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A measurement technique for obtaining the pumping performance of a centrifugal collector under
microgravity has been developed and evaluated through microgravity experiments. These tests have
been conducted under conditions such that the pressure sensors cannot easily detect the pressure rise
of the liquid working fluid. These conditions have a pressure increase smaller than 400 Pa. The
characteristic of the head produced in a centrifugal collector calculated from experimental data
agrees well with that predicted theoretically from the velocity and the pressure generated by rotation
of the centrifugal collector. It is concluded from this result that the measurement technique can
correctly obtain the pumping performance of the centrifugal collector under microgravity. The
centrifugal collector has produced the head of 0.041 m at the rotation speed of 223 rpm under
microgravity. The working fluid is silicon oil. This head corresponds to the pressure rise of
approximately 390 Pa. ©2004 American Institute of Physics.@DOI: 10.1063/1.1638872#

I. INTRODUCTION

Disposing of large quantities of waste heat is one of the
technical issues to be considered in the realization of large
structures in space which handle high power~from mega-
watts to gigawatts!, such as solar power satellites, space fac-
tories in orbit and bases on the moon. The liquid droplet
radiator ~LDR! is an important candidate for resolving this
issue. Its lightweight structure, strong resistance to meteorite
impacts, small storage volume requirement at launch and
easy deployment in space make it a very attractive heat re-
jection system for the above applications. The operation of
the LDR is schematically shown in Fig. 1. The LDR consists
of a droplet generator, a droplet collector, a circulating pump,
and a heat exchanger. Working fluid is heated through a heat
exchanger by waste heat generated in a large structure in
space. The working fluid is emitted into space as multiple
streams of liquid droplets through nozzles of the droplet gen-
erator, toward a droplet collector. During the flight from the
droplet generator to the droplet collector in space, the drop-
lets lose thermal energy by radiative heat transfer. After the
cooled droplets are captured by the droplet collector, the
working fluid is recycled to the heat exchanger by a circu-
lating pump. Liquids with low vapor pressure are candidates
for the working fluid from the viewpoint of minimizing

evaporation loss. These include silicon oils in the tempera-
ture range of 250–350 K, tin–lead–bismuth eutectics at
400–500 K and liquid tin at 500–1000 K.1 Since LDRs do
not require solid bodies to protect the radiating surface from
punctures by small particles such as debris or small meteor-
ites, they are lightweight, and can be stowed in a small vol-
ume at launch and easily deployed in orbit.2 Massardoet al.
have reported that the specific mass of a solar power dy-
namic system with an LDR is 27% smaller than that of a
system with a conventional heat pipe radiator.3

Droplet collectors for LDRs should have two functions.
One is to capture incident droplets without splashing and
separation of the working fluid because these lead to the loss
of working fluid in space. The other is to pump the working
fluid into the circulating pump, which is set downstream of a
droplet collector, in order to establish fluid circulation. Since
droplet collectors operate in the high vacuum environment of
space, there is no static head exerted on the working fluid in
the collectors. Although a number of collector concepts have
been proposed, those that have been investigated in detail are
linear collectors and centrifugal collectors.4–8 They are re-
spectively shown in Figs. 2 and 3. The former collector cap-
tures incident droplets and transports the captured droplets to
the circulating pump by utilizing an auxiliary liquid film on
its internal surface. The latter collector captures incident
droplets on a liquid film inside a spinning cone. The liquid
film is formed through the migration of the incident droplets
radially outward due to the centrifugal force. The liquid
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flows out through stationary pitot tubes that are immersed in
the rotating liquid pool. The latter collectors have the advan-
tage that the liquid films of these collectors splash much less
than those of the former collectors because of the centrifugal
force acting on the liquid films. We consider that centrifugal
collectors are more appropriate for the droplet collector than
the linear collectors.

A centrifugal collector with a pitot tube for fluid recov-
ery such as that shown in Fig. 3 was developed and produced
the head of 34 kPa at 300 rpm under normal gravity.4 Few
reports have described the performance of centrifugal droplet
collectors under microgravity. The surface position of the
working fluid in centrifugal collectors under microgravity is
different from that under normal gravity, as shown in Fig. 4.
Since the pressure at the entrance of the pitot tube under
microgravity differs from that under normal gravity, the
pumping performance under microgravity is not equal to that
under normal gravity. The most cost-effective and easily uti-
lized microgravity platforms are drop shafts or drop towers.
The performance tests of a droplet generator,9 a linear drop-
let collector,10 and a gear pump11 have been conducted at the
drop shafts of the Micro-Gravity Laboratory of Japan Inc.
~MGLAB !12,13 and the Japan Microgravity Center Inc.
~JAMIC!.14 The head, which is an index of pumping perfor-
mance, is most simply measured under normal gravity as the
height of the level of the pumped-up liquid from a reference
level. However, this measurement method is ineffective un-
der microgravity. The head can also be calculated from the
velocities and the pressures at the upstream and at the down-

stream of pumping equipment. However, there is a size limit
to the experimental setup for microgravity experiments using
the drop shaft or drop tower. Centrifugal collectors with large
diameters cannot be used in these microgravity experiments.
On the other hand, the pressure rises generated by small
diameter centrifugal collectors are so small that the pressure
sensor is not able to detect them with sufficient accuracy.

The technique developed in the present work enables us
to measure the head generated in the centrifugal collector
under microgravity using the drop shaft and the drop tower,
by filming the movement of the working fluid in a transpar-
ent tube by means of an 8 mm video camera. This article
describes the measurement technique for the pumping per-
formance of a centrifugal collector under microgravity using
the MGLAB drop shaft and reports the test results for the
pumping performance of the centrifugal collector under mi-
crogravity. These tests have been conducted under conditions
such that the pressure sensors cannot easily detect the pres-
sure rise of the liquid working fluid. These conditions have a
pressure increase smaller than 400 Pa.

FIG. 3. Concept of centrifugal collector.

FIG. 4. Surface positions of working fluid under normal gravity and micro-
gravity.

FIG. 1. Schematic diagram of liquid droplet radiator.

FIG. 2. Concept of linear collector.
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II. EXPERIMENT

A. Microgravity experiment facility 13

Figure 5 schematically shows the MGLAB drop shaft.
The drop shaft is 150 m deep and is equipped with a drop
tube of 1500 mm diameter. The free drop zone is 100 m long
and the breaking zone is 50 m long. The free drop zone can
provide the microgravity duration of 4.5 s. The braking zone
is equipped with two friction dampers and a bellows damper.
These dampers are designed to maintain the deceleration of
the capsule to less than 10 G and allow the capsule to stop
without damaging the capsule body, the experiment support

system, or the payload. As shown in Fig. 6, the capsule is
900 mm in outer diameter and 2280 mm in height. The pay-
load area in the capsule where an experimental setup is
mounted is 720 mm in diameter and 885 mm in height. As
the figure indicates, the payload area can be separated into
several stages. The maximum payload weight, including the
base, the rack and balancing weights, is 400 kg. Since the
capsule is released by turning off the power supplied to the
magnetic chuck used for suspending the capsule, the capsule
can start to fall smoothly. The capsule falls in the drop tube
which has a vacuum condition~nearly 4.0 Pa!. A high-quality
microgravity environment (1023– 1025 G) is supplied.

B. Experimental apparatus

Figure 7 shows the configuration and the dimensions of
~a! a centrifugal collector and~b! a pitot tube used in a series
of performance tests. The distance from the rotation axis to
the entrance of the pitot tube is 48 mm. The angle between
the lower conical surface and the rotation axis is 35°. Work-
ing fluid is placed in the centrifugal collector before the cap-
sule is assembled for the fall. As shown in Fig. 4, the quan-
tity of working fluid put in the centrifugal collector is set
such that the working fluid does not touch the tip of the pitot
tube under normal gravity, and does not overflow the brim of

FIG. 5. Schematic drawing of MGLAB drop shaft.

FIG. 6. Schematic diagram of drop capsule.

FIG. 7. Configuration and dimensions of centrifugal collector and pitot
tube.
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the centrifugal collector under microgravity at the maximum
revolution of 223 rpm in a series of performance tests.
Through a series of performance tests, the quantity of work-
ing fluid has been set at 80 ml.

The experimental setup including the observation de-
vices is schematically shown in Fig. 8. The centrifugal col-
lector is rotated by the AC speed control motor~Oriental
Motor Co., Ltd. MSD425-401!. The fiberscope~Olympus
Promarketing Inc. IF8C5-10! monitors the behavior of the
working fluid at the tip of the pitot tube. The 8 mm video
camera~Sony Corporation CCD-RV100! records the inter-
face between the working fluid and the air moving in the
translucent vinyl tube, and can record the movement of the
working fluid at the section between 12.0 and 15.5 cm from
the entrance of the pitot tube. An incandescent light~AC100
V, 40 W! is employed for illumination. Silicon oil~Shin-Etsu
Chemical Co., Ltd. KF-96 50 cSt! is used as the working
fluid. The properties of the working fluid are listed in Table I.

C. Measurement method

Figure 9 shows a schematic diagram of the rotating col-
lector as a plan view. The centrifugal collector generates the
movement of working fluid through the rotation and the pres-
sure increase of working fluid under the centrifugal force.
Applying Bernoulli’s law and taking the loss of energy in the
pitot tube into account, the following equation is obtained:

ue
2

2
1

pe

r
5

us
2

2
1

ps

r
1El , ~1!

whereu, p, andr are the velocity, the gauge pressure, and the
density of the working fluid, respectively. The subscriptse
ands, respectively, denote the entrance of the pitot tube and
the interface between the working fluid and the atmosphere
in the vinyl tube.El denotes the total energy loss per unit
mass from the entrance of the pitot tube to the interface in

the pitot tube. The gravitational term is neglected because the
head produced by the centrifugal droplet collector under mi-
crogravity is discussed. As the interface in the vinyl tube
faces the atmosphere, the pressure at the surface of the work-
ing fluid ps is 0. The headHc that the centrifugal collector
generates under microgravity is given by the following equa-
tion:
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where g is the gravitational acceleration under normal
gravity.

Considering loss at the inlet of the pitot tube, pressure
loss in the entrance length of the pitot tube, frictional loss in
the pitot tube, and loss at the bend and elbows of the pitot
tube as losses of energy, the total energy lossEl from the
entrance of the pitot tube to the interface in the pitot tube is
expressed as
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whereEa is the pressure loss in the entrance region

FIG. 8. Schematic illustration of experimental setup.

FIG. 9. Schematic diagram of centrifugal collector in plan view.

TABLE I. Properties of working fluid.

Property Symbol Value

Density r 957 ~kg/m3!
Coefficient of viscosity m 0.0479~Pa s!
Surface tension s 0.0208~N/m!
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where j is the coefficient of pressure loss in the entrance
length~52.7!,15 l is the Darcy friction factor, andz i , zb and
ze are coefficients of loss at the inlet~50.5!,16 the bend, and
the elbow ~51.129! of the circular pipe with the smooth
inner surface, respectively.17 d is the diameter of the vinyl
tube ~54.35 @mm#!, l s is the distance from the entrance of
the pitot tube to the interface between the working fluid and
the atmosphere,l 1 , l 2 ,...,l 5 are the distances from the en-
trance of the pitot tube to the positions of the pitot tube
shown in Fig. 7~b!, respectively, andl a is the entrance
length, which is given by15

l a50.065 Red, ~11!

where Re is the Reynolds number, which is defined by

Re5
rusd

m
. ~12!

In the case where the Reynolds number is sufficiently small
to regard the flow in the vinyl tube as the laminar flow, the
Darcy friction factor is given by16

l5
64

Re
. ~13!

The coefficient of loss at the bend is given by17

zb50.00515aq Re20.2S r b

d D 0.9

, ~14!

whereq is the angle of the bend~590°!, r b is the radius of
curvature, and

a50.9514.42S r b

d D 21.96

. ~15!

Since the distance from the entrance of the pitot tube to the
observational section (l s50.120– 0.155@m#) is longer than
the entrance lengthl a , the total energy lossEl from the
entrance of the pitot tube to the observational section is rep-
resented in
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Substituting Eq.~16! into the right-hand side of Eq.~2!,
the following equation is obtained:

Hc5
1

2g S 11z i1j1l
l s

d
12zb1zeDus

2, ~17!

whereHc indicates the head measured in experiments. This
equation indicates that the head produced in the centrifugal
collector can be calculated from the velocityus of the work-
ing fluid at the distancel s from the entrance of the pitot tube.
That velocity is measured in a series of microgravity experi-
ments using an 8 mm video camera, as shown in Fig. 10.

D. Experimental procedures

The procedure of the performance tests is described as
follows. ~1! Preparations for an experiment under micrograv-
ity are conducted: before the capsule is assembled, working
fluid ~80 cm3! is placed in the centrifugal collector; the rota-
tion speed of the centrifugal collector is set; a blank video-
tape is inserted into the 8 mm video camera.~2! The 8 mm
video camera starts to record just before the capsule begins
to be assembled. The 8 mm video camera continues to record
for about 60 min, until the capsule is disassembled after a
free fall. ~3! The command for turning on the light source is
transmitted from the control room at 20 s before a free fall.
~4! The command for starting to rotate the centrifugal collec-
tor is transmitted from the control room at 7 s before a free
fall. ~5! The final drop sequence is initiated and about 2 s
later, a gravity condition 1023 times less than normal gravity
is detected.~6! After the capsule is disassembled, the work-
ing fluid in the centrifugal collector and the pitot tube is
discharged. The videotape is removed from the 8 mm video
camera. Batteries for the 8 mm video camera and the fiber-
scope are charged.

E. Method of analysis of pumping performance

The characteristics of the head produced by the centrifu-
gal collector are essential data for designing centrifugal col-
lectors for practical use in space. Here, the method for de-
riving these characteristics from the data obtained in the
microgravity experiments is described.

The streamlines of stable flow in the rotating body as
shown in Fig. 9 are concentric circles on the plane vertical to
the rotation axis. By applying the Navier–Stokes equations
in cylindrical polar coordinates to this case, the following
equations are obtained:

u2

r
5

1

r

]p

]r
, ~18!

05nS ]2u

]r 2
1

1

r

]u

]r
2

u

r 2D , ~19!

where r is the distance from the rotation axis andn is the
kinematic viscosity~5m/r!. Since no slip occurs on the wall
of the centrifugal collector and no tangential stresses act on
the inner surface shown in Fig. 9, the boundary conditions
are

at r 5r w : u5r wv52pr w

f

60
, ~20!

at r 5r i : s ru5mS ]u

]r
2

u

r D50, ~21!

where f is the number of rotations per minute and the sub-
scriptsi andw denote the inner surface of the working fluid
and the wall in the centrifugal collector, respectively.

Solving Eqs.~19!–~21! for u, the velocity distribution is

u5rv52pr
f

60
. ~22!
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As shown in Fig. 9, there is a pitot tube extending into the
rotating working fluid. The wake flow occurs downstream of
the pitot tube. In the case of the centrifugal collectors with
small circumferences, it is possible that the entrance of the
pitot tube is located in the wake flow. Here, a constantc is
introduced as follows:

u5c•rv5c•2pr
f

60
. ~23!

The constantc is a value specific to the shape and arrange-
ment of the centrifugal collector and the pitot tube. It is
reasonable to suppose that the constantc equals 1 in the case
that the circumference of the centrifugal collector is suffi-
ciently large to recover the velocity loss in the wake flow,
such as that of the centrifugal collector designed for practical
use in space.

Substituting Eq.~23! into Eq. ~18! and integrating from
the inner surfacer i to the entrance of the pitot tuber e , the
gauge pressure at the entrance of the pitot tube becomes

pe5pi1
1

2
r~r e

22r i
2!S 2pc

f

60D
2

. ~24!

Since the inner surface of the working fluid faces the atmo-
sphere, the gauge pressure at the inner surfacepi is consid-
ered as the gauge atmospheric pressure (pi50). Substituting
Eq. ~23! at r 5r e and Eq.~24! into Eq. ~2!, the sum of the
velocity head and the pressure head theoretically becomes

Hc5
1

2g
~2r e

22r i
2!S 2pc

f

60D
2

. ~25!

As Eq. ~25! shows, the sum of the velocity head and the
pressure head produced in the centrifugal collector with the
pitot tube is proportional to the square of the number of
rotations per minute.

The data obtained in a series of experiments are plotted
in such a graph as Fig. 13 whose horizontal axis is the square
of the number of rotations per minutef 2 and whose vertical
axis is the headHc calculated from Eq.~25!. The constantcr i

in the following equation is derived by applying the least
squares method to the plotted data in the graph

Hc5cr i
f 2. ~26!

This equation indicates the pumping performance of the cen-
trifugal collector. Compared with Eqs.~25! and ~26!, it is
found that

cr i
5

1

2g
~2r e

22r i
2!S 2pc

1

60D
2

. ~27!

The fluid volume in the pitot tube is not replenished during
the test, the fluid level (r w2r i) decreases asr i becomes
larger. The working fluid is set at a constant quantity in the
centrifugal collector before the experiment starts. Hence, the
inner radius at distancel s from the entrance of the pitot tube
to the interface between the working fluid and the atmo-
sphere can be identified in each experiment because the
quantity of the working fluid in the pitot tube at distancel s

is equal in each experiment. It is theoretically predicted
that the head obtained by the measurement technique devel-
oped in this present work is proportional to the square of the
number of rotations per minute. By usingcr i

derived by ap-
plying the least squares method to the plotted data, the con-
stantc can be calculated from Eq.~27!. Finally, with substi-
tuting the value of the constantc into Eq. ~25!, the
characteristics of the head produced by the centrifugal col-
lector are formulated.

III. RESULTS AND DISCUSSION

Figure 11 shows the gravity acceleration relative to nor-
mal gravity acceleration in the case that the centrifugal col-
lector was rotated at 187 rpm. The experimental support sys-
tem sent a signal when the microgravity sensor in the
experimental support system initially detected a gravity ac-
celeration less than 0.1 times the normal gravity acceleration.
In this figure, the horizontal axis denotes time and its origin
is the moment at which the signal was sent. As the graph
indicates, the gravity acceleration is stable at approximately
1.031023-fold the normal gravity acceleration from 0.1 s to
4.5 s. The experiments conducted with other parameters~168
and 223 rpm! have also been confirmed as being carried out
under stable microgravity conditions.

FIG. 10. Experimental setup with the base. FIG. 11. Ratio of gravity acceleration in an experiment to normal gravity
acceleration.
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Figure 12 shows images of the centrifugal collector and
the interface between the working fluid and the atmosphere
in the vinyl tube during an experiment captured on videotape
by the 8 mm video camera. The time after starting a drop is
shown under the images. The centrifugal collector was ro-
tated at 187 rpm. As the figure shows, the interface between
the working fluid and the atmosphere is moving in the vinyl
tube. It is notable that the collector for LDRs has the capa-
bility to push the working fluid forward. The movement of
the working fluid in the vinyl tube is observed to be an
almost uniform motion. Analysis of the images has revealed
that it takes 1.4 s for the working fluid to pass through the
observational section~between 12.0 and 15.5 cm from the
entrance of the pitot tube!. This clarifies that the velocity of
the moving interfaceus is 0.025 m/s in the observational
section.

Substituting this value ofus into Eq.~17! as the velocity
at the center of the observational section~0.1375 m from the
entrance of the pitot tube!, the headHc produced in the cen-
trifugal collector under microgravity is calculated. The ve-
locity of the interface between the working fluid and the
atmosphere in the observational section and the head pro-
duced in the centrifugal collector are summarized along with
the rotation speed in Table II. Substituting Eq.~2! into the
left-hand side of Eq.~1!, the following equation is obtained:

Hc5
1

g S us
2

2
1

ps

r
1El D . ~28!

In the case that a pressure sensor is mounted downstream of
the pitot tube, the velocity of the working fluid at the pres-
sure sensorus is zero and the total loss of the headEl is
derived from Eq.~16! as zero.

Substituting these values ofus andEl into Eq. ~28! and
then solving forps , the following equation is obtained:

ps5rgHc . ~29!

This equation converts the head produced in a centrifugal
collector into the pressure measured by a pressure sensor
mounted downstream of a pitot tube. The pressure is ap-
proximately 390 Pa in the case of 223 rpm. Pressure sensors
cannot easily detect this pressure increase in a liquid working
fluid with sufficient accuracy.

Figure 13 shows the headHc versus the square of the
number of rotations per minute. The line in this figure is the
linear approximated curve obtained by using the least
squares method. This figure indicates that the head obtained
by the measurement technique developed in the present work
is proportional to the square of the number of rotations per
minute. Since this result is theoretically predicted as shown
in Eq. ~25!, it verifies that the measurement technique devel-
oped in the present work can obtain the head produced in the
centrifugal collector with reasonable accuracy. Compared
with Eq. ~26!, it follows that

cr i
58.3431027 m/rpm2.

When the interface between the working fluid and the atmo-
sphere in the pitot tube is located at 0.1375 m from the
entrance of the pitot tube, the volume of working fluid in the
pitot tube is

p3S 4.3531023

2 D 2

30.137552.0431026 m3.

As the initial volume of the working fluid in the centrifugal
collector is 80.031026 m3, the volume of the working fluid
in the centrifugal collector is 78.031026 m3. Using the con-
figuration of the working fluid in the centrifugal collector
under microgravity shown in Fig. 4~b! and the dimensions of
the centrifugal collector shown in Fig. 7~a!, it is calculated
that the inner radius of the working fluid in the centrifugal
collector r i is 39.531023 m. Substituting the values ofcr i

FIG. 12. Cetrifugal collector and images of the interface at the observa-
tional section under normal gravity.

TABLE II. Surface velocity of working fluid in the vinyl tube and the head
produced in the centrifugal collector.

Rotation speed
~rpm!

Interface
velocity ~m/s!

HeadHc

~m!

168 0.019 0.023
187 0.025 0.030
223 0.034 0.041

FIG. 13. Head produced in the centrifugal collector vs square of the rotation
speed.
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and r i into Eq. ~27! and solving forc, the constantc is
derived as 7.0031021. Substituting this value ofc into Eq.
~25!, Eq. ~25! becomes the equation for obtaining the head
Hc produced in the centrifugal collector used in the present
work. Figure 14 shows this characteristic for various inner
surfaces of the working fluid.

Substituting the values ofc and r e into Eq. ~23!, the
velocity at the entrance of the pitot tubeue is obtained:ue

50.66 m/s. A comparison between this value ofue and the
velocity of the moving interface in the observational section
(us50.025 m/s) reveals that the velocity in the observational
section decreases to 3.8% of the velocity at the entrance of
the pitot tube. On the other hand, the movement of the inter-
face between the working fluid and the atmosphere in the
pitot tube has been observed to be an approximately uniform
motion. The remarkable decrease of the velocity of the work-
ing fluid in the pitot tube has not been measured in the ob-
servational section. Here, the velocity of the working fluid in
the pitot tube is examined.

Substituting Eq.~25! into Eq.~2!, the following equation
is satisfied:
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~2r e

22r i
2!S 2pc
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60D
2
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g S us
2

2
1El D . ~30!

The loss of energyEl at distancel s from the entrance of the
pitot tube is found from Eqs.~3!–~8!. The inner radius of the
working fluid in the centrifugal collectorr i depends on the
initial volume of the working fluid in the centrifugal collec-
tor and the distance from the entrance of the pitot tube to the
interface between the working fluid and the atmosphere. It
follows from this that Eq.~30! is the appropriate equation for
obtaining the relationship between the velocityus of the in-
terface and the distancel s from the entrance of the pitot tube
to the interface. This relationship is presented in Fig. 15. As
the diagram indicates, the velocity of the interface between
the working fluid and the atmosphere moving in the pitot
tube rapidly decreases after the working fluid enters the pitot
tube. Next, the decrease of the velocity becomes gradually
gentler, and then the velocity becomes approximately steady.
This verifies that the velocity at the entrance of the pitot tube

is significantly different from the velocity in the observa-
tional section and the movement of the interface observed in
the observational section becomes an almost uniform mo-
tion.

IV. DISCUSSION

In the present work, a technique for measuring the
pumping performance under microgravity of a centrifugal
collector has been developed and evaluated. The characteris-
tics of the head produced in the centrifugal collector calcu-
lated from experimental data agree well with those predicted
theoretically from the velocity and the pressure generated by
the rotation of the centrifugal collector. It is concluded from
this result that the measurement technique can accurately ob-
tain the pumping performance of the centrifugal collector
under microgravity. It has also been described that the head
produced in a centrifugal collector under microgravity can be
predicted from the radius of the entrance of a pitot tube, the
inner radius of working fluid in a centrifugal collector, the
constant specific to each centrifugal collector and the number
of rotations of the centrifugal collector. Although the head
cannot be estimated theoretically without obtaining the con-
stant specific to each centrifugal collector by microgravity
experiments or other similar means, obtaining the character-
istics of the constant specific to each centrifugal collector
will allow us to estimate theoretically the head produced in a
centrifugal collector under microgravity. It is reasonable to
suppose that the constant equals 1 in the case that the cir-
cumference of the centrifugal collector is sufficiently large to
recover the velocity loss in the wake flow, such as that of the
centrifugal collector designed for practical use in space.
Nonetheless, it is notable that the technique for measuring
the pumping performance described in this article can obtain
the head produced under conditions such that the pressure
sensors cannot easily detect the pressure increase of the liq-
uid working fluid. This technique is an important contribu-
tion to the measurement of the pumping performance under
microgravity.

FIG. 14. Head produced in the centrifugal collector vs rotation speed.

FIG. 15. Velocity of the interface between the working fluid and the atmo-
sphere in the pitot tube.
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