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Axial Thrust Behavior in LOX-Pump of Rocket Engine
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The LOX pump of the first stage of the H-II rocket, the next generation of large launch vehicle in Japan,
has shown fairly good axial thrust performance. However, the behavior of the axial thrust is not well known
because of the complicated mechanism of the thrust-balancing device. In order to elucidate the flow characteristics
of the complicated thrust balancing device and to improve it, the internal flow in the device was fully analyzed
by developing a method of boundary value determination at each element composing the device. The analysis
developed here was confirmed to give satisfactory results by comparison with actual measurements. Using the
present analysis, the axial thrust behavior of the LOX pump was revealed for various combinations of balancing
piston, balancing holes, swirl breaker, etc.

Nomenclature
AM = angular momentum of leakage flow
b = radial gap width of annular flow
Cq = leakage parameter, (q/27rr2o>)Rel/5

K = tangential velocity ratio of core fluid, v0/ra>
M = friction moment of the wall
n = number of balancing holes, fastening bolts, or

grooves of a swirl breaker
/?, P = pressure and nondimensional pressure,

respectively, 2p/pu2
q, Q = leakage flow rate and pump discharge,

respectively
Re = Reynolds number, r2u2lv
r, r2 = radius and main impeller radius, respectively
5 = axial gap width of disk flow
u2 = main impeller tip speed
v = absolute velocity
z = axial distance from the wall
fp = contraction coefficient of balancing piston A
A = friction coefficient of annular gap
v, p = kinematic viscosity and density of fluid,

respectively
T = wall shearing stress
(j> = discharge coefficient of main impeller
if* = pressure head coefficient of pump
a) = angular velocity of shaft

Subscripts
B, P, S = at balancing hole, balancing piston, and groove

of a swirl breaker, respectively
7,0 = at the inlet and the outlet of the control volume

through which leakage flows
R, S, C = at the rotating, stationary, and cylindrical walls,

respectively
r, 6, z = radial, tangential, and axial components,

respectively
0 = at the design point of the main pump
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I. Introduction

I T is obvious that the reliability and safety of pumps trans-
ferring hazardous liquids, such as LOX, LH2, LPG, or

LNG, greatly depend upon axial thrust balance, and that the
adoption of a thrust balancing device is unavoidable. In such
devices strong stiffness is required not only against static bal-
ance, but against dynamic balance. Thus, a complicated seal-
ing system must also be adopted to prevent the leakage of
hazardous liquids, and the thrust balancing device becomes
very complex.

A LOX pump with a rotational speed of 20,000 rpm which
will be used in the first stage of the next generation launch
vehicle, the H-II rocket, in Japan, has shown fairly good thrust
balance.1-2 This pump has a unique thrust balancing device
and two types of sealing systems, but the behavior of the axial
thrust and the flow characteristics of the device are not yet
well known.

In order to determine overall behavior of axial thrust in
such a complicated device, the flow in each element com-
posing the device must be carefully analyzed and combined
one-by-one using the boundary values. However, it is still
difficult to accurately determine the boundary values in a real
machine because there are many types of boundary config-
urations, the flow behaviors of which are not yet well known,
such as balancing piston, balancing hole, swirl breaker, etc.
Thus, overall thrust behavior in such a complicated thrust-
balancing device has not yet been reported.

One of the present authors has been studying the axial
thrust of radial flow turbomachinery of simple configuration,
and has found that the accuracy of the thrust calculation is
mainly dependent upon the leakage flow rate and the bound-
ary values of the pressure and the flow velocity.3"5 Among
the boundary values, the most important are those at the
impeller outlet, a prediction method of which has also been
developed by one of the present authors.6-7

The purpose of the present study is to develop a method
of predicting the axial thrust of multistage pumps with com-
plicated balancing devices, and to reveal the thrust behavior
of the LOX pump developed in Japan.

II. Theoretical Analysis
Axial thrust is caused by pressure acting on the rotating

parts of a machine. Axial thrust analysis therefore consists of
analysis of flow in the gap between rotating and stationary
walls and determination of boundary values. Generally, gap
flow is of two types. One is the axial gap flow between a
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rotating disk and a stator such as that at the back of an impeller
shroud, and the other is the annular gap flow such as that in
an annular seal. In the former, centrifugal force is dominant,
while in the latter, wall shearing stress is dominant.

Gap flow analysis requires precise determination of the
boundary values of flow velocity and pressure at the inlet and
the outlet of all the gaps, that is at the entrance and the exit
of an impeller as well as at an inducer and guide vanes. The
boundary values at an impeller outlet are predicted by one
of the present authors' methods,6-7 and those at the outlet of
an inducer and guide vanes are predicted by using an ordinal
two-dimensional cascade theory.

A. Analysis of Axial Gap Flow
As shown in Fig. 1, the flow in the axial gap between a

rotating disk and a stationary wall consists of the boundary-
layer flows along both disk walls, and the core flow in which
the tangential velocity ve is expressed as Kro) and no radial
flow is induced. The flow characteristics are determined from
the equations of momentum, angular momentum, and con-
tinuity represented by

f (r P v2, dz) - f v2 dz
6r \ Jo / Jo

rSr)

+ rse)

(1)

(2)

(3)

Assuming the one-seventh power law for the velocity dis-
tribution in the boundary layers and shearing stress of Blasius
type for hydraulically smooth walls, the above equations are
transformed into two ordinary differential equations with re-
gard to the core velocity ratio K, and the nondimensional
pressure P as a function of the radius ratio r/r2. The governing
equations are also obtained for the case of a rough wall by
assuming the logarithmic velocity profile,4 and for a very nar-
row gap so that the boundary layers on both walls interfere
with each other.5

Analysis of the results reveals that the parameters having
the greatest influence upon the characteristics of axial gap
flow are Cq, the tangential velocity ratio Kf of the leakage
before entering the gap, the axial space ratio s/r2, the relative
surface roughness, and Re.

Analysis of the axial gap flow requires the accurate value
of CC], which is determined based on the pressure drop at
balancing holes or annular seals, but the pressure drop also
varies with the leakage. A trial-and-error method is therefore

©
needed to determine a higher approximation of leakage by
assuming the first one.

B. Analysis of Annular Gap Flow
A is usually determined under the assumption that the gap

fluid rotates at half the velocity of the rotating wall.8 However,
the calculated results have revealed that the prerotation of
leakage Kfra>, entering an annular gap has remarkable influ-
ence on the fluid rotational velocity Krco in the gap. The
momentum balance and the angular momentum balance in
an annular gap are expressed as follows using the pressure
difference Ap:

AM0 - AM, = 2TTl[r2TRe - (r + b)2rse] (4)

7r(2r + b)bkp = 2<7rl[rTRz + (r + b)rSz] (5)

Assuming the one-seventh power law of velocity and Blas-
ius-type shearing stress, and considering the hydraulic losses
at the inlet and outlet of the gap in Eq. (5), the above equa-
tions become

(6)

(7)

where Rem = rbu/p, Rez = vzblv, Y = (8/7)(Rez/ReM). If K
= 0.5, the above A-formula (7) agrees with the conventional
one.8

C. Determination of Boundary Values of Velocity and Pressure
The boundary values of velocity can be determined by con-

sidering angular momentum balance at every boundary. The
determination of boundary pressure requires hydraulic loss
analysis, however, it is still difficult to estimate losses in sev-
eral components of a thrust-balancing device, such as a bal-
ancing hole, a balancing chamber, a swirl breaker, etc. Sim-
plified flow models in the components and hydraulic loss
formulas are presented in this chapter.

1. Velocities at Boundaries
The boundary value of K is determined based on the an-

gular momentum balance in the control volume assumed at
the boundary of the flowfield. There are various types of
boundary conditions and a typical case is illustrated in Fig.
2. The leakage from an annular gap enters the control volume
ABCDE surrounded by the rotating wall ® and the stationary
wall © with an angular momentum of AMf and exits with

stationary wall
rotating wall
cylindrical wall

0.0267{(1 - K)[(l - K)2 + Y2]3

- K(K2 + Y2)3'8}/^0/24

- (q/27rr2lo))[l + 16(K -

AP - (Xll2b + I.5)(vju2)2

A = 0.130{[1 + (#2/Y2)]3/8

+ [! + (!- K)2/Y2]3/8}/Re°z
24

Fig. 1 Flow in axial gap and annual gap and symbols. Fig. 2 Angular momentum balance at the boundary of a gap.
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b a l a n c i n g piston A

b a l a n c i n g pis ton B

Fig. 3 Balancing pistons A and /?, swirl breaker and bolt groove.

AM0 per unit time; the friction torque MR and MCR are sup-
plied by the rotating wall; and the friction torque Ms and Mcs
are consumed by the stationary wall. Thus, the boundary
condition is

(8)AM0 - AMj = MR - Ms + MCR - Mc

The right side of Eq. (8) is calculated by assuming the one-
seventh power law for boundary-layer velocity distribution
and the Blasius type shearing stress. The outlet angular mo-
mentum AM0 is calculated considering the type of leakage
exit, such as into an axial gap, into a stationary annular gap,
or into a rotating annular gap. The inlet angular momentum
AMf is also calculated by considering the type of leakage
entrance and prerotation.3-5 The boundary equation is thus
obtained, and the boundary values of K are determined for
all sections where the dimensions and the configurations of
the axial gap change.

2. Balancing Piston, Balancing Holes, and Labyrinth Seals
The balancing piston shown in Fig. 3 is adopted for the

LOX pump. As the gap 8 is very narrow, it can well be
assumed that the velocity head through this gap is not re-
covered. Thus, the pressure loss AP of the balancing piston
is expressed when a contraction coefficient Cc of a pipe orifice
is introduced as

APP = (P(qP/27rrP8u2Cc)2
7 Cc = 0.600, £P = 1.00 (9)

The flow in a balancing hole is usually approximated to the
rotating pipe flow. However, the inlet flow has large relative
rotation, and the pipe length is very short. Accordingly, the
flow rate coefficient must be much different from that of a
usual pipe, and one of the present authors has determined
the following empirical formula.9

qB = K = 0.00155#4568 (10)

For Re > 9 x 104, the value of K = 1.0 is used.
As for the flow in labyrinth seals, many studies have been

made of the parallel-type seal, but the loss in the step-type
seal shown in Fig. 3 is not yet clear.10 The parallel-type seal
utilizes contraction effect, and the step-type seal uses both
contraction effect and centrifugal force effect. For the sake
of simplicity, the head loss in the parallel type is herein con-
sidered to consist of sudden expansion and friction, and for
the step-type seal the pressure drop due to centrifugal force
is also added as follows:

parallel-type

step-type

AP = (1.5 + A//26)(v>2)2 + 2 K2(r2
0 - r2)lr2 (12)

3. Swirl Breaker
An effective method of reducing total axial thrust is to

increase an axial force toward the reverse direction, with a
swirl breaker such as shown in Fig. 3 being used. Several
radial grooves are made on the casing wall, and the fluid
rotation is considerably reduced by these grooves, of which
mechanism is not yet clear. The radial inward leakage loses
its tangential velocity when it enters a radial groove at the
outer radius, and the flow can be analyzed by considering the
additional angular momentum loss11 in Eq. (2). As the flow
in a groove is induced by the radial pressure gradient d/?/dr
( = pK2ra)2), the angular momentum loss AMS, and the flow
rate qs in the groove can be estimated by the following for-
mula:

AMS = pqsKrza>, qs =

where rs, ns, ds, and ws are the hydraulic radius, the number,
the depth, and the width of the groove, respectively. The
above AMS is subtracted from the right side of Eq. (2), and
qs is subtracted from the right side of Eq. (3).

III. Dimensions of LOX-Pump Tested
and Input Data

A schema of the whole LOX pump of the H-II rocket is
shown in Fig. 4. A portion of the LOX discharged from the
main impeller is again pumped by a smaller impeller (pre-
burner impeller) into the preburner, where it is mixed with
LH2 and is combusted. The mixed gas drives the turbine and
then enters the main combustion chamber. The LOX pump
tested consists of the main and the preburner impellers ar-
ranged back-to-back; two types of seals are used to isolate
the LOX and the mixed gas. The inducer and the guide vanes
are installed at the main impeller entrance. A slinger with
radial vanes is also installed to reduce the pressure of the
leakage flow.

The thrust balancing device consists of variable orifices, A
and B shown in Fig. 4, which adjust the gap at the back of
the main impeller automatically. If the axial thrust toward
suction becomes larger, the gap at A becomes smaller, which
causes a decrease in pressure and results in the axial thrust
toward suction becoming smaller again. On the contrary, if
the thrust force toward turbine becomes larger, orifice B comes
into play.

As the gaps at orifice A and orifice B are very small as
shown in Fig. 3, the deformation due to centrifugal force and
inner pressure must be taken into account in addition to con-
sideration of the assembly tolerance. Several gaps around the
main impeller were measured by the calibrated gap sensor of
an eddy-current type. The measured gap at the assembly was
eA - 38 /mi, but became 30 /mi during operation because of
an elongation of 30 /mi of the inner wall and 22 /mi of the
outer wall. The gap of orifice B was eB = 14 /mi during pump
operation.

The measurements were performed using LOX at - 181°C
and LH2 at -193.5°C. The property of the liquid used is
shown in Table 1. The flow rates in the main pump and in
the preburner pump were measured by calibrated turbine
meters.

Table 1 Physical properties of LOX (- 181°C) and
LH2 (-193.5°C) at atmospheric pressure

/?, MPa Temperature, K p, kg/m3 /z, N-s/m2

AP = (1.5 + MI2b)(vJu2)2
(11)

LN,
LOX

0.1013
0.1013

77.4
90.2

808
1140

1.63 x 10-4

1.96 x 10-4
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specific speed Ns
main pump: 257
preburner pump: 162

impeller radius
main pump : r •= 98 mm

inducer

combustion chamber
turbine blade

prcburncr pump
impeller

fixed orifice
slinger

main pump impeller
guide vane

bearing balancing hole A variable orifice B bearing floating seal

pump side • turbine side -

Fig. 4 Schema of the whole LOX turbopump used in the H-ll rocket.

The pump tested has six leakage passes. They are two cool-
ing and lubrication passes of the front and rear bearings, two
leakage passes through the front shroud gaps of the main and
the preburner impellers into the suction side, and two leakage
passes through the back shroud gaps of both impellers into
the main impeller eye through the balancing holes A and B.
The rear bearing cooling pass branches into two passes, joins
into one, and flows through the center axis hole.

Calculations are performed in each pass by assuming the
first approximation of Cq, then the pressure distribution is
calculated. The leakage of higher accuracy is asymptotically
determined.

IV. Comparison of Theory with Measurements
The theoretical analysis is performed for the following three

cases in which full measurements of pressure and axial thrust
were performed with high reliability.

Test no. 1 (LN2 test): 20,600 rpm, 95% of the design flow
rate, with balancing hole B and two fixed orifices.

Test no. 2 (LN2 test): 20,160 rpm, 97% of the design flow
rate, with balancing holes A and B and one fixed orifice.

Test no. 3 (LOX test): 20,100 rpm, 102% of the design
flow rate, with balancing holes A and B and one fixed orifice.

The predicted head curve of the main impeller is compared
with the measurements in Fig. 5, which includes the predicted
head at the inducer outlet and at the impeller inlet. They
agree very well and the inducer head amounts to about 23%
of the main impeller head at the design flow rate. The be-
havior of axial thrust shown below is analyzed based on the
above predicted values of pressure and velocity as the bound-
ary values.

A. Some Problems Arising from Analyzed Results
The predicted pressure distribution at every rotating part

showed fairly good agreement with the measurements except
for one part, i.e., the rear shroud gap of the main impeller.
Thorough examination of the impeller and casing revealed
that the disagreement was due to the annular groove with a
row of fastening bolts machined on the casing wall as shown
in Figs. 3 and 4.

In this case the flow around the groove can be modeled as
a rotational flow with a row of circular cylinders surrounded
by two annular walls. Here, K can also be determined from
Eq. (2) by subtracting the following angular momentum loss
due to the drag of the cylinder row from the right side11

I"
Jo

prdcnGCD (vj. + vl)™v9 , CD = 2.05 (14)
Jo Z,

where the symbols used are those shown in Fig. 3, and CD is
a drag coefficient of circular cylinder.12

The calculated results reveal that the fluid rotates at less
than Q.Ira) at the groove, and that flow with small angular

0.9
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0.5

0.4
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0.1

Theory

Imp.outlet

balancing hole A
impeller outlet
impeller inlet
inducer outlet

Inducer outlet

Theory
Impeller inlet

0.7 0.8 0.9 1.0 . 1.1 1.2
f low-rate coeff ic ient 4>/< t>0

Fig. 5 Head curves of main impeller and inducer.

momentum comes into the inner radius, which results in the
fluid rotating very slowly, and consequently, the pressure being
almost uniform in the inner radius of the groove. This fact
suggests that the existence of such resistance makes axial thrust
considerably larger, not only in the thrust balancing device
but also in the usual rotational flowfield.

B. Axial Thrust Behavior
The axial thrust on the pump side varies rapidly with gap

5,4 at variable orifice A. Accordingly, calculations are per-
formed to demonstrate the effect of variations in this gap.

The axial thrust and the leakage characteristics are shown
in Fig. 6, in which thrust toward the suction side is assumed
to be positive. It is seen that the axial thrust decreases con-
siderably with a decrease in gap SA. The main difference be-
tween test no. 1 and no. 2 (and no. 3, i.e., LOX test) is that
balancing hole A is installed in the latter; the comparison of
the thrust curves of test nos. 1 and 2 (and 3) reveals that the
installation of balancing hole A decreases the total axial thrust
considerably. It is also observed from Fig. 6 that the leakage
is not increased by installation of balancing hole A when SA
is less than 0.15 mm, while for the wider range of SA the
leakage becomes much larger. The above described charac-
teristics are typical of this type of balancing piston.
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Fig. 8 Pressure and leakage variation at the back of the main impeller
(SAO — 0.5 mm).

The stability of the thrust balancing device can be estimated
by the gradient dT/dsA of the thrust curve. When there is no
balancing hole A (test no. 1), about 8 tons are needed to
move the axis by 0.1 mm near the point of T = 0. This
indicates that this device has strong stiffness and is stable
against thrust variation. The installation of balancing hole A
(test no. 2), however, results in a very gentle thrust curve.

To determine operating gap SA of the balancing device the-
oretically, the value of the thrust force on the turbine rotor
is needed. This value changes rapidly depending upon the
turbine operating conditions, though it is much smaller than
that on the pump impeller. As the thrust force on the turbine
side is not known, balancing gap SA is determined so that the
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Fig. 9 Pressure distribution around the main and the preburner
impellers at test no. 1 (no balancing hole A).

predicted pressure at the balancing chamber of variable orifice
A is equal to the measured pressure. Balancing gap SA so
determined is indicated by ^ in Fig. 6, and is 0.10 mm for
test no. 1 and 0.17 mm for test no. 2. It is thus concluded
that the operating gap becomes 1.7 times wider due to the
installation of balancing hole A, which promotes pump reli-
ability.

The axial thrust is composed of axial forces on every ro-
tating part; the variation of each axial force is shown in Fig.
7. The predicted axial forces on the inducer and the slinger
are seen to be nearly equal in magnitude and reverse in di-
rection, so that they cancel out each other. Accordingly, the
total axial thrust behavior is determined as the balance be-
tween the axial force on the main impeller and on the pre-
burner impeller. For variations of SA, the axial force on main
impeller varies rapidly, but that on the preburner impeller
varies slightly. This is because the change of leakage with gap
SA is large in the main impeller, but small in the preburner
impeller. It is interesting that the direction of the axial force
of the preburner impeller is reverse to that of ordinary pumps.
This is because the leakage in the rear shroud gap is 43%
larger than that in the front shroud gap.

To clarify the thrust variation with gap SA , the variation of
P in the balancing chamber A is shown in Fig. 8 together with
leakage q2 at the back of the main impeller. The pressure
curve is seen to be very similar to that of the total thrust in
Fig. 6 and the axial force on main impeller in Fig. 7. Fur-
thermore, the leakage curve is also very similar to that of the
total leakage in Fig. 6. This reveals that the variations of total
thrust and leakage are mainly caused by balancing piston A.

C. Comparison of Pressure Distribution
The calculated pressure distributions around the main and

the preburner impellers are compared with the measured dis-
tributions in Fig. 9 in which the solid lines show the rear
shroud side and the dotted lines the front shroud side. The
present theory is seen to give satisfactory pressure distribu-
tions, including the boundary values at the impeller outlet.
The pressure distribution at the back of the main impeller
rear shroud is seen to be very uniform in spite of the large
leakage, which is due to the effect of the bolt groove as men-
tioned in Sec. IV. A. This reveals that the annular groove with
obstacles on the casing wall is very effective in reducing the
axial thrust.

Further calculation is performed to examine the resistance
of the variable orifice by changing the orifice loss coefficient
fpfrom 1.0 to 1.5. The calculated result is shown by the chain-
dotted line in Fig. 9. It is recognized that the pressure hardly
changes in spite of considerable change in the loss coefficient.
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This is because the increase in orifice resistance results in a
decrease in leakage to 83%. As a result, the pressure loss in
the orifice A hardly changes. Such a case corresponds to gap
blockage due to obstacles or to gap damage. The present self-
balancing device is proved to have strong stiffness and high
reliability.

Calculation was also performed for the case of test no. 2
(with balancing hole A), and comparison between test no. 1
and test no. 2 revealed that the pressure in the rear gap of
the main impeller decreases about 5% due to balancing hole
A. That is to say, the effect of balancing hole A is only a 5%
decrease in pressure, but it results in a large decrease of axial

0. 15

0.2 0.4 0.6 0.

Fig. 10 Pressure drop at the main impeller front shroud and the
effect of swirl breaker.

0.4

Fig. 11 Thrust performance at the off-design operation and the Rey-
nolds number effect.
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thrust as shown in Fig. 7. This causes the variable orifice gap
to become wider on the safe side.

D. Effects of Swirl Breaker
A swirl breaker installed on the front casing wall of the

main impeller decreases the radial pressure drop and increases
the axial force toward discharge, which results in a large de-
crease in total axial thrust. The calculated pressure drop from
rlr2 = 1.0 to 0.71 is compared with the measured drops in
Fig. 10 for two types of swirl breakers. It is recognized that
the radial grooves with a depth of only 0.5 mm decrease the
pressure drop considerably, while those with a depth of 1 mm
result in almost uniform radial pressure distribution. The
present analysis shown by the solid lines gives an accurate
estimation of the effects of a swirl breaker. The effect of a
swirl breaker is mainly due to the angular momentum loss of
the fluid entering the radial grooves, and its effect is mainly
dependent on the total sectional area of the grooves. The
angular momentum loss is especially large at the outer radii
because the rotating velocity there is very large. Accordingly,
short grooves sufficiently reduce total axial thrust, if they are
installed at the outer radii.

E. Axial Thrust Performance at Off-Design Operation
The above-described thrust performances are near the de-

signed point of pump operation. In the off-design operation,
the axial thrust curve varies depending on the pumping head
as shown in Fig. 11 for two cases of flow rates of 1.2<20 and
0.8<20. SA becomes slightly larger at higher flow rates, and
smaller at lower flow rates. In Fig. 11, the thrust curves at
different rotational speed are also shown, and it is recognized
that the nondimensional quantities of axial thrust and leakage
become slightly larger with the Reynolds number, and that
SA changes little for the change of the pump rotational speed.

F. Some Improvement in the Thrust Balancing Device
As the present analysis is confirmed to give satisfactory

results, further calculations are performed to improve the
thrust balancing device. Several variations of the main pa-
rameters influencing total axial thrust are tested, such as
changing the diameter of balancing hole A and that of the
labyrinth seal at the back of the preburner impeller, installing
a swirl breaker on the front casing wall, or removing the bolt
groove at the back of the main impeller. The calculated results
are shown in Fig. 12 for test no. 1.

The calculated results show that SA can be made a little
wider by reducing the labyrinth diameter at the back of the
preburner impeller, or by installing a swirl breaker on the
front casing wall without losing the stiffness of the balancing
device. The installation of A makes the operating gap much
wider, though the thrust curve becomes very gentle and the
stiffness of the balancing device greatly decreases. In the tran-
sient operation, A has an important role of attaining a rapid
decrease of pressure at the back of the main impeller.

It should be noted that the removal of the bolt groove at
the back of the main impeller makes the thrust curve very
unstable, and that SA becomes negative. This implies that the
bolt groove has an important role of balancing the axial thrust
of this pump, and that it is difficult to ensure a sufficient
operating gap without the bolt groove, even if several im-
provements are attained.

V. Conclusions
A method of theoretical analysis for predicting axial thrust

and leakage of multistage centrifugal pumps with complex
thrust balancing devices has been established. Using this
method, the thrust and leakage performances of the LOX
turbopump of the H-II rocket can be elucidated; results are
summarized as follows:

1) Comparison of the present predictions with the mea-
surements revealed that the angular momentum balance pre-
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sented here yields satisfactory results including the boundary
values and also the accurate prediction of axial thrust behav-
ior. It is here very important to correctly predict the effects
of annular and axial grooves installed in the casing wall.

2) The axial thrust of the LOX pump greatly varies with
the gap of the balancing piston, and the present balancing
device has significant stiffness against thrust variation, al-
though the operating gap is as narrow as 0.10 mm. When
balancing hole A is installed, the operating gap increases 1.7
times and the reliability of the device increases, though the
stiffness greatly decreases.

3) The operating gap of the balancing piston varies little
with the variations of impeller rotational speed. It decreased
a little in the smaller pump discharge range and increases a
little in the larger discharge range. By the adoption of bal-
ancing holes the leakage changes little at the operating gap.

4) The balancing piston adopted has high reliability against
gap blockage or damage, and the operating gap hardly changes
for large variation of leakage, as the pressure changes little.

5) The existence of obstacles, such as a row of bolts in an
annular groove, decreases the fluid peripheral velocity sub-
stantially and makes the radial pressure distribution nearly
uniform, thereby allowing a considerable axial force. How-
ever, if it were not for the annular grooves in the present
device, it would be very difficult to ensure an operating gap
of sufficient width.

6) The prediction of a swirl breaker is also presented. A
swirl breaker is effective in increasing a negative axial thrust
and an operating gap, but the effect is limited to some extent
up to a zero pressure drop. The effect depends mainly upon
the total sectional area of the grooves.
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