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Abstract: Regimes of continuous spin detonation and continuous multifront detonation of a gas—
droplet mixture of gaseous hydrogen and liquid oxygen in a plane-radial combustor (internal
diameter of 100 mm and external diameter of 300 or 200 mm) with exhaustion toward the periphery
are obtained for the first time. The detonation front height of the gas—droplet mixture is greater
than that of the gas mixture, which is caused by the critical size of detonation existence. Centrifugal
forces acting on the products behind the detonation wave front favor faster filling of the plane—
radial combustor with the fresh mixture and increase the detonation front height.
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INTRODUCTION

By now, continuous spin detonation (CSD), con-
tinuous multifront detonation (CMD), and pulsed lon-
gitudinal detonation in plane-radial combustors with
exhaustion toward the periphery has been studied only
for gaseous fuel-oxygen mixtures, including those with
hydrogen as a fuel [1-9]. However, the fuel components
basically used in rocket engineering are liquid hydrogen
and oxygen. As the critical state of hydrogen is reached
at the temperature T* = 33.24 K and pressure p* =
1.3 MPa, while the critical state of oxygen is reached
at T* = 154.78 K and p* = 5.08 MPa [10], hydrogen is
usually injected into the combustor in the gaseous state,
whereas oxygen may be in the gaseous or liquid state,
depending on the conditions in the injection system and
the pressure in the combustor. Experiments on detona-
tion combustion of a mixture of hydrogen with liquid
oxygen were previously performed in an annular cylin-
drical combustor [4].
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The goal of the present study is to obtain and in-
vestigate the structure of detonation waves in flows of
gaseous hydrogen and liquid oxygen in a plane-radial
combustor with an internal diameter d.; = 100 mm in
the case of exhaustion toward the periphery.

1. ARRANGEMENT OF EXPERIMENTS

The experiments (see Fig. 1) were performed in
the plane-radial combustor 1 with an internal diam-
eter d.; = 100 mm and exhaustion toward the periph-
ery. The distance between the plane walls was A =
10 mm, and the external diameter of the annular ori-
fice through which the products exhausted was varied:
des = 300 or 200 mm. Thus, the combustor length
was also varied: L. = (de2 — de1)/2. A specific fea-
ture of the plane-radial combustor is that the distance
between the plane walls is much smaller than the com-
bustor diameter: A < d.; < des. Some experiments
were performed with uniform constriction of the channel
toward the combustor exit, which ensured an approxi-
mately constant area of the circular cross section of the
channel Sa ~ 31.4 cm? = const: from A = 10 mm to
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Fig. 1. Schematic of the plane-radial combustor
with exhaustion toward the periphery.

A’ = 3.3 mm for d.o = 300 mm and from A = 10 mm
to A’ = 5 mm for deo = 200 mm. In the case of a con-
ical side wall, exact equality of the areas was provided
only at the entrance and exit of the combustor chan-
nel. Inside the channel, the cross-sectional area first
somewhat increased and then decreased. Separate in-
jection of hydrogen and oxygen into the plane-radial
combustor in the direction toward the periphery was
performed through orifices 2 uniformly distributed over
the circumference on the cylindrical wall and creating
a system of colliding jets, which ensured mixing of the
components near this wall. The total cross-sectional
area of the orifices was Sy = 45.6 mm? for hydrogen
and Sox = 30.4 mm? for oxygen. Hydrogen was in-
jected into the plane-radial combustor from a receiver
with the volume V. y = 13.5 liters through manifolds 3,
and oxygen was injected through a manifold 4 from the
flowmeter 5 owing to displacement by a piston driven
by the pressure of air located in the receiver with the
volume V,. , = 4.2 liters (the receivers are not shown in
the figure). To prevent oxygen boiling, the flowmeter
was located in a vessel filled by liquid nitrogen 6, and
the piston was submerged into oxygen. Liquid oxygen
was separated from the combustor by a diaphragm 7
made of thin aluminum foil. The initial pressures in
the receivers were p;, ro = 55- 10% Pa for hydrogen and
Proxo = (22-50) - 10° Pa for air. The initial flow rate of
hydrogen was G o = 0.11 kg/s, and the flow rate of oxy-
gen was varied in the interval Goxo = 0.186-1.35 kg/s.
When the valves were opened for air displacing liquid
oxygen, the air pressure decreased approximately by one
third because air started to fill the input pipelines and
the space of the flowmeter above the piston. The cur-
rent flow rate of hydrogen was determined on the basis
of the pressure decrease in the receiver p;. ¢, and the cur-
rent flow rate of oxygen was determined from the path
covered by the piston L,, which was detected by the
rheostat 8 [4]. The specific flow rate of the mixture was

gs = (G +Gox)/Sa = 20-230 kg/(s - m?), and the fuel-
to-oxidizer equivalence ratio was ¢ = (Gf/Gox)Xst =
0.6-2.9. Here SA = wd 1 A is the area of the cylindrical
surface of the plane-radial combustor at the entrance,
and ys = 8 is the stoichiometric coefficient. The pro-
cess initiator 9 was placed in the plane wall at a distance
of 20 mm from the combustor entrance. It contained an
aluminum foil strip burned by electric current with the
energy release approximately equal to 5 J. Initiator ac-
tuation was synchronized with oxygen injection into the
combustor, which occurred later than hydrogen injec-
tion. The products escaped into the atmosphere with
the ambient pressure p, = 1.0-10° Pa. The process
was observed through two Plexiglas windows 10 (95 mm
long and 10 mm wide), which were placed in one of the
plane walls and covered almost the entire flow field along
the window. Only a small flow region near the injectors
at a distance of 5 mm could not be observed.

The process in the plane-radial combustor was
photographed by the Photron Fastcam SA5 high-speed
camera with a frequency of 700000 fps. Processing of
the frames by a special program provided photographic
records of the flow in the wave-fitted system. As the
photographic records had a linear form, the lumines-
cent objects moving in the tangential direction were
recorded with distortion because they moved over cir-
cumferences of different diameters. A special program
was used to convert the flat photographic records into a
ring. Based on the photographic records, we determined
the time when the detonation waves appeared opposite
to the windows At, which ensured unique determina-
tion of their frequency f = 1/At. In the CSD case,
we also calculated the velocity of motion of transverse
detonation waves (TDWs) D with respect to the cylin-
drical surface having the diameter d.1: D = wd.1/(nAt)
(n is the number of TDWs over the combustor circum-
ference).

We measured the mean current pressures in the
hydrogen receivers p, y and air receivers p, ox, the pres-
sures in the corresponding manifolds (pp,,5 and pm, ox),
the static pressure in the combustor (p.1) at a distance
of 10 mm from the cylindrical surface of the plane—
radial combustor (position 11), the static pressure (p.2)
and total pressure (pqo0) measured by the Pitot tubes
at a distance of 50 mm from the cylindrical surface of
the combustor (position 12), and the static and total
pressures (p.s and pcso, respectively) at a distance of
100 mm from this surface (position 13). The sensors 12
and 13 measured the pressure at the exit from the com-
bustors of lengths L, = 50 and 100 mm, respectively.
The pressures were measured by certified sensors with
the class of accuracy 0.5%, which were produced by the
Trafag company (Switzerland).
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110 mm

Fig. 2. Fragments of the photographic records of CSD and reconstruction of TDWs in the plane of
the plane-radial combustor (a) and photographic records of CMD (b) in the combustor of length
L. =100 mm for A = 10 mm = const: (a) gs = 183 kg/(s-m?), ¢ = 0.87, n = 1, and D = 2.66 km/s
(f = 8.46 kHz); (b) g = 166 kg/(s-m?), ¢ = 0.7, and f =~ 23 kHz.

2. RESULTS OF EXPERIMENTS

2.1. Combustor with the Diameter d.o = 300 mm

Plane-Radial Combustor with A =10 mm = const.
Continuous spin detonation with one (n = 1) TDW
was obtained in the ranges of the specific flow rates
of the mixture gs = 180-230 kg/(s-m?), equiva-
lence ratios ¢ = 0.86-1.29, and combustor pressures
pa = (2.1-3.2)-10° Pa. With respect to the in-
ternal cylindrical surface of the combustor, this
TDW moved with the velocities D = 2.4-3.58 km/s
(f = 7.64-11.4 kHz). Figure 2a shows a fragment of
the photographic records of CSD with one TDW and
its reconstruction in the plane of the combustor.

The photographic records taken through the up-
per and lower windows (see position 10 in Fig. 1) are
separated by a 110-mm dark band reflecting the space
between the windows. The detonation front BC' moves
from left to right with a sufficiently high phase veloc-
ity D. The true velocity of the wave is determined
by the normal to the front BC, which becomes more
and more deflected backward as the combustor chan-

nel radius increases (there is no other explanation for
the tripled velocities at the combustor periphery with
the orifice diameter d.a = 300 mm). The detonation
wave front BC' covers the entire length of the combus-
tor h & L. = 100 mm. The tail CD (shock wave ad-
jacent to the front) extends outside the combustor; for
this reason, it is not seen in the photographic records.
The photographic records display identical directions of
TDW motion in the upper and lower windows, though
it is clear that the wave in these windows moves in the
opposite directions. The true direction of the TDW can
be determined by watching the movie. Based on the
contrast of the wave image, we determined the direction
of scanning of the object by the camera. If it coincided
with the wave direction, the wave velocity was compen-
sated to a certain extent, and the image contrast was
greater (upper band); otherwise, the wave structure was
smeared (lower band).

In the ranges gs = 151-180 kg/(s-m?), ¢ =
0.6-0.86, and p.; = (1.6-2.1) -10° Pa, we observed the
CMD regime with opposing TDWs (Fig. 2b). The pro-
cess is rather irregular in terms of the TDW velocity
and structure. It is difficult even to determine the
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Fig. 3. Oscillograms of the pressure and piston path in the injection system (a) and in the com-
bustor (b) for the combustor length L. = 100 mm and A = 10 mm = const.

number of TDWs, and it is impossible to understand
their location in the combustor plane from the pho-
tographic records taken through the longitudinal win-
dows 10. For this purpose, it is necessary to take
individual frames through the entire transparent wall
of the combustor, which was done, e.g., in the plane—
radial combustor with exhaustion toward the center [6].
Figure 3 shows the oscillograms of the process whose
photographic records are presented in Fig. 2.

The initial time ¢t was taken to be the instant of
actuation of the control valves of the injection system,
initiation, and recording equipment. The first valve to
be opened is the valve responsible for air injection with
the pressure p, ox to the piston of the flowmeter of liquid
oxygen (see position 5 in Fig. 1). The membrane 7 is
broken, and the piston starts to move (curve Ly). The
drastic inflection on the curve L, corresponds to com-
plete displacement of air from the oxygen manifold 4
and filling of this manifold with liquid oxygen. The fur-
ther path of the piston demonstrates the displacement
of liquid oxygen to the combustor. The second inflec-
tion of the curve L, corresponds to termination of pis-
ton motion at the lower point of the flowmeter 5, after
which air starts to displace liquid oxygen still remaining
in the manifold 4. The second valve that was opened
was the valve of injection of hydrogen with the pressure
pr,f, which left the receiver. At the instant of initiation,
the pressure in the combustor drastically increased (see
Fig. 3b). As hydrogen exhausted from a finite volume
Ve 5, its flow rate decreased during the experiment. At
the same time, the piston displacing liquid oxygen from
the flowmeter moved with an almost constant velocity.
Therefore, both the equivalence ratio (¢ = 1.55 — 0.7)
and the pressure in the combustor decreased during the
experiment. It follows from the ratios of the total and

static pressures in the middle of the combustor peag/pe2
and at the combustor exit pso/pcs that exhaustion of
the products from the combustor was subcritical, and
the pressure jump reached the middle of the combustor
only at the end of the experiment. The main parameters
of the flow regime are listed in the first row of the table.
Here p, ~ 1-10° Pa is the ambient pressure, and the
arrows indicate the direction in which the parameters
changed during the experiment. As the piston motion
was nonuniform in some experiments, the parameters
given in the table are outside the limits of the indicated
minimum and maximum values.

Plane-Radial Combustor with Sa & const. For
the combustor channel constriction from A = 10 to
A’ = 3.3 mm (see Fig. 1), conventional combustion
was observed in the ranges gs; = 90.9-93.4 kg/(s-m?),
¢ = 2.9-4.38, and p,; = (4.1-4.64)-10° Pa, which
was associated with instability of oxygen injection
into the combustor. Figure 4a shows the scanned
patterns of combustion product particles moving in
the radial direction (z—t diagram). On the background
of combustion, one can see weak acoustic waves moving
in the tangential direction.

If oxygen injection into the combustor was stabi-
lized (t > 0.23 s), the CSD regime was observed in
the ranges gs = 20-122 kg/(s-m?), ¢ = 1.09-2.9, and
pe1 = (1.7-3.7) - 105 Pa. The mixture was burned in the
front BC in a considerable number of TDWs (n = 3-6)
whose velocities with respect to the internal cylindrical
surface were D = 2.42-2.86 km/s (f = 30.8-54.6 kHz).
Figure 4b shows a fragment of the photographic records
for the CSD regime with five TDWs and their recon-
struction in the combustor plane.

Figure 4c shows the pressure oscillograms inside
the combustor. It is seen that the pressure in the com-
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Parameters of the processes in the combustors with the lengths L. = 100 and 50 mm

Lc, mm gs, kg/(s~m2) 10} f, kHz n D, km/s Del/Pa Regime
100 230 — 180  1.20 — 0.87 11.2 > 846 1  3.56 — 2.65 3.1 — 2.1 CSD
(A =10mm) 180 — 151  0.87 — 0.6 24.6 —» 23  — — 2.1 1.5 CMD
100 122 520 2.9 109 546 —30.8 63 286 242 3.7 1.7 CSD
(A" = 3.3 mm)
50 165 — 128  1.88 » 1.8 991 »9.24 1 311 = 2.9 3.8 — 22 CSD
(A = 10 mm) 128 > 86 1.8 — 1.43 — — — 2.2+ 2.0 Unstable TDWs
86 — 83 143 5 1.0 24199 3 —4 255156 20— 1.8 CSD
50 284 5 136 0.99 — 1.03 — — — 6.1 - 2.5  Combustion
(A’ = 5 mm) 136 — 82  1.03 — 0.9 83.3 - 482 10 —» 7 2.61 — 2.16 2.3 — 1.52 CSD
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Fig. 4. Fragments of the photographic records (a and b) and pressure oscillograms (c) for the plane-radial combustor
with the length L. = 100 mm and Sa = const: (a) combustion, gs = 93 kg/(s-m?) and ¢ = 3; (b) CSD process and
reconstruction of TDWs in the combustor plane, g = 116 kg/(s-m?) and ¢ = 1.33, n = 5, and D = 2.614 km/s
(f = 41.6 kHz); the instants corresponding to combustion (a), CSD (b), and beginning of subcritical exhaustion from

the combustor are marked by 1, 2, and 3, respectively.

bustor is appreciably higher than that in the experi-
ment with A = 10 mm = const (see Fig. 3b). How-
ever, the values of the total pressures in the middle of
the combustor and at the combustor exit almost coin-
cide: peog =~ pe3o- The jump-like change in the com-
bustor pressure (¢ ~0.23 s) is related to unstable in-
jection of liquid oxygen caused by the length covered
by the flowmeter piston L,. The test results are listed
in the table. However, because of the nonuniform mo-

tion of the piston displacing oxygen from the flowmeter,
there were jumps of the specific flow rate of the mixture
within + 5%, which did not produce any noticeable ef-
fect on the CSD regime.

2.2. Combustor with the Diameter d.o = 200 mm

Plane—Radial Combustor with A =10 mm = const.
In the ranges gs = 128-165 kg/(s-m?), ¢ = 1.8-1.88,



Continuous Detonation of a Mixture of Gaseous Hydrogen 687

(a)

Fig. 5. Fragments of the photographic records and reconstruction of TDWs in the plane-radial combustor with
the length L. = 50 mm: (a) A = 10 mm = const, g = 168 kg/(s-m?), ¢ = 1.56, n = 1, and D = 2.93 km/s
(f = 9.32 kHz); (b) Sa = const, gs = 135 kg/(s-m?), ¢ = 1.04, n = 10, and D = 2.61 km/s (f = 83.3 kHz).

and p.; = (2.2-3.8) - 10° Pa, a stable CSD regime with
one TDW was observed (Fig. 5a). In addition to the
fragment of the photographic records, Fig. 5 (on the
right) shows the TDW location and the flow in its
vicinity in the combustor plane. The combustor length
L. = 50 mm turned out to be insufficient for the mix-
ture formed in the combustor to be burned in the det-
onation wave. Therefore, Fig. 5a shows only the upper
point of the wave B, whereas the lower point C' and the
tail C'D are outside the combustor. With respect to the
internal cylindrical surface, the TDW moved with the
velocities D = 2.9-3.11 km/s (f = 9.24-9.91 kHz). In
the ranges gs = 86-128 kg/(s-m?), ¢ = 1.43-1.8, and
per = (2.0-2.2)-10° Pa, the CSD regime became un-
stable, the TDWs became irregular, and the number of
TDWs varied (n = 2 <> 4). The flow regime recovered
its regularity at g = 83-86 kg/(s-m?), ¢ = 1.0 — 1.43,
and p.; = (1.8-2.0) - 10° Pa. First the regime with three
TDWs rotating with the velocity D = 2.32 — 2.55 km/s
(f = 22.2-24.0 kHz) was formed, and then it trans-
formed to the regime with four TDWs whose velocities
were in the interval D = 1.56-1.624 km/s (see the third
row in the table).

Plane-Radial Combustor with Sa =~ const. If the
combustor channel constricted from A = 10 to

A’ =5 mm (see Fig. 1), conventional combustion simi-
lar to that on the photographic records shown in Fig. 4a
was observed in the ranges g = 136-284 kg/(s-m?),
¢ = 0.99-1.03, and p. = (2.5-6.1)-10° Pa. This
combustion transformed to the CSD regime with
a large number of TDWs (n = 10 — 7) at
gs = 82-136 kg/(s-m?), ¢ = 0.9-1.03, and p. =
(1.55-2.3) - 105 Pa (see the fourth row in the ta-
ble). A fragment of the photographic records includ-
ing TDWs rotating in the combustor plane is shown
in Fig. 5b (on the left), and the picture on the right is
the reconstruction of the process to a ring-shaped struc-
ture. Here the point C, which denotes the lower edge
of the detonation front BC| is outside the annular gap
of the combustor.

3. ANALYSIS OF RESULTS

In the plane-radial combustor with exhaustion
toward the periphery, detonation burning of mix-
tures of gaseous hydrogen and liquid oxygen was ob-
tained for the first time in both CSD and CMD
regimes. These regimes were obtained in this combus-
tor in the case of burning of gaseous hydrogen—gaseous
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oxygen mixtures [8, 9]. As the detonation front BC' is
curved and is significantly deflected toward the motion
of the initial mixture (in the wave-fitted system), we
chose its projection onto the combustor radius denoted
by h for our analysis. In the plane-radial combustor
of length L. = 100 mm with A = 10 mm = const, we
obtained h ~ L. = 100 mm and h/l ~ 1/3, where [ is
the distance between the neighboring TDWs (for n = 1,
this is the length of the circumference of the internal
cylindrical surface of the combustor). In the plane—
radial combustor with L. = 50 mm, less that one half of
the incoming fresh mixture passed into the TDW front
inside the annular channel. Naturally, for obtaining the
optimal regime of CSD in the above-mentioned ranges of
the specific flow rates of the mixture, the channel length
should be increased at least to (2 — 2.5)h (L¢ min = 200
and 250 mm).

In the plane-radial combustors of lengths L. =
100 and 50 mm with Sn ~ const, the heights of the
front BC for the above-mentioned ranges of the spe-
cific flow rates are h ~ 25 mm (h/l =~ 1/2.5) and
h =~ 10 mm (h/l = 1/3), respectively. Then, these com-
bustors can be reduced by 2-3 times under the condi-
tion L min = (2 — 2.5)h. There is still an open question:
Why does not the number of TDWs in these combus-
tors differ by a factor of 2 despite similar flow rates of
the mixtures? A small difference in the equivalence ra-
tio is not expected to produce a significant effect on the
number of waves. In the plane-radial combustor with
SA =~ const and L, = 100 mm, the mixture of gaseous
hydrogen and gaseous oxygen with gs; = 116 kg/(s - m?)
and ¢ ~1.0 also burned in five TDWs, but their veloc-
ity and frequency were much smaller: D = 2.06 km/s
and f = 32.8 kHz [9]. The detonation front height was
h =~ 15 mm, and h/l ~1/4. The smaller height of the
TDW front in the case of gas detonation was caused by
a thinner critical layer of the mixture for detonation as
compared to the gas—droplet mixture of these compo-
nents. In the annular cylindrical combustor with the
diameter d. = 100 mm and surface area at the entrance
Sa & const, three waves moving with the velocity D =
2.42 km/s (f = 23.1 kHz) were observed in the case
of CSD of the mixture of gaseous hydrogen and liquid
oxygen with similar specific flow rates [4]. However, the
front height was h =~ 10 mm, and A/l ~ 1/10. A smaller
front height as compared to its value in the plane-radial
combustor was caused by the fact that the centrifugal
forces acting along the combustor channel did not affect
the products.

As it could be expected, the real flow rates of oxy-
gen in the case of an unsteady thermal regime of exhaus-
tion of the cryogenic liquid turned out to be smaller than
the values predicted with ignored influence of evapora-
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tion in the injection path including the pipeline down-
stream from the membrane 7, manifold 4, and injec-
tors 2 (see Fig. 1). Obviously, the fraction of gaseous
oxygen increases with increasing time of the contact of
the liquid phase with the injection path surface and also
with increasing area of this surface. Indeed, for higher
pressures of oxygen injection, this time decreased and
the output of the liquid phase of oxygen increased. For
example, the oxygen flow rate was Gox = 1.35 kg/s for
the air pressure p, ox = 37- 10° Pa and Gox = 0.51 ke /s
for prox = 18105 Pa. Using the estimate of the flow
rate of oxygen by the formula Gox = ppoxVoxSox With
oxygen evaporation being ignored, we obtain G,z =
2.18 and 1.53 kg/s, which is greater than the true flow
rates by a factor of 1.61 and 3, respectively. Here p =
0.875 is the flow rate coeflicient in the injection chan-
nels with sharp inputs [11], pox = 1.2-10% kg/m? is the
density of liquid oxygen at the nitrogen boiling point
Ty = 77 K [12], and vox = (2Ap/pox)?-® is the velocity
of oxygen exhaustion for the pressure difference at the
injector orifices Ap = py, ox — Pst, Where p; is the static
pressure in the combustor at the injector exits. It should
be noted that we failed to measure the pressure in the
oxygen manifold p,, ox precisely because liquid oxygen
entering the tube connected to the sensor started to
evaporate, and the sensor readings were greater than
the pressure of displacing air in the receiver p, ox. In
the case of exhaustion of gaseous oxygen through the
injector orifices, the pressure in the manifold differed
from the pressure in the receiver by less than 10% [8, 9].
As the cross-sectional area of the orifices of the injec-
tor for liquid oxygen was twice smaller than the cross-
sectional area of the orifices of the injector for the gas
and the velocity of exhaustion of the liquid phase was
approximately five times smaller at the injection pres-
sure prox = 25-10° Pa (vox &~ 60 m/s), we can argue
that the error of determining the liquid phase velocity
under the assumption that py, ox & Pr.ox did not exceed
2.5%. The difference in the static pressures at the in-
jector exit and at a distance of 10 mm can be neglected
because it is within 1-10° Pa (see Figs. 3 and 4). If an
obstacle (M16 nut) was placed into the oxygen injection
path, the area of the contact of liquid oxygen with the
metal with an initial room temperature increased, thus,
increasing the fraction of the gas phase.

Let us estimate the possibility of heating liquid oxy-
gen from the walls of the injection path. The character-
istic thickness of cooling of the injection path walls d,,
is estimated as 6, = (a,t)%°, where a,, = Ay /(pwCw) is
the thermal diffusivity of the wall material, whereas A,
pw, and c,, are its thermal conductivity, density, and
specific heat, respectively. To estimate the temperature,
we use the mean values of the constants in the tempera-
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ture interval from Ty, to T}, where Ty, = 296 K is the
initial temperature of the oxygen injection path walls,
and T}, is the oxygen boiling temperature correspond-
ing to the pressure p, x. Let us consider only one ex-
ample where the oxygen boiling point in the injection
path with the wall area S, = 250 cm? at the oxygen
injection pressure p, ox = 30- 105 Pa is T, = 141.5 K.
The mean values of the constants for stainless steel [10]
are Ay = (Ay) = 288 J/(m-s-K), pp = (pu) =
8103 kg/m?, and ¢, = (c,) ~ 376 J/(kg-K). Then,
ay = 9.57-107% m?/s, and we obtain J,, = 2.4 mm
during the exhaustion time ¢ = 0.6 s. The heat @,
transferred from the injection path walls is estimated
as Qw = mwcw(TOw - Th) = pwswdwcw(TOw - Th) =
47.5 kJ. This amount of heat is sufficient to heat the
OXygen mass Mox = Qw/[Jh + (Jox(liq)Q - Jox(liq)l)] ~
0.1 kg to the boiling point. Here J, = 378 kJ/kg
is the heat of evaporation at the boiling temperature
Th = 141.5 K; Jox(liq)l = —155 kJ/kg and Jox(liq)Q =
—24 kJ /kg are the enthalpies of liquid oxygen at Tpox =
77 K and T}, = 141.5 K, respectively. Approximately 0.5
kg of liquid oxygen were usually poured into the flowme-
ter; therefore, its gasification with the vapor density
Pox,n ~ 0.1-10% kg/m? at T}, = 141.5 K could possibly
reduce the predicted flow rates of oxygen by a factor
of 3 and more.

It was noted that the piston velocities (oxygen flow
rates Gox) were often different for identical injection
pressures prox, especially for their low values. This is
apparently related to the formation of the primary deto-
nation wave in the plane-radial combustor propagating
from the initiation point over the fuel mixture filling the
combustor. In this case, the products were inevitably
ejected into the oxygen manifold, and some part of oxy-
gen evaporated due to the contact with the products.
The velocity of oxygen exhaustion decreased, and the
liquid column in the flowmeter sometimes started to
move in the opposite direction. The contact time of
oxygen with the walls increased, resulting in additional
gasification. As a result, the regime of exhaustion of a
gas—liquid oxygen system was formed, depending on the
initial degree of the influence of the primary detonation
wave on the injection system.

Continuous detonation was always formed in the
plane-radial combustor with A = 10 mm = const in
the above-mentioned ranges of the specific flow rates of
the mixture: CSD or CMD in the combustor with L. =
100 mm and only CSD in the combustor with L. =
50 mm. Moreover, the CMD regime was observed in
the combustor with L, = 100 mm almost in the same
range of the flow rates gs = 151-180 kg/(s - m?) as that
in the experiments with gaseous hydrogen and gaseous
oxygen [8, 9]. Thus, the governing factor for this com-

bustor is the combustor geometry, while mixing plays
a secondary role. Constriction of the combustor gap to
A" = 3.3 mm (Sa =~ const) resulted in the formation of
the CSD regime (as in [8, 9]). The combustion observed
at the beginning of the experiment may be caused by os-
cillations of the piston of the flowmeter around its initial
position and by the off-design regime of oxygen displace-
ment into the combustor. The types of flow regimes at
high specific flow rates of the fuel gs > 122 kg/(s- m?)
have not been yet clarified. Apparently, there was the
same regime of combustion that was observed in the
combustor with L, = 50 mm and channel constriction.

An important issue for obtaining the CSD regime
in the combustor with L. = 50 mm and A = 10 mm =
const is the degree of mixing along the combustor be-
cause one half of the mixture is ejected outward and
burns there in the detonation wave outside the combus-
tor. For some reason, conditions for CMD existence
are not formed there. In the case of gaseous com-
ponents [8, 9], the detonation front occupies approxi-
mately one third of the combustor length [h ~ (1/3)L.];
therefore, the conditions formed there could ensure both
the CSD and CMD regimes. Conventional combus-
tion was observed at A’ = 5 mm (Sa = const) and
gs > 136 kg/(s-m?), though the ratio of the species
was fairly favorable. It was only at g5 < 136 kg/(s - m?)
that the transition to CSD occurred; moreover, the
CSD regime had a large number of TDWs (n = 10)
and a small front height (b ~ 10 mm). Comparing
the estimated (with the vapor phase being ignored)
and real flow rates of oxygen, we found that CSD was
observed if the fraction of the gaseous oxygen phase
was greater than 70%. For smaller fractions of gaseous
oxygen, the hydrogen jets do not have enough time
to split the oxygen jets and droplets within the dis-
tance h &~ 10 mm from the injectors, and the resultant
mixture starts burning in the conventional combustion
regime. If the fraction of gaseous oxygen is greater
than 70%, a detonation-capable layer of the mixture
of gaseous oxygen and gaseous hydrogen is formed and
CSD occurs with fragmentation of the remaining oxy-
gen droplets and burning of the remaining hydrogen in
the fronts of the CSD process. For this reason, it is
reasonable to inject oxygen in the supercritical state
into the combustor; in this case, the entire amount of
oxygen transforms to the gas phase when it enters a
high-temperature medium and the pressure is released.
At A = 10 mm = const, the combustible mixture was
formed in the combustor region with an expanding area,
and the flame was not held near the injectors; therefore,
the detonation-capable layer was formed at a greater
distance from the injectors without burnout ahead of
the detonation wave front.
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CONCLUSIONS

1. Regimes of continuous spin detonation and con-
tinuous multifront detonation in the gas—droplet mix-
ture of gaseous hydrogen and liquid oxygen were ob-
tained for the first time in a plane-radial combustor
(with the internal and external diameters equal to 100
and 300 mm, respectively) with exhaustion toward the
periphery. Regimes of continuous spin detonation were
obtained in the combustor with the external diameter
of 200 mm.

2. The structure of detonation waves was consid-
ered. For the CSD regime, reconstruction of transverse
detonation waves and the flow in their vicinity in the
plane of the combustor was performed. It was demon-
strated that the detonation wave is significantly curved
because of the increase in the tangential component of
velocity along the combustor radius.

3. It was shown that the height of the detonation-
capable layer of the mixture in the plane-radial com-
bustor with exhaustion toward the periphery increases
owing to the presence of centrifugal forces acting on the
products in the detonation wave front and also in the
expansion wave. As a result, the ratio of the height
of this layer to the distance between the neighboring
transverse detonation waves decreases.

4. The fraction of gaseous oxygen after the oxidizer
flow passed through the injection system was estimated.
It was demonstrated by an example of the combustor
with the external diameter of 200 mm and constriction
at the exit that continuous spin detonation is formed
if the fraction of the gas phase in the oxygen flow is
greater than 70%.

This work was supported by the Russian Founda-
tion for Basic Research (Grant No. 18-41-540001r a).
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