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Internal Streamline Flow Analysis for Turbopump Inducers under
Cavitating and Noncavitating Conditions
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This paper discusses the formulation of a hydrodynamic internal streamline flow analysis program which
predicts internal flow conditions, including blade pressure loadings, under both cavitating and noncavitating
conditions. The analytical model includes the analysis of the size and shape of a distinct three-dimensional
vapor cavity on the blade trailing surface. Demonstration of computer program capabilities and correlation

of predicted and measured blade loadings are given.

Introduction

NDUCERS typically have been utilized as the initial pump

stage in rocket engine propellant feed systems in order to
achieve the over-all vehicle weight advantages associated
with pump operation at high-speed and low-inlet pressure.
A typical inducer is shown in Fig. 1.

There has been no known single hydrodynamic loading
model which could adequately predict loads on both the
blade leading edge and the channel region of the inducer.
Loads are usually determined by applying the two-dimen-
sional, free-streamline-wake model of Stripling and Acosta’
in the leading-edge region and a two dimensional, axisym-

Fig. 1 Typical inducer.
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metric model for no-loss, noncavitating flow in the channel
region. Total pressure load was then estimated from the
results of these two separate approaches. Analytically,
this approach was not adequate because it ignored the
viscous effects of real fluids and the three-dimensional flow
in typical inducers.

The methods for stress and vibration analyses were also
inadequate for inducer blade structural design. The short-
comings in the total structural design area were well recog-
nized by the personnel responsible for inducer design. For
the most part, structural integrity was achieved by making
proper allowance for the deficiencies in the design methods.
In some cases, however, inducer blade failures did occur, and
in others it was conceded that the design had been comprom-
ised in terms of weight and hydrodynamic performance. It
became clear then that technology effort was necessary if
high-performance inducers, which were optimum from the
standpoints of hydrodynamic and structural performance,
were to be achieved. As a result, effort was initiated by the
NASA-Lewis Research Center (Contract NAS3-11216) to
develop the anlytical models necessary for predicting inducer
blade steady-state hydrodynamic pressure loading under
cavitating and noncavitating conditions, steady-state stress
magnitude and distribution, and blade natural frequencies
and relative stresses at resonance. The results of the effort
accomplished in the areas of stress and natural frequency
predictions are presented in Ref. 2. This paper discusses a
computer program which uses an internal streamline flow
model for predicting inducer internal flow conditions, includ-
ing blade pressure loading, under both cavitating and non-
cavitating conditions. Included are comparisons of predicted
and measured blade pressure loadings.

Description of the Computer Program

Under NASA Lewis Research Center Contract (NAS3-
11216), a computer program was formulated, developed and
evaluated for the prediction of static pressures on the surfaces
of inducer blades during cavitating and noncavitating opera-
tion. A complete description of the program, including
formulation of analytical models and engineering equations,
is presented in Ref. 3. A brief description of the models
used in the formulation of the computer program is presented
in the following discussion.

A. Description of the Computer Program

The basic flow analysis uses a mean streamlihe; two-
dimensional, axisymmetric flow model. It is assumed that
the average flow conditions in the blade-to-blade space can
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Fig. 2 Distinct vapor cavity.

be represented on a meridional surface, so that only a two-
dimensional, streamline balancing analysis to satisfy radial
equilibrium is required to establish mean velocities, pressures,
and flow angles for several radial locations at specified axial
stations. A vapor cavity is assumed to exist at all times over
some finite distance along the blade suction surface at the
inducer inlet, similar to the model of Ref. 1. This cavity,
together with the blade, forms a channel for each streamtube
that is bounded by two meridional streamlines. It is assumed
that all the vapor is contained in the cavity and that the liquid
flows in the bounded channel (Fig. 2). This concept is based
on the tendency of the liquid to be separated from the vapor
due to centrifugal forces arising from curvature of the flow in
the blade-to-blade space. Because the vapor merely dis-
places the liquid in the present flow model, it is considered
that the actual blade can be replaced by a pseudo-blade
consisting of the real blade plus the cavity. The blade angle
is replaced by the mean angle of the pseudo-blade; i.e., the
average of the real blade angle and the angle of the surface
of discontinuity between the vapor and the liquid measured
from the same reference plane. This then produces a local
flow ““deviation” caused by cavitation, which will add to other
deviation effects. These additional effects include leading edge
incidence and trailing edge unloading due to circulation around
the blades.

Viscous eftects are also incorporated in the flow model.
A boundary layer analysis determines the amount of flow
blockage and momentum defect due to diffusion and to vis-
cous shear forces at the blade surfaces and on the hub and
shroud walls. The boundary layer blockage causes the merid-
ional velocity to increase and reduces the work capability
of the inducer. The momentum defect causes the mass-
average total pressure to be reduced. Thus, the viscosity of
the fluid affects both the head input and head output. The
presence of a boundary layer and its effect on the cavity
formation are also accounted for in the cavity model.

B. Formulation of Analytical Models

Geometric relations

It is assumed that one surface of the inducer blade is
generated by a straight line (generatrix) passing through the
hub and tip radii. The other surface is assumed to be
generated by a straight line inclined at some angle (y—the
taper angle) and displaced some thickness (the blade thickness)
with respect to the other generatrix (Fig. 3). To allow for
nonradial element blading, it is assumed that the product of
radius (R) and the tangent of the blade angle (8*) varies
linearly between the values for the hub and tip. Thus

R tanf* = Ry tanf+* —(Ry — R)/

(RT - RH)[RT tanﬁr* bt R" tanﬁn*]
from which the local value of §* can be found for any value
of R.

The local blade thickness may be obtained from the given
tip thickness and the taper angle v (a small angle)

t=17+4 y(Rr — R)
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Fig. 3 Thickness distribution of typical blade.

The circumferential distance between surfaces of adjacent
blades is

7 =2mRIN, — t] sin*

where N, is the number of blades. Although the flow in an
inducer is primarily axial, the hub or tip often has a varying
radius. The streamlines then may be forced to change
radius and, because of the inducer rotation about its axis,
Coriolis forces will cause blade pressure loading. The meridi-
onal angle of a streamtube (Fig. 4) between two stations is
found by dividing the radial displacement by the axial dis-
placement

= tan~' AR/AZ

Channel flow relations

The velocity diagram for the mean channel flow at any
point is shown in Fig. 4. The governing equations are

W = VM/sin8 WU = W cosf VU=U-— WU

o =arc tan(VM/VU) V = VM/sina
B = B* — deviation

The meridional velocity (M) is found from the streamtube
volumetric flow rate and the flow area normal to the flow
direction.

VM = Q/A

7, is that portion of the blade-to-blade space occupied by
the liquid, and AY is the radial distance between streamlines
(see Fig. 4). The value of 7, is found by adjusting the geo-
metric blade spacing by the boundary-layer displacement
thickness (8*) and the cavity height (B), measured circum-
ferentially.

A=7,(AY)cosy

71 =17 — 8%[sinB* — B

MERIDIONAL VIEW

Fig. 4 Illustration of channel element and velocity and angle
relations.
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If there is no cavity (B = 0), the total displacement thickness
for both blade surfaces (26*) is used, and the equation be-
comes:

7, =1 — 28%/sinf*

Boundary layer blockage on the hub and shroud is accounted
for by adjusting the hub and shroud streamtube heights by
the local displacement thickness.

AY =AY — 8*/cosys

Cavity model

Solutions for inviscid, two-dimensional, free streamline-
wake models are found in the literature.!** These predict
vapor cavity growth as a function of inducer inlet geometry
and operating conditions. Although these idealized models
lend much insight into the effects of blading geometry and
flow conditions on vapor cavity growth, they do not include
real effects resulting from viscous, three-dimensional flow.
Viscous effects influence cavity growth through boundary-
layer blockage and drag forces. Three-dimensional flow
effects result from centrifugal forces, streamline relocation
and changes in passage width and height. In the present
model, provisions have been made for these additional effects.

In Ref. 1, it was pointed out that the maximum height
of the two-dimensional cavity could be calculated from
consideration of one-dimensional conservation of mass and
momentum parallel to the blades. This suggestion has been
developed further in the present model.  The same solution for
cavity height based on momentum considerations is possible
everywhere if the mean flow angle (B) is related to the slope
of the surface between the liquid and the vapor, 88* (Fig. 2).
It is assumed that the “‘effective” angle of the channel is the
average of the angles on the pressure and suction surfaces of
the pseudo-blade, i.e.,

B efl = §(B*) + (B* — 8B*) or
B% off — B* — 38+/2

This assumption makes it possible to calculate the develop-
ment of the cavity through finite integration techniques so
that real fluid effects can be included.

The finite cavity is generated so that conservation of
momentum parallel to the blades is satisfied at all times.
Interdependence between the cavity shape and the streamline
location requires an iterative procedure for solution of the
fiow field. The forces involved in the momentum balance
include normal surface forces, shear surface forces, and a
body force due to centrifugal effects. Figure 5 shows the
basic fluid element used in the calculation of the change in
cavity height between two axial stations. Figure 6 defines the
surfaces and dimensions used in calculating the forces acting
on the fluid element.

Fig. 5 Fluid element with vapor cavity.
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Fig. 6 Surface of fluid element on which forces act.

Surface 1 defines the boundary between the cavity and the
liquid. Surfaces 2 and 3 are the streamtube interfaces
between the lower and upper streamtubes with the exception
of special cases where the hub or tip streamtube is being
analyzed. Surface 4 is the blade/liquid interface. Surfaces
5 and 6 are the inlet and exit flow areas of the streamtube
element.

The complete formulation of all forces is lengthy and will
not be given here. (See Ref. 3 for a detailed derivation.)
Basically, pressure forces parallel to the blades will exist on
surfaces 1, 5, and 6 (Fig. 6). If the streamtube height (AYy)
changes between stations, there will be additional compon-
ents of pressure forces parallel to the blades on surfaces 2
and 3. If the geometric spacing between blades (75) changes,
there will be a contributing pressure force on surface 4.
Significant shear forces will exist on surface 4 for all stream-
tubes and on surfaces 2 and 3 for the hub and shroud
streamtubes, respectively. The shear forces on the surfaces
between streamtubes are assumed to be small compared
with the other forces.

A body force will exist wherever the streamtube is inclined
with respect to the axis of rotation in the meridional plane
(Fig. 7). This force is the component in the streamline
direction resulting from the centrifugal force in the radial
direction.

Fe = Frsing

The total force acting on the fluid element is equated to the
change in momentum of the fluid parallel to the blades
between two stations

FT = PQ[WZ C0582 - W] COSS[]

where 8, and 3, are the local deviation angles and p is density.
Adjustments are made to the cavity slope (83*) and height (B)
at each station such that the above expression is satisfied.
This procedure is repeated for each streamtube at successive
stations, while satisfying radial equilibrium, resulting in the
definition of a three-dimensional cavity shape. For each
streamtube, the cavity is allowed to grow until its slope
becomes approximately zero (parallel to the blades). Then,

Y

Fr —r—'

R2

R1

—_— AXIS OF ROTATION ——

Fig. 7 Element centrifugal force.



FEBRUARY 1972

it is assumed that the cavity collapses in a turbulent wake.
This causes a sudden expansion of the liquid flow and results
in a loss of total pressure as well as a rise in static pressure.
These values are found by specifying a rate of collapse (i.e.,
wake mixing) and solving for static and total pressure from
the equations for continuity of mass and momentum.

The cavity collapse is defined by a decrease in cavity height
(normal to the blade) which is linear with respect to distance
along the blade. This model is based on the mixing of a
freejet boundary. Empirical data® indicates that the linear
rate of growth of half the width of the jet mixing zone (and
therefore, the reduction of cavity height in this case) corres-
ponds to an angle of approximately 2.8° with respect to the
blade surface.

Deviation of the flow

It is assumed that the flow will tend to follow the mean
direction of the passage formed by the blades (or by the
pseudo-blades under cavitating conditions). Because of
leading edge incidence and circulation, however, the flow is
not parallel to the blades at the blade leading and trailing
edges. Fluid inertia prevents discontinuous changes in the
flow direction. Therefore, relations for the distribution of
deviation angle in terms of inlet and exit boundary values
must be established. These relations have been derived
from two-dimensional potential flow analyses and empirical
correlation.?

A step change in the blade angle (8*) results in an asymp-
totic change in the flow angle (8). For example, at the
inducer inlet the flow approaches at some incidence angle
(80). As the flow enters the channel between blades, the
deviation (8) between blade angle and flow angle will approach
zero. Solution by two-dimensional potential flow analysis®
gives a variation in inlet deviation dependent upon the
distance-to-gap ratio. The effect of this inertial lag on the
deviation due to incidence is illustrated in Fig. 8. It is noted
that the deviation due to incidence is removed in a distance
of approximately one gap. If the blade angle varies in the
flow direction, the deviation at each station can be found by
treating X as the distance between stations and 8, as the
value of deviation at the previous station.

The value of the deviation angle at the inducer blade trail-
ing edge (8.) is found by using an empirical deviation formula
similar to Carter’s rule; i.e., for a given blade geometry the
exit deviation is proportional to a flow turning angle. In
the present model, this is the angle the flow would experience
if the flow were parallel to the blade at the exit, i.e.

8./(B* — Bo) = const

where B.* is the blade exit angle and §3, is the fluid inlet angle.
The constant is assumed to be a function of blade solidity
(o, or chord/gap ratio) as normally defined by Carter’s rule

58/(Be* _ /30) = C,o~1/2

The value of the constant, C., has been determined for the
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Fig. 8 Illustration of inertial effect on deviation due to incidence.
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present model by varying it until the noncavitating ideal
head rise predicted for the inducer in® agreed with the meas-
ured data over the operating flow range. The value thus
determined is 0.28, which is consistent with the magnitude
from previous empirical correlations for cascades with high-
stagger angles.®” Upstream of the trailing edge, the devia-
tion due to trailing-edge unloading (or circulation) is assumed
to approach the exit value exponentially, similar to the dis-
tribution of deviation due to leading edge incidence given
carlier (Fig. 8).

Viscous effects

A two-dimensional, turbulent, incompressible boundary
layer model, including the effect of pressure gradients, is
used for calculation of the viscous flow effects on inducer
operation. A finite difference solution of the von Karman
momentum integral equation and Garner’s shape factor
equation® is used for each streamtube. The skin-friction
coefficient is found from the equation of Ludwieg-Tillman.
It is assumed that since there is very little secondary flow in
the inducer, migration of the boundary layer in a direction
transverse to the flow direction is not significant.

Mid-channel relative velocity gradients are used in the
boundary layer equations. The underlying assumption is
that the boundary layer characteristics thus obtained are
representative of the average characteristics for the pressure
and suction surfaces of the blades. Similarly, these values
are average for the hub and shroud end wall boundary layers.
Pressure losses are calculated from the momentum defect in
the boundary layers, and flow blockage is found from the
calculated displacement thickness. The skin-friction co-
efficient is used to calculate the wall shear force used in the
cavity model. ‘

Radial equilibrium

Solution of the flowfield in the meridional plane requires
that conservation of radial momentum be satisfied at all axial
stations. In the present model, the calculated radial pressure
gradient includes the effects of streamline curvature and radial
acceleration as well as the effect of tangential swirl velocity
(VU) used in simple radial equilibrium. Although inducer
flow is primarily axial, the pressure gradient caused by
streamline curvature can become significant relative to that
caused by swirl, particularly during cavitating operation
when the streamlines shift radially as the cavity develops.
The total radial gradient of static pressure is given by

1/pdp/dR = VU?|R — VM? cos*Jdis/dZ
— VM siny cospd VM |dZ

The calculated pressure gradient on a streamline is com-
pared with the finite difference pressure gradient calculated
between the streamtubes on each side of the streamline. The
radial locations of all interior streamlines then are varied
iteratively by relaxation technique to minimize the error in
satisfying radial equilbrium.

Inlet and exit calculations

Special calculations are included for stations upstream
of the inlet and downstream of the exit of the inducer blade.
Radially varying flow conditions at the inlet can be specified.
The exit calculations, which are based on simple radial equili-
brium considerations, include the effects on velocities from
mixing out the blade trailing-edge wake caused by boundary
layer and blade trailing-edge thickness. The *‘‘apparent”
exit deviation is affected by these changes in velocities. Over-
all performance parameters, such as ideal and actual headrise
and efficiency, are calculated for each streamtube and are
mass-flow-averaged for inducer performance.
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Blade pressure loading

A special routine is included in the program for calculating
the blade surface static pressures and pressure differential
for input for blade stress calculations.? At each axial station,
the mid-channel pressure gradient normal to the blade sur-
face is calculated for each streamtube. This gradient is
used to extrapolate linearly from mid-channel to the blade
surfaces in a normal direction and obtain surface static
pressures. Near the leading edge suction surface and the
trailing edge pressure surface, the mid-channel static pressure
and pressure gradients are calculated based on two-dimen-
sional potential flow theory and the known boundary condi-
tions far upstream and downstream of the inducer and inside
the channel region of the blades. After all blade surface
static pressures are known, the complete blade pressure
loading distribution can be obtained.

Evaluation of the Computer Program Results

Several evaluations of the analytical models incorporated
in the computer program have been made. These include
comparison of results from the computer program both with
exact solutions for simple problems and with inducer test data
under cavitating and noncavitating conditions, including
over-all performance as well as blade pressure loadings.

A. Comparison of Program Results with Exact Solutions

Preliminary evaluation of the accuracy of portions of the
computer program models can be obtained by comparing
results with known exact solutions for simple cases. These
include the inviscid, noncavitating flow through a rotating
wheel with many axial blades (paddiewheel) and the free-
streamline-wake model analysis for a plane cascade of thin
plates under cavitating conditions.

Paddlewheel flow

The flow was analyzed with the present computer program
by specifying zero viscosity and using seven streamtubes.
The exact solution for radial distribution of pressures and
velocities was found by satisfying simple radial equilibrium.
Figure 9 shows the results of the comparison of static pressure
variation inside the paddle-wheel. Similarly, good agree-
ment was obtained for other parameters. This comparison
validates the basic streamline balance procedures incorpor-
ated in the program.

Capvitating cascade analysis

The exact solutions for cavity shapes in a cascade of flat
plates, based on the free streamline-wake model, can be found
by conformal mapping. The typical results for a 15° cascade
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Fig. 10 Comparison of cavity height prediction.

presented in' can be used for comparison with results from
the present computer program. These were obtained by
specifying zero viscosity and defining an inducer with a
hub/tip ratio approaching unity and a large number of
blades. This provided approximately a plane cascade for
inviscid flow analysis. Fig. 10 shows the comparison of
computer results with those obtained from the exact solution
of? for two values of inlet cavitation parameter. The level of
agreement shown demonstrates that the three-dimensional,
viscous, finite-difference cavity model in the present program
can reasonably produce the cavity shape for the special case
of inviscid, two-dimensional flow.

It is interesting to compare results of calculating the cavity
shape in an actual inducer both by the present program and
by the free streamline-wake model. The inducer described
by Fig. 15 and Table I was used for this comparison. The
operating condition was the same as in Fig. 17. The value
of the maximum cavity height normal to the blade and the
distance from leading edge to the point of maximum cavity
height (Fig. 11) were calculated for varying spanwise locations.

Table 1 Description of test inducer

Inlet Exit
Tip diameter (in.) 7.0 7.0
Hub diameter (in.) 2.8 3.74
Blade angle (deg.)
tip 8.0 10.0

hub 19.35 18.25
Blade thickness (in.)

tip 0.130 0.130

hub 0.130 0.130
Rotor speed (rpm) 4900.
Number of blades 3.
Axial length (in.) 3.5

/ /— BLADE

CAVITY
WAKE
”—ﬁ:t/—
| ~~_._  Bm

Fig. 11 Vapor cavity dimensions.
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Figure 12 shows the results of the calculations. The present
computer program was run both with and without friction
to separate viscous and three-dimensional effects. The
cavity height as shown is the distance from the pressure
surface of the blade.

Apparently, the differences in results between the free
streamline-wake model and the present model are caused
primarily by streamline convergence. This condition violates
the assumption of two-dimensional flow that is incorporated
in the free-streamline analysis. The effect of friction, which
adds boundary-layer blockage, is a small decrease in cavity
height and length. Conceivably, the difference in results
might have been even greater if the inducer had a swept
leading edge. In that case the streamlines would begin re-
locating due to blade blockage and fluid swirl occurring at the
hub before occurring at the tip. It would be desirable to
verify the computer program predictions for the effect of a
swept leading edge by testing an inducer with two or three
levels of sweepback and comparing test data with program
predictions.

B. Comparison of Program Result with Test Data

Additional evaluation of the accuracy and adequacy of
the computer program models can be made by comparing
results with actual test measurements. These include overall
inducer performance as well as blade pressure loadings.
Both cavitating and noncavitating operating conditions are
used in these comparisons.

Over-All Inducer Performance

As stated earlier, the test data from Ref. 5 were used to
determine the constant to be incorporated in the exit deviation
model. Figure 13 shows the comparison between program
results and test data for the noncavitating actual head rise
coefficient (') and efficiency (n) for the same inducer. Since
the calculated ideal head rise has been made the same as the
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test data, the differences in actual head rise coefficients and
efficiency in Fig. 13 are due to the higher losses calculated by
the program. Even at the high level of inlet pressure used in
the calculations, a significant vapor cavity height, approxi-
mately 15%; of the passage, was calculated on the blades at a
low-flow coefficient. High losses associated with the dump-
ing of this cavity could account for the differences in Fig. 13.

Figure 14 shows the comparison between the test data and
the program results for the cavitating performance of the
same inducer. The predicted effect of reducing NPSH is
verified by the test results. The predicted value of cavitation
parameter (K) at which complete head breakdown occurs
agrees closely with the test data.

Blade Surface Pressures

As part of the NASA/P&WA program, an inducer was
designed, fabricated and instrumented to obtain blade surface
pressures. (A detailed description of the instrumentation
arrangement is given in Ref. 3.) The inducer was tested in a
research water loop facility, and blade surface pressures were
measured at several values of flow rate, rotor speed, and inlet
pressures. Pressures were recorded from inlet to exit at two
radial locations. Operating points included both cavitating
and noncavitating conditions.

The geometry of the test inducer used for input to the com-
puter program is shown in Fig. 15 and Table [. Predictions
of blade surface pressures were made for operating conditions
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Fig. 15 Task III inducer flow path and blade angle distribution.
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highest NPSH.

for which test data were available.® Figures 16 and 17
illustrate typical comparisons between predicted and meas-
ured data for one radial location. The pressures have been
normalized by using a static pressure coefficient () defined
as

s = (P, — Po,)lpUs?

where Up = tip speed, P, = blade static pressure, and Py, =
inducer inlet total pressure.

Figure 16 is for the operating condition that had the least
amount of cavitation. The measured data indicate very
little, if any, cavitation existing on the suction surface of the
blade. The computer program predicts a short cavity on
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the suction surface. In general, however, the agreement
between predicted and measured pressures is reasonable.
Figure 17 shows a comparison under cavitating conditions.
Although the over-all head rise and efficiency of the inducer
had not changed significantly from the noncavitating condi-
tion, the measured suction surface pressures near the leading
edge indicate the presence of a region of vapor pressure.
The computer program predicts a vapor cavity length which
is in reasonable agreement with the length of the region of
vapor pressure.

Summary

An analytical inducer internal streamline flow model, which
incorporates the anlysis of a distinct three-dimensional vapor
cavity, has been formulated and programmed. Comparison
of program results with exact solutions of simple problems of
both cavitating and noncavitating conditions were successful.
Further validation of the analytical models has been made
for cavitating and noncavitating operation of inducers.
Program results compared favorably with measured over all
performance and blade surface pressures. Comparison of
cavity dimensions predicted by the present model and an
inviscid, two-dimensional, free-streamline model indicates
that the effect of streamline convergence or divergence on the
cavity shape is significant.
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