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A B S T R A C T   

A study was conducted to investigate the effect of velocity on the detonation wave structure and thrust of a ram 
accelerator using a simulation of a premixed, reacting flow over a conical projectile. The simulation involved 
solving the compressible reactive Navier-Stokes equations with a detailed chemical model in a channel with a 
supersonic stoichiometric hydrogen-oxygen inflow. Results showed that at projectile velocities lower than the 
Chapman-Jouguet detonation velocity, a thermally choked unstart occurs. As the projectile velocity increases, 
the overdriven detonation mode, trans-detonative mode, and super-detonative mode successively form. The 
maximum thrust was achieved at the lower velocity limit under the overdriven normal detonation condition, but 
decreased continuously as an oblique detonation wave formed. The super-detonative mode was distinguished by 
the smoothness of the tail thrust derived from the recirculation zone and ignition before the conical ramp led to 
an unstart at the upper velocity limit.   

Introduction 

The ram accelerator is a hypervelocity mass-driver system, which 
accelerates a finned projectile supersonically and hypersonically 
through a tube pre-filled with a combustible gas mixture [1–3]. The 
combustible mixture is compressed by the projectile nose, and then a 
series of detonation waves is induced that generates the thrust with the 
high-pressure burned gas. As a ramjet-in-tube concept, hypersonic pro
pulsion of a ram accelerator is based on detonation combustion mainly 
with an oblique detonation wave (ODW). 

An ODW is a detonation wave that stabilizes on an obstacle in su
personic flows of detonable mixtures, and the reaction is initiated by an 
oblique shock wave (OSW). Various studies have focused on the 
OSW–ODW transition [4,5], the ODW surface instability [6,7], and the 
wave structure of the initiation region [8]. When the projectile velocity, 
configuration, and mixture composition are varied, different ODW 
structures can exert different, high pressures on the projectile. This has 
prompted experimental [9–11] and computational [12–14] studies to 
understand the structure and stability of ODWs near a projectile. An 
extensive series of studies was conducted by Hertzberg et al. [1,10], who 
found five modes of ram accelerator operation over a range of projectile 

velocities including two subsonic combustion modes (one of which in
volves thermally choked combustion), a normal overdriven detonation 
mode, and two oblique detonation modes (the trans-detonative and 
super-detonative modes). In the super-detonative mode, Choi et al. [13] 
carried out a variety of numerical studies on how ram accelerator 
operation depends on ignition source, viscous effects, and fluid dynamic 
parameters (physical size, inflow pressure, and temperature). Moreover, 
Bachman et al. [15] investigated the augmentation of the leading obli
que shock wave by the burning boundary layer during ODW formation. 

Analyses have shown that the detonation structure experienced by 
the projectile changes significantly but remains stable during continuous 
acceleration. However, the computational results obtained were limited 
because these simulations did not cover the overall projectile velocity 
range. Therefore, this study explores the detonation structure over the 
entire operating velocity range. First, the main flow of the super- 
detonative mode is analyzed, and then the lower and upper limits of 
operating velocity are determined. At the lower limit, the wave structure 
is found to be an overdriven normal detonation, and at even lower ve
locities, a thermal choking unstart occurs. The upper limit occurs in the 
super-detonative mode, and the upper unstart is caused by augmenta
tion of the leading OSW. The thrust is analyzed from the sub-detonative 
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limit to the super-detonative limit, and the trans-detonative and super- 
detonative modes are compared. 

Physical models and numerical methods 

This study developed a density-based OpenFOAM solver that com
bines rhoCentralFoam and rhoReactingFoam for high-speed reactive 
flows. The compressible Navier–Stokes equations were combined with a 
chemical reaction mechanism and solved. The conservation equations of 
mass, momentum, energy, and species are expressed as 

∂ρ
∂t

+∇⋅(ρu) = 0, (1)  

∂ρu
∂t

+∇⋅(ρuu) = − ∇p +∇⋅τ, (2)  

∂ρh
∂t

+∇⋅(ρhu) =
∂p
∂t

− ∇q +∇⋅(τ⋅u) + q̇, (3)  

∂ρYi

∂t
+∇⋅(ρYiu) + ∇⋅Ji = ω̇i, (4)  

where 

q̇ =
∑n

i=1
ω̇iΔh0

f,i (5)  

where ρ denotes the reactive mixture density, u is the velocity, t is the 
time, h is the specific total enthalpy of the mixture, q̇ is the energy 
equation source, ω̇i is the production/consumption rate of the species i, 
and Yi is the mass fraction of species i (i = 1, 2, …, n). The pressure p can 
be calculated from the state equation for an ideal gas, p = ρRT =
ρTRu

∑n
i=1YiW− 1

i , with Ru the universal gas constant and Wi the mo
lecular mass of species i. The total enthalpy h is calculated from 

h =
∑n

i=1
hiYi, (6)  

and the species total enthalpy is written as 

hi = Δh0
f,i + hs,i, (7)  

hs,i =

∫ T

T0

Cp,idT, (8)  

Cp,i = R((((a4T + a3)T + a2)T + a1)T + a0), (9)  

where Δh0
f ,i and hs,i are the species formation enthalpy and sensible 

enthalpy, and Cp,i is the specific heat of species i at constant pressure. 
The stress tensor τ is calculated from 

τ = μ
[
∇u+(∇u)T]

+ λ(∇⋅u)I, (10)  

where μ is the dynamic viscosity according to the Sutherland model, and 
λ is the second viscosity, expressed as 

μ =
As

̅̅̅̅
T

√

1 + Ts/T
, (11)  

λ= −
2
3

μ. (12) 

The Sutherland coefficients are As = 1.458×10− 6 and Ts = 111 K. 
The heat flux q in the energy equation is written as 

q= − k∇T, (13)  

where k is the thermal conductivity and is computed from the specific 
heat at constant volume Cv via 

k =
(9γ− 5)

4
μCv. (14) 

In Eq. (4), the reaction rate constants for elementary reactions are 
calculated using the Arrhenius law. Ji is the mass diffusive flux expressed 
as 

Ji = ρDi∇Yi, (15)  

where Di is the diffusion coefficient calculated from the diffusion model 

ρDi =
μ
Sti
, (16)  

where Sti is the Schmidt number, which is set as constant for all species. 
Fig. 1 shows the computational domain used in this work. The 

axisymmetric tube domain was of length 200 mm with an outside 
diameter of 50 mm. The projectile diameter was 25 mm and the wedge 
angle was 11.8◦ The upper and lower boundaries were adiabatic, no-slip 
walls. And a zero a zero-gradient condition was applied in the outflow 
boundary. The premixed gas was a stoichiometric H2/O2 mixture with a 
frozen reaction to induce an inert shock wave and initiate a detonation 
in the first 100 μs. The inflow mixture was maintained at P0 = 101.35 
kPa and T0 = 300 K, under which conditions the Chapman–Jouguet 
(C–J) detonation velocity is about 2843 m/s. The non-dimensional 
projectile velocity Vp/VCJ was varied from 0.8 to 2.4 to cover the 
entire start range. The simulations used the chemical reaction mecha
nism proposed by Ó Conaire [16] with 11 components (H, O, OH, H2, O2, 
H2O, HO2, H2O2, N2, Ar, and H2) and 19 reactions (Table 1), which has 
been verified and widely used for combustion calculations. The 
computational structure grid size was fixed at dx = 100 μm, and a res
olution study was performed to test the sensitivity of the system, as 
presented in the Appendix. 

Results and discussion 

This paper focuses on the gas dynamics and combustion character
istics of ram accelerators with varying projectile velocities. The initial 
condition was assumed to be an initial Mach number of 7.9 with a 
corresponding non-dimensional projectile velocity of 1.5. Fig. 2 shows 
the steady-state contours of the temperature and pressure, which pro
vide a typical OSW–ODW transition structure in front of the projectile 
nose. The triple wave point occurs after the expansion platform and 
settles on the conical ramp connecting two detonation sections. There is 
a regular reflection of the upper detonation wave on top of the upper 
wall. The lower section of the detonation wave stretches to the projectile 
like a normal detonation wave. An expanding wave downstream of the 
conical ramp interacts with the reflected oblique wave, and a recircu
lation zone forms at the tail owing to the confined geometry and 
shock–shock interaction. Consequently, the high-temperature and high- 
pressure burned gas expands through the conical nozzle and generates a 
high thrust force. 

As Fig. 3 illustrates, the global wave system remains relatively stable 

Fig. 1. Schematic of the computational domain.  
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when the projectile velocity decreases to slightly above the 

Chapman–Jouguet detonation velocity. Although the position of the 
triple wave point is almost unchanged, the angle of the oblique deto
nation wave is obviously increased. Correspondingly, the downstream 
wave gradually transitions from regular reflection [Fig. 3(b)] to Mach 
reflection [Fig. 3(a)]. In Fig. 3(a), the wave system from the projectile 
nose to the wall shows a transition from normal to oblique detonation 
and then normal detonation. In Fig. 3(b), the temperature and pressure 
distributions for both flow fields (Vp/VCJ = 1.2 and 1.4) are similar, but 
no Mach stem appears when Vp/VCJ is 1.4. The oblique detonation has a 
larger wave angle when the projectile velocity is Vp/VCJ =1.2, which 
shifts the wave interaction position on the wall farther forward. Because 
the triple wave point of the Mach reflection is far from the wall, the area 
of the recirculation zone at the projectile tail is restricted by the more 
closed reflection shock. Correspondingly, the compression of burnt gas 
increases the average pressure at the bottom of the projectile. When Vp/ 
VCJ =1.4, the shock reflected by the wall is farther away from the pro
jectile tail, which increases the recirculation zone area. Therefore, the 
compression effect on the burnt gas is reduced, which further leads to a 
thrust decrease for the projectile tail. 

When the projectile velocity is decreased, the upper oblique deto
nation section gradually changes to a normal detonation surface. As 
shown in Fig. 4, the normal detonation can remain stable at 1.1 times the 
C–J detonation velocity instead of the actual C–J detonation velocity; 
therefore, the projectile is in the overdriven detonation mode [17]. The 
sound lines are marked to illustrate the flow features of this mode, and 
the region behind the detonation surface is also divided into two parts by 
the triple point. The region behind the upper detonation wave is the 
subsonic flow, which means the condition is overdriven and the wave 
surface is moving upstream. Meanwhile, the lower section is the su
personic flow preventing the movement of the upper section, and the 
wave system maintains a fragile stability. In this state, no reflected 
oblique shock is generated. Although the burned gas cannot be com
pressed by the reflected shock, the pressure of the burned gas is much 

Table 1 
H2/O2 reaction model [16].  

Reactions A n Ea 

(1) H + O2 = O + OH 1.91E+14 0.00 1.644E+04 
(2) O + H2 = H + OH 5.08E+04 2.67 6.292E+03 
(3) H2 + OH = H2O + H 2.16E+08 1.51 3.430E+03 
(4) O + H2O = OH + OH 2.97E+06 2.02 1.340E+04 
(5) H2 + M = H + H + M 4.57E+19 − 1.40 1.051E+05 
(6) O + O + M = O2 + M 6.17E+15 − 0.50 0.000E+00 
(7) O + H + M = OH + M 4.72E+18 − 1.00 0.000E+00 
(8) H + OH + M = H2O + M 4.50E+22 − 2.00 0.000E+00 
(9) H + O2 +M = HO2 + M 3.48E+16 − 0.41 − 1.120E+03  

H + O2 = HO2 1.48E+12 0.60 0.000E+00 
(10) HO2 + H = H2 + O2 1.66E+13 0.00 8.200E+02 
(11) HO2 + H = OH + OH 7.08E+13 0.00 3.000E+02 
(12) HO2 + O = O2 + OH 3.25E+13 0.00 0.000E+00 
(13) HO2 + OH = H2O + O2 2.89E+13 0.00 − 5.000E+02 
(14) HO2 + HO2 = H2O2 + O2 4.20E+14 0.00 1.198E+04  

HO2 + HO2 = H2O2 + O2 1.30E+11 0.00 − 1.629E+03 
(15) H2O2 + M = OH + OH + M 1.27E+17 0.00 4.550E+04  

H2O2 = OH + OH 2.95E+14 0.00 4.840E+04 
(16) H2O2 + H = H2O + OH 2.41E+13 0.00 3.970E+03 
(17) H2O2 + H = HO2 + H2 6.03E+13 0.00 7.950E+03 
(18) H2O2 + O = OH + HO2 9.55E+06 2.00 3.970E+03 
(19) H2O2 + OH = HO2 + H2O 1.00E+12 0.00 0.000E+00  

H2O2 + OH = HO2 + H2O 5.80E+14 0.00 9.560E+03 

Units are cm3 mol s cal K. k = ATnexp( − Ea/RT).

Fig. 2. Oblique detonation wave structures at Vp/VCJ = 1.5.  

Fig. 3. Detonation wave structures at Vp/VCJ=1.2 (a) and 1.4 (b).  

Fig. 4. Temperature distribution of the sub-detonative (thermally choked start) 
mode (Vp/VCJ = 1.1). 
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higher than before owing to the overdriven normal detonation; there
fore, the pressure near the projectile tail is higher than in the oblique 
detonation mode. 

To quantify the condition differences between the projectile body 
and the tube wall, Fig. 5 shows the curves of the pressure, temperature, 
and horizontal velocity along the projectile body and at y = 25 mm. The 
post-shock temperatures of the two parts are comparable, but their 
pressures and velocities exhibit substantial differences. In the lower part 
[Fig.5(a)], the compression wave produces a less intense pressure than 
the detonation wave. The overall pressure is lower because there is also 
an expanding wave. The temperature and pressure oscillate downstream 
of the expanding wave. Moreover, the reverse velocity indicates that a 
recirculation zone is still generated close to the projectile body. 

When the projectile velocity is decreased to the C–J detonation ve
locity, an unsteady structure appears, unlike the case Vp/VCJ = 1.1. 
Fig. 6 shows the unstable detonation surfaces from 100 to 300 µs and the 
sound-line distribution for t = 200 µs. As seen from the wave dynamics, a 
typical oblique detonation is first induced at t = 100 µs. The detonation 
surface moves upstream throughout the process and becomes a normal 
detonation at t = 200 µs. Compared with the sound lines of Fig. 4, the 
two sections behind the detonation surface both form the subsonic flow, 
which means the entire detonation is in the overdriven state. Therefore, 
the surface movement does not stop until it exceeds the computational 
boundary or the detonation decays to the C–J state. For the upstream- 
moving detonation, the pressure before the conical ramp is signifi
cantly higher than that of the conical tail, which causes the projectile 
velocity to drop rapidly. 

The flow field remains almost unchanged when the velocity is high 
enough to generate a regular reflection of oblique detonation. Fig. 7 
shows similar results for Vp/VCJ =1.8 and 2.0, where the main difference 
is the reflected shock position. The recirculation zone at VP/VCJ = 2.0 is 
much larger, and its pressure distribution is more even owing to the 
weakened confinement flow. As the shock wave position deviates, the 
flow field near the projectile tail is almost unaffected by it, so the thrust 
on the projectile tail is basically unchanged. Raising the projectile ve
locity to Vp/VCJ = 2.2 induces a very strong shock wave, as shown in 
Fig. 8. The explosion occurs before the conical ramp owing to the high 
post-shock temperature and pressure, which leads to a sharp increase in 
reverse thrust. 

To study the influence of changing speed on the ram accelerator 
thrust, a series of flow structures were simulated by adjusting the pro
jectile velocity from 0.8VCJ to 2.4VCJ with an interval of 0.1VCJ and 
calculating the thrust force from the pressure integral on the whole 
projectile. The running speed of the ram accelerator is the most 
important parameter, greatly affecting the wave structure and, thus, 
changing the thrust force. As shown in Fig. 9, a reverse thrust is 
generated for Vp ≤ VCJ, which results in the lower dilution-limit unstart. 

This unstart is caused by the thermal choking, and the overall reverse 
thrust can be calculated when the detonation surface has been driven 
ahead of the projectile. The reverse thrust reaches its maximum at 
1.0VCJ. When the projectile velocity is lower than the C–J detonation 
velocity, the deceleration is gradual. The thrust force reaches its 
maximum at Vp/VCJ = 1.1. The stabilized normal detonation is observed 
behind the nose (Fig. 4) with an overdriven-detonative mode. As the 
projectile velocity increases, the positive acceleration gradually de
creases. The normal detonation first transforms into an oblique deto
nation wave, and then its surface gradually moves downstream (Fig. 3 
and 7). At this stage, the projectile goes through trans-detonative mode 
[11] and super-detonative mode [13] operations. When VP/VCJ reaches 
2.2, reverse acceleration occurs again owing to the enhanced compres
sion of the oblique shock and induces a premature explosion. Similar 
results have been presented by Grismer et al. [18] whereby the dimen
sionless thrust (Fnet) can be classified according to three specified 
heat-release values, and our results correspond to their cases with larger 
heat release. For large heat release, there are two distinct Mach numbers 
for which Fnet = 0, and a perturbation at the lower Mach number results 
in a net force that accelerates the projectile away from the equilibrium 
Mach number. 

For a projectile velocity in the range 1.1–2.1, decreasing the overall 
thrust cannot directly distinguish the trans-detonative and super- 
detonative modes. Clearly distinguishing those two modes requires 
analyzing the variation in the resistance on the projectile nose and the 
drag on the tail. The summary plots in Fig. 10 clearly show that the 
resistance on the nose increases almost linearly as the velocity increases, 
while the tail thrust drops rapidly and then flattens out. The weakening 
of the reflected shock’s compression causes the average pressure to 
decrease, resulting in a decrease in tail thrust. When the reflected shock 
is far from the tail (Vp/VCJ ≥ 1.5), the flow in the recirculation zone is 
unaffected by its movement, and the pressure gradually stabilizes. 
Therefore, the decreasing tail thrust changes the acceleration of the 
trans-detonative mode, and the increase in resistance is the reason for 
the super-detonative mode. 

Fig. 5. Temperature and pressure distributions along the body and wall at Vp/VCJ=1.1((a) along the projectile body; (b) at y = 25 mm).  

Fig. 6. Unstart evolution of detonation waves at Vp/VCJ=1.0.  
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Conclusion 

The detonation structure, stability, and thrust of a ram accelerator 
flow were studied using compressible and reactive Navier–Stokes sim
ulations. Simulating the wave system with a projectile velocity from 0.8 

to 2.4 times the C–J detonation velocity indicated a stable operating 
range, yielding the following conclusions. For the oblique detonation 
mode, the triple point settles on the conical ramp with an abrupt tran
sition, and the transverse wave is perpendicular to the ramp. The 
recirculation zone is restricted by the reflected ODW shock at the pro
jectile tail, which generates a strong thrust force. When the initial ve
locity of the projectile increases, a series of detonation modes appears, 
including overdriven detonation, trans-detonation, and super- 
detonation. Overdriven detonation gives the maximum thrust at a 
lower starting velocity, and this thrust decreases as an ODW forms. The 
tail thrust of the super-detonation mode almost remains unchanged 
owing to the stability of the recirculation zone. At a higher velocity, the 
ignition before the conical ramp leads to an unstart. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Fig. 7. Detonation wave structures at Vp/VCJ = 1.8 (a) and Vp/VCJ =2.0 (b).  

Fig. 8. Unstart super-detonative wave structures (Vp/VCJ=2.2).  

Fig. 9. Operation envelopes for a ram accelerator from the sub-detonative limit 
to the super-detonative limit. 

Fig. 10. Front reverse thrust and tail thrust for various velocities.  
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Appendix

Fig. 11. Comparison of numerical and experimental flow fields: (a) Schlieren photograph of conical projectile detonation by Verreault [19], and (b) numerical 
temperature contour. 

The reliability of the simulation was tested using Verreault’s conical projectile detonation experiments [19]. Fig. 11 compares the temperature of 
the ODW structure from experimentally measurement and the simulation result. The leading shock exhibits similar structures in both the experiment 
and the simulation. The ODW angles obtained from the experiment and the simulation are 56◦ and 55.8◦, respectively, which are in excellent 
agreement. (Fig. 13)

Fig. 12. Grid-independence studies with grid sizes of 100-μm (upper) and 50-μm (lower) at Vp/VCJ=1.1.   
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Fig. 13. Pressure, temperature, and mass fraction of H2 along y = 25 mm with different grid sizes.  

A study was performed to verify the simulation resolution. The flow fields in Fig. 11 are nearly the same with 100-μm and 50-μm grids, and it is 
difficult to see differences. The slight difference between the two results has no effect on the thrust or operational mode of the ram accelerator. A 
quantitative comparison is conducted by plotting the pressure and temperature along the line y = 25 mm in Fig. 12. This line corresponds to the flow 
on the normal detonation surface, which is most sensitive to the effect of grid size. No obvious differences are observed, and the curves nearly overlap 
with each other. Further simulations with grid sizes of 20 μm have been also conducted, illustrating almost the same flow fields. Studies [20,21] have 
shown that ODW simulations require less grid resolution than normal detonations, probably due to the unique flow characteristics of oblique det
onations. Moreover, this study employs relatively overdrive factors for the main conditions, which significantly reduces the fine structures of deto
nation front. Therefore, in the following simulations a length scale of 100 μm was used, and important results were verified by refining the mesh. 
Therefore, a grid of 100-μm is sufficient to capture the main flow. Additionally, the residual error is plotted (on a log–log scale) against the mesh size in 
Fig. 14. The convergence falls close to the second order, demonstrating that the resolution used here is acceptable. The computational method 
employed effectively simulates oblique detonation wave shape and accurately calculates the thrust of the ram accelerator. Additionally, simulations of 
the cellular structure can be conducted using higher-order techniques [22,23].

Fig. 14. Variation in residual error for different grid sizes.  
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