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Abstract: To analyze the dynamic interaction between detonation waves and coolant flow in a hydrogen fuelled deto-
nation chamber, a hydrogen fuelled detonation chamber with a cooled liner was designed and a simulation model
was established. An explicit high-resolution total variation diminishing (TVD) scheme was developed to solve the
two-dimensional Euler equations implemented with an augmented reduced mechanism of the hydrogen/air mixture.
A point-implicit method was used to solve the numerical stiffness of the chemical reaction source term. The inter-
action between detonative was and coolant flow were presented. The interaction dynamics between detonation

waves and coolant flow in a detonation chamber were investigated. The results indicated that there were some neg-
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ative interaction effects between detonation waves and coolant flow.
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0 Introduction

Pulse detonation engines (PDE) represent a
new propulsion system concept that utilizes repet-
itive detonation combustion to produce thrust or

[ Compared with a gas turbine engine,

power
PDE has two primary advantages: The capability
to operate under unsteady flow and high thermo-
combus-

dynamic efficiency with detonation

71 A reduced hardware parts, together with

tion
a decrease in pumping requirements, leads to
both cost and weight benefits over a conventional
propulsion system, which are potential advanta-
ges of the PDE. Therefore, PDEs have received
increasing attentions in the past decade as a po-
tential new propulsion source for all types of

flight vehicles™. For a PDE operating at a high
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frequency, the resulting high gas temperature and
pressure fluctuation distributions generated with
repetitive detonation combustion are detrimental
to the detonation chamber liner material. There-
fore, an advanced cooling technology must be
used to protect the detonation chamber liner™%,
Various techniques, including film cooling, aspi-
ration cooling, and thermal barrier coating, have
been successfully used in steady constant pressure
combustors to for many years increase the dura-
bility of hot components, such as turbine blades

and combustor liners™"",

Using the national
combustion code (NCC) to gain an understanding
of the effectiveness of different cooling schemes
for a combustion chamber subject to cyclic deto-

nations, several cooling schemes (film cooling,

zoned-injection) were studied*?*). Based on ejec-
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tor-pumping principles, an alternative, non intru-
sive cooling scheme was studied with the national
combustion code (NCC). The heat flux at the
PDC walls was reduced by 20%—30% for the e-
jector-cooled liner. The heat-flux of several dif-
ferent cooling schemes were compared. Reducing
The peak heat flux and the average heat-flux
passing by the combustor walls were reduced by
film cooling. The average (plateau) heat flux
survives a much longer time than the peak heat
flux. Therefore, an optimal cooling scheme de-
sign should be performed to reduce the plateau
heat flux for the combustor liner. Based on the
cooling technology of gas turbine engine, film
cooling could reduce the baseline value of the
time-averaged plateau heat flux by 64 %77, A
film cooled liner were conducted on the constant
volume combustion cycle engine (CVCCE) in Cell
21 of the Research Combustion Laboratories,
NASA Glenn Research Centert!,
nation (" plateau”) heat-flux at the exit of the
cooling-hole was reduced by 45%—50% and fur-
ther a 25%—30% reduction at 2. 5 mm down-

The post-deto-

stream of the cooling-hole was achieved. Since
the range of flow velocities in a detonation cham-
ber is very large and unsteady, it is difficult to
analytically determine the contribution to the heat
load from the purging, filling, detonating, and
blow down portions of the cycle™ !, The effects
of the operating parameters on the detonation
chamber heat load were examined, especially the
equivalence ratio and the cycle frequency. The
temperature fluctuation and depth of penetration
were found to decrease with an increasing detona-
tion operating {requency™**.

Past research focused on the thermal fatigue
and material of the detonation chamber liner. In
contrast, the interaction between detonation
waves and coolant flow has been neglected. This
effect could lead to a decrease of the cooling effec-
tiveness and changes in the detonation wave prop-
erties. In this paper, the interaction dynamics be-
tween the detonation waves with coolant flow in a

hydrogen fuelled detonation chamber were inves-

tigated and the cooling efficiency of the film
cooled liner chamber was neglected. To solve the
two-dimensional Euler equations implemented
with the skeletal and reduced chemical reaction
kinetics of hydrogen/air mixture, an explicit total
variation diminishing(TVD) scheme and a point-
implicit mechod were utilized. Many images of
the interaction process between detonative waves
and coolant flow were presented to investigate the
interaction between the detonative waves and

coolant flow.

1 Physical and Computational Model

The optimal geometry of the cooling models
and mass-flow rate of the coolant should provide
adequate heat-removal from the chamber liner.
And the coolant film should have a sufficient mo-
mentum to survive the passage of the detonation
wave. An additional criterion for a practical liner
is that there should be adequate axial and circum-
ferential film coverage on the liner to prevent hot
locations. A cooling geometry of the detonation
chamber liner is shown in Fig. 1. By assuming
flow symmetry, the computational domains were
simplified as 2D regions, as shown in Fig. 2,
where the cooling slot width of 2 mm and the
coolant mass-flow rate of 3. 5% of the detonation
chamber mass-flow rate are the same as those in
the practical geometry case. The cooling slot was
filled with a dilution gas of N, at a given initial
temperature T,, pressure p,, and flow velocity
U,, where the initial state of p, = 0.1 MPa and
T,= 275 K. The physical domain was filled with
a detonable gaseous mixture at a given initial tem-
perature T, , pressure p,, and flow velocity U, ,
where a stoichiometric hydrogen/oxygen mixture
was filled in the physical domain at the initial
state of po= 0.1 MPa and T, = 500 K, and the
dilution rate of nitrogen is 49%. The ignition
source is taken to be a hot location of the burned
gas (p,= 1.2 MPa and T, = 2 400 K) for the di-
rect initiation of the detonation with a minimum

initial overdriven effect.
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Fig. 1  Feature of the cooling model for a
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Fig. 2 The simplified computational domains for

the practical cooling geometry

2  Governing Equations and Chemi-

cal Kinetics

In the dynamic process of detonation propa-
gations, the flow field of interest is symmetry
and the effect of viscosity is negligible. There-
fore, the governing equations for detonations can
be simplified as the 2D reactive Euler equations in

Cartesian coordinate system and they can be writ-

ten as
%J g %+yisg:sc (D
o pru v
2 pru P20
U=|p.|» F= Onsth , G= OnsV
ou o’ p ouv
v puv o't p
e (pe +pou (pe + plo
o1v wy
02V Wy
S, = Ons U » 8. = |w, (2
puv 0
o'+ p 0
(e + po 0

where U is an unknown vector, p; the density of
the species 1(i=1,2,+--,n,), and p the density of
mixture. F and G are the convective {luxes, S, and
S. the geometrical and chemical reaction source
terms, respectively, u and v the velocity compo-
nents in x- and y-directions., respectively, p is
the sum of the partial pressure for each species
according to Dalton’s law with the ideal gas equa-
tion of state, and e the total energy per specific
volume. The variables p and e are written as

p= E LRT 3

k=1
e:h*f—}—(uz—ﬁ—vz)/Z 4
o

High-resolution explicit TVD schemes were
applied to the gas equations. As a characteristic
of explicit second-order accurate schemes, while
the shock front is narrow, the scheme does not
generate spurious oscillations and it would be

highly

smooth. In addition, the scheme also overcomes

accurate whenever the solution is
the disadvantage of the slow convergence rate of
explicit schemes by auto-dropping off to first-or-
der accurate schemes at the leap point. By sol-
ving the 2D Euler equations coupled with the
chemistry, a numerical simulation of the transi-
ent detonation process induced by the flame for
the H, /O, /N, mixture was performed. Using a
computer algorithm for the automatic generation
of the reduced chemistry, an augmented reduced
mechanism, consisting of 11 species (H,, H,
0,, O, OH, HO,, H,0,, H,0O, N,, N,
NO) and 23 lumped reaction steps, was used
for the H, /0O, /N, reaction mechanism, as pres-
ented in Table 1. A splitting operator method
was used to separately treat the aerodynamic
process and the chemical process in the detona-
tion simulation"*%*"],

The source terms, w; » fori=1,2,+,n, , in
Eq. (1) are the summation of the net rates of
change of species i from all chemical reactions in-

volved, which is written as

MZ(U,ﬁ_

_9pi _
“ dt k=1

Ek,/’,kHA(ij/M _k/,.kH(Xj)v;-’f] (5

j=1 j=1

U/z.k) ><
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where M, is the molecular weight of speciesi , n, 2HO, =
, , . , 18 1.300E+11 0.0  —1 630.0
the number of chemical reactions being consid- 0.+ H,0.
ered in the detonation, v, and v’,., are the stoi- 19 HHt)H;LO;:) 1.210E4+07 2.0 5 200.0
chiometric coefficients of the reactants and the ’ ?

d ively, f ies 7 in the £ th po  OHTH0:2 ) e i1s 0.0 127. 0
products, respectively, Ior species z i1n the t HO, +H,0 . “ . .
reaction. k,,, is determined by the Arrhenius e- )’ N NO= Y OBl oo e

. . . . . 5.
quation. Table 1 provides the Arrhenius param- N, +0

S - 1 N+0O,&
eters for the hydrogen-oxygen mixture. £k, , is 99 oo 9 000E-L09 1.0 6 500.0
the backward reaction rate constant, given by
ki = ksi/key s and k., is the equilibrium con- 23 \I\ﬁ)()fs 3.360E+13 0.0 385.0

stant for the chemical reaction. X, is the mole

j
concentration of species j .
The rate constants are listed in the form

(k=AT"exp(— E,/RT) ).

Table 1 H,/0,/N, augmentedus reduced mechanism

No. Lumped reaction A n E,
HEOMS ) s00E+18 —0.86 0.0
HO,+M ' '
2 ZHEMS ) b00E+18 —1.0 0.0
H, +M U ' '
2H+H, &
3 9.000E+16 —0.6 0.0
2H,
g HHTROS Bt —125 0.0
H,+HO0 ' '
5 HTOHEMS etz —2.0 0.0
0 H,O+M ' '
O+H+Ms
6 5.000E+17  —1.0 0.0
OH+M -
7 2OFMS ) 0017 1.0 0.0
0.+M e ‘ ‘
g COHCEMS o 0E+13 —0.37 0.0
H,O,(+M) ' '
Hz +()2:
9 1.700 0E413 0.0 47 780
20H
o OHTHS o E+os 151 34300
H+HO a '
H+0,
11 : 2.650E+16 —0.671 17 041.0
O+OH SOET
O+H,&
12 : 3.870E+04 2.7 6 260.0
H+OH
13 OHTHOS ) se+13 0.0 —500.0
K 0, +H,0 .45 R . 000.
H+HO, =
14 0.840E+14 0.0 635. 0
20H
15 OTHOS ) oEt1s 0.0 0.0
° on+o, ' '
16 POHS g S0E+os 2.4 —2110.0
O+H.0 e ‘ '
17 TTHOS o E+13 0.0 10680
0, +H, ' ’ '

3 Validation of Numerical Methods
and Codes

To verify the models and numerical code, a
specific case was simulated. The case used to val-
idate the applied chemical reaction model is a pla-
nar detonation propagating in a straight tube.
The gaseous mixture is stoichiometric hydrogen/
oxygen with a 70% nitrogen dilution with initial
conditions of p,=0.1 MPa and T, =300 K. The
statistics of the numerical data indicated that the
detonation speed is 1 632. 4 m/s. The use of
shock waves for the study of high-temperature

21, with particular

gas reactions was described"
emphasis on the ignition of the gas mixtures, the
transition of combustion to detonation, and the
structure of the detonation waves. The statistics
of the experimental data indicated that the deto-
nation speed is 1 623 m/s. The corresponding da-
ta calculated with the detailed chemical reaction
mechanism are 1 619 m/s for the CJ detonation

only 0.828%;

hence, the reliability of the present chemical reac-

speed. The discrepancy was

tion model was well demonstrated.

4 Results and Discussions

Temperature contours versus time in detona-
tion combustor was shown in Fig. 3. Before the
time of 0.091 4 ms, the detonation chamber was
being inflated. A short cooling film was formed
and protect the detonation chamber liner. At the
time of 0. 103 6 ms, the detonation waves were
initiated with high temperature and high pressure

zone and the detonation wave propagated with
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constant speed. When the detonation waves met
with the nitrogen cooling film, they diffracted to
be curved waves and destroyed the shape of cool-
ing film. The curved detonation waves transmit-
ted and reflected from the chamber wall (shown
in Fig. 4). The complex waves were formed and
the cooling film was destroyed into a cooling bub-
ble. At the time of 0. 152 7 ms, some detonation
waves decreased to be shock waves and transmit
into the cooling flow cavity and the lead detona-
tion waves propagated downstream. The detona-
tion waves exhausted out of detonation chamber
and the expansion waves were produced and prop-
agated upstream to decrease the pressure of the
detonation chamber. Since the pressure of deto-
nation chamber was lower than the cooling flow,
the cooling flow was refilled into detonation
chamber at the time of 0. 248 3 ms. The pressure
of detonation chamber fell significently and the
difference of pressure increased between the cool-
ing flow and chamber, then, the cooling flow jet
would be strengthen and the jet trajectory exhibi-
ted liked a mushroom shape, as shown in Fig. 5.
The jet penetration depth was increased until the
jet trajectory penetrated the cross section of deto-
The

jet cut off the interaction between the wake flame

nation chamber at the time of 0. 356 5 ms.

and the fresh detonative mixture. The jet could
work as buffer gas to avoid auto-ignition. Mole
fraction contours of H, and H,O represents the
fresh mixture and high-temperature-burned gas
respectively and the isolation function of jet was
verified.

The schematic of the monitored spot was
shown in Fig. 6. The parameters variation profile
as a function of run time of the cavity, gap and
detonation chamber were monitored. The param-
eters of pressure, temperature and axial velocity
were gained. The coordinate of the monitored
spots was shown in Table. 2.

Parameter profiles versus time at position
a, sa,sa; were shown in Fig. 7, where Fig. 7(a) is
pressure, Fig. 7(b) temperature, Fig. 7(c) axial
velocity. when a, was at the upstream position of

cooling flow gap, the pressure of detonation

7=0.046 1 ms

7=0.091 4 ms

238.63 1618.88 1999.13 23

87.31 1925.69 2264.06 2 602.44 2 940.8|

Fig. 3 Temperature contours versus time in detonation combustor

7=0.141 4 ms

1.207 19E+06

Fig. 4 Pressure contour in detonation chamber

7=0.356 5 ms Mole fraction of H,

)00 5 0.001 0 0.0015 0.0020 0.0025 0.003 0 0.003 5 0.004 0 0.004 50.0050 0.0055 0.006 0

Mole fraction of H,O

Fig. 5 Mole fraction contours of H, and H; O in detona-

tion chamber

Table 2 The coordinate of the monitored spots

Spot x y Spot x v
a 92 37 & 110 37
a 125 30 I 120 37
as 180 20 Cs 130 37
2 60 45 d, 110 40
b, 90 45 d, 120 40
b 90 40 d; 130 40

waves would not be affected by the cooling flow.
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Because of the effect of the dilution gas of N;, the
pressure and axial velocity of position a,, which
was at the edge of cooling film., were lower than
that at position a,. Before the time of 0. 27 ms,
the parameters at position a; were steady as CJ
detonation waves. After the time of 0. 27 ms, the
cooling jet flow decreased the temperature of
chamber quickly and avoided the auto-ignition.
Parameter profiles versus time at position b, ,
by +b; were shown in Fig. 8, where (a) is pres-
sure, (b) temperature, (¢) axial velocity. Since
the detonation waves decreased ino shock waves
and would transmit upstream through the cavity,
the pressure oscillation at position b, and b, were
very large. The temperature at position b, was af-
fected slightly. Since b; and chamber were linked
together, the pressure and temperature varied
greatly at position b;. The temperature and axial
velocity at position b, indicated that the detona-
tion waves brought the high temperature burned
gas into the cavity and affected the cooling flow
field. After the pressure of chamber decreased,

the cooling flow was refilled the chamber and

formed into jet flow with high speed and existed
for 0. 05 ms.
by this jet flow which was formed by cooling

The isolation function was ensured

flow.

Parameter profiles versus time at position ¢, ,
¢y scswere shown in Fig. 9, where Fig. 9(a) pres-
sure, Fig. 9(b) temperature, Fig. 9(c) axial veloci-
ty. Because of the effect of the dilution gas of N,
at position ¢, » the pressure, temperature and axi-
al velocity were lower. The detonation waves met
the wall and appeared mach reflection so that the
spike pressure at position ¢, and ¢; were larger.
After the time of 0. 15 ms, the temperature at po-
sition ¢, and c¢; decreased firstly and then in-
creased, for that the temperature was affected
greatly. The detonation wave cut off the cooling
flow and would be formed as cooling flow bubble
which was shown in the image at the time
0of 0.141 4 ms and 0. 356 5 ms in Fig. 3. When
the cooling flow bubble was moving downstream,
energy and momentum exchange
the flow bubble the

high temperature burned gas so that the detonation

there was

between cooling and
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Fig. 7 Parameter profiles versus time at position a; a, »as
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chamber liner would be cooled as a function of
thermal protection.

Temperature profiles versus time at position
d,.d,,d; was shown in Fig. 10. The cooling flow
gas film could protect and cool the chamber liner.
The arrived detonation waves would destroy the
shape of cooling flow film and the cooling flow
bubble would be formed. The cooling flow bubble
moved downstream through the wall of chamber

and continued to cool the chamber liner.

oL—
0.00 0.10

Fig. 10 Temperature profiles versus time at position d, »d, »d;

5 Conclusions

The program of a chemical reaction flow with
a H,/0,/N, skeletal and reduced reaction mecha-
nism was developed. The convectional cooling ge-
ometry was chosen to cool the detonation cham-
ber liner, and the physical models of the cooling
geometry were established. The interaction be-
tween the detonation waves and the coolant flow
in the detonation chamber was investigated.

(1) The interaction between the coolant flow

and detonative waves were presented in images.
The planar detonation wave front was changed in-
to the curved detonation wave and the detonation
temperature would decrease near the slot for fill-
ing a cooling flow. This results would affect deto-
nation propagation in chamber.

(2) When detonation moved out of the cham-
ber, the pressure of detonation chamber fell sig-
nificantly and the cooling flow jet would be
strengthen and the jet trajectory looked like a
mushroom cloud. The cooling flow jet could work
as buffer gas and avoided auto-ignition.

(3) The detonation wave properties were
changed by the effect of coolant flow for the
chamber liner and that the detonation wave de-
stroyed the structure of the coolant flow film.
The interaction effect and mechanism of the deto-
nation waves and the coolant flow were obtained.
When designing a cooling geometry for detonation
chamber, the interaction between the detonation
waves and the unsteady flow must be considered

in detail.
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