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NATTIONAT. ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCE MEMORANDUM

INVESTIGATION OF A 10-STAGE SUBSONIC AXTAT~FLOW RESEARCH COMPRESSOR
I - AERODYNAMIC DESIGN

By Irving A. Johnsen

SUMMARY

A 10-stage axial-flow compressor was designed for use as a research
unit in which the problems associlated with the compounding of high per-
formence stages could be studied. The design was based on & symmetrical
velocity diegrem with constant total enthalpy st all radii. Selected
design limitations included a Mach number limit of 0.7, & loading limit
(Cio where Cp, is the 1ift coefficient and o 1s the blade-element

solidity) which increased progressively from 0.8 to 1.0 through the com-
pressor, & solidity limit of 1.1, an inlet hub-tip ratio of 0.55, and a
tip dismeter of 20 Inches. The application of these design 1imits with
an assumed stage polytropic efficlency of 0.90 gave the following design
values: a total-pressure ratio of 6.45 and a weight flow of 57.5 pounds
per second at the design tip speed of 869 feet per second.

The over-all performence characteristics of this compressor, as
determined experimentally, are included. '

INTRODUCTION

The desirsbility of compactness 1n axiasl-flow compressors for gas-
turbine power plants requires that multidtage units produce high pres-
sure ratios per stage and high mass flows per unit frontal ares, while
at the same time maintaeining high efficiencies. Two-dimensional high-
speed cascade results (reference 1) indicated that stage pressure ratios
could be realized which were considerasbly in excess of those currently
being obtained in multistaege machines. In order to study the possibility
of utilizing these high loadings and high relative Mach numbers, a rotor-
blade row was designed and investigated (reference 2). The results of
this investigation verified the fact that increased pressure ratios were
attainable in a single stage without significent penalties in efficilency.

Even with the reslization of increased pressure ratio in a single
stage, however, i1t was questionable whether the results were spplicable
to multistage units. Additional factors which are introduced by multi-
staging, such as boundary-layer growth, oscillatory radial motion of the
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ges through meny stages, blade-row matching, off-design operating
problems, and the like, may prevent high-stage performence from being
realized. Therefore, a multistage axlel-flow compressor was designed
and constructed in which the attempt was made to achieve higher stage
pressure ratios than those 1n current use, while at the same time main-
taining high mass flow and efficiency. This design was intended to
provide a research unit in which the problems arising from the com-
pounding of high performaence stages could be studied. Inasmuch as it
was not feasilble to sttempt to attaln an absolute maximum of perfor-
mance in each stage of this initial design, deslign limitations were
chosen such that there was reasonable assurance that the desired high-
performance multistage research compressor would be obtalned.

The compressor deslign, including the determination of the velocity
disgram and the selection of the compressor blading, was conducted in
1947 at the NACA lewis laborastory based on the best information avail-
able at that time. This report summerizes the design procedure and
the design chsracteristics of this 10-stage compressor unit. The over-
all performance map of the compressor for the operating range from
30 percent to 110 percent of equivalent deslgn speed 1s included.

SYMBOLS

The followlng symbols are used in this report:

A area (sq £t)

8 local veloeity of sound (ft/sec)

b intercept in equation AR =mx + b
Cy, 1ift coefficlent

Cr,i design camber (theoretical Cp for isolated airfoil)

C1o loading limit

g acceleration of gravity (ft/secz)

h dimensionless ratio of axlial component of alr velocity to rotor-
tlp speed

) average dimensionless axlal veloclty escross passage

hp horsepower

X constant

2494
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M average sxial Mach number across passage
m slope in equation AB =max + b
n polytropic exponent
P total or staegnation pressure (1b/sq ft)
static or stream pressure (1b/sq ft)
q volume rate of flow {cu ft/sec)
q velocity head, %2, (£t)
R gas constant
r radius (ft)
T total or stagnation temperature (°R)
t static or stream temperature (°R)
U velocity of rotor blade element at radius r (ft/sec)
v ebsolute air velocity (£t/sec)
W air velocity relative to rotor (ft/sec)
We air weight flow (1b/sec)
X ratio of circumferentisl component of absolute veloecity of
entering air to rotor-tip speed
Y ratio of change in circumferential component of velocity to
rotor-tip speed
Z ratio of blade-element velocity to rotor-tip speed (compressor
radius ratio)
a angle of attack (deg)
B abgolute inlet-air angle, measured with respect to axis (deg)

(fig. 3)

Inlet-air angle relative to rotor, measured with respect to axis
(deg) (f£ig. 3)
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'8 ratio of specific heats, cpfcy )
AB turning asngle (deg)
1 adiabatic efficiency
np polytropic efficiency
p statlc or stream density (1b/cu ft) ;‘?’é
Py total or stagnation density (Ib/cu £t)
o blade-element solidity, chord/spacing
Su'bséripts:
e effective value in veloclty dlagrem corrected to con-
stant axial velocity
h hub
m mean )
t tip "
e circumferential dlrection
0 station shead of Inlet-guide vanes

1,3,5 . . . 19  station shead of rotors of 18%, 20 ., | | 10%® stages

2,4,6 . . . 20 station ahead of stators of 15t, 2nd | | | 10tR stages
21 statlon ahead of exlt vanes
22 station after exit vanes

GENERAL CHARACTERISTICS AND LIMITATIONS

Compressor size. - The attainment of a compressor of minimm size
for & given pressure ratio and weight flow requires the consideration of
veloclty distribution as well as limitations on the turning of the air
and the blade relstive Mach number. The welght flow desired for this
compressor was of the order of 50 pounds per second. On the basis of
preliminery design estimates end with the use of the established aero- -
dynamic limitations, the inlet diemeter was fixed at 20 inches. This -

o
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preliminary estimate also established the fact that the desired pres-
sure ratio of 6 could be obtained in 10 stages.

Compressor configuration. - In a multistege axial-flow compressor,
configurations are possible 1n which the tip dismeter, the hub diameter,
or both vary from stage to stage through the compressor. As pointed
out in reference 3, & progressive incresse in tlp dlameter is desirable
for obtaining meximum pressure ratioc per stage. However, this adven-
tage i1s.balanced by the fact that (for a given inlet stage), an increase
in tip diemeter resulits in very short blades, bigh ratios of hub-to-tip
diemeter, and small aspect ratios for a given blade chord. Conse-
quently, tip clearance and annulus losses would be larger then for a
comparable constant tip-diameter design. Since construction would also
be simplified, & constant tip diameter was selected.

In order to malntain the limiting relative Mach number on each
blade row (and thereby obtain a maximum pressure ratioc), the hub
dlameter was progressively increased through the compressor. This
served to increase the blade-element veloclty at the hub, as well as
the axial velocity of the stream, and therefore to maintain the limiting
relative Mach number despite the increasing speed of sound through the
unit.

Velocity diagrem. - The type of veloclty diagram used in axial-
flow compressor design is vitally important in that it establishes the
blade element and stage performsnce. On the basis of a blade-element
analysis, the optimum velocity disgrem was found to be symmetricsal
(reference 3). '

In spplying the blade-element theory to stage design, it was con-
sidered desirasble to maintain a constant total enthalpy from hub to
tip in order to avold an energy unbalasnce that might result in exces-
slve mixing Josses. It i1s shown in reference 3 that the use of a sym-
metrical veloecity disgram with constant total enthaelpy gives higher
pressure ratio and specific mass flow than the more conventionsl free-
vortex design. This high performance results from the fact that the
inlet Mach number is maintained near the imposed 1limit for all blade
elements in both rotor and stator.

In view of the generally desirsble pressure ratio and mass-Flow

characteristics, the symmetrical veloeity dlesgram with constant total
enthalpy at all radii was selected Ffor this design.

P e e LR
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Stage limitations. - The stage performance of axial-flow compres-
sors is dependent on the limitations imposed on the relative Mach
number of the air and the turning done by the blade rows. The Mach
number limitation was applied by using a value of 0.7 for flow relative
to the compressor rotor (the maximum value exists at the hub in this
design). In the calculation used, this results in a Mach number at the
following stetor hub that is slightly higher than 0.7. This Mach num-
ber level was chosen on the basis of performance results obtained with
the NACA 8-stage compressor (reference 4). Subsequent data (refer-
ence 2) have shown that higher Mach numbers could have been used without
serious losses in efficiency; however, the selected Mach number level
provides a reasonably high pressure rise and insures high efficlency.

The solidity at the bub for all blade rows was selected as 1.1.
This value is of the order of that successfully used in the design
reported in reference 4.

There was little information availsble on the smount of turning
that could be imparted to the ailr under various operating conditions.
Therefore, a limitation on Cpo (as was used in reference 4) was

adopted because of convenlence in calculations. In this particuler
design, this limitation occurs at the hub and is essentially the

same in rotor and stator. The values of CLG were selected to increase
progressively through the compressor (Cpo of 0.8 for the first three
stages, 0.9 for the next three stages, and 1.0 for the last four stages).

This variation in the loading limitation through the compressor was
selected to improve the off-design operation of the compressor, particu-
larly at speeds lower than design and at low flow. Under these opera-
ting conditions, the angle of attack in the first stages is increased.
Since lightly loaded blades can be expected to have a wide operating
range, the use of a low design value of Cy0 results in blades that

will accept thils increased angle of asttack without flow bregkdown. In
addition, the change in density through the compressor at low speed is
proportionally less than the design decrease in area; this successively
decreases the angle of attack and therefore unloads the latter stages.
These two effects result in more nearly umiform loading through this
compressor at low speeds. A more recent and complete analysis of the
off.design operating problem In multistage axial-flow compressors has
Indicated that the optlmum loading variation 1s probably one in which
the loading increases in the middle stages and decreases again in the
latter stages. However, this selected increase in Cpo through the

compressor wasg expected to provide some improvement in the characteris-
tic under low-speed and low-flow operation.

Mass flow and pressure ratio for first stage. - For gas-turbine
power-plant application, a smakl Hub dlameter-and high axial air velo-
city are desirable to obtaln as high g mass flow as possible consistent

SRR
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with high pressure ratio. For convenience in establishing the design
conditions for the inlet stage, the optimm combinstion of weight flow
and pressure retio was considered on the basls of useful power inmput to
the air. In order to establish these conditions, the following power
parameter (appendix A) was used:

Lﬂ:
K(tp) = —3%— (P-3> ' - 1.0

m:'tz a1 Pl

For given inlet conditions and compressor dismeter, and for glven limi-
tations of Mach number, 1ift coefficient, and solidity, this power
parameter is g function of the hub-tip ratio Zy, and the dimensionless

axisl velocity of the &ir at the hub hy.

In figure 1(a), the power parameter (determined on the basis of the
limitations chosen to apply to the first stage) is shown as a function
of 2zn for verious velues of hp. It can be seen that the meximm

power is obtained at a hub-tip rstio of the order of 0.55 and that the
curves are essentially flat from 0.50 to 0.55. The hub-tip ratio for
the inlet stage of the compressor was selected as 0.55,

As shown in figure 1(b), maximm power for the hub-tip ratio of
0.55 is cobtained et a dimensionless axisl velocity hp of spproximstely

0.70. A further consideration that must enter into the choice of hp

et the inlet, however, 1s the axlal-velocity distribution over the rest
of the stage. A disadvantage of this symmetricsl diagram, constant
total-enthalpy design, is the fact that the axial velocity at the rotor
tip, particularly at the exit, may become dangerously low. The axial
veloclty of the air discharged at the rotor tip hg ,t wes therefore
investigated by use of the simplifiled radlel equilibrium spproximation,
which considers only the balance of centrifugel and pressure forces and
neglects the effect of curvature of the streamlines. In order to keep
the axlal velocity at the rotor tip &t a reasonsble level, & value of
by, of 0.75 was selected for this design. This provides a higher mass
flow and a power input only slightly less than the meximum attainsble.

Efficiency. - As pointed out In reference 3, the exact analysis of
efficiency of an axial-flow compressor is extremely complex and must be
based upon & detalled knowledge of the flow processes involved. How-
ever, an indication of the efficiency of the main portion of the flow
can be obtained by a consideration of blade-element efficiency. An
examination of the velocity diagrams on the basis of blade-profile

L
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losses (fig. 17 of reference 4) showed that the blades of this selected
entrance stage operate in the region of peek efficiency with the lowest
blade-element efficlency existing at the hub.

A preliminery estimate was made to evaluate the efficilency of
succeeding stages on a blade-element basis. This study showed that the
ghift in blade-element efficiency in succeeding stages is in the direc-
tion of increased efficiency. It was recognized that viscous effects
probably become more severe in later stages and that these real flow
effects modify the blede-element trend. However, on the basis of a
blade-element consideration of pressure ratio, weight flow, and effi-
ciency, the choice of velocity distribution appeared reasonable.

Axlal-velocity distribution. - In this design, which is based on a
symmetrical velocity diagram with constant total enthalpy and simplified
radial equilibrium, exial velocities are greatest at the hub. This =~ =~
characteristic permits the use of large values of YUy over the entire
blade helght without exceeding the Cyo limitstion, and allows a Mach

number near the limiting value to occur across the entire blade height,
both of which contribute to high performance. The disadvantage of this
design, however, is that large axial-velocity changes may take place
across the blade rows. Across the rotor tip, for example, a decelera-
tion occurs. If this deceleration is sufficlently rapid, flow separe-
tion on the blade surface may result.

In order to establish design velocity diagrams, axial-velocity
changes must be evaluasted. It is shown theoretically in reference 5
that the effect of radial motion of the gas may be important in the
determination of this axial-velocity distribution, particulsrly when
the blede aspect ratio is large. However, the exact determinstion of
axiael-velocity distribution (considering the complete radial equilibrium
equation) requires a long process of step-by-step calculation, which is
somewhat impractical in the case of & multistage compressor. Therefore,
for this design, the effect of radial motion was neglected and the axial-
velocity distribution (at the stations immediately upstreem and down-
stream of blede rows) was determined solely on the basis of simple equi-
librivm of pressure and centrifugal force.

Subsequent investigation (reference 6) indicates that the snalysis
based on simple radial equilibrium gives & reasonsble spproximation to
actual conditions across the rotor. Furthermore, analysis has shown
that across a complete stage the differences between the complete radial
flow solution of reference 5 and the simple radial equilibrium approxi-
mation are small. It therefore appears that the use of simple radial
equilibrium relations provided a sufficiently accurste determination of
the axial-velocity distribution. The simple radial equilibrium rela-
tions are developed in appendix B. Charts for determining average
dimensionless axial velocities on this basis are presented in figure 2.

GOlNRIRmET.

672



¥6%2

NACA RM E52B18 CTNPITENT N . 9

Average axial component of veloclty. - In high-performance axial-
flow compressors, the problem of reducing the velocity to the value that
is required for combustion is a difficult one. A possible solution is
to reduce the average axial velocity in passing through the compressor;
this would reduce the requirements of the diffuser. It would also
increase the blade height (particularly in the latter stages), which
would be desirsble because of reducing tip clearance and annulus losses.
However, this method has three disadvanteges:

(1) The relstive Mach number is reduced, thus reducing the stage
pressure ratio and requiring more stages for a gilven over-sll pressure
ratio.

(2) The increase in blade height results in s more extreme axial-
velocity profile across the passage of the latter stages, which might
result in increased mixing losses In the process of being converted to
& uniform flow in the diffuser.

(3) The value of Ap/q across a given blade row will be increased,
which would have an adverse effect with regesrd to boundery-layer build-

up .

In view of these disadvantages, the design was carried out to main-
tain the relative Mach number in all stages with one limitation. The
average axial Mach number was not permitted to exceed 0.6.

DESIGN CALCULATTON METHOD

The basic theory used in the velocity diagram determination is
esgentially a method proposed by J. Austin King, with velocities
expressed nondimensionally as ratios of the rotor tip speed. A typical
velocity disgram for the case where axial velocity is constant is shown
in figure 3(a). In the design calculstion, however, the axisl velocity
varies through the stage because of (1) variation in hub diasmeter s
(2) compressibility, and (3) the change in axisl velocity required to
satisfy the condition of simplified radisl equilibrium between each
blade row. A rotor veloclty diagram for the case of a varying axisl
velocity is shown in figure 3(b). This diagram is corrected to con-
stant axial velocity in order to permit use of cascade data; he, We,
Be', and ABy are "effective" values. Thise procedure for correcting to
an equivalent constant axigl-velocity diagram is in accordsnce with the
recommendation of reference 7. Reference 6 and unpublished data
obtained at the Langley lsborastory indicate that this correction system
is adequate for most spplications, although it may over correct when
axlal-velocity changes are large.
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Velocity dimgram calculations. - The calculation procedure for
determining velocity diagrams through the compressor was as follows:

Step 1:
Zy, = 0.55 and hy = 0.75 at the inlet of the first stage
Step 2:
C1o = 0.8 for the first stage
Step 3:

h was selected from the design chart for the glven values
of Zp, hh, and Cyo

Step 4:
Yh = E%S hhz + E%—
as derived in reference 4
Step 5:
Yg = ZpYp
Step 6:
%, - Zy _ Iy
Step 7:
1 -
X = —3 ki
Step 8:
Ut _ Mach mumber limit _ 0.70
®h Vf? + (2 - %)% '\—ﬁh + (2 - Xy)?
Step 9:

i [
FleF

ot
at

7672
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Substituting the relatlion derived in appendix B for a,h/ at glves

1

1 1|1 - zp? 1
(Ut/ah)z + Tz [ Z (l + Yhz) - Y‘t loge q:)

o
"

Step 10:

The polytropic efficiency of this compressor was estimated as 0.80; for
convenience in caleculations, the polytropic exponent n was used where

n__ 7
-1 7F-1®

Step 11:

Bernoulli's equation written in terms of static-pressure ratlo is

2 2 2 2 2 n -1
P - r- 2 B 2

a3

An analysis wes made on the effect of the velocity components X and h
on stage pressure ratio, and it was established that

X;2 + hy% % Xz% + ng?

This was also found true for succeeding stages; therefore, these terms
could be deleted with llttle error. The pressure ratio was therefore
determined as

n

By 1.0 +{y - 1) q Y7

Step 12:
1
n-1>1
Pz U, P
= =110+ (v - 1) | = YZ
P1 ay
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Step 13:

Step 14:

The static-pressure raetio as determined in step 11 (as well as the
density and temperature ratios) varied only slightly from hub to tip
because of the variation in a3, which was small. Therefore, for design

purposes, including the determinstion of the power parameter (appendix A),
the pressure ratio was taken as that calculated at the tip station.

Step 15:

At this point, e triml-and-error solution was required to select
Zs,h In order that both the Mach number limit at the next stage and

the continulty equation were satisfied.

N & 2)
B3 =M % - _l',h"z) (El}
1 - ZS,h

Pz

Step 16:

Then, from the design chart (fig. 2(a)) for the assumed value of Z3 1>
the value of hzj wes determined.

Step 17:

Steps (1) to (7) were repeated to satisfy the equation under
step 8 st station 3.

Uy
2 - 2 -
'\/h:’:,h + (23,1 - X5,n) <a3’h> 0.7

The celculation procedure then defined the tentetive hub dilameter,
stage by stage, through the compressor. The celculations were carried
through until the number of stages was sufficient to produce an over-
all total-pressure ratio of gpproximastely 6.

2494
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With the tentative hub dlameters determined, axial chord lengths
and gaps were selected and a curve of rotor hub diameters was established.
This curve was then faired to eliminste profile discontinuities and to
establish the actual dismeters, for rotor and stetor, through the com-
Pressor. The preceding calculations were then repested for the new
values of hub diameter in order to establish the final design values.

This falring of the hub diameters resulited in a smell deviation
from the 0.7 Mach mumber limit desired for the hub of the rotor. Aectusl
inlet Mach number values at other stations were estsblished from the
relation at the rotor inlet

o

F_¥_x

a Ug a
and, at the stator inlet

A A1

a U a

where, for the general case, the equation under step 9 can be written
for rotor inlet

2
(=) - :
=3
. Z2 - th Ytz Yhz _E_
<11’>2 2
_t
8n

- + - T lo
4 e A

-1 4

+ - + + T loge o

Ut)z 2 z PR e 7n
®h

2
(E‘s) _ 1
-9
1 (ZZ - th Ytz Yhz )

Also, for the rotor inlet

2
L 2,42
Ut) =(X+Y¥) +nh

~ SO
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snd for the stator inlet

<I—JV€>2 = (X +Y)2 + n2

This distribution of inlet Mach number across the annulus indicated how
well any particuler blade row was being utilized.

In selecting the hub diameter for a desired flow variation through
the compressor, it is desirable to account for the presence of boundary
layer. This, however, reguires a precise knowledge of the magnitude of
the boumdary layer and its variation through the compressor. Because
of a lack of pertinent data on the subject at the time of the design,
no attempt was mede to provide a boundary-layer allowance. It was
therefore enticipated that the design welght flow might not be obtalned.
Furthermore, desired angles of attack might not be maintained, particu-
larly in the latter stages where boundery leyer (as = percentage of pas-
sage height) is a maximm. However, an observed tendency to obtain
greater rotor turning (and therefore pressure ratio) than predicted
from low-speed cascade data would tend to provide a balancing effect
with regerd to angles of attack.

Construction of veloelty dlagrams. - At any given radius, the rotor-
inlet velocity vectors could be established from the data of the calcu-
lation procedure and the radlal equllibrium relations at the rotor inlet
station. Rotor exit vectors for this same radius were then established
from: (1) values of hp (for the new value of Zn at the rotor exit)
determined on the basis of continulty and simple radial equilibrium at
this station and (2) values of X and Y determined in the calculation
procedure. It was assumed that the mean density rise across the rotor
was one half the stage rise. Then, at the rotor exit, for continuity

- = (1-21,02) 2.0
e (2 - Zs:h2)<1 + 53-)
P1

Through the use of figure Z(b), the value of h2,h and therefore the
value of hz at any radius could be obtained for this rotor exit sta-

tion. Actusl and effective values of inlet-air angle and turning angle
were calculated.

The veloclty vectors for the stator were determined by a simllar
procedure. For the stator, however, there was a discrepancy introduced
by the assumptlon that the veloclty dlagrams were symmetrical because
the required change in diggram from stage to stage was not considered.
Therefore, the stator diagram was so modified that the rotation removed
at each radius in the stator Y was that required to provide the
deslred absoclute rotational component X for the following rotor. The
velocity diagram therefore deviated from symmetry to a limited extent.

o

2494
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Determination of pressure ratio and welght flow. - The total-
pressure ratio of the compressor was established by consideration of the
anticipated performance of inlet gulde vanes and the exlt vanes
(designed to remove rotation remaining after the tenth stage) in addi-
tlion to the 10 stages for which static-pressure ratlos were calculsted.

Paz _ P22 a2 P21 /o Po
Fo Pz Pa1P1/ PoP1

where

) Pa_PsP5 | Pa
Py P31 P3 P19
X
P T, \2 -1
22 - -1 (U
- =! 1.0 + I-Z— (;—— hz,zz
22 22

n
n-1

P2z -1( Ut 2 2 2 2)
-~ =| 1.0 + 5 a-z—l (Xgl +h21 - hoo

For the inlet guide vanes, a polytroplc expansion efficiency of 0.85
was assumed; for the exit vanes, a polytrople compression efficlency of

0.85 was used. Corresponding density relations were determined using
these equations with the required changes in exponents.,
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Compressor welght flow was established from
We = p1 By Ug &y
where

Pt,0

T-1
-1 (U )2 ENA Y
L2 @) e {E) e

Bince We, hp, and ap were umknown, the solution for pressure
ratio and weight flow (assuming standard sea-level values for inlet
stagnation conditions) required iterstion which started with the assump-
tion that

L
n-1

ho = by
and
& = 81
This provided a first approximation to p; and therefore Wp. Then

pt,O
Po = T

-1

1 (0\2 2
1.0 + r’é—(;o-) ho

ho,_ e
ooUtho

T-1
P%,0

from which p3 could be determined. A single iteration was found to
give sufficlently accurate values of pp and Wp. With the weight flow

established, the conditions at station 22 were determined in similar
manner.

and

GRPER
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ATRFOIL SEILECTION

With the values of stagger angle and turning angle established,
compressor airfoils were selected for the various stages, including
the exit vanes. The design used the NACA 65-series airfoll scsled down
to 10 percent thickness and modified by the addition of 0.0015 times
chordal position to the thickness ordinate, designated in reference 7
as the NACA 65-series blower blade section.

In order to simplify construction, the blades were designed with
constant camber and chord at all radii of a given blade row rather than
using a variable sectlon blade. Thus the so0lidity varies inversely
with the radius in any stage.

In selecting blades, data from references 7, 8, and 9 were used.
The gulde vene data of reference 9 were used because no sultable data
were available in the low inlet-air-angle rangej interpolation was
therefore necessary. The use of this zero inlet-asir-angle data as an
end point appeared to be reasonably accurate.

The design charts of reference 8 provide a method of selecting
optimum cember (represented by the free-stream 1ift coefficient for
zero incidence Cf, ,i) and angle of attack a. The data were extended
to cover low inlet-air angles and low solidities by & series of cross-
Plots, using the data of reference 9 as a gulde. Reasonsble consis-
tency was obtained and the data were put in chart form (fig. 4) so
that values of CL’j_ and o could be selected for given values of B8,
AB, and oO.

With the desired solidity at the root and with a selected axisl
projection of each blade, an approximation to the mumber of blades in
each row was made. The actual number of blades in each row was then
determined from a consideration of blade exciting forcesy a common
denominstor was avolded in adjacent rows.

Through the use of figure 4, values of cL,i were determined at

five radii in each blade row. It was found that the optimum blade sec-
tions for this compressor had minimum camber at the tip and maximum
caember at the root. An intermediate value was chosen as the constant-
camber section of the blade row, thus obtaining optimm blading near
the pitch radius and departing slightly at root and tip. The camber
was chosen to maintain the seme blade section for both rotor and

stator wherever possible.

With the blade section estsblished, it was necessary to establish

the angle of attack necessary to obtain the required turning at each
redial station. Exsminaetion of the data of references 7 » 8, and 9
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indicated that these turning data could be roughly gpproximated by a
straight line variation of AR wilth respect to o. The equation used
was

AB =ma + b

Charts (fig. 5) were prepared for the determinstion of m (as a
function of B and o) and b (as a function of B, Cp,i, and o)
from the availeble dats on 65-series blower blade sections. The maxi-
mm difference between the cascade test data and the turning angle
determined from the charts waes of the order of 1°, with the nominal
variation of the order of 1/2°. With the use of these charts, the
value of o required to accomplish the design turning at each of
5 radial stations was determined.

With the blade angle known and with the projected chord and number
of blades specified, the actual chord and the solidity of each blade
row could be determined. It was slso possible to establish the actual
value of Cj from the relation

2U+Y
Wmo

CL =

Reference 10 (table II) gives the mean line data for the NACA 65-
series blower blade sections with Cp,1 = 1.0. For the prescribed
canxber, the coordinates of the mean 1ine and the tangent of the angle
of the mean line were obtalned by multiplying by the design value of
Cr,i. By the use of the dasta given in reference 10 (table I) for =
10 percent thick NACA 65-series blower blade section, the coordinates
of the alrfoill were determined.

Sheet-metal inlet guide vanes were selected to provide the turning
as established by the inlet-stage velocity diesgram. Blade sectlons were
chosen by use of the methods subsequently published in references 11
and 12, which considered both two-dimensional blade-element performance
and secondary flow effects resulting from the radilal distribution of
design circulstion.

DESIGN CHARACTERISTICS
The various design charscteristics determined in the design pro-

cedure are as follows (vaelues glven are for standard sea-level inlet
conditions):

A

¥6%2
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Over-all total-pressure ratio . . . . ¢ &« & 4 & ¢« ¢ 4 ¢ o o o o & 6.45
Average stage total-pressure ratic . . . e e o » o o « o 1.205
Weight flow, 1b/sec (no boundary layer allowance) &« e+« + ... Bb1.5
Welght flow per unit frontal area, I1b/8EC « « v 4 v e e e e e 26.4
Tip speed, ft/sec « e e e e s e e s s e s s e e s e e s e e 869
Tip speed, IPM . o o ¢ o o o o o o o« o o o o o s = s o o « o« o 9859

Over-all adisbatic efficlency . + ¢« ¢ « ¢ ¢ & ¢ o ¢ o s s s o o » 0.86

The values of static-pressure ratio per stage are plotted in fig-
ure 6(a). The discontinuities in the plot are & result of the change
in the CLU limitation through the compressor. Ratlo of static pres-

sure ratio to the total pressure at the compressor inlet is shown in
figure 6(b); total-pressure ratio is shown in figure 6(c).

The eaverage dimensionless axial velocity h and the average axial
Mach number M entering each stege of the compressor are shown in fig-
ure 7. The distribution of axial velocity across the annulus 1s shown
in figure 8. Figure 8(a) represents the dimensionless axial velocity
at the entrance to each rotorj; figure S(b) represents the dimensionliess
axlal velocity at the statlion corresponding to the stator entrance.

The values of hub radius, blade chord, axial projection of the
blade chord at the hub, number of blades, design camber, and meximum
thickness of blades are glven In table I for both rotor and stator
rows. A summary of the veloclity diagram datas is given in table II for e
rotor and stator rows; values of Z, X, Y, h, W/Ug, V/Us, Wa, V/a, B',
and B sare listed for five equally spaced stations at rotor and stator
entrance. Changes through the given blade row (Ah and AB) and blade
data (a, Cro, and o) are also included.

OVER-ALL TEST RESULTS

The compressor was tested in accordance with the standard procedure
of reference 13; characteristics as determined experimentally are pre-
sented In figure 9. At design speed the peak compressor pressure ratio
wes 7.52, the maximm weight flow was 56.2 pounds per second, and the

peak adiebatic efficiency was 0.83. The experimentslly determined per-
formence is discussed In greater detall in reference 14.

SUMMARY OF DESIGN PROCEDURE

The design of the 10-stage axial-flow compressor wae based on
the use of a symmetrical velocity disgram with constant total enthalpy
at all radii. The configuration chosen had a constant tip dismeter of
20 inches, an inlet hub-tip ratioc of 0.55, and a hub diameter which
increased at the rate required to maintain the selected limiting Mach

]

COMEERGRELAT
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number for the blade rows. Aerodynamic limitations used included &
relative Mach number limit of 0.7, a solidity of 1.1, and a loading
limit (CLo' where Cp is the 1ift coefficlent and o is the blade-

element solidity) which increased from 0.8 to 1.0 through the compressor.
The axial veloclty entering the compressor was chosen to approach
closely maximum useful power input for the inlet stage. Axial-velocity
distributions through the compressor were established by the simplified
radlal equilibrium spproximstion. Velocity disgrams were determined
throughout the compressor, and 65-series blower blades were selected to
accomplish the requlired turning from available cascade data.

This design procedure with an assumed stage polytropic efficiency
of 0.90 established the following design-point characteristics: a pres-
sure ratlo of 6.45 and an equivalent weight flow of 57.5 pounds per
second at the deslgn equlvalent tip speed of 869 feet per second.

Iewls Flight Propulsion Laboratory
National Advisory Committee for Aeronsutics
Cleveland, Ohio
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APPENDIX A
DERIVATION OF POWER PARAMETER
The useful po'wer of the :Lnlét stage of thls design cen be approxi-

mated by the following equation, since the change in veloclty across
the stage is small:

r-1

o5 \ 7
- i} -
7-1 P19 (Pl 1.0
bp = 550

Transposing and dividing by nrtza]_ glves

-
550 hp % )7 1.0
X 28, e e, |\P1 S
-1 P1 ®pEp g 8y

For given inlet conditions and compressor diameter,

r-1
Q Y
K(hp) = —= <I§> - 1.0

where

ﬂrtzal
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(for a given Cyo 1limlt, the average axial velocity
of hy and Z,) end

2 n-1
s 1.0 + (y-1) <EE> Yz
Py g1/

as developed in step 11.

NACA RM E52B18

h is a function

2494
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APPENDIX B
DETERMINATION OF AXTAL VELOCITY

The axial velocity at the various stations and radii through the
compressor was determined from considerstion of the simplified radial
equilibriuwm relation

pvez p(XUt)z
r r
L
K(p)7 (XUg)2
r

R8s

For the symmetrical dlasgram (fig. 3(a)), at the rotor entrance

ZU.
X[J-b = ——t - ﬂ
2 2
and since
=
Z
ZU. Y.U
XU, = t £t
2 27
Therefore,

Integrating between the hub and & given radius yields

r-1 - 2]"
1 If T r)_Ut 72 - Zp? 1.2(1 1
KyI¥ ~P /=773 'ZYt1°8e—-§Yt 7% " 7n2
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But

Therefore,

.?‘2_1_ E’EZ -Utz z? - hz-zy 1o _.Z__.l.E’f,,EEZ_
T-1 a =2 2 t 8 7 "2 52 2

(ah>2 Lo (r\(oe\? (22 mP . 2 Ye? | 1n?
— F— - — ————— t oge o y Sm—— + —
For the assumed condition of constant total enthalpy

V2 +2gF‘-:IRth = V2 + 2g F‘_C-l-Rt

Ut ap 2
(b2 + Xp2) + o ) = — (h2 + X2) + T
Substituting the sonic veloclity relation glves
72 _ th v.2 vy2
2 = 12 2 {2 " " _ T T
hZ + X2 = hp2 + Xp T Yt:.ogezh 422+ T

Zy - Yp Z -5
With the substitutiom of Xp = —5—) X = —5—, and ZnhYh = Yt,

2
2
h=/\/hh +—Z£--%-+Zthlogezh

This equation esteblished the distribution of axial veloclty ehead of
the rotor in terms of the axisl velocity at the hub.

2494
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The value of Yh for a symmetrical veloelty disgram was.found by
the simplified 1ift consideration outlihed in reference 4 as

Cro Zy®
Y. ____L 2+_
h = —5—/\th Z

For design purposes, it was also necessary to esteblish the average
dimensionless axial velocity for use in contlnulty relations. When no
variation in density from hub to tip is assumed,

_ 0 J*zt
h=.__"= hZ 4z
1-27,2 Zy

E=_l_zj‘l Z\/@hhz + 22,2 - 222 + 47, ¥y log, A) az
l-Zh Zy Zn

In order to expedite design, this equation was integrated graphi-
cally and a design chart was prepared where h is shown as a function
of Zy, by, and Cyo (fig. 2(a)).

For the station at the stator entrance, the value of h was found
simllerly as

2
2
h=/\lhh2+-z—g—-z7-zh1fhlogezz£

A chert for the determination of h at the stator entrance was
prepared for this station (fig. 2(b)).
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TABLE I - BLADE DATA ﬁ“!:;,'f’
Stage| Blade |Hub Number|Blade [Axial Design|{Maximum
redius of chord jprojection|camber |{thickness
at blades|(in.) |of chord | Cp ; [percent
entrance at hub ’” |of chord)
(in.) radius

1 |Rotor 5.500 25 |1.550 1.506 0.91 10
1l |Stator 5.822 27 [1.550| 1.501 .91 10
2 |Rotor 6.131 28 (1,510 1.453 0.93 10
2 |Stator 6.420 29 (1.510| 1.452 .93 10
3 |Rotor 6.696 31 |1.465| 1.397 0.95 10
3 |[Stator 6.952 33 (11.465| 1.401 1.025 10
4 [Rotor 7.197 34 (1.420| 1.348 1.110 10
4 |Stator T7.424 35 |1.420| 1.346 1.110 10
S [(Rotor 7.639" 37 11.380} 1.300 1.120 10
S |Stator 7.838 39 }1.380} 1.298 1.120 10
6 |Rotor 8.026 41 |1.330 | 1.247 1.120 10
6 |Stator 8,199 43 [1.330| 1.254 1.200 10
7 |Rotor 8.361 45 [1.280] 1l.201L 1.280 10
7 |Stator 8.508 46 (1.280 | 1.202 1.280 10
8 |Rotor 8.647 47 |1.225| 1.149 1.300 10
8 |Stator 8.771 49 |1.225| 1.150 1.300 10
9 |Rotor 8.885 51 (1.175| 1.101 1.300 10
S |Stator 8.988 53 ]1.175{ 1.103 1.300 10
10 |Rotor 9.085 56 |1.120| 1.051 1.300 10
10 |Stator 9.174 59 ]1.120| 1.054 1.300 10
Exit vane| 9.262 59 [1.120| 1.117 0.660 10

27
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TABLE II - VELOCITY DIAGRAM DATA

(a} For rotor rows

NACA RM E52B18

Cwmr R

Station Entrance vector data Change Blede data
through
roW
W W
Z X Y h ﬁ; ry g Ah AB o Cio g
1 0.550010.1153{0.3195{0.7500{0.8669|0.7000|30.10|0.0980 | 22.36 [16.44{0.7562 |1.122
.6625] .1997| .2652] .7259| .8615| .695232.58| .0604 |18.40 (15.46] .6425] .931
L7750 .2742! .2267| .6883| .8513| .6862|36.04| .0257 |15.03 (11.24| .5659| .796
.8875| .3448| .1980| .6357| .8359| .6726|40.49}-.0092 |11.66 | 9.20} .5132]| .697
1.0000| .4122) .1757| .5646| .8151| .6545(46.20{-.0494 ) 7.54| 6.80) .4774| .617
3 0.6131]0.1449|0.3233|0.7479|0.8824 |0.6969 |32.05 }0.0925 | 22.27 [16.34)0.75951.098
.7098| .2153| .2792| .T7242| .8769| .6922|34.33} .0589 | 18.96 [13.86] .6703]| .948
.8065| .2804| .2458! .6902| .B879| .6B43[37.52{ .0272 |15.97 |11.76| .606L] .835
.8032| .3419( .2194| .6451| .8552| .6735[41.03}-.0052 |12.91| 9.91| .5588| .746
1.0000| .4009; .1982] .5868| .8386{ .659245.59|-.0415 | 9.27| 7.79} .5248] .673
5 0.6696 (0.1700(0.3287|0.7533|0.90400.6971}33.56 {0.0829 | 22.07 (16.05}0.7645{1.079
.7522| .2294| .2935| .7311| .8988 .6926|35.57| .0530 | 19.26 |14.02| .6939| .S961
.83481 .2852| .2845| .7014&| .8912! .6863!38.09] .0241 | 18.63|12.28| .6400| .866
. .91l74| .3384| .2407| .B636} .8808( .6775|41.11|-.0055 |13.90(10.60| .5983| .788
1.0000) .3896{ .2208| .6167} .B8677| .6666 |44.71}-.0381 |10.76| 8.85| .5667| .783
7 0.7197 |0.1702|0.3779|0.7591[0.9367 |0.7042 (35.87 |0.0770 } 24.32 (17.51]0.8637 |1.067
7898 .2227) .3444( .7407] .9328| .7010|37.44} .0473 |} 21.66 [15.59| .8006| .972
.8599) .2718| .3163| .7169} .9273) .6965(39.36] .0179 | 19.06 |14.00! .7498| .894
.9300{ .3188| .2925{ .6873} .9198| .6903)41.65]-.0122 | 16.57 [12.31] .7085| .826
1.0000| .3640| .2720} .6517| .9106| .6827 j44.30|-.0446 | 135.35{10.59| .6768| .768
9 0.763910.1899{0.3842]0.7636 |0.9554 [{0.6973 |36.94 |0.0715 | 24.13 |17.33|0.8673 j1..064
.8230| .2332| .3566} .7471| .9518| .6943)38.29} .0457 | 21.90 |15.69| .B1l69 | .988
.8820] .2746| .3328| .7267| .9471| .B906[39.89| .0203 | 18.71|14.28] .7750| .922
84101 .3146] .3119| .7024| .9412} ,6859141.73]-.0058 | 17.43{12.91} .7399| .864
1.0000{ .3533| .2935] .6737{ .9340| .6801[43.83(-.0333 | 14.9411.49} .7109| .813
11 0.8026]0.204510.393710.7775;0.9810 |0.6946 |37.57 |0.0645 | 23.92 |17.08}0.8711|1.081
.8520| .2406| .3709| .7632| .9780| .6923|38.70( .0425 | 22.07 [15.73| .8309(1.019
L9013} .2754! .3506| .7464( .9742| .6893(39.99' .0205 | 20.24 |14.58} .7961| .963
L9507 .3092] .3324| .7268| .9695| .6857 |41.44[-.0018 | 18.34)15.44] .7662| .91&
1.0000| .3420¢ .3160; .7043| .9639| .6815[43.05}-.0250 | 16.3312.52] .7405| .868
13 0.8361[0.193510.4492{0.7952|1.0224 |0.7021 |38.97 {0.0592 | 26.21 {18.68]0.9716 |1.094
.8771| .2845] .4282] .7843|1.0203{ .7005|39.77| .0384 | 24.51(17.45} .9354|1.045
.9181 | .2545| .4091] .7716|1.0177| .698540.70} .0176 | 22,85(16.38} .9057 | .999
.9591| .2838| .3918| .7572|1.0147| .6963(41.75|-.0035 | 21.10(15.30] .8752| .956
1.0000| .3122| .3756] .7409[1.0110| .6935[42.87|-.0252 | 19.30 {14.29| .8504] .917
15 0.8647(0.2022j0.4604{0.8129[1.0487 [0.68960 [39.18 |0.0550 | 26.07 |18.87}0.9743{1.060
.8986|( .2278( .4430! .8039|1.0470| .6948 |38.84} .0376 | 24.69|17.88| .9453|1.020
.9324| ,2527( .427C| .7937|1.0450| .6934 |40.58| .0202 | 25.33|17.06| .9182 .983
.9662) .2771| .4120{ .7824|1.0426| .6916 [41.37| .0025 | 21.92|16.21( .8951] .949
1.0000{ .3010; .3981{ .7698(1.0399| .6897 |42.24-.0153 | 20.49|15.30; .8734| .916
17 0.8885{0.2074|0.4737{0.8366|1.0788 |0.6922 (39.15 |0.0504 | 25.99{18.72|0.9772|1.074
.9164! .2288] .4593( .8293;1.0775| .6913139.68] .0358 | 24.88 |17.92| ,.9537 [1.04l
.9443| .2493| .4457| .8212(|1.0758| .6901 (40.24{ .0213 | 23.76 {17.18| .8318|1.010
.9722] .2697| .4329]| .8123|1.0740 .6888|40.858] .0067 | 22.63}16.45] .9118; .982
1.0000( .2896| .4209| .8027|1.0720| .687441.51}{-.0080 | 21.49{15.85} .B933}| .954
19 0.8085(0.2087{0.4912(0.871011.1174 {0.6933 (38.78 |0.0498 | 26.01|18.49|0.9780 {1.099
.93141 .2261| .4792| .8652{1.1162| .6925|39.19| .0379 | 25.13(17.95| .9580{1.072
.9543| .2433] .4677| .8590{1.1151| .6918}39.61| .0260 | 24.24 {17.350| .S9410{1.047
.9772| .2603} .4567| .8522}1.1137} .6908|40.08| .0141 | 23.36(16.67| .9239 |1.022
1.0000| .2769] .4463| .8450|1.1122| .6898 |40.56 .0022 | 22.46 {16.10| .9081| .998

. l‘hw" YR "WH"'-
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TABLE IT - VELOCITY DIAGRAM DATA - Concluded

(b) For stator rows
Station Entrence vector data Change Blade data
through
row
v v
Z X Y h ﬁ; T B Ah AB a Cio o
2 0.58220.1209 |{0.3211 (0.8312 (0.9414 j0.7578 |28.00 |-0.0779 {18.88 |13.74 |0.7639 [1.143
.6866| .1990| .2722( .7718| .9043| .7247)31.40| ~.041016.17}11.91| .6617| .970
7911 .2703} .2363| .7026| .8661| .6912(35.79| -.0063|14.57[10.87{ .5906( .842
.8955( .3371| .2087| .6194| .8256| .6559 (41.39 .0298 {15.95(10.37 | .5401| .744
1.0000| .4009| .1869| .5152| .7816| .6183}48.77 .0716 {14.43{10.41 | .5049| .666
4 0.6420}0.149110.3262 [0.8240 [0.9513 |0.7476 {29.98 | -0.0649 {18.87 }14.04 |0.7667 |1.086
7315 .2149| .2863| .7692| .9181| .7189[33.08| -.0318|16.84[12.67| .6865| .952
.8210| .2761| .2551| .7T0B7| .8841| .6895({36.93 .0002 [15.59|11.76 | .6268| .849
.9105| .3340| .2301| .6335| .8482| .6591 (41.68 .0337 (15.09111.36| .5822| .766
1.0000| .3896| .2095| .5453| .8101| .6271]47.69 .0714 |15.41(11.31| .5492| .697
6 0.6952|0.1520[0.3544 [0.8206 (0. 8643 |0.7385{31.68 |-0.0563 [20.43 |14.62|0.8259 (1.107
7714| .2094( .3194| .7711| .9350| .7138}34.44| -.0250(18.76|13.45§ .7571| .998
.8476| .2634&| .2906( .7156( .9050| .6798137.75 .0059 |117.69(12.84| .7030| .908
.9238! .3147| .2667| .6524| .B8738| .6631[41.71 .0378 |17.20|12.55; .6609| .833
1.0000| .3640| .2464| .5786( .B411{ .6365(46.53| .0731(17.35(12.12} .6279| .770
8 0.742410.1736|0.3808 }|0.8210 |0.9807 |0.7376 (34.03 [ -0.0523 |21.31|15.46 [0.8712]1.066
.8068] .2215| .3504} .7756( .9636} .7153(36.41}] -.0236 |20.00(14.61| .8142] .980
.8712] .2672| .3245) .7257| .9363} .6839(39.19 .0051 119.13.(14.14( .7676} .908
.9356| .3110] .3021{( .6701| .9082| .6704|42.45| .0347|18.64(13.76| .7294] .846
1.0000| .3533| .2827| .6071| .8793; .6472|46.33| .0667|18.66|13.65| .6986| .791
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Figure 1. - Variation of power parameter. Ioading

limit, 0.80; average axlal Mach mmber, 0.70.
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Average dimensionless axlal velocity, B
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Figure 2. - Chart for determination of average dimensionless axial
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Average dimensionless axial velocity, R
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Figure 3. - Veloclty diegrams and notation.
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Figure 5. - Depign chart for NACA 65-serles blower blade sections.
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Static-pressure ratio per stage
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Figure 6. - Pressure-ratio variation through compressor.
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