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Abstract 

1. A thirty-six inch tip diameter axial flow a.ir com­

pressor, auxiliary apparatus and instrun1entation have 

been constructed and have been successfully operated 

for securing accurate test data. 

2. Special instruments for detailed flow measurements 

near bounding surfaces have been constructed and success­

fully used. 

3. On the basis of data secured from the test installa­

tion, it has been established that flow energy losses 

which result from fluid friction on actual compressor 

blade surfaces are considerebly greater than would be 

expected from measured or calculated two-dimensional 

results. Furthermore, the range of low-loss operation 

is significantly reduced. 

4. Test results indicate that the outer and inner wall 

boundary regions, which are affected by fluid friction, 

may or may not become more extensive through several 

stages of an axial flow compressor, depending on the 

specific compressor design. 

5. Measurements indicate that a considerable portion 

of overall compressor losses occur near the outer end 

inner extremes of the blade sets because of poor flow 

incidence conditions in the wall boundary regions. 
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I Introduction 

By the year 1946 the multi-stage axial flow air com­

pressor had become a frequently used component in gas 

turbine systems. Single stage axial flow pumps and com­

pressors had found numerous industrial applications. How­

ever, a great deal of the developmental effort on such 

devices had taken place under conditions which required 

that a practical working machine be produced in the shortest 

possible time, hence relatively few fundamental investiga­

tions of internal flow patterns had been made. It was 

apparent at that time that further significant improvement 

in the axial flow compressor required careful theoretical 

and experimental investigations, portj_ons of 1nhich could 

appropriately be conducted in the Institute laboratories. 

It was believed that a coordinated theoretical and 

experimental research program could contribute substantially 

to the improvement of overall compressor efficiency, to the 

extension of the useful performance range and could pro-

vide information which would aid compressor and pump 

engineers in designing machines to suit a wide variety of 

prescribed operating conditions. A great deal of the ex­

perimental work required by such a program could be done 

in the low-speed, low-Mach number regime of operation, 

particularly since considerable test accuracy could be 

achieved with a relatively inexpensive and convenient 

installation. 

Such a program v,,as undertaken by the :Mechanical 
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Engineering Laboratory with the support of the Office of 

Naval Research, Department of the Navy. Professor W. D. 

Rannie supervised the entire program. Design and super­

vision of construction of the test installation was con­

ducted as a joint project by Mr. R.H. Sabersky and the 

writer. The program could conveniently be divided into 

three portions: determination of overall compressor per­

formance, investigation of the ideal, "perfect fluid" 

internal flow, and investigation of fluid viscosity ~'re a l 

fluid") effects in the internal flow. The first program 

was conducted jointly; experimental and theoretical work 

for the second was conducted by Nir. Sabersky, and has been 

reported in Reference 5. Experimental and theoretical 

work on viscosity effects was conducted by the wTiter, 

and constitutes the subject of Sections III, IV and V 

of this report. 

A convenient and adequate design theory for axial 

flow turbomachines, based on the equations of motion of 

an inviscid fluid, had already been developed by Professor 

Rannie. A substantial portion of the overall program was 

devoted to detailed experimental confirmation of the 

theory. However, little or no the or~t ,_ca 1 information 

was available on viscosity effects, and such experimental 

evidence as had been secured was largely uncoordinated. 

The investi~ation of viscosity effect s was therefore 

begun by locatine those regions of the compressor flow 

stream were such effects are most important. Near the 
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surface of the compressor blades and near the outer and 

inner compressor walls, viscous effects appeared to be 

of decisive importance. Hence these regions were 

selected for initial theoretical and experimental investi­

gation. It is believed that some significant results 

have been obtained, but rnany questions remain to be 

answered by further investigation. 

Construction and operation of the test equipment 

and instrumentation are discussed in Section II. Section 

III provides a general introduction to viscosity effects 

in axial flow turbomachines. Sections IV and V present 

specific results and conc lusions on viscous effects. 

Some detailed information, which may not be of general 

interest, has been included in Ap~endices I to V. All 

figures and tables are grouped in the final pages of 

the re port. 



II The Experimental Program 

2:1 The Test Equipment 

2:1.1 Design Criteria and Principal Dimension 

In accordance with the purpose stated in the intro­

duction (Sec. I), the test installation was to be con-

" structed so as to be suitable for a large variety of 

different research experiments. To limit somewhat the 

scope of the problems to be investigated it was decided 

to restrict the present work to low speed flo'1'.r. It was 

felt that a more thorough understanding of this field 

would contribute most to successful application of multi­

stape compressors. 

To satisfy the requirement of a flexible installation, 

the compressor was designed so that each blade (and each 

blade row) would be removable and also have an adjustable 

angle setting. For the same reason, instrumentation was 

provided to allow detailed measurements near the blade 

rows as well as overall performance measurements. The 

compressor was to be sufficiently large to permit the use 

of instruments of reasonable size without causing undue 

interference with the flow. The compre~sor speed was 

ehosen high enough to produce pressure difference that 

could be measured with good accuracy. On the other hand 

it was to be low enough to avoid structural difficulties 

inherent in the desi~n of an adjustable blade fastening 

arrangement, and to keep within the power limitations of 
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the available laboratory. The hub ratio was to be relatively 

low to simulate a design requirement of modern high perform­

ance compressors and to allow study of three-dimensional 

flow patterns. 

There was to be a sufficient number of stage s to permit 

duplication of conditions typical of the middle and last 

stages of a multistage compressor. In addition, one row of 

entrance (pre-rotation) vanes and two rows of rear (recovery) 

vanes were required. It was felt that the effects of axial 

spacing between blade rows had been established by other 

investigations, hence fixed axial positions could be adopted 

for all blade rows (Ref. 1). The blade aspect ratics and 

cascade solidities were to be typical of modern high per­

formance compressors. Finally, the compressor structure 

was to be quite rigid, so that tip clearances and general 

alignment could be maintained. 

With the above considerations, the following charac­

teristics were adopted for the compressor: 

1. Tip diameter of 36 inches ( = 2 R) 

2. Hub ratio of .60 (inner diameter 21.60 inches) 

= Si 

3. A maximum of three complete (rotor and stator) 

stages plus entrance vanes. 

4. All blade angles adjustable by 1/2° increments. 

5. Maximum power consumption of about 100 H.P. 

6. Speed range up to 2000 R.P.M. (315 f.p.s. tip 

speed). 
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7. Thirty rotor blade s per row and thirty-two 

stator blades per row. 

The compressor and test installation were con~ 

structed to these specifications and have been in opera­

tion for some months. 

The compressor is driven by a cradled electric dyna­

mometer, from which torque and speed measurements are 

derived and input power computed. The total flow volume 

is measured by a calibrated entrance duct which precedes 

the compressor. The flow is regulated by a throttle 

following the compressor. The average pressure rise is 

computed from detailed surveys ,taken immediately behind 

the last blade row in the compressor. These internal 

surveys are possible through a system of access ports. 

Thus, from dynamometer measurements and interna l surveys, 

overall performance and efficiency are established. 

2:1.2 The Compre ssor Ins tallation 

A general view of the compressor installation is 

g iven in Fi g. 1. 'l1he air enters from the left through 

a screen and bell mouth (F-1). It passes through the 

calibrated cylindrical duct (F 3) and. into the compres s or 

(F 5). Leaving the compres s or t he air is deflected 

vertically upward through a vaned elbow (F 7) and passes 

out into the room through the throttle va lve (D 7). The 

dynamometer (F 9) drives the compressor by means of a 

coupled shaft which passes through the elbow. The 
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dynamometer is supplied with direct current from a motor­

generator set (A 7), which is controlled from the panel 

(E 6). The main operating desk (E 4) contains various 

recording and measuring apparatus. Directly in front of 

the desk is a 20 tube manometer bank (D 1). Compressor 

assembly is facilitated by a two ton electric hoist, which 

covers the working area. 

The laboratory floor is 17 ft. below the ground sur­

face. Both the compressor and dynamometer are mounted on 

foundation blocks insulated from the floor slab. The lab­

oratory has adequate light and ventilation and the interior 

air temperature is between 65 and 90°F year around. Alter­

nating current ( 60 cycle) power ls e.vila ble at 2300, 440, 

220, and 110 volts. The motor-generator set supplies 

D. C. power at zero to 250 volts for the dynamometer and 

auxiliary equipment. Wet cell storage batteries are used 

to supply direct current for instrumentation. Water, 

steam and compressed air are available in the laboratory. 

In addition to the space shown in Fig. 1, adjacent 

floor area is available for compressor maintenance and 

auxiliary test equipment. A nearby room at the same level 

is used for storage. 

2:1.3 The Compressor Structure 

Throughout this description of the axial flow com­

pressor structure reference will be made to the cross-
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section drawing, Fig. 2, and to illustrations of the com­

pressor in several stage s of assembly, Figs. 3 to 8 in­

clusive. 

The outer case consists of two cast iron half-cylin­

drical shells bolted together along a horizontal plane 

through the central axis of rotation, (see Fig. 2 and 3). 

The rows of stator blades are mounted in these shells. 

Within the outer case a hollow steel shaft supports three 

cast iron drums, each capable of carrying one row of rotor 

blades (see Fig. 4 and 5) ~ The hollow shaft is supported 

by two grease lubricated roller bearings, the outer races 

of which are pressed into the supporting strut as s emblies 

(Fig. 2). These steel strut assemblies rest in close 

fitting channels at either end of the outer case (Fig. 6) 

and may be rotated about the central axis. The lat t ,er 

feature enables strut wakes to be positioned with respect 

to measuring instruments. Attached to each strut assembly 

is a cylindrical aluminum filler section of the same 

diameter as a rotor drum, extending to within 1/16 inch 

of the rotating assembly. (Figs. 2 and 4). 

An essential feature of the test compressor is a set 

of six rectangular instrument ports on the upper half­

cylinder (Figs. 2 and 7). Ports are located at 2"2½0 on 

either side of vertical and are axially placed in the 

second and third rotor planes, the first, second and third 

stator planes, and behind the third stator plane as shown 

in Fig. 2. A special instrument carria ~e (see Sec. 2:2.3) 
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can be held in any of the ports, and thus detailed surveys 

can be made behind any stage or partial stage. 

In order to maintain uniform clearance.; between blade 

tips and the outer casing or rotor drums, it was necessary 

to require close machining of the compressor structural 

elements as well as the blades themselves. Careful in­

spection was made with these results: 

The inner surface of the assembled case is cylindrical 

within .001 inch, its exact diameter is 36.000 in. at 

68°F. 

The rotor drums are 21.600 ± .001 inches in diameter. 

The rotor drums are concentric with the inner surface 

of the case wit hin .001 inch. 

The counter bores, which position radially rotor and 

stator blades, are of uniform depth within .002 inch. 

Other significant dimensions (blade hole location, 

port location, etc.) were held generally within .010 

• inch. The instrument carriage casting and port plugs 

were machined in the case and are therefore abso­

lutely flush with the inner surface. 

Discussion of blade tolerances and tip clearances 

will be reserved for Sec. 2:1.4. 

It will be of interest to describe the sequence of 

operations in assembly and disassembly of the compressor 

and to give approximate time estimates for the operations. 

For this purpose the compressor is assumed to be completely 

assembled with three stages of blading plus entrance vanes 
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and rear vanes. It is desired to remove the present 

rotor and stator blades and entrance vanes , to replace 

them by another set , to re-align the rear vanes , and to 

reassemble the equipment. 

a . Connecting ducting and the upper half of the 

outer case are removed, Fig. 3. {Time 3.0 man hr . ) 

b . The rotor and supporting strut assembly is re ­

moved from the case, Fig. 5, and the filler sections and 

rotor drums are disassembled sufficiently to permit re ­

moval of the rotor blades, Fig . 8. (Time 5.5 man hr . ) 

c . Blading is removed from the outer casing and the 

rotor drums . 

Per row of rotor blades: Time 3. 5 man hr. 

Per row of stator blades or entrance vanes: Time 

J . 0 man hr . 

To re-align rear vanes: Time 5.0 man hr. 

d. The new rotor and stator blades and entrance 

vanes are put in place: 

Per row of rotor blades: Time 7 . 0 man hr . 

Per row of stator blades or entrance vanes: Time 

6.5 man hr . 

e . The rotor assembly is prepared for replacement 

in the outer case. (Time 4.0 man hr . ) 

f . The reassembly is completed . (Time 5. 0 man hr . ) 

Total labor amounts to 92 . 0 man hr. , or about 46 

hr . assuming the usual crew of t wo experienced mechanics . 
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2:1.4 Blade Construction 

A procedure for selection of blade design parameters 

and specification of individual blade cross-sections is 

given in Section 2:3. It is assumed here that tables of 

profile coordinates and orientations are available for 

the desired blade set. A typical set of data is given in 

Table 1, representing the coordinates for the center 

section of the "free vortex" stator. Depending on the 

twist (radial rate of change of section-orientation) and 

camber of the blade, from five to eight sec·tions are 

specified as shov1m in Fig. 9. Orientation of each section 

is ~iven by the angle between its chord line and that of 

the (center) reference section. In addition one point 

on each section is selected which is to be intersected 

by the central axis of the blade shank (Fig. 9). This 

point must be selected in some systematic manner in order 

to avoid surface "waviness" and is usually taken as the 

centroid of the cross section. Selection of the centroid 

minimizes centrifugal bending effects for rotor blades. 

In the case of compressor blades a theoretical airfoil 

thickness distribution generally yields a trailing edge 

which is too thin for practical fabrication or handling. 

Consequently, the thickness is modified over the rear 

15% of the airfoil section to yield a trailing edge of 

.020 inch. 

When the preceding properties have been determined., 

a ten times size drawing of each section is prepared on 



12 

a specially coated steel sheet similar to those used for 

aircraft master layouts . The section profile , chord line, 

centroid , appropriate reference lines and notations are 

scribed through the surface coating and are blackened with 

a copper stilphat e solution. This process gives clear lines 

of good contrast (generally about .010 inch wide). A 

typical 10 x section drawing is shovm in Fig . 10. 

The section drawings are next photographed and from 

the resulting glass plate ne gatives full scale (1 x) metal 

templates are printed . Two sets of these templates are 

made, one slightly greater than full scale to allow for 

shrinkage in casting, and the other exactly full scale 

for finishing and final ins pection . A full scale tem­

plate print is also shown in Fig. 10 . 

Blade construction proceeds along the following 

lines: a master pattern or permanent mold is constructed, 

blades are cast, the blade shanks a r e machined, the sur ­

faces are hand finished and the blades are then ready for 

j_nspection. The two sets of blading (Hvortex" and "solid 

body") supplied to date for this project were constructed 

by the Aerolab Development Co., of Pasadena, California. 

Since the sub-contractor was selected on the basis of 

competitive bidding in every case, it a ppears that for 

lots of approximately 100 blades of each design , casting 

and hand finishing is successfully competitive with other 

processes which have been developed . 

Both sand casting and permanent mold castings have 
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been successful . The metal used has been ALCOA 356, 

aluminum alloy without heat treatment. In one case a 

master pattern is first made, in the other a cast iron 

mold. Shrinkage must be considered and sufficient 

material e.llowed for subse quent finishin f' . The blade 

trailing edge is cast considerably over thickness to 

insure free flow of metal in casting . 

After the shank is turned, the ble de is mounted in 

the finishing fixture whe r e it can be checked against 

accurate templates as finishing proceeds, Fig. 11. 

Each of the specified sections is periodically checked 

during the subsequent hand-filling and scraping process. 

The surface is "faired in" between sections. A skill­

ful operator is ableto achieve remarkable accuracy in 

finishing, as will be subsequently described. 

Detailed physical inspection of each blade is made 

in the teTiplate fixt ure s , Fi g . 12. Each blade is x-ray 

photographed and ins pected for internal and surface 

flaws. The shank dimensions of each blade are checked. 

In add ition to routine inspect ion, one blade is sele cted 

at random from e·ach order of rotor or stator blades. 

This blade is invested in a low meltinr temperature 

alloy, reference surfaces are established and the blade 

is cut at each of the originally specified sections. 

The sections are blued, reference lines are established 

and all burrs are removed from the blade s ect:1.ons itself . 

A prepared section is s hown in Fi g . 13 . The sect :l ons 
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are photographed and printed to ten times full size on 

metal sheets. Previously, ten times size prints of the 

original section drawings have been produced on glass plates. 

By superposition of a glass plate on the corresponding 

sectioned blade photograph, it is possible to check 

the contour accuracy within .0005 inch, full scale, and to 

obtain an independent check on the entire process. A 

typical comparison is shown in Fig. 14. 

Experience with four sets of blades (approximately 

100 per set) has shm.,vn that the following accuracy is eco­

nomically attainable with the preceding construction 

method: 

Profile accuracy - first 25% upper surface - ± . 003 

inch 

Profile accuracy - other regj_ons - .± • 005 inch 

Chord length - ± .015 inch 

Section orientation - 115 minutes of an arc 

Location of section centroids - :!:. • 015 inch 

In order to attain angle ad.justability for the rotor 

and stator blades and entrence vanes, the fastening system 

shown in Fig. 15 was adopted. Attached_ to the blade shank, 

and aligned within 5 minutes of an arc to the centra l 

reference section, is an indexing plate containing holes 

spaced at 4½ degree intervals. Fixed to the rotor drum 

or case is a similar plate with holes spaced at 4 degree 

intervals. Thus by mating different pairs of holes, ang le 

adjus tment by ½ degree increments is possible. The bla de 
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and indexing arrangement are securely clamped in place 

by a bridge and lock-nut as sh0v1m in Fig. 16. Details 

of the blade shank are shm,vn in Fig. 9. 

The tips of both rotor and stator blades are machined 

to approximately 18.0 and 10.8 inch radii respectively 

(Fig. 9). This procedure insures accurate and uniform 

tip clearance over the entire tip chord length. The root 

sections are machined square to clear the adjacent wall 

by approximately .010 inch. Several counter-bored holes 

are provided in the outer case through which rotor blade 

tip clearance can be measured with a standard depth 

micrometer. Such measurements have shovm the tip clear­

ance to be uniform within J:. • 005 inch. The nominal clear­

ance used thus far has been .029 inch for both rotor and 

stator tips. The clearance can be further decreased by 

placing shims under the blade shanks or be increased by 

re-machining the tips. 

Special plugs are provided for filling the blade 

shank sockets when le s s than three full stapes of bladinf 

are in use. The exposed surfaces are machined to the wall 

radii so as to leave smooth wall surfaces. Rotor and 

stator plugs are shovm in Fi g. 17. 

2:1.5 The Dynamometer and Electrical System 

During the design and procurement phase of the 

pr.oj ect, it was found i mpossible to obtain a comme rcial, 



16 

cradled dynamometer in the ooheduled time. A preliminary 

investigation of torque-measuring devices had indicated 

that only a cradled dynamometer would reliably give the 

desired accuracy of torque measurement. Hence it was 

necessary to construct a dynamometer starting with a 

rebuilt 125 H.P. direct current motor. Concurrently 

with the other construction, a 100 KW motor generator set 

was procured and installed at the Institute's expense. 

Electrical specifications of both dynamometer and motor 

generator set are given in Table 2. 

A general view of the dynamometer is shown in Fig. 

18. The outer case of the motor is sup~orted by two end 

pedestals containing counter rotating bearings which give 

effectively frictionless suspension. A detail view of 

one bearing is shown in Fig. 20 and a layout drawing in 

Fig. 19. The bearings are driven in opposite directions 

by auxiliary sl0vv speed motors thr'ough chain and sprocket 

arrangements. In order to eliminate a periodic drag 

torque which excited oscillations in the measuring system, 

it was necessary to use precision bearings mounted to con­

centricities of tbe order of .0002 inch and to load cen­

trally each bearing. Field and armature current is 

brought into the dynamometer froM above · (Fi g . 18) through 

the mercury contacts shovvn in Fig. 21. These contacts 

exert no appreciable torque on the suspended system. A 

tachometer generator and a centrifuga l overs peed switch 

are mounted at the rear of the dynaI11.ome t er. The lead 



17 

wires from these auxiliaries are quite flexible and there­

fore introduce little error. The dynamometer is attached 

to the compressor drive shaft by a solid coupling which 

is easily disconnected for dynamometer calibration. 

The torque reaction on the suspended motor case, and 

thus the compressor driving torque (plus windage) is 

measured by a Hagan Thrustorq (size 3.5) mounted as sho~n 

in Fig. 18. This instrument is further described in Sec. 

2:2.2. The counterweights shown in Fig. 18 extend the 

torque measuring range. A hanger for calibrating weights 

is provided on the opposite side of the dynamometer. 

A wiring diagram of the principal electrical com­

ponents is sho'\'m in Fig. 23. In this dj_agram the wirinr. 

of meters, protective devices, etc. is not shown. One 

of the two 50 KW D. c. generators is operated at constant 

voltage (125 v.) and supplies field current to the dyna­

mometer. Potential from the other generator is variable 

and may be added to or subtracted from that of the "con­

stant voltage bus". Thus a range of zero to 250 volts 

DC is available for the dynamometer armature. In addition 

the dynamometer field current may be varied. By these 

means the full speed range from zero to 2000 RPM is attain­

able. The entire system is operated from the panels shown 

in Fig. 22. This sequence of operations is followed in 

starting the equipment: 

a. The M. G. set is started. 

b. The dynamometer field is excited. 
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c. Dynamometer armature voltage is reduced to zero. 

d. The dynamometer armature contactor is closed. 

e. Dynamometer armature voltege is increased and 

the dynamometer speed increases proportionately. 

f. Further speed increase or adjustment is obtained 

by varying the dynamometer field current. 

The equipment may be stopped by simply stopping the 

M. G. set or, with better control, by reversing the above 

sequence of operations. 

2:1.6 Ducting and Throttle 

A drawing of the screen, bell mouth and entrance 

duct is shown in Fig. 2L1-. The screen was installed to 

prevent foreign objects from entering the compressor air 

stream. The bell mouth gradually accelerates the air, 

guiding it into the duct. The cylindrical duct is two 

diameters in length, with an interconnected set of four 

wall static pressure orifices located one diame ter from 

the front. Calibration of the static orifices is dis­

cussed in Sec. 2: 2. 2. The duct is ·. mounted on ~a cast.ered 

carriage to facilitate its adjustment or removal. Interior 

surfaces of the bell mouth and duct are· enameled and 

polished to give undis turi bed flow. 

Attached to each strut assembly (Fig. 2) is a wooden 

fairing whose purpose is to accelerate gradually the air 

from the cylindrical duct into the annual compressor 

cross-section. These fairings are ogival in shape (Fig. 24), 
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and have waxed and polished surfaces. 

Between the cor1pressor and the exi.t elbow a short 

cylindrical duct is installed. This duct may be parted on 

a diametral plane to facilitate disassembly of the compress­

or (see Fig. 1). A drawing of the elbow is shown in Fig. 

25. Sheet metal turning vanes were installed to mi.nimize 

losses and thus permit operation at maximum flow rate. 

The elbow is mounted on a carriage to permit its easy re­

moval or adjustment (Fig. 1). It was provided that the 

elbow could be mounted horizontally for attachment of an 

auxiliary blower that would extend the flow range of the 

compressor. A transition section connects the elbow to 

the throttle valve. All joints in the ducting are ges­

keted to prevent excessive air leakage. 

The throttle valve (Fig. 26) is provided for regu­

lating the flow resistance and thus the compressor flow 

volume. It consists of two rectangular metal doors which 

roll in side beams, their position being controlled by a 

right and left hand threaded lead screw. The screw is 

driven by a variable speed motor. For normal adjustment 

of the throttle a door speed of one ft./min. has been 

found convenient. A revolution counter _driven by the lead 

screw indicates the throttle position. This latter feature 

has proved very convenient for quickly obtaining the 

approximate flow rate. The doors are equipped with elec­

trical limit switches and mechanical stops. 
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2:2 Instrumentation 

2:2.1 Introduction 

The test installation was designed to allow accurate 

determination of compressor speed, total through flow 

rate, driving torque, air density, static pressure rise, 

work input to the air stream, and complete details of the 

internal flow patterns. The first five quantities are 

determinable by external measurement, the last two only 

by means of instruments located within the test compressor. 

In the following sections methods of determining, res­

pectively, the overall performance quantities, and details 

of the flow pattern, will be discus sed. Special emphasis 

is ~laced on measurement of the internal flow pattern, 

since the results of such measurements constitute the 

subject of major portions of the subsequent discussion. 

2:2.2 Overall Performance Measurement 

a. Compressor Speed 

Speed of rotation of the test compressor is deter­

mined by means of a commercial electric tachometer unit. 

A small two pole generator is attached directly to the 

dynamometer shaft (Fig. 20). The alternating current 

output of the generator drives electrically an indicating 

instrument located in the control desk (Fig. 27). The 

entire system is available commercially (Standard Electric 
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Time Co., Chrono-Tachometer Unit, Type S G). An indica­

tion of shaft speed, accurate to within±2 R. P. M., is 

available on a 6" dial type instrument. For more accurate 

speed determination, a synchronized clock-revolution 

counter is provided. The use of timing intervals which 

are multiples of 1/10 minute is convenient. Intervals of 

one minute were used during all test runs. The accuracy 

thus obtainable is±l/2 R.P.M. for the average speed. 

Accuracy of the system was checked by recording the tacho­

meter generator out put and that of a stand.ard 1000 cycle 

tuning fork on an oscillogranh. The speed determined 

in this manner was checked against that obtained by use 

of the indicating unit. 

b. Torque 

The compressor driving motor is cradled as described 

in Sec. 2:1.5 so as to form a conventional dynamometer 

system. The driving motor outer case actuates a self­

balanced pneumatic iliaphragm mounted at fixed distance 

from the suspension center (Fig. 18). 'I'he diaphragm unit 

is available co:rnmerc ially (_Hagan Corp. , "Thrustorq" 

Model 3.5). Balancing air pressure is . measured on a 

mercury manometer. Accuracy is cont i ngent upon mini­

mizing drag torques which act on the cradled system. By 

providing highly accurate, counter rotating support bear­

ings (Sec. 2:1.5) and low drag mercury electrical contacts, 
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an accuracy of± . 4 ft. lb. is obtained (determined by cali­

bration data scatter). 

A sha ft coupling is provided so that the dynamometer 

can be disconnected from the compressor. It is then 

possible to calibrate the entire torque m~asuring system 

with standardized hanger weights. In order to secure 

satisfactory accuracy in the low-speed, low-torque oper­

ating condition, a "'I:hrustorq" unit was selected which 

has a range of Oto 50 ft. lb. when actuated by the dyna­

mometer. Since a total torque range of Oto 300 ft. lb. 

was required, the range is extended in a stepwise fashion 

by the counter weights shov,m in Fig. 18. Complete torque 

calibration curves for the dynamometer are shown in Fig. 

28. It will be noted that a linear torque-mercury 

column deflection relation is obtained. 

c. Air Density 

Wet and dry bulb temperature measurements are taken 

in the moving air stream immediately in front of the bell 

mouth screen (Fig. 24). Barometric height and temperature 

are obtained from a standard mercury barometer located 

approximately 25 ft. above the compressor cente r line. 

Temperatures are read to the nearest 1/10 degree Faren-

hei t and barometric height to the nearest 1/100 inch. No 

convenient air density computation tables were available, 

hence the system of density determination given in 
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Appendix II was developed. By this system density de­

termination, accurate to at least 1/4%, is achieved. 

d. Flow rate 

As described in Sec. 2:1.6, a set of static pressure 

orifices is located in the entrance duct. Using a 3/16" 

tip diameter Prandtl type pitot tube, series of 

velocity traverses were taken a long two perpendicular 

duct diameters at various flow rates. Simultaneously, 

the duct static pressure and air density factors were 

measured. Then by integration of the survey data, total 

flow rate and average through flow velocity were obtained. 

There was prepared a master calibration curve of mean 

velocity, Ca (ft./sec.), throu&:h the compres s or annulus 
h vs.-;;- , where h is the ·wall static -pressure ( below at-

mospheric) in inches of water and p the air density in 

slugs/ft. 3. A reproduction of this curve is shO'\Affi in 

Fig. 29. A precision water manometer (Sec. 2:2.4) is 

used to determine the duct static pres sure to within 

:001 inch water and, if the air density is known, the 

average through flow velocity is readily obtained. 

Despite the absence of straightening vanes or a 

settling chamber, flow in the entrance seems reasonably 

uniform and stable. Careful direction measurements in 

the duct have indicated that no large scale eddies are 

present. However, since at the normal operating condi­

tions (750 R.P.M., design flow) the duct pressure is 
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only about .250 inch of water, the accuracy of mean 

velocity determination is probably not better than 

1/2%. At higher compressor speeds and flow rates, the 

accuracy is much improved. Further discussion of this 

matter is g iven in Sec. 2:4.1. 

e. Static Pressure 

Static pressure orifices (.030" in diameter) are 

provided in the outer casing of the test compressor. An 

orifice is located in the plane of the axial clearance 

space between each blade row. Pressures measured at these 

locations can be correlated with internal measurements 

(See Sec. 2:4.2). 

f. Work Input to the Air Stream 

Work input or total pressure rise of the air stream 

is determined by surveying in detail total pre ssure and 

velocity in a chosen plane downstream of a particular 

blade row . Usually, a circumferential sector of 15° is 

explored (the stator blade spacing is 11.25°). In the 

subsequent data reduction, this sector is assumed to be 

typical of the entire annulus. For che_ckine, the validity 

of this assumption, holes are provided at two additional 

locations, equally spaced fr,om the instrument ports 

(Sec. 2:2.3f), through which probes can be inserted. 'rhe 

data of Fig. 30 are typical of a number of such checks 

which have shov,m the assumption of circ11.t"Tlferential uni-
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formity to be valid. Further discussion of internal survey 

instruments is given in the following section. 

2: 2. 3 Internal M.easurements 

For deta i led measurements of the flow pattern inside 

the test compressor a number of small total pressure, static 

pressure and direction measuring probes have been used (Fig. 

31) . A special traversing carriage (Fig. 16) was constructed 

to hold and position these instruments. In order to check 

blade surface pressures small orifices were inserted in a 

stator blade. These instruments are described in detail 

in the following paragraphs. 

a. Total Pressure Probe - Kiel Type 

A total pressure probe of the design shown in Fig. 31 

was used to determine total pressure (stagnation pressure) 

where the air flow direction was not well known. A cali­

bration curve of pressure vs. air incidence angle is shovm 

in Fig. 32. It is seen that this construction causes the 

pressure indication to be insensitive to incidence angle 

over a range of approximately± 45°. Probes of several 

sizes in this design are available commercially (Whitney 

Instrument Co.). 

b. Pi tot Tube 

The .058 inch diameter Prandtl type pitot tube shown 

in Fig. 31 was used for both total pressure and static 
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pressure measurement. It will be recalled that the accuracy 

of static pressure indication depends upon the exact loca­

tion of the orifices and reasonable uniformity of the in­

cident stream. C8 libration curves of total pressure and 

static pressure vs. air incidence angle are shown in Fig. 

33. It is seen that the total pressure indication is 

correct within± 6° incidence angle, while the static 

pressure is correct within 1% velocity pressure up to 

± 7° incidence angle. The air stream velocity pressure, 

e v 2 , is equal to the difference of these two pressures. 
2 

c. Special Total Pressure Probes. 

In order to measure accurately total pressures near 

boundaries or compressor blade surfaces, impact tubes of 

still smaller diameter were required. The two designs 

shown in Fig. 31 were constructed to fill this need. Pieces 

of . 020" 0. D. by . 010" I. D. stainless steel tubing were 

bent to the required shape and cemented into the holder. 

One design was used near the inner compressor wall and for 

blade wake exploration; the other for measurement mar the 

compre ssor outer wall.. A calibration curve of pressure vs. 

air incidence angle for the inner wall pro be is shown in 

Fig. 34. Total pressure indication is seen to be correct 

within ± 8° incidence angle. If the static pressure field 

is known, it is clear that velocities near bounding sur­

faces can be determined with the aid of these instruments. 
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d. Cylindrical Direction Probe. 

In flow regions remote from bounding walls and where 

the radial velocity component was negligible, the three­

hole, cylindrical direction :orobe shm~m in Fig. 31 was used 

for determining flov•r direction. The instrument was used as 

a null indicator, i.e., it was rotated about the cylinder 

axis until the pressures at the two side orifices equal­

ized. A calibration curve of pressure differential vs. 

yaw angle is shov.m in Fig. 35. When aligned in the flow 

direction, the center hole indicates total pressure. Using 

the electric pressure pickup subsequently described (See 

Sec. 2:2.4), angular changes as small as 1/10 degree were 

detectible. The instrument was procured commercially 

(Whitney Instrument Co.). 

e. Claw Type Direction F'robe. 

Since it was frequently necessary to measure flow 

direction near the outer and inner compressor 'Nalls and 

in regions of large velocity gradient, the special claw 

type direction probe shown in Fig. 31 was constructed 

(the design was suggested by Ref. 3). As is true of the 

three-hole probe, the instrument measures direction only 

in a plane normal to its axis of rotation. However, radial 

velocities are relatively small in the test compressor when 

operating in other than the extreme nstalled" range, hence 

either probe gives a good measure of air flow direction i ~ 

its axis is directed along a radius. A calibration curve 
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for the claw probe is shovm in Fig. 36, although it was 

also used as a null indicator. Its sensitivity is seen 

to be equal to that of· the cylindrical probe, however the 

fact that its pressure orifices are only .015 inch apart 

rather than .090 inch, results in its indication being 

reliable in a stream of much higher transverse velocity 

gradient. 

Both direction probes are furnished with locating 

collars (Fig. 31) which fit accurately into the instrument 

carriage (See Sec. 2:2.3f). The relation of the collar 

flat to the compressor reference surfaces is accurately 

known. Pressure orifice locations give a rough indication 

of zero incidence angle, however more accurate knowledge 

of the absolute zero angle is necessary.. This information 

is obtained and frequently checked by placing the particu­

lar probe, mounted in the instrument carriage, in a one 

inch diameter vertica l test jet as sho~m in Fig. 37. A 

reference surface on the carriage is carefully leveled 

and the angle for null indication determined~ The carriage 

is then placed and re-leveled on the opposite side of the 

jet, thus bringing the probe axis into :Lts original hori­

zontal plane but directed oppositely . The s ngle for null 

indication is again determined. It is seen that the mean 

of these t wo determinations gives the true zero incidence 

angle direction with respect to the carriage reference 

surface. 

f. Instrument Carriage. 
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A special instrument carriage for radial and circum­

ferential positioning of test probes in the compressor was 

provided. Detail design and construction were performed by 

the Boller and Chivens Instrument Co. The carriage is shown 

in two possible mountings by Figures 16 and J8. 

In the first case (Fig. 16), the assembly fits into any 

one of the six rectangular instrument posts which were des­

cribed in Sec. 2:1.3. The base casting is rigidly bolted 

to the compressor housing and conforms perfectly to the inner 

wall cylindrica l surface since it was machined in place when 

the compressor was constructed. The traversing carriage moves 

in the base casting on a circular track, whose center coin­

cides with the compressor axis. By this means, a probe which 

is held in the traversing carriage can be moved through a 

total circumferential angle of fifteen degrees. Circumfer­

ential position is indicated by the lower dial (Fig. 16) to 

the nearest . Ql degree of arc. 

Within the traversing carriage, one drive is available 

to position a probe radially in the compressor and another 

to rotate a probe about its own axis. Radial position and 

direction are indicated by the center and upper dials to 

the nearest .01 inch and .!.l degree, respectively. 

A slot is provided in the ba se casting to provide clear­

ance for a probe as it is circumferentially traversed. An 

important feature of the carriage design is a flexible 

sliding tape (Fig. 39) whichoovers this slot on either side 

of the probe. The tape conforms closely to the inner cylin-
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drical surface causing negligible disturbance to the flow. 

Circumferential traverses are possible only before or 

behind a blade row with the arrangement described above. 

To provide for flow pattern measurement between and within 

blade rows when the compressor is being operated with 

several stages, a set of accurately located, 7/8 inch dia­

meter holes were robed in the outer housing. The location 

of these holes is shown in Fig. 40. When the traversing 

carriage is mounted as shown in Fig. 38, radial and di­

rectional probe positioning is possible at one circumfer­

ential location upstream or downstream of each blade row. 

Since the radial holes are arranged in pairs, accurate 

alignment of the carriage for flow direction measurement 

is achieved by use of the mounting bar and dowel pin system 

shown. 

The . entire instrument carriage arrangement was con­

structed with considerable precision and tests have shown 

that the accuracy of positioning for each component is at 

least as good as its indicator dial least count. 

g. Static Pres sure Blade. 

For use in the calculation of cascade los ses, (See 

Sec. 4:2) it was desirable to determine, · both by calculation 

and measurement, the pressure distribut.ion on cascade air­

foil sections. To aid in the latter objective , one "Free 

Vortex" design stator blade was provided with static 

pressure orifices as shovm. by Fig. 41. Eight .010 inch 
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diameter orifices were spaced along each blade surface 

at the center section ( r = 14.40 in.). These orifices 

were internally connected to small· stainless steel tubes 

which were brought out through the blade shank and 

attached to the selector shown in Fig. 42. Thus with 

the compressor me.intained at a particular operating con­

dition, static pressures at each of the sixteen locations 

could be measured in turn. Insertion of the system of 

orifices presented some problems, chiefly because an ex­

isting cast aluminum blade was used and drilling the 

relatively long, small diameter holes proved difficult. 

However, the finished blade was quite satisfactory and 

an accurate, undisturbed contour was maintained at the 

measurement section. 

2:2.4 Pressure-Indicating Instruments 

Many of the instruments described in the preceding 

sections requj_re, ultimately, the accurate measurement of 

one or more static pressures. Three types of pressure in­

dicators were used: a · t'Vlrenty tube vertical manometer 

bank, so-called micro-manometers, and a special strain 

gage pressure pickup which was used for accurate pressure 

indication with instruments having very small orifices. 

a. The Manometer Bank 

A vertical bank of twenty, six m.m. diameter, six 
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ft., manometer tubes was constructed (Fig. 27). Separate 

instruments could be connected to the upper end of each 

tube and the lower ends were attached to a common manifold. 

A movable reservoir connected to the manifold could be 

used to adjust the zero pressure reference level. 

'rhis manometer bank was used only for rough pressure 

indication in the tests described herein, because the com­

pressor was usually operated at low speed, and accuracy 

obtainable with a vertical tube was insufficient. For 

higher speed tests this instrument would be essential. 

b. Micro-Manometers 

Two precision water manometers were procured for use 

with flow measuring instruments and as laboratory standards 

(Fig. _?7_). '11he type used is commercially available 

(Meriam Instrument Co., Micro-Manometer, Size 10). Each 

has a range of 0-10 inches water pressure. A fixed, in­

clined glass tube contains a scribed reference line to 

which the water meniscus is adjusted by vertical movement 

of the fluid reservoir. The reservoir is mounted on a 

precision lead screw whose position is indicated by a 

scale and micrometer dial calibrated in 1/1000 inch di­

visions. Pressure connections can be made either to the 

(closed) reservoir or to the free end of the manometer tube, 

thus allowing pressure differentials and pressures above 

or below atmospheric to be measured. 

The fluid used was supplied by the manometer ma.nu-
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facturer. It is colored and has suitable surface tension 

for good meniscus formation. Its density was checked and 

found to be 1.000 ~ .001 gm/cc over the laboratory tempera­

ture range, thus for the required accuracy temperature 

correction was not ordinarily necessary. 

These manometers proved 1nost satisfactory for entrance 

duct and compressor wall pressure measurements and could 

also be used with the Kiel type total head probe. However, 

rese-rvoir and connectinr- tube air volumes were too great 

to permit their use with the pitot tube, yaw probes, or 

special total pressure probes. 

c. Pressure Pickup 

For use with the small orifice flow instruments, a 

commercial electric pressure pickup was procured (Statham 

Inst. Co. , Model P-5, Size i:.. • 2 p. s. i. ) . This instrument 

could be mounted near the test probe, thus minimizing 

connecting tube volume {Fig. 38}. Internlil!lly, it consis ts 

of a small, low volume, metal bellows which can be sub­

jected to both internal and external pressures. Thus it 

can be used as a differential gage or can indice.te press­

ures above or below atmospherjc. The bellows, in extending 

a very small distance, actuates a set of electric strain 

gages. Resistance change of the gaRes is remotely deter ­

mined by the bridge circuit sho~m in Fi g . 43. The bridge 

is balanced to give zero deflection of a s ensitive, light 

beam galvanometer. Several sensitivity ranges are avail-
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able in the clrcuit for use with a variety of flow press­

ures. The entire system was calibrated (and frequently 

checked) using one of the micro-manometers as a standard. 

The overall system gives linea r response as sho~m by Fi g. 

44. Operating in the 0-2 inch pressure ranpe, the sys tem 

accuracy is~ .002 inch of water. 

Because of its speed of response, convenience, and 

reliability, this system proved highly satisfac t ory for 

use with the direction probes, pitot tube, special total 

pressure tubes, and pressure blade. 

2: 3 Design of the Compressor Ela.ding 

Blading for the test compressor waf'. designed by use 

of the applicable perfect, incompressible fluid equations 

of motion, supplemented by certain empirical rules. The 

entire subject of compressor blade design, as well as cal­

culation of perfect fluid flow patterns and compressor 

performance, is treated in considerable detail in References 

4 and 5. However, a brief resume of the design calculations 

for the test compressor blading is given here for complete­

ness. Verification of the design method by test data is • 

given in Reference 5. 

2:3.1 Basic Equations 

The steady flow of a perfect, incompressible fluid in 

an annular duct is considered. The fluid is acted on by 
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alternate rows of fj_xed and rote.ting blad.es which impart 

energy to the fluid and · raise its static pressure. Assume 

that there is sufficient axial spacing between blade rows 

so that equilibrium conditions are established. As8ume 

further that in such a plane of equilibrium, there exists 

symmetry of all quantities about the axis of rotation, i.e., 

in effect, each blade row contains an infinite number of 

blades. 

Consider first planes of equilibrium (1) and (2) up­

stream and downstream respectively of a rotatinf-' blade row. 

Then the Bernoulli equation may be written along a stream­

line as 

( 1) 

if the radial shift in streamline location is neglected 

and where p = static pressure 

f = fluid density 

w = fluid velocity relative to the :rotor 

r = radius from the central axis 

@o ~ angular velocity of the rotor 

and if equilibrium plane (3) is downstream of the next 

stationary blade row, 

A.,_ f-?: 
,Z 

where c = fluid velocity relative to fixed axes. 

( 2) 

Or if the fluid velocity is resolved into axial and 
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circumferential components Ca.. and c'4 (from the boundary 

conditions, no radial component can exist in the equilibrium 

plane), Equation (2) becomes 

r~ .,_ Ii ( c.: .,. c.,.: J === J>3 -,. t; r G?; .,.. cu; J ( 3) 

From the velocity vector diagram it is seen that 

C 

and thus Eq. • ( 1) becomes 

( 4) 

The equations for radial pressure equilibrium must 

also be satisfied, thus 

( 5 ) 
-l 

d/', =- r 9i, 
cir r 

And, finally, the (incompressible) continuity equation is 

(assuming cylindrical bounding walls) 

( 6) 

where ~ = design volume flow rate. 

If it is further assumed that the flow pattern is to 

repeat throughout successive stages, i.e., flow @'.eometry 

at (1) and (3) are identical, equations (3) and (4) yield 

(/>J-1',) = l°revo (Cu~ - Cu,) (7) 

Then differentiating Eq. (3) and substituting Eq. (5) 
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which may be rearranged as 

( 8) 

The designer now has a choice of flow patterns sub­

ject only to the requirements of equations (6), (7), and 

(8). Examination of these equations reveals that (7) and 

(8) contain five unknown quantities, ft,-1-,)J ca,., cQ< Jc.,., .,c«.i.• 

Eq. (6) serves to deterr.1ine the constants of integration. 

Thus with two equations and five unknowns, three addition­

al conditions may be i mposed. 

One convenient and desirable condition is that ( I:, -I; ) 

= canst., independent of radius. Then defining 

t= ( 9) 

where Uo= row0 the rotor tip velocity, Eq. (7) becomes 

t= const. (10) 

Since for the test compressor the entering air is of 

constant total pressure Pt: , it follows that 

(11) 

Then as a consequence of the assumptions of repeating flow 

pattern and r = canst. , it follows that ( 11) must hold 

at each station. 
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Now since each side of Eq. (8) is merely a total press­

ure derivative, it follows from (11) that 

(12) 

(13) 

There thus remain three equations and four unknowns, 

and one additional condition can be chosen. In other words, 

even with the design flow rate, design pressure rise and 

entrance condition specified, one additional condit i on can 

be imposed. 

Examination of the equations will show tha t a condition 

which r esults in a considerable design simplification is 

r Cu, = const. or Cu, = (14) 

the so-called "free vortex" velocity distribution. Then it 

follows :erom ( 13) that Ca, = const. and from ( 10) that 

::: const. 
r ( 15) 

and from ( 12) Caz = const. Finally it will be convenient 

to define 

(16) 

Hence canst. (17) 

Thus if the design pressure and flow parame ters f;; 

and ¢'d are specified and the compre ssor ge ometry is given, 

only choice of the constant (Q() is required to fix the entire 
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vortex flow pattern at the design condition. Then the prob­

lem remains to choose a finite number of suitable blade 

sections that will :produce the flow pattern . 

It may be well to rece.11 here the assumptions on 1nhich 

these design equations are based: 

a. Perfect, incompressible fluid 

b. Annular duct of constant cross-section 

c. Equilibrium flow conditions 

d. Complete axial symmetry 

e. Repeating flow pattern in successive stages 

f. Uniform stage pressure rise at the design con­

dition 

g. Uniform inlet total pressure 

h. Free vortex distribution of circumferential 

velocity 

At the design condition, a flow pattern results which 

has uniform axial velocity and uniform total pressure over 

each section. There are, of course, nmnerous other useful 

flow patterns, some of which are discussed in Ref. 5. 

2:3.2 Test Compressor Blading 

Because· the design flow pattern described in the pre­

ceding section has frequently been used for gas turbine 

system compressors, and because of the simple velocity dis­

tribution at the design operating condition , a pattern of 

this class was selected for design of the first set of test 

compressor blading. 
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Choice of the constant, Q, in Eq. (14) remains. For 

a modern high performance compressor this choice would be 

influenced by the possibility of compressibility effects and 

by permissible air turning angles in the actual compressor 

cascades. In order to obtain a design similar to that used 

in gas turbine system compressors, the value ex = . 1"15 r. iL0 

was adopted for the test compressor. Further discussion of 

this choice is given in Ref. 5. 

The compressor hub to tip radius ratio had been fixed 

at ,: = .60. Again to simulate the design conditj_ons of 
lo 

a typical modern compressor, the design flow and pressure 

rise coefficients were chosen as ¢.J = .450 and t = .400. 

From these design parameters and the preceding equations, 

the design flow pattern becomes 

Ca, ~ c~..z = ,4SO U.0 

Cu, = , /4-S U 0 (1;) (19} 
" 

Cu,l = .J-1.S- CLo {!;) 

It is clear that a knowledge of these velocity components 

as functions of the radius is sufficient to determine the 

air flow angles. 

Thus the stator entrance angle at any radius is 
cot: tz = Cu~ 

and the exit angle c; 
c ot r, -::. Cu , 

Ct 
For the rotor (relative) entrance angle 

cot/:! = 
I 

and the exit angle 
cot"~ = 



41 

Complete design calculations for the test compressor flow 

pattern are given in Tables 3 and 4. 

Actual compressor blade sections were next selected 

assuming that a cylindrical section taken through a given 

blade row has aerodynaIDic properties identica l with tho~e 

of an infinite cascade of untwisted airfoils of the same 

cross-section. Properties of two dimensional airfoil cas­

cades can be predicted from theory, from experiment, or by 

empirical rules. Various rr1ethods are dj_scussed in Ref. 5. 

For design of the test compressor blading, an essentially 

empirical method was used. Eight sections were computed 

for the rotor blades and five for the s t ator. It is clear 

from the preceding discussion that blading for each of the 

three stages is identical. Cascade notation is defined 

in Fig. 45. 

The number of rotor and stator blades was selected 

as 30 and 32 respectively. Thus the gap or spacinf'., s, 

at each blade section was fixed. The~rfoil chord length, 

c, was varied to give depending upon 

the required air turning angle. It was believed that im­

posing these limits would result in good cascade efficiency. 

Cascade test data (See Sec. 4:6) shows that, if the enter­

ing flow direction is tangent to the airfoil mean camber 

line at the leading edge, i.e., has zero incidence angle, 

losses are minimized. This condition was a pplied at each 

calculated section . 

The air turning angle for a stator section is 
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and for a rotor section 

-ti 

Generally e must be less than a bout 35° for good perform-

ance in the chosen ~ range. (This requirement influences 

the choice of the constant ~ , as previously noted). If 

4 is the camber angle of the blade section, 0 .,< ~ 
Ve 

i.e., the flow is not turned by the full amount of cember. 

Thus c9c: must be exaggerated to secure the desired air turn­

ing. For cascades with circular arc camber lines, a rela­

tion between 0c and 0~ has been established empirically by 

H. Const ant (Ref. 6) 

e.., = ~ r 1-_26 /s7c) (20) 

Thus by applying Eq. (20) and the zero incidence angle con­

dition, an airfoil camber line can be derived at each blade 

section. These calculations for the vortex blading are 

summarized in Tables 3 and 4. 

A thickness distribution similar to thet of modern, 

low drag airfoils was adopted for the blade sections (See 

Fig. 46). A suitable maximum thickne s s was chosen and the 

resulting thickness function s ymmetrically disposed about 

the derived mean camber line. This process is outlined for 

one blade section in Table 1. 

Thus, finally, the complete geometry of several bl ade 

cross-sections was derived and blade construction could 

proceed as outlined in Sec. 2:1.4. Entrance vanes were re­

quired to deflect the entering, axially flowing air into 
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the stator exit pattern of Eq. (19). These vanes form 

essentially a turbine cascade, since the static pressure must 

fall as circumferential velocity is added. Therefore, rather 

than employing Eq. 20 for blade section design, the thin air­

foil cascade theory of Ref. 4 was ueed. Otherwise, the vane 

design method was identical to that used for rotor and stator 

blades. 

Two rows of rear vanes were required to straighten the 

flow and minimize duct losses. All rear vanes were designed 

without twist and with 30° camber. In practice, the vanes 

were adjusted for what seem to be the best mean entrance con­

ditions. All flow measurements we r e taken upstream of these 

vanes. 

2:3.3 Real Fluid Effects 

It was noted in the preceding sections that viscosity 

and compressibility effects were neglected in the design com­

putation except indirectly in Eq. 20. Since all tests were 

conducted at low rotational s peeds and flow J'viach numbers, the 

fluid density was, indeed, practically constant, as shown in 

Sec. 2:5.4. However, as will be seen from the performance 

results of Sec. 2:5.1, fluid viscosity has considerable in­

fluence on the flow, even at the design condition. 

Fluid friction on the blade surfaces and walls causes 

energy dissipation in the form of heat, which will be con­

sidered as an energy loss in interpreting the test results. 

Thus the compressor is not 100% efficient and the design 
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pressure rise is not reached at the design oper~ting condi­

tion. Indeed, since losses were neglected in the design 

equations, the parameter i; is properly considered as a 

design power input coefficient, rather than as a pressure 

rise coefficient. 

Due to fluid friction on the bounding walls, axial 

velocities in the central portion of the annulus are some­

what higher than the mean axial velocity. Thus the true 

design condition comes at a lower value of 

assumed in the ca lculations. 

than that 

The above mentioned factors are comm.only taken into 

account in the design of compre ssors for specific applica­

tions. It is hoped tha t the information of Sections IV 

and V may aid designers in this effort. However, since no 

exact operating characteristics vvere required of the test 

compressor, these viscosity effects could be i gnored in de­

signing the blades. 

2:4 Reduction of Test Data 

2:4.1 Overall Performance Data 

a . Reference Velocity 

The rotor tip velocity Ua is used as a velocity refer­

ence in computing dimensionless coefficients. It is com­

puted fr om tachometer readings as 

(21) 
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b. Mean Flow Rate 

The mean flow rate coefficient is defined as 

Q ( 22) 

....L. 
or as lLo (23) 

where Ca. = mean axial velocity 

0 = circumferential angle 

and the other symbols are as previously defined. 

For routine data taking, Eq. 22 is utilized. As 

noted in Sec. 2:2.2, measurement of entrance duct wall 

pressure and air density are sufficient to determine the 

flow rate, Q, or mean axial velocity Ca. . 
Equation 23 may also be used if internal survey data 

' are taken between blade rows. 'I'he two methods of obtaining 

¢ have been compared by the data of Table 5. It is seen 

that the results check wi t hin a few percent even at low 

flow ra tes; thus e ither method is shm•m t o be valid. 

c. Power Input 

From simultaneous torque and speed measurements 

(Sec. 2:2.2) the power input is 

where 

- ;:-t: lb. / sec . 

P = power input 

u:>,, = angular velocity - radians/sec . 

T = dynamometer torque - ft. lb. 

'l'he power input coefficient is defined as 



p 
-1?-u2. n ,z O ._,. 
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z T (24) 

Thus torque, speed, air density, and flm,r coefficient 

are needed to determine the power input coefficient. Com­

pressor windage and bearing loss are smal l and no· correction 

is made for these quantities. 

d. Pressure Rise 

The local total pressure coefficient at any point in 

the compressor is 

where 4 = measured total (stagnation) pressure 

Pa. = atmospheric pressure 

(25) 

and the other symbols are as previously defined. Then the 

mean total pressure rise coefficient is 

-' 
f 

217 t; 

0

if y-'p rdeclr 
( 26) 

p tr(t;:l-l'Z'-) 

The local total pressure is measured by one of the probe s 

described in Sec. 2:2 .3. The flow direction is determined at 

every point . Using the direction data, a pitot tube survey 

is made to determine the local velocity, c. Then at every 
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point, 

(27) 

Surveys are performed over a typical sector (11.25 degrees 

circumferential angle} between blade rows as prevj_ously 

noted. The integration of Eq. 26 is performed either graph­

ically or numerically using generally 7 radial and 15 cir­

cumferential intervals. 

Friction losses in the entrance duct are known from 

evaluation of Eq. 26 upstream of the entrance vanes at 
_, 

various flow rates. The correction tJf is shown in Fig. 47. 

This correction is applied in efficiency calculations. 

It should be noted that since Eq. 26 is usually evalu­

ated immediately downstream of a stator blade row, blade 

wake mixing losses are not deducted. 

hence 

e. Efficiency 

The c'ompressor efficiency is defined as 

1. 

1. 

= Airstream energy increase 
Work input 

= 
(28) 

where the symbols are as defined by Eq. 24, 26 and Fig. 45. 

According to the previous definitions, it is seen that 

the efficiency defined by Eq. 28 is weighted with respect 

to local flow rate and corrected for entrance duct loss, 

but is not corrected for compressibility, mixing loss, or 
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compressor bearing and windage losses. 

2:4.2 Special Data 

a. Total Pressure 

The local total pressure is measured with either a 

Kiel probe, pitot tube, or special total pressure probe. 

Manometer or electrical pressure pickup readings are re­

duced using appropriate calibration data. The total 

pressure coefficient f is computed from Eq. 25. 

b. Direction 

Flow direction is measured with the claw probe or 

three hole direction probe. Measured angles are corrected 

to the calibrated reference direction. 

c. Velocj_ty 

The pitot tube is aligned in the flow direction using 

previously determined angle data. Total pressure and 

static pressure may be read separately, or their difference, 

the velocity pressure, may be read. In either event, two 

readings are sufficient to determine all three quantities. 

Manometer or gage calibration dat a are applied to yield 

pressure in suitable units. The local static pressure co­

efficient is 

(29) 

and with the previously defined total head coefficient, f' , 

(30) 
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The axial velocity coefficient is then 

G == 
Uo 

{t) s1",, r ( 31) 

and a circun1ferential velocity coefficient is defined as 

{32) 

Where the flow direction angle, Y (with respect to the plane 

of rotation), is known from previous direction measurements. 

d. Static Pressure 

In some cases local static pressure in the compressor 

air stream could be measured with the pitot tube. However, 

for measurements between blade rows and near bounding walls 

there was insufficient space to allow the use of even the 

smallest available pitot tube. However it was possible to 

measure the outer boundary static pressure between any two 

blade raws (Sec. 2:2.3). There was sufficient clearance 

to allow radial surveys of total pressure and flow direction. 

It is then possible to deduce the radial static pressure 

distribution. 

Assume that the flow is in radial equilibrium and that 

the static pressure is a function of radius only in the 

region considered. (These assumptions are justified by test 

data in Sec. 5:3.1). Then from radial equilibrium 

d,..,,_, c .. :1. 
~ == p -
dr r ( 3 3) 

the total pressure is 
h = P + --,f c~ 
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and the circurn.ferential velocity is 

c ... ,,, c cosr-

Substituting these expressions in (33) 

(34) 

Since 1 and rare assumed to be functions of radius only , 

Eq . 34 is a first order linear equation which is easily 

integrated. 

The result is 

/> = r f 2cos.,r<ir-
Y, r 

e 

r 

f .z.cos._r de 
y;- r e dr 

r 

where p =- j:,{r):: the static pre s sure at any radius 

the static pressure at the outer 

radius ro and the other symbols are as previously defined . 

Or using the dimensionless coefficients defined by Eq . 25 

and 29: 

( 3 5) 
e 

Using this equation, local static pressure and velocity 

have been determined for a number of locations (See Sec . 5:3 . 1) . 
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2:5 Overall Performance 

As previously pointed out (Sec. 2:1.1), the test in­

stallation was designed and constructed in a flexible 

arrangement to make possible the pursuit of various research 

programs. Neither of the two initial programs had, as a 

primary objective, the study of overall compressor perform­

ance. Consequently, since the data required for such a 

study are laborious to take and to reduce, only a few per­

formance tests were made. These tests have, however, proved 

useful for checking the design theory and for correlation 

with internal loss measurements. 

2:5.l Single Stage Petformance 

Input power and pressure rise measurements were ob­

tained at several flow rates for a single stage (including 

entrance vanes) of vortex blading operated at 750 R.P.M. 

These data are presented in the form r and r I vs. I 
in Fig. 48. Symbols used here and data reduction methods 

are as stated in Sec. 2:4.1 and Appendix I . 
• 

It will be recalled that for this blade set, the design 

parameters were 

that f =ft= ~o 

1; = _40 , I! = . 4S 

for / =. 43 

• Figure 48 shows 

, i.e. approximately 4½% 

below the design flow rate. This result is as expected 

according to the discussion of Sec. 2:3.3. Thus a 4½% 

effective area reduction occurred as a result of boundary 

layer growth. With this adjustment, the design condition 

is well predicted. 



52 

It is seen that the maximum efficiency, '1 == 89 ~ 

is obtained at p=.42. The Reynolds number, Re , for 

/ = .42 at 750 R.P.M. is 67,000 where 

(36) 
Z/ 

and c = mean blade chord 

v = kinematic viscosity 

This value is rather low, and the low efficiency is probably 

accounted for by relative larger losses at low Re. The data 

of Ref. 7 are illuminating in this respect. From a series 

of efficiency measurements on a set of test compressors, the 

curve of maximum obtainable efficienc~ which is reproduced 

in Fig. 49 was deduced. This curve represe·nts an envelope 

of measured efficiencey data. In order to check the effect 

of Reynolds number on maximum efficiency of the test com­

pressor, one s~t of tests was performed at 1500 R.P.M. 

or • The efficiency obtained was 93%. 

Inspection of Fig. 49 reveals that an equivalent increase 

is predicted. Furthermore, the data of Sec. 2:5.3 give 

additional evidence of this Reynolds number effect. 

Returning to the performance data of Fig. 48, several 

common phenomena of axial flow compressor performance can 

be seen. At higher than resign flow rate the pressure rise 

falls rapidly. This performance result is predictable 

from the perfect fluid theory of compressor performance 

(Ref. 4). A performance curve calculated for the compressor, 

using this theory, is reproduced in Fig. 48. Due probcbly 



53 

to poor flow incidence aneles relative to the blading, 

the compressor effic i ency also falls in this range. How­

ever the range from slightly below design flow rate to 

maximum flow rate is the stable and generally most useful 

operating ranr,: e for an axial flow compressor. 

For flow rates lower than design, the power input co­

efficient, /- , rises at first linearally as predicted by 

perfect fluid theory, and then somewhat less rapidly. (Note 

that f represents work input per unit mass of fluid). The 
_, 

pressure rise coefficient, T , rises to somewhat above its 

design value but then decreases rapidly. Efficiency de­

creases steadily from the design value. The rapid decrease 

of pressure rise and efficiency, which are often referred 

to as "compressor stalling", are largely due to poor cas­

cade efficiency and limited air turning capacity at large 

positive air incidence angles (See Sec. 4:6). 

The operating range below the design condition is per­

haps less useful than that above. It is clear that in the 

range where 
_, 

ft 
d{ 

becomes positive, unstable operation 

may be encountered in some applications of such a compressor . 

Furthermore, the efficiency falls more rapidly in this range 

than above the design condition. Below 1= .370, 

audible flow pulsations were observed in the test compressor . 

Near j = .330, the flow became quite unstable and measure-

ments were difficult to obtain. It is believed that this 

extreme instability was associated with intermittent flow 

separation over portions of the compressor blades. 
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2:5.2 Three Stage Performance 

Power and pressure rise were also measured for three 

complete stages of vortex blading operated at 750 R.P.M. 

In order to reduce the time required for data taking, press­

ure rise behind the third stator row was measured at only 

yhe center radius. The correct weighing was then obtained 

by using the data of Fig. 47, which were deduced from pre­

vious single stage measurements. Other flow measurements 

(Sec . 5:3.1} confirm the belief that this procedure correct­

ly indicates flow trends and gives f
1 

accurate within per­

haps z 1%. The test results are pr esented in Fig. 50. 

Again it is seen that the design point was correctly 

predicted when the eff ective area reduction of ap~roximately 

4½% is considered. The efficiency seems to be somewhat lower 

than for a single stage. Perhaps more significant is that 

the nstall" condition comes at considerably higher /" • 

This fact can be detected in Fif. 50 by rapid decrease in 
-/ 

efficiency and rounding off of the Y- curve. The effect 

has been frequently observed and is one factor which seriously 

limits the usefulness of single stage data for predicting 

multi-stage axial flow compressor performance. Probably 

both viscous phenomena and mutual interference between 

blade rows are operative, but no complete explanation for 

this effect is known to the writer. 

It is seen from Figs. 48 and 50, that data at higher 

flow rates were obtained for three stage operation. This 

is because a greater pressure rise was available to overcome 
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duct losses. 

2:5.3 Speed-Power Data 

Throughout the previous discussion, the dimensionless 

work and flow coefficients ~ and p have been used to des­

cribe compressor performance. Since most of the tests re­

ported herein were conducted at a single compressor rotative 

speed (750 R.P.M.), these coefficients may be regarded 

merely as a convenience . However in other investigations 

(Ref. 1 and 8), both coefficients have been used to correlate 

data obtained at widely varying rotative speeds. It has been 

shown that for different speeds, if ~ is maintained constant, 

a constant f" will result, providing compressibility effects 

are small. 

In order to confirm this result for the test compressor, 

three stage tests were conducted at the design throttle 

setting for speeds between 500 and 1500 R.P. M. Power in­

put and flow rate were measured, as was the pressure rise at 

one point behind the third rotor row. Due to change of the 

throttle resistance coefficient, , varied slightly with 

speed, hence y was corrected to p = .450 = const. by the 

relation 

From Fig. 50, it is seen that near the design 

condition. '11he measured efficiency was weighted to give 'l 

• 86% at 750 R.P.M. since this value had been previously 

obtained by more careful tests (Fig. 50). The results are 
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shown in Fig. 51, from which it is clear that f- is con­

stant (with in the limits of error) for f6 constant. The 

effect of Reynolds number (or s peed) on pressure rise and 

efficiency is a lso shown. It will be recalled from Sec. 

2:5.1, that on the basis of previous investigations, an in­

crease of peak efficiency of approximately 4% was expected 

between 750 and 1500 R.P.M. Fig. 51 shows an efficiency 

increas e of 3% for this range which justifies the expecta­

tion. 

2:5.4 Density Change 

It has been assumed throughout the report that changes 

in air density in passing through thecompressor are neglig­

ible. This section is intended to verify the assumption. 

The lowest static pressure in the compressor occurs at 

the inner radius behind the entrance vanes; the ~ighest at 

the outer radius behind the third stator row. For P = .45, 

the measured pressures at these locations were % - - . 295 

and ¾ = + .750, respectively. 

Then for llo = 118 ft./sec. (750 R. P. M.), baromettic 

height (corrected) of 29.25 in. Hg, and f' = .00225 slug/ft.3 

(which are typical operating conditions), 

at the highest pressure location 

A - '1"18 .::::. L -- at the lowest pressure location 

Hence the maximum density change is of the order of 1/2%, 

which is within the accuracy of the reduced flow data. 

For multi-stage operation at higher rotative speeds, 

density changes should be considered. 



III Real Fluid Phenomena 

3:1 Introduction 

In considering the overall Performance of the test com­

press or (See Sec. 2:5), it became clear that, while perform­

ance in a region near the design point could be approximately 

predicted by assuming the working fluid to be inviscid, 

several phenomena could be explained only as viscous fluid 

effects. .Among these phenomena were the apparent ''area 

contraction" of the flow stream, l osses at the design con­

dition, the rapid increase of losses at flow rates both 

greater and less than design, and "sta lling"of the compressor. 

Since relatively l:ittle information on these phenomena is at 

present available, investigations were undertaken t o provide 

some of the fundamental informati on required for explaining 

and predicting them. 

Consideration of the energy distribution over annular 

cross-sectlons of the test compressor will be revealing. 

Since the e. ir stream is essentially isothermal, the total 

pres sure, ft = I+ -If c~ will nrovide an adequate index 

of s pecific energy in the fluid. In Fig. 52 izrre shown con­

tour plots of total pressure distribution over typical 

sections downstream of rotor and stator blade rovrn. The 

ieontours represent lines of constant s pecific energy in 

terms of the local pressure coefficient 
,_, = Ll,P-t. 

-/}- u: 

It is seen that regions of large energy defect exist near 

the outer and inner boundaries (the wall boundary regions), 

and also directly downstream of a stator blade trailing edge 



(the blade wake). Behind a rotor blade, only the well 

boundary regions are detected, because there total head 

measured in a stationary reference system represents an 

average value. If measurements are made by an inst r ument 

moving with the rotor, a wake pattern is detected. Measure­

ments in the rotating system have been made by Weske (Ref. 

9) . 

Summation of energy defect (weighted with respect to 

the axial velocity component) behind the first stator row 

indicates that about 61% is associated with the bounding 

walls, and 39% with the blade wakes. It should be noted, 

that losses in the entrance duct are included in the bound­

ing wall defect, whereas the wake defect is attributable 

only to the stator row. 

In this section additional data and analysis for wall 

boundary regions and blade wakes are presented. In addition, 

some methods of predicting these effects by techniques of 

fluid mechanics are illustrated. Throughout, the boundary 

layer concept is adopted, hence it may be well to review 

briefly the development of this concept. 

3:2 The Boundary Layer Concept 

A review of some aspects of the boundary layer* theory, 

* The abbreviation b. 1. will be used for "boundary layer" 
where convenient. 



59 

as developed by Prandtl and his successors, is given here 

for the reader's convenience. Among the comprehensive 

treatises on this subject are those of Ref. 10 and Ref. 11. 

Reference 12 provides a modern b. 1. bibliography. 

A convenient model in hydrodynamics is the incompress­

ible, "perfect" fluid, i.e., a fluid which is homo~eneous, 

inviscid, and of constant density. For .such a fluid, the 

equations of hydrodynamics take an especially ·simple form, 

a.nd flows computed from them correspond remarkably well to 

reality for moderate velocities. If, a.sin many practical 

problems, the flow in question had originally uniform 

velocity, the simple Bernoulli equation relates pressure 

and velocity at an¥ point in the perfect fluid. 

However, for most flows, it has been observed that the 

fluid velocity near an:· iID!l'l.ersed solid boundary is equal to 

the velocity of the bounding solid, i.e., that there is 

"no slip" between a fluid and an immersed body. Further­

more, if the Reynolds number is sufficiently high, it i.s 

found that the influence o~ the solid is appreciable only 

in a thin layer adjacent to its boundary, the so-called 

"boundary layer". 
~ Outside the b. 1. region, flow conditions 

are well represented by the perfect fluid, while within the 

region a more complicated model is required. 

If flows are observed which have uniform, constant 

velocity outside a wall, b. 1., and zero velocity at the 
• 

boundary, two common types of velocity distribution are en-

countered; these are illustrated in Fig. 53. The first is 
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the "laminar" layer characterized by a moderate velocity 

gradient at the boundary and by steady, nonfluctuating flow 

parallel to the boundary. The second is the "turbulentn 

layer which has a larger velocity gradient at the boundary, 

and, as is experimentally verified, only a mean parallel 

flow, superposed on which are smaller fluctuating velocities 

in all directions. Even in the second case, a thin laminar 

layer must exist very close to the v.rall - the "laminar sub­

layer". 

There are several useful definitions of boundary layer 

extent or thickness. Perhaps the simplest, but one ~rhich 

is distinctly arbitrary, is todefine the thickness, d 

as that distance normal to the fixed boundary at which the 

velocity becomes a certain fraction of its free stream value. 

A common definition is j = 8 for v = .995V. There are two 

definitions which become useful in analytical treatment, the 

"dis-placement thickness", 

0 

and the ''momentum thickness", 

00 

__x_) dy 
V 

fJ = J ; ( I - ef") dy 
0 

(37) 

(38) 

It will be observed that each of these has a definite value 

for a profile of the type sh01~m in Fig. 53. The ratio· fl = ~ ., 

has been found useful (Ref. 13) as a shape para:r.ieter for 

b. 1. profiles. 
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If a uniform flow impinges on an immersed, streamlined 

body, such as an airfoil section, it will be observed that 

a laminar b. 1. will form from the leading edge and become 

thicker dov1.rnstream. This laminar layer may exist over the 

entire upper and lower surfaces or there may occur on either 

or both surfaces a transition to a turbulent leyer. The 

turbulent layer then becomes thicker (at an increased rate) 

toward the trailing edge. Prediction of the occurrence and 

location of transition is essential to calculation of the 

ultimate b. 1. thickness. At present, however, such pre­

diction is based largely on empirical rules which are re­

liable only under restricted circumstances. Further dis­

cussion of this problem for the case of compressor blading 

will be found in Sec. 4:3.2. 

In the presence of rising pressure in the direction of 

flow, the phenomenon of flow "separation" may occur. This 

condition is illustrated in Fig. 54. An adverse pressure 

gradient exists on the upper surface of an airfoil, and at 

large angles of attack separation occurs. Separation results 

in major distortion of the flow field with a consequent al­

teration of the airfoil pressure distribution which produces 

"form" or pressure drag. This is the flow phenomenon asso­

ciated wit fi airfoil "stalling". 

Surface shear or skin friction for a laminar boundary 

layer is given by the Newtonian frj_ction law, ?;; = f'- ~)
0 

where 1o is vmll shear stress, r the fluid viscosity, and 

the velocity gradient at the wall. For a t urbulent 
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layer, the wall shear is knovm only empirically in forms 

equivalent to 7; -= where R,r = 

the b. 1. Reynolds' number. If a surface integration of 

wall shear and normal pressure is performed over an airfoil, 

its lift and drag forces are obtained. However, the lift 

can be closely approximated by other means, and the profile 

drag can be obtained more easily from a knowledge of the 

b. 1. shapes and thickness at the trailing edge. 

It is cle~r that in an axial compressor, airfoil bound­

ary layers represent regions of velocity defect and there­

fore of pressure energy defect or loss. The magnitude of 

these losses can be estimated (Sec. 4:4) from b. 1. calcu­

lation, except possibly when separation occurs. It will be 

seen that both energy defect and drag may be used as criteria 

of profile loss. In the compressor problem, an additional 

"loss" must be considered, namely that due to the mixing 

process which occurs in the blade wakes. The b. 1. fluid 

in passing off the blade surfaces forms the defective regions 

shown in Fig. 52. But if the same measurements were taken 

several chord lengths further dov,m.stream, only the wall bound­

ary regions would remain distinct, the blade wakes having be­

come mixed with the main flow. In the mixing process, mo­

mentum is conserved, but pressure energy is dissipated by 

fluid friction. 

Two principal procedures are avlilable for analytical 

treatment of b. 1. growth in a non-uniform pressure field. 

The first involves direct Solution of the hydrodynamic 
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equati ons for a viscous fluid. The second begins with the 

"Ka'rm£n integral relation" which can be derived either by 

use of the hydrodynamic equations, or by direct momentum 

balance. This second a~proach has found wider engineering 

application and will be utilized in this report. It will 

be seen that the apr,llcation of this method depends upon 

assumption of a suitable wall shear relation and the nature 

of the boundary layer profile. 

3:3 Compressor Boundary Regions 

In Fig. 55 there is shown an axial velocity profile 

measured behind the test compressor first rotor, near the 

outer compressor wall. A summary of its principal character­

istics is given below in terms of b. 1. notation. 

~ r;,5 -= .750 

J.., = /0 ,<_ 

,9 = 074 

fl 
fl .::: .£ :: /. 3 8 

zY 

In addition, a plot of the relation is shown 

for comparison. The values of n and J" were selected to give 

* tJ and J the same values as those measured. Fluid which forms 

this boundary region has passed successively through the 

(fixed) entrance vane cascade and the rotor cascade, where 

work has been done on the fluid. The flow pattern is quite 

complex, indeed more complex than is indicated by Fig. 55, 
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since the tangential velocity component must also vanish 

at the wall. However, additional experimental data (Sec. 

5:1) seem to justify analytical treatment of the complex 

boundary region in the manner of b. 1. theory. For tur­

bulent boundary layers on airfoils the shape parameter H 

has values of the order of 1.5 (Ref. 13) and the velocity 

distribution is ·well represented by a 1/ 5 power law. The 

fact that parameters of similar mar-:nitude are measured for 

a compressor wall "boundary layer" is taken as additional 

evidence for treatment in this manner. In any event, only 

the ultimate results obtained by regarding the wall regions 

as bound.ar;)T layers can justify the method. Hence, for the 

present, boundary layer methods will be applied to the 

outer and inner boundary regj_ons without further comment. 

The compressor blade wake profiles of Fig. 56 illus trate 

phenomena which are significant in the determination of 

cascade loss. These profiles were obtained from circum­

ferential surveys in a plane approximately .42 chord lengths 

a.o~mstream of the blade section trailing edge. The first 

shows a narrow, well defined wake region which results from 

moderate, attached profile boundary layers. The total 

pressure loss is therefore low. The second profile shows 

a broad, poorly defined wake region which probably results 

from flow separation on one surface. The total pressure 

loss is comparatively high in this case. 



IV Cascade Boundary Layers and Loss 

In the preceding section, a general survey of real 

fluid phenomena in an axial flow compressor was given. In 

this section, the subject of compressor cascade boundary 

layer groVirth and loss is treated in some detail. Boundary 

layer growth is calculated for a particular cascade. This 

calculation necessarily involves e. knowledge of the ve locity 

distribution on airfoil surfaces, which knowledge is ob­

tained by calculation and by measurement. A method is de­

veloped for computing total pressure loss from wake measure­

ments in the test compressor. Comparison is made between 

the various methods of loss determination. 

4:1 Principal ·Definitions. 

A number of quantities are defined which pr ovide 

criteria by which the performance of a cascade of airfoils 

may be judged. These quantities include turning angle, loss 

coefficient, lift coefficient, and drag coefficient. Utili­

zation of these quantities will be restricted to a two­

dimensional incompressible flow. Fig. 45 illustrates these 

and additional definitions. 

The Turning Angle, e-. , is defined as the e.ngle be­

tween the flow direction at distances sufficiently upstream 

and do'\'\J!l.stream of the cascade, eo that unlform flow condi­

tions exist. It is clear that experimental measurements, 

which must often be obt ained near the cascade, require 

special interpretation before the turning angle can be 
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satisfactorily computed. 

The Loss Coefficient, .n. , where u::> is 

the mean loss of total pressure in passing through the cas­

cade, and ~ is the velocity far upstream of the cascade. 

The loss, @ , may be computed between any t wo planes up­

stream and downstre am of the cascade but will depend in 

magnitude on location of the downstream stat ion. 'r hus if 

the downstream station is taken at the trailing edge plane, 

&3 will include only total pressure loss wh i ch is due to 

dissipation in the airfoi l boundary layers, while if a 

stat ion further dovmstream is chosen, a certain proportion 

of .wake mixing loss will be included. Strictly then, only 

two downstream locations are useful, the trailing edge 

plane, for which Z3~ c..:,P , the profile loss; and a plane 

far downstream where mixing is substantially complete, for 

whi ch 

The --Lift Coefficient. It can be shown (Ref. 20) 

that for potential flow through a cascade, the resulting 

force on an individual airfoil section is normal to the 

vector mean of the (uniform) velocities at plus and minus 

infinity, Fig. 45. Then for a flow with losses, the lift, 

L, is ta ken as that component of the total force which is 

normal to the vector mean velocity, 

efficient becomes 

G == L 

• 'l'he lift co-
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Again, the strict specification of CL depends upon deter­

mination of uniform flows remote from the cascade. 

The Dra~ Coefficient. According to the preceding dis-

cussion, the profile drag, DP , is that component of the 

total airfoil force which is parallel to the mean velocity. 

Then 

For strictly two-dimensional, incompressible flow through 

a cascade, where the uniform upstream and downstream condi­

tions are pr_esumed to be known, rel at ions hips between turning 

angle and lift, and loss and drag have been derived (Ref. 6). 

The pressure rise is 

Ll/> = A -/>, :: 1- r V,
2

- v/') - co 

The axial component of blade force is 

Pa:' I= S 4/' 

The tan p.ential force component is given by the momentum flux 

equation 

The mean velocity is 

where v~ is assumed to be constant and 

co"t: Y,,., = 

Then the following relations result 
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S'/'1.3 ,Y,;., = 
sin~ r; 

. .3 
Ls)fl sm b;, 
(c sin 2 ~ 

I 

It should be noted that the C';, given by Eq. (40) i.s not 

strictly as previously defined. This is because (,CJ 

necessarily includes mj_xing losses (since Station 2 must 

be far downstream), whereas no additional drag force re­

sults from the mixing process. 

4:2 Velocity Distribution in an Airfoil Cascade 

For boundary layer and loss calculations, it is 

necessary to know the velocity distribution about a cas­

cade airfoil in the region just outside the surface bound­

ary layer. This result ~ay be approximated by perfect 

fluid calculations or by measurement of surface static 

pressures, from which velocities can be .calculated. Both 

methods have been utilized end are outlined in the follow­

ing sections. 

4:2.1 Calculation of Cascade Velocity Distribution 

It is assumed that a three-dimensional compressor 

cascade can be represented by an infinite, two-dimensional 

cascade of airfoils whose profiles are identical with the 

compressor blade section at a particular radius. This means, 

in particular, that the eff ects of radial velocities on 

the cascade performance are neglected. Surface velocities 

in the two-dimensional cascade can be calculated by the 
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methods of potential theory if' the working fluid is assumed, 

for this purpose only, to be inviscid. Actually, the 

velocities caiculated in this manner will be slightly 

smaller the.n those which would be measured in the cascade, 

since the surface boundary layers effectively contract the 

flow area. 

The subject of potential flow through an infinite 

cascade of airfoils has been extensively treated in the 

literature, for example in References 14 to 19. F'or the 

general direct problem, (given the cascade geometry and 

incident flow, to find the ve locity distribution) two 

methods have been successful. The first seeks to find a 

set of conformal transformations leading from the cascade 

to a perfect circle. For a cascade of airfoils of arbi­

trary shape, finding such transformations involves success­

ive approximations (Refs. 15 and 18). Suitable transfor­

mations have been found , the cascade plane velocities are 

obtained by the usual methods. 'l1he second approach ob­

tains first the potential flow about a single airfoil of 

the cascade and then, by a series of rather more physical 

approximations, corrects this flow for the effect of the 

other cascade airfoils. A method of the second type, that 

of Ref. 14 is used in this report. 

The center section ( r = 14.40 in.) of the free vortex 

stator cascade is considered. The equivalent two-dimension­

al cascade is shown in Fig. 57. In order to simplify the 

calculations, the actual airfoil profiles are replaced by 
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thin circular arc airfoils geometrically identical to the 

profile mean camber line . For a particular section lift 

coefficient, the thin airfoil velocities will be somewhat 

smaller than those corresponding to the thick profile, 

but the velocity distribution and velocity gradients should 

be nearly the same. Ca lculations for one flow condition 

are carried out in Appendix IV. The following results are 

obtained (See Fig. 45 for notation): 

Entrance angle, ~ - 46°0' -
Exit angle , ~ = 68°26' 

Turning angle, 0 1f:. ~ - r, = 22°26' 

Section lift coefficient, CL = 1 . 026 

The calculated surface velocity distribution is sho~m in 

Fig. 61 . It is seen that for this flow condition, a sharp 

velocity peak occurs near the convex surface leading edge. 

The velocity decreases rapidly toward the trailing edge, 

hence the pressure gradient is such as to cause rapid 

boundary layer gro·wth. 

Since the potential theory of airfoil cascades was not 

of primary interest and because the measurement of blade 

surface pressures proved feasible, no further discussion 

of velocity calculation is given . 

4:2.2 Experimental Determination of Cascade Velocity Dis -

tribution 

a . Surface Pressure :Measurement 

To provide information for obta i ning velocity distribution, 
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surface pressure measurements wer e made at sixteen points 

along the center section ( r = 14.40 in.) of a free vortex 

stator blade. The construction of the blade and the methods 

of measurement and data reduction are discussed in Sec. 2:2.3 

and 2:4.2 respectively. 

With the pressure blede l ocated in the first stator row, 

the compressor was operated at a flow condition ( f ) which 

yielded the desired air incidence angl e at the test section. 

The results of a particular test are shown in Fig. 62. The 

static pressure coefficient, t , is plotted along the air­

foil chord line for each surface. The enclosed area thus 

represents the net force acting normal to the chord line. 

If the same pressure data are plotted along an axis normal 

to the chord line, the resulting net area represents the 

force parallel to the chord line. Thus the net force due 

to normal 

where 

surface pressures can he obtained: 

fj = 1~ d(f) 
(41 ) 

fx :: f ts d(f ) 

fj = section for ce coefficient normal to the chord 

line 

i = section force coefficient parallel to the 

chord line and the coordinates are oriented 

as shown in Fig. 62. 

It will be recalled that cascade lift and drag forces 

were defined (Sec. 4:1) as being perpendicular and parallel, 

respectively, to the mean velocity vector. Then it is 

easily shown that 
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C,_ = (-~~r I h cos( ir-r,.,,) .... h sin{ r- ,--,.,,J_j 

But if the axial component of the mean velocity is assumed 

to remain constant (no radial flow), 

v,.., = 

t hus , 

~ = ~ si1<1 r,., 
v.,., Va. 

where f,., = average axial velocity coefficient at the radius 

in question. 

Hence 

CL ::: si,/~-r,., / h cos ( r- r,.. J - T" sin (r-r,.,,) J 
¢,.,,~ 

( 4? ) 

Co :: sin~,;.. [ry cos r r-- r,..,) r F._ sin r r-r ... j 
~:. 

with the force coefficients as defined by Eq. 41. 

By means of velocity and direction surFeys before and 

behind the first stator blade row at the mid-section, the 

entrance ( o, ) and exit ( ~ ) flow angles and f,,., were de­

termined. Since the flow angles were measured near to blade 

rows, they probably represent the true mean flow directions 
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not closer than .!. 1.0°. 'J:he mean velocity direction was 

calculated from the relation (See Fig. 45) 

cot: Y,,,, = coc ¥," +-cot:¥;_ 

2 
(43) 

The flow angles and ,i are plotted in Fig. 6 3 against ¢ 

which is used as the flow condition parameter. 

Lift and drag coefficients for ten sets of static 

pressure data are computed in Table 6 using Eq. 42 and the 

data of Fig. 63. The computed drag coefficients are used 

as a check on the data reduction method. Since in every 

case the value of C0 is of the proper order of magnitude, 

it is concluded that the mean flow direction has been 

correctly deduced. 

It is clear that by use of the previously derived 

relation between C.. and entering and exit flow angles 

(Eq. 39), the angle data of Fig. 63 can be used directly 
I 

to compute a lift coefficient, C~, quite independently of 

the surface pressure data. The relation used is 

(44) 

the effect of C0 being neglected in this approximation. 

These calculations are also given in Table 6. The agree­

ment between CL and C.' is quite good except possibly at very 

high { where radial velocities may become significant. 

Thus two checks on the validity of both the pressure blade 

data and the flow data of Fig. 63 indicat e that sufficient 

accuracy is obtained for the present purposes. 
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b. Surface Velocity Calculation 

The velocity just outside the profile boundary layer 

is calculated by assuming that the static pressure gradient 

normal to the surface is zero . This is a common assumption 

in boundary layer calculat Jons and is valid if the boundary 

layer thickness is small compared to the surface curvature, 

which is the case ove r the surface regions considered. 

Sin,ce flow outside the boundary layer is iso-energetic , 

the Bernoulli equation is applied along a streamline 

where p = the surface static pressure 

V = velocity just outside the b. 1. 

~ = the (uniform) total pressure of the entering flow 

Or writln@: the equation in dimensionless form 

V 
(45) 

If the average axial velocity component is assumed constant 

X u. .. 
U.o V,.. 

Hence 

The total pressure coefficient, 

sin-,,_ 

7~ was measured J·ust up­r; ' 

stream of the test section and is given by Fig. 63 along 

with JD,., and ~ . 

Using Eq. 46 and the data of Fig. 63, surface velocities 

were ca lculated from the ten sets of pressure measurements. 
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Values of t were taken from "faired" curves. The ve locity 

data are sho'\IVIl plotted along the section chord line in Figs . 

64 to 73. Since with only sixteen measurement points it was 

not always possible to locate exactly the points of zero 

velocity (stagnation point) or maximum velocity, each was 

assumed to occur at the leading edge ( .X.. = o ) in doubtful 
C 

cases. Because no measurement could be made over the rear 

10% of the profile , the trailing edge velocity was obtained 

by extrapolation. 

The velocity data are of some int erest in themselves, 

apart from this usefulness for boundary layer calculations, 

since they represent a rather complete history of a com­

pressor cascade's performance under actual operating con­

ditions. With flow incidence angles , i*, ranging from 

+ 4.6° to - 11 . 9°, section lift coefficients, C~ between 

1.08 and . . 28 were obtained. It is seen tha t at a l a r ge 

negative incidence angle (Fi g . 73), moderate velocity 

peaks form on both surfaces. At a positive incidence angle 

(Fig . 65) no peak occurs on the concave surfa ce , but on the 

upper surface an e xtreme. peak forms near the leading edge 

which caus es large adverse pres sure gradients over the 

entire surface. This condition induces ra pid boundary 

layer growth, as is shown in the next section. 

4:3 Cascade Boundary Layer ~ r owth 

4:3.1 Basic Equations 
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The calculations of this section are carried out 

using e ssentially the standard aerodynamic methods which 

have been developed large ly for single airfoil profile 

drag computations and which were briefly outlined in Sec . 

3:2. Therefore, no attempt is made to justify completely 

the methods, rather the equat5ons are given and reference 

is made to original sources. 
I I 

The equations used are based on the Karman integral 

relation which is derived in Ref. 11 and 12 and is re­

produced here for the case of steady, incompressible, 

two-dimensional flow along an essentially straight bound-

ary with the pressure gradient J...e = O in the Jy b. 1. : 

J'. 0 

_..d.. f v~cly - V ~ f v°>' = V JV J - .3.. 
c:)x ~ 1( Jx f' 

0 
0 

or in a form which is independent of the upper limit 

oO 0,0 

1-1[ [ (V-v)dy + f; r (V-v} vdy = 
0 

(47) 
0 

Using the previously (Sec . 3 :2) defined displacement and 

momentum thicknesses 

d!J + d V .J2. (z~ .£') = 
dx d x V ;J 

It will be observed that in obtaining this form of the 

momentum equation, no specific assumptions have been made 

as to the nature of the b . 1. velocity profile or the 

friction law, hence it may be applied to both laminar and 

turbulent b. l.'s. 

For treatment of laminar boundary layers the method 

of Ref. 23 is used . A flat plate, "Blasius" t ype velocity 
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profile is assumed as shown in Fig. 53 and the condition 

is used. Then the following relation re-

sults*: 

(49) 

where Ri? = i9V 
z/ 

Re = C ¼, 
Z,/ 

and ( ) 
I represents a quantity at the upper limit of in-

tegration. The assumption of profile similarity is valid 

only where the pres s ure gradient is favorable, i.e. where 

the surface velocity is either constant or increasing in 

the flow dire ction, and where laminar separation does not 

occur. A more general treatment of the laminar case is 

available in Refs. 24 and 25. 

Turbulent boundary layers are treated by the method 

of Ref. 26 or Ref. 27. It is assumed that the boundary 

layer shape parameter, , has a constant value 

along the surface. An emnirical friction law of the form 

/o = _![_ ( 50) p v~ R; 

is used where 

R& = t'V 
:z,/ 

* Zero b. 1. thickness is assumed at the 1. e. This 
assumption is not strictly jus tified by exact solution 
of the b. 1. equations (Ref. 24 and 25), but more elab­
orate calculations seemed unjastifiable. 
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and V= velocity just outside the b. 1. at any point. 

where 

Then Eq. 48 becomes integrable and the result is 

(51) 

ii;, = the mean of entering and exit cascade velocj_ties 

R. = V-c 
C. 

k
1

n are defined by Eq. 50 

and the subscripts { J , and ( )2 represent quantities 

at the lower and upper limits of integration respectively . 

Since the assumption H = const. is basic to the de­

rivation of Eq. 51, it is clea r that this equation can be 

accurately used only in regions where the boundary layer 

velocity profi le does not change radically. this means 

that turbulent flow separation cannot be predicted and 

that if separatjon occurs, the boundary layer regj_on ·wi ll 

become considerably thicker than indj_cated by Eq. 51. 

ri.1 here seems to be no reason why the more feneral method 

of turbulent boundary layer calculat:i_ on (Ref. 13), which 

indicates incipient flow separation, could not be used, 

ho·wever the computati onal labor involved is excessive 

for the present purposes. 

4:3.2 The Stator Cascade 

The velocity data of Figs. 64 to 73 were used to 
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calculate convex and concave surface boundary layer 

growth for the vortex stator blade center sectj_on 

( r= !4.-4-o in) for compressor operation at 750 R. P. M. 

Eq_. 49 was used for either surface to compute the laminar 

b. 1. momentum thickness from (-~) = o , the leading edge 

to {!)=- (f}, , the assumed locatj_on of transition to a 

turbulent layer. Eq. 51 was used to compute the turbu­

lent layer gro~rth from tK) to I~). , the trailing edge. le, (c~ 

The shape :parameter wastaken as H = 1.5 = const. (Ref. 

27). A friction law of the form of Eq. 50 was used with 

f = .0180 and n -:::..so . These values were selected to 

best approximate experimental data obtained from pipe 

and flat plate turbulent b. 1. measurements (Ref. 27) 

at very lovv Reynolds number, R.,:; . Actually this pro­

cedure is not strictly justifiable, since turbulent b. 1. 

are usually not observed with values of R/l as low as 

were encountered in t hese calculations. This point is 

discussed further in this section. 

With these assumptions, Eq. L~9 becomes 

(52) 

and Eq. 51 becomes 

( 5 3) 
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Even for the standard airfoil problem, prediction of the 

occurrence and location of l aminar to turbulent boundary 

layer transition is difficult and is, at present, based 

largely on empirical rules. According to Ref. 11, in a 

neutral pressure gradient, transition occurs for (/?t?),~250 , 

depending on the turbulence level. This reference applies 

to airfoils in flight and wind tunnel models, where the 

approach velocity is steady with perha-ps some turbulent 

fluctuations. It ha s also been established (Ref. 28) that 

a laminar b. 1. is quite unstable in the presence of strong 

adverse pressure gradients (static pressure increasing in 

the flow direction) and that either laminar separation or 

transition is induced under such conditions. 

The preceding considerations apply under essentially 

steady state conditions. A compressor stator row, however, 

operates in a quasi-steady flow, since relatively large 

periodic velocity fluctuations are produced by upstream 

rotor blade wakes. Similar, but perhe.ps less severe, con­

ditions prevail on those portions of an airplane wing 

which operate in propeller wakes . Flight tests reported 

in Ref. 29 indicate t hat transition in the wake re gion 

occurs considerably nearer the 1. e. on both surfaces than 

on other port ions of a wing. It seems likely that a similar 

phenomenon may occur in compressor cascades. 

Based on the foregoing considerations, transition was 

assumed to occur in the stator cascade either at the location 

of a velocity maximum or where a strong favorable pressure 
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gradient terminated. The selected transition points are 

indicated on the velocity curves. Boundary layer calcu­

lations for the 10 sets of experimental velocity data and 

the one calculated condition are shown in Table 7. 

In addition, Fig. 74 illustrates the progressive b. 1. 

growth over both surfaces for the calculated velocity dis­

tribution. It is seen that at this lift condition, the pre­

dicted growth is very rapid on the convex surface and that 

the final momentum thickness is considerably greater than 

on the concave surface. Thus for CL = 1.026, 
.-It- 0 

l : + .2 

and /} * = 22.5° 

{)"- = .047 

J: = .0 7 0 

{),.( = .008 

J; = .0 12. 

in. j in 
upper (convex) surface 

in. 2 
in. ) 

lower (concave) surface 

In the next section, computation of cascade loss from 

such results is considered. 

4:4 Cascade Loss 

4:4.1 Calculation Procedure 

A system is next developed for deducing the profile 

total pressure defect from calculated trailing edge b. 1. 

results. The method depends upon selection of an appro­

priate velocity profile in the b . 1. and can, therefore, be 

applied only t o cases where the flow is attached at the 

trailing edge. 
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'l'he following information is available from previous 

calculations: the t. e. momentum thicknesses for convex 

(upper) and concave (lower) airfoils surfaces, ~ and 4 
the corresponding b. 1. shape parameters Hu and 1-1~; and 

the potential flow velocity at the t. e., Va , which is the 

same for both surfaces. The situation is i llustrated by 

Fig. 75. 

Then the mean total head defect per cascade airfoil is 

s S' 

f ~Jo (~)o dy - f .Pe Va. dj 
0 0 

s f Va, dy 

( 54) 

0 

where indicates the potential flow conditions and the .. 
line integrations are taken along the path shown in Fig. 75. 

But = constant even though ~ 

and v.; are not individually constant. Also from the oontin­

ui ty equation 

hence 
s 

dy = J /F,). f' V. dy 
0 

and 
s 

Gvfa = I cPt-o -~) Va dy 
o ______ _ 

but ,1
0 

= ~ except in the b. 1. regions , therefore , 
dc,. ~ 

Cv,b "! /ho -/4} Va & -f- / {A 0 -,Pt;}~ dy / S ~ 
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Now where r. is measured normal to 

either surface and 

b. 1., as previously assumed. 

Then 
i'u. 

c.v~ = / 77 (lb.l. - v~) v d2 
0 

or 

+ 

il = o in the 
;> ~ 

it is seen that these definite integrals are similar in 

f orm to those defining momentum and displacement thickness. 

To permit their eval uation in terms of i1 and H it is assumed 

that the b. 1. velocity profile at the t. e. is given by 

Then 
~ 

J ft : [ (1 - ~) d e = J_ 
~ n+I 

0 

6 

,J :::: f(t- ~ )JC. d;: -= nd 
K, Vu (n+1){n +-2 ) 

0 

and_ H = rr* 11+ ~ 
- = 
~ n 

from which n = ~ 
H- 1 

and J = (n +1 )(17 r -<) -'9 
11 
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Also 

(11+1 )(n+3) 
0 

Hence 

:::: 

Z [nu -t-2. t)_ 
-f-

17,! +2. V n,.,._--,.3 " n~ +s 

s (-~) 

= 
z [2 flu. (~~) + 2~ (¥)} JH.._-/ 3#.,-1 

(~) 
or finally 

The accuracy of the above expression will depend upon 

how well the actual b. 1. profile can be represented by a 

power function • For turbulent equilibrium 

flow in pipes, at moderate Reynolds numbers, such an ex­

pression v.rith n - 7 has been found valid (Ref. ?8). From 

the data of Ref. 13 actual turbulent b. 1. profiles should 

be well represented for /.2.9-:.r: H.::.:. /. 9o It might be 

noted that a change of H from 1.4 to 1.5 causes approxi-

mately a 3% change in the factor • 

:!!,or the calculation of .fl" , Eq. 55 shows that Va 
3 

enters as a multiplicative factor. It will be recalled 

(Sec. 4:2.2) that this velocity is actually obtained by 

extrapolation of the surface velocity data and thus may 

not be knovm with great accuracy. However, reference 
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to Eq. 53, which was used to obtain values of z;} , shows 

that for this quantity, 
-3.o _ "l r -3.5" 

Vo = Vz is a multiplica-
- s-

ti ve factor. Hence only Vo· influences the loss calcula-

tion, and moderate accuracy in the determination of Vo 

is acceptable. 

4:4.2 The Stator Cascade 

Equation 55 was used to compute total pressure loss 

from the boundary layer data of Table 7. 

If it is again assumed that the mean axial velocity 

Va. is constant through the cascade, 

~ = V,,,, sin ~ = \( Sin Y, = C0"1S-C. 

and 

With the nurneri-ca l values 

and 

Eq. 55 becomes 

L = /088 
C 

The values of are obtained from the 

velocity data, Figs. 64 to 73. The angles Y, and cl:; are 

given in Fig. 63. 

The loss calculations are summarized in Table 8. In 

Fig. 76 values of .DP are plotted arainst ·* 
l , the flow 
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incidence angle, where 

i ~= 46.Z 
O 

- 'b'; ( 57) 

for the stator cascade. Discussion of the results is re­

served for Sec. 4:6. 

4:5 Measured Cascade Loss 

Wake profile measurements were made at the stator mid-

sect ion ( r=/4.40) 
f 

dovmstream of the first and third 

stator rows. From the measurements, the total pressure loss 

coefficient is computed. 

4:5.1 Data Reduction 

In principle, compressor cascade total pressure loss 

can be determined under given conditions by making total 

pressure velocity and direction surveys before and behind 

the chosen blade section and computing the weighted average 

total pressure defect. However, with available instrumenta­

tion, simultaneous measurement of all six quantities is not 

possible and the errors of measurement and flow repr oduci­

bility, which arise from separate tests, make reasonably 

accura t e results difficult to obtain by this method. This 

difficulty is particularly true of profile loss, since the 

mean loss may be small (perhaps 3% of the velocity head). 

A method which depends, for its accuracy, largely on a 

single downstream survey is developed to circumvent the 

difficulty. 

Total pressure, velocity and flow direction are measured 
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along a given c ircurn.ference dovmstream of the cascade. rrhe 

dimensionless axial velocity and total pressure parameters, 

</ and f/ are plotted as shov.m. in Fig. 77. From the faired 

7~' * r curve, the maximum value, °T is obtained. It is assumed 
+ 

that f , which is characteristic of the frictionless flow 
; 

region, is equal to f entering the cascade. Then 

or 

~ 

of ¢.z (;r*- Jr') d0 
(58) 

( ~;; cascade pitch angle) 

11- ,J_ de 
0 

hence 

(59) 

assuming i = const. through the cascade. 

4:5.2 The Stator Cascade 

Equations 58 and 59 were used to compute the loss co­

efficient, n , for the wake survey data shown in Figs. 77 

to 90. A study of these data ~eveels many of the loss and 

boundary layer phenomena discussed in previous sections. 

The wakes are seen to be relatively narrow and we ll defined 

and considerably 

broader for more extreme conditions. The profiles of Figs. 

78 and 83 indicate that flow separation has probably taken 

place at these large turning angles. 
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The chosen value of f" ~s indicated for each profile. 

* As a check on the selection of T values, total pressure 

measurements were made upstream of the third stator row 

(re= / 4 . 4 0 in, ) The comparison is shmAm in Fig. 91. 

is seen that the Y,- .,,. values agree quite well with the 

curve except possibly in the extreme stall condition. 

It 

Measurements for the third stator row indicated that 

values of Y; , and I,.,, required in Eq. 59 could, with 

sufficient accuracy, be taken from the first stator data 

of Fig. 63. This is possible because the flow pattern, 

particularly at the center radius, repeats almost per­

fectly through the three stages (See Sec. 5:3.1). 

The loss coefficient calculations are summarized in 

rr bl 9 d ('""\ • 1 t t d • t • 11- • "'. 76 __ a e an ~'- is po, e a.gains l in 1.'lg •• 

In addition, stator blade wake measurements which • 

were taken at several different radii have been reduced 

in the same manner and are shown in Fig. 92. These results 

reveal a considerable increase in cascade l oss near the . 

bounding walls. 

These results are discussed in the next sections. 

4:6 Discussion of Results 

Cascade loss coefficients which were obtained from 

boundary layer calculations and from actual measurement 

in the test compressor are compared in Fig. 76. There is 

also sho~m, for an essentially identical cascade, loss data 

which was obtained in a two-dimensional cascade 
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tunnel.* Figure 76 shows turning angle data from the same 

sources. 

It is seen that the turnj_ng angle data agree vrell, within 

perhaps two degrees over the unstalled range. This agreement 

is consistent with that obtained from other tests (Refs . 4 

and 5). In general, measured or calculated two-dimensional 

cascade data can be a pplied to compressor blading providing 

the flow is essentially two-dimensional in the sense that 

the mean axial velocity at a given radius remains constant 

through the blade row. 

From Fig. 76 it is seen that values of ..D.. obtained 

from boundary layer calculations are in good agreement with 

the cascade tunnel data. Actually the calculated values are 

somewhat higher than those measured; this may be due to the 

effort which was made in the b. 1. calculations to simulate 

actual compressor conditions rather than those which pre­

vail in a cascade tunnel. Early transition was assumed in 

the calculations, whereas laminar b. 1. 's may have existed. 

over large portions of the cascade tunnel bladin~. The 

cascade tunnel test data indicate that low losses are ob­

tained for - 8° ~ ii'< 7• or a total range of 15 degrees. 

Losses increase abruptly outside of this range, particularly 

for positive incidence angles. Examination of Fig . 76 

shows that the limiting air turning angle is approached at 

------------------------------------------------------------
* The data were taken from a classified document. They 
are believed to be quite accurat e. 
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i*=- 7°and that cascade "stalling" may be said to occur. 

The calculated loss curve exhibits the same general 

characteristics. Low loss is predicted over a wide range 

of incidence angles, but due to the assumption of constant 

b. 1. profile (H = const., see Sec. 4:3) separation or rapidly 

increasing loss is not indicated. If this restriction were re­

moved, better agreement with cascade tunnel tests would cer­

tainly result. A method of compressor cascade loss calcula­

tion based on diffuser test data, which has been proposed by 

Howell (Ref. 6), appears to avoid the restriction and to in­

dicate the stalling limit. 

Loss measurements obtained from the test compressor 

(Fig. 76) are considerably higher than the results of either 

of the other methods. The minimum compressor measurement is 

S2. = .o3s as compared with D.-= .015 from cascade tunnel tests 

and ...0. = .019 from b. 1. calculations. Equally significant is 

the fact that the range of incidence angles for low loss is 

reduced to six degrees (- 8 ° ~ l * - 2.
0

) as compared with 

15 degrees from cascade tunnel tests. There are a number of 

factors which may affect these comparisons. 

a, Survey Plane Location 

From Figs. 77 to 90 it will be observed that most of 

total pressure surveys were taken along a circumference 

approximately .05 inch or .02 chord length dO'wnstream of 

the section trailing edge. Other data denoted, in Fig. 76, 

by A , v,mre taken farther downstream. 

According to the discussion of Sec. 3:2, total 
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pressure loss is increased by the wake mixing process. 

Using the mixing loss calculation method of Ref. 30, a 15% 

increase might be expected. However, no effect of survey 

plane location is observed in the data. 

b. Airfoil Contour Deviation 

Departures of an airfoil section from design are not 

considered in the loss calculation. HowevPr manufacturing 

errors, roughness, and surface de~osits may be present in 

the actual blading. As previously noted (Sec. 2:1.4), 

profile errors do not exceed + .005", or approximately 

+ 2% of the maximum thickness. Random errors of this 

magnitude probably do not affect the profile loss appre­

ciably. Blade surface roughness does not exceed 40 R. M. s. 

microinches which should be well within the laminar sub­

layer, hence the surfaces may be considered smooth.* 

Dirt deposits of considerable thickness occur after 

prolonged operation in the laboratory atmosphere. After 

several hundred hours, de posits up to 1/16 inch in thick­

ness were formed near rotor and stator leading edges. Ob­

viously such contour deviations cause local velocity dis-

* For a 1/7 root turbulent profile, the laminar sub-layer 
thickness is approximately Y/$' = <oa/ R.,

7
/

8 (Ref. 28). From 
Se~4 ~:2.l~at ~he upper surface transition ~oint? § = ~.2 x 
1 0 · • .. in., K& - 12.9. For a tu~bulent profile w1th H - 1.4, 

a = 10 P , then 7.o = 2.2 x 1 0::- in., R8 = 129 or y = (2.2 
x 10~3 x 68) / ( 129 f 8 = 2 .1 x 10-::~, in. Thus a sub-layer 
of at least .001 inch is to be expected over the airfoil 
surface. 
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turbances which might well change boundary layer conditions, 

hence the measurements were taken with carefully cleaned 

blades. 

c. Wake Measurements 

In Ref. 2 some experimental data are presented on the 

accuracy of total pressure measur.ement j_n a stream with 

large transverse total pressure gradient. It is concluded 

that depending upon the probe diameter in coroparison to the 

gradient, an error results which gives wake widths smaller 

and jet widths greater than actually exist. The effect 

should be small with the .020 in. diameter probe which was 

used, however the true losses are, if anything, slightly 

larger than the measured values. 

d. Reynolds Number 

In Reference 6, it is sho,,vn that the permissible air 

turning angle for a compressor cascade, i.e., the maximum 

turning angle for moderate loss, is affected by the flow 

Reynolds number, R, where R = C V, 
z7. Below an effective 

Reynolds number,Reff., of about 100,000, the maximum turning 

angle is severely restricted; above approximately 300,000 

optimum turning capacity is attained. It is stated, that 

due to turbulent fluctuations, the effective Reynolds number 

in a cascade testing tunnel is increased by a factor as high 

as 3.0. Presumably the factor is as great or greater for a 

compressor. 'I'he value of R'eff. for the two dimensional test 

data of Fig. 76 was estimated to be 350,000; the value for 

the test compressor was between 200,000 and 300,000. Thus 

both sets of data were near the upper critical limit, and 
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the Reynolds number effect is probably small. 

e. Radial Velocities 

Radial velocities in the compressor mey arise from 

two causes. As has been shown in Ref. 5, the "perfect 

fluid" flow pattern through a compressor may involve 

' radial velocities of considerable magnitude. The test 

compressor blading, which has a "free vortex" flow pattern, 

induces no radial velocities at the design condition 

¢' = .4S ) , but for other conditions the flow pattern is 

three-dimensional. It follows from the continuity condi­

tion that the average axial velocity through each cascade 

section is not constant, i.e., that the stream tubes 

change in radius. Thus additional diffusion or contrac­

tion occurs which is not present in two-dimensional tests 

and which may considerably affect losses as well as turn­

ing angles. However, it will be seen from Sec. 5:3.1, 

that for the test compressor mid-radius the mean a xial 

velocity is nearly constant, even off the design condition, 

anfl therefore tha t a ppreciable "perfect fluid" radial 

velocities are not present at the test section. 

It is clear that, whereas the main flow may be without 

radial velocities, the fluid in the blade boundary layers 

cannot, in general, be in equilibrium in the radial static 

pressure field. Thus, so-called "secondaryn radial flow 

must exist near the surfaces of both rotor and stator blades . 

Measurements made by Weske (Ref. 9) have shown directly the 

presence of such flows on rotor blades. Precisely what 
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effect nsecondary" flow may have on cascade boundary 

layer development and loss is not clear, but the phe­

nomenon mayaccount for part of the difference between 

two-dimensional and three-dimensional cascade loss. 

f. Non-steady Flow 

It has been previously pointed out that, due to 

wakes from unstrea~ , moving blade rows, the flow enter­

ing a compressor cascade is not steady but in reality has 

a strong periodic component. For example, consider the 

stator cascade operating at the design condition, Fig. 

93. The design incidence angle of the entering flow is 

i.*= 0° • However, if the relative exit velocity from the 

preceding rotor is reduced to 75% of its "perfect fluid" 

value, the stator incidence angle becomes 0 +- 13.2. It 

is clear from the data of Figs. 77 to 90 that a velocity 

defect at least this great is to be expected in the stator 

blade entrance plane and thus that the enterinp.: velocity 

fluctuates both in magnitude and direction. At a test 

compressor speed of 750 R.P.M., the fluctuations occur 

375 times per second. It should be noted that for either 

rotor or stator compressor cascades, wakes from the imme­

diately upstream blade row contain such a velocity com­

ponent which has a larger, positive incidence angle (or 

angle of attack). 

These considerations suggest several possible ex­

planations for large compressor cascade losses. Periodic 

fluctuations in the absolute magnitude of entering 
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velocity and total head may result in effectively higher 

surface friction and thus induce generally higher cascade 

loss and promote earlier transition and flow separation. 

The fluctuations of entering velocity direction, which 

are always toward higher incidence angles, may promote 

the cascade ''stalling" at apparently low incidence an~les 

which was observed for the stator cascade, Fig. 76. Clearly 

there is insufficient evi.dence to permit any definite con­

clusions, but it is believed that these phenomena do de­

serve further investigation. 

Finally it should be noted that some confirmation of 

the measurements obtained from the test compressor is 

available in the literature. Weske (Ref. 9) has also 

found that the range of permissible cascade inc idence 

angles for low loss is much lower, approximately six de­

grees, in a compressor, than is expected from cascade 

tunnel tests. 

British compressor designers (Ref. 1) have proposed 

a rule, based apparently on overall compressor performance 

data, which corrects cascade drag coefficients, obtained 

from two-dimensional tunnel tests, for use in 8n actual com­

pressor; namely 

where 

C 0 = C 0 P r-. 018 ½,.-l +- . 020 {{} 

C0 = drag coefficient in the compressor 

CP = drag coefficient from tunnel tests 

C"- = sect ion lift coefficient 

s = cascade spacing 
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I, = blade height 

Applying this rule to the stator cascade, ( r = 14.40 in.) 

at the design condition with ½>;, = .oz S :, c;_ = .70 

C0 ~ .oz..s -t- .oo9 -,.. .007 • . 041 

Thus the cascade tunnel drag coefficient is increased by 

6h% in the actual compressor. Since both C0 and n are pro­

portional to the blade boundary layer thickness, ..n would 

presumably be increased in proportion. A somewhat ~reater 

increas e is indicated by Fig. 76. It is stated that this 

empirical rule has been found useful for predicting overall 

compres s or efficiency. 

4:7 Conclusions 

Based on the foregoing results and discussion, the 

following conclusions are proposed. 

a. The minimum total pressure loss and the approximate 

incidence angle range for low loss can be predicted, by 

standard aerodynamic calculations, for a two-dimensional 

compressor cascad e which is operated under steady, uniform 

flow conditions. Either mea sured or calculated surface 

velocities may be . used in such calcula tions. 

b. Total pressure loss in an actual compressor cas­

cade may be considerably greater (the order of twice as 

great) than is either measured or calculated for the 

equivalent t wo-dimensional cascade operating under steady, 

uniform flow conditions . Furthermore, the apparent flow 
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incidence angle range for low losses is considerably 

less. 

c. It is suggested that two phenomena which may be 

responsible for these differences require further inves­

tigation. These phenomena are radial, "secondary" flow 

near compressor blade surfaces and periodic fluctuation 

in entrance velocity direction and magnitude. 



V. The Wal l Boundary Region 

5:1 Introduction 

The nature of the flow near the outer and inner bound ­

ing walls of the compres c.or annulus was previously illus­

trated in Sec. III .· It is the purpose of the following 

section to give additional experimenta l and theoretical 

information on these reg ions. 

Axial and circumferentia l velocity components measured 

do·wnstream of a rotor blade row are sho'\Am in Fi g. 94. It 

will be recalled that the axial velocity component must 

vanish at both boundaries and that the tangential component 

vanishes at the outer (fixed) boundary but approaches the 

hub peripheral velocity at the inner (rotating boundary) . 

Thus while the flow direction in the central re gion of the 

annulus is determined only by the blading design, near 

either wall, pronounced deviation/S· from. design direction 

occur. From Fig. 94 it is seen that the flow throu€!h at 

least 1.5 inches or 20% of the blade height shows appre­

ciable deviations from the perfec t fluid pattern which 

are attributable largely to viscosity effects. 

It is convenient to specify the boundary reg ion ex­

tent before or behind a particular blade row by the 

boundary layer displacement and momentum thicknesses which 

are computed from the axial velocity distribution. Ana ­

lytically these thickness parameters are 
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~ 

s~ = Jr- :¥) ~ 
0 

(60) 

0 

~ ~ f(/-~)~ ~ ,. ,~ (61) 

0 

f = local axial velocity coefficient 

9~= local axial velocity coefficient at the bound­

ary layer ltmit, O 

Y = distance normal to the boundary 

Since the boundary layer thickness is small compared to 

the annulus radii, the effect of curvature is neglected 

in these definitions. 

The experimentally determined radial velocity dis­

tributions, to which Eqs. 60 and 61 will be anplied, are 

secured along radii which lie outside the wake area of 

the nearest upstream blade. In Fig. 95 axial velocity 

contours measured downstream of a stator blade row are 

shown . The blade wake areas are easily seen as regions 

of velocity depression. It is clear that the extent of 

the boundary layer is quite uniform outside the blade wake 

area and thus that the circumferential location of a survey 

radius will not greatly influence the calculated boundary 

layer parameters. 

It should be noted that the boundary layer displace-

ment thickness, * S , indicates the contribution of the 
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boundary in question to the effective "flow area contrac­

tion" which was detected from the overall compressor per­

formance data (Sec. 2:5.1). 

5:2 Analytical Treatment 

In Appendix V, some preliminary attempts are made at 

analytical treatment of wall boundary layer growth in 

turbomachines and cascade tunnels . Es s enti ally t he con­

ventional boundary layer a pproac h i s , ad_opted, the i mme r sed 

blade rows being replaced by equivalent body f orces which 

act on the fluid . Momentum relations are set un , and t he 

illustrative example of an untwisted stationary cascade 

intersectinf a plane wall is treated. Such a problem 

might occur in tests of airfo i l cascades in a two-dimen -

s ional tunnel. From the solution obte ined it. a ppears 

that accelerated wall b. 1. g-rowth should occur for flow 

through a compre s sor cascade . However, to date no test 

data have been obtained which are suitable for checking 

this result . 

The analytical treatment of this problem has proved 

difficult , although some encouraging r esults have been 

obtained . It is believed that further effort e long these 

lines may prove useful as a ruide to experimenta l treat­

ment . 

5:3 Wall Boundary Layer Growth in the Compre s sor 
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5:J.l Measurements and Data Reduction 

Radial surveys of flow direction and total pressure 

were performed in the three-stage test compressor before 

and behind each blade row, eight locations in all. 

The claw type direction probe was used for direction 

measurement, since it could be operated quite close to 

either bounde ry. The spec i a l .020 in. diameter probes 

were used for total pressure measurements near the walls, 

and check points were obtained elsewhere usina the Kiel 

type probe . All probes were posit ioned by the instrument 

carriage in its radial survey mounting (Sec. 2:2.J and 

Fig. 38). Circumferential location of the survey radii 

corresponded to the positions of the radial survey ports 

which are shov,m in Fig. 40. In all cases the radial sur­

vey paths were located outside stator blade wake areas. 

Using measured total pres sure and flow direction 

data and outer wall static pressures, r a.dial static press­

ure distribution was determined for each of the eight lo­

cations by the method of Sec. 2:4.2. Using these static 

pressures, axial and circumferential velocity com:t1onents 

could be calculated from the survey data. In reneral, the 

character of the velocity component and direction data was 

similar to that sho~m by Fig. 94. 

A complete set of radial surveys was obtained at each 

of three flow conditions, corresponding to approximately 

f = .448, .392, .485, i.e., near the design condition, 
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below and above. The measured axial velocity distributions 

are shovvn by :Figs. 96 to 101 in the form of , vs. radius. 

A check on the validity of the data reduction process was 

obtained by computing the weighted mean axial velocity co­

efficient for each profile which could be compared with the 

corresponding / from overall measurements. These compari­

sons are shown on the figures. Actually, perfect agree-

ment is not to be expected, since the radial survey measure­

ments do not include the flow deficiency which is due to 

cascade wakes. However, it is seen that in all but four 

cases, the two determinations agree within three percent, 

which is interpreted as valldation of the measurements and 

of the static pressure computation method of Sec. 2:4.2. 

Discrepancies in the f our cases probably r~sulted from in­

accurate outer wall static pressure determination. In any 

event, a small error in the general velocity level does 

not appreciably affect the calculated boundary layer thick-

nesses. 

For each of the measured axial velocity profiles, the 

boundary layer thicknesses, J'i' and /J were determined 

from Eqs. 60 and 61 at ee.ch boundary. A reasonable choice 

of the "free stream velocity" coefficient 
.. 

<J was possible 

for most of the measured pDofiles, but in several cases 

the generally large velocity gradient over the blade hei~ht 

made such a choice impossible. The boundary layer shape 

parameter, fl = £ , was also computed. 
.fl 

Boundary layer 

characteristics of the velocity profiles ar e surmnarized 
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in Figs. 102 and 103. 

5:3.2 Discussion of Results 

Examination of the axial velocity profiles shovm in . 

Figs. 96 to 101 reveals that, in general, a flow pattern 

is closely repeated throughout the three stages. Near the 

design condition, at ¢ = .448 , the axial velocity is 

essentially uniform over the central portion of the annulus 

at all locations. At higher and lower flow rates, the axial 

velocity becomes higher near the inner or the outer bound­

ary respectively. These results 8re predicted by perfect 

fluid theory (Ref. 4). From the axial velocity magnitude 

in the center of the annulus, a general tendency for bound­

ary layer growth in the flow direction is detectible, but 

the tendency is by no means extreme. Indeed, an approxi­

mately equivalent growth rate would be expected in the 

annular duct if no blading were present. 

The outer wall boundary profiles are generally similar 

to that of a flat plate turbulent, boundary layer. As pre­

viously noted, the inner wall profiles show certain devia­

tions which are due to the rotor hub peri~heral velocity. 

At the lowest flow rate, ¢ = .392 , a pronounced, pro­

gressive decrease of axial velocity near the inner boundary 

is observed. ' This condition is probably caused by severe 

cascade losses in the hub sections of the rotor blades. It 

is seen from Table 3 that these sect:i.ons were designed for 

very high turning angles and thus might be expected to 
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"stall" earliest. Further more, in the next section it 

will be shmm that the wall b. 1. causes very poor cas­

cade entrance conditions near the inner boundary which 

also promote early "stalling". 

Characteristics of the wall boundary layers are shown 

in Fi gs. 102 and 103. The conclusion reached from exam­

ination of the annulus velocity profiles is confirmed by 

the dis plac ement thickness data. There is a slight ten­

dency for s• to increase through successive stages, but 

a large share of the increase seems to occur through the 

entrance vanes. Within the compres s or blade rows the 

thickness seems to vary more or less at random. From the 

* J values of Fig. 103, a systematic increase of inner 

wall thickness in passing through the rotor rows a ppears, 

which is perhaps also chargeable to ·hi gh cascade loss in 

the rotor root sections. 

The b. 1. shape parameter, H, fluctuates betv1een 1.2 

and 1.7 with an average value of perhaps 1.3. The value 

for the common 1/7 root t.urbulent profile is 1.29. This 

parameter is helpful for i ndicating a general constancy 

of b. 1. shape, but its significance s hould not he over­

rated for the rather comnlex, three -dimensional profiles 

in question. 

From the wall and cas cade boundary layer da ta, an 

estimate of the ef f ective "area cont r a ction" can now be 

made. Consider the operating condi t ion nearest to design, 

¢ = .448 . From Figs. 102 and 103, the average wall dis-
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:placement thickness · are: 

a:v. = .082 in. - outer wall 
it 

~av. = .094 in. - inner wall 

Then the effective area reduction from this source is 

21r r r;, So* +- rz J/ ) = z.4 %­
rr ( lo~ - ,;z} 

From t he data of Sec. 4:5, a.n approximate average 

value for the cascade wake displacement thickness is 

J* _ = .Oi?..S-
S 

Hence t he total effective area reduction would be 

approximately 2.4 + 2.5 = L~.9%. From the three stage 

:performance data the area reduct ion is 

Since the decrease of cascade wake displacement thickness 

which results from mixing is not inc l uded, the agreement 

of the two values may be considered satisfactory . 

I n the previous discussi on the e f fect of blade tip 

clearances has not been c onsidered. Perhaps the best 

estimate of the overall effect of tip clearance leakage, 

which is currently available in the literature, is the 

"volumetric efficiency" f ormula of Fickert (Ref . 31): 

I 
?v 

! + 4 fl[ c/zro Jcr--Yz 
I -(!J)z 

where fv = the multiplicative efficiency factor 

whi ch accounts for air stream energy 

loss due to l eakage 
,, 

£ = mean tip clearance 



106 

f'- = an orifice coefficient ~ <Y' = 

Using, for the test compressor, £ =.029" (Sec. 2:l.L1-), 

,,.u ~ .80 ( the maximum value considered) , and with a-=- .so 

at the design condition, 

fv = • 993 

Thus a very small effect on overall performance is pre­

dicted. 

No information concerning the local effect of tip 

clearance on the wall b. 1. grovnh or the tip section 

performance is available. However, the detail surveys 

have shown no larfe effects which are chargeable to 

this source, and since theoverall effect is believed to 

be small, the phenomenon is not further considered. 

It has been suggested that wall boundary layer growth 

in an axial flow compressor might be accelerated by the 

general adverse static pressure gradient in the flow 

direction and also by b. 1. instability induced by the 

radial static pressure gradient. It is believed that 

additional experimental and theoretical investigation of 

these phenomena is required before their lmportance can 

be evaluated. However, from the present test compressor 

measurements, there seems to be no reason to assume that 

theee phenomena exert major influences on the boundary 

layer flov.,. 

5 :L1- Interaction of Wa ll and Cascade Boundary Layers 
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It is clear from the precedin? discussion and the 

flow data of Figs. 96 to 101, that, althou~h the wall bound­

ary regions may not grow rapidly, if they ere of appreciable 

extent they must profoundly alter flow conditions through 

the extreme blade cascade sections. 

In Fig. 104 velocity diagrams are sho~m for a rotor 

and a stator blade section near the outer boundary 

r-= I 7 98 il'l. ). These diagrams are typical of a 

number which have been constructed from angle and velocity 

measurements in the comprese.or. They are compared with 

the corresponding blade design diagrams. It is seen that 

due chiefly to the axial velocity reduction,which greatly 

changes the entrance velocity relative to the rotor, the 

incidence angles for both rotor and stator are quite large, 

and high cascade losses undoubtedly result. Nevertheless, 

considerable air turning occurs, i.e., work is done on 

the boundary layer fluid but probably very inefficiently. 

Clearly these effects are cumulative, and the flow becomes 

successively less favorable until some kind of equilj_brium 

pattern is established. 

Similar conditions prevail at the inner boundary: the 

axial velocity is low, relative incidence anfleR are ab­

normally large, and high losses result. 

Further evidence of these effects is shown in Fig. 92. 

For one flow condition, the loss coefficient and flow 

directions are shown at several radii. It will be recalled 

that the loss coefficient, n , represents the mean total 
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pressure deficiency referred to the maximum local total 

pressure in the wake region (See Sec. 4:5.1). Thus the 

wall boundary layer total pressure defect does not direct­

ly influence ..n. , but only indirectly in producing un­

favorable cascade entrance conditions. 

Cascade losses fn the central portion of the stream 

correspond approximately to the optimum values obtained 

from previous measurements (Sec. 4:5.2). It is seen that 

low losses are associated with small incidence angles 

-,. 2 ° < i,,. < - 2° ) and moderate turning angles. Near 

ea ch wall the losses increase to values typical of "stalledu 

cascades, as would be expected from the larfe incidence 

angles. It may be ·concluded th8t if co:rrrpressor blading 

is designed to conform with a flow pa ttern which does not 

include real fluid effects, ·high cascade loss es must occur 

near the bounding walls. 

There seems to be no reason why some attempt should 

not be made in compressor blade design to minimize such 

losses. A higher rate of twist and perhaps greater camber 

and greater section thickness 'for the wall sections would 

certainly decrease the cascade losses and perhaps even de­

creas e the wall boundary layers, by doinP- more work on the 

b. 1. fluid. 

5:5 Conclusions 

Based on the fore going results and discussion, the 

fol lowing conclusions are proposed. 
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a. Wall boundary layer growth in the test compres s or 

is moderate, being approximately equivalent to that ex­

pected in an equivalent annular duct without blading. 

Hence, there is no reason to assume that rapid v.rall b. 1 . 

growth must occur in an axial flow compressor of moderately 

low hub to tip ratio. Such growth may or may not occur, 

depending largely upon the blade design. 

b. The apparent "area contra ction" of a compressor 

flow stream can be satisfactorily accounted for by wall 

and cascade boundary layer thickne s ses. 

c. Very high cascade lpsses and probably incipient 

cascade stalling occur near outer and inner walls due 

chiefly to the reduced axial velocity in the wall- bound­

ary layers. 

d . It is suggested that attempts be made to design 

blading which conforms to the boundary flow near the 
• 

outer and inner compressor '\Nalls. 
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APPENDIX I: REPORT NOTATION 

The symbols defined below are generally used through­

out the · report. Special symbols., subscripts., etc., are 

defined in the body of the report where needed. 

Symbol 

C 

Ca 

Cu 

Cr 

w 

Wa 

WU 

Wm 

v, u 

V, u 

qv 

<p 

y:, 

F 

w ... 

Wu. 

Wo 

uo 

ct>, '( 

Definition 

Absolute velocity (in a fixed coordinate system) 

Absolute axial velocity component 

Absolute tangential velocity component 

Absolute radial velocity component 

Velocity relative to a rotating coordinate system 

Relative axial velocity component 

Relative tangential velocity component 

Relative mean velocity 

Velocities 

Reference velocities 

Dynamic pressure 

Veloci ty potential 

Stream function 

Complex potential 

Axial vorticity component 

Tangential vorticity component 

Angular velocity 

Tip velocity 

Dimensionless axial velocity= ca/u0 
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A Dimensionless tangential velocity= cufu0 

p Static pressure 

Pt Total (stagnation) pressure 

f Fluid density 

/" Fluid absolute viscosity 

v Fluid kinematic viscosity 

t Temperature 

T Absolute temperature 

r Radius from center of ro t a tion 

R 

f 
~ 
x, r, 0 

Tip radius 

Dimensionless radius= r/R 

Hub r at io, i.e~ ratio of hub to tip radii 

A c yl indrical coordinate system 

x, y, z A Car tesian coordinate sys tem 

q, z,t Complex numbers 

ho Blade l ength 

c Airfoil chord length 

s Cascade pitch 

r Direction of absolute veloci ty from plane of 

rotation 

o(' 

Direction of relative velocity from plane of 

rotation 

Cascade camber angle 

Air turning angle 

Angle of attack to chord line 

Ib 



1 
r 
L 

f, F 

CY I 

f) 

H 

1: 

R(x) 

..11. 
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Air incidence angle 

Average axial velocity component 

Local work coefficient 

Local total pressure rise coefficient 

Total work coefficient 

Average total pressure rise coefficient 

Compression efficiency 

Circulation per unit length of airfoil 

Lift force per unit length of airfoil 

Profile drag per unit length of airfoil 

Lift coefficient per unit length of airfoil 

Profile drag coefficient per unit length of 

airfoil 

Force components 

Static pressure coefficient 

Reaction ratio 

Cavitation coefficient 

Boundary layer thickness 

Boundary layer displacement thiclmess 

Boundary layer momentum thickness 

Boundary layer shape parameter= % 
Fluid shear stress 

Reynolds number,~, based on the dimension x 
>' 

Average total head defect per cascade airfoil 

Total head defect coefficient 

Ic 
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n, K, ~, a, Numerical co nstants defined in particular 
o< 

A ( 

is 

problems 

Change of quantity in parentheses 

Mean cascade velocity 

The average axial velocity coefficient at 

a particular radius 

Mean velocity direction 

Static pressure coefficient 

Boundary layer 

Leading edge 

'I1railing edge 

-- ;,-;,er. 
..Lf" z ;I. 0 

Id 



APPENDIX ll 

CALCULATION OF AIR DENSITY 

Procedure 

First the density of dry air at the dry bulb tempera­

ture and corrected barometric pressure is obtained. From 

wet and dry bulb data a correction is applied to the dry 

air density to yield the true atmosphere density. (Tables 

and References for this appendix follow the appendix 

immediately ) . 

Notation 

t = Dry bulb temperature op 

t' - Wet bulb temperature Op -
}{ I = Barometer reading - in. Rg. 

A }{t = ::'. arome ter correction for temperature in . 

A Hg = Barometer c orrection for gravity - in. Hg. 

A H1 = 3aromete r correction for location - in. Hg. 

H - Corrected bGrometric heigh t - in. Hg. -
Rv = Actua1 pressure of water vapor - in. Hg. 

~ - Atmosphere density - slug/ft. 3 -
I 

Density of dry air at dry bulb temperature y = 
s Jug/ft. 3 

kf - Humidity correction factor -
Llf = Density correction = kf ~ slug/ft. 3 -

Hg. 

-
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llb 

Barometric Corrections 

The bB.rometer reading is corrected for thermal 

expansion of scale and mercury by the values given in.Table 

A (Ref. A) (Note sign convention). 

Standard elevation and latitude corrections to the 

earth's gravitational field are ~.003 in. P.g. (750 1 

e levation) and -.029 in. Hg. (34° 8 1 N) (Ref. 8) . These 

values summed up yield A~ : -.032 in. J-Tg. 

The barometer is located approximately 25 ft. above 

the laboratory floor. For ba rometric pressure 29.30 and air 

tempera t ure 70° F, the pressure at the laboratory floor is 

.026 in . Hg. 

formula H1 -
I-T2 -

greater, according to the isothermal atmosphere 
~AJ 

ell' Sin ce the correction is small, it 

wi ll be assumed constant for the l aboratory pressure and 

temperature range. Hence H1 : + .026 in. Hg. Finally, 
I 

the c orrect ed barometric pressure is H = H - Ll Ht "" 4Hg -~ 

t.\H l 

Dry Air Density 

The dry air density is given by Table B. This t ab le 

wa s computed from t he perfect gas equation 

f = . 041212 t ~ ~ 59 _70 slug/ft. 3 

'I'he following values of the physical constants were used in 

deriving the a bove equation. 
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R 8 3136 x 107 erg. 
universal .. • d 1 eg. mo . 

(Ref. C) 

Mol. wt. air= 28.967 ., (Ref. C) 

which yields 

R air= 53.340 ft. lb. 
lb. f'. 

g = 32. 174 ft • ~ 
sec. 

Atmospheric Density 

(Ref. F) 

The mixture of air and water vapor is assumed to 

follow perfect gas laws. 

Then .11= RT 
f1c m.., 

; _&.=RT 
far f...-

= Mol. wt . of air 

Ile 

mv = Mol. wt. of water 

f &> ('~- + (-.r ;: R ~ {/'•~ + r'r mv) 

Hence _f_ ,. ~ ,,.,.. + j#rl'nr r I ( /'a_ + r'tr) h1a, 

Let /' • J'tt. + T'>- the total pressure 

Then 

Which is the formula used in the International Critical 

Tables, from which the value of mv is .6217 (Ref. G) • 
ma 

Hence finally 7· = 1 .3783 Hv where Hv = pressure of water - ~ 
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vapor at dry bulb temperature. 

The value of Hv can be obtained by finding the 

saturation pressure, Mv sato (Ref H), at the dry bulb 

temper ature and the relative humidityp r, from empirical 

wet-dry bulb tables (Ref. I)o Then liv = r tlv sat. 

Thus ~ 1 .3783 r (11v sat. ) 
1 kf f· :: - = -h 

' f' k~ 
I 4f or ~ = f - = f -

The above computations have been summarized in Table 

·C for a barometric pressure of 29.30. The relative humidity 

i s assumed to be independent of barometric pressure over the 

operating range (Ref. J). Since the factor, k~, is small 

i ts value at 29 . 30 fn. Hg. can be used over the range of 

barometric pressures encountered. 

Sul11l.uary - Computation Procedur~ 

1 . Compute corrected barometric pressure 

tl = H1 - A ~t - .006 in. Hg. 

4 Ht is read from Table A 
I 

2. Obtain dry air density, f , from Table B, using tt 

and the dry bulb temperature, to Interpole. te to 

nearest .Olin. and½° F. 

3. Obtain kf from Table C using t and (t - t') to 

the near~st one° F. 
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4. Compute the atmospheric density correction 

~ = kf f 
I 

slug/ft . 3 

5. Compute the atmospheric density 

f= f' - .6~ slug/ft . 3 

References 

A. Handbook of Chemistry and Physics - 13th Edition -

p . 1911 

B. Handbook of Chemistry and Physics - p . 1918 - 1919 

C. Handbook of Chemistry and Physics - p. 2412 

D. Psychrometric Tables and Charts - Zimmerman and 

Lavine Industrial Research Service - 1945 - p. 1 

E . Marks' Handbook - 4th Edition - p. 84 

F . Handbook of Chemistry and Physics - p. 2391 

G. International Critical Tables 

H. Psychrometric Tables and Charts - Table 1 

I. Psychrometr~c Tables and Charts - Ts ble 31 
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TAB..E: C 

IUIIDITY CORRECTlct-4 ~ 

ORY B..U3 l'EMPERAT\l'lE O I Ff'ERENC£ (°Fl 
TEMP. (OF) l ! l .! i ~ 1 ~ .2 ~ Jl ll ]1 

50 .0044 ' .0041 .0037 .003; .0031 .0029 .0026 .0023 .0020 .0018 .001; .0013 .0010 
.51 46 42 39 36 )3 30 27 24 22 19 17 14 11 
.52 47 44 41 38 3.5 32 29 26 23 20 18 1,5 12 

.5.3 49 4.5 42 .39 36 " 30 27 2.5 21 19 16 14 

.54 .51 48 44 41 38 3.5 32 29 26 23 20 17 1.5 

.5.5 . 00.5.3 .0049 .0046 .0043 .00.39 .00.37 .00.33 .0030 .0028 .0024 .0021 .0019 .0016 

.56 .5.5 ,51 48 44 41 38 3.5 32 29 26 23 20 17 

.57 57 .53 50 47 43 40 37 33 30 27 24 21 19 

.58 .59. ;; .52 48 4.5 41 38 3.5 32 29 26 23 20 

.59 61 .58 .54 ,51 47 44 40 37 .34 31 27 2.5 21 

6o .0063 .oo6o .oo,56 .00.5.3 .0049 .0046 .0042 .0039 .0036 .0032 .0029 .0026 .0023 
61 66 62 .59 .54 .51 47 44 40 38 .34 31 28 24 
62 68 64 61 .57 .53 50 46 43 '9 36 " 30 26 
63 71 67 63 .59 .5.5 .52 48 4.5 41 37 34 .31 28 
64 74 70 6; 6,1 .57 .54 50 47 43 40 36 .,., 29 

6.5 .0076 .0072 .0068 .0064 .oo6o .oo,56 .00.53 .0049 .004.5 .0042 .0039 .003.5 .0031 
66 79 7.5 . 71 67 62 .59 .5.5 ,51 47 44 40 .37 .,., 
67 82 77 73 69 6; 61 .57 .53 50 46 42 39 3.5 
68 B.5 80 76 71 68 63 6o ;; .52 48 4,5 41 .37 
69 BB 83 78 7.5 70 66 62 ,58 .54 .51 47 43 40 

70 .0091 .0086 .0002 .0077 .0073 .0069 .006; .0061 .00.56 .00.52 .0049 .0046 .0042 

71 94 89 B.5 80 76 71 67 6.3 .59 ;; .51 47 44 

72 97 93 88 84 79 7.5 70 66 62 ,58 .54 50 46 

73 100 96 91 87 82 77 73 69 64 6o ,56 .53 49 
74 104 99 94 90 8,5 Bl 7.5 71 67 63 .59 .5.5· .51 

7.5 .0100 . • 0103 .0097 .0093 .0088 .0084 .0079 .007.5 .0070 .0066 .0061 .00.50_ .00.53 
76 112 106 102 96 91 B6 82 77 72 69 64 6o ,56 

77 116 110 10.5 • 100 9.5 89 B6 81 76 71 68 6.3 .58 
78 120 114 109 104 99 94 89 84 79 7.5 70 66 61 

79 124 117 112 107 102 97 92 88 8.3 77 74 68 64 

80 .0128 .0121 .0116 .0111 • .010.5 .0100 .0096 .0091 .000.5 .0081 .0076 .0072 .0067 
82 137 131 12,5 119 114 108 102 98 92 87 82 78 7~ 
84 146 140 133 127 121 11.5 111 10.5 100 94 89 8,5 79 
B6 1.5.5 149 142 136 131 12.5 118 11, 107 102 97 92 86 
88 16.5 1.59 1.52 146 140 133 128 121 11,5 110 10.5 98 93 

90 .0176 .0169 .0163 .ot,56 .0149 .0143 .0136 .0130 .012.5 .0119 .0112 .0106 .0101 
92 188 180 174 166 160 1.52 147 141 1.33 127 121 1.1.5 109 
94 200 193 18,5 177 170 164 1,56 1,0 143 137 131 12.5 118 
96 212 206 197 190 181 17; 168 161 1.5~ 146 139 13.5 128 
98 22.5 218 209 202 193 186 179 171 164 1.57 150 143 136 

100 .0240 .0232 .0222 .021; .0207 .0200 .0192 .0182 .017.5 .or10 .0162 .01.5.5 .0147 
102 2,54 246 238 228 220 212 204 196 188 180 172 167 1.59 
104 273 262 2.53 24,5 2.33 22.5 217 208 200 194 186 177 169 
106 289 277 268 26o 2,51 242 233 224 21; 206 197 191 182 
108 JJ7 294 28,5 27; 266 2.56 247 2.37 228 221 212 202 196 

110 .032:, .0312 .0302 .0292 .0282 .0271 .0261 .02;1 .024,5 .023.5 .022, .0218 ,0208 
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TAB..E: C (CONT) 

HUMIDITY CORRECTION £.:?£IQ8 

ORY BU..8 TEMPERA~E DIFFERENCE (OF} 

TEMP. (OF} .11 .!i 1.§ ..1l ~ 12 20 _g]. 22 ~ t.1 l2 
50 .0007 .000.5 .0002 

.51 08 06 03 .0001 

.52 10 07 0.5 02 

.53 10 08 0.5 03 .0001 

.54 12 09 07 04 02 

.5.5 .0013 .0011 .oooa .000.5 .0003 

.56 1.5 12 09 06 04 .0001 

.57 16 13 10 08 0.5 02 

,58 17 14 11 09 06 04 .ooo 1 

.59 19 16 13 10 07 0.5 02 

6o .0020 . 0018 .0014 .0011 .0009 .0006 .000.3 .0001 

61 22 19 1.5 13 10 07 05 02 

62 23 20 17 14 12 09 06 03 .0001 

6.3 25 22 19 16 13 10 07 04 01 

64 26 23 20 17 14 12 09 05 0.3 

6.5 .0028 .002.5 .0022 .0019 .0016 .001.3 .0010 .0007 .0004 .0002 
66 ~ 27 25 21 17 14 12 08 06 02 

67 32 28 26 22 19 16 13 10 07 04 .0002 
68 34 ~ 28 24 20 18 14 12 09 05 0.3 
69 .36 32 ~ 26 22 19 17 13 10 07 05 .0001 

70 .00.38 .0034 .00.31 .0028 .0024 .0021 .0018 .0014 .0011 .0009 .0006 .0003 
71 40 37 .33 ~ 27 23 20 17 1.3 10 07 04 

72 43 39 35 .32 29 25 21 18 1.5 12 09 06 

7.3 44 41 37 34 .31 26 2.3 20 17 14 11 07 
74 47 43 .39 .36 32 28 25 22 19 16 12 09 

7.5 .00.50 .004.5 .0042 .0038 .0034 .oo:,:i . 0027 .0024 .0020 .0017 .0014 .0010 
76 .51 48 44 40 36 33 29 26 22 19 1.5 13 
77 .54 .51 47 42 39 35 .31 28 24 21 17 14 
78 .57 .54 49 45 41 37 34 :,J 26 22 20 16 

79 .59 .55 .52 48 44 40 36 32 28 2.5 22 18 

00 .006.3 .00.59 .00.5.5 .00.51 .0047 .0043 .00.39 .003.5 .00.31 .0027 .0024 .0020 
82 68 64 6o .5.5 .51 47 4.3 40 36 31 28 24 
84 74 70 6.5 61 ;6 5.3 49 44 .39 36 32 29 
86 81 76 71 68 63 ,58 53 ,50 4.5 42 37 34 
88 88 8,3 79 74 69 64 6o .5.5 52 47 4.3 38 

90 . 0095 .0090 .0086 .0081 . 007.5 .0072 .0066 .0062 .00.57 .00.53 .0048 .0044 

92 104 98 94 88 82 78 72 68 63 .59 .5.5 40 , 
94 112 106 102 96 89 8,5 79 75 69 64 6o .56 
g6 122 11.5 111 104 97 9.3 86 82 77 71 66 62 
98 129 124 117 11.3 106 101 94 89 85 00 7.5 68 

100 .0140 .01.3.5 . 0127 .0122 .0115 .0110 .0102 . 0097 .0092 .0087 .0082 .007.5 
102 1.51 146 138 1:,J 12.5 119 111 106 101 9.5 90 8.5 
104 16.3 1.5.5 149 141 1.3.5 129 121 11.5 110 104 98 9.3 
106 173 167 1,58 1.52 146 137 1.31 12.5 119 11.3 107 101 
108 187 100 171 164 1.5.5 149 142 1.36 1:,J 12.3 117 111 

110 .0201 .0191 .0184 . 0174 . 0168 .0161 .01.54 .0147 .0141 .0134 . 0127 .0121 



APPENDIX ffi_ 

NOISE LEVEL 

Noise produced by high speed axial flow compressors 

has often been a considerable annoyance, and suitable 

measures are frequently taken to isolate or diminish the 

disturbance. It was believed tha t the test compressor, 

operating below 2000 R.P.M., might be noisy, but that the 

problem would not be acute. In any case, t~e size and other 

usage of the laboratory made impractical any attempt at a 

large scale soun d insulation. Exnerience has indicated 

that the compressor noise is, indeed, bothersome, but not 

unbearable. 

With the compressor operating at 1500 R.P.M., single 

stage (free vortex blading), o number of measurements were 

made of genera l noise level and freque ncy distribution at 

various locations in th e laboratory and ne a rby rooms. The 

noise level was measured with a General Radio Sound Level 

Me ter, Type 759- B; the frequency distribution using, in 

addition, a General Radio Sound Analyzer, Type 760-A 0 The 

methods of measurement used were essentially those of 

Ref., 32 . 

Tne following noise level readings were obtained: 

Edge of throttle valve 102 db 0 

Edge of bell m0uth 
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Operating desk 

Second balcony of laboratory 

Haliway on ground level 

Second and third floor offices 

92 db. 

80 db. 

63 db. 

50 db. 

For comparison, Ref. 2, lists the following: 

Reavy city street traffic 

Average office 

95 db. 

50 db. 

illb 

The compressor noise is not of a completely random 

nature, certain distinct frequency components being dis­

tinguishable even by ear. The strong, higher frequency 

components appear to be especially annoying and fatiguing 

after exposure of½ hour or longer. A frequency spectrum 

measured at the operating desk.is shown in Fi g. /05. High 

amplitudes were detected at 770, 1550 and 3100 cycles per 

second which seem to be accounted for by the compressor 

itself. 1~e lower frequency peaks may be due to the motor 

generator set or other auxiliaries. Frequencies above 

7500 C.P.S. could not be measured with equipment available. 

blade 

number 

Assuming a sound pulse to be produced by a rotor 
RP~ 

passing. a fixed point, the frequency wou ld be --W x 
_ 1500 

of b l ades - ~ x 30: 750 C.P.S. Or if the 

1500 
stator blade frequency is computed we have~ x 32 = 
800 C.P.S. The higher frequency peaks might be considered 

as second ~nd fourth harmonics of these fundamentals. The 

precise mechanism of sound production in a compressor is 
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not known; the above calculations are intended only to 

suggest a correlation between the compressor speed and 

measured frequency peaks o 

.me 

Some attempts wer e made to reduce the noise by placing 

sound absorbing baffles near the compr e ssor outlet and inlet , 

wher e the noise level seemed highest o No appreciable 

improvement was detected by the measuring e quipment, but 

there seemed to be some beneficial psychological effect on 

the operators. S ince much of the test wo r k can be done at 

750 R.P.Ma, where the n oise lev e l is much lower, the noise 

problem is not a n a cute one. 



Appendix IV 

Cascade Velocity Calculation 

The cascade to be treated is the s e ction of the stator 

row of the free vorte x bl ading a t t he 111:i d-rad l u s ( s = . ao., 

r= /4. 4 0 in.. ) whose properties are given in Table 1 . A 

drawing of the cascade together wit h a summary of its pro­

pe r ties is shown in Fig . 57 . One airfoil of this cascade 

is first considered. In order to obtain the best approxi­

mation to its total lift in cascade, the angle of attack 

for the single airfoil is taken as that of the vector mean 

of inlet and outlet velocities in cascade, given b, the 

blade design calculations. The chosen angle of attack is 

cx~ = s- 0 26' , as sho'l,\m in Fig . 57 . 

Calculation of single e irfoil velocity distribution is, 

in itself, a rather involved process for an arbitra r y 

shape. Perha ps the best known method is that due to Theo­

dorsen (Ref. 21). An exact calculation is now in progress 

using this method. However in order to become famili a r 

with the cas cade correction method, calculations were first 

made replacing the cascade of thi ck airfoils by one of thin 

circular arc sections whose sing le airfoil properties are 

readily obtained.* 

Flow about the circular arc airfoil is obtained by 

* It should be noted that t he transformation method is 
available for a ca s cade of thin a irfoils (Ref. 4 and 17) 
and mi ght have been used to attain the end result of 
these ca lculations . 
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means of the Joukowsky transformation. The process is 

shown geometrically in Fig. 59 for which the transforma-

tions are: 

~ =: 

"S =-

where f == z m 

s +- ~ 
~ 

CJ. e-' ~t- -+- i m 

and 
_, 

t:ctn m 
t:. 

(62) 

(63) 

Correspondence between the = and ':J. planes is given 

by these relations and is illustrated, for the 12 ~oints 

computed, by Fig. 58. Knowing the flow potential about a 

circle, 

(64) 

and applying the Kutta condition (rear stagnation point is 

located at the airfoil t. e. ) , which yields 

r -= .,,.,.,. a V;., sin ( (X +-~ ) 

the velocity potential on the airfoil surface becomes 

ct = 2{:_) fcos,¢-0( - ~) - (/-a: -i) sin{~+~>} 
(65) 

and the surface velocity is 

;v / ~ 2 {sin(¢ - 0< - ¢ 0 ) T s;n {e< T pf,) }[ i (t r.tg_/,- -'!f si~rf-¢,J 

V,., //I-,. ~ sin/' p-f{!}z - [{ cos(~ -¢cj2 
( 66) 

The computed isolated airfoil potentials and. velocities 

are plotted in Figs. 60 and 61 respectively. If will be 

noted that the total circulation, I, is given by 
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For the , isolated airfoil, 

½ :: 2 L == I. 4 Z 4 
VmC 

The cascade dorrection method of Ref. 14 is briefly 

outlined and results for the several steps given. Details 

of each step can be obtained by reference to the original 

note. The isolated airfoil in the chosen flow field is 

represented by a set of singularities located arbitrarily 

along the camber line. In the case of the circular arc, 

five vortices are used as shown in Fif. 60. The total 

vorticity must be equal to the total (isolated) airfoil 

circulation and the relative strengths are determined from 

the velocity potential distribution. Thus the strength 

of the first vortex, ex.' 

ence 

is chosen equal to the differ­

at a point midway between the 

first and second vortex locations. Vortex strengths for 

the isolated airfoil are given in Fig. 60. The isolated 

airfoil velocity potential, f;. , is knov'm on the alrfoil 

surface and the stream potential, t , , is taken as zero, 

since the surface is a stream line. 

The other airfoils of the cascade are next introduced 

to the flow field. Each is represented by a set of five 

vortices of the strength previously determined. The dis­

turbance potentials, it and ji; , corresponding to the 

additional vortices are computed at the selected airfoil 

surface points. These computations are readily made by 

using a geometric potential plot, similar to that originally 
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proposed by Betz (Ref. 22). 

In order to restore the chosen airfoil s urface to its 

condition of zero stream potentia l, in the presence of the 

other cascade airfoil, a compensating stream potential f;_ 

is introduced such that '/; = - }f; on the airfoil sur-

face . Then the conjuga t e (velocity) potential Jf is de­

termined by Fourier analysis in the circle plane . 

Finally , the tot a l circulation must be altered in 

order to maintain the Kutt e condition a t the t. e . Thus 

the additional circulation is 

fa= 2n-(d~)~ d/ ._ .e . 

The final circulation and potential distribution might be 

obtained by simpl y summing the preceding values. However, 

a closer a pproximation to the cas cade influencecg_n be ob­

tained by a ssuming the cascade airfoils all have the final 

circulation , r.;. but that the relative vortex strengths 

are the same as for the isolated airfoil, then 

;-; = ;; +- r: ;:: 
I; a 

or r; == I} I CV,.. (67) 
CV,,.., I- r;_ 1;; 

and (CL)t (G)~ = 
i - Pa.It; 

For the circul ar arc a irfoil, it will be recalled that 

and with 

;;;_ = - .39.S-

/J 
(c;_) = /020 

-t 
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The corrected potential distribution is 

fl- fl 
cv .... 

Fi 
2ff ( 68 ) 

which is plotted in Fig. 60 as the first approximation to 

the cascade effect. 

It is clear tha t ,the derived circulation and potential 

distribution can be used in representing the cascade air­

foils by new singularities and, with the preceding method 

a second approximation can be obtained. This procedure 

appears to be converFent and ma y be repeated until changes in 

f distribution are small. In many cases, satisfactory con­

vergence is obtained after one or two approximations. 

For the circular arc cascade, a second approximation 

yields G ; 1.026 and potentials and velocities shown 

in Figs. 60 and 61. This approximation was assumed to be 

sufficiently accurate. It should be noted that, whereas 

for this simple case the isolated airfoil velocities can 

be analytically computed, the cascade correction velocities 

must be obtained by graphical differentiation of the correction 

potential. This step nrebably introduces the greatest errors. 

In order to eliminate infinite velocity at the circu­

lar arc leadinr edge, the first 10% of the airfoil is re­

placed by a thickened profile having the same tot a l load-

ing but a velocity distribution simila r to that of the actual 

stator blade section. The modified velocity is shown in 

Fig. 61. 

For comparison with compressor data, it is useful to 

compute the entering and exit flow angles which correspond 
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to the calculated lift coefficient and chosen angle of 

attack. 

For the chosen section, the blade setting angl e is 

o= 61° 12' (Table 4). Then with o<,,,, = 5° 26', o,,,= r-cx,,. 

= 55° 26'. Since , by definition, 

and L = r' v .... /7 = 

it follows that 

Then for Ca = constant 

cot- y; = 

cot: ~ ==-

V- Cos r,., + ac..._/« 
V,,.., sin Ym 

V,.., cos Y,;., - Ll C. ... /,2 

v,,., .jil'J ~ 

= 

For c;_ = 1. 026 , 0n,, = 55° 26' and 

Uz = 68° 26' 

5 = 1.0879, 
C 

= 46° 0'' 

And ~ - ~ = 22° 26' whi ch is the calculated air 

turning angle. 



Appendix V 

Wall Boundary Layer Calculation 

/ / Illustrations of the application of the Karman integral 

method to the calculation of cascade wall b. 1. effects are 

given. The two-dimensional case is considered~ i.e., a 

plane boundary is assumed (rather than the cylindrical bound­

ary of an actual compressor) and the flow direction is every­

where parallel to the wall. It is further assumed that the 

flow pattern repeats after one cascade s pacing. 

The momentum integrals can be written in the manner of 

Ref. 11 for an element of axial length ,1 x , sho~m in Fig . 

106. 

In the X (axial) direction: 

::: 

( 69 ) 
J s 

-f,- ff f djdr. LlX 

0 0 

In the Y (tangentisl) d irection: 

J s To/- 3,,,,./ac-c J S s 
(70) 

j, f J f'u.vdyd-,.ax -jf vVJS =ff 1, dyd.-. ,,, - j? '1/-Ax 
0 0 0 0 C 

with the notation defined by Fig. 106. The shear stresses 

~ and ~ represent the effect of the bounding wall, while 

the body forces f.. and -h arise from normal pressures and 

shear stresses on the surface of the immersed cascade air­

foil. It has not been possibl e 
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to find any considerable simplification of Equations 

69 and 70 in the general case , hov.rever , by restricting 

the problem somewhat, an illustration of their applica­

tion is obtained. 

The case treated is a cylindrical (untwisted) cas­

cade of airfoils which intersects a fixed wall. The 

following assumptions are made: 

a. 'rhe blades are untwisted. 

b. The flow direction is known everywhere (infinite 

number of blades) and does not change with dis­

tance normal to the wall. 

c. Shear forces on the immersed blade surfaces are 

neglected. 

d. A (turbulent) boundary layer of known thickness 

exists upstream of the cascade and the flow has 

a constant axial component, i.e. if= const. 

e. The static pressure is determined -by flow out­

side the b. 1. and does not change with distance 

normal to the wall. 

f. Similarity prevails in the b. 1. profile, i.e., 

H = CO!).St. 

g. Steady, incompressible flow. 

The notation is that of Fig . 106 

For this case Eqs. 69 and 70 reduce to 

0 



and 
5 

, tfot ~ f u~di -
0 

1 42 

d 

if cot"r ..d..fu d~ 
dx 

0 0 

where J = Jrx) only. Then writing u.. =- l.7- {V-u} and 

integrating 

$ J 

- dl!" 1/cr-u)dz - d (u(U-u)dr -= 
dxj'. dx;). 

0 0 
0 

and 

,f J J 

-d(Vco-tY) ((v:-l(,)dr - d fcot~ f"u.{u--u}di== -VJ" d.(Ucot"tr )-.7;. .,. (-/4 dz. 
d'X )' dxf - J.. d>< p ) 1.J 

0 0 O 

Since here f represents the (normal) body force from 
' 

the blade action 

and h = f cos r 

and if the wall shear stress is 7.; , then 

Ix = ✓.; sin ~ 7J = To cos o 

Ji'urthermore, the Bernoulli equation applies outside the 

b. 1., hence 

,P = const:: - ..e V
2
cot.z 0 since dV = o 

2 dX 
Introducing these relations, multi-plying the result-

ing equations by sin x and cos x respectively and 

adding, the force integrals are eliminated 
$ 

- Ucoso .si. fco"ttr} frv-u)d~ -
d'K j' 

0 

a 

I 

s}nr d fu (V-u) dr 
dx 

0 

- cos a jx/cot:r ju. {V-u) di = - ; 
0 

but in this form, since a -- V as ~ - J , we may let 

d - oo , and defining 
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00 PO 

V
2

-tl " f" ( U-") de 
0 

a differential equation in the b. 1. parameters is ob­

tained 

(71) 

where 

W z -- V'" + vi Tr' ( +< • } = V I+- Coc.. iY 

This equation is easily inte~rated by the method of Ref. 
<f* 

27. It j_s assumed that H = 7 = const. and that the 

(turbulent) b. 1. wall shear is given in the form 

where 
Rz:, : -&W 

v 

Then integrating between the 1. e. (1) and t. e. (2) 

planes 
2 I 

1-1+,;: ) ( (lt-t)-(f?+I)( /-1-n) K+I -(;'{ft)(H-11) 7 n+-1 

~ " ( dn ,;_) f ~~":~) (s1'1 .-J d(~) +{!f} (sin~) j ( 72) 

where and r= a(x) is presumed to be a 

known fun ct ion. 

As an illustration of orders of marnitude, consider 

a compressor cascade under the following conditions: 

v 
_.,,. 

:: 1.6 x 10 . 

C = . 25 ft., = • 005, V = 50.£1;.· 
sa:;. 

rl./sec., ~ = 78,ooo, k = .017, 

n - .29 (Ref. 2.7 ), H = 1.40 

Then ( n - 1) - ( n + 1) ( H + 1) = - 3. 81, 



Now 

then 

Hence 

or 
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_.,. 
== 8.37 r 10 

-3 
::: /.57 X /t) 

-3. fl/ -3.8I 

{sin Y,) = /. 2 7 .J ( s/n ~) = 1.00 ~ Ll{t} -== .94 
2. 

say, 

(s/n Y,) cl(t) f 
-3.8I 

= 1.2 approximately. 

I 

I ll 10 +- /. S 7 r 10 • 
2 = 9. ,B " /c> [ -3 -3119 -.3 

.,§.. = /. 9G 
0, 

Unfortunately no adeauate test data on wall b. 1. 

in a two-dimensional cascade are available for compari­

son with the results of Eq. 72. However, it is clear 

that, although the act ion of e.n adverse pressure grad ient 

through a stationary compressor cascade in increasing the 

r a te of wall b. 1. growth is indicated (Ref . 6), numeri­

cal results might be in considerable error, since inter-

' action between blade and wall b. l .s is not taken into 

account. For the same reason, and in addition, because 

of tip leakage, blade twist and secondary (radial) flow, 

application of the more general b. l. equations to actual 

compressor stages is difficult. 
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FIG. 7 DETAIL OF INSTRUMENT PARTS AND STATOR BLADE FASTENINGS 

FIG. 6 DETAIL OF ROTOR ANO ROTOR BLADE FAS TENING 
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PL. 

c.c. 
~ 

PL. 

0 
0 
0 
C\.i 

S B III .----+---+-, S B III 
s=o.so s=o.so 

FIG. 10 MASTER BLADE DRAWING 

THE PHOTOGRAPH SHOWS A lOX DRAW­
ING OF A BLADE SECTION. A FULL 
SIZE PRINT OF THIS SECTION ON 
TEMPLET STOCK IS SHOWN IN THE 
UPPER LEFT COR NER AND AN ACTUALLY 
CROSSECTIONED BL ADE IS SHOWN NEXT 
TO IT. 
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F l G. {/ BLA DE BEING FIN I SHED . 

FIG. /,2, BLADE BE I NG F I NISHED WITH SEC TION TEMPLATES. 
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F I G. 13 A BLADE CROSS-SECTION 

FI G. 14- SECTION COMPARI SON TEST 
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F l G . .26 THE THROTTL E VALVE 

FIG. 27 THE OPERA TING DESK 

I N THE CENTE R OF THE DESK THE TACHOMETER DI ALS ARE SHOWN . THE CENTER DIAL 
I S FOR INSTANTANEOUS I NDICATION . THE RIGH T HAND DIAL IS A CLOCK AND TH E 
LEFT HAND DIAL A REVOLUT ION COUN TER. THE TWO ARE COUPLED.. ON THE DESK, 
TO THE RIGHT, TWO MERI AM MI CRO MANOMETERS ARE SHOWN AN) , THE INSTRUMENT CASE 
TO THE LEFT CONTAINS THE BRIDGE FOR THE STATHAM PRESSURE GAGE. THE LEADS 
FROM THE GAGE ARE SEEN ON THE TOP OF THE BOX . IN THE BACKGROUND THE 
20-TUBE MANOMETER I S SHOWN. 
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rlG. 31 
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PI G . 32 
KIEL TYPE TOTAL PRESSURE PROBE 

- 01R£CTION SENSITIVITY• 

fLOW IIIICIOENCE ANGLE • DEQfltE 
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/:""IG . 33 
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Flu. 34 

SPECIAL TOTAL PRESSURE PROBE 
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FiG. 35 
; 
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FIG. 37 INSTRUMEN T CARR IAGE ON CALIBRAT ION STAND 

THF SHOWN INSTRUMEN T CARR IAGE IS SHOWN AS INSTALL ED 
FO R CALI BRATIN G THE DIREC TI ON FI ND ING CLAW PROBE. 
TH E CARR IAGE IS MOUN TED IN A PERFECTLY HORIZONTAL 
POSIT ION AND THE DIRECT ION OF TH E JET IS THEN DE ­
TERMINED . THE CARR IAGE IS THEN MOUN TE D IN A SIM­
IL AR POS ITIO N BU T DISPLACED BY 180° AND THE DIREC­
TI ON READ ING IS REPEATED. TH E MEAN OF THE TWO 
READ INGS GIVEN THE ZERO DIRECllON OF THE PROBE . 
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THE INSTRUMENT CARRIAGE IS SHOWN IN THE SPECIAL 
MOUNTING FOR RADIAL SURVEYS. IN THE LOWER LEFT COR­
NER THE ELECTRICAL PRESSURE PICKUP IS SEEN IN ITS 
USUAL MOUNT I NG. 
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FI G. 39 I NSTRUMEN T CARRIAGE - BOTTOM VI EW 

THE PHOTOGRAPH SHOWS HOW THE SLI DI NG TAPE 
FI TS SMOOTHLY TO THE CURVED CON T~ UR OF THE 
BASE . A TOTAL HEAD TUBE IS PR07fJ DIN G TH ROUGH 
THE TAPE. 
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flG. 42 i THE STATIC PRESSURE BLADE 
- SHOWING SELECTOR BAR 
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f1G. # 

STATHAM GAGE CALIBRATION CURVl 

f'OR $TATHAM GAGE PRESSURE TRANSMITTER 

SERIAL No. 95 MOOEL P5-0.20 • 250 

BRIDGE SETTINGS 

RANGE 
DUL 

1• 2• 3• 4• 5• 

I 6 6 6 6 6 

n - ... - - -
DI 4 6 1 2 3 
[I 6 3 2 1 1 
¥ 1 1 0 5 2 

6. 

6 

-
4 , 
0 

DIALS 10 11 &, fil • ZEROING GALVANOMETER 

DIALS [I & X • RANGE SENSITIVITY 

0 L..----'----....L..-----'--------'L.....---.1.----___,,j 
0 

PRESSURE (eN. o, HzO) 
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rce. 45 
f.Q,ijPRESSOR CASCADE NOTATION 
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APPROXIMATE AVERAGE ENTRANCE DUCT LOSS 
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CALCULATED SURFACE VELOCITIES 
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TABLE 2 

ELECTRICAL SPECIFICATIONS 

OYNAMOUETER 

ELECTRIC PRODUCTS Co. , D.C. MOTOR (REBUILT), TYPE 1-7264, STABlllZED 

SHUNT WOUND, 250 VOLTS, 450 AMPS., MAX. SPEED 2000 R.P.M. 

MOTOR GENERATOR SET 

DRIVING MOTORS ELECTRIC MACHINERY MF"G. Co., SYNCHRONOUS MOTOR, 

SERIAL No. 83382, THREE PHASE, 60 CYCLES, 125 H.P., 2400 VOLTS, 

32 AMPS., SPEED 1200 R.P.M. 

GENERATORS (2): TROY ENGINE AM> MACHINE Co., DIRECT CURRENT GENERATOR 

(REBU ILT), COMPOUND IOUNO, 60 K.W., 120 VOLTS, 500 AMPS., SPEED 1200 R.PoMs 
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~ BQIQE ~ ~ C.Al.cu.ATI ONS 

ASSUI.PTIONS: jl-lJB: 0.~000, ~ = 0.400Q9, ~= 0.45?00 , J,: 0; 70000, C,, : 0.90000, i : 2. 2222, Co~ : 0.14,500, Co~ f'<t = 0.,34,500 1 ")rt : ~ : 3. 7700 
< ~ 

SECTION VI 11 VI I VI V IV 111 11 I 

r 0.60000 0.62000 0.65000 0.70000 0.75000 0.80000 0.90000 1.00000 
1/r 1.6666 1.6129 1. 5385 1.4286 1.,,·:i3 1 . 2500 1.1111 1.00000 
A, 0.24167 0.23387 0.22300 0.20715 0. 19333 0.18125 0. 16111 · 0 . 14'i00 
A.,. 0.5749a 0.55645 0.5))78 0.49287 0.45999 0 ,43125 0. 38333 0. '-tir,Q() 

j- A, 0.35833 0.30613 0.42720 0.4928.5 0.55667 0.61075 o.73aa9 o .as:;liOO 
r- il,. 0.02502 o.o6·w; 0. 11922 0.20713 0.29001 o. 36875 0.51667 o. 65500 
cat: p, 0.7962a 0.85806 0.94932 1.09521 1.23703 1.37497 1.64196 1. a999a 
cot f:1, 0.055.59 0 .14122 0.26493 o.46o2a o.64446 0.81944 1. 14814 1.4,55,54 

C 2.6oooo 2.6oooo 2.6oooo 2.6oooo 2.6oooo 2. 6oooo 2.6oooo 2.6oooo 
s 2.26194 2.337.34 2.45044 2.63093 2,82743 3.01592 3. 39291 3.7699 

Sk 0.86998 0.89898 0.94248 1.01497 1.08747 1. 15997 1. ~497 1.4li00 
ys;z 0.933 0.949 0.971 1.007 1.043 1.077 1.142 1.204 

0. 2(, JI.¼' 0.24258 0.24674 0.25246 0.26182 0.27110 0.28002 0.29692 0.31~4 
(EX IT) 1}2 a6° 49' 01° 58' 750 10• 6.5° 17' .57° 129 ,500 40 I 410 3' .34° 29' 

( ENTRANCE) ~ I 51° 21 1 49° 22 1 46° 29' 42° 24 1 38° 57' 360 2 I 31° 21' 27° 45' 
f)° 35° 28' 32° 36• 20° 41' 22° 53' 180 15 I 14° 38' 90 42' 6° 44' 

1-0.,?6~ 0.7.5742 0.7.5326 0.747.54 0.7)818 0,72882 0.7199a o. 70~8 0.68696 
8 460 401 4.3° 17, 300 22' 310 0' 25° 2' 200 191 13° 47' 9o 48' 
Pe 980 8' 92° .39' 840 ,51' 730 24' 63° .59' 560 21' 45o 8' 31° 33, 

0/2 23° 20' 21° 39' 19° 11' 1.5° JJ' 12° 31' 10° 10' 6° ,54' 40 ,54' 
~I 74o 48' 710 1 I 650 401 57° 54, 51° 28 1 460 12 1 38° 15' 32° %1 

t,.,/c o. 12 0.118 0, 115 0.11 0. 105 0. 10 0.09 0.00 
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TAELE. "f-

:iQ!ill2S .§B.TIIB ~ ~ ~Cll.ATIONS 

ASSU'-PTI ONS : J HUB : 0. 6oo__go , ~ : 0 . 40000 , _ ~ : 0. 4 ,5000 , j, : 0. 70000 , C0 = 0. 98000, 
~ : 2.2222, c.;1'.:<t : 0, 14,500 , C~,v..- : 0.J4,500, ~.z>: ~ : 3-53572 
~ ~ 

SECTION VI 11 V 111 11 l 
'f 0.60000 0.10000 o.aoooo 0.90000 1.0000 

'Ir 1.6666 1 .4286 1. 2,500 1.1111 1.0000 
.:l, 0.24167 0.20715 0. 18125 0.16111 0.14,500 
A.z 0,57498 0,49287 0,4J125 O.J83JJ 0 .34,500 

y - ,l, o.25a3:, 0,49285 o.6187.5 o.7.3a89 o,85.500 
T- ).., 0 .02.502 0. 20713 0 . .36875 0.51667 0 . 65,500 
c~ -t r, 0,5.3104 0.46o 3.3 0.40277 O • .35002 0.:,2222 
cot- 'z 1.27772 1.09526 0.958.32 0,85184 0.76666 

C 2.20000 2.4000 2.6ooo 2,8000 3,0000 
s 2.124.32 2.47,500 2.82858 3. 18215 :, • .5.3572 

.S/c o .965600 1.0:,12,50 1.007915 1. 1:,6482 1.17857:, 
O.c(.r-s,7,;' 0.25558 0,26416 0.27110 0.27716 o.2a2:,6 
0, (EX IT) 610 46, 65° 171 680 41 70° 18' 720 8' 

~ (ENTRANCE} 30° J' 42° 24 1 460 131 49° 34' 52° 31 1 
()° 2.30 4.31 22° 5.3' 21° 51• 200 44 1 190 .371 

I- ~-26v-Vc' o. 74442 0. 73584 0.72082 0,72284 o. 71764 
r-W 0.983 1.016 1.04.3 1.066 1.086 

(j 31° 53' .310 6• 29° 591 28° 41 1 270 201 

re 690 561 7.30 ~I 76° 12' 78° 15, 79° 51' 
0/z 15° 57' 15° .33' 14o 59' 140 21 1 ]JO 40' 
r 54o o• 570 571 610 12• 630 r;r;, 660 11 1 
-C.,,,/c .10 . 10 .10 . • 10 . 10 
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TAaE 5 

COl'PAR I SON .QE .Eb.91!'. .B81I flEASURB£NTS 

THE FOU.ONING DATA GIVE A COMPARISON BEiWEEN TliE FLOW COEFFICIENT 

DETERMINED FROM ENTRANCE DUCT MEASUREMENTS ) AJ-0 FROM COMPLETE SURVEYS BEHIND THE 

BLADE RO'.\/S• 1l-lE CLOSE A~EEMENT ANO TI-IE RANDOM SCATTER GI VE A CHECK ON THE ACCLRA-

CY OF n-tE SURVEY MEASUREMENTS A,\O INDICATE THAT THffiE IS NO SVSTEIAATIC ERROR DUE TO 

WAKE FLUCTUATIONS. 

¢w ~ 
FLCMI COEFF. Fl.ON COEFF. 9»w 

STATION FROM ENTR. DUCT FROM SURVE'l'S 1i-

BEHi~) 1ST STATOR .393 .• 392 1.00 .3 

BEHlr--o 1ST STATOR ,, .366 .302 .95a 

SEHi~ 1ST STATOR ,487 .492 . 990 

BEl-llt-0 1ST ROTOR • .394 ,. 399 . 9a7 

BEHIND 1ST ROTOR • .392 .3a7 1.013 
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TABLE .2. 

COMPUTATION OF CASOADE LIFT AND DRAG 

. CL • LIF"T COEF'F'ICIENT nwu PRESSURE MEASUREMENTS 

. c
9 

• DRAG " 
C[ • LIF'T ti 

~ -r, "lz:. ">;, C.' L · 

.320 47.0 59.5 52.7 .59 

.332 41.6 64.0 51.1 1.08 

.344 42.3 64.0 51.6 1.04 

.372 44.1 64.2 52.B .95 

.3Y2 45.8 64.5 54.1 .87 

.409 46.8 64.9 54.S .83 

.449 49.8 65.3 56.9 • 70 

.485 52.7 65.8 • 58.8 .58 

.s20 55.5 66.4 60.7 .41 

.560 • 58.1 67.0 62.4 .38 

.590 59.9 66.8 63.2 .29 

COMPUTED F'ROMI 

co-c 7,;, .. co-t -r, + cot 7i 
c 

" " " 
ti ti 

ANGLE 

I.,_ i, •m CL C» 
-·-

-.0155 .191 .355 .96 .07 
-.0315 .236 .365 1. 08 .os 
-.0313 .239 .376 1.05 .04 
-.0295 .240 .401 .96 .02 
-.0270 .237 .419 .89 • 01 
-.0245 .237 .435 .84 • 01 
-.0150 .220 .470 • 70 .oo 

.0000 .202 .503 .58 .03 
+.0006 .155 .534 .41 .01 
+.0155 .114 .569 .28 .03 

- - - ~ - --

WHERE 

WHERE r .. (,I. z• 
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~ 
~ 

. 320 .940 

.332 .960 

.344 .979 

.372 .919 

.392 .908 

.409 0920 

.449 .855 

.485 .0so 

.520 0 749 

.,560 . 912 

THIN 
AIRFOIL .830 

COMPUTED f"ROM: 
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TABLE 8 

COMl, UT ATION OF CA SCADE !-_9_~S. 

( FROM BOUNDARY LAYER DATA) 

r, ~ 
6k + .9._ 

C 

47.0 52.7 .0208 
41.6 51.1 .0173 
42.3 §!.6 .0182 
44., 52.0 .0193 
45.13 54.1 .01-39 
46.8 54.8 .0170 
49.8 56.9 .0193 
52.7 58.3 .0189 
55.5 60.7 .0298 
58. 1 62.4 .0159 

" 

46.0 55.5 .0214 

·-·---4 ....(l. ·,1 

. 030 - ...t.B 

. 023 + 4.6 

.026 + 3.9 

.027 + 2.1 

.022 + o4 

.020 - .6 

.019 - 3.6 

.019 • 6.5 

.020 - 9.3 

.020 -11.9 

.0179 + .2 



SOURCE 

f"t G. 77 
ft 78 
ft 79 
• 80 

" 81 

" 82 
• 83 

" 84 

" 85 

" 86 

" 87 

• ·· 88 

" 89 
• 90 

-~ 
.324 
.352 
.370 
.392 
.448 .~ 
.552 

~320 
.449 
.553 . 

.448 

.370 

.392 
' .447 

.392 

COMPUTED FROM 
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TABLE 9 

COMPUTATION OF CASCADE ~ -

( FROM WAKE DATA ) 

y• -, 
A~ ~,,., r, 

.898 .0378 .358 44.2 
1.087 .D692 .451t 42.8 
1.099 .0453 .443f 44.0 
1.115 .0441 .419 45.8 
1.042 .0180 .469 49.8 

.865 .0156 .502 52.7 

.560 .0382 .562 57.6 

.853 .0117 .355 47.0 
1.035 - .0160 .470 49.9 

.555 .0405 .563 57.7 

1.040 .0159 .469 49.8 

.428 .01 55 .399 44.0 

.413 .0,23 .419 45.8 
·.335 .0134 .468 49.7 

.412 .0103 .414t 45.5 

t 
¢,,, OBTAINED FROM WAKE INTE GRATION 

-'l.. a A-y; 
1 

..0... .i.• REMAAKS I 
.144 2.0 ..Il..PROBA BLY 
.158 3.4 

IN ERROR 

.112 2.2 

.129 .4 

.048 -3.6 

.039 -6.5 

.086 -11 .4 

.oso - .B .i,• PROBA BLY 

.042 - 3.7 
IN ERROR 

.091 -11.5 

.042 - 3.6 

.047 2.2 

.036 .4 

.036 -3.5 

.030 + .7 




