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The thesis proposes an overall performance estimation procedure for a new turbo-

rotary compound engine (TURC) and an associated novel thermodynamic cycle. In 

this engine, two or multiple spools are lined up in series within the engine. In the 

front spool, positive displacement rotary vane type turbines drive axial compressor 

the performance of which were estimated using stage stacking calculations. In the 

back spool, axial turbine stages drive positive displacement rotary vane type 

compressors, the performance of axial turbine was predicted by series matching of 
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turbine stages. Two air streams feed separately the customary turbo components and 

the rotary vane components, respectively. Accordingly, the primary high mass flow 

through the axial compressors and turbines undergoes Bryton cycle, where as the 

secondary, low mass flow through the positive displacement rotary components is 

mainly undergoes Akmandor cycle, which is a novel thermodynamic cycle. The 

energy consumed internally by the engine is minimized because less input shaft 

power is needed for the rotary vane compressors and higher inlet temperatures and 

less cooling can be tolerated by the intermittent combustion rotary vane turbines. 

The result is a radical improvement in both efficiency and net power output. But 

this result can be estimated, since the novel engine is the combination of a high 

efficiency internal combustion engine and high performance gas turbine engine. 

Aerothermodynamics and spool matching calculations comparing a T56-A14 core 

with a TURC of similar size and compression ratio show that the new engine 

provides superior performance characteristics by increasing the net output work by 

100% and decreasing the specific fuel consumption by 20%. 

 

Keywords: Performance, Matching, Compressor, Turbine, Rotary Vane Engine, 

Compound Engine, Turbomachinery, Performance Map. 
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Bu tezde, yeni bir turbo-döner bileşimli motor (TURC) için performans öngörü 

prosedürü ile bu motor için yeni bir termodinamik çevrim sunulmaktadır. Sözü 

edilen motorda, iki ya da daha fazla şaft  motor boyunca seri olarak sıralanmaktadır. 

Ön şaftta, döner vana tipli kısmî giriş türbinleri kademe bindirme yöntemiyle 

performansı hesaplanan eksenel compressor kademelerini kontrol eder. Arka şaftta 

ise, performans özellikleri seri eşleme ile tahmin edilen eksenel türbin, kademeleri 

döner tipli kısmî giriş kompresörlerini kontrol etmektedir. Klasik turbo bileşenleri 
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ile döner vana bileşenlerini iki ayrı hava akımı besler. Buna uygun olarak, eksenel 

kompresör ve türbinlerden geçen yüksek kütleli birincil akım, Bryton döngüsünde 

iken, kısmî giriş döner bileşenlerden geçen düşük kütleli ikincil akım ise, yeni ve 

patentli bir döngü olan Akmandor döngüsündedir. Döner vanalı kompresörler için 

daha düşük giriş mil gücü kullanıldığından ve döner vanalı türbinlerin, aralıklı 

yapısıyla, yüksek giriş sıcaklıkları ile yetersiz soğutma durumlarına karşı daha 

toleransı olmasından dolayı, motor tarafından içerde tüketilen enerji miktarı 

minimuma çekilmektedir. Sonuç, hem verim hem net güç çıktısı açısından radikal 

bir ilerlemeyi gösterir. Ancak sözü edilen motorun yüksek verimli içten yanmalı bir 

motorla yüksek performans özellikleri olan bir gaz türbinin birleşimi olduğu 

düşünüldüğünde bu beklenilen bir sonuçtur. T56-A14 iç gövdesinin aynı boyut ve 

sıkıştırma oranındaki bir TURC ile karşılaştırıldığı, aerotermodinamik ve makara 

eşleme hesapları, yeni motorun oldukça yüksek performans özelliklerine sahip 

olduğunu göstermektedir. Yakıt tüketiminde %20’lik bir azalmaya karşılık net iş 

çıktısında %100’lük bir artış gözlenir.  

 

Anahtar Kelimeler: Performans, Eşleme, Kompresör, Türbin, Döner Bileşimli 

Mototr, Birleşik Motor, Turbomakine, Performans Haritası. 
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CHAPTER 1 
 
 

INTRODUCTION 
 
 
 

1.1 Objective 

 

Since 1930’s starting from Frank Whittle’s Von Ohain’s prototype, gas turbines 

have spread out on the world. Meanwhile, gas turbine technology has improved 

rapidly especially at early stages of invention. But today, “this technology is very 

mature and the improvements comes only as small innovations at the expense of 

very hard work. Widespread usage area of gas turbines makes this innovations very 

crucial”[30].  

High specific power and long maintenance periods of the gas turbines makes them 

indispensable at high peak power demands, but for small power ranges, even the 

most efficient gas turbines can not reach the efficiency of the otto cycle engines. 

Compound engines combining the advantages of gas turbines and otto cycle would 

seem promising, therefore, there has been a significant number of studies on 

compound engine modelling. 

Gas generator is the core of the gas turbine and is composed of compressor turbine 

and combustion chamber lined upon the shaft. Consequently, estimation of the 

performance of the gas generator at design and off-design is cruicial for 

understanding the overall behaviour of the gas turbine. 

In the preliminary or conceptional design phases of any new gas turbine engine 

project, the design and off design performance prediction is a major prerequisite. 

The focus shall be set mainly on understanding the behaviour of turbomachinery 

components for the performance prediction of the drafted engine over full range of 

operating conditions. 
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It’s possible to design individual components of a gas turbine so that the engine will 

give the required performance at design point with simple calculations.  

The main problem is the variation of performance over complete operating range 

also referred to as off design performance. The operation range of components will 

further be reduced when they are part of a gas turbine engine. 

The variation of power for different ambient conditions is important for an arbitrary 

industrial gas turbine hot summer days means maximum  

There are many simulation studies for the prediction of the performance of gas 

turbines. Computer simulation codes are the common tools for the estimation of the 

performance of the gas turbine engines. 

The purpose of the study was to establish a simulation technique for the 

aerothermodynamic performance of a novel turbo rotary compound engine and the 

comparison of the performance analysis results with a commercial gas turbine.  

 

1.2 Methodology of Engine Performance Estimation 

 

The performance of the gas generator spool depends on the behaviour of its main 

components turbine, compressor and combustion chamber. In order to estimate the 

performance of a particular engine, the characteristic data of rotating components 

must be correct and accurate enough. In this study since one dimensional 

conservation equations are used for turbo components, the detailed geometries of 

individual stages of the turbo components are not needed. However, in order to 

simulate the aerothermodynamic behaviour of the turbo components, the 

generalized stage characteristic curves are needed for turbo compressor and turbine. 

For positive displacement components, the compression and expansion processes 

are assumed to be polytropic.  

“The performance of a turbo compressor is normally affected by the total pressure 

ratio, corrected mass flow rate, corrected engine speed and component efficiency. 

Most ofen this performance is presented in one map showing the interrelationship of 

all these parameters. Sometimes, for clarity, two maps are used, with one showing 

the pressure ratio versus corrected mass flow rate/corrected speed (Figure 1.1) and 
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the the other showing compressor efficiency versus corrected mass flow 

rate/corrected speed.”[3] 

The turbo compressor performance map can be constructed from stage level, using 

a set of non-dimensional stage characterisics such as pressure rise and temperature 

loading as a function of flow coefficient. The stage stacking procedure described in 

Figure (2.8) has been used. At each point on the performance data, compatibility of 

mass flow, temperature and pressure values between adjacent stages is sought. 

The flow through a turbo turbine first passes through stationary airfoils which turn 

and accelerate the fluid, increasing its tangential momentum. The flow then goes 

around rotating airfoils that remove its energy as they change its tangential 

momentum. Successive pairs of stationary airfoils remove additional energy from 

the fluid. To obtain a high output power to weight ratio from a turbine, the flow 

entering first-stage turbine rotor is usually close to supersonic which requires the 

flow to pass through a choked turbine nozle area. This flow characteristics is shown 

in the typical turbine performance map. 

The performance of a turbine is plotted in terms of total pressure ratio, corrected 

mass flow rate, corrected turbine speed, and component efficiency. This 

performance can be represented in two maps or a combined map. when two maps 

are used, one map shows the interrelationship of the total pressure ratio, corrected 

mass flow rate, and corrected turbine speed, like the one depicted in figure 1.2. The 

other map shows the interrelationship of turbine efficiency versus corrected mass 

flow rate/expansion ratio, like the one shown in Figure 1.3 This spreads out the 

lines of corrected speeds and the turbine efficiency can now be shown.  

The turbine performance map is estimated by a procedure similar to the compressor 

map synthesis technique. The major steps are 

1. The single stage modelling using design point data and the generalized stage 

data, 

2. Series matching of individual stages. 
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Figure (1.1) Typical Compressor Performance Map. 

 

 
Figure (1.2) Typical Turbine Flow Map. 

 



 5

 
Figure (1.3) Typical Turbine Efficiency Map. 

 

1.3 Turbo Rotary Compound Engine 

 

The study purposes to investigate the performance of the novel Turbo Rotary 

Compound (TURC) Engine. In this engine shafts linking customary gas turbine 

engines components such as axial compressor and axial turbines are eliminated. 

Instead two or multiple spools are lined up in series within the engine.  

The present study proposes a new compound type engine turbo-rotary compound 

engine (TURC) with associated novel thermodynamic cycle (Figure 1.4). In this 

engine, shafts linking customary gas turbine engines components such as axial 

compressors and axial turbines are eliminated. Instead, two or multiple spools are 

lined up in series within the engine (Figure 1.5). In the front spool, partial 

admission rotary vane type turbines drive axial compressor stages. In the back 

spool, axial turbine stages drive partial admission rotary vane type compressors. 

“Two air streams feed separately the customary turbo components and the rotary 

vane components, respectively. Accordingly, the primary high mass flow through 

the axial compressors and turbines is mainly responsible for the generation of net 

engine thrust and power, where as the  secondary, low mass flow through the 

positive displacement rotary components is mainly used to generate the internal 

energy required to power the axial compressor stages. The energy consumed 
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internally by the engine is minimized because less input shaft power is needed for 

the rotary vane compressors and higher inlet temperatures and less cooling can be 

tolerated by the intermittent combustion rotary vane turbines.”[3]  

 
Figure (1.4) Thermodynamic Cycle of Rotary Engine. 

 
 Figure (1.5) Schematic diagram of Turbo-Rotary Compound Engine [27].  

 

 

 

 

 

 

Figure (1.6) Visual Schematic diagram of Turbo-Rotary Compound Engine. 
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1.4 Outline of the Thesis 

 

In the preceding thesis [2], performance estimation model developed by GasTOPs 

Ltd. [1] used for modelling single shaft gas turbine was presented, while and an 

improved model developed for overall performance estimation of novel compound 

TURC engine was explained. The results obtained through the performance 

estimation computer programs were compared. 

Individual performance characteristic estimation models for all rotary components 

are explained in Chapter 2. First, the model used for the positive displacement 

compressor and turbine explained. Then, Secondly, performance map estimation 

model for turbo compressor explained and the resulting performance maps are 

tabulated. Finally turbo turbine performance map estimation procedure is explained 

and results are tabulated. 

The method of overall performance estimation, using cycle analysis modelling the 

gas turbine as combination of modules is explained in Chapter 3. The component 

modules of turbo positive displacement and combustor are explained briefly. 

Finally, the method of multivariable search Simplex Method was explained in 

Chapter 3. 

In Chapter 4 the results of overall performance estimation procedure for several 

runs for both T56-A14 and Turbo Rotary Compound Engine are tabulated. The 

resulting figures include the operation ranges, efficiencies, Fuel Consumption etc.. 

Comparative interpretation of the results listed in Chapter 4 are given in the   

Chapter 5. 
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CHAPTER 2 
 
 

COMPONENT PERFORMANCE SIMULATION 
 
 
 

In order to simplify the performance estimation problem, the operating cycle of the 

engine is broken into sequence of processes. Individual mathematical models 

developed for each engine components can be at various levels of approximation[8]. 

By combining the performance estimation results of each component, the overall 

engine performance is obtained 

In this Chapter, the simulation of the rotary components (both turbo and positive 

displacement) are presented. In the first part a brief summary of the thermodynamic 

relations are given (Explained at Reference [7]). Then the positive displacement 

component model is explained. Finally, the turbo component performance 

estimation presented. 

 

2.1 Governing Equations 

 

Various forms of energy are can be classified as heat Q, work W, and total energy 

E. Mathematically the first law of thermodynamics is can be expressed as  

 

EWQ ∆=−                                                     (2.1) 

where, 

Q = net heat transfer across system boundaries. 

W = net work done in all forms. 

∆E = net change in the total energy of the system. 
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The equation in differential form is, 

 

dEWQ =−δδ                                                       (2.2) 

The energy E may include many forms of energies like kinetic energy, potential 

energy, internal energy etc. but for stationary closed systems internal energy that is 

due to change in temperature alone is the most important. It is denoted by U and the 

firs law is written as [6]: 

 

UWQ ∆=−               (2.3) 

Constant Volume Isochoric Process is encountered in the analysis of air standard 

cycles like Otto, Diesel and also the Amador cycle which is the thermodynamic 

cycle of positive displacement flow of the hybrid Truce engine [28]. The initial 

combustion of the flow through positive displacement components is an isochoric 

process. 

If there is no change in the volume, the work ( )∫ pdV  is zero. Then, according to the 

first law for the constant volume process the change in the internal energy is equal 

to the heat transfer, 

 

( )12 TTmCdTmCQdU vv −=== δ                                                      
(2.4) 

As the name implies constant pressure or isobaric process, is a steady non-flow 

processes where that the pressure does not change (i.e. isobaric). The final 

combustion of the flow through positive displacement components and combustion 

in the flow through turbo components assumed to be almost isobaric (pressure loss). 

Then,  

( ) dHpVUdpdVdUQ =+=+=δ                          (2.5) 

Net Energy to (or from) the 
system as heat and work. 

Net increase (or decrease) 
in the total energy of the 

system. = 
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where H is known as the enthalpy. Consequently, during a constant pressure 

process, heat transfer is equal to change in enthalpy or; 

 

dTmCQdH p== δ
                                                                                          (2.6) 

The isothermal process on a p-V diagram is illustrated in Figure 2.1. Since there is 

no temperature change during this process, there will not be any change in internal 

energy (i.e., du = 0), then according to the firs law [7]. 

 

 
Figure (2.1) Isentropic Process 

 

WQ δδ =                                                     (2.7) 
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If a process occurs in such a way that there is no heat transfer between the 

surroundings and the system, but the boundary of the system moves giving 

displacement work, the process is said to be adiabatic. Such a process is possible if 

the system is thermally insulated from the surroundings [7].  

Hence, 0=Qδ ,therefore, 

 

dTmCUW v−=−= δδ                                                    (2.9) 

V

P 

2
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Isothermal 

Process 
CpV =  
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Reversible adiabatic process is also known as isentropic process. Let CpV =γ  be 

the mathematical relation representing isentropic process. For unit mass flow,  

 

122121 0 uuwq −+== −−                                                   (2.10) 

 

or 

( )1221 uuw −−=−                                                    (2.11) 

In other words, work is done at the expense of internal energy 
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Using pave=RT for unit mass flow we have, 
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therefore, 
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In polytropic process, both heat and work transfers take place. It is denoted by the 

general equation CpV n = , where n is the polytropic index. For the positive 

displacement compressor and turbine model is developed assuming processes are 

polytropic. The following equations for the reversible adiabatic process which is 

only a special case of polytropic process with γ=n .[7] 

 
nn VpVp 2211 =             (2.23) 

1

2

1

1

2

−

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

n

V
V

T
T

           (2.24) 

⎟
⎠
⎞

⎜
⎝
⎛ −

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

n
n

p
p

T
T

1

1

2

1

2           (2.25) 

and 

γ−
−

=− 1
2211

21
VpVpw           (2.26) 

The above processes are summarized in Table (2.1) 
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2.2 Positive Displacement Component Performance Model 

 

“Since the start of the industrial revolution, the reciprocating piston engine based on 

the Otto and Diesel cycles and, the gas turbine engine based on the Bryton cycle, 

have largely dominated the market [10]. Despite this fact, for many years, patents 

on rotary combustion engines [11, 12, 13, 14, 15] have claimed that rotary engines 

possess many advantages over reciprocating engines such as having high torque, 

fewer parts, lower weight and fewer reciprocating imbalance. Furthermore, the 

rotational speed of the rotary compressors and turbines can be higher than piston 

engines mechanically, this means higher mass flow rate and higher specific power. 

Although heat engines have received little industrial attention, for over 5 decades, 

sliding vane rotary compressors have taken an important place in general 

engineering applications, especially in the capacity range of 10-1000 cc/sec and for 

delivery pressures in the range of 2-18 bars.” [9] 

 

 
Figure (2.2) Rotary Positive Displacement Components [9] 
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2.2.1 Positive Displacement Rotary Compressor Model 

 

The mathematical model of the engine was developed like an ordinary internal 

combustion engine. The compression and expansion processes are assumed to be 

polytrophic, and the governing equations of the model for these components are 

given below. 

As mentioned above the rotary compressor process is assumed to be polytrophic, 

constant n for compressor taken to be 1.45. The temperature ratio is evaluated with 

eon (2.25) and compressor exit temp is, 

⎟
⎠
⎞

⎜
⎝
⎛ −

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅=

n
n

p
pTT

1

1

2
12    (2.27) 

subscripts 2,1 represent compressor exit and inlet respectively. 

The work done on the compressor is calculated as follows 
 

( )12 TTmCCHP vc −⋅=   (2.28) 
 

The flow through the positive displacement component is calculated as, 
 

NVW ininρ2=    (2.29) 
 

Assume in is constant for compressor 
 

NCW ⋅⋅= 2    (2.30) 
 

The constant is chosen to achieve same flow value with the turbo compressor at 

design point 
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2.2.2 Positive Displacement Rotary Turbine Model 

 

The rotary turbine process is also assumed to be polytrophic, constant n for 

compressor assumed to be 1.35. The temperature ratio is evaluated with eon (2.25) 

and compressor exit temp is, 

⎟
⎠
⎞

⎜
⎝
⎛ −

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅=

n
n

p
pTT

1

3

4
34                                                 (2.31) 

subscripts 4,3 represent turbine exit and inlet respectively. 

The shaft work produced by the turbine is calculated as follows 

 

( )34 TTCmCHP vt −⋅⋅=                                                 (2.32) 

 

The flow through the positive displacement component is calculated as, 

 

NVW int−= 32ρ  

where, 

3

1

3

1

3

1

3

1

T
T

R
R

P
P

⋅⋅=
ρ
ρ

                                                   (2.33) 

3

1

3

1

1

3
3 T

T
R
R

P
P

⋅⋅=ρ                                                    (2.34) 

then  
3

1

3

1

1

32
T
T

R
R

P
P

NW ⋅⋅⋅=                                                   (2.35) 

constant is chosen to achieve same flow value with the turbo turbine at design point 

 

2.3. Axial Flow Turbo Compressor Model 

 

Performance estimation procedure of gas turbines usually based on individual 

performance characteristics of the engine components. In performance calculation 

programs turbo components are of major interest. Axial flow compressor and 

turbine operation behaviours are represented by performance maps, that 

demonstrate flow conditions for all operating range of components. 
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The methods employed for turbo component performance map estimation are 

identical to the methods applied in Reference [1],[2]. 

“Compressor is the most important and troublesome component, due to the fact that 

its performance is strongly dependent on the engine rotary speed; maximum 

efficiency is achieved nearby the critical limits (surge) of the compressor” [16].  

The behaviour of compressor is modeled with help of compressor maps. The maps 

are plot of total pressure ratio versus corrected mass flow rate, for lines of constant 

corrected speed the lines of constant efficiency can be plot on the same diagram, 

represent major physical phenomena in compressors. 

In order to estimate compressor performance map attention is focused on 

application of one dimensional method. Since, two or three dimensional analysis 

methods generally difficult to handle whole compressor. 

Various methods are applied to estimate the performance map of compressor using 

one dimensional conservation equations. Scaling methods use assumption of 

geometric similarity proposedapplied by Saravanamutto and Mc Isaac [31] have 

been used to model certain fixed geometry pipeline gas turbines. A new scaling 

method was also published by Kuroki and Ziegler [30] deriving new scaling rules 

using statistical analysis. 

Methods here also been proposed producing the performance characteristics of 

individual stages from generalized stage characteristics data to be used to estimate 

overall compressor performance map. 

 

2.3.1. Stage Characteristics 

 

Stage characteristics of an individual stage of a compressor are represented with 

two characterisitic curves in terms of following corrected coefficients that are 

evaluated at the mean line conditions: 

 

Flow Coefficient: 
 

UVa /=φ    (2.36) 
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Pressure Coefficient: 
 

2

1

1 1

U

tC Sp ⎟
⎠
⎞

⎜
⎝
⎛ −⋅

=

−
γ
γ

π
ψ

  (2.37) 

Temperature Rise: 
 

2U
tC Sp ∆⋅

=ζ
   (2.38) 

Efficiency: 
 

ζψη /=S  
   (2.39) 

It is convenient to normalize the stage presure rise coefficient and efficiency curves 

to obtain generalized relationships between refψψ / , refηη /  and refφφ / . The values 

of refφ  somewhat arbitrarily chosen as those corresponding to the maximum 

efficiency, maxη  (Figure 2.3) 

 
Figure(2.3) Generalized Stage Characteristics. 
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As well eqn (2.38) follows that  

ref

ref
ref ηη

ψψ
ζζ

/
/

/ =
   (2.40) 

Although axial stage characteristics may be estimated analytically using two-

dimensional cascade data [29]or three dimensional computational solutions, most 

engine manufacturers rely on experimental measurements taken in multistage 

enviroment (compressor rig) to accurately define stage performance. 

Plot of refψψ /  vs. refφφ /  developed by Gas TOPS Ltd. using stage pressure rise 

data from number of publications [1,16,17,18,19]. The stage characteristics of T56-

A14 used in this study was shown with a curve on the Figure (2.4). A generalized 

stage efficiency plot developed by Howell [20] is given in Figure (2.5). 
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Figure (2.4) Generalized Stage Pressure Rise Coefficient [20] 
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Figure (2.5) Generalized Stage Efficiency Coefficient. [1] 

 

2.3.2 Stage Stacking 

 

Stage stacking is an easy and powerfull tool to deduce compressor performance as 

soon as the folowing necessary data known correctly: 

 

1. Performance curves of each stage  

2. Effective annulus areas at the inlet to each stage, ANi .Blockage effects due 

to endwall boundary layer effects are generally included in these areas. 

3. Mean radii at inlet of each stage, rmi. 

4. Design point values of the absolute flow angle at the inlet to each stage, αi 

 

Overall compressor performance over a range of speeds and mass flows can be 

estimated by a so called “stage stacking” method [21,22,23,24]. This is a stage by 

stage calculation method using the dimensionless stage characteristics for 

evaluating the pressure ratio and the temperature rise of each stage. After stage by 

stage calculation overal compressor pressure and temperature rise can be calculated. 

 

The stage stacking procedure is summerized in Figure (2.6) 
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For assigned values of compressor mass flow, speed, and inlet conditions (p1,t1), the 

first stage flow coefficient is evaluated as follows: 

 

1. Evaluate 

111

1
1 cos pA

tW
Q

N ⋅⋅
⋅

=′
α     (2.39) 

 Where q is the corrected mass flow rate, 

( ) )1(2
1

2
12

1
11 1 −

+
−−

ℜ +=′ γ
γ

γγ MMQ                    (2.40) 

 

By equating (2.39) and (2.40), M1 can be evaluated by an iterative procedure. 

Then the stage inlet absolute velocity can be obtained by: 

 

ℜ×= γ1
1

1 M
t

V
         (2.41) 

Once V1 is known, φ  can be calculated as. 

 

1

11

1

1

60
2

cos

m

a

rN
V

U
V

⋅⎟
⎠
⎞

⎜
⎝
⎛ ⋅⋅

⋅
==

π
αφ          (2.42) 

 

The first stage Φ, in turn i determines the first stage pressure rise and temperature 

rise coefficients from which the inlet conditions to the second stage are obtained. 

Thus, in the manner indicated in (Figure 2.6) and using the equations given above, 

the stage-by-stage calculation is continued throughout the compressor until the 

performance of each stage das been determined. 
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Figure (2.7) T56-A14 Compressor Performance Map [1] 

 

2.4. Axial Flow Turbo Turbine Model 

 

Much of the what has been said for the compressor applies well for the turbines, but 

two factors lead the major difference between these two turbo component. Firstly, 

the high temperature at turbine inlet introduces material (structural) problems, leads 

to lower mach numbers for the turbines and  lower tangential mach numbers then 

the compressor blades of the same radius ease the aerodynamic problem, Secondly, 

there is pressure drops through the turbine that the boundary layer thiner compared 

to the compressor. So the aerodynamic design of the turbine is less critical. 

A method appiled for the turbine performance estimation is evaluating the total 

losses as the sum of individual losses, but this method require detailed knowledge 

of geometry and blading. [25],[26] [1],[2] 

Othet method also applied in this study is synthesising overall turbine maps by 

means of “matching” individual stage data curves that are normalized by stage 

design performance values. This method is adventageous since the turbine module 
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is treated as a black box that no details of geometry and blading required. The stage 

performance data can be produced by multivariable search, using available overall 

performance measurements of turbines designed with simalar design parameters. 

(blade family, degree of reaction..etc). 

The generalized characteristics for T56-A14 turbine stages were developed by 

GasTOPS Ltd. [1]. 

The turbine performance map estimation procedure will be summarized. Firstly the 

performance characteristics of turbine stage used for overall estimation is explained. 

Then, turbine design point estimation procedure is presented and finally, series 

matching of turbine stages procedure and the are presented. 

 

2.4.1 Turbine Stage Characteristics 

 

In the present study, performance of turbine stage is represented by two generalized 

curves developed by gas tops in terms of the following parameters. 

 

Speed: 

 

01t
N

   (2.43) 

 

Pressure Ratio: 

2

1

P
P

=π    (2.44) 

Flow: 

 

1

1

P
TW

Q =    (2.45) 
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Temperature Drop: 

 

1

21

T
TT

T
T −
=

∆    (2.46) 

 

Isentropic Efficiency: 

 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛−

∆
=

ε

π

η
11

/TT
   (2.47) 

 

The subscripts 1 and 2, refer to stage inlet and exit conditions respectively.Turbine 

stage performance characteristics are usually presented with the corrected speed and 

pressure ratio as the independent variables. 

A generalized efficiency correlation is used to demonstrate the off-design efficiency 

behaviour of a single stage turbines. Especially used to predict the total temperature 

variation through a single stage turbine (Figure 2.8). 

The efficiency is normalized with respect to the design point efficiency of turbine 

stage plotted against a normalized “work-speed” correlation parameter, where  

 

( )
cificWorkTurbineSpe

BladeSpeed 2

=λ  

 ( )
( )tt

tN
t

N
h

N
/

/
222

∆
≈

∆
≈

∆
≈   (2.48) 

 

The efficiency variation at pressure ratios other than the stage design point pressure 

ratio is represented by lines of constant corrected pressure ratio lines. 
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Figure (2.8) Generalized Stage Efficiency Correlation T56-A14 [1] 

 

T56 turbine is modelled normalized flow function is used to model each of the four 

turbine stages of said T56-A14 turbine. The normalized flow parameter is 

represented as a function of the stage pressure ratio parameter, PRS.- 1 , and the 

stage speed parameter, tN /  , both of which have been normalized with recpect to 

their design point values. The normalizing value for mass flow Q, is called Q* is the 

chocked value of, ptW / , defined at the design speed for the stage. 

 The normalized flow function shown in Figure (2.9) is derived from available 

operating data for the T56-A14. engine, and represents the characteristic that best 

models each of the turbine stages. Note that the flow function is chocked and 

becomes independent of speed at pressure ratios above the stage design point. 

Temperature drop for stage can be obtained from Figure (2.9) by numerical search 

given the pressure ratio and the speed.  
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Figure (2.9) Generalized Stage Flow Characteristics T56-A14 [1] 

 

2.4.2 Estimation of Stage Design Point From Overall Design Point  

 

“Estimates of the stage design point, that stage operating parameter at turbine 

maximum efficieny point is required in order to generate the individual stage 

performance curves using the generalized flow and efficiency correlations. This 

estimates convert the single stage turbine data to single turbine stage data. The 

procedure followed to estimate these parameters from overal turbine design point 

performance is described as follows”[1]: 

 

1. Assume a relative stage temperature drop split at the design point of the 

turbine. That is temperature drop of every stage is described (assumed) as a 

fraction of the overall turbine temperature drop: 

Tdes
t

X desi
desi ∆

∆
=           (2.49) 

and 
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0.1
1

=∑
=

n

i
desiX           (2.50) 

 

Then for the ith stage of an n stage turbine the design point temperature drop ratio is 

given by: 

( )

( )∑
−

=

∆−

∆
=∆ 1

1
/1

/
/ i

j
desdesj

desdesi
desi

TTX

TTX
tt   (2.51) 

where ( )desdesidesi TTXtt // ∆=∆   (2.52) 

 

2. Perform a multivariable search to determine ηdesi and PRdesi such that: 

 

( )
( )[ ]g

desi

desi
desi PR

tt
εη

/11
/

−

∆
=   (2.53) 

and ∏
=

=
n

i
desides PRPR

1

   (2.54) 

3. Evaluate the design flow coefficient for each stage coefficient as follows: 

 

( ) 1_1__ /1 −− ∆−= idesdesidesides ttPRQQ   (2.55) 

noting that  

desides QQ =_    (2.56) 

 

4. Evaluate the design speed parameter for each stage according to: 

 

1_
1__ /1

1//
−

−
∆−

=
ides

idesides tt
tNtN   (2.57) 

The stage performance parameters estimated for T56-A14 for the assumed 

temparature drop ratio split at design condition are listed at Table(2.2) 
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Table (2.2) Estimated T56-A14 TurbineDesign Performance.[1] 

 
 

Stage 
 

Tt ∆∆ /  
 

tN /  
 

PR 
 

Q 
 

tt /∆  
 

η 

 

1 

2 

3 

4 

 

0.300 

0.267 

0.233 

0.200 

 

280.2 

296.6 

313.9 

331.7 

 

1.69 

1.70 

1.66 

1.62 

 

12.05 

19.20 

30.77 

48.34 

 

0.107 

0.107 

0.105 

0.100 

 

0.878 

0.866 

0.880 

0.887 
 

Overall 
 

-- 
 

280.2 
 

7.86 
 

12.05 
 

0.358 
 

0.897 

 

Having evaluated each of the stage design point performance parameters, it is then 

possible to generate the individual stage characteristics using the normalized flow 

function and generalized efficiency correlation as described. 

Each stage is represented by two characteristics. 

1 - ( )⋅= iii tNPRfQ /,  

2 - ( )iii tNPRftt /,/ =∆  

which are used in the series matching process described below. 

 

2.4.3 Series Matching of Turbine Stages  

 

Once the individual stage characteristics have been estimated, the overall turbine 

map can be synthesized by matching each stage in series. The procedure is identical 

to the method of matching two or more turbines in series. 

Flow compatibility between each turbine stage dictates that the operating point for a 

stage is in turn determined by the swallowing capacity of the stage directly 

downstream. For this reason, the matching procedure works backwards, begining 

with operating points on the last stage’s characteristic as described below. 

1. Choose a value of corrected speed parameter TN /  for the turbine. 

2. Choose a value of stage pressure ratio, PRn , as applied to the last stage. 
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3. Guess values of itN /  for each stage, noting that the value for the first 

stage is identical to that for the stage, since t1 is the turbine inlet 

temperature. 

4. Determine the operating point on the last stages characteristic. This gives 

initial values of Qi+1 and 1/ +∆ itt . 

5. Using the temperature drop and flow characteristics of stage ‘i’ directly 

upstream as well as the compatibility of flow equation, generate values of 

downstream flow function, 1+′iQ , as a fuction of PRi for the assumed value of 

itN / . 

( )iiii ttPRQQ /11 ∆−⋅⋅=′+           (2.58) 

6. Determine the pressure ratio, PRi , for which flow compatibility is satisfied. 

i.e. when 11 ++ =′ ii QQ  

7. Given the pressure ratio PR and the assumed value of itN / , determine Qi 

and itt /∆  from the stage flow and temperature drop characteristics. 

8. Having defined the operating conditions for the current stage, repeat steps 5 

to 7 for the next stage, and all subsequent stages. 

9. Repeat from step 3 until speed compatibility is achieved. 

      i.e, when    ( )iii tttNtN /1/// 1 ∆−=+  (2.59) 

10. Determine the overall performance parameters as follows: 

1QQ =    (2.60) 

∏
=

=
n

i
iPRPR

1

   (2.61) 

...1
121

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ ∆
−⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ ∆
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ ∆
=

∆
t
t

t
t

t
t

T
T   (2.62) 

And 
( )[ ]εη

PR
TT

/11
/

−
∆

=   (2.63) 

The above procedure, summerized in Figure (2.12) can be performaned for several 

turbine speeds and pressure ratios to provide the overal turbine performance map 

required [2]. 
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Figure(2.10) Turbine Mass Flow Characteristics.[1] 

 
Figure (2.11) Turbine Temperature Drop Characteristics.[1] 
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CHAPTER 3 
 
 

COMPONENT MATCHING OF SINGLE SHAFT GAS TURBINE 
 
 
 

Variation of performance and fuel consumption over the whole operating range of 

shaft speed and power output of the gas turbine is off-design performance. 

Furthermore the results of off-design performance analysis is used to size the engine 

and its components Off design performance analysis are also used to estimate the 

limits of the gas generator, invaluable for the mission analysis of the gas turbine. 

The procedure applied to obtain overall steady state performance at whole operating 

range of engine. The procedure is simply satisfying the essantial conditions 

compatiblity of mass flow, work and rotational speed between the compressor and 

turbine. The variation of compressor and turbine performance with rotational speed 

and pressure ratio is obtained using estimated compressor and turbine maps. 

The matching program for the Allison T56 engine and Turbo Rotary Compound 

Engine requires the following inputs for the turbo components. 

The performance map data is required to represent the performance characteristics 

of compressor and the turbine. The compressor characteristics are generally given in 

terms of non-dimensional quantities of non-dimensional flow δθW  ,total 

pressure ratio π , corrected speed 
θ

N  and total temperature rise T
T∆  . The 

turbine characteristics are generally given in terms of non-dimensional quantities of 

non-dimensional flow δθW  ,total pressure ratio π , corrected speed 
T

N  and 

total temperature drop T
T∆ . In addition to component characteristics the 

estimation procedure also requires general constraints tabulated in table (3.1) 
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Table (3.1) Component Matchig Constraints 

 

Mechanical Constraints Equivalent Cycle Parameter 

Gas temperature limit at the turbine rotor 

inlet 

T4(max.) 

Exhaust gas temperature limit. EGT, T5 and T6 

Gear box and shaft power limits for 

turbine output and power extraction. 

PTO,HPL(max) 

All rotor speeds N(max.) 

Aerothermodynamic constraints Equivalent Cycle Parameter 

Maximum rotor speed and flow of each 

compression component. 
θ/N , δθ /W (max.) 

Stall pressure ratio on axial flow 

compressor for stall margin on operating 

line 

πC 

Turbine flow fuctions, corrected speed, 

and expansion and nozzle stability. 
δθ /W , θ/N ,PR(max.) 

 

The overall engine model can be obtained by collection of modules. These modules 

represent the behaviour of the engin components compressor, combustor and the 

turbine. 
 

3.1 Component Modules 
 

3.1.1 Compressor  

 

The actual performance of compressor can be obtained from set of thermodynamic 

maps. Using the compressor pressure ratio and corrected speed the values of non-

dimensional flow and temperature rise ratio can be obtained from the maps.  

(Figure 4.1,4.2) 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

δ
θθ WNf

P
P ,/

4

3        (3.1) 
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⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

∆
δ
θθ WNf

T
T ,/        (3.2) 

The engine inlet pressure loss is evaluated by a simple duct pressure loss relation 

which use of corrected inlet flow and duct pressure loss coefficient. 

⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⋅=

1

2
2 1

W
W

KPP ina        (3.3) 

Compressor exit flow, compressor exit temperrature and compressor power 

extraction can be evaluated using the following relations: 
2/1

2

2

22
3 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⋅⎟
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⎝

⎛
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⎟
⎠

⎞
⎜
⎜
⎝

⎛ ⋅
=

T
T

P
PW
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      (3.4) 

22
2

23
3 TT

T
TT

T +⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
=        (3.5) 

( )232 TTWCHP paC −⋅⋅=        (3.6) 

 

3.1.2 Combustor  

 

The amount of fuel required to raise the temperature of the flow at the compressor 

exit to turbine inlet temperature which will satisfy the physical match is 

determined.The computation also takes the pressure loss and thermodynamic 

properties (3.7,3.8,3.9) into acount.  

 

( )33 Tfha =          (3.7) 

 

( )44 Tfha =          (3.8) 

 

( )44 TfECV =         (3.9) 

 

The fuel ratio is calculated as 

cc

aaf

ECV
hh

W
W

η⋅
−

=
4

34

3

        (3.10) 
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The pressure loss through combustion chamber 

⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎟
⎟
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⎞
⎜
⎜
⎝

⎛ ⋅
⋅−⋅=

2

3

33
34 1

P
TW

KPP cc       (3.11) 

 

3.1.1 Turbine  

 

From the turbine performance maps the values of corrected flow and temperature 

drop ratio can be extracted  

( )π,/ TNfQ =         (3.12) 

 

( )π,/ TNf
T
T
=

∆
        (3.13) 

 

The values of corrected flow, turbine exit pressure and corrected speed. The turbine 

exit flow, exhaust temperature turbine power and exit pressure calculated. 
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( )544 TTWCHP PGt −⋅⋅=            (3.16) 

 

The axial turbine is assumed to be chocked at a single corrected value. This is in 

agreement with the generally accepted off-design performance calculation 

procedure. 
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3.2 Cost Function 

 

In order to achieve steady state operation of a single spool at a given inlet rotor 

speed and engine inlet conditions its necessary to maintain a balance of flow 

between the compressor and its driving turbine. 

 

043 =−− WWW f  (3.20) 

 

A different component matching condition for each load level determined by the 

compatibility of power relation: 

 

( ) 0=−− Lgbctm HPHPHP ηη  (3.21) 

 

Then an error (cost) function for a given load level and inlet conditions is: 

 

PFEEEF ++= 2
2

2
1)(  (3.22) 

 

The penalty factor (PF) is added into cost, to prevent the solution violate the 

constraints. 

where 431 WWWE f −+=  (3.23) 

           ( ) Lgbctm HPHPHPE −−= ηη2  (3.24) 

 

may be used to define a valid component match. That is, 

 

0)( 2
2

2
1 =+= EEEF  (3.25) 

 

Furthermore, since each power level results in a unique set of engine performance 

parameters, the error function may be generally formulated as : 

PFEEEF ++= 2
2

2
1)(  (3.26) 

where 431 WWWE f −+=  (3.27) 

           E2 = (Parameter) – (Parameter Desired) 
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and the match point may be evaluated for any performance parameter required 

turbine inlet temperature , power level.. etc. 

 

For a single-shaft simple cycle engine, If the compressor delivery pressure, P3 

and the turbine inlet temperature,T4 , are guessed, then each then each of the error 

terms can be evaluated. In other words 

 

F(E) = f(P3, T4) (3.28) 

 

and the matching task becomes one of finding the values of P3 and T4 such that  

 

F(E)=0. (3.29) 

 

The cost function for the compatibility of the turbo-rotary compound engine 

components is similar, the number of independent variables and error terms are 

doubled. 

 

PFEEEEEF ++++= 2
4

2
3

2
2

2
1)(  (3.30) 

where 431 WWWE f ′−+=  (3.31) 

           433 WWWE f −+′=  (3.32) 

           E2 = (Parameter) – (Parameter Desired) 

           E4 = (Parameter) – (Parameter Desired) 
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Figure (3.1) Flow Chart of TURC engine 

 

Note that in case of power compatibility the flow and shafts are cross coupled. 

that 

( ) Lgbctm HPHPPHE −−′= ηη2  (3.33) 

( ) Lgbctm HPPHHPE −′−= ηη4  (3.34) 

 

3.3 Overall Performance Parameters 

 

After each matching procedure is completed all parameters are calculated, the 

overall performance parameters calculated as follows [1] 

 

Compressor Efficiency 
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Turbine Efficiency 
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Net power or Load power 

 

( ) GBCTML HPHPHP ηη ⋅−=  (3.18) 

 

Specific Fuel Consumption 

 

L
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WSFC =  (3.19) 
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Figure (3.2) T56-A14 Component Matching 
 
 

 

 
 
 

Figure (3.3) TURC Component Matching 
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CHAPTER 4 
 
 

NUMERICAL RESULTS 
 
 
 

The main aim of this chapter is to demonstrate the results of overall performance 

estimations of T56-A14 and the hybrid engine TURC comparatively. Also the 

results of the turbo components compressor and turbine performance map 

estimation models build using the same procedure with Reference [1], [2] are 

presented. The results can be compared with the results of References. 

In this study, the design speed of both positive displacement type rotary compressor 

and turbine are taken as and the components are sized to fit the axial turbine and 

compressor, such that an internal mass flow of 5-15 kg/sec can be accommodated 

through the positive displacement components. Losses in axial and rotary 

components are only accounted through respective component efficiencies. 

Accordingly the rotary compressor polytropic efficiency is taken as 0.921 and the 

rotary turbine polytropic efficiency is taken to be 0.907. 

 

4.1 Compressor Performance Estimation Results 

 

The Figures (4.1) and (4.2) display resulting T56-A14 compressor pressure ratio 

and temperature rise characteristics with respect to mass flow parameter for speed 

range between %82-107.  
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Figure (4.1) Overall Pressure Rise Characteristics. 

 
Figure (4.2) Overall Temperature Rise Characteristics. 
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4.2. Turbine Performance Estimation Results 

The Figures (4.3) and (4.4) display resulting T56-A14 turbine mass flow and 

temperature drop characteristics with respect to pressure ratio for speed range 

between %82-121.  

 
Figure (4.3) Turbine Overall Flow Characteristics. 

 
Figure (4.4) Turbine Overall Temperature Drop Characteristics  
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4.3. Engine Performance Characteristics 

 

The pumping characteristics obtained by matching Figures (4.5),(4.6) and (4.7) 

show how the performance of an engine changes with rotational speed. Figure (4.5) 

exhibits the behavior of a typical T56-A14 engine serving as a baseline to the new 

TuRC engine. Those for the compound engine ae tabulated in Figures (4.6) and 

(4.7). 

 The results are consistent with those published by Kerrebrock [32] We see that the 

specific fuel consumption decreases as rotational speed increases, as the speed 

approach the design point 13850rpm. This is because the relative percentage of 

work energy input, that the compressor pressure ratio is increasing. 05 / tt TTTTR = is 

the exit-to-inlet total temperature ratio. Its value remains relatively high at almost 

all speeds, indicating a high engine exhaust heat rate and a low thermal efficiency. 

Exit-to-inlet pressure ratio 05 / tt PPPTR = and relative mass flow rate ratio 

designmm && /  do increase with rotational speed as expected. 

When these results are compared with those obtained for the turbo-rotary compound 

engine (Figure 4.6), it is seen that the specific fuel consumption has improved by 

%37 for the lower corrected speeds and by %20 for the higher corrected speeds. 

The compound engine also demonstrate the characteristics of internal combustion 

engine (higher efficiency). This performance improvement can also be followed 

from the turbine exit temperature –or exhaust heat rate- which has been reduced by 

more that 30% for all speeds. As for the total pressure ratio 05 / tt PPPTR =  and 

primary mass flow designmm && /  across the engines, there are no big differences 

between baseline T56 engine and TuRC engine. The pumping characteristics 

belonging to the secondary stream that passes through the rotary compressor and the 

rotary turbine is given in Figure (4.7). The very low exit to inlet 05 / tt TTTTR = total 

temperature ratio attests to the very efficient power extraction process that occurs 

within the rotary turbine. Actually, the rotary turbine inlet temperature was kept at 

1700°F to minimize any cooling requirements.  Actually, rotary turbine requires 

much less cooling because it partly cools itself during its own expansion. The 

periodic firing outside and within the turbine would therefore allow for an operation 
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at much higher inlet temperatures. The direct benefit of running at higher 

temperatures would directly reflect itself in the size decrease of rotary components.  

In that sense, it is safe to say that the relative size of rotary components in the 

present work is much bigger than what it would have been in reality. An unsteady 

rotary turbine inlet temperature increase by 700°F, would roughly decrease the 

required rotary component volume by more than 40%. 

The overall specific consumption which is the ratio of the fuel consumed for turbo 

(SFC) and rotary (RSFC) components have been given separately in Figures (4.6) 

and (4.7) the total net power produced by the compound engine for the calculation 

of SFC since the front spool does not produce extra power. 

The overall specific consumption which is the ratio of the total fuel consumed and 

the net power produced by the TuRC engine is given in Figure (4.7). The 

impressive decrease in specific fuel consumption of the TuRC engine can be 

attributed to two sources. The first part of the lower SFC comes from the energy 

saved, achieved by draining less axial turbine power during the closed volume 

rotary compression phase. The second part of a lower SFC comes from the longer 

expansion phase of the rotary turbine which is thus able to extract more power from 

combusted gas.  Hence more net energy is achieved at the end of the compound 

cycle. 

Pumping Characteristics for T-56 A14 at T=1700 F
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Figure (4.5) Pumping Characteristics of  Baseline T56-A14 Engine 

 



 47

 
 
 

Figure (4.6) Pumping Characteristics of TURC Primary Flow Passing Through 
Turbo Compressor and Turbine 

 

 

  
 

Figure (4.7) Pumping Characteristics of TURC Secondary Flow Passing Through 
Rotary Compressor and Turbine 
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The performance maps given in Figure (4.8) and Figure.(4.9) clearly show the 

improvement in specific fuel consumption and power obtained when rotary 

components are integrated within a gas turbine engine. The main design philosophy 

of the TuRC engine is the minimization of the energy used internally by the engine 

components. Among all others, compressor is the biggest shaft energy consumer. 

The energy supplied to the compressor is huge because it often exceeds 50% of the 

chemical energy input within the combustion chamber. This huge shaft power 

supplied to the compressor cannot be decreased because the steady flow 

compression process is achieved as both ends of the compressor are to be kept open 

at all time to allow steady flow in and out of the compression volume. Rotary 

compressors, partially alleviate this problem as they provide an efficient and 

cheaper compression process for the secondary flow that serves the internal power 

needs of the engine.  This energy saving of around 30% reflects in the following 

performance map (Figure 4.9), almost for all rotational speeds and compressor 

pressure ratios.  
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T-56 Performance Characteristics
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Figure (4.8) Performance Map of Baseline T56-A14 Turboprop Engine 
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Figure (4.9) Performance Map of Turbo Rotary Compound Engine (TURC)
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CHAPTER 5 
 
 

CONCLUSION  
 
 
 

The study analyzes the steady state performance prediction of two different axial 

flow gas turbine engines and presents new computer codes for steady state 

uninstalled performance simulation of a single spool turbojet and separate spool 

compound  engine. The aim is to compare the performance characteristics of a gas 

turbine engines. 

The simulation methods have been applied to the Allison T56 and the new concept 

engine Turbo Rotary Compound Engine. The models are component matching 

based programs simulating the engines over a wide range of operating conditions.  

The component performance maps that are required for performance modeling of 

turbo components axial flow compressor and turbine have been obtained [1], [2]. 

The off design performance characteristics of axial compressor is obtained by stage 

stacking method. A stage level modeling method based on meanline stage stacking 

analysis has been established, to generate the compressor performance map. The 

T56-A14 axial compressor gas path geometry and generalized stage characteristics 

(Figure 2.3) were obtained from the presented curves in Reference [1]. The 

estimated performance map of the computer program is as expected. As the mass 

flow is reduced at fixed speed the pressure ratio rises until limiting value (“stall 

line”) At low corrected speeds the pressure ratio change considerably with mass 

flow rate. 

To generate the turbine performance maps the turbine stage characteristics have 

been synthesized by the series matching technique. Usually turbine is choked at a 

single corrected flow value over the entire operational range.  
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The performance map results obtained are in agreement with the verified off-design 

performance calculation results with Reference [1]. 

The matching results obtained searching component operating points for speed 

work and flow compatibility are tabulated in the Figure.(4.5), (4.6) and (4.7) as 

pumping characteristics of the engines for fixed turbine inlet temperature at 1700 F. 

The decrease in SFC (specific fuel consumption) for TURC engine is not surprising 

since nearly half  (i.e. Figure 4.5 and 4.6 W/Wref) of flow is passing through an 

almost ideally expanding (i.e. Figure 4.5 and 4.6 PR) internal combustion process.  

As a result, the power budget left for free power or thrust generation is almost 

doubled. TURC engine being almost the same size as the T56-A14, produces twice 

as much power as this well known conventional engine. TURC engine succeeds in 

delivering high power and high engine efficiency, all at the same time. When 

looked from this side, it is not unrealistic to say that TURC engine extends the high 

thrust, high efficiency performance characteristics of high power turbofan engines 

down to medium-to-small size turbo engines. 
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APPENDIX A 
 
 

SIMPLEX SEARCH 
 
 
 

Reference [2] explains the simplex search method as follows: Simplex method is a 

multi variable optimization method for minimization of n variables. Simplex 

method is a search method attempting to reduce the value of the cost function by the 

use of tests near to an estimate of the solutions. The simplex search method 

determines the direction of search progress in an n dimensional search problem 

using n+1 observations at mutual equidistant points in the domain which are called 

simplex vertices. Figure(A.1) is a visual representation of one step of simplex 

search. In two dimension these observations are made at the vertices of an 

equilateral triangle, called simplex vertices. The cost function is evaluated at these 

vertices and the point of maximum cost reflected. 

 
Figure(A.1) Local exploration for the simplex search technique. 

 

In figure a single step of simplex search method in two dimension is demonstrated. 

The points indicated by are initial simplex vertices. Value of the cost function for 

simplex “1” is larger then the simplex vertices, is therefore reflected about the 

X2 

X1 

1 

3 

2 

4 



 58

remaining vertices 2 and 3 to give new point 4 form the new simplex triangle 2,3 

and 4.  

Input for the simplex search routine is the cost function to be minimized and the 

first approximations of the independent variables must be specified at the beginning 

of the search. Also step size is needed to be specified. As the minimum of the 

function approached the step size be specified. The search can then be terminated 

when the step size falls below a specified minimum value. 

For simplex search the step size is replaced by a single value which gives the length 

of one side of simplex. The use of equal units in each dimension points to the 

importance of correct scaling for this search method. A lower limit to the length of a 

simplex side is also required so that the search can be terminated. 

The progress of the two dimensional search shown in Figure (A.2) will be used to 

illustrate the search procedure and to demonstrate the action taken when the search 

oscillates. It is then natural to introduce a contraction of the size of the simplex in 

order to overcome one of the modes of oscillation. 

 
Figure (A.2) The simplex search technique. 
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The first simplex in Figure (A.2), an equilateral triangle in two dimensions, is 

defined by the vertices numbered 1,2, and 3.Vertex 1 represents the first 

approximation to the minimum. The equilateral triangle 1,2,3 is constructed with its 

side set equal to a specified length. The contours show in this case that reflection is 

required about the line that joins vertices 2 and 3. Point 4 is then generated and the 

function evaluated at that point. Since the contours show that the next predicted 

point is back at vertex 1, the first mode of oscillation has occurred. This situation 

can be recognized as occurring when the most recently introduced point gives a 

maximum value of the function and is therefore rejected. 

The solution in this situation is quite straightforward. Instead of rejecting vertex 4, 

the vertex with the second largest function value is rejected. The solution in this 

situation is quite straightforward. Instead of rejecting vertex 4, the vertex with the 

second largest function value is rejected. In this case, therefore, vertex 2 is rejected 

and reflection takes place about the vertices 3 and 4. The search then progresses 

down the valley until at vertex 17 a second type of oscillation occurs In this case the 

triangles rotate about one vertex until eventually the search returns to the triangle 

15,16 and 17. In n dimensions exact correspondence does not occur due to machine 

rounding error. Detection of this oscillation must therefore rely on the fact that one 

vertex of a simplex is used repeatedly. 

As soon as this oscillation detected, the size of the simplex is contracted by a factor 

½ while the vertex on which the rotation is based is retained. In Figure (A.2), 

therefore, a new triangle with vertices 17, 22, and 23 is generated and tested. The 

next vertex, 24, is very close to minimum and several successive rotations and 

contractions can be expected before the search is terminated when the simplex has 

shrunk below the size specified. Rotational oscillations of this type are 

characteristic either when the search is close to minimum, or a narrow valley is 

nearby. In either case contraction in size is necessary to resolve the direction of 

movement required.  

 

 


