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Converging-diverging nozzles are common in rocket engine systems to increase the exhaust
velocity and improve thrust performance. In this study, we focused on the acceleration of
subsonic burned gas without a structural throat via detonation to realize a simple and compact
engine. We developed and tested a rotating detonation engine (RDE) without a throat and
with a diverging channel (constant diverging angle a =5 deg). Gaseous C:Hs and O: were used
as the propellants, and the mass flow rate ranged from 62-134 g/s in the combustion tests

under low back-pressure conditions. We measured pressure and thrust, as well as high-speed
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imaging of self-luminescence of the combustion and imaging of the exhaust plume. The
pressure at the exit was less than one-fifth of the maximum pressure in the RDE, significantly
below the value for a sonic flow. The results suggested that the exhaust flow was supersonic,
with values up to Mach 1.7, without the need of a converging section within the engine. In
addition to the estimated Mach number from the measured pressure, the exhaust plume

images coherently indicated the existence of supersonic exhaust.

Nomenclature

(Nomenclature entries should have the units identified)

A = cross sectional area

d = diameter

F = thrust

g = gravitational acceleration

h = enthalpy

/ = length of the first shock cell
L = length of the RDE

m = molecular weight

m = mass flow rate

M = axial Mach number

p =  pressure

0 = heating value

r = radius

S = area of the side wall of the engine
t = time coordinate

T = temperature

z = axial position in the RDE

a = diverging angle

y = specific heat ratio
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€ = expansion ratio

[0) = equivalence ratio

Subscripts

b = background

e = exit

E = estimated from exhaust plume

f = fuel

i = indication of axial position (i = 5, 10, 20, 30, 40, 60, 65 mm)
inj = injector

ori = orifice

ox = oxidizer

P = estimated from measured pressure
ple = plenum

tank = propellant gas tank

L. Introduction
Accerelation of the burned gas is one of the most important elements for thrust generation of propulsive systems.
Deflagration combustion is widely used in chemical rocket engines, operating through material diffusion and heat
transfer with a combustion wave that propagates at subsonic speed. Some distance is required to complete the
combustion. Because the heat released in the combustion is distributed over some distance, the burned gas cannot be
thermally choked. Thus, a converging section is required to achieve supersonic flows in conventional rocket engines
[1]. In detonation combustion, on the other hand, the combustion process is continuously triggered by a shock wave
leading a combustion wave. The combustion process completes instantly through the supersonic wave [2-5], enabling
engine downsizing. Furthermore, when the heat value from the combustion is sufficiently large, and the combustion
completion distance is suitably short, the flow of the burned gas can satisfy the choking condition even if the channel
is diverging [6]. Thermal choking in a diverging channel enables more flexible design of engine shape, in turn

broadening the application option of the engines.
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Thermal choking is widely known, especially in Ramjet or Scramjet combustion systems [7]. In these systems,
thermal choking is regarded as a problematic phenomenon, because adding heat to the supersonic flow decelerates it,
causing unstart. Thus, restricting the heat value of the combustion or balancing it according to the channel geometry
is necessary in such systems. As described above, due to the limited combustion speed in deflagrative combustors,
heat cannot be employed to accelerate the burned gas, but rather to produce high-temperature, high-pressure gas.
Therefore, few studies beyond that by Knuth et al. [8] have focused on acceleration by heat addition. Knuth et al. [8]
demonstrated the theoretical feasibility of a thermally choked combustor for a simpler and smaller rocket engine using
gaseous H, and O, as propellants. They used these gases because their high burning velocity enabled the subsonic
flow to be thermally choked in the diverging nozzle. However, as already mentioned, a detonation engine can realize
this phenomenon through the immediate completion of the combustion process, even with gaseous hydrocarbons with
a lower burning velocity than gaseous H,, resulting in a small, simple rocket engine in which the combustion chamber
and diverging nozzle are united. In addition to the simplicity and compactness of the engine system, the theoretical
thermal efficiency of the detonation cycle is higher than that of the constant pressure cycle [4,5], resulting in a new
type of high-performance rocket engine.

The rotating detonation engine (RDE) is one typical styles of detonation engine. Lu and Braun [9], and Anand and
Gutmark [10] conducted wide reviews of the recent studies on RDEs. RDEs usually have an annular channel for
detonation waves to stably propagate in the circumferential direction, these are called annular RDEs. A number of
researchers have studied the effects of changing the combustor geometry and using nozzles in order to improve the
performance of annular RDEs [11-17]. Braun et al. numerically demonstrated the feasibility of diverging nozzles to
achieve supersonic outflow conditions in RDEs with an inner end wall [11], and employed this high-speed flow to
extract power through the magnetohydrodynamic effect [12]. Hansmetzger et al.[13] experimentally investigated the
effect of a change in combustor geometry on detonation rotation. Bach et al. [14] studied the dependency of the
stagnation pressure of an RDE, one of the indicators of engine performance on combustor geometry. Yetao et al. [15]
numerically analyzed the effect of the nozzle on the propulsion performance of RDEs. Fotia et al. [16] and Rankin et
al. [17] experimentally tested RDEs with various type of nozzles. However, an annular channel composed of an inner
cylinder is thermally isolated, and a disadvantage in terms of weight reduction.

Recently, several researchers have investigated RDEs without an inner cylinder (cylindrical or hollow RDE) [18-

23]. Tang et al. [18] numerically demonstrated that detonation waves can continuously propagate in a cylindrical
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combustor. Lin et al. [19] experimentally realized stable rotating detonation waves in a cylindrical RDE. Kawasaki et
al. [20] examined the effect of inner cylinder diameter on the thrust performance of an RDE. Anand et al. [21] focused
on stable operation of a hollow RDE, and suggested several stabilizing elements. Yokoo et al. [22,23] found that the
chamber length of a small cylindrical RDE has no effect on thrust performance, and its exhaust flow is sonic at the
exit even though the combustor has a uniform cross-sectional area.

A few studies have been conducted on cylindrical RDEs with converging-diverging nozzles [24-26]. Zhang et al.
[24] investigated the effects of Laval nozzles and ignition methods on the operability of an RDE without an inner
cylinder using gaseous H, and gaseous air as propellants. Peng et al. [25] varied the equivalence and contraction ratios
of hollow RDEs with nozzles for C,H,-air mixture to study the operating domain. Another study concerning the
relation between the detonability of the fuel and operating characteristics of a hollow RDE with a nozzle, including
operating range and velocity of the propagating waves also conducted by Peng et al. [26] using three types of fuel.
These results imply the application of cylindrical RDEs for rocket engines has become ever more feasible.

Motivated by the combustion characteristics of detonation and recent achievements in cylindrical RDEs, this study
focuses on the acceleration of the burned gas in a diverging shaped RDE without an inner cylinder (see Fig. 1). We
propose and demonstrate an RDE whose channel has a diverging conical shape. Our objective was to demonstrate the

acceleration of the subsonic burned gas by heat addition in the diverging channel through the RDE.

I1. Experimental setup

A. Rotating detonation engine with simple diverging channel

Figure 1 presents the scheme of the RDE in this study. The diameter of the engine inlet d is 20 mm, and the
channel length L is 70 mm. The engine has a constant diverging angle « = 5 deg from the inlet, and the exit diameter
de is 32.3 mm. The area ratio (md2/4) / (md3/4) is 2.6. Gaseous C;H4 and O, were used as the propellant and
injected via doublet hole injectors. The fuel and oxidizer injectors have 24 holes, each 0.8 mm in diameter. The fuel
and oxidizer injectors are at 90 deg angles from each other and arranged in a circle, with the circles for fuel and
oxidizer being 15 mm and 9 mm, respectively, in diameter. The thickness of the wall between injector holes is
approximately 0.4 mm. We confirmed that there was no apparent change in the injector holes due to combustion by
comparing them before and after each test. The pressure sensor ports are located on the injector surface (z = 0 mm,

Do) and side wall (z = 5, 10, 20, 30, 40, 60, 65 mm, ps to pes) of the engine. All of the pressure sensors are 1 kHz
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pressure transducers (PAA-23, Kellar Piezoresistive Pressure Transmitter). A gunpowder ignitor was added on the

engine via an ignitor port at z = 63 mm.

B. Measurement methods and experimental conditions

Figure 3 presents a schematic of the thrust measurement and visualization setup in a vacuum chamber. Combustion
tests were conducted in a 30 m® volume vacuum chamber. During combustion, the back pressure was set in the range
of 13-20 £ 1 kPa. The RDE was set on a thrust stand inside the vacuum chamber. The thrust stand was pre-loaded,
and thrust was measured by a load cell (Aikoh DUD-50K, rating capacity: 500 N). The load cell was calibrated via
known weights. The vacuum chamber has windows for visualization. Self-luminescence in the RDE was captured by
a high-speed camera (Phantom v2011, Frame Time: 2.3 ps, Exposure: 0.38 ps) set outside of the vacuum chamber,
and a color camera (GoPro Hero5) was put inside the vacuum chamber to capture the exhaust plume. The combustion
duration was set to 0.5 s for shot 2, and 1.0 s for the other shots.

Table 1 summarizes the experimental conditions and results. The mass flow rate was controlled by the orifices
downstream of the high-pressure propellant tanks (tank volume 47 + 1 L). The pressure in the tanks was high enough
to satisfy the choking condition. Thus, the ideal mass flow rate 1M;qea) tank could be calculated by Eq. (1) from the

properties of the tanks:

. _ ptankAori
Mideal,tank = \/ﬁ (1)
The actual mass flow rate 11,5, Was calculated by
Meank = C1Mjdeal tank (2)

where C; is a mass flow rate coefficient obtained in the calibration tests, where a decrease in the mass of the tank Am
was measured. The actual mass flow rate was calculated using the operational duration of the tank t,p.. Therefore,

the mass flow rate coefficient C; was obtained by

Am 1
C, = . (3)
tope Mideal,tank

At the same time, the ideal mass flow rate M;gea,ple cOuld be calculated from Eq. (4) using the properties of the

plenum,

m _ ppleAinj
ideal,ple — \/-—
RT

(4)
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and the actual mass flow rate was calculated by Eq. (5) where another mass flow rate coefficient C, was defined as
Eq. (6).
mple = CZmideal,ple (5)

Am 1
Cp=—7—— (6)
tope mideal,ple

Theoretically, the mass flow rate from the properties of the tank are as follows: 11, €quals the mass flow rate from
the properties of the plenum; and 7i1p).. However, there were differences between these two values in the experiments.
Pressure losses and real gas effects under the high-pressure condition were considered to be the reason for the
difference. Therefore, in this study, the mass flow rates mm were defined by the value of 71, because pressure losses
in the supply system were considered to be smaller than the 711, and the lower pressure value resulting in the smaller
real gas effect. The error in the mass flow rate was estimated by M.

The specific impulse (I, = F / mg) was calculated from thrust F and mass flow rate m. The thrust and pressure

data were time-averaged sampled from 0.1-0.4 s for a 0.5 s combustion test, and from 0.4-0.7 s for 1.0 s combustion

tests.
Table 1. Experimental conditions and summary of results
No. m [g/s] ¢ [] Py [kPa] F[N] Isp [sec] Ps [kPa]  pes [kPa]
1 62+ 11 1.3+0.2 14+1 121 +4 119+ 36 208+ 8 33+2
2 7219 1.5+04 17+ 1 1444+20 205+39 259+11 40+ 2
3 78 + 11 1.5+04 15+1 158+ 6 206+£30 300+10 46 + 2
4 89+9 1.6+0.3 18+ 1 182 +7 207 £ 21 351+8 54+72
5 105 £ 12 1.6 £ 0.4 20+1 216 £10 209 £25 413+9 67 + 2
6 108+9 1.7+03 19+1 221+9 209+20 421+11 67 + 2
7 126 £ 16 1.6 £0.2 13+1 277 £5 224+29 521+30 83+1
8 134 £ 15 1.4 +0.2 16 +1 295+14 224 +128 55518 87+1

I11. Results and Discussion.
A. Combustion mode
Figure 4 contains a typical axial image of self-luminescence in the RDE. The focus plane was manually adjusted
to the injector surface. In the combustion tests, the propagation of the high-luminescence area was observed for the
combustion duration at constant speed, except for the smallest mass flow rate condition (m = 62 g/s), in which
oscillations in the axial direction were observed in the high-luminescence area. When the mass flow rate ranged from

72-89 g/s, axial oscillation was occasionally observed, but no oscillation was observed when the rate was 105 g/s or
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more. The differences between time-averaged pressure value and thrust performance from test cases in which the axial
oscillations were observed and those without oscillations could not be recognized in this study. Thus, measured data
were analyzed without distinguishing the combustion mode.

The velocity of the propagating high-luminescence area was approximately 1200 m/s at d = 15 mm. The velocity
was 44-49% of the C-J detonation velocity calculated by the NASA-CEA [27] detonation mode using pressure ps,
equivalence ratio ¢, and room temperature as the initial condition. From the perspective of angular velocity, the
propagating high-luminescence area was approximately 1.6 X 105 rad/s in this study. This was calculated based on
the averaged value within 10 arbitrary revolutions using the pictures captured by the high-speed camera. The angular
velocities were slightly less than those in a previous study by Yokoo et al.[22] for a straight channel with angular
velocities (approximately 1.6 x 10° to 1.8 x 10° rad/s). Thus, the propagating high-luminescence area in the
diverging RDE was detonation combustion. Detonation wave propagation at a velocity less than C-J speed was due to
several differences between the ideal conditions and actual experiment conditions, such as channel radius and

insufficient mixing of the propellant [21,23].

B. Pressure distribution and thrust

Figure 5 presents an example of typical variation of pressure and thrust. The plenum pressure values were steady
just before ignition and during the combustion. The steady pressure value in the plenum means that injection
conditions did not change before and after ignition. Figure 6 shows the time-averaged axial pressure distribution for
all test cases. In all combustion tests, the maximum pressure value was ps, and pressure then decreased according to
the axial position. The pressure ratio between the maximum pressure in the engine p5 and the pressure at the vicinity
of the exit pgs was approximately 0.16 for all test cases. It is difficult to measure or estimate the actual value of
stagnation pressure p. via the pressure sensor for p,, because there is a velocity component around the p, pressure
port due to the orthogonal or circumferential flow around the port. The main cause of the flow was considered to be
the high-speed flow of propellants injected from the holes around pressure port for p, (see Fig. 1). Although the
propellants were not mixed well in the initial region of the engine, the effect of the heat release was limited, and the
diverging effect in the subsonic region contributed to the pressure rise, the effect was estimated to be limited
considering the cross-sectional area ratio. Therefore, the main cause of the increased pressure from p, to ps was

thought to be the high-speed flow around the pressure port.



Nakata, K; Ota, K; Ito, S; Ishihara, K; Goto, K; Itouyama, N; Watanabe, H; Kawasaki, A; Matsuoka, K; Kasahara, J; Matsuo, A;
Funaki, I; Higashino, K; Braun, J; Meyer, T; Paniagua, G Supersonic Exhaust from a Rotating Detonation Engine with Throatless
Diverging Channel AIAA JOURNAL, 60, 7, 2022, 4015-4023

The thrust of an RDE can be estimated by using control surface theory [23]. We calculated the thrust based on the
theory to validate the thrust measured by load cell. For these calculations, we disregarded the gravitational and viscous
forces. When the control surface was set on the RDE along the engine wall (see Fig. 7), the pressure loaded on the
inner side wall contributed to generate thrust. Total thrust from the RDE was composed of the moment of the injected
propellants and pressure on the injector surface, inner side wall and outer wall of the RDE. The total thrust F.3 =
(Fm + E,) was defined as the sum of the momentum thrust F;, and the pressure thrust F,.

The momentum thrust F,, can be obtained from

Fin = (oxVinjox + MeVinjf) COS45°, @)
using the mass flow rate 7 in Eq. (5). The injection speed v;,; was assumed to be sonic calculated by Eq. (8) and the
velocity vector tilted 45 deg to the z-axis (see Fig. 7):

2y

SR (8)

Vinj =
The pressure thrust F, is expressed as follows (see Fig. 7):

Fy = DPinj,oxAinjox T Pinj,fAinjf + Po(Ao — Ainjox — Ainjr) + f pidS sina — ppAz, 9
s

where the pressure at the exit of the injector holes pjp; was calculated from
v
2 \r-1
Dinj = DPple (V n 1) ’ (10)
assuming isentropic sonic injection. The inner pressure loaded on the side wall of the engine was integrated using the
pressure values from linear interpolation between the measured values.
The total thrusts from the control surface theory F.; were described as Eq. (11):
ch = (moxvin]',ox + mfvinj,f) cos45° + pin]’,oxAinj,ox + pinj,fAinj,f

. 11)
+po(Ao — Ainjox — Ainjf) + j pidS sina — ppAqg
s

In Fig. 8, we compare the estimated thrust using control surface theory F and the measured value of the thrust Fj,,q4.
The difference between the estimation and measurement was approximately 3% of the measured value Fjy,q in the
combustion duration. Thus, the thrust generated from the RDE was considered to be properly measured by the load

cell in the configuration used in this study.
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C. Acceleration mechanism of the inner flow of the RDE
The inner flow of the RDE was modeled as a quasi-one-dimensional (quasi-1-D) steady flow of calorically perfect
gas. The following several assumptions were introduced in this model:
1)  Gravitational force and viscous force can be ignored.
2)  The combustion process was completed, and all the heat released from the combustion was fed into the flow
within a heat-release region.
For an ideal gas, the equation of state is given as follows,

p = pRT, (12)
where p is density of the gas, R is the gas constant, and T is gas temperature. The sound of speed is described as Eq.
(13),

a’? = yRT, (13)

from the definition of the Mach number,

M (14)

M
SIS

When gravitational force and viscous force can be ignored, a quasi-1-D steady flow satisfies the continuity equation,
momentum equation, and energy equation as follows [6],

ldp 1du 1dA

vtz vz A =" (15)
Wiy (16)
udz pdz

ldu 1dp 1dp 1dQ
— 2 _ L, _
v - DM udz pdz + pdz hdz 0 an

The relationship between Mach number, the change in the cross-sectional area dA, and the heating value dQ is
obtained as follows using Eqs. (12) - (17).

amz 12+ @ - DM (G + 1+ ym2) (92)
Mz 1 — M2 (18)

Equation (18) clearly indicates the flow at subsonic speed can be accelerated when the heating value fed into the
flow dQ is large enough for the increase in the cross-sectional area of the channel dA.
We solved Egs. (12) - (17) based on the Mach number at the exit by iterative calculation according to the

following process. As the first step, an initial pressure in the engine p, was assumed to obtain the total heating

10
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value from the combustion Q, initial density (py = po/RT}), and initial velocity of the flow (uy = m / py4,) in
the engine. The initial temperature T was set to the critical temperature of the isentropic sonic flow for the
temperature of the experimental room. The total heating value Q was defined as the difference in enthalpy between
the unburned and burned gas at the initial temperature. The chemical equilibrium composition of unburned gas was
given by equivalence ratio ¢ of the combustion tests, and that of burned gas as that of the C-J states computed by the
NASA-CEA detonation mode [27] with the equivalence ratio ¢, pressure p,, and temperature of the experimental
room. The enthalpy of each of the components were from polynomials given in NASA-CEA [27]. The total heating

value Q was obtained from Eq. (19),

Q - (Z ujhj(T))unburned B (Z Mkhk(T))burned ' (19)

where g and py were the mass fraction of the unburned and burned gas, respectively. The total heating value Q was
approximately 5 MJ/kg for all the test cases.

The change in the cross-sectional area dA was known; thus, the amount of heat fed into the flow dQ should be set
to solve Egs. (12) - (17). We assume the heating value generated from combustion was distributed according to the

reaction progress variable A [23] shown in Eq. (20).

A= (z = 2lheat)  (Z < lpear) (20)

Bear
The value of A reached 1 at z = .4, and then no reaction or heat addition to the flow occurred. In this model, the
specific heat ratio y and molecular weight m were changed according to the reaction progress variables A in the heat-
release region lpe,; as an approximation. These values were set as follows:
¥ = (1 = DYunburned T AVburned (21)
m = (1 — DMunburned + AMburned (22)
Iterative calculations for the axial distribution of the flow properties using the conservation law were conducted to
compute the same Mach number as the one calculated based on the experimental results. The Mach number at the exit
in the experiment could be estimated by the pressure and geometric parameters of the channel. Based on the self-
luminescence observation by Yokoo et al. [22], and the combustion characteristics of the detonation combustion, the
main part of the combustion is completed in the region near to the inlet of an RDE. Thus, the effect of the chemical
reaction on the flow at the vicinity of the exit was limited, and the flow could be treated as an isentropic flow. The

Mach number of the isentropic flow is related to the pressure value and the cross-sectional area of the channel.

11
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When the measured pressure value and cross-sectional area at z = 60, 65 mm were used, the Mach number of

the flow at these positions, Mg, and Mgz, respectively, could be calculated by Egs. (23) and (24).

-
Pes _ [(r = DMGo + 2] (23)
Peo |y — DMZ +2
y+1
Ags Mg [(y — M5 + 2]20-D (24)
Aso  Mgs|(y — DMZ, + 2

From the assumptions above, the Mach number M, p(~ Mgs) ranged from 1.4-1.7. These Mach numbers were
used in the calculation for the axial distribution of the flow properties. In the calculation using Egs. (23) and
(24), the Mach number Mg had the minimum value (range 1.3-1.5) when the pressure ratio pgs/peo had the
minimum value considering the uncertainty of the measured data. This result confirmed the existence of
supersonic exhaust flow. On the other hand, when the pressure ratio pgs/peo had the maximum value, the Mg
can be a large value, above Mach 2.0. However, such large value did not appear to exist based on the Mach
number estimation using the exhaust plume, as discussed in section D. The objective of this estimation was to
ensure that supersonic exhaust from the RDE could be demonstrated, and the experimental results suggested that
the physically significant uncertainty could be estimated by the difference between time-averaged value and a
minimum value. Considering these factors, the uncertainty of the estimated Mach number M, p was evaluated
via the differences in this study. An image of the inner flow model is shown in Fig. 9.

Through this process, the flow properties according to the axial direction of the RDE can be obtained (see Fig. 10—
12). The axial distribution of the reaction progress variables A is shown in Fig. 10. The length of the heat-release
region lp e, ranged from 43—-66 mm for all test cases. We present the pressure values from the calculations based on
the 4 and compare them with the experimental results in Fig. 11. The pressure values from both showed the same
tendency. Therefore, the inner flow can be expressed by the quasi-1-D flow model. Figure 12 shows the Mach number
in the RDE. The axial position of the choking point ranged in z = 28-37 mm.

To validate the assumed length of the heat-release region .., Wwe conducted visualization from the side of the
RDE utilizing an acrylic side wall. This wall had the same geometrical properties as the engine shown in Fig. 1. Self-
luminescence of combustion within 60 mm from the injector surface could be visualized, while the rest of the 10-mm

long channel, was invisible due to the metal end plate. The combustion duration was set to 0.5 s and back-pressure
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during the test was 20 kPa. The mass flow rate was 113 g/s and the equivalence ratio was 1.2. Figure 13 shows the
time-averaged self-luminescence during the combustion test. A total of 201 arbitrary consecutive pictures captured in
the combustion were averaged to make this picture. Based on Fig. 13, the strong luminescence area, which is
considered to be correlated with the heat-release region, was distributed from the vicinity of the injector surface to
approximately 20-30 mm from that surface. From the calculation, 80% of the reaction was completed within
approximately 24-37 mm from the injector surface, depending on the experimental conditions. By comparing the
visualization and calculation results, although the actual length of the heat-release region lj o, remains to be
determined, we considered the assumed length of l},¢,. in the calculation was similar to the actual value.

In some cases, the reaction progress variables A did not reach 1 after z = 60 mm. This means the flows at the
region near to the exit (z = 60 mm) were not isentropic. However, the reaction progress variables A was larger than
0.9, and the difference between the specific heat ratio y at the z = 60 mm and at the exit (z = 70 mm) was less than

1%. Thus, the assumption of the calculation was considered to be reasonable under the conditions.

D. Estimation of Mach number of the flow at the exit

We now focus on the Mach number of the flow. When the maximum pressure in the RDE is pg, and the pressure
Des can represent the pressure at the exit, the pressure ratio pgs / ps can be assumed as the indicator of the exit flow
condition. The ratio pgs / ps was approximately 0.16 in all tests. In the quasi-1-D steady flow, the pressure ratio
between the initial pressure in the RDE and that at the sonic point was approximately 0.4. Yokoo et al.’s [22,23]
measurement of axial pressure distribution suggested the exit flow is sonic for straight channel RDE because the
pressure ratios were near to the sonic. Considering the calculated pressure ratio and the previous results for the sonic
exhaust flow, the ratio pgs / ps in the diverging channel RDE suggested the exhaust flow was supersonic.

The Mach number at the exit can be estimated using the shock cell length. Several studies on the relation between
the shock cell structure and the Mach number of the flow have been conducted [28-30]. Love et al. [30] suggested
semiempirical formulas concerning the relation between the length of the first cell of the shock-train [; and the Mach

number of the flow M, g for under-expanded jets. When the pressure ratio p, / py, is less than approximately 2, the

l e
=155 M2, (2)-1-055 /MéE ~1. (25)

When the pressure ratio is more than approximately 2, the formula is described as follows:

formula is described as follows:
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I De 0.437 2 2
=152 (E) +1.55( [2M2; —1—1)—055 |[M2; — 1
(26)
2 |(Pe — 21—
+0.5 [— (pb 2) M2, —1-1

These formulas were created for the flow from a nozzle whose diverging angle at the exit was 0 deg. However, we do

not consider that the angle has a significant effect on the length of the first cell of the shock-train when the diverging
angle at the exit is small. The Mach number based on the length of the shock train M g ranged from approximately
1.5-1.7 for the combustion tests in which the shock-trains were clearly captured (see Fig. 14 for example). The length
of the shock-train was measured using the pictures of a ruler captured from the same angle as the pictures of the
exhaust plumes. Figure 15 is a summary of the estimated Mach numbers based on the measured pressure ratio and the
cross-sectional area M, p, and based on the exhaust plume M, g. These results of the estimation coherently indicated

the existence of supersonic flow.

IV. Conclusion

In this study, we focused on the acceleration of subsonic burned gas without a converging section via heat addition.
Detonation combustion was used to investigate the possibility of the acceleration, and to demonstrate supersonic
exhaust from a throatless diverging channel. An RDE with an inlet diameter of 20 mm, an axial length of 70 mm, and
a constant diverging angle of 5 deg was designed and tested. In addition to the pressure and thrust measurement, high-
speed imaging for the combustion mode and normal-speed imaging for the exhaust plume were conducted.

The inner flow of the RDE can be treated as a quasi-1-D steady flow. The calculation results suggested that the
choking of the flow was realized, because the heat released in the combustion was fed into the flow within a short
distance. The flows were choked before 40 mm from the inlet and then accelerated to supersonic speed.

Our results suggested that the exhaust flow of the RDE was supersonic, with exit Mach numbers between 1.4 and
1.7, estimated from the measured pressure and the shape of the exhaust plume. These findings demonstrate that the
flow can be choked without a structural converging section and accelerated to supersonic speed in an RDE in which

the combustor and the diverging nozzle are unified.
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Fig. 3 Schematic of the experimental setup
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Fig. 4 Axial images of propagating high luminescence area in the RDE
(m =134 g/s,=1.4,p, = 16 + 1 kPa)
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Fig. 11 Axial distribution of the pressure in the RDE
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Fig. 13 Time-averaged self-luminescence during combustion (h = 113 g/s, ¢ = 1.2, p;, = 20 kPa)
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Fig. 14 Shock-cell length for the condition (a) m = 62 g/s, p = 1.3, p, = 14 + 1 kPa,
and (b) h = 72 g/s, ¢ = 1.5, p, = 17 + 1 kPa (3¢ These images are flipped horizontally)
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