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ABSTRACT 

This investigation directly explores the first principles of jet propulsion by estimating the pressure 

forces acting on a simplified turbojet engine model.  In a turbojet engine thrust is generated by pressure 

forces exerted by the fluid on its boundaries and components.  Theoretically, thrust and propulsive 

efficiency are sufficient for understanding the evolution of variety of aircraft engines.  A new definition 

for the propulsive efficiency from the point of view of generated pressure profile utilization by the jet 

engine is proposed.  A simplified model for turbojet engine integrating aerothermodynamics of engine 

components is developed which exhibits that an engine which can make maximum possible use of 

fluid pressure profile for thrust would have the highest possible propulsive efficiency.  The analysis 

carried out on this model indicates that the net thrust and redefined propulsive efficiency depend on 

the engine geometry, inlet velocity and combustion exit temperature of the engine.  This study leads 

to a conclusion that the generation of thrust by the jet engine is due to an increase in the exit area of 

the turbojet model.  Two models of combustor, isobaric combustion and variable pressure combustion 
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are discussed in detail.  These models can be extended to ramjet and scramjet engines such that efficient 

use of pressure profile is made to achieve higher values of net thrust. 

Keywords: Jet Propulsion, Propulsive efficiency, Thrust , Pressure profile of turbojet, Turbojet engine, 

Variable pressure combustor, Isobaric combustor 

 

NOMENCLATURE 

A  : Flow track Area [m2] 

dA  : Elemental Flow track Area [m2] 

ds  : Elemental Surface Area [m2] 

F  : Thrust [N] 

r  : radius [m] 

P  : Pressure (static) [N/m2] 

Pₒ  : Total Pressure [N/m2] 

Tₒ  : Total Temperature [N/m2] 

M  : Mach number [-] 

T  : Temperature [K] 

T_  : Temperature just after a station [K] 

v  : Velocity [m/s] 

v_  : Velocity just after a station [m/s] 

M_  : Mach number just after a station [-] 
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GREEK SCRIPTS 

𝛽 : Angle between the outward normal of a surface and the direction of thrust [degrees or 

radians] 

𝜂 : Efficiency [-]. 

𝜋 : Ratio of circumference to the diameter of a circle [-]. 

𝜌 : Density [kg/m3]. 

𝜌_ : Density just after a station [kg/m3]. 

SUBSCRIPTS 

1 : Station 1 

2 : Station 2 

2  : Station 2 

3 : Station 3 

1-2 : Region between stations 1 and 2 

2-3 : Region between stations 2 and 3 

p  : propulsive 

∞ : ambient condition 

 

1. Introduction 

The approach to the analysis of the mechanics of jet propulsion is largely based on the changes 

to the parameters of the fluid which interacts with the engine.  In the literature various methods to 
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analyze the performance of the aircraft are studied extensively.  The basic concept of propulsive 

efficiency can serve as a powerful analytical tool.  J.H. Lewis III [1] approaches propulsive efficiency 

from the point of view of energy utilization by applying basic thermodynamic principles.  This 

definition accounts for the energy unavailability production into two parts : 1) the unavailable energy 

associated with the thermodynamic cycle’s rejected heat; and 2) the wasted energy produced by 

inefficiencies inherent to the conversion of available cycle energy to propulsive power.  He defines 

propulsive efficiency as the ratio of actual propulsive power and maximum available propulsive power.  

The difference between actual and maximum propulsive power is manifested as waste energy which, 

by virtue of energy conservation, appears in the engine exhaust stream either as residual kinetic energy 

or as thermal energy.  Onder Turan et al. [2-4] studied the exergetic effects of various design 

parameters on turbojet engine.  Exergy is a useful tool in marking out the limits of maximum work for 

cycle efficiency. It is the work that could be obtained by a system in a reversible process from a given 

state to a state of equilibrium with the environment.  He found that any increase in compressor pressure 

ratio along with increase in flight Mach number results in an increasing exergy efficiency of the engine.  

However, increasing turbine inlet temperature decreases the exergy efficiency of the small turbojet 

engine.  Pedro Patrico and Jose M. Tavares [5] discusses the behavior of ideal jet engine and present 

simple analytical expressions for overall efficiency and reduced thrust.  These performance measures 

are shown to depend on the ratio of the temperature at the turbine to the inlet temperature (T3/Ti).  An 

analysis of these expressions then show that it is not possible to choose an optimal set of values of 

compression ratio and T3/Ti that maximizes both the overall efficiency and thrust. 

These studies report the performance parameters of turbojet by analyzing the effect of fluid on 

jet engine.  But there are no reported studies that theoretically investigate the effect of pressure 

variation inside the jet engine or equally, the engine geometry on the performance parameters of a 

turbojet.  Thrust produced by a jet engine is given by the product of fluid mass flow rate entering the 

engine and the velocity change of the fluid on passing through the engine plus the pressure thrust (in 
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case of incomplete expansion) [6].  Though this expression gives the force that the jet engine exerts 

on the fluid, by Newton’s third law this is same as the force acting on the jet engine.  To calculate the 

thrust produced by the jet engine without using Newton’s law would mean finding the pressure force 

exerted by the fluid on the boundaries and the components of the jet engine [7].  This proposition at 

first thought seems unfriendly due to the complex geometry of the internal components of the jet 

engine.  Also the relationships available for the performance parameters based on the fluid velocity 

are simple algebraic expressions.  Nevertheless this direct approach establishes unity amidst its diverse 

manifestations.  It also takes care of the complications which have prevented the tackling of the jet 

engine by means of the pressure variations inside the engine.  Thrust and propulsive efficiency are 

sufficient for the philosophical understanding of the generation of variety of aircraft engines.  The 

wide spread of jet engines, ranging from rocket engine, scramjet and ramjet engine, turbojet engine, 

turbofan engine (mixed and unmixed exhausts), to turboprop engine, can be clearly explained based 

on this direct approach. 

A fluid exerts pressure normal to the surface over which it flows.  In a jet engine, the resultant 

of the fluid pressure forces in the direction of motion is thrust.  Hence for a surface whose outward 

normal subtends an angle in the first or fourth quadrant with the direction of motion will give positive 

thrust and that which subtends an angle in the second or third quadrant will give negative thrust.  

Therefore, a convergent nozzle will give negative thrust.  Negative thrust may be viewed as a necessary 

evil to maintain the positive thrust which cannot be maintained by only combustion temperature due 

to limitation on its maximum value.  An engine which can make maximum possible use of the fluid 

pressure profile for thrust would have the highest possible propulsive efficiency. 

1.1 Objectives and scope 

The objective of this theoretical research is to evaluate the effects of design and thermodynamic 

parameters on the propulsive performance of a turbojet engine by analyzing the pressure profile 

developed by the engine.  It presents a methodology to generate the seemingly complex pressure profile 
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of an engine with the aid of a simplified turbojet model, which can be easily extended to other varieties 

of aircraft such as turbofans, ramjets and scramjets.  Conventional propulsive efficiency is based on 

the rate of energy utilization but the aim of this study is to relate propulsive efficiency to the maximum 

utilization of the engine pressure profile.  Now a days there is an increased emphasis on efficient use 

of fuel energy, this direct approach can provide essential insight to help the aircraft performance 

analyst in improving the engine design and analysis process.  This investigation leads to a relation 

between the generation of thrust by the jet engine and the ratio of the inlet and exit area of the turbojet. 

Modeling of jet engine would differ based on the type of heat addition taking place in the 

combustor (assuming isentropic compression and expansion in the inlet-compressor and the turbine-

nozzle region).  Heat addition can take place either via constant pressure combustion in a variable area 

duct or via variable pressure combustion in constant area duct.  Both the models will be discussed here. 

2 Theoretical Model of Jet Engine  

Fig. 1 shows the theoretical model of jet engine with variable pressure combustor.  Station 1 is 

the inlet and 3 is the exit.  Station 2 to 2 represents the combustion chamber.  The direction of motion 

of fluid flow is represented by axis z.  The area of the jet engine varies with distance z.  At the same 

time it is assumed that all the flow properties are uniform across any given cross section of the flow 

and hence are functions of z only.  Such a flow, where A = A(z), P = P(z), 𝝆 = 𝝆(z) and v = v(z) for 

steady flow is defined as quasi-one dimensional flow.  It is this area change that causes the flow 

properties to vary as a function of z [6].  In the model presented it is assumed that the flow is steady, 

inviscid and quasi 1 dimensional.  Further, the gas is assumed to be calorically perfect and that the 

contribution of the fuel mass flow rate to the gas in the duct is small.  Hence, combustion is modeled 

as heat transfer through the wall.  The meridian shape of the jet engine is irrelevant with the 1D 

isentropic model and the flow is only dependent on cross section area ratios [9].  Therefore, final 
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thermodynamic parameters from station 1 to 2 or station 2 to 3 do not depend on nature of the radius 

variation but only on the local value of the radius. 

 

Fig.1 Theoretical model of turbojet engine for variable pressure combustion 

2.1 Variable pressure combustion in constant area duct 

Due to heat addition there is an increase in the temperature from T2 to T2 and a decrease in the 

pressure from P2 to P2 which results in reduction of density from ρ2 to ρ2.  This can be explained 

based on the Rayleigh curve [6].  As the flow is subsonic at the entrance of the combustion chamber, 

heat addition leads to an increase in Mach number, decrease in pressure and an increase in velocity.  

For optimal expansion, the pressure at station 3 is P1 (same as that at station 1).  All the dynamic head 

is provided by the compressor in a practical jet engine and the ram flow is provided by means of the 

velocity v1 at station 1.  This does not include the dynamic head needed to run the compressor.  The 

flow passage from station 1 to 2 corresponds to the subsonic diffusion in the intake and the compressor.  

In a practical compressor, in addition to the stator, diffusion also occurs in the rotor and the amount of 

diffusion in the rotor is indicated by the degree of reaction of the stage.  Hence the region from station 
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1 to 2 represents the intake and the compressor in a practical jet engine and the region from station 2 

to 3 represents the turbine and the nozzle.  As shown in Fig. 1, from station 1 to 2 the flow track area 

keeps increasing whereas in an axial flow compressor the flow track area keeps reducing since dynamic 

head is polytropically added to the flow.  A similar argument can be put forth to explain the decreasing 

flow track area from station 2 to 3 and increasing flow track area in an axial flow turbine. 

2.1.1. Thrust provided by the jet engine 

A high compressor pressure ratio is desirable as thermodynamics claims that the basic cycle 

efficiency increases with pressure ratio and higher operating temperature enables higher amount of 

work to be obtained from the thermodynamics cycle [7,8].  This is also reflected in the mathematical 

definition for thrust 

 𝐹 = ∫ (𝑃 − 𝑃∞)𝑐𝑜𝑠𝛽𝑑𝑠 Eq. (2.1) 

where the integral has to be performed over the entire surface of the jet engine and its components. 

2.1.2 Approach developed to compute thrust 

 In the case of optimal expansion, the pressure increases from P1 to P2 in the diffuser region 

from station 1 to 2 and drops back to P1 at station 3.  β is the angle subtended by the outward normal 

with the direction of motion of the aircraft. 

 
F = ∫ (P − P∞). 𝑐𝑜𝑠𝛽. d𝑠 + ∫ (P − P∞). 𝑐𝑜𝑠𝛽. d𝑠

3

2′

2

1

 
Eq.(2.2) 

 

From station 1 to 2 and station 2′ to 3, β remains constant.  Hence Eq. (2.2) may be written as 

 F = cosβ1-2∫ (P − P∞)
2

1
.ds + cosβ2′-3∫ (P − P∞)

3

2′
.ds Eq.(2.3) 

 

To account for the cosβ.ds term in Eq. (2.2), the pressure may be projected on two annular disks as 

shown in Fig. 2.  The two disks 1 to 2 and 2′ to 3 have outer radii r2.  The inner radius of disk 1 to 2 is 
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𝑟1 while that of disc 2′ to 3 is 𝑟3  , where 𝑟1 < 𝑟3 .  Heating the flow at station 2 reduces the density of 

fluid in the region 2′ to 3 and to maintain continuity the flow track area increases, thereby reducing the 

area projected of disc 2′ to 3 in Fig. 2.  It is because of this reduction in area of disc 2′ to 3 due to the 

rise in temperature that generates thrust.  If the temperature is not raised at station 2 then A3 would be 

equal to A1 and no thrust would be obtained as is indicated by Eq. (2.4).  The mathematical proof for 

this claim is given in subsection 2.1.6. 

The evaluation of thrust of the jet engine shown in Fig. 1 now reduces to the evaluation of 

forces acting on the discs 1 to 2 and 2′ to 3 and subtracting them.  Hence Eq. (2.2) can be written as  

 
𝐹 = ∫ (𝑃(𝑟) − 𝑃∞)𝑑𝐴 − ∫ (𝑃(𝑟) − 𝑃∞)𝑑𝐴

{𝐷𝑖𝑠𝑘 2′−3}{𝐷𝑖𝑠𝑘 1−2}

 
Eq.(2.4) 

where P(r) is found by solving the governing equation of fluid flow and dA = 2𝜋rdr.  Hence Eq. (2.4) 

reduces to 

 
𝐹 = ∫ (P − P∞) 2𝜋𝑟 𝑑𝑟 − 

𝑟2

𝑟1

∫ (P − P∞)2𝜋𝑟
𝑟3

𝑟2′  

d𝑟 
Eq.(2.5) 

which may be written as 

 
F = 2𝜋 [∫ {P(r) − P∞} 𝑟 d𝑟 − ∫ {P(r) − P∞} 𝑟 d𝑟

𝑟3

𝑟2′

𝑟2

𝑟1

] 
Eq.(2.6) 

2.1.3 Redefining Propulsive Efficiency 

It is clear that from station 1 to 2, β takes values in the I and the IV quadrant, keeping cosβ > 

0.  Similarly, from station 2′ to 3, cosβ is negative, thereby contributing negatively to the thrust.  

This is in consistency with the contribution of inlet - compressor and turbine - nozzle to the net thrust 

in actual jet engine [7].  As the temperature T2′  increases, β in the region 2′ to 3 decreases 

(approaching 90°) thereby reducing the negative thrust (Refer section 2.1.6).  Hence if thrust is to 

increase in addition to increase in P2′, T2′ must increase in order to reduce the negative thrust.  In a 

jet engine negative thrust is always present because T2′ cannot increase indefinitely due to limitations 
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in material cooling technology. 

 

Fig.2 Projection of pressure profile on annular disks 

Due to the presence of negative thrust, fluid forces cannot be utilized fully for the generation 

of net thrust.  Therefore, a new definition of the propulsive efficiency is proposed in order to indicate 

how efficiently fluid pressure forces are utilized for the generation of thrust.  It may be mathematically 

redefined as  

 
𝜂𝑝 =

ʃ(P − P∞) 𝑐𝑜𝑠𝛽 d𝑠

ʃ(P − P∞) d𝑠
 

Eq.(2.7) 

2.1.4 Numerical Results 

 Following analysis is carried out for subsonic inlet flow with optimal expansion in the nozzle.  

P1 and T1 depend on the altitude at which the aircraft is flying and hence are known.  Also, M∞ is 

different from M1 as explained in the section 2.1.  Thermodynamic parameters at station 2 are solved 

using conservation equations and equation of state.  The pressure variation in region 1 to 2 is obtained 

using Eq. (2.8). 
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𝑣1A1
A

= (
P

P1
)

1
𝛾
√2 Cp (T01 − T1. (

P

P1
)

𝛾−1
𝛾
) 

 

Eq.(2.8) 

Where       

 
T01 = T1 (1 +

𝛾 − 1

2
M1
2) 

Eq. (2.8.1) 

 

𝑣 = √2 Cp  (T01 − T1  (
P

P1
)

𝛾−1
𝛾
) 

 

Eq. (2.8.2) 

 

T = T1  (
P

P1
)

𝛾−1
𝛾

 

Eq. (2.8.3) 

From station 1 to 2 and station 2 to 3 engine is modeled with a constant β.  For station 2 to 2 

 P2

P2
=
1 + 𝛾M2

2

1 + 𝛾M2
2  

Eq. (2.9) 

 

M2′ = M2

P2
𝑃2′  

√
𝑇2′

T2
 

Eq. (2.10) 

T2 is the turbine inlet temperature that is limited by the maximum temperature that turbine blades 

can sustain.  Using Eq. (2.9) and Eq. (2.10), P2 and M2 are calculated.  It is assumed that the Cp 

(specific heat at constant pressure) of the fuel-air mixture is same as the Cp of ambient air.  For a 

given M1, combustion temperature T2 will vary with A2/A1.i.e. the size of the jet engine.  This is to 

satisfy the condition that turbine inlet Mach number (M2) is always subsonic and the exit Mach 

number M3 ≤ 1.  Eq. (2.11) and Eq. (2.12) are used to obtain the range of the T2 for a given A2/A1. 

 
M2 =

T2𝑣2

T2√𝛾RT2
< 1 

Eq. (2.11) 
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M3 = 

√
  
  
  
  
  

2

𝛾 − 1

(

  
 
T2

(

  
 
1 +

𝛾 − 1
2 (

T2v2
T2√𝛾RT2

)

2

T2 (
P1
P2
)

)

  
 
− 1

)

  
 
 ≤ 1 

 

Eq. (2.12) 

As the exit pressure P3 is known (=P1), exit Mach number M3 is calculated using Eq. (2.13) 

 

M = √((
P02

P
)

𝛾−1
𝛾
− 1) (

2

𝛾 − 1
) 

 

Eq. (2.13) 

Also;            

 

P02 = P2 (1 +
𝛾 − 1

2
M
2
2 )

𝛾
𝛾−1

 

Eq. (2.14) 

 
T02 = T2 (1 +

𝛾 − 1

2
M
2
2 ) 

Eq. (2.15) 

The sonic conditions are denoted by an asterisk.  It can be shown that for an isentropic flow in a 

variable area duct  

 

(
A

A∗
)
2

=
1

M2
[(

2

𝛾 + 1
) (1 +

𝛾 − 1

2
M2)]

𝛾+1
𝛾−1

 

Eq. (2.16) 

It can also be shown that for an isentropic flow A∗ is constant [6].  Using Eq. (2.16) at station 2, A∗ is 

obtained for region 2 to 3.  Similarly, A3 is obtained from Eq. (2.16) using M3.  The Mach number 

and the pressure acting at all points is obtained from Eq. (2.16) and Eq. (2.13) respectively in region 

2 to 3.  Net thrust provided by the engine is given by Eq. (2.6).  Table 1 shows the sample calculation 

for obtaining performance parameters by following the above approach.  All numerical modeling is 

carried out in Maple®18 [10]. 

 

 



13 

A2 1.26 m2  A2′ 1.26 m2 

A1 0.42 m2  A3  .92m2 

A2/A1 3  A2′/A3 1.36 

P1 101325 Pa  P01 1.608334×105 Pa 

T1 288.15 K  P02 1.475274×105 Pa 

M1 .84  A3/A1 2.21 

P2 1.567232×105 Pa  F1-2 38108.64 N 

T2 326.39 K  F2′-3 5751.34 N 

M2 0.19   Fnet 32357.30 N 

M2’ 0.45  �̇� 147.39 Kg/s 

P2’ 1.282863×105 Pa  Fconventional 32354.83 N 

T2′ 1200 K  𝜂𝑝𝑟𝑒𝑑𝑒𝑓𝑖𝑛𝑒𝑑  15.34 % 

M3 0.75  𝜂𝑝𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙  57.55% 

     

Table 1 (Sample calculations for variable pressure combustion) 

2.1.5 Comparing thrust and efficiency with those obtained using conventional method 

The formula for conventional propulsive efficiency of air-breathing engines is [11 ] 

 

𝜂𝑝 =
2

1 +
𝑐
𝑣

 Eq. (2.17) 

where c is the exhaust speed, and v is the speed of the aircraft.  It lies in the range 0.2 - 0.9.  In this 

case substituting the values of c ( = M3 a3 ) and 𝑣 ( = M∞ a∞ ), 𝜂𝑝 comes out to be 57.55%.  The 

expression for thrust using Newton’s laws is given by 

 �̇� =  𝜌1 A1 𝑣1 Eq. (2.18) 
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 𝐹𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 = �̇�(𝑣3 − 𝑣1)  Eq. (2.19) 

As shown in Table 1, the thrust values obtained by integrating the pressure forces and as given by 

Newton’s laws (Fconventional) are equal, as expected.  But the propulsive efficiency differs by a large 

margin which suggests that only a small fraction of the pressure forces are utilized to generate net 

thrust, and hence the engine model can be further improved for better utilization of pressure forces.  

This is because conventional efficiency (𝜂𝑝𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙) indicates the fraction of the net mechanical 

output that is converted into thrust power, whereas redefined propulsive efficiency (𝜂𝑝𝑟𝑒𝑑𝑒𝑓𝑖𝑛𝑒𝑑 ) is an 

indicator of how efficiently an engine makes use of pressure profile.  In a turbojet engine large fraction 

of thrust is negative thrust due to comparable exit area and inlet area, hence lower  𝜂𝑝𝑟𝑒𝑑𝑒𝑓𝑖𝑛𝑒𝑑 . 

2.1.6 Proof for the claim : 𝐀𝟑 > 𝐀𝟏 

For subsonic flow, the variation of A A∗⁄  with M is shown in Fig. 3 which shows A A∗⁄ ∝  1 M⁄  .  

It is obtained by plotting Eq. (2.16) using MATLAB.  It can be easily proved that critical Area, A∗, 

always increases on addition of heat in a duct with subsonic inlet Mach number.  Applying continuity 

equation, Eq.(2.18), on two critical cross sections, 𝜌1
∗A1

∗𝑎1
∗ = 𝜌2

∗A2
∗𝑎2

∗  (cross section 1 is before 

addition of heat and cross section 2 is after addition of heat).  From equation of state we have 𝜌1
∗ 𝜌2

∗⁄ =

 (P1
∗T1

∗) (P2
∗T2

∗)⁄  which on substitution in continuity equation gives, A2
∗ A1

∗⁄ =  (P1
∗√T2

∗) (P2
∗√T1

∗)⁄ .  

From isentropic relations we have, P1
∗ P2

∗ = P01 P02⁄⁄  and hence A2
∗ A1

∗⁄ =  (P01√T2
∗) (P02√T1

∗)⁄ . 

Temperature increases as a consequence of heat addition, that is T2
∗ > T1

∗.  For entropy to be 

positive, total pressure decreases after heat addition for subsonic flow [6,12] implying P01 > P02.  

Therefore from the above arguments we have A2
∗ > A1

∗ .  Yet again from isentropic relations, Eq. 

(2.13), Mach number is directly proportional to corresponding total pressure.  So we can write 

A A∗ ∝  1 P0⁄⁄ . This is easily obtained by substituting M in terms of P0 in Eq. (2.16) and then plotting 
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using MATLAB, as shown in Fig. 4.  Applying this relation to station 1 and station 3 gives 
A1 A1

∗⁄

A3 A2
∗ ⁄
=

  
P02

P01
  ⇒  A1 A1

∗⁄ <  A3 A2
∗ ⁄ ⇒ A3 > A1. 

 

Fig.3 Variation of A A∗⁄  with M for subsonic isentropic flow 

 

Fig.4 Variation of A A∗⁄  with P0 for subsonic isentropic flow 
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2.2 Constant pressure combustion in variable area duct 

From the viewpoint of thermodynamic cycle efficiency, constant pressure combustion differs 

from variable pressure combustion and thus it is considered here.  A variable area combustor that 

maintains a constant pressure is analyzed.  Numerical modeling remains the same except that the flow 

parameters at 2 will be different now.  Conservation laws are applied to a small slab of the fluid in the 

region 2 - 2 of Fig. 5 [8].  The law of conservation of mass gives Eq. (2.20) 

 
𝜌A𝑣 = (𝜌 + d𝜌)(𝐴 + dA)(𝑣 + d𝑣)  ⇒  

d𝑣

𝑣
+
dA

A
+
d𝜌

𝜌
= 0 

Eq. (2.20) 

The balance of the momentum in the direction of motion of fluid flow gives Eq. (2.21) 

 �̇�(𝑣 + 𝑑𝑣) − �̇�𝑣 = 𝑃𝐴 − 𝑃(𝐴 + 𝑑𝐴) + 𝑃𝑑𝐴 ⇒ 𝑑𝑣 = 0 Eq. (2.21) 

Eq. (2.21) signifies a constant velocity flow i.e. v2 = v2.  Then from continuity equation, Eq.(2.18). 

 
𝐴2′𝜌2′ = 𝐴2𝜌2  ⇒ 𝐴2′ =

𝜌2𝐴2𝑇2′𝑅

𝑃2
   

Eq. (2.22) 

 

 

 

 

 

 

 

Fig.5 Theoretical model of turbojet engine for isobaric combustion 
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Since the combustor is modeled as a variable area duct, the outward normal of its surface 

subtends a positive angle (in I and IV quadrant) with the direction of the motion of aircraft.  Hence the 

pressure forces acting on it contribute towards positive thrust.  Table 2 shows the calculations carried 

out using the same initial conditions as in subsection 2.1.4. 

A2 1.26 m2  A2′/A2 3.67 

A1 .42 m2  A2′/A3 5.62 

A2/A1 3  P01 1.608334×105 

P1 101325 Pa  P02 1.578336×105 Pa 

T1 288.15 K  A3/A1 1.49 

M1 .84  F1-2 38108.64 N 

P2 1.567232105 Pa  F2-2’ 187245.956 N 

T2 326.39 K  F2′-3 188469.022 N 

M2 0.19   Fnet 36885.58 N 

M2′ 0.1004  �̇� 147.39 Kg/s 

T2′ 1200 K  Fconventional 36878.77 N 

M3 0.82  𝜂𝑝𝑟𝑒𝑑𝑒𝑓𝑖𝑛𝑒𝑑  5.12 % 

A2′ 4.64 m2  𝜂𝑝𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙  55.16% 

A3 .82 m2    

 

Table 2 (Sample calculations for constant pressure combustion) 

3. Comparing the Two Combustor Models 

Conventionally thermal efficiency is defined as the ability of an engine to convert the thermal 

energy inherent in the fuel (which is unleashed in a chemical reaction) to a net kinetic energy gain of 

the working medium [7] 
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𝜂𝑡ℎ =
 𝑚𝑎̇ [(1 + 𝑓)

𝑢𝑒2

2 −
𝑢2

2 ] 
̇

𝑚𝑓̇ QR
 

Eq. (2.23) 

For f << 1  

 

𝜂𝑡ℎ =
 (
𝑢𝑒2

2 −
𝑢2

2 ) 
̇

𝑞
 

Eq. (2.24) 

Where 𝑚𝑎̇  is the mass flow rate of incoming air, 𝑚𝑓̇  is the mass flow rate of fuel injected, f is the ratio 

of the mass flow rate of air to the mass flow rate of fuel, QR is the heat of reaction of the fuel, q = f QR, 

ue is the exhaust velocity and u is the inlet velocity.  Basic thermodynamics claims that higher pressure 

ratio and higher operating temperature increase the efficiency of the Brayton cycle.   

Table 3 shows a comparison between the two models.  It can be interpreted from this table that 

isobaric combustion has a higher value of net thrust for similar conditions, because the normal to the 

surface of the isobaric combustor subtends an angle in I and IV quadrant with the direction of motion 

of the aircraft and hence contributes towards net positive thrust.  The amount of heat addition required 

in variable pressure combustor is greater than that required for isobaric combustor.  This is because of 

an increase in kinetic energy in variable pressure combustor which accounts for higher addition of heat 

for the same combustor exit temperature.  Table 1 indicates a pressure decrease in variable pressure 

combustor (P2 < P2) due to expansion leading to an increase in exit area as compared to isobaric 

combustor (turbine inlet temperature and nozzle exit pressure is same for both cases), implying a lower 

value of negative thrust in the former.  Due to the pressure drop in variable pressure combustor it does 

not require high negative gradient of flow track area in region 2 to 3 for optimal expansion and hence 

have higher exit area (A3).  This results in lower value of negative thrust and higher redefined 

propulsive efficiency.  That is, variable pressure combustor engines make better use of the pressure 

profile.  For the same reason variable pressure combustor has lower value of exit Mach number (due 

to less amount of expansion ). 
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 Variable pressure combustion Isobaric combustion 

Fpositive 38108.64 N 225354.603 N 

Fnegatives 5751.34 N 188469.022 N 

Fnet 32357.30 N 36885.58 N 

𝜂𝑝𝑟𝑒𝑑𝑒𝑓𝑖𝑛𝑒𝑑  15.34 % 5.12 % 

𝜂𝑝𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙  57.55% 55.16% 

ηthermal 9.02% 11.22% 

M3 .75 .82 

A3/A1 2.21 1.96 

q 9.626227×105 J 9.159533×105 J 

 

Table 3 (Comparison between the two combustor models) 

4. Grid Convergence and Modeling Flow Track Area 

In the model presented, the local pressure acting on the engine is just a function of the value of 

radius and does not depend on the length of the engine.  As the dependence of the pressure forces on 

the length of the engine would make it a perpetual motion machine generating thrust without heat 

addition and only by varying the length of the region 1 to 2 and 2′ to 3.  The grid generated for the 

numerical modelling is one dimensional.  The step size ‘h’ is constant.  Having chosen the number of 

elements, say N, pose ℎ =  
𝑏−𝑎

𝑁
 where b is the last element and a, the first element.  Now, define 𝑧𝑖 =

𝑧0 + 𝑖ℎ with z0 = a and i = 0, 1, 2 … N.  N is varied until the results obtained become independent of 

the length of the model.  Then the solution is said to have converged for this value of N [13]. 
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The procedure followed to calculate flow track area in region 1-2 is described here.  Let A2/A1 = k and 

length of the diverging region (1 to 2) be l1 and z be the direction of motion of the aircraft.  Then r2
2/r1

2 

= k.  Let 𝛼 = 90 – β.  By simple geometric analysis of Fig. 1 r2
2/r1

2 = k  can be expanded as (1-k)r1
2 + 

2l1tan 𝛼 1-2 + (l1tan 𝛼 1-2)
2 = 0.  This equation is solved to get r1 and then 

 𝑟2 = 𝑟1 + 𝑙1 tan(𝛼1−2 ) 

𝑟 = 𝑟1 + ztan(𝛼1−2 ) 

𝐴 = 𝜋𝑟2 

Eq. (2.25) 

Eq. (2.26) 

Eq. (2.27) 

Similarly, flow track area in region 2′-3 is calculated as follows:- 

 𝑟 = 𝑟2′ − 𝑧 (
𝑟2′ − 𝑟3
𝑙2

) ⇒ 𝐴 = 𝜋𝑟2 

tan𝛼2′−3 = 
𝑟2′ − 𝑟3
𝑙2

  

Eq. (2.28) 

 

Eq. (2.29) 

The procedure to calculate total pressure force acting on the engine is now explained.  Let the total 

pressure force be denoted by F, then F = 
F1−2

sin 𝛼 1−2 
 + 

F
2′−3

sin 𝛼 2′−3 
.  It could also be calculated by considering 

a frustum of area dA at location z from the inlet and integrating the pressure forces as : 

 𝐹 = ∫ (𝑃 − 𝑃∞)𝑑𝐴 Eq. (2.30) 

Where  

 
𝑑𝐴 =

2𝜋𝑟𝑑𝑟

𝑠𝑖𝑛𝛼
 

F = ∫(P − P∞)
2𝜋𝑟d𝑟

𝑠𝑖𝑛𝛼
 

F = ∫(P − P∞)
2. 𝜋. 𝑟. 𝑑𝑟

𝑠𝑖𝑛𝛼1−2
+∫(P − P∞)

2. 𝜋. 𝑟. d𝑟

𝑠𝑖𝑛𝛼2′−3
 

Eq. (2.31) 

Eq. (2.32) 

Eq. (2.33) 

5. Results and Discussions 

1) Static pressure in region 1 to 2, as shown in Fig. 6 of theoretical jet engine increases (variable 

pressure combustor) .  This happens due to an increase in flow track area of the subsonic flow 

and hence decrease in velocity (to maintain continuity) while there is an expansion occurring in 
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region 2-3 due to a decrease in flow track area.  This is also expected as diffusion takes place in 

the inlet and compressor of an airbreathing engine and expansion occurs in the turbine and nozzle 

as shown in Fig. 7. 

 

Fig.6 Variation of static pressure in region 1-2 (Variable pressure combustion) (Plot obtained in 

Microsoft Excel 2016) 

 

Fig.7 Variation of static pressure in region 2 to 3 (Variable pressure combustion) (Plot obtained in 

Microsoft Excel 2016) 
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2) Due to heat addition in the combustion chamber total pressure will differ in two regions.  It can 

be shown that addition of heat in constant area duct leads to increase in the entropy of the flow 

[12] implying that total pressure decreases after heat addition i.e. P01 (total pressure in region 1 to 

2) > P02 (total pressure in region 2 to 3). 

3) The results obtained after numerical modeling indicate that thrust depends on the following 

parameters : inlet velocity (v1), combustion temperature (T2) and area ratio (A2/A1).  Once the 

dimensions of the engine are fixed (i.e. A2/A1 is fixed) thrust increases with the combustion 

temperature (T2) and inlet velocity v1 as shown in the Fig. 8. 

 

Fig.8 3D plot exhibiting the variation of net thrust with inlet velocity and combustion temperature 

(Variable pressure combustion) (Plot obtained in MATLAB R2015b) 

4) The claim that the net positive thrust in a jet engine is generated due to an increase in exit area of 

engine (A3 > A1) is validated by numerical modelling.  Simulations were carried out for different 

parameters (v1, T2, A2/A1) and resulted in A3 > A1 for net thrust to be positive.  The exit area 
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value plays an important role while comparing isobaric combustor and variable pressure 

combustor as discussed below. 

a. Isobaric combustion results in higher value of thrust due to contribution of positive 

thrust by the combustor.  Heat addition is higher in variable pressure combustor due to 

increase in exit velocity of combustor with the same turbine inlet temperature and this 

increase in kinetic energy results in higher value of heat addition. 

b. The variable pressure combustor has a higher value of 𝜂𝑝𝑟𝑒𝑑𝑒𝑓𝑖𝑛𝑒𝑑  as compared to 

isobaric combustor this is because of the difference in the exit area of the two models.  

Variable pressure combustor has larger exit area due to drop in pressure in the 

combustor and so does not require high negative gradient of flow track area in region 

2 to 3.  This decreases the contribution of negative thrust in variable pressure 

combustor and thereby higher redefined propulsive efficiency  

5) The redefined propulsive efficiency increases with increase in turbine inlet temperature while it 

is approximately constant with the variation of the inlet velocity as shown in Fig. 9.  This can be 

explained as, on increasing the operating temperature the work output from the engine increases 

and thereby increasing the net thrust. 
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Fig.9 3 D plot exhibiting the variation of redefined propulsive efficiency with inlet velocity and 

turbine inlet temperature (Variable pressure combustion) (Plot obtained in MATLAB R2015b) 

6) Redefined propulsive efficiency is much lower in magnitude as compared with conventional 

propulsive efficiency for both the cases.  This is because conventional efficiency indicates the 

fraction of the net mechanical output that is converted into thrust power, whereas 𝜂𝑝𝑟𝑒𝑑𝑒𝑓𝑖𝑛𝑒𝑑  is an 

indicator of how efficiently an engine makes use of pressure profile.  In a turbojet engine large 

fraction of thrust is negative thrust due to comparable exit area and inlet area, hence lower 

𝜂𝑝𝑟𝑒𝑑𝑒𝑓𝑖𝑛𝑒𝑑 .  As the ratio of inlet and exit velocities is not too high 𝜂𝑝𝑐𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙  has a higher value. 

6. Conclusion 

In this study a theoretical model was developed from first principles to formulate jet propulsion 

concepts and performance parameters, with the engine as center of interest and not the fluid exchanged 

as in the conventional approach.  The engine thrust was defined as the surface integral of pressure 

forces exerted by the fluid on the surface of the jet engine.  Similarly the propulsive efficiency was re-
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defined as the efficiency with which the pressure forces are utilized for the generation of forward 

thrust.  Two models of combustion were presented in details and comparison was carried out for 

different performance parameters of turbojet.  This model can be extended to ramjet and scramjet to 

provide a theoretical basis to generate net positive thrust by developing an engine geometry that 

efficiently make use of the pressure profile. 
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