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INTROGDUCTION

As compared to the work on axial mackinery, very little tasic experimental
work has beeu done on mixed and racial *ype compressors, particularly for
high speed, high pressure rziio machines. This is due, primarily, to the
fact that axial compressors have exiiibited greater promise for application
to aircraft propulsion. Okker factors are: (1) the relative compactness o
the radial machkine in which the iaterral aerodyramic processes are more
difficult to dissociate than in the mulustage axial machines; (2) the aerodyzamic
complexity of the radial mackine and the greater number of iateracting
variables which enormously complicate systematic 1investigations similar
to those achieved on stationary cascades: (3) the nature of the interzal fiow
in which centrifugal and Coriolis ={fects play major roles hoth oa the main
flow znd the boundary layer, thus renderiag theoreticzl computations difficelt
and stationary testing useless.

While the axial compressor remains unchallenged for rurbomacniss
applicaticas recuiring medinm to large throegh {lows with mmimuom over-all
diameter, the mixed and radial compressors are first choices {or 2 greal
many other specific applicatoas. This choice may be dictatsd by coasiderz-
twas of spectfic spevd. limited axnial length. rugredoness. simplicity. or the
need of operating in a dusty environment. Suckh specific applications are
innumerable, embracing the fields of aircrait accessories, auxiliary power
pilants, small aircraft engines. ground cquipment. etc. la orief. turdoomachines
of small 10 medium power outputs, where the over-zll diameter is not 2
limating factor, fall into this category. The need for appiied researck zimed
at providing an increzased understanding of the flow pbesomerna ia mixed and
radial compressors is obvious. if smaller. lignter. and more dependadie
equipment is desired. Suach research must be aimed at provding missing
design information and improving the periormance from e stanspowmnts
=ficiency, widith of the operating range. attamnanie pressure leveis aad
through flow capacities. The neeri for this work is made more 1mperaiive
by tre inherent complexity of the flow pheaomera. Ia additzon. progress
made and the techniques deveioped in coanection with axial machines are
available and will be of great value rtoward (mproving our understanding of
the radial machine.

To this date. test work on miyed and radial flow machines (o iavestiZate
experimentally the effect of changes of geometry has been done mainly oy
NACA . The information, however, was not ottained {cr the spectfic purpose
o estabtdishing desigm criteria. The oryinal intemion was enther !0 Iavesugase
simpie and inexpensive mudilicaticns 11 the hope of achieving scme perfcrmance
improvement. oc o alter a regroa of the ‘mpelier where some desagn cncertain-
ty existed unt)) ‘3¢ optimum shape was arrived zi experimentaliy.
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In references (36) and (37), the amount of deceleration in the impeller
was reduced successively in two ways; first, by thickening the blades, and
second, by narrowing the exit width. While measurements taken inside the
impeller show an increase in efficiency, this improvement is not refl.ected
in the over-all performance of th2 compressor because of extraneous etfects
such as changes in the thickness of the blade wake and changes in leskage.
These results, coupled with the fact that the :est impeller was rua at very
low tip speeds, detract ~onsiderably from the usefulness of the basic infor-
mation for design purposes.

In references (2) to (7), experimentzal study was made of two {arailies
of impellers. The two families differ in that the flow area is soatrolled
in one case by the meridicnal shape and in the cther by the dlade thickness
variation. Similar blade loadinzs were aimed at but were not achieved.
Within each family, variation of the tip exit width was introduced to clange
the amount of deceleration in the impeller. The test results clearly brought
out the superiority of the thin-bladed impeller, although one can only guess
at the causes. Difficulty also existe in evaluating the effect of changing tip
width, which is not clearly brought out by test, probably dse ts simultaneocus
changes in the diffuser performance.

The eiiect of blade loading was investigated in references (21i, (22), and
other reports yet to be published. Preliminary information available at this
date seems tc indicate that better performance will be achieved with a lightly
loaded inducer.

It is seen that there is only meager systematic investigatioa of the
basic parameters in the field of radial or mixed-flow compressors. Without
thiz information, basic design criteria cannot be set and fundamental im-
provements in compressor performance are left to chance. It is the prime
objective of the preseni progrzm to isolate a few more basic and signilicant
variables in order to investigate them s.~elv, to evaluate their efiects upoa
the impeller performance, and ultiinately tc set up basic criteria for the
design of high performance compressors.

WADC TRS535-589
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I STUDY OF VARIABLES AND DESIGN CRITERIA

Tr.e {irst cbjective of the present recczrch program (s to select among
all the var.Ables er*~ring the decige of 2rn :mpeller those whici:. {irst,
are universal enough tn be used {or any impeller design. and second, are
ol grecicst significance .a thei~ effect upon the impeller performance. The
second objective of this progran is tc investigate theoretically and experi-
mentally these effects to establish basic desigr criceria.

A. Discussion of Design Variables

Within the {ramevwork of extereally imposed impellier design features.
based on noan-aerodynamic require .c¢tls cr om aerodynamic considerztions
the effects of which are thoughi 1o be well understocd, there remains a
coansiderable smount of design freedom, particularly in the internal shape
of the impeller. Those 2erodyaamic ieatures which are believed to be
understood become part of thc regular design procedure. They are fully
described in Section [I, General Impellier Design Procedure. Tie remainiug
aerodynamic features required to compiete the design zre.' {or the most
part, established from expetrience and judgzmez: As will be explained
they consist maialy of the choice of the meridiozcai costuar. the mumber,
shape, and thickness of the blades. the distrioution aad amount of incidence,
and the length of the flow passages. [t 1S among these variahles that selecticn
of the moet significant quantities must be made ia the present study. Ouly
a few of thea® variables cam be coasicered separately. i{ the total number af
variatioas 1s to be kept within reason. Threse few will be calied primary
variables. The guestioa thea arises as (0 what constant value to assign to
the socalled secondary varizbies. One approach is that the secondary
variables be optimized withia the design. Each desiga would then, in itself.
be an cptimuin coafiguration for the particular variatioz chosea. The proviem
ultimately would then be reduced to the finding of the hest of several optimized
impeliors or, figuratively speaking. {ixiing the highest peak among several
peaked curves. However, it 1S quite apparent that, i such anm approach were
rigidly followed, a good impeller would undoubt«dly e produced bt it would
be virtually impossible to isolate the separate effects of the primary variables
because of variation in the secoadary variabies. Another approach would be

WADC TRS6-35€9 1
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to keep the secondary variables unchanged. This has the disadvantage of not
being able to produce an optimum impeller, because the ultimate optimum
combination of primary variables would not be achieved with the optimum
combination of secondary variables (which have remained unchanged). It
appears then, that a compromise approach becomes necessary. Optimization
of each primarv variable should be casried out only so far as variation of

the secondary variables is not required. Each primary design variatior must
te so made that all secondary variables can remain unchanged and yet make
up a near optimum design. I thie compromise is practical, it will have

the advantage of isolating the significant variables and sull produce :. near
optimum impeller.

B. Selecticn of Design Variables

It was quite apparent from the start that the choice of the design variation
should be limited to variables iniernal to the impeller rather than to variable
relationships between the impeller and its external surroundings, ruch as
mean line velocity triangles, impeller cone angle, inlet geometry, and the like
This will be done consistently in this work, except 2s is otherwise specified
in the originai research contract.

1. Over-all Blade Loading

One of the must fundamental quantities entering the design of the
compressor in general is the over-all blace loading. ‘this criteria is,
at the present time, missing in centrifugal impellers and is left to the
experience of the designer. What is needed is the counterpart of such
axial compressor design quantities as the diffusion factor or the product
of solidity times lift coefficient. This need is particularly important
in view of the fact that the radial nature of the flow may permit the
achievement of quite high loading. if advantage is taken of potential
ooundary layer control by cerntrifLzal action.

WADC TRS56-589 2
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Achievement of variable over-all blade loading can be done either
by changing the number of blades or by changing the impeller {low length.
each affecting directly the blade solidity. Changing of the number of
blades is nnt altogether satisfactory in view of the fact that in high
specific speed machines an upper limit to the nuraber of blades is soon
reached beczuse of restrictivns imposed by cutter size requiremernts
in machining the blades in the hub i egion. A more flexible solution is
io vary the over-all blade loading by combining changes in the number
of bladee togethgr with changes in blade chord, i.e., chonges in impeller
length. It i3 difficult to predict which of the two effects is best from
the standpoint of efficiency. Wall friction 1s ahout the same for toth.
The extent of the secondzary flow in both cases is cortrolled by the
pressure gradients n the boundary laver, the inagniiu‘e and directioa of
which is affected by many coasiderations besides passage length and
number of blades. In favor of the impeller with many blades, and a2
short passage is the fact that secondary flow accumulations are quickly
discharged through the exit, but this action is somewhat offset by the
iant that greater design flexibility exists with ionger passage 22d fewer
blades. Again, in fz2vcr of the former. is the lighter weight ci the impeller.

It appears then that an impeller with iightly loaded blades will have
a general appearance of being longer and will offer greater design
[lexibility than its stubbier counterpart with -heavily loaded blades. It
must here be brought out that the success or failure of either type will
have profound implication uper the form of the best design philosophy .
The formur approach (lightly ioaded blades and long passages) is based
upor a design philosophy in which large frictional effects are tolerated .
but where boundary layer build-ups are minimized. The latter (heaviy
loaded blades and short passages) is based on the idea that some flow
separation is anticipated bu?, becauvse of the shortness of the impeller
and the shape of the meridional section, stagnating fluid will be dischkar:
before it can build up in one area and d'srupt the over-aii flow pattern.
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2. Distribution of Blade Loading

Just as {mportant as the amount cf over-all loading is the distri-
bution of that loading between inducer end and wheel outlet end. A
heavily loaded inducer ig attractive in that coneiderzivle work is done
where the boundary layer is new and little developed. However, it is
felt that because of the high sensitivity of the flow in a transocaic inducer
the cbove achievement is difficult. A heavily lozied wheel portion
suffers from accumulated boundary layer and from developed secondary
flow, but may be successf‘il if full advantage is taken of the centrifugation
of the boundary layer.

Variatien in blade loading distribution along the impelier can be
achieved by changing the meridional shape or by adjusting the blade
thickness or biade camber. Of these, blade thickness changes are not
satisfactory, since an appreciabie fraction of the flow relative to the
blade is supersonic. In order to minimire blade losses, it is necessary
to keep the hlades as thin as feasible. Changing the meridional contour
to achieve changes in loading is subject tu two difficulties. First, any
desirsd loading carnot be s8n attained, it blade camber, inlst, and exit
conditions are fixed. Such contour changes are much mor : suitable as
a tool for making refinements of a loczl nature rather thar: basic changes
for the whole impeller. Second, changes in meridionai ccatour aimost
always entail changes both at shroud and hub. This causes loading
rezadjustmenis between hub and shroud, changes in chamnel aspect ratio,
etc., with the nei result that the effect of 1cading distribution betweenr
iniet and exit cannot be ipolated. A more direct approach thes is to
achieve the desired effect by changing the shape of the tiade camber line
only. Loading is very sensitive to this latter variable and no other
extraneous effect is introduced.
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3. Impeiler Exit Cone Angle

Invesiigation of the effect of varying the exit cone angle was
specifically requested in the originai problem statement for this
program. Even tiwough exit cone angle is an external impeller
variable, its main effec: is that of varying the impellier length.

As such, it may be considered as an additional variation under

part (1) above. In addition, it is articipdted tnat a redistribution of
blade icading betweer shroud and hub will take place. The hub
lcading in the inducer will be even lower in the case of the 30-degree
impeller than for the 6)-degree vxil case, first, because of the
lesser {luid deceleration there ard second, because turning of the
olade at the hub (with radial blade ¢<lements) will be less s~vere than
for a 60-degree case with the samc blade shape a: the sarcua

At the presen! (ime, it would be extremeiy hazardous to attempt
to make predictions of the efficiency poteatialities of the 30-degree
umpeller 25 compared to the 50-degree type. It may be said, however,
that a2 good part of the ansver may pe known when the resuits of
part (1) above are availabie.

It must be kept iz mind that an impeller with 2 20-degree cone
angle will require a different diffuser. As such, the potentialities
of the compressor must not be confused with the potentialities of the
impeller. Ia 2dditon, the impeller with 2 low exit cone angle will
almost necessarily be a heavier piece of machinery.
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)0 GENERAL IMPELLER DESIGN PROCEDURE

Contrary to the asrodynamic design information aveiiable for axizl-{low
compressors, no generally accepted procedure, backed by exteasive and
detailed tost informaticn, exiets [or radial or mixed-flow machines. Partly
because of the complex nature of the flow process insids suh impellors
and because of the large number of possible geometrica: parasneters, no
known systemacdc testing { impeilers or impeller compones has been
undertaken. Whatever {nformation is available on such things as detuils
of the internal ficw patterns or the effe>t of some particular geometrical
variation is restricted either to liquid pumps cr to low speed centrifugal
compressors, (ref. 35.37.) Design of the highsr speed compressors is
based mainly on theoretical considerations combinad with xhatever
information can L2 borrowed from the work done wil. axial compressurs aad
with centrifugal compressors handling incompressible or nearly incompressibie
fluids. In short, experimentally determined design criteria are nc! av.!'=sble
to supplement theory in those areas where the theory is irsuificiently deveso, ed

to supply the information.-

Among the many such design criteria may be listed: (1) ti.e best loading
distribution between inducer and radial portion of impeiler, (&' a meausof
predicting and controlling the behavior of the bourc..: ; layer, (3) an opt!mum
combination nf blade turning and meridional deceleration, (4) the effects o
the loading distribution between hub and shroud, (3) which loading (bub, shrcad
or 50 per ceat streamline) must be contrclled most carefully in that it bears
greatest influence on the over-all purformance of the compressor, (8) s
quantitative understanding of the sources of losses, their magnitude and
distribution, (7) the effect of impeller gecometry on the shape of the exit
velocity profile, etc. In the absence of such general information, othex
criteria must be devised. Some are based on a meager understunding of the
internal flow behavior frum theoretical considerationc ~ad others are bused
on judgement and experience.
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It is generally felt that = good design must not caly be such that all
calculated flow quantities vary in a manner acceptable to theory but also that
the design as a whole must be appealing to the experienced eye. This
restriction rules out oddities in design such as startling wall coatcur shapcs,
wavir 7 flow passages etc. [t is also felt that the greuter care ir d=sign must
be given to the shroud rather than to the hub. Thig 15 supported not ouly by the ract
that the larger fraction of the total flow is subjectea to the shroud conditions,
bz=t 2180 Lecause relative velccilies there are bigher. Low Mach number flcws
have the ability to adjust themselves cownparatively easily to geometrical
variations, whereas high Mach number flows are extremely sensitive to guch
changoes. In addition, losses incurred in high velocity flow are usualliy large.

At iz time, indications are that the variation of suction and pressmre
side relative velocities is a good index of the quality of a design. Difficultiss
arise only when the criteria of rate of deceleration and am.unt and distrituticc

cf loading are needed. In the absence of such specific data, we must satisfy
narselves with the following rulec:

(1) All flow passage arcas must exhibit smooth and gradual

(2) Al veloc:ities and pressures along streamlines must change
in 2 smooth continnous way, with avoidance of high localized
gradients.

(3) Avoidance Gf 21l unnecessary accelerations or decelerations.
If an over-all d2celeration process is desired, for exampie,
the iatermediate urccess must be decelerating everywhere,
except for unavoidable ex-eptions where acceleraticas must
be kept at 2 minimum.

{4) Relative velocities must be kept comfortably positive everywhere
in order to aveid dead fluid areas or back flow.

(5) Impeller blade loading must be uniform:ly distributed, witk the

loading limit on the inducer not greatly exceeding tlui aliainable
in a corresponding axial cascade.
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(6) Large decelerations in regions of aaticipated thick boundary
layers mus: be avoided. Reference (1) provides information
on boundary layer growth against adverse pressure gradieats.

(7) A certain amount of control of secondary flow can be had by
designing in such a way thut the radial pressure gradients
in the main {low will tend to neut-slize the centrifugal pressure
gradients set up on the blades in the boundary layer.

In transonic flow, it is felc that most of the difficulty experienced is dve
to our inability to describe the flow with sufficient accuracy. Transonic
flow is extremely sensitive to area changes. Design procedures which predict
the flow passage areas with sufficient accuracy for low subsonic velocities
become inadequate at high Mach numbers because approximations are no longer
tolerable without great sacrifices in efficiency. With the development of more
exact design procedures it is reasonable to expect that the efficiency of high
fiow, high pressure ratio machiies can be made as high as their more con-
servative relatives.

A. One-Dimensional Aspects cf Design and Determination of External
Geometry of Impeiler

It is intended in this section to present the procedure by which the basic
external dimensions of an impeller are estahlished. While the procedure is
based on concepts which are generally accepted, a good maay different approaches
exist. The present cne (considered here) has the advantage of reducing and
grouping several steps of the procedure into a simpler form which is applicable
to any radial or mixed-fiow impeiler.

The usual requirements of a compressor are that it be capable of handii...
a specified mass rate of flow against a specified pressure ratio. This informs-
tion together with some knowledge of the particular application of the unit esiab-ish
almost completely the one-dimensional over-all {eatures of the compressor . .
A amall amount of freedom, however, is ieft to the designer. It is one of the
purpozes of the present regearch program to single out these degrees of
fireedom with the intention of establishing criteria leading to optimum designs.
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It i necessary to differentiiiz between impeller external and internal
geometry. In the external geometry there are included all quantities and
dimensions which are 1ndependent of the details of the {low pattern inside
the impeller passages. The external geometry can, in general, be
established by one-dimensional etudy of the ullet and exit conditions. It
involves the following quantities:

Impeller blade angle at the exit
Impeller tif speed

Impeller mean exit diarneter

Inducer tip diameter

Inducer huo diameter

Impeller exit width

Impellier (approximate) over-all length
Impeller exit cone angle

On the other hand, the internal geometry of the impelier can oanly be
arrived at by detailed two- and three-dimensional analysis of the internc}
flow. The interaal geometry is completely defined by the foliowing quantities.

Exact shape of hub and shroud contour
Blade camber distribution

Number of blades

Blade thickness distributioa.

The Jedails of the anxlysis of the internal flow will be the subject of the
next chapter.
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As a rule, it is not possibie to solve directly for each external quantity
in succession. The procedure is rather ove of successive approximaticas to
be repeated until all conditions are met and all the various physical guantities

are consistent throughout.

Two of the above listed interaal quantitiec are, at the preseat time,
without benefit of specific design criteria and are lef{ to tle designers
experience: they are impeller length, and impeller exit cone angia. As
previously mentioned, these quantities have been selected as (wo of the
primary variables to be studied in the present program. It is believed that
ali other external physical quantities are {ixed by specific design criieria.
A discussion of these criteria will now be undertaken; taken together they
make up the design procedure followed by AlResearch ior the impeller
external features,

(1) Impeller blade angle at exit.

In reference (1) a generalized study was undertaker to optimize the
geometry of radial impellers. The results are applicable to impellers with
slightly mixed-flow as well. The study indicates that, for the type of
impeliers here considered, the effect of blade exit angle on over-all
compressor efficieacy is slight provided the biades are neariy radiai.

In addition, the impeller with nearly radiai blades was found tc be optimum
in efficiency for the range of pressure ratios, here considered.

A further consideration entering into the seiectica of hlade exit angle is
that of stress. High tip speed dictates the cho'ce of blades consisting of
radial elements. In stroagly mixed-flow impellers backward-bent blades
can be had with radial elements but for impeiiers which are oaly siightly
wixed-flow (nearly radial) the amount of backward curwature pogsible is
diminighingly small.

(2) Impeller tip speed.
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The selection of the impeller tip speed {depends on the choice of the wean
inlet and erit velocity triangles These triangles,in turn, must satisfy the
requirement of impeller work iaput. While the amount of work input 15
primarily dictated by the required pressure ratic, it also involves considera-
tion of the extent and distribution of the losses in the compresegor. The
assignment of numerical values to these losses musl cbviously be based on
experience and avaiiable test results. This circumstance holds equally true
for several other faclors required to complete the velocity triangles. They
are:

(1) Amount of impeller slip (rei. 1, 8, 9, 10. 11)

(2) The radial velocity gradients anticipated along the
inducer leading edge.

(3) Maximum permissible rzlative {low deceleration in the
impeller, expressed either in the furm of a diffusion factor,
or more commonly, as a deceleration ratio, (ref. 10, 11)

Figure | summarizes some of the results of ref (1). As might be antici-
pated, the impeller efficiency is strongly affected by \he amount of wheel
reaction, i.e., high values of the deceleration ratio W_,/'W, produce high
impeller efficiencies. Less obvious, hcwever, are the indications that the
compressor efficiency also improves for decreasing wheel reaction. Thie
trend 18, in general, also supported by a study of a large number of compresscrs
1n actual cperation. It is obvious. moreover, that a limit of efficiency must
soon be reached, since for zero reaction, the ccmpiressor efficiency will
be below that of an overloaded diffuser. Furthermore, it is clear that the
over-all size of the unit must aiso increase. if a reasonable diffusion rate
is to be maintained. The optimum amount of impeiler reaction is a cesign
variable of great importance and could well form the subject of an independen:.
extensive research program. Inficrmation on the effects of speciiic speed
and compressibhility for an opumum degree of reaction are absolutely needed.
In the absence of such data, one usually adopts a compromise value of
impeiler reaction at from 35 to 60 per cent, (a value above 50 per cent being
selected in view of the fact that boundary layer conditions are felt to be more
favorable in the impeller than in the diffuvser). In practice most of these
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factors require re-evaluation as the design progresses and more of the
impeller geometry becomes known. These modifications can usually best
be accommodated by siightly changing the exit blade angle.

(3) Impeller Mean Exit Diameter.

Since the compressor {iow and total head are prescribed, selection of
the impeller mean exit diameier establishes the impelier specific speed
(equation A - 5), which, in turn, very cioseiy sets most of the remaining
impeller externzl dimenstions. Selection of the impeller diameter is ofien
made by considerations other than purely aerodynamic ones: (1} since the
selection determires the physical speed, it must be so made as to provide
favorable matching hetween turbine and compressor. In a complete unit
design, therefore, the selection of impeller diameter is invariably tied
in the turbine design. Cbviousiy, for the purpose of the present program,
a somewhat greater degree oi freedom is permissible, since the turbine
matching requirement ig reduced to the requirement of tailoring the com-
presscz to fit an aready existing convenient driving unit. (2) A further
consideration is thai of physical size and weight.

Small envelope dimensions together with lightweight impose conditions
of high rpm and high absolute and relative flow Mach numbers, i.e., a
critical design. These requirements taken together completely define the
impeller tip diameter.

(4) Inducer Tip Diameter.

A convenient expression for the ratic of inducer tip diameter to mean
exit tip diameter can be deduced by making use of the concept of specific
speed and by designing for a minimum inducer tip relative Mach number.
Combination of expressions A-1 and A-5 for specific speed yields the
following convenient xpressaion

L. ] U Kf : ]'/z o /D
6.69 L/g, W.v/ag, ton 8 inches = «/ ds
B
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which is derived in Appendix A-1-d. In this relationships everything is
known, except the value of 58. This angle must be varied to achieve the
optimum comiition of minimum inducer tip relative MMach number. This
optimization was carried ovt ir. Appendix A-1-b, in which it is shown that
the optiimsun: aagle is a fuaction of mean inlet Mach number only (see
Pigure 2). Thus, [or incompressible flow, the angie for minimuni relative
velocity is 54.8 degrees. For a mean inlet Mach number of 0.5, this
angle is 58.5 degrees. Combining these conditions with equation [X-1-1
above yields the reiatinnshin illustrated on Figure 3. From this fignre,
the desired inducer diameter may be obtained trom the known values o
compressor filow, tip speed, ard exit dia=eter, and from estimates of
inlet mean Mach number, iniet velocity gradient, aad inducer hub-tip
ratio. The possible error introduced by misjudgement of these various
estimates is smail, first becauge the inducer diameter is a weak function
of tnese variables and second, because near the optimum point, small
variations ia inducer diameter resuit :n insignificant changes in inducer
tip retative fach cumber.

(5) Inducer Huk Diamnter.

From considerations of unit size and weight, it is cbvious that small
inducer hub diametera are desirabile in order to increase the gulp capacity
of the unit. Restrictions are introduced by the stress limitations at the blade
roots and by ~utter limitations in machining the blades. These considerations,
taken together for the chosen number of blades, determine the minimum
possible hub diameter. At this stage of the design, the choice of the number
of blades may or may not be {iaal, however, the initial choice is nevertheless
accurate enough for the purpose cf {inding the hub diameter.

(6) Impeller Exit Width.

The width of the impe'ler at the exit must be such that coatinuity is
satisfied {at the design mass flow) for the desired exit velocity triangies.
For computation of continuity, the state of the fluid at the impeiler outlet
is required. Appeandix A derives expressions for the pressure and density
variation inside an impeller as a function of the locai velocity triangle and a
polytropic expoaemt n . This procedure obviously assumes homogeneous
distribution of the irreversibilities. Appendix A also gives 2 relationship
between the exponent n ind impeller efficiency.
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An increase in the exit width by a certain amount, in the form of a
viscous clogging coefficient ¢ , has been used to accommaoisie the boundary
layer displacement thickness. More recent wor?. hag demonstrzted that
(1) the introduction of such an independent viscous factor introduces 2
redundancy in the design and cannot be justified theoretically, (3) test data
indicates that the theoretically correct valve of « is close to 1.6. Izasmuch
as the preseat design was made to incorporate a variation of flow {actor
as given in Figure 4, it is felt that perhaps slightly excessive flow decelcration
is built into the impeller and that the exit width is too large. A more elaborate
treatment on the subject of flow factors is developed in Appendix A. The
analysis indicates that for a reagon ably good exit profile, a coefficient of
the order cf 0.96 is sufficient for computing the impeller exit width.

(7) lmpeiler exit cone angle and impeller over-all length.

As menticued earlier, the effects of these variables on impeller
performance are not known and one o0 be investigated as part of this program.
The effects of these variables on ihe theoretical quality f the degjign are,
however, vnderstood to some exteat. Thus, for example, favorable shroud
velocity distribution can be achieved only if the design employs gentle shroud
curvatures. For impellers with a high ratio of inducer to tip diameter
(say above 0.5) gentle shroud curvature cau be achieved only in an impeller
of the mixed-flow type. Ana approximate guide for shroud curvature is that
the mean shroud radius of curvature in the meridional vievw should be equal
to about 1.3 times the length of the inducer blade. This rule, in general,
rasults in reasonable velocity gradients. It also fixes the impelier leagth.
Whether this approach can be proved best experimentally remains, however,
to be demonstrated.

B. Three-Dimersional Aspects of Design Procedure and Determination of
Impelier Internal Geometry

Once the exterz:! dimensions of the impeller have been established, use
ie made of a combination of direct and indirect procedures ior the calcutation
of the internal impeller geometry, i.e., the meridional contour and the number
and shape of the blades. The best meridional skape is established indirectly,
in that successive modifications are made untii all veiccities have the desired
variation and all shapes, contours, and area variations have the desired
degree of smoothness. For each such meridiunal shape, the biade camber
and blade thickness are prescribed by a direct method of solution.

WADC TRS6- 589

CGNFIDENTIAL




CORFIDENTIAL

AMResearch 15 srecently engaged in a program of confiriaing and
improving its compressor design procedures. The original procedure is
based on the use of hand computers and is well adapted for design purposes.
Necescarily involved are a number of simplifying assumptions to keep the
computing time within reason. A7 improvement of the design procedures
presentiy in progrese involves the carrying out on high speea computers
of more exact analyees of the impeller internal flow for comparison with
the approximate soluticn and with test data. [f these computations are
successful, it would be extremely desirable to applyv this procedvre to some
impellers of the present program. Below, follows 1 description of the
original design procedure and of the more exact method subsequeatly
developed.

1. Basic Design Procedure
{a) Calculation of the Meridional Flow in the Impeller.

The basic working approach of the design procedure iuvolves
the analysis of the flow through the inlet and through the impeller
annulus as inviscid, irrotational, quasi-compressible, and quasi-
three dimensional flcw. Corrections are mace, either colcurrently
or subsequently, for a more accurate description of the real flow.
The corrections ailow for viscous effects, blade clogging effects,
the three-dimensional nature of the flow, and for vorticity effects
as introduced by the nonuniformity of the work addition in the
uapeller.

The inviscid, irrotationai, quasi-compressible, and quasi-
three dimensional flow is taken as an approximate {low picture
showing all the main properties of the final flow. This flow description
is used as a basic tool for the study of the characteristics of
various designs. As such 1t may be deiined as that fiow which has
the same velocity gradients along a potentiai line from hub to
shroud as the two-dimensionai, incompressible, inviscid and
irrotational flow, but in which satisfaction of continuity is achieved
Ly using the three-dimensional area with the correct densities
corresponding to the calculzited velocities.
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The two-dimensional, incompressible, inviscid and
irrotational velocity gradients are obtained by making an analog field
plot of the meridional shane under study. 'This mzridional stape
includes both th  =peller and the inlet portions. The analog field
plot consist of an electrical analog cut from Teledeltos conductive
paper in the trial meridionai shaps. Theé equipment and the
procedures used are those of ref. 18. For the present applica-
tion, a plot of poiential lines rather than streamilines is of
greater convenience. The plot i8 made by imposing 2 fixed
potential across two estimated conductive potertial lines, one
for the upstream boundary and the other for the downstream
boundary. Between these boundary potential lines, additional
equipoiential lines are found. For incnmpressibie flow and 2iong
a given potential line, their spacing &p, is inversely porportional
to the local velocity

K
°’m ° Pm
The value of K can be obtained by satisfying contizuity, as
hub
Kdn
cf gpl2wr — Zvy) ———— = W
shroud ey

In this relationship, the quantity € is introduced as a viscous flow
factor and Zr, represents the blade biockage area. Both these
quantities can be prescribed with fair accuracy.

The flow coeificient ¢ has been computed experimentally at
the impeller inlet and exit. At the impeller inlet, definition of
the term ¢ is similar to that used in a plzain nozzle. Experimenrtal
values are shown on Figure 5 for an actual compreasor inlet. At
the impelier exit, ¢ is defined as shown in Appendix A-2B. A
good exit profile yields 97 per cent, a poor one 92 per cent. Between
the inlet and exit, linear or near-linear variation is assumed.
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For all high performance and high Mach number compressors,
the blades are designed 2s thin as possible. Manufacturing con-
siderations cstablish the minimum blade thickness at the shroud
while stress and vibration considerations establish the required
biade taper.

The density in the above equation must be converged upon by
iteration. As a [irst trail, one-dimensional isentropic densities
can be used for the inlet portion upstream of the impelier; inside
the impeller, egquation A-8 is used in conjunction with an assumed
variation of w (in general, the ultimate desired variation 18
catisfactory). Laies ,as the design veccmes more firmly
established, densities and velocities will be recomputed until
satisfactory accuracy is otkained.

The flow picture thus found is used as a preliminary criterion
of design. With some experience in the interpretation of velocity
distribution some modifications can be anticipated, discrimination
can be made between basically good and bad designs and, finaily,
a preikiminary selection can be made of a promising design.

As iadicated earlier, the meridional flow f{ield obtained thus
far is an approximate one. Corrections mus: be made for the
three-dimensional natere of the flow and for the effect ci nonuniform
work addition. Several approximate corrections for the former
effect are available; one such correction is given in ref. (1). This
coriection has the disadvantage of being able to correct the wall
velocities only. A more preferred correction i3 given ia Appendix C.
Here it is demonstratsd that the three-dimensional incompressible
flow paitern may be deduced from the two-dimensional iacompressible
pattern by taking the velocity gradiert along any potental line of
the three-dimensional flow to be 2/4 ¢ the corresponding gradient
of the two-dimensional flow. In practice, this correction is not
large and its effect on velocity gradients along a streamline is
negligible. Care must be taken, however, to apply this correctica
in the region immediately upstream of the impeller leading edge.
Thke correction will always h)e such as to increase the {low incidence
rnear the shroud by an amount which cannot be neglected.
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A second correction must be made for the ef. >t of non-
uniform work addition along the blade span. This correctica is
made simultaneously with re-satisfaction of radial equilibrium
in the meridicnal piane. Thia correction is necessary because
of t+s streamline distortion resulting (1) from the introductios of
the three-dimens:onal correction and (3) from the effect of variable
blade blcckage from hub e shroud.

The equations of Appendix B express the condition of radial
equ ilibrivm for the case of transfer of mechanical energy to or
from an incompressible {luid. Their solution requires the
knowledge of the shape of the blade mean camber line. This
solution will be discussed in part (b) below. The solution of these
equations also requires the knowledge of the slope and radii oi
curvature of the meridicnal streamlines. This \nformation must
be obtained by an i_terative prccess in which successive streamiline
plots are made and streamline slopes and curvaturee obtained
for substitution in the equations. From experience, it has been
found that five or more iterations are necessary for ccavergence.

(b) Blade-to-Blade Solution

All calculations up to this point have been carried out under
the assumption that the flow is symm ‘rical about the axis of
rotation i.e., that flow corresponding t.” an infinite number of blades.
Reference 19 indicates that this flow is representative of the mean
flow between biades for an impeller with a finite number of blades.
A separate procedure is required to calculate the blade loading of
an impeller with a finite number of blades. This blade 10ading is
used as the basic criterion of impeller design. Appendix D gives
equations both for the direct and the inverse problem. The direct
solution expresses the blade loading of a given impeller operating with
given inlet and exit conditions. The inverse solution enables one
{0 calculate the blade shape required to produce 2 given desired loading.
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The tlade-tc-blade solution must e carried out prior to the
corrections for vorticity and it usually musi be repeated afterward.
Fortunately, small changes in the blade shape have but little
effects upon the vorticity correction, so that repetition of this
lengthy correction calcuiation 1s seldom warranted. Final results
are usually presented as relative velocities (mean pressure, and
suction sidej along the hub, shroud, and 50 per cent streamlines.

This procedure fcr the tlade-to-ulade solution is based on
channel theory and is, therefore, unreliable 1n the regicag near
the leading and the trailing edges. Near the ieading edges, a
separate more detaiied prccedure 1s involved. Near the trading
edges, corrections have to be introduced to account for the
impeller slig. The flow angles obtained differ {from the corresponding
blade angles principally because of the rotational nature of the
relative iiow and because <f the boundary layer thickness on the
biade suction side. Figure 6 is a summary of the theoretical
work done at NACA for inviscid flow between rotating radial blades
(ref. 17). It represents the theoretical deviation of the average
flow from the blade. This i1nformation coupled with an add:tional
boundary layer deviation can be uszd to find the blade shape required
to produce a given flow angle districution. The total deviation at
the trailing edge is known (from slip factor ccnsiderations) and using
the appropriate curve cof Figure 6, the deviation due to the bounuary
layer can pe ottained by difference. The deviauon due to boundary
iayer 1s assumed to decrease linearly irom exit to iniet.

The inducer poriion very near the leading edges must ce
designed separately to estabiisn (1) the shape of the leading edge.
(2} the vlade angle variation immediately downstream just ins:de
the impeller. The procedure is one of successive approximations in
which t:lade cylindrical developments at various rad:i rust te
matched together aerodynamically and structurally. The aerodynamic
requirements prescriLe the variation in 1< idence along the vlade
(+ 3 degrees in the supersonic zone and » 7 degrees :n the low
subssonic zone) accerding to the data of reierences 25 to 33. The
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requirements alsc limit the amount of initial deceleration 28

the flow enters the cascade. In gubsonic cascadee, a ratic of
cascade-throat area to upstream relative f{low area of about

1.08 is usually found best. In transonic cascades such a ratio

is not definitely established, but is believed to be somewhat lower.
The structural requirements call for radial blade elements and

a preecribed bLlade taper. In generai, all these conditions tend

tc overdefine the design af the blade leading edges, in which case
the best compromise must be sought.

A new approach to the design of the inducer in the regions of
supersonic flow is made possibie from the present study of
transonic inducers. The results are incomplete in that only the
two-dimensional problem has been wo.ked out numerically.
Neverthelesa, cunsidering this restriction, the study provides
means for finding the cptimum operating incidence for a given
supersonic inducer. Converseiy the blade shape required to
best meet fixed upstream conditions can be calculated. Also,
some indication of the possibility of boundary layer separation
as a result of shock interaction could conceivably be deduced,
although the task would be laborious and the results of doubtfui
validity.

(c) Inlet Design

The description of the fiow in the inlet i& obtained in 2 manner
identical to that described earlier for the impeller. Starting from
the inviscid, irrotational, quasi-three dimensional, quasi-compressible
flow, correcticas are introduced (1) for the boundar’?rﬁisplwemem
thickness by a ilow factor varying linearly from 1.0 outside to 0.9
at the start of the impeller, and (2) for the three-dimensionality
of the {iow as previcusly described. With high meridional Mach
numbers, the transverse gradients in velocity are corrected for
compressibility by using the Karman Teien relation referred to the
one-dimensional Mach number. This correction is made with some
reservation, however, insofa2r 2s there is some doubt of its validity
for certain applications.
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Finally, graphical matching betwecen the streamlines in the
inlet and those in the impeller must be made. A good inlet is
considered to be one in which tiie flow is accelerating everywhere
and ir which leading edge velocity gradients are held down as much
as 18 compatible with the over-all geometrical requirements.

2. Flow Analysis by Numerical Procedures

This problem consists of making an analysis of the flow with
given gecmetry by direct solution of the basic equations of fluid {iow .
Reference 52 combines the basic equations of fluid flew into a conveaient
form as given as C-1 in Appenrdix C. For the problem at hand. equation
C-1 nay be simplified to equation C-7 which is valid for compressible,
isentropic flow through an impeller with radial elemerts. Equation C-1
may be simp!ified further to equation C-3 in the inlet portions.

The solut:on presently under way attempits to sclve equations C-3
and C -7 by relaxation techniques on high speed computers. The basic
equations are expressed in finite differences and solved by being applied
to a grid of about 800 points in the impeller passage. In order to
permit computation within the capacity of the IBM 650 machine, a
procedure ui dual iteration 1s used. For each sequence of iteration
(intended to satisfy the stream {unction) the density is maintained at
the value calculated from the previously computed velocities. With
new values of the stream function, new densities are obtained, and so on.

Unusual difficulty is introduced at the impeller leading and trailing
edgea because discontinuities exist there both in the direction of the {low
and in the form ~f the governing equations. This coandition necessitates
division of the impellier as picturea on Figure 7, each eection to be
studied separately. Egquation C-3 for compressible, irrotational flow is
solved in region AA'5'B and the results are considered valid in the region
AA'C'C. Equation C-7 for compressible rotational polytropic flow in
the blade passages is solved in the region CC'T'T. T'e poundary conditions
along CC' are known from the above calcuiations. The variatioa of fiow
direction bet'veen CC' and LL' is arbitrarily prescribed a priori.
Likewise the boundary conditions at TT' are arbitrarily prescribed. The
resuits are considered valid in the region BB'D'D.
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Region CC'B'B is then inveetigated. The boundary conditions
are known but the probleza is one i which the condition along LL' :nust
be studied by successive approximations until both sides of LL' show

cortliaully in flow velocity (including direction).

A like situation exists at the trailing edge where the two regions
EE'T'T and TT'D'D must be maiched.

As described, it is obvious that this complete solution iz an
undertaking of considerable magnitude, and is t00 tince consuming for

design puryoses.
C. SUMMARY OF DESIGN PROCEDURE

For clarity, the over-all design procedure may be summarized as

follows in the order in which it must be carried out.

1. Impeller External Geometry
(a) Establishment of exit velocity triangle. This is based on:

(1) Selected exit blade angle, as established by desired
compressor characteristics.

(2) Selected impeller degree of reaction.
(3) Estimated slip factor.

(b) Selection of mean cxit diameter. This depends upon the
compressor application, the matohing of the turbine and compressor,
the over-all limitation in size, weight etc.

(c) Proportioning of the impeller i8s made by using specific

speed and minimum inlet relative Mach number considerations to
find the hub/tip ratio.
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(d) Minimum inducer hub diameter follows rom cuttar
clearance requirements for the estimated number of blades.

(e) With the foregoing estahlished the exit width is that
required to pass the mass flow,

4. Impelier Internal Geometry

(a) Field plot studies are made of a series of potentially
pruomising meridional shapes. For each shape, the velocities
are calculated from the streamline or poteatial l1ine pattera
and are subsequently corrected for

{1) Compresgibility: outside the impeller, oae-
dimeasicnal compressibility corrections; inside the impeller,
densities are calculated from a desired variation in
relative velocities.

(2) Blade and viscous clogging effects.
(3) Three-dimensionality .
(4) Effects of nonuniform work addition. At this

stage, this correction must be estimated and its value
recalculated later.

(b) The shape of the blade is cslculated by a direct method
to provide the desired loading at the shroud.

(c) In the process of the design, undesirable {eatures of
certain meridional shapes may become apparent. These shapes
are eliminated. More refined analyses are made of the remaining
shapes. They include: two-dimensional density corrections in
the inlet, final calculated impeller densities, and vorticity effects.

(d) Careful denign of leading edges.

(e) The entire design should then be exactly analyzed by the
numerical method. :
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o DEfIGN OF IMPELLERS

As concluded ia the preceding section, Impeller Design Procedure,
a sufficiert number of impellers should be designed to investigate the
effects of three primary variables; namely, the impelisr length, the
blade loading distribution, ard the exit cone angie. A total of ten
impellers have been designed. They are subdivided into three classos,
I, I, and IV, including three or four impellers each. Classes I and II
feature impellers with 60-degree exit cone angle, the former involving
comparatively lcng impellers with lighter blade loading, the latter shorter
impellers with greater blade loading. Class IV features impellers wik
30-dsgree exit cone angle and lighter loadings. Each class ircludes at
ieast one impelier with thie higher loading at the inducer and designated
by the letter ""A"; one impeller nominally with uniiorm loading, without
Letter designation; and one impeller with the higher loading displaced
toward the discharge and designated by the ietter "B". The main over-ail
features of each iinpeller are tabulated in Table I.

A summary of the design conditions, assumptions, anc objectivese is
given in Table II.

A. Basic Design Features Common to All Configurations
inasmuch as the present program is concerned with the optimization of
the impeller internal geometry, it is essential that all impellers be sub-
jected to identical inlet and exit conditions.
(1) Velocity Triangles
The mean or one-dimensional inlet and exit velocity triangles are all

identical. Because of the nature of the loading distribution, however, smaii
variations are present at shroud and hub.
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The mean inlot and exit triangles are showa on Figure 8. In
accordance with the criteria formulated under Section II, the exit
blade angle is very nearly radial. The exit Mach number is slightly
supersonic, but may easily be reduced to a safe vilue {or eventual
matching with a vaned diffuser. The slip factor was estimated to be
0.81.

The mean inlet diagram corresponds to the local velocity triangle at
the 50 per cent streamline. This designation indicaies that over 50 per cent
of the inlet flow is supersonic. A typical inlet relative Mach numbez
variation with radius is as shown in Figure 9, while Fiure 10 shows a
similar variation in inlet absolute Mach number.

A relative mean deceleration ratio :’ = 0.625 was3 selected. This

1
repreeents a considerable amount of deceleration, especially in view
of the fact that the deceleration ratio at the shrod will be considerably
lower and still lower along the blade suction surface. In view of the
design philosophy outlined in Section II, however, a value of reaction
slightly above 50 per cent is desirable, and the present reaction is
59 per cent. [t is {elt, furthermore, that, if at a later date it becomes
apparent that excessive deceleration is present, this variable may be
investigated by successive decreases of the exit width. This procedure
thus considers eventual matching of this impeller with a diffuser.

(2) Exit Cone Zugle
For impeller Classes | and I, a 60-degree exit cone angle was
selected. This angle is felt to be best for the present specific speed. ‘The
effect of smaller angles upon performance cannot be fully evaiuated

beforehand but will be investigated through impeller Series [IV. A smaller
angle will, however, obviously result in a heavier wheel.
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(3) Diameter Ratios

As dictated by the consideration cf specific speed, the ratio of
inducer tip dismeter to mean impeller tip diameter is 0.713 for ail
impellers. The inducer hub/tip diameter ratio was designed as low ac
compacible with blade roct thicknees and cutter dimensions: it is 0.322.

The impeller exit hub/tip diameter ratio is set by the desired
distribution of work between the hub and shroud. Becaus® of the loss
distribution insidc the impelier (the majority of which is estimated to be
at the shroud because of supersonic relative speeds), high ratios of
deceleration, blade leakage effect, and accumu.ation of secondary flow,
more work must be done by the impeller along the blade tip, if a uniform
distribution of total pressure is to be achieved at the exit. This work
increase at the tip was set at three per cent more than the mean and at
the root three per cent less than the mean which brought about a hub/tip
ratio at the exit of 0.94, this ratic being the same for all impellers.

(4) Inlet Arcangement

The shane of the inlet duct to the impeller has been seiected as one
turning the flow from a radial direction. Some controversy exists as to
the relative meri‘s of designing for axial or radial inflow. Clearly, an
axial inlet is superior from the standpoint of standardization and
mechanical simplicity. On the other hand, the radial inlet is more
representative of the majority of smali gas turbine installations. Further-
more, mixed-flow compressors reguire a straddle-bearing arrangement;
an axial inlet would lose part of its advantage of simplicity in that it wouid
have to be a structural element and provide front bearing space and support.
It thus appears justified to use a radial inlet for the present research program.
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B. Internal Aerodynamic Design of Impellers

In accordance with the conclusions of Section I , the preblem at hand
is to produce for each class of impeller a series of desins which will
permit variation of the distribution of blade loading by varying only one
physical variable (meridional shape or Llade camber) and, yet, will be
near ocptimum throughout. From a study made to investigate which of
the two to vary it was found most desirable to hold the meridiona! shape
cornstant and change the blade camber distribution. For each impeller
class, four to five meridional shapes were studied until one was found
optimum with a blade shape producing uniform loading while near optimum
for otner .oading distributions. This shape was retained for the fina!
desigr and subjected to the mcre refined design procedure for each
particular desired blade loading. The details of the procedure are fully
describec in Section [I.

Some additional work was expended upca the aesigu ot the impeller
leading edges. Since transonic impellers have the undesirabie characteristic
of being capable Gi Gperation oaly in a very narrow {low range, a more refined
design approach must be made at the inlet, if design fiow is t0 be met.

This is particularly 8o, since there has been evidence that the present
design procedure tends to overestimate the inlet shroud velocities scmewhat.
Among other things, a study was inade to investigate he effect of successive
readjustments of the streamline radii in the meridional plane, since this is
not always done in the basic design procedure. The resultant shroud
velocities were found to be reduced by as much as 10 per cent, compared to
the originally calculated values.

From these results, it was feit necessary to undertake a more exact
solution of inlet flow. This effort involves the numerical solution of the
equations of motion on an IBM 650 high speed computer. This work is
being done in two phases, in increasing degrees of difficulty. The first
phase treats of the three-diniensional, irrotational flow in the inlet and
impeller passage without blades. This woird is complete. The second phase
treats of the same problem but for compressible flow. Contrary to what was
originally expected, the second of these phases has not yet progressed far
enough for results to be incorporated herein. Wekile these results are not as
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yet complete, thev alford some information in the fcrm of predicted
velocity upstream of the leading edge. The combined effect of the iteration
of the streamlines and the more exact solution of the three diraensional
flow indicates a shroud meridional velocity about 10 per cent lower than
originally calculated. The net resuli is that a forward extension of the
leading edge is required for the design flow to meet the blades at the
correct incidence. The design incidence was allowed to vary from 3
degrees at the shroud to 5 degrees at the relative sonic point to 7 degrees
at the hub. This incidence variation is the same for all impellers. Thia
effect, together with the variation of inducer blade loading amoug impellers,
causes small differences in the amounts of inducer extension forward of

the original positicn. Figure 11 illustrates typical shapes of leading edges.

It must be emphasized that these modifications will not detract from
the objectives of the original designs. True, the reported velocities may
differ by as much as 10 per cent from those calculatea by the more exac!
soiution, but tbc gradients and, above aii, the loading of each impeller
relative to any other will be unchanged.

More will be said about this ficw anaiysis in the final report when all
results are available. In the meanwhile, Appendix C suuimiarises the
method of attack and produces the pertinent eguations.

C. Geometry of Impellers

Description of the geometry of the impellers involves blade coordinates
and meridional shape coordinates. Both are preseunted in accurate tabular
and graphical forms aga.nst the axial coordinate Z. A "smoothing out™ of
the tabulated coordinates is necessary before machining of impeilers can be
started. That is, the coordinates must be refined to a point where the first
and second derivatives are smooth and continuous functions. Only the
coordinates for Impeilers I, IB, and II, which are to be fabricated first have
been so smoothed out. The meridional coordinates «the inlet and Impelier
Series I and II are tabuiaied on Tables Il through V. Drawings of the
meridional shapes are seen as Figures 12 to 14. Tabulation of ""smoothed
out” blade coordinates are given in Tables VI through VIII and plots for the
blade angular coordinates of all impellers are shown on Figures i5 tarough 24.
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.D. Impeller Aerodynamic Characteristics

Figures 25 through 64 picture the impeller characteristics fcr all designs.
They are presented in the {orm of blade loading curves expressed as relative
velocitieg znd in terms of mean pressure along the shroud and along the hub.
All curves are typical’ of impellers with radial blade elements. Since the
entire blade shape is fixed when the blade contour is prescribed, say at the
shroud, there is not the freedom to control the loading both at the shroud
and hub. The desired loading is built in a2t the shroud, since this region is
the most infiuential. Appreciable hub loading in the inducer cannot be
achieved without overloading the shroud.

(1) Impeller Series |

Of all three meridioral configurations that of Impeller Series [ proved,
during design, to be the most tractabic. It was found that the desired loadings
could be achieved comparatively easily . 1! is felt that this design is the nsost
conservative and the one best suited to the design specific speed.

(2) Impeller Series II

With this series, the impelier design is short and crowded together
resulting in a certain lack of {reedom and flexibilily. The displajed loadings
were obtained unly at the expense of designing with thinner blades. They
are so thin, in fact, that serious machining problems are anticipated. All
data given herein are for the design with thin blades, but the possibility
remains that a slight increase in thickness may have to be allowed, i{
difficulties are encountered in fabrication. This impelicr was designed with
18 blades nstead of 17 for Impeller Series I because of the somewiat higher

hlade loadings.
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(3) Impeller Series IV

Changing from 60 to 30 degrees exit cone angle was originally expected
to bring about a shift in the loading distribution relationship between shroud
and hub. This shifi proved to be 2mall and essentialiv equivalent hub
loadings were achieved. The 30-dagree exit angle, however, is too low
for this specific speed. This was apparent in that it was found difficult
to arrive at 2 good meridional shape. An a2xially short desigr called for
a certain amount of canting at the discharge as shown in FPigure 65. This
canting produced velocity gradients in the exit regicn, tending to unioad
the blade tip and causing turbining. In order to avoid this condition, a longer
impeller was aeeded which i3 undesirable from a weight standpoint. However,
with a longer impeller loadings are lower permitting one less blade than
the Series I impeller.

A common inlet passage matches all configurations and is designed to
provide accelerating flow in all regions.

E. Impeller Structural Considerations
(1) Centrifugal Stresses

Analysis of the stress level in the blades and in the hub were made for
a steel wheel operating at 10 per cent overspeed. The calculated stresses
are those due to rotation alone and include neither vibratory nor thermal
siresses. These latter stresses muet be kept in mind even though their
magnitude cannot readily be calculated. The calculated blade stresas for
Impeller I is shown on Figure 66. The maximum is above 75, 000 psi and
occure at the root at Z = 0.6. The critical hub stress condition is shown
on Figure 67. At the center of the hub the maximum stress is 84; 000 psi.

The correspunding data for Impeller Seriee II is irdicated on Figure 8§
and 69. Similarly the maximum stresses are, respectively, 86,000 and
87,000 psi.
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Other impellers of the 1 and II Series show apyreciable differences
in their relative chord length of the blades, thus exhibiting differences in
hub stresses. The maximum stress point, however, i3 in the aft portion of
the impeller where the blades are of nearly equal leagth. It may then be
stated with confidence that no higher maximum stresses will be found in
the other impellers.

No stress analysis has yet been made for Impeller [IV. Most likely it
will be of the same order of magnitude or lower.

(2) Critical Speeds

Calculations were made for the impeller critical speeds {or the con-
figuration of one rear (at impeller exit) journal Cearing and a ball bearing
in the front. In view of the great rigidity of the impelier and short stub
shafts, the ca'culated critical speed depends largely upon the estimated
rigidity of the journal bearings. With the best available estimate the first
crirical mode was iound to Le 10,400 rpm and the second mode 96, 000 rpm.
If the rigidity wer e ten times higher than the original estimate, the first
mode would only ke 27, 500 rpm. It appears ihen that operating speed is
sufficiently far away from any critical speed.

(3) Impeller Thrust
At standard conditions, calculations indicate an impeller thrust of

1033 Ilb. This will require the use of tandem bearings at the iront of the
impeller.
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v STUDY OF TRANSONIC INDUCER

One of the most convenient characteristics of low Mach number fiuld
flow (both incompressible and compressible) rests in its ability to conform
to less than uptimum geometrica! configurations. Such flows will tolerate
a comparativeiy wids variation in incidence upstream of a cascade with only
slight effects on efficiency. This is not the case in a transcnic inducer.
Angles and effective flow variations must be met exactly, or sizeable
penalty in efficiency will be incurred. As a result, conventional design
methods are no longer adequate; more exact approaches for predicting
flow behavior must be devised. In high specific speed machines such as
axial compressors, it i8 quite eviGent that losses in the nlet will have a
large effect on the over-all efficiency, since the inlet relative dynamic
head is a large fraction of the total head of the compressor. In lower
specific speed units, tests at AiResearch on high Mach number machines
of radial and mixed-flow types have shown that unsatisfactory distribution
¢of incidence along the leading edge is apt to disrupt completely the flow inside
the impeller as evidenced by tne distorted shape of the velocity profile out
of the impeller. It is, therefore, of utmost importance that work be done
toward improving the general understanding of the fiow phenomena in a
transonic cascade. Only then wili it become possible to decign blading such
that diffusion takes place without separation or such that shock patterns
can be accommodated without extraneous losses. o

A. Review of Previous Work

Up to this time (as indicated by available publications) the work done
toward providing this information may be subdivided as follows:

1. Mathematical formulation of the basic equations describing
the fluid motion between blades of an impeller with a finite number
of blades have been made. Reference 43 deals independently with two
relative stream sur{zces, one radial and the other tangential upstream
of the impeller. Solution (leading to a description of the flow) requires
a lengthy iterative procedure until the basic equations are everywhere
aatisfied for both surfaces. No complete solution is knowa to have
been carried out.
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2. For the two-dimensional case, severai qualitative or
quantitative solutions have been worked cut, mainly by graphical methods
and for supersonic Mach numbers of the order of 26. References 3%&and
44 are typical.

3. Considerable experimental work has been Gone (as in references
44 and 45) on supersonic cascades by nbservation of the flow with optical
means. On rotating cascades, successful 8chlieren pictures have been
taken by NACA fcr a compressor roter with superscnic flow at the tip.

The problein at hand differs from otnier similar ones treated in the
literature in that (1) the blade solidity is high compared to that of a system
of axial vanes, {2) the relative Mach number range up and down the leading
edge is large, from low supersonic at ehroud to low subsonic at hub, and
(3) the supersonic tip Mach number is iower, closer t0o 1.0, in general, than
in other cascades so investigated.

B. General Procedure

The following general procedure hore prescribed involves a back-and-iorth
iterative procedure on two families of surfaces one of them heing a series of
surfaces of revolution, on which the biade-to-blade flow must be satisfied,
the other being a series of surfaces generated by a radial element in the
fluid moving parallel to the blade camber surface on which radial equilibrium
must be satisfied. The blade-to-blade flow is to be solved a: four different
radii, two radii where the relative flow is superscnic and two where it is
subsonic. In the supersonic region, graphical solution will be used by an
adaptation of the conventional ficld soiution while in the subeonic regicn an analog
ficld plctter will be used and the resulis subsequently corrected for com-
pressibility and three-dimensicnal effects. Radial equilibrium is to be satisfied at
three angular positions, blade suction, and pressurc sides, and mid-channel.
The procedure is similar to that used in the sclution of the flow equations for
the axi-symmetric condition. Its objective is to find the radial variation in
the thickness of the stream sheets adjacent to the four selected surfaces of
revolution. This thickness is expectea to vary in ‘he tangential as well as in
the axial-radial direction.
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Tthe iterative procedure consiste of recalculating the blade-to-blade
flow allowing for the thicknese variation in the third dimension and then
repeating the radial flow equilibrium calcuiation to obtain new stream
sheet thizknass vacistion, Repstitica of this grocedure must be continued
until convergence is met everywherz.

Boundary conditions for upstream and downstream are established by
an independent design analysie. Upstream in the inlet axi-symmetrical
flow applies while downstream the blads-to-blade flow is computed by
channel theory. The downstream boundary must be taken oaly where the
relative flow is subsonic, since the channel flow analysis does not disting:ish
between subsonic and supersonic flows.

C. Extent of Work Completed

The original general approach to this part of the over-all program

was to carry on this inducer work simultaneously with the impeiler design
study but on a lower priority basis. As work progressed, it soon became
apparent that the inducer work was 2 problem requiring a formidable effort
to bring it to completion. It also became obvious that only an enormously
g.mplified version of the above procedure would have usefulness, if it were
to be incorporated as part of the design procedure. It was therefore decided
to carry this work oaly as far as time would allow and, rather than attempt
to reach a complete detailed numerical solution, lcok for possible features
useful for design and for a better general unders:anding of the phenomenon.

The initial assumption for the {irst attempt at the blade-to-blade
solution was taken as a constant stream sheet thickness. Even this two-
dimensional solutiun requires a compound iterative procedure in the
supersonic zone. It was carried out for cre stream surface only, the one at
the shroud. As anticipated, with the imposed condition of two-dimensionality,
it was not possible to satis{y the downstream conditions completely, that is,
the three-dimensional effects must be sizeable. In spite of this result, some
understanding was gained as to the general nature of the flow pattern. Means
of computing the optimum blade incidences have been found, am! some insight
has been gained about the relationships existing between blade shapes and
the form of the shock patterns.
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D. Significant Qualitative Resuite

Two possible basic shock configurations were found to exist: one is
reprecented by a line such as LCR on Figure 70 (curved-obligue shock
configuration), the other by a line such 28 LCR'(curved-normai shock
configuration). Both the shape of the shock (whether normal or oblique)
and its location upstream of the leading eage can be calcuiated. The shape
and location of the shock are functions of the blade shape, the upstream [low
Mach number and direction, and the downstream conditions.

1. The shape and location of the left-hand branch of the
shock, for a given cascade under given upstream conditions, 18
entirely determined by the requirement of periodicity upstream
of the blades. The calculation can be made independent of the
downstream conditions and independent of the shape of the right-hand
branch.

2. The shape of the right-hard branch is a function of the
downstream conditions and requires the solution of the entire flow
field.

3. Optimum incidence or optimum blade shape may be defined
as that whi h will preduce at R or R' a pressure rise least likely
to bring about boundary layer separation. Calculations show the
reflectecl curved-oblique coifiguration to be n:ore desirable than the
normal shock coafiguration. For a rigorous application of this criterion,
a complete solution of the flow is required. With lower dowastream
pressures, the curved-oblique shock will exist. As the back pressure
is raised, the shock will jump into the normal position. When this
takes place, breakdown of the flow and collapse of impeller performance
is likely to take place. The design, then, should be made for a curved-
oblique shock pattern.
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4. To the two poesible shock conliguratioas, there corresponds
two scparate mechanisms by which the flow becomes subsonic for an
inviscid fluid. When the shock is curved-normal, such az LCR',
everything downstream becomes and remains subsonic. When the shock
is curved-osblique, such as LCR, the transition {rom super to subsoaic
takes place in steps as sketched on Figure 70, subsonic flow gradually
filling the ckannel.

It is poosible to shape the blades in such a way as to promote the
desirable curved-oblique configuration. For this configuration, the
blade curvature must be such that the oblique shock can be reflected.
Inguificient curvature will result in too low a kfach aumber at R to permit
reflection and the shock will junap out to a position such as CR'.
Excessive curvature will slow down the deceleration process and result
in 2n extensive zone of supersonic flow between the blades.

E. Method of Analysis of the Two-Dimensional Supersonic Flow

The procedure of analysis outlined below is applicable to the two-
dimensional inviscid flow on a cylindrical surface of large radi's. The
analysis is based on the assumiption that a system of detached shocks is
present in frcat of the cascade. O=ly this flow pattern is iogical for
flows at low superconic Mach numbers. Furthermore such a pattern has
teen confirmed experimentally by optical observation. The shape of each
detached shock Jiffers from that of the more familiar varicty existing ahead
of a2 single airfoil because of the presence of adjacent blades ard because
the downatream conditions may be varied independently of the upstream
conditions. It is necessary to disticguish between the center portion, the
right and left branches of the shock. Their shapes are governed by separate
considerations.
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1. For agiven geometry and upstream condition, the shape of the
left branch LC on Figure 73, and its position ahead of the leading edse,
is dictated purely by requirements of periodicity. Thus, at polat P, the
Mach number must go through a discontinuity from the value it has along
wave W, to the value it must have along wave W, (which must be the same
as W,) If the local Mach numbers were known, the direction of the shock
at P (or any other such point) would also be known.

Assignment of the numerical values of Mach numbers at various
points must be made by successive approximations. Assignment of a
Mach number to a point such as Q, permits the drawing of all expansion
waves W,, W,, etc. over the entire field, each labelled with its particular
Mach number. At all points such as P, little elements ¢f shocks can be
drawn as explained above. If the center portion of the shock location is
selected, the entire left branch can be sketched in. One particular Mach
line will never intersect any shock. The siream velocity and directior
along this line must be equ~i to the stream Mach number and direction
far upstream. ! the Mach number condition is not met, another Mach
aumber value i8 assigned at point Q. L ‘he directional requirement is
not met, the position of the shock center portion is moved 2 little
upstream or downstream relative to the blade leadiny edge. Thus,
satigfaction of the blade geometry and the upstreani conditions fix the
shape and location of the ieft Lranch of the shock.

2. The rhape of the shock right-hand branch (branch CR) must be
such as 10 satisfy the dowastream conditions previously established by
channel theory analysis. The problem is one of calculating a flow
satisfying given boundary conditicas.

For purposes of engineering computations, it is perhaps best as an
initial working proceidure to analyze the flow by graphical meang rather
than attempt, from the start, to set up a complete mathematical solution.
The merits of this 7pproach were quit2 evident in the calculation of the
flow on both sides ¢{ the shock left branch where a soiution could be
converged upon comparatively rapidly. The {iow on the right gide is
mixed subsonic and supersonic. The supersonic regions will be handled
by the conventioral {ield method of shocks and characteristic lines of
finite strength. The subsonic regions wiil be handlei by plots of stream-
lines such that continuity and radial equuibrium are satisf.¢d.
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Solution of the pattern involves a method of successive approimations
with adjustment of the sonic point S and the sonic line SN. Adjusaaent
of SN (or MM') is required to eatisfy the basic flow equations. Changing
the location of 8 muet be made until the desired downstream subsonic
channel conditions are met. For a given selecticu o€ point 8§ and line
8N, the entire region SRNM can be computed in the conventional way
in terms of the propeities within finite patches, betweer shocks and
Mach lires. The flow picture in the subsonic region is necessarily less
precise in that the streamline shane must be calculated and plotted
point by point. The reflected shock RN must terminate as a normal
shock at N, s'nce the local Mach number will be near 1.0. Region MM’T
is computed in a similar manner. Whether snother obligue reflection
takes piace or whether the superscnic flow finally ends in a normal shock
depende on the downstream condition. At the point where the flow is
subsonic, the velocities on both the suction and pressure sides of the
blade must check those calculated by channel theory. I this is not
realized, a fresh start is made for the position of points.

3. Little concern need be had about the shock center region. Its
position forward of the leading edge follows automatically from pari
(1) above. The limits of the subsonic zone and the shock direction at
points C behind the shock follews from parts (1) and (2). The exact
shape of that portion of the shock has little effect oa the over-all fiow
picture.

F. Calculaied Flow Patiern

Study of the blade loading within the inpeller as calculated by the method

of Section II iadicaies that the {iow remains supersonic on the blade suction

gside for a considerable distance. Thus, if downstream conditions are to ve

met, a system of curved-oblique shocks must be present. Figure 71 pictures
such a flow, as far as il was calculated, and is the result of a series of iterations.
The flow was not carried all the way downstream when it became a2pparent that
continuity could not be satisfied in the subsonic zone, \f the requirements of
two-dimensionally alone are adhered to. This indicates that:
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1. A two-dimensional flow is not possible with the imposed
upstrcam and downstream condaitions.

2. A two-dimensional solution exists, but it does not satisf{y the
Guwnstream conditions Such a solution requires a {froatal normal
shock cuch as CR' on Figure 7¢. This solution is of little interest here.

3. An illustrative two-dimansional flow may be conceived in
which {ts upstream and downstream conditions are met approximateiy
but in which the pressure side boundary i8 s0 modified as to permit
satisfaction of continuity. The flow pattern of Figure 71 conforms to
this description. The lollowing interesting points were eancountered:

(a) The shock location satiafying bcth upstream Mach number
and direction is cne which has it8 center portion very near the blade

leading edge.

(b) Decause of the multiple shocks ind axpansions upstream of
the leading edges, the Mach number immediately upstream of the
center portion of the shock i8 considerably higher than in the
undisturbed stream (1.50 compared to 1.32).

(c) The possibility of the right-haad shock brarnch being of the
curved oblique form but becoming normai at the section surface of
the adjacent blade was investigated and found impossible.

(d) Yor regular shock reflection on the blade suction surface,
the local incoming Mach number must be atuve 1.5. Lower lecal
Mach numbers will cause the shock pattern to alter itself to the
curved normal couniiguration.

(e) Regardless of the position of the sonic point & and the shape
of the streamline sd, continuity cannot be satis{ied between stream-

lines 00 -«. and OO-d. This points to the extreme significance of
the three-limcrsional efiects.
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G. Process of Diffuston in Transonic Impeller

At this time, it is of great intereet to compare the qualitive results
of the foregoing analysis with some obeerved behavior of AiResearch
transonic impellers. Figure 72 shows an approximatie sketcl: of experimental
shroud pressure data for 2 typical set of runs of a transonic radial impeller,
Of particuiar interest ia the fact that at high mass {lnws, exiremxely low
pressures are reached, indicating very high local Mach numbers. The
humps on the curve indicate the preserce of several successive shocks,
separated by re-expansions. As the maas flow 18 reduced, the downstream
expansions disappear first, in a ncticeable step-wise fashion untii the inlet
expansion ceases to be present. At this point, it is fonnd that violent and
unannounced impeller surge takes place.

Frcm the theoretical work of this section some insight can be gained as
to the nature of the phenomena taking piace in a transoric impeller operated
at conetant speed with the mass flow gradually reduced. Study of Figure 70
suggests that, as the back pressure goes up, shock MU jumps from the
oblique to the normal position and all points R, N, T, M. stc. become
compressed a little towarde the upstream direction. With further pressure
increase shock NT, in turn, becomes normal. This acccunts for the observed
step-wise change in pressure, which progresses from downstream to upstream.
Finally, the Mach number at R i8 no longer high enough to permit a reflected
oblique shock at R, and shock CR itseif becomes normal. It may well be
that the presence of a strong normal shock at the inlet causes widespread
boundary layer separation there. The resulting sudden drop in impeiler
efficiency would bring about impeller surge.

it is ciear that the above described process may be quite eficient up to
the instant when boundary layer separation occurs. In order to rotard this
occurrence, the blade design must be such that either the oblique shock pattern
can be maintained as long as possible or efficient operation can be had with
a normal shock at thc inlet. In view of the past lack o{ success of the so-called
shock-in-rotor type of compressor, the former alternative seems to be
preferable.
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SUMMARY

The basic cbjective of the present werk is to formulate basic criteria
for the design of centrifugal and mixed-flow impeilers. These criteria
must be general ir nature and must be so selected ag to supply design
information in the specific areas where, presently, the design is left to
judgement and to ine experieuce of the designer. A second objective i2
to improve the understanding of the internal aerodynamics so as to advance
the state of the art of high performance compressor design.

A study to allow selection of the quantities to be investigated, indicated
that the over-all blade loading, the distribution of blade loading, and the exit
cone angle, are most significant quantities in that their effect on compressor
nerformance is large and is not weil understood. TIn order to investigate
these eifects experimentally, ten impellers were designed. Two series oi
three and four impellers, reapectively, were designed to investigate the
eifoct of impeller length on performance and simuitaneously that of over-ali
blade lo2ding. A third series of three impellerg wa= made to study the

ffect of exit cone angie. Within each series, the maximum blade loading
of each impeller is varied from inducer to exit. Each impeller was so
designad as to isolate, as completely as possible, the eficct of the primary
variable under stndy. The characteristics of each impeller are fuilly described

ir this report as weil as the design procedure used to compute these character-
istics.

Future work will invoive fabrication and testing of the three most promising
impellers as an initial step towards attaining the desired objectives.
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ABSOLUTE MACH NUMBZR

NOTE: (INCLUDES EFFECTS OF VORTICITY,
VISCOUS AND BLADE CLOGGING)

/
0.6 //
/
//
0.5
/
A |
iy Al
a /
E A1 |
2 d | |
0 4 L / i
: |
=i / ’ |
LS 5 l
B
- £ 44 ! — 2
5L @ :
-~ f
=1 !
| A
2 ® 4 ?r‘fﬁ R
0 3 = - wn o3 o
0.3 0.4 0.5 0.8 0.7 0.8 0.9 1.0
e Figu:e 10

RADIUS AT SHROUD

ABSOLUTE MACH NUMBER
ALONG IMPELLER LEADING EDGE

CONFIDENTIAL

WADC TR56-589




AdVYHS NDIS3A LSHIA ANY ddVYHS
JILVIIOTIVO ATIVIOLLIHOTHL - €3H03 HDNIAY3T 40 3dVHS

e —

CONFIDENTIAL

11 Hanin g
B0+ 90+ PO+ 0+ 0 ¢'0- $0- 01
_ _ k 1
SErES e — == \ \
MO SWIES 9yl e payoirm \ .
Aar saappadat 11e nun ! B \ bl
potppow Sppruautiadxa aq n) \
a11joad aftpo Jurpra) MU= — — i

‘aprjoad aipa Tuprog
PARINOMY AC N0 ] —— \

#i
\\h

| / A A Y 1|,
\ s \\ /

-\*ﬂ

e
—

—f—
.1\______-“4

AN
\
S
R ¥

~N
e %

/1 ¥i /

\ > \ \\ \ o'

II ¥H37173dN1 g1 UIT13dnl I HATTAdNI

SIHONI SNIavy

CONFIDENTIAL

WADC TR56-589




l -

CONFIDENTIAL

[ e e e
71 sanih g

1 SATUAS HATTHANI

—_—

= d

Civ't

NOILY 1O 40 SIXV

WADC TRS6-569

53

CONFIDENTIAL




CONFIDENTIAL

AXIS OF ROTATION

Figure 13
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