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Approach for Combining Spacecraft Attitude
and Thermal Control Systems

Renuganth Varatharajoo,* Ralph Kahle,” and Stefanos Fasoulas*
Dresden University of Technology, 01062 Dresden, Germany

Coupling of existing spacecraft subsystems could be an alternative to reduce the emerging cost, decrease the
system volume/mass and complexity, increase the reliability, and enhance the overall performance of future space-
craft. Therefore, a new concept to combine the attitude and thermal control systems is presented. The concept is
based on electric conducting fluids used in a closed loop for the attitude and thermal control systems. The poten-
tial coupling is discussed for two alternative setups incorporating electromagnetic pumping and thermoelectric
phenomena, respectively. The corresponding equations are derived and the end-to-end system demonstration is
performed. The results demonstrate that the new concept could replace the existing subsystems using current
available technology, especially the thermoelectric option, when used as a combined attitude actuator and thermal

radiator.
Nomenclature
A = cross section, m?
B = magnetic flux density, T
b = duct width, mm
cp = specific heat of gallium at 303 K, equal to
3727 -kg 'K™!
D = hydraulic diameter, 25/ (h 4+ b), m
f = friction coefficient
Ha = Hartmann number, v/(0../pv)Bh
h = duct height, mm
1 = current, A
Jr, st = fluid and satellite moments of inertia, kg - m?
J = current density, A/m?
K; = integral attitude control gain, N - m/s
Kp = proportional attitude control gain, N - m/rad
L = angular momentum, N - ms
[ = length,m
m = mass, kg
n = number of magnetohydrodynamicspumps
Dintet> Poutet = inlet and outlet duct pressures, N/m?
q = heat flow, W
R = duct radius, m
Re = Reynolds number, VD /v
Tp = external disturbancetorques, N - m
Ts = exerted torque on the satellite body, N - m
t = time, S or min
Vv = fluid velocity, m/s
v = proportional attitude torque command,
Tcmda N-m
APDioss = pressure drop due to the duct friction, N/m?
e = onboard errors
Oret, Osat = reference and true satellite attitudes, rad or deg
K = thermal diffusivity,A/pc,, m?/s
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A = thermal conductivity of gallium at 303 K,
equal t0 40.6 W - m~'K~!

v = kinematic viscosity of gallium at 303 K,
equal to 3.49 x 1077 m?s~!

0 = density of gallium at 303 K, equal to
5907 kg - m~?

Oec = electrical conductivity of gallium at 303 K,
equal to 3.7 x 10° Q" 'm~!

T = time constant, s

Qy = fluid angular velocity, rad/s

Q, = orbital frequency, rad/s

Introduction

PACECRAFT usually experiencetemperature gradientsin their

structures because of sun illumination conditions and because
of the heat generated by differentelectrical energy consuming sub-
systems. To keep the maximum temperature on spacecraft below
a certain level, and to avoid thermal stresses, the excess generated
heat is usually dissipated by radiation. Radiators, for example, heat
pipes, with relatively high surface areas are normally used to handle
this task.

In this paper, the basicideais to couple the thermal control system
with the attitude control system by utilizing an electrical conductive
fluid that circulates in a closed loop to simultaneously serve as heat
conductor and momentum generator. The fluid circulation could be
influenced by a variation of external and internal effects, for exam-
ple, electric and magnetic fields and temperature gradients. Thus,
the conventional heat pipes could be replaced by a duct system in
which the fluid with areasonableheat transfer coefficient circulates.
The fluid should also have good electrical conductivity to minimize
the drivingpower requirementfor an unidirectionalmotionusing the
electric fields. As a result, an angular momentum can be generated
along the fluid circulation axis. The generated angular momentum
could then contribute to the spacecraft attitude control. Addition-
ally, this fluid motion would not depend on the natural convection
phenomena, and the heat transportor heat dissipation process could
be enhanced. The fluid chosen here as an example for the discussion
is liquid-metal gallium. Gallium’s melting point is at 303 K, and
if desired, this value can be dropped by adding indium (24%) and
tin (16%) compounds. Nevertheless,otherelectric conducting fluids
with lower melting temperaturescould also be considered. However,
these temperatures should be in the order of the operating temper-
ature of spacecraft. Such a combined attitude and thermal control
system is described in Refs. 1-3. However, the existing literature
does not emphasize on the mathematical models for a comprehen-
sive end-to-end system demonstration. Therefore, the present study
deals with an initial development of useful models that allow a
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systematic investigation and demonstration of the system. The
system is proposed for medium-class satellites, for example,
100-500 kg, in this study.

Two concepts are introduced based on magnetohydrodynamics
(MHD) for the investigation that follows. The first conceptassumes
a simple electromagnetic pumping of the fluid, and the second con-
cept benefits from the thermoelectric effect. For the electromag-
netic pump driven combined attitude and thermal control system
(CATCS), permanent magnets and electrodes are used to drive the
gallium flow. The flow can be influenced by varying the current
throughthe electrodes. The second conceptmakes use of an existing
temperaturegradientin satellitesto createa flow throughcouplingof
thermoelectricand magnetic fields (thermoelectric-drivenCATCS).
In this system, the electrical currentis generated by the temperature
gradient between metal pairs, for example, cobalt and liquid-metal
gallium. Hence, when a magnetic field is introduced near the gen-
erated electric field, a fluid flow is induced. Therefore, the onboard
electrical power is not fully needed for this option to drive the fluid,
which makes the system much more attractive. Simultaneously, this
option could wield the heat transport from particular heat spots on
satellites, for example, equipment, sun-exposed walls, etc. The ba-
sic system configurations, their mathematical formulations, and the
most important results are presented.

Electromagnetic-Pump-Driven CATCS

The configuration for the electromagnetic-pump-driven CATCS
is shown in Fig. 1a. The liquid-metal gallium flows in a duct with
rectangularcross section (Fig. 1b). The fluid contacts the satellite’s
walls, so that the excess heat is transported, and consequently, a
cooling process occurs. Because of the flow velocity, an angular
momentum is generated, which can be used for attitude control pur-
poses. This system consists of permanent magnets and electrodes.
The flow velocity of gallium can be influenced by varying the cur-
rent and/or magnetic flux density. However, for increasing the flow
velocity, it seems more convenientto introducea higher current than
a higher magnetic flux (cumbersome for the magnet compartment).

The principal parameter for the evaluation is the generated flow
velocity, from which other characteristic system data can be de-
rived, forexample, angularmomentum and heat transportcapability.

Electrodes
+ +

- = > Yaw

+ +

N ] fluid B

Permanent
» Magnets
Roll
v
Pitch

a)

Isolator

Electrodes

Liquid-Metal
Gallium

b)
Fig. 1 Electromagnetic-pumps driven CATCS.

For the fluid velocity estimation, it is assumed that the vectors of
the magnetic flux density and current applied over the duct height
are perpendicular and have only one nonzero component. Thus, a
Lorentz force F; will be induced normal to the cross section of the
fluid flow direction (resulting motion):

F, =hIB (1)

When it is assumed that this force is constant over the cross section
A =hb (Fig. 1b), the equivalent pumping pressure is

APpump = FL/A=1B/b )

Then, the fluid velocity can be estimated by using Bernoulli’s
equation:

Pinlet = Poutlet + Aploss - nAppump (3)

For a closed system, inlet and outlet pressures are equal. Thus,
Eq. (3) reduces to

Aploss = nAppump (4)
The pressure drop due to the duct friction* can be estimated from
Aploss = f(l/D)(p/z)Vz (5)

The critical Reynolds number (see Ref. 5) for a laminar flow in pipe
loops s

Rewy = 16.5\/R/D,

Ifitis assumedthat R=0.5m and D ~ 0.01 m in Fig. 1, the critical
Reynolds number would be Re ; =~ 120. If a low velocity of about
0.01 m/s is assumed for this reference configuration, the Reynolds
number will be about 286. Therefore, the friction coefficient for
the turbulent case has to be considered. For hydraulically smooth
walls with rectangular cross section and Re < 10*, this coefficient®
is approximately

R/D > 0.001 (6)

f ~ 0.32/Re*> )

Inserting these equations in Eq. (4) yields, for the flow velocity,

nIBDl.ZS %
V= (0.32bv”-25an> ®
Itis obvious from Eq. (8) that the maximum velocity is restricted by
the available magnetic flux density, current, and mass of the system
[R, D(b, h), pl.

The estimated mass of the housing, permanentmagnets and power
supply are approximately 25% of the overall system mass. In fact,
the system’s mass is mainly composed of the fluid mass. There-
fore these parameters are used to estimate the fluid inertia and
the generated angular momentum along the fluid circulation axis.
Figures 2 and 3 show the fluid velocity and angular momentum
calculated as a function of applied current. In Fig. 2 the magnetic
flux density is fixed to B =0.3 T and four pumps are used for the
calculation; only the duct cross section (height and width) and ra-
dius are varied. Three design options are analyzed:a) R =0.15 m,
h=30 mm, b=10 mm, m=1.67 kg, J,~0.04 kg- m?, and
Rewi=52;b) R=0.3 m, h=30 mm, b=5 mm, m=1.67 kg,
Jy~0.15 kg-m?, and Re.; =95; and ¢) R=0.5 m, h =20 mm,
b=5 mm, m=1.86 kg, J, ~0.46 kg-m?, and Rey; =130. The
highest angular momentum obtained is about 0.08 N - ms. Because
of the deficiency in generated momentums, the magnetic flux den-
sity is increased to achieve higher fluid velocities and eventually
higher momentums. The results shown in Fig. 3 show the influ-
ence of magnetic flux density for fixed system dimensions: n =4,
R=0.5m, h=20mm, b=>5mm, m=1.86kg, J; ~0.46 kg m?,
and Re ; = 130. The maximum angularmomentum obtained for this
configurationis about(0.11 N - ms.



VARATHARAJOO, KAHLE, AND FASOULAS 659

— Fluid Velocity

0.20 5 oo Angular Momentum a 7020
__ 016 1016 &
2 =
E -
> £
> 0121 To012 2
8 £
© o
> =
2 0.08 A 1008 &
T 3
c
<

0.04 - + 0.04

0.00 ‘ . . . . . 0.00

04 06 08 1 12 14 16 1.8 2 2.2
Current ] [A]

Fig. 2 Fluid velocity and angular momentum as a function of current.
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Fig. 3 Fluid velocity and angular momentum as a function of current;
B is varied.

Another important parameter to be estimated is the system power
consumption. The voltage drop U, in electromagnetic pumps is
caused by the electrical resistance of liquid metal R, together with
the current, for example, 1-2 A, and the hydrodynamic electrical
transfer Cy,. and can be calculated’ according to

U, = CoeAV + R, = BhV + (h/bl,oe)1 )

where [, is the length of electrodes (~0.01 m) and Cy,. = B/b. For
this configuration, the total power consumption is not higher than
0.1 W, which is much lower compared to that of typical momentum
wheels ? forexample, 4-15 W, for medium-classsatellites. The low-
power consumption for the complete system is remarkable, but its
achievable angular momentums are lower (0.1 N - ms) compared
to the momentum wheels.

Itis evident that highermomentums could be achievedby increas-
ing the current, increasing magnetic flux density, or placing the fluid
farther from the circulation axis. However, the constraints are the
available bus current, mass, and dimension of the satellite. There-
fore, a thermoelectric-drivenCATCS, which is expected to generate
higher angular momentums, is investigated in the next section.

Thermoelectric-Pump-Driven CATCS

Because the electromagnetic pump system is restricted by the
available onboard current, a thermoelectric-pump-driven system,
which uses the Seebeck phenomena (see Ref. 9) to achieve a higher
currentflow, is discussedin the following. A possible system design
is shown in Fig. 4a. Here a temperature gradient exists along the
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Fig. 4 Thermoelectric-driven CATCS.

thermoelectricgenerator, for example, cobalt, housing, for example,
stainless steel, and fluid, for example, gallium. The difference in
thermoelectric power of these conductors will resultinto an electric
current. When magnetic fields are applied to these current flows, the
resulting Lorentz forces would induce a fluid motion.

There are different possibilities for implementing such a system
on satellites. Figure 4b shows a system that is used to dissipate the
excessheatfrom hot spots to the satellite walls. Such a system could
be mounted on any satellite axis. On the other hand, an existing heat
source on a satellite side wall due to sun lighting could be redirected
to the kernel of the system by employing heat sinks, which would
cool down the exposed wall as well. Another possible system is
shown in Fig. 4c. The heat from the sun side, for example, for
sun observationsatellites, is dissipated to the satellite’s neighboring
walls. In both options, the fluid motion is influenced by adjusting
the magnetic flux density acting on the system.

For the thermoelectric-pump-diven CATCS, the performance
equationsare similarto the equationsderived for the electromagnetic
pump system. Additionally,only the generated current (thermoelec-
tricity) needs to be estimated in this section. The generated current
dependson the thermoelectricpower A S, temperature gradient AT,
and electrical conductivity o, of the system. Applying Ohm’s law,
the local current generated in the MHD compartment would be

Ilocal = Ucc(Ae/b)ASAT (10)

where the cross section A, is the mean circumference of duct /,
times ductheight/. The MHD compartments accountonly forabout
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Fig. 5 Fluid velocity and angular momentum as a function of magnetic
flux density.

5% of the entire system circumference; thus, each compartment
is Iy ~0.05 m for the reference configuration. On the other hand,
the thermoelectric power AS is the sum of absolute thermoelectric
powers: Stainless steel and gallium have no thermoelectric power,
and cobalt has —35 uV/K of thermoelectric power. Subsequently,
Eq. (10) can be solved, and Eq. (8) can be evaluated for the fluid
velocities.

Figure 5 presents the fluid velocities and the corresponding an-
gular momentums calculated for this option: n =4, R=0.5 m,
h=5 mm, b=20 mm, m=1.86 kg, J;~0.46 kg-m? and
Re.; = 130. For a temperature gradient of 50 K, a current of about
80 A would be generated, resulting into an angular momentum of
0.95N - ms. The generated angular momentum s reasonably higher
than that of the electromagnetic-pump-driven CATCS. However,
this system is unsuitableto be classified as a fluid momentum wheel
because higher angular momentums are usually expected from such
devices. Instead, this system is comparable to the reaction wheels
found in some satellites, for example, Nimbus and Landsat 1 and
2,!% or some commercially available reaction wheels.® Therefore,
for comparison reasons, it is important to determine precisely the
response time of CATCS when used as an actuator or a fluid re-
action wheel on a spacecraft. To determine the response time, the
characterizationof the unsteady fluid regime is necessary.

Characterization of Unsteady Fluid Regime

The unsteady fluid regime for CATCS consists of the MHD and
classical bounded fluid flows (Figs. 4b and 4c). The MHD compart-
ment (system driver) will be investigated for its response time first,
then the classical fluid compartment will be analyzed for the same
purpose.

MHD Flow Compartment

The MHD compartment in CATCS is shown in Fig. 6, which
couplesthe currentdensity, magnetic flux density, and fluid velocity
vector fields. These vectors are assumed to have only one nonzero
componentas shown in Fig. 6. Thus, the governing MHD equations
with respect to the time are

V(R,Y, 1) = Vy(R,1){1 — exp[—Ha(Y/h)]} (11
J(R,Y,1) = jHa(R. 1) exp[=Ha(Y /)] + j(R, 1)  (12)

For Hartmann numbers Ha >> 1 (as herein), the Hartmann flow and
MHD Couette flow solutions show that the velocity and current
variations are localized in a very thin layer close to the wall, whose
thicknessis of the orderof 2 /Ha (see Refs. 7 and 11). In this case, the
time response of MHD system is dominated by the evolution of the
core velocity V,. In seeking an analytical solution for the transient
response, the Navier-Stokes equation (see Ref. 7) for MHD must

I

Hartmann Layers

Fig. 6 Two-dimensional MHD fluid compartment.

be employed. When the convection, pressure, viscosity, and gravity
terms are neglected, the Navier-Stokes equationreduces for the core
flow to

o P =1 (13)

The characteristic of the Hartmann layer for parallel flows is
JHa(R, 1) = 0. BVy(R, 1) (14)

And, the currentdensity in the core region as a function of Hartmann
number and total electric current is
1 0 BVy(R, 1)

J'(R,t)=19—h—T (15)

With these equations,and when 9V, /9t is denoted in Laplace form
sVy(s), the core velocityVy (s) between the two Hartmann layers
yields

Vo (s) = (1 /21y\/oepv){1/[1 + (h*/vHa)s}  (16)

The core velocity has an exponential function with a response time
Tuna Of h2/vHa. In this investigated example, the estimated time
constantis t,pg = 0.68 s. Because the Hartmann number is reason-
ably Ha > 20 (here Ha ~ 106), this time constant would be valid for
acceleratingand deceleratingthe system. Such fluid motions can be
achieved by varying the magnetic flux density in this investigation.

Classical Flow Compartment

The classical flow dominates about 95% of the fluid flow in
CATCS. The pressure of MHD pump accelerating the fluid flow
can be expressed as

Ay a7

Appump = 9t

The final pumping pressure pg,q must balance the friction pres-
sure drop to achieve the intended fluid velocity Vj,, as in Eq. (4).
Therefore, the transient pumping pressure at any instant is

Appump = Pfinal — f(l/D)(p/Z)Vli (18)
or
av V2
—pl = poga( 1 — 2= 19
Bt'o P 1( Vﬁz“al> (19)

where Vi, is the mean instantaneous fluid velocity. Hence, the re-
sponse time 7 for this classical flow would be

1v}? 1
Tes = L fina] / > > A% (20)
Pfinal Vi Sz

final ins
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Apply the boundary conditions Vi, =0 at =0, and note that the
exponential velocity profile attains 99% of Vg, in a finite time.
Equation (20) yields for the response time

Tels = 2-646(plvﬁnal/pﬁnal) (21)

The corresponding time constant for classical flow in the reference
configuration is determined as 7y, =1.2 s. As a result, the total
response time for CATCS would be 7; = t,yng + Tos = 1.88 5. With
determinationof this responsetime, the attitude control architecture
for CATCS (as a fluid reaction wheel) can be investigated.

CATCS Attitude Control Architecture

If the CATCS is intended to be used as an onboard attitude actu-
ator, the selection of drivers is very crucial for the attitude control
performance. The drivers should be able to provide the required
control torque by adjusting the magnetic flux density acting on the
MHD compartments. For the thermoelectric-driven CATCS, nei-
ther electromagnets nor combined permanent-electromagrets are
suitable as the drivers because of their high-power consumption,
for example, 20 and 12 W (four units all together), respectively, for
about 1 T of magnetic flux density.!?> Hence, the use of permanent
magnets together with linear motors seems favorable. The linear
motors are lightweight and have low-power consumption, for ex-
ample, each is about28 g and consumes 1.6 W, respectively, for the
reference case.!® Thus, the fluid velocity can be controlled by vary-
ing the distance between permanent magnets and fluid housing. As
aresult, the availableduct friction becomes important for fluid brak-
ing to have bidirectional control torques £7 on the satellite body.
Therefore, the minimum available friction torque at a very low fluid
velocity is crucial. For the investigated configuration, the friction
torque is approximately 4.5 x 10~* N -m, corresponding to a low
fluid velocity of about 0.01 m/s. This value is much higher than the
typical external disturbance torques (e.g. aerodynamics, earth mag-
netic field, gravity gradient, and solar pressure),'® which are usually
in the order of 10~> N - m for medium-class low-Earth-orbit (LEO)
satellites.'*

The attitude controlarchitecturecan now be implemented with the
selected driver. The CATCS attitude control architecture is shown
in Fig. 7 (thermoelectric option with four MHD pumps, Fig. 4b).
Figure 7 presents a proportional-integral (PI)-based attitude control
design with an attitude/angle feedback 6;,,. Note that the PI attitude
controlleris chosen as an example for CATCS. In fact, the PI con-
troller shows a good agreement with the attitude stability aspects.
On the other hand, although a proportional-integral-derivativecon-
trollerrequiresthree attitude control gains, it could be also envisaged
for CATCS. Generally, an attitude control system can also have a
double feedback, that is, the angle 6, for example, from star sen-
sor, and the angle rate wg,, for example, from gyroscope. Therefore,
when prefiltering'® F(s) is introducedin Fig. 7, the numerator term
of the system transfer function H (s) is eliminated, and therefore,
the transfer function will be identical to that of the architecture
with angle and angle rate feedbacks. Note that, as shown in Fig. 7,
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the displacement d, induced magnetic flux density B, and resulting
torque 7', are the physical constants describing the drivers. Their
dependencies are given by the linear motor constant k;, induced
flux density constant k3, and resulting torque constant k7, respec-
tively. In addition, the system gains are K¢ = 1/n, and the drivers’
constants are equal for an ideal system, that is,

kLl = kLZ = kL3 = kL4 = kL
kBl = kBZ = kB3 = kB4 = kB
le = kTZ = kT3 = kT4 = kT

Furthermore, the product of these constants is defined as
k; x ky x kr =kg. The ¢ in Fig. 7 represents the torque accuracy
of CATCS: ¢ =1+ ¢, where ¢r is the internal torque gain errors.
For an ideal system, &7 would be equal to zero so that ¢ = 1. Sub-
sequently, the transfer function for satellite’s dynamics is

Osat /Ores = F () H (5) (22)
where
F(s)=1/[14+ (Kp/K;)s] (23)
and yields
9531 Jsal 3 Jsal 2 KP
=1 —_— f —— —_— 1 24
Oret /(KikcY * TfKikGY * K; ot @9

The influence of external disturbance torques on the satellite’s atti-
tude is given by

1+ 1ys
TfJSmS’2 + Jsmsz + TprkGS + Tle‘kG

0,

= = (25)
Tp

With these equations,the CATCS attitude architectureis established

and is amenable to the numerical treatment in the next section.

CATCS: Attitude Actuator Performance

First, a reference mission is chosen to facilitate the numerical
evaluation. The mission requirements are given in Table 1. Then,
K; is estimated according to Eq. (25) for a steady-state attitude
response.Subsequently, K p is selectedas well by evaluatingEq. (24)
for a closed-loop attitude stability of CATCS.

Eventually, numerical simulations (MATLAB®-Simulink™ )¢
are carried out to test the developed attitude control architec-
ture (Fig. 7). The selected gains for the simulations are Kp =
0.8 N-m/rad and K; =0.011 N -m/s, and k¢ is regarded as unity
so that the desired and exerted torque commands are directly pro-
portional. The satellite’s pitch axis moment of inertia is estimated
tobe Ju =169 kg - m?. The system response time 7 is setto 2 s,
and the motors’ delay, for example, 50 ms, is also considered in
the simulation. The satellite reference attitude is set to 6, = 0 deg.

H(s)
! B T
Kk
] |
kr2 R
+ Tsé B
I l/Jsal.Sz H
kis 1 kes || kr3 :
PI- Controller Ly e/(1+1) v Satellite o
(| ] S
Drivers Compartment - Fluid Compartment

Fig. 7 CATCS attitude control architecture.
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Table 1 Reference mission requirements

Requirement Value

Mission duration 5 years

Circular orbit 500 km with inclination
of 53 deg

Orbital period 95 min

Satellite mass 100 kg for a volume

Attitude accuracy (Bsy¢ — Oret)
External disturbance torque 7p . pitch

of Ix1x1m?
Pitch Y <0.2 deg
334%x 107 N-m+2.81x 1073

(sin Q,¢) N-m
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Fig. 8 Ideal CATCS performance.

For the simulation, the total disturbance torque in Table 1 that is
due to aerodynamics, Earth magnetic field, gravity gradient, and so-
lar pressure is considered, which is estimated for the 100-kg cubic
satellite with body-mounted solar panels.

The first test case was for anideal CATCS, where the internal gain
errors ¢ are neglected. The results are shown in Figs. 8a and 8b.
In Fig. 8a the satellite’s attitude is within the pointing budget
(65 < 0.2 deg). On the other hand, the fluid velocity in Fig. 8b
constantly increases but remains in the nominal operating range for
about five orbits. Eventually, the standard available actuators, for
example, gas jets or magnetic coils,'° can be employed to reset the
CATCS fluid velocity. However, the magnetic coils represent the
only practical method to reset the fluid velocity without expelling
propellant onboard, especially for LEO medium-class satellites.
Likewise, the slew maneuver commanding procedure of reaction
wheels!” can also be adapted for CATCS if large-angle maneuvers
are required without using additional actuators.

In this analysis, a nonideal case was also tested for the CATCS
performance. Basically, the attitude control system in Fig. 7 will be
constantly altering the magnetic flux density to keep the satellite’s
attitude within its pointing budget. Therefore, note that the per-
formance of CATCS depends highly on the drivers’ performances.
Thus, the drivers’ nonlinearities are regarded as the internal source
of gain errors. These errors or disturbances would result in onboard
torque errors, and their impact must be analyzed.
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Fig. 9 Nonideal CATCS performance.

The most obvious torque gain error is from the motor constants’
differences, about 4% allowance'® is given. The second internal
source of disturbanceis from the magnetic flux density. Because the
flux is a vector field, and the condition surrounding the field would
not be perfectly constant, there is always a gradient in the field due
to the temperature gradient. For example, the temperature depen-
dency of the magnetic flux density for Nd,Fe ;4B magnets is about
0.15%/°C (Ref. 17). On the otherhand, the temperatureenvironment
or margin for the onboard compartment (inner vacuum) is assumed
to about 10°C (Ref. 18). Thus, the worse condition could lead to
1.5% of differencebetween desired and achieved magnetic flux den-
sities. Eventually, this would induce 1.5% differencein the resulting
control torque. Another source of disturbanceis the temperature in-
stability in the MHD compartments. About 2 K is given' with
respect to the system’s temperature gradient of 50 K. This would
account for 4% of difference in the generated thermoelectricity and
is proportional to the system’s torque gain error. Hence, macro-
scopically, the total system torque gain errors 7 would account for
about 9%. For this nonideal test case, all of the system gains were
retained as in the preceding simulation. Despite the gain errors, the
results pertaining to nonideal analysis show that the satellite atti-
tude accuracy and fluid velocity are still within their nominal limits;
see Figs. 9a and 9b, respectively. However, if desired, the attitude
accuracy can be improved by increasing the K; value accordingly.

Actually, the CATCS presentedin this study can be employed for
satellites up to 500 kg by using only the permanent magnets with
higher magnetic flux densities, for example,up to 2 T, so that higher
angular momentums, for example, up to 4 N - ms, can be achieved
for the attitude control. Consequently, the CATCS heat transport
capability will be also enhanced because of a higher mass trans-
port rate in the system. On the other hand, the CATCS dimension
together with the magnetic flux density must be increased accord-
ingly for heavier satellites, for example, 1000 kg, to achieve even
higher angularmomentums, forexample, 10-15 N - ms, to cope with
their external disturbance torques, which are typically in the order
of 107> N-m (Ref. 14). The results obtained and discussed up to
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now focused only on the attitude control aspects. Finally, the poten-
tial benefits when compared to the existing active thermal control
systems should be also taken into account. Thus, the heat transfer
capability together with the mass budgetof CATCS will be analyzed
in the following section.

CATCS and Conventional System Comparison

The heat transfer between the duct and circulating gallium can
be estimated using the heat transfer coefficient «v. This coefficient
is obtained from the Nusselt number Nu:

Nu=aD/r (26)
The Nusselt number itself is a function of the Peclet number Pe:
Pe=VD/k ©2))]

As an example, the Peclet number for the thermoelectric-pump-
driven CATCS ranges between 21.6 and 216.5, corresponding to
medium velocities0.05 <V < 0.5 m/s. Thus, for 30 < Pe <300, the
following relation?® can be used:

Nu =4.36+0.016Pe (28)

These equations are solved for the heat transfer coefficient. Even-
tually, the coefficient range is 24,000 < « < 40,000 W/m? - K. With
the estimated heat transfer coefficient and a temperature gradient of
approximately 1 K (hot and cold satellite walls), the system could
transportabout 400 W of heat from an area of 0.01 m*. Also if a tem-
perature gradient of 5 K is considered together with the estimated
mass flow (0.3 kg/s), about 560 W of heat can be transportedthrough
the duct. Thus, the CATCS heat transport capability is judiciously
good.

Because the CATCS is intended to substitute the conventional
subsystems, the comparison is also macroscopically done consid-
ering their mass and volume budgets at the equipment level. The
comparison is made with the heat pipe and reaction wheel corre-
sponding to the total heat transport and angular momentum capa-
bilities of CATCS, respectively. For the thermoelectric option, the
total mass of gallium would be 1.9 kg. If the housing and drivers
(four units all together) are also considered, then the total system
mass could reach up to 2.5 kg.

Heat pipes have a good heat transport ability as well; however,
in some cases (larger diameters), the mass of heat pipes appears to
be critical to the overall mass budget of spacecraft. The mass of
a single heat pipe can reach up to 1 kg or more depending on the
type for about 500 W of heat transport?! On the other hand, typical
reaction wheels (0.4-1.6 N - ms) for 100-200-kg satellites have a
mass budget ranging from 1.7 to 2.4 kg (Ref. 8). If a 0.4-N- ms
reaction wheel is selected for the comparison, its mass budget is
about 1.7 kg. Therefore, the total mass of conventional systems
(heat pipe and reaction wheel) is about 2.7 kg. Hence, the CATCS
has a small mass saving (0.2 kg) here. Additionally, the effect of
synergisms could also lead to indirect mass savings >* For example,
the thermoelectric-drivenCATCS requiresonly a very small amount
of electrical power so that the performance requirements of the
solar panels and batteries could be reduced in terms of their masses,
especially for medium-class satellites. On the other hand, note that
if the 0.4-N-ms reaction wheel is used for the reference mission
in Table 1, the wheel will be saturated within three orbital periods.
Also if a higher saturation period is desired, the price in terms of
mass has to be paid to have higher angular momentums onboard,
which will result into a heavier reaction wheel. Likewise, the need
of an electrical pump for the heat pipe system will resultinto higher
mass, volume, and power demands onboard, which are undesirable
as well.

Looking at the system volumes, the reaction wheel® (0.4 N - ms)
would account for a volume of 1703 cm?, and a comparable heat
pipe?! (e.g., 3-m length, 12-mm diam, and 500 W of heat trans-
port) with CATCS would need about 350 cm® of volume. Instead,
the CATCS requires approximately 400 ¢cm® of volume onboard.
Hence, the onboard volume needed for the reaction wheel could be

practically saved by employing the CATCS. In brief, the CATCS
needs only the volume that is required by the heat pipe. Hence, the
CATCS outperforms the uncoupled conventional systems (reaction
wheel and heat pipe) from the system volume point of view. Note
that the mass and volume budgets presented here would be a rea-
sonable approximation for medium-class satellites (100-500 kg).

Discussion

In this investigation, the capability of permanent magnets is actu-
ally degraded to have a performance buffer. Note that the magnetic
flux density of permanent magnets considered here is only half of
the theoretical value. For example, the Nd,Fe;sB magnets weighing
about 100 g could achieve a flux density of about 1 T for the given
MHD compartment.!” Therefore, taking into accountthe theoretical
value, the number of pumps can be reduced to only two units for
similar performance. Consequently, the reliability of CATCS would
increase with lower number of pumps or drivers used, for example,
magnets and linear motors. Also, because of this the total system
power and mass budgets would reduce accordingly. On the other
hand, if the number of pumps is maintained (n =4), then the re-
maining CATCS momentum capacity can be used for large-angle
maneuvers.

It is clear that the performance of CATCS depends also on
the available onboard temperature gradient. During the safe mode
(anomaly), some equipment might be switched off for reconfigura-
tion purposes. This operation may induce lower temperature gradi-
ents in CATCS. In this case, electrical heaters could be employed to
maintain the desired temperature gradient, particularly in the MHD
compartments. These heaters are extremely lightweight and con-
sume about 1 W correspondingto the temperature perheated mass,
for example, 15°C/kg can be achieved in half an hour for cobalt??
Additionally, the heaters can be used to avoid any large temperature
variations in the MHD compartments in nominal mode. Thus, the
CATCS’s attitude control task will always remain active, and its per-
formance would not be hindered even in the safe mode. Moreover,
during begin-of-life,these heaters can be used to partially dump the
excesssolar power, whichis conventionallydissipatedinto the space
environment. This benefit could actually boost the CATCS perfor-
mance in terms of thermoelectric generation and result in longer
operation or saturation periods, for example, >5 orbits. In addition
to that, the use of better thermoelectric materials/generators could
be envisaged as well for higher CATCS performance, for example,
bismuth instead of cobalt. This approach also could be a solution
for the CATCS to maintain its nominal performance in spacecraft
with low onboard temperature gradients.

Conclusions

The concept of MHD-based CATCS has been demonstrated. The
thermoelectric-driven CATCS, which benefits from the unwanted
onboard temperature gradient for its operation, can be used simul-
taneously for the attitude and thermal control tasks. The CATCS
attitude and heat transfer performances are reasonably good. All
of the CATCS models presented in this study are within the mass
and dimension budgets of typical satellites weighing from 100 up
to 500 kg. The synergistic effects of CATCS could lead to a higher
overall performance, that is, reasonable volume savings, heat trans-
port enhancement, or even small mass/power savings for a certain
satellite mission. A CATCS prototype design accounting for the
spacecraft compartment will allow the characterisation of system
gains, especially for the MHD drivers. Finally, this investigation
offers a feasible synergism for future medium-class spacecraft.
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