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a b s t r a c t 

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. 
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. Introduction 

While any combustion process that produces an increase in 

tagnation pressure can be characterized as pressure-gain combus- 

ion (PGC), this technical term usually refers to free-flow com- 

ustion or specific types of combustors for propulsion applica- 

ions, and excludes combustion in mechanically confined systems, 

uch as piston engines. Pressure gain combustion is a highly de- 

ired form of combustion for propulsion applications due to the 

igher thermodynamic efficiency, potential for reduced emissions, 

nd thrust capability [1] . There are various ongoing studies char- 

cterizing PGC devices in the form of rotating detonation en- 

ines (RDE) [2-7] and pulse detonation engines (PDE) [8-11] . These 

etonation-based engines exhibit rapid burning rates, which may 

esult in more compact and efficient propulsion systems. However, 
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he unsteady nature of detonation-based cycles presents a signif- 

cant challenge for practical implementation, system integration, 

nd characterization [1] . One of the outstanding challenges is the 

uantification of pressure gain for a given burning mode, whether 

t is a detonation, or other supersonic burning regimes, such as 

 fast flame or a shock-flame complex. Quantifying pressure gain 

equires simultaneous measurements of velocity, static pressure, 

emperature, and knowledge of the gas composition. Experimen- 

al measurements of each of these parameters have been indepen- 

ently explored [ 3 , 12-15 ], but an accurate and reliable measure- 

ent of pressure gain is still yet to be achieved. Quantifying the 

otal pressure rise for these systems is crucial prior to assessing 

he potential performance and thrust benefits that can be obtained 

rom the integration of a PGC device in a propulsion system. 

The complex nature of PGC devices causes them to operate in 

 regime between constant volume and constant pressure combus- 

ion. The thermodynamic cycle characteristics of a detonation are 

imilar to those of constant volume combustion, where the heat 

ddition process is tied to a pressure increase on the pressure- 

pecific volume (P-v) diagram [1] . However, the question still re- 

ains of how transient fast flame regimes behave. These regimes 
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ay occur when the operating conditions are not ideal, and the 

etonations may periodically fail and reignite. There have been ob- 

ervations of fast flames generating pressure rise before detona- 

ion onset in experiments and numerical simulations [ 13 , 16-18 ]. 

his pressure rise resulted from the intrinsic instability of pre- 

ixed turbulent flames that pulsate and generate pressure waves, 

hen the flame burning speed approaches the Chapman-Jouguet 

CJ) deflagration velocity during a pulsation. The pressure build- 

p may eventually lead to the deflagration-to-detonation transition 

hrough the runaway mechanism described in [19-21] . 

From a thermodynamic perspective, Vitutthivithayarak et al. ex- 

mined the differences between the constant-volume Humphrey 

ycle, the Fickett-Jacobs (FJ) cycle based on the CJ detonation 

odel, and the Zeldovich-von Neumann-Döring (ZND) cycle [22] . 

he Humphrey and FJ cycles do not take into account the energy 

ncrease due to shock compression, only considering heat addition. 

he ZND cycle is based on the detonation flow physics, where a 

hockwave compresses the material to the ZND state on the in- 

rt Hugoniot curve and the exothermic chemical reactions bring 

he process to the equilibrium Hugoniot curve. The P- ν diagram 

epresenting the ZND cycle is still an approximation since it as- 

umes that shock compression proceeds along the inert Hugoniot, 

nd the expansion producing useful work starts at the ZND point. 

f the P- ν diagram is plotted using static pressures, then it also 

oes not consider the kinetic energy of the material in the detona- 

ion wave. Nevertheless, the ZND cycle is considered more accurate 

n representing detonations than Humphrey and FJ cycles and is of- 

en used to analyze the thermodynamic efficiency of detonations. 

t is important to note that the Humphrey and FJ cycles are ther- 

odynamic cycles, which deal with the complete system, whereas 

he ZND cycle focuses solely on the combustion process. Thus, we 

odel the fast flames presented in this work based on the ZND cy- 

le which focuses on the combustion process and not the complete 

ystem. 

An early study by Oppenheim modeled transient DDT stages 

y developing the Q-curve, which represents the locus of post- 

ame states [23] . Similarly, Troshin performed a Hugoniot analysis 

f several modes of deflagration [24] . Akin to Oppenheim, Troshin 

ound that an equilibrium adiabatic Hugoniot curve was insuffi- 

ient to describe the propagation of an unsteady double discon- 

inuity [24] . Therefore, to model these fast flames, which contain 

 double discontinuity (decoupled shock and flame), two Hugoniot 

urves must be used: an inert and equilibrium Hugoniot. Recent 

tudies that performed this modeling analysis have been mostly 

omputational in nature. Nordeen et al. performed numerical sim- 

lation of an RDE and saw that their P- ν diagram based on the 

elocity field pathlines agreed with the general model of the ZND 

etonation [14] . Schwer and Kailasanath also did a numerical in- 

estigation of RDEs and observed that the thermodynamic cycles 

or different pathlineswere geometrically independent of the en- 

ine location [ 2 , 25 ]. Kaemming and Paxon used a different compu-

ational and experimental approach to estimate the total pressure 

ain in an RDE using Equivalent Available Pressure (EAP) [12] . Their 

ethod derives the ideal EAP (EAPi) by computing the stagnation 

ressures at the inlet, combustor entrance, combustor exit, and cal- 

ulating the net pressure gain across these components. They com- 

ared these values with experimental gross thrust measurements 

t the combustor exit. Using the thrust equation, they were able 

o calculate stagnation pressure and actual EAP. For most of their 

ases, the computational and experimental EAP differences ranged 

rom 1.7% to 8.7%. For combustors operating with small overall 

ressure ratios and high loss inlets, the EAP was 15% below EAPi. 

From an experimental standpoint, thermodynamic analysis re- 

uires simultaneous pressure, velocity, temperature, and compo- 

ition measurements, which are difficult to obtain. There is cur- 

ently a lack of experimental data characterizing stagnation pres- 
2 
ure rise in fast flames. Recent advances in experimental diagnos- 

ics have provided higher-resolution measurements for this analy- 

is. Velocity measurements can be acquired through particle im- 

ge velocimetry (PIV), which requires consideration of the seed 

article size, field of view, laser sheet, and timing. Implement- 

ng PIV in RDEs becomes challenging due to their geometrically 

omplex configurations [ 5 , 26 , 27 ]. Measuring static pressure is also 

hallenging due to sensor survivability in the high temperature 

nvironments, which causes thermal drift, and the need for ac- 

urate readings at high temporal resolutions [ 13 , 28 ]. Tempera- 

ure measurements have been challenging due to high tempera- 

ures behind the detonation front. Recent advances in diagnostics 

ave utilized tunable diode laser absorption-spectroscopy (TDLAS) 

or high-resolution temperature measurements. This measurement 

echnique consists of passing vertical-cavity surface-emitting laser 

eams (VCSEL) through the points of interest and collecting these 

eams using a fiber optic [ 3 , 29 , 30 ]. The actual measurement, how-

ver, represents an integrated line-of-sight value and not a point 

easurement. By measuring the H 2 O absorption, the temperature 

an be calculated at discrete points in the flow field. TDLAS mea- 

urements still lack the temporal resolution to capture the rapid 

ransient and extreme gas conditions caused by detonative events. 

easurements also become noisy at post-detonation temperatures, 

nd thus the calibration becomes less reliable when converting ab- 

orption values to temperature. In this work, temperature is not 

easured, and instead it is calculated based on gas dynamic equa- 

ions for the equilibrium Hugoniot using other known thermody- 

amic properties, such as pressure and velocity. 

Since RDEs and PDEs are systems, they may contain inlet and 

xhaust components that participate in the overall work or thrust 

roduction. Generally, for these systems, the entire thermodynamic 

ycle is analyzed for the pressure gain. However, in this study, we 

ocus on the specific thermodynamic cycle analysis of the super- 

onic combustion regimes. Flame compressibility results in a pres- 

ure rise, which is a key fluid dynamic aspect of this combustion 

rocess. Thus, pressure gain in this paper is attributed to a stagna- 

ion pressure increase as a result of the turbulent fast flame pro- 

ess and not from a system perspective. 

This paper presents the analysis of the evolution of pressure 

ain for several flame regimes ranging from low compressibility 

o high compressibility, through experimentation in a Turbulent 

hock Tube facility. The flow field for various propagation regimes 

f a turbulent fast flame is characterized using schlieren, simulta- 

eous high-speed PIV, chemiluminescence, and pressure transduc- 

rs. Schlieren is used to highlight key features within the flow be- 

ore detonation onset occurs, such as the decoupled shock-flame 

tructure, and compressed region adjacent to the flame. Velocity 

nd pressure traces are used to quantify the flow-field behavior 

s these fast flames transition toward detonation. An approach for 

omputing the pressure gain using velocity and pressure is dis- 

ussed for these fast flames and shock-flame complexes. The traces 

re then characterized further and plotted on a Rankine-Hugoniot 

iagram to be compared with the theoretical Hugoniot curves. 

. Experiment and diagnostics 

.1. Experimental facility 

Figure 1 shows a schematic of the Turbulent Shock Tube (TST) 

acility. The TST is used to explore flame regimes from slow defla- 

rations to detonations . The semi-confined facility has a constant 

quare cross-section of 45 × 45 mm 
2 and includes a 125 mm long 

est section with full optical access designed to sustain detonation 

ressures and temperatures for laser diagnostics. 

The turbulence generator contains a series of perforated plates 

ith a 58% open area, with the last perforated plate located at 
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Fig. 1. Schematic of experimental facility. 
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50 mm from the closed end, just before the test section. This geo- 

etric configuration was the result of extensive experimental test- 

ng to achieve the desired flame-turbulence conditions [ 21 , 31 , 32 ].

 spark plug is mounted at the center axis of the channel at the 

losed end. 

.2. Flow control 

A timed control system was used to produce a homogenous 

ixture of hydrogen and air before ignition. Premixed hydrogen 

nd air are issued into the facility at low flow rates at atmo- 

pheric pressure and room temperature to mitigate flow pertur- 

ations in the channel. The fuel and air mixture flow rates are 

ontrolled to attain the desired equivalence ratio in the range 

= 0.84 – 1.05 ± 0.011. Air is directed through a SMC Pneumatics 

AW20-N02E-CZ pressure regulator and then into a Dwyer VFA- 

-BV flowmeter. Compressed hydrogen gas is regulated and con- 

rolled using a Specialty gases Southeast Inc. #HP-702-125-0 0 0- 

 regulator and a Dwyer VFA-3-BV flow meter. The air and fuel 

ow rates vary in the ranges 28 – 30 ± 0.25 SCFH and 2.85 –

.1 ± 0.054 SCFH , respectively. The hydrogen flow rate is corrected 

or use on an air calibrated flowmeter ( CFH H2 •0.26 = SCFH H2 ); both

ydrogen and air lines merge to premix in one line, which is fed 

o the closed end of the facility. The premixed fuel-air mixture is 

ed through a solenoid valve into the closed end of the facility for 

he fill stage. A BNC Model 575 Pulse/Delay Generator was used to 

rigger the valve and initiate the spark plug. 

.3. Experimental procedure 

To initiate the facility operation, fuel and air lines are opened 

nd set to the desired flow rates based on the equivalence ratio of 

nterest. After a 20 s premixed-reactants fill time, a signal triggers 

he 3-way solenoid valve to stop the mixture flow into the tube. 

fterwards, a 4 s wait time allows the mixture to settle, and a sig- 

al triggers the coil and spark plug. The spark-ignited flame near 

he closed end propagates through a series of perforated plates, 

ccelerates, and generates a shock wave that travels ahead of the 

ame. As the shock passes through the final perforated plate, it 

reates a highly turbulent, heated, but unreacted flow field. The 

ame follows the shock and passes through the last plate as an ar- 

ay of sonic jets that interact with the turbulent background flow 

nd create highly turbulent burning conditions downstream of the 

late. Depending on the equivalence ratio, a decoupled shock-flame 

tructure, coupled shock-flame complex or detonation will be seen 

n the test section window. 
3 
.4. Diagnostics 

The measurement approach was utilized and documented in 

revious work [ 21 , 31 , 32 ]. Schlieren diagnostics are used to observe

he general characteristics of the regime of interest within the test 

ection domain. A standard Schlieren Z formation is set up us- 

ng two 150 mm diameter parabolic mirrors with focal lengths of 

.52 m. A Photron Fastcam SA-Z camera with 1024 × 1024-pixel 

patial resolution and a 16-bit range depth captures images at a 

ecording rate of 100 kfps with a resolution of 640 × 280 pixels . A 

ikon lens of focal length 200 mm and f /2.8 is used. The camera 

aptures the entire viewing window with the spatial resolution of 

75 μm / px that corresponds to the pixel-based velocity uncertainty 

f ±5.6 m/s [ 21 , 31 ]. 

Pressure transducers are lined along the test section to capture 

he pressure profile, resolve shock strength and velocity, and ac- 

uire the static pressure profiles for the turbulent flame regimes 

 21 , 31 ]. A series of four pressure transducers PCB Model #113B26

re lined along the test section at intervals of 25 mm. The response 

ime for the transducers is < 1 microsecond. The transducers have 

 sensitivity of 10 mV/psi , and the data is acquired at a frequency 

f 250 kHz to resolve the post-shock pressure ahead of the flame. 

hen considering the non-linearity and sensitivity variation, the 

esolved static pressure values have an uncertainty of ±0.17 atm 

 ± 0.011 P/P CJ ). The transducers are connected to a PCB signal con- 

itioner 482C Series to amplify the voltage signals and then are 

outed to a National Instruments DAQ device coupled with Lab- 

IEW control hardware and software. The pressure measurements 

re conducted simultaneously with high-speed PIV and OH 
∗ mea- 

urements [ 21 , 31 ]. 

High-speed PIV was setup to quantify the local flow-field ve- 

ocity. A Nd:YAG Lee LDP Dual Head Laser (532 nm, 25 mJ) is op- 

rated at 40 kHz. The laser sheet is set at the center of the test

ection. The premixed flow is seeded with 0.2 μm Al 2 O 3 parti- 

les [33] . A Photron Fastcam SAZ camera equipped with a Nikon 

0 mm and f/1.2 is used for the 40 kHz PIV. The PIV image reso-

ution is 42 μm/pix and processed using DaVis software with 30 

tep multi-pass method ending with a 16 × 16 pixel interrogation 

indow and a 75% overlap. This results in a measurement scale 

m = 168 μm for a field of view of 44 × 22 mm [ 21 , 31 ]. The mea-

urement scale is half the laminar flame thickness (320 μm), and 

he ratio of the measurement scale to the approximate Kolmogorov 

cale is λm / λk ∼ 20–100. DaVis uncertainty quantification resulted 

n a peak velocity uncertainty that is less than 5 m/s. The cen- 

erline velocity along the axial distance is used for the analysis of 

he velocity profiles. Simultaneous OH 
∗ signal is also acquired us- 

ng a Photron Fastcam SAZ camera with a 50 mm and f/1.2 Nikon 

ens for the flame spatial location. The OH 
∗ camera is operated at 

0 kHz with a resolution 156 μm/pix [ 13 , 21 , 31 , 32 , 34-36 ]. 
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Fig. 2. Schlieren imaging (a) shockless fast deflagration, (b) shock-inducing fast de- 

flagration, (c) coupled shock-flame complex, and (d) detonation. Measurement scale 

for x - and y -axes is given in mm . 
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Fig. 3. Regime classification for various equivalence ratios. 
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. Results and discussion 

.1. Flame characterization 

In the exploration of pressure rise, various regimes - from tur- 

ulent compressible fast flames to detonations -are achieved by 

ontrolling the equivalence ratio in the range 0.84–1.05. These 

our regimes are classified as: shockless fast deflagration, shock- 

nducing fast deflagration, coupled shock-flame complex, and deto- 

ation. Figure 2 displays high-speed schlieren images of the four 

egimes. The images are constructed using 2 frames: a frame 

ith the leading shock and another frame showing the post-shock 

ow field during the same run. The time separation between the 

wo frames is 10 μs . Though regimes in Fig. 2 were observed in

our different experiments with different equivalence ratios, these 

egimes can also occur in a single experiment as consecutive stages 

f the flame acceleration process that eventually leads to a detona- 

ion. By varying the equivalence ratio, we allowed different stages 

f flame acceleration to occur within the test section. This allows 

s to observe all these stages close to the perforated plate, with- 

ut any significant influence from the channel walls that could be 

xpected for flame evolution in longer channels. We did observe 

he actual flame evolution in each experiment, but it was relatively 

hort, limited by the length of the optical window, and did not 

ecessarily show the transition from one regime to another. Be- 

ow, we often describe burning regimes as consecutive stages of 

ame acceleration as if it occurs in one experiment, but we refer 

o data from multiple experiments summarized in Figs. 2-5 . The 

erms “shockless” and “shock-inducing” describing fast flames in 

ig. 2 a and 2 b are not related to the leading shock, which was

ransferred through the perforated plate, but rather to the ability 

f turbulent flames to generate new shocks. For clarity, flow re- 

ion labels (I) – (V) were added in Fig. 2 b to denote initial state

atmospheric pressure and room temperature 297 K), shock-jump 

tate, transient region between the leading shock and compressed 
4 
egion, compressed region, and flame, respectively. The flame re- 

ion here is a turbulent flame brush that separates the unreacted 

as in the compressed region, created by the flame itself, and the 

ombustion products downstream of the flame. Both reactants and 

roducts are present in the flame region, and the average product 

oncentration and gas temperature increase with distance from the 

ompressed region. 

The shockless fast deflagration ( Fig. 2 a) is characterized by a 

arge separation between the flame and the leading shock. The 

ame is highly turbulent, but it generates only weak compression 

aves. This burning mode is akin to constant pressure deflagra- 

ions exhibited in Brayton cycle engines, which will be discussed in 

ection 3.3 . As the flame accelerates further, it reaches the shock- 

nducing fast deflagration regime ( Fig. 2 b), where the separation 

istance between the leading shock and flame begin to decrease, 

nd stronger compression waves are formed. In this regime, the 

urbulent flame burning speed ( S T ) approaches the CJ deflagration 

elocity ( S CJ ), where S T is defined relative to the unburned mate- 

ial just ahead of the flame, and S CJ is the maximum steady-state 

eflagration speed [ 18 , 21 ]. This results in rapid flame acceleration, 

hich produces more compression waves to create a compressed 

egion within and immediately ahead of the flame brush. This re- 

ion of compression is essentially a new shock that is clearly de- 

ected in experiments with fast turbulent flames in this regime. 

nce S T > S CJ , the flame continues to rapidly accelerate in the run- 

way regime, producing shocks and strengthening the compressed 

egion. As the compressed region develops, it becomes more pro- 

ounced and eventually it merges with the leading shock forming 

 coupled shock-flame complex ( Fig. 2 c). This regime is character- 

zed by both the shock and flame front propagating at the prod- 

ct speed of sound. The flame continues to generate compression 

aves that quickly reach the leading shock and amplify it. Some 

f these waves are oblique and form a cellular-like pattern in the 

ompressed material between the flame and the leading shock. As 

etonation onset occurs ( Fig. 2 d), CJ detonation conditions are at- 

ained, and the detonation triple point structure becomes more ap- 

arent. Note that the nascent detonation seen in Fig.2d is initially 

verdriven with typical cell sizes much smaller than the average 

ell size of = a freely propagating detonation in H 2 -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- 

uished quantitatively. Note that these propagation velocities are 

cquired from the schlieren measurements along with flame ve- 

ocity from OH 
∗. Figure 3 shows the regime classification based on 
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Fig. 4. Gas velocity profiles for various regimes. (Left) All profiles (Right) Zoomed in profiles near the leading shock for � = 0.84–0.91. 
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e

he equivalence ratios, as well as shock and flame propagation ve- 

ocities. For the shockless fast deflagration ( � = 0.84), the weak 

hock is transmitted through the last perforated plate and propa- 

ates faster than the flame. For the shock-inducing fast deflagra- 

ions (0.85 < � < 0.93), the transmitted shock remains at some 

istance ahead of the flame but propagates slower than the flame. 

oth the flame and shock velocities increase with �, and the flame 

eaches the product sonic velocity ( C b ) at � = 0.94, where it be-

omes choked and the shock-flame complex begins to form. The 

hoked flame cannot propagate any faster, but the leading shock 

ontinues to accelerate and reaches C b at � = 0.97. At this point, 

he shock-flame complex is formed. Since the shock and flame in 

his regime are loosely coupled and propagate with the same ve- 

ocity close to C b , below the ideal detonation velocity D CJ . 

.2. Pressure and velocity evolution 

Gas velocity and pressure measurements are used to quantify 

he local regime behavior relative to CJ conditions. The gas velocity 

rofile ( U ) in Fig. 4 is taken along the centerline of each PIV frame.

he shock speed ( U sh ) is used as an anchor to calculate the spa-

ial evolution between each frame, �x = (U sh – U) �t . The center- 

ine velocity profiles summarized in Fig. 4 for various regimes start 

rom the leading shock that propagates from left to right. Profiles 

re shifted to the same shock position at x = 0. 

The shockless and shock-inducing fast deflagrations ( � = 0.84, 

.87, 0.91) all have leading shocks propagating at approximately 

ach 2 in the stationary coordinate system. The Mach number for 

hese cases is determined from the pressure transducer measure- 

ents and confirmed with the shock tracking from the schlieren 

maging in combination with the known upstream gas temper- 

ture. As the flow moves toward detonation onset, the shock 

trength, and thus shock velocity increases. For � = 0.84 and 0.87, 

he gas velocity (U) immediately after the leading shocks tapers 

ff and then abruptly increases again across the compressed and 

ame regions to 30 0 and 40 0 m/s, respectively. Both peaks (shock- 

ump and compressed region) for � = 0.84 exhibit similar velocity 

agnitudes, however, for shock-inducing deflagrations ( � = 0.87 

nd 0.91), the flow velocity in the compressed region is noticeably 

igher than flow velocity behind the leading shock, which indi- 

ates flame acceleration. The � = 0.91 case has a slightly stronger 

hockwave (Mach 2.3), and the post-shock flow velocity tapers 

imilarly to the � = 0.84 and 0.87 cases. The compressed region 

s a plateau 80 - 110 mm behind the leading shock and exhibits 

 larger increase in the flow velocity. When the shock-flame com- 
5 
lex regime is observed ( � = 0.94, 0.97), the gas velocity behind 

he shock remains nearly constant ( U = 670 – 770 m/s ) for a short

istance before gradually decreasing. 

Pressure profiles shown in Fig. 5 are reconstructed from the 

ressure recorded by transducers as functions of time, and also 

sing the velocity profiles shown in Fig. 4 . Pressure traces are all 

hifted to the same location of the leading shock, and normalized 

y the initial pressure, i.e., 1 atm . For � = 0.84, two pressure peaks 

re evident, indicating the leading shock and compressed region. 

he second peak reaches ∼ 5 P 1 at 260 mm behind the leading 

hock. Cases � = 0.84, 0.87, and 0.91 exhibit similar leading shock 

trengths, and pressures close to the leading shock ( < 50 mm) are 

lose in all three cases. Recall that these shocks propagate at ∼
ach 2, which results in a theoretical pressure ratio of P/P 1 ∼ 4.5. 

his matches with the experimental shock pressure ratios shown 

n Fig. 5 b. 

The differences between cases � = 0.84, 0.87, and 0.91 cases 

ie within the secondary pressure peaks generated by the stronger 

ompression. For � = 0.87, the compressed region reaches ∼ 6 P 1 , 

30 mm after the initial shock. As the leading shock intensity in- 

reases ( � = 0.91), the shock-jump pressure (Region II in Fig. 2 b) 

ecomes 5.6 P 1 (theoretical P/P 1 ≈ 6 for Mach 2.3 shock), and com- 

ressed region also reaches a higher pressure ∼ 9 P 1 at 100 mm af- 

er the initial shock. This highlights how the compression increases 

hen an unstable flame accelerates and catches up to the leading 

hock. As the fast deflagration reaches the shock-flame complex 

egime, the shock and compressed region peaks start to couple to- 

ether ( � = 0.94, 0.97). Although these cases cannot be considered 

J detonations, there is a significant amount of pressure rise as the 

eaks (14 P 1 and 20 P 1 , respectively) approach the von Neumann (or 

ND) pressure (theoretical P vN = 29 P 1 ). This indicates that for a 

hock-flame complex propagating at 0.5 D CJ , the peak pressure can 

each 0.7 P vN . 

.3. Rankine-Hugoniot analysis 

To characterize the pressure gain, we consider the ZND model 

s well as the Hugoniot curves (shock and equilibrium ones). The 

ankine-Hugoniot relations derived from combining the conserva- 

ion of mass, momentum, energy, and ideal-gas law include the 

quations of the Rayleigh line and the product Hugoniot 

P 2 / P 1 
− 1 

1 − ν2 / ν
= γM 

2 
1 (1) 
1 
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Fig. 5. Static pressure profiles for various regimes. (Left) All profiles (Right) Zoomed in profiles near the leading shock for � = 0.84–0.91. 
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γ − 1 
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P 2 
P 1 

ν2 

ν1 

− 1 

] 
− 1 

2 

[ 
P 2 
P 1 

− ν2 

ν1 

− 1 + 

P 2 
P 1 

ν2 

ν1 

] 
= α (2) 

here M 1 is the shock Mach number, γ is the specific heat ratio, 

is the specific volume ( 1/ ρ), and P is the pressure. Eqs. (1) and

2) are normalized with respect to the pre-shock state P 1 and ν1 . 

q. (2) contains the non-dimensional heat release α, which de- 

nes the inert Hugoniot ( α = 0) for unburned shock-compressed 

aterial, and equilibrium Hugoniot ( α > 0) for combustion prod- 

cts behind the detonation (or flame). It is important to note that 

qs. (1) and (2) place no restriction on the distance between the 

eading shock and the region of energy release (in a shock-flame 

omplex or detonation). 

Using the experimental velocity and pressure traces from 

igs. 4 and 5 , the P- ν trace can be acquired up to the maximum

ressure point in the compressed region. The temperatures must 

e obtained in order to calculate ν behind the leading shock and 

n the compressed region ahead of the flame. This calculation uses 

 stationary coordinate system with adiabatic shock-jump condi- 

ions and isentropic relations to calculate the flow-field proper- 

ies. The measured local gas velocity and gas properties are used 

o calculate the stagnation pressure through the isentropic rela- 

ion: P o / P = ( 1 + 

γ −1 
2 M 

2 ) 
γ

/ γ − 1 , where P o and P are the stagna- 

ion and static pressures, respectively. Note that the static proper- 

ies are not affected by the choice of a reference frame, only the 

tagnation properties since they are dependent on velocity. Details 

f these calculations are explained below. 

Figure 6 highlights points of interest in the schlieren image, P- 

diagram, and pressure trace for � = 0.87. These points include 

he initial state (I), shock-jump state (II), transient gas between 

he leading shock and the compressed region (III), compressed re- 

ion (IV), and the end of the flame region (V) that corresponds 

o completed combustion. The calculation procedure described for 

= 0.87 is applied to all the cases. For the shock-flame complex 

ases, only three points of interest are used (initial state, shock- 

ump, flame) since the compressed region and leading shock are 

erged. 

The calculation procedure described here is also illustrated in 

ig. 7 . Starting with the initial state (Region I), the shock-jump con- 

itions (Region II) are calculated using the measured shock speed, 

qs. (1) and (2) , and equation of state. The resulting post-shock 

emperature T is used to calculate the stagnation temperature be- 
2 

6 
ind a moving shock: 

 o2 = T 2 

(
1 + 

γ − 1 

2 

U 
2 

a 2 
2 

)
, (3) 

here U, and a 2 are the gas velocity (acquired from PIV measure- 

ents) and sound speed, respectively. Next, we calculate the tran- 

ient gas conditions between the leading shock and compressed 

egion (Region III). Note that gas in this region is assumed to be 

diabatic and isentropic, thus the stagnation temperature remains 

ominally constant ( T o2 = T o3 ). The local temperature in Region III 

an then be calculated as: 

 3 = T o2 − U 
2 

2 c p 
, (4) 

here c p is the specific heat capacity. Although we assume isen- 

ropic flow in Region III, there are complex interactions between 

eak shocks, turbulence, and boundary effects which may result 

n non-isentropic behavior. However, the static temperature in Re- 

ions (I) – (IV) ranges from 293 to 630 K, which results in γ , c p ,

nd specific gas constant, R, varying by 1.6%, 4.4%, and 0.13% re- 

pectively. Thus, the gas properties γ , R , and c p can be approxi- 

ated as constant in these regions and they are computed using 

ASA CEA [39] . The next point of interest is the compressed re- 

ion (Region IV), which follows the same calculation procedure as 

he leading shock using the inert shock Hugoniot. The pressure in 

egion (IV) is used to compute the thermodynamic properties for 

egions (IV) and (V). Thus, T 4 > T 3 , T o4 > T o3 , and P 4 > P 3 . Note

hat there is a secondary inert Hugoniot for the compressed re- 

ion, which falls close to the leading shock Hugoniot. Using the 

alculated temperature T and known quantities R and P , we can 

alculate the specific volume for all regions of interest using the 

deal gas law 

RT 

P 
= ν. (5) 

To calculate ν for the combustion products at the end of the 

ame region (V), the adiabatic flame temperature must be cal- 

ulated. Since no temperature diagnostics are performed in this 

tudy, a CHEMKIN calculation is used to estimate the adiabatic 

ame temperature and heat release. Thermodynamic states in the 

ompressed region are the initial conditions for the flame calcula- 

ions and are known from experimental values (pressure) and gas- 

ynamic relations (temperature). We assume a constant pressure 

ombustion process across the compressed region and flame front 

 P = constant) and expand the products to P assuming isentropic 
4 5 
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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- ν 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.). 

Fig. 7. Flowchart outlining calculation procedure of thermodynamic properties for every state. 
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ow in the products ( P νγ = constant). Since combustion results in 

 significant temperature increase from Region (IV) to (V), γ , R , 

nd c p will not remain constant ( γ and R decrease while c p in- 

reases). We use the product γ , R , and c p values to calculate the

egion (V) properties. This produces the same adiabatic flame tem- 

erature as the Chemkin Continuation method used to compute 

he P-v trajectory between states IV and V as described below ( < 

% difference). Using this assumption, we can compute the equi- 

ibrium Hugoniot conditions from finding the adiabatic flame tem- 

erature [38] . Note that this calculation assumes no heat or en- 

rgy losses. For reference, Table 1 shows the intermediate thermo- 

ynamic properties for Regions (I) – (V) which have been trans- 

ormed back into the lab coordinate frame. 

Figure 8 displays the static and stagnation P- ν states overlapped 

nto the theoretically calculated Hugoniot curves. The ideal ZND 

arkers are the theoretically calculated von Neumann and CJ val- 
7 
es. Similar to Fig. 5 , pressure is normalized with the initial pres- 

ure ( P 1 ) and ν is normalized with the specific volume ( ν1 ) of un-

eacted gas ahead of the shock. In Fig.8a, horizontal dashed lines 

epresent the CJ pressure ratio from � = 0.84 to � = 0.97, and 

he markers represent the regions of interest shown in Fig. 6 . From 

nitial observations, the P- ν curves show a strong agreement with 

he theoretical Hugoniot curves. For a shockless fast deflagration 

 � = 0.84), flame-driven compression results in a new peak pres- 

ure state P 4 , for which the point falls just outside of the initial

nert Hugoniot and represents an additional shock adiabat (or sec- 

ndary Hugoniot); this behavior is similar for the � = 0.87 and 

.91 case. In the � = 0.84 and 0.87 cases, the pressures in the 

ompressed region and at the end of the flame region are almost 

he same, which indicates a constant-pressure combustion behind 

he secondary shock. For a stronger shock-induced fast deflagra- 

ion ( � = 0.91), the pressure gap between the compressed region 
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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 

P st ( atm ) U ( m/s ) T ( K ) ν ( m 
3 /kg ) P o /P P o ( 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 1.47 9.66 

Flame (V) 5.87 330 2465 1.26 1.05 6.16 

Where P st and P o are the static and stagnation pressures, respectively. 

Fig. 8. P- ν evolution on the Rankine-Hugoniot diagram. (a) Static pressure. Dashed box indicates zoomed in area (b) Stagnation pressure. Shaded area indicates network for 

� = 0.91. 
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nd the end of the flame begins to grow because the accelerating 

ame is generating more compression. For these regimes, flame- 

riven pressure gain is dependent upon a combination of the lead- 

ng shock and turbulent compressed region. 

As the material burns inside the flame brush downstream of the 

ompressed region, the pressure and density decrease. On the P- ν
iagram, this process is shown as a line connecting state (IV) close 

o the inert Hugoniot and state (V) on the equilibrium Hugoniot. 

ressures along this line are measured every 1 μs, which corre- 

ponds to the operating frequency of pressure transducers. The ac- 

ual pressure transducer frequency of 4 μs is interpolated to 1 μs 

o provide a higher resolution for the CHEMKIN calculation. The 

pecific volumes are calculated using the CHEMKIN Continuation 

ethod, which includes a constant pressure combustion calcula- 

ion for a time increment of 1 μs followed by an adiabatic expan- 

ion to the next measured pressure point. We start with the un- 

eacted state IV, namely corresponding pressure, and continue the 

ncremental combustion and expansion steps until the pressure is 

xpanded to state V, and the combustion is completed. The fluc- 

uations in Fig. 8 are due to oscillations in experimental pressure 

races. Note that the adiabatic flame temperature is minimally af- 

ected by using state IV or V as the initial pressure ( < 1% differ-

nce). 

As flame driven compression increases, the burning mode tran- 

itions to a shock-flame complex regime ( � = 0.94, 0.97), where 

he flame is choked and it continually issues strong compression 

aves, which couple with the leading shock. The peak pressure 

tate shifts from the secondary Hugoniot towards to the initial 
8 
hock Hugoniot. This indicates the coalescence between the com- 

ressed region and the leading shock. The growth in pressure dif- 

erence between the post-shock gases and post-flame products also 

llustrates how flame-driven compression changes the combustion 

rocess from constant pressure (shockless fast deflagration) to a 

uasi-ZND cycle (shock-flame complex). 

When the gas kinetic energy is factored in, we observe a no- 

iceable increase in stagnation pressures at the higher equivalence 

atios as shown in Fig. 8 b. Note that the stagnation pressures are 

alculated in the reference frame analogous to a PDE, where the 

as velocity ahead of the leading shock is zero. The � = 0.84 and 

.87 cases show a minimal increase in P o compared to the static 

ressure P as the gas velocity contribution is minimal. Once flame- 

riven compression increases, the compressed region gas velocity 

ncreases leading to the overall increase in stagnation pressure. The 

ressure jumps from, P = 11 P 1 to P o = 18 P 1 for � = 0.91 (since the

nitial gas velocity U = 0, then P 1 = P o1 ), P = 14 P 1 to P o = 25 P 1 
or � = 0.94 and P = 20 P 1 to P o = 35 P 1 for � = 0.97. The stag-

ation P- ν diagram can also be used to calculate the network pro- 

uced. The network is calculated by evaluating the integral, or area 

ounded by the Hugoniot curves and the Rayleigh line for each 

ase. For the shock-flame complex cases, products expand isen- 

ropically along P νγ = constant rather than the equilibrium Hugo- 

iot. Thus, we will compute the network for both scenarios: along 

he equilibrium isentrope as shown in Fig. 8 b, and assuming these 

ases will expand along the equilibrium Hugoniot. 

The isentropic expansion is computed using the frozen sound 

peed 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. 

� Burning Mode P o4 /P o1 (Region IV) Net Work ( MJ/kg ) ηZND ηth 

0.84 Shockless deflagration 7.1 1.24 0.52 0.40 

0.87 Shock-inducing deflagration 9.6 1.32 0.55 0.41 

0.91 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 
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Fig. 9. Cycle efficiency versus stagnation pressure ratio of compressed region. 
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o further composition changes occur. The pressure, specific vol- 

me, and specific heat ratio at state V are used to calculate the 

sentrope constant ( P νγ = constant) which is then used along with 

he measured experimental pressures to compute the local specific 

olume from state V to P / P 1 = 1. Note that this assumption does

ot account for the possibility of reactions transpiring from state 

 to P/P1 = 1. It is expected that there will be differences be-

ween the isentropic expansion and the equilibrium Hugoniot since 

he former is based on the frozen assumption and the latter is 

ased on theoretical heat release. The heat release could result in 

urther pressure expansion and a decompression profile that falls 

etween the isentrope and the equilibrium Hugoniot curves. This 

ould decrease the work and thermal efficiency values shown in 

able 2 . This is shown in the � = 0.94 and 0.97 cases where the

rozen assumption results in thermal efficiencies of 59% and 68% 

espectively. If reactions continuously occur, the thermal efficien- 

ies would likely be closer to 50% and 54%. The weaker cases show 

inimal difference between the product isentrope and equilibrium 

ugoniot, therefore, we only calculate the network along the equi- 

ibrium Hugoniot. As an example, Fig. 8 b shows a lightly shaded 

egion highlighting the area of interest for one case. For consis- 

ency, P / P 1 = 1 on the equilibrium Hugoniot is used as the maxi-

um ν value for all cases. The minimum ν value will correspond 

o the maximum pressure point for each case on the inert Hugo- 

iot curve. 

We assume that the expansion from the ZND point, or maxi- 

um pressure point on the inert Hugoniot for each case, is where 

he useful work starts. The Hugoniot and Rayleigh line data points 

re imported into Wolfram Mathematica and numerically inte- 

rated to calculate these values. The heat release is calculated for 

very � to compute thermal efficiency. The burning mode, net- 

ork, efficiency with respect to the ideal ZND work ( ηZND = net 

ork / ZND network), and thermal efficiency ( ηth = net work / 

eat release) is shown in Table 2 . For � = 0.94 and 0.97, the val-

es in parenthesis indicate the work and efficiencies calculated us- 

ng isentropic expansion rather than the equilibrium Hugoniot ex- 

ansion. The work and thermal efficiency versus compressed re- 

ion stagnation pressure ratio are plotted in Fig. 9 to show how an 

ncrease in stagnation pressure brings the cycle efficiency closer 

o the ideal ZND efficiency. It is important to note that we com- 

are efficiencies of various burning regimes observed in our fa- 

ility. Since the facility produces CJ detonations at � = 1.05, we 

ompare the five cases to the ZND case at a constant � = 1.05. If

e were to compare the � = 0.84 shockless deflagration case to a 

= 0.84 ZND case, the efficiency and ηth would be slightly higher. 

hus, the efficiency and ηth values shown in Table 2 can be consid- 

red conservative values since they are all relative to a � = 1.05 

ND detonation. 

Since the ZND case is ideal, ηZND is denoted as 100% efficient 

ith respect to itself. The shockless deflagration and weak shock- 

nducing deflagration cases only show 52% and 55% work efficiency 

ith respect to an ideal ZND cycle, which is expected since they 

ehave closer to constant pressure combustion cycles. When the 

ame propagation velocity nears C b ( � = 0.91 – stronger shock- 

nducing deflagration), P /P is nearly doubled from the weak 
o4 o1 h

9 
hock-inducing deflagration case, and efficiency increases to 69%. 

nce the flame becomes choked, ηZND increases to 74% and 83% 

n the shock-flame complex regimes if we assume expansion along 

he equilibrium Hugoniot. When the products are expanded along 

he equilibrium isentrope, there is a significant increase to 88% and 

04% efficiency with respect to the ZND cycle. Since the isentrope 

riginating at state V lies above the expansive branch of the equi- 

ibrium Hugoniot, the network is expected to be larger when the 

ntegral is computed. Actual combustion products will not contin- 

ously expand isentropically until P/P 1 = 1 when losses and 3-D 

ffects are taken into consideration. Expansion along the equilib- 

ium Hugoniot is more indicative of actual combustion products. 

Furthermore, by calculating ηth , we can compare thermal cy- 

le efficiency values between static and stagnation pressures. 

ailasanath [1] uses static pressures and reports ηth values of 27% 

or constant pressure combustion cycle and 49% for a detonation 

ycle. Note that these thermal efficiencies were computed assum- 

ng the same heat release between the two cases although deto- 

ations exhibit a larger heat release than a constant pressure com- 

ustion cycle. Zhou et al. [40] also use static pressures and report a 

imilar ZND thermal efficiency of 51%, while Vutthivithayarak et al. 

22] use stagnation pressures and compute ηth = 70%. Thermal effi- 

iencies reported by Kailasanath et al., Zhou et al., and Vutthivitha- 

arak et al. are based on the ZND combustion process, thus it is 

easonable to compare their reported values. We calculate thermal 

fficiencies using stagnation pressures and find ηth = 64% for the 

deal ZND cycle, which is approximately 13% more than the cycle 

fficiency based on static pressures. 

This emphasizes the importance of the gas velocity contribution 

n the pressure gain process. The � = 0.84, 0.87, and 0.91 cases ex- 

ibit cycle efficiencies based on stagnation pressures in the range 
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th = 40–47%. Although the � = 0.84 case has 40% thermal effi- 

iency using stagnation pressure, it would likely be closer to 27% 

or a constant pressure combustion cycle if it were to be computed 

sing static pressure. For � = 0.94 and 0.97 (shock-flame com- 

lexes), ηth = 50% and 54%, respectively. As before, the shock-flame 

omplex thermal efficiencies are higher when expanded along the 

sentrope, ηth = 59% and 68%. When expanded along the equilib- 

ium Hugoniot, these efficiencies are similar to the ideal ZND ther- 

al efficiency values reported by Kailasanath et al. and Zhou et al. 

eaning the P o thermal efficiency of a shock-flame complex may 

e similar to the static pressure thermal efficiency of an ideal ZND 

ycle. This also highlights how shock-flame complexes (or decou- 

led detonations) produce a significant amount of pressure gain as 

ell as thermal and work efficiency with respect to an ideal ZND 

ycle before the CJ detonation state is attained. 

. Conclusion 

This work presented the analysis of pressure evolution for vari- 

us combustion regimes, from propagating turbulent shockless de- 

agrations to a shock-flame complex using the Rankine-Hugoniot 

iagram. High-speed schlieren, PIV, and pressure measurements 

ere used to observe and characterize the flow-field behavior. The 

ressure, velocity, and optical measurements agree in terms of spa- 

ial locations of the shock and compressed region. The four regimes 

tudied were: shockless fast deflagration, shock-inducing fast defla- 

ration, coupled shock-flame complex, and detonation. These fast 

ames regimes between constant pressure and constant volume 

urning modes exhibited various levels of pressure gain depend- 

ng on the level of shock-flame separation and strength of flame- 

riven compression. We analyze these combustion regimes using 

he pressure-specific volume diagram and compute the efficiency 

f the corresponding thermodynamic cycles using stagnation pres- 

ures. For the ideal ZND cycle, this approach gives ηth = 64%. 

t lower degrees of compressibility, the shockless deflagration ex- 

ibits behavior similar to a constant pressure cycle, resulting in 

ZND = 52% and ηth = 40%. For shock-inducing fast deflagrations, 

wo distinct pressure peaks were formed as a result of the leading 

hock and a flame-driven compression front. As the flame becomes 

hoked and coupled with the leading shock, compression grows 

tronger and pressure gain increases. For this regime, pressure gain 

s dependent upon both the strength of the turbulent compressed 

egion and the leading shock. When the compressed region and 

he leading shock merge, a shock-flame complex forms, and the 

ycle efficiency reaches up to 83% of the ideal ZND cycle efficiency 

nd 54% thermal efficiency. These results demonstrate how a sub- 

tantial pressure gain can be achieved through shock-flame com- 

lexes (decoupled detonations). 
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