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Featured Application: Secondary micro-propulsion systems for small satellites.

Abstract: The present work investigates the impact of steady micro-jet blowing on the performance
of a planar micro-nozzle designed for both liquid micro-thrusters and nitrogen cold-gas micro-
resistojets. Two micro-injectors have been placed into the divergent region along the sidewalls,
injecting a secondary flow of propellant perpendicularly to the wall where they have been located.
The micro-jet actuator configuration is characterized by the dimensionless momentum coefficient
cu- The best performance improvement is retrieved at the maximum ¢, for both water vapor
(A% jet = +22.6% and A%psp, Tjer = +2.9% at ¢, = 0.168) and nitrogen gaseous flows (A%t jet = +36.1%
and A%psp, Tjer = +9-1% at ¢, = 0.297). The fields of the Mach number and the Schlieren computations,
in combination with the streamline visualization, reveal the formation of two vortical structures in
the proximity of secondary jets, which energize the core flow and enhance the expansion process
downstream secondary jets. The compressible momentum thickness along the width-wise direction
0y in presence of secondary injection reduces as a function of c,. In particular, it becomes smaller
than the one computed for the baseline configuration at ¢, > 0.1, decreasing up to about and —57%
for the water vapor flow at ¢, = 0.168, and -64% for the nitrogen gaseous flow at ¢, = 0.297.

Keywords: micro-resistojets; planar micro-nozzle; active flow control; micro-jet blowing; sec-

ondary injection

1. Introduction

The micro-satellite is a device of great interest in space research, because it is cost-
effective. In this field, the micro-thrusters present optimal characteristics for attitude
control, orbit maintenance, and station maintenance, thanks a precise control of operat-
ing conditions [1]. In this regard, an onboard secondary propulsion system should be
installed, which is able to provide small thrust forces from a few micro-newtons up to
some milli-newton and high specific impulse, still satisfying the mass, volume, and power
consumption constraints [2].

Different concepts of MEMS-based micro-propulsion systems, or micro-thrusters,
have been developed to be implemented in small satellites [3,4]: thanks to the reduced
system complexity related to the simplicity of the working principle, micro-resistojets
represent a very interesting choice. Among them, cold gas micro-thrusters (CGs) operate
with gaseous propellants; when operating with liquid propellants, micro-resistojets are
usually referred to as vaporizing liquid micro-thrusters (VLMs) [5,6]. Increasing interest
of the industrial and scientific communities on VLMs is due to their simplicity and com-
pactness and the possibility to use water as green propellant. The use of water matches
all requirements in terms of propulsive performance (associated mainly to thrust and
specific impulse), system density (associated to mass and size), and safety (associated to
flammability, instability, and health hazard), as discussed in [7].
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However, by considering the global performance of micro-resistojets, the micro-nozzle
overall efficiency is strongly affected by the entity of the viscous effects [8,9]. These last
ones are influenced by the degree of gas rarefaction, since it determines the mechanisms of
interaction between gas—gas molecules and solid wall-gas molecules. In general, in micro-
nozzles, the continuum assumption and the no slip condition at walls are violated, and two
different regimes could establish based on the entity of the Knudsen number Kn [10],
which is defined as the ratio between the mean free molecular path and the characteristic
length as follows:

AN kM

kn=1T=V2kre @

where A is the mean free path of the gas molecule, L is the characteristic length, and M and
Re are the Mach and the Reynolds numbers, respectively. Consequently, when 0.01 < Kn < 0.1
the slip flow regime occurs, while the transitional flow regime occurs if 0.1 < Kn < 10.
In cases involving the first regime, the Navier-Stokes (NS) equations are still valid for
numerical modeling, even in combination with partial slip models at walls [11].

In this regard, in [12], the optimization of the divergence half-angle of conical micro-
nozzle was performed in order to increase the thrust; it was shown that the optimum angle
little depends on the given nozzle length, and it is almost independent of gas species and
heat loss. In [13], heating the convergent-divergent sidewall was studied as a method to
improve the thrust level and specific impulse. However, a degradation of Mach number
and velocity and an increase in the thickness of the sub-sonic boundary layer were found.
The performance of the micro-nozzle is also influenced by surface roughness on outlet flow
velocity [14]. In [15], it was shown that pressure disturbances in under-expanded micro-
nozzle flow can propagate upstream due to the development of the boundary layer causing
the flow blockage. In [16], surface discontinuities on the divergent contour of the micro-
nozzle were investigated in order to assess the sensitivity of the pressure, skin friction,
and heat transfer coefficients to these discontinuities as well as their impact on the specific
impulse. The growth of the sub-sonic boundary layer reduced the thrust efficiency due to
the viscous losses and the reduction of the actual cross section at the nozzle exit [17]. Later,
in [18], it was shown that the Mach number near the downstream position of the micro-
nozzle’s throat is lower than that in the conventional nozzle and that the position of the
sonic point moves away from the throat toward the outlet if the size of the nozzle decreases.
This specific behavior is ascribed to the higher viscous dissipation in micro-nozzles with
respect to the macro-scale flow nozzles. More recently, viscous losses on boundary layer
of rarefied gas flows inside micro-nozzles in the slip regime condition could lead to a
reduction of the nozzle performance of about the 95%, as shown in [9].

In large-scale nozzles, the use of secondary injection as active fluidic flow control
strategy has been investigated since the 1960s using both gaseous [19] and liquid [20]
secondary jets to extend the propulsive performance of different kinds of nozzles, such as
single expansion ramp nozzles for scramjets [21], dual-throat nozzles [22,23], dual-bell
nozzles [24], aero-spike nozzles [25], and biconical nozzles [26]. More recently, many nu-
merical and experimental works have followed to extend the knowledge of the transition
phenomena involved in the interaction between the secondary jet and the super-sonic flow
expanding into the nozzle, such as [27], and to optimize the effectiveness of such active
control system over a variety of parameters, for instance, injector location, number, shape,
angles, cross section, and flow momentum [28-31].

Despite the large amount of literature on the use of secondary injection in large-scale
nozzles, there is a lack about the implementation of steady micro-jet blowing into planar
micro-nozzles for viscous losses mitigation and thrust augmentation. The present work
aims to fill this knowledge gap by providing a numerical investigation of the impact
of such active fluid flow control of performance of a planar tronco-conical micro-nozzle
geometry applied to MEMS-based micro-resistojets operating as water VLM or nitrogen
CG. The overall investigation has been conducted on the planar geometry designed by
Cen and Xu [32], where the entity of viscous losses is increased due to the relatively long
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divergent. The analysis is based on 3D CFD computations conducted using NS with
Maxwellian partial slip at walls with a tangential momentum accommodation co-efficient
(TMAC) equal to 0.80. The estimation of the global performance of the micro-nozzle
was performed in terms of percent variation of thrust force, specific impulse, and mass
flow rate, coupled with the calculation of the boundary layer thicknesses at the micro-
nozzle exit. Furthermore, a qualitative description of the flow behavior based on the Mach
number contour plot highlighted the differences among the investigated cases. The paper
is structured as follows: Section 2 describes the micro-nozzle geometry and the active flow
control configuration; Section 3 provides the description of the numerical setup and the
overall investigation logic and methodology; Section 4 presents and discusses the results
underlining the most interesting findings; and finally, Section 5 is devoted to conclusions
and final remarks.

2. Micro-Nozzle and Active Flow Control Configuration Using Secondary Injection
2.1. Micro-Nozzle Geometry

The micro-nozzle planar geometry investigated in the present work was the same of
the VLM developed by Cen and Xu [32]. It consists of a rectangular plenum upstream;
followed by a heating chamber composed of nine parallel micro-channels of 8 x 107> m
width; and a convergent-divergent planar nozzle having a throat width of 1.5 x 10~% m,
inlet cross section width of 1.07 x 1073 m, outlet cross section width of 1.76 x 1073 m,
and convergent and divergent angles of 45° and 15°, respectively (see Table 1). Furthermore,
as shown in Figure 1, a radius of curvature at the throat section equal 7.5 x 107> m was
also considered in combination with a mixing region of 1.8 x 10~* m length before the
entrance into the convergent region. Finally, the nozzle depth is 1.2 x 10~ m.

Table 1. Micro-nozzle geometry and dimensions.

Micro-Nozzle Parameters Dimensions
Alnlet 1070 pm x 120 pm
Apxit 1760 pum x 120 um
At 150 um x 120 pm
Ry 75 um
Kconv 45°
Xdiv 15°
1.8x10“ m
) i52
e 2
4 R¢=7.5x10:5m BRaUE
5.35x10" m 450( W
SO {1.5x10% m
6.9x10% m 3.01x103 m

Figure 1. Planar characteristics of the symmetrical half geometry of the micro-nozzle [33].

2.2. Secondary Injection Configuration

Concerning the configuration of the secondary injection system, two micro-jets,
from here on denoted as “jet 1” and “jet 2”, have been placed along the sidewalls of
the divergent region, with jet centerlines located at an axial distance from the throat section,
equal to Xjet,1 = 1.73 X 1073 m and Xjet,2 = 2475 X 1073 m, as shown in Figure 2. As summa-
rized in Table 2, the micro-jets have been injected from micro-channels owning exit cross
section of rectangular shape, and dimensions of 40 pm x 120 pm and 50 pm x 120 pm,
respectively for jet 1 and jet 2.
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L micro-nozzle axis

Secondary Jet Location

jet2  jet1

Figure 2. Computational domain with indication of the secondary jet location.

Table 2. Secondary injection configuration.

Secondary Injection Parameters Dimensions
Xjet1 ! 1.730 mm
A]-EM 40 pm x 120 pm
Xjet 2 ! 2.475 mm
A]-et,z 50 pm x 120 pm

jet centerline location with respect to the throat section.

A fixed velocity boundary condition reproduced the behavior of the secondary micro-
jetblowing, i.e., Ujer = Ujetftjer, where Uj,; is the jet velocity magnitude and ¢ = (cos(jer),
sin(wjy)) is the jet direction with respect to the micro-nozzle sidewall plane, as shown
in Figure 2. The micro-jet blowing has been activated once the steady-state conditions
without actuation has been established in the micro-nozzle, which also refers to the baseline
configuration, from here on denoted also by the subscript 0.

Furthermore, each secondary jet configuration was defined by the momentum co-
efficient c,,, which is the ratio between the secondary jet momentum and the one owned by
the main flow before actuation, as follows:

- mjetujet
= ——— 2)
mo Up xjet

where Uy r is the axial velocity of the core flow at x = xj,;, while 1y and 1;,; represent
the main flow and the secondary jet mass flow rates, respectively. It is worth observing
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that Equation (2) provides a measure of the relative intensity of the jet with respect to the
core flow.
In the case of two jets, cy,tor Will be the sum of ¢, jer1 and ¢y jet2-

2.3. Micro-Nozzle Performance Estimation

The performance of the micro-nozzle have been analyzed in terms of thrust force T
and specific impulse Iy as follows:

T = ]—}'et+Tpress = tigorUexit + (pexit _pamh)Aexit = mtotueff 3)
T
Ly = ——— (4)
i (mtot go)

where U is the flow velocity, p is the static pressure, and gy ~ 9.81 m/s is the gravitational
acceleration at sea level. In regards to the subscripts, jet and press refer to the jet thrust
and the pressure thrust, and eff denotes the effective velocity at the micro-nozzle exit,
while the subscripts exit and amb respectively refer to the exit and ambient discharge
conditions. Furthermore, 114, is the total mass flow rate exiting from the micro-nozzle,
defined as follows:

Mpop = / p (UXfa)dA = g+ Mjer1 + Mt 2 ®)
exit
The thrust co-efficient ct has been estimated to take account the feeding pressure as
an indicator of the cost supported to ensure the operating condition, as follows:

T

T P A) ©
where pj,j; is the total pressure at the micro-nozzle inlet, and A* is the throat section. It is
worth observing that cr relates the thrust force to the cost of feeding the corresponding
mass flow rate. Thus, if the mass flow rate of the core flow increases, the thrust will increase,
too. However, secondary injection is provided at the same feeding pressure of the core flow
by exploiting the pressure drop between the feeding pressure in the propellant storage
upstream and the pressure of the expanding flow into the micro-nozzle divergent without
any additional cost of feeding.

The efficiency of the micro-jet blowing has been analyzed by comparing the micro-
nozzle performance of each actuated condition, denoted by the subscript i, to the ones
resulting from the steady-state solution without actuation, denoted with the subscript
0. The last one also corresponds to the solution of the baseline test case. It is worth
observing that the jet thrust contribution is the most relevant one, since it represents a
quality term of the expansion process into the divergent section, which leads to the actual
thrust force acting on the micro-thruster. On the other hand, the pressure thrust is a thrust
loss term, since it increased as the quality of the expansion process reduced. Consequently,
the performance analysis has been based on the estimation of the percent variation of the
thrust co-efficient A%cr, jet thrust A% jt, specific impulse related to the jet thrust A%jgp jet,
and mass flow rate A%,, for each actuated condition i as follows:

Av%cyr — T CT0) 40, @)
CT0
Tipt i — T
A% o = Mloo )
Tjet,O
A%Isp,jet _ ( sp, jeti sp, ]et,O) 100 (9)

Isp,jet,O



Appl. Sci. 2021, 11, 5821

6 0f 20

(mtot,i - mtot,O)

A%, =
m
Miot,0

100 (10)

The analysis has been extended by the computation of the displacement and the
momentum thicknesses at the exit section, 6* and 6, respectively, as follows:

* e _ pux
= 0 ) ()
_ [ pUx Uy

= /0 (pUx) s (1 Ux,oo)dy (12)

where x and y denote the parallel and normal directions to the solid wall, and the subscript
oo refers to the undisturbed flow condition.

3. Numerical Setup and Methodology
3.1. Numerical Approach and Setup

The numerical simulations of the gas flow through the micro-nozzle were performed
by using the open source CFD toolbox OpenFOAM®O Version 3.0.1, based on a Finite Volume
formulation. The density-based solver rhoCentralFoam [34] was used for computations.
In particular, the compressible Navier-Stokes (NS) equations were solved in combination
with the laminar flow approximation in reference to the turbulence modeling. This choice
resulted from computations that revealed the Reynolds number of the steam flow along
the mid axis of the nozzle ranging from about 3150 at the throat section up to about 600 at
the exit section. Furthermore, the gas rarefaction effects have been considered by setting a
partial slip boundary condition at walls with tangential momentum accommodation co-
efficient oryac equal to 0.80. The last settings result from previous CFD computations [4],
which have demonstrated that the maximum Knudsen number into the divergent is strictly
below 0.1.

Concerning numerical schemes, the central upwind scheme of Kurganov and Tad-
mor [35] was used for the flux terms and the Total Variation Diminishing (TVD) van
Leer limiter [36] for interpolation. Moreover, the Gauss linear scheme was used for the
divergence, the gradient, and the Laplacian operators. Time derivatives were computed
with the first order, bounded and implicit Euler scheme. The time step was determined
based on a maximum Courant number Coyqy of 0.2. In particular, the pre-conditioned
conjugate gradient/diagonal incomplete Cholesky scheme with a residual tolerance of
1 x 1078 was used to solve the viscous governing equations, while the inviscid equations
of momentum and energy were explicitly solved by means of a Gauss-Siedel Smooth
solver with a residual tolerance of 1 x 1071, The numerical stability during transients was
ensured by splitting each simulated temporal window into three temporal intervals, i.e.,
[0-0.5 x 1074] 5, [0.5 x 107%-1 x 107*] 5, and [1 x 1074-3 x 107*] 5, and increasing the
mass flow rate at the beginning of each step. The establishment of the steady state regime
was ensured by monitoring the Mach number at mid-point of the nozzle exit. The Peng
Robinson model [37] was used as equation of state for both water vapor and gas nitrogen,
which allowed for better reproduction of the compressibility effects.

3.2. Grid Sensitivity Study

In the present work, the definition of the proper refinement level resulted from a
grid independence study (GIS) based on the analysis of water vapor flow at m =5 mg/s,
Tinter = 505.58 K and poy,; = 500 Pa. It was split into two steps:

e a2D GISin the planar mid-section of the micro-nozzle, i.e., the plane (0,x,y) in Figure 3;
e a 3D GIS to define the proper refinement level along the micro-nozzle depth direction
(the z-direction in Figure 3).
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Figure 3. 3D computational domain [4].

In both studies, the discretization error between two consecutive refinement levels
was estimated by computing the grid convergence index (GCI), as suggested by [38].

In particular, the 2D GIS was successfully performed and discussed in the previous
work [4], to which the authors refer for further details. The summary of the 2D GIS is
reported in Table 3: the 2D GIS led to the choice of the intermediate refinement level
corresponding to an error of about GCly, = 0.35%.

Table 3. 2D grid independence study in the symmetry plane (0,x,y) [4].

GCI
. . . 1
Test Case Refinement Cell Number Grid Spacing Spacing Factor Parameter, GCI [%]

Name [pm] 2

Oxy “ [pm]

SIM1-2D 35,690 48.89 1 28.79 GCIjp =0.035
SIM2-2D Intermediate 23,931 83.81 1.71 28.68 GClIp3 = 0.514
SIM3-2D 17,732 135.38 277 27.06 -

1 referred to the exit section. 2 momentum thickness 01y at the exit section on the sidewall.

Once we defined the refinement level in the plane (0,x,y), the 3D mesh was built by
extrusion along the micro-nozzle depth direction, i.e., the z-axis in Figure 3. Therefore,
the 3D GIS was performed to define the proper refinement level into the micro-nozzle
along depth-wise direction (z-axis in Figure 3), which ensured the best trade-off between
accuracy and computational cost.

In this regard, the 3D computational domain composed of the micro-nozzle geometry
and an outer discharge domain extending 5W,,;; upward, 10W,,;; downstream, and 50H,,
sideways, where W,,; refers to the width of the micro-nozzle exit, and Hj, is the micro-
nozzle depth. The 3D refinement of the mesh involved the micro-nozzle region and the
thin region of the outer domain downstream of the micro-nozzle exit invested by the
plume. In particular, three uniform grid steps have been considered in the depth-wise
direction, i.e., 20 pm, 15 um, and 10 pm, which corresponded to overall 3D mesh sizes of
493,520 cells (coarse mesh level), 516,360 cells (intermediate mesh level), and 607,720 cells
(fine mesh level). Due to the small thickness of the computational domain affected by the
mesh refinement, the overall mesh sizes do not provide indication of the refinement level.
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Therefore, the grid spacing was defined by the grid steps along the z-axis direction, leading
to spacing factors of 1, 1.5, and 2 from fine to coarse refinement, as summarized in Table 4.

Table 4. 3D grid independence study.

) Grid . GCI .
Test Case Refinement Cell Number Spacing ! Spacing Parameter, GCI [%] Comput:tlonal
Name Level Factor 2 Cost ” [h]
[um] exy [um]
3DGIS_1 Fine 607,720 10 1 22.47 GCIy, =0.67 105.34
3DGIS_2 Intermediate 516,360 15 15 23.33 GClIp3 =5.26 87.51
3DGIS_3 Coarse 493,520 20 2 16.31 - 80.58

1 referred to the micro-nozzle depth direction. 2 momentum thickness 0y at the exit section on the sidewall in the symmetry plane (0,x,y). 3
machine-hours required for 0.0002 s simulated time.

The compressible momentum thickness at the exit section of the sidewall in the
symmetry plane (0,x,y) was used as a grid convergence index (CGI) parameter, allowing us
to estimate the discretization errors. Both fine-to-intermediate error GCI;, and intermediate-
to-coarse refinement error GCI3 were computed, and the minimum among them was
assumed the mesh refinement error. As reported in Table 4, the refinement error was
about GClIy3 = 5.26% during the coarse-to-intermediate refinement step, and it decreased
to GCI77 = 0.67% when the mesh was refined from the intermediate level to the fine one.
Consequently, the intermediate mesh was chosen for this study, thanks to the best trade-off
between accuracy and computational cost, as confirmed by computational time per 0.0002 s
simulated time.

3.3. Validation, Boundary Conditions, and Test Matrix

The present numerical methodology has been previously validated in [4]. Without
going into details of the previous work, a numerical methodology was proposed to predict
the performance of VLMs, which combined a 1D model with 3D CFD computations of the
micro-nozzle flow. Using the experimental data provided in [32], the methodology allowed
us to estimate the flow conditions at the micro-nozzle entrance for a given mass flow rate
and wall temperature, which defined the boundary conditions in the 3D CFD computa-
tions performed using the same numerical approach and setup previously described in
Section 3.1. In particular, at inlet conditions of 505.58 K temperature, 5 x 107 kg/s mass
flow rate, and 500 backward discharge pressure, 3D CFD simulations predicted a thrust
force of 4.72 mN in comparison with 5.20 mN measured in experiments, with an error of
about 9%. The estimation of severe viscous losses gave suggestion for the present work,
with the attempt to mitigate viscous losses by means of steady micro-jet blowing into
the micro-nozzle.

Consequently, the same reference operating condition has been used, i.e., a water vapor
flow at inlet temperature of 505.58 K, a mass flow rate of 5 x 107¢ kg/s, and a backward
discharge pressure of 500 Pa, which defined the baseline configuration. Furthermore,
the water vapor flow, resulting from the operation in VLM mode, has been compared
to the nitrogen gaseous flow entering the micro-nozzle at 293 K and a mass flow rate of
5 x 107% kg/s. in relation to operation in CG mode.

The operating condition of the secondary injection is defined by the injection angle
ajer, with respect to the micro-nozzle axis, the momentum co-efficient ¢, and the number
of micro-jets, i.e., single jet mode or dual jet mode. In the present study, the injection of the
secondary flow was always set perpendicular to the jet cross section plane, i.e., aj; = 75°.
Instead, the overall analysis was conducted by varying the jet velocity magnitude Uj,; at
150 m/s, 300 m/s, and 600 m/s, corresponding to different levels of c;,.

At first, the water vapor flow was investigated on a narrow range of operating con-
ditions and micro-jet blowing configurations with sonic injection at jet 1 and sub-sonic
injection at jet 2, as reported in Table 5. Hence, the analysis was extended to the nitrogen
gas flow at same mass flow rate of the baseline configuration without secondary injection
and similar Reynolds number at the throat section. With the aim to provide a more accurate
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insight of the impact of micro-jet blowing, the analysis has been extended to a wider range
of actuation conditions, as summarized in Table 6. In particular, the Mach number of the jet
1 varied from 0.43 (sub-sonic injection) to 0.86 (transonic injection) up to 1.71 (super-sonic
injection). Instead, the Mach number of the jet 2 ranged from 0.43 to 0.87. Two additional
test cases have been also considered:

e testcase N2_7: the bypassed jet 1 activation at Mje; = 1.31 flow with overall mass flow
rate conservation.

e test case N2_8: configuration without secondary injection at the same mass flow rate
of test case N2_6.

Table 5. Test matrix and micro-jet blowing conditions: water vapor flow. Jet temperature Tjey; = Tjerp = 505.58 K.

1o

(71,1 +1i171.2)

Mot

Test Case ]et 1 ]et 2 [kg/s] [kg/S] [kg/s] Mjet,l Mjet,Z C”’jetl C;A,jetZ C;t,tot
H20_1 OFF OFF 500 x 107¢ - 5.00 x 1076 - - - - -
H20_2 ON OFF  5.00 x 107 0.63 x 107 5.63 x 1076 1.09 - 1.26 x 1071 - 1.26 x 1071
H20_3 ON ON 5.00 x 1076 0.96 x 107 596 x 10°¢ 1.09 0.55 128 x 1071 4.02x 1072 1.68 x 10!
H20_4 ON OFF 450 x 10 0.50 x 10 5.00 x 10°¢ 0.95 - 1.11 x 1071 - 1.11 x 107!

Table 6. Test matrix and micro-jet blowing conditions: nitrogen gaseous flow. Jet temperature Tiet1 = Tierz =293 K.
5 ) ;

Test Case  Jet1 Jet2 [kngi(/)s] o e[tiig/r:]] et [lrfgt;;] Miet,1 Miet,2 Cujet1 Cpjet2 Cy tot
N2_1 OFF OFF  5.00 x 107 - 5.00 x 107 - - - - -
N2_2 ON OFF 500 x 107© 0.15 x 1076 5.15 x 10~¢ 0.43 - 8.58 x 1073 - 8.58 x 1073
N2_3 ON OFF  5.00 x 10°° 0.29 x 10 529 x 10 0.86 - 3.95 x 1072 - 3.95 x 1072
N2_4 ON ON 5.00 x 10°© 0.50 x 10° 550 x 10~ 0.86 0.43 428 x 1072 1.38x 1072 5.66 x 1072
N2_5 ON OFF 500 x 107 0.76 x 107 5.76 x 1076 1.71 - 1.93 x 1071 - 1.93 x 1071
N2_6 ON ON 5.00 x 10~° 1.24 x 1076 6.24 x 107° 1.71 0.86 233x1071 640x1072 297 x 1071
N2_7 ON OFF 450 x 10° 0.50 x 10~° 5.00 x 10~ 1.31 - 1.19 x 1071 - 1.19 x 1071
N2_8 OFF OFF 624 x10°° - 6.24 x 10°° - - - - -

It is worth observing that the total mass flow rate was preserved for actuated test cases
H20_4 and N2_7 by supposing the presence of bypass micro-valves upstream the micro-
nozzle, which splits the upstream mass flow rate into a core flow entering the micro-nozzle
and a secondary flow directed toward the micro-jet blowing sub-system.

4. Results and Discussion

The use of secondary injection has two main purposes, namely thrust augmentation
by mass addition and thrust augmentation by viscous loss reduction and flow expansion
enhancement. Concerning the latter, the boundary layer growth at walls causes the establish-
ment of the viscous choking into the divergent section and severely inhibits the super-sonic
expansion of the flow, which mainly occurs into the exhaust plume downstream of the micro-
nozzle exit, as confirmed in the contour plots of the Mach number in Figures 4 and 5, referred
to as the water vapor flow and the nitrogen gaseous flow, respectively.

In the present section, the impact of secondary injection on the super-sonic expansion
of the flow into the micro-nozzle has been evaluated by coupling the analysis of the overall
performance in terms of thrust force, specific impulse, and thrust co-efficient with the
analysis of the flow expansion into the divergent region. The last one is based on the
computation of the boundary layer thicknesses at the exit section and percent variation
of the jet thrust and specific impulse related to the jet thrust, as specified in Section 2.3.
Results and comparisons are summarized in Tables 7 and 8 for the water vapor flow and
Tables 8 and 9 in the case of nitrogen gas flow.
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Figure 4. Contour plot of the Mach number for the baseline configuration of the water vapor flow (test case H20_1).
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Figure 5. Contour plot of the Mach number for the baseline configuration of the nitrogen gaseous flow (test case N2_1).

Table 7. Performance analysis of the micro-nozzle: water vapor flow.

mtot A* Po T Is cr A% . A%CT
Test C 4 m
estlase [kg/s] [mm?] [Pa] [mN] [s] [-] [%] -]
H20_1 5.00 x 107 0.018 2.15 x 10° 4.489 89.8 1.160 - -
H20 2 5.63 x 1076 0.018 215 x 10° 5.140 91.3 1.328 +12.6 14.5
H20_3 596 x 1070 0.018 2.15 x 10° 5.449 914 1.408 +19.2 214
H20 4 5.00 x 10~6 0.018 1.95 x 10° 4531 90.6 1.291 +0.0 113
Table 8. Analysis of the flow expansion into the micro-nozzle: water vapor flow.
Test Case Tjet A%Tjet Lspjet A%1sp,jet 5;y ! Oy ! Oz O 2
[mN] [%] [s] [%] [um] [um] [um] [um]
H20_1 2.801 - 56.0 - 132.3 23.2 7.6 25
H20 2 3.247 +15.9 57.7 +3.0 187.2 19.9 85 25
H20 3 3.433 +22.6 57.6 +2.9 174.7 9.7 6.1 2.1
H20_4 2.839 +0.9 56.8 +14 162.8 18.4 7.9 25

! boundary layer thicknesses along the width-wise direction at the exit section in the symmetry plane (0,x,). 2 boundary layer thicknesses
along the depth-wise direction at the exit section in the symmetry the plane (0,z,x).



Appl. Sci. 2021, 11, 5821

11 0f 20

Concerning the water vapor flow, the test cases H20_2 and H20_3 correspond to the
secondary injection with increased total mass flow rate with respect to the baseline config-
uration without actuation: the former refers to single jet configuration with A%, = 12.6%,
while the latter results from activation of both micro-jets with A%, = 19.2%. If the total
thrust is considered, it rises from 4.489 mN of the baseline test case (H20_1) to 5.140 mN and
5.449 mN for test cases H2O_2 and H20_3, respectively. This leads to an improvement of the
thrust co-efficient up to about 21.4%, from cr = 1.16 of test case H20_1 to cr = 1.408 of the
test case H20_3. However, when considering the activation of the jet 1 at same total mass
flow rate of the baseline configuration (test case H20_4) through bypass, i.e., A%, = 0.0%,
the feeding pressure at the micro-nozzle entrance decreases due to the reduced inlet mass flow
rate. Despite the negligible variations of the total thrust and the specific impulse, this gives an
improvement of cr of about 11.3%, which underlines a significant benefit in using secondary
injection: the reduction of the energetic cost proportional to the feeding pressure.

If the jet thrust contribution is considered, the percent jet thrust augmentation A%r jet
is equal to +15.9% for the test case H20_2 and +22.6% for the test case H20_3, as confirmed
in Table 7. The last one is given by two different contributions, namely the percent mass flow
rate variation A%, and the percent variation of the specific impulse A%js, ;ot, which are
equal to 12.6% and 3%, respectively, for test case H20_2 and 19.2% and 2.9%, respectively,
for test case H20O_3. Concerning the test case H20O_4, the increase of jet thrust is negligible
(below 1%), as the total mass flow rate is not varied.

The improvement of the super-sonic expansion thanks to micro-jet blowing is con-
firmed in Figure 6, which compares the contour plots of the Mach number of all test cases
in combination with Schlieren computations.

Mach Vol

100 150 200 0 8 160 240 350

j | !

000 050
>L

| 4
(a) H20_1 ' (b) H20_2

H

(d) H20_4

(c) H20_3

Figure 6. Contour plot of the Mach number and Schlieren computations: (a) test case H20_1
(baseline); (b) test case H20O_2 (additional mass flow rate with jet 1 = ON, jet 2 = OFF); (c) test case
H20_3 (additional mass flow rate with jet 1 = ON, jet 2 = ON); (d) test case H2O_4 (bypassed mass
flow rate with jet 1 = ON, jet 2 = OFF).

In general, the flow experiences a blocking effect due to the viscous growth of the
boundary layer at the walls, as underlined by the isolines of the Mach number. However,
in comparison with the baseline configuration (test case H20_1 in Figure 6a), the presence of
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secondary injection mitigates these losses for test cases H20_2 and H20O_3 (see Figure 6b,c),
as highlighted by the elongation of the isoline M = 1.2 toward the micro-nozzle exit.
This couples with an elongation of the super-sonic plume immediately after the micro-
nozzle exit, which slightly moves the first Mach diamond region further downstream.
Schlieren computations provide a more detailed view of the compressibility effects: the
darkest structure appearing along the sidewalls in the divergent region reveals the presence
of strong density gradients across the sonic line separating the super-sonic region (M > 1)
to the sub-sonic region (M < 1), which start to develop close to the inner walls due to
the boundary layer growth and then enlarge as the blocking of the flow occurs, coupled
with the formation of the sub-sonic pocket region. Due to the viscous choking, the core
flow is compressed as it moves toward the exit section; consequently, the intensity of
the high-density gradient region softens. In presence of secondary injection, the shadow
structure along the sonic line extends downstream, thanks to the energization of the main
flow provided by micro-jets. In fact, by analyzing the 3D flow structures (see Figure 7),
the formation of two vortical structures upstream and downstream of jet 1 is revealed,
placed in the sub-sonic zone close to sidewalls. The intensity of these recirculating vortexes
is proportional to ¢, 1, inducing forces that accelerate the core flow along the axial direction
(x-direction) and shrink it in the width-wise direction (y-direction), while pushing the
sub-sonic flow upward toward sidewalls.

(b) H20_2

Mach
0.00 0.30l ] 0.60 l H(\JI.C)‘OKH 1.25
{ ‘,ﬂ i | H

(c) H20_3

Figure 7. 3D representation of the water vapor flow into the micro-nozzle through contour plot of the
Mach number in combination with streamline visualization: (a) test case H20O_1 (baseline); (b) test
case H20O_2 (additional mass flow rate with jet 1 = ON, jet 2 = OFF); (c) test case H20_3 (additional
mass flow rate with jet 1 = ON, jet 2 = ON).

The enhancement of the flow expansion in the flow blocking region is also under-
lined in Figure 8a, comparing the axial profiles of the centerline velocity of all test cases.
In particular, the core flow energization and compression by secondary injection allows for
the mitigation of the viscous chocking occurring toward the exit section, with significant
improvement downstream jet 1 at x > 0.002 m.
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Figure 8. Profiles of the axial velocity U, for the water vapor flow in the symmetry plane (0,x,y): (a) at y = 0 m (along the
symmetry axis); (b) at x = 0.00301 m (along the width-wise direction). Test cases: H20_1 (baseline); H2O_2 (additional mass
flow rate with jet 1 = ON, jet 2 = OFF); H20_3 (additional mass flow rate with jet 1 = ON, jet 2 = ON); H20_4 (bypassed
mass flow rate with jet 1 = ON, jet 2 = OFF).

At the exit section, the profile of U, on the middle plane reveals the beneficial impact
of secondary injection on the expansion process. As shown in Figure 8b, it involves both
the sub-sonic pocket and the super-sonic core, with a rise in Uy in both zones.

Concerning the nitrogen gas flow, results and comparison are summarized in Tables 9 and 10.

Table 9. Performance analysis of the micro-nozzle: nitrogen gaseous flow.

mtot A* Po T Isp cr A%m A%CT
Test Case [kg/s] [mm?] [Pa] [mN] [s] [-] [%] [-]
N2_1 5.00 x 10~° 0.018 1.29 x 10° 2.694 53.9 1.160 - -
N2 2 5.15 x 107 0.018 1.29 x 10° 2.815 54.7 1.212 +3.0 45
N2_3 529 x 10~° 0.018 1.29 x 10° 2.900 54.8 1.249 +5.8 7.7
N2_4 550 x 10~° 0.018 1.29 x 10° 3.028 55.1 1.304 +10.0 12.4
N2_5 5.76 x 107° 0.018 1.29 x 10° 3.276 56.9 1.411 +15.2 21.6
N2_6 6.24 x 1070 0.018 1.29 x 10° 3.577 57.3 1.541 +24.8 +32.9
N2 7 5.00 x 107 0.018 1.16 x 10° 2.744 54.9 1.314 +0.0 +13.3
N2_8 6.24 x 107 0.018 1.61 x 10° 3.458 55.4 1.193 +24.8 +2.9
Table 10. Analysis of the flow expansion into the micro-nozzle: nitrogen gaseous flow.
Test Case Tjet A% T jet Isp,jet A%Isp,jet 6 ;y ! exy 1 5;; 2 02« z
[mN] [%] [s] [%] [um] [um] [um] [um]
N2_1 1.819 - 36.4 - 170.5 19.5 8.4 2.7
N2 2 1.927 +5.9 374 +2.8 208.0 29.7 10.2 3.1
N2_3 1.994 +9.6 37.7 +3.6 198.3 25.0 8.7 29
N2 4 2.077 +14.2 37.8 +3.9 217.6 20.9 8.4 2.8
N2_5 2.291 +26.0 39.8 +9.3 232.6 14.9 10.2 3.1
N2_6 2.475 +36.1 39.7 +9.1 281.9 7.0 9.0 3.1
N2 7 1.867 +2.0 37.4 +2.8 206.2 18.8 7.9 2.8
N2_8 2416 +32.8 38.7 +6.3 166.5 12.2 9.3 3.1

! boundary layer thicknesses along the width-wise direction at the exit section in the symmetry plane (0,x,y). 2 boundary layer thicknesses
along the depth-wise direction at the exit section in the symmetry the plane (0,z,x).



Appl. Sci. 2021, 11, 5821

14 of 20

To compare the effect of secondary injection in nitrogen-fed CGs with the water-
propelled VLMs, similar mass flow rates and overall momentum co-efficients have been
used. As a result, a higher improvement of the thrust co-efficient cr is retrieved when
operating with gaseous nitrogen in CG mode. More specifically, the test cases N2_5 and
N2_6 have exhibited the highest performance enhancement, with percent thrust co-efficient
augmentation equal to +21.6% and +32.6%, respectively, and percent increment of total
mass flow rate of 15.2% and 24.8%, respectively. The beneficial impact of secondary
injection on the jet thrust is even greater: A% jet = +26.0% and A%;sp pjer = +9.3% for
the test case N2_5, and A%t jet = +36.1% and A%jsp pjer = +9.1% for the test case N2_6.
By reducing the momentum co-efficient, the percent thrust augmentation decreases, too: at
cu = 0.0556 (test case N2_4), it is A%cr = +12.4, A% jer = +14.2%, and A%js) Fjet = +3.9%,
with A%, = +10.0%. It is worth observing that the stronger impact of secondary injection
in nitrogen-fed CGs is likely due to the location of micro-jets in relation to the operating
conditions. In fact, the quality of the expansion process of the nitrogen gaseous flow is
higher than the one experienced by the water vapor flow, as highlighted by the contour
plot of the Mach number in Figure 9a. This produces a thinner sub-sonic packet along
sidewalls, which starts to form just before the location of the jet 1. Furthermore, for a given
cy, the kinetic energy of the micro-jet, and hence, the penetration length, in nitrogen-fed
CG mode is higher than the one observed in water-fed VLM mode.

The enhancement of the expansion process is clearly underlined in the contour plots of the
Mach number shown in Figure 9. In fact, with respect to the baseline configuration (Figure 9a),
the isoline M = 1.4 moves downstream for the test case N2_2 (Figure 9b), approaching to
the exit section for test cases N2_3 (Figure 9c) and N2_4 (Figure 9d). By increasing ¢, (test
cases N2_5 and N2_6), the flow undergoes a second expansion process with M > 1.4 at the
micro-nozzle exit. The 3D representation of the flow in Figure 10 confirms that the expansion
improvement is due to the formation of the recirculating vortexes just before and after the
jet 1. Comparing to the water-fed cases shown in Figure 7, test cases N2_5 and N2_6 exhibit
stronger and larger vortical structures, which affect the core flow more deeply up to break the
expansion process in correspondence of jet 1. This allows the core flow to gain energy and
expand more efficiently downstream of the jet 1.

The Schlieren images in Figure 9 show the impact of secondary injection on the density
gradients. In general, in comparison with the water-fed VLM cases, a more pronounced
gray is computed along the sonic line due to the smaller sub-sonic pocket and the more
abrupt density change: this confirms the higher effectiveness of such flow control strategy
when operating in nitrogen-fed CG mode. As expected, the most significant impact on the
expanding flow is retrieved at the highest ¢, (test cases N2_5 and N2_6): the jet 1 deeply
penetrates the core flow, shrinking it and producing an enlargement of the sub-sonic region.
Consequently, the super-sonic core flow is compressed when crossing the jet 1 region;
then, it expands immediately after with suppression of the viscous choking toward the
exit section.

The comparison between test cases N2_6 and N2_8 analyzes the use of secondary
injection in relation to the similar increase of total mass flow rate in the core flow (i.e.,
A%, = +24.8%) without any fluidic flow control. As reported in Tables 8 and 9, a weak
difference is retrieved in percent jet augmentation: A% jet = +36.1% in presence of micro-jet
blowing (N2_6) and A%T jet = +32.8% with equivalent core mass flow rate increase (N2_8).
However, the more the core mass flow rate is, the higher the feeding pressure must be
and, consequently, the more the cost per unit of thrust results. In fact, py increases from
1.287 x 10° Pa to 1.608 x 10° Pa for test case N2_8, and the percent increase of the thrust
co-efficient is reduced from +32.9% (test case N2_6) to A%ct = +2.9% (test case N2_8).
Similar finding results are achieved by comparing the baseline test case N2_1 with the test
case N2_7, owning active micro-jet blowing and bypassed mass flow rate (A%,;, = 0.0%):
AO/OCT = +13.30/0, with Ao/oleet = +2.00/0, and Ao/olsp,]'et = +2.8%.
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Figure 9. Contour plot of the Mach number and Schlieren computations: (a) test case N2_1 (baseline);
(b) test case N2_2 (additional mass flow rate, jet 1 = ON, jet 2 = OFF); (c) test case N2_3 (additional
mass flow rate, jet 1 = ON, jet 2 = OFF); (d) test case N2_4 (additional mass flow rate, jet 1 = ON,

jet 2 = ON); (e) test case N2_5 (additional mass flow rate, jet 1 = ON, jet 2 = OFF); (f) test case N2_6

(additional mass flow rate, jet 1 = ON, jet 2 = ON); (g) test case N2_7 (bypassed mass flow rate,

jet 1 = ON, jet 2 = OFF): (h) test case N2_8 (additional mass flow rate, jet 1 = OFF, jet 2 = OFF).

Figure 11a shows the profile of the axial velocity U, along the centerline: in presence of
secondary injection, the higher ¢, is, the sooner the flow slows down and compresses after
the initial flow expansion, and the more it re-expands toward the exit section. This is in ac-
cordance with the 2D and 3D analysis previously discussed and shown in Figures 9 and 10.
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Figure 10. 3D representation of the water vapor flow into the micro-nozzle through contour plot of
the Mach number in combination with streamline visualization: (a) test case N2_1 (baseline); (b) test
case N2_5 (additional mass flow rate, jet 1 = ON, jet 2 = OFF); (c) test case N2_6 (additional mass
flow rate, jet 1 = ON, jet 2 = ON).

Instead, Figure 11b highlights the increase of the axial velocity U, at the micro-nozzle
exit (x = 0.00301 m) by showing the modification of U, in the symmetry plane along the
width-wise direction (y-coordinate). With respect to the baseline test case N2_1 (blue
line with circles), the more ¢, increases, the more the flow accelerates in both the sub-
sonic boundary layer and the super-sonic fully developed flow region; consequently,
the maximum expansion enhancement is observed at the highest ¢, (test cases N2_5

and N2_6).
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Figure 11. Profiles of the axial velocity Uy for the water vapor flow in the symmetry plane (0,x,y): (a) at y = 0 m (along the
symmetry axis); (b) at x = 0.00301 m (along the width-wise direction). Test cases: N2_1 (baseline); N2_2 (additional mass
flow rate, jet 1 = ON, jet 2 = OFF); N2_3 (additional mass flow rate, jet 1 = ON, jet 2 = OFF); N2_4 (additional mass flow
rate, jet 1 = ON, jet 2 = ON); N2_5 (additional mass flow rate, jet 1 = ON, jet 2 = OFF); N2_6 (additional mass flow rate,
jet1=0N, jet 2 = ON); N2_7 (bypassed mass flow rate, jet 1 = ON, jet 2 = OFF): N2_8 (additional mass flow rate, jet 1 = OFF,
jet 2 = OFF).
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Regarding the boundary layer development at sidewalls, the momentum thickness
along the width-wise direction at the exit section in the symmetry plane has been com-
puted. As shown in Figure 12a, it reveals the existence of a ¢, threshold limit equal to
0.1, above which the beneficial effect of secondary injection on the viscous layer at walls
becomes relevant. When comparing the actuated cases to the baseline configuration (test
case N2_1), 8, in presence of secondary injection is higher at ¢, < 0.1, with maximum mo-
mentum thickness of about 30 um exhibited by the test case N2_2 operating at c;, = 0.00858.
On the other hand, at ¢, > 0.1, 0, significantly drops down up to about 5 um, retrieved by
activating both micro-jets at the highest momentum co-efficient, i.e., the test case N2_6.

Concerning the secondary injection in water-propelled VLM mode (Figure 12b), simi-
lar beneficial impact of the micro-jet blowing active control is figured out: 6, decreases up
to about —57% at the highest ¢, = 0.168 (test case H20O_3), with steeper negative slope than
the momentum thickness reduction curve retrieved for the nitrogen gaseous secondary
injection (red dash-dotted line in Figure 12a).

—— - N2, actuaAted ] —— Hzo, actuated
~ = =N, baseline 201 Q‘\ - = =H,0, baseline
'a..<~ —————————— E‘ ‘\
\“\.\ 3 “
~c o 15} \
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c, [ C bl
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Figure 12. Momentum thickness along the width-wise direction 0y, at the exit section in the symmetry plane as a function

of the overall momentum co-efficient of secondary injection c;: (a) nitrogen gaseous flow; (b) water vapor flow.

5. Conclusions

The present work provides a numerical investigation of thrust augmentation of a
planar convergent-divergent micro-nozzles by means of steady micro-jet blowing. The aim
of such active flow control consists in hindering the viscous losses and suppress the
chocking of the flow into the divergent section due to the growth of boundary layer
thickness. The analysis of the micro-nozzle performance involved both water vapor and
nitrogen gas as propellant, operating in a vaporizing liquid micro-thruster mode and cold
gas micro-resistojet mode, respectively.

Concerning the active control configuration, two micro-injectors have been placed
into the divergent region along the sidewalls, injecting a secondary flow of propellant
perpendicularly to the wall where they have been located, i.e., at 75° of injection angle with
respect to the micro-nozzle axis. The secondary injection has been supposed symmetric
with respect to the micro-nozzle axis, leading to symmetric expanding flow. Each micro-
jet blowing configuration has been defined by the overall momentum coefficient ¢, i.e.,
the sum of the ratios between the momentum of each secondary jet and the momentum
of the core flow at the injection section. The impact of the micro-jet blowing on the
micro-nozzle performance has been evaluated in terms of percent variation of the thrust
co-efficient, the jet thrust A% jer and the jet specific impulse A%y jot, and the estimation
of the momentum thickness along the width-wise direction 6y, at the exit section.

Results highlight that, at similar c;,, A%r jet significantly increases when consider-
ing the secondary injection of gaseous nitrogen in comparison to the water vapor one.
As revealed by the 3D contour plot of the Mach number in combination with stream-
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lines visualization, this is due to the formation of larger vortical structures close to jet 1,
which cause a stronger energization of the core flow expanding into the divergent section,
and the consequent better expansion process just downstream to jet 1. The greatest perfor-
mance improvement is retrieved at the maximum ¢, for both water vapor and nitrogen
gaseous flows. Concerning the former, it is A% jet = +22.6 % and A%jgp, Tjer = + 2.9% at
cu = 0.168, while the latter exhibits A%r jet = +36.1 % and A%;gp, Tjer = + 9.1% at ¢, = 0.297.
The axial profiles of the centerline velocity and the velocity profile at the micro-nozzle exit
along the width-wise direction highlight the mitigation of the viscous chocking of the core
flow thanks to secondary injection, with enhanced flow expansion in both the subsonic
pocket region close to walls and the supersonic core flow region. Furthermore, a relevant
advantage in using micro-jet blowing has been pointed out by computing the percent
variation of thrust coefficient A%cr. By comparing the baseline test case without secondary
injection and test cases owning active micro-jet blowing with by-passed mass flow rate
(percent total mass flow rate A%, = 0.0%), A%cr is higher than +10%, even though with
negligible A%T jet and A%igy, jer- This is related to the reduction of the “cost” of micro-nozzle
feeding, since the pressure at the micro-nozzle entrance decreases due to the reduced inlet
mass flow rate. Finally, the relation 6y, as a function of ¢, figures out the presence of a
threshold level for ¢, of about 0.1 above which 6y, rapidly decreases with respect to the
baseline configuration without micro-jet blowing, up to about and —57% for the water
vapor flow at ¢, = 0.168, and -64% for the nitrogen gaseous flow at ¢, = 0.297.

The overall analysis has shown promising results, which suggest the need for a more
detailed sensitivity study to provide a better insight of the influence of the secondary jet
location, direction, and multi-jet configuration on the boundary layer effects and micro-
thruster’s performance. Furthermore, the main challenges deserve further consideration
in the next future, which are mainly related to the design and the manufacturing of the
actuation of the micro-jet blowing system, which will include the feeding system and/or a
micro-valve-based bypass system, super-sonic micro-injectors, and the electronics of an
integrated control system.
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