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ABSTRACT

Turbofan engines are normally bench-tested with a standard flared bellmouth intake. This
is different from the aircraft situation. As a result, an engine installaion may experience a
degree of inlet flow distortion not normally present during tests. It is, therefore, very
desirable to understand the effect of any radial inlet total pressure loss on turbofan engine
performance.

Steady-state radial inlet distortion may occur, for example, as a result of boundary layers.
An early awareness on distortion tolerance is very important to enable the prediction of surge
margin. However, synthesis of turbofan performance with distortion is currently not
available.

This work therefore, investigates in detail the modelling of the fan component of low
bypass-ratio turbofan engines within an engine performance simulation program. For
example, the air flow in turbofan engines is split after the fan between the core gas generator
and the bypass flow. A fan model must be able to simulate the required flow and
thermodynamic parameters to the core and bypass flows at fan exit. Conventional fan
models, however, are restricted to a fixed bypass ratio versus non-dimensional speed
schedule at which the fan has been rig-tested. The fan component also experiences a varying
degree of inlet total pressure distortion. Existing engine simulation fan models are unable to
quantify this effect on fan performance and on engine performance.

The turbofan modelling work conducted here s preceded by an analysis of rig data of
Low Bypass Ratio (LBPR) turbo-fan engines to give a firm background basis. The engine
modelling uses the component-based iterative solution method for gas turbine performance
calculations.

Two key outcomes of the work are the following. Firstly, LBPR fans have large
carcumferential fan exit flow variations as well as radial variations. This includes total
temperature profiles which are an order of magnitude higher than those for High Bypass
Ratio Fans (HBPR) fans. Secondly, it is inconclusive, at a given non-dimensional speed and
flow function, as to whether fan exit profiles are independent of BPR.

The fan radial profile modelling starts from an existing modification of a conventional
compressor charactenstic but also models 1n 2-D with dependency on the fan exit radial
position. The inlet distortion fan model uses a throughflow streamline curvature for radial
performance prediction coupled to the 2-D-LBPR fan model.

Against this background, a new fan charactenistic model has been devised for LBPR fans.
In addition, a new inlet distortion performance model has been developed which is able to
predict engine performance changes with radial inlet total pressure distortion.
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1 INTRODUCTION

The overall aim of the project is to achieve an improvement in the performance modelling
of low bypass ratio (LBPR) turbofans by improving the modelling of the fan or low-pressure

compressor component.

11 ROLLS-ROYCE CRANFIELD UNIVERSITY AND UTC IN
PERFORMANCE ENGINEERING

The work is done in conjunction with Rolls-Royce plc within the Rolls-Royce — Cranfield
University UTC in performance engineering. It was partly funded by a UK Research Council
EPSRC CASE studentship and by Rolls-Royce plc. The work was under 2D-fan modelling
under work package 2.

1.2 LBPR TURBOFAN PERFORMANCE MODELLING

1.21 Gas turbine aeroengine performance modelling

Gas turbine modelling is a necessity in the aeroengine industry throughout the life cycle of
an engine project. This can be to determine new engine capability or to assess an existing
engine’s performance against a standard, as examples.

The main method used throughout the industry to calculate gas turbine performance is
the component-based iterative model. It divides the engine into discrete component bricks,
usually with 1D input and output of flow and thermodynamic parameters. The bricks are
maps of the performance of the components. The method iterates until all brcks are

matched at unique operating points for the engine power setting for example.

122 Compressor modelling in engine performance simulation

Rolls-Royce for example has long established the need to rig test compressors to
determine their performance (Hooker, 1990). The resulting compressor characteristics are the
basis of the compresssor performance brick in component-based simulation programs.
Typically, these are non-dimensional, with pressure ratio and isentropic efficiency as

functions of non-dimensional speed, non-dimensional flow and compressor beta (an

arbitrary mapping parameter).
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1.2.3 Turbofan aeroengines

The Rolls-Royce Conway engine was the first bypass engine (turbofan) in civil service in
the VC-10 aircraft in the 1960s. Bypassing some of the air through the fan around the core
gas generator of the engine was adopted to improve propulsive efficiency of the aeroengine
and thus improve sfc. The act of splitting the fan exit flow by a bypass splitter to core and

bypass passages creates a modelling situation different to that of core compressors.

1.2.4 Fans

The fan component is situated at the front of the engine after the intake in turbofan
engines. It fundamentally works with the same principles as an axial compressor. There are
subtleties associated with its positioning, which provide the drivers for the research for this

thesis.

1.3 RESEARCH FOR THIS THESIS

Two of the important phenomena associated with low bypass engines as are typically
installed in military aircraft are looked at. One is the main cause of radial fan exit profiles.
Due to the difference in rotational speed between the root and the tip of the fan blades, there
is a significant difference in pressure delivery in the exit plane between these two positions.
The second phenomenon is the major cause of a radial fan inlet profile in a steady state
condition. The installation of the engine in the airframe of many mulitary aircraft with LBPR
engines can lead to considerable growth of boundary layer at the inlet at the tip of the fan.
everal other factors will modify these profiles in a complex manner.

Traditional performance simulation deals with the fan exit radial profiles by averaging the
thermodynamic and flow parameters radially across the annulus and applying the resulting
one-dimensional values to form the compressor characteristic map. This map 1s used in the
engine performance simulation program in which all the other engine components are also
modelled one-dimensionally. Attempts to improve this have involved treating the fan as two
compressor characteristics; one representing the outer region of the fan and the other
representing the core or inner portion. There is no established method to model compressor

performance with radial inlet profiles.
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Recent collaboration between Rolls-Royce and the Performance UTC has led to a new 2-
D fan radial profile model for high bypass ratio (HBPR) turbofans. This forms the starting

pomt for this research work.

14 LAYOUT OF THE THESIS

After the introduction, the thesis is divided into 4 further sections.

1.41 Literature review

This 1s a more general view of the main topics rclated to this thesis. They can be divided
into 4 main themes: turbofan engine performance simulation, compressor and fan modelling
in engine performance simulation, radial inlet distortion modelling and circumferential inlet
distortion modelling. Some of the greater detail is not shown here but within the later subject

chapters as they are important inputs to the work there.

1.4.2 Fan radial profile and bypass modelling

This chapter explores the background of the fan characteristic representation in LBPR
turbofan simulation and proposes a new model based on data analysis and review of the
literature. The new model is described and then tested to compare with the previous fan

models, and conclusions made.

1.4.3 Fan inlet distortion performance modelling
This chapter discusses the inlet distortion prediction method identified in section 1.4.1,
and then proposes a method of merging it with the turbofan engine simulation. The resulting

model is described and a series of performance simulations are made and analysed.

144 Conclusions and further work
The overall conclusions to the work in this thesis are made. A list of suggested further
work 1s then detailed.

15 AUTHOR’S CONTRIBUTION
The task of the author has been to assess the current state of fan performance modelling
in LBPR turbofan engine performance and to see where improvements can be made in the

accuracy and the information provided by existing methods.
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The main contributions to knowledge have been to devise 2 new fan models in turbofan
performance simulation.

In fan radial profile bypass modelling, the inputs are an existing engine performance
simulation code, and LBPR fan rig test data. The main output 1s a new fan code integrated
into the engine simulation code. The author has also modified 2 existing fan models with the
LBPR fan rig data for the comparison analysis.

In the radial inlet distortion modelling, the inputs are the existing engine performance
simulation code and an existing compressor performance prediction code. The main output

i 2 new fan code integrated with the engine simulation.

1.6 SCOPE OF THE WORK

The main field of this work is in gas turbine aeroengine performance simulation and NOT
in turbomachinery flow field prediction. At times, the work will delve into the
turbomachinery field. However, the work has to be a practical application of fan/compressor
modelling in the engine performance simulation field. It must lean towards the description of
the fan in the engine simulation rather than the fidelity of the modclling of the physical
processes.

Therefore, the use of the streamline curvature tool in Chapter 4 for example makes no
attemnpt to improve the program or the accuracy of its prediction. The importance is to learn
how it can interact with the performance simulation code. On the same theme, although a
data analysis of fan rig tests has been carried out, the importance is stressed on how to model
the findings rather than to gain the best physical understanding of the profiles found.

In the field of aeroengine modelling, validation of models with physical data is necessanly
limited outside of the large engine manufacturers because of the extreme cost of testing. The
form of validation in Chapter 3 is to compare with how the new fan model synthesizes
performance compared to the previous methods. In Chapter 4, no prior method of
modelling exists. The model is examined to see whether it gives realistic trends in results. It
must be stressed that in the field of gas turbine performance in industry, simulation models

are always adjusted to best match a measured engine test at one condition for example.
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2 LITERATURE REVIEW

This chapter examines some of the work carried out in the field of engine performance
modelling and effect of inlet distortion modelling on aeroengines. The main subject of this
thesis 1s turbofan performance modelling. Next, the fan component is considered as a
compressor; the modelling of compressors in engine simulation codes is looked at followed
by modelling methods for compressors. After this, some information is presented on
distortion modelling. This thesis covers work on radial inlet distortion modelling, but
information is also given on circumferential distortion modclling as background to future

work planned.

21 TURBOFAN PERFORMANCE SIMULATION

The underlying theme of this thesis is computer simulation of a turbofan aero gas turbine
engine.

211 Component level iterative models

The industry standard simulation model for calculating steady-state gas turbine off-design
performance is an iterative guess-check method based on the following constraints:
compatibility of flow; compatibility of work for compressors and turbines on the same shaft,
conservation of momentum (bleed mixing and mixed flow nozzles), and satisfying the
component maps throughout ‘the gas turbine. Components are discretised as bricks; the
passage of flow and thermodynamic parameters through the simulation are as 1-D
parameters. An engine model will have a set of iterative guessed parameters and
corresponding checks (constraints). The constraints are reduced to as small as practical to
zero by an iterative solver, e.g. Newton-Raphson.

The fine details of these simulation codes will not be reviewed here but good accounts are
available (*Saravanamuttoo, 1992, Cohen et al, 1996, Walsh, 1998) and a fairly current
summary of the state of gas turbine simulation in the industry is given in RTO-TR-044
(2002). An example is the component based program used in this work (Appendix 5).

Dunng the conceptual design of an engine, the performance of each component 1s
estimated from an empirically derived database or from rig test results. For a new
component, the performance would be derived from a database and would be a first
approximation. The performance maps are updated later in the design process by an analysis

of the components with CFD codes and eventually with test data.
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The iterative scheme can be classed as scrial iteration or a matrix method (Mattingly et al,
1987). Both depend on minimizing the error in the checks, the latter bemng able to reach
convergence n fewer iterations.

Recent developments have attempted to model the components with greater detail 1n one
dimension, (either radially or circumferentially), but with averaging after the component to
obtain the 1D parameter values for the engine model e.g. Yin ct al (1999), Riegler et al (2001).

2.1.11 Industty acroengine simulation codes

Simulation programs of component level type are the most common c.g. Ismail and
Bhinder (1991), Kurzke (1995), Sanghi et al, (1998). Some software is available to the general
public either commercially, e.g. GasTurb (Kurzke, 1995), or freely available from a rescarch
establishment, e.g. GSP (Visser and Broomhead, 2000).

Some industry simulation codes in Fortran language are identified by Follen et al (1998) in
Table 1

SOAPP - State of the Art Performance
Program - Pratt & Whitney, originating
from 1971

GSA - Boeing research propulsion program
- 1960s

ROCETS - modular rocket design and

FAST — Allied Signal simulator — 1980s

analysis system

ATEC - Aerodynamic Turbine Engmne
Code in AEDC

CWS — General Electric Aircraft Engines
erformance system — 1980s

RRAP - Rolls-Royce’s modular simulation | TERMAP - Allison Engine Company

system
NNEP - NASA Lewis Research Center | BIEPP - Boeing installed Engine
simulation program Performance Program

Table 1 Industry simulation codes. (Follen et al, 1998).

212 Component zooming in NPSS

A large project has been undertaken in the USA to ultimately solve the whole flowfield
through the engine with CFD, but to retain the former component level system in the
nterim. The effort has been driven by the fact that although component performances are
defined by test or by prediction, they may not behave as predicted when inside the whole
engine. This may be in large part due to the lack of knowledge of the dimensional (i.e. radial
or circumferential or 3D) inputs to the components as they interact with each other nside

the engine. There are current efforts in the field that attempt to model a gas turbine with the
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components in greater detail. In its various modes, it ranges from “zooming” in greater dctail
on one component, to modelling a whole LP system

The project is overseen by NASA and is called the Numercal Propulsion System
Simulation (NPSS) involving several US companies (Table 2). It is one of the few attempts
to address the flowfield in a simulation program at 2-D and higher detail. Details of NPSS are
given in Drummond et al (1994), Reed and Afjeh (1995, 1996), Lytle (1997), Evans et al
(1998), Follen et al (1998), Follen and auBuchon (1999). NPSS is an environment within
NASA’s High Performance Computing and Communication Program (HPCC). The
objective is to enable simulation of a complete acropropulsion system in sufficient detail,
with NPSS as a “numerical test cell” to resolve critical design issues early on in the design
process before the engine is built. Complicating the issue is the decision to also integrate the
different disciplines involved with the design of aircraft gas turbines, such as acrodynamics,

structures, and heat transfer.

NASA Lewis Research Center | General Electric Aircraft engines
Pratt & Whitney The Boeing Company
AlliedSignal Engines Allison Engine Company
Williams International Teledyne Ryan Aeronautical
WPAFB AEDC

Table 2 NASA industry partners for NPSS. (Follen et al, 1998).

Initially, the underlying engine performance routine in NPSS is the National Cycle
Program (NCP), which is being developed by NASA Lewis and industry partners (Table 2).
NCP is based on object-oriented programming, which is a recent trend, as also in GSP
(Visser and Broomhead, 2000). It is designed to have all conventional cycle simulation
features as well as the specialised NPSS concepts of component code zooming and
distributed/parallel processing,

New features of NCP compared to conventional simulation programs have had to be
implemented to achieve the objectives of NPSS:
® Integration of higher order computational fluid dynamics.
¢ Integration of multidisciplines.
¢ Integration of parallel / distributed processing of each engine element whilst preserving

an overall engine system view.
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2.12.1 Engineering models of NPSS
The engineering models of NPSS have been divided into 3 areas:

¢ Component integration for large subsystem and system simulations
¢ Multudisciplinary coupling to capture critical interactions amongst the disciplines
® Vanable complexity analysis — to apply the required level of complexity to the problem

being studied

Regarding component integration, as stated earlier, zero-dimensional (paramctric level)
engine simulations cannot resolve the complex multi-dimensional flows within the engine. It
should be noted that what NASA terms 0D is what others may classify as 1D. The NASA
definition of 1D is for example, to “zoom” to the interstage flow parameters of a
compressor. Tradittonal component design methods assume steady uniform boundary
conditions. The NASA solution is to perform larger scale simulations, with the code run in
parallel to reduce the overall analysis time. For turbomachinery, the analysis of each blade
row can be also performed in parallel. The strategy for updating boundary conditions to
account for the propagation of disturbances both upstream and downstream is critical. The
APNASA code (Lytle, 1997) illustrates the kind of subsystem simulation being carried out:
coupled fan — booster - core inlet, mixer — nozzle, inlet — fan, using a cluster of workstations
with a simulation time about 10 hours.

In multidisciplinary coupling, the attempt is to simulate for example, in the compressor,
aerodynamic, structural and thermal loadings contributing to changes in the geometry (casing,
blade shape, tip clearances). This will affect the efficiency and stability of the compressor.
Traditionally, the interactions are considered sequentially through different, unrelated codes.
Several levels of coupling are being investigated.

Variable complexity analysis; it had probably been recognised that the ultimate goal of a
full CFD computation of the engine would be difficult to achieve, and for simulations in a
practical timescale, “zooming” has been adopted. An example is to determine the effect of a
change in the shape of a fan blade on engine performance may only require a 3D simulation
of the fan stage, with the rest of the engine modelled at lower levels of detail. In zooming a
component, the 0D engine cycle will iterate much faster than the 3D simulation, so the 3D
simulation must be performed in parallel over a cluster of workstations to minimise time.

No literature has been found so far that accounts for the different levels of zooming of

the fan or compressor in NPSS, except for 3D Navier-Stokes computation of compressors.
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2.1.3 Suitability for university research

As quoted by Lytle (1997), 3-D simulation of the primary flowpath in a full enginc would
require greater than 10" floating point operations per second, which is only available in a

very few expensive machines. NPSS would require 10" FLOPS. No serial or modcrately
parallel machine can do this. Therefore, the NPSS approach is to usc large numbers of
parallel processors by using the large number of workstations and PCs normally existing
within an organisation. The development of such software as a research project 15 probably
too complex for one research student although a university should have the required
equipment to make it work. If subsystem modelling and multidisciplinary modclling 1s

embarked upon, it must be the focus of a team of researchers.

22 COMPRESSOR AND FAN MODELLING IN PERFORMANCE
SIMULATION

This section reviews the modelling of the compressor or fan component within a
component-level iterative engine simulation. The complexity of the flow field s looked at

first, although this could equally well apply to section 2.3.

221 The compressor flow field

Lakshminarayana (1996) has reviewed the compressor flow field in detail. Galhimore,
(1999) introduces the flow field in a simpler form. The incorporation of three-dimensional
effects into turbomachinery analysis is essential for accurate prediction of the performance.
The three-dimensional effects examined here are inviscid and quasi-viscous effects. Both
viscous and inviscid effects cause three-dimensionality in the flow. (Quasi-viscous analysis
methods, take into account real fluids effects in an approximate or global manner. For
example, secondary flow arises due to viscous boundary layer, but the analysis of its effect 1s

treated nviscidly).

1
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Some of the three-dimensional inviscid effects are due to:

® Compressibility, and radial density and pressure gradients.

¢ Radial vanation in blade thickness and geometry.

® Presence of finite hub and annulus walls, annulus area changes, flaring, curvature and
rotation.

¢ Radally varying work input or output.

® Radial component of blade force and the effects of blade skew, sweep, lean and twist.

® Leakage flow due to tip clearance and axial gaps.

® Non-uniform inlet flow and presence of upstream and downstream blade rows.

® Mixed-flow (subsonic, supersonic, and transonic flow) regions along the blade height with
shock/boundary layer interaction.

® Secondary flow caused by inlet velocity/stagnation pressure gradient and flow turning,

Most of these are caused by inviscid effects, which can be treated by the use of inviscid
equations of motion. The secondary flow is caused primarily by the presence of viscous
layers on the walls. The dominant influence here is the velocity gradient normal to the wall or
the presence of normal (to the streamline) vorticity upstream of the blade row. Three-
dimensional inviscid (or secondary flow) theories have been developed to predict the nature
of three-dimensional flow away from the walls. These theories account for effects of the

velocity gradients upstream of the blade row.
In many cases, the inviscid and viscous effects augment each other. For example, even
though the leakage flow arises due to blade unloading, its subsequent roll-up and diffusion is

controlled by viscous effects. Likewise, two- and three-dimensional shocks are often

associated with separation and hence the viscous interaction effects cannot be ignored.

gn. | = Cov \osses
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Fig. 2.1 Nature of flow in an axial flow compressor rotor passage, (Lakshminarayana,
1996).

The three-dimensional effects are illustrated in Figure 6.1 and Figure 6.2. Most of the
nviscid effects are schematically shown in Figure 6.2. The radius change of the annulus and
the hub walls, as well as change in stream tube height due to area changes, results in spanwise
flows. The radial variation of blockage (and area changes in the radial direction) gives rise to
radial or spanwisc flows. Because the rotor blade is usually thicker at the root than at the tip
(from structural considerations), radial shifts in the streamlines occur, thus resulting in radial
flows. Likewise, radially varying work input or output  also causes spanwise flow generation.
The compressibility effect results in density discontinuity and deviation from the radial
cquilibrium equation, and induces radial flows inside the blade passage, even in situations

where the flow is in simple radial equilibrium upstream and downstream of the blade row.
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Fig. 2.2 Three-dimensional inviscid effects in turbomachinery, (I.akshminarayana, 1996).

This simple radial equilibrium equation indicates that the centripetal force is directly
proportional to density, which changes along the streamline inside the passage, resulting in an
imbalance between the radial pressure gradient and the centripetal force. This introduces
additional acceleration terms. Thus additional radial flows arise due to the compressibility
effect.

A similar argument can be put forward to explain the presence of spanwise flows in a
passage with a three-dimensional (skewed) shock structure as shown in Figure 6.2. In this
casc, the pressure jump and streamline divergence across a shock (say Q in Figure 6.2)
disturbs the simple radial equilibrium, giving rise to imbalance between the centrifugal forces
and the radial pressure gradient. T'o achieve a new equilibrium condition (say from Q to R),
radial acceleration and radial flows have to develop.

Additional three-dimensional effects arise due to sudden change in flow turning and the
associated streamline divergence as well as jump in density across the shock. This disturbs the
radial equilibrium and introduces three-dimensionality including radial flows. Measurements
taken in transonic and supersonic turbomachinery reveal the presence of large radial flows
due to three-dimensional shock structure. Even though these flows can be treated by inviscid

theories away from blade and walls, the viscous effects and flow separation due to three-
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dimensional shock/boundary layer interaction and the resulting radial flows in these
separated regions make it necessary to include the three dimensional viscous effects.

Blade sweep and radial blade force introduces three-dimensionality. For example, the
blade sweep shown in Figure 6.2 introduces large pressure gradients along BB’. Because of
the absence of blade beyond B’, the radial line spans the blade passage up to B’ and the free
stream beyond B’. This introduces appreciable radial pressure gradient and associated radial
flows. Likewise, the radial blade force, Fr introduces radial acceleration.

The tip leakage flow results from the unloading of the blade, causing a very complex
three-dimensional and vortex flow field at the tip. The upstream non-uniform flow (radial or
circumferential) results in radially varying output/input or circumferentially non-periodic

flow, both of which provide an additional mechanism for the generation of spanwise flows.

2.2.2 2 and 3-D viscous effects and losses

\/ Both the geometric description of the fluid flow domain and the physical processes
present are extremely complicated. The following features exist:
3-dimensional, viscous and unsteady flow.
Flow may be incompressible or compressible, with subsonic, transonic and supersonic
regimes which may be present simultaneously in different regions.
The viscous flow usually has high freestream turbulence, which may include multiple length
and time scales.
Regions of laminar, transitional and turbulent flows, separated flows and fully developed
viscous profiles may all be present simultaneously due to the multiplicity of length scales
introduced buy the complicated geometry of the flow field.
Viscous and turbulent regions encounter complex stress and strain due to the presence of 3-
dimensionality, large pressure gradients in all directions, rotation, curvature, shock waves,
shock wave-boundary layer interaction, interacting boundary layers and wakes, heat transfer
and cavitation.
The flow field may be dominated by vortical flows: (secondary flow, tip leakage vortices,

shed vortices, leading edge horseshoe vortices and scraping vortices).
The following flowpath parameters affect the flow: radial distribution of stagger angle, radial
distribution of camber, radial distribution of thickness, lean, twist, dihedral, sweep, skew,

flare, aspect ratio, hub-to-tip ratio, tip clearance, endwall curvature (hub and tip), axial

15
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spacing between blade and vane rows, flow path area change, part-span dampers — this
changes the domain from periodic simply connected to periodic multiply connected,

recirculating passages at hub or tip, surface roughness, offtake bleeds.

'The viscous effects of the flow which affect turbomachinery flow:

Laminar, transitional, turbulent and separated boundary layers and wakes duc to blade profile
(both 2D and 3D effects).

Annulus and hub-wall boundary layers.

Mixing of tip clearance leakage flow, secondary flow and horseshoe vortex, and annulus-wall
boundary layers in the endwall.

Spanwise mixing downstream of the blade row.

Shock-boundary layer interaction.

Shock losses.

223 Real fluid effects

The following are the viscous and turbulent effects:

® Losses associated with viscous effects decrease the efficiency through stagnation pressure
loss and increase in entropy. It also decreases pressure rise in compressors.

® Viscous effects affect the local and global flow properties inside the passage and
downstream of the blade row.

® Viscous effects introduce 3-dimensionality in the flow and affects the flow properties
(which vary in the spanwise and blade-to-blade directions), thus introducing off-design
conditions in subsequent blade rows.

® Viscous layers introduce blockage to the flow, limiting the performance through
decreased effective area, and decreased pressure rise. As the mass flow is reduced at
constant rotational speed, pressure rise tends to increase due to increased angle of
incidence to the blade. However, the viscous effects also increase, increasing the loss and
blockage as the mass flow is reduced. This limits the increase in pressure rise, creating a
characteristic pressure rise/flow curve which peaks as the mass flow is reduced.
(Normally, on reducing W, increases, but here we reduce W by blockage, and area
reduces so the flow angles don’t increase as much as without blockage, therefore, there is

less pressure rise. So reducing the mass flow, i.e. at off-design increases viscous effects
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because of the higher angles).Beyond, the peak 1s system instability called rotating stall. Tf
the mass flow 1s reduced beyond the peak pressure rise, rotating stall quickly degenerates
into a more severe system instability called surge.

® In single-stage or multistage turbomachinery, with alternating stationary and rotating blade
rows, the viscous layers (and wakes) introduce unsteadiness in the subsequent blade row.

The viscous-induced unsteadiness causes vibration of the blade row and noise generation.

2.24 Compressor characteristic in simulation

The standard representation of the compressor in a simulation program is the plot of
pressure ratio as a function of non-dimensional flow and beta and isentropic efficiency as a
function of non-dimensional flow and beta (Fig. 2.3). Beta lines are also added as a mapping
ad, to avoid ambiguity when speed lines are vertical (as near choke) and when speed hines are

near horizontal (near stall/surge).

Turbomatch compressor map no. 6 - Cranfield University
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Non-dimensional flow

Fig. 2.3 Compressor characteristic map for turbofan engine performance simulation
program.

Variations of this map can include using AH/'T" or and AH,,/'T" instead of pressure ratio,

which removes the need for isentropic efficiency. It also allows a direct match for spool
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power for compressors and turbines rotating on the same shaft. ‘The description of
compressor characteristics for fans in turbofan engines is left untl section 3.3, as it 1s them
main theme of Chapter 3.

The standard rig measured compressor representation has been identificd to have the
following deficiencies (Serovy, 1976), part of which this thesis tackles in the context of cnginc
performance simulation:
® Changes in gas properties such as molecular weight and specific heat ratio.
® Effects of Reynolds number and inlet turbulence on performance.

* Modified entrance flow distributions such as distorted or transient inlet pressure,
temperature or velocity pattems.

¢ Influence of differences in discharge boundary conditions, which normally exist between a
test compressor rig and the engine system.

¢ Location of blade flutter regions.

2.3 COMPRESSOR AND FAN MODELLING METHODS

Gas turbine development time and cost could be significantly reduced if the performance
characteristics of the fan and compressor components could be predicted with precision and
confidence. It is one of the most difficult problems in applied fluid dynamics as flow patterns
at design point are complex, but at off-design flows and rotational speeds, or with non-design
entrance flow distributions or exit boundary conditions, introduces additional regions of
separated or choked flow, often accompanied by excessive aerodynamic or acromechanical
instability. See Section 6 outlining the complexity of the compressor flow field.

Several good reviews of compressor performance prediction methods supply the
information for this section; (Serovy, 1976, Dunham, 1986, Cumpsty, 1989, Wennerstrom,
1991, Denton, 1999). Flow field definition or design analysis computation methods use as the
input”the compressor geometry. The output includes distributions of fluid properties and
velocities throughout the compressor for specified off-design values of flow rate and

rotational speed.
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2.3.1 Methods for generation of component performance maps
All of the flow field prediction methods will be classified as computational fluid dynamics
(CEFD) methods. The definition (Dunham, 1986) 1s that a CFID method 1s a solution of the

inviscid or viscous cquations of fluidd moton i two or three dimenstons.

Fig. 2.4 Intersecting S1 and S2 stream surfaces in a blade row. (Wu, 1952).

2.3.11 Wu’s S1/52 method

For the purposes of definitions, it 1s convenient to begin with the first attempt at a three-
dimensional solution (Wu, 1952), who analysed the flow as two intersecting and interrelated
stream surfaces. These are the blade-to-blade (S1) and the hub-to-tip (S2) stream surfaces,
(Fig. 2.4). The S1 surfaces start upstream as surfaces of revolution, but twist and warp as
they pass through the blade row. The S2 surfaces form meridional (r-z) plancs upstream of
the blades, extending from hub to casing, and also warp in passing through the blades
(Cumpsty, 1989). The equation of continuity is combined with the equation of motion in

either the tangential or the radial direction through the use of a stream function defined on
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the surface, and the resulting equation depends on the relative magnitude of the local velocity
of sound and a certain combination of velocity components of the fluid. This approach is
rarely attempted because of the stream surface shape changing with each itcration.

Affordable computing power was not available until the 1980s.

2.3.1.2 Simplified 51/S2 methods — quasi-three-dimensional methods.

‘The most common approach for designing turbomachinery since the 1950s has been to
predict the flow field using an idealised axisymmetric computation, which confines the flow
to concentric streamtubes. This is defined as a quasi-threc-dimensional solution, (Dunham,
19806). Traditionally, the assumptions are that no mass, momentum or cnergy is transported
across the concentric stream surfaces. By adopting an axisymmetric flow, any variations
circumferentially, (in the blade-to-blade direction), have been ignored by considering the flow
in the meridional plane as an average, ie. 2-dimensional flow. The blade-to-blade surface
then becomes a surface of revolution (untwisted). The surfaces are untwisted when
comparing Fig. 2.5 (the quasi-3-D approach) with Fig. 2.4.

The hub—to-tip flow is also known as the “throughflow” (Cumpsty, 1989). The classical
axisymmetric solution has a computation of the meridional plane flow field or of the flow in
a hub-to-tip (S2) surface between blades of a given row, and has been an element of all quasi-
three-dimensional methods. The second element is the computation or estimation of the
flow through individual blade rows on blade-to-blade surfaces, (S1).

The first meridional plane computations were made after about 1955. They used a radial
equilibrium condition with no allowance for streamline curvature or slope. These were
included in later methods. Experimental data (cascades and blade rows) were used to estimate
the blade-to-blade plane flow deflections and circumferentially averaged total pressure losses.

The quasi-three-dimensional methods have assumed steady flow relative to the individual
blade rows. The rotor and stage performance curves computed by these methods were
acceptable. The radial variations of velocity and properties computed at calculation planes
between blade rows were not satisfactory. Additional assumptions have been necessary to
make the radial calculation reasonable.

This type of idealisation also ignores the general class known as “secondary flows.” This
has in the past been described as flows associated with all components of streamwise
vorticity and more recently, is described as having all the real flow features that tend to

violate the assumption of steady flow confined to axisymmetric concentric stream tubes,
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(Wennerstrom, 1999). This includes stream surface warp due to inviscid secondary flow and
also other features such as tp leakage flows, boundary layer and wake centrifugation, and

turbulent diffusion.

THROUGH FLOW
STREAM SURFACE

i BLADE - TO “BLADE

& 144
//"} Pgrapr s STREAM SURFACE
L1 Aal

Fig. 2.5 The quasi-three-dimensional approach. (Dunham, 1980).

The quast-three-dimensional approaches to secondary flow analysis for compressor design
have also been classified as hybrid solutions, (Wennerstrom, 1999). The approach was to
superimpose semi-empirical models of secondary flow features as corrections to a classical

axisymmetric solution of which the most commonly used 1s the streamline curvature method.

2.3.13 Streamline curvature method

The streamline curvature method is the most common throughflow procedure for
compressors, e¢.g. Glenny (1974), Novak (1976), Barbosa (1987), Cumpsty (1989), Klepper,
(1998). It is a common flow field prediction tool in the gas turbine industry, capable of
rapidly computing the flowfield and obtaining the compressor characteristic. It is the chosen

method for Chapter 4 and s described in detail there.
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24 INLET DISTORTION MODELLING: RADIAL TOTAL PRESSURE
DISTORTION

There are various types of inlet flow distortion, and it is generally of the combined radial-
circumferential type. Conceptualising the flow as either a pure radial or a pure circumferential
distortion is a convenient method for simplifying the modelling procedure. Several
researchers have previously suggested that pure radial distortion can be assessed using
streamline curvature (SLC) methods for steady-state axisymmetric flows, c¢.g. (Stenning,
1980), (Williams,1987), and (NATO RTO-TR-044, 2002). The only cases reported using this
method e.g. Tamaki and Nagano (1979), Hu (2000) only looked at a multistage compressor
in 1solation.

‘The approximation of axisymmetry is justified because this particular approximation is
smaller than other approximations such as modelling of the annulus blockage (Cumpsty,
1989). It is recognised that no compressor performance prediction tool is capable of
predicting the performance of any compressor perfectly. It is the intention of this method to
begin with a known performance at a certain operating condition, which may come from a
rig test, and then to use the tool to calculate trends in performance change as the operating
point is altered. |

Essentially, the method solves the inviscid equations of continuity, momentum and energy
on a mesh through the compressor in the meridional plane. This mesh is formed from
streamlines of the flud flow. The method approximates the flow as axisymmetric
(circumferentially uniform) and the viscosity of the flow is applied at the blades to arrive at
the streamline nodes at blade exit stations. The method is iterative and the streamlines are
adjusted until convergence.

Since the full radial equilibrium equations were described in the 1960s (Smuth, 1966),
(Novak, 1967), the major aeroengine companies have adopted the technique of throughflow
streamline curvature as part of the compressor preliminary design process e.g. Q263 at Rolls-
Royce, (Marshall, 1998), at SNECMA, (Escuret et al, 1998). The method is also used to
analyse the result of design changes and to obtain 2 more detailed picture of flow parameters
throughout a compressor from the result of a rig test. Most of the methods are proprietary
(Cumpsty, 1989) so this made it difficult to find a tool for use in this thests. The tool selected
for use for this thesis is by Barbosa, (1987).
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241 Compressor test results with inlet radial distortion

Williams and Yost (1973) reported on tests on a 7-stage, high spccific flow axial
compressor rig test, with 0.315 inlet hub-to-casing ratio. Fig. 2.6 shows the result on the
characteristic map of inlet total pressure distortions. Low hub pressures resulted in reduction
of flow at a given compressor speed, and low tip pressures resulted in a flow increase when

the compressor 1s unchoked. In neither case was there a significant change 1n surge margin.
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Fig. 2.6 7-stage compressor rig test with radial inlet total pressure distortion, (Williams and
Yost, 1973).

However, the results can vary from one compressor to another. An example 1s 2 NASA
test of a J85-GE-13 turbojet engine, which has an 8-stage compressor (Calogeras ct al, 1971).
In Fig. 2.7, this showed a large reduction in corrected mass flow for hub distortions at any
speed with little change in surge margin, and much less effect on the corrected mass flow for
tip distortions but with large reduction in surge margin. The authors also tested for an inlet
mid-span radial total pressure distortion, finding very little differences in the speed lines
compared with the undistorted flow.

Clearly, the results reflect the radial re-matching of the flow due to the inlet distortion,
particularly in the front stages of the compressors. The re-matching depends on the satisfying
of the radial equilibrium equation at each axial location in the compressor. The largest

contribution to this 1s due to the whirl velocity, which depends on the blade design of the
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radial distribution of work input. Another factor due to geometrical differences between
compressors 1s due to the streamline curvature especially at the inlet hub, caused by the

curvature of the endwalls at the inlet, (Cumpsty, 1989).
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Fig. 2.7. Experimental measurement of effect of (1) tip-distorted, (1) hub-distorted, (1)
mid-distorted, radial inlet total pressure distortion in the 8-stage compressor of the |85-
GE-13 turbojet engine, (Calogeras et al, 1971).

242 Modelling of a compressor with radial inlet distortion
‘Tamaki and Nagano (1979) compared experimental and streamline curvature predictions

of a 5-stage transonic compressor of design pressure ratio 4.5 and mass flow 8.08 kg/s. The
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compressor has constant tip diameter and inlet hub to casing ratio of 0.75. The authors
justified the use of the streamline curvature method on the basis that flow in the compressor
with an axisymmetric radially distorted inflow is also essentially axisymmetric and steady. A
tip-radial and a hub-radial distortion were created at design speed upstream of the
compressor using distortion screens. The experimental results in Fig. 2.8 show reduction
both in mass flow and pressure ratio with the tip distortion, and similarly with the hub
distortion except at the higher flow rate towards choke where the distorted speed hine aligned
with the clean uniform speed line. The streamline curvature model used by these authors
predicted the low flow rate of the speed line well in the tip distortion case but failed to
capture the distorted speed line at the higher flow rate towards the choking condition. They
concluded that this particular code could not simulate the choking phenomena of transonic
cascade flow. The hub distorted speed line was simulated by SLC with better
fidelity.
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Fig. 2.8 Experimental measurement and streamline curvature predictions of effect of (1)

clean, (i1) tip-distorted, (i1) hub-distorted radial inlet total pressure distortion in a 5-stage
transonic compressor, (Tamaki and Nagano, 1979).

Of interest for this project is the radial total pressure profile and its development through
the compressor. Total pressure readings were obtained in various positions within the
compressor to investigate the attenuation of the distortion, and compared with the SLC
prediction. In Fig. 2.9, the experimental profile in the tip-distortion case became nearly
uniform by the end of the first blade row (rotor), whilst this occurred more downstrcam for

the hub-distortion case. From the end of the 3rd stage rotor, the distortion in both cases has
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been attenuated and the flow is nearly uniform in the rear stages. The tip-radial distortion

attenuates more rapidly because the pressure rise 1s larger in that region of the first rotor.
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Fig. 2.9 Experimental measurement and streamline curvature predictions of radial total
pressure profiles due to (i) tip-distorted, (i) hub-distorted radial inlet total pressurc
distortion in a 5-stage transonic compressor, (Tamaki and Nagano, 1979). Stn 2 = inlet, Stn
3 = exit 1st rotor

The streamline curvature code captured well the radial profile of attenuated flow at the
end of the first blade row, in fact, much better for the tip-distorted case. It can be seen from
this study that the SL.C was effective in predicting the effect of radial distortions in terms of
both the overall performance and the 2-D profiles, particularly at the lower mass flow end of

the compressor speed line.

25 INLET DISTORTION MODELLING: CIRCUMFERENTIAL TOTAL
PRESSURE DISTORTION

There was insufficient time to implement a performance model for this thests, but a
review of the field 1s given here to give a complete view of inlet distortion. It is widely
accepted that circumferential distortions are more detrimental on the engine performance in
terms of eroding the surge margin, (Cumpsty, 1989, NATO RTO-TR-044, 2002).
Circumferential-flow distortion has a significant impact on compressor performance. As a
result, empirical and correlative approaches (ARP 1420, (1978), AIR 1419, (1999)) have been
devised based on compressor testing to estimate the acrodynamic response. These

approaches are really aimed at estimating whether an engine under development or being
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tested can fulfil stability requirements or achieve a “pass-off” test. Correlative approaches are

not atmed at predicting engine performance.

Circumferential methods have additional fluid dynamic effects associated with flow
unsteadiness. A different class of methods is therefore needed to assess the response of
compressors to circumferential distortions. Usually, distortion degrades the stall margin and
performance of the compressor. It is to be stressed now that the litcrature contains a vast
quantity of information concerning compressor stability response to circumferential mlet
distortions. For this thesis, only the performance changes are to be investigated. Thercfor,
the vast quantity of methods for inlet distortion that have been aimed at obtaining stability

estimations will be omitted from this investigation.

2.5.1 General trends in compressor response to inlet distortion

The distribution of the inlet total pressure is usually measured at an aerodynamic interface
plane (AIP) approximately a radius upstream of the compressor face. Propulsion system
internal performance is normally assessed by evaluating installed engine performance at the
corresponding value of AIP face-average total pressure (PFAV). The AIP airflow is treated as
an equivalent one-dimensional flow. Assessment considers changes in engine and matched

engine-component performance resulting from losses of inlet total pressure, (AIR 1419,
1999).

2.5.1.1 Face average total pressure

There is a fundamental fluid mechanical difficulty in constructing a unique one-
dimensional or equivalent face-average flow that can simultaneously account for mass flow-,
momentum- and energy-flux variations across the AIP. Definitions that are employed include
flow-continuity, area-weighted (area-averaged), mass-flow-weighted, momentum-weighted,
and entropy-derived face averaging, (Pianko, 1983). Differences with these face-average
definitions can be of the order of 1% of the face-average total pressure level, depending on
the shape of the pattern (AIR 1420, 1999).

Area-averaged total pressure is widely used throughout the aerospace industry, is simple
and easy to apply, and eases inlet and engine data acquisition and processing requirements.

Area-averaging facilitates the definition and quantification of distortion at the AIP, and 1s the
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recommended basis of ARP 1420. Alternative definitions that are appropriate to a particular
propulsion system development such as mass-flow weighting for compressor cfficiency
accounting can be related to the area-averaged value for defined AIP pattems. The distortion
descriptors given in ARP 1420 show, when instrumentation rings are located at centres of
equal area:

1 N( 1 &1 “"()
PFAV = — PAV) = — —— 1 P(6).d6
v eav), - 13|t oo

N is the number of instrumentation rings and (PAV)i are the ring-averaged total pressures.

The numerical distortion descriptor elements are defined relative to the arca-averaged, AIP,

mean total pressure PFAV. The above definition implies that:

i)

i=l

where (APR

ARP 1420 guidelines for assessing installed engine performance in distorted flow

) are the radial intensity elements.
1

conditions therefore involve accounting for baseline uniform-flow performance using the
area-averaged AIP total pressure and performance changes due to distortion relative to this
area-averaged datum. It is noted that because of area-weighting, PFAV is related to the

conservation of momentum flux at the AIP.

2.5.12 Compressor and engine performance data

Fig. 2.10 is the result of three time-averaged circumferential distortion patterns on a five-
stage axial compressor at levels typical of those in mixed radial and circumferential pattemns
of inlets at cruise conditions. Flow and efficiency losses were less than 1% and of the order
of the measurement accuracy. Area-averaged compressor performance was not greatly
affected. Fig. 2.11 is the result of circumferential screen patterns on a seven-stage axial
compressor test. The more severe patterns (3 and 4) result in the loss of corrected flow close
to surge and in efficiency changes. Differences are difficult to see at the less severe

distortions (screens 1, 3 and 2 of no. 1), due to measurement scatter.
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Fig. 2.12 shows the results of testing on a three-stage turbofan with the inlet pattern of
Fig. 2.13. The overall fan performance 1s significantly affected, with corrected flow and
efficiency changes being approximately 2%. In this case, additional data relevant to changes
in split-flow outer diameter and inner diameter performance characteristics and bypass ratio

may be required for analysis.

Fig. 2.10 Effect of classical circumferential inlet distortion patterns (AIR 1419, 1999).
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Fig. 2.13 Simulated inlet distortion screen (AIR 1419, 1999).

2.5.2 Two compressors in parallel method

This method does is normally used for surge line analysis and does not compute
performance well. The main points have been well described, Reid (1969), Longley (1992).
Reference is made to a compressor in a steady, circumferentially non-uniform flow field with
2 streams of different total pressure entering the inlet. A square wave (“top-hat”)
crcumferential distortion with equal extents of high and low pressure (Fig. 2.14). At the
compressor exit, the flow angle from the last row of stator vanes can be approximated as
uniform around the circumference. With a straight exit duct of constant area, uniform exit
angle implies uniform static pressure at exit. This 1s an idealised condition. In the engine,
there may be a circumferential distribution of static pressure at fan exit due to the
downstream HPC and bypass duct components.

With uniform exit static pressure and two streams of different inlet total pressure, the
compressor can be idealised as two compressors in parallel, compressing air from two

streams of different inlet total pressures to a common exit static pressure. One assumption 1s
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of negligible circumferential flow between the two streams. ‘This 1s a good approximation
since circumferential length scales are large compared to the axial gaps in an acroengine
compressor, (Cumpsty, 1989, Longley, 1992). Liven in a multistage compressor, the axial
length for redistribution is small. Therefore, with close-spaced compressor blading, any mass
flow non-uniformity at the compressor mlet will also be present at the compressor exit,
because there is little opportunity for further redistribution within the  compressor.
Additionally, since the circumferential static pressure gradients are greatest at the front of the
compressor, any significant internal flow redistribution s likely to occur within the first few

stages.

At Compressor and
Far Upstream

pt ______ . At Compressor  _ _ _ _ _ _
. V4 )
AW A
Far Upstream

C, PN Gp, At Co;1prossor f_—_ ______
R N - -j

Far Upstream

0° 180° 360°

Circumferential Position

Fig. 2.14 Total pressure, static pressure and axial velocity distributions at a far upstream
station and at the compressor inlet (Longley, 1992).

[t 1s then assumed that each compressor operates at a point on the uniform flow

compressor charactenstic appropriate to the local mass flow. Fig. 2.15(a) shows compressor

pressure rise Y as the exit static pressure minus the inlet total pressure, non-dimensionalised
2 < . -8 . .

by pU?, against the flow coefficient ¢ = Cx/U. It can be seen that the mean pressure rise is

below what would be achieved in undistorted flow at the mean mass flow, given by Ay.
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Fig. 2.15 Basic parallel compressor for compressor response to circumferential total
pressure distortion (Longley, 1992).

Also, the two parts of the compressor annulus operate at different points on the
characteristic. With a common exit static pressure for both streams, the difference in level
between the pressure rise in cach stream must be the difference in the inlet stagnation
pressures. The lower inlet total pressure stream has a higher pressure nise, operating nearer to
the stall limit for uniform flow. The mean operating point may not be close to the stability
boundary but a large portion of the compressor circumference may be operating at a flow
equal to or below the boundary value. It might therefore be expected that instability could be
initiated at a higher annulus average mass flow than with undistorted axisymmetric flow. One
of the assumptions of this basic parallel compressor model 1s that the flow stability limit in
distorted flow is reached when the operating point for the low total pressure stream reaches
the undistorted compressor stability limit. This parallel compressor model using pressure rise

coefficient and flow coefficient is suited for low Mach number flows.
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In high speed compressors where compressibility effects arc especially important,

performance is expressed as pressure ratio versus corrected flow (mass flow function
rh,’c o T / P) for different values of corrected speed N/ JT.

Parallel compressor theory is generally valid if the segment arc is greater than the 60
degrees critical angle (RTO-TR-044, 2002). Secondary flow mechanisms become more
significant with arcs less than the critical angle and parallel compressor theory cannot predict

segments less than the critical angle well.

2.5.3 Features required by a circumferential distortion compressor flow prediction

model

2.5.3.1 Upstream flow redistribution

When operating in non-uniform flow, the compressor generates an upstream static
pressure field causing a redistribution of the flow upstream of the compressor (Plourde,
1967). This is shown in Fig. 2.14, where it can be seen that the axial velocity distortion at the
compressor 1s smaller than far upstream. This is explained by Fig. 2.15(b), looking at the
parallel compressor model in terms of the static to static pressure rise characteristic with the
pressure rise coefficient given by Y. The compressor exit static pressures are cqual so there
is a difference in the compressor inlet static pressures. Far upstream of the compressor, the
static pressure is uniform, so the change in static pressure from far upstream to inlet implies a
change in axial velocity between the two stations. The effect of the upstream reaction is to

decrease the axial velocity non-uniformity compared with the far upstream value.



LITERATURE REVIEW

s S
(=~ Comprassor —»{ _1
1.0 - 4
. ﬁL \
(6P .
P //\
05 L (5P,
#_
r Theory
o
.r//
-~
-
0 1 1
2.0 1.0 0

Axial Distance (X/R)

Fig. 2.16 Overall variation of static and total pressure upstream and through three stage
compressor (Stenning, 1980).

The overall behaviour of the total and static pressures upstream and through a
compressor are shown in Fig. 2.16, for a 3-stage low speed compressor. For low speed
flows, small amplitude departures from a uniform static pressure obey Laplace’s equation

(Stenning, 1980) as an indicator of the axial scale of upstream flow redistribution.

2.5.3.2 Distortion attenuation

The static pressure at the exit of the compressor can often be regarded as uniform, but
exit total pressure cannot be since the two streams have different velocities. The exit non-
uniformity 1s experienced by any downstream acroengine components. ‘The distortion
attenuation, (the ratio of the exit total pressure distortion amplitude to that of the inlet) 1s of
interest. The size of the exit total pressure non-uniformity is determined by the difference
between the exit velocity in the high and low flow streams. The flow velocities i the two
streams are set by the shape of the total-to-static pressure rise charactenistic as shown in Fig.
217. The steeper the compressor characteristic, the greater is the distortion attenuation,
(Plourde, 1967). For the same total pressure distortion, the velocity non-uniformity at the

compressor 1s less for the steeper compressor characteristic C1 than for the flatter one C2.
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Fig. 2.17 Increased compressor characteristic slope implies increased distortion attenuation
(Longley, 1992).

Compressors with steep characteristics will create nearly uniform inlet flow and therefore,
nearly 100% distortion attenuation of the total pressure ficld. [However, the greater pressure
nse in the low flow region requires a greater work input and therefore, a higher total
temperature at exit. Downstream of the compressor, there will therefore be a total

temperature distortion, which is then imposed on the downstream components.

2.5.4 Performance prediction

254.1 DYNTECC

One software for modelling circumferential inlet distortion effects is DYNTECC
(NATO-RTO-TR-044, 2002). It is a one-dimensional (US definition, stage stacking), stage-
by-stage, compression system mathematical model able to analyse any generic compression

system (Fig. 2.18).
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Fig. 218 DYN'TECC parallel compressor model (NATO RTO-TR-044, 2002)

[t uses a fimte difference numerical techmque to simultancously solve the mass,
momentum and energy equations with turbomachinery source terms (mass bleed, blade
forces, heat transfer, and shaft work). The source terms are determined from a complete set
of stage pressure and temperature characteristics. DYNTECC can be operated as a parallel
compressor model with or without circumferential and radial crossflow approximations..
Modified parallel compressor theory is used to simulate dynamic inlet distortion. The
compression system control volume is sub-divided into parallel circumferential segments.
lfach segment is a parallel compressor exiting to the same exit boundary condition, but
different magnitudes of inlet total pressure and temperature can be imposed upon cach
segment. In the simplest case, cach segment is independent of the others except through the
exit boundary condition.

For complex distortion patterns, the circumferential and radial crossflow terms are
approximated. System instability occurs when any segment becomes unstable as a result of
the inlet and exit conditions. Both pressure and temperature characteristics are required.
During pre-stall operation, the steady-state compressor characteristics are used. During post-

stall, the change in compressor operating conditions is lagged using a first order equation.
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2.5.4.2 TEACC

This is the Three-Dimensional Turbine Engine Analysis Compressor Code (I'EACC),
(Hale, 1997). The authors used a 3D Euler code for the compressor except at the blades
where 1t was recognised that the computational effort was too great. At these positions,
within the blading, the compressor was divided into circumferential segments, each running a
streamline curvature code to provide the turbomachinery source terms (bleed, blade forces

and shaft work), for the Euler solver.

2.5.4.3 Multiple segment parallel compressor model

For performance prediction, the multiple segment parallel compressor (MSPC) modcl,
developed at Pratt and Whitney, (Mazzawy, 1977), gives useful results for a certain class of
problems and has physical basis in the associated fluid dynamics. It gives the result of a loss
of stability margin and stalling pressure ratio, and also for effective attenuation of distortion,
a given compressor should have a steeper slope in the unstalled pressure rise characteristics.
The disadvantage is an inadequate stall point prediction, (Longley, 1992), (Williams, 2002).

More than the two idealised operating points of the basic parallel compressor model can
be used. In the multiple segment parallel compressor model, the annulus is split into
segments of equal circumferential width. Within these multiple parallel segments, individual
blade row performance characteristics are used, or the whole compressor characteristic if
these are not available, to account for the two-dimensionality of the distorted flow field. It is
applicable to distortions with large extent relative to blade pitch. The calculated flow
properties in each segment can be considered to be the average over several blade passages,
(most adverse distortions are this large). Use of multiple segments allows full description of
downstream non-uniformities regardless of their circumferential orientation relative to the
inlet distortion.

The operating point of each segment is determined by the local inlet total pressure and the
local exit static pressure, and the overall performance is the average of the individual
segments. The model accounts for fluid dynamic effects not considered in the basic parallel
compressor theory. This includes upstream flow redistribution, giving an asymmetric inlet
angle and relative dynamic pressure. This gives better agreement with data. It also models
some non-steady flow phenomena associated with rotor blades passing through non-uniform

flow, which is important for the inlet distortion tolerance of a compressor.
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The stall point stability criterion for basic parallel compressor theory was to take the
uniform stall condition. The new model is not constrained by this uniform undistorted inlet
performance. A new criterion is required, taking instability to be when there is some portion
of the circumference where sufficient pressure rise cannot be attained to match the local exit
boundary condition. Fach segment has a different peak pressure rise capability, which must
be obtained from the distorted flow field solution.

The model deals with the two main assumptions that are experimentally in disputc:

() The distorted compressor does not behave like the undistorted one. Distorted overall
compressor performance in any circumferential sector can be different from the undistorted
compressor performance with the same boundary conditions because of unsteady flow
effects and distortion-induced compressor stage matching differences. The individual blade
row performances may extend beyond the stability boundary in undistorted flow.

(1) Uniform compressor exit static pressure. A non-uniform exit static pressurc can bc

generated by a downstream diffuser or by another compressor in a multispool configuration.
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3 FAN RADIAL PROFILE AND BYPASS MODELLING

31 INTRODUCTION

This chapter discusses the issues of modelling the fan component of LBPR turbofans
in an engine stmulation program including comparisons with HBPR fans, looks at the current
existing methods, and explores test data of LBPR fans. As a result, a new method 1s devised

to model differences in LBPR fans and this 1s implemented and the results discussed.

3.2 BACKGROUND TO FAN MODELLING IN TURBOFAN ENGINES
The following subsections explore the particular differences of fans  from

compressors and their unique modelling requirements.

3.21 Fan modelling requirement for turbofans

Figure 3.1 shows the layout of the Rolls-Royce/Turboméea Adour turbofan engine.
Firstly, the normal requirements for the fan characteristic model are as for any compressor,
as discussed by Cumpsty (1997). Given the dependent variables of rotational speed and the
position of the exit throttle, as characterised by the mass flow, the performance of a

compressor can be obtained.

Fig. 3.1 Air flowpath in a Rolls-Royce Turbomeca Adour turbofan engine. (Rolls-Royce
plc)
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However, modelling of the fan of a turbofan differs from that of say a core

. \ . . . . . .
compressor in two ways. Firstly, the fan is directly adjacent to the intake system and is
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susceptible to mlet flow distortions (dealt with in Chapter 4). Secondly, an annular sphtter
divides the airflow aft of the fan component into the inner or core engine flow, and the outer
or bypass flow. The fan model must therefore be able to provide the correct dclivery
temperatures, pressures and mass flows to the two downstream passages. It will later become
apparent that the bypass ratio (bypass mass flow + core mass flow) is also a dependent
variable in setting the fan performance.

For a core compressor, although the flow at the exit of the compressor may not be
radially uniform, it is common practice to average the radial non-uniformitics to single 1-
dimensional values and to use these as inputs to the downstream component. This is not
possible in the fan of the turbofan because applying the same averaged 1-dimensional value
at the entry of the core and the bypass channels is not the actual real situation. Firstly, the fan
may produce radially a highly non-uniform profile of flow variables at the exit, so that
pressures and temperatures are passing to the core and bypass are always different, and

secondly, the BPR varies widely across the power range of the engine with the fan speed.

3.2.2 Source of fan exit radial non-uniformity

The average pressures and temperatures that arrive at the inlets to the engine core
compressor and the bypass duct can be very different in turbofan engines even in the case of
a uniform inlet flow to the engine. The flow field is extremely complicated to describe but it
can be viewed as the result of the compression process being modified by several other
factors. In the basic compression process, pressure rise is caused by the rotors imparting
work to the airflow and the flow of the air through an overall diffusing passage. At the same
tume, the airflow is subjected to several other effects, due to real flow phenomena or due to
geometrical effects. All of these may contribute to overall 3-dimensional non-uniformity. The

following specifically result in radial non-uniformity.

3.2.2.1 Difference in blade speed from hub to tip
'The hub-to-casing ratio determines the difference in rotational speed along the blade. It is

known that the pressure ratio is approximately proportional to the square of the rotational

speed (Mazzawy, 1977).
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3.2.2.2 Designed work input variation across the blade span
‘This 1s manifested in the turning imparted to the flow by the blading as a result of both
the blade rotational speed and the blade angles.

The Euler work equation in the simple case with cqual inlet and exit radius of a mean
streamtube is: W =H, —H, =U(V,, -V, ). The blade speed is proportional to the radius

U =ro. Therefore, if it is desired to have a uniform work input radially, the designed radial

change in whirl velocity Vg has to be inversely proportional to radius, which is a free vortex
distribution. It has been noted e.g. Cumpsty (1989), Cohen et al (1996) that onc such solution
used in the past is:
Va =ar—E and V,, =ar+£.
r r
Cumpsty (1989) notes that the more usual requirement is uniform stagnation pressurc risc.
It 1s usual to vary the work input to allow for the predicted radial variation of loss in order to

achieve a uniform total pressure.

3.22.3 Geometry effects

Particularly in the fan component, the path of a streamline along the meridional plane can
be highly curved. The inlet annulus area of the compressor has to pass as much airflow as
possible and with the air there being at its lowest density, the area is desired to be maximised.
In the context of military fans, the fan diameter 1s desired to be minimised to create an
engine of high specific thrust, and with the minimum frontal area for minimum drag.
Sometimes, the engine may be buried within the airframe, and is accessed via swan-neck

ducts. Curvature will set up a static pressure distortion and may also give a swirl distortion.

3.2.2.4 Real flow effects

These occur particularly at the hub and tip regions. Real flow effects include viscous
boundary layer effects, secondary flow effects, shocks, and boundary layer interaction. This 1s
well documented by Lakshminarayana (1996).

‘The sum of all these effects is that use of a single 1-dimensional compressor characteristic
providing single averaged values of the overall fan exit flow properties may give unrealistic
values of total pressure and total temperature at the core and bypass entry axial stations. This
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1s because the effect of averaging the two portions of the fan exit flow profiles divided by the

flow split streamline to thetr respective downstream passages is not addressed.

3.3 EXISTING FAN CHARACTERISTIC METHODS
This section explores some of the methods in use for fan representation in simulation
programs as reported in the public domain literature. It 1s quite possible that other methods

exist, which are propretary and undisclosed.

3.3.1 Inner and outer fan method
This appears to be the traditional method by aeroengine design companies, c.g. Rolls-
Royce (Marshall,1997), MTU (Kurzke, 1996), Pratt and Whitney, (Shaw, 1982), is by using

split inner and outer fan maps.

3.3.11 MTU (Kurzke, 1976)
For low bypass ratio engines, either the inner or the outer fan is assigned as the primary
compressor. If the nominal bypass ratio is less than one, the mnner fan 1s the primary map,

and if the nominal bypass ratio is greater than one, the outer fan is the primary map. For cach
measured point, there are five data: total compressor mass flow W\/'ITl / P, , bypass and core
stream pressure ratios: P, /P, and P, /P, respectively, and the bypass and core stream

efficiencies: 1, and M, respectively.

If the bypass ratio 1s less than one for example, the primary map will have the variables:

B /R, = £/ T WATT/P,) and 1 = €(N/AfT, WA, /).

B is defined on the pressure ratio, flow graph as parabolic lines intersecting the constant

speed lines.
L . — Pl3/ Pl
The outer bypass fan characteristic is then obtained by profile factors fp, = P, /P and
21 1
N
Nepp =—.
! LIPY!

The primary map will give smooth lines of B against the speed lines. However, if the map

for the outer fan was to be drawn with this beta, it would not be possible to have smooth
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lines because the pressure profile factor is not constant, i.c. the B defined on the primary

graph plotted onto the secondary characteristic would not form smooth parabolic lines.

3.3.12 Rolls-Royce (Marshall, 1997)
Rolls-Royce models low bypass and high bypass ratio turbofans differently using the

method of split characteristics.
RRAP low bypass ratio fan model — B is defined for the overall fan against speed and
overall mass flow. (Dependent variable W, /T, / P, and independent vanables

N/ VT Boweran): The other dependent variables are then within separate inner and outer

o . . s AH,
characteristics against the same dependent variables. They are: = L = f(N/ JT, ’anrnll)‘
1

1

N = f(N/ ﬁ— ,B‘,wm“) for the outer fan.

‘The scheme for a low bypass ratio fan in a turbofan with separate exhaust nozzles:

Overall characteristic
Pl ‘/i‘ overall
Core characteristics Bypass charactenstics
AH aj N AH N
— = f ) Boverull = o f ’ancrull
e i T\
N N
nll = f _’Buvcrall nl] = —'Buvcrall
T 7T
A" JT W,.4T
Guess il s Boverrr Check: i = ZNLRT, | X2 = =
ﬁl‘ “/T_l Tl 3 fan exit TI 3 bypass entry

RRAP high bypass ratio fan model - B is defined separately for the inner and outer fans

against separate flow characteristics, i.e., inner fan: (dependent variable W, 4/T, / P, , and
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independent variables N/ VT, B ), outer fan: (dependent variable W“\/'F, /Pl, and

independent variables N/ JT, sBiypass)- The other dependent variables are graphed against

. AH,
the respective [ for each compressor. ‘They are: T" =f (N/ \/—'IT e )
1

= f(N/JT_, Bcorc) for the inner fan, and A—l':l—‘— = f(N/\/'lTl ; Bhwm) and
l
= f(N / \/T—l .Bhypass) for the outer fan.

The scheme for a high bypass ratio fan in a turbofan with separate nozzles:

Core characteristics Bypass charactenistics

W:.\/f:f[ N o J WiT (

1

N
Boypass
oo

AH,, N AH N
= = f ’ o o I3 =
Tl [ Tl an J [J_ Bh)‘PJ“ ]

Check:

[WH Tl}] =[wl.‘ TH}
Tl ¢ fan exit Tl 3 bypassentry

1=
I
N
Z
-~
s
=
B e
~—
:
I3 Il
—
=
" S
0_/
3
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3.3.1.3 Pratt and Whitney multiple segment parallel compressor model (Mazzawy,
1977)

The scheme is also an inner and outer fan model denoted as the inner diameter (ID) and
outer diameter (OD). The difference is in the use of the dependent parameters. The model
uses blade row performance characteristics.

1. Each rotor and stator s represented by a static pressure rise characteristic .

2. The rotor is also represented by a total temperature rise characteristic A.
3. These are a function of mass flow parameter/area, ¢/ A.
_ Pout —Pin (N/ ‘/6)12353

pin (N/ \/6 )2
A= Tout _Tin . (N/“/é);Es

Tin (N/ -\/6 )2

0 _WB (N/VB)e
ARG )

The multiple segment aspect is for calculation of circumferential inlet distortion.

v

3.3.14 Obtaining inner and outer characteristics by rig test

When a turbofan is throttled back, the flow capacity of the first core compressor reduces
more quickly than the bypass nozzle flow capacity due to the lower total pressure there. This
results in an increase of bypass ratio when reducing speed along the working line of the fan.

First, 2 nominal bypass ratio schedule dependent on non-dimensional speed is calculated

i

following this schedule. The fan rig delivers airflow to two streams in which throttle valves

with a performance simulation model: BPR , =f [—N—-) and the rig test is then performed

are situated and can be varied separately.

1. At each speed, adjust bypass & core throttles to run on the nominal working line at the
nominal bypass ratio according to the above schedule that had been pre-calculated.

2. Fix core mass flow at the working line value and then adjust the bypass throttle to change
bypass mass flow incrementally from choke to stall whilst maintaining the core flow at the

working line, to obtain the bypass characteristic (measured at bypass duct entry). This gives
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the observed values of bypass ratio along a speed line in the overall fan characteristic from a
rig test.

3. Fix the bypass mass flow at the nominal working line value and then adjust the core
throttle to change the core mass flow incrementally from choke to stall whilst maintaining the
bypass flow at the working line, to obtain the core characteristic (measured at core entry).

4. The following diagrams are typical core and bypass characteristics.

LA B e
s —~ —cn=0.4
2 - -cn=0.6
@[ SRR SER ] ---cn=0.8
- 4 -~ s
&u 18 E1-8 1 — -cn=1.0
2 o _—-cn=1.1
3 | 000 e Y 51.6 s S
S 13 2
- o LoRYY 014
L \
1.2 \ 1
——
11 T ; pe e .| \
002 006 01 014 o018 022 o026 ' ~=1
01 03 0.5 0.7 0.9 j 5 |

Relative Mass Flow Relative Mass Flow

Core characteristic Bypass charactenistic

Fig. 3.2 Inner and outer fan characteristics for high BPR fan (Yin, 1999).

3.3.1.5 Applicability of these models?
The use of inner and outer fan maps in this manner limits the applicability of the resulting
characteristics to the bypass ratio schedule at which they were tested.

Take the RRAP low bypass fan model. Guessing the overall flow characteristic, B,y and
N/ \/T_, gives the overall flow function W, \/'ﬁ / P, from which W, can be obtained. The

same P, is used for the bypass and core characteristics and this relationship was fixed due
to the geometry of exit throttles run during the rig test according to the bypass ratio vs.
N/ ‘/T—l schedule. For the separate nozzle turbofan calculation, the bypass nozzle capacity
check must match that of the fan bypass exit.

Thus, a bypass ratio vs. N/ JT_I relationship or “schedule” refers to one fixed geometry.
‘The model is accurate unless the gas turbine is run at a deviation from the schedule. This can

be a change in geometry (altered exit throttle areas), a power offtake, bleed, engine
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deterioration or transient manoeuvres (Riegler, 2001). For example, the cffect of decreasing
the bypass nozzle exit area is to move the working line on the overall fan pressure ratio flow
characteristic towards the surge line. A new combination of inner and outer fan maps based
on a new bypass ratio schedule would be required for this new model. This is because the
nominal flow split streamline has changed and now defines two compressors that arc
different from before.

Therefore, for rigorous, accurate turbofan modelling, the simulation scheme should

include bypass ratio as an iteration variable (Fig. 3.10). The fan should be tested at different
schedules of bypass ratio vs. N/ JT—l . However, this would be extremely costly and time

consumung and is never performed.

In the RRAP high bypass ratio fan model, the core and bypass characteristics arc defined
using a nominal schedule of bypass ratio vs. N/ ‘/f . In this case, the flow function 1s

defined for both the core and bypass fans, and P is defined separately for both sets of

characteristics.

3.3.2 More general turbofan models.
There have been two similar solutions to extend the capability of modelling the turbofan

that runs at a deviation from the nominal bypass ratio schedule.

3.3.2.1 Rolls-Royce model (Yin et al, 1998)
A study of high bypass ratio fan rig test data (Marshall, 1998) resulted in 2 major
conclusions:
6) Radial profiles of flow parameters remain constant at the fan rotor trailing edge at
a fixed non-dimensional speed and at a fixed exit non-dimensional mass flow,
when BPR is varied.
(1) These profiles display very little variation in the circumferential direction,
compared to the radial vanations.
Therefore, there is no need for testing other than for the nominal BPR vs. non-
dimensional speed schedule, since the profile stays the same at other bypass ratios for the

fixed speed and mass flow. This saves on a lot of rig testing,
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This then led to a new representation of the fan characteristic, onc that retains the raw 21D
radial profile information along with the conventional one-dimensional compressor
characteristic (Fig. 3.4).

There would be a new independent variable based on the position of the split point at the
fan rotor exit that divides the flow into the core and bypass streams of the downstrcam
components. This could be radius or more convensently, the bypass ratio itself. (The radal
profiles of mass flow against radius will give the radial position of split).

Once the radial split point is found on the basis of bypass ratio, the flow profiles can be
integrated from the split streamline point up to the casing for the bypass average values of

parameters, and to the hub for the core average values (Fig. 3.3). 'T'he integration process for

averaging at each 3 point is:

BPR =W,,/W,, (1)
w13 Wk,up - wR.splil (2)
W, = wR.spm €)
P 1 R.lip
ﬁ =% IPRfm.ZDdW )
1 13 R.split
1 R.tip
nl— 3 = n an, dw (5)
1 W, R.;’;li(f 2D
P l R,split
—=— |PR fan,20dW ©
Pl 21 R,hub
1 R ,split
N =7 | MenapdW Y]
W21 R.hubf P

To divide the profiles according to the position of the split streamline, a profile of mass

flow 1s required. The one used is defined as the 2D-cumulative mass flow fraction where:

_WuodT/P,
CMFF=—2Y_1_L ®
W, /P,
W,p 15 the mass flow from the hub to a given radius R. At any radius, CMFF varies at the
most by only approximately 4% for a constant speed line (Yin, 1999).
Validation exercises have been run with the 2D fan to demonstrate its applicability to
replace the inner and outer fan model. Using the same overall 1D fan characteristic

constructed from the same 2D flow profile data, a hypothetical high bypass ratio fan has
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been modelled within a 2 shaft turbofan with separate exhausts (Yin, 2000), with both the
inner and outer fan model and the 2D fan model. In addition, the use of only a 11D modcl

was also compared. The inner and outer fan characteristics were constructed using a nominal
curve of bypass ratio against N / ﬁ .

For calculations of off design thrust and specific fuel consumption, as expected, the
results were the same for the inner and outer model and the 2D fan model. This ceased to be
the case on altering the relationship of bypass ratio against N/ ﬁ , for example, by a small
reduction in the bypass nozzle arca.

Both the inner and outer and 2D fan maps differed from the 11D map modelling of the
fan. The 1D model overpredicts the core delivery pressure and therefore the capability of the
engine.

Transient modelling of the same fan with the two models also highlighted differences due
to the relationship between bypass ratio and power setting being altered during the transient,
rendering the inner and outer fan model characteristics iappropriate. ‘The 2D fan 1s a more

general model that can accommodate this phenomenon.

fan
rotor oGV
split averaging profile for
point bypass duct
splitter
R averaging profile for
core duct
1SS
2D flow

profiles

Fig. 3.3 2D-HBPR fan concept of flow split and averaging.
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Overall Fan Characteristic

PR

wT /P, p CORE

P, split point

From fan
hub

To split
point

PR (2D) n@2D) W/T, /P, (2D)

Averaging

J

BYPASS

From split
point

To fan tip

Averaging

Fig. 3.4 2D fan concept of obtaining 2D profile information at each 1D operating point.

3.3.2.2 MTU model (Riegler et al, 2001)
The inner and outer fan map system can be extended to include maps at deviations from
the nominal bypass ratio.

There is now the common flow characteristic also dependent on bypass ratio:

WYT, /P =l -y, N/, .B)

The core characteristics:
P21/P| = f(}l_um,m, N/ﬁ-,ﬁ) and M, = f(}‘l ~Hoom > N/\/FTB)
The bypass characteristics:

Pl3/Pl = f(u—}inum»N/\/T_,B) and M, = f(p.—-;lm,m,N/‘/T_,ﬁ).

M is the bypass ratio, M, is the nominal bypass ratio. Recognising that the cost of the

extra testing would be prohibitive, MTU set out to compute approximate values at the



FAN RADIAL PROFILE AND BYPASS MODELLING

deviated bypass ratios. Their model applied to fans where the bypass splitter is sct back far

enough from the fan not to exert any influence on the work done on the airflow.
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i ! . R bend of split

.......
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“T!“ stream lulxe B > Haom , flow field unchanged with u L.

‘ senavereseetss ..,;..................T.T |
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Fig. 3.5 I'ans with splitter downstream and typical split stream lines (Riegler et al, 2001).

Fig. 3.5 demonstrates this by showing that if the inlet corrected flow is kept constant,
then varying the bypass and core throttles to alter the bypass ratio has no cffect on the
position of the streamlines passing through the fan. Any change to alter the flow through the
two throttles takes place downstream of the last stator row by a bend of the split streamline

towards the leading edge of the splitter. The overall fan characteristic remains the same.

nbyp.nc\v
nhyp,nnm
Fzplit,nom $
——— e | —
* / ; ; ? o
Teplit, now oo
R B e T T ) . m—tt
r ncoro,nom
max

I S — —— — -

HCOI‘Q‘MW

Fig. 3.6 Correcting algorithm for pressure ratio (Riegler et al, 2001).
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"This means that pressure and temperature profiles at the fan exit position 21A in Fig. 3.5

will be constant as the fan overall performance stays constant. The profiles can be used to

calculate the characteristics for different bypass ratios by calculating the mean values in the

core and bypass and integrating the radial profiles beginning with the radius on the split

streamline which is dependent on the actual bypass ratio.

The correcting algorithm is described thus. Only temperature and pressure profiles for

= Hoom are available from the rig test. See Fig. 3.6.

1.

N

The temperature and pressure profiles are approximated to parabolic curves versus
radius. The pressure profiles have a maximum value estimated to be located at a constant
radius r,,,, and the temperature profiles are estimated to have a minimum value at the
same rachus. The bypass and core stream measurement gives the average values of
pressure and temperature in the bypass and core stream ducts. Therefore, for each profile
of pressure and temperature, there exists three boundary conditions which make up the
coefficients that can form a parabola to approximate the pressure and temperature
profiles. This reduces the information that is stored from a rig test. Only the average
downstream values and the value of r_, are retained for the simulation procedure.

The radius of the split stream line 1, o fOr W, can then be calculated using basic gas
dynamics assuming constant static pressure in station 21A for simplicity.

The radius for the new split streamline Tpitnews £OT Mooy €an then be calculated using W,
based on the pressure and temperature profiles calculated. The mean characteristic stays
constant so the static pressure at 21A and the total mass flow stays the same as for W, .
Next, the pressure and temperature profiles can be integrated from the new split
streamline radius to the inner wall radius for the core parameters, and to the outer wall
radius for the bypass parameters. This is equivalent to a shift of the hatched part of the
pressure profile in Fig. 3.6 from the core to the bypass flow. The new averaged

parameters form the new characteristics at the deviated bypass ratios.

It 1s the shape of the pressure and temperature profiles at station 21A that determines

how much influence bypass ratio has on the deviated performance. For example, if the

nominal profile shows a higher pressure ratio in the core than in the bypass stream (which is

the profile shown by the fan modelled in this study), then a deviation of bypass ratio which is
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an increase would result in the bypass pressure ratio increasing. Typical results from the study
of Riegler et al (2001) for a 3 stage fan of design bypass ratio of 0.4, can show for a BPR
deviation of W - .. = 0.4 at 100% speed, a 2% increase in bypass pressure ratio over the
nominal value and a 5% increase in bypass efficiency over the nominal value.

It was also noted in this study that the nominal bypass ratio is also an important figure.
For example, when bypass ratio is increased, the change in bypass and core characteristic
performance is caused by the part of the mass flow moved from the core to the bypass flow.
A low bypass ratio fan is affectcd much more than a high bypass ratio fan in this respect. A

10% increase in bypass ratio causes a 5% increase in bypass mass flow when y., = 1, but

only a 0.8% increase in bypass mass flow when .. = 10 (Riegler et al, 2001).

In summary, the Rolls-Royce and MTU methods are similar in philosophy. Rolls-Royce
however uses the raw fan data from the result of rig testing and throughflow streamline
curvature analysis directly in the iteration scheme. MTU has removed this data and

approximated the profiles as paraboli. Some accuracy may be lost with this operation.

3.4 SELECTION OF FAN REPRESENTATION FOR FANS OF LBPR
TURBOFAN ENGINES
Strategy: (i) HBPR model discussed above. Can any of this be applied to LBPR? (i)

Examine test data. (iii) Examine past results in papers, e.g performance models and CFD.

3.41 Background on differences between LBPR and HBPR fans

Low bypass turbofan (typically found in military jet aircraft) characteristics have already
been investigated (Li, 1999) and the following are the main differences compared to high
bypass civil turbofans, (see Fig. 3.7).
a) The low bypass fan has less variation in blade speed between the tip and the root of the
blade due to higher hub-to-tip ratios. The outcome is a relatively smaller radial variation of
fan outlet pressure and temperature.
b)  The low bypass fan usually has more than one stage and correspondingly higher pressure
ratios.
©)  The fan architecture is typically different. In the high bypass fan, which invariably has just
one stage, the fan rotor exit leads to a splitter dividing the bypass and core ducts with the
respective stators for the ducts, namely the outlet guide vanes and the engine section stators,
situated downstream of the splitter leading edge. For typical low bypass fans, there are full-
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span stators crossing the annulus after the last rotor and this is then followed by a splitter,
which divides the flow to the bypass duct and the high pressure compressor.

d) With low bypass fans, due to the higher hub-to-tip ratio, boundary layers occupy a relatively
larger part of the flow than in high bypass fans. It is also significant that these boundary
layers are usually larger in magnitude than for high bypass fans as well due to the typical
installation having a very long intake compared to the typical short pitot intakes of podded
cavil gas turbines. Boundary layers exacerbate the secondary flows in multistage fans or

compressors, especially with lower aspect ratio blades.

B MILITARY COMPRESSOR

splitter

LOW BYPASS RATIO

MILITARY

FAN COMBUSTOR

SHORT HP.

A

stator
C CIVIL COMPRESSOR_
oGV

/
/| o
LOW H/T FAN .

S 7 o= sphitter
oy
Pl @wstm

ESS 1P HP

Fig. 3.7 Comparison of fans in military and civil turbofans, (Wall, 1976).
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3.4.2 Rig test and engine data — high bypass ratio fan rig test data
A study was made of HBPR fan rig test data (Marshall, 1998). The two main conclusions
were:
® Fan exit profiles of independent parameters were independent of BPR at a fan spced and
mlet flow function.
® Circumferential variations of total pressure and total temperaturc at fan cxit were

neghgible.

3.4.3 Rig test and engine data — low bypass-ratio fan rig test data

As part of this thests, an extensive analysis of LBPR fan rig test data was carried out with
access to various LBPR fans of varying nominal BPR ('Li, 1999). This work includes
proprietary company information so the data is not published here. The main conclusions

will be given.

3.4.3.1 Analysis of the Data

The data was for LBPR fans with 2 maximum BPR of approximately 1, ranging from 2 to
3 stages. For each test point, the ambient conditions were supplied, with BPR and fan exit
total temperature and total pressure radially and around the circumference of the annulus. In
almost all cases, the fan exit total temperature and total pressure measurements were on
combtnation rakes in the HPC duct and bypass duct aft of the bypass flow splitter. In one
case, the measurement rakes were directly at the splitter. No measurements were taken
directly at the fan trailing edge stator. Engine tests were also available for some of the fans,
with the BPR being controlled by partially blocking the exhaust nozzle with a bung,

3.4.3.2 Limitations of the Data

As indicated above, the data was mostly for after the fan splitter whereas better
information would be gained of fan exit conditions at the fan stator trailing edge. The profile
of flow after the fan splitter compared to at the fan trailing edge may be modified by the
division of the flow into 2 different area ducts with 2 different mass flows (e.g. streamtube
contraction), and any losses at the casing and splitter walls. No data existed with the
measurements at the required position in LBPR fans in contrast to HBPR g tests, due to the

constraint of space required for instrumentation.
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'The range of fans was limited. Data was unavailable for a higher BPR range, bridging the
gap to the large civil fans. This could have given an indication of a range of behaviour from

very high BPR to very low BPR fans in conjunction with the earlier study (Marshall, 1998).

3.4.3.3 Summaty of Data analysis

'The following main findings were made:

® Both HBPR and LBPR fans exhibited large radial variations of total pressure and total
temperature (Fig. 3.8 and Table 3). Radial variations were slightly higher in the HBPR

fan.

® Circumferential variations in LBPR fans are an order of magnitude higher than in HBPR.

® Circumferential variations in LBPR fans also exist in total temperature.
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HBPR fan rig testat | LBPR fan rig test
N N
100% — at 100% —
JT i
Maxtn : Total pressure 0.84% 5.10%
circumferential
variation as percentage Total temperature 0.32% 2249,
of average
Maximum radial Total pressure 16.1% 12.0%
variation as percentage
of average Total temperature 4.6% 4.6%0
Approximate Total pressure 5.6% 42.0%
circumferential to
radial variation Total temperature 7.5% 48.6"%

Table 3 ( omparison of radial and circumferential varations of fan exit values between a
high and a low bypass ratio fan.

®  The arcumferential variations are multiple per revolution.
® The BPR range in the LBPR test was very small. No data could be discerned for a case

ata speed and flow function that was appreciably different in BPR.

3.4.3.4 Conclusions of data analysis

[t was therefore inconclusive as to whether the fan exit profiles are independent of BPR at
a fixed non-dimensional speed and inlet flow function in LBPR fans.

The 2D-HBPR fan model (section 3.3.2.1) was applied on the basis of neghgible
crcumferential distortion at fan exit, so that the radial profiles could be treated as an
axisymmetric average profile. To do the same in LBPR fans would require the assumption
that the circumferential variations could be averaged and the resulting average radial profile
would be representative of the flow. This may not be the case if the varations are large
compared with the average levels of total pressure or total temperature at the fan exit.

Further investigation is required before modifying the 2D-HBPR fan or devising a new

fan model.

3.44 The bypass ratio effect
‘The basts of the 2D fan model is that the splitter is far enough downstream of the fan so

as not to affect the flow streamlines passing through the fan at a fixed non-dimensional
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operating point on the overall fan map. This has been found to be the casc in large civil
turbofans (Marshall, 1998) and in some low bypass ratio fans (Ricgler ct al, 2001). The key
factor appears to be the axial spacing between the splitter and the exit of the fan. The spacing
18 larger in high bypass fans, although the stators tend to be situated aft of the sphtter nosc,
thus placing the splitter nearer the rotor. However, the spacing s still larger than in some low
bypass ratio turbofans. A well analysed case is the Pratt and Whitney 11100 fan (Shaw, 1982).
"Two versions of this three-stage fan were used; a remote splitter configuration for the -
15 arrcraft and a proximate splitter configuration for the I'-16 aircraft. ‘The turbomachinery
was equivalent and the difference was with the splitter spacing from the final rotor of the fan.

Fig. 3.9 shows the cffect of situating the splitter too close to the rotor

Radial Turning Occurs Downstream
FSSIsSRS==el S O
~§: -
‘\\\ Remote Splitter
~
o
Fan
. ~5 4
-¢
I.-Significam Radial Turning Occurs Within the Fan
—
:n :\ &
-~ *t Proximate Splitter
N
-
Fan
T "— ~05in.
¢

Fig. 3.9 F100(3) splitter configuration affects location of radial turning of streamlines, (Shaw,
1982).

Instead of the bend of the flow split streamline occurring well downstream of the rotor, it
can occur within the rotor stage and stator 1f present. At a fixed non-dimensional speed and

overall mass flow, changing the bypass ratio changes the radius of the split streamline. The
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new spht streamline has to bend towards the bypass splitter nose and the presence of this
varying radial flow in the stator with bypass ratio means that different work 1s done on the
arrflow according to the bypass ratio. This means that different averaged values of pressure
and temperature are delivered to the bypass and core duct entries according to the bypass
ratio. An inner and outer fan system therefore needs to account for the change in bypass and
core characteristics with changes in bypass ratio.

A scheme has been put forward for the effect of changing streamline curvature through

the fan (Walsh, 1998).
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Note:
Fan root and fan tip maps are repeated at intervals of 0.5 bypass ratio

Fig. 3.10 Fan maps required for rigorous off design modelling (Walsh, 1998).

Pratt and Whitney collected rig test data of stage characteristics and investigations showed

that the first 2 stages of the fan were unaffected by the bend of the streamline. The third
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rotor and intermediate casing strut characteristics were altered on the basis of changing
bypass ratio. Because static pressure charactenistics were used, there was also a modification
for the change in flow area towards the bypass or core ducts of the split streams. With this
particular fan, it was concluded that with the rotor approximately linch beyond the splitter,
the effect was relatively small.

Fig. 3.12 shows the new bypass ratio representation of the overall fan characteristic of the
F100 remote splitter configuration that shows the least effect of bypass ratio. A similar
proximate splitter configuration to the F100 s that of the TFP-30 turbofan (Fig. 3.11) and 1t

shows a significant bypass ratio effect on the overall fan charactenstic at the higher corrected

speeds.
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Fig. 3.11 Bypass ratio effect on TF30-P3 low pressure compressor rig performance
(Mazzawy, 1977).
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Fig. 3.12 Effect of input bypass ratio on revised remote splitter model predicted fan
performance (Shaw, 1982).

The issues of having the streamlines changing shape in passing through the rotor is this.
By changing radius through the rotor, a particular streamline will experience a different blade
speed and a different flow turning effect with altered efficiency. The resulting flow will have a
different static pressure 2D profile distribution to that before the bypass ratio was changed
and different axial velocity profile. The flow streamlines change radius because of this to
regain radial equilibrium. This may even adjust the flow before the fan rotor and not just

after it.

3.4.5 Summary of factors for selection.

[t would be 1deal to be able to run compressor rig tests over a wide operating range to
obtain the compressor characteristics necessary for gas turbine performance simulation.
However, this 1s not possible because of the cost of testing, estimated in the order of

£millions. Therefore, rig tests are only run to obtain the dominant effects in a small operating
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range (Riegler et al, 2001). This reports highlights one aspect of fan performance in turbofan
engines that is necessary for improved fidelity performance calculations but is not routinely

obtained during rig testing, namely, the effect of splitter proximity on fan performance.

3.4.6 Cost-effective solution — 2D-LBPR fan model
It is excessively costly in terms of money and time to extend the rig test to a range of
bypass ratios away from the nominal schedule. The aim is to be able to compute the

characteristics for the altered bypass ratios.

At this stage, two different issues are identified.

®) A need for a fan model to enable different schedules of bypass ratio vs. N / \/f to
be modelled for the case of changing the geometry or for transients. The 2D-IHBPR
fan was devised as a general model that could accomplish this, but it relied on the
profiles being unaffected by the changing bypass ratio at a fixed overall fan operating
pont.

(1)  With the profiles being affected by change of bypass ratio at a fixed B and non-
dimensional speed, it means that the 1D overall characteristic changes with a change
in bypass ratio. The 2D-HBPR fan model has to be revised to include the capability
of being able to calculate new profiles at fixed speed, B, and altered bypass ratio. The
new model must also retain the bypass ratio information that was recorded durnng

the rig test at the nominal bypass ratio vs. N/ Jf schedule. The current method of

obtaining an inner and outer fan characteristic by rig testing according to a pre-
calculated bypass ratio schedule is not expected to be changed. For a new modet to
take into account bypass ratio would more ideally have speed lines at a fixed bypass

ratio.

Fig. 3.14 shows the new 2D fan concept based on a change of profile with bypass ratio.
The nominal 1D overall characteristic is that taken from the rig test. This will contain a series

of speed lines which across the working line should contain the 1D fan performance at the
nomunal bypass ratio vs. N/ J]T schedule. The other points on the speed line have bypass

ratios that reflect the nature of the rig test.
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1. For the bypass characteristic, the core 1s kept at the working line flow:
2. Increase the bypass mass flow until choke — T BPR

b. Reduce the bypass mass flow until stall — 4 BPR

™)

For the core characteristic, the bypass s kept at the working line flow:
a. Increase the core mass flow until choke = 4 BPR
b. Reduce the core mass flow until stall = T BPR
The result 1s a fairly random set of bypass ratios along a speed line with i increasing and

decreasing corrected mass flow from the nominal working line point. (Fig. 3.13).
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Iig. 3.13 Nominal bypass ratio at working line.
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Fig. 3.14 2D-1.BPR fan concept of obtaining 2D profile information at cach 1D operating

pornt, dependent on the bypass ratio.

3.47 Conclusions of model selection.

Liffectively, there are currently 2 types of fan model. The inner and outer fan model family
has fan data from a ng test at a fixed BPR vs. N i VI schedule. This data requires
modification for when the any change is made that alters this schedule, such as for nozzle
arca changes.

To counteract this, a class of 2D fans modelling the fan exit radial flow profiles has
appeared. The Rolls-Royce model (section 3.3.2.1) uses rig-derived fan exit profiles. The
MTU model (section 3.3.2.2) replaces test data with parabolic curves set by 1D data. In the
author’s opinion, 1t 1s unnecessary to discard the data obtained from testing and to increasc
the potential for inaccuracies from using a simplified curve fit. The MTU model may be
acceptable for LBPR fans with smaller fan exit profile variations, but may not model the
HBPR fans with large variations in profiles. It is felt that it is better to use one method to
model all fans (1.e. use of rig profiles). There 1s today no computing power mit on doing so.

The disadvantage is the need for more operator input to generate the fan maps (whereas the
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MTU method uses existing 1D data), but rake checking and other automated processes may
relieve this load.

The 2D-LBPR fan has the potential to deal with BPR vs. N/ VT schedule changes. No
other method of conventional component based iterative performance simulation methods is
known to exist. The method depends on the availability of test data for multiple bypass ratios
at a speed and flow function. Other methods that may be able to deal with BPR varnations
are CFD-predictive based, such as NPSS component zooming but these are extremely

intensive in computing power and it may be a long time before such methods are routine.

3.5 STRATEGY FOR COMPARISON OF THE MODELS

So far, the work has identified 3 models for comparison. These are (1) the conventional
inner and outer fan map model (section 3.3.1), (i) the 2D-HBPR fan model (section 3.3.2.1)
and (i) the new 2D-LBPR fan model devised in this study (section 3.4.6). In the first two
cases, the fan models already exist in work done previously in the Cranfield University School
of Engineering (Yin, 1999). Several codes need to be written to enable the new fan model to
be used in the comparison.

The strategy used is to base all model comparisons on 1 set of actual rig test data from an
LBPR fan. The 3 models, i.e. inner and outer fan, 2D-HBPR fan and 2D-LBPR fan will be
set to be equal, all modelling the same geometry engine with the same BPR vs. N/NT
schedule. All 3 models should then give the same results, being the same geometry engine.
The flow of data in the strategy scheme is shown in Fig. 3.15.

The rig test data is used to create the 2D-HBPR fan data set. This is applied to the
turbofan simulation program and the design point is scaled, giving a set of component scaling
factors. In all performance simulations, this same set of component scale factors will be used,
to ensure the same engine is being compared each time and the only difference will be the
fan component. The converged performance run of the 2D-HBPR fan provides the BPR vs.
N/NT schedule to generate inner and outer fan maps. This is done with an inner and outer
fan generator program (flowchart in Appendix 9). The inner and outer fan map data

contains the bypass and core maps as 1D maps of pressure ratio, flow function, AH/T and

AHyp , /T as functions of N/VT (11 speed lines) and fan beta (21 beta lines). The inner and

outer map 1s applied to the above turbofan engine and should give the same performance.
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schedule

Fig. 3.15 Flow of data in fan model comparison strategy.

‘The 2D-IBPR fan data sct is then used as the basis for 2D-LBPR data. The data 1s
exactly the same as for 2D-HBPR fan for the given BPR vs. N/ VT schedule. Hypothetical
data 1s generated for 2 extra BPR values; in this instance at 0.3 BPR increments from the
original BPR vs. N/VT' schedule so that the data contains 2D profiles of pressure ratio, flow
function, AH/T" and AH,;,, /T as functions of N/ VT (11 speed lines), fan beta (21 beta
lines) and BPR (3 values). The performance run of the same engine with the 2D-LBPR fan
data should give the same results.

As a final comparison, the 2D-L.BPR fan data is used to create the inner and outer fan
maps. The BPR vs. N/VT schedule taken from the 2D-LBPR turbofan results is applied to a
modified version of the inner and outer fan map generator that can accept multiple bypass
ratios at a speed. As the BPR schedule should be equivalent to the result from the 2D-HBPR
performance run, it should give the same inner and outer fan map set as before.

The fan model data for the 3 models are then cach incorporated into the separate exhaust
turbofan engine simulation code. Fach is scaled to give design point at 1500K. The other

engine components are exactly the same. The fan models are effectively the same and the
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first test is to demonstrate this. Following this, an effect to alter BPR vs. N/ VI schedule
(core nozzle area change) is introduced to show the capability of the 2D-HBPR fan over the
mner and outer fan. The same is done for the 2D-LBPR fan. Next, more BPR schedule
changes are made to show that the 2D-LBPR fan differs from the 2D-FHBPR fan. Finally, a
series of different component changes are made to the engine to demonstrate the operation

of the 2D-LBPR fan to calculate the new fan working line.

3.6 TURBOFAN PERFORMANCE SIMULATION PROGRAM
‘The performance procedure used to test the 2D fan subroutines is shown in the flowchart
of Appendix 5. This routine has an error in the sequence of guesses and checks which was

worked around as described in section 3.6.2.

3.6.1 Description of performance model changes
The model is derived from work by Yin, (1999). The following additions have been made
for this work.

¢ The 2D-LBPR model has been added to the same code as an option to the 2D-HBPR
code. This avoids having 2 concurrent programs and the need to maintain equivalent
changes to both.

® An autoscale procedure has been added. The previous method was laborious and
needed the operator to scale the components for design point sequentially untl spool
powers and mass flow continuity was obtained. This process took over 1 hour to

achieve so the automatic procedure allows good time saving.

3.6.2 Iteration fault correction

During trials of the 2D-LBPR program turbofan simulation code as adapted from the 2I-
HBPR fan with no changes apart from the fan, it was found that the guess of HPC beta
would diverge to infinity. Investigations of the Newton-Raphson solver output showed that a
match of HPC characteristic flow function and fan core exit flow function could not be
made so that the guess of HPC beta (linked to this guess), would go to infinity. It was
apparent that the wrong guesses and checks were linked. A different guess would need to be
linked to HPC flow capacity in order to enable the full range of HPC speed to be iterated.

The revised iteration scheme is shown in Appendix 5 and was done for the work in Chapter
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4. For this chapter, a temporary workaround was devised by selecting 2 HPC characteristic
with flatter speed lines that covered a larger range of flow function (the original map used

had very vertical speed lines). This work has as yet not been repeated on the revised model.

3.7 2D-HBPR FAN MODEL
‘The HBPR fan performance model as described in section 3.3.2.1 replaces the original fan
routme 1n the turbofan performance code described 1n section 3.6. A flow chart of the fan

module 1s shown in 0.

3.71 The 2D-HBPR fan data

‘The 2D-HBPR fan generator program (Yin, 1999) converts rig test measurcments or
streamline curvature predictions of radial temperatures and pressures for a HBPR fan into
2D fan data for the 2D-HBPR fan model. The fan data for this work is obtained from nig test
data of 2 LBPR turbofan engine as raw data (ambient conditions, fan exit total pressures and

total temperatures) and fan rotational speed. This is incorporated into the 2D-HBPR fan data
file set, containing the 2D profiles of pressure ratio, flow function, AH/T and AHp, /T as
functions of N/VT (11 speed lines), fan beta (21 beta lines) and fan exit area ratio (12 values).

The area ratio values are based on the test recorded fan exit radial positions of the
measurement probes. In fact, the probes are situated at entry to the core entry and fan bypass
duct entry after the flow splitter. It was decided to assume that profiles were independent of
BPR at a speed and flow function for this fan and to assume these profiles were equivalent at
the fan final stator exit.

A second assumption was made to increase the number of radial stations. There were 5
measurement stations in the core and 4 in the bypass in the rig test. The number of radial
stations was increased by using spline interpolation to add another 3 stations to make 12, to
match that of the HBPR fans. These were added at the raw data stage. The necessary
amendments were made to the 2D-HBPR fan data generator to accept the LBPR fan rig
data.

3.8 2D-LBPR FAN MODEL

The 2D-LBPR fan model is described in section 3.4.6. The current engine simulation
code contains a switch to choose between the 2D-LBPR or 2D-HBPR codes. The changes
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of the 2D-LLBPR model from the HBPR model can be seen in the flowchart in Appendix 7.
The model is a modification of the 2D-HBPR fan, making fan inlet pressure rccovery factor,
pressure ratio, AH/T, AH/T,,,, and (WZD\/T/ P)/ (W\/T/ P) dependent on BPR as well as
N/NT, fan beta and fan outlet area ratio.

The following points are noted. The fan data file contains both 2D profiles of
independent parameters and 1D independent parameters. The only 11D parameter used is
total fan inlet flow function. 2D pressure ratio profiles are not used. They are calculated from
the AH/T and AH,,/T profiles.

The method takes many more fan model iterations to converge than 2D-IIBPR. It
depends on the closeness of the initial guess to the final solution, but the maximum numbcr

of iterations in the 2D-L.BPR model is about 70000 iterations max. compared to 25000 for
2D-HBPR.

3.8.1 The2D-LBPR fan data

A separate Fortran code has been written to take the 2D-HBPR fan dataset as the input
and the BPR vs. N/VT schedule (result of 2D-HBPR fan engine simulation). Since the 2D-
HBPR fan is independent of BPR, so that BPR does not appear as a independent variable in
the 2D-HBPR fan dataset, the schedule is then set as the nominal schedule for the new 2D-
LBPR fan dataset.

In generating hypothetical 2D-profiles for the 2D-LBPR fan for different BPRs, some
indicators have been taken from the pressure ratio characteristic of an existing fan (Fig. 3.11).
The procedure for generating the hypothetical data is shown in Fig. 3.16. Only the 1D
pressure ratio at a speed and mass flow has been changed for the new BPRs in this work as
shown in Fig. 3.17. A larger increment of pressure ratio has been set for higher speeds
compared to lower speeds as indicated by Fig. 3.11. The 2D profiles of pressure ratio have
been made to be consistent with the new 1D pressure ratio. An attempt has been made to
give the new pressure ratio profiles more physical basis by adjusting the shape according to
the bypass ratio. The fan exit split radius has been computed for a bypass ratio given the flow
function profiles, and weighting is applied to the new 2D pressure ratio profile on either side
of the split. Efficiency profiles and fan inlet flow function are as for the nominal BPR
schedule.
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Fig. 3.16 Diagram showing how new hypothetical profiles are generated from known

profiles.

3.9 INNER AND OUTER FAN MODEL

The inner and outer fan model data is generated from the 2D profile data of the 2D-

HBPR fan model given an input BPR vs. N/ VI schedule. The program used was derived

from work done by Yin(1999). The program was modified to enable it to convert the 2D

data from the 2D-1.BPR fan into an inner and outer fan map. This was added to the same

program with a switch.

To enable the 2 inner and outer models (based on 2D-HBPR and 2D-LBPR respectively)

to be compared, the same BPR schedule is used for each. The schedule 1s an output of

running the 2D-HBPR fan model. A flowchart is shown in Fig. 3.15 to show the data

generation path.
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Fig. 3.17 Creating new 1D speed lines for bypass ratio dependent 2D-LBPR fan model
from the original characteristic.
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3.10 ENGINE PERFORMANCE MODELLING COMPARISONS WITH 3 FAN
MODELS

3.10.1 Comparisons of engine performance with 2D-LBPR fan, 2D-HBPR fan and
inner and outer fan models (derived from 2D-HBPR data and 2D-LBPR data

Fig. 3.18 to Fig. 3.23 show the comparison between off-design performance of a LBPR
turbofan engine with the mner and outer, 2D-HBPR, and 2D-LBPR fan models using TET
as the handle. Tt 1s emphasised that the 2D-HBPR fan model 1s running with LBPR fan data.
The mnner and outer fan is run i 2 versions; one is dertved from the 2D-TBPR fan datasct
and the other from the 2D-I.BPR fan dataset. All models are in the turbofan engine
stmulation model with no changes except for the fan model. Clearly, all four models give the

same result.

LBPR turbofan performance - BPR vs. NNT

® Design point

R I { e S +2D-HBPR fan 1
3 ¢ Inner/outer fan from 2D-HBPR data

42D-LBPR fan ‘

O Inner/outer fan from 2D-LBPR data | |
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P

e e e

Design point

330 350 370 390 410 430 450
Non-dimensional speed

Fig. 3.18 BPR vs. N/NT comparison for engine with different fan models, ISASLS.

3.10.1.1 2D-LBPR fan compared to 2D-HBPR fan model

The 2D-HBPR fan had been run to give a nominal curve of BPR vs. N, / \/'l'l as shown 1n
Fig. 3.18. The 2D-L.BPR fan was generated using this nominal BPR vs. N, / \/T, and the 2D-
HBPR fan data. Therefore, running it in an engine with the same nozzle arcas and all other
components unchanged from which the 2D-HBPR fan was run will give the same result.
This gives confidence that the iteration procedure in the 2D-LBPR model works correctly to

calculate the correct performance, eventually selecting the correct BPR after using the other

75



FAN RADIAL PROFILE AND BYPASS MODELLING

BPR dependent map data during the iterative calculation. Furthermore, since the 2D-IHBPR
data 1s derived from an engine rig test data, it also gives a degree of confidence that it is
posstble to use LBPR fan rig data within 2D fan-type methods, directly taking the raw data

and smoothing the profiles before adding P lines.

LBPR turbofan performance - BPR vs. TET
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Fig. 3.19 BPR vs. TET comparison for engine with different fan models, steady-state,
ISASLS.
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LBPR turbofan performance - Pressure ratio vs. TET
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Fig. 3.23 PR vs. TIVT comparison for engine with different fan models, ISASLS.

3.10.1.2 Inner and outer fan models compared to 2D fan models

The BPR vs. N, /VT, schedule of the resulting fan working line from the 2D-LBPR off-
design results (obtained from Fig. 3.18) is used to extract inner and outer maps from the 2D-
LBPR fan data set. This resulting inner and outer fan map data run in the same geometry
engine as the 2D-LBPR fan gives the same result. This then gives confidence that it 1s
possible to replace the inner and outer fan with the 2D-LBPR method. Fig. 3.23 confirms
that the inner and outer fans converge with the same thermodynamic and flow parameters

passed to the core and bypass streams as the 2D-LBPR fan model.

3.10.2 Bypass ratio vs. speed schedule changes by hot nozzle area change

Having confirmed the ability of the 2D-LBPR fan to give the same result as the inner and
outer fan when using the same geometry of the engine, a change was made to force the fan
to work at a different BPR vs. N, /VT, relationship by making a change in hot nozzle arca.
The inner and outer fan model using 2D-LBPR fan data and the 2D-LBPR fan model are
then compared. The off-design calculations are again with decreasing TET as the handle,
shown in Fig. 3.24 to Fig. 3.28. The hot nozzle area is altered from the setting for the
previous results at 1450K downwards in the calculation sequence. Fig. 3.24 shows that the
bypass ratio vs. speed schedule is the same for both models until the area increase. The fan

models rematch at new operating points at a higher speed and different BPR.
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LBPR turbofan performance - BPR vs. NAT
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Fig. 3.24 BPR vs. N/NT comparison for engine with 2D-LBPR and inner and outer fan
models with 10% hot nozzle area increase at 1450K downwards, ISASLS.
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Fig. 3.25 BPR vs. TET comparison for engine with 2D-LBPR and inner and outer fan

models with 10% hot nozzle area increase at 1450K downwards, ISASLS
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LBPR turbofan performance - Thrust vs. TET
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Fig. 3.26 Thrust vs. TE'T comparison for engine with 2D-LBPR and inner and outer fan
models with 10% hot nozzle area increase at 1450K downwards, ISASLS.
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models with 10% hot nozzle area increase at 1450K downwards, [SASLS.
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LBPR turbofan performance - Pressure ratio vs. TET
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Fig. 3.28 PR vs. TET comparison for engine with 2D-LLBPR and inner and outer fan
models with 10% hot nozzle area increase at 1450K downwards, ISASLS.

As expected, the performance of the two models 1s the same until the arca change, when
the BPR vs. N, /YT, relationship is altered. The inner and outer fan maps apply only to the
engine geometry prior to the change and so will give an incorrect performance prediction, as
shown by the different core and bypass pressure ratio computations (Fig. 3.28). The 2D-
LBPR model should be able to account for the changes in BPR with power setting and give a
different result. Tt should be noted that the actual results that are calculated are dependent on
the author’s arbitrarily generated profiles at different BPRs, which may not reflect that of an
actual fan. However, the model will give the capability of a better performance prediction 1f
the real profiles are available from rig test or able to be computed with sufficient accuracy by

flow prediction methods.

3.10.3 Other working line change comparisons

Apart from changing the area of the hot nozzle, other component changes can be made
to demonstrate the effect of changes in the fan working line and hence in the BPR vs N/ VT

relationship.
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3.10.3.1 Effect of HPC efficiency change

A change in HPC efficiency can be caused by degradation for foreign object damagc, and
leads to a change in working line of the HPC. The turbines and nozzles are choked and the
effect is to alter the LPT work at a fixed TET and therefore change the fan working line. To
demonstrate this, the LBPR-2D fan code is run at decreasing TET from 1500K until at
1450K, a 2% delta change in HPC efficiency 1s introduced to the whole HPC characteristic.
The fan working line is shown in Fig. 3.30 comparcd to the engine with the ongmnal

characteristic.

3.10.3.2 Effect of HPT efficiency change

A change in HPT efficiency can occur due to degradation. With turbines and nozzles
choked, the pressure and temperature ratios across these components are constant. A change
in HPT efficiency leads to different entry total temperature into the LPT and hence changes
the fan work and therefore, the fan working line. To demonstrate this effect, the LBPR-2D
fan code is run at decreasing TET from 1500K with a 2% delta change in HPT efficiency of
the original HPT characteristic. The fan working line 1s shown in Fig. 3.30 compared to the

engine with the original characteristic.

3.10.3.3 Effect of LPT efficiency change

A change in LPT efficiency directly alters the work available for the fan and therefore will
change the fan working line. To demonstrate this effect, the LBPR-2D fan code 1s run at
decreasing TET from 1500K with a 2% delta change in LPT efficiency of the original LP'T
characteristic. The fan working line is shown lowered in Fig. 3.30 compared to the engine
with the original characteristic. The new working line and BPR vs. N/ VT schedule is

different from that computed by the inner and outer fan model with the same LPT efficiency
change.

3.10.3.4 Effect of bypass nozzle area change

A change in bypass nozzle area directly changes the fan working line; e.g. a reduction in
bypass nozzle area drives the operating point up the non-dimensional speed line towards the
surge line. To demonstrate this effect, the LBPR-2D fan code is run at decreasing TET from
1500K until at 1450K, a 5% decrease in bypass nozzle area is introduced. The fan working
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line 1s shown raised in Fig. 3.30 compared to the engine with the onginal characteristic. The
new working line and BPR vs. N/VT schedule is different from that computed by the inner

and outer fan model with the same nozzle area change.
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Fig. 3.29 Effect of component changes on bypass ratio-speed schedule for engine
simulation with 2D-L.LBPR fan model.
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Fig. 3.30 Effect of component changes on working line for engine simulation with 2D-
LBPR fan model.

3.11 SUMMARY OF MODELLING 2D-LBPR FAN MODEL

The current work has demonstrated the following points:
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‘The 2D-LBPR fan model gives the same performance output as the 2D-11BPR fan and
inner and outer fan model provided that all 3 models have the cquivalent BPR vs. N/N'T'
schedules.

‘The 2D-HBPR fan model is based on the fan performance being fixed at a fixed non-
dimensional speed and flow function with changes in BPR. The 2D-LBPR fan model is
for a fan where the fan performance at fixed non-dimensional speed and flow function
1s affected by changes in bypass ratio.

‘The 2D-HBPR fan model is able to adjust without modification to calculate the cffect of
component efficiency changes and nozzle area changes that affect the fan working hine
and the fan BPR vs. N/NT relationship. The inner and outer fan will need new fan data
to accomplish this. The 2D-LLBPR fan model has an advantage over both 2D-I{BPR and
inner and outer fan models in that it can adjust without modification to calculate the
same effects where bypass ratio changes at fixed N/VT and WYT/P also change the fan

performance.

3.12 CONCLUSIONS OF MODELLING FOR BPR EFFECTS

The contribution to knowledge in this chapter is to understand an existing scenario of

LBPR fan performance from literature review evidence and examination of fan test data to

provide a fan model within an engine simulation model that can model the scenario in a

higher detail than presently possible, and also to provide a more versatile fan model that is

able to automatically adjust to the effect of changes in other components’ performances for

example. The following are the key points.

HBPR fans show constant fan performance at fixed non-dimensional speed and flow
function when the bypass ratio is varied. They have small fan pressure ratios and low
hub-to-casing ratios. The design bypass ratio is very high to maximise propulsive
efficiency of the engine. Bypass ratio changes in the normal operating region of the fan
are higher than for LBPR fans, which have smaller BPR and higher fan pressure ratios.
Fan exit profile changes in HBPR fans should have a proportionally larger effect than on
LBPR fans.

The data available to study LBPR fans was inconclusive as to whether fan performance
is independent of bypass ratio at fixed non-dimensional speed and flow function for 2

reasons. One was the situation of the measurement probes for these ng tests were not
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exactly at the fan exit station before the bypass sphtter. Secondly, LBPR data that was
examined showed the presence of fan exit circumferential total pressurc and total
temperature profiles, possibly an effect of the presence of stators and other struts in the
flow field on fan work input. Information has been obtained in the literature review to
conclude that cases of I.BPR turbofans occur where the bypass ratio affects the fan
performance at fixed speed and flow function with the effects being a significant change
in the fan characteristic compared to an unaffected casc. The expense of testing has
meant that these cases may occur but are not normally tested for.

‘The fan exit circumferential profiles were arithmetically averaged to give axisymmctric
radial profiles for modelling. These profiles have not greatly affected the use of the
resulting fan characteristic in performance simulation possibly becausc the profiles arc a
small proportion of the absolute average thermodynamic parameters at the fan exit duc
to relatively high fan pressure ratios.

The conventional industry method is the inner and outer fan model. This is restricted to
the BPR vs. N/VT schedule used to obtain the inner and outer fan data. Deviation from
the schedule can occur for example with component efficiency changes, bleeds,
transients and nozzle area changes. Factors and deltas will need to be applied to the
inner and outer fan to model these changes.

The 2D-HBPR method is able to accept variable BPR vs. N/ VT schedules as it changes
the split fan exit streamline position with BPR changes to effectively obtain different
inner and outer fan maps. This depends on performance being independent of BPR at a
speed and flow function.

The 2D-LBPR has the same capability as the 2D-HBPR method but in addition, can use
the extra fan data if available for when the fan performance is dependent on BPR at a
speed and flow function.

The method will produce savings of time for studies using scaled fans from past engines
for example when designing a new engine. The BPR vs. N/ VT schedules are
automatically computed.

The method of averaging exit radial profiles divided by the splt flow streamline
dependent on BPR has been used in this work for radial inlet distortion modelling,
where the working line and BPR vs. N/ VT will also be altered.
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Rig to engine effects may in part be accounted for when more of the engine can be
modelled in 2D detail. The 2D profiles can then be transmitted from one component to
the next with subtle changes in component performance. It is likely that the components
least affected are where deviations from the average of the radial profile are a small
proportion of the average. This 1s seen in higher pressure ratio LBPR fans compared to

lower pressure ration large civil fans.

3.13 FURTHER WORK

The following further work would enhance knowledge:

3.13.1 General

A wider range of low-bypass ratio fan data should be examined where possible, to
understand better the relationship between the fan geometry and architecture, fan
pressure ratio with the fan exit profiles. In particular, a range of multistage fans should
be examined that range with hub-to-casing ratios down to the large civil fans. This
includes some of the older LBPR civil fans.

Similar work can be done to model a turbofan engine with smaller fan pressure ratios
and lower hub-to-casing ratios. The work in Chapter 4 has shown that bypass ratio
changes over the higher power region of the engine are very small in a higher pressure
ratio fan. This suggests that bypass ratio changes will be greater in turbofans with lower
hub-to-casing ratios (larger pressure ratio differences between hub and casing) and in
fans with lower fan pressure ratios (fan exit profile changes are larger proportionally to

the absolute exit profiles).

3.13.2 Current modelling

The user can arbitrarily alter the profiles for varying BPR to achieve the 1D map
requirement. For example, the map in Fig. 3.11 can be reproduced in 1D terms at least
to give an idea of the degree of performance changes due to working line excursions in
BPR affected fans. The present work has not yet considered a flow function change or
efficiency change for the new BPR values.

More cases of engine BPR vs. N.VT changes may be investigated. This includes the
effect of bleeds and transient performance calculations where the working line

excursions are very significant.
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The engine simulation would be enhanced with 2 additions. One is the mixed exhaust
turbofan, which already exists in the Cranfield School of Engincering (Yin, 1999), and
the other 1s to implement the matrix method of iteration with Newton-Raphson solver.
A range of solver strategies may be investigated. The current 2D-LBPR fan takes longer

to converge than the 2D-HBPR and inner and outer fan models.

3.13.3 Future modelling

The profiles created for varying bypass ratio are purely hypothetical. The fan flow field
model used in Chapter 4 may be developed to investigate the cffect of the bypass splitter
proximity to the fan turbomachinery in order to compute profile changes that have a
better physical basis. The use of a physical model will be a great advantage and will
relieve the need to obtain test data for this research that is usually hard to obtain. It will
allow the user to vary all of the important contributing fan parameters to carry out a
systematic study to understand when profiles are BPR affected and when the effect on

fan performance becomes significant.

‘The model computes axisymmetric radial fan exit profiles. These are averaged for the
entry conditions to the next components downstream. This work can be viewed as one
part of a move to greater detail performance modelling. Eventually, all components may
be examined in 2D (radial) and also circumferential. This fan model may also be
expenmented as part of a circumferential parallel compressor model (section 4.11), as

part of a scheme to model inlet distortions as discrete radial and circumferential parts.
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Chapter 4

RADIAL INLET DISTORTION PERFORMANCE MODELLING
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4 RADIAL INLET DISTORTION PERFORMANCE MODELLING

This chapter describes firstly, the scenario to be modelled and the tools that are uscd to
model it. Next, a description is made of the 3 fan models that are formed from the tools.
Model runs are then described, documenting the work done to converge to performance
results. A series of inlet distortion cases are then analysed and conclusions and further work

proposed.

41 SCENARIO TO BE MODELLED AND PROPOSED CAPABILITY

It 1s to investigate the effect of a steady-state radial profile of inlet total pressure on engine
performance. This could be due to the installation. Normally, engines are bench-tested with a
standard flared bellmouth intake, which will be different from the aircraft situation. As a
result, an engine installation may experience a degree of inlet distortion not present during
tests. It 1s necessary to understand the effect of any radial inlet total pressure loss on the

turbofan engine performance.

4.1.1 Role within performance modelling.

Fig. 4.1 gives a view of when a fan characteristic model is required for performance
modelling within the life cycle of an engine project. An accurate estimate of fan performance
is especially required during the design phase, when no test information is available.
Correcting errors after hardware is built is always expensive. At this stage, the engine model is
run in synthesis, when the performance of an engine is computed from the available
component data in the engine model.

Later in the life cycle, performance analysis is essentially equally in requirement of a high
fidelity fan model as in synthesis, for example, to refer test results of different engines to a
comparable ISASLS condition after bench testing. This may be done for example as
“Analysis by Synthesis” or ANSYN (Biraud et al, 2001).

At present, there is no engine performance model that can receive arbitrary inlet distorted
total pressure profiles and synthesise turbofan engine performance. Table 4 gives the author’s
opmion on how higher detail fan modelling may have a role in performance activities in

industry.
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ENGINE LIFE CYCLE PERFORMANCE
SIMULATION
NEW ENGINE
PROJECT
Preliminary
design
ESTIMATED i —— SYNTHESIS
CHARACTERISTICS PROGRAM
@ Rig test
Updated
) d
RIG CHARACTERISTICS — | lcharactenstic = o NTHESIS

MODEL COMPRESSOR | C——— > | PROGRAM

ﬂ Production
PROTOTYPE/PRODUCTION
ENGINES
Modify
@ Test bed characteristic | SYNTHESIS

PROGRAM

DATA FOR COMPRESSOR IN

ENGINE ————\ [ AnALysis

PROGRAM

Fig. 4.1 Life cycle of engine and role of performance codes.

4.1.1.1 Performance prediction.

[n new engine projects, there is likely to be no tested fan characteristic, also true of the
engine with a uniform inlet. Normally, past experience is used, but blade shapes are
becoming more complex, with lean and sweep and the blade profile, rather than being of a
fixed type, is increasingly being prescribed to achieve the required performance. Steady-state
radial inlet distortion may occur as a result of boundary layers for example. An carly check on
distortion tolerance is necessary to plan the amount of surge margin to allow. However, the

synthesis of turbofan performance with distortion 1s currently not available.
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Point in life Activity Traditional charactenistic Long term proposed
cycle representation charactenistic representation
Design phase | (i) Steady-state Uniform inlet only. Flow field calculation of a
Synthesis performance Estimated chic or scale from proposed fan.
previous chic. Loss models etc. from database.
(1) Intake effects on | No estimate of performance Estimate performance due to
flow change due to radial or radial and circumferential inlet
circumferential intake effects. | profiles due to installation.
(i11) Stator vane Modify 1D characteristic as fn | Flow field recalculation due to
scheduling (N/ \/1) fan geometry change. B
(iv) Bleed modelling | No change in characteristic, Flow field recalculation due to
mass flow change only. bleed.
(v) Inlet distortion | Approximations from past Discretize into radial and
modelling experience. circumferential distortions.
Flow field recalculation for new
performance.
Surge line estimate requires
empirical information.
(v1) Rig to engine No information except past Transfer of 2D profiles between
effects experience components.
Long term addition of coupling
and backpressuring effects for
recalculaton of flowfield.
(vii) Bypass ratio No information Include splitter in the domain to
- effects recalculate the flow field.
Synthests (1) — (vit) Changes from above: Changes from above:
with tested More accurate characteristic for | Can adjust loss models etc. to
rg uniform flow unless tested with | align performance with rig test.
characteristic representative intake. l
Synthesis (1) — (vii) Changes from above: Changes from above:
with From tests in sea-level and Further adjustment of loss
information altitude test beds, can account | models etc., and of coupling
from test for altitude and Reynolds model to align with test data.
engines number effects, rig-to-engine

effects, all by factors and deltas
of the rig characteristic to align
with test data.

Stator scheduling modelled by
equation modifying the
charactenstic with speed.

Stll no modelling of bypass
ratio effects if not tested for.
No info on installation unless
intake tested for.

Distortion gauze engine testing
normally only to check
distortion tolerance.

Table 4 Highlights of the different synthesis capabilities of the fan codes in traditional
method and with the long term proposed method.
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Currently, compressor design will check for distortion tolerance (combined radial and
arcumferential). Synthesis models use characteristics from a uniform inlet rig test when
available. Any current estimate of distorted performance is based on application of factors
and deltas to the fan characteristic, for example, based on DCG60 parameter for
crcumferential distortion.

2 order effects on compressors are also applied as characteristic modifications. The
effect of distortion on these is unknown. A prediction tool based on fluid dynamics may be
able to predict these secondary effects, such as Reynolds number corrections. ‘The presence
of 2D modelling may also partly explain nig to engine effects, if consecutive components can

interact with each other wth this higher accuracy.

4.1.12 Performance analysis.

From engines on the test-bed, measured performance must be used to align synthesis
models with the test results. Factors and deltas are used on existing characteristics, which are
from uniform rig tests. When ANSYN is performed, an undistorted intake flow is usually
assumed with the synthesis code, but sometimes, the installed intake may be used on test. £
the synthesis code could take into account distortion, it could then be aligned to test to give a
synthesis code that should give better off-design prediction. Also currently required are
altitude test bed measurements for P1, T1 and Reynolds effects. There would be cost savings
to be gained with a predictive tool based on physics. Although an implemented predictive
tool would still need to be aligned to test results, it may require a lesser amount of test data,

for example, to adjust loss models.

4.1.2 Scope within performance modelling
A fully-capable tool will have the roles shown in Table 4. The current work is an itial
exploration in this field. This section lists the capabilities of a working code as intended, and

then scopes the current work.

4.1.2.1 Intended scope in performance modelling

This is with the assumption of a mature model or set of models in the long-term. It will
predict radial distortion into and out of the fan. For new engine performance prediction, it
will give a better estimate for “guarantee” of engine distortion capability. If more confidence
in the tool is possible, it lessens the requirement for surge margin, and improves engine

performance availability by having smaller SOT margin stack-up.
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In the turbofan, the fan model will be modelling BPR effects to a short distance
downstream of the bypass splitter up to the core compressor. It will be able to predict the
effect BPR on fan performance (Chapter 3). It has the potential to much reduce testing or to
make better use of available tested data. More information may be used for the moncy
nvested in rig/engine tests.

It will be able to model bleeds. The effect of bleeds on flow through compressors 1n
general may be for low speed handling, or aircraft services, and will give predictions of the
performance losses.

[t will be able to model VGV schedules. This predicts performance duc to different
stagger angles of VGVs. The developed code will be able to change blade geomctry for any
operating point calculation.

It will be able to model radial inlet distortion and coupled with a model for the intake
system will allow performance to be obtained through the steady-state flight envelope. In the
synthesis tool, this will be another guess and check, possibly to match the static pressure
profile between intake and fan face. If there is no CFD map model of the intake, the fan inlet

profile may be input by some empirical knowledge of boundary layer of intake.

4.1.2.2 Scope of current work

This work will produce a research tool to test the viability of the method. For this initial
work, inlet total pressure distortion is the theme, with the emphasis 1s on explonng the
tterative scheme within the performance program, and the time required to obtain a
performance point. It will give information on the integration of different codes of different
fidelity. It is desired to capture the effects on performance in a broad sense to see if the
trends are correct, by looking at the deltas between performance with and without distortion.
The effects of different profiles of distortions will be investigated as will the effect of levels
of distortion. The possibility of improvement in this method will be discussed. At this stage,
there will be no work on bleeds, VG Vs, BPR modelling, circumferential distortion modelling,
circumferential and radial combined or 2™ order effects.

4123 Advantages and disadvantages

In the workplace, there will be a2 more complex tool, which initially may require a lot of
different inputs. The tool may normally be operated by an aerodynamicist or compressor
specialist. Training will need to be supplied for the performance engineer, but the advantage

will be to gain a greater understanding of fan/compressor theory.

93



RADIAL INLET DISTORTION PERFORMANCE MODELLING

In many cases, BPR has little effect, so introducing a complex tool is not required in such
cases. There may therefore be a need to have concurrent tools, with the associated overheads
in maintaining all of these by a small number of specialists. In mature engine projects, current

tools have been capable of synthesis and analysis with factors and deltas.

42 STREAMLINE CURVATURE TOOL

4.2.1 Fundamentals of streamline curvature methods.

The design and analysis of compressors required a model that could give the conditions at
the exit of one blade row from hub to casing in order to present the inflow for the next blade
row. Wu (1952) gave a method for the 3-D solution of the flow in a compressor that was
only restricted by the computational resources at the time. It is often acknowledged as the
source that led to the concept of the blade-to-blade surface (S1), and the hub-to-casing
surface (S2). These surfaces represent streamsurfaces in the flow, which twist and warp on
passing through the blade row, due to static pressure differences between the surfaces of
neighbouring blades and due to differences in static pressure distribution from hub to up. In
order to achieve sufficient accuracy within reasonable computational power, streamline
curvature methods were developed by the turbomachinery industry in the 1960s. Typically,
the meridional surface or throughflow surface (Cmstz, 1989) 1s calculated at poimnts
between blade rows. The meridional surface repre;ents Wu’s S2 surface and represents an
axisymmetric profile of the flow in the annular space between blade rows. Cumpsty (1989)
has noted that any inaccuracies that arise from the assumption of axisymmetric flow are more
than outweighed by other assumptions such as blockage distributions. These throughflow
methods have been so successful that they remain an integral part of the design and analysis
procedure in gas turbine companies to this day (e.g. Marshall, 1998, Escuret, 1998). Cumpsty
(1989), Novak (1967), Jansen and Moffatt (1967) give good accounts of how the procedure
works.

Now the following discussion can be confined to that of an axisymmetric 2-D flow
through the compressor or fan. The flow can be considered to be divided by streamtubes, or
as streamlines viewed in the meridional plane. The streamlines will undergo a radial shift on
passing through a blade row because of the temporary imbalance between the centrifugal
forces exerted on the fluid and the radial pressures that restore radial equilibrium. Radial
equilibrium is observed at some point upstream and downstream of the blade row in the flow

between blade rows. This is achieved when sufficient radial redistribution of mass flow
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occurs to change the static pressure distribution to achieve radial equilibrum. Radial
equilibrium flow 1s commonly used to describe flow in an annular passage, with streamlines
lying in circular, cylindrical surfaces, with no radial component of velocity (Dixon, 1998).

‘I'he main contributor to the pressure gradient acting on the flow is the swirl distribution.
In the past, the simplified radial equilibrium (SRE) method would be used for design, and it
will still give a good indication of the basic trends. It is applied to an idealised compressor
with a parallel annulus. In actual compressors, the streamlines change radius along the axial
length through the stages, creating an additional pressure gradient acting on the flow. The
stmple radial equilibrium (SRE) equation can be used for preliminary calculations on an
individual stage but does not take into account the additional pressure gradient from the
streamwise change of streamline curvature (Wilson and Koriakanitis, 1999). Also, the SRE
method assumes that the shift in radial position of the streamlines occur completely within
the blade rows with the flow outside being in radial equilibrium, and not some distance up
and downstream. Therefore, the SLC method is chosen as it solves the full radial equilibrium
equation, which is described in Smith (1966). For this work, the SLC code used has been
written by Barbosa (1987) at Cranfield University, UK and was validated against a transonic

test COmpressor.

4.2.11 Review of streamline curvature equations for compressor off-design
analysis

Novak (1967), Jansen and Moffatt (1967), for example, have given the basic method of
solution of SL.C methods, from which other methods can be compared. The derivation steps

and further notes are shown in Appendix 4. Basic notes are shown below.

4.2.1.2 Program requirements and basic calculation procedure

Table 5 shows some of the requirements of a typical streamline curvature model. It is not
proposed to go to any great detail of the procedure here. This can be found in accounts such
as Glenny (1974), Cumpsty (1989). The basic difficulties of the method are noted in Macchio
(1985). Streamlines are first fitted by a curve fitting procedure in the meridional plane to
points at the leading and trailing edges of blade rows as shown in Fig. 4.4. The initial guess

of streamline position may be equal mass flow inside equal annulus areas.
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"The main equations to be solved are, for example, in Novak’s (1967) method:

Radial meridional velocity distribution:

av_ 1 1

m

& 2P0y R0

m

Continuity equation:
rcasing
W=

rhub

\Y

m

with D(r) and E(r) being known functions of r.

2rrpV_ cos ¢dr where ¢ is the angle between the streamline and axial.

V.. 18 the meridional velocity. These can only be solved by an iterative method as shown in

Fig. 4.3. One mendional velocity is first guessed at a reference location, and the radial

velocity equation used to calculate the neighbouring streamline velocities. When all streamline

velocities are computed, the density profile can be calculated and the velocity profile

integrated to obtain overall mass flow, which is checked against the mput mass flow. A new

reference velocity is guessed until the mass flows match. This loop is performed for all the

blade rows.

Geometry

Correlations
physics models

or

Program input

rows

| Annulus wall coordinates | Losses Mass flow U
Coordinates of leading | Deviation Compressor rotational speed
edge and trailing edge of
all blade rows
Axial location of blade | Blockage Inlet total pressure profile

Blade pitch to chord
ratio

Spanwise mixing

Inlet total temperature profile

Blade camber angle

Cascade

Inlet flow angle profile

Blade stagger angle

Blade thickness to chord
ratio

Blade blade profile shape

Number of blades per

row

['able 5 Requirements of streamline curvature models.

When the overall continuity is satisfied, the new radial positions are calculated

for the

streamlines as in Fig. 4.2, given that the mass flow between streamlines is kept as before.

This provides a new guess for the streamline position, but it has to be achieved mn gradual
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steps in order to maintain stability in the program. Final convergence occurs when the new

streamlines position guess stays constant.

2mKpV, cosd W= j 2rrKpV., cos 0

Thub rcaﬁmg T T, asing

Fig. 4.2 Finding new radial positions from the mass flow 1n a streamline curvature program,
(Daneshyar and Shaalan, 1972).
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(1) Estimate initial streamline locations at each radial position
for LE and TE stations of each blade row, based on equal
mass flow through equal annulus areas. Fit streamlines,
calculate streamline slope, curvature

(2) Estimate reference meridional
velocity at one reference radius

(3) Solution of radial equilibrium equation,

application of loss and deviation models

Obtain new spanwise meridional velocity
distribution. Calculate spanwise density profile

No
Loop
(6) Use an increment of the difference (4) Integrate meridional velocity distribution 2 %om:le;e f
in positions between old and new across annulus, using blockage factor ( Hh M | )'(I )t i
estimate of streamline position. Fit Calculate total mass flow at station sl

station of blade
row LE, TE

streamlines between equal mass flow
points at all blade rows.
Calculate streamline slope, curvature

Check continuity equation:
Does calculated W = input W?

Yes

v

(5) Integrate converged meridional velocity distribution
to obtain mass flow profile against radius. Find new
streamline intersection points based on same mass

flow between streamlines as (1)

Check streamline positions: old and
new estimates, are within tolerance?

Yes

v

Convergence:
Calculate flow properties at all
radii and stations

Fig. 4.3 A typical iteration procedure for the streamline curvature.
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4.2.2 Summary of streamline curvature code.

4.2.2.1 Advantages

The following are the advantages of using this SLC code for the research work. It can
analyse multiple stages, allowing research of fans of different pressure ratio. It is capable of
modelling swept and blades with lean, and different blade profiles, allowing a range of
compressor types. The user can add to this a specific blade profile. The user can also apply
different loss models. The source code is available, which gives the potential to properly

integrate the SLC code into the performance code.

4.2.2.2 Disadvantages

The code was written at a time when computational power was expensive. It uses single
precision variables and communicates within itself via text files, and may partly have also
been written this way in order to have a restart capability for its original role as a teaching
tool. This slows down the current implementation of the performance model severely. It is
not easy to understand and adjust numerous parameters required to enable convergence of
the various iterative loops in the code. It is currently especially prone to failures in calculation
of outlet velocity distributing the blade exit streamline positions. This has necessitated an
interface error handling code.

It currently has no blade lean, which is a feature of some modern fans. The
loss/deviation/blockage parameter settings are related to a fixed geometry so that reanalysing

is required for example, for changes in angle of VGVs.

43 SLCTOOL WITH TEST COMPRESSOR

The SLC code has been validated (Barbosa, 1987) for a 3-stage transonic test compressor.
Fig. 4.4 shows a meridional view of the design point converged streamlines which are
formed by the intersections of the nodes with the blade rows. There are 12 blade rows. The
first 3 are “dummy” blade rows, which are computation aids. These are followed by a set of
IGVs, followed by 3 stages of rotors and stators. At the rear of the compressor are 2 more
dummy blade rows. The user needs to set up 3 input files: compressor geometry, general
parameters and reference parameters.

The computation begins at the front and ends at the back of the compressor. Inlet
profiles are actually set at the leading edge of the first dummy blade row. The beginning
guess is for 11 streamlines dividing equal radial increments. The calculation divides the
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mendional plane into 10 streamtubes carrying equal mass flow at convergence, with the
necessary change i radial position of all nodes. The inlet profile 1s maintained at the same

position after convergence by interpolating for the new streamline positions.

Test compressor SLC streamline and node distribution

0.3 - - - S, e e ey S i
D
D
0.25 D
IGV
et e e L s2 89D
E m %
g o1s{ > ——.— T i—%
3 g 7*’——0—0;*—‘ o ——
e R3 D
01
D - dummy blade row
A IGV - inlet guide vane
R - rotor
S - stator
0 - i !
0.2 0.15 0.1 -0.05 0 0.05 01 0.15 02 0.25 03

Axial position (m)

Fig. 44 SL.C converged design point with undistorted inlet flow showing streamline
positions and node intersections with blading.

44 MODEL OF LBPR TURBOFAN WITH INTEGRATED SLC TOOL

The SLC code will replace the rig-test measured characteristic of the fan in the
performance code in different ways. The prediction of performance will be done by an
integration of the turbofan performance simulation code, 2D-HBPR fan model code (BPR

independent of speed and inlet flow function), and the SLC code.

4.4.1 Performance code

This 1s as used n Chapter 3. but with the amended iteration (Appendix 5) scheme to
cnable convergence on the HPC. A change was also made to the checks of rotational speed
guesses of the 2 spools. The original program used a power surplus to check for convergence
of the fan speed by checking whether the shaft still accelerates using the surplus power
difference between the turbine and the compressor. However, when switching to the small
test compressor, it was found that several increments of TET setting did not change the fan

speed and changing the spool inertia or AT did not achieve equal fan and LPT speeds. It was
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decided to change the check of guess of LP and HP rotational speeds to a compressor and
turbine power balance by the Newton-Raphson solver.

The same turbofan code handles all of the fan SL.C implementations and a switch 1s set to
choose which fan model to use. A switch can also set to enable design point scaling with a

particular fan model.

4.4.2 2D-HBPR fan code

In this chapter, only the 2D-HBPR fan model (section 3.7, Yin (1999)) has been used
(considering a fan where performance is independent of bypass ratio at a fixed non-
dimensional speed and flow function). The 2D-HBPR fan model reads the multiple speed
lines of a full compressor map. Modifications have been made to convert from multiple
speed line method to a 2-speed and 1-speed method as will become apparent. All 3 methods
are available, each associated with one fan model. The onginal 2D-HBPR fan code read the
fan map data via a text file. This step has been retained in the SLC fan model — 2D-HBPR
fan interaction, with the obvious disadvantage of having to read the fan map from text file
every time the map needs changing to converge for one operating point.

In addition, the 2D-fan data generator program is also required to be integrated. This
program converts the radial pressure and temperature information from the SLC code into
2D fan data.

4.43 SLC code

The program (Barbosa, 1987) originally required the user to manually input via the
keyboard a single mass flow and rotational speed to calculate one compressor operating
point.

For this work, the SLC code has been modified to work automatically through receiving
text file inputs of speed and mass flow, to enable integration with the engine performance
code. It has been modified to output all radial performance parameters for inlet and exit of
each blade row to one output text file, and to output all points calculated in one run
consecutively to this file, e.g. for one speed line.

A change had been made to allow the SLC code to continuously calculate points on a
speed line in a loop, but this feature was not used. Instead, single points will be requested by
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the performance/2D fan code, exiting the SLC program after cach convergence. This is
another factor that will slow down the performance calculation.

Error capture has been added to the SLC code to allow exiting the program without
stopping the code. This will enable the performance code to continue running. A separatc set
of error handling subroutines has been written into the performance code to handle these
errors. The SLC code will return a “fail” flag in the output file for any failed attempt at

computing an operating point, to be read by the performance code error handler.

45 IDEALISED IMPLEMENTATIONS OF LBPR TURBOFAN MODEL
WITH SLC FAN MODEL
Three models of SLC-integrated fan model have been implemented. This section

discusses the desired implementation that was not achicved for practical reasons in this work.

45.1 WholeMap

This describes a complete compressor map calculated by the SLC code but is able to be
changed each time a new inlet distortion condition is requested (Fig. 4.5). The 2D-HBPR
fan model originally read the undistorted fan input data at the beginning of the performance
simulation. Here, it will have to be constantly updated. The fan map is the complete 2D-
HBPR fan data with 2D exit profiles of inlet pressure recovery, cumulative inlet flow
function (W, VT/P)/(WNT/P), AH/T, AH,,/T as functions of N/VT, fan beta and fan cxit
area ratio.

In fact, it is unnecessary to compute the whole compressor map when only part of it 1s
required for convergence in any particular part of the map. This model has been included as
it is conventional to read in a complete fixed map at present, in order to see if any lessons can
be learned when compared to using 2 zonal map that concentrates on a small part of the
whole.

The ideal implementation for steady-state performance synthesis will have the
environmental and flight conditions (atmosphere calculation) feeding into an intake model.
This will either produce profiles for the fan model, or another way must be devised to guess
the fan input and match this with the output of the intake. The intake model requires careful
thought and has not been attempted in this work. This work has looked only at an ISASLS
condition, imposing an inlet total pressure profile on the fan.
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Fig. 45 Overview of WholeMap fan model, showing integration of streamline
curvature/2D-fan method/ engine performance simulation.
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I1g 4.6 WholeMap fan model. SLC program called to create whole fan 2D characteristic
with distorted inlet conditions.

4.5.2 ZonalMap
This implementation attempts to reduce convergence time by using a small zone of 2
speed lines around the guess of fan speed and computing a distorted fan map with 2D-

HBPR fan data based only on these 2 speeds.
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ZONALMAP
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Fig. 47 Overview of ZonalMap fan model, showing integration of streamline
curvature/2D-fan method/engine performance simulation.

As with WholeMap, the idealised model would have an intake model coupled to it and for
this work, only the ISASLS condition with inlet profiles imposed on the fan s considered.
The SLC code will compute the flow field for the 2 speeds, and this is converted into 2D-
HBPR fan map data for the performance code.
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ZONALMAP
FAN MODEL

/

(1) Guess new N

SLC CODE I

~ 2-DPROFILES
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Create 2D-map ‘

45

2 speed line

PERFORMANCE CODE

(2) Guess [

O Operating point
guess

2-D fan map :
1 data =01 N2

Nor-dimensional mass flow /10ES

Iig. 4.8 ZonalMap fan model. SL.C code called for cach new guess of rotational speed

falling outside previous 2-speed line fan map.

When a guess of speed results in falling well outside the 2-

speed zone, the program checks

whether the new speed is within a certain tolerance of one of the previous 2 speed lines. If

$0, 1t computes one new speed line to form a new zone. If it is outside this tolerance, a new

2-speed zone 1s computed around the new guess
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ZonalMap6 fan characteristic
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Fig. 4.9 Sclection of variable width of speed line zone in ZonalMap fan model, set as

percentage of design speed.
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Fig. 4.10 ZonalMap computation of new fan map zone once guess of N falls outside the

existing zone.
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4.5.3 DirectMap

SLC

Q speed
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point

2D FAN
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PROFILE
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. f PRESSURE
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Compressor
face

Fig. 411 Overview of DirectMap fan model, showing integration of streamline
curvature/ 2D-fan method/engine performance simulation.

This implementation has the SLC code computing the fan performance for every guessed
fan operating point within the performance iteration scheme. The 2D-HBPR fan generator is
not required as the profiles are taken directly from the SLC profile data, with any data
analysis where necessary. These are fed to the 2D-HBPR method for splitting and averaging.
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§
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points Mass flow, fan speed

Fig. 4.12 DirectMap fan model. SLC called to compute single speed line for cach new guess
of rotational speed to utilise beta as independent parameter. SLC called for cach guess of
beta.

However, to avoid any potential problems with the steep speed lines near choke, the
procedure will compute a full speed line for the first guess of rotational speed, and then apply
beta values along it. The iteration in the fan will therefore remain the guess of fan beta. This
beta is used with the single speed line to interpolate for the mass flow input to the SLC code.
For the single speed line computation, only the beta mass flow relationship is required and

calculation time can be minimised.
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46 ACTUAL IMPLEMENTATION OF SLC WITH PERFORMANCE CODE

This section discusses the actual implementations of the 3 fan models due to practicality.

4.6.1 Issues of merging 2D fan code with SLC code and performance code
Effectively, there are several different codes that have to be merged. It was a decision that
to rewnte all the codes to form a fully implemented program would take too long for this

project and would give insufficient value although it should speed up convergence.

TURBOFAN STREAMLINE
PERFORMANCE CURVATURE
2D FAN MAP SIMULATION COMPRESSOR
DATA CODE CALCULATION
PRODUCTION with 2D-fan CODE
CODE subroutine
SLC CODE

T

;m—:_t:ﬂn
| I g =t |

o

TURBOFAN PERFORMANCE SIMULATION CODE
WITH RADIAL INLET DISTORTION CAPABILITY

Fig. 4.13 Merging 3 separate programs to create a turbofan performance code with radial
inlet distortion capability.

4.6.1.1 Issues of the specific SLC code

As discussed carlier and will be clear later, it has imnsufficient precision and uses

cumbersome text files to transfer data. The user has to manage stall and choke by defining
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limits for speed line calculations to avoid instability. An error checker should be capable of

finding “limits” by automatic trial and error. This has been written but not tested yet.

4.6.1.2 Interface “shell” program

SLC CODE
In program shell

ERROR GENERATED

S

TEXT 7
FILE
OUTPUT

2D FAN
e PRODUCTION
\ CODE

\

TEXT
FILE
/OUTPUT

INTERFACE
PROGRAM CONTROL

---------_-_-_------_-_-.

INTERFACE PROGRAM

ERROR
HANDLING

TURBOFAN SIMULATION CODE

2D FAN
SUBROUTINE

Fig. 4.14 Role of interface program controlling flow of data between the 3 codes
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4.6.2 Actual model implementations

This section discusses the main points of the actual implementations.

4.6.2.1 WholeMap
See Fig. 4.15. This method was produced before the error handler, hence currently

unautomated. Further work will be necessary to fully implement it but may not have value.

4.6.22 ZonalMap

The undistorted fan map with the flow-speed relationship has been manually mapped and
stored. ZonalMap uses the middle of a speed line interpolated from this as an initial guess for
the undistorted flow. It then computes the remainder of the distorted speed line on either
side of the initial guess. The current program only allows the distorted flow to calculate to a
mass flow greater than the undistorted surge/stall mass flow, and a mass flow less than the
undistorted choke mass flow as the computation in these regions is very unstable.

Information for two speed lines are stored in the SLC output file. A subroutine reads this
into another text file for the 2D-HBPR fan generator (another source slowing down the
overall convergence times). Once 2D fan data is generated, the simulation can proceed.

In the error handler, as the performance simulation calculates speed lines but does not
iterate with the SLC code, an SLC error just results in a search for a new point on the speed

line to compute.

4.6.2.3 DirectMap
For the calculation of the single speed line, the same procedure as ZonalMap occurs
regarding the start point using the undistorted map, and the truncation of the speed line.

4.6.3 Issues with autoscaling

The autoscaling procedure was rewritten to take into account the 3 different fan models.
In the original turbofan simulation, the engine is scaled to design pressure ratio or beta. Here,
the test fan is scaled to design mass flow. Design beta cannot be used because it can change
in the ZonalMap and DirectMap methods. Design pressure ratio has been implemented but

not used in this work.
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Fig. 4.15 Current implementation of WholeMap fan model showing manual running of the
separate modules needed to create 2D-fan characteristic map in the correct format for the
engine performance model.
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4.6.4 Error handling procedure

The SLC program was originally written as a research and teaching tool. It was meant for
the user to manually input speed and mass flow to slowly map out a compressor
characteristic if desired. It was not intended to be a robust compressor flow field calculation
tool which would be capable of continuous calculations of operating point without failurc.
The code is prone to certain errors; particularly in the calculation of the outlet velocity from
each blade row when attempting to match the outlet flow profile to the overall mass flow.

It is well known for streamline curvature codes in general to be unstable. It was deaded
that to attempt to make the SLC procedure morc robust was a difficult deviation from the
objectives of this thesis. It was decided to produce subroutines that would detect when the
SLC code resulted in failure and to manage this in such a way that estimated compressor
charactenistic points could be calculated from known successfully converged points. The only
modification to the SL.C code for error detection would be a subroutine to enable SL.C
execution to continue without resulting in cessation of the performance routine.

Different methods were implemented according to the method of implementation of the
compressor map in the performance program. For each method, several options were written

according to the status of the performance iteration code.

4.6.4.1 Error handling in SLC code
The current SLC implementations all run the SLC code in an MSDOS shell and
communicate with the performance code via text files (section 4.6.1.2). The strategy 1s to
detect a fault in the SLC code within it’s shell operation and to label the output file with a
“FAIL” statement. The performance code will then run a check after every call of the SLC
code to see if the operation was a failure or success with a check of the output file.
SLC code errors fall in two main groups:
6 Illegal run-time errors. These include domain errors such as square root of
negative numbers.
(1) Loop errors. These are when the SLC code runs into endless loops that
effectively freeze the performance code operation.
Illegal run-time errors are detected by using the Compaq Visual Fortran v6.6 provided
subroutine Matherrqq.f90. This allows the SLC program to continue normally in the event of
illegal run-time errors and for the user to code for the desired response when one is detected.

The presence of these kinds of errors is one reason why it was decided to call the SLC code
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from the performance code one point at a time to calculate a compressor speed line, instcad
of allowing the SLC code to more quickly compute a speed line in one call. Any domain
errors would lead the program to be unstable for further operation. Therefore, it 1s better to
exit the SLC code in order that all memory registers can be reset for the next compressor
point calculation.

Loop errors were detected over a period of testing of the SI.C code using the Visual
Fortran debugger. Instead of attempting to rectify the code, counters were put in such that
when any loop was iterated considerably more times than the average required for normal
convergence, the code would exit with failure. This was done by deliberately planting an
ilegal run-time operation on exceeding a preset figure for a loop count, so that the
Matherrqq.f90 subroutine would be called to exit the SLC program without catastrophic

failure.

4.6.4.2 Error handling subroutine
In the performance code, this is handled by the subroutine SLCI_SLCErrorCheck.f90. It

1s designed to be called with the integer variable NErrorMode, which can have a value of 1-4,
corresponding to 4 different general regimes within the performance code for when the SL.C
program is operated:

1. Speed line calculation with increasing mass flow.

2. Speed line calculation with decreasing mass flow.

3. Single operating point calculation — first beta point guess after guess of N.

4. Single operating potnt calculation — subsequent beta point guesses.

The strategy when encountering SLC failure is to compute that failed point by lnear
interpolation between two successful SLC-converged points. Thus for each of the above
regimes, all possible envisaged scenarios are coded for. For example, for NErrorMode = 1, if
the first point for the speed line calculation is a failure, then two successful points must be
calculated with increments of higher and lower mass flow in order to be able to carry out
interpolation. Three attempts are allowed for the SLC to be called to compute a point to
enable interpolation before abandoning this and using extrapolation from a previous point.

The SLC code can operate with a fractional mass flow change on either side of a failed
pomnt. It is possible for three increments of mass flow to still produce failed points if for

example, the point is close to stall or choke. Currently, the stall and choke points have been
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truncated to avoid instability. This had been done before the error detection code was
written. For future work (section 5.3), the error detector should be used to detect surge and
choke, for example, if after certain number of increments of reduction of mass flow failed to
result in convergence, along with a check of the diffusion factor from the nearest known
converged point, then it could be reasonably assumed that the computation s being

performed beyond or near the stall region.

4.6.4.3 ZonalMap SLC error handling
In ZonalMap mode, the SLC program is used to compute compressor speed lines.
Therefore, it is not necessary to compute a particular speed and mass flow. An error during

speed line computation is detected, and results in the next successful point being retained.

4.6.4.4 DirectMap SLC error handling

In contrast to ZonalMap where a specific operating point is not required but mercly a
point on a speed line, it is very important in DirectMap to be able to generate interpolated
profiles for a beta guess as true as possible to what the SLC program would have successfully
produced. If the point in question is actually a converged performance point, the inability to
compute it would mean that the performance code would never cease iterating to try to

achieve that compressor performance.

4.6.4.5 DirectMap implanted SLC error case study

A study was made to check whether the error handler could produce acceptable fan exit
profiles by interpolation when the SLC failed. This was done by implanting a failure for a
point at which the SLC code is known to be able to succeed after a successful convergence
for a prior guess of beta during iteration along a speed line.

As intended, the performance code recognised the “failed” point and incremented the
beta value to compute a new compressor point. This point was used for interpolation for the
failed point profiles (Fig. 4.16 and Fig. 4.17).

The mass flow and rotational speed were recorded for the failed point and were input to
the standalone SLC code producing the profiles separately for comparison with the
interpolated profiles. Fig. 4.18 and Fig. 4.19 compare the total pressure and total
temperature profiles respectively, calculated by the error handler in a simulated SLC failure to
those calculated by successful convergence of SLC.

116



L11

-sjurod padroauod Juddelpe o
wozy sopgod ya sgoxd sanssaxd (€101 1xd uey parejodimur Jo uosuedwod :vONEMIEd 1) TS PI[IE) 2or(daz 03 uonejodiaur depy2231(] 914 Bn]

(%) ones snipey

00} 06 08 0L 09 0S (0)4 (0] 0c (0]8 0
_ _ , — _ + , : : 000047
. _ H 000517
. SR R S R ) uonejodsoyur | ]
10} pasn juiod pabiaAuod XN ———
00002y
.................................................... | (,2anyiey, el )|
01S paienwis) - juiod pajejodisiu| ——
000S2Yy
.................................................. uiod peBieAuod SnomeId —+— | |
0000€Y

000SEY

(ed) ainssaud |ejoL

0000

000S¥¥

0000SY

000SSY

ainjiej 9IS paje|nwis
e aoe|da 0} weiboid asuewsopad uejoqiny wodj 3jyoid ainssaid |ej0} ixa uey pajejodiau|

ONITTHAOW HONVINIOAYHI NOLLIOLSIA LHINT TVIAVY



811

-syutod padidauod Juddelpe oMl woij

somoxd yna apyoxd armezadway [e101 %o uey pajejodimur jo vosuedwod uonemoEd O[S papre) 29e(dor 03 uonejodisur depyidan ‘4 31,
[OXd. s g [ A . PR YIS Pops) oY HE] tdejpoan( L1y 9

00t

(%) onei snipey

06 08 0L 09 0s (0174 o€ (04 (o]8 0
, ; . - + _ _ - + 0S¥
IR RN IUUONE RPRUN MR RIS WM Sl (0 i b e N TS e SR
| _1 u /I’ | ! 09%
! _ "
m m m , oy
| | ; -
] 1 | m
B L S . = ool S e N - - 2
| | | Y
1 ” ; 3
08y 3
uolejodiaiul S
10J pasn juiod pabiaAu0d IXON ——— m
T S| (SRS SR SRRSO SIS (S, L D e A RS R e T i W et 3
(W@anirey, =
071S pajenwis) - juiod pajejodisiu| —p— 1 06v
FEEERE i = . Juiod peBioaucd snomeld —— | ALY WAy
\ T T T T oom
5 : : ” ,
\ | ”
- : _ : : oL

ainjiej 9IS pale|nuwils
e aoejdas 0} weiboid asueuwniopad uejoqiny woiy ajioid ainjesadwa) |30} HXa uej pajejodiaul

ONITIHAOW HONVINIOAYHd NOLLYOLSIA LHINT TVIAVY



611

weadoxd y[g £q paremores apyoxd yum amprey 7y 1§ paueidun 103 vonejodisur 4q parenores apgoid amssaid [r101 Jo uosuedwo)) g1y 3

(%) ones snipey

00} 06 08 0L 09 0S ot o€ (014 (o]8 0
+ t +— } i _ ‘ . A f 0000+
|||||||||||||||||||||||||||||||||||||||||||||||||||| “y--xJ-uliwl--|1-|-1,|-|-L|-||\,«||||v|||!||||L
Py = : : : 0005 LY
; _ ; : , _ 00002
................................................... wiod pebioauod - 91S —— | | |
i : 000S2Y
(.e1nirey, =
................................................... 1 O71s pejejnuis) - juiod perejodisiu] —p— = [ e m
: : : T . 0000€Y o
" | | " , °
||||||||||||||||||||||||||||||||||| A R e S e S S S e P s e ey e e VT T [ S g e %
| " “ | £
T T 7 7 w 000SEY @
| | | _ 3

0000¥Y

000S¥¥

000SSY

uni 91s pabiaauod Aq paje|najed ajjoid
YHM 2pod H1S JO ,ain|ie}, paje|nwis Jo }nsai e se 3|1joid ainssaid |ejo} pajejodiajul jo uosuedwod

ONITTHAOW HONVINIOAYHd NOLLIOLSIA LA INI TVIAvy



0Cl

weaSoxd 7y g £q paremnoes apyosd yua aanprey 7y [ paueidun 103 uonrodinur £q paemopes apyosd amesadwa [v303 Jo uosuedwo) 61 3y

(%) ones snipey

00! 06 08 0L 09 0S oY 0g 02 (o] 0
I - - A i I i i d omv
||||||||||||||| oo oo oede sl aimat amee s b M e e e e e L e e =
_ ,ﬂ “ 'CI\\\\\CII\|’/ o
m W _” oLy
1 1 | Il-
| 1 ] m
............... [ T S S S s el e e E e lnte e It e sl 1T D
” ” : , 3
” | : m 3
; “ : o8y 3
! : : S
i | =
o s o e 0 E— ot o e e S (SRS IR ST S g sy (e SRS SRS R S o et B m
: | z
: w ” | | , 06
: ] _ _
b A uodpebieAUcd - 1S —e— | 7 | Tt T T T TieanT e e ” ..........
(,01nyrey, - , : 00S
.\ D1S pajenwis) - julod pajejodiou| —g— ,

: 0Ls

uni 1S pabiaauod Aq paje|nojed ajyoid yum
apod 1S 10 ,2in|iey, Paje|nwis Jo }nsal e se ajiyoid ainjesadwa) |ejo} pajejodiajul jo uosuedwo)

ONITTHAOW HONVINIOYHd NOLLIOLSIA LHINT TVIAvVY



RADIAL INLET DISTORTION PERFORMANCE MODELLING

47 UNDISTORTED INLET CASE STUDIES OVERVIEW

4.7.1 Scaling the engine model components

Scaling of components is necessary to size the engine model components to achieve the
desired engine design point. To carry out a proper comparison of the modelling of the test
engine using the three fan methods, the same scaling factors should be used in the respective
models for all components so that the same geometry engine is being modelled. The nature
of each fan model leads to slightly different pressure ratio profiles being calculated when run
at the same speed and mass flow. This leads to varying design point conditions when cach
model 1s scaled to achieve the same TET for example.

The parameters in Table 6 were common for all models in the autoscaling procedure
(section 4.6.3). In this work, it was desired to use an unscaled fan model, i.c. the fan would

directly be the output from the SL.C program.

4.7.11 Choice of fan design point

The nominal design point of the SLC model of the test compressor which is used for the
fan in the engine models of this work is set at 16.375kg/s (Barbosa, 1987), which gave a
pressure ratio of 4.60 and isentropic efficiency of 0.858.

The calculation of the SLC program is determined by input of rotational speed and mass
flow. In its original form, the performance code gave the user the choice of setting a design
point pressure ratio or AI/T. In conjunction with the SLC code, this would have meant
inputting flow and speed and iterating until the required pressure ratio was obtained.
However, in the present work, it was only necessary to investigate a hypothetical engine using
the test compressor as the fan without the added complexity of scaling the output from the
SLC code. It was decided to maintain the input of design point mass flow. For any future
work, it may be necessary to be able to scale the fan model. However, this brings up new
issues as to whether it is realistic to scale a streamline curvature output and is discussed in
section 5.3.4.

The fan design point mass flow was ultimately set at 16.374967 kg/s. Although 16.375
kg/s was originally set, the DirectMode operation of SLC was unable to converge using this
as design mass flow. This was due to the continuous failure of the SLC code at a point near
to 16.375 kg/s. In the DirectMode procedure, the mass flow is obtained by interpolation on
a single speed line using an input guess of beta (section 4.6.2.3). The autoscale procedure
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thus guesses beta, obtains a mass flow from the speed line and feeds this into the SLC code.

‘The program runs through its normal iteration routine to converge onto the design flow, i.c.

a loop 1s set up to calculate design point beta. Thus beta 1s adjusted and the fan flow checked

after calculation by the SLC code. Although the error handler could cope with this failure, the

iteration procedure continuously guessed this same failure point as the Newton-Raphson

solver directed convergence towards the design mass flow. The program then continued 1n

an endless loop without convergence.

Parameter Program variable name | Value

Fan

Rotational speed RPMFan_DPNom 21892 rpm

Mass flow FanDPMassNom | 16.374967 kg/s

Bypass ratio BPR 1.2

HPC i b

Overall pressure ratio EngOPRNom 20.0 u

Map number NoMap_HPC 6 ]
| Unscaled map design pressure ratio | HPC_OrigMapDP 1.883 ]

Rotational speed RPMDP_HPC 25000 rpm

Isentropic efficiency scale factor SE_HPCETA 1.125

Combustor

Pressure loss PDROP 0.95 o

Fuel calorific value FCVL 4.3x10" ] /kg

Combustion efficiency SF_BNETA 0.99 el

‘Turbine Entry Temperature TET_DP 1300 K

HPT %

Map number (Turbomatch) NoMap_HPT 5

[sentropic efficiency scale factor SEF_HPTETA 1.0

LPT

Map number NoMap_LPT s Rl S

[sentropic efficiency scale factor SF_LPTETA 1.0

Table 6 Scaling parameters input set for scaling procedures (all models).

A miniscule change in the design mass flow was sufficient to rectify this problem. This

problem was only experienced during the scaling procedure and never in the performance
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tteration routine. It is likely that this scenario is not repeated in the main performance
iteration routine as computations downstream of the fan alters the next guess for the fan
operating point so that an endless loop does not result. A future improvement could be to
directly set the fan design mass flow to the required value during the scaling procedurce

nstead of allowing the fan subroutine to run by guessing beta.

4.7.12 Differences between fan implementations

The differences in the fan implementations lead to small differences in the converged
design point component scaling factors. WholeMap and ZonalMap methods are described in
sections 4.6.2.1 and 4.6.2.2 respectively. Essentially, WholeMap and ZonalMap operate in the
same manner, using calculated fan characteristics from which points within are interpolated.
‘The WholeMap fan characteristic is a pre-calculated entire characteristic, and in this work, the
100% design speed line of 21892 rpm is present in the fan characteristic map data (Fig.
4.20). In the ZonalMap method, the first guess of a rotational speed is calculated by setting
this in the middle of a zone of two speed lines. Therefore, the two speed lines forming the
zone used to compute the design point are set respectively above and below the 100% design
speed. Given the fan design mass flow as input, the WholeMap method needs to locate the
design point by interpolation between known points on the 100% speed line. This should
give a better result than in ZonalMap, where the 100% speed line has to be calculated first
within the map zone before interpolation for the required mass flow.

DirectMap, described 1n section 4.6.2.3 is fundamentally different by directly computing
the fan performance from the design mass flow without interpolation. This theoretically gives
the best answer, with no interpolation of the fan operating point, and is therefore set as the
datum result in any comparisons of the design point calculations.

Table 7 shows the comparison of the calculated scaling factors for the engine for the
three fan model implementations. The handle is TET and is set at 1300K. The ZonalMap
setting is for the two speed lines in the zone to be £0.5% of the 100% design speed. Note
that the design point fan beta (betafan_dp) is an irrelevant comparison and is included only
for information. Table 8 shows the comparison of scaling factors with the datum DirectMap
case. The scaling factors are within £0.4% of the datum case. The largest difference 1s in the

core nozzle area
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TWO-SPOOL TURBOFAN MILITARY ENGINE

] WHOLEMAP | ZONALMAP (ZM1)| DIRECTMAP

Flightconditions - " " .® e |
alt 0 00E+00 O 00E+00 0.00E+00
fmach 0.00E+00 0 OOE+OO 0.00E+00
rpmfan_dp 21892 21 892 21892
btafan_dp 0.311969411 0.242194059 0.280315082
bpr_dp 1.2 1.2 1.2
HPC S
rpmdp_hpc 25000 25000 25000
nomap_hpc 6 6 6
btadp_hpc 0.699618598 0.699618598 0.699618598

rhpc_dp 4.567690446 4.568286014 4.563764253
dhhpc_dp -1 -1 -1
sf_hpent 1162.478663 1162.324661 1161.584747
sf_hpcmf 1.99067E-06 1.99146E-06 1.99087E-06
sf_hpcpr 4.040419531 4.041094013 4.035973107
sf_hpceta 1.125 1.125 1.125
wmbustor Sk e e A ”31 ‘,f e o
pdrop 0.95 0.95 0.95
tet_dp 1300 1300 1300
fuel_dp -1 -1 -1
fevi 43000000 43000000 43000000
sf_bneta 0.99 0.99 0.99
Phandle no 1 1 1
nomap hpt 5 5 5
dhhpt_dp 202.3625582 202.4372564 202.5314997
prhpt_dp -1 -1 -1
sf_hptnt 315.170566 315.170566 315.170566
sf_hptmf 6.33896E-07 6.33978E-07 6.34003E-07
sf_hptpr_dh 35342.85034 35355.89646 35372.35616
sf_hpteta 1 1 1
nomap_Ipt 5 5 5
dhipt_dp 353.0109894 353.4354627 354.7469089

ript_dp -1 -1 -1
sf_lptnt 302.3767383 302.3884404 302.4038604
sf_lptmf 1.43662E-06 1.43728E-06 1.43795E-06
sf_lptpr_dh 61653.76975 61727.90449 61956.95004
sf Itta 1 1 1

2 bk 7

"4.2910812E-02

"4.3568581E-02

ancnz

1,0885115E-02

1.0888336E-02

1.0883123E-02

Table 7 Comparison of engine scaling factors for turbofan performance model with three

fan implementations.
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Parameter Differences from datum (DirectMap)
WholeMap ZonalMap (ZM1)
Fah \ NSRS TURELE o
FanPR 0.080% -0.128%
HPC : SEREICNR —
prhpc_dp 0.110% 0.127%
sf_hpemf -0.010% 0.030%
sf_hpcpr 0.110% 0.127%
HPT «
dhhpt_dp -0.083% -0.047%
sf_hptnt 0.000% 0.000%
sf_hptmf -0.017% -0.004%
s“fw_hiptpr_‘dh -0.083% -0.047%
-0.489% -0.370%
-0.009% -0.005%
-0.093% -0.046%
,. -0.489% 0.370%
anhnz -2.044% -1.510%
ancnz 0.018% 0.048%

Table 8 Comparison of WholeMap and ZonalMap computation of design point scaling
factors with datum (DirectMap).

In order to gain an idea of what effect these changes have on engine performance, some
performance parameters for the three models are tabulated in Table 9. The effect of the
different fan models is to calculate slightly different 2D profiles of pressure ratio (Fig. 4.21)
and efficiency (Fig. 4.22) for the set design point mass flow. ZonalMap has lower pressure
ratio but slightly higher efficiency. This is reflected by the differences in inner and outer fan
pressure ratios (using the same design bypass ratio in all cases). The lower pressure ratio
results in a lower profile of total temperature (Fig. 4.23). These are the differences due to
interpolation in the WholeMap and ZonalMap methods compared to the DirectMap. There
are two instances of interpolation; one being to obtain the required speed line, and secondly
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to interpolate to the required operating point (beta line). The calculations used in this
program produce a speed line used 0.15kg/s increments of mass flow to create the data from
the SLC program. As many points as possible are obtained and then processed into a fan
characteristic map of 21 beta lines (21 points per speed line). The models therefore match to
different fan pressure ratio and efficiency design points, essentially being different
characteristics and result in engines of slightly different geometry after the remaining

components are scaled. The thrust difference 1s 0.453% increase for the ZonalMap case.

4.7.13 Effect of variations in ZonalMap setup on design point performance

[t was decided to make a systematic study of how subtle vamations in the setup of,
particularly the ZonalMap method, would affect results compared with the datum DirectMap
method. This was done in order to make recommendations for the optimum setup of the
ZonalMap method and to assess its suitability as a replacement for DirectMap when
calculation time and computing power is a constraint. The inputs that can be made are () to
change the magnitude of the two speed line increments in the map from the design speed,
and (i) to change the increment of mass flow used to produce the data from the SL.C

program for the speed lines in the map.

Performance parameter differences from datum

(DirectMap)
Parameter DirectMap WholeMap ZonalMap (ZM1)

Value Value |Difference| Value | Difference

Thrust (N) 7592.692] 7639.854| 0.621%] 7627.113] 0.453%
SFC (kg/s/MN) 16.529 16.451| -0.475% 16.473| -0.342%
Fuel flow (kg/s) 0.12550] 0.12568{ 0.143%| 0.12564| 0.110%
RFAN 4.382 4379 -0.111% 4378| -0.128%
RFAN_inner 4.397 4.394| -0.086% 4.393] -0.121%
RFAN_outer 4.371 4366 -0.152% 4.366| -0.154%
ETAfan 0.8586 0.8593| 0.082% 0.8583| -0.041%

Table 9 Comparison of engine model design point performance parameters using
WholeMap and ZonalMap fan models compared with datum (DirectMap).
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"The number of beta lines is kept the same. Another important vanable in ZonalMap is the
use of the cessation of calculation before reaching the ends of the speed hnes (effectively
producing truncated speed lines). This feature had been put in using a mass flow range
interpolated from a pre-calculated complete map at ISASLS with undistorted flow (section
4.6.2.2) to avoid instability of the SLC program in the stall and choke regions. The latest
version of the program has an artificial stall and choke check (trial and error by decreasing
and increasing mass flow respectively until the program no longer converges). This has not
been run for the results in this thests, because transient excursions from the working line
have not been studied here and there is sufficient margin for the steady state iteration
procedure. The mass flow limits for speed line calculations in both ZonalMap and
DirectMap methods have been set at: interpolated undistorted choke mass flow lmit -0.2
kg/s and stall mass flow limit + 0.4 kg/s. The current implementation of WholeMap is a
manual one so that the surge and choke limits are manually searched for by the user to
extract the maximum possible flow range for the speed lines.

A range of ZonalMap setups was tested as shown in Table 10. Fig. 4.24 to Fig. 4.27
show the range of setups of ZonalMap in terms of the fan characteristic. Fig. 4.24 (set A)
explores a range of speed line zones of magnitude 6% of design speed difference. It 1s
expected that the nearest result to the datum DirectMap case should be for the upper speed
line being on the design point (ZM8), this case only has to involve interpolation along a

speed line and not in between 2 lines.
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Uniform inlet flow test compressor characteristic computed with SLC program, with beta
lines

85% P27
3 80% Asares xlels Hh XL
beta=1
70% 3
beta=0
1 - T T T + T T
0.0013 0.0015 0.0017 0.0019 0.0021 0.0023 0.0025 0.0027 0.0029

Flow function

Fig. 4.20 WholeMap layout of undistorted fan characteristic with applied beta lines.

450000
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Design point fan exit total pressure profiles using different fan models

oy DirectMap
—&— ZonalMap1
~ WholeMap

0 10 20 30 40 50 60 70 80 90 100
Radius ratio (%)

Fig. 4.21 Comparison of design point fan exit total pressure profiles from turbofan
simulation program with 3 fan methods.
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Design point fan exit efficiency profiles using different fan models

0.9

0.85
—+— DirectMap
<«
& ~&— ZonalMap1
08 - + WholeMap
\
0.75 \

07 - T T T T T r T
0 10 20 30 40 50 60 70 80 90 100

Radius ratio (%)

Fig. 4.22 Comparison of design point fan sentropic efficiency profiles from turbofan
simulation program with 3 fan methods.

Design point fan exit total temperature profiles using different fan models

&

|| —— DirectMap

& ZonalMap1

+- WholeMap

Total temperature (K)

&
3
o

0 10 20 30 40 50 60 70 80 90 100
Radius ratio (%)

Fig. 4.23 Comparison of design point fan exit total temperature profiles from turbofan
simulation program with 3 fan methods.
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Difference of speed line | Increment of
Code | Fan model from 100% design speed :;eci(ljaltii:i
Lower Upper
speed line speed line (kg/s)

DM DirectMap N/A N/A 0.15
ZM1 ZonalMap -0.5% 0.5% 0.15
ZM2 ZonalMap -1% 0% 0.15
ZM3 ZonalMap -0.5% 0% 0.15
ZM4 ZonalMap -0.3% 0.3% 0.15
ZM5 ZonalMap -0.1% 0.1% 0.15
ZM6 ZonalMap -1% 1% 0.15
ZmM7 ZonalMap -3% 3% 0.15
ZM8 ZonalMap -6% 0% 0.15
ZM9 ZonalMap -0.5% 0% 0.05
ZM10 | ZonalMap -1.5% 1.5% 0.15
ZM11 | ZonalMap 4% 2% 0.15
ZM12 | ZonalMap -5% 1% 0.15
ZM13 | ZonalMap -2% 4% 0.15
ZM14 | ZonalMap -1% 5% 0.15
ZM15 | ZonalMap -0.5% 0% [ P 1030

Table 10. Cases of input setup of ZonalMap for design point scaling comparisons. Lightly-
shaded cases use design speed for the upper speed line. Dark-shaded cases compare
increment in SLC program call.

Fig. 4.25 (sct B) explores a series of zones which are all + equal increments of speed
relative to the design speed from +0.1% to +3%. This s the intended operation of
ZonalMap, where the zone allows guesses above and below the first guess for a sufficiently
long period before a new speed line calculation is required. The aim here is to find out the
sensitivity of the calculation to the size of the size of the zone.

Fig. 4.26 (sct C) is a check to ensure that with the upper speed line fixed on the design
speed, the selection of the lower speed line should not affect the interpolated design speed.
Finally, Fig. 4.27 (set D) is a check on the effect of calling the SL.C program to calculate the

speed line with varying degrees of resolution of mass flow between points of 0.05,
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0.15(datum) and 0.30 kg/s. The SL.C data in cach case 1s processed into 21 point speed lines

as 1s done throughout this work.

Pressure ratio

(o2}

o
o
!

4]

»
wn

H

@
»

ZonalMap design point scaling investigation

2:5

0.0024 0.0025 0.0026 0.0027 0.0028 0.0029

Inlet flow function

Iig. 4.24 ZonalMap design point scaling investigation (set A): 6% speed difference between
speed line pairs, interpolation from above and below design speed. (21 point speed lines,
straight line join between points).

Pressure ratio

3.5 1

ZonalMap design scaling point investigation

0.0025 0.0026 0.0027 0.0028

Inlet flow function

Fig. 4.25 ZonalMap design point scaling investigation (set B): interpolation of design speed
in middle of speed line zones, speed line pairs from £0.1% to £3% design speed. (21 point
speed lines, straight line join between points).

131



Bl pro—

4.9 Ho.99
4.7
4.5

4.3 1

Pressure ratio

4.1

3.9 1

3.7

3.5

RADIAL INLET DISTORTION PERFORMANCE MODELLING

ZonalMap design point scaling investigation

0.995 1.0
DirectMap des. pt.
M3
M2

0.0026

T 1

0.0027 0.0028

Inlet flow function

g, 4.26 ZonalMap design point scaling investigation (set C): interpolation of design speed
with upper speed line of each zone on design speed. (21 point speed lines, straight line join
between points).

Pressure ratio
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~F
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ZonalMap design point scaling investigation

- ZM3
—=—ZM9
—-ZM15

DirectMap des. pt.

ZMm3
ZM9 ™ ZM1

0.0026

T 1

0.0027
Inlet flow function

0.0028

Fig. 4.27 ZonalMap design point scaling investigation (set D): interpolation of design speed
with upper speed line of each zone on design speed, speed lines calculated with varying
resolutions. (21 point speed lines, straight line join between points).

Table 11 and Table 12 show the comparison with datum values of scaling factors and

performance/fan parameters respectively for ZonalMap set A. Fig. 4.28 to Fig. 4.33 show

the fan pressure ratio characteristics for ZonalMap set A with the calculated design ponts

compared to datum. Fig. 4.34 and Fig. 4.35 show respectively the fan exit total pressure
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profiles and the isentropic efficiency profiles for ZonalMap set A compared to datum. ‘The

following conclusions can be made:

The nearest match to the datum DirectMap “correct” answer i1s with the speed line
directly on the operating point to be matched as shown by ZonalMap8. The difference
in pressure ratio and efficiency is within £0.02%. This 1s most clearly seen from the cxit
total pressure profiles of Fig. 4.34 where the best match is between ZM8 and
DirectMap. Thas result gives good confidence that the two different methods have been
wntten to process the SLC program data in the same way.

Although the 1D isentropic efficiency value of ZMS8 is calculated to be nearest to the
DM case at -0.016% difference, the difference from DM from the profile (Fig. 4.35) 1s
not so distinct from the other cases and indeed, the profile of ZM8 appears to have a
higher value at all radii than DM although the 1D value appears lower. The difference
between the two calculations that may cause this is the radit for the area averaging
method. In the ZonalMap method, the radial positions have been set for all points on all
speed lines to be the same as the first point on the first speed line (beta=0) in order to
allow interpolation between points in the performance simulation iteration.

When interpolating for the speed line to calculate the operating point, as shown by the
other ZonalMap cases in set A, the magnitude of the difference of the interpolated
speed (design speed) from the speed lines of the zone may distort the interpolated speed
profiles and therefore cause slight deviations of the speed line. This can be up to £4.5%
of pressure ratio as shown by ZonalMap7. The total pressure profile (Fig. 4.34) is the
furthest from the datum of set A. Fig. 4.31 demonstrates the distortion caused by the
result of interpolating the 100% speed line from the 97% and 103% speed lines. This
diagram also shows the 100% speed line calculated by DirectMap for comparison. Ths
line is clearly longer in the higher speed zone relative to the ZonalMap speed lines. All of
these speed lines have been formed by the same subroutines in the code (see section
4.6.2.2). Therefore, the situation is caused firstly, by the unpredictability of the SLC code
in this region that allows a more stable calculation in the higher flow region for particular
speed lines, and secondly, by the truncation of the calculation to deal with this instability.
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Differences from datum (DirectMap)

Parameter | zM8 | zm12 | zmi1 | zm7 | zmi3 | zmi4
Fan

FanPR | 0016% | -1.488% | -3.473% | -4.351% | -3.497% | -2.078%
HPC

prhpc_dp -0.016% | 1.488% | 3.528% | 4.450% | 3.552% | 2.087%
sf_hpcmf -0.060% | 0.994% | 2.481% | 3.180% | 2.538% | 1.501%
st_hpcpr -0.016% | 1.488% | 3.528% | 4.450% | 3.552% | 2.087%
HPT

dhhpt_dp -0.121% | 0.655% | 1.616% | 2.070% | 1.660% | 0.942%
sf_hptnt 0.000% | 0.000% | 0.000% | 0.000% | 0.000% | 0.000%
sf_hptmf 0.010% | -0.026% | 0.022% | 0.057% | 0.043% | 0.055%
sf_hptor dh | -0.121% | 0.655% | 1.616% | 2.070% | 1.660% | 0.942%
LPT

dhipt_dp -0.318% | -0.593% | -1.132% | -1.273% | -1.086% | -0.804%
sf_lptnt -0.013% | 0.067% | 0.166% | 0.213% | 0.171% | 0.097%
sf_lIptmf -0.099% | 0.567% | 1.494% | 1.948% | 1.556% | 0.910%
sf_lptpr_dh -0.318% | -0.593% | -1.132% | -1.273% | -1.086% | -0.804%
Nozzles

anhnz -1.423% | -1.125% | -1.323% | -0.967% | -1.029% | -1.250%
ancnz -0.058% | 1.061% | 2.476% | 3.125% | 2.477% | 1.401%

"Table 11 ZonalMap (set A) design point comparison of scaling factors with datum.

Thrust Fuel flow SFC
(N) Diff. (kg/s) Diff. | (kg/s’MN) |  Diff.
DM 7592.692 0.125500 16.52911
ZM8 7627.139 | 0.454% | 0.125662 | 0.129% | 16.47562 | -0.324%
ZM12 | 7601.592 | 0.117% | 0.125419 | -0.065% | 16.49910 | -0.182%
ZM11 7583.357 | -0.123% | 0.125203 | -0.237% | 16.51028 | -0.114%
ZM7 7564.808 | -0.367% | 0.125073 | -0.341% | 16.53350 | 0.027%
ZM13 | 7575.787 | -0.223% | 0.125156 | -0.274% | 16.52053 | -0.052%
ZM14 | 7598.020 | 0.070% | 0.125352 | -0.118% | 16.49804 | -0.188%
RFAN RFAN-inner RFAN-outer ETAFan
Diff. Diff. Diff. Diff.
DM 4.38235 4.39689 4.37093 0.85864
ZM8 4.38289 | 0.016% 439707 | 0.005% 437110 | 0.005% | 0.85850 | -0.016%
ZM12 4.33203 | -1.488% 4.34750 | -1.454% 4.31916 | -1.536% | 0.85396 | -0.545%
ZM11 4.26486 | -3.473% 427792 | -3.502% 425400 | -3.469% | 0.84915 | -1.105%
ZM7 4.23519 | -4.351% 4.24660 | -4.424% 4.22570 | -4.308% | 0.84619 | -1.450%
ZM13 4.26407 | -3.497% 4.27618 | -3.553% 4.25399 | -3.469% | 0.84870 | -1.157%
ZM14 4.31206 | -2.078% 4.32391 | -2.148% 4.30220 | -2.039% | 0.85299 | -0.658%

Table 12 ZonalMap (set A) design point comparison of performance and fan parameters
with datum.
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Iig. 4.28 Z.onalMap8 fan characteristic with calculated design point compared to datum.
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Fig. 4.29 ZonalMap11 fan characteristic with calculated design point compared to datum.
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Fig. 4.30 ZonalMap12 fan characteristic with calculated design point compared to datum.
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Ig. 4.31 ZonalMap7 fan characteristic with calculated design point compared to datum.
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Fig. 4.32 ZonalMap13 fan characteristic with calculated design point compared to datum.
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Fig. 4.33 ZonalMap14 fan characteristic with calculated design point compared to datum.
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Design point fan exit total pressure profiles - ZonalMap Set A
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Fig. 4.34 ZonalMap (set A) design point fan exit total pressure profiles compared with

datum (DirectMap).

ETA

095

09

0.7

065

Design point fan exit efficiency profiles - ZonalMap set A

-+ o - DirectMap

ZonalMap8
~w— ZonalMap12
—»— ZonalMap11
—— ZonalMap7
—=— ZonalMap13
~—+— ZonalMap14

5
Radius ratio (%)

60

70

Fig. 4.35 ZonalMap (set A) design point fan isentropic efficiency profiles compared with

datum (DirectMap).

The application of a fixed delta for truncation in the undistorted flow map will remove a

larger part of the speed line as the speed line becomes more vertical in the high flow

regions, this tending to be the case at the higher speed lines. This gives more scope for

distorting an interpolation and can be clearly seen in Fig. 4.32 and Fig. 4.33 for

ZonalMap13 and ZonalMap14 respectively. In particular, these two cases converge at
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design point with flatter total pressure profiles towards the hub as shown by Fig. 4.34. It
1s therefore recommended that future versions of the program should have the artificial
stall and choke check feature activated, and efforts should be made to improve
modelling of stall and choke in SLC programs.

[Fan parameters have been examined because it is effectively the modelling of this 1s the
only difference in all the comparisons. It is noted that although ZM8 is the nearest to the
datum, the other methods, although worse in terms of replicating the datum fan
performance, are often nearer to the datum performance parameters (Table 12). ‘This
shows how certain changes can compensate for others when considering comparison of
performance parameters with the small levels of differences of fan performance being
considered.

The design fan beta value decreases due to the distortion of the zone by the truncated
higher speed lines as the difference between the speed lines become larger. This is clear
from ZonalMap7 (Fig. 4.31), where the value of beta 1s 0.0513. It was found that
increasing the size of the difference between the two speeds with the design speed in the
middle eventually led to beta dropping below zero and the program was unable to
converge. It is therefore recommended not to allow the difference 1n speeds in a zone to

be set below a2 magnitude of 5% design speed.
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Table 13 and Table 14 show respectively the ZonalMap data set B scaling factor and
performance/fan parameter comparisons with DirectMap datum. The following arc the
findings:
®  As expected, the result of the ZonalMap fan design operating point improves towards

the datum DirectMap value as the width of the zone decreases, with the design speed
directly in the middle of the zone. This can be clearly seen from the fan cxit total
pressure profiles in Fig. 4.41. There 1s very little difference between ZM5, ZM4 and
ZM1 (£0.1%, £0.3%, and *0.5% speed zones respectively). The ZM4 (£0.3%) fan
pressurc ratio being less than 0.01% of datum is probably fortunate as thc ZM5

difference is larger.
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Differences from datum (DirectMap)

Parameter | zZM5 | zZm4 ZMm | zme | zmio | zwm7
Fan

FanPR | 0.094% | 0.008% ]| -0.128% | -0.331% | -1.036% | -4.351%
HPC

rhpc_dp -0.093% | -0.008% | 0.127% | 0.328% | 1.032% | 4.450%
st_hpcmf -0.118% | -0.077% | 0.030% | 0.178% | 0.678% | 3.180%
sf_hpcpr -0.093% | -0.008% | 0.127% | 0.328% | 1.032% | 4.450%
HPT

dhhpt_dp -0.148% | -0.104% | -0.047% | 0.047% | 0.402% | 2.070%
sf_hptnt 0.000% | 0.000% | 0.000% | 0.000% | 0.000% | 0.000%
sf_hptmf 0.001% | -0.019% | -0.004% | 0.004% | -0.002% | 0.057%
sf_hptpr dh | -0.148% | -0.104% | -0.047% | 0.047% | 0.402% | 2.070%
LPT

dhipt_dp -0.295% | -0.328% | -0.370% | -0.422% | -0.595% | -1.273%
st_lptnt -0.015% | -0.011% | -0.005% | 0.005% | 0.041% | 0.213%
sf_Iptmf -0.132% | -0.113% | -0.046% | 0.046% | 0.361% | 1.948%
sf_Iptpr_dh -0.295% | -0.328% | -0.370% | -0.422% | -0.595% | -1.273%
Nozzles

anhnz -1.403% | -1.485% | -1.510% | -1.522% | -1.546% | -0.967%
ancnz -0.111% | -0.037% | 0.048% | 0.187% | 0.690% | 3.125%

‘Table 13 ZonalMap (set B) design point comparison of scaling factors with datum.

Thrust Fuel flow SFC
(N) Diff. (kg/s) Diff. (kg/s/MN) Diff.
DM 7592.692 0.125500 16.52911
ZM5 7627.158 | 0.454% | 0.125655 | 0.123% | 16.47469 | -0.329%
ZM4 7627.746 | 0.462% | 0.125643 | 0.113% | 16.47178 | -0.347%
ZM1 7627.113 | 0.453% | 0.125638 | 0.110% | 16.47253 | -0.342%
ZM6 7625.272 | 0.429% | 0.125620 | 0.095% | 16.47417 | -0.332%
ZM10 | 7617.206 | 0.323% | 0.125519 | 0.015% | 16.47833 | -0.307%
ZM7 7564.808 | -0.367% | 0.125073 | -0.341% | 16.53350 | 0.027%
RFAN RFAN-inner RFAN-outer ETAFan
Diff. Diff. Diff. Diff.
DM 4.38235 4.39689 4.37093 0.85864
ZM5 4.38554 | 0.094% 4.40013 | 0.095% 4.37341 0.074% | 0.85869 | 0.006%
ZM4 4.38261 | 0.008% 4.39807 | 0.035% 4.36976 | -0.035% | 0.85858 | -0.007%
ZM1 4.37801 | -0.128% 4.39279 | -0.121% 4.36572 | -0.154% | 0.85829 | -0.041%
ZM6 4.37115 | -0.331% 4.38554 | -0.334% 4.35919 | -0.348% | 0.85779 | -0.099%
ZM10 4.34732 | -1.036% 4.36184 | -1.032% 4.33525 | -1.058% | 0.85603 | -0.304%
ZM7 4.23519 | -4.351% 4.24660 | -4.424% 4.22570 | -4.308% | 0.84619 | -1.450%

Table 14 ZonalMap (set B) design point comparison of performance and fan parameters
with datum.
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Fig. 4.36 ZonalMap5 fan characteristic with calculated design point compared to datum.
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Fig. 4.37 ZonalMap4 fan characteristic with calculated design point compared to datum.
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Iig. 4.38 ZonalMapl1 fan characteristic with calculated design point compared to datum.
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Fig. 4.39 ZonalMap6 fan characteristic with calculated design point compared to datum.
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Fig. 4.40 ZonalMap10 fan characteristic with calculated design point compared to datum.

Total pressure (Pa)

Design point fan exit total pressure profiles - ZonalMap set B

455000

450000

:

- © - DirectMap

—o— ZonalMap5

§

~—»— ZonalMap4

—&— ZonalMap1

:

+— ZonalMap6

:

—&— ZonalMap10

——— ZonalMap7

425000

420000

40 50 60 70 80 90 100
Radius ratio (%)

Fig. 4.41 ZonalMap (set B) design point fan exit total pressure profiles compared with
datum (DirectMap).
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Design point fan exit efficiency profiles - ZonalMap set B
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Fig. 4.42 ZonalMap (sct B) design point fan isentropic efficiency profiles compared with
datum (DirectMap).

The zones up to £1% gwe sufficiently accurate fan design pomnt results. The zones
larger than this (ZM10, ZM7) are distorted by the truncated upper speed line as
described above.

The recommendation s therefore to take the largest acceptable zone in order to best
compromise the need for accuracy and for having fast computation. The smaller the
zone, the more that new speed lines need to be guessed and computed by the SLC
program, for example when drawing a working line. It 1s recommended to adopt the
10.5% speed line zone (ZMT1) as standard in this work bearing in mind that the artificial

stall/choke detector is not activated.

Table 15 and Table 16 contain respectively the scale factors and performance

parameter comparisons with datum for both ZonalMap sets C and D.

Set C confirms the correct operation of the mnterpolation procedure, where the speed
line nearest to the operating point has the dominant contribution to the profiles
computed (Fig. 4.47 and Fig. 4.48). There 1s no significant difference between ZM2
and ZM3, with the profiles contributed completely by the 100% speed line (Fig. 4.43
and Fig. 4.44).

Set D examines the effect of a higher resolution calculation of the speed lines by the

SLC code. Fig. 4.27 shows the first finding that although the three setups using 0.05,
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0.15 and 0.30 kg/s increments of mass flow were used (ZM9, 7M3, 7ZM15
respectively), there is no perceptible difference in the position of the speed lines (ths

graph shows points joined-up with straight hines).
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Differences from datum (DirectMap)
Parameter | 2M2 | zm3 | | zm9 [ zmis
Fan
FanPR | 0.007% | 0.008% | l | 0.101% | 0.078%
HPC
prhpc_dp -0.007% | -0.008% -0.100% | -0.077%
sf_hpcmf -0.046% | -0.047% -0.136% | -0.084%
sf_hpcpr -0.007% | -0.008% -0.100% | -0.077%
HPT
dhhpt_dp -0.116% | -0.116% -0.174% | -0.095%
sf_hptmf 0.000% 0.000% 0.000% | 0.000%
sf_hptmf 0.017% 0.017% 0.000% | 0.000%
st_hptpr_dh -0.116% | -0.116% -0.174% | -0.095%
LPT
dhipt_dp -0.338% -0.337% -0.341% | -0.165%
sf_Iptnt -0.012% | -0.012% -0.018% | -0.010%
sf_lptmf -0.088% | -0.089% -0.157% | -0.085%
sf_Iptpr_dh -0.338% | -0.337% -0.341% | -0.165%
Nozzles
anhnz -1.476% -1.475% -1.623% | -0.814%
ancnz -0.064% | -0.064% -0.119% | -0.075%

Table 15 ZomlMap set C (ZM2, ZM3) and set D (ZM9,

comparison of scaling factors with datum.

ZM3, ZM15) design point

Thrust Fuel flow SFC
(N) Diff. (kg/s) Diff. | (kg/s’IMN) | Dif.
DM 7592.692 0.125500 16.52911
ZM2 7628.201 | 0.468% | 0.125660 | 0.127% | 16.47308 | -0.339%
ZM3 7628.182 | 0.467% | 0.125660 [ 0.127% | 16.47308 | -0.339%
ZM9 7632.764 | 0.528% | 0.125688 | 0.149% | 16.46684 | -0.377%
ZM15 | 7612.715 | 0.264% | 0.125590 | 0.071% | 16.49739 | -0.192%
RFAN RFAN-inner RFAN-outer ETAFan
Diff. Diff. Diff. Diff.
DM 4.38235 4.39689 4.37093 0.85864
ZM2 4.38258 | 0.007% 4.39645 | -0.013% 4.37104 | 0.003% | 0.85863 | -0.001%
ZM3 4.38262 | 0.008% 4.39651 | -0.011% 437107 | 0.004% | 0.85863 | -0.001%
ZM9 4.38578 | 0.101% 4.40045 | 0.105% 437358 | 0.079% | 0.85907 | 0.050%
ZM15 4.38498 | 0.078% 4.39957 | 0.079% 437285 | 0.057% | 0.85758 | -0.123%

Table 16 ZonalMap sct C (ZM2, ZM3) and set D (ZM9, ZM3, ZM15) design point
comparison of performance and fan parameters with datum.
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Fig. 4.43 ZonalMap?2 fan characteristic with calculated design point compared to datum.
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Fig. 4.44 ZonalMap3 fan characteristic with calculated design point compared to datum.
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ZonalMap9 fan characteristic
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Fig. 4.45 ZonalMap9 fan characteristic with calculated design point compared to datum.
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Fig. 4.46 ZonalMap15 fan characteristic with calculated design point compared to datum.
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Design point fan exit total pressure profiles - ZonalMap set C
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ig. 4.47 ZonalMap (set C) design point fan exit total pressure profiles compared with
datum (DirectMap).
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Fig. 4.48 ZonalMap (set C) design point fan isentropic efficiency profiles compared with
datum (DirectMap).
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Design point fan exit total pressure profiles - ZonalMap set D
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Fig. 4.49 ZonalMap (set D) design point fan exit total pressure profiles compared with
datum (DircctMap).
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Fig. 4.50 ZonalMap (set D) design point fan isentropic efficiency profiles compared with
datum (DirectMap).

4.7.2 Conclusions from uniform inlet design point studies

®  Dafferences in calculating the fan operating point between the chosen ZonalMap
method (ZM1), WholeMap and DirectMap method are sufficiently small to be able to
say the differences are due to the ZonalMap and WholeMap methods being based on

nterpolation between speed lines and between beta lines compared to direct calculation.
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¢ In order to compare the three engine models containing the different fan modcls, they
must all be modelling exactly the same engine except for the differences in the fan
module. Therefore, the engine models should run the same input scaling factor file as
the method which will be taken to be the datum one for comparison, namely the
DirectMap method.

e  With almost the same fan operating point, the DirectMap difference in performance 1s
generally about 0.5% difference m thrust from the ZonalMap cases. This 1s despite a
similar isentropic efficiency and the same mass flow. The difference may be explained by
differences in the 2D fan exit profiles, but may also be due to differences in the
calculation methods between DirectMap and the other 2 fan models. This should be
carcfully checked again.

®  The design point studies have given an idea of the small differences between the 3 fan
models. For the off-design computations comparing the 3 modcls, the same scaling
factors must be used so that the engine can be compared with the only differences being

the fan models. The DirectMap set of scaling factors will be used.

4.7.3 Achieving performance program convergence with SLC fan models

The separate-exhaust turbofan performance simulation code was explained in section 3.6.
'The model used with the SLC fan combinations is that of the repaired iteration procedure to
remove the divergence in guess of fan beta as described in section 3.6.2. The following
sections describe further changes that were needed to ensure that all of the engine models

with the different fan models were functioning,

4.7.3.1 DirectMap convergence findings

When DirectMap was first tested, it was found to have divergent iteration to infinity for
the guess of fan beta and the check of HPC inlet flow function compared to fan core exit
flow function. The iteration scheme is shown in Appendix 5 (updated version). Table 17
shows the list of guesses and checks for the performance simulation along with the
tolerances set for the checks as used in the performance code with the conventional fan
characteristic and 2D-fan codes (including WholeMap and ZonalMap fan models).

An analysis was made of the computations by the Newton-Raphson solver (subroutine

ITER) leading up to the divergence. Table 17 shows the normal original 2D fan
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performance program simulation convergence tolerances. This shall henceforth be termed
“DatumTol”. Table 18 shows the simulation attempt at a TET of 1299K, using on the check
of HPC inlet flow function (check DQ30, defined in Table 17). The initial and final
iterations are shown. The solver operates as intended, and gradually converges to higher
decimal places of FanBta. The fan inlet flow function s interpolated from IFanBta, and the
mass flow then obtained using the averaged inlet total pressure profile and total temperature.
This mass flow is input into the SLC to compute the fan exit profiles and fan performance. [t
can be seen that the SLC output in the final two completed itcrations; no. 32 and 33 give the
same fan performance (e.g. Q29H) and therefore the same check value (IDQ30), although the
input mass flow is different. This leads the next guess of FanBta diverging to infinity.

A detailed investigation of the SL.C code was necessary. It was known that the program
had been written in single precision Fortran 77 code, probably duc to the limited
computational resources at the time. Generally, single precision preserves about 7 decimal
places whereas double precision preserves about 14 decimal places.

However, the SLC code was also written to be an engineering student teaching tool and it
stores mtermediate data to enable restart capability. This may also be due to a lack of
available RAM at the time as the program transfers data between subroutines at vanous
stages of the SLC iteration by these data files. Unfortunately, very few decimal places were
kept of all parameters in these data files, usually only 4. It was apparent that the SLC code in
its present form was unable to output a change in computed fan performance beyond 6
decimal places of mass flow (kg/s) at a rotational speed as apparent from Table 18.

To enable convergence of the guess of FanBta and check of DQ30, it was necessary to
relax the tolerance on the check from DQ30<107 to DQ30<50x10°. This enables
convergence at the 6* decimal place of the fan mass flow.

From Appendix 5 and Table 17, it can be seen that the guess no.1 of RPMFAN occurs
before the guess no.2 of FanBta and is checked by the power balance on the LP shaft in the
form of DWKLP. The value of RPMFAN accepted by the SLC program is also limited to
single precision. It was found that the tolerance on DWKLP was also required to be relaxed
in order to achieve convergence in this check. This guess and check 1s shown in Table 19 for
the calculation with handle TET=1299K and using a tolerance of 10 on DWKLP. It can be
seen that the minimum value of DWKLP in this case is about 55107 and in fact, is unable to
fall below 107.
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RADIAL INLET DISTORTION PERFORMANCE MODELLING

The 1teration repeatedly attempts to achieve the set tolerance and eventually the program
fails, usually in the form of the guess and check (relaxed to 50 x10”) for FanBta diverging to
infimty.

A series of runs of DirectMap were then performed to find the tolerance that could
achieve program convergence, with the tolerance on DQ30 set at 50x10”° and that for
DWKLP being varied, starting from 5x107 and incrementally increased. Despite being able
to achieve 5x107 tolerance on DWLKLP, the value had to be increased to 50x10° before a
converged overall engine performance point was achieved. Although the LP power
convergence could be achieved with =5x107, the guess of RPMFAN is too restrictive due to
the inability of the fan to resolve in enough detail to match to the core engine flow. The final
simulation convergence tolerances to enable DirectMap to work arc shown in Table 17 with

the two changes for the fan, henceforth to be termed “DatumTol”.

4.7.3.2 Assessment of effect of relaxed convergence tolerances

Having relaxed the constraints on the checks for the guesses of FanBta and RPMFAN, it
was then required to check how much difference they made to converged performance
points. This 1s explained for example for the iteration guess of fan beta and check of FIPC
nlet flow function in Fig. 4.51. At pomnt E, the guess of fan beta gives exactly equal fan core
exit and HPC inlet flow functions. This is in computing terms the difference between two
numbers to the smallest decimal place possible with double precision programming and 1s
not desirable as a fast convergence time is the objective. At the DatumTol (section 4.7.3.1)
convergence tolerance of 107, the performance calculation should give an answer such that
the convergence falls on point A or point B, depending on which direction the guess of
FanBta is moving, directed by the Newton-Raphson solver. Whether the convergence 1s on
A or B, both of which meet the convergence criterion, converged performance calculation
parameters such as thrust, pressure ratio are accurate to an acceptable number of decimal
places. Points C and D represent relaxed the convergence tolerance points running DMTol.
A similar diagram can be drawn for the guess of RPMFAN and check of LP shaft work. This
investigation checks to what extent the differences of relaxed convergence on the guesses for

FanBta and RPMFAN have on the performance.
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CHECK
DQ30
Increasing Decreasing
guess beta guess beta
—__’ ‘—__
Bl T 3 R e S e Feln e sk e~ b v e e e e x s
8 10 L e . (T PR U
0
E GUESS
FanBta

Fig. 4.51 Relaxation of constraints on guess of FanBta, check DQ30.

As DirectMap 1s unable to converge at the smallest tolerances, the only way to check the
effect of different tolerances 1s with the fan models that use conventional fan characteristic
nterpolation where the double precision variables could be used throughout the simulation.
Therefore, both WholeMap and ZonalMap were used to investigate the differences. A
strategy was devised to compute some points in sequence (decreasing TE'T) and then to
compute the same TET points in the opposite increasing direction. The same geometry
engine was used for all runs (DM scaling factors, Table 7). The following are the findings:
® WholeMap DatumTol tolerance checks. Fig. 4.52 shows a performance plot and Fig.

4.54 to Fig. 4.57 are compressor working line graphs representing a sequence of

performance points of decrease from 1300 to 1250K and then increase of TET from

1250 to 1300K in one run using (DatumTol). As expected, the converged points are the

same regardless of differences in the starting guesses to achieve convergence caused by

the calculation sequence. The only point showing differences is for TET = 1290K,

(21719.48 rpm, 16.179 kg/s). As this is the only point not matching, it is possible that

there 1s a sudden change in the 2D fan characteristic data at this point (not apparent from

the 1D maps). These graphs confirm that the DatumTol set of tolerances is correctly
giving converged performance points. This is backed up by a comparison of selected

points in Table 20, showing negligible difference between the parameters displayed.
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e WholeMap DMTol tolerance checks. Fig. 4.53 shows thrust vs. TT{T. Fig. 4.58 to Fig.
4.61 are compressor working line graphs. These graphs are the equivalent of the graphs
described above, but for the DMTol case. Clearly, the relaxed tolerance causes a mismatch
for each handle of TET when different starting guesses are used to compute the points.
This is especially noticeable for example from Fig. 4.59, pressure ratio vs. rotational
speed, in the region 21650 — 21850 rpm (=99.9% design speed). ‘The equivalent
comparison of DatumTol is also tabulated for DMTol in Table 20. The differences in
converged points are up to 0.4% for thrust, 0.2% for speed, 0.3% for pressurc ratio, 0.1%
for efficiency and .0.25% for mass flow. This 1s for the more extremely mismatched
points.

¢ Concluding that DatumTol is sufficiently stringent for reproducible results, the two
different tolerances are now compared to see how far away DMTol is from the datum.
Only the runs with descending TET are considered here. Fig. 4.62 1s Thrust vs. TET, the
differences are very small. Fig. 4.63 to Fig. 4.66 are the working hne comparisons. It can
be seen that although there are differences, all points fall on the same working line.
Selected points are tabulated in Table 21. Generally, the differences are 0.2% for thrust,
0.1% for speed, 0.15% for pressure ratio, 0.05% for efficiency and 0.1% for mass flow. It
is concluded that while not accurate enough for a normal simulation program, any
converged points run with DMTol convergence tolerances still give a reasonable
indication close to the real answer. Therefore, the calculations with DMTol using
DirectMap will give valid comparisons of the engine performance keeping in mind the
likely deviations from the answer that would have been obtained with more stringent
tolerances. Therefore, it is recommended that all results from DirectMap calculations be

compared to the equivalent WholeMap model calculation with DatumTol.
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WholeMap: Thrust vs. TET, DatumTol tolerance, decreasing and increasing TET
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Fig. 4.52 Enginel thrust vs. TET calculated using WholeMap fan model with undistorted
let flow at DatumTol tolerance level, run with decreasing and increasing TET.

WholeMap: Thrust vs. TET, DMTol tolerance, decreasing and increasing TET
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Fig. 4.53 Enginel thrust vs. TET calculated using WholeMap fan model with undistorted
inlet flow at DMTol tolerance level, run with decreasing and increasing TET
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WholeMap: pressure ratio vs. mass flow, DatumTol tolerance, decreasing and increasing TET
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Fig. 4.54 Enginel working line, pressure ratio vs. mass flow, calculated using WholeMap
fan model with undistorted inlet flow at DatumTol tolerance level, run with decreasing and

increasing TET.

WholeMap: pressure ratio vs. speed, DatumTol tolerance, decreasing and increasing TET
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Fig. 4.55 Enginel working line, pressure ratio vs. speed, calculated using WholeMap fan
model with undistorted inlet flow at DatumTol tolerance level, run with decreasing and

increasing 1T
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WholeMap: isentropic efficiency vs. mass flow, DatumTol tolerance, decreasing and increasing
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Fig. 4.56 Enginel working line, isentropic efficiency vs. mass flow, calculated using
WholeMap fan model with undistorted inlet flow at DatumTol tolerance level, run with
decreasing and increasing TTT.

WholeMap: Efficiency vs. speed at DatumTol and DMTol tolerances, increasing and decreasing
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Fig. 4.57 Enginel working line, 1sentropic efficiency vs. speed, calculated using WholeMap
fan model with undistorted inlet flow at DatumT'ol tolerance level, run with decreasing and
increasing TET.
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WholeMap: pressure ratio vs. mass flow, DMTol tolerance, decreasing and increasing TET
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Fig. 4.58 Enginel working line, pressure ratio vs. mass flow, calculated using WholeMap
fan model with undistorted inlet flow at DMTol tolerance level, run with decreasing and
increasing TET.

Pressure ratio

Fig. 459 Enginel working line, pressure ratio vs. speed,

WholeMap: pressure ratio vs. speed, DMTol tolerance, decreasing and increasing TET
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WholeMap: isentropic efficiency vs. mass flow, DM_Tol tolerance, decreasing and increasing TET
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Fig. 4.60 Enginel working line, sentropic efficiency vs. mass flow, calculated using
WholeMap fan model with undistorted inlet flow at DMTol tolerance level, run with
decreasing and increasing TET.

WholeMap: Efficiency vs. speed, DMTol tolerance, increasing and decreasing TET
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Fig. 4.61 Enginel working line, 1sentropic efficiency vs. speed, calculated using WholeMap
fan model with undistorted inlet flow at DMTol tolerance level, run with decreasing and
increasing TET.
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— e
WM_DMTol

WM_DatumTol | WM_DatumTo WM_DMTol
Selected point decreasing. | increasing decreasing. |increasing TET
TET TET TET ] |
TET (K) 1292 1292 129240 " 1292
Thrust Abs (N) 7478.893474 | 7478.843949 7489.996653 7462.348064
Diff (%) -0.001% -0.369%
RPMFAN Abs (rpm) 21779.0225 | 21778.88918 21793.40044 21758.02773
Diff (%) -0.001% -0.162%
RFAN Abs 4.34656789 | 4.346535885 4.350640416 4.340694488
_|Diff (%) -0.001% : -0.297%
ETAFan Abs | 0.86083921 | 0.860842073 0.860561401 0.861274774
Diff (%) 0.000% 0.083%
WEAN Abs (kg/s) 16.24528727 | 16.24513147 16.26172704 16.22166101
Diff (%) -0.001% -0.246%
TET (K) 1275 1275 1275 1275
Thos Abs (N) 7122.333342 | 7122.322958 7127.885345 7127.496657
Diff (%) 0.000% -0.005%
RPMFAN Abs (rpm) 21358.23709 | 21358.27176 21364.96261 21364.4324
Diff (%) - 0.000% g -0.002%
REAN Abs 4227666738 | 4.227677079 4.22998125 4.229820613
Diff (%) 0.000% -0.005%
ETAFan Abs 0.871664482 | 0.871663363 0.871460063 | 0.871476923
Diff (%) 0.000% 0.002%
WEAN Abs (kg/s) 15.790108 | 15.79014416 15.79684216 15.79628856
Diff (%) 0.000% -0.004%
TET 1257 1257 1257 1257
Thrust Abs (N) 6796.598779 | 6796.598676 6796.962952 6792.133741
Diff (%) 0.000% -0.071%
RPMEAN Abs (rpm) 20996.24229 | 20996.23118 21000.10746 | 20994.25954
Diff (%) 0.000% ~ -0.028% |
REAN Abs 4111910245 | 4.111905148 4.112139882 4.109937398
Diff (%) 0.000% -0.071%
ETAFan Abs 0.880055169 0.88005532 0.879945433 0.880042499
Diff (%) 0.000% 0.011%
WEAN Abs (kg/s) 15.37359788 | 15.37358603 15.37937196 1537.263%
Diff (%) 0.000% -0.044%

Table 20 Turbofan engine performance with undistorted inlet WholeMap fan model:
comparison of selected points with different starting guesses using DatumTol and DMTol
convergence tolerances.
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" WM_DatumTol WM_DMTol
Selectes polnt decreasing. TET | decreasing TET
TET (K) 1292 1292
Abs (N) 7478.893474 7489.996653
Thrust
Diff (%) 0.148%
1779.022 21793.40044
RPMFAN Abs (rpm) 21779.0225 121793.400
Diff (%) 0.066%
4. 7 4. 41
RFAN Abs 34656789 350640416
Diff (%) 0.122%
ETAFan Abs 0.86083921 0.860561401
L Diff (%) - -0.032%
WEAN Abs (kg/s) 16.24528727 16.26172704
Diff (%) 0.101%
TEV. (K) 1275 1275
Abs (N) 7122.333342 7127.885345
Thrust
Diff (%) 0.078%
A A .
RPMEAN bs (rpm) 21358.23709 |  21364.96261
Diff (%) 0.031%
3 4.
RFAN Abs 4.227666738 22998125
Diff (%) 0.072%
A - ;
ETAFan bs 0.871664482 0.871460063
Diff (%) - -0.023%
; 15.7
WEAN Abs (kg/s) 15.790108 5.79684216
Diff (%) 0.043%
TET 1257 1257
Abs (N) 6796.598779 6796.962952
Thrust
Diff (%) 0.005%
A ! X
RPMEAN bs (rpm) 20996.24229 21000.10746
Diff (%) o 0.018%
REAN Abs 4.111910245 4.112139882
Diff (%) 0.007%
A ; 2
ETAFan bs 0.880055169 0.879945433
Diff (%) -0.012%
WFAN Abs (kg/s) 15.37359788 15.37937196
Diff (%) 0.038%

Table 21 Turbofan engine performance with undistorted inlet WholeMap fan model:
comparison of sclected points using DatumTol and DMTol convergence tolerances.
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WholeMap: thrust vs. TET, DatumTol and DMTol tolerances, decreasing TET
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Fig. 4.62 Enginel thrust vs. TET calculated using WholeMap fan model with undistorted
inlet flow at DatumT'ol and DMTol tolerance levels, run with decreasing TT1T.

WholeMap: pressure ratio vs. mass flow, DatumTol and DMTol tolerances, decreasing TET
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Fig. 4.63 Enginel working line, pressure ratio vs. mass flow, calculated using WholeMap
fan model with undistorted inlet flow at DatumTol and DMTol tolerance levels, run with
decreasing TET.

167



RADIAL INLET DISTORTION PERFORMANCE MODELLING

WholeMap: pressure ratio vs. speed, DatumTol and DM_Tol tolerances, decreasing TET
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Fig. 4.64 Enginel working line, pressure ratio vs. speed, calculated using WholeMap fan
model with undistorted inlet flow at DatumTol and DMTol tolerance levels, run with

decreasing TET.

WholeMap: isentropic efficiency vs. mass flow, DatumTol and DM _Tol tolerances, decreasing TET

0885 —— — — — 1
]
* o xa I
|
088 Xl 4
&x \
x oy i
LE S ‘\
0.875 5‘ i
x |
& 4 WM_DatumTol_dec TET ;‘
oy %‘4 i |
-] k& |
3 087 o x WM_DMTol_dec TET e
= o 1
w 7o \
» |
I ‘

0865 PX o
A A |
Xx
x |
B |
0.86 ¥ xxaa 1
ﬁ
1
0.855 ]
15.2 15.4 15.6 158 16 16.2 164
Mass flow W20 (kg/s)
Fig. 4.65 Enginel working line, isentropic efficiency vs. mass flow, calculated using

WholeMap fan model with undistorted inlet flow at DatumTol and DMTol tolerance
levels, run with decreasing TET.
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WholeMap: efficiency vs. speed, DatumTol and DMTol tolerances, decreasing TET
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Fig. 4.66 Finginel working line, 1sentropic efficiency vs. speed, calculated using WholeMap
fan model with undistorted inlet flow at DatumTol and DMTol tolerance levels, run with
decreasing TET.

ZonalMap comparisons. With ZonalMap, there 1s the added complication of shifts in
operating points due to interpolation from zones of different speed lines, as shown in
section 4.7.1.3. What this means s that the calculation of one operating point for example
as a single point or as one of a sequence of pomts will differ in a small way depending on
the starting guesses for each. These will influence what speed lines go into forming the 2-
speed line zone for the converged fan guess and check. This effect is not apparent in
WholeMap as the speed lines are fixed, so that any point on the map is always lincarly

nterpolated from the two fixed nearest speed lines.

Different zone comparisons in section 4.7.1.3 recommended having very close speed lines
to the guessed speed. However, runs of ZonalMap1 (with £0.5% speed lines), and up to
ZonalMap6 (with £1.0% speed lines) found that it could occasionally fail with the check
of DQ30 for FanBta going to infinity and took several magnitudes of time longer than
with WholeMap to converge. The problem was identified as follows. When using a very
narrow zone, the guess of speed regularly falls outside the zone and a new one is then
created. However, FanBta carried over from the previous zone will not be related to the
FanBta in the new zone as each new pair of speed line zones s freshly reapplied with beta

lines. The Newton-Raphson solver will adjust the next guess on account of the differences
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in DQ30 from the previous check (from a different map) and so occasionally, when there
are several rapid zone changes in succession, if the change is not smooth, the next guesses
could go to infinity. A fix could be devised for this by breaking the check link from the
previous one during a zone change. However, it was found that the problem did not
occur with larger zones, e.g. ZM10 with £1.5% speed lines, where it is concluded that the
zone is large enough to contain the variation in speed guesses cach time a zone 1s

changed.

The effect of the moving zones means that is exacerbated by this version of the program
that truncates the speed lines to avoid stall and choke regions as described 1n scction
4.7.1.3. Different length speed lines in the zone will distort the flow profiles at the
interpolated operating point. Fig. 4.67 shows the thrust vs. TET plot for Enginel with
ZonalMap10 (ZM10) fan model using DatumTol tolerance, and Fig. 4.69 to Fig. 4.72 are
the fan working line graphs. From Table 22, the varation is 0.03% for thrust, 0.03% for
speed, 0.03% for pressure ratio, 0.02% for efficiency and 0.025% for flow. These are still
well within the variation found for the relaxation of the constraints. For completeness, the
DMTol runs with ZM10 are shown, thrust in Fig. 4.68 and the working line graphs in
Fig. 4.73 to Fig. 4.76. The variations are in Table 22, up to 1.3% for thrust, 0.5% for
speed, 0.9% for pressure ratio, 0.4% for efficiency units and 0.12% for mass flow. These
are as expected higher than the variations with DMTol using WholeMap model, the effect
being the combined effect of the relaxed tolerance and of the use of varying speed lines

plus the truncation of speed lines.

ZonalMap vs. WholeMap. The final check is then to compare the ZonalMap results with
the WholeMap results for the best tolerance case (DatumTol). Thrust is shown in Fig.
4.77, and working line graphs are shown in Fig. 4.78 to Fig. 4.81. Variations are shown in
Table 23, up to 0.8% for thrust, 0.25% for speed, 0.7% for pressure ratio, 0.07% for
efficiency and 0.5% for mass flow. The clearest mismatch is for the efficiency working
lines, Fig. 4.80 and Fig. 4.81. As the varations for DatumTol calculations with
ZonalMap are much smaller, these mismatches can be put down to the effect of more
resolution between speed lines compared to WholeMap and also due to use of truncated

speed lines in this ZonalMap implementation compared to WholeMap.
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® ‘The conclusion of the ZonalMap analysis is that the method should give similar precision
results (with stringent convergence tolerance) to the conventional WholeMap method
since both methods are dependent on interpolation between speed lines. [owever, the
nature of the ZonalMap method means that it is expected for small differences to occur
when arriving at the converged point from different starting guesscs as different map
zones may be used for the final converged iteration. This does not occur in the fixed
speed line WholeMap methods (which would actually be less accurate if there are fewer
speed lincs and a wider gap between speed lines to mterpolate in between). In order to get
ZonalMap to behave in the same way, yet still derive the benefits of quicker convergence
time for the distorted inlet cases, a method could be devised that ZonalMap only be allow
to produce speed lines at pre-selected fixed speeds at the best allowable increment
between speeds. There may however be problems at the interface between speed lines
with the change in beta as zones are changed. A fix here could be to maintain the beta on
the common speed line when switching zones, so that there 1s no discontinuity of beta
between zones. There could be convergence problems with this if the beta lines do not
vary smoothly as a result. An advantage of this is that speed lines could be saved as the
program progresses, but this is only practical in this current implementation of the inlet
distortion program, where the inlet distortion is imposed as an intake model is not
considered. A full implementation would need to regularly change the overall fan
characteristic with the intake involved in the overall iteration scheme producing different

profiles depending on the compressor operating condition and the flight velocity of the
engine.
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ZonalMap (ZM10): thrust vs. TET, DatumTol tolerance, decreasing and increasing TET
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Fig. 4.67 Enginel thrust vs. TET calculated using ZonalMap10 fan model with undistorted
inlet flow at DatumTol tolerance level, run with decreasing and increasing TET.

ZonalMap (ZM10): thrust vs. TET, DMTol tolerance, decreasing and increasing TET
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Fig. 4.68 Enginel thrust vs. TET calculated using ZonalMap10 fan model with undistorted
inlet flow at DMTol tolerance level, run with decreasing and increasing TET.

172



RADIAL INLET DISTORTION PERFORMANCE MODELLING

ZonalMap (ZM10): pressure ratio vs. mass flow, DatumTol tolerance, decreasing and increasing
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Fig. 4.69 Enginel working line, pressure ratio vs. mass flow, calculated using ZonalMap10
fan model with undistorted inlet flow at DatumT'ol tolerance level, run with decreasing and
increasing THT.

ZonalMap (ZM10): pressure ratio vs. speed, DatumTol tolerance, decreasing and increasing TET
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Fig. 470 Enginel working line, pressure ratio vs. rotational speed, calculated using
ZonalMap10 fan model with undistorted inlet flow at DatumTol tolerance level, run with
decreasing and increasing TET.
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ZonalMap (ZM10): efficiency vs. mass flow at DatumTol tolerance, increasing and decreasing TET
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Fig. 4.71 Enginel working line, isentropic efficiency vs. mass flow, calculated using
ZonalMap10 fan model with undistorted inlet flow at DatumTol tolerance level, run with
decreasing and increasing TET.

ZonalMap (ZM10): efficiency vs. speed at DatumTol tolerance, increasing and decreasing TET
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Fig. 4.72 Enginel working line, efficiency vs. mass flow, calculated using ZonalMap10 fan
model with undistorted inlet flow at DatumTol tolerance level, run with decreasing and
increasing TET.
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ZonalMap (ZM10): pressure ratio vs. mass flow, DMTol tolerance, decreasing and increasing TET
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Fig. 4.73 Enginel working line, pressure ratio vs. mass flow, calculated using ZonalMap10
fan model with undistorted inlet flow at DMTol tolerance level, run with decreasing and

increasing TET.

ZonalMap (ZM10): pressure ratio vs. speed, DMTol tolerance, decreasing and increasing TET
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Fig. 4.74 Enginel working line, pressure ratio vs. speed, calculated using ZonalMap10 fan
model with undistorted inlet flow at DMTol tolerance level, run with decreasing and

increasing TET.
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ZonalMap (ZM10): efficiency vs. mass flow at DMTol tolerance, increasing and decreasing TET
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Fig. 475 Enginel working line, sentropic efficiency vs. mass flow, calculated using
ZonalMap10 fan model with undistorted inlet flow at DMTol tolerance level, run with
decreasing and increasing THET.

ZonalMap (ZM10): efficiency vs. speed at DMTol tolerance, increasing and decreasing TET
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Fig. 476 Engnel working line, isentropic efficiency vs. speed, calculated using
ZonalMap10 fan model with undistorted imnlet flow at DMTol tolerance level, run with
decreasing and increasing TET.
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- — ZM1 0 V DMTol 7 iM1 0 7DMTVO¢IWV
Selectedoint  creaing TET nerasing TET | | decreasing. | inereasing |
TET (K) 1292 1292 1202 | 1297
Thrust Abs (N) 7480.971857 7483.019102 7474.081109 7565.99063
Diff (%) 0.027% 1.230%

RPMEAN AP (Pm) 21769.991 |  21775.82899 21771.02908 |  21873.05415
Diff (%) 0.027% 0.469%
RFAN Abs 4.348127264 4.348521891 4.344953642 4.37407653
Diff (%) 0.012% . 0871%

ETAFan Abs 0.861508932 0.861356048 0.861078121 - 0.858382438
Diff (%) -0.018% -0.313%

WFAN Abs (kg/s) 16.24910183 16.25206076 16.23782988 1622.096%
Diff (%) 0.018% -0.104%

TET (K) 1275 1275 1275 1275
Thrust Abs (N) 7133.614673 7135.752067 7129.214039 7134.40698
Diff (%) 0.030% 0.073%

RPMEaN (ADS (PM) | 21364.5236 | 21365.35502 21357.73465 | 21363.71752
o Diff (%) 0.004% | 0.028%
RFAN Abs 4.233036419 4.233956664 4.231313137 4.233782944
Diff (%) 0.028% 0.076%

ETAFan Abs 0.871849661 0.87200649 0.871944347 0.872089795
Diff (%) 0.018% 0.017%
WFAN Abs (kg/s) 15.80772594 15.81144045 15.80078298 1580.613%
Diff (%) 0.023% 0.034%

TET 1257 1257 1257 1257
Thrust Abs (N) 6789.175347 6787.563365 6793.108638 6781.21633
Diff (%) -0.024% -0.175%

RPMEAN Abs (rpm) 20976.65533 20976.04163 20987.64002 20975.80587
Diff (%) -0.003% | 0.056%
REAN Abs 4.108801215 4.108344183 4.110753366 { 4.105787784
Diff (%) -0.015% -0.160%

ETAFan Abs 0.880138746 0.879978841 0.879898018 |  0.879750483
Diff (%) -0.018% -0.017%

WEAN Abs (kg/s) 15.36202173 15.35959926 15.37393572 1535.626%
Diff (%) -0.016% -0.115%

Table 22 Turbofan engine performance with undistorted inlet ZonalMap10 fan model:
comparison of selected points with different starting guesses using DatumTol and DM Tol

convergence tolerances.
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WholeMap/ZonalMap10 comparison: thrust vs. TET, DatumTol tolerance, decreasing TET
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Fig. 4.77 Enginel thrust vs. TET calculated using WholeMap and ZonalMap10 fan models
with undistorted inlet flow at DatumTol tolerance level, run with decreasing TET

WholeMap/ZonalMap10: pressure ratio vs. mass flow, DatumTol tolerance, decreasing TET
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Fig. 4.78 Enginel working line, pressure ratio vs. mass flow, calculated using WholeMap
and ZonalMap10 fan models with undistorted inlet flow at DatumTol tolerance level, run
with decreasing TET.
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WholeMap/ZonalMap10 comparison: pressure ratio vs. speed, DatumTol tolerance, decreasing
TET
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Fig. 479 Engnel working line, pressure ratio vs. rotational speed, calculated using
WholeMap and ZonalMap10 fan models with undistorted inlet flow at DatumTol tolerance
level, run with decreasing TET.

WholeMap/ZonalMap10 comparison: efficiency vs. mass flow, DatumTol tolerance, decreasing

TET
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Fig. 4.80 Enginel working line, isentropic efficency vs. mass flow, calculated using
WholeMap and ZonalMap10 fan models with undistorted inlet flow at DatumTol tolerance
level, run with decreasing TET.
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WholeMap/ZonalMap10 comparison: efficiency vs. speed, DatumTol tolerance, decreasing TET
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Fig. 4.81 Enginel working line, isentropic efficency vs. rotational speed, calculated using
WholeMap and ZonalMap10 fan models with undistorted inlet flow at DatumTol tolerance

level, run with decreasing TE'T.
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'WM_DatumTol |ZM10_DatumTol

WM_DatumTol ZM10_DatumTol

s Ypoint decreasing. TET decreasing TET decreasing. TET decreasing TET
TET  (K) | 1292 | 1292 1285 1285
Thrust Abs (N) 7478.893474 7480.971857 7295.229339 7346.570906

Diff (%) 0.028% 0.704%
] i ! 1610.
RPMFAN |Abs (rpm) L 21779.0225 | 21769.991 21560.53619 21610.70488
Diff (%) -0.041% 0.233%
RFAN Abs 4.34656789 | 4.348127264 4285115803 | 4.305441422
Diff (%) 0.047% 0.619%
Abs 0.86083921 | 0.861508932 0.86571496 0.866138758
ETAFan = e T
. |Diff (%) | 0.078% | 1 0.049% |
WFAN Abs (kg/s) 16.24528727 16.24910183 16.0039291 16.08220449
Diff (%) 0.023% 0.489%
F@" _K) ] 1275 1275 e L
Abs (N) 7122.333342 | 7133.614673
Thrust
Diff (%) 0.158%
‘»
RPMFAN Abs (rpm) | 21358.23709 21364.5236 - N
Diff (%) 0.029%
: ; 19
RFAN Abs 4.227666738 4.2330364
Diff (%) 0.166% e
¢ .871849661
ETAFan Abs *7'T 0.871664482 0.8718496 ]
- Diff (%) | 0.021% . o
WFAN Abs (kg/s) 15.790108 15.80772594
Diff (%) 0.112%
TET | SRk L LR 1257 1257
; 796. U
Thrust Abs (N) 6796.598779 | 6796.598676
Diff (%) 0.000%
A : .65533
RPMFAN l':)s (orpm) T 20996.24229 20976.65 . ]
___|Diff (%) I -0.093% | -
REAN Abs 4111910245 | 4.108801215
Diff (%) -0.100%
ETAFan Abs ~ 0.880055169 0.880138746 i . L
Diff (%) 0.009%
WFAN Abs (kg/s) 15.37359788 1536.202%
Diff (%) -0.075%

Table 23 Turbofan engine performance with undistorted inlet ZonalMap10 fan model:
comparison of selected points using DatumTol and DMTol convergence tolerances.
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4.7.4 Conclusions from program convergence studies with different fan models.

¢ Running the DirectMap program with normal simulation program tolerances resulted in
non-convergence due to the inability of this version of the SLC program to resolve fan
mass flow and rotational speed inputs into sufficient number of significant figures. A
more relaxed set of tolerances for the FanBta and RPMFAN guesses resulted in
convergence.

¢ The relaxed tolerances could be tested on the WholeMap and ZonalMap models to gain
an idea of the effect on engine and fan performance parameters.

¢ Overall, the results with DMTol indicate that the relaxed tolerances cause varations
from the results with the default normal DatumTol tolerance but that the results do not
show extreme outliers in the graphs and that the correct trends in performance
prediction can be captured and analysed, although the inaccuracies should be noted
from the above study. The analysis has also picked up differences in the ZonalMap from
the conventional WholeMap method, which should be addressed in future

implementations (section 5.3).

48 UNIFORM INLET FLOW CASE STUDIES
The results of the simulation of Enginel with the 3 radial inlet pressure distortion models

are now compared.

4.8.1 Fan working lines for engine with three fan models.

Enginel was tested with WholeMap, ZonalMap, and DirectMap fan models using DM
scaling factor set for all, DMTol convergence tolerance for DirectMap, and DatumTol for
the other 2 models. The engine handle is TET. Fig. 4.83 shows the working lines for all
three models plotted on the undistorted WholeMap pressure ratio charactenistic. The use of
the same scaling factors so that the bypass nozzle area, core nozzle areas are the same and
turbine characteristics are the same give the same fan working line, indicating that the
compressor characteristic for each fan model is effectively the same. The convergence
tolerance differences are sufficiently small not to show up as working line changes.

The engine routine was run to 5K increments of TET from 1300K. The differences
between the models are within the limits as described in Section 4.7.3.2. In Fig. 4.83 the
WholeMap working line continues until running up to the beta=1 limit (Fig. 4.20), at 80.2%
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speed at 1090K TET. The ZonalMap10 line reaches only 84.2% speed at 1120K TET and
similarly, DirectMap reaches 85.0% speed at 1120K TET.

The speed lines involved with the latter two fan models are limited in this version of the
program by the truncated speed line calculation of the SLC program. This lowers the beta=1
line in each of these models; at a particular iteration, the guess of beta may go beyond 1 and
stop the program if operating near this beta line (Fig. 4.83). At the high power end, in the
103% speed line region, the speed lines produced by the SLC become shorter in the choke
region relative to lower speeds, and the beta=0 line then limits the working linc.

The efficiency fan working line in Fig. 4.85 shows a deviation in the WholeMap model; a
decrease in the regions around 16kg/s and 13kg/s mass flow. This leads to similar deviations
mn the SFC plot (Fig. 4.87). Examination of sample efficiency profiles in the TET 1150K
region (Fig. 4.95; 12.87 kg/s mass flow) show that the deviations occur in the upper radial
range compared to the closer efficiency profiles of Fig. 4.93, which correspond to where the
three fan models match more closely.

As the rotational speed falls (running the simulation to decreasing TET), the core pressure
falls and less flow passes through the core relative to the bypass duct with the bypass ratio
increasing (Fig. 4.88). Fig. 4.89 shows the inner and outer fan pressure ratios. The outer fan
has generally approx 2.3% lower pressure ratio than the inner fan except towards the higher
speed range where the difference is approximately 0.8%. Fig. 4.90 shows the fan exit total
pressure profiles for the three models at 1300K (=21900rpm) and 1180K (=19520rpm). It
can be seen that going from the higher to lower speed, the fan exit total pressure falls in the
outer fan region relative to the average. This is more clearly indicated in Fig. 4.91 in the
profiles of total pressure normalised to the radial average for each case. The fan bypass split
flow is indicated in this figure, and the range of split radius between the 2 speeds is only
approximately from 47 to 45% radius ratio. This is calculated from the cumulative radial
mass flow profile (Fig. 4.94). The change in split radius increases the fan outer average total
pressure slightly but the overall effect in this fan is the higher fan inner pressure ratio. For
any particular fan, the change in fan inner relative to the outer will depend on the particular
total pressure profiles (ie. designed radial work input and loss profiles) and the mass flow

profiles of each case, the latter being usually uniform.
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Engine1 turbofan simulation, undistorted inlet flow, working lines from WholeMap, ZonalMap10 and
DirectMap fan models
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Fig. 4.83 Enginel fan characteristic, undistorted inlet flow, working lines from WholeMap,
ZonalMap10 and DirectMap models plotted on WholeMap fan characteristic map.

Uniform inlet flow test compressor characteristic computed with SLC program, with beta lines
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Fig. 4.84 Enginel fan isentropic efficiency characteristic, undistorted inlet flow.
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Efficiency

Engine1 turbofan simulation, undistorted inlet flow, WholeMap, ZonalMap10 and DirectMap fan
ditps models, isentropic efficiency vs. mass flow
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Fig. 4.85 Enginel fan working line: isentropic efficiency vs. mass flow for 3 fan models with
undistorted fan inlet flow.

Thrust (N)

Engine1 turbofan simulation, undistorted inlet flow, WholeMap, ZonalMap10 and DirectMap fan
models, net thrust vs. TET
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Fig. 4.86 Enginel performance simulation: thrust vs. TET flow for 3 fan models with
undistorted fan inlet flow.
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Engine1 turbofan simulation, undistorted inlet flow, WholeMap, ZonalMap10 and DirectMap fan
models, SFC vs. TET
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Iig. 4.87 Enginel performance simulation: SFC vs. TET flow for 3 fan models with
undistorted fan inlet flow.

Enginel turbofan simulation, undistorted inlet flow, WholeMap, ZonalMap10 and DirectMap fan
models, bypass ratio vs. mass flow
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Engine1 turbofan simulation, undistorted inlet flow, WholeMap, ZonalMap10 and DirectMap fan
models, pressure ratio vs. rotational speed
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Fig. 4.89 Enginel performance simulation: Pressure ratio vs. rotational speed for core
(inner) and bypass (outer) fan of 3 fan models with undistorted fan inlet flow.

The fan exit total temperature profiles (Fig. 4.92) show higher temperature regions in the
hub and tip regions relative to the average, as would be expected from increased turning of
lower axial velocity flow in the hub, increased work due to higher blade speed in the tip
regions and also due to increased losses in both these regions, as shown by the efficiency
profiles (Fig. 4.93). The overall fan efficiency nses with reducing speed in this engine as
shown by the efficiency working line (Iig. 4.85) which peaks at approximately 13 kg/s mass
flow (=19200rpm). This is probably due to reduced shock losses.

4.8.2 WholeMap undistorted inlet flow

As described in section 4.8.1, the WholeMap simulation suffers from a discrepancy in the
region around 12.7 to 13.5 kg/s mass flow shown for example by differences in the
isentropic efficiency profile calculation compared to WholeMap and DirectMap. This 1s
caused by the interpolation between the shorter 85% speed line and the much longer
neighbouring 90% speed line in the fan characteristic (Fig. 4.83). It would have helped to
have put in more speed lines between these two speeds although it is normal to have a
limited number of speed lines in current methods because of the cost of testing. Had time
permitted, a study could be carried out to trim the higher mass flow end of the 90% speed

line and then check the effect on the profiles.
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"The WholeMap model gives by far the most rapid calculations once the map has been
computed. Full implementation of the model will require iteration of the inlet profile and
therefore, computation of the full map is not likely to be done or a strategy devised to

interpolate between pre-calculated maps with fixed inlet profiles.

Undistorted inlet flow, fan exit total pressure profiles at selected TET, WholeMap, ZonalMap10 and
DirectMap fan models
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Fig. 4.90 Undistorted inlet flow, engine simulation fan exit total pressure profiles at 1300K,
180K TET for WholeMap, ZonalMap10 and DirectMap fan models with indicated radial
split position for bypass flow.

Undistorted inlet flow, fan exit total pressure profiles relative to average at selected TET, WholeMap,
ZonalMap10 and DirectMap fan models
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Fig. 491 Undistorted inlet flow, engine simulation fan exit total pressure profiles

normalised to radial average at 1300K, 1180K TET for WholeMap, ZonalMap10 and
DirectMap fan models with indicated radial split position for bypass flow.
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Undistorted inlet flow, fan exit total temperature profiles at selected TET, WholeMap, ZonalMap10 and
DirectMap fan models
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Fig. 4.92 Undistorted inlet flow, engine simulation fan exit total temperature profiles at

1300K, 1180K TET for WholeMap, ZonalMap10 and DirectMap fan models.

Undistorted inlet flow, fan exit isentropic efficiency profiles at selected TET, WholeMap, ZonalMap10 and
DirectMap fan models
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Fig. 493 Undistorted inlet flow, engine simulation fan isentropic cfficiency profiles at
1300K, 1180K TET for WholeMap, ZonalMap10 and DirectMap fan models.
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Undistorted inlet flow, fan exit total mass flow profiles at selected TET, WholeMap, ZonalMap10 and
DirectMap fan models
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[ig. 4.94 Undistorted inlet flow, engine simulation fan exit total mass flow profiles at
300K, 1180K TET for WholeMap, ZonalMapl0 and DirectMap fan models with
indicated radial split position for bypass flow.

Undistorted inlet flow, fan exit isentropic efficiency profiles at TET=1150K, WholeMap, ZonalMap10 and
DirectMap fan models
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Fig. 495 Undistorted inlet flow, engine simulation fan isentropic efficiency profiles at

1150K

4.8.3

TET for WholeMap, ZonalMap10 and DirectMap fan models.

ZonalMap

ZonalMap results are generally the same as the WholeMap conventional 2D-fan method

in terms of the working line results and the 2D-profiles. The results do not show the profile

distortions shown by WholeMap in the regions described in section 4.8.2. Therefore,
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although it has differences depending on which two speed lines are used in the zone, these
are smaller than the differences caused by using different length speed lines that result in
WholeMap from the SLC program.

4.8.4 DirectMap

DirectMap calculations give generally the same results as WholeMap and ZonalMap
within the accuracy loss caused by the relaxed convergence limits. There is confidence in the
future fully implemented method having the best accuracy of the three methods. It is felt that
the artificial stall checker that has not been tested yet would have extended the working line

calculation by allowing use of the full speed lines, also true of ZonalMap.

4.9 DISTORTED INLET CASE STUDIES

4.9.1 Cases of inlet distortions
The cases of tested distortions in Fig. 4.82 were designed as follows.

(0  The streamline curvature code was run for the nominally selected design point and
speed with undistorted uniform inlet flow and the static pressure profile obtained at
the inlet. The choice of inlet profile was purely arbitrary, and a loss of total pressure at
any point along the inlet radius can be regarded simply as a loss of dynamic pressure
(total — static pressure) with respect to the undistorted inlet flow. Loss of the
undistorted inlet dynamic pressure profile therefore sets a realistic limit for distortion.

(@)  The mnlet static pressure profile from the converged undistorted SLC result will refer to
different radii (where the converged streamtubes have equal mass flow) compared to
the input inlet total pressure profile input into the SLC code (which is set at 10%
increments of radius ratio from blade hub to tip). The loss of the undistorted design
point dynamic pressure is purely used only to design aribitrary inlet total pressure
profiles.

(u) Percentage loss of the undistorted inlet dynamic pressure (Table 25) was arbitrarily

' adjusted to obtain the different cases of inlet distortion as shown in Table 24 and Fig.
4.82

(tv) A limitation is that the inlet distortion is applied at the first dummy blade row and not

at IGV face. Although there is no work is applied in the dummy rows, the profile is

not the same shape in the two locations as the area 1s very different, (Fig. 4.4).
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Radial

station 1 2 3 4 5 6 7 8 9 10 11
Radius (m) | 0.005/ 0.030, 0.055| 0.080| 0.104{ 0.129| 0.154| 0.179 0.204, 0.229 0.254
TipDist1 0 0 0 0 0 0 10 15 20 30 97
HubDist1 97 30 20 15 10 0 0 0 0 o0 0O
TipHubDist1 97, 30 20 15 10 o 10 15 20 30 97
TipDist2 0 5 10 20 30 40 50 60 75 87 95

Table 25 Arbitrary percentage loss of fan inlet dynamic pressure of undistorted design
point casc to create inlet distortion cases.

4.9.2 Comparison of 3 fan models

Fig. 4.96 comparces the converged fan exit total pressure profiles for all 3 fan models with
undsstorted mlet flow and TipDist1 case of inlet distortion run at 1300K and 1220K T Ts.
The 3 fan models give the same shape profile, and this s also true of other parameters such

as total temperature and efficiency. The result 1s repeated for the other distortion cases tested.

Fan exit radial total pressure profiles at selected TETs, undistorted and tip-distorted1 inlet total
pressure profile cases, WholeMap, ZonalMap10 and DirectMap fan models
460000 e S S

=
% - WM_Undist ‘
g 420000 —*—2ZM10_Undist ||
o —a— DM_Undist
Q. 410000 4
s - WM_TipDist1
(=] e kS H H
= 400000 4 = - ZM10_TipDist1

| -~ & DM _TipDist1

Radius ratio (%)

Fig. 4.96 Fan exit radial total pressure profiles: comparison of TipDist1 inlet distortion with
undistorted inlet flow for 3 fan models.

The vanability between the 3 fan models is greater at higher power settings, for example,
n Fig. 4.96, for TET=1300K the maximum spread in fan exit total pressure at a radis 1s
0.2% of the average value, compared to only 0.1% at 1220K despite the lower level of

pressure.
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The 3 fan models all give the same pattern when run with a particular inlet distortion casc.
"The fan exit total pressure profile for TipDist1 for ZonalMap in Fig. 4.97 is replicated by the
other 2 fan models. For simplicity, the presentation of results will therefore not show all 3
models cach time. As the engine thrust is decreased, the increase in bypass ratio 1s reflected
by a change in the fan exit flow split radius, from approximately 47.8% radius ratio to 45.4%
for the undistorted case (the mass flow at these thrusts are different). The flow split radu for
the distorted flow cases do not vary much from the undistorted case when the engine 1s run
to a TE'T; within 2 0.5 to 1% radius ratio spread (higher for higher power setting), although

the trends are fairly repeatable.

4.9.3 Tip-distorted case 1 (TipDistl)

This inlet distortion averages to a 0.6% loss of total pressure compared to the undistorted
case. Fig. 4.97 shows the fan exit total pressure profiles for the 4 mlet distorted cases
compared to the undistorted case at 1300K and 1220K (approximately 100% and 89% fan

speed respectively).

Fan exit total pressure profiles at selected TET, ZonalMap10 fan model, 5 cases of inlet flow

pressure profile
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Fig. 4.97 Fan exit radial total pressure for enginel at 1300K and 1220K TET, for 5 cases of
inlet total pressure profiles, ZonalMap10 fan model.

The inlet tip distortion is fairly unattenuated passing through the 3 fan stages. The radial

pressure ratio profile of this fan s fairly flat as indicated by the undistorted fan exit profile. A
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fan with a higher tip pressure ratio would attenuate a tip distorted profile, (c.g Tamak: and

Nagano, 1979, see section 2.4.2).

Fan exit radial total temperature profiles at selected TET, DirectMap fan model, 5 cases of inlet
flow pressure profile
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Fig. 4.98 Fan exit radial total temperature for enginel at 1300K and 1220K TET, for 5
cases of inlet total pressure profiles, DirectMap fan model.

Fan radial isentropic efficiency profiles at selected TET, DirectMap fan model, 5 cases of inlet
flow pressure profile
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Fig. 4.99 Fan radial sentropic efficiency profiles for enginel at 1300K and 1220K TET, for
5 cases of inlet total pressure profiles, DirectMap fan model.
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Fan model | "H00 Tizphg::ﬂ Ti?g:;z il Tipfm:)?)ist

TET 1300K 1300K 1300K 1300K 1300K
b Abs (Pa) 101325 [ 1007542 | 997039 | 1012137 | 100642.9
Diff (%) | 056% |  160%| -011%|  -0.67%

Thrast Abs (N) 7597.0 | 7524.6| 7402.9| 75869 | 7518.6
Diff (%) -0.953% | -2.555% | -0.133% | -1.033%

AENEAN Abs (rpm 21919.3 | 21900.7 | 21884.1 | 21920.3 | 21904.6
Diff (%) S -0.085% | -0.160% | 0.005% | -0.067%

BERR Abs 4384 4.378 4.373 4.384 4.381
Diff (%) | -0174%| -0.311%| 0.011% | -0.103%

ETAFan Abs __08565| 08568| 08577| 0.8568| 0.8572
Diff (%) | 0033%| 0146% | 0.042% | 0.082%

Wos Abs (kg/s 16.3805 | 16.2721 | 16.0877 | 16.3653 | 16.2627
Diff (%) S | -0.662% | -1.788% | -0.093% | -0.719%

S Abs 1.20015 1.2002 1.1996 1.2003 1.1999
Diff (%) T | 0004% | -0.047% | 0.015% | -0.018%

Weore 73958 |  7.3140| 7.4377|  7.3924
-0.664% | -1.763% | -0.101% | -0.709%

b 8.8764 | 87738 | 89276 | 8.8704
-0.660% | -1.808% | -0.086% | -0.727%

i 4.3911 43892 | 43974 |  4.3942
-0.191% |  -0.248% | -0.007% | -0.101%

B byiass 43673 | 43604 | 43736 | 4.3692
Diff (%) -0.160% | -0.365% |  0.025% | -0.105%

R_core/bypass | Diff (%) -070% | -0.85% | -0.70% | -0.74%
Plcire | 4455857 | 442421.6 | 4376175 | 445072.3 | 442240.1
Diff (%) ] 0.710% | -1.788% | -0.115% | -0.751%

B bvnehe 440028.7 | 434750.5 | 442666.5 | 439727.7
E -0.686% | -1.877% | -0.090% | -0.754%

Fuel 01248 | 0.1235| 0.1255|  0.1247
-0.620% | -1.648% | -0.086% | -0.663%

Seo | 16.584 |  16.683 16.536 16.590
Diff (%) 0.336% | 0.931% | 0.047% | 0.373%

Table 26 Comparison of engine parameters for simulation of Enginel at 1300K TET with
undistorted and 4 inlet distortion pressure profiles, ZonalMap10 fan model.

The fan exit total temperature profiles for all the distortion cases are shown in Fig. 4.98.

The profile for TipDistl is almost the same as the undistorted profile, within 0.5K at cach

radius. The efficiency profile is similarly nearly identical as shown in Fig. 4.99. These

findings are checked using the standalone SLC code, inputting the converged values of

rotational speed and mass flow and the radial inlet conditions for each distortion. The results

confirmed the true simulation of the SI.C code within each fan model in the simulation code.
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ZM10 ZM10 ZM10 ZM10 ZM10

Fanmodel |\ dist | TipDist! | TipDist2 | HubDist |TipHubDist

TET 1220K 1220K 1220K 1220K 1220K
P20 Abs (Pa) 101325 | 100754.2 | 997039 | 101213.7 | 100642.9
Diff (%) ke | -056% -1.60% -0.11% -0.67%

Thrust Abs (N) 6155.2 6085.6 5960.8 6141.2 6075.3
Diff (%) [ 1131% | -3.158% | -0.227% |  -1.298%

RPM Abs (rpm) | 20296.9 | 20267.7 | 20219.9 | 202885 | 20267.2
Diff (%) | 0144% | -0.379% | -0.041% | -0.146%

RFAN Abs ___3.865 3.855 3.837 3.863 3.855
Diff (%) | -0260% | -0.717% | -0.056% | -0.265%

ETAFan Abs 0.8918 0.8918 0.8921 0.8918 0.8921
Diff (%) e 0.007% 0.037% 0.004% 0.035%

W20 Abs (kg/s) 145260 |  14.4135| 14.2068 |  14.5035 14.3971
Diff (%) 5 | 0774% | -2197% | -0.155% | -0.887%

BPR Abs 1.252626 1.2521 1.2531 1.2526 1.2520
Diff (%) R -0.042% 0.039% | -0.001% | -0.049%

Woore Abs (kg/s) 6.4485 6.4000 6.3054 6.4385 6.3930
Diff (%) -0.751% | -2.218% | -0.154% | -0.861%

Whypsns Abs (kg/s 8.0775 8.0135 7.9014 8.0650 8.0041
Diff (%) -0.793% | -2.180% | -0.155% | -0.909%

R cote Abs 3.8976 3.8882 3.8695 3.8954 3.8884
Diff (%) | -0.327% | -0.972% | -0.077% | -0.319%

. bviass Abs 3.8390 3.8285 3.8116 3.8368 3.8279
Diff (%) -0.369% | -0.963% | -0.076% | -0.390%

R_core/bypass | Diff (%) -2.02% -2.07% -2.02% -2.02% -2.09%
B core | 394920.4 | 391749.1 | 385802.7 | 394270.9 | 391340.1
-0.805% | -2.311% | -0.167% | -0.909%

7 Biomas 385736.7 | 380034.6 | 388339.1 | 385251.6
-0.835% | -2.301% | -0.166% | -0.960%

Fuel 0.0991 0.0978 0.0997 0.0990
-0.682% | -1.982% | -0.141% | -0.786%

SFC 16.292 16.415 16.232 16.302
Diff (%) 0.453% 1.214% 0.086% 0.519%

"Table 27 Comparison of engine parameters for simulation of Iinginel at 1220K TE'T with
undistorted and 4 inlet distortion pressure profiles, ZonalMap10 fan model.

The following simplified analysis 1s made with reference to Table 26 and Table 27. With

the HPT nozzle guide vanes choked, the flow function (\X/\/T/ P), there 1s effectively

constant. The handle being TET fixes T, the W and P at combustor exit must change to

satisfy the choking flow function. With the HPT temperature ratio and pressure ratio

cffectively constant because of operating between choked nozzles, and efficiency not varying

much with small speed changes, the HPC non-dimensional operating condition will change

only a small amount. Therefore, the fan determines the W and P arising at the HP'T' inlet.
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‘The fan must rematch at a speed that gives the required lower W and P to maintain choking
at HPT inlet. This occurs at a lower rotational speed and the fan efficiency only slightly
higher. Both inner and outer fan pressure ratios fall because of the lower speed. Fan outer
exit pressures fall because of both the lower speed and the unattenuated tip distortion. Both
the lower pressure levels and the lower mass flow lead to a decrease in thrust. Fuel flow
decreases because of the decrease in mass flow, but the thrust falls faster and leads to an
increase in SFC.

The fan efficiency characteristic for distorted flow can be seen in part for 95% and 100%
design speeds in Fig. 4.100. The corresponding pressure ratio characteristic is shown in Fig.
4.101. Efficiency falls at a fixed mass flow in the right hand region of the speed linc with the
TipDist1 distortion applied to the inlet. For a fixed efficiency and speed, the fan passes about
3% less flow. The fan is operating near the optimum efficiency region of the cfficiency lincs
where the change at a mass flow is smallest (merged efficiency lines), as shown by the
working lines. As speed falls along the working line in the 90-100% region of the
characteristic (also see Fig. 4.84), the efficiency rises, but the effect of the TipDistl
distortion effectively negates this in the region of the working line. This explains the small
changes in the converged fan efficiency profiles with the distortion.

The pressure ratio characteristic does change in the working line region with pressure ratio
falling approximately 4% at a fixed mass flow and speed, and mass flow drops about 0.6% at

a fixed pressure ratio and speed.

4.9.4 Tip-distorted case 2 (TipDist2)

This is a much larger inlet distortion (Fig. 4.82) averaging to 1.6% decrease in total
pressure compared to the undistorted case. Referring to Fig. 4.101 and Fig. 4.100, the effect
on the characteristic is larger at a fixed speed and mass flow. As for TipDist1, the inlet total
pressure profile distortion carries through to the fan exit (Fig. 4.97). This observation is
different from observations from circumferential distortion (Mazzawy, 1977), where low
pressure inlet sectors operate in the lower flow region of the undistorted compressor map at
higher pressure ratio. With circumferential distortion, the blades act to separate the low
pressure sector from the higher pressure sector (in the 2 compressors in parallel model). The
axial gaps between blade rows are too small to allow redistribution of flow (Mazzawy, 1977).
With radial distortion, there is no structure to prevent radial redistribution of the flow.
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Test compressor, SLC computed isentropic efficiency for 5 inlet flow pressure profile
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Fig. 4.100 Efficiency characteristics for Enginel fan with 5 inlet flow profile cases
computed by SLC program, working lines from 3 distortion cases.

Pressure ratio

Test compressor, SLC computed isentropic efficiency for 5 inlet flow pressure profile cases
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Iig. 4.101 Pressure ratio characteristics for Enginel fan with 5 inlet flow profile cases
computed by SLC program, working lines from 3 distortion cases.

The fan rematches at a lower rotational speed and at a lower mass flow in order to achieve

the overall conditions for the choking HPT nozzles at the TET setting. Again, the lower

efficiency at a flow due to distortion offsets the increased efficiency at the lower speed and

the working line region 1s in the region of the efficiency line at which all the distorted lines

merge (Fig. 4.101). The net effect 1s only a small increase in efficiency from the undistorted
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flow (Fig. 4.99). At the higher distortion levels, the SLC program becomes morc unstable at
the stall region of the speed lines, as shown by stopping of calculation of low mass flows of
the 100% speed line. This is unpredictable as closely adjacent speeds may not experience this
computational instability. Percentage performance changes from undistorted flow are larger

at the lower TET setting,

4.9.5 Hub-distorted case (HubDist)

The hub distortion is very small, representing only an averaged 0.1% decreasc of averaged
inlet total pressure. It was devised to investigate the effect of a similar distortion to TipDist1
in radial length magnitude at the hub (using a simplistic assumption of distortions having
same thicknesses at the walls). The depressed pressure region acts over a smaller area at the
hub than TipDist1 given the same radial length.

The resulting converged outlet pressure profile (Fig. 4.97) matches the undistorted flow
profile except at the hub-distorted region. The outlet total temperature and isentropic
efficiency profiles (Fig. 4.98 and Fig. 4.99 respectively) show rematching of the fan to
produce almost no change in profiles. The HubDist efficiency characteristic is the same as
the undistorted efficiency characteristic (Fig. 4.100) and the pressure ratio charactenstic
shows only a small change (Fig. 4.101).

4.9.6 Tip and hub-distorted case (TipHubDist)

The overall inlet pressure decrease is approximately 0.7%. The profile was designed to
match HubDist inlet profile over the hub and TipDist1 towards the casing. The outlet total
pressure profile (Fig. 4.97) shows the same hub profile as HubDist and the same profile over
the remainder of the span as (TipDist1). The TipHubDist efficiency characteristic is the same
as the TipDistl characteristic (Fig. 4.100). The hub distortion applied has no effect on
efficiency and a small effect on pressure ratio (Fig. 4.101). Consequently, the performance
changes of the engine run to a TET gives virtually the same performance change from
undistorted as the TipDist1 distortion.

4.9.7 Fan rotational speed as engine handle
With the conversion of the engine simulation program to use a Newton-Raphson solver

for shaft power balance, the ability of the current code to use fan speed as the handle is still
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to be re-implemented (section 3.6.1). T'o see the effect of constant fan speed the distorted

cases were run at different TE'T until the undistorted case fan speed was achieved.

From Fig. 4.101, the effect of distortion on the fan characteristic performance when

running the engine at a fixed fan rotational speed is decreased mass flow and pressure ratio.

However, particularly for the larger TipDist2 distortion, the working line is also raised and

the net effect 1s to run at nearly the same pressure ratio as the undistorted casc.

ZM10

ZM10 Zm10 ZmM10 ZM10
Fanmodel |, 4ist | TipDist! | TipDist! | TipDist2 | TipDist2
TET 1300 1300 1301.3 1300 1302.6
P20 Abs (Pa) 101325 | 100754.2 | 1007542 | 997039 | 997039
Diff (%) B -0.56% -0.56% -1.60% -1.60%
Thitist Abs (N 7597.0 | 7524.6 7539.8 7402.9 7433.7
Diff (%) -0.953% | -0.753% | -2.556% | -2.150%
RPM Abs (rpm 219193 | 21900.7 | 219192 | 21884.1| 21919.4
Diff (%) -0.085% |  0.000% | -0.160% |  0.001%
RFAN Abs 4.384 4.378 4.383 4.373 4.384
Diff (%) -0174% | -0.028% | -0.311% | -0.012%
ETAFan Abs 0.8565 0.8568 0.8564 0.8577 0.8567
Diff (%) | 0033%| -0.010%| 0.146% | 0.023%
W20 Abs (kg/s 16.3805 |  16.2721 16.2883 |  16.0877 |  16.1226
Diff (%) -0.662% |  -0.563% | -1.788% | -1.575%
BPR Abs 1.2002 1.2002 1.2002 1.1996 1.1986
Diff (%) 5 | 0.004% | 0.008% | -0.047% | -0.130%
Weore Abs (kg/s 7.4452 7.3958 7.4030 7.3140 7.3331
Diff (%) -0.664% |  -0.567% | -1.763% | -1.505%
Whypass Abs (kg/s 8.9353 8.8764 8.8854 8.7738 8.7894
Diff (%) -0.660% | -0.559% | -1.808% | -1.633%
B sore Abs 4.3976 4.3911 4.3951 4.3892 4.3988
L Diff (%) -0191% | -0.075% | -0.248% | 0.035%
B Binass Abs 4.3727 4.3673 4.3731 4.3604 4.3710
Diff (%) -0.160% | 0.011% | -0.365% | -0.051%
R_core/bypass | Diff (%) -0.73% -0.70% -0.65% -0.85% -0.82%
P sars 4455857 | 4424216 | 442820.2 | 437617.5 | 438576.7
5 B o -0710% | -0621% | -1.788% | -1.573%
P i 440028.7 | 440609.4 | 434750.5 | 435804.8
B | -0686% | -0555% | -1.877% | -1.639%
Fuel 01248 |  0.1251 01235 |  0.1242
Diff (%) -0.620% | -0.351% | -1.648% | -1.093%
SFC Abs (kg/s/MN 16.529 16.584 16.596 16.683 16.707
Diff (%) s 0.336% | 0.405% | 0.931% 1.080%

Table 28 Comparison of performance with undistorted inlet flow (TET 1300K) for 2 tip
distorted inlet flows with engine run at constant TET and at then at constant fan rotational

speed.
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zZm10 ZmM10 ZmM10 ZmM10 ZM10
Fanmodel |, gist | TipDisti | TipDist1 | TipDist2 | TipDist2
TET 1220 1220 | 1221.92 1220 1224.3
P20 Abs (Pa) _101325 | 100754.2 | 100754.2 | 997039 | 997039
Diff (%) o | -056% -0.56% -1.60% -1.60%
Thrust Abs (N 6085.6 6112.2 5960.8 6025.0
Diff (%) i o | -1.131% | -0.698% | -3.158% | -2.114%
RPM Abs (pm) | 202969 | 20267.7 | 20297.0| 202199 | 20296.0
Diff (%) S5 -0.144% | 0.000% | -0.379% | -0.004%
REAN Abs 3865 3.855 3.865 3.837 3.864
Diff (%) e -0.260% 0.006% | -0.717% | -0.031%
ETAFan Abs 08918 08918 0.8914 0.8921 0.8913
Diff (%) | 0007% | -0.041%] 0037% | -0.055%
W20 Abs (kg/s) 145260 | 14.4135| 14.4485| 14.2068 | 14.2976
Diff (%) e 0.774% | -0533% | -2.197% | -1.572%
BPR Abs 1.2526 1.2521 1.2522 1.2531 1.2508
Diff (%) | 0042% | -0037% | 0.039% | -0.149%
Weore Abs (kg/s) | 6.4485 6.4000 6.4118 6.3054 6.3524
Diff (%) | -0.751% |  -0.569% | -2.218% | -1.490%
Whybass Abs (kg/s 8.0775 8.0135 8.0293 7.9014 7.9452
Diff (%) . ; -0.793% | -0.597% | -2.180% | -1.637%
R core Abs 3.8976 3.8882 3.8971 3.8695 3.8967
= Diff (%) -0.327% | -0.019% | -0.972% | -0.031%
B bynaks Abs 3.8390 3.8285 3.8398 3.8116 3.8375
Diff (%) -0.369% |  0.029% | -0.963% | -0.051%
R_core/bypass | Diff (%) -2.02% -2.07% -1.98% -2.02% -2.04%
Kot 3049204 | 3917491 | 3924309 | 385802.7 | 388519.9
b B " -0.805% | -0633%| -2311% | -1.623%
R 385736.7 | 386650.6 | 380034.6 | 382615.7
i i e | -0.835% | -0600%| -2.301% | -1.637%
Fuel 0.0991 0.0996 0.0978 0.0991
-0.682% | -0.199% | -1.982% | -0.772%
SFC 16.292 16.299 16.415 16.440
Diff (%) 0.453% | 0.502% | 1.214% 1.371%

Table 29 Comparison of performance with undistorted inlet flow (TET 1220K) for 2 up
distorted inlet flows with engine run at constant TET and then at constant fan rotational
speed.

Only the tip distortions have been investigated as the hub distortions analysed in sections
4.9.5 and 4.9.6 show very little effect. Overall, at constant fan speed, the distortions result in
running at a higher TET, the difference being higher at lower power settings (Table 28,
Table 29). The effect on performance at a fixed speed is slightly less than for a fixed TET
setting. When controlling to a fan speed, the increase in TET needs to be known in the
design phase when setting the surge margin due to the higher working line and the

uncertainty of the effect of distortion on lowering the surge line. Also, better knowledge will
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help 1n setting the TET limit margins for blade life, as the effect has to be added to other

cffects such as ageing and control tolerances.

4.9.8 Comparison with uniform inlet

The inlet distortion cases tested previously have also been compared to the engine
running with uniform inlet total pressures equivalent to the area averaged total pressures of
the distortion cases. The results are tabulated in Table 30 and Table 31 for 1300K and
1220K TET respectively. The difference in engine performance between the averaged inlet

and the distorted inlet 1s quite small, though larger for the TipDist2 case.

Fan exit total pressure profiles at selected TET, ZonalMap10 fan model, uniform inlet flow at average inlet
total pressure equivalent to distorted cases
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Fig. 4.102 Fan exit total pressure profiles for uniform flow at inlet total pressure equivalent
to arca averaged distorted inlet cases.

The fan exit profiles for the tested cases are shown in Fig. 4.102 with the distorted
TipDist2 profile for comparison. The change in profile for TipDist2 for example from its
undistorted equivalent is appreciable, but makes a fairly small difference on the engine
performance. It s concluded that the major determinant on fan performance in this case is
the underlying fan exit total pressure level. A combination of the underlying pressure ratio
profile (i.e. radial work distribution) and the high pressure ratios of multistage low bypass
fans determine the pressure profile at fan exit. With a low bypass fan, the pressure ratio

profile 1s likely to be fairly flat such that changes due to inlet distortion become a small
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proportion of the exit total pressure. This also means that bypass ratio changes are fairly

small as distortions have a fairly small effect on core and bypass entry total pressures.

mio | zmio | EMIO | Zyyo | ZMIO ZM10 ZM10
Fanmodel | F1LIC, TipDist1 l:::::t TipDist2 ‘::3"3‘ TipHubDist ‘::g::‘
TET 1300 1300 1300 1300 1300 1300 1300
P20 Abs (Pa) 101325 | 100754.2 | 100754.2 99703.9 99703.9 100642.9 | 100642.9
Diff (%) Vet -0.56% -0.56% -1.60% -1.60% -0.67% -0.67%
Thrust Abs (N) 7524.6 7526.1 7402.9 7394.1 7518.6 701321
Diff (%) | -0.953% -0.934% -2.555% -2.671% -1.033% -1.105%
RPM Abs (rpm) 219_1 9.3 21900.7 21901.8 21884 .1 21867.3 21904.6 21901.4
Diff (%) | -0085% | -0.080% | -0.160% | -0.237% -0.067% | -0.082%
RFAN Abs 4.378 4.379 4.373 4.371 4.381 4.378
Diff (%) -0.174% -0.154% -0.311% -0.395% -0.103% -0.169%
ETAFan Abs 0.8568 0.8569 0.8577 0.8583 0.8572 0.8569
Diff (%) : . 0.033% 0.046% 0.146% 0.209% 0.082% 0.049%
w20 Abs (kg/s 16.3805 16.2721 16.2744 16.0877 16.0757 16.2627 16.2548
Diff (%) -0.662% -0.648% -1.788% -1.861% -0.719% -0.767%
BPR Abs 1.2002 1.2002 1.1996 1.2005 1.1999 1.2000
Diff (%) 0.004% 0.007% -0.047% 0.033% -0.018% -0.016%
Wcore 7.3958 7.3966 7.3140 7.3053 7.3924 7.3887
-0.664% -0.652% -1.763% -1.878% -0.709% -0.759%
Whbypass 8.8764 8.8777 8.7738 8.7704 8.8704 8.8661
Diff (%) -0.660% -0.645% -1.808% -1.846% -0.727% -0.774%
B 6oe Abs 4.3911 4.3919 4.3892 4.3862 4.3942 4.3919
Diff (%) -0.191% -0.167% -0.248% -0.334% -0.101% -0.168%
R_bypass Abs 4.3673 4.3679 4.3604 4.3577 4.3692 4.3670
Diff (%) -0.160% | -0.142% | -0.365% | -0.446% | -0.105% | -0.171%
R_core/
bypass | Diff (%) -0.73% -0.70% -0.71% -0.85% -0.84% -0.74% -0.74%
P core Abs (Pa 445585.7 | 442421.6 | 442504.9 | 437617.5 | 437325.3 442240.1 | 442013.2
Diff (%) -0.710% -0.691% -1.788% -1.854% -0.751% -0.802%
P_bypass Abs (Pa 443066.7 | 440028.7 | 440086.8 | 434750.5 | 434477.8 439727.7 | 439502.7
Diff (%) -0.686% -0.673% -1.877% -1.939% -0.754% -0.804%
Fuel Abs (kg/s 0.1256 0.1248 0.1248 0.1235 0.1234 0.1247 0.1247
Diff (%) -0.620% -0.612% -1.648% -1.719% -0.663% -0.713%
Abs
SFC kg/s/MN 16.529 16.584 16.582 16.683 16.690 16.590 16.594
Diff (%) 0.336% 0.325% 0.931% 0.978% 0.373% 0.396%
Table 30 Distorted inlet flow cases and their respective undistorted inlet flow case at

equivalent inlet averaged total pressure, all compared to undistorted flow at ISASLS, TET

1300K.
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ZM10 ZM10 ZM10 ZM10 ZmM10 ZM10 ZM10
Fanmodel | ;n4ist | TipDist1 2:3:3‘ TipDist2 g:ﬂ:j‘ TipHubDist ‘;:3:3‘
TET 1220 1220 1220 1220 1220 1220 1220
- Abs (Pa) 101325 | 100754.2 | 1007542 | 99703.9 | 99703.9 | 100642.9 | 100642.9
Diff (%) - | .056%| -056%| -1.60%| -1.60% -0.67% | -0.67%
Thrust LABS (N) 61552 | 60856 | 60816 | 59608 | 59561 60753 |  6076.0
Diff(%) | | -1.131% | -1.195% | -3.158% | -3.234% -1.208% | -1.286%
REM Abs (rpm) 20296.9 | 20267.7 | 20264.0 | 20219.9 | 20215.7 20267.2 | 20269.8
Ditf (%) : | -0144% | -0.162% | -0.379% | -0.400% -0.146% | -0.133%
RFAN LAbS 3.855 3.853 3.837 3.835 3.855 3.855
Diff (%) -0.260% | -0.315% | -0.717% | -0.778% -0.265% | -0.254%
ETAFan LADS 0.8918 | 08919 | 0.8921 0.8923 0.8921 0.8924
Diff (%) | 0007%| 0008%| 0.037% | 0.056% 0.035% | 0.069%
W20 Abs (kg/s) 145260 | 14.4135 | 144073 | 14.2068 | 14.2043 14.3971 | 14.3988
Diff (%) e 0774% | -0817% | -2.197% | -2.214% -0.887% | -0.875%
How Abs 120526 | 1.2521 1.2527 1.2531 1.2521 1.2520 | 1.2526
Diff (%) | -0042% | 0.002% | 0.039% | -0.041% -0.049% | -0.006%
Weore |LAbs (kg/s) 6.4485 | 64000 | 63957 | 6.3054 | 6.3071 6.3930 |  6.3922
Diff (%) | .0751% | -0818% | -2.218% | -2.192% -0.861% | -0.872%
Whypass |-ADS (ka/s 80775 | 80135| 80116| 79014 | 7.8972 8.0041 8.0066
Diff (%) : -0793% | -0.816% | -2.180% | -2.232% -0.909% | -0.878%
R core |ADS 38976 | 38882 | 38849 | 3.8695 3.8673 38884 | 3.8884
Diff (%) : -0327% | -0.440% | -0.972% | -1.047% -0.319% | -0.318%
R_bypass |-ABS 3830 38285 38273| 38116 3.8001 38279 |  3.8287
Diff (%) | -0.369% | -0.413% | -0.963% | -1.053% -0.390% | -0.361%
R_core/
bypass | Diff (%) 202% | -207%| 200%| -2.02% | -2.03% 2.00% |  -2.07%
P core | AbS(Pa 394929.4 | 391749.1 | 391420.4 | 385802.7 | 385586.8 | 391340.1 | 391342.1
- Diff (%) | | -0805% | -0.889% | -2.311% | -2.366% | -0.909% | -0.908%
P_bypas | Abs (Pa 385736.7 | 385611.6 | 380034.6 | 379780.1 | 385251.6 | 385333.4
» Diff %) |l 0835% | -0.867% | -2.301% | -2.366% |  -0.960% | -0.939%
Eoud Abs (kg/s 00991 | 00991 | 00978 | 00978 00990 |  0.0990
Diff (%) | -0682% | -0.738% | -1.982% | -1.989% -0.786% | -0.800%
Abs
SFC kg/s/MN 16.292 16293 | 16415 16.427 16.302 16.298
Diff (%) | 0453% | 0463%| 1.214% | 1.286% 0.519% |  0.492%
Table 31 Distorted inlet flow cases and their respective undistorted inlet flow case at

equivalent inlet averaged total pressure, all compared to undistorted flow at ISASLS, TET

1220K.

These results explain how the non-dimensional characteristics of the inlet distortions

show very little changes (Fig. 4.103). This diagram shows how all of the distorted speed lines

remain with the undistorted flow. The TipDist2 shows the largest change. This confirms the

finding that the performance of the fan 1s equivalent to that with the average total pressure.
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SLC calculated compressor characteristic, transonic test compressor with
undistorted, TipDist1,HubDist, TipDist2 inlet total pressure profiles
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Fig. 4.103 Non-dimensional pressure ratio characteristic measured by SLC

410 CONCLUSIONS

The following conclusions are made

® 'The contribution to knowledge of this work is in detailed modelling of the fan component
of a turbofan engine in an engine performance simulation. The work done has applied a
known method of calculating compressor 2D performance (SL.C) and merge it with a
turbofan engine simulation and with a 2D fan model that uses the engine BPR to split and
average fan exit profiles so that the performance change of a LBPR turbofan engine can
be calculated due to a radial inlet distortion of total pressure. Although strcamline
curvature 1s often used for compressor performance prediction, this is the first known
usage of it with a turbofan engine simulation.

¢ Interpolation within the fan characteristic of the map interpolation methods (WholeMap,
ZonalMap). In 1D method fan characteristics, the beta lines are arbitrary mapping
parameters to obtain operating points between speed lines. It has always been necessary to
ensure that the output of nig tests gives consistent speed lines, so for example, any lack of
data that results in one shortened speed line does not distort the interpolation of a poimnt at
any guess of speed. This has sometimes required manual extrapolation of speed lines,
smoothing of speed lines and manual plotting of beta lines. However, because the map is
1D, the only interpolated value that is converged upon is the one that satisfies the

required checks in the iteration scheme. With 2D methods, the added complication is that
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each “beta” point or speed line intersection with beta now also contains the profiles that
will average to the 1D value, but these profiles are split into two for the bypass and core
ducts in the matching scheme. Effectively, what is being asked is that the interpolation
between 2 speeds and 2 betas (in the 2D-HBPR model), and also between 2 BPRs in the
2D-LBPR model of Chapter 3 will match the profiles that would exist at that pomt if it
could be tested. In the limit, 2 speed lines and 2 beta lincs infinitely closc to cach other
should reproduce this, but at the expense of a method that would be impractical. It has
been demonstrated that interpolation between 2 speed lines of different “length” at more
than 1.5% of design speed apart can give distorted profiles and affect the converged
performance.

Non-dimensionals vs. dimensionals. The success of the 1D fan charactenstic has been the
assumption of non-dimensional performance of the fan except at low Reynolds numbers
conditions (where viscous flows become more important) and due to P1, T1 effects.
These have been normally accounted for by corrections to the 1D charactenstics. The
prediction of performance due to inlet total pressure distortions has necessitated having a
fan prediction method. It has been possible with this to perform fan calculations with
dimensional parameters, directly inputting the inlet temperature, pressure, speed and mass
flow. There is potential then for directly computing those effects due to viscous real flow
as described depending on the effectiveness of the loss models in the streamline curvature
model. The SLC fan model can also be adapted to model varying angle of VGVs with the
scheduling of the angles dependent on N/VT.

Several cases of inlet distortions have been tested which are realistic in terms of the loss of
dynamic pressure of the undistorted inlet flow case. The overall conclusion with this fan is
that the inlet profile continues through the 3 stage fan without attenuation to give a fan
exit profile. Results have been presented for performance changes from undistorted flow
at a fixed TET and fixed rotational speed. The changes are approximately equivalent to
that of the undistorted inlet flow at the average of the distorted, probably due to high
pressure ratio of this fan.

The overriding conclusion from the simulation program runs in Chapter 4 is that for
multistage high hub-to-casing ratio fans, there are two main drivers for radial inlet
distortion effects on performance. The first is the relatively high fan pressure ratios to give
the optimum cycle in LBPR fans mean that any changes in the inlet radil pressure

profiles have a smaller effect on the fan exit profiles as variations in fan exit profiles
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become a small percentage of the overall pressure. This 1s also due to the freedom of the
airflow to rematch radially in the fan in contrast to circumferential distortions. For this
fan, the approximation of the effect of a radial distortion is that it is equivalent to the
effect of a uniform profile at the area-averaged inlet total pressure of the distortion. The
second is the shape of the fan exit pressure profile, dependent on the radial input of work
and the radial isentropic efficiency. A flat profile, as with the fan examined 1n this thess,
will have less effect on the difference in bypass duct and HPC core entry pressures with
inlet distortion changes. BPR changes with mlet distortion were found to be extremely
small for the test fan. A steeper profile may show greater changes in downstream
pressures given an inlet distortion and therefore greater performance changes.

The recommendations as a result of the testing of the 3 fan models. All 3 modcls give the
same result within the limits of the accuracies that have been determined due to
interpolation and due to the reduced convergence limits in DirectMap. The WholeMap
model was implemented as a research exercise only. The inlet distortion model s designed
to compute the performance as a result of any arbitrary mnlet radial profile. The final
desired implementation would include a varying inlet profile from an intake model.
Therefore, the WholeMap model would be impractical as there is no need to compute the
whole characteristic when only part of the fan map is required at any time, and no pomnt in
storing characteristics for a fixed distortion for interpolation when constantly varying
distortions would be output by the intake model during the calculation of one operating
point. The preferred method is the DirectMap model. The advantage is to avoid any of
the inaccuracies due to interpolation between speed lines and beta lines. The disadvantage
1s when time 1s a constraint as every guess of speed and beta will access the SLC code. The
compromise would then be to use the ZonalMap model with the recommended speed
line zone of +1.5 % design speed for the first guess. Where ZonalMap is used, the
recommendation is to restrict the speed line computations to predetermined speed values
to ensure repeatability of results since use of different pairs of speed lines to compute the
same operating point may give a slightly different answer. A future improvement may be
to restrict the calculation of the speed line lengths in the zone to save more computation,
but there should be caution not to distort the interpolated profile with different length
speed lines.

Distortion descriptors. Radial distortion descriptors, e.g. K, (ARP1420, 1978) are used by

aeroengine companies to set tolerance acceptability levels for an engine. These cannot be
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used as iteration guess variables in any scheme mnvolving the intake since the descnptor
refers to the worst radial difference from the radial average and so can have a random

profile. The K, can be calculated and set as a program output.

411 FURTHER WORK

The following points of further work have been identified:

4.11.1.1 Current modelling

The current turbofan engine model can be amended to allow the effect of distortions to
be ascertained properly at a fixed rotational speed. The mixed exhaust turbofan can also
be implemented.

The SLC code provides a wide range of data which has been captured but not made usc
of. For example, the meridional plot of the streamlines can be made for each converged
result. This will then give an idea of streamline vanations when companng the same fan

mass flow (the converged result divides the streamtubes into equivalent mass flows).

The overall code should be simplified to enable the inputs to be applied in one file rather

than several at present (due to integration of several different programs).

4.11.1.2 Future modelling

Modelling a range of different fans. As identified above, the effect of radial distortions
may have a larger effect on fans with lower FPR and with fewer stages. Also of interest
would be lower hub-to-tip ratio fans as the current LBPR fan displays little vanation of
BPR with distortion. Fans with a more variability in exit total pressure profile should also
be investigated. Time can be invested to determine how to model different fans with the
current SLC code by changes to the geometry inputs. Either new geometry from a known
fan can be input, or a design can be made to generate a desired radial profile of work (the
original SLC code (Barbosa, 1987) also had a design mode). The user will also need to
invest time to learn how to make the necessary adjustments to a range of input parameters
to achieve convergence, e.g. relaxation factors in the iterative loops.

SLC program improvements - theory. The main improvement in capability would be to
update the loss, deviation and blockage models. In the opinion of Denton and Dawes
(1999), the accuracy of SLC methods is dependent on the empiricism of these models. In
particular, the models of Gallimore and Cumpsty (1986), Adkins and Smith (1982) should
be considered. These models distribute the prediction of loss from a multistage SLC fan

209



RADIAL INLET DISTORTION PERFORMANCE MODELLING

model at the hub and casing to better simulate actual findings of the radial temperature
profile across the span. Without it, the loss at the mid-span tends to be under-predicted,
and the loss at the walls over-predicted. Further improvements include adding the
capability of modelling prescribed vane shapes compared to fixed blade profile types.

SLC program improvements — theory. The difference in averaging for calculation of 1D
efficiency in the SLC code and the performance code needs investigating. ‘The 1D-
averaged values differed by 2% throughout the characteristic map although no difference
was detected in the averaging for pressure ratio. This did not affect the findings of this
work as only the same calculation procedure for efficiency was used at all imes.

SLC program improvements — theory. Further improvements can be made to the setting
of stall and choke in the SLC code. The cutrent detection of stall is when a local (1e. a
streamtube) diffusion factor is exceeded after program convergence. The diffusion factor
is based on Lieblein (Barbosa, 1987). This appears not to work in the version of the
program used. Detection of choke in the SLC procedure is when an increase in the guess
of the mid-span meridional velocity gives rise to a decrease in mass flow when the radial
velocity distribution is integrated. This may also not be working correctly in the current
code given the length of some speed lines compared to others.

SLC program development: The SLC code should be modified to apply the inlet
distortion to the IGV inlet face instead of the first “dummy” blade row.

SLC program improvements — practicality: As identified, all inputs and outputs to the
code should be made double precision to provide sufficient precision for the checking
procedure in the engine performance code. A thorough understanding of the internal
convergence procedures within the SLC code needs to be understood to carry this out as
a initial trial that was carried out had failed. The use of text files for communication
between the engine code and the SLC code needs to be removed. This would improve
drastically the performance convergence times, currently at approximately 25mins on a
2GHz Athlon 2400 with 512MB ram. The SLC convergence is approximately 1 second. It
is recommended therefore to integrate the SLC program with the performance program.
The subroutines can be kept separate but a thorough review would be required to ensure

parameter names are not repeated within the 2 codes.

SLC program development: Although this has less relevance to fans, there is potential to
investigate the steady-state effect of bleeds and heat soakage in a compressor. A bleed
could be modelled as a step change in mass flow across part of the radius of a blade row.
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Heat transfer effects to the air could be modelled as changes in AH. An investigation
could also be made to see if a change of stator vane angle with change in N/VT is
practical. This would be a study of whether the code would converge without uscr
mtervention in terms of the convergence parameters.

SL.C program development: BPR investigations. To investigate the cffect of the bypass
sphitter and to potentially provide data for the 2D-LBPR fan model in Chapter 3, a study
should be made to see how this feature can be modelled within the existing SLC program.
It has already been intimated that a SLC code can be adapted to model the bypass flow
(Novak, 1967).

Intake model scheme. A steady-state 2D-intake model needs to be added to completely
compute 2D inlet distortion of an aeroengine. The current model applies an inlet
distortion to the fan inlet face (or strictly speaking in this SLC model, at the dummy blade
row upstream of the fan face). The converged output of the SLC includes the static
pressure profile at this station. The flow through the intake will be a function of the
suction from the fan (which depends on the fan operating point) and the forward flight
speed. For the intake, the inlet total pressure, the total pressure loss and static pressure at
exit could determine the mass flow. A possible scheme could be to have a range of CFD
computed intake maps at different ambient and flight conditions using an intake exit static
pressure. An experiment could be conducted to match the static pressurc between the
intake and the fan.
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5 CONCLUSIONS AND FURTHER WORK

5.1

The conclusions and further work at the end of Chapters 3 and 4 are reiterated here.

FAN EXIT PROFILE AND BYPASS RATIO EFFECTS

The contribution to knowledge of the fan exit profile research is to understand an existing

scenario of LBPR fan performance from literature review evidence and examination of fan

test data to provide a fan model within an engine simulation model that can model the

scenario in a higher detail than presently possible, and also to provide a more versatile fan

model that is able to automatically adjust to the effect of changes in other components’

performances for example. The following are the key points.

HBPR fans show constant fan performance at fixed non-dimensional speed and flow
function when the bypass ratio is varied. They have small fan pressure ratios and large
hub-to-casing ratios. The design bypass ratio is very high to maximise propulsive
efficiency of the engine. Bypass ratio changes in the normal operating region of the fan
are higher than for LBPR fans, which have smaller BPR and higher fan pressure ratios.
Fan exit profile changes in HBPR fans should have a proportionally larger effect than on
LBPR fans.

The data available to study LBPR fans was inconclusive as to whether fan performance
1s independent of bypass ratio at fixed non-dimensional speed and flow function for 2
reasons. One was the situation of the measurement probes for these nig tests were not
exactly at the fan exit station before the bypass splitter. Secondly, LBPR data that was
examimned showed the presence of fan exit circumferential total pressure and total
temperature profiles, possibly an effect of the presence of stators and other struts in the
flow field on fan work input. Information has been obtained in the literature review to
conclude that cases of LBPR turbofans occur where the bypass ratio affects the fan
performance at fixed speed and flow function with the effects being a significant change
in the fan characteristic compared to an unaffected case. The expense of testing has
meant that these cases may occur but are not normally tested for.

The fan exit circumferential profiles were arithmetically averaged to give axisymmetric
radial profiles for modelling. These profiles have not greatly affected the use of the
resulting fan characteristic in performance simulation possibly because the profiles are a
small proportion of the absolute average thermodynamic parameters at the fan exit due

to relatively high fan pressure ratios.
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The conventional industry method is the inner and outer fan model. This is restricted to
the BPR vs. N/VT schedule used to obtain the inner and outer fan data. Deviation from
the schedule can occur for example with component efficiency changes, bleeds,
transients and nozzle area changes. Factors and deltas will need to be applied to the
inner and outer fan to model these changes.

The 2D-HBPR method is able to accept variable BPR vs. N/ VT schedules as it changes
the split fan exit streamline position with BPR changes to effectively obtain different
inner and outer fan maps. This depends on performance being independent of BPR at 2
speed and flow function.

The 2D-LBPR has the same capability as the 2D-HBPR method but in addition, can use
the extra fan data if available for when the fan performance 1s dependent on BPR at a
speed and flow function.

‘The method will produce savings of time for studies using scaled fans from past engines
for example when designing a new engne. The BPR vs. N/ VT schedules are
automatically computed.

The method of averaging exit radial profiles divided by the split flow streamline
dependent on BPR has been used in this work for radial inlet distortion modelling,
where the working line and BPR vs. N/ VT will also be altered.

Rig to engine effects may in part be accounted for when more of the engine can be
modelled in 2D detail. The 2D profiles can then be transmitted from one component to
the next with subtle changes in component performance. It is likely that the components
least affected are where deviations from the average of the radial profile are a small
proportion of the average. This is seen in higher pressure ratio LBPR fans compared to

lower pressure ration large civil fans.

52 RADIAL INLET DISTORTION EFFECTS

The contribution to knowledge of this work is in detailed modelling of the fan component

of a turbofan engine in an engine performance simulation. The work done has applied a

known method of calculating compressor 2D performance (SLC) and merge it with a

turbofan engine simulation and with a 2D fan model that uses the engine BPR to split and
average fan exit profiles so that the performance change of a LBPR turbofan engine can be

calculated due to a radial inlet distortion of total pressure. Although streamline curvature is
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often used for compressor performance prediction, this 1s the first known usage of it with a

turbofan engine simulation. This is a start in understanding a common scenario of LBPR fan

performance in greater detail.

® 3 fan methods have been implemented and analysed; WholeMap, ZonalMap and
DirectMap, the first 2 are SL.C computed compressor maps as interpolative methods, the
latter 1s a direct use of SLC in the performance simulation iteration.

¢ Interpolation within the fan characteristic of the map interpolation methods (WholeMap,
ZonalMap). In 1D method fan characteristics, the beta lines are arbitrary mapping
parameters to obtain operating points between speed hines. It has always been necessary to
ensure that the output of rig tests gives consistent speed lines, so for example, any lack of
data that results in one shortened speed line does not distort the interpolation of a point at
any guess of speed. This has sometimes required manual extrapolation of speed lines,
smoothing of speed lines and manual plotting of beta lines. However, because the map is
1D, the only interpolated value that is converged upon is the one that satisfies the
required checks in the iteration scheme. With 2D methods, the added complication 1s that
each “beta” point or speed line intersection with beta now also contains the profiles that
will average to the 1D value, but these profiles are split into two for the bypass and core
ducts in the matching scheme. Effectively, what is being asked 1s that the interpolation
between 2 speeds and 2 betas (in the 2D-HBPR model), and also between 2 BPRs in the
2D-LBPR model of Chapter 3 will match the profiles that would exist at that point if it
could be tested. In the limit, 2 speed lines and 2 beta lines infinitely close to each other
should reproduce this, but at the expense of a method that would be impractical. It has
been demonstrated that interpolation between 2 speed lines of different “length” at more
than 1.5% of design speed apart can give distorted profiles and affect the converged
performance.

¢ Non-dimensionals vs. dimensionals. The success of the 1D fan charactenstic has been the
assumption of non-dimensional performance of the fan except at low Reynolds numbers
conditions (where viscous flows become more important) and due to P1, T1 effects.
These have been normally accounted for by corrections to the 1D characteristics. The
prediction of performance due to inlet total pressure distortions has necessitated having a
fan prediction method. It has been possible with this to perform fan calculations with
dimensional parameters, directly inputting the inlet temperature, pressure, speed and mass

flow. There is potential then for directly computing those effects due to viscous real flow
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as described depending on the effectiveness of the loss models in the streamhine curvature

model. The SLC fan model can also be adapted to model varying angle of VGVs with the
scheduling of the angles dependent on N/VT.

Several cases of inlet distortions have been tested which are realistic in terms of the loss of
dynamic pressure of the undistorted inlet flow case. The overall conclusion with this fan 1s
that the inlet profile continues through the 3 stage fan without attenuation to give a fan
exit profile. Results have been presented for performance changes from undistorted flow
at a fixed TET and fixed rotational speed. The changes are approximately equivalent to
that of the undistorted inlet flow at the average of the distorted, probably due to high
pressure ratio of this fan.

The overriding conclusion from the simulation program runs in Chapter 4 is that for
multistage high hub-to-casing ratio fans, there are two main drivers for radial inlet
distortion effects on performance. The first is the relatively high fan pressure ratios to give
the optimum cycle in LBPR fans mean that any changes in the inlet radil pressure
profiles have a smaller effect on the fan exit profiles as variations in fan exit profiles
become a small percentage of the overall pressure. This is also due to the freedom of the
airflow to rematch radially in the fan in contrast to circumferential distortions. For this
fan, the approximation of the effect of a radial distortion is that it is equivalent to the
effect of a uniform profile at the area-averaged inlet total pressure of the distortion. The
second is the shape of the fan exit pressure profile, dependent on the radial mput of work
and the radial isentropic efficiency. A flat profile, as with the fan examined in this thests,
will have less effect on the difference in bypass duct and HPC core entry pressures with
mlet distortion changes. BPR changes with inlet distortion were found to be extremely
small for the test fan. A steeper profile may show greater changes in downstream
pressures given an inlet distortion and therefore greater performance changes.

The figures obtained are only applicable to this fan and engine combination, for example,
for the worst distortion case (tip distorted case 2), 1.6% decrease in total pressure from
undistorted ISASLS: at a fixed TET=1220K, Athrust=-3.2%, Asfc=+1.2%. At a fixed fan
rotational speed of 20296 rpm, ATET=4.3K, Athrust=-2.1%, Asfc=+1.4%.

The recommendations as a result of the testing of the 3 fan models. All 3 models give the
same result within the limits of the accuracies that have been determined due to

interpolation and due to the reduced convergence limits in DirectMap. The WholeMap
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model was implemented as a research exercise only. The inlet distortion model 1s designed
to compute the performance as a result of any arbitrary inlet radial profile. The final
desired implementation would include a varying inlet profile from an intake model.
Therefore, the WholeMap model would be impractical as there is no need to compute the
whole characteristic when only part of the fan map is required at any time, and no point in
storing characteristics for a fixed distortion for interpolation when constantly varying
distortions would be output by the intake model during the calculation of one operating
pomnt. The preferred method is the DirectMap model. The advantage 1s to avoid any of
the inaccuracies due to interpolation between speed lines and beta lines. The disadvantage
1s when time is a constraint as every guess of speed and beta will access the SI.C code. The
compromise would then be to use the ZonalMap model with the recommended speed
line zone of *1.5 % design speed for the first guess. Where ZonalMap is used, the
recommendation is to restrict the speed line computations to predetermined speed values
to ensure repeatability of results since use of different pairs of speed lines to compute the
same operating point may give a slightly different answer. A future improvement may be
to restrict the calculation of the speed line lengths in the zone to save more computation,
but there should be caution not to distort the interpolated profile with different length
speed lines.

Distortion descriptors. Radial distortion descriptors, e.g. K, (ARP1420, 1978) are used by
aeroengine companies to set tolerance acceptability levels for an engine. These cannot be
used as iteration guess variables in any scheme involving the intake since the descriptor
refers to the worst radial difference from the radial average and so can have a random

profile. The K, can be calculated and set as a program output.

5.3 FURTHER WORK

Further work for the main Chapters 3 and 4 are also reiterated here. More details are

available in sections 3.13 and 4.11.

5.3.1 Radial profile and bypass modelling

5.3.11 General

A wider range of low-bypass ratio fan data should be examined, in particular, a range of
multistage fans with hub-to-casing ratios from military (higher) decreasing down to the
large civil fans. This includes some of the older LBPR civil fans, e.g. Spey class.
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Similar modelling work to Chapter 3 can be done to model a turbofan engine with
smaller fan pressure ratios and lower hub-to-casing ratios. The work in Chapter 4 has
shown that bypass ratio changes over the higher power region of the engine are very
small in a higher pressure ratio fan. Bypass ratio changes may be greater in turbofans
with lower hub-to-casing ratios (larger pressure ratio differences between hub and
casing) and in fans with lower fan pressure ratios (fan exit profile changes are larger

proportionally to the absolute exit profiles).

5.3.12 Current modelling

The user can arbitrarily alter the profiles for varying BPR to achieve the 1D map
requirement. For example, the map in Fig. 3.11 can be reproduced in 1D terms at least
to give an idea of the degree of performance changes due to working line excursions in
BPR affected fans. The present work has not yet considered a flow function change or
efficiency change for the new BPR values.

More cases of engine BPR vs. N.VT changes may be investigated. This includes the
effect of bleeds and transient performance calculations where the working line
excursions are very significant.

The engine simulation would be enhanced with 2 additions. One is the mixed exhaust
turbofan, which already exists in the Cranfield School of Engineering (Yin, 1999), and
the other is to implement the matrix method of iteration with Newton-Raphson solver.
A range of solver strategies could be investigated as the current 2D-LBPR fan takes
longer to converge than the 2D-LBPR and inner and outer fan models.

5.3.13 Future modelling

The profiles created for varying bypass ratio are purely hypothetical. The fan flow field
model used in Chapter 4 may be developed to investigate the effect of the bypass splitter
proximity to the fan turbomachinery in order to compute profile changes that have a
better physical basis. The use of a physical model will be a great advantage and will
relieve the need to obtain test data for this research that is usually hard to obtain. It will
allow the user to vary all of the important contributing fan parameters to carry out a
systematic study to understand when profiles are BPR affected and when the effect on
fan performance becomes significant.

The model computes axisymmetric radial fan exit profiles. These are averaged for the
entry conditions to the next components downstream. This work can be viewed as one
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part of a move to greater detail performance modelling. Eventually, all components may
be examined in 2D (radial) and also circumferential. This fan model may also be
expenimented as part of a circumferential parallel compressor model (section 4.11), as

part of a scheme to model inlet distortions as discrete radial and circumferential parts.

5.3.2 Fan radial inlet distortion performance modelling

5.3.2.1 Current modelling

The current turbofan engine model can be amended to allow the effect of distortions to
be ascertained properly at a fixed rotational speed. The mixed exhaust turbofan can also
be implemented.

The SLC code provides a wide range of data which has been captured but not made use
of. For example, the meridional plot of the streamlines can be made for each converged
result. This will then give an idea of streamline vanations when comparing the same fan
mass flow (the converged result divides the streamtubes into equivalent mass flows).

The overall code should be simplified to enable the inputs to be applied in one file rather
than several at present (due to integration of several different programs).

5322 Future modelling

Modelling a range of different fans. As identified above, the effect of radial distortions
may have a larger effect on fans with lower FPR and with fewer stages. Also of interest
would be lower hub-to-tip ratio fans as the current LBPR fan displays little vanation of
BPR with distortion. Fans with a more variability in exit total pressure profile should also
be investigated. Time can be invested to determine how to model different fans with the
current SLC code by changes to the geometry inputs. Either new geometry from a known
fan can be input, or a design can be made to generate a desired radial profile of work (the
original SLC code (Barbosa, 1987) also had a design mode). The user will also need to
nvest time to learn how to make the necessary adjustments to a range of input parameters
to achieve convergence, e.g. relaxation factors in the iterative loops.

SLC program improvements - theory. The main improvement in capability would be to
update the loss, deviation and blockage models. In the opinion of Denton and Dawes
(1999), the accuracy of SLC methods is dependent on the empiricism of these models. In
particular, the models of Gallimore and Cumpsty (1986), Adkins and Smith (1982) should

be considered. These models distribute the prediction of loss from a multistage SLC fan
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model at the hub and casing to better simulate actual findings of the radial temperature
profile across the span. Without it, the loss at the mid-span tends to be under-predicted,
and the loss at the walls over-predicted. Further improvements include adding the
capability of modelling prescribed vane shapes compared to fixed blade profile types.

SLC program improvements — theory. The difference in averaging for calculation of 1D
efficiency in the SLC code and the performance code needs investigating. The 1D-
averaged values differed by 2% throughout the characteristic map although no difference
was detected in the averaging for pressure ratio. This did not affect the findings of this
work as only the same calculation procedure for efficiency was used at all times.

SLC program improvements — theory. Further improvements can be made to the setting
of stall and choke in the SLC code. The current detection of stall is when a local (i.c. a
streamtube) diffusion factor is exceeded after program convergence. The diffusion factor
is based on Lieblein (Barbosa, 1987). This appears not to work in the version of the
program used. Detection of choke in the SLC procedure is when an increase in the guess
of the mid-span meridional velocity gives rise to a decrease in mass flow when the radial
velocity distribution is integrated. This may also not be working correctly in the current
code given the length of some speed lines compared to others.

SLC program development: The SLC code should be modified to apply the inlet

distortion to the IGV inlet face instead of the first “dummy” blade row.

SLC program improvements — practicality: As identified, all inputs and outputs to the
code should be made double precision to provide sufficient precision for the checking
procedure in the engine performance code. A thorough understanding of the internal
convergence procedures within the SLC code needs to be understood to carry this out as
a initial trial that was carried out had faled. The use of text files for communication
between the engine code and the SLC code needs to be removed. This would improve
drastically the performance convergence times, currently at approximately 25mins on a
2GHz Athlon 2400 with 512MB ram. The SLC convergence is approximately 1 second. It
is recommended therefore to integrate the SLC program with the performance program.
The subroutines can be kept separate but a thorough review would be required to ensure

parameter names are not repeated within the 2 codes.

SLC program development: Although this has less relevance to fans, there is potential to
nvestigate the steady-state effect of bleeds and heat soakage in a compressor. A bleed

could be modelled as a step change in mass flow across part of the radius of a blade row.
220



CONCLUSIONS AND FURTHER WORK

Heat transfer effects to the air could be modelled as changes in AH. An mnvestigation

could also be made to see if a change of stator vane angle with change in N/ VT is
practical. This would be a study of whether the code would converge without user
intervention in terms of the convergence parameters.

® SLC program development: BPR investigations. To investigate the effect of the bypass
splitter and to potentially provide data for the 2D-LBPR fan model in Chapter 3, a study
should be made to see how this feature can be modelled within the existing SL.C program.
It has already been intimated that a SLC code can be adapted to model the bypass flow
(Novak, 1967).

® Intake model scheme. A steady-state 2D-intake model needs to be added to completely
compute 2D inlet distortion of an aeroengine. The current model applies an inlet
distortion to the fan inlet face (or strictly speaking in this SLC model, at the durnmy blade
row upstream of the fan face). The converged output of the SL.C includes the static
pressure profile at this station. The flow through the intake will be a function of the
suction from the fan (which depends on the fan operating point) and the forward flight
speed. For the intake, the inlet total pressure, the total pressure loss and static pressure at
exit could determine the mass flow. A possible scheme could be to have a range of CFD
computed intake maps at different ambient and flight conditions using an intake exit static
pressure. An experiment could be conducted to match the static pressure between the

intake and the fan.

5.3.3 Circumferential flow distortion
* Two compressors in parallel compressor
A 2-compressors-in-parallel code has been started to analyse the circumferential problem.
This includes the radial fan exit profiles in each compressor using the 2D-HBPR fan code.
Further work could attempt to couple the radial inlet distortion code to this parallel
compressor.
® Multiple compressors in parallel
This could be done in the manner of Mazzawy (1977) but with the SLC code. There can
be radial distortion in each sector, but with separated parallel compressors. The difficulty
would be how to reconcile different radial inlet and exit sectors into an overall smooth

continuously varying inlet face contour.
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5.3.4 Scaling of SLC output

Some thought should be given to how the SLC program can be scaled as this frequently
occurs in compressor projects, to predict performance of a new compressor from previous
knowledge. In particular, the blockage models should be looked at as it reflects the boundary
layer growth at the walls and has the greatest effect on the profile predictions.

5.3.5 Modelling of rig to engine effects

Apart from the effect of iteration throughout the performance code with 2D profiles,
which should account for some of the differences between rig and engine mcasured
performance, in modelling, there can also be effects such as back pressure effects, e.g.
clocking of stators and OGVs. These have been modelled by actuator disk models. Some
thought should be given as to whether these may be considered for 2 order effects. Other
differences include component coupling e.g. Williams, 1976. For example, for a single stage
fan, the HPC has a greater influence on its performance than on a multistage fan.
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APPENDIX 1. CYLINDRICAL COORDINATE SYSTEM

Transformation between Cartesian and cylindrical coordinate system:

Cylindrical Cartestan
[‘:.‘/Xz-f-yz x = p cosO
A Yy (A1.1) y = p sin® (Al1.2)
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Fig. A1.1 Cylindrical coordinate system
Unit vectors:
Cartesian positional unit vectors:
R =xi+yj+zk (A1.3)
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Fig. A1.2 Cartesian unit vectors.

Cylindrical positional unit vectors:
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E, (98 dr JE, d0 dE, dz_, .. 0=0 (A1.13)

dt  odr dt 90 dt 9z dt
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Increment of pam
dR = drs +zs =g dr+rdg +€,dz+zdg,

0% 0% b3
= dr+r(—’dr+ fde+aa‘; dz]+a dz+z( ;rz dr+ a% 6+ as; dz )
=E,dr+r(0+8,d0+0)+&,dz+2(0+0+0)
=g dr+&,rd0+¢,dz

(A1.14)

Del operator

A static scalar field e.g. p, is a function of r, 6 and z. p changes by an infinitesimal amount dp
when path is changed by dR .

dp—apdr+ggde+-g—:dz (A1.15)
Define the gradient to obtain:

dp=Vp-dR (AL16)
Then,

%dr+ggd0+gpd =Vp-dR (AL17)
In cylindrical coordinates:

gfdr+gp d6+?dz (Vp). dr+(¥p),rdo+(Vp),dz (AL17)
Therefore:

¥p) =2, @p) =22 and (7p), = 2 (118
So del is:

v-25+13e. 2, (AL19)

233



APPENDIX 2

APPENDIX 2. DERIVATION OF EQUATION OF CONTINUITY IN
CYLINDRICAL COORDINATES

{5

p/

Fig. A2.1 Infinitesimal control volume in cylindrical coordinates.

Differential form of the continuity equation:

‘The mass of the control system remains constant as the system moves through the flow field.

The control volume 1s a small fluid element with density p at the centre of the element and
&) re . » Q - 3 /

the velocity components are V, Vgand V,.

I'he control volume representation of the conservation of mass is:

%jpdVﬁpVﬁdA =0 (A2.1)

with the control volume bounded by a control surface.
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Fig. A2.2 Mass flows into and out of the control volume.

The first term on the LHS is the rate of increase of mass within the control volume. The
second integral is the net rate of mass flow through the control surface. For the differential
form of the continuity equation, FEquation (A2.1) is applied to an infinitesimal control
volume as shown in Fig. A2.2. Since the element 1s small, the volume integral is:

% deV =~ %E)_ rord0dz (A2.2)

In r direction:

Net outflow 1n r direction:

I:er + __8(er )Q](r + —8—{)6652 - I:er - __8(er )Q](r - Q}BSZ
or 2 2 o 2 2

apV.) dr or a(pv ) or
=| oV ot el IR qoar =0 e N
[p i ; Ir&)ﬁz 8681) [p . : rd0dz oz

=W pv, E5682 + Mﬁ ro00z + ApV,) & — 300z
2 or 2 .2

—va i SOV o Y R
d 22

e r

=pV, 8rd008z + a(g )r5r8682 (A2.3)
r
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In O direction:

Net outflow in 0 direction:

e 2k 22 e

- a(g ) 5:5052 (A2.4)

In z direction:

Net outflow in z direction:

[pV +a(‘;;’ ) 52’]5 50— [ a(S;/ ) 822]8 50

= 30V.) 5,505 (A25)
0z

Therefore, the net mass flow out of the control surface is:

pV. ord6dz + a(g )r8 608z + (a pVe) ord00z +a(gz ) rord0dz (A2
r

The rate of increase of mass within the control volume is:

ZF: rord06z (A2.7)

The sum of these two equations equal zero in steady flow, from equations (A2.1) and (A2.2).

v d
a—"rsraesz+pv,srsesz+a—(g:'f_)r5raeaz+§uaraeaz+ A0V.) 55052 =0

o 20 oz
Giving the differential equation for conservation of mass in cylindrical coordinates:
9, PV, 3bV.) 130Vs) 3bV.) _, (A2.8)

8t r or r 20 oz

Since:

10(rpV,) 1 apv.))_pV. , apV.) A2.9
?T‘?("V'” x )t & o
The final equation is:

9 19(pV,) la(PVe) L6V, _ g (A2.10)
o r or 0 oz
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APPENDIX 3. STREAMLINE CURVATURE PROGRAM COMPRESSOR
PERFORMANCE CALCULATION
(Refs. Novak (1967), Jansen and Moffatt (1967)

These authors have provided an explanation of the method which give a good
understanding of the use of the SLC equations. The method in the program used in this
work (Barbosa, 1987) has subtle differences but fundamentally is the same as the process
described here. The meridional velocity equation is derived in Appendix 4. Refer to Fig.
A4.1and Fig. A4.2 for the parameters and angles.

‘The approximate analysis is to consider the flow separately on two sets of intersecting
streamsurfaces of revolution (Cumpsty, 1989), as described earlier, namely the blade-to-blade
(S1) and the hub-to-casing (S2) surfaces. In the meridional throughflow streamline curvature
method, the S1 flow is related to two-dimensional compressor cascade flow. The S2 flow (the
throughflow), is also approximated as a single axisymmetric streamsurface within the blades.
Outside the blades, the actual near loss-free flow would rapidly return to axisymmetry so the
approxmimation there is better. The S2 flow is projected onto the meridional plane for
calculations.

One of the more frequently quoted papers in the earlier era of SLC methods contains the
necessary features of a typical calculation procedure (Jansen and Moffatt, 1967). It uses the
SLC method to estimate the flow at radial stations between the blade rows. Streamsurfaces
between blade rows are assumed to be concentric cylinders since there is no blade work to
cause Coriolis accelerations.

Through the rotors, flow deflection leads to total pressure and total temperature increase
of the flow, and through stators, the flow deflects with total pressure drops. In the
calculation procedure, there will be step changes in total temperature and total pressures

from one station to the next.

(1)- An equation is obtained for the meridional velocity variation from the radial equilibrium

condition from the equation of motion:

2

a—;/rl+E(r)Vj =G(r) (A3.1)

The objective is to guess by iteration a set of streamlines that satisfy this and the equation of

continuity:
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Leasin 3

W= j.me 27r cos ddr (A3.2)

These equations cannot be solved explicitly; a finite-difference method is used for solution.

(2. The annulus is first subdivided into a finite number of streamtubes by assuming a
constant axial velocity along the radius. For the remainder of the procedure, the flow through
these streamtubes remains constant. The streamlines only change position when a better
estimation of meridional velocity is obtained. Note that in Barbosa’s (1987) method, the mass
flow in each streamline can be varied at the beginning of the calculation in order to

concentrate streamlines at a desired position.

(3)- Required terms such as for radii of curvature are obtained. Streamline properties are
obtained by fitting a least-squares or spline curve through the points defining each
streamtube.

(4). The equation of motion is integrated so the calculation proceeds along streamlines from

hub to casing, in finite steps of size Ar;.

[SEE

(Va)iu =[v,:je“'i -%(1-&““ )] (A3.3)

E and G are evaluated for the streamtube midway between the jth and (j+1)th streamline and
are assumed constant for the streamtube. Equation (A3.3) relates the mendional velocity of

each streamline along a radial line. It can be expressed in terms of the hub meridional velocity
Vone - The value of V,, is found from the continuity equation applied at the particular

station. It is essentially a constant of integration. Note that in Barbosa’s (1987) method, V..
1§ a starting guess at blade inlet and V_,, or V. is a choice of start guess at blade exit as

rapid loss near the walls affect the stability of the iteration.

A guess is made of Vi, and the values for V,; from Equation (A3.3) are put into the

continuity equation (A3.2). The mass flow through each streamtube has been set constant
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and equal as input from station to station, so the streamtube width Ar; can be found from

the continuity equation. The sum of the streamtube widths should equal the annulus width at

the particular station. Generally, an annulus that is too large or too small is calculated when
all of the Ar; values are summed. A new value of V,,, based on the difference between the

estimated and known annulus is made and this iteration is continued until the continuity
equation is satisfied when the summed Ar; values equals the annulus width. New streamline

posttions are stored to replace those set in (1).

(4). The above iterations are carried out at each axial station to obtain streamline coordinates

for the whole compressor.

‘This description uses the radial direction for the meridional velocity equation. Barbosa (1987)
uses the tangent to the blade edge direction. Katsanis (1964) used the velocity gradient
equation along an arbitrary quasi-orthogonal rather than the normal to the streamline used in
previous methods. The normal to the streamline can change considerably in length and
direction during calculations. The quasi-orthogonals are fixed at each calculating station and
remain fixed while the streamline guesses change.

Daneshyar and Shaalan (1972) have discussed the operation of the streamline curvature
method in the regions of stall and choke. Choking and negative velocities (flow reversals)
may occur in the process of the calculation. When these occur in an intermediate streamline
pattern and are not present in the final solution, the basic techniques have to be modified to
deal with the situation. The method does not allow for the case where choked or reversed
flows (generally surge region) occur in the final solution without substantial modifications.
The only way to satisfy the system of equation is then to allow for negative mendional
velocities to occur. Mathematically, when choking or zero mendional veloaties occur, the
conditions for the existence and uniqueness of the solution of the governing differential-
integral equations are violated. In the computer program, the finite difference equations
replace these original equations, and the behaviour of these is of interest. The authors also
noted that when losses are involved in the computation, a dissipative body force should be

included in the momentum equation. This can usually be neglected for small losses. For the
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particular axial compressor they analysed, it was found that this correction term was

negligible even for large losses.

Glenny (1974) sumamrises the overall basis of a streamline curvature model. First, a
streamline distribution in the meridional plane is estimated with an initially assumed mass
flow distribution. The axisymmetric radial equation of motion is solved at grid points situated
between blade rows in combination with the energy equation (in terms of the relative
enthalpy along a streamline), the equation of state, approximations of the slope and curvature
of the streamline. An iterative solution gives the radial distribution of the meridional velocity.
The tuming imparted by each blade row is calculated using empirical correlations for blade
deviations to obtain flow angles at exit of the blade row. Now the radial flow parameters can

be checked in another iterative process to satisfy the integral continuity equation.

The whole procedure is repeated at each axial station to give 2 new mass flow distribution

through the compressor, with new values for the curvatures and slopes of streamlines.

The whole cycle is repeated until there is no change in the mass flow distributions within a

certam tolerance.

Assumptions of a streamline curvature method:

(1). Flow is steady and adiabatic.

(). Constant relative total enthalpy along a streamline.

(3). Working fluid is perfect gas.

(4). Frictionless flow at stations where radial equation of motion is solved.

(5). Entropy rises allowed between calculating stations along a streamline, to account for
blade profile losses, annulus losses and secondary flow losses.

(6). Blade deflections and losses are calculated from 2-D cascade data.

(7). Annulus and secondary losses are determined from empirical relations.

(8). Area variations from the development of the annulus boundary layer are accounted for

by use of a blockage factor at each calculating plane through the compressor.
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The method of Glenny (1974) had included the effect of secondary flow on the turning of
the main flow and on the turning of the flow in the vicinity of the annulus walls in the

blockage factor distribution.
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APPENDIX 4. TYPICAL DERIVATION OF STREAMLINE CURVATURE
EQUATIONS

This section will calculate the meridional velocity variation with full radial equilibrium as

derived by Novak (1967) and will include the full steps of the derivation.

Meridional Plane

Annulus
Annulus b

Fig A4.1 Compressor annulus and meridional plane with relative velocities.

A cylindrical coordinate system s used, (Iig. A1.1). The meridional plane is the r-z plan,
(Fig. A4.1, Fig. A4.2), and the annulus geometry 1s defined in this plane. The cylindrical
streamsurfaces pass through the meridional plane, such that in the mendional plane,
streamlines are defined by the fitting of a curve through the points at axial calculating stations
for cach streamsurface. The streamlines are generally inclined at an angle A with the z-axis.

The meridional flow velocity follows the streamline and has magnitude W, = ‘/(\)(/,2 ke

o
NG
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v

Fig A4.2 Meridional plane.

Streamline curvature methods solve for the radial component of the momentum equation,

the equation of continuity, and the energy equation.

The cylindrical coordinate system 1n Fig. A4.1: del 1s,

V=¢ i+§ li+§ e
‘or "rod0 ‘oz

(A4.1)

with € ,€,,€, being the unit vectors in the r, 8 and z directions respectively.

The acceleration of a fluid particle is the time rate of change of the velocity vector along the

path of the particle in the velocity field:

VOV e S
rreip s L (A42)

with V (V,, Vg, V,) in the cylindrical coordinate system.
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The net force on a fluid particle also gives the acceleration, ignoring the gravitational force

term and for inviscid flow, ignoring the frictional force exerted on the particle.

vV 14

v __1g A43
& p p (A4.3)
Nivvv=-Lyp (A4.4)
ot P

In the cylindrical coordinate system:

R =rE, +28, (A4.5)

Define velocity:

V=VE +V,, +V,E, (A4.0)

g=OR _diE,) dz,) (A47)
dt dt dt

\7=£.‘c:‘,+r£+9—5§,+zd$z (A4.8)
dt dt dt dt

v =£§, +r§(,f’3+2:e‘z (A4.9)
dt de dt

Now acceleration:

M CIA PN CA PN CAT
ot (ot ) " o f® o) ®

dr de d’r dodg, d’e de dr dzde, _ d’z
= L4+ & —_— —-+ +— +&,—5

dt dt T dt? +rdt dt +8( dt?  dtdt ] dt de dt?

2 2 dr do d?
=g, drd9+, ﬂ-— d(-) +r.\sed e+ae—r—-—+0 __2z
Pdt dt " dt? dt? dt dt dt (A410

_(d_zr 4’0, ,drdo . dz '

\dtz dt dt dt de* |*

(dV, 1 do 1 dr dv,
=|—L-- — 40— [+-ro +| —% ,

_ dt rm) ((rt dt)r dte(dt}

( \%
(V. 1y v2 |s IVV 4 z}z

L dat o ) dt dt
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Separating the components of acceleration in the cylindrical coordinate system:

(dVY dv, V2

Jl-—dr‘T

’2‘_’1_%+_‘ﬁ
\ dt dt r

(dV) _av,

[ dt ]Z_d_t

Considering equations (4) and (11):

V _oV,_ 9V, vV,

X X E + > €, + atlez

Using Equation (A4.6):
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o _ of(d-. 10_ 0.
\"/ =V'(g8[+;a 894'582)
_ﬂ.“ +l£ g A

s (9(V.E, +V4E, + V,E,) NEY I(V.E +V,E, +V,E,)
’ or r 20

L\
+le.. (H(V.E, +V,E, +V,E,)
. oz

. +E, p +V, arz+€’ p

0. _ oV ok, _ IV, o€, _ 9V, )]
€, +

€ (., 08, _ oV 08, _ aV, 08, _ oV

+{ - L3 r z z

. \Vr 30 +E, 3 +Ve 30 +&, 3 +VZ 30 +E€, 3

(., 0E, _ 9V 08, _ 9V, 08, _ aV, ]]
+€

AV —=+E —+V +E +V, .
"l T fe o 0z 0z

[ ( V. av, av, )]

=& | 0+& —=+0+8, —>+0+E,
L\ or . or or

E \/
+ T" V., +E a—V'-+V,,(—xT:,)+€(,aT\(;"+0+?: a—’—)]

‘00
(0+e a—V—+0+ eﬂ/—+0+ A2 )]
oz
\/

oz & dz

g
=(§_' V" l_aﬁ avz
+0+0 [+| —<+0+0+ % +0 |+ 3

\ al' r r Z

fav v 19V, av
+| ——

\ al' r 8(-) aZ

1a(rv) 19V, A2

r or r 89 oz

(A4.13)

V=VE +V,5,+V,E, (A4.6)

The velocity vectors V., V,,V, are functions of r, 8 and z and t in the Eulerian method to

describe fluid motion, i.e., observing particles passing by in the acceleration field from a fixed

position in space.
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V. =f(r,6, z,t)

V, =£(r,0,z,t) (A4.14)

V, =£(r,6,2,t)

Acceleration is the time rate of change of the velocity of the fluid. The velocity is a function

of both position and time. Use the chain rule of differentiation to obtain the acceleration.

dV _ oV (oVdr) (dVde) (oVdz
—— | == |+| —— A4.15
dt at+[ardt)+(aedt)+(azdt) ( )
_dr
Todt
v, =39 (A4.16)
dt
v, =%
dt

This obtains the acceleration field from the velocity field.

v _v v, vV, av, (A417)

dt ot o " 90 r 9z °

The scalar components of this are:

dV, _aV, 3V, V.V, 3V,
=<4y 4+

= 4y
dtatar'aeraz

dv, _av, avev vV, Ve %V (A4.18)

dt ot or 0 r oz

247



APPENDIX 4

dv, _av, 3V, 3V, V, Y,

i e ;-

This is the substantial derivative, which in shorthand form is:
DV oV (o o\
—=—+\V-V

Dt ot (
(V : VX ) represents the operator:

(V-9) )=v. aar)’“xfaa(e ey, aa(z) (A4.19

In conjunction with equations( ), then

dv ovV. dV ovV. V, oV \'A

a =[V) -V . r Vo OV y _ Ve A4.20
(dtl xR T (1420
dv) av, av,. aV,V, aV,. V.V,

a. =[SV = Yo V. + A4.21

o(dtl at+arv'+89 r+az z r ( )

dv) aV, aV,.. av,V, oV
a = — - Z 3 L= ZV A4.22
z(dtl o T e r e (42

Finally, combining this with Equation (A4.3) gives the three components of the equation of

motion for inviscid, compressible fluids.

ov. oV ov.V, oV V¢ 19p
LIS LY r e IV ——8 = % A4.23
xR : ' r por (42

Vo Moy Ve Ve Ve, +VrVe=_l(l@J (A424)
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av, dV, v+ av, X".... aV, v ____la_p (A4.25)

* o T o ¢ poz

These equations can be arranged to show the components of vorticity by adding and

subtracting:
V, a;/r +V % to Equation (A4.23) (A4.26)
(V aa: v, aa\(’; ) to Equation (A4.24) (A4.27)
vV, — AT \'A Mo Equation (A4.25) (A4.28)
oz oz

e.g. for r-component of momentum equation:

8V,+8V,V+8V,V BV,V__V_'
ot or ' 90 r oz r

v, ov, av, av, 1dp
+ - +v, 22 |-
( or ’ar)(v"ar ’ar) p or

£t L4V, =L+ V,

N (v Ve, y M,y Ve
ot " or or ’or

av. VvV, V? oV, | (dV, oV, 19p
—e vy T [y | Ty v 2 =t
[Ber : Var}’(az ’ar) p ar
Since
aV aV aVv, 1 aVv aV, av,
L4+2V,—2+2V,—=
(Br “or T ar)z(zvfa+ EN ’ar)

a%(vf +V? +v:)_ a%( Vi+V, +Vf)z _ a(%vz)
or B or or

therefore,
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a(—vz)
av,+ 2 Ve(+raV V_@_v_)+v[av av, )= 1 dp

or 90 % o | por

1
3 _vz)
av,+I2 RACGANA ey [ Ve )__Lop (A4.29)
ot or r{ or 00 oz o p or
The last two bracketed terms are the components of vorticity.
For the 8-component:
aV, dV, dV, V, 9V, V.V,
Vv
8t+8rv' 89r+az T
av, av, av, aV, 1 dp
V,—+V,—= |-—-| V. —+V, -
( 09 89) ('30 39) (pae)
oV, 1., oV oV oV
—2 4|V r ] z
at+(rae+voae+vzae)
AL\ A L7 V_gv_ __Iftdp
r k dz 90 r| or 20 rlp oo
Lv:
adV, 112 V. (v, o(rV,)) V.(d(rV,) Vv, )_ 1ap
+- _—— 8 (A4.30)
ot r 09 r| 00 oz r{ or 06 p 90

since — =0
/A

For the z-component:

av, av av, A\ av
LV, + LV,
at or 00 r az

v, av, V. av,) 1ap
+ v, e v,y =-—2E
('az 982)('82 082) p oz
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aV. aV oV oV
Z rv OV zv
at+(az '+az ot 0z Z)

+v{a_vz__aLJ+ﬁ(avz _ra_ve_)=_iéa

o oz ) rl|laee oz p oz

a(-‘-vz)
av,+ 2 )y v, av, Y v, dtv,) __lop (A4
at oz o9z or r | 20 oz p oz

‘The components of vorticity are:

VxV) =1(8L_M) (A4.32)
" r\ 20 dz
(VxV), =(a_v,__a_vz_) (A4.33)
dz or
7x V) = L1fVe) 9V, A4.34
(va)z - r( al' ae ] ( )

Therefore, the above 3 terms in Equations (A4.29-A4.31) represent the components of the

cross product of the velocity and the vorticity:

Vx(Vx V)
Equations (A4.29-A4.31) in vector form are therefore:

V 2
V_ Vx(VxV)+ V(VT)= —%Vp (A4.35)

The following well-known equation relates pressure and density to the stagnation enthalpy,

static temperature and entropy:

12
Vp=VH-tVS- V(VT) (A4.36)
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Combining with Equation (A4.35) leads to the form of the equation of motion known as the

Crocco equation:

E%’—\‘zx(v‘/x\?): —VH+1tVS (A4.37)

This inviscid equation of motion can also be written in a rotating coordinate system:

oW -

5" Wx(VxW)=-VI+1Vs (A4.38)
where

W=V-U=V-wr, (A4.39)
and

I=H-UV, =H-arV, (A4.40)

Lis the stagnation enthalpy relative to the rotating system, or the rothalpy.
Now some assumptions will simplify the equation.

. .. d :
(1). Steady-state conditions mean all terms with local time derivatives > are omitted.

(2). Given steady-state conditions, a streamline can be defined with equation:

dRxV=0. (A4.41)

This says that the path dF is parallel to V at each point in the field. The three-component
equations then requure:

dr:rd@:dz:ds=V,:V,:V,:V (A4.42)

s 1s the streamline direction.

(3). Define the meridional direction so that:
dm:dr:dz=V,_:V,:V,
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V - l‘2_'_vz2
¢=tan"| Yo (A4.43)
VZ
: oV,
V. =V,_sin¢ smp_—m-am
v,
V,=V_cos¢ cos¢—vm—-am
Vv, _ar
tan¢——z—- z

The m-direction is defined by the projection of any streamline in the meridional r-z plane.

When the flow field is axisymmetric, the m-direction is usually referred to as the meridional
direction.

If uis any direction, the directional derivative in cylindrical coordinates is:

ou ordu rdddu ozdu

Therefore, taking the direction derivative in the meridional m-direction:
0 _ddr 9 dz

_— —_——
om oJrdm Jzdm

: : 0
since m is perpendicular to the O-direction and for axisymmetric flow, 3 =0.

If the streamline is written in terms of r and m, (m=m(r,2))
0 ddr 9 dz

—— T e —

om ordm oz dm

Therefore,

d d 0
==V V> A4.44
\'A VitV (A4.44)
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and

d d d
—— =sin¢p— — (A4.45)
o smq)ar +cosq>aZ

Now derivatives in the z-direction are replaced by derivatives in the m and r-directions. From
Equation (A4.45),

i = l i —sin ([)i (A4.406)

dz cosd| dm or

Note this 1s not a coordinate transformation. When applied to the momentum equations

(A4.29-A4.31), the results remain the 1, 0 and z components.

(4. The fluid is adiabatic and inviscid along any streamtube. One of the three components of
the momentum equation is redundant: only the r and 8- components are used. The entropy
and enthalpy does not need to be everywhere constant as it does not violate the Euler
equation to specify differing values of entropy and enthalpy at each point through the field. It
would mean the fluid is inviscid and adiabatic in that no mechanism internal to it can change
the entropy or enthalpy, but an “outside” means of doing this is permissible. Only the
acceleration terms involving the enthalpy and entropy changes in the streamline direction

need to be zero.

(5). For the stagnation enthalpy:
dH V, oH JoH

V-VH=0=V,—+-2—+V,— (A4.47)
“or r 09 oz
From Equation (A4.45), since:
JH oH oH
V,—=V —+V —
* om "or ‘oz
- oH V, oH
VVH=0=V_ —+-27_ (A4.48)
"om r 00
For axisymmetric flow, %—g =0

254



APPENDIX 4

Therefore,

H_y (A4.49)
om

'The same argument applies to S and I, so that:
S _dl _

—_ = A4.50
om oJm 0 ( )

The r and 6- components of the Crocco equation of motion can now be considered with the

above assumptions (Equations A4.29, A4.30). These expressed with Equation (A4.37)

become:
The r-component:
AN A CAC AN et
r or 00 oz or or or
‘The 8-component:
_V (V) 8V, ), V,(aV, 9(V,))_1foH _ oS (A4.52)
r| or 00 r{ 00 oz r\d@ 20

Assuming that H and S have no 8-derivatives, which generally cannot be done, but can be
temporarnly assumed to be so, then arranging the circumferential component Equation
(A4.52) gives:

vz[a_vz._M)_ vr(M__aXr_):o

00 oz or 00
AY oV a(rv,) a(rv,)
V r z ‘] V A453)
0V 0 Vo TV g (
l a\,r2 avz2 - a(rve)
2( 0 o0 J‘V"‘ am
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2| 06 om

v, Vy _ v, a(rv,)
20 om

av, _a(rV,)

0  om

v,

For a truly axisymmetric flow, then

APPENDIX 4

(A4.54)

=0, so the equation above then states that the

momentum along the meridional projection of a streamline in the absence of circumferential

velocity or pressure gradient needs to be constant. Within a blade row, this equation can be

used to calculate the blade surface pressure distribution as a function of the meridional rate

of change or V.

For the radial component of the equation of motion, the components of vorticity are usefully

first rearranged by first, replacing all V, terms by V,sin¢, and all V, cos. All z-derivatives are

replaced by m and r-derivatives. a;,e"' term is replaced by Equation (A4.54).

Radial component of the equation of motion:
Vv
_i(a(rve) KA )+ Vz(avr 9V, )= oH 38

rl o 28 % xS e

Vorticity components:
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Radial vorticity component rearrangement:

(7)1 5 -25)

[9(V,cos9) 1 (3(rV,) . a(rve)]
a0 cos¢k om ~sing or

[ 9lcos¢) L a(rv,) a(rVe)]
Vo 29 +cosq> 00 cos¢ oOm +tang or

m[a(cos¢)a¢) cosg2Ve)__1 a(rve)ﬂanq,M}

]
r r r r

d0 a6 om cosd om or

[ . 00 arV,) 1 a(rV,) a(rv,)
Vm(sm ¢-a—e)+ cosd om coso om + tan ¢—ar

[ (coso . 3p), (V) | 3(V,)
i Vm(cos¢Sln¢£)+T(cos¢ cosq)}’-t an ¢—=—= or

F_V_z 39, arV,)[ cos’ ¢-1 a(rv,)
Vm(cos¢tan¢ae) om k cos ¢ ) tang or

o[ cosd Yoo  I(rVy)( sin’ ¢ a(rv,)

~fan ¢V(V }% om [cos¢)+tan¢ or

_tanof L (cosp )90  9(rV,) A(rV,) (A4.55)
| B 2

I
| -

"1|v-—
r r
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Circumferential vorticity component rearrangement:

(va)ﬁ(%_ﬁ)

) oz or
) _colsq) (%)_Sinq)%)-)—%]
- [ 1 (o(V,sing) _sing o(V_ sin¢) ]_ o(V_ cos ¢)]
[cos¢l  om or or
= :cols¢ :vm a(f)l:lq)) +sin ¢a—a-:ln“‘— -sin¢V,, a—(s—;?i)—sin2 ¢%)— \'A Q_(_C_;rs_(bz_cos ¢%{|
= :E%(bfvm cos¢%+sin¢ 2;:: -singV,, cosd)%—sin2 ¢2;—1rﬂ)+ V_ sin ¢%rq—)—cos ¢%“-]
= :@ ka cos¢%+sin¢aa\:: —sin? ¢a;,r“‘ )— cos¢a§r‘“:|
= _$ [Vm cosq;%+sinq>%\%-—sin2 cj)ia\%“——cos2 ¢%‘“—I|
= :Vm (1:0s¢(v"2‘ coscj)f:%+vm sin(l)%\r%“‘—Vm agr“' II
V. ios¢(v"2‘(c° ¢%+%IL_¢88\$ ) ;a;r; )]

C@xL |1 [yofsin0dV, coso) 13Vg
( xv)o—[Vmcosq)ka[ V, om 1, ) 2 or ]]

(A4.56)
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Axial vorticity component rearrangement:

(vxv)ﬁ%(w_al)

or 20

_1[a(tV,) a(V,sing)

r| or a0
_1[akve) _, 3Ging) ___]

o e "
_1[oeve) % a(r_V)] (A457)
_r_ pw Vmcos¢£—sm¢ om
_l"a(rvo)_ o[ cos¢ )30 a(rv,)
_r-——ar Vm[ V. )55 smq)—am

9
<

1]a(V,) . .a(V,) . ,[cosd )od
X == —= —_2l_ V| ——
) r[ o ™ m |V, Joe
The sign convention for radius of curvature of the meridional projection of the streamline is
arbitrarily set as negative for a concave upwards streamline, and positive for a concave down

streamline as shown in Fig. 4.2.

1 __9
=2 A4.58
= m (A4.58)

.. aV, . :
The term containing —= is the acceleration component as a result of rate of change of
m

meridional velocity in the meridional direction. Evaluation of this using the differential form

of the continuity equation results in the following result for the axisymmetric case:

.2
, 1+ M2 +— Jsin q)+tan<|>ﬂ
sing dvV,, I, Coso J r or (A4.59
V., om 1-M2 '
Here, M, =Y and M, = Vo
a a

sing oV, s
m

The r-component of the equation of motion can be solved explicitly for V,, if
m

known. However, M,, and the sonic velocity a require a prior knowledge of V. An iterative

solution is required for the solution. In this form of the streamline curvature method, the
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denominator of Equation (A4.59) contains a (1 - M;) term so that a singularity occurs when

M, = 1.0.

—- 15 zero for the axisymmetric case. This refers to a mean streamsurface around the

20

annulus. In the actual flow, any streamsurface passing through a blade row will warp and

twist, so that éj‘l is not zero. The streamsurface twist contributes an acceleration term to the

90

equation of motion. The twisting of the streamsurface is due to secondary flow. — can be

00
explicitly found by secondary flow problem mathematical techniques. It is non-zero

whenever there is a streamwise component of vorticity.

The components of vorticity for axisymmetric flows are therefore:

©x¥) =@[%§Q] (A4.60)

7xV), | L [y2[singdVa _cose) 13V,

(va)"—[vmcosmv“‘( V, om 1, ) 2 or )] (A46D

(Vx¥), = l[¥q (A4.62)
r -

The aim is to obtain the r-component of the equation of motion. First, Q is defined:

!
! P, ' Y

S\

Q =e G = P (A463)
Tn
t

or
S= ~C,InQ (A4.64)
Given that

260



APPENDIX 4

- (A4.65)

(VH—tVS)r =a_H_t2§
o or
=a_H_ -C — 1 aQ
or PQ ar

=a_H( Va _ ),aQ (A4.66)
or

_H_HQ_Vi(13Q) lgg

T Qar Qar Qor

1aHQv 1aQ lgg
Qo Qor Qoar

This is used with the LHS of the radial component of the equation of motion Equation
(A4.51) and with the vorticity equations:

&(a(rv) av) V(ﬂ_av) oH dS

r{ o 98 oz or ) o o

R e CE i ()

&[a(rve)] v, ( V2 singdV, cos¢ ) 19Vp
r| or V, cos¢k V., om L, 2o

10HQ Vg(13Q) Vu(19Q
Qod 2|Qar) 2|Qor

Since V, =V, cos, rearranging this equation into a differential equation for V,, leads to:

(A4.67)
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or "V, om Q or
1oHQ_Vy(1Q _Xe_[a(rve)]
Q or 2{Qor r| or

Ny _ofsin0dV, cosd ) Hf1f13Q))2 _
or V., dm r " 2lQor || ™
p LOHQ _,Ve(13Q)_ ﬁ[a(rv(,)]

Q or 2

V2 sing oV,  cos¢  1{13Q }|,
—0 49 - -—m — V- =
8r+[ V, om @ : +2(Qar

m

(A4.68)
o| LOHQ Y, 3(tV,) Ve(13Q
Qo r o 2(Qor
This can be simplified in the form of:
2
Vi + C(r)Vj, =D(r) (A4.69)
or
[ .
Cie) <o SN0V, cos¢ 1(10Q A4.70
O=2"N, o *r. "2Q%r (A4.70)
[10HQ V,o(rV,) VZ(13Q
D(r) =2 =~ -8 8/ "8 A4.71
® 2_Q8r r o 2(Qor (A0

If C(r) and D(r) are known functions of r, Equation (A4.69) can be treated as a linear
differential equation with constant coefficients in one independent variable r. The solution is
then:

V2 =Ke 170 g fo0 f Dy (A4.72)

K is a constant of integration which must satisfy the continuity condition.
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From Equation (A4.69):
2V, %m- =D(r)-C(r) V2

(A4.73)

v, (1 1 (1
Gl e O

which is a better form than Equation (A4.72) for computer calculations.

So far, the static pressure gradient has been replaced by the equivalent in terms of stagnation

enthalpy and entropy gradients.

The radial component of the equation of motion equivalent to Equation (A4.68) is derived
from Equation (A4.29) with the appropriate assumptions:
12
2V | v arv,) av, V. oV 19p
——9(—9—— ')+V( £ — ’)=— (A4.74)

or rl or 90 ) Aoz or p or
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1 2" ), ve(av) _av.)_y (2V. 3V,
p or or r|\ or a0 dz or
1 )
8—2~V2
== +V,(Vx V), -V, (Vx V),
1.,
a_ 2
_ e +£|:8(rV9):I_ V, [yofsin0dV, cos¢) 13V
or r| or \'/ cosq)L "V, om 2 or
) 0— [V2+V2+V2]+V[ av, +Vi]— Vv, V2 Mé\_’_,,,__cosd) 1
or o o] |[V,\ "\ V. Om 1,
1., ] )
_ ag[vm‘*'vef] v,[ 9V, (singaV, cos¢ )| 10V>
S [ T FEACRVAS B RV P AL PR 4 | FRLRALY
or r_ar il \Vmam rm)_zar
1 2 2 - =
_ az[vm"'ve] v,[ oV, ] o[ singdV, cosd )|, 10V2
=——2 ey lle gy |- V2 m _
or rl or 11" Va om r, }] 2 0r
v Va Ve, Ve V'+v2 cos¢_£njzi\lﬁ+v IWVy
" 9V, °av A (& Va Om | "o
Jlop_Ve LV cos¢ sin¢ aV,
“pax r "l'r, V, om
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(A4.75)

Now there are three basic forms of the equation of motion, Equations (A4.72), (A4.73), and

(A4.75). How are these suited to the indirect, axisymmetric turbomachine problem. The

integrated form, Equation (A4.72) is most suited to a hand calculation. The meridional

velocity gradient form, Equation (A4.73) is most useful for computer calculations. Equation

(A4.75), the static pressure gradient version is as good as (A4.73) for the design case, but not

for off-design computations, or to the case where measured test data is input.
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APPENDIX 5. SEPARATE EXHAUST TURBOFAN ENGINE SIMULATION

The following flowchart shows the original scheme for the separate exhaust turbofan on
the left (as used in Chapter 3) and the amended scheme as described 1n section 4.4.1 and
carried out 1n section 4.7.3. Note that the fan calculations in these schemes are replaced by
the 2D-FHBPR, inner and outer and 2D-I.LBPR fan models for the work done in Chapter 4,

and by WholeMap, ZonalMap or DirectMap fan models in Chapter 4.

Bypass flow Cold Hot
nozzle nozzle

Splitter Combustor

High Low
pressure pressure pressure
compressor turbine turbine

[ig. A5.1 2-shaft separated nozzle turbofan schematic.
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No -
Change
B any

Yes

Original turbofan s Amended turbofan Inpute:
iteration scheme Pa Ty My iteration scheme P, T, M,
(Chapter 3) v (Chapter 4) 3
Handle: TET Handle: TET
Guess N, Guess Nz,
[ *
No - No -
Cold nozzle Cold nozzie
Cg:r;qge calculations Cg:rge calculations
T\ -
No -
Change

No -
Change nge
Nean Yes N Yes
v v
Combustor Cmm_sw
calculations calculations
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APPENDIX 6. 2D-HBPR FAN MODEL

The following flowchart shows the general calculation procedure for 2D-HBPR fan.

APPENDIX 6

2D-HBPR FAN
MODEL

Flight conditions,
ambient conditions

Guess Npan >

Calculate Ny \,\/\/'l'

(‘IUCSS B]-’,\x

Linearly interpolate for new operating point:

1D data of WN'T/P = f(N pan/ VT, Bran)

Linearly interpolate new operating pont:
2D data of

WAT /P
= f(N F \N/\/'l', Blﬁ\.\' )

(PRI2D, ,AH/'T, AHp/T)

A

Calculate 2D

PRop, ETAFAN:p, Wap

Calculate 1D
PR, W, Hour, Hin, FanPower

!

Guess BPR

| I
f(BPR, Wap, area ratio)

an exit split radius =

A
Mass average for core Mass average for bypass
rsplit I tip
(AH/ Ty = o [(AH/T)yp0W | (AH/ Ty = o | (AH/T),5dW
Wcore thub bypass rgpjit
1 rsplit 1 rtip
(AHp / T) o = (AH, /T),pdW | (AH, / T),, = v (AHp /T),,dW
core b bypass rgpjit
Calculate
(;a'lCUIatc l“«’l./\hypass, pRI)ypmss, phyp:ass) vl‘hypzws,
l':’l‘A(nrc, PR«)«-, l)cure, ’rnm', (\f\r'\l’l/ l))(()“_-_gx“ (\,v\l'l‘/l’)h),p““_ exit
Check Check

HPC entry flow function = fan
core exit flow function

Fan nozzle entry flow function
= fan bypass exit flow
function




APPENDIX 7. 2D-LBPR FAN MODEL

APPENDIX 7

The following flowchart shows the general calculation procedure for 2D-HBPR fan.

Flight conditions,

2D-LBPR FAN ambient conditions

MODEL

|

(;UCSS NF AN

Calculate Npan/NT

Guess B.- AN

Guess BPR

Fan exat split radus =

A

f(BPR, Wop, area ratio)

Linearly mnterpolate for new operating pomnt: 1D data

of WNT/P = (N gan/VT, Brax, BPR)

2D data of
W, /T /P
T/

WAT /P

Linearly interpolate new operating pont:

(PRI2D, —22——— | AH/T, AHp/T)

s f(N AN/ ‘/T > BI",-\N,BPR )

Calculate 2D

Calculate 1D

PRop, ETAFAN:p, Wap

PR, W, Hout, Hiy, FanPower

:

Mass average for core Mass average for bypass
rsplit rtip
1
(AH/ Ty = o [(AH/T)sp0W | (AH/ )y = [(8H/T) o 0W
Weors thub Woypass rsplit
1 rsplit 1 tip
(AHip /T)ogy = [(8H /)0 0W | (8H /T),,,, = (AH,p /T),odW
core ub bypass rgpjit
Calculate
Calculate ETA}»,YP“,, prypass. phypnss; 'I‘hypass,
I"‘,I‘A«:O(c, PR(orc, Pcorc, ’l‘con', (\V’V’I‘/P)com_ﬂm (\X/V’r/l))bypmss_cx:l

4

Check
HPC entry flow function = fan

core exit flow function

4

Check
Fan nozzle entry flow function

= fan bypass exit flow
function
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APPENDIX 8. INNER AND OUTER FAN MAP MODEL

Program_inner_outer_fan model.for
Inner and outer fan Program _inner_outer fan_model.for

model performance €4 —

program Performance simulation of turbofan engine using inner

and outer fan maps.

.| . —

Find split point along exit
radius

BPR, inlet P, T, FAR.

Area ratio of measuring stations, 2D cumulative mass
flow profile, 2D profile delH/T, ideal delH/T.

Find split point along exit radius.

Use BPR, total mass flow, calculate core and
bypass mass flows.

Use core mass flow and 2D cumulative mass
flow profile to find area ratio, delH/T and ideal
delH/T values at split radius.

e i e e rei e

Do for both core and bypass: i

Leline A Mass average delH/T and ideal delH/T and
calculate efficiency.

Mass flow average both
core and bypass <>
parameters

Next use gas properties subroutine to find:
inlet H, S, Cp and gamma,
exit H, S, Cp and gamma.

Calculate pressure ratio, exit P.

Output - all single values.

Split point area ratio, total fan mass flow.

Core parameters
Output parameters ¢ Mass flow, delH/T, ideal delH/T, pressure ratio,

efficiency, exit P, T, H.

Bypass parameters
Mass flow, delH/T, ideal delH/T, pressure ratio,

efficiency, exit P, T, H.
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APPENDIX 9. INNER AND OUTER FAN MAP GENERATOR

Create_bypass,corew
_fan_map.for

Main program J

Read in 2D fan map &

Read in BPR vs

v 2D dependent variables, hub to casing:

Beta design point, RPM design point, BPR design point.

Independent variables:
Exit area ratio, fan beta, fan N/sqrt(T),

N/sqrt(T)/N/Sqrt(T)des.

fan inlet pressure recovery factor, cumulative mass flow,
pressure ratio, delH/T, ideal delH/T, efficiency.

1D dependent variables:
quasi-non dim mass flow Wsqrt(T)/P, pressure ratio,
delH/T, ideal delH/T, efficiency.

From previous performance 1

N/sqrt(T) relationship — " com putation with 2D fan model

2

Loop for each speed line and pointon s line

For each speed line, obtain for

each point the profiles and 1D
performance for above BPR
relationship

\ 4

Calculate bypass and core
thermodynamic properties.

Use the fan beta on the 1D map, with the RPM from
aboverelationship, inlet P, T and FAR.

Calculate N/sqrt(T), interpolate speed line and
associated dependent variables to obtain:

2D ndent variables, hub to casing:

fan inlet pressure recovery factor, fan inlet quasi-ND
mass flow, pressure ratio, inlet P, exit P,T,H, mass
flow, delH/T, ideal delH/T, efficiency.

1D ndent variables:

Pressure ratio, quasi-non dim mass flow Wsqrt(T)/P,
exit P, T, H, FAR, inlet H, delH/T, ideal delH/T,
efficiency.

Use input BPR, P, T, FAR, area ratio of measuring
> stations, 2D profiles of mass flow, delH/T, ideal
delH/T.

Output:

Area ratio at split point, mass flow.

2D profiles of bypass and core:

Mass flow, delH/T, ideal delH/T, pressure ratio,
efficiency, exit P, T, H.

!

I

Output 1D map <P

Output inner/outer 1D
maps —

mependent variables: beta, N/sqrt(T), N/sqrt(T)/design
N/sqrt(T)

Dependent variables: Wqrt(T)/P, pressure ratio,
efficiency, delH/T, ideal delH/T.

Independent variables: beta, N/sqrt(T), N/sqrt(T)/design
N/sqrt(T)

Dependent variables: Wqrt(T)/P, pressure ratio,
efficiency, delH/T, ideal delH/T.




