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Design and Testing of a Magnetohydrodynamically Pumped
Liquid Metal Cooling Loop for CubeSats

Samuel Hart *, Aaron Robinson ¥, and Alvaro Romero-Calvo *

High-power SmallSats are faced with a limited number of thermal control technologies,
many of which are not well suited to a compact form factor or large heat load. This work
proposes a new SmallSat heat transfer system composed of a liquid metal cooling loop driven
by a magnetohydrodynamic (MHD) pump. The MHD pump leverages the Lorentz force to
drive the working fluid without moving parts, which contributes to a low probability of failure.
Analytical performance models of the MHD cooling loop are developed and validated against
test data collected from a prototype system. Models indicate that the MHD loop is capable
of heat transfer rates per unit mass of up to 0.75 W/g in the use case of a 6U CubeSat with a
single deployable radiator, exceeding the performance of mechanically pumped fluid loops and
thermal straps. Furthermore, a comparison to existing technologies shows that this low-cost
system overcomes many of the practical engineering challenges associated with implementing
conventional technologies such as heat pipes. This includes improvements in ease of routing,
cost of redesign, and the handling of multiple heat sources.

Nomenclature
A, = area of radiator (m?)
B = magnetic flux density (T)
B, = residual flux density (T)
C = flow sensor proportionality constant
Cp = heat capacity (J/K)
C, = flow coefficient
d = diameter of tubing (m)
D, = diameter of smaller flow path (m)
D> = diameter of larger flow path (m)
Fyvap Lorentz force (N/m?)
fr = friction factor
g = gravitational acceleration at sea level, 9.81 m/s?
H = height of wetted cross-section between magnets in MHD pump (m)
1 = electrical current (A)
ID = internal diameter
J = current density (A/m?)
K = resistance coefficient
K = resistance coefficient of a single 90 degree bend
K. = resistance coeflicient in a contracting geometry
K. = resistance coeflicient in an expanding geometry
Kiube = resistance coeflicient of a circular loop of tubing
l = length of tube (m)
I = length of magnet (m)
la = width of MHD pump electrode in the fluid flow direction (m)
lp = length of pump internal flow passage (m)
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MGa = mass of gallium (kg)

Mioop = mass of MHD cooling loop (kg)

mygp = mass of MHD pump (kg)

MHD = magnetohydrodynamic

MPFL = mechanically pumped fluid loop

P = pressure (pa)

F.) imperial = pressure (pSI)

0 = heat transfer rate (W)

r = bend radius (m)

Ttank = interior radius of measurement tank (m)

SLA = stereolithography

S = flow sensor output voltage (V)

S.G. = specific gravity

t = thickness of tubing walls (m)

v = thickness of magnet in magnetization direction (m)
T = temperature (K)

T; = temperature of heat load (K)

T, = temperature of radiator (K)

1% = volumetric flow rate (m3/s)

Vimpe,ia] = volumetric flow rate (US gallons/min)

w = width of wetted cross-section between electrodes in MHD pump (m)
w’ = width of magnet (m)

w = power (W)

Z = distance along the centroid axis from the surface of the magnet in the magnetization direction (m)
€ = emmisivity of radiator

7 = dynamic viscosity (pa-s)

p = density (kg/m?)

PCu = density of copper (kg/m?)

0 = electrical resistivity (Ohm-m)

o = Stefan-Boltzmann constant, 5.670e-8 W/m2/K*

I. Introduction

Since their introduction in the 1990s, CubeSats and other small satellites have seen a significant rise in popularity !
Their relatively low cost and complexity make them an attractive option for universities, technology demonstrations, and
short-timeframe projects. Increasingly, small spacecraft are being used on missions with complex architectures and
scientific goals>™*. As these satellites begin to incorporate more advanced technologies such as electric propulsion and
high-data-rate communications, an associated increase in power consumption is expected, and along with it, a need for
improved thermal management technologies”.

Due to their small form factor and low power usage, many CubeSat missions rely simply on conductive heat transfer
directly from the internal electronics to the spacecraft structure without the use of any additional thermal management
hardware. Heat is then radiated into space from the structure of the spacecraft, occasionally with the assistance of
high-emissivity coatings®’. This architecture is sufficient for low-power systems, but as mission planners begin to
design missions using hundreds or thousands of Watts, a more intentional approach to thermal management must be
taken®.

Deployable radiators allow for increased rates of heat rejection from the spacecraft, and their use in large spacecraft
is well documented>%%1°, The technology has also been considered for implementation on SmallSats with a rollout
deployment mechanism . This solves one aspect of the thermal management challenge. The remaining problem is
transferring heat from within the satellite to the radiator effectively.

Large satellites and spacecraft use thermal straps, heat pipes, and mechanically pumped liquid coolant loops to route
heat internally®. Thermal strap technology translates directly to the small satellite architecture, and many commercial
examples are available'>!3. A segment of copper is used to conduct heat throughout the spacecraft. The simplicity of
the technology is well-suited to this expanding market. However, the heat transfer rates that can be achieved may be
insufficient for high-power missions or long transmission distances. Additionally, thermal straps cannot generally be
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MHD Pump

Thermal Load Q Radiator
Figure 1 MHD liquid metal cooling loop concept.

actively controlled to vary their heat transfer rate, which can be an issue when different mission phases with varying heat
inputs are expected. Thermal switching technology does offer some modulation, but full active control is not feasible '“.

Heat pipes offer higher heat transfer rates with a slight increase in complexity ’. These devices are composed of a
metal casing, which contains a capillary wick and an open volume for vapor flow. A saturated liquid-vapor mixture acts
as the working fluid within the device. The liquid is vaporized in the hot portion of the heat pipe, and more liquid flows
up the capillary wick to replace it. The newly formed vapor flows to the condenser section of the heat pipe, where heat
is extracted from the device, and the vapor condenses back into a liquid. This establishes a continuous axial flow within
the heat pipe driven by capillary pressure and heat transfer . With appropriate wick design and fluid selection, heat
pipes can be capable of transferring hundreds of Watts in a compact form factor '°. However, they can be challenging to
route, expensive, cannot easily be connected to multiple heat sources, and, like thermal straps, cannot generally be
actively controlled to maintain tight temperature tolerances'’. Loop heat pipes have also been developed for small
spacecraft and offer >100 W max heat transfer rate, though they are significantly more complex and have less flight
heritage than traditional heat pipes '®. They also suffer from many of the practical complications of a conventional heat
pipe when implemented.

Mechanically pumped fluid loops (MPFLs) promise much higher heat transfer rates, can be actively controlled, can
be connected to multiple heat sources and radiators, allow simplified routing, and have spaceflight heritage '*°. The
primary issues associated with this technology are mass and volume’. Additionally, mechanical pumps have a high risk
of failure due to their internal mechanisms, and as such, systems must implement multiple backup pumps should the
primary pump fail. This leads to a mass and volume generally incompatible with the CubeSat form factor, though there
are miniature MPFL technologies in development that promise a smaller footprint>'. However, even the mini-MPFL is
expected to have a pump mass of at least 100 g, excluding electronics, tubing, and the working fluid .

Electromagnetic pumps offer a highly reliable alternative to mechanical devices. These pumps operate on the
principle that a current-carrying conductor experiences a force when placed perpendicular to a magnetic field. This
allows the pump to drive a conducting fluid without the use of moving parts, which proves beneficial in many applications.
Annular linear induction pumps (ALIPs) are used in systems containing high-temperature fluids that render mechanical
pumps infeasible, such as nuclear devices and concentrated solar energy systems>>23. These devices are relatively
complex in their operation and rely upon a 3-phase AC power supply and a series of copper windings to generate a
linearly moving magnetic field along the body of the pump. The varying magnetic field results in an induced current
within the fluid, which interacts with the magnetic field to propel the liquid?*. Lower temperature applications that allow
for direct contact between electrodes and the working fluid often opt for the simpler magnetohydrodynamic (MHD)
pump. In an MHD pump, a static magnetic field is applied to a conductive fluid using either permanent or electric
magnets. A DC electrical current is then applied through the fluid perpendicular to the magnetic field, propelling the
working fluid through the pump. These devices have seen use in applications ranging from low-noise naval propulsion
systems > to nanofluidics?®. The simplicity of the device leads to a compact, reliable, and effective pumping system.
Additionally, MHD pumps are well suited to work with high thermal conductivity and heat capacity liquids such as
mercury, gallium, and other liquid metals, which can be used to efficiently transfer heat?’. Furthermore, appropriate
applications of magnetic fields and electrical currents can be used to promote mixing and increase heat transfer rates in a
liquid metal cooling loop2®. The combination of these features makes an MHD pump an attractive option for powering
a cooling loop in small spacecraft, as depicted in Figure 1, and while large electromagnetic pumps have been proposed
for use in nuclear reactors in space?’, no small-scale MHD device has ever been conceived for low-temperature heat
transfer applications outside of Earth’s atmosphere.

This paper introduces a small satellite cooling loop using liquid metals and an MHD pump. First, analytical models
of the system are developed in Section II.A and II.B to analyze the expected performance. These models are used
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3.2cm

Figure 2 Magnetohydrodynamic pump prototype. (a) N52 neodymium magnet. (b) Copper electrode.

in trade studies in Section III.A and III.B. Hardware tests of a prototype pump using gallium as a working fluid are
described in Section II.C, and results are discussed in Section III.C.

I1. Materials and Methods

A. Analytical Modeling
The MHD cooling loop is composed of a pump that propels a liquid metal through tubing connecting heat sources
within a spacecraft with external radiators. The MHD pump is driven by the Lorentz force,

Fyup = J X B. (D

where Fypp is the force applied to the working fluid per unit volume, J is the current density, and B is the magnetic flux
density. This volumetric force is exerted on the liquid metal by placing permanent magnets perpendicular to electrodes,
which conduct an electrical current through the fluid, as shown in Figure 2. The pressure differential provided by the

pump is, in first-order approximation,

IB
AP = — 2
R 2

with dimensions defined in Figure 2 and / and H being the applied current and the height of the wetted pump
cross-section, respectively. This model assumes uniform and perpendicular magnetic flux density and current density
and that all pressure gains are realized in the rectangular cross-section between the magnets and electrodes.

The magnetic flux density varies with the distance between the sets of permanent magnets on either side of the pump
depicted in Figure 2. To estimate this variation, the magnetic flux density along the symmetry axis of a rectangular
block magnet can be calculated as*°

-1

B ’ ’ 1S4
B=""{an"! [Z—W fv : 3)
n Va2 + 17 + w2 20t + 2)VAW +2)2 + 12 + w2

where B, I’, and w’ are the residual flux density, length, and width of the magnet, ¢’ is the thickness in the magnetization
direction, and z is the distance along the centroid axis from the surface of the magnet. With this relation and Equation 2,
the pump output pressure can be estimated. The magnetic flux density is assumed to be uniform and equivalent to the
value calculated by Equation 3 at the midpoint between the two sets of permanent magnets in this estimation.

To estimate the flow rate through the cooling loop, the flow resistance must be calculated. The flow coefficient of a
fluid component is defined as the number of gallons of water at 60°F that can pass through a component in one minute
with a one pound per square inch pressure drop. For a given flow rate and pressure drop, it can be calculated as

S.G.
AP imperial

; “)

C, = imperial
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where Vimperial is the volumetric flow rate in US gallons per minute, S.G. is the specific gravity of the fluid, and APimperial
is the pressure drop through the component in pounds per square inch. The total pressure loss through the pump
geometry has contributions from the flow through the narrow rectangular pump geometry as well as losses due to the
expanding and contracting flow sections at the outlet and inlet of the pump. The pressure loss due to the uniform
rectangular geometry of the pump can be calculated from Darcy’s formula and the definition of hydraulic diameter as>!

_ Bu(w+ H)?1,V

AP y7e

&)

with u, w, [,,, and V being the dynamic viscosity, width of the pump cross-section, length of the internal flow path
within the pump, and volumetric flow rate, respectively. The losses due to expansion and contraction are calculated as>!

AP = /ﬂ, (6)
2
where p is the fluid density, K is the resistance coefficient, and v is the mean flow velocity. For expanding flows, 3!
A )
e = D% )

with D and D; being the hydraulic diameters of the smaller and larger flow paths, respectively. For contracting flows,
the resistance coefficient is defined as3!

K. =05

D%)
1-—. ®)
2
D;

By combining Equations 4-8, the flow coefficient of the MHD pump and its associated pressure losses can be computed.
The losses through the tubing, assuming it forms a single circular loop, are estimated using Equation 6, with

Kube = 3 (0.25 fT”% + 0.51(1) +K, 9)

where fr is the friction factor, r/d is the bend radius of the tubing divided by its inner diameter, and K] is the resistance
coefficient of a single 90 degree bend with equivalent bend radius3'. By setting the pressure developed by the pump
equivalent to the pressure losses incurred in the fluid flow path and solving the equation numerically, the flow rate can
be estimated. The maximum heat transfer rate achievable by the cooling loop can then be computed as

0 = pC,VAT (10)

where C, is the heat capacity of the liquid metal and AT = T; — T, is the temperature differential between the heat load
and radiator.

B. Simplified Model

A simplified model of the pump flow rate and cooling loop performance is developed for use in trade studies and to
gain an intuitive understanding of the factors affecting the system. At low flow rates, the liquid metal moves inside the
tube adopting a laminar flow regime (Re< 2300). The liquid volumetric flow rate can be related to the pressure drop
through the loop by the Hagen-Poiseuille law 32

) d*AP
v==_ (11)

128ul’
where [ and d are the length and internal diameter of the tube, respectively. This relation assumes that head losses due
to flow through the pump itself are negligible and that the cooling loop can be represented as a single straight section of
tubing. If the pump is paired with an external radiator, as shown in Figure 1, the radiator stabilizes at the equilibrium
temperature
. 1/4
Q
Tr = 9 12
( TAr€ (12)
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Table 1 Thermophysical properties of candidate liquid metals at 25°C and 1 atm.

Liquid Density Viscosity Spec. Heat Therm. Cond.  Fus. Temp. Resistivity
[kg/m?]  [Pa-s/1073] [J/Kg/K] [W/K] [°C] [m-Ohm/1077]
NaK-77 866 0.94 982 224 -12.6 5
Gallium 6095 1.969 370 30.2 30 1.4
Galinstan 6440 2.4 296 16.5 -19 29
Mercury 13534 L5 139 8.3 -38.9 9.61

with o being the Stefan-Boltzmann constant, and A, and €, being the surface area and emissivity of the radiator,
respectively. Because it is connected to a heat load at a constant temperature, 7;, a physical limit is imposed on the
amount of heat that can be emitted by the radiator. The heat transported by the loop can be determined by solving the
algebraic equation

s\ 1/4
. . npC,d*IB 0
=pC,VAT = T - . 13
Q=rC 128uH |1 \oAve (13)
The mass of the MHD loop is calculated as
npld®
Mioop = “Lg = + mpcult (1 +d) + my, (14)

where, from left to right, the mass of the liquid metal inside the tube, the tube, and the MHD pump have been considered.
The mass of the MHD pump, myup, is 11 g based on measurements of the prototype pump.

Finally, the power W consumed by the system is computed as the addition of ohmic losses that arise due to electrical
current flowing through the working fluid and the work devoted to moving the liquid and compensating for viscous drag.
The result is

42
:[QW _nd’B”_ ]12, (15)

+
Hi, " 128ulH?

with o being the electrical resistivity of the conducting liquid and /, being the width of the electrode in the fluid flow
direction. Losses due to current flow through the electrodes are ignored. At this point, a few important remarks should
be made regarding equations 13-15:

1) The width of the MHD pump electrode, [, does not influence the heat transferred by the system under the
assumption of an adiabatic wall and has only a minor effect on power consumption, but it determines mypp. In
other words, pumps with a short length in the flow direction are beneficial for this application.

2) Pump power consumption is well below 1 W in most scenarios of interest.

3) Heat transport is strongly influenced by the area of the radiator: the larger A,, the lower the radiator temperature
and the higher the heat transferred by the loop. However, the liquid metals listed in Table 1 melt at temperatures
between -38.9°C and 30°C. The operational point of the system must be selected to prevent the liquid from
freezing and guarantee system restart. Alternatively, a heater can be added to the system to melt the working
fluid.

C. Experimental Setup

A prototype pump is constructed from an additively manufactured plastic frame which is SLA printed using a
Formlabs Form 3B with Gray V4 resin as shown in Figure 2. Three 4.76 mm cubic nickel-plated N52 neodymium
magnets™ are inserted into either side of the frame with a separation distance of 3.5 mm. Copper electrodes with a 3.18
mm square cross-section’ are placed perpendicular to the magnets with 5.5 mm between them. These electrodes remain
in direct contact with the working fluid. The pump has a 2.5 mm by 4.0 mm rectangular wetted cross-section with the
shorter dimension being between the magnets. Hose barbs are designed into the pump to allow it to interface with 4.76
mm inner diameter (ID) flexible PVC tubing*. Gallium®, with a purity of 99.99 %, is used as the working fluid. The

*PN: B333-N52, procured from K&J Magnetics, Inc.
TPN: 89985K417, procured from McMaster-Carr
¥PN: 5233K53, procured from McMaster-Carr
$ASIN: BO7SLB57P6, procured from Amazon.com
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Sensor

(a) Static pressure output test setup. (b) Flow rate measurement test setup.

Figure 3 Experimental setups used to determine MHD pump performance characteristics.

pump undergoes two test series to characterize its performance, one measuring the static pressure gain and the other
measuring the flow rate achieved in a prototype cooling loop. A Keysight E36233A DC power supply is used in both
test series.

1. Pressure Tests

The pump is attached between two 2.54 cm inner diameter SLA printed cylindrical tanks partially filled with gallium;
one is placed on a scale, as shown in Figure 3(a). When current is applied to the electrodes, gallium is pumped from the
base of one tank to the other. This continues until equilibrium is reached between the pressure output of the pump and
the hydrostatic pressure difference between the two tanks. The change in mass of one of the two tanks is then recorded.
The applied current is then increased by one ampere, the tanks are again allowed to come to equilibrium, and the mass is
recorded again. This is repeated for a range of 1 to 15 amperes. The process is then repeated starting at 15 amperes and
decreasing in 1 ampere increments. This repetition is done to account for the effects of an advancing or receding contact
line between the gallium and the tank walls, which may affect the mass of gallium within the tank. The pressure applied
by the pump is then calculated by the hydrostatic pressure rise determined from the recorded masses as

p = 280G (16)

2
ﬂrtank

where g is the acceleration due to gravity, mg, is the mass increase of gallium in one tank, and ryyk is the interior radius
of the cylindrical tank.

2. Flow Rate Tests
Flow rate tests are conducted using a single MHD pump connected to a magnetic flow rate sensor with the same
geometry as the pump by two 15 cm sections of 4.76 mm inner diameter flexible PVC tubing, as shown in Figure 3(b).
The sensor operates based on Farraday’s law of induction and produces a voltage proportional to the volumetric flow
rate 33
§S=CV, a7

with C being a proportionality constant related to the magnetic flux density, working fluid, and geometry within the
sensor. The value of C is determined to be 1.8x10~* V/ml/s. The output voltage is amplified by a factor of 1001 and
measured by a LabJack T7 data acquisition system with an LJTick-InAmp amplifier. Magnets identical to those used in
the pump are used to generate a magnetic field within the sensor flow cross-section. This measurement device is chosen
to avoid material compatibility issues that arise when gallium is passed through many commercially available sensors.
The proportionality constant, C, of the sensor is first determined by flowing gallium through it at a measured flow rate
using a peristaltic pump. This is repeated at multiple flow rates. The linear coefficient relating voltage to flow rate is the
slope of a line fit to the calibration data with intercept at the origin.
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Table 2 Geometric and physical properties of MHD loop in simulation.

Parameter Value Description
[ 0.6 m Length of cooling loop
d 476 mm Internal diameter of tubing
B 0.65T Magnetic flux density in pump (approximated to be uniform)

~
Q

3.18 mm Length of MHD pump acceleration volume

A, 0.12 m? Surface area of radiator

€ 0.9 Emissivity of radiator

T; 333K Temperature of heat load

H 2.5mm  Length of pump flow cross-section between magnets
w 4.0mm  Width of pump flow cross-section between electrodes
1 1A Current passed through electrodes

t 0.635 mm  Thickness of copper tubing walls

An electrical current is applied to the pump, and the fluid flow rate is allowed to stabilize. The voltage output from
the flow sensor is then recorded. This process is repeated at multiple input currents ranging from 1 to 15 A.

II1. Results and Discussion

A. Comparison of Working Fluids

Figure 4 shows the analytical prediction of the heat transferred by an MHD cooling loop containing each of the
liquids listed in Table 1 as well as a copper heat strap as a function of the overall mass of the device. These predictions
are based on the assumptions and equations developed in Section II.B for a setup shown in Figure 1. The physical
properties of the cooling loop and radiator are listed in Table 2. These values are selected to reflect heat transport across
the full length of a 6U CubeSat with a single 20 cm X 30 cm deployable radiator.

r78
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r 54
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o ©
IS) <)
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(a) MHD pump heat transfer rate (b) MHD pump power requirement

Figure 4 Heat transferred and power required by the cooling loop as a function of its mass m for different
candidate liquids operating at 1 Amp.

NaK-77 is capable of transferring more heat per unit mass than any other liquid metal in the MHD loop thanks
to its higher specific heat and lower density. However, it is also the most dangerous due to its high reactivity with
water, and it requires more power owing to its low density3*. Mercury offers the widest operating temperature range
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at the expense of performance, while Galinstan and Gallium lie in between. Gallium has the narrowest operating
temperature range and is better suited for very high-power applications; however, it is the safest to handle and relatively
inexpensive®>. All of the candidate MHD loops outperform heat straps in this operating range. A direct comparison
with heat pipes is complicated by the highly design and temperature-dependent performance of such systems and is
therefore excluded !”-1%-36. Tt should be noted, however, that heat pipes are capable of significant heat transfer rates, with
aluminum-cased ammonia systems being a primary example. These devices are not generally limited by their heat
transfer rate, but by the shortcomings which will be discussed in Section IIL.D.

While a thin-walled copper tube is used to route the gallium in this trade study, other materials, including flexible
plastics such as PEEK, can be used?"37. Flexible materials may prove beneficial when installing the system into a
spacecraft. Copper is attractive primarily due to its material compatibility and thermal conductivity 8.

B. Geometry Optimization

As the pump geometry affects not only the flow resistance of the pump but also the magnetic flux density within it, a
trade space exists. Narrower flow passages contribute to both larger magnetic flux densities and pump output pressures
while also increasing viscous losses in the flow. To elucidate theses effects, contours of the pump flow coefficient and
static output pressure are developed in Figure 5 based on the equations derived in Section IL.A.
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Figure 5 MHD pump geometry optimization curves.

It is evident from Figure 5 that the ideal pump with regard to flow rate would have a large width (distance between the
pump electrodes). This increases the flow coefficient and has only a minor negative impact on power consumption based
on Equation 15. It would require that larger magnets be used to maintain a magnetic field across the entire cross-section,
which would result in a significant increase in mass and should be considered. The ideal pump height cannot be readily
determined. The greatest output pressure is attained by a pump with a small height, but this simultaneously decreases
the flow coefficient. The optimal height depends on the overall flow resistance of the system as well as the electrical
current applied to the electrodes.

C. Hardware Tests

The pressure output by the system in a steady non-flowing configuration is evaluated and plotted in Figure 6. The
pressure output varies linearly with the applied current, as predicted by the analytical model of the system. The model
overpredicts the measured output, likely due to the assumptions adopted in its development, particularly the assumptions
of uniform current density and magnetic flux density. Pressure varies as the square root of the applied power as analytical
models have predicted. The power required in this test is largely due to the resistance of the electrical leads connecting
the pump to the DC power supply. The pump has a resistance of 1.5 + 0.5 mOhms between its electrodes, meaning it
would draw only 22.5 mW at 15 A if power were efficiently transmitted to it. This highlights a key design consideration
for this system. The flow path of current between the power processing unit and the pump itself should be minimized to
reduce ohmic losses.
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Figure 6 Static pressure rise from MHD pump.

67 4 Test data
——  Analytical prediction w/ measured pressures

5 -
A
Z 4 A
g
A
2 3
&
S A
2 24
=9
A
1 -
0 T T T T T T
0 2.5 5 7.5 10 12.5 15
Current (A)

Figure 7 Measured flow rate in a 30 cm loop.

The calculated flow coefficient and flow model developed in Section II.A are validated by plotting estimated flow
rates at varied electrical currents against measured data in Figure 7. The pressure inputs to this model are chosen
to match experimental data. This figure shows the measured fluid flow rates through a 30 cm loop of 4.76 mm ID
tubing with a single MHD pump and a flow rate sensor with internal geometry identical to the pump. The estimates
slightly overpredict the flow rate. This could be due to a number of factors including simplifying assumptions made in
developing the flow coefficient estimate, mild deformations of the flexible PVC tubing, gallium oxide layers forming and
artificially decreasing the diameter of flow passages, and viscosity variations with temperature. Additionally, it is of
note that the sensor itself accounts for roughly 30% of the viscous losses in the loop according to analytical estimations,
so a considerably higher flow rate would be expected in a loop containing only a pump and tubing.

The simple model developed in Section II.B shows poorer agreement with the test data. The measured flow rates are
approximately one order of magnitude smaller than those predicted by the simple model. This is largely because it does
not account for head pressure losses due to flow through the flow rate sensor or the pump itself. The internal geometry
of these components represents the narrowest flow passage in the cooling loop. Furthermore, the disruptions to the flow
at the interface between the pump and the tubing contribute to additional losses.

There are a number of possible improvements to the MHD cooling loop. The performance of the pump is directly
related to the magnetic flux density and electrical current density that exist within it. The electrical current density can
be easily increased, with the spacecraft power system being the primary limiting factor in the design. Currents upward
of 1 A are not always available, especially on CubeSats. As such, the implementation of a DC-DC converter capable of
accepting a low-current input and developing a high-current low-voltage output would increase the capabilities of the
MHD-pumped cooling loop onboard a small spacecraft. The performance of the pump could further be improved by
augmentations to the permanent magnets. The addition of an iron yoke joining the two sets of magnets could minorly
increase the average magnetic flux density within the pump>°. The use of larger magnets could have a similar effect.
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Table 3 Comparison of heat transfer technologies in a 6U CubeSat with an 80 W heat load being transported 30
cm to a 20 cm X 30 cm deployable radiator.

: Acti # Hot E f Redesi
Technology Q ctve ° Reliability ase.o ecesign Cost Heritage
m Control Spots Routing Cost
Thermal straps High Med. Low Low High
Heat pipes High High Med. High
Loop heat pipes High Med. Med.

Mechanicall d
echanically pumpe Med. Med.

fluid loops
MHD cooling loop High Yes High

Further performance gains can be realized by placing multiple pumps in the same cooling loop. By placing two pumps
in series both electrically and in the fluid system, the pressure gain is doubled. This comes at the expense of doubling
the ohmic losses of the system, though this is not a substantial amount of power ( 15 mW for a 10 A current input).
An additional benefit of using two pumps is that their magnetic poles can be pointed in opposite directions, thereby
reducing the total torque induced on the spacecraft by the presence of permanent magnets in the Earth’s magnetic field.
It is also possible to use one of the two pumps as a flow rate sensor, which could be beneficial for active control and
system health monitoring.

D. Technology Comparison

MHD pumped cooling loops address the same thermal challenges as thermal straps, heat pipes, and MPFLs. Each of
these technologies is suited to particular applications. The individual advantages and disadvantages of each are presented
in Table 3, with reference to an 80 W heat load that must be transmitted 30 cm to a 20 cm X 30 cm deployable radiator.
Thermal straps are a high-reliability solution when small heat fluxes must be transported over short distances, but they
perform poorly in the current use case, as indicated in Figure 4(a). Heat pipes and loop heat pipes offer substantially
higher heat transfer rates per unit mass'”. The primary disadvantage of these technologies is that high-performance
versions rated for the space environment are expensive, and these technologies can be challenging to route compared to
other options2!. MPFLs achieve high heat transfer rates per unit mass over both short and long distances - 0.26 W/g for
miniature MPFLs and 0.07 W/g for large-scale systems >0, These systems are also relatively easy to route, can handle
heat loads from multiple locations, and are relatively modular and simple to redesign if minor changes in length are
needed?’. However, the pumps have a relatively high probability of failure compared to heat pipes or thermal straps,
and the cost of the system is likely to be substantial compared to less complex options?!. MHD cooling loops share
all of the benefits of a mechanically pumped system, except for flight heritage. Additionally, MHD systems are more
reliable due to their lack of moving parts, and they are lighter weight when designed for the heat loads and length scales
seen in CubeSats. For these reasons, an MHD pumped liquid metal cooling loop is an attractive option for high-power
CubeSats.

IV. Conclusion

Magnetohydrodynamically-pumped cooling loops fill a gap in the SmallSat heat transfer market. Their low mass
and volume, coupled with high heat transfer rate, make them well-suited for high-power CubeSats and small satellites.
Test data shows that a prototype pump using gallium as a working fluid is capable of a flow rate of 4.6 ml/s using 15 A
in a 30 cm cooling loop, which corresponds to a heat transfer rate of up to 10.4 W/K. Additionally, the lack of moving
parts increases the reliability of the system. This technology also offers the potential for precise thermal control due to
the variable flow rate of the pump. As high-power systems become commonplace in small satellites and CubeSats,
technologies like this will become necessary to meet their thermal requirements.
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