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Performance losses in the form of chemical nonequilibrium, heat transfer, and friction are investigated in the
context of a detonation tube with nozzles using quasi-one-dimensional computational fluid dynamics. Finite-rate
chemistry losses incur up to 10% penalty in overall cycle impulse for mixtures containing fuel and oxygen. These
same losses are greatly reduced when oxygen is replaced by air because of reduced energy available through chemical
recombination. Heat transfer and friction are less important, both for diverging and converging nozzles (~5%
overall cycle impulse). The exception is for H,/air where losses can be up to 15%. Finally, a method of predicting
losses assuming steady flow nozzles, thereby greatly reducing computational cost, is explored.

I. Introduction

ECENT interest in pulsed detonation engines (PDE) has grown

due to the potential advantages in hardware cost and specific
impulse over conventional propulsion technologies [1,2]. A PDE
operates by burning the reactants via a detonation wave while the
pressurized combustion products then generate thrust. This process
is repeated in a periodic fashion to achieve quasi-steady thrust. (See
Brophy and Hanson [3] for an example of a multicycle PDE.)

However, although PDEs must ultimately operate in a multicycle
mode, research has benefited much from single-shot studies. A PDE
operated in such a single-shot fashion is often referred to as a
detonation tube (DT). Much like the PDE, the DT is filled with a
reactant mixture, which is then detonated and produces time-varying
thrust. Useful metrics for the DT are its single-shot impulse / and
single-shot specific impulse /.

Simple, straight DTs have mostly been used to better our under-
standing of PDEs and their losses. Wintenberger et al. [4] used a
semi-analytic/semi-empirical approach to determine scaling laws
relevant to DT performance. Cooper and Shepherd [5] extended this
work by including the effect of subatmospheric ambient pressures.
Cooper et al. [6] and Li and Kailasanath [7] showed that DT specific
impulse can be increased by replacing some of the reactants with an
inert buffer gas. Losses from simple straight DTs have also been
investigated. Radulescu and Hanson [8] used the method of charac-
teristics to show that convective heat transfer losses can be important
for certain DT geometries. Owens and Hanson [9] showed that (in
addition to heat convection) heat conduction, wall friction and water
condensation can all play important roles in DT losses.

The disadvantage to the simple straight DT design is that a
significant portion of impulse is lost as pressurized gases expand
outside the tube. Therefore, nozzles have been the focus of recent
studies to capture some of the lost work potential. Cooper and
Shepherd [10] experimentally measured the additional impulse
provided by nozzles over a wide range of ambient pressures. Morris
[11] and Owens and Hanson [12] used computational approaches to
identify optimized area ratios of diverging nozzles for a particular
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reactant mixture, ambient pressure, and tube geometry. Barbour and
Hanson [13] provided a generalized approach for identifying the
optimum area ratio of a diverging nozzle for any combination of
reactant mixture, ambient pressure, and tube geometry. However,
unlike simple straight DTs, the losses from DTs with nozzles have
not been investigated. The goal of this work is to fill this gap by
focusing specifically on the DT losses which result from the addition
of a nozzle.

Three loss mechanisms are addressed. First, chemical non-
equilibrium (CNE) is considered. These losses result when the
combustion products are not allowed to reach chemical equilib-
rium (CE) during expansion through a nozzle, thereby inhibiting
chemical recombination and its associated heat release. Additional
consideration is given to heat transfer losses (which arise from
thermal boundary layers which transport thermal energy from the
core to the walls), and friction losses (which arise from momentum
boundary layers which convert useful kinetic energy into less useful
thermal energy). Heat transfer and friction are considered together
via Reynolds analogy.

This paper is divided into three major sections. The first section
consists of a description of the models used. The second section
presents results for losses from diverging nozzles. The third
section presents results for losses from a converging nozzle. A
short conclusion section then follows.

1L
A. Computational Model

Model Description

The unsteady Euler equation is solved in cases which involve no
losses. For cases which involve losses, heat transfer, and friction are
modeled using simple sink terms, which are discussed more fully in
Sec. ILD. The gas is modeled as an ideal gas mixture with variable
specific heats. Detailed chemical kinetics are implemented in all
cases.

The Euler equation is formulated in 1-D and accounts for
variations in the conduit’s cross-sectional area. Despite the fact that
real detonations are highly 3-D, a 1-D approach is capable of
capturing the parameters important to PDEs, such as wave speed,
peak pressure, and plateau pressure. Fickett and Davis [[14], see 3A]
compared the steady Chapman Jouguet (CJ) theory with experiments
and found that the measured speed of the leading shock in a real
detonation wave is captured by the 1-D CJ theory to within 2%. Peak
wave pressure is not as easily measured as wave speed, so compu-
tations are usually performed to address this parameter. As is the
case with real 3-D detonations, computations reveal unsteady
pressure oscillations behind the leading front, whether the compu-
tational model is formulated in one [15] or two [16] dimensions.
Furthermore, these studies have shown that the time-averaged
pressure behind the leading front is within 1% of the theoretical CJ
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pressure. Finally, Owens and Hanson [9] [[17], see 5 and 6] used 2-D
computations to show that the well-known analytical Taylor solution
for plateau pressure [18] is capable of accurately predicting the time-
averaged 2-D solution. The studies described in this paragraph
demonstrate that although a 1-D model cannot reproduce the struc-
ture of areal detonation wave, it can certainly be used to predict time-
averaged pressures, thereby making it a valuable tool for evaluating
PDE performance.

In the current model, time integration of the differential equations is
performed using a time-step splitting strategy [19]. This approach,
which is designed to efficiently handle fluid dynamics and chemistry
separately to minimize computational cost, breaks each time step
down into a fluid dynamic substep (without chemistry) and a
chemistry substep (without fluid dynamics). This time-step splitting
approach has been used successfully by others [12,20,21]. The fluid
dynamic substep is solved using the weighted essentially non-
oscillatory (WENO) method originally proposed by Liu et al. [22].

A full description of the computational scheme can be found in
[12,17], and other studies using it can be found in [9,13,21]. The grid
is uniform and the chosen grid size is discussed in Sec. IIl.A. A CFL
number of 0.8 was used throughout the current work.

B. Chemical Mechanisms

Three mixtures are considered in this work: H, + 1/20,,
H, + 1/2air, ¥and C,H, + 30,. AllH, /0O, cases are handled by the
H/O submechanism of GRI Mech 3.0 [23] with the H+ O, + M
reaction rate updated for high pressures using Bates et al. [24]. This
mechanism contains 8 species and 25 reactions.

The same H/O mechanism is used for the H,/air cases, where
frozen N, is also included. Nitrogen chemistry is ignored due to the
computational savings associated with a reduced number of species.
The H/O system of GRI Mech 3.0 contains 8 species, while the
H/O/N system contains 18 species. By freezing nitrogen chemistry,
the H,/air cases are thus modeled using 9 species, which is a
significant reduction from 18. To estimate the magnitude of the N,
chemistry’s effect on DT nozzle performance, we consider a steady
nozzle with a diverging area ratio of 10, using combustion products
of H, + 1/2air. The static pressure and temperature at the throat
were taken as P* = 1.1 bar and T* = 2240 K, and the exit and
ambient pressures were both 0.02 bar. The gas mixture was allowed
to reach chemical equilibrium throughout the nozzle. (See Sec. ILLE
for additional details on calculating chemical equilibrium flow in a
steady nozzle). The exit velocity was calculated to be 2271 m/s in
the case of full N, chemistry, and was 2271 m/s for frozen N,
chemistry. Since specific impulse is proportional to exit velocity for a
steady pressure-matched nozzle, this represents an error of less than
0.1% in I,

The reduced mechanism by Varatharajan and Williams [25] was
used for all C,H, /O, cases. Their work specifically targeted ethylene
chemistry for use in detonation computations, and is thus directly
applicable to the current work. This reduced mechanism has also
been used previously on 1-D and 2-D detonation problems by Owens
etal. [12,26], Mattison et al. [27], and Tangirala et al. [28]. Because
comparisons will be made between CNE and CE, care has been taken
to ensure that the proper equilibrium state is recovered with this
mechanism. This was done by making all reactions of Varatharajan’s
mechanism reversible, a strategy also employed in [26,27].

Table 1 summarizes the chemical mechanisms used in the
computations.

C. Equilibrium Chemistry

Both CNE and CE are considered in this paper. The CNE solution
is obtained by directly implementing the numerical solver as
described in [12]. The CE solution, however, requires a slightly
different approach.

In light of the time-step splitting scheme used by the model (see
Sec. IILA), the method for achieving chemical equilibrium is to
simply extend the time allotted to the chemical reaction substep.

*Air represents O, + 3.76N,.

Table 1 Summary of chemical mechanisms

Relevant Number of Number of References Notes

mixture species reactions

H, + 1/20, 8 25 [23,24] GRIMech 3.0

H, + 1/2air 9 25 [23,24] GRIMech3.0N,
chemistry frozen

C,H, + 30, 20 33 [25] All reactions made

fully reversible

If the chemistry is allowed to proceed sufficiently long enough,
chemical equilibrium is reached. This approach was tested by
computing a flow known to be in CNE using various values for the
chemistry substep time 7,,,, and comparing the results to the true CE
solution. Since temperature is quite sensitive to the effects of finite-
rate chemistry, it was chosen as the metric for evaluating this
procedure. Chemical nonequilibrium flow was achieved using a
steady conical nozzle with an inlet diameter of 50 mm and a diverging
half-angle of 12 deg. The results are compared with the CE flow,
which could conceptually be achieved in a sufficiently long diverging
nozzle. See Fig. 1.

We first see that the equilibrium solution (black squares) diverges
quickly from the finite-rate solution (dotted line). Furthermore,
we see that as 7., is increased, the resulting temperature profile
approaches the equilibrium solution. For 7., > 0.1 s, the equilib-
rium solution is obtained. A reaction time of 7., = 10 s was used
in all cases.

There has recently been significant consideration given to the
proper evaluation of chemical equilibrium in the context of PDEs and
DTs [29,30]. It was pointed out that sound speed (and Mach number)
must be evaluated very carefully when the flow is in CE, since the
chemical composition adjusts itself within acoustic waves. However,
although this is important for analytical solutions (e.g., [13,18], as
well as Secs. IILA and IILE of this work) where sound speed
plays a major role, the numerical solver used in the current work does
not rely on sound speed computations. Rather, the sound speed is
adjusted inherently by virtue of the chemical mechanism which
shifts the chemical composition according to the local thermo-
dynamic state.

chem

D. Heat Transfer and Friction Models
1. Heat Transfer Model

A simple heat transfer model proposed by Radulescu and Hanson
[8] has been used successfully to capture gas velocity [31], species
mole fraction [27], and temperature [27] in DTs. However, this
model only addresses convective heat transfer and, therefore,
underpredicts losses near the end wall where gas velocities are zero
and heat conduction is expected to play a major role. Owens and
Hanson [9] modified Radulescu’s model by incorporating heat
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Fig. 1 Determining ¢, for achieving CE using steady flow through a
conical diverging nozzle. Static temperature is compared for a) true
finite-rate chemistry, b) finite-rate chemistry with extended reaction
times, and c¢) true equilibrium. Reactants: H, + 1/20,. Nozzle inlet
state: 3093 K, 1.47 bar. For CNE: D, ;. = 50 mm, 6, = 12 deg.
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conduction as per the analytic solution obtained by Du et al. [32].
This so-called hybrid heat transfer model is used for the current
calculations and is described next.

For the most part convective heat transfer is assumed during the
DT blowdown and the heat flux is treated as follows:

qlclonv:_St'p'|u_uw|'(huw_hw) (D

where ¢, is the convective heat flux in W/m2, St is the
nondimensional Stanton number, p is the static density, u is the gas
velocity, u,, is the wall speed (taken as zero in this work), A,,, is
the static enthalpy which would exist at the wall for adiabatic flow,
and £, is the static enthalpy evaluated at the wall temperature. A
commonly used recovery factor for turbulent flow is Pr'/3, which
leads to the following expression for 4,

1
Rgw = h + EPrmu2

where £ is the static enthalpy in the core. The Prandtl number, Pr, is
assumed constant and equal to 0.7.

In the stagnant region which exists between the Taylor expansion
wave and the end wall the gas velocity is zero. Here, g, is zero and
the heat transfer is governed by conduction. The conduction heat flux
is expressed as

L, B UL ymi ®

9 cond = \/g_\/;

where ¢/, is the heat flux by conduction in W/m?, Ug; is the
detonation wave speed, p; and p; are the reactant density and
dynamic viscosity, respectively, and ¢ is the time after ignition. The
nondimensional parameters & and B (£) are functions of the reactant
state and are discussed in Owens and Hanson [9]. The values of
theses parameters for the mixtures used in this work are listed in
Table 2. Heat conduction is assumed to persist until expansion waves
from the ambient, or compression waves from a converging nozzle,
reach the end wall. Equation (1) is used thereafter at all points in the
DT. Heat transfer in nozzles is governed by convection because of the
high gas velocities, so Eq. (1) was used for all points in the nozzle at
all times.

Both conduction and convection heat transfer models require the
wall temperature, T,,, to be specified. The simplest approach is to
assume a constant 7",. For a typical DT, the thermal mass of the tube’s
wall is large enough that T, stays constant during such a short
experiment (f.y.. ~ 10 ms). Simulations in this work assume 7,,=
500 K. This temperature was chosen since it is representative of
typical multicycle PDE wall temperatures. It also eliminates losses
associated with water condensation which have been shown to be
problematic at room temperature [9].

2. Friction Model

When a nonzero bulk flow is present, friction losses are also
produced alongside heat transfer losses. Friction results from shear
stress at the wall t,, which itself arises due to a velocity gradient
across the tube. These losses are quantified using the nondimensional
friction coefficient C:

Cr

D) P'|“_”w|'(“_”w) (3)

Ty =

where u,, is again taken as zero in this work. Friction losses directly
impact impulse by generating negative shear forces along the side

Table 2 Nondimensional constants used in heat
conduction model; Py =1 atm; T, =T,, =500 K

H, +1/20,  H,+1/2air  C,H, + 30,
£ 0.475 0.470 0.486
B,(® 2.76 1.94 2.20

walls of the tube and nozzle. Heat transfer losses, on the other hand,
have an indirect effect on impulse since they act to lower the local
pressure, which sends expansion waves to the various thrust surfaces,
thereby lowering the normal forces on those surfaces.

Owens and Hanson [9] found that the effects of both heat transfer
and friction on I, are of similar magnitude. For example, for their test
case of H, + 1/20, (STP)inatube with L/D = 10, the ideal I, was
calculated to be 193 s. Heat transfer lowered this value by 5 s, while
friction lowered it by an additional 4 s.

3. Stand C; Coefficients

Equations (1) and (3) are useful only with knowledge of Stand C .
The friction coefficient for flow behind a detonation wave was
measured by Edwards et al. [33] who obtained C; = 0.0062. This
value has since been used successfully by other researchers [8,26,27]
who studied heat transfer and friction losses from DTs, and is
therefore adopted here.

The value for St is obtained by appealing to Reynolds analogy,
which takes advantage of the symmetry observed by Reynolds
between the energy and momentum equations. This relation is shown
here in a form which is commonly used for turbulent flows:

C, 1

The friction coefficient and the Stanton number are expected to be,
at most, functions of Reynolds number for laminar flow, and nearly
constants for turbulent flow. For a C,H, + 30, detonation wave
(reactants at STP) traveling through a tube of diameter 50 mm, the
Reynolds number immediately behind the wave is higher than 10°.
Additionally, the true 3-D nature of the detonation flowfield is
expected to further enhance turbulence. Boldman and Graham [34]
presented a comprehensive review of heat transfer from nozzles
and found that the Stanton number in turbulent flow scales as
St oc Re~'/3, arather weak dependence. Therefore, a constant St and
C are assumed here.

III. Diverging Nozzles

Gas expansion through diverging nozzles has historically been of
interest because of the potential for inducing CNE and thereby
suppressing heat release (see Olson [35]). This section explores
this problem for DT diverging nozzles. Furthermore, diverging
nozzles are expected to have high gas velocities and low densities.
Considering the fact that g/, and t,, are both proportional to pu, it is
not clear whether losses in a DT’s diverging nozzle will be important
or not. This section, therefore, also addresses heat transfer and
friction.

A. Problem Setup

The DT is shown schematically in Fig. 2. A straight tube of length
L, and diameter D; is closed at one end. The other end is attached
to a conical diverging nozzle with a divergence half-angle of 6, and
length L, ;. (Subscript s denotes straight tube, n denotes nozzle,
and d denotes diverging.) The straight tube and nozzle are separated
by a diaphragm. Initially, quiescent reactants at temperature 7'; and
pressure P, are to the left of the diaphragm, and quiescent air at T,
and P, are to the right. The mixture is ignited at the end wall. This
configuration has been used previously by Cooper and Shepherd [10]

r End-wall + Diaphragm —*
|
Dy State 1" | State oo ©
N’
’ State 4 &
- ) ——_— Y R

Fig. 2 Schematic of DT with diverging nozzle. { States 1 and co are
initial conditions. i State 4 occurs only during steady nozzle flow.
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Fig. 3 Grid resolution study. Labels indicate grid cell size. Reactants:
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to experimentally investigate the performance benefit of DT nozzles
over a range of P,.

The reactants were ignited by imposing a high temperature/high
pressure region in the first 2 mm of the tube. The state of this region
was chosen to be 3000 K and 30 atm. (For reference, the CJ state for
C,H, + 30, is T¢y = 3950 K; Pey = 19.9 bar.) It was found that
the computed steady detonation wave velocity does not depend on
the precise temperature, pressure, or volume this energetic region. A
detonation wave forms within 3 mm from this energetic region and
travels down the DT at a speed which varies by no more than 1% of'its
average. Furthermore, this average wave speed was found to be
within 1% of the theoretical CJ speed.

The grid resolution was chosen such that a self-sustaining CJ
detonation wave could persist from the end wall all the way to the
diaphragm. Several grid sizes (0.1, 0.2, 0.3, 0.4, and 0.5 mm) were
tested on a DT. The results corresponding to when the leading shock
has reached 0.1 m are shown in Fig. 3. With coarse grids, a shock
wave propagates but a proper CJ detonation wave is not sustained.
This is seen clearly for grid sizes 04 mm (where
the von Neumann spike is not captured) and 0.5 mm (where the
detonation wave has completely failed). On the other hand, grid sizes
of 0.3, 0.2, and 0.1 mm are able to sustain a detonation wave out to
0.1 m. Atlater times when the leading shock is further down the DT, it
was found that grid sizes of 0.2 and 0.1 mm are capable of capturing
the required detonation to distances beyond 0.5 m, whereas a grid
size of 0.3 mm leads to a failed detonation wave shortly after 0.1 m.
Since L, = 0.5 m represents the tube length for the majority of
calculations covered in this study, a grid size of 0.1 mm was chosen
for all cases. After the detonation wave reaches the diaphragm, such a
fine grid is no longer needed so the number of grid points was
reduced to expedite calculations.

Three reactant mixtures, two divergence angles, and two area
ratios were investigated. Table 3 shows the five test cases. A rather
large nozzle area ratio (¢, = 100) was chosen for four of the five
cases because this represents the upper limit in terms of practical
nozzle area ratios used in rockets. In each case the straight-
tube dimensions (L, = 0.5 m; D, =10 mm) and reactant state
(T, =500 K; P; =1 atm) are unchanged.

The ambient pressure, P, was chosen to match the particular area
ratio and reactant mixture of each case. Pressure matching is different
for DTs and PDEs than it is for steady jet and rocket engines. For
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steady engines, the area ratio is chosen such that the nozzle’s exit
static pressure is equal to the ambient pressure. For unsteady devices
such as the DT, an optimized area ratio for a specific ambient pressure
is more difficult to identify. Barbour and Hanson [13] found the
optimized area ratio, £, as a function of ambient pressure, P, . This
was done by numerically solving the flowfield at the exit of a DT
(without nozzle), and then applying this time-varying solution to
analytically predict the nozzle’s impulse for any combination of area
ratio and ambient pressure. The results were presented using a second
order fit, reproduced here:

2
o=l ()] - ()

where a, =0.02808, a; = —0.4618, and ay, = —0.3482. (This
expression was originally presented in a slightly different form in
Barbour and Hanson [13], but the relation between &, and P, is
faithfully presented using Eq. (4).) The stagnation pressure at state 4,
P4, is the stagnation pressure which exists inside the nozzle during
the period of steady nozzle flow. It is obtained using

2 \&
=)
y+1

where P; is the steady pressure at the end wall and is in turn related to
the static CJ pressure (see, e.g.,[36], § 1.1.4):

c 2y
y—1
Ps :PCJ(_C3)
CJ

The sound speed is denoted by c. The steady sound speed at the end
wall c; is given by:

(C))

(&)

y+1 y—1
C3 = ) CCJ——2 Ugy

where Ugy is the speed of the CJ detonation wave. The polytropic
exponent y is obtained from the CJ sound speed:

2 Lci
=Cq P
cI

Y 6

Notice that because the CJ state is typically at such elevated
temperatures and pressures, the CJ sound speed, ccjy, is the
chemically equilibrated sound speed. This implies that y is not equal
to the ratio of specific heats. All CJ properties (ccy, Ucy, Pcy, ) Were
obtained using STANJAN [37]. Values for y are listed in Table 3.
Note that y is only useful here for evaluating P,,. The numerical
model used for solving the unsteady flowfield does not make use of y.

B. Performance Metrics

The time-varying thrust of a DT is determined by all forces (both
pressure and shear) acting throughout the control volume. These
forces have been broken down into four components: the pressure
force in the straight tube (F§*™), the pressure force in the nozzle
(F5'®*), the shear force in the straight tube (F$'*e"), and the shear force
inthe nozzle (F§"*"). These forces are depicted in Fig. 4. Notice that the
DTisbroken down into two distinct sections: straight tube and nozzle.

The forces are added together to determine the net straight-tube
thrust 7, and the net nozzle thrust 7 ,:

Table 3 Test cases for DT with diverging nozzle; in all cases, L, = 0.5 m, D; = 10 mm,
T,=T,=500 K,and P, =1 atm

Case Mixture Area ratio, &, Divergence angle, y Py, bar P bar P, Pa
04, deg

1 H, + 1/20, 100 12 4.38 2.54 155

2 H, + 1/2air 100 12 3.77 2.16 132

3 C,H, + 30, 100 12 7.39 4.26 265

4 H, + 1/20, 100 5 4.38 2.54 155

5 H, + 1/20, 10 12 4.38 2.54 2800
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Fig. 4 Breakdown of forces in DT with diverging nozzle.
T (1) = FI™ (1) + F* (1) @

T ,(1) = Fi™ (1) + F (1) ®)

Once the net thrusts are determined they are integrated to obtain the
straight-tube impulse /; and the nozzle impulse /,:

I, = /Tg(t) dt )

I = / T, (0 dr (10)

where integration ends when the end-wall pressure has reached P .
Overall impulse is the sum of two preceding impulses:

I=1,+1, (11)

Finally, we are interested in comparing the impulse in the presence of
losses, I, with the ideal impulse, /4. The impulse efficiency is
defined as

1
r]lmpulsc = Iideal
and is the metric used to evaluate the various DT losses. In all cases
Ligea 18 achieved by setting ¢” = 0 (no heat transfer), 7, =0 (no
friction), and #.,.,, = 10 s (chemical equilibrium; see Sec. IL.C).

C. Losses Because of Chemical Nonequilibrium
1. Time-Varying Forces

Losses due to CNE are investigated in this section. Heat and
friction are ignored (¢” = t,, = 0). It was found that departures from
equilibrium chemistry in the straight tube were negligible, and,
therefore, the effects of finite-rate chemistry on the straight-
tube force F}°* were also small. This is consistent with the findings
of Mattison et al. [27], who showed that the gases in a simple
straight DT are in chemical equilibrium (C,H,; + 30,, P; =1 atm).
Therefore, the simulations in this work were performed with CE in
the straight tube. Both CE and CNE were considered in the nozzle.

Figure 5 shows the force histories for case 1. Panel (a) contains the
straight-tube force, F¥*, and panel (b) contains the nozzle force,
FS]'BSS.

Panel (a) shows the time-varying force from the straight tube. At
approximately 0.2 ms the diaphragm breaks. This is accompanied by
a sudden rise in force. The reason for this rise is that while the
detonation wave is traversing the straight-tube there is a negative
thrust surface provided by the diaphragm, so the force increases from
A (P; — P)) to A,(P; — P,,) after the diaphragm breaks. (A, is the
cross-sectional area of the straight tube.) Panel (a) shows that altering
the chemistry in the nozzle does not affect the straight-tube force
history (the solid and dashed lines are indistinguishable from each
other). This is expected based on the finding of Owens and Hanson
[12] who showed that even a purely diverging nozzle in a DT is
choked, meaning that the straight-tube flowfield is unaffected by
what happens in the nozzle.

Panel (b) shows the time-varying forces from the nozzle. As the
Taylor wave passes through the nozzle, the nozzle force rises to
nearly 70 N and then falls. It reaches a steady state which persists
between 0.3 and 0.8 ms, after which the nozzle blows down. (See

T T T T T T
70 - —— CE everywhere 1
= - - - CE in straight-tube; CNE in nozzle
'-2_‘ 60 | i
§a diaphragm breaks
W 50t i
8" steady end-wall force (state 3)
S 40 ]
[T
8
S 30 g
o le end:
= cycle ends
E 20 E
o
»n 10+ B
0k 4
1 1 1 Il 1 1 1
0.0 0.5 1.0 1.5 2.0 25 3.0 35 4.0
Time [ms]
a)
T T T T T T T
70 1 —— CE everywhere 7
- - - CE in straight-tube; CNE in nozzle
_, 60f B
&
5 50 steady nozzle force (state 4) -
s e
& 40
< L i
S shock appear at nozzle
£ 30f exit and begins 4
o moving upstream
N 20}
o)
P4
10 |
0
1 1 1 1 1 1 1
0.0 0.5 1.0 1.5 20 25 3.0 35 4.0
Time [ms]
b)

Fig. 5 Force histories for case 1 showing losses due to CNE. Panel (a):
straight-tube force. Panel (b): nozzle force. CNE is allowed only in the
nozzle. Shear forces and heat transfer are zero.

Barbour and Hanson [13] for more details on the nozzle thrust
behavior.) The figure clearly shows an effect from finite-rate
chemistry on the nozzle force, which in turn reduces the nozzle
impulse, /,,. The reason for this can be understood in terms of heat
release. At typical CJ conditions there exists large amounts of O, H,
H,, OH and (for hydrocarbons) CO. All of these species can
recombine when they cool to the more familiar combustion pro-
ducts H,O and CO,. This recombination releases heat, raising the
temperature and pressure, and consequently thrust and specific
impulse. If expansion takes place quickly enough so that these
species remain frozen this additional heat is not released and
performance suffers. Further details on the theory can be found in
Vincenti and Kruger [38] (section 8) or Penner [39] (section 3).
Table 4 summarizes impulse results for all cases.

2. Discussion

A few key conclusions can be gleaned from Table 4. First, we
notice that for the same nozzle geometry the H, /O, mixture (case 1)
and C,H, /O, mixture (case 3) suffer similar losses (9%), whereas the
H,/air mixture (case 2) suffers a much smaller loss (2%). Note that
H,/air combustion takes place at much lower temperatures than
H,/0, and C,H,/0O, combustion, which would lead to the expec-
tation that the H,/air mixture should be more susceptible to CNE
than the H,/0O, and C,H,/O, mixtures. Although this is true, the
reason for the small losses with H, /air is that the heat released by
chemical recombination in the nozzle must go into raising the
pressure and temperature of all products, including nitrogen. In
other words, dilution from inert nitrogen reduces the relative effect
of chemical recombination. For mixtures which do not contain
nitrogen, there are more radicals with the potential for heat release in
the nozzle. While studying CNE effects in scramjets, Sangiovanni
et al. [[40], Table 3 (C; = 0.988)] also observed only very small
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Table 4 Results of CNE loss (see Table 3 for a description of each case); heat transfer and friction are zero throughout

No losses Losses in nozzle
Straight tube, I, Nozzle, I, Total, I, Straight tube, 7, Nozzle, I, Total, I, Impulse
N-ms N-ms N-ms N-ms N-ms N-ms efficiency,

7’)impulse

Case (2) (b) (c) =(a) + (b) (d) (e) ) =(d)+ () )/
1 29.4 18.22 47.6 29.4 14.22 43.5 0.91
2 34.5 14.3 48.8 34.5 13.5 48.0 0.98
3 62.3 38.8 101 62.3 30.0 92.3 0.91
4 29.7 18.5 48.2 29.7 14.7 444 0.92
5 29.0 9.65 38.7 29.0 8.06 37.1 0.96

“For case 1, a shock entered the nozzle when losses were absent but did not when losses were present. For the sake of comparison, therefore, impulse integration was terminated early at

t = 2.5 ms, both with and without losses.

thrust losses (~1%) associated with chemical recombination of the
H, /air products.

Next we consider the effect of elongating the nozzle by comparing
a divergence half-angle of 12 deg (case 1) with a half-angle of 5 deg
(case 4). The reason for elongating the nozzle is to provide a longer
residence time to the gases, thus giving more opportunity for
chemical recombination to take place. Indeed, we find that the perfor-
mance improves for the 5 deg nozzle, but this improvement is only
marginal (8% for 5 deg vs 9% for 12 deg). The implication is that it
may be impossible to avoid losses by finite-rate chemistry for nozzles
of practical divergence angles and lengths.

Finally, we consider the effect of reducing the area ratio, which
would be required in practice for either higher ambient pressures or
lower reactant pressures. Case 1 has an area ratio of 100 and an
ambient pressure of 155 Pa, while case 5 has an arearatio of 10 and an
ambient pressure of 2800 Pa. By considering a higher ambient
pressure (and thereby a smaller area ratio) the losses are reduced
from 9% to 4%. This is because the pressures and temperatures
encountered in the &, =10 nozzle are not as low as those
encountered in the ¢, = 100 nozzle, and so departures from chemical
equilibrium are not as great for e, = 10.

D. Losses Because of Heat Transfer and Friction
1. Time-Varying Forces

The same cases defined in Table 3 were simulated again, this time
allowing losses by heat transfer and friction. Chemical equilibrium
was imposed in all cases. Recall that the preceding section only
considered losses in the nozzle. In the case of heat transfer and
friction, however, it is known that these losses can play an important
role in reducing the impulse of a simple straight DT [8,9]. Thus,
calculations in this section were performed for (i) ideal flow in
straight tube/ideal flow in nozzle, (ii) ideal flow in tube/losses in
nozzle, and (iii) losses in tube/losses in nozzle. The results were used
to determine the relative role of losses from the straight tube, versus
losses from the nozzle.

Figure 6 shows the force histories for case 1. Panel (a) contains the
straight-tube pressure force (F5**) and shear force (F$'**"). Panel (b)
contains the nozzle pressure force (Fy) and shear force (F§ear),
The force histories corresponding to ideal flow are identical to the
ideal flow results in Fig. 5.

Panel (a) shows the time-varying straight-tube forces. As with
CNE-induced losses of Sec. IIL.C, heat transfer and friction losses
which occur in the nozzle do not affect the straight-tube flowfield.
When losses in the straight tube are allowed, the pressure force
decays and the shear force becomes nonzero. We see that losses in the
straight tube lead to a large drop in straight-tube impulse, /.

Panel (b) shows the time-varying nozzle forces. Note that when
only nozzle losses are allowed, the change in pressure force (F ™) is
so slight that the effect cannot be resolved in the figure. This is
because the static pressure is largely unaffected by losses. This may
seem unexpected, but can be explained by appealing to Rayleigh and
Fanno flow theories (see, e.g., [41]). Rayleigh theory (which deals
with heat transfer in the absence of friction) predicts that the Mach
number moves away from unity for heat loss, while Fanno theory

(which deals with friction in the absence of heat transfer) predicts that
the Mach number moves toward unity. These Mach number trends
result in a static pressure drop from Rayleigh flow (heat transfer) and
a static pressure rise from Fanno flow (friction). The net result can
therefore be either a drop or arise in F; . In fact, the data actually
exhibit a very slight increase in F;, > (not discernible in the figure).
However, this does not imply improved nozzle performance (which
would be a violation of the second law of thermodynamic) since now
the shear force F$'* is nonzero. The net effect is a drop in nozzle
thrust 7 ,,. Finally, we see that when losses from the straight tube are
also included, these exacerbate losses in the nozzle by severely
reducing the pressure force (gray line).

Table 5 summarizes impulse results for all cases. Note that each
value for impulse (I, 1,, and I) contains both pressure and shear
contributions, as per Egs. (7-11).

T T T T T T
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Fig. 6 Force histories for case 1 showing losses due to heat transfer

and friction. Panel (a): straight-tube forces. Panel (b): nozzle forces.
Chemical equilibrium is used in all calculations.
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2. Discussion

The preceding table has two columns listing the impulse efficiency
Nimpuise- WE start by focusing on the simulations which include only
losses in the nozzle, i.€., Nimpuise in section (i) of Table 3. The losses
for the three mixtures (cases 1-3) are all quite similar (4-5%), unlike
the results of the CNE calculations which showed very different
losses depending on whether or not nitrogen was included. When the
divergence angle is reduced (case 4), the losses are enhanced (11%
for 5 deg vs 5% for 12 deg). This is because a smaller divergence
angle corresponds to a longer nozzle, and such a nozzle has more
surface area for friction and heat transfer to act upon. Recall from
Sec. lII.C that lengthening the nozzle has the effect of reducing CNE-
induced losses, so this represents a tradeoff between CNE losses
and heat/friction losses. However, the improvement in CNE-induced
losses observed by lengthening the nozzle was marginal. Thus,
a shorter nozzle should be preferred from the point of view of
minimizing heat transfer and friction losses. Finally, a nozzle with a
smaller area ratio (case 5) has smaller losses (3%) than anozzle with a
larger area ratio (5%, case 1). As was the case for the divergence
angle, this improved performance is due to a reduced surface area.

Next we turn our attention to simulations which include losses
both in the nozzle and the straight tube, i.€., Nimpuise 10 section (iii) of
Table 5. In general we find that these losses tend to be much larger
than the losses which occur from the nozzle alone. This implies that
diverging nozzles play only a small role in overall DT losses from
heat transfer and friction. It is also worth noting that the largest losses
come from the H,/air mixture (case 2). The reason for this is two
fold. First, the end-wall pressure P; is lower for H,/air than for
the other mixtures (see Table 3), which leads to a more pronounced
loss as this force decays. Second, the sound speed throughout the
products of H,/air is quite low (due to the low combustion tem-
peratures), and this results in a prolonged blowdown which in turn
allows more heat to be lost. These large losses for H,/air will be
encountered again when exploring converging nozzles.

E. Predicting Losses Using a Steady Nozzle

This section describes how an estimate of losses from a DT’s
diverging nozzle can be made using a steady nozzle assumption. We
do so by appealing to the steady nozzle flow which exists in aDT (see
Fig. 5bbetween 0.3 and 0.8 ms). This steady flow was derived by the
authors in a previous work [13] and was labeled state 4. We now use
state 4 as the choked inlet of a steady diverging nozzle and evaluate
losses for the five cases listed in Table 3. The stagnation pressure at
state 4 is listed in Table 3 for each mixture. The static pressure at state
4 can be derived using Eq. (5):

2 \i4
P,=——]) P;
y+1

The remaining variables are obtained by isentropically
expanding from the CJ pressure to P, using an equilibrium
calculator (e.g., STANJAN [37]). For example, state 4 for H, +
1/20, (P, =1atm; T, =500 K) consists of the following:
P, =147 bar, T,=3093 K, p,=0.0866kg/m?, u,=c,=
1375 m/s, and h, = —0.648 MJ/kg. The stagnation enthalpy is
h° = hy + 1/2u3 = 0.297 MJ/kg. For an inlet diameter of 10 mm,
the mass flow rate is m = 0.00935 kg/s.

Having established the relevant inlet state to the nozzle, it is now
necessary to find the exit state. For anozzle without losses this is done
quite easily by iteratively expanding the gas from P,, evaluating the
arearatio, and repeating until the desired area ratio is reached. For the
H, /0, mixture considered in the preceding paragraph, we expand to
P.,;y = 263 Pa. Using STANJAN this corresponds to 0. = 2.81 -
10~* kg/m?® and h.y = —8.71 MJ/kg. By keeping the stagnation
enthalpy constant, we find u,;, = 4244 m/s. Using py, Uy, Peyir> and
Uy the area ratio is computed as e, = 100, the desired value for case
1. If the flow is not ideal (i.e., if CNE, heat transfer or friction are
present), then the equations of mass, momentum, energy, and species
must be integrated from state 4 to obtain the nozzle exit state. See
Cooper [42] (chapter 6) for solving nozzle flow with finite-rate

Table 5 Results of heat transfer and friction (see Table B for a description of each case); chemical equilibrium is enforced throughout

(iii) Losses in nozzle and straight tube

(ii) Losses in nozzle

(i) No losses

Nozzle, I,,, Total, I, Straight tube, 7, Nozzle, I, , Total, I, Impulse Straight tube, I, Nozzle, I, , Total, I, Impulse

Straight tube, I ,

N-ms N-ms N-ms N-ms N-ms efficiency, N-ms N -ms N - ms efficiency,

N-ms

nimpulse

nimpulse
/()
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chemistry, and Oosthuizen and Carscallen [41] (chapter 11) for
solving nozzle flow with heat transfer and friction. For the case
of finite-rate chemistry, we obtain P, = 145 Pa and u.;=
3972 m/s.

With the exit state in hand, the thrust of the steady nozzle is
obtained using the following equation:

Tsteadynozzle = M - Ui + Aexit (Pexit - Poo)

Recall that the nozzle is not pressure matched, since this would
disturb the optimized DT performance. Taking the ambient pressure
obtained from Eq. (4) (i.e., P, = 155 Pa), the ideal steady nozzle
thrust works out to 40.5 N for the H, /O, example being considered
here. In the case of CNE, the computed thrust is 37.1 N.

An important observation is now made: by taking the ratio of
nonideal thrust to ideal thrust for the steady nozzle (i.e.,
37.1 +-40.5=0.92), we nearly recover the ratio of nonideal
impulse to ideal impulse for the DT, i.e., 0.91 (Table 4, case 1). The
latter has already been termed the impulse efficiency, impuise, and the
former is now termed the thrust efficiency, 1y, Because state 4
persists for a sufficient amount of time during the DT blowdown,
losses in impulse from the unsteady DT can be approximated using a
steady nozzle with an inlet state equal to state 4. In other words,
nimpulse ~ Nthrust

Figure 7 compares mippuise With 7y for all five cases. Finite-rate
chemistry losses are shown using open symbols, and heat/friction
losses are shown using closed symbols. The values for 7;ypu are
taken from Tables 4 and 5 [section (ii)]. The values for 7y
are calculated from steady nozzle flow. Losses from the straight tube
are neglected throughout. We see that there is excellent agreement
between the two efficiencies.

The huge computational savings of using this steady nozzle
approach allows easy estimation of DT nozzle losses over a wide
range of conditions. For example, rather than restricting ourselves to
a few combinations of 6, and ¢,, steady nozzle calculations can be
easily performed to estimate losses over a wide range of geometrical
configurations. One could also depart from the conical nozzle shape
adopted here in favor of, for example, a deLaval nozzle. Different
fuels and equivalence ratios can also be easily explored. In addition,
reduced chemical mechanisms can be abandoned in favor of com-
plete mechanisms.

IV. Converging Nozzles

The preceding section dealt exclusively with purely diverging
nozzles. These types of nozzles were able to incur two types of
losses: 1) CNE losses due to the freezing of combustion products, and
2) heat/friction losses which act along the nozzle walls. This section
will focus on a converging nozzle. Converging nozzles are important
for maintaining a particular state in the PDE combustor during
refresh. Because pressures and temperatures are still quite high in a
converging nozzle, CNE losses are not expected to be important and
are therefore ignored here. Therefore, heat transfer and friction will
be the focus of this section.

The same mixtures which were explored in the context of
diverging nozzles will again be investigated here. However, a
different approach will be taken for the DT geometry. The mech-
anism for heat/friction loss from a DT with a converging nozzle is
different from a DT with a diverging nozzle. The diverging nozzle
provides extra surfaces at which losses can occur. Converging
nozzles, however, tend to be quite short and, therefore, are not
expected to directly contribute much to losses. Rather, the con-
verging nozzle acts to increase the residence time of hot moving
gases inside the straight tube by restricting the outflow. This effect
in turn enhances the losses from the straight tube. For example,
Cooper and Shepherd [10] measured impulse using a ballistic
pendulum and observed a 27% drop in impulse when a converging
section was added. They attributed some of this to enhanced heat/
friction losses resulting from the prolonged blowdown. Thus, in this
section the nozzle geometry will be fixed and the straight-tube
geometry will be varied.
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Table 6 Impulse efficiency for DT without nozzle;
L;=0.5 m and D; = 10 mm

No losses With losses
Straight tube, 7, Straight tube, I, , Impulse
N-ms N-ms efficiency,

nimpulse

Mixture (a) (b) (b)/(a)
H, + 1/20, 18.6 14.6 0.78
H, + 1/2air 20.9 14.5 0.69
C,H, + 30, 46.4 38.1 0.82

A. Problem Setup

The conditions in this section are mostly the same as for the
diverging nozzle calculations. The initial state is P; =1 atm and
T, =500 K, and the wall temperature is 500 K. The ambient
pressure is P, = 1 atm. The DT setup is shown in Fig. 8. The
subscript ¢ is used to denote converging, asin L, ., €., and 8,.. Again,
reactants are initially to the left of the diaphragm, and air is to the
right. The reactants are ignited at the end wall. As with the diverging
nozzle, the grid resolution was 0.1 mm before the detonation wave
reached the diaphragm and made coarser thereafter. Because of the
high T and P, chemical equilibrium is imposed throughout.

The nozzle has a converging area ratio, ., of 3. This area ratio is
equal to that of well-known rocket engines, such as the RL-10 and
the SSME (see [43], Table 11.4). The ratio of the nozzle length
to straight-tube diameter, L, ./ D;, has a value of two for all configu-
rations so that there are enough grid points in the nozzle.

B. Varying Geometry

We begin by varying L,/D; (which is known to be an important
determinant of losses [8]) and L,. Figure 9 shows the impulse
efficiency over a range of L,/ D, both without and with the nozzle.
The length of the straight tube L is 0.5 m in panel (a) and 1 min panel
(b). Calculation results are represented by solid lines. These are
extrapolated down to L;/D, = 0 with dotted lines.

For the straight tube (black lines) we see that the losses increase
linearly as L,/ D, increases, as was also observed by Radulescu and
Hanson [8]. By adding the nozzle (gray lines), more losses are
experienced at all values of L,/D;, and the line shifts down. This
added loss is approximately 5% in all cases, which means that for
L,/D, ~ 10 the losses are doubled when the nozzle is added.

Notice that the impulse efficiency is much more sensitive to L,/ D,
than it is to L. This is true for both the straight tube and the straight
tube with converging nozzle configurations. In the case of the
straight tube without nozzle, the flowfield is self similarin L,/ D, [8].
By adding the nozzle the flowfield is no longer self similar, but we
see that L;/D, remains the most influential factor in terms of
determining heat/friction losses.

C. Varying Mixture

The following two tables show results for each of the three reactant
mixtures. Table 6 shows the effect of losses on a DT without nozzle.
Table 7 shows the effect of losses on a DT with converging nozzle.

By comparing the two tables we can see the effect that adding the
nozzle has on losses.

The losses with a mixture of H, /O, and C,H, /O, are quite similar
to each other, and adding a nozzle has a similar effect on both
mixtures (~5% additional losses). On the other hand, the mixture of
H, /air leads to noticeably more losses, and the addition of a nozzle
incurs the greatest drop in impulse (14% additional losses). The
reasons for these enhanced losses for H,/air are the same as in
Sec. LD which addressed diverging nozzles: H, /air has a lower Ps,
which exacerbates the pressure decay at the end wall; furthermore
this mixture has a reduced sound speed, which prolongs the cycle and
provides more time for energy to be lost.

V. Conclusions

This paper described simulations which were designed to
investigate the effects that nozzles have on DT losses. First, diverging
nozzles were considered, and losses arising due to CNE, heat
transfer and friction were quantified. Next, converging nozzles were
considered, and heat transfer and friction losses were quantified
(CNE losses being assumed negligible).

Losses from CNE occur because of the suppressed chemical
recombination. Losses from heat transfer and friction take place at
the walls; the diverging nozzle itself leads directly to losses, whereas
the converging nozzle traps gases inside the straight tube which itself
experiences greater losses as a result.

In the case of CNE losses the important findings included 1) losses
are ~10% for O, mixtures, 2) losses are unimportant for air mixtures,
3) lengthening nozzle improves performance only slightly, and
4) losses are greatest for large ¢,. In the case of heat transfer and
friction losses, the important findings included 1) losses are ~5% for
O, mixtures, 2) losses are ~15% for air mixtures, 3) losses are
sensitive to length of diverging nozzle, and 4) losses are greatest for
large ¢,;.

Thus, CNE losses are expected to be the dominant loss mechanism
for rocket PDEs, whereas heat transfer and friction the dominant loss
mechanism for air-breathing PDEs.

Additionally, it was shown that steady nozzle calculations can
reliably predict the magnitude of losses experienced by a DT’s
diverging nozzle if state 4 is used for the steady nozzle’s inlet.
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