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Introduction

Lately, an area of research that has received significant attention is the miniaturization and stan-
dardization of satellites. Several articles have pointed out that the trend in satellites is moving
towards miniaturization, as it not only offers low production and launch costs but also allows a
company/organization to launch multiple small satellites simultaneously. A smaller revisit time and
higher coverage as compared to traditional satellites also adds to their advantage. Unlike conven-
tional satellites, micro/small satellites adopt new technologies rapidly, they have an ever-increasing
functionality per unit mass, and a larger flexibility and response to new science and its applications
[10].

Nano-satellites or CubeSats are a class of satellites that weigh between 1 and 10 kg. These
have limited mission capabilities due to their limited micro-propulsion systems. For these systems
to be capable of drag compensation, orbit maintenance, formation flying and attitude control, they
require a low change in velocity (AV) value. In the current scenario, CubeSats are mainly used for
communications, space weather research, amateur radio missions and technology demonstrations
that are inserted in the low earth orbit (LEO). This thesis aims at broadening the mission capabilities
of a CubeSat, while keeping in mind the limitations imposed by a CubeSat itself. Certainly, such
satellites require miniaturized space sub-systems and this research will focus on the propulsion sub-
system for CubeSats. Besides miniaturization, there is a growing need for clean and safe propulsion
systems along with the inclination to reduce the launch and operational costs in the space industry
for satellites, especially for small satellites [11].

One way to ensure this is by using a propulsion system that uses a green propellant. Solar thermal
propulsion (STP) is a form of space propulsion that utilizes solar energy to heat the propellant which
in turn is expanded in a thruster [12]. Previous studies conducted by researchers at the department
of Space Systems Engineering at TU Delft, have established that water is a good candidate to be
used as a propellant as it is green, and is capable of offering a specific impulse of 372 s at 2500 K
[13].

Keeping the above points in mind, it can be established that micro-propulsion systems are needed
for micro-satellites and nano-satellites to perform attitude control, formation movements and main-
tenance, all of which require maneuverability of the satellites. Also, the idea is to broaden the
range of applications of a CubeSat for orbital transfer and deep space missions, which is usually
constrained due to the lack of strong propulsion systems. These nano-satellites or CubeSats pose
several limitations and constraints on the design of a micro-propulsion system such as mass, power,
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maximum voltage and volume [14]. STP, along with being a clean and safe propulsion system, is a
promising concept that will address these limitations in beneficial ways.

Diving into the production of micro-propulsion systems, microelectromechanical systems (MEMS)
manufacturing technology can be adopted for this purpose. MEMS manufacturing technology has
been classified as one of the most promising technologies that can be used to fabricate devices or
systems that combine electrical and mechanical components [15]. This technology uses integrated
circuit processing techniques and produces devices in the range of a few micrometers to millimeters
with precision, and these devices have the ability to sense, control and actuate on a micro scale [15].
In regard to the research done in the field of STP thrusters, there is evidence to suggest that several
theoretical designs have been developed for small satellites but there is a dearth of information in
literature with respect to designs of a MEMS STP thruster. Hence, the objective of this research is to
commit to the designing of MEMS solar thermal thruster and investigating its performance for flight
on-board a CubeSat.

After a thorough study of existing propulsion systems and possible missions that can benefit from
a solar thermal propulsion system, the LUMIO (Lunar Meteoroid Impacts Observer) project has
been selected as the candidate for which an STP system will be designed and analyzed. This is a
12U CubeSat mission to the halo orbit at the Earth-Moon Lagrangian point L2 which shall observe,
quantify, and characterize meteoroid impacts on the lunar far-side by detecting their impact flashes
using optical instruments. (CubeSats are miniaturized satellites that have a dimension of 10cm x
10cm x 10cm per unit, denoted as 1U, and each unit has a mass no more than 1.33 kg [14]).

This thesis begins with a brief background research on previous solar thermal propulsion systems,
followed by the system requirement and research framework for the new system being designed,
outlined in chapter 2. Chapter 3 discusses three conceptual designs for the heat exchanger and
thruster system, and at the conclusion, one of these concepts is selected for further modelling and
analysis based on a graphical trade-off. Chapter 4 then deals with the detailed designing of the
thruster-receiver system, concentrating system and heat exchanger. This is followed by the thermal
modelling and analysis of the heat exchanger and optical system in chapter 5 and then a verification
of the thermal model is done before discussing the final results obtained in chapter 6.



Research Framework

The solar thermal propulsion system is one that works by concentrating solar energy using a
reflector/concentrator that focuses the energy into the receiver cavity, which in turn heats up the
propellant. The heated propellant is then expelled through a nozzle, generating thrust. Therefore,
as is clear from the mechanism, this system does not require an electric generator for the thrust
generation, and the main components of the STP system are the concentrator, a receiver-absorber
cavity, a concentrator - receiver interface system (if applicable), a propellant feed system and the
thruster. Figure 2.1 shows a schematic diagram of the STP mechanism.

SOLAR
ENERGY

RECEIVER
CavITY THRUSTER
(NOZZLE)
FOCUSED
SOLAR
ENERGY
s==p THRUST
CONCENTRATOR HEAT EXCHANGER
(with propellant
channels)
PROPELLANT
INLET

Figure 2.1: Solar thermal propulsion mechanism

2.1. Literature Study
Since its conception 62 years ago in 1956 by Krafft Ehricke, the concept of solar thermal propulsion
has been widely researched [16]. This section will throw some light on the position of STP engine
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as compared to other propulsion systems in terms of performance as well as its evolution over the
years. The performance of the STP system greatly depends on the choice of propellant, as well as
the receiver cavity material and its capability to efficiently transfer heat to the propellant. An initial
survey on known propulsion systems has been conducted to review where solar thermal propulsion
lies in terms of its performance.

1.0E+01 ~
oo M B
E" 1.0E-01 A i----"-"""""i thermal
% 1.0E-02 1 i solar E
‘é 1.0E-03 - E thermal i_
= 1.0E-04 - T ‘
1.0E-05 - e1ectric propulsion
1.0E-06 ; ==
100 1000 10000
Specific impulse (s)

Figure 2.2: Performance of solar thermal propulsion systems vs chemical, electric, and nuclear thermal propulsion
options [13].The graph is plotted between thrust/system wet weight and specific impulse.

From the above plot, it can be observed that the STP system lies in between the most commonly
used chemical propulsion system and electric propulsion systems. A chemical propulsion system is
characterized by a high thrust to weight ratio, which implies that high propellant mass is required
for higher thrust, providing low transfer times, and low specific impulse. Whereas, the electric
propulsion is identified by high specific impulse and the lowest thrust to weight ratio, which means
that the transfer time for a deep space mission would range from several months to years. Based on
this comparison graph, the STP system seems to offer an intermediate performance by providing a
higher specific impulse and lower propulsion system mass than the chemical propulsion and higher
thrust and transfer times compared to electric propulsion.

2.2. Existing STP Engine Concepts and Designs

To have an idea of the existing STP engine designs and their evolution, we need to delve into the
previous phases of research done. Over the years, the receiver design has evolved. Some of the
most notable conceptual and experimented designs are described here.

In 1962, one of the first STP experimental and analytical studies was funded by AFRPL which
presented a typical system with large concentrators as shown in figure 2.3.
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Figure 2.3: Conceptual design of a solar thermal propulsion system [17]

This STP system used hydrogen as its propellant and a specific impulse of 680 seconds was
attained. However, the project was not continued due to the lack of recognition of the potential
of solar thermal propulsion for the launch vehicles that existed in the early 60s and the inclination
towards highly funded research in chemical, electric and nuclear thermal propulsion systems [18].
Etheridge [18] presents the evaluation of an STP system relative to conventional systems for the
STS, selected as a launch vehicle. The report includes an in-depth study of the collector concept, as
well as performance based on its deployability, high concentration ratio, and low specific mass. It
has also presented an investigation of the thruster/ absorber performance. Etheridge conducted a
thorough comparison between an STP system, a chemical system, and an ion propulsion system, and
concluded that an STP system with a heat exchanger thruster design (with operating temperatures
of up to 2500 K), inflatable collector and using hydrogen as the propellant, offers a viable option for
deep space missions [18].

In 1999, Morio Shimizu et al. presented a paper on the design, fabrication and test results of
a single crystal molybdenum solar thermal thruster with a windowless cylindrical cavity, having an
inner and outer diameter of 20 mm and 30 mm respectively, for a 50 kg micro-satellite. A schematic
diagram of the thruster design can be seen in figure 2.4.

The absorber/receiver has adopted the principle of indirect heating of the propellants through
pipes surrounding the outer chamber of the thruster. The propellant is fed through the propellant
supply pipes on each side as shown in the figure 2.4. The experimental testing was done for both N,
gas and He gas as propellants. For a thruster chamber temperature of 1600 K, a specific impulse of
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Figure 2.4: Single crystal molybdenum solar thermal thruster sketch [19]

about 650 seconds was attained, using N, gas as the propellant, at a maximum chamber pressure
of 1.0 MPa. The experiment incorporated a parabolic concentrator of diameter 1.6 m with a focal
length of 65 cm. Similar results were observed for He gas [19].

In 2004, F.G. Kennedy presented two designs of solar thermal engines for micro-satellites of
mass no more than 100 kg, with the objective of expanding the mission options available for small
satellites. The mission capabilities of micro-satellites are generally constrained and limited by the
launch opportunities available as they are mainly intended for large (host) satellites, and the micro-
satellites are usually inserted in non-optimal orbits. A number of missions for the application of STP
has been investigated and the following missions were selected: 1) Near earth objects / Near escape
flybys which need a delta V of 770 m/s with short firings at perigee, 2) GEO insertion mission which
requires a delta V of about 1700 m/s and 3) Other body (capture) missions, requiring a delta V in
the range of 1100 m/s - 4000 m/s [17]. The system requirements for the design of the STP engine
was developed based on these.

Kennedy describes two micro-scale thrusters with solar receivers, namely, Mk.I and Mk.II. The Mk.I
solar receiver incorporates a particle bed concept for a high wall to propellant heat transfer efficiency,
whereas, the Mk.II. receiver integrates a single channel heat exchanger for simplicity. Figure 2.5
shows the Mk.I design depicting a particle bed receiver concept. The propellant selected for the
purpose of the above-mentioned mission and design is hydrazine (N,H,). After a thorough test
conducted on the two designs, it was concluded that the Mk.I has a higher heat transfer efficiency
and is characterized to be heavier and more complex with respect to Mk. II. The author proceeds
with the Mk.I design for the purpose of his study, as priority is given to the heat transfer efficiency
of the system.
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Figure 2.5: Mk.I thruster design [13]

There have been several works of research conducted on propulsion systems at the Department
of Aerospace engineering in TU Delft, and especially focusing on micro-propulsion systems in recent
years. In one of the studies done at TU Delft, a prototype of a solar thermal thruster was developed,
and its ability to generate thrust utilizing thermal energy was studied. Building upon the system
requirements for TU- Delft’s CubeSat (Delfi-n3Xt), the final design was tested and concluded to be
identified as a system that provides a high specific impulse for its dimensions and generates thrust
in the range of 20-100 mN with an effective exhaust velocity of 500 m/s [12]. The final design of
the thruster demonstrated in the department is shown in figure 2.6.

Nut
Bended tube

Copper seal ring

Figure 2.6: Final RAC design with nozzle[12]
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Another research work done on solar thermal propulsion by [20] has demonstrated a concentrator
design along with a preliminary design of a solar thermal propulsion engine for PocketQubes, which
have a dimension of 5 cm x 5 cm x 5 cm. The aim of the research was to develop a concentrator that
could be integrated with a possible solar thermal thruster to set up an STP system. The small-scale
STP thruster design presented in this paper may be viewed as a reference point to study the MEMS
solar thermal thruster. The author presents a simple concept of an STP engine which is compact
and has a low system mass. The design incorporates a flat heat exchanger with multiple rectangular
channels for the transfer of heat energy to the propellant. The wall of the flat heat exchanger acts
as a receiver. The figure 2.7 shows the conceptual design of the STP engine [20]. Using ammonia
as the propellant, the design provides a thrust of 162.4 mN and a specific impulse of 200 s assuming
222.76 W as the received input power from the inflatable concentrator.

trec

Nenannel Lres = Lenanne

Schannel

_t_ Wehannel

Y [ood&o O

Section view A-A
Scale: 4:1

Figure 2.7: STP engine concept for PocketQubes [20]

To conclude, the STP has been characterized as a good intermediate between chemical and elec-
trical propulsion systems. It is observed that most of the available STP designs are for small satellites
and micro-satellites, but none for nano-satellites. Designing an STP engine which can be integrated
into a CubeSat would not only allow nano-satellites to perform formation flying but also expand the
possibility of deep space missions with its higher specific impulse and shorter transfer time compared
to the existing chemical and electrical propulsion systems respectively, and thus has great potential.
The design of solar thermal thruster can, therefore, be a key component for the on-going project at
the TU Delft which deals with the Solar Thermal Propulsion engine and the Power System for Small
Spacecraft.

2.3. Preliminary Mission Analysis

This section briefly explains the study of nano-satellite and micro-satellite missions including all
past, present and future missions that could be a potential mission that may benefit from the solar
thermal propulsion system. A comprehensive study of the application of solar thermal propulsion
was carried out for satellites varying from 3U CubeSats to those of 100 kg mass in [21]. The aim
of the mission analysis was to select three mission concepts that will be studied in detail and to
evaluate whether an STP thruster system would benefit any mission in comparison to the existing
propulsion systems.
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The process of selection of a suitable mission or application involved a preliminary calculation of
thruster performance that STP can offer for the particular satellite mass. The assumed input parame-
ters were the propellant mass, AV and the specific impulse required for a mission, and subsequently,
a comparison between the existing propulsion systems found in literature and the STP system was
executed. The eventual trade-off between the missions ended up to be between DelFFI (TU Delft),
the proposed LUMIO mission and the GTO-GEO Mission. A detailed STP performance table for each
mission can be found in the literature study report [21].

The outcome of the thorough analytical analysis of the three mission concepts was that the lunar
mission, LUMIO to be specific, was found to be the most suitable mission and benefiting from an STP
system. LUMIO is a proposed 12U CubeSat mission to a halo orbit at Earth-Moon L2 that will mainly
observe, quantify, and characterize the meteoroid impacts on the far side of the moon. The main
propulsion system for the lunar mission must be capable of station keeping and executing the orbital
transfer from the low inclination orbit of the moon to a halo orbit. Some of the main requirements
for the mission require the propulsion system to have the capacity to generate a minimum AV of
154.39 m/s from the primary propulsion system and a minimum total impulse of 72.91 Ns from the
RCS thrusters. The primary propulsion system shall produce thrust in the range of 500 mN to 1 N
and shall have a maximum thrusting time of 8 hours per orbital transfer manoeuvre [22]. Hence,
this mission has been carried forward to investigate further in this thesis.

2.4. System Requirements

Based on the above-mentioned objective and information, in order to achieve a combination of a
clean and safe propulsion system along with miniaturization of an STP engine for the selected 12U
CubeSat, MEMS technology seems to be a fitting process for the purpose of this study. Hence, it is
important to delve deeper into the designing of a MEMS solar thruster for the CubeSat. The solar
thruster must be designed in a way such that it can be coupled with a concentrator/STP system.
Based on the available test set-up for a micro-propulsion system at the Department of Aerospace
engineering, TU Delft, any possibility to develop from existing testing practices needs to be looked
into in order to reduce the time and cost aspects of the project. This section describes the design
parameters and system requirements of the selected mission.

Table 2.1: System requirements for an STP system for LUMIO mission

ID Requirement | Lunar mission Rationale

The CubeSat regulations state that “"No
pressure vessels over 1.2 standard
System operating atmosphere shall be permitted.” [14],

REQ-STP-01 Operating pressure shall be however, the maximum operating
pressure . .
below 5 bar pressures for micro-propulsion systems
have been seen to be between
1-5 bar [23][11] .
The limits are generated based on the
. The subsystem . .
Propulsion survey done on existing propulsion

shall not exceed
REQ-STP-02 sub-system 4U of CubeSat systems and system volume. The

volume volume reference volume for lunar mission
is 4U [22].
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Table 2.1: System requirements for an STP system for LUMIO mission

ID Requirement | Lunar mission Rationale
The propellant
Propellant mass shall not The limits have been implied based on
REQ-STP-03 P exceed 15 % of available propulsion systems and from
mass . T
the satellite proposed mission data.
mass
Thrust -rll-g\?esgs’fﬁrnt]siha” The thrust range for lunar mission has
REQ-STP-04 been taken from the CDF study of
Range range of 0.4 mN to
IN LUMIO.
The system shall
) ) generate a total The reference AV value for Lunar
REQ-STP-05 av budget of 160 mission is 154.39 m/s [22].
m/s
The preliminary critical nozzle design
analysis defines the values based on
The propellant Reynolds number to check the feasibility
REQ-STP-06 Propellant temperature of the design. The initial values have
temperature | shall be limited been also taken from literature [12] [13].
to 1000 K This parameter is directly related to the
concentrator dimensions and/or thermal
storage.
The wet system
mass shall take
) ) up @ maximum In case of deep space and orbital transfer
REQ-STP-07 Wet mass of 40 % of the missions.
total S/C mass
budget [24]
. The requirements are calculated for
Total The min total roposed designs for the missions
REQ-STP-08 impulse shall be prop g : :
Impulse The reference total impulse value for
3.908 kNs L
Lunar mission is 5162 Ns.
The power
Power consumption Given power consumption for proposed
REQ-STP-09 Required shall not be =N P SUmp Prop
: design for the missions from literature.
(Electrical) greater than
15w
I The system shall . I ,
Mission : Given mission durations for proposed
REQ-STP-10 Duration provide at Ie_:as_t designs for the missions from literature.
1 year of mission

2.5. Research Question, Aims, and Objectives
2.5.1. Research Objective

The objective of this research is to design a MEMS solar thermal propulsion thruster that can fit
in one CubeSat unit and analyze its performance by developing a thermal model. It must also be
possible to integrate the design with a concentrator of the STP system developed by TU Delft.
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As this research will mainly focus on designing and investigating the performance of a MEMS solar
thermal engine for flight on board a CubeSat, the sub-goals listed will be studied and executed in
order to accomplish this objective.

Objectives:

1. A trade-off between the range of 3U CubeSats to 50 kg CubeSats for deep space missions
such as the Lunar mission, Asteroid fly-by mission, and GTO to GEO orbit transfer mission
has been conducted to identify the most suitable and benefiting mission type for STP system
application during the literature study. The conceptual design chosen from the trade-off will
be investigated further to see whether the limitations can be eliminated.

2. From the system requirement table generated for the suitable mission using a systems engi-
neering approach, a detailed STP thruster design will be accomplished.

3. The various design parameters that affect the performance of the STP thruster will be identified
and modeled. Selection of the most suited material for the receiver cavity and insulation around
the heat exchanger will be finalized. Selection of insulation and receiver cavity materials that
will be used for the designing of a MEMS STP thruster will also be performed.

4. Development of a thermal model of the design to get a comprehensive idea of the heat distribu-
tion through the thruster design and study of the flow through the channels will be done. The
outcome of this task and the one above would be most important as it would provide insight
into how the heat can be prevented from entering other components on-board the CubeSat,
as well as provide information on the efficiency of heating the propellant and performance of
the system.

5. A system requirements compliance study will be carried out at the end of the thesis based on
the final performance of the system.

The framework is limited to a theoretical design of the thruster. Manufacturing, integration, and
testing of the component fall out of the scope of this research and will be considered only if time
and funding permits.

2.5.2. Research Question
In this section, a research question has been formulated based on the description of the problem
given above and the trade-off between systems that will be considered during the thesis.

How can a MEMS solar thermal thruster be designed such that it fits within a 1U CubeSat volume
and offers proper integration for a concentrator/STP system aboard a 12U CubeSat?

In order to achieve an answer to the main research question, the following sub-questions are
proposed to be studied:

Q. 1. Can the STP thruster for the selected mission be integrated with the system based on
MEMS?

(a) What are the difficulties and limitations of such a design?

Q. 2. What are the performance parameters, geometrical and material characteristics of the
proposed design?

(a) What is the power needed to heat the mass flow rate considering a power input efficiency?
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(b) How does the cavity shape affect the performance in terms of radiation loss, mass and
temperature distribution?

(c) How does the propellant temperature affect the Cavity diameter and length?

Q. 3. What are the challenges and design constraints with developing a MEMS solar thermal
thruster especially at the thruster nozzle?

(a) What is the applicability of the ideal rocket theory for micro-propulsion thrusters?
(b) What are the assumptions to be considered for characterizing thruster design?
(c) What are the limitations of nozzle sizing with respect to propellant flow parameters.?

(d) What is the maximum temperature the Receiver cavity can sustain with respect to satellite
and materials used?

(e) What are the effects of temperature on the nozzle dimensions?
Q. 4. What is the most efficient method of heat transfer to the propellant?

(a) How would the dimensions of flow channels affect heat transfer between the cavity and
channels?

(b) What are the heat transfer losses associated with the flow and receiver cavity?
(c) How can the thermal modeling and analysis of a MEMS solar thermal engine be executed?
(d) How can the thermal model and analysis tool be validated apart from testing?

2.6. Design Methodology

The design process for the STP thruster is illustrated in this section. After a thorough study of the
working of solar thermal propulsion its component’s design parameters i.e, concentrator, receiver-
absorber cavity, the interface between concentrator and receiver cavity, conceptual designs are
presented. Furthermore, an insight of CubeSat design specification and operational requirements
and regulations are kept in mind before finalizing the conceptual thruster model as a CubeSat im-
poses a restriction on acceptable mass, volume, and power. This is followed by defining a baseline
model based on preliminary calculations of the ideal thrust performance and channel flow properties.
Subsequently, for a selected channel length (from the baseline model), the parametric study of the
channel flow properties and the attainable temperature is carried out.

Parallel to the thermal model of the flow and channel wall, the optical model comprising the optical
fibers and concentrator runs to determine the power required for the heat exchanger system, the
mass of the system and the efficiency. The output of the optical system model is then given as
an input to the thermal model of the heat exchanger to determine the stored energy and the heat
loss associated with the design. The ray tracing model in Comsol is included in the iterative design
process to investigate the intensity and power deposited on the inner cavity surface. The expected
outcome of this model is a beneficial cavity height dimension of the heat exchanger. Once the
channel dimensions are estimated, the pressure drop in the channel is determined. This is then
given as an input to the thruster model where the thrust performance, losses, and engine efficiency
is computed.
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Figure 2.8: Design methodology

The final design generated from the iterative process in Matlab is subsequently verified with the
ray heating numerical model and conjugate heat transfer model in Comsol.






Conceptual Designs

The chapter deals with the selection of sub-components of the STP system which is illustrated
through a design option tree in section 3.1. In order to proceed with the selection of a promising heat
exchanger design, the STP system design has been divided into the heating method, cavity shape
(that defines the contact and surface area for heating), channel geometry and dimension, nozzle
shape, and concentrator - receiver interface. Each of these sub-components is studied and described
in the following sub-sections. The chapter then progresses with presenting three conceptual designs
in section 3.2. This is followed by concept selection based on a graphical trade-off. The thruster
performance is assumed to be the same for all three concepts and, therefore, the trade-off criteria
is mainly derived from the system requirements for a heat exchanger as defined in section 3.3.

3.1. Design Option Tree

The first step towards selecting the sub-components of the STP system is generating a design
option tree. All options for each sub-system are presented in the figure 3.1 shown in the next page
and based on preliminary calculations and trade-offs, a final concept is selected.

3.1.1. Concentrator - Receiver Interface

The interface between receiver and concentrator is an essential system configuration that needs to
be taken into account for the STP system design. In this section, two methods of directing sunlight
to the receiver have been studied.

1. Conventional system integration
The conventional fixed and on-axis concentrator focuses the concentrated solar energy on the
focal spot of the receiver.

Propellant

/1 Propellant

Concentrated Fiber Optic

| Sunlight Receiver/Thruster
[ {Roll)

||

|

| Fiber Optic Cable
1 " Receiver/Thruster

\] Solar Thermal Thruster Solar Concentrators Optical Pitch & Yaw)
Solar Cencentrator Switch

Figure 3.2: Left: Schematic of conventional solar thermal propulsion [1]; Right: Optical wave (OW) guide solar thermal
propulsion system with integrated optical wave guide ACS [2]
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Figure 3.1: Design option tree
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. Optical fiber transmission

The optical fiber cables are used to pass sunlight from the concentrator focal point to the
propellant heating cavity. This concept has existed since the 1970s and was first proposed
for small satellites by the University of Surrey in 2004 [2] [17]. In 2005 the application of
fiber optics in STP systems was studied by Paul R. Henshall et al. and it was observed that its
application in small satellites offers a degree of flexibility as it decouples the thruster from the
concentrator, eliminating design constraints imposed by conventional systems as the concen-
trator can remain pointed at sun at all times. Also, fiber optics facilitates replacement of large
concentrators with multiple small concentrators, thus lowering the system mass as a lower
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support structural mass is needed [2].

The table below points out the advantages and limitations of both the conventional solar thermal
propulsion system and the optical fiber solar thermal propulsion system.

Table 3.1: The potential benefits and limitations of the OW solar thermal propulsion system compared to a conventional
solar thermal propulsion system

Conventional system Optical Fiber system
- Solar radiation can be switched to
different receivers (Multiple thruster

Lower system mass systems).

(depends on the launch mass

/mission type) - The heat energy can be guided to
Advantages the ACS too (switch).

- Higher efficiency

compared to optical - High system flexibility as it de-couples

fibers the concentrator from the RAC- thruster

providing freedom from any imposed
constraints.
- Adds several grams to system mass.

- Low system flexibility - The energy is attenuated and reduces
the end-to-end efficiency [25].
- Orientation of concentrators

are RAC dependent - The optical fiber imposes limitations
Disadvantages on concentrator diameter leading to

- Multiple to one large either a multiple mirrors system or one

concentrators. Increases large mirror using bundled optical fibers.

complexity in case of In either case the mass of the optical

multiple mirror system. system can either be advantageous or

disadvantageous depending on the power
requirement and support structure mass.

From the literature study it was concluded that for the concentrator-receiver interface, optical
fibers are more advantageous compared to the direct focusing of concentrated solar energy, as can
be seen in the table 3.1 below. A detailed analysis of the benefits of the optical fiber system for the
selected mission will be executed later during the thesis.

3.1.2. Heating Method

The receiver is the most important sub-component of the STP system since it absorbs the heat flux
directed from the concentrator and transfers the heat to the propellant. For an STP engine to operate
at high temperatures and for it to be competent amidst other propulsion systems, the receiver must
have the ability to transfer the heat efficiently to the propellant either directly or indirectly. This
section will deal with the study of existing receiver concepts and their efficiencies, benefits, and
limitations.

In the indirect method of heating, the receiver can either be an open cavity or windowed. The
solar energy is absorbed by the walls of the receiver and the heat is transmitted to the propellant via
conduction. Whereas in the direct heating method, the receiver is always windowed or has a closed
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cavity design in which the propellant enters the chamber through porous walls and gets heated
by the solar flux impingement through the window. A detailed description of all types of direct
and indirect heating concepts can be found in the literature study report [21]. For the propellant
heating method and type of heat exchanger feasible for a nano-satellite, the indirect heating system
is favored because of the reasons listed below in table 3.2.

Table 3.2: The potential benefits and limitations of direct and indirect heating method

Direct Heating Indirect Heating

& Rotating bed) /Platelet)
Receiver is surrounded by | Flow experiences low pressure drop.
Advantages heat transfer particles/ Lower complexity compared to

materials which increases | particle beds.

the rate of heat transfer. | Receivers are less massive.
High complexity

Particle bed receivers are
Disadvantages | more massive

The bed is required to
be kept in place during
thrusting.

Risk of material clogging
the nozzle or mesh.

Flow experiences a high
-pressure drop.

Moderate heat transfer (limited
heat exchanger temperature)

3.1.3. Cavity Shape

Since the goal of this thesis is to develop a MEMS thruster, all options that are difficult to man-
ufacture are eliminated. Therefore, only the rectangular and trapezoidal cavity geometries will be
considered for the design. In the case of a rectangular receiver shape, two geometries, namely,
plain and corrugated inner surface, will be investigated during the thermal analysis of the system.
Research done by Clifford K. Ho et al. for the macro-scale to micro-scale receivers showed that
both tests and simulations of the irradiance distribution on corrugated samples produced greater
irradiance in the valleys of the corrugations that promoted higher solar absorptance relative to the
flat samples [3]. One of the most important advantage of corrugated sample is that it offers more
surface area, hence more heat flux.



3.2. Conceptual Designs 19

g 4

0.0 ] onm oz

Figure 3.3: Net irradiance distributions on corrugated and flat samples [3]

The results of this paper concluded that corrugation improves solar absorptance, especially for
lower absorptance materials like alumina, due to reduced emittance as the concentrated sunlight
permeates further at the valley. A 30 % increase in absorbed solar power is observed in corrugated
surfaces over the plain one. While corrugated surfaces do add to the mass budget of the system
and a homogeneously heated heat exchanger is expected, it will be explored further for enclosed
cavities and its influence on the thermal performance of the system.

3.1.4. Nozzle Shape

An ideal nozzle shape can be defined as the passage that offers an expansion area for the super-
sonic flow and simultaneously minimizes losses due to transverse velocity components by facilitating
flow alignment in the axial direction at the nozzle exit. The bell-shaped nozzle is known to be
the most ideal shape since it has a high expansion angle behind the throat section and maintains
isentropic flow conditions throughout the nozzle section [26].

However, the bell-shaped nozzle has two major difficulties when it comes to the micro-scale design.
Firstly, MEMS manufacturing of the contour of the bell nozzles require high precision and since this
fabrication precision is not readily available, this becomes one of the major reasons why this type
of nozzle is not considered as a suitable micro-nozzle shape. Secondly, the theoretical nozzle profile
is determined using inviscid flow theory as it cannot be obtained by quasi-1D theory, and it ignores
the effect viscous boundary layers [27]. Adding nozzle corrections for this profile becomes more
complicated and it becomes dependent on the Reynolds number through the nozzle.

The alternative to the bell nozzle is the conical nozzle. The simple design of this nozzle makes it
one of the most widely used and easily fabricated micro-scale nozzles.

3.2. Conceptual Designs

To begin with the thruster design, three conceptual designs are presented with different HE and
cavity concepts. It must be noted that the nozzle dimensions would remain identical for all concepts
since it is dependent on the required thrust for the selected mission. The propellant inlet manifold
is going to be the same for concepts 1 and 2 and differs completely from concept 3. Evidently, the
ratio of the chamber inlet area to the nozzle throat area must be at least 3 to reduce the losses due
to flow velocity of the gases in the chamber [26]. Therefore, concepts 1 and 2 have the same inlet
area ratio (Ai/At) and it is different for concept 3, but all are > 3. All concepts have an expansion
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area ratio (Ae/At) equal to 25. This was followed by a trade-off of the heat exchanger concepts to
select the most suitable design based on qualitative reasoning.

3.2.1. Heat Exchanger Concept 1

THRUST

PROPELLANT
INLET

OPTICAL
FIBER
INTERFACE

Figure 3.4: Concept 1 - trapezoidal cavity and serpentine channels

In this concept, a combination of a trapezoidal receiver cavity and semi-circular serpentine micro-
channels have been presented as can be seen in the figure below. The cavity walls can be coated
with IR coatings. In this design concept, the solar energy is transmitted into the cavity using a
single optical fibre or the entire bundle depending on the concentrator design and requirement. The
heated cavity then transfers the heat to the base of the channels via conduction and subsequently
the heat is transmitted to water (propellant) via convection. The design represents a three-sided
wall fin system. The phase change takes place over the length of the micro-channel leading to
the vaporization and exit of the propellant through the nozzle. The design is similar to the micro-
resistojet design developed at the space engineering department at TU Delft, where the heater chip
used in the propulsion system has been replaced by a receiver cavity.

3.2.2. Heat Exchanger Concept 2

The following concept incorporates rectangular micro-channels etched below a corrugated cavity
as shown below. The figure shows a corrugated cavity receiving heat energy transmitted by three
optical fibres (assumed to be split from the optical bundle attached to the concentrator). Such a
design is preferred over a flat surface, as in one of the research works done on cavities it showed
that heat energy concentrated at the troughs were higher [3]. Manufacturing of the corrugated
cavity (triangular) can be done using plasma etching. Also, a novel technique seems promising for
such cavities - forced modulated indention process.
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Figure 3.5: Concept 2 - rectangular corrugated cavity and rectangular channels

3.2.3. Heat Exchanger Concept 3

This concept presents the combination of the platelet heat exchanger concept along with rectan-
gular dual cavities. This concept of indirect heating of the propellant is based on the novel platelet
heat exchanger proposed by Y. F. Hou et al. in 2011 [28]. This receiver design, as shown in figure
3.6, consists of 20 layers of plates, where the thickness of each plate is 1 mm, the radial length is
9 mm and the metering passage is 0.1 mm. In this concept, the propellant flows from the cold wall
outside to the hot wall.

In the case of a platelet heat transfer, the propellant uniformly flows into the heated passage of
the heat exchanger (heated wall region) and during this flow path, the heat transfer between the
propellant and the heated passage is maximum and enhanced. The efficiency and heat transfer
coefficient of this system depends on the metering passage between the inlet of the cold propel-
lant and the heating passage of the receiver wall. The platelet heat exchanger design shows high
efficiency due to the large surface (contact) area for heat transfer as compared to spiral or rectan-
gular channels. In the paper [29], the formed platelet heat exchanger was analyzed by simplifying
the model to characterize the heat transfer taking place between the platelet and propellant. The
following assumptions/theory was taken into account to proceed with the thermal model:

* One-dimensional and non-equilibrium model

* No phase change takes place in the passage

Further, calculations and experiments done by Yong Fa et al. [30] during the analysis of the
platelet concluded that the wall temperature is directly proportional to the thickness of the platelet,
i.e., the thinner the platelet, the lower is the wall temperature.

This following concept incorporates a dual cavity system with the linear concept of platelet heat
exchanger. As can be seen in the figure 3.7, the propellant enters at the center of the heat exchanger
and branches out toward the cavity outer wall through the metering passage. The propellant then
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Figure 3.6: Platelet heat exchanger [28]
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Figure 3.7: Concept 3 - platelet heat exchanger

exits through two 90 degree bends in the channel path to enter the nozzle section and subsequently
be ejected through the nozzle. The heat exchanger, in this case, can be manufactured simply by
complete removal of material followed by the deposition process and then etching layer by layer.
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3.3. Concept Trade-off

This section discusses the selection of a concept based on system requirements defined for an
efficient heat exchanger and trade-off criteria. A trade-off process helps in eliminating concepts that
are not feasible based on qualitative and quantitative reasoning. In the table below, the system and
performance requirements of a heat exchanger have been defined based on restrictions imposed by
the available volume and general characteristics of an efficient system.

Table 3.3: Heat exchanger system requirement

ID Requirement Rationale

The requirement is imposed keeping the
available volume for the entire system
and total mass margin.

As increase in pressure drop is directly
proportional to the pumping power
required to drive the flow, a lower

The system shall have low

REQ-HE-01 | .\ cs and shall be reliable.

The system shall have low
REQ-HE-02 | pressure drop over the

channels. .
pressure drop is preferred.
The heat exchanger efficiency is
The system shall have a defined as the ratio of the actual rate
REQ-HE-03 | thermal efficiency of of heat transfer in the heat exchanger
at least 70%. to the optimum rate of heat transfer.

Value taken from [21]

This criteria considers the
manufacturability of the design as well
as the interchangeability of the concepts.
The criteria has been imposed keeping
The system shall have total | the volume available in mind. The aim
REQ-HE-05 | length less than or equal to | is to fit the entire system (except

4 cm. propellant tank) within 1U volume of
CubeSat.

The system shall be able to | The heating of propellant to 1000 K
REQ-HE-06 | attain at least 1000 K final | is required to satisfy the main system
propellant temperature. requirement.

The system shall be simple

REQ-HE-04 | _ 4 modular.

3.3.1. Trade-off Criteria

The trade-off table given in figure 3.8 at the end of this chapter, is characterized by the criteria in
the top row and concepts in the left column. For each concept, a reasonable justification is provided
in the box with respect to the criteria which fall in either of the following categories: Exceeds re-
quirements (in green), meets the requirement (in blue), adjustable (in yellow) and unacceptable/not
allowable (in red). The trade-off criteria selected for concept selection are:

* Pressure drop through the channels
Smaller pressure drop through the channels is preferred due to its proportional relation to the
pumping power needed to inject the propellant into the heat exchanger.

« Efficiency of the heat exchanger
System efficiency of the system, at a high level, can be defined as the ratio of the power
transferred to the propellant to the input power. This factor is directly related to the surface
area available for heating.

» Mass of the heat exchanger
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The mass of the system is taken into account as it is one of the critical parameters when it
comes to nano- or micro-satellites.

e Manufacturability
This criterion focuses on the simplicity of the design and to evaluate whether the heat ex-
changer can be easily manufactured.

e Channel length
Finally, the channel length needed to ensure heating of the propellant up to 1000 K is investi-
gated and compared.

3.3.2. Preliminary Channel Length

In order to proceed with the trade-off of the conceptual designs, the length of the micro-channel
is required to be determined and, in turn, the pressure losses associated with the channel geometry
and configuration. Before moving ahead with channel length calculations, the flow regime expected
through the micro-channel will be discussed.

Assumptions, Parameters and Equations

This section will explain the preliminary calculation of the minimum channel length required to
vaporize the propellant and the assumptions and equations used. For a channel capable of heating
the propellant from its inlet temperature to an end temperature of 1000 K, the channel wall (T, ;)
is assumed to be at 1100 K, water inlet temperature (Tfow,initiar) iS at 298.15 K and the end
temperature (Tfow,rinar) iS considered to be 1000 K. Besides, constant convective heat flux is taken
into account based on the equations described below. Mass flow rate () has been estimated from
the critical nozzle design calculations done during the literature study and has been computed to
be 0.2529e-04 Kg/s. The boundary condition considered for the purpose of the initial calculation is
stated below.

» Uniform wall temperature, where the calculation of the heat flux is based on the logarithmic
mean temperature difference.

Equations
Newton’s law of cooling is used to determine the heat exchanged between the receiver wall and
propellant, given by
(Triow,finat — Triow,initial)
I Twai—=T flow,initial

Q = h¢ * Acs_channel * (3.1)

Twait=T flow,final

Here, h is the convective heat transfer co-efficient and T represents the fluid reference temperature,
which is given by

Tflow,initial + Tflow,final

Tf = > (3.2)
The convective heat transfer coefficient can be calculated using the Nusselt number:
Nu *k
he = Dy (3.3)

In the above equation, k is the thermal conductivity of the fluid [W/m K] and D;, is the hydraulic
diameter of the channel. The D;, varies with the channel geometry can be computed with a simple
equation depending on cross-sectional area and perimeter of the channel.

4% A
Dh: p

(3.4)



3.3. Concept Trade-off 25

The flow regime classification of the flow is required to be aware of its laminar or turbulent state.
The characterization of the flow regime, based on the Reynolds number, can be expressed by the
following equation:

pUDp

u

The Reynolds number depends on the flow velocity U and the density p. The Nusselt number (Nu)
relation depends on the boundary condition considered. For laminar flow, Stephan’s expression is
used to determine the Nusselt number:

Re

(3.5)

0.067 * (Re x Pr = D/L)33
N = 3657 4 1 01+ Pr+ (Re * D/L)*2 (3:6)

1
f=64x [R_e] (3.7)
The Nusselt number for turbulent flow has been calculated using the Gnielinski correlation [26]

L+ (Re —1000)  Pr

1/2
14127 * <£) * (Pr2/3 _ 1)

1 1/4
f=0316* [E] (3.9)

Nu =

(3.8)

The power required to heat up the propellant to 1000 K can be obtained using the following equation
Q =mx*AH =m* (H(Tfina1) — H(Tro0m))[W] (3.10)
Using the above equations the length of the flow channel can be determined as follows

L. = ¢
€ hex2(h+w) * ATy,

The flow velocity of the propellant through the channel can be mathematically expressed as follows:

(3.11)

m

U= Y (3.12)
The non-dimensional Prandtl number is defined as the ratio of the momentum diffusivity to the
thermal diffusivity, which fundamentally represents the relation of the heat transfer to the fluid flow.
It can be expressed as:

p* Cyp

Pr =
Tk

(3.13)

The flow properties are determined for liquid water and water vapor by considering single phase
flow, and the total length is obtained by adding the length required to heat up liquid water from
room temperature to the boiling temperature at 5 bar plus the length required to reach 1000 K from
the boiling temperature in the gas phase. Two-phase flow properties are not taken into account in
this calculation but instead a margin of 2% for total length is considered. For the purpose of this
trade-off, an arbitrary test case is considered with channel width and height for a rectangular channel
of a 0.4 mm, an equivalent channel depth for a serpentine channel and a low aspect ratio channel
for the platelet channels with the width being the same as 0.4 mm. The length of the rectangular
channel was obtained to be about 0.03287 m and that of a serpentine channel was 0.0295 m. The
total length in the axial direction of the flow for the platelet heated side was determined to be 0.0175
m.
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Pressure Drop
The pressure losses due to frictional flow in the channels for single phase can be determined using
the Darcy-Weisbach equation as follows,

1L
- 2
APy = > th /4 (3.149)
In the above equation, L is the length of the channel. The velocity and temperature dependent
density of the flow is denoted by V and p respectively. f is the friction factor which is related to the
flow regime and depends on the channel parameters.

The losses due to bends in the channel path adds to the minor losses in pressure drop. Since
the concept 3 incorporates channels with 90° bends, the pressure drop due to bend loss can be
estimated using the following equation:

APb =

Re2u2A,Ky (AL
—( ) (3.15)

20 \4,

In the above equation, Kj, is the coefficient of loss due to bend, A, and A, are the cross-sectional
areas of the channel and connecting channel post bend respectively and u is the fluid viscosity
(dynamic). For a 90° bend in rectangular micro-channels, K; has been approximated to be 1.2 [31].

3.3.3. Graphical Trade-off

The first criterion, pressure drop, shows quite some variation between the three concepts. With the
rectangular channel having the least pressure drop, it proves to be better than serpentine channels
which experience a slightly higher pressure drop due to turns in the flow path or the multi-platelet
channels which have the highest pressure drop as two 90 degree bends contribute to the drop in
pressure. The mass of the stacked platelet concept is definitely higher than that of the concepts 1
and 2. Moreover, stacked layers in the concept 3 are not particularly beneficial as the heat transfer
coefficient decreases with the increase in layers for the materials silicon and silicon carbide along
with an increase in thermal resistance.

For this study, pressure drop is given the most importance as it determines the pumping power
required for the system. A high pressure drop will lead to higher pumping power which in turn will
increase the operational costs and mass of the system. Evidently, the concept 2 with rectangular
channels seem to be feasible with the most “exceeds requirements” category for the criteria and
thus the detailed designing and analysis of this concept will be executed.
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Figure 3.8: Graphical trade-off between conceptual designs






Baseline Design

This chapter presents the baseline design of the selected heat exchanger and thruster concept. A
preliminary design of the nozzle, heat exchanger and channels are obtained at the end of this chapter.
The outcomes of the preliminary design are the power requirement for heating the propellant and
the potential optical fiber-receiver interface position, thrust efficiency of the thruster, as well as mass
and volume of the system. This is followed by the selection of an optical fiber and concentrator type
suited for the application based on the power required for the process. The final optical system,
comprising of the optical fibers and concentrator, is chosen based on the available volume and mass
budget for the entire STP system. Some of the design parameters of the baseline design are assumed
values taken from the literature as will be explained in the upcoming sections.

Section 4.1 discusses the fundamental properties of propulsion and studies the effect of nozzle
geometry and flow losses on the thruster performance. Section 4.2 presents the materials list for
the heat exchanger, insulation and optical fiber-receiver coupling interface. It is followed by section
4.3 which elaborates on the channel and cavity dimensions. Subsequently, the section defines and
delves deeper into the flow regimes through the channels. Sections 4.4 to 4.7 focus on the optical
system selection and parametric study.

4.1. Micro-nozzle Design

One of the constraints concluded from chapter 3 is that any section in the system allowing the
total mass flow rate must be at least three times that of the nozzle throat. In the case where it is
smaller than the nozzle throat, the section would act as a nozzle itself and makes the flow sonic.
This leads to a high pressure drop over the channels. Therefore, the width of the convergent section
at the channel outlet must be designed taking this constraint into account.

The preliminary nozzle dimensioning is based on the thrust required for the LUMIO mission. Re-
ferring to the system requirements table 2.1, the thrust needed for the mission is a maximum of
500 mN. As the maximum pressure within the system must not exceed 5 bar (REQ-STP-01), the
preliminary design has assumed the stagnation pressure at the nozzle entry to be 5 bar (maximum
limit). At this point, the pressure drop in the feed system and the heat exchanger has not been
considered, but will later be taken into account once the heat exchanger dimensioning and thermal
model of the system is accomplished in chapter 6 based on sub-section 4.3.2. Also, as listed in
the table 2.1, the chamber temperature (T,) or the temperature of the gas at the end of the heat
exchanger channel is aimed to reach a temperature of 1000 K and hence this value will be treated
to be the stagnation temperature at the nozzle entry.

29
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Figure 4.1: Conical nozzle configuration

The figure 4.1 shows the nozzle parameters and the shape considered as mentioned above.

4.1.1. Rocket Propulsion Fundamentals

The determination of the STP thruster performance is based on the Ideal Rocket Theory (IRT).
While the ideal rocket theory is a good starting point for the preliminary design and is often near
accurate for macroscopic nozzles, when it comes to micro-nozzles, there are several invalid assump-
tions that IRT considers. These invalid assumptions will be dealt with in the later part of this section
in order to determine the real thrust performance. However, the following are the most important
assumptions in this theory [12]:

» The expelled gases have a homogeneous composition.

The behaviour of the exhaust gases is defined by the ideal gas law.

The exhaust gases have a constant heat capacity.

The flow through the nozzle is assumed to be one-dimensional, steady and isentropic.

Flow discontinuities and shock waves do not occur.

One of the crucial performance parameters of a propulsion system is the thrust generated by a
nozzle, and it can be expressed as [26]:

F =mU, + (P, — P)A, (4.1)

The two components that affect the thrust produced are the momentum component, which is the
first part of the equation, and the latter is the pressure component. Here, the mass flow rate of
the gas is denoted as m, U, is the gas velocity at the nozzle exit, the stagnation pressure at the
nozzle exit and ambient pressure are expressed as P, and P, respectively, and A, is the exit area of
the nozzle. The thrust equation can be simplified by assuming that the nozzle design will be able to
achieve optimum expansion where ideally the stagnation pressure at the exit is equal to the ambient
pressure. Hence the pressure component of the thrust equation can be eliminated.
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The change in velocity AV needed to perform maneuvers can be calculated using the Tsiolkovsky
rocket equation or ideal rocket equation:

Minitial )
AV = I, gy In | ——initial __ (4.2)
spdo <Minitial — M,

where g, is the gravitational acceleration at sea level, AV represents the change in velocity, M;,itia:
is the satellite wet mass and M, is the propellant mass. For a given AV, satellite wet mass and an
assumed propellant mass for the system, the specific impulse achievable can be determined.

The ideal specific impulse can be calculated using the equation 4.3. For a given value of thrust
(F) and specific impulse, the mass flow rate can be estimated with equation 4.4.

1 2y
lspueas = 5 |5 —7 R Te (4.3)
. F
Mideal = 7= (4.4)
sp 0

One of the most important design parameters of a propulsion system is the nozzle dimension.
To calculate the nozzle throat area, the following equation in terms of mass flow rate can be used
assuming choked flow at the nozzle throat:

m _ I' Po Athroat
ideal —
JRT;,

Here P, is the chamber pressure, T, is the chamber temperature, T is the Vandenkerckhove function,
R is the specific gas constant and A:nroa: IS the throat area of the nozzle. From this equation, it
can be noted that the throat area is directly proportional to the mass flow rate and the square root
of chamber temperature and inversely proportional to the chamber pressure. The Vandenkerckhove

function is defined as:
y+1
)<Z(V+1)>

Further, the calculation of the exit area of the nozzle can be determined using a relation between
the pressure ratio (P,/P,) and expansion ratio (4./A¢).

(4.5)

r= 7 (4 (4.6)

Ae r

At , y-1
2y [ Pe 1_’ P, 14
2 (2)(1- (%))

For the purpose of initial thruster performance estimation, the expansion ratio was assumed to be
25 after a thorough research done during the literature study [21]. For a given expansion ratio and
throat area, the exit area can be directly calculated.

(4.7)
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A fluid flow can be characterized into laminar flow, transition phase, and turbulent flow. These
regions can be distinguished by the Reynolds number, a dimensionless number which is defined as
the ratio of inertial forces to viscous forces within a fluid. The following equation is used for the
determination of the Reynolds number for a specific throat diameter:

4m

= b (4.8)

etideal

where u is the dynamic viscosity at the given propellant temperature and D, is the throat diameter
of the nozzle. Using the parameters in table 4.2 and the above mentioned equations, the nozzle
throat area has been calculated to be 0.5282 mm? for a mass flow rate of 239.34 mg/s to produce
a thrust of 500 mN.

Another important factor to consider is the Knudsen number. It is a dimensionless number that
defines whether the gas flow is rarefied or is in continuum. The Knudsen number depends on the
gas properties at the throat of the nozzle and can be mathematically expressed as a function of the
mean free path of the gas molecules (1) and the characteristic dimension of flow, which in this case
is the hydraulic diameter of the nozzle (Dy) [32].

(4.9)

The fluid properties used to calculate the Knudsen number is listed in table 4.2.The flow regime
is determined by the value of Kn and can be characterized as: continuum flow regime with slip flow
(0.1 > K n > 0.01); transitional flow regime (10 > K n > 0.1); and free-molecular flow regime (K n
> 10) [33][34]. The table below shows the calculated Reynolds number and Knudsen number for
a chamber pressure (stagnation pressure at the nozzle entry) of 5 bar, and constant nozzle area.
The minimum value of the nozzle width is set to 0.5 mm as that would mean a depth of 1.0076 mm
and the thickest wafer available for etching is 1.5 mm (considering a required base thickness of 0.5
mm).

Table 4.1: Flow properties at throat conditions

Nozzle throat area - 0.5282 [mm~ 2]
Chamber pressure - 5 [bar]

Nozzle Throat | Throat Height | Aspect Ratio | Reynolds Knudsen

. number

Width H_n H_n/W_n number at at throat

W_n [mm] [mm] [-1 throat [-] [-]

0.5 1.00 2.00 9.7821 E+03 | 3.6545 E-06
0.6 0.84 1.40 9.4019 E+03 | 3.5125 E-06
0.7 0.72 1.03 9.3046 E+03 | 3.4761 E-06
0.7098 0.744 1.00 9.3067 E+03 | 3.4769 E-06
0.8 0.63 0.79 9.0310 E+03 | 3.5844 E-06
0.9 0.56 0.62 9.2206 E+03 | 3.6597 E-06
1.0 0.51 0.51 9.4988 E+03 | 3.7701 E-06

According to the values in the table 4.1 and the study conducted in [35], it can be concluded that
for a thrust level of 500 mN and above, the rarefaction and wall slip effects are negligible because of
the considerably low values of Knudsen number. The Reynolds number at the throat for the nozzle
dimensions presented in table 4.1 and using gas properties from table 4.2 indicate a turbulent flow.
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The Knudsen number can be seen to decrease with a decrease in aspect ratio up until AR 1 and
then increases thereafter. Clearly, the nozzle width and throat height reverse after aspect ratio 1
is crossed. The effect of Reynolds number on the nozzle performance will be discussed further in
4.1.2 but as explained above and proven empirically, at low Reynolds numbers, the loss in nozzle
performance would escalate.

Table 4.2: Initial input parameters and fluid properties

Criterion/
Equation
Maximum thrust needed

Parameter | Requirement | Unit

Thrust >00 mN for the LUMIO mission.
REQ-STP-05,
av 169.82 m/s (with 10% margin)
Chamber
Pressure 5 bar REQ-STP-01
Pe
Chamber
Temperature 1200 K REQ-STP-06
T,
Gas Constant R,
R (water) 461.376 JJKgK | R = i
Specific gas
ratio 1.34 - Y =0Cp/Cy
Y
Dynamic
viscosity 4.5069 x 10 5 | Kg/m-s | NIST
u
Satellite 12 U cubesat mass
initial mass, 24 Kg considering maximum
Minitial allowable mass per unit.

4.1.2. Actual Performance

The real or actual performance of the thruster is in comparison to the ideal thruster performance
that is obtained based on several assumptions derived from the ideal rocket theory explained in
sub-section 4.1.1. The real performance of a micro-nozzle will vary from the ideal performance due
to the effect of physical processes such as heat transfer, wall-gas interaction, flow rarefaction, flow
separation, micro-nozzle geometry, etc., [26], these effects will be taken into account to indicate a
more accurate nozzle performance. For instance, for systems with low Reynolds number flows, thick
viscous layers are formed and they inevitably occupy a portion of the nozzle and affect the nozzle
performance. The actual losses and impact on the flow behaviour due to the viscous layers, heat
transfer and gas kinetics will be treated by incorporating correction factors that will be multiplied
with the estimated ideal performance of the thruster and its efficiency [27]. The following losses
need to be taken into account.

Low nozzle contraction ratios

Conventional nozzle theory states that for a chamber cross-section three times larger than the
throat area, the losses due to the flow velocity at the inlet of the nozzle can be neglected [26].
Following the above mentioned condition, for a nozzle throat having a cross-sectional area of 0.5282
mm?, the chamber cross-sectional area must be greater than or equal to 1.5846 mm?2. This limits
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the flow velocity in the chamber to 0.0963 Mach.

Loss due to divergence of the flow

Generally, reduction in the thrust output is mainly caused due to undesirable velocity components
in the transverse direction which is induced due to the flow alignment or the amount of displacement
from the axial direction. These flow losses are directly dependent on the nozzle profile and hence,
a brief study of the losses involved with the geometry has been done. In the case of an ideal nozzle
profile, it is assumed to generate supersonic flow along the axial direction to deliver thrust with
minimum losses. Since the nozzle profile selected for the purpose of this propulsion system is a
convergent-divergent conical nozzle, a theoretical correction factor 1 needs to be applied to account
for the losses involved due to the divergence angle.

(1 + cosa)
2

The divergence loss factor will be multiplied only to the momentum component of the thrust equation.

A= (4.10)

F = AU, + (P, — P)A, (4.11)

This factor can be defined as the ratio of the gas momentum at the nozzle exit (with a nozzle
angle of a) to the momentum of ideal gases flowing in the axial direction [36]. For a conical nozzle
with a divergence angle of 30° and an expansion area ratio of 25, the correction factor has been
estimated to be 0.9829 [36].

Loss due to pressure ratio

As it was initially assumed that the stagnant pressure at the exit is equal to the ambient pressure
in the ideal case for thrust produced, a high difference in the pressure values will induce flow discon-
tinuities such as shock formation or flow separation at the nozzle. To prevent these discontinuities
from taking place, the following condition must be regarded [32]:

P
0.35 < P—e < 0.45 (4.12)

a

P,
P—e = (1.88M, — 1)706* (4.13)

a

However, since the thruster will be operated in the vacuum conditions of space, the ambient
pressure will be zero and the losses generated due to the pressure ratio can, therefore, be neglected.
For future testing of the thruster in the vacuum chamber at the Department of Space Systems
Engineering of TU Delft, the minimum chamber pressure needs to be calculated to prevent flow
separation within the nozzle.

—(r+1) y+1

Ae y + 1)\ 20v+D Y — 1\20-1 1
==L=(I— 14— — 4.14
Y < 2 > "Mz M, (4.19)

In order to determine the exit to chamber pressure ratio P,/P,, the exit Mach number is needed
(M,), which has been estimated from the above equation to be 4.3605 for an area expansion ratio
of 25. The pressure ratio is then determined using the equation 4.13 and found to be 0.2827. Since
the vacuum chamber facility is limited to a pressure of 0.21 mbar, the exit pressure must not be
below 0.059367 mbar. Alongside this, the exit to chamber pressure ratio determined from equation
4.7 is 0.0027725. The minimum chamber pressure required to avoid flow separation would then
be 0.0214 bar. Since the thruster nozzle has been designed to be working at 5 bar, the pressure
criterion is well within the limit.
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Throat radius sharpness

Miniaturization of nozzle dimension causes gas rarefaction leading to slip flow at the wall and
alters the core of expansion flow from the sonic to the supersonic region. But for nozzles generating
thrust higher than 1 mN the effects of rarefaction and slip flow can be neglected as also discussed in
section 4.1.1. During the study of varying thrust range nozzles in [35], it has been established that
in the thrust range of uN to mN, the boundary layer thickness increases with increase in the throat
curvature (R,) as the divergent length becomes longer. However, sharp throat curvature (R, = 0)
also can lead to the formation of a weak shock along the axial direction of the flow especially
when the convergent angle is large which leads to strong deflection at the throat. The geometry
of the nozzle can be determined by considering the throat curvature to be sharp and keeping the
convergent angle comparatively small. A convergent angle of 15 degrees has been observed to offer
high thrust efficiency for micronozzles [35]. The divergent angle will be determined depending upon
the divergence loss and the effect of different angles on thrust efficiency in 4.1.3.

Loss due to boundary layers
The lower velocities at the wall boundary layers reduce the effective average exhaust velocity by
0.5 to 1.5% [36].

Loss due to Reynolds number

In micro-propulsion systems for small satellites, the Reynolds number at the throat for a flow
through the micro-nozzle must be between 10? < Re < 10* [24]. Ketsdever concluded that thick
viscous boundary layers develop at Reynolds numbers below 1000, indicating poor nozzle efficien-
cies. The main cause of this inefficiency is due to the interaction of the subsonic boundary layer
with the core of supersonic flow causing the flow to not expand fully in the diverging section [24].

The viscosity of a fluid flow is inversely proportional to the Reynolds number according to its
definition. The lower the Reynolds number, the higher is the viscosity of the flow, which in turn
contributes to the thickness of the boundary layer formed at the walls of the divergent section of
micro-nozzles. Formation of these boundary layers causes a reduction in effective nozzle throat
width and therefore the nozzle expansion area ratio. Consecutively, this lowers the mass flow rate
through the nozzle throat affecting the thrust deliverable.

Therefore, to predict the real performance of the thruster, the discharge coefficient of the system
needs to be determined. Since the Reynolds number at the nozzle (listed in table 4.1) is less than
2.2E+04, the nozzle will have a boundary layer of thickness significant enough to affect the throat
width [26]. The discharge coefficient can be mathematically expressed as

Cd — mvis.cous loss (4.15)
Mideal
Here myiscous 10ss 1S the reduced mass flow rate due to the viscous flow. The ideal mass flow rate
can be determined from the equation 4.5. The discharge coefficient (C;) can be expressed as a
function of Reynolds number and coefficients of nozzle function a and .

_._B
Ca=a= = (4.16)

The discharge coefficient of steam or water vapour at the nozzle throat can be either determined
by conducting experiments or by performing numerical simulations of the effect of boundary layers
at the nozzle throat. The coefficient of the nozzle is a function of the specific heat ratio (y) and
for gases having y between 1.3 to 1.4, the coefficient varies only by 0.1%. As there is a lack of
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experimental and numerical data to characterize the discharge coefficient in critical nozzle using
steam, the C, data available for CO, will be used instead, since the specific heat ratio of CO, is 1.3
and that of steam is 1.34 [37]. The values of the coefficients @ and g for CO, that were determined
experimentally, numerically and analytically can be seen below.

Table 4.3: The values for a and B for CO, [9]

Gas Y Oexp OTnum adiff .Bexp .Bnum ﬂdiff
co, | 1.3 | 1.0168 | 0.9989 | -1.76 | 3.077 | 3.370 | +9.52

A numerical analysis was conducted for a critical Reynolds number range from 2000 to 22000 to
match with the results obtained from experiments and the difference found was below 0.5 % which
is considered acceptable. The experimental values of the coefficient will used to generate realistic
answers. Subsequently, the actual throat area and effective velocity at the throat can be calculated
as follows:

At tual
Cq = 22« (4.17)

Afideal

For the varying Reynolds number for different throat width shown in table 4.1, it can be concluded
that no significant losses are present due to viscous flow for the given throat area. As the depth
of the nozzle will also be equal to the depth of the micro-channel, the dimension of the nozzle
preferred for this study is with an aspect ration of 1 and throat width of 0.7098 mm, since it will later
be established that it offers better heat transfer through the micro-channels for the given height.
The C,; determined for the gas flow is 0.9842 for a nozzle width of 0.7098 mm. The final dimension
of the nozzle will be determined after a brief analysis of the heat exchanger and its channels.

4.1.3. Effect of Nozzle Geometry on Nozzle Efficiency

Having determined the discharge coefficient, the nozzle efficiency/ nozzle quality can consequently
be estimated. Since no experiment is conducted, the correction factors will be defined based on
losses predicted in the nozzle. Below are the nozzle correction factors for different cases of varying
nozzle aspect ratio.

Thrust efficiency

The thrust efficiency (ng) is defined as the ratio of the real thrust, i.e including losses due to the

flow, to the ideal thrust.

Fviscous loss (4.18)
Fideal

Here F,iscous 10ss 1S the actual thrust and this can be determined by substituting the actual throat

area and mass flow rate due to viscous loss into equation 4.11.

nr =

Nozzle quality
The nozzle quality, also known as the correction factor for thrust coefficient, is defined as the ratio
of the thrust coefficient due to losses to the ideal thrust coefficient.

CFviscous loss
CFideal

Here the thrust coefficient can be obtained using the relations:

_ Fyiscous loss (4 20)

Fyiscous loss — P ¢
4 actual
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y_—l

2 P\7\ (P—P)A
Cropns = _V<1_<_e> >+M_e
y—1 P P Ag

Correction factor for specific impulse
The correction factor for specific impulse, also known as motor quality, is the defined as the ratio of
the specific impulse delivered due to losses to the ideal specific impulse.

(4.21)

SPyiscous loss

(4.22)

Mg =
SPideal

The actual specific impulse can be determined by using 4.4 and substituting the ideal exhaust velocity
with the exit velocity due to losses considered. The table below lists the quality factors for varying
nozzle depth.

Table 4.4: Nozzle quality factors

Nozzle Throat | Reynolds Discharge Viscous Thrust Specific | Nozzle
Width number at coefficient mass efficiency impulse | quality
Wy, throat flow rate efficiency | factor
Ca . nr

[mm] Retproat Myiscous loss Thsp S;F
0.5 9.9623e+03 0.9860 2.3599e-04 84.792 88.6718 | 85.9981
0.6 9.4755e+03 0.9852 2.3580e-04 84.724 88.6718 | 85.9981
0.7 9.3107e+03 0.9850 2.3574e-04 84.70 88.6718 | 85.9981
0.7098 9.3067e+03 0.9849 2.3572e-04 84.69 88.6718 | 85.9981

The thrust efficiency of the thruster is more or less same for different nozzle width at constant
chamber pressure of 5 bar and throat area. Since there is no major change in thruster performance
with respect to nozzle dimension (< 0.12%), the final selection will depend on the performance of
the heat exchanger which is controlled by the channel height. Going by the trend, at larger drops
in Reynolds number at the throat, the thrust efficiency will drop significantly.

Divergence angle of the nozzle versus thrust efficiency has been plotted as shown below in figure
4.2. It is obvious that the thrust efficiency decreases with increase in divergence angle but it must
also be noted from the above calculations that at lower divergence angles, which means a longer
divergent length, the loss due to viscous flow increases at the boundary walls. An optimum diver-
gence angle of 20.42 degrees has been obtained by differentiating the thrust efficiency with respect
to the divergence angle to determine the maxima. The thrust efficiency term includes the angle
dependent Reynolds number over the divergent length and the reduction in nozzle exit area, i.e,,
including the effect of viscous and nozzle divergence losses. This value will be considered for the
nozzle geometry.
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Effect of divergence angle on thrust efficiency
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Figure 4.2: Effect of divergence angle on thrust efficiency

4.1.4. Thruster Performance at High Chamber Temperatures

The objective of the design is to ensure that the propellant gets heated up to 1000 K, the chamber
temperature will be naturally maintained at a higher temperature. In case of the heat exchanger’s
incapability to heat up to the desired temperature, its effect on the thruster performance and ef-
ficiency must be known. Thus, this subsection will briefly deal with the thruster performance at
temperatures between 500 K to 1500 K. To understand the effect of temperature, only one case of
the nozzle geometry is considered, i.e., nozzle with a throat width of 0.7098 mm, constant chamber
temperature of 5 bar and for an ideal thrust of 500 mN.

Table 4.5: Temperature dependent thruster performance

Chamber | Reynolds Ide?l_ Thrust Mass Enthalpy
Sr. Specific . Power
No Temp number Impulse Efficiency | flow rate | Change [W]
K] at throat[-] [s] [%%] [Kg/s] [K3/Kg]
1 500 3.410e+04 137.46 86.009 3.708e-04 | 2807.41 | 1.041e+03
2 600 2.340e+04 156.73 85.713 3.385e-04 | 3014.81 | 1.021e+03
3 1000 1.222e+04 194.39 85.049 2.622e-04 | 3883.21 | 1.018e+03
4 1200 9.307e+03 212.95 84.699 2.393e-04 | 4356.41 | 1.043e+03
5 1500 6.246e+03 238.09 84.095 2.141e-04 | 5106.32 | 1.093e+03
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Looking at the Reynolds number values in the table 4.5, it can be inferred that with the drop in
Reynolds number, the viscous losses in the flow increases with the increase in chamber temperature.
Thus, a reduction in the thrust efficiency is observed. However, a drastic increment in the specific
impulse is witnessed which implies a reduction in the mass flow rate required to generate the given
amount of thrust. The lower the mass flow rate, the lower will be the power required for the
propellant to reach the desired temperature. However, it can be observed in table 4.5 that with
an increase in temperature, the change in enthalpy increases as well. Hence, it can concluded
that a higher chamber temperature is preferred due to the lower power required to heat up the
propellant even though the thrust efficiency decreases due to viscous losses until 1100 K. Beyond
this temperature the change in enthalpy drastically begins to increase which implies higher power
required to be transferred to heat up water. The drop is no more than 2.3 % between the lowest
and highest temperatures in the table.

4.2. Materials

From the materials survey done in [21], it was determined that molybdenum is the most suitable
material for the heat exchanger cavity. The major concern regarding the design of a heat exchanger
is insulation. It will be seen later that insulation of the heat exchanger is not the only component to be
taken into account but also insulating the optical fiber at the receiver interface is critical. Therefore,
the properties of the materials considered for the heat exchanger and insulation are listed in the
table below.

Density Thermal Specific Emiss- Tensile Refractive
Material conductivity heat ivity Strength
[Kg /m3] Index
[W/m K] [J/Kg.K] [-] [MPa]
Cavity Material
Molybdenum [38] 10300 107 277.16616 0.271 324 -
Silicon 0.83-0.96
Carbide [21] 3210 60 670 _(;2222.1155 KK) 540 -
Cavity - Insulation Material
Fibermax
Blanket 130 0.25 1246 - 0.06 -
@ 1873 K[39]
Pyrogel ) _
XT @ 923 K [40] 200 0.014 1000
Phenolic
Foam 35 3.80 - - 80 -
Optical Fiber Material
Silica 0.88
(core) [21] 2203 1.38 703 (1366.15 K) 155 1.458965
Hard
polymer 2200 0.25 1256 - 1.3651
(cladding) [4]
Tefzel
(Buffer) [41] 1700 0.238 1172 0.3 830 1.398
Fiber - Receiver Coupling Material
Quartz
(collet)[42] 2200 1.4 720 0.93 67 1.5
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Table 4.6 continued from previous page
Density Therm.a! Specific E_m_iss- Tensile Refractive
Material [Kg /m3] conductivity heat ivity Strength Index
[W/mK] | [I/Kg.K] [-] [MPa]
Si02-TiO2
glass [43] 2200 0.081
0.69-0.45
Alumina [7] 3600 8 750 (700.15K - 120 -
1366.15 K)
0.62-0.45
Zirconia [7] 5600 3 460 (700.15 K- 750 -
1366.15 K)

Table 4.6: Material properties

The thickness of the insulating material (Pyrogel) required to insulate the heat exchanger from
the surrounding components can be seen below in the plot. The following plot has been generated
by thermally modelling a block of pyrogel in Abaqus. The material properties were given as input as
listed in table 4.6 and surface temperature on one side was maintained at 1100 K. As can be seen
in plot above, a thickness of 1.2 cm would be needed to insulate a heated body at 1100 K to 300 K
which is within the working condition of the fibers and keeps it well insulated from the rest of the
sub-systems and components.

1000.
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Temperature

600,

400.

___________________________________

___________________________________

__________________________________

True distance along path

—— NT11: True Dist. along 'py_30mm'

Figure 4.3: The insulation thickness vs temperature for Pyrogel
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4.3. Heat Exchanger

Before diving into the preliminary design of the heat exchanger, it is important to state that the
dimensioning of the propellant channels of the heat exchanger are dependent on the following
parameters:

1. The nozzle height of the thruster. This adds a geometrical constraint on the flow channel height
throughout.

2. Propellant properties during phase change with respect to temperature.

3. Convective heat transfer coefficient and its dependency on cavity and channel wall tempera-
ture.

One of the main geometrical constraints on the heat exchanger and variables is the nozzle depth
which ideally must be same as the channel height.

Heat Exchanger dimension parameters
Sr. No | Symbol Variable Parameter Criterion
This parameter will vary depending on the
cavity height and wall thickness.
The HE width also depends on the number
2 HE,, Heat exchanger width of flow channels used but must also be
greater than 3 times of the nozzle width.
The heat exchanger (excluding the thruster)
3 HE, Heat exchanger Length length will be dependent on the channel
length required to get heated.
The cavity height is a variable and depends
on the intensity of rays received from the
optical fibers. The starting height value
will be taken from literature.
The cavity width is constrained to be
atleast 3 times greater or equal to the nozzle
throat width to ensure that the flow remains
subsonic before it reaches the nozzle throat.
6 C Inner cavity length The length.
The thickness of the wall is dependent on
7 t Wall thickness the ultimate stress of the material and
chamber pressure.
Channel dimensions
This parameter will be constant throughout
to compare thermal performance.
The channel height and nozzle height
9 H.p, Propellant channel height | must be constant and hence an iterative
process will be followed this parameter.
This parameter will be estimated depending
10 Wen Propellant channel width | on the aspect ratio and affect of hydraulic
diameter of the channel on the flow.
The length required to heat up the propellant
to a 1000 K. The requirements from the table
number states that the length must not exceed
5 cm.

1 HE}, Heat exchanger height

4 Ch Inner cavity height

5 Cw Inner cavity width

8 Len Propellant channel length

11 H; Propellant channel length
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Table 4.7: Heat Exchanger dimension parameters

4.3.1. Flow Regime in Rectangular Micro-channel

Several papers [44][45] elaborate on the experimental results of heat transfer and pressure drop
through micro-channels. It has been concluded that the convective heat transfer in micro-channels
is comparatively more complex than for large sized channels and the conventional theory is not
valid for channels with hydraulic diameters less than 1 mm as the Reynolds number and the friction
factors for the transition from laminar flow to turbulent flow was found to be much lower than the
conventional theory for a large channel. The Reynolds number for the flow through the channels
are computed using the equation 3.5.

When considering heat transfer in a microchannel, we should not only consider laminar or turbulent
flow but also whether the boundary layer is fully developed or whether we are dealing with the
entrance region of the tube. In the latter case, we should take into account that the Nusselt number
varies with the distance travelled in the microchannel. The Nusselt number depends on several
factors namely: channel geometry, boundary conditions considered (either uniform wall temperature
or constant heat flux), and the flow regime (fully developed flow, simultaneously developing flow,
thermally developing flow, transitional flow). There are several correlations available for rectangular
microchannels in literature but the following are used for a four-sided heated wall.

* Fully developed laminar flow
Poh-Seng, et al. [46] investigated a four-sided heated rectangular channel for aspect ratios
from 1 to 10 assuming constant heat flux and laminar flow of water. The proposed corre-
lations in the above mentioned paper have shown comparisons with past experimental and
computational results and confirm accurate predictions of the thermal performance for the
given microchannel geometry. The Nusselt number for a fully developed laminar flow can be
expressed as

2.0421 3.0853 2.4765 1.0578 0.1861
Nu =8235(1- . S L e (4.23)
a a a a
th = —1.275 X 107%a® +4.709 X 10~ 5a® — 6.902 X 10~ *a* 4+ 5.014 X 10733
—1.769 X 107 %2a? + 1.845 X 1072 4+ 5.691 x 1072
L
7t = —h (4.24)

~ Dy Re Pr
Here 73, is defined as the dimensionless thermal entrance length and « is the aspect ratio of
the channel. The above relation is used to differentiate between the flow regimes, i.e., from
developing to a fully developed flow. The equation 4.23 is only valid for Z* > Z;,

* Thermally developing laminar flow
The equation valid for a thermally developing flow is given by the following relation for the
conditions 1<a<10,Z* < Zj,.

Nu +C, (4.25)

T (Z)% + G
C1=(=3.122 %1073 % a®) + (2.435 * 10-2 @) + (2143 * 10~ 1 * @) + 7.325;  (4.26)
€2 =6.412 10" 1; (4.27)

€3 = (1.589 * 1074 * a?) — (2.603 * 1073 * @) + (2.444 * 1072); (4.28)

C4 =7.148 — (1.328 * (10/a)) + (1515 * (10/a?)) — (5.936/a3); (4.29)
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* Fully developed turbulent flow
Due to the lack of accurate relations for a four-sided heated rectangular microchannel in liter-
ature especially with water flow, three-side heated channel wall correlations are considered.
Amirah, et al. [8] investigated 2D and 3D models of one side and three sides heated rectan-
gular walls, and it can be concluded from one of its results that show the variation of the local
Nusselt number along the channel, that the difference in the Nusselt number between the two
cases is minor. The Nusselt number for both cases is not quantitatively defined but the plot
has been added to the appendix C. Hence, for a fully developed turbulent flow, the Gneilinski

equation is used [47].

Nsq, 1ur = (f/2)(Re — 1000)Pr (4.30)

1+ 12.7,/f/2(Pr?/3 — 1)

where the fanning factor f is defined as

f = (1/4)[1.82log(Re)-1.64]72 (4.31)
The above equation is valid for 0.5 < Pr < 2000 and 2300 < Re < 5e6.

» Thermally developing turbulent flow
As the flow also thermally develops past the entrance region, the relation for thermally devel-
oping turbulent flow is given by Zukauskus, valid for for 4000 < Rep, < 5%10°, 0.7 < Pr < 1.0;
and L/Dy, = 0.06 [47].

—-0.25

Nu L 3600
—Pn g4 0.48<Lh> [1 + ] (4.32)
Nufd, Tur Dy ReDy, ’Lﬂe—o.ﬂLch/Dh

Dp

where Nusq 1y is the fully developed Nusselt number. Thermally developing turbulent flow
for Prandtl numbers 0.6 < Pr < 10° and Reynolds numbers 2300 < Rep, < 106 is given by the
following Gneilinski equation.

2/3

N'U.Dh <Dh >
—_— =14 — 4.33
Nugq Tur Lep ( )

As the STP system aims to heat up the receiver cavity up to 1100 K, the water flowing through
the micro-channel will consequently boil and eventually vaporize. Hence, the preliminary length
calculations have divided into three regions, namely, single-liquid phase region, two-phase flow
region, and single-gas phase region. The detailed calculation is done in the next section.

4.3.2. Pressure Loss in Rectangular Micro-channels

One of the criteria for the system channel trade-off is the amount of pressure drop in the channels
of the heat exchanger. Pressure losses in internal flows consist of minor and major losses. The
major losses in a micro-channel are mainly due to the friction between the channel walls and the
flow, whereas, the minor losses consist of pressure drops due to bends, the inlet, and exit. The
pressure drop equation can be determined using the following equation:

AP = AP, + APy g + APy, ¢ + AP,y + AP, + AP, (4.34)

Here, AF, is the loss due to contraction at the inlet, AP, is the loss due to expansion at the exit, AP, 4
and AP, r are the losses due to single phase flow in the developing and fully developed regions and
AP, is the loss due to two phase flow. AP, is the pressure drop due to 90 degree bends. At this
conceptual stage, the inlet manifold for the propellant inflow and outlet section of the channels are
not considered.
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Single phase pressure drop

In a fully developed laminar flow, the mass flow rate and the pressure drop are proportional to
each other. The relationship is not as simple in the case of turbulent flow. For a channel length for
a developing region (L, 4), hydraulic diameter (Dy) and friction factor f, 4, the pressure drop is
described as

2 L U?v

APy 4 = Japp 51:‘1 ! (4.35)

1 1.089/(4LE ) + fopaRespq — 3.44(LE )75
fapp = 55— [344(LE, D 70° + pd” SPC_SPC T spd (4.36)
Respa P 1+1.31x 1074(L}, ;)2
Lsp,a

| p— 4.37

sp.d Resp,dDh ( 3 )

fipaRespa = 24(1 — 13558 + 1.9478% — 170183 + 0.956* — 0.25485) (4.38)
UDy Wen

Re = = (4.39)
sp.d .usp,d Hch

For a fully developed region, the pressure drop can be estimated using the following correlation

2fsp,rLsp,rUVy

APy, ;= D, (4.40)

fipfResp,r = 24(1 — 13558 + 1.94782 — 1.70183 + 0.9568* — 0.2543°) (4.41)
UDy Wen

Reg) ¢ = B = (4.42)
spSf Usp,f Hep

Two phase pressure drop

The thermodynamic equilibrium quality X, for vapor is between 0 to 1, and so the mean gas
quality is taken as 0.5. The two phase flow pressure drop can be expressed in terms of two com-
ponents, namely, accelerational (AP, ,) and frictional (AP, r) components. The Lockhart-Martinelli
correlation model for laminar liquid and laminar vapor can be expressed as [48] [49]:

L Xetp 2f-U2(1 — X,)2v
I —" f Ui (D vy p2dX, (4.43)
etp Jo h
frRe; = 24(1 — 1.3558 + 1.9475% — 1.7015% + 0.9564* — 0.2545°) (4.44)
U(l—X,)D
Res = Ud = Xe)Dn (4.45)
My
¢2—1+L+—C—5 (4.46)
! Xow  Xb' '

0.5 0.5

~ 'uf 1—Xe 0.5 ‘Vf
XW-(@) ( X ) (@) (447)
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The Lockhart—Martinelli correlation model for laminar liquid and turbulent vapor can be expressed
as:

_ Ltp Xe,tp foUZ(l - Xe)ZVf 2

APy s = T jo o p2dX, (4.48)
GX.D
ey = — " (4.49)
Hg
¢2—1+£+—C—12 (4.50)
s th Xst’ .
0.5 0.5
ffReg'zs 1-— Xe Vf

Kot = ( 0.079 Xe vy (4.51)

The acceleration pressure drop component arises due to the momentum of the propellant flow
gained due to vaporization. This component can be determined using the following equation:

2
_ m Xg,tp Vf (1 - Xe,tp)z
1
A, = (4.53)

1_Xe,tp V_fz/3
(s
The total pressure drop through the channel can be estimated by summing the pressure drop due

to single phase water flow at the inlet (liquid), two-phase boiling flow, acceleration pressure drop
and single phase vapor flow at the channel outlet (gas) as follows:

APtotal - APSp,l + Aptp,f + Aptp,a + APSp;g (4.54)

4.3.3. Channel Wall Thickness
As the micro-channels are considered to be non-circular pressure vessels, the wall thickness can
be calculated using the equation for rectangular pressure vessels 4.56 [50].

_ P hch
Sm=SF = (4.55)
P.
S, = S.F — ek (4.56)
2.6,

Here S,,, is the membrane stress due to pressure and must not exceed the maximum allowable yield
stress of the material. For molybdenum, the ultimate yield stress is 415 MPa, i.e. before the material
begins to deform. P is the pressure that the channel must withstand. The channels will be designed
to tolerate a pressure of 5 bar and a safety factor S.F of 3 is applied. h., and w,;, are the channel
height and width respectively. t, and t, are the required wall thickness values corresponding the
stress acting on channel height and width of the pressure vessel respectively. The dimensions of the
channel for varying aspect ratios have been determined in the detailed design chapter 5.
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4.3.4. Cavity Dimensioning

The length of the receiver cavity will be the same as the channel length of the heat exchanger.
To determine the thickness of the cavity walls, three important factors that need to be taken into
consideration [51] are the ability of the cavity to withstand the operating pressure, stresses due to
the pressure in the micro-channels and heat absorbed that needs to be conducted from the wall to
the propellant. For the baseline design and preliminary thermal study, the corrugation of the cavity
surface is considered to be equilateral with the base dimension between the spacing between two
channels.

The dimensioning of the rectangular cavity wall thickness will be done by following the American
Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code, Section VIII, that pro-
vides rules, analyzing guidelines and examples of evaluating rectangular pressure vessels [50]. The
requirements of the pressure vessel are to operate at a pressure of 5 bar and sustain a wall temper-
ature of at least 1400 K and conduct heat to the flow path of the heat exchanger. According to the
code, the design pressure must be 1.5 times of the operating pressure and therefore, the cavity has
been designed to operate at 7.5 bar. The cavity and channel wall thickness is computed to be 4.5e-4
m for the above-mentioned conditions. The cavity height is considered to be 5 mm for preliminary
ray optics modeling. This value is taken from a study done with 6 optical fibers transmitting a total
of 50 W power into a closed cylindrical cavity by Henshall. During the ray-tracing study in the above
mentioned research, the highest intensity on the surface of the cavity wall has been reported to be
at a cavity length of 5 mm [2]. A parametric study of the cavity height and the intensity distribution
will be conducted in chapter 6, section for the final design.

4.4. Optical Fiber Cable

Optical fibers have been found to have a wide range of applications over the years. From being
extensively used in the communication industry for the transmission of information to being used
in bio-medical applications such as endoscope instruments, advanced imaging techniques, etc. This
section will focus on the application of optical fiber cables to transmit sunlight from the concentrator
focal point to the propellant heating cavity of the STP system. Its application for the solar thermal
propulsion and benefits are discussed in chapter 3, sub-section 3.1.1. A major benefit offered by the
optical fibers is that it decouples the thruster from the concentrator, eliminating design constraints
imposed by conventional systems that the concentrator can remain pointed at the sun at all times,
and offers a degree of flexibility.

In this section, the optical fiber selection is made based on their optical and physical properties.
And as seen in the previous section, the concentrator design completely depends on the fiber optic
properties and geometry, and so this section will also elaborate on the preliminary design of the
concentrator. Apart from defining the geometrical constraints and intrinsic attenuation of the optical
fiber cable, the performance of the fiber cable over the cable length, ray tracing inside the receiver
cavity due to the optical fiber and coupling concepts with the concentrator and receiver will be
discussed.
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Fiber Core

Figure 4.4: Total internal reflection phenomena in an optical fiber [4]

Optical fibers are the components that guide light through a solid medium by utilizing total internal
reflection (TIR) within the medium. For the phenomena of TIR to occur, the angle of incidence
entering the fiber must be less than the acceptance angle (sin 6,..) of the fiber which can be
obtained using Snell’s law:

2 2
Ncore — Nglad

sin Ggce = *——— (4.57)

Here n2,,. is the refractive index of the core and it must be higher than the refractive index of the
cladding (n?,,4) such that the critical angle is maintained and TIR takes place. n is the refractive
index of the surrounding medium and it is equal to 1 for vacuum and air. The acceptance angle of
an optical fiber is usually indicated by a dimensionless number known as the numerical aperture and
it is mathematically expressed as

NA =n sin O,¢¢ (4.58)

4.5. Transmission Efficiency and Attenuation

Before we look into the optical fibers suitable for the purpose of this study, it is important to first
identify the sources of attenuation and its effect on the transmission efficiency of solar energy. There
are several ways in which the transmitting energy can be lost: Attenuation due to internal scattering
and absorption in the core material, leaks between the core and cladding interface and losses at the
entrance and exit of the fiber [52].

4.5.1. Optical Fiber Efficiency
For a length of 1 m, NA - 0.5 and a core diameter of 1 mm, the efficiency of the fiber due to
wavelength dependent attenuation is about 0.9978 using the following equation.

(~L+dB)

Nog =10 10 (4.59)

Here dB is the attenuation (dB/Km) over a range of wavelength (nm) and L is the length of the
optical fiber. Henshall [2] assumed a value of 80% for the calculation of the optical fiber performance
for its application in solar thermal propulsion. (The power transmitted using 6 optical fibers with a
total diameter of 1mm (core diameter 0.76mm ) and NA - 0.66 is about 50 W- this doesn’t match
with the equations used in this thesis and thus the assumption from this paper is not considered).
Also, as the core diameter and NA are not the same, the results from the paper are not taken into
account. However, Takashi’s experimental results for the efficiency of a 1mm diameter optical fiber
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with NA of 0.48 shows a fiber transmission of 77% for a length of 10 m. The predicted efficiency
for a Space-Based Operational System is however estimated to be 90% [53].

Even though the transmission power consequently reduces with increase in the length of the
optical fiber, 90% efficiency will be considered for the purpose of this thesis for conservative results
(Using 1m optical fiber - hence higher transmission efficiency compared to 10m). Both these papers
have tested the working temperature of optical fibers of 1mm diameter and have shown that the
fiber core works perfectly fine at 1000 K.

4.5.2. Sources of Attenuation

The optical fiber performance can severely be affected by several external influences. These
external parameter induced losses can be referred to as attenuation and can highly impact the total
output power at the end of the optical fiber if not taken into account. The sources of losses can
widely be classified into wavelength dependent losses, temperature dependent losses, geometrical
setup losses, and losses due to the materials used. Some of the minor and major loss sources, its
effect on the performance and methods to prevent the losses have been listed below.

Macro Bend

Losses incurred due to the bending of the optical fiber. When the fiber has a bend radius smaller
than the limit imposed on it, the total internal reflection through the fiber becomes difficult. At
incident angles higher than the critical angle light escapes the fiber leading to a high loss in the power
being transmitted. Other than restricting the bend radius of the fiber, double clad fiber can be used
to reduce the risk of bend loss. It ensures a higher critical angle between the two claddings than
with the core and the first clad interface. This makes sure that the light escaping the core remains
within the outer cladding. Basically, for a large bend radius, the bend losses identified are small and
vice-versa. The maximum limit of the bend radius for the optical fiber will depend on the CubeSat
unit volume available. For the considered 4U of CubeSat volume available for the propulsion system,
it will then depend on the configuration of the CubeSat units or the desired stacking arrangement.
In any case, the lower limit of maximum bend radius would be 5 cm considering 1U of CubeSat for
storing. This limit is applicable if the optical fibers are stored in coiled form.

A quick analysis of the transmittance of power through the optical fibers was conducted for varying
numerical aperture, core diameters and bend radius at a bend angle of 45 degrees in Comsol as
shown in the figure 4.5. The maximum transmission can be achieved when the optical fiber is straight
as then the bend loss tends to zero i.e the bend angle is 180 degrees. In the case of 90-degree
bends, the losses will reduce as the bending radius increases.
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Figure 4.5: Transmission efficiency of power vs bend radius for optical fibers with core diameters of 1 mm, 1.5 mm, 2
mm and 4 mm

The transmittance of the optical fiber is determined by computing the total power deposited at
the end surface of the fiber based on the total input power of the rays. The plot above shows the
effect of the bend radius on the transmission of the power for different core diameter. The input
power for the fiber has been set to 7.6731 W for all cases. It can be observed that for a bend radius
less than 15 mm, the transmission efficiency for optical fibers with core diameter 2 mm and 4 mm
drastically drops as compared to the fibers with diameter 1 mm and 1.5 mm. This simple analysis
proves that to prevent bend losses in fibers, an optimal minimum bend radius exists for every core
diameter.

It will later be noticed that in table 4.8 the minimum bend radius given by the manufacturer for
the similar core diameter fibers is much higher than the one seen in the plot above. The low bend
radius attained in the analysis can be attributed to neglected attenuation of multiple sources stated
in this section and physical damages/tears to the material during bends, while the manufacturers
have tested the fibers and provided concrete specifications for the products.
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(a) Side view of two optical fibers with bending (b) Isometric view of two optical fibers with bending

Figure 4.6: Projection of rays into a rectangular closed cavity through bending in optical fibers

The reason why this source is given attention is because it plays an important role in storing the
fibers in the available space of the satellite. As we are dealing with CubeSat units, a maximum of 20
c¢m length may be available for the bend diameter of the fiber. Since the minimum bend radius for
fibers with larger diameters is quite high (for efficient transfer), an optimal selection of the optical
fiber will be made in section 4.5.2 such that it offers a balance between the performance and losses
involved.

Micro Bend Loss
Micro bends and bumps associated with the internal geometry of the fiber, i.e the layers of core
and cladding can deteriorate the performance of the fiber as well.

Loss as
Non-Propagating
Mode

Coupling into
Higher-Order
Mode

Figure 4.7: Attenuation due to microbends [4]

These micro-irregularities are caused due to physical stress and during manufacturing and unlike
macro bend losses, these are generally permanent defects. What these bumps or uneven surfaces
do is that it disturbs the ideal condition required for total internal reflection by forcing a transition
from propagating mode into a high-order mode which is then coupled into a non-propagating mode.
This mode enables leakage of light from the fiber.

Radiation
Long-term exposure of the fibers to radiation have a visible impact on it. Radiation Induced
Attenuation (RIA) is caused due to the high energy impact on the fibers and disturbing the bonds of
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the fiber material. This leads to the formation of a color center and can also be the cause of change
in the refractive index of the materials. To reduce the effect of radiation, radiation resistant fibers
are preferred.

Light Scattering

Scattering of light accounts for one of the major losses in optical fibers. Now, these losses can
occur due to several external and internal influences such as a change in the refractive index of
the material, impurities, bubbles, or particles in the material of the core, etc. Presence of these
impurities on the fiber tip cause huge losses in the transmission of the input power by scattering.
These losses can be minimized by proper handling of the fiber, cleaning and proper storage.

Cladding Modes and Scratches

Any damage or tears to the core and cladding of the fiber increases the risk of fiber breakage. The
loss due to these damages is generated due to the undisrupted condition needed for total internal
reflection. This loss can be prevented by using an apt buffer and jacket as the outer protecting
layer on the fiber. These materials are usually ethylene tetrafluoro ethylene or partially fluorinated
copolymers, for example, Teflon, Tefzel, etc. These materials are characterized by a low thermal
conductivity and high flexural strength.

High temperatures

When the fibers are exposed to temperatures above and below its operation range, it has a
significant effect on the polymer materials used. This, in turn, induces index and phase change in
polymers, causing stiffening and embrittlement of the material. This adds to the attenuation and
reduces the flexibility of the fiber. High-temperature resistant materials should be chosen when
selecting optical fibers.

As fibers on a spacecraft can be subjected to a wide range of temperatures (-150 C to +120
C) and especially for the STP application which may reach up to 1000 K, attenuation due to high
temperature becomes a critical factor. In order to protect the fiber from getting damaged and to
ensure it stays within the working conditions, a detailed study of the optical fiber’s thermal model
has been done. This helps in determining the output and surface temperature and the insulation
thickness and material apt for the purpose.

Temperature dependence of optical materials can be calculated using Sellmeier equation [54]:

dn
nr =ng+ d_T * (T - Text) (460)

Here the dn/dT is the temperature coefficient of the refractive index and is about 12.9 x 10-6 [1/K]
for silica which is the core material for optical fibers. ng and n; are the refractive indices at room
temperature and new temperature respectively.

Solarization or Photodarkening

This damage mechanism is caused when the fiber is exposed to intense UV light (<300 nm) or
short-wavelength visible light. This exposure causes the formation of excited electron energy states
that add to the loss by increasing the absorption of light in the fiber. The cause behind photodarken-
ing is mostly unknown but using optical fibers with low hydroxyl ions and fibers doped with fluorine
have shown to resist photodarkening. However, over a long period of time, the attenuation increases
for the mentioned wavelength spectrum. Since this effect takes place outside the wavelength range
(300 nm - 2200 nm) considered for this study, this can be neglected.
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Most of these sources of attenuation are either mentioned in the specifications data sheet of the
optical fibers or it can be determined by experimentally testing the fibers. The losses due to intrinsic
parameters such as micro bends, scattering due to surface irregularities and material interfaces are
not entirely in our control since these defects originate from manufacturing, whereas, the losses due
to external influences can be handled or diminished by taking the measures mentioned above.

The total loss due to the above mentioned factors cannot be quantified without proper testing.
Therefore, for the purpose of this thesis, the attenuation (dB/Km) over a range of wavelength (nm)
plot is used for the selected optical fiber as provided by the manufacturer. The plot can be referred
to in appendix A.

4.6. Optical Fiber Candidates

For an optical fiber to be suitable for solar radiation transmission, the fiber must have the following
properties:

« Step-index optical fiber (multimode)

e Large numerical aperture, low OH. A high level of hydroxyl ions can be problematic as it
indicates the abundance of water vapor during the manufacturing of the optical fibers and
could give rise to undesirable vibrational absorption during transmission [2].

» It must be high temperature, radiation and solarization resistant.

» The fiber optics must have a low attenuation over the solar spectrum

A multimode step-index optical fiber is required as it allows the light rays to have multiple tra-
jectories along the length of the fiber. This design leads to a broader output pulse with respect to
the input. Geometrically, the step-index fiber results in a zig-zag path due to the acute change in
refractive index between the core and cladding.

Apart from the selection requirements mentioned above, it must be noted that the concentrator
design is heavily dependent on the core diameter of the optical fiber as elaborated in section 4.7.
The dependency of the concentrator aperture on the image size, which is basically the core diameter
of the optical fiber at the focal spot in this case, demands on selecting an optical fiber with large
core diameter, large numerical aperture and small attenuation value for an effective transmission.

Another important selection criteria, which deals with the system integration and storage, is the
bend radius of the optical fiber. The bend radius of an optical fiber is defined as the minimum
bending that the fiber can withstand before it faces permanent damage or breaking occurs. This
parameter is of utmost importance for the fiber to remain efficient and not incur further attenuation
during packaging and operation. The table 4.8 presents some of the feasible optical fibers in the
market. The selection will be done in section 4.7 once the performance associated with each fiber
property is studied.
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Table 4.8: Optical Fiber Candidates

Accept- Bend

Fibre/ Manufa- Temp ancz radius | Core | Clad | Buffer
Product NA Range (Long | Dia Dia Dia Ref.

cturer half

name [°C] term) | [pm] | [pm] | [pm]

angle
[mm]
. -10 to 750
FLU Polymicro 0.66 +160 41.3° - + 10 - - [55]
Ultra Low -

OH FI . 0.22+ | -65to o _ 600 660 710
(FIP600- | OYMIcro | “505 | 4300 | 127° | >=1320 149 | £10 | 10 | [°]
660710)

Anhydro- . .
. FiberGuide -40 to 200 220 320
guideTM Industries 0.26 + 85 15° >=44 +10 | £4 + 16 [57]
(AFS)
Optran® Ceram 0.28 | -190 to o _ i
UVWFS Optec +0.02| 350 16.2 >=66 | 220 | 233.2 [58]
0.37 | -190 to

o —_
OPTRAN Ceram +0.02 | + 400 21.72 >=141 | 600 660 710 [59]

ULTRATM | Optec | 044 | -40t0 | 510 | S 180 | 600 | 660 | 800 | [59]

+0.02| 130
053 | <40 to
woo | Tl | 320 | >=180 | 600 | 660 | 800 | [59]
20 to 1000 | 1035 | 1400
Thorlabs, | 932 | 150 | 222°° | >=100 ) 45 | 145 | 150 | [
FT200EMT
Inc os0 | A0t | oo | gy | 10001035 | 1400 |
) 150 - +15 | £ 15 + 50
20 to 1500 | 1550 | 2000
050 | 450 30° | >=150 | y'5p | 431 | +100 | L[4

4.7. Concentrator Design
For the purpose of coupling a concentrator to the optical fiber, the following requirements must
be met for optimal design and transmission of solar radiation:

» The rim able of the concentrator must be greater than/equal to the acceptance angle of the
fiber optics which is in turn defined by its numerical aperture.

In 2005, the application of fiber optics in STP systems was studied by Paul R. Henshall et al.
and it was observed that it has a suited application in small satellites. Also, fiber optics facilitates
replacement of large concentrators with multiple small concentrators and thus lowering the system
mass as a lower support structural mass is needed [2].

As the scope of the thesis lies in designing the heat exchanger and receiver-cavity of the STP
system, only a high-level study of the concentrator design and analysis has been conducted. The
inclusion of the optical fibers put no constraints on the rigidity and position of the concentrator
and but the system requirement constrains the concentrator to be only inflatable for stacking in
the available volume of the CubeSat. From a detailed study done by the author of [20], it has been
concluded that the parabolic mirror seems to offer the highest concentration ratio which outperforms
the rest.
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For the designing of a parabolic concentrator, the following equations are applicable. The height
(H) and the focal length (f) of the concentrator are given by the following relations:

d?
H= 1 (4.61)
tan(qbrzim) -1 (4.62)

o{4)

Here d. is the concentrator diameter, 6,. is the rim angle of the concentrator. Ideally, the rim angle
must be equal to or less than the acceptance angle of the optical fiber.

¢rim < emax (4-63)

The acceptance angle for the selected optical fiber can be determined from the equation 4.57 and
is found to be 30°.

As mentioned above, the diameter of the concentrator depends on the image size of the optical
fiber, it can be determined using the following equation.

dc Sin(gs + ¢shading)

dor = — 4.64
of Sln(¢rim)cos(¢rim + Bs + ¢shading) ( )

Here 6y, is the shading angle on the concentrator due to the optical fiber. It is assumed that the
shading angle is 0° such that the fiber is perfectly aligned at the principal axis and placed at the focus
of the concentrator. 6; is the solar half angle of the incident solar radiation on the mirror, 0.267°
and the optical fiber tip size is denoted by d,f. For the selected optical fiber, the core diameter
is 1 mm and hence the value of d,r. Once the concentrator diameter is calculated using equation
4.64, the focal length and height of the concentrator can be determined with equation 4.62 and 4.61
respectively. Subsequently, the concentration ratio can be estimated which is defined as the ratio of
the concentrator area to the receptor area of the fiber.

(4.65)

2
CR = & = Sin® (@rim) * cos?(Os + Grim + 4))
dof sin?(6; + 62) ;

As can be seen from the equation, the concentration ratio is clearly dependent on the rim angle
and 6,, which is the measure of angular error of the mirror. Once the concentrator diameter is
calculated, the power input at the inlet of the optical fiber can be estimated using the equation 5.29
and the power output using equation 5.30 defined in chapter 5 in section 5.3 which focuses on the
thermal model of the optical fiber. The power output for varying core diameter of the optical fiber
has been studied using the above mentioned equations for a fiber length of 1 m.
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Figure 4.8: Power output in optical fibers of different numerical apertures with varying core diameter

In the plot 4.8 it can be observed that the power output exponentially increases with the increase
in core diameter of the fiber. Also, the higher the numerical aperture the more is the ability of the
fiber to intake concentrated power. Therefore, a fiber with high NA and a reasonable core diameter
will be preferred. The optical fiber selected for the STP system is based on the graphical trade-off
shown below. All optical fibers listed in the table 4.8 have low OH content and have a transmission
range between 300 — 2200 nm. Hence, the FP1000ERT - 0.50 NA, 21000 pum Core with Multimode
index, Low OH fiber has been selected as it satisfies all the requirements. Even though one of the
Thorlabs fibers offers one of the highest core diameters, the former has been preferred due to its
smaller bend radius so that it can be stored within a total of 4U Cubesat volume available for the
propulsion system.

4.7.1. Mass Estimation and Material
This sub-section will deal with the mass determination of the optical system.

Optical Fiber

The mass of a single optical fiber with diameter 1 mm, NA - 0.5, and 1 m long is 3 grams. This
step-index optical fiber (multimode) from ThorLabs has a core made up of pure silica and a hard
polymer cladding. The fiber is then sheathed in a Tefzel coating and this material limits the working
temperature to a maximum of 150° C (423 K).

Inflatable Parabolic Concentrator Mass
The selected concentrator consists of the following components: reflector surface, torus (support
structure) and tripod (support structure). The inflatable concentrator shown in the figure 4.9(a) is
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a conceptual design presented in [5] for space-based antenna systems with a diameter of 35 m.
As the detailed design of a concentrator is not within the scope of this thesis, the above mentioned
inflatable concentrator is taken as reference and the area density of each of the components based
on the material (Shape Memory Polymer) has been considered to determine the mass of a scaled
down concentrator design. The input parameters taken are listed in the table below.

Area density
Component [Kg/m?]
Reflector Surface 0.400
Canopy 0.035
RI Tube + Heater & MLI 1.150
Tripod 1.150

Table 4.9: Area density of Concentrator components [5]

With the given mass density, the mass of the components can be calculated once the area of com-
ponents is determined. The area of the reflector and the transparent canopy can be mathematically

expressed as [60],
2
(&) ) -
A reflector = 2 (4-66)

1
()

The area of the torus and trip are inflatable cylindrical structures and can be calculated using the
following equations respectively.

3/2

A torus = TD¢orLeor (4.67)
A tripod = 3mDeriLeri (4.68)

Here D;,,- and D.,; are the diameters and L;,, and L;,; is the length of the torus and tripod support
structure. The mass of the total system is calculated including the inflation system, miscellaneous,
and considering a 20% contingency percentage for the mass of each component. The values have
been tabulated in 4.13 and 4.14 for single and bundled optical fiber systems respectively.

SMC/RI
Reflector Surface

SMC/RI
Torus Structure

Feed

RF Transparent Location

Membrane Canopy

SMC/RI \
Tripod Structure
Spacecraft Bus

Figure 4.9: Inflatable Concentrator using torus and tripod tube as support structure [5]
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4.7.2. Concentrator - Optical Fiber Requirement

Before we proceed with the concentrator selection and system properties, a system requirement
for the optical system containing the concentrator and optical fibers is generated. It is solely based
on the overall propulsion system requirements defined at the beginning for the LUMIO mission in
chapter 2.

In order to define the optical system requirement, the mass and volume available for the subsystem
were estimated based on calculations done previously and valid criteria.

Table 4.10: Mass estimation of STP sub-components

Parameters \E?(I:f Rationale
Value calculated based on thrust requirement for the
Propellant mass at mission + 5%. Propulsion 5% on total propellant for
1.848945 | calculation uncertainties. The system margin is to
1000 K - .
compensate for uncertainties and changes in the
system design [61].
Thruster mass 0.0054 | Molybdenum heat exchanger and insulation mass.
Propellant Tank mass 1.5 Rough calculations
Assumption,- each 360 g thruster generates 1.5 mN
thrust. - Isp - 94.9 s.,ADCS propulsion system
requirement for LUMIO :
Estimated ADCS mass 1. Propellant mass calculated for 72.91 Ns of total
. . 0.2114 | . .
( micro-resistojet) impulse is 86.23 g
2. Dry mass from micro-resistojet paper - 310 g
(Total system mass (360 g) - propellant mass (50 g)
from the literature on micro-resistojet.
MGD1000
= 0-1500 ml/min free flow
= Max pressure of 7000 mbar
Pumps/valves 0.175 = Voltage range of 5-24V
» Size: 55 x 35 x 35 mm
= Weight 75¢g
= Sample price: $338-$368 each
. ESA Standard value - for subsystem Margin for
20 % Margin 1.064 complete new developments [61]
Total mass 4.804745 | -
Total Available mass 5.32 Each Cubesat Unit - 1.33 Kg [4U]
Remaining mass 0.5152 | Available mass for the concentrator - optical fibers
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Table 4.11: Optical system requirements

ID Name Requirement Rationale

The entire system must fit within 4U
(In terms of Cubesat units).

This requirement has been generated
based on LUMIO propulsion system
mass and volume budget. 4U
corresponds to 1.33 Kg per unit and
total of 5.32 Kg. Deducting the core
thruster mass, propellant mass,
propellant tank mass, ADCS
propulsion system mass and

10% margin to determine the
concentrator mass

The concentrator - OF
Conc-OF-STP-001 Mass system mass shall be
below 0.50 Kg

Approximated value based on
thruster volume and propellant
tank (unknown volume - valves,
pumps, manifold)

The concentrator - OF
system volume shall be
below 1000 cm3

Packaging

Conc-OF-STP-002 Volume

With this power, the cavity wall
can reach upto 1100 K as stored
energy (no propellant flow),
Power 10% on nominal power. -
ESA Standard

The concentrator - OF
system shall be able to
provide an output of at
least 55 W

Conc-OF-STP-003 Power

4.7.3. Bundled and Single Optical Fibers

There are two possible arrangements that can be considered for the optical system of an STP
consisting of a concentrator and optical fibers: a system with single optical fibers and system with
bundled optical fibers. The study and selection of these two arrangements completely depend on
the system requirements table 4.11 generated for the optical system and the best fit out of the two
will then be picked to proceed with for further analysis.

Single Optical Fibers

A system with single optical fibers means that each optical fiber will be coupled to one concentrator
each and the performance of each concentrator-fiber system will be evaluated based on its physical
properties and dimensions. Based on the linear increment of parameters such as mass and power
output for such a system, the overall system performance is estimated for increasing number of
optical fibers. Some of the general input parameters used for both systems have been tabulated
below.

Fiber efficiency | Mass of single fiber | Diameter | Numerical Aperture | Fiber Length
0.90 0.003 [Kg] 1 [mm] 0.50 1[m]

Table 4.12: Optical fiber specificatios
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Figure 4.10: Possible configuration of single optical fiber system

Table 4.13: Characterization of single fiber optical system

OI:tuigll)?irbers Concentrator Optical fiber TOt? II(gIV:Ilass
Mass system | Mass | Expected Power | Expected Power
[Kg] [Kgl Input [W] Output [W]
1 0.0245 0.003 7.6731 6.90579 0.0139
2 0.049 0.006 15.3462 13.81158 0.0278
3 0.0735 0.009 23.0193 20.71737 0.0417
4 0.098 0.012 30.6924 27.62316 0.0556
5 0.1225 0.015 38.3655 34.52895 0.0695
6 0.147 0.018 46.0386 41.43474 0.0834
7 0.1715 0.021 53.7117 48.34053 0.0973
8 0.196 0.024 61.3848 55.24632 0.1112
9 0.2205 0.027 69.0579 62.15211 0.1251
10 0.245 0.03 76.731 69.0579 0.139
11 0.2695 0.033 84.4041 75.96369 0.1529
12 0.294 0.036 92.0772 82.86948 0.1668

Bundled Optical Fibers

Bundle packaging fraction is one of the essential parameters that need to be calculated in order
to estimate the power loss in transmission. The packaging factor can be defined as the fraction of
the cross-sectional area of N single fibers to the total cross-sectional area of the bundle geometry.

BPF = N X

Aor
Abundle

(4.69)

Where N is the no.of optical fibers, A, is the cross-sectional area of a single optical fiber and
Apundie 1S the cross-sectional area of the bundle using bundle diameter which has been estimated
in the previous table.
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Figure 4.11: Bundled optical fibers with packaging structure

The diameter for bundled fibers can be calculated with the equation where m is the number of
rings and d is the diameter of a single optical fiber:

D=2*m+1)*d (4.70)

A

Figure 4.12: A possible configuration of bundled optical fiber system

In the above, the bundled fibers are coupled to one concentrator and thus the concentrator
diameter varies with respect to the number of optical fibers. The input power for each optical fiber
for the bundled system is the same as "expected power input” in table 4.13.

Table 4.14: Characterization of bundled fibers optical system

Number
of Total
. Optical fiber Concentrator | Mass
Optical [Kg]
fibers g
Bundle Total Ideal Expected conc. | Mass
Mass . Bundle Power Power ;
Dia BPF Diam | system
[Kg] [mm] Area Output Output [m] [Ka]
[mmA2] [W] (W] J
1 0.003 1 0.7854 | 1.0000 | 6.9058 6.9058 | 0.099 | 0.0245 | 0.0139
2 0.006 2 3.1416 | 0.5000 | 27.6234 | 13.8117 | 0.198 | 0.049 | 0.0278
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Table 4.14: Characterization of bundled fibers optical system

Number
of Total
Obti Optical fiber Concentrator | Mass
ptical [Kg]
fibers
3 0.009 | 2.154 | 3.6440 | 0.6466 | 32.0412 | 20.7176 | 0.213 | 0.0735 | 0.0417
4 0.012 | 2.414 | 4.5768 | 0.6864 | 40.2431 | 27.6234 | 0.239 | 0.098 | 0.0556
5 0.015 | 2.701 | 5.7298 | 0.6854 | 50.3809 | 34.5292 | 0.267 | 0.1225 | 0.0695
6 0.018 3 7.0686 | 0.6667 | 62.1526 | 41.4351 | 0.297 | 0.147 | 0.0834
7 0.021 3 7.0686 | 0.7778 | 62.1526 | 48.3409 | 0.297 | 0.1715 | 0.0973
8 0.024 | 3.304 | 8.5737 | 0.7328 | 75.3871 | 55.2468 | 0.327 | 0.196 | 0.1112
9 0.027 | 3.613 | 10.2524 | 0.6895 | 90.1473 | 62.1526 | 0.358 | 0.2205 | 0.1251
10 0.030 | 3.813 | 11.4189 | 0.6878 | 100.4038 | 69.0584 | 0.377 | 0.245 | 0.139
11 0.033 | 3.923 | 12.0872 | 0.7148 | 106.2804 | 75.9642 | 0.388 | 0.2695 | 0.1529
12 0.036 | 4.029 | 12.7492 | 0.7392 | 112.1015 | 82.8702 | 0.399 | 0.294 | 0.1668

From the above tables, the mass of the two optical systems can be compared graphically as shown
below in figure 4.13. The mass of the optical system with singles increases linearly with each added
fiber whereas, the optical system with bundled fibers is slightly heavier and varies more or less
linearly as well. The mass of the coupling interface, structure mass to support the fiber at the focal
point of the concentrator and receiver junction is not considered and is assumed to weigh the same
for both cases.

0.3

0.25

0.2

0.15

0.1

Total System Mass (Kg)

0.05

OPTICAL SYSTEM MASS

3 4 5 6 7 B 9 10 11 12 13 14
No. of optical fibers
~=SINGLE SYSTEM BUNDLED SYSTEM

Figure 4.13: Optical system mass for single and bundled fiber system
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A trade-off has been done to compare the performance and system properties of single fiber
system and fiber bundle system as shown in figure 4.14 just aiming at fulfilling the power requirement
for the lunar mission considered for this thesis. Remaining values presented in the tables 4.13
and 4.14 characterize optical systems for other missions demanding different power output. The
criteria selected for this trade-off are mass of the system and power output which are quantitatively
compared, and complexity of the deployment system and complexity of the inflation system are
qualitatively stated. Since both the systems meet the system requirements of the optical system,
the goal of this trade-off is to see which one is better with respect to each other. In the case of
the power criterion, both systems are capable of transferring almost the same amount of power. As
gathered from the above calculations and table, the total mass of the bundle system is 1.3 times
heavier than the single fiber system. Naturally, having multiple single fiber-concentrator systems
will add to the deployment and inflation system compared to one large concentrator-bundled fiber
system. Therefore, to reduce the complexity of the optical system and also because the bundled
optical system has more advantages over the single fiber optical system, the bundled optical system
has been selected.

For 8 | Total System Power De:;:::an:nt Inflation system
Fib. M K Complexi
i ass [Kg] | [W] [Complexity] [Complexity]
Multiple deploy Every concentrator will have
Singles 0.1112 55.246 |system will lead to |its own inflation system and
complex setting hence complex integration
0.143
Bundle (1.285?7 times 55.047 Single d_eployement Smgle_ syster_n and hence less
heavier than mechanism complicated interface

singles)

Within requirement
but slighty better
Within requirement

Figure 4.14: Trade-off matrix for optical system concept

4.8. Initial Design

The initial dimensioning of the heat exchanger and optical system can now be concluded in this
section. The fixed dimensions at this stage are only the cavity height at 5 mm (considered from
literature in section 3.3.2), channel length at 3.287 cm that has been computed in chapter 3, section
4.3.4 and equilateral corrugated triangles. The nozzle convergent angle and the divergent angle
is set to 15 degrees and 20.42 degrees respectively as discussed in section 4.6. The optical fiber
selected for the STP system is FT200EMT from ThorLabs with a core diameter of 1 mm and NA of 0.5.
In section 4.7.3, the selection of an optical system was achieved and thus, this thesis will proceed
with a bundle of 8 optical fibers and a single concentrator system that transmits a total power of
55.246 W. The channel dimensions, nozzle height, and no.of channels are difficult to determine
without the thermal analysis. Thus, it must be noted that chapter 4 and chapter 5 iterate parallelly.

The figure 4.15 illustrates the initial design render. The remaining unknown dimensions of the
intial design are presented at the end of chapter 5.
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Figure 4.15: Baseline design






Thermal Modelling

This chapter will define and formulate the analytical heat transfer model of the heat exchanger
and optical system for the preliminary design process. This model has been incorporated for a
detailed calculation of the temperatures of the optical fibers, receiver cavity wall and subsequently
the channel wall and flow temperatures. Consequently, this model is used for parametric studies
that benefit in trade-off analyses due to its low computational time. Different aspect ratios and the
channel length of the micro-channels are studied using this tool and it helps to finalize the heat-
exchanger dimensions which satisfies the design requirements. This mathematical model in Matlab
will be validated using a finite element analysis software, Comsol, in chapter 6.

In order to obtain the final temperature of the heat exchanger walls, the heat loss from the heat
exchanger will be computed. This model depends on the power output from the optical fibers and
that is determined using equations combined in section 4.4 and 4.7. The energy and transmission
model of the optical system is decoupled from the thermal model of the heat exchanger and the
output of the former is given as an input for the latter model. The structure of the thermal model
is depicted in the figure 5.1 which shows the algorithm flow from the input values to the calculated
parameters to the final output.

‘ Flow and ‘

temperature .
Fixed Input Coniiuns Calculates 5 Output
parameters i)
D i~ Flow regime ;

[ ! |Channel Length | | ; ELECELE 5 y _Mean wall
Dimension ; ' i I Temperature
restriction e P

P _ v 1 Enthalpy at ! -
E E different Final
Nozzle depth — Channel depth ' channel width : temperatures ' —>» temperature of
b ' variation : ! channel wall
H ' f——— ' ' —
| . i | Phase Length 5
[ - : ; (Channel) ; Final
' No.of channels : . —>» temperature of
: : : water
_ 7 [
Wall temperature
due to each .
phase

Figure 5.1: Structure of the thermal model for flow and channel wall temperature
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The model initially assumes the outer wall and insulating surface temperature for the case I
(without insulation) and case II (with insulation) respectively to estimate the inner cavity temperature
in an iterative process. Section 5.1 briefly describes the geometrical model of the heat exchanger
and optical fibers integrated with the cavity. Section 5.2 then deals with the thermal heat loss model
and the equations involved for two cases, namely, with insulation and without insulation. Section 5.3
describes the thermal model of the optical fiber and the total power transmitted through these fibers.
Section 5.5 attends to the flow regime within the micro-channels based on the equations described
in chapter 4, section 4.3.1 and results in the final temperature of the flow and channel wall at the
end of the channel length. A time-dependent thermal model has been incorporated such that the
time taken to heat up the walls and subsequently the time taken to cool down can be studied.

5.1. Geometrical Mathematical Model

Solar Power
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Figure 5.2: Thermal power flow through the Heat Exchanger and Receiver Cavity system without insulation

Before proceeding with defining the mathematical model of the thruster, the geometrical and
optical parameters of the initial design will be described. The geometry of the baseline design of
the heat exchanger has been described in chapter 4 and can also be seen in the figure 5.2.
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5.2. Heat Loss Model

The heat loss model will be computed based on the heat loss taking place from the system outer
surface to the surroundings. As heat loss to the surroundings can be more or less prevented by
adding insulation, it is mandatory to estimate the heat loss through the insulation as well. Therefore,
in this section, a heat loss model will be used to predict the temperature of the system based on input
parameters with and without insulation. The required input parameters are geometric dimensions,
the mass flow rate of the propellant, solar radiation input, and initial temperature. The generic heat
equation for a system can be stated as,

anput = Qross T Qstored (5-1)

Here Qrnpu: is the total thermal power received by the system, Qs is the total heat loss of the
system and Qs:0req iS the stored power that heats up the system. Since the heat exchanger and
receiver cavity is an enclosed system, the heat loss is will take place from the outer surface only as
shown in the schematic diagram shown below 5.3.

The above equation can be elaborated as,

anput = Qradiation + Qconvection + Qconduction + QStored (5-2)
The thermal power entering the cavity is via optical fibers and have been modelled separately.

5.2.1. Input Thermal Power
The input power to the receiver is the amount of power transmitted by the optical fibers at its output
tip. It can be expressed with the following equation using the relation 5.30

Qinput = AcavQFiber out (5.3)

Where a.,, is the absorption coefficient of the cavity material.

The modes of heat transfer depend on the geometry and dimensions of the system and the
corresponding correlations for radiation, convection and conduction vary even with the slightest
change in dimensions. Thus, the following heat loss equations are split into two cases: without
insulation and with insulation. These cases are further discussed in the imminent sections.

5.2.2. Case I: Without Insulation

This case defines a heat exchanger model without any insulation. Therefore, the heat loss via
convection (in presence of atmosphere) and radiation is computed from the outer wall of the heat
exchanger to the surrounding atmosphere.

Radiation

Any heated surface radiates out energy to its surroundings and this can be defined as a function
of the surface emissivity, view factor, surface area and the fourth power temperature difference
between the surface and surrounding. In case of a heated heat exchanger, the surroundings can be
assumed to be at room temperature.

Qradiation = €0AF;; (Tguter wall — Tﬁoom temp) (5.4)

Here F is the geometric view factor. In general, the view factor F,, between two black surfaces A,
and A,, can be defined as the fraction of radiation emitted by surface A, that arrives at surface A,.
In this case, the view factor between the outer wall of the heat exchanger and the exterior ambient
surrounding will be 1.
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Convection
The thermal power lost is also due to free convection from the surface of the heat exchanger to its
surroundings. The following equation can be used to determine the power lost via free convection:

Nuk
Qconvection = hcA(Touter wall — Troom temp) = TA(Touter wall — Troom temp) (55)

where Nu is the Nusselt number, k is the thermal conductivity of the surrounding medium and h, is
the convective heat transfer co-efficient. In general, the Nusselt number and area of a cuboid can
be calculated using the following relations:

-D

2L
Ag = 2D2<1 + 3> (5.7)

Here D is the length of the shorter side and L is the length of the longer side of the cuboid.
Since the heat exchanger is a cuboid, the Nusselt number can be determined based on the long

horizontal non-circular cylinders model as described in [62]. As the convective heat transfer co-
efficient is unknown, the Nusselt number can be estimated using the following correlations:

NuT = GC;Ra/* (5.8)
C2
Nyyj= ——> (5.9)
C2
lOg<1 + W)
Nut = CtRa1/3 (5.10)
Nu = [(Nu)™ + (Nug)™]Y/m (5.11)

Ra is the Rayleigh number in equation 5.8. In the case of free convection, the Rayleigh number
gives a proper indication of the flow regime of the boundary layer at the surface i.e whether it is
turbulent or laminar. In the current thermal model of the heat exchanger, the surface is considered
to be in contact with air. Therefore, the properties of air at the surface temperature of the outer
wall are considered.

. gBATD3

— (5.12)

Since the heat exchanger both with and without insulation remains a cuboid, the above correlations
are applicable for both cases. For the case I, this model is valid for cuboids that have an aspect ratio
(L/D) larger than 4 with D being the length of the shorter side of the cuboid.

Conduction
An important step before calculating the heat loss by radiation and natural convection from the
outer surface of the system, with and without insulation, is defining the conduction model. As seen
in the above equations, the heat loss depends on the temperature of the outer surface of the heat
exchanger and that depends on the heat conducted through the inner wall of the cavity to the
outer wall. Hence, the conducted power through the system can be calculated using the following
equation,
kA
Qconduction = TAT (5.13)
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Since the heat exchanger can be considered to be rectangular cuboid, in order to calculate the
heat conducted from the inner cavity wall to the outer surface, the conduction shape factor needs
to be calculated first as it is not one of the conventional enclosed geometries. The conduction shape
factor is characterized as a geometry dependent quantity and is related to the power as:

Qconduction = S\*/Iik(Tinner wall — Touter wall) (5-14)

Most papers in the literature describe the conduction shape factor for spherical and cylindrical
cavities enclosed within same geometries, and the models are restricted to uniform gaping between
the geometries. However, the paper [63] describes analytical models to calculate the conduction
shape factor for a variety of geometry combinations, including a cuboid in a cubical enclosure, which
is needed for the purpose of the presented design in this thesis. A cross-sectional cut view of the
cavity generic dimensions can be seen below for better understanding.

Figure 5.3: Schematic diagram of enclosed cavity and outer geometry with effective gap (thickness) for conduction

The conduction shape factor (CSF) can be calculated using two methods, namely, integral method
and two-rule method. The difference between the two is the complexity of the inner body geometry
and easy estimation of the effective gap spacing, which is defined as the thickness between enclo-
sures. The former method is used in cases of uniform gaping especially in concentric spheres where
the effective gap is determined using area integration of spherical coordinates. For cases involving
the complex formulation of area integration due to multiple faces, the latter method is used. This
method, as the name suggests, involves two steps. The first being calculation of the net volume of
the enclosure and the next being the area of the inner geometry.

Using the two-rule method, CSF can be mathematically expressed as [63]

. VA
S\/Tz_ 5. + S5 (5.15)
2
S — = vr + Sk (5.16)

3 1/3

1/3

[1 + 671(%) ] —1

Here S*— is the conduction shape factor taking the characteristic length as the square root of the
surface area of the inner body, S, is the shape factor for full-space limit and has been calculated

VA
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using Yovanovich and Culham’s model to have a value of 3.469. The selection of the characteristic
length has been proposed to be the square root of surface area for non-circular channels by several
researchers as a scale for problems dealing with convection and conduction. The method presented
in the paper has been validated with numerical simulations.

Therefore, the inner wall temperature can be obtained with the equation below:

Qconduction = Qconvection + Qradiation (5-17)
1 Nuk;
T; = <*—><60A(T§ -TH + AM(TO - TT)> +T, (5.18)
S mk D

Here T, is the outer wall temperature of the cavity without insulation, T; is the inner wall temper-
ature of the cavity, T is the room or ambient temperature, L is the length of the heat exchanger,
and k., is the thermal conductivity of the heat exchanger material.

5.2.3. Case II: With Insulation

In this case, the heat exchanger model is defined with insulation around it. Therefore, the heat
loss via convection (in presence of atmosphere) and radiation is computed from the outer wall of
the insulation to the surrounding atmosphere. Apart from a change in the area of the outer surface
which is in direct contact with the surrounding and material emissivity, the heat loss via radiative heat
transfer relation remains unchanged. Certainly, a system with insulation is required and integrated
to prevent any damage the hot heat exchanger can cause to the surrounding sub-systems and
electronics components.

Conduction

When insulation is added to the system, the final temperature attained at the outer surface of
insulation differs from the without insulation case due to the thermal conductivity and area of the
insulating layer. The heat transfer via conduction for a layered system can be determined by calcu-
lating the effective conductivity through the wall of the heat exchanger to the insulation as:

L 1 1
_ ., : 5.19
KefrAng kmo * S\/TL- kins * S\/A_o ( )
KerrAyg
Qcona = %(Tins = Troom) (5-20)

kins is the thermal conductivity of the insulating material, S\*/A_ is the conduction shape factor taking

the characteristic length as the square root of surface area of the outer body (heat exchanger)
and T;,, is the temperature of the outer surface of the insulation. The equation 5.20 can then be
substituted into equation 5.18 to calculate the inner wall temperature of the cavity.

Convection

In case of added insulation, the system no longer has L»D as an insulation thickness of 1.2 cm
is taken on either side. The Nusselt number can be then determined based on the short square
cylinder - face up model as described in [62].

NuT = GC,Ral/* (5.21)
Nuy = [(Neona)™ + (NuT)™M/™ (5.22)
Nut - C_'tRal/3 (5-23)

Nu = [(Nu)™ + (Nu,)™]/™ (5.24)
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This model is valid for cuboids that have an aspect ratio (L/D) smaller than 4. The table below
5.1 shows the coefficients for the cases both with and without insulation models.

Table 5.1: Convection Coefficient values for short and long non-circular cylinders

Ct
Model L/D | Nu_cond G Pr- 0.71 (air) n m | C_2
Short non-circular | o, o | 163 | 0.828 0.094 1.07 | 10 | -
cylinder
Long non-circular
ovfinder - ; 0.735 0.087 - 45| 1/3

5.2.4. Power Lost to Propellant Flow
The power transmitted to the propellant adds to the total heat lost and when the water is released
into the heat exchanger, the power transferred can be determined as follows:

Qprop = m(hfinal temp hinlet temp) (525)

As the ultimate aim is to heat up the propellant to 1000 K, the power is required to heat water
from 293.15 K to 1000 k at 5 bar. The mass flow rate is determined based on the thrust required.
The change in enthalpy is obtained as follows:

Tboilliq* Thoilgas + AHTboilgaS—’ 1000K

Here Tyouy,, IS the boiling temperature of water at 5 bar, still in liquid state, which is 424.98 K
and Thoilyqs 1S the boiling temperature of water when the phase changes to a gaseous state. The
difference between the enthalpies at these two temperatures gives the heat of vaporization.

Table 5.2: Enthalpy of water at different temperatures at 5 bar

H293 K

HbOilliq

Hpoil 4

H1000 K

AH

Unit

105.290

639.54

2560.7

3988.500

3883.210

KJ/ Kg

5.3. Thermal Study of the Optical System
This section will elaborate on the thermal model of the optical fibers. As the rate of heat energy
received by the optical fiber is dependent on the concentrator surface and having determined the
geometrical parameters of the optical system in chapter 4, the analytical study can be carried out.
The rate of heat energy received by the parabolic concentrator can be determined using the following
equation[64][65]:
Qconc in = znfpmirror S(Sin2¢rim - Sin2¢shading) (527)

where S is the solar flux, fis the focal length, p.irror iS the reflectance of the mirror surface, ¢,.i, is

the rim angle of the parabolic concentrator and ¢snqqing is the shading angle because of the optical

fiber core (tip size). Assuming an ideal concentrator, the efficiency of the parabolic concentrator can

be as [66].

(Sinz ¢rim — sin® ¢shading)
4 tan?(Omax/2)

(5.28)

Nconc = Pmirror
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Now, assuming that the optical fiber is placed exactly at the focal point of the parabolic concen-
trator and lies on the focal plane, the rate of energy at the inlet of the optical fiber can be estimated
based on opto-geometrical parameters as presented in [64].

Q ' o T[Dcz'onc
Fiber in = 17 (Omax/2)

X Pmirror S (Sinz ¢rim — sin? ¢shading) (529)

Here, the mirror reflectively (pmirror) IS @assumed to be 0.8 [20] for a parabolic mirror surface.

Here polarized reflection of radiation entering the optical fiber is considered as the light is prop-
agating from the space environment to the core material of the fiber.Qg;,.r in has been calculated
to be 7.6731 W for 1 optical fiber with a core diameter of 1 mm. The power at the output tip of the
fiber can be obtained from the relation given below.

QFiber out = r]onFiber in (5.30)

5.3.1. Heat Loss in Optical Fiber

Similar to any other body in the atmosphere, the heat loss in optical fibers also takes via convection
(in the presence of atmosphere) and radiation. This section delves into the equations used for
determined the heat loss taking place in fibers.

Conduction

To determine the heat loss through the optical fibers via convection and radiation to its surrounding
atmosphere, a similar method as for the heat loss in the heat exchanger is applied. Hence, first, the
conduction through the fiber is computed as this will provide the outer coat temperature.

The effective axial conductivity of the fiber and conducted heat is formulated to be:

L — 1 + lOg (Rclad/Rcore) + lOg (Rcoat/Rclad) (5 31)
KeffAfiber kcore*z*ﬂ*Rcore*Lof kclad*z*n*Lof kcoat*z*n*Lof)
KerrArip
Qcond = %(Twat = Troom) (5.32)

Convection

Considering the optical fibers as long vertical cylinders, the convection heat transfer from the
lateral surface can be calculated using the following relations for a cylinder of length L and the total
diameter of the fiber, including cladding and coating, D [62]. The Nusselt number for a vertical
cylinder is determined for uniform heat flux and is based on the Nusselt number for a vertical flat
plate of height L. It can be written as follows,

g
Nu; = mNul,Plate (5.33)
181D (5.3
Nu}:late .

where, the Nu; pyq¢e and Nu?, ., for a vertical plate receiving uniform heat flux and constant ambient
temperature can be estimated using the relations 5.35 and 5.36

1

S — (5.35)
In(1+ —=

Nul,Plate =
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1/5

Nibiare = Hi R/ Hy = §<4 + 9x/Pirr+ 10Pr> (5-36)

Ny = (COTIREE o (5.37)
(1+(52) )

Nu = (Nu™ + Nu)¥/™  m=6.0 (5.38)

The heat loss via convection can subsequently be calculated using equation 5.5.

Radiation

The buffer or jacket of the optical fibers will undoubtedly also radiate heat to the surrounding atmo-
sphere. Similar to the section 5.2.2 the heat lost via radiation can be described. In this case, the
surface emissivity of the outer material is 0.3 and the view factor is 1. All the above equations are
incorporated into the thermal model and used to calculate the temperature of the system due to the
stored energy.

5.3.2. Optical Fiber Power Transmission

As explained in section 4.5, the efficiency is considered to be 90%, therefore, for a power input
of 7.6731 W, the power output at the end of a 1 m long optical fiber is 6.9058 W. As the number of
optical fibers increases, the total power input for the heat exchanger linearly increases as shown in
the plot 5.4 below. The power output in both single and bundled optical fiber systems is the same
to the second decimal point as can be seen in tables 4.13 and 4.14, therefore, no additional changes
or effect applies to the thermal model of the heat exchanger due to the selected optical system.

100

80—

70—

60—

50—

Total power output [W]

30—

20—

10—

No.of optical fibers [-]

Figure 5.4: Total power output vs. No. of optical fibers plot



74 5. Thermal Modelling

5.4. Time Dependent Model

The time-dependent model is introduced to analyze the heat losses to the surroundings and the
time taken by the heat exchanger to get heated and to cool down. It is also important to ensure
that the propellant is discharged once the heat exchanger cavity reaches an equilibrium to prevent
insufficient heating. This section will deal with two cases, namely, dry and wet operation. In the
dry operation model, there is no propellant flow through the channels and the loss of heat energy
to the propellant flow is neglected whereas, the wet operation model discharges water into the heat
exchanger channels once no change in temperature is observed.

(Qstoreq) 1 the stored thermal energy that contributes to the heating of the heat exchanger itself.
Ostored = Qinput — Qoss (5.39)

For dry operation the power lost in heating up the propellant, @,,,,, becomes zero and for wet
operation, Q,rop has a finite value. The heat loss due to radiation, convection, and propellant flow
is calculated at every time step to determine the rise in the cavity wall temperature. The heat losses
are computed radially and not axially. The time-dependent loop can be described as follows

Qloss, i= Qcovection, i + Qradiation, i + Qprop, i (540)

In the case of wet operation (with propellant), the water enters into the system once the cavity
temperature stabilizes. The heat transferred to the propellant is included in the heat lost is because
it lowers the final temperature of the cavity wall.

Qstored, i= Qinput, i~ Qloss, i (5-41)
_ Qstored, i

AT, = o (5.42)

Ti+1 = Ti + ATL (543)

This stored energy increases the temperature of the cavity of the heat exchanger and the increase in
cavity temperature with time can be seen in the plot below. The simulation includes a thick insulation
of 1.2 cm on either side of the heat exchanger which causes the cavity temperature to reach up
to 1200 K using 8 optical fibers. At 800 seconds, when the cavity is observed to attain a constant
temperature, loss due to power transferred into heating the water begins. An immediate drop in the
cavity wall temperature can be noticed as a result, followed by reaching a constant wall temperature
until the power input is cut off from the system.

From the plot 5.5 it can be concluded that the power needed to reach a wall temperature of about
1220 K during dry operation and 1083 K during water flow through the system is 55.25 W and
requires 8 optical fibers for the power transmission.
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Figure 5.5: Cavity wall temperature with increasing no. of optical fibers

5.5. Flow and Channel Wall Temperature Model

The flow in the micro-channels is modelled based on forced convection with the relations described
in section 4.3. Several theoretical models have been developed at the department of space systems
engineering that includes two-phase flows and takes into account the change in propellant properties
with phase change. One of the models developed in [67] is referred to as the baseline structure to
include single phase and two phase flow properties. The aspect ratio in this study is defined as the
ratio of the channel height to the channel width (H:pannet/Wehannet)

In the plot 5.6, for channel heights lower than 0.7098 mm no significant change in temperature is
observed for a length of 4.023 cm. If we look at the table 4.1 of nozzle depth and flow regime, it is
noted that below the depth of 0.7098, the Knudsen number begins to increase. A higher Knudsen
number is attributed to higher losses due to viscous flow. Since a final flow temperature of 1000 K
is achieved at 0.7098 mm of channel depth itself, this height will be selected since it's characterized
by higher Reynolds nhumbers, which is slightly better for the purpose of heat transfer efficiency.
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Parametric study of temperature w.r.t channel height
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Figure 5.6: Effect of channel height on the final flow temperature

In the plot 5.7, the channel length, number of channels and channel height are kept constant at
4.023 cm, 10 and 0.7098 mm respectively. It can be observed that the flow temperatures do not get
heated sufficiently and clearly take longer to reach the gaseous state with the decrease in aspect
ratio. The mass flow rate is assumed to be equally distributed in each channel and thus, the mass
flow rate in each channel is determined as:

(5.44)

=zl 3

Mchannel =

As the number of channels (N) remains constant, the mass flow rate or mass flux through each
channel remains constant as well. This drop in the final flow temperature can be accounted due to
the insufficient heating or comparatively lower heating of the fluid particles at the top layer, as it may
not come into contact with the top heated wall due to wider channels. Also, at lower aspect ratios,
the flow becomes laminar and hence, theoretically, it becomes less efficient for the convective heat
transfer because the laminar boundary layer growth creates a stagnation zone.
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Figure 5.7: Effect of channel aspect ratio on the final flow temperature

The next figure 5.8 depicts the required channel length to ensure heating up of water up to a
temperature of 1000 K for a channel height of 0.7098 mm, aspect ratio of 5 and no.of channels
equal to 10. For a channel length 4.023 cm, the flow temperature at the end of the channel reaches
to 1000 K.
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Parametric study: temperature variation w.r.t channel length
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Figure 5.8: Determining the required (minimum) channel length to reach a flow temperature of 1000 K

Following the parametric study of the channel length and aspect ratio for a fixed mass flux
through the channels, it can be gathered that a channel height of 0.7098 mm with an aspect ratio
of 5 and a length of 4.023 cm is the most eligible design to ensure the heating of the propellant up
to 1000 K (REQ-HE-6) while staying within the channel length (REQ-HE-5) criteria.

Pressure loss in the channel was then studied for the selected channel length based on the equa-
tions defined in chapter 4, sub-section 4.3.2. A parametric study is also conducted to observe the
change in pressure drop with respect to the aspect ratio of the channels for all channel height cases
while keeping the number of channels and channel length constant.

In figure 5.9, it is evident that the lowest value of total pressure drop is for the least aspect ratio
for the highest value of channel height (height: 1.008 mm, width: 0.504), keeping mass flow rate
through the cross-section constant. The pressure drop is inversely proportional to the hydraulic
diameter (D;) of the channel. Considering the channel dimension that fulfills the temperature re-
quirement, the total pressure drop is observed to be 0.0578 pa. Hence, the pressure at the chamber
will drop to 4.9999 bar. Further drop in pressure will be noticed once the pressure drop at inlet
manifold is included.
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Figure 5.9: Pressure drop in the channels with respect to aspect ratio with constant channel length

Table 5.3: Pressure drop in a channel length of 4.023 cm

Water Flow Boiling Vapor Flow
[Single phase] | [Two phase] | [Single phase]
Channel
Length 0.0055 0.0200 0.0148
[m]
Frictional
Pressure 0.0051338 0.049498 0.0020293
Drop [pa]
Accelerational
Pressure - 0.0011 -
Drop [pa]
Total Pressure
Drop [pa] 0.0578

Keeping the initial baseline dimensions from chapter 4, the channel dimensions have been deter-
mined in as a result of the thermal analysis done in this chapter. Figure 5.10 shows the baseline
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design attained after a parametric study. The channel length has been changed from 3.287 cm to
4.023 cm due to increased length of the two phase flow that has been inferred from the plot ex-
plained in the above sections. This design will be imported to the Comsol model of ray heat tracing
to investigate the ray power deposited on the surface of the corrugated cavity.
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Figure 5.10: Baseline design dimensions: front view



Final Design and Results

This chapter attends to the verification of the analytical model with a multiphysics finite element
analysis software, Comsol 5.3A, for the final design. The final design attained from the analytical
study of the heat exchanger is imported into Comsol. This software offers coupling of the geometrical
optical rays and heat transfer in solids as well as conjugate heat transfer. The verification of the final
design is split into two FEA models. The first model (section 6.1.2) is based on the ray optics module
and the heat transfer module coupled for the heat exchanger with optical fibers integrated into the
design. The second model (section 6.1.3) uses the conjugate heat transfer module to investigate
the heat transfer between the channel walls and the propellant flow through the channels.

This chapter further focuses on the final design of the thruster and its performance. The final
design was achieved following an iterative process between the detailed design and thermal model
of the design. The figure 6.1 depicts the process structure incorporated between the Matlab and
Comsol model.

COMSOL
MATLAB i MATLAB
PomTTTTTTTT T o oT o m e V| CONJUGATE HEAT TTTTTTTTTTTToTmosmosossssssmsoeos
! i | TRANSFER i
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! i Ray tracing + Ray i
i ! heating !

Figure 6.1: Model structure of the iterative process

Due to the lack of computational power to run heavy Comsol 5.3A files, the simulation was split

81
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into two models. The final temperature of the cavity walls attained from the ray heating model
was given as input in the conjugate heat transfer model which includes propellant flow through the
channels. The chapter then progresses to study the optical fiber-receiver cavity interface in section
6.2. Once the temperature results of the analytical and numerical models are verified, the thruster
performance of the final design is presented in section 6.4.

The first ray tracing and heating was studied for the baseline model with corrugated cavity sur-
face. It was found that the temperature of the heat exchanger cavity with and without corrugation
varied by 0.04 % since the added mass of the corrugation summed up to 4.1300e-05 Kg. Also, a
homogeneous temperature throughout the heat exchanger was achieved which concluded that the
temperature due to the cavity shape remained unaffected at this scale. This resulted in proceeding
with a plain cavity surface instead.

6.1. Heat Exchanger

This section begins with a brief introduction and reasoning for the selection of the software page. It
continues to focus on three Comsol models and discusses the previously mentioned main models in
depth. The number of optical fibers selected for the numerical analysis is based on the analytically
calculated power output study done in chapter 4.

There are several software packages available to trace the solar rays in optical systems. Only two
of the available tools were selected as possible options - SolTrace and Comsol 5.3A, these being the
validated software packages. SolTrace is a software tool and the code uses Monte-Carlo ray-tracing
methodology for the concentrated solar energy in complex optical systems and determines its optical
performance based on the interaction of the solar ray intensity with the system. This open source
project has been developed at the National Renewable Energy Laboratory (NREL)[68]. The ray
optics module in Comsol offers an effective calculation of ray trajectories for complicated systems.
Apart from ray tracing, Comsol offers multiphysics coupling of other modules such as heat transfer in
solids and fluid, solid mechanics, wave propagation, etc. with the optics module. This feature makes
Comsol the clear winner and therefore, it has been selected to proceed with the thermal modeling
and analysis of optical fibres integrated with the heat exchanger.

6.1.1. Ray Tracing Model
For the purpose of finalizing the cavity depth required for the heat exchanger, it is important to see
whether the variation in cavity depth affects the power deposit on the bottom wall of the cavity and
also the intensity distribution over the walls. The figure 6.2 shows 8 optical fibers ray tracing into a
rectangular cavity. The intensity of the rays and power deposited at the bottom surface of the cavity
is then achieved as the output.
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Figure 6.2: Ray tracing of 8 optical fibers into the cavity and freezing at the bottom wall

The subplots in 6.3 depict the heat flux density distribution over the inner wall cavity of the
heat exchanger using 8 optical fibers transmitting a power of 7.67 W each at the inlet. The power
transmitted at the output end of the fiber depends on the transmittance factor. This plot shows
the variation of heat flux density and accumulated power with an increase in the height or distance
of the bottom cavity wall from the outlet of the optical fiber. It is observed that at 1.5 cm cavity
height the power is highly concentrated at smaller regions with a maximum heat flux density of
1.06” W/mm?. As the distance between the cavity and outlet tip of the fiber is increased, a more
even distribution of power is observed but with lower concentration. Clearly, the shorter the distance
between both surfaces, the more is the heat flux density. One important aspect of ray intensity and
power deposition observed during this study is that as the height increases, the power deposited
exactly on the cavity surface parallel to the outlet of the fiber, decreases. A reduction in deposited
power is detected as the height increases after 5.5 mm by 1.5 %. Hence, this value will be considered
as the upper limit. This is due to the heat rays impinging on the side walls of the cavity first.
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Figure 6.3: Heat flux density at the bottom cavity with respect to change in cavity height using 8 optical fibers.
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In section 6.1.2, the ray heating multiphysics feature was incorporated to determine the variation
of temperature on the cavity due to ray heating and how they affect each other through a bidi-
rectional, or two-way, coupling. In order to compute the temperature distribution along the cavity
length and width and to solve for the ray trajectories, the Ray Heating interface and Bidirectionally
Coupled Ray Tracing study step are used.

The coupling between the geometrical optics and heat transfer in solids is based on the absorption
coefficient of the participating surface when the rays pass through the object. The intensity and
power of the rays are then determined using the following equations.

I=Ie< " ) (6.1)

o

<_2KOkL>
P=Pe\ (6.2)

Here L is the optical path length and is characterized as a product of the speed of light in vacuum
and time step (ct). n and k are the real and imaginary numbers of refractive index respectively. K,
is the free-space wave number which is defined as a function of the free-space wavelength, 4,.

K, = — (6.3)

In the ray heating model, the diffuse surface (radiation) properties were given to the cavity walls
with their respective emissivities.

6.1.2. Ray Optics Modelling in COMSOL

An initial modeling of an optical fibre in Comsol has been done only using the ray optics module
to generate a view of the rays emitting from the optical fibre and impinging on the cavity base wall
(6.1.1). This model will now serve the purpose of checking the transmittance, validate the number
of optical fibres needed for the system, study the variation with the arrangement of these fibres over
the cavity to ensure even distribution of heat flux and the final cavity wall temperature of the heat
exchanger.

Ray Heating Model Definition

The selected optical fiber in section 4.6 is modelled in Comsol using solid concentric cylindrical pipes
with bend curvature as shown in the figure 4.6. This bend curvature of the pipe was varied for a
range of 5 mm to 80 mm bend radius using a parametric function called sweep parameter. This was
done to study the transmittance through the fiber of fixed diameter with a change in bend radius.
The relationship between the bend radius and transmittance is studied to prevent extreme losses
during the transmission of solar energy through the fibers into the receiver. One of the plots is
shown in figure 4.5.

Geometrical and Material Input Parameters
1. The material for each fiber layer was given as input along with the temperature dependent
refractive index equation for the fiber.

2. The rays are released from a point source at one end of the pipe with a cone angle of /6
which is defined as the acceptance angle of the fiber. The point source is given a power of
7.67 W as determined from the optical system calculations in chapter 4 section 4.7.
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3. The dimensions of the heat exchanger obtained from the Matlab thermal model was geomet-
rically imported from Catia with its bottom surface acting as the wall where the power is made
to deposit using the wall node with the deposited ray power subnode.

4. The surrounding medium (exterior) is considered to have a refractive index of 1 assuming
either vacuum or air.

5. Numerical aperture of the fiber is given as 0.50.

6. The remaining surfaces of the heat exchanger outer walls is considered to be thermally insu-
lated.

Mesh Element Quality and Size

For validating the model in Comsol, the mesh resolution and mesh element quality will be discussed
in this section. Undoubtedly, a low mesh quality and resolution lead to inaccurate results as it can
affect the mesh element shape when dealing with large forces acting on the model and can cause
convergence error as well. The mesh quality represents the shape of an element and is expressed
between 0 and 1, with 1 characterizing a perfectly shaped element. Although a structured mesh
(hexahedron) is always preferred over unstructured mesh as the former, in general, is known to offer
higher resolution and convergence. However, due to the intersection of the circular optical fibers
and cavity surface, refinement of the mesh was obtained efficiently for an unstructured tetrahedral
mesh. The default 3D mesh element of Comsol, free tetrahedron, has been used for the meshing
of the model. The mesh quality measure are described for the following fine to a coarse mesh of
sizes 0.1 mm, 0.25 mm and 0.5 mm (minimum element size). The fine meshing is limited to 0.1 mm
due to the computer’s 4GB of RAM which is not feasible to run large files as more elements means
more grids to be computed, therefore, requires more memory. For the optical fibers, the meshing
is maintained at 0.01 mm mesh size due to narrow distance between the core and the cladding and
thus smaller mesh size around the curved sections are considered.

Table 6.1: Mesh quality for bidirectionally coupled ray tracing model

Quality measure
Measures 0.1 mm 0.25 mm 0.5 mm
Min. | Mean | Min. Mean | Min. | Mean

Definition
(Comsol 5.3A)

Measure of the equiangular
skew of the element, 0
indicates an equilateral cell
(best quality) and a

value of 1 indicates a
completely degenerate cell.

Skewness 0.2795 | 0.79 | 0.415 | 0.703 | 0.55 | 0.613

Volume Quotient of element edge
versus 0.644 | - | 0497 | - | 040 | - g
i . length and element volume.
Circumradius
Volume )
versus 0644 | - | 047 | - |o038 | - | Quotientofelement edge

Length length and element volume.
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Table 6.1: Mesh quality for bidirectionally coupled ray tracing model

Quality measure
Measures 0.1 mm 0.25 mm 0.5 mm
Min. | Mean | Min. Mean | Min. | Mean

Definition
(Comsol 5.3A)

It shows how much larger is
the angle of an element is
from the largest angle of an

Maximum | 295 | . | 03417 - |0391| - | optimal element. Quality
Angle : :
value is 1 for a case with no
angle greater than the largest
angle.
Computational
Time 18499 s 9360 s 4320s

In the table 6.1 the minimum value is the least value found for the respective quality measures
for a mesh size. Mean is the average of the overall quality values of the total elements formed for
the entire model volume. The domain elements for the finest meshing are about 8.02 million, -
boundary elements and - edge elements. The time taken for simulation is much longer than the
coarse meshing and has an absolute tolerance of 10E-6 as the main objective of the simulations is to
reduce the error between the real and approximated solution. The minimum quality value accounts
to 1 - 1.5 percent of the total elements which is attributed mostly to the sharp geometry. The
overall mean quality is no less than 0.79 which means the majority of the mesh elements remain
in the average domain. Thus the quality of the selected mesh affirms less accurate results. The
convergence plot shows the error vs iteration number for the selected mesh size. Here the error in
the plot shows the estimated relative error after each iteration. The convergence plot in the figure
6.4 shows that the solution diverges slightly and begins to converge again and eventually converges
post 22 iterations. Similar plots were attained from in-built ray tracing examples in Comsol using
time-dependent and segregated solver with smaller divergence. Even though the error at the end is
observed to be extremely low, there is still a divergence and this could perhaps be due to insufficient
meshing but the computational power required for the finer mesh is constrained because of the RAM.
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Figure 6.4: Convergence plot for a mesh size of 0.1 mm in Ray heating model
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Figure 6.5: Meshing and temperature result for coupled geometrical ray tracing and ray heating
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The figures 6.5 and 6.6 display the mesh, surface temperature and temperature contours of the
heat exchanger and optical fibers respectively. The isosurface temperature contour helps to visualize
the variation of temperature flow/ distribution along the heat exchanger where the temperature is
quantified as constant at the end but since a homogeneous temperature is attained, no variation is
noticed. It can be observed that the final temperature attained with 8 optical fibers is about 1240 K
in the cavity.
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Figure 6.6: Temperature contour 3D plot

The temperature values attained for the optical fibers will be neglected in the ray heating model
as the diffuse surface properties for the jacket layer of the fiber was not given as input due to
insufficient memory to run the simulations.

6.1.3. Conjugate Heat Transfer Model

This section will describe the conjugate heat transfer model which simulates the fluid flow in the
micro-channels of the heat exchanger. The model takes into account the heat transfer taking place
between the fluid and channel walls using convection, conduction and surface-to-surface radiation
between the optical fiber tip and cavity inner walls. The wall temperature obtained from the ray
heating model is given as a temperature boundary condition on the inner cavity walls

Boundary Conditions
This set of nonlinear elliptical governing equations has been solved subject to following boundary
conditions:

1. At the micro-channel inlet, mass flow rate are assumed uniform and constant and pressure is
set to 5 bar.
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2. At the fluid-solid interface, the velocity in the y direction is zero, while the fluid flow satisfies
velocity slip wall condition.

3. At the micro-channel outlet (x=L) the exit pressure is taken as zero and the diffusion flux in
the direction normal to the exit is assumed to be zero for velocity.

4. Diffuse surface property is applied to the cavity walls.
5. The wall temperature of the cavity is set to 1240 K.

Mesh Element Quality and Size

For the conjugate heat transfer model that uses non-isothermal flow (multiphysics model) to
couple the flow within the channels and heat transfer between the flow and the channel walls via
convection, the following figures depict the convergence study of varying mesh size and quality.

In the figure 6.7 the mesh sizing is provided as a sweep parameter for the study. The maximum
and minimum element size is varied from a coarse to fine meshing. The iteration begins from the start
once one solution is generated for first meshing input and is plotted continuously. The segregated
solver is used for this model as two parameters are studied for convergence i.e the velocity and
pressure of the fluid and the temperature. Again, error in the plot shows the estimated relative error
after each iteration. It must be noticed that the convergence is insignificantly varying for the finer
mesh (3rd) compared to the coarse mesh. With the improvement in mesh quality with finer meshing,
the computational time subsequently increases. The computational time for minimum element size
of 0.72 mm, 0.4 mm and 0.16 mm was found to be 22 minutes 7 seconds, 56 minutes, and 1 hour,
26 minutes respectively. With the convergence rate remaining more or less constant after a point,
the mesh quality does vary and is given preference in this study and therefore, a finer meshing is
incorporated for accurate results as it is within acceptable computational time. The mesh element
sizes (table 6.2) and convergence plot (figure 6.8) are presented next.
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Figure 6.7: Mesh convergence study for the conjugate heat transfer model for varying mesh size

Table 6.2: Mesh size and quality for the conjugate heat transfer model

Size Boundary
Size [mm] | Insulation Chann_el Channel (.:orner !.aye_r
Domain Walls refinement | Trimming
+ HE
angle[deg]
Maximum
Element 0.8 0.388 0.388 0.1 50
size
Minimum
Element 0.08 0.0597 0.0597 - 240
size
Mesh
Quality 0.7999
Com|_3rli.|r’f$:onal 1 hour 56 minutes
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Figure 6.8: Convergence plot for conjugate heat transfer model

For a mesh quality higher than 0.79, i.e extremely fine meshing with minimum element size for
heat exchanger domain as 0.06 mm and minimum element size for the channel domain as 0.00117
mm, the difference in result for the temperature is 3.09 % whereas the computational time increases
by almost 6.7 times (converges within 10 iterations). Since the results are not drastically varying
and also the computational time is acceptable, the mesh size mentioned in table 6.2 is used for this
study.

With the cavity wall attaining almost 1200 K, the boundary condition was set to a 1200 K temper-
ature for the bottom wall. The figures below represented the steady state temperature of the heat
exchanger with water. The mass flow rate per channel, inlet pressure, and outlet pressure was set
to 2.4679e-05, 5 bar and 0 bar respectively. As can be seen in figure 6.10, the temperature of the
channel wall reaches to almost 1198 K and the value obtained from the analytical thermal model is
1259.7 K.
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Figure 6.10: Channel wall temperature with respect to channel length in steady state
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6.2. Fibre Optic-Receiver Coupling

The interface between the optical fiber and receiver is a critical junction and requires proper
connection to prevent heat loss. Before delving into the coupling concepts for the intersection,
the need for investigating the mentioned interface will be established in the sub-section 6.2.1. For
this purpose, two important parameters, that will form the basis of the fiber-receiver coupling,
are studied namely, intensity on the inner cavity surface and the tip end temperature of the fiber.
Once the necessity of a coupling concept is realized, three coupling concepts will be presented and
numerically analyzed in sub-section 6.2.2.

6.2.1. Optical Fiber Temperature due to Hot Cavity

In this section, a sectional 2D heat transfer model has been simulated in Comsol considering
radiative and conductive modes of heat transfer. The material properties of the cavity and fibers
have been taken from the materials table 4.6. The inner wall of the cavity is considered to have a
boundary temperature of 1200 K and diffuse surface properties are added for radiative heat transfer
inside the cavity. In this model, the fiber consists of the core, the cladding layer and a layer of
coat/jacket. The ambient surrounding is considered be at 293.18 K. The sub-figures in 6.19 show the
temperature contours for a time-dependent study done in Comsol. The contours help in visualizing
the progression of temperature from the cavity to the optical fiber with time.

The bare fiber can be seen to reach the same temperature as the cavity without any insulation.
Due to molybdenum’s high thermal conductivity, the cavity is seen to be heated in 0.1 seconds for a
wall thickness of 0.5 mm. The heat conducted to the fiber through the jacket and cladding layers is
clearly slower due to its low conductive properties. However, over a long period of time, a uniform
temperature over the entire system is observed.
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6.2.2. Fibre Optic-Receiver Coupling Concepts

The temperatures at the receiver cavity can reach up to 1200 K with about 55 W of power. This
high temperature can melt the optical fiber coat and cladding materials and also damage the core.
Therefore, it is of utmost importance to look into the interface between the fiber and receiver to
prevent low transmission efficiency and complete melting of the materials. As inferred from the
figure 6.19, the optical fiber will be subjected to really high temperatures when in contact with the
receiver. The core of an optical fiber is known to work fine up to 1000 K [69] but the cladding
and jacket material melts due to their low working temperature. Hence, two of the three concepts
proposed are based on stripped clad and jacket material and making only the core approach the
receiver. Each concept will be explained further and studied simultaneously. The following are the
interface coupling concepts:

| R |

Plain Optical Fiber Optical Fiber with Optical Fiber with

with Insulation Ceramic Tubing ‘ Lens ‘
Cladding Ceramic l;:i_g:.zd
Tubin icro- N\
Yy lenslet ﬁ \
F|ber
core
\\ < o4 H
Ceramic
Insulation ol
guartz
collet
Quter coat/
Jacket

Figure 6.12: Optical fiber and receiver interface concepts

Mesh Quality and Convergence

The 2D model of the fiber is meshed (unstructured) with an element size of 7.9E-4 mm and the
heat exchanger and insulation is meshed with an element size of 0.3 mm. The mesh quality of
the selected mesh size was found to be 0.88. The mesh and convergence plot of the first coupling
concept is shown in the figure below.
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Figure 6.14: Mesh for optical fiber and receiver interface concept 1

Plain Optical Fiber with Insulation

This concept is considered only to compare the heating of the fiber with and without direct contact
with the receiver wall. In this concept, the cladding and jacket layer remains along with the fiber
core. A thin layer of insulation is added to the optical fiber which is of the same material as the
insulation selected for the heat exchanger. In the following plot, the temperature of the optical fiber
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tip reaches to at 1089.7 K, which can be seen in figure 6.16, while the cavity is at 1200 K with the
pyrogel blanket extending towards the buffer of the optical fiber.
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Figure 6.15: Optical fiber and receiver interface concept 1 - Plain optical fiber with insulation
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Figure 6.16: Optical fiber tip temperature with insulation



6.2. Fibre Optic-Receiver Coupling 99

Plain Optical Fiber with Ceramic Tubing

The concept of using a ceramic tubing has been proposed in [69] for offering rigidity and insulation
to the core of the fiber that is extending into the receiver cavity such that it doesn’t physically come
in contact with the cavity wall. Some of the advanced ceramics were investigated to select an
appropriate material. From the material property plots shown in B for several advanced ceramics, it
can be noticed that alumina (Al,05) and zirconia (Zr0,) have a lowest thermal conductivity compared
to the rest of the materials. To select one material amongst the two candidates, we look into the
flexural strength of the material and the clear winner is zirconia. A tube of this material will be used
to analyze the effect of heat transfer at the interface. In the surface temperature plot of the heat
exchanger cavity along with insulation, and zirconia insulating tube through which the fiber protrudes
into the cavity. It must be noted that the insulating tube is not in contact with the cavity-insulation
bodies. The tube and fiber are solely getting heated due to radiation. Similar cavity conditions are
applied to this model.
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Figure 6.17: The temperature of the coupling system with 2.7 mm thick diameter zirconia tube - Optical fiber and
receiver interface concept 2 - Plain optical fiber with ceramic tubing

Using a 2.7 mm dia zirconia tube, it can be observed in the plot 6.18 that the tip temperature
of the fiber core is at 1062.5 K and this is still unacceptable for the proper working of the fiber.
Increasing the insulating tube diameter will further reduce the temperature but due to geometrical
constraints, it will not be possible.
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Figure 6.18: Optical fiber tip temperature with 2.7 mm thick diameter zirconia tube

Plain Optical Fiber with Micro-Lenslet

The following concept is not only meant to prevent damage caused to the optical fiber due to high
temperatures but also to improve the transmission of the solar energy as the lenslet simultaneously
acts as a collimator. The concept involves a quartz collet surrounding just the fiber core and a
micro-lenslet formed over the tip of the fiber core like shown in the image below.

Printed Lenslet
cal Fiber
e
/ d
Glass Offset ' Lens
Collet  FiberTip  Distance Height

(a) Optical rays through system

Microlens

- Tip of Fiber

=

(b) Microlenslet printed on the tip of an optical fiber

Figure 6.19: Microlens printed onto a single mode optical fiber with quarts collet [6].
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An important criteria for the selection of the collet material is that it must have a refractive index
lower than that of the lens material in order to maintain the phenomena of total internal reflection,
have a high melting temperature, and comparatively low thermal conductivity. The fiber is usually
slid into the collet up to the offset distance as shown in the figure above and is generally glued
together. For the collet, quartz seems to fulfill the criteria since it has a refractive index of about
1.39 and a melting temperature of 1983 K. For the lens, the material selected is SiO2-TiO2 hybrid
glass since it has one of the highest melting temperatures (1973 K), a low coefficient of thermal
expansion of 0.5E-6 K=! and a refractive index that ranges between 1.7 to 2.2 depending upon
the composition and weight percentage of each element in this hybrid material. The lens (optical)
material can then be deposited into the offset section and up to the required lens height by drop-
on-demand (DOD) microjet fabrication. DOD is the most commonly used method for micro-lens
fabrication and the production approach is described in [6].
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Figure 6.20: The temperature of the coupling system with 2.7 mm thick diameter zirconia tube - Optical fiber and
receiver interface concept 2 - Plain optical fiber with ceramic tubing

In the figure 6.20 the surface temperature of the coupling interface is seen which consists of a
quartz collet of diameter 2.7 mm (same diameter as insulator tube used in second coupling concept)
and an arbitrary offset distance and lens height has been set to visualize the outcome of this concept.
It can be noticed that the temperature of the lens material is approximately lesser than 800 K and
therefore, the tip temperature of the optical fiber is at 690 K in figure 6.21. Furthermore, the
temperature of the buffer material of the fiber is plotted along the length in mm and is shown in
the figure 6.22. The immediate temperature at the junction of the optical fiber core and quartz
collet is about 572.5 K and the length increase in the negative x-direction (as seen in the surface
temperature plot), the temperature keeps decreasing drastically.
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Figure 6.21: Optical fiber and receiver interface concept 3 - the temperature of the fiber tip (end)
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Figure 6.22: Optical fiber and receiver interface concept 3 - temperature of the buffer surface
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From all the above results in this section it can be concluded that concept 3 looks the most
promising coupling interface with the ability to bring down the tip temperature to 690.14 K and
buffer layer temperature to 572.5 K. Further, the length of the quartz collet can be increased to
achieve lower buffer temperature as desired and that would add more mass to the system.

Table 6.3: Optical fiber - receiver coupling concepts comparison table

Fiber - Receiver (Eg:::ﬁ:‘el Concept 2 | Concept 3
Coupling Concept . P P
Design)
Optical
Fiber Tip 1089.7 1062.5 690.14
Temperature
[K]
Buffer
Temperature 1089.7 758.5 572.5
(Max.) [K]
Mass 0 1.2 0.5642
[g]

6.3. Verification of the Analytical model

The table 6.4 presents the temperature data generated from the Matlab analytical model and
the Comsol numerical model. The difference between the models are mainly due to transient heat
transfer considered in the Matlab model and steady-state assumption for the numerical analysis in
Comsol.

Table 6.4: Verification of the thermal model

Parameter Matlab Model | Comsol Model | Difference

Cavity Wall Temperature o

(Insulation- without flow) [K] 1249 1240 3.9%
Cavity Wall Temperature o

(Insulation- with flow) [K] 1112 1200 7:3%
Propellant Outls]t Temperature 1000 1000 0%
Channel Wall Mean 0

Final Temperature [K] 1260.9 1240 4.8%

In order to verify the analytical thermal model of the heat exchanger and conjugate heat transfer
with the numerical time-dependent simulations in Comsol, one of the preliminary study cases is
presented in Appendix D. From the test case, it is inferred that the models indicate a difference of
1.28 %.

6.4. Thrust Performance

The thruster efficiency 1,5t iS defined as the ratio of the jet power to the input power transferred
to the propellant and is mathematically expressed in equation 6.4. The wall and cavity temperature
reaches to about 1240 K as determined from the numerical thermal model and being the lower
value between the two models, it has been considered to generate conservative results. Therefore,
the performance parameters of the thruster are determined at a chamber temperature 1240 K and
chamber pressure of 5 bar. The thrust, mass flow rate, and exit velocity are calculated including the
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losses due to the flow at the nozzle.
Py 05F,U.

(6.4)

Nthruster Pprop - Pprop o
Here the power input is the power needed to heat up the propellant to the desired temperature
which can be expressed as the product of the mass flow rate due to viscous losses and the change
in enthalpy. The 1myiscous 10ss 1S 2.3150e-04 Kg/s, exit velocity is 2.1236e+03 m/s and change in
enthalpy is calculated between enthalpy at 1000 K and 298.15 K. The number of channels has been
selected through an iterative process. A value is assumed for the number of channels for a constant
channel height, mass flow rate and aspect ratio and is repeated until the desired temperature is
reached.

Table 6.5: Thrust performance

No. of No._ of Power | Prop
Hcp Wen Len channels | “¢ Optical (each) | Temp Isp Thrust | nepryse
[mm] | [mm] | [mm] A: | fibers [s] [mN] [Y%]
[-] [-] [w] [K]
0.709 | 0.142 | 40.23 10 25 8 7.67 1000 | 216.47 | 0.4227 | 50.02

6.5. Final Design Render

The figure 6.23 below shows the entire design render with insulation of 1.2 cm thickness of pyrogel.
Given the channel width of 0.142 mm and minimum wall thickness of 0.45 mm, the total cavity width
is 6.37 mm. The minimum cavity width must be more than 3 times that of the nozzle width 2.1267
mm and hence, this criteria is fulfilled . From the heat flux density figure 6.3 it can be observed that
for a cavity height of 4.5 mm 6.3(d) (and cavity width) the flux is more evenly distributed compared
to a larger height which has spots of lower density deposited at the center of the wall surface. The
optical fibers can be seen in blue with the collect tube for the optical fiber and receiver coupling in
maroon. The surrounding off-white block around the thruster and heat exchanger is the insulation.
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Figure 6.23: Final design render with insulation isometric view

The figure 6.24 depicts the optical fiber and receiver interface. The lens radius is the same as
the collect radius at 1.35 mm. The lenslet (in yellow) dimension has not been studied in depth and
further analysis is required to optimize the coupling interface.

The figure 6.25 illustrates the inlet manifold. The uniformly stepped manifold has been integrated
in order to obtain uniform flow distribution through the microchannels. This preliminary design leads
to a varying flow rate branching into the reduced area of the manifold segment which in turn ensures
that identical flow distribution is achieved in each channel [70]. A detailed trade-off of varying the
inlet position of the manifold and step dimension can be carried out for future work.

The figure 6.26 shows the top view of the design. The green and surrounding blue section is
the core having a diameter 1 mm and jacket having a diameter of the 1.4 mm of the optical fiber
respectively. The nozzle section has a divergent angle of 20.42 degrees and a convergent angle of
15 degrees with a nozzle width of 0.7089 mm. The depth of the entire nozzle section is constant at
0.7089 mm.
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Figure 6.24: Final design render without insulation isometric view

Figure 6.25: Final design render - inlet manifold
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Figure 6.26: Final design render top view

Several geometries for propellant tanks have been used and studied over the past years for various
propulsion systems and satellites. The most optimal propellant tank shape is spherical as it been
researched to offer lowest structural mass for a given volume and smallest wall thickness [71]. But
since we are dealing with cubical units of CubeSats, the most sensible geometry of the tanks is a
cuboid or rectangle for integration with the CubeSat frame. Although, the practical comparisons
between a rectangular tank and a cylindrical tank show that the former can withstand considerably
lower pressures for the same wall thickness and is, therefore, less efficient [72]. But considering the
geometrical constraints for the interface of the tank and the CubeSat, a rectangular tank seems to
be the best available option. The available volume for the propellant tank has been approximated to
be 2U of CubeSat volume which consists of propellant mass of 1.84 Kg + 10% margin. The margin
is applicable considering the "existing technology with minor modifications” margin philosophy for
sub-systems [61]. The available volume for the remaining components of the propulsion system
after deducting the propellant tank volume (2U of CubeSat volume) is 2U which is about 2000 cm3.
The entire thruster - exchanger system (minus the optical fibers) can fit within a volume envelope
of 7.3 cm x 3 cm x 3 cm - (58.5 cm?), the dimensions being the length, height and width of the
system with insulation respectively.

To provide a conclusive STP system mass and volume occupied in the 12U CubeSat, the figures
6.27 and 6.28 depict a pie chart respectively. The mass budget illustrate in the figure has been
generated based on table 4.10. The volume of the heat exchanger, thruster and insulation have
been determined based on the final design. For optical fibers, while there can be several stacking
configurations, the volume is computed such that the fibers fit within 1U side length, i.e the bend
radius would be 5 cm. In case of coiled stacking of 1 m long fibers with 8 loops, the volume occupied
by each fiber is 3.173 cm3. The packaging ratio of the inflatable concentrator has not been computed
in this thesis and therefore a linear estimation of packaging volume is done based on literature [20].
Remaining sub-systems that include the inflation system, concentrator deployment system, ADCS
propulsion system, pumps, and valves are unknown and are shown to have an available volume of
500 cm? after deducting 20% margin from the total volume.
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STP SYSTEM MASS W.RT S/C MASS
Total: 12 U - 24 Kg

Propellant Mass: 1.85 Kg

HE + Thruster mass: 0.054 Kg

— Insulation Mass: 0.0118 Kg

/—_“‘ Propellant Tank: 1.5 Kg

ADCS (Approx.): 0.2114 Kg
PumpsNaIves: 0.175 Kg

Optical System: 0.1112 Kg

STP system Margin (20%): 1.064 Kg

Remaining (out of 4U): 0.392 Kg

Other Sub-Systems + Payload (S/C): 18.68 Kg

Ml Propellant Mass [l HE + Thruster mass [ Insulation Mass [l Propellant Tank [l ADCS (Approx)
Bl Pumps/Valves  [.1 Optical System  [E] STP system Margin (20%) [l Remaining (out of 4U)
Il Other Sub-Systems + Payload (5/C)

Figure 6.27: STP System Mass w.r.t S/C Mass

STP SYSTEM VOLUME BUDGET
TOTAL 4U - 4800 cm’3

Remaining Volume: 358.916 cmA3 (//—' HE + Thruster + Insulation: 65.7 cm”3

Volume Margin (20%): 800 em#*3 ——_

Propellant Tank: 2000 cm#3

Other Sub-systems (Unknown): 500 cm”3
Concentrator (Approx): 125 cm”3

Optical Fibers: 25.384 cm*3 —

Il HE + Thruster + Insulation Ml Propellant Tank X Optical Fibers Il Concentrator (Approx) Il Other Sub-systems (Unknown)
Il Volume Margin (20%) || Remaining Volume

Figure 6.28: STP System Volume Budget

6.6. System Requirements Verification

Verification is defined as the proof of compliance with design solution specifications and descriptive
documents. It is accomplished at each level of the system architectural hierarchy. Verification
is performed to ensure the product complies with requirements and may be determined by test,
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analysis, demonstration, inspection or a combination of these [73].
Table 6.6: System requirement verification
Verification
. .. with Analysis Verification
ID Requirement Lunar mission (complete) and required
Rationale
. System operating The pressure
RE-STP-01 Operating pressure shall be reaches 4.9 bar | Testing
pressure ) )
below 5 bar during analysis.
. The subsystem System
Propuilsion shall not exceed integration
RE-STP-02 sub-system 4U of CubeSat figures 6.27 Demonstration
Volume
volume 6.28
The propellant The propellant
Propellant mass shall not mass is 1.85 Desian review
RE-STP-03 rrl?ass exceed 15 % of Kg which is at Testign !
the satellite 7.7% of the g
mass satellite mass.
The system shall
Thrust have a thrust The thruster Demonstration,
RE-STP-04 Range range of 0.4 mN to | Offers @ thrust Testin
g N of 0.4227 N g
The system shall The delta V
j— generate a total requirement is i
RE-STP-05 av budget of 160 maintained
m/s during analysis.
The propellant
The propellant temperature
1D Propellant temperature reaches upto .
RE-STP-06 temperature | shall be limited 1000 K with Testing
to 1000 K 4.023 cm
channel length.
The wet system
mass shall take The propulsion
up @ maximum system takes Desidn review
RE-STP-07 | Wet mass | of 40 % of less than 23.12% Testi‘-;’] '
the total S/C of the total S/C g
mass budget mass (24 Kg)
[50]
Total The min total The total impulse
RE-STP-08 Impulse impulse shall be is estimated -
P 3.908 KNs to be 3.659 KNs
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Table 6.6: System requirement verification

Verification
ID Requirement | Lunar mission (:vollt: pIA:tael)y:ﬁd Vﬁ;zl:i:i::n
Rationale
The thruster
The power itself does not
Power consumption consume any
RE-STP-09 Required shall not be electrical power. | Testing
(Electrical) greater than (optical system
15w + heat
exchanger)
Mission The system shall Design review
RE-STP-10 ) provide at least - ) !
Duration Analysis

1 year of mission




Conclusions and Recommendations

Conclusions

This thesis presents a design of the solar thermal thruster and deals with the investigation of its
performance for flight on board a 12U CubeSat. The chapters in this thesis aim at answering the for-
mulated research question: How can a MEMS solar thermal thruster be designed such that
it fits within a 1U CubeSat volume and offers proper integration for a concentrator/STP
system aboard a 12U CubeSat? After a brief introduction and literature study reported in chapter
2, the thesis continues with establishing a final design of the thruster following an iterative process
between the thruster model and the thermal model of the system.

Chapter 3 answers research question 1. Can the STP thruster for the selected mission
be integrated with the system based on MEMS? To answer the first question, the selection
of sub-components of the STP and materials adhering to the temperature requirement focuses on
feasible geometries that can be produced using micro-fabrication technologies and or meso-scale
manufacturing methods such that it can offer achievable integration with a system based on MEMS.
The final design STP thruster presents challenges in the field of manufacturing and coupling of the
optical fiber with the receiver cavity. Both these issues need to be addressed in detail for future
work.

Chapter 4 answers research question 2. What are the performance parameters, geometri-
cal and material characteristics of the proposed design? Considering a power input efficiency
of 73% from the concentrator to the output end of the optical fiber, the required power is 55.25 W to
ensure heating of the propellant flowing through the heat exchanger. The sub-questions are further
discussed in chapter 5 where the heat loss associated with the selected closed rectangular cavity
and the parametric study of the channel dimensions with respect to temperature is investigated.
A total channel length of 4.023 cm has been achieved to heat up the propellant to 1000 K. Some
general observations of the parametric study are as follows,

» For a constant aspect ratio, channel length, and no.of channels, the final flow temperature
reduces as the channel height is increased. This is attributed to the higher Reynolds number
for smaller channel height which characterizes a turbulence flow which in turn implies greater
heat transfer efficiency.

« For a constant channel height, channel length, and no. of channels, the propellant takes longer
to vaporize with decreasing order of aspect ratio (aspect ratio is defined as H.pannet/Wchanner
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in this context). This observation can be explained by considering insufficient heating or com-
paratively lower heating of the fluid particles at the top layer as the mass flow rate remains
independent of the aspect ratio and is equally distributed through the channels.

Chapter 4 also addresses 3. What are the challenges and design constraints with de-
veloping a MEMS solar thermal thruster especially at the thruster nozzle? The ideal and
real thruster performance have been studied taking into account all known losses at the nozzle
throat. A parametric study of the nozzle throat dimension has been conducted to observe the
change in performance and losses associated, keeping the nozzle throat area constant. The heat
exchanger channel height is constrained w.r.t to the nozzle depth to ensure same depth throughout
the thruster. An optimum depth of the nozzle throat has been selected after an iteration between
the nozzle performance and analyzing the efficient heat transfer via convection in the channels and
its flow properties.

Some sections in chapter 2, chapter 5 and chapter 6 answers research question 4. What is the
most efficient method of heat transfer to the propellant? Indirect heating of the propellant
using corrugated and plain closed cavity surface has been studied and no significant difference
was observed. Hence, to reduce manufacturing complexity, a plain surface rectangular cavity was
deemed feasible.

« In the thermal model, it can been noted that the temperature of the entire heat exchanger
is more or less homogeneous except at the propellant channel inlet. Which means that the
cavity geometry doesn't affect the heat transfer except the fact that increase in mass would
lead to more stored energy and slower discharge of energy once the power source is shut.

 High temperatures of the optical fiber tip are observed when it comes in contact with the cavity
and thus attention is given to receiver-cavity coupling concept.

» The results of the analytical model and the numerical model in Comsol do not completely match
due to insufficient mesh quality used for the analysis for the ray heating model. This resulted
in a diverging-converging convergence plot which characterizes the problem. However, the
results of the Matlab model and conjugate heat transfer model show a difference of 4.8%.
The numerical model shows proper convergence and, therefore, in this case, the difference is
attributed to the steady state heat transfer model used for the latter. But an example present
in the appendix, verifies the Matlab model with the Comsol time-dependent model.

The thruster offers lower total impulse than requirement specified (RE-STP-08) which has var-
ied since the initial analysis conducted during the literature study which was based on 20% more
propellant mass required for the mission. The final design has been shown to have dimensions that
will fit within 1 U of CubeSat volume as well as adhere to the mass budget available as concluded in
chapter 6. The STP system offers a chamber temperature of about 1240 K that is capable of heating
the propellant to a temperature of 1000 K. The thruster system incorporates optical fibers for the
transmission of heat energy to reach the cavity of the heat exchanger. The heat exchanger requires
an insulation of 1.2 cm thickness on either side to maintain low surrounding temperature. The final
design of the solar thermal thruster offers a thruster efficiency of 50.02%. It can thus be con-
cluded that an STP thruster for a lunar mission is beneficial over existing propulsion systems given
it complies to the system requirements that have been formulated to offer competitive performance
levels.
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Recommendation

1.

An additional support structure for the optical fiber needs to be designed such that it is struc-
turally strong and lightweight if the quartz collet at the fiber-receiver coupling interface proves
to be insufficient to provide the required structural integrity.

. Support structure for holding the bundle at the focal point of the concentrator has to be de-

signed and analyzed.

. Verification of the design by testing post re-evaluation of the design and analysis done in this

thesis.

. For the given geometry, the manufacturing of the cavity and the heat exchanger channel and

the nozzle can be split into two using MEMS manufacturing technique for etching the channels
and nozzle shape and meso-scale manufacturing techniques for the cavity. The two parts can
then be bonded based on available bonding methods. Alongside, other channel geometries
can be studied.

. The pumping power required for the propellant feed system must be determined along with

the manifold design for the propellant inlet section.

. Extensive thermal analyses through simulations must be performed with improved meshing

quality.

Detailed designing and structural analysis of the concentrator, inflation system and deployment
mechanism need to be carried out.
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Optical Fiber Specifications Sheet

The plot shown in figure A.1 is the attenuation graph for an optical fiber with a core diameter of 1
mm and is characterized by a numerical aperture of 0.5 over the wavelength range of 200 t0 2000
nm.
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Figure A.1: Attenuation graph of 0.50 NA Hard Polymer Clad Multimode Fiber [4]
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A

0.50 NA Hard Polymer
Clad Multimode Fiber

Description FP1000ERT

Thorlabs’ 0.50 NA hard polymer-clad, multimode, step-index fibers offer high numerical apertures to
suit a broad range of applications, from remote illumination to photodynamic therapy. This high quality
fiber offers easy termination with no pistoning effect and is a cost effective alternative to silica / silica

fiber.
Specifications
FP1000ERT
Transmission Region 400 - 2200 nm
(Low OH Content)
Core Diameter 1000 + 15 ym
Cladding Diameter 1035 + 15 pm
Coating Diameter 1400 + 50 pm
Core / Cladding Material Pure Silica / Hard Polymer
Operating Temperature (Tefzel Coating) -40 to 150 °C
Numerical Aperture (NA) 0.50
Attenuation 12 dB/km @ 810 nm (Max)
Proof Test Level >100 kpsi
Max Core Offset 10 ym
. 40 mm (Short Term)
Bend Radius 80 mm (Long Term)
Recommended Stripping Tool M44563
Performance Plot
0.50 NA Step-Index Multimode Fiber I
Low OH
__ 1000
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Figure A.2: Data sheet of 0.50 NA Hard Polymer Clad Multimode Fiber [4]



Advanced Ceramics Property Sheet

Flexural Strength vs. Temperature
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Figure B.1: Flexural strength vs. Temperatue of advanced ceramics [7]
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Thermal Conductivity
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Figure B.2: Thermal conductivity of advanced ceramics [7]




Nusselt Number of Three Side Heated
Walls

As discussed in sub-section 4.3.1, the figure C.1 depicts the local Nusselt number over the channel
length for a 3D rectangular microchannel with 3 sides heated walls with water flow.
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Figure C.1: Variation of Nusselt number along the channel length [8]
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Verification of Analytical and Comsol

Model

The following test case was modelled in Comsol and in Matlab to compare the results

Channel | Channel | Channel No. of No. of Power
height width Length | channels | Optical fibers | (each)
[mm] [mm] [mm] [-] [-] [W]

0.4 0.4 30 9 8 7.671

Table D.1: Dimension for test case

The plot D.1 shows the maximum cavity wall temperature with needed insulation of 1.2 cm,
followed by reducing the insulation thickness. The insulation thickness used for the analysis is 0.07
cm. A cavity temperature of 710.7 K was computed from the Matlab model. The next plot ?? is the
generated wall temperature in comsol for the same geometrical parameters for a time-dependent
model. At the final time of 1000 s the wall temperature is seen to gradually increase over the length
of 30 mm. The final temperature attained at the end of channel length is 719.8 K with 0.07 cm
insulation. Comparing both the models, a difference of 1.28% is observed for the final channel wall
temperature. The computational time being 81216 s, the conjugate heat transfer numerical model
for remaining cases in Comsol was modelled for steady state instead of time-dependent once the
diffusive surface properties of the materials used were included.
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Figure D.1: Channel wall temperature with 0.07 cm thickness of insulation from Matlab model
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Figure D.2: Channel wall temperature with 0.07 cm insulation from comsol model
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