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ABSTRACT

The objective of theoretical, computational and experimental studies outlined in this lecture note was to
evaluate the design principles and propulsion performance of prospective air-breathing engines operating
on pulse detonations of realistic hydrocarbon fuels with a realistic technique of detonation initiation via
deflagration-to-detonation transition (DDT).

1.0 INTRODUCTION

Activities in the field of pulse detonation propulsion are currently focused on investigations and practical
development of propulsion engines operating on propagating detonations in a pulse mode. The concept of
pulse detonation engine (PDE) is attractive for both subsonic and supersonic flight with PDE as a main
propulsion unit or as an afterburner in turbojet or turbofan propulsion system. In particular, PDE-based
propulsion is attractive for flight Mach number up to about 3—4. Within this range of Mach number, solid
rocket motors are known to be very efficient in terms of simplicity and high-speed capability, but they
have a limited powered range. Turbojet and turbofan engines, due to their high specific impulse, provide
longer range and heavier payloads, but at flight Mach number exceeding 2-3 they are getting too
expensive. Ramjets and ducted rockets designed for flight Mach number up to 4 require solid rocket
boosters to accelerate them to the ramjet take over speed, which increases the complexity and volume of a
propulsion system. Combined-cycle engines, such as turborockets or turboramjets, are also very complex
and expensive for similar applications.

In a PDE, detonation is initiated in a tube that serves as the combustor. The detonation wave rapidly
traverses the chamber resulting in a nearly constant-volume heat addition process that produces a high
pressure in the combustor and provides the thrust. The operation of PDE at high detonation-initiation
frequency (about 100 Hz) can produce a near-constant thrust. In general, the near-constant volume
operational cycle of PDE provides a higher thermodynamic efficiency as compared to the conventional
constant-pressure (Brayton) cycle used in gas turbines and ramjets. The advantages of PDE for air-
breathing propulsion are simplicity and easy scaling, reduced fuel consumption, and intrinsic capability of
operation from zero approach stream velocity to high supersonic flight speeds.

In order to use propagating detonations for propulsion and realize the PDE advantages mentioned above, a
number of challenging fundamental and engineering problems has yet to be solved. These problems deal
basically with low-cost achievement and control of successive detonations in a propulsion device. To
ensure rapid development of a detonation wave within a short cycle time, one needs to apply:

» Efficient liquid fuel injection and air supply systems to provide fast and nearly homogeneous
mixing of the components in the detonation chamber;

* Low-energy source for detonation initiation to provide fast and reliable detonation onset;

* Cooling technique for rapid, preferably recuperative, heat removal from the walls of detonation
chamber to ensure stable operation and avoid premature ignition of fuel-air mixture leading to
detonation failure;
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Pulse Detonation Propulsion orcaNIZATION

*  Geometry of the combustion chamber to promote detonation initiation and propagation at lowest
possible pressure loss and to ensure high operation frequency; and

*  Control methodology that allows for adaptive, active control of the operation process to ensure
optimal performance at variable flight conditions, while maintaining margin of stability.

In addition to the fundamental issues dealing with the processes in the detonation chamber, there are other
issues such as:

» Efficient integration of PDE with inlets and nozzles to provide high performance;
*  Durability of the propulsion system; and

* Noise and vibration.

The lecture note is organized in such a way that the reader first gets acquainted with the thermodynamic
grounds for detonation-based propulsion (Section2), followed by the principles of practical
implementation of the detonation-based thermodynamic cycle in Section 3. As the main focus of this
lecture is the utilization of PDE for propulsion, various performance parameters of PDEs (e.g., specific
impulse, thrust, etc.) are discussed in Section 4 for the idealized PDE configuration with direct detonation
initiation. The main operational constraints of PDEs are discussed in Section 5.

Section 6 is dedicated to the numerical simulation of the operation process in a more realistic PDE
configuration with DDT rather than direct detonation initiation. For the numerical simulation of DDT, a
coupled Flame Tracking — Particle (FTP) method combined with the look-up tables of laminar flame
velocities and fuel oxidation kinetics has been developed and implemented. The method proved to be very
efficient in terms of CPU requirement and has been successfully tested for several two-dimensional (2D)
configurations with flame acceleration in smooth-walled channels of different length, in channels with
regular obstacles, and in complex-geometry channels with orifice plates (Subsection 6.1). The results of
numerical simulation of DDT in the stoichiometric propane — air mixture filling a PDE channel with
regular obstacles and convergent-divergent nozzle are presented in Subsection 6.2. Thrust performances of
the idealized and DDT-based propane-fueled PDEs are compared in Subsection 6.3 for the zero flight
speed conditions. Section 7 presents the results of calculations of the operation process and thrust
performance for the PDE under Mach 3.0 flight conditions. Finally, the operation principles and thrust
performances of liquid-fueled research PDEs developed and tested at the Semenov Institute of Chemical
Physics (SICP) are discussed in Section 8. The experimental data substantiate the possibility of obtaining
DDT in air mixtures of practical fuels (aviation kerosene) with short run-up distances and times and with
very low ignition energies.

20 THERMODYNAMIC GROUNDS FOR DETONATION-BASED
PROPULSION

Zel’dovich [1] has shown that detonative combustion is thermodynamically more efficient than constant-
volume and constant-pressure combustion. This can be seen from Fig. 1 that is the pressure (p) — specific

volume (V) diagram.

Consider as an example the combustion of stoichiometric propane — air mixture:
CsHg+ 50, + 18.8N, =3CO;, + 4H,0 + 18.8N,

Assume that the initial thermodynamic state of the reactive mixture corresponds to point O in pressure —
specific volume diagram of Fig. 1, i.e., p=p,,v=V,. The thick solid curve is the reactive mixture

Hugoniot. Detonative combustion corresponds to the jump from point O to shock Hugoniot (not shown)
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followed by transition to point D — Chapman—Jouguet (CJ) point — along the Reyleigh line (OD is a piece
of that Reyleigh line). At point D, the entropy of combustion products is known to attain a minimum and
the corresponding Poisson adiabat is tangent to the reactive Hugoniot. If one assumes that after expansion

the combustion products attain the initial pressure P, then isentropic expansion from point D proceeds

along dotted curve DD' towards point D'. In case of constant-volume combustion, the thermodynamic
state of the mixture varies along vertical line OE. Further isentropic expansion proceeds along curve EE'
that terminates at point E'. Finally, constant-pressure combustion results in variation of the
thermodynamic state along line OG' with point G' representing the final thermodynamic state. Note that
points D, E, and G' are located at the same reactive Hugoniot. Clearly, the entropy rise during detonative
combustion is minimal, i.e.,

Sy —So < Sw —So <S¢ —So (1)
200 ppo
15
10
5
.
|
0 2 4 6 8

Figure 1: Thermodynamic cycles with constant-pressure, constant-volume,
and detonative combustion (no precompression).

From now on, the constant-pressure, constant-volume, and detonative combustion cycles will be referred
to as Brayton, Humphrey, and PDE cycles. The efficiency of thermodynamic cycles ODD'O, OEE'O,
and OG'O can be readily estimated. At point O, the total specific enthalpy of the reactive mixture is
H,=h,+q, where h, is the specific thermal enthalpy, and q is the heat effect of combustion. The
enthalpy of the combustion products is H =h. The work W performed in the cycles is determined as
W=W,-W,=H,-H =h,-h+q, where W, is the expansion work and W, = p,(v-V,) is the work
against ambient pressure. The thermal efficiency is defined as

_W _H,-H
q q

X 2)

Assume that the gas obeys the ideal gas law with constant specific heats. The heat effect of combustion
reaction for the stoichiometric propane — air mixture is taken equal to q=19760 cal/mol (mix). Initial
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temperature is taken equal to T, =300 K. The initial mixture properties, such as specific heats at constant
pressure c,, and at constant volume c,, are taken as c,, =8.78 cal/mol/K and c,, =6.79 cal/mol/K, so

that the specific heat ratio is y, =c,,/c,, =1.293. The corresponding mean properties of combustion
products irrespectively of the combustion mode are taken, respectively, as ¢, =10.40 cal/mol/K and
¢, =8.42 cal/mol/K, so that y =c,/c, =1.235. Figure 1 discussed above is plotted for these values of

governing parameters. The reactive Hugoniot in Fig. 1 satisfies the following equation:

p -1 v 7/—1CpT0

Po yrlv
y=1v,

y+1 l+ 2y q

As a result of constant-pressure combustion, the temperature, pressure, and specific volume of combustion
products at point G' in Fig. 1 are T, =T;+q/c,=2199K, pg =p,, and Vg =7.33v,, giving

Hg =CpoTp +€,(Tg —T;)=22390 cal/mol. Combustion at constant ambient pressure (without mixture

precompression) results in zero thermodynamic efficiency of Brayton cycle, as H, =H,, i.e.,
A p=const = 0 (3)

Constant-volume combustion (point E in Fig. 1) results in temperature T =T, +q/c, = 2647 K, pressure
Pr = PoTe /T, = 8.82p,, and specific volume v; =V, . Isentropic expansion of combustion products from
pp to p, results in temperature drop from Tgto T, =Tg(pz/p,) " "7 ~1749K, giving
Hp =CpTy + €, (T =Ty) =17700 cal/mol (point E' in Fig. 1). Substituting the value of H =H into Eq.
(2) one obtains the efficiency of the Humphrey cycle:

Hy—Hp
AV =const = % ~0.238 (4)

At point D in Fig. 1, pressure, temperature, and specific volume of detonation products are estimated as

Pp = Poll+7(Mg; =)/ +1)] = 17.178p,

2
TD=T0( Po J~2924K

crPo

Vp = vo(-l_l-_—D&j ~0.567v,
0

Pp

where

Mgy = \/1+(7+l)q/2CpT0 + \/(7+l)q/2CpT0

is the Mach number of the CJ detonation wave (detonation velocity is 1804 m/s). Isentropic expansion of
detonation products from Pp to P results in temperature drop from T, to Ty, =Ty (py / py) V"7 =
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1702 K, giving Hp =c,,T, +¢, (T, —T;)=17210 cal/mol. Substituting the value H =Hy, into Eq. (2)
one obtains the efficiency of the PDE cycle with detonative combustion:

Hoy —Hy
X Detonation — —4 D= 0.262

g (5)

Comparing Egs. (3), (4), and (5) one comes to the following relation between the thermal efficiencies of
Brayton, Humphrey, and PDE cycles without initial mixture precompression:

X Detonation > XV =const > Zp:const (6)

As T, =1702K, Tp=~1749K, and T, =2199K, the relationship (1) between entropy change in
processes ODD', OEE', and OG' is now substantiated quantitatively.

Mixture precompression results in the pressure — specific volume diagram of the type shown in Fig. 2.
Mixture precompression can be attained by using a mechanical compressor and/or by decelerating the
flow in a combustor (ram compression). In the latter case, the relationships between the vehicle flight
Mach number M, and ram compression ratio 7 = 7y is

Y0

R :[H%T_IM&’JMI 7071
, M = g -1
1

if ideal isentropic compression (without shocks) to stagnation parameters is assumed. Analysis shows that
in terms of the gain in ideal thermal efficiency, the PDE cycle in an engine with purely ram compression is
favorable at flight Mach numbers 0 < M_ < 3-4, being most favorable at subsonic, transonic, and

moderate supersonic flight speeds. At M, >3-4, the difference in ideal thermal efficiencies of the cycles
becomes less pronounced.
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Figure 2: Thermodynamic cycles with constant-pressure, constant-volume,
and detonative combustion (with precompression).

To show the effect of presompression on the thermal efficiency, assume ideal isentropic compression of
initial mixture from state O to state O' with ram compression ratio 7y = 7.82 corresponding to flight Mach
number 2.0. The thermodynamic parameters in state O' are: temperature T, =T,z "7 ~ 478 K , pressure
Po = T Py = 7.82 Py » specific volume Vi, =V, (pyTy / Po Ty ) = 0.204v, , and the specific enthalpy is

Ho =CpoTory 7 +q~ 4198 cal/mol +q

Further energy release due to detonative, constant-volume, or constant-pressure combustion results in
transition from state O' to state D, E, or G, respectively, located on the reactive Hugoniot:

r+l v 2y a4

lzj/—l Voo y-lc,Ty

Por y+lv
y=1Vy

which is different from that shown in Fig. 1 as it contains parameters at state O' rather than at state O.
Isentropic expansion of combustion products to the ambient pressure p, results in new final states D',

E', or G', depending on the combustion mode.

At constant-pressure combustion (Brayton cycle OO'GG'O), the enthalpy of the combustion products at
point G is Hg =Hy resulting in temperature T, =T, +q/c, ~2378K, pressure pg =7.82p,, and
specific volume v, = VO(pOTG / pGTO)z 1.013v, . Isentropic expansion of combustion products from p; to
p, results in temperature drop from T, to T, =1608 K, increase in the specific volume from v, to
Vo =Vo(PoTe / Po Ty ) = 5.818v,, giving H =15950 cal/mol. The efficiency of cycle OO'GG'O is then
equal to
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Hy—Hg _ CpoTo+0-Hq
g g

~0.326

X p=const =

Constant-volume  combustion  (Humphrey  cycle OO'EE'O)  results in  temperature
T, =Ty +0/c, =2825K, specific volume Vv; =V, =0.204v,, and pressure pg = po (Tx /Ty ) =46.2p,.
Isentropic expansion of combustion products from p; to p, results in temperature drop from T; to
Te =T (Pg / Py) " ™'7 2 1362 K, increase in the specific volume from v to vy =V, (Ts /T,)~ 4.726v,
and Hy =c Ty ~13390 cal/mol. Thus, the efficiency of cycle OO'EE'O is:

Hy—Hp
AV =const :% ~0.456

At point D, pressure, temperature, and specific volume of detonation products are estimated as

Pp = Poll+ (Mg, —1) /(7 +1)] = 88.675p,

2
T, =TO{MpD J ~3119K

v =VOG—D&j ~0.117v,

o Pp

where the Mach number of the CJ detonation wave is equal to

Mg, =1+ +Da/2¢,Ty + \J(y +1)a/2¢, Ty ~ 4.44

Isentropic expansion of detonation products from p, to p, results in temperature drop from T, to

Ty =To(Pp/ Py) 77 = 1328 K and increasing specific volume from v, to vy =V, (T, /T,)~ 4.426v,,
giving Hy, =c T, =13040 cal/mol. The efficiency of PDE cycle OO'DD'O:

H,—-H,
X Detonation — % =0.473

Using the same procedure, one can estimate cycle efficiencies for various values of precompression ratio
7g . Figure 3 shows the calculated dependencies of y _.,. (Brayton cycle), x,_cng (Humphrey cycle),

and ¥peonaion (PDE cycle) depending on the compression ratio 7 .
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Figure 3: Predicted thermodynamic efficiency of PDE (1), Brayton (2),
and Humphry (3) cycles depending on the precompression ratio 7

Thus, precompression of the reactive mixture increases the efficiency of all cycles under consideration,
however leaving valid the relationships (1) and (6). Calculations of comparative cycle efficiencies with
realistic thermodynamics gives qualitatively similar results to those discussed above [2—4].

3.0 PDECYCLE

The PDE cycle applies a concept of fuel combustion in repeatedly generated detonation waves traversing
the combustion chamber [5—10]. The thermal efficiency of the ramjet cycle with such a repeated (pulsed)
process will evidently depend on the frequency of generation of detonation waves. This device, referred to
as a PDE, is the primary focus of this lecture.

According to current understanding, the PDE comprises (Fig. 4):

Air intake ensuring continuous inflow and compression of air from the ambient atmospheric
pressure to a certain stagnation pressure;

Receiver, where the air passing from the air intake is divided into two streams: one to the
detonation chamber and the other to the annular bypass channel;

Valve-distribution system, which forces air to pass from the receiver either to the detonation
chamber or to the bypass channel in a given time sequence;

Detonation chamber consisting of a tube with fuel injector and detonation initiator at the entrance;
Supersonic nozzle; and

Fuel tanks and systems of fuel injection.

RTO-EN-AVT-185
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valve distribution
air intake receiver bypass channel nozzle

fuel injector initiator

Figure 4: Pulsed detonation engine with supersonic air
intake, bypass channel, mechanical valve, and nozzle.

The operation cycle of a PDE includes the following phases:
* Injection of fuel into the detonation chamber and mixing of fuel with incoming air;
*  Valve closing and mixture ignition;
*  DDT and mixture burnout in a propagating detonation wave; and

* Expansion of detonation products through a supersonic nozzle.

Subsequent valve opening and fuel injection into the detonation chamber starts the new operation cycle.
The mechanical valve is used to prevent detonations or shocks from moving outward through the air
intake and to ensure a controlled inward flow rate of fresh air. Various valveless PDE configurations are
also considered [9]. To reduce thrust pulsations and noise, multitube configurations of PDE are proposed
that imply the use of phase shift between processes in different tubes.

4.0 SPECIFIC IMPULSE OF IDEALIZED PDE

The simplest (idealized) PDE configuration with direct detonation initiation is shown in Fig. 5. We
consider a planar 2D configuration with a straight smooth-walled PDE channel of height (H = 52 mm)
and length (L= 3 m) filled with the stoichiometric propane — air mixture at normal initial conditions
(py =1atm, T, =293 K). The detonation is initiated at the closed end of the PDE channel by making a

provision for the high-pressure (40 atm) initiation section with the length |=H filled with hot
combustion products of the stoichiometric propane — air mixture at temperature 3300 K. To facilitate
detonation initiation, the initial velocity of the products was taken equal to 2000 m/s. The calculations are
performed using a CFD code solving Reynolds Averaged Navier — Stokes (RANS) equations by the
control-volume approach with 5-step overall propane oxidation chemistry implemented through the
Particle method [11].

52 L .
y Initiation section

& X

Figure 5: Schematic of an idealized PDE with a section for direct detonation initiation.

For the PDE channel of Fig. 5,the thrust performance parameters can be estimated using the following
equations:

*  Specific (per unit area) thrust P :

RTO-EN-AVT-185 4-9
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1
Fe

P(t)=— [[2e(L,YIUZ (L) + P (t,y) — P, JdF (7
Fe

*  Impulse per unit area | :

tC
| = j P(t)dt (8)
0
*  Specific fuel-based impulse |,
I
I, =F,— 9
sp e m,g ( )

In Egs. (7)—(9), F is the cross section area of the PDE channel, p, U, and p are the gas density,
velocity, and pressure, respectively, index € relates to the PDE channel outlet, t, is the PDE channel
evacuation time (the time taken for P(t) to attain the maximum value), m; is the fuel mass in the PDE

channel, and g is the acceleration of gravity.

Obviously, the value of the specific impulse should be close to the value obtained by direct integration of
the pressure over the PDE thrust wall. Some small differences can arise due to momentum and energy
losses at the smooth walls of the PDE channel. Defining the force acting at the unit area of the thrust wall

P; and impulse per unit area |; as
1
Pr(®)=— [[Ppr(®)~ p,JdF (10)
Fr
=
and
tC
I =[P (ot (11
0
where index T relates to the thrust wall, one obtains

|y = Fp T (12)

The curve in Fig. 6 shows the specific thrust history at the outlet of the PDE channel for this case. For the
sake of convenience, Fig. 6a shows the specific thrust history for the early stage of the exhaust process
(t<12ms) and Fig. 6b for its late stage (9<t<50ms). The area under the curve in Fig. 6, is

approximately equal to | ~5040+100 Pa-s (the estimated calculation error of | is 2%). Taking into
account that m; =0.00547 kg/m, F,= 0.026 m?/m, and 0=938 m/s* one comes to the following value of

the specific impulse I, of Eq. (9):

L 20026— %0 440450 s (13)

¥ "myg 0.00547-9.8

4-10 RTO-EN-AVT-185



OTAN

Pulse Detonation Propulsion

5 0.08 1
g 0.071
4
= £ 0.06
Z 3 % 0.05 -
= >
< 2 0.04
g 21 =
b= 0.031
g =
&1 g 0.02
& 0.01
0 T T T T T - —_— —_—
o 2 4 6 8 10 12 0 20 30 40 50
Time, ms Time, ms
(a) (b)

Figure 6: Time histories of the specific (per unit area) thrust calculated based on the
exhaust flow parameters at the PDE channel exit at direct detonation initiation
in a straight smooth-walled channel: (a) t <12 ms, (b) 9<t <50 ms.

As expected, application of Egs. (10)—(12) shows that Iy ~ |, i.e., for the idealized PDE of Fig. 5 skin

sp >
friction and heat losses can be neglected.

It is instructive to compare the present results of numerical simulation in the straight smooth-walled PDE
channel with the results available in the literature. According to one-dimensional (1D) analysis [12, 13],
the impulse per unit area | is equal to

I~ K(Prz = Potcy (14)

where t.; =L/Dg; is the residence time of the detonation in the PDE channel, p;, is the Taylor-

Zel’dovich “detonation kernel” pressure, and K is the coefficient which is somewhat different in various
studies due to details of direct detonation initiation, channel geometry, etc.: K =4.65 in [13], 4.85 in [14],
and 5.15 in [12]. The value of p;, can be calculated as [12]:

2y (y-1)
y+1
Prz = pc{ > J
V4

where pg; is the Chapman—Jouguet pressure and y is the ratio of specific heats in the detonation

products. Detailed thermodynamic calculations for the stoichiometric propane — air mixture at normal
initial conditions give pg;=1.827 MPa and y =1.166, therefore p;, ~0.65 MPa. The “ideal” residence

time in the example under consideration is t.; ~3/1804~1.66 ms. Substituting these values to Eq. (14)
gives

I ~4250-4700Pa-s
The corresponding value of the specific impulse is

I ~2010—2230 s
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These values are less than those obtained in the present 2D calculations (5040+£100 Pa-s and
2440150 s, respectively). The excess impulse in the present calculations (about 13% in average) can be
explained by the contribution of the detonation initiator [13]. According to [13], depending on the tube
length and initiator energy, the initiator contribution to the impulse can be as large as 17% to 27%.

Note that the self-sustained Chapman—Jouguet detonation in our computational example propagates with
the constant velocity close to 1900 m/s. This velocity corresponds to the thermodynamically equilibrium
value calculated based on the truncated composition of reaction products (only CO,, H,O, CO, H,, C;Hs,
and O, species are considered in the 5-step reaction scheme of propane oxidation). Note that this value is
about 5% higher than the thermodynamic detonation velocity D.; ~1804 m/s calculated based on the

extended composition of reaction products [15].

Thus, the fuel-based specific impulse of PDE in the configuration of Fig. 5 predicted for the conditions of
zero flight speed exceeds considerably the maximum attainable fuel-based specific impulse of a ramjet,
which vanishes at zero flight-speed conditions and attains the maximum value of about 1600-1800 s at
optimal supersonic flight conditions.

5.0 OPERATIONAL CONSTRAINTS

It is instructive to indicate the range of operation conditions for the PDE assuming that it is designed for
producing thrust for a flying vehicle.

The basic requirement to the PDE fuel is that it should readily detonate with low sensitivity to initial
conditions in terms of pressure, temperature, and mixture composition.

Another requirement to the PDE fuel, which contradicts the above requirement, is avoiding surface
ignition of explosive mixture before or after triggering the initiator, or uncontrolled autoignition of the
mixture due to mixing with residual combustion products. Premature ignition is expected to arise near the
hot walls of the detonation chamber (at temperatures exceeding ~ 800 K), providing that the cycle duration
is longer than the autoignition delay. In view of it, the PDE fuel should exhibit high resistance to ignition
by a hot surface. A particular issue is avoiding premature ignition in the vicinity of the initiator. It is
expected that the surfaces located near the initiator and the initiator itself can get very hot during
operation, and the abnormal combustion can produce thermal damage in a very short time.

For propulsion applications, the PDE fuel is preferably a liquid hydrocarbon (or other liquid compound)
due to high energy density. The requirement of fast mixing of fuel with incoming air implies that the PDE
fuel should exhibit high vapor pressure at operation conditions. One of possible solutions is recuperative
fuel preheating or prevaporization. The presence in the PDE fuel of nonvolatile hydrocarbons and
additives containing metals and polymeric compounds can promote premature ignition due to their
deposit-forming tendency. The deposits are known to produce the thermal isolation effect increasing the
wall temperature.

The other very important issue is detonation initiation. On the one hand, the energy requirements for direct
detonation initiation in an air-breathing PDE operating on standard hydrocarbon fuels are too high. Thus,
for direct detonation initiation of the stoichiometric propane — air mixture one needs tens of grams of high
explosive (e.g., TNT) per cycle which is absolutely unfeasible for a multipulse PDE operation. On the
other hand, DDT in a gaseous propane—air mixture requires very long tubes: no less than 260 tube
diameters for a straight smooth tube [16] and more than 60 tube diameters for a straight tube with
turbulence promoters in the form of regular obstacles [17, 18]. Therefore there is a need in the
development of efficient means for reducing the DDT run-up distance and time for gas- and liquid-fueled
air-breathing PDE applications. By other words, one has to ensure fast DDT in a PDE tube at the lowest
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possible ignition energy, at the shortest distance, with the lowest pressure loss. In view of it, all realistic
estimates of PDE performances have to be based on the consideration of fast DDT rather than direct
detonation initiation in the PDE tube.

The existence of detonability limits dictates the constraints on combustor diameter and mass flow rate.
The length of the combustion chamber determines the combustor volume and overall operating frequency
because of the individual processes that must occur for each cycle. The operating frequency f of a given
engine is defined as 1/t;, where cycle duration t, is composed, in general, of five characteristic time

detonation initiation At ,

intervals: filling Aty , purging At detonation traversing the combustor At

pr > tr >

and exhaust At , i.e.,

to = Aty + At + A, + Aty + At

The dynamic filling and exhaust/purging processes tend to be the longest duration and can be shortened by
operating at higher dynamic pressures, but with some upper limit due to filling losses. The length of the
combustor and the filling velocity determine the fill time, Aty , since the mass flow into the combustor has

to traverse the derived combustor length. Since the length, flight dynamic pressure, and operating
frequency of a combustor are directly coupled, an optimum will likely exist where performance will be
maximized. Practical values of operation frequency are near 100 Hz, but this frequency limit could be
overcome if multiple injection locations are utilized.

In addition to the fuel detonability requirements mentioned above, a set of vehicle design requirements
(low pressure loss, low weight, size constraints, etc.) should be met. Clearly, some of the requirements
appear to be quite contradictory, and a sort of compromise must usually be achieved.

6.0 SIMULATION OF OPERATION PROCESS IN NONIDEALIZED PDE

More realistic estimates of PDE performances, as compared to those obtained with the presumption of direct
detonation initiation require the availability of a computationally efficient algorithm for multidimensional
numerical simulation of DDT in gas- and liquid-fueled air-breathing PDE. Recently, we have developed
such an algorithm which is based on the coupled FTP method [11]. The method allows simulating both
frontal and volumetric combustion in a compressible flow, in particular, flame acceleration in a channel of
complex geometry followed by preflame autoignition and transition to a detonation.

The coupled FTP method has been implemented into the standard CFD code solving the RANS equations
by the control-volume technique. The method has been thoroughly validated against experimental data on
flame acceleration in smooth-walled and obstructed channels with one closed and one open end. Such
channel configurations are directly relevant to PDE applications.

6.1 FTP Method Validation

Smooth-Walled Channel

The FTP method has been first used for calculating flame propagation in straight rectangular 40x40 mm
smooth-walled channels 2.6, 3.5, 5.1, and 6.1 m long with one closed and one open end filled with the
stoichiometric propane — air mixture at normal initial conditions as used in experiments [19].

Figure 7 compares the results of calculations with the experiments in terms of the time histories of the
distance traveled by the flame. Solid curves correspond to the predicted results whereas the dashed curves
correspond to the measurements.
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Figure 7: Comparison between predicted (solid curves) and measured [19] (dashed curves)
distances traveled by the flame vs. time in 40 x 40 mm straight channels of
different lengths filled with the stoichiometric 