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1 Introduction

The rotating detonation engine (RDE) is a typical type of the detonative propulsion system and has
drawn particular interests nowadays because of its several advantages. The early attempts to achieve
rotating detonation waves (or spinning detonation waves) were conducted by Voitsekhovskii[1] and
Nicholls[2]. Ever since Bykovskii achieved steady rotating detonation on experiments once again and
carried out a series of experiments[3], the RDE has returned back to our sights and has drawn more and
more attentions.

The rotating detonation waves of RDE mostly run in an annular chamber. The hollow chamber that has
no inner cylinder, in the meantime, is another major configuration of combustion chamber, which was
first proposed by Tang et al[4]. Tang[4] firstly verified the feasibility of this kind of chamber
numerically, and then Lin[5], Anand[6] et al. verified it in experiments. Zhang[7] et al. have carried out
some experiments in the hollow chamber with Laval nozzle attached, but what they concerned about is
the stability of RDE's operation and its similarity to the tangential instability in the traditional rocket,
and they didn't pay attention to the propulsive performance of their combustors. However, researchers
from Nagoya University have done plenty of experiments to investigate the propulsive performance of
RDE with hollow chamber. Kawasaki[8] investigated the effects annular width has on RDE.
Experiments of nozzleless combustors with 0,9,15,23,3 1mm annular width were conducted and it led to
the result that the thrust would decrease as the annular width become larger. But as there are no nozzle
attached to the chamber, the exit area of the combustor wasn’t kept constant as the annular width varied,
which means the data they collected couldn't represent the real potential of the propulsive performance.
Goto[9] and Yokoo[10] investigated the propulsive performance of a nozzleless RDE of small scale (20
mm diameter of the combustion chamber) and got relatively high performance. But as there were no
nozzle attached, the role of the nozzle in the operation of RDE still remains unclear.
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In this study, we performed a preliminary research to investigate the propulsive performance of hollow
RDE of normal scale with Laval nozzle.

2 Experiment System and Description

The experiment object we used in this study is a combustor of RDE with a hollow combustion chamber.
The schematic of this combustor is shown in Figure 1. The Fuel and the oxidizer are feed into the
combustion chamber through an array of 90 groups of coaxial injecting tubes, which are evenly
distributed in one circle. Each coaxial tube contains an inner tube and an outer hole. The material of the
inner tube is 304 stainless steel. The inner diameter and the wall thickness of the inner tube are 1 mm,
0.2 mm, respectively. The diameter of the outer hole of the coaxial tube is 2.2 mm. During the engine
operation, the fuel is injected into the chamber through the inner tubes of the coaxial injectors, and the
oxidizer is injected into the chamber through the outer holes of the coaxial injectors. The thrust chamber
is a hollow chamber with no inner cylinder. The diameter of the chamber is 120 mm, and the total length
of the straight section of the chamber is 175 mm. After the thrust chamber, there is a designed Laval
nozzle attached to the chamber. Assuming isentropic expansion, and calculating from our previous
experiment data, we choose two sets of diagrams of the throat and the exit, which are shown in Table 1,
and so the contraction ratio can be determined e=4./4,.
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Figure 1: The schematic diagram and the picture of the hollow RDE in the study

Table 1: RDE geometry dimensions

Part Geometry measured dimension
Inner tube diameter 1.0 mm
Injeting holes Inner tube wall.thickness 0.2 mm
Outer hole diameter 2.2 mm
Number (cycles X holes) 1 X 90
Diameter 120 mm
Thrust chamber Length 175 mm
Nozzle.1  Nozzle.2
Throat diameter Dy, 30.8 mm 43 mm
Laval nozzle Contraction ratio ¢ 0.066 0.128
Exit diameter D, 40.8 mm 55 mm
Diatraction area ratio 1.75 1.64

Three CTAPs are attached to the combustor to measure the low frequency average pressure of different
portions. The first CTAP’s portion is just 2 mm away from the thrust wall. The flow here is very weak
and the fresh gas has just been injected into the chamber which hasn’t been detonated yet, so the low
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frequency pressure p; measured here can be regarded as the total pressure just after injection. The CTAP
which measures the ps is located at the entrance of the Laval nozzle. The CTAP which measures pi, is
located at the throat of the Laval nozzle. Our previous numerical study has shown that the non-
stationarity caused by the periodic rotating detonation has become very weak at the end of the thrust
chamber. Accordingly, and under the assumption of isentropic expansion, we can estimate the total
pressure after detonation when it is choked at the throat :

7 ¥
-1 71 +1 )1
Py = P (1‘*' 7/2 Matzhj = P (7/2 j (1)

A high speed camera is put against the exit of the RDE to capture the video data of the rotating detonation
waves in the chamber. The whole RDE is bedded on the moving part of the thrust stand, and the thrust
is measure by a thrust transducer. In our experiments, we used gasecous methane (CH4) as fuel and
gaseous oxygen (O;) as oxidizer. The feeding mass flow rate is measured by two Coriolis flowmeters in
the feeding system. The total mass flow rate varies between 100-300g/s, and the range of equivalence
ratio varies between 0.5-1.2.

3 Result and discussion
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Figure 2: An picture of the hollow RDE with Laval nozzle of which (a) the throat diameter is 43 mm,;
(b) the throat diameter is 30.8 mm.

As expected, we obtain steady rotating detonation waves and choked operating state in our experiments
of the facility descripted above. Figure 2 shows the typical pictures during the operation of the hollow
RDE. The Mach disks is very clear during the operation.

The average test measurements are captured during the stable duration of each hot-fire test, including
time averaged pressure of fuel and oxidizer plenum, the measurements of CTAPs, the trust and the mass
flow rate. As is known, the directly measured chamber pressure of the combustion chamber of traditional
rocket engine is usually regarded as the total pressure of the chamber, under the assumption that the flow
in the chamber is very weak, but whether it is the same with RDE chamber is unknown. So first we
compared the total pressure obtained from throat pressure py and the pressure at the end of the chamber
and at the entrance of the Laval nozzle, and it is found that the pressure obtained from two methods are
almost the same, so it is reasonable to adopt the p; as the total pressure of the chamber.

The specific impulse is a very important parameter for rocket designing. As is known, the specific
impulse would increase as the pressure ratio of chamber to environment. Quite a lot of researchers[11]
have observed the same trend in RDE with an annular chamber, but it is still unknown to what extent
can be the trend of the hollow RDE consistent with the previous researches. Here we investigated the
specific impulse and the chamber pressure of the hollow rocket RDE. The result is shown in Figure 3.
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Figure 3: The specific impulse /s, versus combustion chamber pressure p.
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Figure 4: The experiment-pressure-based normalized specific impulse /s ideal VErsus combustion
chamber pressure p.

The dashed line represents the measured specific impulse /g, and the solid line represents the ideal
specific impulse /g, jqcq calculated from NASA-CEA[12] code. The back pressure was set to be 1 atm.
We normalized the measured specific impulse by the ideal specific impulse /gy ;gear, and the result is
shown in Figure 4. The solid markers indicate operating conditions that successfully produced rotating
detonation waves, meanwhile the unfulfilled markers indicate the operating conditions that failed to
produce detonation and under which the engine stably operated in deflagration mode. The different
colors represent different equivalent ratios ¢. It is shown that the specific impulse /g, does increase as
the chamber pressure p. increases in both configurations, and also increases as the equivalent ratio
increases between 0.5-1.2. The specific impulse is lower than the ideal value and the ratio of the
measured value [, to ideal value /g, j4cq distributes between 0.6-1. Apparently, the I, of the nozzle with
30.8 mm throat diameter (Nozzle.1) is lower overall than the nozzle with 43 mm throat diameter
(Nozzle.2). When the geometry configuration of these two nozzles are taken into consideration, the
distraction ratio of Nozzl.1 is a little bit larger than Nozzle 2, which would cause an over expansion to
greater degree. This might cause some extra deficit of the specific impulse of the combustor.
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Characteristic velocity ¢* is only a function of propellant characteristics and combustion chamber
properties, independent of nozzle characteristics[13]. The characteristic velocity c* is given by

=<1
m

pcAth (2)

In our study, we calculate the ideal characteristic velocity ¢y, using the iteration method Stechmann( 14]

came up with. And then we normalize the measured characteristic velocity c* by the ideal value cyqq,
then we get the ¢* efficiency 7 .. (Figure 5)

C
nc* = *ex (3)
C

ideal

which can be used to express the degree of completion of chemical energy releases in the generation of
high-temperature, high-pressure gases in combustion chambers. It should be noted that the ideal value
Cigeas is calculated under choked condition in NASA-CEA, so only the values distributed on the right
side of the choked lines are credible. It is shown that the c* efficiency 7 . is all beneath the unit value.
The values of Nozzle.1 distribute around 0.7, while the values of Nozzle.2 distribute around 0.8, which
are a bit higher than Nozzle 1. The cause for this phenomenon still needs further investigation, but it can
be inferred that some mixing issues caused by the coupling of combustion chamber and the propellant
plenums. It can be seen that a lower equivalence ratio tends to lead to a higher ¢* efficiency. This might
indicate that the mixing property is not as ideal as we expected, because the existence of more oxidizer
seems to lead to a better mixing and therefore higher c* efficiency, so it is necessary to change our
injecting structure and investigate the effects of the injecting structure on the hollow RDE.
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Figure 5: The c* efficiency 7 . versus mass flux of the throat 7ir/Ay,.

In addition, we noted an interesting phenomenon that it seems that there is a trend that the performance
of detonation is a little bit better than that of deflagration under the same condition, both in normalized
specific impulse and the c* efficiency. This encouraging conclusion still needs further systematic and
detailed research, which has already been on going in our laboratory.

4 Conclusions

A preliminary study of the propulsive performance of the hollow RDE with Laval Nozzles of two
configurations has been carried out. The Laval nozzles has a throat of 30.8 mm and 43 mm in diameter
respectively which assures that the burned exhaust gas would be choked under most test conditions. We
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calculated the specific impulse /g, of the hollow RDE. It is shown that the specific impulse was 0.6-1.0
that of the ideal value. It is found that the specific impulse of the hollow RDE increases as the chamber
pressure increases, which is consistent with previous studies. There is also a trend that the specific
impulse also increases as the equivalence ratio increases from 0.5 to 1.2. Besides, we also investigated
the c* efficiency 7 .. The results show that the c* efficiency of the nozzle with throat diameter of 43
mm is a bit higher than that of 30.8 mm, which might be due to the injecting structure and the coupling
of the combustion chamber and the propellant plenum and need further research.

Moreover, an encouraging phenomenon was also noted that the performance of detonation is a little bit
higher than that of deflagration under the same test condition. Further study is in progress to verify this
results in our laboratory.
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