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Heat transfer and fluid flow through different microchan-
nel geometries in the transitional regime (rarefied flow) are
analysed by means of Direct Simulation Monte Carlo sim-
ulations. Four types of three-dimensional microchannels,
intended to be used as expansion slots in micro-resistojet
concepts, are investigated using Nitrogen as working fluid.
The main purpose is to understand the impact of the chan-
nel geometry on the exit velocity and the transmission coef-
ficient, parameters which are well known to affect directly
the thruster performance. Although this analysis can be ap-
plied in principle to several possible microfluidics scenar-
ios, particular focus is given to its application in the field
of space propulsion for micro-, nano- and pico-satellites, for
which the requirements ask for low thrust levels from some
UN to a few mN and moderate specific impulse, as well as
a low power consumption in the order of a few W. Analysis
shows that the thrust produced by one single microchannel
can be increased by about 480% with a careful selection of
the channel geometry, decreasing at the same time the spe-
cific impulse by just 5%, with a power consumption decrease
of more than 66.7%.

1 Introduction

The past decade has seen a massive growth in the num-
ber of small satellites lauched into Earth orbit. This has led,
in turn, to a significant increment of the research activities on
the miniaturization of satellite subsystems and components.
However, in order to reduce mass and cost, typically nano-
satellites (i.e., satellites with a mass between 1 and 10 kg)
are still designed without any propulsion capabilities, and

only very recently micro-propulsion systems have started to
be developed and demonstrated in flight. Thus, their mission
lifetime and performance are severely limited [1,2].

Nano-satellites are typically used in Low-Earth Orbit
(LEO), where some specific missions might require a ca-
pable propulsion system to enable, for instance, formation
flying, orbit change and/or station keeping of constellations.
These propulsion systems need to be extremely miniaturized
and highly integrated; they shall usually provide thrust lev-
els in the order of some uN up to a few mN, with a limited
power consumption [3,4]. In addition, there is currently a
societal urge to use ”green” space systems, that shall be free
of components or materials publicly recognized as toxic or
potentially hazardous for the environment. Finally, current
nano-satellite regulations demand for propellants that shall
be non-corrosive, non-flammable and non-toxic [5].

A particular propulsion concept based on rarefied
gas dynamics, denoted as Free Molecule Micro-Resistojet
(FMMR), has started to be proposed in the late 90’s as an
alternative to meet the specific requirements and constraints
imposed by nano-satellites [6, 7]. Ketsdever et al. [6] pre-
sented several advantages of this concept when compared
with more traditional micro-thrusters, such as reduced tank
pressure, avoidance nozzle plugging, ease and flexibility of
construction and reduced valve actuation. An important part
of the system is the thrust chamber, or heater chip, usually
characterized by a flat plate geometry with expansion slots
or microchannels in which molecules are heated, accelerated
and expelled into space [8]. As an example, the geometry
proposed by Ketsdever et al. [9] is a 19.2 x 19.2 mm square,



500 pm thick, manufactured on a double-sided polished sil-
icon wafer. It contains 44 expansion slots with dimensions
of 100 um wide by 5.375 mm long. The performance of this
heater chip was numerically simulated by a Direct Simula-
tion Monte Carlo (DSMC) code, using Nitrogen as molecu-
lar species, and successively compared to experimental data,
showing a good agreement with a difference of no more than
2% [10].

Rarefied gas dynamics is relevant to a large number of
different applications such as vacuum technology and space
dynamics, all characterized by a low pressure environment
[11, 12]. Nowadays, it is also becoming more and more
relevant to the design and study of microfluidic devices in-
tended for several applications. The first microsystem device
for microfluidic application, an integrated cooling system for
electronic circuits with a power density of 790 W/cm?, dates
back to the 80’s [13]. This system allowed small electronic
devices, producing high temperature when in operation, to
keep working at better efficiency. The main advantage in us-
ing microchannels is their extremely high surface area to vol-
ume ratio when compared with large channels. However, rar-
efaction, compressibility, viscous heating and thermal creep
are important possible drawbacks that are well known to af-
fect the flow dynamics of MEMS [14].

Rarefied gas flows can be classified in three different
regimes: the continuum regime with slip flow, the transition
flow, and the free molecular flow. The Knudsen number de-
fines the degree of gas rarefaction. It depends on the aver-
age distance travelled by the molecules between collisions,
known as the mean free path, A, and the characteristic di-
mension, L. The Knudsen number is expressed as:

A

Its value defines if the flow shall be classified as slip flow,
for Knudsen number in the range from 0.01 to 0.1, transition
flow, from 0.1 to 10, or free molecular flow, for Knudsen
numbers higher than 10 [14, 15].

The Navier-Stokes equations describe the fluid dynam-
ics in the continuum flow regime, but they can not predict the
solution of the transition flow regime; in this case, the Boltz-
mann equation is applied [14, 15]. The Boltzmann equation
is not solved directly by DSMC, since it analyses the motion
of the particles or molecules in a small volume by means of
probabilistic physical simulations [16]. In DSMC simula-
tions, the particles or molecules are represented by a sample
and not by their actual total number, in order to keep the sim-
ulation at an acceptable level in terms of computational cost.
However, under adequate conditions, the probabilistic results
still gives a good approximation of the solution [15].

The transition flow regime is usually the nominal opera-
tional condition of FMMR devices due to the low operational
pressure of the system, and the DSMC method is a consoli-
dated tool to study the fluid dynamic and thermal properties
in this regime. Several previous research activities have stud-
ied fluid dynamics in microchannels using the DSMC, show-
ing how the aspect ratio, temperature and Knudsen number

influence the gas behaviour [17-20]. In some cases, the pres-
sure drop, temperature and velocity through the channel are
also analysed. Even though some researchers have also been
using the DSMC method to analyse the micronozzle perfor-
mance for the transition between the slip flow regime and
the transition flow regime [21-24], there is still a lack of
micronozzle performance analysis in case at the boundary
between the transition flow and the molecular flow regimes
(Knudsen number larger than 0.1).

The aspect ratio of the expansion channel, defined as
thickness to diameter ratio, is an important parameter that
has to be considered in this concept. Normally, the mass
flow rate decreases with increasing aspect ratio. One disad-
vantage in decreasing the aspect ratio is that the heat trans-
fer also decreases. The portion of mass flow rate that goes
through a channel is defined by the “transmission coeffi-
cient”, o, which is also known as conductance [11] or di-
mensionless mass flow rate [20, 25]. It is the actual mass
flow rate to the mass flow rate in free molecular limit ratio,
which is expressed in the form of o = ri1/ri1,,, meaning that
for an infinitely thin channel, the transmission coefficient is
equal to 1. For a cylindrical channel with an aspect ratio of 5,
a typical value of the transmission coefficient is 0.19 [11,20].

From the thruster point of view, the thrust 3 increases
with the mass flow rate 7z and the flow exit velocity u,,
see equation (2), whereas the specific impulse I, tends to
slightly decrease with the mass flow rate, equation (3). When
the heat transfer from the channel walls to the fluid increases,
the exit velocity and the exit pressure P, increase, and, con-
sequently, the thrust and specific impulse increase too.

3 :mue+(Pe_Pa)Ae )
3
Iy = g0 3)

where in equations 2 and 3, P, is the ambient pressure (zero
in vacuum), A, is the thruster exit area, and g, is the Earth
gravitational acceleration at sea level.

This article presents a sensitivity analysis of the thruster
performance as function of the microchannel geometry. A
microchannel aspect ratio of 4.4 is used as a baseline and dif-
ferent divergent microchannel geometries are simulated. The
channel geometry influences the transmission coefficient and
the heat transfer performance that, in turn, directly influence
the thruster performance. The purpose is to propose a de-
sign in which better thrust level can be achieved, without any
substantial drop in the specific impulse and, possibly, with a
reduction of the specific energy.

2 Numerical Modelling

The 3-D DSMC code dsmcFoam, in particular the open
source C++ CFD toolbox OpenFOAM, has been used to anal-
yse the flow dynamics and thermal properties of the system.



As in all DSMC tools, the motion of particles/molecules in a
small cell volume (Ax.;) is analyzed. In each cell, a set
of representative collisions is processed at each time step
(Atgep). The DSMC does not use the actual number of par-
ticles due to the high simulation cost required, even though
the sample of particles use in the simulations represent well
the solution. These parameters play an important role on the
accuracy of the simulation and they are estimated according
to [15] as:

Axcel I} < (4)
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where § is the fraction of mean free time (the mean time be-
tween collisions) at the mean stream conditions, and ¢ is the
mean thermal speed. According to the equations above the
mesh size has to be less than 12 ym and the time step has
to be close to 2 x 1077 s. Additionally, the typical value of
the actual- to simulated-particle ratio S per cell is taken in
the range from 10'* to 10'® for a three-dimensional compu-
tation [26]. On the other hand, values of S close to 1 are
typically used to simulate completely free molecular flows.
However, in the cases studied in this paper, both the tran-
sitional and the free molecular regimes are present, and for
this reason an intermediate value has been chosen for S. This
means that the flow regions under the free molecular regime,
which are less interesting for the scopes of this study, have
been simulated less accurately due to the relatively low num-
ber of particles considered. Taking these constraints into ac-
count, an affordable value of S (in terms of computational
cost) was defined. Table 1 shows a summary of the main
simulation parameters, set in agreement with the indications
provided by literature and common practice [15,26,27].

A sketch of the baseline modelling (case 1) can be seen
in Figure 1. It is divided in three sections: a portion of the
plenum, the microchannel and a portion of the outer space.
The main purpose of these simulations is to understand and
characterize the gas behaviour into the channel, with por-
tions of the plenum and the outer space simulated in order to
better understand how the external and boundary conditions
influence the fluid dynamics into the channel. The reference
frame is placed with its origin at the channel entrance (x=0),
with the channel exit at x=L.=500 um. The microchannel is
designed with a circular cross-sectional area of 10,000 ,umz.
The inlet boundary condition is represented by a blue line,
and corresponds to a plenum or reservoir under stagnation
conditions at a temperature of 300 K and a pressure of 50,
150 or 300 Pa depending on the simulated case. Vacuum
conditions are imposed at the outlet boundary that is repre-
sented by a black line and corresponds to the outer space.
The channel wall boundary condition (red line) was consid-
ered at a fixed constant temperature, namely 300, 573, 700
or 900 K depending on the simulated case. Additionally,

Table 1. Simulation setting according to [15,27]

Model/Value
Variable Hard Sphere

Element

Gas interaction

Energy exchange Larsen-Borgnakke
Gas-Surface interaction Diffuse
Molecular Species Nj (nitrogen)

Rotational degree of freedom 2

m 46.5x 10727 kg
dres 417 x10710m
3 0.1

® 0.74

Axcen < 5um

Atgep 2x1077s

S 104

Table 2. Variable parameters for the different cases analysed

Cases Py[Pa] T, [K] Bl  Knin TII
50 300-900 O 1.3 13-17
1 150 300-900 O 0.4 14-17
300 300-900 O 0.3 14 -17
2 150 573 0-40 0.5 15-262
3 150 573 0-40 0.5 15 - 480
4 150 573 0-40 0.5 15-35

the green dashed line represents a symmetric plane boundary
condition, applied to simplify the modelling and reduce the
simulation time. The variable parameters used for different
cases are summarized in Table 2.

Moreover, three additional configurations with a (par-
tially) divergent microchannel were simulated. Figure 2
shows the four cases which were analysed, namely: case
1 (Baseline microchannel), case 2 (Entirely divergent mi-
crochannel), case 3 (Second-half divergent microchannel),
and case 4 (First-half divergent microchannel). The same in-
let cross-sectional area has been used for all the cases. The
angle of the divergent part, B, has been varied from 0 to 40°
for each case. The same boundary conditions and parame-
ters as in the baseline have been used, but only one value of
the plenum pressure (150 Pa) and wall temperature (573 K)
has been considered for cases 2, 3 and 4. This choice is mo-
tivated and discussed in the next section, together with the
results achieved.
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Fig. 1. Scheme of the baseline microchannel modelling (case 1, dimensions in um). The plenum boundary condition is represented by
a blue line, the channel wall by a red line, the space by a black line and the green dashed line represents the symmetric plane boundary
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Fig. 2. Scheme of the four configurations analysed. (1) Baseline microchannel, (2) Entirely divergent microchannel, (3) Second-half diver-

gent microchannel, and (4) First-half divergent microchannel.

3 Results and Discussion
3.1 DSMC validation

To validate the numerical parameters used for the sim-
ulations, a plenum pressure of 50 Pa and a wall temperature
of 300 K have been used. The Knudsen number in the chan-
nel varies between 1.1, at the channel entrance, and 14.2, at
the channel exit. Besides the baseline cell size of 5 um, two
other values were tested: 2.5 um and 10 ym. Table 3 shows
the mean exit velocity and the mean exit pressure for differ-
ent cell size values. The exit pressure does not show signifi-
cant variations, but for the exit velocity a difference of 1.3%
(in the worst case) in relation to the baseline parameter is
present. For the time step, besides the baseline of 2 x 1077 s,
two other values were tested: 1x10~7 s and 5x 1077 s. Table
3 shows the results in terms of the mean exit velocity and the
mean exit pressure. The exit pressure also in this case does
not show significant changes, but the exit velocity presents a
difference of 1.9% in the worst case. Another numerical pa-
rameter that has been validated is the particles-per-cell value.
Besides the actual- to simulated-particle ratio S of 10%, two
other values were tested: 10° and 103, see Table 3. The exit
pressure also does not show significant changes and the exit
velocity presents a difference of 1.3% in the worst case. In
conclusion, the uncertainty is expected to be not bigger than
2.6%.

An additional validation has been carried out by compar-
ing the pressure variation along the channel centerline from

the current numerical code to an analytical expression given
in [14]:

~ 2— -
P —1+2(6+0) GGVKno(P—l)Jr
v
5 (6)
_.2—0, P—bKn, X
v 0

Table 3. Comparison of numerical results obtained with different pa-
rameters.

Parameters u. [m/s] P.[Pa] Difference [%]
2.5 um 297 2.8 1.3
Axeey 5 um 301 2.8 —
10 um 299 2.8 0.7
1x1077s 302 2.8 0.1
Atgep  2x1077s 302 2.8 —
5x1077s 296 2.7 1.9
10° 301 2.8 0.3
S 104 302 2.8 —
10° 298 2.8 1.3




where P is the ratio of local pressure to outlet pressure, K,
is the outlet Knudsen number, o, is the thermal accommo-
dation (set equal to 1), B is a constant such that P = P(x =
0)/P,, and b and & are constants too. The comparison is
presented in Figure 3, which shows very good matching with
the findings of [14], where it is indicated that at higher Knud-
sen numbers and, thus, under free molecular flow conditions,
the pressure distribution along the channel centerline is much
closer to what would be obtained by assuming a linear pres-
sure drop. Equation 6 gives however still sufficiently accu-
rate results, with a maximum difference of 3.0% for a plenum
pressure of 50 Pa, 2.7% for a plenum pressure of 150 Pa, and
2.9% for a plenum pressure of 300 Pa. A wall temperature
of 300 K was used for this comparison.

o 50 Pa/300K - DSMC code NI

% 150 Pa/300 K - DSMC code N

A 300 Pa/300K - DSMC code R
- - -50Pa/300 K - Analytical
- - -150 Pa/ 300 K - Analytical
- - -300 Pa/ 300 K - Analytical
——50 Pa /300 K - Linear pressure drop
—— 150 Pa/ 300 K - Linear pressure drop
——300 Pa/ 300 K - Linear pressure drop

0 0.2 0.4 0.6 0.8 1
x/L

Pressure [Pa]

=
o
7

10

Fig. 3. Pressure along the channel centerline: comparison of the
current DSMC code with the analytical solution from [14]

3.2 Case 1. Baseline microchannel analysis

In Figure 4, the normalized pressure along the channel
is shown for different plenum pressures and wall tempera-
tures. The pressure slightly raises in the first part of the
channel, followed by a gradual decrease very close to a linear
function, where the linear coefficient depends mainly on the
plenum pressure. Furthermore, when the wall temperature is
the same as the plenum temperature (in this study 300 K), the
entrance pressure is less than the plenum pressure. On the
other hand, when the wall temperature exceeds the plenum
temperature, the entrance pressure is larger. The normalized
mean pressure at the channel inlet mainly depends on the
channel wall temperature, although it obviously converges to
the same value at the channel outlet.

Due to the random direction of particles and the high
number of collisions in the channel entrance area, the heat
transfer from wall to particles is more effective in the first
30% of the channel length, after which the mean gas tem-
perature is constant and close to the wall temperature, see
Figure 5. The mean gas temperature decreases a bit in the

1.6

50 Pa /300 K
50 Pa /573 K
50 Pa /700 K
50 Pa /900 K
150 Pa /300 K
+ 150 Pa/573 K
x 150 Pa /700 K
* 150 Pa/900 K
300 Pa /300K ||
300 Pa/573 K

14r

¥ < O O

PIP,
o
oo

061 > 300 Pa/700K ||
300 Pa /900 K
0.4t
0.2t
0 L L
0 0.2 0.4 0.6 0.8 1

x/L

Fig. 4. Mean pressure along the channel (normalized) for the base-
line microchannel (case 1), for different plenum pressures and wall
channel temperatures.

last 20% of the channel due to the low outer space tempera-
ture. The complete temperature field is shown in Figure 6-(a)
for plenum pressure of 150 Pa and wall temperature of 573
K.

1.2

o 50 Pa/300K

0.8 o 50Pa/573K

¢ 50 Pa/700K

z % % 50 Pa/900 K
£ o6f . 150 Pa/300 K 1

4

150 Pa /573 K
x 150 Pa /700 K

04 + 150 Pa/ 900 K
4300 Pa/300K

o2k v 300 Pa/573K ]
> 300 Pa/700 K
4300 Pa/900 K

% 0.2 0.4 0.6 0.8 1

x/L

Fig. 5. Mean temperature along the channel (normalized) for the
baseline microchannel (case 1), for different plenum pressures and
wall channel temperatures.

Since there is no change in the cross-sectional area along
the baseline channel, the Mach number along the channel
presents a similar value for the different cases studied in-
dependently on the Knudsen number, plenum pressure and
channel wall temperature. The Mach number converges to
sonic velocity at the channel outlet, see Figure 6-(b). The
Knudsen number depends mainly on the plenum pressure
and channel wall temperature: when the plenum pressure in-
creases the Knudsen number tends to decrease, and when the
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Fig. 6. Temperature (a) and Mach number (b) maps for a plenum
pressure of 150 Pa and channel wall temperature of 573 K, for the
baseline microchannel (case 1).

wall temperature increases the Knudsen number tends to in-
crease, see Table 4. For plenum pressure of 50 Pa the flow
regime turns into a free molecular flow in the last part of the
channel.

Table 4. Knudsen number at the channel inlet and outlet, baseline
microchannel (case 1).

Po[Pa] | T,,[K] | 300 573 700 900
50 1.1 1.3 14 15
150 Kny, |04 04 05 05
300 02 02 02 03
50 142 20.1 223 254
150 Kney | 46 69 77 89
300 23 36 40 47
50 17.0 149 144 13.7
150 I1 16.7 152 146 14.1
300 16.8 156 152 14.6

The molecules are accelerated in the microchannel
mainly due to collisions with the hot channel walls, and the
exit velocity increases from 293 to 503 m/s when the chan-
nel wall temperature increases from 300 to 900 K, respec-
tively. Table 5 shows the transmission coefficient and exit
velocity for different channel wall temperatures and plenum
pressures. Varying from 17 to 19 %, the transmission coef-
ficient changes are not significant, although the increase in
exit velocity is significant. Therefore, one initial step to im-
prove the transmission coefficient was expected to be by a
divergent channel, helping the particles to be expelled more
effectively. The results obtained by using different types of
divergent geometries are presented in the next subsections.

3.3 Case 2. Entirely divergent microchannel analysis
The main effect of the divergent channel is to alleviate
the problems caused by the high entrance pressure, so that

Table 5. Transmission coefficient and Exit Velocity, baseline mi-
crochannel (case 1).

Py[Pa] | 50 150 300 50 150 300
T,[K] | Transmission Coefficient | Exit Velocity [m/s]
300 0.189 0.189 0.190 292 283 299
573 0.187 0.183 0.179 401 403 411
700 0.186 0.181 0.176 442 444 453
900 0.186 0.180 0.174 499 503 514

the passage of molecules throughout the channel is facili-
tated, as seen in Figure 7. The entrance pressure goes sig-
nificantly down with increasing angle of the divergent part.
This reduction is up to about 75% with respect to the base-
line (i.e., no divergence angle), for a divergence angle of 40
degrees. In addition, the pressure drops dramatically through
the microchannel, with most of this drop moved towards the
channel inlet when the divergence angle increases. The chan-
nel exit pressure also decreases with increasing divergence
angle.
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Fig. 7. Mean pressure along the channel, entirely divergent mi-
crochannel (case 2), for different divergent angles at a plenum pres-
sure of 150 Pa and wall temperature of 573 K.

Although on one hand the desired reduced entrance
pressure effect is achieved, on the other hand the heat trans-
fer becomes less effective than the baseline and the maxi-
mum temperature is less close to the channel wall tempera-
ture, as seen in Figure 8. When the divergent angle increases,
the number of collisions decreases (in particular the particle-
surface ones) and the heat transfer becomes less efficient.
The complete temperature field for the case of divergent an-
gle equal to 25 degrees can be seen in Figure 9-(a).

The gas temperature decrease at higher divergent angles
implies that the molecules are accelerated less efficiently by
the hot channel walls through collisions. However, when the
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Fig. 9. Temperature (a) and Mach number (b) maps for the entirely

divergent microchannel (case 2), for a divergent angle of 25 degrees,
plenum pressure of 150 Pa and wall temperature of 573 K.

divergent angle increases, the acceleration due to thermal ex-
pansion, which characterizes the more conventional propul-
sion concepts, increases. For this reason the Mach number
increases, and the flow becomes supersonic at the channel
for divergent angles higher than 10 degrees. Figure 9-(b)
shows the increasing Mach number throughout the channel
at a divergent angle of 25 degrees. The increasing divergent
angle makes the Knudsen number rise dramatically through
the channel as it can be seen in Table 6, meaning that flow
goes in the free molecular regime before being expelled at
the channel exit.

Table 6. Knudsen number at the channel inlet and outlet, entirely
divergent microchannel (case 2), for different divergent angles at a
plenum pressure of 150 Pa and wall temperature of 573 K.

Bl |05 10 15 20
Knin | 05 05 06 0.6
Know | 109 162 233 326
I 225 317 439 612
Bl |25 30 35 40
Knin | 06 06 06 07
Know | 447 60.1 799 1052
I 86.1 12275 177.8 261.6

The exit velocity increases gradually from 402.5 to
461.5 m/s when the divergent angle raises from 0 to 30 de-
grees, respectively. For values higher than 30 degrees the
exit velocity slightly decreases, Figure 10. Although the exit
velocity only shows a relatively moderate change with re-
spect to the baseline, the transmission coefficient increases
significantly when the divergent angle increases, going from
18 to 93% for a divergent angle values from O to 40 degrees.
This represents an increase of about 80% in mass flow rate
effectively expelled by the channel.
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Fig. 10. Transmission coefficient and exit velocity for different diver-
gent angles at a plenum pressure of 150 Pa and wall temperature of
573 K, entirely divergent microchannel (case 2).

3.4 Case 3. Second-half divergent microchannel analy-
sis

As it has been shown in the previous subsection, the en-
tirely divergent angle geometry (case 2) shows an important
increase in mass flow rate, but a less effective heat transfer is
obtained. In case 3, the idea is to increase the heat transfer
effectiveness in the first half of the microchannel (constant
area) and improve the thermal expansion of the flow and,
thus, the transmission coefficient in the second half (diver-



gent). Figure 11 shows that the entrance pressure is slightly
reduced when the divergent angle increases up to 25 degrees,
while for angles higher than 25 degrees it does not change
significantly. Generally speaking, the pressure through the
channel decreases significantly with the divergent angle, as
well as the exit pressure.
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Fig. 11. Mean pressure along the channel, second-half divergent

microchannel (case 3), for different divergent angles at a plenum
pressure of 150 Pa and wall temperature of 573 K.

The heat transfer does not show significant changes with
increasing divergent angle, because the gas is mainly heated
in the first half of the channel and, when the molecules enter
in the divergent part, they are already aligned and the number
of collisions with the walls are insignificant. Due to this, the
gas temperature in the second half of the channel decreases
significantly when the divergent angle increases, see Figure
12. The complete temperature field for a divergent angle of
25 degrees can be seen in Figure 13-(a).

Differently to the previous geometry (case 2), the Mach
number presents a significant increase only in the second half
of the microchannel, but still converges to similar supersonic
values at the channel exit, compare Figures 9-(b) and 13-(b).
The Knudsen number at channel outlet for this configuration
is as high as in case 2, and the flow also goes in the free
molecular regime before the channel exit, see Table 7.

A significant difference can be noticed in the exit veloc-
ity and the transmission coefficient, by comparing Figures
10 and 14. The exit velocity increases with respect to case 2
(for instance 496.1 m/s instead of 461.5 m/s, for same diver-
gent angle of 30 degrees). The highest exit velocity (500.1
m/s) is achieved for a divergent angle of 35 degrees and there
is a slight decrease for divergent angles larger than 35 de-
grees. The transmission coefficient presents an increase with
respect to the baseline (case 1) but is significantly lower with
respect to the entirely divergent angle (case 2). This hap-
pens because the mass flow rate is limited by the presence
of the first constant-area of the microchannel independently
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Fig. 12. Mean temperature along the channel, second-half diver-
gent microchannel (case 3), for different divergent angles at a plenum
Mach: 02040608 1 12141618

pressure of 150 Pa and wall temperature of 573 K.

Fig. 13. Temperature (a) and Mach number (b) maps for the
second-half divergent microchannel (case 3), for a divergent angle
of 25 degrees, plenum pressure of 150 Pa and wall temperature of
573 K.
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on the divergent angle in the second part. The transmission
coefficient is never larger than 31% (value for a cylindrical
tube with aspect ratio of 2.5), in accordance to the results
obtained in [11], and the largest transmission coefficient is
achieved for an angle of 25 degrees.

3.5 Case 4. First-half divergent microchannel analysis
Following the analysis of case 3, a conclusion is that
when the highest gas temperature (wall temperature) is
achieved due to a high number of collisions, the mass flow
rate is lower and when the mass flow rate is increased due to
the increased divergent angle, the number of collisions de-
creases and the gas temperature is lower. In order to com-
bine these effects, in case 4 the first half of the microchannel
(divergent) is used for the thermal expansion to increase the
mass flow rate, and the second half (constant area) is used



Table 7. Knudsen number at the channel inlet and outlet, second-
half divergent microchannel (case 3), for different divergent angles at
a plenum pressure of 150 Pa and wall temperature of 573 K.

B[] | 05 10 15 20
Kny, | 0.5 0.5 0.5 0.5
Knyy, | 11.2 16.9 24.6 34.7
11 254 404 62.7 95.9
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Fig. 14. Transmission coefficient and exit velocity for different diver-
gent angles at a plenum pressure of 150 Pa and wall temperature of
573 K, second- half divergent microchannel (case 3).

to increase the temperature. Figure 15 shows that the en-
trance pressure decreases significantly as it happened for the
entirely divergent angle (case 2), but presents a smoother in-
crease when compared to case 2. Additionally, the gas tem-
perature through the channel is larger than case 2, compare
Figures 8 and 16.

The complete temperature field in the channel can be
seen in Figure 17 as well as the Mach number map. In the
first half of the microchannel, the Mach number presents a
similarity to case 2, reaching a value of 0.6 in the beginning
of the channel due to the thermal expansion, while the sit-
uation in the second half is similar to case 1 and the Mach
number tends again to reach the sonic regime at the end of
the microchannel, see the example in Figure 17-(b). In this
case the flow goes in the free molecular regime just at the
channel exit, for a divergent angle higher than 15 degrees,
see Table 8.

The exit velocity does not show a significant change
with the divergent angle, and the highest exit velocity (413.3
m/s) is achieved for a divergent angle of 10 degrees, see
Figure 18. On the other hand, the transmission coefficient
increases significantly with increasing the divergent angle.
This result is comparable to the case of entirely divergent
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Fig. 15. Mean pressure along the channel, first-half divergent mi-
crochannel (case 4), for different divergent angles at a plenum pres-
sure of 150 Pa and wall temperature of 573 K.
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Fig. 16. Mean temperature along the channel, first-half divergent
microchannel (case 4), for different divergent angles at a plenum
pressure of 150 Pa and wall temperature of 573 K.

channel (case 2). Another interesting result is that a diver-
gent angle of 40 degrees shows almost the same exit velocity
as the baseline, but with a very high transmission coefficient
of 91%.

3.6 Thruster performance analysis

Each one of the studied cases shows its own specific
flow characteristics, as previously described. In case the mi-
crochannels are used as flow acceleration elements in a space
thruster, these characteristics can be used to compute the
expected propulsion performance (thrust, specific impulse
and power consumption, in particular). This subsection will
present the propulsion performance and the different param-
eters that influence it directly.

Figure 19 shows how the exit velocity profile along the
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Fig. 17. Temperature (a) and Mach number (b) maps for the first-
half divergent microchannel (case 4), for a divergent angle of 25 de-
grees, plenum pressure of 150 Pa and wall temperature of 573 K.

Table 8. Knudsen number at the channel inlet and outlet, first-half
divergent microchannel (case 4), for different divergent angles at a
plenum pressure of 150 Pa and wall temperature of 573 K.
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Fig. 18. Transmission coefficient and exit velocity for different diver-
gent angles at a plenum pressure of 150 Pa and wall temperature of
573 K, first-half divergent microchannel (case 4).
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y axis is influenced by the channel geometry. In particular,
a divergent angle at the channel exit makes the flow signifi-
cantly more bi-dimensional, with a less uniform axial com-
ponent of the exit velocity and a non negligible component
of it along the y axis. This effect becomes even more promi-
nent at higher divergent angles, as shown in Table 9, where
the maximum V, /V, ratio at the channel exit (for y/r = 1)
is shown for all cases and different values of the divergent
angle.

From the baseline (case 1), Figure 20 shows the rela-
tionship between thrust and specific impulse under different
plenum pressure and channel wall temperature. In Figure 20,
lines are drawn for constant wall channel temperature and
constant plenum pressure. It shows that the specific impulse
increases when the channel wall temperature increases and
the thrust increases significantly with the plenum pressure
and also, slightly, with the channel wall temperature.

Another important result is obtained in relation to spe-
cific energy, that is the ratio of power (thermal energy) con-
sumption per mass flow rate. Figure 21 shows that the
specific energy rises with the wall temperature and, conse-
quently, the specific impulse. An increase in plenum pres-

yir

Fig. 19. Velocity profile along the y axis at the channel exit (x = 500
um), for all cases, with a divergent angle of 25°.

sure tends to slightly decrease the specific energy.

The specific impulse basically increases when the gas
temperature increases as a consequence of the higher wall
temperature, or when the molecular mass decreases by
changing the molecular species, as it is already shown by [9].
On the other hand, the thrust can be increased by increasing
the plenum pressure, the channel wall temperature, the exit
area or the transmission coefficient, as also shown by [9].
However, the channel wall temperature does not affect sig-
nificantly the thrust and is obviously also limited by the ma-
terial properties. For what concerns the plenum pressure,
when it is increased the flow tends to move from the rarefied
gas regime to the continuum flow one, for which completely
different equations and considerations should be applied. It
is obviously also possible to increase the flow exit area by
increasing the number of slots/microchannels, at least up to
a certain level after which a too large heater chip and plenum
volume would be obtained. The transmission coefficient de-
pends basically on the geometry and, in particular, the aspect



Table 9. Maximum Vy/Vx ratio at the channel exit (for y/r = 1), for
all cases and different values of the divergent angle.

(é) Case2 Case3 Case4d
X/ max
0° 0.2035 0.2035 0.2035
5° 0.2400 0.2399 0.2169
10°  0.2808 0.2823 0.2148
15 0.3253 0.3227 0.2225
B 20° 0.3752 0.3810 0.2132
25° 04364 04371 0.2160
30°  0.5089 0.5166 0.2178
35° 0.5936 0.6029 0.2174
40°  0.6943 0.6943 0.2222
100 ‘ ‘
e 50Pa/300K
= 50Pa/573K
o : < ¢ parn |
- 150 Pa/300 K
+ 150 Pa/573K
@ 80 . , 150 Pa /700 K[|
3 ¢ + 150 Pa/ 900 K
3 A 300 Pa/300K
€ 0L = + v v 300Pa/573Kl]
° > 300 Pa /700 K
E < 300 Pa/900 K
@ 60 E
so ® ’ ‘ 1

40 I I I I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Thrust [uN]

Fig. 20. Thrust versus specific impulse for different values of
the plenum pressure and wall temperature, baseline microchannel
(casel).

ratio. However, when the aspect ratio decreases, the heat
transfer becomes less effective and thus the gas temperature
and specific impulse decrease. The power consumption is
crucial, since it is one of the most important design drivers
of satellites, especially small ones, with limited power avail-
able. In summary, it is desirable to achieve the maximum
possible thrust and specific impulse with the minimum power
consumption.

Figure 22 shows a comparison among different geome-
tries, at plenum pressure of 150 Pa and channel wall tem-
perature of 573 K. For the entirely divergent channel, case
2, when the angle increases the thrust increases dramatically
due to the increased transmission coefficient, and the specific
impulse decreases significantly due to the lower gas temper-
ature. For the second-half divergent angle, case 3, the aspect
ratio of the first part of the microchannel represents a sort of
“barrier” to the mass flow rate, so the thrust does not change
much and the specific impulse decreases significantly with
the angle. For the first-half divergent angle, case 4, the thrust
increases significantly with the angle in the same way as case
2, and the specific impulse slightly decreases.
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Fig. 21. Specific energy versus specific impulse for different values
of the plenum pressure and wall temperature, baseline microchannel
(case 1).
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Fig. 22. Thrust and specific impulse as functions of the divergent
angle, for plenum pressure of 150 Pa and wall temperature of 573 K
(cases 2, 3 and 4).

As it can be seen in Figure 23 the specific energy
presents an interesting behaviour. In case 3 there is a slight
decrease of specific energy with a divergent angle up to 10
degrees, followed by a significant increase for higher diver-
gent angles. In cases 2 and 4 there is a significant decrease
in the specific energy with the divergent angle.

In space propulsion, the total thrust produced by a sys-
tem is generated by two different contributions: the momen-
tum thrust (caused by change of momentum in the fluid) and
the pressure thrust (caused by pressure difference between
channel exit and ambient), see Equation 2. Each contribution
plays a different role for different cases. In the baseline case,
case 1, the pressure thrust represents 42 % of the total thrust.
In cases 2 and 3, where the exit pressure decreases due to the
divergent angle, the pressure thrust becomes a smaller por-
tion of the total thrust, just 19 % for a divergent angle of 40
degrees. In case 4, with the same divergent angle, the pres-
sure thrust represents again a larger portion of the total thrust
(about 40 %), due to the heat transfer in the second half of the
microchannel. In any case, it is clear that the pressure thrust
contribution is not negligible in this concept, differently to
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Fig. 23. Specific energy and specific impulse as functions of the
divergent angle, for plenum pressure of 150 Pa and wall temperature
of 573 K (cases 2, 3 and 4).

what happens in more traditional propulsion systems espe-
cially then used under vaccum conditions.

4 Conclusion

The DSMC method was applied to simulate the flow and
thermal behaviour in four different microchannels geome-
tries for a FMMR devices. The baseline case with constant
channel area was analysed to study the influence of differ-
ent plenum pressures and channel wall temperatures on the
mass flow rate, thrust and specific impulse. The other cases,
in which a divergent section is presented in the channel, a
plenum pressure of 150 Pa and channel wall temperature of
573 K have been considered, but a divergent angle range
from O to 40 degrees was used with different configurations
(entirely divergent, only first half or only second half). In ad-
dition, the heat transfer and fluid flow in the microchannels
has been discussed.

It is shown that the transmission coefficient increases
significantly with increasing divergent angle, which im-
proves the mass flow rate through the channel and, conse-
quently, the thrust. On the other hand, when the divergent
angle increases, the heat transfer effectiveness tends to de-
crease significantly, which influences in a negative way the
exit velocity. It has been shown that the case of first-half
divergent channel is the best combination of these two con-
trasting effects. In terms of thrust performance, therefore,
this is the most promising case. It combines a relatively small
reduction of specific impulse with a significant increase of
thrust. As a comparison, the thrust of one microchannel with
divergent angle of 40 degrees in this case is equivalent to 4.8
microchannels of the baseline case, with a specific impulse
decrease of just 5% and a reduction in power consumption of
66.7%, considering a plenum pressure of 150Pa and a chan-
nel wall temperature of 573K.

In order to use these findings in an actual propulsion sys-
tem design, further investigations need to be carried out. A
propellant needs to be selected that can be stored easily in
a small volume with low mass, allowing to design a sim-

ple final product with low number of components and, at the
same time, keep an adequate thrust performance. A charac-
terization of the heater chip in a test environment and a flight
validation on a nano- or pico-satellite mission will be very
important to this respect.
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Nomenclature

A, Thruster exit area [m?]

b Constant dependent on the derivatives of velocity profile
B Constant dependent on P = P(x =0)/P,

¢ Speed of sound [m/s]

¢=+/8kT /mm Mean thermal speed [m/s]

drey  Reference molecular diameter [m]

go Earth gravitational acceleration at sea level [m/s?]

I, Specific Impulse [s]

k Boltzmann constant [J/kg]

Kn Knudsen number [dimensionless]
Kn;, Inlet Knudsen number [dimensionless]
Kn,y,;  Outlet Knudsen number [dimensionless]

Ly Characteristic dimension [m]

L Length of the channel [m]

m  Molecular mass [kg]

m  Mass flow rate [kg/s]

g Mass flow rate in the free molecular limit [kg/s]

M, Mach number [dimensionless]

P, Ambient pressure [Pa]

P, Pressure at the nozzle exit [Pa]

Py Plenum pressure [Pa]

Ratio of local pressure to outlet pressure [dimensionless]

r Microchannel radius [m]

T Temperature [K]

To Plenum temperature [K]

T, Channel wall temperature [K]

u, Exit velocity [m/s]

V. Velocity along the x axis [m/s]

V) Velocity along the y axis [m/s]

o Transmission coefficient

0. parameter which depends on Kn

B Divergence angle [degree]

Axqo  Cell size [m]

Atgep Time step [s]

A Mean free path [m]

& Fraction of mean free time (the mean time between col-

lisions) at the mean stream conditions [dimensionless]

II Ratio of channel’s inlet pressure to channel’s outlet pres-

sure [dimensionless]

o



Gy

Thermal accommodation [dimensionless]

o Temperature coefficient of viscosity [dimensionless]
3 Thrust [N]
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