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ABSTRACT.

The main objective of this paper is to create a method for designing and studying the
performance of a multistage axial flow compressor. A mathematical methodology based on
aerothermodynamics is used to study the on /off design performance of the compressor.
Performance curves are obtained by changing the performance parameters in terms of design
parameters (diffusion factor, solidity, Mach number, and inlet flow angle). Results show the
great effect of diffusion factor on increasing efficiency than that of solidity, also the effect of
both (diffusion factor and solidity) in increasing the amount of compression and efficiency of
the compressor. Higher efficiency was found at the mean line between the root and tip of the
blade. Best lift to drag ratio is found at inlet flow angle of (55°).

Keywords: Axial compressor, diffusion factor, solidity, inletflow angle, cascade
aerodynamics.

1. INTRODUSTION.

In an axial flow compressor, air is compressed while continuing its original direction of
flow. From inlet to exit the air flows along an axial path. An axial flow compressor has two
basic elements a rotor and a stator. The rotor has blades that are fixed on a spindle. These
blades impel air rearward in the same way a propeller does. The rotor turns at a high speed
and impels the air through a series of stages; high velocity airflow is produced. After the air is
impelled by the rotor blades, it goes through the stator blades; they are fixed and act as
diffusers at each stage. They partially convert high velocity air into high pressure .Each rotor /
stator pair is a compressor stage. Each consecutive compressor stage compresses the air even
more. The number of stages is determined by the amount of air and total pressure rise
required .The greater the number of stages, the higher the compression ratio [1]. Many
theoretical investigations had been carried out to study the design and performance of an axial
flow compressor. Metes, p.j. [2] searched the optimization of design process of an axial flow
compressor for different applications; it is carried out on the data of 15 stages. This type of
compressor; covered a wide range of stage pressure ratios and Mach numbers by using
numerical optimization. Algorithms to one and two dimensional calculation methods that used
to show the compressor performance depend on variable stators. An improvement in this
compressor efficiency and geometry (at on design and off -design point) is attainable. Mc
Glumpy and Fai [3] studied and developed the design of axial flow rotor cascade by using a
smaller airfoils (splitter vanes) placed circumferentially between the main blades of
compressor rotor to improve the overall performance due to pressure ratio and efficiency .
These splitter vanes improve the flow control in the axial flow during operating at off-design
case and also reduce the number of stages in compressors. Flack [4] created a method to
model an axial flow compressor. The calculation is based on common thermodynamics and
aerodynamics  principles in a mean stream line analyses. In this study the stage load
coefficient is selected by changing it and keeping the other parameters constant,,hence, the
pressure ratio will vary .This is an iterative process until the pressure ratio is converged. The
purposes of this paper is to find better correlations and method to model a compressor that
will result in fewer hours of fine tuning them in advanced fluid dynamic programs and hence
same time and not to mention money .The primary objective of this study is to obtain the
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initial design, performance, and also by reflecting their parameters in terms of prototypes the
aerodynamic of the compressor cascade.

2. THEORETICAL ANALYSIS.

Fig. (1) shows the compressor stage nomenclature .The behavior of the stage can be
computed in terms of main design parameters (., D, Mo, y, 0, and @)
The following assumptions were used:
Two — dimensional flow, Constant mean radius, and repeating row, repeating airfoil cascade
geometry

2.1. General Solution.
A number of stages (n) of repeating row stages maybe placed in succession so they are
written in form nl'>m,
The important aerodynamic parameters are:
-Flow deflection
The flow deflection is one of the important parameters that reveal the amount of
diffusion without any significant loss.

5(1 = f(Dr g, o, al)

Where 6, gives the blade turn angle, the exit flow angle is a; [5]

”\[ r2-[re+ (402)“1_1/ 107]
[r2+1/(402)]

(1) (1)

cosa, =

Where the circulation I' can be calculated as:
1+D tanae

cosae 20

-Stage efficiency

Several efficiencies are used to compare the performance of compressor stage designs .
The most commonly used is the stage efficiency ( g ) ; it's defined as ratio of the ideal work
per unit mass to the actual work per unit mass between the same total pressures . It can be
calculated as: [5]

(Clo_s—f;)—l/coszal
Ns = T T T ¢7)) | (2)

cos?ae cos?aq

While the stage pressure ratio may be written as:

1-0, 1 YMZcos® o 3)
=1+ [ 2 oc. 2 y
fos= 0. COoS-d, y—1 / ¥—1 The stage temperature ratio
[1 + 2 M. :] can be determined by: [5]
y—1
T—1 ly
T,=1+ [ . ]
Ns

4)

-Diffusion factor
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The blade loading is usually measured by the diffusion factor. This relates the peak
velocity on the suction surface of the blade to the velocity at the trailing edge. The boundary
layer is separated because of the large static pressure rise causing by the growing of
boundary layer on the blade suction surface. The design of axial flow compressor is limited
to diffusion factor < 0.6. Total pressure loss increases with diffusion factor above 0.6. Afactor
0f 0.4 is a value that can eliminate the danger of separation. [5, 6, 7].

V Ve .. .
D = 222 i=inlet, e=exit,
i

The diffusion factor can be written in terms of flow angles: [5]

D=|1-

COosQg tanx.—tano,
] + [ > ] COS Ko 5)

cosa,

- Flow coefficient
For modern axial flow compressors of gas turbine engines the flow coefficients are in the
range (0.45 -0.55) at the mean radius [6].
_ Va

Va
p=22 =0 (6) (6)

or in terms of flow angles (a,0;)

[tan Ko— tanal]
~ [tan oo+ tanoy
-Stage loading

The ratio of the stage work to rotor speed squared is called the stage loading and is defined
as:

W = CpAT; _ CpATq (7
U2 (wr)?

The stag loading coefficients have a range (0.3-0.35) at the mean radius in modern axial flow
compressors. [6]
- Flow path
The flow path in initial design is based on the mean radius .The annulus area is based on
the flow properties (T; ,P;, Mach number ,and flow angles) and the total mass flow rate .
m/Ty

"~ P, COSXMFP(M) (8)

From which tip, mean, and hub radius may be calculated. where MFP is the mass flow
parameter.

P, ( COSx)

A conservative analysis can be performed by using the largest annulus area for any stage and
Taking Ar/Ag=1.0. [5]

- The centrifugal stress (o.)
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The force acting on an airfoil at cross section and any radius must restrain the centrifugal
force on all the material beyond it Fig. (2).The root of the airfoil must experience the greatest
force.

2
o, = &[1 4 Ar (9)
41T AH

Where A =flow path area= (1% — r?)
While, the rotational speed is given by[6]

w = ATTO,
pA(1+2—I7;) (10)
Where Ar _ 1
Ay

To reduce the centrifugal stress by using more light weight materials (e.g., Titanium with a
density of about 4600 kg/ m’) [6].

2.2. Cascade Force Analysis.

An airfoil produces a lifting force that acts at right angles to the air stream and a dragging
force that acts in the same direction as the air stream .Forces acting on the cascade are shown
in Fig. (3).

- lift force (L)

The lift force arises because the speed at which the displaced air moves over the top of the
airfoil (and over the top of the attached boundary layer) is greater than the speed at which it
moves over the bottom. The pressure acting on the airfoil from below is therefor greater than
the pressure from above. The design of airfoil has a critical effect on the magnitude of the lift
force. [9]

If a mean flow direction is defined as:

__ tanap+tanay
tan a,, = . (10

Then the lift force on the cascade perpendicular to that direction [10,11] is:-
L = psV,?seca,, ( tana, — tana,;) — sAPysin a,,
C,=2 (5) cosa,, ( tanay, — tana,) (12)

-Drag force (D)

The drag coefficient is a measure of the loss of energy transfer with the useful task of
producing lift .The maximum energy transfer implies the largest possible fluid deflection or
lift coefficient, while maximum efficiency requires the lowest possible Loss of pressure or
drag coefficient .From the cascade test results, the profile losses through compressor blading
of the same geometry may be estimated. These losses are estimated by using the following
drag coefficients, for the annulus walls loss [8]
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And for the secondary loss,

Cps = 0.018C,*

Where s, h are the blade spacing and blade height respectively.

The drag force is the resultant of the viscous forces produced at the surface of the blade. So
the overall drag coefficient can be written as:[12]

Cp = Cpp +0.02 7 +0.018 C? (13)

Cpp = Profile drag coefficient and it is in the range (0.018 to 0.025) [8, 11, 13].
Then the total pressure losses coefficient can be written as:
Cp

[(§)0053am
C/ cosZayg

This enables the total pressure loss coefficient for the blade row to be determined [13].

W, = (14)

- Static pressure rise coefficient (C,, ) :
The static pressure rise across a compressor cascade may be expressed in terms of the inlet
dynamic head and the inlet and discharge flow angles [10].

cos?a,
y

cos?®a,

1 1
P:s —Po =§ p(VF —VZ) =§ %

A static pressure rise coefficient for the cascade may be defined as:

. cos?ay
Cpr =1 - cosZay (15)
If a total pressure loss through the cascade,AP, , is introduced , then

. _cos?ay | (16)
Cpr B [1 cos?a, ] @e

-Blade Efficiency (n ;)
The efficiency of the blade row (1;,) is defined as the ratio of the actual pressure rise to the
theoretical pressure rise and can be written as [13].

nbzl_ﬁ (17)

cos2aq

-Compressor Cascade Efficiency (np)
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The efficiency of a compressor cascade can be obtained in terms of drag, lift coefficients and
the mean flow angle [13].

(18)

-Aspect Ratio (AR)

As in the case of axial flow compressors the designer has a considerable freedom to
choose the number of blades in a blade row. A large number of blades leads to a shorter
compressor, and vice versa. As the number of blades in rotors and stators is changed, there
will be proportional changes in the excitation frequencies from blade wakes, and nonlinear
changes in blade natural frequencies, thus allowing the designer to use the choice of number
of blades as a principal method of avoidance of critical excitation. [15]

The aspect ratio is defined as:

AR = L (19)

C
Where A is the blade height and ¢ is the chord . To specify the number of blades, suitable limit
for aspect ratio and solidity must be assumed. The spacing s can be obtained from the
definition of solidity

o= (20)

S

The number of blades is simply the circumference of the mean line divided by the blade
spacing, rounded up to the next integer [6, 13]

_ @mxry)

n S 1)
3. THE COMPUTER PROGRAM.

For the design and performance prediction of the AFc,in the sequence mentioned, many
design parameters were selected. This makes compressor design both fascinating and
perplexing. [16]

The computer program is capable of carrying out the initial design of the axial flow
compressor, and prediction of its performance. Also itis used to simulate the on-design, off-
design, optimum performance, and to perform the useful calculations of cascade
aerodynamics and performance. To calculate the off-design performance of the compressor,
there is an iterative procedure having several trials carried out to ensure that all compressor
variables are consistent with the "handle" values.

To perform the design, performance, and cascade aerodynamics the program was built and
written in Fortran power station to simalate the sequential aero-thermodynamic processes.

3.1. Cascade Aerodynamics Module.

The aerodynamic of flow through compressors can be handled in two ways:
I-isolated airfoil, in this case the blades are rather widely pitched, which will be called low
solidity and each blade behaves as a single airfoil.
2-cascade of airfoil: in the cascade theory the design is based upon wind- tunnel tests
[17].This model is characterized by its adaptation to evaluate all the aerodynamic and
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performance parameters due to the conventional input data for classical performance
calculations. Fig. (4) shows the cascade aerodynamic design procedure.

4.RESULTS AND DISCUSSION.

Modeling of the axial flow compressor may be reflected in many informative results that
can reveal the brilliance of the design, performance, and development of the Compressor. The
results describe the envelope of the compressor and its operation within the limitations of the
design and performance. Figs. (5,6 ,and7) present the behavior of the compressor stage for the
entire range of the design parameters.

The stage efficiency increases with inlet flow angle. Higher solidity results in lower
rotational blade speed and consequently higher stage loading and hence higher efficiency
.Closer blade spacing means that the blades can operate over a wider range of inlet flow angles
without separation Fig.(5). Variation in stage loading with inlet flow angle and solidity in the
range of (0.9 to 1.1) is presented in Fig.(6).It shows that for a certain value of inlet flow angle,
as solidity increases the stage loading increases too. Fig. (7) shows the stage pressure ratio
dependence on inlet flow angle and diffusion factor in the range of (0.4 to 0.55).Higher values
of diffusion factors result in higher stage pressure ratios as they give higher stage loading.

The mathematical model is written such that the performance parameters are functions of the
input choices. The diffusion factor is always chosen in the design stage calculation.This
research is adapted to choose different values of the diffusion factor for rotor and stator and it is
also calculated for different sectors along the blade height .These calculations are drawn in
Fig. (8).

An interesting generalized map is illustrated in Fig. (9).The results show that a peak value of
the key performance parameter (stage efficiency) was found slightly increasing at the mean line.
That is why the on-design calculation was made on this path. The variations in stage loading
and flow coefficient are also included in this figure. Fig.(10) shows the dependence of stage
efficiency on the location along the blade height, also it shows that the maximum value is
attained at the mean radius.

Fig.(11) shows the influence of inlet flow Mach number on the drag coefficient and its

gradient with blade height .It shows that the drag increases with the increment of Mach
number. It also shows that the drag near the hub is higher than that at the tip because of the
increase in skin friction which leads to higher skin friction change. Fig. (12) shows the effect of
blade row opening on the lift coefficient along the blade height. Lower values of radius ratio
lead to higher lift coefficient .For a given radius ratio, higher values of solidity means low
opening which results in lower lifting force. Fig. (13) shows that the increase in the inlet flow
angle causes increase in the drag coefficient due to diffusion. Also the increment in solidity
causes the lift force to decrease, consequently the resulting loss due to secondary flow leads to
decrease in the value of drag coefficient. Fig. (14) shows the total pressure loss coefficient
increases with the increment of inlet flow angle and solidity.
The maximum range of blade efficiency is achieved when solidity is around (0.9) and the value
of drag coefficient is about (0.034). Beyond these values the blade efficiency decreases while
the drag coefficient increases, and the solidity increases too, Fig. (15). The maximum range of
blade efficiency is achieved when the value of lift coefficient is higher than (1.2), also the blade
efficiency decreases with the increase in solidity, Fig. (16).The given loss is based on a set of
given values of up to (0.04), also the blade efficiency increases with the increase in spacing
(s\c). This value represents the reciprocal of solidity coefficient with increment of the
calculated loss coefficient in terms of the design constraints, the blade efficiency decreases,
Fig. (17). The best efficiency for the compressor cascade is found at the values of the inletflow
angle of around (55°). When the values of the air inletflow angle decreases the efficiency
decreases due to the stall that may issue with the boundary layer, Fig. (18).
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5. CONCLUSIONS.

1) A value of inlet flow angle of about 55° can be considered as optimum as it gives flow
coefficient in the range preferred in modern compressors at the given solidity and the
stage loading. A compromise could be done to satisfy reasonable values of flow
coefficient and stage loading within the constraints.

2) An interplay performed between the main design parameters (diffusion factor, solidity)
and inlet flow angle could characterize the design technique of the axial flow compressor.

3) The reduction in the spacing between the blades and the increment in the total surface area
cause an increase in the loss of pressure or drag due to skin friction, also at lower solidity
awide spacing between blades happen.

4) The best design value for the construction of cascade of the compressor is at the inlet flow
angle which ranges between (55° — 58°) ,and also by giving reasonable efficiency and
low drag to lift ratio . This range is in line with most modern designs.
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Nomenclature
Symbol Definition Unit
A Annulus area m’

Greek symbols.
Symbol

Tip to hub annulus area

Blade chord m
Drag coefficient

Drag coefficient due to annulus walls losses

Profile drag coefficient from cascade tests

Drag coefficient due to secondary losses

Lift coefficient

Static pressure rise coefficient

Specific heat at constant pressure kJ/kg.K
Diffusion factor

Drag force N
Blade height m
Lift force N
Inlet Mach number

Mass flow rate kg/sec

Mass flow parameter
Number of stages

Static pressure N/m*
Total pressure N/m*
Gas constant Jkg/K
Radius m
Hub radius m
Mean radius m
Tip radius m
Space between blades m

The space-to-chord ratio

Static temperature K
Total temperature K
Rotor speed, mean wheel speed m/s
Inlet velocity m/s
Axial velocity m/s
Mean velocity m/s
Definition Unit
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Inlet flow angle
Mean flow angle
Exit flow angle

Circulation

Specific heat ratio

Flow deflection

Blade efficiency

Compressor efficiency

Compressor cascade Blade efficiency
Stage efficiency

Compressor pressure ratio
Stage pressure ratio
Density

Solidity

Centrifugal stress

Stage temperature ratio
Flow coefficient

Pressure loss

Stage loading

Rotational speed

Total Pressure loss coefficient

degree
degree

degree

2

degree
%
%
%
%

Kg/m’

N/m’

r.p.m(rad/se

©)
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Figure (3): Applied and Effective Forces Acting on Cascade [13].
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Start

Select input data m,Pm,To],M,nc ,Mc, O, ay, Cp

Calculate :P1,T,p1, 04, s ,7s.
Use eqs.(1),(2),&(3)

Use eqs. .(4),(5), (6), (7),&(8)

\4
Assume AR

!

Calculate Cp,C,Cp/Cy, w,
Use eqs.(13),(12),&(14)

A 4

Calculate Cg, my, 1y

Use eqgs.{15),{17),&{18)

I

No

Is Desirable

Results{ny,. t. .}

Figure (4): Cascade Aerodynamic Design Procedure.

220 AJES-2012, Vol.5, No.2



Anbar Journal for Engineering Sciences

0925F -
0972 = o=1.0 | m—
s o=11| o - =o.97f
0915 s 0=12 ——a— 0 =1.0 |
091+ e o=14 08 | —e—— 0 =1.1 '
= 0805 }OHF SR
== 09K P o \\
§ 0895 . : :, -+ % 06 ;\\\\\
‘O 083 { . * : :‘ :_ =2 g }\\\\\\k\\
£ osesh W LA 05 N NGO
@ ] ® 4 . - L] @ ~-\‘>\l- ‘\\
o 088 o A = i S
Ao - ~— St
g 0875F . n - T o
A
087F ¢ . 03k \'\\“:;__ e |
0865 - - =
086 -
0855 01k
085 2 1 |
| | i | i 0= (IR SRR SN N W IO O LU VNN O NN ORI TR F (O 2 ¥ T MO
0845, = 0 0 %0 45 50 55 60 65 7C
Inlet Flow Angle Lo
Inlet flow angle o [deg]
Figure (5): Variation in stage Efficiency with Figure (6): influence of Solidity on Stage
Inlet flow Angle for Different solidity. loading.
148 11
144 F ' 1H ?
- = D=04 c =0.9 :
142 | —at-SaDsg 46 09k G =1.0 |
o F +— D=05 o =11 |
E14F | o D=055 ok 08k c =1.2
S L—m— A I .
38 s 3
: W
1.36 o ]
()] —4
= il e - 06
O b — N S =05
Dh_‘l 32~ = e
> e B
© 13" = 04F
- e -
© Z e W
28— e W 03k VA A
126 = .
124
- 01
122+
] (I S | e o) 0 I TR Y I =
45 50 55 60 65 70 0 0.2 04 06 0.8
Inlet Flow Angle o Diffusion factor [D]
Figure (7) : Variation in stage Pressure ratio Figure (8): Variation in Hub Radius to tip
with Intel flow Angle for different diffusion radius Ratio with diffusion Factor at Different
factor. Solidity.
221 AJES-2012, Vol.5, No.2




Anbar Journal for Engineering Sciences

11
. Flow Coefficient ® -
i2¢ i Stage Loading ¥ 1 3
11E —— Stage Efficiency n E
’ 09
1E t - -
; : 'alu “n 0.8 E
09fF 4 | . i
B % . 0.7
08 - & ) . = E
': _ ; h: 5_‘. i"\ -f 0.6 -
= il b p b S
= ‘ * % i 05F
0f u kY ! g
: ] ", . B ‘
as | ., W\ e 0.4 E /
Y T T =
na L T PR 6.3 a
e, ;
oaf — T )
I“‘ :I 3 L \ i | 1 1 I " N | 1 1 G-B>4|;I ) I L L ! l P S _I ] L_L;I e L
0ETs 0 0385 0 1 02 03 . 04 05 0.6
Static pressure rise coefficient
@, ¥ and n
Figure (9): Variation in stage Efficiency stage Figure (10): Variation in static Pressure rise
Loading and flow coefficient with Hub Radius to coefficient along the Blade Height.
Tip Radius Ratio.
005 e S IE
o=1.1 i B
A0 e M=0.5 * —a—— g =09
0.045 M .o‘bo ——— M=0.6 0.9F a' g =i
N ' l M=0.7 - “&. —e— G =1.1
BPRAN s M=0.8 08f - ==— I =le
1A AR, — M=0.9 ' N
0,04T‘- Leke i il '
b N "\ 0.7
" ARx -
\ L —
0035 | \ W T06F
B A @ \\ :E
\ \ ™
¥ ) . N \.\ 05
oozl | YN % e
s 2 8 \\
| \ \ \
o\ N 03F
0025 = A L] * 0\
‘. ‘1‘ \",“‘ \ 6. g2k
1, 34 % b \\ ! !
L | | ] L AN | ! | 1 L | L 0.1 n 1 L L L I
0033 0.4 06 0.8 1 0 1 2
rH/rT CL

Figure (11): Variation in Drag coefficient
With Hub radius to Tip Ratio at Different
mach Number.

222

Figure (12): Variation in lift coefficient with
Hub radius To Tip Radius ratio at Different
solidity.

AJES-2012, Vol.5, No.2



Anbar Journal for Engineering Sciences

0.09 F A
- = g =0.91
0.08 —a— g =1.0 |
r ' — . c =11
0.07 | v *— 0 =1.2
0.06 -
[a] I
O 0.05F
004
0.03F
A
- e
0.02 -
OO'IE o b e g oy oa g w e e P
40 50 60 70 80
Inlet flow angle (0 )
Figure (13): influence of solidity on Drag
Coefficient.
0.94
0935 - [
093 K\
Z0925 f \>‘
2 1
£ 092F -/‘ \
L F : \.
(5] |
gooisfF /| N \
Q =
[ i1 Y
- 0.91 = AN
i { Y
Dogos |- /9 i
= - S
09 |
, s
0.895 - | b= g S0
—e— g =1.1
a9 F- ® | —e— ¢ =1.2 |
i NS Seeas DEEEE s FEWEE R
002 003 004 005 008 007 008 009
CD

Figure (15): Variation in Blade Efficiency
with Drag coefficient at Different solidity.

0.075

0.07

)C

o o

o o 2 o

o o o o

o O & O
1

o
o
B
(&)

o ©
®» o
o R

0

ressure loss coefficioent ¢

P
o
o
w

Total

0025

oozﬁ

|

nuni
e
| Moo

Qaqaqaq

0.015

40

60
Inlet flow angle (y,

Figure (14): influence of inlet flow Angle and
solidity on Total pressure loss coefficient.

0.94

77T

0.935

093

y s
8
o

o
©
N

Blade efficienc
5 &
O ia
- (&3]
I TF

0.905 -
09

0.895

0.89

i
|

o e Y- |

0.5 1

Figure (16): Variation in Blade Efficiency
with lift coefficient for Different solidity.
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