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AN AERODYNAMIC DESIGN METHOD FOR TRANSONIC AXIAL
FLOW COMPRESSOR STAGE

Zhu Fang-Yuan, Zhou Xin-Hai, Liu Song-Ling, Fan Fei-Da

I. INTRODUCTION

]

In the beginning of the 50's, Professor Wu Zhonghua proposed
the theory of three-dimensional gas flow in fan blade machines and
through iteratively solviﬁg the 81,82 stream surfaces to find the
3-D flow field, established the theoretical basis for applying the
3-D flow model to the aerodynamic design of fan blade rotor machines.

Since the latter part of the 60's, a series of reports [2]-[7]
published abroad introduced the experimental and computational
results of applying 3-D theory in the design of a transonic compress-
or stage. Multiple-circular-arc (MCA) alrfoils are used in these
transonic stages. According to the data in these reports, the exper-
imental vlaues and the design values of the average stage proper-
ties and of the radial stream parameter distributions may be con-~
sidered to be in agreement, thus proving that good results may be
obtained by applying 3-D theory to the design of transonic stages
and that MCA alrfoll can be used 1n transonic stage deslgn.

Based on an analysis and study of the quoted references, we
established an aerodynamtc design method for a transonic axial flow
compressor stage and developed a computer program for it.

Our computational method consists of:

(1) The computation of the average S, stream surface--computa-
tion of the flow flelds at the blade leadlng and trailing edges

The streamline curvature method is used wlth the calculation
statibn at the blade leadinc and tralling edges, the projections of
which on the meridional planes may be arbitrary curves. In the cal-
culation, the effects of radlal gradients of entropy, enthalpy and
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streamline curvature are taken into account. The results of com-
putations are the flow parameters of the average 82 stream surface
at the blade leading and trailing edges.

(2) Approximate calculations of Sl stream surface of revolution

The practical application of current design is the approximate
calculation of an S1 stream surface with selected blade parameters.
The purpose 1s to check the aerodynamic propertles of the selected
blades. In our method, the approximate calculation of the S1 stream
surface consists of:

A, Free stream calculation

The free stream calculation is an integral part in the approx-
imate calculation of the. flow field of the cascade entrance region
of S1 stream surface. Based on the known position of Sl
face and the leading edge flow parameters, it 1is the calculation of

stream sur-

the parameter distribution along the streamline from the leading edge
under the condition that the entropy and Cor are constant. The
result is used as the primary data for checking the incidence angle
and the choking margin of the blade channel in the blade parameter
calculation. The effects of the variation of streamline radial pos-
ition and stream surface thickness on flow parameters have been con-
sidered in the calculation.

B, Calculation of MCA airfoil parameters

The MCA airfoll parameters are calculated on a plane tangentlal
to the conical surface which is used to approximate the S1 stream
surface of revolution. The centerline angle of attack of the MCA
airfoil, the lag angle, the ratlio of front chord to total chord, the
ratlo of front camber to total camber are all determined by requiring
suitable values respectively for the incidence angle (the unique
incidence angle or the suction surface leading edge incidence angle),
the impinging polint of the channel shock on the blade suction sur-
face, and cascade channel choke margin. An MCA airfoil may then be
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determined with other given conditions. 1In the calculation, the
variations of the airstream relative drag parameter and the varia-
tion of stream surface thickness have been taken into account.

(3) Blade shape and blade stacking

Based on MCA airfoll parameters already calculated, we form the
airfoll sections on the developed surface of the conic surface. In
order to maintai.: the basic characteristics of plane surface circu-
lar arc on a conical surface, we approximate a circular arc with
curves of equal turning rate. After forming the alirfoil sections
along the various stream surfaces at blade helght, we stack the
various airfoil sections into a blade according to certain require~
ments and find the airfoll surface coordinates on the various cross-
sectlional areas. The principle for this part as well as for the com-
puter program is exactly the same as that of [9].

II. CALCULATION OF FLOW FIELD OF THE BLADE LEADING
AND TRAILING EDGES

According to the continuity equation, momentum equation, energy
equatlon and state equatlion of a non-viscous fluid, and from the
relationship (see Figure 1),
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we can derive the principal equation of the streamline curvature
method at calculation station 1 along the curve to be
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where SHMEI] - A is the mechanical equivalent of heat.




In the computer program, the
"Runge-Kutta" method 1is used to
solve the set of equations (2-1),
(2-2) to obtain the meridional
velocity Cm along the calculation
station and the flow distribution
from the calculation point to the N

root section.

A double-spline function is Figure 1
used to approximate the projection of the flow line in the meridian
plane, i.e., equlvalent stream polnts are first approximated by a
spline function from which the streamllne tangent tg ¢ 1s found.
Then the flow line tangent is again approximated by a spline function
from which the flow line curvature 1s found.

There are two methods to choose in the computer program for
estimating the loss in the blade row. One 1s to determine from the
avallable data the rotor isentropic efficlency and the radial dis-
tribution of the stator total pressure recovery coefficlent. The
other 18 to calculate the alrfoll loss from the relationship between
the given dispersion factor and the loss parameter. In the calcula-
tion, the stream parameters of the last iteration are used to compute
the dispersion factor and the loss coefficient in the current iter-
ation. When the flow field converges, the stream parameters and the
loss coefficlent will also agree (within allowed error limits).

Tables 1 and 2 show the calculated results in comparison wilth
the data given by [2] and (3].

III. FREE STREAM CALCULATION

The problem to be solved in a free stream calculation 1s to find
the suction surface neutral polnt connected to the cascade unique
incidence angle and to provide original data for calculating the
shock loss.




By free stream 1s meant the stream flow from the leading edge
with only the effect of flow construction in the meridian plane

without the reaction of the blades. Hence, the free stream should
satisfy the followling conditions:

(1) the free stream Cor value 1s the same as that of the leading
edge stream along the same streamline

(2) isentropic flow

(3) axial symmetric flow.

In the presence of rotor blades, the average circumferential
stream parameters 1in the entrance region between the cascade entrance
to the first covering surface of the channel (both the suction sur-
face neutral point and the channel shock are located in this entrance
region) may still be approximately regarded as satisfying the three
conditions stated above due to the cancellation of the leading edge
shock wave and the expansion wave as well as the facts that the
stream flow 1s not much restricted by the blades before entering
the cascade channels and that the front section of the MCA airfoil
of the ultrasonic incident flow is relatively flat.

Based on the average 82 stream surface calculation, the free
stream calculation 1s carried out with continuous functions along
the streamline according to the above conditions.

The principal formula in this program is:
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- are calculated. They are used in the calculation

of airfoll parameters.

IV. CALCULATION OF MCA AIRFOIL PARAMETERS

The blade formation in our design method 1s carried out on the
conic expansion surface. The calculation of airfoll parameters 1s to
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provide the necessary data for blade formation and stacking.

The major problems involved in the calculation of airfoll para-
meters are discussed below:

(1) irfoll parameters to be calculated?

ﬁ\\m
\
22

‘ ‘ Stnﬁmﬂlﬁe‘ streamline
s —— - - e —(
, Figure 2
. In our opinion, there are two possible ways to do this: one 1is
to use the tangent plane to the conical surface and the other 1is to
use the developed conical surface. In the former, the bowl and suc-

tion surfaces of the alrfoil are composed of two sections of circular
arc, respectively, while in the latter they are composed respectively
of two sections of constant turning rate curves (see Figure 2).

According to the unique incidence angle principle, when the
relative M number of the 1nclident flow exceeds 1l.¢, 1t is necessary
in the design to calculate the Mach wave system 1n the cascade
entrance region. When calculated on the tangential plane to the
conical surface, this Mach wave system 1s obtained by using a two-
dimensional stream model with three-dimensional stream corrections.

i If the alrfoil 1s designed not by following the unlique ineci-
dence angle principle but by choosing the leading edge suction sur-
face incidence angle, then it is not necessary to calculate the cas-

cade entrance Mach wave system. The second method can also be used.
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This has been carried out in [9].

In our computer program the first method is adopted. In addi-
tion, while the cascade choking situation 1s being checked, we also
consider the changes in cascade distance along the conical surface,
the changes in the alrstream relative drag parameter and the changes
in the stream surface thickness. Calculation indicates that the
various alrfoll parameters thus obtained are more reasonable. The
calculated results and the data from [3] are both listed in Table 3.

(2) Calculation of lag angle

In principle, lag angle calculations are all based on the Carter
formula with corrections to take into account of the effect of three-
dimensional flow. In general, there are two methods of treatment:
One 1s to calculate with the airfoil turning angles in [2], [3] and
the other 1is to calculaté with the airfoll equivaient turning angle

as in [5], ([91].

A. Calculation with alirfoll turning angle

The computational formulas are

mé
bﬂ"/”x
v
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where
3-D flow effect 1s taken into account.

B. Calculation with alrfoil equlvalent turning angle

In [10], it is suggested that the velocity triangle at the
stream surface cascade entrance be transformed into an equivalent
velocity triangle. The condition for transformation 1s: the exit
meridional velocity and radlal coordinate are the same as at the
entrance, and the C’r value 1is equal to that of the original velocity
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triangle at the entrance. Based on these conditions, the equiva-
lent exlt stream angle 1s

O S (S Y | “n
The formula for calculatlng the lag angle is

& Brae 2fha=i . -3

In [5], airfoil section formation is carried out on the cascade
projection surface and the equivalent exlt stream angle 1s to be
located on this plane.

The airfoll equlvalent turnlng angle on the cascade projection sur-
face 1s used to calculate the lag angle.

In our program, (4-1) is used to calculate the airfoil lag
angle.

(3) Calculation of the suction surface neutral point
and unique incidence angle

When the airfoil 1s designed according to the unique incidence
angle principle, the suction surface neutral point needs to be
located. It 1s pointed out in (2] that it is a very good approxi-
mation to take as the neutral point the mid-point between the air-
foil leading edge and the starting point of the Mach wave at the
suction surface upper seal. This assumption has been verified by
detailed stream diagrams.

The calculation method used 1n cur program is to first obtain
the distribution of the stream angle Bm and the relative M number
along the streamline through the free stream calculation. Then the
Prandtl-Meyer formula is used to calculate the M number as the

stream angle of the free stream 1s turned to be parallel to the
direction of the tangent line of the local airfoil suction surface.
Then the distribution of the M number along the airfoil suction
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surface, and from i1t the neutral point may be found. For 3-D flow,
the tangent line of the neutral polnt ailrfoil section should agree
with the direction of the local free stream. However, after the
8 choking reaction on the blade and the attached surface on the blade
‘ 1s taken into consideration, it is proposed in [2] that there should
be an angle of attack of about +1.5° between the tangent line of the
neutral point airfoll section and the local free stream.

The leading edge medlan angle of attack and the leading edge
suctlion surface angle of attack computed according to the above

method are listed in Table 3. The data from [3] are also listed.

(4) Shock position and shock loss

The model of the cascade channel shock is shown in Figure 3.
From the A point on the leading edge, draw a normal to the channel
median and intersect the suction surface of another blade at B. The
normal AB 1s then a normal shockwave. The methods used to calculate
the M number in front of the shock in [2] and [3] are different. We
adopt the method in [3], namely that the critical area ratio (jdu.
in front of the shdck is found first from which the M number
in front of the shock is then obtailned.

From the distribution of the free /
stream critical area ratio (f), ﬁs::r
the critical area ratio in front of
the shock is

' ! A A 2'.‘

.- (ﬁ’)-‘(dol‘ﬁﬂﬂ- Figure 3
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,'f where . r, A, are respectively the cascade distance, radial coordi-

nate and free stream angle relative to point C and Ym is the radius ;
of the interior circle tangential toc the channel with center at C.

The relationship of (7). and the Mach number My in front
of the shock 1s
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In Figure 3, there 1is a definite requirement on the position
of the intersection polnt between the shock and the suctlon surface.
In [3], it 1s required that the distance from this point to the
leadlng edge of the blade near the airfoil tip should be about 1.25
bf. The value will vary at different radii. The parametric chord
length ratio 576, of the MCA airfoil should be adjusted based on
this requirement.

(5) Checking for channel choking

The cascade channel on the tangent plane of the conical surface
is shown in Figure 4. Except for the base blade, airfoill bowls are
formed according to the cascade distance on the conical surface in a
direction opposite to the rotational direction. Cascade channels
are formed between the base blade suction surface and the airfoil
bowl. Owing to the variation of the cascade distance on the conical
surface, the airfoil bowls formed are different from those of the
base blade. '

The shock loss 1is calculated with the method mentioned before.
The airf~1l loss coefficient ‘]l is the difference between the total
loss coefficient ¢ obtained from the computation of the blade lead-
ing and trailing edge flow fields and the shock loss coefficient 'a.
No loss 1is assumed in front of the point of intersectlion between the
shock and the suction surface. The alrfoil loss coefficilent 1s
assumed to be linearly distributed from this point to the trailing
edge of the airfoil.

The formula are
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The minimum value for A/A* 1s required to be 1.02-1.05. When
this range is exceeded, the alrfoil parameter camber ratio ¥ may
be adjusted. Calculation indlcates that in the neighborhood of
the blade tip, adJusting the camber ratio does not affect much the
minimum value of A/A while in the neighborhood of blade root, the
camber ratio does affect the minimum value of A/A .

The results of the calculation are shown in Table 3.

V. CONCLUSIONS

Based on the original given conditions and design requirement,
the design method and computer program mentioned in this paper is
capable of obtaining the data needed for calculatling the blade air-
foil section coordinates and strength required in the manufacturing
of the blade, through the iteration of the blade leading and trail-
ing edge flow fleld computation, the approximate computation of the
Sl stream surface of revolution and blade airfoil section formation
and stacking.
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Sample calculation indicates that the result is good. Hence,

an effective tool 1s provided by the method and computer programs

in this paper for current aerodynamic design of transonic axial flow

compressor stage.

TABLE OF SYMBOLS

A mechanical equivalent
of heat, area

*
A/A ratio of area to ecritical
area

a distance from leading edge
to point of maximum camber

chord length
absolute flow velocity

camber ratilo

[>T BN e B o 4

B flow rate between calcula-
tion point and .
gravitational acceleration

total enthalpy
incidence angle
index of

Lol =]

curvature calculation sta-
tion

8

meter used to calculate the
lag angle -

Mach number

=z =

number of blades

3

pressure

entropy of flow

gas constant

radial coordinate
temperature

cascade distance
circular velocity
relative velocity
correction to lag angle
axial coordinate

stream surface conlcal
angle

R N3 M 5 £ ¢ 3 < W WO

meridional streamline, para-

8 relative

Y airfoll angle

) lag angle

¢ airfoil

] angle between meridional
streamline and the Z axis

P gas density

w rotor angular velocity

w total pressure loss coeffilcient

o] cascade solidity, function of
entropy

A angle between calculation

station 1 and vy axils .
Angle subscript:

* choke parameter
f alrfolil front section
F free flow
Y radial
S shock
p airfoil
sh shock
m meridional streamline
yA axlal
clrcumferential
c airfoll centerline

88 suctlon surface leading edge
equivalent velocity triangle
relative parameter

blade leading edge

neutral point

blade leading edge flow parameter
blade trailing edge flow parameter
flow parameter of machine's

far upstream
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PTABLE 2. cammson OF P OW PARGMETERS AT THE

FLOW RATE & AL ol y ' I A :

) NOTE : his table, “denotes calculated values fron :
program and 2 denotes values given by (2] '
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TABLE 3. COMPARISON CF CALCULATED VALUES CF 2 ;
) FIRST STAGE ROTOR AIRFOIL PARAMETERS .

R

S Lol Py A i NS
} : In this table, 1 denotes the calculated lues with ,
E Er&zam and 2 denotes the values given by [3]
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SUMMARY
: Aa Acrodynamic Design Method for' .
f Transonic Axial Flow Compreswor Stage |
' Ziba Feagyoen. Zhon Xinkei. .

| Lin Sengling. end Fo- Feide
L}

A thiee dimensional seredynamic design methed for Ov;omic sxial (lew
compressor stage is described in dotasl in thus paper in ovder to make it
sasier 10 apply asd mere widely used. The methed comprises thre main pasts:
the mean S, strcamssriace calesfation. the appreximate calculation of €
streamssrface of sevelation, sad defining the blade clement oa the canical
sarface und stocking the blade airfeil sections. The metiod is snuseal is thst

) the calcnlaticn statioms for making the S stresmsurface comutations are
: curves. and pacticul rly in th: t the sirfoil perametess of btlade are calenlatrd
on & plase tangent to the appravimate siresmseriace of revolution. Os this
tangential planc. twe dimeasiona] flow is used a8 & basic medel te crlenlate
the Mark wave system on tly suction suriace of cascade estrance iegiom.

The streamline curvatuse metbod is wsed te ealeniate tac llow (1eld oa
mean Sy sreamsuzface. The projections en me. divnal plasess of the blade
lesding and tinitag edges. are solected a3 calenl-tion stations. Aloag cwrved
eslculation stations. the principsl cquations. in which the streanline cmtv:.
ture and the gradients of enthal,y sad entrepy are talen inte accour'. sre
detived {rom the fundamental cquations of nea.viscons arisywmetsic flow. The
Rasge-Ketta methed is wsed to selve tlc primcipal equations. The slope and
enevature of the streamline are lound by means of the spline and dendie
spline functions respectively,

The approzimate cal-ulation of S, .treamsarfoce ol revelution consists of
the (ree stream calculation and the blade sicluil paramreters calcnlat’ sa. The
free stream ia cascade entrance regica is calewlated for the purpose of
performing ths saleulotiva of weiqee iscidence argle and the analysis of
choking margin of Made chaanel. In the {ree stream calealalion, the ematingity

_ oquation is used 1y obtain the flow patameterse aed the baric arsumptien
' adopted is that the satropy sad Vo7 are constant ea cach stirsamliue.
k2 The meltiple.cireular.are (MCA) aicfeils are used for both th: retur oud
‘-‘33 1he stater. The parameters ob MCA sitfeils s1¢ calsulated on o plane whick
&)

{
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