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Abstract: 

Modelling of aircraft engines at system level is one of the most important steps in the development of 
engine architectures and control systems. Most of the software tools available today are capable of 
steady and transient simulations of engines but fall short when dynamic analysis is required, especially 
during unstable or unsteady operating regimes, such as those driven by PGC technology. TRANSEO 
simulation tool, developed by University of Genova, is a solution to this problem. Under the INSPIRE 
project activities at UNIGE, the TRANSEO code has been used to model a typical aircraft engine. The 
model has been validated with on-design & off-design engine performance test results. In addition, a 
multistage compressor model is also developed, which is capable of predicting compressor surge. The 
advantages and limitations of the code and modelling methodology have been identified, and 
measures are being taken to improve the model to simulate aircraft engines with PGC technology. 
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 GLOSSARY 

Acronym Description 

EGT Exhaust Gas Temperature 

HP High Pressure 

HPC High Pressure Compressor 

HPT High Pressure Turbine 

HPTCC High Pressure Turbine Clearance Control 

IGV Inlet Guide Vane 

LP Low Pressure 

LPC Low Pressure Compressor 

LPT Low Pressure Turbine 

MoC Method of Characteristics 

N1 Low Pressure spool speed 

N2 High Pressure spool speed 

OGV Outlet Guide Vane 

PDC Pulse Detonation Combustion 

PGC Pressure Gain Combustion 

RDC Rotating Detonation Combustion 

RPM Revolutions per minute 

SAE Society of Automobile Engineers 

UNIGE Università degli Studi di Genova 

VBV Variable Guide Vane 

VSV Variable Stator Vane 

Table 1 : List of acronyms 

  



D 5.2 - TEST OF TRANSEO CODE, EQUIPPED WITH LITERATURE PERFORMANCE MAPS GA 956803 

 

 

 
REF: INSPIRE_11-2022_D 5.2_Rev.0 8 

 

 

EXECUTIVE SUMMARY 

The following report is a description of the research activities conducted under the topic “PGC 

propulsion application with part load and dynamic analysis” at University of Genova, Italy to develop 

the deliverable titled “Test of TRANSEO Code, equipped with literature performance maps”. The 

research activities include the development of a multistage compressor dynamic model, capable of 

demonstrating the surge and stall phenomenon, and the development of a high bypass, turbofan 

engine model using TRANSEO simulation tool, basing on industrial partners guidance. The models have 

been validated against the data available on public domain and are found to be satisfactory towards 

the goal of simulating aircraft engines. The advantages and limitations of using TRANSEO to model 

complex engineering systems such as aircraft engines have been identified. This knowledge is deemed 

useful in the continuing endeavor to develop propulsion system dynamic models using PGC 

technologies.  

INTRODUCTION 

A large number of research work have been ongoing in the field of gas turbine engines in the recent 

decades to improve their efficiency and specific work and thus reduce fuel consumption and emissions 

[1–6]. A solution for the isobaric heat addition process in the Brayton cycle, where there is a pressure 

loss in the combustion process, is the implementation of Pressure Gain Combustion (PGC). The PCG 

technologies use gas dynamic waves to confine the combustion process and thereby achieve an 

approximately constant volume combustion, which has higher thermodynamic cycle efficiency than 

the conventional Brayton cycle[7–10]. 

The goal of this research work is to study the effects of gas dynamic phenomena in PGC at cycle level 

and to identify the operational limitations with regards to propulsion application. The effects of gas 

dynamic cross-interference and the resulting instabilities will be studied in order to develop an 

operational envelop for the PGC gas turbine. The research work would yield a full performance map at 

variable ambient conditions of a PGC simple cycle gas turbine, consisting of real processes, considering 

the unsteadiness and possible feedback loops in the gas turbine operation, optimized to get maximum 

thermodynamic efficiency and specific impulse, and minimum emission. The research would also result 

in the detailed description of the dynamic performance of the PGC cycle gas turbine and the 

development of control concepts for the engine. 

DEVELOPMENT OF A MULTISTAGE COMPRESSOR DYNAMIC MODEL 

 Introduction 

A 1-D reduced order model of a multistage, axial compressor is being developed to understand the gas 

dynamic instabilities and operational envelop when integrating with a PGC combustor such as RDE 

combustor. The model will be able to utilize the unsteady flow parameters at the combustor inlet and 

compressor bleed for engine cooling to provide information regarding the surge and stall instabilities 

that may be encountered during PGC propulsion engine operation. 

The model can be used as a standalone compressor connected to a plenum chamber, or with upstream 

and downstream components of an aircraft engine. The model requires as inputs the compressor stage 
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characteristics maps, geometry details, simulation parameters including Greitzer parameter, back-

pressure variation details, and solves the numerical problem with a MacCormack Predictor-Corrector 

method for steady and transient cases. Relevant open literature papers are referenced in the next 

section. 

 Literature Review 

The compression system performance is an important parameter for the gas turbines. The air delivery 

from a compressor is useful only if the compression system is in stable operation. The aerodynamic 

instabilities such as surge and/or rotating stall have been observed in the compressors. Surge is a 

violent planar disturbance in which the flow in the compressor reverses direction. Rotating stall occurs 

when a portion of the circumferential annulus is locally stalled by some destabilizing event such as a 

low-pressure region[11]. 

 

Figure 1 –Typical operating regions of a compressor [11] 

 

Greitzer and Moore [12,13], Gamache [14], Haynes [15] and others have done significant research on 

understanding the surge mechanism. Greitzer has developed a non-dimensional parameter to 

characterize surge in compressors. 

Although Greitzer’s model using parallel compressor theory is a widely accepted model, it is unable to 

completely capture the phenomenon in a multistage compressor. This includes the effect of bleed and 

interstage gas dynamic instabilities. Davis [11], Massardo and Cravero[16,17], Soria [18] and others 

have approached this problem by utilizing 1-D Euler equations to model the compressor. The problem 

with this approach is that it requires detailed geometry and stage characteristics of the compression 

system. 

In this work, a multistage axial compressor is modelled using a combination of 1-D and 0-D methods, 

where the geometry and operating conditions of the compression system are approximated from the 

available experimental data. 
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 Modelling the compressor (standalone configuration) 

The compressor is represented as a quasi-1-Dimensional model, where the variation of flow properties 

is assumed to be uniform across each section. A 0-Dimensional plenum is assumed to be present at 

the compressor exit with a throttle valve attached to it, allowing the flow rate to be controlled. This 

configuration is selected to verify the model with experimental data and is termed as standalone 

configuration in this report.  

 

Figure 2 - Representation of multistage, axial compressor (standalone configuration) 

 

When an engine uses PGC technologies, the compressor outlet may experience sudden and large 

amplitude pressure fluctuations, such as in the case of RDC or PDC. In order to ensure that the model 

can handle such fluctuations, the plenum throttle valve operation has the option to simulate different 

types of operational schedules, as shown in Figure 2. The model is also capable of simulating interstage 

air bleed. 

The variation of the plenum throttle valve area causes backpressure fluctuations at the compressor 

exit. This causes the compressor to operate near stall speeds. Once the compressor mass flow rate 

falls below the stall condition, it undergoes stall and surge cycles, and depending on the operating 

parameters, may go into reverse flow condition. The model is able to predict this behavior, provided 

that the individual stage characteristics, flow path area, and other simulation parameters are available. 
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Figure 3 – Modelling flow chart 

 

 

Figure 4 – Dynamic modelling strategy 
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The compressor model is developed using 1-D unsteady Euler equations, as represented in Figure 3 

and Figure 4. The governing equations are as shown. 

 

𝝏𝑼

𝝏𝒕
+

𝝏𝑭

𝝏𝒙
= 𝑸 (3.1) 

𝐔 =

[
 
 
 
 

𝝆𝑨
𝝆𝒖𝑨

𝝆𝑨(𝒆 +
𝒖𝟐

𝟐
)
]
 
 
 
 

 (3.2) 

𝐅 =

[
 
 
 
 

𝝆𝒖𝑨

(𝑷 + 𝝆𝒖𝟐)𝑨

𝝆𝑨𝒖(𝒆 +
𝒖𝟐

𝟐
+

𝑷

𝝆
)
]
 
 
 
 

 (3.3) 

𝐐 = [

−�̇�𝒃

𝑭𝑿 

−𝑯𝒃 + 𝑾𝑺 + �̇�
] (3.4) 

𝑭𝑿 = 𝑭𝑩 + 𝑷𝒔

𝝏𝑨

𝝏𝒙
 (3.5) 

𝑭𝑩 = (𝑷𝒔𝒆𝑨𝒆 − 𝑷𝒔𝒊𝑨𝒊) (3.6) 

𝑷𝑺𝒆 =  (𝝍𝑷 ×  
𝟏

𝟐
 × 𝝆

𝟎𝒂
× 𝑼𝒎

𝟐) + 𝑷𝑺𝒊 (3.7) 

𝑾𝒔 =
𝑼𝒎

𝟐

𝟐𝑪𝒑

 × 𝝍𝑻 (3.8) 

𝑷 = 𝝆𝑹𝑻 (3.9) 

𝑭𝑿𝑺 = 𝝉
𝝏𝑭𝑿

𝝏𝒕
+ 𝑭𝑿 (3.10) 

𝝉 =  
𝟐𝝅𝑹𝒎𝒏

𝑼𝒎
 (3.11) 

 

 Treatment of Boundary Conditions for standalone compressor model 

Since the predictor-corrector scheme requires the conditions at the boundaries to be known at each 

time step, the boundary conditions are calculated using Method of Characteristics for the standalone 

model. At compressor inlet, the stagnation pressure and stagnation temperature are the input terms 

while at the exit, the static pressure is the input term.  
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The compatibility equations are solved along the characteristics curve for the MoC (Figure 5) to obtain 

the boundary conditions. The outlet static pressure is calculated by a mass balance between 

compressor outlet flow and flow through the plenum exit throttle valve as shown in Eq (3.12). The 

plenum is modelled as 0-D to reduce the computational effort. In case of reverse flow, the inlet 

boundary switches to subsonic outlet with ambient static pressure as the fixed parameter. 

 

Figure 5 - MoC boundary treatment for a) Inlet b) Outlet [11]  

 

�̇�𝑪 − �̇�𝑻  =  
𝝆 𝑽𝑷

𝜸 𝑷𝑷
 
𝒅𝑷𝑷

𝒅𝒕
 (3.12) 

 

 Compressor stage characteristics and steady-state operation  

The model validation is done using the experimental results from Greitzer [13] and Gamache [14]. The 

compressor used for the surge experiments by Greitzer is a 3- stage compressor having repeating stage 

blading and constant area, fitted with a variable plenum, as shown in Figure 6 [13]. The details of the 

test rig are given in Table 2.  

Hub diameter 0.6096 m 

Hub-to-tip ratio (Greitzer’s setup) 0.7 

Blade airfoil NACA 400 series 

Nominal Speed 5926 rpm 

Mean blade speed 177.8 m/s 

Flow coefficient 0.619 

Total Pressure Ratio 1.489 

Efficiency 86.2 % 

Table 2 : Details of Greitzer’s compressor [11] 

Unfortunately, some of the crucial details of this compression system, such as length of the compressor 

and intake duct, and throttle valve closing schedule were not available from the literature. The 

experimental stage characteristics curves developed by Gamache [11,14] (Figure 7) are used to 

simulate the compressor nominal operation, although it had a Hub-to-tip ratio of 0.88. The plenum 

exit valve is then closed to the point of surge instability, and the transient simulation is run. Since the 

stage temperature rise is not directly available from experiments, it needs to be synthesized from stage 
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torque coefficient. The stage temperature characteristics synthesized by Davis [11] has been used for 

this purpose (Figure 8).  

 

Figure 6 – Schematic of the compressor system used by [13] 

 

 

Figure 7 – Experimental stage pressure characteristics[11] 

 

 

Figure 8 – Synthesized stage temperature characteristics [11] 
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The model is run with these characteristics to obtain a steady state operating point, defined using a 

design flow coefficient (Figure 9).  

 

Figure 9 – Steady state operating condition for B=0.66 

 

 Transient Simulation and Results 

Once the steady state operating point is obtained, the plenum throttle is closed to initiate surge. The 

response of the compressor to the throttle closure depends on various parameters such as plenum 

volume, compressor equivalent length, time delay, mean rotor velocity etc. Some of these parameters 

are grouped into the non-dimensional Greitzer’s parameter, B. The effect of throttle closure, delay 

time and B are discussed below. 

 

3.6.1. Effect of Greitzer’s parameter, B 

The non-dimensional parameter B, introduced by Greitzer, is used to classify the nature of the surge 

for a specific compressor. B is defined as: 

𝑩 =  
𝑼𝒎

𝟐𝒂
√

𝑽𝑷

𝑨𝑪𝑳𝒄
 (3.13) 

where,  𝑈𝑚  =  mean blade speed , 𝑎 =  𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑠𝑜𝑢𝑛𝑑 , 𝑉𝑃  =  𝑝𝑙𝑒𝑛𝑢𝑚 𝑣𝑜𝑙𝑢𝑚𝑒 , 𝐴𝐶  =

𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑟𝑒𝑎, 𝐿𝑐  =  𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 𝑑𝑢𝑐𝑡𝑠. 

 

Sl.
No 

B Lc Vp 
Delay time 

parameter(n) 
Um Throttle closing Frequency 

  m m3  m/s % of design point AT Hz 

1 0.660 0.762 6.840 2.000 59.020 60.000 NA 

2 1.000 0.728 15.000 3.000 59.020 82.700 0.975 

3 1.040 0.762 6.840 3.151 92.980 80.200 2.091 
Table 3 : Simulation parameters for B parameter test 
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The model is set up for different values of B as shown in Table 3. The resulting plots and frequencies 

are compared against the data available from literature (Figure 11). The equivalent duct length LC and 

speed of sound were not mentioned in the experimental data [11,13], thereby making the comparison 

difficult. A value of 300 K, and 101325 Pa (abs) are used as the operating temperature and total 

pressure of the ambient, and 100000 Pa (abs) as plenum exit pressure. 

 

Figure 10 – Effect of B on surge response 

 

  

(a) (b) 
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(c) (d) 

  

(e) (f) 

Figure 11 – Surge response comparison  

The surge responses of the compressor under different B parameters are shown in Figure 10. The 

comparison of these responses with experimental results from Gamache [14] and Davis [11] are 

discussed in detail below.  

The comparison of the simulation results from current model and Davis [11], shown in Figure 11 (a), 

with experimental results from Greitzer [13] in Figure 11 (b), shows that for B ≈ 0.65 (Table 3), the 

compressor becomes unstable after the stall point when the throttle is closed to 60% of the on-design 

operating point with n=2 for time delay and settles down at a new operating point. The fluctuations of 

flow coefficient are also similar as shown in Figure 12 (a) from model and in Figure 12 (b) from 

experiments[13]. The delay time (𝝉) calculated from Eq 3.11 for n=2 is kept same for the rest of the 

simulations, as mentioned in Greitzer [13]. 
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For B = 1.00, the compressor moves from its on-design point once the throttle is closed sufficiently 

(Table 3) and enters a surge cycle (Figure 11 (c)). This behaviour is very similar to that observed by 

Greitzer [13](Figure 11 (d)).The frequency of flow coefficient during surge is 0.975 Hz from the current 

model and Davis[11] (Figure 12 (c)) while it is approximately 1 Hz from the experiments Figure 12 (d) 

[13]. 

The compressor rig was configured to high speed, small plenum operation, and this obtained a B = 1.03 

[11]. The model is also configured to simulate this condition (Table 3) as per the velocity & plenum 

volume used by Davis [11]. The surge response obtained by the model is similar to that by Davis [11] 

as shown in Figure 11 (e) and from experiments by Greitzer [13] as in Figure 11 (f). The corresponding 

flow coefficient fluctuation is shown in Figure 12 (e). 

 

 

(a) (b) 

  

(c) (d) 

 

 

(e)  

Figure 12 – Flow coefficient fluctuations for different B parameter 
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It is to be noticed that the plenum volumes used by Greitzer in his experiments as specified in [13] and 

the ones used in the model is different. This is because of the necessity for model similarity between 

the experiment and the model compressor characteristics. This variation arises due to the use of 

characteristics for different compressor blading by Greitzer and Gamache, as reported in [11] and [13]. 

 

3.6.2. Effect of throttle closure 

Greitzer[13] and Davis [11] notice that the final position of the throttle valve can affect the nature of 

the surge and its frequency. In the current model, the effect of throttle closure point has been 

investigated. The exact throttle closure point and schedule was not available from literature, hence 

this parameter had to be approximated. 

 

Figure 13 – Effect of final throttle position on surge response 

 

Figure 14 – Effect of final throttle position on surge cycles 
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Sl.No B Lc Vp 
Delay time 

parameter (n) 
Um Throttle closing point 

  m m3  m/s % of design point Athrottle 

1 0.660 0.762 6.840 2.000 59.020 55.0 

2 0.660 0.762 6.840 2.000 59.020 60.0 

3 0.660 0.762 6.840 2.000 59.020 65.0 

4 0.660 0.762 6.840 2.000 59.020 70.0 

5 0.660 0.762 6.840 2.000 59.020 75.0 
Table 4 : Effect of throttle closing point 

 

The model is configured for B = 0.66, with a time delay corresponding to n= 2 (from Eq 3.11). The 

throttle is closed from the on-design point (A throttle) up to 55% of on-design point. The surge response 

is shown in Figure 13 and Figure 14 . It is evident that the final position of the throttle has a significant 

effect on the amplitude and frequency of surge response. This creates a limitation on the validation of 

the model when the exact valve position is unknown.  

 

3.6.3. Effect of delay time 

In order to capture the dynamics of surge phenomenon, a first order delay time (𝝉) is introduced into 

the governing equations. This delay time represents the time it takes for the stall cells to form around 

the rotor annulus, and this is usually an experimental parameter. Greitzer[13] defined the delay time 

as a function of number of rotations (n in Eq 3.11) it takes for the stall cells to cover a significant portion 

of the annulus. 

 

Sl.No B Lc Vp 
Delay time 

parameter (n) 
Um At_closepoint 

  m m3  m/s % of design point Athrottle 

1 0.660 0.762 6.840 10.000 59.020 60.000 

2 0.660 0.762 6.840 8.000 59.020 60.000 

3 0.660 0.762 6.840 6.000 59.020 60.000 

4 0.660 0.762 6.840 4.000 59.020 60.000 

5 0.660 0.762 6.840 2.000 59.020 60.000 
Table 5 : Effect of delay time 

 

For the compressor used for validation, Greitzer reports  a value of n equal to 2. But it is interesting to 

see the effect of this delay time on the surge response. The simulation is conducted by fixing B = 0.66 

and the throttle is closed to 60% of the on-design steady state condition (Table 5). As shown in Figure 

15, for values of n greater than 2 the compressor follows a different response pattern. Thus, it is clear 

that the choice of delay time should not be an arbitrary value, as this would affect the nature of the 

surge response. 
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Figure 15 – Effect of delay time on compressor surge 

 

3.6.4. Effect of equivalent duct length, Lc 

The non-dimensional parameter B, introduced by Greitzer, is used to classify the nature of the surge 

for a specific compressor. B is defined as in Eq 3.13. It is to be noted that mathematically, the values 

of these variables can be changed while maintaining the same B. If B would be the only parameter 

driving the transient, it should be expected that different combinations of parameter bringing to the 

same B value would result in similar surge transients. Unfortunately, this is not the case, as 

demonstrated by the following results, where B is kept constant with different values of the equivalent 

duct length Lc and plenum volume Vp (Table 6). 

 

Sl.No B Lc Ac Vp 
Delay time 

parameter (n) 
Um At_closepoint 

  m m2 m3  m/s % of design point Athrottle 

1 0.660 0.200 0.149 1.795 2.000 59.020 60.000 

2 0.660 0.300 0.149 2.693 2.000 59.020 60.000 

3 0.660 0.400 0.149 3.591 2.000 59.020 60.000 

4 0.660 0.600 0.149 5.386 2.000 59.020 60.000 

5 0.660 0.762 0.149 6.840 2.000 59.020 60.000 

6 0.660 0.800 0.149 7.181 2.000 59.020 60.000 
Table 6 ; Effect of equivalent length & plenum volume 

 

As demonstrated in Figure 16 , basing on the simulation results alone, B parameter is specific to a 

compressor model and experimental set-up, and, unfortunately, there is a knowledge gap in 

determining a separate influence on surge behavior by the geometrical parameters included in the B 
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definition. This is reflected in the difficulty of comparing the experimental results, since the equivalent 

duct length LC and speed of sound, a, are not mentioned in the experimental data [11,13]. 

 

 

Figure 16 – Effect of Lc and Vp 

 

 Summary and discussion 

As a starting point to modelling a PGC based propulsion system, the dynamic model of a multistage, 

axial compressor is developed. The model is capable of simulating compressor surge and stall and can 

also simulate interstage bleed as well. The model is validated qualitatively with experimental results 

and previous models available in the literature. Effect of different parameters on the compressor surge 

response is also evaluated. Due to the incomplete information of the experimental compression 

system, the validation of the model had to be limited to qualitative level at certain operating 

conditions. 

DEVELOPMENT OF AIRCRAFT ENGINE MODEL USING TRANSEO 

 Introduction 

As a part of the research activities, the in-house simulation tool TRANSEO is being used to model a 

typical aircraft engine (with & without PGC). Application of TRANSEO for simulating aircraft engines 

has not been done till date. The use of TRANSEO code in modelling an aircraft engine is difficult since 

the components available in the simulation library are not tailored for aircraft propulsion. The major 

difficulties arise in the modelling of multistage compressor and turbine, and secondary air system for 

cooling the combustion chamber and turbines. Hence, modifications are required to accommodate 

features such as compressor bleed, combustor and turbine cooling and bypass flow. In addition, the 

tool currently lacks the module to simulate pressure gain combustion, as the existing combustor 

module is a conventional constant pressure combustion chamber. It is also to be noted that the 
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introduction of a pressure gain combustion chamber warrants additional components as compared to 

conventional aircraft engines, such as specialized plenum chambers, to mitigate the flow transients 

from affecting the turbomachinery components.  

The current activity focus on developing a conventional aircraft engine with constant pressure 

combustion and turbine cooling. The model is validated against on-design & off-design performance 

values available in the public domain. No validation has been possible at the moment on dynamic 

conditions. The next step is to develop a reduced order dynamic model of the pressure gain combustor 

and introduce it in the model. 

 

 Literature Review 

4.2.1. TRANSEO Simulation Tool 

TRANSEO is a MATLAB-Simulink-based simulation tool capable of transient and dynamic simulation of 

systems, developed by the Thermochemical Power Group, of the University of Genova, Italy. It is 

designed for simulating systems operating with different cycles and different sizes. It has been 

successfully employed in the study of microturbine-based energy systems [19,20], and hybrid fuel cell 

systems[21] and also for supercritical CO2 cycles [22]. The TRANSEO tool has over 30 built-in modules, 

along with standardized interconnecting protocols for assembling the modules to obtain the desired 

system layout. The tool organization is shown in Figure 17. 

 

Figure 17 – TRANSEO organization [23] 

 

4.2.2. Aircraft engine modelling 

There have been a number of efforts to model the aircraft propulsion systems. This includes, but not 

limited to, the works by Alexiou [24], Khalil et.al [25], Sankar et. al [26], Carcasci et.al [27,28] Martins 

[29] and Ridaura [30]. These approaches usually use commercial software like GasTurb or Gas turbine 

Simulation Program (GSP) to predict the performance of the engine. MATLAB/SIMULINK based tools 

are also capable of simulating the aircraft engines.  

Most of the published works use lumped volume approach for transient simulations. This is where the 

TRANSEO simulation tool shines, when needed, as it is cable of capturing the effects of internal fluid 

dynamics as well. Unfortunately, the engine manufacturers are unwilling to provide the detailed 

geometric and performance data that is required for the dynamic simulation. The data used in this 
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activity has been taken from the literature that is available in the public domain, with reasonable 

assumptions about the unknown variables. 

 Aircraft engine modelling using TRANSEO 

The aircraft engine modelled using TRANSEO is a typical high-bypass turbofan engine used in civilian 

aircrafts. In order to validate the model, CFM56-3 engine manufactured by CFM International is used. 

The choice of this engine is due to the fact that sufficient amount of data on its performance is available 

in the public domain. The missing data such as component geometry, heat transfer from components, 

fuel composition etc. have been approximated to a reasonable value. The model is validated at the on-

design & off-design points, where performance data was available, as reported by Ridaura [30]. 

4.3.1. CFM56-3 Engine 

The CFM56-3 engine was developed in the 1970’s and has been in service with Boeing 737 as a wing 

mounted engine till date. It is a 2-spool, high by-pass (5:1) engine, with 3 major versions, as shown in 

Table 7. 

Version Thrust Application 

CFM56-3B1 89 kN Boeing 737-300, Boeing 737-500 

CFM56-3B2 98 kN Boeing 737-300, Boeing 737-400 

CFM56-3C1 100 kN Boeing 737-300, Boeing 737-400, Boeing 737-500 

Table 7 : Versions of CFM56-3 engine 

 The details of a typical CFM56-3 engine are given in Table 8. 

Engine CFM56-3 

Type Dual rotor, axial flow, high bypass ratio turbofan 

Compressor 1 fan, 3 LP, 9 HP 

Combustor Annular 

Turbine 1 HP, 4 LP 

Control Hydro-mechanical + limited electronic 

Length 2.364 m 

Width 2.018 m 

Height 1.817 m 

Dry weight 1954–1966 kg 

Takeoff thrust 89.41–104.6 kN 

Thrust/weight 4.49-5.22 

100% spool RPM 
LP (N1) – 5179 rpm 

HP (N2) – 14460 rpm 

Air flow/sec 289–322 kg 

Bypass ratio 5.9-6.0 

Max OPR 27.5-30.6 

Fan diameter 1.52 m 

Takeoff TSFC 10.9–11.2 g/(kN⋅s) 

Cruise TSFC 18.9 g/(kN⋅s) 
Table 8 : Typical CFM56-3 engine details 
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A typical CFM56-3 engine construction is shown in Figure 18. The single stage high pressure turbine 

(HPT) drives the 9-stage high pressure compressor (HPC), which rotates at HP spool speed N2. The 

annular combustion chamber is fed by 20 fuel injectors, which is mixed with the air from the 9th stage 

of the HPC. The 4-stage low pressure turbine drives the fan and 3 stage low pressure compressor (LPC), 

rotating at LP spool speed N1. In addition, there are 12 variable bleed valves (VBV) located in the fan 

structure and between the LPC and HPC to account for the engine transient operation. There are also 

4 variable stator vanes (VSV) and 5 outlet guide vanes (OGV) in the HPC. In addition to this, the 

secondary air-system of the engine is also designed to provide cooling to the HPT & LPT inlet guide 

vane (IGV) and HPT rotors, and also for the blade tip clearance control (Table 9). 

 

Figure 18 – CFM56-3 Schematic [29] 

 

CFM56-3, CFM56-3B, CFM56-3C 

Bleed location LP rotor speed Airflow limit 

Fan discharge  All speeds above 20 % N1K  5 % of secondary airflow 

HPC 5th stage only  All speeds above 20 % N1K  10 % of primary airflow 

HPC 9th stage only  

From 20% to 61 % of N1K  14 % of primary airflow 

From 61 % to 75 % of N1K  
Linear variation between 
14% and 
9,2 % of primary airflow 

Above 75 % of N1K  7% of primary airflow 

HPC 5th and 9th stages combined  

From 20 % to 61 % of N1K  14 % of primary airflow 

From 61 % to 72,7 % of N1K  
Linear variation between 
14% and 
10% of primary airflow 

Above 72,7 % of N1K  10% of primary airflow 
Table 9 : Maximum Permissible Air Bleed Extraction for CFM56 Engine [31] 
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4.3.2. Engine component geometry and maps 

TRANSEO simulation tool requires characteristics maps of the compressor and turbines, along with the 

areas and lengths of all the components [23]. Unfortunately, this is the proprietary information of the 

engine manufacturer, and hence not disclosed in public domain. Therefore, for the purpose of 

modelling the CFM56-3 engine, the maps and other data are taken from approximated values. The 

maps developed by Ridaura [30] using GasTurb software with modifications specified by Kurzke [32] 

are used for the on-design validation. Out of the 15 operating points available from the engine test 

report, the design point chosen is the same as the one used by Ridaura[30], which is close to the 

maximum spool speed [31]. These maps are adapted to the TRANSEO turbomachinery maps format. 

 

Figure 19 - Fan map with design point [30] 

 

 

Figure 20 – LPC map with design point [30] 
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Figure 21 – HPC map with design point [30] 

 

 

Figure 22 – HPT map with design point [30] 

The fan and LPC are modelled using TRANSEO compressor module, while the HPT and LPT are modelled 

using TRANSEO turbine module. These modules require the pressure ratio v/s corrected mass flow and 

pressure ratio v/s efficiency maps, along with on-design performance data, heat transfer data and 

geometry. The maps used for this purpose, along with the design point are shown in Figure 19 - Figure 

23. 

The station numbering as per SAE convention [33] are shown in Figure 24 and the values of 

thermodynamic properties at each station are mentioned in Table 10. Since the original engine 

performance report is not available in public domain, the pressure, temperature, and mass flow rates 

reported by Ridaura [30] which have been validated against engine performance test data, are used to 
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approximate the engine component areas. The compressor bleed at the design point is taken from 

Philpot [34] as shown in Table 11. However, the HPT clearance control bleed flow (HPTCC) is not 

implemented in the simulation, as the TRANSEO model is not configured to account for the rotor blade 

expansion. 

 

Figure 23 – LPT map with design point [30] 

 

Station Station Details Mass Flow (kg/s) T0 (K) P0 (Pa) Area (m^2) 

0 Ambient  288.15 101325  
2 Fan intake 314.711 288.15 101325 1.74773 

13 bypass duct inlet 264.56 343.271 171887 1.25522 

21 core inlet 50.151 288.15 101325 0.4 

22 LPC inlet 50.151 288.15 101325 0.4 

24 LPC outlet 50.151 372.7 224429 0.375 

25 HPC inlet 50.151 372.7 219940 0.38 

3 HPC outlet 49.148 786.19 2435887 0.038 

31 CC inlet 43.632 786.19 2435887 0.038 

4 CC outlet 44.7256 1629.48 2314092 0.04 

41 HPT inlet 47.735 1580.77 2314092 0.405 

44 HPT outlet 50.2423 1195.84 593945 0.405 

45 LPT inlet 51.2453 1185.22 588006 0.41 

5 LPT outlet 51.2453 872.89 148036 0.3 

8 core nozzle outlet 51.2453 872.89 146555 0.2933 

18 bypass nozzle outlet 264.56 343.27 167590 0.7352 
Table 10 : Engine geometry and thermodynamic properties at different stations 

The engine tests were conducted on the ground test facility, therefore the flight velocity or V_flight is 

considered as zero. 
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CFM56-3 Internal Air System 

Description Mass flow (%) Point of extraction 

HPTCC 10 Booster discharge 

NGVs HPT  6 Ninth HPC stage 

Rotor HPT  5 Ninth HPC stage 

NGVs LPT  2 Fifth HPC stage 
Table 11 : CFM56-3 Internal air system configuration at design point [34] 

 

 

Figure 24 – SAE station numbering convention [30] 

 

4.3.3. Engine model and component description 

The CFM56-3 engine is modelled in TRANSEO as shown in Figure 25 and Figure 26. The two models 

differ from each other in the methodology adopted for modelling the turbine cooling. Since this activity 

is meant to demonstrate the methodology & capability of TRANSEO to model an aircraft engine, the 

model represented here is valid for on-design condition. Although, this can be adapted to off-design 

conditions as well, with minor modifications. 

 

Figure 25 – CFM56-3 model (Type – 1) in TRANSEO (design-point) 
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Figure 26 – CFM56-3 model (Type – 2) in TRANSEO (design-point) 

4.3.3.1. Ambient_in 

This component is used to specify the air inlet conditions. Since the validation is done on engine 

performance at sea level (ground test conditions), standard day sea level conditions of 101325 Pa and 

288.15 K are considered as the inlet conditions. The properties of air at this condition are also included 

in the component, as shown in Figure 27. 

 

Figure 27 – Ambient_in component 

4.3.3.2. Fan_bypass 

This component is used to model the primary air-system in the Fan – bypass path (Figure 28). The 

compressor component is provided with the corresponding maps, the ambient air inlet conditions and 

the N1 rpm. The heat transfer is approximated, as it was not available in the literature. 

 

Figure 28 – Fan_bypass component 
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4.3.3.3. Bypass_Nozzle 

This component is used to model the bypass nozzle/cold nozzle of the CFM56-3 engine (Figure 29). The 

nozzle throat area (A18) was specified as 0.7352 m2 in the performance test report, and hence is a 

fixed geometric parameter. The nozzle efficiency is estimated as 0.9553 at on-design point from the 

test report data. 

 

Figure 29 – Bypass_Nozzle component 

4.3.3.4. LPC  

This component is used to model the low-pressure compressor (Figure 30). The maps are modified 

according to the TRANSEO format, and the on-design conditions are specified as well. The heat transfer 

from the compressor and the ambient is approximated since this data was not available in the 

literature.   

 

Figure 30 – LPC component 

4.3.3.5. HPC 

This component is used to model the high-pressure compressor (Figure 31). The maps and on-design 

conditions are provided to the component in TRANSEO format. The bleed air is assumed to be taken 

from the compressor outlet rather than interstage locations, since TRANSEO compressor module is yet 

to be modified for such purpose. It should be noted that individual stage performance maps and 

compressor stage geometry is often required to simulate the interstage bleed, which is usually not 

available in public domain. Once again, the heat transfer with the ambient is approximated. 
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Figure 31 – HPC component 

4.3.3.6. Fuel 

This component is used to model the fuel supply system of the engine (Figure 32). TRANSEO library 

contains many gaseous fuel species and can generate blended fuels as well. But for the purpose of 

simulating the on-design combustion process, a generic fuel was selected having a heating value of 

43.8 MJ/kg as mentioned in the thesis of Ridaura [30]. One of the disadvantages of this is the 

miscalculation of species in the combustion products. The fuel flow rate is also kept the same as in 

literature. 

4.3.3.7. Bleed Control 

The bleed control/scheduler is used to extract the mass flow and enthalpy from the HPC outlet. In on-

design condition, where the bleed flow is specified, the control is a simple mass flow redistribution and 

enthalpy balancing, as in Table 11 (Figure 33). For the off-design condition a detailed version of the 

schedule as a function of the spool speed is required. Unfortunately, the engine manufacturers do not 

provide this value explicitly and the data available from engine certification agencies, such as in Table 

9, do not specify the details such as compressor bleed-off and bleed delivery line geometries. 

Therefore, the data available at high operating speeds (Table 11) are assumed to hold same at off-

design conditions as well.  

 

Figure 32 – Fuel 
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Figure 33 – Typical on-design bleed delivery control 

4.3.3.8. Combustion Chamber 

This component is used to model the conventional combustion chambers of the CFM56-3 engine 

(Figure 34), with pressure drop. The fuel and compressed air are the major inputs to the model. The 

pressure loss across the combustor at on-design condition is approximated along with the heat transfer 

parameters. The component also requires a minimum fuel-to-air pressure ratio and minimum heat 

release rate, which determine if the combustion process lights on or not. 

 

Figure 34 – Combustion chamber component 

4.3.3.9. HPT 

This component is used to model the high-pressure turbine (Figure 35). Similar to the compressors, 

the turbine module also requires maps and on-design data. Since blade cooling is not yet implemented 

in TRANSEO, the cooling flow for the HPT NGVs and rotors are supplied as shown in Type-1 (Figure 25) 

and Type-2 (Figure 26) models to determine the method that closely resembles the engine test report. 

This is done, since in usual practice, the cooling flow is assumed to mix in a plenum upstream of the 

relevant turbine stage, and stage isentropic efficiency is adjusted to obtain the same stage exit 

temperature. The heat exchange between the turbine and the ambient are also approximated. 
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Figure 35 – HPT component 

4.3.3.10. LPT 

This component is used to model the low-pressure turbine (Figure 36). The LPT NGV cooling flow is 

supplied upstream of the turbine plenum for the same reason as mentioned in the case of HPT 

component. The maps and on-design conditions are provided to the turbine module in the TRANSEO 

format. The heat exchange is also approximated. 

4.3.3.11. Core Nozzle 

This component is used to model core nozzle/hot nozzle (Figure 37). The nozzle throat area (A8) was 

specified as 0.2933 m2 in the performance test report, and hence is a fixed geometric parameter. The 

nozzle efficiency is estimated as 0.9553 at on-design point from the test report data. 

 

 

Figure 36 – LPT component 
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Figure 37 – Core_Nozzle component 

 

4.3.3.12. Ambient out 

This component is used to specify the outlet air conditions (Figure 38). Since the validation is done on 

engine performance at sea level, standard day sea level conditions of 101325 Pa and 288.15 K are 

considered as the outlet. This condition is used to determine if the nozzles are choked or not, and 

therefore an important parameter in the calculation of thrust. 

 

Figure 38 – Ambient_out component 

 

 On-design simulation results & discussion 

The model developed using the TRANSEO simulation tool is run in SIMULINK to obtain convergence in 

steady state on-design conditions. Since the operational parameters for the simulation is same as on-

design parameters, the simulation converges into steady-state quickly, as shown in Figure 39. 

 

Figure 39 – On-design simulation progress 
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There are two models that are developed in TRANSEO to closely represent the engine model, as shown 

in Figure 25 (Type-1) & Figure 26 (Type-2). These two models were checked against the on-design 

engine test report values from Ridaura [30], to identify the one that closely represents HPT cooling. 

The variation of mass flow rate, total temperature, and total pressure at each station (as per Figure 

24) between the engine test report and the values obtained from the TRANSEO simulation are as 

follows. The variation is calculated as in equation 4.1. 

 

% 𝒗𝒂𝒓𝒊𝒂𝒕𝒊𝒐𝒏 =  𝟏𝟎𝟎 x (𝑴𝒐𝒅𝒆𝒍 − 𝑻𝒆𝒔𝒕 𝒓𝒆𝒑𝒐𝒓𝒕)/𝑻𝒆𝒔𝒕 𝒓𝒆𝒑𝒐𝒓𝒕  (4.1) 

 

In Type-1, the HPT NGV and HPT rotor blade cooling air is provided upstream of HPT component while 

LPT NGV cooling air is provided upstream of LPT component, as shown in Figure 40. Both the mass flow 

and enthalpies are balanced inside the bleed delivery control. The difference in the thermodynamic 

properties along the gas path are shown in Table 15 and Figure 41. 

 

Figure 40 – Cooling methodology for Type-1 model  

 

 

Figure 41 - Variation of thermodynamic properties for Type-1 model 
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In Type-2, the HPT NGV cooling air is provided upstream of HPT component, while the HPT rotor 

cooling air and LPT NGV cooling air supplies are provided between the HPT and LPT components, as 

shown in Figure 42. The variation in the thermodynamic properties is shown in Table 16 and Figure 41.   

 

 

Figure 42 – Cooling methodology for Type-2 model 

It can be seen from the results that the maximum variation in mass flow rate occurs at HPT inlet for 

Type -1 and HPT outlet for Type -2. For the total temperature, this location is HPT inlet for Type-1 while 

it is at LPT inlet for Type-2. And for total pressure, the maximum variation is found at LPT outlet for 

Type-1, while for Type-2, it is at HPC outlet. This difference can be attributed to the fact that the 

injection of bleed air into the HPT, and the subsequent increase in mass flow rate and decrease in 

temperature, results in a significant change of inlet conditions of the turbine. Therefore, the HPT 

overpredicts/underpredicts the efficiency and pressure ratio from the maps, and this results in a 

different output from the turbine module calculations. This output affects the LPT calculations as well, 

resulting in a variation in the properties upstream and downstream of both turbine components, 

offsetting the entire gas path from the design point.  

 

 

Figure 43 - Variation of thermodynamic properties for Type-2 model 
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To clearly understand the effect this has on the engine performance, the net thrust and the thrust 

specific fuel consumption (TFSC) and calculated for both models. For this purpose,, the values of P8, 

P18, T8, T18, �̇�8 and �̇�18 are retrieved from the TRANSEO simulation. These values are used to calculate 

the net thrust generated and TSFC for the engine using the method given in Chapter 3 of [35], and as 

explained briefly in Appendix 2.  

The calculations yield the following results for thrust and TSFC for Type-1 & Type-2. 

 

Parameter 
Performance Test 

Report 
TRANSEO 
simulation 

% Difference 

Net Thrust (kN) 99.65 100.68 1.033 % 

TSFC (g/kN-s) 10.98 10.8674 -1.018% 

Table 12 – Comparison of results for Type -1 

 

Parameter 
Performance Test 

Report 
TRANSEO 
simulation 

% Difference 

Net Thrust (kN) 99.65 100.85 1.205 % 

TSFC (g/kN-s) 10.98 10.8489 -1.186% 

Table 13 – Comparison of results for Type -2 

 

From the results obtained, it is clear that the inner errors in temperatures and pressures are mitigated 

at system level, where overall thrust and TSFC are very well predicted. However, considering also the 

gas path details, it can be concluded that Type-2 model is better suited to represent this type of engine 

using the TRANSEO modules available currently. The small penalties in the performance prediction as 

compared to Type-1 model can be justified when the variations in the gas path predictions are taken 

into account.  

The variation in the results could also be partly attributed to the unavailable data on heat exchanges, 

the accuracy in the component maps and geometry, the detailed secondary air system including 

interstage bleed and NGV/rotor cooling, and the uncertainties in the measurements from the engine 

test bed. Further studies will be aimed at improving these factors allowing the TRANSEO library to 

model the engine components more accurately.  

 Off-design simulation results & discussion 

The Type-2 model is subjected to off-design simulations using the data available from Ridaura [30]. 

This is done by introducing the shaft component of TRANSEO into the Type-2 model. The shaft 

component (Figure 44) simulates the dynamic behaviour of a rotating spool through the balancing of 

the compressor and turbine powers [23]. 
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Figure 44 – Shaft component 

The shaft component uses an approximate spool speed at the start of the simulation for numerical 

stability (provided by the user), and once the speed satisfies a threshold value, the component delivers 

the calculated speed to the turbomachinery in the spool. The simulation is terminated when the 

change in the shaft speed is negligible. 

To validate the simulation with engine test report, the fuel flow rate from the TSFC v/s Net Thrust 

graph provided in Ridaura [30] is used in the fuel component (Figure 32) as shown in Table 14. All other 

components are left to operate as per the model dynamics of TRANSEO. The results of the off-design 

simulation are presented in Figure 45 to Figure 57 and in Table 14. To define the exhaust gas 

temperature (EGT) the following experimental function (Eq. 4.12), which is suited for the CFM56 

engine family, is employed [30,32]. 

𝑬𝑮𝑻 =  𝟎. 𝟗𝟔𝟕 × (𝑻𝟒𝟓 − 𝟎. 𝟐𝟕 × (𝑻𝟒𝟓 − 𝑻𝟓)) (4.12) 

 

 

Figure 45 – Net Thrust v/s TSFC 
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Figure 46 – HPC inlet temperature 

 

 

Figure 47 – HPC exit temperature 
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Figure 48 – LPT exit temperature 

 

 

Figure 49 – Exhaust gas temperature 
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Figure 50 – HPC inlet pressure 

 

 

Figure 51 – LPT exit pressure 
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Figure 52 – Engine bypass pressure ratio (P16/P2) 

 

 

Figure 53 – Engine core pressure ratio (P5/P2) 
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Figure 54 – Corrected relative low pressure spool speed 

 

 

Figure 55 - Corrected relative high pressure spool speed 
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Figure 56 - Variation of net thrust 

 

 

Figure 57 – Variation of TSFC 

 

As evident from the temperatures and pressures along the gas path shown in Figure 46 to Figure 53, 

the TRANSEO model predictions are close to the engine test report values. The percentage variations 

in net thrust (Figure 56) and TSFC (Figure 57) are also reasonably within acceptable values for most of 

the case. The net thrust v/s TSFC is also very close to each other for medium to high mass flow rates.  
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Table 14 – Off-design simulation results 

 

The deviation in the values can be attributed to the following features of the model. First, the bleed 

mass flow from the compressor for turbine cooling is assumed to be unchanged at high and low 

operating speeds, which is not correct. Also, the compressor bleed-off, which is used to avoid surging 

of the compressors during low air mass flows, is not included in the model. And this offsets the 

compressor and turbine operating point to an incorrect value, resulting in the gas path values and 

spool speeds to vary as well. Unfortunately, in the absence of detailed bleed schedule, this issue is 

difficult to solve.   

Secondly, the lack of interstage bleed and cooling of the turbomachinery and the liner cooling of the 

combustion chamber are not included in the present TRANSEO modules. This affects the temperatures 

and pressures at the exit of these components, thereby creating the variations from the test report. 

Finally, during the low fuel flow conditions, the LP compressor experienced surge phenomenon, which 

shows the capability of the dynamic modelling methodology in TRANSEO. But this also demonstrated 

the need for bleed-off schedule for the compressors, without which, the results at low flow conditions 

could vary significantly.  
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SUMMARY AND DISCUSSIONS 

The research activities conducted till date has resulted in the following results.  

1) Development of a multi-stage axial compressor model capable of simulating surge and 

interstage bleed. 

2) Development of a high-bypass turbofan model using the in-house dynamic simulation tool, 

TRANSEO. 

The models have been validated against experimental data available in public domain and are 

found to be satisfactory. Further improvements to the models in order to develop the dynamic 

models of propulsion systems that utilize Pressure Gain Combustion technology, along with the 

necessary control concepts, is the ongoing activity of the project. This includes, but not limited to: 

a) Incorporation into TRANSEO the multistage turbomachinery models with interstage bleed and 

cooling. 

b) Development of reduced order model of Pressure Gain Combustors for TRANSEO. 

c) Improved bleed and blade cooling control, including blade clearance control. 

d) Engine start-up, shutdown and re-ignition sequence modelling using TRANSEO. 

The research activities mentioned in this report demonstrate the capabilities of TRANSEO code to 

simulate gas turbine engines for propulsion activities. With the necessary improvements, 

modelling propulsion systems with pressure gain combustion is clearly within the domain of this 

simulation tool. 
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APPENDIX 1 

 
 

Property  Mass flow Temperature Pressure  

Station Station Details % variation % variation % variation 

0 Ambient   0.00 0.00 

2 Fan intake 0.26 0.00 0.00 

13 Fan outlet 0.00 -0.04 -0.09 

21 core inlet 1.61 0.00 0.00 

22 LPC inlet 1.61 0.00 0.00 

24 LPC outlet 1.61 -0.25 -1.11 

25 HPC inlet 1.61 -0.25 0.91 

3 HPC outlet 3.69 -1.50 -3.55 

31 CC inlet 1.62 -1.50 1.67 

4 CC outlet 1.57 -1.40 1.52 

41 HPT inlet 6.92 -5.26 1.52 

44 HPT outlet 1.59 -3.76 -2.89 

45 LPT inlet 1.57 -3.78 -1.91 

5 LPT outlet 1.57 -1.72 -3.96 

8 Core nozzle throat 1.57 -1.72 -2.99 

18 Bypass nozzle throat 0.00 -0.03 2.47 
Table 15 - Variation of thermodynamic properties for Type-1 model 

 
 

Property  Mass flow Temperature Pressure  

Station Station Details % variation % variation % variation 

0 Ambient   0.00 0.00 

2 Fan intake -0.04 0.00 0.00 

13 Fan outlet 0.01 -0.03 -0.09 

21 core inlet -0.28 0.00 0.00 

22 LPC inlet -0.28 0.00 0.00 

24 LPC outlet -0.28 -0.27 -1.20 

25 HPC inlet -0.28 -0.27 0.82 

3 HPC outlet 1.75 -2.17 -5.93 

31 CC inlet 1.70 -2.17 -0.62 

4 CC outlet 1.66 -1.71 -0.98 

41 HPT inlet 1.66 -2.65 -0.98 

44 HPT outlet -3.41 -0.55 -2.04 

45 LPT inlet 1.67 -2.99 -1.05 

5 LPT outlet 1.67 -1.02 -3.70 

8 Core nozzle throat 1.67 -1.02 -2.73 

18 Bypass nozzle throat 0.01 -0.03 2.47 
Table 16 - Variation of thermodynamic properties for Type-2 model 
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APPENDIX 2 

1) Calculate nozzle pressure ratio, NPR 

NPR =  
P_total_in

P0
  (4.2) 

2) Calculate nozzle critical pressure ratio, NPR𝑐𝑟  

NPR𝐜𝐫 =  
P_total_in

𝑷𝒄
=

𝟏

[𝟏 −
𝟏
𝜼𝒋

(
𝜸 −  𝟏
𝜸 +  𝟏

)]
(

𝜸
𝜸−𝟏

)
 

(4.3) 

3) If NPR < NPR𝐜𝐫 , then the nozzle is not choked. Use equations (4.4), (4.5) & (4.6) to find the 

nozzle thrust.  

∆T = T_total_in −  T_static_in = 𝜼𝒋T_total_in [𝟏 − (
𝟏

NPR
)

𝜸−𝟏
𝜸

] (4.4) 

V_exit = √2Cp ∆T (4.5) 

Nozzle Thrust = Nozzle mass flow rate x (V_exit - V_flight) (4.6) 

4) If NPR ≥ NPR𝐜𝐫 , then the nozzle is choked. Use equations (4.7), (4.8), (4.5), (4.10) & (4.10) to 

find the nozzle thrust.  

T_static_in = (
𝟐

𝜸 + 𝟏
)T_total_in (4.7) 

∆T = T_total_in −  T_static_in (4.8) 

V_exit = √2Cp ∆T (4.5) 

𝑷𝒄 = 
P_total_in

NPR𝐜𝐫
 (4.9) 

Nozzle Thrust = (𝑵𝒐𝒛𝒛𝒍𝒆 𝒎𝒂𝒔𝒔 𝒇𝒍𝒐𝒘 𝒓𝒂𝒕𝒆 𝒙(V_exit-V_flight)) +
 (𝑵𝒐𝒛𝒛𝒍𝒆 𝑻𝒉𝒓𝒐𝒂𝒕 𝑨𝒓𝒆𝒂 𝒙 (𝑷𝒄 - 𝑷𝟎)) 

(4.10) 

5) Net thrust is the sum of the nozzle thrusts from core engine nozzle and bypass nozzle. 

6) TSFC is calculated using equation (4.11).  

TSFC =  
Mass flow rate of fuel

Net Thrust 
  (4.11) 

The unknown parameter, nozzle efficiency (𝜼𝒋), is obtained from the engine performance reported in 

literature. 


