
Investigations on Micronozzle for Satellite
Propulsion and Gas Mixture Separation

A thesis submitted

in partial fulfillment for the award of the degree of

Doctor of Philosophy

by

Manu K Sukesan

Department of Aerospace Engineering
Indian Institute of Space Science and Technology

Thiruvananthapuram, India

December 2023





Certificate
This is to certify that the thesis titled Investigations on Micronozzle for Satellite Propul-
sion and Gas Mixture Separation submitted by Manu K Sukesan, to the Indian Institute
of Space Science and Technology, Thiruvananthapuram, in partial fulfillment for the award
of the degree of Doctor of Philosophy is a bona fide record of the original work carried
out by him under my supervision. The contents of this thesis, in full or in parts, have not
been submitted to any other Institute or University for the award of any degree or diploma.

Dr. Shine S R
Research Supervisor,
Associate Professor,
Department of Aerospace Engineering,
IIST

Dr. Deepu M
Professor & Head,
Department of Aerospace Engineering,
IIST

Place:IIST, Thiruvananthapuram
Date: December 2023

i





Declaration
I declare that this thesis titled Investigations on Micronozzle for Satellite Propulsion and
Gas Mixture Separation submitted in partial fulfillment for the award of the degree of
Doctor of Philosophy is a record of the original work carried out by me under the supervi-
sion of Dr. Shine S R, and has not formed the basis for the award of any degree, diploma,
associateship, fellowship, or other titles in this or any other Institution or University of
higher learning. In keeping with the ethical practice in reporting scientific information, due
acknowledgments have been made wherever the findings of others have been cited.

Place: Thiruvananthapuram Manu K Sukesan
Date: December 2023 (SC19D029)

iii





This thesis is dedicated to my parents . . .

v





Acknowledgements
I would like to express my sincere gratitude and appreciation to all those who have sup-
ported and contributed to the completion of this Ph.D. thesis.

First and foremost, I am deeply indebted to my supervisor, Dr. Shine S. R, for his unwa-
vering guidance, invaluable insights, and constant encouragement throughout this research
endeavor. His expertise and mentorship have been instrumental in shaping the direction of
my work and enhancing its quality.

I extend my heartfelt thanks to the members of my Ph.D. committee, Dr. Aravind
Vaidyanathan, Dr. Pradeep Kumar, Dr. Mahesh S, and Dr. E. Natarajan, for their criti-
cal feedback, constructive suggestions, and thoughtful input during the evaluation of this
project. Their expertise in their respective fields has significantly enriched my research.

I would also like to acknowledge the support and assistance provided by the faculty
members of aerospace Engineering at IIST. Their commitment to academic excellence
and dedication to nurturing young researchers have played a pivotal role in my academic
growth.

My gratitude also goes to the Indian Institute of Space Science and Technology for
providing access to their state-of-the-art facilities, resources, and research materials. The
institution’s infrastructure and technical support have been essential in conducting experi-
ments and gathering data for this thesis.

I express my sincere gratitude to Dr. Sooraj, Prakash, and Sarath for their invaluable
assistance in manufacturing the micronozzle. Their expertise and dedication played a vital
role in the success of this project.

I am also thankful to Yadhu Krishna, Anbarashan, Dhinesh, Sujin, Bipin, and Vinil for
their significant contributions to conducting the experiments. Their support and collabora-
tion were essential in gathering and analyzing the data, leading to meaningful insights and
findings.

I would like to thank my colleagues and fellow Ph.D. students Hari, Chithra, Ashok,
Sarath, Nibin, Nithin, Sajith, Shyam, Shiyas, Prabith, Ajin, Anjuna, Aswathy, Soumya
and Abhijith for their camaraderie, stimulating discussions, and intellectual collaboration.
Their diverse perspectives and shared experiences have contributed significantly to the de-
velopment of my ideas.

vii



To Renjith, Resmi, James, Jerin, and Nikhil—your unwavering friendship and support
have been a beacon of light throughout my doctoral odyssey. Together, we have scaled
the peaks of knowledge, shared laughter, and camaraderie amidst exhilarating trekking
adventures, nourished each other during shared meals, and embarked on enriching journeys
to uncharted realms. Your presence has turned this academic pursuit into an unforgettable
symphony of cherished memories.

Lastly, I want to express my heartfelt appreciation to my family and friends for their
unwavering support, patience, and understanding throughout my Ph.D. journey. Their con-
stant encouragement and belief in my abilities have been a source of strength and motiva-
tion.

In conclusion, I am indebted to all those mentioned above, as well as countless others
who have contributed to my academic and personal growth. Their support, encouragement,
and expertise have played a pivotal role in the successful completion of this Ph.D. thesis.

Manu K Sukesan

viii



Abstract
Micronozzles operating with vacuum exit conditions find applications in satellite propul-
sion systems and aerodynamic separation processes. Research on flow characteristics of
micronozzles is currently dominated by micro-thruster applications, followed by its use for
gas mixture separation. Uniformity in the flow structure to obtain optimum thruster perfor-
mance is the prime objective of the former, while the latter demands highly non-uniform
species distribution of the flowing mixture. The literature review reveals that as the length
scales are of the order of micrometres, carefully built apparatus and measurement systems
are required to obtain data reasonably. Due to the scarcity of experimental data concern-
ing flow parameters, a new experimental arrangement is developed using Interferometric
Rayleigh scattering to measure the exit velocity of the nozzle. The generated experimen-
tal data is used along with literature data to validate the computational models developed
in the current work. Flow regimes from the nozzle throat to the nozzle exit can change
from near-continuum to rarefied, and therefore both continuum and kinetic approaches
have been used for computational simulations. The classical N-S with linear slip model,
DSMC method, and a hybrid N-S/DSMC based on the continuum breakdown concept are
employed for the numerical simulations. The effect of divergence half angle, throat depth,
and expansion ratio are analysed in detail to address the conflicting findings reported in
the present literature. Results show an optimum divergence angle and length, maximiz-
ing the performance for a specific operating condition and nozzle size. It is noted that the
inconsistencies in the literature are mainly due to exploratory efforts of small data sets.
Re is very low as the nozzle size decreases to the nano-scale, and the subsonic layer fully
occupies the divergent nozzle section even at very high-pressure differences. The results
show that the performance is significantly influenced by the wall’s thermal conditions. The
study highlights the differences in flow behaviour between micro and nano-scale nozzles
at various operating conditions. Based on numerical data obtained in this work, a new
correlation is proposed to predict the thrust per unit width for micronozzles. A numerical
investigation of the aerodynamic separation process associated with converging-diverging
2-D planar micronozzles shows that the enrichment of the heavier/lighter species near the
axis/wall is significantly affected by the nozzle size. The aerodynamic separation effect is
created mainly by (i) streamwise separation produced by the velocity slip between species
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and (ii) lateral separation created by the curving of streamlines. The streamwise separation
effect is higher in smaller nozzles creating heavier species concentration at the axis. The
lateral separation effect increased with increased throat size. The result is a higher, lighter
species concentration in the peripheral regions of the bigger nozzle. The lateral separation
effect is found to be influenced by the nozzle divergent section shape. The divergent sec-
tion with trumpet shape, truncated bell, and conical with high divergence are preferred for
higher species separation performance. The results show that the presence of a heavier car-
rier gas deteriorates the separation performance. The backpressure conditions at the nozzle
exit play a significant role in the curvature of streamlines at the nozzle lip. For curved mi-
cronozzles, streamwise separation, lateral separation, mass diffusion, and thermal diffusion
can affect the separation performance. Further influencing the separation performance are
factors such as the nozzle shape, wall temperature conditions, molecular mass ratio, and
inlet mole fraction of the species. The results of this research will aid in the creation of im-
proved designs for micronozzles utilized in satellite propulsion and aerodynamic separation
processes.
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Nomenclature

A = separation factor
AR = aspect ratio of the throat,h/w
c⃗ = mean thermal speed, ms−1

cr = relative velocity, ms−1

Dab = Mass diffusion coefficient, m2/s

d = diameter, m

ER = Expansion ratio, he/ht
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Chapter 1

Introduction

This study aims to optimize micronozzle designs for satellite propulsion and species sepa-
ration applications by examining various geometrical and flow parameters and their impact
on micronozzle performance. This research expands the investigation to include micronoz-
zle clusters for thruster applications and the species separation analysis from linear nozzles
with different divergent shapes to curved nozzles. The ultimate goal is to improve the
performance of micronozzles in satellite thrusters and species separation, contributing to
advancements in micro propulsion systems.

This chapter focuses on the definition of a micronozzle and its differentiation from con-
ventional nozzles. The different shapes of micronozzles currently in use are reviewed, and
an overview of their various applications is provided. Additionally, the chapter discusses
the research motivation and outlines the scope of the thesis.

1.1 Background

The advancements in miniaturization and microtechnology have made it possible to create
micronozzle designs that can be used in various applications. Micronozzles have applica-
tions ranging from satellite propulsion to biomedical fields. The micro-propulsion system’s
effectiveness and performance are greatly influenced by the size, shape, and flow features
of the micro nozzle. In recent years, advancements in fabrication methods have enabled the
production of micronozzles with high precision and surface finish, even at extremely small
sizes. The exact size range of micro nozzles can vary greatly and has not been well de-
fined in previous studies. Micro nozzles can range in size from micrometres to millimetres,
depending on the specific application and the fabrication method used.

Numerical simulations are often used to study the flow through micronozzles because
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of the challenges associated with experimental measurements at such small scales. These
simulations can be used to optimize the design of micronozzles and improve their perfor-
mance, which can enable new applications and improve existing ones. The flow through
micronozzles may be multi-scale, including continuum, slip, transition, and rarefied gas
regions. Due to their small size, the flow through micronozzles is often highly influenced
by viscous and rarefaction effects, which can make their behaviour difficult to predict. The
development of high-performance and reliable micronozzles is a critical area of research
with various potential applications. By optimizing the nozzle design and performance, re-
searchers can unlock new capabilities and enable more efficient and effective operation of
various systems.

1.2 Conventional nozzle Vs Micronozzle

There is no clear definition in the literature specifying the exact size of a nozzle that can
be considered a micronozzle. However, the researchers have considered the nozzles as
micronozzles when a small nozzle scale and operating conditions combine to give throat
Reynolds numbers between 10 and 103. In this Re range, the effect of the viscous boundary
layer, the transition flow characteristics, slip at the wall, etc. must be considered. At length
scales on the order of micrometers, the viscous stress contribution to thrust is not negli-
gible,and the conventional methods of thrust calculation need not be accurate. In short,
micronozzles differ from traditional nozzles primarily because of the unique flow condi-
tions they create, which are characterized by low Reynolds numbers and supersonic Mach
numbers.

Conventional nozzles are simpler to fabricate than micronozzles, making them more
suitable for complex shapes like bell nozzles. On the other hand, conical shapes are prefer-
able for micronozzles, as they yield satisfactory results with simpler designs. The small
size of micronozzles, comparable to the molecular free path of the flow, means that the
flow characteristics are influenced by a dimensionless Knudsen number (Kn). In contrast,
the larger size of conventional nozzles makes the flow independent of Kn. Micronozzles
are commonly employed in applications requiring precise control and high accuracy, while
conventional nozzles are utilized in situations where precision is less critical and a broader
range of flow rates is necessary. Due to their smaller size and higher precision, micronoz-
zles offer superior accuracy and control over flow compared to conventional nozzles. The
major differences between micro and conventional nozzles are illustrated in Table 1.1.
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Table 1.1: Comparison of micro and conventional nozzles

Micronozzle Conventional nozzle

Conical/linear
Most preferred divergent
section shape

Bell shape

10-103 Ret >>1000
Present.Flow depends
Kn, High Kn

Rarefaction effects
Not present.Kn are
very low

Predominant Viscous effects Negligible

Mostly axial Flow direction
Significant radial flow
component

Direct Simulation Monte Carlo
(DSMC) method

Preferred simulation
method

Continuum approach

1.3 Micronozzle shapes

An idealized nozzle profile provides the area required for the supersonic flow expansion
and aligns the flow axially at the exit. In traditional designs, a bell-shaped contour accom-
plishes this and establishes isentropic flow conditions. The theoretical profile is obtained
based on inviscid flow theory and, therefore, can’t be helpful for the micronozzle flow with
strong boundary layers. At the microscale, contoured nozzle fabrication is also difficult.
Initial micronozzle research focused on converging-diverging nozzles (or a de Laval noz-
zle). This is characterized by a divergence angle θd for the supersonic section. Most of
the studies on micronozzles are with 2D/3D conical nozzles with varying divergent sec-
tions in terms of divergence angle and length. Other shapes are aerospike designs, bell
nozzles, trumpet [2], [3], and plug nozzles. Zilic et al. [4] proposed an aerospike design
that could handle a wide range of ambient back pressures. A truncated spike is usually
preferred in micronozzles, as most of the thrust generated is over the first quarter of the
spike. This initiated the plug (truncated spike) nozzle designs. 2D linear aerospikes with
different geometries and surface roughness having a throat height of 0.25 mm were studied
by Giovannini and Abhari [5]. The thrust observed was 35% lower than that obtained by
ideal calculations; however, corrections in geometry could increase it by 20%. The spike
design is usually based on the method of Angelino [6] or standard shapes such as linear,
parabolic, etc. The various geometries used, along with their terminology, are shown in
figure 1.1.
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Figure 1.1: Various geometries of micronozzles[2]

1.4 Motivation

It is predicted that satellite activities in the coming decade may include mega-constellations
of small satellites. The design of such a satellite system requires secondary propulsion sys-
tems having micronozzles with high specific impulse and small thrust forces [7]. Micronoz-
zles are needed for maintaining a proper attitude and minor corrections in the trajectory of
orbiting satellites and deep-space planetary probes. Another application of a supersonic
micronozzle is in the aerodynamic mixture separation of isotopes/chemical species from
gas mixtures [8]. Few studies have demonstrated the ability of micronozzles to separate
gas mixtures when working under rarefied conditions [9]. The increased demand for Cube
Satellite applications and the need for real-time fast-response sensors for monitoring pol-
lutants and toxic releases have created interest in micronozzles operating under multi-scale
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flow regimes. Although both applications require a micronozzle that operates with high
efficiency, the characteristics such as size, shape, and flow pattern may vary between the
two applications. A micronozzle that performs effectively for satellite propulsion may not
be suitable for species separation. The current research aims to evaluate the performance
of the micronozzle in both applications - satellite propulsion systems and binary mixture
separation processes.

1.5 Applications of micronozzle

The demand for micro-propulsion systems has increased as a result of the rising use of
cube- and nano-satellites, necessitating the improvement of micronozzle design and ef-
ficiency. The micronozzles are arranged in a cluster arrangement to achieve the desired
thrust level. For such applications, uniformity in the flow structure to obtain the optimum
thruster performance is the prime objective. Another application of micronozzles is species
separation using an aerodynamic separation process. This technique is suggested for the
immediate detection of volatile and semi-volatile pollutants and toxic releases, where rapid
sensor response is essential. Few investigations have shown that micronozzles can effec-
tively separate gas mixtures when operating in rarefied environments at supersonic speed.
Other applications of micro nozzles include inkjet printing, aerosol generation, microflu-
idics, chemical analysis, fuel injection, semiconductor manufacturing, and mass spectrom-
etry.

1.5.1 Satellite propulsion systems

Micro spacecraft utilization in commercial and governmental applications has been fast
growing in the last decade due to its applicability for various space applications, such as
education, Earth remote sensing, science, and Mars mission for relay communications and
defense. It is estimated that around 1000 such satellites will be launched by the year 2022
[10]. Some of the key statistics in this regard include the launch of 84 CubeSats from ISS
in 2013, 37 launches by Dnper in 2014, the launch of 101 Cubesats in a single mission
involving India’s PSLV in 2016, etc. The microsatellites’ capabilities mainly depend on
the micro- to milli-Newton range thrust-producing capacity of micro propulsion systems
[11]. Propulsion systems enable the capabilities such as attitude maneuvers, including re-
action wheel desaturation, attitude control, or compensation of small perturbations; ability
to change the orbit, which allows station keeping or orbit transfers for formation flying or
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removal of space debris. An example of a unique CubeSat application proposed recently
includes the concept of reconfigurable satellite constellations for obtaining timely and tar-
geted data for high-quality weather forecasting [12]. Micronozzle offers very fine control
over the thrust requirement of microsatellites and therefore became a focus in microsatellite
research. During the space operation, the flow may pass through all regimes of the con-
tinuum to free molecular flow [13]. The plume from micronozzles employed for satellite
attitude control or orbit transfer maneuvers interact with the deep space environment and
may cause adverse disturbances in torque, thermal loads, and contamination. Therefore
micronozzle exhaust flow behavior in a vacuum space condition has been a topic of interest
for space agencies.

1.5.2 Aerodynamic species separation

Real-time detection of volatile, semi-volatile pollutants, toxic releases, etc., requires a fast
response of the sensors. The separation process of a binary gas mixture utilizing the su-
personic outflow through a micronozzle into the vacuum is generally called aerodynamic
separation. This process possesses the advantage of fast response, small size, etc., though
limited by micro-fabrication and rarefaction constraints. However, the compatibility of
aerodynamic mixture separation for continuous real-time applications is to be investigated
further.

Various methods such as gas chromatography, sorbent beds, cryogenic accretion of ma-
terials on a surface, usage of the selectively permeable membrane, etc., have been used
to increase the sensitivity of chemical sensors, but with limitations such as high response
time or increased time between measurements [14]. Current requirements in medical, in-
dustrial, agricultural, transportation, safety, and environmental monitoring applications use
solid-state gas sensors as the core enabling technology [15]. Solid state sensors work on the
principle of the reaction of the gas species with the sensor element and the generation of an
electric signal. The sensitivity, selectivity, response time, and stability of the sensor can be
enhanced by increasing the concentration of the species of interest in the mixture. Another
requirement of the current sensing technology is miniaturization, which enables sophis-
ticated instruments in the field . Microdevices provide advantages such as fast response,
high sensitivity, low power consumption, environmental friendliness, and affordability of
mobile monitoring [16].

6



1.6 Thesis scope

Micronozzles come in a variety of shapes and sizes, and each application requires an op-
timized micro nozzle for maximum efficiency. The flow through a micronozzle is signif-
icantly influenced by its dimensions, and even small changes can result in considerable
variations in flow structures. Therefore, developing an optimized nozzle design can maxi-
mize the specific efficiency or thrust per unit mass of fuel, which is crucial for the long-term
operation of satellites and other space equipment. One issue with space equipment is that
they may stop working when they run out of propellant, even if other components are still
functional. Therefore, designing an optimized nozzle that provides maximum efficiency
can help extend the lifespan of a satellite. Additionally, the exhaust gas produced by the
nozzle can contaminate solar panels and other sensitive components, which can affect the
overall performance of the equipment. Thus, careful consideration of the materials and de-
sign of the nozzle is essential to minimize negative impacts on the system’s performance.
The compatibility of aerodynamic mixture separation for continuous real-time applications
is to be investigated further. Bykov and Zakharov [17] noted that the action of pressure
gradients and the conversion of thermal energy into kinetic energy of the particle caused
the separation, which might be more significant in a nozzle.

Therefore the current study is trying to develop the optimum size and shape of the mi-
cro nozzle for applications such as satellite propulsion and species separation. Different
geometrical and flow parameters and their influence on the micronozzle performance for
both applications need to be studied in detail. Studies have been conducted with different
geometrical and flow parameters on a single nozzle and this study is extended to a mi-
cronozzles in the cluster arrangement for thruster application. The species separation study
on the linear nozzle with various divergent shape is extended to the curved nozzle. Overall,
this research can help to improve the performance of micronozzles for satellite thruster and
species separation applications.

1.7 Thesis outline

The structure of the thesis is as follows.

Chapter 1 provides an overview of the study, covering aspects such as the background,
distinguishing features of the micronozzle compared to traditional nozzles, and its potential
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applications. Additionally, this chapter delves into the scope of the thesis and the underly-
ing motivations driving the research.

Chapter 2 focuses on the previous studies conducted on the micronozzle experimen-
tally and numerically. Different experimental thrust, pressure, and velocity measurement
techniques, and numerical approaches like Navier Stokes, Direct Simulation Monte Carlo
(DSMC), and hybrid method are described. The conclusions from the literature review and
the objectives drawn for the current study are also discussed.

Chapter 3 will narrate the current experimental methodology and setup to measure the
nozzle exit velocity. It also describes the numerical techniques used to study the flow struc-
tures and species separation in micronozzles like Navier Stokes with Maxwell first order
slip boundary conditions, implementation of the hybrid method, and the molecular method
DSMC.

The use of linear micronozzle for the thruster application is described in Chapter 4.
Various geometrical effects like variation in throat height, divergent length, and divergent
angle were studied along with variations in flow parameter effects like back pressure and
wall temperature. The study also investigates the utilization of micronozzles arranged in a
cluster, examining the effects of the varying pitch in the configuration of the nozzle array.

Chapter 5 is devoted to the study of species separation on a linear nozzle by vary-
ing throat height, divergent angle, and back pressure. The effect of carrier gas on species
separation is also studied. These results are compared with bell and trumpet nozzle config-
urations.

The effect of curved divergent section on species separation is described in chapter
6. The study explores the variation of the divergent curve radius and the changes in wall
temperatures. The back pressure effect is also studied and included in this chapter. A com-
parison of the effectiveness of linear and curved micronozzle designs in separating species
is also described.

Chapter 7 outlines the conclusions drawn from the thesis research and describes future
works.
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Chapter 2

Literature Review and Objectives

This chapter reviews research on micronozzles used for satellite attitude control, deep space
probes, and mixture separation. It provides a concise summary of the experimental tech-
niques employed and advancements in numerical methods. It also examines the influence
of various parameters such as size, shape, expansion ratio, surface roughness, Reynolds
number, wall heat transfer, and others. The conclusion derived from the literature review is
presented, followed by the objectives of the current study.

This chapter is based on

1. M.K. Sukesan, and S. R. Shine. "Micronozzle for satellite propulsion and mixture
separation: a review." Journal of Thermal Analysis and Calorimetry (2023): 1-34,
https://doi.org/10.1007/s10973-023-12227-9

2.1 Introduction

For the last two decades, research on micronozzles has primarily focused on understanding
flow features and improving performance. Due to the high cost associated with compre-
hensive experimental studies requiring high temporal and spatial resolution, most research
in this field relies on numerical simulations. The studies are categorized based on the
techniques employed, including experimental and simulation methods. Since these de-
vices operate in rarefied gas flow regimes, methods such as Boltzmann’s equation via the
lattice Boltzmann method, the direct simulation Monte Carlo (DSMC) method, and aug-
mented Burnett equations are utilized to accurately predict rarefied flow characteristics.
Experimental studies mainly focus on pressure and thrust measurements, as well as flow
visualization
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2.2 Experimental techniques

Reported experiments differ in principle, measured quantities, configurations, and cost.
The small-scale nozzle experiments began with Rothe’s [18] E-beam measurement of flows
with a nozzle of 5 mm throat. Micronozzles required for micro propulsion applications are
developed through microelectromechanical Systems (MEMS) and have lower dimensions.
Most micronozzle experiments focused on thrust measurements, the most critical require-
ment in thruster performance characterization. Though difficult to measure, the consid-
erable effort can be seen in the measurement of thrust, as the success rate of a mission
directly depends on the thruster’s performance. The optical technique is also a preferred
experimental method in micronozzles as it does not perturb the flow field, leaving the pa-
rameters undergoing measurement unchanged. Due to the difficulty in fabricating super-
sonic micronozzles and the challenges of performing experiments, only a few reported flow,
and velocity measurements. Different experimental techniques used to study flow features
inside and outside the micronozzles are summarised in Fig. 2.1. It is observed that ex-
perimental data describing flow features inside micronozzles is relatively small compared
to data regarding the jets outside orifices, nozzles, etc. In general, the configurations used
for various studies differ significantly, and therefore difficult to draw generic conclusions.
Thrust, pressure distributions, and visualization of the flow field are the primary focus of
most studies and therefore are grouped here accordingly. Usually, the equipment used for
experimentation includes a gas supply setup consisting of storage tanks, valves, pressure
and temperature sensors, flow sensors, and a control system. The test setup is located in a
vacuum chamber that is considerably larger than the micronozzle test stands to minimize
the impact of the gas release on back pressure during testing. The back pressure conditions
are adjusted by varying the pressure within the vacuum chamber. The thrust measuring
experiments are carried out by placing the thrust test benches alongside the micronozzle
test stand. The pressure measurements are done using wall pressure taps at various nozzle
locations. When PSP techniques are used, micronozzles are fabricated so that the painted
side might become the inner wall. The experimental setup using PSP includes an excita-
tion light source and a charge-coupled device (CCD) camera. The flow can be visualized
by exposing a fluorescing dye dissolved in the fluid to laser irradiation and using a camera
to capture the resulting fluorescence signals. Many researchers use this imaging technique
to emphasize the flow characteristics within and outside micronozzles.
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Figure 2.1: Various techniques used for micronozzle experimentation

2.2.1 Thrust measurements

One of the earlier experiments was that of Spisz et al. [19], who measured the thrust of
convergent-divergent (CD) nozzles of throat area ≈ 1 mm2 using a four-point suspension
platform-type thrust stand with a differential transformer immersed in an oil bath as the
sensing element. It was noted that large area ratios were not necessary for achieving the
highest thrust for low Re flows. Murch et al. [20] used analytic and experimental methods
to examine the thrust produced by CD nozzles at a Re of 600-3000. Conical nozzles of
various expander angles, horn, and bell geometries were studied with an expansion ratio
ranging from 1-200. The performance of conical nozzles with various divergent angles,
bell, and trumpet-shaped nozzles was experimentally measured by Whalen [21]. The study
could not deduce a precise prediction of the ideal nozzle as all measurements fall within
experimental uncertainty. Reed [22] used an inverted and torsional pendulum thrust stand
for measuring thrust produced by micronozzles of area ratio from 1 to 25. Quantitative
analysis of the errors could not be established in the study. Bruccoleri et al. [23] tested
ten different 2-D supersonic nozzles at Re ranging from 150-2000, using an updated micro
newton thrust stand developed by Mirczak [24]. No significant changes in performance
were observed between geometries viz: 15◦ cone, ideal contour, truncated lengths, etc.
They noticed a substantial drop in thrust efficiency at lower Re due to end wall boundary
layers. Williams et al. [25] measured thrust developed by a conical de Laval micronozzle
using a torsional thrust balance. Nozzle efficiency was measured for Ret in the range of 60
– 500 for 300 K nitrogen. Williams et al. [26] further developed a torsional test stand with
a resolution of approximately 4.8 µm. Bao-jun et al. [27] measured the thrust of 2D Laval
nozzles (9 nozzles with different structural parameters and ht = 100, 200, and 400 µm)
using a torsion bar and torsion angle measurement. The optimal performance was noted
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Author Measurement technique Range Uncertainty
levels

Spisz et al. [19] Four-point suspension 75-500 mN ±10 %
platform-type

Whalen [21] Flexible thrust stand 2.2-8.9 mN ±5 %
with mounting plate, LVDT

Reed [22] Inverted and torsional Not Not
pendulum thrust stand available quantified

Bruccoleri et al. [23] Torsional balance thrust 0-100 mN ≈ ±30%
measurement with LVDT

Williams et al. [25] Torsional thrust balance with laser 0.1-10 mN ±5 %
displacement sensor

Williams et al. [26] Torsional thrust balance 117-1070 µN ±1.5 %
Bao-jun et al. [27] Torsion bar with torsion angle 0-30 mN Not

using a photoelectric sensor quantified
Nishii et al. [28] Gravity pendulum-type 0-10 mN ±3 %

thrust balance with LED
displacement sensor

Table 2.1: Thrust measurements

for convergent and divergent half angles at 30 and 15◦, respectively. Thrust measurements
of a resistojet thruster with water vapor propellant were done by Nishii et al. [28] us-
ing a gravity pendulum-type thrust balance. Displacement from the balance position was
measured using a LED displacement sensor and was used to correlate the thrust force. It
was found that the degree of superheating and Re affected the specific impulse efficiency.
When Re>100, the mass flow rate matched the rocket equation predictions, though the vis-
cosity effect could not be completely ruled out. Table 2.1 summarises the various studies,
measurement techniques used, the range of measurements made, and the uncertainty asso-
ciated with the experimental measurements. The primary sources of errors include facility
vibrations, thrust stand drift, fuel, electrical connection issues, errors in the signal acquisi-
tion system, etc. As the thrust stands of most of the studies were of considerable size, Seo
et al. [29] proposed the concept of a micro-load cell based on the piezoresistive sensing
method. The low temperature-sensitive strain gauge was used in the measurement range of
1-7 mN within 1% uncertainty.

The review shows the requirement of highly accurate, steady-state measurement tech-
niques in the thrust range between 100 nN and 100 mN for studying micro propulsion
systems. Various thrust measurement methods adopted include target-pendulum, inverted-
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pendulum, hanging-pendulum, and torsional-pendulum thrust stand. The torsional type has
been preferred for steady-state measurements. Conventionally, the thrusters are placed in
vacuum chambers for experimentation; therefore, the requirement of a long arm for hang-
ing pendulum type makes it unviable. The inverted type shows greater accuracy and high
sensitivity and can be a suitable choice as it has a low thrust-to-power ratio. The calibration
of these devices is also essential to obtain a sufficiently good resolution. Torsional balances
can also be appropriate for dealing with micro-newton and impulse measurements. Various
calibration methods proposed in the literature include Jamison et al. [30] with 86 µN res-
olution, Gamero-Castano [31] with 0.03 µN resolution, Pancotti et al., [32] who achieved
impulses from 0.01 mN to 20 mN with the linearity of 0.52%, etc. These methods require
numerical simulations and evaluation of various sources of errors. Polk et al. [33] have
summarised the best practices followed for the design and calibration of pendulum-type
thrust stands.

2.2.2 Pressure measurements

Hao et al. [34] measured the pressure distributions adjacent to the nozzle throat and mass
flow rates and studied the dependence of pressure ratio Po/Pb and the mass flux. The ap-
plication of pressure/temperature-sensitive paint (PSP/TSP) for microchannel/micronozzle
measurements was initiated in late 2000. Huang et al. [35] used the pressure-sensitive paint
(PSP) technique to map the pressure distribution in a De Laval micronozzle of ht=250 µm
under various operating conditions. The shock waves were detected in the PSP results for
high-pressure conditions only. Nagai et al. [[36] also used the PSP surface as the inner wall
of the nozzle and captured the pressure distribution inside a 2D micronozzle of ht250 µm.
An exit M of 4 was achieved during the experiments, and it was observed that boundary
layer growth significantly affected the pressure distributions inside the nozzle. Matsuda et
al. [37] applied pressure-sensitive molecular film (PSMF) to obtain pressure distribution
inside micronozzles of wt = 103 and 48 µm. The measured distributions, which showed
the symmetrical nature of the nozzle center line, captured the sharp drop near the throat
but had noisier data at the throat upstream region compared to the downstream region. Na-
mura and Toriyama [38] measured pressure on the side wall of a 2D micronozzle of wt

= 100 µm using pressure taps of 5 µm diameter. The measurements were for an exit M

of 1.37 at a plenum chamber pressure of 307 kPa. Giovannini and Abhari [5] measured
total pressure downstream of the throat of a linear aerospike nozzle using a sting probe
and capacitive pressure sensors. Measurements were done in two planes perpendicular to
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each other. Measured values were modified using a correction procedure for accounting
for errors due to non-equilibrium and rarefaction effects on the probe. Gomez and Groll
[39] measured pressure difference and mass flow across a Laval nozzle of dt =.9 mm for
various gases such as xenon, argon, krypton, and neon. Timofeev and Aniskin [40] mea-
sured the supersonic core length of jets emanating from rectangular micro-nozzles (Throat
dimensions: 119× 135 and 927× 2185 µm) using pitot tubes.

The PSP technique has been used by many in the current scenario. Still, its accuracy
depends upon the binder and dye used as well as the coating procedure, amount of addi-
tives, etc. There could be limitations in the optimum pressure range based on the binder
used. Anodized aluminum or trimethylsilyl-propanoic acid-based polymer PSP are rec-
ommended for low-pressure conditions [41]. Compared to the conventional PSP method,
PSMF has high-pressure sensitivity and low surface roughness (≈1 nm). However, the
method has the disadvantages such as low luminescent intensity, low signal-to-noise ratio,
etc. Matsuda et al. [37] inserted pure AA layers between PSMF and the substrate as a
spacer to enhance the luminescent intensity. It was observed that this method produced
high spatial resolution for micro-scale measurements having a characteristic length greater
than 50 µm.

2.2.3 Optical methods

Nowadays, optical diagnostic tools developed using lasers have a major impact on exper-
imental flow analysis. Irradiation using a laser source to a fluorescing dye dissolved in
the fluid flow and the collection of fluorescence signals by a camera allows visualization
of the flow. This imaging technique is used by many to highlight the flow features inside
and outside the micronozzles. The studies describing the flow features inside and outside
the nozzle are described below. Rothe [18] applied the electron beam technique to study
conical nozzles of dt = 5 and 10mm. This technique allowed photographing different
regions of the flow by moving the electron beam relative to the flow field. Photographs
revealed the gas density variation, which is proportional to the beam luminescence. Nozzle
inner measurements were accomplished by allowing the electron beam to reach the interior
through the drilled holes at the top wall of the nozzle. Rothe [18] noted the existence of
an inviscid core in the flow range of 500 < Re < 1000. For Re ≈ 100, the exit flow
was subsonic, substantiating earlier observations of an embedded supersonic bubble in the
expanding flow. The experiments indicated flow separation at over-expanded conditions
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but failed to notice any changes during under-expanded conditions. The coherent anti-
Stokes Raman scattering technique was used by Boyd et al. [42] to measure the velocity
and the translational temperature at various locations of a conical CD nozzle of rt= 0.66
mm. Spatial concentration maps of various species in a hydrazine resistojet were obtained
by this method and were useful in creating experimental data for comparison with Monte
Carlo simulations. Broc et al. [43] used laser-induced fluorescence technique (LIF) to
measure the temperature and density of cold NO2 supersonic expansions through a conical
CD nozzle of rt= 2 mm. NO2 was used as a tracer in an O2 main flow. Experiments were
performed under a wide range of under-expanded free jet flow conditions. It was noticed
that statistical errors caused by the error in intensity measurements of the LIF spectrum,
the thermal drift of the dye laser bandwidth and/or wavelength, condensation of NO, and
finite laser beam cross-section could affect the accuracy of measurements. Choudhuri et
al. [44] used Color Schlieren Defectometry to visualize flow inside micronozzles of con-
ical (15◦ and 20◦), bell, and trumpet-shaped diverging sections. The performance of the
lower divergence angle (15◦) nozzle was superior as the flow remained attached to the
wall compared to other geometries. Lempert et al. [45] demonstrated the application of
acetone-based Molecular Tagging Velocimetry (MTV) in the quantitative measurement of
supersonic velocity jets from a nozzle of 1 mm exit diameter. It was noted that at low
densities, velocity measurement accuracy was poor due to mass diffusion, and the method
might not be suitable for slip and transition flows. In addition, the shorter life of Acetone
laser-induced fluorescence at low pressures was also a matter of concern for the data ob-
tained. Handa et al. [46] obtained the number density variation along a 2-D micronozzle
(ht = 286 µm ) centreline using laser-induced fluorescence (LIF) for Re of 618-5560. The
experimental results were used to validate the computational model developed using N-S
equations. Nazari et al. [47] used 3D computerized tomography (CT) to obtain density
distributions of micro jets emanating from CD (Laval) circular ( dt = 922µm) and square
micronozzles (wt = 850µm). Shock-cell structure, spacing, and supersonic core length of
expanded, over-expanded, and under-expanded jets into the ambient were obtained. Rain-
bow schlieren deflectometry, along with the computed tomography, was used by Maeda
et al. [48] to obtain density fields of a free jet of a square Laval micronozzle. The shock
shell structure was well captured, and efficient use of schlieren CT for obtaining a density
contour plot was demonstrated. Kozlov et al. [49] used a Tepler device and digital camera
to obtain shadow images of jets emanating from a CD Laval nozzle (dt = 0.45mm ). Noz-
zle exit flame detachment, shock cells, and specific flow features close to the nozzle exit
(“bottleneck flame region”) were noticed for the hydrogen micro jet. The various flow vi-
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Author Nozzle details Visualisation technique
used

Rothe [18] Conical, dt =5 & 2.5 mm Electron-beam fluorescence
technique for measuring

ρ and T
Boyd et al. [42] Conical, dt =0.66 ϵ=114 Axial velocity and

translational temperature using
coherent anti-Stokes

Raman scattering
Broc et al. [43] Conical, dt =2 2D rotational temperature and

density field measured by
laser-induced fluorescence

(LIF)
Choudhuri et al. [44] conical, bell, and trumpet Color Schlieren Deflectometry

wt =380 µm , ϵ= 25 to visualize the flow
Lempert et al. [45] d= 1 mm, straight Acetone-based Molecular

nozzle Tagging Velocimetry
Handa et al. [46] ht = 286 & 500 µm, number density distribution along

wt = 5000µm the nozzle using the laser-induced
CD rectangular nozzle fluorescence (LIF)

Maeda et al. [48] ht = 1mm Density fields obtained by
2D Lavel nozzle rainbow schlieren deflectometry

Kozlov et al. [49] dt = 0.45mm Shadow patterns using a Tepler
CD Lavel nozzle device and digital

camera
Nazari et al. [47] round dt = 922µm and 3D computerized tomography (CT)

square wt = 850µm
CD Lavel

Table 2.2: Summary of micronozzle experiments using optical techniques

sualization experiments are summarised in Table 2.2 to get a quick overview of the various
methods and configurations used.

Since visual observations will provide a more comprehensive view of the flow fields,
the current trend is to use advanced techniques for flow visualization. In association with
optical techniques, high-speed photography is the key technique used in recent experi-
ments. The optical techniques have to deal with the small dimensions of the micronoz-
zles, especially while using them for internal flow and the nozzle exit. Another issue is
the in-vacuum measurement of the exhaust plume structure, where method such as Ra-
man scattering is impossible below 200 mTorr. Schlieren imaging technique has been the
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standard for visualizing density gradients; however, image noise due to random variation
of brightness can significantly reduce the quality of the image and quantitative data. Re-
cently multiple-source Schlieren system has been proposed to overcome this limitation.
Nazari et al. [50] have proposed “inverse process” and “multi-path integration” techniques
for image-noise reduction. Settles and Hargather [51] provide a recent review on the de-
velopments in schlieren and shadowgraph techniques. Micro particle image velocimetry
(µPIV) is another technique used recently and is preferred as the micro-scale fluid mechan-
ics avoid Brownian motion at high seeding density. The primary issue with this technique
is the requirement of tiny seed particles which can follow the fluid flow without impacting
and clogging the device. The seed particles should be sufficiently large to ensure practical
imaging and decrease the effect of Brownian motion. Currently, a local resolution of 1 µm
can be achieved, though, using small seed particles, this constraint can be decreased to a
factor of 2 to 4. The camera’s sensitivity/ quantum efficiency is another factor determining
the image quality. Intensified charge-coupled devices (CCD) or double-shutter cameras are
used to overcome this. The use of advanced flow visualization techniques such as three-
dimensional (3D) particle tracking velocimetry (3D-PTV), tomographic PIV, holographic
PIV (HPIV) technique, and stereo PIV (SPIV), etc., are the current trend and expected to
dominate the investigation of complex flow phenomena. Stereo PIV measurements have
the advantage of higher in-plane spatial resolution than 3D-PTV and tomographic PIV
methods. However, PIV is usually recommended when a high feeding and particle image
density are available. When the feeding density is lower, as, in micronozzles, PTV has the
advantage of greater accuracy but is vulnerable to a long exposure time. With more ad-
vanced high-performance hardware, novel seeding particles, new processing, and data as-
similation techniques, these methods may provide velocity, acceleration, and even pressure
for every seeding particle. Therefore these methods will form state-of-the-art visualization
techniques for the future.

2.3 Numerical methods

The computational analysis of micronozzles has gained popularity due to the difficulty of
assessing the internal flow at the micro-scale experimentally. The limitation for experimen-
tation is caused by factors such as the micro/nano-scales, low-pressure conditions existing
in thruster exit, and the various uncertainties associated with each technique. As the nozzle
exit pressure decreases, the continuum hypothesis is initially broken at the solid boundaries
with discontinuity of velocity, and the temperature field appears at the solid boundary. For
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space applications, the degree of rarefaction is severe; the flow may be extended to the free
molecular regime. One of the convenient methods proposed in the literature to character-
ize the rarefied gas effect is to use the Knudson number, Kn =λ/L, which depends on the
mean free path and a characteristic length. In micronozzles, the characteristic length can
be the throat dimension. Flow regimes are based on the Kn with 0.001 > Kn-continuum
regime, 0.1 > Kn > 0.001-slip regime, 10 > Kn > 0.1-transition regime, and Kn > 10-
free molecular flow; though these limits are not fixed, but can be considered as a reference
order [52]. Thus the major challenge faced in the simulation of micronozzles is consid-
ering the wide range of Kn present in the flow field. Therefore various techniques have
been employed to determine the flow field inside and outside the nozzle, performance, ef-
ficiency, and plume characteristics. The numerical simulations were initially carried out in
the framework of Navier–Stokes equations to obtain the gas dynamic features ([53], [54],
[55], [56]). These studies revealed the effect of throat dimensions on discharge coefficients,
the boundary layer effects on the divergent part, and the mixing characteristics of the jet.
However, when the throat dimension and flow rates are < 1mm and 10m/s, respectively
Kn will become appreciable, and the application of N-S equations becomes questionable.
Flow regimes at the nozzle throat to the nozzle exit can change from near-continuum to
rarefied, and therefore both continuum and kinetic approaches have been used.

The methods based on the kinetic theory of gases are expressed using Boltzmann’s
equation [57]. Different equations used to simulate rarefied flows are (i) the linearized
kinetic equations, [58], [59] (ii) the higher-order governing equations such as Burnett
[60] and moment equations [61],[62], (iii) Boltzmann’s equation via the lattice Boltzmann
method ([63],[64], and (iv) molecular-based DSMC method [52], [65], [66]), etc. Fig.2.2
summarises the various approaches used in the micronozzle simulation based on the kn.

2.3.1 Simulations based on Navier-Stokes

Since methods based on kinetic theory demand substantial computational resources, N-S
solvers and a velocity slip model for the wall have been suggested as an alternative ap-
proach. The wall conditions may be first order [67], second order or higher order slip-flow
([68], [69]). The concept of these methods is that for rarefied gas, the fluid velocity near
the wall will differ from that of the wall. The gas velocity near the wall is described by
the velocity of the wall and the gas, which is within a distance of the mean free path. At
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Figure 2.2: Comparison of various simulation techniques

low pressures, the mean free path is big, and the velocity jump is not negligible. When
the gas is slightly rarefied, the velocity jump can be assumed to be linearly proportional to
normal velocity gradients [68]. This may be highly non-linear at very low pressures, which
requires higher-order slip boundary conditions. The slip conditions proposed are based
on gas-solid interaction theories developed, such as Maxwell scattering theory, Langmuir
adsorption theory, the Maxwell-Langmuir hybrid theory, etc. Maxwell theory considers
the specular and diffuse reflection at the wall surface. [67] proposed that velocity slip is
proportional to the fraction of diffusively reflecting molecules (σ) and obtained the veloc-
ity at the wall. This is formally obtained from developing Boltzmann equations into an
infinite series and approximating it to first order. Langmuir theory [70]considers gas ad-
sorption at the wall surface. Table 2.3 shows the proposed first-order slip and jump models.
A study by Le et al. [71] showed that Maxwell and Langmuir models could predict slip
flow regimes accurately, whereas the Langmuir slip model is valid for the transition regime.

The second order slip is applicable at lower pressures than the first order and is shown to
be consistent along with N-S [68]. Second-order models [75], [68] proposed have boundary
conditions supplemented by terms involving second-order velocity gradients in the normal
direction, though they differ by the value of coefficients. With second-order boundary
conditions, the flow is not generally governed by N-S equations, and one is expected to
solve the Burnett equations [69]. However, N-S equations have been used to describe the
flow as it makes the problem solvable by defining effective coefficients. Another approach
suggested for transition flow regimes is the modification of N-S equations by including
additional terms such as volume diffusion [76, 77] or self-mass diffusion [78].
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No Author Theory Model Proposed velocity & temperature
name jump conditions

1 Maxwell [67]

Maxwell

Maxwell
us = Clλ

∂ux

∂n
+ uw,

Cl = α(2−σv

σv
),

Ts =
2−α
α

2γ
(γ+1)Pr

λ∂T
∂n

+ Tw
2 Bahukudumbi [72] Max B Cl = 1.2977+

0.71851tan−1(−1.17488Kn0.58642)

3
Agrawal and

Max A
Cl=1.13 when Kn ≤ 0.1 and

Prabhu [73] Cl=1.7 when 0.1 ≤ Kn ≤ 8.3

4 Myong et al. [70] Langmuir Langmuir

u = αuw + (1− α)ug,
T = αTw + (1− α)Tg,

α = βp
1+βp

,

β = Amλ
RuTw

exp( De

RuTw
),

5 Le et al. [74]
Langmuir

L-M
us = ( 1

1−α
)λ∂ux

∂n
,

-Maxwell T0 − Tw = ( 1
1−α

) 2γ
(γ+1)Pr

λ∂T
∂n

Table 2.3: Various slip and jump models proposed

Bayt et al. [79] used first-order slip boundary conditions along with N-S equations and
compared experimental mass flow rates from micro Laval nozzles of throat dimensions 20-
30 µm. Deviations were around 7% for throat Re of 500. Moríñigo and Hermida-Quesada
[80] suggested that local Kn could vary from nozzle throat to the lip and be based on the
local Knudsen layer and local nozzle diameter. This definition would bring Kn within mod-
erate ranges ( Kn ∼ 0.3-0.4) in most of the nozzle cross-section and argued that an N-S
solver along with a second-order slip model could be implemented for the numerical sim-
ulation of micro-devices. They implemented second order Knudsen layer slip model ([81])
along with N-S equations and found that the model predictions were in good agreement
with DSMC solutions of Alexeenko et al. [82], [83]. The thrust and specific impulse vari-
ation were within 6% and 9%, respectively. Mass flow predictions by Hao et al. [34] from
NS simulations for a 20µm throat nozzle were in good agreement with the experimental
results. Nagai et al. [36] used the N-S equation along with q-w two-equation turbulence
model ([84]) and no-slip boundary conditions to simulate flow through micro nozzles of
ht= 250 µm for chamber pressure varying from 7 kPa to 100 kPa. There was reasonable
agreement between computational results and experimental data at higher chamber pres-
sures but differed greatly at lower chamber pressure. 2D simulations could not predict the
M distributions within the reasonable limit in all cases. Louisos and Hitt [85] pointed out
that 2D simulations overpredicted efficiency and performance as they did not account for
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subsonic layer growth near the side walls and corner effects. They numerically analyzed
mono-propellant-based micronozzles for various depths (25-400 µm) and throat Re (15-
800) using a continuum model with no slip and first-order slip conditions. The authors
argued that there was a lack of literature data for the mono-propellant nozzles as the com-
parisons with DSMC/experimental data [65] were not encouraging. N-S equation along
with first order Maxwell velocity slip model was used by Yan et al. [86] to study the effect
of a rough surface in a micronozzle having an exit Kn in the range of 0.0037-0.037. Singh
and Kumar [87] employed a similar computational strategy to investigate the geometrical
effects, area ratio, and divergence angle.

The above studies demonstrate that slip boundary conditions can extend the N-S ap-
proach’s applicability for higher Kn. Linear slip models seem to be a good approxima-
tion over the range of 10−3 < Kn < 10−1. Higher-order slip models could match up
to Kn≈1. Second-order conditions corrected with diffusive reflections at the wall and the
inter-particle diffusion have been proposed recently [88] to extend the applicability of N-S
for the region Kn ≥1.

2.3.2 DSMC Method

Direct simulation Monte Carlo (DSMC) proposed by Bird [52] describes the discrete na-
ture of the gas through the statistical approach of the Boltzmann equation. This is de-
scribed as a particle method in which uncoupling the particles and their collisions are used
to model gas physics. The process reproduces the governing Boltzmann equation through
Lagrangian tracking and binary collision among a group of particles that represents atoms
or molecules. The method involves breaking the computational domain into grid cells and
independently simulating the collisions of the particles in each cell. Generally, the cell size
should be smaller than the characteristic length scales to avoid non-physical diffusion ef-
fects. The cell size required for DSMC will be comparable to the mean free path near and
upstream of the nozzle throat where high-density flow exists. The time step selected should
be less than the mean collision time to allow the decoupling of the collision and advection
process. In addition, there is an increase in the collision frequency of particles in each time
step. One of the major drawbacks cited for the DSMC method is its high computational
cost due to the reasons cited above. In the very first paper of Bird [89], 500 particles were
simulated for 30,000 collisions per hour. Currently, more than 1010 collision events per
hour calculation is possible [90], and therefore DSMC is being preferred by many for the
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simulation of complex flows. The various steps involved are (i) setting up initial condi-
tions, (ii)indexing and moving the particles, (iii) allowing the collision of particles based
on selected collision models, and (iv) calculating the thermodynamic properties of the cells
based on particles present within the cells. Chung et al. [91] showed that results from
DSMC simulations were highly influenced by the choice of collision models, gas/surface
interaction model, the energy exchange model, dependence of viscosity with temperature,
etc. Therefore the proper selection of these methods based on the propellant and surface
materials is a very important step for deriving accurate results.

In the DSMC method, two separate stages: free molecular motion and intermolecular
collision, have to be modeled in every grid cell and time step. Collision schemes proposed
in literature originate from the Boltzmann equations or the Kac stochastic model. The
former uses the principles from the classic kinetic theory, while the latter is derived from
the Kac model using mathematical operations. Initially "Time Counter" collision scheme
was proposed by Bird [92], which considered the maximum number of collisions per time
step. This method requires at least 20-30 particles per cell to obtain good results. The
other improved schemes proposed in the literature in this category are "Null-Collision"
[93], "Ballot-Box" [94], "Modified-Nanbu" [95], "Majorant Collision Frequency" [96],
"No Time Counter (NTC)"[5][52] etc. All these methods are based on the Boltzmann
equation and check the number of particle pairs for a collision based on the estimate of
the maximum collision frequency in cells. Actual collisions will then be determined based
on an acceptance-rejection criterion. As this method is subjected to errors such as statis-
tical noise, repeated collisions, and dependence on the number of particles per cell, Be-
lotserkovskii and Yanitskii [97] and Yanitskiy [94] proposed schemes which considered
a collision probability function. Bernoulli-Trials collision scheme (BT)[93] and a simpli-
fied variant of the Bernoulli Trials scheme(SBT) [98] were then introduced to avoid the
repeated collisions. Out of these methods, the SBT scheme offers higher computational ef-
ficiency [99]. Other methods introduced are the virtual sub-cell (VSC) method by LeBeau
et al. [100], and Bird [101], the transient adaptive sub-cell (TAS) scheme. VSC scheme
performs O(N2) operations to find the nearest neighbor of N simulators for collision. In
the TAS scheme, collision cells are subdivided into sub-cells from which collision pairs are
selected. An intelligent SBT (ISBT) variant was introduced by Goshayeshi et al. [102] in
which a collision scheme was provided with a semi-cognition of distance. A detailed sum-
mary of various collision models proposed for the DSMC methods was described by Roohi
and Stefanov [99]. SBT and NTC schemes for the micro and nano nozzle flow were com-
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pared by Saadati and Roohi [103]. Both schemes showed good agreement, though NTC
required five times the number of particles per cell compared to SBT to obtain accurate
values of all flow properties. Table 2.4 summarises the various collision models used and
the major observations.

The intermolecular interactions are fundamental to the DSMC method, so the selec-
tion of the gas collision model is crucial to predict the phenomenon. Inelastic and elastic
collision models such as variable hard sphere (VHS, Larsen–Borgnakke (LB) collision
models, etc., are used. Initial DSMC simulations on micronozzle flow used collision mod-
els such as the variable hard sphere (VHS) model ( [91]; [104]; [105], [65]) or variable
soft sphere (VSS) model ( [106]; [107]; [39]) in which only the repulsive interaction be-
tween the molecules was considered. The gas temperature in micronozzle simulations may
not be very high; therefore, attractive forces between molecules may exist. A generalized
soft sphere (GSS) model in which attractive forces were considered was used by Wang
and Li [108] in their micronozzle simulations for moderate and low temperatures. The
energy exchange between the translational and internal modes was implemented through
the Borgnakke-Larsen (BL) [109] model. Chung et al. [91] also implemented the BL
model along with the energy exchange probability of Boyd for the calculation of rotational
energy exchange. The interaction between gas molecules and the nozzle wall is handled us-
ing the accommodation coefficient. The specular reflection at the wall corresponds to full
slip condition and no accommodation, whereas diffuse reflection corresponds to no slip
and complete accommodation. In general, accommodation coefficients depend on Knud-
sen number, gas temperature, gas-wall combination, the incident angle and velocity of gas
molecules, and surface temperature. As a result, micronozzle flow may occur with an in-
complete accommodation coefficient. ([110], [111], [112]). The diffuse model and the
Maxwell model of reflection have been used for modeling gas-surface interactions in mi-
cronozzles. Maxwell’s model does not consider accommodation in the normal direction but
accounts for the tangential momentum accommodation coefficient (TMAC). Cercignani-
Lampis-Lord (CLL) model considers both the normal energy accommodation coefficient
(NEAC) and TMAC. Various gas-surface interaction models, including different levels of
accommodation, were implemented by Boyd et al. [113]. The diffuse reflection predictions
were closer to the experimental data. Specular reflection, adiabatic wall, diffuse reflection
with various thermal accommodations, and a combination of all three models were imple-
mented by Chung et al. [91]. Alexeenko et al. [106] used the Maxwell model with different
TMAC values and found that specific impulse varied by 18% for TMAC change of 0 to 1
for high-temperature nozzles.
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Low-temperature nozzle sensitivity was even higher for TMAC values less than 0.5.
CLL molecule surface reflection model was implemented by Yang [114] for high-temperature
gas flows in micronozzles. Watvisave et al. [115] varied the tangential and normal accom-
modation coefficient from 0.1 to 0.9 in steps of 0.2. The results showed that the exit plane
M was more influenced by variation of TMAC compared to NEAC, whereas the wall tem-
perature was more affected by NEAC. Considerable velocity slip was observed for both in-
complete and complete accommodation. Gomez and Grroll [39] implemented the Maxwell
model and the specular reflection model for flows with various gases such as xenon, argon,
krypton, and neon. The Maxwell model pressure predictions were closer (≈ 8%) com-
pared to the higher deviations (varied from 23% to 41%) observed with the specular model
with respect to the experimental data. The lack of momentum transport between particles
and nozzle walls in the specular model created a lower pressure drop across the nozzle.
Maxwell model predictions were in excellent agreement, especially at low mass flow rates.

Studies by Boyd et al. [42] have shown that the DSMC technique offers better results
under rarefied conditions. However, the method is subjected to limitations owing to the
simulation of the interaction of molecules. Boyd et al. [42] observed that the specific im-
pulse predicted is within ±5% of the experimental data for pure hydrogen, pure nitrogen,
and their mixtures. The comparisons were for a conical nozzle of rt= 0.66 mm and gave
confidence in using the DSMC method for the study of small nozzles. Alexeenkov et al.
[116] used the solution of N-S equations and the DSMC method to study the flow from a
micronozzle of rt= 0.2 mm. The solution from both methods agreed well inside the noz-
zle region and at the core flow region of the exit jet. It is observed that at the nozzle lip,
due to high flow rarefaction and rapid expansion, the continuum method failed to capture
the flow features. Similar studies were conducted by Titov and Levin [117] and showed
that the DSMC method was possible though computationally expensive. Shen et al. [118]
observed that regulation of boundary conditions at inlet and outlet and large sample size de-
mand limit the uses of the DSMC method in the simulation of long microchannels. DSMC
with unstructured grids were used by Darbandi and Roohi [119] to simulate a wide variety
of rarefaction regimes corresponding to micro (ht=15 µm)and nano (ht=40 nm) CD noz-
zles. They suggested that establishing supersonic flow in nano nozzles was impossible as
Kn at the inlet was high. Since the viscous forces dominated, kinetic energy dissipation
was high, and the flow could neither be choked at the nozzle throat nor accelerated in the
divergent section.
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Table 2.4: Various collision models and their outcome

Sl no Author Collision Model Findings

1 Bird [92] Time counter (TC)
Accurately predicted the results but requires at least 20-30 or more
particles per cell.

2
Bird
and Brady [52]

No Time Counter
(NTC)

NTC scheme is an efficient method for modeling intermolecular
collision if a sufficient number of particles in the cell are employed.

3 Koura [93]
Null Collision
(NC)

The computation time of NC is comparable to TC and it overcomes
the principle fault in TC and difficulties in collision frequency
(CF) technique.

4 Nanbu [95]
Modified Nanbu
Technique

The results indicate that if the number of simulated molecules is
chosen properly, this technique will produce the exact solution
of Boltzmann equation.

5 Ivanov [96]
Majorant Collision
Frequency

Accurately predicted the results.

6 Yanitskiy [94] Ballot-Box The scheme cannot prevent repeated collisions within a timestep.

7 LeBeau et. al.[100] virtual sub-cells
Virtual sub-cells appear to provide significant benefits that could be
leveraged to reduce the computational burden.

8 Stefanov [98]
Simplified Bernoulli
Trials (SBT)

Accurate results has been obtained with small number of particle
per cell compared to NTC algorithm.

9
Saadati and
Roohi [99]

SBT and NTC
Both schemes showed good agreement though NTC required
five times the number of particles per cell compared to SBT
to obtain accurate values of all flow properties.
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10 Chung et. al. [91]
No Time Counter
(NTC)

Proper choice of the simulation parameters is important for
accurate result.

11
Goshayeshi
et. al. [102]

Intelligent SBT on
transient adaptive
subcells (ISBT-TAS)

ISBT-TAS is found to be producing accurate results similar to
SBT-TAS with the least possible sample size and
also can reduce the mean collision separation by 25-32%.
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Lijo et al. [120] used continuum and DSMC methods to compare flow through normal
and micronozzles, respectively. For the normal nozzle, a scale-up version (1000 times) of
the micronozzle was considered. The variable hard sphere model, Bird’s no-time counter
method, and the inelastic collision model of Borgnakke and Larsen were used to model
the molecular collision kinetics, collision pair selection, and the energy exchange between
translational and internal modes, respectively. Holman and Osborn ([121], and [122]) mea-
sured thrust developed by various micronozzle geometries in the Re range of 60-800 and
compared the DSMC-based hypersonic aerothermodynamics particle (HAP) code [123].
The various physical models implemented in the code were the no-time-counter(NTC)
scheme of Bird for collision-pair selection, the variable-hard-sphere (VHS) model, the
Maxwell model for gas-surface interaction, and the harmonic oscillator model for dis-
cretized vibrational energy distributions in a vibrationally excited diatomic gas. Rotational-
translational and vibrational-translational energy exchange was modeled using the Larsen-
Borgnakke scheme. The NFS scheme of Ivanov and the scheme of Baganoff and McDonald
[124] had also been implemented as an alternative to the NTC collision model. Overall,
simulations were able to predict the thrust within the experimental uncertainty. Sabouri
and Darbandi [9] studied the rarefied flow of Ar-He mixture through a CD micronozzle in
the range of Kn=0.003-1.454 for the inlet. DSMC method was employed along with VSS
molecular model and fully diffuse wall boundary condition. Reliable predictions for the
mass flow rates vs pressure difference were obtained from the DSMC solver in comparison
with the experimental data. VHS particle collision model, NTC collision technique, gas
surfaces interaction models such as the CLL model and the Maxwell model with 600000
collision cells were used by Giovannini and Abhari [5] to simulate 2D aerospike nozzles.
The parameters of the CLL model, such as accommodation coefficient αn for the normal
kinetic energy and the accommodation coefficient for the tangential momentum σt, were
varied for comparing the computational and experimental results. The results showed that
simulations with σt = 0.875 and αn =1 were very close to the experimental results with
the deviation in maximum horizontal velocity within 2% and thickness of kinetic boundary
layer within 5%. Suggested σt value (0.9) was very similar to the observations by Padilla
and Boyd [125]. Table 2.5 summarises the important studies on micronozzle flow with the
DSMC method and their key findings.

It is now very well established that the DSMC approach is accurate enough for various
micronozzle simulations. However, it suffers from the high computational cost, especially
at low M and Kn number conditions. The massive computational cost is due to the stiffness
of the collision operator in the near hydrodynamic regimes. As many particles have similar
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Table 2.5: Various Methodologies adopted and their outcome

Sl
No

Author
Collision
Model

Collision
Algorithm

Species Findings

1 Boyd et.al. [113] VHS
Not
mentioned
in the paper

Nitrogen
DSMC method accurately predicted the flow
characteristics of low density expanding
flows

2 Alexeenkov et al.[116] VSS
Majorant
frequency
collision

Nitrogen

The flow was found to be weakly dependent
on accommodation coefficient in the range
0.8 to 1 but changes significantly when
is less than 0.5.

3
Darbandi and
Roohi [119]

VHS NTC Nitrogen

The results from the unstructured DSMC
solver indicates that it is impossible
to establish supersonic flow in nano nozzles
as soon as the inlet Knudsen number exceeds
a high value due to strong viscous force
appearance.

4 Lijo et.al.[120] VHS NTC Nitrogen

At the microscale, boundary-layer separation
phenomena have been found to be less
pronounced and the shock detection
parameter gave an indication that the
DSMC shock is much thicker
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5
Holman and
Osborn [121]

VHS NTC Nitrogen
The DSMC code HAP
(hypersonic aerothermodynamics particle)
predicted the thrust well.

6
Sabouri and
Darbandi[9]

VSS NTC
Argon and
Helium

DSMC method can be used to study the
species separation in a micronozzle.

7
Giovannini and
Abhari [5]

VHS NTC Argon

The results show that the flow can be affected
by the shape of the surface, but the surface
topography does not influence the growth
of the kinetic boundary layer.

8 Virgile et. al. [126] VHS NTC Nitrogen

The hybrid methodology shows good agreement
with micro-thruster available data and its
optimization allows a significant computational
cost decrease.
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properties, statistical accuracy can be maintained using fewer particles at a lower com-
putational cost. The method can directly treat molecular mass, heat, and momentum trans-
port through molecular motion and collision, avoiding explicit modeling. Therefore this is
well suited for non-equilibrium problems also. With the prospect of increased HPC capa-
bilities and quantum computing, DSMC is a feasible and reliable approach for micronozzle
simulations.

2.3.3 Navier-Stokes DSMC Comparisons

In micronozzles, the nature of the flow depends on the Kn and is used to determine the
appropriate method: statistical or continuum mechanics for simulation. Various Kn defini-
tions describe the validity of the continuum model for micronozzle flow: average Kn, throat
Kn, and local Kn, though the throat Kn is preferred mostly. However, it is observed that
the continuum model can be applied to a wider Kn range when integrated quantities such
as mass flow rate or thrust are the main focus of the study, rather than field properties such
as velocity/M contours. The general understanding is (i) for Kn <10−3, flow can be con-
sidered as a continuum and can be accurately modeled by N-S equations [127], and (ii) for
10−3< kn <0.1 (slip) and 0.1 < Kn < 10 (transition), the validity of N-S equations is not
guaranteed [9]. Since DSMC is valid for all Kn regimes [127], the comparison of results
from both continuum-based N-S and DSMC simulations for micronozzle flows is available.
Alexeenko et al. [82] compared micronozzle flow with throat Kn on 0.005 and Re of 200.
Differences were observed at the nozzle lip, but thrust output was in good agreement. Liu
et al. [128] used both the continuum method with slip boundary conditions and the DSMC
method to simulate a 2D CD micronozzle of 30 µm throat width. The continuum method
predicted the boundary layer inside the nozzle well, though DSMC was preferred for the
nozzle exit flow near the tip region. Clear deviations between the model predictions started
at a Kn of around 0.045. Xie [13] simulated the flow from the micronozzle of ht= 0.2
mm using DSMC and N-S equations with slip boundary conditions. DSMC predicted well
with the near-sonic flows, whereas the continuum approach failed even when Kn is lower
than 0.01. La Torre et al. [129] compared both methods at throat Kn of 0.008-0.125. N-S
results over-predicted the exit pressure and under-predicted the exit velocity, due to which
the thrust predictions were within a 3% match. Hao et al.’s [34] slip-based N-S model pre-
dictions were compared by Lijo et al. [120] with the DSMC simulations and observed that
the DSMC method produced better results. Gomez and Groll [39] compared experimental
results, DSMC, and no-slip continuum-based simulations for various Re (8-256) and Kn
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(0.33-0.02) for a Laval nozzle of dt=0.9 mm. N-S results were closer to the experimental
data for Kn < 0.05, whereas DSMC described the results more accurately in the range of
Kn > 0.1. Rafi et al. [130] used non-linear implicit schemes based on finite volume N-S
solver and DSMC with NTC collision sampling and VHS model to simulate 2D micronoz-
zles. Good agreement between the numerical and experimental results of Boyd et al. [113]
and Rothe [18] was noticed. The effect of divergence angle, nozzle wall temperature, and
interaction of plumes were studied. Navier Stokes with a first-order Maxwell slip model
and DSMC was employed by De Giorgi et al. [131] to study water and nitrogen flow inside
planar configuration of 150 and 120 µm. Preconditioned Conjugate Gradient/Diagonal In-
complete Cholesky scheme was used for solving the governing equations. N-S was used
for simulating high-pressure supersonic expansion and DSMC for low-pressure/transitional
regimes. No direct comparison between the two approaches was not made. Chocking of
the flow was observed due to rapid expansion near the exit. High rarefaction resulted in the
loss of specific impulse of about 31.5% and 29% for water and nitrogen.

For micronozzle simulations, the high-density variations downstream of the throat will
produce a rarefaction effect, mainly in the divergent portion of the nozzle. Therefore
DSMC simulation is preferred in the portion of the domain where Kn is high. The Hy-
brid NS-DSMC solution technique involves identifying a coupling interface and transfer
of macroscopic properties of the NS simulation to the particles of the DSMC simulation
by a Dirichlet-type boundary condition. The coupling interface is based on the continuum
breakdown concept. As seen from the above studies, this approach is followed by many.

2.3.4 Other kinetic approaches

Though the DSMC method produced very accurate results for highly rarefied flows [113],
other methods based on kinetic approaches are also developed due to the high compu-
tational cost of the DSMC method. One of the approaches followed is to consider the
deterministic solution of model kinetic equations. In this method, a relaxation-type term
replaces the collision integral of the Boltzmann equation. Model kinetic equations con-
sidered are Bhatnagar–Gross–Krook (BGK) model,[132] ellipsoidal statistical BGK (ES-
BGK) model,[133] Shakhov model,[134] etc. Burt and Boyd [135] used the ESBGK model
extending the methods described by [136]. The proposed method incorporated momentum
and energy balance of monatomic and diatomic gas mixture while allowing the effects of
rotational nonequilibrium. Results were compared with the experimental results of Rothe
[18], and NS and DSMC simulations by Chung et al. [91]. The method produced simi-
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lar results to N-S and DSMC simulations in the appropriate Kn ranges. It was noted that
though the intermolecular collision calculations were neglected at transitional flow regimes,
the ESBGK model showed good agreement with the computationally expensive DSMC
method. BGK and ESBGK models were used by Kumar et al. [137] to simulate moder-
ate and high Re nozzle flows. A finite volume scheme developed by Mieussens [138] was
used in this study. It was observed that this method was more accurate than N-S solvers
in the rarefied regime and more efficient than DSMC in the continuum regime. ESBGK
model and DSMC were used by Shershnev and Kudryavtsev [139] to study the exit plume
from a plane 2D micronozzle of ht= 200µm. The kinetic equation was solved using the
discrete ordinate method, the composite Simpson rule, the fifth-order WENO scheme, and
the second-order Runge–Kutta TVD scheme for discretization of the space, evaluation of
integrals, approximation of the convective terms, and time integration, respectively [140].
Good agreement was seen between the two approaches near the exit, though discrepancies
started appearing farther downstream.

For transitional flow regimes, incorporating additional linear and non-linear stress and
heat transfer terms can extend the continuum-based equations’ validity range of the continuum-
based equations [60]. These are known as Burnett equations and are the Chapman-Enskog
expansion of the Boltzmann equations along with Kn [141]. Conventional Burnett equa-
tions augmented Burnett equations, and BGK-Burnett equations are the various forms
available in literature [142]. San et al. [143] used an augmented Burnett equation for
the numerical simulation of micro CD nozzles, and the results were compared with N-S
and DSMC predictions. Third-order terms were added to the Burnett equation to obtain
stable and second-order accurate solutions. The wall surface flow behavior is modeled
using the first-order Maxwell-Smoluchowski slip boundary condition. Burnett and N-S
solvers showed similar results in the continuum regime, and the difference between N-S
and Burnett solutions increased with a reduction in throat size. Though the Burnett equa-
tion can extend the range of continuum-transition regime modeling, it suffers from major
drawbacks. It exhibited numerical instabilities at high Kn [144] and violation of the second
law of thermodynamics [145].

2.3.5 Hybrid particle approach

The combined CFD-DSMC hybrid approach may suffer from difficulties in information
exchange at the interface as they are fundamentally distinct methods. Therefore, recent
efforts have been made to develop particle-particle strategies. Particle-based continuum
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models are suggested as an alternative method to overcome (i) the high computational
cost occurring during DSMC simulations and (ii) the problems faced at the boundaries
between DSMC and CFD when a coupled solver is used. Various particle-based meth-
ods such as Bhatnagar-Gross-Krook, (BGK), Fokker-Planck (FP), ellipsoidal statistical
Bhatnagar-Gross-Krook (ESBGK), Fokker-Planck (ESFP) methods and the Low Diffu-
sion (LD) method have been suggested recently as an alternative to Navier-Stokes based
CFD. Pfeiffer et al. [146] used coupling of DSMC with three different particle models,
such as ESBGK, ESFP, and the LD methods, to simulate the nozzle flow of throat diame-
ter of 5 mm [18]. DSMC and the coupled ESBGK/ESFP produced good agreements near
the nozzle throat and the downstream rotational temperature profiles. These schemes had
a speed-up of four orders of magnitude compared to regular DSMC simulation. Fei and
Jenny [147] used a second-order stochastic particle BGK (USPBGK) method along with
DSMC to analyze argon gas plume flows out of a planar micronozzle of throat width of 200
µ m. Both methods use identical computational particles, and an equilibrium-breakdown
criterion is used to switch between the two methods. The criterion is based on Kn and
is easy to calculate with particle methods. The technique resulted in more accurate re-
sults in the continuum regime than the traditional BGK-DSMC hybrid method and reduced
the computational cost. Pfeiffer [148] implemented a modified ESBGK model incorpo-
rating algorithms to introduce variable particle weightage at regions such as dense and
low statistical samples. In this method, binary particle collisions are not calculated com-
pared to DSMC; therefore, implementing various particle weightage in cells will not violate
momentum and energy conservation. CD rectangular micronozzle having a nozzle cross-
section of 10× 4 µm was simulated for different pressure ratios. Comparison with DSMC
simulation in the expansion region for higher densities showed that modified ESBGK has
a significant advantage in terms of computational cost. The current literature on the hybrid
particle approach seems promising and offers efficient simulations of multi-scale flows.

2.4 Effect of parameters

Micronozzles are characterized by lower thrust (1 µN-1 mN) and impulse, low-pressure
operation, and smaller throat dimensions compared to conventional nozzles. The charac-
teristic length being considered for this device is the throat dimension and the Re is defined
as

Re = ṁL/µA (2.1)
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Sl No. Parameter Effects
1 Surface roughness Performance reduction: 1% roughness amplitude

(based on ) can cause a performance reduction of
up to 10%. Significant increase in outlet
turbulence intensity

2 Re < 1000, Augmentation of wall boundary
layer (BL),at 1 mN thrust level, loss is ≈1%;
30% outlet area covered by BL

3 Half divergence angle Smaller area ratio and higher expansion angle
preferred

4 Wall heat transfer Reduction of the boundary layer and increased
nozzle performance

5 Multi phase plume Significant performance loss even for a small
presence of droplets

6 Shape Linear nozzle is preferred

Table 2.6: Summary of the effect of various parameters on micronozzle performance

where L is a characteristic length scale (e.g., the nozzle throat diameter). Re may be lower
by many orders of magnitude ( Re∼ 101-103) whereas surface-to-volume ratios be larger by
many orders. This brings an extraordinary supersonic flow regime in the presence of strong
viscous forces. This operational scenario leads to lower nozzle efficiency due to higher
viscous losses in the subsonic layers near the wall. In addition, other effects, such as flow
rarefaction and heat transfer, may also be present. The rarefaction effects introduce non-
continuum (gas kinetic) effects. The significant viscous losses downstream of the nozzle
throat and subsequent M decrease, temperature increase, etc., modifies the heat balance
near the wall. This can create a large variation in fluid properties and Kn inside the nozzle
both in streamwise and crosswise directions starting from the throat to the lip and outside.
Rarefaction effects may be small near the throat. Still, as the gas suffers strong expansion,
there can be moderate or high rarefied regimes at downstream locations based on various
parameters such as surface roughness, size, expansion ratios, inlet conditions, etc. All
these effects will cause significant performance degradations, which can not be predicted
through traditional nozzle analysis. The major parameters identified are described below.
The effects of these parameters are summarised in Table 2.6.

2.4.1 Micro-Nozzle geometry

An idealized nozzle profile provides the area required for the supersonic flow expansion
and aligns the flow axially at the exit. In traditional designs, a bell-shaped contour accom-
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plishes this and establishes isentropic flow conditions. The theoretical profile is obtained
based on inviscid flow theory and, therefore, can’t be helpful for the micronozzle flow with
strong boundary layers. At the microscale, contoured nozzle fabrication is also difficult.
Initial micronozzle research focused on converging-diverging nozzles (or a de Laval noz-
zle). This is characterized by a divergence angle θd for the supersonic section. Most of
the studies on micronozzles are with 2D/3D conical nozzles with varying divergent sec-
tions in terms of divergence angle and length. Other shapes are aerospike designs, bell
nozzles, trumpet [2], [3], and plug nozzles. Zilic et al. [4] proposed an aerospike design
that could handle a wide range of ambient back pressures. A truncated spike is usually
preferred in micronozzles, as most of the thrust generated is over the first quarter of the
spike. This initiated the plug (truncated spike) nozzle designs. 2D linear aerospikes with
different geometries and surface roughness having a throat height of 0.25 mm were studied
by Giovannini and Abhari [5]. The thrust observed was 35% lower than that obtained by
ideal calculations; however, corrections in geometry could increase it by 20%. The spike
design is usually based on the method of Angelino [6] or standard shapes such as linear,
parabolic, etc.

Choudhuri et al. [44] analyzed the performance of 2D micronozzles of 380 µm throat
width and an expansion ratio of 25 having a conical, bell, and trumpet-shaped divergent
sections. Conical nozzle with 15◦ half-divergence angle produced the highest thrust and
specific impulse under various operating conditions. The study showed that the low di-
vergence angle is preferred in micronozzles to create flow attachments toward the wall.
The flow could not follow the highly divergent bell-shaped wall profile at higher chamber
pressure, creating a significant drop in performance. The study also revealed the presence
of asymmetric flow separation in the divergent section for all nozzles. Louisos and Hitt
[149] numerically examined different bell expander configurations’ thrust production and
efficiency for various throat depths (25-200 µm). It was observed that the flow alignment
of the bell configuration is shadowed by the increased viscous losses present. In the 3-D
designs, viscous effects were more pronounced, and the subsonic layer growth around the
surface was sufficiently higher. This caused severe degradation in the thrust and specific
impulse efficiency.

Most of the studies related to micronozzle shapes are concentrated on micro thruster
applications, and conical shapes are the preferred configuration. The priority of propulsion
applications is to obtain a highly uniform flow and the highest thruster performance. Using
a micronozzle for gas mixture separation demands a highly nonuniform distribution of the
species in the flowing mixture.
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2.4.1.1 Size, shape, and expansion ratio effects

Several studies on the effect of small changes in shape and geometrical parameres of mi-
cronozzles are available. Murch et al. [20] noted that for CD nozzles, the highest per-
formance was for the 20◦ expander cone nozzles at a Re of 600-3000. Kim et al. [150]
numerically analyzed conical nozzles of dt =300µm having various expansion angles (0-
50◦) and nozzle length (600-4600 µm) to optimize the expansion angle for a given length.
Simulations were done using compressible Navier-Stokes equations and Renormalization
Group (RNG) k-ϵ turbulence model. An optimum half angle of around 25◦ and 30◦ was
noticed for 2D axisymmetric and planar nozzles, respectively. Kim et al. [151] further
investigated the effect of asymmetry on thrust by rotating the top and bottom surfaces of
a 2D planar conical nozzle without changing the expansion angle. The sonic plane moved
downstream without rotation but without any changes in thrust. La Torre [152] found that
the performance of micronozzles with sharper throat and larger half angle was highest. He
suggested that the divergent half angle for micronozzles should be higher than 15◦, typ-
ically the optimized angle for large-scale nozzles. The effect of surface area to volume
ratio on nozzle performance was also noticed by Rafi et al. [130]. Williams and Osborn
[153] observed that micronozzles with smaller area ratios and larger half angles were more
efficient. The area ratio needs to be optimally selected as it affects the isentropic expansion
as well as the viscous losses. With a higher nozzle half-angle, the length of the nozzle can
be reduced for a given area ratio, which reduces the boundary layer growth. Sokolov and
Chernyshov [154] investigated various expander designs of CD de Laval nozzles and com-
pared their performance. The various designs considered are conical nozzles with different
expander angles and lengths, conical with cylindrical inserting, bottom with orifice, and
cylindrical nozzles. The thrust produced by the conical nozzles was found to be the highest
at Re ≈ 1000. recirculation regions were developed inside cylindrical devices, which re-
sulted in substantially lower thrust. Orifice configuration produced the lowest thrust at all
flow conditions. Pearl [155] suggested that plug nozzles have reduced surface area com-
pared to CD designs and could potentially improve performance at the microscale. Zilic
et al. [4] observed substantial subsonic layers on the spike surfaces at low Re, which de-
graded the performance. Pearl [155] used shortened plugs with three different designs to
examine the advantage of microscale plug designs. Numerical simulations were conducted
for Re=80-640 using 2D N-S equations. Better performance for plug designs was noticed
only during under-expanded conditions.

Ketsdever et al. [65] studied the effect of nozzle length and expansion angle. They
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studied the variation of Is as a function of axial distance from the throat and observed that
shortening the nozzle resulted in higher axial velocities and a marginal increase in Is. The
half angle of the divergent section was varied from 20◦ to 40◦ for Re=60, and noticed that
every 5◦ increase in angle resulted around 2% increase in Is. Louisos and Hitt [85] var-
ied the half angles from 15 to 45◦ for several nozzle depths. The expander angles showed
an influence on performance only for nozzles <400 µm depth. For nozzles with depth
<100 µm depth, 45 expanders exhibited the highest thrust as the increased expander an-
gle aided in the viscus loss mitigation. Size and expansion ratio effects of micronozzles
of wt = 2 µm and 100 µm had been numerically investigated by San et al.[143]. Results
obtained from N-S, DSMC, and augmented Burnett equation were compared for various
expansion ratios 1.7:1, 3.4:1, and 6.8:1. The effect of different surface curvatures and sur-
face discontinuities on the divergent section of a micronozzle of rectangular cross-section
is investigated by Sebastião and Santos [156] using the DSMC method. Different shapes
for the divergent section were obtained by changing the surface slope and curvature at the
inflection point. Results showed that curvature of the divergent section had little effect
on the aero-thermodynamic characteristics, though the discontinuities strongly affected the
flow structure. However, there was no variation in specific impulse observed for all inves-
tigated cases. The changes were due to friction and heat transfer, mainly caused by the
boundary layer growth and internal surface area variation associated with various curva-
tures [157]. Croteauv[158] studied various conical nozzle geometries for a range of half
angles (θd=15◦-60◦)and area ratios (ϵ =5-100). The nozzle had a throat diameter of 1.5
mm. Half angles of 30◦ and an area ratio of 10 produced the highest thrust levels. Banuti
et al. [159] tested a parabolic micronozzle having ht = 90 µm using the monopropellant
hydrazine. The length of the divergent section was found to be a critical design parameter,
whereas the expansion ratio was irrelevant. The truncated nozzle produced higher thrust
(≈ 20%)) and specific impulse (≈ 30%)) compared to the baseline configuration. Singh
and Kumar [87] observed the boundary layer growth and decreased allowable flow area,
mainly in the divergent part. The flow choking point shifted further downstream with a
reduction in area ratio and a decrease in the nozzle divergence angle.

It is seen that the micronozzle performance is very sensitive to geometrical factors
such as divergence angle, length, and shape. The primary issue is the build-up of the
thick boundary layer, calling for an optimization involving the operating conditions, nozzle
throat dimension, divergence angle, length of the divergence section, and expansion ratio.
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2.4.2 Surface roughness effects

Initial studies by Ngalande et al. [66] could not observe a significant effect of wall surface
effects for Re >100, though around 10% reduction in mass flow and thrust was noticed
when Re <100. They used a conical De Laval nozzle of 1 mm rt and triangular grooves
of base 100 µm perpendicular to the main flow direction for creating surface roughness.
Yan et al. [86] observed that the roughness of the divergent section could induce super-
sonic multi-waves, degrade performance, and fluctuation in flow parameters. Torre et al.
[160] noted that the number and strength of these shocks depended on the amplitude and
orientation of the roughness. These shocks created a reduction in overall velocity and total
pressure. The larger roughness amplitudes caused stronger shocks and more significant
pressure losses. A roughness amplitude of 1-2% of rt was found to lead to a performance
reduction of 18%. Cai et al. [161] attempted to relate the axial depth of cut associated with
micro milling, internal surface roughness, and exit velocity of nozzles with 1 mm dt. The
velocity loss was around 5% when the critical depth of cut was 16% of dt. Giovannini and
Abhari [5] used different techniques to manufacture aerospike nozzles to obtain various
surface roughness of the spike (milling with CNC machine to produce roughness average
of 0.49 mum; EDM for 0.023 mum; and RP for 14.157µm). The variation in velocity was
less than 2%, and kinetic boundary layer growth did not show any significant effect. Cai
et al. [162] noticed that at specific ranges of surface roughness, performance variation of
micronozzles is less significant compared to large-scale nozzles. For a nozzle of 1 mm
throat diameter, the outlet average turbulence intensity varied from 15% to 22.7% during a
relative roughness change of 0.12% to 3.84%, with a higher local variation near the wall.

It is clear that surface roughness affects the performance of the nozzles and the flow
structure. However, there are heterogeneous findings on the severity of the effects. There-
fore, the operating conditions of various studies are closely examined to address the con-
flicting results. The effect was severe while operating the micronozzle with higher pressure
differences [162]. In addition, outlet velocity and thrust efficiency decreased with the re-
duction of nozzle size. Thus, the deterioration of performance with roughness is closely
associated with the operating conditions and the decrease of the nozzle scale. The mi-
cronozzle performance is mainly affected by the flow features on the divergent section, as
the viscous flow effects are more significant in this region. In addition, the rarefaction ef-
fect also plays a vital role here. Therefore in convergent-divergent micronozzles, the role of
surface roughness at the divergent part is significant. In general, the height of the roughness

38



structure at the divergent section should be less than 1–2% of throat dimensions to mini-
mize the effect, i.e., a 50–100 µm throat dimension corresponds to the roughness height of
0.5–1 µm.

2.4.3 Reynolds Number influence

The substantial effect of viscosity on internal flow features has been noticed previously in
many studies. As the characteristic dimension decreases, Re is low, and a thicker boundary
layer forms on the divergent section of the nozzles. Grisnik et al. [2] evaluated the perfor-
mance of various micronozzles such as conical, bell, trumpet, and modified trumpet over a
Re range of 500 to 9000. A significant decrease in specific impulse was noted atRe <1000.
Similar trends were observed for the discharge coefficient with higher reduction for the bell
and modified trumpet shape. Experimental studies by Bayt [163] and Choudhary et al. [44]
established that for Re<1500, the specific impulse and nozzle efficiency decreased rapidly
as Re decreased. Fully viscous flows were noticed around a Re of 1000, which resulted in
a velocity decrease and augmentation of the wall boundary layer in the divergent section.
Reed [22] demonstrated that nozzle dimensions and, therefore, throat Re directly affect
thrust, impulse, and nozzle coefficient of discharge. Liu et al. [128] noticed an increase
in efficiency and coefficient of discharge with the increase of Re. The rarefaction effects
decreased with an increase in throat dimensions. Louisos and Hitt [85] studied the effect
of Re by varying nozzle throat depth. The higher performance at high Re was attributed
to the nozzle depth, and the relative magnitude of viscous losses scales inversely, and the
relationship was linear. Torre et al. [160] noted that the performance loss due to viscous
effects was high as 10% for micronozzles of 1 mN thrust level. They reported 30-50%
coverage of the outlet area by the boundary layer for 1 to 0.1 mN micronozzles. Gomez
and Groll [39] reported that the effect of the viscous boundary layer could be lowered by
reducing the diffuser length and increasing the Re.

2.4.4 Thermal effects

Typically, micronozzles are fabricated into conductive substrates linked to the other parts
of the spacecraft. Since firing time is less than 1 second in micro thruster applications,
the substrate is approximated as a thermal source/sink of constant temperature for analysis.
A lumped capacitance analysis by Kujawa et al. [164] suggested a temperature increase
of 5% within the substrate. Conjugate heat transfer simulations by Alexeenko et al. [83]
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showed that wall heat transfer greatly affected the flow field. Louisos investigated heat
transfer effects in 2D, and 3D micronozzles and Hittc [165]. The numerical investigations
indicated that heat transfer from the flow reduced the size of the boundary layer, caused
the reduction of viscous effects, and increased nozzle performance. Heat loss resulted in
lower wall temperature, decreased sonic velocity near the wall, and an increase in local M,
which acted as the driving force in the reduction of boundary layer size. Rayleigh flow
acceleration generated higher exit velocity and thrust. Williams and Osborn [153] noted
that the increase in gas temperature could increase the viscosity and, therefore, the losses.
However, as the flow changes from the continuum regime to the free molecular regime, an
increase in temperature could result in a specific impulse increase. Williams noted this and
Osborn [153] with nitrogen flow at 423 K and 523 K. Rafi et al. [130] analyzed the effect
of nozzle wall temperatures and noticed variation in slip velocities and thermal boundary
layer. The higher wall temperatures caused higher rarefaction and higher slip velocities.
Heat flux levels were highest near the throat and decreased towards the nozzle exit. The
studies above demonstrate that the micronozzle flow features and the associated perfor-
mance are sensitive to the thermal conditions of the nozzle wall. The effect of electrically
heated side walls on the performance of 2D micronozzles was numerically investigated
by Hameed et al. [166]. Heating the side wall was effective with divergent part heating
increased the thrust without significant pressure loss, while the convergent part heating re-
sulted in decreased mass flow rate.

In summary, increased wall temperature causes an increase in slip velocity and temper-
ature, near-wall rarefaction, and specific impulse.

2.4.5 Other effects

Greenfield et al. [167] noted that the incomplete chemical decomposition associated with
micro propulsion systems could create multiphase flow conditions inside the nozzle. A noz-
zle flow analysis with a stream of discrete phases consisting of liquid droplets showed that
the thrust reduction is significant. A drop of 19% was observed for a low volume fraction
of 0.1% of submicron liquid droplets. Therefore multiphase flow might be a notable feature
to be considered. This scenario is envisaged with the incomplete chemical decomposition
of the monopropellant or bipropellant micro propulsion system. The gas flow may contain
the dispersed phase of either solid particles or liquid droplets based on the fuel used. There
is a possibility of H2O condensation as the gas cools in the expander section. Therefore
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studies on specific fuels, their combustion characteristics, and the features associated with
the micro propulsion system are expected.

2.5 Major areas of application of C-D micronozzles ex-
panding to vacuum

The two major applications of convergent-divergent micronozzles expanding to vacuum
are satellite propulsion and aerodynamic gas separation. The micronozzle operates in both
cases under a rarefied (slip/transitional) flow regime. The increased use of micro/nano
satellites and CubeSats have propelled the first. In contrast, new applications such as
portable gas sensors, µ-pre concentrators, etc., have caused renewed interest in the sep-
aration process using micronozzles. Specific work carried out in these areas is described in
the following subsections.

2.5.1 Microsatellite applications

Propulsion systems enable the capabilities such as attitude maneuvers, including reaction
wheel desaturation, attitude control, or compensation of small perturbations; ability to
change the orbit, which allows station keeping or orbit transfers for formation flying or
removal of space debris. An example of a unique CubeSat application proposed recently
includes the concept of reconfigurable satellite constellations for obtaining timely and tar-
geted data for high-quality weather forecasting [12].

The various propulsion systems proposed for micro and nanosatellite applications us-
ing nozzles are shown in Fig. 2.3. Among multiple technologies proposed, the cold gas
propulsion system has the advantage of simplicity and reliability. A successful example
is the European PRISMA satellite, fed by liquid butane. Butane and ammonia have been
proposed in the case of liquid fuels as they reach the gaseous state on expansion. Solid
propellant systems are more compact, but a low degree of flexibility and efficiency are the
main drawbacks. Bipropellant hot gas thrusters are not preferred now due to the minia-
turization problems of the associated subsystems. Another proposed technology is a wa-
ter reservoir followed by electrolysis and combustion of resulting gases to produce thrust
[168]. These systems include a converging-diverging nozzle to accelerate the exit flow
and produce thrust. Micronozzle offers very fine control over the thrust requirement of
microsatellites and therefore became a focus in microsatellite research. During the space
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Figure 2.3: Propulsion systems proposed for micro and nanosatellites having micronozzles

operation, the flow may pass through all regimes of the continuum to free molecular flow
[13]. The plume from micronozzles employed for satellite attitude control or orbit transfer
maneuvers interact with the deep space environment and may cause adverse disturbances
in torque, thermal loads, and contamination. Therefore micronozzle exhaust flow behavior
in a vacuum space condition has been a topic of interest for space agencies. In a vacuum,
the gas molecules expand freely in all directions and cause continuum, transition, and free
molecular flow regimes, which led to the selection of the DSMC method as the natural
choice for numerical analysis. Shershnev and Kudryavtsev [169] analyzed plumes from
wedge-like micronozzles using an ellipsoidal statistical model and DSMC method. The
discrepancies between the two approaches were within 2% under varying flow conditions.
A typical, expected plume flow structure is shown in Fig. 2.4.

Lee et al. [170] numerically investigated a monopropellant thruster plume in a vacuum
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Figure 2.4: Plume flow regimes of thruster in vacuum

region using preconditioned N-S algorithm for the inside continuum region and DSMC
methods for the exit regions. Velocity streamlines without backflow, an undesirable Mach
disk far downstream of the nozzle exit, etc., contrary to the physics, were noted for the N-S
method. This was not observed for the DSMC method, which showed turning the boundary
layer at an angle greater than 90◦ creating a backflow region. Lee [171] studied the effect
of the collision of plume particles on solar panels close to a satellite’s monopropellant hy-
drazine thrusters. Severe plume impingement was noticed due to the panel’s large surface
area, resulting in a disturbance in force/torque and heat loads. Ivanov et al. [172] noted
that backflow mass flow rates are less than 1% of the total mass flow rate for the micronoz-
zles operating in a vacuum. They studied liquid fuel condensation and liquid film breakup
using a hybrid N-S/DSMC approach and observed negligible droplet backflow around the
nozzle lip. The low-density backflow was mainly caused by the intermolecular collisions
in the plume peripheral zone. The viscosity effects dominated the rarefied regime, causing
a decrease in M and an increase in temperature. Zhang et al. [173] studied the heat transfer
effects of plume impingement for a 120 N thruster operating in a vacuum. It was found
that the convective heat transfer is predominant within 35◦ cone angle and was similar to
solar heat flux decrease on Earth’s surface beyond a cone angle of 60◦. Grabe et al. [174]
discussed the difficulties of employing the DSMC method for predicting heat transfer by
plume impingement. Lee [175] used the global kinetic model for simulating the combus-
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tion process of a liquid propellant thruster and compared the plume behavior predicted by
the chemical equilibrium reaction model. Differences were noticed in the absolute velocity,
the spread of the plume, and species distributions and suggested that combustion model-
ing approaches could result in quite different behavior of the plume. A 10 N bipropellant
thruster plume impingement on a geostationary satellite was analyzed by Chae and Baek
[176] using the DSMC method. Uneven distribution of the plume gas composition was
noticed due to sudden expansion in the vacuum. The most critical contaminant was H2O,
though the influence of plume impingement on sensitive surfaces was insignificant. Plume
impingement of 10 N thruster and 400 N liquid apogee engines (LAE) of a geostationary
orbit (GEO) satellite was compared by Lee [170] using a combined approach of compu-
tational fluid dynamics (CFD) and parallelized DSMC method. The temperature rise of
the satellite platform and the solar panel adjacent to the LAE exit was noticed. The local
heat flux was more than 16 W/m2, but compared to the main plume flow, the backflow was
much smaller.

Plume interaction from hydrogen/oxygen thrusters having a shrunken bell-nozzle pro-
file was investigated by Wu et al. [177]. The separation distance was kept between 1 and
3 times the nozzle exit diameter, and the deflection angle varied from 0 to 20. Plume in-
teraction shock, which resulted in a 3D secondary jet, was observed when the separation
distance was less than two times the nozzle exit diameter. The secondary jet’s compression
was affected by separation distance and deflection angle. Grabe et al.[178] analyzed the
interaction of plumes separated by 50 to 150 throat diameters. Interaction shocks were
observed at the intersection plane, and the location of maximum mass flux along the inter-
section plane depended on the separation distance. An increase in backflow was predicted
in highly focused plumes. Unsteady simulations of plume expansion from three thruster
pulses at geostationary Earth orbit were carried out by Weaver and Boyd [179]. Time-
dependent neutral plume expansions were modeled using simplifying assumptions such as
free molecular flow and no charge exchange collisions. Steady-state operation of the plume
was achieved 1 km downstream for a pulse of 1.4 s, whereas it was 20 km for a pulse of
9.9 s.

It is observed that numerical studies on micronozzles for satellite application are dom-
inated by kinetic approaches, though few opted for a hybrid approach. The Hybrid NS-
DSMC solution technique involves identifying a coupling interface and transfer of macro-
scopic properties of the NS simulation to the particles of the DSMC simulation by a
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Dirichlet-type boundary condition based on local Kn. The primary objectives of such stud-
ies are (i) determination of the effect of backflow, (ii) fuel condensation and film breakup
for the case of liquid propellant thruster, (iii) convective heat flux on side panels, and (iv)
plume interaction in case of multiple thrusters. The studies show that the backflow ef-
fects, such as convective heat flux, fuel, and water contamination on side panels, may be
considered in the overall mission design. A mission-specific analysis might be required
as these effects mainly depend on thruster characteristics and configuration in multiple
thruster schemes. Studies involving measurements from actual missions are yet to be re-
ported.

2.5.2 Separation of gas mixtures

Aerodynamic mixture separation using expanding free jets from micronozzles was ini-
tially proposed by Reis and Fenn [180], Sherman [181] etc. Kogan [8] used a convergent-
divergent nozzle with two curved walls on the divergent part to study the separation effects
in a helium-argon mixture. Separation effects were increased with an increase in expansion
and a decrease in settling chamber pressure. Separation micronozzle usually has curved
walls resulting in curved streamlines and strong local pressure gradients. These devices
were initially proposed for the separation of isotopes and later extended to applications
such as chemical sensing devices [182]. It was observed that during the expansion of a
binary mixture through the nozzle, a high species concentration of the heavier component
is seen at the center of the jet. The enrichment is proportional to the pressure ratios across
the nozzle, the gas composition, and the nozzle geometry. The concentration measured by
a sampling tube increased from the nozzle exit to a maximum and then decreased to zero.
Reis and Fenn [180] suggested that the detached shock wave in front of the sampling device
played an important role in separation. Sabouri and Darbandi [9] used the Ar-He mixture
to study micronozzles, providing a molecular mass ratio of around 10.

Kosyanchuk and Yakunchikov [183] studied the effect of geometrical features of the
micronozzle, and gas selector position on the separation performance of argon–helium
mixture using the event-driven molecular dynamics approach. Higher separation effi-
ciency was found higher at higher exit velocities, curvatures, and higher speed ratios of the
species. The separation was maximum at the exit with transitional and slip flow regimes.
Kosyanchuk and Yakunchikov [184] observed high separation with a light carrier com-
ponent and skimmer shape. The method of separation using the micronozzle may find
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application in the real-time detection of toxic releases, volatile or semi-volatile pollutants,
etc. The method is characterized by a fast response, small size, etc., though currently lim-
ited by fabrication and operational (exit vacuum condition) constraints. More research in
this area is expected to emerge, and its implementation in sensors will be carried out soon.

2.6 Conclusions from the Literature Review

Literature review shows that micronozzles operating with vacuum exit conditions find ap-
plications in satellite propulsion systems and aerodynamic separation processes. Unifor-
mity in the flow structure to obtain the optimum thruster performance is the prime objective
of the former, while the latter demands highly non-uniform species distribution of the flow-
ing mixture. The computational analysis of micronozzles has gained popularity due to the
difficulty of experimentally assessing the internal flow at the micro-scale. The limitation
for experimentation is caused by factors such as the micro/nano-scales, low-pressure condi-
tions existing in thruster exit, and the various uncertainties associated with each technique.
It is now very well established that the Direct Simulation Monte Carlo (DSMC) approach
is accurate enough for various micronozzle simulations. However, it suffers high compu-
tational costs, especially at low M and Kn number conditions. The massive computational
cost is due to the stiffness of the collision operator in the near hydrodynamic regimes. Pre-
vious studies demonstrated that slip boundary conditions could extend the N-S approach’s
applicability for higher Kn. Linear slip models seem to be a good approximation over
the range of 10−3 < Kn < 10−1. For micronozzle simulations, the high-density variations
downstream of the throat will produce a rarefaction effect, mainly in the divergent portion
of the nozzle. DSMC simulation is preferred in the portion of the domain where Kn is
high. Therefore hybrid methods with coupled N-S and DSMC are recommended for the
simulations of micronozzles to save computational costs. Fig. 2.5 summarises the various
approaches used in the micronozzle simulation.

The following inference has been made from a thorough assessment of the literature
on the experimental and computational investigation of the flow characteristics of the mi-
cronozzle and its applications.

• Accurate measurement techniques are needed to study micro propulsion systems with
thrusts between 100 nN and 100 mN. Torsional balances are commonly used for
steady-state measurements, but the inverted type offers greater accuracy, sensitivity,
and a lower thrust-to-power ratio.
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Figure 2.5: Various approaches used for micronozzle simulation

• Different pressure measurement techniques like pressure sensitive paints (PSP), Pres-
sure sensitive molecular film, Pressure taping, sting probe and capacitive pressure
sensors, and pitot tubes will provide the pressure details of the flow.

• Since visual observations will provide a more comprehensive view of the flow fields,
the current trend is to use advanced techniques for flow visualization.

• The accuracy of continuum-based modelling methods is highly reduced due to the
multi-scale flow and makes them of limited use, especially in the simulation of noz-
zles expanding to vacuum.

• For micronozzles, the simulation region includes continuum and rarefied gas regions,
and therefore Navier Stokes solvers coupled with DSMC has become a straightfor-
ward approach

• The flow mainly depends on the Kn, and experiences continuum regime from the gas
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chamber to nozzle throat, slip (10−3 < Kn < 0.1) and/or transition regimes (0.1 < Kn
< 10) in the divergent part, and free molecular regime (Kn > 10) when expanding to
vacuum.

• The classical method of thrust calculation of nozzle from simulation results may
not be valid for micronozzles and needs to be modified to incorporate the effects of
surface configuration, geometry, and Re

• It is noted that surface roughness, nozzle length, expansion ratio, and flow Re effects
are highly noticeable and affect the performance of the nozzle

• Of various shapes proposed, conical being the simplest and is used in the majority of
the studies.

• Micro nozzle plume interaction study at different wall temperatures is limited.

• Different types of structures like orifices, vortex tubes, and micro nozzles were used
for aerodynamic species separation.

• DSMC method can be effectively used for species separation studies.

• An optimum micro nozzle design for species separation is not explored yet.

2.7 Objectives of the current work

Micronozzle has a thick boundary layer dominated flow, fundamentally different from con-
ventional nozzles. The primary design constraint for propulsion systems is the build-up of
the boundary layer, calling for a design optimization involving nozzle throat dimension,
divergence angle, length of the divergence section, and expansion ratio. The current litera-
ture shows heterogeneous findings related to optimized divergence angles and the effect of
back pressure. It is noted that the overall size and operating conditions prevailing influence
the performance. Previous research on mixture separation using micronozzles concentrated
on studying the effect of geometrical expansion ratio, wall conditions, Knudsen number,
etc. The effect of divergent section contours and exit conditions on associated flow features
and separation performance has yet to be studied. It is also noted that very few studies
are available which discuss the separation effects of curved micronozzles operating under
vacuum exit conditions.
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This Ph.D. thesis analyses and explores how factors such as geometry, operating condi-
tions, size, wall conditions, and cluster operation impact the thrust production performance
of micronozzles. The study also focuses on micronozzle performance during the aerody-
namic separation process. Specifically, the research will examine the effects of divergent
section contours, exit conditions, and curved geometry. The research will employ com-
putational methods such as N-S with first-order slip boundary conditions, DSMC, and a
hybrid approach in a large number of micronozzle configurations operating under various
exit conditions. Efforts are also made to generate experimental data that can be used for
validating future computational models.

In summary, the specific objectives of the study are the following.

• Conduct a thorough literature review on micronozzles used for satellite attitude con-
trol, deep space probes, and mixture separation

• Experimental investigation of planar micronozzles

1. Design an experiment set up to measure the plume velocity of micronozzle.

2. Design and fabricate the converging-diverging (CD) planar micronozzle.

3. Conduct an experiment to measure the flow velocity at the exit of the micro
nozzle.

• Develop computational models for planar micronozzles using N-S with first-order
slip boundary conditions, DSMC, and hybrid approach

1. Investigate the geometrical effect on the flow behaviour by varying throat depths
(2-200 µm), divergent angles (5-30◦), and divergent lengths.

2. Demonstrate the difference in flow features in the divergent section under vari-
ous back pressure conditions and to address the conflicting results in the litera-
ture.

3. Study the effect of nozzle wall heating on thrust

• Develop an empirical relation for predicting the thrust in the studied flow regime.

• Carry out the computational study on the micronozzle in the cluster arrangement

1. Identify the geometrical effect on the plume by varying the pitch of the nozzles.

2. Analyse the effect of nozzle wall heating.
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• Develop computational models for planar and curved micronozzles with binary mix-
ture flow using DSMC for studying separation performance

1. Identify the geometrical effect by varying throat depths (2-8µm), divergent an-
gles (15-45◦) and divergent shapes such as linear, bell, and trumpet.

2. Identify the effect on the species separation by varying back pressures (0-30kPa).

3. Study the effect of a carrier gases.

4. Identify the geometrical effect, back pressure, etc. on the species separation in a
curved micronozzle by varying the radius of curvatures of the divergent section.

• Identify the predominant mechanisms of aerodynamic mixture separation.

In short, this study’s main goals focus on enhancing micronozzle design used in satellite
propulsion and aerodynamic separation, utilizing the insights gained from the research. The
study investigates the flow characteristics of micronozzles employed in satellite propulsion
under different operating conditions. The objective is to propose tools and techniques to
facilitate improved micronozzle designs. The study aims to assess the feasibility and suit-
ability of micronozzles for continuous real-time applications, particularly in aerodynamic
mixture separation. The overarching objective is to contribute to developing compact and
responsive sensors capable of real-time detection, thereby advancing micronozzle technol-
ogy.
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Chapter 3

Experimental Approach &
Computational Methodology

This chapter discusses the methodology used for conducting numerical and experimental
studies. The interferometric Rayleigh scattering technique is employed to collect data on
the jet exit velocity, which is then used to validate the numerical simulations. The numerical
methods covered in this chapter include the implementation of the Navier-Stokes equations,
applying slip wall boundary conditions, utilizing the particle-based DSMC approach, and
describing a hybrid approach that combines NS with DSMC. The chapter concludes by
explaining the validation process of the numerical methods using experimental results and
the investigation of grid and time independence.

3.1 Introduction

Experimental and numerical studies have been conducted on various micronozzle geome-
tries during this work. Continuum flow, rarefied flow, or a mixture of both can be observed
within the micronozzle during the operation, depending upon the flow parameters. The
Navier-Stokes method will provide accurate results with less computational effort in a con-
tinuum flow regime, but this accuracy will decrease as the flow becomes rarefied. DSMC
will give accurate results in a rarefied flow regime but at the added expense of high com-
putational cost.

3.1.1 Basic assumptions of micronozzle flow

The basic assumptions used for the current study of micronozzle flow are as follows:
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1. Gas Mixture (Experiment): The experiment assumes that acetone particles are ho-
mogeneously mixed with air, forming the working gas mixture. This assumption
simplifies the analysis by considering a well-mixed propellant.

2. Adiabatic Wall: The wall of the micronozzle is considered to be adiabatic, which is
justifiable due to the relatively short operation of the micronozzle, which is less than
1 millisecond [Louisos, & Hitt (200)].

3. Constant Inlet Conditions: The propellant is supplied from a large reservoir, ensuring
that the inlet pressure and temperature remain constant throughout the simulation.
This assumption simplifies the simulation and maintains steady boundary conditions.

4. Ideal Gas: The propellant gas is assumed to behave as an ideal gas.

5. Constant Flow Rate: The gas flow is assumed to be constant, which means that the
mass flow rate remains unchanged over time.

6. Compressible Flow: The assumption that the gas is flowing at a very high velocity
indicates that the gas behavior is compressible. This is a crucial assumption for
analyzing supersonic flows, where changes in density and pressure are significant.

7. Species Separation: For species separation studies, the inlet gas is considered to
be a homogeneous mixture. This simplifies the initial conditions for studying the
separation of different components in the gas mixture.

These assumptions help simplify the modeling of the micronozzle flow, making it more
manageable for analysis while still capturing the essential characteristics of the flow behav-
ior. However, it’s important to acknowledge that these are simplifications, and real-world
conditions may deviate from these assumptions to some extent. The methodology used for
the experimental and numerical analyses is discussed in detail below.

3.2 Experimental study

The experiment is conducted using the interferometric Rayleigh scattering technique. It is
an optical technique used to measure flow velocity. The details of the experimental setup
are depicted in Fig.3.1. The setup consists of a laser, focusing lenses, cameras, a scattering
plate, a micronozzle, a seeder, etc. A biconvex lens with a 250 mm focal length is used to
focus the output laser beam onto the area being probed. The source is a continuous-wave
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diode pumped solid state laser with a wavelength of 532 nm and 220 mW output power.
Light’s polarisation affects how well Rayleigh scattering occurs. A half-wave plate is thus
placed in front of the focusing lens and utilized to maximize the laser beam’s polarisation
for the best scattering results. A 100 mm focal length lens is used to capture the light scat-
tered from the intended area and collimate it. This light is then focused on a sheet using
a cylindrical plano-convex lens. At the focal point of the focused light sheet, a virtually
imaged phased array (VIPA) is mounted on a multi-axis translation stage and a three-axis
tilt stage. The VIPA has a free spectral range of 0.5 cm˘1 and a 500 – 600 nm transmission
wavelength range. To provide the most effective transmission, the angle of incidence on
the VIPA entry is adjusted using the tilt and translation stages. After the VIPA, the trans-
mitted signal is focussed to a CCD camera using a spherical lens with a 1 m focal length.
The laser beam is focused on the flow at a distance from the nozzle exit. The scattered
beam will pass through the lenses and produce fringes corresponding to the velocity of the
plume. The velocity of the plume ejected from the nozzle exit is calculated by measuring
the Doppler shift in the scattered signal.

A micronozzle having a 500µm throat height with a depth of 1mm is fabricated on a
brass plate by using an EDM technique. The dimensions and photographs of the micronoz-
zle are shown in Fig. 3.2. After setting up the nozzle, laser, focusing lenses, scattering
plate, and cameras, the initial reading is taken. Then the compressed air at a pressure of 3.5
bar is allowed to pass through a seeder that contains acetone particles. The acetone-seeded
air flow is established in the micronozzle and the reflected laser due to the micronozzle flow
is captured by using a primary camera, ’camera-1’.In the meantime, the secondary camera,
’camera-2’ will measure the wavelength of the laser to avoid any unnecessary error caused
by the shift in the laser wavelength. The shift in the spatial location of the fringes can be
calculated by comparing the current position of the fringes with the initial readings and
this shifting will correspond to the measured velocity of the plume. The velocity of the
expanded gas can be calculated from the following equation 3.1 [185]

∆VD =
(k⃗s − k⃗l).u⃗

2π
(3.1)

Where ∆VD is the Doppler shift, K⃗s and K⃗l are the wave vector of the scattered signal
and incident light respectively. u⃗ represents the flow velocity vector. The experiment is
repeated by varying the distance between the nozzle exit and the laser (2.5mm-4.5mm) in
such a way that the velocity of the gas at different plume locations can be measured. Fig.
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Figure 3.1: Experimental set up [1]

Figure 3.2: Schematic diagram and photograph of the fabricated nozzle
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3.3 shows the images and connections of the experimental equipment.

3.2.1 Uncertainty calculation

Experimental uncertainty is calculated by comparing 50 images taken under the same ex-
perimental conditions. An inlet pressure of 4.5 bar is maintained, and 50 images are cap-
tured at three different locations (2.5 mm, 3.5 mm, and 4.5 mm downstream of the nozzle
exit) using the same equipment, such as laser, mirror, camera, etc. These images are then
compared with the reference image, and the flow velocities are calculated. The standard
deviation of the average velocity is determined, providing the experimental uncertainty of
4.5% for a peak velocity range of 380-440 m/s. Figure 3.4 illustrates the procedure used to
determine the uncertainty in the current experimental study

3.3 Computational Methods

Many researchers have undertaken the computational analysis of micronozzles as the ex-
perimental access of internal flow at the micro-scale is extremely difficult. The methods
based on the kinetic theory of gases are expressed using Boltzmann’s equation. Differ-
ent equations used to simulate rarefied flows are (i) the linearized kinetic equations, (ii)
the higher-order governing equations such as Burnett and moment equations (iii) Boltz-
mann’s equation via the lattice Boltzmann method, and (iv) molecular-based direct simula-
tion Monte Carlo (DSMC) method, etc. So in the current study, along with the N-S method
and DSMC method, a hybrid approach is also used to reduce the computational cost in lo-
cations where the full DSMC study is not required. In cluster arrangement of micronozzle
and species separation studies, a full DSMC study is conducted.

3.3.1 Computational resource

All N-S simulations and small DSMC simulations are conducted on an Intel i7@3.20GHz
x 12-core workstation with 64GB RAM. For high-computational demanding DSMC simu-
lations, a Virgo cluster consisting of 18 nodes, with each node equipped with 28 cores and
128GB RAM, is employed. The Virgo cluster enables the active tracking of more than 3
crore particles and facilitates efficient computation.
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Figure 3.3: Photographs of the experimental setup
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Figure 3.4: Uncertainty calculation procedure

3.3.2 Continuum method (Navier-Stokes)

The gas flow through the micronozzles in the continuum regime is modeled using the N–S
equations. The continuity, momentum, and energy Equations used are presented as follows:
Continuity equation

∂ρ

∂t
+∇.ρV⃗ = 0 (3.2)

Momentum equation (N–S equation)

∂(ρV⃗ )

∂t
+∇.(ρV⃗ V⃗ ) = −∇P +∇.⃗⃗τ (3.3)

Energy equation

∂(ρE)

∂t
+∇.(ρV⃗ (ρE + P )) = ∇.[Kc∇T + ⃗⃗τ.V⃗ ] (3.4)

where

E = H +
V⃗ 2

2
− P

ρ
(3.5)
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⃗⃗τ = µ[(∇V⃗ +∇V⃗ T )− 2

3
∇.V⃗ I] (3.6)

The gas flow in micronozzles in the continuum regime is modeled using the N-S equa-
tions. The system of equations is closed using the ideal gas law equation of state, p = ρRT .
The rarefaction effect is quantified by the Knudson number, Kn = λ/Lc. The numerical
solution for the flow field is obtained by means of the Finite Volume Method. The basic al-
gorithm used is based on the central difference scheme developed by Kurganov and Tadmor
[186]. All the grids are created using blockMesh utility of OpenFoam. The Gauss Linear
scheme is used for divergence, the gradient, and the Laplacian operators. Time derivatives
are computed with the first order, bounded, and implicit Euler scheme. The Total Variation
Diminishing (TVD) Van Leer limiter is used as the interpolation scheme. The convergence
criteria for the simulation is taken as 1x10−6. The specific heat capacity and viscosity are
computed based on the model suggested by Ehlers et al.[187] and Sutherland law [188]
respectively. All simulations are carried out using density-based, segregated, compressible
flow solver rhoCentralFoam (rCF).

3.3.2.1 Navier Stokes boundary conditions

Pressure boundary conditions are employed at the domain’s inlet and outlet. The nozzle
walls are designated as adiabatic, and Maxwell’s first-order slip boundary conditions are
implemented on the walls for rarefied flow. The finite velocity-slip condition is imple-
mented using Maxwell first order slip model and is given by

u⃗g − u⃗w =
2− σu
σu

Kn(
∂u⃗

∂n⃗
)w (3.7)

The temperature jump condition is given by

Tg − Tw =
2− σT
σT

2γ

γ + 1

Kn

Pr
(
∂T

∂n⃗
)w (3.8)

The values for accommodation coefficient σu and σT are taken as 1 to invoke perfect diffuse
reflection with complete thermal accommodation. To account for symmetry, only half
of the domain is simulated, and symmetry boundary conditions are enforced along the
nozzle’s centerline, as illustrated in Figure 4.1.
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3.3.3 DSMC method

Direct simulation Monte Carlo (DSMC) is a particle method that uses uncoupling the par-
ticles and their collisions to model the physics of gas through the statistical approach of the
Boltzmann equation. The Boltzmann equation for a simple dilute gas is

∂(nf)

∂t
+ c⃗.

∂(nf)

∂r⃗
+ F⃗ .

∂(nf)

∂c⃗
=

∫ −∞

−∞

∫ 4π

0

n2[f ∗f ∗
1 − ff1]crσdΩdc⃗1 (3.9)

where dΩ is the infinitesimal velocity space solid angle, and dc⃗1 is the infinitesimal velocity
of field molecules. f and f1 are the velocity distribution function at c and c1, with the
superscript * denotes post-collision properties. The computational domain is subdivided
into grid cells and collisions of the particle in each cell are independently simulated. The
method involves the simulation of molecular motion and wall collisions deterministically
and the intermolecular interactions stochastically for the case of dilute gas flows. A single
particle that represents a large number of molecules moves in space freely depending upon
its velocity and time step, and interacts with boundaries and other particles. A typical
DSMC simulation cell has a dimension of λ/3, and each cell contains a minimum of 20
particles. The particles in the cell are allowed to interact with each other. The time step
size has been selected smaller than the mean collision time of the molecules. If the time
step is larger than the mean collision time, the molecule will move far without participating
in the collision, leading to nonphysical results. The time step has been selected as

∆t =
λξ

c
(3.10)

where ξ, is the fraction used to limit the time step. The explicit time-stepping scheme is
used to move particles in time and space. The position of the particles is updated using
a particle tracking algorithm[189]. For the wall boundaries, action will be applied based
on the nature of the wall such as specular or diffuse. The gas wall interaction has been
modeled as a diffusive wall where the reflected particles follow an equilibrium Maxwell
distribution. Bird’s no-time-counter (NTC) scheme [190] which selects pairs from a cell at
a given time step is considered the collision algorithm. The number of pair selected from
the given time step by the NTC algorithm is

1

(2Vc)
FNN(N − 1)(σTCr)max∆t (3.11)

FN is the specific number of real molecules, N is the number of DSMC particles in the
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cell at the instant and Cr and σT are magnitudes of the relative velocity of two molecules
and the molecular collision cross-sectional area, respectively. VC is the cell volume,∆t is
the time step size, and (σTCr)max, is the maximum value of the product of collision cross-
section and relative speed of possible particle pair in the cell. The collision is accepted
if

(σTCr)ij
(σTCr)max

> Rf (3.12)

Where Rf is a random number uniformly chosen in [1,0], and (σTCr)ij is the product
for collision pair ij. After the collision, the velocities of the molecules will reset. The
post-collision velocity of molecules i and j become

C∗
i = C∗

m + (
mj

mi +mj

)C∗
r (3.13)

Cj
∗ = Cm

∗ − (
mi

mi +mj

)C∗
r (3.14)

Where superscript denotes post-collision properties, Cm is the center mass velocity, and Cr

is the relative velocity

Cr = |Ci − Cj| = |Ci
∗ − Cj

∗| = Cr
∗ (3.15)

The binary collision model has been selected as a Variable Hard Sphere (VHS) model with
a reference temperature of 300 K for the thrust calculation studies. The variable soft sphere
(VSS) model is used to predict the transport properties for the species separation study.
The deflection angle in the VSS model is given by

χ = 2cos−1(b/d)1/α (3.16)

where b is the impact parameter and d is the diameter of the molecule. The value of
α generally lies between 1 and 2. The deflection angle of the VHS model is obtained by
putting α =1 in the above equation. The mean free path of the gas molecules is calculated
from

λ =
kBT√
2πξ2hp

(3.17)

where ξh is the hard sphere molecular diameter of the species. The model by Larsen and
Borgnakke [191] is used to model the energy redistribution subsequent to an inelastic col-
lision. The tangent velocity components are assumed as those at the adjacent cell. The
open-source DSMC solver ’dsmcFoam+’[192] which is developed within the OpenFOAM
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Figure 3.5: DSMC flow chart

software framework has been used for the current simulation. The molecular properties
of different species used for the current DSMC simulations are shown in appendix A.The
fig.3.5 depicts the flowchart of a normal DSMC procedure.

3.3.3.1 DSMC boundary conditions

The gas wall interaction has been modeled as a diffusive wall where the reflected particles
follow an equilibrium Maxwell distribution in DSMC simulation. The pressure boundary
conditions are applied at the inlet and exit of the domain. The particle flux at the inlet and
outlet boundaries is given by

F =
n

(2
√
πβ)

[exp(−s2 cos2(θ)) +
√
π cos(θ)(1 + erf(cos(θ)))] (3.18)

where n is the particle number density and θ is the angle between the normal vector to
the boundary and velocity vector. β can be estimated from the equation β = 1/Cmp =

1/
√
2RT , where Cmp is the most probable molecular speed. S can be calculated from the

boundary mean velocity u by S = uβ. The mean velocity at the boundary can be calculated
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from the proposed method of Wang and Li [193]

uin,j = uj +
(Pin − Pj)

(ρjaj)
(3.19)

The subscript j denotes the quantity in the jth cell.

nin,j =
Pin,j

(KBTin,j)
(3.20)

And at the exit boundary, density, and velocity can be calculated as

ρe,j = ρj +
(Pe,j − Pj)

(aj2)
(3.21)

ue,j = uj +
(Pe,j − Pj)

(ρjaj)
(3.22)

The temperature is calculated using the ideal gas equation at the outlet element j.

Te,j =
Pe,j

(ρjR)
(3.23)

Again, for the sake of reducing computational cost, only half of the domain is simulated us-

Figure 3.6: Classification of vacuum based on pressure

ing symmetry plane boundary conditions. The specific definition of the hard vacuum used
in the current study is outlined in fig.3.6. To simulate the hard vacuum in the DSMC inves-
tigations, a DSMC deletion boundary was implemented along with the pressure boundary
condition at the outlet of the simulation domain. Due to the usage of a hard vacuum bound-
ary at the exit, particles exiting through this boundary were promptly removed. Also, the
particles were not permitted to re-enter the simulation through the exit domain.
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3.3.4 Hybrid approach

Previous studies, as referenced in [129] and [130], have demonstrated the effectiveness of
the hybrid approach in reducing computational efforts while maintaining a high level of ac-
curacy in predicting results for micronozzle flows.For hybrid micronozzle simulations, the
high-density variations downstream of the throat will produce a rarefaction effect mainly
in the divergent portion of the nozzle. Therefore DSMC simulation is only required in the
portion of the domain where the Knudsen number is high. The hybrid NS-DSMC solution
technique involves identifying a coupling interface and transfer of macroscopic properties
of the NS simulation to the particles of the DSMC simulation by a Dirichlet-type boundary
condition. The coupling interface is based on the continuum breakdown concept which is
based on the Gradient Length Local Knudsen number (KnGLL) [130] given by

Br = max(knGLL−ρ, knGLL−T , knGLL−|u|) = 0.02 (3.24)

The velocity, number density, and temperature have been used to insert particles into
the DSMC domain based on Maxwellian distribution.The fig.3.7outlines the standard steps
followed on a hybrid DSMC technique.

3.4 Grid, time step and no. of particle independence study
for DSMC

The following criteria are used to perform a grid independence analysis for the DSMC
solver. The DSMC requirements include (i) cell size smaller than the local mean free path,
(ii) time step smaller than the local mean collision time (t), and (iii) sufficient molecules
per cell to avoid statistical fluctuations in the sampling process.

3.4.1 Grid independence study

The simulations are done with various cell sizes such as λ, λ/3, and λ/6. Fig. 3.8 depicts
the variation of normalized SF6 concentration along line 2 inside the nozzle for the binary
mixture simulations.Fig. 3.8 contains graphs depicting different numbers of particles in
various grids. It serves as a combined graph for sections 3.4.1 and 3.4.2. Within these
graphs, three lines illustrate the changes in SF6 local/SF6 bottom for various cell sizes.
Additionally, another set of three lines represents the deviation in the results for different
numbers of particles within the simulation and one line is common for both sections. It
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Figure 3.7: Hybrid DSMC flow chart

is observed that the SF6 distribution of cell size λ/3 almost traced the same line as λ/6
with less computational effort. Therefore an optimum cell size of λ/3 has been selected for
further studies.

3.4.2 Selection of no. of particles per cell

The particle independence study has been conducted on a λ/3 cell grid with particle num-
bers ranging from 10 to 30 per cell. The normalised SF6 concentration on line 2 of 10
particles per cell simulation was found to be deviating from the simulation results having
20 and 30 particles per cell. This is clearly portrayed in Fig 3.8. Twenty particles are se-
lected as the optimum number per cell with considerable accuracy and less computational
effort.

3.4.3 Selection of time step

Three time steps such as t, t/10, and t/20 are selected for the time step independence study.
Where ‘t’ is the mean collision time which is calculated based on equation 3.10. From this
study, t/10 is selected as the optimal time step for further studies. The same set of studies
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Figure 3.8: Grid and no. of particle independence analysis for the DSMC solver

is conducted for all the geometries employed in the present research, and the results are
found to be consistent.

3.5 Grid independence study for N-S

For the Navier Stokes solver, a grid independence study has been conducted by varying the
number of grids in geometrical progression for all geometries considered, and the results
from a rectangular micro nozzle with ht = 20µm and θd = 15◦ are shown in Figure 3.9.
Studies are conducted for a pressure ratio of 1.43 and the centreline pressure and velocity
are compared. Results from medium and fine grids are similar with less than a 0.1% dif-
ference between them and therefore medium grids are selected for subsequent simulations.
For all the N-S simulations conducted, the Courant’s number is kept below 0.5.

The following details will justify the selection of parameters for the numerical study

1. Grid Selection: The grids have been chosen based on a grid independence study. This
ensures that the grid resolution is adequate to accurately capture the flow features and
that the results are not overly sensitive to grid variations.
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Figure 3.9: Grid independence study for a rectangular micronozzle with ht = 20 µm and
θd = 15◦

2. Time Step Selection (Navier-Stokes Simulations): The time step is selected to main-
tain the maximum Courant number (CFL) of the flow below 0.5 for Navier-Stokes
simulations. This is a common practice to ensure numerical stability and accuracy in
solving the governing equations.

3. Time Step Selection (DSMC Simulations): The time steps for DSMC studies have
been determined through a time step independence study. In DSMC, individual parti-
cle collisions are modeled, and the time step should be small enough to capture these
interactions effectively. This ensures that the time step is suitable for the specific
simulation and does not introduce significant errors.

4. Flow Parameters: The choice of flow parameters like pressure, temperature, etc., is
consistent with previous experimental studies. This helps in maintaining continuity
and comparability with existing research.[Hao et. al.[34], Li et.al.[182]].

5. Solver and Schemes: The selection of the rhoCentralFoam solver with different
schemes is based on its proven accuracy and computational efficiency in previous
micronozzle flow simulations [J.M Pearl [155].
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6. Particle Count in DSMC Simulations: A particle independence study has been con-
ducted and the results are shown in Figure 3.4. A minimum of 20 particles per cell
has been selected for DSMC simulations to reduce errors and ensure a reliable rep-
resentation of particle interactions within the simulation domain. The details are
provided in the section 3.4.2.

These justifications reflect a systematic approach to parameter selection, ensuring that the
simulation setup is both reliable and consistent with established practices in the field.

3.6 Validation of the computational models

The suitability of using the Navier stokes with slip boundary condition and DSMC method
for the micronozzle simulation is verified using the experimental results of Hao et al.[34],
Rothe [18], Li et al.[182], and also with the in-house experimental data and an analytical
results of Piekos and Breuer [194].

3.6.1 Validation of Navier Stokes methodology

Due to the limited number of experimental studies available on the micro nozzle for vali-
dation, currently, a newly made experiment is conducted to measure the plume velocity at
a distance of 2.5,3.5, and 4.5mm away from the nozzle exit. The fabricated micronozzle
is used for the experimental study and measurement has been taken by using an Interfero-
metric Rayleigh scattering method as described in Section 3.2. The numerical simulations
are done by using a Navier Stoke’s solver rhoCentralFoam with no-slip boundary condi-
tions. The rhoCentralFoam solver is a density-based solver available in the open-source
CFD software OpenFOAM-6. Pressure boundary conditions are applied at the inlet and
exit of the domain. A pressure of 3.5 bar is applied at the nozzle inlet and the exit domain
is kept at the atmospheric pressure. The nozzle dimension and validation results are shown
in Fig. 3.2 and 3.10 respectively. The maximum variation of the velocity is observed to be
below 4% for a 3.5 bar inlet pressure.

3.6.2 Validation of DSMC method

The DSMC methodology has been initially validated with analytical and numerical solu-
tions of Piekos and Breuer [194] by simulating a microchannel flow. The experimental
study of Li et al.[182] is also reproduced numerically and the details of the studies are
given below.
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Figure 3.10: Comparison of nozzle exit velocity with Interferometric Rayleigh Scattering
experimental data

Microchannel

Piekos and Breuer [194] investigated the flow through the microchannel with slip and tran-
sition flow numerically and analytically. They compared the numerical results to the an-
alytical solution of the Navier Stokes equations with first-order slip boundary conditions.
For the slip flow problem, the exit Knudsen number was around 0.05. The results of Piekos
and Breuer [194] are reproduced by simulating a microchannel with a length and height
of 2µm and 0.4µm respectively. Nitrogen is used as the working gas. The current DSMC
method exactly retraces the analytical findings of Piekos and Breuer for a pressure ratio of
2.5. The variation of centreline pressure over the nozzle length is given in Fig. 3.11.

Li’s Nozzle

Li et al. [182] fabricated a curved nozzle of throat size 3.6 µm using photolithography
and measured the separation performance of a 1% mixture of SF6 in N2. Li et al. [182]
used mass spectrometry to determine the contents in the separated mixture. The nozzle
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Figure 3.11: Comparison of centreline pressure in a microchannel with Piekos and Breuer

geometry is depicted in fig.3.12 The separation factor (A) can be calculated as follows

A =
θl(1− θh)

θh(1− θl)
(3.25)

where θl and θh are light and heavy fraction partial cuts and they can be calculated from
mass flow rates as follows.

θl =
ṁl,light

ṁl,light + ṁl,heavy

(3.26)

θh =
ṁh,light

ṁh,light + ṁh,heavy

(3.27)

Two different gas mixtures, Ar + SF6 and N2 + SF6, were selected for the validation
study. Pressure boundary conditions were applied at the inlet and exit of the domain based
on the experimental conditions. Table 3.1 shows the numerically calculated separation
factor (A) and the experimental results of the binary gas mixture. The maximum deviation
was 21% which is lower than Li et al. [182]’s numerical model, which has a maximum
error of 85%.
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Figure 3.12: Nozzle geometry of Li et. al.[182]

Table 3.1: Separation factor for experimental, DSMC and Li Model-1

∆ P
(atm)

Mixture Aexperiment ADSMC ALi ErrorDSMC ErrorLi

0.5 SF6+N2 1.1613 1.08 2.15 7% 85%

1.5 SF6+N2 1.6226 1.27 2.09 21.7% 28%

2 SF6+N2 1.3742 1.14 2 17% 45.5%

0.5 SF6+Ar 1.0732 1.07 - 0.29% -

1.5 SF6+Ar 1.1794 1.09 - 7.5% -

2 SF6+Ar 1.0637 1.1 - 3.4% -

3.6.3 Validation of the hybrid approach

Hao’s Nozzle

The current hybrid approach has been validated by comparing the experimental results of
Hao et al [34]. The experiments were conducted with a rectangular cross-section CD micro
nozzle, having a throat width of 20 µm for various outlet conditions. The nozzle details are
shown in Fig.3.13a. Total pressure and temperature of 100kPa and 300 K are set at inlet and
flow is established by varying outlet pressure from 0 to 90 kPa. The wall is maintained at
300 K. The Knudsen number value is calculated after completing a Navier Stoke simulation
in the full micronozzle domain. The continuum is found to be broken down at the throat
of the nozzle. So the DSMC simulation is carried out only in the divergent portion of the
Hao’s nozzle. The mass flow rate and pressure measurements upstream and downstream of
the throat are compared with numerical predictions in Fig.3.13b. The measured values are
found to be in close agreement for most of the cases and the overall trend is well captured.
The mass flow rate predictions for various outlet conditions are found to be within ±2%.

Rothe’s Nozzle

To further validate the current hybrid approach used, the experimental results of Rothe
[18] are considered. Rothe used the electron beam technique to measure the gas density
and centerline rotational temperature of a 5mm throat-diameter micronozzle. The Rothe’s
nozzle is simulated with an inlet-to-exit pressure ratio of 310, and wall temperature and
inlet temperature are maintained at 300K. Nitrogen is used as the working gas, and the
dimension details of the nozzle are specified in Fig.3.14a. Based on the Knudsen number
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Figure 3.13: Validating computational methodology with the experimental studies of Hao
et al.[33]

evaluation similar to Hao’s nozzle, the continuum breakdown plane is located at the throat
of Rothe’s nozzle. The DSMC simulation is carried out downstream of the nozzle’s throat.
The centerline rotational temperature of the simulated nozzle is compared with the experi-
mental results, and the maximum deviation is within 4%. The comparison is shown in Fig.
3.14b. The strong agreement between the predictions and the experimental results makes it
possible to move forward with further investigation.
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Figure 3.14: Validating computational methodology with the experimental studies of
Rothe [17]

3.7 Summary of micro nozzle geometries considered for
the experimental and numerical studies

The numerical study on the planar micronozzle is conducted by varying throat height (ht)
from 2 to 200µm, divergent length (Ld) from 4.75ht to 31.5ht and divergent angle (θd) from
5 to 30◦ using suitable methods like Navier Stokes, DSMC, and hybrid approaches at dif-
ferent back pressure conditions. These studies are mainly conducted to identify an appro-
priate nozzle size for thruster applications. Only a limited number of experimental results
are available on micronozzle flow, so an experimental study is conducted with ht=500µm,
Ld=6ht, and θd=5◦ in an atmospheric back pressure condition with an inlet pressure of
350kPa. The effect of micronozzles operating in a cluster arrangement is also analyzed in
vacuum exit conditions. A suitable size and shape of the micronozzle for species separation
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are investigated with linear, bell, and trumpet divergent shapes. The throat height(2-8µm),
divergent length (4.75ht-15ht), and divergent angle ( θd=15-45◦) changed along with dif-
ferent back pressures (0-30kPa). Later this study extended to a curved micronozzle with
different radii of curvature (100-140µm) and back pressures ranging from 0-20kpa. Ta-
ble 3.2 summarizes the different types of geometry studied, the parameters considered, the
operating conditions, and the methodologies adopted.

The chosen parameters have been carefully configured to encompass both subsonic
and supersonic flow regions within the divergent section of the nozzle. This deliberate
selection allows for the examination of flow patterns for both types of flow. Furthermore,
the dimensions of the nozzle have been systematically varied to investigate the impact of
these dimensions on nozzle flow and the resultant thrust. Additionally, a study on wall
temperature has been conducted to explore the influence of temperature on the viscous
boundary layer and thrust. This investigation aims to propose optimal flow parameters and
nozzle sizes for maximizing thrust and specific impulse within the studied flow regime. In a
similar vein, the pursuit of an optimal nozzle size and shape is crucial for species separation
within the studied flow regime. As a result, parameters affecting the separation process are
identified, and proposals for an optimal divergent angle and shape are made to enhance the
efficiency of species separation.

The appropriate size, shape, and dimensions of the micronozzle for the two distinct ap-
plications will be comprehensively discussed in upcoming chapters. Chapter 4 will primar-
ily concentrate on the utilization of micronozzles in satellite applications, while Chapters 5
and 6 will delve into the use of micronozzles for species separation.
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Table 3.2: Outline of the studies conducted in the thesis

Sl No. Geometry considered
Method
adopted

Geometry
parameters

Working
gas

Operating
condition

1 Planar Nozzle

NS with Slip
boundary

ht=20-200µm,
Ld=4.75ht -31.5ht, θd=5-30◦ Air

Pi=100kPa,
Pe=30 & 70 kPa

Hybrid
method

ht=10-20µm,
Ld=4.75ht -31.5ht, θd=5-30◦ Air

Pi=100kPa,
Pe=30 & 70 kPa

DSMC
ht=2µm,
Ld=4.75ht -31.5ht, θd=5-30◦ N2+O2

Pi=100kPa,
Pe=30 & 70 kPa

Experiment
ht=500µm,
Ld=6ht, θd=5◦

Air+
Acetone

Pi=350kPa,
Pe=100kPa

2
Planar nozzle in
cluster arrangement

DSMC
ht=20µm,
Ld=4.75ht, θd=30◦ N2

Pi=1000 Pa,
Pe=0 Pa

3

Planar Nozzle with
linear, bell and trumpet
divergent section for
species separation

DSMC
ht=2-8µm,
Ld=4.75ht-15ht

θd=15-45◦

Ar + He,
Carrier
gas-N2,Kr

Pi=120 kPa,
Pe=0-30 kPa

4
Curved nozzle for
species separation

DSMC
ht=12µm,
R=100-140µm

SF6+N2

Pi=100 kPa,
Pe=0-20 kPa
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Chapter 4

Flow characteristics of micro-scale pla-
nar nozzles

This chapter describes the studies on utilizing linear micronozzles for satellite thruster ap-
plications. An extensive examination of numerous micronozzle configurations operating
under different exit conditions is conducted. Specifically, the chapter discusses the flow
characteristics through 2-D micronozzles with varying throat depth, divergent angles, and
length while considering different operating conditions. The effects of flow parameters
such as back pressure and wall temperature are also analyzed. An empirical relationship is
proposed to predict the thrust per unit width in the studied flow regime. Furthermore, the
chapter explores the study of micronozzles arranged in clusters, investigating the impact of
varying pitch and wall temperature on the nozzle performance.

This chapter is based on

1. M. K. Sukesan, S R Shine, Geometry effects on flow characteristics of micro-scale
planar nozzles, Journal of Micromechanics and Microengineering, 31(12),2021,
https://doi.org/10.1088/1361-6439/ac2bac

2. M. K. Sukesan, S. R. Shine, Plume interaction study on a cluster of heated Micronoz-
zles , proceedings of the 26th national and 4th International Heat and Mass Transfer

Conference (2021), IIT Madras.

4.1 Introduction

Micronozzle has a thick boundary layer dominated flow which is fundamentally different
from conventional nozzles. The major design constraint is the build-up of the boundary
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layer, calling for a design optimization involving nozzle throat dimension, divergence an-
gle, length of the divergence section, and expansion ratio. The current literature shows
heterogeneous findings related to optimized divergence angles. It is noted that this is
highly influenced by the overall size and operating conditions prevailing. The present
study attempts to generate a unified analysis by simulating a large number of micronoz-
zle configurations operating under various exit conditions. A numerical investigation of
geometry effects on the flow characteristics associated with converging- diverging 2D pla-
nar micronozzles is analyzed. The classical N–S with linear slip model, DSMC method,
and a hybrid N–S/DSMC based on the continuum breakdown concept are employed for
the simulations. The study addresses the issue of heterogeneous findings on optimized half
divergence angles recommended by previous studies.

4.1.1 Geometry and parameter selection

A study on small-sized micronozzles, similar to the one conducted by Hao et al. [34], was
undertaken. In this experiment, the nozzle operated with an inlet pressure of 100kPa and
various back pressures ranging from 0 to 90kPa. The same flow parameters were employed
in the current investigation. To assess the nozzle’s performance, two different back pres-
sures of 70kPa and 30kPa were applied at the nozzle exit, resulting in the generation of
subsonic and supersonic flows respectively in the divergent section. The nozzle dimen-
sions employed in this study were in line with those used in Hao’s original experiments.
Furthermore, the research involved in-depth numerical analyses by scaling the nozzle size,
reducing it to 1/2, 1/10, and increasing it to 10 times the initial size. The flow characteris-
tics were meticulously examined, and thrust values were computed for the micronozzle at
various dimensions.

The analysis is conducted for various throat dimensions (2–200µm throat height), di-
vergence angles (5◦–30◦), and divergence length. The performance and flow characteristics
are compared at two distinct operating conditions, i.e. when the flow is mostly subsonic and
supersonic in the divergent section. The geometry considered along with the mesh details
and boundary conditions for the N–S solver is shown in Figure 4.1. Pressure boundary con-
ditions are applied at the inlet and exit of the domain and the wall is selected as completely
diffusive. Due to the symmetry of the computational domain, only half of the domain
is simulated with symmetry boundary conditions at the center of the nozzle. Necessary
grids are generated using the blockMesh utility of OpenFOAM.A total of 120 simulations
are conducted and analyzed for the current study. The table 4.1 containing details of the
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simulation and the results are discussed in the subsequent sections.

Table 4.1: Details of the computational studies conducted in this chapter

Sl
no.

Geometry
Considered

Method
Adopted

Geometry
Parameters

No. of
Simulations

Approximate
Computational

Hours

1 Planar nozzle

N-S with a
slip boundary

ht=20-200µm,
Ld=4.75ht -
31.5ht,
θd=5-30◦

58 1392

Hybrid method

ht=10 - 20µm,
Ld=4.75ht -
31.5ht,
θd=5-30◦

27 5184

Full DSMC

ht=2µm,
Ld=4.75ht -
31.5ht,
θd=5-30◦

27 162

2
Planar nozzle in
cluster
arrangement

Full DSMC
ht=20µm,
Ld=4.75ht ,
θd=30◦

8 3840

4.2 Analysis with constant Ld /ht ratio

Comparison of N–S solver with slip and no-slip boundary conditions, coupled Navier–Stokes,
and DSMC (hybrid) and full DSMC simulations have been conducted for a micronozzle of
throat height of 0.2 µm . Simulations are conducted for inlet/exit pressures of 250/100 kPa
with pressure boundary conditions. Slip boundary conditions are employed with Maxwell’s
first order slip having an accommodation coefficient of 0.9. Figure 4.2 shows the centerline
pressure and velocity of the divergent portion of the nozzle for all cases. The full DSMC,
hybrid, and NS simulation with slip boundary conditions are showing a close agreement.
In order to verify the continuum assumption, the local Kn is obtained from the DSMC sim-
ulation for the ht = 2 µm nozzle operating at a pressure difference of 70 kPa. The result
is analyzed for 30◦ nozzles having an area ratio of 6.5. Kn contours are shown in Figure
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Figure 4.1: Geometry of micronozzle with boundary conditions of the N–S solver

4.3, and the highest Kn of 0.023 is observed downstream of the throat. Kn over the range
of operation variation is 0.003 to 0.023, which justifies the first order slip assumption. Mi-
cronozzle is operating well within the limit of the continuum regime. However, wall slip
velocity may become significant downstream of the throat.

The literature on micronozzle flow shows that the viscous effects significantly affect
the micronozzle performance. Therefore flow features are analyzed with constant Ld /ht

for nozzles having ht = 2, 10, 20, and 200 µm. The Ld /ht ratio is kept at 4.75 for various
divergent angles of 5◦–30◦.

4.2.1 Internal flow features

The major flow features of the internal flow are investigated in detail here. Simulations are
conducted at two different pressure differences Po – Pb = 30 kPa and 70 kPa, in order to
distinguish the flow features when the flow in the divergent section is mostly subsonic or
supersonic. The inlet pressure is maintained at 100 Kpa. Figure 4.4 shows streamlines and
Mach number contours for various micronozzles for the two operating conditions. Clear
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Figure 4.2: Comparison of various computational models

flow separation can be noticed for the bigger nozzles at higher pressure differences. It
also shows a shock wave structure, shift of the sonic line downward of the throat, and
recirculation zones. These effects become more substantial with the increase in throat size.
It is seen that the number of Mach cores increases as the throat dimension increases. The
presence of Mach cores is seen at higher pressure differences only. Other notable features
are (a) decay of Mach core strength towards the exit, (b) existence of separated flow at most
of the divergent section, (c) almost equal area coverage of the separated and unseparated
region at the nozzle exit, and (d) negligible effect of the divergent shape on flow features.
The substantial impact of rarefaction and viscosity effects keep the shock waves away from
the wall and make the flow similar to a conduit flow. In other cases, i.e. for the smaller
throat and low-pressure differences, the thicker boundary layer prevents the separation of
boundary layers. For the smaller nozzle, at a 30 kPa pressure difference, the reduction in
the effective area due to the presence of the viscous boundary layer causes the effective
minimum cross-section downstream of the throat. Therefore the flow reaches a maximum
Mach number of 0.45 downstream of the throat and decelerates in the divergent section.
The thick boundary layer and higher rarefaction effects contribute to the flow behavior
significantly. The boundary layer thickness is higher relative to the nozzle dimensions and
produces a shock-less decrease of Mach number and velocity. For the 200 µm nozzle at
a 30 kPa pressure difference (as seen in Figure 4.5), flow is accelerating in the divergent
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Figure 4.3: Knudsen number contours for the ht = 2µm, θd = 30◦ micronozzle operating at
70 kPa pressure difference

section, though it is entirely in the subsonic regime, which is unexpected.

The thick growing boundary layer reduces the effective area available for the core flow
and creates a convergent shape effect for the subsonic flow in the divergent section. When
the exit boundary layers are subsonic, the backpressure and the ambient flow field might
communicate to the upstream. This can result in flow turning, deflection of exit momentum
in the transverse direction, and degradation of performance. Various vortices are seen inside
the viscous boundary layer and near the corner of the exit plane. The boundary layer mainly
occupies the flow field with backflow. Figure 4.6 shows the Re variation for the different
micronozzles at the two operating conditions.

When the flow is mostly subsonic, the effect of viscous forces is predominant. At higher
divergence angles, the growing boundary layer decreases the effective flow area, resulting
in decreased flow rate and Re. Re shows an asymptotic behavior based on the throat di-
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Figure 4.4: Streamlines and Mach number contours for micronozzles with ht = 2, 10, and
20 µm, and θd = 15◦ for two operating conditions.

Figure 4.5: Streamlines and Mach number contours for micronozzles with ht = 200 µm
and θd = 15◦ for two operating conditions

mension. This effect is not severe at supersonic flow conditions and shows a slight increase
in Re with an increase in divergence angle. Figure 4.7 shows the Mach No. and pressure
variation at the throat for three two nozzles having θd = 15◦ at the two operating condi-
tions. Mach number and pressure at the throat are significantly different while operating at
a 30 kPa pressure difference. Similar behavior can also be seen in the throat temperature
as depicted in figure 4.8. Therefore it can be concluded that the micronozzle size effect is
predominant at lower pressure differences. Sonic conditions have not been attained at the
throat in all cases.

The internal flow features of the micronozzles can be summarised as follows. There is
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Figure 4.6: Re variation for the different micronozzles at P0 –Pb =30 kPa and 70 kPa.

a substantial difference in flow characteristics when the micronozzle is operating at high
and low-pressure differences. At low-pressure differences, the flow is primarily subsonic
throughout the nozzle; however, it accelerates in the divergent section due to the effective
area reduction caused by the growing boundary layer. During these operating conditions,
the flow turning and deflection of exit momentum cause further degradation of perfor-
mance. The losses will increase with the increase in divergent angles. In the divergent
section, the flow is supersonic at high-pressure differences, with clear boundary layer sep-
aration at higher throat dimensions. However, the separation phenomenon and the Mach
core formation are less pronounced at the microscale than the conventional nozzle due to
rarefaction and viscosity effects. The resulting shockwaves are weak.

4.2.2 Effect of divergence angle

This section discusses the effect of divergence angle for various nozzles at the two operating
conditions mentioned in the previous section, i.e. when the flow in the divergent section
is mostly subsonic (∆P = 30 kPa) or supersonic (∆P = 70 kPa). Figure 4.9 shows the
predicted thrust per unit depth from micronozzles with ht = 2, 10, and 20 µm for various
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Figure 4.7: Comparison of Mach No. and pressure at the throat for the three micronozzles
at the two operating conditions

half-divergent angles (5◦ to 30◦) at the two operating conditions. As the Ld/ht is kept
constant for various cases, the exit is mostly covered by the subsonic layers caused by
viscous forces. Therefore increasing the divergence angle causes higher viscous losses
and a decrease in performance. The only exception is at 2 µm, where the half divergence
angle of 10◦ shows the peak thrust production. The decrease in performance is more severe
for bigger nozzles at higher divergence angles, and pressure differences. This suggests
that divergence length needs to be carefully selected for optimizing performance. The
mitigation of viscous losses is not aided by the increase in divergence angle due to the
higher divergence length. The gains at small divergence angles due to axial flow alignment
are negated by the viscous flow effects which demonstrate a performance trade-off between
geometric and viscous effects. The substantial non-axial components of flow velocity at the
nozzle exit also contribute to the thrust decrease at higher divergence angles.
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Figure 4.8: Comparison of exit plane temperature for the three micronozzles at the two
operating conditions.

Figure 4.10 shows the normalized (normalized with average axial velocity in every
case) v variation at the nozzle exit for the various cases. As the divergence angle increases,
v increases significantly in the core flow region. The presence of a larger recirculation
region can also be noticed at a higher divergence angle. The nozzle efficiency, which
is defined as the ratio of the actual specific impulse to quasi-1-D specific impulse for a
given pressure ratio is an effective parameter to compare varying geometries and operating
conditions [85]. It is defined as

η =
Is

Iopts

=
Th/mg√

2γRT0/[g2(γ − 1)][1− Pexit

P0

γ−1
γ ]

(4.1)

Specific impulse efficiency, η of various cases is plotted in Figure 4.11. η is very low
at higher divergence angles due to the dominance of viscous losses as mentioned in earlier
sections. Improvement in efficiency is noted at higher micronozzle depth but drops signif-
icantly as the divergence angle increases. In summary, viscous losses are predominant at
lower divergence angles, whereas at higher angles, both viscous losses and non-axial veloc-
ity components contribute to thrust decrease. These losses are increasing with an increase
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Figure 4.9: Comparison of thrust production per unit depth at constant divergence length

in nozzle length. When the divergent length is more, the increase in divergence angle does
not contribute to performance improvement. This is mainly due to the higher viscous losses
caused by the substantial backflow present at the divergent section. The performance loss
is severe for higher throat size and low back pressure. This suggests that the truncation of
nozzles is very important for optimizing the performance, especially at higher divergence
angles.

4.2.3 Effect of pressure difference

The effect of pressure differences across the micronozzle with ht = 20µm having a diver-
gence angle of 5◦ and 15◦ is discussed. The Mach contours and streamlines for the pressure
differences of 90, 50, and 10 kPa are compared in Figure 4.12 Comparing this result with
Figure 4.4 (where results for 30 and 70 kPa are available), it is seen that the presence of high
Mach cores in the divergent part is the main flow feature at higher pressure differences and
higher divergence angles. However, the strength of the Mach cores decreases towards the
exit. As the pressure difference increases, the boundary layer separation point and the first
core move away from the throat. A wave interface is seen separating the inviscid core and
the boundary layer with the backflow. The presence of strong viscosity effects does not al-
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Figure 4.10: Variation at the nozzle exit for the various cases

low the shock waves to reach the wall and results in a series of high Mach cores. At a higher
divergence angle, the separated flow occupies a considerable portion of the divergence sec-
tion, and the flow is like a conduit flow. The thrust reduction at a higher divergence angle is
severe at high-pressure drops due to the overall reduction in Mach number at the exit. The
above findings are inconsistent with that of Xu et al[195], and Darbandi and Roohi [119].

Figure 4.13 shows the distribution of the centreline pressure under various pressure
differences for the micronozzle having different divergence angles (5◦ and 15◦), and throat
height (ht = 20 and 2 µm). For the bigger nozzle, under subsonic flow regimes, the effect of
the divergence angle is insignificant. There is a substantial effect of divergence angle on the
flow behavior under supersonic flow conditions. The formation of the Mach core, higher
strength, and shifting of the first core away from the throat are visible at higher pressure
differences. For the 2 µm nozzle, the flow behavior is different for the two divergent angles
at all flow conditions. There is no Mach core formation observed in this case. The subsonic
boundary layer region spreads up to the flow axis at higher pressure differences and degen-
erates the core isentropic flow. It may be due to the very low Re associated with smaller
nozzles. The above observations demonstrate that enhanced viscous effects may lead to
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Figure 4.11: Comparison of micronozzle-specific impulse efficiency at constant diver-
gence length

different flow behavior for micro-and nano-nozzles. It can be concluded that backpressure
has a significant effect on micro and nanoscales. The impact of viscous forces, rarefaction,
and compressibility effects contribute to the overall flow behavior. It is difficult to set up
supersonic flow as the throat size decreases.

4.2.4 Error in thrust calculations

Pearl et al[196] proposed an extended method to include the viscous stress tensor’s con-
tribution along with momentum flux and pressure imbalance for the thrust calculation of
micronozzles. This is necessitated by the presence of significant effects of various forces
along with the supersonic flow in micronozzles. The proposed thrust equation is given by

Th =

∫∫
(τ.n)dAe−

∫∫
u(ρu.n)dAe−

∫∫
(P − P∞)ndAe (4.2)

The contribution for the viscous term (first term of 4.2) is calculated assuming an arbi-
trary region outside the nozzle exit plane, but containing it. The thrust contribution from
all the terms in equation 4.2) will be then calculated along all surfaces and thrust from the
nozzle is determined using Newton’s third-law-type pair. In the current 2D micronozzle,
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Figure 4.12: Streamlines and Mach number contours in ht = 20µm micronozzle at different
pressure differences at divergence angles of 5◦ and 15◦

the exit plane perpendicular to the axis is taken for sampling field data.

Figure 4.14 shows the error associated with the classical method and the extended
method for the 2 and 20 µm ht nozzle for various operating conditions. The compari-
son is made for the divergent angle of 5◦ and 15◦. As discussed in the previous sections,
the geometry of the nozzle significantly affects the flow features and viscous stress field.
The error is a function of the viscous stress field and is seen as predominant when operating
at high back pressures (low-pressure difference) for the smaller nozzle, i.e. when the Re
is very low. The error is due to the viscous stress component τxx, as the sample plane is
perpendicular to the thrust axis. In real applications, when the effects are 3-dimensional,
the error may be higher.

4.3 Analysis with a constant area ratio

This section analyses the performance of the micro nozzle at a constant area ratio. The
analysis is done for various divergent angles of 5–30◦ with nozzle depths ranging from 2
to 20µm. The throat and exit of the micronozzle yield an area expansion ratio of 6.5 in
all cases. The axial length of the divergent section is varied to maintain this constant area
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Figure 4.13: Centreline pressure distribution under various pressure differences for the
micronozzles with different divergence angles (5◦ and 15◦) and throat height (ht = 20 and
2 µm)

ratio. The convergent length of the nozzle is kept at 2.5ht.

4.3.1 Effect of divergence angle

Figure 4.15 shows the thrust produced per unit depth as a function of the divergence angle
for all nozzles at the two operating conditions. It is evident that the optimum divergence
angle for the highest performance depends upon the nozzle size and operating conditions.
However, it falls in the range of 15◦–25◦ for the current simulations. This suggests that
the heterogeneous findings available in the literature regarding the optimized divergence
angle are due to the variation in nozzle size, area ratio, length of the divergence section,
and operating conditions associated with each study. A significant drop in the thrust is
observed beyond 25◦, which is a direct result of higher viscous losses and transverse ve-
locity components. A higher divergence angle may be preferable at lower expansion ratios.
For smaller divergence angles, the increased length due to the fixed area expansion ratio
causes higher viscous losses. The optimum divergence angle is found to be decreasing as
the nozzle size decreases. The flow is mainly subsonic under these conditions, and higher
premature flow turning at the exit is observed. This creates vectoring of the exit momentum
in the transverse direction. This effect increases with the divergence angle and results in a
further reduction in performance.
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Figure 4.14: Percent error of the classical method of thrust calculation for the micronozzles
with different divergence angles (5◦ and 15◦) and throat height (ht =20 and 2µm) at various
operating conditions.

4.4 Comparison of constant Ld/ht, and area ratio cases

A comparison of flow features for the two cases, (a) constant Ld/ht, and (b) constant area
ratio is given in Figure 4.16. The fraction of the subsonic layer at the nozzle exit plane is
shown when the nozzle operates at a 70 KPa pressure difference. Subsonic layer thickness
decreases with an increase in divergence angle for constant area ratio, whereas the layer
thickness increases with an increase in divergence angle for constant divergent length.
When the divergence angle is altered from 5 to 30◦ degrees, a 60.7% expansion in the
subsonic layer is observed in the study of a constant divergent length for a 20µm nozzle.
However, a decrease of 18% in the subsonic layer is observed in the study with a constant
area ratio. Similarly, in the case of a 10µm nozzle, a 54.5% growth in the subsonic layer
is observed with a constant divergent length, while a decrease of 15% is noted in the study
with a constant area ratio. It can be observed that a higher pressure difference is required
to create supersonic flow in the divergent section as the nozzle size decreases. This is ev-
ident from the fact that the 2 µm nozzle operates in the subsonic regime at all conditions
simulated. For the 2 µm nozzle, the Re number is very low (20), and the differences in
flow features are negligible. At these Re, the low rates are not sufficient to create super-
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Figure 4.15: Comparison of thrust production for various micronozzles having constant
area expansion ratio

sonic flow at the exit. It is also observed that even at higher Re = 100, there is a chance
of merging the subsonic layers from the nozzle walls if the divergence length is higher.
This is the reason for 100% subsonic exit for ht = 10 and 20µm at lower divergence angles.
The flow Re increases at higher divergence angles and nozzle size, and a reduction in the
area occupied by the subsonic layer can be noticed. The shape of the constant Ld/ht graph
suggests that there exists a critical divergence length above which the merging of subsonic
layers from the opposing walls occurs for a certain micronozzle depth. Therefore it can
be concluded that the performance of micronozzles is dominated by viscous effects, and a
careful selection of geometry is required to optimize the performance at a given operating
condition.

4.4.1 Wall temperature effect

Simulations are conducted with wall temperature varying from 200 K to 600 K to deduce
the effect of wall temperature on the size of the subsonic layer and the performance. Com-
parisons are done for a micronozzle having ht = 20 µm, θd = 15◦, and operating at a 70 kPa
pressure difference. The subsonic layer size as a percentage of exit and the thrust produced
is compared in Figure 4.17.
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Figure 4.16: Percentage of micronozzle exit plane with Mach number M < 1 operating at
70 KPa pressure difference

The decrease in subsonic layer size with a reduction in temperature creates a perfor-
mance improvement. At lower wall temperatures, heat loss will be more. The local sonic
velocity decreases due to temperature decrease. This increases the local Mach number,
which drives the reduction in the size of the subsonic layer. Therefore the optimum diver-
gence angle will depend on the wall’s thermal conditions. At lower wall temperatures, the
density increases. This accelerates the flow and increases thrust production.

A significant change in the subsonic layer and flow features are noticed on the divergent
section with the changes in wall thermal condition. A thrust decrease of around 5% was
noticed for a wall temperature increase of 100 K. This brings the importance of consider-
ing the thermal coupling of solid-gas surface, conjugate wall, and external environmental
conditions, especially in the simulation of microsatellite propulsion systems.
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Figure 4.17: Percentage of micronozzle exit plane with Mach number M <1 and the thrust
for the ht = 20 µm, θd = 15◦ at various wall boundary conditions

4.5 Correlation for thrust prediction

The total of 96 numerical simulations conducted has resulted in many data sets for mi-
cronozzle geometries having various throat dimensions, divergence angles, and operating
conditions. It is observed that the performance is highly influenced by the area ratio, length
of the divergent wall, and pressure difference across the nozzle. Therefore, the following
performance parameter, X, is identified to relate to the thrust per unit depth produced. The
parameter X is defined as

X =
sin2θ

AR2

P0

∆P

ϵ

ϵ− 1
(4.3)

The proposed correlation for thrust per unit width can be expressed as follows

Thrust/width = AXb (4.4)

where A and b are 71 587.8 and –0.6 respectively. The correlation coefficient is 0.97.
A comparison of the predictions of the proposed correlation with the data points obtained
from the numerical analysis is shown in Figure 4.18.
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Figure 4.18: Comparison of the predictions of the proposed correlation with the data points
obtained from the numerical analysis

4.6 Micronozzle in a cluster arrangement

From the above sections how a single micronozzle is behaving in different operating con-
ditions has been identified. The thrust produced by the micronozzles is in micro Newtons,
so to get the desired thrust level, micronozzles need to be arranged in the cluster. While
in the cluster arrangement, the plume interaction of the nozzles will take place and it may
affect the performance of individual micronozzles. So a number of numerical simulations
have been conducted with varying nozzle pitches ranging from 100µm; 300 µm; 500 µm
and 1000 µm. To study the thermal effect on the plume flow, two wall temperature has
been selected as 300K and 1000K. The variation of the Mach number, thrust, and Isp was
plotted and analyzed in the following sections. The computational domain used for the
current numerical study is depicted in Figure 4.19 and the whole domain is simulated using
a DSMC method. A total pressure of 1000 Pa is imposed at the nozzle inlet, while a back
pressure of 1 Pa is maintained at the nozzle exit for all simulations.
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Figure 4.19: The geometry of the micronozzle in cluster arrangement for the DSMC study

4.6.1 Variation of maximum flow Mach number

The variation of maximum Mach number with nozzle pitch of the cluster for two different
wall temperatures is depicted in fig.4.20. The maximum flow Mach number of the cluster
configuration is found to increase with an increase in nozzle pitch for both wall tempera-
tures studied. This is due to the merging of the viscous subsonic layer from the adjacent
micronozzle in the cluster arrangement, which will stop the under-expanded plumes from
the nozzles from growing. The micronozzle axis is parallel to these viscous layers, which
prevents gas growth beyond the cluster.

Figure 4.20 additionally illustrates the variation in maximum Mach number with nozzle
pitch for two distinct wall temperatures 300k and 1000K. The maximum Mach number of
a nozzle with a higher wall temperature (1000K) also rises with pitch, albeit the values
are observed to be lower than those of a nozzle with a lower wall temperature (300K).
The decrease in Mach number with an increase in wall temperature is attributed to the
heightened sonic velocity, aligning with expectations.
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Figure 4.20: Variation of Maximum flow Mach number with the pitch at Tw =300 and
1000 K

4.6.2 Variation of Thrust and Isp

The thrust and Isp of the nozzles are calculated and plotted against the pitch of the cluster
for the wall temperatures 300 and 1000K (fig. 4.21). The thrust produced by the 300K wall
temperature nozzle is found to be higher than the 1000K Nozzle. The thrust was also found
to be decreasing with an increase in nozzle separation initially up to 300µm and started to
increase from there onwards with an increase in nozzle separation for both wall tempera-
tures studied. This is a result of the trade-off between different factors that affect the thrust
when the axis-to-axis distance is changed. The combined action of the momentum thrust
component and the pressure thrust component produces thrust. Momentum thrust contri-
butions will be greater at the smallest nozzle separations, but pressure thrust contributions
to overall thrust are significantly reduced. It was discovered that as nozzle separation in-
creased, the particular impulse of the nozzles grew a little bit. At 1000K wall temperature
compared to 300K wall temperature, the specific impulse was found to be greater. The
main cause of this is a considerable reduction in mass flow rate coupled with an increase in
wall temperature.

The research findings indicated that there are distinct flow characteristics between sub-
sonic and supersonic nozzles. The flow through the micronozzle is influenced by factors
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Figure 4.21: Variation of thrust and Isp with the pitch at Tw=300K and 1000K

such as viscous loss and rarefaction effects. It’s worth noting that the nozzle with the great-
est divergence angle exhibited the highest loss and the lowest thrust, but this outcome might
not apply to other micronozzle applications. Subsequent chapters will delve into a different
application of the micronozzle, specifically, its use in aerodynamic mixture separation.
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Chapter 5

Aerodynamic mixture separation using CD
micro nozzles

This chapter discusses the use of converging-diverging micronozzles for species separation
applications. It examines the effect of the size, divergent angle, and back pressure on
species separation. The divergent shapes like linear, bell, and trumpet were compared to
get optimum separation. The aid of carrier gas on species separation is also analysed.

This chapter is based on

1. M. K. Sukesan, S R Shine, Effect of back pressure and divergent section contours
on aerodynamic mixture separation using convergent–divergent micronozzles, AIP

Advances, 12(8), 085207, https://doi.org/10.1063/5.0097772

2. M. K. Sukesan,A. Kumar, S. R. Shine, Effect of Divergence Angle, Carrier Gas and
Back Pressure on Species Separation using Convergent Divergent Micronozzle , Pro-

ceedings of the 49th national and 9th international conference of Fluid Mechanics

and Fluid Power (2022), IIT Roorkee.

5.1 Introduction

Research on flow characteristics of micronozzle is currently dominated by micro thruster
applications, followed by its use for gas mixture separation. Uniformity in the flow struc-
ture to obtain the optimum thruster performance is the prime objective of the former, while
the latter demands highly nonuniform species distribution of the flowing mixture. Further
investigation is required to explore the suitability of aerodynamic mixture separation for
continuous real-time applications.
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One of the objectives of the present study has been to understand the binary separation
characteristics of converging-diverging 2-D planar micronozzles under various conditions.
Simulations are carried out with various divergent section shapes (linear, bell, and trum-
pet), throat heights (2-8µm),divergent angles (15-45◦) and various back pressure (0-30kPa)
conditions.The scaled version of Hao’s nozzle was employed in species separation experi-
ments for linear nozzles. A total of 54 simulations are conducted for the species separation
study. The table 5.1 contains details of the computational studies conducted for the current
chapter.

Table 5.1: Details of the computational studies conducted in the current chapter

Sl
no.

Geometry
Considered

Method
Adopted

Geometry
Parameters

No. of
Simulations

Approximate
Computational
Hours

1

Planar Nozzle
with linear,
bell and trumpet
divergent
section for
species
separation

Full
DSMC

ht=2-8µm,
Ld=4.75ht - 15ht,
θd=15-45◦

54 3888

The schematic of the linear nozzle configuration with dimensions non-dimensionalized
with ht is shown in Fig.5.1. The binary mixture consists of Argon (Ar) and Helium (He)
(molecular masses of 39.95 and 4.00 u). Constant pressure (120kPa), temperature, and
an equimolar mixture of He and Ar are considered at the inlet boundary. The outlet is
assumed as the hard vacuum that prevents molecules’ entry into the simulation domain.
Various pressure exit conditions (0, 0.3, 3, and 30 kPa) are used to study the effect of back
pressure. All Knudsen number mentioned in the study is based on throat height.

5.2 Flow field and streamlines

The mixture flow is driven by the pressure/temperature /concentration gradients, and there-
fore, variations in He and Ar velocities may be expected. Sabouri and Darbandi [9] have
observed a considerable increase in the velocity of the lighter species along the centerline
of the nozzle. The behavior of binary gas mixture flowing through a convergent-divergent
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Figure 5.1: Micronozzle geometry details used for simulations

micronozzle of 2 and 8 µm is discussed in this section. The inlet pressure of the micronoz-
zle has been 120 kPa. Flow is allowed to expand freely, and a fixed temperature of 300K
is maintained at the wall. The molar fraction of He and Ar is maintained at 0.5 at the inlet
of the nozzle. The Kn at the exit of the nozzle is observed as 0.209 and 0.0585 for the 2
and 8 µm ht nozzles respectively Fig. 5.2b shows the mean velocities of Ar and He along
the centre line. Towards the exit of the nozzle, the velocity difference between the lighter
and heavier molecular species at the core region is increasing, and the difference is higher
when Kn is high. It is observed that perpendicular to the flow, the difference is almost
constant for the two nozzles. The shape of the convergent-divergent nozzle will produce
curved streamlines and centrifugal pressure gradients in the outward direction. The curved
streamlines generate for the 2 and 8 µm ht nozzles are shown in Fig. 5.2a.

The species streamlines show a greater curvature for He than Ar. The disparity in
molecular mass causes the difference in centrifugal forces and divergence of the stream-
lines. The effect is more severe in the 8 µm ht nozzle. The pressure gradient is from the
wall to the centreline at the exit, and the streamlines rotate outward. This effect is more for
the bigger nozzle creating depletion of the heavier species near the wall.

One can expect higher heavier species concentration near the axis for the smaller nozzle
whereas higher lighter species concentration on the peripheral regions of the bigger nozzle
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Figure 5.2: Streamlines and mean velocities of Helium and Argon and for the 2 and 8 µm
ht micronozzles

due to the difference in Kn. Consequently, the hypothetical surfaces shown in Fig.5.3 are
selected to compare the species accumulation. The peripheral area ABCDEFG is used
to compare the He accumulation and is shown in Fig.5.4. Higher He concentration is
observed for the bigger nozzle along the line CDE. The smaller nozzle produced a higher
Ar concentration along FG.

5.3 The species distribution

Fig. 5.5 shows the static mole fraction of Ar (heavier species) along the nozzle centerline.
The static mole fraction (X) is defined based on the number density and is given by

XAr =
nAr

nHe + nAr

(5.1)

The mole fraction increases from the inlet and reaches a peak downstream of the throat.
Further increase of mole fraction is seen outside the nozzle exit. It is also noted that the
concentration of heavier species along the centreline increases with the increase of Kn.
It can be concluded that at higher exit Kn, a higher concentration of Ar is expected near
the axis, whereas the He concentration near the wall is higher when Kn is lower. This is
more evident from Fig. 5.6 and 5.7, which shows the stagnation mole fraction contour of
He, Mach contour, and streamlines for the nozzles. The stagnation mole fraction (Xst) is
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Figure 5.3: Sampling area for comparing species separation efficiency

defined based on the number density and velocity magnitude and is given by

Xst−Ar =
nAruAr

nHeuHe + nAruAr

(5.2)

A thicker region of higher He concentration can be noticed for the 8µm nozzle divergent
section. The static mole fractions of He in the vertical plane at the three axial locations
downstream of the throat are shown in Fig. 5.8 for the 2 and 8 µm nozzles. The L1, L2,
and L3 locations are selected downstream of the throat at a distance of ht, 2ht, and 3ht,
respectively. The non-dimensional parameter (ψ = hmax/ht) is used to specify the axial
location. A steep increase in the He mole fraction is observed for the nozzles adjacent to
the throat near the wall. The helium concentration is higher throughout the wall, with the
8µm nozzle showing a significantly large value (around 16% increase). At the exit of the
nozzle, the variation is almost linear for the 8µm nozzles, with a higher drop near the wall.
The data in these sections are mainly provided for information purposes. The direct result
is that the separation effect primarily depends on exit Kn created by the different nozzle
sizes.
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Figure 5.4: He molar fraction along the line ABCDEFG

5.4 Effect of divergence angle

The effect of divergence angle for a constant expansion ratio is studied with different di-
vergence angles 15, 30, and 45◦ for micronozzle having ht= 2µm. The expansion ratio is
defined as the ratio of outlet to throat width. The length of the divergent section has been
varied to maintain a constant expansion ratio. Inlet pressure of 120 kPa and hard vacuum
at exit is maintained for all simulations.

Fig.5.9 shows the centerline mole fraction of Ar for the three cases. The highest mole
fraction is observed for the higher divergence angle. The peak value shifted more down-
stream of the throat as the divergence angle increased. No significant differences are ob-
served in the convergent part of the micronozzle. Considerable enhancement in Ar mole
fraction is noticed for the 45◦ towards the exit. Since the expansion ratio is kept constant,
the length of the divergent section varies for the three cases. The higher length of the 15◦

nozzle promotes more velocity slip and separation towards the exit. For the 45◦ divergent

103



Figure 5.5: Variations of static Argon mole fraction along the centerline for various mi-
cronozzles

Figure 5.6: He stagnation mole fraction for the a) 2 and b) 8 µm ht micronozzles
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Figure 5.7: Mach number contour and streamlines for the a) 2 and b) 8µm ht micronozzles

angle, wall deflection is more, resulting in higher lateral separation effects. The curvature
of the streamlines is higher; the heavier molecules cannot bend so easily and therefore
remains in the axis region. The bending of the He streamlines was found to be higher com-
pared to Ar and the deviation is more visible at the outlet of the micronozzle. The highest
bending of the streamlines in the 45◦ nozzle creates a higher pressure gradient towards the
center of the nozzle and as a result, 45◦ nozzle shows the highest Ar concentration.

5.4.1 Effect of divergent section contours

Most of the past research involving the aerodynamic separation process using micronoz-
zles has considered conical nozzles due to their simplicity and ease of manufacturing. The
species separation performance of various micronozzles with a divergent section having
linear, bell, and trumpet shaped contours are analyzed. The throat height for all micronoz-
zles is kept as ht= 2 µm. The convergent section dimensions, divergent section length,
throat height, and expansion ratio are kept the same for all the nozzles studied. Bell nozzle
contour has been created according to the method of characteristics (MOC) based on Rao’s
approximation [197]. By altering the lip angle θe, two bell nozzles with distinct diverging
parabolic curves are created, as shown in Fig. 5.10a. The parabolic profile starts imme-
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Figure 5.8: He mole fraction in the vertical plane at the three axial locations and at the
nozzle exit of various micronozzles

diately after the initial expansion angle θn, and it is extended up to the exit of the nozzle,
where it will meet the lip angle θe. The bell nozzles are designed with Autodesk Fusion
360 software [198] and meshed with OpenFOAM’s block mesh tool [199]. The arc (c-d)
near the convergent section has a radius of 0.75 ht. The arc (d-e), which connects the throat
to the parabolic extender, has a radius of 0.191 ht. The parabolic curve-1 and curve-2 (e-f)
are created with a lip angle of zero and 8 degrees, respectively. For both the bell nozzles
investigated, the divergent angle θn was set to 30 degrees. The convergent portions (b-c)
of both the bell nozzles are made smooth, and the divergent length Ld has the same length
of 15◦ linear nozzle. For the trumpet nozzle, the shape is created with an arc of radius 60
and 120 µm immediately after the throat. The radius of the curve is chosen to be 30 or 60
times the throat height. OpenFOAM’s block mesh tool[199] is used to generate and mesh
the geometry. Fig.5.10b depicts the trumpet curves. These curves which connect the throat
to the exit are selected to study the effect of divergent trumpet curvature on separation.
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Figure 5.9: Ar mole fraction along the centreline for micronozzles having different diver-
gence angles 15, 30, and 45◦

Simulations are conducted with a sharp and curved throat region of bell nozzles to check
whether the shape influences the central Argon mole fraction. Fig.5.11 shows the Ar mole
fraction along the centreline for both cases. Ar concentration is the same everywhere except
the immediate downstream of the throat, where the smoothed convergent portion has the
highest mole fraction. The shape effect is negligible in all other locations. Fig. 5.12 shows
the static mole fraction of Ar along the nozzle centerline and across the exit for the three
cases, linear, bell nozzle-1, and trumpet-1. The trumpet nozzle shows a higher Ar centerline
concentration. Ar mole fraction variation in the vertical plane at the exit is also different
for various shapes. The flow alignment capability of the bell nozzle is demonstrated in
Fig.5.13, which shows the transverse Y velocity component for the different shapes under
exit vacuum conditions. The trumpet and linear nozzle show significant Y-velocity at the
exit plane.

The center line velocities of Ar and He for the bell and trumpet nozzles are compared in
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Figure 5.10: Micronozzle a) Bell and b) Trumpet shapes considered for separation studies

Fig. 5.14. The velocity slip is maximum downstream of the throat but decreases towards the
exit. A higher lip angle of the bell creates a higher velocity slip, though the exit velocities
are decreased compared to the trumpet. For the trumpet nozzle, slip velocity gradually
increases along the axis. The stagnation mole fraction of He along the axis for the various
cases are analyzed in Fig. 5.15. The divergent section of the trumpet shapes shows the
highest separation compared to the bell and linear nozzles, though the advantage decreases
at the exit downstream. The separation effect increases almost linearly along the axis.

Fig.5.16 shows the stagnation mole fraction of He and the streamlines of the species
for the trumpet and bell nozzles. More outward bending of the streamlines is observed for
the trumpet nozzle, facilitating higher lateral separation. Fig.5.17 shows the Mach number
and pressure distribution for various cases. This is presented to understand better the gas
behavior in these systems and for information purposes.

The Mach number contours of the three cases illustrate a significant subsonic layer
present in the divergent section of the bell nozzle, causing a reduction in the average exit
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Figure 5.11: Ar mole fraction along the centreline for the bell nozzle with sharp and curved
throat section

Mach number. As the velocities are lower, the slip velocities are also lower, driving lower
separation performance. The growth of the subsonic layer is less when the lip angle is high,
which causes an increase in average exit velocity. This caused an increase in velocity slip
and increased separation performance.

5.5 Effect of back pressure

The effect of back pressure is studied for the 2 µm ht micronozzle by varying the exit back
pressure from 30 kPa to 0 kPa. Fig.5.18 shows Mach number contours and mean stream-
lines for various back pressures. It is observed that the exit pressure and the thick subsonic
layer contribute to the flow behavior significantly at higher back pressures. At the high
back pressure of 30 kPa, the divergent section is dominated by the subsonic flow. The flow
reaches the highest Mach number downstream of the throat and decelerates in the divergent
area. As the subsonic layer mostly dominates the divergent part, there might be a negligible
effect of the divergent shape on flow features. Since the subsonic region spreads up to the
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Figure 5.12: Ar mole fraction for bell, trumpet, and linear nozzles (ht= 2 µm for all cases)
for the same operating conditions (a) along the centreline, (b) at the exit vertical plane

axis, the core isentropic flow has degenerated. The back pressure and the ambient flow
field might communicate to the upstream in this case and causes the turning of the flow and
deflection of exit momentum in the transverse direction. When the exit pressure decreases,
the flow continuously accelerates, and the divergent section shape could substantially affect
flow behavior. Fig.5.19 shows the stagnation mole fraction variation along the line C-D-
G at the exit of the nozzle for all four cases investigated. For vacuum exit conditions, the
bending of the streamline at the nozzle tip will create a pressure gradient towards the center
of the nozzle, which produces a higher concentration of heavier species (Ar) at the center.
From Fig. 5.18, it is visible that the bending is more at the lip of the nozzle for higher back
pressure conditions, which will create a pressure gradient away from the wall towards the
exit. This is more evident in Fig. 5.19, where the He concentration decreases away from
the centreline, but the rate of decrease is higher under vacuum conditions. This creates a
higher Ar mole fraction at the nozzle’s exit near the wall for higher back pressure cases.
He concentration increases with height for all cases though the rate of increase is different.

Fig. 5.20 shows the pressure contours and stagnation mole fraction of He under dif-
ferent back pressure conditions. High stagnation mole fraction can be noticed at very low
back pressures. This is created by increased flow turning and higher flow acceleration.
Variation of Kn, and mean free path of the mixture, is shown in Fig. 5.21. Kn is found to
be increasing with decreasing exit pressure, and flow enters the free molecular regime. The
high Kn zone is located behind the plume and above the nozzle exit plane.
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Figure 5.13: Transverse velocity components uy in the linear, trumpet, and bell nozzle at
vacuum exit conditions

5.6 Effect of carrier gas

To study the effect of carrier gas on species separation, a third gas is introduced along with
Helium and Argon. Nitrogen is selected as the carrier gas as it has a molar mass between
He and Ar. Different simulations are conducted with varying percentages of carrier gas,
such as 0%, 33%, 70%, and 90%. Inlet pressure of 120 kPa and hard vacuum at exit is
maintained for all simulations. The normalized Argon mole fraction on a vertical plane at a
distance of 2ht from the nozzle exit is plotted and is shown in Fig.5.22.The introduction of
carrier gas has decreased the species separation effect at the nozzle exit. As the percentage
of N2 increases, the species separation is reduced at the exit of the domain.

Simulations are conducted with a heavier carrier gas such as Krypton (Kr), and the re-
sults are shown in Fig.5.23.The selection of N2 and Kr as carrier gases are based on specific
characteristics, particularly their molecular weights in comparison to Ar and He. Firstly,
with regard to N2, its molecular weight falls between that of Ar and He. This choice is likely
made for specific applications where a moderate molecular weight is advantageous. On the
other hand, Kr is selected because it has a molecular weight higher than both Ar and He.
This can be advantageous in scenarios where a carrier gas with a higher molecular weight is
required. The molecular weight of a gas can impact its ability to carry substances through a

111



Figure 5.14: Center line velocities of Ar and He for the bell and trumpet nozzles studied

system, affecting parameters such as diffusion and separation efficiency. As the carrier gas
becomes heavier, the species separation is suppressed. Krypton is almost heavier by two
times Ar and 20 times He. Adding a heavier component reduces the lateral separation effect
due to the low turning of streamlines. Lower species streamline divergence is noticed with
heavier carrier gas. The slip velocity is highest when the difference in molecular weight is
highest. There is higher bending for the lighter gas (He ) and the least for the heavier gas
(Kr). N2 and Ar almost traced the same path because of the slight mass difference.

The investigation highlights that the bending of streamlines is a primary factor respon-
sible for species separation. Consequently, a study has been carried out on a curved mi-
cronozzle, and the results of this study will be examined in the following chapter.
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Figure 5.15: Stagnation mole fraction of He along the axis for the bell, trumpet, and linear
nozzles studied

113



Figure 5.16: Stagnation mole fraction of He and the streamlines of the species for the
trumpet and bell nozzles having 2 µm ht

114



Figure 5.17: Mach number and pressure distribution for the trumpet and bell nozzles hav-
ing 2 µm ht
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Figure 5.18: Mach number contours and streamlines for the 2µm ht micronozzle under
various back pressures a) 30, b) 3, c) 0.3 and d) 0 kPa
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Figure 5.19: Stagnation mole fraction variation at the exit plane (CDG) at various back
pressure conditions for 2 µm ht micronozzle
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Figure 5.20: Pressure contours and stagnation mole fraction of He under different back
pressure conditions for 2 µm ht micronozzle
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Figure 5.21: Kn contours at various back pressures for 2 µm ht micronozzle
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Figure 5.22: Micronozzle axis Argon and Helium mole fraction for the linear nozzle with
N2 as carrier gas

Figure 5.23: Micronozzle axis Argon and Helium mole fraction for the linear nozzle with
Kr and N2 as carrier gas
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Chapter 6

Performance of curved micronozzle used
for gas separation

This chapter presents the study focused on separating species using a curved nozzle with
different radii of curvature, nozzle wall temperature, and various back pressures. The pri-
mary objective is to ascertain the most suitable nozzle design for efficient species separation
achieved by comparing the results obtained from curved and linear-wall nozzles.

6.1 Introduction

A previous study conducted using linear nozzles has demonstrated that when the flow
streamlines are curved, the discrepancy in molecular mass leads to the development of
varying centrifugal forces, ultimately causing the streamlines to diverge. This phenomenon
gives rise to the lateral separation effect, which becomes more pronounced as the curvature
of the streamlines increases. Consequently, there is an enhanced concentration of higher-
molecular-mass species in the peripheral regions. Therefore the study has been extended to
the curved nozzle in order to analyze the effect of various operational and geometrical pa-
rameters on species separation. Flow through a curved geometry creates pressure gradients
across the flow due to centrifugal forces and offers the possibility of separation. The current
work numerically investigates the aerodynamic separation process associated with curved
micronozzles operating under vacuum exit conditions.Curved nozzle dimensions and flow
parameters were selected similar to Li’s [182] earlier experimental research. Direct Simu-
lation Monte Carlo method is used to simulate gas mixtures with various compositions of
species. A total of 33 simulations were conducted and the effect of the curvature of the
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Figure 6.1: Geometry of the curved nozzle

geometry, differential wall heating, and back pressure effects are analyzed. The table 6.1
contains details of the computational resource used for the numerical studies conducted.

Table 6.1: Details of the computational studies conducted in the current chapter

Sl
no.

Geometry
Considered

Method
Adopted

Geometry
Parameters

No. of
Simulations

Approximate
Computational
Hours

1
Curved nozzle
for species
separation

Full
DSMC

ht=12µm,

R=100-140µm

33 2376

The studied geometry of the curved nozzle is depicted in Fig 6.1. A skimmer is provided
at the exit of the domain to separate out the heavier species. A curved converging section
has been used for better performance [182]. All the studies have been conducted with an
inlet mixture temperature of 300K and exit vacuum conditions. At the inlet of the nozzle,
an equal molar mixture of species with 100kPa pressure is introduced in all the studies
except unless stated in the subsequent section.
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6.2 Different Mixture combinations

Three different mixture combinations, N2 + SF6, Ar + SF6, and He + Ar, have been
used to study the effect of molecular mass ratio on species separation. The inlet conditions,
species mass ratio, and diffusion coefficients for various cases are shown in table 6.2.

Table 6.2: Details of the species mixture studied

Mixture
Temperature
(K)

Pressure
(atm)

Mass Ratio
Dab(x10−6)

(m2/s)

Ar + SF6 300 0.5 3.65 17.2

N2 + SF6 300 0.5 5.214 19.6

He+ Ar 300 0.5 9.987 146

where binary mass diffusion coefficient (Dab) can be calculated from the following
equation [200]

Dab = 0.00188T
3
2

√
M1 +M2

M1M2

1

Pσ2
abΩD

(6.1)

σab is the characteristic length defined as

σab =
σa + σb

2
(6.2)

ΩD is the collision integral for diffusion and can be calculated from

ΩD =
1.06036

(T ∗)0.15610
+

0.19300

exp(0.47635T ∗)
+

1.03587

exp(1.52996T ∗)
+

1.76474

exp(3.89411T ∗)
(6.3)

where T ∗ is
T ∗ =

KBT

ϵab
(6.4)

In all cases, an inlet heavier species concentration of 1% is maintained. Fig. 6.2 shows the
mole fraction of heavier species along the bottom wall. The mole fraction is normalized
with the inlet mole fraction and the length with the maximum length. The heavier species
mole fraction is initially decreasing downstream of the throat. This is due to the effect of
the initial converging section upstream of the throat and the circular converging area. The
bending of the streamline creates the movement of the heavier species toward the upper
wall. This effect persists a small distance downstream of the throat, and afterward, the
trend is reversed. Fig. 6.3 shows the variation of heavier species mole fraction perpendic-
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Figure 6.2: Normalized mole fraction of heavier species on the bottom wall for the N2 +
SF6 mixture

ular to the axis at various locations of the curved nozzle for the N2 + SF6 mixture. A high
concentration of species near the upper wall is noticed only adjacent to the throat. Previous
studies also noticed the effect of curved streamlines and centrifugal forces on species sep-
aration[ [9], [201]], and it is known as lateral separation. Towards the downstream of the
throat, the curvature changes, and heavier species moves toward the bottom wall. N2+SF6

mixture showed the highest separation at the exit. This can be explained with the help of
two phenomena, one is due to the effect of mass ratio (lateral separation), and another is due
to mass diffusion. The lateral separation effect will increase with the mass ratio. He+ Ar

mixture has the highest mass ratio among all the mixtures studied, but due to the impact of
diffusion, it has the least separation. The diffusion coefficient of the He + Ar mixture is
considerably higher than the others studied. The mass diffusion will work against the sepa-
ration and will try to make the mixture composition uniform. Ar + SF6 has the least mass
ratio and diffusion coefficient. The trade-off between the lateral separation caused by mass
ratio and the mass diffusion creates a higher separation at the exit for theN2+SF6 mixture.

Previous research on micronozzles [[9], [201]] noted two distinct separation phenom-
ena, lateral and streamwise separation. The slip velocity between the species created by the
molecular weight differences facilitates the streamwise separation. As the mixture moves
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Figure 6.3: Normalized mole fraction of SF6 along different lines perpendicular to the
axis

through the domain, more separation will take place due to streamwise separation. There-
fore bending of the streamline and velocity slip between the species facilitate the separation,
and it is observed that the species with the highest mass will bend the least and will have
the lowest molecular velocities. Fig. 6.4a and Fig. 6.4b shows the mole fraction contours
of SF6 and representative streamlines of different species at the exit of the curved nozzle.
The heavier species SF6 is found to be concentrated at the periphery of the domain, which
can then be separated by a skimmer. Helium with the least molecular mass will bend the
most, and the SF6 will bend the least due to the highest molecular mass among the other
species studied.

6.3 Different radius of curvature

In this section, the effect of the curvature of the nozzle is analyzed. An increased radius
of curvature will force the streamline to bend more, enhancing the separation due to a
higher centrifugal pressure gradient. The radius of the lower wall has been increased from
100x10−6 m to 140x10−6 m as shown in Fig. 6.5 to study the effect of the radius of cur-
vature on species separation. N2 + SF6 mixture has been chosen for the study. Fig. 6.6
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(a) (b)

Figure 6.4: (a)Normalized mole fraction contours of SF6 and (b) streamlines of different
species

indicates the slip velocity between the species along the centreline. By decreasing the ra-
dius, the slip velocity between the species will increase, favoring the separation. The higher
slip causes the enrichment of heavier species. However, as the curvature increases, the lat-
eral separation effect is increased. Fig. 6.7 shows the mole fraction ratio of SF6 variation
perpendicular to the axis at two locations. It is observed that the difference between the
concentration of the heavier species between the upper and lower wall increases with an
increase in radius. At higher radii, the lateral separation effects dominate the streamwise
separation.

6.4 Effect of wall temperature and back pressure

Simulations are conducted with three different wall temperatures, 300 K, 350 K, and 400
K, to study the wall temperature effect on species separation. Initially, the upper and lower
walls are heated to the same temperature, and then the studies are repeated with different
temperatures on the upper and lower walls. An equal molar mixture of N2 and SF6 is al-
lowed to flow at an inlet pressure of 101 KPa through the nozzle. At higher temperatures,
the molecule’s kinetic energy will increase due to the heat transfer from the wall. Fig. 6.8
shows the increased velocity slip between the species at higher wall temperatures. High
wall temperature will cause an increase in the binary mass diffusion coefficient. The cu-
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Figure 6.5: Different radius of curvature

mulative effect of these phenomena is an overall decrease in separation efficiency. Fig. 6.9
depicts the variation of the normalized mole fraction at the exit for different wall temper-
atures. Normalization is done with the mole fraction value of SF6 at the bottom wall at a
wall temperature of 300K. A temperature gradient between the top and bottom wall can
induce a transport effect as the gases move towards the exit. The separation effects in a
binary mixture depend on the molecular mass and the interaction between the molecules
[202]. This phenomenon is usually known as the positive or negative Soret effect, de-
pending on the movement of heavier or lighter components to lower or higher temperature
regions. Different wall temperatures are used in simulations to determine the impact of
thermal diffusion. Initially, the upper and lower walls are heated to the same tempera-
ture, and then the studies are repeated with different temperatures on the upper and lower
walls. Terminologies such as HUT (High Upper wall Temperature), HLT (High Lower
wall Temperature), and EULT (Equivalent Upper and Lower wall Temperature) have been
considered to distinguish the different wall temperature conditions. The subscript ∆T will
represent the temperature difference between the upper and lower walls, and in cases of
equal wall temperatures, subscript T will stand in for the wall temperature. Different com-
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Figure 6.6: Slip velocity between the species along the central line for different radii of
the lower wall

(a) Along Line-2 (b) Along Line-3

Figure 6.7: Normalized mole fraction SF6 perpendicular to the axis at various locations
for various curvatures of the nozzle
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Figure 6.8: Slip velocity between the species along the central line for different wall tem-
peratures

Figure 6.9: Normalized SF6 mole fraction at the exit for different wall temperatures
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Figure 6.10: Normalized mole fraction of heavier species at different wall temperatures
(a) at the bottom wall, (b) at the exit.

binations of wall heating have been simulated at temperatures of 300K, 350K, and 400K.
Fig. 6.10a shows the normalized mole fraction of SF6 on the lower wall of the nozzle, from
the throat to the exit. The SF6 mole fraction on the lower walls will drop if the top wall
or lower wall is heated to a higher temperature, and this effect will be maximum when the
lower wall is heated. SF6 is the heavier species and is more concentrated on the lower wall,
so a change in the lower wall temperature will affect the separation more than a change in
the upper wall temperature, as shown in Fig. 6.10b. These changes may be due to thermal
diffusion. Higher temperatures on the lower wall create a higher temperature gradient, fa-
cilitating the thermal diffusion of heavier species. This thermal diffusion will counteract
the separation effect and force the heavier gas to move toward cold regions. The results
indicate the influence of thermal diffusion, though insignificant in the present case. The
effect may dominate when the convection effect reduces and may be helpful in applications
that require the elimination of concentration gradients.

Ongoing simulations involve the variation of back pressure at exit conditions, specifi-
cally at 0, 5000, 10000, and 20000 Pa, while maintaining a constant inlet pressure of 100
kPa. As the simulations progress, it becomes evident that the maximum exit Kn number is
attained under vacuum pressure conditions, reaching a value of 6. Additionally, a Kn num-
ber of 2 is observed when the back pressure is set at 20 kPa. In Fig. 6.11, the normalized
mole fraction of SF6 at the exit of the nozzle (referred to as line 1) is presented for differ-
ent back pressure conditions. The graphical representation unmistakably illustrates that the
highest mole fraction of SF6 at the bottom wall occurs when the exit conditions are set to

130



Figure 6.11: Normalized mole fraction of heavier species at the exit for different back
pressures

a vacuum. Furthermore, an increase in backpressure correlates with a decrease in the SF6

value at the bottom wall. This observation leads to the conclusion that rarefaction plays a
significant role in promoting species separation. In other words, the conditions associated
with lower pressure levels, particularly vacuum conditions, are conducive to a higher con-
centration of SF6 at the bottom wall, whereas higher backpressure leads to a decrease in
SF6 concentration at the same location.

6.5 Comparison with linear design

The following study compares the effectiveness of linear and curved micronozzle designs
to explore the efficiency of different configurations in separating species. The comparison
involves evaluating two linear nozzle designs: one with a length equivalent to the curved
nozzle and another with a divergent section length matching the total length of the curved
nozzle. Additionally, the study analyzes the separation performance of two curved nozzle
designs with divergent radii of 120µm and 140µm. The linear and curved nozzle designs
maintain consistent dimensions, including throat height, exit, and inlet height, etc. Sim-
ulations are conducted under specific conditions, an inlet pressure of 100kPa, and an exit
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Figure 6.12: Variation of mole fraction of SF6 varies along the centerline for various
configurations

vacuum. The nozzle facilitates the flow of a binary gas mixture of N2 and SF6. By ex-
amining the mole fraction of SF6 at different regions, a comparison is made to evaluate
the separation performance of the two nozzles. Fig. 6.12 illustrates how the mole fraction
of SF6 varies along the centerline of linear nozzles and along the lower wall of a curved
nozzle. In the curved nozzle, the lower wall is chosen because it has been observed that the
heaviest species tends to deposit there, while deposition occurs at the centerline in the linear
nozzle [201]. For both types of nozzles, the mole fraction of SF6 increases as the nozzle
length increases. When comparing nozzles with the same total length, the highly curved
and linear nozzles perform similarly. However, among all the configurations discussed,
the linear nozzle with a longer divergent section length exhibits the highest separation per-
formance. The mole fraction of SF6 at the exit plane of all nozzles is compared in Fig.
6.13. The results showed that the mole fraction decreased with an increase in exit height
for the curved nozzle, while the linear nozzle exhibited a higher mole fraction at the center
of the nozzle. This comparison also illustrates that linear nozzles with longer divergent
lengths can outperform curved nozzles in species separation performance. The findings
provide insights into the behaviour of gas flows in micro nozzles, which can be valuable
for developing optimized nozzle designs for species separation applications.
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Figure 6.13: Variation of mole fraction of SF6 varies along the exit plane for various
configurations
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Chapter 7

Conclusion

The aim of the present work is to find out an optimised size and shape of micronozzle
for the thruster and species separation applications. Along with the experimental study,
numerical studies are also conducted by using conventional Navier Stokes, DSMC, and
hybrid methods. The knowledge gained helps us understand many important mechanisms
that were previously speculative based on assumptions. This chapter presents a summary of
the findings derived from this research. Additionally, suggestions for future endeavors are
made to enhance and broaden the understanding of micronozzle flows related to satellite
thrusters and aerodynamic separation processes.

7.1 Introduction

The study on micronozzles presented in this Ph.D. thesis holds significant relevance in
the field. Micronozzles operate with a thick boundary layer dominated flow, which dis-
tinguishes them from conventional nozzles. The research aims to optimize the design of
propulsion systems by considering factors such as nozzle throat dimension, divergence an-
gle, length of the divergence section, and expansion ratio to address the build-up of the
boundary layer. Previous literature shows varied findings on optimized divergence angles
and the impact of back pressure, indicating the need for further investigation. Additionally,
the study intends to explore the effects of divergent section contours, exit conditions, and
curved geometry on flow features and separation performance, which have received lim-
ited attention in previous studies. The research employs computational methods to analyze
the thrust production performance and aerodynamic separation process of micronozzles
under different operating conditions, geometries, and wall conditions. The study identi-
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fied the primary mechanisms involved in utilizing micronozzles for satellite propulsion and
aerodynamic mixture separation. This research endeavor significantly contributes valuable
insights to the field of micronozzle investigation. The significant outcomes of the study are
described below.

7.2 Experimental approach

The experimental setup and measuring instruments created during the present study can
be effectively utilized to pursue further investigations involving the testing of alternative
micronozzle designs. The experimental investigation yielded the following outcomes.

• An experimental setup has been successfully designed for the study.

• A planar nozzle was designed and fabricated by using an EDM technique.

• The experiment is conducted and the nozzle exit velocity at a distance of 2.5,3.5 and
4.5mm away from the nozzle exit is measured.

• The interferometric Rayleigh scattering technique is found to be successful in the
measurement of nozzle exit velocity with an uncertainty of 4.5%.

• Experimental results are used to validate the computational models developed.

7.3 Computational study on 2-D planar micronozzle for
satellite propulsion

The performance of micro nozzles for thruster applications is investigated through a nu-
merical study using NS with first-order slip boundary conditions, DSMC, and a hybrid
approach. The study focused on examining the impact of various geometrical parameters
such as throat depths (ranging from 2 to 200 µm), divergent angles (ranging from 5 to
30◦), and divergent lengths. Additionally, the effect of nozzle wall heating and back pres-
sure on the nozzle’s performance is explored. Based on these investigations, the following
conclusions are drawn:

• The lowest divergence angle of 5◦ produced the highest thrust under these conditions
irrespective of the operating pressure differences and throat size.
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• When the divergence lengths are high, the increase in divergence angle does not
enhance the mitigation of viscous losses.

• A significant change in the subsonic layer and flow features is noticed on the diver-
gent section with the changes in wall thermal condition.

• The decrease in subsonic layer size with a reduction in temperature creates a perfor-
mance improvement.

• Literature suggests different divergence angles for achieving optimal performance.
However, the present study’s findings indicate that the specific operating conditions
and the dimensions of the micronozzles employed primarily influence these varia-
tions.

• Under conditions of low-pressure differences, the flow within the divergent section
of the micronozzle remains predominantly subsonic. However, it accelerates due to
the effective area decrease caused by the expanding thick boundary layer.

• Micronozzle size effects are found to be significant while operating under lower pres-
sure differences.

• The flow at higher pressure differences is characterized by clear flow separation and
the occupation of the separated flow to a considerable portion of the divergent section.

• Re is very low as the nozzle size decreases to the nanoscale, and the subsonic layer
fully occupies the divergent nozzle section even at very high-pressure differences.

• The error in thrust calculations due to viscous force effects is found to be negligible.
However, the results suggest that these effects can become noticeable in the case of
a nanoscale nozzle operating under conditions of vacuum exit.

The study is extended to the micronozzle in a cluster arrangement by the varying pitch of
the nozzle arrangement (100-1000µm) and wall temperature (300-1000k) and this study
leads to the conclusions that

• The thrust beyond 300µm thruster spacing and Isp are found to be increasing with an
increase in pitch.

• The thrust beyond 300µm thruster spacing and Isp are found to be increasing with
an increase in pitch. The decrease in thrust and a slight increase in Isp are observed
with an increase in wall temperature.
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• The thrust beyond 300µm thruster spacing and Isp are found to be increasing with an
increase in pitch. The maximum value of the Mach number of the flow is found to
be increasing with an increase in pitch and decreasing wall temperature.

7.4 A correlation for thrust calculation

A new correlation for thrust calculation in micronozzles has been proposed with a correla-
tion coefficient of 0.97. The proposed correlation for thrust per unit width can be expressed
as follows

Thrust/width = AXb (7.1)

where A and b are 71587.8 and –0.6 respectively. The parameter X is defined as

X =
sin2θ

AR2

P0

∆P

ϵ

ϵ− 1
(7.2)

This correlation is only applicable in the studied flow regimes such as throat depths (ranging
from 2 to 200 µm), divergent angles (ranging from 5 to 30◦), and pressure difference (70
and 30 kPa). It is observed that the performance is highly influenced by the area ratio,
length of the divergent wall, and pressure difference across the nozzle.

7.5 Computational studies on aerodynamic separation

The binary separation characteristics of 2-D planar micronozzles with various divergent
section contours (linear, bell, and trumpet), divergent angles (ranging from 15 to 45◦), and
back pressures (ranging from 0 to 30 kPa) are investigated computationally. The direct
simulation Monte Carlo method is employed for simulations to analyze the effectiveness
of separation. The study explores species separation in carrier gases such as N2 and Kr.
Additionally, investigations are conducted on curved micronozzles with varying radii of
curvature in the divergent sections (ranging from 100 µm to 140 µm), wall temperatures
(ranging from 300 K to 400 K), and back pressures (ranging from 0 to 20 kPa). The
following conclusions are drawn from these studies:

• The aerodynamic separation effect is created mainly by (i) streamwise separation
produced by the velocity slip between species and (ii) lateral separation created by
the curving of streamlines. The two phenomena are depicted in Fig. 7.1. Stream-
wise separation increased with a decrease in throat size, whereas lateral separation
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increased with an increase in throat size.

Figure 7.1: Types of species separation phenomenon of a mixture observed in micronoz-
zles

• The studies with various micronozzles of different throat sizes indicate that the species
separation performance depends on exit Kn. When the exit Kn is higher, a greater
concentration of heavier species is anticipated near the axis. In contrast, a lower Kn
value corresponds to a higher concentration of lighter species near the wall.

• Back pressure at the nozzle exit significantly affects streamline curvature and flow
characteristics, particularly impacting mixture separation performance.

• Trumpet, truncated bell, and linear nozzle with high divergence angle showed higher
lateral separation.

• For the trumpet nozzle, higher curving of the streamlines facilitates higher lateral
separation.

• A thicker subsonic layer is present in the divergent section of the bell nozzle owing
to higher flow alignment. This reduced the average exit Mach number, slip velocity,
and separation performance.
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• High back pressure conditions at the exit of the nozzle create a dominant subsonic
flow region in the nozzle divergent part, flow turning, and deflection of the exit mo-
mentum in the transverse direction.

• The introduction of carrier gas has decreased the species separation effect at the
nozzle exit.

• Adding a heavier carrier gas reduces the lateral separation effect due to the low turn-
ing of streamlines.

• The highest mole fraction for the linear nozzle is observed for the higher divergence
angle (45◦) studied for the linear nozzle.

• In the curved nozzle, the increase in wall temperature facilitated the separation of
species by increasing the velocity slip between them.

• The separation performance in curved nozzles is significantly influenced by lateral
separation resulting from mass ratio and mass diffusion.

• Streamwise separation, lateral separation, mass diffusion, and thermal diffusion can
affect the separation performance of a curved nozzle. Further influencing the sepa-
ration performance are factors such as the nozzle shape, nozzle overall length, wall
temperature conditions, molecular mass ratio, and inlet mole fraction of the species.

• The separation performance improves with more curvature because of the compound-
ing effect of the lateral separation effects.

• In terms of separation performance, it is found that linear nozzles with longer diver-
gent lengths performed better compared to curved nozzles.

The optimum nozzle angle for the thruster application is found to be 5◦ for the studied flow
regime at constant divergent length cases. But if the divergent angle is varied by varying
divergent lengths, then the optimum angle is fall within 15-20◦. On the contrary higher
divergence angle is found to be shown higher species separation compared to lower angles
in linear nozzles.

7.6 Conclusive Summary

The research findings indicate that the specific operating conditions and micronozzle di-
mensions greatly influence the optimized divergence angles and the impact of back pres-
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sure. The study highlights the importance of the thick boundary layer dominated flow in
micronozzles and its effects on thrust production and mixture separation. Additionally, the
research explores the influence of divergent section contours, exit conditions, and curved
geometry on flow characteristics and separation performance, which were previously un-
derstudied.

The experimental setup and measuring instruments developed in this study offer further
opportunities for investigating alternative micronozzle designs. The study also proposes a
correlation for thrust calculation in micronozzles, providing a useful tool for engineers. The
computational studies on aerodynamic separation shed light on the significant role played
by lateral separation due to mass ratio and mass diffusion.

In conclusion, the findings of this study hold significant implications for the advance-
ment of micronozzle designs employed in satellite propulsion and aerodynamic separation
processes. By evaluating the feasibility of micronozzles for continuous real-time appli-
cations, particularly in the realm of aerodynamic mixture separation, this research paves
the way for developing compact and highly responsive sensors crucial for real-time de-
tection purposes. These contributions will undoubtedly shape the future of micronozzle
technology, enabling more efficient and effective propulsion systems and facilitating break-
throughs in real-time sensing capabilities.

7.7 Future work

In the current scenario, the qualitative experimental results on the micronozzle operating
in the vacuum are limited. The DSMC method can be used to evaluate the micronozzle
performance in the presence of wall surface roughness. This requires even more computa-
tional efforts which are out of the scope of the present thesis work. But, it can be done as
an extension of the ongoing work. The hybrid approach can also be optimized with new
modified Knudsen numbers. Some suggestions for future studies are listed below

1. Conduct a micronozzle flow experimental study in vacuum back pressure conditions
to measure plume characteristics for space applications.

2. Complete the experimental study on micronozzle by using micro-PIV to investigate
the internal flow features of micronozzle

3. Numerically study the effect of back pressure and divergent shape by incorporating
wall surface roughness with the help of the DSMC method.
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4. Reduce the computational effort of the hybrid approach by proper selection of NS-
DSMC interface by using modified Knudsen number like Knudsen number based on
entropy etc.

5. Reduce the computation effort of DSMC by implementing zone DSMC initialization
scheme in the divergent part of the micronozzle.
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Appendix A

DSMC Details

A.1 Molecular Properties

The molecular properties used for the current DSMC simulations are given below

Molecule mass (x10−27kg) dref (x10−10m) ω α Tref (K)

N2 46.5 4.17 0.74 1 273.15

O2 53.12 4.07 0.77 1 273.15

Ar 66.3 4.11 0.81 1.4 273.15

He 6.65 2.3 0.66 1.26 273.15

Kr 139.1 4.76 0.8 1.32 273.15

SF6 242.538 6.75 0.9 1.5 273.15
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