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a) b)

Figure 2-6 Velocity (m/s) plot of 150W heater with 15 A inner coil, 10 A outer coil in a)
zero gravity with magnet on b) gravity with magnet off

Figure 2-7 b shows natural convection in earth gravity with the magnet off and the
fluid near the top of the cavity in flowing up towards the heat source. Figure 2-7 a shows
thermomagnetic convection in zero gravity with the magnet on and that fluid flows

generally in a downward direction away from the heat source.
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Figure 2-7 Velocity (m/s) arrow plot of 150W heater with 15 A inner coil, 10 A outer coil
in a) zero gravity with magnet on b) earth gravity with magnet off
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2.2.3 Magnetic field strength in Zero Gravity

Recent studies, discussed in chapter one, have shown that the larger the magnetic
field, the larger the heat transfer enhancement. Figure 2-8 shows in zero gravity, with three
different magnetic field settings, that the each setting produces motion in the fluid that
moves the heat away from the heater and towards the bottom of the fluid cavity. Figure 2-
8 shows hot temperatures in red and cooler temperatures in blue; temperature is in Kelvin.
The temperature difference between the magnetic field on and off was zero Kelvin for each
setting. The power input is increased with an increased magnetic field strength because of
the electromagnets. Due to this power increase, the stronger the magnetic field the hotter
the overall system will be. This is the reason figure 2-8 a and d have a higher temperature
then figure 2-8 ¢ and f. There may not be a large temperature difference between the three
different test, but the motion of the fluid is causing the heat to flow towards the cooler

regions of the thruster.
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Figure 2-8 Temperature (K) plot of 150W heater in zero gravity with magnet on with a)
20 A inner coil, 15 A outer coil (900 Gauss) b) 15 A inner coil, 10 A outer coil (700
Gauss) c) 10 A inner coil, 5 A outer coil (600 Gauss). With magnet off d) 20 A inner coil,

15 A outer coil ) 15 A inner coil, 10 A outer coil f) 10 A inner coil, 5 A outer coil.

Table 2-4 shows the magnetic field strength and maximum velocity of three

different power settings in zero-gravity conditions. The maximum velocity occurred with

the lowest magnetic field strength. The reason for this could be that the simulations are

only show a snap shot at two minutes. If the simulations where run out for 90 minutes we

would see steady state conditions. Simulation took too much time to compute and where

only run for two minutes of simulation time. However, this does show that there is motion

in the fluid for multiple magnetic field settings.



Table 2-4 Simulation results

Coil settings Gravity | Magnet | Maximum Magnetic Maximum Velocity
settings | Setting | Field (W/m?) Strength | (m/s)
(Gauss)
20 A inner coil | Zero- On 900 .0393

15 A outer coil | Gravity

15 A inner coil | Zero- On 700 .05
10 A outer coil | Gravity

10 A inner coil | Zero- On 600 .05938
5 A outer coil Gravity

These simulations show thermomagnetic convection will produce a larger velocity
in weaker magnetic fields, but stronger convective cells occur in a stronger magnetic field.
The stronger the cell the higher the velocity of the cell. A cell is seen as a circle or almost
circle in figure 2-9. If the cell is almost circle or oblong, it may indicated that two cells are
merging or fighting against each other. In the upper left hand corner of Figure 2-9c there
is one strong fully developed cell near the middle of the cavity indicited by the red circle
meaning high velocity. On the top of this cell is a faint yellow circle which is a weak
convective cell and lower velocity. In Figure 2-9a there seems to be two merging cells near
the bottom of the cavity, while there are three weak cells in both upper the right and left
side of the cavity.
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Figure 2-9 Velocity plot of 150W heater in zero gravity with magnet on with a) 20 A
inner coil, 15 A outer coil b) 15 A inner coil, 10 A outer coil ¢) 10 A inner coil, 5 A outer
coil
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2.2.4 Earth Gravity with Magnet off vs Magnet on

Earth gravity simulation also showed the maximum system temperaure was the same
in both cases after two mintues (Figure 2-10). Figure 2-10 shows the temperature in Kelvin
with red being the highest temperature and blue the coldest. The combined convective case
shows that the fluid movement causes more of the warmer fluid to move towards to the
cooler bottom of the thruster than natural convection. Natural convection forces warm fluid
up because it is less dense. In this simulation the warmer fluid was forced toward the heat
source in the natural convective case, impeding heat transfer. The combined natural and
thermomagnetic case shows that more warmer fluid was moved towards the bottom of the

thruster helping with heat transfer.
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Figure 2-10 Temperature (K) plot of 150W heater with 15 A to the inner coil and
10 A to the outer coil in gravity with a) magnet on b) magnet off

Earth gravity simulations of pure natural convection (earth gravity, magnet off) and
combined natural and thermomagnetic convection (earth gravity, magnet on) show the
largest velocity in the combined convection case (earth gravity, magnet on) (Figure 2-11).
The maximum velocity of the nautral convection is .041 m/s and the maximum velocity of
combined thermomagnetic and nautral convection is .02 m/s (Figure 2-11). This was an

expected reslut but is explained by the fact that thermomagnetic convection is causing the
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fuild to move to lower portion of the cavity. Natural convection is casuing the fluid to move

to the top portion of the caivty due to gravity and bouncy explain in chapter one. In the

lower portion of the fluid cavity during natural convection (magnet off) there is little to no

motion in the fluid in the middle. In the lower portion of the fluid cavity with combined

natural and thermomagnetic convection there is motion in the middle of the cavity. This

shows that more of the fluid is moving in combined natural and thermomagentic convection

then in pure natural convection (Figure 2-11).
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Figure 2-11 Velocity (m/s) plot of 150W heater with 15 A to the inner coil and 10 A to

the outer coil in gravity with a) magnet on b) magnet off

Figure 2-12 shows that the direction of flow in natural convection in the sides of

the cavity was up towards the heat source. The flow of the fluid during the combine
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convections was overall weaker then natural convection, but the flow in the side of the

cavity was down due to thermomagnetic convection.
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Figure 2-12 Velocity (m/s) arrow plot of 150W heater with 15 A inner coil, 10 A outer
coil in a) earth gravity with magnet off b) earth gravity with magnet on

2.3 Conclusion of ILFF Numerical Results

The simulations showed that the cavity shape, location of the heat source and
magnetic field will lead fluid motion under different gravity conditions and magnetic
settings (Table 2-5). Thermomagnetic convection will cause the fluid to move differently
than the natural convection case. The zero gravity cases showed that thermomagnetic
convection will cause fluid motion at serval different magnetic settings, while conduction
will cause no motion in the fluid in zero gravity. This shows that the proposed ferrofluid

cavity could work in space.
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Table 2-5 Summary of Numerical Simulations Results

Coil settings Gravity Magnet Setting | Velocity (m/s)
settings
15 A inner coil | Earth Gravity | On .02
10 A outer coil
Off .041
15 A inner coil | Zero-Gravity On .05
10 A outer coil
Off 0

2.4 Modified EFH1 Ferrofluid

Currently Ionic Liquid Ferrofluids (ILFF) are being used by researchers to develop
small satellite thrusters [36, 37]. Researchers developed this fluid initially for medical
applications[11]. Due to the manufacturing and materials required to create an ILFF it is
expensive. Due to the large quantity of fluid needed for the test thruster experimental tests

were run with a modified Ferrotec EFH1 ferrofluid.

Unlike the ILFF, EFHI1 has magnetite nanoparticles. EFHI nanoparticles are easily
produced, however EFH1 nanoparticles are not temperature sensitive. Ferrotec EFH1
ferrofluid is a fatty acid surfactant ferrofluid with an oil soluble dispersant. EFH1 has a
boiling temperature of 496K (223°C/433°F) and a high vapor pressure that led to
outgassing in vacuum. This dispersant was replaced so the nanoparticles could be used in
experimental testing to show that easily produced iron-based nanoparticles could be used

for heat transfer applications with the right dispersant.

Dodecylbenzene was chosen as the new dispersant because of its lower vapor
pressure and high boiling temperature of 561°K (288°C/550°F). Dodecylbenzene had prior
success as a dispersant in a vacuum for an electrospray application. With a low vapor
pressure, dodecylbenzene can maintain a liquid state at low pressure. Dodecylbenzene’s

boiling temperature was also higher than the original EFH1 dispersant, along with the low
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vapor pressure this allowed for the experiments to reach closer to Curie temperatures while

testing.

Since EFHI1 nanoparticles are different from the ILFF, equation (2.1) becomes
M ,(T)=13.72(1-3.01¢™°T?) (2.1)

Magnetite Fe,O, Curie temperature is around 850 K ( 577°C/1070°F); however, due to the

coating and the size of the particle, Ortega states that the Curie temperature of the bulk
magnetite is lowed when the nanoparticles are created and coated with surfactant [27, 38].
According to Ortega’s. in equation (2.1) the Curie temperature of nanoparticles is around

575K (Figure 2-13) [27].
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Figure 2-13 Magnetic saturation of the bulk magnetite particles

2.5 Modified EFH1 Numerical Simulation Results

Simulations were modified to see if the modified EFH1 would cool the test thruster
(Figure 2-14). The earth gravity simulations show there is a noticed temperature difference

between tests with natural convection and combined natural and thermomagnetic

37



convection with the modified EFH1 ferrofluid. Figure 2-14 is a snap shot of the temperature
and velocity 30 minutes after turning on the heater. Due to low force on the fluid by the
magnet there was only a maximum velocity of .00182 m/s with the magnet on. This lowed
velocity and force by the magnet led to faster simulation times. Simulations with EFH1 in
an earth gravity environment showed a velocity of .00182 m/s with the magnet on and of
0.00465 m/s with the magnet off. The maximum temperature with the magnet on was 500
K, and the maximum temperature with the magnet off was 554 K. This 54-degree
temperature difference and strong magnetic field (650-700 Gauss in the gap of the annular

channel) are ideal conditions for thermomagnetic convective cooling (Figure 2-14).
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Figure 2-14 150W heater with 15 A to the inner coil power, 10 A to the outer coil.
Thermal (K) picture of test device with EFH1 Mod2 with gravity and a) magnet on b)
magnet off. Velocity (m/s) plot of test device with gravity and ¢) magnet on d) magnet

off.

The above test shows after 30 minutes with the magnet on, the system achieved a
lower maximum system temperature and a lower maximum velocity than natural

convection (Figure 2-14). However, the expectation was that natural and thermomagnetic
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convection fluid motion would combine and produce a higher velocity than just natural
convection. Fluid motion in the natural convective case was concentrated in the lower
portion of the fluid cavity. Figure 2-15 shows an arrow plot of the velocity magnitude and
directions. In the combined convective case the fluid motion on the left-hand side of the
cavity is stronger than the natural convective case and is also moving downward; this
downward motion is counter to the motion in the bottom half of the cavity, this could slow
down the motion within the bottom convective cell. In the natural convective case the fluid
motion was upward; this could be a reason the bottom convective cell is stronger than the

combined convective case.
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Figure 2-15 Arrow surface of velocity magnitude and direction. a) magnet on b) magnet
off
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