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Abstract
In the present work, a new VLM design is proposed to ensure a safer and more efficient heat transfer
of high-energy from solid walls to fluid. In this regard, an innovative approach is introduced to sepa-
rate the boiling and overheating processes by implementing two distinct heating chambers. A quasi-1D
steady-state numerical model has been developed to solve the flow into the VLM at constant heat flux
boundary conditions, allowing for a preliminary performance assessment of dual heating control. Thus,
in-depth insights derived from both the experimental assessment and numerical analysis are comprehen-
sively discussed and presented, highlighting their relevance and significance in understanding the heat
transfer process.the most relevant insights are discussed together with the numerical analysis.

1. Introduction

The recent advancements in micro-electro-mechanical systems (MEMS) technology have enabled the development of
secondary micropropulsion systems for small satellites (total mass < 10 kg), used for Earth and Deep Space obser-
vation, and the simplicity of the concept and the use of lighter and smaller propellant tanks make vaporizing liquid
microthrusters (VLMs) a promising solution. The first water-fuelled MEMS-based VLM studies date back to the end
of the ′90s with Mueller′s works12,3 followed by continuous and independent research activities involving different
configurations, materials, and manufacturing technologies.4 For instance, concerning the silicon technology, Mukejee
et al.5 first used wet anisotropic etching, while Maurya et al.6 designed and fabricated a silicon-based VLM with an
integrated micro-heater and, later, Kundu et al.7 developed a new device design using two heaters integrated on the sil-
icon substrate to ensure uniform heating of the silicon structures. Instead, Ye et al.8 applied an electric pulse producing
an impulse bit of about 2 µN s. More recently, Silva et al.9 developed a VLM with embedded molybdenum heaters,
which was integrated into the attitude control system of a real research program for CubeSats and PocketQubes. Liu et
al.1011 developed and tested two VLM concepts using induction heating, characterized by tubular and planar geometry.
Recently, novel concepts of capillary-fed MEMS microthrusters have been proposed in et al.12 and Pugia et al.13,14

which exploit the localized evaporation of a thin water film obtained using micro-engineered surfaces. Regardless of
their design, the common experimental evidence is that VLMs can provide thrust force ranging between 0.1 and 10 mN
with a nominal specific impulse between 50 s and 100 s using water as a green propellant.15 However, the technology
readiness level of such devices is still below 3 mainly due to the complexity of the vaporization process. In fact, in
VLMs the water flow is typically heated to temperatures higher than its boiling point, resulting in an inherently unsta-
ble behavior due to detrimental flow boiling instabilities. This reduces the VLM′s lifetime and significantly impairs
its nominal performance due to low thermal efficiency and thrust unsteadiness.16 They usually occur inside the inlet
and heating chambers, causing pressure-temperature-mass flow rate oscillations, dramatically affecting the expansion
process into the micronozzle and, hence, the propulsive performance. In this regard, Chen et al.17 first characterized the
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two-phase flow in a single-channel silicon-based VLM, observing four different flow patterns, i.e., snake flow, vapour-
droplet flow, vapour-droplet-jet flow, and vapour flow. They observed that even the snake flow pattern could lead to the
device failure of the micro-thruster when the device was not properly heated. Instead, Cen and Xu18 first fabricated a
MEMS-based VLM made by parallel microchannels and clearly detected the inception of parallel channel flow boiling
instabilities due to explosive boiling. Recently, Kwan et al.19 developed a VLM operating above the critical heat flux
condition in the Leidenfrost boiling regime.

To control such flow boiling instability, in the framework of an ESA OSIP project we designed and manufactured
a MEMS-based VLM using a parallel microchannels system as a heating chamber.20 The device has a sandwich
structure that is created by using anisotropic wet etching on a silicon substrate, while a glass substrate is fixed onto the
silicon pad by adhesive bonding. Additionally, a set of thermistors and vapour quality capacitive sensors have been
designed to equip the microthruster with local sensing capabilities. In our previous investigations,21, 22 we have found
that the optimization of the heat transfer process and, as a result, the maximization of the propulsive performance,
is limited when using one single heating system and geometry. This is due to the high-density ratio of water, which
makes it impossible to achieve both a high and efficient energy transfer and device safety simultaneously: to transfer
high energy from solid walls to the fluid, we need to operate at device temperatures well above the threshold tolerated
by adhesive bonding. To overcome this design limit, a new VLM design is proposed for a safer and more efficient high-
energy transfer from solid walls to fluid. In such a new design, two independent heating chambers actively separate
the boiling and overheating processes. In this regard, a quasi-1D steady-state numerical model has been developed to
solve the flow into the VLM at constant heat flux boundary conditions, which is described in Section 2. Therefore, an
experimental evidence of the heat transfer process on a real device undergoing dual heating control is provided first,
followed by the description of the modified design together with the numerical assessment of the steady-state dual
heating process (Section 3). Finally, the most relevant insights are discussed and summarized in Section 4.

2. Methods and Methodologies

2.1 Quasi-1D steady-state numerical model of a VLM

The generic schematics of a VLM consists of three parts: the inlet chamber or plenum through which the propellant is
fed, the heating chamber where the propellant is vaporized, and the convergent-divergent micronozzle, which acceler-
ates the superheated vapor flow to supersonic velocities. The proposed analytical model is a modification of the one
proposed in De Giorgi and Fontanarosa,23 to which the authors refer for a more detailed description of the main gov-
erning equations. It couples the steady-state solution of the heating process into the heating chamber with the solution
of the expansion process into the micronozzle, where the former determines the flow conditions at the micronozzle
entrance and 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.

A 1D steady-state boiling model describes the behavior of the liquid-vapor flow inside the inlet and the heating
chambers of the microthruster. It is based on the assumptions of thin film flow :24 Newtonian flow with no slip condition
at the inner walls, inertia and other body forces such as the gravity negligible compared to pressure and viscous forces,
with instantaneous velocity changes. The fluid properties are averaged over the entire cross-section by supposing the
homogeneous mixture of liquid and vapor in thermodynamic equilibrium with properties retrieved using the toolbox
CoolProp.25 Consequently, the generic mixture property g(·), marked by the subscript m, is function of the vapor
quality x, and the corresponding saturated properties of liquid and vapor phases (denoted by the subscripts l and v) as
gm(·) = x gv(·) + (1 − x) gl(·). The heat flux q̇ is related to the convective heat exchange driven by the heat transfer
coefficient hb = Nu κcond

Dh
, where κcond is the local thermal conductivity coefficient of the fluid and Dh is the hydraulic

diameter. Instead, the Nusselt number Nu is locally estimated based on the empirical correlations extrapolated by
Tibiriç′a et al.26 In particular, the heat transfer process is influenced by the establishment of the dry-out condition xd/o

as reported in Eq. (1), which imposes a limit above which the behavior of the saturated liquid-vapor mixture approaches
the dry vapor state:

xd/o = min(xincip, xcrit, xdry,max) (1)

where xdry,max is an upper limit set equal to 0.95 as suggested by,26 xincip is the incipient dry-out vapor quality estimated
as:

xincip = 0.6827 Eo0.07395 X0.07149
ρ Bo0.04786 (1 − xT D)−0.3378 (2)

In Eq. (2), Xρ =
ρl
ρv

is liquid-to-vapor density ratio, Eo = g0(ρl−ρv) D2
h

σ
is the Eötvös number and Bo = q̇

hLG is the boiling
number. xT D is the thermodynamic vapor quality of the water-steam mixture at the entrance of the inlet chamber, and
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xcrit is the vapor quality corresponding to the critical heat flux condition (CHF), resulting from:

xcrit = 4 Bo
[
4.124 Bo We0.1625 X0.05981

ρ La0.07142 (1 − xT D)−0.8809
]−1.4632

+ xT D (3)

where Re = GDh
µ

is the Reynolds number, La = ρlσDh
µ

is the Laplace number, Fr = G2

ρlg0Dh
is the Froud number,

We = G2Dh
σρl

is the Weber number and Pr = cpµ

κcond
is the Prandtl number. Finally, the local heat transfer coefficient is

estimated as in Eq. (4):

hb =


Nu(x) κcond

Dh
if x < xd/o

Nu(x) κcond
Dh

− 0.5
[

Nu(x) κcond
Dh

− hb,DB

]
(x−xd/o)
(1−xd/o) if x ≥ xd/o

(4)

Instead, the local Nusselt number and the Dittus-Boelter superheated vapor relation are defined in Eqs. (5) and (6):

Nu(x) =

0.68 Pr0.5414 La0.1942 Re0.5873 (1 − x)−0.2446 Bo0.3544 if x < xd/o

0.68 Pr0.5414 La0.1942 Re0.5873 (1 − xd/o)−0.2446 Bo0.3544 if x ≥ xd/o
(5)

hb,DB = 0.023
κv,cond

Dh
Re0.8

v Pr1/3
v (6)

where Rev and Prv respectively are the local Reynolds and Prandtl numbers of the vapor phase. The operational range
of validity of the experimental correlations by26 is reported in Tab. 1.

Table 1: Operational ranges of validity of the experimental correlations by.26

Quantity Range of validity

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

R1234ze(E), R1234yf, R744 (Carbon Dioxide), R290
(Propane), R410a, R600a and nitrogen

We* [1 × 10−1 ÷ 2 × 105]
La* [46 600 ÷ 3 131 000]
Re* [120 ÷ 14 600]
Bo* [4.6 × 10−5 ÷ 2.5 × 10−3]
Pr* [0.9 ÷ 6.6]
xT D

* [−0.6 ÷ 0.15]
channel length

channel diameter
[20 ÷ 500]

Xρ [6.5 ÷ 129 000]
* evaluated at the entrance of the inlet chamber.

It is useful specifying the symbols used in defining the dimensionless numbers cited above: G is mass flow rate
per unit cross section area; g0 is the gravitational acceleration; hL is the latent heat of vaporization; cp and cv are the
specific heats at constant pressure and constant volume, respectively; µ is the dynamic viscosity; ρ is the fluid density
and σ is the surface tension.

Concerning the solution of the supersonic expansion process of the vapor flow through the micronozzle, the ideal
propulsive performances (thrust force FIRT and specific impulse Isp,IRT ) are first computed from the ideal rocket theory
(IRT)27 as the sum of two contributions, i.e., the momentum and the pressure thrust, denoted by the subscripts j and p:

FIRT = F j,IRT + Fp,IRT = ṁIRT uexit,IRT + (pexit,IRT − pamb) Aexit (7)

Isp,IRT =
FIRT

ṁIRT g0
=

ue f f

g0
(8)

In the equations above ue f f is the effective exhaust velocity which takes into account both thrust terms, ṁIRT is the
maximum ideal mass flow rate, pexit,IRT and uexit,IRT are the ideal static pressure flow velocity at the exit section, Aexit

is the exit area of the micronozzle, and g0 = 9.81 ms−2 is the starndard gravitational acceleration. The establishment of
the boundary layer at the nozzle throat and along the divergent section at the micro-scale strongly affects the efficiency
expansion process, and the actual thrust decreases due to losses of both mass flow rate and exit velocity, as in Eq. (9):

Fact = ṁactuact = (Cd ṁIRT ) (ηu uIRT ) = (Cdηu) ṁIRT uIRT = ξnFIRT (9)

where Cd is the discharge coefficient, ηu is the Isp-efficiency, and ξn = Cd ηu defines the global propulsive efficiency,
better known as nozzle quality. As highlighted in Eq. (9), the nozzle quality quantifies the total performance losses due
to the boundary layer thickness inside the micronozzle.
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Therefore, the ideal performance are corrected by considering two loss factors: the discharge coefficient Cd and
the Isp-efficiency. The former quantifies the mass flow rate losses due to the development of the boundary layer at the
throat section as follows:28

Cd = Cd

( rc

0.5 W∗
, γ,Re∗

)
= [ rc + 0.05 (0.5W∗)

rc + 0.75 (0.5W∗)

]0.019 {
1 −
[ rc + 0.10 (0.5W∗)

(0.5W∗)

]0.21 ( 1
Re∗

)0.5
f (γ)
}

(10)

where γ = cp/cv is the specific heat ratio, Re∗ is the Reynolds number at the throat section, rc and W∗ are the radius of
curvature and the width of the throat, and f (γ) ≃ 0.97 + 0.86γ. As specified in,28 the operational range of validity of
the correlation (10) is 0 ≤ rc/W∗ ≤ 20 and 50 ≤ Re∗ ≤ 1 × 105. However, the difference between the inviscid and the
viscous velocity inside the boundary layer leads to a reduction of the momentum ∆J too. Thus, ∆J has been derived29

for a planar nozzle as a function of the compressible displacement δ∗ and the momentum thicknesses θ:

∆J = ṁactuexit,IRT

( 2δ∗

Wexit

) (
1 +
θ

δ∗

)
= ṁact ∆uexit (11)

Concerning the Isp-efficiency, it quantifies the momentum losses due to the viscous forces acting during the
expansion process into the divergent section as follows:

ηu =
uexit,act

uexit,IRT
=

uexit,IRT − ∆uexit

uexit,IRT
= 1 −

( 2δ∗

Wexit

) (
1 +
θ

δ∗

)
(12)

In the equation above, δ∗ and θ depend on the Reynolds number and the Mach number at the exit, namely Reexit and
Mexit, which relate to the incompressible thicknesses as follows:30

S δ∗ =
δ∗

θ
= S̄ (1 + 0.113M2

exit) + 0.290M2
exit (13)

θ = θ̄
{
1 −

0.92M2
exit

7.09 + M2
exit

tanh[1.49(S̄ − 0.9)]
}

(14)

where S δ∗ is the compressible shape factor, δ̄∗ and θ̄ are respectively the incompressible displacement and momentum
thicknesses, and S̄ = δ̄∗/θ̄ is the incompressible shape factor. The Eqs. (15), (16) and (17) proposed by Çengel and
Cimbala31 for turbulent flows are used to estimate θ̄ and S̄ , as follows:

δ̄∗

L
=

0.048

Re1/5
exit

(15)

θ̄

L
=

0.037

Re1/5
exit

(16)

S̄ =
0.048
0.037

= 1.2973 (17)

where L is the slanted length of the expander.

2.2 Solution procedure

The grid step ∆s has been set to 5 × 10−7 m, while the time step is estimated by considering the cell-centered flow
velocity u as ∆t = ∆s

u . The solution procedure of the proposed model is iterative and based on a two-cycle criterion, as
described in De Giorgi and Fontanarosa.23 The first cycle forwardly 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,
using the desired fluid temperature at the micronozzle entrance T f luid,exit and pi. The Nusselt number is set constant
and equal to 4.96 as suggested by Bejan.32 A constant heat flux profile along the flow direction is also assigned and
the two-phase flow is solved producing the flow conditions at the micronozzle entrance. Hence, the 0D model of real
nozzle previously described compute the mass flow rate losses and the error between the corrected mass flow rate with
the old one, the mass flow rate is updated before to start a new computational loop, until convergence is reached on
the mass flow rate based on a residual tolerance of 0.01. The convergence on the first cycle leads to the estimation of
the wall temperature profile Twall, which is set as a boundary conditions for the second heat-flux based computational
cycle. This last one is initialised by estimating the boiling number Bo and the other dimensionless numbers used in the
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experimental correlation by Tibiriç′a et al.26 based on the average heat flux q̇0. 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. Therefore, the two-phase flow inside the heating region is first solved based on the local estimation of the
Nusselt number. 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 0.001. Once convergence is reached on the average heat flux, the solution of the
gas flow inside the micronozzle is computed starting from the fluid state predicted at the exit of the microchannel in
combination with the 0D model of real nozzle previously described. 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.

3. Results and discussion

3.1 Dual heating: original design and experimental evidence

The first VLM has been designed and manufactured by the Institute for Micro-electronics and Micro-systems of the
Italian National Research Council (CNR-IMM), in collaboration with the Aerospace Propulsion group of the University
of Salento (Italy) and the Heat and Mass Transfer group of the KU Leuven (Belgium). The original geometry consists
of a long inlet chamber to easily accomodate an injection needle 33G, 8 parallel microchannels of 9 mm length as
a heating chamber, and a tronco-conical planar micronozzle. The overall etching depth is equal to 260 µm. The
manufacturing process involved reactive ion etching, plasma-enhanced chemical vapour deposition, adhesive bonding,
micro-alignment, and micro-machining. The final VLM has a stacked configuration consisting of a silicon substrate
with fluidic structures and a borosilicate glass cover lid, and a specially patterned glue layer binds the silicon and
glass substrates and ensures fluid tightness. The device has been equipped with 7 resistance temperature detectors
(RTDs), two arrays of in-channel capacitive void fraction sensors (VFSs), and in-channel low-power secondary resistive
micro-heaters, and has been designed to operate with liquid water as the propellant at mass flow rate ranging between
2.0 × 10−6 kg/s and 7.0 × 10−6 kg/s and ultimate device temperature equal to 575 K. The ranges of nominal thrust and
specific impulse range are 1 mN ÷ 10 mN and 90 s ÷ 110 s, respectively.

In our previous works,20–22 the device feasibility using only the main heater has been assessed in constant voltage
and actively controlled pulsed heating. In the present work, the secondary low-power heater was activated for the first
time. In this regard, it is first worth providing the expected performance of the secondary heater coming from its
design. The low-voltage/low-power secondary heating system is composed of eight thin film Pt microheaters (one per
microchannel), each 3 mm long, 90 µm wide and 500 nm thick, as shown in Figure 1.

Figure 1: Schematics of the secondary micro-heaters and picture of the VLM.

The electrical resistivity of Pt as a function of the temperature is given by the following equation:

ρPt(T ) = αre f ,Ptρre f ,Pt(T − Tre f ) (18)

where Tre f = 293.15 K is the reference temperature, the subscript ref refers to measurements at Tre f , while αPt rep-
resents the temperature coefficient of resistance and ρPt is the electrical resistivity made of platinum (Pt). Therefore,
the electrical resistance Rh calculations are based on ρre f ,Pt = 1.06 × 10−7Ωm and αre f ,Pt = 0.00217, which have been
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experimentally retrieved by the CNR-IMM in previous tests, as follows:

Rh(T ) = ρPt(T )
Lh

HhWh
(19)

where Lh, Hh and Wh represent length, thickness and width of the Pt conductor. Finally, the corresponding applied
voltage Vapp and electrical power Pel were computed by considering a maximum current density jmax = 3.5×109 A/m2

and the heater cross section Acs,h = HhWh. The results are reported in Table 2 at different operating temperature Tw,
i.e, 383 K, 453 K and 573 K.

Table 2: Preliminary design of the secondary heater: performance.
Tw [K]

383 453 573
ρPt(T) [Ωm] 1.27 × 10−7 1.43 × 10−7 1.70 × 10−7

Rh,sec(T) [Ω] 8.45 9.52 11.4
Vapp [V] 1.33 1.50 1.79
Pel,h [W] 0.21 0.24 0.28
Pel,tot [W] 1.68 1.89 2.25

The resistance of the secondary heater determines the power and heating capability, and its experimental charac-
terization is given in Figure 2 showing the resistance curve. As expected, it is nonlinear and as the temperature rises
due to the heating, the resistance also goes up. It is worth observing that at 3.5 V and 0.52 A, the device heated up at
110 ◦C, exhibiting an electrical resistance of about 6.73Ω, which is quite close to the estimated one (8.45Ω) shown in
Tab. 2.

Figure 2: Resistance curve of the secondary heater.

After verification of the electrical performance of the secondary heaters, an experimental assessment of the effect
of the secondary heating on the thermal performance of the VLM undergoing actively controlled pulsed heating on the
main heater has been performed. Figure 3 shows the overall experimental setup, along with the apparatus required for
injecting water into the VLM and the VLM itself equipped with external temperature sensors. The water feeding system
consisted of a syringe pump (model NE-1000), plastic tubing, micro-fluidic valves, and fittings type Luer lock. The
feeding pressure and temperature were measured using a relative pressure transducer Validyne DP15 (user calibrated
in the relative pressure range 0 bar to 5 bar) and a K-type thermocouple, respectively. Both were located along the
water feeding line before the VLM injection system. Concerning the heating system, the DC power supplier (model
Agilent 5751a) was electrically connected to the main heater of the VLM through a metal-oxide-semiconductor field-
effect transistor (MOSFET), model ICQUANZX, which operated a pulse width modulation (PWM) switch (maximum
frequency equal to 20 kHz) allowing for a pulsed gating of the electrical feeding. The linear Hall effect current sensor
HiLetgo ACS758LCB-050B-PFF-T (measuring range: 0 A to 50 A; response time: 16 µs; bandwidth: 120 kHz),
placed between the MOSFET and the VLM heater, produced a voltage output which was directly acquired by the
oscilloscope R&S RTB2004 (bandwidth: 300 MHz; 4 channels; sampling speed: 1.25 GS/s) using a voltage probe
with attenuation factor 1:1. Two voltage probes (attenuation factor 1:1) located on the positive and negative leads of
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the VLM heater were used to read the voltage applied on the oscilloscope, which thus synchronously read and wrote the
applied voltage and the current signals across the VLM main heater. Mounted on a 4-slot chassis NI cDAQ-9174, the
module NI-9401 controlled the MOSFET gate by generating the PWM signal. The actively controlled pulsed heating
system applied to the main heater was linked to the device′s temperature readings, which were obtained from two K-
type thermocouples installed on the external surface of the quartz substrate. Figure 3(b) shows the final configuration
of the VLM during testing: TC1 represents the thermocouple placed close to the inlet section (cold side), while TC2
represents the thermocouple placed close to the micronozzle entrance (hot side). Their signals were acquired using
the data acquisition module NI-9211 (sampling speed: 14 Hz aggregate; 4 channels), mounted on the shared data
acquisition chassis. This limited the speed of the resulting temperature controller to 4 Hz. The software development
of the control system was performed using the toolbox Labview 2018 of National Instruments.

(a)

(b)

Figure 3: Experimental setup: (a) overall physical arrangement; (b) VLM configuration with thermocouples TC1
(VLM inlet, cold side) and TC2 (micronozzle entrance, hot side).

Some interesting effects have been observed when activating the secondary heater for the first time. In this
regard, a manually tuned PI-D (proportional and integrative terms applied to the error; derivative term applied to the
output) controller of TC1 triggered the main heating, while the secondary heater was manually switched on or off by
the operator using a different power supply. Figure 4 shows the thermal response of the VLM, i.e., the temperatures
at the nozzle and at the inlet, the setpoint temperature and the voltage of the secondary heater. From the moment the
secondary heater is turned on to 4V, the temperature oscillations are significantly dampened and the inlet temperature
decreases too. The latter is because the secondary heater provides part of the power, thus the PI-D controller reduces
the power supplied to the primary heater, as shown in Figure 5 by the dropping duty cycle (from 0.7 to 0.6 when the
secondary heater is on).

3.2 Dual heating: new device configuration and numerical assessment

The planar geometry of the new device is shown in Figure 6. By preserving the overall size of the previous design,
the fluidic space has been rearranged as follows. The operating range of the mass flow rate has been scaled down in
order to bring the nominal required power below 5 W and satisfy the available power requirement onboard CubeSats.
As a result, a set of three parallel microchannels of 120 µm width and about 6 mm length define the boiling chamber.
Upstream, the inlet chamber has been shortened to 1.2 mm to reduce the residence time of the flow and prevent
from the undesired boiling incipience. In this regard, it is worth underlining that the aim of the inlet chamber is
only equally distributing the flow into the microchannels. Furthermore, its geometry has been simplified to a weak
convergent to compensate the small pressure losses and minimize the flow distortion before the microchannels entrance.
This has been allowed by the modification of the water injection system: in fact, the 33G needle has been replaced
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by a customized adapter. Downstream of the boiling chamber, a larger (width: 3 mm) and longer (length: 8 mm)
rectangular chamber accomplishes the flow vaporization and overheats the flow up to the desired temperature. Such
a large modification of the cross-section is obtained through a divergent diffuser (αdi f f = 30◦) placed between the
microchannel-based boiling chamber and the rectangular overheating chamber. Finally, according to the reduced range
of the mass flow rate, the throat section of the convergent-divergent micronozzle has been reduced from the original
150 µm to 25 µm.

Figure 6: Sketch of the planar geometry of the new design with quotations (units: µm).

The microelectronics embedded in the new device has been simplified too. As shown in Figure 7(a), two micro-
heaters have been integrated as follows. The main heater (thickness: 500 µm (denoted by the blue region) is deposited
on the bottom of the silicon substrate in correspondance of the boiling chamber, while the secondary heater (thickness:
300 µm) is deposited on the glass substrate in direct contact with the flow. Finally, two RTDs are placed at the entrance
and the exit of the boiling chamber, and a third one is located at the micronozzle entrance; one larger void fraction
sensor (co-planar wave guide type as in the original design) has been installed at the microchannel exit (see Figure
7(b)).

The logic of splitting the overall heating process in two steps is due to the huge modification of the flow proper-
ties. In particular, the high density ratio makes impossible to use the same geometry for an efficient heat transfer from
solid to the flow. The parallel microchannel geometry is convenient only when the fluid is enough liquid thanks to the
increased heating surface, but when the vapor quality approaches to 1 and the flow is fully vaporized, a cross-section
enlargement is required to slow down the flow and increase the residence time. This significantly reduces the required
wall temperature for a given enthalpy rise, with a colder device and a more isoentropic and efficient heat transfer
process as benefits.

This is clearly evinced by the numerical predictions in Figures 8 and 9, which refers to the same operating
conditions (mass flow rate: ṁ = 1.27 × 10−6 kg/s; desired fluid temperature at the micronozzle entrance: T f luid,exit =

540 K). At the exit of the microchannels region, the flow velocity drop down (Fig. 8(b)) from about 14 m/s to about
2 m/s, the vapor quality is 0.92 (blue solid line in Fig. 9(b)) and the wall temperature (red dash-dotted line in Fig. 9(a))
approaches the ultimate temperature of the device 573 K (black dash line in Fig. 9(a)).

As reported in Table 3 (second column), the heating power spent by the main heater is PMH = 3.10 W. However,
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Figure 7: New VLM design: configuration of embedded microelectronics: (a) heating system; (b) temperature and
void fraction sensing.
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Figure 8: Numerical prediction of the two-phase flow with the new design: (a) spatial profile of the effective cross-
section width W; (b) flow velocity U f luid; (c) local heat flux; (d) heat transfer coefficient HTC.

Table 3: Numerical assessment of the dual heating and comparisons.
xvap,c [-]

0.75 0.92 0.94
Twall,max [K] 616.0 573.8 606.5
(Twall − Tfluid)exit [K] 70.1 33.8 30.5
PPH [W] 2.63 3.10 3.15
PSH [W] 1.06 0.59 0.54
Ptot [W] 3.69 3.69 3.69
F [mN] 1.47 1.47 1.47
Isp [s] 118 118 118
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in the overheating chamber the heating power used to accomplish vaporization and reach the desired fluid temperature
is only PS H = 0.59 W. In such a way, the local heat flux reduces (see Fig. 8(c))), minimizing the required wall
temperature together with the increased residence time. This allows to compensate the significant drop of the heat
transfer coefficient (see Fig. 8(d)).
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Figure 9: Numerical assessment of the dual heating as a function of the vapor quality at the microchannels exit xvap,c:
(a) wall (Twall) and fluid (T f luid) temperatures; (b) vapor quality xvap.

However, there is an optimum in unbalancing the heating power between the primary heater and the secondary
heater. This is also shown in Figure 9, where three void fraction conditions at the boiling chamber exit are compared,
i.e. xvap,c = 0.75, xvap,c = 0.92 and xvap,c = 0.94. By keeping constant the total heating power (see Tab. 3), the
propulsive performance are also preserved (F = 1.47 mN and Isp = 118 s). However, by reducing the power applied to
the primary heater and increasing the power applied to the secondary heater, the maximum wall temperature overcome
the ultimate temperature during the overheating process; in the same way, by weakly increasing the power applied to
the primary heater and reducing the power applied to the secondary heater, the maximum wall temperature overcome
the ultimate temperature during the boiling process. This means that the vapor quality at the boiling chamber exit xvap,c

must be controlled in the range 0.75 and 0.94 to avoid unfeasible thermal stresses and the device burnout, and ensure
the device safety.

Finally, the effect of the desired temperature on the propulsive performance has been assessed. To this purpose,
two different desired fluid temperatures have been considered, i.e., T f luid,exit = 540 K and T f luid,exit = 450 K, while
keeping constant the mass flow rate at ṁ = 1.27 × 10−6 kg/s and xvap,c = 0.92. As shown in Figure 10, the thermal
behavior of the device (both walls and fluid) is similar, with lower temperatures at T f luid,exit = 450 K but same (Twall −

T f luid). Furthermore, as expected the thrust force reduces to F = 1.33 mN; however, the specific impulse reduces too
(Isp = 107 s), denoting a less efficient operating conditions. This result outlines that a temperature-based thrust control
is a suitable alternative with respect to a pressure-based thrust control; in fact, it is faster and more local, producing
benefits in flow boiling instability control, as previously shown in Section 3.1.

4. Concluding remarks and future steps

A water-fed microfabricated vaporizing liquid microthruster has been designed and fabricated. In the present work, a
new design is proposed to enhance the safety and efficiency of high-energy transfer from solid walls to fluid. A quasi-
1D steady-state numerical model has been developed to solve the flow into the VLM at constant heat flux boundary
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Figure 10: Numerical assessment of the dual heating: wall (Twall) and fluid (T f luid) temperatures as a function of the
desired fluid temperature at the heating chamber exit Texit.

conditions, allowing for a preliminary performance assessment of dual heating control. Furthermore, an experimental
assessment of the heat transfer process on a real device undergoing dual heating control is provided, and the most
relevant insights are discussed together with the numerical analysis.

Experiments carried out using devices with the original design have confirmed the feasibility of the secondary
heating system, as well as the capability of the secondary heating in hindering the temperature oscillations and stabilize
the flow boiling at the inlet chamber keeping colder (and safer) the device. The numerical assessment of the new
configuration proves the existence of an optimum in unbalancing the heating power between the primary heater and the
secondary heater: in this regard, the vapor quality at the boiling chamber exit must be controlled in the range 0.75 and
0.94 to avoid unfeasible thermal stresses and the device burnout, and ensure the device safety.

Future research will perform a comprehensive experimental investigation of the new design of VLM undergoing
actively controlled pulsed dual heating. To this purpose, the void fraction sensor will be integrated in the feedback
control together with the embedded temperature micro-sensors.
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