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ABSTRACT 
 

The objectives of this study are to determine the optimum design parameters of a IBCE for hypersonic flight and to investigate 

the relationship between engine performance and design parameters. The investigation of these objectives is made first in the 

literature in this study. The optimization of inverted Brayton cycle engine ,IBCE, is performed using the particle swarm 

optimization method in this study. The optimum specific thrust, sT, value is reached by staying within the optimization 

constraints. When the total temperature of the cooling section is examined, a temperature above the freezing temperature of the 

air is obtained. A very high sT value, 451 N.s/kg is obtained at the hypersonic flight Mach Number (5 Mach) as a result of 

optimization. By the investigation, it is concluded that specific fuel consumption, SFC, reduces % 5.3 and sT increases % 5.6 

dependent on preburner exit total temperature, PETT, change from 2100 K to 1400 K. Based on total temperature decrease at 

cooling section,T_cooling, change from 100 K to 500 K, it is seen that by the investigation, SFC increases %23.7 and sT 

increases % 13.1. It is seen that SFC reduces by % 6.3 and sT increases by % 35.9 depending on afterburner exit total 

temperature, AETT, change from 2000 K to 2300 K. It is observed that SFC reduces % 10.5 and sT increases % 11.7 dependent 

on total pressure ratio of turbine, π_t  , change from 0.9 to 0.1. 
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NOMENCLATURE 

Abbreviations 

 
AETT                        Afterburner Exit Total Temperature   

IBCE                          Inverted Brayton Cycle Engine 

PETT                          Preburner Exit Total Temperature   

SFC                             Specific Fuel consumption (unit: g/(kN.s)) 

Greek Letters 

τ                                Total temperature ratio 

π                                Total pressure ratio 

 
Latin Symbols 

a                                 Sound speed (unit m/s) 

c                                 Specific heat (unit: J/(kg.K) 

K                                Kelvin 

m                                Mass flow rate (unit: kg/s) 

M                                Flight Mach Number 

𝑀𝑓𝑙𝑖𝑔ℎ𝑡𝑙𝑖𝑚𝑖𝑡
                    Maximum Flight Mach Number thrust can be generated 

N                                 Newton (unit: kg.m/s2) 

P                                  Pressure (unit: N/m2) 

R                                 Molar gas constant (unit: J/(K.kg)) 

s                                   Second 

sT                                Specific Thrust  (unit: (m/s)) 
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T                                  Temperature (unit: K) 

𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔                        Total temperature decrease at cooling section 

𝑇𝑐𝑙𝑖𝑚𝑖𝑡
                          Total temperature limit of engine gas flow at compressor exit 

𝑇𝑓𝑙𝑜𝑤 𝑙𝑖𝑚𝑖𝑡                     Total temperature limit of engine gas flow at specific engine section 

𝑇𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑙𝑖𝑚𝑖𝑡               Material temperature limit 

𝑇𝑛𝑙𝑖𝑚𝑖𝑡
                          Total temperature limit of engine gas flow at  nozzle inlet                                                         

𝑇𝑡𝑐𝑜𝑚𝑏𝑢𝑠𝑡𝑒𝑟 𝑒𝑥𝑖𝑡 𝑙𝑖𝑚𝑖𝑡            Combustors exit total temperature limit of gas flow 

𝑇𝑡𝑙𝑖𝑚𝑖𝑡
                           Total temperature limit of engine gas flow at burner exit                                     

𝑇𝑡𝑓𝑙𝑜𝑤 𝑙𝑖𝑚𝑖𝑡                           Allowable total temperature limit of engine gas flow  

𝑇𝑡𝑐𝑜𝑜𝑙𝑖𝑛𝑔                               Engine gas flow total temperature decrease at cooling section 

𝑉𝑓𝑙𝑖𝑔ℎ𝑡                            Flight velocity 

y                                   Specific heat ratio 

 

Subscripts 

a                                  Ambient 

p                                  Constant pressure 

 

Superscripts 

afterburner                 Afterburner 

c                                 Compressor 

preburner                    Preburner 

t                                  Total, Turbine 

total                            Total 

1,2,3…                        Engine section that expressed in nomenclature 

 

1. INTRODUCTION 

 

Engineering design concepts are created with the expectation of meeting the requirements of the 

engineering discipline [1,2]. While some engineering design concepts achieve success during the design 

period, many engineering design concepts have to wait until they are used in the engineering world 

related to their discipline [3,4]. However, whether engineering design concepts succeed on time or wait 

for the time when they will be applied to current practice, the maturation process of engineering design 

must begin in order to achieve success [5]. However, concepts with a waiting period requirement for 

applicability usually require a longer and more challenging maturity process. 

 

IBCE is a concept that is categorized as a concept that requires a waiting period before it can be 

implemented [6]. During the maturity process of engineering design, the concept needs to be optimized 

to more adequately meet the design requirements depending on the design conditions [7,8]. Aviation 

design concepts are unexceptional with respect to maturity process requirements. To ensure a feasible 

design, aeronautical design concepts, such as jet engine concepts, should be optimized [9-11]. 

 

The design conditions are flight conditions for aero engines and the ICCE is expected to be used for 

hypersonic flight propulsion. Therefore, the ICCE should be optimized to meet the hypersonic flight 

requirements. To meet the hypersonic flight requirement, the IBCE concept is expected to provide 

sufficient thrust to overcome the enormous drag caused by hypersonic flight. Conventional engines 

cannot produce thrust or sufficient thrust in hypersonic flight, so engines used to propel hypersonic 

vehicles can produce sufficient thrust in hypersonic flight, and IBCE is a suitable candidate for these 

conditions. 

 

It is expected that with the intercooled turbofan concept, the SFC is reduced and the thermal efficiency 

is increased [12,13]. Precooled cycles, such as the ATREX [14], the SABRE [15] and Scimitar [16] 

have been developed for the vision of next-generation low-cost transportation [17]. The state-of-the-art 

heat exchanger and manufacturing technology were investigated by Murray et al [18], and it was 
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concluded that heat exchangers based on current technology level are not sufficient for the aviation 

industry [17]. Using an inverted Brayton cycle to recover thermal energy from exhaust gas is a novel 

technological option that has not been widely discussed [19]. In the investigation of Kennedy et al [20], 

inverted Brayton cycle-based application on a reciprocating internal combustion engine was studied on 

a preliminary experimental setup for a gasoline engine; nevertheless, this is the only experimental 

conduct developed for this concept [19]. Besides, this concept expressed is also used to generate 

supersonic and hypersonic propulsion. The use of ramjet engine and scramjet engines to generate thrust 

for supersonic and hypersonic propulsion has been widely investigated. Generation of sufficient thrust 

through heat addition at supersonic speeds is still a challenging task due to the residence time of the 

supersonic speed in scramjet combustors is only a few milliseconds [21,22] Shock waves and fuel 

entrainment’s coupled effect phenomena are required to perform plenty of situations efficiently 

[23,24,25] and to discover more [26]. Few of these coupled effect phenomenon transitions have been 

analyzed by researchers of supersonic flow engines. Although it has been working in the field of 

scramjet for a long time, the lack of required maturity in this field still shows that new engine concepts 

required to be investigated on. IBCE for higher speed aero vehicle which is a novel technological option 

that has not been investigated enough in the literature for reaching required maturity, is investigated in 

this study. Zhang et al. [27] studied exergy analysis and optimization of an inverted Brayton cycle and 

indicated that exergy loss of combustion in the cycle is the largest and followed by heat exchanger.  

 

1.1. The Novelty of the Study 

 

This study focuses on the optimization of IBCE to provide hypersonic flight. IBCE optimization is the 

first step in this study. First, in the literature, IBCE performance investigation dependent on design 

parameters is made in this study. Equations for IBCE are derived and demonstrations of these equations 

are made firstly in this study. Performance analysis depends on design parameters and design conditions 

are discussed in detail in this study firstly. The conventional particle swarm optimization algorithm 

firstly applied IBCE optimization in this study and the application of the particle swarm optimization 

algorithm on IBCE optimization is the novelty of this study.  

The main novelties of this study are expressed as follows, 

 

➢ IBCE performance investigation based on the design parameters of engine firstly made in 

this study. 

➢ IBCE optimization for hypersonic flight is made in this study firstly. 

➢ The particle swarm algorithm is applied to engine optimization for hypersonic flight subject 

firstly in this study. 

 

2. SYSTEM DESCRIPTION 

 

The IBCE components are illustrated in Figure 1 [28].  

 

 
 

Figure 1. IBCE scheme and nomenclature [28] 
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Assumed that IBCE is ideal as expressed in Table 1 in more detail in this study. 

 

Diffuser section reduces air flow velocity to the value that is suitable for preburner and later engine 

sections; preburner section increase total temperature of flow by using combustion energy; turbine 

section uses energy of flow to work compressor and so flow total temperature and flow total pressure 

reduce; heat exchanger or cooling section reduce total temperature of flow at constant flow total pressure 

to increase compressor exit total pressure; compressor increases total pressure and total temperature of 

flow and works by turbine power; afterburner increases total temperature of flow at constant flow total 

pressure; nozzle increases velocity of flow with reduce static pressure of flow and nozzle reduces static 

pressure of flow to value that is equal atmosphere pressure to obtain maximum thrust and minimum 

SFC on ideal conditions. 

The assumptions for the engine system used in this study are expressed as, 

 

➢ Isentropic compressor and turbine 

➢ Constant pressure combustion and cooling 

➢ No energy losses in the system 

➢ No losses in the nozzle and diffuser 

➢ % 100 combustion efficiency 

➢ Constant flow characteristics 

➢ The fuel mass flow rate is neglected. 

➢ Optimum expansion in the nozzle 

 

2.1. The Mathematical Model of the IBCE 

 

The components of the IBCE concept and the nomenclature of the engine concept are shown in Figure1. 

 

The equations used to determine sT and SFC of the ideal IBCE dependent on the nomenclature shown 

in Figure 1 are expressed in Equations. (1) – (33). 

 

It is assumed that the inlet flow Mach Number is equal to the flight Mach Number and by applying the 

isentropic relations of total temperature and total pressure at the inlet expressed as follows: 

Pt0
=Pa × ( 1 +

y − 1

2
 × M2)

y

y − 1 (1) 

Tt0
=Ta × ( 1 +

y − 1

2
 × M2) (2) 

 

Inlet flow pressure losses occur due to the viscosity of air and friction at the inlet solid layer between 

air flow and due to the shock generation due to the supersonic and hypersonic flow in this study, it is 

assumed that the ideal engine that is no losses of the pressure as described equation:  

Pt2
=Pt0

 (3) 

 

In the inlet heat flow between the inlet wall and the atmosphere, so it is expected that total temperature 

losses occur, but according to the ideal engine assumptions, there are no losses of total temperature at 

the inlet as shown in equation: 

 

Tt2
=Tt0

                                                                        (4) 

Turbulence is the desired state for combustion because of air and fuel mixing requirements. On the other 

hand, turbulence flow during combustion leads to total pressure losses, but in this study, losses are 

neglected as expressed in equation: 

 

Pt3
=Pt2

                                                                        (5) 



Karabacak and Turan / Eskişehir Technical Univ. J. of Sci. and Tech.  A – Appl. Sci. and Eng. 24 (4) – 2023 
 

261 

 

PETT is limited by the turbine section total temperature limit defined as; 

 

Tt3
= Ttlimit

                                                                      (6) 

The turbine total temperature ratio is defined by isentropic relations by applying the isentropic turbine 

assumption as follows:    

ɽt =πt

y − 1

y                                                                   (7) 

The turbine exit total temperature depends on the total temperature ratio of the turbine, is expressed 

below: 

Tt4
=Tt3

× ɽt                                                                 (8) 

It is assumed that the total pressure losses at the cooling section are neglected as determined by the 

following equation: 

Pt5
=Pt4

                                                                    (9) 

To reach a higher total pressure at the compressor exit, cooling is applied at the cooling section. 

Compressor inlet total temperature is dependent on the total temperature decrease at the cooling section 

as expressed as follows: 

  Tt5
=Tt4

- Ttcooling
                                                           (10) 

The energy balance between the turbine and compressor by applying assumption that the fuel  flow rate 

is neglected and the specific heat, cp , is constant, is defined as the follows: 

m× cp × (Tt3
 - Tt4

) = m× cp × (Tt6
 - Tt5

) (11) 

The compressor exit total temperature based on the energy balance between the turbine and compressor 

is expressed:    

  Tt6
 = (Tt3

 - Tt4
) + Tt5

   (12) 

The compressor total temperature ratio, ɽc , dependent on compressor exit total temperature, Tt6
 , and 

compressor inlet total temperature, Tt5
,  determined as the following: 

ɽc = 
Tt6

Tt5

                                                                                (13) 

Compressor total pressure ratio, πc ,  is expressed by applying the isentropic compressor assumption, 

by isentropic relations as,       

πc =ɽc

y

y − 1                                                                          (14) 

Compressor exit total pressure, Pt6
, dependent on compressor total pressure ratio and compressor inlet 

total pressure, expressed as the following:     

Pt6
=Pt5 ×  πc                                                                    (15) 

Tt6
 < Tclimit

                                                                     (16) 

Similar to the preburner, afterburner exit total pressure equals the afterburner inlet total pressure as 

shown,   

Pt7
=Pt6

                                                                        (17) 

Similar to the preburner, the AETT is limited by the nozzle section total temperature limit as defined as,    

Tt7
= Tnlimit

 (18) 
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Similar to the inlet, there is heat flow between the nozzle wall and the atmosphere and heat losses due 

to the shock generation; therefore, it is expected that total temperature losses occur, but according to the 

ideal engine assumption, there are no losses of total temperature at the inlet as shown in equation: 

Tt9
=Tt7

                                                                  (19) 

Similar to the inlet, nozzle flow pressure losses occur, due to the viscosity of air and friction between 

the nozzle solid layer and air flow and due to the shock generation because of  the supersonic and 

hypersonic flow in the nozzle. However, in this study, it is assumed that the ideal engine has no flow 

losses of the pressure, as expressed by the equation:  

Pt9
=Pt7

                                                                 (20) 

It is assumed that the optimum expansion in the nozzle so that nozzle exit static pressure expands to the 

ambient pressure, as expressed in equation,     

P9 = Pa                                                                (21) 

The nozzle exits flow Mach Number and static temperature, determined by the isentropic relation as 

expressed,         

M9  = √ 2

y−1
 ×  ( 

Pt9

P9

y −1

y
−  1)                                                (22) 

T9 = 
Tt9  

1 + 
y −1

2
 × M9

2                                                                (23) 

Sound speed at nozzle exit condition and ambient conditions, and flow velocity of gas at nozzle exit and 

flow velocity at the engine inlet, which are dependent on sound speed, are calculated as expressed in the 

following equations,      

a9 = √y ×  R ×  T9                                                          (24) 

V9 = a9 × M9 (25) 

aa = √y ×  R ×  Ta    (26) 

V0 = M0 × aa (27) 

                                                

The sT is determined depending on the flow velocity at the nozzle exit , V9 ,and inlet entrance, V0 ,and 

by applying the optimum expansion in the nozzle as,      

 sT = V9 - V0                                                        (28) 

Engine flow energy level increasing between the combustor inlet and exit, is caused by the combustion 

of fuel so by applying this energy balance the fuel mass flow rate is estimated. It is assumed that the 

specific heat does not change due to the chemical reaction in the combustor. The fuel mass flow rate is 

at a very low level relative to the   engine mass flow rate  so it is neglected. All fuel that is mixed with 

air cannot be burned due to the imperfect mixing, but in this study, it is assumed that all fuel that is 

sprayed, be burned with air.  Preburner, afterburner and total fuel mass flow rate  is determined as,   

mfpreburner= 
m× cp × (Tt3

 − Tt2 )

QR
                                   

(29) 

mfafterburner= 
m× cp × (Tt7

 − Tt6)

QR
    

(30) 

mft= mfafterburner +  mfpreburner (31) 

QR, is the fuel heat-release rate level per unit fuel mass flow rate. The unit heat release is caused by fuel 

combustion, and the fuel mass flow rate is determined by the burner entrance and exit flow energy level 

and the heat of the fuel.     
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Thrust, T, depends on the sT and mass flow rate. SFC depends on the total fuel-mass flow rate, mft , 

and thrust.   These are expressed as,   

T= sT× m                                                                                             (32) 

sfc = 
mft

T
  (33) 

3. INVESTIGATION OF THE EFFECT OF DESIGN PARAMETERS ON ENGINE 

PERFORMANCE 

 

The base engine design parameter values and values of design conditions used to plot graphs that show 

the effect of design parameters on engine performance, are expressed at Table 1. 
 

Table 1  Base engine design parameters 

 
Design Parameters Parameter Value 

PETT 2050 K 

𝜋𝑡 0.1 

𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 400 K 

AETT 2200 K 

Flight Mach Number 5 Mach 

Flight Altitude 11 km 

 

3.1. PETT Effect on Engine Performance 

 

sT reduces and SFC increases with PETT increases as shown in Figures 2 and 3 and this situation shows 

that reduce PETT increase performance. To obtain the best performance, PETT can reduce to a value 

that combustion do not be occurred and this value equals the diffuser exit total temperature that is 

expressed in Equation 34. 

    𝑇𝑡0
=𝑇𝑎 × ( 1 +

𝑦 − 1

2
 × 𝑀2)                                                                                    (34) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. (A) SFC changes with PETT change (B) sT changes with PETT change (C) Engine efficiencies change 

with PETT (D) sT-SFC change with PETT at different altitudes 
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As can be observed in Figure 2 (A), the SFC decrease from 66.050 [g/(kN.s)] at 2100 K PETT to 62.518 

[g/(kN.s)]  at 1400 K PETT. The sT increase from 462.0 [m/s] at 2100 K PETT to 488.1 [m/s] at 1400 

K PETT as shown in Figure 2  (B). 
 

As seen in Figure 2 (C), the propulsion efficiency is 0.8019 at 1400 K PETT and 0.8061 at 2100 K 

PETT. Thus, the PETT has no significant effect on the thrust efficiency. The thermal efficiency is 0.6877 

at 1400 K PETT and decreases to 0.6475 at 2100 K PETT. The overall efficiency decreases from 0.5515 

at 1400 K PETT to 0.5220 at 2100 K PETT. 
 

As seen in Figure 2 (C) propulsion efficiency increases slightly with  PETT and on the other hand 

thermal efficiency and so overall efficiency reduce with PETT.  
 

As shown in Figure 2 (D), sT is 262.4 [m/s] and SFC is 77.970 [g/(kN.s)]  at 1500 K PETT and at 2100 

K PETT, performance reduce to 236.3 [m/s] for sT and 86.583 [g/(kN.s)]  for SFC at sea level. ST is 

361.0 [m/s] and SFC is 69.326 [g/(kN.s)]  at 1500 K PETT and at 2100 K PETT, performance reduce to 

334.9 [m/s] for sT and 74.728 [g/(kN.s)]  for SFC at 5 km altitude.   
 

Two design objectives (sT-SFC) change compatible with each other depending on PETT as shown in 

Figure 2 (D). Although low PETT values are desirable in terms of performance, it is possible to reduce 

the PETT to the point where there is no fuel flow. 
 

3.2. Turbine Total Pressure Ratio Effect on Engine Performance 

 

sT increase and SFC reduce with 𝜋𝑡 reduce as shown in Figures 3 (A) and 3 (B) this situation shows 

that reduce 𝜋𝑡 increase performance. However, to reduce 𝜋𝑡, it is required that turbomachinery that has 

more stage and therefore engine have more weight and more complex design and this situation is not 

desirable for engine design. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (A) SFC changes with 𝜋𝑡 change (B) sT change with 𝜋𝑡  change (C) Engine efficiencies change with 𝜋𝑡 change 

(D) sT-SFC change with 𝜋𝑡 change at different altitudes 
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As can be observed in Figure 3 (A), the SFC increase from 65.842 [g/(kN.s)] at 0.1  𝜋𝑡 to 73.551 

[g/(kN.s)]  at 0.9 𝜋𝑡. The sT decrease from 463.4 [m/s] at 0.1  𝜋𝑡 to 414.9 [m/s] at 0.9  𝜋𝑡  as shown in 

Figure 3  (B). 
 

As seen in Figure 3 (C), the propulsion efficiency slightly increase from 0.8059 at 0.1  𝜋𝑡 to 0.8132 at 

0.9  𝜋𝑡 . Thermal efficiency is 0.6498 at 0.1  𝜋𝑡 and decreases to 0.5764 at 0.9  𝜋𝑡 . The overall efficiency 

decreases from 0.5236 at 0.1  𝜋𝑡 to 0.4637 at 0.9  turbine total pressure ratio. 
 

As seen in Figure 3 (C) propulsion efficiency increases slightly with  𝜋𝑡 and on the other hand thermal 

efficiency and so overall efficiency reduce with 𝜋𝑡 similar PETT effect on efficiency. 
 

As seen in Figure 3 (D), sT is 237.7 [m/s] and SFC is 86.051 [g/(kN.s)]  at 0.1  𝜋𝑡and performance 

reduce to 189.1 [m/s] for sT and 108.15 [g/(kN.s)]  for SFC 0.9  𝜋𝑡 at sea level. ST is 336.4 [m/s] and 

SFC is 74.404 [g/(kN.s)]  at 0.1  𝜋𝑡 and at 0.9  𝜋𝑡, performance reduce to 287.8 [m/s] for sT and 86.961 

[g/(kN.s)]  for SFC at 5 km altitude. 
 

As observed in Figure 3 (D), the two design objectives (ST-SFC) change compatible with each other 

dependent on 𝜋𝑡. Although low 𝜋𝑡are desirable, this parameter is limited by the requirement that the 

temperature at the exit the cooling section must not drop below a certain value. 
 

3. 3.  𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 Effect on Engine Performance 

 

ST and SFC increase with 𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 increase as shown in Figures 4 (A) and 4 (B) and this situation shows 

that lower values of 𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 is advantage for SFC objective and higher values 𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔  has advantage 

for sT objective. Therefore, the tradeoff between the two design objectives, SFC and sT, should be made 

based on 𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. (A) SFC changes with 𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 change (B) sT change with 𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 change (C) Engine  efficiencies change with 

𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 change  (D) sT-SFC change with 𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔  
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As observed in Figure 4 (A) SFC increase from 55.360 [g/(kN.s)] at 100 K 𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 to 68.495 [g/(kN.s)] 

at 500 K 𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 . It is observed that sT increases from 423.9 [m/s] at 100 𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 to 479.8 [m/s] at 500 

K 𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔  ( as seen in Figure 4 (B) ). 

 

Overall engine efficiency change from 0.6228 to 0.5033, propulsion efficiency change from 0.8255 to 

0.7992, and thermal efficiency change  from 0.7544 to 0.6298  as 𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 change from 100 K to 500 K 

as seen in Figure 4 (C). 

 

As seen in Figure 4 (D), sT is 198.2 [m/s] and SFC is 67.672 [g/(kN.s)]  at 100 K T_(cooling )and 

performance change to 254.1 [m/s] for sT and 89.763 [g/(kN.s)]  for SFC 500 K 𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 at sea level. sT 

is 269.9 [m/s] and SFC is 60.756 [g/(kN.s)]  at 100 K 𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 , and at 500 K 𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 , performance 

change to 352.7 [m/s] for sT and 77.617 [g/(kN.s)]  for SFC at 5 km altitude. 

 

The two design objectives are in conflict with  𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 as can be seen in Figure 4 (D). This is because 

as the SFC increases, the sT value also increases. 𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 is limited not only by the capacity of the heat 

exchanger but also by the Pareto optimum of the design objectives. 

 

Propulsion efficiency reduce slightly and thermal efficiency and so the overall pressure ratio decrease 

strongly with increase 𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 as observed in Figure 4 (C).     

 

3.4. AETT Effect on Engine Performance 

 

ST increase and SFC reduce with AETT increase as shown in Figures 5 (A) and 5 (B) and this situation 

shows that increases in AETT increases performance. However, increase in AETT is limited by the 

material resistance limit to temperature. 
 

 
 

Figure 5. (A) SFC changes with AETT change (B) sT change with AETT change (C) Engine efficiencies change 

with AETT section (D)   sT-SFC change with AETT at different altitudes   
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As can be seen in Figure 5 (A) the SFC reduces from 69.178 [g/(kN.s)] at 2000 K AETT  to 64.814 

[g/(kN.s)] at 2300 K AETT  . It is observed in Figure 5 (B) that sT increases from 373.2 [m/s] at 2000 

K AETT to 507.0 [m/s] at 2300 K AETT.   

 

Overall engine efficiency increases from 0.4984 to 0.5319, propulsion efficiency reduces from 0.8288 

to 0.7948 and thermal efficiency increases from 0.6013 to 0.6692 as AETT increase from 2000 K to 

2300 K as seen in Figure 5 (C). 

 

As observed in Figure 5 (D), sT is 147.5 [m/s] and SFC is 106.86 [g/(kN.s)]  at 2000 K AETT and the 

performance changes to 281.3 [m/s] for sT and 81.068 [g/(kN.s)]  for SFC at 2300 K AETT at sea level. 

Performance change from ST is 246.1 [m/s] and SFC is 82.601 [g/(kN.s)]  at 2000 K AETT, to 380.0 

[m/s] for sT and 72.050 [g/(kN.s)]  for SFC at 2300 K AETT ,at 5 km altitude 

 

Figure 5 (D) shows that  SFC decreases with increasing sT. Although high AETT values are desired, it 

is known that this parameter is limited by the material temperature resistance. 

 

3. 5.  Coupled Parameters Effects on Engine Performance 
 

The changes of sT and SFC depending on the turbine total pressure ratio and the total temperature 

decrease in the cooling section are illustrated in Figures 6 and 7, respectively. The high total temperature 

decrease in the cooling section and low turbine total pressure ratio values are advantageous in terms of 

sT.  The high total temperature decrease value in the cooling section and the low turbine total pressure 

ratio values are advantageous in terms of SFC. 
 

 
 

 

Figure 6. Change of sT dependent on turbine total pressure ratio and total temperature decrease at cooling section 
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Figure 7. Change of SFC dependent on turbine total pressure ratio and total temperature decrease at cooling 

section 𝜋𝑡 

 

4. OPTIMIZATION METHOD 

 

Optimization is performed using the design parameters that are expressed in Table 2, based on the design 

conditions that are expressed in Table 2. 

 
Table 2.    Design specifications 

 

Specifications Parameters 

Design Parameters 

 

PETT 
𝜋𝑡 

                                    𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 
AETT 

Design Conditions 
Flight Mach Number 
Atmosphere Pressure 

Atmosphere Temperature 

Parameters Dependent on 

Design Parameters 

sT 
SFC 

Compressor Pressure Ratio 

Design Objectives 
sT 

SFC 

Constraints 
SFC < 55 g/ kN. s 

Compressor Exit Total Temperature < 1000 K 

 

Parameters dependent on the design parameters are expressed at Table 2. Parameters are dependent on 

design parameters and two of parameters dependent on design parameters are selected as design 

objectives as expressed in Table 2. One parameter dependent on the design parameters, compressor exit 

total temperature, is used as a constraint, as expressed in Table 2.  Two design objectives are ranked 

based on design objective priority and based on this rank, one of them that is more important, sT, is used 

as design objective and the other one that is assumed to be less important, SFC, is used as the design 

constraint expressed in Table 2. The optimization parameters ranges are expressed in Table 3. 
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Table 3. Range of optimization parameters 

 

Optimization Parameters Parameter Range  

PETT 1500 – 2200 K  
                    𝜋𝑡 0.1 - 0.9  

𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 100 - 500 K  
AETT 2000 - 2300 K  

 

The particle swarm optimization method is used in the optimization of the IBCE and the typical range 

of particle swarm optimization method control parameters is expressed in Table 4 [29-33]. 
 

Table 4. Particle swarm optimization algorithm control parameter typical range [33] 

 

Parameter Meaning Typical Range  

ω Inertia Weight 0.8 - 1.2 
𝑐1 Cognition Learning Rate 0 - 4 

𝑐2 Social Learning Rate 0 - 4 

N Number of Particles 20 - 40 

 

 
The optimization parameter values expressed in Table 5 are obtained by using the values in the mean of 

the typical range of particle swarm optimization method control parameters expressed in Table 4. In the 

particle swarm optimization of the IBCE, the optimization control parameters expressed in Table 5 are 

used in this study. 
 

Table 5   Particle swarm optimization algorithm control parameter values 

 

Parameter Meaning Value  

ω Inertia Weight 1 
𝑐1 Cognition Learning Rate 2 

𝑐2 Social Learning Rate 2 
N Number of Particles 30 

 

 

The optimization algorithm is expressed basically in Figure 12 based on information expressed in Tables 

5 and 6. 
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Figure 12. Optimization algorithm flowchart 
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5. RESULTS  

 

The change of the optimum value of the design objective, sT and the optimum design parameters in 

optimization with each iteration are expressed Figure 13 and Figure 14, respectively. 

 
 

Figure 21. The change of optimum design objective obtained by optimization using genetic algorithms with each iteration 

 

The optimization results of IBCE are given in Table 12. The optimum design parameters obtained as a 

result of the optimization of the IBCE are given in Table 13. 
 

Table 12.  Optimization Results 

 

Optimization Characteristics Parameter Value 

Optimization Objective sT [N.s/kg] 451.052 

Optimization Constraints 

SFC [g/kN.s] 

Compressor Exit Total Temperature [K] 

Cooling Section Exit Total Temperature [K] 

 

52.787 1000 

276.9 

 
 

 

Table 13. The optimum values of design parameters for sT optimization 

 

Optimization Parameters Optimum 

Value PETT 1500 K 
𝜋𝑡 0.1 

𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 500 K 

AETT 2300 K 

 

 

6. CONCLUSION 
 

When the total temperature of the cooling section is examined, it is seen that a temperature above the 

freezing temperature of the air is obtained. A very high sT value is obtained at the hypersonic flight 

Mach Number (5 Mach) as a result of optimization. Concluded that IBCE is expected to be a candidate 

for hypersonic flight. There are concluded that: 
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• SFC reduces % 5.3 and sT increases % 5.6 dependent on PETT change from 2100 K to 1400 K. 

• Based on 𝑇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 change from 100 K to 500 K, it is observed that SFC increases %23.7 and sT 

increases % 13.1. 

• It is observed that SFC reduces % 6.3 and sT increases % 35.9 dependent on AETT change from 

2000 K to 2300 K. 

• SFC reduces % 10.5  and sT increases % 11.7 dependent on 𝜋𝑡 change from 0.9 to 0.1. 

• Temperature decrease with increasing altitude effect performance dramatically as positive. 

• Low PETT values are desirable in terms of performance. 

• High AETT values are desired, so increasing material temperature with the development of 

technology positively effects performance. 

• The two design objectives are in conflict with the total temperature decrease at cooling section. 

Total temperature decrease at cooling section increasing effect sT performance positively and 

effect SFC negatively. 

• Low turbine total temperature ratio values are desirable for two design objectives (sT-SFC) but 

this parameter is limited by the requirement that the temperature at the exit the cooling section 

must not drop below a certain value 

Heat exchanger efficiency and pressure losses can be determined by conceptual and CFD investigations. 

After heat exchanger efficiency and pressure losses will be determined real IBCE cycle analysis can be 

performed. Optimization can be performed based on the real cycle analysis of IBCE. The relationship 

between the design parameters and the performance of IBCE can be shown based on real cycle analysis. 
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