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Abstract. This work aims to perform a thermodynamic comparison of the thermal efficiency of gas turbines operating
with a combustion chamber and a detonation chamber, using methane, ethanol and mixtures of ethanol and hydrogen
and methane and hydrogen as fuels. Based on the study of combustion reactions in the context of equilibrium
thermodynamics, a computational model was developed in order to study the combustion and detonations processes. The
composition of the gases is determined by the minimization of the Gibbs free energy and the temperature, pressure and
speed of detonation are determined by the Chapman-Jouguet theory. The results obtained showed that the detonation
thermodynamic cycle had a higher compressor work, turbine work, turbine net work output and thermal efficiency than
the constant-pressure combustion cycle for all fuels considered. The maximum thermal efficiency obtained with the
detonation cycle was 48.88%, which is a 42.91% improvement over the maximum thermal efficiency obtained with the
constant-pressure combustion cycle.
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1. INTRODUCTION

A rotating detonation engine (RDE) is a type of engine where the reactants are fed into the combustor and the
detonation waves travels around the circumference of the combustor with supersonic speed, performing work through
pressure gain combustion. Rotating detonation engines can be applied to power-generating devices, such as a gas-turbine,
or to give propulsion to vehicles, like aircrafts (Wolanski, 2013). Studies have claimed that, with a rotating detonation
engine, it is possible to achieve a decrease of 9% in fuel consumption compared to traditional gas-turbine engines, an
increase of up to 15% in the total pressure in the combustor due to detonation, an increase of 5% in thermal efficiency
(considering a gas-turbine setting), an increase in thermal efficiency of 4.6% (with just the combustor) and up to 14%
increase in power plant efficiency over conventional J class turbines (Anand and Gutmark, 2019).

Zheng et al. (2018) performed a numerical investigation into the pressure gain performance of continuously rotating
detonation (CRD) combustors, using methane—air as a reactive mixture and under the operating conditions of a micro gas
turbine. Numerical results showed that the pressure gain characteristics of the CRD combustors was associated with the
corresponding change in Gibbs free energy. Compared to approximate constant pressure-based combustors, CRD
combustors with lower Gibbs free energy loss could offer a significant advantage in terms of pressure ratio. Sousa et al.
(2017) carried out a Thermodynamic analysis of a gas turbine engine with a rotating detonation combustor and, by
comparison, concluded that, the gas turbine equipped with a rotating detonation combustor versus the conventional
deflagration combustor demonstrated the potential benefits of the pressure gain combustion at low pressure ratios. The
efficiency gain is above 5% at low pressure ratios, although the gain is less prevalent at high compression ratios. Folusiak
et al. (2020) showed that, for low pressure ratios between the inlet and outlet of the chamber, a stable propagation of wave
is possible, although significant losses can occur because of strong series of shockwaves observed at the expansion section
of the RDE. it is concluded that the better mode of operation of the RDE combustion chamber is supersonic mode.
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Such attributes make the rotating detonation engine an attractive choice to improve the efficiency of gas-turbines in
general. On the other hand, the high energy density and the near-stoichiometric operation of the RDE makes the device's
thermodynamic analysis complex. Equivalence ratios close to the stoichiometric proportion also results in exhaustion
products of high temperature that need to be diluted with efficiency. The high variation of pressure on a rotating detonation
engine can cause structural failure on the components of the engine, since they work near the mechanical limit, and, also,
it can have consequences on the turbine’s efficiency, as shock waves and flow separation may be prejudicial. Such factors,
among others, means that rotating detonation engines are still in an experimental stage of development and are not mass-
produced.

Although many beneficial conclusions have been achieved through the exploratory studies of rotating detonation
engines, Xie et al. (2020) argue that the flow and physicochemical processes involved in rotating detonation technology
are quite complex, and the mechanism of rotating detonation combustion still needs further studying, such as the formation
and self-sustaining mechanism of the rotating detonation wave, the generation mechanism of the instable detonation wave,
and the mechanism controlling instability with high efficiency.

Thus, this work aims to perform a thermodynamic comparison of the thermal efficiency of gas turbines operating with
a combustion chamber and a detonation chamber, considering different fuels, such as methane, ethanol and hydrogen. For
that, a thermodynamic model was developed, where the composition of the gases is determined by the minimization of
the Gibbs free energy and the temperature, pressure and speed of detonation are determined by the Chapman-Jouguet
theory. The present work explores the influence of parameters such as compression ratio, fuel composition and
equivalence ratio in the thermal efficiency generated.

2. METHODOLOGY

The constant-pressure combustion and detonation cycle models were developed based in thermodynamics
fundamentals (Moran et al., 2018), equilibrium combustion theory (Carvalho Jr. et al., 2018), and Chapman-Jouguet
theory for detonations (Lee, 2005 and Kuo, 2008). The nozzle was modeled using the theory presented by Shapiro (1953)
and its operational condition is that of steady-state.

The constant-pressure combustion cycle and the detonation cycle were compared through a range of compression
ratios (rc) that span the interval between 4 and 40. The gas turbine operating with a conventional combustion chamber
was modelled considering a constant-pressure combustion thermodynamic cycle, as shown on Figure 1.
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Figure 1. Constant-pressure combustion thermodynamic cycle considered in the simulations.

Air enters the compressor at an initial temperature of T, and initial pressure of p,. The number of mols of air admitted
is referred as ng;,-. The compressed air enters the combustion chamber at temperature T;, pressure p; and ng;,. . number
of moles. The combustion chamber is fed with four different fuels: methane (CH,), ethanol (C,HsOH), a blend of
75% CH, + 25% H, and a blend of 50% CH, + 50% H,. Combustion occurs on the combustion chamber at constant-
pressure and it is an adiabatic process. No work is performed, nor changes in kinetic and potential energy happens. Also,
it is considered that the combustion is stoichiometric. On the mixer, the mixing between the combustion gases and diluted
air coming from compressor will take place. The mixing process is also adiabatic and occurs at constant-pressure. On the
turbine, the mixture of gases coming from the mixer will be expanded and work will be performed.

The gas turbine operating with a detonation chamber was modelled considering a detonation thermodynamic cycle,
as shown on Figure 2.
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Figure 2. Detonation thermodynamic cycle considered in the simulations.

In the detonation cycle, air is extracted from the compressor at an intermediate pressure p;. The ratio between p, and
the outlet pressure of the compressor (p,) is called pressure fraction. Two different pressure fractions were considered:
0,1 and 1. Also, the cycle displayed in Figure 2 features a nozzle, which is applied to cool the temperature of the gases
exhausted from the detonation chamber. The reference for initial temperature and initial pressure are equal to 298,15 K
and 100 kPa, respectively, according to IUPAC (1982). The global combustion reaction is given by Eq. (1).

Vgir (1)
Crghly Oro Ny + =57 (02 + 3,761y)

= Ng,C0; + N CO + 1y, oH, 0 + ny, Hy + 19,0, + nygNO + 1y, N,
In Eq. (1), n; refers to the number of mols of chemical species i and v}, is the reaction’s air coefficient. Since the
combustion is stoichiometric, the equivalence ratio ¢ is equal to unity. Equation (2) shows the real work done by the
compressor (W), in J.

WC = Ngir (}_ll - }_lo) + nair,d (}_11 - EI) (2)

In Eq. (2), ng;, refers to the quantity of air that enters the compressor and n;, 4 refers to the diluted air that goes to
the mixer. Both are expressed in unit of mol. h,, h; and h; are the molar enthalpies of air in initial, intermediate and final
states of the compression stage, respectively. The three aforementioned enthalpies are expressed in J/mol. In the constant-
pressure combustion cycle, there is no pressure fraction (i.e., there is no intermediate stage), so, in that case, h; = hy. All
the thermodynamical properties are determined computationally utilizing the NASA-Glenn polynomials and coefficients
as reference (Gordon et al., 2002). The air at the inlet of the compressor is composed of 21% of 0, and 79% of N,. The
quantity of air that takes part in the reaction, ng;, . , is given by Eq. (3).

Ngirc = 4,76 Vgir (3)

The compression process features an isentropic efficiency n;. considered equal to 0,85. Equation (4) shows the
relation between the real compressor work and the isentropic efficiency, while Eq. (5) gives the relation between the
isentropic efficiency, the enthalpy of air in the initial state, h,, the real molar enthalpy of air in the intermediate state, h;,
and the isentropic molar enthalpy in the intermediate state of the air, h; .

Nie = M (4)
b WC,‘real
_ El,s - Eo (5)
Nic =5 7
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Equation (6) gives the relation between the isentropic efficiency, the enthalpy of air in the initial state, h,, the real
molar enthalpy of air in the final state of the compression process, k4, and the isentropic molar enthalpy in the final state
of the compression process, h s.

_ hl,s - Fla (6)
h

Equation (7) and Equation (8) gives the isentropic molar enthalpies of the intermediate and final stage, respectively.
S2 refers to the molar enthalpy of air in the initial stage and R is the universal constant of gases, equal to 8,314 J/mol-K.

$,,=50—F - InX )
Po
§o=8—R-m™ ®)

[

The sum of the enthalpies of each component species yields the total enthalpies of the products and the reactants. The
conservation of energy is achieved because, in the constant-pressure combustion cycle, the total enthalpies of the products
and the reactants are equal. The products are found at equilibrium, at an adiabatic flame temperature. In the detonation
cycle, the Chapman-Jouguet theory is applied, as shown by Eq. (9), (10) and (11).

m" = ppup = prug ©)
Pp + PpUE = Pr + PRUR (10)

u’ u? (11)
hp + 7}) = hR + _R

i refers to the mass flux, in kg/m?s. pp and py, are the specific masses of the products and the reactants, respectively,
in kg/m?3. u, is the velocity of the products and u, the velocity of the reactants. Both are given in units of m/s. hp and
hy are the specific enthalpies, in J/kg, of the products and the reactants, respectively.

The temperature and pressure reduction provided by the nozzle featured in the detonation cycle (Figure 2) is yielded
by Egs. (12) and (13). Equation (12) relates, at any given point of the nozzle, the stagnation temperature T,, along with
the temperature T, both in K. Equation (13), in its turn, relates the stagnation pressure p, with pressure p, both in Pa, at
an arbitrary point of the nozzle. k refers to the thermal capacity ratio and M, the Mach number of the combustion products
at said arbitrary point.

Te_1+k—1M2 (12)
T 2

k. (13)
pe k_1 2)k_1
p_(1+ M

The products of combustion go through the mixer where they are diluted with the load of compressed air that went
through the total compression process in the compressor (i.e., the pressure fraction is equal to 1). The temperature of the
mixture of air and combustion products is considered equal to 1500 K. According to De Souza (2014), this temperature
is in the range of temperatures where commercial turbines can safely operate. The quantity of air needed to perform the
cooling of the gaseous products of combustion to 1500 K is given by Eq. (14).

np (EPA— - Flp’?,) (14)
(Eair,d,tl - Eair,d,3)

Naira =

In Eq. (14), np refers to the quantity of mols of the combustion products. kp 3 and hp , are the molar enthalpies of the
products in the inlet and outlet of the mixer, respectively. hy; 4.4 and hy; 45 are the molar enthalpies of the products in
the outlet and inlet of the mixer, respectively. All molar enthalpies are expressed in J/mol. The mixture of diluted air and
hot products of combustion are admitted to the turbine, performing an expansion of gases and, therefore, mechanical
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work. The work done by turbine, in J, is shown in Eq. (15), where ny, is the molar quantity of the mixture, while hs and
h,, in J/mol, are the molar enthalpies of the mixture in the outlet and inlet of the turbine, respectively.

Wy = ny (s — ) (15)

The isentropic efficiency of the turbine, ny, is considered equal to 0,9. Equation (16) relates the isentropic efficiency
with the isentropic molar enthalpy of the mixture in the outlet of the turbine, ks, the real molar enthalpy of the mixture
in the outlet of the turbine, hg, and the molar enthalpy in the initial stage, h,. All the enthalpies aforementioned are
expressed in J/mol.

_ }_7.4 - 715 (16)
1 R, — Ry,

The isentropic processes from the inlet to the outlet stage of the turbine are given by Eq. (17). The inlet pressure is
equal to the outlet pressure of the compressor, p;. The outlet pressure is equal to atmospheric pressure, p,.

$ys =S50 —R-n2 (17
Po

Equation (18) yields the thermal efficiency of the cycle:

WT - WC (18)

= IAY

In Eq. (18), W and W, refers to the real work performed by the turbine and the compressor, respectively. ng is the
molar quantity of the fuel, and it is equal to 1 mol. The molar lower heating value of the fuel, LHV, is calculated by Eq.
(19).

Hp — Hp (19)
ng

LHV =

The work done by the compressor and turbine per unit of mass of fuel is given by Eq. (20) and Eq. (21), respectively,
where mg ; represents the molecular mass of the fuel i in g/mol.

W = We (20)
¢ mF,l

w. 21

wh = 21 (21)
meg,

Therefore, the thermal efficiency of the cycle can, also, be obtained considering the work done by the compressor and
the turbine per unit of mass of fuel, as shown by Eq. (22).

Wi — W, (22)
nyLHV
Mg,

‘]7:

3. RESULTS AND DISCUSSION

Simulations were performed covering the range from 4 to 40 for the compression ratio’s value. The work done by the
compressor, the work done by the turbine and the thermal efficiency of the constant-pressure combustion thermodynamic
cycle and the detonation thermodynamical cycle were analyzed. The results and discussions are presented in the following
sub-sections.

3.1 Work done by the compressor

Figure 3 shows the work done by the compressor, in kilojoule per gram of fuel, for the constant-pressure combustion
thermodynamic cycle.
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Figure 3. Work done by the compressor in the constant-pressure combustion cycle.

The larger is the compression ratio, the larger is the work performed by the compressor. Figure 3 yields that the work
performed by the compressor is slightly similar for methane (CH,), fuel blend no. 1 (75% CH, + 25% H,) and fuel blend
no. 2 (50% CH, + 50% H,) between compression ratios of 4 and 13. After that point, the compression work remains
close for methane and fuel blend no. 1 and, for fuel blend no. 2, it is higher. When the thermodynamic cycle operated
with ethanol (C,HsOH) as fuel, the work done by the compressor was, in all compression ratios evaluated, lower. Figure
4 shows the work done by the compressor, in kilojoule per gram of fuel, for the detonation thermodynamic cycle.
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Figure 4. Compression work for the detonation cycle.
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The compression work in the detonation cycle performed poorly, for all fuels considered, when the compression ratio
is equal to 4. For compression ratios between 8 and 12, the work performed by the compressor is slightly similar for
methane (CH,), fuel blend no. 1 (75% CH, + 25% H,) and fuel blend no. 2 (50% CH, + 50% H,). For compression
ratios higher than 16, the compression work remains close for methane and fuel blend no. 1 and, for fuel blend no. 2, it is
higher. For ethanol (C,H;OH), the work done by the compressor was, in all compression ratios evaluated, lower. Similar
behaviors were observed in the constant-pressure combustion cycle.

3.2 Work done by the turbine

Figure 5 shows the work done by the turbine, in kilojoule per gram of fuel, for the constant-pressure combustion
thermodynamic cycle.
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Figure 5. Turbine work in the constant-pressure combustion cycle.

Figure 6 shows the work done by the turbine, in kilojoule per gram of fuel, for the detonation thermodynamic cycle.
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Figure 6. Turbine work in the detonation cycle.
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The temperature at the inlet of the turbine and the pressure at the outlet are constant for all cases simulated. The
variable parameters, that influence the enthalpy difference between the outlet and inlet of the turbine, are the quantity and
composition of the product gases, the quantity of dilution air and the outlet temperature of the air-products mixture.

3.3 Net work

Figure 7 shows the net work performed by the turbine considering the four types of fuel and both thermodynamic
cycles. The net work is equal to the turbine work minus the compressor work. On the legend, “c-p.c” stands for “constant-
pressure combustion” and “det.” stands for “detonation”.
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Figure 7. Net work of the turbine.

Comparing each fuel with its respective performance in each cycle, the gas turbine had a higher net work output on
the detonation cycle than the constant-pressure combustion net work output. On the detonation cycle, the net work was
at its highest when the compression ratio was equal to 20. On the constant-pressure combustion cycle, the larger the
compression ratio, the larger is net work output.

3.4 Thermal efficiency

Figure 8 and Figure 9 shows the thermal efficiency of the constant-pressure combustion cycle.
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Figure 8. Thermal efficiency of the constant-pressure combustion cycle with CH, and C,HsOH as fuel.
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Figure 9. Thermal efficiency of the constant-pressure combustion cycle considering fuel blends no.1 and no.2

The thermal efficiency of the constant-pressure combustion cycle increases as the compression ratio increases. The
maximum thermal efficiency was obtained when the compression ratio was at its highest value (40). At this point, an
efficiency of 34.10%, 33.84%, 34.12% and 34.15% were obtained for methane, ethanol, fuel blend no. 1 and fuel blend
no. 2, respectively. Figure 10 shows the thermal efficiency of the detonation cycle.
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Figure 10. Thermal efficiency of the detonation cycle.

The thermal efficiency of the detonation cycle peaks when the ratio compression equals 20 for all the tested fuels. At
this point, an efficiency of 48.47%, 46.39%, 48.6% and 48.81% were obtained for methane, ethanol, fuel blend no. 1 and
fuel blend no. 2, respectively.

4. CONCLUSIONS
In the present work Thermodynamic Equilibrium Models for a Constant-pressure Combustion Gas Turbine Cycle

and for a Detonation Combustion Gas Turbine Cycle were developed and implemented. The Gibbs Energy Minimization
method was applied to determine the species concentrations at the exit of the combustion and detonation chamber,
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respectively. Moreover, in the case of the detonation chamber the Chapman — Jouguet theory was also applied to close
the system of equations.

Several fuels were considered for the simulations, among them were methane, ethanol, hydrogen and methane —
hydrogen mixtures. As expected, the behavior is similar for all fuels. However, the net work was higher for the detonation
thermodynamic cycle operating with a mixture of 50% CH, + 50%H, as fuel and a compression ratio equal to 20. In this
case, the net work output was, approximately, 28.02 kJ/g,;. Overall, compared to the fuels, ethanol had the poorer
performance in each cycle, considering the compressor work, turbine work, net work and thermal efficiency of the cycle.

Compared to the constant-pressure combustion cycle, the detonation cycle possesses a larger thermal efficiency for
all fuels at any compression ratio value, and the thermal efficiency of the thermodynamic cycle is maximum when the net
work output is maximum. For compression ratios between 4 and 8, the thermal efficiency of the detonation cycle was
higher than the constant-pressure combustion thermal efficiency by an average margin of 71%. For compression ranges
from 12 to 16, 20 to 24, 28 to 32, and 36 to 40, the increment in thermal efficiency was, respectively, of 56.08%, 46.77%,
37.13% and 26.42%. It is possible that, for compression ratios much greater than 40, the thermal efficiency of the constant-
pressure combustion cycle outperforms the efficiency of the detonation cycle. However, this case was not simulated in
this paper.
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