


Figure 5.4: Carbon fibre disc Figure 5.5: Titanium disc

Figure 5.6: Copper disc

Figure 5.2 shows the aluminum disc, 0.15m in diameter and having a mass of 25.07
grams. Another 0.21m diameter aluminum disc is covered by DuPont’s kapton and it has a mass
of 51.8 grams and is shown in Figure 5.3. Figure 5.4 shows a 0.21m carbon fibre disc is used

which has a mass of 39.2 grams. The titanium disc shown in Figure 5.5 has a mass of 80.17
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grams while the copper disc shown in Figure 5.6 has a mass of 155.9 grams. All the discs are 0.5

mm thick.

The surface roughness of these discs is measured. Table 5.1 shows the arithmetic average

of the absolute values (R;) on each of the discs.

Table 5.1: Measured roughness of the discs used in experiments
(Courtesy: Ali Beheshti, Department of Mechanical and Industrial Engineering, LSU)

Disc material Ra (pum)
Aluminum 0.3
Kapton 0.086
Carbon fibre 2.7
Titanium 0.3
Copper 0.2

5.1.1 TMAC measurements in air and air like gases

The TMACs for materials such as aluminum, kapton, and carbon fibre are measured in
air, nitrox36 (64% nitrogen and 36% oxygen), and pure nitrogen. These discs are rotated in the
different gases and are allowed to spin down in the free molecular flow regime. The TMAC is

measured using the deceleration torque:

T=0Po |22 (" —rt), (2.37)
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The molecular masses of air, nitrox36, and nitrogen are 48.1 x 1077 kg, 46.51 x 1077 kg,
and 48.89 x 10”7 kg respectively. Previously simulations had suggested that the free molecular

flow regime in air may be encountered at ambient pressures of 1 Pa or less.

In order to perform the experiments in the free molecular flow regime, the pressure in the
test chamber is reduced to 0.01 Pa without powering the air bearings on. When the chamber
pressure reaches 0.01 Pa, the gases are supplied to the air bearings and the pressure in the
chamber is increased to 0.7 Pa approximately as the gas enters the chamber from the air bearings.

The experiment is conducted when the steady state conditions inside the chamber are reached.

Next, the shaft torque is measured as a function of angular velocity in the free molecular
flow regime when the air bushings are powered on by nitrogen, air, and nitrox36. The shaft
torque is later subtracted from the total torque to obtain the disc torque in the free molecular flow

regime.

The shaft torque in all the cases is always less than 10 N-m, which is atleast two orders
of magnitude lesser than the disc torque in the free molecular flow regime. Also the experimental
uncertainty analysis shown in chapter 3 suggests that the maximum experimental uncertainty in
the measurement of the disc torque is 4.5 x 10”7 N-m. This suggests that the shaft torques of the
order of 4 x 10”7 N-m or less are insignificant since the shaft torque is subtracted from the total

torque to obtain the disc torque.

Figure 5.7 shows the plot of shaft torque versus angular velocity for the steel shaft spin-
down in air, nitrogen, and nitrox36, which is a mixture of 64% nitrogen and 36% oxygen.
Although all shaft torques are of the same order of magnitude, the largest shaft torque is obtained

1n nitrox36.
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Figure 5.7: Shaft torque versus angular velocity in nitrogen, air, and nitrox36

The disc torque is obtained by subtracting the shaft torque from the total torque. Equation

(2.25) is used to obtain the tangential momentum accommodation coefficient (TMAC) from the

measured disc torque:

M7 (¢ =1t (2.25)

l

T, =0 Pw
FM i 2k7:

Table 5.2 shows the TMAC for aluminum, kapton, and carbon fibre in air and air-like gases.

Table 5.2: TMAC for aluminum, kapton, and carbon fibre in nitrogen, air, and nitrox36

Materials Nitrogen Air Nitrox36
Aluminum 0.77 +£0.02 0.74 +0.03 0.69 +0.03
Kapton 0.73 +£0.03 0.71 +£0.02 0.68 +0.02
Carbon fibre 0.91 +£0.02 0.90 +0.02 0.86 +0.02




It is observed that the highest TMACs are obtained for pure nitrogen and TMAC reduces
with increase in the percentage of oxygen. Also carbon fibre has a consistently higher TMAC
than aluminum and kapton. The smaller TMAC for aluminum and kapton may be due to
smoother surfaces. Figure 5.8 shows a plot of the variation in TMAC with increasing percentage

of nitrogen in the air-like gases.
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Figure 5.8: Variation in TMAC with increasing percentage of nitrogen

The differences between the TMAC values with nitrogen and air are in accordance with
the TMAC value of nitrogen and air versus smooth silicon shown by Chew, where TMAC with
nitrogen was approximately 5% larger than TMAC with air (Chew 2009). It is also observed

that TMAC reduces with increasing percentage of oxygen.

These results suggest that the prediction of TMAC may be possible from individual gas
molecules. However more experiments are required to be done with higher percentages of

oxygen. Gases with higher percentages of oxygen were not used in the present experimental
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apparatus because it was hazardous to use high percentages of oxygen in the air bushings. Any

spark from the electric motor could have caused fire hazards.

The TMAC for titanium and copper in air are also measured. The TMAC for the titanium
and the copper discs in air are 0.77 + 0.03 and 0.58 + 0.07. The heavy copper disc requires
greater volume flow rate of air into the air bushings. The larger error bar is due to the slightly
inadequate air supply in the air bushings in the free molecular flow regime with the heavy copper
disc. The TMAC for aluminum in nitrox32, a mixture of 32% oxygen and 68% nitrogen is

measured as 0.68 + 0.03.
5.1.2 TMAC measurements in carbon dioxide and argon

TMAC measurements are done for materials such as aluminum, kapton, and carbon fibre
versus carbon dioxide and argon in the free molecular flow regime. The TMAC results in carbon
dioxide are important for successful landing of space vehicles on Mars since the Martian

atmosphere is primarily composed of carbon dioxide (Leighton and Murray 1966).

On the other hand argon as an inert gas is used in semiconductor processing to which
chemically reacting gases needed for chemical vapor deposition are added (Chu, Qin et al. 1996).
Since these are associated with rarefied flow conditions it is important to learn about the TMAC

for argon-substrate interactions.

The shaft torques in argon and carbon dioxide are measured and is shown in Figure 5.9. It
is observed that the shaft torque in these gases is still of the order of 10”7 N-m. However the shaft
torque in argon is slightly higher than in carbon dioxide. This is because of the fact that the shaft
torque is governed by the viscous forces of the gas in the annular region between the shaft and
the gas-bushings and the viscosity of argon is higher than the viscosity of carbon dioxide.
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Figure 5.9: Shaft torque versus angular velocity in argon and carbon dioxide

Table 5.3 shows the TMAC measurements for the interactions of aluminum, kapton, and

carbon fibre with argon and carbon dioxide.

Table 5.3: TMAC for aluminum, kapton, and carbon fibre in argon and carbon dioxide

Materials Argon Carbon dioxide
Aluminum 0.76 +0.02 0.42 +0.01
Kapton 0.60 +0.03 0.57+0.02
Carbon Fibre 0.74 +0.02 0.35+0.03

The TMAC for argon versus aluminum is in reasonable accordance with Selden et al.’s
result (Selden, Gimelshein et al. 2009). However, it is observed that the TMAC values involving
carbon dioxide are consistently small. Since the current calculations of atmospheric drag on
space vehicles in the Martian atmosphere assume TMAC values of unity, values much lesser

may suggest towards capabilities of incorporating larger payload in these vehicles. However
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more analysis on the interactions between carbon dioxide and aerospace materials are required
for such conclusions. The results presently obtained may encourage researchers to investigate

into the chemistry of interactions between carbon dioxide and the surfaces.

5.1.3 Variation of TMAC with molar mass

The variation of the tangential momentum accommodation coefficient for the interactions
between all the different gases and the aluminum disc is studied. Table 5.4 shows the TMAC for

the interactions between aluminum and the various gases.

Table 5.4: TMAC for aluminum versus all gases

Gas TMAC
Nitrogen 0.77
Air 0.74
Nitrox36 0.69
Nitrox32 0.68
Argon 0.76
Carbon dioxide 0.42

Nitrogen is the lightest gas among the different gases used. The largest TMAC of 0.77 is
measured in nitrogen. The TMAC value reduces to 0.74 for air which is slightly lighter than
nitrogen. The value reduces to 0.69 in Nitrox36 and 0.68 in Nitrox32 with the increasing molar
mass of the gas. The smallest TMAC is measured in carbon dioxide which is also the heaviest
gas used. The molar mass of carbon dioxide in 44 grams and the TMAC measured in carbon

dioxide is as low as 0.42. Argon appears to be the outlier since it is almost as heavy as carbon
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dioxide and yet the TMAC measures as high as 0.76. However Argon is the only monatomic
inert gas used among all the gases. Figure 5.10 shows the plot of TMAC versus molar mass for

the different gases versus aluminum.

Nitrogen
- Argon
c
5 080 = - /
L o
%;’ 0.75 - / Nitrox32 °
o [ ]
é 070 4 %/Nitrox%
3
0
£ 0.65 -
=
3
o 0.60
<
=
2 0.55
o
g 0.50
= Carbon dioxide
®©
2 0454 -
S ]
L ]
=
g 040 T T T T T T T T T

26 28 30 32 34 36 38 40 42 44 46

Molar mass, gms

Figure 5.10: TMAC versus molar mass for different gases versus aluminum

To conclude future researchers may want to perform more experiments with gases having
the intermediate molar masses and measure the TMAC values. While most gases yielded a
TMAC value of approximately 0.7 or above, low values were consistently obtained with carbon
dioxide. Investigators may perform molecular dynamic simulations to study the interactions

between the carbon dioxide molecules and the different materials.

To summarize, in this section the TMAC measurements for various materials versus
gases are shown in the free molecular flow regime. Thus far the previous researchers have been
able to measure TMAC for gas-surface interactions in macro-scale boundary layer flows in the
continuum slip flow regime or the transition flow regime only. Section 5.2 details some of the
significant work done by previous researchers. Sensitivity analysis on their apparatus will show
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that the torque in the free molecular flow regime is the more sensitive to TMAC than in the

continuum regime.
5.2 Previous TMAC measurements

In 1923 R. A. Millikan noticed that the experiments by which the value of the electronic
charge was determined by the droplet method gave consistent results only when the

hydrodynamic law was modified by a factor (1+A4*4/a):

6Lav

F:(HT%)’ (5.1)

where /1 was the mean free path and a was the radius of the droplet.

The hydrodynamic theory gave a first approximation of the correction factor as (1+ /a),
where ¢ was the coefficient of slip. Kinetic theory gave the value of A as 0.7004 when all the gas

molecules were diffusely reflected from the surface.

Millikan derived an expression where the fraction of diffusely reflected gas molecules
was o, Hence the fraction of gas molecules that were specularly reflected was (/-g,). The

correction factor was given by equation (5.2):

C= [1 + 0.7004(%t = 1)3} , (5.2)

where C is the correction factor. The fraction of diffusely reflected particles is f and it is
equivalent to the tangential momentum accommodation coeftficient (TMAC). Millikan performed
a co-axial cylinder experiment to measure TMAC. In this experiment the outer cylinder was

rotated and the torsional moment on the inner cylinder was measured.
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The TMAC values were measured by Millikan on various materials in gases such as air,
carbon dioxide, helium, and hydrogen. Table 5.5 shows the measured TMAC values by Millikan

(Millikan, 1923).

Table 5.5: TMAC values measured by R. A. Millikan

Gas versus surface TMAC

Air — machined brass 1
Carbon dioxide — machined brass 1
Air — mercury 1

Air — oil 0.895

Carbon dioxide — oil 0.92

Hydrogen — oil 0.925

Air — glass 0.89

Helium — oil 0.874

Air — fresh shellac 0.79

Gabis, Loyalka, and Storvick measured TMAC for the interactions of stainless steel
spheres with various gases such as Argon, Helium, and Krypton using a spinning rotor gauge.
Their experiments were performed in the slip and the transition flow regimes. They magnetically
levitated the rotating sphere and measured the deceleration during its spin-down. Figures 5.11

and 5.12 show the TMAC results in different gases as a function of inverse Knudsen number.
Their results are presented as two plots of TMAC versus inverse Knudsen number, a:

a=Kn, (5.3)
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Knudsen number was calculated based on the radius of the levitated spheres.
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Figure 5.11: TMAC versus inverse
Knudsen number in nitrogen, argon,
neon, methane, and ethane (Gabis et

al., 1996)

Figure 5.12: TMAC versus inverse
Knudsen number in helium, krypton,
and argon - in slip and transition flow

regimes (Gabis et al., 1996)

Their results were compared with those from Thomas and Lord at Kn=0.5. It was shown
that TMAC varied between 0.8 and 1. Gabis et al. mentioned that their measured and the
predicted torque in the rarefied flow regime were only in qualitative agreement and the sphere
motion was influenced by wall induced effects. Their measurements of TMAC varied with
Knudsen number and they concluded that additional data in the free molecular flow regime were

required to fully indicate the variability of TMAC with Knudsen number (Gabis et al., 1996).

Arkilic, Schmidt, and Breuer measured TMAC in silicon micromachined channels using
the slip-flow solutions to the Navier Stokes equations. Their channels had a native oxide on
prime silicon. The nominal height of the channel was 1.33 pum, the width of the channel was
52.25 pm, and the length of the channel was 7500 pum. Measurements were done with two
different gases — argon, and nitrogen. The reported TMAC values were 0.80 + 0.01, and 0.88 +

0.01 respectively. The problem associated with Arkilic’s measurements was that the flow varied
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from continuum through the rarefied flow regimes within the long microchannel reducing the

accuracy of measurements (Arkilic et al., 1997).

In a review article, Agarwal and Prabhu mentioned that the TMAC values for monatomic
gases was about 0.93 and was almost constant with Knudsen number and this value could be
employed for the most commonly available surface materials (Colin, Lalonde et al. 2004). They
remarked that for nonmonatomic gases TMAC decreased with an increase in Knudsen number

(Agrawal and Prabhu 2008).

5.3 Sensitivity analysis of TMAC measurements in the continuum regime

All previous TMAC measurements in macro-scale boundary layer type flows were
performed in the continuum slip flow regime or the transition flow regime. The TMAC
measurements in the transition flow regime are associated with issues owing to the breakdown in
the viscosity law which suggests that the measurements in the continuum slip flow regime may
be more accurate. Therefore for the purpose of sensitivity analysis, work from Millikan in 1923

and from Gabis and his co-workers in 1996 are chosen.

5.3.1 Sensitivity analysis of Millikan’s experiment

Millikan performed the coaxial cylinder experiment where he rotated the outer cylinder
and measured the torque on the inner cylinder and measured the tangential momentum
accommodation coefficient in the continuum slip flow regime. In this section the torque on the
inner cylinder in Millikan’s experiment is re-derived using full scale Navier Stokes equations in
the continuum slip flow regime. The continuity equation in the cylindrical coordinate system is

as follows:
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where p is the gas density, u;, ug, and u, are the velocities in the r, 0, and z directions

respectively. The momentum equations in the r, 6, and z directions are as follows:

(5.4)
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For Millikan’s coaxial cylinder experiment, we assume the following:

aa—L: = 0, because the flow conditions are steady state,
0 0 ..

u, =0,—=0,—=0, fully developed conditions.
o6 0z

pg =0, ignoring body forces.
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Since up needs to be evaluated for the calculation of shear stress on the surface of the

inner cylinder and hence the torque, equation (4.4) is considered and is reduced to the following:

10 Ou,) u,
Bl el V2 Ay 5.11
r or (r or j r’ 10
d|1d
—| =0 5.12
or dr[r 4 (W)} (5.12)
therefore u, =%+& (5.13)
r

In order to evaluate the constants C; and C,, slip boundary conditions are set on the walls

of the inner cylinder and the outer cylinder:

atr=ro; u, =229 |, %0 , (5.14)
o, or v
atr =ry; U9=Vza)z—(2_at]ﬂau—9 , (5.15)
Ut ar r=r,

where o; is the tangential momentum accommodation coefficient, r; and r, are the radii of the

inner and the outer cylinders respectively, and w; is the rotational speed of the outer cylinder.

Applying the boundary conditions shown by equations (5.14) and (5.15) to equation

(5.13), the following expression for the velocity ug is obtained:

o ) r23a)20-z[(2 __O-z)ﬂ’-’_rlo-t] ot
’ (’”22 _’”121(2_07)212 ""’1”20-:2J"'(’”12 +’”22)10-z(2_o-z)(”1 +rz)

hrz r'n o0 |2-0, )i -0, }

? _nzl(z_at)zﬂ’z +7'1F20't2J+(7'12 +F22)AGI(2—O'I)(I”1 +l”2)

(5.16)
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Since shear stress in the cylindrical coordinate system is given by:

d(u
T, = dr( aj (5.17)

the equation for the shear stress on the inner cylinder may be given by:

2/11”236020t (rl_at - (2 — 0, )ﬂ’)

T = - 5.18
"lr=n (rzz —7/121(2—@)2/12 +r,r2c7t2J+|_(r,2 +r22)ﬁ.at(2—at)(rl +r2)J ( )

The torque on the inner cylinder may be given by:

Tiikan =T AL (5.19)

Therefore the equation for torque on the inner cylinder of Millikan’s coaxial cylinder experiment

1s as follows:

- ) 477#”12’”23%(7[ -(2-0,)4] . (5.20)

Tt = e Y2 4o J+(r1 +r, )ﬂa o Xn+n)

where g, is the tangential momentum accommodation coefficient (TMAC), and 4 is the mean free

path.

In order to see how the torque on the inner cylinder varied with tangential momentum
accommodation coefficient in Millikan’s coaxial cylinder experiment, it is necessary to assume
the values for some of the parameters in the above equation. Since the experiment was performed
in the continuum slip flow regime, it is assumed that the Knudsen number for the flow was 0.01.

Some of the other assumptions for this analysis are as follows:

Gap size between the two cylinders = 5 mm = 0.005 m
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Radius of the inner cylinder = r; = 50 mm = 0.05 m
Radius of the outer cylinder = r, = 55 mm = 0.055
Rotational velocity of the outer cylinder = 100 rad/s
Height of the coaxial cylinders=L =1m

The mean free path for these conditions is=A =5 x 10° m

Figure 5.13 shows the variation in the measured torque on the inner cylinder as a function

of the tangential momentum accommodation coefficient.
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Figure 5.13: Torque versus TMAC for Millikan’s coaxial cylinder experiment

It 1s observed that torque in the continuum slip flow regime the torque on the inner

cylinder does not change much for TMAC values of greater than 0.5.

Figure 5.14 shows the rate of change of torque with TMAC as a function of TMAC.
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Figure 5.14: Change in torque with TMAC versus TMAC for Millikan’s experiment

It is observed that the torque on the inner cylinder in the continuum slip flow regime is a
weak function of TMAC at TMAC values larger than 0.5. This suggests that although this
experiment may be able to measure TMAC values of less than 0.5, the measurements of TMAC

values greater than 0.5 may be associated with large experimental uncertainties.
5.3.2 Sensitivity analysis of Gabis et al.’s experiment

Gabis, Loyalka, and Storvick measured the deceleration torque on a magnetically
levitated sphere in various gases (Gabis et al., 1996). An analytical solution for the torque in the

continuum slip flow regime was derived by Williams and Loyalka (Williams and Loyalka 1991).

~ 87 pw

T(a’Gt):W,

where T is the deceleration torque on the sphere, & is the sphere radius, u is the dynamic

(5.21)

viscosity of the gas, w is the instantaneous angular velocity of the sphere, a is the inverse
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Knudsen number based on the radius of the sphere, and ¢, is a slip coefficient given by equation

(5.22):

c . (5.22)

5z 1+c;,(3.77—7r) 2-0,)
U

"~ 16 2r o

t

For their experiments, Gabis et al. used Argon as the gas in the slip flow regime. Also the
range of inverse Knudsen number used was: 10 < a < 100. Knudsen number is calculated using

the following equation:
A

Kn=—"-, (5.23)
a

where 4, is the molecular mean free path and is given by equation (5.24):

A

8 (u )\ 2kT, \'?
A =—= ol 24
g w;;(pj[ mj 24

where p is the dynamic viscosity of the gas, p is the ambient pressure, k is the Boltzmann

constant, m is the mass of gas molecule, and T, is the ambient temperature.
The values of the constants in equations (5.21) and (5.22) are as follows:
a =2mm = 0.002m
4 =0.0000212 Pa — s
@ =1000rad / s

m=66.4 x 10?" kg (molecular mass of argon)

p =100 Pa
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T, =298 K

In order to study the sensitivity of the measured deceleration torque on the TMAC, the
plot of deceleration torque as a function of TMAC is obtained in the slip flow regime. Figure
5.15 shows the plot of sphere spin-down torque versus tangential momentum accommodation
coefficient. The plot shows that the deceleration torque hardly changes with any change in

TMAC beyond a value of 0.7, where torque is a weak function of TMAC.
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Figure 5.15: Torque versus TMAC for Gabis et al.’s magnetic sphere experiment

The derivative of torque as a function TMAC is plotted against TMAC in Figure 5.16.
The derivative is small for TMAC values larger than 0.7. Also it will be noted that for most

materials in gases the TMAC values measure 0.7 or larger.
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Figure 5.16: Change in torque with TMAC versus TMAC for Gabis et al.’s experiment

To summarize, it has been shown that the measurement uncertainties associated with
Millikan’s experimental apparatus are large for TMAC values of 0.5 or above. Similar
uncertainties are associated with Gabis et al.’s apparatus for TMAC values larger than 0.7. It has
been shown that in the continuum slip flow regime the torque associated with Millikan’s inner

cylinder and Gabis et al.’s magnetically levitated sphere were weak functions of TMAC.

This problem is addressed in the present experimental apparatus where TMAC is
measured in the free molecular flow regime where torque is a strong function of TMAC.
Therefore uncertainties associated with the measurement of TMAC in the present apparatus are

much lesser than in the apparatus used by the researchers previously.
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Chapter 6 Conclusions and Future Work

6.1 Conclusions

There were three different objectives of this research. The first objective was to measure
the continuum breakdown in boundary layer type flows. The second objective was to show that
the experimental apparatus was capable of measuring tangential momentum accommodation
coefficient (TMAC) for gas versus surface interactions in the free molecular flow regime. The

final objective was to measure TMAC between certain gases and some aerospace materials.

Chapter 4 of the manuscript shows continuum breakdown in a boundary layer type flow

around a rotating disc in low pressure air. This is shown by Figure 4.13 which is as follows:
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Figure 4.13: Non-dimensional torque versus Reynolds number for all the three discs

Figure 4.13 shows the non-dimensional experimental curves, the computational fluid

dynamics (CFD) curve, the von Karman Viscous Pump curve, and the analytically obtained free
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molecular flow curves for the discs with three different diameters. Continuum breakdown may
be shown by the departure of the CFD curve from the experimental results near a Reynolds
number of approximately 300. Calculations show that continuum breakdown occurs around an

ambient pressure of approximately 100 Pa.

Chapter 5 shows that this experimental facility is capable of TMAC measurements in
boundary layer type flows in the free molecular flow regime. This chapter also shows why
TMAC measurements in the free molecular flow regime are far more accurate than
corresponding measurements in the continuum slip flow regime. This experimental apparatus is
the first instance of such measurements in the free molecular flow regime in macro-scale

boundary layer type flows.

Finally chapter 5 also details some TMAC measurements between certain
aerospace materials and some gases. The gases used are nitrogen, air, nitrox36 (36% oxygen),
nitrox32 (32% oxygen), argon, and carbon dioxide. For all the gases the free molecular flow
regime is encountered around an ambient pressure of 1 Pa or less. The TMAC for interactions
between air and metals such as aluminum, titanium, and copper are measured as approximately
0.74, 0.77, and 0.58 respectively while the TMAC between air and non-metals such as kapton
and carbon fibre are measured as approximately 0.71 and 0.90 respectively. Air is replaced with
nitrogen and the TMAC for the interactions between nitrogen and aluminum, kapton, and carbon
fibre are measured as approximately 0.78, 0.73, and 0.92 respectively. Nitrox36 is used and the
TMAC for nitrox36 versus aluminum, kapton, and carbon fibre are measured as approximately
0.69, 0.68, and 0.86 respectively. The TMAC for argon versus aluminum, kapton, and carbon

fibre are measured as approximately 0.76, 0.60, and 0.74 respectively while the TMAC for
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carbon dioxide versus aluminum, kapton, and carbon fibre are measured as approximately 0.42,

0.57, and 0.35 respectively.

It is observed that the TMAC values for most materials in the gases other than carbon
dioxide are approximately 0.7 or more. The TMAC results in carbon dioxide are consistently
small. Figure 5.10 in chapter 5 shows the plot of TMAC versus the molar masses of the different

gases used:
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Figure 5.10: TMAC versus molar mass for different gases versus aluminum

This plot shows that the TMAC generally reduces with increase in molar mass of the gas
with argon being the outlier. Also the TMAC values are generally in the proximity of 0.7 with
the exception of carbon dioxide. The TMAC value for the interaction between argon and
aluminum of 0.76 is in reasonable agreement with Selden et al.’s measurement (Selden et al.,
Phys. of Fluids, 2009). It will be noted that argon is the only monatomic inert gas used in these
experiments. The TMAC values for the interactions between carbon dioxide and materials such
as aluminum, kapton, and carbon fibre are particularly low in the free molecular flow regime.
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The measurements of TMAC of carbon dioxide on certain aerospace materials are of
particular interest to The National Aeronautics and Space Administration (NASA) because they
require those for their 2020 Mars Mission Plan and a part of this research has been funded by
NASA Langley and Louisiana Space Grant Consortium. The measurements of TMAC associated
with carbon dioxide are the first real estimates and the TMAC value earlier used for drag
calculations was 1. A lower than unity value of TMAC suggests that the atmospheric drag on the
surface of a space vehicle may be over-predicted and will leave more room for scientific payload

during future missions.

Summarizing, no experimental measurements for continuum breakdown in macro-scale
boundary layer type flows were done before this research work. All previous researchers
measured TMAC on materials in the continuum slip and the transition flow regimes. It is shown
that for the highest accuracy, TMAC measurements should be done in the free molecular flow
regime. The disc spin-down experiment is unique because it provides the rarefied gas dynamics
community with TMAC measurements in the free molecular flow regime for macro-scale

boundary layer flows for the first time.

Finally none of the earlier experimental apparatus used by researchers could
accommodate for materials that were planar by nature. Since materials used in the field of
microfabrication will generally require the test surfaces to be planar, the experimental apparatus
used by previous researchers cannot be used to measure TMAC on most materials used in

microfabrication.
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6.2 Future work

Some of the specific areas where this research may be expanded are as follows:

a. Molecular dynamic simulations: The experimental results showed much lower values of
TMAC for interactions between carbon dioxide and aluminum, kapton, and carbon fibre.
Molecular dynamic simulations may provide researchers with more insight into the chemistry
of interactions.

b. TMAC measurements for monatomic inert gases: Agrawal and Prabhu in their review paper
mentioned that in non-monatomic gases the TMAC may reduce with increased degree of
rarefaction (Agrawal and Prabhu, JVST A, 2008). Their conclusions were based on a work
by Colin et al., where they measured TMAC for interactions between helium and silicon and
between nitrogen and silicon in a microchannel (Colin et al., 2004). It was shown that the
TMAC for helium-silicon interactions remained constant at 0.93 within a Knudsen number
range of 0.029-0.22 while TMAC varied between 0.93 and 1 for nitrogen-silicon interactions
within a Knudsen number range of 0.005-0.03. In the present research the only monatomic
gas used is argon. Therefore it will be interesting to see how the TMAC values measure for
different inert gas-material interactions.

c. TMAC measurements with varying temperature: At present all TMAC measurements have
been done in ambient temperatures. It will be interesting to see if TMAC changes with
increasing temperatures. For this purpose a heating mechanism may be created by which the
disc temperature can be varied and the corresponding TMAC can be measured.

d. Hardware modifications: In the present apparatus, the air bearing fixture is the heart of the
facility. Although it facilitates near frictionless rotation of the disc, it requires additional

instrumentation to scavenge the air that will otherwise leak into the vacuum chamber. If the
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air bearing fixture can be replaced by an active magnetic bearing fixture then the
complexities associated with the scavenging may be eliminated.

Also the present experimental apparatus with the air bearing fixture may not be suitable
for measurements in combustible gases such as hydrogen and methane. Such measurements
with the air bearing fixture will required these gases to be pumped into the air bushings
following the same procedure. Since these gases have to be pumped into the bushings at
gauge pressure of higher than 1 atmosphere, there are possibilities of fire hazards with the
electrical motor being operated. Perhaps by the use of a magnetic bearing fixture such
combustible gases can be used for the experiments. TMAC measurements in hydrogen and
methane may help model the gas-surface interactions in gas giant planets such as Jupiter and
Saturn.

TMAC measurements with gas mixtures: Additional experiments with gas mixtures may
provide researchers with valuable data that may help establish mixing laws. Gas mixtures
such as those between two different inert gases may be useful towards establishing such

laws.
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Appendix

1. ChecKklist to power on the experimental facility

a. Switch on the main power source.

b. Check if all valves (the vacuum valve, the vent valve and the fore-line valve) are closed.

c. Make sure that the vacuum gauge (IGM 402 Hornet) is switched on.

d. Make sure that the chamber door is closed and bolted.

e. Make sure that the turbo-pump controller is switched off. At this time, the turbo-pump
switch should be in ‘STOP’ position.

f. Switch on the roughing pump (Laco W2V40).

g. Immediately open the fore-line valve. The fore-line hose connects the high vacuum pump
exit to the chamber via two T-flanges and the vacuum hose in series. At this time the
‘gate valve’ should be closed.

h. Open the vacuum valve on the chamber.

1. Watch the chamber and the fore-line pressure reduce together to 100 Torr.

J- When the chamber pressure reduces to 100 Torr, switch on the second rotary vane pump
(Pfeiffer Hena 25). This pump will be connected to the pre-tortuous path scavenging port.
Note that at this time the air bearing fixture is not powered on.

k. Watch the two rotary vane pumps bring the chamber pressure down to about 3 Torr.

1. Switch on the second rotary vane pump (Pfeiffer Duo 20). This pump will be connected
to the post-tortuous path scavenging port.

m. The three rotary vane pumps bring down the chamber pressure down to 0.5 Torr

approximately.
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n. At this time switch on the turbo-pump controller. The turbo pump switch should still be
in the ‘STOP’ position.

0. Open the gate valve.

p. Turn the turbo-pump controller knob to the ‘START’ position.

q. Close the vacuum valve but keep the gate valve and the fore-line valve open.

r. The chamber pressure starts reducing and will be reduced to a maximum lowest pressure
0f 0.00001 Torr.

s. When the lowest pressure is reached, switch on the air bearing fixture. When the air
bearing fixture is perfectly calibrated, it will levitate the disc-shaft system with a gauge

air pressure of 15 psi.

2 ChecKklist for switching off the test facility after completion of experiments

a. Make sure that the fore-line valve is open and the vacuum valve is closed

b. Close the gate valve. By doing so, the chamber is disconnected from the turbo-molecular
pump.

c. Open the vent valve. By doing so, air starts going into the vacuum chamber and gradually
the chamber is restored back to atmospheric pressure.

d. Turn the turbo-molecular pump knob on the controller to ‘STOP.” By doing so, the rotor
inside the pump starts spinning down. However since this takes a while to stop rotating
completely, the ‘gate valve’ at this time should remain closed

e. Watch out for the ‘yellow light’ on the control panel. Close the fore-line valve when the
light turns off.

f. Switch off the roughing pump

g. Open the chamber door
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. Note the reduction in intensity humming noise from the turbo-molecular pump to make
sure that the rotors have completely stopped rotating

Keeping the door open, open the vacuum valve. The cavity inside the valve is restored
back to atmosphere

Open the fore-line valve. The fore-line hose is restored back to atmosphere

Switch off the turbo-molecular pump controller

Open the gate valve for once and then close it again

. Close all the valves

Switch off power
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