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Valve actuation effects on discrete monopropellant slug
delivery in a micro-scale fuel injection system
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Abstract. Converging flows of a gas and a liquid at a microchannel cross junction, under proper
conditions, can result in the formation of periodic, dispersed microslugs. This microslug formation
phenomenon has been proposed as the basis for a fuel injection system in a novel, ‘discrete’ monopropellant
microthruster designed for use in next-generation miniaturized satellites. Previous experimental studies
demonstrated the ability to generate fuel slugs with characteristics commensurate with the intended
application during steady-state operation. In this work, numerical and experimental techniques are used to
study the effect of valve actuation on slug characteristics, and the results are used to compare with equivalent
steady-state slugs. Computational simulations of a valve with a 1 ms valve-actuation cycle show that as the
ratio of the response time of the valve to the fully open time is increased, transient effects can increase slug
length by up to 17%. The simulations also demonstrate that the effect of the valve is largely independent of
surface tension coefficient, which is the thermophysical parameter most responsible for slug formation
characteristics. Flow visualization experiments performed using a miniature valve with a 20 ms response
time showed less than a 1% change in the length of slugs formed during the actuation cycle. The results of
this study indicate that impulse bit and thrust calculations can discount transient effects for slower valves,
but as valve technology improves transient effects may become more significant.
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1. Introduction

A recent focus of the aerospace industry has been in the development of microthrusters for
satellites in the 1.0 to 10.0 kg range, often known as “nanosats”. Nanosats are of interest for
NASA and the DoD because of their ability to reduce satellite life-cycle costs while performing
valuable scientific and defense missions. A survey of past and current missions involving
nanosats, which can be found in Bouwmeester and Guo (2010), indicates that the capabilities of
nanosatellites are technologically limited on several fronts including power, communication and
thruster subsystems. The thrusters, which are the propulsion system tasked with positioning and
orbital maintenance, are a particular challenge because of the low levels of thrust, on the order of
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Table 1 GSFC operating requirements as presented in Hitt et al. (2001)

Propulsion system parameter Target value or range
Thrust level 500 uN
Impulse bit 1-100 uNs

Specific impulse 160 s
Mass <0.1kg

micronewtons, required to make precise changes in position that may be required as part of a
mission. Micropropulsion is an area of ongoing research with many candidate systems proposed,
including electric propulsion systems and liquid and solid chemical propellant systems. Reviews
of micropropulsion strategies for nanosat microthrusters can be found in Janson (2008).

Monopropellant-based propulsion is an attractive scheme for microthruster applications since it
offers a combination of relatively high energy density and simplicity of design. The latter is
especially significant for the construction of miniaturized propulsion systems. The first prototype
monopropellant microthruster reported in the aerospace literature was based on hydrogen peroxide
and developed using MicroElectroMechanical Systems (MEMS) techniques at NASA/Goddard
Space Flight Center (Hitt et al. 2001). As part of that study, the operating characteristics required
for the thruster subsystem were presented, and are shown in Table 1.

The typical operation of a microthruster consists of the delivery of a specified amount of
impulse to the spacecraft and is thus inherently transient in nature. For a monopropellant
microthruster (indeed, any liquid chemical microthruster) this involves the throttling of the
propellant via a microvalve. During the shutdown process there will be an unavoidable residual
thrust resulting from the finite actuation of the valve and, for micropropulsion applications, the
impact of the associated residual thrust and impulse may be significant. For example, it has been
determined from numerical simulations of microthruster nozzles, based on the geometry of the
NASA/GSFC prototype that the residual thrust produced during the shutdown of the thruster may
lead to a residual impulse which is more than twice the design impulse bit (Kujawa and Hitt 2005,
Louisos and Hitt 2011). Given the potentially troublesome throttling issues associated with
MEMS-based microthruster designs, it would be highly desirable to have an alternative method
capable of producing ‘discrete’ impulses for attitude control and adjustment. Indeed, such a
scheme already exists for solid propellants in the DARPA ‘digital microthruster’ (Lewis et al.
2000).

One possible strategy is to use a system, shown in Figure 1, to deliver the monopropellant to
the thruster in discrete quantities (‘slugs’) to produce the ‘digital propulsion’ effect (McCabe et al.
2012). In this process, the liquid monopropellant and a second immiscible inert gas converge at a
microscopic cross junction. The array of monopropellant slugs formed will flow through the outlet
channel where they undergo a chemical decomposition in an in situ catalyst bed. This will be
embedded directly into the channel thereby simplifying the geometry as well as decreasing the
footprint on the chip. The inert fluid will pass through the bed chemically unaffected. The
decomposition products then flow directly into a supersonic nozzle to convert the thermal energy
into kinetic energy. By making the impulse bits sufficiently small, a target impulse can be
delivered with the passage of a set number of slugs, which effectively increases the resolution of
the valve timing. While conceptually straightforward, the actual operation will depend principally
upon the characteristics of the monopropellant slugs, which are formed.
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Fig. 1 A schematic diagram depicting the envisioned operation of the discrete mono- propellant thruster.
Flows of a monopropellant and a gaseous inert fluid converge at a 90° junction. The result is a periodic
sequence of discrete monopropellant slugs, which propagate down the channel where they are chemically
decomposed in a catalytic bed. The energetic gases of decomposition in combination with the inert gas
are then expanded in a converging/diverging supersonic nozzle to produce the target impulse for that slug
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Fig. 2 Images of slug formation in a 50 xum microchannel. The inlet pressures in (a) are all set at 30 psi. In
9b) the liquid inlet pressure is set at 30 psi and the air inlet pressure is set at 30.6 psi resulting in very
different slug characteristics

Recent studies in the microfluidics literature have demonstrated that two immiscible liquids at a
microscopic T-junction can be used to create slug structures that are periodic and highly repeatable
(Thorsen et al. 2001, Garstecki et al. 2006). While these studies provide a foundation for further
research they are limited in practical application due to the need to carry a second pressurized
liquid on the satellite. The efficiency of the catalytic process in generating thermal energy may
also be decreased due to the need to heat the inert liquid. In addition, if the secondary liquid is an
oil, fouling will occur in the catalyst bed. Previous work has been performed by Cubaud and Ho
(2004), and Cubaud et al. (2005) for gas-liquid flows in larger microchannels O[100xm]. These
microchannels generate slugs that are too massive for the intended microthruster application, and
since the effects of surface tension will increase with decreasing channel size, smaller channels
may exhibit different behaviors. In McCabe et al. (2012), a pressure-driven system that was an
order of magnitude smaller than that studied by Cubaud and Ho (2004), was created to
characterize the microslug formation by the inlet pressure ratio. They found that controlling the
pressure ratio at the inlets allowed them to create steady, periodic microslugs of different sizes and
lengths. An example of the variability of the slug characteristics is shown in Fig. 2.
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In their experimental study, McCabe et al. (2012) were able to demonstrate a reduction in fuel
delivery of nearly 50% for a given time period using this process, which would allow the
monopropellant microthruster to meet the design criteria using currently available microvalve
technology. While this finding was an important demonstration of the feasibility of the discrete,
monopropellant microthruster concept, the testing methodology in that experiment required that
the microfluidic system be allowed to stabilize by running the system for several minutes before
collecting data. This procedure attempts to eliminate sources of experimental error that can occur
in a microfluidic system, such as air bubbles in the line, but it also serves to remove the effects of
valve actuation from the data collected. As the proposed MEMS-based thruster will primarily
operate in this transient region, these effects could potentially alter the slug characteristics
compared to the steady-state slug characteristics that are typically reported in the literature.
Potential alterations could include post-actuation inertial effects, lag in the slug formation process
during valve opening or changes in the hydrodynamic resistance of the system due to the presence
of the microvalves. Any of these effects could dramatically affect the slug characteristics
compared to the steady state, and thus the impulse bit and thrust.

In this study, numerical and experimental techniques, first presented in McDevitt and Hitt
(2011) and McCabe et al. (2011) respectively, were used to determine the slug characteristics and
formation process of the microthruster during the actuation of the valves controlling the inert gas
and the monopropellant. The numerical simulations were used to characterize the sensitivity of the
slug formation process to changes in the valve-actuation profile and surface tension coefficient
during a valve-actuation cycle. These results are then used to calculate the valve actuation effects
on the minimum impulse bit and effective thrust of an idealized microthruster. To complement the
simulations, flow visualization experiments were performed to provide a qualitative comparison
with the numerical results.

2. Computational methods

To study the effects of transient operation, both computational and experimental techniques
were used. The numerical studies used a quasi-3D model of a microchannel cross-junction and
used the level set method to track the interface between the two phases. This computational model
allowed for the interrogation of flow characteristics that would be difficult or impossible to study
experimentally. The experiments consisted of flow visualizations using a pressure-driven
microfluidic flow system that has been designed to deliver gas and liquid phases from upstream
pressurized reservoirs to a cross junction.

For the experiments, H,O has been used in lieu of actual H,O, since its properties are similar
and we do not wish to incur any reaction at this stage of the work. Air was used instead of a
chemically inert gas such as Ar or N,. The predominant flow properties in microfluidic flow
analysis are surface tension and viscosity. As the two fluid substitutions are similar in these
parameters to their analogues, they should not present any significant differences in the behavior
observed.

2.1 Computational model and numerical algorithm

2.1.1 Computational geometry
A quasi-3D model of the microchannel used in the flow visualization experiments was built for
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Fig. 3 The computational domain used for the simulations

the simulations. The experimental geometry had a 50 zm by 20 um cross sectional area, and had
inlet channel lengths of 3 mm and an outlet channel length of 80 mm. To simplify the geometry
and reduce computational overhead, the computational domain was reduced to an air inlet that is
450 um (9 channel widths) long, 2 fuel inlets which are 150 um (3 channel widths) long and an
outlet channel which is 2250 xm (45 channel widths) long. The resulting computational domain is
shown in Fig. 3.

2.1.3 Governing equations
The flow field is governed by the incompressible Navier-Stokes equations

V-uy; =0 1)

ou,

pi—, +pi(w; - V)u; = V- [—pI + 4 (Vu; + Vuf )] + For 2

where u is the velocity of the fluid, p is the fluid density, p is the pressure, u is the dynamic
viscosity, Fst is the surface tension and the subscript i corresponds to the appropriate phase. To
track the interface between the two different fluids, the level set method was used. In the level set
method, the discontinuity between the two discrete phases is represented with the level set
function ¢, a continuous function bounded by zero and unity that represents the distance from the
interface at all points in the domain (Sethian 1998). The ¢=.5 isocontour then represents the
interface between the two phases. As the flow field is calculated, the movement of the interface is
calculated

ap Vo
et Ve =L - ) ®3)

The discontinuity in density (p) and viscosity (v) are smoothed across the interface using Egs.
(4) and (5)
p=p1+(p2=p1)o (4)
V=1 + (V2 V)¢ ®)
where p, and v, are the density and kinematic viscosity of the first fluid, and p, and v, are of the
second fluid. The surface tension term, in Eq. (2), at a point ¥ can be calculated from:

For (%) = ok(D)A(X) (6)

where ¢ is the surface tension coefficient, 7 and x are the unit normal and curvature of the
interface, respectively. In the level set method, 7 and x can be calculated from ¢ using
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The surface tension equation can then be recast in terms of the surface tension coefficient and

the level set function
For(®) = o=V 723V ©)

In this formulation, the surface tension represents a volume force that is spread across the width
of the interface. This new force is only equal to the surface tension in the limit as the thickness of
the interface goes to zero, which places an upper bound on the maximum width of the interface. If
the interface gets too small, however, the discontinuity in density and viscosity cannot be properly
smoothed, which yields difficulties in computing the solution. The surface tension can be varied
by changing the surface tension coefficient (o).

These governing equations were solved in COMSOL 4.2a, an FEA-based multiphysics solver.
The COMSOL implementation uses a modified version of the level set, designed to improve the
mass conservation, developed by Olsson et al. (2005). In this method the movement of the level
set function (¢) is corrected by using a modified advection equation

a¢p Vo

e Tu Ve =yV- (Vo — (1 - d) g (10)
where y represents a reinitialization parameter that predicts where the interface has moved to since
the last time step and € represents an estimated interface thickness. For numerical stability, the
minimum mesh size should be O[¢] and y should be roughly equivalent to the maximum velocity
of the flow.

Due to the intense computational demands of simulating the flow in 3D, using a 2D simulation
was desirable for parametric studies. In Qian and Lawal (2008), a strong connection between the
2D and 3D simulations of microslug generation in microchannels was found. To verify that a
similar connection exists in this study, a 3D model of the junction was simulated and compared
against the 2D model. The original models showed a discrepancy, but this was corrected by adding
a “shallow channel” term

= 120U
by == (11)

where lf,l represents a body force resulting from the channel top and bottom. This quasi-3D flow
compares very closely to the full 3D simulation and verifies that a 2D simulation, with this
shallow-channel term, is appropriate for simulating the flow.

2.1.3 Boundary conditions

In the motivating experiments by McCabe et al. (2011), the microfluidic system is pressure
driven and uses a pressure differential at the cross junction to generate the slug patterns. As the
actual pressures of the liquid and gas at the junction are unknown, equivalent velocity conditions
were selected that most nearly replicated the experimental observations in McCabe et al. (2011).
To do this, the liquid inlet velocity is fixed at .4 m/s, with an air inlet velocity that ranges between
.2 and .4 m/s. These velocities represent the lower and upper bounds of the slug generation
process; decreasing the flow rate of the continuous phase further results in the dispersed phase
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Fig. 4 Plot of the valve profiles simulated

completely filling the channel, while increasing the continuous phase flow rate prevents the
dispersed phase from entering the channel.

To model the effects of actuation on the slug formation process, a series of valve-actuation
profiles, modeled as smoothed rectangle functions between 0 and 1 and shown in Fig. 4, are
applied equally to the gas and liquid inlets. The valve-actuation profile can be characterized by the
total duration of a single actuation cycle and the ratio of the response time to the fully open time of
the valve. For these simulations, the nominal actuation cycle is 1 ms, with the ratio of response
time to fully open time ranging between 20% and 100%. The studies of surface tension coefficient
used a fixed valve profile, with a 1 ms actuation time and were limited to a singe response ratio of
20%.

For the implementation of the level set within COMSOL, a wetted wall boundary condition is
used. This boundary condition uses a fixed contact angle (¢) and a slip length () that is defined as
the distance perpendicular to the wall at which the velocity can be extrapolated to zero.

2.1.4 Grid generation and convergence

To accurately model multiphase flow, the grid must be smaller than the projected interface
thickness at all locations that it may travel. To increase solution speed, adaptive mesh refinement
was used. This method generates a coarse unstructured mesh within the computational domain.
The number of elements is then increased in regions where there is a gradient of the level set
function (i.e., at the interface between the two fluids). Convergence is achieved when the interface
is resolved, as determined by the percent difference change in interface thickness. At successive
time steps, this process is repeated to ensure that the mesh adapts to the changing topology of the
interface. While this method precludes traditional grid convergence studies, the continuous
refinement of the mesh is intended to keep it optimized.

To confirm that the results generated while using adaptive mesh refinement are comparable to a
fixed mesh simulation, models were solved using each method. While there are qualitative
differences between the two simulations, it is worth noting that the primary goal of this work is to
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characterize the performance of the fuel injection system, which is necessarily going to involve the
measurement of many slugs. Thus small variations in individual slugs are going to be less
important than the average slug characteristics. For the model studied, the slugs in the model with
adaptive mesh refinement were 2% larger than on a fixed mesh. As the processing time for a single
simulation was an order of magnitude smaller (2 hours for adaptive mesh refinement vs. 20 hours
for fixed mesh) and this study would involve a number of simulations, adaptive mesh refinement
was deemed to be acceptable.

2.2 Slug analysis and thrust calculations

To determine thrust level and impulse bit, both the pinch-off frequency and the microslug
length were measured. Using a method developed by McCabe et al. (2011) for analyzing images
generated during flow visualization experiments, contour plots of the volume fraction of the liquid
phase in the computer simulations were output as images to MATLAB where intensity data along
the centerline of the channel was extracted. Slug length was calculated directly from the images by
locating the position of the gas/liquid interfaces bounding an individual slug. The formation
frequency is calculated from the total number of slugs divided by the simulation time.

From the knowledge of the slug size and the formation frequency, an effective time averaged
mass flow rate may be computed. Assuming complete chemical decomposition of the hydrogen
peroxide monopropellant in the catalytic chamber and 100% efficiency in the conversation to
thrust by the nozzle, an upper bound for the time averaged thrust production can be established

Fy = (pLsAcf)Ispgo (12)

where Lg is the average slug length, Ac is the cross-sectional area of the channel, f is the slug
formation frequency, Isp is the specific impulse of the monopropellant and go is the acceleration
due to gravity. The Isp of 90% HTP H,O, is known to be 154s from the rocket propulsion
literature. In contrast, cold gas propulsion schemes typically have Isp values on the order of 70s or
roughly half that of the H,0,,. As the mass flow rate of the gas in this system is several magnitudes

smaller than the liquid phase, the gas contribution to the thrust can be neglected.

The impulse was calculated by dividing the total thrust by the frequency, which makes it
dependent only on slug length. Finally, the impulse during an actuation cycle can be calculated
from the impulse delivered during a single valve actuation.

I = (pLsAc)Isng (13)

2.3 Experimental apparatus

The pressure-driven microfluidic flow system uses compressed air and pressurized deionized
water. The microfluidic chip, which contains the flow channels, is manufactured offsite by
Micralyne Inc. The chip is made of Schott Borofloat glass that allows for straightforward optical
analysis. The chip contains four access holes three of which lead to channels that merge into a 90°
junction and a fourth serves as the outlet. The chip layout is shown in Fig. 5.

Tubing is connected via Upchurch Scientific NanoPorts mounted to the glass directly above the
access holes. This tubing is connected to Kuhnke microvalves that have 20 ms actuation time, and
are controlled via a function generator sending a 1 Hz pulse with a 100% duty cycle. Compressed
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Fig. 5 The geometry of the microchannel used for flow visualization experiments

Fig. 6 Photo of the experimental apparatus used for the flow visualization experiments

air supplies the air line as well as the pressure for the water reservoir. Digital manometers are used
to obtain pressure readings at the air and water reservoirs. The water pressure in each of the two
water lines must be equal at the inlet ports for the system to exhibit the desired flow patterns. This
is done by limiting, as much as possible, the pressure drops due to flow resistance before the two
inlet ports. The compressed air is initially filtered to 7 um and each water line is again filtered
using 2 um microfilters to eliminate any clogging in the microchannel which may lead to a
pressure drop causing a bias in the system.

The base pressure of the system is set by the water pressure and the air pressure can range from
the base pressure (Ap=0 psi) to Ap=0.6 psi below the water pressure. The lower limit of the air
pressure corresponds to entirely water in the outlet channel. The upper limit is the point at which
the slug formation becomes unstable resulting in a transition from periodic slug formation to a
core-annular configuration, the latter being unacceptable for our application.

For these experiments, the system was run with the valves open until the system was stabilized,
and producing regular slugs. Once this point is reached, the valves are triggered and cycle based
on the specified frequency. Flow visualization is performed using an Infini-Tube In-Line video
system equipped with a fiber optic light source and a Phantom V310 High Speed Camera from
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Vision Research. Images were captured at 20,000 FPS of 8-bit grayscale at a resolution of 1024x
96 pixels. A photograph of the experimental setup is shown in Fig. 6.

3. Results

The results of this investigation are weighted towards the numerical simulations, as they were
used to study the slug formation process during a valve-actuation cycle (1 ms) that would be
possible for a MEMS-based microvalve. The effects of changes in valve-actuation profile and
surface tension coefficient, both of which are difficult to modify experimentally, were examined.
The flow visualization experiments were performed with a miniature solenoid valve, which has a
valve-actuation cycle that is an order of magnitude longer (20 ms) than the microvalve that would
be used in the envisioned prototype. Due to this difference, the experiments are not performed as
an explicit verification of the numerical results; rather they serve as a complementary piece of the
study that aims to show qualitative similarities.

3.1 Numerical results

Using the methodology described previously, a series of simulations were performed to
investigate the effects of valve-actuation profile and surface tension coefficient on the slug
formation process. Fig. 7 shows a time sequence of results for an example simulation. To analyze
these results, in each study the first slug produced after the valve is opened (post-actuation slug) is
compared to the average slug length during the simulation. This allows for a direct comparison
between the slug generated during valve actuation and the slugs that would be generated in a
steady-state system at the same inlet conditions and thermophysical properties.

Fuel inlet

v

Fuel Slug
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I T e DN e
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? Outlet

Fuel Inlet

(a) t = .4ms

0

First Post-
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i —
|
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Fig. 7 Sample of the results generated during transient operation. The fuel is represented in red, with the
air represented in blue. The valve closes at .4 ms and reopens at 1 ms
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Fig. 8 Comparison of the average slug length with the first slug generated after the valve opening as
the ratio of the response time to the on period is increased. As the ratio decreases the slug formation
process becomes essentially insensitive to the valve actuation

3.1.1 Effects of valve-actuation profile

The response time of a valve has a direct impact on the mass flow rate through that valve for a
single actuation. For a desired valve opening, a slower response time will lead to a longer valve-
actuation cycle and an increase in fluid allowed through the valve. To characterize this effect on
the slug formation process, the length of a post-actuation slug generated for a series of different
valve-actuation profiles was compared to the length of the average slug and the results are plotted
in Figure 8. This plot shows that the valve-actuation profile corresponding to the fastest response
time has a limited impact (2.2%) on the post actuation slug length compared to the average slug,
while increasing the ratio of the response time to the fully open time results in up to a 17%
difference in slug length. The largest jump in slug length occurs between the 40% and 60% ratio;
this appears to be the threshold where the flow velocity related to the valve actuation is significant
enough to impact slug length.

In a steady-state system the characteristics of slugs formed are highly dependent on inlet flow
conditions, specifically the baseline flow rate and the flow rate differential. While changes in the
valve-actuation profile are applied equally to all three inlets, and thus the flow rate differential
remains constant, changes in the response time have the effect of changing the baseline flow rate
of the system which has a direct effect on the slug that is formed during this actuation.

One point of interest is that this effect is limited to the first post-actuation slug. Sub- sequent
slugs are the same length as the slugs that were formed before the actuation cycle begins, which
further demonstrates that the effect of the actuation is due to the impact on the baseline flow rate
during startup and shutdown. The consequences of this single slug being larger will be discussed
further below.

3.1.2 Effects of surface tension coefficient
A recent study examining steady-state slug formation by McDevitt and Hitt (2011) considered
the effects of changes in thermophysical properties on slug characteristics and found that surface
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Fig. 9 Plots of average slug and first slug post-actuation at different surface tension coefficients. There
is little difference in the slug length measured, and the observed difference does not appear to be
correlated to inlet conditions or the surface tension coefficient

tension coefficient was the dominant property in determining slug length. Surface tension can be
affected by changes in temperature or due to contamination of the monopropellant, both of which
could happen during a space mission. As the valve alters the inherent force balance of the system,
surface tension and inertia could be affected, with a consequent effect on slug characteristics.
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To study this effect, the surface tension coefficient was varied between .05 N/m and .10 N/m at
flow rates between .2 m/s and .4 m/s. Fig. 9 shows the average slug length and the post-actuation
slug formed for the different parameters. The average slug length in each case is consistent with
the results presented in McDevitt and Hitt (2011); increasing the surface tension coefficient leads
to an increase in slug length, with this increase being most pronounced between .06 and .08 N/m.
For each surface tension coefficient studied, the length of the post-actuation slug exhibited the
same behavior, and in general was very similar to the average slug. For post-actuation slugs that
deviate from the average slug, there does not appear to be any trend, indicating these deviations
may be related to inaccuracy in determination of the slug length.

3.1.3 Effective thrust and impulse bit

Using the slug lengths from the previous results, the microthruster performance during valve
actuation is calculated and compared to the performance of the microthruster during steady-state
operation. For the comparison of valve-actuation profile, the metric of interest was the impulse bit.
This metric is defined by a single valve opening and closing, so changes in slug length due to the
valve-actuation profile will have a large impact on the performance of the thruster. To estimate
this effect, the minimum impulse bit of an idealized thruster is calculated from the total slug
lengths of all slugs generated during a valve-actuation cycle.

This impulse is compared to an idealized thruster operating at steady state for an equivalent
time period. The results of these calculations are plotted in Fig. 10. The impact of the longer post-
actuation slug is necessarily diminished by the averaging with the subsequent slugs, with a
resulting 12.5% difference between the actuated impulse bit and the impulse of a steady-state
system over an equivalent time period. Clearly the overall impact scales with the number of slugs
formed during the actuation cycle.
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Fig. 10 Plot of the effect of valve actuation on the minimum impulse bit of the thruster as the ratio of
response time to on period is increased. As the ratio reaches 100% (i.e., actuating at the limit of the
valve) this effect reaches a 3% increase in impulse generated due to the actuation effect
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Table 2 Percent difference between actuated and steady-state thrust

Surface Tension Coefficient (N/m)

Inlet Velocity (m/s) .05 .06 .07 .08 .09 .10
.20 0.08 191 1.15 0.90 0.21 0.19
.25 2.31 1.37 1.86 0.80 0.52 1.59
.30 3.03 2.73 0.09 0.38 2.28 0.43
.35 1.89 1.98 1.40 0.57 1.95 0.65
40 1.84 277 0.60 1.24 2.19 0.85

(b) Opening 2

Fig. 11 Sample of the flow visualization images gathered during a series of valve actuations for an inlet
pressure differential (Ap) of 0 psi at a baseline pressure of 30 psi

It is worth noting that even with the slowest valve actuation, where the response time is equal
to the on period, the minimum impulse bit is .24 uNs, which is well below the target specification.
Valve actuation has an impact on minimum impulse bit, but all systems examined are still capable
of meeting the design requirements.

In a similar fashion, the impact of surface tension on the thrust and impulse production was
calculated and compared to the time averaged thrust for a system assuming no valve actuation. The
percent difference in thrust between an actuated firing and an equivalent steady-state system was
calculated for each inlet condition and surface tension coefficient and the results are shown in
Table 2. As several slugs are formed for a single valve actuation, the non-uniform post-actuation
slug has a limited effect on the total thrust produced when compared to the steady-state equivalent.
In general, this effect is less than 1% with a maximum difference of 3.03%. As there is no clear
correlation with increases in flow rate or surface tension coefficient, the differences can be
attributed to lack of resolution in the contour plots used to calculate the length of the slugs.

3.2 Experimental results

A series of flow visualization experiments were performed to provide an empirical comparison
to the predictions obtained from the numerical simulations. Using high-speed photography, a
sequence of images that spans an entire valve-actuation cycle was captured. Using these images, a
comparison can be made between the first slug generated after the valve was opened at separate
intervals. Fig. 11 shows a single inlet condition (30 psi and AP=0 psi) at two successive valve
openings. These images show that the first slug generated after the opening of the valve is similar
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(c) Ap=0 psi

Fig. 12 Comparison of slugs generated during valve opening for a baseline of 30 psi and the gas inlet
pressure ranging from .4 to 0 psi below the liquid inlet pressure

to the other slugs generated after the valve opening and that these characteristics recur for
subsequent valve openings. Image analysis confirms that the slug length of the post-actuation slug
is within 1% of subsequent slugs and that this similitude applies across ensuing valve openings. As
the experimental uncertainty when determining the length of the slugs is at a minimum 1.8%, these
slugs are equal within the limits of the observations.

Flow visualizations were captured for 3 inlet pressure differentials (Ap=.4, .2 and 0) at a
baseline pressure of 30 psi. In all cases, the slugs generated immediately after the valve opening
were within 1% of the average slug. A sample of these images is presented in Fig. 12. These
results further confirm that the effect of the valve is to temporarily change the inlet baseline
pressure, but this effect is limited in its impact, as the valves used are not MEMS-based and have
much longer response times.

It is interesting to note that while operating the valves in a continuous on mode, the slug
characteristics (length and frequency) were different from previous experimental observations on
the same microfluidic channel. This change is most likely attributed to the change in
hydrodynamic resistance that the miniature valves present. ldentical valves were used for the gas
and liquid inlets and the resulting pressure drop across the valve in the liquid line will be greater.
This change in pressure has an impact on the pressure differential at the junction (i.e., Ap, ,,—
APjynerion): Which is one of the dominant parameters in determining slug characteristics. While the
characteristics vary from previous experiments, the trends (i.e., longer slugs as air pressure is
decreased) remain the same, which indicates that this drop in pressure due to the valves merely
acts as an offset to previous experimental results and not a fundamental change in the process.

During operation of the experimental system, it also became clear that proper priming was
essential to performance. The setup procedure, which involves operating both valves continuously
open, required several minutes of operation to reach the periodic flow regime. Next, the valve
controlling the air was closed and the water valve was allowed to cycle several times to clear all
air out of the junction. At this point the system was prepared for standard operation. Failure to
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properly prime the setup in this fashion would prevent slugs from forming and would require the
system to be completely dried out before further testing could be performed. While this is possible
in the lab environment, it does indicate a high level of quality control needed for post-
manufacturing calibration as the performance of the microthruster will be dependent on this setup
procedure.

Finally, one phenomenon that was observed during the experiments was a slight residual flow
of the liquid after the valve closing. The first assumption, that the valves were leaking, was
disproved after testing. Additional investigation seems to suggest that there may be an issue with
the compliance of the tubing in the system. When the valve closes, the contraction of the tubing
forces some of the liquid to continue to flow downstream. This post-valve flow would clearly be
undesirable as it increases the length of time the thruster would continue to operate after shutdown
is initiated, reducing the performance of the fuel injection system. For experimental purposes,
future iterations of the apparatus will replace plastic tubing with stainless steel, where possible, to
eliminate compliance. A final working prototype of the nanosat would use stainless steel tubing, so
there should be no issue with compliance.

5. Conclusions

A fuel delivery system with application to nanosatellite micropropulsion has been proposed,
which uses the immiscibility of converging flows of a fuel and an inert gas at a micro-scale cross
junction to produce disperse microslugs of fuel. Previous works by McDevitt and Hitt (2011) and
McCabe et al. (2011) have characterized the performance of the fuel delivery system using the
microslug characteristics of a steady-state system. In this work, the effect of transient operation on
the performance of the fuel delivery system was characterized using numerical and experimental
techniques, and compared to the performance of an equivalent steady-state fuel delivery system.

A series of multiphase simulations were performed to numerically study the impact that valve
actuation time and surface tension coefficient had on the performance of the system. The results
indicated that slow valves for which the fully open time is small compared to the response time
can result in an initial slug that is up to 17% longer than the equivalent steady-state slugs, which
can lead to a 12% increase in the minimum impulse bit. For implementation in a MEMS-based
microthruster system, this limitation may put a lower bound on the minimum impulse bit that can
be achieved. The surface tension coefficient, which has been demonstrated to be a dominant
parameter in the slug formation process and may vary during a typical mission due to changes in
temperature or fuel contamination, had an effect on performance of up to 3%, but typically less
than 1% across the range of inlet conditions.

As a complement to the numerical results, flow visualization experiments were performed.
Experimental results demonstrated that the system was able to stop and restart with less than a 1%
effect on the slugs formed during operation of a miniature solenoid valve with 20 ms actuation
time. The performance of the experimental system was also highly sensitive to proper initial setup,
which has ramifications on the development of a prototype thruster.

The results of this study are promising for the intended micropropulsion application, as they
indicate that the steady-state slug characteristics can be used to predict impulse delivery to within a
few percent error without resorting to full transient considerations for slower valves. As valve
technology improves, and valve-actuation cycles get faster, the transient effects may be more
significant and require further study.
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