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Abstract. Gas turbines are internal combustion engines based on the Brayton-
Joule cycle with four thermodynamic processes including air compression, 
constant pressure combustion, gas expansion and heat rejection. Actually, a 
relevant increase in entropy production is related to the constant pressure 
combustion, even in the ideal cycle, so alternative combustion solutions, such as 
the Pressure Gain Combustion (PGC), are worthy of attention. 
This work aims at investigating PGC potential in gas turbines compared to 
conventional power plants based on the Brayton-Joule cycle. Both simple cycle and 
combined cycle operations are considered, focusing on a F-class gas turbine unit 
for power production. Cycle performance is estimated through a thermodynamic 
in-house code, where the common calculation scheme has been revised in order 
to simulate a combustion process occurring with increasing pressure from inlet to 
outlet of the combustor. A booster compressor is necessarily included in the power 
system for delivering the cooling air to the ϐirst stage blades of the turbine. The 
results are fully satisfactory as PGC technology really improves the efϐiciency of 
the gas turbine expander: in case of a pressure gain of 45%, which is a reasonable 
value based on literature data, 1.3 to 3.4 percentage points more in gas turbine 
efϐiciency have been calculated. Finally, a parametric analysis of expansion 
efϐiciency penalties due to supersonic pulsating ϐlows at the ϐirst stage of the 
turbine expander is presented. 

1. Introduction 

Nowadays, gas turbines play a key role in several industry ϐields, most of them crucial for the 
world economy. From a thermodynamic point of view, gas turbines are internal combustion 
engines based on the Brayton-Joule cycle. In a gas turbine, four thermodynamic processes must 
be considered: (i) air compression, (ii) constant pressure combustion, (iii) gas expansion and (iv) 
heat rejection. Even in the ideal Brayton-Joule cycle, the constant pressure combustion causes a 
relevant increase in terms of entropy production. Thus, alternative solutions to the constant 
pressure process have been proposed by many researches and a group of them, namely the 
Pressure Gain Combustion (PGC), seems to be the most promising [1-3]. PGC means an unsteady 
process whereby gas expansion by heat release is constrained, causing a rise in stagnation 
pressure (conventional combustion incurs a total pressure loss) and allowing work extraction by 
expansion to the initial pressure. Accordingly, PGC has the potential to increase the propulsion 
efϐiciency of aero-engines as well as the thermal efϐiciency of stationary gas turbines. Up to date, 
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detonative combustion processes have been the primary method to realize pressure gain 
combustion, such as pulsed and rotating detonation combustion, with the latter gaining more 
attention [4, 5]. 

The ideal thermodynamic cycles that model gas turbines with pressure gain combustion are 
the Humphrey and the Zel'dovich, von Neumann and Döring (ZND) cycles, presented in Figure 1 
along with the reference Brayton-Joule cycle. The Humphrey cycle models gas turbines with ideal 
constant volume combustion and is best suited for the cases of shockless explosion combustion 
and resonant pulsed combustion. On the other hand, the ZND cycle models the application of 
detonative combustion in gas turbines. 
 

 
Figure 1. Comparisons of T-s diagrams of the Brayton-Joule, Humphrey and ZND cycles [6]. 

 
A theoretical demonstration of PGC potential to improve the efϐiciency of gas turbines was 

proposed by Heiser and Pratt [1]. Focusing on both the ideal Humphrey and ZND cycles, they 
concluded that the main reason for the higher cycle efϐiciency is the lower entropy increase during 
combustion. However, their cycle calculations did not model the actual physical phenomena in 
pressure gain combustion systems in a satisfactory way and the assumption that expansion starts 
at the highest temperature of the cycle (point 3 in Figure 1) is questionable [6]. 

Actually, the gas stream exiting the pressure gain combustor is characterized by strong 
pressure, temperature and velocity ϐluctuations [7]. The main challenge in the practical 
implementation of PGC into gas turbines is the lack of turbomachinery that can efϐiciently harvest 
work from the PGC exhaust gas. As a matter of fact, it is generally accepted that conventional 
turbine expanders have a lower isentropic efϐiciency when they interact directly with pressure 
gain combustors [8, 9]. Two extreme methods can be adopted in order to address this challenge. 
According to the ϐirst, a plenum or combustor outlet geometry could be designed to adapt the 
exhaust stream from the pressure gain combustor to an extent that it could be fed to a 
conventional turbine. In this case, the latter would operate at its design efϐiciency. The other 
approach focuses on a dedicated turbine design that could directly expand the exhaust stream 
from the pressure gain combustor. However, optimizing the combination of a pressure gain 
combustor outlet geometry and an adapted turbine design would be a much more rational 
approach to achieve the maximum possible work extraction. 

The current work aims at studying and highlighting the possible advantages of pressure gain 
combustion in improving the thermal efϐiciency of stationary gas turbines. As a matter of fact, 
pressure gain combustion is an interesting technology not only for propulsion applications but 
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also for gas turbines in combined cycle lay-outs as reported by Gulen [10] and by Dubey et al. [11]. 
In detail, the current work is based on a parametric analysis focusing on increasing pressure gain 
values as well as different amounts of air for combustion chamber cooling. Referring to a base 
case, represented by a F-class gas turbine, the effects of pressure gain combustion are investigated 
as a measure to reduce the load of the main compressor. Thus, the current study does not keep 
the pressure ratio at the compressor ϐixed, as schematically shown in Figure 1 and the calculations 
are performed by simulating the turbine expander with almost the same calculation hypotheses 
of the base case. Accordingly, the pressure ratio at the compressor is reduced thanks to the 
pressure gain in the combustion chamber, but an air booster is now necessary to properly feed, at 
the due pressure level, the blade cooling circuits at the ϐirst stage of the turbine. In addition, a 
penalty in the expansion efϐiciency of the ϐirst stage of the turbine is also introduced to make the 
analysis as general as possible. 

2. Simulation environment and assumptions 

The PGC cycles are simulated by using a proprietary code developed by the Gecos Group at 
Politecnico di Milano, known as GS ('Gas Steam'). GS is a modular simulation code designed to 
solve the energy balance at the design point of various plant conϐigurations, representing them as 
networks of components, including compressors, combustors, expanders, heat exchangers, 
mixers, splitters, etc. The software iteratively solves the mass, energy balances and constitutive 
equations of each component until the design speciϐications imposed by the user are met, 
reaching stable convergence. The in-house code GS has been successfully used in past works by 
the authors to calculate a variety of power plant conϐigurations, including gas and steam turbines 
[12-14], integrated coal gasiϐication systems as well as advanced power generation systems 
including CO2 capture [15-20]. While extensive explanations and validations of the simulation 
code can be found in previous works from the research group [12, 13], this section provides a 
quick overview of its main features. 

The GS software adopts the ideal gas model for all gas mixtures and assumes a 0-D model for 
the compressor, where the average polytropic efϐiciency is evaluated based on the size parameter 
of the turbomachinery. The combustor is modelled as a full conversion reactor, ensuring the 
complete combustion of fuel species into H2O and CO2. The cooled expander is a component with 
a signiϐicant impact on modern gas turbine performance and is modelled by the 1-D approach 
proposed by Chiesa and Macchi [12]. This model enables the calculation, row by row, of geometric, 
aerodynamic and thermodynamic characteristics of the streams and incorporates a physical 
approach to model the cooling system. The turbine model has been validated for various 
commercial advanced large-size heavy-duty gas turbines, as documented in other papers [12-14]. 
 
Table 1. Ranges of design parameters and performance specs of F-class gas turbines by Ansaldo Energia, 
General Electric – GE Vernova and Siemens Energy. 

Number of turbine stages 3 - 4 
Gross GT power output, MW 288 - 385 
Gross GT efficiency, % 38.7 - 41.9 
Pressure ratio 16.9 - 21 
GT exhaust mass flow rate, kg/s 662 - 800 
GT exhaust temperature, °C 593 - 621 
Net CC plant output, MW 443 - 570 
Net CC plant efficiency, % 60 - 62.2 
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In detail, a proper set of assumptions has been used to evaluate the performance of the 
commercial gas turbines of three different manufacturers, namely Ansaldo Energia, General 
Electric – GE Vernova and Siemens Energy, as listed in Table 1. Design parameters and 
performance specs are taken from [21] and checked against websites of the respective 
manufacturers. GS simulations were run by imposing the number of turbine stages, pressure ratio 
and exhaust mass ϐlow rate. The turbine inlet temperature (TIT), deϐined as total temperature at 
the ϐirst rotor inlet and not usually declared by the manufacturers, is varied to match the turbine 
outlet temperature (TOT). 

Based on the results of the validation of the GS estimation and manufacturer’s data for power 
output and efϐiciency in simple and combined cycle operations, the technological level of the F-
class gas turbines is accurately described by an average value of TIT = 1430 °C. Hence, this value 
has been used to evaluate the performance specs of the reference gas turbine and the 
corresponding combined cycle, as reported in Table 2 along with the main design parameters. 
 
Table 2. Main design parameters and resulting performance specs of the F-class gas turbine and combined 
cycle. 

Gas turbine 
Pressure ratio at the compressor 
Air temperature at compressor outlet, °C 
Turbine inlet temperature (total temperature at the first rotor inlet), °C 
Exhaust flue gas mass flow rate, kg/s 
Exhaust flue gas temperature, °C 
Electric power output at generator terminals, MW 
Electric efficiency, % 

 
19 

427.9 
1430 
750 

597.1 
334.8 
40.67 

Bottoming steam cycle 
HP/RH evaporation pressure, bar 
HP/RH temperature at turbine admission, °C 
Condensation pressure, bar 
Flue gas temperature at stack exit, °C 
Steam turbine power output at generator terminals, MW 

 
166/36 

565/565 
0.04 
85.0 

162.3 
Combined cycle 
Electric power output, MW 
Electric efficiency, % 

 
494.6 
60.09 

 

3. PGC cycle performance evaluation 

The evaluation of the performance of a combined cycle with pressure gain combustion at the gas 
turbine is set up by assuming that the pressure at turbine inlet remains unchanged compared to 
the reference case. This means the effect of pressure gain combustion is accounted for by reducing 
the pressure ratio at the compressor. This choice, rather than increasing the turbine inlet pressure 
at the same compressor pressure ratio, is justiϐied for two main reasons. 

1) Feasibility: the turbine operates under the same conditions as the reference power plant, 
simplifying implementation. In a multistage axial compressor, typical of gas turbine 
engines, achieving a lower pressure ratio is straightforward by eliminating one or more 
high-pressure stages. 

2) Maximum efϐiciency in combined cycle mode: assuming a ϐixed TIT, increasing the turbine 
inlet pressure reduces the TOT. While this improves the efϐiciency of a simple gas cycle, it 
is detrimental to a combined cycle, since the latter beneϐits from converting the heat 
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released in the gas turbine exhaust into work. Typically, the efϐiciency of a combined cycle 
is optimized at the pressure ratio that maximizes the speciϐic work of the gas turbine, 
which is typical in single-shaft heavy-duty gas turbine design. 

From a computational standpoint, rotating detonation combustion is modeled as a device 
that increases ϐlow pressure while maintaining the enthalpy balance of the component. The 
pressure increase achieved in the PGC system necessitates modiϐications compared to traditional 
systems, as schematically illustrated in the plant ϐlow diagram in Figure 2. As a matter of fact, the 
air pressure at the main compressor outlet is insufϐicient for cooling the hottest sections of the 
turbine. Consequently, a booster compressor is required to elevate this ϐlow (denoted as #4 in 
Figure 2) to an adequate pressure. The latter was assumed to be 19.11 bar throughout the 
simulations, matching the compressor outlet pressure of the reference cycle (see Tables 2 and 3). 
The air ϐlow processed by the booster compressor also includes an additional portion (stream #3 
in Figure 2) for the following purposes. 

• Ensuring the cooling of the combustor liner. This stream is necessary for a technical 
reason and eventually mixes with the main stream. 

• Diluting the main ϐlow rate to reduce the gas temperature at the exit of the PGC system, 
aligning it with the target TIT. With a constant TIT, the gas temperature at the exit of the 
PGC system rises as the dilution ϐlow rate increases, potentially enhancing the pressure 
gain, which is proportional to the temperature ratio in the combustion process (see next 
Figure 4). 

The impact of these two ϐlows on the thermal balance of the system and the temperature ratio 
of the rotating detonation combustion is identical. Therefore, they are combined in the simulation 
without distinguishing between the individual ϐlow rates. 
 

 

Figure 2. Plant ϐlow diagram of the combined cycle based on the F-class PGC gas turbine. 

4. PGC cycle results and discussion 

This section reports the results of a parametric analysis oriented to highlight the advantages when 
exploiting PGC in a F-class gas turbine fuelled with natural gas (CH4 89%, C2H6 7%, C3H8 1%, C4H10 
0.1%, C5H12 0.01%, CO2 2%, N2 0.89%, with a lower heating value of 46.48 MJ/kg). In detail, a 
parametric analysis is carried out by considering increasing pressure gain in the combustion 
system and all the calculations are based on the assumptions that the combustor cooling ϐlow 
rates (stream #3 in Figure 2) mix at the same stagnation pressure with the product gas, with no 
losses, before entering the turbine expander. 
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The ϐirst result is shown in Figure 3 and reports the trend of the temperature ratio (TR) 
during combustion as a function of the amount of coolant processed by the booster compressor 
(namely the ratio between stream #3 and the total air ϐlow into the combustion chamber). 
Actually, the larger the coolant stream, the higher the TR, i.e. the combustion temperature, later 
reduced after dilution with the coolant before entering the gas turbine expander. The ‘ref’ line in 
Figure 3 stands for the base case with (almost) isobaric combustion by considering the actual 
combustor outlet temperature (COT). Of course, the temperature of the air ϐlow rate at the main 
compressor outlet in the base case is higher due to the higher pressure ratio at the compressor. 
In order to better appreciate the results in Figure 3 and compare these preliminary trends with 
previous results of other researchers, literature results of pressure ratio vs. temperature ratio [22-
26] are reported in Figure 4 [26]. For this study, only pressure gain combustor models are 
presented in Figure 4 for an implementation in 0-D gas turbine performance simulations. In 
general, the combustor outlet temperature is deϐined by the energy balance around the 
combustor. The main challenge for steady state performance simulations is to infer the combustor 
pressure ratio [25] which, according to the theory, lies in between a purely isobaric and ideal 
isochoric change of state. In detail, different models of pressure gain combustion were 
implemented by Paxson [22], Nalim [23], Goldmeer et al. [24], as well as the more recent ‘Mix’ 
model proposed by Neumann et al. [26], which matches published CFD data of Paxson [25]. As 
shown in Figure 4 [26], optimistic and pessimistic versions are also included for this ‘Mix’ model. 
Red segments highlight the results of the current study, as anticipated in Figure 3, compared to 
previous literature models: especially the case of pressure gain (PG) equal to 45% is fully 
consistent with the most recent model by Neumann et al. [26]. 

Based on the considerations above, performance results of the power cycles are presented in 
Figures 5 to 8. Although the cases of pressure gain (PG) equal to 25% and 65% are too pessimistic 
and optimistic, respectively, based on the temperature ratios included in Figure 4 from previous 
studies, they are useful to outline next theoretical trends in Figure 5 and below. The potential of 
PGC technology is clear, regardless of the pressure gain value under consideration. Focusing only 
 

 

 

 
Figure 3. Temperature ratio (TR) trend for three 
values of pressure gain as a function of the amount 
of coolant at the combustion chamber (i.e. the ratio 
between stream #3 in Figure 2 and the total air 
flow into the combustion chamber). 

Figure 4. Pressure ratio vs. temperature ratio 
according to some literature models [26] and red 
segments transferring the results in Figure 3. The 
limits of each segment refer to the amount of 
coolant (0% on the left and 30% on the right). 
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on the gas turbine, i.e. the topping cycle, the trend is justiϐied by considering that the higher the 
pressure gain during combustion, the lower the load of the main compressor. Actually, the 
increasing power demand of the booster compressor with the pressure gain is not detrimental to 
overall GT performance. As regards the decreasing trend of the GT power output, and 
consequently of the GT efϐiciency, the larger the coolant, the higher the load of the booster 
compressor for a ϐixed PG. Just focusing on the pressure gain at 45%, the power demand of the 
booster compressor rises from 4.5 to 23.7 MW for the coolant spanning from 0 to 30%. On the 
other hand, when considering an increasing pressure gain (from PG = 25% to PG = 45% and then 
to PG = 65%), the improvement in GT performance is initially clear, then less signiϐicant. As a 
matter of fact, the optimistic case with PG = 65% is characterized with a pressure ratio of 11.17 
at the main compressor and the corresponding air pressure is not sufϐicient for cooling the rotor 
blades at the ϐirst stage of the turbine. Thus, the booster compressor has to deliver air to the 
turbine expander for cooling not only the ϐirst stator blades but also the ϐirst rotor blades. 
 

  
Figure 5. Gas turbine (GT) power output 
depending on the pressure gain (PG) and the 
amount of coolant at the combustion chamber (i.e. 
the ratio between stream #3 in Figure 2 and the 
total air flow into the combustion chamber) 
compared to the reference base case. 

Figure 6. Gas turbine (GT) efficiency depending on 
the pressure gain (PG) and the amount of coolant 
at the combustion chamber (i.e. the ratio between 
stream #3 in Figure 2 and the total air flow into the 
combustion chamber) compared to the reference 
base case. 

 
Table 3 details temperatures, pressures and mass ϐlow rates of the main streams in Figure 2 

regarding the gas turbine, with reference to three speciϐic cases. Among the various data, it is 
possible to appreciate that a slightly larger fuel input is necessary for the PGC cases, because of 
the lower temperature at the main compressor outlet, for the same energy balance with the ϐixed 
TIT. When calculating the GT efϐiciency (see Figure 6), this result must be taken into account, even 
though no serious inϐluence on the GT efϐiciency trends can be appreciated compared to the 
reference base value. 

Focusing on the combined cycle (CC) results, Figure 7 reports the same trend anticipated in 
Figure 5. As a matter of fact, based on the calculation assumptions for the gas turbine, the power 
output at the bottoming cycle is unchanged. The CC efϐiciency in Figure 8 is always higher than 
the reference base case, but the efϐiciency differences in Figure 8 appear to be somewhat reduced 
in comparison with the same cases in Figure 6. 
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Table 3. Temperatures, pressures and mass ϐlow rates of the main streams in the schematic in Figure 2 for 
the F-class gas turbine selected as the reference base case and for two PGC cases: streams #1 to #4 are air, 
streams #5 and #6 are gas, F is fuel and C is air as the GT cooling ϐlows except for the ϐirst stator blades. 

 Reference base case PG = 45% and coolant = 0% PG = 45% and coolant = 30% 
stream T, °C p, bar ṁ, kg/s T, °C p, bar ṁ, kg/s T, °C p, bar ṁ, kg/s 

1 15.0 1.01 732.3 15.0 1.01 731.0 15.0 1.01 731.5 
2 427.9 19.11 581.4 350.5 12.79 582.9 350.5 12.79 407.0 
3 - - - - - - 446.9 19.11 174.4 
4* 427.9 19.11 38.9 446.9 19.11 41.6 446.9 19.11 43.1 
5 1486.7 18.54 599.1 1488.9 18.54 601.9 1491.4 18.54 599.9 
6 597.1 1.05 750.0 600.4 1.05 750.0 599.6 1.05 750.0 
F 220.0 70.0 17.7 220.0 70.0 18.0 220.0 70.0 18.0 
C variable variable 106.5 variable variable 101.0 variable variable 101.4 

* As regards the reference base case, this ϐlow rate is extracted at the compressor outlet, so temperature 
and pressure are the same as for stream #2 

 
As anticipated, the results in Figures 5 to 8 regard an unchanged behaviour of the gas turbine 

expander compared to the reference base case. However, the PGC system delivers a strongly non-
uniform ϐlow and conventionally designed turbines may be inadequate in these conditions, with 
reduced expansion efϐiciency. For this reason, Mushtaq et al. [9] performed a preliminary design 
of a supersonic turbine and revealed that expansion efϐiciency values over 70% are possible. Thus, 
another parametric analysis has been conducted in the current study, in order to take into account 
possible variations in efϐiciency of the ϐirst stage of the turbine. In detail, the cooled expander in 
the GS software has been revised in order to introduce a ϐixed penalty in the expansion efϐiciency 
of the ϐirst stage. Compared to the efϐiciency value (90.55%) of the ϐirst stage, as calculated for the 
F-class gas turbine assumed as base case, reductions of 15 and 25 percentage points have been 
considered. 
 

  
Figure 7. Combined cycle (CC) power output 
depending on the pressure gain (PG) and the 
amount of coolant at the combustion chamber (i.e. 
the ratio between stream #3 in Figure 2 and the 
total air flow into the combustion chamber) 
compared to the reference base case. 

Figure 8. Combined cycle (CC) efficiency power 
depending on the pressure gain (PG) and the 
amount of coolant at the combustion chamber (i.e. 
the ratio between stream #3 in Figure 2 and the 
total air flow into the combustion chamber) 
compared to the reference base case. 
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Figure 9. Gas turbine (GT) power output as a 
function of the pressure gain (PG) with two levels 
of efficiency penalty and two amounts of coolant at 
the combustion chamber (i.e. the ratio between 
stream #3 in Figure 2 and the total air flow into the 
combustion chamber). The reference base case is 
included for a quick comparison. 

Figure 10. Gas turbine (GT) efficiency as a function 
of the pressure gain (PG) with two levels of 
efficiency penalty and two amounts of coolant at 
the combustion chamber (i.e. the ratio between 
stream #3 in Figure 2 and the total air flow into the 
combustion chamber). The reference base case is 
included for a quick comparison. 

 
New results for GT power output and efϐiciency are shown in Figures 9 and 10, respectively, 

as depending on the pressure gain. In particular, two levels of efϐiciency penalty (-15% and -25%) 
as well as two amounts of coolant at the combustion chamber (2.5% and 27.5%) are considered. 
Referring to a PG value of 45%, a ϐirst glance at Figure 9 suggests higher GT power output than 
the refence base case, even with the highest penalty in the ϐirst stage efϐiciency and the largest 
amount of coolant. As already highlighted in Figure 5, switching from PG = 45% to PG = 65% is 
accomplished with larger ϐlow rate through the booster compressor for blade cooling, so the GT 
power output improvements are a bit limited if compared to the cases switching from PG = 25% 
to PG = 45%. Nevertheless, when looking at Figure 10, it is possible to appreciate the efϐiciency 
trends position themselves differently from the power output trends compared to the reference 
value. This result is justiϐied by referring to the slightly larger fuel amount necessary for the PGC 
cases, as anticipated in Table 3. A number of points in Figure 9 are better than the reference value, 
but the corresponding fuel inputs arrange GT efϐiciency points as in Figure 10. A general 
conclusion is not certainly immediate and attention should be paid to the overall CC performance. 
As a matter of fact, the exhaust gas at the inlet of the heat recovery steam generator increases 
(from around 600°C up to around 620°C) because of the penalty in the ϐirst stage turbine 
efϐiciency. This result, along with the constant gas ϐlow rate, reϐlects on slightly higher power 
output at the bottoming cycle. In particular, with PG = 45%, coolant at 27.5% and efϐiciency 
reductions at the ϐirst stage of the turbine equal to -15% and -25%, 

 CC power outputs of 522.8 and 516.9 MW, respectively, are calculated compared to 494.6 
MW of the reference base case; 

 CC efϐiciency of 60.84% and 60.36%, respectively, are calculated compared to 60.09% of 
the reference base case. 
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These data evidently suggest that the beneϐits achievable with PGC technology, as previously 
illustrated in Figures 5 to 8, can be seriously reduced without a dedicated turbine expander 
design. 

5. Conclusion 

This work has presented the results of some cases of pressure gain combustion applied in a F-
class gas turbine for power production. Both simple cycle and combined cycle operations are 
investigated in comparison with conventional power plants. The results highlight the potential of 
PGC technology for improving the overall efϐiciency of the power plant. However, expansion 
efϐiciency penalties due to supersonic pulsating ϐlows at the ϐirst stage of the turbine may 
seriously reduce the advantages of PGC technology. Thus, optimizing the combination of a 
pressure gain combustor outlet geometry and an adapted turbine expander design represents the 
most rational approach to achieve the maximum possible work extraction with the highest power 
plant efϐiciency. 
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