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Sierra Nevada Corporation is under contract with NASA to resupply the International
Space Station starting in 2020 using the Dream Chaser® spacecraft. One of the primary
subsystems of this spacecraft is the Active Thermal Control System (ATCS), which
maintains all spacecraft components and subsystems within their required temperature
limits through heat collection, transportation and rejection processes. A primary means of
heat rejection is radiation to space via the active thermal control radiators produced by
Paragon Space Development Corporation. This paper provides an overview of the Dream
Chaser ATCS and details the design of the radiators. The sizing of the radiator surface area
and fluid flow paths will be discussed along with the challenges associated with integrating
the radiator panels onto the Dream Chaser Cargo Module. Finally, the manufacturing
processes required to produce the radiators will be examined.

Nomenclature

ATCS = Active Thermal Control System
CM = Cargo Module

CRS2 = Commercial Resupply Service 2

D = tube diameter

FSW = Friction Stir Weld

ISS = International Space Station

L = tube length

LHS = Left Hand Side

m = mass flow rate

MMOD = Micrometeoroid and Orbital Debris
NASA = National Aeronautics and Space Administration
PGW = Propylene Glycol and Water

SNC = Sierra Nevada Corporation

i = fluid viscosity

p = fluid density

. Introduction

IERRA Nevada Corporation’s (SNC) Dream Chaser Cargo System provides the National Aeronautics and Space

Administration (NASA) with the capability to safely and efficiently transport cargo to and from the International
Space Station (ISS) under the Commercial Resupply Service 2 (CRS2) program. The Dream Chaser Cargo System
is comprised of a reusable uncrewed Dream Chaser and a disposable Cargo Module (CM), both being designed to
support berthing and docking to multiple ISS nodes. The Dream Chaser is a pressurized lifting body utilizing a
thruster reaction control system for spaceflight and aerodynamic control and is reusable for 15+ orbital missions. It
supports both unpressurized and pressurized payloads, stores consumables, provides energy storage and distribution,
and houses the flight computers. The CM also supports both active and passive payloads, contains solar arrays for
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power generation, the ISS mating mechanism, and six ATCS radiator panels. The CM is jettisoned after de-orbit
burn and is burned up upon reentry. As a system, the Dream Chaser Cargo System can transfer up to 5,000 kg of
pressurized cargo and 1,500 kg of unpressurized cargo to the ISS. In addition, Dream Chaser can return up to 1,850
kg of cargo/science to a runway landing for immediate handover to scientists. The Dream Chaser Cargo System is
shown in Figure 1. While capable of both docking and berthing, Figure 2 shows the Dream Chaser berthed to the
ISS Node 2 nadir port as will be accomplished during the recently awarded SNC-1 mission.
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Figure 1. Sierra Nevada Corporation Dream Chsr Cargo System.
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Figure 2. Simulated ISS Berthing.
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I1. Dream Chaser Active Thermal Control System

The Dream Chaser ATCS maintains all spacecraft components and subsystems within their required temperature
limits through use of integrated heat collection, transport, and rejection devices. Heat is collected from the Dream
Chaser cabin and power-dissipating equipment through use of an air-to-liquid cabin heat exchanger and cold
plate/heat spreader components, respectively. The heat is then transported through the ATCS using a 50/50 mix of
propylene glycol and water (PGW) running through two system loops, Loop A and Loop B.  Heat rejection varies
by phase of flight. Pre-launch, ground service cooling via the CM heat exchanger serves as the primary form of heat
rejection. After launch, from post-solar array deployment to CM separation, the CM mounted dual loop radiators
are the main form of heat rejection. For all other phases the vehicle capacitance is the primary heat rejection agent.

I11. Radiator Desigh Overview

The baseline Dream Chaser radiator panel design is shown in Figure 3. This particular geometry corresponds to
the Upper Left Hand Side (LHS) radiator panel, which has a unique mounting hole pattern to accommodate a
grappling fixture structure that passes through the panel. Additional detail is provided in Figure 4.
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Figure 4. Dual Loop Radiator Nomenclature.
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Each panel has two sets of six fluid tubes running parallel connected by manifolds at each end. This was selected
based on the impacts to radiator total mass, heat rejection capacity, pressure drop, and number of welds required. As
the number of tubes was increased, the mass increased linearly. In terms of heat rejection, more tubes improved the
overall radiator heat rejection, but with diminishing returns. Pressure drop decreased as the number of tubes
increased, but even with just three tubes, the radiator remained within pressure drop limits. Finally, the number of
welds and extrusion width limitations were taken into consideration. The extrusion would not be wide enough for
five or less tubes, which would have required the use of spacers, thereby increasing the number of welds needed to
create the facesheet assembly. After considering all variables, a six tube configuration was selected as it was found
to have the best heat rejection per unit mass and required the fewest welds.

Each of the 12 fluid tubes is connected to both the inlet and outlet manifolds using commercially available, non-
separable fluid fittings. The manifolds have independent flow paths with each flow path connecting to six fluid
tubes. Each loop of each manifold has a tube stub that will be connected to the spacecraft fluid lines.

The radiator facesheet, fluid tubes, manifolds and manifold cover sheets are all constructed from aerospace grade
aluminum alloys.

Manifold cover sheets provide additional radiating surface area and Micrometeoroid and Orbital Debris
(MMOD) protection for the tubes between the facesheet and manifold, along with a structural connection between
the facesheet, manifold and CM mounting structure.

The radiating surface of the radiator is coated with Z-93 white, conductive thermal control coating.

1VV. Radiator Construction

Paragon Space Development Corporation (Paragon) has developed, patented and reduced to practice a novel way
of making radiators. Dubbed xRAD™, these radiators buck traditional manufacturing methods and allow maximum
flexibility in design.

Traditional radiators are made by bonding multiple fluid tubes to a large, thin piece of sheet metal.
Unfortunately, that bond is a structural weak link and a thermal barrier. To protect the bond line from structural
failure, the tube and facesheet must be integrated into a complex honeycomb panel that requires a second facesheet
that adds weight without real benefit to the thermal capabilities of the radiator. Because of the complex
manufacturing methods required for honeycomb panels, small changes to the design (like moving a mounting hole
or avoiding a new interference) result in major changes to the panel design and manufacturing tooling. While a
honeycomb does provide for a stiffer panel, the support structure on the spacecraft can be targeted for the xRad
design based on the structural loading requirements.

Paragon’s xRAD design eliminates all of those problems. Instead of having a separate tube and facesheet, the
XRAD radiator is constructed from an extrusion that contains a tube and a section of facesheet. Some examples are
shown in Figure 6. Because the tube and facesheet are the same piece of metal, there is no bond line. The tube and
facesheet are structurally inseparable and there is no thermal resistance from bonding material. The extrusions are
then placed side-by-side and joined using friction stir welding (FSW) per AWS D17.3, a proven aerospace process
used to construct the Orion Crew Module' and the Space Shuttle External Tank'. A schematic showing the FSW
process is shown in Figure 5.
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Figure 5. Overview of friction stir welding process."
The extrusions can be made to any length, any number of them can be placed side-by-side, and spacer sheets can

be added between extrusions to allow any size radiator to be produced. Since extrusions can be made in a wide
variety of shapes, there is a large design space for varying the fluid tube and facesheet dimensions.
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Figure 6. Different xRAD extrusion designs from Paragon.

The fluid tube diameter for the Dream Chaser radiator is sized to meet the radiator pressure drop requirement.
The facesheet thickness is set to meet the required thermal performance and mass limitations. The amount of metal
between the facesheet and the flow passage can also be adjusted to provide the required MMOD protection for the
fluid tube based on an analysis of the mission requirements (Figure 7).

Figure 7. Fluid tube MMOD protection built into XRAD extrusion.

V. Radiator Interfaces

The radiator design is predicated on the requirements of the ATCS, the spacecraft and the flight program. The
radiator size and shape were limited by the available real estate on the exterior of the CM. Working together,
Paragon and SNC were able to define a basic trapezoidal radiator panel that is approximately 103 inches long, 21
inches wide at the forward end and 33 inches wide at the aft end. This resulted in a total basic radiator area of
approximately 116 ft? distributed between six individual panels.
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The radiator panels are not the only components occupying the CM exterior. There are two solar arrays that
require space for their support structures and solar array drives, and a grapple fixture is also located on the CM
exterior. As a result, each of the six radiator panels has at least one intrusion into the basic trapezoidal shape,
effectively reducing the radiating area and overall heat rejection. In the case of the grapple fixture, the supporting
structure is attached though the panel, creating a significant impact on the effective radiator thermal environment.

Many of the cutouts from the basic trapezoidal shape interrupt a facesheet fluid tube. This is dealt with by
employing a tube jumper around the cutout dimensions, which is shown in Figure 8. The basic extrusion is cut at the
appropriate location and the tube stubs are exposed. A jumper tube connects the tube stubs and routes the flow
around the cutout. Closeout panels attached to the radiator panel provide MMOD protection over the otherwise
exposed tubes.

Jumper Tubes

Jumper Tube
Closeout
Panels

Jumper Tube

Clamps and

Support

Figure 8. Jumper design

Four of the panels have large cutouts at the forward end to accommodate the solar array drives. Figure 9 shows
how routing around this interference is accomplished.
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Figure 9. Manifold cutout design.

VI. Radiator Requirements and Desigh Outputs

The driving hot and cold operating conditions for the radiator result in radiator inlet temperatures ranging from
60°F to 87°F and heat rejections ranging from 610W to 1142W.

The radiators were originally designed with a single fluid loop and the number of tubes was optimized at six per
panel. This resulted in the maximum heat rejection per unit mass and minimized the number of welds needed to
construct each panel.

During the radiator design phase, a change was made to the ATCS that resulted in a second fluid loop flowing
through each radiator panel. Only one of the two loops will be flowing at any given time since the second loop is
reserved for backup, and the requirements stipulate that the radiator heat rejection must be met with either loop
flowing. The net result to the radiator was that the number of fluid tubes was doubled to 12 and the tubes for each
loop were placed close to each other so that the same basic fin efficiency was achieved regardless of which loop was
flowing.

From a thermal perspective the closer the tubes could be placed, the better. This minimizes the variance in
effective radiating area between the tubes of the same loop and reduces the temperature differences between the
flowing and non-flowing loops, eliminating the potential to freeze the stagnant PGW in the secondary loop.
However, placing the tubes too close together creates a risk that a single MMOD strike could take out both fluid
loops, plus there is a minimum amount of space between the tubes needed to make the fluid connections with the
manifold. The net result is that the tubes for the two different fluid loops are spaced approximately 0.83 inches apart
from center to center. The ease at which this design change was incorporated into the radiator design is an example
of the flexibility inherent in the xRAD concept.

A. Fluid Tube Sizing

The ATCS pumps have a finite fluid power capability. The available head rise is allocated across numerous
components in the fluid loop, with the radiators receiving a small portion of that capacity. Given the viscosity of the
PGW working fluid, laminar flow was expected. The pressure drop for a round tube with laminar flow is defined by
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where 7 is the mass flow rate in the tube, L is the tube length, p is the fluid viscosity, p is the fluid density and D is
the tube diameter. From this, the biggest lever in defining pressure is the tube diameter. In theory the fluid tube
diameter could be optimized to any size, but practical considerations limited the tube size to standard values. As
such, tube sizes of Y4, 3/8”, ¥4” and 5/8” outer diameters, each with a 0.035” wall thickness were evaluated. The
pressure drop relative to the maximum allowed pressure drop is shown in Table 1 for each tube size. At 403%
pressure drop, the %4” tube was not capable of meeting the requirement. The '4” and 5/8” tubes easily met the
requirement, but bigger tubes mean higher mass (both the metal mass of the tube and the mass of the fluid inside).
The 3/8” tube was the “goldilocks” solution that still allowed for minor losses and manifold pressure drop while
minimizing mass.

Table 1. Radiator pressure drop as a function of fluid tube size.

Tube Outer Tube Inner Reynolds Number Pressure Drop
Diameter (inch) Diameter (inch) (% of max allowable)
0.250 0.180 299 403%
0.375 0.305 177 49%
0.500 0.430 125 12%
0.625 0.555 97 4%

B. Fluid Tube Orientation and Flow Path

The fluid tubes on the Dream Chaser radiators run along the length of the panel, with manifolds located at the
forward and aft ends. This results in fewer, longer tubes. From a heat rejection standpoint, the manifolds act as
additional fluid tubes attached to the manifold cover sheet, which is itself an extension of the radiator facesheet. The
fluid interfaces to the vehicle are on opposite corners, establishing a standard “Z Flow” configuration.

Early in the design process other tube and flow configurations were considered. As an alternative the tubes
could have been oriented across the narrow width of the panel, requiring as many as 24 fluid tubes to be used. This
would have allowed smaller tubes to be used to meet the overall radiator pressure drop, but this idea was ultimately
rejected. Because of the trapezoidal shape of the panels, the fluid tubes would not have equal lengths which could
result in flow instabilities since the flow would be biased towards the shorter tubes. The cutouts would have created
additional variations in tube length. Another consideration was the number of welds needed to construct the panel
with the XRAD concept. Rather than the five long welds in the current design, putting the tubes in the transverse
direction would have resulted in over 20 welds. Finally, placing the tubes in the transverse direction (meaning more,
shorter tubes) would result in the manifolds running the length of the panel along the long edges. Since the
manifolds must be larger than the fluid tubes to even out flow distribution, the overall panel mass would be greater
with this layout. Furthermore, designing the manifolds around the required edge cutouts would pose a much more
difficult design problem than jumpering around fluid tubes (and particularly more difficult with the dual loop
design).

Also considered in the early design phase was the creation of a “U” flow pattern where the inlet and outlet of the
panel would be on the same side of the panel. This would result in a very skewed flow distribution unless the
manifolds were made very large. The consequence of a skewed flow distribution is greater susceptibility to flow
stagnation, particularly at the colder operating condition. Stagnation occurs when the pressure drop in a radiator
fluid tube starts to increase even as the flow rate decreases. This creates an unstable situation that can cause part of
the panel to stop flowing. While this can be an advantage in some systems, it was neither required nor intended on
the Dream Chaser.

C. Manifold Size

Manifolds distribute and collect the radiator working fluid across the individual tubes that reject heat to the
facesheet. The size of the manifolds must be optimized because if the flow diameter is too small then the fluid will
not be evenly distributed and if the manifold is too big then there is extra mass and volume that does not add real
benefit to the system.

A Thermal Desktop model was developed to analyze the radiator performance and provide flow rates in each of
the fluid tubes. A cold case was found to have the greatest imbalance in flow distribution (driven by viscosity
changes), and the manifold diameter was varied for this condition to determine the impact of this parameter.
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Another consideration for the manifold flow distribution analysis was the impact of any heat rejection by the
manifold itself. Different means of attaching the manifold to the facesheet would result in different levels of thermal
resistance and therefore different levels of heat rejection. As such this analysis included bounding assumptions of
no thermal contact and perfect thermal contact. Figure 10 below shows the normalized flow distribution between
the tubes (1.000 = average tube flow rate) for each radiator panel. As can be seen, the smallest manifold results in
the greatest variation in flow rates between the tubes, particularly when there is no thermal contact between the
manifold and manifold cover sheet. With the largest manifold there is near perfect flow distribution in the no
thermal contact condition. Interestingly, the flow distributions change dramatically when thermal contact between
the manifold and coversheet is included. This is because the warm fluid entering the inlet manifold cools as it flows
through the manifold past Tube 1 (closest to the manifold inlet flow) towards Tube 6. Hence the fluid viscosity
entering Tube 6 is greater than that entering Tube 1, which increases the tube pressure drop resulting in less flow.
Since the panel is colder at the outlet manifold, the effect is reduced and the net result is more impact from the inlet
manifold, thus skewing the flow towards Tube 1.
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Figure 10. Effect of manifold size and thermal assumptions on radiator panel flow distribution.
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SNC’s Dream Chaser Cargo System is being built to provide cargo to the ISS under the CRS2 program. The
ATCS relies on radiators to reject the waste heat collected, from internal and external sources. By using a novel
manufacturing method, Paragon Space Development Corporation was able to design the thermal control radiators
for the Dream Chaser to meet a challenging set of requirements and accommodate configuration updates late into the
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design phase without incurring significant cost or schedule impacts. The XRAD radiator has been optimized in
terms of heat rejection capacity, mass, and manufacturing efficiency, resulting in a 12 tube, dual loop extruded
aluminum radiator. As a set, the flow pattern follows a “Z” configuration between individual panels, with fluid tubes
running the length of each panel ending at two manifolds on the forward and aft ends. This design has completed
multiple design reviews. Protoflight qualification is expected to be completed by February 2019 and first shipset
delivery is targeted for April 2019.
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