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Abstract. The objective of the present study is to perform a thermodynamic comparison of the thermal efficiency by
varying the main parameters of a power generation cycle involving gas turbines, where the combustion products are
obtained in two different processes: by constant-pressure combustion inside a conventional combustion chamber and by
a detonation process inside a detonation chamber. To achieve this goal, a study of combustion reactions in the context
of equilibrium thermodynamics was performed, then, a computational model was developed in order to study the
aforementioned processes. The thermodynamic model allows to study the influence of the compression ratio, fuel
composition and equivalence ratio on the thermal efficiency and net-work generation.

The products composition was determined by applying the Gibbs-minimization method together with mass and energy
conservation equations. On the other hand, the detonation temperature and the products composition after the detonation
process were determined by applying the Chapman-Jouguet theory together with Gibbs-minimization, mass conservation
and energy conservation equations. The results obtained show that the detonation-chamber-based turbine wields a
higher thermal efficiency than the combustion-chamber-based turbine in all comparisons made utilizing equal initial
parameters; however, the pressure and temperature of the chemical products in the detonation chamber are significantly
higher, which, although theoretically beneficial, showcase practical limitations that imply the need of adaptations in the
form of modifying the pre-and-post-combustion parameters and process in the thermodynamic energy generation
process.
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1. INTRODUCTION

The gas turbines operating with combustion chambers at constant pressure are internal combustion engines extensively
used in various fields of application, notably in the propulsion of aircraft, but also in the propulsion of ships and tanks
and as electrical generators, pumps, and compressors (BORGNAKKE; SONNTAG, VAN WYLEN, 2002). Fuel
combustion in gas turbines occurs in the combustion chamber. Turns (2011) develops a model where a combustion
reaction occurs at constant pressure between air and fuel, resulting in combustion product gases.

Because they are so relevant in these fields, there is a high interest to improve the thermal efficiency of gas turbines;
however, current conventional turbines have thermal efficiency very close to the theoretical ideal (LI et al., 2018).
Turbines operating with Rotating Detonation Engines (RDE) are an alternative technology to conventional turbines. In
this type of turbine, the combustion chamber is a detonation chamber, where the speed of the products is supersonic.
Reagents are fed through an annular cylindrical chamber and a detonation wave travels around the chamber in an
helicoidal pattern. Continuous detonation is initiated only one time and operates at typical frequencies of 1-10Hz
(BATTELLE, 2017). RDEs are a promising innovation because with them it is possible to obtain higher thermal
efficiencies compared to turbines operating with conventional combustion chambers (WOLANSKI, 2017).

Naples and Hoke (2017) developed a rotating detonation engine and coupled the RDE with a T63 gas turbine. The
RDE runs multiple power settings and demonstrates turbine performance equivalent to or better than the stock combustor
using hydrogen fuel. Their results show that high frequency, 25% unsteady temporal pressure at a combustor outlet is not
detrimental to uncooled turbine performance, and may even increase turbine efficiency. Numerical simulations were
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performed by Yao et al. (2017) to RDEs with a hollow chamber, based on the reactive Euler equations and one-step
Arrhenius chemistry model. The fuel injection area ratios range from 55.6% to 88.9% and the propulsive performance of
the hollow RDE with different fuel injection area ratios is also evaluated and compared with experimental data and other
simulation results.

Bigler et al. (2017) realized a comparative study between ideal thermodynamic cycles representing conventional gas
turbines (using the Brayton cycle) and turbines with RDEs, using air as the working fluid; the detonation cycle presented
a higher thermal efficiency as a function of all analyzed parameters. A comparation of the performance of a conventional
Brayton cycle with a subsonic turbine and a detonation cycle with a supersonic turbine was realized by Sousa et al. (2017),
through different compression ratios. The detonation cycle has a relative thermal efficiency gain of more than 6.7% for
equal compression ratios.

Bluemmer et al. (2019) performed an experimental study on the transition dynamics in a hydrogen-air rotating
detonation combustors RDC as the operating mode transitions from two steadily propagating, equally-fast counter-
rotating waves to a single wave depending on the operating condition. Their results indicate a correlation between the
operating mode with two counter-rotating waves and choked flames, as well as quasi-detonations observed in generic
detonation experiments in the literature. The work of Dai et al. (2019) develops a thermodynamic cycle where there is an
extraction flow in the compressor, at 50% of the final pressure, which feeds the detonation chamber; the remaining air
cools the product gases in a dilution process. A study about the effect of different KoCOj3 ionized seed mass contents on
the detonation process was realized by Lin ez al. (2020). The PDE was successfully ignited and formed a stable detonation
wave at ignition frequencies of 5 Hz and 10 Hz, and the peak pressure of the stable detonation with the ignition frequency
of 5 Hz was 17% higher than that with an ignition frequency of 10 Hz.

The main objective of this work is to carry out a comparison between a thermodynamic cycle representing a
conventional gas turbine, with a combustion chamber at constant pressure, and a thermodynamic cycle representing a
turbine operating with an RDE, that is, with a detonation chamber. The parameters compared are the work supplied to the
compressor, the work supplied by the turbine and principally the thermal efficiency of the cycle; these parameters are
compared across a range of different compression ratios. Mathematical and computational models were developed to
represent these two cycles operating in steady state and considering that the combustion and detonation processes reach
equilibrium. The combustion products are mixed with air in a dilution process at constant pressure.

2. METHODOLOGY

The constant-pressure combustion thermodynamical cycle and the detonation cycle considered are shown,
respectively, in the Figures 1 and 2. The cycles are compared across compression ratios, r, varying from 4 to 40. In the
detonation cycle, air is extracted from the compressor in an intermediate pressure p;; the ratio between p; and the outlet
pressure of the compressor p; is called the pressure fraction f. Three cases were considered for the detonation cycle, with
values of f equal to 0,3, 0,5 and 0,7, respectively.
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Figure 1. Scheme of the constant-pressure combustion thermodynamic cycle.

It is considered that the combustion is stoichiometric, being the reference pressure and temperature equal to 100.000
Pa and temperature 298,15 K, respectively (IUPAC, 1982). The global combustion reaction considered is shown in the

Eq. (1).

CrcHyy OxpNyy + Var (07 + 3,76N,) = 1, CO, + 1o CO + 1y, oH 0 + 1y, Hy + 19,0, + 1y, N, (1)
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where n; is the mol number of the chemical species i, and v, is the air coefficient of the reaction. The species in the
products are H,0, CO,, N,, O,, H, and CO, the presence of H2 and CO denotes the possibility of incomplete combustion.
The composition of the products is determined by applying the method of minimization of Gibbs free energy.
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Figure 2. Scheme of the detonation thermodynamic cycle.

Considering the different equipment that form the cycle, the work done in the compressor W, in J, is determined by
the Eq. (2).

WC = no. (}_11 - }_10) + no’d. (}_ll - }_11) (1)

where n,, is total quantity of air which enters the compressor and 1, 4 is the quantity of air which goes to the mixer, called
the dilution air, both in mol. h,, h; and h; are, respectively, the molar enthalpies of the air in the initial, intermediary and
final states of the compression process, in J/mol; in the constant-pressure combustion cycle, there is no extraction air, so
h; = h,. The molar enthalpies, as well as all other thermodynamical proprieties considered in this paper, are determined
computationally utilizing the NASA-Glenn polynomials and coefficients (Gordon et al., 2002). The air in the inlet is
considered at the standard temperature and pressures of 293.15 K and 103 325 Pa and is composed of 21% of 0, and 79%
of N;. n, equals the sum of the quantity of dilution air n, 4 with the quantity of reaction air n,,[mol]. The quantity of
reaction air is given by Eq. (3).

Nor = 4,76.V5, 3)

The isentropic efficiency 7¢ of the compressor is considered equal to 0,85. Equations (4) and (5) relate the isentropic
efficiency with, respectively, the isentropic molar enthalpy of the intermediate state h; and final state hy5 of the air and
its real analogues, h; and h,, and the molar enthalpy of the initial state h,, all in J/mol.

_Mhs—h, )
Nc }_ll _ }_lo

_ }_lls - }_lo (5)
Nc }_11 _ }_lo

Equations (6) and (7) describe the isentropic compression processes from the initial state to the intermediary and final
states, respectively.

50 =50 + Rint (6)
Po
Pr 7N

5% =82+ R.In—
o
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where 52, 5, and §{ are, in this order, the molar entropies of the air in the initial state, in the intermediary isentropic
state, and the final isentropic state, all in J/mol-K. R is the gas constant, equal to 8,134 J/mol-K. In the constant-pressure
combustion chamber, the energy conservation is given by Eq. (8)

Hp = Hg )]

where Hp and Hy are, respectively, the total enthalpies of the products and the reactants, in J, given by the sum of the
enthalpies of each of its component species. The products are at equilibrium, at an adiabatic flame temperature T,4. In
the detonation chamber the Chapman-Joguet theory is applied, given by the system of equations shown in Egs. (9) to (11).

m'" = pp.up = pr.Ug )
Pp + Pp-Up = Pr + Pr-UR (10)

u? u 11

where m'’ is the mass flux, in kg/m2.s; pp and py are the specific masses of the products and reactants as a whole, in
kg/m?; up and uy are the velocities of the products and the reactants, in m/s; and hp and hy are the specific enthalpies of
the products and reactants as a whole, in J/kg.

In the detonation cycle, the combustion products pass through a nozzle before entering the mixer, where their pressure
is reduced from the detonation pressure until it equals the pressure of the dilution air. Equation (12) relates the stagnation
temperature T,, in K, with the temperature T, also in K, in an arbitrary point in the nozzle. k is the thermal capacity ratio
and M is Mach number of the combustion products in this arbitrary point.

T k-1 (12)
—=1+——M
T, 2
Equation (13) relates the stagnation pressure p,, in Pa, with the pressure p, also in Pa, in an arbitrary point in the
nozzle.

k-1 k
P _a +—— M (13)
e

The product gases of the combustion go through the mixer where they are diluted with compressed air which got
through the total compression process in the compressor. The temperature of the mixture of air and combustion products
is considered equal to 1600 K, the upper limit of the range in which commercial turbines can safely operate (De Souza,
2014). The quantity of air needed to cool the product gases to 1600 K is given by the Eq. (14)

_ nP(EP,Z - EP,l) (14)

nojd _ — —
(ho,d,z - ho,d,l)

where np is the quantity of the combustion products, in mol; Epyl and i_lp_z are the molar enthalpies of the product gases
in the inlet and outlet of the mixer, respectively, in J/mol; and f_lo'dyl and Eo,d,z are the molar enthalpies of dilution air in
the inlet and outlet of the mixer, respectively, in J/mol. The air-products mixture enters the turbine, realizing an expansion
work Wy, in J, given by the Eq. (15)

Wy = ny. (s — hy) (15)

where n,, is the quantity of mixture, in mol, and h, and h; are the molar enthalpies of the mixture in the inlet and outlet
of the turbine, respectively, in J/mol. The isentropic efficiency 4 of the turbine is considered equal to 0,9. Equation (16)
relates the isentropic efficiency with the isentropic molar enthalpy of the mixture in the outlet A, and its real analogue
hs, as well as its inlet state h, all in J/mol.

 Ry—hy (16)
-



26™ ABCM International Congress of Mechanical Engineering
November 22-26, 2021. Florianépolis, SC, Brazil

Equation (17) describes the isentropic expansion processes from the inlet state to the outlet state. The inlet pressure is
equal to the outlet pressure of the compressor p;. The outlet pressure is equal to the atmospheric pressure p,.

59, = 52+ R.In 2 (17)
P2

The thermal efficiency of the cycle is given by Eq. (18).

Wy — W, (18)

= AW

where ny is the quantity of fuel, in mol, equal to 1. The molar lower heating value of the fuel, LHW, is calculated via the
Eq. (19)

R P
—__ Hg—Hp — . (19)
LHW = —— = n,. hy — n,. hy
r

ng
)

where the summations represent the sum of the molar enthalpies 2 and . P_Lg, in J/mol, of each component species of the
reactants and products, respectively, in the reference state, multiplied by its respective quantity n,. or n,, in mol. In this
paper, the fuel considered is a synthesis gas obtained via gasification of biomass and residues (Babu, 2013). The
composition of the synthesis gas is shown in Table 1.

Table 1. Composition of the fuel in mole fractions.

Chemical species Mole fraction
Carbon monoxide (CO) 0.48
Hydrogen (H,) 0.32
Carbon dioxide (CO0,) 0.15
Nitrogen (N,) 0.03
Methane (CH,) 0.02

The synthesis gas yields a LHW of 229 284.78 J/mol and has a molar formation enthalpy at the reference state h% of
-113 568.72 J/mol. The air coefficient v, is equal to 0.44 and the quantity of reaction air n, . is equal to 2.0944 mol.

3. RESULTS AND DISCUSSIONS

The results obtained using the computational models, pertaining to the thermal efficiency and the total work to the
compressor and from the turbine, in each case, are presented and commented in the following sub-sections.

3.1. Work done in the compressor

The work needed by the compressor is similar between the three analyzed cases of the detonation cycle, as shown in
the Figure 3. For the same compression ratio, the larger the pressure fraction, the larger is the fraction of the total work
needed for the compression of the reaction air; although, due the lower temperature of the combustion products at the
outlet of the nozzle (as shown in the Table 2), this effect is compensated by the smaller quantity of dilution air needed to
cool the product gases to 1600 K.
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Figure 3. Work done in the compressor for constant-pressure combustion cycle (P.cte) and detonation cycle for
three different pressure fractions (f = 0,3, f = 0,5 and f = 0,7) as a function of the compression ratio.

Table 2. Inlet turbine temperature [K]; for the constant-pressure combustion, equal to the adiabatic flame temperature;
for the detonation, equal to the outlet nozzle temperature.

r 4 6 8 10 15 20 25 30 35 40

p=const. | 2202.2 | 2237.8 | 22654 | 2288.3 | 2333.1 2367.0 | 23963 | 2420.8 | 24424 | 2461.7
/=03 2059.2 | 21294 | 2180.7 | 2221.4 | 2297.4 | 23532 | 2397.6 | 2434.7 | 2466.5 | 2494.6
f=05 1952.7 | 2019.6 | 2068.6 | 2107.5 | 2180.3 2234 2276.7 | 231277 | 23432 | 23703
f=0.7 1886.0 | 1950.8 19984 | 2036.3 | 2107.3 | 2159.5 | 22013 | 2236.2 | 22663 | 2292.9

The work done in the compressor in the constant-pressure combustion cycle is significantly larger in comparison with
the detonation cycle. That occurs for two reasons: first, for an equal compression ratio r, all the air that enters the
compressor in the constant-pressure cycle is compressed at this ratio, in contrast with the detonation cycle, where only
the dilution air is compressed at r, with the rest being compressed just at 7;7; second, the inlet temperatures of the
combustion products in the mixer are larger in the constant-pressure cycle because there was no nozzle considered in that
case.

3.2. Work done by the turbine

The inlet temperature and pressure and the outlet pressure in the turbine are always the same in all the considered
scenarios; the only 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.

The fraction of the total work performed by the expansion of the combustion gases is a negligible factor in the case-
by-case comparison, due to its quantity and composition being approximately the same in all cases studied in the present
work. The outlet temperature of the mixture is also a negligible factor in the analysis. The turbine outlet temperature is
shown in the Table 3 for different compression ratios and intermediate pressures.

Table 3. Outlet turbine temperature [K].

r 4 6 8 10 15 20 25 30 35 40

p=const. | 12252 | 11323 | 1070.1 1023.8 944.0 890.6 850.9 819.6 793.8 772.1
f=03 1226.3 | 1132.7 | 1069.9 | 1023.2 942.6 888.6 848.6 817.1 791.2 769.4
f=05 1229.3 | 1136.1 1073.5 | 1026.8 946.2 892.2 852.1 820.5 794.5 772.6
f=0.7 ]1231.5| 11385 | 1076.0 | 1029.4 948.8 894.7 854.6 822.8 796.8 774.8
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It is observed that for larger pressure fractions in the detonation cycle, the outlet temperature in the outlet of nozzle is
lower. Therefore, a smaller quantity of dilution air is needed for the cooling process, consequently, diminishing the work
done by the turbine. The turbine work in the detonation cycle in most cases is smaller than the turbine work in the constant-
pressure cycle, as shown in the Figure 4, except for f = 0,3. In that case, the work is larger for compression ratios larger
than 25, the inlet temperature in the mixer surpasses its equivalent in the constant-pressure cycle, being need a larger
quantity of dilution air.
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Figure 4. Work done by the turbine for constant-pressure combustion cycle (P.cte) and detonation cycle for three
different pressure fractions (f = 0,3, f = 0,5 and f = 0,7) as a function of the compression ratio.

3.3. Thermal efficiency

The thermal efficiency curves of the three analyzed detonation cycles behave similarly when compared with each
other. However, the largest thermal efficiency was obtained for the case of the pressure fraction equal to 0,3, as shown in
the Figure 5. The Figure also contains the thermal efficiency of cycle gas turbines of fabricant Mitsubishi Hitachi Power
Systems, tested with natural gas for different pressure ratios. These values can be compared with the thermal efficiency
of constant-pressure combustion cycle calculated by the developed model. The specifications of these gas turbines can be
founded in Table 4. Was not found data for detonation cycles with similar operating conditions to those studied in this
work. It can be observed that for compressions ratios between 14 and 23 the experimental thermal efficiency of Mitsubishi
Hitachi Gas Turbines falls between 34.9 and 41.0 %, this is in accordance with the results obtained with the model
developed in the present work, which determined thermal efficiencies among 33.9 and 35.9% for compression ratios
between 20 and 25. The difference in thermal efficiencies can be explained by higher concentration of inert gases in the
syngas used for the simulations performed in this work.

Table 4. Thermal efficiencies of simple cycle gas turbines of fabricant Mitsubishi Hitachi Power Systems tested
with natural gas (Gas Turbine World, 2014).

Vot rowrony  Melonme Conpion 1 Thrd e
M501DA 113.9 346.1 14.0 34.9 10318.4
M501F3 185.4 458.6 16.0 37.0 9738.1

H-80 110.6 307.2 19.2 37.6 9584.1
M501G1 267.5 598.8 20.0 390.1 9210.7

M501J 327.0 598.8 23.0 41.0 87833
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Figure 5. Thermal efficiency for constant-pressure combustion cycle (P.cte), detonation cycle for three different
pressure fractions (f = 0,3, f = 0,5 and f = 0,7) and for Mitsubishi Hitachi Power Systems gas turbines (real) as a
function of the compression ratio.

When compared to the constant-pressure combustion cycle, only the detonation cycle at f = 0.3 possesses a larger
thermal efficiency for all the values of r considered in the analysis. At f = 0.5, the thermal efficiency surpasses the
constant-pressure cycle only for compression ratios larger than 10, approximately. The thermal efficiency of the
detonation cycle at f = 0.7 is smaller than the constant-pressure cycle for all pressure ratios considered. Table 5 shows
the relative gains of the detonation cycles in comparison with the constant-pressure combustion cycle.

The thermal efficiency curves of the detonation cycles grow faster, with the increase of r, than the curve of the
constant-pressure cycle. Therefore, it is possible to infer that the termal efficiency of the detonation cycle at f = 0.7
outgrows the constant-pressure cycle for compression ratios larger than 40; only further simulations can confirm this
hypothesis, tough. However, the fact that a lower compression, f = 0.3, is enough to surpass the efficiency of the constant-
pressure cycle is an important result which shows the advantage of the detonation cycle, since there is an increase in
pressure inside the detonation chamber.

Table 5. Relative gains in thermal efficiency of the detonation cycles compared to the constant-pressure combustion
cycle.

r 4 6 8 10 15 20 25 30 35 40

f=03 1] 10.63% | 11.09% | 12.00% | 12.90% | 14.87% | 16.46% | 17.79% | 18.94% | 19.96% | 20.90%
f=051] -3.55% | -2.60% | -1.59% | -0.70% 1.10% 2.48% 3.59% 4.56% 5.36% 6.11%
f=0.7 | -13.29% | -11.95% | -10.85% | -9.95% | -8.24% | -7.01% | -6.04% | -5.23% | -4.55% | -3.94%

Due to the detonation cycle using a supersonic turbine, the kinetic energy variation can be a significant component in
the energy balance of the turbine. In future works, the kinetic energy variation should be considered, with a dynamic
analysis of the turbine being needed; this is beyond the scope of the present work. It can be inferred, although, that the
thermal efficiency of the detonation cycle should be higher for every pressure fraction f if the kinetic energy variation
was considered.

4. CONCLUSIONS

The comparison between the results obtained with the thermodynamic models for the gas turbine working with a
constant-pressure combustion chamber and with a detonation combustion chamber, shows the increase of the thermal
efficiency for low extraction pressure ratios (f=0.3). In general, the thermal efficiency of the detonation cycle decreases
with increasing extraction pressure ratios.

The constant-pressure cycle presents a higher compression work than the detonation cycle. However, the work
performed by the turbine, for the constant-pressure cycle, is slightly higher than that performed with the detonation cycle.
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The work performed by the turbine increases as the extraction pressure ratio is lower (f=0.3). In the case of /=0.3, the
relative gain in thermal efficiency increases with the compression ratio from 10.63% at »=4 to 20.90% for r=40.

In future works, the strategy for lowering the temperature of the products leaving the detonation chamber can also be
considered as a variable parameter. It is also possible to show the variation of the thermal efficiency by changing the
turbine inlet temperature, which was considered constant, and equal to 1600K in the present work. Future work can also
consider more complex cycle in order to obtain further increases in the thermal efficiency.
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