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Abstract:  
 

Efficiency improvements are very important in all research and technology. Detonation 

engines are high technology devices. In the last decades they attracted attention by 

many researchers. However, detonation engines for cogeneration are not researched 

efficiently. This article is about the detonation engines cogeneration cycles which 

analysed by using 1. and 2. law of thermodynamics and exergy analyses methods by the 

authors. The exergetic performance analyses, their advantage and disadvantages of the 

ZND-HRSG detonation engine cogeneration cycles were obtained. The exergetic 

performance analyses were done for various excess air rates to obtain the variations of 

the combustion exit pressures and temperatures, exergy efficiencies, electric heat rates, 

SFC and other parameters of their performance. Also, an optimization analysis was 

done for the ZND-HRSG by searching the optimum values for different excess air rates. 

The results showed that, the ZND-HRSG cycle have the optimum values of the 

performance at 1.6-1.8 of the excess air rates.  

 

1. Introduction 
 

Efficiency improvements are very important in all 

research and technology. Alternative fuels, zero 

emission cycles, cogeneration, trigeneration, 

efficiency improvements are some of the main 

research areas in our days [1, 2, 3, 4]. Also, better 

components design, environmental technologies, 

space vehicles, cryogenic cycles, and refrigeration 

are important research areas in engineering [5, 6, 7, 

8]. Combustion efficiency is vital for all 

technological process and environment.  

Deflagration is a subsonic speed combustion 

process that flames obtained in this process. 

Deflagration process is used such as Otto, Brayton 

Diesel cycles. Detonation engines are high 

technology devices that considered promising 

technology by the researchers in our days. 

However, using detonative engines for 

cogeneration are not researched efficiently in our 

days. The main method to obtain PGC-pressure 

gain combustion is detonative combustion. With 

detonative combustion 30% higher thermal 

efficiency can be obtained than the deflagration 

process. Detonative combustions are based on 

supersonic mode of combustions. Detonative 

combustions cause rapid burning (thousands of 

times faster than deflagration process). Detonative 

combustions are shock front driven and detonation 

engines very good shown by ZND (Zeldovich–von 

Neumann–Doring) cycle [9, 10].  

Cogeneration plants are exergy efficient, compact, 

economic, fuel flexible, environmental and small 

sized cycles. Because of these advantages over 

conventional systems, cogeneration cycles have 

become widespread on the world.  

Because of the metallurgical reasons, maximum 

temperature for gas turbines must be below than 

1600 K. By using 2-4 times of the air theoretically 

required, these temperatures can be obtained. Air 

properties are very important and effective on 

exhaust gas properties and working conditions. 

Keven, (2023) have investigated three different 

cogeneration cycles’ exergetic performance and 

found that using recuperators were improving their 

efficiency and performance [11]. The three various 

plants were air fuel heating, air heating and basic 

cogeneration cycles. She found that excess air rates 

were more effective than the pressure ratio and 

ambient temperatures. She also, concluded that 

decreasing inlet air temperatures by using 

absorption cooling or by other methods, if possible, 
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should be considered. For obtaining optimum 

working conditions, and maximum efficiencies an 

optimization process should be carried out. For 

good and improved performance, the design of the 

cycles is very important for working conditions. 

Needless equipment decreases the performance and 

advantages of the cycle.  Also, Karaali and Keven, 

(2022) investigated four different cogeneration 

cycles’ efficiencies, the effect of absorption cooling 

of inlet air of compressor and the effect of adding 

recuperators into these cycles, on the working 

conditions [12, 13, 14]. They found that absorption 

cooling by using waste heat can help to improve the 

efficiencies and the working conditions of the four 

cogeneration systems. By absorption cooling of 

inlet air less work is spent for compression and 

about %1-3 efficiency could be improved by that 

method. They also investigated the effect of excess 

air and compression ratios on the performance of 

cogeneration plants. They found the optimum 

working conditions and optimum compression and 

excess air values. Keven, (2023) in her article about 

the detonative engine cogeneration plants has 

investigated the performance for various pressure 

rates. She found the various pressure rates effect on 

the combustion exit pressures and temperatures, 

exergy and energy efficiencies, SFC, electric 

efficiency, and other performance parameters. She 

has showed ZND cogeneration cycles’ advantages 

for production power and heat [15,16].  
 

2. Material and Methods 

 
In Figure 1, the figure of the ZND-HRSG 

detonative engine cogeneration cycle is given. 

Ambient air is taken for compression and then the 

compressed air after the check valve is given in to 

the pulse detonation chamber. After detonative 

combustion exhaust gases are given in to the HRSG 

to produce steam. The exhaust gases are at 2000-

3000 K temperatures at the inlet of the HRSG. At 

the exit of the HRSG the temperatures of the 

exhaust gases are about 1500 K. By giving some of 

the heat energy of the exhaust gases to produce 

steam the exhaust gases are cooled because of the 

gas turbine’s metallurgical reason. Some of the 

exhaust gases’ energy is used to produce 

mechanical energy in the gas-turbine. The 

mechanical energy is used to produce electricity in 

a generator. Exhaust gas at exit of the gas turbine is 

at low pressure, but high temperatures about 750-

950 K, which is available to produce steam in the 

HRSG. Equations for the components of ZND-

HRSG detonative engine cogeneration cycle are 

shown in Table 1. Equations about exergy, 

efficiency, and performance for the components of 

the ZND-HRSG detonation engine cogeneration 

system are given in Table 2. 

 
 

Figure 1. The figure of the ZND-HRSG detonative 

engine cogeneration cycle. 

 

The detonative combustion for the pulse detonation 

chamber;  

ʎ𝐶𝐻4 + (0.7748𝑁2 + 0.2059𝑂2 + 0.0003𝐶𝑂2 +

0.019𝐻2𝑂 → (1 + ʎ)(𝑋𝑁2𝑁2 + 𝑋𝑂2𝑂2 + 𝑋𝐶𝑂2𝐶𝑂2 +

𝑋𝐻2𝑂𝐻2𝑂)             

The equations of Table 1 and Table 2 are used to 

write the code of a FORTRAN computer program 

for the calculations. In this study, the ambient 

conditions were as P0=101.30 kPa and T0=298.15 

K, and fuel mass flow rates taken as mfuel,CC=1.640 

kg/s. Turbine’s and compressor’s isentropic 

efficiencies of the plant were as, ηiz, C=ηiz, T=0.860, 

the steam temperature is as Tsteam, HRSG=485.57 K. 

The exit temperatures of the exhaust gases were 

Texhaust, HRSG=426.0 K [17].Temperatures of ZND-

HRSG is given by equation 1 

 

𝑇 = 𝑇∗ (
(𝛾+1)𝑀

1+𝛾𝑀2 )
2
  (1) 

 

 
Table 1. Equations for the components of the ZND-

HRSG detonative engine cogeneration system [15, 16]. 

 
 

Devices Mass 

Equations 

Energy 

Equations 

Entropy 

Equations 

Compressor 𝑚 1 = 𝑚 2 𝑚 1.ℎ1 + 𝑊 
𝐶

= 𝑚 2. ℎ2 

𝑚 1.𝑠1 − 𝑚 1. 𝑠2

+ 𝑆 𝑔𝑒𝑛 ,𝐶 = 0 

Turbine 𝑚 4 = 𝑚 5 𝑚 4ℎ4

= 𝑊 
𝑇 + 𝑊 

𝐶

+ 𝑚 5ℎ5 

𝑚 4𝑠4 − 𝑚 5𝑠5

+ 𝑆 𝑔𝑒𝑛 ,𝑇 = 0 

HRSG 𝑚 3 = 𝑚 4 

𝑚 5 = 𝑚 6 

𝑚 8 = 𝑚 9 

𝑚 3ℎ3 + 𝑚 5ℎ5

+ 𝑚 8ℎ8

= 𝑚 4ℎ4 + 𝑚 8ℎ8

+ 𝑚 9ℎ9 

𝑚 3𝑠3 + 𝑚 5𝑠5

+ 𝑚 8𝑠8 − 𝑚 4𝑠4

− 𝑚 6𝑠6 − 𝑚 9𝑠9

+ 𝑆 𝑔𝑒𝑛 ,𝐻𝑅𝑆𝐺 = 0 

Combustion 

Chamber 

𝑚 2 + 𝑚 7
= 𝑚 3 

𝑚 2ℎ2 + 𝑚 7ℎ7

= 𝑚 3ℎ3

+ 0.02𝑚 7𝐿𝐻𝑉 

𝑚 2𝑠2 + 𝑚 7𝑠7

− 𝑚 3𝑠3 + 𝑆 𝑔𝑒𝑛 ,𝐶𝐶

= 0 

Overall 

Cycle 
ℎ 𝑖 = 𝑓(𝑇𝑖) 

𝑚 𝑎𝑖𝑟 ℎ𝑎𝑖𝑟 + 𝑚 𝑓𝑢𝑒𝑙 𝐿𝐻𝑉𝐶𝐻4 − 𝑄 𝐿𝑜𝑠𝑠 ,𝐶𝐶

− 𝑚 𝑒𝑔 .,𝑜𝑢𝑡 ℎ𝑒𝑔 .,𝑜𝑢𝑡 − 𝑊 
𝑇

− 𝑚 𝑠𝑡𝑒𝑎𝑚  ℎ𝑤𝑎𝑡𝑒𝑟 ,𝑖𝑛

− ℎ𝑠𝑡𝑒𝑎𝑚 ,𝑜𝑢𝑡  = 0 

𝑄 𝐿𝑜𝑠𝑠 ,𝐶𝐶 = 0.02𝑚 𝑓𝑢𝑒𝑙 𝐿𝐻𝑉𝐶𝐻4 

𝑠 𝑖 = 𝑓(𝑇𝑖 ,𝑃𝑖) 

 



Bahar ÇAKMAK, Rabi KARAALİ / IJCESEN 10-1(2024)85-90 

87 

 

Table 2. Equations about exergy, efficiency, and 

performance for the components of the ZND-HRSG 

detonation engine cogeneration system [17].

 
 

 
Entropy of –HRSG is given by equation 2  

 

∆𝑠 = 𝑐𝑝 ln [𝑀2 (
𝛾+1

1+𝛾𝑀2)

𝛾+1

𝛾
]   (2) 

 
Some of data of the detonative and deflagration 

combustive reactions for fuel, air, exhaust gases 

were calculated, with NASA CEA code 

(https://cearun.grc.nasa.gov/) [18]. The 

approximation of the exhaust properties was 

adopted for the exergy analyses [18]. 

 

3. Results and Discussions 
 

In Figure 2, the combustion chamber exit pressures 

with excess air values of the ZND detonation 

engine cogeneration plants in various compression 

rates are given. The results were obtained for 

different compression rates (r=2, r=3, r=4, r=5, r=6, 

r=7 and r=8). When the excess air values increase, 

pressure of the detonation combustion chamber 

decreases. However, increasing compression values 

increase the exit pressures. While r = 2, 

approximately 28 Bar combustion chamber 

pressure showed an excess air value of 1.2, at r = 3, 

the air excess values was 34 Bar at 1.2 at 37 Bar 

detonation combustion chamber outlet pressure. 

 

 
Figure 2. Effects of excess air values on combustion 

chamber exit pressures for the ZND detonation engine 

cogeneration plants in various compression rates.  

 

 

 
Figure 3. Effects of excess air values on combustion 

chamber exit temperatures for the ZND-HRSG 

detonative engine cogeneration plants in various 

compression rates. 

 

In Figure 3, effects of excess air ratio on 

combustion chamber exit temperatures for the 

ZND-HRSG detonation engine cogeneration plants 

in various compression rates are given. The Figure 

3, shows that the detonation combustion chamber 

exit temperature (K) for different compression 

ratios tends to decrease as the excess air number 

increases. It can be seen that while the air excess 

values are 1.2 at the r=2 compression ratio, the 

detonation combustion chamber temperature is 

around 2680.00 K. In Figure 4, effects of excess air 

values on the exergy efficiency for the ZND 

detonative engine cogeneration plants are obtained. 

Increasing excess air coefficient from 1.2 to 1.75 

the system’s exergy efficiency was increasing. The 

optimum (maximum) exergy efficiency was 

obtained at 1.75 

 

Devices Exergy 

Equations 

Exergy Efficiencies 

Compressor 𝐸 𝐷,𝐶

= 𝐸 1 + 𝑊 
𝐶

− 𝐸 2 

𝜂𝑒𝑥 ,𝐶 =
𝐸 𝑜𝑢𝑡 ,𝐶 − 𝐸 𝑖𝑛 ,𝐶

𝑊 
𝐶

 

Turbine 𝐸 𝐷,𝑇

= 𝐸 4 − 𝐸 5
− 𝑊 

𝐶 − 𝑊 
𝑇  

𝜂𝑒𝑥 ,𝑇 =
𝑊 

𝑛𝑒𝑡 ,𝑇 + 𝑊 
𝐶

𝐸 𝑖𝑛 ,𝑇 − 𝐸 𝑜𝑢𝑡 ,𝑇

 

HRSG  𝐸 𝐷,𝐻𝑅𝑆𝐺

= 𝐸 5 − 𝐸 6
+ 𝐸 3 − 𝐸 4
+ 𝐸 8 − 𝐸 9 

𝜂𝑒𝑥 ,𝐻𝑅𝑆𝐺

=
𝐸 𝑠𝑡𝑒𝑎𝑚 ,𝐻𝑅𝑆𝐺 − 𝐸 𝑤𝑎𝑡𝑒𝑟 ,𝐻𝑅𝑆𝐺

𝐸 𝑖𝑛 ,𝑒𝑥ℎ .,𝐻𝑅𝑆𝐺 − 𝐸 𝑜𝑢𝑡 ,𝑒𝑥ℎ .,𝐻𝑅𝑆𝐺

 

Combustion 

Chamber 
𝐸 𝐷,𝐶𝐶

= 𝐸 2 + 𝐸 7
− 𝐸 3 

𝜂𝑒𝑥 ,𝐶𝐶 =
𝐸 𝑜𝑢𝑡 ,𝐶𝐶

𝐸 𝑖𝑛 ,𝐶𝐶 + 𝐸 𝑓𝑢𝑒𝑙
 

 

 

 

 

 

 

Overall 

Cycle 

 

 

 

 

 

 

The electrical 

heat ratio 

 

𝐸𝐻𝑅 =
𝑊𝑛𝑒𝑡

.

𝑄𝑛𝑒𝑡
 

SFC-Specific 

Fuel 

Consumption 

         𝑆𝐹𝐶 = 3600.
𝑚 𝑓𝑢𝑒𝑙

𝑊 𝑛𝑒𝑡
  

Exergy 

efficiency 
𝐸 = 𝐸 𝑝ℎ + 𝐸 𝑐ℎ  

𝐸 𝑝ℎ = 𝑚 (ℎ − ℎ0 − 𝑇0(𝑠 − 𝑠0)) 

𝐸 𝑐ℎ

=
𝑚 

𝑀
  𝑥𝑘𝑒 𝑘

𝑐ℎ

+ 𝑅 𝑇0  𝑥𝑘 𝑙𝑛𝑥𝑘  

𝜂𝑒𝑥

=
𝑊 

𝑛𝑒𝑡 ,𝑇 + (𝐸 𝑠.,𝐻𝑅𝑆𝐺 − 𝐸 𝑤 ,𝐻𝑅𝑆𝐺 )

𝐸 𝑓𝑢𝑒𝑙
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Figure 4. Effects of excess air values on the exergy 

efficiency for the ZND detonation engine cogeneration 

plants. 

 

 

 
Figure 5. Effects of excess air values on electrical 

efficiency for the ZND-HRSG detonative engine 

cogeneration plants. 

 

excess air values. After these values, exergy 

efficiency tends to decrease as the air excess values 

increase. In Figure 5, effects of excess air values on 

electrical efficiency for the ZND-HRSG detonative 

engine cogeneration plants are given. It is seen in 

Figure 5, ZND-HRSG detonative engines, electrical 

efficiency reaches the maximum value when the air 

excess coefficient was 1.5. After this value, as air 

excess values increases, electrical efficiency begins 

to decrease. 

In Figure 6, effects of excess air values on specific 

fuel consumptions for the ZND-HRSG detonative 

engine cogeneration plants are given. It is seen in 

Figure 6, as the excess air values increases, specific 

fuel consumption tends to first decrease and then 

increase. As can be seen in the figure, minimum 

specific fuel consumption is achieved when the 

excess air values are 1.5. 

In Figure 7, effects of excess air values on electric 

heat rate for the ZND-HRSG detonative engine 

cogeneration plants are given. As the air excess 

values increases, a certain amount of electrical heat 

ratio increases, and then the heat decreases. When 

we look at the range where it shows the maximum 

value at 0.2 electrical heat rates, occurs at an excess 

air value of 1.3. 

 

 
Figure 6. Effects of excess air values on specific fuel 

consumptions for the ZND-HRSG detonative engine 

cogeneration plants. 

 

 
Figure 7. Effects of excess air values on electric heat 

rate for the ZND-HRSG detonative engine cogeneration 

plants. 

 

 
Figure 8. Effects of excess air values on total exergy 

loss for the ZND-HRSG detonative engine cogeneration 

plants. 

 

 
Figure 9. Effects of excess air values on specific work 

for the ZND-HRSG detonation engine cogeneration 

plants. 
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In Figure 8, effects of excess air values on total 

exergy loss for the ZND-HRSG detonative engine 

cogeneration cycles are given. When excess air 

values increase, there is an increase in exergy loss 

after a decrease up to a certain value. The excess air 

coefficient value with the lowest total exergy loss 

corresponds to the range of 1.8 to 1.9. 

In Figure 9, effects of excess air values on specific 

work for the ZND-HRSG detonation engine 

cogeneration cycles are obtained. That is 

concluded, increases in excess air values decrease 

the specific work. 

 

4. Conclusions 

 
In ZND-HRSG detonation engines, as the excess 

air values increase, pressure and outlet temperature 

of the detonation combustion chamber decrease. 

Maximum turbine power and electrical efficiency 

are reached the values that the excess air rate is 1.5, 

and maximum exergy efficiency is reached when 

the average excess air coefficient is 1.75. After 

these values, as the air excess coefficient increases, 

turbine power, electrical efficiency and exergy 

efficiency tend to decrease. Minimum specific fuel 

consumption is reached at values that the excess air 

coefficient is 1.5. And when the average excess air 

rates was 1.75, the minimum fuel spent for exergy 

value is reached. After these values, as the excess 

air coefficient increases, specific fuel consumption 

and the value of fuel spent on exergy tend to 

increase.  

In conclusion, ZND-HRSG detonation engines 

cogeneration systems are new technology, and in 

this study the best (optimum) working conditions 

are obtained and discussed. 
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