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ABSTRACT

A theoreftical and experimental investigation of tandem
row high head pump inducers for rocket fuel pump applications
was conducted. Stage I of the tandem seft was designed to be
supercavitating and used theoretical results for constant pres-
sure cambered supercavitating cascades. The head distribution
between stages was determined from a stability analysis pré—
dicting the conditions for incipient rotating stall. Stage 2
was designed using a technique which répresented the blades of
the inducer stage by radial line vortices, calculated the inter-
ference streamlines and used NACA thickness and camber distri-
butions. The stages'were empirically modified to improve per-
formance. "The best Tirst and second stage were combined in
tandem and tested at two overlaps. The tandem model produced
more than the design head coefficient (.29/.25) at slightly less
than the design flow coefficieént (,083/.100) and less than the
design suction specific speed (22,000/30,000). While not quite
reaching the design goals, the experimental performance did in-
dicate that the tandem inducer using a supercavitating first
stage has definite potential as a high suction specific speed

design cencept.
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1.0 INTRODUCTION

The inlet operating condifions of a pump including inlet
head, rotative speed, and total discharge may be combined to

form the parameter, suction specific speed defined by Eguation [ 1]

.n\/a ]
—

LLll

Although not dimensionless, this parameter, in common use through-
out pumping 1literature, may be shown by dimensienal considerations
(1) to indicate the combination of inlet oﬁerating conditions
which will give similar flow and cavitatien patterns. in machines
which are éeometrice}ly similar. Fof a given dilscharge, high .
suction specific speed'pumps—result when either rotational speed
ig 1ncreased or 1n1et NPSH 1is decreased Both changes result in
51gnlflcant system welght reductions when the pumps under consid-
eration are belng used as fuel .or QdelZeP pumps in liguid-fueled
rocket engine systems Flgure 1 shows the effect of suctlion spe-
cific speed on total power plant welght for a typlcal rocket
engine. Reductione in the propuleioh systems weight can be uti-
lized for higher peyload weight whieh‘is normally only a small
percentage of total vehicle weight. As an example, consider

the Saturn V launch vehicle used for manned lunar missions in

the NASA Apollo program. The total launch weight of the Saturn V
is 6,262,500 pounds with an escape payload of only 100,000 pounds.
In this case, a decrease of only 1/2% in total vehicle weight

could result in a 30% increase in payload.
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The three stage Saturn V uses liquld fuels and oxidizers
with lox/hydrocarbon fuel in the first stage and 1ox/H2 in the
second and third stages. By far the largest physical components
of such a systém are the propellant tanks whose wall thixckness
is determined primarily by tank pressure (3). Lower proﬁellant
Tank pressures allow lower vehicle weight. With higher rotative
speeds, the size and weight of the fuel pumps are also reduced
and the possible need for speed reduction components between

turbines and pumps eliminated.

These weight reductions through the use of lower preséures
and higher speeds are not, however, achieved without accompanying
teﬁhnical problems. Forcing the fuel/oxidizer® pumps to operate
at high values of suction specific speed results in cavitation
of the pump impellers. In ordinary pump experience, an NSS
value of 8000 or more results in cavitation causing vibration,
noise, impeller damage, and a decrease in discharge and effi-
ciency. The problem of pumping at high Nss.has however, been
largely alleviated through the use of pre-pumplng stages called
"inducers" which operate rather Eatisfactorily even with exten-
sive caﬁitation. A typical inducer consists of a high solidity,
axial flow impeller with a small number of blades. The blade
form ﬁsuélly approximates a simple helix. Inducers are generally
located immediately upstream of the main fuel pump and operate
at the same rpm on the same shaft as the main pump rotor. The
problems of low efficiency and cavitation damage to the impeller

*  Hereafter referred to only as fuel pumps.
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blades are not restrictive in the.application of inducers to
rocket fuel pumps since the inducer produces only a small per-
centage of the total head rise_of the fuel pump and the oper—
ating lifetime of the unit is short endugh that 1ittle damage
can occur. The problem of flow instabilitiee, however, is very
significant as a 1imitihg cohdition for acceptable'induoer oper-
ation. Model tests and operating experience (4,5,6, 7) have
shown that under certain’ operating conditions the discharge and
head rise across an inducer may fluctuate violently resulting

in corresponding engine :thrust flucthations.contributing to the
so-called "Pogo" effect. The unsteady motions and accelerations
caused by the thrust fluctuations provide an ‘unacceptable en-

vironment for delicate equipment and human pilots.

One method‘euggested for reducing or eliminating'the'in;
stabilities and fiuctuating output of the inducer is the use of
a tandem row 1nducer whose first stage operates at the design
suction specific speed but delivers only a fraction of the
total inducer head rise, thus opefating with éreater stability
The second stage of the 1nducer consequently operates at a lower
suctlon specific speed and should also deliver the remalning head
rise with greater stability. This concept has been used by other

investigators (8).

In the present study, the nominal prototype fuel pumps fol-
lowing the inducers are centrifugal and the liquid being pumped
is liguid oxygen. The properties of cavitating flows in cryogenic

fluids are such that modelling the flows in water is a conservative
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procedure, that is flows in liquid oxygen are more likely to be
stable than similar flows in water. One factor which contribufes
to the stability of cryogenic cavity flews is local cooling at
the cavity boundary (2). This local cooling results in a ligquid
film at the vapor cavity with a lower vapor pressure than that

of the bulk fluid, Reference 2 presents the following eguation

for this local vapor pressure drop.

m
P PCL
AP = K _z,&_@_)(_g_ g 2]
v pT_'C_q T k
where
K depends on. the hydrodynamics of the flow
%%- is the slope of the vapor pressure temperature
curve at the bulk liqulid temperature. of
interest
U = a characteristic velocity
pV and pL are the vapor and liquid densities
k = the thermal conductivity, of the liquid
L = heat required for vaporization
CS- =- gpecific heat of the fluid

The last two terms are heat transfer factors. The exponents
m and n are dependent-on the heat transfer process accompanying
cavitaéion. Venturi experiments (2) have established the validity
of this relationship.,- The vapor pressure drop for water at

ordinary room temperatures 1s negligible, the drop for most
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cryogenic Tluids however is significant. If water, however,
were superheated to 4500F its local vapor pressure drop would
be similar to that of liquid H, at —4239F._ Lower vapof pres-
sure at the cavity surface means that the. lecal cavitation

number of the flow- -defined as:

P . ..

g, = St ¥ [3]
L 1 U2
2P %

is-actually higher than one would ¢alculate based on the bulk
fluid vapor pressure. Higher cavitation numbers mean lower NSS
values and nominally more stable flows. Tests using helical -
inducers (2,9) have further verified the fact that flow break-

down in liguid H, is much delayed over that of water at similar

2
inlet conditions-.
The operating conditions chosen to goverh'the design and

testing of the presenthténdem roﬁ inducer were as follows:

mo » flow coefficient = 0.10

¥ , total-head coefficilent = 0.25

L suction specific speed = 30,000

An innovation of the.present tandem row design 1s the use
a supercavitating (29)- first stage. The supercavitating
stage 1s one whose blade. form 1s deliberately designed to pro-
duce large stable suction.side vaper- cavities springing from the

blade leading edge and collapging beyond the trailing edge. The
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second stage is designed as a high solidity high head axial flow
rotor operating with minimum cavitation, The design head rise
produced by the first stage is the maximuﬁ allewable within the
limits .of certain stabllity requirements. A generalized theory
for the prediction of instabilities -caused by self-induced cir-
cumferential ‘distortion or rotating stall (10) was used to de-
termine the maximum stable head rise. The application of this
theory required a knowledge of the performance of supercavitating
cascades under various inflow conditions. The performance of
supercavitating cascades with constant pressure cambered blades
and finlte cavity lengths was, therefore, studled theoretically.

The results: have been published in previous reports (11, 12).

The second stage of the tandem_row inducer was designed using
the theory for axial flow pump design presented in Reference 13,
This method accounts for induced interference effects at an im-
peller blade as influenced by the other blades and the .total
dewnstream vorticity along the pump centerline. Optimization
of the cavitation performance of the second stage is also ac-

counted for in the procedure,

Details of the theoery, design, and testing of the inducers

are described in subseguent sections of this report.
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2.0 DESIGN OF INDUCER NUMBER 1

2.1 First Stage of Inducer Number 1

2.1.1 Design Criteria

As mentioned previously, the first stage was designed fpr
a flow coefficient of 0.1 and a suction specific speed of 30,000.
These values were chosen as being typical values capable of being
achieved by current inducer designs. The first stage design head
coefficient was determined from the stability of the flow.throeugh
the impeller. An initial percentage of the total degired head
.rise was assigned.te the first-stage and the design and stability
analysis computed. -If the-flow was unstable the head coefficient
was decreased in steps until the flew through the first stage
impelle; @as shown to be gtéﬁlé‘apcording to Ehe method of Ref-

erence 10,

2.1.2 Design Procedure

The procedure used in the design of the supercavitating
first stage wds the familiar free-vertex, blade element theory
.described in References 1% and 15. Appendix A presents the most
important equations of the theory. This qes;gn\method allows
the design te be based on the performance. of two—d;mensional
supercavitating cascades., The theory for determining the sta-
bility of the flow through a blade row (10) also reguires a
knowledge of the behavior of these cascades. Hence, information
regarding supercavitating cascade performance was egssential.

. Experimental data on such cascades is limited and does not cover
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a wide enough range of cascade parameters to be useful. It was
therefore decided to use theoretical predictions of the performance
of supercavitating cascades for the design. Since the stabllity

of the flow through the impeller was a controlling factor in the
design, supercavitating cascades of flat plate foils were not used.
Flat plate foils develop all of their 1lift frem angle of attack
-and are. thus more likely teo develop unstable flow conditions. Cam-
bered foils develop a portion of the total 1ift through camber

and have higher lift-drag ratios. They are, therefore, likely to
develop more stable flows than flat plate foils with the same
loading. A theoretical study of the performance of supercavita-
ting cascades with comstant pressure cambered blades was under-
.taken. The results of this study are presented in References 11
and 12 and are summarized in the following section.

2.1.3 Performance of‘Constant Pressure Cambered
Supercavitating Cascades

The performance of constant pressure cambered supercavi-
tating cascades was obtained for a wide range of cascade parame-
ters. Figure 2a presents a definition sketch of a typical
supercavitating cascade. Figure 2b relates the cascade parame-
ters to the velocity triangles for a tandem inducer. .The
cascade parameters'that varied were the stagger angle, solidity,
cavity 1eng£h to chord ratio and leading edge radius of the
foils, The performance of each cascade was obtained in Terms
of the 1ift and drag coefficients, of an individual foil in cas-

cade, the exit flow. angle and .the operating cavitation number.
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In addition, the shape of the lower surface of the foil and the
cavity shape were calculated. From the numerical results ob-
tained, the following general remarks can be made regarding the

performance of these supercavitating cascades.

~ The performance of typical cascades 1is shown in Figures 3
‘and 4. It can be seen that as the cavity length to chord ratio
(2/c) increases the drag coefficlent. increases slowly for low
solidities and sharply for the higher solidities. Hence, 1t can
be surmised that supercavitating impellers with high solidities
will have & narrow range of operating cavitation number and are
likely to become unstable at the lower cavitation numbers., Ex-
perimental tests on single foils have shown that. the cavity be-
comes unsteady as the (4/¢) ratio approa;hes unity. Long
cavitles are not desirable because of the higher drags asso-
clated with tThem and the p0581b111ty of the’ cav1ty from the first
inducer stage 1nterfer1ng with the performance of the second It
appeared that a favorable compromise value-of the 4/c ratio for

design purposes was approximately 1.50.

It can be seen by comparing Figures .3 and 4 that .as the
stagger angle increases lower values of U/CL can .be used for a
given solidity and t/c ratio. This fact implies that impellers
capable of operating at lower Cavitation‘numbers can be designed

with higher staggér angles..

To facilitate the design of supercavitating impellers, the

cascade performance was plotﬁed(in the form shown in Figure 5.
C

The value of Tg-g-could be calculated from Equation [A-1]1 of
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Appendix A for given inducer operating conditions. The solidity
required for a given cavity length to chord ratio and leading
edge radius could then be obtained from graphs similér to Fig-
ure 5., It can be seen from this flgure, that larger values of
CL ¢ J

—E-E~are obtained by using higher solidities., However, the
higher solidities also have higher drag coefficients and the
acceptable upper limit for solidity has to be determined from

stability considerations.

The effect of leading edge radius on the performance of
constant pressure cambered supercavitating cascades is shown in
Figure 6, The larger the leading edge radius, the larger the

drag for a given o/C
C

for a given EL'%-. The use of zero leading edge radius would

entail very high structural stresses near the blade leading edge

L and hence the larger the solidity requlired

with consequent leading edge flutter or structural failure.
Hence some finite leading edge radius has to be used to keep the

stress below the acceptable design stress for the blade material.

An important characteristic of constant pressure cambered
supercavitating cascades should be noted. The actual camber of
these foils is a function of CL, ¢/t, stagger angle, etc. The
camber is not strongly dependent on either cavity length or
cavitation number for uniform pressure distribution on the foil
and the camber decreases as the solidity increases for a given
angle of attack. Hence for ﬁigh solidity the 1ift coefficient

of constant pressure folls is nearly as low as that of flat



HYDRONAUTICS, Incorporated

-12-

plates. -Figure 7 compares the performance of constant pressure
cambered foils and flat plate foils in cascade., It .can be seen
that the most efficient use of censtanf pressure cambered foils

can be made only at low solidities.

Thus we are faced with conflicting requirements. On one

CL c

hand,. high selidities for high 1ift parameter values anc

on the other, 1ow'soliditiessfor high 1ift-drag ratios.

2.1.4 Stability Analysis

There are numerous possible sources of the observed in-
stabilities ‘in cavitating inducers. 'Among the primary possi-
bilities are: (1) unstable interaction of tip cavities with
adjacent blades, (2) unsteady location of the cavity separation
poiﬁ% near the leading edge of the blade, (3) interaction of the
inducer with the hydrodynamic and hydro-elastic properties of
the load, (%) leading edge‘flutter, and (5) travelling circum-
ferential distortion or rotating stall. Some detailed discussion
of these is given in Reference 30. Of these causes, the last
was selected as the most s1gn1flcant and the one most amenable
to - analytlc study. Rotatlng stall in axial- flow compressor
operatlon occurs at low flows and consequent hlgh angles of flow
incidence. This phenomenon has been studied experlmentally and
analytlcally by several 1nvest1gators and has been summarlzed
.1n Referenee 16. A brief descrlptlon is as follows As blade
rows approach stall, the_flow separates in some groups of blades.
The stalled blade réstficts the flow'tsrough the channel adjacent

to its upper surface and in consequence the fluid is deflected
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around the blocked channel, increasing the angle of incidence

on the blade above and decreasing the angle of incidence on the
blade below so that these patterns of stalled and unstalled flow
do not remain fixed but are propagated along the cascade. The
result 1s that the blade rows are subjected'to violent périodic

dynamic loads, since they find themselves alternately in stalled

and unstalled flbw.

Various theories concerning the problem of rotating stall
have been proposed, the majority of which use a small ﬁerturba—
tion approach, and therefore, apply strictly only to an inclpient
stall which is identified as a self-induced distortion. The most
recent and lucid analysis seems to be that due to Yeh (3) who
treated the.problem on the basls of clissical actuator disc
theory. It was found by Yeh that, in general, both a traveling
circumferential distortion and a spanwise type self-induced dis-
tortion are possible. It has been further shown that the purely
traveling circumferential type wbuld in all probability occur
first. Restricting the analysis to this type simplifies the
problem enormously. The conditions required for the purely cir-

cumferential type self-induced disfortion to occur are shown to
be

=
i

[1 + tan®Bs + N(1 - tan B, tan fz)1/tan Bi L]

&
i

L1 + tan®Bs + N(L + tan®B. )1/(2 tan B1) L5]

where:
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Aw
M is- defined as 2
. 2 AB]__
s . Lo .- A tan Bg
N ‘ is defined gé R ban Br

B.Bs are the reélative flow angles, upstream
" and downstream’of cascade
Tk "’ is the ratio of the speed of distortion
propagation to the axial compoheﬁt'of

inlet velocity . .
2gH,

W, ©  is the head loss coefficient

U=
Q

In order to find the céscade geometfy which meets the de~
sign COHdlthﬂS and 1s also best able to delay the onset of

rotatlng stall one must con81der two problems

(2} how to increase the value-of M necessary-

for distorbion prOPagatlon"Miimi@

(b) how to decrease the'actual” operating value”
£ M, M | ‘

o “cascade.

.Several interésting results were deduced by Yeh concerning
Equation [4]. It can be seen that if (tan B, tan Bz )} > 1,
higher values of N, that is, lower soliditiés, wlll decrease
M, ., and thus promote rotating stall. The product (tan B, tan Baz)
is >> 1 in the present.case and, hence, under these conditions,

increasing the solidity will promete stability.
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‘Equation [ 4] can be applied directly to the stability of a
supercavitating impeller. All of the parameters in the equation
can be obtained from the results of Reference 4 and the valuesﬁ
of M and N obtained graphically. This procedure was applied to
the design of the firsgt stage. If the design was shown to be- ‘
unstable, the design parameters were adjusted and the stability
procedure repeated until a sbtable impeller design was obtained.
The deslgn parameters that could be modified in the interest of
stability were the percentage of total head assigned to the
first stage (first stage head coefficient), the‘design éavity
length to chord ratio, the leading edge radius and the hub radius
to tip radius ratio. The effect of each of these parameters on
stability is discﬁssed below. 1In all cases, the product of
tan By and tan Bz was Ffound to be greater than unity and hence
the‘smaller the valug of N, the larger was Mlimit'
(a) Effect of Head Coefficient.

C

Figure 5 shows that large values of ??-% can be obtained

by using high stagger angles and high solidities. However, this
can be a practical design region only if stable flow exists under
those conditions. Thus, the maximum allowable head coefficient
will be stability-controlled. The higher the head coefficient,
the larger the 11ft and drag coefficlients and hence the larger

the value of Mcascade' As the solidity increases, the value of

N 18 reduced, conseguently increasing M However, the in-

limit’
crease in M is much steeper than the increase in M_. |,
cascade 1imit

and at some value of head coefficient, ¥, thé flow through the

impeller will become unstable,



HYDRONAUTICS, Incorporated

-16-

(b) Effect of Cavity Length

In the design of a supercavitating first stage for a
given head coefficient, it was necessary to determine the opti-
mum cavity length to chord ratio. The longgr the cavity, the

I, C

lower is the solldlty reguired for a given St Lower

solldltles increase N and consequently decrease M Large

limit”®
cav1ty length to chord ratios also result in large drag coeffi-

clents and hence large values of M Thus, it appears

cascade’
that the shorter the cavity length, the more likely the design
will be stable based on the Yeh criterion alone. The inherent

stabllity of cavity flows, however, must also be considered.
(¢c) Effect of Leading Edge Radius.

From Figure 6, it can be seen that the larger the

leading edge radius, the larger is the required‘solidity for a

. L c . ) '
given — = . This makes N small and Mlimit large. However, the
drag coefficient increase§ rapidly with leading edge radius and

This causes a rapid increase in M Hence, in general, it

cascade’
can be stated that increasing the .Ieading edge radius tends to

make the 1nducer unstable. A conservative procedure is to work
with curves calculated for-a leadlng edge radius slightly larger

than the anticipated leading edge radius.
(d) Effect of Hub-Tip Radius Ratio.

For a given tip radius, an increase in the hub radius
results in a higher local flow coefficient and lower stagger

angle. From Figure 5 it can be seen that a fixed T%J% can be
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obtalned at smaller stagger angles by using higher sqlidities an

higher values of a/C Higher solidity is beneficial for stabil.

'
ity; however, higher drag coefficients decrease the stability
margin, WNo génefal statement can, therefore; be made as to the
effect of hub-tip radius ratio changes and "each case must be

studied individually.

2.1.5 Results of Design .Procedure

It has ‘been previously explained that the maximum allow-
able design head coefficient for the supercavitating first stage
is determined by stability requirements. At first, the super- ’
cavitating impeller was designed to produce 0.25 of the total
inducer head coefficient. However, when Yeh's stability cri-
terion was applied to this design, it was found that the flow
through the impeller would be unstable. A second design was

'produced,in which the first-stage head coefficient was 0.20 of -
the total inducer head coefficient.. Once. again, Yeh's stability
analysis showed that the flow through the impeller would be un-
stable. A third design was Initiated with a design head coeffi-
cient 0.15 of the total inducer. head coefficient. For this
value of 0.15, the stability analysis showed that.the impeller
was stable. The results of the final design and.stability
analysis are presented in Appendix.A. : Figure 8 shows a photo-

graph 'of the first stage model.

An analysis of fthe stresses in the first stage was made to
insure the structural adequacy of a full scale impeller that

might be used in fubure rocket fuel pump designs. The working
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"stress uSed in the design of the‘first stage was determined

in the following manner.

It was assumed that prototype impellers would be made from
the Titapium alloy Ti—A&6~V4 with high yigld strength and anti-
corrosion properties. This alloy at room temperature has. a
yield strength (0.2% offset) of 120,000 psi. The fatigue 1imit
of the material for 10! cycles, with a lead factor of 0.6 is

equal to 103,000 psi. Aséuming a factor: of safety = 2, the
"working stress in the"protétype was taken as 51,500 psi. The
working stress in -the model was obtained by the' use of the fo

lowing relatienship:

p | ~ %
P

Prototype Stress- Py

M

Model Stress _ "m ( m ( m [6]
p

By comparing- existing prototype designs'with the first stage
of -the tanéem-row-inducer,‘values'of K. from 0.2 - 0.4 were ob-
tained. Thus, a model working stress-bf-0.2 X 51,500 = 10,300’psi
was selected. The maximum stress in the hub seétion due to com-
bined bending, centrifugal forces 'and shear was below 6000 psi.
However, because of the thin léading edges. in supercavitating blade
sections, the chordwise. bending stresses at the tip were higher
than the stresses at the hub. The leading edge radius of the-
supercavitating sections was selected such that the leading edge
streésgs_wpuld be about 10,000 psi. The design of the first
stage was thus“considered to be structurally compatible with‘

typlcal full scale impellers.
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2.2 BSecond Stage of Inducer Number 1

2.2.1 Design Criteria

In the design of a tandem fow inducer, the second stage
has to be matched to the flow conditions downstream of the
first stage. Since the first stage was designed to develop 15%l
of the total inducer head, the second stage must be designed for
the remaihing 85% of the total head. The second stage also op-
erates at a-much lower suction specific speed than the first
stage. The second stage pitch also must take into account the
swirl behind the first stage. For continuity the flow coeffi-
cient for both stages is the same since the hub to tip diameter

ratio does not change.

2.2.2 Design Procedure

The design procedure used for the first stage could not
be used for the second stage since the performance of two-
dimensional, high solidity, high stagger angle cascades 1s not
known. It became necessary therefore, to adopt a method by
which impellers could be designed without the use of experimental
or theoretical cascade data. One such method was presented by
Bowerman (6) as an improvement over the -design method which uses
two-dimensional cascade theories., Bowerman has verifled his de-
sigh method experimentally for an impeller with a specific speed
of 10,000. However, the .limitations of the method are not known,
especially in the realm of low specific speeds, where the

solidity must become high.
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The deslign method consists of representing the-impeller
blades by a number of radial line vortices. ©ne blade (vortex)
is removed from the impeller and the interference streamline
due to all the other blades and the total downstream vorticity
1s caleculated. The camber and thicknesg distributions are then
superimposed on ?he iﬁterference sfreamlige, resulting in the
final impeller design. The constants used in thé-calculation
of the igﬁerference streamline are presented in Reference 6 for
one particular. blade angle: Since the blade angles encountered
in the design of the secqnq stage were different froﬁ those used
in Reference 13, these constants were evaluated according to the
method suggested in Reference 13. TUse was made of the results
of Reference .17, in which the distribution of tangential, éxial
and radial velocities due to a single radial -line vortex in an
annular space are given. The tangential component of velocity
Vu due to all of the other blades is hon~dimensionélized as

follows:

¢, = A& - L7)

It was found, as in Reference 6, that C8 varied almost linearly

with hon-dimensional -axial distance § = z/ft.. Thus,

g€
CGNKO+Klq £ 8]

where §t is the value of & at the trailing.edge of the foil.
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The values of Ko and K, for the three different radii are

presented below.

Radius/Tip Radius K, - K,
1.0 : 0.0112  0.1368
0.8 0.007 0.185

0.6 0.017Y 0.232

The formulae given in Referenqe 13 enable the streamline
equation to be derived when Ce is given. These formulae were
modified slightly to take into account the initial swirl from
the first stage of the inducer. The equations for the stream-

lines at three different radii are given below.

At /v = 1.0 8 =.1.735 z - 0.0955 z°
r/rt = 0.8 B = 1.708 z - 0.161 Z°
r/'r,C = 0.6 8 = 1.592 z - 0.27 Z°

The details of the desigh calculations are presented in Appendix
B and a photograph of the second stage is shown in Figure 8. A
camber line of the NACA 67 series was chosen so that the pres-
sure distribution would be such that possible blade cavitation
would be minimized. A thickness distribution of the NACA 16
series was used. These distributiocns were used aloné with the
aforementioned design procedure to determine the final coordinates
of the foil.
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‘Theoretiqal'pressure distriﬂutions were obtained for the
sections at the tip, mid-radius and the hub by superimbosing
the pressure distributions due to the camber and thickness of
the foil on the mean pressure rise in the pump. The pressure
distributions .for NACA 67 series mean camber line and NACA 16
series thickness distributions were obtained from Reference 18.
The mean pressure rise in the pump was evaluated ﬁsing the-in~
duced tangential velocity aleng the chord obtained previously
for calculating the interference streamline. The final pres-
sure distributien for the section at the tip radius is shown
in Figure 10, The cavitation number.d of the approaching flow
is'also shown in Figure 10 and it can be seen that the minimum
pressgré coefficient is greater than (-o). Thus, fhe‘impeller

was expected to be cavitation-free at design conditions.

The stresses in the blade at the hub section were low
since the sectibn modulué'of the foil at the hub was large.
The stresses near the leading and trailing edges of the foil

.'ﬁt the Tip section were also calculated and were found te be

"less than the selected working stress of 10,000 psi.
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3.0 TEST FACILITY AND PROCEDURE

3.1 HYDRONAUTICS', Inceorporated Variable Pressure Pump Loep

3.1.1 Description and Capabilities

HYDRONAUTICS, Incerporated has designed and fabrieated a
pump test loop capable of testing the performance of a variety of
pumps over a wide range of operating conditiens. The plexiglas
test sectien of the loop is 22 inches long with an internal diam-
eter of 7 inches. Plexiglas was used to make observations of
the onset and extent of cavitation possible, Figure 11(a) shows
the test section with the first stage of the tandem row inducer

operating in it. ‘The cloudy region is caused by cavitation.

The entire pump loep can be preséurized to- 200 ps; to elimi-
nate cavitation or the pressure can be reduced to very low avse-
lute values Lo simulate low cavitation numbers. Thus, pumps can
be tested at suction specific speeds as high as 30,000. A coen-
tinuously variable speed 150 hp drive provides a shaft speed up
te 5000 rpm. A torgue and thrust dynamemeter lecated on the
shaft downstream of the test section enables these quantities to
be accurately measured. A specially designed valve located down-
stream of the test section alleows flow regulation. A heat ex-
changer allows the water temperature to be kept steady even though
considerable heat may be generated by the dissipatien of energy

“4n the water. Figure 11(b) shows overall photegraphs of the pump

loep and associated instrumentation.



HYDRONAUTICS, Incorporated

e} I

3.1.2 Instrumentation

The pump loop is eguipped with instrumentation to measure
static and tetal pressures and velocities in the test section.
Three probes of the type shown in Figure 12 were inserted threugh
the test section wall for radial surveys of pressures, veloclties
and flow angularity. - These probes were calibrated in the High
Speed Channel at HYDRONAUTICS, Incorporated for cavitation effects
and for the effect of boundary proximity. The prebes can be lo- '
cated at several points in the test section. Because of the large
number of pressures that had to be measured for each test run, a
"Scanivalve" was used. This device allows the pressures to be
connected in succession to one of two pressure transducers. One
transducer was used fer low pressures (0 - 10 psi) and the other
for high pressures (0 - 100 psi). . Arrangements are provided to
effectively bleed the tubing of air, which could bé a major

source of error especially at low absolute pressures.

The'pressure transducers ugded are of the differential re-
luctance type and their output 15 displayed digitally. The trans-
ducers were calibrated and the output was found to vary linearly

" with pressure. The shaft rpm is measured by means of a calibrated
strobe 1iéht, whicﬁ is also essential for observation of the type

.and extent of cavitation occurring on the blades.

3.2 Test Procedufe

The test procedure adepted for all impellers was the same
as that used for cavitation tests on a conventional pump. The

flow coefficient was held constant and the net positive suction
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head {NPSH) of the.pump lowered until the ‘total head decreased
rapidly due to cavitation. Ail testé were conducted at a shaft
speed of 1000 rpm. The pressure upstream of the impeller was
first reduced to. the required value. The valve downstream of the
pump was then regulated until the reguired flew ceefficlent was
obtained. Measurements of the static and total pressures and
flew angularity were made at 5 or.6 radial positiens upstream and
dewnstream of the impeller. These data were proecessed by an IEM
‘1130 computer ﬁhich integrated th¢ pressureé and veleocities an@
calculated the total flow and the total head rise. The computer
program alsc calculated the overall efficiency, dimensionless

coefficients and ﬁhe radial wvariation of 1ift and drag ceefficients.
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k.0 RELATIONSHIP BETWEEN SUCTION SPECIFIC SPEED
AND CAVITATIGN NUMBER

.Since cavitating cascadé performancé, either experimental or
theoretical,is presented in terms of the cavitation number while
cavitating pump performance is presented in the cemmon parameter
ef suctien specific speed,- a discussion of the relatienship.be-

tween these two parameters 1s appropriate.

- The eavitation numbef is relgted’to suction specific speed
in the follewing manner., Assuming an axial flow machine with no
prerotati@n,'the inlet cavitatien number will vary in the radial_
directien. For purposes of comparison, the tip'cavitation num-
ber will be used since it reﬁfesents the lowest vaiue of any

radial leocatien. The tip :cavitation number is defined as:

H . - H
5. = static vapor [8]
wi? /g

wi o=\ Up”™ + Vo5 Up = 755 Ty

w1 is the velocity of flow relative to the impeller

blade.

where

Suctien specific speed is not dimensionless and is defined as:

N  =—"3" ' [9]
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where

NPSH = Hotagie t og "'Hvapor’

’

- Combining these twe relationships and further using the defini-
tien of flow ceefficient,

Vfo
= o

=

one may obtain the following relationship between T and.NSS for

an axial flow machine with a 60 percent hub.

ol

o . o = .
N =Ve —m—/c+————°-—— [11]

55 Ol .51+ 0 2 41+ 62
o e

For other hub-diameter raties, the constants iﬁ the above egua-
tion will change. Migure 13 shows the selution of Egquatien [11]
for a variety of tip cavitation numbers and flow ceefficients.
Twe characteristics of this relatioenship shoulid.be noted. First,
there exists an optimum flow coefficient for which a maximum
value of NSS can be obtained for each tip cavitation number.
Secondly, for. each flowlcoefficient there exists a_ theoretical
maximum possible suction specific speed which occurs when the
tip cavitabtion number (i.e. inlet static pressure) is zero.. This
maximum possible'NSS is strengly dependent on ¢o. The purpose in
intreducing these relationships is to clarify. the operating re-
gime of the inducers presently being discussed. All of the data
presented in this report will use .suction.specific speed rather
than cavitation number as the parameter describing cavitating op-

erating conditions.
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5.0 RESULTS OF TESTS ON INDUCER NO.

5.1 ®irst Stage Test Results

5.1.1 Blades at Degign Pitch

The first stage of inducer No. 1 was tested at its design
pitch at flow coefficients of 0.101, 0.080 and 0.064%. The results
of these cavitation tests are presented in Figures 14a, 14b and
l4c., It can be seen from.Figure 1la that complete head breakdown
occurred at a suction specific speed of 22,000 - 23,000. . The
tests could net be conducted at flow coefficients less than 0.06
because of cavity instabilities that developed under those con-
ditiens. At flow coefficients greater than 0.1, face cavitation
developed with coﬁsequent poer heaa generation. Figure 14b indi-
cétes the cavity length to chord raties observed during the tests
and Figure l4c shows the variation of the efficiency of the im-
peller. .The impeller was unable to operate at the design suction
specific speed, (30,000) longer cavity length to chord ratios
were obtained than the design value. of 1.5, and the wmeasured ef-

ficiencies were lower than the design value (=65 percent).

When operating at a flow coefficient ¢ of 0.1, some face
cavitation was observed at the leading edge of the blades. AT
¢ = 0,08, the face cavitation was reduced substantially and at
¢ = 0.064 it disappeared completely. Because of this it was
deduced.that altering the pitch of the blades would improve
cavitation performance by more nearly approaching shock free
entry at a flow ceefficient of 0.10. The hub of the first stage

was modified so that the pitch could be changed to 1°, 2°

and-
3° less than the design value. The results of these tests are

dezecribed below.



HYDRONAUTICS, Incorporated

-29..

O

5.1.2 Blades 1°, 2° and 4° TLess than Design Pitch

The results of tests on the impeller with blades set 10,

20

and 4° less than design pitch are presented in Figures 15, 16
and 17 respectively. A comparison of thé performance of the im-
peller at design floﬁ coefficient and various-pitch settings. 1is
presented in Figure 18. The pitch set%ing 20 1ess‘than design
appears to perform best at low cavitation numbers. At higher
cavitation numbers,‘tﬁere was little difference in performance
among the three modified pitch settings. Although somewhat im-
proved, the performance at the new pitch settings did not approach
the desired design performance. Cavity lengths and efficiencies
at the new pitches were nearly identical to those at design pitch

and were therefore not presented.

5:2 Second Stage Test Results, Inducer No. 1

The second. stage was initially tested in the pump loop with-

out the first stage. Results of these tests are tabulated below:

TABLE 1
Performance of 2nd Stage of Inducer No. 1

Pitch = 65.8°

Design Test Test Test
Conditions| Run No. 1|Run No. 2| Run No. 3
Flow Coef., ¢ 0.100 0.0510 0.0843 - 0.0370
Head Coef. W 0.2125 0. 0485 0.250 | 0.278
Efficiency, n 0.85 0.12 0.62 0.73
Suction Spec. Speed
N o 13,250 5,300 5,800 9, 000
Qg(NPSH)/UT2 0.113 - 0.2hk5 0.196 0.0971
see see

Note 1 - Note 2
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Note 1: ~ Extensive race Cavitation - Choked Flow.
Note 2: Separation Occurs at the hub section with
resulting increased flow at the tip section.
In these tests, head coefficients higher than the design
value were developed. - This indicated that the solidity of the
blades was more than adequate. However, the flow coefficient, atv

which these high heads were develbped, was much lower fthan the

design value.
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6.0 ANALYSIS OF PERFCORMANCE OF INDUCER.NO. 1

‘ﬁ.l First Stage, Inducer Number 1

An analysis was made to determine the reason for the dis-

crepancy. between the design and tes%‘pérformance of the first
.stage. The assumptions necessary for the application of two-
dimensional theory. te the design of axlal-flow pumps appeéred to
be satiéfied. Thus, the total head generated By the impeller was
constanf along'the radius, indicating a free-vortex pattern of
flow. - The axial component of the velocity éheéd‘and behind. the
imbeller was nearly constént along the radius, indicating that
the flow streamlines occurred on co-axial cyllnders Figure 19
.shows the radlal dlstrlbutlon of total head- and-axial ve1001ty
‘measured during a. typical test of the first stage of inducer

no. 1. The cavity 1éngfh to chord ratio wésfalso.reasonably
constant with radius. as was assumed in the design. It was  thus
concluded thaﬁ three-dimensional deviations from the two di-
mensional theory used for the design.were not responsible for the

discrepancy.

The results.of the theoretical pgrfermance of constant pres-
sure cambefed'supercavitating cascades were re-examined. In
checking the numerical results of the theory of Reference 11,.a

.small source of error in the numerical procedure was detected
and corrected. Anothef source of errer lay in the fact that the
performance of foils with zero 1ead1ng edge radius were used in
the de31gn of the impeller. However, the actual impeller had a
leading edge radius of about 0.005 inches or p/cCL = .0087 at
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the characteristic radius. 'The total effect of the-abeve cor-
rectiens could account for only a portion of. the tetal discrepancy

between the theory and experiment.

) Despite the poor performance of the first etage at design-
pitch, it was anticipated that approprlate changes in the blade
pitch could improve the cavitation performance of the impeller,
Such changes are standard procedure “in regular turbemachine
practice and form the foundation of controllable pitch, axial~
flow runners. - Normally, when the blade pitch of an axial flow
.turbomachine is changed and the flow conditions are kept censtant,
the engle of atteck at each flow cendition is changed by the
amount of the pitch change. However, the present experiments
showee that as the blade pitch ehanéed, slight prerotation of the
flow ahead of and in the direction of rotatlon ef the impeller
teok place decreasing the effect of angle of attack increase. - The
mechanlsme respoensible for the preretatlonere'probably,back flow
at the tip radius evideﬁced by ocecasional ﬂiashing of the ©Tip
cavity upstream of the impeller and hub friction, since the hub
extends upstream of stage 1. As .shown in Figure 18, the 63.5o
pitch was clearly more than the optimum while 59.4®-was clearly
less than the optimum.leading to earlief‘cavitation breakdown.

For the presen% design,62.50'ie probably near the optimum pitch
angle for ¢ -= .10, ' '

In order to further understand why the original supercavi-
tating first stage did not produce the predicted head coefficient
at the design'euction conditions, an analysis of the measured
data at three pitch angles was made with particular emphasis on

cavity length.
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Figures 20, 21 and 22 show theoretical cascade perfermance
for a cascade of the solidity (c¢/t = .54) used in the original

first stage design.

As an initial check of these theoreﬁical results, the re-
latibnship between camber, angle of attack and 1ift coefficient
(f/:cGL and a/CL) for long cavities (£/c¢c = 3) were compared with
results for cascades with infinite length cavities as used for
propeller design. Figures 20 and 21 indicate that the behavior
of the cascade becomes constant for cavity lengths greater than
three chords, and that the performance for that region should be
essentially the same as for cascades with infinite cavity lengths
79°18"
£/c = 0.0143, ¢/t = 0.5%) and using p/cCL2 = 0 and 4/c > 3.0.
Figures 20 and 21 give a theoretical 1ift coefficient of 0.071

For the cascade geometry at the characteristic radius (y

and an angle of attack of 0.071. Data for two-dimensional iso-
lated constant pressure foils and theoretical results for cas-
cades with infinite cavity lengths (24) yield an estimated 1ift
coefficient of 0.070 for this same cascade geometry (solidity,
stagger angle, angle of attack, and camber). The excellent
agreement of this value with the present theoretical value indi-
cates that Figures 20 and 21 are valid for long cavities

(£/c = 3.0).

‘Data from the present test program was tﬁen used to check
the consistency between the results of Figures 20 and 21 in the
region of finite cavity lengths. For a given measured cavity
length, blade angle of attack,. and flow coefficient the 1ift

coefficient at the characteristic radius was determined using
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Figure 20T The cavity length cerresponding ToO TNA1S -11IT Ccoei-
ficient and the design camber (f/c = 0.0143)-wés then determined
from Figure 21 and cewpared with the measured value. -The two
cavity lengths are in qgite good agreement as seen in-Figure 23.
Based on this comparison it can be ooncludéd ﬁhat the results of
Figures 20 ahd_21 are consistent for both finite and infinite

cavity lengths.

The 1lift coefficient obtained‘from'Figﬁre 20 as described
above was the corresponding head ceefficient, and these values
compared with the experimentally measured head coefficients. ‘As-
suming- the head coefficient is proepertional. te the 1ift coeffi-
cient at ‘the characteristic radius,.which should be a goed-ap-

proximation, the head cpefficient'can be estimated as:

C
¥ = (3 aesign) g———— = .1875 C; [z

L design

. A comparison of the measured and calculated head ceefficients,
.again showed quite good agreement further indicating the wvalidity

of Figures 20 and 21,

1}

The discfépanéies‘between measured and theoretical head
ceefficients are thus likely, to be due -to ‘some error in. the re-
sults given by Figure 22. That is, the theery of Yim (11) appears
to. reasenably predict the relationship.among cavity length, cam-_
ber, angle of attack, and 1ift coefficient, -but fails to predict

the relationship between cavity length and cavitation number.
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The difficulty in relating cavity length to cavitation number
has been common in most theoretical work-on finite cavity length

supercavitating flows.

It was shown By Tulin (25) that for supercavitating struts
and lifting foils, the cavity length is directly preportienal to
the scaling parameter, CD/bg. The original relationship. for

1ifting foils at small o was given by

. C
D
(£/c - 1) ~ (ﬁ,__) as @ = 0 - [13]
T 2 .
; o
Available data and later theoretical models indicate wide
.variations in the constants of:proportionality between: the cavity
. length- and the scaling parameter. In order-to examine the va-
1idity of Figure 22, the theoretical and experimental values of

CL were used to,calculaterthe parameter, -k, defined as:

Q

o.C
L/e = k D - =k L
g 2 g @

e e

[14]

. It should be_noted that the cavitation number in Equation
[1%] is not the inlet cavitation number qi,'of Figure 22 but
rather an average or effective éavitation number, Ge. ‘Previous
.studies of cavities in pressure gradients (26)-and. behind.super-
cavitating propellers (27) indicate that an effective cavitation

number based on the pressure at 40 percent of the cavity length
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(measured from the leading edge) correlates welLl WiThn cCavity
_length.' The resulting.effective cavitatlion number for a cagcade

(assuming a linear pressure rise across the foils) is given by

[~ [C
J L ¢
=0, |1+ .40 o E;'E) for 0.40 £/¢c £ 1.0 : [15]
. and B
Cr o .
g =0, |1+ E;'E for 0.40 £/c > 1.0 [16]

- The results of Figure 22 for p/cCL2'= O have been analyzed
using Equatien [15] to determine the values of the constant k eof
Equation [14]. The resulting values of k-are presented in Fig-

ure 24 as a solid line. These k values range from 0.60 to 1.20.

" The experimentally measured performance has also. been .
analyzed, and the values of k determined for various operating
conditions using calculated values of (CL/bi)(Q/ﬁ). These re-

sults are also shown in Figure 24.

From the measured data, there appears to be a somewhat
linear relationship between k and £/c¢c. The significance of this
rélationship is not known but a straightline fit through the data

is shown in Figure 2&. - The equation of the line is:

k = .833 4/c + .167 [17]
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The values of k frowm the tests are, genérally, within the
range of values predicted by existing isolated foil theories (28)

and existing data.

Also. shown in Figure 24 is a region bounded by'2 Pimes and
3 times the k values from the theory. It can be seen that the

ma jority of the expefimental points fall within this region.

To correct a figure such as Pigure 22 for the differential
between the theoretically determined k values and the values
from the_ekperiments it is necessary to multiply‘the theoretical
cavity lengths by the ratio of the k values. The resulting re-
duction in the 1lift parameter (CL/bi)(c/%J for a given cavity

length is obwvious.

Because of the large reductions in the values of the 1ift
parameter, it is fthus necessary to increase the pump solidity
over the values required by the theory of Yim (11).to ebtain the

.desired headrise at the desired Gi.

It sheuld further be noted that there exist inherent inac-
curacies in the linear theory for cascades with high stagger
angles.” This problem was discussed in Reference 11. At high
stagger angles predictions using linear theory lose accuracy at
higher solidities and angles of attack. Previous investigators
(19, 20, 21 and 22) pave presented numerical results for lower

stagger angles only (i.e. 60% and less).
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6.2 Second' Stage, Inducer Number 1 -

The second stage operéted with minimum cavitation at a flow
coefficient only 37 percent of the design flow coeffiqient. As
the operating flow coefficient was increased, face cavitation de-
veloped indicating negative-angles of attack at the leading edge,
It was thus concluded that the blades were inducing higher tan-
gential velocities ahead of the impeller than used in the design.
The impeller also developed a higher head coefficient than the
design value, indicating that the theory‘(Reference 6) failed to
predict the downstrea& vorticit& correctly. The fhéory of Ref-
erence 13 utilized the theoretical resulﬁs presented in Reference
17, in which velocities indﬁced by a radial line vortex in an
annulus were derived numerically at specified axial and angular
intervals. In the design of tﬁe second stage, induced velocities
were required'at smaller axial intervals than were available from
the work of Tyson (17) and Bowerman (13). Hence, interpolation
and extrapolation was necessary to obtain the induced velocities
at the required intervals. In doing so, errors may have arisen
leading to the incorrect prediction of induced tangential ve-
locities. The results of Reference 17 should be made avallable
at smaller axial intervals for use in the design of high solilidity,

high stagger angle impellers.

Figure 25 shows the radial distribution of measured param-
eters during test run no. 3 on the second stage. It can be seen
that neither the tetal head nor the axial veloecity remained con-

stant along the radius as assumed in the design. This was caused
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- by flow separation along the hub sectien causing flow "pile up"
at the tip sections. The diffusion factor (23):has. been shewn to
correlate well with limiting blade loading or-separation in axial
flow compressor bdades. The diffusion facter-was derived beginning
with a parameter frequently‘used in establishing'ansepgration”

" eriterion in two—dimepsional, turbulent boundary layer theory.
After several simplifications- and substitutiens, the féllowing

form is obtained:

AV
4 - u
Q(C/t)W1

. Correlation_with_NACA compresser data shows that te avoid sepéra—
tion.this facter spould be 1§ss t@an 0.60. .The present second
stage design calls for diffusion factors.at the tip padius, mid
radius, and hub radius of 0.259, 0.362, and O.TOl.respec@ively.
The diffusion factor at the hub was teo large because.of the high
-head coeefficient and low peripheral Speeq. It could be reduced
by decreasing. the head:coefficient, incregsing the peripheral

speed. or increasing the hub te tip diameter ratio.
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7.0 DESIGN OF INDUCERS 'NO. 2 AND NO. 3
7.1 PFirst Stages, Inducers 2 and 3

In order to improve the performance of the first stage of
Inducer No. 1, it was necessary. to increase the solidity and the
camber of the blades. However, as was indicated in an earlier ;

section of this report, it is a characteristic of censtant-pressure
‘cambered cascades that as the . sellidity ihbreases, the camber of
the foll decreases and tends to approach a flat piatg; Because

of this characteris@ic, it did not seem appropriate to use the
results of the theory of Reference 11 for the new deéign. A

study of other types of supercavitating foils in which the camber
is an independent variable is currently béing conducted as a con-
tinuation of the présent work. When this study is cemplete, it
gshould be possible to deéign an impeller with inéréased solidity
and camber. Fof the purpeses of the present study it was decidedr
‘to.study the effects of increased solidity, keeping the camber
constant. :Thus, the solidity was increased to 1-1/2 times that

of Inducer no. 1 by using three bldades instead of twe, each blade
of the new impeller identical with the blades used in Inducer

no., 1. A photograph of this new impeller is shown in Figure 26.

The first stage of Inducer No. 3 was fabricated with 4 blades,
each blade identical with those used in the first étage of In-
ducer No. 1. The solidity of the resulting impeller was 1,08 or
twice that of Inducer No. 1. A photograph of the fourmbladed”
first stage impeller is shewn in Figure 27. Each of these im-
pellers. were tested at various pitch settings te determine the

best performance.
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7.2 Second Stages, Inducers 2 and 3

Since the second stage of Inducer No. 1 developeq_a more
than adequate head coefficient (131 percent of design in run no.
3) but at less than the required.flow ceefficient, (37.percent of
design in run no. 3)‘it was speéulated that preper changes in the
pitch of the blades might increase the flow coefficient without
decreasing the head coefficient sﬁbstantially. The second stage
~of Inducer No. 2 therefore had the blades pitched at 5—1/’2o less
than those of Iﬁducer No. 1. The second stage of Inducer No. 3

had the blades pitched a@ 10O less than Inducer No. 1.
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" 8.0 RESULTS AND ANALYSIS OF TESTS ON INDUCER NO. 2

8.1 ‘First Stage, 'Inducer Number 2 -

The first stage of Inducer Ne. 2 (3 blades) was tested at
two pitch settings (67.50 and 63.50).‘ Figures 23, 25 and 26 ﬁre—
senf the results of tests ét the first piteh setting. Figure 28
shows that the impeller performed well only at & flow coefficients
near 0,07 Breakddﬁn of the total head occurred at a suction
spec;fic speed of 20,600 but *the hedd coefficient is impfoved over
that developed by the first étage of inducer number 1. The form
of the curve is different than that obtained previeusly, being
almost flat until breakdown as compared to the cohtinuous decreasing
characteristic obtained for Inducer ne. 1. The variation of ef-
ficiency under these test conditions is noted by each data point

in Figure 28.

Since the flow coefficient, at which the above impeller op-
erated satisfacterily, was less than the required value of 0.1,
it was decided to change the pitch of the blades to increase the
flow coefficient. The new pitch setting chosen was 63.5°. The
results of tests at this setting are presented in Figure 29. The
flow coefficient was indeed increased as had been anticipated,
however, no significant improvement in the maximum achievable
suction specific speed occurred. The efficiencles at all values
of NSS were significantly improved. Just previous to breakdown,
the cavity lengths were f/c = 1.6 - 1.8, After breakdown, the
cavities entirely filled the space between the impeller and tThe
downstream guide vanes. Cavity length data is included in Fig-
ure 39 with additional test data for this impeller when tested in

tandem.
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8.2 Second Stage, Inducer’ Number 2

The new pitch of the second stage was 60.3°, 5.5° less than
that of Induqer_No. 1. At this pitch, the blades were further
apart producing wider fiow passages and allowing tests at a lower
cavitation number befere choking of the passages occurred. . Fig-
ure 30 shows‘tﬁe results of tests on the second stage at this
pitch setting. The flow coefficients for this.impeller are much
higher than those of the second stage of Inducer No. 1. At a
flow ceefficient of 0.06M4, the_impellér was able to develop a
higher~than—dééign head coefficient at a higher-than-design suc-
tion specific speed. At the higher_valpes 6f NSS, face cavitation
eccurred and choked the passages. Some cavitation alse occurred
‘on the suction sidé of the blades but only from about mid chord
on to the trailing edge of the blades. The radial distribution
of parameters in this case was about the same as that for the
second stage of Inducer-No. 1 (Figure 25) and is not presented

again.
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9.0 RESULTS AND ANALYSIS OF TESTS .ON INDUCER NO. 3

9.1 First Stage, Inducer Number 3

The first stage of Inducer Ne. 3 was tested at two different
pitch seétiﬁgs,.at 48.5O and-53.50. The results of tests oﬁ the
first stage at 48.5° pitch are shown in Figure 31. At this pitch,
tests were: conducted at o > 0.125. Even at'this‘hiéh & the angle
.of attack was large and-hence a very thick cavity déveléped'ﬁehihd
each blade.' The cavitation performance of this stage was .thus
inferior to - that of Inducers No. 1 or No. 2. - The highestsNSS
obtained at this flow coefficient was 15,300, The head coef-
ficient for this impeller was higher than that of the previous
inducers because of the increésedlsolidity and angle of. attadk.
Thé maximum stable cavity length to chord ratie bftained was 1.15.
As the cavitation number was decreased, the cavityflengﬁh Suddenlj

became very long and extended dowrstream to‘thé guide vanes.

JSince the angle of attack ﬁas toe large-at the piéch setting
of 48.56, the blades were reset at a pitch of‘53.50 and -the im-
peller tested. The results of these tests are presented in Fig-
ure 32, It can be seen that the head coeefficient devéloped at
this pitch is higher than that developed at the previeus pitch
setting, and the cavitation performance is slightly better,.a1:

though it i1s not as geoed.as that of Inducer numbers 1 or.2.
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A -summary, of the perforwance of the Stage 1 modéls with
various pitches and'nﬁmbers of blades is presented in Figure 33.
Stage 1 of inducer no. 2 with 3 blades pitched at 63.50 was chesen

as the mest acceptable first stage.

9.2 Second Stage, Inducer Number 3

The second stage of inducer no. 3 had blades pitched 10°
less than«the pitch of inducer no. 1. The results of tests at
this new'pitch are presented in Figure 34_ The best cav1tatlon
performance occurs at a f£low ceeff1c1ent of 0.088 as compared
with 0.06% for stage 5 of inducer no. 2. Both the head coeffi-
cient and the sudtion specific speed were iIn excess of the design
requirements at this flow coefficient. The design ¢ and N
ceuld net be achieved howevep, at a flow coefflclent of ¢ =,097.
The pattern of cavitatien at the higher values of N s wes.the
same as that on the second stage of 1nducer no. 2. That, is face
cavitatien eccurred at the leading edge for 0.1 - 0.2 of the
cherd and back cavitation occurred from about 0.5 chord te the

trailing edge.
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10.0 EXPERIMENTAL RESULTS OF TESTS -ON TANDfM INDUCERS
WITH -6 INCH AND -1.5 INCH OVERLAPS

A tandem model using Stage 1 of -<inducer no. 2 (3 blades at
63.50) and stage 2 of inducer no. 3 (6 blades at 55.8°) was
tested at -6 inches overlap and 0% offset.. This model is shown
assembled in Figure 35. The pérforméﬁce.in.térms éf‘head and
efflclenoy is shown 1n Flgure 36. Néte that in tandém, the char-
acterlstlc of hlgher head generatlon at lower flew ceefflclents
whlch appeared.ln pearly all tests of either s?age alone did net
occur. First stage_cavity.length to chord ratios of 1.60 and
2.00 at respectife'flow coefficients of . 075 and .083'are thg
maximum values which can be Tolerated prior to_flow\preakdown.

‘ Tetal head generation was considerably in é;cess of the réquired
¥ = 0.25 and maximuﬁlNSS‘vglues ranged from.21,500 to 23?ooo'de—
pending on- flew coefficient. The total tandem efficiency varied
from'55 to 7O peréent_with highér effiéiency at higher fl@w'céef-

ficients,.

. Using the same individual stages the overlap was reduced
frem -6 inches to -1.5 inches as shown in Figure 37. Figure 38
shows that the head ceefficient —NSS perfermance varied little
from the -6 inch overlap performance - -for a similar. range of flow
coefficients. Twe major differences may be noted. First, the
.data collapsed te-a single curve approximate}y midﬁay between
the two performance curves presented for the -6 inch overiap.
Secendly,_breakdowﬂ eccurred at about Nss = 22,000 but with a
cavity length of 1.50, shorter than the breakdewn £/c valués for

the --6 inch overlap.
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To further evaluate the effectvof tandem 'stacking" of the
stages, The performance of each.stage in tandem.was cempared to
the perfermance of each stage when tested alone. Figure 39 shows
the performance of the first stage when tested-.alone and its per-
formance when in tandem .with each of the éverlaps'used., A con-

-tinuoeus spectrum of performance can be constructed using all of
the data available. ‘These results shew 1little effect of thg
presénqe of Stage 2 on Stage 1 performance, Included in Figure 39
-are lines of approximately censtant cavity length. Cavity length
observations are difficult té ﬁake and considerable interpoiation

was reguired to draw the cavity length lines as shown.

Figufe 40 shows the performance of Stage.-2 when tested alone
and "in tandem.- The performance of the second stage has been con-
siderably modified due primarily to the "prerotation" frem the
swirl intreduced by Stage 1. In. the iselated case, performance
.degradatioen at -higher wvalues of.NSé was ;caused by cavitation and
.choking. Imn the tandem case performance degraded at lower values
of NSS as well. This degradation can be explained by the fact
that as inlet NSS decreases, Stage 1 generates higher heads and
thus intreduces more "prerotation" to Stage 2. Higher values of
prerotation to-Stage 2 mean lower angles of attack and therefore
lower head generatien. As the Stage 1 head generation decreases,
the Stage 2 performance in tandem appreaches the iselated Stage 2
performance. This "trade-off" in head generation is shewn in
Figure 41 where the percentage of tetal head generated by the

second stage is shown as a function of inlet-NSS te Stage 1. This
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phenomenen is particularly valuable in the operatien ef an in-
ducer over a.range bf‘NSé values. such as might occur,during'a
rocket flight because of the resultant flat characteristic of the
head - N__ curve as shown in Figures 36 and 38. The tatai ef-

ficiency curves are also flat over a wide range of NSS values.

'The cavity lengths presented in Figufes 36 and 38 for the
first stage areisupplementedAin.Eigure 42 where the relatively
meore complex. caV1tatlon patterns observed for Stage. 2 are sum—
marized in a plane defined by flow coefflclent and second stage
Nss' The magor types of second stage caYltatlon recorded were
tip, face, and back cavities. - Using second stage.NéS autemati-
cally accounts fer the head rise from Stage 1l when the inducer was
tested in fan@em. A number of the data points in Figure 42 have
selid symbols indicafing that the axial veloéityrprofileS'1eaving
Stage 2 indicated separation or near separatien at the hub. This
is of course undesirable and could be alleviated through the use

" eof a 1arger‘hub/diameter ratio for Stage 2 @r-posSibiy~a_tapered

hub Fer this stage.
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11.0 OPTIMUM TANDEM INDUCER PERFORMANCE COMPARED
T® ORIGINAL DESIGN REQUIREMENTS

In order to compare the performance of the final tandem in-
ducer selected to the original design requirements, the operating
point where the distribution of head generation'between the first
and secend stages matched the original design peint distribution
was chosen. This point is where 15 percent of the total head is
generated by the first or supercavitating stage and 85 percent
by the secend or subcavitating stage. From Fiéure 41 this occurs
at about-NSS = 22,000 for the six inch overlap and NSS = 22,500

for the 1.5 inch overlap.

Using NSS = 22,000 for Stage 1 and ¢ = ,083, from Figure 36
the head coefficient generated is appreximately ¢ = 0.29 and the
first stage cavity length £/¢c = 1.75. Overall efficiency at
this peint is 62 percent. This operating point is shown as a
solid triangular symbel in Figure 36. Similarly for a 1.5 inch
overlap, the same operating point is shown in Figure 38. In
this case the first stage cavity length is about £/c = 1.50 and

the overall efficiency 66 percent.

The following table summarizes the optimum experimental
inducer performance and compares these results to the original

design parameters,
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.TABLE 2

Summary of Tandem Inducer Performance

Experimental | Experimental
Original |Value at -1.5|Value at -6

Operating Parameter Design Value|inech overlap |inch overlap

N__, entrance 30,000 22,000 22,000 to
, 23, 000
¢, average 0.100 0.083 0.083
¥, total 0.250 0.283 0.296
wznd/wlst 0.85 0.85 0.85
Np. tetal 65% (1st 66% 62%
stage only) B

Stage 1 Pitch 63.5° 63.5° 63.5°
Stage 1, No. of blades 2 ‘ 3 3
Stage 1, Char. solidity 0.54%0 0.810 0.810
.Stage 1, 4/c _ 1.50 1.50 175
Stage 2, N__ 13,250. 10,600 . 10, 600
Stage 2, pitch 65.8° 55.8° 55, 8°
Stage 2, no. of blades 6 6 6

Stage 2, Char. solidity 2.43 .. 2.43 2.43
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12.0 PFLUCTUATING PRESSURE MEASUREMENTS

Unsteady components of the flow through the inducers gen-
erated fluctuatiﬁg pressﬁres which were recorded and analyzed
for'intensity gnd frequency. A pressure measuring sygtém capable
of measuring freqﬁencies up to IC,OOO cps with flat respense was
designed for this purpose. The main components of the system
were a piezoelectric bressure gage, an impedance matching unit,

- a wave anaiyzer, and a level recorder. Figure 43 shows the de-
tails of the gage mountihg located in the stainless steel portien
of the test section about one diameter ahead of the‘impeller.

The system was designed for the high natural frequency based on
some preliminéry_test runs indicating that\under heavy cavitation,
the fluﬁtuating ﬁressure conﬁained energy at 6000 cps and some-
Times at 1Q,OOO cps. The piezoelectric gage was calibrated such
that 1 mv was generated for 0.125 psi or 362 dynes/cm>. Thig

level was used as the 0O dB reference,

The sound pressure level (SPL) in decibels is defined as

pe
SPL = 20 log |— (19]
pO

where
pe is the effective pressure of the acoustic wave, and

pO is the reference pressure.

The standard reference pressures ustally used in water are .0002
dynes/cm® and 1 dyne/dm~. If 58.6 dB are added to the values
reported in this text, the resulting wvalues will be referred to

the standard reference of 1 dyne/cm®.
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A1l frequency distribution recordings indicated a high
energy level at the shaft rpm frequency of 66.7 cps. It was as-
sumed thaf pressures encountered at this frequency were likely
to come from mechanical vibration of the test facility. Thg
signal at this frequency was therefore subtracted from the over-
all level and the remainder attributed to actual pressure flucbtua-
tions in the flow. In most cases, pressure fluctuations were
detected at the blade-passage frequency and its harmonics. The
level at the fundamental was not always highest and fhe pressure
fluctuations due to cavitation were often more intense. The
frequencies at which fluctuations occurred due to cavitation
varied with degree and type of cavitation. In single stage tests,
the frequencies most often encountered were continuously distri-
buted with peaks at 500, 1000, 2000 and sometimes 6000 and 10, 000
cps. The distribution was dependent on both cavitation number
and flow coefficient. At high cavitation numbers (1ow:NSS) when
first stage impellers were partially cavitating, pressures at all
the above mentioned frequencies were present. As Nss was increased
and the cavities grew longer, the signals at 6 and 10 k¢ disap-
peared, Supercavitation resulted in a general decrease in noise
level and a shift in distribution toward the blade passage fre-
guency. Figure 44a shows a recording for the O - 4000 cps range
for a supercavitating iwmpellér operating in a partially cavitating
condition with NSS = 13,900 and cavity length about equal to the
chord. BStrong fluctuations due to cavitation exist from 500 to

2000 cps. A less severe range of fluctihations also existed at
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around 9000 cps as sheown in the insert. The overall noise level
for this operating point was 40.0 dB. Figure 44b shows the result
of increasing the suction specific speed on the same impeller-te
21,000. The fluctuationé due to cavitation are considerably re-
duced, the high fregquency components have disappeared, and the
overall noise level has dropped to 3%.7 dB. The cavity 1ength

has increased to about 1.50.

Figure 45 shows the effect of suction specific speed on the
ratio of total pressure fiuctuation 1level to.the total head
generated during tests of Stage 1, inducer no. 2 and Stage 2,
inducer no., 3 tested as isolated stages and in tandem with both
everlaps. The total fluctuation level in tandem was higher tha:
that of elther stage alone but lower than that of Stage 1 when
presented as a fraction of total head generation. In tandem wmini-
mum fluctuations take place around cavity length, ﬂ/c = 1.30 -
1.40. The region of maximum fluctuations occurs in the range of
ﬂ/c = 0.90 to 1.10. This is in agreement with the analysis of
Barr (30) which indicated a range of likely cavity instabilities
to be between 0.75 and 1.15. The work of Geurst (31) as summarized
in (30) indicates that in cavity flow over a partially cavitating
flat plate hydrefoll instabilities occur when E/c exceeds 0.75.
Furthermore, cavity lengths in some helical inducer tests (32,

‘5) have been reported to typically lie between 0.70 and 1.0.

The flow coefficients among the various curves in Figure 45 are
not the same. Direct comparisen is, therefore, semewhat difficult.
In the tandem tests, the high frequency noise in the 10,000 c¢ps
range was not present, in fact, noise was rarely recorded above

3,000 cps in'the tandem.
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It was not possible from the fluctuating pressure measure-
ments to consistently identify. the mode and extent of the cavita-
tien on the inducer models except in a very gqualitative manner.
Some indications of alternate blade-cavitations were noted-when
the peak at 1/2 the blade passage frequency exceeded the level
at the blade passage frequency. Conclusive evidence of rotating

stall Type instabilities was not obtained,
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13.0 SUMMARY CONCLUSIONS, AND RECOMMENDATI@NS

ngh suctlon specific speed pump inducers fer uge in rocket
fuel/bx1dlzer pump appllcatlons result in reduced propulslon
system welght and therefore increased payload. Operating at low
inlet ﬁressures, the‘inducers cafitate. The preblem of floew in-
stability is a significant 1limiting condition for acceptable op-
eration. The tandém row inducer has been suggested as a means. for
reducing these ihstabiliﬁies. In the present study, the first
stage of the tandem rew inducer is designed to be "supercavitafing”
and the second cavitatien free. S%udies of flow instabilities -
using water for the medel are censervative-compafed to prototype

operdatien in cyroegenic fluids.

The design'of the supercavitatinglfirst stages requifed a
knewlédge of the performance of two~dimensiona1 supercavitating
cascades. "This performance was theoretically studied for the
case of. the constant pressure cambered blade (Yim, 11, 12). A
generalized theory of rotating stall (Yeh 10) was used as the
criterien tp.design a stable impeller. The characteristics of
constant pressure cambered cascades indicate they .are not the
most suitable camber for the design of supercavitating impeller
As the solldlty is increased, the camber of the feil decreases
approachlng a. flat plate Slmultaneously, the range of cavita-
tion number over Wthh the cascade is supercav1tat1ng, yet stable,

is narrowed
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The second stage of the tandem row inducer was designed using
the method presented by Bowerman_(;3). The design technique ac-
counts fer induced interference effects at an impeller blade as
influenced by the other blades and the total downstream vorticity
aleng the pﬁmp centerline. A basic requirement is the disﬁribution
of velocities induced by a radial line vortex in an annulus
(Tyson, 17). The advantage of the design procedure is that no
theoretical or experimental data on high solidity cascades is
necessary. Disadvantages lies in lack of previous verification
for high solidity design and the fact that section drag does ﬁet

appear. in the design procedure,

Both the first and second stage designs required empirical
medificatiens to improve performance., In the first stage case,
both solidity and blade pitch were adjusted: For the second stage
only, blade pitch was modified.

The fellowing peints summarize the primary results of the

experimental test program:

1. The best performance feor an iselated supercavitating
first stage was obtained for a model using 3 blades (c/d = 0.810)
at the original design pitch of 63.5° (Stage 1, Inducer 2).

2. The best performance for an isolated second stage
was obtained for a model using 6 blades (¢/d = 2.43) with a pitch
of 55.8°, 10° less than the original design value (Stage.2,
Inducer 3}.
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3. These stages were then tested in tandem. - In tandem
little difference was observed between performance at -6 inch

overlap and -1.5 inch owverlap.

4, Performance of the supercavitating first stage in
téndem was coensistent with the iseolated tests on the same stage.
Second stage performaﬁce, howevér, was conslderably altered due

to"preretatien" from Stage 1.

5. A compléte summary. of perfermance parameters for
‘the tandem inducer operated at beth overlaps is presented in
Table 2. The taridem model preduced more than the design head
coeificient (0.29/0525) at slightly less than the design flow
coefficient (.083/.100) and less than the design_subtion specific
speed (22,000/30,000). First stage cavity lengths were approxi-
mately as required by the original design (1.50-1.75/1.50). .

6. - The "trade of f" of head generatien between the
flrst and. second stages of the tandem 1nducer produces a rela-
tively flat ¢ = ss characterlstlc well.sulted te rocket fuel

pump applications where NSS may vary during- the ceurse of a flight.

The experimental performance, while not guite reaching the
design objectives does indicate that the tandem inducer u81ng a
supercavitating flrst stage has definite potential as a.high
suction specific speed ‘design concept. Low freguency instabili-
ties or oscillations were noted only at or near breakdown aﬁd ap-
peared to stem from unstable’cavity lengths rather than frem

Yeh (10) type instabilities which the original design was intended
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to avoid. Further manipulation of the pitch of the tandem inducer
stages (in particular smaller pitch angles for Stagg 1) may. have
.reduced the head coefficient and increased tﬁe flow coefficient
bringing each closer to the design values. ~This would probably
have resulted in higher 5reakdown NSS values because of the.smaller
angles of attack. It is doubtful, hewever, with the present blade
shapes that the design goal of 30,000 could -have been reached.

- Higher-term cambered first stages, should improve the suction
perfermance of the tandem inducef considerably. Cavitation damage
to the first stage blades in the present model indicates that the
blades were definitely not of optimum shape for the present appli-

cation. Even so, the tandem performance was marginally acceptable.

The original second stage design apparently induced a larger
swirl than predicted by the theéry (13). In order to improve the
prédiction of induced velocities, the velocities induced by a
radial. 1ine vortex in an annulus (17) sheould be calculated for
smaller axial and circumferéntial spacings and for larger hub to

diameter ratiecs.

In later designs, careful selection of the hub/diameter ratio
or the use of tapered hubs may improve the suctien performance of
Stage 1 and lessen the tendency toward separation at the hub in
Stage 2. As noted, the primary. seurce of instabilities in the
present case appeared te be unstable cavity lengths 1e§ding to
"infinite" cavities which extend into the secend stage and cause

complete flow breakdewn. Since cavity length,- as verified by-the
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present and other experimental studies (2%), is critically sensi-
tive to cavitation number the use of"”artifiqial” methods to
terminate first stége cévity length may be advantageous. Twe pos-
sible means are the tapéréd;hub in which céptrifugal as well as
biade 1ift forces may be usea te increase the head .rise across
-Stage 1 (mixed flow impeller) or a diffusing region between stages
l.and 2 to cenvert mere of.'the swirl. added by Stage 1 te static

pressure rise vefore entering Stage 2.

Some loss of efficiency may occur due to the second technique.
Another design feature which couid prove advantageous is the ad-
dition of prerotatien inte-Stage 1 since it weuld allow the use of
lower. stagger angles in Stage=1. As -shown in Reference 3 cascade

performance degrades rapidly with stégge% angle.
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APPENDIX s
THE DESIGN OF THE FIRST STAGE

(a) Equations used in the Design of the First Stage

The following equations have been derived from two-dimen-

sional, incompressible cascade theory:

CLl c _ 2gH Eﬁ_ COSs @1 .
© b g2 U 7 cos (B1 - a1)
_ 2gH Yi' 1
2
— U cos B1
2gH 1 H . 2 .
- £ Z sin Br =~ 2g2 sin B1 = 22-51n B
OWy oU
CD %_: W cos Ba
t sin®py -

1 - ¢, /C cot Bi AV
Efficiency n = D Lo + 23
1+ CDl/CLl tan Ba

Ve

R R 1
Reaction Ratio R = ﬁ'ﬁf'tan (fr - a1)

- -
1 -5

[A-1]
[a-2)

[A-3]

[A-2]

{A-5]

[A-6]

[A-7]



HYDRONAUTICS, Incorporated

__65—

(b) DPetails of First Stage of Tandem Row Inducer

The first stage of the.tandem'row inducer is a .two.bladed,
supercavitating impeller that will develop 15 pefdent-of the total
inducer head and be theorepically.frée of inétabilities. Table--A=1

-presents a summary-of the deéign at three differenf'radii of the
impeller. . The héad to.be generated at the hub was reduced by 10
percent to.increasé fhe-stability at that section. This increase
in head produced little effect on the overall performance of the
inducer. It was verified that at a section close %o the hub
(R = 2.25") the total.héad could be developed without any.insta-
bility.
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 TABLE A-1
Summary of Deéign of Stage 1
Total Head = .15 x 200 - 30 ft.
Discharge = 4.28 cfs = 1925 gpm
Pump rpm = 5200

. Speéific-Speed N, = 17,900
Net Positive Suction Head = 15.0 ft.

Suctien Specific Speed N__ = 30,000

Hub te Tip Diameter Ratio = 0.6

Number of Blades =

Tip Characteristic Hub
Radius Radius Radius
@uantity R = 3.5" R = 2,88" 'R = 2.1".
Total Head H, f%T. 30 30 27
Cavitation Ne. o1 0.0130 0.0189 0.0346
Peripheral Speed U, fps 160 132 96
Relative Inlet Angle B1 81%7! 79181 750l 1
Relative Mean Angle B_ 80°561 78%591 740&3’
Relative Exit Angle Bz 80°L61 789391 73581
Relative Inlet Velocity
w1 fps 162 134.4 99.2
Relative Mean Veleclity
W fps 159 130.8 94,9
Relative Exit Velocity
wz fps 155.9 127.1 89.5
Flow Velocity V., fps 25.0 25.0 25.0
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TABLE A-1 (Continued)

Tip Characteristic Hub
Radius Radius ‘Radius
Quantity R = 3.5" R = 2.88" R =2,1"
AVﬁ, fps 6. Ol 7.32 9.06
C
L ¢
o T 5.86 5.72 5.19
¢ (in.) 5.57 h 89 3.92
¢/t 0,507 0.540 0.595
CL 0.:150 0.200 0.302
Angle of Attack oy 3%9g1 5916 8%2g-
Angle of Attack @ 1001 157 718
Degree of Reaction R 0.99 0.982 0.860
Sectien Efficiency 7 0.68- 0.675 0.646
Turning Parameter
_d (tan B2) _ . ' '
N = 3 (tan Bs) 0.898 0.89% .0.804
Loss‘Para@eter = Mlimit .
from Yeh's theory 0.672 0.605 0.827
Calculated -M for sectien 0.567 0.513 '0.786
M/Mlimit 0,844 0.846 0.950
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APPENDIX B -

The design details of the second stage of the tandem row in-

dgcer are tabulated in Table B-1.

This impeller is a 6 bladed,

high solidity roter, designed to_be free of cavitatien at the de-

sign cendition.

TABLE B-1

. Summary of Design of Stage 2

Total Head =
Discharge

Impeller rpm = 5200

Specific Speed = 4880
Net Positive Suction Head = 45 ft. of water
Suction Specific Speed = 13,250

1925 gpm

0.85 x 200 = 170 ft. of water
= 4,28 cfs =

Hub to Tip Diameter Ratio = 0.6
Number of Blades = 6
Tip Radius | Mid Radius | Hub Radius
Quantity R = 3.5" R = 2.8" R =2.1"
Peripheral Speed U, fps 160.0 132.0 96,0
Relative Tnlet Angle, B 80°16" 78°39" 73758
Relative Mean Angle, B 79938 1 76°271 66°u71
Relative Outlet Angle, Ba 78%1 21 73°18" 59%17 1
Relative Inlet Velocity, wi,fpg 155.9 lz27.1 90. 4
Relative Mean Angle, W, , [pS 139.0 106.9 63.1
Relative Outlet Velocity,
W, fps 122.5 86.9 38.3
Cavitation. Number o 0.0672 0.100 0.176
.Flow Velocity, Vf, fps 25.0 25.0 25.0
AV, fps 3.2 41.5 58.0
Cr, (c/t) 0.492 0.777 1.84
G, 0.206 0.347 0.708
¢/t 2.40 2.43 .2.57
¢, inches 8.876 7.20% 5.132
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FIGURE 2a - DEFINITION SKETCH FOR A TWO DIMENSIONAL SUPERCAVITATING CASCADE

AALVIOJIOINI'SDILNVYNOYJAH



HYDRONAUTICS, INCORPORATED

NOTES:

= Uo OF FIGURE 2a

u:2 = U2 OF FIGURE 2a

"STAGE 1 V. = AXIAL FLOW VELOCITY

Uf =TANGENTIAL SPEED OF IMPELLER

| A Vu, | VU = SWIRLVELOCITY *

STAGE 2

FIGURE 2b - VELOCITY TRIANGLES FOR FIRST AND SECOND STAGES
.OF A TANDEM INDUCER '
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FIGURE 8 - FIRST STAGE OF TANDEM ROW INDUCER NO. 1;
2 BLADES (c/d = 0.540).
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FIGURE 9 - SECOND STAGE OF TANDEM ROW INDUCER NO. 1;
6 BLADES (c/d = 2.43).
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FIGURE 11a - TEST SECTION OF HYDRONAUTICS, INCORPORATED PUMP LOOP
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FIGURE 11b - OVERALL VIEW OF HYDRONAUTICS , INCORPORATED PUMP LOOP
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FIGURE 12 - YAW HEAD PROBE AND TRAVERSE STAND.
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FIGURE 19 - RADIAL DISTRIBUTION OF TOTAL HEAD AND AXIAL VELOCITY DURING
A TYPICAL TEST ON THE FIRST STAGE OF INDUCER NO. 1
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LIFT PARAMETER -
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FIGURE 22 - THEORETICAL VARIATION OF LIFT PARAMETER WITH CAVITY LENGTH FOR

CONSTANT PRESSURE CAMBERED SUPERCAVITATING CASCADES (11 )
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FIGURE 23 = COMPARISON OF MEASURED AND THEORETICAL CAVITY LENGTHS AT THE

_SAME VALUE OF C, AND DESIGN CAMBER ( CAVITATION NUMBER, o ,
NOT CONSIDERED ) '
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FIGURE 24 - THEORETICAL AND EXPERIMENTAL VALUES OF CONSTANT, k, FOR RELATIONSHIF

BETWEEN CAVITY LENGTH AND DRAG PARAMETER
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FIGURE 25 - RADIAL DIStkisU IIUN UF HEAD ANUD FLUy wocrrieienTS FOR
SECOND STAGE; INDUCER NO. 1, TEST RUN NO. 3
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CALCULATED CAVITY LENGTH / CHORD
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FIGURE 23 « COMPARISON OF MEASURED AND THEORETICAL CAVITY LENGTHS AT THE

. SAME VALUE OF CL AND DESIGN CAMBER ( CAVITATION NUMBER, o ,
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FIGURE 26 - STAGE 1 OF INDUCER NO. 2; 3 BLADES (c/d = 0.810)
TESTED WITH PITCH = 67.5° AND 63.5°.
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FIGURE 27 - STAGE 1 OF INDUCER NO. 3; 4 BLADES (c/d = 1.080)
TESTED WITH PITCH = 48.5°AND 53.5°.
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FIGURE 28 ~ INFLUENCE OF SUCTION SPECIFIC SPEED ON THE PERFORMANCE
"OF STAGE 1, INDUCER NO. 2 WITH 3 BLADES'AT ‘A PITCH OF 67.:
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FIGURE 29 - INFLUENCE OF SUCTION SPECIFIC SPEED ON THE PERFORMANCE o
“OF STAGE 1, INDUCER NO. 2 WITH 3 BLADES AT A PITCH OF 63.5
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FIGURE 30 - INFLUENCE OF SUCTION SPECIFIC SPEED ON THE PERFORMANCEO
OF STAGE 2, INDUCER NO . 2 \/\c/)lTH 6 BLADES AT PITCH OF 60.3
(ORIGINAL DESIGN PITCH - 5.5 7

24

QILVIOdEOINI ‘SOILNYNOYAAH



gH/sz

HEAD COEFFICIENT, ¥

0.14

0.12

0.08

0.06

0,04

0.02

STAGE 1 4 BLADES

PITCH = 48.5°

.¢>o= 0.1250 - 0.1380

14 16 18 20 22 24 26
SUCTION SPECIFIC SPEED, N _x 1073

FIGURE 31 - INFLUENCE OF SUCTION SPECIFIC SPEED ON THE PERFORMANCE

OF STAGE 1,

INDUCER NO. 3 WITH 4 BLADES AT A PITCH OF 48. 5°
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FIGURE 32 -~ INFLUENCE OF SUCTION SPECIFIC SPEED ON THE PERFORMANCE
OF STAGE 1, INDUCER NO. 3 AT A PITCH OF 53.5°
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FIGURE 33 - SUMMARY OF PERFORMANCE OF SUPERCAVITATING FIRST STAGES FOR
INDUCERS 1, 2, AND 3 AT NEAR DESIGN FLOW COEFFICIENT, ¢=0.
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FIGURE 35 - TANDEM INDUCER MODEL WITH —6 INCH OVERLAP AND 0°
OFFSET. FIRST STAGE - 3 BLADES AT 63.5° PITCH, SECOND
STAGE - 6 BLADES AT 55,8° PITCH.
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FIGURE 37 - TANDEM INDUCER MODEL WITH —1.5 INCH OVERLAP AND 0°
OFFSET. FIRST STAGE - 3 BLADES AT 63.5° PITCH, SECOND
STAGE - 6 BLADES AT 55.8° PITCH.
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FIGURE 38 - TANDEM INDUCER PERFORMANCE WITH —1.5" OVERLAP

STAGE 1 - THREE BLADES, 63.5° PITCH; STAGE 2 - SIX BLADES,
55.8° PITCH
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FIGURE 39 - SUMMARY OF PERFORMANCE OF STAGE 1 IN TANDEM AND [SOLATED

WITH THREE BLADES AT 63.5° PITCH
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FIGURE 40 - SUMMARY OF PERFORMANCE OF STAGE 2 IN TANDEM AND
ISOLATED WITH SIX BLADES AT 55.8% PITCH
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FIGURE 41 - DISTRIBUTION OF TOTAL HEAD RISE BETWEEN STAGE 1 AND STAGE 2
DURING TANDEM TESTS
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