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Abstract

The purpose of this work is to find a variant of the blade shapes of the axial com-
pressor "Stage 37" that provides an increase in efficiency while maintaining their
strength state by joint use of optimization programs and CAE software. Objectives

of the work:

1. Creation of a numerical CFD model of the axial compressor "Stage 37" and
search for optimal parameters ensuring the best match with the experimental

data.

2. Creation of a numerical parametric model of the blades of the axial compressor

stage.

3. Joint gas-dynamic and strength optimization of the working process of the

axial compressor in order to increase its efficiency.
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Chapter 1

Introduction

The first step is to compare different mesh configurations, 27 cases are analyzed.
The results obtained from the Reynolds averaged Navier Stokes equations are closely
related to the meshes, that have great number of elements and complex structure.
The results are compared each other though the compressor performance curves, the
radial distribution of some variables at working point and the flow visualizations,
i.e. Mach, Total Pressure and Turbulent viscosity distribution.

The second step is the creation of a parametric model. Both rotor and stator are
built starting from a lower number of sections. It is done to reduce the number of
variables though Bezier curves and other approximations. 14 cases are analyzed.
The performance curves of all cases are compared each other and with the case
obtained in the first step.

The third step is the strength analysis to calculate the constrains that have to be
imposed to the last optimization task.

The last step is to create the 6 optimization tasks. The number of degrees of freedom
increase moving from the first to the last task. In this way it is possible to see how

the degrees of freedom influence the results.



Chapter 2

Compressor

Compressor increases the pressure of the fluid. It can be single stage or multistage
depending on the application. A stage consists of a stator/rotor combination. A
schematic of the blading and the flow processes occurring within an axial flow com-
pressor blade row is shown in Figure 2.1 [1].

IGV ROTOR1 STATOR 1 ROTCR 2
'

mlmn,\ B‘ W,

Figure 2.1: Axial flow compressor velocity triangles (hy and T distribution are
similar to Py distribution; h and T" are similar to p distribution)

IGV guides air smoothly into a rotor, which is very sensitive to incidence modifica-
tion or non-uniform velocity. Through the IGV the flow is accelerated and so the
static pressure decreases. Rotor blades add energy to the fluid, increasing its stag-
nation pressure, temperature and kinetic energy. Then the fluid arrive with a proper
angle of attack to the stator blades where the static pressure is further increased
by flow diffusion. The stagnation pressure is quite the same (except for losses), but

static pressure and temperature increase while the kinetic energy decreases. The air



is properly directed to the second-stage rotor, and the process repeats itself. The
last stage usually has a guide vane or stator to lead the fluid in the axial direction.
Because of changes in velocity, density, pressure, and hub/tip ratio, it is better that
all stages do not operate at the same velocity. Therefore, these stages are divided
into two segments, the low-pressure compressor and the high-pressure compressor,
operating at different speeds.

The characteristic of a compressor is described with its map with shows lines of con-
stant corrected spool speed in the graph pressure ratio over mass flow. This graph

is completed by lines with constant efficiency and the surge line |2|:

P32 HPC Pressure Ratio

Mass Flow W2RStd fkg/s]

Figure 2.2: Compressor Map

2.1 Aerodynamics

For subsonic flow the flow reduces when the throttle downstream is being closed. If
the flow is supersonic the speed lines are vertical (constant corrected flow). The peak
efficiencies on the supersonic speed lines move towards the surge line, and so it is
not possible to operate the compressor where it performs best. When Mach number
increases efficiency decreases because shock grow quickly with Mach numbers above
1.3. Also due to the big pressure differences the secondary flows are strengthened

and the secondary losses rise significantly.



2.2 Stage pressure ratio

The mean stage pressure ratio has been increased mainly by increasing the cir-
cumferential speed, only to a minor part by increasing the aerodynamic loading.
Consequently blade profiles had to be changed from a subsonic to a transonic de-
sign.

On the subsonic blade surface there is nowhere Mach above 1 and such blades are
relatively insensitive to incidence.

With a supercritical profiles on the suction side there is a limited supersonic flow
region. With a transonic blade the static pressure increases through the gas dynamic
shock.

Transonic blade has a low aspect ratio, higher blade width because of the high cir-
cumferential speed and it results in high mechanical loading and in heavy disk.
High stage pressure ratios require high solidity (small pitch/chord ratio) because
the shocks must be contained within the blade tunnel. If the pitch/cord ratio is not
sufficient, the shock is downstream the blade row and the static pressure doesn’t

increase but only the losses.

2.3 Efficiency

The efficiency is dependant on the blade loading and the Mach number level within

the compressor. Both increase with stage pressure ratio [3].

Cp * (T3 — TQ)
mean — 2.1
w u?necm * Nstages ( )
The stage adiabatic efficiency:
P/ P01/ 1
S Ci T (2.2)

(T5/T1) =1



2.4 Surge Margin

For any operating condition within the flight envelope sufficient surge margin must

remain to guarantee the operability of the engine.
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2.5 Nasa Stage 37

In the NASA’s paper, Design and Qverall Performance of Four Highly Loaded, High-
Speed Inlet Stages for an Advanced High-Pressure-Ratio Core Compressor (1978),
are described the designs and evaluated the overall performances of four single stages
that are representative of inlet stage for the advanced-core compressor. These four

stages have this design conditions:

Stage Rotor aspect ratio Stage pressure ratio

35 1.19 1.82
36 1.63 1.82
37 1.19 2.05
38 1.63 2.05

The stage 37 will be considered in this work.

At design speed the rotor and stage achieved peak efficiencies of 0.876 and 0.840,
respectively, at mass flow rate of 20.74 kilograms per second. The rotor and stage
pressure ratios at peak efficiency conditions were 2.056 and 2.00, respectively. The
mass flow rate at which peak efficiency occurred is about 3 percent higher than the
design value. The rotor and stage pressure ratios at design flow rate exceed design
values, but the efficiencies were somewhat lower than design. The stall margin at
design speed is only 10 percent.

In the paper there are the blades coordinates, respectively 12 and 10 profiles to

describe the rotor and the stator. Using the program Profiler the files for Numeca



IGG-Autogridd are created.
In the paper there are also overall performance in a table and the radial distribution
of different parameters in graphs, in the latter case the results are extrapolated using

the program Compas.



Chapter 3

Mesh Generator

The purpose of this chapter is to create the mesh files.
The 3D meshes are built staking 2D blade to blade meshes. For both it is possible
to set a certain number of parameters to obtain a coarser or finer grid.

From a monodomain structured approach, three types of grid can be considered:

e An H-grid is suitable to apply far-field and periodicity conditions but is often

highly skewed near the leading and trailing edges of the blades.

e A L-grid provides a good resolution around the leading edge and in the wake,

but becomes skewed at the inflow and at the periodic boundaries.

e An O-grid allow good resolution of both leading and trailing edges, but induces

skewness at inflow outflow and periodic boundaries.

To maintain the advantages and removes the disadvantages a multidomain struc-
tured meshes is used [4].

The program used is Numeca IGG-Autogrids.

3.1 Influence of Flow Pass

Now they are evaluated the influence of:

e Expansion Ratio, measure of the size variation between two adjacent cells.

10
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Figure 3.1: Numeca IGG-Autogrid5 - Homepage

e Aspect Ratio, the measure of the cell stretching. The max aspect ratio (MR)

is the ratio of the maximum length to the minimum.

o y* = ¥z dimensionless wall distance. u, = /7,/p is the friction velocity.

This parameter is changed modifying the value of y, the width of the first cells.

F 1
YFEi Yrpri
VFPi YrPMax
¥ ER = — 5 MR= i
9 : £
Vg .}JFPI'—I Q\q; FPiB2B
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(a) ER for Flow Pass (b) MR for Flow Pass
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u* 3| |
1 2l 4
2 ut =1k Inly*)+B °l g
10 y 59
5 - Lng.arithmiq =
region r
D —4 T ™ T .I.:. T T -
1 2 5 10 20 50 100 y*
(¢) y* - ut Graphic (d) Flow Pass
Figure 3.2
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Individually the three parameters are evaluated, changing one of them and keeping

constant the other two and the distribution in one layer.

through the percentage of mid-flow and the flow path number.

Distribution of layers along relative height
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Figure 3.3: 3D Mesh

In tables are reported the 12 meshes considered:

e Influence of ER

They can be changed

Mesh Pressure §suction Sijwidthl |width2  |width3 |widthl |width2 |width3 |O-layer |[inlet Outlet Edge Radi|ER_b2b |MR_FP ER_FP y+ Turb L Midle, %
Mesh_b2b0_ER1.2 53 73 13 17| 25| 13 17| 21 21 21 ik} 17 1.2] 1000 1.2] 1[sA 105 11 ‘5
Mesh_b2b0_ER1.4 33 73 13 17 25 13 17| 21 21 21| 13 17| 1.2 1000 1.4] 1[sA 77 33 E
Mesh_b2b0_ER1.6 33 73 13 17| 25 13 17| 21 21 21 13 17 1.2 1000 1.6 1[sA 61 40 e«
Mesh_b2b0_ER1.8 53 73 13 17| 25 13 17| 21 21 21| 13 17| 1.2 1000 1.8 1[sA 53 45

Mesh Suction Si|Pressure §Widthl [Width2 |Width3 |Widthl |width2 |Width3 |O-layer [Inlet Outlet  |Edge Radi|ER_b2b [MR_FP |ER_FP y+ Turb FP Midle, %
Mesh_b2b0_ER1.2 73 53 13 17| 25 9 17| 25| 21 9] 13 17| 1.2 1000 1.2 1[sA 89 11 E
Mesh_b2b0_ER1.4 73 33 13 17| 25 3 17| 25 21 El 13 17 1.2 1000 1.4 1[sA 77 13 &
Mesh_b2b0_ER1.6 73 53 13 17| 25 9 17| 25 21 9 13 17| 1.2 1000 1.6 1[sA 45 37 G
Mesh_b2b0 ER1.8 73 33 13 17| 25 3 17| 25 21 El 13 17 1.2] 1000 1.8] 1[sA 41 45

Figure 3.4: Influence of ER
e Influence of MR

Mesh Pressure §Suction Si|Widthl [Width2 |Width3 |Widthl |Width2 |Width3 |O-layer [Inlet Outlet  |Edge Radi|ER_b2b (MR FP |ER_FP y+ Turb FP Midle, %
Mesh_b2b0_MR1000 53 73 13 17| 25 13 17| 21 21 21 13 17| 1.2 1000 1.2 1[sA 105 11 ‘5
Mesh _b2b0_MRS500 33 73 13 17| 25 13 17| 21 21 21 13 17 1.2 500 1.2 1[sA 121 28| E
Mesh_b2b0_MR200 53 73 13 17| 25 13 17| 21 21 21 13 17| 1.2 200 1.2 1[sA 129 40| e
Mesh_b2b0_MR2000 33 73 13 17| 25 13 17| 21 21 21 13 17 1.2 2000 1.2] 1[sA 77 4

Mesh Suction Si|Pressure §Width1 [Width2 |Width3 |Widthl |Width2 |Width3 |O-layer |Inlet Outlet Edge Radi|ER_b2b |MR_FP ER_FP y+ Turb FP Midle, %
Mesh_b2b0_MR1000 73 53 13 17, 25| 9 17 25| 21 9] 13 17| 1.2 1000 1.2 1[{sA 89 11 B
Mesh_b2b0_MR500 73 53 13 17| 25 ¥ 17| 25 21 9 13 17| 1.2 500 1.2 1[sA 101 30 "
Mesh_b2b0_MR200 73 353 13 17 25 ) 17 25 21 9 13 17| 1.2 200 1.2 1[sA 121 45 G
Mesh_b2b0_MR2000 73 53 13 17| 25 . 17| 25 21] 9 13 17| 1.2] 2000 1.2] 1[sA 53 4

Figure 3.5: Influence

e Influence of y*
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Mesh Pressure §Suction Si|lwidthl |Width2 |width3 |widthl |Width2 |Width3 |O-layer |[Inlet Outlet Edge Radi|ER_b2b |MR_FP ER_FP y+ Turb FP Midle, %
Mesh _b2b0 yl 53 73 13 17| 25| 13 17| 2 21| 21 13 17 1.2 1000 1.2 1[sA 105 15| ‘5
Mesh_b2b0_y3 53 73 13 17| 25 13 17| 23 21 21 13 17 1.2 1000 1.2 3|SA 97| 22| ‘5
Mesh_b2b0_y7 53 73 13 17| 25 13 17| 21 21 21 13 17 1.2] 1000 1.2] 7|5A 93 17| =
Mesh_b2b0_y05 53 73 13 17| 25 13 17| 21 21 21 13 17 1.2 1000 1.2 0.5|SA 105 20
Mesh Suction Si|Pressure yWidthl [width2 |width3 |widthl |width2 |Width3 |O-layer [Inlet Outlet Edge Radi|ER_b2b |MR_FP ER_FP v+ Turb FP Midle, %
Mesh_b2b0_y1 73 53 13 17| 25| 9| 17| 25| 21 9 13 17 1.2 1000 1.2 1|SA 89 6] E
Mesh_b2b0_y3 73 53 13 17| 25 9 17| 25 il 3 13 17 1.2 1000 1.2 3|5A 57 18] ‘(E’
Mesh_b2b0_y7 73 33 13 17] 25 £l 17| 25 21 9 13 17 1.2] 1000 1.2] 7|5A 53 14 ]
Mesh_b2b0_y05 73 53 13 17| 25 9 17| 25 il 5 13 17 1.2 1000 1.2 0.5|5A 89 11

Figure 3.6: Influence of y*

In Figure (3.7) there are two examples, on the left Mesh b2b0 MR200, on the right
Mesh b2b0 y7.

=

esh b2b0 MR200 (b) Mesh b2b0 y7

(a)

Figure 3.7

The ER and MR values are checked to verified the values of the three variables

imposed for each mesh, Figure (3.8).
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Figure 3.8

3.2 Influence of Blade to Blade

Now the Flow Pass variables are kept constant and it is studied the influence of:

e Influence of Expansion Ratio.
e Influence of O-layer, number of elements in O-block.

e Influence of mesh density, number of elements in L- and H-blocks.
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Figure 3.9

In tables are reported the 15 meshes considered:

e Influence of ER

Pressure Sidq¢Suction Side |Widthl Width2 |Width3 |Widthl |Width2 Width3 |O-layer |Inlet Outlet MR_FP ER_FP Turb FP Midle, %
Mesh_b2b0_ER_b2bl.2 73 53] 13 17| 25 21| 17 13| 21 21 1000 12 1|SA 105 11| E
Mesh_b2b0_ER_b2bl.1 73 53 13 17| 25 21 17| 13 21 21 1000 12 1[SA 105 11 ‘6
Mesh_b2b0_ER_b2bl.3 73 53 13 17 25 21 17| 13 21 21 1000 12 1[SA 105 11 o
Mesh_b2b0_ER_b2bl.4 73 53 13 17 25 21 17 13 21 21 1000 12 1|SA 105 11
Mesh Suction Side |Pressure Sidg Widthl Width2 |Width3 [Widthl |Width2 Width3 |O-layer |Inlet Outlet Edge Radius|ER_b2b |MR_FP ER_FP Turb FP Midle, %
Mesh_b2b0_ER_b2bl.2 73 53] 13 17 25 g 17| 25 21 9 13 17| 12 1000 12 1[SA B9 11 E
Mesh_b2b0_ER_b2b1.1 73 53 13 17 25 g 17 25 21 9| 13 17 1.1 1000 1.2 1[{SA B9 11 ‘(E
Mesh_b2b0_ER_b2bl.3 73 53 13 17| 25 9| 17 25 21 9 13 17 1.3] 1000 12 1|SA 89 11 ﬁ
Mesh_b2b0_ER_b2bl.4 73 53 13 17 25 El 17 25 21 El 13 17 14] 1000 12 1|SA B9 11

Figure 3.10: Influence of ER
e Influence of O-layer

Mesh Pressure SidqSuction Side [Widthl |Widthl Width3 |Widthl |Width2 Width3 |O-layer |Inlet Qutlet ER_FP Turb FP Midle, %
Mesh_b2b0_0_0 53 73] lﬂ 17 25 13 17 21 21| 21 1.2 1[SA 105 11| 2
Mesh_b2b0_0_-1 53 73 13 17 25 13 17| 21 17| 21 12 1[5A 105 11 E
Mesh_b2b0_0_-2 53 73 13 17| 25 13 17 21 13| 21 1.2 1|SA 105 11 DO:
Mesh_b2b0_0_1 53 73 13 17 25 13 17 21 ?ﬁ 21 1.2 1[SA 105 11
Mesh_b2b0_0_2 53 73 13 17 25 13 17| 21 29 21 12 1[5A 105 11
Mesh Suction Side |Pressure SidgWidthl Width2 |Width3 |Widthl |Width2 Width3 |O-layer |Inlet Qutlet dge Radius|ER_b2b |[MR_FP ER_FP Turb FP Midle, %
Mesh_b2b0_0_0 73 53] ]ﬂ 17 25 ] 17 25 21| 9| 13 17 12 1000 1.2 1[SA B9 11 g
Mesh_b2b0_0_-1 73 53 13 17 25 El 17 25 17 9| 13 17 13| 1000 1.2] 1|SA 89| 1 E
Mesh_b2b0_0_-2 73 53 13 17 25 El 17| 25 13 El 13 17| 12 1000 12 1[5A B9 11 g
Mesh_b2b0_0_1 73 53 13 17 25 5 17 25 25 9 13 17 1.2 1000 1.2 1[SA 89 11
Mesh_b2b0_0_1 73 | 13 17 25 9 17 25 Zﬂ 5 13 17 12 1000 1.2 1[SA 89 11

Figure 3.11:

e Influence of mesh density

Influence of O-layer
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Mesh Pressure Sid{Suction Side |Widthl Width2 [Width3 |Widthl |Width2 Width3 |O-layer [inlet Outlet |Edge Radius|ER_b2b |MR_FP |ER_FP Vs Turb FP Midle, %
WMesh_b2b-1 a1 57| 9 17| 17 9 17 17| 21 17 9 17| 1.2] 1000] 1.2 1[sa 105 11
Mesh_b2b0 33 73 13| 17] 25 13 17 21 21 21 13 17] 12 1000 12 1[sa 105 11 B
Mesh_b2bl 89| 109 21 25 37 25 25 29| 21 29 21 25 12 1000 12 1[sA 105 1 E;
Mesh_b2b2 137 165 29| 33 48| 33 33 41 2 41 29| 33 12 1000 12 1[sA 105 1n L
Mesh_b2b3 197 243 41 a1 73 41 41 61 21 61 41 41 12 1000 12 1[sa 105 11
Mesh_b2b4 289 373 61 57| 109 57| 57 93 21 93 61 57| 12 1000 12 1[sa 105 1
Mesh Suction Side |Pressure SidgWidthl Width2 [Width3 |Widthl |Width2 Width3 |O-layer [inlet Outlet |Edge Radius|ER_b2b |MR_FP |ER_FP Vs Turb FP Midle, %
Wesh_b2b-1 57| 1 9 17| 17 9 17 17| 21 9| 13 17| 1.2] 1000] 1.2 1[sa 89| 11
Mesh_b2b0 73 53| 13| 17] 5 2 17 25| 21 9 13 17] 12 1000 12 1[sa 89| 11 i5
Mesh_b2bl 109 77| 2 25 29 13 25 29| 2 13 17| 25 12 1000| 12 1[sA 89| 1n ﬁ
Mesh_b2b2 165 105 33 33 33 29 33 33 2 29 29| 33 12 1000 12 1[sA 89| 1n @
Mesh_b2b3 248 165 49| a1 41 37] 41 41 21 37 41 41 12 1000 12 1[sa 89| 11
Mesh_b2b4 373 245 73 57] 61 57] 57 61 21 57 61 57] 12 1000 12 1fsa 89| 1

Figure 3.12: Influence of mesh density

15




Chapter 4

Computational Fluid Dynamics

The scope of this chapter is to calculate maps of compressor for each meshes, to

compare each other and with experimental data and to choose the best one.

4.1 Fluid model

A real gas is considered or more precisely a thermally perfect gases, in which cp
and v depend on temperature. This model is based on two equation: perfect gas
model and enthalpy equation. Considering a specified constant gas R it is possible
to calculate cp and . Also the dynamic viscosity and the heat conductivity depend

on temperature [5|.

4.2 Flow model

A steady time configuration is used for all the analyses.

4.2.1 Nayvier-Stokes Equations

The set of equation used are the Navier-Stokes equations, in a Cartesian frame:

9 UdQ+/f}-d§+/ﬁV-d§:/STdQ (4.1)
dt Jo s s Q

16



where €2 is the volume, S is the surface, U is the vector of the conservative variables,

Fr and Fy are the inviscid and viscous flux vectors:

| P ] i PU; | | 0 ]
pU1 pUIV; + POy Ti1
U= |pvs]> ﬁ] = | pvov; + pda; | —ﬁv = Ti2
pU3 pU3V; + PO3; Ti3

| PE ] |P(pE + p)ui ] | @i + ;i |

where the total energy and the heat flux components are defined as:

0
3:):2-

1
E=e+ Vv, ¢ =k=—T (4.2)
k is the laminar thermal conductivity.

In St there are the source terms:

pfei
St = |pfe
ples
Wy

where the external forces have components f.1, feo and f.s3.
To close the system, it is necessary to specify the constitutive laws and the definition
of the shear stress tensor in function of the other variables. For Newtonian fluids,

the shear stress tensor is given by:

82}]- 81)2' 2(> -
) Aen] e

where p is the dynamic molecular viscosity [6].

17



4.2.2 Time Averaging of Navier-Stokes Equations

The Navier-Stokes equations describe both laminar and turbulent flows. However,
turbulence is a nonlinear process with a wide range of spatial and temporal scales.
The direct simulation of complex turbulent flows in most engineering applications is
not possible. Averaged Navier-Stokes (RANS) equation are obtained by averaging
the viscous conservation laws over a time interval T', large enough with respect to
all other time scales of the turbulent fluctuations, but small enough with respect to
all other time-dependent effects.

The quantity A in the Navier-Stokes equations is time averaged related to the in-

stantaneous value through [7]:

A=A+ A (4.4)
where the time averaged value is
o 1 (72
A1) = / A(E,t +7)dr (4.5)
T J 1)

and the fluctuating part A’, for which A’ = 0.

The corresponding density weighted average is defined through:
~ pA
A= (4.6)
p

with

A=A+ A" pAT =0 (4.7)

Density and pressure are time averaged, whereas energy, velocity components and
temperature are density weighted time averaged.

The averaged form of the Navier-Stokes equations is the same as the previous one,

18



but with:

[ 7 ] | 75

U1 pULY; + pvi’v” + Poy;
U= |pvs| s F, = pUv; + pvé’v” + Do;

pU3 pU3V; + pvg’v” + Do3;

_ﬁE_ (pE +P)0; + pE"! + pv

where the density averaged total energy is given by:

1.

5 Vil
2

k

k the turbulent kinetic energy is defined:

1
k= 2(pv "vi1/p)

@ + v

(4.9)

4.2.3 Treatment of Turbulence in the RANS Equations

This process leads to the introduction of the Reynolds stress tensor and turbulent

heat diffusion term, they have to be modeled to close the system. The Reynolds

stress tensor is the correlation between the components of the fluctuating velocities,

it appears as an additional fictitious stress tensor and it can be interpreted as a

volumetric force on the mean flow.

For the linear eddy viscosity turbulence models, a first-order closure model, based on

Boussinesq’s assumption, is used for the Reynolds stress. This hypothesis involves

that the Reynolds-stress-anisotropy tensor is linearly related to the mean rate of

strain tensor, via the turbulent eddy viscosity pr has not general validity [8].

—pviv ”—MTP@ +aﬁ}—g(ﬁ-ﬁ

8$j 8952 3
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For the turbulent heat diffusion term, a gradient approximation is used,

Cppol'T = _kTaa T (4.11)

)

where kp is the turbulent thermal conductivity and is connected to pr through
a turbulent Prandtl number Prp, ky = %. The resulting system of governing

equations with the assumptions above is the same as previous one, with:

p pU; 0
po1 pULY; + P*oi; Til
U= |poz| Fy = |ptat; + p™o2 | » —F, = Tio
pU3 PU3V; + p*03;i Ti3
P | (PE + P71 | @+ Ui |

where the Reynolds stress and the heat flux components are given by:

(%cj + aZL‘Z 3

o5, OF; 2(ﬁﬂ 0 ~

Ty = (u+uT)[ V-v)éij}, 7 = (EJrk;t)a T (4.12)

Z;

ur and kr have to be solved by the turbulence models.
The static pressure and the total energy contain contributions from the turbulent

kinetic energy k£ and are defined as:

2 o1l -
"=ptgpk, E=etouvt+k (4.13)

4.2.4 Formulation in Rotating Frame for the Relative Veloc-
ity
In turbomachinery problem is necessary to describe the flow behaviour in the relative

system and solve the governing equations for the relative velocity components. In
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this case, with w; the x; component of the relative velocity w:

P pW; 0
puw P W; + Py .
U= |pis|.  F = |p0o@i+pou| ~F=| Ta
puws Pwsw; + p*os; Tis
| PE | | (PE + ") | G+ Wiy |

The source term vector St contains contributions of Coriolis and centrifugal forces

and is given by:

0
St = | (=p) 2020 + (Jx(d)xr))]
o - V(0.5w2r?)

with w the angular velocity of the relative frame of reference [9].

4.3 Boundary Condition

4.3.1 Cylindrical Inlet Boundary Conditions

Total quantities are imposed, supersonic case. It is possible to set total pressure
(p° = 101325 Pa), absolute total temperature (7° = 288.15 K), absolute Mach

number. The orientation of the velocity is set to be normal to the inlet surface. [10]

4.3.2 Outlet Boundary Conditions for Subsonic Flow

It is possible to impose one of the two following conditions:

e Pressure imposed
The static pressure at the outlet boundary is specified. In the standard cases
the following pressure are set to the design point and the first six performance
curve points (9000, 110000, 130000, 140000, 150000, 160000, 1650000 Pa).

The remaining dependent variables on the outlet boundary are obtained from
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the interior field through extrapolation. The backflow control checks the total
temperature distribution along the exit boundary. In case the flow partially
re-enters the domain, its total temperature is controlled so that the entering
and outgoing flow globally have the same total temperature [11].

300 iterations are used with converge criteria equal to -6.0.

Mass Flow imposed

This option is used to calculate point near stall because there is not increase
in pressure ratio in this region. The mass flow usually set is 19.5 kg/s and the
initial pressure is equal to the previous point.

The mass flow is fixed at a given control surface by scaling the velocity vector
on this surface. As in the pressure imposed case, the other parameters are
calculated from the interior field, also pressure so it is imperative that the
inlet boundary condition fixes the pressure through the total pressure.
Fixing the mass flow is not as robust as to impose the pressure and this is
particularly sensitive with full-multigrid. An initial pressure has to be imposed
during the full-multigrid process. Consequently, the mass flow computed at
outlet is not exactly the target mass flow during the computation on the coarse
grids [12].

3000 iterations are used with converge criteria equal to -6.0.

4.3.3 Solid Wall Boundary Conditions - Adiabatic Walls

The velocity vector on the wall vanishes. The angular velocity of the wall (in the

absolute frame of reference) has to specified. For rotor it is 17185 rpm, obviously

zero for stator.

The velocity relative to the wall should be zero, leading to: W = —(Usystem — Uwai)

Projecting the momentum equation onto the wall normal direction 77, a relation for

pressure is obtained, in the absolute reference frame:

—

i-Np=—pi-(T-V)i+i-(V-7) (4.14)
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The normal pressure gradient can be expressed as a function of pressure derivatives

along the coordinates lines:

L oo 1 o ﬂap N Hap o Hap
n-Vp=—= i Sims S-S+ S Sk= 4.15
p 510 J ¢ 3 Pig, T Rac (4.15)

where &, 1, ¢ are the coordinates in the i, j and k directions, it is assumed that

—

j-direction is directed away from the wall (not necessarily perpendicular). S; ; are
the surface vectors of the corresponding cell faces.

Once dp/0n is found, the pressure on the wall is: p, = p; — o
assuming the direction points inside the interior field. w indicates the wall, 1 the

first inner cell [13].

4.4 Numerical Model - Discretization and Solution
Theory

4.4.1 Spatial Discretization

A cell centered control volume approach is used. The general Navier Stokes equation

is discretised as:

oU L .
—df) F; - AS Fy-AS = [ SpdQ 4.16
Q ot T Zfaces ! T Zfaces v /Q T ( )

Fy; - AS is the inviscid fluxes and fv - AS the viscous fluxes.

e Viscous Fluxes
They are determined in a purely central way. Gradients must be evaluated on

the cell faces, this is done applying Gauss theorem|14]:

- 1 [ = 1 -

e Inviscid Fluxes
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They are upwind based numerical fluxes, and therefore noted with a * super-

script, expressed as Hirsch (1990) [15]:

{(ﬁﬁ)i + (ﬁﬁ)iﬂ} — di1y (4.18)

N | —

(Fﬁ);‘kﬂ/z =

the term in square brackets is a central evaluation of the flux. The term d; /o
represent a numerical dissipation term, it is an artificial dissipation used in
combination with central schemes.

In the equation above a flux can be used, based on the averaged unknowns

instead of averaging the fluxes:

(Fﬁ)rﬂ/z =F

St

Ui+ U;
(Tﬂ) - di+l/2 (4-19)

Using the central scheme this formulation is more robust, especially for high
speed flows.
For central schemes a Jameson type dissipation is used with 2nd and 4nd order

derivatives of the conservative variables:
dz’+1/2 = €§_231/25Ui+1/2 + 654)53Ui+1 (420)

The scalar coefficients € are:

(2)

_ - (2) )
i+1/2 = 9

i+1/2

(4.21)

1
€ K(Q)A*ma:c(yi,l, VisVit1, Vit2), 551)1/2 = maz(0, 5;1(4)/\* —€

) and k® are user input.

The coefficient x
The cell centered values of € are obtained by arithmetic averaging of the cell
face values of scalar coefficient €. The v; activate a second-difference dissipation

in region of strong gradients, such as shocks. They are based on pressure and
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temperature variations:

v; = max{

For the k and e equations, v; are based on the pressure, the turbulent kinetic

Tivi =21+ T4
T + 2T+ T

Pit1 — 2pi + piaa
Pit1+ 2p;i + piaa

} (4.22)

energy and the dissipation rate:

v; = ma:zc{

A* in the scalar coefficients € equations is a measure of the inviscid fluxes and

Dit1 — 2Di + Dic1 ‘

kiv1 — 2k; + ki ’
Pit1 + 2pi + pi1 ’

Kiv1+ 2k + ki

€ip1 — 26, + €1 )}
€iy1 + 26+ €1
(4.23)

it is chosen as the spectral radius multiplied with the cell face area:

N =X = (7 AS+cAS) iy (4.24)

4.4.2 Time Discretization

A separate space and time method is used to solve the Navier-Stokes equations. The
time integration is performed using a Runge-Kutta approach. An explicit g-stage

Runge-Kutta scheme for the equation 2% = F(U) can be written:

U = UM+ AtF(U"),U? = U™+ apAtF(UY), .U = UM+ AtF(Uh), U™ = U1

(4.25)
U™ is the value of U at the time step ¢ and U"*! at the time step ¢ + At. The
coefficients a; determine the stability area and the order of accuracy of the Runge-
Kutta scheme. Usually 4 or 5 stage Runge-Kutta schemes are used, for central

schemes:
1. oy =0.125, ap = 0.306, a3 = 0.587, oy = 1.

2. oy = 0.814, ap = 0.191, a3 = 0.342, vy = 0.574, a5 = 1.
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For inviscid calculation the local inviscid time step (i.e. for each cell) is determined

(%) - Cr (4.26)
: |wsz-|+|wsj|+|wsk|+c[rsi|+|sj|+|sk|}

as.

Cr is the CFL number (it is set equal to 3). The vectors S are cell normals at the cell
center (obtained by averaging the normals on the cell faces). The module indicates
the cell face area.

For viscous calculations a local viscous time step in each cell is calculated:

(ﬁ) — Cvely (4.27)
’ SM[!SM\Sj\2+rsk|2+2<|sz-sj\+\sisk\+\sksm

i is the sum of local laminar and turbulent viscosity. By default Cy, = —1 and it

is replaced by C7. The local time step is obtained by weighting the inviscid and

o (0)0)
ENORO)

For steady simulations, a local time stepping is used because it increases the con-

viscous time step:

(4.28)

vergence rate. Each cell in the computation domain has its own time step given by

the local inviscid time step equation (4.26), for viscous calculations by (4.28) [16].

4.4.3 Multigrid Strategy

A multigrid is used for efficiency and fast convergence. It consists of transferring
residuals on to coarse grids, solving the modified system on these grids, and inter-
polating the new residual back to the fine grid. It has the property of smoothing
the long wave errors much faster than by using only the fine grid. Three grid levels
are used, respectively the number of sweep are 1, 4, 32. This strategy applies the
Full Approximation Storage approach (coarse grid are created by agglomerating the

cells surrounding a node) [17].
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The Navier-Stokes problem for a kind of mesh can be written, with [ =1, ..., L from
the coarsest to the finest:

E‘FN[(UI) = I (4'29)

Fj is the forcing function, defined recursively as:
Fy = Ni(I{ U™ + Iy | Fraa = Nea (U (4.30)

I}, and I, | represent restriction operators of the unknowns and the residuals. They

are defined as:

Z Ql-i—l Ul+l

[ll+1Rl+1 — Z RlJrl’ Ill+1Ul+1 _ Z T

R = Fiyy = Ny (U')
(4.31)
Q) is the cell volume. The summation is over the 8 fine cells contained within a

coarse cell.

After temporal discretization, the problem approximated on a coarse level becomes:
SAU' + N, (U'O) = R (4.32)

U0 = J! U™ is the current solution on mesh [, where the equations have been
linearized (in an implicit method). AU is an update of U"® and is to be calculated.
S is the smoother, the chosen time integration method.

The linear problem (4.32) can be solved for AU'. With S the updated solution U
is smoothed and can be restricted to the next coarser lever, replacing [ — 1 to [ in
{710

The number of sweeps 1, 4, 32 is the number of times the Runge-Kutta operator is
applied.

After that the solution on the coarsest mesh is smoothed, the coarse to fine sweep

of the multigrid cycle is initiated. The current solutions on finer grids are updated
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with the solution on the next coarser level:
U'=U'+ 1, (U = 17U (4.33)

The underline means a prolongation operator of first-order. In the V, W, F cycle
the new solution on the finer mesh is smoothed before proceeding to the next finer
level, by solving I}, e I},, with U'® = U,

The computational cost of a multigrid cycle is reduced by using simplifying assump-
tions on coarser meshes. For central spatial discretization scheme a more diffusive

central scheme is used [18].

4.4.4 Full Multigrid Strategy

The solution in the coarsest grid is interpolated to the next finer grid, only when it
converges to a certain accuracy level. The initial solution on the finest grid is called
the solution obtained by a Full Multigrid method. If solutions do not converge on
the coarser grid, it may cause divergence on the next finer grid. In addition, an
initial solution on coarse grids is less sensitive to multigrid convergence than on the
finest grid. A bigger cell size makes solution converge faster. This strategy increases
the robustness and efficiency of numerical iterations methods [19].

The maximum number of cycles per grid level is set equal to 400 and the convergence

criteria on each grid level is equal to -7.0.

4.4.5 Implicit residual smoothing

An implicit residual smoothing is used in combination with Runge-Kutta to speed
up the convergence to steady state. One stage in the explicit Runge-Kutta can be
written [20]:

u" = U+ a, AtF(u™) = u" 4 i R(u™) (4.34)
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The residual R is smoothed applying a central type operator leading to a smoothed

residual R:
(I— A — AN —AY)R=R AJR=Rii — 2R+ Rin (4.35)

A% and A7 are defined in a similar way.

€ is a smoothing parameter on which the stability criterion is:

(Y "

o*, o are the CFL number of the smoothed and unsmoothed Runge-Kutta schema.

A good practical value is 0% /o = 2.

4.5 Rotor/Stator Interaction

It is a sources of unsteadiness that may affect the turbomachinery flow. It requires
an unsteady and viscous flow solver able to manage enormous data storage. It is
possible to optimize the process solving the steady flow field on a truncated computa-
tional domain. The rotor-stator interaction is done by exchanging circumferentially

averaged flow quantities [21].

4.5.1 Full Non-matching Technique for Mixing Planes

The full non matching mixing plane module uses the concept of image. An image of
the real mesh patches is built on both sides of the interface, the left and right images
respecting the above constraints and being in addition matching in the spanwise
direction [22].

The communication algorithm between rotors and stators is organised in several

steps:

1. Extrapolation of the flow solution from the inner cells to the boundary.

2. Sending of the flow solution from the initial mesh to the image.
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3. Application of the mixing plane algorithm between the left and right images,

with construction of flux variables to be imposed on the left and right side.

4. Sending of the fluxes from the image to the initial meshes.

4.6 Turbulence Models

On Numeca Fine are present the turbulence models in the list below [23]:
1. Linear Eddy Viscosity Turbulence models:

e Algebraic model:
— Baldwin-Lomax
e One equation model:
— Spalart-Allmaras
— Spalart-Allmaras (Extended Wall Function)
e Two equation model:
— k-¢ (Standard wall function)
— k-¢ (Extended wall function)
— k-¢ (Low Re Chien)
— k-¢ (Low Re Yang-Shih)
— k-¢ (Low Re Launder-Sharma)
— k-w (Wilcox)
— Shear Stress Transport (SST)
— SST (Extended wall function)

e Four equation model:

— v2-f (code friendly)
2. Nonlinear Eddy Viscosity Turbulence models:

e Two equation model:
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— EARSM

— EARSM (Extended wall function)

4.6.1 Spalart-Allmaras Model

It is a one equation turbulence model. The Spalart-Allmaras model has become quite
popular in the last years because of its robustness and its ability to treat complex
flows. The main advantage over Baldwin-Lomax is that the turbulent eddy viscosity
field is always continuous. Its advantage over the k-e¢ model is its robustness, the
lower additional CPU and memory usage.

An additional transport equation for the eddy viscosity is resolved. In the equation
there are an advective, a diffusive and a source term and it is implemented in a
non conservative manner. The implementation is based on the paper of Spalart and
Allmaras (1992) with the improvements described in Ashford and Powell (1996)
in order to avoid negative values for the production term (S) [24]. The turbulent
viscosity is given by

Vp = I;fyl (437)

where 7 is the turbulent working variable and f,; a function defined by

3

X
ful_

_ L 4.38
X® + Cil ( )

X is the ratio between the working variable 7 and the molecular viscosity v. The

turbulent working variable is described by the transport equation
—+ V- -Vr= —{V . |:(l/ +(1+ Cbg)ﬁ)VI;:| — cbgﬁéﬁ} + St (4.39)

V' is the velocity vector, Sy the source term and o, ¢, are constants. The source

term is splitted in a production term P(7) and a destruction term D(7)

St = 0P(D) — vD(D) (4.40)
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where
v

vP(7) = ST, D7) = cu fw(af (4.41)

The production term P is constructed with the following functions:

v 1 (1+ xfor)(1 = fu2)

S’:SV 5 15Jv2s v2 = 75 7 3o v3 — 4.42
f3+/<;2d2f2 Jo2 (1 x/c)? Jus ( )
d is the distance to the closest wall and S the magnitude of vorticity.
In the destruction D
1+c8
fu = g(——22)1/6 (4.43)
9+ b
with
— 6 _ — v
g =714 Cu(r’ —r1), r= o (4.44)

The values of the constants in this model are:

Cw1l = ?_21 + (1+(:b2)7 Cw2 = 2, Cy3 = 2, Cp1 = 71; Coz = 9, cp1 = 0.1395, e = 0.622,

k=041, 0=2/3.

4.6.2 k-e¢ Model

In the k-e turbulence model two additional transport equations for the turbulent
kinetic energy, k, and the turbulent dissipation rate, ¢, are solved. The starting
point is

vr(T,t) = u* (Z,1) - 1(, 1) (4.45)

The reference velocity u* is taken as the square root of the turbulent kinetic energy

and a length scale can be formed from k and e:
ut kY2, I~ k%% /e (4.46)

The turbulent viscosity is then assumed to be:

k,2

vp = C,u,? (447)
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C, is one of the five model constants.

The model equation for k:

ok ok ol;
where
—0U; vr Ok
IT = —ulu I, =—— 4.4
U,L’U/j axj, i o (9% ( 9)

The exact equation for € could be derived, but it is not useful because it would refer
to processes in the dissipative range. It is preferred to express € as the energy flow
rate in the energy cascade, determined by the large scale motions [25].

The empiric model equation for e:

Oe Oe € ¢ 9 v O
- 4 Uif)_xi = CEIEH - OE2E + 6%(0_63%‘)

(4.50)

The values of the constant are:

e Extended wall function [26]

C, =0.09, Coy = 1.44, Cp = 1.92, 03, = 1.0, o, = 1.3.

e Chien [26]
C, =0.09, Cq =135, C, = 1.80, 04, = 1.0, 0 = 1.3.
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Chapter 5

Performance Curves

5.1 Numeca Fine

Numeca Fine is the program used to the CFD calculations. To study the influence
of Flow Pass, curves made of 12 points curves are created. To reduce computational
cost they are reduced to 8 points in the subsequent calculations. In Figure (5.1)

there is an example of points definition.

x Pefomrnance Curve Definition Y

Figure 5.1: Performance Curve Points Definition

In Computation Steering — Convergence History it is possible to check global resid-
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ual, inlet mass flow, outlet mass flow, efficiency and pressure ratio value during

calculation. For example for the choke point, Figure (5.2).

(a) Global residual

(b) Inlet and outlet mass flow

(c) Pressure

(d) Efficiency

Figure 5.2

Figure (5.3) is an example of a generic point convergence. If the pressure ratio is
not constant but decreases, the outlet static pressure of the corresponding point has

to be decrease and re-start calculation from that point.

|

il S il
| ~_ |

(b) Pressure ratio

Figure 5.3

Figure (5.4) instead is an example of a point divergence, an outlet static pressure
decrease doesn’t solve the problem because near the stall region the curve is approx-
imately constant in mass flow-pressure ratio graph. The mass flow value is imposed
instead of pressure.

This calculations were ran using a cluster of CPUs (12, 16 or 20), the calculation

time was from 2/3 to 5 hours.
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(a) Pressure ratio (b) Inlet and outlet mass flow

Figure 5.4

5.2 Performance Curves Comparison

With the mass flow, the pressure ratio and the efficiency for each point it is pos-
sible to create the performance curves and compare them each other and with the

experimental data. Starting with the influence of flow pass:

e Expansion Ratio influence

Pressure ratio Efficiency

—e—ER 12 ER 14 ER16 —e—ERLE —e—MNASA —e—ER 12 ER 14 ER 16 —e—ER1E —e—NASA

(a) Mass Flow - Pressure Ratio (b) Mass Flow - Efficiency

Figure 5.5

The E.R. 1.6 and 1.8 meshes have a smaller stall margin.

e Max Aspect Ratio influence

Pressure ratio Efficiency
ﬁ sk %\
076
" 2
—&— MR_200 MR_500 MR_1000 —e—MR_2000 —@—NASA —e—MR_200 MR_500 MR_1000 —e—MR_2000 —g—NASA
(a) Mass Flow - Pressure Ratio (b) Mass Flow - Efficiency
Figure 5.6

36



The MR 200 and MR 500 meshes are coincident. In efficiency graph, there is a

clear difference for lower mass flow between MR 2000 and the others meshes.

e ' influence

Pressure ratio Efficiency

195 20 205 21 185 19 195 20 205 21

——y 05 v1 V3 —e—y 7 —e—NASA e i s r i

(a) Mass Flow - Pressure Ratio (b) Mass Flow - Efficiency

Figure 5.7

In pressure ratio graph there is a clear difference between y™ = 0.5,1 and y™ = 3, 7.
In efficiency graph for lower mass flow the difference between the two groups is lower.

Now the influence of blade to blade meshes is evaluated:

e Expansion Ratio influence

Pressure ratio Efficiency

185 13 195 20 205 21 185 18 195

ERb2b_13 —8—EROZb 14 —8—NASA

—e—ERB20_11 ERD2D 12 ERD2b 13 —8—ERb2b 14 —e—MNASA —e—ER02 11 ERb2b_12

(a) Mass Flow - Pressure Ratio (b) Mass Flow - Efficiency

Figure 5.8

There are not appreciable differences.

e O-layer influence

There are not appreciable differences.

37



Pressure ratio Efficiency

YA

—e—Olzer 2 Olayer_-1 Olayer 0 —e—Olayer 1 —e—Olajer 2 —e—NASA —e—Olayer_2 Olayer_-1 Oloyer 0 —e—Olajer 1 —e—Olayer 2 —e—NASA

(a) Mass Flow - Pressure Ratio (b) Mass Flow - Efficiency

Figure 5.9

e Mesh Density influence

Pressure ratio Efficiency

Y~

———0251 8280 5261 —e—B18) —e—B253 —e—BB —e—NAS ——8281 B280 B2B] —g—B28] —g—B2B3 —g—BB: —g—NAS

(a) Mass Flow - Pressure Ratio (b) Mass Flow - Efficiency

Figure 5.10

The B2B2, B2B3 and B2B4 last point solution has small oscillation, so the
average value was taken to compare the flow behavior in stall point. These
three meshes present a bigger number of elements, they should describe better

the flow.

e Turbulence Models
The turbulence models implemented in Numeca Fine are compared each other
and with experimental data. Some of them are not suitable to this kind of

problem, Figure (5.11).
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Pressure ratio Efficiency

185
285
165
265
145
225
2 12
o | - 105
185 3
085
165 F
125 085
175 18 185 19 195 20 205 n 175 18 185 1 15 " 205 2
—a—ke Launder —s—SST SST_et —s— Baitwin —a—\21 —s—komega —s—Nasa —s—kee_Launder —s—SST —s—SST_at —s— BatWin —s—V21 —s—k-omega —a—Nasa

(a) Mass Flow - Pressure Ratio (b) Mass Flow - Efficiency

Figure 5.11

In the following comparison k—éecpien, and EARSM are not considered because
the former is not able to describe flow at lower mass flow (stall point region),

the latter in the choke point region.

Pressure ratio N Efficiency
22
0se
1 &3
82
81
18 8
18
17
16 i
188 193 198 ors
—.—SA e SA et e koe_sxt k-e_Yang kee_Chien —e—EARSM Nasa 188 193 198 203 208
—e—SA —e—SA &t —e—ke_ext foe_vang kee_Chicn —em— EARSM Nesa

(a) Mass Flow - Pressure Ratio (b) Mass Flow - Efficiency

Figure 5.12

39



5.3 Radial distribution

The previous analysis is not sufficient to choose the best mesh. The second step is

to compare the radial distribution of six variables at the max efficiency point:
1. Compressor outlet flow angle, o

2. Rotor outlet flow angle, 3

T5°
) Ty°

3. Absolute total temperature ratio

4. Absolute total pressure ratio, ifz

. o_,,0
5. Loss coefficient, 1) = 221
pri-—p1

—1
(on)’yT_l

p1°

6. Adiabatic coefficient, n = T° T e
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e Expansion Ratio influence

Alpha Beta

—ER_12 ER_1.4 ER_16 ——ER1E — R 12 ER_1.4 ER_16 —ER_18
(a) Alpha (b) Beta
Temperature Ratio Pressure Ratio

1220 1230 1240 1.250 1.260 1270 1720 L770 1820 1870 1920 1870 2020 2070 2120

—FER_12 ER_14 ER_16 =——ER_18 —ER_12 ER_14 ER_16 ——ER_18 ——Nx=a
(c) Absolute Total Temperature Ratio (d) Absolute Total Pressure Ratio
Loss Coefficient Adiabatic Coefficient

5

0.100 0.200 0300 0.400 0.500 0.600 0700 0.640 0.69 0740 0.790 0.840 0.890 0940

—ER_12 ER_14 ER_16 ——ER_18 —FR 12 ER 14 ER 16 =—ER 1B =——=Nama
(e) Loss Coefficient (f) Adiabatic coefficient

Figure 5.13: Expansion Ratio influence

Increasing the elements number the distribution is smoother, where the cur-
vature is greater the worst meshes approximation is a broke line. The ER 1.2

and ER 1.4 approximation are similar but with not negligible differences.
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e Max Aspect Ratio influence

Alpha Beta

6! 6 5! S 45000 -4 3! 2! -2 1
——MR_200 MR_500 MR_1000 ——MR_2000 ——MR_200 MR_500 MR_1000 ——MR_2000
(a) Alpha (b) Beta
Temperature Ratio Pressure Ratio
1 1
06 06
03 03
01 01
:1 220 1230 1240 1250 1260 1270 ::l 720 1770 1820 1870 1920 1970 2020 2070 2120
——MR_200 MR_500 MR_1000 ——MR_2000 —— WR_200 MR_500 MR_1000 ——MR_2000 ——Naa
(c) Absolute Total Temperature Ratio (d) Absolute Total Pressure Ratio
Loss Coefficient Adiabatic Efficiency
= 1
0.6 06
05 5
3 03
0.2 02
0.1 01
p 0.100 0.200 0.300 0.400 0.500 0.600 s o o T
——MR_200 MR_500 MR_1000 ——MR_2000 —— MR_200 MR_500 MR_1000 ——MR_2000 —— Nzsa
(e) Loss Coefficient (f) Adiabatic coefficient

Figure 5.14: Max Aspect Ratio influence

MR 2000 approximation is very different from the others, the elements number
is not sufficient. The other meshes approximation are similar but with not

negligible differences between MR200-500 and MR1000.
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e yT influence
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Figure 5.15: y* influence

yT™ = 3 and y* = 7 approximation are different from the other two. The

differences between y™ = 0.5 and y™ = 1 are not so big.

43



e Expansion Ratio influence, Blade to Blade

Alpha Beta
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Figure 5.16: Expansion Ratio influence

The differences are smaller in this case. ER 1.1 and ER 1.3 are coincident.
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e O-layer influence
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Figure 5.17: O-layer influence

The differences are not important.
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e Mesh Density influence

Alpha Beta
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Figure 5.18: Mesh Density influence

The greatest differences are between B2B-1, B2B1 and the other approxima-

tions.
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e Turbulence Models
Spalart-Allmaras and Spalart-Almaras extended are exactly coincident. k — €
extended and k — ¢ Yang are similar. SA and k& — € models have considerable
differences. Comparing these graphs to the y™ ones, it is possible to notice
some analogies. In particular k& — e distributions are similar to y© = 3 and

yT =7, that are meshes with a lower number of elements.
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Figure 5.19: Turbulene Model influence
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5.4 Flow Visualization

Using CFView it is possible to visualize the flow. In particular Mach number, Total
Pressure and Turbulent Viscosity are evaluated.

Considering the rotor and stator in figure two plane parallel to x-y are created, the
former at the rotor exit and the latter at the stator exit. The influence of b2b is
examined with a plane parallel to y-z. The flow is visualized in max efficiency point

and, when it is possible, in stall point.
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Figure 5.20: Rotor and Stator
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5.4.1 Expansion Ratio influence

Maz Efficiency Point
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Figure 5.21: Relative Mach - Rotor
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Figure 5.22: Relative Pressure Ratio - Rotor
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Figure 5.23: Turbulent Viscosity - Rotor
Observations:

e Increasing the meshes elements increase the area with higher Relative Mach

number.

e Increasing the meshes elements increase the area with higher Relative Pressure

Ratio.

e Increasing the meshes elements decrease the area with higher Turbulent Vis-

cosity.
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Figure 5.24: Absolute Mach - Stator
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Figure 5.25: Absolute Pressure Ratio - Stator
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Figure 5.26: Turbulent Viscosity - Stator
Observations:

e Increasing the meshes elements increase the area with higher Absolute Mach

number.

e Increasing the meshes elements increase the area with higher Absolute Pressure

Ratio.

e Increasing the meshes elements increase the area with higher Turbulent Vis-

cosity.
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Stall Point
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Figure 5.27: Rotor
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Figure 5.28: Stator

Looking at this graphs it is possible to confirm that the description is greater
and greater increasing the elements. In particular in stall point ER 1.2 and ER 1.4

have great differences, so the former is chosen.
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5.4.2 Max Aspect Ratio influence

Point of Max Efficiency
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Figure 5.29: Relative Mach - Rotor
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Figure 5.30: Relative Pressure Ratio - Rotor
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Figure 5.31: Turbulent Viscosity - Rotor
Observations:

e Only the worst mesh has some differences from the others, both for the Relative

Mach number and the Relative Pressure Ratio.

e Increasing the meshes elements increase the area with higher Turbulent Vis-

cosity. There are not appreciable differences between MR 200 and 500.
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Figure 5.32: Absolute Mach - Stator
NUMECA NUMECA [ Dt Tut s ©1)
(b) MR 500
NUMECA NUMECA
(c) MR 1000 (d) MR 2000

Figure 5.33: Absolute Pressure Ratio - Stator
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Figure 5.34: Turbulent Viscosity - Stator

Observations:

e Increasing the meshes elements increase the area with higher Absolute Mach

number.

e Increasing the meshes elements increase the area with higher Absolute Pressure

Ratio.

e Increasing the meshes elements increase the area with higher Turbulent Vis-

cosity.

Stall Point
The differences between MR200-500 and MR1000 are still evident in this study.

The former are very similar to each other in every analysis. MR 500 is chosen.
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Figure 5.35: Rotor
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Figure 5.36: Stator
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5.4.3 ' influence
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Figure 5.37: Relative Mach - Rotor
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Figure 5.38: Relative Pressure Ratio - Rotor
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Figure 5.39: Turbulent Viscosity - Rotor

Observations:

e Increasing the meshes elements increase the area with higher Relative Mach

number.

e Increasing the meshes elements increase the area with higher Relative Pressure

Ratio.

e Increasing the meshes elements increase the area with higher Turbulent Vis-

cosity.
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Figure 5.40: Absolute Mach - Stator
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Figure 5.41: Absolute Pressure - Stator
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Figure 5.42: Turbulent Viscosity - Stator
Observations:

e Increasing the meshes elements increase the area with higher Absolute Mach

number.

e Increasing the meshes elements increase the area with higher Absolute Pressure

Ratio.

e Increasing the meshes elements decrease the area with higher Turbulent Vis-

cosity.
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Figure 5.43: Relative Mach - Rotor
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Figure 5.44: Relative Pressure Ratio - Rotor
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Figure 5.45: Turbulent Viscosity - Rotor
Observations:

e Increasing the meshes elements decrease the area with higher Relative Mach

number.
e The area with higher Relative Pressure Ratio changes shape but not dimension.

e Increasing the meshes elements decrease the area with higher Turbulent Vis-

cosity.
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Figure 5.47: Absolute Pressure - Stator
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Figure 5.48: Turbulent Viscosity - Stator

Observations:

e Increasing the meshes elements increase the area with higher Absolute Mach

number.

e Increasing the meshes elements increase the area with higher Absolute Pressure

Ratio.

e Increasing the meshes elements increase the area with higher Turbulent Vis-

cosity.

yT = 0.5 and y© = 1 have similar behavior but the former used a greater number

of elements. y™ = 1 is chosen.
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5.4.4 Expansion Ratio influence, Blade to Blade

The flow visualizations in plane parallel to x-y are not reported because there are

not differences between the meshes.
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Figure 5.49: Relative Pressure Ratio - Rotor
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Figure 5.50: V, - Rotor
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Figure 5.51: Turbulent Viscosity - Rotor
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Figure 5.52: Absolute Pressure Ratio - Stator
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Figure 5.53: V,, - Stator
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Turbulent Viscosity (Mut/Mu)
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(c) ERb2b 1.3

Figure 5.54: Turbulent Viscosity - Stator

(d) ERb2b 1.4

It is possible to notice very small different only in Absolute Pressure Ratio and

in Turbulent Viscosity on stator, the others graphs are exactly identical. ERb2b 1.2

is chosen.
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5.4.5 O layer influence

The flow visualizations in plane parallel to x-y are not reported because there are

not differences between the meshes.
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Figure 5.55: V, - Rotor
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Figure 5.56: Turbulent Viscosity - Rotor
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Figure 5.57: V,, - Stator
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Figure 5.58: Turbulent Viscosity - Stator

The differences are not so evident but it is possible to notice a velocity and

turbulent viscosity increase, increasing element number. O-layer 0 is chosen.
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5.4.6 Mesh Density influence
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Figure 5.59: Relative Mach - Rotor
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Figure 5.60: Relative Pressure Ratio - Rotor
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Figure 5.61: Turbulent Viscosity - Rotor
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Figure 5.62: Turbulent Viscosity - Stator
Observations:

e Increasing the meshes elements the area with higher Relative Mach number
changes shape, moving toward shroud and increase the value at the trailing

edge.

e Increasing the meshes elements the area with higher Relative Pressure Ratio

changes shape, moving toward shroud.

e Increasing the meshes elements increase the area with higher Turbulent Vis-

cosity both for the stator and the rotor.
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Figure 5.63: Relative Total Pressure - Rotor
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Figure 5.64: V, - Rotor
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Figure 5.65: Turbulent Viscosity - Rotor
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(e) B2B3 (f) B2B4

Figure 5.66: Absolute Total Pressure - Stator
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Figure 5.67: V,, - Stator
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Figure 5.68: Turbulent Viscosity - Stator

Increasing number of element increase respectively the relative total pressure area
and the turbulent viscosity in the rotor and the turbulent viscosity in the stator. In

the other cases there are not evident differences. The mesh B2B2 is chosen.
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5.4.7

Turbulence Models
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Figure 5.70: Relative Pressure Ratio - Rotor
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Figure 5.71: Turbulent Viscosity - Rotor

Observations:

e There are small differences in Relative Mach number, it just changes the shape

of areas with higher values.

e There are small differences in Relative Pressure Ratio, it just changes shape

of areas with higher values.

e Turbulent viscosity in the k& — e models is higher. In particular moving from

the highest, k — €.y, K — €yang, SAcs and at the end SA.
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Figure 5.72: Absolute Mach - Stator
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Figure 5.73: Absolute Pressure Ratio - Stator
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Figure 5.74: Turbulent Viscosity - Stator

Observations:

e The area shapes with different values are different between k£ — ¢ and SA

models.

e There are small differences in Relative Pressure Ratio, change a bit the area

shapes with lower values.

e Turbulent viscosity in £ — € models have higher values only near trailing edge

at the top of the figure, in the other parts they are lower.
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Figure 5.75: Relative Pressure Ratio - Rotor
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Figure 5.76: Turbulent Viscosity - Rotor

Observations:

e There are small differences in Relative Pressure Ratio, it just changes a bit

the area shapes with higher values.

e The area with higher values of Turbulent viscosity in the SA models are nearer
the top that the k — € models. SA.;; has higher values than SA and k — €414

higher than k& — €.y.
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Figure 5.77: Absolute Mach - Stator
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Figure 5.78: Absolute Pressure Ratio - Stator

92



bulent Viscosity (MuMu)
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Figure 5.79: Turbulent Viscosity - Stator

Observations:

e The shapes are similar, but SA models have higher values in the area with the

highest values in Absolute Mach number.

e The shapes are similar, but the SA models have higher value that the k — ¢

models.

e The k — ¢ models have higher values that the SA.,; in Turbulent Viscosity.
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5.4.8 Conclusions

Flow visualization lets understand:

e Increasing mesh elements, increase the area with an higher Mach number.
e Increasing mesh elements, increase the area with an higher Total Pressure.

e In the 72% of the cases increasing mesh elements, increase the area with higher

Turbulent Viscosity. In the remaining cases it decreases.

Each turbulent models has also a different calculation time, they are reported in
Figure (5.80) normalized with SA’one.

Calculation Time

1
REE)
038
097
096
085
034

A SA_ext kee_ex ke_yang

Figure 5.80: Calculation Time

The shortest calculation time is not enough to use k — €.;;. In the analysis was
noticed that it is like a worst mesh compared to Spalart-Allmaras.

Finally the best choices are:

e Expansion Ratio: 1.2

e Max Aspect Ratio: 500

o yt: 1

e Expansion Ratio for b2b: 1.2
e O-layer: 0

e Mesh Density: B2B2

e Turbulence Models: Spalart-Allmaras
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Chapter 6

Optimization Projects

6.1 Parametric Model

The optimization process is performed with IOSO. It needs a parametric model of
the project studied. It is created, using Autoblade. The stage 37 is imported from
Autogrid to Autoblade, at the beginning 5 sections are considered both for the rotor

and the stator.

(a) Rotor (b) Stator

Figure 6.1

From the left column different approximations can be set:

1. Endwalls: hub and shroud endwall approximations, each one has different

number of parameters. B-spline and Bezier are used.
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74 Configuration of the hub and shroud endwalls X 4 Configuration of the hub and shroud encwalls X

(a) B-spline (b) Bezier

Figure 6.2

2. Stream surfaces: in the section "Spanwise locations" section locations can be
changed. In "Surface setup" the Stream surface type can be chosen, Planar-

axial and Conical are compared.

P Configuration of the stream surfaces x 74 Configuration of the stream surfaces x

182 £2818878( [e.7330257078C
[225 221990842 [-33581166337

(a) Planar (b) Conical

Figure 6.3

3. Stacking laws: for axial compressor stacking point is located in the centre of
gravity. For "Meridional location" two curve types are set, simple Bezier and
Bezier (n parameters), the latter has a bigger number of parameters. Also for

"Tangential location" these two approximations are used.

74 Configura

(a) Simple Bezier (b) Bezier (n parameters)

Figure 6.4
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4. Main blade: In "Costruction plane" two Reference length can be chosen Merid-
ional chord based or True Chord based. To approximate the Camber curve, it
is possible to choose Simple Bezier or Bezier. "Side curves" will be analyzed

later.

When the model is created it is fitted, in the first iteration a Coarse accuracy is
used and in the second a Fine one is used. The first and fifth stator section error,

approximation and a leading edge zoom are showed.

Fungser |5 2] secton#1 oftede 51
Fungser  [5 2] secton#1 oftece #1 Fd
G [orecveroncron 3
G [oprecmerocron
‘OBJECTIVE_FUNCTION
‘OBJECTIVE_FUNCTION
—— objective_function
—— objective_function facte !
— reference
— reference 1e-006 -
seans
30005
] % ol
> 2e005
o205
M
8
i ! | 5 ) i3
- g o iteration

Figure 6.5: 1st section Error
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Figure 6.6: 1st section Profile
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(a) Coarse

(b) Fine 1st section

Figure 6.7: 1st section Leading edge

RTHETA

(a) Coarse (b) Fine

RTHETA

(a) Coarse

Figure 6.9: 5th section Profile
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(a) Coarse (b) Fine

Figure 6.10: 5th section Leading edge

Eight parametric models are created, their performance curve are calculated and

compared each other and with the original results.
1. Conical 6 sections Meridional Chord Based, Worst fitting (C6 My r)
2. Conical 6 sections Meridional Chord Based, Best fitting (C6Mpr)
3. Planar 6 sections Meridional Chord Based, Worst fitting (P6My )
4. Planar 6 sections Meridional Chord Based, Best fitting (P6Mpr)
5. Conical 6 sections True Chord Based, Worst fitting (C6Tw )
6. Conical 6 sections True Chord Based, Best fitting (C615r)
7. Planar 6 sections True Chord Based, Worst fitting (P67 )
8. Planar 6 sections True Chord Based, Best fitting (P675r)

Worst fitting refers to the first of the two approximation options showed before.

Best fitting refers to the second option.
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Pressure Ratio Efficiency

|
|

3 s 8 EEEE

2 22 24 28 28 188 1 192 154 196 198 » 2 24 26 s
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(a) Mass Flow - Pressure Ratio (b) Mass Flow - Efficiency

Figure 6.11

The best two parametric models are C67Tyr and C6Tgr. The former is chosen
because it uses lower number of parameters. The influence of the others parameters
is now studied.

In Main Blade the Camber curve can be approximated with Bezier and B-spline.

(a) Bezier (b) B-spline

Figure 6.12

In Side curves it is possible to set two kind of Construction mode: legacy and regular.

(b) B-spline

Figure 6.13
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In the previous analysis was set the option for side curves like in Figure (6.14).
A Stretching factor equal tol (uniform) and 2 or 3 Number of intermediate control

points both for Suction and Pressure side curve are compared.

Side curves
Suction side curve 2
Mumber of intermediate control points ES_ﬂ I '\, £
Stretching factor 12 o e ! \
Pressure side curve Rie .. pressure side curnye
Number of intermediate control points Eg—g e s {
o camber curve -
Shcichiyy i ETZ—Q o Bezier control polygon T
4 intermediate contrel points - s
stretching factor 1.2 Rre

Figure 6.14: Side curves

Now six cases are analyzed.

1. Case 1: Legacy, Bezier for camber. 2 points for PS and SS.

2. Case 2: Legacy, Bezier for camber. 3 points for PS and SS.

3. Case 3: Legacy, B-spline for camber. 2 points for PS and SS.

4. Case 4: Legacy, B-spline for camber. 3 points for PS and SS.

5. Case 5: Regular, Bezier for camber. 2 points for PS and SS.

6. Case 6: Regular, Bezier for camber. 3 points for PS and SS.

(a) Mass Flow - Pressure Ratio (b) Mass Flow - Efficiency

Figure 6.15

The Case 2 is the best one and as expected it is better than C6Ty 5.
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Pressure Ratio Efficiency

(a) Mass Flow - Pressure Ratio (b) Mass Flow - Efficiency

Figure 6.16

To reduce the parameter numbers now 5 rotor sections and 3 stator sections are
considered, this variant is indicated as Final. As expected the approximation is a

bit worse but the parameters number used is smaller.

Pressure Ratio Efficiency
21
195
19
18
18
125
17
165
15
158 1 1 x 3 x 3 x

—e—orgn Cose2 —e—Fna

(a) Mass Flow - Pressure Ratio (b) Mass Flow - Efficiency

Figure 6.17

A list of all parameters can be obtained at the end of each fitting model. It is
possible to change the reference, that is the step of each iteration, the lower and the

upper bond for each parameter.
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(a) Mass Flow - Pressure Ratio (b) Mass Flow - Efficiency

Figure 6.18

From this list a text file can be created and opened in I0SO. In section Project
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Setting the parameters, that can be changed during the optimization, are defined
as variables. Some parameters as hub and shroud coordinates are frozen. The
geometric variables selected are called Input Parameters in section Task Section,
they are 117.

In Project Setting the chock point, the work point and the stall point total pressure
ratio, efficiency, mass flow, power and alpha are define as Output Parameters in the
Task Section. Some limitations are imposed, for example that the max efficiency
can not be lower than its initial value.

In Synthetic Parameters are defined parameters that depend on other variables, for
example the stall margin.

In section Initial Points the initial geometric parameters values are set.

In section Algorithm solution and constrain accuracy are set.

Input Perermeters  Outpus Parameters Symibesc Pammeters Ikl Pomta Algorshm | nfo
! = |$6.729763382257

ol ]| Hama| _Modsl| Tywe| Defritian
2 M Fot_S1_chamber_gamma | Model  Ingependart 43 51026074<IV1<-28 51026074
3 m Fot_S1_chamber_h1| Mocel  Incpendert -9 2086B0523c/V1<2. 791319077
A .

[ Rot_S1_chomber h2| Model|  Independert

[ Fict_52 chamber_gamma  Model  Independart

16 m Rol_S2_chamber h1 Mocel  Independent
17 w1 Rol_52_chamber_h2 Model Indapendent 12 17267,

28 M PRet_53 chamber_gamma| Model  Independert 59 £1522701<V14-33.41532701)
2% M Rot_53_chamber_h1  Model Indmpendert -7 4452365958V 14 554763042
30 i Rol_53_chamber_h2  Made Independert  -11.30149683</V1<0.638503165]

1 1 R o Moo Cependent 1 5562501 Input Parameters | Output Parameters  Synihetic Ponmetess  Inkial Pointa | Algorthm  info

Model| __ Obiective| Congtrai| Range|

Model  No conirol Upper and lower bounds |13 99546<R54<21 6483

Model Mo cantrel Upoer and lower bounds 1.847656<R5621.961944
a1 wm Fct_S4_chamber_gamma  Mocel  Indsperdert 64 51516327<IV1<-24 51516327 Model Maxmae Lower bound
42 L) Rot_S4_chamber_h1  Macel Indoapendent  -6.221871849</V1<5.778128151) Model No cantrol Upper and lower bounds:

a4 M Fol_54_chamber hZ|  Modd  Independert -10.563155311V1c1.431840655| adcha| Model Mo cantrol Upper and lawer bounds:
2 4 le_radus|  Mad mpendert 25794432 1] RS11 Sl _TPR Model Mo control Lower bound 1.965083<R511

13| Rs13 Sl Wodel Mo oontl Lower bound 0.777155¢R513]

5 K 14 RS54 Stall_mass Model Mo cantrol Lorwer bound 15.1672<R514)
(a) Input Parameters (b) Output Parameters

Figure 6.19

Now different tasks are created with different range of Input and Output Pa-
rameters. The objective of IOSO is to find the max efficiency in the working point.

Five cases are considered:
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e Task 1: change only thickness in a small range.

Task 1

Rotor Stator
Camber 0 0
SuctionSide  3*5 3*3
PressureSide  3*5 3*3
Lean 0 0
Sweep 0 0

In total there are 48 variables plus the outlet pressure at rotor.
G ehoke = £3%

Guwork = £3%, TPRyork = 3%, Nwork > —5%, Qyork = £10°
Gt > —3%, TP Ryork > —3%; Nwork > —5%

e Task 2: change only the stagger angle in a small range.

Task 2

Rotor Stator

Camber 3*5 3*3

SuctionSide 0 0
PressureSide 0 0
Lean 0 0

Sweep 0 0

In total there are 24 variables plus the outlet pressure at rotor.
G choke = £3%

Guork = £3%, TP Ruork = £3%, Nwork > —5%, Qwork = +10°
Gsan > —3%, TPRyori > —3%, Nwork > —5%

e Task 3: change only the stagger angle in a wide range.
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Task 3

Rotor Stator

Camber 3*5 3*3

SuctionSide 0 0
PressureSide 0 0
Lean 0 0

Sweep 0 0

In total there are 24 variables plus the outlet pressure at rotor.
Gehoke = £1%

Guork = £0.5%, TPRyork = £0.5%, Nwork > —1%, Quork = £2.5°
Gstan > —0.5%, TPRyork > —0.5%, Nworr, > —1%

e Task 4: change the stagger angle, the thickness and the chords.

Task 4

Rotor Stator
Camber  3%5 3*3
SuctionSide  3*5 3*3
PressureSide  3*5 3*3

Lean 0 0
Sweep 0 0
Chords 5 3

In total there are 80 variables plus the outlet pressure at rotor.
Gehoke = £1%

Gwork = £0.5%, TPRyort = £0.5%, Nwork > —1%, Qors = £2.5°
Gsian > —0.5%, TPRyori > —0.5%, Nwork > —1%

e Task 5: change the stagger angle, the thickness, the sweep, the lean and the
chords.
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Task 5

Rotor Stator
Camber  3%5 3*3
SuctionSide  3*5 3*3
PressureSide  3*5 3*3

Lean 2 2
Sweep 2 2
Chords 5 3

In total there are 88 variables plus the outlet pressure at rotor.
Gehoke = £1%

Guwork = £0.5%, TPRyoriy = £0.5%, Nwork > —1%, ok, = £2.5°
Gstan = —0.5%, TPRyork 2 —0.5%, Nuwork = —1%

In Results the evolutions of each parameters can be monitored, in graphs like in

Figure.
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Figure 6.20

(a) Parameters (b) Parameters

Figure 6.21
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6.2 Strength on the Rotor Blade

An other restriction has to be added. The optimized blade can work at strength
due to pressure field and the rotational velocity?

To calculate the strength on blade a project on Ansys APDL is created and the
results are compared with the experimental data from Nasa report.

Starting from seven sections the geometrical model is created. The first step is to
create line that connect them, then areas from lines and volumes from areas. So there
are six blocks each consisting of 3 volumes, to describe the leading edge, the trailing
edge and the the central part. In this way a bigger number of elements is set in the
first two volumes. Element SOLID185 is used, for the three-dimensional modeling
of solid structures. The element is defined by eight nodes with three degrees of
freedom at each node: translations in the nodal x, y, and z directions. The element
has plasticity, stress stiffening, large deflection, and large strain capabilities [28].
The blade is in Maraging steel 200, these steels are known for possessing superior
strength and toughness without losing malleability, although they cannot hold a
good cutting edge. Aging refers to the extended heat-treatment process. These
steels are a special class of low-carbon ultra-high-strength steels that derive their
strength not from carbon, but from precipitation of intermetallic compounds. The
principal alloying element is 15 to 25 nickel mass concentration. Secondary alloying
elements, which include cobalt, molybdenum, and titanium, are added to produce
intermetallic precipitates. The number indicates the approximate nominal tensile
strength in thousands of pounds per square inch [27].

After that, it is possible to apply the pressure field, taken from Numeca CFView

and the rotational velocity from NASA report.
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The pressure field is showed in Figure (6.22).

ELEMENTS ELRMENTS

(a) Pressure Side (b) Suctions Side

Figure 6.22: Pressure Field

The deformed shape, compared with the tip undeformed edge is showed in Figure
(6.23).

Figure 6.23: Deformed Shape

The max strength obtained is equal to the experimental data. In Figure it is possible

to see the strength (6.24, 6.25) and the displacement field (6.26).
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G141

(a) Pressure Side (b) Suctions Side

Figure 6.24: Strength Field - Stress Intensity

(a) Pressure Side (b) Suctions Side

Figure 6.25: Strength Field - Von Mises

Academ

(a) Pressure Side (b) Suctions Side

Figure 6.26: Displacement Field

Now the Task 6 on TOSO is created, constrain due to strength and mass are added

to Task 5.

109



Chapter 7

Optimization Process

7.1 10SO program

The common operations to develop a project is shown in figure:

[ Basic design ]
¥
Integration of mathematical
models

[Deﬁning system parameters

-

1

Cornputing systerm
efficiency characteristics

for provided system
parameters

3

Analysis of system
efficiency characteristics

- Iteration process --....__

w2y w3

Are the

requirements
satisfied

[ Final desian ]

Figure 7.1

IOSO lets easily integrate the required mathematical models into a single analysis
block and automate the search for alternative optimal technical solutions. IOSO

algorithm allows:

e To find non standard solutions with high efficiency

e To make sure that the project is exploited as much as possibile

110



e To increase system quality and reliability

It is possible to solve single- and multiple-objective optimization tasks. In both
cases the number of independent variables can not exceed 100, the number of op-
timization criteria can not exceed 20 and the number of inequality constraints can
not exceed 100 [29].

IOSO is based on the concept of Robust Design Optimization with which it is pos-
sible to find an optimal technical solution. TOSO (Indirect Optimization based on
Self-Organization) implements the evolutionary response surface strategy, that is
different from the traditional approach of nonlinear programming and the tradi-
tional response surface methodology.

The optimization problem is solved using stochastic formulation directly when at
each iteration the probability parameters are evaluated. The high efficiency of the
Robust Design Optimization is due to the highly efficient capabilities of the devel-
oped stochastic optimization algorithms, which reliably work also if high level of
noise is present in responses.

It is possible to perform a Multilevel Robust Design Optimization and a Multiob-
jective Robust Design Optimization separately and simultaneously. The former uses
mathematical models of various fidelity during the solution process, the latter solves
the multiobjective (dozens of objective functions) multidimensional (hundred of de-
sign variables) nonlinear optimization problems.

Two different kind of optimization criteria can be consider (Figure 7.2).

Deterministic design Robust design

x g [Deterministic
E éMathemati(a g i criterion
2 MNx model criterion 571 : Probabiliy
& (T 1
f

\arigbles

Des

criteria

probability

o O 3
78 # / P
Accuracy of object clency sensiv fficiency’ g
elements production to spread in design slight
il worsening

rameters

Figure 7.2: Robust design optimization essence
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Deterministic criterion, in which an ideal efficiency can be achieved if it is possi-
ble to have absolutely precise practical replication of the preset parameters of the
system under consideration. The other criteria are probabilistic, for example mean
value of the efficiency, total probability of assuring the present constrain, variance of
efficiency and so on. These criteria can contradicting each other, so different criteria
are used (multiobjective optimization problem).

One of the main problem of RDO is how to evaluate the probability criteria and
constraints of variables. It can be done with Monte Carlo simulation, that required
a large number of sampling points or with some approximation techniques (Taylor’s
series and so on) but they take a long time to get a high accuracy of the probabil-
ity indices because they are very sensitive to topological peculiarities of objective
functions and constrains. I0SO is insensitive to them (smooth, non-differentiable,
stochastic, with multiple optima, with the portions of the design space where ob-
jective function and constraints could not be evaluated at all, with the objective
function and constraints dependent on mixed variables, etc.) because it uses re-
sponse surface methodology. So Monte Carlo simulation can be used with tens or

hundred sampling point.

: ~ R
o [ o8
S

Figure 7.3: 10SO algorithms efficiency for different objective functions

The final design is found with Pareto analysis. Solving the multiobjective optimiza-

tion problem it is possible to find the Pareto set, it is made with the Multiobjective
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Robust Design Optimization algorithms. Let consider the multiobjective robust de-

sign optimization of the multistage axial flow compressor.

Pumpase To insure the maximum efficiency and maximum implementation
Hpo probability under preset level of production technology.
140 independent variables (flow-path geometry); two objectives; three

Setting features nonlinear constraints (mass flow, pressure ratio, surge margin).
Ontimization Object under study — quasi-3D mathematical model.
process features Implementation probability was calculated as the probability of assuring

the preset constraints.

Figure 7.4: Brief description of the compressor robust design optimization problem

[Design No 5

0.9 2

S 5

Zo0s Pareto k>

27 2 =
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8g7 G[[Design No 4 | J,

9| 3
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T T
087 088 0.89
compressor efficiency

compressor efficiency

Figure 7.5: Results of compressor multicriteria robust design optimization

There is a compromise area between the ideal (deterministic) compressor efficiency
and the implementation probability. In general, designer can select any solution
from the obtained set. In this case the design No 4 was selected as the final design.
The total number of mathematical calls was 25000, working with 140 independent
variables. It is possible to use more accurate mathematical model thank to mul-
tilevel RDO procedure. It uses mathematical models of various fidelity during the
solution process and a switch between them. In this way the time in which the high

fidelity (true) models is reduced with the same accuracy of the resulting solution

[30].
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Figure 7.6: Multilevel optimization scheme

7.2 Optimization Results

Now the performance curves of each task are analyzed, focusing in percentage dif-
ferences with Original value. The max efficiency is always higher than Original case.

An important value to consider is also Stall Margin. In Original case it is 11.335%.

Task 1

Mass Flow Pressure Ratio Efficiency

ChokePoint -0.0193 0.0727 -1.474
-0.0241 0.0470 -0.918

-0.0242 -0.271 -0.218

-0.00484 -0.401 -0.146

WorkPoint -0.0921 -0.484 0.0154
-0.712 -0.619 -0.227

-1.375 -0.735 -0.565

Stall Point 2.653 0.149 5.133

The left curve goes down-right. Go to right, it is due to a mass flow reduction. Go
down, it is due to a pressure ratio reduction.

The right curve goes right and almost down. Only in the working point and the
stall point, efficiency is higher than Original case.

Stall Margin is 10.197%.
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Pressure Ratio Efficiency

—e—0rignal —e—Tas1 —e—0Orienal —e—Tax1

(a) Mass Flow - Pressure Ratio (b) Mass Flow - Efficiency

Figure 7.7: Performance Curve

Task 2

Mass Flow Pressure Ratio Efficiency

ChokePoint -0.0289 0.399 -2.603
-0.0289 0.476 -1.618
-0.00484 0.0608 -0.0568
0 0.0789 0.0658
WorkPoint 0.00970 0.0824 0.247
0.305 0.0898 0.705
1.007 0.207 1.435
Stall Point 2.653 0.666 3.180
(a) Mass Flow - Pressure Ratio (b) Mass Flow - Efficiency

Figure 7.8: Performance Curve

Unlike previous task, the left curve goes up-right. It is due to an increase of the

pressure ratio.

The right curve goes up-right too. Only in the first 3 point there is an efficiency

decrease. The working point efficiency is higher than previous task.

Stall Margin is 10.251%.
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Task 3

Mass Flow Pressure Ratio Efficiency

ChokePoint -0.140 1.471 -4.757
-0.135 1.447 -3.696
-0.0339 0.674 -0.548
-0.00968 0.495 -0.0143
WorkPoint -0.00485 0.371 0.587
0.314 0.289 1.147
1.244 0.379 2.102
Stall Point 2.648 1.079 3.895

Pressure Ratio Efficiency
’_"—‘ﬁ\ 085
| 082
b 08 /
6

—e—Orignal —e—Tasc2 Ta 3 —e—Orignal —e—Tak2

(a) Mass Flow - Pressure Ratio (b) Mass Flow - Efficiency

Figure 7.9: Performance Curve

The behavior is similar to previous task because the number of variables is the same
but output parameters can change in a smaller range. This range is used also in the
next tasks, because in each point of the performance curves the percentage change
is bigger than the previous task.

Stall Margin is 10.374%.
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Task 4

Mass Flow Pressure Ratio Efficiency

ChokePoint 0.410 0.660 2.771
0.415 0.770 2.809

0.566 0.315 3.180

0.600 0.100 3.097

MaxFE f ficiency 0.461 -0.0515 2.862
-0.663 -0.409 1.465

Stall Point 1.557 -0.144 4.644

Pressure Ratio Efficiency

—e—Orignal Tak3 —e—Tak4 —e—Orignal Tak3 —e—Takd

(a) Mass Flow - Pressure Ratio (b) Mass Flow - Efficiency

Figure 7.10: Performance Curve

A bigger number of variables are now modified. Unlike previous cases, there is
a great mass flow increase also before the working point. The left curve moves
right-down, like in the first task, in particular from the working point to stall point
(decrease in pressure ratio). The right curves moves right-up, great increase of mass
flow and efficiency in each point.

Stall Margin is 10.031%.
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Task 5

Mass Flow Pressure Ratio Efficiency

ChokePoint 0.415 0.666 2.834
0.420 0.776 2.863
0.571 0.315 3.226
0.605 0.0896 3.128
MaxE f ficiency 0.441 -0.0618 3.059
-0.894 -0.494 1.242
Stall Point 1.557 -0.129 4.660
Pressure Ratio Eficency
(a) Mass Flow - Pressure Ratio (b) Mass Flow - Efficiency

Figure 7.11: Performance Curve
8 more variables are used respect to the previous task. The behavior is almost equal
to the previous task, the percentage changes are a bit bigger than Task 4. The work
point efficiency is 3.059% higher that original task.
Stall Margin is 10.037%.

Task 6

Mass Flow Pressure Ratio Efficiency

ChokePoint 0.377 0.745 2.954
0.381 0.876 2.990

0.527 0.420 3.471

0.542 0.175 3.520

MaxFEf ficiency 0.315 -0.0412 3.445
-0.462 -0.319 2.437

StallPoint 1.427 -0.144 5.411
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Pressure Ratio Efficiency

1 192 194 196 198 20 02 208 206 208 1 192 194 196 198 20 02 04 206 208 1
—e—0Origna —s—Ta%5 —e—Taxks —e—Origndl —e—Tak5 —e—Tak6

(a) Mass Flow - Pressure Ratio (b) Mass Flow - Efficiency

Figure 7.12: Performance Curve

The behavior is similar to previous tasks, but there is a smaller increment in mass
flow, a smaller decrease in pressure ratio and a great increase in efficiency. The work
point efficiency is 3.445% higher that original task.

Stall Margin is 10.001%.

The optimized performance curves of Mass Flow-Pressure Ratio tends to move right
(increase of the mass flow), down decrease of the pressure ratio. The curves of Mass

Flow-Efficiency tends to move right-up, increase of the mass flow and the efficiency.
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7.3 Post optimization considerations

Let’s focus on Work point. The Efficiency, Mass Flow and Pressure Ratio change

are compared for each Task.

Mass Flow Pressure Ratio
1949
272 1947
207 1845
1943
2068
1541
2088 — \'\__/0——’—“

1937
1835

2062
1933

206 1831
1 2 3 4 5 6 1 2 3 B 5 3

—e—MassFiow ——Orignal —e—PressureRatio ——Orignal

(a) Mass Flow (b) Pressure Ratio

Efficiency
0.871

0356
0861
0.856

0851

1 2 3 4 5 6

—e—Efficiency —e—Orignal
(¢c) Efficiency

Figure 7.13: Work Point

Using a cluster of 9 CPUs, the calculation time for each iteration is 50 minutes, it

is possible to calculate (time in hours):

Calculation Time

60

50

: I

20 . I

Task 1 Task2 Task3 Task4 Task5 Task b

w
=]

Figure 7.14: Calculation Time
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An analysis similar to the Chapter 4 one is conducted on the working point for

each task. Starting from the radial distribution:

Beta Beta

——

Pressure Ratio

1200 1210 1220 1230 1240 1250 1.260 1270 1680 1740 1780 1840 1890 1940 1850

o OrIE N —T sk ] e—Task 2 Tak3 em——Toskd e———Tak5 e—Takb —OrigNd e—Task ] e—Tak 2 Tak3 em—mTakd =———=Tak5 e——Taskb
(¢) Temperature Ratio (d) Pressure Ratio
Loss Coefficient Adiabatic Efficiency

£

——Orignal ——Tok] ——Tosk? Tak3 ——Tasks ——Tak5 ——Task6 ——Orignal ——Tak1 ——Ta%2 Tok3 ——Taskd ——Tak5 ——Task6

(e) Loss Coefficient (f) Adiabatic Efficiency

Figure 7.15: Radial Distribution

Both for alpha e beta it is possible to individuate two groups if curves. One made of
the last three tasks, the other from the remaining curves. The former, in particular
has lower value of alpha and beta near the tip; the latter has a quite linear trend.
This splitting in two group can be noticed also in other distribution. The former
presents lower value in temperature ratio and higher value in pressure ratio at 0.3
and 0.9 of the blade.

Loss coefficient tends to move slightly upward in the blade moving from task 1 to

task 6.
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The former group has higher value of adiabatic efficiency in all the distribution.

Now the flow visualization is evaluated:

Relative Moch Number NUMECA
+
08
04

Relatve Mach Number NUMECA

Refative Mach Number

NUMECA

Relative Mach Number

NUMECA

B
08

Relative Mach Number

NUMECA Relafive Mach Number NUMECA

4
08

(e) Task /4 (f) Task 5

(g) Task 6

Figure 7.16: Relative Mach - Rotor
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NUMECA NUMECA

NUMECA NUMECA

NUMECA NUMECA

(e) Task 4 (f) Task 5

NUMECA Relatve Total Pressure (Pa)

(g) Task 6

Figure 7.17: Relative Total Pressure - Rotor
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NUMECA NUMECA

NUMECA

Turbulent Viscosity (Mutu)

NUMECA

NUMECA NUMECA

(e) Task 4

NUMECA

(g) Task 6

Figure 7.18: Turbulent Viscosity - Rotor

Rotor: both relative mach and relative total pressure tends to increase, turbulent

viscosity tends to reduce moving from Original to Task 6.
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NUMECA NUMECA
NUMECA NUMECA
NUMECA NUMECA

Figure 7.19: Absolute Mach - Stator
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NUMECA NUMECA
NUMECA NUMECA
NUMECA NUMECA

Figure 7.20: Absolute Total Pressure - Stator
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NUMECA NUMECA

NUMECA NUMECA

NUMECA NUMECA

(e) Task 4

NUMECA

Figure 7.21: Turbulent Viscosity - Stator

Stator: both absolute Mach number and absolute total pressure tend to increase,

turbulent viscosity tends to decrease moving from Original to Task 6.
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Relative Mach is considered in a blade to blade view, a plane parallel to y-z at

the hub is considered.

NUMECA

NUMECA

Relative Mach Number
1.2

1

L.

(a) Original (b) Task 1

L.

NUMECA Relative Mach Number

NUMECA

L. L.

NUMECA

NUMECA

(e) Task 4

NUMECA

L.

(g) Task 6

Figure 7.22: Relative Mach
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Relative Mach on Meridional Average View:

NUMECA NUMECA

(a) Original (b) Task 1

NUMECA NUMECA

(c) Task 2 (d) Task 3

NUMECA NUMECA

(e) Task 4

NUMECA

(g) Task 6

Figure 7.23: Relative Mach

Using NX rotor and stator blade are built and compared.
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A B.

(a) Original - Profiles (b) Original - Blades

(¢c) Task 1 - Profiles (d) Task 1 - Blades

(e) Task 2 - Profiles (f) Task 2 - Blades

N L
(g) Task 8 - Profiles (h) Task 3 - Blades

Figure 7.24: Rotor and Stator Blades
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@&

(a) Task 4 - Profiles (b) Task 4 - Blades

A

(¢c) Task 5 - Profiles (d) Task 5 - Blades

A

(e) Task 6 - Profiles (f) Task 6 - Blades

Figure 7.25: Rotor and Stator Blades

The thinner profiles, both for rotor and stator, tend to become thinner and
thinner in optimization process. In the original blade, in particular in rotor, profiles
leading and trailing edge can be connected with a straight lines; this lines become

wavy in the optimization.
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Chapter 8

Conclusion

The goal of the work has been achieved. In the last task in the working point an
efficiency increase of 3.4% is obtained with a mass flow increase of 0.315%, a very
small reduction in pressure ratio and an adiabatic efficiency increase.

Both in rotor and stator there is an increase of Mach and Total pressure, respectively
relative and absolute; in spite of Turbulent Viscosity tends to decrease.

An aeroelastic analysis is the last step to complete the optimization process of a
stage.

The same procedure can be applied to the whole compressor stages [31] and to the
turbine stages.

A possible application of this kind of study is to optimized an aircraft engine that
has fulfilled its initial mission so that it can be used for driving gas-compressor
units or generators. In this way it is possible to keep the parts which are the most

expensive in manufacturing, shafts and wheels of compressors [32].
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