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Droplet Radiator Systems for Spacecraft Thermal Control
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Liquid-droplet radiators (LDRs) can be as much as 5 to 10 times lighter than advanced heat pipe radiators.
They are virtually immune to puncture, stow in a small volume, and are easily deployed. Systems studies show
that they optimize in the 10- to 100-MW size for liquid lithium, tin, and aluminum and at several hundred
kilowatts for NaK and vacuum oils. Larger radiators can be constructed from modules of these sizes. Power
systems reoptimized for the light LDR mass operate at 100 K lower reject heat temperatures and may be 3 to 5
times lighter than those using conventional radiators. Recent collector tests have revealed a splash-free regime of
operation promising high collection efficiencies. LDR tests in space should be feasible in the near future.

Nomenclature
A = radiator sheet area (one side)
Ar = radiator aspect ratio
Bo = Bond number of rotating collector film
c = droplet liquid specific heat
C = evaporation rate function
d = separation distance between adjacent droplet

streams
E3 = elliptic integral
Fr = Froude number of rotating collector film
Lr = length of radiator sheet
me = droplet sheet evaporation rate per unit area
thy = droplet sheet mass flow rate
M - total mass of droplet sheet radiator
Mf = mass of droplets in flight
P, Pr = radiated thermal power
r = droplet radius
Re = Reynolds number of rotating collector film
s = droplet sheet thickness
T0 = radiator inlet temperature
Tj = radiator outlet temperature
Te = effective mean radiator temperature
^peak = Peak thermal cycle temperature
u = droplet velocity
ur = radial flow velocity of rotating collector film
Ue = tip velocity of rotating collector
w = droplet sheet width at droplet generator
We = relative droplet Weber number
18 = evaporated mass fraction
e0 = intrinsic emissivity of droplet liquid
t> €sheet = mean hemispherical emissivity of droplet sheet
X = separation distance between droplets in a single

stream
p = droplet liquid mass density
pa = droplet sheet area density (kg/m2)
a = Stefan-Boltzmann constant
T> Tsheet = mean optical depth of droplet sheet
70 = optical depth of droplet sheet at droplet generator
TL = radiator lifetime
co = angular velocity of rotating collector
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Introduction
MALL liquid droplets offer a very lightweight way to reject

aste heat from space power systems because of their high
surface area per unit mass. Lightweight radiators will become
a necessity as the need for higher powers in space increases.
Missions are now under consideration that will require rejec-
tion of megawatts of waste heat on a continuous basis, and
future missions may need to reject hundreds to thousands of
megawatts. The very feasibility of such missions is brought in-
to doubt because conventional radiators are too heavy and too
difficult to deploy or assemble in space.

Liquid-droplet radiators (LDRs) have been investigated by a
number of authors1"5 and have a number of distinctive advan-
tages in this context:

1) The radiating surface is invulnerable to puncture by
small particles and by directed energy weapons.

2) They are lightweight because very little fluid mass is re-
quired for a given radiating area and armoring against punc-
ture is not required.

3) They can be deployed easily by using a mast that expands
to its full length in orbit.

4) They can be stowed in a small volume, such as a canister
of liquid and a collapsible structure.

5) They can operate for a long period of time over an ap-
propriate temperature interval where evaporative losses are
minimal.
Droplet radiators are still in the conceptual stage of develop-
ment. Initial experiments exploring the formation of droplets,
splashing in simulated zero-G conditions, and radiative cool-
ing from selected droplet materials have been carried out, and
an investigation of droplet collector technology, described
below, has recently been completed. Preliminary systems
analysis of the droplet radiator has accompanied these in-
vestigations to guide the experimental endeavors and to model
the performance (e.g., total system weight, peak power,
radiator effectiveness) of various configurations. The systems
model includes each of the major radiator components, such
as pumps, nozzle arrays, collectors, and structures that are
needed to operate this type of radiator. A description of the
systems model and a summary of the major conclusions of
that analysis are discussed here.

The LDR Concept
Mattick and Hertzberg have described the basic radiator

physics of the liquid-droplet radiator.1'2 In their model the
droplets form a thin sheet with variable optical thickness,
depending on the droplet number density, droplet size, and
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sheet thickness. The radiative transfer equation was solved
assuming isotropic scattering and a constant temperature from
top to bottom of the sheet. The only temperature variation
considered was in the direction of the droplet velocity due to
radiative cooling en route to the collector. Figure 1 shows a
triangular droplet sheet radiator with a rotating collector at
the focal point.

At the extreme limit of low droplet density (or a very thin
sheet), the droplets radiate their heat independently of each
other; this is the lightest-weight version of the droplet radiator
but also the largest in area. For high droplet densities, the op-
tical thickness increases and radiation from the droplets near
the center of the sheet is occluded by neighboring droplets so
that the radiative effectiveness of individual droplets
.decreases. However, the equivalent emissivity of the droplet
sheet increases so that the required sheet area decreases. For
optical depths much greater than 4 or 5, a point of diminishing
returns is reached where the sheet becomes heavier without
real gain in emissivity. The optical depth r is defined as
T=irr2S/(d2\). In the case of liquid metal droplets, the sheet
emissivity can be larger than the intrinsic material emissivity
(i.e., 0.1 to 0.15 in the infrared and near-infrared spectrum)
because radiation from the interior droplets escapes via multi-
ple reflections from neighboring droplets. In the case of oils,
the droplet emissivity is already high (i.e., 0.5 to 0.85) so that
even though radiation from the interior is occluded, the sheet
still has a high effective emissivity due to the intrinsic emissiv-
ity of the droplet material.

The basic LDR concept relies on the formation of uniform
droplets using technology related to ink jet printers. Uniform-
ity of droplet size and velocities ensures equal cooling during
droplet travel. Although droplets on the outer edge of the
sheet will cool faster than those on the inside, our preliminary
calculations indicate that this effect is modest. Analysis of the
electric charge induced on the droplets by the space plasma
and by solar photon bombardment show that deflection of
droplet trajectories due to coulombic repulsion will be small
under nearly every conceivable circumstance in near-Earth or-
bits. On the other hand, atmospheric drag on smaller droplets
may prevent such radiators being used for orbital altitudes of
less than 250 miles.

A possible deployment sequence for LDRs is shown in Fig.
2. In this sequence, a payload plus power system (e.g., a
nuclear reactor) and radiator are launched in the shuttle bay.
Calculations by Hertzberg and his co-workers have suggested
that up to 10 M Watt of power may be included in one shuttle
launch by using the SP-100 technology and a droplet
radiator.6'7 Once separated from the shuttle, a chemical rocket
raises the payload to orbit, where the radiator mast untwists
from its stowed form and cables snap into place to provide
structural rigidity. This configuration shows two parallel
triangular droplet radiators; the second radiator sprays the li-
quid collected at the far end of the first radiator back to the
power system for reheating to avoid a heavy return pipe.
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Fig. 1 Triangular LDR with a rotating collector.

LDR Systems Model
A preliminary systems model of a triangular liquid droplet

sheet radiator has been developed which incorporates in-
dividual models of each of the major components and
calculates self-consistently the liquid flow rate, pressure, and
component mass at each station in the system. As a conse-
quence, the component sizes and operating conditions are
matched throughout the system.

The initial radiator configuration and major components
are shown in Fig. 3. The heat exchanger has not been incor-
porated in the model since it depends on the specific mission
and power system used.

Droplet Sheet Model
The main assumptions underlying the droplet sheet calcula-

tions are that 1) material is lost primarily through evaporation
and aiming inaccuracies; 2) the radiator retains 100% of its
load capacity for a given lifetime TL (years); and 3) the liquid
droplet temperature at the collector is very close to freezing.
The input parameters are total radiated power (or peak
temperature), droplet material properties (i.e., density, sur-
face tension, viscosity, specific heat, and intrinsic emissivity),
optical depth of the sheet, sheet aspect ratio (i.e.,=
width/length), radiator lifetime, aiming accuracy, droplet
radius, and number of radiators operating in parallel. If the
total power radiated and number of parallel radiators are in-
put data, a separate calculation must be made of the peak
(inlet) temperature of the droplets. The evaporation rate
depends on the radiator temperatures and on the optical depth
of the sheet: me = [1 - 2E3(e0f)]C( 7^,7^), where the factor in
square brackets represents the reabsorption of evaporated
material by neighboring droplets in the sheet. The factor
C( r0, 7\) increases rapidly with temperature and depends on
the droplet material chosen.8 Each liquid can be used only
over a specific range of peak temperatures before evaporation
severely limits the lifetime of the radiator.

Fig. 2 LDR deployment sequence.
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Fig. 3 Droplet radiator systems model.
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The following set of equations governs the basic model of
the LDR sheet:

In-flight mass: cAr
where Ar=r0-

Evaporation loss: 2merLA - f$Mf

Radiator area: A = WL/2 = Q.5ArL2

Radiator length: L = ut = 2iiTcrpAT/3eaT*

where Te = T 0 [ 3 / ( f 3 +/2 +/)]* and/= 7*0/7*,

Mass flow rate: fnf - (4/3)rupT0A rL

The first equation defines the in-flight mass Mf in terms of
the time it takes a droplet to traverse the length L of the
radiator (droplet velocity w), and the mass flow rate given by
the total power radiated in a single radiator Pr divided by the
heat loss per unit mass of the droplets in flight. The second
equation relates the evaporation rate me, radiator lifetime TL,
and surface area of the radiator to the fraction /3 of the in-
flight mass which evaporates over the radiator lifetime. The
factor 2 accounts for losses from both sides of the droplet
sheet. The third equation defines the radiator area in terms of
the radiator length and the aspect ratio Ar. The fourth equa-
tion states that the power radiated while the temperature drops
from T0 to Tl during the droplet's passage from the injector
to the collector is equal to the total heat lost from the droplets.
The temperature Te is the average radiation temperature dur-
ing the droplet's flight (Tj=<T4>). The fifth equation
relates the mass flow to the droplet velocity and the density of
droplet streams (via TO) at the droplet injector. The parameters
T and e are the average optical depth and emissivity of the
droplet sheet; r0 is the optical depth of the sheet at the
injector.

Injector Model
Jet breakup into droplets is assumed to occur in approx-

imately 4.5 nozzle diameters, leading to a droplet radius about
twice the nozzle radius. The total number of orifices is related
directly to the total power radiated, the mass flow, the droplet
size, temperature, and droplet material properties. The height
of the droplet sheet and, hence, the height of the injector is
related to the droplet size, optical depth, and number density
of the droplets in the radiating sheet. Specifying the optical
depth and droplet size determines the product of the height of
the droplet sheet and the droplet number density in the sheet.
Practical consideration of how close nozzles can be placed to
each other and/or the number of droplet collisions allowed in
transit will govern the upper bound of the droplet number
density n.

The flow rate through each nozzle can be expressed in terms
of the fluid pressure, the density, and an orifice parameter. A
little pressure is lost as the fluid moves along the injector
manifold toward the more distant orifices. By tapering the
manifold uniformly, the flow velocity can be computed at
each orifice; the assumption is made that the droplet velocity
at the top (or bottom) of the manifold will be equal to 98% of
the droplet velocity at the midplane.

Once the fluid velocity and manifold diameter are known,
the total pressure drop and, hence, peak pressure and dimen-
sions of the main manifold can be computed, leading to an
estimate of the mass of fluid in the injector, thickness and
mass of the injector casing, and mass of the support structure
needed to stiffen this component for a desired aiming ac-
curacy. The stiffness requirement remains to be evaluated in
detail, but a crude estimate has been made on the basis of the
bending modes of a truss beam.

Pipe and Pump Model
The LDR system shown in Fig. 3 relies on a return pipe and

a pump. The pump was modeled after liquid metal centrifugal
pumps used in the nuclear reactor industry. Typically, these
are large (e.g., 17,000 gal/min) and will handle relatively high
pressures (e.g., up to 100 or 200 atm). They are driven by elec-
tric motors, which constitute 80% of the total pump mass.
The entire unit is hermetically sealed. The pump efficiencies
on-design can be on the order of 85%. The mechanical portion
of the pump was assumed to be 20% of the conventional
pump weight. If the conventional motors are replaced by
samarium-cobalt permanent magnet motors, the total pump
mass will drop significantly since these devices can be designed
for high input powers (tens of megawatts) and will weigh on
the order of 0.1 Ib/kW.

The total mass of the pump, pipe, and coolant filling the
pipe is minimized in this model by varying the pipe diameter.
For large diameters the pumping power is quite low but the
fluid inventory and pipe mass are substantial; for small
diameters the pump power and pump mass become very large.

Collector
Several features have been modeled for the rotating collec-

tor. This device uses centrifugal force to transfer fluid col-
lected from the droplets to the periphery of the collector,
where the fluid is scooped up by a stationary pipe inserted into
a trough formed in the cylindrical splash guard surrounding
the collector (see Fig. 1). The radius of the collector depends
directly on the radiator length and on the aiming accuracy of
the droplet injector. The radius is required to be large enough
to reduce aperture losses to a level at which the radiator will
still operate at full capacity at the end of rL years (with /3My
make-up mass). Specific features of the collector model
include:

1) Scoops: a model relating the time it takes a fluid layer to
refill behind a scoop to the time it takes a scoop to move to the
position of the scoop in front of it.

2) Hydraulics: a hydraulic model for liquid layer flow speed
and layer thickness on the inner surface of the rotating collec-
tor shell.

3) Stability: a model for the normal modes of a combined
system consisting of a thin liquid layer and a "flexible"
rotating cylindrical shell.

4) Shell design: a model of a honeycomb shell with suffi-
cient stiffness to resist the dominant unstable shell-film mode.

5) Mechanical design: a model of the external structure to
contain the rotating collector shell, provide guide wheels on
the exterior surface, permit tracking of the incident droplets
during orbital maneuvers by the spacecraft, and maintain
rotation of the shell.

Structure
The driving forces for attitude control must overcome the

gravitational torques either in a periodic or a continuously ac-
tive mode of adjustment. These adjustments will produce
stresses on the structure and will cause it to vibrate at a variety
of fundamental frequencies. The normal mode analysis of the
truss structure assumes that one end is pinned and computes
the stretch mode, torsion mode, free-bending mode, purely
translational mode, and purely rotational mode for a massless
beam with the collector mass located at the other end of the
beam. A finite-mass beam associated with pure buckling was
also examined. The fundamental frequencies of each of these
modes are computed to determine those conditions under
which the longitudinal and transverse vibration frequencies
are both higher than the longeron mode. This condition helps
to guarantee that the longeron modes will not be excited by the
truss modes so that the cross-brace strength will be maintained
during maneuvers. The results lead to very light but somewhat
flexible trusses.
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Computational Results
Calculations based on the LDR systems model have been

carried out to determine overall LDR performance. Figures 4
and 5 illustrate variations in the component and total radiator
masses as functions of the droplet radius and optical depth for
a lithium LDR. In Fig. 4 the initial perception for a fixed
radiated power—that the smaller the droplets are, the lighter
the radiator will be—is verified for the complete system, at
least down to 50-pt size droplets. For example, a threefold
reduction in system mass is possible by using 100-/x droplets in-
stead of 500-^ droplets. Figure 5 shows the effect of varying
optical depth on the component and total masses of the
radiator. The total power radiated also varies, so the power
per unit mass P/M is included in this figure. At small optical
depths (e.g., r<l), the droplets are spaced farther apart so
that the effective sheet emissivity decreases, requiring a
longer, wider radiator (i.e., larger area). A longer radiator re-
quires a higher initial droplet temperature so that the droplets
are still above freezing by the time they reach the collector. A
higher initial temperature implies an increased evaporation
rate and, thus, a larger relative make-up mass is required in
order to maintain sufficient lifetime. For large optical depth
(e.g., r>4), the radiator mass again increases faster than the
sheet emissivity so that a net increase in mass per unit
radiating sheet area occurs.

Both Fig. 4 and 5 show a minimal contribution from the col-
lector mass for the aiming accuracy considered (i.e., 1 mrad).
The collector could have a larger diameter than assumed in
order to compensate for poorly aimed droplets without com-
promising the system mass. The collector mass begins to be a
significant fraction of the total mass when the aiming accuracy
approaches 10 mrad.

The impact of using different droplet liquids has also been
evaluated. The resulting performance vs radiated power is
shown in Fig. 6 for aluminum, tin, lithium, and Nak. The first
three peak near 5 MW, and NaK peaks at about 200 kW.
Higher powers may be obtained using multiple radiators.
Figure 7 shows performance vs peak temperature, with heat
pipe performance (power/mass) shown as a dashed line for
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comparison (assuming 5 kg/m2). Lithium, NaK, and DOW
705 oil systems are — 5 to 10 times lighter than heat pipes,
whereas aluminum and tin LDRs are not as attractive in this
comparison. However, tin and aluminum LDRs return fluid at
temperature 7\ that is cooler than the return temperature T0
of the constant temperature heat pipe radiator. Thus, a power
cycle could operate more efficiently with the LDR.

A significant variation in the LDR—the use of parallel
radiators—has been incorporated in some of the LDR com-
puter studies (e.g., DOW 705 in Fig. 7). Previously it was
found that with a single sheet, the mass of the return pipe and
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Fig. 5 LDR component and total masses vs optical depth.
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Fig. 4 LDR component and total mass vs droplet radius. Fig. 6 LDR power/mass vs power radiated.
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the pump to overcome pressure losses dominated the LDR
system mass for viscous liquids such as silicone oils. Returning
the liquid instead by a parallel but oppositely directed sheet
has been found to reduce the LDR mass significantly in these
cases. Although an additional generator and collector are re-
quired, these are downsized since each droplet sheet is smaller
than the sheet required for a single traverse.

A point design for a 100 MWth droplet radiator (actually 18
tandem pairs of radiators) has been developed to give a con-
crete picture of the dimensions and operating parameters for
such a device. This design is summarized in Table 1. A large
number of streams per radiator (~ 106) are required. The in-
flight fluid, make-up fluid, and pipe/pump components weigh
the most. The power per unit mass of 6.8 kW/kg is nearly 7
times higher than a heat pipe radiator operating at the same ef-
fective radiator temperatures (<r rad>=487 K). The heat
pipe radiator has a higher surface emissivity than the droplet
radiator. Since both types of radiators reject the same amount
of waste heat, we conclude that the droplet radiator is approx-
imately 7 times lighter than the equivalent heat pipe radiator.

In summary, component models for a triangular sheet
droplet radiator have been developed and used in a systems
code to evaluate the component masses and total mass of the
droplet radiator. The results show that an optimum optical
depth, droplet size, and power/mass exist for mission
parameters such as total power radiated, radiator tem-
perature, and radiator lifetime. For radiators in the 5 to 100
MWih class, droplet radiators appear to be significantly lighter
(by a factor of 7) than the most advanced heat pipe radiators
of similar size.

Figure 8 shows the results of minimizing the mass of the
power conversion system plus the waste heat radiator. The
radiator mass is estimated by the area density pa, the effective
radiator temperature, and the hemispherical emissivity e. The
smaller area density of the droplet radiator allows the total
system mass minimum to occur at lower cycle temperatures,
resulting in a higher-efficiency power cycle and a lighter total
power system mass. The thermal cycle efficiency is shown at
the minimum of each of the cases illustrated.

The top set of curves corresponds to an advanced heat pipe
radiator having an area density of 5 kg/m2 and an emissivity
of 6 = 0.85 for a blackened metal surface. The bottom curves
represent a class of possible LDRs having sheet densities of 0.5
kg/m2 and emissivities corresponding to an optically thick
sheet of oil droplets.

Figure 8 also illustrates the potassium cycle results for this
analysis. The thermodynamic cycle closely approximates a
Carnot cycle in form. While very high-pressure systems (e.g.,
up to 500 psia) have been considered in the past, we confined
our evaluation to 100 psia or lower to ensure longer lifetimes,
nearer-term technology, and simpler engineering design.
Tabular data taken from Perry11 and Gruntz12 have been used
to develop analytic approximations to the potassium ther-
modynamic functions over the temperature and pressure
ranges of interest.

The principal components of the Rankine cycle are the heat
source heat exchanger (i.e., boiler), the turbine-genera-
tors, the heat sink heat exchanger (i.e., condenser), and the
radiator. The mass models for the first three components are

Power Systems Applications
It is worthwhile to reoptimize a thermal power cycle when

using a droplet radiator because a more efficient cycle with a
lower radiating temperature can be obtained with a potential
decrease in the total system mass. We have carried out a reop-
timization of two Brayton cycles and a potassium Rankine cy-
cle. The masses of the Brayton cycle components (com-
pressors, turbines, generators, heat exchangers, and
recuperators) were scaled from a point design study of a
closed-loop, space-based GDL laser power system.9 Scaling of
the heat source and heat sink heat exchangers (most massive
components) was carried out from the GDL data according to
conventional compact heat exchanger design rules.10 For a
fixed peak temperature, Tpeak = 1644K, the remaining cycle
parameters were varied to achieve a minimum mass system
that would produce 25 MWe. This optimization was carried
out for a range of rejection temperatures of 300 K to 800 K
and for several values of radiator specific mass, with and
without a recuperator in the cycle.

Table 1 Baseline 100 MWih LDR

Specifications
Lithium
5-year lifetime
Triangular: Base = 33 m

Length = 83 m
18 pairs of radiators
esheet=0-58, rsheet = 3
Aiming accuracy = 1 mrad
Droplet radius = 50 /i
Droplet speed = 22 m/s
Tin = 528K, rout = 460K
Collector radius = 0.33 m
Pressure drop = 8.5 atm
Number droplet

streams = 3 x 106

Pumping power = 64 kW
Radiated power = 5.5MW

Mass radiator
Structure, kg
In-flight fluid, kg
Make-up fluid, kg
Collector, kg
Generator, kg
Pipe/pump, kg

1,600
2,570
4,610

870
1,480
3,500

14,630

LDR power/mass: 6.8 kW/kg
(Heat Pipe Power/Mass:

1.08 kW/kg)
(at e = 0.85, 7= 487 K, 5 kg/m2)
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Fig. 7 LDR power/mass vs peak temperature.
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Fig. 8 Reoptimized power cycles.
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based on data taken from the design studies for the Solar
Power Satellite,13 which, in turn, draw on the large data base
generated during the 1960s and early 1970s for potassium
space power systems (for example, see the article by
Zimmerman.14)

A combination of one high-pressure turbine and two low-
pressure turbines is used to model the turbine component.
Masses per unit electric power generated were taken from Ref.
13 studies and equated to a functional form for the turbine
component mass. This function depends on the turbine radius
squared and the length or, equivalently, the number of stages
per turbine. The turbine radius can be related directly to the
square root of the peak cycle temperature divided by the peak
cycle pressure and by the work extracted per pound of
potassium in the expansion leg of the thermal cycle. The
number of turbine stages is related also to the log of the cycle
pressure ratio, assuming approximately equal ratios of expan-
sion per stage. The turbine inlet Mach number was assumed
constant.

The heat source heat exchanger is a complex assortment of
heat absorber tubes, hot manifolds and headers, and the in-
ventory of liquid in these tubes. The potassium boiler compo-
nent described here also has been modeled in the Ref. 13
studies for several different pressures and temperatures. A
chief feature of this component is a strong mass dependence
on peak pressures and temperatures. We have modeled this
component by relating the boiler mass to the number of tubes
needed to transport the potassium at any given flow station
and to the tube wall thickness and tube length; the fluid inven-
tory is added to this mass. The number of tubes is taken to be
proportional to the total heat input to the system, and the tube
wall thickness depends on the peak cycle pressure and on the
peak temperature dependence since the creep rupture strength
of the piping has a rather strong temperature dependence.
This analysis assumes that the actual tube radii will not change
from the values used in Ref. 13; a more detailed optimization
also should examine the impact of allowing the tube radii to
change. The trend toward heavier boilers with increasing peak
cycle pressure and temperature is partly, though not very
strongly, offset by the increasing cycle efficiency, so that for a
given electrical output the amount of heat transferred through
the boiler decreases compared to lower pressure cycles.

Since the heat sink heat exchanger is essentially an isother-
mal condenser at low pressures and moderate temperatures,
the tube walls can be much thinner than the boiler tubes. The
effectiveness of this component is prescribed in terms of the
hot inlet temperature (essentially constant potassium
temperature as it condenses) and the cold inlet and outlet
temperatures of the radiator coolant. By varying the heat ex-
changer effectiveness, the mass flow through the radiator can
be varied once the radiator liquid specific heat has been fixed.

Calculations using a radiator area density of 5 kg/m2 show
that the radiator is a relatively small fraction of the power
system mass in this case. Consequently, one would not expect
much benefit to this cycle by descreasing the radiator weight.

The heat source heat exchanger mass is also quite low. The
Ref. 13 studies show that this mass does not become signifi-
cant until peak pressures exceed 200 psia. From 200 to 500
psia, the heat exchanger mass becomes comparable to the tur-
bine mass. The turbine mass actually decreases over this same
range of pressures with the sum of heat exchanger and turbine
masses remaining nearly constant. Because higher pressures
are associated with higher efficiencies, the radiator mass will
decrease. Thus, Fig. 8 illustrates a best case so far as the
benefits of lighter radiator masses are concerned; it is even
harder to show benefits from lighter radiators at higher cycle
pressures.

The radiator temperatures favored by this particular cycle
are in the range where droplet liquids such as aluminum and
tin might be attractive. A slight minimum in the total system
mass is shown in Fig. 8 for temperatures near 750 K. The
largest power per unit mass ratios for tin droplet radiators oc-

cur in the vicinity of a droplet peak temperature of 1030 K
(e.g., see Fig. 6), giving a mean effective radiator temperature
of approximately 729 K.

These calculations suggest that at least a threefold decrease
in power system mass is available for Brayton cycles through
the use of liquid-droplet radiators. Also, the mass minima are
shifted to lower radiator temperatures compared to the heat
pipe radiator cases. This shaft is on the order of 100 K in each
case.

Perhaps the most important advantage of droplet radiators
is their ability to lower the peak cycle temperature without in-
creasing the system mass compared to one using a conven-
tional radiator. That is, lower peak temperatures will increase
the droplet radiator mass since the cycle is less efficient, but
the radiator mass is initially so small that it can increase quite
a bit before it exceeds the mass of a conventional radiator. For
example, a decrease in radiator temperature from 500 to 300 K
would permit a drop in peak cycle temperature from 1644 K to
986 K; use of a droplet radiator for the lower temperature cy-
cle would result in the same power system mass as a heat pipe
radiator for the higher temperature cycle. This example il-
lustrates the limit of a range of intermediate power cycles that
will have both lower peak cycle temperatures and lower system
masses than the heat pipe case. From the viewpoint of thermal
heat source development, the advantages are truly significant
since it is very difficult to gain improvements in the area of
high-temperature materials for power systems.15

Current Status of Technology
The Air Force and NASA have engaged in a joint program

to investigate liquid-droplet radiators. This program is sup-
porting research on droplet generator and droplet materials,
radiative transfer from dense clouds of droplets, droplet
chargeup in a space environment, droplet radiator systems,
and droplet collectors. The droplet generator technology and
pump component technologies are the most mature of those
needed for droplet radiators. Single streams of uniform
droplets can be produced over a wide range of orifice
diameters and for a variety of liquids. Single droplet streams
can be aimed with better than milliradian accuracies.
However, the mechanical control needed to accomplish this
same feat with 105 to 107 droplet streams required for a
droplet radiator has not been demonstrated. Up to 1000
streams have been created with uniformly sized droplets in a
low-viscosity liquid for ink jet printing. Current laboratory ex-
periments using low-vapor-pressure higher-viscosity oils have
recently created on the order of 100 streams from one orifice
plate. There is still a considerable challenge to extend this
technology to a truly large nozzle array.

A variety of low head pumps have been space-qualified for
handling low-temperature fluids in environmental cooling cir-
cuits on the shuttle and for cryogenic liquid rocket fuels. The
primary zero-G pump requirements for the LDR are to inhibit
cavitation at the pump inlet and to provide sufficient inlet
pressure to overcome the frictional losses at the pump en-
trance. Some of these problems have been accentuated for
volatile liquids such as the propellants. In these cases, pumps
have employed inducers to reduce cavitation. In the case of the
liquid-droplet radiator, where very low-vapor-pressure liquids
are used, cavitation will not be as serious a problem; rather,
the net positive suction head (NPSH), or inlet pressure re-
quirements, will be the key problem area. Laboratory tests of
pumps drawing liquid from vacuum vessels have shown that
ordinary gear and diaphragm pumps require very little inlet
pressurization (e.g., several inches of liquid) for their opera-
tion with low-vapor-pressure liquids. Similar pumps have been
flight-qualified for low-temperature liquids but not at higher
temperatures.

A significant outcome of the LDR systems analysis is that
the collector mass can be a large fraction of the system mass
unless the aiming accuracy of the droplet generator is better
(smaller) than 10 mrad. Consequently, there is a dual urgency
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to demonstrate lightweight collector concepts and to verify
droplet aiming accuracy in large arrays. Collector efficiency is
a key issue. If splashing occurs at a noticeable level at the col-
lector, then liquid may be lost from the system at an unaccept-
able rate, limiting the lifetime of the mission and possibly con-
taminating the spacecraft. Collection and splashing ex-
periments have been completed recently for a small rotating
collector. Rotation provides an artifical gravity force to fill a
trough at the edge of the collector with the incoming droplet li-
quid (see Fig. 1). A scoop will remove liquid from that trough,
pressurizing it for the inlet flow to a low NPSH pump to recir-
culate the liquid through the waste heat source. Tests of the li-
quid collection and transport across the rotating collection
plate to the trough of the collector have been quite successful.
The experimental setup is shown in Fig. 9, which illustrates the
vacuum test chamber in the upper left and a closeup of the col-
lector plate and drive motor assembly. Droplet streams are
aimed at the collector plate to determine the conditions under
which splashing occurred. Various angles of droplet stream
impact, different film thicknesses on the rotating plate, dif-
ferent rotation velocities, and a range of droplet sizes and

VACUUM TEST CHAMBER

DRIVE MOTOR

TACHOMETER

ROTATING COLLECTOR

Fig. 9 Test chamber and closeup of rotating collector test
equipment.
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Fig. 10 Relative droplet Weber No. vs 0.

droplet velocities were examined. The results have shown that
splashing can be virtually eliminated, within the accuracy of
the instrumentation (photographic and visual observation) by
operating the droplet stream velocities and plate rotation
velocities below a critical relative droplet Weber number.
These results are shown in Fig. 10. The splash-free regime cor-
responds to a range of relative Weber numbers depending on
the angle of attack of the droplet stream. This range allows a
useful operating range for the LDR system, as shown in Fig.
11, obtained from the LDR systems model for DOW 705. The
bars at the top of Fig. 11 compare the range of test dimen-
sionless parameters to those corresponding to a full-scale
LDR. (A more detailed discussion of this experiment is
published elsewhere.5) Additional testing will be required to
verify the splash-free regime for denser droplet spray impinge-
ment conditions and to demonstrate repressurization of the
collected liquid from the trough at the edge of the collector
plate.

In addition to component technology development, there
are several key system issues that concern the integrated opera-
tion of a liquid-droplet radiator. These include component
compatibility with the droplet liquid and adjoining elements
of the system; integration of the LDR system with the waste
heat source; transient and part-load response to the heat
source; orbit adjustments and maneuvers (e.g., rapid slewing
could result in lost droplets and unbalanced thrusts on the
radiator); startup/shutdown conditions; potential spacecraft
contamination and droplet liquid contamination by gases
from the spacecraft; stowage; and deployment. Very little
work has been done to address these issues to date.

Triangular Sheet
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Fig. 11 Rotating collector parameters vs power radiated (DOW 705);
bars at top compare test data (left bars) to systems code data (right
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Becaus^ of the recent success of the collector and droplet
generator tests, it seems feasible to demonstrate a scalable ver-
sion of a droplet radiator for tests in space within the near
future. A small LDR could be tested within a suitable
enclosure on board the space shuttle. Development of a full-
size radiator could follow within a five-year period after these
tests, for application to early low-temperature thermal power
system or, perhaps, for cryogenic refrigeration systems in
space.

Conclusions
Systems analysis has shown that a triangular droplet sheet

radiator with a rotating collector can be 5 to 10 times lighter
than an advanced heat pipe radiator operating at the same
peak temperature. Radiated power per unit mass maxima oc-
cur at 5 to 20 MW for liquid lithium, aluminum, and tin and at
100 kW for DOW 705 and NaK. Aiming accuracy and high
collection efficiency emerge as critical requirements for LDR
performance. Lower radiator weights can lower the total
power system mass by a factor of 3 to 5; these mass minima
occur at approximately 100 K lower reject heat temperatures
compared to heat pipe radiator systems. The low LDR mass
also allows the peak cycle temperature (e.g., the nuclear reac-
tor temperature) to be reduced by as much as 40% without in-
creasing the system mass beyond that required for a more con-
ventional heat pipe radiator power system.

Tests of droplet generator and collector concepts have been
carried out to measure aiming accuracy, uniform droplet for-
mation, droplet velocity, and collection efficiency. The suc-
cess of these tests suggests that scalable system demonstrations
of the LDR concept can be carried out in the near future,
followed by tests in space to verify zero-G performance
predictions. Rotating collector test data, in particular, have
shown recently that a splash-free regime of operation appears
to exist for LDRs using vacuum oils. Further dense droplet
stream tests are needed to verify this performance.
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