
47th International Conference on Environmental Systems
16-20 July 2017, Charleston, South Carolina

ICES-2017-128

Overview of Technology Development of Shape Memory Alloy
Morphing Radiators for Crewed Space Exploration Vehicles

Christopher L. Bertagnea, Jorge B. Chongb, Matthew T. Wescottb, J. Scott McQuienc,
John D. Whitcombd, and Darren J. Hartle

Texas A&M University, College Station, Texas, 77843

Thomas J. Cognataf

Paragon Space Development Corporation, Houston, Texas, 77058

Rubik B. Shethg and Lisa R. Ericksonh

NASA Johnson Space Center, Houston, Texas, 77058

Othmane Benafani

NASA Glenn Research Center, Cleveland, Ohio, 44135

Future crewed space missions will require management of large internal and external heat
loads over a wide range of thermal environments, necessitating advanced thermal control
systems to maintain a desired internal environment. Current state-of-the-art radiator sys-
tems are poorly suited for such missions, as they are typically designed for the highest
heat load in the warmest environment, but are largely unable to “turn down” their heat
rejection rates in colder environments. A morphing radiator capable of altering shape and
the configuration of exposed surfaces could significantly increase turndown capabilities.
Shape memory alloys (SMAs) offer qualities that may be well-suited for this endeavor; their
temperature-dependent phase changes offer radiators the ability to passively control heat
rejection. This paper presents an overview of recent technology development of shape mem-
ory alloy-based morphing radiators for crewed spacecraft, beginning with a description of
the initial concept formulation and both analytical and experimental proof-of-concept stud-
ies which demonstrated the feasibility of the morphing radiator concept. Subsequently, a
fully functional morphing radiator prototype was constructed and tested in a thermal vac-
uum chamber, where it successfully demonstrated the morphing behavior and variable heat
rejection in a simulated mission environment. Newer prototypes incorporating highly ther-
mally conductive composite materials have more recently been designed and manufactured
using two distinct types of SMA materials. These prototypes also underwent temperature
cycling tests in a thermal vacuum chamber and a series of fatigue tests to characterize the
lifespan of the design. Future work will focus primarily on integrating the morphing ra-
diator with the rest of the thermal control system with the goal of developing system-level
prototypes which could be incorporated into a spacecraft in place of a traditional radiator
system.
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I. Introduction

FUTURE crewed spacecraft designed for exploration beyond Low Earth Orbit (LEO) will face challenging thermal
control requirements. In particular, the thermal control system system (TCS) will be expected to maintain precise

internal temperatures in spite of large variations in the external thermal environment and internal system heat loads. In
many cases, the TCS will be required to reject a high heat load to a warm orbital environment and a low heat load to
much colder transit environments.1 Unfortunately, current state-of-the-art radiator systems, such as those used on the
Space Shuttle and International Space Station, are poorly suited for such missions. Radiators are generally sized to
reject the maximum heat load to the warmest thermal environment, an approach which ensures the spacecraft will never
overheat; however, the same approach also results in radiators that are oversized and prone to freezing during periods
with low sink temperatures and low heat rejection needs. As a result, most crewed vehicles currently require a heat
transport system consisting of two physically isolated fluid loops with a heat exchanger that enables them to interact
thermally. Such an architecture allows the use of a nontoxic working fluid in the inner loop that flows through the cabin
and a low-freezing point fluid (most of which are highly toxic) in the outer loop that circulates through the radiators.
The primary drawback to the two-loop design is the mass penalty from the additional hardware required; previous trade
studies have shown that a single-loop TCS could reduce TCS mass by up to 25% compared to a two-loop system.2, 3

Several efforts have been undertaken to the improve TCS performance through the development of variable heat
rejection radiators, which can enable single-loop thermal control of crewed spacecraft using nontoxic working fluids.4

Examples include freezable radiators,5 digital radiators,6 roll-out fin radiators,7 and variable-emissivity radiators.8–11

This work describes a novel type of radiator intended for crewed vehicles, known as a variable-geometry or
morphing radiator, and provides an overview of the technology development that has taken place, including a description
of the initial concept formulation and more recent experimental studies which have demonstrated the capability of
the concept in a mission-representative thermal environment. Shape memory alloys (SMAs) are ideally suited for the
design of morphing radiators. SMAs undergo changes in shape in response to changes in temperature, a reversible
process due to the stress- and temperature-dependent transformation between two solid material phases: austenite
and martensite. Applied as mechanical actuators on a morphable radiator, they would exploit energy transferred
between the environment and working fluid to change the radiator shape with no need for external power, control, or
sensing instrumentation. Such a radiator has the potential to achieve the high turndown ratios necessary to enable
single-loop thermal control of a crewed vehicle using a non-toxic, high-freezing-point working fluid, such as a propylene
glycol/water solution. Previous trade studies have shown that a single-loop TCS with a morphing radiator system would
reduce the TCS mass by approximately 25% compared with the standard two-loop design.3 Thus, the morphing SMA
radiator concept has the potential to revolutionize current TCS technology by decreasing system mass and complexity,
while increasing performance and versatility.

The following sections include an in-depth description of the morphing radiator concept and the initial analytical
studies that were done, followed by a discussion of prototype development for proof-of-concept. Two generations of
test prototypes are then presented, with details regarding development, fabrication, vacuum testing, and the resulting
experimental results. This paper concludes with a brief summary and description of future work.

II. Description of Morphing Radiator Concept
Figure 1 shows a novel morphing radiator design which combines the temperature-induced transformation phenomena
of shape memory alloy material with a thermally conductive and linearly elastic biasing structure to create a radiator
panel that reconfigures passively in response to changes in temperature.12 The radiator consists of a circular conductive
panel fixed to a flow tube through which the TCS working fluid passes. The panel is given a high-emissivity coating on
the inner (concave) surface, shown with dark shading, and low-emissivity coating on the outer (convex) surface, shown
with light shading. This surface treatment adds minimal weight for a substantial increase in TCS performance. Shape
memory alloy material (wires, strips, or film) attached to the outer surface of the panel allows the radiator to morph
between various shapes depending on the temperature of the panel. When sufficiently cold, the radiator takes on the
circular shape shown in Fig. 1a. As the temperature in the radiator increases due to a warmer ambient environment
and/or increase in the heat load, the SMA begins to open the radiator to an intermediate configuration, such as that
shown in Fig. 1b. Figure 1c shows the fully open shape. This morphing behavior is fully reversible: a subsequent
decrease in temperature will cause the radiator to return to the closed shape.

Figure 2 shows a radiator system design which incorporates a number of individual SMA-actuated morphing panels.
In this design, warm fluid from the cabin enters the radiator system via an inlet header, shown in red. The inlet header
distributes the fluid to several parallel flow tubes to which a number of morphing radiator panels are attached. At the
end of the flow tubes, an outlet header collects the now-cooled fluid and returns it to the cabin. This design allows each
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(a) Closed shape for minimum
heat rejection.

(b) Semi-open shape for intermedi-
ate heat rejection.

(c) Open shape for maximum
heat rejection.

Figure 1. Schematic representation of a flexible morphing radiator panel. Light and dark shading represents
low- and high-emissivity coatings, respectively.

Figure 2. Proposed morphing radiator system showing inlet and outlet headers and parallel flow tubes with
multiple morphing radiator panels attached.

radiator panel to respond to the local fluid temperature at its attachment point and will tend to maintain a fluid outlet
temperature in the range of the transformation temperatures of the SMA material (between the austenite finish (A f ) and
martensite finish (M f ) temperatures), a behavior that can simplify the design of the TCS.

III. Proof-of-Concept Benchtop Demonstrations
Two benchtop proof-of-concept prototypes were fabricated and tested early in the research effort to demonstrate the
feasibility of the morphing design and the theory of operation.12 The first demonstration used conventional actuator
SMA material (with transformation temperatures between 30◦C and 90◦C) and quantified in an ambient laboratory
environment the time-varying quasi-static response of the radiator given imposed thermal conditions. This morphing
device is referred to as the “thermal prototype.” The second demonstration was purely qualitative and used medical-
grade SMA material with transformation temperatures much nearer to the setpoint of the spacecraft, and a composite
structure similar to that investigated in other studies.13–16 This morphing device is referred to as the “structural prototype”
and was targeted for further development. Both demonstrations are simple in configuration and are intended to elucidate
the principles of operation.

The thermal prototype is shown schematically in Fig. 3. The basic structural layer of the morphing panel con-
sists of 0.002 in (0.05 mm) stainless steel foil onto which a 0.004 in (0.10 mm) thick thermal graphite sheet was
adhered for greatly increased thermal conductivity. The total planar dimensions of the two-ply laminate are 5 in× 2 in
(127 mm× 51 mm). Preliminary finite element analysis indicated that two 0.3 mm wires recovering 4% (contractile)
strain would provide sufficient strength and deformation to sufficiently morph the panel. The two wires were installed
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Figure 3. Schematic showing the radiator panel design used in the first demonstration.

Figure 4. Test setup for the first demonstration. Thermocouples are indicated by “TC1” and “TC2”. Heater is
shown at left.

in the “X” configuration shown in Fig. 3. The end of each wire passed through small holes at the outer ends of the
panel; friction at these connections prevented the wire from slipping. After assembly in the reference flat configuration,
the panels was rolled into open circular cylinders, each with a diameter of approximately 1.6 in.

Figure 4 shows the full thermal test assembly, which consists of two morphing panels attached to an aluminum rod
with a square cross-section (0.25 in× 0.25 in or 6.4 mm× 6.4 mm). The rod was held by a bench vice at one end and
was wrapped with resistive heating tape on the other. A thermocouple was inserted at the center of each of the two
panel-rod interfaces (see Fig. 4): the first thermocouple (TC1) was used to control the heater output, while the second
(TC2) was used to measure the disparity in temperature between the two panels. An IR camera (Testo 885-1 Thermal
Imager) was used to qualitatively record localized heating and global deformations.

The demonstration test stepped the heater power such that the temperature at TC1 was raised from 50◦C to 140◦C
in increments of 10◦C with dwell periods to allow the panels to stabilize at each temperature increment. After 30 min at
the peak temperature, the heater was removed and the system was allowed to cool. Photographs of the initial and final
state as well as at the 100◦C and 140◦C setpoints are shown in Fig. 5. It is clear that as the center of the first panel
approaches 100◦C, noticeable thermally induced morphing has occurred. The temperature of the second panel is at
that time insufficient to induce actuation. As the first panel approaches approximately 140◦C and exhibits substantial
deformation toward a flat (open) configuration, the second panel has begun to open as well. However, convective heat
transfer from the first open panel is sufficient to maintain the second panel at a lower temperature. Upon removal of the
heater, the system cools toward room temperature and both panels recover toward their initial shape. Some residual
deformation due to localized plastic yielding in the stainless steel sheet prevents full curled shape recovery, but the

4
International Conference on Environmental Systems



(a) Initial Condition. (b) Setpoint: 100◦C.

(c) Setpoint: 140◦C. (d) Heater Removed.

Figure 5. Image sequence showing the proof-of-concept actuation of the thermal prototype. The center tem-
perature display indicates the temperature of the base of the first panel (TC1). The right display indicates the
temperature at the base of the second panel (TC2). Thermal images were calibrated to the emissivity of the
aluminum rod only; other contours are qualitative only.

principle of adaptive panel morphing was successfully demonstrated.
The second prototype tested is similar to the first in that SMA wires are used to drive a curled panel toward a flattened

configuration. However, this prototype incorporates a more representative composite material. It is expected that such
a composite structure will exhibit the appropriate combination of thermal conductivity (i.e., high fin efficiency13–16)
and structural flexibility. This prototype also employed SMA material with a transformation temperature much closer
to the actual space application target temperature range near -10◦C. The panel was fabricated as a five-ply composite
layup from CSW T40-800/5320-1, a unidirectional prepreg tape system designed for out-of-autoclave curing.17 The
panel was cured in a cylindrical configuration with a height of 2 in and a diameter of 4 in. Because the thickness and
associated stiffness of this panel was much higher than that of the thermal prototype, it was necessary for the the shape
memory alloy wires employed here to have a larger diameter (0.0455 in or 1.156 mm).

In this test, the curled panel was cooled to below -20◦C during and following assembly. The assembled panel was
then removed from the low-temperature environment and placed on a workbench at room temperature (approximately
22◦C). The sequence shown in Fig. 6 demonstrates the actuation of the panel from a circular shape to a nearly flat shape
that spans 12 in (305 mm) as it warms in a relatively uniform fashion toward room temperature. Partial recovery of the
cold configuration was obtained during subsequent cooling and no noticeable failure, local or otherwise, was observed
in the outer lamina of the composite.

The actuation observed in both of these preliminary tests successfully demonstrates the feasibility of the self-
morphing radiator concept.
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(a) 30 sec after removal. (b) 2 min 40 sec after removal.

(c) 4 min after removal. (d) 6 min after removal.

Figure 6. Image sequence showing the proof-of-concept actuation of the structural prototype as it heats from
below -20◦C to room temperature.

IV. Preliminary Vacuum Chamber Test
Whereas the prototypes in the previous section were only demonstrated in a laboratory (i.e., convective) environment,
Fig. 7 shows a prototype which was developed for a radiative environment.18 Copper was chosen as the facesheet
material for this prototype due to its superior thermal conductivity and compliance. This prototype used wire type
SMAs to achieve the temperature-induced morphing behavior described in the Introduction: at temperatures above the
Austenite finish temperature (A f ) of the SMA wire, the radiator takes on the open, semicircular shape; at temperatures
below the Martensite finish temperature (M f ), the radiator takes on the closed, circular shape. Note that Fig. 7 shows the
austenitic (high-temperature) configuration of the radiator prototype, corresponding to Fig. 1a. The primary component
of this prototype is a compliant and thermally conductive copper sheet, 7 in (17.78 cm) long, 3 in (7.62 cm) wide, and
0.007 in (0.1778 mm) thick, which is rolled along its length to form the semicircular shape shown in Fig. 7. Ten shape
memory alloy wires rest against the outer surface of the panel and are fixed at each end to the straight edges using set
screws and a pair of terminal blocks fabricated from 0.25 in (6.35 mm) square aluminum stock. The wires are otherwise
unconstrained, allowing them to slide along the panel as they transform locally. Benchtop tests indicated the need for an
additional biasing force beyond that provided by the copper panel alone to allow the panel to close to the circular shape
shown in Fig. 1c. A 1 in (2.54 cm) wide, 0.007 in (0.1778 mm) thick 1095 steel closing spring with a stress-free radius
of curvature of 0.7 in (1.778 cm) was attached to the convex side of the panel for this purpose. In order to increase the
rate of heat rejection via radiation in the open shape, the inside surface of the copper panel was painted with Aeroglaze
Z307, a flexible, high-emissivity polyurethane coating. The outside of the panel was not treated. Note that the total
hemispherical emissivities of the Aeroglaze Z307 paint, unpainted copper, and unpainted steel were measured to be
0.943, 0.047, and 0.143, respectively. The copper panel was attached to a 0.375 in (9.53 mm) diameter stainless steel
flow tube using a thermally conductive epoxy.

The prototype morphing radiator was incorporated into a simple fluid loop which used an SP Scientific RC211
pump with an integrated heater and refrigerator to vary the fluid temperature. The fluid loop used Dynalene HC-50 as
the working fluid, a nontoxic water-based coolant with a freezing point below -50◦C. The flow rate of the system was
set sufficiently high to approximate the flow conditions on a crewed vehicle; this resulted in the fluid temperature at the
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(a) Outside of prototype showing primary compo-
nents.

(b) Inside of prototype showing high-emissivity
polyurethane coating.

Figure 7. Prototype morphing radiator design at room temperature demonstrating open shape. Open circles
depict thermocouple locations.

radiator outlet remaining within 0.5◦C of that at the radiator inlet; given the high flow rate and high heat capacity of the
working fluid relative to the radiator panel, the result is a boundary condition which closely approximates a uniform
temperature boundary condition. The fluid loop and radiator were installed in a small, high-vacuum environment
chamber located at NASA Johnson Space Center. The cylindrical test section has a diameter of 17 in (43 cm) and
a depth of 23 in (58 cm) and is surrounded by a temperature-controlled shroud that provides a surface to which the
radiator can reject heat. The radiator was suspended in the center of the test section with the high-emissivity surface
facing downward. This position allowed the panel to be viewed through a small glass window on the door of the
test section. Figure 8 shows the overall experimental setup, including the chamber, the temperature-controlled pump,
and the working fluid lines passing into and out of the test section via ports on the side of the chamber. Ten Type T
thermocouples were attached to the test specimen at the locations shown in Fig. 7 to measure the temperature at key
points on the panel, and a digital camera was used to capture images of the radiator’s deformation.

Thermal vacuum chamber

Temperature-controlled pump

Test section

Working fluid lines

Figure 8. Photograph showing experimental setup, including thermal vacuum chamber, pump, and fluid lines.18
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Figure 9. Time history of the working fluid temperature at radiator inlet and outlet during vacuum chamber
testing.

Prior to the start of the experiment, the pump was turned on and the fluid temperature was increased from room
temperature to 65◦C. The chamber was pumped down to a pressure of approximately 10−5 torr and the shroud was
cooled with liquid nitrogen until it reached a temperature of -178◦C. The experiment began with a 10-minute dwell
period to allow the system to reach equilibrium. Next, the working fluid was cooled to -45◦C and maintained within
4◦C of this setpoint for 20 minutes. The fluid was then heated to 60◦C over the next 3 hours. Figure 9 shows the fluid
temperature at the radiator inlet and outlet as measured by two fully immersed thermocouples. This plot clearly shows
that the fluid temperature remained nearly constant across the radiator throughout the experiment, as a result of the high
fluid flow rate.

Figure 10 shows the evolution of the temperature in the panel as measured by two of the attached thermocouples.
The warmest temperatures are experienced by thermocouples 1 and 3 (see Fig. 7 for thermocouple numbering and
locations), which are attached to the panel nearest to the flow tube, while the coolest temperatures are experienced
by thermocouples 4, 6, 7, and 9, which are located along the edge of the panel farthest from the flow tube. As
expected, these temperatures follow the trend of the fluid temperature, which is shown in Fig. 9. At the beginning of the
experiment, the difference between the maximum and minimum panel temperatures is approximately 25◦C. As the fluid
temperature decreases, the temperature field in the panel becomes more uniform. Likewise, as the fluid temperature
increases, the temperature difference begins to increase.

While the temperature provides a straightforward way to characterize the thermal response of the radiator, it is more
difficult to quantitatively describe the radiator’s structural response (i.e. deformation) using the images captured during
the test. Figure 11 shows three such images corresponding to key times during the experiment: Fig. 11a shows the
initial shape of the radiator at the start of the experiment; Fig. 11b shows the closed shape reached by the radiator at
the minimum fluid temperature; Fig. 11c shows the recovered shape at the end of the experiment. Note that the time
corresponding to each image is marked with vertical dashed lines in Fig. 10. Due to imperfections in the prototype, the
panel is not symmetric: in each image, the left half of the panel appears to be slightly more open than the right half.
Based on these images, it was decided to use two circular arcs to approximate the panel geometry, one for each half
of the panel. Then, the radius of curvature of each arc provides a straightforward way to describe the deformation of
the panel. A custom Matlab script employing the method of least squares was developed to fit arcs to each of a total
of 18 images; the resulting data is shown in Fig 12. The upper and lower dashed lines in this figure correspond to an
ideal, symmetric semicircular and circular shape, respectively. This plot clearly shows that the panel was able to morph
between a nearly semicircular shape at the beginning of the experiment (see Fig. 11a) and a nearly circular shape when
the fluid temperature reached its minimum value (see Fig. 11b). It is interesting to note that the difference between
the left and right radii, a measure of the asymmetry in the panel attributable to small fabrication errors/imperfections,
remains approximately constant throughout the experiment.

Although the data presented in Figs. 10 and 12 gives some understanding of the morphing radiator’s thermomechan-
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Figure 10. Time history of maximum and minimum panel temperatures for the copper panel during testing.
Vertical dashed lines correspond to images shown in Fig. 11.

(a) Nearly semicircular shape corre-
sponding to maximum fluid temper-
ature (10 min).

(b) Nearly circular shape corre-
sponding to minimum fluid temper-
ature (43 min).

(c) Recovered shape at the end of
the experiment (250 min).

Figure 11. Images of the copper radiator at three points during the test demonstrating the desired temperature-
induced actuation behavior.18

ical behavior over the course of the test, it does not allow for direct computation of radiator heat rejectiona. Instead, a
thermal model of the test was developed using Abaqus to determine this quantity. The model uses the data shown in
Figure 12 as an input to construct an idealized representation of the radiator geometry corresponding to each radius pair.
A constant temperature boundary condition is applied to the copper panel at the location of the flow tube corresponding
to that measured in the experiment. Radiation boundary conditions are applied to the surface of the panel using the
emissivity values given above and the panel is assumed to be radiating to an environment at -178◦C, the measured
temperature of the chamber shroud. The thermal response of the panel is assumed to be quasi-steady state as a result of
the radiator’s low thermal mass and the fact that the temperature field evolved over the course of several hours in the
experiment.

The radiator’s total heat rejection over the course of the experiment as computed by the thermal model is plotted
with square markers and a solid line in Figure 13. As expected, the heat rejection rate is relatively high, 5.93 W, at the
beginning of the experiment when the fluid temperature is warmest and the radiator is in its most open configuration.

aIt is theoretically possible to compute the heat rejection via a simple relation involving the temperature difference between the inlet and outlet
fluid temperatures; however, in this experiment, the temperature difference was well within the uncertainty of the thermocouples. Thus, such a
calculation could not be relied upon to give useful quantitative information in this particular case.
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Figure 12. Time history of radius of curvature of left and right sides of the copper morphing radiator panel.

As the fluid temperature decreases and the radiator closes, the heat rejection rate dramatically decreases to 0.92 W. The
rate of heat rejection increases as the temperature subsequently increases and the panel returns to its open configuration.
Taking the ratio between the maximum and minimum heat rejection values gives an estimated turndown ratio (Qmax:Qmin)
of 6.4:1. To understand the contribution of geometric morphing to the turndown ratio, the thermal model was executed
a second time assuming the radiator remained in its initial nearly semicircular (open) shape throughout the experiment.
Even without morphing the heat rejection of a radiator will still change with a change in heat load, contributing to the
turndown capacity of a fixed-geometry panel. The heat rejection rate of this fixed-geometry (i.e. non-morphing) radiator
is shown with circular markers and a dashed line in Figure 13. The maximum heat rejection rate without morphing
remained at 5.93 W, but the minimum heat rejection rate increased to 1.46 W, yielding a turndown ratio of 4.1:1 for the
non-morphing radiator. These results show that the morphing behavior led to an increase of nearly 60% in the turndown
ratio versus an equivalent fixed-geometry radiator panel, which is a promising result for the first-ever demonstration of
a morphing radiator panel integrated with a fluid loop and operating in a vacuum environment.
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Figure 13. Total rate of heat rejection in the thermal vacuum test of the copper panel as computed by the
thermal model for morphing and equivalent fixed-geometry radiators.
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V. Development and Testing of a Thermally Conductive Composite Prototype
The goal of this phase of the project was to improve beyond the preliminary prototype and study described in Sec. IV,
producing a new device comprised of more advanced composite materials and SMA components with transition
temperatures better tuned to the thermal vacuum environment. A carbon fiber facesheet was developed for this purpose
using CSW T40-800/5320-1. An overview of the material selection, design optimization, manufacturing, thermal
vacuum testing, and fatigue analysis of these advanced morphing panels is described below.

Research began with definition of the facesheet and prototype radiator requirements that account for the space
environment and large vibrational loads to be survived during launch. The facesheet requires three contradictory
responses: sufficient stiffness to provide spring force for returning the radiator to its closed cold shape, ample
compliance to deform to its open hot shape, and adequate thermal conductivity to transport heat out of the fluid loop.
Carbon fiber reinforced composites (i.e. those made from pitch based fibers) were chosen for the facesheet material due
to their high thermal conductivity and stiffness and low overall weight. This type of composite can be produced in a
unidirectional tape manner allowing it to be configured in optimized layups to tailor resulting thermal and structural
properties. Considering the facesheet as a layering of carefully oriented plies (or layup) of unidirectional fibers, the
required stiffness and thermal conductivity can be achieved. A pre-impregnated unidirectional composite tape made up
of RS-3C resin (produced by TenCate Advanced Composites), and K13D2U pitch carbon fibers (produced by Mitsubishi
Rayon) was selected. This material system has previously been proved in the space environment, and the resin meets
outgassing requirements for space flight. This material is also capable of being processed using out-of-autoclave curing
cycles under vacuum pressure.

Experimental fabrication of test facesheet panels helped narrow down the number of possible layup combinations.
It was found that layups consisting of only 0◦ oriented plies (i.e. fibers oriented along the circumference of the
panel) lacked sufficient transverse in-plane durability and were highly susceptible to handling-induced cracking. In
addition, since the thermal conductivity of the constituent resin is much lower than that of the fibers, the 90◦ plies
(oriented parallel to the flow tube) are almost completely thermally negligible. Lastly, the non 0◦ laminae must not
lead to significant thermal stresses and/or deformation coupling with bending. With these considerations in mind, an
optimization study was conducted to determine the most desirable layup.

A thermal model was developed in Abaqus to predict the steady-state thermal response of a given facesheet
design.19–21 This model was then used to investigate maximum and minimum heat rejection of a given layup. A
two-dimensional thermal analysis is performed on a representative geometry using calculated thermal conductivity
properties and radiation boundary conditions.

Figure 14 shows the results of the thermal analyses for a small selection of important layups. Each specific layup is
analyzed at an open configuration unique to it; some panels, based on their layup, are able to open further than others.
In addition, each layup has a unique effective thermal conductivity. In Figure 14, the diagonally running tie-lines denote
facesheet diameters in the closed configuration, increasing from left to right in eighth inch increments from 1 to 4 inches.
As radiator diameter increases, the specific layup is able to open further, and heat rejection is increased. However,
as the facesheet panel becomes larger, the fin efficiency decreases significantly. Ultimately it was determined that a
series of 0◦ plies in between layers of ±45◦ plies was found to be optimal. Based on size limitations of the industrial
oven available for curing, composite facsheets were fabricated in a 3 inch diameter closed configuration. Three such
specimens featuring one, two, and three 0◦ plies were chosen for fabrication and testing. These will be referred to as
Test Articles A, B, and C, respectively.

Table 1 gives an overview of the characteristics of each test article. The first row describes the layup of each panel
as a sequence of ply orientation angles with respect to the circumferential direction. Key mechanical and thermal
properties, including bending stiffness and effective conduction coefficient per unit width (denoted by kt) are also listed
for each panel along with the primary dimensions. Note: the 0◦ plies contribute most significantly to the circumferential
bending stiffness and thermal conductivity.

Test Article A incorporated a single 0◦ ply, while the layup for Test Article B included two 0◦ plies. Both of these
test articles utilized SMA wires in the austenite (high-temperature) phase at room temperature, requiring Test Articles
A and B to be assembled in their open configurations. For Test Article A, a single SMA wire was threaded through each
hole in the terminal block for a total of 18 wires. Since Test Article B contained two 0◦ plies, the bending stiffness
was approximately twice that of Article B, thus requiring approximately twice the force to open to the same radius. To
maintain a comparable level of stress between the two test articles, two SMA wires were threaded through each hole in
the terminal blocks on Test Article B for a total of 36 wires. Prior to assembly, each SMA wire was prestressed in axial
tension to generate the elastic strain necessary to hold the panel open.

Test Article C was slightly larger than Test Articles A and B and utilized SMA strips instead of wires. Whereas
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Figure 14. Maximum heat rejection plotted versus fin efficiency for specified layups formed into cylindrical
reference shapes of increasing diameter.

Table 1: Overview of the three test articles fabricated for the thermal vacuum chamber tests.

Test Article A Test Article B Test Article C

Layup [90/±45/0/±45/90] [90/±45/0/0/±45/90] [90/±45/0/0/0/±45/90]
Bending stiffness 0.44 Pa·m3 0.82 Pa·m3 1.42 Pa·m3

Cond. coeff. per unit width (kt) 0.091 W/K 0.121 W/K 0.152 W/K
Closed diameter 3.0 in 3.0 in 3.5 in

Width 3.0 in 3.0 in 4.0 in
SMA type & qty. Wires (x18) Wires (x36) Strips (x8)

SMA phase at room temp. Austenite Austenite Martensite

(a) Test Article A featuring SMA wires installed in a
stressed (open) configuration.

(b) Test Article C featuring SMA strips installed in
a detwinned and stress-free (closed) configuration.

Figure 15. Completed composite test articles ready for thermal vacuum testing.
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the SMA wires were in the austenite phase at room temperature, the SMA strips used in Test Article C were in the
martensite (low-temperature) phase at room temperature. Thus, Article C was assembled in the closed configuration;
preparation of these SMAs involved detwinning each strip in the martensite phase under 300 MPa to generate the
transformation strain necessary for austenite shape recovery during heating.

A low-emissivity paint (LOMIT-I) was applied to the outer surface of each panel. The flow tubes were mounted
along the inner root of each panel using thermal adhesive and a thermally insulated tape. Lastly, thermocouples were
attached to the facesheets at various locations to record temperature. Figure 15 shows Test Articles A and C fully
assembled.

These composite test articles were tested in the same thermal vacuum chamber as the copper article. Prior to the
start of each test, the appropriate test article was mounted to the flow line inside the chamber. The chamber was then
sealed, a vacuum established, and the fluid lines opened. The fluid temperature was cycled over a 3-hour period, during
which time the morphing behavior was observed. As with the previous tests temperature data was recorded at various
locations on the panels and flow tube by the thermocouples and a camera mounted to the chamber window recorded
images of the panel throughout the test. Figures 16 and 17 show Test Article A inside the thermal vacuum chamber
during testing.

(a) Open configuration corresponding to maxi-
mum fluid temperature.

(b) Closed configuration corresponding to mini-
mum fluid temperature.

Figure 16. Images of Test 1 (Test Article A) captured by the external camera.

(a) Open configuration corresponding to maxi-
mum fluid temperature.

(b) Closed configuration corresponding to mini-
mum fluid temperature.

Figure 17. Images of Test 1 (Test Article A) captured by the in-chamber camera.

The temperature histories and panel radius over time are shown for Test Article B in Figs. 18 and 19, respectively.
As in the previous vacuum chamber test, there was no way to directly compute the heat rejection rate from the recorded
data (see the footnote in Section IV). Consequently, a new thermal model was developed in Abaqus for this purpose. By
specifying the panel radius and boundary conditions known at various instances in the thermal vacuum test, a thermal
analysis was performed which provided the quasi-steady-state temperature distribution and heat rejection rate of the
radiator panel at each instant in time. From these simulations, the maximum and minimum heat rejection rate of the
radiator were determined, thus allowing calculation of the turndown ratio.
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Figure 18. Time history of Test Article B panel temperature during testing. Thermocouples were attached to
the radiator at various locations, resulting in the range of temperatures shown.

Figure 19. Time history of Test Article B panel radius. The radius of curvature of each side of the panel is
shown.
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Figure 20. Rate of heat rejection of Test Article B throughout the thermal vacuum test.

The time history of the heat rejection rate as computed by the thermal model is shown in Fig. 20. In the open
configuration (hot phase, maximum radius), the model calculated a heat rejection rate of 9.97 W. In the closed
configuration (cold phase, minimum radius), a heat rejection rate of 2.06 W was calculated. Thus, the overall turndown
ratio was calculated to be 4.84:1. As a comparison, the fixed geometry (non-morphing) turndown ratio was again
computed. From this simulation, the range in heat rejection rates resulted in a turndown ratio of 4.32:1, which, as with
the copper model, demonstrates an increase in turndown capacity through the morphing behavior.

As previously stated, the highest turndown ratio of contemporary state-of-the-art TCS is 3:1. It is important
to reiterate that this is relative to the particular thermal environment in which said thermal control system operates
(indicated above to be Low Earth Orbit). The turndown ratios achieved by the morphing radiator are particular to
the thermal environments experienced in the thermal vacuum chamber. Though similar, the environments of the two
systems are not identical, which should be noted when comparing their turndown ratios.

In comparison with the composite prototype, the copper model described previously achieved a higher turndown
ratio (6.4:1). This result is due to the following differences between the prototypes: The copper design had a difference
of interior and exterior surface emissivities of approximately 0.85, whereas the composite prototype surfaces only
differed in emissivity by 0.4. Although the composite panel achieved a slightly larger overall range in radii, the
minimum radius achieved by the copper panel was smaller than the composite panel (∼1.25 in vs. ∼2.0 in). As shown
above, the turndown ratio showed particular sensitivity to the minimum radius, which influences the view factor more
significantly than increases in the maximum radius.

To assess the impact of these factors, the composite panel was modeled using the copper prototype emissivities,
which increased the turndown ratio to 5.44:1. Reducing the minimum radius of the composite model also improved the
turndown ratio, up to 5.89:1 for a fully closed cylinder. Combining the use of the copper prototype emissivities and
a closed minimum radius, the thermal model predicted a turndown ratio of 7.94:1, which is well within the range of
turndown capacities required for an actual production system (targeted between 6:1 and 12:1, as mentioned earlier).

The turndown ratio could be further improved by minimizing heat loss through the circular open ends of the radiator.
These losses are a source of uncontrolled heat rejection, which restricts the turndown capacity of the thermal control
system. Moving forward, these various design challenges, including increased surface emissivity variation, reduced
minimum radius control, and the addition of side shield features, will be explored to achieve the turndown improvements
discussed in this analysis process.

Regarding the lifecycle of the composite radiator design, a fatigue analysis was conducted. A target minimum of
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370 morphing cycles was provided as a requirement by NASA JSC, taken from the lightweight radiator requirements
from development in 2004-2005.13 A benchtop fatigue test stand was constructed consisting of low friction pulleys,
roller bars, and an in-line Shimpo force gauge. Using this setup, displacements similar (but not identical) to those
observed during radiator actuation could be applied in a fully controlled and repeatable manner. Through numerical
simulation of the actuation undergone in thermal testing, the open displacements for strain matching at the fixed root
were determined. Then, by mechanically cycling fresh specimens of the same fabricated layups as specimens A, B,
and C; loaded in tip loaded bending, the equivalent strains were induced. The composite morphing radiator prototypes
clearly exhibited the desired range of actuation and minimum 370 cycle fatigue life without failure. Key results include
the demonstrated robustness of the composite panels containing two circumferentially aligned (0◦) plies, considering
cycling loading up to full actuation strains (at the root) for 400 cycles. Furthermore, testing of the more compliant panel
containing one circumferentially aligned (0◦) ply showed that 400 cycles of twice the actuation defection/strain is also
possible. Overall stiffness degradation was 30–40% across the two panels and exceeded the 370 cycle minimum fatigue
life. Full details of the above experimental set-up, methodology, and results are presented in another work.22

VI. Summary & Future Work
With the need for advanced thermal control systems to enable future long-duration crewed space missions, a shape
memory alloy variable heat rejection radiator offers a unique solution. These efforts have shown that SMA materials are
capable of morphing radiator panels through a range of shape configurations to achieve variable heat rejection. Moving
forward, the project will focus on design improvements involving SMA and flow tube integration to improve heat
transfer between the working fluid and panel, thus improving the morphing response. Turndown ratio improvements
will be further explored through the investigation of improved surface coatings, minimum radius control, and side
shields to reduce uncontrolled heat rejection. These efforts will not only contribute to the development of new adaptive
space structures, but will also further advance the next generation of thermal control systems, supporting continued
space exploration close to home and beyond.
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