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SUMMARY

This thesis reports on the writer’s investigations in gas turbine and in combustion.

Referring first to the gas turbine studies, these have been predominantly on the
performance aspects, particularly on transient performance of aero gas turbines. The
existing prediction methods, Continuity of Mass Flow (CMF) and Intercomponent Volume
(ICV) have been developed and compared. The comparison extended to a two-spool
turbofan having mixed exhausts (previously only a single-spool engine had been reported
on). Noticeable differences in predictions were found only in the H.P. compressor while
the Inlet Guide Vanes were turning and the air flow rate in the H.P. compressor was
changing rapidly. The ICV method, which is the more valid, predicted lesser movements

from the steady-running line than the CMF method.

A major part of the investigation has been a sequence of studies of the effects of heat

transfers within the engine components on the transient dynamic response of the engine.
Non-adiabatic flows, boundary layer changes in the compressor, efficiency changes due to
tip clearance changes and seal clearance changes giving altered leakages were all
modelled. Significant changes in dynamic response (i.e. speed, thrust etc) could all be

predicted. The known tendency to surge the compressor when reaccelerating a “hot”

engine — the Bodie transient — could also be predicted. The lengthening of the response
time when accelerating on a hydro-mechanical fuel controller (Iengthening typically by 30

per cent) could be predicted. Low thrust (typically by 2 per cent) at the conclusion of an

acceleration, could also be predicted.

There are several locations in the engine where disc cooling flows etc return to the main
flows. These flows may have a significant momentum transverse to the main flow
direction. These “transversion injection” flows have been studied on a cold cascade rig. It
was found that vortices could be generated originating from near the separation bubble
formed behind the injection slot. The averaged losses of stagnation pressure could be
modelled by a simple one-dimensional theory. The vortices did not seem to damage the

flow in the succeeding blade row.

Developments in fuel controller strateéy'ha\?etbeen studied, including the use of a model-

based observer controller.
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Developments in fuel controller strategy have been studied, including the use of a model-

based observer controller.

The writer’s experience in modelling and predicting the dynamic behaviour of engines was
called on by Rolls-Royce (R-R) when he contracted to provide the transient model of the
new RB 183-03 ;‘;l;a'y” Engine. This was to be a two-spool engine of Bypass ratio 3.0 and
having the Fan and Intermediate Pressure (I.P.) compressor on the L.P. shaft. This was a
novel configuration to R-R: haste was needed. A novel means was devised of representing
the inner and outer portions of the fan. The transient predictions for the engine design were
provided. The danger of surging the I.P. compressor during a deceleration was predicted.

This danger could be alleviated (a) by installing an air-bleed from LP. compressor
delivery into the bypass duct, or (b) by making the turning rate of the H.P. compressor

Inlet Guide Vanes less rapid with non-dimensional shaft speed change. The writer was told

by R-R that the latter choice was not feasible so the air bleed after the I.P. compressor was

selected for the prototype engines. However Choice (b) was selected for the production

engines.

The combustion studies have covered both pre-mixed and non-premixed gas-air systems,
particularly where the air was given swirl. Flow patterns have been modelled by Swirl
Numbers. For the non-premixed investigations, three different fuel injection schemes have
been tested. These schemes are: (a) central axial, (b) radial outwards from the central
axis and (c) penpheral from an injection slot/holes surrounding the main air jet entry.
Peripheral injection offers advantages. Component velocity profiles have been measured,
as have pressures and temperatures. Concentrations of pollutants have been measured.

Commercial, and locally developed, prediction codes have been tested against the

experimental data, with fair success.

(i1)
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CHAPTER 1

INTRODUCTION

The subject matter of this Thesis falls into the two major areas in which the author has
worked — these being “Gas Turbine Performance” and “Combustion”. Some of the work

has been openly published, while other sections of work (for Rolls-Royce Ltd) have been
given only restricted circulation. The work reported in this Thesis includes both the openly
published and the restricted papers. Some of the investigations, and subsequent papers,

have been the work of teams in which the author was a co-worker. The contribution of the

author to each of the investigations is shown in the “List of Publications by Author” which

follows Chapter 11 and “Reference Papers by Other Workers” in Vol. I of this Thesis.

In the first area of study — gas turbine performance — the investigations have concentrated

on the prediction of the performance in transients of aero gas turbines. When the author
started his study, in 1968, the principal procedures which had already been developed were
the continuity of mass flow method and the inter-component volume method. Up to this
stage, workers had generally assumed that the flows in compressors and turbines were
effectively adiabatic, that the component efficiencies and capacities were the same as those
measured under steady-running conditions and seal clearance flows were at design
proportions etc. This set of assumptions can be referred to as “adiabatic” assumptions.
The present author has made some contribution to the development of the above
“adiabatic” continuity of mass flow and inter-component volume methods, and he has
introduced a high-frequency gas dynamic procedure into the latter. These studies are

reported in Chapter 2.

The “adiabatic” predictions procedures referred to above were unable to explain a number
of anomalies which were being observed in “real” engine behaviour. Typical anomalies
were that an engine at the conclusion of an acceleration could be developing a thrust

significantly less than the eventual stabilised value, another being that the time taken to
carry out an acceleration or deceleration was very frequently as much as 30 per cent longer

than predicted by the adiabatic procedures. Yet another anomaly was that an engine could

be more prone to compressor surge when re-accelerating from a “hot” condition than when



accelerating from “cold”. The present author has proposed that these anomalies can be

explained by “thermal effects”. His investigations into these are reported in Chapter 3

where the “thermal effects” are quantified and models to represent them are developed.

One of the thermal effects considered to be worthy of examination is the change of

clearance of seals. Some of these seals control flows which are, for example, used for
cooling turbine components such as discs. These flows then return into the main flow

through the turbine. Usually these returning flows will have a transverse component of
velocity when they return into the main flow. A study has been made of these transversely
injected flows, 1n relation to the performance of turbines, where this effect probably most

frequently occurs. This study is reported in Chapter 4.

The investigations reported in Chapter 2, 3 and 4 have been integrated in the form of
Transient Performance Prediction Codes. These have been applied to a two-spool aero

turbofan engine currently in production, and predictions are presented and discussed in
Chapter 5.

The engine fuel control systems used in the studies reported in Chapters 2 to 5 had been of

the contemporary hydro-mechanical type. The advent of electronic engine control systems

allows for more sophisticated control strategies. The author has collaborated in

investigations into developments in engine control systems. This work is reported in

Chapter 6.

A major component of this Thesis is the work which the author carried out for Rolls-Royce
Limited during the period December 1982 to December 1985 when he was engaged by that
Company to provide the transient modelling of two of their engines — the existing RB183-
02, Mk 555, “Spey” Engine and the then proposed RB183-03 “Tay” Engine. The former
engine was already in service, performing very satisfactorily. The latter engine was, for
Rolls-Royce, a new configuration having a Low Pressure (L.P.) shaft system of Fan plus
Intermediate Pressure (I.P.) compressor on the same shaft, driven by the L.P. turbine. The
High Pressure (H.P.) Core was to be essentially the same as for the Spey Engine.
Purchasers of the new “Tay” Engine were being sought as from late 1982. The work which
the present writer carried out for Rolls-Royce is reported in Chapter 7. This work was used

in establishing the design of the Engine in 1983/84.




The investigations by the author on combustion are summarised in Chapters 8 to 10
inclusive. The first studies made by him were on flame stabilisation and on flame
“spreading”, and the three publications arising from that work are discussed in Chapter 8.

The first two of these Papers had formed the basis of the author’s Ph.D. Thesis, written in
1955/56.

Starting in 19635, the author undertook responsibility for a programme of research into the
aerodynamics of swirling jet flows and their utilisation in furnace combustion. The first
study was on cold jets in “free” surroundings, and then in an “isothermal” model of a
furnace. This was followed by a study of burning “free” jets and then burning jets in
furnaces. The swirl generators were of the inclined flat vane type and the fuel gas and air

were premixed. This work is reported in Chapter 9.

Non-premixed combustion systems were next examined, at this stage still using only
gaseous fuel. A range of fuel injection schemes has been studied — central axial, radial
outwards from the axis and then peripheral around the main air jet. The swirl generator
most frequently used was of a radial inwards flow type. The study was directed at
observing, and predicting, the combustion patterns (flow velocities, temperature
distributions, etc) and also the formation of pollutants (particularly oxides of nitrogen). In
these studies, the Glasgow University workers have joined with a team at the National
Engineering Laboratory (NEL), East Kilbride. A major portion of the experimental work

was carried out on the NEL Fumace facility. The findings of these investigations are

summarised in Chapter 10.

Finally, in Chapter 11, some concluding remarks are given on the work submitted by the

author.



CHAPTER 2

PREDICTION OF TRANSIENT PERFORMANCE OF GAS TURBINES — ADIABATIC
PROCEDURES

In the work described in this Chapter it is assumed that “heat transfer effects”, or “thermal

effects” can be 1gnored.

The two methods most commonly used to predict the transient behaviour of gas turbines

are the “Continuity of Mass Flow” and the “Intercomponent Volume” Method. These two
methods were in use prior to the present author beginning his studies in this area.
Typically, the two procedures are described by Fawke and Saravanamuttoo (Ref. 1)*. In
that paper the “Continuity of Mass Flow” Method is referred to as the “Iterative Method”.
The present author prefers to use the title “Continuity of Mass Flow” as this describes the

thermodynamic basis of the method rather than the numerical procedure that has to be

followed.

As the transient prediction work which will be introduced in Chapters 3 and 5 to 7

inclusive is essentially based on one or other of these methods, they are now explained in

slightly more detail.

2.1/

*  Ref. Numbers in brackets relate to “Reference Papers by Other Workers”, listed after
Chapter 11.



2.1 “Continuity of Mass Flow” (CMF) Method

In this method it is assumed that at any given instant the mass flow out of the engine
matches with the mass flow into it, allowances having been made for bleeds and fuel flow.
The calculation starts with a guessed pressure ratio, or mass flow, at the first compressor or
fan. This then leads to a set of conditions at entry to the next component. The calculation,

with further guesses where necessary, proceeds through the engine. The mass flow at the

turbine(s) and nozzle must be consistent with the non-dimensional characteristics of these

components. Calculation checks at these locations will cause iterations in which the initial

guesses of pressure ratio(s) or mass flow(s) are revised until continuity of mass flow is
achieved. Energy balances are now carried out on the shaft(s) of the engine and
instantaneous acceleration rate(s) determined. The procedure of Newton is then adopted in
which i1t 1s assumed that this acceleration will continue throughout the next time interval.

This gives new shaft speed(s) which form the starting point for the calculation procedure at

the next 1instant.

The number of iterative loops (frequently nested) which are required depends on the
complexity of the engine. For example, for a single-spool engine operating in a range
where the turbine is not choked, only one iterative loop is required. By contrast, five

iterative loops may be required for a two-spool turbofan with mixed exhausts.

Some workers (Ref. 2) have experienced difficulty in achieving convergence of this

procedure when attempting to simulate more complex engine configurations. The author
however has been successful with up to two-spool turbotan engines. This is discussed in

Paragraph 2.3 below.

It is to be noted that the initial guesses of pressure ratio(s) or mass flow(s) that are required
to start a CMF calculation need not be accurate because no results emerge until the
iterations have converged on the true pressure ratios etc. The weakness of the CMF
procedure obviously is that no allowance is made for the accumulation of air, or gas, within

the components and ducts of the engine during the transient.




2.2 “Inter-Component Volume” (ICV) Method

In this method, allowance is made for the accumulation of mass within the components
and ducts. The procedure requires an initial estimate of the pressure distribution along
the engine at the conditions corresponding to the start of the transient. Inter-component
volumes are identified which include an appropriate proportion of the preceding
component and an appropriate proportion of the next component. The initially
estimated pressure distribution will give mass flows into, and out of, these inter-
component volumes. In general, these mass flows will not match, thus air/gas mass will
accumulate, or diminish, and the pressure in that volume will rise or fall during the

subsequent time interval. The new pressure in each inter-component volume is

determined using the equations which satisfy a mass flow balance and an energy flux
balance. The new pressure distribution forms the starting point for the calculation at the
next time instant. The calculation is essentially a straight-through procedure with no

iterations. In practice some iteration may be required in order to achieve the correct

working point on the characteristics of the first turbine. Because of the small values of
the inter-component volumes compared to the large magnitudes of the air-gas mass flow
rates, very short time intervals have to be used otherwise instabilities in the numerical
calculation occur. Thus computing times are significantly longer than for the CMF
method described previously. Also, poor initial estimated values for the pressure
distribution in the engine will lead to erroneous results for the first number of time

intervals. This can be overcome by having a ‘stabilisation’ period prior to the transient.

2.3 Comparison of CMF and ICV Methods — Procedures and Predictions

The CMF Method is iterative. As stated in Paragraph 2.1, some workers (Ref. 2) have
had difficulty in achieving convergence when attempting to simulate the more complex
configurations such as two-spool turbofans with mixed exhausts. On the other hand the
author has been able to achieve satisfactory convergence for two-spool turbofans (Pub.

25, 27, 28, 30, 31, 35, 36, 43 and 65 to 73)*. The author’s then Research student,

Pilidis, has achieved convergence when simulating a three-spool turbofan with separate
exhausts (Ref. 3).

* Pub. Numbers in brackets relate to “Publications by Author” listed after “Reference

Papers by Other Workers”, following Chapter 11. Copies of these Papers are given
in Vol. II (or as Appendix to Vol. I for Reports to Rolls-Royce).
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Referring to computing times, Fawke and Saravanamuttoo (Ref. 1) found little difference
in computing times for single-spool engine simulations. In the comparisons which the

present author has made for the two-spool turbofan (Pub. 43) it was found that computing

times for the ICV method were longer by a factor of 5 to 10. This is mainly due to the
efficient iteration- procedures used in the CMF program and the necessity for short time
steps (0.5 ms or less) required in the ICV program to avoid instabilities. With the CMF
procedure, and its faster computing times, the possibility exists for predicting in real time.

This i$ important for possible engine control applications.

Considening the predictions of thrust response, Fawke and Saravanamuttoo made no
comment on the consistency, or otherwise, of the thrust responses predicted by the two
methods for their single-spool engine. The present author has made the comparison for the
two-spool turbofan as reported in Publication 43. He found that the CMF procedure tended
to underpredict the time taken for the thrust response, compared with the predictions from

the ICV procedure. The underprediction was typically about 4 per cent, i.e. noticeable but

not large. The present author also found that for accurate predictions from the ICV
procedure, the computation had to be carried out using double precision. The predictions
from the ICV procedure are of course the more valid because that procedure does make

allowances for the change that does occur during a transient in the mass of air/gas

contained within an engine.

Finally, comparing trajectories within the compressor(s) predicted by the two procedures,
Fawke and Saravanamuttoo (Ref. 1) have given results for the single-spool engine. In an
acceleration, when the CMF prediction is used, in response to the jump in fuel flow the
compressor trajectory jumps immediately to a higher pressure ratio point on the same
constant speed line, while in the ICV prediction the pressure ratio rises more gradually over
a series of time steps. Thus the predicted ICV trajectory is more “rounded” in the early

stages. However, thereafter the two predicted trajectories were virtually identical.

The present author studied the predicted trajectories in the more complex configuration of

the two-spool turbofan with mixed exhausts (Pub. 43). A common non-dimensional fuel
schedule was used for both sets of predictions. The predicted trajectories in the Fan were

essentially identical, hardly digressing from the steady-running line. In the Intermediate

Pressure (I.P.) Compressor, again the trajectories predicted by both procedures were almost



identical, in this case there being very significant departures from the steady-running line.

It was only in the High Pressure (H.P.) Compressor that the predicted trajectories differed.
During the period when the Inlet Guide Vanes (I.G.V.s) to the H.P. Compressor were
turning, that is when there was rapid rate of change of demand for air flow into the H.P.
compressor, the predicted trajectories using the CMF method moved significantly further
from the steady-running line than those predicted by the ICV method. The over-prediction
could be as high as 20 to 30 per cent (Pub. 74, p.18).

2.4 Inter-Component Volume Method with High Frequency Gas Dynamics

In the ICV method described in Paragraph 2.2 it was assumed that the pressure variation
within a particular Inter-Component Volume occurred uniformly along the Volume. The
physical reality of the changes during a transient is that pressure changes are associated
with the propagation of pressure waves from the ends of the Inter-Component Volume.

Models which incorporate this effect may be described as High-Frequency Gas Dynamic

models. Models where these have been included are reported by Merriman (Ref. 4).

The present author, with colleagues, has also introduced these gas dynamic effects into the
Inter-Component Volume methods already used (Pub. 64). For a two-spool turbofan
engine, the introduction of these high-frequency gas dynamics models into the procedures
had negligible effect on the predictions of speed and thrust response and on the predicted
trajectories in the compressor as the engine was following a transient acceleration or
deceleration. This observation is to be expected since the speed change of the engine is, in
effect, a low-frequency transient. Accurate prediction of the low-frequency transient does
not require the inclusion of the high-frequency gas dynamic effects. This finding is in line

with a communication with Merriman (Ref. 5).

The finding that, for the prediction of the response of an engine in a speed transient, high-
frequency gas dynamic modelling does not need to be included is an important result. It
confirms the validity of the procedures previously used over many years which had ignored

the possible high-frequency gas dynamic effects.




2.5 Summary of Findings by Author

The author has successfully developed models which can make predictions of the transient
behaviour of gas turbines of types ranging from the simple single-spool engine to a two-
spool turbofan with mixed exhausts and having, in the low pressure compression system, a
fan and, for the core air, an intermediate pressure compressor. The models have been
based on the Continuity of Mass Flow (CMF) and on the Inter-Component Volume (ICV)
procedures. He has compared the predictions of these procedures for the two-spool

turbofan configuration described above. The only noticeable differences in predictions lay

in the thrust responses and in the trajectory in the High Pressure Compressor. The only

previously published comparison known to the author has been for a single-spool engine,

where no significant differences in predictions were reported.

s
[

The author, with colleagues, has extended the ICV procedure to include high-frequency gas
dynamic effects. They showed that this development of the procedure is not necessary if it

1s only speed transient response predictions that are being sought.



CHAPTER 3

THERMAL EFFECTS IN GAS TURBINE TRANSIENTS

In the first attempts to predict the transient performance of gas turbines — as for example
Reference 1 and the descriptions in Chapter 2 preceding, paragraphs 2.1 and 2.2 — “thermal
effects” or “heat transfer effects” were ignored. However by the late 1960s a number of
“anomalies” were being observed in engine behaviour during transients. The three most

obvious anomalies which could not be explained by the adiabatic procedures, were:

(i) The time taken for an engine to complete a speed transient could be 20 or 30 per cent

. longer than that predicted by the adiabatic transient procedures (Refs. 6, 7).

(i1) When the speed transient had been completed the thrust developed could still differ

significantly from that which would be developed when the conditions in the engine
became fully stabilised (Pub. 6).

(it1) It was frequently observed that when engines are re-accelerated immediately
following a deceleration — the so-called “Bodie” transient — surge in a compressor
was more likely to occur than when accelerating the “cold” engine under equivalent

control conditions (Refs. 8, 9).

The majority of the references cited above to illustrate the anomalies post date 1968, when

the present author started his study. However, these problems were recognised within the

industry prior to 1968.

3.1 Suggested “Thermal Effects”

Following from his initial studies, the author, in Publications 6 and 8, proposed that the

anomalies described above could be explained in terms of the following “thermal effects”.

(1) Non-adiabatic flows in fans, compressors and turbines.

10




(i) Changes in characteristics of compressors due to heat transfers, this effect being

additional to that resulting from non-stabilised blade tip clearances.

(iii) Changes in efficiencies of compressors and turbines due to blade tip clearances not

being stabilised values.

(iv) Air flows through seals differing from design proportions due to seal clearances

during the transient differing from design stabilised values.

(v) Heat absorption in combustion chambers.

(vi) Delay in the response of the combustion process.

i

Bauerfeind (Ref. 6), in 1968, presented the “thermal effects” which he considered to be
important. His list included all of the above with the exception of effect (ii). The present

author has independently analysed in some detail all of the effects, with the exception of
eftect (vi). This author’s results are now summarised, and his treatments are compared

with the methods of Bauerfeind and the few others who have tried to analyse “thermal

effects”.

3.2 Heat absorptions or rejections in compressors and turbines

In compressors and turbines, convective heat transfers to or from the air-gas stream take
place both at the blade aerofoil surfaces and at the surfaces of the platforms of the blades,

and also at the casings. The writer has studied (Pub. 13) how this process can be modelled.
Average heat transfer coefficients on the aerofoils may be estimated from correlations such
as those given by Halls (Ref. 10). Considering the platforms, it can be argued that the
convective heat transfer coefficient there and on the aerofoils will be similar as the
boundary layer on the end-wall is continuously being restarted from row to row, as on the
blade aerofoil surfaces. Looking at the blade platform — aerofoil combination, the aerofoil
may be regarded as a fin mounted on the comparatively massive platform. It was found
that a very satisfactory representation of the heat transfer rates to or from the platform-

blade combination was provided by a “Revised Finned Model” in which the finning effect

of the blade on the platform modifies as the transient develops.

11



This modelling technique was then used (Pub. 6) to study the heat transfer rates along a

multi-stage compressor (in this case 17 stage). Heat transfer rates were predicted at the

various stages of the compressor and compared with work transfer rates using a parameter,

f, where:

£ rate of heat transfer toair/ gasinastage 31

rate ot work transfer fromair/ gasin that stage

For a typical adiabatic, polytropic compression, across an element of the compression path

e.g. a stage or blade-pair, one can write:

dT ~
dar _y-1 dp 32
r mny P
~ n-1 dP
— 7 . 3.3

where P and T are the stagnation pressure and stagnation temperature respectively, 1y is

the polytropic, or small-stage, efficiency of compression and n is the polytropic (adiabatic)

index. When the flow is not adiabatic, as in a transient, the temperature change, dT, has to

be modified by the multiplier (1 - f) so:

dT  (1-f) y-1 dP

—_— =4 ... 3.4

T N, Y P

_ m-1dP 3 5
— 3 . 3.

the index of the polytropic non-adiabatic compression being represented by “m”. At a
given instant in a transient, the parameter f is reasonably constant along the compressor

(in this case). Equation 3.5 can then be integrated to:

12



Tout — Pout T . 3 6
Tin Pin ‘

For turbines, by equivalent argument, the index ((m — 1)/m) in Equation 3.6, which again

applies, is given by:

m -] -1
St (l—f) T]pt _Y e 3:7
m Y

The polytropic, or small-stage, efficiency will be the same in the case with heat transfer as
in the adiabatic case, unless it has been altered by a mechanical means such as a change in
tip clearance. This procedure adopted by the present author is more sound and more
adaptable than that described by Thomson (Ref. 7) in which the efficiency parameter used

changes with heat transfer rates.

Using the present writer’s approach, work transfer rates are easily found using the changes
in stagnation enthalpy given by Equation 3.6 coupled with the fractional heat transfer

parameter, {.

[As an aside, 1t should be noted that in Publication 6 the present author used the, then, non-
standard definition of the direction of heat transfer as being positive when it is from the
working fluid. The then standard definition, and definition of f, as given in Equation 3.1

above, has been used 1n all subsequent publications and in this Thesis.]

With the above modelling of non-adiabatic compressions and expansions, the writer
studied the behaviour of a single-spool engine (Rolls-Royce Avon) immediately following
an acceleration at sea-level static conditions (Pub. 6). At 15s from the start of the
acceleration, and some 3s after achieving maximum speed, the thrust was low by about 1.7
per cent, compared with the thrust which was developed some 45s later. This discrepancy
was very satisfactorily explained as being mainly due to heat absorption in the turbine (f = -
0.03), heat absorption in the compressor (f = +0.01) and low engine air flow (-0.4 per cent),
presumed due to higher blade tip clearances. This transient in which the speed is

maintained constant while thermal equilibrium is attained has been called by the writer the

“Thermal Soak” transient.

13



The satisfactory agreement between predicted performance changes due to heat transfer

during the thermal soak transient and those actually observed gave encouragement to

further study.

The present writer considered it would be advantageous if the thermal representation of a
multi-stage compressor or turbine could be simplified from the procedure in which the
temperatures of the aerofoils and platforms in all rows of blades had to be followed. An
alternative would be if a characteristic or representative blade row could be used. He
examined this approach and found that very reasonable representation was obtained.

Discrepancies in heat fluxes were predicted not to exceed S per cent except during the final

2s of a transient when they could rise to between 10 and 15 per cent (Pub. 24). This single
“characteristic row” representation has been used to quantify heat fluxes in compressors

and turbines in the engine transient programs, as subsequently described.

3.3 Changes in Characteristics of Multi-Stage Axial-Compressors due to Heat Transfers

Three mechanisms have been proposed by the author whereby heat transfers during

transients might cause the characteristics of compressors to differ from the steady-running

characteristics. These proposed mechanisms are:

(i) Changes in density due to the heat transfers which alter the distribution of axial

component of velocity along the blade-pairs of the compressor — thus inter-stage

matching 1s altered.

(ii) The heat transfers between the air flow and the blade acrofoil material could alter the

development of the boundary layers on the blade aerofoils, leading to altered average

turning angles of the flow and possible delayed or advanced separation of the tlow

over the suction surface.

(1) Heat transfers with the blade platforms and casings might alter the development of

end-wall boundary layers — in particular their displacement thickness. Thus end-wall

blockage is altered.

14



The first mechanism above was theoretically investigated, in 1973 (Pub. 8), the second in

1977 (Pub. 17) and the third in 1982 (Pub. 2'6). These mechanisms, their analyses and the

relevant Publications are now reported in more detail.

3.3.1 Effect of Density Changes due to Heat Transfer

As stated above, during a transient there will be heat transfers between the air as it flows
through the compressor and the various blade aerofoils, platforms and casings. Thus at any
given instant in the transient, for that particular inlet non-dimensional mass flow, the non-
dimensional axial component of velocity in the later stages (or blade-pairs) of the
compressor will differ from what they would have been under steady-running, 1.c.
adiabatic, conditions. Thus the inter-stage matching in the transient differs from that under
steady-running conditions. Hence the overall pressure rise achieved in the complete
compressor, and the efficiency of that compression, will differ from that obtained under
steady-running at the same non-dimensional inlet mass flow and rotational speed

conditions. The present author examined this effect, using the “stage-stacking” procedure
described by Huppert and Benser (Ref. 11) and inserting between blade-pairs, or stages, the
density change due to heat transfer. First results were reported in Publication 8.
Significant movements of the constant-speed line and of the surge line were observed,
surge line being moved advantageously in an acceleration, but disadvantageously in a
deceleration, hence the perceived danger in a “Bodie” transient. The author referred to

these effects as being due to “bulk” density changes.

In subsequent studies (Pub. 31) the author, supported by colleague Pilidis, proposed that
the movement of the constant-speed line could be regarded as a change to a new “effective”
non-dimensional speed, and the new “effective” non-dimensional speed could be related to

the actual non-dimensional speed by:

.. 3.9

where — = C,
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Symbol N represents the rotational speed (typically in r.p.m.). Symbol é represents the

summation of the thermal fluxes from the compressor materials to the air and m
represents the instantaneous air mass flow. Symbols Ti, and T, represent respectively the
air inlet stagnation temperature and the mean air stagnation temperature within the
compressor. (Stagnation temperatures are taken as being very good approximations for the

corresponding adiabatic wall temperatures). Subscripts “eff”” and “act” refer to “effective”

and “actual” conditions.

Similarly 1t was proposed that changes in predicted surge pressure ratio, at a mass flow,

due to this effect could be modelled by:

=14+ C,f . 3.10

where Ry, represents the surge pressure ratio under the transient heat transfer conditions

and R,q represents that under steady-running, i.e. adiabatic, conditions.

3.3.2 Changes due to Heat Transfer to or from Blade Aerofoils

The present writer proposed (Pub. 6) that heat transfers between blade aerofoils and the
passing air stream might cause alterations in the development of the boundary layers on the

aerofoil surfaces. In particular, in a proposal to Rolls-Royce Ltd in 1968, he suggested that
heat transfers from the aerofoil to the air, such as occur during and following a

deceleration, might lead to an earlier separation of the flow on the suction, or convex,
surface. Rolls-Royce sponsored a research on this subject and a Research Assistant, A.D.
Grant, was engaged. Both experimental testing on a large convex aerofoil type surface and
predictions using a momentum integral code did indeed indicate a noticeable influence of
heat transfer on separation on convex surfaces. Heat flow from the aerofoil surface, as

during and following a deceleration, did lead to earlier separation (Refs. 12, 13).

The prediction code which had thus been experimentally validated was applied to the blade

geometries of the twelve-stage H.P. Compressor of a two-spool turbofan. An acceleration

rate, and the corresponding air flow changes, were taken from experimental results.
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Predicted changes in the overall characteristics of the compressor were obtained, with new
positionings of the constant speed lines and of the surge line (Pub. 17). These movements
were in the same direction, in a given transient, as the predicted movements due to “bulk”
heat transfers, described in Paragraph 3.3.1 above. [In this work for Publication 17 which
came later than the first work on “bulk” heat transfer effects (Pub. 8), a row-by-row
procedure for the prediction of the compressor characteristic was used, based on the
correlations of Howell and Bonham (Refs. 14, 15), rather than the stage-stacking procedure

first used.]

In subsequent work, the writer and his colleague Pilidis have proposed (Pub. 31) that the

changes in “effective” non-dimensional speed could be related to the temperature

difference between aerofoil and air:

.. 3.11

where Ty represents the blade aerofoil temperature and T, the stagnation temperature of

the adjacent core air flow. It was also proposed that the change in surge pressure ratio, at a

mass flow, due to this effect could be modelled by:

=1+ C,t e 3.12

where the subscripts have the same meaning as in Eqn. 3.10.

Predictions of the combined alterations in compressor characteristics resulting from both
“bulk” density changes and aerofoil boundary layer changes were presented in Publication
17, referred to above. Transients at altitudes, as expected, showed the greatest effects. At
the conclusion of a deceleration of a two-spool turbofan when at 12,200 m altitude, Mach
number 0.61, it was forecast that the “effective speed” of the HP compressor was reduced
by about 0.3 per cent and the maximum pressure rise that could be achieved by the
compressor (1.e. to surge) was reduced by about 10 per cent, at a mass flow rate. Although

the change in effective speed seems very small, it is not trivial as the compressor is in the
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range where the Inlet Guide Vanes are turning and small speed changes are associated with

substantial air mass flow changes.

The predicted changes quoted above resulting from the transient heat transfer were due in
roughly equal proportions to the aerofoil boundary layer changes and the bulk density

changes.

3.3.3. Changes due to Heat Transfers to or from End-Walls

In an adiabatic investigation, Koch (Ref. 16) demonstrated how the development of end-
wall blockage at a particular blade-pair or stage of a compressor varied with the pressure
rise that was being achieved by that blade-pair — the higher the pressure rise the thicker the
end-wall boundary layer. The present writer took this method and developed it into a
means of predicting the overall characteristics of a multi-stage axial-flow compressor when
running under adiabatic, i.e. steady conditions (Pub. 26). The writer then considered the
effects of heat transfer from or to the end-wall casings and blade platforms on the
development of the end-wall boundary layers and how these changes will affect the overall

characteristics of the compressor. Some results from this procedure are given in

Publication 26, the procedure there being labelled Prediction Method “2”. Just as the
predicted movements in transients of the constant-speed lines and of the surge line due to
aerofoil boundary layer effects have been in the same direction, or additive, to those due to

“bulk” heat transfer effects, the movements due to end-wall boundary layer changes are

also additive. In an acceleration, all three effects cause roughly similar changes towards
increasing the “effective” speed and raising the surge line. However in a deceleration, the
dominant effect seemed to be that due to density changes arising from bulk heat transfers.
This small readjustment in the relative significances is attributed to the fact that the ratios

of heat transfer to work transfer, i.e. parameter f , are larger during decelerations than

accelerations.

In the later investigations (Pub. 31), the present writer and his colleague Pilidis proposed

that the changes in “effective” speed could be modelled by:
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AN _ C, LT .. 3.13
N

where Ty, is the temperature of the end-wall. Similarly it was proposed that the changes in

surge pressure ratio, at a mass flow, due to this effect could be modelled by:

R, -1
R, -1

= 1+ C,f ..3.14

3.3.4 Summation of Predicted Changes due to Heat Transfers

The models for the three mechanisms described above may be added to give, for changes in

effective speed: . | .

2+ Cq = Q ... 3.15

For changes 1n surge pressure ratio, the composite expression becomes:

R, -1
Rad ""'].

=1+ C,f ... 3.16.

The values proposed in Publication 31 for constants C,, Cg and Co for the L.P. Compressor

of a particular two-spool turbofan (RR Spey) were —0.07, -0.07 and 0.36. In the H.P.
compressor the corresponding proposed values were —0.1, -0.1 and 0.36. Strictly, for the
H.P. Compressor, which has moveable Inlet Guide Vanes (IGVs), the values of the
constants C; and Cg referring to changes in “effective” speed will vary depending on
whether the transient is exclusively within or outwith the IGV turning range. In most cases
the transient will partially cross the IGV turning range and the values of -0.1 and -0.1

given above for constants C7 and Cg are mean values in such transients for the two-spool

turbofan.
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CHAPTER 4

EFFECTS OF TRANSVERSE INJECTION

There are several locations in a gas turbine where an air/gas flow is injected transversely
into the main, axially flowing, air/gas stream. The most frequent location is where atir,
tapped off from some plane in or after the HP compressor and then used to cool a turbine
disc, is then returned to the main gas stream flowing through the turbine. This returning

cooling flow will have a major component of momentum normal to the main gas flow.

The author thought that this should be studied to determine if this transverse injection led
to any adverse effects in the main flow — other than the obvious loss of mass flow through

the earlier nozzles, and possibly stages, of the turbine.

The author had the assistance of research students in these investigations (Pub. 18, 19, 21,

22) and also the work of a colleague (Pub. 23).

In the initial study, the flow mechanism was studied in a “cold”, straight cascade of high
aspect ratio (3.0). This aspect ratio was chosen in order to ensure that, at mid-blade height,
there was minimal effect of secondary flows. The early investigation (Pub. 18) showed the
creation of a separation bubble on the end wall behind the injection slot, more pronounced
secondary flows outwith the boundary layer on the end-wall behind the injection slot, and
the formation of a vortex-like flow originating at the suction surface end of the separation
bubble behind the injection slot. In the traverse of the flow emerging from the cascade,
when this continuing vortex was reached, there was a reduction in the main forward flow
velocity relative to the unaffected plateau velocity. For the most extreme transverse
Injection rate observed, injection velocity 1.5 times the main velocity, the forward velocity
in the core of the vortex at the cascade exit was lowered to about 0.82 of the unaffected

plateau velocity.

Attempts were made to quantify the changes in the more obvious performance parameters,

resulting from the transverse injection (Pub. 19). The changes in flow capacity and nozzle

efficiency were in line with a simple theory. Further, attention was given to quantifying the
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strength of the vortex, mentioned above, which arose from the transverse injection. Three

possible measures were offered, and results given.

As mentioned above, the aspect ratio of the blades in the above work was high, at 3.0. The
next development in the study was to investigate the influence of aspect ratios. Results
were reported (Pub. 21) for aspect ratios of 1.5 and 1.0. The simple theory, previously

offered, again was in agreement with flow capacity and efficiency changes. The vortex

created by the transverse injection was slightly reduced, but persisted.

A colleague (in Canada) had available an annular cascade and this allowed a useful
validation (Pub. 23) of the results already obtained in straight cascades. Additionally, it
was possible in this annular cascade to introduce skewing of the approaching end-wall
boundary layer (the usual case in turbines). When there was no transverse injection
immediately in front of the cascade, this skewing had produced considerable effects on the

secondary flows in the cascade. However when transverse injection was introduce, these

effects on secondary flows were noticeably reduced.

There remained the problem of what damage the vortices resulting from transverse
injection, identified in Publication 18, might do to the flow in the later blade rows. This
topic was the subject of another investigation, and reported in Publication 22. The flow in

the next row of blades appeared not to be adversely affected, pressure losses possibly being

reduced, and the vortices largely suppressed.

In view of the above studies, it was considered that cooling air flows to discs etc,

subsequently injected transversely into the main air/gas flow, should incur, for engine

performance calculations, only the penalty due to the loss of effective mass flow through

the particular turbine blade pair (or stage).
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CHAPTER S

APPLICATION TO A TWO-SPOOL TURBOFAN ENGINE

The transient prediction procedures described in Chapter 2 were developed by introducing
the “thermal effects” models of Chapter 3 and the “transverse injection effects” models of
Chapter 4. This prediction procedure was then applied to a two-spool turbofan engine in

which both the Fan and the I.P. Compressor are carried on the L.P. shaft. The engine used
for this investigation was essentially the Rolls-Royce “Tay” Engine. (The present author
had contributed considerably to the design of the “Tay” Engine, described in Chapter 7 of
this Thesis). The more recent investigation, including “thermal effects”, etc, was reported
in Publication 43. This Publication also included a comparison of the Continuity of Mass

Flow (CMF) and the Intercomponent Volume (ICV) Methods of transient engine

prediction.

The principal conclusions of this study were:

1. The CMF method of prediction generally agreed with those of the more computer
intensive ICV method, except when the engine was accelerating most rapidly as the
Inlet Guide Vanes (I.G.V.s) were opening and the H.P. Compressor Bleed valve was
closing. The more true predictions of the ICV method were always towards less
extravagant trajectory movements from the steady-running line. Thus, if an engine’s
design were based on the CMF predictions, it would be erring on the safe side. (No

comparison of these two prediction methods for an engine of this complexity had

hitherto been published.)

2. With regard to the predicted trajectories in the compressors during transients, and
considering first the adiabatic case: (a) trajectories in the Fans all lay close to the
steady-running working line, (b) in the LP. compressor the trajectories moved
markedly from the steady-running line whenever the H.P. compressor Inlet Guide

Vanes (I.G.V.s) were turning — the trajectory moved to a lower pressure ratio during
the acceleration, and to a higher pressure ratio when decelerating (danger of  surge

(1)), (c) the trajectories in the H.P. Compressor were similar to those in the
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compressor of a single-spool engine — towards the surge line in an acceleration and

below the steady-running line during a deceleration.

Considering the alterations to the predicted trajectories when “thermal effects”, as
described in Chapter 3, are allowed for: (a) the “heat transfer” effects had
insignificant influence on the predictions in the Fan (outer and inner) and in the LP.
compressor, (b) in the H.P. compressor, during an acceleration of a “cold” engine,
inclusion of heat transfer effects indicated that the predicted trajectory was moved
less markedly towards the surge line, and in the deceleration the predicted trajectory
did not move as far below the steady-running line as predicted for the adiabatic
situation — but more importantly when a re-acceleration of a “hot” engine (the
“Bodie” transient) was attempted, again using the hydro-mechanical fuel controller,
then the trajectory in the H.P. compressor moved markedly further above the steady-

running line, towards the altered surge line, and could encounter surge. This was 1n
contrast to the situation of accelerating the same engine when “cold” (with the same

hydro-mechanical fuel control system and schedule). For the “cold” engine, the

acceleration was predicted to be free from surge.

Considering the thrust response, again using the conventional hydro-mechanical fuel
controller and schedule, the time to accelerate from idle to maximum speed was
predicted to be about 25 per cent longer, when the “thermal effects” were allowed

for, as compared to adiabatic predictions. Of course the thrust response followed the

shaft speed response, particularly the L.P. shaft speed.

It was additionally predicted when “thermal effects” were allowed for, that the thrust
developed by the engine when it had reached, and steadied at its maximum speed (as
dictated by maximum fuel flow) was about 2 per cent, or more, below its final value.

It was predicted that the final value would not be attained until the engine had been

running for about 3 minutes at 1ts maximum fuel flow.

The predictions, when “thermal effects” are included, quoted under headings “3” and “4”

above — namely surge danger in Bodie transient, slower accelerations of engines cf

adiabatic engines, and low thrust when maximum speeds are first attained following

accelerations — are in line with observations of actual engines.
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The author considers that the “thermal effects’” allowances should be included in transient

prediction procedures for actual engines.
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CHAPTER 6
DEVELOPMENTS IN CONTROL OF GAS TURBINE ENGINES

In the transient procedures reported in Chapters 2 to §, it had been assumed that the engine

was using a conventional hydro-mechanical fuel control system. This system is in fact

used for the Rolls-Royce “Spey” and “Tay” Engines. In these cases, the fuel schedules are

in the form, for the “Spey” Engine, of (t:/ N., P,)as a function of H.P. compressor ratio

(P3/P;). Symbol f represents the fuel flow, Ny the H.P. shaft speed and P;, P; the
pressures at inlet to and exit from the H.P. compressor. In the studies on this engine (Pubs.
30, 31) 1t had been predicted that a “cold” engine accelerated slowly, but used a diminished
amount of the available surge margin in the H.P. compressor. On the other hand, when the
engine was accelerating when “hot” (the Bodie transient) it acceferated very rapidly, but the
trajectory in the H.P. compressor was in danger of encountering surge. This led the author
to think of compensating the accelerating fuel schedule such that the fuel flow was
enhanced when the engine was cold, but was reduced when the engine was hot. Two such
proposed methods of compensation involved (a) the temperature of a characteristic blade
in the H.P. compressor and (b) a “delayed” H.P. shaft speed. The results of this study
were reported in Publication 35. The “delayed” H.P. shaft speed appeared to offer the

more effective compensation.

More sophisticated methods of fuel control are being utilised in the industry — for example

the Full Authority Digital Electronic Control (FADEC) system. With a view to taking

advantage of electronic control systems, the author was privileged to collaborate with
Professor P.J. Gawthrop and O.F. Qi. The first task was to use a multivariable nonlinear

controller. It was shown (Pub. 50) that this could improve the engine dynamic response.

This was developed in Publication 51. Subsequent studies involved a gain-scheduled
controller (Pub. 53) and a “model-based observer” (Pubs. 52, 63).

The adaptations taken by a model-based observer should accept some of the engine
abnormalities caused by thermal effects e.g. loss of efficiency of components due to

transiently increased tip clearance, and increased seal clearance flows. However they will

not recognise changes, due to thermal effects, in the characteristics of the compressors.

25



Further study i1s needed here to blend compressor characteristic changes — namely surge
line and speed line movements — with the beneficial features of “model-based observer”

controllers.
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CHAPTER 7

DESIGN OF ROLLS-ROYCE RB183-03 “TAY” ENGINE

The author was approached, in December 1982, to provide a transient prediction program
for an engine which Rolls-Royce was proposing - the RB 183-03 Engine (later christened
with the name “Tay”). The author accepted this invitation. The responses to this

agreement are given in Publications 65 to 73 inclusive, contained as Appendix in Volume I

of this Thests.

The first step in the contract was that the author should produce a satisfactory transient
model for the RB 183-02 “Spey” Engine — which was currently in production, and
providing satisfactory performance for customers. A satisfactory model was produced and
reported in Publication 65 (March 1983).

The next step was to create a simulation model for the “Tay” engine. The characteristics
for the compressors provided by Rolls-Royce were all to a base line of non-dimensional

mass flow. This was completely satisfactory for the Intermediate Pressure (I.P.) and High

Pressure (H.P.) compressors of the Tay Engine. However for the Fan, this component<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>