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Pumps for a turbopump generally operate under high rotational speeds and large-head-rise conditions. Therefore,
reliability is a prime design requirement. Floating-ring seals are frequently employed in a turbopump because of
robustness despite relatively high leakage losses. A number of studies have been performed on the floating-ring seal
itself, but the effects of the floating-ring seal on the performance of the whole pump are not widely studied, in spite of
their importance. The effects of floating-ring seal clearance on the hydraulic and suction performances of a pump are
investigated by both experimental and computational methods in the present study. The experimental results showed
that the head rise and the efficiency increased as the floating-ring seal clearance decreased. The results also showed
that the leakage flow injected into the inducer inlet enhanced the suction performance of the pump by diminishing the
size of the backflows. The strength of the backflow becomes weak as the injected leakage flow at the inducer inlet

prevents the flow from prerotation.

Nomenclature

floating-ring seal clearance area
inducer inlet area

floating-ring seal clearance

= floating-ring seal diameter

friction coefficient

gravitational acceleration, 9.8 m/s?
floating-ring seal clearance length
dimensionless radius, (r — r;,)/(ry — 1)
volume flow rate

torque

speed of the blade

flow axial velocity

=  axial coordinate

efficiency, Q(py, — p1,)/ (Tw)
volumetric efficiency, Q,/(Q, + £0;)
cavitation number, 2(p;, — p,)/(pU3)
flow coefficient, Q/(A,U,,)

head coefficient, 2(p,, — p1,)/(pU3,)

=  pump rotational speed, rad/s
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Subscripts

design

hub

leakage

shroud

tip or total

vapor

inducer inlet

= pump outlet or impeller outlet
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I. Introduction

ODERN liquid-rocket-propulsion systems generally employ

two types of propellant-feed cycles: pressure-feed and
turbopump-feed cycles. Because high efficiency and thrust in the
propulsion cycle entails high chamber pressure, a pressure-feed cycle
is less desirable for highly loaded propulsion systems due to its
excessively high tank pressure requirement. On the other hand, a
turbopump-feed cycle leads to a comparatively lower system weight
and improved performance [1,2]. Therefore, turbopump systems,
which pressurize liquid oxidizers and fuels, are frequently employed
to achieve a high specific impulse.

A typical pump system for a turbopump consists of an inducer,
impeller, volute, and seal passages. An inducer is employed in a
modern rocket feed system because it allows a turbopump system to
operate at a high speed with low inlet pressures to minimize the
weight and the size of the system [3]. Cavitation performance can be
improved by installing an inducer to the pump, thus increasing the
operational speed of the pump. With the aid of the anticavitation
function of the inducer, a centrifugal impeller can pump low-pressure
propellants to high discharge pressures without cavitation
breakdown [3-5]. Therefore, most recent research on turbopumps
has focused on inducer flow phenomena such as backflows at the
inducer inlet and cavitation instabilities [6,7].

Noncontact seals such as the labyrinth and floating ring are
generally preferred in turbopump applications, in which high
reliability is an important requirement in liquid-oxygen and high-
rotational-speed environments [1]. Between these two noncontact
seals, floating-ring seals (FRSs) are frequently employed in a
turbopump because the FRS is rotordynamically robust and simple in
design. The FRS is adopted in the present study because the Korea
Aerospace Research Institute is currently developing a 30-t-class
demonstrator engine that employs a turbopump with an FRS [8].
Figure 1 shows a simplified configuration of the present pump with
seal passages that are located on the front and rear sides of the
impeller shoulders. The leakage flow from the front seal is injected
(or recirculated) to the inducer/impeller interface, and the leakage
flow from the rear seal is injected to the inducer inlet along the bypass
pipe after cooling the rear bearing. More precisely, the leakage flow
from the rear seal is injected through the axisymmetrically located
injection holes.

As mentioned earlier, most studies have been focused on the flow
phenomena around the inducer and there have been many studies on
the FRS itself [9-12], but the effects of the FRS on the performance
of the whole pump are not widely studied in spite of their importance.
The effects of FRS clearance on the hydraulic and suction
performances of a pump are investigated by both experimental and


http://dx.doi.org/10.2514/1.36806

192 CHOI ET AL.

Bypass pipe
Volute
N _ Rear floating
|| Injection  Frontfloating |77/ ring seal

hole ring s?él -\_(% ‘-‘
éeariﬁg / o\ g ‘
i ‘\ / Inducer ”7‘; / T ) T
IO e Rear
Front bearing bearing

Fig. 1 Layout of the present pump.

computational methods in the present study. The hydraulic and
suction performances of the pump were measured with three
different floating-ring seal clearances. A three-dimensional
computational fluid dynamics (CFD) method was adopted to
simulate the interaction between the injected leakage flow and the
main flow around the inducer inlet. Furthermore, a one-dimensional
(1-D) correlation was used to estimate the leakage flow rate, which
could not be measured in the experiments.

II. Experimental Setup and Pump Design

Hydraulic and cavitation tests for the pump are conducted in a
pump test facility in which the pump is driven by an electric motor.
The working fluid is water at room temperature, and measurement
parameters include static pressure, flow rate, rotational speed, and
torque. The facility is composed of a water tank, an electric motor, a
gear box, a torque meter, and a turbine-type flow meter. The water
tank has a volume of 3.0 m? and its pressure can be adjusted by using
a vacuum pump and compressed air. The maximum speed of the
pump test is 20,000 rpm, and the maximum power of the electric
motor is 320 kW. An outline of the closed-loop test facility is shown
in Fig. 2, in which the test pump, the torque meter, and the gear box
are arranged from left to right [13]. The uncertainties of measured
values for head coefficient, efficiency, and flow coefficient are
estimated to be 0.2, 0.5, and 0.4%, respectively.

Table 1 summarizes the design characteristics of the pump under
consideration. The only difference among the three cases is the FRS
radial clearance. The FRS radial clearance decreases from case 1 to
case 3. The FRS radial clearance in case 3 is half of that of case 1. The
experiments were conducted at speeds of 8000 to 9000 rpm. The
pump showed stable operation for case 3, although the FRS radial
clearance was small.

III. Results and Discussions

Figure 3 shows measured head and efficiency distributions of the
pump. The head and efficiency of the pump increase as the FRS
clearance decreases due to the decrease of the leakage flow through
the FRS (i.e., the increase of the volumetric efficiency). The
efficiency increases as the flow rate is increased, because the pump
inlet is designed to have a larger diameter than hydraulically optimal
to enhance the suction performance of the pump.

2 1. Test pump
2. Regulating valve
3. Turbine flow meter
4. Water tank
5. Torque meter
6. Gear box
7. Motor

Fig. 2 Plane view of the pump test rig.
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Fig. 3 Measured pump performance curves.

Table 2 summarizes the measured head coefficient and efficiency
at the design flow rate in comparison with the 1-D calculation and
CFD results. The estimated volumetric efficiencies are also presented
in Table 2. The volumetric efficiency was not measured in the
experiments. The computational result was obtained from a previous
study [14]. The head rise of case 3 is about 3% higher than that of
case 1, showing that the FRS clearance has a significant effect on the
performance of the pump.

An in-house 1-D correlation method, which was originally
developed to design pumps, was used to calculate the leakage flow
rate through the FRS, because it was difficult to measure the leakage
flow rate accurately in the experiments. The present 1-D method
employs theoretical head-rise equations, slip-velocity theories, and
loss equations with empirical correlations, which are typical in pump
designs [15,16]. The computation was conducted only for case 1 and
included all the pump components such as inducer, impeller, volute,
and seal passages to evaluate the pump performance accurately. The
computational results agree well with the experimental results,
suggesting that the computational results can be used to evaluate the
accuracy of the 1-D method for calculating the leakage flow rate. The
head and efficiency of the 1-D results are different from those of the
experiments by less than 4%, and the volumetric efficiency (leakage
flow rate) of the 1-D results shows a difference compared with those

Table 1 Pump design specifications

Parameters Case 1 Case 2 Case 3
Inducer design flow coefficient ¢ 0.09 0.09 0.09
Inducer inlet hub to tip diameter ratio 0.35 0.35 0.35
Impeller inlet to outlet diameter ratio 0.50 0.50 0.50
Impeller outlet blade angle, deg 23.0 23.0 23.0
Injection hole to inducer tip diameter ratio 0.0043 0.0043 0.0043
Injection-hole number 20 20 20
Injection-hole angle from the axis, deg 40 40 40
¢/ D, front 0.0021 0.0016 0.0011
¢/D, rear 0.0020 0.0015 0.0010




CHOI ET AL.

Table 2 Head coefficient and efficiency at 1.0Q,
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Case 1 Case 2 Case 3
Exp. 1-D CFD [14] Exp. 1-D Exp. 1-D
Head coefficient ¢ 0.940 0.976 0.936 0950  0.984 0.967 0.990
Pump total efficiency n 73.3% 73.7% 72.1% 74.1% 75.1% 76.4% 76.8%
Volumetric efficiency 7, 91.6% 92.6% 93.3% 95.6%

of the computation of about 1%, indicating that the 1-D method can
predict the performance and the leakage flow rate well. The predicted
leakage flow rates are about4.5%Q,; in each FRS direction for case 1,
3.5%Q, for case 2, and 2.5%Q, for case 3. The leakage flow rates
through the FRS in the 1-D method were calculated using a simple
relation as follows [15]:

0, = C/Ay (2%), C,:l/,/f%ﬂ.s (1)

Figure 4 shows measured suction performance curves at three flow
rates. Suction performance curves of case 2 are not presented in
Fig. 4, for a clear comparison between case 1 and case 3. Case 1
shows better suction performance results, although the leakage flow
rate (or inducer inlet flow rate) of case 1 is larger than that of case 3.
Furthermore, the suction performance improvement seems to
increase as the flow rate is decreased. It is well known that the suction
performance becomes poor as the inlet flow rate increases. Therefore,
it seems that the suction performance becomes better with larger
leakage flow rates. Jakobsen [17] noted that the flow injected into the
inducer inlet has a favorable effect on the suction performance of the
pump and an appropriate amount of the flow injected to the inducer
inlet can enhance the suction performance of the pump. The trend
that Jakobsen mentioned was found in the present study, although the
leakage flow rate difference of 2% Q, between case 1 and case 3 was
seemingly not large enough to affect the suction performance of the
inducer.

The computations were performed to investigate the flow structure
around the inducer inlet, in which the injected leakage flow interacts
with the main flow. The present pump adopts the same configuration
as in a previous study [18], with a bearing and strut located upstream
of the inducer, as shown in Fig. 1. However, only the inducer with the
inlet bearing strut was simulated, instead of the entire pump, and the
bearing was simplified as a block to save computational time in the
present study.

A commercial 3-D Reynolds-averaged Navier—Stokes method is
used in this study [19]. Previous studies using this code showed good
agreement with the experiments [14,18]. The method uses an explicit
Runge—Kutta scheme and second-order-accurate central-difference
scheme with artificial dissipation for integration in time and space.
The k-¢ turbulence model with an extended wall function is used to
simulate turbulence effects. A uniform flow condition is imposed at
the inlet. Static pressures are assigned at the outlet of the inducer.
Periodic boundary conditions are set at corresponding positions,
because only one flow passage is solved for the strut and the inducer.
To simulate strut/inducer interaction, a mixing plane [19] is adopted
that only allows exchanges of averaged flow properties.

The computational grid that was selected based on the previous
study [18] is shown in Fig. 5. Computations are performed both with
and without the injected leakage flow at 1.0Q,;. A leakage flow rate of
3.5%Q, was imposed for the computation with the injection.
Streamline (starting from the injection holes) and surface static
pressure distributions with the injection are presented in Fig. 6. The
flow structure is very complex near the inducer inlet, due to the
backflow and the injected leakage flow interactions. Figure 7 shows
circumferentially averaged streamline distributions along the
meridional plane with and without the injection. Backflows occur
at the inlet of the shroud and become weak when the injection is
present.

Figure 8 shows circumferentially averaged absolute-flow-angle
distributions at the inducer leading edge. The absolute angles
increase from hub to shroud. A prewhirl develops at the inlet, due to
the rotation of the inducer blades. The sweepback of the leading edge
induces this kind of prewhirl [20]. The strength of the prewhirl (or
absolute angle) decreases when an injection is present, indicating that
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Fig. 4 Measured suction performance curves at three flow rates.
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Fig. 5 Computational grid for the calculation (692,793 cells).

a) With injection

b) Without injection
Fig. 7 Calculated streamline distributions.

the injection prevents the flow from prerotation. Therefore, the
injection of the leakage flow into the inlet enhances the suction
performance of the pump as the injection prevents backflows from
rotating about the axis. This is why the suction performance
improvement increases at the lower flow rates, because the backflows
become stronger at those flow rates, as shown in Fig. 4. Figure 9
shows circumferentially averaged axial velocity distributions at the
inducer leading edge. The axial velocity distribution with the
injection is more uniform, due to the weakened backflow.
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Fig. 8 Calculated absolute-flow-angle distributions.

0.2

TTYK‘YYTYIYYYTIYTYYIYYTY

——=e—— With injection
—=o6—— Without injection

AR ENE R R R R

-0.1 L1l i L1l i L1l ‘ L1l i L1
0 0.2 0.4 0.6 0.8
r*
Fig. 9 Calculated axial velocity distributions.
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IV. Conclusions

The effects of FRS radial clearance on the performance
characteristics of a pump for turbopumps were studied. The overall
performance and the suction performance were measured and
computations were conducted to investigate leakage flow/inducer
interactions. The effects of FRS radial clearance on the performance
of a pump are as follows.

1) The head and efficiency of the pump increases when the FRS
radial clearance is reduced. The head increases by about 3% and the
efficiency increases by about 4% by reducing c¢/D from 0.0021 to
0.0011 for the front floating ring and 0.0020 to 0.0010 for the rear
floating ring.

2) The suction performance of the pump increases when the FRS
radial clearance is increased, which may be attributed to the increase
of the leakage flow injected to the inducer inlet. The computational
results show that the injected leakage flow at the inducer inlet
prevents backflows from rotating about the axis, which is presumed
to improve the suction performance of the pump by diminishing the
size of backflows.
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