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ABSTRACT -

A theoretical and experimental investigation was carried out with the
purpose of determining the design eriteria for high pressure ratic centri-
fugal compressors for air conditioning applications. The concept of
designing compressars both for air and Freon had to be reconsidered in view
of the considerable problems involved in developing a machine for pressure
ratios as high as 8:1 in a single stage. A general optimization study
indicated the over-all design paremeters which must be chosen in order to
arrive ai efficient high pressure ratio compressors. Then to achieve the
correct flow passages, a thres-dimensional design theory was developed,
and a practical method for designing efficient impellers was derived. The
problems of supersonic diffuser flow wers studied, and the optimization of
the diffusion process 1s discussed., The possibility of using various types
of prewhirl in order to 1nfiuenc'e the compressor performance is conaidered,
Based on the theoretical studies, an experimentel radial compressor for a

pressure ratio of 6:1 was designed, manufactured, and tested.
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NOMENCL ATURE

velocity of sound

area

diffuser width, impeller tip width
dimengionless width

absolute veloclty, chord

o W T > P
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specific hest at constent pressure, pressure coefficient
¢ gspecific heat at constant volume
¢ skin friction coefficient

c constant of integration, dimensionless welocity
3 diameter

D impeller tip diameter
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F force

g

conversion factor in Newton's second law - standard gravitational
acceleration

enthal py
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O H Mmoo
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constant

length along flow path

2 o~ ™

Mach number
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coordinate along streamline in the meridional pleane, momentum flux
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rotational speed
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R Reyriolds number based on momentum thickness
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entropy
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static temperaturs
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total temperature
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tangential rotor velocity, fluid velocity within boundary layer in x
direction

freestream velocity in x dirsction
freestream velocity in x direction
reletive velocity

mags rate of flow

w o A 2 O

coordinate
coordinate
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/-? circulation, function in auxiliary momentum equation
& 99 per cent thickness boundary layer, also rake angle of blades, also ratio
% P/Pstd .

& displacement thickness

A diffusiorn factor

af ) change of ( )
,/dl viscosity
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e Cu /ug, friction factor = 4f
2

c
m
%9 coordinate, flow factor —El
2
e momentum thickness, ratio T/f

std
KET/ dimensionless specific speed
Cu - Cu
elip = R S
Uz

blade tilt angle

8 ~§ =

angular velocity

Subscripts
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( )ad adiabatic
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( )f final
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INTRODUCTION

This report deals with the theoretical and experimental investigation of
the problems one must solve in designing e high pressure ratio centrifugal
compressor for air conditioning mpplications. Problem statements contained
in exhibits for current aireraft high-altitude air conditioning indicate that
compressor pressure ratios of up to 6;1 would be desirable for air conditioning
use. At the time of initiation of this study, AiResearch felt that this
pressure ratio presented a challenge in spite of considerable experience in
the field of centrifugal compressors, since similar machinery developed here
wore well below this pressure ratio limit. A thorough search of the litera-
ture indicated that there was no machine available at the time even approach-
ing the 6:1 pressure ratio. It appeared, therefore, to be necessary to
reconsider the concept of designing compressors as it was used at AiResearch
in view of the considerable problems which arise from developing a machine
for such high pressure ratios.

It was realized that the impeller would be the most difficult part of
the compressor. Therefore, more emphasis was given to problems involved in
desigring impellers for suchk high pressure rstios, and design methods were
evolved, The problems of diffuser flow wsre mainly investigated from the
viewpoint of boundary layer theory. A considerable effort was devoted to
evaluating the state of the art of decelerating flow and boundary layer
separation. The flow conditions in the impeller inlet present three-
dimensionel transonic flow problems. In view of insufficient information
on this kind of flow, only an approximate flow calculation could be mads.

The report is broken down in six main subjects. After a general dis-
cussion (Section I), a study is made with the purpose of optimizing the
desgign of a compresssor suitable for pressure ratios as hiph as 8;1 (Section
TI). In Section IIT, the available theories on impeller design are reviewed
and a design method is presentsd. 1In Section IV, a short discussion about
the possibilities of influencing the compressor performance by various types
of prewhirl is given. Following this, in Section V, an investigation of
considerable length covering the present state of diffuser theory is
presented. Tts results ars utilized for the design of diffusers of centri-
fugal compressors. Finally, irn Section VI, one compressor with two different
impellers is designed on the theories presented in the above sections and is
manufactured., Test results with this compressor are shown and discussed.
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SECTION I

THE BASIC APPROACH

The problems of designing high pressure ratio corpressors are besically
similar to those for low pressure ratio compressors. However, because
compressibility effects are more pronounced, the flow conditions have to
bte known more accurately, and optimization studies were considered desirable
from which & design providing the least losses could be selected. The method
chosen is a performance prediction method based on a one-dimensional flow
theory. It was intended to show quite generally the changes in the basic
geometric parsmeters; these appear as dimensionless quantities in the loss
prediction. The effect of Reynolds number changes in the performance could
also be investigated here as well as basic performance differences between
air and Freon. The objective of this program was to indicate the more
promising configurations for future machines, end, as pointed out in the
next section, the concept of the specific speed proved to be very valuable,
and it could be shown that highest specific speed machinery is required in
order to make efficient high pressure ratio compressors,

Based on this one-dimensional approach, the external shape of the compres-
sor that is, the inducer and tip diamsters, tip width, degree of backward
curvature of blades, is determined. In comnection with the tip speed, the
velocity triangles are established. Another phase of the program deals with
the internal phase of the impeller design, or answers the prcblem of which
passage shepe produces the desired velocity triangles. The main problem was
now to provide the desirable velocity distribution in the impeller as a key
to a compressor with best efficiency. The knowledge of two-dimensional bound-
ary layer is applied as far as possible, Qualitative knowledge of the
secondary flow in the boundary layers and of the laws of separated flow is
used to modify the knowledge of two-dimensional boundary layer calculations,

A special problem connected with the impeller is the thres-dimensional transonic
flow in the inducer inlet. Theoretical design criterias for this flow condition
could not bs found in the literature. 7Tt was, therefore, decided to use NACA
test information as a guide and to treat the three-dimensional transonic flow
essentially sccording to the supersonic isentropic gas dynamic equations,dis-
regarding any shock phenomena,

The study conducted in Section IT indicates clearly the advantages of
high specific speed design. A high specific speed compressor is characterized
by having a high flow rate for its size, which means a large inducer eye
diameter compared te the tip diameter of the impeller. With high pressure
ratiocs and large inducer-to-tip ratios, the relative velocity at the eye
approaches and exceeds the sonic value, A study was conducted to evaluate
the advantages of intreducing prewhirl to the design of the impeller. By
application of prewhirl with rotation of the wheel, the relstive inlet Mach

Manuscript released by the author February 1956 for publication as a WADC
Technical Report.
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number at the inducer ean be reduced considerably, thus eliminating condi-
tions which may arise from near sonic flow velocities. However, as becams
known during the period of this study, moderate supersonic velocities near
the inducer tip are not detrimental to the performance, if a reasonable
subsonic region at the leading edge is provided. This being mostly the case,
the decision could be reached that high pressurs ratio compressors should not
incorporate prewhirl except in ceses where a variation of prewhirl is
desirable.

Congiderable effort went inte the study of viscous flow in vanelsss and
guide-vaned diffusers of centrifugal compressers. Data frem experimental
cenical diffusers setups cannot be used without modification for vaned
diffusers of a compresser, since the vaned diffusers generally have a mush
thieker boundary layer than commonly feund in eonical diffusers.

The calculation of the growth of the boundary layer ef the conical
diffuser was achieved by use of a seniempirical procedure. From this, a
method was evolved for the prediction of the maximum deeeleration that can
be achieved fer a given initial flew condition. The results of this study
were applied to determine loss coefficients of diffusers for centrifugal
compressors and a simple method is presented fer the design of subsonic
vaned diffusers.
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SECTION II

PERFORMANCE PREDICTION POR CENTRIFUGAL COMPRESSORS

2.1 Introducticn

Performance prediotion is an endeavor which is necessary in the design of
almst every type of turbomsmechinery. It is based on establishing the individual
losaes within a machine and relating them to the work input which is found by
applying the Euler equation. By subdividing the loasses into individual fractions,
8 better approximation to the actusl over-all loss can be made. Errors in the
agsumption of an individual loss influence the result only to a smell degree.
Though an absolutely accurate performance prediction covering the entire range of
performance of the compressor has not been achieved as yet, a reasonably accurate
prediction of that performance within the limits required for practical turbo~-
machinery is possible, and has been proven., This performance prediction is
especially suited to investigate changes in the basic geometric parameters. Thus,
they appear as dimensionless quantities in the loss prediction, Also, considerable
changes in the Reynolds number as they are ocourring in machinery operating at
various altitudes can be predioted very satisfactorily. The effect of Reynolds
nuwber changes on performance are especially pronounced for the smell size machinery
which is considered here. The performance differences between air and Freon can
8130 be brought out reasonably well, in the performence prediction, as shown later.

Generally, the performance prediction may be divided into two classes:
() predicting the performance of a given piece of machinery under a wide range
of operating conditions; {b) predicting the performance of & number of possible
design configurations, each of which is as near to its design point as can be
fixed in advance. The latter is the "design study" which is intended to point
the way to the optimum design for a given job. The former is the study of the
specific machine, selected from the design study, to determine its off-design
performance; this may also be of a higher accuracy than the general study.

It is the "design study" which will be presented below, since it is an
objective of this program to indicate the most promising configurations for future
machines. Consideration of performance prediction of a specific machine will be
made in connection with the test results for the compressor being developed under
this program.

2.2 Literature Survey

Meking a satisfactory prediction of performance requires the best possible
information concerning the losses associated with the operation of ths machine.
In turbomachinery these losses (or at least certain coefficients) must generally
be found experimentally, since the flow behavior is usually far too complicated to
permit theoretical treatment. A thorough literature survey was undertaken to make
sure that all available significant date related to compressor losses is incor-
porated in the prediction method.
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Unfortunately, in the field of centrifugal turbomachinery there is but little
data available which is both complete and accurate emough to permit deduction of
individual losses. This is due to the great difficulties which arise in the study
of the three-dimensional flow with which we have to deal here. '

Where acourate work has been done, the range of variables covered has been
rather small. The best single reference is Baljé's work (Reference 2.1,) This
pionser effort represents the first really comprehensive approach to performance
predictions for compressors. (For water pumps there is a separate literature which
will not be cited here. See, for example, Reference 2.2.) In addition, Balje” has
digested the more important German data and applied it to the coefficients of his
loss relations. Liberal use of this reference was made in the establishment of
the method outlined herein., Also,unpublished work by Kncernschild, on more elab-
orste loss configurations including bladd loading and diffusion loasses,waz used,

The second general source of information is the NACA literature., There are
numerous NACA reports which help shed light on the behavior of centrifugal com-
pressors. These mainly comprise References 2,3 to 2,11, Performance prediction
as such is not the topic of these reports; rather,they treat more basic aspects of
the flow mechanism which we have to understand, before a logical approach to a
prediction can be made.

Informetion concerning diffuser performance is covered in a separate section
of this report. However, two references (Reference 2.9 and 2.10) were found to be
helpful for estimating one-dimensional veneless diffuser performance. Certain
simplifications and approximations can be obtained from these papers, and reference
will be made to them below in the discussion of the prediction method.

Lieblein (Reference 2.11) introduced the concept of a diffusion factor in
order to correlate losses in axial-flow machines. In the present study,a similar
diffusion factor was developed for centrifugal machines.

2.3 Overall Considerations

The problems of performance prediction can best be attacked by examining the
process path followed by the fluid flowing through the compressor on the enthalpy~
entropy diagram, Sketch 2.1 on the following page shows a typical proceass path.
The process 0O-~1 is in the inlet, from embient conditions up to the impeller face.
The process 1-2 is in the impeller, 2-3 in the vaneless diffuser, 3-4 in the vaned
diffuser, 4-5 in the collector and discharge to plenum. (Note that throughout
thies study a vaneless space will always be assumed to exist before the vaned
diffuser, 8o as to reduce the velocity to a subsonic value before entering the
guide vanes.)

In passing through the compressor a certain amount of work is done on each
unit mess of fluid; this is given the designation Hpgyyp, that is, total head or

total work per unit mass of fluid, It is clear that an energy balance ylelds

H -. -
ror * Ba ~ By | (2.1)
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In the subgequent development, lower case h represents the enthalpy at a state,
whereas capital H represents head or enthalpy differences. If this entire work
were added reversibly and adiabatically,the exit state of the fluid would be at

a , and the whole amount of energy would be available for useful work in an expan-
sion process between the pressures corresponding to states a and o. However,
because of irreversibilities (principally viscous effects) some of this energy

is made unevailable for useful work in an expansion. That is, the losses result
in a decrease in discharge pressure of the compressor, and thereby reduce the
pressure ratio available to a subsequent expansion process. Sketch 2.1 shows

that the total losses have reduced the pressure from that at a to that at 2.

The losses, then, reflect pressure reductions. A convenient way of measuring
these reductions is in terms of the enthalpy differences betwsen constant pressure
iines from various points in the compressor as they intercept the isentrope through
the initial state. In Pigure 2.1, these intercepts are designated 2, b, ¢, d, &, £.
It is convenient principally because it leads directly to & calculation of the
compressor efficiency. That is, from the usual definition of adiabatic, or isen-

tropic, efficiency the above loss measurements give

. Hypp - TLOSSES  Hyp 2.2)
AD Beor Hror

where HAD is the work required to produce the actual discharge pressure by an

isentropic process. (See Sketch 2.1.) Thus it is necessary only to sum directly
the losses computed in this way to determine the efficiency. It is these losses,

then, which are the principal concern of any perfcrmance prediction method. It is
important to have a good qualitative idea of the origins of the losses before any

guantitative evaluation is attempted. Consequently, & brief outline of a general

nature is given below.

2.3.1 Sources of Losses

In deriving the AiResearch approach to the performance prediction,a eritical
re-examination of the sources of centrifugal compressor losses was made., After
studies of the literature noted above and of AiResearch experience the following
division of losses was constructed:

Impeller Internal Losses - losses associated with the flow inside the
impeller passages.

Skin Friction - losses due to shear forces exerted on the fluid in the
boundary layer; "pipe friction™ type.

Diffusion and Blade Loading Losses - losses due to boundary layer growth
and separation, and secondary flows,

Blade Incidence Losses - losses due to boundary layer separation at the
leading edge of the inducer blades, at off=design angles of attack
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Shock Wave Losses - losses resulting from shock waves formed in super-
sonic flow, ineluding direct total pressure losses through the wave and
boundary layer separation caused by shock interaction.

Impeller External Losses - losses chargeable to the 1mpeller but ocecurring
sexternally to the flow passages.

Disk Friction - losses due to shearing of fluid in any spaces between
the wheel and stationary boundaries.

Recirculation Loss ~ loss involved in the backflow of fluid from the
diffuser into the impeller, caused by the action of the diffuser static
pressure gradient in forcing inward fluid which heas lost most of its
kinetic energy in the boundary layer at the diffuser walls.

Diffuser Losses

Vaneless Diffuser Losses - losses due to skin friction

Vaned Diffuser Losses - losses due to skin friction and boundary layer
growth up to separation

Exit Losses - losses ocourring in any collector ring or scroll, and in the
aIscﬁarge to & plenum chamber,

These divisions are not all mutuelly exclusive, nor de¢ they always represent
a single physicel phenomena. It is believed that they go as far towards considering
separate phenomena as is justifiable at the moment, in view of the amount and
quality of the currently available information, Even this detailed a breakdown is
stretching our knowledge to the limit., Further discussion will be made as the
loss expressions are developed.

2.5%5.2 Loss Defipitions

With these general considerations of losses in mind definitions can now be
mede. Referring to Sketch 2.1:

Y Impeller Losses = 8By up mor. " h, - h, (2.3)
5 Impeller External Losses = AHIHP. EXT * By = Iy (2.4)
Y Impeller Internmal Losses = 8H  p. = by - by (2.5)
Vaneless Diffuser Loss = MHp = By = by (2.6)
Vaned Diffuser Loss = AB;p = hy - h, (2.7)
Bxit Loss = AHEKIT =h, - h (2.8)
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The impeller losses are further broken down, as indicated previcusly, to
give these additional definitions:

Internel
Impeller Skin Friction Loss = aHg, (2.9)
Diffusion and Blade Loading Loss = AH,.. (2,10}
Blade Incidence Loss = 8H, (2.11)
Shock Wave Losses = ﬁHSW (2.12)
External
Disk Friction Loss = AH o (2.13)
Recirculation Loss = aHp, (2.14)

The impeller internal losses occur simultaneously and no further breakdown
with respect to pressures between hb and hc is desirable; only the net

reduction of pressure at the impeller exit is of any significance. The external
losses are also not separable with respect to effects on pressure.

The diseussion so far has been conducted on the assumption that HTOT s the

total work done, is lnown. Such is the case when experimental data for a given
compressor is being considered; or, in a performance prediction study this could
be an assumed quantity. However, it is somewhat more logieal to work with the

"Theoretical Head" = HTH’ which is also known a&s the Euler work, or Euler head.

This quantity is given by the well-kmown Euler relation (along a streamline)

u, -u ¢

Hog ™ (2.15)

where the velocities are defined im Figure 2.1. This relation gives the work
imparted to the fluid through the change in its angular momentum, and is the
governing factor in determining the pressure ratio which the compressor can
deliver, A given valus of HTH will fix the pressure ratio within %5 per ocent,

for reasonable efficiencies. The total head is related to HTH by

H = H,, + L Impeller Externsl Losses (2.16)

TOT TH
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{In reality this constitutes a definition of the division between internal and
external impeller losses.) From Equation (2.16) i% might appear that Hyyp would

determine the pressure ratio equally as well as HTH’ but, in general, the work

done in overcoming the external impeller losses cannct be made available for useful

work, A reduction in these losses does not imply an increase in discharge pressuras,
Throughout the present study, then, HTH will be & fundamental parameter.

TR? this quantity will

be used in place of pressure ratio as & primary independent variable. This results
in great simplifications in the computing procedure, since fixing the pressure
ratio would have required an extensive iteration to obtain the desired value.

Due to the near constancy of pressure ratio for a given H

2.3.3 Dimensionless Loss and Head Definitions

It is naturel in a generalized study such as this to employ dimensionless
variables. A logical way to mske the various heads or losses dimensionless is to

divide by uaz/h, which represents the maximum theoretical head for a straight

bladed impeller with no pre=~whirl. The dimensionless headg will be given the
symbol q and the losses aq, essentially following Balje's notation. Thus the
previous expressions become, in dimensionless terms,

2.3.3.1 Losses

Impeller External Losses = Myyp pxr - M EXT/(ugz/é) (2.4a)

Impeller Internal Losses = 8o = AHINE¢Qu22/h) (2.58)
Vaneless Diffuser Losses = Myp = AHVLD/(uaz/E) (2.6a)
Vaned Diffuser Losses = Mgy = AHGV/(uBZ/é) (2.7a)
Exit Loss = Mpyrp * AHEXIT/(uza/g) : | (2.8a)
Impeller Skin Friction Losz = 8gp = AHSF/(uza/k) (2.92)

Diffusion and Blade Loading Loss = Mpp = AHDBL/(uaa/k) (2.10s)
Blade Incidence Loss = 4q = aH /(u,®/g) (2.112)

Shock Wave Losses = Moy = AHSW/(uza/h) (2.12a)

WADC TR 55«257 9



Disk Friction Losses = Aqu, = AHDF/(uaa/é) (2.13e)
Recirculation Loss = Aqc. = AHRC/(uaa/k) (2,148}

2,3.3.2 Heads

Total Head or Total Work = g = HTOT/(uga/k) (2.1a)
Theoretical Head or BEuler Work = qp. = HTH/(ugz/%) (2.15a)
Adiabatic Head = q,, = HAD/(uaﬂ/g) (2.17)

2.5.4 Impeller Efficiency

In addition to the overall adiabatic compressor efficiency, it is very useful
to define an impeller efficiency. As in the overall efficiency, the impeller
efficiency is based on the total pressure at the impeller exit. Thus (see SK 2.1)

e =M Y 1wp

o]
Map 1P T THpoy 9

where (2.18)

Up up = 9y - (Pdgp * 8dpp )

Before proceeding with the development of the equations for determining these
losses, it should be noted that no blade incidence losses will be considered here.
In line with the philosophy thet this will be a design point study, it is clear the
incidence angle may be assumed zero, and therefore, the incidence loss is zero.
However, in cese of supersonic regions, within the impeller passages, shock wave
losses have to be introduced. It can be shown that the shock wave losses, which
are squivalent to the entropy change through the shock waves, are small so that
they can be neglected if the inlet portion of the impeller is reasonably designed.
A more important part of the losses in supersonic flow is due to boundary layer
separation as & result of interaction of shock waves and the boundary layer. These
1osses are to & certain extent being taken care of by the diffusion and blade
loading loss since they result from attempting to produce a loading of the blades
in subsonic as well as in supersonic flow. Summarizing, supersonic¢ phenomena are
assumed to follow the subsonic loss pattern and are taken care of as such. In case
of strong supersonic flows, this method of loss calculation may be somewhat on the
low side and efficiencies may therefore be regarded as upper limits.
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2.4 Equations for Head and Loss Estimation

Becauss of the complex three-dimensional nature of the flow in cenirifugal
compressors, a theoretical prediction of the flow behavior and therefore of the
losses is extremely difficult. At present only a one-dimensional approach is
Justifiable, and heavy reliance must be placed on experimental data to provide
the proper cefficients to the one-dimensional equations, By careful examination
of AiResearch experimental resulta, of data in the literature, and by application
of the experience of AiResearch personnel, the equations and coefficients which
will be found in the following development were evolved, It is believed that the
magnitudes are reasonable, and that the trends predicted by the one-dimensional
theory are essentially confirmed by tests, In the cases of the diffusion and
blade loading loss, and the recirculation loas, experimental results were too
meager to be of much assistance. The expressions for these losses can only be
regarded as hypotheses.

Some of the proposed equations may be questioned, but it is hoped that interest
will be stimulated, leading to an improved prediction. It should be noted in
advance, however, that the overall performance still seems to hinge on the already
well-established concepts of disk friction and internsl skin friction in impeller
and diffuser. Thus, the essential trends are given considerable credence, and
only the lesser variations are considered as tentative,

It is convenient first to write down the reletions between the dimensionless
heads and losses. These follow from Sketch 2.1 and the definitions given above,

Up ~ Srg - (Mgp * Mpp * Mgy + 8dgy + bapy,) (2.19)

N J

Y
Total Internal Losses

9= Aoy % (8qpp + aq.) (2.20)

Impeller External

Losses
4D

‘Y]AD - —q (2.2&)

From these equations it is clear that all ohe needs to know is qTH and the Losses.
2.4.1 Theoretical Head - Slip Calculations

By expanding Equation 2.15a there follows

G u c
Qg = U2 _ 1 ul (2.15b)
TH ug Ug 112
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It is seen that dpg is dependent on the tahgential component of the inlet

absolute velocity. This component is referred to as "prewhirl" and generally occurs
only when inlet guide vanes are employed to turn the flow from the axial directicn.
Prewhirl is of interest as a possible means of improving compressor performance,

and such is studied as a separate topic in this report (Section IV).

The considerations presented in this section will be made entirely for the
case of zero prewhirl, i.e.,, cy; = 0. It is logical to make this separation

since the normal compressor without inlet guide vanes will have zeroc prewhirl,
and the possible benefits of adding prewhirl must then be separately balanced
against the losses with these guide vanes,. Thus, for the case of zerc prewhirl

Uy g (2.15¢)

It will be noted in the prewhirl study that cua/ha is given the symbol A. Herse,
however, the emphasis is generally on the quantity Qpy oS representing the

theoretical head, so the symbol dry will be retained.

From Figure 2.1 it is seen that Qg is determined by certain gquantities in

the exit velocity triangle.

Ce T o g g B2 4, (2.21)
qTH _u;' - m - E = sllp ) = 1 - - uz nFBZ 4

2

The “slip“,ff, is the result of the fact that for & finite number of impeller
blades the mean flow at the exit is not guided perfectly by the blades, but emerges
at an angle somewhat different from the blade angle, (QBZ' E is defined by

c - C

‘E - uzg oo v

- uz - wu2<><3 (2 .)2)
u u » -
2 2

where Cu2 -~ is the tangential component of the absolute velocity for the case
of infinitely many blades. This slip may be predicted by inviscid theory as has
been done by Busemann, Reference 2.12, Stodola, Reference 2.13, Eckert, Reference
2,14, and others., For this study a modified form of Eckert's equation will be
used. The expression is

- (2.23)
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where Z = pumber of impeller blades
dFL = diameter of mesn flow stream surface at inlet
D = impeller diameter

Kp = factor modifying Eckert expresgsion to allow for viscous
effects
The factor Kf iz intended to represent the effect of boundary laysr growth on
the streamline pattern at the exit., The present estimate of this faotor is

0.08

Ko =1+
2
(wy/fy)

(2.24)

Greater deceleration (smaller wé/%i) leads to larger boundary layers and to

increased accumulation on the suction side near the tip., It is believed that
this causes greater streamline deviation from the blades and therefore greater
slip.

Having estimated the slip, then qTH is determined by the exit meridional
velocity (emz/hz). Now, as discussed before, the quantity HTH is the principal
factor in fixing pressure ratio. Thus if, for convenience, HTH is assigned a
value, and if Gpg 1s known, then from Equation (2.,15a) the required tip speed u,

can be found., In order to keep everything in dimensionless terms it is desirable
to express the tip speed as

¥, = ;3 (2.25)

where a = speed of sound at ambient total conditions

Therefore {(2.15a)} becomes

(gHpp/2 )
HTQ

and it is clear that (gHTH/hoa) is the appropriate quantity to presecribe in

Dy (2.26)

place of Hp.. Then, given (gHTH/hoz) and knowing quyn, the required tip Mach
number HT is determined.
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2.4.2 Impeller Skin Friction Loss, dgp

A suitable approximation to the impeller skin friction loss is given by the
pipe friction type of equation. This gives

2

w
L AVE 1
Ao = K, (4F) (2.27)
SF 1 EEYD ’g uza/k
where K1 = an empirical constant

f = the Panning friction factor
L = 1ength along mean flow path
dHYD = mean hydraulic diameter of impeller flow passage
YAVE T mean relative velocity

The length, L may be approximated by
L. (rz-rm‘) = L .(_].__-_d_FL.—) (2.28)
D D °°s/332 2 cot/BBZ

The hydraulic diameter, dHYD' is the mean between inlet and exit, and is given

by
d /D
e T + (2.29)
b F
R Co8 Yy LA 1+tan® 13, (3 V7
/B2 M ) P
where b = width of flow passage at impeller tip

/gi = blade angle at inducer tip

The average relative velocity, Y.V is the mean between inlet (at dFL) and exit.

Thus a
.!....a -}.[g-r d.ﬂ‘2+ :2-3 ﬂ+i§— 2.3
) " 7 R IR (9 =) (2.30)

where @ = flow factor °ml
u
2
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The final expression for AqSF is then, including the empirical constant,

8agp = 1.40 (4f) Tz(méﬁ%')_ " (2.27a)
Uz AVE

in which L/D, dmm/n, and (w/uz)iVE are given by Equations (2.28), (2.29),

and (2.30}, respectively.

The friction factor may be found from curves such as those of Mody,
Reference 2.15. For the present study a single curve of 4°f ("large™ friction
factor) vs Reynolds number was used; this was for a roughness ratio of 0.0002.
The Reynolds number which characterizes the impeller flow passages is .

"avE %EyD _ [ ™avE) (YEYD)
Reryp * "\ D ey (2.31)
(1/P), 2
where the "tip" Reynolds number Re, 1is
u, D
Ret = (2.32)
(%),

The quantity (;L/b)o is the kinematic viscosity at the ambient total conditions.

2.4.,3 Diffusion and Blade Loading Losses

The boundary layer growth in the impeller appears to be governed by a
"diffusion factor™ of the type derived by Lieblein, Reference 2,11, for axial
compressor stages, A derivation similar to this was made for centrifugal
compressors. This was done for two types of blade loading: (1) uniform loading,
in which velocity differences between one side of the blade and the other are
essentially constant along the blade length; and (2) linearly increasing loading,
in which the veloecity difference increases linearly along the blade length. Since
uniform blade loading appears to be the most promising way of designing efficient,
high-pressure ratio impellers, the final expression for the diffusion factor of a
centrifugal compressor reflects this design philosophy. The diffusion factor, a,
is then given by

. rO « 7591y

A=1 -
. : Z di d
i "i/f“a['ﬁ(l‘n_*zﬁi]

ﬂlwi
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The expression for AqDBL which is proposed, based on AiResearch experience,

is

Aqpn = 0.050 4% (2.34)

2.4,4 Disk Friction

Disk friction mey be computed satisfactorily by an equation of the type given
by Baljé, Reference 2.1. Instead of assuming that the loss factor varies with

(Rat)1/', which is only valid for lower turbulent Reynolds numbers, this factor
was converted to the corresponding Moody friction factor at Re, = 10° end

relative roughness of 0.0002, The equation used is as follows:
0.120 (4f) (1+p2/b1)

¢ (a;/D)*

(2.35)

8pp =

2.4.5 HRecirculation Loss

As indiocated previously, the recirculation loss represents the additional
work done on fluid which has not sufficient momentum to withstand the pressure
gradient of the mean flow in the diffuser and is forced back into the impeller
at the tip. It is physically clear that if the fluid were to enter the diffuser
in a purely radial direction, then the potential for recirculation would be ex-
ceedingly small, The diffuser boundary layer would have to develop and then sep-
arate before backeflow could teke place, and this would generally occur suffic-
iently far from the impeller to preclude recirculation. Thus, the loss depends
on o, {the exit absolute flow angle) in some manner. Now, since this work will

exist even for zero through-flow, then the loss per pound of flowing fluid is
infinite, and it appears that a reasonsable expression for the functional dependence
on oy is tanorz.

Furthermore, as the impeller boundary layer profile becomes worse, the
proportion of fluid which has a large o associated with it becomes greater,

This is indiceted by Sketch 2.1. Thus
the recirculation must depend on the

diffusion factor, A. As a tentative ’//?xé,
expression for this loss the following . /////// B
i : “E N
simple equation is proposed MAIN FLOW _ > ‘ L TES
. e \/ ) ' )
BOUNDARY. -~ - ‘R¢ﬁ\\
LA-YER ’—m\\[,.r—-— - f Rl \\\
" i TN
25y
SKETCE 2.2

Velocity diagream for Boundary
Layer Flow in Impeller
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Aqp, = 0.020 tan £, 4 - (2.38)

For reasonable values of cxz this loss is small. But for the large Xy found,

say in water pumps at low flows, the loss is quite appreciable (see Reference 2.2).

2.4.6 Vaneless Diffuser Losses

In Seotion V of this raport, an extensive sanalysis of the performance of a
vaneless diffuser is made. The methods and solutions presented there have a
degree of accuracy which is not required for this general study and are somewhat
too time consuming for the purpose intended. Consequently, they were simplified,
the modification being a semiempirical alteration of the relation between veloecity
and radius to help account for compressibility effects. The incompressible
equation gives all the major factors affecting vaneless diffuser performance, so
that it is guite satisfactory as a comparative measure of losses. Furthermors,
it is the redial component of velocity which governs the compressibility effects,
and in the present study this component generally represents a Mach number of less
than 0.7.

The incompressible problem has been considered by many investigators.
Reference 2.9 covers the topic quite well, as does Reference 2.18. The dif-
ferential equation for the loss is

4f Dy 1  o* _r
o p (T )com:v( r3 d(Fz‘) : (2,37)
where ¢ = the velocity in the vaneless diffuser

r = radius to point on vaneless diffuser

Now from the caloulations for some cases of compressible flow in Reference 2.10,
it is found that the following relation between Mach number and radius is approx-
imately true:

la r E‘B
T #(-;_3) (2.38)
c2®

To the samd degree of approximation, it is mlso true then that
a,s
2 r *
£ s (_?..) (2.39)
a r
°2

A further simplifying assumption is that o ® %vE " Const. This is actually
a very good assumption in most cases.
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Introducing Equation (2.39) inte (2.37), integrating, end putting into the
dimensionless form, there results

-2

7 2
p -5 (41‘ D (°2/“2
Myp " 175 \'53) T b (2.40)

.8 0082 DGAVE

2.4.7 Vaned Diffuser Losses

Vaned diffusers are given extensive consideration in Section V of this
report. Out of the theory and experimental date studied in that section a method
was evolved for determining the optimum performsnce of a vaned diffuser, and the
losses associsted with this performance. For a compressor diffuser, optimum
performance generally means maximum pressure recovery. Now the maximum pressure
recovery depends principally on the flow conditions entering the guide vanes, that
is, on the boundary layer momentum thickness and the shape perameter. Thus, a
gtudy was made which is represented in the appendix to determine approximately the
relation between these two boundary layer parameters and the factors governing im-
peller and vaneless diffuser performance. After examining the available data on
velocity profiles coming out of impsllers and passing through vaneless diffusers,
the following was concluded; (1) on the basis of rather limited information the
boundary layer thickness and shape parameter at the impeller exit could be reason-
ably well correlated to the impeller deceleration ratio, wz/%i; and (2) the rather

short lengths of vaneless diffusers required in the present study (to bring the
Mech number to about 0,85) would have small effect on the boundary layer for
reasonable initial conditions.

The relations between momentum thickness, shape parameter, and wz/ii which

were adopted for this study are shown in Figure 2.2. It shows that the greater the
deceleration in the impeller (smaller wg wi), the larger the boundary layer thick~

ness and the "worse" its shape, equivalent to a larger shape factor, H.

Having the initial conditions expressed in terms of wz/ii makes it possible
to put the diffuser performance in terms of wz/Qi. In addition, the friction

factor of the guide vane flow passages must be known. The latter is determined
by the Reynolds number of the entering flow based on the equivalent cone diameter
of the entrance to the guide vanes. The resulting curves which determine guide
vane performance are given in Figures 2.3, 2.4 and 2.5,

In Figure 2.3 is presented the loss coefficient defined as (refer to Sketch 2.1
for symbols)

- h,
Xevy = oy (2.41)
csa/%g .

Given as & function of friction coefficient %, which in turn is dependent on the
Reynolds number, note that this loss is given in terms of entering conditions
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into the diffuser, whereas all previous losses were immediately defined along
the initial isentrope. Thus, the guantity (h, - hJ.) must be related to (hy - h,),

Sketch 2,1, in order to obtein the correct 8dsy. Since these two quantities 1lie

between the same pair of constant pressure lines, the relation, assuming constant
specific heats, is simply '

hy - h, T
—"'""'hh - hj = “T: (2.42)

This may be expressed in terms of previous losses by
- - 2 - - -
Bg=Bg Ty 1+ (k1) Mp® (qpy - Magp - dapy - Aqy )

DER T 1+ (k1) W2 g (2-43)

The final loss expression is then

2 Le(elM® (apg- Mg - dpg - 8y p)

(2.44)
1+ (k-1) 42 g

- L (s
Mgy =Sgy 3 ey

The velocity ratio of the diffuser which corresponds to the maximum pressure
rigse is shown in Figure 2,4, Finally, Figure 2.5 gives the length of flow passage
required to perform this diffusion. From this length and the inlet flow angle the
outer diameter of the diffuser may be estimated. The different outlet diameter
(or rather its ratio to the impeller diameter) is thus a dependent varisble in
this generalized study. This was felt desirable in order to carry through the
concept of a design point study, since maximum pressure recovery will genorally be
8 design condition. It should be pointed out that the diameter so calculated in
this study is a limiting value; it is probable that this diameter could be mater-
ially reduced in any real problem without a great sacrifice in performance.

2.4.8 Exit and Scroll Lines

In view of the large number of ways in which the flow from the diffuser mey
be handled (scrolls of many kinds, collector rings, discharge to a plenum or com-
bustion chamber, etc), and in view of the generally small energy available for
further recovery, it was decided to make an exit loss which was very simple yet
indicative of the more typical cases. The loss was taken to be half of the kinetic
energy leaving the diffuser. This ia, of course, a very sweeping assumption, but
it does not affect the velue of this study as & comparative measure of performance,
The only purpose of this loss is to meke the final values of efficiency, ete ,
somewhat more realistic. This loss is given by
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4 1 .4
Mgy = 0+5 = Z(T') (2.45)
u, 2

2.5 8ome Additional Relations

In addition to the foregoing equations, continuity and energy relations mst
be used to make performence calculations. A dynamic equation for the impeller
hag already been used in Equation (2.20)., fThe continuity equation for the impeller
yields the followings

cmi A P % %mz A2 P

¢ tmom (4, _ 4" ( Smz mdb (2.45)

Py " — —
1 uz 4 p® 1 2 uz o2

4 (6,/6)) (egp/ug) (py/0))
¢ (a, /D) (1-2%)

oo

G is the flow blockage factor; the ratio éz/ti of the blockage factor at inlet

and exit of the impeller was assigned the value of 0.95 in the present study.
Energy equations are used in many places to express temperature in the terms of
the heads and head losses. The most important relation of this type relates
temperature T,, associated with the intercept of the exit pressure line and the
initial isentrope §ketch 2.1}, and the ambient total temperature.

T
£ 2
"r'; 1 + (k1) M q,n (2.47)
PT
This relation then vields the overall compressor pressure ratio - by
)

introducing the isentropic relation between pressure and temperature at f and
o. Thus

X
= - [1 + (k1) M2 qw}ﬁf (2.48)

o
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It is of interest to further express 9p in terms of Map* drge and external

losses.

(2.49)

k
P glny, /89 aq k-1
IT)S . [1 ¢ (k1) TH /°DF . T°Re

ao" N Qg

)
This equation shows why the quantity gHTH/aOa essentially determines pressurs
ratio, in particular for good designs.

Cortain relations exist in and between the velocity triangles of the impeller,
These are readily derivable and will only be stated here.

“mz _ (1-8)) ( 1
1:2 = tan y 1+ tan SR ) (2.50)
tancxz
= {] -g) 1 (2051')
Iy ™ (1 . el )
tancxz
w2 sin/S. c 22 }
= /( 2) » (eagy)® (2.52)
d
¢" ;%1/%— (2.53)
Sz lmn (2.54)
u, sinc, '
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2.6 Generalired Performance Calculations

2.6.1 Variables Involved

On examining all the foregoing equations it may be seen that centrifugal
compressor performance may be expressed in terms of ten independent wvariables.
The set of varisbles which appears to give the best presentation of performance
is given in the following functional relations:

gHpy "

d
1 o
HAD'f1<3-, 2’JﬁBz’ﬂi’ —a"z--znﬂs ZGV' )

o]
P
TS n
T - fz ( ) (2.55)
o]
o | "
5 = T3 )

It is known from previous calculations of performance, from existing designs,
and from basic flow considerationa that some of these variables are only of
secondary importance or that they must be fixed within certain limits for prac-
tical reasons. The number of guide vanes, 2,, , in the vaned diffuser dces not

affect the performence significantly, as long as separation is avoided. Thus,

va = 23 wag assumed fixed for the calculations., The impeller blade number, Z, is

more important; taking into account that stress limitations influence the blade
thickness, 19 blades was considered a good choice.

The inlet hub-tip diameter ratio, 7/ , is not of great importance; values
between O and 0.5 yield little change in performance. 3/ = 0.4 was assumed as a
typical value, identical to about 15 per cent hub blocking,which allows for the

aopOD

z

0
level of the Reynolds number, and was & given value which corresponds to the
type of machinery covered by this study.

shaft or other material near the axis. The quantity

merely fixes the

In addition to these four quantities, one other was held fixed in the general-
ized performence study. This was the inducer tip flow angle (equal to blade angle),
/31. It is known that for a given inlet relative Mach number, H'i, there is an

optimum angle ﬂi for which the mass flow is & maximum., Expressing it differently
this angle gives, for a given mass flow, the minimum Mwi‘ For a feirly wide range

of subsonic Mach numbers, this angle is about QGE)OPT 2 80°, {See Section on
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Prewhirl for a detailed study.) In case of incompressible flow (water pumps )

this angle is sbout 55°. It is easily understood that the performance of a com-
pressor will be good if the ratio of through-flow to inlet ares is as large as
possible, hence fixing the angle Eﬂ was felt to be a good preliminary optimization
a8 well as an opportunity for red éing the large number of variables, In the

present study, which will involve supersonie M'i in many cases, the value tan%%_- 2

is used,

The diffuser arrangement assumed in this study consists of a vaneless, para-
llel wall diffuser extending from the impeller tip to a radius sufficient to
Hc < 0.85 at the entrance to a vaned diffuser, which in turn has a radius ratio
su?ficient to produce the maximum pressure recovery as discussed in Section 2.3.7.

In this general study, the ratio of specific heats k, wasz taken as 1.400 for air
and k = 1,136 for Freon-11, which also was investigated.

It should be noted that after meking the general study, each of the above
fized quantities ( Z,., Z, 7), aonoého'F%.) was allowed to vary independently for

a typical case, The results justified the assumptions, in general, and a discussion
of those calculations will be made later on,

The remaining variables, di/b, Chg ’/[232, and gHTH/hoa, were judged to be

the most important and were allowed to vary over fairly wide ranges so as to
include all cases of interest. gch/a.oa was given four values to cover the range

of pressure ratios from two to eight, which essentially covers the rotational
Mach numbers required in the exhibit, di/b varied from 0.2 to 0.8. o<y ranged

from 55° to 76°. /4, assumed values from 0° to 65°,

For convenience in calculation, certain parameters were assumed in place of
these particular variables, so the resulting velues were usually fractional numbers.
Since the study is intended mainly to show trends, no attempt was made to put all
the basic variables into whole numbers and uniform intervals,

2,6.2 Results of Calculations

The principal results of the calculations for air employing the above assump-
tions are shown in Figures 2.6 through 2.14., Figures 2.6 through 2.9 show a more
complete study for the case of gHTH aoz = 1.29CRt5/?°A: 3.7). This case is typiocal

of all pressure ratios studied. PFigure € shows Nyp V8 di/b Withcxz as a parameter
and for selected values °f,ﬁgz' The quantity di/b is clearly the most important
single variable, For highest efficiencies di/b must be large, about 0.7 to 0.8,
This is to be expected, since large di/b implies a large through-flow relative to
the surface srea of the compressor,i.e., a high specific speed. For the high di/b,
the flow should enter the diffuser rather steeply for best efficiency; i.e.,cx2

should be low, about 50° to 556°. Also the blades should be straight-radial at
at the exit, 3, = 0%,
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A low o, implies low recirculation losses, high wz/ii, and therefore a

2
low diffusion factor end low diffusion and blade loading losses, and short diffuser
flow path, Straight-radial blades mean highest Uiy which helps reduce the effect

of losses on efficiency, end in addition, it means less impeller skin friction. At
the same time, low cxz and zero blade angle means larger exit velocities and

larger impeller relative velocities, so that it might be expected that some further
study of these variables is required. For example, Figures 2.7, 2.8 snd 2.9 show
a detailed investigation of blade angle for the various cia, at gHTH/hoz = 1,29,

For the lowest o, = 55,3%, Figure 2.7 shows that a small exit blade angle is

2
always best; angles between 0° and 15% are about equally good. Larger blade angles
are decidedly poorer, For an intermediate ™, = 68.20, Figure 2.8 shows that back-

ward curvature ie beginning to give better efficiency for di/b-> 0.5; the optimum
(33, eppears to increase with d,/D up to (}, = 40° at d;/D = 0.7, at which value

further backward curvature does not pay. For a larger o, = 76°, Figure 2.9 shows

2
that backward curvature is now very important, with optimum angles of about

40° < (3, « 60° for 0.5 < d;/D < 0.7.

As regards -, for a given blade angle, Figure 2.6 indicates that the optimum

2
>, increases as di/b increases. For 0.2 <,di/b.< 0.4, the optimum angle is about
76°; for 0.4 < di/b < 0455,the optimum is about 68°; and for 0,55 < di/b«: 0.8, the

optimum is about 55°, One may well ask if an even lowerD(2 would be better at the

higher di/b’ say di/b,> 0.7. An investigation was made in which )
. . . - o e O°

starting from a reference point for which (C¥2%ﬁﬁ' 55.3°, (FbZ)REF 0%, and

(di/b)REF = 0,772. The results are shown in Figure 2,10 for three different

was varied,

gHTH/hoz. In all cases, there is an increase in efficiency when<qé was decreased.
However, starting from values g <_45°,the exit relative velocities are becoming

supersonic, and it was felt that the losses involved in achieving such a flow would
probably counterbalance any small gain of efficiency. Furthermore, the efficiency
curve must come back down again, as has already happened for gHTH aoa = (0,776 at
S 42°, since impeller and vaneless diffuser skin friction losses are increasing
rather rapidly. Thus, the subject was pursued no further.

¥t seems highly probable, though, for the type of diffuser arrengement assumed
herein, that the angle Ka should be smaller than is generally employed in present

practice, &, = 55° would seem to be a good value to use, with di/b = 0,75 and

> 2
['gg = O
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Figure 2.1 shows the results for the case of gHTH/aoa = 0,776, giving a
pressure ratioc of PTS/?O;; 2+.3. Only the more importent regions were computed
for this case, but the trends are very much the same as for gH,I.H/s.O’a = 1.29.
Figure 2]2 is for gHTH/aO2 = 1.81, and Figure 2,13 is for gHTH/aOa * 2,33, giving

pressure ratios of about 5.6 and 8.0, respectively. It should be noted that a
pressure ratio of 8.0 can apparently be achieved with MT = 1,70 in air, This is

definitely a possible value stresswise,

It is very interesting to note that the maximum computed efficiencies are
virtually the same for all pressure ratios. The prineipal difficulty encountered
at high pressure ratios is high inducer relative Mach numbers, implying some re-
duction of efficiency dus to supersconic shock wave effects.

The effect of higher pressure ratio is seen by comparing Figure 2,13 with
Figure 2.6. The trends are essentially the same, with efficiencies generally
somewhat lower for the high pressure ratios,

Evidently, then, high pressure ratios can be achieved with good efficiency,
providing that supersonic inducer problems can be solved. The study of supersonic
flow in centrifugal impellers appears 1o be one of the more important research
topics in this field.

Figure 2.14 shows the pressure ratios achieved by these various design con-
ditions for the four values of gHTH/ao2 which were investigated. The pressure

ratios follow the sfficiencies fairly closely, as would be expected from Equation
(2.49). The figure shows, as stated previously, that in the region of higher
efficiencies (larger di/b),the quantity gHTH/'aoa determines pressure ratio within

about § per cent, For lower efficiencises the deviation is much greater.

A word should be said about the overall diameter ratios, d4/h = outside dia-

meter of guide vanes/impeller diameter, which are required for the above efficiencies
and pressure ratios. Figures 2.15 and 2,16 show d4/b versus di/b,cxa » and/?Ba for

gHTH/’aO2 = 1.29 and 2.33, respectively. These plots correspond to the efficiencies
given in Figures 2,6 and 2.13. For the two valuesof gHTH/'a.o2 shown it is seen that
d4/b is generally less than two; this is also true for the other gHTH/ao2 investi.

gated. The trend is for higher d4/b at the higher efficiencies, due mainly to the

fact that the angles x, are smaller and the velocities 2 tend to be higher at

the higher efficiencies. The diameters also tend to be larger for the higher a
pressure ratios, though the peak values are practically the same. The two gHTH/Eo

shown are indicative of intermediate and lower values, and interpolation or
extrapolation is quite satisfactory. As mentioned earlier, these diameter ratios
are probably upper limits, though practical problems of collector rings, volutes,
ete , might well require the ratios shown.
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2.6.3 Freon Compressor Studies

Studies on Freon compressors were included in this study as required by the
proposal. Quite generally, the theoretical approach to the design of freon com-
pressors is the same a3 with air compressors. Certain pertinent differences,
however, have to be pointed out.

An advantage of Freon turbomachinery compared to air is the fact that stress
considerations influence the impeller design only to a very minor extent, since
even a rotational Mach number of 2 requires no more than about 750 - 8900 ft/éec
tip speed. Hence the design of the impeller blades can be made on the basis of
s three-dimensional theory which provides impeller shapes of completely arbitrary
configuration., This especially means that the restrictions which are imposed on
the design of air compressors by the necessity of having radial blades can be
removed. This restriction is quite an obatacle to & good blade design, and the
blade tilt can now be introduced in order to influence the meridional streamline.
Tilt is specified as the angle between the intersection of the blade with a plane
normal to the axis of rotetion and s radial line.

The influence of the tilt can be used in order to eliminate the pressure
drop along the shroud which ocours as a result of the turning of the flow from
the axial towards the radial directions. A moving blade tilted in such a way
that the high pressure side of the blade faces a passafe wall reduces the merid-
ional flow along this wall. Correspondingly, the meridional flow along the opposite
passage wall is increessed. By correctly applying tilt to the blade, the pressure
and velocity distribution around the bend can, therefore, be improved considerably
with a resulting reduction of losses in the remaining parts of the compressor.
Quite generally, the restriction of having blades comprising only radial elemsnts
makes it difficult to select optimum deceleration rates for all streamlines from
hub to shroud. With radial element blades the choice of the blade loading along
one streamline, be it along the shroud or in the mean fiow or at the hub, auto-
matically fixes the loading distribution along the remaining streamlines, leaving
no possibility to optimize these distributions. In Freon machinery, where the
necessity of using radial element blades can be considerably relaxed, & better
design can be accomplished.

With the exception of being able to use blades which do not consist of radial
sections, the general considerations which lead to optimum design of air compressors
aoply to Freon too, They are, in short, considerations of the optimum geometry,
which is equivalent to the concept of highest specific speed and consideration of
the limits which are imposed on the aerodynamic design of diffusing machinery by
the requirement that boundary layer separation has to be avoided in all parts of
the turbomachine. The concepts, which lead to good aerodynamic performance of air
compressors, however, are slightly modified in compressors for heavy pases (Freon),
insofar that the specific heat ratio ¢ /oy of these gases is considerably smaller
than that of air, varying from 1.075 (greon 113) to 1,14 (Preon 12). This drop of
the cp/'cv value is equivalent to a much lerger specific volume change for a given

pressure change than with air, i.e., the process of compression eppoaches the iso-
thermic process. In order to sccommodate this trend, the outlet passages of the
compressor (the tip width of the impeller and the diffusing parts) have to be

made narrower than with air, if in both cases the deceleration is to be kept the
same. This leads to a more unfavorable geometry of Freon compressors than exists
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with air compressors. This disadvantage is partly offset by the lower friction
loss of Freon machines which is due to the verv low kinematic viscosity of the
heavy gases. Hence, the Reynolds number of a Freon compressor is considerably
larger than that of an air compressor of the same size.

With increased Reynolds number, however, the need for smoother surfaces is
more critical, if the advantages of a high Reynolds number are to be utilized,
as can be seen from any chart where friction coefficients vs Reynolds number with
the surface roughness as a parameter are plotted. Smooth surfaces are, therefore,
required for Freon compressors. This condition is sometimes difficult to maintain,
since Freon corrodes most metals in the presence of some water,

Due to the differemt geometry of air and Freon compressors, an optimized
Freon compressor cannot be used in tests with air and vice versa, since appreciable
changes in performance result., If a Frecon compressor with the usual backward-
curved impeller blades is run with air, the meridicnal velocity at the impeller
tip and in the diffuser is higher and the performance drops, due to a reduction
of the work in the impeller and due to higher friction and incidence losses in
the diffusing parts.

In view of the differences which exist between sir and Freon compressors,
a8 they are pointed out above, it appears to be absolutely necessary to use
different designs for the study of air or Freon machinery. However, the basic
design principles are more or less the same, and improvements in aerodynamic design
can either be tested in air or Freon, depending on which facilities are most
readily availsabe,

With the above considerations in mind, performance calculations were made for
one of the more conventional Freon compounds, F-11, The ratio of specific heats
for the pressure and temperature range, which is customary for F=11, is k = 1.36.

The results of the calculation are presented on Figure 2,17, in the same
manner as for the previous calculation for air. A head parameter gHTH/aO2 = 2.16

was used, which is equivalent to a pressure ratic of about 6.8, The efficiencies
are essentially the same as for air at the same pressure ratios. (Compare with
Figures 2.12 and 2,13).

The pressure ratios are shown on Figure 14 mlong with those for air, It is
seen that the parameter gHTH/ao2 essentially gives the pressure ratio regardless

of the value of k (within the limits given above, at least). Thus it appears
that the present results of efficiency and pressure ratio are valid for any gas
having 1.1<k =< 1,4, and probably outside this range on the higher side of 1.4
as well, In the section on Prewhirl some more detailed studies are made with
respect to Freon, and it is also concluded that the effsct of k is negligible,
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2.6,4 Impeller Per formance

Part of the program of calculating overall performence was the computation
of impeller efficiencies. These efficiencies, as defined in Equation (2.18) are
presented in Figures 2.18, 2.19 and 2.20 for the heads gHTH/'s.O2 = 0.776, 1.29 and

2.33, respectively. The trends are similar to those for overall efficiency, except
that backward curvature has no beneficial effect on impeller efficiency for any of
the cases computed. The optimum ot values for varous di/b are still about the

same as for overall performance, but straight radial plades st the exit are best
for the impeller.

2.6.5 Study of Principal Dependent Variables

If one acocepts the set of independent variables given in Equation (2.55),
then all other parameters are, by definition only, dependent varisbles, For
different types of studies, different sets of variables are given or known, and
in each of these cases the prescribed values are logically considered as the inde-~
pendent variables. Rather than present efficiencies, etc , in terms of different
sets of independent variables so as to cover these various cases, it is much simpler
to show these other important parameters as dependent variables in terms of the
one, consistent set of independent variables which has been used so far in this
development. It is & relatively simple matter, then, to start from any of the
various possible sets of given data and determine all the other performance para=-
meters of interest,

In Pigures 2.21 through 2.29 are presented the relations between the basic
set of independent variables and b/b, M¢, “2/%1- M and dimensionless specific

speed, (see Page 29), for both air and Freon. Figures 2.21 through 2.25 show
b/D vs 1/D with g and /%2 as perameters for the four values of gHTH/aO2 com-

puted and for PFreon. The tip width ratio, b/b, is seen to increase with increasing
di/b, as would be expected from Equation (2.46). Referring back to the plots of

efficiency, Figure 2.6 through 2.14, it may be seen that for a given gHTH/'ao2 the
b/b values corresponding to the best efficiency points at each o, lie within a
fairly narrow band. For gHyy/a,® = 0.776 the band is from 0.070 o 0.100; for
gHTH/;oa = 1,29, it is from 0,050 to 0.070; for gHTH/'a.O2 = 1,81, it is from
0.040 to 0.060; for gHTH/a.O2 = 2,33, it is from 0.040 to 0.050; for Freon with
gHTH/rao2 = 2,16, it is from 0.020 to 0.050. This trend as a function of pressure
ratio is due mainly %o the increasing density at the impeller exit, requiring a
smaller passage width to produce the same exit velocity triangle.

Impeller tip Mach number M¥ is shown in Figure 2.26 for the wvarious gHTH/'aO2
and Freon. For a given value o gHTH/hoa, M; depends mainly on (X, and Bs ¢

This is true because of the relation between My and qqy, Eguation (2.26), and the
fact that qpy depends pricipally °n'ﬁ32 and <\, in the present computations.
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Furthermore, tip Mach numbers are lowest for the radial blade exit conditions,
Thus, from the previous study of efficiency, it is seen that the best efficiencies
are accompanied by low tip speeds, since /352 » 0 (for the smaller 0(2) is indicated

for the high efficiency points., This is a very gratifying state of affairs from
the important standpoint of stresses in centrifugal machines. It is clearly seen
that pressure ratios of eight (in air) can be expected with M, values of only 1.65,
to 1.70; this is within present stress limits for air at reasonable temperatures.

Figure 2.27 shows the relation between wg/ii, d/b, X o, 8nd F%z for any

pressure ratio and any fluid, under the assumptions made for this study, of course.
Equations (2.52), (2.51), (2.50), and (2.23) show that this unique relation exists.
Referring back to the efficiency curves, it is seen that the best efficiency for

a given Xy is found at a low value of '2/%1- But note that in moving from the

best efficiency point at CXZ = 55,3° (increasing efficiency) the wa/ii increases
from 0.5 to 0.65. High efficiency is thus associated with 0.5.4’w2/¥i < 0.7,
with peak values to be found about wz/%i = 0.65.

Values of inlet relative Mach number at inducer tip, M, are presented in
Figure 2.28 for the various heads. As would be expected, Mwi increases nearly
linearly with di/b » 8ince the inlet flow angle at the inducer tip, (32 is held

fixed in this study. Thus, since the higher efficiencies are found at larger

di/b, it appears that the price of good performance is supersonic flow at the

~ inducer tip. A "eritical™ Mach number at inducer tip Mo; = 1.23 is drewn on the

figure. This Mach number corresponds to the case for which the mags-averaged
relative Mach number is equal to one, or in other words, half the flow is supersonic
and half is subsonic., This is not =a limiting condition, but it should serve as a
warning that designs at higher tip Mach numbers should be considered carefully,

Calculations were also made to show the relation between "specific speed"
and performance in the generalized performance study. A dimensioniess specific
speed,QEQ was employed,wherein the volume flow was defined at the impelier inlet
and the head was defined as the adiabatic head, HAD' The defining equation is
then

5 =3/4
(2.56)

/19/' [b(di/n)a (1-V )Jl/z [QAD

From the relation ¢ = (di/b%/tan,@i » 8nd recalling that both ﬂi and 1}'were
held constant in these calculations it is evident thatfaf will be a strong function
of d;/D.

The results, shown in Figure 2.29, indicate this trend. Thus the concept of
higher efficiencies at higher specific speeds is further verified by this study,
since previous pots of Map 78 di/b have shown clearly the general rise of efficien-

cies with increasing di/b.

WADC TR 55257 29



2.7 Study of Variables Held Constant in Generalized Performance Calculations

At the beginning of the section on Generalized Performance Calculations, it
was stated that certain of the variables of Equation (2.55) would be held constant,
since they are either of secondary importance or the optimum was already known
approximately. In order to verify the validity of these assumptions some calcu-
lations were made in which these fixed quantities were allowed to vary. A4
"typical point" was selected from the generalized calculations, and each of these
quantities was allowed to vary, one at a time, from this initial point. Such a
study is not totally conclusive, of course, since the effect of some variable may
be much more when starting from one initial point, than from another. However,
if the effects are not large, then the trends may be considered representative of
a fairly wide variety of initial points. Such was generally the case here.

The "Typical Point" selected was
d;/D = 0.606

- 0
g 68.2

(%2 = 28°
gHTH/'ao2 = 1,81

These conditions, for the previously stated values of(3i, Z, ZGV’ Ret/ﬂt
and'ﬁ give

'2/"1 = (0,60
D/b = 26.4
¢ = 0.303

Mt = 1,60

My = 1.12

Mcz = 0,99

Nap = 0.79

PT5/?° = 5,58

Now, holding all other wariables in Egquaticn (2.55) conatant, the inducer tip
flow angleiﬁi was allowed to vary from 55° to 68°%. The effect of this change on

MAp is shown in Figure 2.3C, It is seen that the effect is rether small for these
initial conditions; only & two per cent reduction from the initial efficiency is
found. The peak values are found in the region of 55°<:/3i<:k65°. Since the

value used for the general study was 63.4°, then it is clear that this assumption
was & reasonesble one. For general design, however, a value around 60% would seem
more appropriate.
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The effect of varying Reynolds number is shown in Figure 2.31. The "typical
point" is for a 5-in. wheel at sea level conditions. It is implied that N% is

fixed in this calculation and only Ret/Mt - aopo/;ug is varying. The influence on
"D is similar to that found by many previous investigators. The present calcu-
lations have only considered Re, down to 10%. It is felt that considerable caution
must be exercised for Ret<:105, since it is believed possible that extensive

laminar boundary layers may exist on the blades of some designs for lower Reynolds
numbers. There is very little direct evidence of thie for centrifuga]l machines;
but axisl cascade and compressor experiments indicate that large losses of per=
formance may be encountered at low Reynolds numbers, due probebly to laminar
separation,

The effect of the inducer hub-tip diameter, o) = dh/hi, is given in Figure

2.32, The effect is small between 0 < })<0.6, being less than a two per cent
change of efficiency, Above 3/ > 0.6, the reduction of through flow begins to have
8 strong effect. The agsumption of ,/ = 0.4 for the general study is observed to
be gquite satisfactory.

The effect of the number of guide vanes in the vaned diffuser, ZGV’ wag

computed and found to be wholly negligible. For this reason, no curve is shown for
this varieble.,

The effect of the number of impeller blades, I, was computed for the range
10=2<=30, In this region the efficiency stays virtually constent, which is in
essential agreement with the results of Reference 2.1; the differences lie only in
the fact that different parameters were held fixed while varying Z. The reason
for the small change in efficiency is that while some of the losses tend to increase
with increasing numbers of blades, the valus of qTH is also increasing, so that the

efficiency changed very little. Similarly, pressure ratio stays very nearly cons-
tant. Since these changes are so slight, no curves will be presented to show the
effect of Z, Reference 2.1 gives a reasonable picture of the influence of blade
number and its optimizetion.
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2.8 Clearance Effects

In a semishrouded impeller the blades are free at their outer redii, and a
finite clearance must be maintained between the impeller blades and the stationary
shroud. This situation gives rise to losses which result from vortex roll up and
disintegration due to flow over the blade tips from pressure to suction side. For
axial machinery, these losses appear to vary more or less linearly with clearance
spacing, Reference 2.17. Data for centrifugal compressors is rather meager;
Eckert (Reference 2.14) shows some results which indicate an increasing trend of
loss with increasing clearance space, though Martinuzzi (Reference 2.18) shows
some (German DVL tests which incicate a reversal of this trend under certain con-
ditions, A fully shrouded impeller (in which the shroud is fixed to the blades)
eliminates this flow over the blade tips, It should be noted, though, that this
tends to give rise to secondary flows from pressure to suction side on the i1nner
gide of the shroud, which when added to the skin {riction of the relative flow
on this new surface plus the disk friction between the outer side of the shroud
and the surrounding fluid, may sometimes be worse than the vortices of semishnouded
condition. In addition, for centrifugal machines there is the possibility of im-
proving the boundary layer on the suction side somewhet, by the flow from the
pressure side. Nonetheleas, fully shrouded impellers do appear at the moment to
be superior serodynamically, though stress problems often prohibit their use,

Thus, it is not yet clear as to which configuration is best for various oper-
ating conditions. For the present study a semishrouded: impeller was assumed,
and a modified form of Balje's loss equation was used. This question includes the
clearance effect, and is intended to be representative of moderate clearances.
Obviously, small impellers would suffer from increased clearance losses, since
there is a lowsr practical limit on absclute clearance spacing., If it is assumed
thet this lower limit is, say, 0,020-in., and that the smallest impeller which
would have this clesrsnce and still maintain only the loss according to Equation
(2.35) would have D = 5-in,, then the clearance loss increase for impellers with
D < 5-in, might be assumed proportional to (5/D). If the clearance losses are
about 1/3 of the total disk friction {including clearance effects), then the basic

disk friction would be modified to (8pp)p poin. ™ Hz +5/M), . This is

a crude estimate intended only to indicate the trend.
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2.9 Use of the Performance Curves

The use of the generalized performance curves is best illustrated by con-
sidering two classes of problems: (1) selection of a new design, and (2) analysis
of a given design, Since pressure ratio is practically always used as a design

2 . 2
parameter in place of gHTH/a.° , an auxiliary cross-plot of P.rs/fPo vs gHTH/ho
is given in Pigure 2.33 for the maximum pressure ratios at each di/b; this comes
from the envelope of meximum pressure points for each gHTH/uOa as shown in
Figure 2.14. This auxiliary curve makes it possible to interpolate for any pressure

ratio with reasonable accuracy.

Design Problem

Suppose that a new design is sought for a pressure ratio PTE/Po = 4 and a

corrected mass flow of WV@;%)- 5 1b/sec. What is the maximum efficiency that can
be achieved, and what will be the general dimensions, operating speed, and inlet
velocity triangles -

From Figure 2.33, PTB/?O = 4 oorresponds to gHTH/a.oa = 1,37 at the maximum

pressure ratio condition., Since thig generslly corresponds to maximum efficiency,
it is the appropriate point. This value of gHTH/'ao2 = 1.37 is near to one of the

computed values, i.e., 1.29, 8o this is a convenient guide. From Figure 2.6 the
peak efficiency is seen to be Tp = 0.85. Knowing that peak efficiency does mot

depend much on pressure ratios, this value is valid for the present case. Thus,
it is found that d,/D = 0,74, (32 = 0°, and o, = 55.3% for the best efficisncy.
The general study was made for certain fixed values of ([} s Vs Zs Zyy» 80d
Ret/Ht, so that these values are also implied in the results for this problem.
However, the effect of these parameters is known to be rather small in general,
as indicated by the brief study included herein, so that these guantities are not
necesgsarily unalterable. Corrections may be made to efficiency based on the curves
in Figures 2,30 to 2.32, if desired. Probably the most significemt correction
will be that for Reynolds number, when very low inlet densities are anticipated.
Asguming the fixed values of (@i,-ﬁ s Zy, etec , for the moment, then the
remaining design variables can be established. Interpolating in Figures 2.21
through 2.29 yields the following:
b/D = 0,049
My =1.28
'2/%1 = 0,69
My = 1.10

7 = 0.530
dg/D = 1.90 (Fig. 2.15)
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So far no mention of the mass flow has been made. Indeed, none is required
in order to obtain the essential performance of a machine. The mass flow require-
ment merely fixes the absolute size of the machine, and thereby affects only the
final actusl Reynolds number. Absolute Bize,of course,has its influence through
the practical problems of minimum clearances, surface finish, etc , but these
effects are not large for reasonsble sizes of machines (D > 5-in.). The absolute
size can be obtained from the following relation for mess flow through the inlet:

W= 0 (d;/D)* ¥ (p,/p )1 -22)F PP C pm) (2.57)

or in terms of corrected mass flow

E%@ = ¢ (4;/0)% Mlp /o, )1 - 22)(F D® €05, Bgpp) (2.58)
ﬁherein pl/bo - [1 - (k-1) Hta ¢a/b l/(k-l)

For the present conditions and assuming the inlet flow clogging faoctor
€1 » 0,95, there results D = 0,636 ft = 7.64-in.

Thus the general configuration and the velocity triangles are established,
end the detailed aerodynamic design can begin. Out of the detailed design will
come exact lengths, diameters, velocities, etc , which can then be used for more
accurate computation of performance, if desired,

Analysis of a Given Design

Suppose that a machine is given which has the following general configuration

D= 0,53 ft
dy /D = 0.65
(B2 = 0°
b/ = 0.0625
3 = 80°
gy = 60
- = 0,35
Z =15
2 =
av 31
54/1) = 2.0
It is to be operated at M, = 1.0 at sea level inlet conditions. What efficiency

can be expected at the design conditions, and what pressure ratic and mess flow
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will exist? It is assumed thet the diffuser is composed of a vaneless space to
reduce the velocity to subsonic, followed by a good vaned diffuser.

From Figures 2.26 and 2.2L the conditions of M, =1 and b/D = .0625 lead to
the conclusion that gHpm/a ® = 0.80 and o= 68° Thus the efficiency to be
expected is closely determined by Figure 10, from which My = 0.79. On checking
the diffuser diameter ratio, d,/D = 2, against Figures 2.15 and 2,16,it is seen
that the diffuser is larger then optimum, so that some reduction in efficiency
and pressure ratio might be expected.

The wheel Reynolds number, Ret, is found to be ReJc = 2,19 x 10%, This leads

to a further reduction of efficiency, according to Figure 2,31, of about 1 per cent
and another reduction in pressure ratio. Figures 2.33 and 2.14 indicate an opti-
mum pressure ratio of Pts/Po = 2,50, Thus the expected values of "ap and 1"0 would

be

Nyp = 0.77

PTS/PO = 2,20

The mass flow at design conditions ((31 /(3 py) would be

%é = 0,92 1b/sec

Note that the given valuss of (51, Vs 2 and Z,, do not coincide with the

values used in the present generalized study. The error involved in using the
generalized performance curves is quite small in this omsse, since these quantities
are the least sensitive to performance and the deviations from the standard values
is small,
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SECTION IIX

IMPELLER DESIGN THECORY

3. Introduction

The impeller theory is intended to provide the designer with an analytical
tool for an optimiszed impeller design,

A one-dimensional approach is generally used tc arrive at the exterior shape
of the compressor, thus determining the inducer and tip diameter, tip width, degree
of backward curveture, and tip speed. In short,the velocity triangles are es=-
tablished, This phasge of the work is treated in the preceding chapter. A second
phase deals with the internal shape of the impeller passages, which lead to the
desired velocity triangles. The approaches to this second phase may be suitably
divided into 4 chapters.

The first chapter (3.2,1) presents design criteria such as desirable velocity
distributions on suction and pressure side of the blades at hub and shroud.

The second chapter (3.2.2) reviews the methods applicable to the design of
impellers following the recommendations of chapter (3.2.1).

The third chapter (3.2.3) describes a method which is considered to be
particularly suitable for the design problem at hand,

Finally, in the fourth chapter {3.2.4), some particular problems occurring
with supersonic relative velocities at the inducer are treated,

Of these four chapters, the first is by far the most important: it should
provide the desirable velocity distribution as the key to the impeller with best
efficiency. Unfortunately,least is known about this topie. The problem is ap=-
proached first by applying the knowledge of two-dimensiocnal boundary layers as
far at possible to the phenomena within the impeller. Then qualitative knowledge
of the secondary flow in boundary layers and of separated flow is used to modify
conclusions drawn from two-dimensional boundary layer calculations. In addition
to this, some meager performance dats of impellers with known velocity distributions
are used to discuss a series of typical possible velocity diatributicns in radial
or mixed-flow impellers. This discussion leads to the choice of the most desirable
velocity distribution. There is certainly much speculation involved in this section;
howaver, it i= considered to represent the present state of the art,

The second section is essentially a review of the impeller design methods
available in literature. Most of those methods are not for design purposes, since
they only sllow to calculate the velocity in an elready designed impeller. However,
each calculation method may aleo be used to design an impellier by assuming the shape
of the impeller, calculating the velocities and comparing them to the velocities
recommended from the design criteria of Chapter 3.2.1. The procedure has to be repeated
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and the impeller shape changed until sufficient agreement is obtained between
calculated and desired velocity.

A calculation method well-adapted to this iteration process is presented
step by step in Chapter 3.2.3. It consists of & combination of well-known and
of some new procedures. Thie caleulation method is especially well-adapted to
the present design task because the accuracy of computation (and thus the time
required) can be adjusted to the conditions. When the impeller shape ia far
from the final one,low accuracy is required, while efter some lteration,the
agcuracy must be improved. This feature of adjustable accurscy results in a
considerable saving of time,

Finally, in the fourth section, special problems ocourring with supersonic
relative velocities are discussed. A few remarks are made about computationsl
procedure availeable in literature. Design criteria additional to those given in
section one are mentioned (and the shape of an inducer which satisfies these
criteria is shown),

The purpoee of & compressor design is to conceive of a machine which com-
presses a fluid most efficiently under the given conditions of mass rate of flow,
pressure ratio, rpm, tip speed, etc. Often two conditions only, mess rate of
flow and pressure ratio, for example, are given, In all cases, however, the de-
gigner has & vast freedom in the design., Among all possible compressor shapes,
there is one only which yields the best performance efficiency®, The purpose of
this chapter is to limit the desipgn freedom such that the final product is as
neer &8 possible to the optimum.

This goal is genersally sapproached by first determining by meens of one-
dimensional caleulations the exterior shape of the compressor such as inducer,
tip diameter, tip width, and degree of backward curvature of blading. This is
identical with establishing the velocity triangles. The internal shape of the
impeller is then determined by three-dimensionsl flow calculations which will
be treated in this chapter, while the first phase was already treated in Chapter
3.2.1« The two phases are naturally not independent of each other. In order %o
accomplish the first phase, losses had to be assumed which depend on the internal
design, subject of the second phase. Thus the results of Phase 1 are based on
the art used to build the machines whose test results influenced some assumptions
used in the performance prediction. But it is probable that a slight shift only
of the optimum will ceccur.

The design problem, essentially, is to find the impeller geometry which
leads with least losses from given inlet to given outlet velocities, This prob-
lem hae been treated quite thoroughly with axial-flow compressors, Extensive
tests have been cerried out on cescades with various solidities, stagger angles,
camber lines and thickness distributions and aspect ratios. The best combinations
of these variables are fairly well established today.

* It is understood that & restricting condition always meinteined in this

report i1s that we accomplish the compression in a one-stage machine,
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The problem at hand, unfortunately, is more complicated, inasmuch as there
are several additional degrees of freedom, factors which would have to be waried
in an experimental investigation; such additional factors include the form of the
camber line of the blades and the shaps of hub and shroud,

The shape of the camber:Iine of the blades in axial cascedes cannct bewaried
very much since the camber angle and the fluid turning angle are relatively small.
This is not 80 in our case. It is felt that the best radial or mixed-flow com-
preseor cannot even nearly be cbtained by prescribing a predetermined shape of the
camber line such as a circular or parabolic are to be varied,as in the case in
axial compressors,

A similar situstion arises with respect to the meridional shape of the
impeller: an optimum shape eannot be obtained by varying a single parameter.

Because of this freedom of design, tests which vary the =hape at random
would be prohibitively expensive. Therefore,a more fundamental approaech has
to be chosen, or, in absence of a fundamental theory,more speculation has to
be used,

Losses in the impeller are due to friction at the walls and due to boundary
layer separation. This separation involves a loss for several rsasons; such as,
the kinetic energy in the vortices produced by the separation is lost by dissi-
pation and the stagnating fluid clogging the passage increases the velocities at
other places, The increased velocities raise the friction losses and, more im-
portant, the corresponding kinetic energy cannot be recovered efficiently since
the stagnation pressure varies over the cross section from zeroc within the sepa-
rated zone to the full value in the flow region. This means that mixing losses
otCUry .

Whether and where the boundary layer will separate and how this can be
avoided or postponed is then the more fundamental question.

It is well-known that the behavior of the boundary layer depends on the
pressure and velocity distribution outside the boundary layer. Suppose now that
within the limits of our problem we could find the velocity and pressurs distri-
bution which yield least separation, and thus least losses; then the problem would
be reduced to that of finding the geometricel shape which gives this predetermined
velocity and pressure distribution,

The task of finding the best velocity distribution, henceforth called the
“design criteria®, involves much speculation at the present state of the art,

On the other hand thers exists a useful theory on how to design an impelier
for a required velocity distribution. The opinions differ only as to the most
practical combinastion of procedures. The answer to this question depends on
circumstances such as accuracy required, or training of the men performing the
calculations, etcs A method which is a combination of well-known and new prow
cedures has evolved at AiResearch and is presented in the following chapters.
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First,however, something must be said about the design criteria. Obviously,

these are the clue to a good design, since, if they are known, the actual design
follows uniguely, Unfortunately information which would allow ys to estabiish such
design criteria is rare, The information available applies only indirectly to

the problem at hand: the radial-flow compressor, In the next chapter, it is
attempted to use the available knowledge and some speculation to arrive at the

best velocity distribution,

3.2 The Impeller Design Approach

3.2.1 The Design Criteria ~ The turbulent two-dimensional boundary layer can be
caleulated when the velocity and,therefors,the pressure in the free stream,is
imown., A necessary condition for the existence of a two-dimensional boundary
layer is the absence of a pressure gradient normal to the streamlines and parallel
to the solid surface, This net being the case in general, in a compressor, the
boundary layer is not two-dimensionsl and the calculations become very difficult.
In addition,centrifugal forces absent in conventional two-dimensional boundary
layer calculations influence the situation when the centrifugal forces on free
stream and boundary layer are unequal, In the inlet the tangential velocities
(and therefore the centrifugal forces) are certainly not equal, but in the radial
passages of a radial~flow machine these forces are not much different,since the
tangential velocities are about the same in main stream and boundary layer. Thus,
in most impellers it is useful to consider the relative velocities for the calecu-
lation of the boundary layers.

The pressure gradient perpendicular to the streamlines remains, of course,an
important factor. Its effect is to displace the boundary layer from high pressure
areas towards the low pressure areas; for instance, the boundary layer on the pres-
sure side of the blades gets thinner, because part of it accumulates on the suction
side of the blades, With this gqualitative knowledge in mind,it makes sense to
make quantitative caleculations of the boundary layer essuming it to be two-dimemsion-
al, Of course, into these calculations have to snter the local relastive velocities
outeide the boundary layer.

These relative velocities may not be assumed arbitrarily: Usually the
average exit velocity is considerably smaller than the average inlet velocity.
However, more deceleration iz involved than is indicated by this velocity ratio,
since the turning of the flow in the impeller necessarily results in a velocity
on the blade suction side larger than the average used in the velocity triangles.

The question therefore arises: given an initial (maximum) velocity and a
final (minimum) velocity, what velocity distribution produces least losses?

Let us consider soms typical possible relative velocity distribution with
given inlet and outlet relative velocities on Figure 3.1, On each figure, the
relative velocities on suction side, pressure side and in the middle of the
blades near shroud and hub is drawn. Because of stress consideration,ws assume
that the blades consist of radial slements,and therefore,the blade form near the
hub follows from the blade form near the shroud,and so do the velocities, The
relative velocities can thersfore not be chosen arbitrarily. One has to make =
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compromise between the velocities along the shroud,along the middle streamline
and along the hub, It is felt,however, that more attention has to be paid to
the shroud velocity than to the hub velocity. Only where stress considerations
do not enter, can both the velocity distribution at shroud and hub be chosen
freely and improved aerodynamic design of the compressor is possible.

In Figure 3.la the average velocity decreases linearly from inlet to ocutlet;
calculations show that the average velocity at the hub decreases at a rapid rate
at first and increasss later on for the usual meridional shape of radial-flow
impellers, In Figure 3slbthe average velocity at the shroud decelerates first at
& rapid rate and at a slower rate later on, As a result, the velocity at the hub
decreases such that the flow direction reverses. This may increase the relative
velocities at the shroud from the full-drawn line to the dotted line (Figure 3,1b),
Finally, in Figure 3.lc the velocity at the shroud stays constant at first and
drops later. This results in uniform or slightly accelerated velcecity at the hub.

Figure 3.1a' and Figurs 3.1a" show typical variations of the loading keeping
the average velocity the same as in Figure 3.la: Figurs 3,1a' shows an unloaded
inducer, and Figure 3.1a"™ shows a loaded inducer while the other figures show
evenly loaded blades. Both basic loading pattern a', a" may be combined with the
baslic average streamline velocities of Fipure 3.1b and 3.lc. Hence nine basic
velocity distributions may be considered.

Before being able to give preference to one of the discussed velocity
distributions, some results of boundary layer calculations have to be considered.

Results of boundary layer calculations are presented in Figure 3.2 according
to Reference 3.1. This mpthod of calculation predicts quite reliably the behavior
of the boundary layer under conditions as they exist on an mairplane wing. This
same method is used here to predict the boundary layer behavior when the free
stream velocity decreases linearly with the distance slong the boundary for various
rates of diffusion, The conditions at the inlet, (i.e. boundary layer thickness J'*
and shape factor H), are kept constant. The result of the calculations is shown by
means of lines of constant shape factor H and lines of constsnt-displacement thick=-
noss ¢/ *, The shape factor H is a measure of the boundary layer profile; the
larger H is, the nearer is the point of separation, for instence, at H = 2, separation
is imminent. Figure 3.2 shows that separation is imminent (i.e., H = 2) at the
velocity retio of ,625 when decelerating siowly,and at a ratio of 675 when deceler~
ating extremely fast (as in a shock}. Apparently,the velocity ratio at which
separation occurs is nearly the same incependent of the deceleration rate., However,
when decelerating at a slow rate,the boundary layer displacement thickness is con=-
siderably larger then in the case when the same final velocity is reached at a rapid
rate of deceleration., Since a thick boundary layer is undesirable,an initial rapid
rate of deceleration seems to be desirable,

An additional observation is worth mentioning. Design velocity ratios of
two to one are not uncommon in impellers; but Figure 3.2 shows that such a velocity

ratio cannct be reached without separation, even under the relatively favorable
initial conditions assumed.
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From boundary layer considerations the following conclusions can be made:
1. It is desirable to use a large deceleration rate prior to separation.

2. Separation will occur for velocity ratios commonly used in racdial and
mixed~flow machinery.

The last statement leads one to consider the region where the boundary
layer assumes such a large proportion of the flow area that the boundary layer
losee its mesning in the classical sense. The low stagnation pressure fluid
in this region may not necessarily flow backward, but simply move in any direction.
The whole region is unstable inasmuch as the main flow of high stagnation pressure
has s tendency to adhere to cne side of a duct while the stagnating fluid accumu-
lates in the vicinity of the other side., Under these conditions only little
pressure recovery may be expscted. The main flow attached to one side of the
channel behaves essentially like a free jet and maintains constant velocity,
whose kinetic energy cannot be used easily in view of the presence of low stag-
nation pressure fluid., Secondary flow considerations show that the main stream
adheres to the pressurs side of the channel while the separated fluid accumulates,
where, in potential flow.the pressure would be low, If the pressure difference
between both sides of a channel is large,this flow pattern {no more pressure
rise and jet behavior of the flow) is set quickly,whils in a channel wheres no
such pressure difference between the walls exists,the main stream may take con-
siderable length until no mcre pressure rise occurs. Therefore,a very light
loading in the region where this flow pattern is expected, i.e., near the outlet
of the impeller, seems to be desirable.

In the light of this knowledge,ws may now look again at the typical velocity
distributions of Figure 3.1.

Considering the velocities near the shroud, our principle of rapid first
deceleration will lead us to the preference of an average velocity as shown in
Figure 3.1lb,as long as no backflow occurs near the hub. Backflow at the hub
would simply mean that the rapid deceler ation would not occur in reality, be-
cause the flow area is restricted by stagnating fluid. The rapid deceleration
at the hub has another drawback: If the boundary layer becomes thick, it flows
along the blades towards the shroud and leads to flow separation there, Thus
the rapid deceleration at the hub, if any, should be postponed so far towards
the impelier outlet that the boundary layer developed thers does not disturb
the flow in the inducer section near the shroud.

Now, our desire to load the blades slightly near the outlet necessitates a
high loading in the inducer region in order to impart to the flow a given moment
of momentum., Thie leads to a loading distribution as shown in Figure 3.1a". The
consequences of the highly loaded inducer are apparently these:

a., On the pressure side a very large deceleration occurs which might lead
to separation since the velocity ratio of .65 tolerable in two-dimensional
flow is sxceeded. But this is not so: the boundary layer on ths pressure
side gets very rapidly thimnner because of secondary flow and velocity
ratios of .5 may therefore be obtained without backflow. Hence a rapid
deceleration on the pressure side may not be too disadvantageous,
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bs On the suction side of the blades, the velocity increases high above
the average. This i1s & serious drawback since this leads to earlier
boundary layer separation on the suction side with all its consequences,
Therefore, the maximum loading should be reached shortly after the
inlet, while maintaining the peak velocity at the minimum possible
value, consistent with the desired high blade loading,

Wie have a&s yet not mentioned the influence of trensonic and supersonic con-
ditions. A separete chapter will be devoted to this problem. Here, it suffices
to say that the guiding "design criteria™ are the same,

Summarizing the design principles, we may state: An exact velocity distri-
bution leading to the optimum confipuration camnnot be given a8 yet. The funda-
mental principles, that is, the boundary layer considerations,lead to different
results in different cases, and in addition, the fundamental principlee themselves
are as vet not too well known. However, it appears from thecretical considera-
tions that two requirements should be met,

a. Rapid decelesration in the inducer region.
b. High loading of the inducer es compared to the end part of the impeller.

Following these principles, the velocities in the impeller might look as
shown in Fipure 3.3, & combination of Figure 3.lb and Figure 3.la™,

3.2.2 Review of Tmpeller Design Methods

This review does not intend to becomplete mor todo justice to those who have
devised the methods. The purpose is to inform the reader sabout the presemt state
of the methods in use. References are therefore used only for the purpose of
avoiding lengthy explenation in the present report,

The problem is apparently to find the geometrical shape of an impeller which
provides & velocity distribution as shown in Chapter 3.2.1, "Design Criteria”,
This problem is called "indirect" and ie very difficult to solve, especially be-
cause not every velocity distribution leede to & solution; the design criteria
have to fulfill some conditions which cennot be easily formulated. Usually it is
more convenient to use the "direct" approach by guessing at the shape first, then
caleculating the velocities which correspond to it and cheanging the guessed ehape
until the calculated velocities correspond clogely enough to the velocities de-
sired, The "direct" sapproach has the advantage that experience of the designer
cén easily be embodied into the design, Especially, experience relating to stregses
end manufacturing can be used in order to eliminate all designs which are impract-
icel from & mechanical stendpoint, though fevorable from an serodynamic standpoint.
Combinations of direct and indirect methods may also be used, as will be shown in
the next chapter.

Basically, the problem to be solved is: "Given an impeller with fixed
geometry and rpm, calculate the velocities at every place within the impeller.™
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Before the review of the publications treating this problem,a remark about
the effect of the viscosity is in order, Be it =aid at the outset: All methods
treat the flow in absence of viscosity. We know that in general the viscosity
changss the flow picture fundamentally, Is, therefore, a method treating inviscid
flow of any use? The answer is this: A good design should eliminate separation
at least in the first part of the impeller, Hence the inviscid flow calculation
may approach very closely the real flow, if the displacement effect of the boundary
layer is taken into account. Whether a design is bad,i.e., whether it leads tc
early separation can be found from the calculated velocities as they would oecur
if no separation would take place and the design is changed correspondingly. Even
in a good impeller, separation may occur towards the end of the passage and the
calculated inviscid flow ie then no more a pgood approximation tc the real flow,
Nevertheless, the calculated flow still is a good guide to the caleculation of the
secondary flow, which,when added to the inviscid flow,gives a fairly good picture
of the reality. In any case, the inviscid flow has to be calculated first,

The problem can be formulated in the case of absolute irrotational, adiabatie
flow by a single differential equation in terms of a velocity potential as given
in Reference 3.3 (Bq 250), for instance. The solution of this equation with the
corresponding boundary conditions is so cumbersome, however, that it is not a very
useful tool for a design method where the calculations have to be repeated.

Wu (Ref, 3.3)reduced the partial differential equation of 3 variables to a

peir of differential equations of 2 variables each, which makes the solution
much less unwieldy if not too many iterations have to be used. Each equation
describes the flow on a stream sheet (8:) whose fluid particles lie upstream of

the rotor on & c¢ircular arc (Fig, 3.4) or on a radial line (Surface Sz2) (See
Fig. 3.5). In order to solve the quasi- twe-dimensional equation describing the
flow on a stream sheet, the knowledge of the form and thickness distribution of

the stream sheet is necessary. This knowledge is gained by a process of iteration:
First, for instance, the shspe and thickness distributions of two stream sheets

(8,) whose particles lie upstream on twec circular arcs, one of large and the other
one of small radius,are assumed. (See Fig, 3.4.) This calculation leads to the form
and thickness distribution of a stream sheet whose particles upstream lie on radial
lines such an angle apart that the stream sheets are between the same pair of blades
as on Figure 3.5, The solutions of the partial differential equation for these stream
sheets (Sz) lead to & better approximation of the assumed shape and thicknesses of
stream sheets Sy; the partial differential egquation for these surfaces S; have to
be solved mgmin,leading to a better value for the position of stream sheets Sz ete.

This method of iteration is eguivalent to the solution of the three-dimensional
equation; but from a purely mathematical standpoint,it is just as complicated. The
advantage lies in the possibility that the designer can use his experience in
choosing the initial form and thickness distribution of the stream sheet so well
that no iteration is necessary., This is possible in particular when the stream
sheet doss not twist much relatively to the blades, i.e.,when the particles which
lie on a circular arc upstream of the cascade remain nearly on a circular arc,

For high specific speed machines this is so to a satisfactory degree of accuracy;
for low specific speed machines, however, analysis shows that the stream sheets
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distort considerably, This is shown in a striking manner in Figuree of Reference 3.4
which present the solution of the exact three-dimensional equations of incom=

pressible inviecid flow, One of these figures is reproduced here as Figure 3.6.

A look at this figure shows that a gueszs of the form of these stream sheets is

impossitle, and an iteration which leads to it is impractical,

The gquestion therefore arises whether the approximation is sufficient when
not using any iteration at all and assuming the shape of the stream sheets a
priori to be lying on a surface of revolution or on a plane midstream beatween
the blades,

If this assumption is made,the solution of the axisymmetrical flow with an
infinite number of blades is very near to the solution on the stream surface mid=-
way bstween two blades (Ref 3.5). This procedure, namely,calculating first an
axisymmetirical solution and then a second sclution on a surface of revolution
obtained by rotating a streamline of the first solution around the axis bounded
by two neighboring blades,has been used very extensively. This method {Ref 3.4
ete.) yielde a quasi-three-dimensional solution,called henceforth g.3.d,three-
dimensional, inasmuch as the solution allows one to calculate the velocity varying
as a function of the three coordinates. The aspumption that the streamlines lie
on predetermined surfaces is, of course, mathematically wrong. The question as
to the error of the calculated velocities has been answered by Reference 3.4 in

. the sense that such a method describes the flow with sufficient accuracy for
engineering analysis. This result is arrived at by comparing an exact three-
dimensional solution with the result of a qQuasi=thres-dimensional calculation
described abovae,

Considering the above-said, we find:

a. The accuracy of the g.3.d. procedure is within the accuracy of our
knowledge of the design criteria,

bs The method is being used for design,i.e.,the geometry ie chanped until
the velocities are found satisfactory. The effect of design changes
are just as well brought out by the q.3.d. procedure, '

ce Since the calculations have to be repeated several times for different
goometries, any saving in time is essential.

Hence we will use the q.3.d. approach,and we shall discuss only the two-
dimensional procedures which lead to the axisymmetrical solution and the blade-
to=-blade solution which, when combined,constitute the g.3.d. solution,

Before we proceed to the detailed discussion of the two-dimensional sclutions,
a final remark about the differences betwsen the three-dimensional solution and
q.3.d. procedure is in order. In the chapter about design criteria,it was tacitly
assumed that a particle which initially lies on a surface of revolution formed by
the rotation of a streamline of the axisymmetrical flow remains on this surface of
revolution, in particular, that a particle near the shroud remains near the shroud,
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According to Reference 2.4 this is not so; for instance, a particle entering the
inducer near the suction side of the blade at the shroud ends up, in potentisl

flow, &t the shroud near the pressure side of the blade. (See Fig. 3.6.;) Thus,
along this streamline the deceleration rate is larger then assumed in the dis~
cussion of the design criteria, although the local velocity mey have been pre-
dicted correctly. Thus, the q.3.d. method predicts correctly the local velocities,
but further knowledge is necessarv to predict the correct deceleration rate, namely,
the knowledge of the streamlines, This latter knowledge cannot follow from the
qe3.d. However, this knowledge might not be too helpful since the flow in the
boundary follows & still different path.

The different methods which lead to q.3.d. soclutions will now be discussed
briefly. Obviously, the g.3.d. solution will always have & combination of an
exisymmetricel solution, which describes the flow on a stream surface between
the blades, end & solution on & surface obtained by rotating a streamline of the
former solution around the impeller 8xis, hencefortih celled the blade-to-blade
solution,

For the purpose of designing radial and mixed flow impellers,it is edequeate
o begin with the sxiaymmetricel solution.

This solution can be obtained by solving the two-dimensional differential
squation which governs this flow. The differential equetion and the method of
solution 18 given in Reference 3.4. Such & procedure is suitable when & staff of
computers or computing machines are at disposition.

A procedure more adapted for usage by engineers is given in Reference 3.6.
The basic equations of equilibrium and continuity are used sevearately such that
the meaning of the different symbols does not get lost during computation, This
procedure leaves considerable freedom a8 to the accuracy to be obtasined, and thus
the computationel effort can be adapted to the circumstances.

In order to obtain the blade-to-blade solution, it is again possible to write
the complete differential equation governing this flow. This has been done in
Reference 3.3 and, more specifically applied to the problem of the radial compressor,
in Reference 3,7. In this reference,several solutions for particuler cases are
given,

In view of the high sclidity, the problem of finding the velocity variation
from suction to pressure gide of the bladesz can be simplified. Reference 3.8 uses
such & procedure for the indirect or design problem., This reference gives two
procedures of varying accuracy; the first is a procedure szsuming essentially
linear variation of the velocity from blade-to-blade end is very rapid. The
second procedure uses parabeclic variatione of the velocities,

The decision, which of the above-mentioned procedures or combination therecf

ghould be used, depends on the purpose of the calculations and also on the type of
help (engineers, mechanical computers, etc ) available. '
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In the next chapter,a procedure will be outlined which proved best for the
design of a compressor with the help of enginesrs and no high-speed computing
device, a condition which might prevail in many medium-sized factories, In ad-
dition, more emphasis is given to the design inatead of merely to the calculation
of the welocities for a given design. This is important in view of the fact that
the methode discussed so far are only intended to calculate velocities with wvarious
degrees of accuracy. The accuracy of the calculation,however, need not be large
at the outset when large changes in the design geometry are being made, Later,
however, when the geometry is near to the final one, a higher accuracy of ealcu-
lation i8 required. Such a time-saving flexibility of accurascy 1is embodied in
the method which is presented in the next chapter,

3.2,5 The Design Method

3.2,3.1 General Principles

It was mentioned previously that the most logical procedure would be to
start from the "Design Criteria” with an indirect or design procedure., It must,
however, be remembered that these aerodynamic design criteria are not exactly
mown, while other requirements dictated by stress considerations, for instance,
are quite exactly known and lead immediately to a fixed geometrical form such
as a certain blade taper. In other words, considerable experience would be
needed to prescribe velocity distributionswhich are satisfactory in every respect,
in particular in mechanical respects, while the assumption of the gsometry leads
with little experience not too far from the optimum, at least nearer than the
assumption of velocities within the impeller. This is in particulasr true for the
assumption of the meridional shape and the blade thickness distribution, Here are
some examples. A cylindrical shroud shape in the inducer region may be considered
& very good compromise between aerodynamic and manufacturing considerations. Such
a ghape could hardly be obtained when the velocities are prescribed a priori.
S8imilarly, in high-speed machinery, stress considerations rather than aerodynamie
considerations describe the blade thickness., Anyway, stress considerations lead
immediately to a shape which is usually very near to the final one, In view of
this situation,a direct procedure has been selsected, where the shape will be
assumed first, and then the velocities calculated.

The cealculation of the velocities, however, depend also on the blade camber

line which is difficult to assume st first, In order to determine the blade

camber line, en indirect approach suggests itself, i.e., fixing the relative
velocities and calculating the blade form. But such a procedure would determine
the blade thickness too,which we wigh to prescribe at the very start. A way out

iz to prescribe only the blade loading which is identical to the variation of the
difference of the relative velocities,disregarding the magnitude of the velocity,
whieh is done by establishing the moment of mementum distribution along the blades.

These remarks suggest & certain mixture of direct and indirect design pro-
cedures, The direct procedures necessitete repeated calculation of a slightly
changed shape,as follows: First, the gecmetry is assumed and the corresponding
velocities calculated. Should the calculated velocities be different from those
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indieated in the chapter "Design Criteria”, the geometrical shape must be changed
and the difference between calculated and desired velocities will become smaller
with each new geometry. This difference will be very large at the first trial,
sspecially when the designer has little or no experience with the particular
goometry. In view of this large difference, only very low accuracy is first re=-
quired, This could be of advantage if reduced accuracy eould also reduce the
calculation time, With subseguent calculations the accuracy should be improved,
corresponding to the smmller difference between calculated and desired velocities,
Tn short, the ideal method should incorporate a flexible aecuracy allowing for
rough calculations as well as for later refinements. This is a feature of the
method evolved at AiResearch which will now be presented in detail,

342.3.2 Simplified Design Procedure

2.2.%3.2.,1 Meridiomal Flow Calculation (Step 1)

A meridional shape is selected on basis of considerations, as set forth in
the following paragraph. It is assumed that the rotational speed of the impeller
is given or selected.

The inducer tip diameter is chosen such that the relative veloeity at the
inducer tip is a minimum for a given mass rate of flow. This condition leads
to & flow angle f3i at the inducer tip of approximately 60 degrees.

The impeller tip diameter is selected as a function of the degree of
backward curvature of the blades.

The tip width is calculated from the state of the air at impeller discharge
and a flow factor € which takes account of the clogging effect of the blades
and of the boundary layer. A reasonable assumption is £ = .80,

The next step is to fix the axial length from inlet to outlet impeller.
Since short channels seem to have less aerodynamic losses than long ones,provided
the curvature is not excessive, radial discharge of the flow is favored for ratios
of inducer diameter to tip diameter up to 0.5, For higher inducer—to-impeller tip
diameter ratios, the requirement of gentle curvature (say radius of curvature of
shroud larger than distance shroud-hub) can best be met with the mixed-flow design.

A deviation from radial discharge may alsc be required if the blades are to
be backward curved and, in acddition,should consist of radial elements in order to
withstand the stresses due to high tip speeds,

This is illustrated in Figure 3.7. A simple peometrical relation exists for
radial blade elemants between the backward curvature ﬁh’the discharge angle Kt and

the rake angle of the trailing edges dﬂ (See Fig. 3.7). The relation is

tan/g
tan.Cg - b
cosé?%

A rake angle cf of 50° seems admissable.
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With these preliminary considerations,the meridicnal outline may be drawn.
It is important to realize that the flow passages leading to the impeller inlet
are an integral part of this outline., Without the knowledge of the inlet conw
ditions, the flow in the impeller region cannot accurately be determined,

The flow in front of the impeller eye may be axial or radial inward, or
hampered by space limitations., Two extreme possibilities are shown on Figure 3,8
for radial inflow, Figure 3.8a shows a relatively long channel which will produce
nearly constant axial velocity at the impeller eye, A check of the velocity along
the wall will indicate a velocity peak at "a" with subsequent deceleration towards
"b*., This leads to a thick boundary layer at "b", By changing the contour in
Figure 3.8b,the velocity is uniformly accelerated from "a™ to "b™, Howaver, there
will be a large velocity gradient from "b™ to "c¢", increasing the relative velocity
at the inducer tip, It is probable that this is less harmful than a thick or sepa-
rated boundary layer, provided inducer blade angles setting tekescare of the non-
uni form axial velocity. The best design is apparently one where the velocity is
elightly accelerated all along the wall. Such a shape is shown in Figure 3,9a.

Since we intend to arrive at a shape where the velocities on the boundaries
are accelerated,ws expect very thin boundary layers and may neglect viscous sffect.
However, the Mach number may be consideratle and compressibility effects may have
to be taken into aecount. Thus the problem is to find the axisymmetrical come
pressible flow for given boundaries. The very lengthy solution of the compressible
flow equation is replaced by the following procedure.

Calculatioh of the Axisymmetrical Flow

The shape such as in Figure 3.9a is cut out of a sheet of Teledeltos paper *
and the ends are painted by conducting silverpaste along a gueseed potantial line.
"Potentianl 1inss™ are then drawn onto the conducting paper by means of the slectrie
analog, The apparatus is explained in Reference 3.5, These "potential lines" are
potential lines for two-dimensional incompressible flow and,in two-dimensional
flow, the velocities along such a line are inversely proportional to their length
Am (Fig. 3.9a). Appendix I shows that the velocity gradient in two-dimensional
and in axisymmetrical flow of the same boundaries is very nearly the same. This
fact is used for the determination of the welocities.

1
Cm Ki Am

i
(2.1)

where X, is determined from continuity; the index i denctes the particular
potential line i. The weight flow is determined from:

shroud
N= [¢] cm dA

hub

*This paper, with the rectifier and potentiometer needed,and the silverpaste can
be obtained from General Electric which sells the set under the trade name
Analop Field Plotter, It is described in Reference 3.9. The paper can directly
b obtained from Western Union,and the silverpaste is the same as used for
printing electric ¢ircuits.

(3.2)
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In general p could be obtained from the local velocity. But usually it is
sufficient to calculate an averapge p for each potential line,

Defining:
W
»
*W (3.3)

one obtains from compressible flow tables for every Ai/h*, a value pi/b‘, where

Ai is the area obtained by rotation of the considered potential lines i. 8ince

py is & known constant (3.1) and (3.2) yield the value for K,

W
SRR
i (3.4)
where the integral is evaluated graphically writing dA = 2nr dn, n being the
length along the potential line.

The number of integrals to be evaluated are equal to the number of calculated
points along the shroud. Five integrations are usually sufficient, although more
potential lines should be drawn in order to make sure that no peak in velocity has
been missed.

A skilled man needs 18 hours for the work described so far. The result is
the velocity distribution in particular on hub and shroud. At the shroud it
should not show any peak and the deceleration should be as small as possible, If
the velocities are not satisfactery, the shape should be changed and the calculations
repeated until a satisfactory final shape is obtained. The assumption is made that
the presence of the impeller or its shape modifications do not influence the con-
ditions upstream of the impeller.

After having fixed the conditions upstream of the impeller, we may proceed to
calculate the axisymmetrical flow in the impeller region to a first approximation.
The procedure is the same as the one used for the upstream calculations. In fact,
the first step of the previous calculations which gives the gradient of the
velocity along the potential lines is exactly the same and is done on the same
piece of Teledeltos paper. Figure 3.10 shows the notation used.

Formula (3.2) determines Ki . However, the evaluation of p and dA is
slightly more complicated.

The density p is calculated from the formula

=
- p-1
T/// =11 +.E__*§ (u® - %)
Py 2&0 {(3.5)

where the index "o" indicates inlet stagnation condition} u and w are the wheel
speed (or and the relative velocity, respectively. Formula (3.5 follows from the
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energy equation and the isentropic relationship where, however, the ratio of
epecific heat k has been replsaced by p in order to teke account of the irre-
vereibilities, The polytropic exponent p is determined from the known state

at the impeller tip using equation (3.5). 4s in the cese of the inlet, an
average p is used for each potential line. This average p is obtained in the
following way: a meridional streamline which divides the mass rate of flow in
half is spproximetely drawn. At the inducer inlet &and impeller tip, the rela-
tive velocity is known and in between is assumed to vary linearly with the
length of the meridional streemline. This is & sufficiently good epproximetion
to the final result, if the design is well done. Thus the average p; on each

potentional line ir known.
The area dA in Eq (3.4} can be written as
dA = (2nr - 2t)€ dn (3.6}

where Z is the number of blades, + the local thickness of the blade in tan-
gential direection and a factor which takes account of the diasplacement effect

of the boundary leyer., In the absence of aufficient knowledpe about the boundary
layer, & simple assumption of € may suffice for the whole design. Hence, we
choose £ = ,95 at inducer inlet varying linearly to .80 at impeller tip.

The number of bledes is determined by the desired blade loeding; longer
channels require fewer hlades., Thus, & mixed-flow impeller with its longer
channels would need fewer hlades than a radial-flow impeller both having the
same inlet and outlet velocity triangles. In the impeller used as an example,
the number of blades was chosen to be 19,

The blade thickness will not be prescribed by aerodynamic considerations
except at the inlet where they have to be as thin as possible when the Mach
number ie large., Away from the inducer, the thickness variation of the blades
has the same effect 88 & variation in meridional shape, Therefore, stiress con-
siderations alone shell specify the blede thickness while the serodynamic con-
siderations should emphasize the need of thin inducer venes only. In this way,
this design element (t) is fixed at the omtset and t is known from stress cdlculations,

. With all values in Eg (3.6) known &s a function of the distance along a
potential line, K, can now be evaluated by Eq (3.4) for each potential line.

The result of these calculations, & work of ahout 24 hours, is the velocity dis-
tribution of say, 5 potential lines, The velocities at hub and shroud are now
plotted, elong the distance m (Fig. 3.l1). If these curves show any undesirable
features such as peeks, the meridional shape cen be changed at this point. How=
ever, with insuffiecient experience, it is difficult to judge what 1s undesirsable,
&nd therefore, the next step is recommended.
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34243.2.2 The Blade-to-Blade Flow Analysis (Step 2)

The purpose of Step 2 is to find a blade shape which yields the deszired
loading, i.e., the desired velocities on suction and pressure side. This time,
instead of assuming & priori the passage shape, we assume the veriation of the
moment of momentum re, with the meridional length m.

From the assumed re, the flow direction and magnitude is caleulated. Then

the blades are determined which give to the flow the turning caloulated in Phase 1.

Let us consider a fluid slab between two blades of cross section as in Figure
3.12, The torque which acts on this fluid slab can be expressed by the surface
pressures a8 well as by the change in momentum of the fluid.

AP(&m) (An)r « pAn répw cos/?)%%‘ll- Am

or

AP - 2 (r ou) (3.7)
Ff = pwave cos/f) br :lu

Where AP 1s the pressure difference between two blade surfaces, A4{ the corres-
ponding included angle, p the density, 3 the angle between the relative velocity
and the meridional plesnes. w__ is defined by Eq (3.7) as the velocity which

yields the mass rate of low when multiplied by the flow aree and the density. We
agsume now that this Yo is the same velocity as the one obteined in the axially

symmetric calculation, an assumption which is justified in Reference 3.5.

In order to calculate the velocities on pressure and suction side,the follow=
ing two equations are used:

Yave - Yg 'Y (3.8)
2
w2 _onw?
ap- = e (3.9)

Equation (3.9) is the energy equation for incompressible isentropic flow.
Equation (3.9) can be written
(3.9a)

AP = »p ('e - wp) ¥ e

Using this expression Equation (3.7) becomes

bw = cos!,'b) ) o u
5 / %_)_ (3.10)

where Aw = w - w
5 p

From Bq (3.10) 4w is obtained immediately since /’5 is known from

re =r (u + cmt&n/_’)) (3.11)
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This procedure gives an approximate value of 4w, since only Eq (3.7) is
exact while Eqs (3.8) and (3.9) sre approximations. But we are not really in-
terested in an exact value of Aw sincs this value is mainly used to judge the
smoothness of the blade loading or the smoothness of the velocities. Any sudden
variation will show up &8 well in this simplified calculation as in an exact calcu-
lation. In other words, it is of no use to make more asccurate calculations than
the accuracy of the knowledge of the design criteria. On the other hand, slight
differences between two impellers may be of importance and those differences are
well brought out.

Finally, w is calculated from

o]
W - ;%s/s (3.12)

We may summarize Step 2:

a) YT, is assumed &nd plotted over the length m of the meridional streamline

eg in Figure 3.13, noting that the tip value re, is given by the veloecity triangles,
the shape determines the loading.

b) The &nglexe is caleculated from Eq (3.11) end plotted (Fig. 3.13).

¢) By means of Eq (3.12), w is caleulated and plotted (Fig. 3.13).

d) The blaede loading 4w is obtaeined from Eq (3.10), and woRwW o+ 1/2 tw
and wp "W t 1/2 ow are plotted.

Thus step 2 is concluded (ebout 2 hours of work), and the result must be com-
pared with the desired velccities such as shown on Figure 3.3,

If the loading is very different from the desired one, the rc Vversus m curve

should be changed until the Aw's are not too far from the desired value., The
repetition of step 2 does not take much time. However, & change of ’ﬁ), influences
the relative velocity w. This velocity must now be examined carefuliy. A large w
indicates a large meridional component e - In order to reduce this component, the

flow erea should be made larger. This has to be accomplished by & change in the
meridional shape only, if the blade thickness is established from stress considere-
tions. If this is not so, the variation of the blade thickness is & mesns to errive
at the desired veloecity w, requiring less computing work since the basic analogue
field plot does not need to be changed. In general, however, the meridionsl shepe
must be changed,

Because & change of the meridional shape needs considerable time {(about 24
hours), & careful estimate of the magnitude of the required chenge is adviseble,
Suppose the relative velocity ies tc be reduced 10 per cent. A 10 per cent area
increase leads to approximately 10 per cent velocity if the anple X5 remains the
same, Since the change in e chenges the loading, /5 hag to be cﬁanged {using

getep 2) in order to re-establish the desired loading,
Such considerations should be used in arriving et & new meridional shape and

at new meridional velocities. After the calculation of the blade loading is re-
peated, it is seen whether further iterations are necessary,

WADC TR 56-257 87



If " ve and the loading along the shroud are found satisfactory, we proc-

ceed to investigate the velocities at the hub. If stresses require radial blade
elements, the blade shape at the hub is fixed and the velocities can be calculated.
Otherwise, when the blade elements are not necessarily radial, the blade shape at
the hub can be designed separately just ms it was done at the shroud.

It is advisable to calculate the velccities also along & streamline in
batwaen the shroud and the hub.

In high-epead machinery, where the blade elements are radial,this step takes
mostly the form of a check. Indeed, the velocity distribution near the shroud is
considered the most important one and also the most sensitive to any changs, Thus,
a change which improves the velocities at the hub a little may considerably worsen
the situation at the shroud. This is why,in the compromi se between shroud and hub
profile, the shroud profile is more influential. Generally negative velocities at
the hub should be avoided because bad flow conditions at the hub will influence
the flow at the shroud in an unfavorable sense, as jndicated in Figure 3.1s and dis~
cussed previously,.

It should be mentioned here that the density was initially assumed on the
basis of a linear velocity distribution from inlet to cutlet, If this design
objective was achieved,then the initial assumption was correct in the final analysis,
provided the streamline (on which w was measured) was chosen accurately. This
can be checked now, the final ¢ and area distribution being known.

For many applications, the design may be completed with the addition of Chap-
ter 3.2.3.4, which has the purpose of finding the blades which give to the fluid
tne directione as calculated in the two first steps.

It is understood that the calculation so far is an approximation. Subsequently,
further steps will be indicated which refine the solution,inasmuch as some assump=
tions will be dropped and the corresponding corrections mede., First, however, the
sssumptions which lead to this approximation will be discussed in the following
paragraph,

3:2.%.3 Discussion of the Eguations

The meridional components ¢_ of the velocities as cbtained from the analog
field plot satisfy the equation Bor zero vorticity:

) Cn , m
an * R 0
p

(3.13)

where RP is the radius of curvature of the streamlines corresponding to the

two~dimensional incompressible flow. The real velocities are different for
several reasons,
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. The axisymmetricel flow is different from two-dimensional flow. However,
the difference as shown in Appendix A as far &s ite effect upon %ui: eon-

cern®d seems to be small. It is true that the streamlines in axisymmetrical
flow are quite different. But the local radii of curvature are nearly the
Eame .

be A larger difference in radius of curvature is due to the displacement
effect of the blades as shown in Figure 3.14. Becsuse the blades occupy
a larger portion of the area near the hub than near the shroud, the flow
is pushed ewey from the hub as indicated by the dotted lines in Figure
3.14, Thig, at least immediately before the blades, results in 2 con-
siderable change of the radius of curvature.

ce The blades introduce vorticity into the meridional flow. If the number
of blades approaches infinity, an essumption which is made in order to

celculate the flow, the vortieity is distributed within the flow and has

& component guperpendicular to the meridional plme,

The final meridional velicity c

¢ e
mf mf
2n T R gu (3.14)

where R is the radius of curvaeture of the final stresmlines,

nf should satisfy the equation.

In order that the physical insight not be lost, the transition from the
cBlculated e to e is made in two steps, writing

cmf=cm+ncmR+Acmg (3.15)

where AcmR is the correction due to the change in redius of curvature and Acm;
the change which oceurs because ;; is different from zero. If 2;u would be zero,
Acm2;would be zero, and therefore

+ Aec c_ + Ac
(9_(cm mR) m mR
5= + T 0 (3.16)

Meking the assumption that n in equations (3.13)(3.14), and (3.15) are nearly
equal, these equationz together with continuity

jpbcmR dA = O (3.17)

ﬁa cpedh = 0 (3.18)

define Ac . &nd Acm&} uniquely. Subtracting (3.13) from (3.16) yields

and

b c 4 ¢
3(6 nle . RmR -C (% ;%) (3.19)
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and subtracting (3416) from (3.14)
A lw‘ A =3
PGS N
2 n R 7

This equation has the solutiocn

_me:rj%nr; 7 (én
- R,“Y®R j& ; R
Aem?e = @ 8 S dni + Ke

< ./ !.{1 ’

(3.20)

(3.21)

where the integration constant K is evaluated such that equation (2;18) is
satisfied, R is the radius of curvature of the final streamlines which are

not known as yet. But since AcmR

snd Acmﬁz are small correctione, a relatively

large error in Ac is not consequential. Thus in equation (3.21) R may be re-

placed by Rp s Or better yet, by the radius of curveture R

of the atreamlines

obtained by applying the equation of continuity to the initial e, and by dividing

the area of equation {3.6)into such parts that through each area element flow the

same quantity.

It is clear that the effact of the change in radius of curvature and the
offect of vorticity can be lumped into a single equation, in which

Acm-ncmR-*Acmg

which has the solution
Aec
m

where K is evaluated from

ﬁécmdﬁ-o

_jdn ~/dn -(d
-e/r;-ﬁ_* )Jdn+Ka j_n

(3.22)

| (3.23)

(%.24)

Now the walues in equatior (3.23)can be evaluated. As mentioned above, the
radii of curvature which are obtained from streamlines on basis of the origimal
¢ are Inown; later, the radii of curvatures based on iterated solutions should

be used. However, in view of the small corrections, an iteration is seldom

warranted. The vorticity is evaluated from

§ - tanﬁ &Sr u)
u r cosy ar
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This equation is derived in Appendix (B), which is correct for zero tilt angle

In high-speed compressors, stress consideretions leasd to radial blade elements,
thet is, zerc tilt angle ¥ ., In the next chapter it is shown how these corractions
ere applied to the compressor design.

3¢203.4 Refined Calculations

The streamlines corresponding to the meridionsal components cm of the wveloc-

ities and the area A as given by Equation {3.6) are to be traced. Three stream-
lines in addition to the hub and shroud line divide the mass rate of flow in four
equal parts. The intersection of these streamlines with the normel lines n is
obtained in the following way:

As shown on Figure 3,15, the quantity c P (2ar « 2 t) eand its integral

over n are plotted. It is usually sufficiently accurste to assume p constent

along & normal n, although its velue can easily be evaluated by Equation (3.5)

since we know now the average velocities w between the blades. The totel mass
shroud

rate of flow‘Wz‘J'e c p{2nr-Zt)dn cen be divided in, say, four equal parts and
hab

the corresponding positions n can be teken from Figure 3.15.

This procedure has to be repeated on seversl normals until enough points are
found such that the streamlines can be traced as shown on Figure 3,14.

The redius of curvature R of these streamlines can be measured together with
the streamline curvature Rp of the initial streamlines (corresponding to two-

dimensional potential flow). These measured values are plotted over n . This
allows checking the measurement since the qualitative change in radius of curvature

is easily obtained from the change in stresmline form, Now the quantity e (%-- %J

D
needed in Fguation (3.23) can be plotted along each normel (See Fipure 3.16).

Finally, 2;11 has to be calculated on each normel from Equation (3.25). The
flow angle,/b and the angle(a’ of the meridional streamlines with exial direction

a(rc
sre quickly found. More lengthy is the evaluation of Efi;il’ which involved plott-
ing rcu along several radiel lines in the considered region and teking the deri-

vetive. If this is done, g;u can be plotted along each normel ss shown in Figure
3.16,

At this point, one should make sure that the signs are chosen correctly. The
easiest way is to interpret the result physically:

The effect of an incresse in radius of curvature is obviously to decrease
the veloeity gradient.

The effect of the vorticity should be such that the meridional component of
the velocity is increased where the work done by the blades is increased sbove the
average value, that is, the value of the potentieal flow solution. Thus, if the
leading edge of the inducer is radial, the work done over a given axial distance
iz larger near the shroud than near the hub. 1In accordance, the velocity near the
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shroud is increased ebove the potential flow velue and decreased near the hub.
Both ¢ (% - il{-) and éu being known, c_ cen now be evaluated by Equations

p
(3.23) and (3.24). Before performing this calculation, the following should,
however, be realized:

If the length of caleulation ie warranted in view of the accuracy required,
jteration is necessary. If this is decided, it is more practical to split
gquations (3.23) and (3.24) using Hguations (3.17) to (3.20) since Buation (3.19)
needs little iteration while Equation (2.20) does need iteration. To know the
reason for this mey be of help in obtaining a better approximation for 43C5n§

re
the first time. The correction Acmg is always sc as to decrease %ir—ul
and thus éu.which means that the firet correction Acmé is too large. This

knowledge mey help to choose & more accurate value when no iteration is to be
performed or to reduce the number of iterastions, choosing g’u,only 3/@ the
value given by Equation (3.25).

This concludes the calculations of the directions end velocities of the
fluid, provided the meridional velocities and the blade loading are still
satisfactory. In general,Steps 1 and 2 have to be repeated at this point in
order to obtain the desired velocities exactly; thus Step 3 may lead to 2
change in the meridional shape and the blade form. An experienced designer
tries to choose the velocities in Steps 1 and 2 in such & way that after Step 3
the velocities mre the desirecd ones.

3.2.3.5 Design of Inlet and Outlet

8o far, it was assumed that the direction of the flow is parallel to the
blades., This is so, except near the inlet and outlet. In order to obtain an
average flow direction near inlet and outlet consistent with the previous
calculation, the blade shape near inlet and outlet has to be designed accordingly.

The inducer leading edge is laid out such that the camber line of the
blades is parallel to the average streamlines. The tlade thickness has been
fixed previcusly. Then developmente sre made of several cylindrical cuts
through the inducer.

The flow on these cylindrical section in the inducer region is treated asg
8 two-dimensional or quasi-two-dimensionel problem,

In case of subsonic flow, an analog field plot of the cascade as shown
on the cylindrical section is mede. This investigation should show the flow
phenomena near the leading edge, so that high veloclity peaks may be avoided,
The local velocities on the blade surfaces resulting from the analeog field
plot have to be corrected for compressibility using the Karman-Tsien formulsa

P -P c
av

=% -%

P c . (3.26
tAv av ToM= + pl M’a )

21 e iR

pi
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where P is the static pressure on the blades, Pav is the pressure in the
middle of the blades,

" (w/w“)“ -1 (3.27)

the pressure coefficient for incompressible flow obtained from the field plot,
where W is the velocity on the blade surface, and finally, M is the relative
Mach number in the middle between the blades., The static and total pressures

P and Pt of the compressible flow are obtained from the previous calculations

and are not equal to the pressures of incompressible flow. Woy? to be used in

fquation (3.27), is the velocity of incompressible flow, which is the same as

Yoy of the compressible flow far upstream only. The Mach number M is the one

which was obtained from the calculations of axially symmetric flow and is
supposed to exist in the middle between two blades. With all these values
known, the pressure at the blade P follows from Bquation (3.26). The result
_P-‘P“_ = AP should be compared with the desired result as given by Ruation

(3.7). 1In case this pressure difference AP shows peaks, the shape of the in-
ducer leading edge has to be changed until close agreement with the result of
Muation (3.7) is reached,

In case of supersonic relative velocities, the flow may be investigated
by meens of the method of characteristic. This method, as it epplies to the
present, problem, is explained in Reference 3,10.

A detemiled discussion of the problems arising here is given in Chapter
3+2.4, "Problems of Supersonic and Transonic Flow in Inducers®™, Here it may be
useful to say that resulte which are quite near the optimum have been obtained
using the simple approach of Chepter 3.2.3.2.

Considering now the conditions at the impeller tip, the deviation between
blade angles /3t> and fluid angles 45 is more pronounced than at the inlet,
The daviation &t the tip may be found from Section II. The deviation upstream
of the tip in the impeller passages can be found from Reference 3,12, where
campressible flow caelculations were performed and put in such a form that they
are useful for all rediel-bladed impellers,

This concludes the whole impeller design unless transonic phenomens are of
special importance, a topic treated in the next section.
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3.2.4 Problems of Supersonic and Transonic Flow in Inducers

2.2.4,]1 Introduction

In radial compressors designed for high pressure ratio without the use
of prewhirl, the relative Mach number at the tip may be considerably above
1,03 if not, the impeller is of a very low specific speed, i,e., if mot, a low
ratio of inducer diameter to impeller tip diameter is used, It is known
that the efficiencies which can be obtained in the latter case are low. Low
efficiencies have also been encountered with high inducer Mach numbers, How-
ever, in this case,it is felt that improvements are possible, if the flow
phenomena are understood,

The purpose of the present chapter is to discuss these flow phenomena
and to indicate some design principles which should minimize the logses in
the inducer. This will be done in three steps: First,relevant known ideas
and observations will be presented; then,we shall discusz how these observa-
tions apply to the present problem, and, finally, it will be shown how these
phenomena affect the deaign,

3.2.4.2 High-Speed Flow in Conventional Configurations

Straight supersonic diffusion from supersoniec to subsonic flow requires
that the narrowest cross section is larger than the one necessary for sonie
flow., This narrowest cross section has to be chosen such that the flow can
be passed, even when the worst irreversibilities occur before this narrowest
cross section, Otherwise the design flow can never be reached; the diffuser
cannot be started,

Similar conditions exist in a curved channel which has more similarity
with a passage formed by blades of a compresscr, Two-dimensional exact
sclutions leading without shock from supersonic to subsonic flow are known (See
Reference 3,13 . Any two neighboring streamlines may be considered as sclid
boundaries forming a channel leading without shock from supersonic to sub-
gonic flow, However, when the velocity gradisnt perpendicular to the stream-
lines is approximately constant, a narrowest oross section of the channel will
ocour in the region where the average Mach number is cne, This cross section
1imits the flow rate and, if larger irreversibilities than per design ocour
prior to this section, the design flow rate cannot be attained. Thus, similarly
to the straight supersonic diffuser, this shockless transition from supersonic
to subsonic flow probably will not occur.

The conditions are very similar in a three-dimensional curved channel:
Unless the streamlines can adjust themselves freely (as in a vaneless diffuser
for instance), the shockless passage from average supersonic to average sub-
sonic flow needs a narrowest cross section which does not allow reaching the
design mass rate of flow if larger than design irreversibilities occur prior
to this cross section, A shockless transition seems therefore not possible
for such a case,

However, if the Mach number average with respect to the whole cross

section im below one, an increased channel area can conceivably lead without
shocke to subsonic velocities even though locally high supersonic velocities
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occur at the beginning. Near an average Mach number of one, the deceleration
ocourring is very sensitive to any change in area, For instance, in one
dimensional flow at M = 1, a 5 per cent increase in area decresses the Mach
number to .76, A much larger variation in flow area than the one given above
may even be caused by boundary layer growth, partial separation, or simply
losses,

3.2.4.3 High-Speed Flow in Cascades

A congiderable amount of test data on high Mach number flow have been
gathered in axial-flow compressor research, A short review of the relevent
results is presented here,

When a cascade designed for subsonic flow is used in high Mach number
flow, the ratio between maximum velocity on the suction side of the blades and
the free stream velocity increasea. At a certain free stream Mach number, this
local Mach number exceeds one,and the deceleration usually takes place by means
of locel shock, This shock leads to boundary layer separation when the super-
sonic expansion over the convex portion of the blade is sufficiently large.
Eventually, the cascade becomes choked at less than the flow which would pass
when the flow is not separated. This low flow leads to high angles of attack,
connected with large supersonic expansion over the blade leading edge, and
violent separation.

This limiting free stream Mech number can be increased by limiting the
expansion at the blade suction side while maintaining a diffusion rate as
large az possible in the entrance section,

Tests on axial-flow rotors show,Reference 3,14,that the free stream Mach
number mey be as high as 1.4 without reducing the efficiency materially, There
are indications that shocks sufficiently near to the leading edge where the
boundary layer is thin do not lead to separation, such that the flow behind the
shock can be wholly subsonic,

Other experiments, for instance Reference 3,15, show that the losses in
high speed flow may be very high, if the blades sre poorly designed., Very
small differences in blade shape may cause the flow to bresk down, resulting in
a decrease of efficiency from 90 per cent, as in Reference 3,14, to 68 per cent,
as in Reference 3,15,

30204e4 High-Speed Flow in Radial Flow Compressora

The flow in the entrance section of the inducer is exactly the same as
in an axial-flow compressor, However, considering the compressor as a whole,
one notices the following difference, The relative velocity head of an axial
compressor is a large faction of the total work., Hence any losses in the
inducer being equal to, say, the kinetic energy of the relative velocity,
result in considerable efficiency drop of the compressor, The same inducer
losses are of less significance with a radial-flow compressor since the work
input of a radial compressor is so much higher, This may explain why even a
primitive design of the inducer region of medium pressure ratioc impellers lead
to satisfactory efficiency,
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In the high pressure ratioc radial impeller with an average inducer Mach
number near one, the situation may become quite different, It has been
mentioned in a previous chapter that a very slight increase in area reduces
the velocity considerably, It is common practice that diffusing sections for
high Mach number flow should diverge only slightly in order to aveid too
sudden deceleration which leads to separation. This practice unfortunately
results in premature choking if only amall unforeseen losses occur, which in a
subsonic design would be quite uncensequential., Consequently, the flow rates
do not come up to design, the angle of attack increases, the supersonic ex-
pansion near the leading edge is more proncunced and the flow condition is
worse yet, This choking condition may produce much larger losses than thosze
caused by the initial supersonic expansion shock and separation., If, in order
to avoid this situation, the areas are increased to such an extent that the flow
does not choke even wher separation occurs, the deceleration rate for unsepa-
rated flow would be excessive, and the unseparated flow condition is unlikely
to occur., The design of an impeller with such a separated inducer flow will
only yield mediocre impeller efficiencies,

3,2.4,5 The Desisp Criteria

From the above-said it follows that the design criteria should eliminate
veparation as far as possible when the average Mach number iz near one, If
.sparation can be avoided, efficiencies comparable to those obtained in axial
flow compressors may result, In view of these remarks, it is perhaps advisable
not to decelerate quite as fast as recommended in Figure 3.1b but rather to use
a velocity profile more nearly as the one used for the final Supersonic Com~
pressor, In Reference 3,14, Page 19, a similar profile succeeded in avoiding
separation in an axial-flow compresscr,

3e2.4.6 The Desisn

With the present state of the art, an accurate calculation of the blades
is not possible, especially in the transonic region., It is therefore recommended
to disregard the possibility of shocks and to use the method explained previously
in Chapter 3,2,3.2. This method leads to good results in the case of axial-
flow compressors, It must however, be emphasized that the accuracy and surface
finish of the inducer blades should be similar to those used in axial-flow
COMPresscrs,

As mentioned under 3,2,3,6 of the design procedure, a further analysis of
the blade-to-blade flow is desirable, Methods have been developed for calcu-
lating the supersonic flow under these circumstances., In Reference 3.2, the
method is explained in detail, It assumes that the variation of the stream
filament thickness is known. From the present desigr procedure, or any known
procedure, follows the distance of two streamlines in the middle between the
blades, but not the variation of this stream filament thickness from blade te
blade, In the method of Reference 3.2, it was assumed that this thickness does
not vary in tangential direction. This assumption is not correct, but, in
abgence of further knowledge, is adopted since it simplifies the calculations,
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Such calculatlons have been performed for the supersonic radial compressor
which was built and tested, and the results will be qualitatively discussed here.

In two-dimensional flow, the suction side of the entrance region of the
blade must be straight, in order to avoid incidence shocks, as shown in
Figure 3.17a, where the dotted line b-c is a Mach line originsting from the
suction side of the blade and ending at the leading edge of the neighboring
blade. Suppose the blade suction side is curbed as shown in Figure 3.17b.
The expansion waves, l-1', 2-2', etc, originating from this curved surface must
be compensated by a shock wave sa’ of such a magnitude that the pressure at
¢ is essentially equal to the pressure at a, since we assume that the phenomena
at each blade of the inducer are the same. It follows that in two-dimensional
flow, the shape of the blade from a-b does not alter the mass rate of flow
essentially but modifies the strength of the occurring shock waves which
approaches a minimum when the line a-b is straight. This assumes that no boss-
wave exists.

The conditions for a real three-dimensional inducer are similar, inasmuch
as the shock wave is a minimum for e certain shape of the inducer. The conditions
are different, inmsmuch as this minimum shock does not occur when the blade
surface is straight but when the blade surface has a certain curvature. This
is so, due to the compression of the considered stream sheet., In the two-
dimensional case, the thickness of the stream sheet remains constant; in the
case of a compressor, the stream sheet thickness (as seen in a meridional section)
diminishes in direction of the flow. This results in a propagation of compres-
sion waves (full lines in Figure 3.17c¢) which might be neutralized by expansion
waves (dotted lines) in Figure 3.17c if the shape of the surface c-b is properly
chosen in relation te the change of thickness of the stream sheet.

It is evident that the shape which leads to essentially constant Mach
nurber on the line a-c is a best design. This shape will depend on the Mach
number end the hub and shroud contour. Therefore, no generaslized result can
be given. It is however, interesting to notice that the calculation performed
for the test compressor yielded a shape a-b very near to the one obtained from
the design procedure of Chapter 3.2.3.2, which was curved as qualitatively
shown in Figure 3.17c. If the shape is calculated such that the flow pattern
shown in Figure 3.17c¢c, namely, essentially constant Mach number along a-c¢ is
possible, there is no gusrantee that this flow pattern will occur. For instance,
a normal shock ending on the suction surface is likely to occur.
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SEBCTION I1I, APPENDIX 4

COMPARISON OF THO-DIMENSIONAL AND AXIALLY SYMMETRIC FLOWS BETWEEN
THE SAME BOUNDARY PROFILES

If an axially symnetric flow is cut by 2 neridional plane, the resulting
trace of the streamlines in that plane appears as a two-dimensional flow
pattern. Qualitatively, it is clear that the streamlines and potential lines
of this meridional flow must resemble those of the plane two-dimensional flow
between the same bounding streamlines. Obviously, the bounding streamlines
themselves are identical, which forces a strong similarity on the remainder of
the £ low. Also, the two flows become identical when the bounding streamlines
move very far from the axis of rotation.

The method of utilizing the two-dimensional solution in predicting the
axisymmetric flow is based on the assumption that the velocity ratios along
a normal to the streamlines are the same in two-dimensional end three-dimensional
flow. The three-dimensional velocity is then known from the two-dimensional
plot up to a multiplying constant K. This constant is determined at every
normal from continuity.

K qf;hp dA = W

The question of how accurate this procedure is must be considered. An in-
vestigation was conducted at AiResearch in which two analytically known axi-
syrmetric incompressible flows were also computed by the method of the test,
and the results compared. The flow geometries are indicated in the upper part
of Figure 3.9. The flows were considered as incompressibie, but the results
are believed to represent compressible flows as well, if the corrections
metioned on page 92 are used.

The comparison of the results of the approximate method using the conduct-
ing peper analog with the exact solution are shown on the bottom pert of
Figure 3.9. The plot shows the error in the velocity computed at the inner
and outer bounderies as a function of a parameter which expresses the curvature
of the flow and the distance of the field from the axis of rotation. If the
curvature is smell or the regiom of the flow is small compared %o the distance
from the axis, then the error would be expected to be smalls This is reflected
by the parameter A..

Admittedly, only two particular cases were investigeated, but these cases
are believed to be of sufficient interest so that some general conclusions may
be dravn. The range of A usually encountered is between =3 A <L +3,

which indicates that less than 10 = 12 per cent error is to be expected. It is

especially interesting to note that at the upper surface, the approximate
method gives velocities which are too highs

WADC TR 55-257 98



SECTION III, APPENDIX B

DERIVATION OF VORTICITY

The momentum equation in radial direction in which the derivatives with

respect te )/' are replaced by a body force F_ is (Ref 3,3,Formula {74a))

ALY, b(/CMfl) A AT 3Wn = F, (z.28)
oI LAY

where FIL = 0O for radial blade elements,

The verticity © = 22 _ dAh,
“ > Ky DI
becomes 5 — AT >’ (2 Cu- (3.29)
W {4 f’d} LoD

From Figure 3,7, where the symbola/g and B/are defined, it follows immediately

that

/w')u . T:a/n/':?:

AV, ot X (3.30)
and hence

- T B y(hou)
R NP, S W (3.31)
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SECTION IV
PrewHLRL

4,1 Introduction

It is generally known that the performance of a compressor
improves if its specific speed is increased. A compressor of
"high specific speed" is characterized by having a high flow rate
for its size, Consequently, the inducer diameter is large compared
to the tip diameter,

There has been a general tendency, at least in the design of
low and medium pressure ratio compressors, to design impellers accord-
ing to the concept of "high specific speed".

This tendency leads to difficulties with increased pressure ratio,
The relative velocity at the inducer eye may become scnic or exceed the
sonic value, However, supersonic flow within the compressor passages is
as yet not too well understood,and unsatisfactory performance may easily
result from lack of knowledge of supersonic blading. In this dilemma
the following alternatives present themselves:

a) making the inlet velocity subsonic by resorting to a design
of the "low-specific-speed” type.

b) Retaining the high=-specific~speed design and partially super-
sonic flow, and attempting to design the supersonic portion
for minimum losses,

¢) Retaining the highespecific speed design and eliminating the
supersonic flow. This is done by establishing prewhirl by
means of guide vanes in front of the inducer which reduces the
supersonic flow to subsonic values,

d) Retaining the high=specific-speed design by using prewhirl to
reduce relative velocities though not necessarily to subsonic
values,

The first of these alternatives will not be discussed here, The
second - supersonic inlets without prewhirl -« has not been treated here=-
tofore in the literature, but is ircluded in Section II of this report.

The third alternative - subsonic prewhirl - has been considered only
briefly before (Ref*4ﬁnand is the subject of this section., The last
alternative, a combination of the second and third alternatives, will
not be treated here in detail; it combines the characteristiecs of the
other two,

As the term indicates, prewhirl blades impart rotation to the
incoming fluid in or against the direction of the rotation of the wheel,
For the same through-flowvelocity and wheel speed, prewhirl in the
direction of rotation reduces the relative wvelocity. Compared to zero
prewhirl, its advantage of reducing the inlet relative Mach number
seems obvious. Actually the use of prewhirl requires an increase in
wheel speed (to avoid a decrease in head),and this somewhat diminishes
the initially apparent gain, A fairly involved analysis is required in
order to establish the optimum prewhirl design and the actual benefits,
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4,2

4,2,1

Pfleiderer has considered free-vortex prewhirl in an excellent
paper published in 1950 (Ref 4,2). Unfortunately, the analysis is of
limited usefulness in the present case,due principally to the res=
triction to a single type of prewhirl, the emphasis on volume flow
rather than mass flow, and a lack of direct correlation of the pre-
whirl charscteristics to those of the overall compressor, particularly
with regard to head,

The most recent study was published in 1953 by Stanitz (Ref 4.1).
Stanitz treeted the uge of prewhirl in mixed-flow compressors in which
the conditions at the inlet to & row of axial diffuser vanes are held
constant, The objectives of Stanitz' study are quite different from
those of this report., His treatment of the problem is therefore not
directly useful here, though some use is made of certeain detail calcu-
lgtions, In particular, Stanitz was interested in high mass flow per
unit frontal area including an axial diffuser, whereas a radial
diffuser is assumed here. With refrigeration compressors,frontal area
has less significance since the heat exchanger and other apparatus
connected with a refrigeration unit are usually much larger than the
compressor, However, it is of interest to note that Stanitz concluded
that prewhirl is of little value for the case he considered,

Analysis of the Prewhirl

General Procedure

In accordance with the Introduction (Section 4.1), the general
approach is to establish the conditions for maximum weight flow through
a machine with given head. The analysis of three cases will be given.
Case I is the conventional zero-prewhirl design, in which the inlet
relative Mach number is limited to a value below 1. Cases II and III
were mentioned above, namely,zero prewhirl with supersonic inlet and
prewhirl with subsonic¢ inlet,

In the analysis, expressions will be derived for tip speed, inducer
size, and mass flow, It will be shown that in each case an optimum
design exists which is distinguished by s maximum mass flow,

Two important quentities are assumed to be given:

a) The Fuler head HTH = E_A(u 6y) in the dimensionless form
-4

g HTHﬁaog. Fuler head is the work put into the £luid by action

of the impeller and exceeds adiabatic head E d by an amount
determined by certain losses, &

b) the quantity A = cut/uy , is determined by impeller geometry.
It increases with the number of blades and depends also on the
amount of backward curvature,

The results of this analysis are expressed in terms of these quantities,
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The fluid is assumed to be a perfect gas, and the flow to be
homentropic (Ref 4,3) before the entrance to the rotor. This is =
good approximation to the actual conditions, since the losses prior
to this point are usually small compared to the losses in the im-
peller and diffuser, and because the entering gas has fairly uniform
energy content. In addition, the inlet to the rotor is assumed to be
a plane perpendicular to the axis, in which fluid acceleration in the
radial direction is negligible,

4,2,2 Zero Prewhirl and Subsonic Inlet, Case I

In this case no prewhirl is assumed, and the maximum value of the
inlet relative Mach number, (Mwl)mux is specified, From the definition
]

1 P out .
of HTH’ as _A(u ¢} and the definition of A\ as T+ OD® can write an
g u t

expression for the tip speed, The dimensionless form of the egquation

in terms of the known quantities 7\ and gHTH/'o.o8 ist

2 .
«“, ,' _ UL T 7/ F AT s (4.1)
z. / Tl= )7 TEr

The maximum inlet relative Mach number occurs at the inducer tip

when there is no prewhirl. Using geometrical relations from the inducer
tip velocity triangle and compressible flow formulas, the equation for
the inducer tip radius ratio can be derived in the form:

/kﬂ} //—3@)2*(/5‘ ) My /G, (4.2)

7 7 T, A7 47% o is
Uy ) [+ ESENML 2ot

Ll r/

The mass flow can be found by integrating the meridional component
of the mass velocity/f? ¢,y over the inlet area., Without prewhirl,

(/f? omi) is & constant and can be found from the tip velocity triangles,

The mass flow can be put in dimensionless form by dividing by an appro-
priate reference mass flow, The result is

2.

- :p_ r{)( 4) MWC' m@ A7 (.2
WC/?da & & (/ . _/éiMw;- Q*mzﬁ[ ) 2CA=1)
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4.2,3

The tip speed, inducer size, and mass flow have been expressed abbve

42}

™ ’ j\ s and
o

°

fhe laat of

in terms of the given parameters Mwi’

these being equal to (le) in this case, However, the value of
max

inducer tip relative flow unglo/f%' is also required. This can be
eliminated by finding the value o%ﬂj& which gives maximum mass flow:

3+K M- 7 M2 ‘
ot 5 = ‘ ~ /- S (4.4)
/<fg 22/17202. Z/i/ ZA{(/\y jL/(VvZW;.')

wi
theory (Ref 4.4, Page 71), For l!.'i = 1,0 and k = 1,4, Bg 4.4 gives
= 60.6°, An approximste theory of Pfleiderer (Ref 4,2), valid
i
= 57,89 which is in reasonable

For M_, = O,this givos/4:?i = 54.7°,which agrees with incompressible

for moderate Mach Numbers, give N

agreement with Eq 4.4.
It is important to note that selecting the value of/i?i to obtain

maximm flow is equivalent to choosing the inducer size ri/}t. Thus,

instead of stating that the optimum walue of%(i was selscted, one could

§ 23
Ty

alternatively say that the optimum value of was selected.

The former point of view is of interest because it will be seen
that the optimum value o%{?i is about 60° for all the cases considersd
herein,

The latter point of view leads to the following conclusion, advanced
by Hawthorne (Ref 4,5): for specified head and relative Mach number, the
mass flow at first increases with inducer size as one might expect from
the increase in flow area, However, for large inducer size, the mass flow
actually decreases because the Mach number restriction necessitates a
reduction in axial velocity.

Zero Prewhirl and Supersonic Inlet, Case II

For Case IL, no prewnhirl is again assumed, but this time Mach numbers
are not specified, Instead,the relative velocity ratie ‘t/%i and the

jmpeller outlet flow angle X'y are given, Thus,there are a total of

four given quantities: Z/V e
"Q:# s A 2 and O,

<
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The number of independent variables can be reduced from four to two
because of the identity

2

W M, b =N (4.5)
g)HTH N (“f/wf)L '

which holds for a radial compressor without prewhirl, The equation
can be verified by substituting the definitions of HTH and )\, and using

geometrical relationships from velocity triangles,

a
B py Ty
The results will therefore be expressed in terms of and T
,: &y

This results in a substantial simplification of the equations without any
loss of generality.

Since there is no prewhirl,the relation between tip speed and head is
the same ns for Case I:

(Ayi /| F sy, (4.6)
“, N qﬂ‘

Using this equation and the geometrical relationships from the inducer
tip velocity trisngle leads to:

2z 2. - Z .
/’2. ol &t a . £
£/ U “’7\ ey (4.7)
z z ﬁ/é/r”
The dimensionless mass flow is found as in Case I, again using tip
triangle peometry, and compressible flew formulas:

Kl _“:/j) (2%_;&)&;@ j (4.8)

2 \7
J

2, 5
W r. ( }z)
=)

et 5 L
A A, I

The parameter/<3 can again be eliminated by specifying maximum
mass flow, leading to

et S = K7 Z("‘?l \./ / ﬂ‘rfy
L ke *”Q'_—Qgﬁk 2. éch ,) 42;;

: Kwr [faz2V 14
gy LI S
[0 2 é//ﬁ%/ﬁf
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Equation (4.9) gives values which are quite close to those for Case I,

4,2.4 Prewhirl and Subsonic Inlet. Case III

The analysis of Case III is rather complicated because of the large
number of variables invelved, For specified head and maximum relative
inlet Mach number, the proper combination of the following quantities
must be established to give the maximum mass flow:

a) type of prewhirl (free-vortex, solid-body, stc )

b) amount of prewhirl, cui/ui-

¢) inducer tip relative flow ang137<3; .

The analysis is further complicated by nomaerodynamic comsiderations
such as impeller stresses and fabrication,

The optimum type of prewhirl will be established first for a com-
pressor using air as a fluid. This is done for simplicity because the
selsction will be shown to be independent °f/<?i .

Later it will be shown that the result is also valid for a Freon
COMpressor,

In an air compressor for high pressure ratio, stress considerations
dictate that the impeller bladea must be composed of radial elements,
This influences the selection of the type of flow in the annulus following
the prewhirl blades, for it must be such that incidence losses at the
inducer are not excessive, The following types of flow were considered:

a) free vortex

b) constant mass velocity

¢) constant whirl velocity

d) solid bedy (alse called wheel flow)

o) radial element

A1l but the last of these have been described in the literaturse
{Reference 4,1) and are frequently discussed in turbomachine theory.
The radial element type appears here for the first time, and must
therefore now be defined, :

The radisl-element prewhirl provides a direction to the flow
entering a rotor consisting of a large number of radiasl-element blades
asuch that there is zero incidence at all radii. The incidence angle
is defined as that between the upstream velocity vector and the blade
leading-edge tangent, and will be discussed below. This definition
implies that:
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Equation 4,10 can be elternatively regarded as the defining equa-
tion for radial-element prewhirl,

The following conventional differential equation, applicable to all
types of prewhirl, is sometimes called the "simple radial equilibrium
equation™ (Ref 4,1):

Clgi (jth CYQ;W
— —+ (:‘ . £ -+ C s 4 = 4. 11
//i Ly, .7’/; P2y d/’} O ( )

Use of this equation is equivelent to making an assumption about the
shroud and hub contours, This will be discussed later., Combining
Bquations 4,10 and 4,11 and using geometrical relations available from
the inducer tip velocity triangle leads to the following:

A fC) 2%, | -0
( /Z Cuz
|z =

/:\ / ke Ia ’/)
LS )z
N ;
_/cj'“[ ,,] /‘JZ
This is a first-order, nomlinear differential equation and can be
solved completely only by numerical methods,

(4.12)

Though the complete solution of Equation 4.12 (for radial-element
prewhirl) cannot be written explieitly, much can be learned by partial
solution under restricted conditions. For example, it can be shown

Cee
that for small amounts of prewhirl (more precisely, for “—!/ZGL small),
: .
r.\-
the solution of equation 4,12 with higher-order terms omitted: is
o :
—%2 = Constant

"1 (4.13)

which is the equation for solid body prewhirl,
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Thus, for smell amounts of prewhirl,radial-element prewhirl is
very similar to solid-body prewhirl.

Further study of equation 4.12 shows that a singularity occurs in
the region of interest (r =< 1), unless

Ceey z /% 4,14
o< 4L < WA ( )

the singularity can be interpreted phyaically thus: When cui/hi

exceeds the critical valuoCbﬂﬁfa, reverss flow occurs over part
of the flow area,

Therefore one can conclude that the amount of prewhirl of the
radial-element type must be limited to the range expressed by
®quation 4,14 if undesirable reverse flow is to be aveided. No such
limitations exist for the other types of prewhirl which were listed
earlier,

The choice of the type of prewhirl is therefore dependent upon the
amount of prewhirl required, because of the characteristic limitation
of the radial-element type. It happens that radial-element prewhirl
is unsuitable for precisely this reason, though the proof is left for
a subsequent point in this analysis,

If radiagl-element prewhirl is momentarily considered to be elimine
ated, it is evident that some incidence losses must be tolerated. This
implies the necessity of a study of the incidence losses associated with
the use of each of the types of prewhirl listed earlier, so that these
losses can be minimized, '

Incidence losses are difficult to determine, but the incidence
angle variation is itself a good indication of the losses, Thus,
comparison of incidence angle variation can be used to rank the various
types of prewhirl with respect to losszes, '

The incidence angle is the difference between the flow angle/45:
and the blade angle/{?bl. As an example, an expression will now be

derived for the incidence angle for the case of solid-body prewhirl
with redisl-element rotor blading.
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From Equation 4.1l and 4,13, an expression can be obtained for
absolute inlet velocity as a function of radius. The equation, wvalid
only for solid«body prewhirl is:

z

/7

AT et 8
: ~ L/ i P 2 2
/+ clﬁ._'f) C’“?‘/Aii‘

Then, from this equation and general geomstrical relationships valid
for velocity triangles, one can obtain an equation for

O )
gi‘

o Zow /O
Z’Lﬁﬂf} LAV Al )
[rea(- 7))

Finally from this and Equation 4,10, the incidence angle can be found

9 4,5 | /maf(%m)

c/Z§7£2(;_;§%;;4%§ .

This equation holds only for solid-body prewhirl used with radial-
elemsnt rotor blades,

_ The upper curve of Figure 4,1, based on Equation 4,17, shows
incidence angle as a function of radius for one representative case,
The strong influence of/(s%i is evident. The lower curve shows the

maximum absolute values of incidence angle plotted versua o It

bi
can be seen that there exists an optimug/(f%i s for which incidence

losses are minimized, Further analysis of this sort showed that the
prowhirl types listed above ranked in the order given there with respect
to incidence losses when used with radial-element rotor blading., Thus
it was considered best to use the solid-body type. This is ressonable
in view of the afore-mentioned similarity between solid=body prewhirl
and radial-element prewhirl, the latter having no incidence losses,

Since the maximum inlet relative Mach number is to be specified,

it is necessary to find the radius at which it occurs for solid-body
prewhirl,
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Equation 4,15 indicates that the maximum absolute velocity always

r
oocurs at the hub where ?i—-has its lowest value, This means that,
i
with solid body whirl a reduction of the absolute velocity caused by a
decrease of the whirl component toward the hub is more than offset by
the increase of the meridional component,

Using the formulas of compressible flow and Equation 4.1%5, the
jnducer Mach numbers (absolute and relative) can be found:

(4.18)

Fa
2 2 " /= (e =/
M‘*’z =/ch /- ; Y < ) =3 (2.19)
Cu, i3

Inspection of Equation 4,18 confirms that the maximum absolute
Mach number occurs at the hub, But it is by no means obvious from
Equation 4,19 just where (le)max ocours, Detalled analysis of this

equation leads to the conclusion that there is a critical value of
Su1 M4 such that for values less than critical, (le)m‘x ocours at the

tip, while for wvalues greater than critical, (M occurs at the hub,
wy )mlI
1f °ui/ui is equal to the critical valus, the inlet relative Mach

number is the same at all radii, a somewhat surprising fact,

The equation for the critical value of Cui/% o for which the
inlet relative Mach number is constant, is

Cay / : | (4.20)
“oy +7/2 » 5 - / e Mg =M., ://I//“’z )m,-u ]

i
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Equation 4,20 is independent o{/fgl « For k= 1,4 and {le)max = 1,0,

the critical value of °ui/ui is 0,403,

After the optimum prewhirl type has been established as solid-body
and its Mach number characteriatics have been determined, the optimum
amount of prewhirl snd the optimum inducer tip relative flow angle can
be determined. When prewhirl is used in a compressor the required tip
speed is no longer a function of the head alone: it also depends on
the prewhirl characteristics, In addition, if the rotor has a
constant-diameter exit, the head may vary from one streamline to
another, 1In the case presented here it is assumed that the rotor exit
is designed to give constant head and is therefore not of constant dia-
meter,

Using the definitions of HTH and ;\ » and triangle geometry,

expressions for the tip spsed and inducer size can be derived:

Ce{c' - . bl /./‘)
(//ftl cf’/yrw 4{_' /MM’E e /‘/‘Ll

?\ z = z - " - (4021)
, . (,_, Zl_{)z /BT
/ /ké7'ﬂz¢7a/<3§ (4.22)

ro m)z_ .l
2@ w ey e

iy Z .

The mass flow can be obtained by integrating the through-flow com-
ponent of the mass velocity, In integral form the equation is:

/z. S - — ~
W‘ = Po L, ] 2 /_;?- M"‘T ,J/ML//{ x
z 2?%3 /I4C f‘ﬁt 2/—:) . 1224 ])1‘ (4‘25)
" //+—”‘;’/l//cg ] "' ARG
A

[ 3

2

— Vol
—_ ol
/‘(-/ < / /ﬂ[.‘

[~ /*(C_%_‘ N
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Two approximations were made at this point for ease of integration.
The bracketed term was expanded by means of the binomial theorem,
with only the first two terms retained. Since the second term within
the brackets is small compared to the first, this is a good approximation,

The lower limit of the integral was changed from Y to zero and a

2 r
factor 1 = Th  was added, This procedure is exact if 2 is zero or
ria Ty

unity, and is a very good approximation for intermediate values with the
present integrand,

With these two approximations the final dimensionless expression
for the mass flow is:

” Ny Me (G -1 Vet
et - B i AT

k4
R Z
25?: L.?' z o
!t~ /; /+,—2-M“; (‘../.Q Z(W C—— ] (4.24)
(7i=/) 0 14 fetf?

-/ — /—-é- /l//“’f ézw.l/z

From the equations above one can see that where formerly it was
necessary to specify the inducer tip relative flow anglgﬂs; » one mat
C
now gpecify two quantities&/C% and ;gl_ , despite the fact that only
i

solid-body prewhirl was congidered. In 8ases I and II7Af% was

determined by specifying that the mass flow should be a maximum for
given tip diameter. It happens that in the present case, specifying

maximum mass flow determines bOtEf:?i and u°1 , though in a more

arbitrary manner, which will now be described..
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Figure 4,2 presents mass flow versus ry /Ty for various values

of the ratio oujAl; , and for representative values of the head
and maximum relative Mach number, which are held constant, The follow=
ing procedure was used in obtaining these values,

/y-r -
a) values of az%—;f_,&zzq,%4x)/ﬁfﬁ and oui/hi were szelescted
b) oritical value of “ui Al were determined from Eq 4,20

¢) for %uj less than (or equal to) critical, Hii - (l*l)mnx .
b |
M,; was found from Eq 4,19,

d) for ;%l greater than critical, M, = (uwl)nax « M, was

found from Eq 4,19, and l;i ras found from Eq 4,18,
e) inducer size and mass flow were determined using Eqs 4.21,
4,22, and 4.24,

For each curve of Figure 4,2,the flow varies approximately
quadratically with inducer tip radius. This is logical since the flow
area varies in this manner., However, it is important to note that each

curve has a maximum, The curve for 'ﬂ;‘ = O corresponds to zere

prewhirl (Case I), and it can be verified that the maximum flow occurs
at the point whero/<31 = 60.6° , the value given by Eq 4.4,
The case of constant relative Mach number is also shown on Fig. 4.2,

It can be seen that in the range shown,this case gives the greatest mass
flow,

Using Figure 4.2 one ocan state that for the given values of H
and (M
w.

tH
1)mnx the maximum flow can be obtained at Point A, for which
a) cui/hi has the value giving constant relative Mach number,

r

b) ?%- = 0.9¢§r which corresponds te ;= 80°

For other values of head and/or lower values of the maximum relative
Mach number it can be shown that the same conclusion is reached except
that the value of/CSi may be slightly different,
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It is impractical to construct an inducer for/43>i grester than

about 60°, hence this value is herein arbitrarily chosen as being the
optimum, For maximum flow with/(gl = 60°, the value of °u1/h1 giving

constant relative Mach number should be retained. This can be aeen
from Fig. 4.2 by noting the dotted line which connects points at which
/G?i = 60° The point of maximum mass flow on this line is point B,

which is also on the curve for constant Mwl‘

The mass flow at point B, the arbitrarily selected optimum, is
only slightly less than that at point A,

Tt was previously stated that radial-element prewhirl should be
discarded because of the limitation in the amount which can be obtained;
this will now be verified. Here Eq 4,14 becomes:

Cug <i: azs (4.25)
CL[
ou
Since _ﬁ__}, is about 0.40 at point B in Fig. 4.2, it is evident why
1

radial-element prewhirl was discarded: the flow at point B would not
have been attained,

It has now been established that for an air compressor which is to
have minimum incidence losses, the optimum prewhirl type is solid-body,
and the optimum amount of prewhirl is that giving constant relative
Mach number, while the optimum indacer tip relative flow angle is 60°,

It is of interest to know the incidence angle variation for these
optimum conditions. The prewhirl example chosen for Fig. 4.1, which

was discussed earlier, is the optimum case just described., It can be
seen from Fig. 4,1 that if the optimum tip blade anglo/<§2[ (about 53°)

is used, the incidence angle variatior is about 279, with positive
jncidence st the tip and negative incidence at the hub,

This incidence range is not excessive, but can be reduced further
if necessary by designing the impeller inlet face differently from the
heretofore assumed plane perpendicular to the axis, Unfortunately, this
method of further reducing the losses leads to an overhang of the tip
of the inducer ({swept-forward leading edge), which may be objectionable
from a stress standpoint, though a compromise may be desirable, Ancther
possible compromise solution consists of letting the rotor blades depart

slightly from the radial-element configuration,
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Applioation of Prewhirl to the Freon Compressor

In principle, one could establish the optimum prewhirl for a Freon
gompressor by examining all possibilities and selecting the partioculat
combination which gives the maximum mass flow, This procedure would
differ from that already used for an air compressor only in that
incidence angles could be assumed to be zerc in all cases, since stresses
de not dictate rotor blade configuration., The rotor blades can be
designed to match the prewhirl,

Actually,it is far simpler to examine the criteria for the optimum
prewhirl for eir compressors and show that they are alsoc optimum for
Freon, provided the proper valus of k is used., To repeat, the criteria
for air compressors are:

a) Prewhirl with constant relative Mach number,
This implies solid-body prewhirl with

Cug _ z (4.28)
& 7 7*]/,2:'— %M“Q.z

b{/(?i = 80°
M i
Tt is assumed that if individual variation of the quantities i,-nfz_-!
or type of prewhirl does not lead to an increase of mass flow, then no
combination of these quantities will do so either. For "smooth" analytical

funetions, this is a good assumption. Therefore, since changes of /43’1 and

Chﬁézghnv. already been treated, only changes in the type of prewhirl need
be considered. The ehange in the values of k ig already accounted for in
Eq 4,26,

Stanit: (Reference 4,1) has calculated the radial distribution of mass
volocitxﬁqgn’for various types of prewhirl with fixed inducer radius, The

inducer tip velocity triangle which was used in his computations corresponds
very nearly to the present optimum for an air compressor with prewhirl,
Therefore, the effect of a change of the prewhirl type on the mass flow

can be estimated from Stanity' calculations, considering that the mass flow
is the integral of /fbcﬁz o Figure 4.3 gives Stanitz' curves, and it

is immediateiy evident that the area under the curve which represents the
mass flow is greatest for the case of golid-body prewhirl,
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Unfortunately, two of the conditions selected by Stanits for
his calculation prevent the comclusion at this point that solid-body
prewhirl is the optimum type} namely, that

a) the inducer size does not change with prewhirl type.

b) the relative Mach number at the inducer tip does not change
with the prewhirl type.

Howsver, it can be shown that the inducer is given by Eq 4,22 regardless
of the prewhirl type. Also, some analysis of solid-body and free-vortex
prewhirl (the two extremes) indicates that it is reasonable to assume
that for & fixed maximum relative Mach number near 1,0, the mass flow
for each type of prewhirl obtained from Figure 4.2 cannot be exceeded,
Thus 8olid-body prewhirl gives maximum mass fiow,

It will be recalled that in the case of the air compressor, considera-
tion of both rotor stresses and aerocdynamic ineidence losses led to
selection of solid-body prewhirl, It is interesting to note that, as
shown above, in the case of the Freon compressor, where rotor stresses do
not influence aerodynamic design, the same selection of prewhirl type is
required. TFurthermore,ths previous amount of prewhirl and inducer tip
flow angle (Eg 4,268) are also optimmm here, provided the proper value
of X is used,

Inlet Hub and Shroud Contours

It was stated earlier that use of the simple radial equilibrium
equation (Eq 4.11) is equivalent to making an assumption about shroud
and hub sontours, Actually,the equation is valid only if the shroud and
hub are long cylinders at the inducer - which they generally are not.
Thus & much more complicated equation should have been used, the form
of which would depend upon the actual hub and shroud contours, The
contours however, are not considered as given in this general study,
hence the rimplest contours were selected,

The effect of the contours was roughly estimated by going to the
extreme of entirely removing the radial equilibrium requirement. It was
estimated that the greatest inorease in mass flow could then be obtained
by using a flow distribution in the inducer which approached constant

lwl and constant cu! r, near the tip and constant le and constant

cu"l'/r1- neer the hub., This is not too unlike the optimum distribution
which had been given before (constant M_, and constant Gul/fl);hencc

the inorease in mass flow would be small,
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4,3.1

Thus it seems reasonable to conclude that the mass flow obtainsble
with the optimum prewhirl and axial inlet could only be aslightly increased
by careful design of hub and shroud contours. It should be emphasized,
however, that improper design could, of course, have a strong adverse
effect,

Comparisons Of The Three Cases

General Comparison

In the following comparisons of the results of the analysis of the
three cases, it shall be assumed that (1) the inlet gas conditions
( /‘3 and no) are fixed, and that (2) the Fuler head is the principal

independent variable,

The factor J\ , defined as the ratio of exit whirl velocity to tip
speed will also be assumed to be constant for most of the following
comperisons,

Figure 4.4 shows the variation of the inducer tip flow angle with
head for each of the three cases, (The actual examples chosen for each
case are described on the figures,) The angle/ﬁg does not vary appre-

ciably in the range shown, and is about 60° for each case, This corres-
ponds to the findings of Pfleiderer (Ref 4,2),

Figure 4.5 gives a comparison of the ratio of the relative velocities,
For Case II, this ratio is an independent variable, and is therefore
constant in this comparison. For Cases I and III,the ratio wf/%i increases

with head. In general,the higher the value of this ratio the better, 1In
the comparison shown, the prewhirl case has the most favorasble values,

Figure 4.6 gives the comparison of maximum inlet relative Mach numbers,
This parameter is of great importance, since higher values generally imply
greater losses, In Cases I and III'(Mwi)max is an independent variable
and therefore a constant in this comparison. Case II gives high values
(hence the name "supersonic inlet") which increase with head, The region
where (Hwi)max occurs is shown in the auriliary table in Figure 4.6,

For no prewhirl (€ases I and II), it occurs at the inducer tip whereas
with optimum prewhirl, the same relative Mach number is found at all radii.

Figure 4,7 gives the maximum inlet absolute Mach number (M

cl)max
It is of less importance than (le) » but it is of interest to note
max

that the prewhirl case has the highest value of (M ) that it is
cl/max 7

subsonig, and that it ocecurs in the region of the inducer hub,
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4‘3.2\:

Figure 4.8 compares tip speseds for the three cases. The fact that
higher tip speed is required with prewhirl is clearly shown, As mueh
as 30 per cent higher tip speed is required in the range shown, though
the percentage decreases with head., In all casesstip speed increases
with head.

Figure 4.9 gives optimum inducer sizes, The size of the inducer has
been shown to be an important factor in determining the mass flow,and
this can be seen by comparing Figure 4.9 and 4,1C, the latter giving mass
flow,

Comparison for Fqual Tip Diameter

Figure 4.10, which gives dimensionless mass flow, shows that for
constant tip diameter the mass flow comparison is quite similar in peneral
appearance to the inducer size comparison of Figure 4.9. The compressor
with prewhirl has the largest mass {low (and inducer diameter) at low
head, while at very high head,the supersonic-inlet machine has the highest

By
-}

valus. The transition occurs at

a
(2]

equal to about 2.2 for the examples shown.

The data shown in Figures4.9 and 4,10 are sufficient for an indication
of the shape of the impeller, for the impeller exit width is proportional
to the mass flow. Figure 4,11 rives sketches of impeller shapes for wvarious
cases in which the rotor diameter and A are held constant., The disadvantages
of the Case I compressor at high head are clearly evident from its shape,
which is of the "low-specific-speed” type. It should be emphasized that
these sketches are based on optimum inducer diareters.

Comparison for Yqual Mass Flow

A typical design problem is the sslection of the type of compressor to
be usedfor a given value of flow as well as of head. Figure 4.12 and 4.13
give tip diameter and rotational speed comparisons for this case. Case II
has the lowest impeller size at high head, as expected from the foregoing
discussion. Case IIT has the highest rpm over most of the range of head
shown except for verv high head.

Approximate impeller shapes for the important case of equal mass flow
(and equal A ) are shown in Figure 4,14, In the case of prewhirl, the
approximate shape of the impeller exit required to keep constant head on
a1l stream surfaces 1is sh-wmn. For low head the largest machine is the
one with supersonic inlet, and the smallest is the one with prewhirl, In
this range, the prewhirl compressor tends tn aporoach an axial compressor
in appearance,
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4.4

4,6

4,6

For very high heads, Figure 4,14 again shows the undesirable shape
of the Case I compressor impeller, which is now the largest, The smallest
machine is the supersonic-inlet compressor, Both Case IT and Case III
have desirable impeller shapes in this range, From Figures4.8 and 4,13
one can gee that the prewhirl machine has the highest tip speed, but a
lower rotational speed than the supersonic-inlet compressor,

Use of Freon

Most of the computations described above were made for air compressors,
It is therefore important to consider the effect of substituting Freon
as the working fluid, With Freon the value of k is in the range
of 1.1 to 1,2, ocompared to the value of 1.4 for air,

In general, there is little change in dimensionless mass flow and
dimensionless tip speed when Freon is used instead of air., The greatest
change is in rotor geometry, particularly inducer gize, which is greater
for Freon.

Discussion of Certain Chngges

The effect of a change in A can be found from the curves in most
cases, or from the equations given earlisr, The effect of changes in the
values of maximum relative Mach number, outlet flow angle, relative velocity
ratio, and inducer hub ratio, can also be found from the equations.

It mey be necessary to compromise some of the advantages of the
optimumn prewhirl design. One such compromise was mentioned earlier in
connection with incidence angles in an air compressor, As another example,
the shape of the impeller exit (see Figure 4.14) may appear undesirable,
Using a different type of prewhirl (say constant velocity or even constant
mass velocity) will result in a more nearly constant exit diameter, but
the mass flow will be decreased and the incidence losses increased,

,Summnfz

A rather extensive investigation of various types of prewhirl,
including the effects of radial equilibrium, has been conducted. The
optimum prewhirl has been found to be g0lid-body, and to have a constant
relative Mach number and an inducer tip relative flow angle of 60°,

The advantages of the two alternatives to the compressor with sub-
sonic inlet relative velocities (namely, zero prewhirl and supersonic
inlet and prewhirl and subsonic inlet) can be summarized thus:

Zero prewhirl and supersonic inlet provides

o) greater simplicity
b) lower tip speed
©) smaller size at very high head
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d) lower inlet absolute Mach number

o) lower incidence angles for air compressors

Tts disadvantage is the necessity of dealing with supersonic flow within
the inducer.

Prewhirl and subsonic inlet provides

a) lower inlet relative Mach number
b) more favorable relative velocity ratie
¢} lower rotational speed at very high head
The cholce between the alternatives obviously depends on the relative
weight of these advantages. It appears, however, that the use of prewhirl

and subsonic inlet is, in general, not sufficiently advantageous, unless

the problems associated with the supersonic inlet without prewhirl prove
to be insurmountable,
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CASE DESCRIPTION
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CASE DESCRIPTION EXAMPLE SHOWN
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SECTION V
DIFFUSER STUDIES

5.1 Summary of Diffuser Studies

Studies of diffusers have been directed to the problem of viscous flow
in the vaneless type as well as in the guide vane type,.

A design procedure was developed for vaneless diffusers. It was subse-
quently applied to investigate conditions of optimum performance. The problem
of viscous flow also was attacked and is shown to be amenable to a solution,
if the flow is divided intc a core and a boundary layer, The viscous effect
appears clearly in the curvature of the streamlines in the region of the dif-
fuser wall,

In attacking the problems of guide vane diffusers relatively thick bound-
ary layers had to be considered, differing from those commonly found in experi-
mental diffuser setwps, The studies were centered around the development of
a semiempirical procedure which allows the calculation of the growth of the
boundary layer in conical diffusers., For that purpose, the flow in the conical
diffuser is divided into a region with a potential core and a quasi-steady
region in which separated flow is present, With this method,the maximum
deceleration that can be achieved without separation for any given initial
condition can be determined,

Incorporating these data into the calculation of the performance of separ-
ated diffuser flow allows an estimate of the optimum performance of conical
diffusers as a function of the inlet conditions,

Eesulte of the boundary layer studies are then applied to establish a
system of loss coefficients which can be used for the performance prediction
of centrifugal machines. They also present some indications as to the amount
. of deceleration to be prescribed in the design of guide vanes and particularly
a8 to the magnitude of the flow factory,which is one of the main parameters in
the design of guide vanes,

A simplified method based on viscous consideration is presented for the
design of subsonic guide vanes,
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5.2 Vaneless Diffuser

5.2.,1 Intreduction

Vaneless diffusers have been widely used in centrifugal and mixed~-flow
compressors to provide a wide range of operation, With the advent of high
pressure ratio compressors, they are found to present the important advantage
of a shock-free deceleration from supersonic to subsonic flow, ’

Investigations on the performance of vaneless diffusers have been carried
out ever since the building of centrifugal pumps, starting from incompressible
flow consideration and progressing into compressibility and viscous effects.

Most investigations have been confined to parallel wall diffusers{Refs B.1, 5,8).
When e variable shape is considered, it is generally introduced in conjunction
with a low efficiency impeller to improve the velocity profile at the impeller
exit,

With the wealth of experimental results and analytical work presently
available on vaneless diffusers, it appeared possible to establish a shape that
would give an optimum performance for a given entrance condition, taking fully
into account the viscous problems,

The presented study is aiming at these objectives,

5.2.2 Design Procedure for Vaneless Diffusers

The diffusion that occurs in a vaneless diffuser can be determined when
the velocity at every radius of the diffuser is known. In case of compressi-
bility, the knowledge of the Mach number lends itself to the same purpose, Thus
it is propeosed to prescribe the Mach number along the radius,

De2e2,1 Theory

Consider a vaneless diffuser which has the geometry shown on Figure B,1,

The one-dimensional approach assumes that the flow has a constant velocity
¢ across the width b and that it follows a path in the plane z = o as shown on
Figure b,1,The flow in the vaneless space is then governed by the following re-
lationss

Continuity Rchr = Py cri (5.1)
d(Re ) r
u fdk
Momentmn —ﬁ'c_:_ = - —b-i— m (5.2)
Experimental date f = ’7J°a (5.3)
I e
2
Equation of state P = RpT (5.4)
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These fundamental relations heve besn established in Refs 5.1, 5,2 and
5.3. The contribution of the present study consists in putting these relstions
into a working form for design analysis,

Expression for Pressure Loss

On the basis of one-dimensional compressible flow, the loss in total pres-
sure along an incremental path, dl, is given by Ref 5.4 where the hydraulie
diameter is taken equal to 2b.

ap
T . H* 28 5 (6.5)

- ii:" Z v

The geometry of the path gives

dr
a = <os (5.6)

Combining (5.5) and (5.6) and introducing the dimensionless parameters R and B
yields

dPT ‘(-)kfri !'g dR -
1?:’ b, ® cosoC
(5.7)

B 7 R e

From the geometry of the path we have
. = ¢ cosxX (5.8)

The continuity equation is then written in the form

rp S08%X po . . (5.9)
co8el Py Oy

With the introduction of compressible flow relations as tabulated in gas tables
“Ref 5,5, Equation (5.,9) can be calculated. As an identity we have

L .e_) |
po P x (:r)(Pr (5.10)
R
1

In the present case where there is no heat loss, the total temperature in the
diffuser is constant,

TT = TTi = constant
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~L B oconsejuence, we also rave the relations

8
™
— =1 (5.11)
-
"4
g P
T 7
= (5.12)
P T
i i

Comt inntion of the Equations (5.9), (6,10), (5.,11) end {5.12) give for B cosc< the
expression:

PT ‘a ™ fp \
"P'—— L{F_
1 T3 TRy - ,.,
] S o< = [ K a (5.113/
cOs Can(i M.gf——-‘ B._\
1\aT/.ApT/i
i

Surstitution cf(B.13)in(8,7)rives tne dimensionless expression for the loss in
total mressure:

/P
di\F:;> S (ggl{s-}
- - ig = lff- '15'1_ . T/ ,T-‘ RdR (5.14)
;’ S CO»:D(_i i . (_3._\} ‘, _p_\\
LT P A8, A\ Ppy,
T i i

fie now define the integral Il(k) ass

&

11(h) =\J1 | /-—)(pT) Hdk (5.15)

antd integrate Bquation(B.14)t0 obtain:

r., - I, (E)

1 kf .1 1 ey
Py 1+ cose<; By (a ) (8,16)
) =),

A |
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Expression for the Component Mach Numbers and Flow Angle

We define the intepgral IE(R} as
(f‘
1 ; 1
I (k) = ,  Trww dr (527,
1

2nd intesrate the momentum equation,(8.8to obtaia:

-

c i~ r
1 i i LA ;
—— E exp !-f F:- Iz(ii ! (Solb)

—

With the definition of the tangential and radial Mach numbers as:

c c
T T &
a r =a
We obtain from (5.18)
. r r.
My Mu:.L (-2?) i exp {—--f .b-l- Iz(h')] {5.19)
; ®lam) :

The flow angle and the radial component of the Mach number are given respect-
ively by

M
sin o = ME (542¢;
M = M cosec (5.21)
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The Calculation Procedurs

The useful relations for the calculation procedure are now collected in
the following order:

Bquations (5.15), (5.16), (5.13), (5.17), (5.19), (6.20), and (6.21),

Exsemination of these relations shows that, if a function M(R) is given,
these equations yield the width distribution of the diffuser and the flow
properties. For such a radial distribution of Mach number we find the total
pressure distribution from (5.15) and (5.16). The results obtained are used to
give the distribution of B cos «< from {(5,13). The distribution of the tangen=
tial component of the Mach number is then cbtained from {5.17) and (5.19).
Equation {5.,20) gives the flow angle distribution, The width distribution is
then obtained from (5.20) and (5.13). The distribution of the radial component
is given by (5.21),

The procedure outlined sbove has the advantage of prescribing the Mach
number distribution which makes full use of readily available compressible
gas tables,

It avoids the process of solving the differential eguations in a stepwise
fashion a8 used in Ref (5.2).

It permits the direct calculation of the diffuser efficiency in an eariy
phase of the calculation procedure as soon as Bquation (5.16) is calculated.
Therefore, if in the investigation an unrealistic efficiency sppears, the
caleulation can be discontinued., It can, therefore, be used readily for the
investigation of an optimum flow path.

This method is applicable to pure radial diffusers and can be extended
to conical or mixed-flow diffusers,

Tt is useful in the design of the combination of vaneless and vaned
diffusers where, in general, a prescribed Mach number at the entrance to the
vanes is desired., The vaneless diffuser is then to be designed for given in-
let and exit Mach numbers,

The disadvantage of the method is that the ordinary ecriterion of boundary
layer separation based on the velocity gradient cannot be applied directly,
though the Mach number distribution is also a measure of this velocity gradient,

In reality, the stagnation preassure varies across the width of the diffuser,
This may produce phenomena which are essentially different from those occurring
in one~dimensional flow, Whether the present one-dimensional approach is still
of value can only be judged from the results of experiments,

5.2,2,2 Applications

The design procedure of 5.2,2 is now applied to some numerical examples to
illustrate the effects of the main parameters - for example, the flow deceler-
ation, the initial flow angle, and the variation of the mass rate of flow,
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Effect of the Deceleration Rate

The effect of the flow deceleration on the diffuser performance can be
seen through the radial distribution of the Mach number., Conditions were
selected for the design which represented closely those ¢of the experimental
supersonic compressor,

= ] o =
M, =1.15 oK =70 bi/bi 0.04

Hf = ,80 at R=1,4 f = ,008, friction facter

The comparison was based on the vaneless diffuser efficiency which is
defined as:

Rise in enthalpy based on inlet
static and outlet total pressure

1 Tntering Kinetic Energy

Two reasonable Mach number distributions designated by I and II on Figure 5.2
are selected., The resulting flow characteristics and diffuser shapes are

calculated,

Figure 5.3 shows that in order to obtein the deceleration prescribed by
Mach number distribution I, the diffuser width has to remain nearly constant
for a short distance from the inlet, The radial distribution of the flow angle,
=<, a8 represented on Figure 5.4, shows that for distribution I the flow begins
nearly with a logarithmic spiral path (o = constant) then straightens out
toward the radial direction,

The variation of the flow angle o< for distribution II indicates that it
follows & path that is shorter than that of distribution I, One would expect
that a shorter path would give a higher efficiency if the flow were at low
speed; however, as seen in Figure 5,5, the efficiency of the diffuser with
distribution I is higher, which must be attributed to the effect of high-speed
flow, A considerable shortening of the path would be required to offset this
effect,

The distribution of the tangential and radial components of the Mach
number Mu and Mr’ represented on Figure 5.6, shows that the deceleration rate
has little effect on Mﬁ, which is to be expected, whereas most of the decelera-
tion is shown through the wariation of Mr' Distribution II indicates an increase
of the radial componsnt of the velocity Mr near the inlet, whereas distribution I
has a small decrease in Mr'

An improvement in performance of vaneless diffusers, especially those
operating at high-speed flow is, therefore, to be sxpected through a greater
deceleration beginning immediately at the inlet, Referring again to Figure 5.2,
we se® that a higher deceleration rate than distributions I and I may be advantageous,
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the limit being dictated only by the flow conditions in the boundary layer,
which this theory does not account for. In addition, the gain in efficiency
by changing from distribution IT to I (which are guite different from each
other), is not much, particularly if the vaneless diffuser is short,

The above-outlined method should not be generalized to vaneless diffusers
comprising larger diameter ratics than used in the calculation,

Effect of the Initial Flow Angle or Variation in Mass Rate of Flow

In this series of numerical examples, the following conditions are con-
sidered:

- 0( - o =
M, = 1.15 ;™ 65 bi/Di .04

Mf = 0,8 at R=1,4

f = ,008 (friction factor)

The decrease in the initial angle can also be interpreted as a change in
mass rate of flow through the diffuser, For distribution Ia, which is the
same as distribution I of Figure 5.2, the results of the calculation, Figure 5.5,
show a definite gain in efficiency. This is to be sxpeoted from vaneless
diffusers operating with a smaller value of o(i, since the flow path is

shorter., Considering the possible improvements in efficiency due to stronger
deceleration, the distributions III and IV, Figure (5.2), were investigated. The
higher deceleration rate has a pronounced effect on the radial distribution of
lr, Figure 5.6, The distributions III and IV require, as shown on Figure 5,3, a

divergence of the walls, The efficiency of the diffusers calculated with these
distributions appears to be a little better than distribution Ia. For the
given conditions, distribution IV is most satisfactory, as it combines a
relatively large deceleration and a high efficiency,

Effect of the Friction Factor

Experimental results on vansless diffusers, Ref (5,6), reveal a wide range
in the value of the friction factor, f, as can be seen on Figure 5.7, The
numerical value f = 0,008 has been adopted for the present investigation, but
it should be noted that the presented theory also allows a varisble friction
factor,

5.2,2,3 Conclusion

The optimum performance of a vaneless diffuser having a good velocity
profile at the entrance is obtained when the flow is decelerated fast right
at the beginning of the diffuser. This performance corresponds to a slight
divergence of the wall with increasing radius. Short vaneless diffusers, as
they are used between impeller tip and guide vanes, do not warrant generally
any contouring of the walls because the potential efficiency gains are small,
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Considerable gains in efficiency can be expected, if the velocity vector
from the impeller is directed more towards the radial direction, which is
particularly advisable in vaneless diffusers of large diameter ratio.

5.2.3 Prediction of the Performance of the Vaneless Diffuser of the Experimental
Supersonic Kadial Compressor

The presented design procedure does not lend itself to the treatment of
the direct problem: i.e., to determine the performance from a given vaneless
diffuser geometry.

In order to predict the performance of the parallel-walled diffuser of
the experimental supersonic compressor,it appeared more convenient to use the
method of Ref (5.2).

The design conditions for the supersonic compressor aret

Entering Mach number M, = 1,2

i
Entering flow angle o<, = 68.2°
Physical width bi = 515

The boundary layer is assumed to occupy a fraction of the width. The ratio
of effective width to physical width used in the calculation is:

beffective = (0,875
bphysica.l

It is shown in Chapter 3.4.2 that the ratio of boundary layer width to
total width does not change much in this example, The use of constant block-
ing seems therefore justified, Through a study of the variation of the frietion
factor £, Ref (5.3), a distribution of f with the radius is selected, The re-
gults of the calculation predict a distribution of Mach number, and efficiency
a8 shown on Figure 5,8,

As to be expected, a large radius is needed in order to bring the velocity
down to a small value, The efficiency based on total pressure varies steeply
at the beginning of the diffuser and remains nearly constant at larger radii,

5.2,4 Approximate Solution of Two-Dimensional Flow with Friction in a Radial
Vaneless Diffusger

5.2.4.1 Theozz

We consider the viscous flow in a vaneless diffuser with non-uniform
entrance conditions, Dus to the impeller inefficiency, the non-uniform con-
ditions extend over the tangential and axial directions. In the present study,
non-uniformity in the tangential direction is neglected. A simplified approach
may be used for the treatment of this problem. It consists of dividing the
flow into separate layers,
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Figure 5,9 shows the physical model for this approach. The flow entering
the vaneless diffuser is assumed to be made up of two parts,

a8, The main core flow has & velocity V
b. The boundery layer flow has a velocity ¢

The main core flow is treated on the basis of the theory given in the previous
chapter. The boundary layer flow is the subject of this study.

Let us consider the forces acting on the boundary layer flow shown in
Figure 5,9,

The control volume is located in the boundary layer. The pressure gradient
in the boundary layer is assumed to be the same as in the main flow. If the

slope %:—- ef the boundary line that separates the main flow from the boundary

layer is small, the relative flow can be seen on a plane z = constant, according
to Figure 5,10,

With 74. and Tm defined as:
7’0 = ghear stress on wall

Tm = ghear stress due to main flow

The stress acting on the control volume can also be seen on the saeme figure,
Summing up, the shear stresses in the r and i direction are given by

27‘;_ -7; cos X - To cos ol (5.22)
2T¢,- Tl‘n sin - T, 8in o (5.23)
The governing equationa of the flow are then
2nr§ pe, = constant {5.24)
2
er dcr °u - l dP . £Tr (5.25)
ar "~ T r p dr ) °
de c. ¢ 2_’]“!
e u u_r
rar * r ES (5.26)
2
Te ™ g -9-%—’ f = constant (5.27)
' -]
= c f = constant 5.28
’[“! fm B.i- » i ( )
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%E given by main flow (5.29)
r )
p = p, = constant, incompressible flow (5.30)

A more accurate approach to the problem using, for instance,

Tt e® (5.31)
oo W
!m (5.322)

could be introduced,

Introducing the dimensionless numbers

r [+

R= -;.-; C, - _32 {5.33)
v}
C = c_ C = or
> r (5.34)
o 0

the previous equations yield the system:

Cr
_gii_. i (5.365)
i RCr
¢ %r cu2 1 Poi aP/Poi
- =1 "o o
TR R k aR
Py
2
(.
+ (¢ cos¥ -foosec)l of )4 T (5.36)
B 2 s, o,
onl
ac ¢ C a.)r, RC
Co M, W T _(f sin¥ ofsinoc)\od/ 1 __r (5,37)
IR R n 2 g, or,
¢
tancX= _W (5.38)
C!‘
v -C
tan Y= _UW__ U 5,39
.7.__..._!. =T ( )

k = Specific heat ratio, 1.4 for air
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For a given radial variation of V, %%—, for fixed values of f, fm’ and for

initial wvalues of C,» Co» the system is solved numerically,

The present approach doses not solve the problem entirely, since it requires
that the values of f and fm 8till be selected properly. Also, the presented

theory does not allow for negative meridional components of velocity which have
been observed in vaneless diffusers, Nevertheless, it is belisved that the
theory describes in a qualitative manner relevant phenomena in a vaneless dif-
fuser,

5+2.4.2 Application of the Theory

For a typical example, a main core flow is selected. The inlet conditions
and the radial variation of Mach number are shown on Figure 5,11. Application of
the procedure of Chapter 5,2.,4,1 gives the radial width distribution of the main
core flow (Figure 5,12),

The initial thickness of each boundary layer, Figure 5.12, is taken as 0.075
of the initial mein core flow. For simplification, the initial tangential com-
ponents of the velocity in the main core flow and in the boundary flow are con-
sidered equal., This assumption is supported by experimental results of a study
of the velocity profile at the impeller exit., The initial radisl component of
this velocity within the boundary is half of that in the main flow.

The value of the friction coefficient at the interface between the main
flow and the boundary flow is taken as 0,008, the value which is used in the’
determination of the main core flow., The friction coefficient between the
boundary flow and the wall of the diffuser is taken as 0,010, assuming that
the internal shear in a fluid flowing between parallel plates increases approxi-
mately in a linear fashion with distance from the mid-plane,

It may be noted that the above-selected values of the friction factor vary
somewhat with the degree of diffusion (Ref 5.8).

The differential equations that govern the flow were solved and resulted in
a flow path in the boundary layer region as shown in Figure 5,13, As can be ex-
pected, this flow path is curved more than that of the main flow.

The above results also give the width distribution of the boundary layer,
which is to be added to that of the given main flow in order to obtain the final
shape of the vaneless diffuser as is done in Figure 5.12,

5.,2.4,3 Conclusion

The two-dimensional viscous problem of the vaneless diffuser can be approxi-

matel¥ solved, by making up the flow with a large number of layers, The calcula-
tion indicates a large varistion in the stream paths from one layer to the other,

Losses involved in the diffusion process cculd be materially reduced if mesns could
be found to reduce the variation in stream paths and especially to avoid the pre-
sence of stream paths that approach a circle, thereby not contributing to the dif-
fusion process,
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5.3 Vaned Diffuser

5.3.1 Review of Design Procedures for Vaned Diffuser

Vaned diffusers are used in radial and mixed-flow compressors te obtain
an efficient diffusion in a short distance, Investigations have been made to
improve its performance but they are mostly directed towards an over-all approach
and limited to subasonic flow,

A review of design methods for subsonic vaned diffusers of radial and
mixed-flow compressors may be appropriate, At present, the design of subsonie
vaned diffusers for radial and mixed-flow compressors is based mainly on the
following methods:

a. Channel Approach - The flow in the diffuser is treated on a one-
dimensional basis. The number of blades and their thickness distribution are
determined in such a way that the blade channel has an area distribution equiv-
alent to that of a conical or two-dimensional diffuser, The design criterion
consists of using an equivalent optimum cone angle which ranges between 4° and
10°, Ref (5,7) presents such an approach,

b. Airfoil Approach - The airfoil approach to the design problem consists
in generating the diffuser blades so as to avoid boundary layer separation,
The separation depends on the velocity distribution along the diffuser blades,
At present, a good design criterion for estimation of the separation point with-
in the diffusers of radial and mixed-flow compressors seems to be lacking,

The airfoil approach to the design problem treats the flow on a two-
dimensional and three-dimensional basis. In general, design methods for vaned
diffusers can be considered as a particular application of the methods used for
impellers,

Within the group of two-dimensional theories, Ref (5.8) considers the flow
in a circular cascade of blades as due to a distribution of sources and sinks,
The velocity along the blades is caloulated accordingly,

Ref (5.9) uses the method of conformal transformation which derives the flow
of circular cascades from the flow in rectangular cascades of existing compressor
blades., Relations are established for the 1ift coefficients, solidities, pres«
sure and velocity distributions of the blades in circular and rectangular cascades,
The method consists then in selecting a plain cascade that gives a circular
cascade having a desired 1ift coefficient,

All these methods are for incompressible flow, In the case of compressible
flow, the circular cascads is treated in Ref (5.10), where the method of "initial
value" is applied. Suitable flow properties are prescribed on an arbitrary
streamline, and the blade shapes are calculated accordingly.
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The three-dimensional approech to the asrodynamic design of diffuger
vanes is presented in Ref (5.,11), The velocity distribution is prescribed
along the blade element located on o specified surface of revolution. The
blade camber and thickness distribution are then calculated with compres-
8ibility effects, Ref (5.12) considers also the three~dimensional effect by
giving a design procedure for blades located on a stream filament of revo-
lution. It spsecifies the blade thickness distribution, and the camber of the
blade is calculated with compressible flow, The three-dimensional aspect te
the design problem is also considered by Ref (5.13), which uses the force field
concept, It determines a mean-stream surface of the compressible flow
neglecting friction in the diffuser, To account for the finite spacing, a
series expansion is used to determine the flow in the neighborhood of the :
mean-gtream surface. The force field concept proves to be a particular case
of the initial value problem in Ref (5,10),

None of these design procedures takes into consideration the viscosity
effect in a rational manner,

¢. Viscosity Fffect - Viscosity effects naturally make the problem more
complicated. An effort is made in Ref (5.9) to account for the viscosity in

the design of diffuser blades., This method presents design criteria aimed at
the reduction of the secondary flow caused by the boundary layer,

In consideration of the extensive amount of work devoted to frictionless
flow in the guide vanes, and of the relatively small effort devoted to the
actual viscous problem, it was felt that the present studies should largely

be concerned with the viscosity effect in vaned diffusers,

Since the deceleration of the flow is accompanied by boundary layer growth
and loss in energy, this latter being due to the wall friction, or mixing of the
flow if separation prevails, an accurate prediction of the performance of guide
vanes must take these phenomens into consideration,

5.3.2 The Boundary Layer Concept as Applied to the Guide Vane Channel

Adopting the terminology of axial-flow machines, the guide vanes in cen-
trifugal and mixed flow compressors have a low aspect ratio., The problem arises
then as to the nature of the flow in the space between two consecutive guide
venes, Is it a "channel”™ flow where unsteadiness and mixing occurs, or is it
a flow where the commonly accepted concept of boundary layer is applied?
Depending on the flow at the impeller exit, both of these concepts are applicable,
In good impellers where there is a uniform distribution of the velocity at the
impeller exit, the boundary layer concept may be used, The flow consists of a
potential core, and a thick boundary layer on the side walls of the diffuser,
whereas at the stagnation point on the leading edge of the diffuser blades,
the flow starts with an infinitesimal layer,

This physical picture of the flow in the guide vanes is supported by
measurements as indicated on Figure 5,14, The standard boundary layer concept
is different from the one used here since the layer thickness in guide vaned dif-
fusers ig large, as compared to the total flow area, and therefore has a large
direct influence on the flow area and pressure distribution,
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5.3.3 Flow in Guide Vaneg and Conical Diffusers

Since we have adopted the boundary layer concept for the guide vane
calculation, we have to determine the growth of the boundary layer on the
walls that meke the guide wvanes. The complicated three-dimensional viscous
flow in guide vanes is now replaced by the gimplified one-dimensional approach
which consists in establishing an average clogging effect due to the boundary
layer growth.

At first thought it appears that a rectangular section diffuser may re-
present the flow in guide vanes rather faithfully; however, very little experi-
mental work on diffusers of rectangular cross section has been done which could
be applied to our problem. The initial boundary layer on these diffusers, for
instance, does by no means represent the infinitesimal thickness at the leading
edge of a guide vane. In additioen, resulte are generally given on an over-all
basis, and informetion on the behavior of the flow in the diffuser itself is
relatively scarce as compared to that of conical diffusers.

Generally, for the purpose of studying the development of boundary layer
growth in guide vanes the following equivalent diffusions were considered:

a, Diffusion on a two-dimensional basis like that of s two-dimensional
diffuser or airfoils with high aspect ratio.

b. Diffusion in conical diffusers where the energy exchange from the main
flow to the boundary layer approaches that of the guide venes. A multitude of
experimental results are available. On the basis of one-dimensional flow, it
is shown in the {Appendix C) that, for the same initial conditions, the growth
of the boundary layer in the guide vanes is the same as that in a conical dif-
fuger having the seme velocity distribution.

¢. Diffusion in rectangular croes section diffusers which closely
resembles the flow in guide venes but where little informetion is available
at the present time,

Considering all these factors, the diffusion in conicel diffusers appeared
to be most promising and was therefore selected.

5.3.4 Calculestion of the Development of the Turbulent Boundary Layer in a
Conical Diffuser

Since the performance of a diffuser is mainly affected by the development
of the boundary layer which reduces the area available for diffusion, a procedure
for the prediction of this boundary layer 1ie desirable, '

5.3.4.1 Physical Representation of the Flow in s Conicel Diffuser

8. Tt may be assumed that the flow in a conical diffuser consists of a
core flow having nc viscosity and a boundary layer region. (Figure 5.9.)
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b. The flow that enters a conical 4iffuser has a boundary layer which
can be of the laminar or turbulent type. When the laminar boundary layer is
subject to a large positive pressure gradient, such as the one usually ob=-
served at the entrance of the conical diffuser, Ref (5.14), it becomes turbulent,
Therefore, any practical consideration of the boundary layer in a conical
diffuser generally will deal with the turbulent type,

¢, It has been observed, Ref (5.15), that in the vicinity of the separation
region, the boundary layer presents some instability phenomena indicated by the
shedding of vortices along the wall. Diffusion is still possible if the scale
of these vortices is small, If instabilities of larger magnitude arise, the
turbulent fluctuation of the flow can be carried upstream and the entering
velocity profile may be affected, Ref(5,24.).

5.3.4,2 The Existing Theories for Turbulent Boundary Layers

A multiplicity of calculating procedures for turbulent boundary layers
with a pressure gradient is available in the literature, Ref (5,16) gives a
eritical review of the existing methods,

In general, the calculation consists of determining the displacement
thickness and the momentum thickness through two relations., One of them is
based on the momentum equation; the other is based either on the energy
equation or the moment of momentum equation, All make use of empirical data
for shear stress and turbulence effects. An application of the commonly kmown
procedures to some typical cases does not yYield satisfactory results,

The Doenhoff and Tetervin method, Ref (5,17), supported by data on airfoils,
fails in predicting the growth of the displacement thickness in conical diffusers
acoording to calculations made by Rupert and Persh, Ref (5,18),

The data of Ref (5.18), which incorporates information on turbulence
effects and wall shear stress, has been subjected to our investigation, The
experimental data were obtained from NACA studies of conical diffusers, Ref (5,19).
The boundary layer growth has been calculated and is shown in Figure 5,16,
Figure 5,16 indicates that the method of Ref (5.18) gives a good approximation
for the momentum thickness. However, the displacement thickness, which is the im-
portant factor in conical diffuser performance, is not too well represented,

The possible explanation for these failures is that the mechanism of the
turbulent flow in the boundary layer has not as yet been fully understood,
Since empirical data must be used, some inaccuracy is therefore to be expected,
For instance, Rupert and Persh do not give a good correlation for the data on
the turbulent normal shear stress, and von Doenhoff uses a wall shear stress
which does not vanish when separation is approached,
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5.3.4,3 Basis of the Present Approach

In establishing a calculation procedure for the boundary layer in veaned
diffusers of centrifugal and mixed-flow machines, the fcllowing facts have to
be enphasized: '

a. The boundary layer is generally thick as compared to the diffuser
width,

t. The flow outside the boundary layer is compressible, the Mach number
beirr as high as 0.8,

It is also recognized that the existing methods for the calculation of
turbulent boundary layer make little use of the information on flow in conical
diffusers., Though there is baslcaily mno difference tetween the turbulent bound-
ary layer flow in a cone, and the flow in a two-dimensional channel, it is con-
ceivable that the chances of success for any caiculation procedure are greater
if one restricts oneself to the use of conical diffuser data,

Since most of the calculating procedures fail, or do not attempt to treat
the separated flow region, it 1is thought that the task of obtaining a calculetion
procedure is made easier if one method is first established for the flow up to
the vicinity of the separated flow region., Anocther method would have to be
conceived for the quasie-separated flow and its vossible reattacamert, In fact,
this can be jusbtified wnen one considers that a pronounced effect of stream
turbulence and mixing is observed in the quasi-separated region.

5.3.4,4 Calculation Procedure for the Boundary layer

The boundary layer is characterized by tne displocement thickness, the
momentum thickness, and the shape parameter., They are defined as:

> &
) "f (1 --%) (1 =y dy (5.40)

- JE-E-D e

H = S*/e (5.42)

For small values of y/r, i.e., for a boundary layer waich is thin as com-
pared to the diffuser radiis, the previous expressions are reduced to that of
the two-dimensional flow,

Tt is also assumed here that the following empirical relation for a skin

friction factor c, under & pressure gradient is spplicable to a coniecsl diffuser,

1§

o] . - H ., -
e = jJ 0,246 e 1 881 K 268

f % o 8 (5.48)
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For two-dimensional flow, this relation (which is due to Ludwig-Tillman) has
been verified recently by Ref (5,20). A question may arise as to its validity
when used with ~* and 9 as defined previously, which can only be sesttled by a
direct measurement. But for small values of y/r, Bquation (5,43) is perfectly
valid, since the axially-symmetric boundary layer will then behave like a
two-dimensional one, as can be seen physically. Further argument in faver

of the full validity of the previous expression for . is based on considera-

tion of the internal structure of the boundary layer, The boundary layer is
divided into the laminar sublayer and the outer semiviscous region, As on

depends onr the flow at the wall, it is governed mainly by the laminary sublayer,
Since this latter has a small thickness in either case, axially symmetriec or
two-dimensional, the expression for Cp should be valid everywhere. Ref (5,21)
oontempiates the same problem, but unfortunately obtairns the values of o for a
conical diffuser through the momentum equation, which is in doubt in the
separated flow region,

The Momentum Equation

Using the assumptions common to the boundary layer theory, the application
of the momentum theorem (Appendix A) to the control volume of Figure 5,15 yields,
for incompressible flow, the equation

8 dU f

de 8 4R
-a-i- + ﬁ -&-I— + (2 + H) ﬁ Ex— = 2-— + A » (5.44)

which is like that of a two-dimensional boundary layer,

Investigation by Ref (5.22) shows that, for a given velocity gradient, the
compressibility effect on the results of this equation is negligible up to Mach
number M« 1,

Recent investigation by Rashis, Ref (5.25) and Newman, Ref (5.26), attributes
an additional term A to the right-hand member of Bquation (5.,44) to sccount for
turbulent effects and the variation in static pressure across the boundary layer,
Since the present calculation procedure is limited to a nonseparated flow region
where turbulence fluctuations are small, this term can be neglected,

Aggroxinntionl

An approximation of Bquation (5,44) is desirable for engineering purposes,

The main feature of the momentum equation is its insensitivity to the
variation of H, (Ref 5.27), This fact will now be applied. Tt provides also
the explanation that, in general, there is little error involved in the calcu-
lation of the momentum thickness of the boundary layer, With H maintsined
constant, A negligible, and 9, given by Bquation (5.43), integration of Bquation

(5.44) as carried out in Appendix A yields:
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The Approximate Momentum Thickness Relation for Incompressible Flow

With the hypothesis that integral I is small, Buation (5.45) is reduced to:
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i

In neglecting I and in assuming H constant, the exponent C; is to be de-

c
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- r— "'ﬁ_
i Ri RB

(5.45}

(5.486)

(5.47)

(5.48)

(5.49)

termined from experimental data. The results on Figure 5.17, show that exponent

Cy1 can be taken equal to 5.17.

The experimental data show that, for incompressible flow, the variation of

6 as given by Bquation (5.49) is acceptable for future calculation; they show
further that exponent Cy; is not a sensitive fu

nction of the initial Reynolds

number, as the data available on Figure 5.17, covers the range of 1 x 10° to
5§ x 10%. This is observed to be in line with the theoretical value of Ci1 given

by Bquation (5.45).

The result can be compared to the relations proposed by Ref (5.28), which

glves a momentum thickness relation similar to Bquation (5.49), but with an
exponent dependent on the initial Reynolds number.

Effect of Compressibility in & Conical Diffuser

The compressibility effect on the flow in a conical diffuser is equivalent

to a higher deceleration rate (large -

au
=

Since Bquation (5.49) has been

tested for incompressible flow only, it was anticipated that it may not be valid

for higher decelsration rates.
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In eddition, one observes considerable acceleration of the flow right
before the entrance, as shown on Figure 5.18. As & result, the inlet conditions
to & conical diffuser are not so well defined.

To verify the application of Bguation (5.49) to the compréssible case, one
may consider the experimental data using as inlet conditions:

{a) The conditions that exist at the point where scceleration starts,
Figure 5.18.

(b) The conditions where the velocity is a maximum, Figurs 5.18.

The results using inlet conditions (b) are represented on Figure 5.19.
They show a deviation from Bquation 5.49, A similar study was made using inlet
condition (a) and no better agreement wes obtained. Hence, it is concluded
that the effect of a high deceleration rate needs to be taken into account.

Approximate Momentum Thickness Relation for High Subsonic Flow or Flow with
a High Veloecity Gradient

The effect of the velocity gradient is introduced with integral 1 of
Equation (5.45). Using as an initial condition the one that corresponds to the
maximum velocity, Figure 5.18, the momentum equation is written:

X
\ \C et C
8 (R\*-=68 ..._.Re AT i fu\"! (R 1eRE8 g x (5.50)
5 \R 3 o) Ttr%) w) (x 5) ©
iV 8, i i i i

Q
Evaluation of the experimental data shows that C1 and C2 can be taken as:
C1 = +5.17
C2 = =0.015

The Auxiliary Equation

The suxiliary equation linking the shape ﬁarameter H to other parameters
of the boundary layer provides an additional relation to complete a system of
three equations in three unknowns, 8, 8*, H, that characterize the boundary
layer. In general,it is obtained through,

(a) dimensional anslysis

(b) the use of the energy equation of the boundary layer, Ref (5.18), or
the moment of momentum equation, Ref (5.16).
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The auxiliary equations obtained with the procedures of Refs (5.18) and
(5.18) are known to present little difference, according to Ref (5.25). They all
need an empirical relation for the wall shear stress and the distribution of the
shear stress across the boundary layer.

In the present study, a dimensional aralysis of the momentum equation is
made to bring out the parameters of the auxiliary equation (Appendix B). The
analysis gives for the auxiliary equation:

0.268 dH
oRg = =B+ g®) (5.51)
dx
where:
/*r:-0.246 e du (5.52)
- cp U dx *

If the free-stream Mech number is used,

/rv 0.246 B dp
= Ir?i:— P P (5.53)

The functions of f(H) and g(H) are now to be determined with experimental data
taken only from conical diffusers.

The task of evaluating the functions of f(H) and g(H) from experimental data
involves a most time~consuming, yet inaccurate process. For a given set of data,
d .
curves representing the variation of eReo.zss E% with H are plotted. Also
the variation of / with H is obtained. Some typical representations are shown
on Figures (5.20) and (5.21)., By cross-plotting, the variation of

eRe-zss %% with [, for H = constant, is obtained. The simplest relations are

used for this purpose. From Figure (5.22), the function g(H) is determined by
“extrapolating the curve to the value of {7= 0. The function f(H) is determined

by considering the veriation of 8R9'268 %% with B at /=1,

The functions of f(H) are presented on Figure 5.23, where their analytical
expressions are also given.

A Comparative Study of the Auxiliary Equation

The muxiliary equation (5.51) differs from the Von Doenhoff equation which
is applied to two-dimensional flow over an airfoil, Reference 5.17, by the use of
a skin friction coefficient which vanishes asymptotically toward the separation
point. It uses the same parameters as Reference 5.17. It differs from this
lgtter:

(a)} in the sources of empirical data

(b) in the possibility of obteining a large value of /7, i.e., large
deceleration,
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Large values of [ have been obtained in cones of relatively small cone angle
with flow at high Mach numbers, Using data from tests with free-stresm Mach
numbers as high as 0,8 also serves the purpose of coming closer to our goal
of designing vaned diffusers for high subsonic flow,

The Separation Point

du

Theoretically, the separation point is the point where the gradient 5.3?

vanishes.

Examination of the velocity profiles measured with pitot static probes is
subject to question in the determination of the exact location of the separation,
for tne presence of the probe may cause a disturbance having an effect on the
separation point. Indirect methods such as Schlieren could avoid the disturb-
ances,

Since the separation cen be practically determined from the velocity pro-
file, it would be more rational to say that the flow is separated if the
velocity u/U reaches a defined value at a very small distance from the wall,
for instance:

u/U = ,05 at y/§ = .01

In order to determine the location x of the separation point in this calcu-
lation procedure, one has to extrapolate the curve (cf, x) to find the distance

X Wwhere Cp would vanish, Fips. 5.24 Lyc.This is dus to the fact that the analytical

expression for ¢, vanishes only asymptotically, For the purposesof the calcu-

f
lation, the question arises as to where the extrapolation should start,

The followinp alternatives are considered: extrapolation for o is to start:

(i) at a fixed value of H

(ii)at a location where u/U when extrapolated reaches a finite value on
the wall of the boundary layer,

(iii)at a sufficiently smell value of cf.
Alternative (i) is eliminated,for H is known to be as high as 2.4 without
a separation,

Alternative (1i) is now considered. Theoretically, the velocity u is zero
at the wall, Therefore, any velocity profile must appear as shown on Figure 5.24a.
The region of the laminar sublayer is, in general, small, 80 that the turbulent
velocity profile can be extrapolated as shown in Figure 5.24a. From the experi-
mental data, such an extrapolation is carred out to find the location x at which

Ywall Ywall
2 =02 and(,1, The curvesmarked ?I

=02and Q1 on Fige.5.24b,-0, give

the location x, Unfortunately, in our calculation procedure, the velocity profile
is not known, unless the assumption is made that all the profiles are of the
power itype,
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Alternative (iii) seems to be the most acceptable, for it corresponds to
the physical phenomenon of the vanishing of the wall shear stress, The value
from which extrapolation is to start is, according to Figure 5.24band Figure 5.24c,
in the range:

0,0004 < Ca < 0.0006

Therefore, in the present procedure, alternative (iii) is adopted.

Summary

For a given velocity distribution U(x) and the inlet conditions, the momen-
tum and displacement thicknesses in a turbulent boundary layer of a conical
diffuser can be calculated with the following relations:

de & 4R 8 du Cp

TR el m o (5.54)
op » 0.246 o ~1,861 i Re""-ﬁea (5.43)

eRB"-“B %E- = £(H) 7 + g(H) (5.51)

_ -0.246 8 4dU
[=-2.248 8 cl (5.52)
cp U dx
£(H) and g(H) are given by Figure 5.Bor analytically by:
£(H) and = 0,100 - 3,08(H-1,5) (H-2,0) (H-1,289) + 0.761 (H~1,596) for H =1,55

= 0,100 - 3,08(H-1.5) (H-2,0) (H-1.289) + 2,33 (H-1,288) (H-1,587)

H-0,011) for H=1,55
( ) ?5.55)’
g(H) = =0,761 (H~1.596) for =1.,55

= ~2.330 (H-1.286) (H-1.587) (H-0.011) for H=<1,55 (5.56)

When an approximation of the momentum equation is used,the thickness 6 is given

by:
(a) 8 (E )1‘838 (RS Y'%B . (U1>5.17 (5.57)
6, (& "R'g: T .

for small pressure gradients that correspond to incompressible flow in conical

diffusers of less than 15 degrees included angle, and by: x

k. \0sR88 o (5.58)

0 g \k.R68 ) H] 5427 g Bexr?7 R 1,288 %\
(v) 5 |5 — T =1 - 0.015 - (i) d(ﬁ-)
i\1 i i o i i i

e

WADC TR 55=-257 174



for a large pressure gradient that cerresponds to compressible flow in cenical
diffusers.

It should be emphasized that the auxiliary equation as established above
uses only deta of decelerated flow in conical diffusers. Its application to
accelerated flow in nozzles is therefore questionable,

Application of the Boundary'Layer Calculation to the Study of Conical
Diffuser Performance

The Present Experimental Studies of Conical Diffusers and Domain of
Application of the Boundary Layer Calculations

Most of the experiments carried out to gtudy the diffusion process in
diffusers were concernsd only with the over-all approach in establishing the
angle of divergence necessary for optimum performance, and many disregarded the
influence of the inlet conditions. Even where the inlet boundary layer conditions
were taken into consideration, the test conditions often do not correspond to
those to be met in centrifugal compressors, nor wers the results presented on a
uniform basis, Ref (5.33),

The boundary layer calculation procedure mentioned previously will be used
to determine the approximate location of the point where the flow separates
from the walls. Knowledge of the separation point, even in an approximate way,
is considered to be important in the design of guide vanes; for beyond separation,
the flow will have to be handled with care - for instance, separated fliow does
not allow any efficient turning. The calculation procedure will permit the
establishing of the maximum deceleration rate up to the separastion point for any
given initial condition, as a function of the diffusion rate.

Extending this investigation to various initial conditions allows us to
establish a chart of maximum diffusion.

The Maximum Diffusion Chart

A chart will be established giving the maximum diffusion that can be achieved
without separation for different entrance conditions.

As can be seen from the study of the boundary layer equations, the
separation point depends on the inlet conditions governed by the following
_ parameters;

8. %the Reynolds number that measures the effect of viscosity.

b. the dimensionless thickness which is necessary to show how soon the
boundary layer will £111 up the diffuser.

¢. the shape parameter which measures the state of the velocity profile
with respect to separation.

The influence of these factors will be studied separately,
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The following data are needed for the boundary layer ocalculation:

a. the distribution of the velocity of the potential core flow that
gives the pressure distribution outside the boundary layer.

b. the variation of the radius which corresponds to the actusl physical
boundary of the flow (i.e., the radius that includes the core flow
as well as boundary thickness).

If the boundary layer growth in a conical diffuser is to be determined
(direct problem), the calculation procedure will require an iteration process.
For this, an assumption will be made for the potential core flow from which the
boundary layer growth is calculated. Having now established the physical boundary
of the diffuser, the potential core flow is recalculated and the iteration is
repeated.

Next, the solution of the inverse problem is given. It consists of determining
the boundary layer growth for a given distributior of the velocity of the poten-
timl flow, To simplify the calculation, the previous requirement b. is
agsumed to be given approximetely by the variation of the radius that gorresponds
to the potentisl core flow. As compressibility has an effect on the varistion of
the radii with the potential flow, the Mach number is selected sc that it covers
the range of the subsonic guide vanes operations.

From these considerations, a series of potential flow distributions, I, II
and VI, are assumed as shown on Figure 5.25. They are selected with simplicity
in mind end considering that they approximate the one-dimensional distribution of
the velocity in good subsonic guide vanes. The inlet velocity corresponds to a

Mach number of 0.857 (E; = 0.800). Ar isentropic compression corresponds to each
)

velocity and the area is given by continuity. The variation of the radii is

then derived from that of the area.

Effect of the Initial Reynolds Number on the Separation

The Reynolds number Rg that is commonly found in the guide vane diffuser
i

ranges between 20,000 and 140,000. Among all the factors that influence the
gseparation point, it is thought that the Reynolds number has the smallest effect.
To support this idea, & calculation was made to find the separation point for
velocity distributions III and IV. The initial thickness (8/’d)i and shape

parameter H

i being maintained constant, the variation of Cp VS (ﬁ)i is shown on

Figure 5.26. Assuming that imminent separation takes place at c, = 0.0005,

f
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the results of the calculation show that, despite the change in Re s O reaches
i

0.0005 at approximately the same value of (’ﬁ)i for each case, i.e., at the

same (v/ho) for each velocity distribution.

As @& consequence, the effect of Re can be neglected for the considered
i

range of R The influence of the other parameters (9/’(:1)i and H, is calculated

6, i
using a constant Re = 20,000.

i

Effect of the Initial Thickness and Shape Parameter on the Separation

The influence of the initial thickness and the shape parameter on separa-
tion was calculated for different inlet conditjons and is shown on Figure 5.27.
An exemination of Figure 5.27 indicates:

a. TWhen the initial boundary layer is in a state that approaches
separation, there exists an optimum rate of decelsration which
will give the maximum diffusion.

b. With a good initial boundary layer (Ei4:l.5), the line of
cp = 0.0005 which indicates imminent separation changes considerably
with increasing thickneas.

Following the line of c_ = 0.0006, one finds that the maximum diffusion is

f
obtained with the largest diffusion rate. However, a calculation shows that the
displacement thickness would be many times that of the potential core. This is
unrealistic since the flow would have filled up the diffuser. The boundary layer
concept, together with all of the assumptions, is therefore no longer valid.

Thus, a limit beyond which the calculation procedure does not apply should
be set. Such a limiting condition occurs when the boundary layer entirely fills
the diffuser as shown in Figure 15a. With a given type of velocity profile,
for instance the power type, the relation between the displacement thickness
and the radius of the potential core which is equivalent to filling up the
physical area can be calculated. At present this limit is assumed to occur
when $/r = 1. 1In this case, the displacement thickness occupies the outer helf
of the circular cross section of the diffuser. On Figure 5.27, the line of
$/r =1 is shown, The maximum diffusion ratioc is taken as that given by the
intersection of lines &/r =1 and cp = 0.0005. This maximum could have been

given by the intersection of the line §/r = 1 with line (x/d) = 0, i.e., at an
infinite diffusion rate. However, for the caloulation procedure presented here,
8 finite diffusion rate was used, though this choice may be subject to question,

The results of Figures 5.27a, b, ¢, are combined in Figure 5.28 and show
the effect of (e/'d)i and H; on the maximum diffusion rate of a conical diffuser,

before separation starts.
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On a comparative basis, it can be meen that when the boundary layer is
near separation (Hi j>1.5), there is little effect of the initial thickness.

The asymptotic character of the curves of Figure 5.28 is to be noted. For low
values of Hi’ the initial thickness effect is considerable.

Fstimate of the Maximum Performance of Conical Diffusers in View of its
Application to the Design of Guide Vanes

In view of the simplification introduced in the representation of the flow
in guide vanes by that of comical diffusers, prediction of the performance of
conical diffusers as a function of the entrance conditions would have been
desirable. Many analytical attempts have been made without much success.
Experimental results, which would have been useful, unfortunately, cover &
renge of inlet conditions which are not applicable to the guide vanes of ceniri-
fupal compressors.

The basis of the present approach can be stated as follows; the conical
diffuser is to be divided into two parts - the nonseparated flow region and
the quasi-steady flow region. This physical concept of the flow picture is
introduced in an attempt to represent the flow as faithfully as posaible. For
s given inlet condition, the assumption is made that the highest performance
is obtained when the maximum diffusion is achieved in the nonseparated flow
region. Further diffusion is allowed in the separated flow region. This sub-
division of the flow in conical diffusers in two distinct parts may be subject
to question as there is a transition region from one part to the other.

The performance of the two parts is now conaidered separately.

Y¥onseparated Flow Region

From the results of Fipure 5.28, the maximum diffusion that can be schieved
up to imminent separation is obtained. The study of maximum diffusion yields
also the distance x/'di which is needed to accomplish the diffusion (Figure 5.27).

On the basis of one-dimensional flow in the diffuser, the state of the fluid at
the imminent separation is determined by the velocity Vs a8 shown in Figure 5.30,
to which is associated a total pressure Py* This pressure is found from the

static pressure rise in the nonseparated part which will be obtained through the
energy squation. The loss coefficienti? 1* which measures the loss in total

pressure, and is defined in Appendix D, is given by

2

U
Gy -0 () g mtent v (5.59)

where £ is the friction factor in fully developed turbulent pipe flow..g 1°

together with the velocity ratio Ul/U ., pormits the determination of the
8
efficiency based on stetic pressure of the nonseparated flow region.
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Quasi-steady Flow Region

When the region of imminent separation is reached, further recovery is
possible. However, in the quasi-steady flow region, diffusion must be accom-
plished with a divergence smaller or, at most, equal to that of the nonseparated
flow. The maximum decrease in divergence is the reduction of the divergence to
zero, i.e., the addition of e straight pipe. The maximum pressure recovery lies
probably not too far from that obtained with the straight pipe. In the absence
of any test results in the separated flow region, it is on the conservative side
to take as’ optimum performance of the quasi-steady flow that a straight pipe is
added to the downstream of the conical diffuser.

Analysis of Peters' Experiments

Experimental study of the gquasi-steady flow is practically nonexistent., A
survey of literature shows that the experiments of Peters (Ref 5.35) offer some
useful interpretation, and an mnalysis of these experiments is necessary.

The performance of the gquagi-steady flow region can be obtained from Peters
data as follows, The tests were conducted over a wide range of

(B/d)i and H,

H(g)i £ .04 A, < 1.48

For each of these initial conditions, Peters ran tests on many conical

diffusers to obtain the one with optimum performance. For'%_ = 50, which corres-

i
ponds to(%—) = 025, this optimum is obtained with a divergence of 5.2°. The
i

corresponding physical srea ratio is 2.34. The effective area for diffusion is
smaller. For the previous initial conditions, the boundary layer calculation
gives a deceleration ratio up to the separation point of 1.7, which would place
the region of imminent separastion around the end of the conical part of the
Peters' diffuser,

The largest additional pressure Anz = obtained by diffusion of the

2
Y
quasi-steady flow is at least that given by Peters in the straight seotion.
Figures 21, 23 of Ref 5.35 give

AP/}-EpUi"’ = 0.16 (5.60)

In order to obtain other points for different (G/a)i and Hi,ww can refer to

Figure 23 of Ref 5.35. The divergence obtained is rather large; that is, the
separation occurs earlier than right at the end of the conical part of the Peters
diffuser. The recovery pressure bP/E pUi2 a8 given may be conservative. Utilizing

all of the experimental results, the curve of maximum additional pressure recovery
is drawn (Figure 5.289).
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From Peters' experiments it is possible to obtain the value of the length
L/di necessary for maximum additional pressure recovery. As is seen in Figure

5,30, this length is quite insensitive to the diffuser divergence; so a mean
value may be used.

The irreversibility involved in the additional recovery is measured by the
loss coefficients 52, Su,which are defined in Appendix D. Following Peters,

they cen be taken as:

U ®
52 = 4f xl/di —55 , loss due to wall friction. (5.62)
Ui
g2
f
g y {0.08) (1 - -U_a A losas due to the shrinking of the (5.63)

quasi-steady flow. (Ref 5.26).

Since Uf is not known a priori, we reference the previous formula by & mean value
V¢

of — , and \§u becomes;

Uy
14§ 2
Sau = (0.08) (1 -C FS—E) (5.64)
i
8
where C = 0.85 for(a-) = 0.02,
i
.65 (g) - 0.04,
i
8
.53 (_ _
1

Chart of Maximum Performance of Conical Diffusers

The previous method of estimate is applied to the determination of the
optimum performance of conical diffusers. The calculation procedure is explained
in the appendix, '

Results for three different values of the friction factor are available and
are presented on Figure 6.31. From these, the following conclusions can be drawn.
For good entering velocity profiles (Hi< 1.05), the efficiency for various

values of friction factor varies only slightly, independent of the initial
boundary layer thickness,
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This result is in agreement with experimental studies which indicate an
optimum angle of diffusion independent of the inlet conditions. The experi-
mental studies were generally made with sonical diffusers having good inlet
conditions. The effects of the initial boundary layer are larger with bad
inlet conditions. Comparison with experimental data of Ref 65.33 for instance,
confirms these numerical results.

5.4 Design of Subsonic Guide Vanes

In the following, the design method used at AiResearch is presented.
65.4.1 General Principles

A survey of the flow phenomena from experiments leads to the formulation
of the following principles;

a. The velooity distribution along the wall of the diffuser is to be con-
trolled such that the growth of the boundary layer is to be kept within
limita. Separation of the flow is to be avoided in the entrance part
of the diffuser channmel._

b. Chapter 5.3.4.4 shows that even in the simple case of a conical diffuser
there is a limit beyond which the diffusion process without any boundary
layer control is very inefficient. The loss in total pressurs increases
past this limit, whereas the static pressure does not rise and even
decreases in many cases. For a good impeller design, this limit lies
in the vicinity of a velocity deceleration of

v, - 3.

Further diffusion is possible through the use of boundary layer controls
such as splitter vanes, tandem blades or sudden change in the wall shaps.

c. Often the question arises as to the most desirable type of velocity
distribution. The velocity distribution commonly encountered along
the blade midsection of the existing vaned diffusers is as shown on
Figure §.32a. It is characterized by a large deceleration on the suotion
side with a tendency for early separation in the throat of the diffuser
channel. The acceleration on the pressure side does not contribute to
the diffusion. In cases of high subsonic sntrance velocities, the
effect of supersonic flow is avoided by using a small loading at the
tip of the blades, Figure 5.32b, which corresponds to s small diffusion.
This is not desirable as the high-speed flow contributes to higher
losses. Moreover, the atudy of the influence of inlet conditions on
boundary layer development shows considerable gains by diffusing rapidly
wt the beginning. The boundary layer theory also reveals that with the
proposed limiting deceleration ratio there always exists imminent
separation in the guide vanes. Handling of the quasi-steady flow requires
a relatively larger length for diffusion than nonseparated flow. This
leads to the design concept of a light losding in the trailing edge
region as shown on the figures. The above considerations would favor
as the most desirable velocity distribution the one shown on Figure 5,32¢,
which ia characterized by an initial deceleration as rapld as is com-
patible with supersonic effects and separation requirements.
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d. The above-discussed velocity distribution can be amccomplished in many
fashions, one of which is to use parallel walls and introduce turning
in the flow., However, the diffusion within a curved channel tends to
introduce crossflow in the boundary layer region, which is shown to
be detrimental to the diffuser, Ref 5.9, Diffusion should therefore
be accomplished with little turning, &as is done by diffusion in the
meridional plane. It may be pointed out that along the walls that
constitute the meridional shape, the initial conditions of the boundary
layer are much more unfavorable than at the leading edge of the blade
section. The velocity gradient in the middle of the channel, along the
ebove walls, is less severe than that of the blade section where separa-
tion may occur earlier. This situation favors then the diffusion in
the meridicnal plane.

a. Phenomena of unsteady flow have not yet been studied; however, the
experimental results of Ref 5.34, indicate that a small number of
blades is desirable. This requirement coincides with that of a high
loading of the blade at the entrance of the guide vanes as previously
advocated.

f. In order to meet the incidence introduced with the nonuniform conditions
scross the passage width caused by the impeller performance and the
boundary layer effect, the diffuser blades have to be twisted, or in
the simplest case, slanted and scalloped.

5.4,2 Calculation Procedurs

The problem is to determine the meridional shape and the blade shape that
will produce a prescribed velocity distribution at the mid-blade section. The
procedure described in Section ITI for use in designing impellers is fully
applicable hers, since the diffuser can be considered a stationary impeller.

The calculation is done in four steps:

a. A meridional shepe is selected, generelly on the basis of simplicity.
Two diverging conical surfaces (Figure 5.33) are frequently used.

b. The clogging factor € is estimated. A correct estimate of the clog-~
ging factor in a diffuser is much more crucial than in the impeller.
An overoptimistic estimate of € will not provide sufficient area for
the diffusion process. A conservative estimate provides too large
diffusion ratio with subsequent separation. On the basis of an assumed
initial condition {Chapter 2.4.7) and an average diffusion corresponding
to the mean velocity deceleration, the boundary calculation yields the
growth of the displacement thickness from which € is calculated up to
the separation. Since diffusion in vaned diffusers is carried beyond
separation, the estimate of € in the quasi-steady flow region can be
made on the basis of the value of € at the proximity of the separation.

c. After the meridional shape and the clogging factor are determinad, the
charmel theory (Chapter 3.2.3,2,2) is applied to find the blade thick-
ness and turning angle of the blade that satisfies the prescribed velocity
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distribution along the blade section made on surfaces of Figure 5.33.
An iterative proceas is needsd for this purpose. The channel theory
is known to be valid inside the diffuser vanes. The question arises
as to its applicetion to the entrance of the vaned diffuser, partiocu-
larly when most of the deceleration is already accomplished at the
entrance to the guide vanes. An approximate approach is proposed

for this case - particularly when the number of blades is redused to
a small value. The solution consists in determining the incompressible
flow that would go through the circular cascade up by the mid-blade
sections. For engineering purposes, a field plotter may be used as
pointed out in Chapter 3.2.3.5. The Karman-Tsien compressibility
correction is then introduced. This approximate solution is valid
for relatively small Mach numbers, M < .85. Since the Karman-Tsien
correction can not give a local Mach number larger than 1, it is
subject to question in the case of higher subsonic flow,

d. The calculation procedure considers only the velocity distribution on
surface S, Figure 5.33. Twisted blades and curved meridional shapes
introduce three-dimensional effects, and the velocity distributions
along other blade sections camnnot be neglected. However, compressors
of the type considered here have diffuser venes of such small height
that the blades need not generally be twisted. The calculation
procedure can therefore be restricted to steps (a), (b) and (o).

.WADC TR 55-257 : 183



SECTION V, APPENDIX A
THE MOMENTUM EQUATION

Momentum 3alance in the Boundary Layer

The control volume ABCD Figure 5.15 is censidered. In the following de-
rivation,the usual assumption of zero pressure gradient across the boundary

layer is removed %—5—;‘ 0 and the turbulence effect is considered,

Continuitx:

Mass entering control volume along AB

&
W= ZRU/F g rudy
°

Mass leaving along CD

daw
'N+-ch—dx

Continuity gives the mass entering along BC

aw
—_— dx
dx

Momentum balance in the x direction:

Entering momentun flux along AB
p
R
m = Zﬂlfpu rdy
o

Outgoing momentum flux along CD
dm
= o dx
T

Entering momentum flux along BC

dW

Ui

dx + (0) ax®

Shear f'orce at wall

7, 2% Rdx + (0) ax®
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Pressure force along AB

£

r 210 prdy

J

Pressure force along CD

F =

©

d¥
F+a-;dx

Pressure force along BC

3
d 2
P-afj 21 r dy dx + (0) dx
[¢]

The momentum theorem yields:

s

dm dw d d
33-(- dx U ‘d-.)? dx - 2'1'1'.}{7; dx - -ax— 21 p!‘dy’ dx + P -a-;t-\/- Zﬂrdy dx
[o] o
+ (0) dx®

Upon neglecting second order terms and simplifying

LS S )

o
fpruady'- U/prudy - TR - g prdy + P i./rdy (5.65)
o] dx dx
(o] o] o] [}
) S £ &
u/ﬁpruady - qj/rérudy o & rdy = =72 R + d\//ﬂ(P - p) rdy
dx o] dax
o} [¢] o (o]

The turbulence effect is introduced with

or

u=u+ u'
p=p+p'

Upon teking the time average with the rules of Ref 5,30 for averaging, the
momentum equation yields:

d & - 5 - 4ar
r — .
E;\j‘pru dy = UH/ﬁpr u dy + v[qrdy (5.66)
0 o
'Y
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With the definition of the displacement and momentum thickness as:

RUS* - f(U-'ﬁ) rdy

0

s

RU® -f (U - Q)u rdy

o
one obtains:

5 s
fpruady = -RU® (8"l + @) + Uafrdy (5.57)

[+ o}

In addition,at the edge of the boundary layer the pressure, P, is related
to the wvelocity, U, by '

dP du

With (6.68) and (5.67) the left hamd number of By (5.66) becomes:

s N
a d -

.-%;RUQ(S'Jre)+ﬁuafrdy+uafp(U-u)rdy

Q [a]

&

d du d . * d o e*
-Ua-x—(Ufrdy)-U-a;(-J(rdyﬂ-a}- PRUR ($ + 8) +Ua-ipURS
o] [+]

*
a . [§ R
= —_— Y - —

The momentum Equation (5,66) is then reduced to:
.E‘__Re+8*+z RO dU-T_J.EE+ A
ax i T & = (5.69)

1 d —r—r 1 a &
A S p ulu' rdy = —m — P=-1 d
where PUE ax ¥ pUa d_xf ( p) ray
[+]

Integration of the Simplified Momentum Equation

With the common assumption for boundary layer studies, the pressure

gradient%-; is taken equal to zero, then

P=7p
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Far from the separated flow region the turbulence effect is small, There-
fore A is neglected. The momentum equation is reduced to the standard form,

c
%+%%+(2+H)%%-2‘:—%&=.§£ (5.70)

In the following,H is assumed to be constant., With the skin frietion
coefficient Ce given by

- -1,881 H 0,268
oo = 0.246 Ry (5.43)

and the transformation of variables as given by Kef (5.30)

C
X (x) = 8v 1 1,zeaReo.Bea
(5.71)
C, = 1.268 (2 + H) - 0,268
The simplified momentum equation is reduced to:
ax !
S= = 0,156 U "y o368 1,881 (5.72)
dx
Upon integrating, the momentum equation with constant H yields:
x
T
1,ae8 0,288 1 i ¢
(A B () ] ey
3 0 i i i

- -1,581 H =0, 288
C2 0,1423 e Rei
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SECTION V, APPENDIX B
THE AUXILIARY EQUATION

The Auxiliary Equation o Cevee dH f(H)/"+ (K) (5.51)
J 8 dx &

The following analysis is carried out to establish a dimensionally correct
form of the auxiliary equation,

The momentum equation gives

c
46 £ 6 dU & dr
.a.;ua__ (2 +H)'ﬁ ] (5'70)

The following transformation used in two-dimensional case by Maskell,
Ref (5.27) is carried out for axially symmetric flow,

@ . g P Req (5.73)
I
/7.9 d
T = (5.74)
[+
f pH . q
f = T ] Re (5.75)

Ps Q are constants.

Fram the definition of & one obtains:

-1
PR, q 48 _ d8 _ . di _  pm i ar
* Ry 3 dx PO ° " 8q Ry _éx_e (5.76)

The last term is now c&lculated:
q
pi g-1 dRk, _ pH 8 dU , dé
e PR 2raeT Ry po{tE

or with the use of (5.70), (5.73), (5.74), (5.75), gives

pH g-1 o "or 9 edr
e” 689 Ry = "1 g‘(H + 1) =e® Re w1z (6.77)
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Substitution of (5.,77) im {5.78) yields:

paﬁ-%?-%1+ﬂﬂf%%-%ﬁaf'@dﬂ (5.78)

The previous form sugrests & variety of combinations for the auxiliary equation
giving the variation of H with x. It can be seen a simple form can be taken as:

or 2% L= o)/ + glh) (5.51)
_ _0.246 8 du
-—-6-;—— T I= (5.52)

Transformation of the Parameter /—'

The parsmeter F, which is the main factor in the auxiliary equation, has been
defined previously.

In cases where the free stream is given by the Mach number, it is transformed
into:

/"" . 0,246 -8 dp

S, mR P (6.53)

k = 1.4 for air

as can be seen in the following:

pdv®
J7 . _C.246 _ 8 2
cf pUa dx
2 -
_ 0,248 1 ) dap
Cp 2 lzc- MRp ax
. 0,246 8 dP
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SECTION V, APPENDIX C

DEVELOPMENT OF THEE BOUNDARY LAYER IN A TRUNCATE DIFFUSER

In order to approech the boundary layer flow in a real guide vane channel,
we consider a truncate diffuser and its control volume as shown in Figure 5.34.
This diffuser has an axis of symmetry, and its boundary layer cheracteristics
are assumed to be constant along the dimensions & and b, In addition, the
standard assumptions for boundary layer studies apply.

The mass and momentum flux entering the control volume at x = X,

§ [

Mass W= u dy ds

\/jﬁp y
(ou

Momentum m = ,f(:) pu dy ds
(o]

where‘jgds meane integration arcund the truncete section.

The momentum flux that enters the control volume elong dx is U %% dx, and

the pressure force acting on the control volume at x = x, is:

5

:;f;[ﬁP dy ds

[»]

The incremental pressure force acting on the control volume along dx is:

>
d
P = ‘jﬁ—u(;y ds
(o]

The shear force on the wall is calculated with
T la+ b+ (as1b)| ax
o] dx
Application of the momentum equation theorem to the control volume yields:

) s
-g% U%“;-g; P{fiyds-’lg [(a+b)+%(a+b)]+?%§fdyds (5.79)
@]

The momentum displacement thicknesses and shape parameters are introduced as:

b
Uﬂf -“Jr (U-u) dy

2 H =5 /8
UR @ = f(U-u)udy /
(o}
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After subscripts a and b are used whenever quantities are taken along & and b,
respectively, the momentum equation is then reduced to the simplified form:

i d o 1 da a dU
aLsdx ea+(“+Hu+;E U d_x.)

T

(5.80)

o, % del . To

)
[a 1
& 8 R+ HE v 5 7 T i« sy (a4 D)

In the case where b = 0, this equation is reduced to that of the boundary
layer in & two-dimensional diverging channel as given by Ref (5.31).

For & = b, the equation is identical to the previous case. Due to the
assumption of symmetry, the boundary layer behaves in this case a5 in a two-
dimensional channel,

"Even in this simple case, the boundary laeyer is only defined if there exists
two additional relations such as:

cp @ Cp (H, Re) (5.81)
oR,, %% = ft (H)/—: g' (H) (5.82)

Since the shear stress depends mainly on the inner part of the boundary layer,

it would be the same whether the diffuser is conical or two-dimensional, However,
the second relation that gives the growth of the shape factor is completely dif-
ferent. This is due to the fact that the energy exchange from the main stream

to the boundary layer is influenced by the three~dimensional effect in the case

of the truncate diffuser; for instance, at the corners of the wall 6 and 6  sare
interrelated. 5 b

Comperison between the Growth of the Boundary Layer in the Truncate Diffuser and
the Conical Diffuser

An attempt is made to determine the conditions under which the growth of the
boundary leyer is the same in the truncaete and conicel diffusers. The boundary
layer is governed by the following equations:

in the truncate diffuser:
d

1 da du

o 92 + (2 + H + < E;) 6, = cy (5.83)
*

H, = N a/ba cp * S (H, Rei) (5.84)

GRG:—iI- = ¢t (0) [+ g (B) {5.85)
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in the conical diffuser:

%; ) +(2+}_1-;-a;)%—£=§— (5.83a)
H sSﬂ@;cf-cf(H,R%) (5.848)
Ry = £ (1) /[ + g (8) (5.858)

a, A comparison is possible only if relation (5.85) is known.

be The problem of equivalence can alsc be formulated by finding the
conditions that would give the same solution for the system (5.83),
(5.84), and {5.85) and the system (5.83a), (5.842), and (5.85a).
In the absence of & known relation for (5.85), we consider the
cese where (5.85) and (5.85a) are identical, BEquations (5.84) and
(5.848) have already been shown to be identical. There remains
to determine the conditions under which (5.83) and {5.83a) would
give the same Bolution,

For the case where the initisl conditions ei, Rgi, and Hi are the same in

both systems, Bquations (5.,83) and (5.,83a) show that their solution would be the
same if

Ai&l@-isouutoli—lﬂ
8 dx U dx 4 rmax U

In the case of incompressible flow,the continuity gives

1de au _ 1 au
a dx dx 2U dx
14ran | L av
7 dx dx 2t dx

and the previous equivalence condition becomes:

du.® 1 ,4v.?
(& 7 (&

=15

Thus, with the assumptions of this analysis, the equivalence condition is fulfilled
if we meke:

U(x) = Vv (x)

i.e., the velocity distribution should be the same in both types of diffusers.
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SECTION V, APPENDIX D

CALCULATION OF THE CHART OF MAXIMUM PERFCRMANCE
FOR CONICAL DIFFUSERS

Application of the results of the studies in Chapter 5.3.4.4 is shown in
the caloulation of the charts of maximum performance of conical diffusers. For
a given inlet condition characterized by (e/d)i and Hi’ we propose to estimate

the highest performance of a conical diffuser having a Reynolds number 233 5
and a corresponding friction factor f +taken from data for fully developed pips
flow. Illuatretion is by way of a numerical example.

a. Relation betwssn the conical diffuser loss coefficients and efficienciss.

On the basis of integrated values, the state of the fluid at the diffuser
entrance i , the beginning of the quasi-steady flow region s, the
end of the diffuser f is represented on the h-s diagram of Figure 5.35.

The diffuser efficiency based on static pressure is defined by:

Mgt = “hrs-i/“‘ 0i - 1

P\ k1l el
.(..I‘.) k _%_ “12 (5.86)
i

Since the diffuser flow is divided into two parts, the contributions of

the nonseparated flow and quasi-steady flow to the diffuser efficiency
can be introduced &s:

bn, = &b _ 4 b Lo contribution of the non- (6.87)
separated flow

&n, = Ahfs-sa Ahoi -4 contribution of the quasi- (5.98)
steady flow

The diffuser efficiency based on total pressure is defined by

Neotal = 2Pots - 1 / 8hy -4

k-1
P P —_—
( of// i) k =1
2
My

-1 (5.89)

"
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The ovar=all loss coefficient is defined by

=1 = Motal T APoi - ofs /Mloi - i (5.50)

: g g '
The components Sy E;Z’ :l*Of S are such that

. §1 e 5, s SM (5.91)
E)31 = Ahoi - 058 // Ahoi -1 (5.92)
When the assumption Ahof -7 Ahofs - fs ié made,
The relation between Natatic and is given by:
Ngtatic - 1 - § - (':_f') 2 (5.98)

For a given cf/ci » Tgtatic varies linearly with E: and the graph
relating these quantities is as shown on Figure 5.36.

b. Conical diffuser performance, numerical example:

3]
given (—a-)i = 0,04 Hi = 1,4
pe,d .
R, = E A= 0.014

the deceleration ratio of the nonseparated flow is obtained from
Figure 5.28.

ci/c = 1.50
8

From data of Figure 5.27a, the necessary length (x/ai) which is
necessary for this diffusion is obtained

x/di = 2.14
Equation (5.59) for the loas coefficient §1, gives:
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The static pressure rise in the nonseparated flow regibn is determined by
/@ and '. The contribution 4m; of this flow can be determined using

Figure 5.36, which gives

Anl = .53

The contribution &ng of the quasi~steady flow region is given by the studies
of Page 179 and Figure 5.29 as:

bng = 21
and the maximum efficiency based on static pressure is;
Ngtatie = 4N * AN2 = .74

Caloulation of the value of the loss coefficient 5,is made with equation
(5.62), u31ng the length x/ﬁ of Figure 5.30;

x/d = 6.0 ;a = 0,037
The coefficient 5, is calculated from Eq (5.64) as
€ = .ose7
u

Thus, the total loss coefficient ‘E and, consequently, the value of the

efficiency based on total pressure are obtained

g = 115

Using the chart of Fig. (5.36), the results of Metatioc and E; the

Ttotal - 886

value ci/'cf can be determined as:
‘g = 1156

6, /6, = 2.6
natatic = .74 s

The length necessary to obtain this performance is given by:
1
x/di + x/d, = 814

Thus, for the given inlet conditiens, the conical diffuser that givas
the best performance is defined.

By changing the inlet oconditions, the results can be put into a working
chart such as Figure 5.31, calculated for

A= 0.014

0.017
0.020
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Remarks:

1. The estimate of maximum performance is based on one single conical
diffuser. Further diffusion-like cascading has not been considered.
Since the performance is given as s function of the initial conditions,
the effect of cascading can be estimated by the successive use of the
charta.
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FIG. 5.35
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SECTION VI

DESIGN, FABRICATION, AND TESTING OF THE SUPERSONIC RADIAL COMPRESSOR

8.1 The Design of the Compressor

In compliance with the development program required in the Exhibit, a
single-stage compressor of the radial type operating at Mach numbers in the
transonic and supersonic regime had to be built and tested. A relatively
small size tyvical of aircraft auxiliary turbomachinery was to be selected,

In order to meet these requirements, the following design philosophy
was adopted.

(1) The compressor should correspond as nearly as possible to one
which would actually be used for aircraft pressurizaticn in the
near future.

{(2) The unknown serodynamic characteristics should be stressed, i.s.,
a compressor design should be chosen which promised the largest
edvancement of the art within the limits of achieving an actual
operating unit. :

Study of the problems of cabin pressurization indicated that a pressure
retio of 6:1 in e single stage would be desirable. This pressure ratio is
actually representative of design requirements for pressurization of the B-02
airplane at high altitudes. Those pressure ratios can be obtained with tip
speeds ranging between 1800 and 2000 ft per second. At these high tip speeds,
the impeller blades must, for stress reasons, consist of radial elements and,
consequently, in a radial-flow machine, an cutlet blade angle of fBz = 0°
hed to be chosen. Though not required in the exhibit, thoughts were also
given to a slightly mixed-flow design, which would have allowed backward-
curved blading though maintaining radial blade elements. Such a design
might have led to some improvements in efficieney as compared to the radial
impeller, though the higher inducer relative Mach number connected with this
design might be a drawback. But preliminary designs alresdy showed that the
required higher tip speeds would make the impeller heavier and might lead to
mechanical problems. The radial-bladed impeller was, therefore, considered
the best solution aerodynamically and stresswise. The following other
reasons for choice of the radial design are given here: '

(1) In a machine designed for use in airplanes, the customer may prefer
the simplicity and light weight of the radisl-tladed impeller to
the slightly improved performance of an impsller with backwardly
curved vanes, which by necessity requires mixed~flow design.
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(2} The radial-blsded machine presenting less mechanical difficulties
than the other one will be available for tests at an earlier date.

(3) A vaned diffuser for the radial-bleded impeller, being of the purely
radial type, may incorporate mors easily variations of the diffuser
vanes and within s shorter time.

The impeller size was selected with reference to the requirement of air-
craft auxiliary equipment., However, consideration was given to the practical
aspects of instrumentation and accuracy of measurement which favor the
larger wheel sizes of a given size range. Actually, the best index for
sizing @ machine is its Reynolds number. In order to remain in the desired
Reynolds number range, a impeller diameter of 11 inches was chosen. Thia
diameter is slightly larger than the range of sizes of air conditioning
equipment indicated in the exhibit, namely, between 5 and 10 inches.

In erder to arrive at the optimum internal shape, the design method
laid out in Section IIT was followed accurately. Some design criteria have
to be assumed in this method, and these are discussed below:

As shown in Fig. 6,14, the inlet to the compressor comprises a large
bellmouth. Due to the flow curvature, the axial inlet velocity at the design
conditions is not constant but varies from hub te shroud. This velocity
distribution was determinad by the methoda of Section III, and is alse
modified by the impeller itself, whose action has an influence on the axial
velocity prefile. The flow and blade angles as arrived at in the final
degign and whieh take the gbove~discussed influences inte aeoocunt, as well as
the velocity triangles at inlet shroud and at the tip, are presented in
Fig. €.1.

At pressure ratios of a magnitude as required here, a design for high
specific speed is m necessary requirement, in erder te keep the diffusing
passages of the compressor reasenably large and, therefore, the frictional
lesses dewn to a minimum. This requirement leads to a large ratio of
impeller eye to impeller tip and, consequently, to superseniec relative Mach
numbers at the impeller eye. One of the main preblems in designing high
pressure ratio compressors, therefore, invelves the supersonic and transonie
flow conditions at the inducer. The design of the inducer section near the
shroud was done in accordance with Section III, such that wave propagation
upstream of the impeller is reduced to a minimum,

In Section III, certain design criteria for an optimum loading distri-
bution throughout the impeller are presented. At first, these design
criteria were somewhat modified. It was originally conceived that in order
to postpone possible separation until the radial section of the impeller,
the mean relative velocity should not decrease too mush within the inlet
section of the impeller. Fig. 6.2 shows the cemputed relative velocity dis~
tribution along the shroud. Also indicated is the assumed point of possible
separation. The corresponding velocities gt the hub are shown in Fig. 6.3.
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This design, however, is - as could be seen frem tests - extremely sensitive
to the slightest flow separation, and smsll errors in the assumed boundary
layer thickness could completely upset the flew pattern. These difficulties
were not sufficiently realized at the time the first impeller was designed.
When test reasults of this impeller were available, the deficiencies of this
design approach were recognired and another impeller was designed which is
based on the design criteria conteined in Sectiom IIT.

The pertinent design data of the compressor are sumarized in Table I.
The meridional shape of the impeller is shown in Fig. 6.4. Also indicated in
Fig. 6.4 are the charges made for the second impeller design which is
discussed later. The Impeller blade dimensions are compiled in Fig. 6.5.

Fig., 6.6.
on two ball bearings.

WADC TR 55-257

TABLE I
Tip diameter, inches 11
Inducer to impeller tip diameter ratio . 682
Inducer hub to inducer tip diameter ratie .411
Tip Speed corrected to 519 degree R inlet
temp ft per see 1839

Absolute average Mach number at inlet +595
Relative Mach number at inducer tip 1.306
Relative Mach number at inducer hub .753
Relative flow angle at inducer tip 63°
Relative flow angle at inducer hub 39°
Inlet to outlet relative velocity ratio 2.04
Outlet abselute Mach number 1.20
Outlet angle of abselute velocity 68,2°
Tangential velocity to tip speed ratio

(slip faeter) .82
Corrected mass rate of flow 1lb per min 608.1
Expected pressure ratio 611

6.2 Fabrication of the Compressor

A crogs~sectional drawing of the supersonic compressor ig shown in

245

The compressor has an open-faced radial impeller mounted overhung
The impeller consists of two pisces, a stesl wheel and



an aluminum inducer. The compresser and the turbine drive have separate
bearing assemblies. A torsion rod transmits the torque from the turbine te
the compressor and takes care of small misalignments of the drive. With
high-pressure ratio compressors, the thrust balancing poses quite s preblem.
This balancing is done bty connecting a sealed portion of the disc area with
the inlet plenum chamber, By varying the bleed from this sealed off area te
the plenum chamber by means of a valve, the thrust was maintained at reasonable
values at all running conditions. The bleed pipe is indicated in Fig. €.6 by
g dotted line.

As Fig. 6.6 indicates, the diffusing section is built up of two parallel
stainless steel walls., The distance between the walls can be adjusted, to
accommodate variable impeller tip width which, in turn, allows variation of
the deceleration rate within the impeller.

The radius ratic of the vaneless diffuser was made as large as possible.
so that the flow velocities at the discharge from the diffuser inte a collec~
tion chamber are reasonably low., In order to minimize nonaxially symmetric
flow at the diffuser exit, which camnnot be avoided when one radisl discharge
duct is used, a comparatively large collection chamber has been provided.

The inducer was msnufactured by & duplication process from a 10 times
size cavity.

The photographs, Fig. 6.7 to Fig, 6.9,show views of the impeller, including
the shaft assembly, the large collection chamber, and the rear view of the
installation with the turbine drive. Turbine air inlet is from the bottom;
the combustion chamber protruding from the turbine housing is plainly visible.
The hot gases exhaust through an axial exhaust pipe.

6.3 Test Equipment and Operation of the Compressor

A drawing of the test installation is presented as Fig. €.10.

The oompressor is driven by a gas turbine capable of producing sbout 600
horsepower at the compressor design speed of 38,300 rpm. Because of the
considerable power absorption of the test compressor which could not be met
by the available turbine drives, it was necessery to throttle the inlet of
the compressor. This throttling also had the effect of approximating the
Reynolds numbers cleoser to those found in actual high=-altitude flight
conditions.

The compressor air flow is memsured with an ASME standard orifice type
flowmeter which is made up of a 10,0-inch duct and a 6.5-inch orifice, and
is located at the compressor inlet upstream of the compressor inlet throttling
valve. The photograph, Fig. 6.11, shows the measuring section. The throttling
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velve discharged inte an inlet plenum chamber with a volume of about 50 cu
ft and from there into the compressor. Fig. 6.11 also shows the plenum cham-
ber and the electrically operated throttle valve ahead of it,

The cempressor is instrumented for the messurement of over-all
performance, impeller performance, diffuser performance, and compressor
pressure rise as a function of linear distance threugh the mechine. The
details of the instrument installetion are:

A. Pressure Measurements

1, Compressor inlet pressure measursments are obtained from two
wall taps and two Kiel-type total pressure probes located in
the large area (3.0 sq ft) section between the inlet mixing
tank and the compressor inlet bellmouth.

2, Compressor discharge total pressure is measured at the
discharge of the vaneless diffuser with four Kiel-type
total pressure probes.

3. A total of 36 static wall taps are located along the
compressor inlet bellmouth, the impeller shroud, and on
both walls of the vaneless diffuser. Fig. 6.12 shows the
position of the static taps along the shroud streamline.

At one radial station in the vaneless diffuser, an extra set
of wall taps are provided 135 degrees frem the original set
as a check on the assumption of radiel symmetry of the flow.

4. Other miscellanecus pressures ohserved during operation of
the machine are turbine and compressor o0il pressure, turbine
fuel pressure, and turbine inlet air pressurs.

B. Temperature Measurements

1. The eompressor inlet temperature is measured with two iron-
constantan thermocouples locsted in the same plane as the
inlet pressure messurements.

2. The compressor discharge temperature is measured with four
iron-constantan thermocouples lecated at the discharge of the
vaneless diffuser.

3. Other temparatures measured were orifice inlet, bearing
temperatures, o0il inlet temperature, and turbine discharge

temperature.

c. Dif fuser Survey Instrumentation
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1. Four survey stations are provided in the vaneless diffuser at
radius ratios of 1.048, 1.091, 1.180, and 1,360, where the
diffuser inside radius is 5.58 in.

2. A remotely controlled probe-positioning device is used which
allows the operator to move the survey probe in the yaw and
traverse direction while the test machinery is operating.

3. A yaw-total pressure probe was constructed. The probe head
is of the cobra type which has proved both reliable and
accurate.

4., A total temperaturs probe was made to the same over-all
dimensions as the yaw-total pressure probe. The probe was
calibrated and was found to have a recovery factor of
approximately 0, 90.

5. A system for correct indexing of the survey probes was
devised, using a reference surface on the compressor housing
and spirit levels attached to the probes.

D. Speed Measurements

1. An EPUT meter (slectronic event counting device} is used to
cbtain the compressor speed in rpm. A monopole speed pickup
placed in the vicinity of the driving turbine shaft nut
provides the speed signal. The accuracy of the azpeed memsure-
ments is 20.2 per cent of the compressor speed.

E. Impeller Rub Warning System

1. Due to the high thrust lead on the impeller, a warning device
was installed in the impeller shroud to warn the test crew of
impending failure. The system consists of a simple d-c
circuit with rub taps wired in series. The taps are located
in the inducer section and on the radial face of the shroud;
the taps are set 0.007 inches in from the surface of the
shroud. When one of the rub taps is contacted by the
rotating impeller, the circuit is broken and a light on
the instrument panel turns on,

The test compressor was operated manually by the manipulation of
ffour valves: the turbine inlet air valve, the turbine fuel control
valve, the compressor inlet throttling valve, and the compressor dis=-
charge valve, These four valves were successively adjusted until the
desired compressor cperating conditions were obtained. A time interwval
of from five to fifteen minutes was required between each data point to
allow the temperatures to stablilize, The asccuracy of the data to date
is within the probable acouracy of instruments being used.
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The diffuser survey tests were conducted by first installing the yaw-

total pressure probe, setting the test conditions, and obtaining the survey

data.

Then the compressor was shut down, the yaw-total pressure orobe removed,

and the total temperature probe installed in its place. Identical test
conditions were set up, and the total temperature survey was made.

6.4 Test Results

Test results for the original desipgn of the supersonic radial

compressor are shown in the following Figs. 6.13 to 6.17. They indicated

rather poor performance. When the first static pressure measurements
along the shroud were available, it was realized that the small area
change within the passage was not sufficient to counterbalance the
losses due to friction and flow separation at the comparatively high
Mach numbers with the passage. This showed up in the statie pressure
surveys of Fig. 6.14 where, between station J and L, & considerable dip
of the static pressure can be seen., (See Fig. 6.12 for position of the
stations.) A continued static pressure rise was not accomplished
prior to Station K. This dip, as seen in Fig. 6.14, initisted approxi-
mately where the bump in the hub contour starts. Two influences are
probably to blame for the pressure drop: (1) insufficient opening of
the flow passage in the flow direction and (2) as an aggravating in-
fluence on flow separation, inasccurate manufacture of the inducer
pertion. Tt was found that the inducer was not made according te
print, and the blade angles were a few degrees off,

The over-all performance of the first version of the supersoniec
radial compressor as shown in Fig. 6.73 indicates insufficient per-
formance over the entire performance range which may be explained to
a large extent by the phenomens pointed out above. The flow was
approximately 8 per cent short of the design flow. The pressure
ratio was 4.6 compared to the design objective of 6.0. The surge
behavior was also worse than expected, very probably influenced by
flow separation and subsequent velocity redistribution,

In order to trace the cause of the impeller deficiency more
sccurately, surveys were made at the impeller discharge and are
presented in Figs. 6,15 and 6.16. These figures show a very uneven
velocity profile and a considerable variation of the flow angle at
the impeller discharge,changing from -15% at the hub to +40° at the
shroud. Of interest is & curve of the total temperature betwsen hub
and shroud. Temperature differences of almost 100F could be measured
betwsen minimum and meximum values.

Based on the knowledge gained from the test data on the first
impeller design, a second impeller was designed which intended to
eliminate some of the undesirable design features of the first one,

In order to utilize the available test setup, only such changes were made

which were possible within the shroud contour of the first impeller.
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It was, therefore, decided to correct the hub contour in & way as to
ascommodate our more recent design philosophy for the blade loading

of a high compressor impeller. Fig. 6.4 shows the corrected blade
design indicated by dotted lines. In eddition, the inducer part which
was incerrsctly manufactured at the first design was redone, and it
was made sure that the blade shape conformed with the drawings,

Test results of this compressor are shown in Fig. 6.17 from 50
per cent to 100 per cent speed, The chart indicates that the perform-
ance has considerably improved. A maximum pressure ratio of 5.2 could
be obtained with 65 per cent effieiency, and the curves for the various
speeds were much more uniform and showed a wider volume range than
previously. The corrected weight flow was increased to 600 1b, which
is equivalent to 99 per cent of the design flow. The surge behavior
had alse® improved, and the surge line fellowed the conventional
pattern more closely.

Tt must be mentioned that the efficiencies given in Figs. 6.13
and 6.17 are over-all efficiencies froem total inlet to total exit at
the very large vaneless diffuser. Because of the very large diameter
of the diffuser, the diffuser lesses are higher than in an optimized
mechine., With an optimized diffusion section, higher efficiencies
have to be expected.
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z Rq Ry ¢ tg ty
in, in, in. in, in.
0 5,500 4,320 0° 0,150 0,331 EXIT AT HUB LINE (BLADE)
0.220 5.800 3.460 0%  0.100 0.414
0.440 5.500 3.142 0° 0.051 0.412
0.485 5,500 3,096 0 0.040 0.410 EXIT AT SHROUD LIKE (BLADE)
0.500 5.500 - - - - EXIT AT SHROUD LINE (STATICNARY SHROUD)
0.660 4,556 2.928 0° 0.145 0.3%
0.8376 4,252 2,802 0° 0.152 0,378 PARTING LINE
1.100 4,017 2.624 0.10° 0.140 0.352
1.320 3,902 2,458 0.40° 0.124 0.340
1.540 3,828 2.280 1.03° 0,112 0.336
1.760 3.780 2,093 2,059 0,092 0.300
1.980 3.753 1.902 3.48° 0.080 0.248
2,200 3,750 1.740 5.48° 0,068 0.208
2,420 3,750 1.627 8.14° 0,057 0.176
2.530 3,750 1.590 6.77° 0,053 0.164
2.640 3,750 1.5687 11.54° 0.052 0.160
2,750 3.750 1.540 13.65° 0,051 0.156
2.86C 3,750 1.517 16.12°% 0,037 0.148
2.9376 3.750 1.500 18.00° 0.020 0.144 ENTRANCE
NOTES: 1. For 2 =0 to 0.485 the quantities Rg and tg4 refer to
radii and thiocknesses along blade at the tip radius
2. Blade thicknesses tg and tyg are takem in tangential direction.
Blades have linear thickness taper between hub and shroud
3. For A = (0.500 to 2.8376 Rs refers to stationary shroud., Blade
clearence is C.015 in, at Z = 0,500, increasing smoothly to 0.022
at 2 = 2,200, and constant to impeller entrance.
4, For symbols, see Fig. 6.4.
FIG. s.s5 COMPILATION OF IMPELLER BLADE DATA
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FIG. 6.7, 8.7 VIEWS OF IMPELLER
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FIG. 6.8a, 6.8b VIEWS OF IMPELLER BLADING
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FIG. 6.9a, 6.9b6 COMPRESSOR ASSEMBLY WITH TURBINE DRIVE
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FIG. 6.11a, 6.11b INLET DUCT AND PLENUM CHAMBER
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DISTANCE BETWEEN STATIONS
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WADC TR b56-257 262




IOO\

a5
95
/]
7
7/
4.0
9 60
63
N/ G DESIGN = 38300 RPM 5
) A
35 //
9 7
t—-
< PERCENT OF DESIGN CORREGCTED SPEED = 80—
u /
[r e
a
¢ 3.0
e SURGE LINE"‘/ 7 \ i
a 85
- 63
Q
§ 2.5 VAN _
7)) /7
w L
o
a
z A
[3) 65
60—
20 , | 7 \ -
50
50
T
5 AL ésa 0 [N/
/“/ 65'/ " NLINES OF CONSTANT
76
EFFICIENGY
1.0
180 220 260 300 340 380 420 460 500 540 580
WJE/S, COMPRESSOR CORREGTED WEIGHT FLOW, LB./MIN.
FIG SUPERSONIC RADIAL COMPRESSOR OVERALL
o 6'13

PERFORMANCE, (FIRST DESIGN)

WADC TR 55-257 263




Ly

L3Nl ¥37734W1 Ly IYNSS3Hd TVvIiO0L

SNOILVLS

M A n L S ¥ DdO0O N W 1 d¥rI1H9J3 @ 9 g v
_ T N S S W W L 111 _ _
}
|
“ 8'0
| %001
. " 4
HONI 00’ _ \ %08 T T
A _ " .lll.l.r —_— c——
| ) — %09 T —
o'l _ \\ ./, o
\_A\
4 17 by
> / =
. ] \ 21'9 ‘914 33S ‘GNOYHS ONOTV
° — . " SNOILYLS 40 NOILISOd ¥O4
] d\ t '
m O %09 7 ! ¢
A 7
3 e !
m |
B g t
- |~ ! gog¢ %09
L \ | o
Io¢ —58 _ 86b %08
= i 896 a33dS ‘HHO0O %00
o
NIN/87 ‘MOT3 LHOIIM
¥3sNn34ia e 4311 3dN! >l HLNOW1138
. %001 ]
o) |
I9NVHI| 31V0S
|

STATIC PRESSURE SURVEYS ALONG SHROUD

8.14

FIG.

264

WADC TR 55-257




TEST CONDITIONS
N//B = 38300 RPM

B/ Py =455

Tor @ 9925 DEG R

"Ia 4> ©056%

.W_gé._ : 567 LB PER MINUTE

1.3 T -\

M ~ MACH NO.

ol

14

0 10 20 30 490 50 60 70 80 90 tQ0
PERCENT OF 2Z

FIG. 6.15 IMPELLER DISCHARGE SURVEY RESULTS
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