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Abstract

In this work, existing models for the development of the boundary layer on
the end walls of axial compressor are analysed.

Three solutions are taken into account for the bladed domain and are
implemented in a through flow code for the preliminary analysis of axial
compressor developed at Cranfield University, United Kingdom. Two so-
lutions for the turbulent boundary layer development are validated with
experimental data and are used in the parts of the domain without blades.

The models are tested in fan geometries already present in the software
and typical boundary layer quantities are compared with existing experimen-
tal data. The geometry of a multistage axial compressor is then specifically
implemented for further tests on a larger domain.

Sommario

In questo lavoro sono analizzati modelli per lo sviluppo dello strato limite
sulle pareti di compressori assiali.

Tre soluzioni sono prese in considerazione per il dominio in cui sono
presenti palette e sono implementate in un codice through-flow per ’analisi
preliminare di compressori assiali sviluppato presso Cranfield University,
Regno Unito. Due soluzioni per lo sviluppo dello strato limite turbolento
sono validate con dati sperimentali e sono usate nelle parti del dominio senza
palette.

I modelli sono testati in geometrie di fan gia presenti nel software e
le quantita tipiche dello strato limite sono comparate con i dati sperimen-
tali esistenti. La geometria di un compressore assiale multistadio ¢ poi
specificatamente implementata per ulteriori test su un dominio piu esteso.
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Chapter 1

Introduction

In Figure 1.1 is shown a modern aero engine from Rolls Royce Plc, the Trent
1000. It has an overall compressor ratio of 50:1 and it generates up to 340 kN
of thrust. It is a three shaft turbofan with a single rotor inlet fan, a 8-stage
intermediate pressure compressor and a 6-stage high pressure compressor.
The bypass ratio, i.e. the ratio of the mass flow through the fan over the
mass flow through the core compressor is higher than 10:1. In Figure 1.2 is
presented a schematic representation of an axial compressor. The endwall at
casing and hub is indicated.

The annulus boundary layer in axial compressors is different from the
boundary layers on wings or within ducts in the fact that it is extremely
not well behaved. The hub and casing boundaries of the turbomachine
will themselvevs contain steps and gaps separating moving and stationary

Figure 1.1: The Trent 1000 from Rolls Royce Plc: a modern turbofan engine. [54]



Figure 1.2: The schematic representation of an axial compressor. [9]

components, resulting in a segmented wall with relative motion from seg-
ment to segment. The end wall boundary layer spans these interruptions
and it is intermittently subjected to centrifugal and Coriolis forces. These
complications are nevertheless minor when one considers the effects of blade
rows. The deflection of the end wall shear layer by a cascade of blades gives
rise to secondary flows which are often greater in intensity and scale than
the conventional transport motions of the boundary layer. In addition, the
strong outward migration of low velocity fluids gives often rise to severe wake
like velocity defects at some distance from the wall. Ultimately, in presence
of unshrouded blade tips a complex large scale vortex motion adds a final
complication [1]. In Figure 1.3 a sketch shows some of the relevant viscous
effects within a rotor passage. In particular, to summarize the effects that
must be taken into account when modelling a flow of this complexity, the
complex highly three-dimensional effects that must be considered are:

e inlet skew;

e force, displacement and momentum defects;
e secondary recirculation in passage;

e turbolent mixing;

e hub-suction vortex;

o leakage flows;

e etc..

Such flow can be analysed through complete 3D CFD tools, by solving
Reynolds Averaged Navier-Stokes equations (RANS) or even employing Large
Eddy Simulations (LES). Proper models for turbulence are able to resolve
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Figure 1.3: Qualitative representation of some viscous effects in a rotor passage.
As it is apparent, the end wall boundary layer in turbomachines is a
complicated highly three dimensional flow. [34]

all these flow effects. Nevertheless, they are still extremely computationally
expensive when dealing with complex geometries such as multi-stage axial
compressors and therefore not suitable in a preliminary design phase where
the many degrees of freedom must be considered to obtain an optimum
trade-off and maximize efficiency. Here is where computational tools such as
the one employed in this work prove their effectiveness.

1.1 Motivation and Scope of Work

The annulus boundary layers have a small effect on blade row turning or
stage work, but a very large effect on efficiency at design and off-design flow
rates and wheel speeds. In the Figure 1.4 from Balsa and Mellor it is possible
to appreciate the typical stage performance with or without the inclusion of
the annulus boundary layer. In particular, the scope of work of this Thesis
is to analyse and test different annulus boundary layer models suitable for a
time efficient through-flow computations and to implement them in a code,
in-house developed at Cranfield Univesity. In order to do so, the literature
about the subject has been deeply analysed and some possible models of
increasing complexity have been selected. The models have then been tested
for different geometrical configurations, already descibed in the software. In
addition, the geometry of a larger compressor has also been implemented in
order to gain a more complete overview on the capabilities of the models.
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1.2 Background to the Work

When dealing with boundary layers, it is costumary to define the defect
quantities. The concept developed by Schlichting and Prandtl at the begin-
ning of last century, of dividing the freestream flow from the flow near to a
wall had a great success and it is still in use today. In the freestream flow
is possible to simplify the Navier-Stokes equations, obtaining the inviscid
Euler equations. The concept is the use of integral quantities: renouncing to
represent the velocity profile in direction normal to the wall and integrating
in that direction to obtain a quantity called "defect quantity". In other words
the dimensionality of the problem is reduced of 1. This is what is classically
done when defining the displacement thickness and the momentum thickness.
They are defined, in a 2D reference system with the x-axis along the physical
boundary and the y axis normal to it, as:

é
peVed™ = /0 (peVe — pV) dy

0
p V= [ oV (Vo= V)dy
0
And the shape factor will be the ratio of the two:

_

H
0



In this definitions, displacement thickness is represented by 6* and momentum
thickness by 0, p is the density and V the velocity. The subscript e indicates
"external”, the quantities without subscript are relative to the boundary layer
itself, and the integral is taken on ¢, which is the boundary layer thickness
(thickness # displacement thickness). Normally the shape factor will be
in the range 1 < H < 2.2 and 2.2 or 2.4 are commonly referred to as the
limit shape factors before flow separation. To understand this concept it is
easy to think that the flow will separe when the boundary layer geometry
(displacement) will be too large for the energy it contains (momentum). Since
in this work is dealt with boundary layers inside a turbomachine, it is also
fundamental to describe which are the main reference systems and which
additional defects need to be introduced. When dealing with turbomachines,
two main reference planes are usually employed: the meridional plane and the
blade-to-blade plane. If the axial direction is set along the main longitudinal
axis of the machine and the radius is computed as the distance from this main
longitudinal axis on a normal plane, then the meridional plane is defined
as the (x,r) plane. In other words, the meridional plane is a slice of the
turbomachine on a fixed 0, where 6 will be an angle on the plane normal
to the main longitudinal axis of the machine. The meridional plane for a
schematic compressor can be seen in Figure 1.2. The blade-to-blade plane,
instead, can be imagined as something that cuts the blades while turning
around the main axis at a fixed radius. In other words, it is the plane (6,
r). It is normal anyway not to use cilindrical coordinates (x,r, ) to define
the directions in a turbomachine, but to use the "natural' reference system
(m,n,0). This reference system is easily derived from the previous. m is
usually very close to the axial direction x, but it is tangent to a streamline
passing through the turbomachine. A streamline is defined as a curve in the
meridional plane having no fluid velocity normal to it. The angle between m
and z is usually referred to as the streamline slope and called with the greek
symbol ¢. The second direction, n, is the normal to m, in the meridional
plane, while the last direction, ¢ or 6 is the normal to the meridional plane.
Figure 1.5 shows graphically the natural reference system related with the
standard cylindrical system.

For what concerns the defects, in a turbomachine it is mandatory to
consider a three dimensional boundary layer. As briefly mentioned before, the
flow it is extremely bad behaved and it could not be treated as if it was two
dimensional (even though this is ultimately done). In this sense the quantities
that must be defined are, in order: the meridional displacement thickness,
the meridional momentum thickness, the mixed momentum thickness, the
tangential displacement thickness, the tangential momentum thickness:

d
pe‘/meéi< = / (pevme - PVm) dn
0



Stream Surfaces

Figure 1.5: Natural reference system and its relation with the cylindrical coordinates
(here the axial direction is named z). [9]

1)
pevr%egll = / pvm(vme - Vm) dn
0
1)
PeVmeVee912 = /0 PVm(Vee — Vg) dn
1)
pe%eég = A (peVHe - P‘/b) dn

)
PV — /0 oV (Ve — Vi) dn

In these definitions the subscripts m stays for "meridional" and the subscript
0 stays for "tangential'. The subcript 11, 12, and 22 indicate respectively
the boundary quantity in the meridional direction, in a "mixed" direction
(see definition, it considers velocities along m and along #) and in the
tangential direction. Furthermore, as will be explained in Chapter 2, another
fundamental quantity for the boundary layer in turbomachines is the force
defect. The force defect is defined in the same way as the displacement
thickness or the momentum thickness and it describes how the force of the
blade decreases when it is immersed in the boundary layer. It is defined in
two directions, accordigly to the reference system just described (meridional
and tangential):

d
Vm fme = /O (fme - fm) dn

d
V@f@e = /0 (er - f@) dn.

In these definitions v is the force defect and f the force of the blade (per
unit volume). When introducing these defect quantities inside the equation
of motion, these are normally integrated both along the boundary layer



thickness § and along the pitch in tangential direction. The pitch is the
distance between one blade ad the following in tangential direction, i.e. the
blade passage.

1.3 Layout of the Thesis

The Thesis will be articulated as follows. A first description of the overall
literature backgroud about the subject of annulus boundary layer is first
presented (Chapter 2). Then, the through-flow code which will represent
the environment where the model will act is exposed in Chapter 3. In order
to apply the model, two main domains are identified: in Chapter 4 possible
solutions for the parts of the domain without blade rows are investigated
while in Chapter 5 are described and critically analysed some of the models
for the bladed domain extracted from the literature. Herein, their limits
and the design choices for the implementation are underlined. Results of
the performances of the models are finally described in the two following
chapters: in Chapter 6 some geometries already available in the software
are experimented and in Chapter 7 a more suitable compressor geometry
has been appositely loaded, validated and run. Discussion and proposal for
further work conclude the Thesis in Chapter 8.



Chapter 2

Literature Review

When looking at the complexity of the flow, the need for a compromise is
self-evident. In the first approaches to predict compressor performances, the
boundary layer was not computed but determined values of blockage were
assigned, accordingly to experience with known compressor designs, with a
linear variation along the axis, or linear variation in early stages and constant
values in rear stages [2], [3].

The first attempts to compute boundary layers properties in compressors
using boundary layer techniques are attributed to Stratford [4] and Jansen
[5] in 1967. In both methods the problem is simplified to a bidimensional
equation for the axial growth of the boundary layer momentum thickness,
which is decoupled from the transverse momentum thickness equation. While
Stratford employed a flat plate approximation for the boundary layer shape
factor and wall stress, Jansen used an approximated integral solution from the
classical work of Schlichting [6]. Further studies showed that these analyses
were oversimplified, but they are relevant in their introduction of the study of
the problem using pitch averaged boundary layer quantities. An interesting
part of the work of Stratford is its application of the axial momentum balance
to show the link between the momentum thickness growth and the force
defect. In particular, by considering a control volume in two dimensions from
station 1 to station 2 and applying the conservation of axial momentum [4]:

Feve = p (Vs — VA0 + (Vas — Vi) Vaodly ) (2.1)

Where f is the blade force per unit surface, v is the force defect, 6 the
momentum thickness, p the density, V' the axial component of velocity,
the subscript x indicates the axial direction and the subscripts 1 and 2
indicate the inlet and outlet stations. Physically the axial boundary layer
flow could never surmont the pressure rise if the latter wasn’t almost entirely
covered by the blade force (normal turbolent boundary layers separe at a
pressure difference of AP = 0.6(pV;2/2) while in a compressor is normal to
have AP = 2.3(pV;2/2) ). For many applications one can assume that the
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velocites outside the boundary layer be similar (V,; ~ V,2) and therefore the
equivalence is simplified:

fx’/x = PVxQ(er - 9:1:1) (2.2)

Which heuristically shows that momentum thickness and defect force are
linked. This is also shown in the work of Smith [7], which will be mentioned
several times. In particular from the pictures (Figure 2.1 and Figure 2.2) it
can be seen how the displacement thickness and the force defect are clearly
linked, even if a correlation is not easy to find.

Sadly, there aren’t many other experimental comparable results about
the growth of the boundary layer in axial compressors (a great effort has
been dedicated particularly to the flow dynamics of blade cascades, which
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have then been proved to be different from the compressor results for a
number of factors [34]). The reason for this lack of information is due to
the expensive set up and working cycles inherent at the use of a research
compressor. In fact, most on the research devoted to compressor has been
carried out with the support of some large aircraft engine productors. The
already mentioned experimental result provided by Smith in his analysis of
a 4 stage and 12 stage compressor (see Figure 2.3) shows particularly how
the blade forces can not be assumed constant though the defect layer, how
was firstly assumed by Stratford.

The experimental verification of Smith also supports the repeating stage
model, according to which after several stages (two or three [34]) the bound-
ary layer will reach an equilibrium position and won’t change anymore. At
this point the growth is seen as a function of the blade loading.

In a later publication the same Smith and Koch [8] will provide what
is, accordingly to Aungier [9], the best available experimental base for the
tangential force defects. The data is extremely scattered and a correlation
doesn’t appear to be useful, but with a different normalisation provided by
Aungier, the situation is slightly improved. These are the data which are
later employed in the implementation of one of the models (Figure 2.4).

The problem of providing a theoretical base for the boundary layer devel-
opment within axial compressors has been addressed by Mellor and Wood in
1971 [10] and later by Balsa and Mellor in 1975 [11], who derived the complete
three dimensional equations (integrated over the boundary layer thickness §
and the pitch (distance between one blade and the following in a tangential
direction, i.e. the blade passage)) and some reasonable models for every
defect quantity. This development includes effects previously neglected such
as blade forces defects and jump conditions between rotating and stationary
blade rows. A model for secondary flow was built in order to seriously treat
the difference between tangential and meridional momentum thicknesses and
it was assumed that the overall blade force remains approximately normal
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to the mean freestream vector. In this way the idea of the repeating stage
condition was kept valid. Even if it clearly was an improvement with respect
to the past, this first theory still suffered of many problems: for example
shape factor and skin friction coefficient were somehow arbitrarily assigned to
match experimental data in overall compressor performance prediction. Built
upon the theoretical base provided, Hirsch [12] and De Ruyck and Hirsch
[13], [14] published a series of articles regarding the further development
of the models and the application on a numerical solver. Here they discuss
in greater detail the terms of the force defect and study different options
for it, including several correction of the previous work. They also propose
a correlation as a function of a number of geometrical and flow properties,
based on the assumption of an equilibrium condition.

Later on, it is critical to mention the important experimental work of
Cumpsty and Hunter [35] and later Cumpsty [15]. Their work on a single
rotor is significant because it experimentally shows the importance of the
tip clearance. The tip clearance is the spacing between the tip of the blade
and the end wall. In the paper of Cumpsty and Hunter is provided a table
with the displacement thickness before and after the rotor, at different inlet
boundary conditions. The layer is first observed to thin across the rotor when
the tip clearance is 1 percent of the blade chord (see Figure 2.5), while a later
increase of tip clearance is clearly seen to increase the displacement thickness
downstream the rotor, de facto inverting the previuosly observed behaviour
and making the clearance a fundamental parameter for the determination of
the boundary layer thickness (this was already established by the theoretical
and experimental work of Lakshminarayana about the tip region flow physics
and its effects on the boundary layer development [16], [37]). This suggested
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Figure 2.4: Correlation for tangential force defect.[9]
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@ Flow Coefficient [0 Axial Velocity/Free stream axial velocity upstream of rotor
o Axial Velocity/Free stream axial velocity downstream of rotor
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Figure 2.5: Velocity defect through a single rotor with artificially thickened bound-
ary layer, at different loading conditions. The thinning of the layer
across the layer is apparent: this is the small clearance case. [35]

that for a given blade geometry and clearance there is a "natural” boundary
layer thickness depending only on the pressure rise. Increasing the loading
in this context also increases the thicknesses. Another observation they
did is that the force defect becomes thinner as the blade loading increases
(i.e. going towards stall for constant rotational speed) and the conclusion
is that the force defect is usually proportional to the clearance, as it could
be seen from equation (2.2): by considering that the 6,2 and 6,; are similar
for small clearances, it can be seen that the force defect will also be small,
while it will increase with large difference in A#, that is with large clearance.
As an approximate idea when the tip clearance is equal or greater than
the displacement thickness, one could expect the force deficit to become
appreciable and the momentum thickness to rise [35].

In the second work Cumpsty undertook a similar procedure for a 4 stage
compressor. One can again see from the experimental data of Figure 2.6 how
the tip effects plays a fundamental role. Cumpsty sustained the idea of the
repeating stage and he proved experimentally that the velocity distribution
along the span behind the third and fourth rotor is the same. From these
papers the general trends one expects for the boundary layer defects can be
recognised: in particular for the hub it is recognised a fall in displacement
thickness across the rotor and a rise across the stator while an opposite trend
is registered for the casing, again underlining the fundamental contribution
of different clearances.

This is also visible from the data of Smith [7] reworked from Horlock and
Perkins [1] in Figure 2.7 to show the displacement thickness development.
Also here, one clearly sees the expected behaviour (the plot shows the
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Figure 2.6: Displacement thickness along a 4 stages research compressor, the trends
are clearly visible. [15]

combined effect of hub and tip: the tip effect is supposed to be the most
important and therefore the reduction of the displacement thickness is
through stators and the increase through rotors).

It is relevant that the data of the work of Cumpsty and Hunter of 1982 for
a single rotor collapse on the same curve as the experimental data of Smith
and Koch in 1970 for a 4-stage compressor, already mentioned, when plotted
against the ratio of effective versus maximum pressure increase and with a
different normalisation, for both tangential force defect and displacement
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Figure 2.7: Data for a 4 stages compressor from Smith (1969) reworked from Horlock
and Perkins [1].
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thickness. This is visible in Figure 2.8. Accordingly to Cumpsty, this
represents the best available experimental base for the tangential force
defects [34].

The tangential force defect is relevant in a different way with respect to
the axial force defect. The latter is useful to calculate the axial displacement
thickness and therefore the blockage, the former has the same meaning for the
tangential defects and it also modifies the efficiency of the compressor. The
larger the force defect, the less will be the torque needed by the compressor
and the greater will be the efficiency. From the formula developed from
Smith [7] the efficiency results:

1= (0n+d)/h
= (v + 1) /R

With 7 the efficiency without these effects, h the blade span, § the
displacement thicknesses and v the tangential force defects at hub and tip
(subscripts h and t respectively). In the Figure 1.4 in the Introduction is
graphically shown the same concept of relevant efficiency drop.

Another work on a 4-stages compressor carried on for the AGARD 175
in 1981 yields interesting results for the effect of mass flow variation over the
boundary layer development [46]. It is shown for the given rotating speed, as
could be expected, that the decrease of mass flow to near stall level results in
a thickening of the boundary layer (of the order of 20% more between design
condition and near to stall condition). The results showed in the next Figure
2.9 are based on the Mellor and Wood model, accurately tuned. They are
considered reliable in function of the good correlation among the computed
performance results and the experimental performance data.
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Figure 2.9: Computed boundary layer growth near to design mass flow (5) and
near stall (6). [46]

In the 90es are notable the work of Dunham in 1993 [17] and later
the work of Khalid in 1994 [18] and Khalid et al. in 1999 [19]. The
work of Dunham is a further development of the theory as it was proposed
by De Ruyck and Hirsch, in which models for the tip clearance vorticity
and secondary flow are added that allow a better representation of the
tip clearance effects and different expressions for the force defects are also
proposed. The improvement is nevertheless limited and in the same year
Denton states that "it is hard to believe that anything other than 3D Navier-
Stokes computations can give general results' [36]. Khalid instead in his Phd
thesis proposed a different approach that considers an inviscid tip clearance
model and an interesting correlation between pressure gradients and blockage
factor that, when suitabily normalized, makes all considered data collapse
on a unique curve. His work is further developed in the paper of 1999, in
which a tentative for a sistematic solution of the boundary layer problem is
proposed. The procedure for defining blockage is firstly defined on the basis
of a simplified model built on the previous work (on pressure gradients) and
then influencial geometrical parameter are found. In 1998 Suder [38] tried to
use his correlation for a single rotor, the NASA Rotor 37, with results which
also collapsed on the same curve (see Figure 2.10). The problem with this
approach in the current analysis is that the model makes use of the pressure
variation across a blade row normalized on the pressure variation across the
blade tip, which is a parameter which is not available from a through-flow
computation.

From 2000 the method proposed by Aungier [9] for the boundary layer
calculation based on the theoretical base provided by Mellor and Balsa and
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on the experimental data of Smith and Koch, mentioned previously, has
been carefully studied. This method is developed in both meridional and
tangential direction and with a number of assumptions provides an iterative
solution of the boundary layer equations which appears to be promising for
the application on a through-flow code and will be throughly exposed in the
following. Aungier’s method is further modified in 2015 and adapted only
in two dimensions to reduce the number of assumptions and focus on the
most interesting result for practical applications in a through-flow code: the
calculation of the blockage factors along the domain [22], [23]. The results
appeared promising.

Interesting to understand the features and the complexity of the flow, was
the serie of articles of Gdabebo [20], [21]. He used concepts of topology to
explain and describe the features of the three dimensional hub-suction surface
separation in a blade cascade, clearly visible from experimental verification
and the use of a 3D Navier-Stokes solver. The work confirms the intrinsic
differences in the 3D separation and 3D flow behaviour with respect to the
standard 2D computations and underlines the limitations of a bidimensional
approach on such complex geometries.

Realistically and to conclude, there is no current reliable method to
compute the annulus boundary layer in a compressor using the concept of
integral solutions. Semi-empirical methods such the ones described above can
be implemented in some form for through-flow codes for the rapid preliminary
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Figure 2.10: Correlation of Khalid [18] with overimposed data of a transonic rotor
from Suder [38].
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analysis of a number of possible designs, but the tendency is then to solve
more precisely the problem implementing 3D CFD codes which are able to
capture the smallest flow scales on different geometries [24].
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Chapter 3

The Through-Flow code

In this chapter the code on which the work was performed is briefly described
in its basic assumptions and its operation. The code where the model has been
implemented is a Streamline Curvature Method (SLC) developed by Pachidis
and Templatexis in 2006 [25], [26] and called SOCRATES (Synthesis Of
Correlations for the Rapid Analysis of Turbomachine Engine Systems). The
theoretical background on which this method is built comes from the paper
of Wu in 1952, according to which the equations of the flow field are satisfied
and solved on two intersecting families of stream surfaces [27]. The program
is written in Fortran. It is currently employed for the preliminary design
phase of axial compressors in projects carried out by Cranfield University
with Rolls Royce Plc and other companies.

3.1 How it works

The assumptions when one considers SLC are of steady, inviscid, adiabatic
and axisymmetric flow. The equation being solved, which can be found in
[29], is the so called REE (Radial Equilibrium Equation): it is a second
order equation for velocity that summarises the momentum, state and energy
equations. The solution scheme is a dynamic procedure appositely developed
for this application and it is accurately described in [45]. The method solves
this discretized equation on a computational domain constructed in the
meridional plane and bounded by the compressor annulus geometry. Grid
nodes are defined at the intersections of the streamlines and blade edges.
At the beginnning, the coordinates of the nodes are not known because
the position of each streamline has not been defined yet. After one initial
guess, new position of the nodes can be determined and the equations are
integrated from the compressor inlet to the outlet: the iterative procedure
stops once the imposed mass flow is reached and the solution is achieved.
Loss correlations enables the continuation of the calculation along the chord
of the blades.
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B C:\Users\riccardogretter\Desktop\SOCRATES clean\SOCRATE... — =

PLEASE SPECIFY NAME OF COMPRESSOR TO LOAD OR WORKING DIRECTORY
NASA 5 STAGE
THE COMPRESSOR GEOMETRY HAS BEEN PRODUCED

CALCULATE FLOW SOLUTION (Y¥/N) ?
v

Figure 3.1: Initial screenshot of SOCRATES.

3.2 Operation

The normal usage of the program will now be briefly exposed. To begin,
the user is required to indicate a number of input files that will be read by
the program. The files one, two, three and four are considered firstly: they
represent geometrical data and are used to build the complete tridimensional
model of the compressor. This CAD model is already compatible with
common CFD softwares such as Fluent or TurboGrid. Once the geometrical
model is generated, the user is asked whether to continue with the flow
analysis and the computation starts (Figure 3.1).

At the beginning of the calculation, the streamlines are positioned equally
spaced from hub to tip, taking into account the initial guess of blockage
factors specified by the user in the Initialisation Input File (file five). The
streamtube mass flow is calculated based on the boundary conditions (file six).
If these are uniform then the velocity increased linearly and proportionally
with the stream tube area. At this stage a loop starts and executes for all
blade rows. Herein, the radial equilibrium equation is solved at every inlet
and outlet. The integration of the REE starts with a guess of the meridional
velocity at midspan and it is completed to give the entire distribution of the
meridional velocity from hub to tip along the domain. Once the meridional
velocity profile has been established, the nested loop integrates in the same
manner the continuity equation and checks whether the mass flow just
established is in agreement with the mass flow imposed. If they are different,
streamlines are repositioned considering the new blockage computed with
the temporaneous flow solution, a different velocity is assumed at the domain
inlet and throughout and the execution is repeated. Once the requested
tolerance on the massflow is met, the software possibly passes to compute
the successive flow condition (next "Timestep") which uses the streamlines
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+++Axial-Flow Compressor Blade Profile Geometry Input Data®**

6. 1st Stage Rotor

RadialPosition Camberline ThickDistr  StaggerAng InletAng TransitionAng OutletAng  SweepAng LeanAng  %TnaxP/Z  ¥Transp/Z  ¥Tmax/Z  ¥LeRad/Z  ¥TERad/Z
i PA DCA -as 52,1224 -45.5224  -28.39 2.6000  0.5600  52.0000  51.0000 2.5402
25 PA DcA -43.4861  -51.2172  -43.4861  -27.1548 1.6895  0.4226 521651  51.0000 2.8584 0.2945 ©.4668
2 PA ocA -41.5686  -50.2887  -41.5086  -25.8588 1.3984  0.3496  52.2435  51.0000 2.8088 0.2980 6.4571
23 PA ocA -40.1600  -49.5523  -40.1000  -24.7008 1.1926  ©0.2082  52.2283  51.0000 2.8107 6.3007 0.4510
22 PA DcA -37.8467  -48.2007  -37.8867  -22.5727 ©.8735  ©.218¢  52.0398  51.0000 2.5718 0.3045 0.4424
21 PA DcA -36.0816  -47.2006  -36.0816  -20.8861 ©.6400  ©.1660  51.7251  51.0000 2.9466 0.3070 0.4364
20 PA ocA 343523 -46.2877  -34.3523  -19.2191 ©.4256  ©0.1064  51.2532  51.0000 3.0374 8.3004 0.4312
19 PA ocA -32.6612  -45.2790  -32.6612  -17.5774 ©.2304  ©0.0576  50.6195  51.0600 3.1383 6.3121 6.4267
18 PA DcA -31.6166  -44.2596  -31.0106  -15.9667 0.0544  ©.0135  49.8246  51.0000 3.2438 0.3153 0.4230
17 PA DcA -20.4827  -43.2247  -20.4027  -14.3927  -0.1624  -0.0256  48.8744  51.0000 3.3489 8.3192 ©.4200
16 PA ocA -27.8398  -42.1698  -27.8398  -12.8612  -0.2400  -0.0600  47.7801  51.0000 3.4489 6.3243 0.4176
15 PA ocA -26.3243  -41.6904  -26.3243  -11.3778  -0.3584  -0.8896  46.5582  51.0000 3.5392 6.3309 0.4160
14 PA DcA -24.5000  -39.7000  -24.5000  -9.6008  -0.4794  -0.1199  44.8852  51.0000 3.6320 0.3416 0.4149
13 PA DcA -23.4178  -38.8443  -23.4178  -8.5441  -0.5376  -0.1344  43.7906  51.0000 3.6838 8.3499 0.4145
12 PA ocA -22.032  -37.7241  -22.0362  -7.1927  -0.5984  -0.1496  42.2918  51.0000 3.7972 6.3648 0.4146
1 PA ocA -20.9860  -36.7000  -20.9000  -6.1068  -0.6460  -0.1600  40.7862  51.0000 3.0499 6.3851 6.4165
18 PA DcA -19.9366  -35.6981  -19.9366  -5.2388  -0.6624  -0.1656  39.3220  51.0000 4.1192 0.4097 0.4194
s PA DcA -18.9722  -34.6175  -18.9722  -4.4542  -0.6656  -0.1664  37.9534  51.0000 4.292¢ 0.4376 0.4222
s PA ocA -18.0469  -33.4966  -18.0469  -3.7748  -0.64%6  -0.1624  36.7404  51.0000 4.4985 0.4714 0.4257
7 PA ocA -17.2683  -32.3736  -17.2003  -3.2231  -0.6144  -0.1536  35.7493  51.0000 4.7661 6.5135 6.4308
5 PA DcA -16.4725  -31.2867  -16.4725  -2.8269  -0.5660  -0.1400  35.0526  51.0000 5.1242 0.5673 0.4382
5 PA DcA -15.9632  -36.2737  -15.9032  -2.6168  -0.4864  -0.1216  34.7289  51.0000 5.6022 8.6363 0.4487
4 PA ocA -15.5325  -20.3723  -15.5325  -2.5998  -0.3936  -0.0984  34.8632  51.0000 6.2303 6.7253 6.4631
3 PA ocA -15.4800  -28.6202  -15.4000  -2.8191  -0.2816  -0.6704  35.5466  51.0000 7.0400 0.8402 6.4823
2 PA DcA -15.8205  -27.3405  -15.8295  -3.6369  -0.1564  -0.9376  37.2216  51.0000 5.8485 1.1109 0.5711
Wb 1 PA bcA -16.7254  -25.5467  -16.7254  -4.9528 ©.0000  ©.0000  41.0080  51.0080  11.5279 1.5713 8.7205

Figure 3.2: Example of the Blade Geometrical Data (input file four) for one rotor.

computed at the previous case as initialisation values.

The whole procedures aims at computing the three dimensional flow field
within the compressor and despite the important use of empirical models
and the 2D computation, it still yields very good results.

Files seven, eight, nine, ten and possibly others are produced as output.
They are the converged streamline solution, the geometrical information in a
convenient format for postprocessing and the geometrical model for CFD
softwares, together with the overall flow solution, the shock profiles and
performances for each blade row, stage and overall. The program is also able
to detect stall inception and for low mass flows it indicates the stalled area
within the span.

3.3 Viscous Models

Implemented in the software there are a number of viscous models which are
conceived to be as flexible as possible. The main program is structured to
use a number of models which can be inserted or modified without direct
intervention on the source code through the use of precompiled dynamic
link libraries (dll). The models with an active role in the computations are,
among others: profile loss model, deviation angle model, incidence angle
model, shock loss model, seal leakage loss model, tip clearance loss model, etc.
As explained, the main goal of this thesis is to write, implement and validate
an annulus boundary layer model, which will enter this well structured
environment. At the time of the beginning of the work, the blockage factors
are not only imposed as initial values but kept during the whole computation.
As described before, the boundary layer calculation plays a fundamental
role in the computation. In fact it defines the blockage factors which have
an active role in the solution by updating the boundaries of the domain
itself and conseguently the position of the streamlines which are the main
characters of the SLC method. Particularly, the position and role of the
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annulus boundary layer model implemented can be easily seen in a graphical
representation of SOCRATES’ loop (Figure 3.3).

OUTPUTS

VISCOU S MODELS

OVERALL PROGRAM STRUCTURE

INVISCID CALCULATION

SOCRATES MAIN

|
L

INPUTS

Figure 3.3: Block scheme of the through-flow code and its implemented subroutines
for viscous effects. The whole procedure is repeated a number I of
"Timesteps" in which I different boundary conditions are imposed.
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Chapter 4

Boundary Layers in Adverse
Pressure Gradient

In this chapter the Von Karman equation was solved together with the Head
entrainment equation and the Ludwieg-Tillman skin friction equation and the
results were compared with experimental results for external flows in adverse
pressure gradient listed in Coles and Hirst [32]. The Jansen model here
described was also compared with the same experimental results. The scope
was to find a reliable computational method for the growth of the boundary
layer in the areas of the domain where no blades are present (upstream of
the first duct and downstream of the last rotor). It was decided to first study
this simpler case because the type of work to be performed in the solution
of the equations was expected to be similar and because of lack of many
directly comparable experimental data for the boundary layer quantities in
compressors. The code was written in Matlab. Assuming a contant density,
the only needed input for both cases was the velocity distribution and its
derivative outside of the boundary layer, which was provided (tabulated)
in the original paper and was fitted on the entire domain with polinomials
using the Curve Fitting tool of Matlab.

4.1 Integral Solution

It is costumary to derive the equations of motion with the defect quantities as
the unknowns. By considering the bidimensional Navier-Stokes equations in
this fashion and integrating along the direction normal to the solid boundary,
one obtains, after the substitution of the defect quantities, the Von Karman
equation in three unknowns: momentum thickness (), shape factor (H) and
friction coefficient (C).

00 00V, Cj
e T QT = (4.1)
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Where the subscript e indicates the freeflow value. The goal was to solve the
Von Karman equation for the momentum thickness, given a starting value.
Since there are three unknowns, two more equations had to be added. The
choice was for the Head entrainment equation [30] to evaluate the evolution
of the shape factor:

1 d(Hg6Ve)

——==F(H 4.2

oS (i) (12)
where F(Hp) is an empirical function and Hy = 5;6I is linked to H [31]

through:
F(Hy) = 0.0306 (Hp — 3)7 %05

Hy =1.535 (H —0.7)72™5 + 3.3

and for the Ludwieg-Tillman skin friction equation:

eV 0) —0.268
1
With C'f the fraction coefficient and p the dynamic viscosity. Given the
starting value from the experimental data of Hirst and Coles, the equations
were solved with a 4th order Runge Kutta integration scheme for space or with
a simple forward Euler scheme. The experimental points were interpolated
on a number of auxiliary points. All computations had a Ax given by the
one percent of the domain. This solution will from now on named "integral
solution".

Cf = 0.264 ¢~ 1-561H ( (4.3)

4.2 Jansen Model

All results are also compared with the application of Jansen’s model, which
also needs only the meridional velocity distribution as an input. The model
is suitable for the computation with or without blades and was tested also as
an option for the non bladed domain. It was an early tentative to describe
the growth of the boundary layer momentum thickness according to the
equation developed from Schlichting [6] for external aerodynamics. It is
described in the paper of Jansen and it has been developed in 1967 [5]. It is
one of the first attemps of computing the monodimensional boundary layer
based on flow conditions and it takes as unique input the meridional velocity
distribution along the compressor axis and its derivative. This is justified
with the consideration that the magnitude and rate of velocity decrease are
by far the most important variables for the boundary layer development. The
idea is to find the axial variation of momentum thickness and of shape factor
and from there find the displacement thickness directly used to compute
the blockage. The integral formula from the momentum growth along the
annulus is:

=0

[V ()]

=X 4 0.8
6(X) = 6y +0.006 (S5 V(X)) )
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With V,,, the meridional velocity 6y some starting value function of the
inlet conditions. Usually an initial displacement thickness is imposed at the
inlet and 6y is computed by assuming a reasonable shape factor (H = 1.4).
Dussourd derives a simple empirical relation between the shape factor and
the momentum thickness [39], that can be used to compute the variation in
H once 6(z) is known.

H(z) =15+ 30% (4.4)

In any case, this empirical formula is not always reliable and a simpler
H = 1.4 is often imposed. Separation isn’t dealt with but a maximum
valus are imposed for H (H > 2.2 classically means separation). The
equations were discretised with a simple forward Euler scheme. The model
was directly applied at the available experimental data (8-10 points) or on
400 interpolated points along the domain. The scope of the interpolation
was to check whether the dependence on the Az was relevant or not. In
these external flows Equation 4.4 was implemented.

4.3 Test 1: Flow 2200

The Flow 2200 of Hirst and Coles is a boundary layer in mild positive pressure
gradient, experimentally tested by Clauser [41]. The data for integral
parameters are provided by Clauser, the Cf values and free stream velocity
values are given in tabulated form. The freestream velocity profile is shown
(Figure 4.1). Starting from the same initial values as the experimental data
for the displacement thickness and the momentum thickness, the equations
are implemented and the results for momentum thickness, displacement
thickness and friction coefficient are given graphically (Figure 4.2 to Figure
4.3). In this first test, the Jansen model performs better than the integral
solution. It is visible a certain influence of the interpolation on more control
points for the same model. Nevertheless, the trends are well followed in all
cases. For the displacement thickness is shown a slight overprediction of the
integral solution and a slight underprediction of the Jansen model without
interpolated points. For the momentum thickness the latter solution also
slightly overpredict the blockage. The interpolated Jansen is found to be
the model that best follows the evolution. For what concerns the friction
coefficient, it is computed to be more or less half of the experimental value
for all the domain, following the decrease of the latter.
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Figure 4.1: Tabulated velocity and polynomial interpolation used (4th order).
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Figure 4.2: Displacement thickness computed using Euler and Runge Kutta and
Jansen’s model on original and interpolated data compared with exper-
imental data.
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Figure 4.5: Tabulated velocity and polynomial interpolation used (4th order).

4.4 Test 2: Flow 2300

The Flow 2300 of Hirst and Coles is a boundary layer in moderate positive
pressure gradient, experimentally tested by Clauser [41]. The freestream
velocity profile is shown (Figure 4.5).

In this second test, the integral solution performs better than the Jansen
model. For the displacement thickness is shown a slight underprediction of
the integral solution and a stronger underprediction of the Jansen model,
whose computed values are approximately the half of the experimental all
along the domain. For the momentum thickness the underprediction of
Jansen’s is enhanced, while the integral solution still performs quite well.
For what concerns the friction coefficient, it is computed to be more or less
the half of the experimental value for all the domain, following the decrease
of the latter.
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Figure 4.6: Displacement thickness computed using Euler and Runge Kutta and
Jansen’s model on original and interpolated data compared with exper-
imental data.
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Figure 4.7: Momentum thickness computed using Euler and Runge Kutta and
Jansen’s model on original and interpolated data compared with exper-
imental data.
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Figure 4.8: Friction coefficient computed using Euler and Runge Kutta, compared
with experimental data.

4.5 Test 3: Flow 4000

The Flow 4000 of Hirst and Coles is a turbulent boundary layer in axially
symmetric flow, with initial strong pressure rise followed by relaxation at
constant pressure. The experiment was performed by Moses [42], the tabu-
lated data are provided by the same Moses. The freestream velocity profile is
shown (Figure 4.9). In the third test, both models follow the trends quite well.
While the integral solution slightly underpredicts the displacement thickness
at the end of the domain, the Jansen’s model resolves it more accurately and
the difference between interpolated and not interpolated evolution is apparent
in the capacity of following the fast increase of displacement thickness. The
integral solution resolves more precisely the peak of momentum thickness and
slightly underpredicts it towards the end of the domain, while the Jansen’s
model fails the peak and slightly overpredicts the final value. No friction
coefficient values were available for this case to compare.
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Figure 4.11: Momentum thickness computed using Euler and Runge Kutta and
Jansen’s model on original and interpolated data compared with
experimental data.

4.6 Discussion

As it is evident from the results, the solution is wrong for the friction
coefficient, which is the half of the experimental value. The trends for the
displacement thickness, nevertheless, are reasonably consistent with the
available data for both methods. The integral solution overestimates it in
the Flow 2200 and underestimates it in the Flow 2300 and Flow 4000 but
as an approximation and at least for the first part of the domain, it can be
considered valid. Results between the Euler scheme and the Runge Kutta
scheme showed differences only when the space step Az was large. The
Jansen model can follow the trends less easily, failing in the Flow 2300, but
it yields the best results for the Flow 2200 and acceptable values in the more
sophisticated Flow 4000. The dependence on the Az is not generally seen to
be particularly relevant for the scope of the work. These results are useful
because both of these solutions will be explored in the program as a possible
option for those parts of the domain without blades.
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Chapter 5

Annulus Boundary Layer
Models

The literature of annulus boundary layer models has been described in
the Chapter 2. In this chapter the general theory and ideas behind the
implemented models will be briefly explained, together with their intrinsic
limitations. The models that were used are the Jansen’s model (already
described in Chapter 4), the correlation of De Ruyck and Hirsch and the
modified Aungier’s model. The first tests of implementation will then be
exposed and the main criticities discussed.

5.1 Boundary Layer Equations

In the case of bladed domain inside a turbomachine it was necessary to
consider a more complicated environment. The starting equations were
the three dimensional Navier Stokes equations, that again were reduced to
bidimensional integral equations after the integration over the pitch and the
boundary layer and the substitution of the defect quantities described in the
Introduction (Section 1.2). The unknowns are the same defect quantities,
which are now projected in more directions. When considering the boundary
layer inside a compressor the viscosity terms and the blade force terms were
taken into account and the axisimmetric equations became, on the meridional
plane (m,n) (for derivation see [9]):

10rpW,,  0pWi
10rpWin | 0pWn _

r om on 0
oW, oW, sing¢ 9 1 oP, O,
Win om +Wa on (Wo + wr)” = P {fm om on ]
. 1 .
W20 gy, o S0y, o) = [f@ - 87]
om on r P on
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Where W is the relative velocity, ¢ the streamline curvature (or streamline
slope), 7 the shear stresses on the wall, w the blade angular velocity. The
subscripts are the same described in the Introduction (Section 1.2): the
subscripts m stays for "meridional" and the subscript 6 stays for "tangential".
The subscripts 11, 12, and 22 indicate respectively the boundary quantity
in the meridional direction, in a "mixed" direction (see definition, it con-
siders velocities along m and along 6) and in the tangential direction. The
blade forces can be evaluated at the boundary layer edge where the outside
conditions are known and the shear stresses are identically zero.

OWpne  OP, B sin ¢

_ 2
fme - peWme 8m + am Pe (Wﬁe + WT)
OWhe )
f@e = peWmeie + wﬁeWme (WGe + 2WT)
om r

Exactly in the same manner as in the Von Karman equation, it is now
possible to express the equations on terms of the defect quantities defined
above, obtaining the equations to be solved [9].
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Where F' is the symbol given for the empirical entrainment function
(Equation 5.7).

5.2 De Ruyck’s and Hirsch’s Correlation

After Jansen’s model described in the previous Chapter (Section 4.2), the
second model tested is a correlation set up by De Ruyck and Hirsch in their
paper of 1981 [14]. The correlation is based on their model, often mentioned
in literature as one of the most complete and reliable. In particular they start
from the equations and they proceed with a derivation of all the unknown
quantities, which they deduce from empirical observations and previous work.
The model is composed with the Navier-Stokes equations integrate along
the pitch and the boundary layer thickness. The complementary equations
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that are used to close the model are the Head equation (4.2) and again the
Ludwieg-Tillman equation (4.3), with some changes to take into account
compressibility effects. The formulation of suitable profiles for velocity
and density has been detailed. Instead of using classical profiles for the
tangential components of the velocity (for example a Mager profile), they try
to produce it dependent from the axial one, which is a usual power profile.
A not negligible effort has been dedicated to the modelling and directioning
of the force defects, whose importance is underlined: they represent all
secondary flow effects, they allow for the quasi-equilibrium situation found
in compressor after some stages, they heavily influence efficiency directly
(tangential forces affect torque) and indirectly (axial forces contribute to
displacement thickness). The relevant terms are recognised to be caused by
blade loading variation, secondary stresses due to non-axysimmetry of the
flow, variation of pressure gradient and blade shear stress. The defect forces
were estimated using correlations that take into account all of these effects
and accurate local flow analysis were performed in order to establish the
magnitude of these forces in the meridional and tangential direction. Finally
a correlation is proposed which is supposed to give a fast but nevertheless
reliable estimation of the relevant boundary layer quantities, based on a
number of geometrical data and flow properties along the domain. Starting
from the usual equations a growth for the momentum thickness is derived
which has the following form:

(Aell)stage =p—qbil (5.4)

where p and ¢ are:

p= ZCCOSW{ <1+1ﬁ>cosaoo+AC'%a
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Where all the data are: ay = W, with a the absolute flow angle
with respect to the axial direction, 1) the mass flow coefficient (ratio of
axial velocity over rotational velocity), Cr, the lift coefficient, AV R the axial
velocity ratio (ratio of inlet axial velocity over outlet axial velocity), o the
solidity, A = K % + é, with £, the tip clearance, K and L empirical constants
and c the chord. Then the concept of equilibrium of the boundary layer is
employed: at some point along the compressor an equilibrated thickness of
the boundary layer (and of the boundary layer quantities) will be established.
This represents the fundamental hypothesis in the procedure. With this
hypothesis, one has that at some point the ratio between p and ¢ will stabilise
and:

gq=2(2+H)

911_7
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If this is true, then equation (5.4) can be rewritten

A6 — 6077)
011 — 071

which is the discretisation of
911 — 9;‘1] = (911 — Qi(ll)m e Zsmgesq (5.5)

If one considers some initial ¢y then

n

- 11
“rTian
and equation (5.5) becomes:
O11 = 057 |1 — ¢ (O0F Latages @ (5.6)

Once the momentum thickness is known, one can assume some reasonable
shape factor and obtain in the same way the displacement thickness and
finally the blockage. Given the well structured environment in which the
model was operated, another step was performed to obtain the final operating
model. In particular, the approximate integral solution method tested for a
turbulent boundary layer in adverse pressure gradient in Chapter 4 (described
in Section 4.1) was implemented as an option together with the Jansen model
described in the same Chapter 4 (Section 4.2) to cover the parts of the
domain where no blades are present. This means the beginning and the end
of the domain, where dummy ducts are present. This choice was justified by
the fact that it was reckoned that in those areas the flow would behave in a
relatively well behaved manner.

5.3 Modified Aungier’s Model

After having explored the simple model from general external aerodynamics
and a more specific correlation procedure which takes into account a large
quantity of compressor data, it was decided to try to consider the direct
solution of the equations using an approach similar to the one described in
three dimensions in Aungier’s book [9] but in two dimensions, also employed
for a number of cases in a recent paper from Banjac, Petrovic and Wiedermann
[40]. Starting from the same theoretical background of De Ruyck and Hirsch,
Aungier proposed a direct application of the solutions in which the velocity
profiles of the boundary layer will update depending on the freeflow conditions
and converge to a stable solution for each meridional station. The equations
employed to close the problem are again the Ludwieg-Tillman equation
(4.3), used with values from the freestream direction, but instead of using
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Head’s correlation for the entrainment he introduces another law which also
correlates well with the experimental data and expresses the entrainment F
as function of the free-stream shape factor H:

F =0.025(H — 1) (5.7)

While the density is in this case assumed constant across the boundary, the
utilised velocity profiles are power profiles. The profiles are:

Vo _ (v)*
Vine (5)
Vo (y\°
7 (3)
By employing these profiles it is easily shown how the various defects and
shape factors can all be written in terms of the exponents a and b. So:
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By considering the jump condition between stator and rotor rows, which is
easily shown to be:
Voeb12 = Woebo

where V is the absolute velocity, W the relative and the prime designates
the momentum thickness in the rotating reference system. Since Wy and Vj
normally have opposite signs, the tangential momentum thickness will change
its sign at each change from rotating to stationary and inversely. Then one
must allow for a situation in which the tangential quantities (d3, a2, 612) are
allowed to be negative and Hy is allowed to be less than one. The alternative
tangential profile, which turns on when b < 0.05, is

‘/'9 [y 0.05 y 2 y 0.1
Yo (D" a0 (1- 1)’ (2)
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As already mentioned, the correlation for the experimental data on force
defect of of Koch and Smith was found to be more satisfying by the same
Aungier with a differend normalisation of both the defect and the displacement
thickness. The equation proposed for both the defects (v, ~ vy following
the hypothesis of Mellor and Wood [10] of blade force in the same direction
as the freestream blade force) is:

(0.12g +t/2) (8611/9)°
1+ (8011/9)

vy = (515)

where accordingly to [40] the average of the momentum thickness originally
present was substituted with the local momentum thickness, ¢ is the blade
clearance and ¢ the staggered spacing. The solution procedure proposed
by Aungier is iterative for each meridional station and it lets the boundary
properties vary to accomodate the changes in external flow. In particular
one defines first inlet values such as H = 1.4 and m = 1/7 (7th power law).
The boundary layer is constrained to be turbulent by imposing a minimum
Reynolds number based on 011 (Reg > 250). The iterative process is:

e Estimate 617 and 612 from the simplified Equations (5.2) and (5.3)
using the inlet values at the previous station and keep H; and Hs
constant. P

(97771 [Tpevn%be(gn} =0

0

% |:T2pevmeV65912] =0

e (*) Compute all necessary boundary layer quantities from Equations
(5.8) to (5.14)

e Compute entrainment, wall shear stresses and blade force defects

e solve the complete Equations (5.1), (5.2) and (5.3) for (§ — d7), 611 and
612

e Compute all necessary boundary layer quantities from Equations (5.8)
to (5.14)

e Check for convergence on 611, Hy, v
e Back to (*) if not converged, next meridional station if converged.

Once all the boundary layers defects are known, it is possible to compute
the blockage. The two dimensional version of this approach was preferred
because according to [40] it still gives very good results for quite general cases
and the quantity of empirism is reduced with respect to the complete version.
The assumptions are the same of the general model. The employed equation
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was only Equation (5.2), which was simplified (the tangential terms did not
play a role anymore). Together with Aungier’s correlation for entrainment
(Equation (5.7)) the usual Ludwieg-Tillman closed the problem. The iteration
procedure remained the same. The approach taken for the areas without
blades was the same described for the previous model (at the end of Section
5.2).

5.4 Blockage

The blockage can be defined in different ways, the blockage implemented
in the model is the effective area found from the effective radius given by
the nominal radius minus the displacement thicknesses at hub and and plus
the latter at tip over the nominal area. It is an useful indication of how
much is the deficit of area in percentage of nominal area due to the presence
of the boundary layer. In the code it is divided in an "inlet" and "outlet"
contributions, defined in the same way. The §* in the formula is the axial
(6* = 6%,), kB is the blockage, or blockage factor.

(Rhub + 6;<Lub)2 - R%Lub

- - 100 5.16
hub Rt22p - Rizmb ( )
R%— (Ryp — 0% )2
L P U100 (5.17)
b Rt27,p - R%Lub

5.5 Ciritics to the models

After the detailed analysis of the flow features (based on available data) the
most likely conclusion was that none of the above described models would
provide precise solutions. The dependencies and interdependecies of the flow
properties are hard to predict and generalise and the real behaviour of the
flow too complex.

In particular, Jansen model tries to estimate the growth based only on
the velocity distribution, completely neglecting all detailed flow features
which nevertheless proved to be fundamental (to mention some, neither tip
clearance nor force defects are taken in consideration). The correlation is
build upon more precise models and performed well in the cases where it
was tested. It considers all geometric features and a large number of flow
properties to deliver its results. Anyway, its greatest defect is that it is built
upon the basic assumption of the reaching of an equilibrium state, which
theoretically is reached after a number of stages and therefore may simply
not be usable for low pressure compressors. The last model was the most
complex but most promising. It solves the equations of the boundary layer by
assuming the velocity fields within the layer and iterating until a stable point

38



is reached, considering flow properties, geometrical details and empirical
correlations for the force defects. Nevertheless, it was also build and tested
for some particular cases and its performances for more general cases are
hard to predict.

In any case, computational results are available for all of these models that
show good performances despite all apparent difficulties. What was reckoned
was that the models were likely to perform quite well when tested in the
precise environment where they are developed for. Anyway and to conclude,
for the type of work to be performed in this case extreme precision was not
seeked and a reliable estimate of the displacement thickness evolution along
the domain in the compressor cycles was believed possible to be achieved.

5.6 Implementation

For practical reasons, all tests were first conducted on a particular environ-
ment: the NASA TP 1493 at 50 percent of the design speed. The complete
description of the fan is to be found in the next Chapter 6. At the moment
of the beginning of the work the blockage was not taken into consideration
if not in the initialisation value at the first timestep, after which the first
and last streamlines in the radial direction were simply not moved anymore.
The way in which the model was introduced in the software was through
the update of the radial domain. In particular at each iteration now the
current blockage will be taken into account and the first and last streamlines
will be updated correspondely starting from the physical domain and simply
adding the displacement thickness computed at that meridional station. The
models tested in this case were: Jansen model on all the domain (1), Aungier
model in bladed domain with the integral solution where no blades are
present (2), correlation in bladed domain with the integral solution where no
blades are present (3), Aungier in bladed domain with Jansen upstream and
integral solution downstream where no blades are present (4) and correlation
in bladed domain with Jansen upstream and integral solution downstream
where no blades are present (5).

Due to the high sensitivity of the software on the boundary conditions,
to the fact that the calculated value from some of the models was often
sensibibly different and surely to the doubtful operating conditions where the
test were conducted, the first results from the models were not incouraging.
In particular, when first testing the correlation, the Jansen solution and
the 2D Aungier model the only model converging over the whole range of
massflows (12 massflows were first considered for the operating conditions
at 50 of speed, ranging from 13.05 kg/s to 18.55 kg/s) was the latter, while
the correlation did not converge if not for the first mass flow and the Jansen
solution crashed in the moment of the first use of the computed values.

The models were inserted with some modifications.
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First, the models were not always yielding physically acceptable results.
This is because in the cycle of iterations it is possible, particularly at the
beginning or at mass flow variation, that some odd values would arise. To
prevent these potentially instable situations some control switch were inserted
in the models. Particularly, in the correlation a switch would check whether
the computed equilibrium solution would be physically acceptable or not and
in case of negative results it would just switch to the previously computed
solution. In the Jansen model the computation for H was taken away and the
latter was simply put equally constant to 1.4 and a check on the maximum
possible area blockage was imposed at 25% of the nominal area for both hub
and and tip (as suggested in the original paper [5]). In the Aungier’s model,
the meridional H was also limited to be less than 2.2 and the boundary layer
was limited to be turbulent with a check on the Reynolds number based
on momentum thickness (Rep > 250) and the same switch was employed
to go back to the previous value in the occurrance of odd values. Finally,
for what concerns the integral solution, it needed an input value different
from zero for the initial displacement thickness because of the computation
of the friction coefficient. The minimum accepted value for the displacement
thickness was 0.001 m and therefore this was the imposed initial value at the
beginning of the domain. In general if no integral solution is implemented
the starting value is kept to zero for the displacement thickness.

Second, the immediate crash of the computation was probably underlying
an issue about the flexibility of the streamlines generated by the main code
(with flexibility is here meant their ability to be displaced from one iteration
to the next without compromising the calculation itself). The inserted models
would fit a well structured environment and not all the consequences of the
update of the streamline were clear from the beginning. This highlighted the
necessity of some sort of numerical damping. There is a factor imposed by
the user that controls the damping of the streamlines but that paramenter is
not found to be a relevant for what concerns the launch of the calculation. It
has instead a relevant effect on the duration of the latter, which is increased
in a significative manner. An analysis was performed for trying to detect the
source of failure for the Jansen model, that would make the computation crash
as soon as it was activated. The possible sources of mistake and numerical
instability are recognised to be the first displacement when the model is
activated and the streamlines pass from the initialised to the computed value,
the large value of the displacement itself or the calculated distribution.

In the Figure 5.1 is represented the table with the maximum computed
absolute blockage in the domain for the inlet and outlet of the blade rows
and with the maximum computed variation from the initial values for all
the models tested. These data were gathered at the precise moment when
the models were activated. As it is apparent, the immediate crash of the
computation is likely to be due to either the large computed value itself or
to the large change in the first implementation. Anyway, when scaling the
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ABS 1 2 3 4 5 No model 1*

inlet tip 2.71 1.60 2.92 1.92 2.92 2.92 1.35
outlet tip 4.35 1.70 4.38 2.09 4.38 4.38 2,17
inlet hub 8.09 1.57 1.33 4,38 1.58 2.08 4,04
outlet hub 3.17 1.68 2,93 2,94 2,94 1.82 1.58

DELTA

inlet tip 1.97 1.74 - 1.55 - - 2.44
outlet tip 3.36 3.40 - 3.26 - - 3.36
inlet hub 8.09 1.46 1.78 3.99 1.78 - 4.04
outlet hub 3.08 1.59 2.85 2.85 2.85 - 1.49

result crash runs runs runs runs runs crash

Figure 5.1: Comparison table for the maximum value of the norm of the computed
displacement thickness and the delta between the initialised value and
the computed value at inlet and outlet and at hub and tip of all tur-
bocomponents. Each column is relative to a model, in order: Jansen,
Aungier with integral solution, Correlation, Aungier with Jansen, Cor-
relation with Jansen. The highlighted column (Jansen model) clearly
shows the largest value in both absolute value and delta. The 1* colums
indicates the results from the Jansen model scaled by a factor 0.5.
The "result" row indicates whether the code accepted or not the first
introduction of the computed value and not whether the code converged
or not. To note the first application of the security switch at the tip
for the cases with correlation: the delta with respect to initialisation is
zero because the former value was kept.

displacement thickness obtained from the calculation of a factor 0.5 (see
column 1%*), both the absolute value and the variation from the initial value
take more common values but still the computation doesn’t start.

The conclusion of this work of analysis is that neither the jump condition
nor the magnitude, recognised as possible sources, are the main actor in
the failure. Most likely, the computed distribution of the boundary values
is not correct and this leads to some back error and to the failure of the
calculation (which always happens at the level of the computation of the
updated computational grid).

The next chapters will see the description of the application of the models
in these latter case and in more operating condition. The models which
yielded the best results in the previous analysis will be studied. Even if
the direct implementation of some of the not ideal models will result in
a failure of the computation, the model evolution will still be performed
in background and the result analysed. With "background" is here meant
that the model will calculate the boundary layer quantities along all the
computation, but its results won’t be used for the next iteration; instead the
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input values imposed by the user will be kept thoughout all the computation.
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Chapter 6

Test on Available Geometries

Current geometries implemented on the software at the time of the beginning
of the work included different one to two stages models for transonic fans
such as the NASA TP 1493. The selected geometries were the NASA TP
1493 and its first rotor operating alone, the designed NASA Rotor 67. These
geometries aren’t in fact ideal for the models for they are of limited length
and the boundary layer will not have the possibility to develop in a ordinate
manner. Anyway the scope of the work was to look at a general-as-possible
model and it was interesting too see how they would perform. In this chapter
are described the steps followed and the results obtained. The numerical
results will be compared with the experimental results for what concerns
overall compressor performances and for the case of the complete fan also
direct data for the boundary layer quantities are available and discussed.

6.1 Description

The NASA TP 1493 is a two stage transonic fan which was derived from a
previus design [52] by reducing the aspect ratio of the blading and conse-
quently the need for midspan dampers. It was presented in 1979 from Urasek
et al. in a report where all geometrical data and design performances were
listed [42]. Low aspect ratio turbomachinery blading has the advantage of
having fewer blades and lower production costs. Moreover, the aerodynamic
loss associated with dampers is relevant and often precludes the achievement
of high efficiencies. In particular, tests for the first design of the two stages
fan yielded an overall efficiency approximately 5 percentage points less than
its design value, while with the new low-aspect-ratio blading the efficiency
was two percentage points more than the design value. The fan was designed
for a weight flow of 33.248 kg/s with a 100% design velocity of 16042.8 rpm.
In the single rotor configuration the designed pressure ratio is 1.63 at the
same mass flow and design velocity as the complete fan. The diagram of
the complete compressor and of the single rotor will be shown in the results
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Figure 6.2: The flowpath of the TP 1493 with the position of the 3 measuring
station. The higher-aspect-ratio rotor of the previous design is also
sketched. [42]

section.

The fan NASA TP 1493 has no inlet guide vane or exit guide vane. In
the first stage rotor, the blading was of MCA (Multiple Circular Arc) cross
section across the entire blade span; in the second stage rotor the blading was
MCA from the tip to 44 percent of span and DCA (Double Circular Arc) over
the remainder. Both stators had DCA blading. The maximum thickness for
the MCA was specified at 50% of the span and the transition point located
where a normal passage shock was predicted. A summary of the blade data
for rotors and stators is given in the reference [42]. Graphical representation
of both geometries is given in Figure 6.1 and Figure 6.2 respectively for the
rotor alone and for the complete fan.
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6.2 Experiments

The fan was tested at the Lewis multistage compressor facility over a range of
mass flows at different speeds. The experiments yielded overall performance
data at 50%, 70%, 80%, 90% and 100% of design speed. Standard atmospheric
conditions of temperature and pressure were used. The experimental set up
had three measuring stations along the domain measuring temperatures and
pressures. The stations are positioned at the fan inlet and behind the two
stator-blade rows, as visible in Figure 6.2. Total pressure, total temperature
and flow angle were measured with a combination probe. Two combination
probes were used at Station 1 and Station 2, while 4 combination probes
were positioned after the second stator (Station 3). The data downstream
the single blade elements were extrapolated along design streamlines starting
from the data registered at the measuring stations. The rotor 67 in a only
rotor configuration was also extensively tested by Strazisar et al. in 1989
through anemometry [53].

6.3 Modelling

Both the two stages fan and the configuration with the single rotor were
modelled with 31 streamlines and 13 geometrical reference points. The
geometrical data for the radial and axial position of the blades and for the
flowpath were available from the original reports [42]. 42 points were used
for both the tip and the hub flowpaths. Three dummy ducts were inserted
upstream of the first rotor and other three ducts were positioned downstream
of the last stator (or downstream of the single rotor), to increase the stability
of the flowfield computation. The flowpath distribution for these additions
was represented by straight extensions of the flowpath when needed. In
Figure 6.4b is possible to see the overall grid. The imposed working fluid
was air, the average inlet temperature 288.15 K and the average inlet total
pressure 101325 Pa. Slight distortion of the inlet flow field was imposed.
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Figure 6.3: The geometry and grid solution for the NASA Rotor 67 in single rotor
configuration.
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6.4 Comparison with Experimental Boundary Quan-
tities

First of all a comparison with the available experimental data was carried
out, to verify whether the models were yielding reasonable results. The
experimental data came from the work of Ball et al. in 1983 [47]. The
objective of that study was to obtain detailed flow measurements in the casing
boundary layer of a two stage fan in order to expand the limited experimental
data base available from high speed, high pressure ratio multistage fan and
compressors for use in modelling and code verification. The fan had been
designed taking into account blockage allowances of 0.013 ¢cm at the first
stage rotor exit, 0.018 cm at the first stage stator inlet and 0.020 cm at all
others leading- and trailing edge locations. These values were the same for
hub and tip.

The data for the boundary layer surveys had been taken at three mass
flows ranging from maximum flow to near stall at design rotative speed (34.01
kg/s to 34.63 kg/s at 16042.8 rpm).

The two stage fan was tested in the NASA Lewis multistage compressor
facility. 10 radial surveys of the flow conditions between 1 and 30 percent
of passage height were taken at 5 axial stations: at fan inlet and behind
each blade row (see Figure 6.5). Total and static pressure, total temperature
and flow angle were recorded at each station. Wall static pressure was
also measured at each station. All pressures were measured with calibrated
transducers. Two combination probes were used at station 1 to 4 while
downstream of the last stator were used four combination probes. The
procedure used in calculating the end-wall boundary layer parameters from
measured stations was based on the matched asymptotic expansion extended
to turbomachinery flow by Mellor and Wood [10].
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Figure 6.5: The flowpath of the TP 1493 with the position of the 5 measuring
station. [47]
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In this first analysis computed results for the 50 percent of speed have
been compared with the 100 percent of speed of the experimental case. This
is because the goal was to see whether the main trends were respected and
because the 100 percent of speed was reached just with one of the models.
d on the ordinate axis represents in all the following pictures (Figure 6.6
to Figure 6.10) the axial displacement thickness elsewhere indicated with
07;- In these plots, the legend indicates the model in use, the percentage of
rotational speed and the massflow at which the boundary layer was computed.
The model denomined "Aungier" stays for the Aungier model with integral
solution in the domain without blades, the model denominated "Jan + Aung"
stays for the model with Jansen’s model upstream of the bladed domain and
integral solution downstream, the models denominated "Jansen" and "Corr"
stay respectively for Jansen’s model and the correlation.

In figures (Figure 6.6 and Figure 6.7) it is shown the performance of
the first running models for the 50 percent of speed compared with the
experiental results at 100 percent. Since the experimental data were available
at three different mass flows, also the computed values have been shown at
three different mass flows: near stall, near peak efficiency and near choke.

In the next two pictures instead (Figure 6.8 and Figure 6.9) the result of
the other two models running in background are shown for the same velocity.
The Jansen’s model was clearly failing in the computation of the sixth axial
position at a mass flow of 13.15 kg/s and therefore the plot presents the
result for a mass flow of 13.55 kg/s, always at 50 percent of speed.
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The conclusions relative to this preliminary comparison are following.
Two main observation were drawn from this analysis. The first observation is
that the trends for the evolution of the boundary layer are well represented.
There are not many informations in literature about the behaviour of the
compressor boundary layer at partial speed, but it seems reasonable that
the boundary layer will be smaller at reduced rotational speed and that the
peaks due to the effect of rotors and stators will be less sharp. Furthermore,
the expected decrease in boundary layer thickness visible in the experimental
case is also found in the computational result.

Nevertheless, the trends for the higher mass flow are wrong accordingly
to the experimental data. As seen in the experiments and in the work of
Hirsch and Denton mentioned in Chapter 2 [46], the higher mass flow as
well as the near to stall condition would both cause a thicker displacement
thickness.

Since the experimental data suggest that the trend for higher mass flow
should be the opposite, it might be the case of a wrong evolution of the
boundary layer in the first part of the domain, without blades, which might
not take into account in a proper way the variation of the mass flow and
therefore yield wrong starting values for the displacement thickness. As it
can be seen from a comparison between Figure 6.6 and Figure 6.7 the starting
point has a strong influence on the later development (the only difference
between the two models is the treatment for the first part of the domain).
A more suitable way to compute the boundary layer thickness that would
possibly yield a more reliable starting point is therefore here presented. In
Aungier [9] the suggested starting displacement thickness takes into account
the massflow and it is described by:

1
277 e Vined] = §Bm (6.1)

Where r is the radius, Vj,. the meridional velocity outside of the boundary, J}
the axial displacement thickness, 7in the mass low and B a blockage value at
inlet, which is defined from Aungier starting from the displacement thickness
but is suggested to be B = 0.02 for both hub and tip. This solution was
implemented imposing a simple linear growth of the boundary layer, that
would reach the requested starting point computed with Equation 6.1 at the
beginning of the bladed domain. The simple growing line has been the best
outcome in a number of possible profile tested for the inlet ducts, among
which also the Blasius solution for laminar flow was tested, but did not
converge. The quasi-linear evolution proved to be the most effective strategy
and it yielded convergence on almost all the compressor operational range.
In Figure 6.10 are shown the results for 50 percent and for 100 percent of
the speed. The label for this case is "Direct". While at 50 percent of speed
the same mistake is still generated as before (lower displacement thickness
growth at higher mass flow), at higher speed the trend for the mass flow
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Figure 6.10: The experimental data from [47] compared with the results at 50
percent of speed and at 100 of speed of the Aungier model with a
linear growth upstream and the integral solution downstream of the
bladed domain.

variation seems to be improved: at 100 percent the trend inverts and the
higher mass flow boundary is correctly computed to be higher than the peak
efficiency. The stall condition, regrettibly, could not be computed at this
rotational velocity.

In any case, the trend of the boundary layer at 100% of velocity appears
to be inverted with respect to experimental data (the layer grows throughout
the fan). This might be due to the fact that the starting value of displacement
is still different from the one in the experimental case. As seen in Cumpsty,
the thickness of the boundary layer itself with respect to the tip clearance is a
relevant parameter that might affect the usual trends [35]. Another possible
explanation of this behaviour is that there could exist a "natural" boundary
layer exit condition dependent on the blading and the flow conditions that
would modify the usual trends depending on the entrance condition, as
suggested by the same Cumpsty [34].

To conclude, with the last model the trends for the dependence of the
boundary layer on rotational velocity and mass flow variation seem only
partially found. The trend for the higher mass flow at 50 percent of the
speed is apparently wrong, but it is only compared with informations at 100
percent of speed. The same model that at 100 percent of speed predicts a
correct trend for higher mass flow predicts at 50 percent the same "wrong"
trend. This might suggest that this dependence is in fact inverted at low
velocity. No experimental data at partial speed is available to confirm or
negate this assertion.

However, the disagreements don’t seem to be inacceptably important and
as anticipated, the model covers almost all the compressor map for this case.
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Figure 6.11: Compressor map of the NASA Rotor 67 in single rotor configuration
compared with experimental results, the boundary layer is initialised
and kept constant. The computed lines are coloured.

6.5 Results

The first step in the evaluation of the models is a tentative to run the
geometries with already established conditions. The results on the compressor
map are very good when compared with experiments (see Figure 6.11 and
Figure 6.12). With the imposed boundaries (total pressure, total temperature,
flow angle at inlet and fixed boundary layer blockage) most of the points on
the map could be completed. The failure in the convergence of some of the
points is due to the fact that the flow angle distorsion at inlet is imposed
during these tests. The blockage factors were tuned to obtain the best match
with numerical results.

Starting from these reference values, the curves computed with the models
are shown for both the rotor in single configuration and the complete fan,
for the cases in which the computation converged. First for the rotor (from
Figure 6.13 to Figure 6.17) and then for the complete fan (from Figure
6.18 to Figure 6.20). In these plots, the legend indicates the model in use.
The model denomined "Aungier" stays for the Aungier model with integral
solution in the domain without blades, the model denominated "Direct" is
the model with a quasi-linear distribution in upstream of the the bladed
domain and integral solution downstream, the model denominated "Aungier
Jansen and Int Sol" stays for the model with Jansen’s model upstream of
the bladed domain and integral solution downstream.
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Figure 6.20: Defects over pressure rise ratio. [34]

6.6 Discussion

Even if the computed values for the boundary layer thickness are sensibly
different from the ones implemented in the code without model, which were
simply imposed to be growing along the compressor axis and of a similar
magnitude, the compressor map for the simple Rotor 67 could be completed
for both models: the Aungier with integral solution and the Aungier with
linear distribution upstream and integral solution downstream the bladed
domain. The results are well fitting the experiental performance curves and
are only slightly different from the case without model. Instead, the fan
performance map couldn’t be completed: the Aungier with integral solution
could only converge up to the 70 percent of velocity, while the Aungier with
linear distribution upstream and integral solution downstream the bladed
domain could only not converge at 80 percent of the speed. The compressor
maps for the two models for the rotor and for the fan for just the one that
converged most follow in Figure 6.21, Figure 6.22 and Figure6.23.

To conclude, the Jansen model and the correlation didn’t yield any useful
result as expected. The modified Aungier model was able to follow at least
the main trends of the unusual development of the boundary layer in a
transonic two stage fan, when it was initialised in the proper way. The
imposed inlet condition was seen to have an important effect and to be
determinant in the convergence or not of the model. The through-flow code
answered positively to the additional model.

99



2.0
1.6
‘g S
> =
2 14— A“M
=2
12— -
10 L | | |
12 16 20 24 28 32

Equivalent mass flow, kgisec -

Figure 6.21: Compressor map of the NASA Rotor 67 in single rotor configuration
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by the Aungier’s model with integral solution in the not bladed domain.
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Chapter 7

Test on Multistage (Geometry

For the test in a multistage environment, a number of different designs
were taken in consideration. In particular all publicly available data for the
NACA transonic 3-stage [48], a NASA design for a 5 stages tested only on
a preliminary 3 stages design [49], the BBC transonic 4-stage described in
the AGARD 175 [46], the NACA transonic 5-stage [3] , the NACA 8-stage
[2], the NACA 10-stage [50] and a GE 10-stage [51] were analysed and it
was concluded that the only geometries for which all necessary data were
available were the NASA 3-stage and the transonic NACA 5-stage. Since
the goal of the test was to study the performances of the models on a
larger domain, the final choice has been for the 5 stage. It is the largest
geometry ever tested on the code, which nevertheless is extensively validated
on high-speed compressors. In this case the model is supposed to give more
reliable results with respect to the application on fans. The numerical results
will be validated by comparison with the overall experimental compressor
performances, since no direct boundary layer data are available. In this
chapter the steps followed and the results obtained are described.

7.1 Description

The NACA 5-stage axial compressor operates with relative transonic relative
inlet Mach numbers for all rotor blade rows. It was designed in 1954 to
study the problems arising from the compounding of transonic stages [3].
By increasing the inlet relative Mach number the stage pressure rise can be
increased and the same desired pressure ratio is obtained with a fewer number
of stages. This reduces the compressor size and weight. The compressor
is designed to produce an overall total pressure ratio of 5.0 at a rotor tip
speed of 335.3 m/s. The casing of the compressor has a constant diameter of
0.508 m and the hub-tip ratio at the inlet of the first rotor is 0.5. A speed
of 12605 rpm was calculated from this data, which will henceforth be the
reference for the 100% of the rotational speed. The design mass flow was
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Figure 7.1: Geometry of the NACA 5-stage.

30.617 kg/s. The NACA 5-stage has not Inlet Guide Vane (IGV) or Exit
Guide Vane (EGV). All rotor blades are DCA (Double Circular Arc), while
for the stators the first two rows are DCA and the last three rows have a
NACAG65 thickness distribution on a circular arc meanline. A summary of
all geometrical data can be found in [3].

7.2 Experiments

The compressor was tested over a range of mass flows at different speeds.
The tests delivered overall performance data as well as individual blade row
data. The overall performance was tested from the 40% to the 100% of the
design speed, while individual blade rows experiments were conducted from
70% to 100%. The pressure and temperature conditions during the test were
the NACA standard sea level, i.e. respectively 101314.1 Pa and 288.17 K.
Measuring stations were positioned all along the compressor measuring
temperatures and pressures. The numbered stations are visible from the
Figure 7.1. The engine inlet bellmouth (station 0) measures the inlet stag-
nation conditions. Measuring stations 1 and 2 were upstream of the first
rotor, respectively 26.7 cm and 10.1 cm from the inlet rotor leading edge
at hub. Stations 3 to 12 were positioned behind each following blade row
and the final measuring point (station 13) was 50.8 downstream of the fifth
stator trailing edge. The instrumentation was placed approximately 22.9 cm
behind each rotor blade row and 7.62 cm behind each stator blade row.
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To study the performance of individual stages, three series of testes
covering a range of flow rates were run, during which groups of blade rows
were instrumented successively (respectively first two stages, stage three and
four, stage five). Each serie covered the operative range of the compressor
for speeds from 70 to 100 percent of design speed. Radial distributions of
static and total pressure, total temperature and flow angle were obtained
through the use of two combination probes and static pressure probe behind
each rotor and a wake rake and static pressure probe behind each stator. All
data are available in [52] and [53].

7.3 Modelling

The code had to be slightly modified to make the geometry run. In particular
it was failing in the calculation of the design incidence speed (probably due
to the guesses for the secant interpolation method used) and the latter was
therefore inserted manually in the corrispondent subroutine. The 5-stage
compressor was modelled with 31 streamlines and 13 geometrical reference
points. The geometrical data for the radial and axial position of the blades
and for the flowpath were not available from the reports and were therefore
extracted from the same picture show above (Figure 7.1). The tip clearance
was 1% of the annular spacing. 22 points were used for the tip flowpath and
98 points for the hub flowpath. Three dummy ducts were inserted upstream
of the first rotor and other three ducts were positioned downstream of the last
stator, to increase the stability of the flowfield computation. The flowpath
distribution for these additions was represented by straight extensions of the
flowpath when needed. In Figure 7.2b is possible to see the overall grid. The
imposed working fluid was air, the inlet temperature 288.15 K and the inlet
total pressure 101325 Pa. No distortion of the inlet flow field was imposed.
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Figure 7.2: The geometry and grid solution for the NACA 5-stage.

65

100

BO

60

40

20

-20

-4p

-60



T
Equivelent speed,

5— .

'\";:; T } _|Ir J percent design % 200

: . L] L

- -l P L

5 b—30

t:: * — _l'__‘b" | : i = "'\‘ I : _‘T

q 70— ! =

g red (] }oo

L 2 -

Bl ]| 0 || IEEENSEEEEREREEE

8 RLFY | | T

g, I T | T ‘ T i [ i l ( f_i
i0 15 20 25 50 55 &0 85 70 15

30 35 0 5
Equivalent welght flow, Wy/B/6, lb/sec

Figure 7.3: Converged operating points compared to the experimental compressor
map of the NACA 5-stage.

7.4 Results

The comparison of results is in this case more limited. Due to time constraints,
proper initialisation blockage factors used in the case without model inserted
could be found only at the particular operating conditions of 14 kg/s of
mass flow and at a rotational speed of 6600 rpm (approximately 52% of
the speed). From this determined condition, thanks to the structure of the
software, almost all compressor map could be completed (at least partially).
At every timestep imposed mass flow and rotational speed were changed at
small steps until the desired compressor curve could be drawn. Figure 7.3
shows the comparison of the converged points on the compressor diagram
with experimental results.

The results match pretty well with the experimental data in the considered
operating conditions. It is reckoned that the reason why the computation
can not converge to near stall operation is that the "boundary layer", which
is not computed yet but it’s taken into account as if it was constant by
keeping the first and last streamline in the same position, is acceptable for
a low mass flow and low rotational speed but it is not thick enough to be
realistic in the near stall region. Due to the fact that all the compressor map
is built upon one converged initialised operating condition it was supposed
to be likely that the convergence would just be met in particular conditions.
Nevertheless, this would be enough to test the results from the models and in
fact, it was expected that the model themselves, since they used a computed
boundary layer thickness, would converge more in the map. This was not the
case. In Figure 7.4, Figure 7.5 and Figure 7.6 the converged operating points
are shown compared with the case without the models. The models that
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Figure 7.4: The computed map for 50 percent of speed for the NACA 5-stage:
the case with no boundary layer model inserted is compared with the
converged solutions with the model.
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Figure 7.5: The computed map for 70 percent of speed for the NACA 5-stage:
the case with no boundary layer model inserted is compared with the
converged solutions with the model.

could converge are the same as in the previous case: "Aungier" is the name
that indicates the Aungier’s model with integral solution in the not bladed
design and "Direct" indicates the Aungier’s model with linear distribution
upstream and integral solution downstream the bladed domain.
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Figure 7.6: The computed map for 80 percent of speed for the NACA 5-stage:
the case with no boundary layer model inserted is compared with the
converged solutions with the model.

7.5 Discussion

Even if the comparison of the cases with experimental data is not bad, for
the converged operating conditions, the expectations were to find a better
performance in terms of converged cases where the model was inserted with
respect to when the model was not inserted. It was even expected to be
able to conclude the map. In fact, the models made the code converge
only at 50, 70 and 80 percent of the speed, while without the model also
the 90% was reached. In order to try to understand the reasons of this
behaviour, the computed boundary layer for the converged cases is here
plotted and discussed. § on the ordinate axis represents in all the following
pictures (Figure 7.7 to Figure 7.10) the axial displacement thickness elsewhere
indicated with d7;.

Figure 7.7 and Figure 7.8 show the results for 70% of speed for the
two models. The difference is negligible for the hub and it is slightly more
pronounced for the tip. It is apparent that the initial growth is too large
for both cases but that anyway the range of the displacement thickness
reaches similar levels and doesn’t evolve in any unexpected manner. To be
underlined is the behaviour at lower mass flow, which shows the tendency of
growing even if the stall condition that could justify it, experimentally, is
still far. When comparing the results at 70% and 80% of speed it is clear
that the trends for higher rotational speed are respected (higher rotational
speed brings thicker defects). Two are therefore supposed to be possible
causes of the failure of the computation of more operating points: either the
first part of the domain, which appears too steep with respect to the rest of
the evolution, or the wrong trend for lower mass flow might be responsible.
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Figure 7.7: Comparison of the computed boundary layer at hub at 70 percent of
speed for the two models at 20 kg/s and 19.2 kg/s.
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Figure 7.8: Comparison of the computed boundary layer at tip at 70 percent of
speed for the two models at 20 kg/s and 19.2 kg/s.
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Figure 7.9: Comparison of the computed boundary layer at hub at 70 percent and
at 80 percent of speed for Aungiers’s model.
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Figure 7.10: Comparison of the computed boundary layer at tip at 70 percent and
at 80 percent of speed for Aungiers’s model.
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Chapter 8

Conclusions and
recommendation for further
work

To conclude the work a brief summary of the scope will be exposed and the
results obtained will be compared to the initial expectations. The scope
was to develop a reliable boundary layer displacement thickness evolution
model that would work in the most general cases. This model had to be
implemented in a through-flow code to improve the quality of its results and
to remove the tedious task of finding proper blockage factors to be updated
at each rotational speed and ideally at each mass flow. Three options have
been proposed for the bladed domain: the Jansen’s model, the correlation
from De Ruyck and Hirsch and the modified Aungier’s model. The only one
giving converging results was the Aungier’s model. The non bladed domain
was also considered because it was thought that a boundary layer solution
method operating upstream would give reasonable inlet values for the bladed
domain itself. For that domain, the solution of the Von Karman equation and
the Head’s entrainment equation were the first option and again the Jansen’s
model the second option. The use of these solutions for the non bladed
domain wasn’t particularly successfull and another option that would simply
draw a linear evolution of the displacement thickness appeared to give the
best results for the two stage NASA TP 1493. Almost all the compressor map
could be drawn for this case, which nevertheless didn’t converge for the 80%
of speed. Even if the result would apparently match the experimental data
quite well, the displacement thickness distribution found was questionable
(but not necessarily wrong). The input displacement thickness has surely
found to be one of the most influencial parameters of the model and the
exploration of the effect of its variation is left as recommendation for further
work. For what concerns the last geometry tested, the results were not
complete enough to be considered satifying. This could be due to a number
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of factors, first of all the slight modification of the code for the insertion
of the geometry values and second the fact that due to time contraints
the compressor map had to be resolved starting from a single operational
conditions. After the analysis of the computed boundary layer two possibility
were supposed that could explain the failure of the computation at more
operating points: either the already discussed first part of the domain can
not provide correct values or the wrong trend for lower mass flow at higher
mass flow become critical.
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