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ABSTRACT 

Anew method of predicting gas turbine off-design performance is presented. This 

nethod, referred to as the core control method, is based on the idea that 

performance across a gas turbine depends on a single parameter that controls the energy 

input to the said gas turbine. It is shown that only the design-point performance of a gas 

turbine is needed to predict its off-design performance, and that neither compressor nor 

turbine characteristics are required. 

A thermodynamic model is developed for predicting the off-design performance 

of a single-spool turbojet and a two-spool gas generator with a free power turbine. This 

model is further developed to simulate the effects of handling bleed schedules, 

performance limiters and performance deterioration. 

The core control method is then used to predict the off-design performance of a 

Rolls-Royce Viper Mark 521 as a proof-of-concept, after which, the new and deteriorated 

off-design performance of three Rolls-Royce RB211-24GT gas turbines is predicted. 
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In addition to the discussions on the involved theories and the performance 

predictions, the process by which the deteriorated RB211-24GT performance data was 

analyzed, and the sources and propagation of measurement uncertainties are also 

discussed. 
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Eye of the tiger...! 
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1 INTRODUCTION 

AN ancient proverb suggests to not to use a cannon to kill a mosquito. If one 

replaces "cannon" with complex gas turbine off-design performance simulation 

methods and "mosquito" with the need for gas turbine off-design performance prediction 

and diagnostics, it can be easily observed that this suggestion has fallen on deaf ears. 

The currently available off-design performance simulation methods range from 

simple component-matching methods to complicated rule-based expert systems. Often, 

the complex methods are true to their nature that only those who develop these methods 

and a few others are able to understand their theories. Additionally, even the simple 

methods lose some of their simplicity when using multiple compressor and turbine 

characteristics when simulating advanced gas turbine cycles. Interestingly, the accuracy 

of a given method does not necessarily increase with its complexity. 

1 
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Figure 1.1 Comparison of gas turbine off-design performance simulation methods 

[modified from Li, 2002] 

Therefore, a simple off-design performance simulation method is proposed that is 

based on fundamental gas turbine gasdynamics relationships. This method, called the 

core control method, is compared from a viewpoint of a typical gas turbine engineer to 

presently available methods of off-design performance simulation in Figure 1.1. 

The core control method is based on the following assumptions: the equilibrium 

operating point of every component, i.e., compressors and turbines, within a gas turbine 

is dependent on a single physical variable within the core of the engine; the running line 

of a given compressor, i.e., the constrained region within which a compressor operates, is 

dependent on the swallowing capacity of its mechanically-coupled turbine; and, the off-

design performance of an engine is related to its on-design performance. This allows the 

core control method to predict the off-design performance of an engine without using 

either compressor or turbine characteristics, which are also known as performance maps. 
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To validate this method, data from three industrial RB211-24GT engines are used. 

These engines operate at a highly industrial environment, thus exhibit strong deterioration 

profiles, which is a condition the core control method is expected to simulate 

successfully. 

1.1 Overview 

First, a literature review of the currently available gas turbine off-design 

performance simulation methods, both in the areas of prediction and diagnostics, is 

presented in Chapter 2. Then, to prepare for the engine data analysis process, the causes 

and effects of engine performance deterioration are reviewed. 

Chapter 3 consists of the engine data analysis process. Here, an overview of the 

industrial RB211-24GT engine is presented including discussions on engine health 

monitoring, performance data acquisition process, measurement uncertainties and error 

propagation, and the data analysis process. 

The theory of the core control method is discussed in the Chapter 4. Detailed 

derivations of the theory discussed herein are available in an appendix. 

Chapter 5 includes the validation of the core control method as well as a section 

on discussion on the validation results. The final chapter, Chapter 6, provides conclusions 

and suggestions for future work. 



2 LITERATURE REVIEW 

2.1 Introduction 

ANY gas turbine currently either in development or in operation has its own off-

design performance model. Even the Heinkel series engines - the first ever gas 

turbines - had off-design performance models, albeit being in the form of a series of plots 

written on paper (Mattingly, 2005). 

The term off-design performance simulation covers the areas of performance 

prediction as well as performance diagnostics since, without the ability to predict 

performance, a model cannot diagnose performance. Both of these areas of off-design 

performance simulation are discussed in this chapter. It can be said that off-design 

performance models can be categorized into component-matching, stage stacking, 

variants of gas path analysis, artificial intelligence, fuzzy logic and computational-fluid-

dynamics-based methods. 

Additionally, the mechanisms of gas turbine performance deterioration will be 

discussed, which shall aid in the data analysis process. 

4 
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Figure 2.1 Typical requirements for a simple component-matching model 

2.2 Off-Design Performance Simulation Methods 

2.2.1 Component-Matching Methods 

Component-matching can be considered as the foundation of off-design 

performance prediction. In its most simple form, this method requires the knowledge of 

compressor characteristics, turbine characteristics, and, in the case of a turbojet, nozzle 

characteristics. 

Here, for a required power/thrust output, an operating point on the compressor 

running line is selected from the compressor characteristic (Figure 2.1). Using this, the 

operating points of the turbine and the nozzle are calculated. Then, the engine output 

power/thrust is calculated using flow compatibilities and compressor-turbine work 
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balance, which then is compared with the required output. If they differ, a different 

operating point is selected from the compressor characteristics and this process is 

repeated until convergence is met (Saravanamuttoo et al., 2001). This method of 

component-matching is referred to as solving via serial-nested loops since, in a detailed 

scenario, a thermodynamic module is assigned to each of the inlet, compressor, 

combustor, turbine, exhaust, shaft and cooling flow (Walsh and Fletcher, 1998). 

Saravanamuttoo (1963) used component-matching is his pioneering work of 

transient performance simulation of gas turbines. Many researchers such as Muir et al. 

(1989), Yin et al. (2001) and Lee et al. (2009), to name a few, have since used 

component-matching to simulate off-design performance of gas turbines ranging from 

two-spool industrial gas turbines to generic three-spool mixed-exhaust afterburning 

turbofan with a con-di variable area nozzle. 

Another method of component-matching is referred to as solving via matrix 

iteration. Here, for a single-spool turbojet, for example, an initial operating point of the 

compressor and the combustor outlet temperature are assumed (matching guesses) for a 

given power setting. Then, the operating points of the turbine and propelling nozzle 

(matching constraints) are calculated. Small variations are then made in the matching 

guesses and the process is repeated. At the conclusion of this, errors in the matching 

constraints are available with respect to variations in the matching guesses, which can 

then be combined to obtain a matrix of partial derivatives. Inverting this matrix and 

multiplying by the errors in the matching constraints produces a set of values, by which 

the matching guesses are then varied. This process is repeated until the values produced 

by the matrix multiplication reaches a convergence limit (Walsh and Fletcher, 1998). 
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Walsh and Fletcher (1998) suggest that this method rises above the serial nested 

loops method when solving for off-design performance of advanced gas turbines, i.e., 

multi-spool engines. Kurzke (2007) uses the matrix iteration method in his well-known 

GasTurb® software. 

It can be said that component-matching is the most popular method of off-design 

performance simulation due to its ease of implementation. However, this method requires 

one to know the compressor, turbine (and nozzle) characteristics of the engine in 

question. 

2.2.2 Stage Stacking Method 

Stage stacking is a method by which compressor characteristics can be predicted 

if the characteristics of the first stage of the compressor, and the rotor and stator inlet and 

outlet angles are known. 

Once the inlet axial velocity and blade speed are known for the first stage, 

gasdynamics equations are used along with the stage characteristics and blade angles to 

predict the stage performance and the flow conditions at the stage outlet. The first stage 

outlet flow conditions are then used as the inlet flow conditions for the second stage. The 

second stage characteristics are calculated from that of the first stage using scaling 

factors. Thus, the second stage performance is calculated. This procedure is repeated for 

all stages. Finally, the individual performances are concatenated, or stacked, to obtain the 

performance, i.e., the characteristics, of the full compressor (Steinke, 1982). 

Since the accurate prediction of a real compressor characteristic requires real 

stage characteristics, which are generally unavailable to the public for obvious reasons, 
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generalized stage characteristics are typically used (Steinke [1982], Saravanamuttoo and 

Lakshminarasimha [1985]). Surprisingly, comparisons between several real stage 

characteristics from different engine manufacturers were found by Muir et al. (1989) to 

fall within a highly constrained scatter band. 

Due to the openness of this method which allows one to modify the design of 

individual stages, stage stacking has found to be popular in simulating compressor 

performance deterioration due to fouling and erosion (Aker and Saravanamuttoo [1989], 

Muir et al. [1989], Seddigh and Saravanamuttoo [1990], TabakofT et al. [1990], 

Lakshminarasimha et al. [1994] and Hosseini et al. [2009]). 

Drummond and Davison ([2009a] and [2009b]) developed a method by which 

currently-used compressor characteristics are scaled non-linearly (i.e., morphed/twisted 

rather than linearly scaling) to provide an improved prediction for the characteristics of a 

compressor in development. This method, which can be considered as an alternative to 

the stage stacking method, is aimed at reducing the need for fine tuning of compressor 

characteristics otherwise obtained by simply linearly scaling existing compressor 

characteristics. 

Using a database of existing compressor characteristics, the shape variance 

between similar compressor characteristics is first determined. Then, this is used to 

morph, rather than scale, an existing characteristic into a new compressor characteristic 

that could represent the performance of a compressor in development. This predicted 

compressor characteristic can then be used to determine the off-design performance of a 

new gas turbine. 
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This method can also be used to predict the effect of deterioration on gas turbine 

performance. For this, a database that contains different levels of deterioration on 

different compressors is required as a reference. Since there are, literally, an infinite 

number of possible designs for compressors and their possible deteriorations, this method 

is only as accurate as the vastness of the database available. 

Once the compressor characteristics are predicted, one still requires to know the 

turbine characteristics if engine off-design performance is to be predicted through 

component-matching. Here, the turbine characteristics are typically generalized turbine 

characteristics (Aker and Saravanamuttoo, 1989). 

2.2.3 Methods based on Gas Path Analysis 

Gas path analysis methods come in the forms of inverse, non-linear and linear gas 

path analysis methods; the first of these is a performance prediction method, and the rest 

are performance diagnostics methods. 

The brainchild of Urban (1973), gas path analysis assumes that for small changes 

in the independent performance parameters of a gas turbine, the dependent performance 

parameters behave in a linear fashion. Here the independent parameters are efficiencies 

and flow capacities, and the dependent parameters are pressures, temperatures, etc. 

With the independent parameters represented by , where i is the i"1 parameter 

and the dependent parameters represented by F( X;), the change in performance due to a 

small change in the independent parameters, 5X;, can be expressed as follows. 

F(X+8X i)=F(X i)+J8X i  2.2.1 
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Here, J is a Jacobian, also known as a sensitivity matrix (Walsh and Fletcher, 

1998), that contains the partial derivatives of the dependent performance parameters with 

respect to the independent performance parameters (i.e., power setting parameters), and is 

obtained using an off-design performance model. 

The inverse gas path analysis method involves solving Equation 2.2.1. With 

estimated changes of independent parameters substituted into 8Xj, which then predicts 

the corresponding engine performance, F( X + 8XS).  

J typically contains the sensitivities at design-point. These sensitivities do not, 

however, remain constant for off-design operating points. Therefore, should performance 

at off-design points be predicted, component sensitivities for those power settings must 

be used for higher accuracy (Urban [1973], and Ogaji et al. [2002]). 

The inverse gas path analysis method can be modified from a performance 

prediction method to a performance diagnostics method by rearranging Equation 2.2.1 as, 

8X> =J~' F(8Xj) 2.2.2 

where, 

F(6X i) = F(X i  +8X i)-F(X i) 2.2.3 

thereby laying the foundation for linear gas path analysis. Here, a relatively small change 

in the dependent performance parameter with respect to a reference point (typically, 

design-point) is substituted into F(8Xj). Then, the deviation required of the independent 

performance parameters, 8X;, can be found (Urban [1973], and Li [2002]). 
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By introducing an iterative step to the linear gas path analysis, non-linear gas path 

analysis method is obtained. Here, for a given F(8Xj, an initial 8X' is guessed, and the 

resulting independent parameter, X', is calculated as, 

x;  = xi+8x; 2.2.4 

Then, the deviation in the dependent performance parameter, F (8X'), and 8X' 

are calculated by, 

F(8x;) = F(Xi+8xO-F(Xi) 2.2.5 

8X[ = J- 'F(8x;) 2.2.6 

respectively. These steps are repeated until convergence (Ogaji et al., 2002). 

The gas path analysis method, used for either performance prediction or 

performance diagnostics is able to provide relatively accurate results, compared to 

component-matching, within a short amount of time (Mathioudakis et al. [2002], and 

Simon et al. [2008]). 

A setback of this method is that to obtain the sensitivities, one must still have 

access to another off-design performance model, namely one-based on a component-

matching method - which requires one to know compressor and turbine characteristics -

using which off-design data can be predicted. Else, off-design data must be obtained from 

an actual engine. In both cases, the dataset must aptly cover the operating region within 

which the gas path analysis method is intended to be used. 
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Figure 2.2 Comparison between (a) a biological neuron and (b) an artificial neural 

network [modified from Samarasinghe, 2006] 

2.2.4 Methods based on Artificial Intelligence 

Gas turbine off-design performance simulation through artificial intelligence-

based methods is a recent development. These methods may either consist of artificial 

neural networks or hybrid neural network-genetic algorithms. 

Artificial neural networks, or ANNs, are inspired by the interactions of neurons 

within a biological brain. Just as biological neurons are connected to each other through 

synaptic pathways, the neurons within an ANN are connected to each other through 

artificial synaptic pathways known as weights. These weights are a reflection of the 

synaptic strength between two neurons (Figure 2.2). 

To program, or to teach, an ANN, it is repeatedly exposed to a dataset containing 

a set of inputs and another dataset which contains a set of required outputs. With each 

exposure, referred to as an epoch, the weights between the neurons adapt such that the 

ANN-estimated outputs converge with the required outputs. When convergence is met to 

within the programmer's satisfaction, the learning process is stopped. 
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Figure 2.3 A multi-layer perceptron [Zhou and Gauthier, 1999] 

This method of programming an ANN is known as supervised learning. When 

optimization algorithms are incorporated into the learning process, an ANN is able to 

complete learning on its own: such method of learning is referred to as unsupervised 

learning. 

The design of an ANN can range from simple single-layer perceptron neural 

networks to complex multi-layer perceptron (MLP) neural networks (Figure 2.3). Usually 

ANN-predicted results lose resolution when the number of hidden layers of a MLP 

increases. An unwritten rule is that MLPs with greater than three hidden layers are often 

too smart to learn (Samarasinghe, 2006). 

This can be remedied by employing optimization algorithms during the training 

process. An optimization algorithm's purpose is to uphold the law of natural selection, 

also known as survival of the fittest (Sampath et al., 2006). Here, neurons that do not 

significantly contribute to the output of a neural network are simply discarded with each 

iteration, thus molding a MLP into a more purpose-built ANN (Samarasinghe, 2006). 
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From the above discussion, it is evident that ANNs are database-based methods, 

i.e., they are experts at prediction as long as such scenarios are covered in the learning 

process. As a result, when used to predict a new scenario, ANNs lose their credibility. In 

such cases, genetic algorithms (GA) are integrated into a given ANN to provide a hybrid 

neural network-genetic algorithm, or hybrid ANN-GA. The purpose of a genetic 

algorithm is to provide some flexibility, within reason, to the weights of an ANN such 

that optimized predictions can be made in situations where some uncertainty is present in 

the input data (Kobayashi and Simon, 2001). 

Lazaretto and Toffolo (2001) used a MLP with three hidden layers, which was 

trained using data obtained from non-dimensionalized compressor and turbine 

characteristics of a LM2500 gas turbine, and an off-design performance model-based on 

component-matching. Afterwards, only using ambient pressure, ambient temperature, and 

gas turbine power output as inputs for the ANN, they were able to predict certain internal 

pressures and temperatures, overall efficiency, inlet air flow and fuel flow rates of the 

engine to within ±1% accuracy. 

Chiras et al. (2002) used an ANN to simulate the dynamic relationship between 

the fuel flow rate and the shaft speed of a Rolls-Royce Spey. The ANN was trained with 

a database of more than 1000 data points (estimated). Upon comparison, the ANN proved 

superior to existing linear performance prediction methods. 

By using a three-layer MLP, Bruner (2002) was able to perform engine data 

analysis of Raytheon Premier I aircraft in 15 minutes where the conventional method 

took "several days." The ANN predictions were found to be within ±3% of the results 

obtained from the conventional method. 
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Kobayashi and Simon (2001) used a hybrid ANN-GA for engine diagnostics. The 

ANN was used for its ability to predict non-linear relationships and the GA was used as a 

sensor bias estimator. This method was found to reduce false alarms and missed 

detections in the diagnostics process. 

Artificial-intelligence-based methods are not often used for performance 

prediction, but for performance diagnostics (Green and Allen, 1997). This may be due to 

the uncertainty in the prediction of an ANN or a hybrid ANN-GA method when used in 

an unfamiliar situation, i.e., scenarios not covered in the training dataset. Also, another 

reason for this may be due to the uneasiness of the gas turbine researcher when accepting 

a prediction from a method that consists of, essentially, a set of factors, sigmoid functions 

and simple algebra, and not use any comprehensive equations relating to gas turbine 

performance. 

Green (1998) notes that if an artificial intelligence method is to be held in high 

regard, it must be able to sense, adapt and reason continuously. Therefore, Green (1998) 

indirectly recommends not ending a training process after an exposure to a database, but 

have a continuous training process where an artificial system matures with experience, or 

learns from experience. 

One of the greatest weaknesses of artificial intelligence methods in gas turbine 

off-design performance simulation is that they are a posteriori methods, i.e., they can 

only "predict" well what is already known, where this knowledge is obtained from either 

an actual engine or a component-matching model (Sampath et al. [2002], and 

Samarasinghe [2006]). 
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2.2.5 Methods based on Kalman Filtering 

Kalman filtering-based methods assume that a real-life system can be 

approximated by a linear dynamic system of the form, 

x = Fx + Gu + w 2.2.7 

z = Hx + v 2.2.8 

where x is a vector containing the states of the system, F is the system dynamics matrix, 

u is the control vector, H is the measurement matrix, w is a white noise process and v 

is the measurement noise. 

Kalman filtering is a recursive predictor-corrector-like method which tries to 

estimate a set of coefficients known as Kalman filter gains, such that the error in the filter 

prediction is minimized with each iteration. The boundaries within which the filter 

searches for the optimum filter gains are defined by the user as a white noise process. The 

Kalman filter gains are calculated using a set of equations known as scalar Riccati 

equations. Zarchan and Musoff (2005) provide further explanations. 

Luppold et al. (1989) used a Kalman filter which utilized a state variable engine 

model to predict off-design performance of a military turbofan undergoing various levels 

of deterioration. A similar method was also implemented by Kobayashi et al. (2005). 

Litt (2005) attempted to optimize a Kalman filter to predict off-design engine 

performance using an orthogonal decomposition method. From the presented results, 

however, only a slight improvement over conventional (Lambert, 1991) Kalman filter-

based performance prediction methods was observed. 
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Since a Kalman filter's predictions are made within a pre-defined noise margin, 

researchers have attempted to optimize filter predictions by minimizing these margins by 

introducing constraints. Simon and Simon (2003) assumed that some naturally occurring 

engine performance deteriorations are quiescent and that they can only worsen with time. 

Based on this assumption, a set of filter constraints were introduced to encourage realistic 

filter behaviour, which resulted in improved predictions at the expense of increased 

computing time. 

Simon and Garg (2010) used an optimized Kalman filter to perform a posteriori 

data analysis of a gas turbine where the filter was used to predict the unmeasured 

parameters. Noticeable deviations between the filter predictions and those predicted by 

component-matching were present for some cases. 

Kalman filters, as previously mentioned, are recursive, thus require several 

iterations to converge to a final value. Depending on the margins of the user-defined-and-

estimated process noise and filter initial conditions, this convergence time can be 

unacceptably long for real-time performance predictions. Additionally, due to the process 

noise, Kalman filter predictions will not be as accurate as those obtained using 

component-matching methods. 
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2.2.6 Methods based on Fuzzy Logic 

Fuzzy logic methods are typically used in engine diagnostics when there is a high 

uncertainty in the measured data. Fuzzy logic is a method of qualitatively expressing a 

quantity. This reduces any numerical smearing effect that would otherwise be present in a 

diagnostic due to measurement uncertainty (Martis, 2007). The purpose of fuzzy logic is 

to be a substitute for an experienced gas turbine engineer (Ganguli, 2002). 

Gunetti et al. (2008) suggested a method by which fuzzy logic can be integrated 

into a conventional, i.e., component-matching-based, method. He used this method for 

engine health monitoring purposes as well as fault isolation. 

Ganguli (2002) used fuzzy logic to diagnose a benchmark two-spool gas turbine 

fault using only engine exhaust gas temperature, low- and high-pressure spool speeds, 

and fuel flow rate. He was able to achieve a fault classification accuracy of 89%, and 

showed that by including pressures and temperatures at compressor inlets and outlets 

with model inputs, the accuracy in fault diagnosis can be improved to 98%. Comparisons 

between the fuzzy logic, ANN and Kalman filtering showed that fuzzy logic method had 

the highest classification accuracy whereas the ANN method had the lowest. 

The use of fuzzy logic in off-design performance simulation tends to be the area 

of performance diagnostics as illustrated through the work of Alexander and Singh 

(2004), Kyriazis and Mathioudakis (2009), and Li and Korakianitis (2011). Fuzzy logic-

based methods show great improvement once the number of measurements used in the 

diagnostics process is increased (Ganguli, 2002). However, with the availability of many 

measurements, one would use a direct component-matching scheme to diagnose 

performance rather than employ a complex method as fuzzy logic. 
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2.2.7 Methods based on Computational Fluid Dynamics 

Computational fluid dynamics, or CFD, is the solving process of real-life fluid 

flow phenomenon using equations that represent the physics of such fluid flows. These 

equations are known as Navier-Stokes equations, and are discussed in more detail in any 

good fluid dynamic s/aerodynamics text book (White, 2003). 

CFD methods are usually applied to local regions of a gas turbine such as a 

compressor or a turbine blade, or a combustion chamber. Also, CFD methods are 

predominantly used during the development process of a concept and used in conjuntion 

with experimental results. A plethora of such applications are presented by researchers in 

various publications, of which a several recent publications are discussed below. 

Tomita et al. (2006) simulated a hypothetical nacelle for an aero- gas turbine at 

several flight Mach numbers and angles of attack and confirmed that their design was 

sound. Das et al. (2006) investigated water droplet trajectories in a fan blade passage of a 

turbofan at off-design conditions and observed that water droplet mass flux increased 

with the blade radial location. 

Blackburn et al. (2007) demonstrated how CFD was used when upgrading the 

Rolls-Royce industrial Avon. Using CFD, the end-wall contouring within the Avon's 

axial turbine was optimized, which resulted in a 0.4% of efficiency increase in the 

turbine. 

Since CFD methods are used to represent realistic flow phenomena, every single 

aspect of the real-life condition-to-be-simulated must be taken into account; otherwise 

erroneous results would be obtained (Adamczyk et al., 2007). 
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El-Batsh (2001) simulated fouling build-up on a turbine blade using a moving-

boundary-grid and computing a multiphase flow. This CFD simulation was found to be 

computationally expensive as the fouling build-up demanded significantly higher grid 

resolution, i.e., increased number of grids, at the boundary. 

Morini et al. (2009) and Fouflias et al. (2009) investigated the effect of fouling on 

compressor blades by varying blade roughness and blade thickness. Gas path blockage 

due to increased blade thickness was found to be of greater significance to blade 

efficiency detriment than increased blade roughness. 

As can be seen, CFD-based methods applied to an entire gas turbine off-design 

performance simulation are rare. This is due to the great number of operating conditions 

experienced by a gas turbine and the even greater number of computational grids and 

iterations that are required for a CFD method to produce a reasonable result. This 

discussion does not even consider the computing costs. Additionally, experimental data is 

always required to validate a CFD prediction. 
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2.2.8 Wittenberg's Method 

All previously discussed methods of gas turbine off-design performance 

simulation require either a thermodynamic method and/or actual engine data for 

validation purposes, where the thermodynamic method is based on component-matching. 

However, component-matching requires one to know the compressor and turbine 

characteristics. 

Wittenberg (1976a) developed a method, a simpler form of component-matching, 

which eliminated the need for compressor and turbine characteristics. Here, one only 

requires knowledge of the design-point performance of a gas turbine. With a few well-

placed assumptions, using gasdynamics relationships, off-design performance of a gas 

turbine could then be estimated. The reader may refer to either Walsh and Fletcher (1998) 

or Saravanamuttoo et al. (2001) for detailed discussions of this method. A concise review 

of this method is presented next. 

For a single-spool turbojet, as shown in Figure 2.4, the work compatibility 

between the compressor and the turbine can be expressed as, 

MA c„ (TO3 -To 2) = Tim  ihg  cp g  (TO4-To 5) 2.2.9 

where ma is the inlet mass flow rate, rjm is the spool mechanical efficiency, c^, and cre 

are the specific heats for air and exhaust gas, respectively. mg is the exhaust mass flow 

rate, which is the sum of the inlet mass flow rate and the fuel flow rate, mf. Here, the 

temperatures are total temperatures. 
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A single-spool turbojet [modified from Wittenberg, 1976a] 

Since mf is typically two orders of magnitude less than ma, mg can be 

approximated by ma (Saravanamuttoo et al., 2001). This allows Equation 2.2.9 to be 

rewritten as, 

To3 | Tq4 (j TqS ^ 

o2 Cpa ^"o2 
2.2.10 

o4 / 

Then, by dividing the terms in Equation 2.2.10 with their respective design-point 

values and rearranging, Wittenberg arrived at, 

o3 

o2 

= i+<|> o3 

o2 /des 

T T 
J _ o5 o4 

m
T<* , where 0 = Jf- 2.2.11 

1- o5 

°4 /des 

o4 

o2 J ̂  

Here, (|) is referred to as the spool temperature ratio. 
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Similarly, the mass flow compatibility between the compressor and the turbine 

was expressed as, 

1 o2 o2 

1 o4 

o3 

o2 

des 

o4 

't1 p.," 

'des 
o2 J des 

2.2.12 

rii IT 
where the turbine corrected mass flow rate, ————, is assumed to be constant for a 

o4 

choked turbine, and the combustor pressure loss, — is assumed to be approximately 
o3 

constant for all off-design conditions. The compressor pressure and temperature ratios, 

P T 
— a n d  — — ,  r e s p e c t i v e l y ,  a r e  r e l a t e d  t h r o u g h ,  

o2 o2 

P03 _ To3 

o2 J 

r-i 
2.2.13 

For an unchoked nozzle, the mass flow rate through the nozzle was expressed 

p 
using the converging nozzle equation, and the nozzle pressure ratio, , was iteratively 

found until the compressor pressure ratio converged to produce, 

p p p p p p 
oS _ o5 o4 o3 o2 rol 

p p p p p p 
ro o4 o3 o2 rol ro 

2.2.14 
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Figure 2.5 Compressor and turbine-nozzle matching curves for a single-spool turbojet 

[modified from Wittenberg, 1976a] 

Thus, Wittenberg demonstrated that the compressor running line can be estimated 

using the spool temperature ratio and generalized turbine/nozzle characteristics (Figure 

2.5). 

For multi-spool engines, such as the Rolls-Royce RB211-22 which is a three-

spool turbofan, Wittenberg assumed that the high-pressure (HP) and intermediate-

pressure (IP) spools remain choked for all off-design conditions. Then, the HP and IP 

spools were combined together to obtain a hypothetical HP-IP-equivalent spool. This 

only showed good agreement with engine performance data at high power settings 

(Wittenberg, 1976a). Mirza-Baig and Saravanamuttoo (1991) used this method to 

simulate the off-design performance of a Garrett TFE 731-2, a two-spool turbofan. 
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Figure 2.6 Polytropic efficiencies of actual compressors [modified from Wittenberg, 

1976a] 

When comparing the spool temperature ratio and the polytropic efficiencies of 

several compressors (Figure 2.6), Wittenberg observed that for multi-spool engines, the 

compressor polytropic efficiencies remained constant for a wide range of off-design 

operating points (Wittenberg, 1976a). 

Wittenberg predicted the performance of a Rolls-Royce Viper turbojet assuming 

constant as well as varying compressor polytropic efficiencies. When compared with the 

engine data, little variation was found between the two predictions (Figure 2.7). 

Puzzlingly, Wittenberg's method has been largely ignored, although it is obvious 

that it is easy to implement, and possibly the best alternative to the full-scale component-

matching methods. 
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Figure 2.8 Performance deterioration in gas turbines [modified from Gauthier, 2008] 

2.3 Performance Deterioration in Gas Turbines 

In the process of developing a versatile off-design performance simulation 

method, the need for simulating performance deterioration is also addressed. In the 

present study, data from deteriorating engines are used to validate the developed model. 

Therefore, the mechanisms that cause deterioration and their effect on engine 

performance are reviewed such that the engine data can be skillfully processed. 

Performance deterioration is a combination of temporary and permanent 

deterioration (Figure 2.8). The temporary form, also known as recoverable deterioration, 
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is due to performance loss resulting from contaminant buildup, i.e., fouling, on engine 

surfaces exposed to the gas path. Since a majority of these contaminants can be removed 

by cleaning the affected surfaces, the lost performance can therefore be recovered. 

The permanent form, or non-recoverable deterioration, is caused by physical 

damage resulting from erosion, corrosion and some fouling. Non-recoverable 

performance deterioration may only be recovered after a complete engine overhaul. 

2.3.1 Deterioration Mechanisms 

This discussion is weighted towards recoverable deterioration since that is the 

predominant mode of deterioration observed in the available engine data. 

There are many factors that cause engine performance deterioration. They can be 

categorized into internal and external causes. Internal causes shall cover factors within 

the engine. This refers to everything related to the engine that is between the inlet and the 

exhaust filters. External causes cover everything else. 

The dominant among internal causes of deterioration are the number of engine 

starts per year, the number of operating hours, the application of the engine (mechanical 

drive or power generation), engine operating mode (peak load, baseload or part load) and 

the type of fuel used. Here, peak load operation refers to an engine that activates 

whenever extra power (or head increase) is required by the existing power grid. Baseload 

refers to an engine profile that operates at a constant power setting that is at or above 

approximately 70% of the engine's design-point. Part load is similar to baseload 

operation, but the power setting parameter is below the previously-mentioned 70% power 

limit. 
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Among external causes, the geographic location of the engine dominates all else. 

Here, performance deterioration is a result of a combination of ambient temperature and 

pressure, the relative humidity and the contaminant concentration in the atmosphere. 

Erosion 

Erosion is a process by which material is removed from a surface resulting in an 

altered surface geometry due to impaction by particles known as erodent. This is a cause 

of non-recoverable performance deterioration. Erosion in a gas turbine can be caused by 

ingestion of sand, fly ash, water droplets, ice, maintenance tools and birds. 

Upton (1974) and Saravanamuttoo et al. (2001) suggested that severity of engine 

erosion is location dependent since atmospheric particulate loading, i.e., solid particles 

per million by weight (ppmw) varies geographically. The particulate concentrations were 

classified geographically as follows. 

Table 1.1 Particulate concentration variation [modified from Upton, 1974] 

Location 
Particulate 

concentration 
(ppmw) 

Marine 0.01 
Rural O

 
0
 

1 i
 p
 

Coastal 0.01 -0.1 
Industrial 0.01-0.1 

Desert 0.1-700 

Of all gas turbine components, the compressor is susceptible to most of the 

erosion damage since it encounters erodent in their original shape, size and almost zero 

angular velocity. This results in blunted leading edges, sharpened trailing edges and an 
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increase in overall surface roughness of compressor blades. Erosion in the turbine section 

is not as severe since the erodent exiting the compressor is typically finer in size than that 

entering the engine, and in many cases this refined erodent is burned or evaporated in the 

combustors. 

Corrosion 

Corrosion is the formation of oxides on a surface. The typical cause of corrosion 

in gas turbines is the exposure to salts, lead, vanadium and other corrosive chemicals 

(Kurz and Bran, 2007). Within compressors, highly localized corrosion spots occur. This 

is known as pitting corrosion. In turbines, once mixed with hot combustion gases, the 

corrosion inhibitors cause hot corrosion, which tends to be distributed over surfaces 

exposed to the gas path. 

Overall, corrosion increases blade surface roughness and in severe cases, alters 

blade profiles in gas turbines, thus causing non-recoverable deterioration. The geographic 

location of an engine has a strong bearing on the severity of corrosion experienced (Kurz 

and Bran, 2007). 

Fouling 

Fouling is the buildup of contaminants on engine component surfaces exposed to 

the gas path such as blades and annulus walls. Fouling is the only recoverable form of 

deterioration, although if unchecked, can cause non-recoverable deterioration by altering 

blade geometries as well as increasing blade surface roughness (Saravanamuttoo et al., 

2001). Fouling can be the result of the presence of oil or water mists within the ingested 
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air (Kurz and Brun, 2007), or in the case of extremely small contaminants, electrostatic 

forces (El-Batsh, 2001). The former is referred to as wet deposition and the latter, dry 

deposition. 

About 80 - 90% of the contaminants that pass through a typical inlet filter are less 

than 2 fjm in size and are the root cause of compressor fouling (Diakunchak, 1992). 

Fouling within the turbine may also occur as a result of burning liquid fuels or fuels with 

impurities. However, modern gas turbines generally burn gaseous fuels, qualities of 

which are set by engine manufacturers, thus experience little fouling. Aker and 

Saravanamuttoo (1989) indicated that the first stages of axial compressors are the most 

affected by fouling, and that the number of fouled stages may account for 40 - 50% of 

the total number of compressor stages. Tarabrin et al. (1998) suggests that fouling affects 

the first 5-6 stages of a compressor and that the contaminant buildup occurs on both the 

pressure and suction surfaces of the blades. This can be assumed to be ideal fouling 

locations for dry deposition since such regions experience relatively lower aerodynamic 

forces. Fouling caused by salt spray tends to build up primarily on the leading edges of 

the first few compressor stages. 

Fouling, just as erosion and corrosion, is location dependent. In rural areas fouling 

can be caused by insects, pollen and tree sap. Dust and chemical vapours are found to 

cause fouling in industrial environments; salts in coastal and offshore locations 

(Saravanamuttoo et al., 2001). 
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2.3.2 Performance Recovery Methods 

Gas turbine maintenance has now become a scheduled task based on engine 

performance predictions compared to, as Boyce (2002) suggests, breakdown or panic 

maintenance. Buildup of fouling cannot be prevented since there is no such environment 

that is without contaminants of some sort. The only methods of combating fouling are by 

performing a compressor cleaning, by selecting more effective inlet filters, or by applying 

anti-fouling coating to blade surfaces (Caguiat, 2003). More effective inlet filters tend to 

be expensive and tend to have a higher head loss. Anti-fouling coating is expensive as 

well. Therefore, engine operators look towards compressor cleaning as a mean of 

performance recovery. 

Abrasive Cleaning 

Abrasive cleaning is a method where relatively soft materials such as walnut 

shells, apricot stones, rice husks and spent catalysts are injected into an engine that is 

either idling or operating at a normal speed. These materials crash on to blade surfaces 

and break away the deposits. Despite the effectiveness, abrasive cleaning is seldom used 

since the cleaning materials can lodge themselves within cooling passages, mechanical 

linkages such as bearing housings and cause severe damage to an engine in the long run. 

Additionally, the blade coating may experience erosion thus compromising the base 

metals in addition to increasing surface roughness and losses (Schneider et al., 2010). 
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Compressor Washing 

Compressor washing using de-mineralized water with or without a pH-neutral 

detergent is another method of performance recovery. Compressor washing can be 

performed while an engine is running or when it is shutdown. These two scenarios are 

referred to as online and offline (or crank soak) washing, respectively. 

Online washing is attractive to engine operators since this does not require an 

engine to be shutdown, which, if shutdown, for a heavy frame industrial engine operator 

may cost up to 24 hours in downtime (Boyce, 2002). During online washing, an engine is 

brought down to idling speed as water is sprayed into the front of the engine. It is the first 

few stages of the compressors that are partially cleaned since the water loses sufficient 

momentum as it impacts blade surfaces while traveling into the compressor. Evaporation 

also occurs due to high gas temperatures. Coincidentally, only the first few stages are 

required to be cleaned since they are the most susceptible to fouling (Aker and 

Saravanamuttoo, 1989). Field experience has shown (Kurz, 2005) that water droplets 

carry sufficient inertia to cause water erosion on the blade surfaces of the first stage rotor. 

Therefore, frequent online washing may lead to non-recoverable deterioration. 

Offline washing, or crank soak washing, is referred as such since the compressor 

washing takes place when an engine is shutdown. Here, the engine is rotated by the 

starter system. Once the compressors are rotating at approximately 50% of the starting 

speed, the cleaning solution is injected and the starter system is disengaged. The 

compressor is then allowed to coast to a halt (Boyce, 2002). 
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Figure 2.9 Result of multiple crank soak washes during a single wash cycle [Taylor 

and Gotheridge, 2006] 

Then, the cleaning agent is left to dissolve the contaminants for a few minutes, 

and rinsed away with de-mineralized water. This process is repeated until water leaving 

the engine bares evidence of little or no contaminants (Figure 2.9). 

Since the engine temperatures and spool speeds are low enough to accommodate 

liquids into one or two further downstream stages than the online washing procedure, 

offline washing is more effective than online washing (Boyce [2002], and Saravana-

muttoo et al. [2001]). 

The most effective method of performance recovery after fouling is cleaning by 

hand. This, however, is only possible if the engine casings can be opened. 



3 ENGINE DATA ACQUISITION AND ANALYSIS 

3.1 Introduction 

Amilestone in the development process of any simulation that reflects reality is the 

validation of the simulation using a set of real-life data. To obtain this validation 

data, one must first acquire and analyze raw measurements - a process that eventually 

provides data with an uncertainty margin. If the simulation provides predictions that exist 

within this uncertainty margin, the simulation is said to be validated. 

In this chapter, the source of the validation data for the present study, i.e., three 

industrial RB211 engines, is first discussed along with a brief introduction to this specific 

gas turbine. Next, the data acquisition process, the measurement instrumentation and their 

associated errors are discussed. Finally, a discussion on the data analysis process and the 

methods by which the measurement errors are propagated into the analysis results is 

presented. 
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3.2 The Rolls-Royce Industrial RB211 

3.2.1 Introduction 

The Rolls-Royce industrial RB211 is one of the world's leading aero-derivative 

gas turbines used in the power generation and oil-and-gas compression industries. 

Introduced in 1975, the industrial RB211 traces its roots to the Rolls-Royce 

RB211-22 aero- engine, which is a high-bypass, high-efficiency turbo fan engine 

powering aircraft such as the Lockheed L-1011. The latest industrial RB211 is capable of 

producing up to 33.2 MW of power at 40.5% thermal efficiency (Broomfield, 2007). 

3.2.2 Mechanical Configuration 

The industrial RB211 consists of a two-spool gas generator and a free power 

turbine. The low-pressure turbine of the aero- RB211, which powers the fan, is replaced 

by the free power turbine in the industrial RB211. This free power turbine is used to 

either drive an electrical generator (for power generation) or a compressor (for gas 

compression). 

The low-pressure (LP) compressor consists of seven stages, and the high-pressure 

(HP) compressor has six stages. Both HP and LP turbines consist of a single stage each. 

Depending on the engine variant, the free power turbine has either two or three stages. 

The combustors of the Dry, Low Emission (DLE) variant is comprised of nine 

radial-wise-protruding combustors known as can combustors. These combustors provide 

improved combustion, thus reduce CO and NOx emissions. Additionally, this design 

allows for combustor design modification while maintaining the core engine dimensions 

unchanged. 
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3.3 Overview of Engine Data 

3.3.1 Data Sources 

Data were obtained from three industrial RB211 gas turbines, whose exact variant 

is RB211-24GT DLE RT61 (Figure 3.1). Hereinafter, these three engines are referred to 

as GT1, GT2 and GT3. A dataset for a given engine includes the engine's performance 

when new, and performance spanning for a few thousand hours since new. 

These engines are used for power generation at a highly industrial environment at 

Fafen Energia in Campari, Brazil. As expected (Upton, 1974), heavy performance 

deterioration on the engines were observed from the data. 

3.3.2 Engine Health Monitoring Measurements 

Each production industrial RB211 is equipped with several sensors to measure 

certain engine performance parameters including pressures and temperatures. These 

measurements are used by the engine control system to maintain the engine's operation 

within a pre-specified safety margin. 

If an engine owner has agreed to a Long Term Service Contract, some of the 

measurements used by the engine control system are permanently stored within a 

database at Rolls-Royce's Customer Service Business division. This stored data is 

referred to as engine (or unit) health monitoring data, a typical batch of which contains 

the following performance parameters. 
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Figure 3.1 The Rolls-Royce industrial RB211-24GT DLE RT61 [modified from Broomfield, 2007] 
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Ambient temperature T„ [K] 

Ambient pressure P01 [kPa] 

LP compressor outlet temperature To3 [K] 

LP compressor outlet pressure P03 [kPa] 

HP compressor outlet temperature To4 [K] 

HP compressor outlet pressure^ P„4 [kPa] 

LP turbine outlet temperature T *07 [K] 

Fuel flow rate* mf [kg/sec] 

Engine power output PWR [kW] 

LP spool speed NL [rpm] 

HP spool speed N„ [rpm] 

Fuel composition - [-] 

* the HP compressor outlet pressure is calculated through component-matching 

¥ the fuel flow rate at site is calculated through component-matching 

3.3.3 Data Sampling Frequency 

A dataset for a given site stored under the Long Term Service Contract contains 

numerous data points spanning thousands of hours. Each data point contains the 

previously-mentioned parameters, the values of which are measured on the hour every 

hour. In other words, a dataset for a given site is an hourly log of instantaneous engine 

performance. 
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3.3.4 Measurement Instruments and Associated Errors 

In this section, the instruments used to measure the previously-mentioned 

parameters are discussed. All measurement instruments have been selected by Rolls-

Royce based on cost-effectiveness, durability and feasibility. Furthermore, the 

placements of these instruments within an engine are decided by the engine 

manufacturer, i.e., Rolls-Royce. 

Ambient Temperature, T0i 

A resistive thermal device (RTD) located inside the inlet filter measures the 

ambient temperature, T0l. This sensor is manufactured by Rosemount Inc. (Model 0078), 

and has a temperature cycling uncertainty of ±0.28 °C and a stability of ±0.35 °C over a 

temperature range of -200 to +500 °C. At ISO conditions (similar to that observed at site) 

this device has an accuracy of ±0.18 °C (Rosemount, 2010c). Coupled with the data 

acquisition system uncertainty (arising from signal conditioning) of ±0.125 °C 

(Duminica, 2002) the root sum squared (RSS) uncertainty of T0l increases to ±0.50 °C. 

LP Compressor Outlet Temperature, T„3 

Technical details of the To3 thermocouple are not publicly available. However, 

Rolls-Royce requires an accuracy of ±1.5 °C within an operating range of -50 to +233 °C 

from this thermocouple. According to Boyce (2002), this requirement would suggest a 

copper/constantan thermocouple. With the data acquisition system uncertainty of ±0.75 

°C (Duminica, 2002), the RSS uncertainty of To3 is ±1.68 °C. 
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The To3 thermocouple is located approximately 1.5 chord lengths downstream of 

the stator of the 7th LP compressor stage. Due to the location of this sensor, the possible 

effect of rotor wakes on the measurement was investigated. The data acquisition system 

has a refresh rate of ~20 milliseconds, during which the To3 thermocouple may 

experience at least 30 rotor wakes at design-point rotor speed. Thus, the refresh rate of 

the data acquisition system is unable to capture the full profile of the temperature 

fluctuations due to rotor wakes. Instead, the measured fluctuations contribute to the 

uncertainty of the thermocouple measurements at this location. 

Reynolds et al. (1979), Lakshminarayana and Reynolds (1980), and Sullerey and 

Sayeed Khan (1983) have showed that at this location within a compressor, at least 70% 

of a rotor wake's intensity is diffused due to turbulence, which is expected to reduce the 

magnitude of temperature fluctuations caused by the passing rotor wakes. 

HP Compressor Outlet Temperature, T04 

The instrument uncertainty required by Rolls-Royce for the To4 thermocouple is 

±0.4% of reading between 375 to 600 °C. This translates to an uncertainty range 

increasing from ±1.5 °C at 375 °C to ±2.4 °C at 600 °C. Therefore, at engine design-point, 

the To4 measurement has an estimated instrument uncertainty of ±1.87 °C. After 

accounting for the data acquisition system uncertainty of ±0.75 °C (Duminica, 2002), the 

RSS uncertainty increase to ±2.01 °C. 

Although technical specifications for this thermocouple are publicly unavailable, 

the given required temperature hints at a possible iron/constantan or chromel/constantan 

configuration. Such thermocouples shall have an accuracy of ±1.0 °C (Boyce, 2002). 
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The air used for the To4 measurement is extracted between two combustor 

chambers. The air is then channeled into a flow stagnating device similar to a dashpot, 

where the To4 measurement is taken. Due to flow diffusion that occurs at the HP 

compressor outlet prior to entering the combustors, and the additional diffusion that 

occurs within the flow stagnating device, To4 temperature fluctuations due to rotor wakes 

are expected to be negligible. 

LP Turbine Outlet Temperature, T07 

The To7 thermocouple is required by Rolls-Royce to have an uncertainty of 

±0.4% of reading between 375 and 900 °C. At design-point, this produces an uncertainty 

of ±3.2 °C. Accounting for the data acquisition system uncertainty of ±0.75 °C 

(Duminica, 2002), this uncertainty increases to ±3.3 °C. Since there are 17 To7 

thermocouples, the uncertainty of the overall To7 measurement is reduced to ±0.8 °C with 

the application of the central limits theorem. 

The reason for using 17 thermocouples is that the To7 measurement is the primary 

power-setting parameter, i.e., the 'run to' parameter, in an industrial RB211. This renders 

To7 a critical measurement, thus requires multiple redundancies and a low measurement 

uncertainty to ensure safe engine operation. 

Considering the operating environment and the required operating range, the 

thermocouple would be of a chromel/constantan type (Boyce, 2002). 

With the data acquisition system refresh period of ~20 milliseconds, a single To7 

thermocouple would experience at least 4 rotor wakes, thus is unable to capture the full 
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temperature fluctuations of the LP turbine rotor wakes. The averaging of the 

thermocouples would further filter out any fluctuations in the thermocouple readings due 

to wake passing. 

Ambient Pressure, P0i 

The ambient pressure, P0l, is measured by a Rosemount pressure gauge (Model 

3051 CA1A). This instrument has an uncertainty of ±0.310 kPa (Rosemount, 2010b), 

which increases to (RSS) ±0.326 kPa once coupled with the data acquisition system error 

of ±0.1 kPa. This measurement is taken outside the engine housing. Since ambient 

pressure variation is a quiescent process, this uncertainty can be further reduced by data 

averaging. 

LP Compressor Outlet Pressure, P03 

The LP compressor outlet pressure, Po3, is measured by a Rosemount pressure 

gauge (Model 3051 PG4A), which has an uncertainty of ±2.9 kPa (Rosemount, 2010a). 

With the data acquisition system error (±0.3 kPa), the RSS uncertainty of the Po3 

measurement increases to ±2.91 kPa (Duminica, 2002). 

Po3 is measured through a static port located approximately 1.5 chord lengths 

downstream of the stators of the 7th stage of the LP compressor, and is converted to a 

total pressure by the engine control system using the LP and HP compressor operating 

points. Reynolds et al. (1979), Lakshminarayana and Reynolds (1980), and Sullerey and 

Sayeed Khan (1983) noted that due to the turbulent boundary layer at the annulus walls, 

blade wakes have negligible effect on the flow profiles within this region. Therefore, the 
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effects of blade wake passing on the Po3 measurement can be considered to be negligible. 

Low- and High-Pressure Spool Speeds, NL and NH 

The low- and high-pressure spool speeds, NL and NH, respectively, are 

measured by magnetic pulse detectors manufactured by Smiths Aerospace (Model 3602 

KGB/1). The speed measurements have an overall uncertainty of ±0.5 rpm. 

Nl and Nh are measured by 3 and 2 speed transducers, respectively. These are 

critical measurements in an industrial RB211 since they are used to perform component 

matching by the engine control system. Therefore, the usage of multiple instruments is 

justified. The NL and NH measurements are the most accurate measurements taken of 

an industrial RB211 as they have uncertainties less than ±0.01% of the measured value. 

Fuel Composition 

The fuel composition is measured by a Daniel Measurement gas chromatograph 

(Model 500/2350). This measures the mole fraction of the fuel with an overall uncertainty 

of ±0.025 mole fractions. This chromatograph requires four minutes to complete 

analyzing a fuel sample (Daniel Measurements, 2010). 

To determine the effect of the individual uncertainties of each measured 

compound (i.e., CH4, C2H6, etc.) on the lower heating value of the fuel, a collective 

perturbation was performed rather than sequential perturbation. This was accomplished 

by running a Monte Carlo simulation, and is discussed further in Appendix A. The 

simulation algorithm is available in Appendix D. 1. The lower heating value thus has an 

uncertainty of ±43.6 kJ/kg, which is approximately ±0.1% of the typical observed value. 
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3.4 Field Data Analysis Process 

3.4.1 Pre-Processing of Field Data 

The data acquisition system records engine performance measurements regardless 

of an engine's operating status. As a result, the site datasets contained measurements 

taken while the engine was either shutdown or idling. 

Occasional lapses in the functionality of the measurement instrumentation or that 

of the data acquisition system were also observed. In such a situation, a reading of -5555 

was registered in the allocated space within the dataset. 

Therefore, a simple data conditioning was performed by discarding data points for 

which: 

- the LP turbine outlet temperature, To7, dropped below 830 K, 

- the LP spool speed, NL, dropped below 5000 rpm, and, 

- a -5555 reading was registered. 

3.4.2 T07 Bias Error Correction 

In an ideal industrial RB211, the combustor-discharge gases and the combustor-

bypass gases would fully mix to provide a uniform temperature profile across the annulus 

at the LP turbine outlet. In other words, all 17 To7 measurements would indicate the same 

temperature. 

In reality, however, full mixing of hot and cold gases is rarely achieved. This 

creates a non-uniform temperature profile at the LP turbine outlet. This results in a few 

thermocouples indicating 'hot spots' and a few indicating 'cold spots' (Figure 3.2). 
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Outliers, i.e., thermocouples indicating extremely high or low temperatures, are 

excluded from the dataset. These are detected by the industrial RB211's engine control 

system, which simply discards them while averaging the temperature readings of the 

remaining thermocouples. Gulen et al. (2000) have followed a similar technique when 

conducting real-time performance diagnostics on General Electric PG7121EA engines. 

Prior to delivery to a customer, each industrial RB211 is put through a pass-off 

performance test, during which the theoretical and the measured To7 values are 

compared. The difference between these two values is considered as the To7 bias error 

resulting from the outlier elimination and thermocouple position error. The theoretical 

To7 is calculated using component-matching, for which the measured values of the fuel 

flow rate (only available during the pass-off test) and fuel heating value are used. 

Saravanamuttoo et al. [2001], and Walsh and Fletcher [2001] present further details. 

At different power settings, the amount of mixing between the hot and cold gases, 

as well as the difference between the temperatures of the hot and cold gases varies 

(Figure 3.2). As a result, the To7 bias error is found to vary with the power setting as 

well. 

At low power settings, the error is at its minimum. The error is found to 

asymptotically reach a maximum with increasing engine power setting. It is observed that 

approximately above 70% of design-point power setting, the To7 bias ceases to 

noticeably change, thus is able to be approximated as constant. Since the engines 

considered here operate above the 70% power limit, their respective To7 biases were 

simply added to their measured To7 values, thereby compensating for the To7 bias error. 
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3.4.3 Instrument Calibration Error Correction 

Upon reviewing Rolls-Royce practices, it was learned that an engine does not 

undergo a calibration once delivered to a customer so that any site-specific factors 

influencing the performance of the engine can be accounted for in the processing of the 

measurements. This was found to produce faulty analysis results in the form of increasing 

engine performance with time. Therefore, an a posteriori instrument calibration was 

conducted where the calibration error was minimized by utilizing bias factors (developed 

by Rolls-Royce) and experience of the author and Rolls-Royce engineers (Drosg, 2007). 

This calibration method revolved around two guidelines described as follows. Figure 3.3 

contains a visualization aid. 

- the best engine performance with non-recoverable deterioration at site must be 

less than or equal to the engine performance during the pass-off test 

o this ensures that when a proper instrument calibration is applied, the 

engine performance at site will be less than that at pass-off test 

- the deterioration trend for a performance variable at site (say, for example, the 

HP compressor efficiency) can be back-extrapolated to zero operating hours. 

The back-extrapolated value of this performance variable must be the same as 

that variable's magnitude during the pass-off test 

o this is applicable for datasets that begin after a several hundred or 

more operating hours since the pass-off test, i.e., since new. The shape 

of the extrapolated trend was determined based on experience with 
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Figure 3.3 Instrument calibration process 

support from literature by Gulen et al. (2000), Kurz and Brun (2001), 

Veer et al. (2004), and Schneider et al. (2010). 

The calibration process involved applying correction factors to the LP and HP 

compressor outlet pressures and temperatures, and the estimated fuel flow rate. These 

correction factors were found iteratively using a Rolls-Royce developed software. 
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3.4.4 Field Dataset Analysis 

The field datasets were analyzed using a Rolls-Royce-developed proprietary non

linear gas path analysis software. The basic theory on which this software operates was 

presented in Section 2.2.3. 

Through trial and error and using the work of Ogaji et al. (2002) as a guide, the 

following variables were chosen to be the outputs of the analysis process since they were 

found to best represent the overall status of engine health. 

LP compressor efficiency t|LPC 

HP compressor efficiency r)HPC 

HP turbine efficiency r|HPT 

LP turbine efficiency r|LPT 

Power turbine efficiency r| p,. 

LP compressor capacity rLPC 

HP compressor capacity ruPC 

Core bleed flow (5 

Here, the core bleed flow, p, is the sum of the bleed and the leakage flows within 

the core of the engine. Compressor capacity, T, is simply the corrected mass flow rate of 

a compressor, non-dimensionalized with respect to its design-point value. 

The engine measurements mentioned in Section 3.3.2 were used as inputs to 

obtain the above-mentioned variables. 
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3.4.5 Processing of the Analysis Results 

In this step, the recoverable and non-recoverable deterioration data were 

separated. The purpose of this action was to extract the recoverable deterioration profiles 

of the analysis results. This was accomplished by expressing a given analysis result, 

denoted by Qsite, as a function of total engine operating hours, OPHRS, and hours since 

last wash, WSHRS . Specifically, 

n*. = (WSHRS )x Knonrec (OPHRS ) ̂  ̂  nominal 3.4.1 

where K^. (WSHRS ) is the recoverable deterioration factor, Knonrec (OPHRS ) is the 

non-recoverable deterioration factor, and is the nominal magnitude (value when 

new) of the analysis result at the given power setting. 

Each of the recoverable deterioration factors, Krec(WSHRS), were then 

initialized to their prevailing values at the beginning of their respective wash cycles, 

thereby eliminating the need to incorporate K(OPHRS) in the remaining 

calculations. 

The deterioration factor for, say, LP compressor efficiency is calculated by first 

initializing the LP compressor efficiency at a given operating hour (OPHRS) by its 

nominal efficiency. This factor contains both the recoverable and non-recoverable 

deterioration factors. Since the number of hours since the last compressor wash 

(WSHRS) is known from the engine maintenance log, and the trend of the non-

recoverable deterioration factor is known from the saw-tooth profile (Figure 2.8) of the 

complete initialized LP compressor efficiency data, Krec( WSHRS) and 
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K nonrec (OPHRS) can therefore be separated. The same procedure is followed for the 

remaining variables mentioned in Section 3.4.4. 

At the end of this process, several initialized recoverable deterioration curves 

would be obtained for a given variable, say, LP compressor efficiency, where each of 

these curves represents a tooth in the saw-tooth profile (Figure 2.8). These curves are 

then arithmetically-averaged, of which the moving average is found, the process of which 

is described in detail in Appendix B. The final result was found to be well represented by 

the following function. 

Kj a v e r a g e  =-a( l -e- b , )+c  3.4 .2  

This function is suggested by Tarabrin et al. (1998). Here, a is the convergence 

value, b is the convergence delay factor, and c is the initial value, i.e., the value when 

time, t, is zero. 

3.4.6 Error Propagation 

The measurement uncertainties were found to propagate to the processed analysis 

results in three stages (Figure 3.4). 

The first stage of error propagation was from the measurement uncertainties to the 

analysis results prior to processing. Since at this stage, the analysis results are in their 

unprocessed form, their uncertainties are referred to as raw uncertainties. These 

uncertainties were calculated through a sensitivity analysis, the method of which is 

described in Appendix C. 
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Figure 3.4 Illustration of the error propagation process 
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The raw uncertainties were then propagated into the semi-processed analysis 

results which are the arithmetic average of the recoverable deterioration profiles 

(Appendix B). These uncertainties are referred to as intermediate uncertainties. 

Finally, moving averages were taken of the arithmetic-averaged deterioration 

profiles. Here, the intermediate uncertainties were first weighted-averaged, and were then 

applied the central limits theorem (Appendix B). These final uncertainties are referred to 

as evolved uncertainties. 

Appendix C.13 contains the processed recoverable deterioration profiles of the 

analysis results, as well as the raw and evolved uncertainties. 



4 GAS TURBINE OFF-DESIGN PERFORMANCE 
PREDICTION USING GASDYNAMICS 
RELATIONSHIPS 

4.1 Introduction 

AS can be recalled from the literature review in Chapter 2, exotic methods such as 

artificial neural networks and fuzzy logic systems can be used to predict gas 

turbine off-design performance. However, if one were to step back from these relatively 

complex approaches, it can be seen without difficulty that fundamental laws of physics 

that govern everyday life can be manipulated to provide the most simple, yet elegant, 

solutions to problems that otherwise may seen unconquerable. 

In this chapter, such a method for predicting gas turbine off-design performance is 

presented. An introduction to this method, hereinafter referred to as the core control 

method, is first presented. Then, the application of the core control method for a single-

spool turbojet, and a multi-spool gas turbine is discussed. Simulation of bleed flows, 

independent spool coupling, and gas turbine performance deterioration is also discussed. 
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4.2 An Introduction to the Core Control Method 

Wittenberg (1976a) first showed that to predict the off-design performance of a 

gas turbine, one requires neither compressor nor turbine characteristics, but only the 

engine design-point performance and a few well-placed assumptions. Based on his 

research (Section 2.2.8), Wittenberg showed that the polytropic efficiencies of typical gas 

turbine compressors remain fairly constant over a large operating range. Saravanamuttoo 

(1968) has shown earlier that with a small error, the polytropic efficiency of a turbine can 

also be assumed to be constant. 

Wittenberg applied his method to a Rolls-Royce Viper Mark 521, which is a 

single-spool turbojet, where he assumed that the turbine remained choked throughout the 

turbojet's operating range. In reality, the turbine of the Viper becomes unchoked at low 

power settings. This produced a noticeable error between the actual and predicted off-

design performance at low power levels. Additionally, a handling bleed flow was 

activated on the Viper at low power settings, which was unaccounted for by Wittenberg. 

This further contributed to the prediction error. 

Wittenberg also simulated the off-design performance of a Rolls-Royce RB211 -

22 - a three-spool turbofan where he combined the HP and IP (intermediate-pressure) 

spools to obtain an imaginary HP-IP-equivalent spool. Then, the HP-IP-equivalent 

turbine was assumed to remain choked throughout the turbofan's operating range. 

The RB211-22, however, has an unchoked hot exhaust nozzle at design-point 

operation, which increased the likelihood of the LP and the IP turbines becoming 

unchoked at mid-level power settings, during which Wittenberg's HP-IP-equivalent spool 

assumption would be invalid. 
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This was proven when the predicted and actual RB211-22 performance deviated 

for mid- to low-power levels. Therefore, it was decided that Wittenberg's method lacks 

the resolution to capture detailed gas turbine performance phenomena. This led to the 

development of the core control method. 

When visualizing the behaviour of a gas turbine, it was apparent that its 

performance depends solely on a single independent parameter which has the power to 

control the operating point of every compressor and turbine within the engine. In other 

words, this parameter was found to be in control of the energy input to the gas turbine. 

This input energy was then observed to be absorbed by each spool in succession, 

starting with the innermost spool, thereby setting an equilibrium operating point for each 

spool. As a result, a unique equilibrium operating point for the entire gas turbine was 

found to be present for a given amount of energy input. Since the source of this energy 

must originate within the core of the engine, this method was thus referred to as the core 

control method. 

The core control method operates on similar principles as Wittenberg's method. 

However, it regards each spool in a multi-spool gas turbine as a separate entity, thus 

encouraging behaviour similar to that observed in a real gas turbine. 

In the proceeding discussions, the core control method, in its simplest form, is 

first applied to a single-spool turbojet. The discussion then progresses to simulating 

advanced gas turbine flow phenomena such as bleed flows. Subsequently, off-design 

performance prediction for a multi-spool gas turbine is discussed, followed by the 

presentation of an approach which allows deteriorated off-design performance to be 

predicted. 
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4.3 Single-Spool Turbojet 

Figure 4.1 illustrates a schematic of a single-spool turbojet. Performing a work 

balance between the compressor and the turbine, it can be shown that, 

where ma is the engine inlet air mass flow rate, r|m is the spool mechanical efficiency, 

c^ and cpg are the specific heats for air and exhaust gas, respectively, and mg is the 

exhaust gas mass flow rate, where, 

with mf being the fuel mass flow rate. 

Since the typical fuel flow rate, mf, is approximately two orders of magnitude 

less than that of the inlet air flow rate, ma, mg can therefore be approximated by rha 

(Wittenberg [1976a], Saravanamuttoo et al. [2001], and Walsh and Fletcher [2001]). This 

allows Equation 4.3.1 to be rearranged as, 

Cp, ( TO3 - To2 ) = Tim mg cpg (TO4 - TO5) 4.3.1 

m g  =m a  +m 4.3.2 

TQ3 | _ ^n^pg To4 J _ To5 4.3.3 
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Figure 4.1 Single-spool turbojet [modified from Wittenberg, 1976a] 
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T 
1 ^ 

T l_ io^  
4.3.4 

°4 J des 

where <|) is the spool temperature ratio, i.e., the core control parameter, and, 

o4 

T 
4.3.5 

lo4 

l o2 J des 

where, <{> represents the temperature rise through the spool, which is a representation of 

the energy input to the turbojet. 
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Figure 4.2 Matching of the turbine and the exhaust nozzle for a single-spool turbojet 

[modified from Saravanamuttoo et al, 20010] 

Then, to predict the off-design performance of the turbojet, only the correct 

T T 
turbine temperature ratio, —— for a given <j) needs to be known. This —— can be found 

^o4 ^o4 

by determining the operating points of the turbine and the exhaust nozzle using 

gasdynamics relationships, i.e., component-matching of the turbine and the exhaust 

nozzle. 

4.3.1 Matching of the Turbine and the Exhaust Nozzle 

The matching of the turbine and the exhaust nozzle is illustrated in Figure 4.2. 

This shows three possible operating conditions for the turbine and the nozzle, namely, 

choked turbine-choked propelling nozzle, choked turbine-unchoked propelling nozzle, 

and unchoked turbine-unchoked propelling nozzle. Here, choking refers to a sonic throat 

(Saravanamuttoo et al. [2001], and White [2003]). 
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When the propelling nozzle is choked (A), a unique condition exists since the 

P T 
turbine pressure ratio, ——, thus the turbine temperature ratio, ——, are fixed at their 

^o5 To5 

respective design-point values along with the turbine corrected mass flow rate, 

m g"/^o4 

1 o4 

. Here, 

o4 

o5 

(J ^ 
o4 

T v os y 
4.3.6 

For the choked turbine-unchoked propelling nozzle condition (B), only 

remains at its design-point value. Although the turbine is still choked, due to the 

p 
unchoked propelling nozzle, its operating point is no longer fixed. Hence, —— exists 

^05 

within the region bounded by the critical pressure ratio, o4 

°5 J 

, and the design pressure 

ratio, 
k o4 

k o5 J 

. The operating point of the propelling nozzle is dependent on —^, and its 
des ' o5 

m J To5 
corrected mass flow rate, —- is governed by the converging nozzle equation. 

' o5 

Lastly, when the turbine is unchoked (C), — — is determined by the 
1 o4 

converging nozzle equation, which depends on ——. Once the operating point of the 
' o5 
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turbine is determined, the operating point of the propelling nozzle can be found through 

turbine-nozzle flow compatibility. 

Based on this turbine-nozzle matching behaviour, a solution process to determine 

the equilibrium operating point of the turbojet for a given <j) was developed (Figure 4.3). 

Here, for a given core control parameter, an operating point of the turbine is 

initially assumed, using which the operating point of the propelling nozzle can be found 

through flow compatibility and the compressor operating point through Equation 4.3.4. 

With the operating points of the turbine and the propelling nozzle known, the 

pressure drop through these components can also be found, which must be the same as 

the pressure rise through the compressor. Else, the operating point of the turbine is 

iteratively found until the said pressure drop and pressure rise converge. 

Upon convergence, the available information can be used to determine the 

compressor corrected mass flow rate using, 

m o2 

L o 2  1 o2 

o4 

• o3 

1 o2 

des I^gV'^o4 

o4 

o n 4.3.7 

' des 
o2 J des 

Here, the combustor pressure ratio, —can be assumed to be constant as per 
^05 

Saravanamuttoo et al. (2001), and Walsh and Fletcher (2001). 

With the compressor pressure ratio and its corresponding compressor corrected 

mass flow rate found, the compressor operating line can be obtained. 
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4.3.2 Off-Design Performance Prediction 

To predict the off-design performance of a single-spool turbojet, the procedure 

highlighted in Figure 4.3 can be repeated for different values of the core control 

parameter. Appendix D.l contains a more detailed discussion on the solution process. 

This, in essence, is the core control method. 

Although the solution process highlighted by Figure 4.3 can adequately predict 

the off-design performance of a single-spool turbojet, it still requires further 

modifications to simulate the effects of bleed flows on overall engine performance. 
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4.4 Simulating the Effect of Bleed Flows 

4.4.1 Handling Bleeds vs. Cooling Bleeds 

There are two types of bleed flows in a gas turbine, namely, handling bleeds and 

cooling bleeds (Saravanamuttoo et al. [2001], Walsh and Fletcher [2001]). 

The purpose of a handling bleed is to prevent a compressor from surging either at 

low power settings and/or during a transient maneuver. In such scenarios, a compressor's 

operating point moves towards the surge line (Figure 4.4). If countermeasures are not 

taken, the compressor may surge, potentially severely damaging an engine (Saravana

muttoo et al., 2001) 

There are two types of handling bleeds. One involves bleed extraction within 

compressor stages, and the other involves bleed extraction from the compressor outlet. 

The former moves the surge line away from the compressor operating point, thus alters 

the compressor characteristics. The latter moves the compressor operating point away 

from the surge line. Both types of handling bleeds increase the surge margin (i.e., the 

separation between the surge line and the compressor running line), thus prevent surging. 

The selection of one type of handling bleed over another requires detailed feasibility 

analysis (Walsh and Fletcher, 2001). 

A typical handling bleed valve begins to open at a given compressor corrected 

speed and linearly increases the bleed flow rate to a maximum at a lower corrected 

compressor speed (Figure 4.5). In this study, only linear handling bleed extraction from 

the compressor outlet is considered. 
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Thermodynamically, cooling bleeds and handling bleeds are indistinguishable. 

However, unlike handling bleeds, cooling bleed passages are fully open throughout all 

compressor corrected speeds. Cooling bleeds are used for protecting turbine blades from 

hot combustor exhaust gases. 

In some advanced engines, bleeds are extracted within, or at the outlet of, 

compressors, where the extracted flow is rerouted to the engine inlet as a technique of 

inlet flow control. Such bleed flows are not considered in this study. 

This leads to the discussion on the thermodynamical aspect of bleed extraction. 

4.4.2 Effect of Bleed Extraction on Engine Performance 

When bleed is extracted from the compressor-delivered flow, the flow slightly 

expands thus reducing the compressor outlet pressure, Po3. This results in a reduction in 

p 
the compressor pressure ratio, ——. Since the compressor corrected mass flow rate, 

P<>2 

rn  IT  
————, is expressed with respect to the compressor inlet conditions, this parameter is 

P<>2 

unaffected by bleed extraction. 

Apart from the decrease in the compressor pressure rise, the most noticeable 

effect of bleed extraction is the increase in the engine fuel-to-air ratio, f, when the fuel 

flow rate, mf, is held constant. This happens since, 

f = El. 
(1-P) ma  

4.4.1 
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where P is the bleed flow coefficient, and, 

where mp is the bleed mass flow rate. 

Disregarding this fuel-to-air ratio increase causes a noticeable discrepancy 

between the actual and predicted turbine inlet temperature values at low power levels, 

which may result in an erroneous estimation of the fuel consumption. 

Although this may not be of much interest to land-based engine simulation, it may 

be of great interest to aero- engine simulation since such an engine may, at times, spend 

many hours either idling (while taxiing and delays) and at very low power settings (while 

on descent). 

Figure 4.6 shows a detailed drawing of the bleed extraction system for a single-

spool turbojet. As a result of bleed extraction, mp, the compressor delivery mass flow 

rate, m'3, compressor outlet pressure, P„3, and the compressor exit temperature, T^3, 

change to m3, Po3, and To3, respectively, downstream of the bleed valve. 

Without bleed extraction, the compressor outlet pressure and temperature (P„3 

and T^3), and the pressure and temperature downstream of the bleed valve are the same. 

With bleed extraction, the compressor outlet pressure and temperature remains 

unchanged, although the pressure and temperature downstream of the bleed valve may 

vary. 
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Habitually, it is the pressure downstream of the bleed valve that is used to express 

the compressor pressure ratio (Figure 4.6). This is the reason behind the visible difference 

between the compressor running lines once a handling bleed valve is activated (Figure 

4.4). 

Owing to the diffusion caused by bleed extraction, the compressor delivery flow 

speed decreases, thereby increasing the static temperature. Therefore, the flow Mach 

number downstream of the handling bleed valve, M3, will be less than that of the 

upstream Mach number, M'3. Therefore, one can not assume constant flow conditions 

before and after the bleed valve, but requires solving for the relevant variables iteratively, 

the procedure for which is discussed in Appendix D.4. 

With the theory of the core control method thus discussed, it is next applied to a 

multi-spool gas turbine. 
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4.5 Two-Spool Gas Generator with a Free Power Turbine 

Here, the core control method is applied to a two-spool gas generator with a free 

power turbine. This multi-spool gas turbine is of the same configuration as the industrial 

RB211. 

Since the power turbine is a free power turbine, i.e., it is not mechanically linked 

to the gas generator, the power turbine can be replaced by a power-turbine-equivalent 

converging nozzle. This effectively converts this gas turbine into a two-spool turbojet. 

In other words, the exact gasdynamics principles that are applicable to a two-

spool gas generator with a free power turbine are applicable to a two-spool turbojet as 

well (Figure 4.7). 

Here, two work balance equations must be used since two spools are present. 

Based on the principles of the core control method, derivations from these two equations 

must depend on a single parameter, i.e., the core control parameter. 

For the HP spool, the work balance equation gives, 

(To4 -To3) = rimm5cpg(To5 -To6) 4.5.1 

where m3 is the HP compressor inlet mass flow rate and m5 is the HP turbine inlet mass 

flow rate. 

Applying the same procedure as for the single-spool turbojet, the ratio ** ms 

Cpa m3 

is assumed to remain approximately constant for all operating conditions. 
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Then, Equation 4.5.1 can be rewritten as, 

o4 

o3 

= ! + <• 
HP 

o4 

lo3 J des 

06 

o5 

i 
T05 J 

4.5.2 

des 

where <t>HP is the core control parameter (also the HP spool temperature ratio) defined as, 

o5 

o5 

o3 J 

4.5.3 

Similarly, the work balance of the LP spool, 

«2 Cpa (TO3-TO2) = Tlm NI6 CPG (TO6 -TO7) m 4.5.4 

where m2 is the LP compressor inlet mass flow rate and m6 is the LP turbine inlet mass 

flow rate, which can then be rewritten with respect to <|)Hp as, 

o3 

o2 
l-(|> HP 

T 
i 

T o3 y des 

06 

1 o5 

T 
1 —— 

06 

06 T 
1 — 

°5 / des 06/ des 

4.5.5 
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Therefore, Equation 4.5.2 and Equation 4.5.5 can be used to predict the off-design 

performance of the gas turbine of interest, where only the HP turbine temperature ratio, 

T T 
——, and the LP turbine temperature ratio, —^, are needed for a given (j>HP . These two 
T<>5 TO6 

unknowns can be found through flow compatibility between the HP, LP and free power 

turbines (or the power-turbine-equivalent converging nozzle). 

4.5.1 Matching of the HP, LP and Free Power Turbines 

For a two-spool gas generator with a free power turbine, there are four possible 

conditions in which the turbines may operate. Shown in Figure 4.8, these operating 

conditions are as follows: choked free power turbine; choked HP and LP turbine with 

unchoked free power turbine; choked HP turbine with unchoked LP and free power 

turbines; and unchoked HP, LP and free power turbines. 

When the free power turbine is choked (A), both HP and LP turbines are choked 

by default. Since the sonic throat of the free power turbine insulates the HP and LP 

turbines from external disturbances, the HP and LP turbines operate at a fixed condition 

(i.e., their respective design-point conditions). Therefore, the pressure and temperature 

ratios and the corrected mass flow rates of the HP and LP turbine will remain fixed at 

their design-point values. 

At a lower power level, the free power turbine will become unchoked while the 

HP and LP turbines still remain choked (B). Here, the operating point of the LP turbine is 

lower than the design-point, yet is greater than or equal to its critical operating point, 

which is the condition when the LP turbine becomes choked. Shielded by the LP 

turbine's sonic throat, the HP turbine continues to operate at its (choked) design-point. 
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Further lowering the power level shall see the LP turbine becoming unchoked 

while the HP turbine still remains choked between the design and critical operating points 

(C). At the lowest power settings, the HP turbine will become unchoked (D). 

4.5.2 Off-Design Performance Prediction 

Here, the objective is to find the HP and LP turbine temperature ratios that 

corresponds to a given (j^ . A flowchart for this solution process is presented in Figure 

Here, for a given core control parameter, the operating point of the HP turbine is 

initially assumed, using which the operating point of the LP turbine and the power 

turbine (or the power turbine-equivalent converging nozzle) can be calculated through 

flow compatibility, the HP compressor operating point through Equation 4.5.2, and the 

LP compressor operating point through Equation 4.5.5. 

With the operating points of the turbines (or turbines and converging nozzle) now 

known, their total pressure drop can be then calculated, which must correspond to the 

pressure rise through the LP and HP compressors. Else, the operating point of the HP 

turbine is iteratively found until convergence is met. Appendix D.2 includes fiirther 

discussion on the solution process. 

Upon convergence, the HP compressor corrected mass flow rate can be found by, 

4.9. 

P04 

4.5.6 
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and the LP compressor corrected mass flow rate by, 

_^ a 2yj r ^o2 

riW1.* P„3 

P03 Po2 

T 1 o3 

T02J des 

P<>2 P<>2 y 

Po3 J des P°2' des ^ 

T„3 

to2 

With the LP and HP compressor pressure ratios and their corresponding corrected 

mass flow rates known, the compressor running lines can be thus obtained. 

Additionally, aerodynamic coupling of the LP and HP spools can also be obtained 

using, 

o3 

<I»U> =<1>1 HP 

06 

o5 J 

o3 

des °2 / des 

4.5.8 

where <t>LP is the LP spool temperature ratio. 

Aerodynamic coupling, in simplest terms, refers to the equilibrium operating 

point of the LP spool that corresponds to a given equilibrium operating point of the HP 

spool. In conventional off-design performance prediction methods, this would require 

compressor and turbine characteristics, spool moments of inertia, etc., whereas in core 

control method, one only requires to expand Equation 4.5.4. Further details are presented 

in Appendix D.3. 

Next, the method by which deteriorated engine performance can be simulated is 

discussed. 
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4.6 Deteriorated Engine Performance Prediction 

An advantage of the core control method is that it only utilizes pressure and 

temperature ratios, and corrected mass flow rates during the solution process. Therefore, 

only the efficiency drop due to deterioration needs to be implemented during the solution 

process, where the drop in flow capacities can be calculated a posteriori. 

The LP compressor pressure ratio change due to recoverable deterioration can be 

predicted by, 

where K^. n„LPC is the LP compressor polytropic efficiency recoverable deterioration 

factor and ri^pc is the LP compressor design-point polytropic efficiency. 

Similarly, the change in HP compressor pressure ratio due to recoverable 

deterioration can be predicted by, 

where KTO noolIPC is the HP compressor polytropic efficiency recoverable deterioration 

factor and TLhpc is the HP compressor design-point polytropic efficiency. 

The drop in LP compressor flow capacity due to recoverable deterioration can be 

represented by ArLPC. Then, the effect of recoverable deterioration on the LP compressor 

4.6.1 

\K-rec_n~HPC • 

o3 \ o3 J 

4.6.2 
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corrected mass flow rate can be predicted by, 

Po4 Po3 
\ 

T, 
°2 J des 

4.6.3 

The effect of recoverable deterioration on the HP compressor corrected mass flow 

rate is determined by, 

In an industrial RB211, non-recoverable deterioration typically causes up to 2% 

drop in compressor and turbine polytropic efficiencies over 25,000 operating hours. Since 

the GT1, GT2 and GT3 datasets only span to approximately 7,000 operating hours since 

new, the drops observed in compressor and turbine efficiencies were within the 

measurement uncertainty margin. 

4.6.4 



81 

4.7 Simulating Performance Limiters 

Performance limiters are installed on gas turbines to protect against extreme 

aerodynamical, mechanical and thermal stresses. Handling bleeds, discussed earlier, are 

such a limiter. Typical engine control systems use spool speeds and compressor and/or 

turbine outlet temperatures as performance limiters as well. The limiters concatenate to 

produce the typical gas turbine operating limits as shown in Figure 4.10. 

Usually, the limiting temperature is monitored at the gas generator (or gas 

turbine) outlet for a land-based gas turbine, and at the jet pipe outlet for an aero- gas 

turbine. In the core control method, these performance limiters can be implemented as 

follows. 

4.7.1 Simulating the Temperature Limiter 

J J J J 
During the solution process, each iteration produces ——, ——, ——, —— and 

T T T T xo2 aO3 06 O7 

T 
—— for a given <))Hp. With To2 known, the following values can then be calculated. 

4.7.1 

T . s = * „ ^ |  T ,  
Jdes 

4.7.2 

4.7.3 
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Figure 4.10 Typical operating limits for a gas turbine 

I f  TO7 >To 7 )  ̂ ,  w h e r e  i s  t h e  m a x i m u m  a l l o w e d  g a s  g e n e r a t o r  e x h a u s t  

temperature, the effect of the temperature limiter can be propagated through the gas 

turbine by setting TO7 = TO7) ^, and, 

T ) =T ) 
06 / max o7 / 1 

T ) =T ^ 
o5 / max 06 / r 

06 

Lo7 

o5 

06 

T.,) 
Tj, 

o3 / max ^ 

o3 /des 

4.7.5 

4.7.6 

4.7.7 
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T A 
o3 

T 02 y 

T ) 
o3 / max 

4.7.8 
T o2 

This new LP compressor temperature ratio can then be used in place of the 

original LP compressor temperature ratio, thereby forcing the solution process to 

converge to an equilibrium operating point that guarantees To7) ̂  is not exceeded. 

4.7.2 Simulating the Speed Limiter 

Here, the spool speed cannot be used since the core control method does not use 

this parameter in the solution process. However, since the gas turbine power output is 

proportional to the spool speed, it can be used as a substitute. 

Continuing from the temperature limiter calculations, the pressures across the gas 

turbine can be calculated from basic gas turbine performance equations such as Equation 

2.2.13 and Equation 4.3.6 for each iteration (refer Appendix D.2 for further details), 

using which the gas turbine exhaust temperature, Tog, can be found. Then, with the gas 

turbine inlet mass flow rate, m2, found by Equation 4.6.3, the gas turbine power output, 

PWR , can be determined by, 

PWR = m2 cre ( TO7 - To8 ) 4.7.9 

If the power output exceeds the limit, PWR ^, then <(>„, can be iteratively 

reduced until the condition PWR < PWR mi is met. max 

With the theory of the core control method thus discussed, it is validated in the 

next chapter. 



5 VALIDATION AND DISCUSSIONS 

5.1 Introduction 

ATTESTATION of the core control method is the purpose of this chapter. First, as a 

proof of concept, the core control method's ability to predict the off-design 

performance of a simple single-spool turbojet is validated. 

The performance of this turbojet, a Rolls-Royce Viper Mark 521, is compared 

with the predicted performance for both varying and constant component polytropic 

efficiencies. 

Next, the core control method is applied to predict the off-design performance of 

three multi-spool gas turbines, the configuration of which is that of the industrial RB211. 

Here, the off-design performance of the three industrial RB211s at pass-off is first 

compared with the performance predicted by the core control method. Next, the core 

control method's ability to predict deteriorated off-design performance is validated. 

84 
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5.2 Single-Spool Turbojet 

The performance of a Viper Mark 521 manufactured by Bristol Siddeley, which 

was later acquired by Rolls-Royce pic., is used for validation. The Viper Mark 521 is an 

uprating of the Mark 520, and is designed to produce 13.9 kN of thrust at ISA sea level 

static conditions. With production dating back to 1951, this non-afterburning turbojet is 

used in light tactical aircraft such as the Hawker Siddeley HS 125 and BAC Provost, and 

is comparable to the General Electric J85 (Bristol Siddeley, 1964). 

The following design-point performance data of this engine are obtained from 

Bristol Siddeley (1964). 

Compressor inlet temperature, To2 288 K 

Compressor inlet pressure, Po2 101.325 kPa 

Compressor pressure ratio, — 
^o2 

5.25 

Compressor delivery temperature, To3 

Turbine inlet temperature, To4 

Jet pipe temperature, To5 

, • • PoS 
Jet pipe pressure ratio, —— 

489.6 K 

2.02 

948 K 

1152 K 

Compressor polytropic efficiency, t|„ 

Turbine polytropic efficiency, T] 

Spool mechanical efficiency, r|m 

Combustion efficiency, t|B 

Nozzle efficiency, 

0.893* 

0.844* 

0.99* 

0.999* 

0.95* 



Combustion pressure loss, APb % 

m 2 J T , 
Compressor corrected mass flow rate, 

o2 

Referred fuel flow rate, 
mf 

o2 

Turbine corrected mass flow rate, 4 4 

L o4 

m5 J T 5 
Nozzle corrected mass flow rate, 

k o5 

Assuming choked conditions at design-point, 

Turbine inlet area* A4 

Nozzle area, A6 

86 

3.0%f 

3.8958 
kgVK 

kPa • sec 

2.3398x10" 

1.5565 

kg 

kPa • VK •sec 

kgVK 

kPa • sec 

3.5597 
kgVK 

kPa • sec 

0.039183 m2 

0.088619 m2 

Note: ¥ refer to calculated values;f refer to assumed values. 

Note: The compressor and turbine efficiencies are calculated from engine data 

To improve engine handling at low speeds, an estimated 5.0% of compressor 

outlet flow is bled overboard for non-dimensional compressor speeds corresponding to 

N 

N 
< 0.75, where N^ refers to the design-point compressor speed. It is assumed that 

des 

N 
the bleed valve begins to open at = 0.75, and linearly increases its opening until 

Ndes 

N 
maximum opening is reached at the idling speed of = 0.4. The turbine of the Viper 

N des 

is uncooled due to the relatively low turbine inlet temperature of 1152 K at the design-

point. Appendix F.2 contains the Matlab algorithm used for this validation process. 
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Figure 5.1 Compressor running line of the Viper 

The actual and predicted compressor running lines are presented in Figure 5.1. 

The discontinuation in the engine data at mid-range power levels is due to the activation 

of the compressor handling bleed valve. Albeit the presence of a slight deviation for the 

mid- to high- compressor corrected mass flow rates (hence compressor speeds), good 

prediction of the compressor running line is made for the remainder. 

Very little difference is observed for the predicted compressor running line when 

the handling bleed flow is neglected. This may lead one to question the necessity of 

accounting for handling bleed flows in the core control method, an issue, which is 

addressed in the immediate discussion. 
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Figure 5.2 Turbine inlet temperature of the Viper 

The effect of neglecting the handling bleed flow on the core control method 

prediction is illustrated in Figure 5.2. Although neither predictions represent the actual 

turbine inlet temperature, To4, for majority of the Viper's operating range, the prediction 

that considers the handling bleed is observed to, at least, track the actual temperature 

variation. 

The activation of the handling bleed valve affects both To4 and the specific fuel 

consumption, SFC. In the Viper, there is a high likelihood that To4 is calculated, as 

turbine inlet temperatures usually are, whereas the fuel flow rate and net thrust are 

measured. More confidence can be placed in the measured. Thus, the 5.0% handling 

^ Viper Mark 521 
prediction 
prediction with overboard bleed necfected 

design point 
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Figure 5.3 Specific fuel consumption of the Viper 

bleed flow was chosen such that a good prediction is made for the SFC (Figure 5.3), 

rather than for To4. 

Though may appear of little importance, small difference in SFC at low power 

settings is of great significance. Unlike industrial gas turbines, which mostly operate at 

high power settings, aero- gas turbines typically spend hours at low power settings while 

taxiing, held on delays, and while on descent. In such cases, less than a ±50 kg/kNhr 

difference in SFC may translate to more than a tonne of unexpectedly-consumed fuel, 

which may force an aero- engine operator to experience undesirable occurrences. 

Thus, the necessity of accounting for the handling bleed flow is verified. 
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Figure 5.4 Net thrust of the Viper 

Figure 5.4 illustrates the actual and predicted net thrust of the Viper. For any gas 

turbine, the specific fuel consumption and the thrust output (heat rate and power output 

for a land-based gas turbine) are the most important performance parameters 

(Saravanamuttoo et al, 2001). As can be seen, a good prediction is made here. 

f 

The minor discontinuity present at approximately 3.5 — indicates the 
kPa • sec 

choking point of the propelling nozzle. 

It can be said that in general, the overall off-design performance has been 

predicted well. 
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Figure 5.5 Prediction of the Viper's compressor running line 

However, the validation process of the core control method as applied to a single-

spool turbojet is not yet complete as the compressor polytropic efficiency was simulated 

to vary with the compressor speed. 

Therefore, the effect of assuming a constant compressor polytropic efficiency, 

T)^, on the predictions was investigated. The resulting plots are presented in Figure 5.5, 

Figure 5.6, and Figure 5.7, which present the compressor running line, turbine inlet 

temperature, specific fuel consumption and net thrust, respectively. 
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Figure 5.6 Prediction of the Viper's turbine inlet temperature 

Viper Mark 521 

- prediction with variable 

- prediction with constant 

design point 

In these predictions, the turbine polytropic efficiency was set to its design-point 

value since Saravanamuttoo (1968) followed the same practice, and since the turbine 

polytropic efficiency appeared to remain fairly constant throughout the Viper's power 

range. Since this assumption provided good results, it also validates the work done by 

Saravanamuttoo (1968) and Wittenberg (1976a). 
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Figure 5.7 Prediction of the Viper's specific fuel consumption and thrust 

Interestingly, when constant compressor polytropic efficiency was assumed, the 

predictions made were very similar to the variable-efficiency predictions. In some cases, 

the constant-efficiency predictions were superior to the variable-efficiency predictions 

(Figure 5.6). 

This validates the core control method's ability to accurately predict the off-

design performance of a single-spool turbojet engine only using its design-point 

performance and no compressor or turbine characteristics. 

Next, the off-design performance of a multi-spool gas turbine is predicted. 
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5.3 Multi-Spool Gas Turbine - Clean Performance 

Here, the pass-off performance data of three Rolls-Royce industrial RB211-24GT 

engines (Figure 5.8) are used for validating the core control method. New engine 

performance data (i.e., at zero operating hours) at ISO operating condition was obtained 

from Broomfield (2007) and the Rolls-Royce products brochure (Rolls-Royce, 2003). 

Inlet mass flow rate, rha 91.2 kg/sec 

Fuel flow rate, mf 1.9 kg/sec 

Power output, PWR 33.2 MW 

HP compressor outlet temperature, To4 740 K 

HP compressor outlet pressure, Po4 2137.4 kPa 

HP turbine inlet temperature, To5 1545 K 

LP turbine outlet temperature, To7 1076 K 

Power turbine outlet temperature, To8 776 K 

Compressor polytropic efficiency, 0.923* 

Combustor pressure drop, —£2- 0.97§ 

^04 

Spool mechanical efficiency, T]m 0.99§ 

Combustion efficiency, t|conib 0.999§ 

* calculated from HP compressor outlet pressure and temperature 

§ assumed from Saravanamuttoo et al. (2001) 
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compressor 
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low pressure (LP) 

compressor 

tree power 
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Figure 5.8 The Rolls-Royce industrial RB211-24GT DLE RT61 [modified from Broomfield, 2007] 
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First, the core control method is validated against the pass-off, i.e., nominal, data 

of GT1, GT2 and GT3. Next, the deteriorated performance data is used to establish the 

core control method's ability to predict deteriorated engine performance. 

The uncertainties of the engine performance data are propagated from the 

measurement uncertainties. These measurement uncertainties at pass-off are assumed to 

be similar to those observed at site. Since the HP compressor outlet pressure, Po4, is 

calculated, its uncertainty is assumed to be similar to that of the LP compressor outlet 

pressure, Po3. 

The polytropic efficiencies of the compressors and turbines are assumed to remain 

constant at their design-point values for all on- and off-design operating conditions. If the 

core control method then produces good predictions, it can be deduced that predictions of 

similar quality will be made if the actual compressor and polytropic efficiencies are used. 

It shall be noted that these pass-off tests are conducted with a power-turbine-

equivalent converging nozzle in place of the free power turbine. Therefore, the 

measurement of the engine's power output is represented by the exhaust gas power. In a 

gas turbine, the exhaust gas power is the power output of a 100% efficient free power 

turbine. 

It shall also be noted that the figures presented herein are non-dimensionalized 

due to proprietary reasons. 

The reader is referred to Appendix F.4 for the Matlab algorithm used to produce 

the predictions of the core control method presented herein. 
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Figure 5.9 LP compressor running line of the industrial RB211 

The predicted LP compressor running line is compared to that of GT1, GT2 and 

GT3 in Figure 5.9, where the lower end of the engine data represents approximately 50% 

of design-point power. Here, the uncertainty margin of the prediction is determined by 

propagating the uncertainties of the compressor and turbine polytropic efficiencies. Apart 

from a few outliers, the core control method is found to predict the LP compressor 

running line well. 

It shall be noted that the LP compressor of the industrial RB211 employs variable 

inlet guide vanes. In conventional off-design performance prediction methods, the effect 

of the variable inlet guide vanes must be simulated. However, since the core control 
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Figure 5.10 HP compressor running line of the industrial RB211 

method only uses pressure ratios, temperature ratios and corrected mass flow rates in its 

solution process, the variable inlet guide vane was not required to be simulated. 

After accounting for the uncertainty of the pass-off data and that of the prediction, 

it is apparent that the core control method has predicted the HP compressor running line 

well (Figure 5.10). 
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Figure 5.11 Aerodynamic coupling of the LP and HP spools of the industrial RB211 

A milestone in the validation process is the prediction of proper aerodynamic 

coupling between the two mechanically independent, LP and HP spools (Figure 5.11). 

The core control method, was able to predict the aerodynamic coupling of the LP 

and HP spools of the industrial RB211 using the technique suggested in Section 4.5.2, 

without using compressor or turbine characteristics. 
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Figure 5.12 Gas generator exhaust temperature of the industrial RB211 

The gas generator exhaust temperature, or the LP turbine outlet temperature, To7, 

is one of the most critical performance parameters of the industrial RB211 as it is an 

indication of the engine heat rate and the power output. This parameter is well predicted 

by the core control method (Figure 5.12). 

The accurate To7 prediction suggests that the predicted pressure and temperature 

ratios of the LP and HP turbines are correct, as reflected by the accurate compressor 

running line predictions (Figure 5.9 and Figure 5.10). An accurate To7 prediction also 

results in an accurately predicted engine heat rate and power output (Figure 5.13). 
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Figure 5.13 Heat rate and power output of the industrial RB211 

All these predictions were made by assuming constant compressor and turbine 

polytropic efficiencies. Extending from the validation process for the Viper, it can be said 

that these predictions cannot be further improved by using varying efficiencies. 

Therefore, the core control method has been shown to be capable of accurately 

predicting the off-design performance of a two-spool gas generator with a free power 

turbine (or an equivalent two-spool turbojet). It shall also be noted that such accurate 

predictions were made only using the gas turbine's design-point performance. Most 

importantly, compressor and turbine characteristics were not used. 

Next, this method is used to predict deteriorating off-design performance. 



102 

5.4 Multi-Spool Gas Turbine - Deteriorated Performance 

Here, the core control method's ability to predict deteriorating gas turbine off-

design performance is investigated. 

Specific time periods within the datasets of GT1, GT2 and GT3 were chosen for 

this procedure. Each chosen time period was found to contain certain deterioration 

characteristics that possibly could test the limits of the core control method. 

The ambient pressure, P0l, ambient temperature, T0l, and the core control 

parameter, <j>HP, obtained from these datasets were used as control variables. The 

recoverable deterioration factors, obtained from the data analysis process, were used to 

simulate the detrimental effect of fouling (Appendix C.13). 

Due to the lack of data representing non-recoverable deterioration, no non-

recoverable deterioration factors were available. The recoverable deterioration factors 

alone were incapable of predicting the actual site performance as a bias error was present 

due to the absence of non-recoverable deterioration factors. 

Therefore, to eliminate this bias and to observe the behaviour of the recoverable 

deterioration prediction aspect of the core control method, the design point polytropic 

efficiencies were varied within their respective uncertainty margins (Appendix C.ll and 

Appendix C.12). 

The uncertainty margins of the actual site performance were obtained by 

propagating the measurement uncertainties described in Section 3.3.4, and the related 

equations are presented in Appendix C.14. 
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Figure 5.14 Non-dimensional HP compressor corrected mass flow rate of GTl 

The operating profile of GTl resembled a normal base-load power generation 

profile. With less than 3,000 operating hours, GTl was found yet to reach its gas 

generator exhaust temperature margin, i.e., To7 margin. Therefore, the effect of the daily 

temperature cycle was found to be negligible on GTl's performance. 

The core control method was able to predict the effect of compressor washing as 

per the evidence present at ~1,850, 2,200 and 2,400 operating hours (Figure 5.14). This 

also validates the hypothesis that the deterioration in the HP compressor corrected mass 

flow rate is merely an echo of the deterioration in the LP compressor corrected mass flow 

rate. Here, the HP compressor corrected mass flow rate was simply calculated through 
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Figure 5.15 Non-dimensional gas generator exhaust temperature of GT1 

the LP and HP compressor mass flow compatibility (Section 4.5). 

The corrected mass flow rate predicted by the core control method does not 

follow every spike observed on the site data. However, the general recoverable 

deterioration trend is observed to be fairly well predicted. Similar observations can be 

drawn for To7 as well (Figure 5.15). This good To7 prediction resulted in similarly well 

predicted fuel flow rate and power output as well. 

The remaining figures of the predictions of GT1 are presented in Appendix E.2. 

It is important to note that here, the power output does not reflect the effect of 

compressor washing either in the site data or the prediction. The reason for which can be 
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attributed to an ample To7 margin, which allows the engine control system to maintain a 

customer-demanded power output by freely increasing the fuel flow, thereby increasing 

To7 , in the presence of recoverable deterioration without reaching a performance limit. 

This ability to produce such diagnostics from the predicted data is an unforeseen, yet 

mostly welcome, aspect of the core control method. 

For GT2, varying the design-point polytropic efficiencies within their uncertainty 

margins to minimize the prediction errors was fruitless as the core control method under-

predicted the LP compressor pressure ratio while over-predicting that of the HP 

compressor. Therefore, through trial and error, the design-point LP compressor 

polytropic efficiency was increased by 4.5% of efficiency while that of the HP 

compressor was reduced by the same amount, which indicated that the HP compressor of 

GT2 has undergone significant non-recoverable deterioration at site. The shortfall in HP 

compressor performance is compensated for by the improved performance of the LP 

compressor. This work-sharing tendency is common in multi-spool gas turbines, and has 

been captured by the core control method. 

Due to the deteriorated HP compressor, GT2 was found to have reached its To7 

margin (Figure 5.16), which prevented the engine control system from compensating for 

the effects of the daily temperature cycle. As a result, a high-frequency sinusoidal pattern 

was observed in the predicted and actual GT2 performance variables (Figure 5.17 is one 

of many which are presented in Appendix E.2). 

Since the core control method was able to recognize the To7 limit and accordingly 

adjust its predictions, this also validates the performance limiter modification made on 

the core control method. 
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Figure 5.16 Non-dimensional gas generator exhaust temperature of GT2 
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Figure 5.17 Non-dimensional LP compressor pressure ratio of GT2 



The GT3 validation dataset contains a compressor wash, approximately at 6,550 

operating hours, and an abrupt reduction in engine performance from 6,800 to 6,900 

operating hours. For convenience, the time period from 6,800 to 6,900 operating hours is 

hereafter referred to as the anomalous period. 

Simulation of naturally-occurring deterioration alone, however, was found to be 

insufficient when predicting the performance within the anomalous period. It was 

hypothesized that the cause of the performance drop was an instantaneous mechanical 

failure of a component within GT3. 

Upon close observation of the site data, the LP compressor pressure ratio 

indicated an instantaneous decrease in delivered pressure at approximately 6,800 

operating hours - only a few hours prior to the beginning of the anomalous period 

(Figure 5.18). The HP compressor pressure ratio revealed an instantaneous increase in 

pressure delivered at the same time (Figure 5.19). The compressor corrected mass flow 

rates also display instantaneous performance changes at this exact moment (Appendix 

E.2). A possible explanation for this sudden spike is the result of a HP compressor surge. 

As GT3 was operating at base-load power at this moment, the possible HP 

compressor surge was caused by the choking of the rear HP compressor stages. When the 

HP compressor surged, the compressed gases would have been expelled through GT3's 

inlet, during which process, the LP compressor handling bleed valve may have been 

damaged. After a few more hours at base-load power, this handling bleed valve may have 

failed, thereby allowing maximum rate of flow leakage. 
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Figure 5.18 Non-dimensional LP compressor pressure ratio of GT3 
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Figure 5.19 Non-dimensional HP compressor pressure ratio of GT3 
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Figure 5.20 Non-dimensional gas generator exhaust temperature of GT3 

Following this thought process, a modified LP compressor handling bleed 

schedule was implemented, where the bleed schedule was programmed to fully activate 

(rather than a gradual activation over the engine operating range, as discussed in Section 

4.4) within the anomalous period. By trial and error, it was found that a 2.5% bleed flow 

fraction predicted the performance within the anomalous period well, a sample result of 

which is presented in Figure 5.20. 

It shall be noted that this diagnostic aspect is based on the programmer's 

experience with the gas turbine being simulated. Therefore, it must be realized that 

simply achieving alignment between the prediction and the actual data does not 
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necessarily imply an accurate diagnosis, and that proper engineering judgment must 

always be applied when drawing conclusions. 

The results from the validation process prove that the running line of a 

compressor can be predicted through the swallowing capacity of its mechanically-

coupled turbine. This reveals an unorthodox perspective of the operating behaviour of a 

gas turbine, namely, that it is the compressor that must satisfy the turbine's appetite. This 

perspective can also be applied when designing new gas turbines. 

The usual process of designing a new gas turbine involves scaling of an existing 

compressor, the performance characteristics of which is then used to design a turbine. 

Through refinement, the compressor and turbine designs are improved to satisfy 

predetermined on- and off-design performance of the gas turbine. 

However, the capacity of the turbine can be obtained just by using the design-

point performance, using which the core control method can be applied to predict the 

required compressor's running line. This eliminates the guess-work required when 

scaling a compressor. 

The core control method was able to accurately predict the non-deteriorated off-

design performance of a single-spool turbojet and a two-spool gas generator with a free 

power turbine. The core control method was also able to accurately predict the 

deteriorated performance of three gas turbines with a two-spool gas generator with a free 

power turbine arrangement. During this process, a performance limiter modification 

introduced into the core control method was also proven. The core control method is 

hereby validated. 



6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

AS stated in the Introduction, the purpose of this thesis was to develop a simple 

performance prediction technique for a multi-spool gas turbine that is able to 

accurately predict on- and off- design steady-state performance for new and deteriorated 

gas turbines. Such a technique was developed and its theory was discussed in detail. 

The following are the conclusions drawn from this study. 

Literature review exposed various methods of off-design performance simulation, 

which were often complicated, thus understood by very few, and offered a small gain for 

a large effort. Therefore, a simple, yet versatile, method of predicting gas turbine off-

design performance was deemed necessary. 

I l l  
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It was hypothesized that all performance parameters of a gas turbine could be 

represented by a key performance parameter, where this parameter would be within the 

core of the engine. Thus, the concept of a core control parameter was introduced. 

The spool temperature ratio, <|>, which is the ratio between the turbine inlet 

temperature and the compressor inlet temperature - initialized to their respective design-

point values, was chosen as the core control parameter. 

The underlying theory of the core control method stated that only the design-point 

performance was required to predict the off-design performance of a gas turbine, where 

compressor and turbine characteristics were not required. 

Gasdynamics relationships and a solution process were then developed for a 

generic single-spool turbojet as a proof of concept. This was then used to accurately 

predict the off-design performance of a nominal Viper Mark 521. 

Next, the core control method was applied to a multi-spool gas turbine, which is 

of a two-spool gas generator with a free power turbine configuration, which was then 

used to accurately predict the off-design performance of three new industrial RB211 gas 

turbines. The core control method was further modified to account for performance 

deterioration, which was then used to accurately predict the deteriorated off-design 

performance of the same industrial RB211 gas turbines. 

The predictions of actual gas turbine performance made by the core control 

method proved its validity. 

During this validation process, proper aerodynamic coupling between the LP and 

HP spools of the industrial RB211 gas turbines was predicted, and a hidden performance 

diagnostics aspect of the core control method was revealed. 
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6.2 Recommendations 

The technique of core control parameter can be applied for other types of engines 

such as multi-spool turbojets, multi-spool separate-exhaust turbofans, and multi-spool 

mixed-exhaust turbofans, as well. 

The working fluids used in this method are dry air and exhaust gas. If molecular 

composition of the working fluid, including that of the fuel, is considered, this technique 

may produce results with better accuracy. 

Although this method only considers steady state performance, this method can 

also be modified for transient performance prediction as well. However, since transient 

operation causes a compressor operating line to deviate from optimum efficiency regions 

due to the temporary flow imbalance between its mechanically-coupled turbine, the 

validity of the constant component efficiency assumption needs to be examined. 
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A.1 Overview 

The gas chromatograph used to determine the fuel composition for the industrial 

RB211 was found to have an overall uncertainty of ±0.025 mol fraction. In other words, 

this uncertainty would effect each molar concentration of the compounds within the fuel. 

The molar concentrations can be used to determine the lower heating value of the 

fuel. Since it would be time consuming to determine the propagated uncertainty of these 

individual uncertainties as the calculation process involved is lengthy (Moran and 

Shapiro, 2004), a Monte Carlo simulation was performed. 

A.2 The Monte Carlo Method 

Consider a shotgun being used to locate a target. Any number of shotgun shells is 

available with each shell containing several projectiles, with the total number of 

projectiles not exceeding, say, 1000. The shells can be in any configuration, ranging from 

one shell with 1000 projectiles to 1000 shells with one projectile each (Figure A.l). 

Then, the shotgun is vaguely aimed in the direction of the target and fired. 

The probability of a projectile hitting the target increases with the number of 

shells fired until it reaches a maximum. With a fixed supply of projectiles, increasing the 

number of shells would not be effective since the number of projectiles within each shell 

must decrease accordingly, and the time required to shoot the shells increases as well. 

After comparing the number of projectiles that hit the target, the number that 

missed, and the aiming direction, the location of the target can be approximated. This, in 

essence, is the Monte Carlo method. 
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Figure A.1 Dependency of solution accuracy with the number of guesses 

In non-gun related applications of the Monte Carlo method, the 'shell' is referred 

to as a bundle, and the 'projectiles' are referred to as sub-bundles. For detailed 

discussions, the reader may refer to Modest (2003). 

A.3 Monte Carlo Simulation Result 

A sample result of this simulation is presented in Figure A.2. Due to the random 

effects, the calculated uncertainty itself had an uncertainty of approximately ±0.1 kJ/kg. 

Since a typical fuel lower heating value is in the order of 104 kJ/kg, the ±0.1 kJ/kg 

uncertainty was neglected. 
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Figure A.2 Propagated uncertainty of the fuel lower heating value 

The reader is referred to Appendix F.l for the Monte Carlo algorithm used to 

produce the results illustrated in Figure A.2. 
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Figure B.l Typical deterioration curve of a performance parameter 

A typical deterioration curve for a performance parameter, as output by Rolls-

Royce's analysis program, is presented in Figure B.l. This is a highly simplified example 

with only four wash cycles. 

This output needs to be conditioned such that two datasets, one containing only 

the recoverable deterioration and the other non-recoverable deterioration, is obtained. 

The recoverable deterioration dataset shall be a function of hours since last wash 

and the non-recoverable deterioration dataset shall be a function of total operating hours. 

This allows the total deterioration at a given operating hour and a given hour since last 

wash to be determined by simply combining the corresponding deterioration factors from 

the two datasets. 

Each of the recoverable deterioration curves A, B, C and D represents a single 

wash cycle. The first data point in a wash cycle was referred to as a clean data point since 

it only contains a given performance parameter's non-recoverable deterioration factor. 
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Figure B.2 Initialized recoverable deterioration curves 

It was found that the amount of non-recoverable deterioration occurring within 

two consecutive clean data points, i.e., a single wash cycle, to fall within the uncertainty 

margin of that performance parameter. 

This allowed the recoverable deterioration curves to be simply initialized to their 

respective clean data points (Figure B.2). 

The uncertainty of these curves is still the raw uncertainty, i.e., the uncertainty 

propagated directly from the measurement uncertainties. Each of these curves was then 

combined to produce a single generalized recoverable deterioration curve for that 

performance parameter (Figure B.3). 
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Figure B.3 Arithmetic-averaged recoverable deterioration curve 

A simple arithmetic average alone was found to be insufficient as none of the 

recoverable deterioration curves were of the same length. As can be seen in Figure B.3, 

this resulted in discontinuities in the generalized curve as well as the uncertainty margins, 

which wascalculated by, 

c 
„ \ _ J»J3W 

x/intermediate 0,1 

where Sx raw is the raw uncertainty, and N is the number of recoverable deterioration 

curves of which the arithmetic average was taken. 

The increasing intermediate uncertainty, S- )intennedjate, with the hours since last 

wash was of no concern since a deterioration trend established in the early stages of 

fouling would carry though till the end of the wash cycle (Kurz and Brun, 2001). 
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Figure B.4 Refinement of analysis results 

However, to further minimize the uncertainty, the latter portion of the arithmetic-

averaged deterioration curve, where the only of a few deterioration curves contributed to 

the average (less than three), were disregarded (Figure B.4). 

The discontinuities and the magnitudes of these intermediate uncertainties were 

still found to be unsatisfactory. Therefore, a single intermediate uncertainty for a given 

arithmetic-averaged recoverable deterioration curve was deemed necessary to further 

process the data. 

This new intermediate uncertainty was calculated by taking the weighted average 

of the individual intermediate uncertainties. A weighted averaging process was chosen 

since this puts more emphasis on the uncertainties of the regions which were derived 

from many individual recoverable deterioration curves. 
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Then, only the discontinuities of the arithmetic-averaged recoverable deterioration 

curve were required to be addressed. It was observed that the amount of recoverable 

deterioration occurring within a relatively small time span would exist within the 

intermediate uncertainty margins. Therefore, a forward-backward moving average of 101 

data points was taken of the arithmetic-averaged curve (Figure B.4). 

In addition to smoothing the discontinuities, this moving average further reduced 

the uncertainty of the resulting deterioration curve to, 

S - )  
O \ f * ' intermediate y* 

/evolved ~~ 195%,N=101 ^f\Q\ 

where Sx )evolved is the 2-sigma uncertainty margin of 95% confidence and t95% l0I is the 

Student t-distribution for the 95% confidence margin. 
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Figure C.l Two-spool gas generator with a free power turbine 

C.l Overview 

This section provides the equations that represent the sensitivities of compressor 

and turbine efficiencies, compressor flow capacities and the core bleed flow. These 

equations were used to determine the raw uncertainties. 

Figure C.l displays a schematic of the two-spool gas generator with a free power 

turbine - the stage numbering convention of which is used in this section. 

The gas turbine performance equations, from which the presented equations are 

derived, are given by Saravanamuttoo et al. (2001). A method of converting the 

isentropic efficiency uncertainties to polytropic efficiency uncertainties is also presented. 

First, the method by which the estimated fuel flow rate, mf, is calculated is 

briefly discussed after which its propagated uncertainty is calculated. 
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C.2 Estimated Fuel Flow Rate 

The engine control system of the industrial RB211 estimates the required fuel 

flow rate using, 

C  C «  ^ p a  T o 4  f  r i l f  _  f = — - , with f = —- C 2 1 
T!BQ 

where f is the fuel-to-air ratio, ma is the inlet mass flow rate, To4 is the HP compressor 

outlet temperature, To5 is the HP turbine inlet temperature, Q is the lower fuel heating 

value, and r|B is the combustion efficiency. The uncertainty of the estimated fuel flow, 

urtlf, can then be calculated by, 
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where, 
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C.2.4 

This gives a fuel-to-air ratio uncertainty, uf, of ± 5.278 xlO"6. Since at design-

point, ma =91.2 kg/sec, the uncertainty of the estimated fuel flow rate, urtlf, was found 

to be ±0.005 kg/sec. 
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C.3 LP Compressor Isentropic Efficiency 

The raw uncertainty of the LP compressor isentropic efficiency, un LPC, was 

found by, 
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C.4 HP Compressor Isentropic Efficiency 

The raw uncertainty of the HP compressor isentropic efficiency, un HPC, was 

found by, 

where, 
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8P 

HPC _ . 

Y - l  IP; 
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o3 
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o4 
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The raw uncertainty of the HP turbine isentropic efficiency, un HPT, was found 

These sensitivities were obtained from the Jacobian of the non-linear gas path 

analysis program used by Rolls-Royce. Only These sensitivities are used since these are 

of the two measured parameters that have a direct effect on the HP turbine efficiency. 

The same is true for the efficiency of the LP turbine. 

C.6 LP Turbine Isentropic Efficiency 

The raw uncertainty of the LP turbine isentropic efficiency, u,, LPT, was found 

by, 

u C.5.1 

by, 

C.6.1 

These sensitivities were obtained from the Jacobian of the non-linear gas path 

analysis program used by Rolls-Royce. 
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C.7 Power Turbine Isentropic Efficiency 

The raw uncertainty of the power turbine isentropic efficiency, u„ ^ , was found 

by, 

u n_PT 
5r| 

\2 
PT 

VST04 
+ STIFL 

8mf 

\2 /s \2 

+f^uT., 
8X 

C.7.1 
o7 y 

^^IpT 
8T, 

is the power turbine efficiency's sensitivity to the LP turbine outlet 
o7 

temperature, To7. 

These sensitivities were obtained from the Jacobian of the non-linear gas path 

analysis program used by Rolls-Royce. 

C.8 LP Compressor Capacity 

For a compressor or a turbine, the term capacity refers to that component's 

relative mass flow rate. For the LP compressor, its capacity, rLPC, is, 

„ m2 
l̂pc — . \ C.8.1 

m2), 2 /des 

where m2 is the LP compressor inlet mass flow rate and the subscript 'des' denotes the 

design-point condition. 



142 

Since m2 can be calculated from, 

the uncertainties in these measurements of Po1 and TOL will be propagated into the 

uncertainty of rLPC, i.e., ur LPC, which can be calculated by, 

where, 

*r LPC 
m0, 

C.8.3 
2 /des 

U • = 5m, 

8T 0 
V u l o i  y  

+ 
5m, 
-—-up 
8P * v uroi y 

C.8.4 

Srfa2 _ 1 POL 

6T„, 2 P„, 
C.8.5 

5m2 _ rh2/T^ 1 

5P„, 
C.8.6 
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C.9 HP Compressor Capacity 

Similar to the LP compressor capacity, the uncertainty of the HP compressor 

capacity, ur HPC , was found by, 

C.9.1 
3 /des 

Here, m3 is the compressor inlet mass flow rate, and, 

u. 
5m, 

- u T  
^ ^8m, 

ST '°3 
V o3 y 

+ 
8P V o3 y 

C.9.2 

8m, 1 I',, 

6T„, 2 P., xj 
o3 

C.9.3 

8m3 _ 1 

6P„3 P„3 ^ 

C.9.4 
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C.10 Core Bleed Flow 

The raw uncertainty of the core bleed flow, up, was found by, 

u. P C.10.1 

These sensitivities were obtained from the Jacobian of the non-linear gas path 

analysis program used by Rolls-Royce. 

C.ll Polytropie Compressor Efficiencies 

The polytropic and isentropic efficiencies of the LP compressor, rLLPC and TI1pc , 

respectively, are related by, 

"N LPC 

Then, the LP compressor polytropic efficiency uncertainty can be calculated 

using, 

C.11.1 

C.11.2 
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where, 

8r|= •LPC _ AB 

^ ÎLPC 11LPC(B + T1 LPC ) 

v! 1 LPC 

ÎLPC 
C.11.3 

.=2=ih5 

Y P, 

L o3 
C.11.4 

B = 
f o ^ 

• o3 

7-1 

V ^ o 2  J  

-1 C.11.5 

Similarly, the HP compressor polytropic efficiency uncertainty can be calculated 

using, 

u 
8tl 

H~_HPC 
QOHPC 

5r| 
u TI_HPC 

HPC 
C.11.6 

where, 

5TIO 'HPC 

HPC T1HPC(B + T1 HPC ) 

AB f B + t|HPC 

ÎHPC 

\~2 

C.11.7 

A = l^ln^l 
Y Po3 

C.11.8 

7-1 

B  =  f ^ l  
lPo3 

- I  C.11.9 
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C.12 Polytropic Turbine Efficiencies 

The polytropic and isentropic efficiencies of the HP turbine, and 11^, 

respectively, are related by, 

In- 1 —T1 HPT 

*1, 

1- 06 

P 
V 05 y 

T-l 

C.12.1 
•HPT 

Y-l  p 
I n —  

o5 

Then, the HP turbine polytropic efficiency uncertainty can be calculated using, 

u 
Srio 

r|«»_HPT 
>HPT 

8TI 
u r|_ HPT 

HPT 

C.12.2 

where, 

5r) 
•HPT 

HPT 

AB 

1-Br| HPT 
C.12.3 

A = -
Y-l  

f P A 

I n —  
P v o5 y 

C.12.4 

T-l 

B = l- 06 

o5 J 

C.12.5 
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Similarly, the LP turbine polytropic efficiency uncertainty can be calculated using, 

Sn 
V LPT=VfL£Lun LPT C.12.6 

StiLPT -

where, 

Sr)L 

•LPT 

y-1 

AB 

1 — BT)ipt 

P  v' 
ln-22-

p v *06 y 

C.12.7 

C.12.8 

B = 1-
p v 06 y 

III 
r 

C.12.9 

Finally, the power turbine polytropic efficiency uncertainty can be calculated using, 

STL 
un~_PT ~~ s  

un_PT 8r] PT 
C.12.10 

where, 

8ri0 •PT AB 

5IVR 1-BTI, PT 
C. 12.11 

A = -
y-1 

f P ^ 
In-55-

p 
V o7 

-1 

C.12.12 

lp
07j 

C.12.13 
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C.13 Uncertainties of the Recoverable Deterioration Factors 

This section contains the plots of the recoverable deterioration factors. Table C.l 

contains the uncertainties. 

Table C.l Uncertainties of the recoverable deterioration factors 

Variable 
Raw 

uncertainties 
[%I 

Evolved uncertainties [%] 
Variable 

Raw 
uncertainties 

[%I GT1 GT2 GT3 

"HLPC ±2.37 ±0.252 ±0.332 ±0.524 

-LPC ±1.92 ±0.204 ±0.269 ±0.424 

^IHPC ±2.34 ±0.249 ±0.328 ±0.517 

^IOOHPC ±2.00 ±0.212 ±0.281 ±0.442 

^IHPT ±0.465 ±0.0494 ±0.0652 ±0.103 

^1~HPT ±0.508 ±0.054 ±0.0713 ±0.112 

^Ilpt ±0.747 ±0.0794 ±0.105 ±0.165 

^WPT ±0.795 ±0.0845 ±0.112 ±0.176 

'n PT ±6.64 ±0.705 ±0.931 ±1.47 

'HooPT ±7.43 ±0.789 ±1.04 ±1.64 

^LPC ±0.337 ±0.0358 ±0.0473 ±0.0745 

r 
HPC ±0.624 ±0.0663 ±0.0875 ±0.138 

P ±1.148 ±0.122 ±0.161 ±0.254 
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C.14 Uncertainties of the Site Performance Data 

The equations presented herein follow the gas turbine station numbering 

convention as given by Figure C. 1. 

C.14.1 LP Compressor Pressure Ratio 

The uncertainty of the LP compressor pressure ratio, uP], is found by, 

where uPi and uPi are the measurement uncertainties of the ambient pressure and the 

LP compressor outlet pressure, respectively. 

C.14.2 HP Compressor Pressure Ratio 

The uncertainty of the HP compressor pressure ratio, u , is found by, 

C.14.1 

C.14.2 

where up< is the measurement uncertainty of the HP compressor outlet pressure. 

Since the HP compressor outlet pressure is calculated, it is assumed to have an 

uncertainty similar to the LP compressor outlet pressure. 
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C.14.3 LP Compressor Corrected Mass Flow Rate 

The uncertainty of the LP compressor corrected mass flow rate, u. ^r-, is m2 V «o2 

calculated by, 

U . r=.— 
y *o2 

P„ 2  
1 o2 

rru 
*-* X 

To2 
01 

C.14.3 

where uP i is the measurement uncertainty of the ambient pressure, and uT [ is the 

measurement uncertainty of the ambient temperature. 

C.14.4 HP Compressor Corrected Mass Flow Rate 

The uncertainty of the HP compressor corrected mass flow rate, u^ , is 

P„3 

calculated by, 

p 2  U P „3  

o3 

\2 / 

+ 

V 

m. 

2 P T <  
C.14.4 

where up is the measurement uncertainty of the LP compressor outlet pressure, and 

uT is the measurement uncertainty of the LP compressor outlet temperature. 
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C.14.5 Gas Generator Exhaust Pressure 

The uncertainty of the gas generator exhaust pressure, uPj, is calculated by, 

5P, o7 

8 —  

ut 

P„2 

o2 

+ 
8P, o7 

P 
§£o± 

o3 

SPQV 

vSP0l 

\2 
C.14.5 

where, 

8PQ7 _ Ĵ 6. PQ4 PQ2 p 

5^ Po6 Po5 Po4 P„3 P., 01 C.14.6 
Pq2 

SP07 _ Po7 Pq6 Pq5 Pq3 Po2 p 

5^4 Po6 p05 Po4 Po2 Pol 
01 C.14.7 

P„3 

xp p p p p p p 
o7 _ o7 06 o5 o4 ro3 ro2 

8P P P P P P P urol 06 o5 o4 o3 o2 rol 
C.14.8 

C.14.6 Power Turbine Outlet Temperature 

The uncertainty of the power turbine outlet temperature, uT , is calculated by, 

8T 08 
8T ° 

V o7 

2 f 

+ 
8X 08 
8P ° v o7 y 8P p< 

C.14.9 
08 / 

where up ~ u„ , and, *oB «ol 
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I-ptJJH ) 
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5R 
08 _ *LPT(1-Y) 

o7 
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8P, 
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n-pr(T-')' 

08 
P v ro7 y 

1-PT( 7~L) 
Po8 * o7 

C.14.7 Fuel Flow Rate 

The uncertainty of the fiiel flow rate, uIhr, is calculated by, 

u * f = - 8mf 

5X~ 
uT 

V c 
+ 

o4 

8mf 

Jq 

Y ( 8mf ——u 
8m, m2 

\2 

where u = u , and, m2 m7 » ' 

8mf _ c„ m2 

8TO4 " TIBQ 

Slilf ^pg1p5 ^pa'^o4 
~8Q~~ 
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C.14.10 

C. 14.11 

C.14.12 

C.14.13 

C.14.14 

C.14.15 
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C.14.8 Power Output 

The uncertainty in the power output, uPWR, can be found by, 

PWR 
8PWR 

k 8m7 
Uri" 

v ( 
+ 

5 PWR 

8X 

\2 

'To, 
o7 

+ 
'5PWR ^ 

8T, 08 
C.14.16 

where, 

8 PWR _ ( x 

8m7 
Cpg^ 07 08' 

8PWR 
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8T, r e  2  

C.14.17 

C.14.18 

8 PWR 
5X c"sm2 
0 08 

C.14.19 
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- U 
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\ 2  (  
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D.l Single-Spool Turbojet 
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D.l.l Introduction 

This appendix discusses the solution process used by the core control method 

when predicting the off-design performance of a single-spool turbojet (Figure D.l). To 

focus on the fundamentals of the solution process, advanced flow and control simulations 

such as handling bleeds and performance limiters are not discussed. 

From the discussion in Section 4.3, it can be recalled that the turbine and the 

nozzle of a single-spool turbojet may operate at three different operating conditions, 

namely, unchoked turbine-unchoked nozzle, choked turbine-unchoked nozzle, and 

choked turbine-choked nozzle (Figure D.2). This requires the solution process to have 

three separate sections, where each is responsible for one of the three operating 

conditions. The theory required to implement these sections is discussed herein (the 

figures already available in the main text are presented here for the reader's 

convenience). 

Prior to this discussion, however, it shall be noted that in the core control method, 

turbine pressure ratios, rather than turbine temperature ratios, are used in the iterative 

solution process. The reason for this is that pressure ratios provide greater resolution than 

temperature ratios. For example, in a turbine with a 90% polytropic efficiency, increasing 

the turbine pressure ratio from 1 to 5 will only result in a temperature ratio increase of 1 

to 1.44 (as per Equation D.l.2). Therefore, to avoid numerical instabilities, the turbine 

pressure ratios are used in the iterative process of the core control method. 
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com- tur-

bustor bine intake exhaust nozzle compressor 

Figure D.l Single-spool turbojet [modified from Wittenberg, 1976a] 

unchoked ' choked unchoked choked 

crit 

P.5 turbine characteristic nozzle or power turbine 

— — — turbine-nozzle matching fine PoJ characteristic Po 

Figure D.2 Matching of the turbine and the exhaust nozzle for a single-spool turbojet 

[modified from Saravanamuttoo et al., 20010] 
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D.1.2 Unchoked Turbine 

For a given core control parameter, 0, the turbine will be unchoked if the turbine 

pressure ratio, , at the turbojet's equilibrium operating point satisfies the condition, 
P<>5 

1 < Po< < 
^05 P05 J 

P 
where -21 is the critical pressure ratio, i.e., the pressure ratio at which the turbine 

°5 /crit 

throat becomes choked, where, 

L o4 

L o5 J 

1- Y-l 

Y + 1  

7-1 D.l. l  

T 
Then, the turbine temperature ratio, — can be calculated with the turbine 

*o5 

polytropic efficiency, rj^, by, 

o4 

Ao5 

o4 

V^o5 ) 
D.1.2 
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m ff~ 
Next, the turbine corrected mass flow rate, ————, is calculated from the 

o4 

converging nozzle equation (Saravanamuttoo et al., 2001) as, 

m "4 V Tq4 _ A4 

~ y[R\ 
2 lL (Z* 1-

f ? ^ o5 

7-1 

V^o4 J 

D.1.3 

Here, A4 is the turbine throat area, and R is the gas constant for air, and is 287 

kJ/kgK. 

Then, using the mass flow compatibility between the turbine and the propelling 

nozzle, the propelling nozzle corrected mass flow rate, - , can be determined by, 
1 o5 

o5 o5 

1 o4 

des 

• o4 des 

P04 T  ̂  o4 

P »5 T  
o5 /des 

P04^ 1  T04 

PES; - 1  TO5 

D.1.4 

where it is assumed that, 

m. 

m 
r—«1 

m. 

m 4 'des 
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Since the propelling nozzle must be unchoked when the turbine is unchoked 

(Figure D.2), the propelling nozzle pressure ratio, is then calculated using, 

2Y P0 

Y-HPO5 

D.1.5 

where A6 is the propelling nozzle area, and T]n is the propelling nozzle efficiency. 

Then, the compressor temperature ratio, ——, is calculated using the expression 
T02 

derived from the work balance between the compressor and the turbine (see Section 4.3) 

as, 

T 
-^- = l + <t> 

o2 

T ^ o3 

o2 J deS 

T 

o4 

T l_io! 
o4 / des 

D.1.6 

where 

o4 

T 
()> = — 

o4 

D.1.7 

o2 des 
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T P 
With — known, the compressor pressure ratio, ——, is calculated next with the 

*o2 o2 

compressor polytropic efficiency, , through, 

o3 

o2 

/T \ 
o3 

T v 02 y 

n-cY 
7-1 

D.1.8 

The pressure ratios through the turbojet can be expressed in the form of, 

p p p p p 
o5 o4 o3 o2 ol 

p p p p p 
o4 *03 o2 ol o 

D.1.9 

where 

Ol __ i+^M! 

y 

•H D.1.10 

1 o2 _ Tlf D. 1.11 

where M0 is the freestream Mach number, and T]r is the inlet ram recovery efficiency. 

p 
Then, —— is recalculated by rearranging Equation D. 1.9 as, 

o2 

o3 

o2 

Pq5 PQ4 
P„ P. o5 

^o4 PQ3 ^ol 

^03 P(>2 ^0 

D.1.12 
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P P 
If the correct value of is found for a given <|>, then —— calculated by 

f*o5 P02 

Equation D.1.8 and Equation D.1.12 shall converge. Else, is searched for iteratively. 
' o5 

D.1.3 Choked Turbine-Unchoked Nozzle 

p 
Here, for a given <(>, at the turbojet's equilibrium operating point, —— satisfies 

^o5 

the condition, 

L o4 

1 o5 J 

P P 
<  ̂o4 

~ P p 
crit * o5 * o5 J des 

where 
Po5y 

is the design-point pressure ratio. 
des 

Since the turbine is choked, it has a sonic throat. Therefore, the converging nozzle 

equation as given in Equation D.1.3 is no longer valid. Therefore, the turbine sonic 

rii IX 
corrected mass flow rate, — °4 

o4 

, is found by the expression, 
/crit 

m 4"\/ To4 

o4 Y + L 
7+1 

2(7-0 D.1.13 

This expression can be easily obtained using the definition of the Mach number 

and compressible flow relationships. 
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Equation D.1.13 can be used to determine the throat area of any turbine or 

converging nozzle given the sonic corrected mass flow rate, and vice versa. Logic 

dictates that 

With 

k o4 

m 1^/^04 

/ crit 
1 o4 des 

n -\/~T 
4 04 - known, and —21 calculated from Equation D.1.2, the nozzle 

m 

P ' T o4 xo5 

corrected mass flow rate can be calculated using Equation D. 1.4. 

The remainder of the solution process is identical to that of the unchoked-turbine 

operating condition. 

D.1.4 Choked Nozzle 

By default, a choked propelling nozzle sets the operating point of the turbine to its 

design-point. Therefore, 

A o4 o4 

P _ P o5 ro5 J des 

T \ P o4 _ o4 

1-, ( 7-1 ) 
> — —  

o5 

D.1.14 
o5 J<fcs 

and, 

L o4 o4 'des 
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T T 
Here, note that —^ is determined by Equation D.1.14, and not set to —— 

lo5 o5 J des 

since the turbine polytropic efficiency, , may vary due to deterioration. 

T P 
Then, for a given <|>, can be calculated by Equation D.1.6, and —— by 

o2 1 o2 

Equation D.1.8. Finally, the nozzle pressure ratio, can be calculated by Equation 

D. 1.9, which must satisfy the condition, 

P P 

~ P P 0 J crit ° 0 J des 

where 

1 o5 

' 0 /crit 
' Y Z T  
v Y + 1 /  

T 
T-l D.1.15 

No further iterations are required for this operating condition. 

The propelling nozzle corrected mass flow rate can then be calculated by, 

m 5 V^o5 

' o5 J crit 
Rr 

Y+l 2(T-I) D.1.16 
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Although it may seem that 
_riv/T^T 

, a propelling nozzle with 

a large throat diameter may not necessarily be choked at the design-point, as is the case 

for the aero- RB211-22 (although this is a turbo fan, the concept is transferable to the 

propelling nozzle of a turbojet). In this case, the design-point will fall under the choked 

turbine-unchoked nozzle operating condition (Appendix D.1.3). 

D.1.5 Post-Solution Process Calculations 

Once the equilibrium operating point of the turbojet is found, the performance 

values across the turbojet are determined for a given ambient temperature, T0, a given 

ambient pressure, P0, and a given freestream Mach number, M0, as follows. 

For the inlet nozzle, 

x 

Pol=Po 1 + D.1.17 

To l=T0  1 + O D.1.18 

For the compressor inlet, 

P(>2 — ^R^ol 

TO2=TO1 

D.1.19 

D.1.20 
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m :V To2 ^2 V^o2 

m o3 

o4 o2 

o2 L o2 /des 

D.1.21 
• o3 

o4 /des 
o2 / des 

m
2 = m2V^7 P, o2 

" o2 

D.1.22 

where m2 is the compressor inlet mass flow rate. 

For the compressor outlet, 

P„3 = P02^i D.1.23 
o2 

T„,=To!ii' D. 1.24 
o2 

ihj  =m2  D.1.25 

For the turbine inlet, 

P = P 
ro4 o3 

o4 

L °3 / des 

T04 =To2 «() o4 

L o2 / des 

m f  =m3  
CpgTo4 -c^T^ 

nBQ 

D.1.26 

D.1.27 

D.1.28 
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•>/ To4 P04 

P ^ 
where -21 

P o3 /des 

m4  =m3  +m f  or m4  =— t== D.1.29 
Po< 

is the design-point combustor pressure loss, mf is the fuel flow rate, rjB is 

the combustion efficiency, Q is the fuel heating value, c^ and cre are specific heats of 

air, 1.005 kJ/kgK, and gas, 1.148 kJ/kgK, respectively. 

For the turbine outlet, 

Po5=Po4l2 L  D.1.30 
Po4 

TO5=To4 D.1.31 
Po4 

*5 "A4 5 
' *o5 

5"\/^o5 P0 

Po5 jTo 

m, v  ,  i  .  
ms = m. or m, = 52 05 A- D.1.32 

For the propelling nozzle, 

m6=m5  D.1.33 

Then, the turbojet's net thrust, FN, can be calculated by, 

Fn' iMV.-VJ+A.IP.-PJ D.1.34 
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where V6 is the propelling nozzle flow speed, V0 is the freestream speed, and P6 is the 

static pressure at the nozzle throat. 

For a choked propelling nozzle, 

where, 

P P =P —— 
r6 o5 p 

J crit 

D.1.35 

1 o5 

' ° / crit 
Izl 
Y + l 

T-l D.1.36 

T6 = 
Y + l 

V 6 = ^  

o5 D.1.37 

D.1.38 

For an unchoked propelling nozzle, 

P6=P0  D.1.39 

and, M6 can be calculated from, 

fy 

P0s V R 

M6A6 

1 + VM6 

r+i 
2( Y-l ) D.1.40 
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Then, from the compressible flow relations, T6 can be found by, 

T -p o5 16 - • 
Y - l  , D.1.41 

1 + -— Mj 

from which, V, can be calculated as, 

V6=M6 A /TRT6  D.1.42 

Once the net thrust is calculated, the specific fuel consumption, SFC, of the 

turbojet can be calculated by, 

mf 
S F C  =  — D . 1 . 4 3  

FN 

This is the full solution process of the core control method for a single-spool turbojet. 
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D.2 Two-Spool Gas Generator with a Free Power Turbine 

D.2.1 Introduction 

This section discusses the solution process of the core control method as applied 

to a two-spool gas generator with a free power turbine (Figure D.3). 

As discussed in Section 4.5, for this gas turbine configuration, there are four 

possible operating conditions (Figure D.4). These are, unchoked HP turbine, choked HP 

turbine-unchoked LP turbine, choked LP turbine-unchoked free power turbine, and 

choked free power turbine. Note that if a turbine is unchoked, the turbines and/or 

propelling nozzle situated downstream will also be unchoked. 

The figures already available in the main text are presented here for the reader's 

convenience. 



HP LP 
high pressure (HP) com- {ur_ {ur_ 

compressor § ( bustor ( (bin"ei ( bjn"e , 
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power 
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compressor intake exhaust duct 

power turbine-equivalent 
converging nozzle 

8 

Figure D.3 Two-spool gas generator with a free power turbine and its equivalent two-spool turbojet 
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Figure D.4 Matching of the HP, LP and free power turbines for a two-spool gas generator with a free 

power turbine [modified from Saravanamuttoo et al., 2001] 
-j 
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D.2.2 Unchoked HP Turbine 

For a given core control parameter, <t>HP, the HP turbine will be unchoked if the 

p 
turbine pressure ratio, —^, at the gas turbine's equilibrium operating point satisfies the 

1 06 

condition, 

P„5 ^ P05 1 < ^ <  
P P 1 06 17 06 J 

where 
L 06 ) 

is the critical pressure ratio, and can be found by Equation D. 1.1. 

Then, the HP turbine temperature ratio, —^ can be calculated with the HP 
lo6 

turbine polytropic efficiency, , by, 

o5 

06 

/p N 
o5 

P 
V 06 J 

D.2.1 

m5 J T 5 
Next, the HP turbine corrected mass flow rate, , is calculated from the 

o5 

converging nozzle equation, with A5 as the turbine throat area, using, 

As I _2y_ 

Po 5  VrI Y-l 

(p ^ 
06 1 

1-
( P  )  

06 1-

2=1 
7 

D.2.2 
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Then, using the mass flow compatibility between the HP and LP turbines, the LP 

, can be determined by, 
m6 JT 6 

turbine corrected mass flow rate, 
L 06 

T06 _ V TQ6 
1 06 ' 06 

o5 

' o5 

06 

1 des 

o5 J des 

L o5 

J des 

o5 

06 / des 

o5 

06 

D.2.3 

where it is assumed that, 

m. 

m< 

m. 

m 6; des 

m6  JTT 
Next, using - and the converging nozzle equation, the LP turbine 

P<>6 

pressure ratio, ——, can be calculated by, 
o7 

= A6 |_2Y_ 

P06 VrJY-I 
o7 

vPo6 . 

o7 

v ^06 . 

H 
\ 1 

D.2.4 
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This information, along with the LP turbine polytropic efficiency, , can then 

be used to calculate the LP turbine temperature ratio, —1—, as, 
T<>7 

06 

o7 

f P ^ 06 
P v ro?y 

t-LPT ( 7~1 ) 

D.2.5 

By using the flow compatibility between the LP txirbine and the free power 

ill tT 
turbine, the free power turbine corrected mass flow rate, ————, can be determined 

by, 

o7 

^7 V To7 
06 *06 

o7 • o7 

06 " o7 

des yj ^06 

06 

^ p ^ 
06 

06 

/ des 

des 
' o7 J des 

06 

*o7 

D.2.6 

where it is assumed that, 

m. 

m. 

m 1 J des 

m7 J TO7 
Next, using — and the converging nozzle equation, the free power turbine 

1 o7 

pressure ratio, , can be calculated by, 
108 
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m ^7 "J X.J _ A7 

" V R I  L o7 

2y fPos.^ 

^o7 J y-1 

( D  Y  
08 

T-l 

P v 07 y 
D.2.7 

This information, along with the free power turbine polytropic efficiency, , 

can then be used to calculate the free power turbine temperature ratio, ——, as, 
T08 

o7 

08 

f P ^ o7 

n~fr(Y-')  

P  v 08 y 
D.2.8 

If the free power turbine is replaced by a turbine-equivalent converging nozzle, 

instead of Equation D.2.7, the following is used to determine . 
108 

A^L 

V r  1 

2y  TP 
y-1 [p 

y 

o7 ) 

T-l 
( P  ^  T  

j 08 

vo7 j  

P»7 

1-t ln  

r-i " 

'-f-V 

where As is the converging nozzle throat area, and T|n is its efficiency. 

With these turbine temperature ratios, the HP and LP compressor temperature 

ratios can be determined using the expressions developed from the work balance 

relationships of the respective spools (Section 1.5). 
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Therefore, the HP compressor temperature ratio, ——, is found by, 

T 

o3 

o4 

o3 J 

-l 
des 

T J _ °6 

o5 

T j °6 
T o5 y des 

D.2.10 

where 

o5 

o3 / des 

D.2.11 

The HP compressor pressure ratio, ——, can then be calculated with the HP 
o3 

compressor polytropic efficiency, , through, 

' o4 

L o3 

TUHPCY 

'O ?-> 

T v 1o3 y 
D.2.12 

The LP compressor temperature ratio, , is found by, 
o3 

lo3 

o2 

l-<(> HP i-Li 
T lo3 J des 

06 

o5 

T l-isl 
lo6 

06 

o5 J des 

T ^ 

Tq6 J des , 

D.2.13 



185 

p 
using which, the LP compressor pressure ratio, ——, can be calculated with the LP 

P02 

compressor polytropic efficiency, , using, 

Po2 I
^-LPCT 
H D.2.14 

The pressure ratios through the gas turbine can be expressed in the form of, 

P[>9 _ PQ9 PQ8 PQ7 PQ6 PQ4 PQ3 PQ2 PQI D215 

Po Po8 Po7 Pq6 Po5 PO4 P03 P„2 P„. K 

P P 
where — is the combustor pressure loss. For a land-based gas turbine, — is the 

Po4 P<>8 

P 
exhaust duct pressure loss and — is the intake pressure loss. For a two-spool turbojet, 

Pol 

«1, and, 
^o8 

ol i+*=V 
i 

Y-l 

o2 _ TIR 

D.2.16 

D.2.17 
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Rearranging Equation D.2.15, —— can be recalculated as, 
' o2 

P P P P o9 o7 06 o5 

Pq3 _ Pp PQ8 PQ7 PQ6 

P02 ^O9 PQ5 ^04 PQ2 PQI 

F*o8 PQ4 ^O3 Po, P0 

D.2.18 

P P 
T h e n ,  — i s  i t e r a t i v e l y  f o u n d  u n t i l  — —  c a l c u l a t e d  f r o m  E q u a t i o n  D . 2 . 1 4  a n d  

L 06 1 o2 

Equation D.2.18 converge for a given $ HP ' 

D.2.3 Choked HP Turbine-Unchoked LP Turbine 

Here, for a given <j)HP , satisfies the condition, 
Pq6 

Pq5 I ^ P0s ^ PQ3 
P _ P P 06 /crit 06 06 / des 

Then, the HP turbine temperature ratio can be calculated by Equation D.2.1, and 

its corrected mass flow rate by, 

m 

o5 /crit Y + l  
7+1 

2(7-0 D.2.19 

The remaining solution process is identical to that of Appendix D.2.2. 



187 

D.2.4 Choked LP Turbine-Unchoked Free Power Turbine 

Here, the HP turbine is insulated by the LP turbine choking, thus operate at its 

design-point. Therefore, 

P P 05 _ oS 

P P 06 1 06 y 
and Ŝ = -̂ £ 

des o5 L o5 'des 

T 
and, —— is found by Equation D.2.1, as the HP turbine is operating at its design-point. 

06 

The LP turbine pressure ratio satisfies the condition, 

L 06 

o7 J 

P P 
< 06 < 06 

~ P P crit o7 J des 

at the equilibrium operating point of the gas turbine. 

.. T, 
Next, the LP turbine temperature ratio, ——, can be calculated by Equation D.2.5, 

o7 

and its corrected mass flow rate by, 

06 /crit 

- 1 

y + l 
1+1 

2(T-0 D.2.20 

The remaining solution process is identical to that of Appendix D.2.2. 
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D.2.5 Choked Free Power Turbine 

Here, the HP and LP turbines are insulated, thus operate at their respective 

design-points, due to the choking of the free power turbine. Therefore, for the HP turbine, 

P P 05 _ o5 

P P 06 06 y 
and 

des o5 o5 'des 

and for the LP turbine, 

Pq6 _ PQ6 

^o7 ^o7 J 

and 
des 06 06 'des 

The temperature ratios of the HP and LP turbines can be calculated by Equation 

D.2.1 and Equation D.2.5, respectively. At the gas turbine's equilibrium operating point, 

p 
the free power turbine pressure ratio, -21-, satisfies the condition, 

P<>8 

• o7 
1 08 J 

P P ^ < °7 < _°Z 
~ P P 

crit 08 08 J des 

Then, its temperature ratio can be calculated using its polytropic efficiency, , as 

I-PT(TH)  

o7 _ *o7 D.2.21 
08 \ 08 J 
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and its corrected mass flow rate can be calculated by, 

^7 "\/ To? 

o7 y cnx 

A 7 

Y + l  
r+i 

2(7-1) D.2.22 

The remaining solution process is identical to that of Appendix D.2.2. 

D.2.6 Post-Solution Process Calculations 

Once the equilibrium operating point is found for a given , the performance 

across the gas turbine can be calculated as follows. Note that for a land-based gas turbine, 

p»i = Po > Toi = To> and hopefully, M0 - 0. 

Then, for the LP compressor inlet, 

P = P °2 
o2 rol p 

"ol 
D.2.23 

T ~ T o2 ol D.2.24 

m5 vtot  o4 

o5 1 o3 

o2 o2 / des 
m o4 

L o3 

L o2 

1 o3 

o5 / des 
o3 /des «>2 j 

t  
o3 

o2 / des 

des 

o3 

o2 

D.2.25 

m m2 = lV^o2 ' o2 

' o2 

D.2.26 
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For the LP compressor outlet, 

P = P — 
o3 o2 p 

o2 
D.2.27 

T 
T„, = T„ 03 

o3 o2 

o2 

D.2.28 

P^ lo3 

L o3 o3 

1 o2 
lo2 J des *o2 

des m2 V xo2 

1 o2 

o3 

1 o2 
'des 

o3 

lo2^ des 

D.2.29 

^  _ m 3 ^  P „ 3  

Po3 V^T 

m
3 = D.2.30 

For the HP compressor outlet, 

P — P °4 
o4 — o3 p 

o3 

D.2.31 

T 
j1 j o4 

o4 ~~ o3 
o3 

D.2.32 

m4  =m3  D.2.33 

For the HP turbine inlet, 

P = P 
o5 o4 

1 o5 

°4 / des 

D.2.34 
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T ^ 
T — T <K _°L o5 o3 T HP ~ 

o3 J dgj 

T!BQ 

D.2.35 

''pg'^oS ^pa'^o4 _ - , mf = m4 — — D.2.36 

"n/^LjV 
p.> K  m5  = m4  +m f  or m5  =—^ j=== D.2.37 

For the HP turbine outlet, 

Po6=Po5^ D.2.38 
o5 

To 6=To 5^ D.2.39 
Po5 

• _ - • m6 "V '06 P06 
6 5 o r  6 =— 7= D.2.40 

"06 v To6 

For the LP turbine outlet, 

Po7=Po«^ D.2.41 
P06 

T_ 
T07=To 6-^ D.2.42 

"06 

m, = m6 or m, = HhJllI D.2.43 
p.. VTT 



For the free power turbine outlet, 

For the exhaust duct, 

P. 

T. 

P. 
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PO8 = P07 -F5- D.2.44 
A 

Tos = TO7 rr" D.2.45 
1 

m8  =m7  D.2.46 

Po9 = Po8 P„ D.2.47 
f n8 

To 9=To 8  D.2.48 

m9=m8  D.2.49 

If the gas turbine in question is a two-spool turbojet, its thrust can be calculated as 

per the theory discussed in the latter portion of Appendix D.1.5. If the power output, 

PWR, of the gas turbine is required, it can be calculated by, 

PWR = m7 Cpg (TO7 -TO8 ) D.2.50 
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If the free power turbine was replaced by a power-turbine-equivalent converging 

nozzle, as done in pass-off performance test of the industrial RB211, only the exhaust gas 

power output, EGHP, can be calculated. This can be accomplished by, 

EGHP = m7cpgTo7 

/P N 08 
Y-l 

P  v 07 y 
D.2.51 

Finally, the specific fuel consumption, SFC , of the gas turbine can be calculated 

by, 

SFC = mf 

PWR 
D.2.52 

or, 

SFC = ^-
EGHP 

D.2.53 

This is the full solution process of the core control method for a two-spool gas 

generator with a free power turbine. 
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D.3 Aerodynamic Coupling of the LP and HP Spools 

The work balance between the LP compressor and LP turbine can be expressed 

by, 

c,,, ( TO3 - To2) = T|m m6 Cpg (TO6 - To7) D.3.1 

which is then rearranged to determine the LP compressor temperature ratio, —21, using 
o2 

the core control parameter, <t>HP, through Equation 4.5.5. 

T„, . 
However, Equation 4.5.4 can also be rearranged such that —— is expressed as a 

function of the LP spool temperature ratio, <|)Lp, as, 

o2 

LP 
K o 2  

lo3 

o2 / 

-l 
des 

T 
l_ioL 

T»6 J des 

D.3.2 

where, 

06 

(h =_iaL 
T LP _ \ 

06 
D.3.3 

°2 / des 
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If the LP spool temperature ratio can be expressed by the HP spool temperature 

ratio, i.e., <f)HP, an equation that represents the aerodynamic coupling between the LP and 

HP spools can be obtained. 

From the definition of (j)LP, it can be shown that, 

TO6 TO5 TO3 

T„5 TO3 TO2 

T ^ 06 T ^ O5 T ^ o3 

T 
°5 /des 

T /DES 

H
° 

or, 

T *06 TO3 

T o5 TO2 

T ^ 06 T ^ o3 

T 
/ des 

T 
o2 / des 

Therefore, Equation D.3.5 can be considered a representation of the aerodynamic 

coupling between the LP and HP spools. 
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D.4 Simulation of Bleed Flows in the Core Control Method 

D.4.1 Introduction 

This section discusses the theory and implementation of bleed flows in the core 

control method. Cooling bleed flows is first discussed, after which handling bleeds is 

discussed. 

Figure D.5 contains a detailed schematic of a bleed system in a single-spool 

turbojet, which can be readily modified to suit a multi-spool gas turbine. 

Although the theories of cooling and handling bleeds are discussed separately, the 

concatenated effect of these bleed flows can be obtained by simply combining the 

theories. 
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Figure D.5 Bleed flows of a single-spool turbojet 
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D.4.2 Cooling Bleed Flows 

The purpose of a cooling bleed flow is to protect the turbines from the exhaust 

gases. A cooling bleed flow rate, mpc, extracted from a compressor delivery flow rate, 

m3 ,  results  in a  combustor entry mass flow rate,  m3 ,  of,  

m3  = rhj -  mp c  D.4.1 

where m3 = m2, which is the compressor inlet mass flow rate (Figure D.5). 

A bleed flow rate is typically expressed as a fraction with respect to the inlet mass 

flow rate of the respective compressor. Therefore, the cooling bleed fraction, pc, can be 

expressed as, 

mR r  
P c =  —  

m2 

The combustor outlet temperature, T0'4, can then be determined by, 

cmT„j |3C c To3 ryt "/pgX04 

0 4  "  ( l - P c ) c  
D.4.3 

pg 

Using which, the fuel flow rate, mf, can be then calculated by, 

mf m 
CpgTp4 Cpa ^o3 

iisQ 
D.4.4 
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D.4.3 Handling Bleed Flows 

Here, it is assumed that the handling bleed fraction, pH, is extracted downstream 

of the compressor. The process of determining the effect of handling bleeds on engine 

performance is a two-tier process. The first step involves determining the performance 

change in the compressor as a result of the bleed extraction, where the second step 

involves determining the performance change due to the altered fiiel consumption rate. 

Performance Change in the Compressor 

^ I ip p' T' 
For a given iteration in the solution process, ————, —and —— are 

f*o2 P<>2 To2 

known. Here the prime (') is habitually omitted in normal engine performance 

calculations. Then, the compressor outlet mass flow rate, m'3 is calculated by, 

m, . p±. D.4.5 

Next, a static compressor outlet temperature, T3', is assumed, using which the 

compressor outlet flow speed, V3', is calculated by, 

V 3 '=V 2 C .»( T o3- T 3)  D.4.6  

where 
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Next, the compressor outlet static pressure, P3, is found by, 

p' = p' 
3 o3 

IL X*j 

JUV 
A y-l 

D.4.8 

where 

P' _ P PQ3 Pq2 PQI 
o3 O p p p 

o2 rol ro 

D.4.9 

Using the perfect gas law, the compressor outlet flow density, p'3, can now be 

calculated by, 

_ r; 

RT3' 
D.4.10 

using which, the compressor outlet mass flow rate can be recalculated from, 

*'3 = P3 V3' A3 D.4.11 

where A3 is the annulus area upstream of the handling bleed valve. 

Tj is then iterated until Equation D.4.5 and Equation D.4.11 converge. Next, the 

mass flow rate downstream of the handling bleed valve, m3, can be determined by, 

m 3 = ( l - P H  ) m 3  D.4.12 
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This can then be expanded to give, 

P3V3A3 = ( l - p H  )P;V3'A; D.4.13 

where A3 is the annulus area downstream of the handling bleed valve. 

Rearranging Equation D.4.13, the flow speed downstream of the handling bleed 

valve, V3, can be expressed by, 

V ,  =  ( L - 0 „ )  

I 

' J L Y & Y  D . 4 . 1 4  
v T 3 J  A 3  

3  

A' 
where T3 is the only unknown, and it is assumed that —- = 1. 

A3 

Therefore, for an assumed T3, the Mach number downstream of the handling 

bleed valve, M3, can be calculated by, 

M 
3 JW3 

and the total temperature, To3, by, 

T_, =T, + 
V3

2 

o3 2c. 
D.4.16 
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Then, the static and total pressures can be calculated by, 

V T' A 
3 *3 rt3 

D.4.17 

and, 

P =P'  
o3 o3 

o3 

T' v o3 y 

7-1 
D.4.18 

respectively. Using the compressible flow relationships, M3 can then be recalculated 

using, 

M3 = 
y-1 

Y-l 
o3 D.4.19 

T3 is then iteratively searched until Equation D.4.15 and Equation D.4.19 

converge. At the conclusion of this process, the total pressure and temperature 

downstream of the handling bleed valve is found, which is then used to calculate the 

updated compressor pressure and temperature ratio. 
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Change in the Fuel Consumption 

Due to the reduction of mass flow into the combustor as a result of the handling 

bleed extraction, the fiiel-to-air ratio, f, of the combustor increases if the fuel flow rate is 

held constant since, 

~ mf mf 
f= =~7tt1 da20 

m3 m2(l-p„ ) 

Here, note that Equation D.4.20 can also be expressed as, 

~t~~~ ~ (1 Ph )CpgT°4 ^T"3 D.4.21 
m2 TIBQ 

With the increase in the fiiel-to-air ratio, the combustor outlet temperature, To4, 

will increase as well. These variations in the fuel-to-air ratio and To4 are of no 

ill IT 
consequence to the turbine corrected mass flow rate, — 04 , as long as its magnitude 

^>4 

is held constant prior to and after opening of the handling bleed valve at a given power 

r—-

setting. With —0 4  already known from the solution process (Appendix D.l and 
P<>4 

Appendix D.2), the increase in f and To4 can therefore be iteratively calculated by, 

[mf+(l-PH )m'3] 
m

4y To4 y 
!hf TIBQO PH ) , Cpa 

+ _£LT 
m' c c 03 D.4.22 3 pg pg 

P P o4 o4 
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E.l Non-Dimensionalizing Predicted and Actual Performance 

This section discusses the method by which the actual and predicted engine 

performance data are non-dimensionalized. 

Let a performance parameter be expressed by X. Then, let X^ represent the 

design-point performance, Xsite represent the performance at site, and Xsite)finst represent 

the first data point at site. 

Then, the non-dimensionalized performance parameter, XND, is obtained by, 

X - X ) 
X_ i  .  site site/first r- t i 

N D = 1  + ^ E.l.l 
des 

X 
Here, non-dimensionalization through —— was not chosen since one may obtain 

^des 

the magnitude by which the power output and fuel flow rate of the industrial RB211 

increase with respect to its operating life, whereas Equation E.l.l simply translates the 

non-dimensionalized data to an initial value of unity while maintaining its original form 

E.2 Predicted and Actual Performance Data at Site 

This section contains the core control method predictions of the site performance 

data of GT1, GT2 and GT3. 



.2 
a. "§ 
— S> 
CO =3 
C CO 
O CO 
c7> 2 
C o. 
£ -E O If=j CO 
V co 
c s> 
° CL 
z E 

1.2 

1.1 

1.0 

0.9 

8 0.8 

' """ ! 1 

GT1 
i 1 i 1 l l 1 

prediction 
-

Jjkfj.! s i 11 
1 M|rw 

- ' * y j 

i i 

• i ' 

W!JP*V*> 

i 

ii 1 J 

T̂ tWrf 
iff jfv| 

i i 

i 
7H W'5 I 

1 

1 i I i 

1  

\fi 
i 

1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 

Operating hours 

0.2-

® 0.1 
g 

I o.o 
•2? 
Q_ 

prediction error 
• average prediction error 
propagated measurement uncertainty 

4M» 
'TT HI-

-0.1 -

1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 

Operating hours 

Figure E.1 Non-dimensional LP compressor pressure ratio of GTl 



prediction 

1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 

Operating hours 

0.2 

I 0.1 
c 
.2 

I 0.0 
Ql 

IW) 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 

Operating hours 

Figure E.2 Non-dimensional HP compressor pressure ratio of GTl 

! , j j 1 p 

prediction error 
average prediction error 
propagated measurement uncertainty 

J I I I L 



J 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 

Operating hours 

0.2 
prediction error 

0 average predictbn error 
c5 0.1 - propagated measurement uncertainty 
cz 

f  FWnwv, L * 
T3 
IS , I. \ j 

i- 7 PHr ' ' i il vl w N ± ' i -|*Hr • ^ ry\f *• vr 

lloo 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 
Operating hours 

Figure E.3 Non-dimensional LP compressor corrected mass flow rate of GTl 



prediction 

H 
1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 

Operating hours 

0.2 

e 
O) 

o 
9> 

0.1 

o.d 

-0,1 

prediction error 
• average prediction error 
propagated measurement uncertainty 

( U f r '  s II /fidl! k •• 1.1 

1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 

Operating hours 

Figure E.4 Non-dimensional fuel flow rate of GTl 



| # 1.2 ,Q o 
CO i_ C <D 
1 I 1-0 v 
c 
o 

Ctf 

0 

prediction 

1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 

Operating hours 

1— 
o 
c5 0.1 c 
Q 

0.1 

~o 
0.0 a> 0.0 

Q_ 

•A 

iJTk 

prediction error 
1 average prediction error 
propagated measurement uncertainty 

H <i ! 5f> 
i . r  i iMU 

f 
Y n f V f T  r n  

\4 

-0.1-

1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 

Operating hours 

Figure E.5 Non-dimensional power output of GT1 K) 
© 



prediction 

1800 1900 2000 2100 2200 
Operating hours 

0.10 

L. 

§ 0.05 

g 

1 0.00 

prediction error 
1 average prediction error 
propagated measurement uncertainty 

2300 2400 

L'ffli L-L'J'JLWt fee* ftniT 
' ? M 

-0.05 
1800 1900 2000 2100 2200 2300 2400 

Operating hours 

Figure E.6 Non-dimensional HP compressor pressure ratio of GT2 



(D <P 

prediction 

o> $ 

1800 1900 2000 2100 2200 
Operating hours 

2300 2400 

£= 
.O 
"a 
TD 0) 
CL 

prediction error 
average predictiofi error 
propagated measurement uncertainty 

uflMPUHMiiH,  .1 

1 Hi 

-j— 
' *": i < •« 

-0.05 
1800 1900 2000 2100 2200 2300 2400 

Operating hours 

Figure E.7 Non-dimensional LP compressor corrected mass flow rate of GT2 
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F.l The Monte Carlo Algorithm, chromatograph.m 

The following is the Matlab algorithm of the Monte Carlo simulation as used to 

determine the propagated uncertainty of the lower heating value of the fuel used by the 

industrial RB211. 

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %  
% chromatograph.m % 
% % 
% This program estimates the overall measurement uncertainty of a gas % 
% chromatograph using a collective perturbation technique initiated % 
% by a Monte Carlo subroutine. % 
% % 
% This program was written by Kanishka Suraweera % 
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %  

clear 
clc 

MCH4 = 16.04; 
MC2H6 = 30.07; 
MC3H8 = 44.09; 
MIC4H10 = 58.12; 
MNC4H10 = 58.12; 
MIC5H12 = 72.15; 
MNC5H12 = 72.15; 
MC6H14 = 86.16; 
M02 = 32 7 
MN2 = 28 .01; 
MC02 = 44.01; 

hCH4 = -74850; 
hC2H6 = -84680; 
hC3H8 = -103850; 
hIC4H10 = -134200; 
hNC4H10 = -125600; 
hIC5H12 = -153700; 
hNC5H12 = -146440; 
hC6H14 = -167100; 
h02 = 0; 
hN2 = 0; 
hC02 = -393520; 
hH20g = -241820; 

U = .025/100; 
leftU = -U; 
rightU = 2*U; 



FCH4 = .8876; 
FC2H6 = .04099; 
FC3H8 = .006812; 
FIC4H10 = .000849 
FNC4H10 = .001984 
FIC5H12 = .004004 
FNC5H12 = .00152; 
FC6H14 = .001467; 
F02 = 0 t 
FN2 = . 05402; 
FC02 = .000799; 

molartotal = FCH4+FC2H6+FC3H8+FIC4H10+ ... 
FNC4H10+FIC5H12+FNC5H12+FC6H14+F02+FN2+FC02 

reality = 5555; 

m = 250; 
n = 400; 
Q = zeros([n m]); 

for j = l:m 
for i = 1m 

if reality == 5555 
UCH4 = leftU+rightU*rand; 
UC2H6 = leftU+rightU*rand; 
UC3H8 = leftU+rightU*rand; 
UIC4H10 = leftU+rightU*rand; 
UNC4H10 = leftU+rightU*rand; 
UIC5H12 = leftU+rightU*rand; 
UNC5H12 = leftU+rightU*rand; 
UC6H14 = leftU+rightU*rand; 
U02 = leftU+rightU*rand; 
UN2 = leftU+rightU*rand; 
UC02 = leftU+rightU*rand; 

else 
UCH4 = 0; 
UC2H6 = 0 / 
UC3H8 = 0 / 
UIC4H10 = 0 
UNC4H10 = 0 
UIC5H12 = 0 
UNC5H12 = 0 
UC6H14 = 0; 
U02 = 0; 
UN2 = 0; 
UC02 = 0; 

end 
FUCH4 = FCH4+UCH4; 
FUC2H6 = FC2H6+UC2H6; 
FUC3H8 = FC3H8+UC3H8; 
FUIC4H10 = FIC4H10+UIC4H10 
FUNC4H10 = FNC4H10+UNC4H10 
FUIC5H12 = FIC5H12+UIC5H12 
FUNC5H12 = FNC5H12+UNC5H12 
FUC6H14 = FC6H14+UC6H14; 



FU02 = F02+U02; 
FUN2 = FN2+UN2; 
FUC02 = FC02+UC02 ; 
molartotalU = FUCH4+FUC2H6+FUC3H8+FUIC4H10+ ... 

FUNC4H10+FUIC5H12+FUNC5H12+FUC6H14+FU02+FUN2+FUC02; 
% carbon 
b = FUCH4+2*FUC2H6+3*FUC3H8+4*FUIC4H10+ ... 

4*FTJNC4H10+5*FUIC5H12+5*FUNC5H12+6*FUC6H14+FUC02; 
% hydrogen 
C = (4*FUCH4+6*FUC2H6+8*FUC3H8+10*FUIC4H10+ ... 

10*FUNC4H10+12*FUIC5H12+12*FUNC5H12+14*FUC6H14)/2; 
% oxygen 
a = (2*b+c-2*FU02-2*FUC02)/2; 
% nitrogen 
d = (2*FUN2+2*3.76*a)/2; 
M = FUCH4*MCH4+FUC2H6*MC2H6+FUC3H8*MC3H8+FUIC4H10*MIC4H10+ 

FUNC4H10*MNC4H10+FUIC5H12*MIC5H12+FUNC5H12*MNC5H12+ .. 
FUC6H14 *MC6H14+FU02 *M02+FUN2 *MN2+FUC02 *MC02; 

hRP = b*hC02+c*hH20g- ... 
(FUCH4*hCH4+FUC2H6*hC2H6+FUC3H8*hC3H8+FUIC4H10*hIC4H10 
FUNC4H10*hNC4H10+FUIC5H12*hIC5H12+FUNC5H12*hNC5H12+ .. 
FUC6H14*hC6H14+FU02*h02+FUN2*hN2+FUC02*hC02); 

Q(i,j) = abs(hRP/M); 
end 

end 

aQ = (sum(sum (Q))) / (n*m) ; 

sigma = zeros([m 1] ) ; 
sigma95 = zeros([m 1] ); 
avQ = zeros([m 1]); 

for i = l:m 
sigma(i) = std(Q(:,i)); 
sigma95(i) = tmat(length(1:i))* ... 

sqrt (sum(sigma (1: i) . ""2) ) /sqrt (length (1: i) ) ; 
end 

figure(1) 
plot(l:m,(sigma95),'k',l:m,-(sigma95),'k',[0 m],[0 0],'--kl) 
xlabel('Number of bundles', ... 

'FontSize' , 1 2 , ' FontName1,1Arial Narrow') 
ylabel(['Fuel lower heating value uncertainty,1, ... 

' \pmu_L_H_V_,_9_5_% [ kJ / kg ]'],'FontSize',12, ... 
'FontName1,'Arial Narrow') 

text(m*.4,-100,[num2str(n),' sub-bundles per bundle']) 
text(m*.4,-125, [1 calculated uncertainty = \pm', ... 

num2str(sigma95(m)),' kJ/kg']) 
set(gca,'FontSize',12,'FontName','Arial Narrow') 
axis([1 m -200 200]) 
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F.2 Core Control Method for a Single-Spool Turbojet, 
XlTJ.m 

The following Matlab algorithm represents the application of the core control 

method for a single-spool turbojet. It was used to predict the off-design performance of a 

Rolls-Royce Viper Mark 521. 

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %  
% X_1TJ.m % 
% % 
% This program uses the core control method to predict the off-design % 
% performance of a single-spool turbojet. % 
% % 
% A Rolls-Royce Viper Mark 521 is used in this case. % 
% % 
% This program was written by Kanishka Suraweera. % 
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %  

% engine design-point performance 
Pol = 101.325; 
Po2 = 101.325; 
Po3 = 101.325*5.25; 
Po4 = Po3*.97; 
Po5 = 204.6765; 
Tol = 288; 
To2 = 288; 
To3 = 288*1.71; 
To4 = 1152; 
To5 = 94 8; 

mades = 23.26; 
mfdes = .4032; 

A4 = .039183; 
A6 = .089586; 

nnoz = .95; % assumed nozzle efficiency 
ya = 1.4; 
y = 1.333; 
R = 287; 
Q = 43100; 

P32des = Po3/Po2; 
P43des = Po4/Po3; 
P45des = Po4/Po5; 
P50des = Po5/Pol; 
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T32des = To3/To2; 
T42des = To4/To2; 
T45des = To4/To5; 

phi = [.566:.001:.57 .57:.01:1.15]'; % core control parameter 

n = length(phi); 

WRT2des = mades*sqrt(To2)/Po2; 
WRT4des = (mades+mfdes)*sqrt(To4)/Po4; 
WRT5des = (mades+mfdes)*sqrt(To5)/Po5; 

% design-point polytropic efficiencies 
ncdes = (.4/1.4)*log(P32des)/log(T32des); 
ntdes = (1. 333/.333)*log(T45des)/log(P45des) ; 

% off-design efficiencies as a function of core control parameter 
nc = 0.5715*phi.*5-3.2649*phi.*4+7.9788*phi.*3-10.0238*phi.*2+ ... 

6.1294*phi.*1-0.5060; 
nt = -90.4862*phi.*5+441.4555*phi.*4-855.8122*phi.*3+823.1050*phi. *2-

392 .1914*phi . *1+74 . 7855; 

nc(:) = ncdes; 
nt(:) = ntdes; 

% matrices initialization 
P32 = zeros([n 1]); 
P32calc = zeros([n 1]); 
P45 = zeros([n 1]); 
P50 = zeros([n 1]); 
P3 = zeros([n 1]); 
P4 = zeros([n 1]); 
P5 = zeros([n 1]); 
P6 = zeros([n 1]); 
T32 = zeros([n 1]); 
T45 = zeros([n 1]); 
T3 = zeros([n 1]); 
T4 = zeros ( [n 1]) ; 
T5 = zeros([n 1]); 
T6 = zeros([n 1]); 
WRT2 = zeros{[n 1]); 
WRT4 = zeros([n 1]); 
WRT5 = zeros([n 1]); 
ma = zeros([n 1]); 
mac = zeros([n 1]); 
maf = zeros([n 1]); 
macf = zeros([n 1]); 
mg = zeros([n 1]); 

% critical pressures 
P45c = 1/(1-(y-1)/(y+1))*(y/(y-1)); 
P50c = 1/(1-(1/nnoz) * (y-1) / (y+1)) * (y/(y-1)) ; 
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% bleed flow 
for i = l:n 

if phi(i) >= 2.9/4.1 
loc = i; 
break 

end 
end 

B = .05; 
beta = zeros([n 1]); 
beta(l:loc) = linspace(B,0,loc); 

pp = 0; 
lim = 50; 

for i = l:n 
if phi(i) == 1 

nc(i) = ncdes; 
nt(i) = ntdes; 

end 
condSO = 0; 
pip50 = 0; 
cond4 5 = 0; 
pip45 = 0; 
left45 = P45C*.57; 
right45 = P4 5des*1.0; 
P45(i) = .5*(left45+right45); 
count4 5 = 0; 
while pp < 1 

if abs(P45(i)-P45des) < le-2 % choked turbine 
P45 (i) = P45des; 
T45(i) = T4 5des; 
WRT4(i) = WRT4des; 
WRT5(i) = WRT5des; 
left50 = P50c*.65; 
right50 = P50des*1.3; 
P50 (i) = .5*(left50+right50); 
count50 = 0; 
while pp < 1 

T32 (i) = 1+phi(i)*(T32des-1)*(1-1/T45(i))/(1-1/T45des); 
P32 (i) = T32 (i) * (nc (i) *ya/ (ya-1) ) ; 
WRT2(i) = WRT2des*(WRT4(i)/WRT4des)* ... 

(P32(i)/P32des)*sqrt(1/phi(i)); 
if i <= loc % compensate for bleed flow 

[P32 (i) T32 (i)] = ... 
bleedeffect(beta(i),WRT2(i)/1000,P32(i), ... 
Po2*1000,To2fya,nc(i),.05,.05); 

end 
P32calc(i) = P50(i)*P45(i)/P43des; 
if abs(P32calc(i)-P32(i)) < le-3 % solution found 

cond50 = 'NOZZLE CONVERGE" 
break 

end 
% search for nozzle operating point 
if P32 (i) > P32calc(i) 

left50 = P5 0(i); 
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else 
rightSO = P50(i); 

end 
P50 (i) = .5*(Ieft50+right50); 
count50 = count50+1; 
if count50 > lim 

pip50 = 'NOZZLE LIM REACHED' 
break 

end 
end 

end 
% exit loop if equilibrium operating point was found 
if cond50 == "NOZZLE CONVERGE' 

break 
elseif pip50 == 'NOZZLE LIM REACHED' 

break 
end 
% else, turbine is unchoked 
T45 (i) = P45(i)~(nt(i)*(y-l)/y); 
T32 (i) = 1+phi(i)*(T32des-1)*(1-1/T45(i))/(1-1/T45des) ; 
P32(i) = T32 (i) A (nc (i) *ya/(ya-1) ) ,-
if P45(i) < P45c 

WRT4(i) = 1000*nozzleflow(1/P45(i),A4,WRT4des/1000,l,y,0),-
else 

WRT4(i) = WRT4des; 
end 
WRT2(i) = WRT2des*(WRT4(i)/WRT4des)*(P32(i)/P32des)* ... 

sqrt(1/phi(i)); 
if i <= loc % compensate for bleed flow 

[P32(i) T32(i)] = bleedeffect(beta(i),WRT2(i)/1000, ... 
P32(i),Po2*1000,To2,ya,nc(i),.05,.05); 

end 
WRT5(i) = WRT5des*(WRT4(i)/WRT4des)*(P45(i)/P45des)* ... 

sqrt(T45des/T45(i)); 
P50(i) = nozzlepres(WRT5(i)/1000,A6,WRT5des/1000,nnoz,y,0); 
P32calc(i) = P50(i)*P45(i)/P43des; 
if abs(P32calc(i)-P32(i)) < le-3 % solution found 

COnd45 = 'TURBINE CONVERGE' 
break 

end 
% search for turbine operating point 
if P32(i) > P32calc(i) 

left45 = P45(i); 
else 

right45 = P45(i); 
end 
P45 (i) = .5*(left45+right45); 
count45 = count45+l; 
if count45 > lim 

pip45 = 'TURBINE LIM REACHED' 
break 

end 
end 

end 



% calculate off-design performance 
for i = l:n 

T3(i) = T32(i)*To2; 
P4(i) = P43des*P32(i)*Po2; 
P5 (i) = P4 (i) /P45 (i) ; 
P6(i) = P5(i); 
ma(i) = WRT2(i)*Po2/sqrt(To2); 
mac(i) = ma(i) * (l-beta(i)) ,-
macf(i) = bleedfuel(T3(i),P4(i)*1000,WRT4(i)/1000,mac(i),Q) 
mg(i) = mac(i)+macf(i); 
T4(i) = ((macf(i)/mac(i))*(.999*Q)+1.005*T3(i))/1.148; 
T5 (i) = T4 (i) /T45 (i) ; 
T6(i) = T5(i); 

end 

% thrust and specific fuel consumption calculation 
FN = zeros([n 1]); 
FS = zeros([n 1]) 
SFC = zeros([n 1]); 

P6s = zeros([n 1]); 
T6s = zeros([n 1]); 
rho6 = zeros([n 1]) ; 
V6 = zeros([n 1]); 

for i = l:n 
if WRT5(i) >= WRT5des 

P6s(i) = Po2*P32(i)*P43des/(P45(i)*P50c); 
T6s (i) = (2/ (y+1) ) *T5 (i) ; 
rho6(i) = P6s(i)/(R*T6s(i)); 
V6(i) = sqrt(y*R*T6s(i)); 

else 
[T6s(i) P6s(i) rho6(i) V6(i)] = ... 

staticinfo(mg(i),T6(i),P6(i)*1000,A6,y,1148); 
P6s (i) = P6s(i)/1000; 

end 
FN(i) = mg(i)*V6(i)/1000+A6*(P6s(i)-Pol); 
FS(i) = FN(i)/ma(i); 
SFC(i) = macf(i)/(1000*FN(i)); 

end 

% outputs for plotting 
[WRT2 P32 SFC*3600 FN T4/1000] 
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F.3 Plotting the Outputs from X lTJ.m, X lTJ PLOTS.m 

The following is the Matlab algorithm used to plot the results output from 

X ITJ.m. 

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %  
% X_1TJ_PL0TS.m % 
% % 
% This program plots the results output from X_lTJ.m. % 
% % 
% This program was written by Kanishka Suraweera. % 
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %  

WRT21 = datal(:,1); 
WRT22 = data2( : ,1) ; 
WRT23 = data3(:,1); 
P321 = datal( :,2) ; 
P322 = data2(:,2); 
P323 = data3(:,2) ; 
SFC1 = datal(:,3)/3600; 
SFC2 = data2(:,3)/3600; 
SFC3 = data3(:,3)/3600; 
FN1 = datal( : , 4 ) ; 
FN2 = data2 { :,4) ; 
FN3 = data3 ( : ,4) ; 
T41 = datal(:,5)*1000; 
T42 = data2(:,5)*1000; 
T4 3 = data3(:,5)*1000; 

figure(1) 
plot(testmass,testpr,'*k') 
hold on 
plot(WRT21,P321,'-k',•LineWidth' , 2 )  
plot(WRT22,P322,*--k','LineWidth',2) 
plot([WRT2des WRT2des 0],[0 P32des P32des],'--k') 
set(gca,'FontSize',12,'FontName1,'Arial Narrow') 
hold off 
text(WRT2des+.1,P32des,'design point','FontName','Arial Narrow') 
legend('Viper Mark 521','prediction', ... 

'prediction with overboard bleed neglected','Location','NW') 
legend('boxoff') 
xlabel({['Compressor corrected mass flow rate, ', ... 

'm_2\surdT_o_2 / P_o_2 [ kg\surdK / kPa\cdotsec ]']}, ... 
'FontSize',12,'FontName','Arial Narrow') 

ylabel('Compressor pressure ratio, P_o_2 / PolFontSize', ... 
12,'FontName','Arial Narrow') 

set(legend,'FontSize',10,'FontName','Arial Narrow') 
set(gca,'XTickLabel',{'0','0.5','1.0','1.5','2.0','2.5', ... 

'3.0','3.5','4.0','4.5','5.0'}) 
a x i s ( [ 0 5 0 8 ] )  
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figure(2) 
plot(1000*mat*14.696*.4536/101325, 1000*sfC*3600, ,xk' ) 
hold on 
plot(WRT21,1000*SFC1*3600,1-k','LineWidth',2) 
plot(WRT22,1000*SFC2*3600,'--k','LineWidth',2) 
plot( [WRT2des WRT2des 0],1000*[0 sfcdes sfcdes]*3600-k') 
hold off 
text(WRT2des+.1,1000*(sfcdes*3600-.01),'design point', ... 

'FontName','Arial Narrow') 
legend('Viper Mark 521','prediction', ... 

'prediction with overboard bleed neglected','Location','NW') 
legend('boxof f') 
set (gca,'FontSize',12,'FontName','Arial Narrow') 
xlabel({[1 Compressor corrected mass flow rate, ', ... 

'm_2\surdT_o_2 / P_o_2 [ kg\surdK / kPa\cdotsec ] ']}, ... 
'FontSize',12,'FontName','Arial Narrow') 

ylabel('Specific fuel consumption, SFC [ kg / hr\cdotkN ]', ... 
'FontSize',12,'FontName','Arial Narrow') 

set(legend,'FontSize',10,'FontName','Arial Narrow') 
set (gca,'XTickLabel',{'0','0.5','1.0','1.5','2.0','2.5', ... 

'3.0', '3.5', '4.0', '4.5' , '5.0'}) 
axis([0 5 0 400] ) 

figure(3) 
plot(1000*mat*14.696*.4536/101325,fn/1000,'Ak') 
hold on 
plot(WRT21,FN1,'k','LineWidth',2) 
plot(WRT22,FN2,'--k','LineWidth',2) 
plot([WRT2des WRT2des 0],[0 fndes fndes]/1000,'--k') 
hold off 
text(WRT2des+.1,fndes/1000,'design point','FontName','Arial Narrow') 
legend('Viper Mark 521','prediction', ... 

'prediction with overboard bleed neglected1,'Location','NW') 
legend('boxoff') 
set(gca,'FontSize',12,'FontName','Arial Narrow') 
xlabel({['Compressor corrected mass flow rate, ', ... 

'm_2\surdT_o_2 / P_o_2', ... 
' [ kg\surdK / kPa\cdotsec ]']},'FontSize',12,'FontName', ... 
'Arial Narrow') 

ylabel('Net thrust, F_N [ kN ]','FontSize',12, ... 
'FontName','Arial Narrow') 

set(gca,'XTickLabel',{'0','0.5','1.0','1.5','2.0', '2.5', ... 
'3.0', '3.5', '4.0', '4.5', '5.0'}) 

set(legend,'FontSize',10,'FontName','Arial Narrow') 
axis([0 5 0 20]) 

figure(4) 
plot(testmass,testphi*T42des*288,'Ak') 
hold on 
plot(WRT21,T41,'k','LineWidth',2) 
plot(WRT22,T42,'--k','LineWidth',2) 
plot([WRT2des WRT2des 0],[0 To4 To4],'--k') 
hold off 
text(WRT2des+.1,To4,'design point','FontName',1Arial Narrow') 
legend('Viper Mark 521','prediction', ... 

•prediction with overboard bleed neglected','Location','NW') 
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legend(1boxoff1) 
set(gca,1FontSize',12,'FontName1,'Arial Narrow') 
xlabel({['Compressor corrected mass flow rate, ', ... 

'm_2\surdT_o_2 / P_o_2 [ kg\surdK / kPa\cdotsec ]']}, ... 
'FontSize',12,'FontName','Arial Narrow') 

ylabel({['Turbine inlet temperature, T_o_4 [ K ]']}, ... 
'FontSize',12,'FontName','Arial Narrow') 

set(gca,'XTickLabel',{'0','0.5','1.0','1.5','2.0','2.5', ... 
•3.0', '3.5', '4.0', '4.5', '5.0'}) 

set(legend,'FontSize',10,'FontName','Arial Narrow') 
axis([0 5 500 1500]) 

figure(5) 
plot(testmass,testpr,|Ak') 
hold on 
plot(WRT21,P321,'-k','LineWidth',2) 
plot(WRT23,P323,1 --k',1LineWidth',2) 
plot([WRT2des WRT2des 0], [0 P32des P32des],'--k') 
hold off 
text(WRT2des+.1,P32des,'design point1,'FontName','Arial Narrow') 
legend('Viper Mark 521', ... 

'prediction with variable \eta_\infty_c', ... 
'prediction with constant \eta_\infty_c','Location','NW') 

legend('boxoff') 
xlabel({['Compressor corrected mass flow rate, ... 

'm_2\surdT_o_2 / P_o_2 [ kg\surdK / kPa\cdotsec ]']}, ... 
'FontSize',12,'FontName','Arial Narrow') 

ylabel('Compressor pressure ratio, P_o_2 / P_o_l' , ... 
'FontSize',12,'FontName','Arial Narrow') 

set(gca,'XTickLabel',{'0','0.5','1.0','1.5','2.0','2.5', ... 
'3.0', '3.5' , '4.0', '4.5' , '5.0'}) 

set(gca,'FontSize1,12,'FontName','Arial Narrow') 
set(legend,'FontSize',10,'FontName','Arial Narrow') 
axis([0 5 0 8]) 

figure(6) 
plot(fn/1000,1000*sfc*3600, '*k' ) 
hold on 
plot(FN1,1000*SFC1*3600,'-k','LineWidth',2) 
plot(FN3,1000*SFC3*3600,'--k','LineWidth',2) 
plot([fndes fndes 0]/1000,1000* [0 sfcdes sfcdes]*3600,'--k1) 
hold off 
text(fndes/1000+.1,1000*(sfcdes*3600+.015),'design point', ... 

•FontName','Arial Narrow') 
legend('Viper Mark 521', ... 

'prediction with variable \eta_\infty_c', ... 
'prediction with constant \eta_\infty_c', ... 
'Location1,'NW') 

set(gca,'FontSize',12,'FontName','Arial Narrow') 
xlabel('Net thrust, F_N [ kN ]', ... 

'FontSize',12,'FontName','Arial Narrow*) 
ylabel(1 Specific fuel consumption, SFC [ kg / hr\cdotkN ]', ... 

1 FontSize',12,'FontName','Arial Narrow') 
legend(1boxoff') 
set(legend,'FontSize1,10,'FontName1,'Arial Narrow') 
axis([0 20 50 350]) 
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f i g u r e ( 7 )  
plot(testmass,testphi*T42des*288,' Ak') 
hold on 
plot(WRT21, T41,'k','LineWidth',2) 
plot(WRT23, T43,1--k1,'LineWidth',2) 
plot([WRT2des WRT2des 0],[0 To4 To4],'--k•) 
hold off 
text(WRT2des+.1,To4,'design point','FontName','Arial Narrow') 
legend('Viper Mark 521', ... 

'prediction with variable \eta_\infty_c', ... 
'prediction with constant \eta_\infty_c', ... 
'Location','NW') 

legend('boxoff') 
setfgca,'FontSize',12,'FontName','Arial Narrow') 
xlabel({['Compressor corrected mass flow rate, ', ... 

'm_2\surdT_o_2 / P_o_2 [ kg\surdK / kPa\cdotsec ]']}, ... 
'FontSize',12,'FontName','Arial Narrow') 

ylabel({['Turbine inlet temperature, T_o_4 [ K ]']}, ... 
'FontSize',12,'FontName','Arial Narrow') 

set(gca, 'XTickLabel',{'0','0.5','1.0', '1.5', '2.0', '2.5', ... 
•3.0', '3.5', '4.0', '4.5', '5.0'}) 

set(legend,'FontSize',10,'FontName','Arial Narrow') 
axis([0 5 500 1500]) 
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F.4 Core Control Method for a Two-Spool Gas Generator 
with a Free Power Turbine, X_2TJ.m 

The following Matlab algorithm represents the application of the core control 

method for a two-spool gas generator with a free power turbine. It was used to predict the 

new and deteriorated off-design performance of the Rolls-Royce industrial RB211. 

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %  
% X_2TJ.m % 
% % 
% This program uses the core control method to predict the off-design % 
% performance of a two-spool gas generator with a free power turbine. % 
% % 
% The Rolls-Royce industrial RB211 gas turbine was used in this case. % 
% % 
% This program was written by Kanishka Suraweera. % 
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %  

% design-point performance 
Pol = XXXX 
Po2 = XXXX 
Po3 = XXXX 
Po4 = XXXX 
Po5 = XXXX 
Po6 = XXXX 
Po7 = XXXX 
Po8 = XXXX 
Tol - XXXX 
To 2 = XXXX 
To3 = XXXX 
To4 = XXXX 
To5 = XXXX 
To 6 = XXXX 
To 7 = XXXX 
To 8 = XXXX 

% corrected mass flow rates at design-point 
WRT2des = XXXX; 
WRT3des = XXXX; 
WRT5des = XXXX; 
WRT6des = XXXX; 
WRT7des = XXXX; 
mfdes = XXXX; 

% performance limiters 
T7max = XXXX; 
EGHPmax = XXXX: 



% mass flow rates at design-point 
m2des = WRT2des*Po2/sqrt(To2); 
m3des = WRT3des*Po3/sqrt(To3); 
m5des = WRT5des*Po5/sqrt(To5); 
m6des = WRT6des*Po6/sqrt(To6); 
m7des = WRT7des*Po7/sqrt(To7); 

% bleed flows at design-point 
bHPT = (m6des-m5des)/m2des; 
bLPT = (m7des-m6des)/m2des; 

% pressure and temperature ratios at design-point 
P21des = Po2/Pol 
P32des = Po3/Po2 
P43des - Po4/Po3 
P54des = Po5/Po4 
P56des = Po5/Po6 
P67des = Po6/Po7 
P78des = Po7/Po8 
P81des = 

P08/P0I 

T32des = To3/To2 
T43des = To4/To3 
T56des = To5/To6 
T67des = To6/To7 
T53des = To5/To3 

R = 287; 
Q = 43100 
y = 1.333 
ya = 1.4; 

% turbine inlet areas 
A5 = (WRT5des/1000)*sqrt(R/y)*((y+1)/2)^((y+1)/(2*(y-1))); 
A6 = (WRT6des/1000)*sqrt(R/y)*((y+1)/2)* {(y+1)/(2*(y-1))); 
A7 = (WRT7des/1000)*sqrt(R/y)*((y+1)/2)A((y+1)/ (2* (y-1))) ; 

% design-point compressor and turbine polytropic efficiencies 
nlpcdes = ((ya-1)/ya)*log(P32des)/log(T32des); 
nhpcdes = ((ya-1)/ya)*log(P43des)/log(T43des); 
nhptdes = (y/(y-1))*log(T56des)/log(P56des); 
nlptdes = (y/(y-1))*log(T67des)/log(P67des); 
nptdes = XXXX; % power turbine polytropic efficiency 

% critical turbine pressure ratios 
P56c = 1/ (1- (y-1) / (y+1)) * (y/ (y-1)) ; 
P67c = 1/ (1- (y-1) / (y+1)) * (y/ (y-1)) ; 
P78c = 1/(1-(y-1)/(y+1))A(y/(y-1)); 

% import control parameters from site data 
q = length(datacon(:,1)) ; 
skipper = 1; 
phiHP = datacon(1:skipper:q,l); 
Po2 = datacon(l:skipper:q,2)*6.8947; 
To2 = datacon(l:skipper:q,3); 



n = length(phiHP); 

% non-recoverable deterioration of compressors and turbines 
nlpc(:) = nlpcdes+XXXX; 
nhpc(:) = nhpcdes+XXXX; 
nhpt = nhptdes+XXXX; 
nipt = nlptdes+XXXX; 
npt = nptdes; % power turbine does not deteriorate 

% recoverable deterioration of LP compressor 
% polytropic efficiency 
for i = 1:n 

nlpc(i) = nlpc(i)* ... 
(.0*(exp(-.006*datacon(l+(i-1)*skipper,5))-1)+1); 

end 

% recoverable deterioration of HP compressor 
% polytropic efficiency 
for i = l:n 

nhpc(i) = nhpc(i)* ... 
(. 02*(exp (-.006*datacon(1+(i-1)*skipper,5))-1)+1) ; 

end 

lpcap = zeros([n 1]); 

% recoverable deterioration of LP compressor capacity 
for i = l:n 

lpcap(i) = .01*(exp(-.001*datacon(1+(i-1)*skipper,5))-1)+1 
end 

% uncertainty margin of design-point polytropic efficiencies 
kik = 0; 
if kik == 1 % upper margin 

nlpc = nlpc+.0192; 
nhpc = nhpc+.02; 
nhpt = nhpt+.008; 
nipt = nlpt+.Ol; 

elseif kik == 2 % lower margin 
nlpc = nlpc-.0192; 
nhpc = nhpc-.02; 
nhpt = nhpt-.008; 
nipt = nipt-.01; 

end 

% initialize matrices 
P32 = zeros([n 1]); 
P32calc = zeros([n 1]); 
P43 = zeros [n 1]) 
P56 = zeros [n 1]) 
P67 = zeros [n 1] ) 
P78 = zeros [n 1] ) 
T32 = zeros [n 1] ) 
T43 = zeros [n 1] ) 
T53 = zeros [n 1]) 
T56 = zeros [n 1] ) 



T62 = zeros([n 1]); 
T67 = zeros([n 1]); 
T78 = zeros([n 1]); 
WRT2 = zeros([n 1]); 
WRT3 = zeros([n 1]); 
WRT3n = zeros([n 1]); 
WRT5 = zeros{[n 1]); 
WRT6 = zeros([n 1]); 
WRT7 = zeros([n 1]) ; 
P3 = zeros( [n 1 
P4 = zeros( [n 1 
P5 - zeros( [n X 
P6 = zeros( [n 1 
P7 = zeros( [n 1 
P8 - zeros( [n 1 
T3 = zeros £ [ri 1 
T4 = zeros( [n 1 
T5 = zeros( [n 1 
T6 = zeros( [n 1 
T7 = zeros( [n 1 
T8 = zeros( [n 1 
m2 = zeros( [n 1 
m3 = zeros{ [n 1 
m4 = zeros( [n 1 
m5 = zeros( [n 1 
m6 = zeros( En 1 
m7 - zeros{ [n 1 
m8 = zeros( [n 1 
mf = zeros( [n 1 
EGHP = zeros([n 1] ); 
HR = zeros([n 1] ); 

PP = 0; 

lim = 30; 

% LP compressor handling bleed schedule 
locLPC = XXXX; % begin opening 
locLPCO = XXXX; % fully opened by 
bLPC = XXXX; % bleed fraction 
betaLPC = (-bLPC/(locLPC-locLPCO))*phiHP+bLPC*locLPC/ 

(locLPC-locLPCO); 
for i = l:n 

if phiHP(i) >= locLPC 
betaLPC(i) = 0; 

elseif phiHP(i) <= locLPCO 
betaLPC(i) = bLPC; 

end 
if locLPCO == locLPC 

betaLPC(i) = bLPC; 
end 

end 

% LP compressor handling bleed malfunction for GT3 
anstart = 6816; 
anend = 6897; 
bLPCmalfun = .025; 



for i = l:n 
cond56 = 0; 
cond67 = 0; 
cond78 = 0; 
pip56 = 0; 
pip67 = 0; 
pip78 = 0; 
left56 = P56c*.6; 
right56 = P56des*1.0; 
P56(i) = .5*(Ieft56+right56); 
count56 = 0; 
% unchoked HP turbine 
while pp < 1 

if abs(P56(i)-P56des) < le-4 % choked HP turbine 
P56 (i) = P56des; 
WRT5(i) = WRT5des; 
left67 = P67C*.6; 
right67 = P67des*1.0; 
P67 (i) = .5* (Ieft67+right67); 
count67 = 0; 
while pp < 1 

if abs(P67(i)-P67des) < le-4 
% choked LP turbine 
P56 (i) = P56des; 
WRT5(i) = WRT5des; 
P67 (i) = P67des; 
WRT6(i) = WRT6des; 
left78 = P78c*.7; 
right78 = P78des*1.5; 
P78 (i) = .5*(Ieft78+right78); 
count78 = 0; 
% choked power turbine 
while pp < 1 

T56(i) = P56(i)A(nhpt*(y-1)/y); 
T67(i) = P67(i)"(nlpt*(y-l)/y); 
T78 (i) = P78(i)"((y-l)/y); 
T43 (i) = 1+phiHP(i)*(T43des-1) * ... 

(1-1/T56(i))/(1-1/T56des); 
P43(i) = T43 (i) *• (nhpc (i) *ya/ (ya-1)) 
T32(i) = (l-phiHP(i)*(1-1/T32des)* 

(T56des/T56(i))* ... 
(1-1/T67(i))/(1-1/T67des))x-l; 

T3 (i) = T32 (i) *To2 (i) ; 
T5(i) = phiHP(i)*T53des*T3(i); 
T6(i) = T5(i)/T56(i); 
T7(i) = T6(i)/T67(i); 
if T7(i) >= T7max % To7 limiter 

T7(i) = T7max; 
T6 (i) = T7 (i) *T67 (i) ; 
T5(i) = T6(i)*T56(i); 
T3(i) = T5(i)/(phiHP(i)*T53des) 
T32 (i) = T3 (i) /To2 (i) ; 

end 
P32 (i) = T32 (i) A (nlpc (i) *ya/ (ya-1)) 
^ ********************************* 

% GT3 LP compressor handling bleed 
% valve malfunction 
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if anstart <= datacon(l+(i-1)*skipper,4) ... 
&& datacon(1+(i-1)*skipper,4) <= anend 

WRT2{i) = lpcap(i)*WRT2des* ... 
(WRT5(i)/WRTSdes)*(P43(i)/P43des)* ... 
(P32(i)/P32des)*sqrt(1/phiHP(i))* ... 
sqrt(T32des/T32(i)); 

[P32(i) T32(i)] = ... 
bleedeffeet((1-lpcap(i)* ... 
bLPCmalfun),WRT2(i)/1000, ... 
P32(i) , Po2(i)*1000,To2(i),ya, ... 
nlpc(i),.05,.05) ; 

end 

WRT2(i) = WRT2des*(WRT5(i)/WRT5des)* ... 
(P43(i)/P43des)*(P32(i)/P32des)* ... 
sqrt(1/phiHP(i))* ... 
sqrt(T32des/T32(i)); 

% LP compressor handling bleed schedule 
if phiHP(i) <= locLPC 

[P32(i) T32(i)] = ... 
bleedeffeet(betaLPC(i), ... 
WRT2(i)/1000,P32(i),Po2(i)*1000, ... 
To2(i),ya,nlpc(i),.05,.05); 

end 
P7(i) = P54des*P43(i)*P32(i)*Po2(i)/ ... 

(P56(i)*P67(i)); 
T8(i) = T7(i)*(Po8/P7(i))"(npt*(y-l)/y); 
m 7 ( i )  =  m 6 ( i ) ;  
EGHP(i) = m7(i) *1.148*(T7(i)-T8 (i)) ; 
if EGHP(i) > EGHPmax % power limiter 

break 
end 
P32calc(i) = P81des*P78(i)*P67(i)*P56(i)/ ... 

(P54des*P43(i)*P21des); 
if abs(P32calc(i)-P32(i)) < le-4 

cond78 = 'NOZZLE CONVERGE* 
break 

end 
if P32(i) > P32calc (i) 

left78 = P78(i); 
else 

right78 = P78(i); 
end 
P78 (i) = .5* (Ieft78+right78) ,-
count78 = count78+1; 
if count78 > lim 

pip78 = 'NOZZLE LIM REACHED' 
break 

end 
end 

end 
if COnd78 == 'NOZZLE CONVERGE' 

break 
elseif pip78 == 'NOZZLE LIM REACHED' 

break 
end 
T67 (i) = P67(i)A(nlpt*(y-l)/y); 



if P67 (i) < P67c 
WRT6(i) = 1000*nozzleflow(l/P67<i),A6, ... 

WRT6des/1000,l,y,0); 
else 

WRT6(i) = WRT6des; 
end 
WRT7(i) = WRT7des*(WRT6(i)/WRT6des)* ... 

(P67(i)/P67des)*sqrt(T67des/T67(i)) ,-
P78 (i) = nozzlepres(WRT7(i)/1000,A7, ... 

WRT7des/1000,l,y,0); 
T78 (i) = P78(i)"((y-l)/y); 
T4 3 (i) = 1+phiHP(i)*(T43des-1)*(1-1/T56(i))/ ... 

(1-1/T56des); 
P43(i) = T43(i)*(nhpc(i)*ya/(ya-1)); 
T32 (i) = (1-phiHP(i)*(1-1/T32des)* ... 

(T56des/T56(i))*(1-1/T67(i))/(1-1/T67des))*-1; 
T3 (i) = T32 (i) *To2 (i) ; 
T5(i) = phiHP(i)*T53des*T3(i); 
T6 (i) = T5 (i) /T56 (i) ; 
T7(i) = T6(i)/T67(i); 
if T7(i) >= T7max % To7 limiter 

T7(i) = T7max; 
T6(i) = T7(i)*T67(i); 
T5 (i) = T6 (i) *T56 (i) ; 
T3(i) = T5(i)/(phiHP(i)*T53des); 
T32(i) = T3(i)/To2 (i) ; 

end 
P32 (i) = T32 (i) * (nlpc (i) *ya/ (ya-1) ) ; 
^ *******+******************+********************** 

% GT3 LP compressor handling bleed valve malfunction 
if anstart <= datacon(1+(i-1)*skipper,4) && . . . 

datacon(1+(i-1)*skipper,4) <= anend 
WRT2(i) = lpcap(i)*WRT2des*(WRT5(i)/WRT5des)* ... 

(P43(i)/P43des)* ... 
(P32(i)/P32des)*sqrt(l/phiHP(i))* ... 
sqrt(T32des/T32(i)); 

[P32(i) T32 (i)] = ... 
bleedeffeet((1-lpcap(i)*bLPCmalfun), ... 
WRT2(i)/1000,P32(i),Po2(i)*1000,To2(i), ... 
ya,nlpc(i),.05,.05); 

end 
% ft************************************************ 

WRT2(i) = WRT2des*(WRT5(i)/WRT5des)* ... 
(P43(i)/P43des)*(P32(i)/P32des)* ... 
sqrt(1/phiHP(i))*sqrt(T32des/T32(i)); 

% LP compressor handling bleed schedule 
if phiHP(i) <= locLPC 

[P32 (i) T32(i)] = ... 
bleedeffeet(betaLPC(i),WRT2(i)/1000, ... 
P32 (i),Po2(i)*1000,To2{i),ya,nlpc(i),.05,.05) 

end 
P7(i) = P54des*P43(i)*P32(i)*Po2(i)/(P56(i)*P67(i)); 
T8(i) = T7(i)*(Po8/P7(i))"(npt*(y-l)/y); 
m 7 ( i )  =  m 6 ( i ) ;  
EGHP(i) = m7(i)*1.148*(T7(i)-T8 (i)); 
if EGHP(i) > EGHPmax % power limiter 

break 



end 
P32calc(i) = P81des*P78(i)*P67(i)*P56(i)/ ... 

(P54des*P43(i)*P21des); 
if abs(P32calc(i)-P32(i)) < le-4 

cond67 = 'LPT CONVERGE' 
break 

end 
if P32(i) > P32calc(i) 

left67 = P67(i); 
else 

right67 = P67(i); 
end 
P67 (i) = .5*(Ieft67+right67); 
count67 = count67+1; 
if count67 > lim 

pip67 = 'LPT LIM REACHED' 
break 

end 
end 

end 
if cond78 == 'NOZZLE CONVERGE' 

break 
elseif pip78 == 'NOZZLE LIM REACHED' 

break 
elseif cond67 == 'LPT CONVERGE' 

break 
elseif pip67 == 'LPT LIM REACHED' 

break 
end 
T56 (i) = P56(i)*(nhpt*(y-1)/y) ; 
if P56(i) < P56c 

WRT5(i) = 1000* ... 
nozzleflow(1/P56(i),A5,WRT5des/1000,l,y,0); 

else 
WRT5(i) = WRT5des; 

end 
WRT6(i) = WRT6des*(WRT5(i)/WRT5des)*(P56(i)/P56des)* ... 

sqrt(T56des/T56(i)); 
P67(i) = nozzlepres(WRT6(i)/1000,A6,WRT6des/1000,l,y,0); 
T67 (i) = P67(i)"(nipt*(y-1)/y); 
WRT7(i) = WRT7des*(WRT6(i)/WRT6des)*(P67(i)/P67des)* ... 

sqrt(T67des/T67(i)); 
P78(i) = nozzlepres(WRT7(i)/1000,A7,WRT7des/1000,l,y,0); 
T78 (i) = P78 (i) A ((y-1) /y) ; 
T43(i) = 1+phiHP(i)*(T43des-1)*(1-1/T56(i))/(1-1/T56des) 
P43(i) = T43(i)"(nhpc(i)*ya/(ya-1)); 
T32(i) = (1-phiHP(i)*(l-l/T32des)*(T56des/T56(i))* ... 

(1-1/T67(i))/(1-1/T67des)) A-l; 
T3 (i) = T32 (i) *To2 (i) ; 
T5(i) = phiHP(i)*T53des*T3(i) ; 
T6(i) = T5(i)/T56(i); 
T7(i) = T6(i)/T67(i); 
if T7(i) >= T7max % To7 limiter 

T7(i) = T7max; 
T6 (i) = T7(i)*T67(i); 
T5 (i) = T6 (i) *T56 (i) ; 
T3(i) = T5(i)/(phiHP(i)*T53des); 
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T32 (i) = T3 (i) /To2 (i) 
end 
P32 (i) = T32(i)A(nlpc(i)*ya/(ya-1)) ; 
|| ************************************************* 

% GT3 LP compressor handling bleed malfunction 
if anstart <= datacon(1+(i-1)*skipper,4) && ... 

datacon(1+(i-1)*skipper,4) <= anend 
WRT2(i) = lpcap(i)*WRT2des*(WRT5(i)/WRT5des)* ... 

(P43(i)/P43des)* ... 
(P32(i)/P32des)*sqrt(1/phiHP(i))*sqrt(T32des/T32(i)); 

[P32 (i) T32 (i)] = ... 
bleedeffect((l-lpcap(i)*bLPCmalfun),WRT2(i)/1000, ... 
P32(i),Po2(i)*1000,To2(i),ya,nlpc(i),.05,.05); 

end 
% ************************************************* 
WRT2(i) = WRT2des*(WRT5(i)/WRT5des)* ... 

(P43(i)/P43des)*(P32(i)/P32des)*sqrt(1/phiHP(i))* ... 
sqrt(T32des/T32(i)); 

% LP compressor handling bleed schedule 
if phiHP(i) <= locLPC 

[P32(i) T32(i)] = bleedeffect(betaLPC(i),WRT2(i)/1000, .. 
P32(i),Po2(i)*1000,To2(i),ya,nlpc(i),.05,.05); 

end 
P7(i) = P54des*P43(i)*P32(i)*Po2(i)/(P56(i)*P67(i) ) ; 
T8(i) = T7 (i) * (Po8/P7 (i) ) A (npt* (y-1)/y) ; 
m 7 ( i )  =  t o 6 ( i ) ;  
EGHP(i) = m7(i)*1.148*(T7(i)-T8(i)); 
if EGHP(i) > EGHPmax % power limiter 

break 
end 
P32calc(i) = P81des*P78(i)*P67(i)*P56(i)/ ... 

(P54des*P43(i)*P21des); 
if abs(P32calc(i)-P32 (i)) < le-4 

COnd56 = 'HPT CONVERGE' 
break 

end 
if P32(i) > P32calc(i) 

left56 = P56(i); 
else 

right56 = P56(i); 
end 
P56 (i) = .5* (Ieft56+right56); 
count56 = count56+1; 
if count56 > lim 

pip56 = 'HPT LIM REACHED' 
break 

end 
end 

end 



% post-solution process calculations 
T5c = zeros([n 1]); 
T6c = zeros([n 1]); 
Cpm = zeros([n 1]); 
Cp6 = zeros([n 1]); 
FAR = zeros([n 1]); 
m5c = zeros([n 1]); 
y6 = zeros([n 1]); 

for i = l:n 
WRT2(i) = lpcap(i)*WRT2des*(WRT5(i)/WRT5des)*(P43(i)/P43des) 

(P32(i)/P32des)*sqrt(1/phiHP(i))*sqrt(T32des/T32(i)); 
WRT3(i) = WRT3des*(WRT2(i)/WRT2des)*(P32des/P32(i) ) * ... 

sqrt(T32(i)/T32des); 
P3 (i) = Po2 (i) *P32 (i) ; 
P4 (i) = P3 (i) *P43 (i) ; 
P5(i) = P4(i)*P54des; 
P6(i) = P5(i)/P56(i) ; 
P7(i) = P6(i)/P67(i); 
P8(i) = P7(i)/P78(i); 
T3 (i) = To2 (i) *T32 (i) ; 
T4 (i) = T3 (i) *T43 (i) ; 
T5(i) = phiHP(i)*T53des*T3(i); 
m2(i) = WRT2 (i) *Po2 (i)/sqrt (To2 (i)) ; 
m3(i) = WRT3(i)*P3(i)/sqrt (T3<i)) ; 
m4(i) = m3(i)-bHPT*m2(i); 
T5c < i) = (1.148*T5(i)-bHPT*l.005*T4(i))/{(1-bHPT)*1.148); 
mf(i) = m4(i)*(1.148*T5c(i)-1.005*T4(i))/(.999*Q); 
m5c(i) = m4(i)+m£(i); 
m5(i) = m5c(i)+bHPT*m2(i); 
T6c (i) = T5(i)/T56 (i) ; 
m 6 ( i )  =  m 5 ( i ) ;  
T6(i) = T6c(i); 
T7(i) = T6(i)/T67 (i) ; 
T8(i) = T7(i)*(Po8/P7(i))"(npt*(y-l)/y); 
m 7 ( i )  =  m 6 ( i ) ;  
EGHP(i) = m7(i)*1.148*(T7(i)-T8(i)); 
HR(i) = 3600*mf(i)/EGHP(i); 

end 

% output to be used for plotting by X_2TJ_PLOTS 
[phiHP P32 T32 P43 T43 P56 T56 P67 T67 P78 T78 T7/1000 ... 

WRT2 WRT3 WRT5 WRT6 WRT7 HR EGHP/1000] 
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F.5 Plotting the Outputs from X_2TJ.m, X_2TJ_PLOTS.m 

The following is the Matlab algorithm used to plot the results output from 

X 2TJ.m. 

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %  
% X_2TJ_PLOTS.m % 
% % 
% This program plots the results output from X_2TJ.m. % 
% % 
% This program was written by Kanishka Suraweera. % 
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %  

figure(7) 
subplot(2,1,1) 
plot(datacore(:,1),(dataeng(:,6)/T7des)+ ... 

1-(dataeng(1,6)/T7des), ... 
'-','Color',.6*[1 1 1]) 

hold on 
plot(datacore(:,1),(datacore(:,6)/T7des)+ ... 

1-(dataeng(1,6)/T7des),'k') 
hold off 
legend('GT3','prediction','Location','NW') 
legend('boxof f') 
xlabel('Operating hours', ... 

'FontSize',12,'FontName','Arial Narrow') 
ylabel({'Non-dimensional gas',1 generator exhaust temperature'}, ... 

'FontSize',12,'FontName','Arial Narrow') 
set(gca,'YTick',.9:.05:1.1) 
set(gca,'YTickLabel*,{'0.90','0.95','1.00', ... 

'1.05','1.10'}) 
set(gca,'FontSize',12,'FontName','Arial Narrow') 
set(legend,'FontSize',10,'FontName','Arial Narrow') 
axis([min(datacore(:,1)) max(datacore(:,1)) .9 1.1]) 
avman = sum((dataeng(:,6)/T7des)- ... 

(datacore(:,6)/T7des))/length(datacore(:,1)) ; 
subplot(2,1,2) 
plot(datacore(:,1),(dataeng(:,6)/T7des)- ... 

(datacore(:,6)/T7des),'-', ... 
'Color',.6*[1 1 1]) 

hold on 
plot([min(datacore(1)) max(datacore(:,1))], ... 

[avman avman],'-k','LineWidth',2) 
plot([min(datacore(:,1)) max(datacore(:,1))], ... 

[.00075 .00075],'--k') 
plot([min(datacore(:,1)) max(datacore(:,1))], ... 

-1* [.00075 .00075], '--k') 
hold off 
legend({'prediction erroraverage prediction error', ... 

•propagated measurement uncertainty'}','Location','NW') 
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legend('boxoff') 
xlabel('Operating hours', ... 

'FontSize',12,'FontName1,'Arial Narrow") 
ylabel('Prediction error1, ... 

'FontSize' , 1 2 , 'FontName',1Arial Narrow') 
set(gca,'YTickLabel•,{'-0.02','0.00',•0.02•,'0.04'}) 
set(gca,'FontSize12,'FontName','Arial Narrow') 
set(legend,'FontSize',10,'FontName','Arial Narrow') 
axis([min(datacore(:,1)) max(datacore(:,1)) -.02 .04]) 

figure(6) 
subplot(2,1,1) 
plot(datacore(:,1),(dataeng(:,8)/mfdes)+ ... 

1-(dataeng(1,8)/mfdes), ... 
'-','Color',.6*[1 1 1]) 

hold on 
plot(datacore(:,1),(datacore(:,8)/mfdes)+ ... 

1-(dataeng(1,8)/mfdes),'k') 
hold off 
legend('GT31,'prediction','Location','NW') 
legend('boxoff') 
xlabel('Operating hours', ... 

'FontSize',12,'FontName','Arial Narrow') 
ylabel({'Non-dimensional','fuel flow rate'}, ... 

'FontSize',12,'FontName','Arial Narrow') 
set(gca,'YTickLabel',{'0.8','1.0','1.2'}) 
set(gca,'FontSize',12,'FontName','Arial Narrow') 
set(legend,'FontSize',10,'FontName','Arial Narrow') 
axis([min(datacore(:,1)) max(datacore(:,1)) .7 1.3]) 
avman = sum((dataeng(:,8)/mfdes)- ... 

(datacore(:,8)/mfdes))/length(datacore(:,1)); 
subplot(2,1,2) 
plot(datacore(:,1),(dataeng(:,8)/mfdes)- ... 

(datacore(:,8)/mfdes),1-', ... 
•Color',.6*[1 1 1]) 

hold on 
plot([min(datacore(:,1)) max(datacore(:,1))], ... 

[avman avman],'-k','LineWidth',2) 
plot([min(datacore(:,1)) max(datacore(:,1))], ... 

[.00513 .00513],'--k') 
plot([min(datacore(:,1)) max(datacore(:,1))], ... 

-1* [.00513 .00513] ,'--k') 
hold off 
legend({'prediction error','average prediction error', ... 

•propagated measurement uncertainty'}','Location','NW') 
legend('boxoff') 
xlabel('Operating hours', ... 

'FontSize',12,'FontName','Arial Narrow') 
ylabel('Prediction error', ... 

'FontSize',12,'FontName1,'Arial Narrow') 
set(gca,'YTickLabel',{1-0.05','0.00','0.05•,'0.10'}) 
set(gca,'FontSize',12,'FontName','Arial Narrow') 
set(legend,'FontSize',10,'FontName','Arial Narrow') 
axis([min(datacore(:,1)) max(datacore(:,1)) -.05 .1]) 
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figure(5) 
subplot(2,1,1) 
plot(datacore(:,1),(dataeng(:,7)/PWRdes)+ ... 

1-(dataeng(1,7)/PWRdes), ... 
,'Color',.6*[1 1 1]) 

hold on 
plot(datacore(:,1),(datacore(:,7)/PWRdes)+ ... 

1-(dataeng(1,7)/PWRdes),'k') 
hold off 
legend('GT3','prediction','Location1,'NW') 
legend(1boxoff') 
xlabel('Operating hours', ... 

1FontSize',12,'FontName','Arial Narrow') 
ylabel({'Non-dimensional','engine power output'}, ... 

'FontSize',12,'FontName','Arial Narrow') 
set(gca,'YTick',.6:.2:1.2) 
set(gca,'YTickLabel',{'0.6','0.8','1.0','1.2'}) 
set(gca,'FontSize',12,'FontName','Arial Narrow') 
set(legend,1FontSize',10,'FontName','Arial Narrow') 
axis([min(datacore(:,1)) max(datacore(:,1)) .55 1.25]) 
avman = sum((dataeng(:,7)/PWRdes)- ... 

(datacore(:,7)/PWRdes))/length(datacore(:,1)); 
subplot(2,1,2) 
plot(datacore(:,1),(dataeng(:,7)/PWRdes)- ... 

(datacore(:,7)/PWRdes),'-', ... 
'Color', .6* [1 1 1]) 

hold on 
plot([min(datacore(:,1)) max(datacore(:,1))], ... 

[avman avman],'-k','LineWidth',2) 
plot([min(datacore(:,1)) max(datacore(:,1))], ... 

[.00902 .00902],'--k') 
plot([min(datacore(:,1)) max(datacore(:,1))], ... 

-1* [.00902 .00902], '--k'> 
hold off 
legend({'prediction error','average prediction error', ... 

'propagated measurement uncertainty'}','Location','NW') 
legend('boxoff') 
xlabel('Operating hours', ... 

'FontSize',12,'FontName','Arial Narrow') 
ylabel('Prediction error', ... 

'FontSize',12,'FontName','Arial Narrow') 
set(gca,'FontSize',12,'FontName','Arial Narrow') 
set(legend,'FontSize',10,'FontName','Arial Narrow') 
set(gca,'YTickLabel',{'-0.1','0.0','0.l','0.2'}) 
axis([min(datacore(:,1)) max(datacore(:,1)) -.1 .2]) 

figure(4) 
subplot(2,1,1) 
plot(datacore(:,1),(dataeng(:,5)/WRT3des)+ ... 

1-(dataeng(l,5)/WRT3des) , ... 
'-','Color',.6*[1 1 1]) 

hold on 
plot(datacore(:,1),(datacore(:,5)/WRT3des)+ ... 

1-(dataeng(1,5)/WRT3des),'k') 
hold off 
legend('GT3','prediction','Location','NW') 
legend('boxoff') 
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xlabel('Operating hours', ... 
'FontSize',12,'FontName','Arial Narrow') 

ylabel({'Non-dimensional HP compressor', ... 
'corrected mass flow rate'}, ... 
'FontSize',12,'FontName','Arial Narrow') 

set(gca,'YTickLabel',{'0.941,'0.961,'0.98', ... 
•1.00', '1.02', '1.04'}) 

set(gca,'FontSize',12,'FontName','Arial Narrow') 
set(legend,'FontSize',10,'FontName','Arial Narrow') 
axis([min(datacore(:,1)) max(datacore(:,1)) .94 1.04]) 
avman = sum((dataeng(:,5)/WRT3des)- ... 

(datacore (:, 5) /WRT3des)) /length (datacore (:, 1)) ,-
subplot(2,1,2) 
plot(datacore(:,1),(dataeng(:,5)/WRT3des)- ... 

(datacore(:,5)/WRT3des),'-', ... 
' C o l o r ' , . 6 * [ 1  1  1 ] )  

hold on 
plot([min(datacore(:,1)) max(datacore(:,1))], ... 

[avman avman],'-k','LineWidth',2) 
plot([min(datacore(:,1)) max(datacore(:,1))], ... 

[.00633 .00633],'--k') 
plot([min(datacore(:,1)) max(datacore(:,1))], ... 

-1*[.00633 .00633],'--k") 
hold off 
legend({'prediction error','average prediction error', ... 

'propagated measurement uncertainty'}','Location','NW') 
legend('boxoff') 
xlabel('Operating hours', ... 

'FontSize',12,'FontName','Arial Narrow') 
ylabel('Prediction error', ... 

'FontSize',12,'FontName','Arial Narrow') 
set(gca,'FontSize',12,'FontName','Arial Narrow') 
set(legend,'FontSize',10,'FontName','Arial Narrow') 
set(gca,'YTickLabel',{'-0.02','0.00',10.02',10.04',•0.06'}) 
axis([min(datacore(:,1)) max(datacore(:,1)) -.02 .06]) 

figure(3) 
subplot(2,1,1) 
plot(datacore(:,1),(dataeng(:,4)/WRT2des)+ ... 

1-(dataeng(1,4)/WRT2des), ... 
' -' , 'Color', .6* [1 1 1]) 

hold on 
plot(datacore(:,1),(datacore(:,4)/WRT2des)+ ... 

1-(dataeng(l,4)/WRT2des), *k•) 
hold off 
legend('GT31,'prediction','Location','NW') 
legend('boxoff') 
xlabel('Operating hours', ... 

'FontSize',12,'FontName','Arial Narrow') 
ylabel({'Non-dimensional LP compressor*, ... 

'corrected mass flow rate'}, ... 
'FontSize',12,'FontName',1Arial Narrow') 

set(gca,'YTick',.8:.1:1.2) 
set (gca, ' YTickLabel '^'O.B'/O.g'^l.O',1!.!1}) 
set(gca,'FontSize',12,'FontName','Arial Narrow') 
set(legend,'FontSize',10,'FontName','Arial Narrow') 
axis([min(datacore(:,1)) max(datacore(:,1)) .8 1.1]) 



avman = sum((dataeng(:,4)/WRT2des)- ... 
(datacore(:,4)/WRT2des))/length(datacore(:,1)); 

subplot(2,1,2) 
plot(datacore(:,1),(dataeng(:,4)/WRT2des)- ... 

(datacore(:,4)/WRT2des) , '- 1 , ... 
'Color',.6* [1 1 1]) 

hold on 
plot([min(datacore(:,1)) max(datacore(:,1))], ... 

[avman avman],'-k','LineWidth1,2) 
plot([min(datacore(:,1)) max(datacore(:,1))], ... 

[.00333 .00333],'--k') 
plot([min(datacore(:,1)) max(datacore(:,1))], ... 

-1*[.00333 .00333]--k') 
hold off 
legend({'prediction error','average prediction error', .. 

'propagated measurement uncertainty'}','Location','NW 
legend('boxoff') 
xlabel('Operating hours', ... 

'FontSize',12,'FontName','Arial Narrow') 
ylabel('Prediction error', ... 

'FontSize',12,'FontName','Arial Narrow') 
set (gca,'YTickLabel',{'-0.05','0.00','0.05', '0.10'}) 
set(gca,'FontSize',12,'FontName','Arial Narrow') 
set(legend,'FontSize',10,'FontName','Arial Narrow') 
axis([min(datacore(:,1)) max(datacore(:,1)) -.05 .1]) 

figure(2) 
subplot(2,1,1) 
plot(datacore(:,1),((dataeng(:,3)-1)/(P43des-1))+ ... 

1-((dataeng(1,3)-1)/(P43des-1)), ... 
1 - 1,'Color',.6* [1 1 1]) 

hold on 
plot(datacore(:,1),((datacore(:,3)-1)/(P43des-1))+ ... 

1-((dataeng(1,3)-1)/(P43des-1)),'k') 
hold off 
legend('GT3','prediction','Location','NW') 
legend('boxoff') 
xlabel('Operating hours 1, ... 

'FontSize',12,'FontName','Arial Narrow') 
ylabel({'Non-dimensional HP','compressor pressure ratio1} 

'FontSize',12,'FontName','Arial Narrow') 
set(gca,'YTickLabel',{'0.90','0.95', '1.00', '1.051}) 
set(gca,'FontSize',12,'FontName','Arial Narrow') 
set(legend,'FontSize',10,'FontName','Arial Narrow') 
axis([min(datacore(:,1)) max(datacore(:,1)) .9 1.05]) 
avman = sum(((dataeng(:,3)-1)/(P43des-1))- ... 

((datacore(:,3)-1)/(P43des-1)))/length(datacore(:,1)) 
subplot(2,1,2) 
plot(datacore(:,1),((dataeng(:,3)-1)/(P43des-1))- ... 

((datacore(:,3)-1)/(P43des-1)),'-', ... 
'Color',.6*[1 1 1] ) 

hold on 
plot([min(datacore(:,1)) max(datacore(:,1))], ... 

[avman avman],'-k','LineWidth',2) 
plot([min(datacore(:,1)) max(datacore(:,1))], ... 

[.00807 .00807],'--k') 
plot([min(datacore(:,1)) max(datacore(:,1))], ... 



-1* [.00807 .00807], '--k' ) 
hold Off 
legend({'prediction error1,'average prediction error', ... 

'propagated measurement uncertainty'}','Location','NW') 
legend('boxoff') 
xlabel('Operating hours', ... 

'FontSize',12,'FontName','Arial Narrow') 
ylabel('Prediction error', ... 

'FontSize',12,'FontName','Arial Narrow') 
set(gca,'YTickLabel',{'-0.05','0.00','0.05','0.10'}) 
set(gca,'FontSize',12,'FontName','Arial Narrow') 
set(legend,'FontSize',10,'FontName','Arial Narrow') 
axis([min(datacore(:,1)) max(datacore(:,1)) -.05 .1]) 

figure(1) 
subplot (2,1,1) 
plot(datacore(:,1),((dataeng(:,2)-1)/(P32des-1))+ ... 

1-((dataeng(1,2)-1)/(P32des-1)), ... 
• -','Color',.6* [1 1 1]) 

hold on 
plot(datacore(:,1),((datacore(:,2)-1)/(P32des-1))+ ... 

1-((dataeng(1,2)-1)/(P32des-1)),'k') 
hold off 
legend('GT3 ' , 'prediction' , 'Location' , 'NW') 
legend('boxof f') 
xlabel(1 Operating hours', 'FontSize',12,'FontName', 'Arial Narrow' 
ylabel({'Non-dimensional LPcompressor pressure ratio'}, ... 

'FontSize',12,1FontName','Arial Narrow') 
set(gca, 'YTickLabel',{'0.8','0.9', '1.0','1.1'}) 
set(gca,'FontSize',12,'FontName','Arial Narrow') 
set(legend,'FontSize',10,'FontName','Arial Narrow') 
axis([min(datacore(:,1)) max(datacore(:,1)) .75 1.15]) 
avman = sum(((dataeng(:,2)-1)/(P32des-1)) - ... 

((datacore(:,2)-1)/(P32des-1)))/length(datacore(:,1)); 
subplot(2,1,2) 
plot(datacore(:,1),((dataeng(:,2)-1)/(P32des-1))- ... 

((datacore(:,2)-1)/(P32des-1)),'-', ... 
•Color',.6* [1 1 1]) 

hold on 
plot([min(datacore(:,1)) max(datacore(:,1))], ... 

[avman avman],'-k','LineWidth' ,2) 
plot([min(datacore(:,1)) max(datacore(:,1))], ... 

[.00872 .00872],'--k') 
plot([min(datacore(:,1)) max(datacore(:,1))], ... 

-1*[.00872 .00872],'--k') 
hold off 
legend({'prediction error','average prediction error', ... 

'propagated measurement uncertainty'}','Location','NW') 
legend('boxoff') 
xlabel('Operating hours', ... 

'FontSize',12,'FontName','Arial Narrow') 
ylabel('Prediction error', ... 

'FontSize',12,'FontName','Arial Narrow') 
set(gca,'YTickLabel',{'-0.05','0.00','0.05','0.10'}) 
set(gca,'FontSize12,'FontName','Arial Narrow') 
set(legend,'FontSize',10,'FontName','Arial Narrow') 
axis([min(datacore(:,1)) max(datacore(:,1)) -.08 .12]) 
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F.6 Effect of Handling Bleed Flows, bleedeffect.m 

This Matlab algorithm uses calculations within the core control method to predict 

the effect of handling bleed flows on compressor performance. 

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %  
% bleedeffect.m % 
% % 
% This program is called within each iteration of the core control % 
% method to simulate the effect of handling bleed flow on compressor % 
% performance. % 
% % 
% This program was written by Kanishka Suraweera. % 
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %  

function [pr tr] = bleedeffect(B,WRT,P32,Po2,To2,y,ncdes,Ain,Aout) 

To3 = To2*P32A((y-1)/(ncdes*y)); 

% define search bounds 
left = .8*To3; 
right = To3; 
T3 = .5*(left+right); 
Po3 = P32*Po2; 

m2 = WRT*Po2/sqrt(To2); 

count1 = 0; 

pp = 0; 
R = 287; 

xx = 100; 

% calculate flow conditions upstream of the bleed valve 
for i = l:xx 

v3 = sqrt((To3-T3)*2*1005); 
p3 = Po3*(T3/To3)A(y/(y-1)); 
rho3 = p3/(R*T3); 
m3 = rho3*v3*Ain; 
if abs(m3-m2) < le-3 

break 
end 
if m3 > m2 

left = T3; 
else 

right = T3; 
end 
T3 = .5*(left+right); 
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end 

M = v3/(sqrt(y*R*T3)); 

rside = m2; 

m4 = m3*(1-B); 

left = .7*To3; 
right = To3; 
T4 = .5*(left+right); 

count = 0; 

% calculate flow conditions downstream of the bleed valve 
for i = l:xx 

v4 = (1-B)*v3*(T4/T3)"(1-(y-1)/y)*(Ain/Aout); 
To4 = T4+v4A2/(2*1005); 
M4 = v4/sqrt(y*R*T4); 
m4 = (1-B)*m3; 
rho4 = m4/(v4*Aout); 
P4 = rho4*R*T4; 
Po4 = Po3*(To4/To3)A(y/(y-1)); 
M4c = sqrt((((Po4/P4)A((y-l)/y))-1)*2/(y-1)); 
if abs(M4-M4c) < le-3 

break 
end 
if M4 > M4c 

left = T4; 
else 

right = T4; 
end 
T4 = .5*(left+right); 

end 

% calculate new compressor pressure and temperature ratios 
pr = Po4/Po2; 
tr = To4/To2; 
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F.7 Calculating Gas Turbine Fuel Flow Rate, bleedfuel.m 

This Matlab algorithm uses combustor inlet temperature, combustor inlet mass 

flow rate, combustor outlet pressure and turbine corrected mass flow rate to iteratively 

search for the combustor fuel flow rate. 

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %  
% bleedfuel.m % 
% % 
% This program calculates the gas turbine fuel flow rate that % 
% satisfies a required turbine corrected mass flow rate. % 
% % 
% This program was written by Kanishka Suraweera. % 
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %  

function mf = bleedfuel(T3,P4,WRT,mac,Q) 

pp = 0; 

% search boundaries 
left = 0; 
right = mac; 
mf = .5*(left+right); 
count = 0; 

% iteratively search for the fuel flow rate 
while pp < 1 

mass = (mac+mf)*sqrt(((mf/mac)*(.999*Q)+1.005*T3)/I.148)/P4; 
if abs(mass-WRT) < le-5/1000 

break 
end 
if mass < WRT 

left = mf; 
else 

right = mf; 
end 
mf = .5*(left+right); 
count = count+1; 
if count > 100 

break 
end 

end 
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F.8 Turbine Corrected Mass Flow Rate, nozzleflow.m 

This Matlab algorithm calculates the turbine corrected mass flow rate given the 

turbine pressure ratio, throat area, design-point corrected mass flow, turbine-equivalent 

nozzle efficiency and gas constant. 

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %  
% nozzleflow.m % 
% % 
% This program calculates the turbine corrected mass flow rate. % 
% % 
% This program was written by Kanishka Suraweera. % 
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %  

function mass = nozzleflow(pr,A,massdes,nnoz,y,figureon) 

% critical pressure ratio 
pre = (1-(1/nnoz)*(y-1)/(y+1))* (y/ (y-1)) ; 
pre = 1/prc; 

if 1/pr >= pre 
mass = massdes; 

elseif nnoz == 1 
mass = (A/sqrt(287))*sqrt((2*y/(y-1))*(prA(2/y))*(l-pr*((y-1)/y))); 

else 
mass = (A/sqrt(287))*sqrt((2*y/(y-1))*(pr*2)*nnoz*(l-prA((y-

D / y ) ) )  /  . . .  
(l-nnoz*(1-pr*((y-1)/y))); 

end 

% plot the turbine characteristic if requested 
if figureon == 5555 

figure(100) 
hold on 
plot(1/pr,1000*mass,'ok',[1/pr 1/pr],[0 1000*mass],1--k', ... 

[pre pre 1 1],1000*[0 massdes massdes 0],'--k') 
text(prc+.1,1000*.65*massdes,'\leftarrow Critical pressure ratio') 
text(l/pr+.1,1000*mass*.15,{['\leftarrow Operating'], ... 

['pressure ratio']}) 
hold off 

elseif figureon == 0 
end 



253 

F.9 Turbine Pressure Ratio, nozzlepres.m 

This Matlab algorithm calculates the turbine pressure ratio given the turbine 

corrected mass flow rate, throat area, design-point corrected mass flow, turbine-

equivalent nozzle efficiency and gas constant. 

% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %  
% nozzlepres.m % 
% % 
% This program calculates the turbine pressure ratio. % 
% % 
% This program was written by Kanishka Suraweera. % 
% % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % % %  

function guess = nozzlepres(mass,A,massdes,nnoz,y,figureon) 

pp = 0; 

% critical pressure ratio 
pre = (1-(1/nnoz)*(y-1)/(y+1))* (y/ (y-l)); 
pre = l/prc; 

% search boundaries 
left = 1; 
right = pre; 
guess = .5*(left+right); 

count = 0; 

while pp < 1 
if nnoz < 1 

masscalc = (A/sqrt(287))*sqrt((2*y/(y-l))*(guess*-2)*nnoz* ... 
(1-guess*(-(y-l)/y)))/ ... 
(1-nnoz*(l-guess*(-(y-l)/y))); 

else 
masscalc = (A/sqrt(287))*sqrt((2*y/(y-l))*(guess"(-2/y))* ... 

(l-guessA((1-y)/y))); 
end 
if abs(masscalc-mass) < le-7/1000 

break 
end 
if masscalc < mass && guess < pre 

left = guess; 
else 

right = guess; 
end 
guess = . 5* (left+right); 
count = count+1; 



if count > 100 
break 

end 
end 

% plot turbine characteristic is requested 
if figureon == 5555 

hold on 
plot(guess,1000*mass,'ok',[guess guess 1] , [0 1000*mass 

1000*mass],'--k1) 
text(guess+.1,1000*mass*.15,{['\leftarrow Operating1], 

['pressure ratio']}) 
hold off 

elseif figureon == 0 
end 


