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VII. INTKODUCTION

Higher efflclency and lighter units are deslred goals ln the

efforts to obtain better compressors and turbines. These goals are not

achieved by merely knowing the inlet and outlct conditions for the flow

in stationary compressor blades. lt is, however, easy to obtaln ex-

perimental data for these conditions, so there are many methods to

deduce the compressor performance from thls approach. Nevertheless,

a better understanding of the flow behavior around the blades, and

especially in the area close to the surface, is of great mportanch

Much research has been and is being done to determine the nature of

the flow in compressors, particularly in the stell region and pre-

stall region.

The general equations governlng the flow around the blades are

very complex. It ia a very cumbersome, if not Unpossible, procedure

to obtaln an analytical solution for the flow field unless a high

degree of simplification is made. To be able to justify the simplifi-

cations made, it ls of great importance to have access to reliable

experimental results for comparison.

The complexity of the flow la due to a large variety of factors

auch as; the flow ls compressible, three dimensional, turbulent and

viscous and in addition, the flow ls known to be unsteady and perhaps

separated. In some cases the flow la partly supersonic and partly

subsonlc, and thus effected by local shock waves.

In the development of an analytical solution, the area of investi-

gation usually is considered to be the flow field between a pair of
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sdjacent compressor blades. The assumptions often made for the

flow are; the flow is considered to be in steady motion, the flow is

regsrded as that of an ideal non—viscous fluid, and the fluid is in-

compressible. These assumptions are made everywhere in the flow field

except close to the blade surface, where boundary layer theory is

used. To solve for the flow mathaaatically it is usually assumed to

be irrotational. The condition of irrotationality allows the intro-

duction of a potential function from which the velocities can be

determined. The theoretical performance for the comptessor may be

deduced from these velocities. Comparison of the theoretlcal per-

formance with experimentally obtalned results enables conclusions of

the applicabillty of the theory used, and the justification for

employing certain assumptions is sometimes questioned.

The purpose of this investigation is to achleve accurate experi-

mental data for the pressure distribution on a rotating axial-flow

compressor blade. The experimental results are compared with theo-

retically obtained solutions. The investigation includes the region

from design conditions through stall conditions for the compressor.

For the experiments special blsdes have been made for messuring the

pressure on the blade surface. A scsnning valve has been purchased

which selects from where the pressure information is to be taken.

This valve transmits the pressure signal to one very stable stationary

transducer, from which an analog electrical signal is obtained. This

signal, due to a low pass filter, corresponds to the mean pressure.

Ellmination of centrifugal effects on blade-mounded pressure transducers

1s gained by this procedure.



VIII. REVIEW OF LITERATURE

Through the years there have been many lnvestigatlons in the

compressor flow area. The earllest of these have mninly investlgated

the flow in stationary cascades of blades, both cylindrlcal and

stralght. Thls is due to the dlfflcultles connected with on-roter

measurements. Some compared the experimentally obtalned data with

analytical solutions for the flow field. Because of the complexlty of

the problems lnvolved with compressor flow theory, the analyses had

to be slmplified. Modern computers have made lt possible to obtain

fast and accurate analytical solutions for the flow field. However,

the equatlona governlng the flow fleld still have to be slmplified.

Hlstorlcal Review

In 1947 Weske [I] lnvestlgated the aerodynamic characteristlcs

of a rotating axial-flow blade grld wlth pressure lncreaslng effects.

He provided one of his blades, which he referred to as the master

blade, with several pressure taps arranged in three different span

posltlons (87.51, 501, and 12.51 span). The outer and the inner

position was one inch from the housing and hub rcspectively, to avoid

the end-wall boundary layers. Each span posltion had 23 taps, and

these were distributed equally over the pressure and suctlon sldes.

From these taps he obtained the pressure distribution over the blade

surface. The purpose of the investigation was to analyze the flow

through the rotatlng grld. The mphasls was on those effects not

existing ln a non-rotating grld and on the factors not included in the

3
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two-dimensional theory for axlal flow blade grlds. Certain effects,

such as centrifugal acceleration, was impossible to simulate in a

stationary test. Weske found that the tip section stalled early and

the root section late due to radlal displacemcnt of the boundary

layer. He also found that this effect could precipitate "pumping" as

a result of tip stall and certainly decrease the efficlency.

The same year Heske also published [2] an additional article on

certain aspects of flow in compressors and turbines. Here he investi-

gated flow in boundary layers and wakes encountered in multiple blade

rows qualitatively, especially in connection with operating charac-

teristics. He investigated the use of two-dlmensional theory to in-

corporate corrections for the three—dLmensional effects. Weske de-

termined that on single stage units the boundary-layers were relatively

thin so that the three-dimensional effects were relatively small and

probably negligible, whereas on multistage units these three-dlmensional

effects were of importance. A criterion for radlal stability was

proposed and defined. This criterion used the relation between the

radial distribution of pressure versus the magnitude of the radlal

distribution of the whirl velocity.

In an investigation also made in 1947, Runckel and Davey [3] ex-

plored the pressure distribution about the mean span on the rotating

blades of a single—stage axial-flow compressor. The pressure transfer

device they used contained mercury to obtain the seal necessary between

rotating and stationary parts. The apparatus they employed had 24

cells, which allowed them to transmit 24 pressures coincidentally. Their
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conclusions were that the maximum suction side pressure, for the thin

low chambered blade they used, was hardly greater than for the isolated

alrfoil of the same section. Furtbermore, they determined the

necessity of using cascade test data to design the blade angles for

the rotor, since the experimental lift curve slope was much lower than

that estlmated from theoretical calculations. The compressor employed

was found to stall first at the root and tip sections of the blades

due to casing boundary-layer effects, incorrect blade twist and large

clearances.

At Lewis Flight Propulsion Laboratory in Cleveland, Ohio, Wu and

Wolfenstein [4] in l9&9 analyzed the radial motion and radial equi-

lihrlum condition in an axial-flow compressor. They concluded that

even in free-vortex designs, with non-tapered passage walls and re-

quiring no change in velocity distribution from stage to stage, a

conceivable amount of "oscillatory radial motion" takes place within

the stage. These effects are of such a significant magnltude that

they should be regarded in the design. The determination of the

"oscillatory radisl mot1on" required a long process of step—by—step

calculations. It was found, however, that a sinusoidal radial flow

path gives good approxlmate results. The method usually employed for

calculations and hence design, neglecting the radial motion, is

correct enough only for the case in which the axial length of the

blade row is much longer than the radial length, and is incorrect for

use in the case of a finite blade-row aspect ratio. The differences

between the method Wu and Wolfenstein suggest and the usual method
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are significant.

ln 1951 Westphal and Godwln [5] utilized the pressure transfer

device that Runckel and Davey [3] had developed. They compared the

performance of a NACA-65 compressor blade in a two-dimcnslonal cascadu

with the performance of the same blade in an axial-flow compressor

with a rotor of free-vortex type. They measured inlet and exit

velocities, pressure rise, and the pressure distribution on the blade

surface. While Runckel and Davey [3] only measured mldspan, Westphal

and Godwin employed three different span locations in a manner similar

to that of Weske [1]. The comparison lndicated that the data obtained

from the cascade quite accurately prcdlcts turning angles and blade

pressure distrlbutions on the compressor, but only for the compressor

design angle of attack. At other than design angle of attack, the

comparison showed signlficant differences, probably due to secondary

flows.

Schlichtlng [6] d1d in 1954 a comprehensive investigation on both

a straight and a cylindrical caacsde. He compared the experimental

results with analytical results. Schllchting obtaincd for the first

time theoretical data on the loss coefflcient by applying boundary-

layer theory. Due to the lack of computers, an extensive computatlon

of "cascade down—waah tables" was necessary to decrease the amount of

work to such an extent that it was possible to obtaln a systematic

theoreticsl investigation of the cascade. He noticed in a comparison

of tests on two-dlmensional cascades wlth tests on cylindrlcal

cascades that the effects of radial divergence on the pressure distri-
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button on a blade and on the local loss coefftctent were tnstgntftcantly

small. Schlichttng approached the cascade flow problem in two ways,

the "tndirect problem" approach and the "direct problem" approach. In

the tndtrect problan the known quantities were the veloctty diagram

(Velocity trtangles) for the tnlet and exit and the geometry of the

cascade was unknown. ln the direct problem the known quanttttes were

the geometry of the cascade and the geometry of the blade profile. In

both the direct and tndtrect problem, the pressure distribution on the

blade surface was an unknown quanttty. As a result of this investi-

gation, Schlichting obtalned a solutton for the two-dimenstonal frtctton-

less cascade for both the direct and the tndirect problem. He used the

Prandtl-Glauert rule to relate tncompresstble flow to compresstble sub-

sonic flow.

In 1956 Johnson and Bullock [7] issued a comprehensive work on

the "aerodynamic design of axtal-flow compressors." First the work

was regarded as conftdential, but after 1958 the general public had

access to tt. This work was an attempt to take in all earlier research

in the axial-flow compressor area and to correlatc this information

into a single report, which hopefully should be of value in compressor

destgn.

At Vlrgtnta Polytechntc Institute and State University, there ts

a contlnutng investigation tn the axial-flow compressor fteld (References

9, 10 and ll). The work reported here ts a part of that effort.



IX. THE INVESTIGATION

The objective of the experiments was to obtain accurste experi-

mental mean pressure data on the rotating axial-flow compressor blade.

The pressure data was obtained from three different span positions.

Radlal equilibrium was used to calculate the Velocities at radii

different from mean radius data.

The intention of the snalytlcal investigation was to accomplish

a potential flow solution for the Velocity distribution on the blade

surface. The boundary-layer displacement thickness was added to the

blade to slmulate viscous flow.

The experimental equipment, procedures, data acqulsition and

data evaluation are described in Part l.

The procedures and analysis from the analytical approach are

described in Part 2.

Tart l

A. Experimental Eguipmeini

Axial-Flow Comprgg

The compressor ployed in this investigation was manufactured

by General Electric and has the model number 5CDY34Al. The unit

consiats of an axial-flow fan direct coupled to and mounted on a

common non-self—supporting bedplate with a 5.5 kw DC cradled dyna-

mometer. lt is possible tu operate the compressor as a single-stage

or aa a two-stage machine. Throughout these experiments, only the

8
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single stage configuration was used.

As employed in thls investigation, the compressor unit consists

of one stator section, acting as inlet guide vanes, and one rotor

section. The compressor ls shown in Figure 1.

The stator contains 37 adjustable lnlet guide vanes attached to

the outer caslng upstream of the rotor. The stator was set at an

angle of 16 degrees at the mean radlus for the experiments. The blade

angle setting is shown in Figure 2. The stutor angles have a twist of

8 degrees, and thus the root angle was 12 degrees und the tip angle

was 20 degrees. The vanes were arranged to supply a whirl velocity

in the opposite direction from the rotor motion (Figure 10).

The rotor has 24 sdjustable blades with a blade twlst of 4 degrees.

The rotor blades have a RAF I6 cross section (Figure 3). The roter

blades have a chord length of 42.3 mm and a span length of 70.2 mm.

The rotor hub diameter ls 310.6 ·«··· thus making the blade root to

tip ratio 0.687. The outer casing diameter is 451.8 mm with a nominal

tip clearance of 0.38 mm. The totor blades have a solidlty rat1o of

1.18 at mean radlua. For the experlments, a mid—span blade angle of

60 degrees was utlllzed, which makes the angle at the hub 58 degrees

and the angle at the tip 62 degrees. Figure 2 shows the anglé setting

at mid-span. The rotor is seen in the photograph ¤f Figure 4.

The fan is arranged to dlacharge into a l22x122x12Z cm plenum

(Figure 5). A discharge valve connecting the output from the plenum

to a 45.7 cm duct controls the compressor mass flow rate. Table 1

shows the angle of attack versus the valve positions used. The angle



10

FIGURE l. P|·DT(X§RAPH oE ms COWPRESSOR AND
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Table 1. Valve Poaitiou Versua

Angle of Attack

valve angle of

position attack

Ä
^·~‘

1 5.3'

Ä ~·
3 6.2'

K M-

7 11.9'

Ä <¤.~·>

Note: Due to large fluctuationa associated with stall at large angles

of attack (valve position B and 9) the data ls not completely

rellable ln this region.
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of attack 1s calculated as shown in Part C.

The compressor is driven by a 5.5 kw variable speed, cradled

dynamometer. The dynamometer speed can be varled over a range of 500

RPM to 3000 RPM. The minimum speed is limited because of inadequate

ventilation and cooling at lower speeds. The only speed used in the

experiments was 2400 RPM. The dynamometer scale and tachometer per-

mitted measurunent of power supplied to the compressor.

Pressure Scanner

The pressure scanner employed, henceforth referred to as the

Sc¤n1valve,R was manufactured by the Scanivalve Corporation and had the

model number 36 TR. The Scanivalve has 36 ports fur pressure measure-

ment, however, in the mcperimenta only 3l were adapted. The Scanivalve

scanned the ports one at a time with a manually cuntrolled speed. The

stepping was achleved by an air-stepping motor, which steps one step

each time the flow direction is switched. The pressure from the port

selected by the Scanivalve was messured by one stationary pressure

transducer, made by Druck Ltd, type PDCR Z2. The pressure transducer

has a range of 0-6.9 kPa and an output of 17 mV at 6.9 k.Pa. The

linearity is within :0.061 B.S.L. Figure 4 illustrates the Scanivalve

with the transduter mounted. The Scanivalve which is propelled by the

compressor at 2400 RPM, has a maximum design speed of 30000 RPM.

The Pressure Blades

For the experiments, pressure taps have been made on six rotor

Scanivalve rne.
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blades. Each roter blade has S taps with an approximate chordwise

distribution of 101, 251, !•51, 651, and 851, respectively. Three

blades have the taps on the pressure side and three on the suction

side. Three different pairwise span distributions at 251, 501, and

751, respectively, were employed. A photograph of two blades is shown

in Figure 6. Altogether 30 ports were used fur obtaining the blade

surface pressures. The stagnation pressure was measured with a leading

edge tap at the midapan radiua position. Th1rty—one out of 36 ports

on the Scanivalve were thus used for the experiments. The pressure

blades are made from ordinary RAF {6 rotor blades, with tubes mounted

in milled slots and fixed with epoxy glue. The rotor blades are made

of aluminum.

Description of Test Set-Up

The pressure blades were mounted pairwise in the rotor, thus,

at each span position the suction side taps were facing the pressure

side taps (Figure 6). The stsinless steel tubes mounted in the blades

were connected to the Scsnivalve tubea with heat—shrink1ng plastic

tuhing, accomplishing the necessary seal. At the center of the rotor

one end of a rubber hose was mounted, and the other was connected to

the Scanivalve's driveshaft, empluyed as the propelling device for

the Scanivalve. The Scanivalve was attached and centered on a

support mounted on the uuter housing flange. Figure A illustrates

these arranganents.
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FIGURE 6. Pworocnma or Two

Pnzssumz Buxmzs
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Power to the transducer was provided by a Hewlett—Packard power

supply, which delivered the necessary 12 V D.C. Since the output

signal from the transducer was in the range of 0-10 mV corresponding

to a pressure of 0-4 k.Pa (0-16 inches of water), the signal was amp1i—

fied to a more useful level. For this purpose a DC amplifier was

connected to the pressure transducer‘s output and the signal was ampli-

fied to 1.5 V, corresponding to a pressure of 37 kPa (15 inches of

water). A digital voltmeter with s datslogger was connected to the

amplifier. The datalogger printed the data from each port. To

average the fluctuating pressure signal, a low—pass filter was con-

nected between the amplifier and the voltmeter. The low—·pass filter

had a 1000 ul? capacitor and a 1000 S1 resistor, thus giving lt a cut-

off frequency of 0.16 Hz. This arranganent made it possible to read

the mean pressure as a stable signal, since all frequencies above

0.16 Hz were elimlnated.

Two fluidic f1ip—flops supplied the air-stepplng motor with

pressure pulses to enable selection of the desired port. The flip-

flops provided signals in opposite directions, which made the Scani-

valve step one step for each pulse. The pressure utilized for the

pulses was approximately 500 kPa. Figure 1 is a photograph of the

general set-up.

B. Test Procedure

Mean Pressure Measurements

The only compressor speed used in this investigation was 2400 RPM.
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Figure 7 shows the compressor characteristic at this speed.

The blade taps were numbered from 1 to 31. One to 5 corresponded

to the suction side taps and 6 to 10 to the pressure side taps at 7SZ

span, ll to 15 the suction side taps and 16 to 20 the pressure side

taps at 501 span, 21 to 25 the auction side and 26 to 30 the pressure

side taps at 251 span. Port number 31 was used for the stagnation

pressure probe. The taps were connected to the correspondlng tubes

from the scannivalve.

The discharge valve was closed from valve position 0 to valve

position 9 during the tests. Each valve position accordlngly cor-

responded to different angles of attack (see Table 1). The angle of

attack increased with increased valve position. At each valve position

the surface pressure for all 30 ports was observed and printed out by

the datalogger.

The pressures in front of and behind the rotor were measured

during the runs. The total and static pressure were measured and the

flow augle was indicated by a directional probe. The directional probe

can be seen in Figure 1. This arrangaaent made it possible to obtain

the absolute and relative velocities behind the stator and behind the

rotor.

Fluctuating Pressures

Measurement of the fluctuating pressures was accomplished

employing a storage-type oscllloscope. The purpose of this study was

to determine the kind of fluctuations that the mean pressure measure-
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ments averaged out. The nature and the reasons for the fluctuations

are not investigated here. In this part of the experiments, the low-

pass filter was disconnected. The same test procedure that was

followed for mean pressure measurements was anployed. Figure 8 shows

photographs taken by a Polaroid camera during the investigation. The

possible frequency response was calculsted for the system. The pro-

cedure for obtaining the maximum frequency response is presented in

Appendix A.

C. Evaluation of Data and Results

Pressure, Velocity Relations

The pressure data obtained from the blades were evaluated

employing following procedure.

The centrifugal force acting on a rotating column of air caused

a pressure difference in the measured pressure at the center of

rotation from that at the blade surface. The centrifugal pressure

effect was calculated by,

PC
-

2 ¤
vz

. (1)

To obtain the true surface pressure, the pressure data from the

origin was thus corrected with regard to centrifugal forces.

Bernoullis equation for incompressible flow was used to relate

the pressures to the velocities.

po

-

1> + kp
vz

(2)
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Figure 9 illustrates the relative and absolute velocities before

and after the rotor.

The stagnation pressure relative to the blade Por was calculated

bv

P
-

P + 5 g v
2

(3)
or l l

Since the total pressure relative to the rotor was assumed constant

along a streamline, the static pressure at each tap Pr was related to

the stagnation pressure and veloclty by

P
-

P + 5 p v
2

(6)
or r r

Equation
/•

divided by *5 0

V12
yields the nondimensional pressure,

V. 2 Vx,. - V.
Y

‘
Y

(5)

1 5 p V1

The stagnation pressure
Por

can be determined from two different

approaches. The first approach is to use the measured value from the

stagnation pressure probe on the blade. The second method is to use

the data from the probe in front of the rotor. The stagnation pressure

relative to the stationary probe
Pol

was related to the absolute

velocity

P
-

P + 2 ¤ c
2 <6>

ol l l
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Equatlon 6 substituted into equation 3 yields

2 Z

Por
. Pol Cl ) (7)

In Table 2 the results from the stationary probe are compared with

the stagnation pressure obtained from the probe on the rotor blade.

Radial Eguilibrlum

Since the velocities and flow anglea vary with radiua, a method

ls needed to allow cslculations of the velocities at any radius. The

method used in this study was simple radial equilibrium. The condition

of radial equilibrium was derived from the pressure balance in the

radial direction.

2

gg dö
cw

(p+ dp)(r+ dr)d9
-

pr d6
-

2(p+
2
)drT- o dr r d6T (8)

Figure 10 lllustrates equation 8. The gravitational forces have

been neglected since their magnitude is lnsignificant compared with

the centrifugal forces. All second order terms in equation 8 were

ueglected to obtain,

2

L es . Ä (9)
p dr r

Equation 9 is usually called the simple radial equilibrium con-

dition. The derivative of equation 6 was substituted into equation 9,

which gives
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Table 2. Stationary—Measured versus

0n—Rot¤r—-Blade Measured

Stagnation Pressure

Dh IDEO! SEBEIOHEIY

Valve measured measured

position (inehes (inches

of water) (kPa) ef water) (kPa)

7.71 (1.919) 7.77 (1.933)

1 7.61 (1.894) 7.70 (1.916)

3 7.45 (1.854) 7.56 (1.861)

4 7.35 (1.829) 7.43 (1.889)
—

7.15 (1.779) 7.21 (1.794)

6.90 (1.717) 6.87 (1.710)

7 5.95 (1.481) 6.71 (1.670)

(4.50) (1.120) (7.61) (1.894)

@.70) (1.170) (6.63) (1.650)
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dP dP
o1 l dc

dr dr
+ °C

dr
(lo)

From the Velocity triangles, Figure 9, the trigonometric relation was

obtsined.

c2

-

C
2

+ C
2

(11)
w s

which is differentisted to obtsin

dc dC
dC w a

C
dr

cw
dr

+ Ca
dr

(12)

Equatiou 12 combined with equation 10 yields

After a single stator, the stagnation pressure can be regarded

dP

as constant, that is,
ä -

0 and equation 13 becomes

The compressor employed in this study had a stator designed for

free—vortex flow, that is, the whirl Velocity Cu varies inversely with

the radius, Free-vortex flow results in the axial Velocity Ca constant

dC

along the radius, thus
ä -

0 and equation
1/•

gives

dc
w dr

C · - r (15)
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which becomes after integration

Cur
•

constant (16)

Equation 16 is the free-vortex condition.

Heasurements ylelded a practically constant axial velocity along

the radius, which justifies the aaaumption of constant axial velocity.

Equation 16 ylelde a blade twist of 8 degrees on the stator,

which also was the twist on the stator smployed for the experiments.

The pressures and engles obtained from e pressure probe in front

of and behind the rotor are tabulated in Table 3 of Appendix B. Table

4, 5, and 6 shows the velocitles derived from Table 3 and radial

equillbrium.

It was also investigated whether or not the measured mean pressure

was the true average pressure. The only part of the experiments

where this procedure was required was in the region of larger pressure

fluctuatlons, essentially valve position 5 through 9. Reference 8

presents an investigation of oscillating pressures. On the compressor

employed in this study, the difference between the highest and the

lowest pressure was about 0.5 I¢Pa (2 inches of water), which made s

maximum versus minimum pressure ratio of 1.05. The total error of the

measured pressure versus the true pressure should be with this ratio,

according to reference 8, significantly less than 1%. Figure 8 shows

photographs of the fluctusting pressure.

The results of the non—·d1.mensiona1ized chordwise pressure dis-

tribution at 251, 50%, and 751 span obtained in the experiments are
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presented in Figure 12a through j. The symbols used in these flgures

are given in Figure ll.

Part 2

A. Analytical Investigation

Comguter Program

Air, which is to be regarded as a Newtonian fluid, is governed

by; the continuity equstion 20, the Nevier-Stokes equetions 21, the

energy equation Z2, end the thermal and caloric equations of state 23.

Q P Q

at+ax
(pnk)-0 (20)

k

Qu. Qu Qu Qu Qu

_.l+ .l.-H+..L,_; i. Q; 21

"
ar

°

“kQu

Qu Qu Qu Qu

¤ ä* wk ä
‘

· P §*ä (P + ¤<§+ rlwi
‘”’

k k J J k J *1 *1

P
-

P(o, T)

(23)

e
-

¤(¤• T)

e rapresents the internal energy per unit mass in these equatious.

Since the equatiuns are coupled and nonlinear, assumptions must

be made to obtain a solution.
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1. The flow is considered incompressible.

This assumption uncouples the energy equation 22 from the continuity

equation 20 and Navier-Stokes equations 21. This has the advantage that

it now is posslble to solve for the velocities and pressures without

reference to the energy equation. Furthermore if equation 20 is ex-

panded to the form

Bu

EE EL l

-
2

at
+ uk

axk
+ g

axk
0, (Ob)

it is seen that the two first terms in 20b are due to compressibility

and thus equal to zero, hence equation 20b yields

Q
_

0
(26)

Bxk

2. Negligible viscous effects.

With this assumption, the Navier—Stokes equations Zl becomes,

Bu Qu

..1. ..1. .
_

2..
_

mb
°3t+°uk8x

3x+°fj ()

k J

The two equations left now,
2!•

and 2lb, are the equations governing

the velocity and pressure fields for sn ideal fluid.

For a two-dimensional flow the continuity equation becomes in

Cartesiaa ccordinates 25 and the two components of the Nsvier-Stokes

equations 26.

Bu 3v
..

-
. 25

ax + By
0 ( )
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¤¤ 3- Q
_ _

I Q

a:+“ax+"ay ¤ Bx+gx

(26)

H I!. H „ i jl

Gt+“Gx+vGy- 0 Bx+gy

To eliminate the gravity und pressures from the two equations 25

and 26, they are cross—differentiated, which yields,

LQ Q LQ_Q
LQ_Q-

(27
Gt (Gx - Gy)

+ U
Gx (Gx Gy)

+ V
Gy(Gx

Gy) 0 )

Inside the parenthesis is the definition of the vorticity w in

the z-direction

-
Q

_
Q . 28vz

Gx Gy
( )

3. The flow is irrotational.

The condition of lrrotationality for a two-dimensional flow is

wz
-

0 which yields

GV Gu—

-

—

-
. (29)

Gx Gy
0

The governing equations for the flow are now aimplified enough

that it is possible to obtain a solution for the flow field. This

solution is called the potential flow solution.

Introducing the stream function vb, which is defined by the

following,
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B

u-·g% and v--gg (30)

Equation 30 ls substituted into equation Z9 and the Lap1ace's

equation for the stream function is obtalned.

2 2
LY + LY „

0 (11)
2 B 2

3x y

The stream function satisfies the continuity equation 25.

2 2

AJ.
_

.L¤L . Q
Bx By By Bx

Two useful properties of the stream function are to be mentioned

here.

l. Lines where ua is constant are the stream lines of the

flow field.

Z. The different values of two stream lines gives the volume

of the fluid which is flowing between these two stream-

lines.

The computer program utilized in this study essentially solves

the Lap1ace's equation for the stream function 31 everywhere in the

flow field. The area of interest is between two adjacent rotor blades.

To solve equation 3l with a computer, a numerical method must be

used. The method employed in this investigation was a finlte difference

method.
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#1-%

0
ax ay !5(Axl + Axz) Ayz)

The finite difference method is illustrated in Figure 13.

Owing to the fact that Lap1ace's equatlon is elliptic by nature,

it is a boundary value problem, and lt was thus necessary to apply

boundary conditions on a "complete contour encloslng the region."

Figure
l/•

illustrates the area of investigation. The boundary con-

ditions used in the computer program are briefly described here.

The stream function W was assumed constant along the blade

aurfaces. W was set to l on the upper surface IK and equal to 0 on

the lower surface HJ. In the area ABC upstream of the rotor, the flow

was assumed uniform. WA was calculated each iteration and WB was

set WA + l. The intersection point of the streamline upstream from

B and AC thus had the value WA + 1. Accordingly AC was divided

uniformly and all points given corresponding values. CB achleved

values in a similar way. The line AH was calculated and BI was given

one unit higher values. At each itaratlon AH and BI Chänßéd Valués

but added or subtracted one unit corresponding to their position. In

a similar way the area downscream of JK obtained values. Hence the

boundary conditions were determlned. All points within the area

ACEF were given arbitrary initial values.

The procedure that the program employs to calculate values for

each point within the area ACEF is the Gausa—Se1del method. In the
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iteration procedure calculating the center point W1 (Figure 13), the

values for W3 and Wh were from the previous iterstion, while the

recently obtained values for W2 and W5 were used. The "computationsl

mo1ecule" stepped ahead so that W3 became W1 and used the recently

calculated data and "old" values to achieve a value for the new W1

and so on. After a large number of iterations the change between the

old value and the new value was sufficiently small and the execution

ended.

The two input variables in the program were the inlet velocity

angle B1 and the outlet velocity angle B2. Bl was given the desired

angle and for each
Bl the angle B2 was changed until the trailing

edge condition was satisfled.

The trailing edge condition, in this case was the Kutta con-

dition since the flow was assumed inviscid. The Kutta condition [16]

requires that the velocities and hence the pressures on the pressure

and suctlon surfaces be equal at the trailing edge. Figure l5a and b

illustrates the determination of the Kutta condition.

Boundary Layer

Since an exact solution to the governing equations 20 through 23

has not yet appeared, an approximation to simulate viscous flow must

be used. The method used here was to assume that the effects of

viscosity were concentrated in a thin strip adjacent to the blade

surface, and the flow outside of this narrow region was regarded es

irrotational. This thin layer on the blade surface is called the
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boundary layer. To be able to calculate the boundary layer, information

about the surface velocitiea was necessary. lf the bcundaty layers are

thin the veloclty distribution obtained from potential flow calculations

earlier ia a good approximation. In reference ll,Bryner has calculated

the boundary layer along the blade suction surface. From these calcu-

lationa the displacement thickness distribution over the blade surface

suction side was obtained aa a function of the chord length. A

polynomial fitted to the displacement thickness allowed substitution

for the blade surface in the computer program.

For the pressure side dlsplacement thickness distribution, the

flat plate approach was used, since the pressure on this side was

essentially uniform. Appendix C describes the procedure used to

calculate the displacement thickness on the pressure side. Figure 16

illustratea the boundary layer displacement thicknesses. The wake

after the trailing edge was approximated in the computer program by

adding a source at the trailing edge, that is, increase the size of

the stream function at the trailing edge. Since the pressure distr1—

bution did not change a large amount with the angle of attack, the

same approximation for the boundary layer was used in all cases. In

Appendix D the computer program employed in this study is listed.

B. Results

ln Figure l7 the potential flow solution is illustrated for a

blade with atagger angle of 60 degrees at the mean radius. An angle

of attack of 7 degrees, correaponding approximately to design
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conditions for the compressor, was used. The Kutta condition was

satisfied by trial and error to a turning angle of 9.55 degrees.

Figure 18 demonstratea the difference between the potential flow

solution with and without boundary layer at the mean radius with a

stagger angle of 60 degrees.

The theoretical solution at midspan, with boundary layers, for

angles of attack of 5, 7, and 9 degreea is shown in Figure 19, a

through c, and for 25 and 75 per cent span at an angle of attack of

7 degrees in Figure 20 a and b.

The turning angles were determined hy trial and error until the

trailing edge condition was satisfied. The trailing edge condition

employed with the boundary layer solutions was the so-called closure

hypothesls [16]. This trailing edge hypothesis was to set the turning

angle so that the intersection of the preeaurea from the two sutfaces

occurs at the trailing edge, thus similar to the Kutta condition.
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X. DISCUSSION OF RESULTS

F1gure 12 a through
_1

illustrates the experimental pressure dis-

tr1but1on for various augles of attack and different span positions.

The pressure distribution is consistent in figures a through e, with

the highest pressure coefflcient at 751 span and the lowest at 251

span, as expected. With increas1ng angle of attack, and accordingly

lower absolute velocity, the pressure coefficient decreased.

The auction side pressure coefflcient drops for 251 span at an

angle of attack of 9 degrees and at about 451 chord, wh1le for other

span positlons the distribution is consistent, Figure 12f. This is

probably due to separation and reattachment s1nce a pressure recovery

occurs towards the trailing edge.

At higher angles of attack, in the stall region for the compressor,

th1s pattern of separation and reattachment appeared for the other

span positions also. ln F1gure 121 1t ls seen that the flow apparently

separates at the leading edge for 751 and 501 span, and the separation

occurs at about mid chord for 251 span. This was consistent w1th valve

position 9 (Figure l2j).

A comparison between experimental and theoretical results 1s shown

in Figure 2la through e. lt is lllustrated for mldspan with an angle

of attack of 5, 7 and 9 degrees. The agreement is good for 5 and 7

degrees, while the pressure side at 9 degreea angle of attack has H

discrepancy of about 151. This 1s probably due to the boundary layer

at higher 1nc1dent angles being thlcker than the boundary layer used
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in the program.

Figure Z1 d and e shows the comparison of experimental and

theoretical results for 25 and 75 per cent span at an angle of attack

of 7 degrees. At 25 per cent span the difference is about 201, probably

due to the boundary layer used in the program being too thick. The

agreement for 75 per cent span is good.

The peak at about 121 chord for the theoretlcal results did not

appear for any angle of attack or span position for the experimental

results. The reason for this was probably that in viscous flow a

boundary layer develops so that the surface appears smoother and sharp

peaks do not occur.

The accuracy of the experimental data for the blade surface

pressures was high. The difference between the data obtained from

different runs was a maximum of 0.2 inches of water at a magnitude of

10 lnches of water. The comparison of stagnation pressures measured

with a stationary probe showed good agreement (Table 2) . The pressure

transducer used had a linearity within t0.06 per cent.



X1. CONCLUSIONS

Experiments have been carried out to obtsin the pressure dia-

tribution ou a rotating compressor blade at various angles of attack

and span positions. These distributions followed in general a con-

sistent pattern, however, slightly different from previous work [10].

Employing a potential flow solution with boundary layers seems justi-

fied from the comparison between theoretical and experimental results.

A more accurate diaplacaaent thlckness could perhaps achieve a better

agreement in some cases. In other cases the results show surprisingly

good coherence. The boundary layer used in the program was thin,

which also justifles the prediction of boundary layers from potential

flow velocities. The boundary layer was thln since the flow was

aasumed to be unseparated all along the blade surface.
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XII. RECOMMENDATIONS

This investigation showed that there are several connected areas

which suggest further study.

The following are considered to be especially pertinent.

l. lnvestigate the radial distribution of the boundary layer

on the compressor blade.

2. Develop an improved method for determining the theoretical

deviation angle.

3. Further study in the fluctuating pressure area.
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Arrsuuxx A

The frequency response for a pipe and a cavity may be cslculated

with Helmholtz resonator frequency theory, taken from reference 13.

urz cz xs

vu. + 5;/uzrzl

c
-

/kRT the Velocity of sound

k
·

1.4

11

-

0.287
—

103 J/K

T
-

298 K

.°. C
-

346 m/S

V is the volume in the connection to the pressure transducer.

L is the length of the tubing from the rotor blade to the transducer.

r is the inside diameter.

v
-

619 ·
10-9

m

L
-

0.178 + 0.203
-

0.381 m

r
-

0.00041 m

„
-

0 000412 · 3462
ä

w 4497 rad/S

8.19
-

10 (0.381 + 5/u2 0.000412)

which yields a resonant frequency of 716 Hz.

Since the volume of the csvity in the transducer was so small, it

is doubtful if Helmholtz resonator frequency was applicable. The
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resouate frequency may instead be calculated by using organ pipe

assumptions.

The minimum time required for a pulse to be reflected back to

the starting point was

2
·

0.381 -3
t

- 346 -
2.2 10 S

which gives a frequency of
!•5l•

Hz.



A1>r·mm1x B

Table 3. Pressures and Angles Maasured

With Stationary Probe

P P P P
vaävi

inches
1 O1

al inches
2

inchesoz
P°B t On

of water (k.Pa) of water (kPa) of water (kPa)

-2.20 (-0.547 23 0.72 (0.179) 2.35 (0.585) -4

1 -2.00 (-0.498 23 0.95 (0.236) 2.55 (0.635 -7

2 -1.90 (-0.473

¤
23 1.17 (0.291) 2.77 (0.689

¤

_

-1.80 (-0.448 23 1.45 (0.361) 2.95 (0.734 -12
N

4 -1.60 (-0.398) Z3 1.70 (0.423) 3.08 0.766 -16

m

S -1.30 -0.323 23 1 ·¤
•

3.17 ¤:·—

-1.00 (-0.249) 22 1.90 (0.473 3.15 0.784 -32

7 -0.85 (-0.212) 22 1.90 (0.473) 2.95 (0.734 -37

-0.80 (-0.199) 22 1.87 (0.465) 2.70 (0.672 -37

¤
-0.75 (-0.187) 22 1.87 (0.465) 2.70 (0.672 -38



Table 4. Velocities at Mean Radius

V Bvalve
C1 al Ca

Cwl l l

position m/s (Degrees) m/s M/S ¤l/S (DEEYEES)

31.64 29.11 12.37 67.36 68.4

1 30.18 23 27.77 11.80 66.85 65.7

Ä .9... .. ....3
23 26.33 11.19 65.26 67.2

N
4 26.97 23 24.84 10.55 64.10 68.9

°

24.32 23 22.40 9.51 62.24 70.7

21.31. 22 19.78 7.99 59.86 71.9

7 19.66 18.23 7.38 58.67 71.9

19.08 22 17.68 7.16 61.87 73.4

18.47 22 17.13 6.92 57.94 72.8
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Table 6. Velocities at 75 Per Cant Span

Obtaincd by Radial Equilibrium

valve C1 ' "1
C

(:911 V1 B1

position m/s (Degrees) m7s m/s m/s (Degrees)

11.11. 21 29.11 11.3426.161
29.69 21 27.77 10.79 69.56 66.5

u§ Z1 9101 10-99 69-01 §
1 28.25 21 26.91 10.26 69.66 67.6 N
6 26.66 2l 26.66

E
67.36 69.6

"‘

28.05 21 22.60 9.72 65.59 70.0

21.09 20 19.78 7.59 61.69 71.8

7 19.61 17.98 6.77 62.65 73.0

¤
19.96 20 17.69 6.55 62.09 73.5

_

18.26 20 17.11 6.16 61.72 71.9



APPDIDIX C

Boundary Layer for the Pressure Side

To obtain a boundary layer thickness on the pressure side a flat

plate assumption was employed, and the flow was assumed to be turbulent.

The starting equation was the momentum integral equatlon, derived

by Von Kérmän in 1921, as shown in reference 13.

dU C
d9 9 e f

ax + (2 °’ H)
ue dx 2

(1)

where 9

-

bl- (l
—

%) dy mümahtum thickness

o

Gu

H
-

momentum shape factor

H
-

1.38 for a flat plate

¤ E
6

-

Ii

(1
—

T) dy displacement thicknesa.

O
e

The boundary conditions used were;

u(x,y)
-

0 ;(x,y)
-

0 no slip condition on

the surface.

u(x,6)

-

Ua(x) the velocity outside the boundary layer

equal to the freestresm velocity.
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The variable of interest was the displacement thicknese 5*, and

9:

the goal was to achieve a numerical value for 5 as a function of the

chord length x.

For a flat plate the pressure gradient was assumed to be zero,

and equation l reduces to 2.

d9
cf

-

2
dx

(2)

The Reyno1d'a number with the parameter 9 and the parameter x was

reapectlvely,

Ue 9 Ue x

he ' T '
Rex

' T

introduced in equation Z yields

d Re
6

Cs 2
6 Re

Since the pressure gradient was asaumed tu be zero, Cf was a

function uf only one arbitrary parameter, ex. Cf ¤ Cf (Reg). Hence

Re
’ G

d Rea

Re
-

2 (3)
x Cf (Re0)

o

To obtaiu a relation for Cf(ReG), the law of the wall and wake

relations were used.

g_1+r!_2+3.l79II+l.5!!2 (A)
6 kl k2 Ä2
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Re
1 6 2

(5)

2
6

· y (6)

f

For a flat plate, I!

-

0.5, In
-

0.4 and B ¤ 5.5. Equations 4, S

and 6 can be approximated for the required relation for Cf(ReO)

0.44;
-

8)

Re
-

(3.75
EQ)

e
f

6 /2
C:

This is fitted to za more convenient power law approximation, and

the relation H
-

1.38 for a flat plate ylelds

-1/6

Cf
·

0.0128 Re

*

(7)

6

with an accurscy within $4 per cent.

Equation 7 was used in equation 3 to accomplish a relation between

Re

*

and Rex.

6

6/7

Re
.

Z 0.018 Rex (8)

6

From equation 8 the dieplacement thickneee as a function of the

chord length was obtained.



B5

1/7 x 6/7

6'
-

0.018 (E) (9)

Equation 9 was the desired relation between 6* and x.
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PRESSURE DISTRIBUTION

ON A ROTATING

AXIAL-HDW COMPRESSOR BLADE

by

Per Erik Schultz

(Aßsmn)

An investigation of mean rotor blade surface pressures was con-

ducted over a range of operating conditions. The pressures were

measured at three span positlons and five chord positions on both

auction and pressure sides.

A theoretical approach for obtaining pressure distributions on

the rotor blade using simple radlal equillbrium, boundary layer

theory and an existing finitvdifference, blade—to-blade computer

program is presented.

A comparison of the experimental and theoretical pressure dis-

tribution on the rotor blade at 25 per cent, 50 per cent and 75 per

cent span is included.

The comparison of experimental and theoretical pressure distri-

bution showed, in general, good agreement.


