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ABSTRACT

This research quantifies the evolution of pressure for fast burning regimes characterized by various de-
grees of compressibility and involving turbulent flames and shocks. The experimental exploration is con-
ducted in a Turbulent Shock Tube facility, where the level of flame compressibility is controlled by vary-
ing the equivalence ratio of the hydrogen-air mixture. High-speed particle image velocimetry, chemilumi-
nescence, schlieren, and pressure measurements are simultaneously acquired to capture the rise in stag-
nation pressure for various regimes from fast flames to shock-flame complexes. The pressure and velocity
measurements are used to analyze combustion regimes on the Rankine-Hugoniot diagram that shows the
flame-driven compression for a range of fast flame conditions evolving toward detonation onset. Various
levels of compression are dependent on the level of shock-flame coupling and flame velocities. Lower
degrees of compressibility show 52% efficiency of an ideal ZND cycle with 40% thermal efficiency, while
shock-flame complexes are shown to produce 81% of the work produced by an ideal ZND cycle with 53%

thermal efficiency.

© 2021 Published by Elsevier Inc. on behalf of The Combustion Institute.

1. Introduction

While any combustion process that produces an increase in
stagnation pressure can be characterized as pressure-gain combus-
tion (PGC), this technical term usually refers to free-flow com-
bustion or specific types of combustors for propulsion applica-
tions, and excludes combustion in mechanically confined systems,
such as piston engines. Pressure gain combustion is a highly de-
sired form of combustion for propulsion applications due to the
higher thermodynamic efficiency, potential for reduced emissions,
and thrust capability [1]. There are various ongoing studies char-
acterizing PGC devices in the form of rotating detonation en-
gines (RDE) [2-7] and pulse detonation engines (PDE) [8-11]. These
detonation-based engines exhibit rapid burning rates, which may
result in more compact and efficient propulsion systems. However,
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the unsteady nature of detonation-based cycles presents a signif-
icant challenge for practical implementation, system integration,
and characterization [1]. One of the outstanding challenges is the
quantification of pressure gain for a given burning mode, whether
it is a detonation, or other supersonic burning regimes, such as
a fast flame or a shock-flame complex. Quantifying pressure gain
requires simultaneous measurements of velocity, static pressure,
temperature, and knowledge of the gas composition. Experimen-
tal measurements of each of these parameters have been indepen-
dently explored [3,12-15], but an accurate and reliable measure-
ment of pressure gain is still yet to be achieved. Quantifying the
total pressure rise for these systems is crucial prior to assessing
the potential performance and thrust benefits that can be obtained
from the integration of a PGC device in a propulsion system.

The complex nature of PGC devices causes them to operate in
a regime between constant volume and constant pressure combus-
tion. The thermodynamic cycle characteristics of a detonation are
similar to those of constant volume combustion, where the heat
addition process is tied to a pressure increase on the pressure-
specific volume (P-v) diagram [1]. However, the question still re-
mains of how transient fast flame regimes behave. These regimes
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may occur when the operating conditions are not ideal, and the
detonations may periodically fail and reignite. There have been ob-
servations of fast flames generating pressure rise before detona-
tion onset in experiments and numerical simulations [13,16-18].
This pressure rise resulted from the intrinsic instability of pre-
mixed turbulent flames that pulsate and generate pressure waves,
when the flame burning speed approaches the Chapman-jouguet
(CJ) deflagration velocity during a pulsation. The pressure build-
up may eventually lead to the deflagration-to-detonation transition
through the runaway mechanism described in [19-21].

From a thermodynamic perspective, Vitutthivithayarak et al. ex-
amined the differences between the constant-volume Humphrey
cycle, the Fickett-Jacobs (F]J) cycle based on the CJ detonation
model, and the Zeldovich-von Neumann-Déring (ZND) cycle [22].
The Humphrey and F] cycles do not take into account the energy
increase due to shock compression, only considering heat addition.
The ZND cycle is based on the detonation flow physics, where a
shockwave compresses the material to the ZND state on the in-
ert Hugoniot curve and the exothermic chemical reactions bring
the process to the equilibrium Hugoniot curve. The P-v diagram
representing the ZND cycle is still an approximation since it as-
sumes that shock compression proceeds along the inert Hugoniot,
and the expansion producing useful work starts at the ZND point.
If the P-v diagram is plotted using static pressures, then it also
does not consider the kinetic energy of the material in the detona-
tion wave. Nevertheless, the ZND cycle is considered more accurate
in representing detonations than Humphrey and FJ cycles and is of-
ten used to analyze the thermodynamic efficiency of detonations.
It is important to note that the Humphrey and F] cycles are ther-
modynamic cycles, which deal with the complete system, whereas
the ZND cycle focuses solely on the combustion process. Thus, we
model the fast flames presented in this work based on the ZND cy-
cle which focuses on the combustion process and not the complete
system.

An early study by Oppenheim modeled transient DDT stages
by developing the Q-curve, which represents the locus of post-
flame states [23]. Similarly, Troshin performed a Hugoniot analysis
of several modes of deflagration [24]. Akin to Oppenheim, Troshin
found that an equilibrium adiabatic Hugoniot curve was insuffi-
cient to describe the propagation of an unsteady double discon-
tinuity [24]. Therefore, to model these fast flames, which contain
a double discontinuity (decoupled shock and flame), two Hugoniot
curves must be used: an inert and equilibrium Hugoniot. Recent
studies that performed this modeling analysis have been mostly
computational in nature. Nordeen et al. performed numerical sim-
ulation of an RDE and saw that their P-v diagram based on the
velocity field pathlines agreed with the general model of the ZND
detonation [14]. Schwer and Kailasanath also did a numerical in-
vestigation of RDEs and observed that the thermodynamic cycles
for different pathlineswere geometrically independent of the en-
gine location [2,25]. Kaemming and Paxon used a different compu-
tational and experimental approach to estimate the total pressure
gain in an RDE using Equivalent Available Pressure (EAP) [12]. Their
method derives the ideal EAP (EAPi) by computing the stagnation
pressures at the inlet, combustor entrance, combustor exit, and cal-
culating the net pressure gain across these components. They com-
pared these values with experimental gross thrust measurements
at the combustor exit. Using the thrust equation, they were able
to calculate stagnation pressure and actual EAP. For most of their
cases, the computational and experimental EAP differences ranged
from 1.7% to 8.7%. For combustors operating with small overall
pressure ratios and high loss inlets, the EAP was 15% below EAPi.

From an experimental standpoint, thermodynamic analysis re-
quires simultaneous pressure, velocity, temperature, and compo-
sition measurements, which are difficult to obtain. There is cur-
rently a lack of experimental data characterizing stagnation pres-
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sure rise in fast flames. Recent advances in experimental diagnos-
tics have provided higher-resolution measurements for this analy-
sis. Velocity measurements can be acquired through particle im-
age velocimetry (PIV), which requires consideration of the seed
particle size, field of view, laser sheet, and timing. Implement-
ing PIV in RDEs becomes challenging due to their geometrically
complex configurations [5,26,27]. Measuring static pressure is also
challenging due to sensor survivability in the high temperature
environments, which causes thermal drift, and the need for ac-
curate readings at high temporal resolutions [13,28]. Tempera-
ture measurements have been challenging due to high tempera-
tures behind the detonation front. Recent advances in diagnostics
have utilized tunable diode laser absorption-spectroscopy (TDLAS)
for high-resolution temperature measurements. This measurement
technique consists of passing vertical-cavity surface-emitting laser
beams (VCSEL) through the points of interest and collecting these
beams using a fiber optic [3,29,30]. The actual measurement, how-
ever, represents an integrated line-of-sight value and not a point
measurement. By measuring the H,O absorption, the temperature
can be calculated at discrete points in the flow field. TDLAS mea-
surements still lack the temporal resolution to capture the rapid
transient and extreme gas conditions caused by detonative events.
Measurements also become noisy at post-detonation temperatures,
and thus the calibration becomes less reliable when converting ab-
sorption values to temperature. In this work, temperature is not
measured, and instead it is calculated based on gas dynamic equa-
tions for the equilibrium Hugoniot using other known thermody-
namic properties, such as pressure and velocity.

Since RDEs and PDEs are systems, they may contain inlet and
exhaust components that participate in the overall work or thrust
production. Generally, for these systems, the entire thermodynamic
cycle is analyzed for the pressure gain. However, in this study, we
focus on the specific thermodynamic cycle analysis of the super-
sonic combustion regimes. Flame compressibility results in a pres-
sure rise, which is a key fluid dynamic aspect of this combustion
process. Thus, pressure gain in this paper is attributed to a stagna-
tion pressure increase as a result of the turbulent fast flame pro-
cess and not from a system perspective.

This paper presents the analysis of the evolution of pressure
gain for several flame regimes ranging from low compressibility
to high compressibility, through experimentation in a Turbulent
Shock Tube facility. The flow field for various propagation regimes
of a turbulent fast flame is characterized using schlieren, simulta-
neous high-speed PIV, chemiluminescence, and pressure transduc-
ers. Schlieren is used to highlight key features within the flow be-
fore detonation onset occurs, such as the decoupled shock-flame
structure, and compressed region adjacent to the flame. Velocity
and pressure traces are used to quantify the flow-field behavior
as these fast flames transition toward detonation. An approach for
computing the pressure gain using velocity and pressure is dis-
cussed for these fast flames and shock-flame complexes. The traces
are then characterized further and plotted on a Rankine-Hugoniot
diagram to be compared with the theoretical Hugoniot curves.

2. Experiment and diagnostics
2.1. Experimental facility

Figure 1 shows a schematic of the Turbulent Shock Tube (TST)
facility. The TST is used to explore flame regimes from slow defla-
grations to detonations. The semi-confined facility has a constant
square cross-section of 45 x 45 mm? and includes a 125 mm long
test section with full optical access designed to sustain detonation
pressures and temperatures for laser diagnostics.

The turbulence generator contains a series of perforated plates
with a 58% open area, with the last perforated plate located at
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Fig. 1. Schematic of experimental facility.

550 mm from the closed end, just before the test section. This geo-
metric configuration was the result of extensive experimental test-
ing to achieve the desired flame-turbulence conditions [21,31,32].
A spark plug is mounted at the center axis of the channel at the
closed end.

2.2. Flow control

A timed control system was used to produce a homogenous
mixture of hydrogen and air before ignition. Premixed hydrogen
and air are issued into the facility at low flow rates at atmo-
spheric pressure and room temperature to mitigate flow pertur-
bations in the channel. The fuel and air mixture flow rates are
controlled to attain the desired equivalence ratio in the range
@ = 0.84 - 1.05 £ 0.011. Air is directed through a SMC Pneumatics
#AW20-NO2E-CZ pressure regulator and then into a Dwyer VFA-
6-BV flowmeter. Compressed hydrogen gas is regulated and con-
trolled using a Specialty gases Southeast Inc. #HP-702-125-000-
A regulator and a Dwyer VFA-3-BV flow meter. The air and fuel
flow rates vary in the ranges 28 - 30 4+ 0.25 SCFH and 2.85 -
3.1 £ 0.054 SCFH, respectively. The hydrogen flow rate is corrected
for use on an air calibrated flowmeter (CFH,¢0.26 = SCFHy;); both
hydrogen and air lines merge to premix in one line, which is fed
to the closed end of the facility. The premixed fuel-air mixture is
fed through a solenoid valve into the closed end of the facility for
the fill stage. A BNC Model 575 Pulse/Delay Generator was used to
trigger the valve and initiate the spark plug.

2.3. Experimental procedure

To initiate the facility operation, fuel and air lines are opened
and set to the desired flow rates based on the equivalence ratio of
interest. After a 20 s premixed-reactants fill time, a signal triggers
the 3-way solenoid valve to stop the mixture flow into the tube.
Afterwards, a 4 s wait time allows the mixture to settle, and a sig-
nal triggers the coil and spark plug. The spark-ignited flame near
the closed end propagates through a series of perforated plates,
accelerates, and generates a shock wave that travels ahead of the
flame. As the shock passes through the final perforated plate, it
creates a highly turbulent, heated, but unreacted flow field. The
flame follows the shock and passes through the last plate as an ar-
ray of sonic jets that interact with the turbulent background flow
and create highly turbulent burning conditions downstream of the
plate. Depending on the equivalence ratio, a decoupled shock-flame
structure, coupled shock-flame complex or detonation will be seen
in the test section window.

2.4. Diagnostics

The measurement approach was utilized and documented in
previous work [21,31,32]. Schlieren diagnostics are used to observe
the general characteristics of the regime of interest within the test
section domain. A standard Schlieren Z formation is set up us-
ing two 150 mm diameter parabolic mirrors with focal lengths of
1.52 m. A Photron Fastcam SA-Z camera with 1024 x 1024-pixel
spatial resolution and a 16-bit range depth captures images at a
recording rate of 100 kfps with a resolution of 640 x 280 pixels. A
Nikon lens of focal length 200 mm and f/2.8 is used. The camera
captures the entire viewing window with the spatial resolution of
175 pm/px that corresponds to the pixel-based velocity uncertainty
of +£5.6 m/s [21,31].

Pressure transducers are lined along the test section to capture
the pressure profile, resolve shock strength and velocity, and ac-
quire the static pressure profiles for the turbulent flame regimes
[21,31]. A series of four pressure transducers PCB Model #113B26
are lined along the test section at intervals of 25 mm. The response
time for the transducers is < 1 microsecond. The transducers have
a sensitivity of 10 mV/psi, and the data is acquired at a frequency
of 250 kHz to resolve the post-shock pressure ahead of the flame.
When considering the non-linearity and sensitivity variation, the
resolved static pressure values have an uncertainty of +0.17 atm
(£ 0.011 P/Pg). The transducers are connected to a PCB signal con-
ditioner 482C Series to amplify the voltage signals and then are
routed to a National Instruments DAQ device coupled with Lab-
VIEW control hardware and software. The pressure measurements
are conducted simultaneously with high-speed PIV and OH* mea-
surements [21,31].

High-speed PIV was setup to quantify the local flow-field ve-
locity. A Nd:YAG Lee LDP Dual Head Laser (532 nm, 25 my]) is op-
erated at 40 kHz. The laser sheet is set at the center of the test
section. The premixed flow is seeded with 0.2 um Al,03 parti-
cles [33]. A Photron Fastcam SAZ camera equipped with a Nikon
50 mm and f/1.2 is used for the 40 kHz PIV. The PIV image reso-
lution is 42 pum/pix and processed using DaVis software with 30
step multi-pass method ending with a 16 x 16 pixel interrogation
window and a 75% overlap. This results in a measurement scale
Am = 168 um for a field of view of 44 x 22 mm [21,31]. The mea-
surement scale is half the laminar flame thickness (320 um), and
the ratio of the measurement scale to the approximate Kolmogorov
scale is Aj/A; ~ 20-100. DaVis uncertainty quantification resulted
in a peak velocity uncertainty that is less than 5 m/s. The cen-
terline velocity along the axial distance is used for the analysis of
the velocity profiles. Simultaneous OH* signal is also acquired us-
ing a Photron Fastcam SAZ camera with a 50 mm and f/1.2 Nikon
lens for the flame spatial location. The OH* camera is operated at
40 kHz with a resolution 156 pum/pix [13,21,31,32,34-36].
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flagration, (c) coupled shock-flame complex, and (d) detonation. Measurement scale
for x- and y-axes is given in mm.

3. Results and discussion
3.1. Flame characterization

In the exploration of pressure rise, various regimes - from tur-
bulent compressible fast flames to detonations -are achieved by
controlling the equivalence ratio in the range 0.84-1.05. These
four regimes are classified as: shockless fast deflagration, shock-
inducing fast deflagration, coupled shock-flame complex, and deto-
nation. Figure 2 displays high-speed schlieren images of the four
regimes. The images are constructed using 2 frames: a frame
with the leading shock and another frame showing the post-shock
flow field during the same run. The time separation between the
two frames is 10 ws. Though regimes in Fig. 2 were observed in
four different experiments with different equivalence ratios, these
regimes can also occur in a single experiment as consecutive stages
of the flame acceleration process that eventually leads to a detona-
tion. By varying the equivalence ratio, we allowed different stages
of flame acceleration to occur within the test section. This allows
us to observe all these stages close to the perforated plate, with-
out any significant influence from the channel walls that could be
expected for flame evolution in longer channels. We did observe
the actual flame evolution in each experiment, but it was relatively
short, limited by the length of the optical window, and did not
necessarily show the transition from one regime to another. Be-
low, we often describe burning regimes as consecutive stages of
flame acceleration as if it occurs in one experiment, but we refer
to data from multiple experiments summarized in Figs. 2-5. The
terms “shockless” and “shock-inducing” describing fast flames in
Fig. 2a and 2b are not related to the leading shock, which was
transferred through the perforated plate, but rather to the ability
of turbulent flames to generate new shocks. For clarity, flow re-
gion labels (I) - (V) were added in Fig. 2b to denote initial state
(atmospheric pressure and room temperature 297 K), shock-jump
state, transient region between the leading shock and compressed
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region, compressed region, and flame, respectively. The flame re-
gion here is a turbulent flame brush that separates the unreacted
gas in the compressed region, created by the flame itself, and the
combustion products downstream of the flame. Both reactants and
products are present in the flame region, and the average product
concentration and gas temperature increase with distance from the
compressed region.

The shockless fast deflagration (Fig. 2a) is characterized by a
large separation between the flame and the leading shock. The
flame is highly turbulent, but it generates only weak compression
waves. This burning mode is akin to constant pressure deflagra-
tions exhibited in Brayton cycle engines, which will be discussed in
Section 3.3. As the flame accelerates further, it reaches the shock-
inducing fast deflagration regime (Fig. 2b), where the separation
distance between the leading shock and flame begin to decrease,
and stronger compression waves are formed. In this regime, the
turbulent flame burning speed (Sy) approaches the CJ deflagration
velocity (S¢), where Sy is defined relative to the unburned mate-
rial just ahead of the flame, and Sg is the maximum steady-state
deflagration speed [18,21]. This results in rapid flame acceleration,
which produces more compression waves to create a compressed
region within and immediately ahead of the flame brush. This re-
gion of compression is essentially a new shock that is clearly de-
tected in experiments with fast turbulent flames in this regime.
Once St > Sg, the flame continues to rapidly accelerate in the run-
away regime, producing shocks and strengthening the compressed
region. As the compressed region develops, it becomes more pro-
nounced and eventually it merges with the leading shock forming
a coupled shock-flame complex (Fig. 2c). This regime is character-
ized by both the shock and flame front propagating at the prod-
uct speed of sound. The flame continues to generate compression
waves that quickly reach the leading shock and amplify it. Some
of these waves are oblique and form a cellular-like pattern in the
compressed material between the flame and the leading shock. As
detonation onset occurs (Fig. 2d), CJ detonation conditions are at-
tained, and the detonation triple point structure becomes more ap-
parent. Note that the nascent detonation seen in Fig.2d is initially
overdriven with typical cell sizes much smaller than the average
cell size of = a freely propagating detonation in Hy-air mixtures at
& = 1.05, which is on the order of 15-20 mm [37,38].

By acquiring the shock and flame front propagation velocities
(displacement speeds), the regimes shown in Fig. 2 can be distin-
guished quantitatively. Note that these propagation velocities are
acquired from the schlieren measurements along with flame ve-
locity from OH*. Figure 3 shows the regime classification based on



H.M. Chin, J. Chambers, J. Sosa et al.

1200 ————————————————
[ —o-084 ]
- ®=0.87 Leading shock 1
1000 g: 8-231 location p
200 :_ —&=0.97 \ _:
e I ]
E 600N AN T e -
= F 1
- Compressed 4
4“0 eglon =
200 | : 1
0 E ;I PO FO (I .JI

300 200 100 0

X (mm)

Combustion and Flame 234 (2021) 111641

600 T T T
— =084

=087

500 $=0091

TTT T T T T T[T A T[T T T T[T T T T T
PR T BTN TN T T SN TN SN U N UNE SO0 O A [N U O A N Y A

0|||I..|l|||I|||I||.

100 80 60 40 20 0 -20
X (mm)

Fig. 4. Gas velocity profiles for various regimes. (Left) All profiles (Right) Zoomed in profiles near the leading shock for & = 0.84-0.91.

the equivalence ratios, as well as shock and flame propagation ve-
locities. For the shockless fast deflagration (& = 0.84), the weak
shock is transmitted through the last perforated plate and propa-
gates faster than the flame. For the shock-inducing fast deflagra-
tions (0.85 < ® < 0.93), the transmitted shock remains at some
distance ahead of the flame but propagates slower than the flame.
Both the flame and shock velocities increase with @, and the flame
reaches the product sonic velocity (Cp,) at ® = 0.94, where it be-
comes choked and the shock-flame complex begins to form. The
choked flame cannot propagate any faster, but the leading shock
continues to accelerate and reaches C, at ® = 0.97. At this point,
the shock-flame complex is formed. Since the shock and flame in
this regime are loosely coupled and propagate with the same ve-
locity close to Cp, below the ideal detonation velocity D.

3.2. Pressure and velocity evolution

Gas velocity and pressure measurements are used to quantify
the local regime behavior relative to CJ conditions. The gas velocity
profile (U) in Fig. 4 is taken along the centerline of each PIV frame.
The shock speed (Ug,) is used as an anchor to calculate the spa-
tial evolution between each frame, Ax = (Uy, — U)At. The center-
line velocity profiles summarized in Fig. 4 for various regimes start
from the leading shock that propagates from left to right. Profiles
are shifted to the same shock position at x = 0.

The shockless and shock-inducing fast deflagrations (® = 0.84,
0.87, 0.91) all have leading shocks propagating at approximately
Mach 2 in the stationary coordinate system. The Mach number for
these cases is determined from the pressure transducer measure-
ments and confirmed with the shock tracking from the schlieren
imaging in combination with the known upstream gas temper-
ature. As the flow moves toward detonation onset, the shock
strength, and thus shock velocity increases. For ® = 0.84 and 0.87,
the gas velocity (U) immediately after the leading shocks tapers
off and then abruptly increases again across the compressed and
flame regions to 300 and 400 m/s, respectively. Both peaks (shock-
jump and compressed region) for ® = 0.84 exhibit similar velocity
magnitudes, however, for shock-inducing deflagrations (& = 0.87
and 0.91), the flow velocity in the compressed region is noticeably
higher than flow velocity behind the leading shock, which indi-
cates flame acceleration. The @ = 0.91 case has a slightly stronger
shockwave (Mach 2.3), and the post-shock flow velocity tapers
similarly to the & = 0.84 and 0.87 cases. The compressed region
is a plateau 80 - 110 mm behind the leading shock and exhibits
a larger increase in the flow velocity. When the shock-flame com-

plex regime is observed (® = 0.94, 0.97), the gas velocity behind
the shock remains nearly constant (U = 670 - 770 m/s) for a short
distance before gradually decreasing.

Pressure profiles shown in Fig. 5 are reconstructed from the
pressure recorded by transducers as functions of time, and also
using the velocity profiles shown in Fig. 4. Pressure traces are all
shifted to the same location of the leading shock, and normalized
by the initial pressure, i.e., 1 atm. For ® = 0.84, two pressure peaks
are evident, indicating the leading shock and compressed region.
The second peak reaches ~ 5P; at 260 mm behind the leading
shock. Cases & = 0.84, 0.87, and 0.91 exhibit similar leading shock
strengths, and pressures close to the leading shock (< 50 mm) are
close in all three cases. Recall that these shocks propagate at ~
Mach 2, which results in a theoretical pressure ratio of P/P; ~ 4.5.
This matches with the experimental shock pressure ratios shown
in Fig. 5b.

The differences between cases ® = 0.84, 0.87, and 0.91 cases
lie within the secondary pressure peaks generated by the stronger
compression. For & = 0.87, the compressed region reaches ~ 6P,
130 mm after the initial shock. As the leading shock intensity in-
creases (® = 0.91), the shock-jump pressure (Region Il in Fig. 2b)
becomes 5.6P; (theoretical P/P; ~ 6 for Mach 2.3 shock), and com-
pressed region also reaches a higher pressure ~ 9P; at 100 mm af-
ter the initial shock. This highlights how the compression increases
when an unstable flame accelerates and catches up to the leading
shock. As the fast deflagration reaches the shock-flame complex
regime, the shock and compressed region peaks start to couple to-
gether (® = 0.94, 0.97). Although these cases cannot be considered
C] detonations, there is a significant amount of pressure rise as the
peaks (14P; and 20P;, respectively) approach the von Neumann (or
ZND) pressure (theoretical P,y = 29P;). This indicates that for a
shock-flame complex propagating at 0.5D¢, the peak pressure can
reach 0.7P,.

3.3. Rankine-Hugoniot analysis

To characterize the pressure gain, we consider the ZND model
as well as the Hugoniot curves (shock and equilibrium ones). The
Rankine-Hugoniot relations derived from combining the conserva-
tion of mass, momentum, energy, and ideal-gas law include the
equations of the Rayleigh line and the product Hugoniot

LIV (1)
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where M; is the shock Mach number, y is the specific heat ratio,
v is the specific volume (1/p), and P is the pressure. Eqs. (1) and
(2) are normalized with respect to the pre-shock state P; and v;.
Eq. (2) contains the non-dimensional heat release «, which de-
fines the inert Hugoniot (o = 0) for unburned shock-compressed
material, and equilibrium Hugoniot (o« > 0) for combustion prod-
ucts behind the detonation (or flame). It is important to note that
Egs. (1) and (2) place no restriction on the distance between the
leading shock and the region of energy release (in a shock-flame
complex or detonation).

Using the experimental velocity and pressure traces from
Figs. 4 and 5, the P-v trace can be acquired up to the maximum
pressure point in the compressed region. The temperatures must
be obtained in order to calculate v behind the leading shock and
in the compressed region ahead of the flame. This calculation uses
a stationary coordinate system with adiabatic shock-jump condi-
tions and isentropic relations to calculate the flow-field proper-
ties. The measured local gas velocity and gas properties are used
to calculate the stagnation pressure through the isentropic rela-

tion: PO/p =1+ VTAMZ)V/V -1 where P, and P are the stagna-
tion and static pressures, respectively. Note that the static proper-
ties are not affected by the choice of a reference frame, only the
stagnation properties since they are dependent on velocity. Details
of these calculations are explained below.

Figure 6 highlights points of interest in the schlieren image, P-
v diagram, and pressure trace for ® = 0.87. These points include
the initial state (I), shock-jump state (II), transient gas between
the leading shock and the compressed region (III), compressed re-
gion (IV), and the end of the flame region (V) that corresponds
to completed combustion. The calculation procedure described for
® = 0.87 is applied to all the cases. For the shock-flame complex
cases, only three points of interest are used (initial state, shock-
jump, flame) since the compressed region and leading shock are
merged.

The calculation procedure described here is also illustrated in
Fig. 7. Starting with the initial state (Region I), the shock-jump con-
ditions (Region II) are calculated using the measured shock speed,
Egs. (1) and (2), and equation of state. The resulting post-shock
temperature T, is used to calculate the stagnation temperature be-

hind a moving shock:

—1U2
Tp =T, 1+7y — )
2 a

(3)

where U, and a, are the gas velocity (acquired from PIV measure-
ments) and sound speed, respectively. Next, we calculate the tran-
sient gas conditions between the leading shock and compressed
region (Region III). Note that gas in this region is assumed to be
adiabatic and isentropic, thus the stagnation temperature remains
nominally constant (T,, = T,3). The local temperature in Region III
can then be calculated as:

2

U
T3:T02_fv
p

(4)

where ¢, is the specific heat capacity. Although we assume isen-
tropic flow in Region III, there are complex interactions between
weak shocks, turbulence, and boundary effects which may result
in non-isentropic behavior. However, the static temperature in Re-
gions (I) - (IV) ranges from 293 to 630 K, which results in y, ¢p,
and specific gas constant, R, varying by 1.6%, 4.4%, and 0.13% re-
spectively. Thus, the gas properties y, R, and c, can be approxi-
mated as constant in these regions and they are computed using
NASA CEA [39]. The next point of interest is the compressed re-
gion (Region IV), which follows the same calculation procedure as
the leading shock using the inert shock Hugoniot. The pressure in
Region (IV) is used to compute the thermodynamic properties for
Regions (IV) and (V). Thus, T4 > T3, Toy > To3, and P4 > P3. Note
that there is a secondary inert Hugoniot for the compressed re-
gion, which falls close to the leading shock Hugoniot. Using the
calculated temperature T and known quantities R and P, we can
calculate the specific volume for all regions of interest using the
ideal gas law
RT
P = V. (5)
To calculate v for the combustion products at the end of the
flame region (V), the adiabatic flame temperature must be cal-
culated. Since no temperature diagnostics are performed in this
study, a CHEMKIN calculation is used to estimate the adiabatic
flame temperature and heat release. Thermodynamic states in the
compressed region are the initial conditions for the flame calcula-
tions and are known from experimental values (pressure) and gas-
dynamic relations (temperature). We assume a constant pressure
combustion process across the compressed region and flame front
(P4 = constant) and expand the products to P5 assuming isentropic



H.M. Chin, J. Chambers, J. Sosa et al.

I Compressed
i Region (1V)

Do\;vnstream of
leading shock (1)

(b)
10 T :: |Il T I T
8F i1
T R Compressed -
[ o PAregion (IV) ~Flame (V) 4
I -H Y T
B [ 24w . o
= [ § Shock jump
4b < nweondition (IT) _
[ \:\\@ Downstream of
- leading shock (IIT) -
2F -
- Compresse Initial state (I)4
iregion isentrope R T _
0 L= PR B ST RS R
0 0.5 1 1.5
V/V1

Combustion and Flame 234 (2021) 111641

1

i
Shock jump !
condition (II)!)
g
l
il

Initial state (I)

(©)

Compressed region (IV)

6
ar Shock jump
= condition (IN(G) |
4 -
[ Downstream of leading
2F shock (I11) .
I Initial state (I)
0 [ PR TR S TR AN TR TR TR S N SN T S T | |-
300 200 100 0
X (mm)

Fig. 6. Points of interest for ® = 0.87 case. (a) Schlieren highlighting regions of interest. Dashed black lines show inert and product Hugoniot curves. Dashed red line shows
the isentrope. (b) P-v diagram, (c) pressure trace. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

‘ State 1 (Pre-shock) ” State 2 (Shock-Jump) “ State 3 (Transient Gas) I State 4 (Compressed Region) “ State 5 (Flame)

Calculated:
Ideal gaslaw | | Adiabatic shock- __,| Isentropic | | Adiabatic shock-
i jump condition relations : jump conditions CHEMKIN Ps
i i Continuation
wssssal i i ===* Calculation
| e -
| Isentropic
Isentropic ‘ Ideal gas law ‘ ‘ Ideal gas law ‘ ‘ relations
relations i i m l
i m Decompression
Ty, [ on equilibrium

Hugoniot curve

Fig. 7. Flowchart outlining calculation procedure of thermodynamic properties for every state.

flow in the products (Pv¥ = constant). Since combustion results in
a significant temperature increase from Region (IV) to (V), y, R,
and ¢, will not remain constant (y and R decrease while ¢, in-
creases). We use the product y, R, and ¢, values to calculate the
Region (V) properties. This produces the same adiabatic flame tem-
perature as the Chemkin Continuation method used to compute
the P-v trajectory between states IV and V as described below (<
1% difference). Using this assumption, we can compute the equi-
librium Hugoniot conditions from finding the adiabatic flame tem-
perature [38]. Note that this calculation assumes no heat or en-
ergy losses. For reference, Table 1 shows the intermediate thermo-
dynamic properties for Regions (I) — (V) which have been trans-
formed back into the lab coordinate frame.

Figure 8 displays the static and stagnation P-v states overlapped
onto the theoretically calculated Hugoniot curves. The ideal ZND
markers are the theoretically calculated von Neumann and (] val-

ues. Similar to Fig. 5, pressure is normalized with the initial pres-
sure (P;) and v is normalized with the specific volume (v;) of un-
reacted gas ahead of the shock. In Fig.8a, horizontal dashed lines
represent the CJ pressure ratio from ® = 0.84 to & = 0.97, and
the markers represent the regions of interest shown in Fig. 6. From
initial observations, the P-v curves show a strong agreement with
the theoretical Hugoniot curves. For a shockless fast deflagration
(@ = 0.84), flame-driven compression results in a new peak pres-
sure state P4, for which the point falls just outside of the initial
inert Hugoniot and represents an additional shock adiabat (or sec-
ondary Hugoniot); this behavior is similar for the & = 0.87 and
0.91 case. In the ® = 0.84 and 0.87 cases, the pressures in the
compressed region and at the end of the flame region are almost
the same, which indicates a constant-pressure combustion behind
the secondary shock. For a stronger shock-induced fast deflagra-
tion (& = 0.91), the pressure gap between the compressed region



H.M. Chin, J. Chambers, J. Sosa et al. Combustion and Flame 234 (2021) 111641

Table 1
Thermodynamic properties at regions of interest for ® = 0.87. Static and stagnation pressure un-
certainties are +0.17 atm and +0.078 atm, respectively.

Experimental values Calculated values

Py (atm) U (mjs) T(K) v (m’kg) Po/P P, (atm)
Initial state (I) 1.00 0 297 1.13 1.00 1.00
Shock-jump state (II) 4.68 320 516 0.41 1.31 6.13
Transient gas (III) 2.36 250 423 0.58 1.21 2.86
Compressed region (IV) 6.57 360 538 0.31 147 9.66
Flame (V) 5.87 330 2465 1.26 1.05 6.16

Where Py and P, are the static and stagnation pressures, respectively.
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and the end of the flame begins to grow because the accelerating
flame is generating more compression. For these regimes, flame-
driven pressure gain is dependent upon a combination of the lead-
ing shock and turbulent compressed region.

As the material burns inside the flame brush downstream of the
compressed region, the pressure and density decrease. On the P-v
diagram, this process is shown as a line connecting state (IV) close
to the inert Hugoniot and state (V) on the equilibrium Hugoniot.
Pressures along this line are measured every 1 us, which corre-
sponds to the operating frequency of pressure transducers. The ac-
tual pressure transducer frequency of 4 us is interpolated to 1 us
to provide a higher resolution for the CHEMKIN calculation. The
specific volumes are calculated using the CHEMKIN Continuation
method, which includes a constant pressure combustion calcula-
tion for a time increment of 1 us followed by an adiabatic expan-
sion to the next measured pressure point. We start with the un-
reacted state IV, namely corresponding pressure, and continue the
incremental combustion and expansion steps until the pressure is
expanded to state V, and the combustion is completed. The fluc-
tuations in Fig. 8 are due to oscillations in experimental pressure
traces. Note that the adiabatic flame temperature is minimally af-
fected by using state IV or V as the initial pressure (< 1% differ-
ence).

As flame driven compression increases, the burning mode tran-
sitions to a shock-flame complex regime (& = 0.94, 0.97), where
the flame is choked and it continually issues strong compression
waves, which couple with the leading shock. The peak pressure
state shifts from the secondary Hugoniot towards to the initial

shock Hugoniot. This indicates the coalescence between the com-
pressed region and the leading shock. The growth in pressure dif-
ference between the post-shock gases and post-flame products also
illustrates how flame-driven compression changes the combustion
process from constant pressure (shockless fast deflagration) to a
quasi-ZND cycle (shock-flame complex).

When the gas kinetic energy is factored in, we observe a no-
ticeable increase in stagnation pressures at the higher equivalence
ratios as shown in Fig. 8b. Note that the stagnation pressures are
calculated in the reference frame analogous to a PDE, where the
gas velocity ahead of the leading shock is zero. The ® = 0.84 and
0.87 cases show a minimal increase in P, compared to the static
pressure P as the gas velocity contribution is minimal. Once flame-
driven compression increases, the compressed region gas velocity
increases leading to the overall increase in stagnation pressure. The
pressure jumps from, P = 11P; to P, = 18P; for ® = 0.91 (since the
initial gas velocity U = 0, then P; = Py;), P = 14P; to P, = 25P;
for & = 0.94 and P = 20P; to P, = 35P; for ® = 0.97. The stag-
nation P-v diagram can also be used to calculate the network pro-
duced. The network is calculated by evaluating the integral, or area
bounded by the Hugoniot curves and the Rayleigh line for each
case. For the shock-flame complex cases, products expand isen-
tropically along PvY = constant rather than the equilibrium Hugo-
niot. Thus, we will compute the network for both scenarios: along
the equilibrium isentrope as shown in Fig. 8b, and assuming these
cases will expand along the equilibrium Hugoniot.

The isentropic expansion is computed using the frozen sound
speed assumption where the reactions have been completed, and
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Table 2
Comparison of various burning mode efficiencies with respect to ZND cycle. ® = 1.05 for ZND case.

L] Burning Mode Po4/Po1 (Region IV)  Net Work (MJ/Kg)  nznp Nen

0.84  Shockless deflagration 7.1 1.24 0.52 0.40

0.87  Shock-inducing deflagration 9.6 132 0.55 0.41

091  Shock-inducing deflagration  17.7 1.71 0.69 0.47

0.94  Weak shock-flame complex 25.5 1.78 (2.10) 0.74 (0.88) 0.50 (0.59)

0.97  Shock-flame complex 34.8 1.94 (2.49) 0.83 (1.04) 0.54 (0.68)

1.05  ZND Detonation 50.9 2.40 1.00 0.64
no further composition changes occur. The pressure, specific vol- B B e B 100
ume, and specific heat ratio at state V are used to calculate the r ‘\d/" ZND
isentrope constant (PvY = constant) which is then used along with 60 I ,.‘(\s‘;‘ﬁ/' 90 \’?
the measured experimental pressures to compute the local specific e - $9f/ <
volume from state V to P/P; = 1. Note that this assumption does X o < (I,)/' ° a
not account for the possibility of reactions transpiring from state ;5 St @ﬂﬁ?/" 80 E
V to P/P1 = 1. It .is expect.ed that there \'N'ill.be differel'mes.be— g E e‘&g// ° Shock-flame o
tween the 1s§ntrop1c expansion and the equ111!3r1um Hugoniot since L 50F \‘\c‘/z'. complex 70 *;
the former is based on the frozen assumption and the latter is é - s 2z
based on theoretical heat release. The heat release could result in E - ," . . . =
further pressure expansion and a decompression profile that falls — 45 / Shock-inducing 60 E
between the isentrope and the equilibrium Hugoniot curves. This g [ i e deflagration >
would decrease the work and thermal efficiency values shown in =40 — e 50 g
Table 2. This is shown in the ® = 0.94 and 0.97 cases where the = - 2
frozen assumption results in thermal efficiencies of 59% and 68% = [ f—:
respectively. If reactions continuously occur, the thermal efficien- 35 Shockless 40 E
cies would likely be closer to 50% and 54%. The weaker cases show [ deflagration
minimal difference between the product isentrope and equilibrium ol Lo s by by e 14 3
Hugoniot, therefore, we only calculate the network along the equi- 0 10 20 30 40 50

librium Hugoniot. As an example, Fig. 8b shows a lightly shaded
region highlighting the area of interest for one case. For consis-
tency, P/P; = 1 on the equilibrium Hugoniot is used as the maxi-
mum v value for all cases. The minimum v value will correspond
to the maximum pressure point for each case on the inert Hugo-
niot curve.

We assume that the expansion from the ZND point, or maxi-
mum pressure point on the inert Hugoniot for each case, is where
the useful work starts. The Hugoniot and Rayleigh line data points
are imported into Wolfram Mathematica and numerically inte-
grated to calculate these values. The heat release is calculated for
every ® to compute thermal efficiency. The burning mode, net-
work, efficiency with respect to the ideal ZND work (nzyp = net
work | ZND network), and thermal efficiency (1, = net work |
heat release) is shown in Table 2. For ® = 0.94 and 0.97, the val-
ues in parenthesis indicate the work and efficiencies calculated us-
ing isentropic expansion rather than the equilibrium Hugoniot ex-
pansion. The work and thermal efficiency versus compressed re-
gion stagnation pressure ratio are plotted in Fig. 9 to show how an
increase in stagnation pressure brings the cycle efficiency closer
to the ideal ZND efficiency. It is important to note that we com-
pare efficiencies of various burning regimes observed in our fa-
cility. Since the facility produces CJ detonations at & = 1.05, we
compare the five cases to the ZND case at a constant ® = 1.05. If
we were to compare the & = 0.84 shockless deflagration case to a
® = 0.84 ZND case, the efficiency and 7, would be slightly higher.
Thus, the efficiency and n, values shown in Table 2 can be consid-
ered conservative values since they are all relative to a ® = 1.05
ZND detonation.

Since the ZND case is ideal, nzp is denoted as 100% efficient
with respect to itself. The shockless deflagration and weak shock-
inducing deflagration cases only show 52% and 55% work efficiency
with respect to an ideal ZND cycle, which is expected since they
behave closer to constant pressure combustion cycles. When the
flame propagation velocity nears C, (& = 0.91 - stronger shock-
inducing deflagration), Po4/P,; is nearly doubled from the weak

P0 4/P0 1 (Region IV)

Fig. 9. Cycle efficiency versus stagnation pressure ratio of compressed region.

shock-inducing deflagration case, and efficiency increases to 69%.
Once the flame becomes choked, nzyp increases to 74% and 83%
in the shock-flame complex regimes if we assume expansion along
the equilibrium Hugoniot. When the products are expanded along
the equilibrium isentrope, there is a significant increase to 88% and
104% efficiency with respect to the ZND cycle. Since the isentrope
originating at state V lies above the expansive branch of the equi-
librium Hugoniot, the network is expected to be larger when the
integral is computed. Actual combustion products will not contin-
uously expand isentropically until P/P; = 1 when losses and 3-D
effects are taken into consideration. Expansion along the equilib-
rium Hugoniot is more indicative of actual combustion products.

Furthermore, by calculating 7., we can compare thermal cy-
cle efficiency values between static and stagnation pressures.
Kailasanath [1] uses static pressures and reports 7, values of 27%
for constant pressure combustion cycle and 49% for a detonation
cycle. Note that these thermal efficiencies were computed assum-
ing the same heat release between the two cases although deto-
nations exhibit a larger heat release than a constant pressure com-
bustion cycle. Zhou et al. [40] also use static pressures and report a
similar ZND thermal efficiency of 51%, while Vutthivithayarak et al.
[22] use stagnation pressures and compute 7, = 70%. Thermal effi-
ciencies reported by Kailasanath et al., Zhou et al., and Vutthivitha-
yarak et al. are based on the ZND combustion process, thus it is
reasonable to compare their reported values. We calculate thermal
efficiencies using stagnation pressures and find n,, = 64% for the
ideal ZND cycle, which is approximately 13% more than the cycle
efficiency based on static pressures.

This emphasizes the importance of the gas velocity contribution
in the pressure gain process. The ® = 0.84, 0.87, and 0.91 cases ex-
hibit cycle efficiencies based on stagnation pressures in the range
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N = 40-47%. Although the ® = 0.84 case has 40% thermal effi-
ciency using stagnation pressure, it would likely be closer to 27%
for a constant pressure combustion cycle if it were to be computed
using static pressure. For ® = 0.94 and 0.97 (shock-flame com-
plexes), n,, = 50% and 54%, respectively. As before, the shock-flame
complex thermal efficiencies are higher when expanded along the
isentrope, 17y, = 59% and 68%. When expanded along the equilib-
rium Hugoniot, these efficiencies are similar to the ideal ZND ther-
mal efficiency values reported by Kailasanath et al. and Zhou et al.
meaning the P, thermal efficiency of a shock-flame complex may
be similar to the static pressure thermal efficiency of an ideal ZND
cycle. This also highlights how shock-flame complexes (or decou-
pled detonations) produce a significant amount of pressure gain as
well as thermal and work efficiency with respect to an ideal ZND
cycle before the CJ detonation state is attained.

4. Conclusion

This work presented the analysis of pressure evolution for vari-
ous combustion regimes, from propagating turbulent shockless de-
flagrations to a shock-flame complex using the Rankine-Hugoniot
diagram. High-speed schlieren, PIV, and pressure measurements
were used to observe and characterize the flow-field behavior. The
pressure, velocity, and optical measurements agree in terms of spa-
tial locations of the shock and compressed region. The four regimes
studied were: shockless fast deflagration, shock-inducing fast defla-
gration, coupled shock-flame complex, and detonation. These fast
flames regimes between constant pressure and constant volume
burning modes exhibited various levels of pressure gain depend-
ing on the level of shock-flame separation and strength of flame-
driven compression. We analyze these combustion regimes using
the pressure-specific volume diagram and compute the efficiency
of the corresponding thermodynamic cycles using stagnation pres-
sures. For the ideal ZND cycle, this approach gives 1y, = 64%.
At lower degrees of compressibility, the shockless deflagration ex-
hibits behavior similar to a constant pressure cycle, resulting in
nzvp = 52% and ny, = 40%. For shock-inducing fast deflagrations,
two distinct pressure peaks were formed as a result of the leading
shock and a flame-driven compression front. As the flame becomes
choked and coupled with the leading shock, compression grows
stronger and pressure gain increases. For this regime, pressure gain
is dependent upon both the strength of the turbulent compressed
region and the leading shock. When the compressed region and
the leading shock merge, a shock-flame complex forms, and the
cycle efficiency reaches up to 83% of the ideal ZND cycle efficiency
and 54% thermal efficiency. These results demonstrate how a sub-
stantial pressure gain can be achieved through shock-flame com-
plexes (decoupled detonations).
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