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Rotating Detonation Wave Engine (RDE) due to its promising potential as a propulsive and power generation device has
been researched worldwide based on both numerical and experimental investigations. The thermodynamic analysis has been
of importance prior to the commencement of the experimental investigations as the set conditions could be established with
ease. The flow field behind the detonation wave has been quite complex due to oblique shock wave, contact surface between
combustion products of detonation wave and shocked combustion products and the expansion waves. The simultaneous
establishment of the flow parameters has been of importance to the success of understanding the RDE. The enthalpy values
at different states have provided the energy conversion to kinetic energy as a result of expansion of the product gases in the
RDE flow field. Stability of the oblique shock wave attached to the detonation wave has been crucial for obtaining optimum
performance of RDE. The intersection of oblique shock polar and the Prandtl — Meyer expansion characteristics has given
the conditions under which the oblique shock remains attached to the detonation wave and be a part of the triple point.
Under all the set conditions, the stability of the oblique shock has been ascertained. In the present analysis, the specific
thrust for the present configuration using H,—air is 1374 Ns/kg compared to a value of 1347 Ns/kg reported in the literature
for a stoichiometric composition. The marginal difference has been due to the different input conditions ahead of the
detonation wave. This has given credence to the results of the analytical work based on gas dynamic and thermodynamic
relationships. The practical implications of this analytical work have been brought out.
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1 Introduction

Rotating Detonation Wave Engine (RDE) would be
the futuristic engine for air-breathing missile systems
and gas turbine systems (aero and stationary
applications). The continuous operation of RDE
with an operating frequency of 3-15 kHz has been
attractive for propulsion systems based on rocket,
ramjet and turbojet engines. The high specific power
output, thrust to weight ratio and volumetric
efficiency were the characteristics of RDE based
propulsion systems. Step change in thermal efficiency
(by 25%) lead to less fuel consumption and emission
production.! RDE was being evaluated for
Rocketdyne’s RL-10 rocket and upper stages of Delta
IV and Atlas V rockets’. The RDE work had been
carried for the first time in our country in spite of its
invention in 1960°. The work was attempted in 3
phases. In phase-I, the RDE was designed based on
the empirical correlations reported in literature’ and
the engine hardware realized®. In phase-II, the
dynamic and thermodynamic analysis of the RDE
combustor without the nozzle was carried out using
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the methods reported in literature’ to obtain the
realizable performance parameters. One dimensional
models such as pressure history model and axial
flow model were formulated and the propulsion
performance parameters were computed’. The
detailed explanation for the flow phenomena was also
provided for better understanding of the complex
flow. In phase-III, the ground tests were conducted in
the connect pipe test facility. Expressions for
thermodynamic cycles such as Brayton, Humphrey
and Ficket-Jacobs (Detonation) were derived and the
thermodynamic efficiencies were given for various
fuels®. It was shown that the detonation cycle
provided the maximum efficiency of about 60%. The
engine performance was carried out using a zero-
dimensional approach with a detailed thermochemical
model of equilibrium combustion products and the
specific impulse was evaluated under various injection
conditions’. The detailed processes occurring in the
RDE were very much simplified in these models. The
RDE flow field could be well understood based on the
two-dimensional CFD work invoking Euler unsteady
equations® °. This resulted in dividing the RDE flow
field into several states and models them with
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appropriate governing equations. Similar approaches
were followed by several researchers around the
globe'"!. The power cycle calculations were coupled
to non-linear dynamics of rotating detonation waves
and extracted the thermodynamic metrics from
particle paths in a two-dimensional unwrapped
domain of RDE". In order to overcome the
simplifications of the reduced order models, machine
learning algorithms were developed to solve the
moving co-ordinate problems occurring in RDE'™.
The validation and training the software required a
large amount of reliable data that is sparse. The next
high fidelity model would be based on Large Eddy
Simulation. As the physics of RDE was not correctly
captured, these models provided over prediction of
the performance parameters'’. The major problem
was the computation of the thrust and the validation.
The experimental uncertainty itself was about 140%
for the thrust levels less than 1000N",

In order to obtain the set conditions for the RDE
ground tests and obtain the ballpark figures of the
performance parameters, the low fidelity models
including the processes occurring in various regimes of
flow were selected. Initially, computations were carried
out without finalizing the geometry. Later, based on the
test facility capability, a particular geometry of RDE
was chosen to obtain the set performance parameters. It
implies that this paper focuses attention on the work
carried out in phase-II of our overall plan of RDE
development. NASA CEA software' was used to
calculate the Chapman — Jouguet (CJ) detonation
parameters and other thermodynamic state properties.
General ideas to carry out analytical work were
available in open literature™ '*'*. However, the detailed
methodology of computations was not explicitly
mentioned. Hence, the detailed methodology has been
explained in this paper with a case study based on the
conditions proposed for conducting the ground tests of
indigenously realized RDE. Hence, there was no
parametric study reported either by changing the
geometry or by changing the flow input conditions.
The analysis was extended further to identify the
existence of the attached trailing oblique shock based
on the impedance ratio of the reactants and the
bounding gas ahead of the complex wave structure
likely to be encountered in the proposed experiments.

2 Materials and Methods

2.1 Concept of RDE
In RDE concept, a rotating detonation wave was
created using a combination of fuel and oxidizer

ignited by a high intensity ignition source obtained
through a pre-detonator. The combustion product
gases expand through an annular nozzle producing
necessary thrust. Figure 1 shows the sketch of a
rotating detonation wave engine. In this case, the
combustor or the detonation channel is the annular
ring, where the detonation is obtained for the
premixed fuel-air mixture consisting of hydrogen and
air. The detonation wave propagates, near the plane of
the injector circumferentially around the annular ring.
The detonation products of combustion have been
expanded and they flow through the exit of the
combustor, which could have a nozzle to further
increase the thrust. In the present case, nozzle was not
considered as the scope was restricted to obtaining the
rotating detonation wave under various fuel — air
mixture ratios. RDE provided a continuous thrust and
did not need initiation for every cycle unlike in the
case of pulse detonation engine.

The study of the flow field behind the detonation
wave involved analytical modeling of oblique shock
wave, contact surface between combustion products
of detonation wave and shocked combustion products
and the expansion waves. Hence, the RDE was
“unwrapped” into two dimensions™'*'> as shown in
Fig. 2 to perform simple computations. The details are
explained under “flow regimes” in this paper.

2.2 Modelling of injection process

An injection model was formulated to carry out
mixing analysis of the non-premixed reactants just
upstream of the detonation wave. For simplicity,

one — dimensional steady flow equations of
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Fig. 1 — Sketch of a rotating detonation wave engine.
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Fig. 2 — Sketch of the two-dimensional unwrapped RDE flow field.

continuity, momentum and energy were formulated
and solved to obtain the mixture properties of fuel and
air prior to detonation in the annular combustor based
on the control volume shown in Fig. 3. State ‘a’ is
for the air flow; state ‘f” is for the fuel flow and state
“mix” is for the mixture conditions. In all the cases
the total pressure of the air was maintained at 3.0
bar(abs) and hence the flow rate of air was constant at
2.57 kg/s.

Depending upon the fuel based equivalence ratio
the fuel flow rate was varied. As the number and
diameter of the fuel injection orifices were fixed, the
fuel injection total pressure was varied to allow for
the required amount of fuel flow.

(a) Continuity equation

Mg + Mp = My . (D)

Mmix = OmixAmixVmix .. (2)
(b). Energy equation

‘ vé m vF
mr?nax (h“ * 7a) * mmfix (hf * Tf) = CpmixTmix +
Vimix
- .3
(¢) Axial momentum equation

mef + pfAf + pa(Aml'x - Af) = MixVimix +
pmixAmix--- . (4)

These equations were solved using Newton-
Raphson method to obtain pumix, Tmixs, Vmix- The
isentropic conditions have been invoked to obtain the
stagnation pressure, stagnation temperature and Mach

Air| (a)
]
F%;LE E Mixture
E (mix)
{
C.

Fig. 3 — Control volume for the injection flow process.

number at the mixture state. As the mass flow rate of
air was kept constant for all the fuel based
equivalence ratios, the fuel flow rate continuously
increased with increase in equivalence ratio.

2.3 Determination of detonation properties

NASA CEA software”, assuming chemical
equilibrium has been invoked to obtain the CJ
detonation parameters such as CJ-Detonation velocity,
pressure, temperature and density downstream of
detonation wave. Figures 4-6 show the CJ detonation
velocity, pressure and temperature as a function of fuel
based equivalence ratio. The CJ detonation velocity
increased with increase in equivalence ratio. This was
due to the increase in sonic velocity of the gases as a
result of decrease in molecular weight and increase in
temperature. Heat release due to combustion also
affected the CJ velocity. Heat release was appreciable as
the stoichiometric condition has been approached. This
in turn increased the CJ pressure and temperature as
shown in Figs 5 - 6. The pressure value became almost
constant in the fuel excess regime considered in this
work. But, the CJ temperature decreased after attaining
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Fig. 4 — CJ Detonation velocity Vs equivalence ratio.

20

16 /_\

05 1 1.5
Equivalence ratio
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Fig. 6 — CJ Temperature Vs equivalence ratio.

maximum at stoichiometry based on chemical
equilibrium computations. The stagnation enthalpy
(static enthalpy at CJ condition + 0.5* square of sonic
speed at CJ condition) as a function of equivalence ratio
is shown in Fig. 7. It increased with equivalence ratio.
This value was conserved at all the thermodynamic
states considered in the flow regime of RDE at a given
mixture ratio.
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Fig. 7 — Stagnation enthalpy of the detonation products Vs
equivalence ratio.
2.4 Details of flow regimes in RDE

The flow field of RDE is shown in Fig. 2. At the
triple point, the detonation wave, oblique shock wave
and the expansion waves meet. The slip lines start from
this point. The slip line 1-4 separates the fresh reactant
mixture from the products of combustion of the
previous cycle of rotating detonation wave and the slip
line 4-5 separated the shocked combustion products
from the expanded combustion products of the
detonation wave. In order to maintain mechanical
equilibrium, the static pressure across the contact
surfaces were assumed to be equal, which implied that
p1 = ps and p; = ps. In the contact surface (1-4), u; = ug;
and w = u; + u, where u, is the azimuthal flow
velocity. In this contact surface, the flow experienced a
huge difference in flow velocity. The flow states of
RDE were estimated based on thermodynamic
analysis. The performance parameters depend on the
nature of reactants, their mixture ratio, expressed in
terms of fuel based equivalence ratio and the initial
thermodynamic conditions such as pressure and
temperature. NASA CEA computer code has been used
for this purpose. The procedure of obtaining the
thermodynamic states is described in this section. The
input values were so chosen to obtain the plausible
conditions to be set for the experiments to be conducted
using the indigenously realised RDE test article.

2.5 Initial Conditions of the mixture, (State 1)

State 1 is obtained by solving the Eqgs. 1-4 for the
Hydrogen — Air mixture at different equivalence
ratios. The values obtained for the equivalence ratio
of 0.7 are given in Table 1.

2.6 Conditions downstream of detonation, (State 2)
DETN option available in NASA CEA code was
utilised to calculate the conditions down stream of
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detonation. Initial pressure and temperature obtained
under state 1 formed the input conditions. The values
obtained for the equivalence ratio of 0.7 are given in
Table 2.

2.7 Conditions upstream of the oblique shock wave, (State 3)

Entropy-Pressure (S-P) option, available in NASA
CEA software was utilised to obtain the state 4. It
implied that the flow was isentropic between states 2
and 4. The entropy of the detonation products and the
reactants at the initial pressure and temperature form
the set of inputs to the code. The values obtained for
the equivalence ratio of 0.7 are given in Table 3

The velocity at 4, uy can be calculated using H and
h4 invoking the assumption that the total enthalpy is
constant. The values obtained for velocity, us and
Mach number at 4 were 2146 m/s and 2.69
respectively.

2.8 Downstream of expansion waves, (State 4)

Expansion of the sonic flow downstream of the
detonation wave took place through Prandtl — Meyer
expansion process. These waves originate from the
triple point. The Mach number, static pressure and
other flow properties downstream of the Prandtl —
Meyer waves can be calculated with the constraint
that the deflection angles and static pressures across
the contact surface were equal. The governing
equations are given below:

_ MZsin?26-1 ]
tany = 2 cot 6 [—MZ ) - (5)
P =v(M3) —v(My) .- (6)
Tablel — Values at State 1
Static pressure, p, 1.034 bar

Static temperature, t; 2774 K
Density, @, 1.024 kg/cu.m
Static Enthalpy, h, -30637 J/kg K
CJ Velocity, u; = ugy 1790 m/s
Sonic velocity, a; 376 m/s

Table 2 — Values at State 2

CJ Pressure, pcy 15.36 bar
CJ Temperature, tc; 2604K
CJ Density, Q¢ 1.819 kg/cu. m
Enthalpy at CJ state, hc 1062500 J/kg
Entropy at CJ state, sc; 9.8 kl/kg K
Ratio of specific heats, yc; 1.203
Speed of sound at CJ state, acy 1008 m/s
Table 3 — Values at State 4
Temperature at 4, t, 1554 K
Density at 4, g4 0.2062 Kg/cu.m
Enthalpy at 4, hy - 731760 J/kg K
Speed of sound at 4, a, 799 m/s.

2vi .
=1+ y;l (M2sin?6 — 1) (D

Py _ [M]W (r2=1) ©
1+[(y2-1)/2]M3 ..

P P\ (P2 (P
A= GEE) O
The derivations are available in the literature'®"?,
Solving the Egs. (5-9) iteratively, the shock wave
angle (03), deflection angle (y3), Mach number at 3
and static pressure at 3 were obtained. Using the value
of pressure and invoking isentropic flow (s,= s3), S-P
(Entropy-Pressure) problem was computed by NASA
CEA software to obtain the state properties at station
3. The reactants considered were at the initial
temperature with a known equivalence ratio. The
values obtained for the equivalence ratio of 0.7 are
given in Table 4.

2.9 Conditions downstream of the oblique shock wave, (State 5)
The products of combustion flow through the

oblique shock wave. The state variables at 5 were

related to state variables at 4 and explained below:

Flow density downstream of the oblique shock,

05 = 04 tan (03)/tan (03 - y3) ... (10)

Normal component of velocity, uns = ussin(63)
(1

Enthalpy at 5,

hs = hy + una’ /2 * (1 = (4/05)*) - (12)

Velocity at 5, us = \/2*(H — hs); where H is the total
enthalpy. The values obtained for the equivalence
ratio of 0.7 are given Table 5

The enthalpy-pressure (H-P) option in NASA CEA
software was used to calculate the sonic speed and

Table 4 — Values at state 3

Temperature at 3, t; 2064 K
Density, 03 0.6222 kg/cu. M
Enthalpy, h; 75540 J/kg K
Speed of sound, a3 909 m/s
Shock angle, 65 47°
Deflection angle, ;3 28°
Pressure, ps3 4.15bar
Velocity, u; 1729m/s

Table 5 — Values at State 5

0.632 kg/cu. M

375056 J/kg
1546m/s

Density at 5, s

Static enthalpy at 5, hs
Velocity at 5, us
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temperature at section 5. The input to the program
were pressure at 5, ps and enthalpy at 5, hs and the
mixture ratio of reactants at initial temperature. The
task here was to input the known quantity, hs to the
NASA CEA program. It was not a normal procedure.
For the known mixture ratio, reactant temperature was
assumed and the reactant enthalpy, hs was calculated
based on the empirical expressions of enthalpies of
hydrogen and air given in the NASA CEA software.
The reactant temperature was iterated till the enthalpy
matches with the value obtained by Eq. 12. The
output of the code gave as = 941m/s and ts = 2235K.

2.10 Sonic axial flow state

It was reported that the flow at the exit of the RDE
could be sonic”’ with the even bluff body exit (as
shown in Fig. 1). But, many researchers were of the
opinion that the flow at the exit was moderately
supersonic (Mach number of about 1.2). The objective
here was to develop a procedure for evaluating the
static pressure of the axial sonic flow. In addition, the
specific thrust was calculated for the hydrogen air
mixture at different equivalence ratios. NASA CEA
software was used to find the axial sonic flow state
using the Entropy-Pressure (S-P) option keeping the
entropy same as that of s, The NASA CEA
code was used in such a way that the axial velocity
obtained would be equal to sonic speed at a particular
value of static pressure. The detailed procedure is
given below:

The reactants at a particular mixture ratio, initial
temperature, entropy s,, arbitrary static pressures from
1.2 to 2.8 bar in steps of 0.2 bar were the input to NASA
CEA software. The enthalpy of products, h,; density of
products, @, and sonic speed, a were obtained from the
output of the program. Axial velocity was calculated
from the energy conservation equation. u, = V2*(hg —
hp), where, hy, is the enthalpy of reactants, that is equal to
h; and hp is the enthalpy of the products, that was
obtained for different plausible pressures. The axial
velocity and sonic velocity as a function of p/p; were
computed and plotted in a graph. The point of
intersection provided the sonic axial velocity. The
corresponding value of density gp was used for the
computation of specific thrust as shown below:

Specific thrust in

Ns/kg= u. + (p-pa)*1.0e05/ (op*u.) ... (13)
Where, p, is ambient pressure = 1 bar. The

corresponding enthalpy was hgnic = -0.367 Ml/kg at
the equivalence ratio of 0.7. The axial velocity and

specific thrust at the sonic point were 849m/s and
1172 Ns/kg respectively.

3 Results and Discussion

3.1 Pressure — Enthalpy States

The computations described in the previous section
were carried out for the equivalence ratios ranging
from 0.7 to 1.3. For a given reactant state 1, the
enthalpy of the combustion products as a function of
pressure ratio (p/p;) is shown in Fig. 8 for the hydrogen
— air mixture equivalence ratio of 0.7. This enthalpy
has been a function of both pressure and entropy.

The CJ state (2) is the thermodynamic state
corresponds to the highest pressure and enthalpy. There
were no solutions for pc p >pm where, p,, was the
limiting pressure corresponding to h(pm, s;). This
limiting value was 3.53 bar for the equivalence ratio of
0.7. This corresponds to the stagnation pressure (zero
speed) of axial one dimensional flow. The states in
between the pressure values of pcy and py, did not have
solution and hence marked in chain lines. State 4 from
State 2 was arrived at based on isentropic expansion
process. Here, the static enthalpy decreased drastically
due to increase in the flow velocity because of the
expansion of the products of detonation combustion to
a pressure equal to the mixture pressure. Process 2 to 3
was the Prandtl-Meyer expansion of the products of
detonation combustion. The decrease in static enthalpy
was moderately low as the expansion has taken place to
a higher pressure (ps;) compared to (p;). Because of
shock compression to a value ps which was equal to ps;
(across the slip line 3-5), the flow velocity decreased
considerably from the shock upstream value leading to
higher value of static enthalpy (hs). The isentropic
expansion of the detonation products was considered
for the determination of the sonic state. As the static
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Fig. 8 — Pressure ratio Vs enthalpy at various states at

equivalence ratio = 0.7.
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pressure at the exit of the RDE combustor was higher
than the inert gas static pressure, the expansion has
taken place to a higher static enthalpy compared to that
at state 4. Correspondingly, the axial flow velocity at
4 was higher than the sonic axial flow velocity. The
same trend was seen for all the equivalence ratios
considered in this study.

3.2 Specific thrust and specific impulse characteristics

The specific thrust is plotted as a function of the
pressure ratio in Fig. 9 for the equivalence ratios of
0.7-1.3. The sonic point is indicated in this figure.
Excluding the end points of pressures close to p,, and
close to zero, the specific thrust is almost independent
of pressure ratio and hence the value is very close to
the value at sonic point for all the equivalence ratios
considered in this study. The specific thrust at sonic
condition as a function of equivalence ratio is shown
in Fig. 10. The specific thrust reported’ was 1374
Ns/kg which was close to the one (1347 Ns/kg)
predicted in this investigation for unity equivalence
ratio. The practical implication was that the specific
thrust was the function of the nature of reactants,
their mixture ratio, and the initial conditions and
independent of the geometry of the RDE. Therefore, it
is essential to understand and compute the dynamics
and thermodynamics of RDE before arriving at a
particular geometry of the engine.

#8000 =—07 =1 =13 =09
E 1]l e ] ) e 0.8
5 60004
-
2 4000
£ 2000-
c 1) 1 1 ) 1
0 1 2 3 H 5

Pressure ratio

Fig. 9 — Specific thrust Vs pressure ratio at different equivalence
ratios.
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Fig. 10 — Specific thrust at sonic condition Vs equivalence ratio.

The specific impulse was derived from the specific
thrust at sonic condition and mass flow rate of fuel.
This depended on the geometry of the engine. The
specific impulse computed was 4947s for the
stoichiometric condition. It was reported'® * for a
wide range of area ratios (injector to combustor) and
varied from 4200 to 5600 s. The value obtained in the
present work is reasonably within the values reported.

3.3 Triple point characteristics

The triple point is marked “T” in Fig. 2. The
implication of attached shock was that there is a solution
for the shock angle, 6; and the deflection angle, y; by
solving the Egs. 5-9. It is evident from Fig. 11 that
the shock polar intersected the Prandtl-Meyer expansion
characteristics for hydrogen air mixture at an
equivalence ratio of 0.7. In all the cases of equivalence
ratios (0.7 to 1.3) the inert gas static temperature, ty
varied from 1500 to 1900 K. The corresponding relative
velocities at the shear layer, (us — u;) were from 350 to
450 m/s. The acoustic impedance ratio (Z4 = 0424/0121)
values being 0.43 — 0.39. It was reported in literature’
that the case of 3500K and velocities less than 750 m/s
gave detached oblique shock solutions. This means
that there was no solution to Egs. 5-9. Houim and
Fievishon®' attributed this to the acoustic impedance
ratio. Z4 = 0.29, corresponding to t; = 3500 K not
giving attached oblique shock solution. The practical
implication was that the arbitrary changes to t; and uy4
need not be done to see the possibility of the attached
oblique shock. Instead, realistic cases will have to be
considered to know the behaviour of the oblique shock.

Shepherd and Kasahara® opined that the existence
of the attached oblique shocks depended on the ratio
of specific heats and Mach number at condition 1 and
4 and not on Z,4 alone. As the state point 4 is uniquely

16
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Fig. 11 — Flow deflection angle Vs pressure ratio at equivalence
ratio = 0.7.



RAMANUJACHARI & AMRUTHA PREETHI et al.: ANALYSIS OF ROTATING DETONATION WAVE ENGINE 281

fixed for a given condition at state point 1, based on
the simple thermodynamic model, the phenomenon of
the attached oblique shock seemed to depend on the
initial conditions only. More investigations are
required in this area to get an insight into this
phenomenon. The present theoretical investigation
indicates that the detached oblique shock will not be
seen in the experimental conditions to be set and
hence the initial design of RDE can be carried out
with the assumption of stable attached oblique shock.
Experimental investigation involving huge set of
conditions may reveal the criterion for existence or
non-existence of the stable attached oblique shock,
which will be done in the next phase of study.

4 Conclusion
The conclusions of this study are as follows:

e The specific thrust has been independent of the
hardware configuration and depends on the
fuel — oxidizer mixture and initial conditions
ahead of the detonation wave. For a given initial
condition, reactants and their composition, the
specific thrust has been independent of the
combustor exit pressure. Hence, specific thrust
has been considered for propulsion performance
computations from the sonic flow analysis. These
characteristics have been of practical relevance as
the computations could precede the hardware
realisation. Also, the hardware geometry could be
arrived at based on the flow capabilities of the test
facility. The specific thrust resulted from the
present analysis for our requirement of using
H, —air at stoichiometric mixture is 1374 Ns/kg
compared to a value of 1347 Ns/kg reported in
literature. These are the reasonable matching
values given certain improvements made in the
present study such as incorporation of the two-
stream mixing model.

e The Pressure — Enthalpy plot has provided the
amount of kinetic energy converted from the total
enthalpy in various flow regimes. This has been
ultimately used in the computation of propulsion
parameters at the combustor exit. The equivalent
stagnation pressure in rocketry could be obtained
by considering the kinetic energy to be zero. All
the states from 1 to 5 are having equal stagnation
enthalpies. As this analysis has been independent
of the injection system, the velocity of injection
had been neglected compared to the CJ detonation
velocity in the calculation of stagnation enthalpy
under Moving Frame coordinate system.

e The flow deflection analysis has provided the
conditions under which the trailing oblique shock
attaches to the triple point of RDE. The slip line
angle (deflection angle) was obtained by ensuring
the oblique shock attachment using the intersection
of shock polar with the Prandtl Meyer expansion
wave characteristic. They will not intersect
if the shock is detached. Most of the realistic
experimental operating conditions of RDE ensure
the stability of the trailing oblique shock wave.
This has been achieved due to the higher acoustic
speed, and hence the higher static temperature of
the products of combustion ahead of the trailing
oblique shock, leading to higher acoustic impedance
ratio. The acoustic impedance along the contact
surfaces (between 1 & 4 and between 3 & 5) and
the differential velocity (us — u;) could be derived
from this model to evolve a criterion for the
attached oblique shock. Thus, the shock stability
cases have to be identified before performing the
experiments.

e Axial sonic flow analysis has provided the value of
specific thrust. From that, we can get the specific
impulse for a given geometry of the engine and the
corresponding detonation parameters.

o The specific impulse computed in the present study
for H, — Air at stoichiometry was 4947s. A range
of values of 4200 — 5600s was reported in open
literature.

e After obtaining the experimental data, the short
comings or strength of these simple models have
been assessed and corrective actions have been
taken using high fidelity models based on CFD.
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