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ABSTRACT 

A model of the circulation of the working fluid in a liquid droplet radiator has been developed.  The model is 

based on Bernoulli's law and the loss of the hydraulic head.  The behavior of the circulation of the working 

fluid calculated from the model is compared with that obtained from experiments in the case that the flow rate 

of the circulating working fluid is changed.  In radiators, the flow rate of the circulating working fluid is 

changed in order to match the change of the waste heat generated in large-space structures.  The flow rates of 

the circulating working fluid calculated from the model correspond to those obtained from the experiments 

well.  The circulation mechanism of the working fluid in the liquid droplet radiator has been clarified.  The 

model developed in the present work will allow us to control the flow rate of the working fluid in the liquid 

droplet radiator automatically. 

 

INTRODUCTION 

Disposing large quantities of waste heat is one of the 

technical issues that must be considered in order to 

realize large-space structures (LSSs) that handle 

high power (from megawatt to gigawatt order) such 

as space solar power satellites (SPSs).1,2  The liquid 

droplet radiator (LDR) is an important candidate for 

resolving this issue.  Its lightweight structure, high 

resistance to meteorite impacts, small storage 

volume requirement at launch and easy deployment 

in space make it a very attractive heat removal 

system for the LSSs. 

 

The operation of an LDR is schematically shown in 

Fig. 1.  The LDR, which consists of a droplet 

generator, a droplet collector, a circulating pump, a 

bellows-type pressure regulator (an accumulator) 

and a heat exchanger, circulates the working fluid as 

follows: The working fluid is heated through a heat 

Fig. 1: Schematic diagram of liquid droplet radiator 

Radiation

Circulating
pump

Accumulator

Space Structure

Droplet
Generator

Droplet Streams

Space
Heat

Exchanger

Droplet
Collector



 2

exchanger by the waste heat generated in an LSS.  

Then, the working fluid is emitted into space 

through nozzles of the droplet generator toward a 

droplet collector as tiny liquid droplets.  During the 

transport in space from the droplet generator to the 

droplet collector, the droplets lose thermal energy 

via radiative heat transfer.  After the cooled 

droplets are captured by the droplet collector, the 

working fluid is recycled through the accumulator to 

the heat exchanger by a circulating pump. 

 

Liquids with low vapor pressures are candidates for 

the working fluids from the viewpoint of minimizing 

evaporation loss.  In the cases of the waste heat 

temperature range of 250 K - 350 K, of 370 K - 650 

K and 500 K - 1000 K, silicone oils, liquid metal 

eutectics and liquid tin are candidates, respectively.3  

The surface radiating waste heat is the surface of 

droplets in LDRs.  Because LDRs do not require 

solid bodies to protect the radiating surface from 

punctures by small particles such as debris or small 

meteorites, they are lightweight, stored in a small 

volume at launch and easily deployed in orbit.4  

Taussig and Mattick4 reported that LDRs can be as 

much as 5 to 10 times lighter than advanced heat 

pipe radiators.  Massardo et al.5 reported that the 

specific mass of a solar power dynamic system with 

an LDR is 27% less than that with a conventional 

heat pipe radiator.  Droplet generation experiments 

and droplet collection experiments on earth have 

been conducted at the NASA Glenn Research Center 

and the National Institute of Advanced Industrial 

Science and Technology in Japan.6-9  Droplet 

generation experiments and droplet collection 

experiments under microgravity using drop-shafts 

have been carried out by the authors.10, 11 

 

LDRs change the flow rate of the circulating 

working fluid in order to correspond to the change in 

the amount of the waste heat removed from LSSs.  

The numbers of revolutions of the droplet collector 

and circulating pump, and the pressure applied on 

the bellows-type pressure regulator, are controlled in 

order to change the flow rate of the circulating 

working fluid.  However, few studies have been 

carried out on controlling the flow rate of the 

circulating working fluid in the LDR.  It has not 

been clarified how the flow rate of the circulating 

working fluid in the LDR is controlled. 

 

In this study, a model of the circulation of the 

working fluid in the LDR is developed.  The 

behavior of the circulation of the working fluid 

calculated from the model is compared with that 

obtained from experiments in the case that the flow 

rate of the circulating working fluid is changed. 

 

EXPERIMENTAL & MODEL 

Figure 2 shows a schematic diagram of the 

experimental setup.  Figure 3 shows a photograph 

of the experimental setup.  The working fluid flows 

in the order of ①②③④⑤⑥⑦①, as indicated in 

Fig. 2.  The volume of the working fluid in the 

droplet collector ② and the bellows-type pressure 

regulator ⑤  can change.  Two flowmeters ④ 

and ⑥ are set between ② and ⑤.  In the case 

that the flow rate at ④ is greater than that at ⑥, 

the volume of the working fluid corresponding to the 

difference of the flow rates is supplied from ② and 

stored in ⑤.  In the case that the flow rate at ⑥ is 

greater than that at ④, the working fluid is supplied 

from ⑤ and is pooled in ②. 
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Droplet generator 

Figure 4 shows a schematic diagram of the droplet 

generator.  The working fluid, which is pressurized 

by a bellows-type pressure regulator, is subjected to 

a pressure disturbance using a piezoelectric vibrator 

in the droplet generator and then is emitted in the 

vacuum chamber ⑭ through a single nozzle, as 

shown in Fig. 4.  The pressure disturbance 

produces radial variation on the surface of the 

cylindrical jet-shaped working fluid.  The 

amplitude of this radial variation increases under 

certain conditions.12-14  This increase in radial 

variation causes the working fluid to break up from a 

jet into tiny droplets.  The transformation from a jet 

to droplets is schematically illustrated in Fig. 4.  

The velocity u1 of the working fluid at the exit of the 

droplet generator is obtained using 

Q
D

u
2

2
1

4
π

= , (1) 

where Q is the circulation rate of the working fluid 

in LDR. 

 

Details of the nozzle in the droplet generator are 

shown in Fig. 5.  Considering the friction loss in 
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Fig. 5: Details of nozzle in droplet generator 

Fig. 4: Schematic diagram of droplet generator 
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the nozzle Hgf, the pressure loss in the entrance 

length of the nozzle Hge and the pressure loss at the 

inlet of the nozzle Hgi, the head loss at the droplet 
generator gH  is shown as 

gigegfg HHHH ++= . (2) 

The velocity in the nozzle ug changes with the 

position x in the nozzle because the sectional area of 

the nozzle changes with position x.  The friction 

loss in the nozzle Hgf is shown with the flow rate Q 

as 

g
u

D
LH g
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2

λ=  

( ) 










+













−
−

= 4
2

2
3

1
3

221

1 11
3

128
D
l

DDDD
l

g
Q

ρπ
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where D1 (=1.2×10-3 m) and D2 (=4.0×10-4 m) are 

the diameters of the nozzle, as shown in Fig. 5.  l1 

(=5.66×10-4 m) and l2 (=4.0×10-4 m) are the 
lengths of the nozzle.  µ  is the viscosity of the 

working fluid.  Because the Reynolds number in 

the vinyl tube is sufficiently small, the flow is 

regarded as laminar and the Darcy friction factor is 

given by15 

uDρ
µλ 64

Re
64

== . (4) 

The pressure loss in the entrance length of the nozzle 

Hge is expressed as 
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where Le is the entrance length of the nozzle, which 

is given by16 DaLe Re= , a is the coefficient of the 

entrance length (=0.065), and iζ  is the coefficient 

of pressure loss in the entrance length (= 2.7).16  

The pressure loss at the inlet of the nozzle Hgi is 

given as 

4
2

2

22
8

2 Dg
Q

g
u

H i
g

igi π
ζζ == , (6) 

where iζ  is the coefficient of loss at the inlet (= 

0.25).15 

 

Droplet collector 

The centrifugal collector shown in Fig. 6 has been 

adopted in this study.  The centrifugal collector 

captures incident droplets at the liquid film inside 

the spinning cone.  The liquid film is formed 

because incident droplets migrate radially outward 

due to centrifugal force.  The working fluid flows 

out through stationary pitot tubes immersed in a 

rotating liquid pool.  The working fluid is pushed 

out by the pressure produced by the centrifugal force 

and momentum generated by the rotation of the 

spinning cone. 

 

The streamlines of stable flow in the rotating body 

are concentric circles on the plane vertical to the 

rotation axis.  As shown in Fig. 7, a pitot tube 

resides in the rotating working fluid in this droplet 

collector.  The wake flow is generated downstream 

of the pitot tube.  In the case of the centrifugal 

collectors with small circumferences, the entrance of 

the pitot tube could be located in the wake flow.  In 

this case, ue and Pe are shown as,17 

60
2 frcrcu eee πω ⋅=⋅= , (7) 

( )22
2

4 60
2

2
1

iee rrfcPP −





 ⋅+= πρ , (8) 

where the constant c is a value specific to the shape 

and arrangement of the centrifugal collector and the 

pitot tube (=0.86 in this study).  re and ri are the 
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radii of the entrance of the pitot tube (=8.0×10-2 m) 

and the inner surface of the working fluid in the 

droplet collector, respectively.  ri is chosen in such 

a way that the volume of the working fluid pressed 

against the wall because of the rotation of the droplet 

collector is equal to the volume of the working fluid 

in the droplet collector (=7.3×10-2 m). 

 

Circulating pump 

An SK1-213 gear pump (Shimadzu Corporation) 

was adopted as the circulating pump in the present 

work because it is small and can push out the 

working fluid under a large pressure difference 

between upstream and downstream of the gear pump.  

A schematic diagram of the gear pump is shown in 

Fig. 8.  The working fluid is pushed out by the 

revolution of the gears. 

 

The flow rate that the SK1-213 gear pump 

discharges is given as 

( )2360
PP

ANUQ gp
th −−=

µ
, (9) 

where Uth is the theoretical discharge rate per 

rotation of the gears (=1 ml/rev.) and N is the 

revolution of the gears per minute.  As shown in 

Fig. 8, there is a clearance between each gear and 

the outside case of the gear pump because of 

self-lubrication and the rotation of the gear.  The 

second term on the right-hand side of Eq. (9) 

indicates the flow rate of the working fluid returning 

from downstream to upstream of the gear pump 

through the clearance.  Agp is a constant and 

decreases as the number of revolutions decreases.  

By transforming Eq. (9), the hydraulic head 

generated at the gear pump ③ is obtained using 







 −−=

−
=∆

60
23 NUQ

Agg
PP

H th
gp

gp ρ
µ

ρ
, (10) 

where g denotes the gravitational acceleration (=9.81 
m/s2) and ρ  is the density of the working fluid. 

 

Fig. 7: Top-view schematic diagram of 

centrifugal collector from top view 
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Bellows-type pressure regulator 

The bellows-type pressure regulator has functions of 

pressurizing the working fluid and flow equalization.  

The structure of ⑤ is shown in Fig. 9.  ⑤ has a 

bellows that contains the working fluid.  The 

working fluid is pressurized using nitrogen gas from 

outside of the bellows.  The bellows contributes to 

preventing the working fluid from absorbing the 

pressurized nitrogen gas.  The bellows has a 

characteristic of a spring.  Considering the spring 

force of the bellows and the pressure of gas outside 

the bellows, the pressure of the working fluid in ⑤ 

is given as 

b

n
A

zzk
PP

)(
65

−
+= , (11) 

where k is the spring contact of the bellows (= 3.12 

N/mm) and Ab is the area of the bottom lid of the 

bellows (=1.86×10-2 m2).  z is the length of the 

bellows and zn is the natural length of the bellows. z 

is calculated from the difference between the flow 

rate of inflow to the bellows Q4 and the flow rate of 

outflow from the bellows Q6 using 

( )
bA

tQQ
zz

∆−
+= 64

0 , (12) 

where z0 denotes the length of the bellows t∆  

seconds ago. 

 

Filter 

A filter is used to remove particles such as dust from 

the working fluid.  Particles such as dust cause the 

blockade in the nozzle of the droplet generator.  An 

SS-4F-15 filter (Swagelok Company), in which there 

is a sintered metal element with a nominal gap size 

of 15 µm, is adopted in this study. 

 

Flow meter 

The volume of the working fluid could change in the 

droplet collector and bellows-type pressure regulator 

during circulation experiments on the working fluid.  

Two flowmeters are set between ② and ⑤, and 

between ⑤ and ②, as shown in Fig. 3.  OVAL 

M-III LSF41C0-M2 (OVAL corporation), which is a 

displacement meter, is adopted in the flowmeters.  

A YS02C strainer, with a net mesh gap of 77 µm, is 

set upstream of the flow meter to remove particles 

such as dust. 

 

Piping 

The hydraulic head lost from the exit of ⑤ to the 

exit of the droplet generator ① 15−∆H  is shown as 

g

bel

H
g

u
g

u
g

u
D

L
g

uH

+++

++=∆ −
−

22

22
)4(

7
7

6
6

2
15

2

15

ζζ

λζζ
, (13) 

where D is the diameter of the piping (=4.35×10-3 

m) and L5-1 is the length of the piping from ⑤ to 

① (= 1.45 m). u, u6 and u7 are the velocity of the 

working fluid in the piping and the average 

velocities of the working fluid in ⑥ including a 

strainer and in filter ⑦ , respectively.  elζ  and 

Pk
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P6

Pressurized
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To Droplet
Generator
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Fig. 9: Bellows-type pressure regulator 
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bζ  are the coefficients of loss at an elbow and a 

bend.  The coefficient of loss at the elbow is given 

as18 

986.0
2

sin2.05
2

sin0.946 42 =













=

θθζ 　＋el , (14) 

where ϑ  is the angle of the bend (= 90°).  The 

coefficient of loss at the bend is given as18 

412.0
2

847.1131.0
5.3

=







+=

b
b r

Dζ , (15) 

where br  is the radius of curvature.  The friction 

loss in the piping is derived from Eq. (13) as 









== −−

g
uf

g
u

D
L

uDg
u

D
L

22
64

2

2
15

2
15

ρ
µλ . (16) 

As shown in Eq. (16), the friction loss in the piping 
is a function of gu 2/ .  The pressure losses at ⑥ 

including a strainer and ⑦ are caused by friction in 

the strainer and the filter.  The pressure losses at 

⑥ including a strainer and ⑦ has been assumed to 

be a function of gu 2/ , as shown in Eq. (16).  6ζ  

and 7ζ  are the coefficients of loss at ⑥ including 

a strainer and ⑦, respectively.  Values calculated 

from experimental data obtained t∆  seconds ago 

are substituted in 6ζ  and 7ζ . 

 

The hydraulic head lost 52−∆H  from ② to the 

entrance of ⑤ is shown as 

g
u

g
u

D
L

g
uH bel 222

)24( 4
4

2
52

2

52 ζλζζ +++=∆ −
− , 

 (17) 

where L2-5 is the length of the piping from ② to ⑤ 

(= 2.3 m). u and u4 are the velocity of the working 

fluid in the piping and the average velocity of the 

working fluid in ④  including a strainer, 

respectively.  4ζ  is the coefficient of loss at ④ 

including a strainer.  The value calculated from 

experimental data obtained t∆  seconds ago is 

substituted in 4ζ . 

 

Working fluid 

A commercially available silicone oil (Shin-Etsu 

Chemical Co., Ltd., KF96-50cSt) is employed as the 

working fluid. 

 
Bernoulli’s law 

Applying Bernoulli's law and taking the loss of the 

hydraulic head into account between the exit of ⑤ 

and the exit of ①, we obtain 

1515
4

2
15

2
5

22 −− ∆+∆++=+ Hh
g

P
g

u
g

P
g

u
ρρ

, (18)

where 1u  and 5u  are the velocities at the exit of 

① and at the exit of ⑤, respectively.  4P  and 5P  

are the pressure in ⑭ and the pressure of working 

fluid in ⑤.  15−∆h  is the vertical interval between 

the exit of ⑤  and the exit of ①  (=0.30 m).  

Applying Bernoulli's law and taking into account the 

loss of the hydraulic head between ② and ⑤, we 

obtain 

5252
5

2
5

2

22 −− ∆+∆++=∆++ Hh
g

P
g

u
H

g
P

g
u

gp
ee

ρρ
,

 (19) 

where u5 and P5 are the velocity and pressure at the 

entrance of ⑤ .  52−∆h  is the vertical interval 

between the entrance of the pitot tube in ② and the 

entrance of ⑤ (=0.17 m). 

 

The velocities u4, u5, u6 and u7 are equal to the 

velocity u because the diameter in ④, the diameter 

of the piping at the exit of ⑤, the diameter in ⑥ 

and the diameter in ⑦  are represented by the 

diameter D (=4.35×10-3 m) of the piping.  The 

flow rate Q and velocity u are related through 
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u
D

Q
4

2π
= . (20) 

 

Solving Eq. (18) for Q, the flow rate between the 

exit of ⑤ and the exit of ①, namely the flow rate 

of ⑥ Q6 is obtained.  Solving Eq. (19) for Q, the 

flow rate between ② and ⑤, namely the flow rate 

of ④ Q4 is obtained.  The pressures P4 and P6 are 

unknown in these equations.  Experimental data is 

substituted at the pressure P4 and P6.  The pressure 

in ⑭ P4 correspond to the pressure in space.  The 

pressure of gas outside ⑤ P6 can be controlled.   

 

RESULTS AND DISCUSSION 

Figures 10 and 11 indicate the histories of pressure 

P4 and P6 in the cases that flow rates are changed 

from 100 ml/min to 130 ml/min and from 130 

ml/min to 100 ml/min, respectively.  These data are 

substituted in the model described in the preceding 

section.  Figures 12 and 13 show the histories of 

flow rates calculated using the model and obtained 

in the experiments, respectively.  The symbols such 

as (1) and (2) shown in Figs. 12 and 13 indicate 

when the numbers of revolutions of the droplet 

collector and gear pump, and the pressure applied on 

the bellows-type pressure regulator P6 are adjusted, 

respectively.  The symbols in Figs. 12 and 13 

correspond to the symbols in Tables 1 and 2, 

respectively.  Tables 1 and 2 indicate the time and 

values of the parameters after the change.  Both the 

flow rates of ④ and ⑥ calculated from the model 

correspond well to those obtained in the experiments.  

The circulation mechanism of the working fluid in 

the liquid droplet radiator has been clarified.  It is 

clear that the model developed in this work can be 

used to forecast the behavior of the circulation of the 

working fluid in the LDR.  It appears in Figs. 12 

and 13 that the flow rates decrease with time.  The 

difference in pressure between pressure gauges 7 

and 8 increases with time.  ⑦ is located between 

pressure gauges 7 and 8.  Filters are gradually 

choked by particles such as dust.  The decrease in 

the flow rates with time is believed to be due to the 

choke of the filter.  This phenomenon can be 

improved by adjusting the numbers of revolutions of 

the gear pump and droplet collector based on the 

model developed in this study.  The parameters set 

in Tables 1 (1) and 2 (2) were preliminarily obtained 

before the experiments.  The choke of the filter is 

the reason why adjustments of the flow rates are 

Fig.11  Histories of pressure 
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needed. 

 

CONCLUSIONS 

A model of the circulation of the working fluid in 

the LDR has been developed.  The flow rates of the 

circulating working flow calculated from the model 

correspond well to those obtained from the 

experiments.  The circulation mechanism of the 

working fluid in the liquid droplet radiator has been 

clarified.  The model will allow us to control the 

flow rate of the working fluid in the liquid droplet 

radiator automatically. 
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