Ts-101 test benches are pre-
sented in Fig. 12. Installation of the axisymmetrical DMSCRAM
was analogous.The � ight engine was tested in two variants: the � rst
was with the use of 10 separate � ow metering nozzles for check-
ing of the air� ow rate and the second without metering nozzles for
checking of combustion operation. The data acquisition system in-
cluded pressure gauges, thermocouples, gas sampling probes, fuel,
air and water mass � ow meters and shadow device. Thrust forces
were measuredduring the testsat Ts-101.Determinationof the aver-
aged � ow parameters and engine thrust performancewas conducted
with the use of one-dimensionalprocessingmethods of experimen-
tal data.Reliabilityof suchapproacheswas con� rmed bymethodical
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a)

b)

Fig. 12 Schemes of two-dimensionalDMSCRAM ground test: a) free-
jet test bench (BMG) and b) direct-connect pipe line (Ts-101). 1, wind-
tunnel nozzle; 2, vacuum chamber; 3, combinedpitot tube and Tt probe;
4, exhaust diffusor; 5, two-dimensional DMSCRAM; 6, support strut;
7, to exhauster; 8, direct-connect unit; 9, DMSCRAM combustor; 10,
valve; 11, thrust-balance device; 12, fuel-metering nozzle, I, II, III &
IV—rows of fuel injectors.

investigations and good correlation of the gas-dynamic and thrust
methods.

Main results of the model DMSCRAM researches were given in
Refs. 3, 11, and 12.

A. Two-Dimensional DMSCRAM

Researchesof two-dimensionalDMSCRAM mock-upat M D 6:3
con� rmed the possibilityof full-scaleDMSCRAM tests at the BMG
test bench under design and off-design (“shock-out” mode) condi-
tions by means of a special throttling device installed at the en-
gine exit section. It was found that rather rapid equalization of the
pressure nonuniformity along the duct occurred even at the aver-
age supersonic velocity at the combustor exit, which additionally
argues in favor to processing with the use of the one-dimensional
methodology.

In tests correspondingto supersoniccombustionmode, when fuel
was injected in the � rst combustor section, two critical values of the
fuel/air equivalence ratios ¯ were obtained. The � rst one (¯cr) de-
� nes the fuel consumption,when the increaseof it results in changes
of the � ow� eld in the combustor, which leads to subsonic combus-
tion zone in the � rst combustor section and thermal choking at the
exit of this section. The second one (¯max) corresponds to the max-
imum fuel consumption beyond which a normal shock appears in
the upstream of the cowl. In the second and third combustor sec-
tions the average � ow is supersonic.Startup of engine with ignition
and stabilization of combustion was provided at all ¯ values and
different fuel distribution between the injector rows. Combustion
ef� ciency ´comb in the combustor exit section is decreased when
the ¯ value is increased (see Fig. 13) corresponding to diffusion
combustion. The main part of fuel burns in the � rst section, with
the remaining in the second and third sections (approximately with
equal ef� ciencies), that gives an evidence of decreased mixing and
combustion in the extended sections in comparison with processes
in the section F D const. Measurements showed that the maximum
heat transfer was observed in the � rst section cavity � ameholders
and behind them (qw;max D 2.5–3.3 MW/m2 ). The maximum value
of qw , however, was observed also at the bottom wall between the

Fig. 13 Two-dimensional scramjet performance.

fuel pylons, which is an evidence of fuel combustion in the separa-
tion zones ahead of the fuel injectors. The total value of heat � uxes
NQw to the combustor walls relative to the heat resulting from the

fuel combustion varied from 25–30% at ¯ D 0.1 down to 12–14%
at ¯ D 0.7–0.8.

Stable subsonic combustion mode regimes were realized over
a wide range of ¯ D 0.16–1.0 and under different techniques of
engine startup. It was shown that, at small M and high altitude H ,
startupis achievedbya short-durationincreaseof air� ow parameters
P and T . Maximum fuel consumptions, which did not result in
off-design � ow of inlet and nonstable inlet/combustor operation,
were determined. Peculiarities of gas-dynamic � ow structure in the
� owpath and effect of fuel distribution between the fuel injector
rows on this structure were found. The combustion ef� ciency ´comb

dependedon the total fuel consumptionand was almost independent
of on the fuel distribution between the injector rows (Fig. 13). This
indicated that the increase of ´comb caused by preliminary hydrogen
mixing in the upstream of the combustion zone was negligible.The
main reasons for low ´comb were the short length of the third section,
non- uniformdistributionof fuel injectedthroughthe fourthfuel row
along the cross section, and small depth of fuel penetration into the
main � ow at the third section. NQw value on these regimes is equal
to 5–11% from heat resulting from combustion.

Thrust performanceof DMSCRAM was obtained with the use of
freestream conditions and � ow parameters in the engine � owpath
accounting for the off-designcowl � ow. It was assumed that engine
nozzle had NFeng D Fnoz=Finl D 2, and the losses of exit � ow impulse
were 2%. Also the return of the heat transferred into the duct walls
was taken into account. Values of thrust coef� cients are shown in
Fig. 13.

B. Axisymmetrical DMSCRAM

The investigationof axisymmetricalDMSCRAM was carried for
two stages. Main results were obtained during the � rst stage when
fuel was supplied only through I and II injector rows placed on the
central body of the � rst combustor section to provide supersonic
mode combustion. In case of the subsonic mode, the fuel was sup-
plied through III and IV injector rows placed at the end of second
and at the beginningof third combustor sections.However, in these
runs a large degree of hydrogen non uniformity was observedalong
the duct cross sections, which was con� rmed by the gas sampling
analysis data, the wall-temperature distribution, and the heat-� ux
measurements. To eliminate this imperfection, the V injector row
was fabricatedand placedat the end of the � rst combustorsectionon
the cowl for the second stage tests. Results of researcheswith some
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a)

b)

c)

d)

Fig. 14 Generalized results of the axisymmetrical DMSCRAM exper-
imental investigation.

hydrogeninjectionthroughthe V row (I C V, III C V etc.) con� rmed
a more uniform distributionof hydrogenalong the duct and gave an
appreciable increase of ´comb values.

The increase of the relative combustor length and number of the
fuel injectors resulted in an increase of the ´comb values in com-
parison with the two-dimensional DMSCRAM ones (Fig. 14a).
However, the total hydraulicpressure losses increased considerably
because of the large wetted surface of the annular combustor and
becauseof the thick struts placed in the duct, especiallyin the super-
sonic combustion regimes. So at M D 6:2 runs, the � ow was super-
sonic only for ¯max < 0:3. When ¯ > 0:3, combustion was realized
in the extendedpart of the chamberat subsonicvelocities.Some hy-
drogen was injected through the III or V rows at ¯ > 0:3 becauseof
the decrease of ¯cr. At M D 3:5 and subsonic combustion regimes
the value of ¯max ¼ 0:75 characterizes the limiting fuel consump-
tions through the III injector row when the � ow at the combustor
entrance is not changed. The increase in the wetted surface caused
an increase of NQw almost twice that for the two-dimensionalengine
(Fig. 14b), although these results were obtained without accounting
for heat transfer in the nozzle duct.

Thrust performance was counted with the use of experimental
data in the same way as for two-dimensionalDMSCRAM (Figs. 14c
and 14d). It was proposedthat at M D 6:2, the inlet captureratio ’ is
1, while ’ D 0:54at M D 3:5 anda possibledecreaseof’ at ¯ > ¯max

was not accounted for. According to preliminary researches, the
nozzle impulse losses were accepted as 3.5%.

C. Flight Version of DMSCRAM

The ground tests of the � ight version of DMSCRAM at M ¼ 5
were an important step for the pre� ight tests. The ignitionof hydro-
gen in the combustor, determination of inlet parameters in engine
assembling, operation of the cooling system and methodology of
testing the cooled DMSCRAM were checked during these tests. To
determine the mass � ow rate through the engine, a special metering
nozzle device was developedand fastened at the engine nozzle exit.
The system for model cryogenic liquid coolant (liquid nitrogen,air,
or its mixture) was developed, fabricated, and tested.

The tests proved the possibility of DMSCRAM starting at
¯ D 0.7–0.8 with hydrogen ignition by electrical sparkplugs and
stable combustion by cavity � ame stabilizers (Fig. 15a). The

a)

b)

Fig. 15 Ground-test results of � ight type DMSCRAM: a) start engine
test (ignitionofhydrogenfuel at sub- /supersonic regimes) andb)cooling
system test.

Fig. 16 Joint inlet/combustor and nozzle/combustor operations:
a)maximumheat-release parameters (two-dimensionalDMSCRAM)—
¯I and (¯ £ £ ´)I vs Mach number; b) two-dimensional engine
air capture ratio vs � rst combustor section heat-release parame-
ter PQI = (¯ £ £ ´)I £ £ 104=Tt; c) nozzle impulse loss coef� cient, » R
vs PQ R (axisymmetrical engine); ² , —gIII = GfIII=Gf R = 1; ¥, ¤¤—
gIII = 0.4,gIV = 0.6, D , ¤ —gII = 0.6,gIII = 0.4; ¨—gI = 0.1,gII = 0.9; /////—
(calculation under test conditions).
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experimental value for the inlet capture ratio was found to be close
to the theoreticalvalue and to the model test data. The dynamic and
hydraulic characteristics of the cooling system were determined,
and its durabilitywas con� rmed for the summary operation time in
the test cell of about 200 s, with ¼60–70 s of combustion runs. It
was establishedby the tests that even for the primary parts of cool-
ing shell, a suf� ciently uniform coolant distribution was achieved
along the perimeter of the annular channel.This statement con� rms
the data on nonuniformity degree for heat-transfer coef� cient ® in
the cooling channel, characterized by ±®;cool D .®max– ®min/=®average

at the end of the combustor, as shown in Fig. 15b. Here, ®max , ®min,
and ®average are maximal, minimal, and average heat-transfercoef� -
cient values in different measuring points of cooling channel.

The � nal checkoutof DMSCRAM durabilitywas done in the � rst
� ight test in November 1991.13

D. Peculiarities of Joint Elements Operation in Engine Assembling

During the model engine tests, problems of the combined inlet,
combustor, and nozzle operation were revealed in engine assem-
blies, which were insuf� ciently investigated at autonomous tests.
The data on the combined inlet/combustor operation are shown in
Figs. 16a and 16b for the rectangularDMSCRAM.3 The data show
the variation of the capture ratio ’=’max as a function of the heat-
addition parameter PQ in the � rst section of the combustor, de� ned
as PQI » ¯I £ ´I;comb=Tt;air and the ultimate fuel mass � ow rate ¯I;max

as a function of the freestream Mach number.
More data were obtained on hydrogen ignition and � ame sta-

bilization by cavity stabilizers for the combined combustors of
DMSCRAM. Some new data were obtained on the thermal con-
dition of cavity stabilizers. All data obtained on the heat-transfer
coef� cient were generalized using a relationship in the form of
Nu D f .Re/, which correlates with the experimental data without
combustion.

The tests on the operation of the axisymmetric engine nozzle to-
gether with the combustor revealed the in� uence of the combustor
on the nozzle, de� ned as the Mach-number variation by the � ow-
� eld variation at the combustor exit. Figure 16c shows the impulse-
loss coef� cient as a function of the heat-release parameter in the
combustor PQ;comb. It is likely that this relationship becomes differ-
ent for another engine.

VI. Summary
As part of the development and preparation of the DMSCRAM

� ight tests, detailed investigationsand tests were conductedof both
the individual elements and the engine systems, as well as their
joint operations in the engine environment. The data obtained pro-
vided a basis for the recommendations for the � ight version of the
DMSCRAM and for performing � ight tests for the � rst time.

Acknowledgments
The authors are sincerely grateful to the participantsof this work

from CIAM, Design Bureaus “Soyuz,” “Fakel,” “EGA,” and SIC
“Cryogenmash” for their assistance and collaboration.

References
1Iiiff, K. W., and Shafer, M. F., “A Comparison of Hypersonic Flight and

Prediction Results,” AIAA Paper 93-0311, Jan. 1993.
2Sosounov, V. A., “Study of Propulsion for High Velocity Flight,” Pro-

ceedingsof the Xth InternationalSymposiumonAir BreathingEngines, Sept.
1991.

3Vinogradov,V. A., Grachev, V. A., Petrov, M. D., and Shikhman, Yu. M.,
“Experimental Investigation of 2-D Dual Mode Scramjet with Hydrogen at
Mach 4-6,” AIAA Paper 90-5269, Oct. 1990.

4Vinogradov, V. A., Duganov, V. V., and Stepanov, V. A., “Application of
Numerical Methods forDesigning of Super- and Hypersonic Inlets,” Journal
of TsAGI Scienti�c Notes, Vol. 13, No. 2, 1982, pp. 62–68 (in Russian).

5Strokin, V. N., and Grachev, V. A., “Possible Schemes of Flameholding
in Hydrogen Fueled Scramjet Combustors,” Proceedings of the First Inter-
national Aerospace Congress, Vol. 1, Academy, Moscow, 1997, pp. 630–

633.
6Strokin,V. N., and Grachev, V. A., “The Peculiarities of Hydrogen Com-

bustion in Model Scramjet Combustors,” Proceedings of the XIII Interna-
tional Symposium on Air Breathing Engines, Vol. 1, AIAA, Reston, VA,
1997, pp. 374–384.

7Annushkin, Yu. M., “Main Dependencies of Turbulent Hydrogen Jets
Combustion in Air Duct,” Journal of Physics of Combustion and Explosion,
Vol. 17, No. 4, 1981, pp. 59–71 (in Russian).

8Khailov,V. M., “Chemical Relaxation in Jet EngineNozzles,” Mashinos-
troenie, Moscow, 1975, p. 228 (in Russian).

9Antonov, A. N., Shikhman, Yu. M., Shlaykotin, V. E., and Tchivanov,
S. V., “Mathematical Simulation of Scramjet Operation with Convective
Cooling System Under Non-Stationary Heating of Construction,” Proceed-
ings of the XX Readings on Cosmonautics, Russian Academy of Sciences,
Moscow, 1996, pp. 58, 59 (in Russian).

10Aparin, E. L., Belukov, A. A., Stepanov, G. P., and Shikhman, Yu. M.,
“Parameters and Control System of Experimental Dual-Mode Scramjet,”
Proceedings of the First International Conference on Airspace “Man-
Earth-Space,” Session of Propulsion for Airspace System, Vol. 4, Russian
Engineering Academy, Mashinostroenie, Moscow, 1995, pp. 435–449 (in
Russian).

11Albegov, R. V., Kurziner, R. I., Petrov, M. D., and Shikhman, Yu. M.,
“Operation Process Peculiarities in Combined CombustorUnder Heat Addi-
tion into Sub-and SupersonicFlow,” Proceedingsof the ReadingsDevoted to
F.A.Tsander’s Works, Session of Aviation EngineTheory, Russian Academy
of Sciences, Kuibishev, 1985, pp. 95–106 (in Russian).

12Vinogradov, V. A., Albegov, R. V., and Petrov, M. D., “Experimental
Investigation of Hydrogen Burning and Heat Transfer in Annular Duct at
Supersonic Velocity,” Physics of Combustion and Explosion, No. 6, 1991,
pp. 24–29 (in Russian); also International Council of the Aeronautical
Sciences, Paper 92-3.4R2, Sept. 1992.

13Kandevo, S. W., “Russian Want U.S. to Join Scramjet Test,” Aviation
Week and Space Technology, Vol. 136, No. 13, March 1992, pp. 18–20.


