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Detonation combustion prominently exhibits high thermodynamic efficiency which leads
to better performance. As compared to the conventionally used isobaric heat addition in a
Brayton cycle combustor, detonation uses a novel isochoric Humphrey cycle which utilises
shocks and detonation waves to provide pressure-rise combustion. Such unsteady
combustion has already been explored in wave rotor, pulse detonation engine and rotating
detonation engine configurations as alternative technologies for the next generation of the
aerospace propulsion systems. However, in addition to the better performance that the
detonation mode of combustion offers, it is crucial to observe the environmental concerns as
well. Therefore, this paper presents a one-dimensional numerical analysis for alternative
fuels: Jet-A, Acetylene, Jatropha Bio-synthetic Paraffinic Kerosene, Camelina Bio-synthetic
Paraffinic Kerosene, Algae Biofuel, and Microalgae Biofuel under detonation combustion
conditions. For simplicity, the analysis is modelled using an open tube geometry. The
analysis employs the Rankine-Hugoniot Equation, Rayleigh Line Equation, and Zel’dovich—
von Neumann-Doering model and takes into account species mole, mass fraction, and
enthalpies-of-formation of the reactants. Initially, minimum conditions for the detonation of
each fuel are determined. Pressure, temperature, and density ratios at each stage of the
combustion tube for different types of fuel are then explored systematically. Finally, the
influence of different initial conditions is numerically examined to make a comparison for

these fuels.
Nomenclature
AL = algae biofuel
CSPK = Camelina Bio-synthetic Paraffinic Kerosene
C,H, = Acetylene
c = Speed of sound (m/s?)
Cp = Constant Pressure Specific Heat (J/kg.K)
Cp = Tabulated Constant Pressure Specific Heat (J/kg.K)
hg = Enthalpy of Formation (J/kg)
G = Mass flux (kg/s.m?)
JSPK = Jatropha Bio-synthetic Paraffinic Kerosene
M = Mach number
MA = Microalgae Biofuel
MW = Molecular Weight (kg/mol)
m' = Mass Flow Rate Second Order (kg/s)
NOX = Nitrogen Oxide
P = Pressure (Pa)
PDE = Pulse Detonation Engine
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I. Introduction

etonation is a mode of combustion that can provide an extremely efficient means of combusting a fuel-oxidizer

mixture!. It produces kinetic energy two orders of magnitude higher than a slower-burning deflagration and
four orders of magnitude higher in terms of heat release?. It is thermodynamically more efficient and has a real
potential for the next generation of aerospace propulsion systems®. Detonative combustion utilises shocks or
detonation waves which act as valve between the detonation product fresh charges* and the first practical application
of non-isobaric heat addition in Humphrey cycle analysis®.

In a conventional Brayton cycle, the heat injection process has the maximum exergy which is fixed by the
compressor’s delivered pressure and the maximum temperature allowed by the cycle. Therefore, the exergy can be
increased if the heat injection process follows different thermodynamic cycle path®. The resulting thermodynamic of
Humphrey cycle is considered a modification to the Brayton cycle in which the constant-pressure heat addition
process is replaced by a constant-volume heat addition process’. The Humphrey cycle is much more efficient than
the Brayton cycle® as a very rapid burning takes place. Due to the rapidity of this process, there is not enough time
for pressure equilibration, and the overall process is, thus, thermodynamically closer to a constant volume process
than the constant pressure process in the typical of conventional propulsion systems®. Thermodynamic efficiency of
Chapmen-Jouget detonation has minimum entropy generation along the Hugoniot curve as compared to other
combustion modes which appear to have a potential thermodynamic advantage®°.

Il. Applications

There are several intermittent devices that utilise unsteady flow to achieve pressure-rise combustion. These
include pressure exchanger wave rotor, Pulse Detonation Engine (PDE), and Rotating Detonation Engine (RDE).
Wave rotor is a non-steady flow device that compresses the combusted gas via unsteady shock waves rather than
curved blades™ in the compressors. Wave rotor combustor is the combination of pressure-wave compression and
expansion confined combustion within the rotor channels*2. Shock waves are initiated when the rotor channels are in
open and closed positions. Wave rotors have various advantages such as increased thermal efficiency by improving
TIT, increased output power, minimised NOX emission due to the rapid combustion and gas dynamic quenching,
self-cooled machine, and a uniformed exit velocity profile'®4, Despite that, its efficiency is reduced by friction and
heat conduction as well as exposed to leakage problems of finite opening time of the channels®®.

Pulse detonation engines (PDE) are pressure-rise and unsteady propulsion systems based on a repetitive mode of
detonative combustion to develop thrust®™-Y". It differs from conventional propulsion systems from two aspects:
unsteady operation and detonation combustion®°. This promising new engine uses a detonation wave which is
extremely fast and a thermodynamically efficient process for converting chemical energy in a combustible mixture
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to mechanical energy and tremendous kinetic energy>32%2l as compared to deflagration wave in the combustion
process?.

In principle, pulse detonation engines are very simple devices that consist primarily of a tube in which a
fuel/oxidizer mixture is initiated repeatedly at either the closed or the open end of a detonation chamber® resulting in
the ejection of combustion gases from the engine at very high velocities followed blowdown process and refill
cycle?. A cycle has three main components: detonation and blow down of burned gases, purging of the expanded
burned products, and refilling of the tube with fresh reactants in a constant volume combustion chamber?+25, Most
PDE studies employed unsteady gas dynamic calculations to determine the instantaneous pressures and forces acting
on the surfaces of the device and integrate them over a cycle to determine thrust performance’.

Alternatively, RDE attempts to improvise PDE in continuously detonation combustion. Detonation waves are
continuously generated and propagated in azimuthal direction around an annular chamber at very high
frequency®%’. Further improvements in RDE as compared to PDE which include small geometry are needed to
achieve detonation, DDT devices are unnecessary, less time-consuming for filling and purging process, low
vibration and noise.

In parallel to the better performance that the detonation mode of combustion offers, it is crucial and critical to
observe the environmental concerns as well. However, discussions on the use of alternative fuels in detonation
combustion are limited. Therefore, this paper presents a one-dimensional numerical analysis for alternative fuels:
Jet-A, Acetylene, Jatropha Bio-synthetic Paraffinic Kerosene (JSPK), Camelina Bio-synthetic Paraffinic Kerosene
(CSPK), Algae Biofuel, and Microalgae Biofuel under detonation combustion conditions.

I11. Theoretical Formulation and Numerical Framework

The detonation wave is modeled as a normal shock wave (Zel’dovich—von Neumann—Doering (ZND) detonation
wave) progressing into the undisturbed fuel-air mixture, which is nearly at rest at the combustor entry condition’,
followed by combustion (Rayleigh type) in a uniformed cross-sectional area detonation tube?®. The entire process is
constrained by the Chapman-Jouguet condition which requires that the local Mach number at the termination of the
heat addition region be one (sonic or choked flow)’. In CJ theory, chemical reactions are modeled as a heat release
in an infinitesimally thin, shock front that brings the material from an initial state on the inert Hugoniot to the
subsequent state, known as the CJ point®. The CJ point is also the tangent from the initial state to the final state on a
p—Vv diagram that is equal to the Rayleigh heating process. The intrinsically unsteady nature of the flow field
associated with the detonation process has made it difficult to evaluate the relative performance with respect to
conventional steady-flow propulsion systems and require unsteady analysis using computational approach?5-2°3°,

For simplicity, the analysis is carried out in an open-ended constant-area tube geometry for a single cycle.
Appropriate expressions including the Rankine-Hugoniot Equation, Rayleigh Line Equation, species mole & mass
fraction of the reactants, enthalpies-of-formation, ideal-gas normal shock equations and iterations have been
incorporated in the modelling. The analysis and calculations have been verified using previously published
examples®®. The assumptions that are utilised in this approach are: (1) the upstream and downstream boundaries lie
in the control volume where there are no temperatures or species concentration gradients; (2) uniform one-
dimensional flow under adiabatic conditions, (3) body forces and dissociation of the products are neglected, and (4)
the normal shocks relation is considered. Some of the necessary thermochemical properties of the alternative fuels
used for the analysis are included in the appendix.

One-dimensional analysis with the variation of mass flux, initial temperature and pressure are calculated from
conservation of mass and momentum, thus, Rayleigh line yields the following relationship:

P,—P,  P,—P; .
T 1 — = —m'"? (1)
pzpr 2Tt

Combining conservation of mass, momentum and energy with heat addition, yield:

ﬁ(szz_P1v1)_%(P2_P1)(U1+U2)_q:0 (2
From Rayleigh Line, P, is:
P, = Py +m"*(v; — v,) 3)
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Substitute into Rankine-Hugonoit Curve, yield:

]%1 [(P, + "2 (v — v,))v, — Pivy)] —%((P1 +m'"? (v —v,)) = P)(vy +v,) —q =0 (4)

Expanding and convert to quadratic equation yield:

av?+bv,+c=0 (5)
Where,
_ 1+y .12
~z2an" ©)
b= ij(Plv1 +m"" %)) 7
c=-"LPuv, —1/2m"*v? - (8)
=15, i—4q
Ry T:
V= f 9)
And solve for v,,
v, = —b+ 2b:—4ac (10)

P,,V, 2, Ty, c, and M, for every v, are calculated accordingly. Next, detonation velocity in stoichiometric
condition and gas-mixture properties at the shock front (state 2°) are estimated by applying stoichiometric relation:

CeH,y + a(0, + 3.76N,) = xCO, + (y/2)H,0 + 3.76aN,

Every species mole and mass fraction are calculated and thermochemical properties such as specific heat, gas
constant and specific heat ratio are obtained using these relations:

Ystate 1 XiCp,i Ystate 2 XiCp,i
= —=-23an = 11
Cpa o and ¢, Y (11)
R Cp,2
R,=—andy, = —2 12
2 = g N4V = (12)

Heat formation, q, is calculated using enthalpies-of-formation in the tabulated table which is converted to a mass
basis.

q = Ystate1 Yihjg,i — Lstate 2 Yihj(‘),i (13)

Detonation velocity and temperature at state 2 are determined using:

1/2
Up = [ZVZRZ(VZ +1) <Cp_'1T1 + L)] (14)
Ccp,2 Cp,2
_ 2 (pap o 4
L= v2+1 (Cp,z hit Cp,z) (15)

Using ideal-gas normal-shock and knowing the mixture specific-heat ratio and Mach number at initial state,
these relations are used to find state 2°:

LT 2 _(y—
P = ag 2YME = (v = 1) (16)
4
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2_(y—
=24 Miy - DI (17)
1

(y+1)2m?
par _ _(y+1)M}
p1 (y—1)MZ42 (18)
While, V, ,, is calculated using conservation of mass. The state-2 Mach number should be equal to one (upper CJ-
point).

m' = P1Vx1 = P2:/Vi 2 (19)
M, = —22 (20)
= VY2rR21T2;

IV. Results and Discussions
A. Conditions for detonation

Initially, three parameters have been analysed for fuel comparison; pressure ratio, temperature ratio and density
ratio with respect to initial conditions at different stages of detonation tube. However, several necessary steps need
to be taken prior to the analysis. Firstly, all fuels must achieve detonation velocity first either by increasing the mass
flux or the initial temperature. The minimum initial temperature and mass flux before every alternative fuel can be
detonated are shown in Table 1. It should be noted that heavy hydrocarbon fuels such as Jet-A and biofuels are
difficult to detonate, thus require pre-heating or accelerated to a high velocity. Secondly, the flow is choked at stage
3. Lastly, stoichiometric combustion takes place.

From Table 1, it is observed that ACN fuel was the easiest to detonate, where it had the lowest minimum
temperature and mass flux. In contrast, MA fuel was the most difficult to detonate where it required high
temperature and mass flux. Thus, its detonation velocity has the highest value. All biofuels have high heat addition
as tabulated in Table 2. This is believed to be due to the large molecular structure of biofuels. These properties are
calculated based on the summation of each species formed to find its detonation velocity at arbitrary 2’ state using a
ZND model.

Table 1. Minimum initial temperature & mass flux for detonation

ACN JET-A MA JSPK CSPK AL
CZHZ CIZHZ4 ClZHZOOSNZ C12H26 C12H25.4 612H1903N
T,1(K) 300 1467 2000 1700 1700 2000
G
(kg/s.m?) 2612 3000 5800 4400 4400 4800
Y1 1.379 1.267 1.209 1.226 1.225 1.214
Q1() 3399.6 3648.4 12996.9 12744.9 127728.0 12622.4
Vp(m/s) 1997.95 2398.9 3334.7 3244.2 3241.5 3289.5
Table 2. Thermochemical properties during the reaction
State 1 (Reactant)
ACN JET-A MA JSPK CSPK AL
Cp1 1.057 1.294 1.037 1.156 1.158 1.099
q1 613.87 608.75 3412.21 2140.06 2147.67 2910.72
Y1 1.379 1.267 1.209 1.226 1.225 1.214
State 2 (Product)
Cp2 1.443 1.531 1.797 1.923 1.915 1.79
q2 -2785.73 -3039.65 -9584.74 -10604.9 -10580.4 -9711.72
R, 0.279 0.289 0.261 0.273 0.271 0.258
Y2 1.24 1.232 1.17 1.165 1.165 1.168
5
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B. Comparative detonation analysis of alternative fuels using ZND model

Next, every fuel is calculated and tabulated for comparison. Figure 1 demonstrates the trend for pressure ratio
achieved by different alternative fuels at the minimum conditions of temperature, pressure and mass flux. It is
clearly indicated that there are two existing separate regions. One region is accompanied by MA, CSPK, JSPK and
AL biofuels while a lower region consists of Jet-A and ACN fuel. However, CSPK and JSPK Biofuel are difficult to
be distinguished and have almost identical values. All fuels showed an increase in the pressure ratio at the early
stage as the fuels approach the shock before starting to decrease again. These graphs have also indicated that
biofuels are quite sensitive to detonation where there are large changes in pressure ratio.

The variation of temperature ratio takes a different trend as shown in Fig. 2. All fuels tend to increase in
temperature along the tube. The temperature ratio increases rapidly before the shock and it is relaxed after the shock.
The similar two regions obliviously existed in the temperature ratio variations. CSPK and JSPK Biofuels achieve the
highest change in temperature after the shock is taken place. This followed by MA, AL, Jet-A and CAN fuels. Based
on these trends, despite a pressure-rise in detonation combustion, temperature rise can also be achieved.
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Figure 1. Pressure ratio at different stage
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Figure 2. Temperature ratio at different stage
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Likewise, density ratio trends demonstrate the similar trends as in the pressure ratio trend as shown in Fig. 3. All
biofuels experienced the largest change in density as compared to other types of fuels. ACN has the lowest change
at the arbitrary shock wave. These changes are not very significant in the burned gas stage (stage number 3). Several
factors affect these changes such as the molecular structure of the fuel, enthalpy-formation of the reaction, and the
initial state condition for detonation.

Density Ratio
N w > (6} [e)] ~ (o] (o)

1 2 3
Stage Number

—+—ACN - JET-A ---8--MA JSPK CSPK AL

Figure 3. Density ratio at different stage

C. Influence of various initial conditions

Initial conditions are the crucial driving factors of the burned gas downstream. This section discusses the effects
of various upstream initial conditions such as the mass flux, temperature and pressure to the variation of pressure,
temperature, specific volume, and Mach number ratios. The ratios which are presented are described as the
parameter of burned gas to the parameter of unburned gas. Two distinct physical phenomena occurred which are
weak and strong detonation (two values obtained from the quadratic functions in Eq. (5)). These are also based on
the upper Chapman-Jouget point. Turns®! have characterised that strong detonation is achieved when the burned gas
velocity achieved a subsonic speed (above the upper CJ-point) while weak detonation occurred when the burned gas
velocity at supersonic speed (below the upper CJ-point). However, only the influence of strong detonation results is
presented and discussed. Acetylene fuel analysis is excluded in the discussion because it is hardly comparable due to
the highly sensitive to initial changes.

1. Effects of initial mass flux

Comparisons of these alternative fuels are examined to demonstrate the changes of the above-mentioned ratios as
the mass flux increases. Initially, the initial conditions such as the pressure and temperature are fixed to 1atm and
2000K respectively. These parameters are chosen when all fuels achieved its detonation velocity. Both of pressure
and temperature ratios illustrate a linear increment for all fuels as the mass flux increases as shown in Fig. 4 and Fig.
5. Jet-A fuel resulted in the highest pressure ratio while JSPK and CSPK showed the highest temperature ratio at
each mass flux. JSPK and CSPK fuels are barely differentiated due to their alike molecular formulae. Jet-A fuel also
showed the largest change in temperature ratio as the initial mass flux increases.

7
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Figure 4. Comparison of pressure ratio at different initial mass flux under influence of strong detonation

100
90
80
70
60
50
40
30
20
10

0

Temperature Ratio

(P=1 atm, T=2000K).

6500 7000 7500 8000
Mass Flux, kg/s.m?

6000

8500

9000

........

Figure 5. Comparison of temperature ratio at different initial mass flux under influence of strong
detonation (P=1 atm, T=2000K).

Figure 6 and Fig. 7 illustrate the changes of specific volume and Mach number ratios. All alternative fuels have
specific volume reduction after the shock wave under the influence of strong detonation wave. However, there are
not many changes in Jet-A fuel observed for these two ratios. Conversely, MA fuel has shown quite a significant
change in specific volume and Mach number ratios at the low mass fluxes as compared to higher initial mass flux.
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Figure 7. Comparison of Mach number ratio at different initial mass flux under the influence of strong
detonation (P=1 atm, T=2000K).

2. Effects of initial temperature

The effect of initial temperature to the pressure, temperature, specific volume and Mach number ratios are
discussed in this section. Initial conditions such as pressure and mass flux remained fixed while initial temperatures
are varied. The variation of initial temperature starts from 2000K as this is the minimum temperature for MA and
AL fuels are detonated.

Figure 8 and Fig. 9 illustrate the changes of pressure and temperature ratios respectively. The variations showed the
similar trends as shown in the effect of initial mass flux. However, the changes of pressure and temperature ratios
are not that significant with the variation of initial temperature compared to the variation of mass flux. This indicates
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that mass flux has more effects to pressure and temperature ratios. These are comparable with the gradient of each
graph. Likewise, Jet-A fuel showed substantial changes on temperature ratio compared to other alternative fuels as
the initial temperature increases.
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Figure 9. Comparison of temperature ratio at different initial temperature under the influence of strong
detonation (P=1 atm, G=6000kg/s.m?).

The effects of initial temperature to the specific volume and Mach number ratios variations are almost similar
except that the gradient is much higher due to the changes of initial temperature (Fig. 10 and Fig. 11). Based on
these comparisons, it may considerably be worth mentioning that the effects of initial temperature have significant
changes to specific volume and Mach number ratios compared to the effects of initial mass flux. Consequently, it
would require further modelling to understand the significant changes of specific volume and Mach number ratios in
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Jet-A, JSPK, and CSPK fuels. It is believed that these fuels have greater gradient and changes of specific volume
and Mach number ratios at the minimum temperature of detonation.
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Figure 11. Comparison of Mach number ratio at different initial temperature under influence of strong

detonation (P=1 atm, G=6000kg/s.m?).

3. Effects of initial pressure

Initial pressure has significantly impacted the flow speed at the end of the tube as well becoming the limitation
factor for the variation of initial pressure range for detonation to occur. To describe the limitation, microalgae fuel is
chosen and the initial temperature is set to be 2000K while varying the mass fluxes to 6200kg/s.m2, 6400kg/s.mz,
and 6600kg/s.m? respectively. The results are plotted based on the Mach number of the burned gas under both strong
and weak shocks as shown in Fig. 12. At higher mass flux, the initial pressure can be increased to a wide range as
compared to the one that has lower mass flux. For the given mass flux, as the initial pressure increase, the burned
gas Mach number will increase for the strong wave. Conversely, weak waves have the tendency to reduce the
burned gas flow. All burned gas flows are converging to the choking condition. Due to these limitations, higher
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mass flux is preferred in comparison to other alternative fuels as these could impose severe restrictions on the

modelling.
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Figure 12. The influence of initial pressure and mass flux to Mach number for Microalgae Biofuel

(T=2000K).

A comparison of other alternative fuels based on Mach number, pressure, temperature, and specific volume
ratios under the influence of strong detonation wave is illustrated in Fig. 13 — Fig. 17. Figure 13 shows the changes
of the burned gas Mach number due to the effect of initial pressure. As previously mentioned, that strong detonation
wave has resulted in an exponential increase in burned gas Mach number and specific volume ratios. However, it is
observed that MA fuel is more sensitive to the changes of initial pressure compared to Jet-A fuel. In contrary, a high
initial pressure will result in reductions in pressure and temperature ratios as shown in Fig. 14 and Fig. 15. It is
worth noting that, for a given mass flux, this could impose a restriction for the further reduction of the pressure and
temperature ratio changes especially MA fuel.
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Figure 13. Comparison of Mach number at different initial pressure under influence of strong detonation
(T=2000, G=6000kg/s.m?).
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V. Conclusion

The focus of this work was on the one-dimensional analysis of alternative fuels in a detonation mode of
combustion. Comparison studies have been made to examine the feasibility and the effectiveness of these alternative
fuels under the detonation conditions. Three stages of the process are modelled to visualise temporal variation of
pressure, temperature and density ratios at every stage. Subsequently, the modelling is extended to understand the
behaviour of the prescribed alternative fuels due to various changes in the initial conditions. The main conclusions
of the work are as follows:

1. Applying expressions such as Rankine-Hugoniot equation, Rayleigh Line equation and Zel’dovich—von
Neumann-Doering (ZND) model, and allowing for mole, mass fraction, and enthalpy-of-formation of the
reactants, to find minimum initial conditions for detonation. Fuels (Jet-A, Jatropha Bio-synthetic Paraffinic
Kerosene, Camelina Bio-synthetic Paraffinic Kerosene, Algae Biofuel, and Microalgae Biofuel) have been
studied numerically to determine the changes in pressure, temperature and density ratios in three
successive stages of the combustion process.

2. The influence of initial conditions, such as the effect of varying mass flux, temperature and pressure to the
variation of pressure, temperature, specific volume, and Mach number ratios have been thoroughly
investigated and discussed. It appears that Microalgae Biofuel is the most sensitive to the initial conditions.

3. The observed variation of mass flux could impose severe restrictions on the changes of the initial pressure.
At higher mass flux, the initial pressure can be increased over a wide range.

4. The effects of initial temperature have a significant effect on specific volume and Mach number ratios,
while variations in initial mass flux influence the pressure and temperature ratios most.

Appendix
MICROALGAE ALGAE JATROPHA  CAMELINA

Density (kg/m3) 886 883.6 864-880 -
Cetane Number 48.31 85-92 46-55 50.4
Viscosity
(mm2/s @ 40°C) 4.47 4.73 3.7-5.8 3.80
Pour Poaint (°C) -12 -21--24 5 -7
Flash Point (°C) 165.5 179 163-238 136
Heating Value (MJ/kg) 40.045 40.72 38.5-42 45.2
CFPP (°C) 18 i 12 3
Acid Value (mg/KOH) 0.13 0.37 0.34 -
Cloud point (°C) 5.2 7 5 3

C (%) 61.52 68.30 76.57 -

H (%) 8.50 8.30 12.21 -

O (%) 20.19 16.40 11.32 -

N (%) 9.79 6.20 = -
Kinematic viscosity
(mm/s2 @ 40°C) 33.06 - 475 -
Oxidation stability (h) 8.83 6.76 5.0 -
lodine Value
(g 12/100g) 119.1g 97.12 109.5 152.8
Sulfur Content
(ppm) - 8.1 12.9 =
Specific Gravity ; 1.02 g/mL 0.876 0.882
References 32-38 39-42 43-45 45
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