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Abstract

The present work aims to propose a novel quasi-one-dimensional model for the
performance estimation of a Vaporizing Liquid Microthruster (VLM). The an-
alytical model was applied to the analysis of a MEMS-based VLM composed of
a rectangular inlet chamber, a set of parallel microchannels as heating cham-
ber, and a planar convergent-divergent micronozzle. It combines a steady-state
boiling model for the analysis of the heater with a real nozzle flow model for the
evaluation of actual thrust force and specific impulse, based on iterative proce-
dure aiming at the convergence of the actual mass flow rate and the heat flux.
For the purpose, a set of semi-empirical formulas found among both theoretical
and experimental scientific works have been introduced for the estimation of the
critical heat flux condition and the local heat transfer coefficient. In addition,
the real nozzle flow model predicts the performance and the viscous losses due to
the boundary layer growth inside the micronozzle. The last ones are estimated
by introducing analytical expressions for the discharge coefficient and the I)-
efficiency into the isentropic nozzle flow theory. The resulting performance pre-
dictions of the 1D model referred to the on-design operating conditions. They
well agreed with the experimental data, with a maximum estimated error of

7.3% on the thrust and the specific impulse. Furthermore, the analytical model
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of the micronozzle predicted a reduction of the mass flow rate up to about 8%,
as well as thrust losses up to 15% due to the contraction of the cross sectional
area.

In addition, 2D and 3D computational fluid dynamics (CFD) simulations
were performed in order to enforce the analysis of the viscous effects. Predic-
tions of 2D computations overestimated the performances of the microthruster
with respect to experiments, up to about 19% of the thrust and 20% of the
specific impulse. On the other hand, the 3D predicted thrust approached to
the experimental one with an error of about 9.2% below. In addition, a severe
reduction of jet thrust in favor of the pressure thrust was observed at the nozzle
exit. Furthermore, 3D computations pointed out the influence of the micronoz-
zle depth on the boundary layer growth and the viscous losses. In particular,
they revealed the establishment of the nozzle blockage and the thermal chocking
of the supersonic flow owing to the subsequent viscous heating.

Keywords: micro-propulsion, Vaporizing Liquid Microthruster, performance

analysis, planar micronozzles, analytical modeling, Computational Fluid

Dynamics

Nomenclature

Symbols

Acs cross section are, m?

Bo Boiling number, Bo = th

Cy discharge coefficientCy = %’

p specific heat at constant pressure, J/kg/K
Co specific heat at constant volume, J/kg/K
Dy, hydraulic diameter D;, = 4;.16:*‘, m

E specific total energy, [kJ/kg]

Eo Eotvos number, Fo = go(p1—pv) Di;

a
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G2

Froude number, Fr = ——-
PrgoLln

mass flow rate per unit cross section area, kg/s/m?
gravitational acceleration, m/s?
total enthalpy, J

specific enthalpy, J/kg

heat transfer coefficient, W/m?/K
latent heat of vaporization, J/kg
specific impulse, [s]

variation of jet momentum, N
Laplace number, La = %
Mach number, —

propellant molar weight, [kg/mol]

mass flow rate, kg/s

hy Dy

Kcond

Nusselt number, Nu =
static pressure, Pa
cross section perimeter, m

Prandtl number, Pr = %

heat power, W

heat flux, W/m?

radius of curvature of the nozzle throat, m
specific gas constant R, /M,qs, [J/mol /K]
universal gas constant, 8.314 Jmol~! K—!
Reynolds number, Re = %

shape factor, —

spatial coordinate, m

temperature, K
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t temporal coordinate, s

u flow velocity vector, m/s

W width dimension, m

We Weber number, We = %ﬁh

T, Tyap mass vapor quality, —

X, liquid-to-vapor viscosity ratio, X, = L‘—i

X, liquid-to-vapor density ratio, X, = %

TTD thermodynamic vapor quality of the water-steam mixture,
Zeh, channel height, m

Greek Symbols

o* displacement thickness, m
M Ip-efficiency, 7, = jesttect —
~ specific heat ratio, —
a+l
y—1
I'vpk Vanderkerchoff parameter I'ypx = 4/ <721> , —

Keond thermal conductivity, W/m/K

" dynamic viscosity, Pa - s

p fluid density, kg/m?

o surface tension, N/m

T viscous stress tensor, [N/m?]

0 momentum thickness, m

&n nozzle quality, —

Subscripts

* referred to the nozzle throat section

0 referred to stagnation properties

() referred to the incompressible condition

h—hi,sat

hr
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act referred to the actual condition

CFD referred to numerical simulations

crit referred to the critical heat flux condition
d/o referred to the dry-out condition

DB referred to the Dittus-Boelter relation
exit referred to the nozzle exit section
incip referred to the incipience of the dry-out condition
inlet referred to the upstream condition
IRT referred to the Ideal Rocket Theory

j referred to jet thrust

l referred to the liquid phase

m referred to the mixture

num referred to numerical predictions
outlet referred to the downstream condition
D referred to pressure thrust

sat referred to the saturation condition

v referred to the vapor phase

w referred to the inner walls
Abbreviations

CFD Computational Fluid Dynamics

CHF Critical Heat Flux

DSMC Direct Simulation Monte Carlo

HTC Heat Transfer Coefficient

HTCC High Temperature Co-fired Ceramics
IRT Ideal Rocket Theory

LTCC Low Temperature Co-fired Ceramics
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MEMS  Micro Electro-Mechanical System
NS Navier-Stokes

VLM Vaporizing Liquid Microthruster

1. Introduction

In the last decades, small satellites (total mass less than 20 kg) have found
application in academic, industrial and space science programs, thanks to the re-
duction of the total expenditure of space missions allowed by the advancements
in microfabrication technologies. The execution of missions such as orbit trans-
fer or formation flying, requires small thrust forces from few micronewtowns
up to some millinewtons, with stringent constraints of mass, volume and power
consumption. Consequently, the micro-propulsion system represents a key tech-
nology [1]. Several types of Micro-Electric-Mechanical Systems (MEMS) based
micro-propulsion system have been proposed, such as cold and hot gas micro-
thrusters (e.g. [2] and [3]), micro-resistojets [4], liquid and solid mono-propellant
micro-thrusters ([5], [6] and [7]), plasma micro-thrusters ([8] and [9]), electro-
spray micro-thrusters [10], just to name a few. A detailed review of micro-
propulsion systems applied to small satellites can be found in Silva et al. [11].
In the field of the micro-propulsion, micro-resistojets represent an interesting
choice since such electro-thermal micro-thrusters are currently able to provide
thrust levels in the range 0.1 + 10mN as required for the attitude control and
the pointing systems of miniaturized spacecrafts [12], while meeting all mass,
volume and power constraints [13]. The propellant can be stored in liquid or
solid phase, thus vaporization or sublimation is required prior to the heating
of the gas. Devices that use liquid propellants are called Vaporizing Liquid
Microthrusters (VLMs). Compared to cold/hot gas micro-thrusters, VLMs can
store the propellant in low pressure and light weight fuel tank, but they will con-
sume more electric power due to the evaporation process. The first development
of the VLMs dates back to the Mueller’s studies ([14, 15, 16]), who first manu-

factured a silicon-based MEMS device, characterized the heat losses in relation
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to the packaging, and evaluated the influence of feeding pressure on the va-
porization process. Later, different configurations ([17], [18], [19], [20],[21], [22]
and [12]), materials and manufacturing technologies ([23] and [24]) have been
investigated, as described by Gao et al. [25].

The overall numerical analysis of the flow inside a VLM is usually made
difficult by the strong coupling of the supersonic flow inside the micronozzle
with the flow behavior into the heating chamber. They have always been studied
separately focusing on the main specific issues affecting the performance of this

kind of microthrusters:

e the growth of the viscous boundary layer inside planar micronozzles, en-

hanced by the micro-scale and the rarefied gas condition;

e the expansion of non-equilibrium two-phase vapor flow into the micronoz-

zle;

e the establishment of flow boiling instabilities inside the microchannels of

the heating chamber.

Bayt and Breuer [26] first conducted 2D numerical simulations on micronoz-
zles for a cold gas microthruster and concluded that the growth of the subsonic
boundary layer reduced the thrust efficiency due to the reduction of the ac-
tual cross section at the nozzle exit. Other researchers ([27, 28], [29] and more
recently [30]), numerically investigated novel two-depth geometries and conven-
tional planar configuration with half-angle of the expander equal to 30° able
to mitigate the viscous losses inside micronozzles. In micronozzles the contin-
uum assumption and the no slip condition at walls are easily violated due to
a non-negligible degree of gas rarefaction which determines the mechanisms of
interaction between gas-gas molecules and solid wall-gas molecules. In general,
two different regimes could establish based on the entity of the Knudsen num-
ber: the slip flow regime (0.01 < Kn < 0.1) or the transitional flow regime
(0.1 < Kn < 10). In the first regime, the Navier-Stokes equations are still

valid when used in combination with partial slip models at walls ([31], [32]).
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Instead, in the transitional flow regime, gas kinetic schemes such as Direct Sim-
ulation Monte Carlo (DSMC) [33] are required, as in [34] and [35]. Liu et al. [36]
demonstrated that the continuum method with slip boundary conditions pro-
vided a good estimation of the boundary layer inside the nozzle, albeit in the
nozzle exit lip region the DSMC methods performed better due to the rapid gas
expansion and the enhanced rarefaction effects. About the micro flow boiling in-
side microchannels, several numerical models succeeded in well reproducing the
nucleation and the growth of the vapor bubble, and the bubble-to-slug transition
in a single microchannel (e.g. [37] and [38]). However, nowadays the numerical
modeling of micro flow boiling inside complex geometries still represents a chal-
lenge due to the strong multiphysics involving microfluidics, phase change and
transport phenomena, bubble nucleation, as well as the interaction between the
controlled heater and the solid structures.

Based on the complexity of CFD computations highlighted above, a simpli-
fied one dimensional modeling that is able to predict the propulsive performance
and couple the heating process inside the heating chamber with the flow expan-
sion into the micronozzle, will provide important benefit to the VLM design
process. There is few literature on this subject. Specifically, Maurya et al. [39]
first proposed a simple theoretical model based on the ideal rocket theory, and
introduced an approximated thermal model to estimate the chamber tempera-
ture as a function of the heater power. Based on the Maurya’s model, Bidabadi
et al. [40] developed a new simplified theoretical model which improved the
analysis of the heating process in the vaporizing liquid microthruster. Recently,
Silva et al [41] proposed an analytical model of key parameters of a VLM which
was applied to the attitude control of a picosatellite equipped with four mi-
crothrusters.

All of the previously cited works based on ideal flow assumption, and none
of them coupled the boiling flow model into the heating chamber to a real nozzle
model. The present work proposes a novel one-dimensional analytical model-
ing of VLM composed of a microchannels system. It implements an iterative

coupled approach, and semi-empirical relations to reproduce the real behavior
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of the flow. In particular, the steady-state behavior of the two-phase flow in-
side microchannels is predicted by introducing the empirical relations found by
Tibiricd et al.[42]. Instead, the Ideal Rocket Theory (IRT) allows for the esti-
mation of the ideal performance of the microthruster. Hence, the viscous losses
owing to the boundary layer growth are computed in terms of losses of mass flow
rate and exit velocity. The former are introduced by estimating the discharge
coefficient Cy from the semi-empirical relation by Kuluva and Hosack [43]. The
exit velocity losses are analytically derived from the reduction of the momentum,
based on the difference between the inviscid and the viscous velocities inside the
boundary layer developed over the inner wall of the micronozzle [30]. As a re-
sult, the velocity losses depend on the compressible boundary layer thicknesses,
which are related to the incompressible boundary layer thicknesses by means of
the relations proposed by Whitfield [44]. The Iy -efficiency 7, is thus obtained,
leading to the computation of the real nozzle performance. The analytical model
was applied to the performance analysis of a MEMS-based VLM composed of a
rectangular inlet chamber, a set of parallel microchannels as heating chamber,
and a planar convergent-divergent micronozzle. The accuracy of the novel 1D
model was evaluated by comparing its performance predictions with those de-
rived from a 2D CFD investigation of the viscous flow inside the micronozzle.
For the purpose, the continuum NS flow in partial slip regime was supposed due
to a maximum Knudsen number less than 0.1 inside the micronozzle. Different
operating conditions were simulated resulting from the one dimensional estima-
tion of the flow state at the microchannels exit. Finally, a further 3D CFD
analysis at one single on design operating condition was conducted in order to
depict the influence of the micronozzle depth on the boundary layer growth, and
compare the extent of the viscous losses with the one predicted by the proposed

1D model.
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2. Device configuration and test conditions

The Vaporizing Liquid Microthruster consists of three parts: the inlet cham-
ber or plenum through which the propellant is fed, the heating chamber where
the propellant is vaporized, and the convergent-divergent micronozzle, which
accelerates the superheated vapor flow to supersonic velocities. The heating
chamber is composed of micro-channels to be designed by considering the maxi-
mization of the heat transfer coefficient, the reduction of the pressure losses and
the control of the boiling instabilities.

In particular, the VLM developed by Cen et al. [22] was analyzed, whose
experimental conditions and the corresponding data were used as reference for
the validation of the proposed 1D model. As shown in Fig. 1, the device has
a planar geometry with depth of 120 x 10~%m, and it consists of a rectangular
plenum upstream, followed by a heating chamber composed of nine parallel
microchannels and a convergent-divergent planar nozzle having a throat width

of 150 x 107%m. The thruster is fabricated in silicon, and the temperature on

Table 1: Microthruster geometry [22].

Region Characteristics
Inlet chamber 2000 pm x 4000 pm x 120 pm
Heating chamber 1120 pm x 6000 pm x 120 pm
composed of 9 microchannels 80pm width
and 8 separators 50 pm width
Micronozzle
inlet cross section 1120 pm x 120 pm
throat cross section 150 pm x 120 pm
exit cross section 1760 pm x 120 pm
convergent angle, Qconw 45°
divergent angle, augiy 15°

the inner walls T, is supposed to be uniformly distributed due to high thermal

conductivity of the silicon. The heating process begins into the plenum at

10
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HEATING CHAMBER

Figure 1: Graphical representation of the VLM.

the end of which the flow experiences a cross section variation entering the
microchannels. According to [45], water is used as propellant because it leads to
high specific impulse and velocity increment AV of the spacecraft compensating
the drawback of the power consumption.

The test conditions were chosen based on the phase state diagram experi-
mentally retrieved by Cen [22] and reported in Fig. 2. A preliminary analysis
pointed out that the proposed 1D analytical model well performs in on-design
operating conditions corresponding to the full evaporation region. Conversely, in
off-design condition the accuracy of the 1D model reduced and the performances
were predicted with a maximum error region of about 13%. In fact, Cen [22]
experimentally observed losses of performance when the microthruster operated
into the two-phase flow region, due to the increasing influence of dissipative and
rapid condensation phenomena occurring during the expansion process into the
micronozzle. Consequently, for the present work the test cases (black circles in
Fig. 2) were arbitrarily chosen at three different wall temperatures falling in the
full evaporation region, which is lower bounded by the saturated vapor curve

(blue line in Fig. 2). The full set of test cases and the corresponding initial

11
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Figure 2: Phase state diagram of the fluid at the exit of the micronozzle. The wall temperature
Tw is on the y-axis, and the mass flow rate 7 is on the x-axis. Black circles refer to the test
cases denoted by the corresponding number. The saturated liquid curve (red line) and the
saturated vapor curve (blue line) correspond to the experimental observations found by Cen

et al. [22].
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conditions, are reported in Tab. 2.

Table 2: Analytical model investigations: test matrix and operating conditions, where pg jniet

is the inlet total pressure.

Test Case .
Number TW7 [K] pO,inlet; [Pa’] m, [mg/s]
#1 493 1.5 x 10° 3.70
#2 533 1.5 x 10° 3.52
#3 533 1.9 x 10° 4.57
#4 533 2.2 x 10° 5.37
#5 573 1.48 x 10° 3.33
#6 573 1.89 x 10° 4.33
#7 573 2.18 x 10° 5.00
#8 573 2.41 x 10° 5.67

3. Quasi-one-dimensional analytic model

20 The proposed analytical model sequentially solves the two-phase flow into
inlet plenum and microchannels, and the gas flow region inside the micronozzle,

as showed in the schematic of Fig. 3. In particular, the modeling of the heating

direction of the flow ———>

HEATING CHAMBER :
i NOZZLI
INLET CHAMBER two-phase ! gas
flow region flow region

Figure 3: 2D schematic of the working principle of a VLM.

13
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process into the heating chamber and the expansion process into the micronozzle
are coupled each other. In fact, the former determines the flow conditions at
the micronozzle entrance, while the second one points to estimate the thruster
performance taking into account the mass flow rate loss caused by the boundary

layer growth inside the micronozzle.

3.1. Two-phase flow region: inlet plenum and heating chamber

A one dimensional steady-state boiling model describes the behavior of the
liquid-vapor flow inside the inlet and the heating chambers of the microthruster.
As highlighted in Fig. 3, the heating process begins into the inlet chamber at
the end of which the flow experiences a cross section variation when it enters
the microchannels region. By assuming the hypothesis of thin film flow [46] and

the 1D approximation, the following simplifications are made:
e the fluid is Newtonian;

e the fluid properties are averaged over both the height and the width of
the flow;

e 1o slip condition between fluid and walls;

e inertia and other body forces such as the gravity, are supposed negligible
compared to pressure and viscous forces, so that the velocity changes result

instantaneous.

Furthermore, the properties of the liquid-vapor mixture are determined by
means of the toolbox CoolProp [47]. In particular, all properties of the two-
phase flow are averaged by supposing the homogeneous mixture of liquid and
vapor in thermodynamic equilibrium. Consequently, as evinced in Eq. (1), the
generic mixture property ¢(-), marked by the subscript m, is function of the
vapor quality z, and the corresponding saturated properties of liquid and vapor

phases, which are denoted by the subscripts [ and v respectively:
gm() =z gu(-) + (L —2) ai(") (1)

14
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The resulting set of governing equations are represented by Egs. (2), (3)
and (4), which respectively describe the balance of mass, momentum and energy

at each grid step As, as follows:

m = meAcs (2)
120
AH = QAt = G Poy As = [h(Tyy, — T)] Pus As (4)

In the equations above, the time step is At = %, AH is variation of the total
enthalpy of the flow, p,, and u,, are the density and the dynamic viscosity of
the mixture,while Z.j is the height of the channels, which also corresponds to
the depth of the entire thruster. Moreover, A., is the area of the cross section,
(@ is the heat power exchanged between the fluid and the silicon walls and P,

is the perimeter of the cross section. The heat flux ¢ is related to the convective

K

heat exchange driven by the heat transfer coefficient hy, = Nu jj":d, where Keong
is the local thermal conductivity coefficient of the fluid and Dy, is the hydraulic
diameter. Instead, the Nusselt number Nu is locally estimated based on the
empirical correlations extrapolated by Tibiri¢d et al. [42].

The heat transfer process is influenced by the establishment of the dry-out

condition x4/, as reported in Eq. (5), which imposes a limit above which the

behavior of the saturated liquid-vapor mixture approaches the dry vapor state:

xd/o = min(xincipv Terit, xdry,maz) (5)

where Zgry mae is an upper limit set equal to 0.95 as suggested by [42], Zineip 15

the incipient dry-out vapor quality estimated as:
Tineip = 0.6827 007395 X2'07149 Bo0-04786 (1- JETD)_O'3378 (6)

In Eq. (6), z7p is the thermodynamic vapor quality of the water-steam mixture

at the entrance of the inlet chamber, and x,;; is the vapor quality corresponding

15



to the critical heat flux condition (CHF), resulting from:

—1.4632

Torit = 4 Bo {4.124 Bo Web-1625 X2.05981 L,q0-07142 (1_xTD)—0.8809 trrp
(7)
Finally, the local heat transfer coefficient is estimated as in Eq. (8):
%}W lf x < ‘Td/o
= ®)
Rt — 0.5 [N‘z% IR =R

Instead, the local Nusselt number and the Dittus-Boelter superheated vapor

relation are defined in Egs. (9) and (10):

0.68 Pro-5414 [q0.1942 Ro0-58T3 (1 _ 7)=0.2446 [,0.3544 if 7 < 24
Nu(z) =
0.68 PTO'5414 LCLO'1942 R60.5873 (1 o xd/o)—0.2446 BOO.3544 if o > xd/o
9)
hy.pp = 0.023 Zvcond 08 p1/3 (10)
Dy,

where Re, and Pr, respectively are the local Reynolds and Prandtl numbers of
the vapor phase. The operational range of validity of the experimental correla-

tions by [42] is reported in Tab. 3.

3.2. Single-phase vapor flow region: the micronozzle

The analysis of the vapor flow through the micronozzle is based on the ideal
rocket theory (IRT') [48], which is improved to take into account viscous losses.
Based on the chocked flow conditions, the maximum mass flow rate gy is
expressed as a function of the stagnation pressure py and temperature Ty at the

exit of microchannels, and the area at the throat section A*, as follows:

PoA*

mirr = 'vpk—F——= (11)
AV RgasTO
where Rgqs is specific gas constant, v = z—" is the specific heat ratio of the

propellant and I'y pi is the Vanderkerchoff factor. The Mach number at the

16



Table 3: Operational ranges of validity of the experimental correlations by [42].

Quantity Range of validity

water, R12, R22, R123, R134a, R236fa, R245fa,

Fluids R1234ze(E), R1234yf, R744 (Carbon Dioxide),
R290 (Propane), R410a, R600a and nitrogen
we" [1 %107 +2x10°]
La” [46 600 = 3131 000]
Re” [120 + 14 600)
Bo" [4.6 x 107° + 2.5 x 1077]
Pr’ [0.9 + 6.6]
arp” [—0.6 = 0.15]

channel length

channel diameter [20 - 500}
X, [6.5 = 129000]

* evaluated at the entrance of the inlet chamber.

exit section is determined by means of the relation (12):

(v+1)

Aem't 1 2 2 oy
= 1 . - 1) MZ,, 12
A* Mem't { (’Y + 1> |: + 0.5 (’7 ) ezzt:| } ( )

The exhaust velocity is calculated by means of Eq. (13).

(=1

2 R asT exi v
Uegit, IRT = Z¥gas0 {1 - <pt> } (13)
v-1 Po

Finally, the ideal performance of the microthruster can be predicted in terms of

thrust and specific impulse, as highlighted in Eqgs. (14) and (15),

Frrr = Fjirr + Fp,iRT = MIRT Ueait,IRT + (Pewit,IRT — Pamb) Aczit  (14)

F e
Isp IRT = & = M (15)
’ MIRT Jdo 9o

where the subscripts j and p denote the momentum thrust and the pressure

thrust respectively, and ucys is the effective exhaust velocity which takes into

account both thrust terms.

17
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Due to the micro-scale of the flow, the performance of a microthruster is
strongly affected by the establishment of the boundary layer at the nozzle throat
and along the divergent section. As a result, the actual thrust decreases due to

losses of both mass flow rate and exit velocity, as in Eq. (16):

Fact = Macttiaer = (Cq irrr) (u urrr) = (Can) marrurrr = & Frrr (16)

where Cy is the discharge coefficient, 7, is the I,,-efficiency, and &, = Cyq 7y
defines the global propulsive efficiency, better known as nozzle quality. As high-
lighted in Eq. (16), the nozzle quality quantifies the total performance losses

due to the boundary layer thickness inside the micronozzle.

Discharge Coefficient model, Cy. Based on the work by Kuluva and Hosack [43],
the discharge coefficient Cj is related to the geometry of the nozzle throat, the

propellant and the Reynolds number at the throat section Re* by means of

Eq. (17):

Te )
Cd—Cd<W,%Re ) =

T R R

(17)
where 7. and W* are the radius of curvature and the width of the throat, and
f(v) =~ 0.97 4+ 0.867y. As specified in [43], Eq. (17) estimates the discharge
coefficient as the contraction of the throat area owing to the growth of the

viscous boundary layer thickness along the inner walls. The operational range

of validity of the correlation (17) is 0 < r./W* < 20 and 50 < Re* < 1 x 10°.

Isp-efficiency, n,,. The difference between the inviscid and the viscous velocity
inside the boundary layer leads to a reduction of the momentum A.J. Similarly
to Sokolov and Chernyshov [30], AJ has been derived for a planar nozzle as a

function of the compressible displacement 6* and the momentum thicknesses 6:

. 20" 0 .
AJ = MactUexit, IRT (VVemt> (1 + (5*) = Mact DAUegit (18)

18
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Consequently, the I,,-efficiency is expressed as follows:

N = Uezit,act _ Uezit,IRT — Auezit —1_ ( 20" ) <1 + 0*) (19)
Uegit, I RT Uezit, I RT Weazit )

0* and 6 depend on the Reynolds number and the Mach number at the exit,
namely Reeq.it and Me.i+. As proposed by Whitfield [44], they are related to

the incompressible thicknesses by means of the following relations:

0

Sp = 5 = § (1+0.113M2;,) + 0.290M2, (20)
_ 0.92M2 &

0—20 {1 S0t tanh([1.49(S — 0.9)]} (21)

where Sj. is the compressible shape factor, 6* and 6 are respectively the in-
compressible displacement and momentum thicknesses, and S = 6%/ is the
incompressible shape factor. The Eqs. (22), (23) and (24) proposed by Cengel

and Cimbala [49] for turbulent flows are used to estimate 6 and S, as follows:

5% 0.048
— = (22)
1/5
L Ree:{cit
0  0.037
= (23)
1/5
L Reeéit
_0.048
s 0.037 73 (24)

where L is the slanted length of the expander.

3.3. Solution procedure

The solution procedure of the proposed model is iterative and based on a
two-cycle criterion, as highlighted in Fig. 4. In particular, the first cycle for-
wardly solves the two-phase flow from the entrance to the exit of the heating
region. The initialization of the mass flow rate is based on the hypothesis of
chocked micronozzle (Eq. (11)), using T3, and p;. The Nusselt number is con-
stant, equal to 4.96 as suggested by Bejan [50]. By estimating the error between
the new mass flow rate with the old one, the mass flow rate is corrected before to
start a new computational loop, until convergence is reached based on a residual

tolerance of 0.01. The convergence on the first cycle leads to the estimation of
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Figure 4: Solution procedure of the analytical model.
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the average heat flux ¢ required for the initialization of the boiling number Bo
and the other dimensionless numbers used in the experimental correlation by
Tibiriga et al.[42]. This ensures stability in the solution of the second and most
important cycle, which is constructed using the empirical relations presented in
the previous section. Concerning the second cycle, the two-phase flow inside the
heating region is first solved based on the local estimation of the Nusselt num-
ber. Hence, a new value of the average heat flux is estimated and a correction
step is introduced on it, based on a residual tolerance of 0.01. Therefore, the
solution of the gas flow inside the micronozzle is computed starting from the
fluid state predicted at the exit of the microchannel. Finally, the microthruster
performances are estimated based on the IRT and the computation of the vis-
cous losses. The latter leads to the corrected mass flow rate at the end of each
cycle loop. Thus, similarly to the first cycle, the mass flow rate correction is

performed based on a residual tolerance of 0.01.

4. CFD modeling of the gas flow

4.1. The numerical solver

The 2D and 3D simulations of the gas flow through the micronozzle were
performed by using the open source CFD toolbox OpenFOAM() Version 3.0.1,
based on a Finite Volume formulation. The density-based solver rhoCentral-
Foam [51] was used for computations. In simulations, the Reynolds number
of the vapor flow along the mid axis of the nozzle ranged from about 3150 at
the throat section up to about 600 at the exit section. Thus, the compressible
Navier-Stokes (NS) equations were solved in combination with the laminar flow
approximation in reference to the turbulence modeling.

Concerning numerical schemes, the central upwind scheme of Kurganov and
Tadmor [52] was used for the flux terms and the Total Variation Diminish-
ing (TVD) van Leer limiter [53] for interpolation. Moreover, the Gauss linear
scheme was used for both the divergence, the gradient and the Laplacian op-

erators. Time derivatives were computed with the first order, bounded and
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implicit Euler scheme. The time step was determined based on a maximum
Courant number C'o,,4, of 0.2. In particular, the viscous governing equations
were solved using a Preconditioned Conjugate Gradient/Diagonal Incomplete
Cholesky scheme with a residual tolerance of 1 x 1078, while the inviscid equa-
tions of momentum and energy were explicitly solved by means of a Gauss-
Siedel Smooth solver with a residual tolerance of 1 x 107!, In order to guar-
antee numerical stability during the transient, each simulation was split into
three temporal intervals, i.e. [0 — 0.5 x 107%] s, [0.5 x 1074 — 1 x 107%] s and
[1x107* — 3 x 107%] s, and the mass flow rate was increased at the beginning
of each step. The establishment of the steady state regime was ensured by

monitoring the Mach number at mid point of nozzle exit.

4.2. Computational domain, numerical setup and boundary conditions (BCs)

The geometry of the micronozzle was based on the microthruster devel-
oped by Cen et al. [22] and summarized in Tab. 1. A radius of curvature
equal to 75 nm characterized the throat section, while at the inlet eight equiv-
alent microchannels of 90 pym width preserved the actual cross section area, in
combination with a mixing region of 180pum length before the entrance into
the convergent region. Both 2D and 3D simulations were performed, and the
corresponding computational domains are shown in Fig. 6(a) and (b), which
considered the symmetry of the micronozzle.

The 2D domain extended 15W,,;; downstream and 6.5W,;; upward, where
Wezit is the width of the exit section, while the 3D mesh had an outer domain
extended 5W.,;+ upward, 10W,,;; downstream and 5072, sideways, where Z.,
represents the nozzle depth. Water vapor was assumed as propellant, for which
polynomial laws were used for the computation of the dynamic viscosity and
the specific heat capacity at constant pressure, in combination with the Peng
Robinson equation of state [54]. The CED model solved the vapor flow into the
nozzle by supposing a gas expansion process without condensation phenomena,
in accordance with the full evaporation condition as discussed in the previous

section 2.
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Figure 5: 2D computational domain: (a) global view; (b) focused view. Units are in metre,

[m].

23



0.01 0.001 0,002 403

(b)

Figure 6: 3D computational domain: (a) global view; (b) focused view. Units are in metre,

[m].
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Concerning the boundary conditions, simulations were performed by setting
the inlet mass flow rate and the static back pressure as reported in Tab. 4.

Furthermore, a partial slip boundary condition at walls was used since the max-

—

Kn
8.337e-04 0.0349 6.894e-02

Figure 7: 2D contour of the Knudsen number Kn at Tiper = 505.58K and m =
5x 1070 kgs~1.

imum Knudsen number Kn into the divergent was strictly below 1 x 107!, as
shown in Fig. 7 corresponding to the developed field inside the micronozzle at
Tinier = 505.58K and m = 5 x 107 %kgs™!. In particular, a tangential mo-
mentum accommodation coefficient (orarac) of 0.80 was imposed using a first
order Maxwell slip model in reference of a generic gas flow on polished sili-
con microchannels. It is worth to observe that the transitional gas rarefaction
regime could occur outside the micronozzle, due to the low-pressure condition.
Even if a DSMC approach is valid for all flow regimes, it would requires in-
creasing grid size and time step size as the Knudsen number decreases. Since
the computational expense of a proper DSMC simulation scales with Kn =%, it
is impossible to use DSMC to an entire micro-nozzle flow. On the other hand,
when Kn < 0.1, the flow can still be described by continuum Navier-Stokes
equations since it is dominated by intermolecular interactions. In addition, the
main focus of the present investigation is on the analysis of the supersonic flow
inside the micronozzle, and both 2D and 3D simulations aimed to provide a per-
formance analysis for comparisons with respect to the proposed 1D modeling.
Hence, a DSMC approach was not considered in favor of a continuum NS model

which allowed to reduce the computational cost even though with an accuracy
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loss into the jet plume domain.

Each CFD simulation was initialized by setting the mass flow rate and the
vapor temperature at the exit of microchannels predicted by the 1D model at
the micronozzle inlet, and the back pressure as outlet condition. The whole
test matrix and the initial conditions are reported in Tab. 4, which refer to the
same heating conditions, i.e. T\, = 573 K. As a result, the Reynolds number at

the throat section ranged between 1550 and 3150. Moreover, the viscous flow at

Table 4: Test matrix of CFD simulations.

Flow Tinlet7 Iil, Poutlet
Test Case Slip Condition
type (K] [mg/s] [Pa]
Maxwell,
SIM4-2D 2D 520.48 3.33 20
ormac = 0.80
Maxwell,
SIM5-2D 2D 510.32 4.33 20
ormac = 0.80
SIM5-2Dslip 2D 510.32 4.33 20 Pure Slip
Maxwell,
SIM2-2D 2D 505.58 5.00 20
ormac = 0.80
SIM2-2Dslip 2D 505.58 5.00 20 Pure Slip
Maxwell,
SIM2-3D 3D 505.58 5.00 20
ormac = 0.80
Maxwell,
SIM6-2D 2D 501.52 5.67 20
ormac = 0.80
SIM6-2Dslip 2D 501.52 5.67 20 Pure Slip
Maxwell,
SIM7-2D 2D 497.50 6.42 20

ormac = 0.80

m =5 x 10~ %kgs™! was also solved in 3D conditions in order to provide a more
detailed insight of the influence of the micronozzle depth Z.; on the boundary
layer effects and microthruster’s performance.

The analysis of the micronozzle’s behavior considered a numerical discharge
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coefficient computed as follows:

m
Ca,crp = - (25)
MIRT

where myrr is defined in Eq. (11) by using the average total pressure at the
inlet predicted by CFD simulations. The estimation of the I,,-efficiency was
performed by comparing the thrust force (F') resulting from the use of the
Maxwellian slip (SIM2-2D, SIM5-2D and SIM6-2D in Tab. 4), with the one
obtained by setting the pure slip condition at wall (F,yresiip) at the same op-
erating conditions (SIM2-2Dslip, SIM5-2Dslip and SIM6-2Dslip in Tab. 4), as

follows:
F

—_ 26
FpureSlip ( )

w,CFD =
In accordance with Cen [22], the thrust force was estimated by means of cell-
based integration of the local jet thrust over the section normal to the axial
direction and placed at 2 mm downstream the nozzle exit. Hence, the specific

impulse was computed by definition as:

F
Isp.crp = = (27)

m go
where gg = 9.81 ms~2 is the gravitational acceleration at sea level. Finally, the
entity of the boundary layer was evaluated by computing at the exit section the

displacement and the momentum thicknesses, 0* and 6 respectively, as follows:

o[l e

0= [ el () o @

where the subscript = denotes the axial direction of the flow, and oo denotes

the undisturbed flow condition.

4.3. Grid independence study (GIS)

A grid independence study (GIS) was conducted based on the analysis of
water vapor flow at 7 = 5mgs™ and power = 20Pa, corresponding to a
Reynolds number at the throat section equal to about 2420. The grid sensi-

tivity was evaluated by comparing the Mach number profile at the exit section
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Mezir obtained using three meshes, differently refined inside the micronozzle as

reported in Tab. 5.

Table 5: Grid Independence Study for the 2D mesh: characteristics of the mesh refine-

ments.
Average
Test Refinement Edge Node Cell )
Spacing? 0
Case Level Number? Number
[nm] [nm]
SIM1-2D Fine 36 48.89 35690 28.79
SIM2-2D  Intermediate 21 83.81 23931 28.68
SIM3-2D Coarse 13 135.38 17732 27.06

2 referred to the exit section

The mesh refinement affected mainly the region of the boundary layer, as

shown in Fig. 8. In fact, the profiles of the Mach number at the nozzle exit

9 %107
L r—— . . . .
o,y + SIM1-2D
8t o 5 O SIM2-2D 1
o o SIM3-2D
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Figure 8: Comparison of the Mach number profile at the exit section: 1) SIM1-2D, fine mesh;
2) SIM2-2D, intermediate mesh; 3) SIM3-2D, coarse mesh.

w0 overlap inside the cold core of the flow, but close to the inner walls of the

thruster there is an improvement in results when the refinement level from
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coarse (SIM3-2D) to intermediate (SIM1-2D).

In order to accomplish the GIS, the discretization error between two consec-
utive refinement levels was estimated by computing the grid convergence index
(GCI), as suggested by the National Aeronautics and Space Administration [55]
research guidelines. The compressible momentum displacement thickness 6 was
used as a representative parameter, and the average height of cells at the exit
section was used as the grid spacing factor. Tab. 6 reports the results. According
to the Richardson extrapolation method, GCI5 (fine to intermediate refinement
error) is smaller than GClss (intermediate to coarse refinement error). Conse-

quently, the error was estimated to be equal to about 0.035%, corresponding to

GCls.

Table 6: Grid Independence Study for the 2D mesh: GGI parameters.

Test Grid GCI
CGI [%]
Case Spacing parameter
SIM1-2D 1 28.79 GClI12 = 0.03479
SIM2-2D 1.7143 28.68 GClz3 = 0.51435
SIM3-2D 2.7692 27.06 -

The 2D grid independence study led to the choice of the intermediate mesh
composed of 23931 cells. Hence, the construction of the 3D mesh, consisting
of 516360 cells, was based on the same refinement levels adopted for the 2D
domain. However, the external domain was restricted downstream and upward

in order to obtain a reduction of the computational cost without loss of accuracy.

5. Results and Discussion

5.1. Quasi-one-dimensional analytic model

The present analytical modeling constitutes a novel design tool of VLMs. In
order to underline the improvement of the present model in predicting the heat

exchanged between fluid and solid walls, Fig. 9 shows the axial profiles of Nu,
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HTC, fluid temperature, static pressure and vapor quality, at Ty, = 573 K and
m = 5x10"%kgs~!. In the figure, s/Ls, represents the dimensionless axial
coordinate and Ly is the total length of the heating region (i.e the inlet plenum
and the heating chamber). The heat flux based model computed a higher Nu
and HTC with respect to the constant Nusselt based mode with Nu = 4.96
(see Fig. 9(a) and (b)), which resulted in a lower pressure drop and a higher
temperature of the vapor at the exit of microchannels (highlighted in Fig. 9(
¢) and (d)). Furthermore, the heat flux based model exhibited faster evapora-
tion process with respect to the constant Nusselt based model, as evinced in
Fig. 9(e). In fact, the heat flux based model estimated the complete evapora-
tion at s/L:or = 0.34, while the constant Nusselt based model predicted it at
8/ Lot = 0.46.

As highlighted in Fig 10, at a given wall temperature, the residence time
increased as the mass flow rate reduced due to the increased velocity of the
flow. This resulted in an improvement of the heating process which produced
a stronger superheating of the vapor phase. Furthermore, a linear relationship
was found between the electrical power required for the heating process P, and
the mass flow rate m at fixed wall temperature was retrieved, as pointed out in
Tab. 7. In particular, it was found that as the wall temperature increased, P,
slightly increased and the slope of the linear relation P, — i1 became steeper.

Based on the predicted flow conditions at the microchannels exit, the perfor-
mance of the microthruster were estimated by analyzing the supersonic flow into
the micronozzle, as shown in Fig. 11 in comparison with experiments by Cen [22].
The good agreement between the 1D model predictions in real flow conditions
and experiments demonstrated and confirmed the prediction improvement of
the present model with respect to the isentropic solution based on the simpli-
fied IRT.

The maximum estimation error was about 7.3% for both thrust force and

specific impulse, as shown in Tab. 7.
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Figure 9: Longitudinal profiles of Nusselt number Nu (a), heat transfer coefficient HT'C' (b),
fluid temperature T' (c), static pressure p (d) and vapor quality Zvap (€), at T = 573K and
m = 5.00mgs~! (TEST #7). Comparison between the constant Nusselt based model and the
heat flux based model. Lot is the total length of the heating region (inlet plenum + heating

chamber).
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Figure 10: Comparison of the longitudinal profiles of heat transfer coefficient HT'C' (a), fluid
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32



8r ",/‘..
-
o
7 B "_f"’ _ .
¢’—.—’ r”—" M
6 _/"/ ,-"v—’ +
/' _4"— +
/"" —”’:
— 5F "_/‘ ’,—’ 1
% ."’ f""—’¥
=4t T |
L ¥'
3 - -
2 3 -
—-¥-— 1D model, real
1+ —-@-— 1D model, isentropic
+ EXP.
0 N N N N N N
3 3.5 4 4.5 5 55 6 6.5

m, [mg/s]

Figure 11: Comparison between 1D model predictions of the thrust force F' and experiments

(EXP, [22]]) as a function of the mass flow rate m at Ty, = 573 K.

Table 7: Comparison between experimental data (EXP, [22]]) and 1D model predictions of
electrical power P, required for evaporation, the thrust force F' and specific impulse Isj, for

each test case. Err denotes the relative deviation of numerical results from experiments.

Test | Tw m Poip| Fip Fexp Errr | Lqpip ILspexp Errisp

# | K] [mg/s]| W] | (mN] [mN]  [%] [s] [s] [%]

#1 493 3.70 9.98 3.66 3.56 +2.9 | 100.8  96.3 +4.7
#2 533 3.52 9.79 3.66 3.41 +7.3 | 1059  98.8 +7.3

#3 533 4.57 | 12.62 | 4.72 4.52 +4.6 | 1054 100.5 +4.9
#4 533 5.37 | 14.75 | 5.53 5.23 +5.7 | 105.0  98.7 +6.4
#5 573 3.33 9.49 3.59 3.40 +5.6 | 1104 1034 +6.8
#6 573 4.33 | 12.34 | 4.68 4.50 +4.1 110.1  105.1  +4.7

#7 573 5.00 14.36 | 5.46 5.20 +5.1 110.0 106.7  +3.0

#8 573 5.67 | 15.97 | 6.08 5.70 +6.7 | 109.6 102.3  +7.2
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5.2. Comparison of 1D model and 2D CFD predictions of the micronozzle flow

The 1D model highlighted the strong impact of the boundary layer growth
on the performance of the microthruster. Consequently, a 2D CFD investiga-
tion was performed in order to provide a more detailed description of the viscous
behavior of the flow inside the micronozzle. Figures 12(a) and (b), show the 2D
CFD results in comparison with predictions provided by the improved 1D ana-

lytical model. Both models retrieved a similar trend of the global performance

& ]
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Figure 12: Comparison between 1D model, 2D CFD and experiments (EXP, [22]]) as a

function of the mass flow rate rm at T, = 573 K: (a) thrust force F; (b) specific impulse Isyp.

as a function of the mass flow rate. However, the 2D CFD model over-predicted
both the thrust force and the specific impulse with respect to the analytical
model, even though higher boundary layer thicknesses 6* and 6 were estimated
at the nozzle exit, as shown in Figs. 13(a) and (b).

The reason of these conflicting findings lies on the different hypotheses and
approximations of the analytical and 2D CFD approaches. In fact, the analytical
model uses semi-empirical relations (17)-(21) previously reported, which take
account of 3D real flow effects at least in part, despite being based on the
approximated theory of the flat plate boundary layer. Conversely, 2D CFD
computations reproduced the boundary layer growth along the slanted walls
of the expander, yet they neglected the influence of the micronozzle depth, as
well as non-equilibrium phase-change phenomena occurring into the divergent

section of the micronozzle. This is confirmed by comparing the analytical results
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Figure 13: Boundary layer analysis as a function of the mass flow rate 1 at Th,, = 573 K.

Comparison between predictions provided by the 2D CFD and the 1D model.
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in isentropic flow conditions and the CFD simulations in pure slip regime at
walls, whose results well matched each other as shown in Fig. 12. A detailed
representation of the 2D boundary layer growth inside the micronozzle is shown
in Fig. 14, which compares the contours of the velocity magnitude resulting
from the use of the pure slip condition (SIM2-2Dslip) and the Maxwellian slip
condition (SIM2-2D).

(a)

(b)

U Magnitude
2.052e+00 601. 1.201e+03

Figure 14: CFD contours of the velocity magnitude |u|: (a) pure slip condition (SIM2-2Dslip);
(b) Maxwellian slip condition (SIM2-2D). Units are in metre per second, [m/s].

The influence of the boundary layer on the performance of the micronozzle
was evaluated by means of 1, and Cj. The comparison between the viscous and
isentropic solutions of both 1D and 2D models highlighted a reduction of the
mass flow rate up to about 8%, as well as the thrust losses due to the contraction
of the cross sectional area reaches about 15%. Furthermore, Fig. 13(c) high-
lighted that 2D CFD computations (red line) underestimated the I,-efficiency
with respect to the analytical model (blue line) of about 10%, despite the larger
boundary layer thicknesses. This is due to the different isentropic results which
were evaluated at two different location, namely at the micronozzle exit in cases

involving the 1D modeling and in the plume for CFD computations. As previ-
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ously discussed, these findings are strictly related to the absence of any 3D effect
in 2D CFD computations, which were partly considered by the semi-empirical
relations (17)-(21) of the one-dimensional model. On the other hand, the 2D
CFEFD and the 1D model provided a quite similar prediction of the discharge
coefficient, as shown in Fig. 13(d).

5.8. Assessment of 8D wviscous losses into the micronozzle

The analysis of the micronozzle flow was extended by means of 3D computa-
tions with maxwellian slip applied to the entire micronozzle (SIM2-3D). In fact,
due to growth of the boundary layer along the depth-wise direction the flow
blockage took place inside the micronozzle, as highlighted in Fig. 15. Further-
more, the strong expansion ratio at the nozzle exit originated an expansion fan
close to the lips of the micronozzle, and the reflected expansion waves formed
a set of oblique shock waves into the jet plume. As a result, a small Mach disk
formed inside the plume followed by a subsonic recirculation region. In particu-
lar, the nozzle blockage produced a strong decrease of the Mach number during
the flow expansion process into the divergent section and the rapid growth of the
boundary layer thicknesses along the width-wise direction. This phenomenon
is depicted in Fig. 16(a), which compares the displacement thicknesses (blue
lines) and the momentum thicknesses (red lines) developed along the width-
wise and the depth-wise directions. In particular, the growth of the thicknesses
along the micronozzle exhibited a peak before the nozzle exit corresponding the
maximum thickness of the subsonic pocket showed in Fig. 15(b)-Plane A. Con-
versely, the 2D boundary layer thicknesses (test case SIM2-2D) linearly grew
along the slanted walls of the micronozzle, as shown in Fig. 16(b), highlighting
the nonlinear effects of the nozzle blockage.

Instead, along the depth-wise direction the displacement thickness §* reached
about 20 pm, which corresponds to almost one third of the semi-depth of the
micronozzle. The nozzle blockage also caused the viscous heating highlighted in
Fig. 17, which compares the temperature field inside the micronozzle between

the 2D solution (Fig. 17(a), SIM2-2D) and the 3D one (Fig. 17(b), SIM2-3D).
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Figure 15: 3D field of the Mach number of the test case SIM2-3D.
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Figure 16: Axial profiles of the boundary layer thicknesses (BLTs) ¢* (blue lines) and 60 (red
lines) predicted by CFD computations: (a) comparison between the 3D BLTs along the width
and depth directions (SIM2-3D); (b) comparison of the width-wise BLTs between the 2D test
case (SIM2-2D) and the 3D test case (SIM2-3D)
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The viscous heating was responsible of the thermal chocking of the supersonic
flow. Consequently, the jet thrust reduced in favor of the pressure at the exit
of the micronozzle, so as to produce a relevant reduction of the actual thrust
produced by the microthruster. This finding confirmed that the viscous blockage
strongly impacts the flow inside the micronozzle yet it cannot be easily retrieved

by means of direct measure of the jet thrust of the plume.

Plane A

@ (b)
T(K)

Figure 17: Contours of the temperature field T (a) 2D solution (SIM2-2D); (b) 3D solution
on the symmetry plane A (SIM2-3D). Units are in kelvin, [K].

Tab 8 reports the comparison between the numerical thrust force predicted
by the 1D model, 2D and 3D CFD investigations with respect to the exper-
iments [22]. Results highlighted the different modeling of the viscous effects

Table 8: Comparisons between numerical predictions and experimental data [22]. Frrp, equal

to 6.6 mN, is the thrust force predicted by the ideal rocket theory at the same inlet conditions.

Test Case Ca, [] Fexp, [mN] Frum, [mN] Foum/FirT, [-]
#7-1D 0.948 5.20 5.46 0.827
SIM2Dslip 0.958 5.20 6.00 0.909
SIM2-2D 0.934 5.20 5.80 0.879
SIM2-3D 0.917 5.20 4.72 0.715

provided by each numerical approach. In particular, the 3D CFD model (SIM2-
3D) provided the lowest estimation of the performance, which pointed out the

strong relevance of the 3D viscous effects. The lower thrust for the 3D sim-
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ulations can be related to the presence of a thicker subsonic boundary layer
(see Fig. 16) and to a consequent lower mass flow and low velocity close to the
wall. In fact, the 3D CFD model predicted the maximum loss of mass flow rate,
which contributed to the reduction of the thrust force in the measure of about
8%. The last one approached the experiments with an error of 9.2% below,
contrary to all other models which overestimated the performance. It is worth
to underline that flow boiling instabilities affected the experimental thrust, as
highlighted in [22]. At about pg inier = 2.1 x 10° Pa, they showed a pulsating
thrust signal with an average value of about 5.12mN and standard deviation
of approximately +0.86 mN. This suggests that the 3D CFD prediction of the
thrust can still be considered in accordance with experiments, despite the under-
estimation with respect to the experimental average value. Tab. 8 also provides
the ratio between the numerically predicted thrust force and the one resulting
from the IRT at the same inlet conditions, namely F'/Frrr with Frrr = 6.6 mN.
It confirmed that the 2D CFD simulations led to the highest ratios as a con-
sequence of the smallest influence of the viscous effects. Conversely, a larger
content of viscous losses was estimated by the improved 1D model to the extent
of 17.3%, which increased up to 28.5% in case of 3D computations. Finally,
the best matching with experiments was provided by the improved 1D model
(#7-1D), which underlines that the use of semi-empirical relations in a sim-
plified analytical modeling could be convenient with respect to complex CFD
simulations, particularly for an initial estimation of the overall performance of

the microthruster.

6. Conclusions

This work presented a novel quasi-one-dimensional model for the prediction
of the performance of the Vaporizing Liquid Microthruster and of its compo-
nents. In particular, the model coupled the analysis of the non-ideal flow inside
the micronozzle with a steady-state solution of the boiling flow into the heating

chamber, by means of an iterative procedure aiming at the convergence of the
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actual mass flow rate and the heat flux. For the purpose, a set of semi-empirical
formulas found among both theoretical and experimental scientific works have
been introduced for the estimation of the critical heat flux condition and the
local heat transfer coefficient. This allowed for an improved characterization
of the two-phase flow inside the inlet plenum and the heating chamber. Fur-
thermore, a non-ideal micronozzle model was built on the Ideal Rocket Theory
enhanced by the implementation of analytical and semi-empirical formulas for
the estimation of the discharge coefficient and the I,)-efficiency in presence of
viscous losses. The investigation focused on the VLM developed by Cen [22],
whose findings were used for validation and comparisons. In general, results
confirmed that the proposed one-dimensional analytical model is able to pro-
vide useful insight of the functioning of a VLM in on-design conditions, which
correspond to a single-phase vapor exhaust flow at the nozzle exit. Furthermore,

the following findings have been retrieved.

e The empirical correlations [42] of the boiling flow into the microchan-
nels allowed the estimation of the local Nusselt number and improved the
prediction of the HTC with respect to the case of uniformly distributed
Nusselt number with Nu = 4.96. This resulted in a faster evaporation pro-
cess inside microchannels, which led to lower pressure drops and higher

temperatures of the vapor at the micronozzle entrance.

e The 1D model predictions well agreed with experiments in both thrust

force and specific impulse, with errors below 7.3%.

e The analytical model provided a better global estimation of the per-
formance losses with respect to 2D CFD computations, despite smaller
boundary layer thicknesses. This is certainly related to the 3D real flow
effects, which are considered in the 1D empirical formulation while they

are neglected into the 2D CFD modeling.

e The 3D model prediction of the thrust force approached the experimental

thrust with an error of about 9.2% below, pointing out the strong relevance
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of the 3D viscous losses in terms of discharge coeflicient and I,-efficiency.
Furthermore, the CFD analysis of the 3D supersonic flow revealed a severe
viscous reduction of jet thrust in favor of the pressure thrust at the nozzle

exit.

3D CFD computations also revealed the establishment of the viscous flow
blockage and the resulting viscous heating. The viscous heating led to the
thermal chocking of the supersonic flow which certainly contributed to the
heavy loss of performance. Along the slanted walls of the expander the
boundary layer thicknesses exhibited a rapid growth before to decrease at

the subsonic pocket exit.

The analysis of the jet plume highlighted the formation of the Mach disk

followed by the typical diamond-shaped subsonic recirculation region.
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