
Sawada, S; Goto, K; Ishihara, K; Kawasaki, A; Matsuoka, K; Kasahara, J; Matsuo, A; Funaki, I Torque Around Axial 
Direction on Rotating Detonation Engines JOURNAL OF PROPULSION AND POWER, 38, 1, 2022, 59-70 

1 
 

Torque Around the Axial Direction on 
 Rotating Detonation Engines 

 
Satoru Sawada,* Keisuke Goto,† Kazuki Ishihara,* Akira Kawasaki‡, Ken Matsuoka,§ and Jiro Kasahara,** 

Nagoya University, Nagoya, Aichi 464-8603, Japan 

Akiko Matsuo†† 
Keio University, Yokohama, Kanagawa 223-8522, Japan 

and 
Ikkoh Funaki‡‡ 

Japan Aerospace Exploration Agency, Sagamihara, Kanagawa 252-5210, Japan 

A rotating detonation engine (RDE) generates a continuous thrust with one or more rotating 

detonation waves. Due to the velocity on the order of km/s, the reaction zone is relatively small. 

Therefore, the RDE thus realizes a short combustion chamber length. However, the 

detonation waves induce an azimuthal motion of propellant, resulting in torque around the 

thrust axis. Since the motion does not contribute to the thrust, the torque is important in terms 

of performance loss. Herein, we conducted combustion tests with a six-axis force sensor to 

simultaneously measure 0.149 ± 0.009 Nm torque and 48.1 ± 0.9 N thrust. A comparison of 

detonation waves captured by high-speed camera revealed that the torque followed the 

direction and was offset when the waves existed in both of two directions simultaneously, 

which indicates the possibility of controlling the torque. Under a mass flow rate at 87 ± 9 g/s 

and an equivalence ratio at 1.43 ± 0.28, when the azimuthal component of shear force was 8.8 

± 0.6 % of the thrust, 0.77 ± 0.10 % of the total kinetic energy of the exit flow was distributed 

to the azimuthal component of velocity and did not contribute to the thrust. We therefore 

concluded that the effect of the azimuthal motion on the RDE’s performance was small. 

 
Presented at AIAA 2021-0295 at the AIAA SciTech 2021 Forum, Virtual Event, 11-15 & 19-21 January 2021. 
* Graduate Student, Department of Aerospace Engineering, Student Member AIAA 
† Designated Assistant Professor, Department of Aerospace Engineering, Member AIAA 
‡ Assistant Professor, Department of Aerospace Engineering, Member AIAA 
§ Associate Professor, Department of Aerospace Engineering, Member AIAA 
** Professor, Department of Aerospace Engineering, Associate Fellow AIAA 
†† Professor, Department of Mechanical Engineering, Senior Member AIAA 
‡‡ Professor, Institute of Space and Astronautical Science, Senior Member AIAA 



Sawada, S; Goto, K; Ishihara, K; Kawasaki, A; Matsuoka, K; Kasahara, J; Matsuo, A; Funaki, I Torque Around Axial 
Direction on Rotating Detonation Engines JOURNAL OF PROPULSION AND POWER, 38, 1, 2022, 59-70 

2 
 

Nomenclature 

A = area 

Adet = area of chamber wall behind detonation wave 

Ain = area of inner chamber wall 

Ainj = area of injector holes 

Aori = area of orifice 

Aout = area of outer chamber wall 

Aθ = area of expansion section 

CFz = coefficient of Fz 

Cc = coefficient of mass flow rate through injector holes 

Cf = friction coefficient 

Cori = coefficient of mass flow rate through orifice 

CTz = coefficient of Tz 

dinj = diameter of injector hole 

dori = diameter of orifice 

ER = equivalence ratio 

Fz = axial component of force 

|Fz| = absolute value of Fz 

 = time mean value of Fz 

Fθ = azimuthal component of shear force 

|Fθ| = absolute value of Fθ 

 = time mean value of Fθ 

h = injection fill height 

sp = specific impulse 

larm = torque arm length of load 

m = mass flow rate 

mcold = mass flow rate in cold flow test 
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mideal = ideal mass flow rate 

∆m = change of mass 

n  = the number of waves 

p = pressure 

p = time mean value of p 

pc = time mean value of combustion pressure 

pple = plenum pressure 

pple = time mean value of pple 

pt = time mean value of tank pressure 

r = laboratory coordinate in radius direction 

rm = mean radius of chamber room 

rin = mean radius of inner chamber wall 

rm = mean radius of chamber 

rout = mean radius of outer chamber wall 

t = time from ignition 

∆tc = combustion duration 

∆tm = duration when U>0 and U<0 are detected simultaneously 

∆tn = duration when U<0 

∆tope = duration of propellant supply 

∆tp = duration when U>0 

Tz = torque around axial direction 

|Tz| = absolute value of Tz 

 = time mean value of Tz 

U = propagation velocity of detonation waves 

|U| = absolute value of U 

 = time mean value of U 

UL = mean value of U obtained with L 
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Un = time mean value of U when U < 0 

Up = time mean value of U when U > 0 

vz = axial component of velocity of flow 

vz, exit = vz on exit plane of chamber 

vz, exit = time mean value of vz, exit  

vθ = azimuthal component of velocity of flow 

vθ, exit = vθ on exit plane of chamber 

vθ, exit = time mean value of vθ, exit  

z = laboratory coordinate in axial direction 

α = thrust performance loss on the RDE 

γ = specific heat ratio 

δ = width of chamber  

θ = laboratory coordinate in azimuthal direction 

θlum = angle dominated by self-luminescence area 

ρ = density of gas 

τθ = azimuthal component of shear stress on chamber wall 

τθ,cal = calculation value of τθ 

τ̅θ,cal = time mean value of τθ 

τθ,exp = experimental value of τθ 

τ̅θ,exp = time mean value of τθ,exp 

slip = angle between slip-line and chamber bottom 

Subscripts 

b  = property of ambient of chamber 

c  = property during combustion duration 

cal  = calculation property 

cold = property of cold flow test 

exp = experimental value 
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exit = property of exit plane 

f = property of fuel 

Fz = property of Fz 

h = property of injection fill height region 

ideal = ideal property 

in = property of inner chamber wall 

inj = property of injector holes 

load = property of input load 

m = property when U < 0 and U > 0 

max = maximum value 

n = property when U < 0 

o = property for oxidizer 

ope = operational duration 

out = property of outer chamber wall 

p = property when U > 0 

ple = property of plenum 

RDE = property of RDE 

sensor = output data from six-axis force sensor 

t = property of tank 

Tz = property of Tz 

z = property in z direction 

θ = property in θ direction 

 

I. Introduction 

etonation combustion is a mode that produces a shock wave with chemical reaction heat release that propagates 

on the order of km/s [1, 3], and the time to complete the combustion process is thus very short. Due to this advantage, 

a propulsion system based on the detonation combustion mode can use a short length for the combustion chamber [1–

5]. In addition, as the detonation wave provides an enormous increase of pressure through the combustion process, 

D 
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the system realizes higher theoretical thermal efficiency, compared to a conventional propulsion system that rely on 

the deflagration mode [1–3]. For these reasons, a pressure-gain combustion (PGC) system has gained attention. 

Wolanski [1], Anand and Gutmark[2], Lu and Braun [3], and Kailasanath [4, 5], reviewed and summarized 

experimental and computational researches concerning PGC systems. 

   Pulse detonation engines (PDEs), and rotating detonation engines (RDEs) have attracted a remarkable amount 

of attention as those of PGC systems. In order to obtain thrust, a PDE needs multiple ignitions to cause detonation 

combustion in the combustion chamber, because a detonation’s burned gas is discharged at each detonation 

combustion cycle. With an RDE, in contrast, once an ignition occurs, the RDE generates continuous detonation waves 

that can keep propagating in an annular [6, 7], circular [8, 9], or rectangular cylinder [10, 11], and these waves 

generates continuous thrust as long as gas is supplied.  

   An analytical method to predict the performance of a PDE was developed by Endo et al. [12, 13], and 

Wintenberger et al. [14]. Their idea was to apply steady-state detonation solutions and unsteady-state expansion 

solutions to the flow-field, which is a strongly time-varying and high-frequency phenomenon. Following their work, 

researchers conducted analyses of RDEs [15–21]. Rankin et al. [15], Fotia et al. [16], and Shepherd and Kasahara [17] 

improved the analysis for RDEs. Mizener and Lu [18] introduced the assumption that the flow field is similar inside 

an annular RDE and an aero spike nozzle, and they performed a lower-order analysis to clarify the relationship among 

geometric parameters, gas conditions, and performance based on the distribution of several values in an annular RDE. 

Goto et al. [19] indicated that it is possible to examine the steady-state performance and heat load of an annular RDE 

by using the conventional method for rocket engines. Sosa et al. [20] demonstrated the operation of an annular RDE 

by using H2/O2 mixture, which indicates the availability of expander cycle with an RDE. 

   It is well-known that multiple rotating detonation modes appear on an annular RDE. A chaotic propagation 

mode where detonation waves were created and destroyed was observed by Dunn et al. [21] with a high-speed camera. 

Aside from the camera, Bluemner et al. [22] measured pressure at points which were distributed in the azimuthal 

direction on an RDE’s chamber wall. The observation revealed that detonation waves in the positive and negative 

directions co-rotated in the lower mass flow rate, and waves in one direction gradually became weaker and darker as 

the mass flow rate increased. Chacon and Gamba [23] defined two types of detonation waves. One is the secondary 

waves which got darker due to the increase of the mass flow rate, and another is the main waves which kept brightness. 

Through their image-processing technique, the behavior of the secondary wave was classified. They also revealed a 
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couple of the main wave and the secondary wave changed their direction at the same time. In another study, Sosa et 

al. [24] was able to visualize the standing detonation wave by supplying a supersonic flow through a divergent nozzle. 

In the study, the impact of an interaction between the waves and the chamber wall on the behavior of a detonation 

wave was observed.  

   Detonation waves rotate inside an annular RDE, and thus the azimuthal flow field is of interest. Figure 1 

provides the schematics of an annular RDE. As seen in the top view of Figure 1a, a detonation wave induces the 

azimuthal velocity component of injected gas, vθ , just after the detonation wave, i.e., vθ , in the detonation’s 

propagating direction (positive direction). A huge gradient of vθ in the radial direction, dvθ dr⁄ , occurs behind the 

detonation wave. This gradient near the wall of the combustion chamber leads to the azimuthal component of shear 

stress, τθ,h. In contrast, in an expansion section after the detonation wave, burned gas is accelerated in the other 

direction, producing very small azimuthal component of shear stress τθ in the negative direction. Figure 1c depicts the 

path-line of the gas molecule in the laboratory z − θ frame of reference. Thus, both of positive and negative τθ 

coexisted across the chamber wall area,	Awall, but the integral value becomes the azimuthal component of shear force 

on the RDE, Fθ,RDE, which results in the torque around the z-axis, Tz. 

 

 , d  (1)

 

Since the gas is greatly accelerated behind the detonation wave, dvθ dr⁄  and the gas density are much larger in the 

region just after the detonation wave within the injection fill height, h compared to other areas. Therefore the time 

mean value of shear stress within h region, τθ,h, dominates in Fθ,RDE, which means that the direction of Fθ,RDE is the 

same as the detonation wave’s propagating direction. In contrast, as the gross value of angular momentum needs to be 

conserved, the exit flow of the combustion chamber should have azimuthal component of velocity,	vθ,exit, in the 

negative direction. Although there should be fluctuation of vθ,exit at a local point due to the expansion section, the 

mean value of vθ,exit across the exit chamber area should be in the negative direction. 

   As this exit azimuthal flow velocity and Tz cannot contribute to the thrust, they need to be understood in terms 

of the thrust performance loss of the RDE. Several research groups have conducted an experimental studies to examine 

this exit azimuthal flow velocity in an annular RDE [25–27]. The particle image velocimetry (PIV) for understanding 
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the internal and exit flow fields of an RDE was improved in experiments by Depperschmidt et al. [25], and Tobias et 

al. [26]. They showed the presence of the azimuthal flow velocity component while the flow was primarily in the axial 

direction. The PIV technique was also used by Christopher et al. [27], and revealed the fluctuation of vθ,exit derived 

from a detonation wave and an expansion section. There are also some reports of a computation approach for the 

azimuthal flow velocity in an annular RDE. Schwer and Kailasanath [28] numerically computed the azimuthal 

distribution of the axial and azimuthal components of exit flow velocity. The existence of an azimuthal flow inside 

the combustion chamber and the exit plane was reported by Nordeen et al. [29], who computationally showed the 

molecule path-lines under the effect of azimuthal flows. Hishida et al. [30] evaluated the effect of vθ by calculating 

the time record of the velocity ratio, vθ,exit /vz,exit; note that vz,exit	is the axial component of velocity at the exit plane of 

an RDE. According to their study, vθ,exit/vz,exit was < 3%, which they regarded as effectively zero in terms of kinetic 

energy loss. Aside from the azimuthal flow, there is a numerical computation study for Tz: Mizener and Lu [18] 

evaluated Tz  as a part of their lower-order analysis. By integrating the angular momentum of the exit gas, they 

concluded that Fθ,RDE /Fz,RDE was within 0.12, where the axial force on the RDE is Fz,RDE. However, as they noted, 

since Tz values are related to elements that require a huge amount of computation (e.g., unsteady viscosity, boundary 

layer, turbulent flow, and more), it is uncertain whether ideal conditions are valid. Further experimental attempts are 

thus necessary to gain greater insight into Tz. 

   The experimental approach also contains some hurdles, however. As the magnitude of Fθ,RDE is much smaller 

than that of Fz,RDE, the measurement could potentially contain a major error involving the ignition impact, oscillation, 

and/or thermal expansion of a sensor section. Therefore, no experimental measurement of Tz has been achieved. To 

address these issues, we used a 6-axis force sensor that is able to measure six degrees of torque and force. The present 

study also compared Tz with several propagation modes of detonation wave to understand the correlation between 

them. In addition, we evaluated the effect of the azimuthal phenomenon on the performance of an annular RDE and 

azimuthal component of shear stress on the combustion chamber wall. 

 

II. Experimental Setup 

Figure 2 is a schematic of the RDE used herein. It was made of copper and had an annular combustion chamber that 

was 70-mm channel long and 8-mm channel wide, with a 35-mm mean channel radius. It also had 120 pairs s of 
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doublet injectors. Gaseous ethylene and oxygen were injected as propellants. The plenum pressure for ethylene, pple,f, 

and oxygen, pple,o , and the pressure at the bottom of the combustion chamber, pc , were measured with 1-kHz 

piezoelectric pressure sensors (PAA-23; Keller, Newport News, VA, USA). 

  In order to measure the torque around the thrust axis on the RDE, we introduced a six-axis force sensor 

(PFS080YS102U6IO; Leptorino, Nagano, Japan) [31, 32]. Figure 3c is a photograph of the six-axis force sensor. The 

sensor can measure force in the three axes and the torque around each axis at the same time (Fx : force in the x-axis, 

Fy : force in the y-axis,	Fz : force in the z-axis, Tx : torque around the x-axis, Ty : torque around the y-axis,	Tz : torque 

around the z-axis). This is due to the sensor’s internal structure with multiple beams. One main beam connects only 

to a stage attached to the test body, and there are three other T-shaped beams around the main beam. When the test 

body experiences torque and force, those three beams experience strain peculiar to them [31]. For the detection of the 

strain, there are also multiple strain gauges on each of the beams and Wheatstone bridges for each pair of strain gauges. 

We determined the strength and direction of torque and force by a calculation using the combination of the voltage 

changes of each circuit [32]. 

 The RDE was set on the sensor with the combustion chamber exit facing up in order to prevent high-

temperature gas from reaching the sensor. The sampling rate of the six-axis force sensor was 1200 Hz, and the 

reference coordinates were defined as the z-axis from the exit of the combustion chamber to the bottom of the 

combustion chamber, the r-axis from the chamber’s center toward the radius direction, and the θ axis in the azimuthal 

direction around the z-axis. The measurement point of the six-axis force sensor was located at the center of the z- and 

r-axes, 243.5 mm from the bottom of the combustion chamber on the z-axis. Because the distribution was adjusted to 

guarantee the measurement of Fz and Tz, the oscillation was easier to occur in the horizontal direction. The value of 

Fx, Fy, Tx, and Ty due to the rotating detonation waves could not be distinguished. We thus dealt with only the output 

of Fz and Tz from the sensor. 

 We conducted calibration tests for the torque and force output from the six-axis force sensor. For the axial 

force, we put an axial load, Fload, on the top surface of the RDE, and we regarded the value as the actual axial force, 

Fz. By comparing this value with the output from the sensor, Fz,sensor, we obtained the following coefficient CFz. 

 

 ,  (2)
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Figure 4 illustrates the results with the straight approximation lines based on the least-squares method. Assuming that 

the slopes of the lines are each of CFz, the value was 1.0149 ± 0.0009 when the load was increasing and 1.0152 ± 

0.0009 when the load was decreasing.  

  For the torque around the z-axis, we first distributed eight points on the top surface of the RDE so that each 

torque arm length, larm, was 60 mm. We then added the tensile load, Fload, horizontally at each point and regarded 

larmFload as the actual value of the torque, Tz, by comparing them with the output from sensor, Tz,sensor, individually. 

We then confirmed the coefficient, CTz, expressed as 

 

 ,  (3)

  

Figure 5 depicts the results with the approximation lines from the least-squares method. Assuming that the slopes of 

the lines are each of CTz, the value was 0.9538 ± 0.0028 when the load was increasing and 0.9516 ± 0.0026 when the 

load was decreasing. As seen in the Figure, there was negligible difference among tests conducted by putting load at 

individual eight points with a hardware fixture, which means the test body experienced other force and torque. The 

result thus proved the measurement of Tz was not affected by other force and torque. 

  From the calibration tests, as the difference in these coefficients between when increasing and decreasing loads 

was negligible, we regarded no hysteresis. In combustion tests, CFz and CTz were determined from each of the whole 

calibration results, and the sensor outputs were converted to the actual values by using Eq. (2) and Eq. (3), respectively. 

The final values were CFz = 1.0150 ± 0.0006 and CTz = 0.9527 ± 0.0019, noting that errors described in Table 1 are 

standard errors computed from each time-record. The order of magnitude was larger than errors of CFz  and CTz . 

Therefore, the standard errors were used in this study. 

  We also tested the responsiveness of the measurement system. The same configuration as that used for the 

calibration test of Tz was used, with the exception of the connection of the test body and the load. By replacing the 

joint with the burnable material and burning it off, we added a rise load on the test body. We then defined the response 

delay as the interval to reach the time mean value at the point after enough time passed. As a result, the delay was 

0.0353 ± 0.0019 s for the positive load and 0.0336 ± 0.0013 s for the negative load. These results indicates that there 
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was not a great difference depending on the direction of Tz compared to the approx. 0.2-s duration of combustion tests, 

which will be discussed below. 

  We evaluated the effect of gas supply in cold flow tests. As a result, the time-mean value of Tz during the gas 

supply interval was 0.0013 ± 0.0001 Nm in the case of 67 ± 4 g/s of oxygen, and the value was 0.0005 ± 0.0001 Nm 

in the case of 28 ± 4 g/s of ethylene. We thus concluded the error from the gas supply was negligible. 

 We controlled the mass flow rate by choking the orifices upstream of the supply line. As pressure in the oxygen 

plenum was greater than the critical pressure in all cases, the ideal mass flow rate, mideal, ple, was determined by: 

 

 
,

120
π
4 ̅ ,

√

2
1

 (4)

 

In the case of ethylene, the plenum pressure was less than the critical pressure in most cases; we thus used Eq. (5) to 

determine the ideal mass flow rate, mideal, ple. 

 

 ,

120
π
4 ,

√

2
1 , ,

 (5)

 

As the duration of each test was <1 s, the mass flow rate could be regarded as constant during the test. Before the 

combustion tests, we conducted the calibration tests to obtain the coefficient, Cori, which is represented as: 

 

 Δ
∆

1

,
 (6)

 

where Δtope is the duration of the operation, and Δmt is the tank mass decrease, which was determined with an electric 

balance. The resulting values of Cori for ethylene and oxygen were 0.81 ± 0.14 and 0.75 ± 0.04, respectively. The mass 

flow rate in the cold test, mcold, was then computed from 
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 ,  (7)

 

Because the combustion test and cold flow test were conducted separately for safety reasons, there was an error in the 

mass flow rate between the two types of tests. To address this issue, we obtained the ideal mass flow rate with the 

mean tank pressure, pt,f/o, and orifice diameter, dori, in the cold flow test. Because gas chokes at the orifice, we then 

used the following supersonic equation: 

 

 

,

π
4 ̅ , /

√

2
1

 (8)

 

Next, we determined the coefficient of the mass flow rate for combustion tests, Cc, was described as: 

 

 

,
 (9)

 

Finally, we conducted the combustion tests and obtained the mass flow rate, m, with the mean tank pressure, pt,c , 

from: 

 

 
π
4 ̅ ,

√

2
1

 (10)

 

We conducted the cold flow test to determine the Cc when we changed the orifice area. The error regarding the mass 

flow rate in the combustion test includes the error in the tank pressure between cold flow tests and combustion tests. 

  

III.Results and Discussion 

Tables 1, 2, and 3 present the experimental conditions and a summary of the measurement results. The propellant mass 

flow rate, m, and equivalence ratio, ER, were controlled within 98 ± 9 g/s and 1.62 ± 0.33, respectively, in addition to 
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measurement errors. The RDE was operated with rotating detonation waves in all cases. All of the original data 

contained electromagnetic noise due to the electronic measurement devices. To eliminate this effect, we applied a 

moving average calculation method.  

 Figure 6 shows the time records of pple,f, pple,o, and 	pc in Test 13 as an example. The combustion duration, ∆tc, 

was defined as the interval which satisfies pple,o≥0.8 pple,o,max and pple,f≥0.8 pple,f,max. Note that the subscript “max” 

means the maximum value. A representative value was defined as the time-mean value during ∆tc, which is indicated 

with an overbar. Regarding the ratio of the experimental specific impulse, Isp,exp, and the ideal specific impulse, Isp,ideal, 

which was computed by NASA-CEA[33], the ratio Isp,exp/Isp,ideal was 0.82 ± 0.09 to 1.18 ± 0.12. 

 

A. Classification of torque modes on an RDE 

In this study, we created the time record of detonation wave velocity, U, for a comparison with the time record of 

torque around the z-axis, Tz .  For the calculation, we first captured the detonation waves inside the combustion 

chamber with a high-speed camera (Phantom 2011; Vision Research, Birmingham, AL) under the frame rate of 

180,252 fps. We then created diagrams with the vertical axis of θ and the horizontal axis of time, t, keeping in mind 

that the range of the vertical axis was 0–2π rad. Multiple lines composed of a self-luminescence area then appeared in 

each diagrams. We applied the Hough transform technique next to determine the angle between each line and the t-

axis [34]. The representative value of time for each line was defined as at the mid-point of the line. Because some 

tests included an interval with halation in the images which made it impossible to detect lines. In those cases, we 

defined the propagating direction during the halation interval as the direction observed immediately before the interval. 

  Figure 7 shows monochrome inverted views of the combustion chamber, with the example of a monochrome 

inverted θ – t diagram, the time record of U, and Tz (top to bottom, respectively) in Test 13. As can be seen in the 

views of the combustion chamber and the θ–t diagram, the detonation waves propagated in the positive direction 

during Δtc. In this case, we observed that Tz positive. We defined the duration of the positive propagation as Δtp, 

indicated by the shaded red area in the time records. The case of Δtp/Δtc 	 1.00 was defined as the positive rotating 

detonation mode (PM). 

 Another case was dominated by detonation waves propagating in the negative direction. Figure 8 contains an 

example of the monochrome inverted θ–t diagram, the time record of U, and Tz in Test 8. As can be seen in the figure, 
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when the detonation waves propagated in the negative direction during Δtc, a negative Tz was observed. We then 

defined the duration of the negative propagation as, Δtn, indicated by the shaded blue area in the time records. The 

case of Δtn / Δtc = 1.00 was defined as the negative rotating detonation mode (NM).  

 These results indicate the azimuthal component of the shear force on the chamber wall was in the direction of 

the rotating detonation waves. It corresponded to the torque generation mechanism mentioned above. 

 A case in which detonation waves that existed in the positive and negative directions simultaneously was 

confirmed. Figure 9 shows the same set of results as Fig. 8 but for Test 1. As can be seen in the θ–t diagram, some 

detonation waves in the positive direction and others in the negative direction coexisted. The value of t in the time 

record of U, however, could not be the same due to its definition unless the U value was the same. We then dfined the 

duration during which both U<0 and U>0 were detected per 1/1200 s as Δtm, resulting in the ratio Δtm/Δtc	at 0.86, but 

note that we used 1/1200 s based on 1200 Hz as the sampling frequency of force and torque. We defined this case as 

the positive and negative co-rotating mode 1 (PNCM1). In addition to this case, the ratio Δtm / Δtc = 0.86 was also 

observed in Test 2. We thus defined Test 2 case as the positive and negative co-rotating mode 2 (PNCM2). In these 

cases, a clearly small value of Tz   was observed during Δtm, which indicated that detonation waves in multiple 

directions offset the torque. This occurred because a net value of the azimuthal component of the velocity of the 

supplied gas was offset by being accelerated in both directions due to the rotating detonation waves. 

 In some cases, detonation waves switched the propagating direction multiple times during the combustion 

duration. Figure 10 presents the results for Test 11. As is evident in the three sets of monochrome inverted θ − t 

diagrams,  while the direction of detonation waves were about to switch, there was a period with detonation waves in 

multiple directions until one direction gradually became dominant. At these points, the gradient of torque, dTz/dt, 

changed its sign. From U<0 to U>0, dTz/dt became positive, and vice versa. To distinguish such case from PM, NM, 

and PNCMs, we defined a case which satisfies Δtm/Δtc<0.50 and Δtp,n/Δtc<1.00 the positive and negative switching 

mode (PNSM). However, the measurement system had an approx. 0.03-s response delay which corresponded to the 

interval to reach peaks of Tz. Thus, the duration was an error from the system, and the actual value of Tz probably had 

steeper rise and fall. In addition, |Tz| was larger when U was >0 than when U was <0. Since there was no hysteresis, 

this result was not derived from the measurement system. On the other hand, because Hough transform judged the 

existence of lines in images from the self-luminescence value, there is possibility that undetected detonation waves 

existed due to the lack of self-luminescence area. Bluemner et al. [23] detected such waves by observing pressure 
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peaks. According to them, detonation waves in one direction become brighter as the mass flow rate increased, 

while the other weak waves gradually became darker and difficult to detect through the camera visualization. 

Therefore, the undetected detonation waves are considered to offset |Tz| in Test 11. The phenomenon was seen in other 

PNSMs as well. 

Considering this mechanism, PNCM1 and PNCM2 had effectively zero |Tz| because detonation waves in multiple 

directions were equally strong. As the mass flow rate increased, detonation waves in one direction had the larger self-

luminescence value through PNSM with expanding the difference of |Tz| between when U was >0 and U was <0.  

Finally, the detonation waves resulted in rotating more continuously in one direction as the positive mode (PM) and 

the negative mode (NM). Through the transition of propagating modes, Tz increased due to the lesser effect of counter-

rotating detonation waves. 

 

B. Magnitude of Torque and Azimuthal Shear Force 

From the present section, Tz will be treated as a steady value because it affects the performance loss as an integral 

value. We thus defined the representative value, Tz, as the time-mean value during Δtc in all cases, assuming that the 

fluctuation of Tz in PNCMs and PNSMs occurs continuously. 

PNSMs did not have constant fluctuation of the propagating direction. However, the mode became PNCMs 

with increasing Δtm as the number of direction change increased. In contrast, as the number decreased the mode 

became PN or NM with increasing Δtp or Δtn. Thus, these modes could be classified by evaluating each dominance 

ratio, Δtp/Δtc, Δtn/Δtc, and Δtm/Δtc. To evaluate the dominance ratio, the mean propagating velocity, UL, expressed as 

a following equation was introduce. 

 

 
1
∆

d
∆

1
∆

 (11)

 

where a and b are data numbers at the beginning and end of Δtc, respectively. UL increases as Δtp is more dominant, 

UL decreases as Δtn is more dominant, and |UL| decreases when Δtm is more dominant or when Δtp and Δtn are more 

equally dominant. Therefore, it expresses the character of each mode well. These results are summarized in Table 2. 
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Figure 11 compares the result of Tz and UL. As can be seen in the figure, Tz followed the increase of UL, which means 

the direction of Tz depended on the dominance of propagating direction of detonation waves. The PNCM had a clearly 

small Tz. When Δtp/Δtc and Δtn/Δtc were more equal, the PNSM had an order of Tz that was similar to that of the 

PNCM. Overall, the PNSM had larger Tz as Δtp dominated more during Δtc. In contrast, the Tz of the PM and NM 

were more than twice as large as those in other cases. These two modes were thus more ideal conditions to generate 

Tz with less effect of counter waves. The two modes also showed a 0.2% difference in |Tz| and a 9% difference in UL. 

from the results, we concluded that |Tz| did not depend on the propagating direction. The slope of the least squares 

method for Tz and UL was (4.82 ± 0.24) × 10-5 N∙s. The value is considered to depend on the geometric condition of 

RDE, especially the radius of inner and outer chamber wall, because they are related to Tz as the arm length. 

  Figure 12 illustrates the results of a comparison of the axial force on the RDE, |Fz |, and the azimuthal 

component of shear force on the RDE, |Fθ|, which is defined as, 

 

 ⁄  (12)

 

where rm is the mean radius of the combustion chamber. The results revealed that the PNCMs were located in an area 

of smaller |Fz|, which imitated the PNCM, which tended to occur under a low small mass flow rate (which in this study 

was <70 ± 7 g/s) in this study. In contrast, the PM, NM, and PNSM scattered within 44.2 ± 0.8 to 58.0 ± 1.0 N of |Fz|, 

which demonstrated that larger |Fz| tended to cause larger |Fθ|. However, both the PM and NM had similar ER values 

with a 2% of difference, and the PNSMs had 7%–10% differences from the NM. The PM and NM could thus be cases 

with a more ideal gas supply condition, and the other cases involved a deviation of propellants. These results also 

indicate that the force ratio, Fθ/Fz, was 0.011 ± 0.003 to 0.088 ± 0.006. Although the gas species and geometric 

configuration of the RDE differ, the results were in accord with the findings reported by Mizener and Lu [18]. As seen 

in this section, the possibility of controlling of Tz based on propagating modes of detonation waves was indicated.  

 

C. Energy consumption for the azimuthal flow 

As mentioned above, the torque and the azimuthal flow do not contribute to the thrust of the RDE. The performance 

loss due to them must therefore be evaluated. If the total kinetic energy on the exit plane of the RDE contribute to the 
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axial velocity, the RDE realizes the ideal thrust. In contrast, due to the existence of the azimuthal flow, some are 

distributed to the azimuthal velocity. In this study, we first computed the time-mean values of the axial and azimuthal 

components of gas velocity on the exit plane of the RDE, i.e., vz,exit and vθ,exit, respectively, from |Fz| and |Fθ|. We then 

compared kinetic energy of vθ,exit and the total kinetic energy of the exit flow by using the ratio, α, defined as below: 

  

 
̅ ,

̅ , ̅ ,
 (13)

 

with assuming that the density of the exhaust gas, the axial and azimuthal components of exit velocity were constant 

across the chamber exit area. Because α indicates the ratio of kinetic energy which was not consumed for thrust in the 

total kinetic energy, we evaluated the effect on the performance through this value.  

For the calculation of each component of velocity, we applied the control volume method with both of the 

plenum rooms and the combustion chamber regarded as a control volume. Additionally, as the axial and the azimuthal 

components of flow velocity were zero when the propellant was injected into the control volume, they were neglected 

herein. From these assumptions, the relationship between each component of velocity and force are as follows [18]: 

 

 ̅ d  (14)

   

 ̅ ̅ d  (15)

 

where  is the width of the combustion chamber, ρ is the density of the gas, pexit is the static pressure on the exit plane, 

and p back  is the pressure in the ambient of combustion chamber. Assuming pexit  = p back  under the condition of 

optimum expansion, Eqs. (14) and (15) are adjusted to: 

 

 ̅ ,  (16)
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 ̅ ,  (17)

 

The result of α is summarized in Table 3. Figure 13 depicts the results of the comparison of α and |UL|; it can be seen 

that | ̅ , |	was 411 ± 43 to 594 ± 58 m/s, | ̅ , | was 4 ± 1 to 49 ± 6 m/s, and α ranged from 0.00011 ± 0.00006 

at minimum in the PNCM1 to 0.00774 ± 0.00098 at maximum in the NM. As α was based on Tz, the values of α in 

the PNCMs and the PNSMs were smaller than the actual value. However, assuming that these modes had detonation 

waves that offset Tz, the α values for these modes could not exceed the α values for the PM and NM. We thus concluded 

that because of the small magnitude of energy distribution to the azimuthal flow, the torque and azimuthal flow of the 

RDE had an effectively small impact on the RDE’s performance.  

 

D. The azimuthal component of shear stress on the chamber wall 

In this section, the azimuthal component of shear stress, τθ, is evaluated, and the impact of geometric changes and gas 

supply conditions on Tz is discussed. 

First, the relationship between  and Tz is as shown below in the case of an RDE: 

 

 d d  (18)

 

where  and  are the radii of the inner and outer chamber wall and  and  are the inner and outer wall, 

respectively. In order to estimate a calculation value, τθ,cal, we computed the azimuthal distribution of gas density, , 

and the azimuthal component of the flow velocity,	 . The top picture in Figure 14 depicts our model. To account for 

deceleration due to an expansion section behind a detonation wave, we assumed that the flow behind a detonation 

wave expands in the azimuthal direction. The expansion area, Aθ, is surrounded by a combustion chamber bottom, 

wall, and slip-line in the shock-fixed frame of reference, as described as: 

 

 tan  (19)
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where ζ is the axial height seen in Figure 14, and  θslip is the angle between chamber bottom and slip-line, which was 

assumed to be 30 deg. in this study. We first added a condition of pressure and temperature in plenum room, pple and 

Tple, and critical values of pressure, temperature, the axial choking injection velocity, and the mass flow rate, pcr, Tcr, 

vz,cr, and m were determined as a condition in the pre-detonation section. We then obtained the CJ velocity, UCJ, and 

other gas parameters by using Cantera [35] and Shock and Detonation Toolbox developed by the California Institute 

of Technology [36]. Injection fill height, h, was computed from: 

 

 ,
2π

 (20)

 

In the shock-fixed frame of reference, Mach number of gas at the point of the detonation wave can be regarded as 1. 

Therefore, we assumed that the area of detonation wave as a throat area. We then calculated the azimuthal distribution 

of  and	  following the relation of isentropic expansion [18]. Note that since gas must continue to have the axial 

component of velocity, we assumed that the total enthalpy behind the detonation wave does not include a term of vz,cr, 

but that of vθ. Next, we computed τθ,cal described as: 

 

 ,
| |
2

 (21)

 

where Cf is friction coefficient. The detonation mode has turbulent flow enough to regard the value of Cf as constant. 

In the case of PDE, 0.0062 was often used as valid value of Cf [37, 38]. On the other hand, Cf depends on roughness 

of wall surface. In this study, τθ,cal was calculated with Cf = 0.0062, 0.0100, 0.0150 to compare with the experimental 

results which will be discussed below. The bottom graph in Figure 14 shows the azimuthal distribution of τθ,cal under 

pple = 2.1 MPa, Tple = 300 K, m = 94 g/s, and Cf  = 0.0100. As the figure shows, τθ,cal in the same direction as a 

detonation wave (positive) was larger behind the detonation wave due to the large value of ρ and vθ. After gas passes 

through the wave, it was greatly decelerated in the expansion section. Since τθ behind a detonation wave dominantly 

generates Tz, we  defined the representative value as the mean value, τ̅θ,cal, obtained by averaging data which satisfied 
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τθ,cal > 0.2 τθ,cal,max. Results of τ̅θ,cal under Cf = 0.0062, 0.0100, 0.0150 were shown in Figure 15. Note that pple was >1 

atm when m >46 g/s in the results. 

  Next, we computed an experimental value, τ̅θ,exp, assuming τθ	 concentrates on a control surface which contacts 

self-luminescence area within injection fill height, Adet, and τθ is constant across Adet. Thus, τ̅θ,exp and Adet are defined 

as : 

 

 ̅ ,
| |

 (22)

 

  (23)

 

where θlum is angle dominated by self-luminescence area. It was determined from high-speed camera video as can 

be seen in Figure 7. We defined the threshold value as the self-luminescence value at the point which has the 

maximum gradient in the azimuthal direction, and calculated the angle which had larger self-luminescence value 

than the threshold value. The representative values in Table 3 are the time mean values during the combustion 

duration. Experimental values of h were obtained from the time mean value of |U| and the injection velocity of 

propellants. These results were summarized in Table 3.  

  Figure 15 shows a comparison of τ̅θ,cal and τ̅θ,exp of the PM and NM. As a result, τ̅θ,exp, in the PM and NM were 

within a range of τ̅θ,cal  calculated from the three valid Cf  values. Therefore, we concluded the model τθ  behind 

detonation wave dominantly contributed to generate Tz  was available. Considering this model, as Tz  is almost 

determined by the condition around detonation waves, the change of the chamber length cannot have much impact. In 

contrast, since the exit flow includes slower vθ in the case of a shorter chamber length, a longer chamber obtains the 

small difference of τθ to make the flow in the axial direction. Thus, an infinite chamber length is considered to have 

no torque. On the other hand, since the radius of the combustion chamber is highly related to Tz as an arm length, Tz 

has to increase when the radius is extended. In terms of a gas supply condition, since h grows and U becomes faster 

as  increases,   is presumed to expand area of larger τθ, which generates larger Tz. However, these are under an 

assumption that the detonation waves propagate in one direction. As the propagation modes of the detonation waves 

are considered to depend on these geometric and gas supply conditions, the behavior of Tz  cannot be simply 
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determined. Although more studies are required, these results are meaningful in terms of estimating the behavior of 

the torque and the maximum impact on the RDE’s performance due to the torque. 

. 

IV.Conclusions 

In this study, the experimental measurement of the torque around the z-axis, Tz, in an annular RDE was successfully 

achieved with a 6-axis force sensor (noting that the z-axis is the direction from the chamber exit to the chamber bottom). 

Several propagation modes of rotating detonation waves were captured with a high-speed camera. The results 

demonstrated that the torque was found to be characteristic depended on the propagating modes; (1) Tz was positive 

when detonation waves were in the positive direction (PM), (2) Tz was negative when detonation waves were in the 

negative direction (NM), (3) Tz was offset when both of the detonation waves co-rotated simultaneously (PNCM), and 

(4) Tz switched the direction following the direction of the detonation waves (PNSM). From the behavior of the PM, 

NM, and PNSM, the azimuthal component of shear force corresponded to the direction of detonation waves. From the 

result of the PNCM, co-rotating detonation waves accelerate and decelerate injected gas in the azimuthal direction, 

which resulted in no net azimuthal component of velocity. The PM and NM had a 0.2% difference in Tz while the 

difference in the mass flow rate was 9%, which indicates that the magnitude of Tz did not depend on propagating 

direction of the detonation waves. By evaluating the steady value as the time-mean value, Tz, under the assumption 

that a similar fluctuation continuously occurs we observed that Tz increased as the interval the detonation waves 

propagated in the positive direction becomes more dominant, and vice versa. Thus, the possibility to control the torque 

based on the propagation modes of the detonation waves was indicated. 

   Part of the energy is distributed to the azimuthal motion, although it does not contribute to the thrust. Because 

this results in a decrease in performance, we evaluated the loss due to the azimuthal flow. |Fθ| was 8.8, ± 0.6 % of |Fz| 

at maximum, where Fz is the axial force of the RDE, and Fθ is the azimuthal component of the shear force. In contrast, 

0.77 ± 0.10 % of the total kinetic energy of the exit flow was distributed to the azimuthal component of the exit 

velocity of the propellant at maximum. Based on these results, we concluded that the effects of the torque and 

azimuthal flow on the performance were effectively small. 

   Finally, an azimuthal component of the shear stress on the combustion chamber wall, τθ, was evaluated. Since 

gas behind a detonation wave has higher density and faster, τθ becomes maximum. Assuming that the τθ in the area 
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determines Tz, our experimental and calculation results were in good agreement. The model implies a small impact of 

the combustion chamber length and a large impact of the mean radius, as well as the mass flow rate.  

 As seen above, the character of several modes of Tz , the evaluation of effect on the RDE’s performance, and 

understanding the mechanism of τθ were achieved from the experimental measurement of the torque on the RDE. 
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Table. 1. Experimental conditions and summary of results. 

Test , g/s ER, - , Nm , N c̅, MPa 
Detonation 
propagating 

mode
1 70 ± 7 1.28 ± 0.25 -0.011 ± 0.003 28.7 ± 0.5 0.106 ± 0.025 PNSM 
2 76 ± 8 1.41 ± 0.28 -0.017 ± 0.010 35.0 ± 0.7 0.112 ± 0.025 PNSM 
3 80 ± 10 1.65 ± 0.35 0.031 ± 0.009 44.2 ± 0.8 0.118 ± 0.025 PNCM 
4 81 ± 10 1.62 ± 0.33 0.043 ± 0.006 44.9 ± 0.7 0.118 ± 0.025 PNCM 
5 82 ± 9 1.60 ± 0.32 0.043 ± 0.012 45.1 ± 0.8 0.118 ± 0.025 PNCM 
6 83 ± 9 1.58 ± 0.31 0.043 ± 0.012 45.1 ± 0.8 0.120 ± 0.025 PNCM 
7 83 ± 9 1.56 ± 0.31 0.046 ± 0.013 45.9 ± 0.9 0.120 ± 0.025 PNCM 
8 87 ± 9 1.43 ± 0.28 -0.149 ± 0.009 48.1 ± 0.9 0.110 ± 0.025 NM 
9 91 ± 10 1.31 ± 0.26 0.072 ± 0.010 51.0 ± 0.8 0.117 ± 0.025 PNCM 

10 92 ± 9 1.31 ± 0.26 0.069 ± 0.018 51.8 ± 1.0 0.118 ± 0.025 PNCM 
11 93 ± 9 1.30 ± 0.25 0.023 ± 0.011 52.9 ± 0.7 0.118 ± 0.025 PNCM 
12 93 ± 9 1.29 ± 0.25 0.050 ± 0.009 53.5 ± 0.7 0.118 ± 0.025 PNCM 
13 94 ± 9 1.46 ± 0.29 0.149 ± 0.008 58.1 ± 1.1 0.115 ± 0.025 PM 
14 96 ± 10 1.30 ± 0.25 0.033 ± 0.021 54.3 ± 0.9 0.117 ± 0.025 PNCM 
15 96 ± 10 1.30 ± 0.25 0.048 ± 0.022 55.5 ± 1.2 0.118 ± 0.025 PNCM 
16 97 ± 10 1.29 ± 0.25 0.074 ± 0.011 56.8 ± 0.9 0.119 ± 0.025 PNCM 
17 98 ± 9 1.28 ± 0.25 0.045 ± 0.015 58.0 ± 1.0 0.120 ± 0.025 PNCM 
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 Table. 2. Summary of the interval and the flow velocity of the detonation wave modes. . 

Test ∆tp ∆tc⁄ , - ∆tn ∆tc⁄ , - ∆tm ∆tc⁄ , - U p, m/s U n, m/s UL, m/s 

1 0.00 0.14 0.86 1333 ± 7 -1252 ± 6 -609 ± 7 
2 0.00 0.14 0.86 1309 ± 7 -1414 ± 8 -447 ± 7 
3 0.84 0.12 0.04 1563 ± 10 -1567 ± 10 1173 ± 10 
4 0.91 0.06 0.03 1545 ± 10 -1599 ± 10 1347 ± 10 
5 0.91 0.06 0.03 1581 ± 10 -1617 ± 10 1392 ± 11 
6 0.92 (0.07 halation) 0.07 0.01 1598 ± 10 -1622 ± 10 1381 ± 11 
7 0.83 (0.18 halation) 0.05 0.02 1580 ± 10 -1611 ± 11 1418 ± 14 
8 - 1.00 - - -1629 ± 13 -1627 ± 13 
9 0.95 0.03 0.02 1783 ± 13 -1783 ± 12 1718 ± 13 

10 0.95 0.04 0.01 1749 ± 12 -1753 ± 12 1628 ± 14 
11 0.55 0.42 0.03 1729 ± 12 -1740 ± 14 241 ± 13 
12 0.74 0.23 0.03 1796 ± 14 -1839 ± 12 967 ± 13 
13 1.00 - - 1752 ± 12 - 1781 ± 13 
14 0.65 0.32 0.03 1766 ± 13 -1750 ± 12 586 ± 13 
15 0.79 (0.02 halation) 0.20 0.01 1814 ± 13 -1824 ± 13 1050 ± 14 
16 0.98 0.01 0.01 1792 ± 13 -1651 ± 11 1806 ± 14 
17 0.75 0.24 0.01 1797 ± 13 -1881 ± 14 940 ± 14 
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Table. 3. Summary of force ratio, azimuthal component of shear stress on chamber wall, and a ratio 

of kinetic energy which did not contribute to the thrust and the total kinetic energy of the exit flow. 

Test |Fθ| / |Fz|, - θslip, deg. h, m τ̅θ,exp, kPa α, - 

1 0.011 ± 0.003 86.3 ± 0.6 0.005 ± 0.001 0.35 ± 0.06 0.00011 ± 0.00006
2 0.014 ± 0.008 66.1 ± 0.6 0.004 ± 0.001 0.79 ± 0.15 0.00020 ± 0.00023
3 0.020 ± 0.006 64.0 ± 0.6 0.010 ± 0.002 0.82 ± 0.16 0.00041 ± 0.00023
4 0.027 ± 0.004 99.0 ± 0.6 0.010 ± 0.002 0.73 ± 0.14 0.00074 ± 0.00022
5 0.027 ± 0.008 118.7 ± 0.6 0.010 ± 0.002 0.62 ± 0.12 0.00074 ± 0.00042
6 0.026 ± 0.008 131.1 ± 0.6 0.010 ± 0.002 0.52 ± 0.10 0.00067 ± 0.00041
7 0.029 ± 0.008 143.1 ± 0.6 0.010 ± 0.002 0.55 ± 0.11 0.00082 ± 0.00047
8 0.088 ± 0.006 40.9 ± 0.6 0.010 ± 0.002 6.30 ± 1.24 0.00774 ± 0.00098
9 0.040 ± 0.006 68.8 ± 0.6 0.014 ± 0.003 1.42 ± 0.28 0.00161 ± 0.00047

10 0.038 ± 0.010  59.7 ± 0.6 0.014 ± 0.003 1.56 ± 0.31 0.00145 ± 0.00074
11 0.012 ± 0.006 55.9 ± 0.6 0.014 ± 0.003 0.54 ± 0.11 0.00015 ± 0.00015
12 0.027 ± 0.005 71.0 ± 0.6 0.013 ± 0.003 0.97 ± 0.19 0.00071 ± 0.00027
13 0.073 ± 0.004 32.6 ± 0.6 0.009 ± 0.002 8.24 ± 2.08 0.00532 ± 0.00062
14 0.017 ± 0.011 80.8 ± 0.6 0.014 ± 0.003 0.54 ± 0.11 0.00029 ± 0.00038
15 0.025 ± 0.011 85.2 ± 0.6 0.013 ± 0.003 0.77 ± 0.15 0.00061 ± 0.00056
16 0.037 ± 0.006 74.3 ± 0.6 0.014 ± 0.003 1.35 ± 0.26 0.00138 ± 0.00043
17 0.022 ± 0.007 59.1 ± 0.6 0.013 ± 0.003 1.06 ± 0.21 0.00050 ± 0.00033
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Fig. 1. Schematics of the (a) top view and (b) side view of a detonation wave inside a rotating detonation engine 

(RDE) at a certain point in time, and (c) the time-averaged path-line of gas in a laboratory frame of reference 

and an azimuthal flow on the exit plane. 
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Fig. 2. A schematic of distribution of the RDE, six-axis force sensor, and pressure measurement points. 
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Fig. 3. Views of (a) the entire measurement system, (b) the distribution of the six-axis force sensor; and (c) the 

main body of the six-axis force sensor. 
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Fig. 4. The results of the calibration test for the axial force. 

 

  

F
z,

lo
ad

[N
]

Fz,sensor [N]

Fz,load = 1.02 Fz,sensor

Fz,load = 1.01 Fz,sensor

increase

decrease



Sawada, S; Goto, K; Ishihara, K; Kawasaki, A; Matsuoka, K; Kasahara, J; Matsuo, A; Funaki, I Torque Around Axial 
Direction on Rotating Detonation Engines JOURNAL OF PROPULSION AND POWER, 38, 1, 2022, 59-70 

35 
 

 

 

 

 

 

 

 

 

Fig. 5. The results of the calibration test for the torque around the axial direction. 
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Fig. 6. Time records of plenum pressures, and combustion pressure in Test 13 ( m	= 94 ± 9  g/s, and 

ER = 1.46 ± 0.29, ∆tp ∆tc⁄ =	1.00, ∆tn ∆tc⁄ =	0.00, and ∆tm ∆tc⁄ =	0.00). 
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Fig. 7.  (Top) Top view of detonation waves inside the RDE; (middle) the θ - t diagram; and (bottom) time records 

of propagation velocity of detonation waves, U, torque around the z-axis, Tz, in Test 13 (m = 94 ± 9 g/s, and 

ER = 1.46 ± 0.29, ∆tp ∆tc⁄ = 1.00, ∆tn ∆tc⁄ = 0.00, and ∆tm ∆tc⁄ = 0.00).  
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Fig. 8.  (Top) The θ - t diagram of the detonation waves inside the RDE; and (middle) time records of propagation 

velocity of detonation waves, U, and torque around the z-axis, Tz , in Test 8 ( m	= 87 ± 9  g/s, and 

ER = 1.43 ± 0.28, ∆tp ∆tc⁄ = 0.00, 	∆tn ∆tc⁄ = 1.00, and ∆tm ∆tc⁄ =	0.00). 
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Fig. 9. (Top) The θ - t diagram of the detonation waves inside the RDE; and (bottom) time records of propagation 

velocity of detonation waves, U, and torque around the z-axis, Tz , in Test 1 ( m = 70 ± 7  g/s, and 

ER = 1.28 ± 0.25, ∆tp ∆tc⁄ =	0.06, ∆tn ∆tc⁄ =	0.08, and ∆tm ∆tc⁄ =	0.86). 
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Fig. 10. (Top) The θ - t diagram of the detonation waves inside the RDE; and (bottom) time records of 

propagation velocity of detonation waves, U,  and torque around the z-axis, Tz, in Test 11 (m	=	93	±	9 g/s, and 

ER	=	1.30	±	0.25, ∆tp ∆tc⁄ =	0.55, ∆tn ∆tc⁄ =	0.42, and ∆tm ∆tc⁄ =	0.03). 
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Fig. 11. The mean torque around the z-axis vs the mean propagation velocity; note that “PM” is a case of 

∆tp ∆tc⁄ =	1.00 (Test 13), “NM” is a case of ∆tn ∆tc⁄ =	1.00 (Test 8), “PNCM1” is a case of ∆tm ∆tc⁄ 	0.86 (Test 

1), “PNCM2” is a case of ∆tm ∆tc⁄ 	0.52 (Test 2), and “PNSM” is other cases. 
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Fig. 12. The azimuthal shear force on RDE, |Fθ|, vs. the axial force on the RDE, |Fz|. 
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Fig. 13. The dominance ratio of energy for the azimuthal component of velocity and the total kinetic energy of 

the exit flow vs. the absolute value of the mean propagation velocity, |UL|. 
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Fig. 14. Schematic of a detonation wave in the shock fixed θ − z frame of the reference and a calculation result 

for the azimuthal component of shear stress in the laboratory fixed frame of reference, , , (m	= 94 g/s, ER 

= 1.00, and Cf = 1.00). 
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Fig. 15.  Experimental and calculation results of the azimuthal component of shear stress, τθ, vs, the mass 

flow rate, m.  

 

 


