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(ABSTRACT)

A computational study of the flow in a tandem inducer/impeller rocket pump has
been performed using a 3D elliptic flow program including viscous effects. The axial
inducer has four blades and the centrifugal impeller has eight main blades and sixteen
splitter blades. The purpose of this thesis is to investigate the flow in the turbopump, and
check its proper design .

A literature review discusses both elements of the pump, and then analyzes the
possible matching configurations. More details are given for the geometry of interest .

The generation of a single zone 3D grid for the tandem combination is then
presented in detail, after which simpler grids are derived for the inducer alone .

The results of the 3D tandem inducer/impeller calculation are presented
extensively to provide good knowledge of the flow inside this little investigated
configuration. Velocity vectors, static pressure and rotary stagnation pressure are shown
in meridional and blade-to-blade views. A balanced flow split is achieved in the impeller
main-blade passages. Cavitation inception is also discussed .

Additional 3D calculations are performed for the inducer alone, with varying exit
geometry (axial or radial). Comparisons of geometry influence on the inducer flow are
carefully investigated, as well as the influence of the impeller. The impeller slightly
modifies the inducer exit flow but not its overall performance. As a consequence, it is
found that separate design calculations could be performed for the inducer and the
impeller. The latter would use the inducer circumferentially averaged exit flow as its inlet
conditions. It is suggested that impeller suction performance be optimized using tandem
inducer/impeller calculations .
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NOMENCLATURE

Roman

A = grid parameter in the streamwise direction, or area
b = impeller passage height

B = grid parameter in the tangential direction

C = grid parameter in the hub-to-shroud direction
c = chord length (m)

C, = static pressure coefficient

dx = infinitesimal variation of x

D = diameter (m)

DZJ = axial distance recommended by Jakobsen

g = gravitational acceleration (mz/s)

H = stagnation head rise (m)

i = grid index in the streamwise direction

] = grid index in the tangential direction

k = grid index in the hub-to-shroud direction

Nomenclature

Xiv



L = mixing length (m)

m = mass flow rate (kg/s)
N = rotation speed (rpm)

NPSH = Net Positive Suction Head (m)

N, = specific speed

Pait = value of p at cavitation inception (Pa)
Pvap = vapor pressure (Pa)

p,ps = static pressure (Pa)

P, P, = static pressure coefficient

o = stagnation pressure (Pa)

P, = stagnation pressure coefficient

Pr = reduced pressure (Pa)

P, = reduced pressure coefficient

p* = rotary stagnation pressure (Pa)

p* = rotary stagnation pressure coefficient
Q = volumetric flow rate (m3/s)

r, R =radius (m)

r = position vector

r = dimensionless hub-to-tip radius

Re = Reynolds number

s = unrolled streamwise distance (m), or position along the blade chord (m)

Nomenclature XV



S, = suction specific speed

T = temperature (K)

U = blade speed (m/s)

\Y% = absolute velocity (m/s)

w = work done per unit mass flow rate (J/kg)
W = relative velocity (m/s)

W = relative velocity vector

z = axial position (m)

Greek

B = flow angle relative to axial direction (degree)
n = hydraulic efficiency

0 = angular (tangential) location (rad)

1) = kinematic viscosity (kg/m s)

v = hub-to-tip ratio

® = rotation rate (rad/s)

Q = rotation rate vector

p = density (kg/m3)

) = flow coefficient

c = cavitation parameter, or solidity c/s

T = shear stress

Nomenclature Xvi



¥ = head coefficient

Yy = moment of momentum coefficient
Wiss = loss coefficient
Y, = total pressure coefficient

Wrss = dissipated moment of momentum coefficient (due to wall-shear stresses
on the stationary shroud) .

Subscript

0 = reference station upstream of the inducer, or at the diffuser inlet
1 = inlet reference station
2 = exit reference station
c = critical (cavitation)

f = final

h = hub

max = maximum

min = minimum

n = nominal condition

s = shroud

t = total, or tip

vap = vapor

z = axial

| = tangential

Nomenclature xvii



Superscript

A = A area-averaged

A = A mass-averaged

T = transposed

Abbreviations

2D = two-dimensional

3D  =three-dimensional

IAC = inducer alone configurations

IARC = inducer alone in the radial configuration
IAXC = inducer alone in the axial configuration
ITC = inducer in the tandem configuration

LE  =leading edge

LTE = leading and trailing edges

MB = main blade

PS = pressure side
SP = splitter
SS = suction side

TE  =trailing edge

Nomenclature
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1.0 INTRODUCTION

Launching vehicles into space requires high specific power engines and high
energy fuels to reduce as much as possible the weight of the launcher, and therefore
increase the payload. Minimizing weight demands low propellant storage pressures to
decrease the thickness of the tank walls. It also requires minimum weight for the feeding
and combustion systems .

These severe requirements first cause hydrogen and oxygen to be generally used
as the propellants because they provide one of the most powerful combustion reactions.
Then, low weight feeding systems make use of high rotational speed turbopumps to
increase the pressure for the combustion chamber .

The combination of low pressure stored propellants with high rotational speeds
give rise to inevitable cavitation, which may be detrimental to the pump performance.
Cavitation-resistant inducers, used as the first stage of the main pump, raise the static
pressure enough to allow cavitation bubbles to collapse before they enter the following
blade-rows. An important step was made by NASA in the understanding of cavitating
rocket pump inducers with the development of the SSME oxidizer turbopump. Working
in the same way, the French "Société Européenne de Propulsion” (S.E.P) developed a
tandem-bladed inducer for the LH2 turbopump of the VULCAIN engine for the European
launcher ARIANE V.

With the challenge of ever increasing power with decreasing turbopump sizes and
weights, various concepts are being investigated. Among them, the tandem
inducer/impeller configuration offers the possibility to eliminate the guide vanes used to
direct the flow between the inducer exit and the impeller inlet. Thus, the turbopump
weight and length are decreased, and more mechanical simplicity is achieved. Figure 1
shows a typical tandem inducer/impeller configuration. The inducer tip gap can be seen.
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There are no guide vanes between the two stages. The impeller is shrouded, and can
incorporate splitter blades .

The development of the LES engine in Japan belongs to this category of
turbopumps. The interest lies in higher pump efficiencies obtained in the range of small
stage specific speeds compared to usual designs. As a part of its research for post-
ARIANE V launchers, S.E.P is studying a new concept of turbopump in which the
tandem inducer/impeller configuration has to be integrated. The MCA geometry (Fig. 2)
consists of a four bladed-inducer immediately followed by a 24 bladed, highly-loaded
shrouded impeller (8 main blades and 16 splitters, with two splitters per main blade
passage). Both inducer and impeller are rotating at the same speed, and no blade row is
used between them to guide the flow. The figure shows the geometry : (1) in a quasi-axial
view, from which one can see the relative orientations of the inducer trailing edges and
the impeller main blades leading edges ; and (2) in a side view, in which the
inducer/impeller gap can be seen .

Many features are of interest in this particular geometry :

_ As far as design is concerned, the optimum locations (in the meridional and blade-to-
blade views) of a) the leading edges of the impeller main blades with respect to the
inducer blade and b) of the leading edges of the splitter blades with respect to the impeller
main blades are sought .

Besides achieving the required performance with maximum efficiency, one is
interested in physical phenomena that may occur in the inducer/impeller gap, in the
impeller itself, or upstream of the inducer. Of particular interest is the possibility of
backflows or separation at the impeller inlet, as well as the inducer/impeller interaction in
the gap .

So far, very little work (both numerical or experimental) is available for the
tandem configuration. The use of 3D Navier-Stokes codes is a valuable technique in
predicting the performance and flow characteristics of such a combination. This thesis
presents the first known calculation of the 3-D flow inside a tandem inducer/impeller. It
is also the first high-Reynolds-number calculation at real engine operating conditions
(fluid, rotation speed, flow rate). The flow calculations will be performed using the
Moore Elliptic Flow Program (MEFP) developed at Virginia Polytechnic Institute and
State University by Joan G. Moore and John Moore. This computer code was used for the
two previous VPI&SU/S.E.P studies, the inducer calculations of LeFur, and the tandem-
bladed inducer calculations of Excoffon .
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