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Validation Studies of Scramjet Nozzle Performance
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Thrust by scramjet nozzles was measured using a high-temperature gas flow with Mach 2.5 and a total
temperature of 3100 K by combustion of monomethyl-hydrazine (MMH) and nitrogen tetraoxide (NTO). Wall
pressure on the nozzles was monitored to estimate the pressure force on the nozzles. Series of cold nitrogen (N2)
flow tests were also conducted using the same nozzles. An inviscid two-dimensional code was able to reproduce
nozzle performance of the cold N2 flow. The calculations with chemical kinetics also predicted the experimental
results of the MMH/NTO flow within an error of 3.6%. Kinetic, two-dimensional and friction losses in the
scramjet nozzles were identified for the nozzle, and the scale effects of the nozzle performance of H2-fueled
engines are discussed.

I. Introduction

F OR a space plane driven by scramjet engines, require-
ments of propulsion, aerodynamics, and structure neces-

sitate airframe-integrated engines. In which case, the fore-
body works as the precompression part for the inlet and the
afterbody acts as the external nozzle for the scramjet engine.
Therefore, the nozzle for scramjet engines must be rectan-
gular and asymmetric.1'2 Hypersonic propulsion, especially in
scram jets, is greatly handicapped by the ram drag. The ratio
of gross thrust to net thrust increases from 1 in conventional
air breathing engines to almost 10 in scramjet engines.3 This
enhances the relative significance of nozzle studies in these
types of propulsion systems.

The most prominent features of the scramjet nozzle flow
are the effects of nonequilibrium chemistry in high-speed noz-
zle flow and nonuniformity of the incoming flow from the
combustor.4 It has been reported that these factors affect the
lift thrust delivered by asymmetric nozzles as well as the main
thrust.1"6 Accurate estimation of performance of the nozzle
is the most essential step in the development of scramjet
engines.

Because of the difficulties and limitations involved in ground-
based testings of scram jets, the use of computational fluid
dynamics (CFD) is essential. There have been some numerical
studies on scramjet nozzles.7"10 Harloff and Lai7 calculated
two- and three-dimensional flows of scramjet nozzles in a
range of freestream Mach numbers from 3 to 14. Wall pres-
sure, skin friction, and heat transfer rates were computed
using a Navier-Stokes (PARC3D) code assuming a constant
specific heat ratio. Wall pressure was compared with that
measured in experiments. Recently, Huebner and Tatum10

presented a scramjet exhaust flow simulation including the
effects of inlets.10 They compared their results with schlieren
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photographs and discussed the effect of a wind-off environ-
ment in ground testings.

There have, however, been relatively few experimental
studies conducted for code calibrations. Most of these ex-
perimental studies have employed substitute cold gases to
simulate hot combustion gases,3-11-13 except for studies em-
ploying a detonation tube.14 The most peculiar aspects of
nozzle flow in scramjet nozzles, such as the effects of chemical
nonequilibrium, can not be investigated in such cold flow
experiments. It is reported that overall system performance
in scramjets is very sensitive to internal skin friction.15 The
important performance criterion—thrust—has neither been
measured nor have comprehensive investigations on various
losses been reported.

For the purpose of establishing experimental techniques
and validating engineering and analytical codes for scramjet
nozzles, a series of experiments was performed under Mach
8 flight conditions using a high-temperature gas flow.16 Thrust
produced by an asymmetric nozzle was measured using load
cells in high altitude conditions. Static pressure distributions
on ramp and cowl walls were also measured to calculate thrust
by the wall pressure. The pressure thrust was compared with
the thrust measured by the load cells. The thrust performance
and measured results of pitot and static pressure were com-
pared with calculations using a two-dimensional chemical ki-
netic code. Losses in the nozzle flows were identified and
several parameters governing the losses are discussed.

II. Experiments
A gas generator (GG) burning MMH/NTO was adopted to

produce high temperature. The major reason for using these
propellants was to enable accurate measurement of a rela-
tively small increment of thrust due to the scramjet nozzles.
Use of these propellants makes it possible to use the compact
feed system, thus minimizing interference with the thrust
measuring system indicated as TMS in Fig. 1.

The combustor consists of an injector with acoustic cavities
to prevent combustion instability, and a de Laval nozzle to
accelerate the combustion gas flow to Mach 2.5. The cross
section of the combustor is rectangular. The dimension at the
exit of the gas generator is 32 x 147.3 mm and the throat
height is 8.0 mm. The length of the gas generator is 260 mm.
The stagnation temperature was designed to be 3100 K, and
the stagnation pressure to be 1 MPa. The static temperature
and pressure at the exit of gas generator were 2100 K and
0.05 MPa, respectively. The internal nozzle was designed to
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Fig. 1 Scramjet nozzle and thrust measuring system in a vacuum
cell.
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Fig. 2 Geometry of the scramjet nozzles examined (unit: mm).

be representative of the scramjet operation at the flight Mach
number of 8. The configuration of the nozzle was designed
to be wave-free using the method of characteristics with a
correction that accounted for the displacement thickness of
the boundary layer. The approximate geometry of the internal
nozzle in the gas generator can be found in Figs. 5 and 10.

A simple configuration using plane walls was adopted for
the scramjet nozzle in this experiment. The ramp, corre-
sponding to the afterbody of airframe, was inclined by 15 deg
to the axis of the GG. And the cowl was parallel to the GG.
Configurations of scramjet nozzles examined are illustrated
in Fig. 2. Two side-fences were installed in the nozzles with
expansion ratios of 3 (external nozzle: ENS) and 5 (EN5) to
minimized three-dimensional effects. The nozzle (ENS.8) was
used to assess the effects of three-dimensional expansion of
nozzle flow caused by the shorter side fences. The expansion
ratio of the scramjet nozzle was defined by a ratio between
the projected area in the axis of the GG and the entrance
area of the scramjet nozzle. This definition is the most suitable
choice'tor these experimental conditions, unless the wave
emerging from the cowl end interacts with the nozzle ramp.
The EN5 nozzle approximately corresponds to an optimum
nozzle with an exhaust area to air capture area ratio of 1.5

in airframe-integrated scram jets, which was indicated by Sny-
der and Pinckney.2 The configuration of the gas generator
and the ENS.8 scramjet nozzle is shown in Fig. 1.

The experiments were conducted using a thrust measuring
system installed in a high-altitude test stand at the National
Aerospace Laboratory, Kakuda Research Center (KRC). This
facility can simulate high-altitude conditions from i to m atmo-
spheric pressure for 180 s by a steam ejector system. This
high-altitude condition corresponds to the nozzle pressure
ratio (NPR) of 103 or higher for the combustion pressure of
1 MPa. Effects of NPR are also being investigated in this
series of experiments using the cold N2 flow.17 However, only
the experiments in underexpansion for the scramjet nozzles
and in the wind-off environment are presented here.

The wall pressure was measured at 150 stations distributed
on the walls of scramjet nozzles using three scanning pressure
sensors. Because precise measurements of velocity profiles
are difficult for a hot gas flow with a total temperature of
3100 K, friction was estimated from heat flux measurements.
Heat transfer rates in the scramjet nozzles were measured
using thermocouples and heat flux meters. Heat flux esti-
mated by a transient method was compared with the results
by the heat flux meters (Hycal Co.). The friction coefficients
were reduced by using the Reynolds analogy assuming a weak
pressure gradient in the flow direction.

Precise measurement of the incoming flow to the nozzle is
an essential step to investigate the performance of nozzles.
Since it is difficult to measure the high-temperature flow,
experiments using N2 flow with the same nozzle were per-
formed. Pitot pressure, static pressure, and total temperature
were measured using fine probes of 0.5-mm diameter. The
flowfield was visualized by shadowgraph and schlieren pho-
tographs.

III. Experimental Results
Table 1 summarizes the thrusts measured in MMH/NTO

firing tests. Since the thrust is dependent on combustion pres-
sure, oxidizer/fuel ratio, and throat area, a reduced value at
the reference condition was calculated to correct these vari-
ations in each experimental run. In addition, the measured
thrust was corrected for environmental pressure to obtain the
vacuum thrust, as is commonly done in the evaluation of
rocket performance. The measurements revealed the thrust
delivered by the GG to be 1.79 kN, and that measured with
the scramjet nozzle EN3 to be 1.91 kN. This shows the in-
crement of thrust by the scramjet nozzle to be 122 N. In-

Table 1 Thrust by load cells (Flosldcell) and thrust measured from
wall pressure (Fpressure) in Newton
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Fig. 3 Pitot pressure across the GG nozzle exit in the hot flow.
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creasing the expansion ratio to 5.0 resulted in an increase of
thrust delivered by the scramjet nozzle to 183 N.

The entrance conditions of the flow into the nozzles were
investigated first. Pitot pressure distribution across the nozzle
exit of the GG was compared with the results predicted by
an inviscid two-dimensional chemical kinetic (TDK) code,
described later (Fig. 3). The TDK code18 was revised for
asymmetric, plane flow to analyze scramjet nozzles. The solid
line in the figure denotes the calculated results; the experi-
mental values measured at Y = ± 7 mm are affected by ex-
pansion fans originating from the nozzle exit. The measured
pitot pressure was found to agree well with the calculated
pressure within a discrepancy of 5%. The concave distribution
of pressure was due to a mismatch in specific heat ratio eval-
uated for the MMH/NTO combustion gas.

Static pressure is more sensitive to flow conditions and
provides a stricter parameter for evaluation than pitot pres-
sure. Figure 4 illustrates the static pressure distribution for
the cold N2 flow measured along the centerline of the GG
nozzle exit (o) and on the side wall (•). The solid line rep-
resents the calculated result. The larger value of specific heat
of N2 emphasizes the concave nature of the pressure distri-
bution. The high static pressure in the traverse measurement
near the nozzle walls is caused by a reflected compression
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Fig. 4 Distribution of static pressure at the GG nozzle exit (cold N2).
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Fig. 5 Isobaric contours and nozzle wall pressure in the hot flow.

wave originating from the leading edge of the static pressure
probe. The aerodynamic part of the TDK code can be ex-
amined from Fig. 4. The chemical part in the addition of the
aerodynamic part of the code was validated by the compar-
isons in Figs. 3 and 5. Thus, the verification of the TDK code
was made for application to scramjet nozzles.

An isobaric distribution of MMH/NTO combustion gas flow
in the nozzle is shown in the upper part of Fig. 5, which was
calculated by the TDK code. A Prandtl-Meyer expansion wave
is initiated from the ramp corner, and some high-/low-pressure
islands are observed in the flowfield caused by nonuniformity
of gas flow from the GG nozzle. Figure 5 also illustrates the
static pressure distributions on the ramp and cowl walls. The
pressure is nondimensionalized using the chamber pressure
(Pc). The distance from the throat of the GG has also been
normalized by the half-height of the throat in the GG (Y* =
4.0 mm).

Comparison with the isobaric contours in Fig. 5 shows that
the ramp pressure decreases to 0.013 around the ramp corner
and that the cowl pressure maintains the pressure at the GG
nozzle exit (0.04). The cowl pressure decreases from X/Y* =
35 by the incidence of the expansion wave from the ramp.
The reflected wave now incident on the ramp wall at X/Y*
= 70 decreases the ramp pressure. The two solid lines are
the results predicted by the TDK. The results reveal correct
variations of pressure, though the steepness of the pressure
variations caused by the nonuniformity of flow deteriorates
in the calculation.

Using the cold N2 flow, the boundary layer developed on
the scramjet nozzle was measured. Figure 6 shows the velocity
profiles at the GG exit (•), and the EN3 (A) and EN5 nozzle
exits (n). The coordinate Y is normalized by the local mo-
mentum thicknesses (52). The freestream velocity (U) is cal-
culated using the TDK code. The figure implies that the ve-
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Fig. 6 Velocity profiles in the boundary layers measured in the cold
N2 flow.
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Fig. 7 Development of the boundary-layer thicknesses (cold N2).
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locity profiles are similar with respect to nozzle locations and
that the boundary layers are turbulent. The 7th-power law
profile could be compared in Fig. 6, though the line was found
to be hardly distinguishable from the symbols n.

The thickness of the boundary layer (5) developed in the
nozzle is 1.8 mm at the exit of the GG and thickens to 11 mm
at the exit of the ENS nozzle as shown in Fig. 7. This thickness,
as well as the displacement thickness (8+) and the momentum
thickness (52), was evaluated using an integral method.19 Fig-
ure 7 shows good agreement between the calculated values
(solid lines) and the thicknesses measured at the exits of the
GG nozzle, the ENS, and ENS nozzles.

IV. Discussion

A. MMH/NTO Experiments
A method for evaluating performance of liquid propellant

rockets has been established by JANNAF20'21 and adopted
here. The performances of nozzles are illustrated in Fig. 8,
in which the calculated Isp is compared with the Isp obtained
by the pressure integral (denoted by / PdA) and the Isp mea-
sured by the load cells (F). Four computer codes, one-di-
mensional equilibrium (ODE), one-dimensional chemical ki-
netic (ODK), two-dimensional chemical kinetic (TDK) and
boundary layer (BL) codes, were run in this study. The ODE
and ODK codes are based on the JANNAF codes.

The TDK was prepared in the KRC to evaluate perfor-
mance of liquid propellant rockets. The inviscid TDK code
uses the MacCormack scheme for streamwise marching in the
core flow in nozzles, in which the convection terms for con-
servative variables are discretized explicitly and the chemical
source terms are treated implicitly. The reaction model used
in this study includes a set of 24 elementary reactions with
their backward reactions for 12 species for the C-H-O-N sys-
tem. The rate constants and the third-body efficiencies were
chosen from the data in Refs. 22-24. Assuming chemical
equilibrium at the entrance of the contraction part of GG,
the chemical kinetics are tracked down in the expansion sec-
tion of the GG and the scram jet nozzles. The details and the
code validation studies are described in Refs. 18 and 21.

The friction loss in nozzles was assessed using the BL code,
in which chemically inert, two-dimensional boundary layers
was assumed. Davis et al.25 investigated supersonic turbulent
flow development in a square duct using a uniform flow with
a Mach 3.9 and the unit Reynolds number of 20 x 106/m.
Their experimental study indicated that the boundary layer
at the corner bisector is thicker than the boundary layer along
the wall bisector, but the influence of the corner flow is con-
fined into the narrow corner regions for the large Reynolds
number. The boundary layer must be thinner in the accel-
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Nozzle performance in the hot MMH/NTO flow.

erated flow in our nozzles than in the duct with a constant
area. Thus, the three-dimensional effects caused by the pres-
ence of the side fences were neglected in the calculations.
The pitot pressure distribution measured at 182 locations in
the cross section of the GG exit also supported this conclusion.

In this study, the momentum integral method proposed by
Spalding and Chi19 was adopted for estimation of the devel-
opment of the boundary layer, because the integral methods
have been calibrated by many experiments using various wind
tunnels.26 Integral methods are employed in the JANNAF
thrust loss calculation method,20'21 and the effects of trans-
verse and longitudinal curvature have recently been included
to assess viscous loss in rocket engines.27 Recently, Hedlund
et al.28 carried out the Mach 8 calibration test of the Naval
Surface Warfare Center, hypervelocity wind tunnel no. 9.
They reported that Van Driest's method predicted the heat
transfer rates very well, whereas a viscous code underpre-
dicted the data by 7-12%. Two- and three-dimensional vis-
cous calculations for our nozzle experiments are also per-
formed using a second-order accurate TVD scheme and a
fourth-order accurate scheme, called the KRC code,29 de-
veloped in our laboratory. Comparison with various schemes
and the experimental results will be presented at another time.

A part of thermal energy may be released by recombination
of radicals near the nozzle walls to recover the chemical ki-
netic loss in the nozzle flow. However, this increase of the
nozzle performance might be small, because the chemical
kinetic loss in the core flow of nozzles is dominant. The order
of magnitude of quenching rate of radicals in the boundary
layer can be easily expressed by using the displacement thick-
ness, if all the radicals entrained in the boundary layer are
postulated to be terminated at the nozzle walls. The recovery
rate of the kinetic loss in the boundary layer was estimated
to be less than 1% of the kinetic loss produced in the core
flow in our subscale experiment, if the displacement thickness
(1 mm) is compared with the height of the core flow (150
mm). The effect could be negligible in full-scale engines, since
the relative thickness of the boundary layer decreases as in-
creasing the nozzle dimensions. Therefore, the chemical re-
activeness in the boundary layer was neglected in the BL code
to evaluate the nozzle performance.

The difference between ODE and ODK corresponds to the
chemical kinetic (nonequilibrium) loss (KL) in nozzles, and
the difference between ODK and TDK denotes the two-di-
mensional (divergence) loss (TDL). The difference between
the two experimental results, the thrust measured by the load
cell, and the thrust integrating wall pressure, represents the
friction loss acting on scramjet nozzles (BLL).

In order to discuss nozzle performance driven by the MMH/
NTO combustion gas, one has to evaluate total temperature
(energy release efficiency) in the GG first. Defining cooling
loss (CL), nonequilibrium loss (KL), two-dimensional loss
(TDL) and friction loss in the boundary layer (BLL) in the
GG, the combustion efficiency (ER) can be estimated from
the measured specific impulse (Ispmsd) as

ER = 7spmsd/(/spode-CL-KL-TDL-BLL)

where Ispode denotes the specific impulse (Isp) given by chem-
ical equilibrium calculations. The temperature increment of
cooling water and the measured thrust of GG yielded a com-
bustion efficiency of 93.0%, and the total energy release ef-
ficiency including cooling loss was evaluated to be 91.3%.
These evaluations were found to be consistent with the mea-
sured nozzle pressure of GG,

The result shown on the far left in Fig. 8 is that for the
GG. Complete burning and equilibrium yields an Isp of 285.2
s. In addition to the energy release loss of 19.1 s, the KL was
calculated to be 3.6 s and the TDL to be negligible. A laminar
boundary layer was postulated for the hot combustion gas and
the BLL was evaluated to be 2.0 s. The TDK calculation



MITANI ET AL.: VALIDATION OF SCRAMJET NOZZLE PERFORMANCE 729

shows that the two-dimensional loss increases in the EN3
nozzle (16.5%) and recovers in the EN5 nozzle (7.0%), be-
cause the flow is rectified in the downstream region of scramjet
nozzles. This large TDL is due to the simple configuration of
the ramp adopted in this study. The KL was found to be 4.5%
in EN3 and EN5 nozzles. The calculated Isp can be compared
with the Isp of the core flow evaluated after integration of
the wall pressure. The calculated values of 19.7 s (ENS) and
29.9 s (EN5) agree with the experimental ones within a dif-
ference of 5%.

B. Friction Loss in Scramjet Nozzles
A turbulent boundary layer was assumed in the scramjet

nozzles for the hot gas flow with the unit Reynolds number
of 0.5 x IO6. The friction loss (BLL) was estimated to be 2.5
s (ENS) and 4.1 s (EN5) in Fig. 8. The friction losses in ENS
and EN5 nozzles were experimentally evaluated to be 3 s and
4.3 s, respectively. In the figure, predicted values of Isp agree
with experimental values obtained by the thrust mea-
surements within a discrepancy of 2%.

Figure 9 shows the nozzle performance measured in the
cold N2 flow using the same nozzles. The delivered -Isp of GG
agreed with the predicted value within a discrepancy of 0.7%,
if the real-gas effect of N2 was considered for the density
calculation. Predicted performance differs from the experi-
mental performance by 1.3% in EN3 and 6.5% in EN5, re-
spectively. The present calculations underpredicted the de-
livered Isp by 24%, if the BLL is included.

Most of the error is due to the difficulty in discussing the
small increments after subtraction of large values including
thrust by the GG in the experiments. Accuracy of force mea-
surements restricts precise assessment of boundary-layer loss.
This problem becomes especially serious, when the friction
loss (BLL) is elucidated by the small difference between the
pressure thrust and the load-cell thrust. Therefore, inde-
pendent measurement of the boundary layer is essential for
nozzle research. Direct measurements of boundary-layer
thicknesses in the hot flow are necessary for evaluating the
accurate friction loss.

C. Parameters Governing Nozzle Performance
After the calibration studies of the computer codes, size

effect of performance of H2-fueled scramjet nozzles was in-
vestigated. The tested nozzle contour is shown in Fig. 10, in
which the ramp with an EN5 has an initial ramp angle of 18
deg and is optimized using a method proposed by Nickerson.30

The performance was calculated assuming the stoichiometric
burning of H2 with the air (the total temperature of 2600 K).
The large value of Isp by two orders of magnitude in Fig. 10
is due to the value based on the fuel (H2) flow rate rather
than the total flow rate of propellants in Fig. 8. The two-
dimensional loss in diverging nozzle flow has no scale-de-
pendence. The scale effects of the chemical KL can be ex-
pressed in terms of the Damkoelar numbers and that of the
friction loss appears through Reynolds number. The extrap-
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Fig. 11 Scale effect of lift thrust caused by the finite-rate chemistry.

olation of KL in the core flow is relatively easy because the
core flow does not depend on the nozzle dimensions.

The most crucial problem in the scale effect of the friction
loss (BLL) is the laminar/turbulent transition and the relam-
inarization in nozzles. Because of the low viscosity of the cold
N2, the unit Reynolds number in the present experiments was
evaluated to be 20 x 106/m, which coincides to the Reynolds
number for the full-scale engines with the nozzle entrance
height of 1 m. The measurements of heat transfer rates ex-
pelled the possibility of the laminar/turbulent transition in the
range of the Reynolds number in Fig. 10. Thus, the turbulent
boundary layer was assumed from the present nozzles exper-
iment to the full-scale engines.

The Isp given by ODE (1382 s) is reduced by the kinetic
loss, the two-dimensional loss, and the friction loss. The KL
decreases with the nozzle dimensions because the longer res-
idence time in the nozzles shifts the reactive flow to chemical
equilibrium. It was found that these three losses were ap-
proximately equal in full-scale engines with an entrance height
of 1 m. The figure indicates the Isp delivered by the scramjet
nozzle to be approximately 1100 s.

The scale effect of lift thrust by the scramjet nozzle revealed
that a full-size nozzle delivers lift thrust three times as great
as the thrust in the subscale nozzle with a nozzle height of 40
mm as shown in Fig. 11. The kinetic loss increases by a factor
of 3 as the total pressure decreases from 1 to 0.1 MPa. The
ODK calculations demonstrated that H atoms and OH rad-
icals are responsible for the kinetic loss in scramjet nozzles.
An interesting feature is that the concentration of H atoms
decreases near the throat of the GG, but then increases down-
stream in the scramjet nozzles. Detailed studies on chemical
kinetics in scramjet nozzles elucidated that the concentration
of H atoms is determined by the partial equilibrium in an
overall branching reaction

3H2 02 = 2H20 + 2H
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and that the concentrations of radicals, OH and O can be
written in terms of the concentrations of stable species and
the H atoms.

The peculiar increase of H atoms downstream and the de-
pendence of chemical kinetic loss in nozzles on the stoichi-
ometry could be interpreted by the partial equilibrium. The
results indicate that chemical kinetic loss in scram jet nozzles
is dominated by H + O2 + M reaction in fuel-lean conditions
and by H + OH + M and H + H + M reactions in fuel-
rich conditions.

The partial equilibrium becomes more dominant in scramjet
nozzles, because radical-branching reactions overcome radi-
cal-breaking reactions in flight with a high Mach number and
a low nozzle pressure. Using the approximation of partial
equilibria in chemistry, the reactive flow in scramjet nozzles
could be expressed by an overall reduced kinetic model con-
sisting of various radical breaking reactions.

V. Conclusions
1) An inviscid two-dimensional, chemical kinetic (TDK)

code was adopted to predict nozzle performance, and the
results were compared with experiments using a hot MMH/
NTO combustion gas flow of 3100 K and a cold N2 flow.
Maximum discrepancies between calculations and experi-
ments were 3.6% (hot flow) and 6.6% (cold flow) for the
core flow performance.

2) The chemical kinetic loss in the scramjet nozzle examined
in hot MMH/NTO burning gas was evaluated to be 4.5%.
The two-dimensional losses were evaluated to be 16.5% (EN3)
and 7% (EN5). The calculated hp agreed with the experi-
mental specific impulse within a discrepancy of 2% for the
hot flow. Measurements of the boundary layer for the cold
N2 flow indicated that the boundary layer is turbulent in the
scramjet nozzle. The heat transfer measured on nozzles sup-
ported this result.

3) Scale effects of thrust of scramjet nozzles were investi-
gated for H2-fueled scram jets. Chemical kinetic loss, two-
dimensional loss and friction loss were found to be approxi-
mately equal in full-scale engines with an entrance height of
1 m. The delivered specific impulse of the full-scale scramjet
nozzle was estimated to be about 1100 s.

4) The calibrated TDK code showed a strong dependence
of lift thrust on nozzle pressure and dimension through chem-
ical kinetics in nozzle flows. The reactive flow in the nozzles
can be approximated by partial equilibria between radicals
and stable species. This approximation was found to be im-
proved in hypersonic flight situations.
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