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Abstract

TU Delft has successfully demonstrated miniaturization of spacecrafts with the Delfi-C3 and Delfi-n3Xt.
The Delfi-n3Xt included the T3𝜇PS, which is a micro-propulsion system based on cold gas thrusters.
Since micro-propulsion systems can increase mission capabilities (e.g. formation flying), TU Delft is
currently researching improved micro-propulsion systems, on of which is a micro-resistojet that can
increase the performance by adding heat to the propellant. The micro-resistojet, created by MEMS
(Micro-Electro-Mechanical Systems) technology, was called the MEMS - Vaporizing Liquid Microthruster
(VLM) chip as it is intended to vaporize liquid water with the heaters within this chip.

Several master students of TU Delft performed thesis studies related to the MEMS-VLM chip, but more
research was still needed before a flight model could be created. For example, there were many prob-
lems with the (previous) 2nd gen. MEMS-VLM chip and the previous interface that was used to connect
it to the electrical and feed system. Also, the nozzle performance was low (0.2 − 0.3[−]) compared
to results found in literature. Therefore, the 3rd gen. MEMS-VLM chip and the 1st gen. interface
were manufactured. Furthermore, it was found in literature that a low nozzle performance could be
improved by operating at higher Reynolds numbers.

The aim of the thesis project was therefore to investigate the relationship between the throat Reynolds
number and the performance characteristics of the 3rd gen. MEMS-VLM chip. This was translated
to the following research question: ”What do experiments, within an accuracy of 10%, reveal about
the influence of different throat Reynolds numbers on the performance characteristics by controlling
the operating conditions of the 3rd gen. MEMS-VLM chip?” This research question was expanded and
translated into subgoals and explored in this thesis study. This was done by performing thrust bench
tests with cold nitrogen gas during which the thrust force, mass flow, chamber pressure and chamber
temperature were measured. Note that the following preliminary tests were also important: calibration
of the instruments and sensors, optical characterization tests and leak tests. The preliminary tests were
needed to verify different components of the MEMS-VLM chip and the set-up of the thrust bench test.
This makes these tests equally important as the thrust bench test.

At the end of the thesis study the following conclusions were made. The main research question could
be partially answered. The accuracy of 10[%] was found to be an overestimation since for the nozzle
quality (and Isp quality) the uncertainties were between 15 − 25[%] and despite the high uncertainty
a relationship was established between the throat Reynolds number and the nozzle quality: increasing
the Reynolds number from 600[−] to 2000[−] increased the nozzle quality from 0.19[−] to 0.60[−].
Including viscous loss and divergence loss corrections (applied to ideal rocket theory) resulted in a noz-
zle quality between 0.37[−] and 0.82[−]. As for the relationship with the discharge factor, this range
increased between 0.77 − 0.91[−], which corresponded well to the predicted range of 0.93 − 0.97[−]
based on an analytical equation found in literature. The corresponding operating conditions were as
follows: the temperature was uncontrolled and on average at 295[𝐾], while the pressure range was
controlled and varied between 2[𝑏𝑎𝑟] and 5[𝑏𝑎𝑟] with increments of 1[𝑏𝑎𝑟]. This indicates that there
is still room for future experiments, where for example the heater influence is investigated with liquid
water as propellant. Furthermore, it is still unclear why the experimental nozzle performance is lower
compared to data found in literature. A hypothesis is that the 2D conical design of the MEMS-VLM chip
is greater influenced by boundary layer formation. However, it can be concluded that increasing the
Reynolds number is recommended in order to improve the nozzle performance.
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1
Introduction

1.1. Background
Delft University of Technology (TU Delft) has successfully demonstrated miniaturization of spacecrafts
with the nano-satellites Delfi-C3 and Delfi-n3Xt. Further miniaturization was done by TU Delft with
the Delfi-PQ, which is a pico-satellite. As for the miniaturization of propulsion systems, the Delfi-n3Xt
has successfully implemented the T3𝜇PS, a micro-propulsion system based on cold gas generators (Gill
and Guo, 2012) [4]. Propulsion systems can increase the mission capability by enabling orbit raising
and/or orbit change, formation flying, de-orbit, etcetera (Mueller et al., 2010) [5]. Further improve-
ment of the propulsion system could be achieved by using a micro-resistojet that is designed to heat
up the propellant, which results in an increased specific impulse and consequently an increased Delta-V.

TU Delft developed a micro-resistojet that was created using Micro-Electro-Mechanical Systems (MEMS)
technology, which was also called the MEMS Vaporizing Liquid Microthruster (VLM) chip. The chip has
dimensions in the millimeter range and provides thrust by expelling and vaporizing liquids (e.g. wa-
ter), which is turned into gas by added heat from heaters. Several master students have performed
different thesis studies related to the MEMS-VLM chip. For example, Matthew (2011) [6] played a big
role in the design and testing of the 1st gen. MEMS-VLM chip. Furthermore, Hanselaar (2016) [7]
worked on computational models based on two-phase flow to predict the performance of the 2nd gen.
MEMS-VLM chip, while Jansen (2016) [8] improved and validated the AE-TB-5M thrust bench that is
able to measure the thrust of the MEMS-VLM chip. As for Van Wees (2017) [3], he focussed more on
manufacturing, testing and characterization of the 2nd gen. MEMS-VLM chip.

Even though many researches have been performed, more steps are needed before a flight model can
be achieved. For example, Van Wees (2017) [3] only managed to perform thrust tests with gaseous
nitrogen as propellant instead of liquid water, which means that currently no experimental data is avail-
able for thrust tests with vaporized liquid water. Also, the nitrogen thrust tests provided only limited
experimental data with large uncertainties. Based on the recommendations of Van Wees (2017) [3],
two PhD students (M. de Athay de Costa e Silva and D. Cordeiro Guerrieri) designed and manufactured
the 3rd gen. MEMS-VLM chips. Also, the interface that Van Wees (2017) [3] used for the 2nd gen.
MEMS-VLM chip was also in need of improvements. This is why the two PhD students designed a
new (1st gen.) type of interface for the 3rd gen. MEMS-VLM chip that provided: easier integration,
increased robustness and more measurement capabilities.

This 1st gen. interface and the 3rd gen. MEMS-VLM chip were required to be tested as the performance
was unknown. From literature it was concluded that the throat Reynolds number has a significant
influence on important performance characteristics: Isp quality (𝜉፬), nozzle discharge factor (𝐶፝) and
nozzle quality (𝜉ፅ) (Grisnik et al.;Spisz et al., 1987;1965) [2;9]. In order to obtain data about these
characteristics, it was required to perform both thrust bench tests and preliminary tests, which included
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calibration tests, optical characterization tests, and leak tests. The purpose of preliminary tests was to
increase the reliability of the experimental data obtained from the thrust bench tests. Thus, the main
aim of the thesis project was to investigate the relationship between the throat Reynolds number and
the performance characteristics of the 3rd gen. MEMS-VLM chip.

1.2. Research Goal
From the main aim, the following main research objective or goal was constructed:

উDetermine the influence of the throat Reynolds number on the performance characteris-
tics of the 3rd gen. MEMS-VLM chip within an accuracy of 10� through experimentation
in order to gain insight on its operating conditions and the corresponding performance.উ

As mentioned before, the Reynolds number in the nozzle throat, which is defined in Equation 2.13, has
an influence on the performance characteristics (𝜉፬, 𝐶፝, 𝜉ፅ), which are defined in Equations 2.7-2.11.
This relationship was needed to be investigated for different Reynolds numbers through experimen-
tation. That is why thrust bench tests were performed, which are described in Chapter 4. Note that
the required accuracy of ±10% was guessed since at the beginning of the thesis the author did not
have any experience with the experiments and thus could not provide a realistic value. It was intended
that the thrust bench tests would be done with both gaseous nitrogen and liquid water as propel-
lant. Experimental data using gaseous nitrogen would be compared with the test results of Van Wees
(2017) [3]. The data gathered from vaporized liquid water could be compared with the experimental
data of gaseous nitrogen, which would provide insights on the efficiency of each propellant type. The
Reynolds number would be varied during the tests between the range of 751-2622 [-] (see Subsec-
tion 4.1.3). The control of the range would be done by changing the operating conditions of the 3rd
gen. MEMS-VLM chip: the heater power input and the mass flow or inlet pressure. The gathered data
about the operating conditions could for example help in determining the requirements for the Delfi-
PQ mission, in the case that the satellite would implement the MEMS-VLM chip in the propulsion system.

From the main objective, the following sub-goals were constructed with explanations and success
criteria:

1. Experimentally determine the relationship between the throat Reynolds number and the Isp qual-
ity / nozzle discharge factor / nozzle quality.

• The behavior of this relationship is expected to resemble the experiments performed by
Grisnik et al. (1987) [2] and Spisz et al. (1965) [9]. However, the relationship differs for dif-
ferent nozzle types and nozzle dimensions. That is why experiments are needed to establish
the exact relationship for the 3rd gen. MEMS-VLM chip.

• This sub-goal is achieved when the experimental data is produced, documented and plotted
in graphs.

2. Explore the limit of the highest achievable Reynolds number and the corresponding performance
characteristics at vacuum by controlling the operating conditions without damaging the 3rd gen.
MEMS-VLM chip and 1st gen. interface.

• The importance of this sub-goal is that the limiting Reynolds number determines the high-
est achievable performance characteristics. Since the operating conditions determine the
Reynolds number, the actual limitation lies in the design of the 1st gen. interface and the
3rd gen. MEMS-VLM chip as they hold a maximum allowable pressure and temperature.

• This sub-goal is achieved when the experimental data is produced and documented.

3. Obtain experimental data that is reproducible and accurate within 10% from both the preliminary
tests and the thrust bench tests.

• It is important to obtain accurate data for all the tests that are carried out. However, re-
producibility is also important; when the exact same tests are performed by others with the
same MEMS-VLM chip, the test results should be about the same. The results will not be
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exactly the same because of measurement uncertainties. Thus, it shall be needed to repeat
tests in order to guarantee reproducibility.

• The preliminary tests include: optical characterization tests, leak tests and calibration tests
(e.g. for the displacement sensor in the AE-TB-5M thrust bench).

4. Create detailed test procedures for both the preliminary tests and the thrust bench tests.

• This sub-goal is important because proper documentation is currently lacking for the MEMS-
VLM chips in general, whether it is design specification sheets or test procedures.

• By achieving this sub-goal, it is prevented that the knowledge gained during testing is lost
and the test procedures become available for others (e.g. future master students). This
also enables the possibility for others to test the reproducibility of the experimental data
obtained during this research.

5. Investigate through experimentation the influences of using liquid water versus gaseous nitrogen
as propellant.

• Though many influences are interesting, the most important one is investigating what the
difference is in the performance characteristics of the propellants while maintaining the same
operating conditions (heater power input and mass flow).

• This sub-goal is reached when experimental data for the above mentioned influence has
been produced and documented.

6. Provide recommendations for the test procedures, the 1st gen. interface design, the 3rd gen.
MEMS-VLM chip design and the operating conditions.

• Points of the improvement shall become apparent when carrying out the tests and analyzing
the test results.

• For the test procedures it can already be mentioned that the recommendations shall include
how to make the process of testing more efficient.

In order to help achieve the main objective and its sub-goals, the main research question and its sub-
questions were created. The thesis project can also be considered completed when the following main
research question can be answered:

”What do experiments, within an accuracy of 10%, reveal about the influence of different throat
Reynolds numbers on the performance characteristics by controlling the operating conditions of the
3rd gen. MEMS-VLM chip?”

From the main research question, the following sub-questions were constructed:

1. What relationship is found through experimentation for the Reynolds number and the Isp quality
/ nozzle discharge coefficient / nozzle quality?

(a) How well does this relationship resemble other experimental data found in literature?

(b) What are the maximum performance characteristics that are achieved during experiments?

(c) What are the operating conditions that correspond to the maximum performance character-
istics?

(d) What is the Reynolds number that correspond to the maximum performance characteristics?

(e) What is accuracy of the experimental data?

(f) Is the experimental data reproducible?

2. In order to help those who have no prior experience in performing these experiments, how should
the test procedures be written?

3. What is the influence of using liquid water versus gaseous nitrogen as propellant?

(a) How is clogging of the nozzle throat with mineral residue prevented when using liquid water?
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(b) What method is effective in unclogging the nozzle throat?

(c) What is the influence on the power required for the heaters?

(d) What information can be gained about the percentage of vaporization when using liquid
water?

4. What are the recommendations for the test procedures, the interface design, the MEMS-VLM chip
design and its operating conditions?

1.3. Thesis Outline
This report is divided into multiple chapters. Chapter 2 contains theoretical background related to the
MEMS-VLM chip. Both the previous and current MEMS-VLM chip and interface designs are described
here. It is also explained how ideal rocket and corrections like viscous losses, throat boundary layer
formation and divergences losses could be used to predict the performance of the MEMS-VLM chip.
Experimental results found in literature are included as well.

In chapter 3 the preliminary tests are presented that were required. The leak tests are described,
which are needed to validate that the feed lines of the set-up do not have any leakage. The optical
characterization test is also explained, which was needed to determine the nozzle geometry that can
be used to make performance predictions for the MEMS-VLM chip. Furthermore, the AE-TB-5m cal-
ibration test is described in which the Varying Turn-Density Coil (VTDC) actuator was used to relate
the pendulum arm displacement with the induced magnetic force on the pendulum arm. Another test,
was the AE-TB-5m FCF test and this was required to determine the force correction factor, which was
needed because the magnetic force of the VTDC actuator is located higher compared to the thrust
force of the MEMS-VLM chip.

Al these tests were needed such that the nitrogen thrust bench could properly be carried out. The test
plan, set-up and procedure for the thrust bench test are described in Chapter 4. The experimental re-
sults that were obtained from the test are presented in Chapter 5. These results are analyzed in Chapter
6. Here, a comparison is made between not only experimental data and ideal rocket theory, but also
with corrections based on viscous loss, boundary layer formation in the nozzle throat and divergence
loss. Finally in Chapter 7 conclusions and recommendations are made for this thesis project.



2
Theoretical Background

In this chapter background information is given about the MEMS-VLM chip. This includes the evolution
of the design of both the chip and the interface, which is presented in Section 2.1. Furthermore, the
performance of the MEMS-VLM chip is described in Section 2.2, where ideal rocket theory including
corrections are described and experimental data found in literature is presented.

2.1. Evolution of the MEMS-VLM Chip & Interface Designs
In Subsection 2.1.1 the characteristics of the 2nd gen. MEMS-VLM chip and the previous interface are
presented, while in Subsection 2.1.2 the current MEMS-VLM chip and interface are described. Note
that the 1st gen. MEMS-VLM chip is not described here.

2.1.1. Previous design
The 2nd gen. MEMS-VLM chip that was used by Van Wees (2017) [3] is presented in Figure 2.1. It can
be seen in the figure that the MEMS-VLM chip is integrated with both the electrical and fluidic interface,
including mechanical support. It has the following characteristics:

• There were seven suspended heating elements made from Silicon-Carbide that were located in
the center of the silicon chamber.

• The heating chamber was the ”S1” type of Figure 2.2.

• The nozzle is a 2D-equivalent of a (convergent-divergent) conical nozzle with the following ge-
ometry:

– The designed throat width was 34 [𝜇𝑚] and the real throat width was 38.7 [𝜇𝑚].

– The designed throat height was 50 [𝜇𝑚] and the real throat height was 84.7 [𝜇𝑚].

– The designed throat area was 1700 [𝜇𝑚] and the real throat area (𝐴፭) was 3277.9 [𝜇𝑚].

– The designed exit width was 500 [𝜇𝑚] and the real exit width was 495.6 [𝜇𝑚].

– The designed exit height was 50 [𝜇𝑚] and the real exit height was 94.0 [𝜇𝑚].

– The designed exit area was 25000 [𝜇𝑚] and the real exit area (𝐴፞) was 46586 [𝜇𝑚].

– The designed nozzle area ratio was 14.7 [−] and the real nozzle area ratio (𝐴𝑅) was 14.2
[−].

– The designed nozzle convergent angle was 30 [°] and the real nozzle convergent angle was
31.1 [°].

– The designed nozzle divergent angle was 20 [°] and the real nozzle divergent angle was
19.8 [°].

5
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– The (real) wetted perimeter (𝑃፰) was 247 [𝜇𝑚], which resulted in a (real) hydraulic diameter
(𝐷ፇ) of 53.1 [𝜇𝑚].

• The fluidic interface included a dispensing needle bonded (using ACC AS 1504 Acetoxy) to the
inlet of the MEMS-VLM chip.

• The electrical interface used (highly fragile) thin golden bond wires that were looped between
the bond pads of the Printed Circuit Board (PCB) and the bond pads of the MEMS-VLM chip. This
process was performed by the Advanced Packaging Center in Duiven.

• The interfaces were mechanically supported by a 3D-printed support bracket and cover. The
purpose of the cover was to prevent that the fragile golden bond wires would accidentally get
damaged.

Figure 2.1: MEMS-VLM chip integrated with both the electrical and fluidic interface on a support bracket (left). Integrated
MEMS-VLM chip with additional protection by support cover (right) [3].

Note that the above mentioned characteristics only apply to a specific MEMS-VLM chip design that was
used during the tests performed by Van Wees (2017) [3]. Other designs had a variation in the amount
of heaters, in the type of flow channel and the nozzle type. There was either an option for 7 heaters
or 14 heaters, which meant these two designs would also differ in length. The heating chambers that
are presented in Figure 2.2 show that there were four different types: small diamond-shaped pillars
(D1), large diamond-shaped pillars (D2), small serpentine channels (S1) and large serpentine channels
(S2). There were two different designs for the nozzle: a 2D-equivalent of a conical nozzle and a
2D-equivalent of a bell nozzle.

Figure 2.2: Top view of different heating chambers: Top left- D1, top right- S1, bottom left- D2 and bottom right- S2 [3].
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2.1.2. Current design
In this section the current designs for the 3rd gen. MEMS-VLM chips and the 1st gen. interface are
described based on the work of de Athayde Costa e Silva et al. (2017) [10].

3rd gen. MEMS-VLM chip

Compared to previous designs the current MEMS-VLM chip underwent a few changes that would either
tackle problems of previous designs or improve their performance. The current MEMS-VLM chip has
the following characteristics:

• Instead of the Silicon-Carbide heaters now metal (Molybdenum) heaters are used to heat up the
propellant. One advantage of metal heaters is that they have a positive temperature coefficient
of resistance that enables stable use of the heaters in constant voltage mode. Another advantage
is that resistivity of metals is a few orders of magnitude lower than that of Silicon-Carbide, which
means that the heaters can be designed for a lower (e.g. 5V) volt supply [3].

• Instead of suspended heaters in the center of the chamber cross-section, now the heaters are
integrated within the silicon, which mitigates a few problems of the previous MEMS-VLM chip.
The suspended heaters were found to be fragile and because of the increased complexity of
the manufacturing process, large discrepancies were found between design and manufacturing
results [3].

• In the current design transparent material is used for the heater chamber wall, such that the
vaporization process of liquid propellant can be directly observed.

• The maximum temperature and pressure at which the MEMS-VLM chip can operate is unknown
and should be researched. Note that this was not done in this thesis project.

Thus, many changes were incorporated in the 3rd gen. MEMS-VLM chip. The 3rd gen. MEMS-VLM chips
have different design options as can be seen in Figures 2.3, 2.4 and 2.5. Note that it is recommended
to read the work of de Athayde Costa e Silva et al. (2017) [10] for more information. Each chip that
was manufactured, has a specific identifier. This will be explained using the ”01-Ws2-01” chip as an
example:

• The first part of the identifier, ”01”, is the wafer number on which the chip was manufactured.

• The ”W” indicates that it has a wide nozzle, which is ”Nozzle 2” in Figure 2.3.

• The ”s” indicates that it has small serpentine channels flow channels, which is ”Channel 3” in
Figure

• The ”2” indicates that there are 30 heater lines divided into sets of 2 lines, which is ”Heater 2” in
Figure 2.3.

• The ”01” at the end of the identifier is the thruster number in case of repetition.

1st gen. interface

Apart from the MEMS-VLM chip, changes were also necessary for the interface. The previous interface
was only designed for breadboard testing and was far from being representative as a flight-model
design. Also, the process of integrating the MEMS-VLM chip with the interface is complicated. That is
why a new type of interface design was created, about which a schematic is presented in Figure 2.6.
The 1st gen. interface has the following characteristics:

• Compared to the previous design, the current interface has less volume, is more robust and
provides protection to the MEMS-VLM chip as it mostly encapsulates the chip.

• Instead of a large dispensing needle, the current interface encapsulates the MEMS-VLM chip and
there is a small hole through which the propellant can flow to the inlet of the MEMS-VLM chip.
Furthermore, bolts are used to connect the interface with the MEMS-VLM chip instead of glue,
which means that one interface can be used to test different MEMS-VLM chips of the same size.
The usage of bolts also means that the integration process has become much easier and costs
less time [3].
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Figure 2.3: Visualization of different design options for the 3rd gen. MEMS-VLM chips with design variations in heaters, flow
channels and nozzles. [10]

Figure 2.4: Metrics (in ᎙፦) of different design options for the 3rd gen. MEMS-VLM chips with design variations in heaters, flow
channels and nozzles. [10]

Figure 2.5: Designed dimensions of the different flow channels. From left to right: large diamonds (D), small diamonds (d),
large serpentine (S), and small serpentine (s). [10]
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• Instead of using thin golden electrical wires to provide power to the heater of MEMS-VLM chip,
the 1st gen. interface utilizes gold plated spring loaded pins. The pins have the advantage of
being more robust compared to the golden wires, which are really fragile due to their thin 25 [𝜇𝑚]
diameter. Furthermore, for the bonding process of the golden wires the involvement of another
company is needed, which means integration time and costs are saved when spring loaded pins
are used [3].

• The 1st gen. interface has increased measurement capabilities, as a pressure and temperature
sensor is integrated within the interface. This enables measuring the propellant inlet pressure
and temperature. Note that this part is not included in Figure 2.6.

• The 1st gen. interface consists mostly of Teflon, a good thermal insulator and a natural sealant,
which can reduce heat loss of the MEMS-VLM chip and reduce leakage of the integrated system.
Note that the Teflon part limits the maximum operating temperature as teflon melts at 327 [°𝐶]
[11].

• A glass piece is incorporated in the 1st gen. interface as well, since this enables to optically
observe the vaporization process of propellants in the heating chamber during experiments.

• The interface has an aluminum base plate with four threaded holes, a U-shaped cavity and a
support hole. The purpose of the threaded holes is to fasten the other parts of the interface
utilizing bolts. The U-shaped cavity is needed to enable looking through the glass piece at the
MEMS-VLM chip. The support hole is needed to fasten the interface to the AE-TB-5M thrust
bench.

• The interface has an aluminum top plate with four holes and a U-shaped cavity. The holes are
needed such that the bolts can go through them. The U-shaped cavity is important to create
space for the spring loaded pins. Note that this part is not included in Figure 2.6.

Figure 2.6: Schematic of the 1st gen. interface designed for the 3rd gen. MEMS-VLM chip that shall be used for testing. Upper
part displays a partially cut-open-view and the lower part displays an exploded view. Note that this is an older schematic as the
aluminum top plate was not included in this design. [10]
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2.1.3. Chips used for experiments

During the first phases of the thesis project, it was intended to use the ”01-Ws2-01” chip (see Figure
2.7) for experiments. However, there was a leakage problem that could not be solved because the 1st
gen. short interface (see Figure 2.9) was deformed slightly due to tests performed by others at high
temperatures. The ”01-Ws2-01” chip, was the only short chip remaining that could be used for experi-
ments since the other short chips were all damaged or had clocked nozzles during (water vaporization)
tests. Luckily, there still multiple long chips available for experiments (see Figure 2.8). However, this
meant that if a new interface was created, that it would be required to make adjustments due to
the longer chips. Therefore the new interface was also longer, which can be seen when comparing
Figure 2.9 to Figure 2.10. After the new interface was created, it was used for experiments with the
”01-LS2-02” chip

Figure 2.7: Picture of the 01-WS2-01 chip, which is a short 3rd gen. MEMS-VLM chip that shall be used for testing. Left picture
displays the bottom of the chip and right picture the top of the chip.

Figure 2.8: Picture of different long 3rd gen. MEMS-VLM chip that were available for testing.
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Figure 2.9: Picture of the short 1st gen. interface.

Figure 2.10: Picture of the long 1st gen. interface. Note that here the pressure/temperature sensor was not yet included.

2.2. Performance of the MEMS-VLM chip
As mentioned in the introduction, the main goal of the thesis is to find the performance of the MEMS-
VLM chip. However, it is important to get an indication of what is expected from the outcome of the
tests. First, in Subsection 2.2.1, it is explained how the expected results are computed using ideal
rocket theory and how the performance parameters are defined. Because ideal rocket theory and
experiments usually don’t compare well, corrections exist that can provide a better prediction for the
expected test results, which is presented in Subsection 2.2.2. Finally in Subsection 2.2.3 experimental
data is presented that was found in literature.

2.2.1. Ideal Rocket Theory
It is important to know which parameters of the MEMS-VLM chip have influence on its performance
and that is why the basics of rocketry need to be explained. All rockets produce force by expelling
mass, which is in accordance with Newton’s third law of motion (Larson and Wertz, 2005) [12]. This
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relationship can be found in Equation 2.1 [12], with mass flow, exhaust velocity and characteristic
velocity in Equations 2.2, 2.3 and 2.4 as described by Zandbergen (2016) [13]:

𝐹 = �̇� ⋅ 𝑉 ፪ = �̇� ⋅ 𝑉 + (𝑃 − 𝑃ፚ)𝐴፞ (2.1)

�̇� = 𝑃፜ ⋅ 𝐴፭
𝑐∗ (2.2)

𝑉 = √ 2𝛾
𝛾 − 1 ⋅

𝑅ፚ ⋅ 𝑇፜
𝑀 ⋅ [1 − (𝑃𝑃፜

)
( ᒈᎽᎳᒈ )

] (2.3)

𝑐∗ = 1
Γ ⋅ √𝑅 ⋅ 𝑇፜ (2.4)

Where:

• 𝐹 is the thrust force [N]

• �̇� is the mass flow [kg/s]

• 𝑉 ፪ is the equivalent exhaust velocity [m/s]

• 𝑉 is the propellant exhaust velocity [m/s]

• 𝑃 is the gas pressure at the exit nozzle or exit pressure [Pa]

• 𝑃ፚ is the ambient pressure [Pa]

• 𝐴፞ is the nozzle exit area [𝑚ኼ]
• 𝑃፜ is the chamber pressure [Pa]

• 𝐴፭ is the nozzle throat area [𝑚ኼ]
• 𝑐∗ is the characteristic velocity [m/s]

• 𝛾 is the specific heat ratio [-]

• 𝑅ፚ is the universal gas constant [J/mol/K]

• 𝑀 is the molar mass [kg/mol]

• 𝑇፜ is the chamber temperature [K]

• Γ is the Vandenkerckhove function [-]

• 𝑅 is the specific gas constant [J/kg/K]

According to Zandbergen (2016) [13] maximum thrust is achieved when 𝑃 is equal to 𝑃ፚ. Since the
MEMS-VLM chip will be used in a space environment, the ambient pressure is equal to zero. However,
the exit pressure can only be zero in case the nozzle is infinitely long. This implies that 𝑃 will never
be equal to 𝑃ፚ. Furthermore, it can be seen that thrust varies linearly with both the mass flow and
exhaust velocity. In its turn, the exhaust velocity (in a space environment) depends on the propellant
type and the propellant temperature in the combustion chamber [13]. This makes all these parameters
important to investigate. How efficiently the energy content of the propellant is converted in thrust is
described in Equation 2.5 [12]:

𝐼፬፩ =
𝐹

𝑔ኺ ⋅ �̇�
(2.5)

Where:

• 𝐼፬፩ is the specific impulse [s]
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• 𝑔ኺ is the gravitational acceleration on Earth [𝑚/𝑠ኼ]
From Equation 2.5 it can be deduced that for a higher specific impulse less propellant is needed per
second for the same amount of thrust, which means less mass and therefore less costs. That is why
the specific impulse is important and needs to be investigated. In reality the value for specific impulse
is lower than the value predicted from theory. The ratio between the experimental and theoretical
specific impulse is called the motor quality or Isp quality, which is considered an important performance
parameter [13]. According to Van Wees (2017) [3] the nozzle discharge factor and the nozzle quality
are also important performance parameters that should be determined for the MEMS-VLM chips, since
these parameters relate experimental values to theoretical values. The nozzle discharge factor relates
the experimental mass flow to the theoretical mass flow. It accounts for boundary layer effects and real
gas effects (e.g. compressibility) [13]. The nozzle quality relates the experimental thrust coefficient to
the theoretical thrust coefficient. It accounts for losses due to friction effects, divergence and shifting
gas composition (Suton and Biblarz; Huzel and Huang; Spisz et al., 2001; 1971; 1965) [14-9]. The
(throat) Reynolds number has a big influence on the effective throat area and experimental thrust
coefficient, which also means that it impacts the discharge factor and nozzle quality, respectively [13].
Note that heating quality 𝜉፛ is included as well, which indicates the propellant heat loss for a non-
chemical thermal rocket motor. Also, note that 𝜉፛ for chemical rockets is called combustion quality,
which indicates losses of the combustion process.

All these parameters are presented in Equations 2.6 - 2.13 [3,13]. It should be noted that Equation
2.13 is adapted to calculate the Reynolds number for a nozzle slit, which is different compared to a
circular nozzle. Also, the wetted perimeter is the perimeter of the nozzle throat that interacts with the
propellant. Furthermore, Equation 2.15 is an adaption of the isentropic flow relations, where a chocked
flow is assumed (Mach number is 1) and thus the throat temperature can be calculated, which can be
used to determine the dynamic viscosity (based on NIST). The dynamic viscosity is again needed to
determine 𝑅፞.

𝐶፝ =
(𝐴፭)፞፟፟
(𝐴፭)።፝፞ፚ፥

≈
�̇�፞፱፩
�̇�።፝፞ፚ፥

(2.6)

𝜉ፅ =
(𝐶ፅ)፞፱፩
(𝐶ፅ)።፝፞ፚ፥

= 𝐹(𝑝፜ ⋅ 𝐴፭)ዅኻ
(𝐶ፅ)።፝፞ፚ፥

(2.7)

(𝐶ፅ)።፝፞ፚ፥ = 𝐶ፅ°+ (
𝑃
𝑃፜
− 𝑃ፚ𝑃፜

) ⋅ 𝐴𝑅 (2.8)

𝐴𝑅 = 𝐴፞
𝐴፭

(2.9)

𝐶ፅ° =
𝑉
𝑐∗ (2.10)

𝜉፬ =
(𝐼፬፩)፞፱፩
(𝐼፬፩)።፝፞ፚ፥

(2.11)

𝜉፛ =
(𝑐∗)፞፱፩
(𝑐∗)።፝፞ፚ፥

= 𝜉፬
𝜉ፅ

(2.12)

𝑅፞ =
�̇� ⋅ 𝐷ፇ
𝜇፭ ⋅ 𝐴፭

(2.13)

𝐷ፇ =
4 ⋅ 𝐴፭
𝑃፰

(2.14)
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𝑇፭
𝑇፭፨፭

= 𝛾 + 1
2 (2.15)

Where:

• 𝐶፝ is the nozzle discharge factor [-]

• (𝐴፭)፞፟፟ is the effective throat area of the nozzle after boundary layer formation [𝑚ኼ]
• (𝐴፭)።፝፞ፚ፥ is the geometrical throat area of the nozzle [𝑚ኼ]
• (�̇�)፞፱፩ is the experimental mass flow [kg/s]

• (�̇�)።፝፞ፚ፥ is the theoretical mass flow according to ideal rocket theory [kg/s]

• 𝜉ፅ is the nozzle quality [-]

• (𝐶ፅ)፞፱፩ is the experimental thrust coefficient [-]

• (𝐶ፅ)።፝፞ፚ፥ is the theoretical thrust coefficient [-]

• 𝐴𝑅 is the nozzle area ratio [-]

• 𝐶ፅ ° is the characteristic thrust coefficient [-]

• 𝜉፬ is the Isp quality [-]

• (𝐼፬፩)፞፱፩ is the experimental specific impulse [s]

• (𝐼፬፩)።፝፞ፚ፥ is the theoretical specific impulse [s]

• 𝜉፛ is the heating quality [-]

• (𝑐∗)፞፱፩ is the experimental characteristic velocity [m/s]

• (𝑐∗)።፝፞ፚ፥ is the theoretical characteristic velocity [m/s]

• 𝑅፞ is the Reynolds number in the nozzle throat [-]

• 𝐷ፇ is the hydraulic diameter of the nozzle [m]

• 𝜇፭ is the dynamic viscosity of the propellant at isentropic throat temperature [𝑃𝑎⋅𝑠]
• 𝑃፰ is the wetted perimeter [m]

• 𝑇፭ is the isentropic throat temperature [K]

• 𝑇፭፨፭ is the total temperature [K]

2.2.2. Corrections for Ideal Rocket Theory
According to Zandbergen (2016) [13], a better prediction of the performance can be obtained when the
following three effects are taken together with ideal rocket theory: the loss factor caused by divergence
of the flow (divergence loss), the loss factor caused by viscous effects (viscous loss) and the loss factor
caused by a reduction in effective nozzle throat area and thus the nozzle area ratio (throat boundary
layer loss).

Divergence loss

Incorporating divergence loss is required because ideal rocket theory assumes a 1D propellant flow at
the nozzle exit. However, in reality the nitrogen particles have a velocity vector in the radial direction
(w.r.t. the nozzle exit), which is basically the divergence loss and this affects the characteristic thrust
coefficient (𝐶ፅ °). According to Farokhi (2014) [16] Equations 2.16-2.18 can be used to account for
the divergence loss in a 2D or 3D (converging-diverging) conical nozzle:

(𝐶ፅ)፝።፯_፥፨፬፬ = 𝐶𝐴 ⋅ 𝐶ፅ°+ (
𝑃
𝑃፜
− 𝑃ፚ𝑃፜

) ⋅ 𝐴𝑅 (2.16)
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𝐶𝐴ኼፃ-ፂ =
𝑠𝑖𝑛(𝜃፧፝)
𝜃፧፝

(2.17)

𝐶𝐴ኽፃ-ፂ =
1 + 𝑐𝑜𝑠(𝜃፧፝)

2 (2.18)

Where:

• 𝐶ፀ is the divergence loss factor [-]

• 𝜃፧፝ is the nozzle divergence half angle [rad]

• the subscript ”2D-C” stands for the 2D conical nozzle.

• the subscript ”3D-C” stands for the 3D conical nozzle.

It can be seen that Equation 2.16 is an adaption of Equation 2.8 where the divergence loss factor is
included for the calculation of the thrust coefficient. The derivation for Equations 2.17 and 2.18 can
be found in Farokhi (2014) [16]. The effect of the nozzle divergence half angle on the divergence loss
factor is visualized in Figure 2.11 for both a 2D and 3D conical nozzle. It can be seen that a larger 𝜃፧፝
has a greater effect on the 𝐶ፀ for a 3D conical nozzle compared to a 2D conical nozzle. Note that 𝜃፧፝
needs to be in radians when using it in de denominator of Equation 2.17.

Figure 2.11: The divergence loss factor (ፂᐸ) as a function of the nozzle divergence half angle (᎕ᑟᑕ) plotted in MATLAB for both
a 2D (upper curve) and 3D (lower curve) conical nozzle.

Viscous loss

Viscous loss, which is caused by boundary layer formation in the divergent part of the nozzle, also
affects the thrust coefficient as was found by Spisz et al. (1965) [9]. Depending on the nozzle area
ratio and the throat Reynolds number, the viscous loss can be calculated and used to correct the ideal
thrust coefficient as can be seen in Equation 2.19. This equation is an empirical relation based on
experiments with (3D) conical nozzles with different nozzle area ratios, which was carried out and
established by Spisz et al. (1965) [9]. Note that the relation holds for a Reynolds number range of
2000−10000[−] and nozzle area ratio’s between 25[−] and 150[−]. Also, the experiments were carried
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out for a 3D conical nozzle and not a 2D conical nozzle. A visualization of the function is presented
in Figure 2.12. It can be seen that compared to the nozzle area ratio (𝐴𝑅) increasing the Reynolds
number has a much greater effect on reducing the viscous loss.

(𝐶ፅ)፯።፬፜_፥፨፬፬ = (𝐶ፅ)።፝፞ፚ፥ − (𝐶ፅ)፯።፬፜ = (𝐶ፅ)።፝፞ፚ፥ −
17.6 ⋅ 𝑒ኺ.ኺኺኽኼ⋅ፀፑ

√𝑅፞
(2.19)

Figure 2.12: The viscous loss ((ፂᐽ)ᑧᑚᑤᑔ_ᑝᑠᑤᑤ) as a function of the throat Reynolds number plotted in MATLAB for different area
ratios.

Throat boundary layer loss

As mentioned before, the discharge factor (𝐶፝) takes into account the effect of the boundary layer
inside the nozzle throat on the mass flow. Tang and Fenn (1978) [17] provided Equation 2.20, which is
an analytical approach for determining the discharge factor based on the specific heat ratio (𝛾) and the
modified Reynolds number (𝑅፦፨፝). This means that the equation can be used to give a better prediction
for the theoretical mass flow. Furthermore, this equation applies to a chocked axi-symmetric nozzle
where the shape of throat is not sharp. The effect of the throat shape is incorporated in 𝑅፦፨፝ as can
be seen in Equation 2.21. As mentioned before, the nozzle of the MEMS-VLM chip has a parallel floor
and ceiling, but the side walls converge and diverge. This means that 𝑅∗ is the radius of curvature of
the side walls and that 𝑅፭ is half of𝑊፭. A visualization of Equation 2.20 can be found in Figure 2.13. For
the ”Reference” curve a 𝛾 of 1.4[−], an 𝑅∗ of 1[𝑚] and an 𝑅፭ of 1[𝑚] were taken. For the other curves
one of these input parameters were changed in order to investigate its effect. For example, the most
upper (purple) curve corresponds to ”Rt=10”, which means that only 𝑅፭ was changed to 10[𝑚] while
the other input parameters were the same as for the ”Reference” curve. A few things can be said about
the behavior of (𝐶፝)፛፝_፥፨፬፬ when looking at Figure 2.13. A change in 𝛾 from 1.4[−] to 1.66[−], which
for example can be caused by changing from nitrogen gas to helium gas (both at standard conditions),
only results in a small change in the curve. Whereas a change in the nozzle throat shape has a much
greater impact on the curve. However, it can be seen that for large Reynolds numbers that all curves
converge to a discharge factor of 1.0[−].
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(𝐶፝)፛፝_፥፨፬፬ = 1 − (
𝛾 + 1
2 )

ኽ/ኾ
{72 − 32√63(𝛾 + 1) + 4√63 } ( 1

√𝑅፦፨፝
) + (2√2(𝛾 − 1)(𝛾 + 2)

3√𝛾 + 1
)( 1
𝑅፦፨፝

) (2.20)

𝑅፦፨፝ = 𝑅፞√
𝑅∗
𝑅፭

(2.21)

Where:

• 𝑅፦፨፝ is the modified Reynolds number needed to calculate (𝐶፝)፛፝_፥፨፬፬ [-]

• 𝑅∗ is the radius of curvature of the nozzle throat section [m]

• 𝑅፭ is the radius of the nozzle throat [m]

Figure 2.13: The discharge factor as a function of the throat Reynolds number using the analytical approach of Tang and Fenn
(1978) [17] plotted in MATLAB with a log-scale for the x-axis. For the reference curve a ᎐ of ኻ.ኼ[ዅ], a ፑ∗ of ኻ[፦] and a ፑᑥ of
ኻ[፦] were taken. For the other curves the name indicates what parameter was changed compared to the reference line.

2.2.3. Experimental data found in literature
In this subsection different experimental data found in literature are compared to each other, which
can also be seen in Table 2.2.

Van Wees (2017)

Regarding the testing campaign, Van Wees (2017) [3] determined the discharge factor and the nozzle
performance for which the thrust, mass flow and pressure were measured. This was done in a vacuum
environment using a mass flow sensor & controller (Brooks 5850S), a pressure sensor (PX181-200G5V)
and the AE-TB-5M, which is a pendulum thrust bench. Note that the pressure sensor was placed in
the feed system that was outside of the vacuum chamber, meaning that the sensor was upstream
with respect to the heating chamber of the 2nd gen. MEMS-VLM chip. This also meant that in order
to obtain the heating chamber pressure, the pressure losses between the feed system pressure and
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heating chamber pressure were estimated from theory. This drastically increased the uncertainty of
the experiment. Also, from all the thrust tests that were performed, only FT13 (low pressure) and
FT14 (medium pressure) were thoroughly analyzed as many other tests (FT1-FT13 and FT15) failed.
The test results are presented in Table 2.1 and a few interesting points can be noted:

• Van Wees (2017) [3] compared the values for the nozzle discharge coefficient to literature and
found out that his values were much lower. Matthew (2011) [6] tested for Reynolds numbers
between 280 and 1400 and obtained discharge coefficient values between 0.5 and 0.8. Bayt
(1999) [18] tested for a Reynolds number of 700 and obtained a discharge coefficient of 0.88 ±
0.08.

• Despite the high absolute uncertainty the values for the Isp quality or motor quality indicate that
the 2nd gen. MEMS-VLM chip performs poorly, which might be due to increased viscous losses
caused by the high aspect ratio of the nozzle exit [3].

• As a final note, with only two data sets no definitive conclusions can be given about the pre-
dictability of the 2nd gen. MEMS-VLM chip.

Table 2.1: Overview of the different parameters as was determined for the thrust bench tests (FT-13 and FT-14) by Van Wees
(2017) [3].

Test Label 𝑃፜ (�̇�)፞፱፩ (𝐹)፞፱፩ (𝐶ፅ)፞፱፩ 𝐶፝ 𝑅፞ 𝜉፬
[𝐛𝐚𝐫] [𝐦𝐠/𝐬] [𝐦𝐍] [−] [−] [−] [−]

FT-13 1.53±0.11 0.76±0.01 0.10 ±0.03 0.22 ±0.08 0.66 ±0.06 6.88e2 0.2 ±0.06

FT-14 2.57±0.12 1.32±0.01 0.265±0.038 0.33 ±0.06 0.68 ±0.06 1.20e3 0.23 ±0.05

Jansen (2016)

The experiments of Jansen (2016) [8] also included thrust bench tests using the AE-TB-5M. Although,
the tests were performed for the T3𝜇PS, a cold-gas micro-thruster. The T3𝜇PS was successfully demon-
strated on board of the Delfi-n3Xt. Compared to the nozzle of the 2nd gen. MEMS-VLM chip the di-
mensions of the T3𝜇PS nozzle are greater: the nozzle throat area is 37670 [𝜇𝑚ኼ] and the exit area is
52480 [𝜇𝑚ኼ]. According to Equation 2.2 the larger throat area means that higher mass flows can be
achieved and therefore also higher thrust. It should be mentioned that even though a classical coni-
cal nozzle was designed, Jansen (2016) [8] found out via optical inspection that in reality the nozzle
resembles a hole with tapered edges. Nevertheless, the T3𝜇PS performed much better than the 2nd
gen. MEMS-VLM chip: the discharge factor ranged between 0.85 and 0.87 [-], the thrust coefficient
was in the range of 1.155-1.164 [-] and the nozzle quality ranged from 0.86 to 0.89 [-].

Spisz et al. (1965)

An investigation was performed by Spisz et al. (1965) [9], who determined the relationship between
the Reynolds number and the thrust coefficient for seven nozzles that differed in size and/or geometry.
The research was done with gas flows where no heat was added and for gas flows that included heat
addition. From the research it was concluded that lower Reynolds numbers result in lower measured
thrust coefficients and consequently lower nozzle efficiencies. For example, for one thruster the fol-
lowing can be observed when looking at the experimental data (see also Table 2.2). For a Reynolds
number of 4660 [-] a thrust coefficient of 1.468 [-] is measured, while for a Reynolds number of 867
[-] a thrust coefficient of 1.014 was measured. This decrease in Reynolds number caused the nozzle
quality drop from 0.889 to 0.614 [-]. It should be noted that all the nozzles that were tested by Spisz
et al. (1965) [9] had much larger dimensions than the nozzle of the 2nd gen. MEMS-VLM chip. This
could explain the low nozzle efficiencies of Van Wees (2017) [3], since for smaller nozzles the impact
of low Reynolds numbers is likely greater. Since such low nozzle efficiencies are undesirable for a
propulsion system, it is important to thoroughly investigate the effect of the Reynolds number on the
quality.
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Maurya et al. (2005)

Another example that is comparable to the 2nd gen. MEMS-VLM chip is the nozzle used by Maurya
et al. (2005) [19], which had an even a smaller nozzle throat area of 900 [𝜇𝑚ኼ] that also performed
poorly. The thrust measurements ranged from 10 to 110 [𝜇N] for heater power inputs ranging from
1.1 to 2.4 [W], for which a constant mass flow of 1.6 [mg/s] was used. The test configuration for
the thrust measurements included a thin copper foil strip that functioned as a cantilever. Using a
’lamp-and-scale arrangement’ the deflection of the cantilever could be effectively magnified by several
orders of magnitude. From the deflection of the cantilever the thrust force could be deduced. The
measurement accuracy was about 20% for smaller thrust values and about 10% for higher thrust
values. More information about the test configuration can be found in the article by Maurya et al.
(2005) [20]. Hereafter, Maurya et al. (2005) [19] used the force measurement values together with
the corresponding values for measured mass flow, nozzle throat area and heater power input, for
a back-to-front iterative approach to obtain the values for the (effective) nozzle exit area, chamber
temperature, chamber pressure and the exit pressure. A detailed explanation of the iteration process
can be found in [19]. Note that it was predicted that the divergence angle of the nozzle exit was too
large to match with the exhaust jet of the water vapor, which is supposedly more directional. This
means that the effective exit area is smaller compared to the geometrical exit area of the nozzle. Since
this is not easily determined, the iteration process was used to provide an estimate for the effective exit
area. Furthermore, not all the wanted data was available in the article, which is why some parameters
were calculated based on theory. For example, the characteristic velocity was calculated using Equation
2.4, after which the chamber pressure could determined using Equation 2.2. Ideal rocket theory was
used (by the author of this thesis) to calculate the chamber pressure of 10.98 [bar], but this is quite
high for a small nozzle as it needs to robust enough to withstand the high pressure. The chamber
pressure together with the other calculated parameters are bold in Table 2.2. It can be seen that a
nozzle quality of 0.093 [-] was calculated, which is even smaller compared to the 2nd gen. MEMS-VLM.

Cen and Xu (2010)

The experimental results for the nozzle tested by Cen and Xu (2010) [21] indicated a better performance
compared to the nozzle of the 2nd gen. MEMS-VLM chip. As mentioned before, the better performance
might be due to its larger nozzle geometries for which the Reynolds number effects are expected to
be less significant. The micro-thruster was able to produce an average thrust value of 6.5 [mN] with a
chamber pressure of 2.32 [bar], which had estimated uncertainties of ± 0.02 [mN] and ± 0.01 [bar],
respectively. In the test configuration for obtaining the thrust measurements, the exhaust gas of the
micro-thruster was pointed towards an impinging plate that was connected to a lever and the resulting
impinging force was enlarged by the lever. At the other side of the lever there was a piezoelectric sensor
that could measure the enlarged force. Note that the micro-thruster was attached to a copper heater
block, which was mounted on a slide track that could move in vertical or horizontal direction in order to
make slight adjustments in the relative position between the micro-thruster and the impinging plate on
the end of the lever. Also, the whole test configuration was performed under vacuum conditions. More
information about the test configuration can be found in [21]. The provided experimental data was
incomplete as it only included the nozzle geometry (throat and exit area), the mass flow, the chamber
pressure, the vacuum pressure and the measured thrust. Therefore, these known parameters were
used to determine the ideal thrust coefficient, the experimental thrust coefficient and the nozzle quality.
It can be seen in Table 2.2 that the nozzle quality is as high as 0.922 [-], which is much better compared
to the 2nd gen. MEMS-VLM chip.
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Table 2.2: Part 1 ዅ Comparison of various parameters found from experimental / simulated data in literature. Note that some
papers did not include information about all the parameters. Thus, some parameters were calculated, which are presented in
bold.

Data source Propellant 𝐴፭ [𝜇𝑚ኼ] 𝐴፞ [𝜇𝑚ኼ] 𝐴፭/𝐴፞ [-] �̇� [mg/s] 𝑃፜ [bar]

Van Wees (2017) [3] N2 gas 3,278 46,586 14.2 0.76−1.32 1.53−2.57

Jansen (2016) [8] N2 gas 37,670 52,480 1.393 27.19 3.20

Spisz et al. (1965) [9] H2 gas 4,277,411 106,935,275 25 226,796 − 566,990 0.34 − 1.61

Maurya et al. (2005) [19] H2O liquid 900 3700 4.111 1.6 10.98

Cen and Xu (2010) [21] H2O liquid 18,000 210,960 11.72 8.33 2.32

Table 2.3: Part 2 ዅ Comparison of various parameters found from experimental / simulated data in literature. Note that some
papers did not include information about all the parameters. Thus, some parameters were calculated, which are presented in
bold.

Data source 𝐹 [mN] (𝐶ፅ)።፝፞ፚ፥ [-] (𝐶ፅ)፞፱፩ [-] 𝜉ፅ [-] 𝜉፬ [-] 𝐶፝ [-] 𝑅፞ [-]

Van Wees (2017) [3] 0.1-0.265 1.61 0.22-0.33 0.2 − 0.3 0.2 − 0.3 0.66 − 0.68 688 − 1200

Jansen (2016) [8] 15.7 1.348 1.164 0.89 - 0.87 9968

Spisz et al. (1965) [9] 83,182 − 632,537 1.652 1.07 − 1,468 0.648 − 0.889 - - 823 − 1895

Maurya et al. (2005) [19] 0.110 1.199 0.111 0.093 - - -

Cen and Xu (2010) [21] 6.5 1.688 1.557 0.922 - - -



3
Preliminary Tests

Many (preliminary) tests have been performed between the start and finish of this thesis, which are
visualized in a flow chart in Figure 3.1. It can be seen that most of the tests can be performed in
parallel, except for the thrust bench test sequence between the two leak tests. This sequence can
be performed multiple times, but not before it has been verified that the leaks have been reduced to
acceptable levels, which will be explained in more detail in Section 3.1. Another leak test after the
sequence(s) was done, which was to check if the leak remained at the acceptable levels. As for the
optical characterization test, this test was needed to determine the nozzle geometry, which will be
described in Section 3.2. Analyzing the thrust bench test sequence, it can be seen that calibration test
of the AE-TB-5m was done before and after thrust bench test, which will be explained in Section 3.3.
Note that the calibration test of the Varying Turn-Density Coil (VTDC) was NOT performed, which will
be explained in Subsection 3.3.4. Finally, in Section 3.4 the AE-TB-5m 𝐹𝐶𝐹 test is presented in which
it is described how the force correction factor was determined.

Figure 3.1: All the required tests for thrust bench tests with gaseous nitrogen for the 3rd gen. MEMS-VLM chip are presented
here in a flow chart, where the preliminary tests are indicated with blue and the thrust bench test is indicated with purple. Note
that the tests can be performed in parallel, except for the tests between and including the leak tests. Also, the thrust bench test
sequence can be repeated multiple times, as long as before the first test and after the last test a leak test is carried out.

21
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3.1. Leak Test
In this section the leak test is described. Firstly, in Subsection 3.1.1 the test plan is presented, which
includes the goal of the test, the measured parameters and the success criteria. Hereafter, the test set-
up and test procedure are presented in Subsections 3.1.2 and 3.1.3, respectively. As for the test results
and analysis, these are presented in Subsection 3.1.4. Finally, a summary is presented in Subsection
3.1.5.

3.1.1. Test plan
Purpose

When the thrust bench test is carried out, a mass flow sensor will be used to measure the mass flow
that moves through the nozzle of the MEMS-VLM chip. This mass flow sensor is integrated in the
propellant feed system that is needed to provide the gaseous nitrogen. However, when there is a
certain amount of leakage in the feed system, then the measurements made by the mass flow sensor
will include both the mass flow caused by the leakage and the mass flow through the MEMS-VLM chip.
This would then result in a false calculation of the performance, since the experimental mass flow is
needed to determine the 𝐶፝ and (𝐼፬፩)፞፱፩. Note that this only occurs when the leak rate is large enough
for the mass flow sensor to measure it.

Therefore, it is required to perform a leak test: a MEMS-VLM chip with a blocked nozzle is placed in 1st
gen. interface, after which the feed system is pressurized at a pressure range comparable to the thrust
bench test and during this process the mass flow sensor should measure zero mass flow. Hence, this
test will prove that there is no detectable leakage in the feed system. In case there is a detectable leak
present, then this leakage needs to be reduced to an acceptable level. Furthermore, it was presented
in Figure 3.1 that the leak test needs to be performed twice: once before the thrust bench tests (LT-01)
and once afterwards (LT-02). The initial leak test was needed because the thrust bench tests could not
be performed before it was proven that the leak rate was reduced to an acceptable level. The final leak
test was done to check if the leak rate remained acceptable, since any damage that possibly occurred
during the thrust bench test could increase the leak rate. Hence, the following objective was made:

উEnsure that the leak rate of the feed system is undetectable by the mass flow sensor
in order to guarantee accurate measurements of the mass flow through the nozzle of the
3rd gen. MEMS-VLM chip.উ

Relevant parameters

The parameters that are relevant for this test can be found in Table 3.1. It can be seen that the chamber
pressure is the control variable that would be varied between 3 − 7[𝑏𝑎𝑟] for leak test that was done
before the thrust bench tests, and between 3−6[𝑏𝑎𝑟] for the leak test that was done afterwards. This
is because the planned pressure range for the thrust bench test was 2−6[𝑏𝑎𝑟] (see Section 4.1.2), but
the actual pressure range was 2−5[𝑏𝑎𝑟] (see Section 5.2). Note that the differences in pressure range
between the leak test and the thrust bench test is exactly 1[𝑏𝑎𝑟]. This is because the leak tests were
done at (standard) atmospheric pressure and the thrust bench tests were done at (near) vacuum. To
further elaborate: leakage is caused by a pressure difference and by increasing the pressure range with
1[𝑏𝑎𝑟], the leak tests better represent leak rates that would occur during the thrust bench test. The
second parameter in Table 3.1 is the mass flow, which is expected to remain zero in case no leakage
is detected and is thus independent of the chamber pressure.

Success criteria

In order to determine if the test was considered successful, a few success criteria were created, which
are presented in Table 3.2. Note that in case of leakage, the test could still be considered successful
if the following was carried out and documented: the location of the leakage was detected and the
leakage was reduced to an undetectable value.
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Table 3.1: Relevant parameters for the leak test.

Parameters Description Variable

𝑃፜

Chamber pressure provided by the General Purpose
Feed system (GPF) and increased with increments of
1[𝑏𝑎𝑟]. Note the pressure range differs for the leak
test that is done before the thrust bench tests and the
one that is done afterwards.

Controlled: 3 − 7[𝑏𝑎𝑟]
or 3 − 6[𝑏𝑎𝑟]

(�̇�)፞፱፩
Mass flow measured by the Brooks 5850S, which is ex-
pected to remain zero.

Independent:
0[𝑚𝑙/𝑚𝑖𝑛]

Table 3.2: Success criteria for the leak test.

Criteria Test Acceptance
SC-LT-01 All the parameters as described in Tables 3.1 have been measured and documented.
SC-LT-02 The measured mass flow was zero for the whole pressure range.

3.1.2. Test set-up

The test set-up for the leak test is almost the same as for the thrust bench test, which is described in
Section 4.2. Therefore, in this subsection only the differences of the set-up will be described. Instead
of the ”01-LS2-02” chip, for this set-up a chip with a blocked nozzle is needed: the 01-Bs1-01. It is
important to integrate this blocked chip in the 1st gen. interface, because if this set-up is pressurized
and no leakage is detected, then it has been proven with this test that there is no detectable leakage
between the N2-bottle and the inlet of the MEMS-VLM chip. The equipment needed to properly perform
the leak test can be found in Table 3.3.

Table 3.3: Equipment needed to perform the leak tests.

Item Name: Description:
Blocked MEMS-VLM chip: ”01-Bs1-01” The 01-Bs1-01 chip was incorrectly manufactured, which resulted

in a nozzle throat that was fully blocked. This chip was placed
integrated in the 1st gen. interface to block the nitrogen flow.

Pendulum thrust bench: AE-TB-5m
(see Figure 3.10)

This is part of the set-up: the 1st gen. interface was integrated
at the bottom of the pendulum arm of the AE-TB-5m.

Propellant feed system (see Figure 4.5) Provides gaseous nitrogen from the N2-bottle all the way to the
01-Bs1-01 chip. The feed system also has the ability to measure
mass flow using the Brooks 5850S mass flow controller.

Vacuum oven: Heraeus Vacutherm
(see Figure 4.17)

This is part of the set-up. It also has the ability to measure the
ambient pressure and to provide a vacuum environment.

Pressure sensor (MS5837-30BA) inte-
grated in the 1st gen. interface [22]

Used to measure the pressure near the inlet of the 01-Bs1-01
chip, which is needed to verify if the planned input pressures
were obtained.

DAQs and cleanroom computer (see
Figures D.8-D.3)

Used to measure and digitalize all the experimental data. The
available DAQs are: NI PXI-8331, NI PXI-6229 and NI PXI-4220.

3.1.3. Test procedure

All the required steps for the leak test are described in Tables 3.4 and 3.5 .
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Table 3.4: Detailed test procedure for the leak test - Part 1

Step Description Performed
Y/N

Date &
time

1.

Use Subsection 3.1.2 and Table 3.3 to verify if the test set-up is
complete: a blocked MEMS-VLM chip has been integrated in the
1st gen. interface and the interface has been attached to the AE-
TB-5m thrust bench, the thrust bench has been configured and
placed inside the vacuum chamber, all the tubes between the 1st
gen. interface and the GPF are connected, all the sensors are
connected to the cleanroom computer.

2.
Turn on the required devices/equipment simultaneously and wait
1 hour for the devices to reach a stable temperature, before per-
forming step 5:
1. Turn on the E030-10 and D030-10 Power Supply Unit (PSU)
(See Figure 4.13a), which have a 1 hour warm-up time.
2. Turn on the Brooks 5850S sensor (See Figure 4.10a), which
has a 45 minutes warm-up time.
3. Turn on the clean room computer and log in with the local
administrator account. The current login is ”.?localadmin” and
the current password is ”sse_cr03”).
4. Turn on the USB hub that connects the cleanroom computer
with the NI-USB-6008 (,NI-USB-9262) and NI-USB-8451 Data Ac-
quisition System (DAQ).

3. Perform the following checks:
1. Open the ”main_marsil_TEST_wDisplacementSensor.vi” Lab-
VIEW file, check if the data will be saved to the right folder, run
the file, check if all the sensors read out measurements (that
make sense), check if the valve is able to open/close (produces
clicking sound), stop the file and close the program. Note that
if the program produces an error, the user should figure out the
source of the error and solve it.
2. Check if the N2 storage bottle has a sufficient amount of
pressurized nitrogen gas by opening the line-in rotary valve and
reading the pressure indicator of the pressure gauge. In case this
is false, stop the experiment and send an email to the cleanroom
manager requesting to replace the N2 bottle.
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Table 3.5: Detailed test procedure for the leak test - Part 2

Step Description Performed
Y/N

Date &
time

4. Open the ”main_marsil_TEST_wDisplacementSensor.vi” Lab-
VIEW file.

5. Perform the leak test:
1. Click on the arrow button at the top left of the LabVIEW
interface in order to run the program.
2. Set the pressure regulator at X [bar] gauge pressure, which
is X+1 [bar] absolute pressure.
3. Open both the shut-off valve and the flow path selector valve.
4. Open the VHS-M/M-24V valve by turning on the button ”Open
valve” in LabVIEW in order to let the nitrogen gas flow to the
MEMS-VLM chip.
5. Observe if the Brooks 5850S measures a mass flow. In case
this is false, there is no measurable leakage and thus move on
to step 6. In case this is true, there is a leakage and the test
has failed: stop the test, find the source of the leakage, find a
solution and redo the leak test.
6. Close the VHS-M/M-24V valve by turning off the button ”Open
valve” in LabVIEW.
7. Close both the shut-off valve and the flow path selector valve.
8. Repeat steps 5.1-5.8 for the same/other pressure(s) if re-
quired.

6. Stop the LabVIEW program, localize the stored data and copy the
experimental data to a separate folder or a USB device.

7. Make sure that the N2 bottle, line-in rotary, shut-off and flow path
selector valves are properly closed.

8. Turn off all the devices described in step 2.

9. Remove the test set-up from the vacuum chamber if no other
tests will be carried out.

3.1.4. Test results & analysis

As mentioned before, it was required to perform two leak test: LT-01 was done before the thrust
bench tests and LT-2 was done afterwards. However, the raw experimental data of LT-01 got lost due
to improper documentation. However, the findings for the test were documented, which can be found
in Table 3.6. In the table the results for LT-02 are included as well. Luckily for LT-02 the experimental
data was not lost, which is why the raw data of the pressure sensor and mass flow sensor are presented
in Figures 3.2-3.3.

Table 3.6: Detailed test procedure for the leak test.

Leak Test Description

LT-01

Pressure was increased until 6.7 [bar] and no leakage was de-
tected. Since this test was done at atmospheric pressure, this
means that the pressure difference between the feed system and
ambient environment was 5.7 [bar].

LT-02

Pressure was increased until about 5 [bar] and a leakage was de-
tected, which was located somewhere between the tube adaptor
in the interface and the inlet of the MEMS-VLM chip. This means
that a leakage happened at a pressure difference of 4 [bar]
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Figure 3.2: Raw experimental mass flow data plotted in MATLAB, where the red dotted circle indicates the moment leakage
started.

Figure 3.3: Raw experimental chamber pressure data plotted in MATLAB.

It can be seen that at 5[𝑏𝑎𝑟] or a pressure difference of 4[𝑏𝑎𝑟] leakage started: a mass flow of
21[𝑚𝑙/𝑚𝑖𝑛] (0.44[𝑚𝑔/𝑠]) was measured by the Brooks 5850S. Hereafter, the solenoid valve opened
and closed a few times after making various adjustments to the setup. For example, the screws that
hold the 1st gen. interface together and the tube connections were tightened. None of these actions
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had any effect on the leakage. Because during LT-01 a pressure of 6.7 [bar] resulted in no leakage and
during LT-02 a leakage already occurred at a pressure of 5[𝑏𝑎𝑟], this means that the ”leak tightness”
degraded during handling and performing the thrust bench tests. Since the pressure of 5[𝑏𝑎𝑟] was at
atmosphere and the thrust bench test was done at vacuum, this means that during the thrust bench
test a leakage could already occur at a pressure of 4[𝑏𝑎𝑟]. Luckily, this was not the case for thrust
bench tests TT-04 and TT-05 since the relation between the chamber pressure and experimental mass
flow was linear as can be seen in Figure 6.1 in Subsection 6.1.2. If there would be a leakage of
0.44[𝑚𝑔/𝑠], then this would definitely be seen in the graph.

Another important step was to localize the leakage. This was done by pressurizing different parts of
the feed line (see Subsection 4.2.1) using the following order:

1. The Legris 4 5/32 push-in fitting (see Figure 4.5a) connected to the Brooks 5850S was discon-
nected, after which the system was pressurized up to 5[𝑏𝑎𝑟]. After no leakage was found, the
fitting was again connected to the feed system. Note that if the tube in this fitting is not properly
connected, leakage could occur.

2. Inside the vacuum chamber the Swagelok SS-400-R-1 connector (see Figure 4.6a) was discon-
nected, after which the system was pressurized up to 5[𝑏𝑎𝑟]. After no leakage was found, the
connector was again connected to the feed system.

3. The tube that was connected to the output of the solenoid valve (see Figure 4.7) was discon-
nected, after which the system was pressurized up to 5[𝑏𝑎𝑟]. After no leakage was found, the
tube was again connected to the feed system.

4. The tube that was connected to the 1st gen. interface (see Figure 4.14) was plugged into another
solenoid valve of the Lee Company, after which the system was pressurized up to 5[𝑏𝑎𝑟]. After
no leakage was found, the tube was again connected to the 1st gen. interface.

By following these steps it was proven that the leakage occurred between the tube connector of the
1st gen. interface and the inlet of the MEMS-VLM chip. The leakage could be caused by the tube
connector, because the threads in the teflon block do not perfectly match with the tube connector,
which is why silicon paste was added here to prevent leakage. It could be the case that during
handling this connector was slightly turned, and because of that a gap between the silicon paste was
opened/increased. It is recommended that this connector is glued in the teflon block in order to prevent
possible leakage and to exclude this connector as a possible source of leakage. Another possible cause
of the leakage could be deformations of the teflon block. It can be seen in Figure 3.4 that after all
the experiments the teflon block has slightly bended (it used to be straight). Because the teflon block
functions as a sealant, bending of the block could have caused the leakage.
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Figure 3.4: Bended teflon block of the 1st gen. interface after all the experiments.

3.1.5. Summary
Looking back at Table 3.2, the success criteria have not been met for all tests. For LT-01 no leakage
was found at a pressure of 6.7[𝑏𝑎𝑟], but for LT-02 a leakage of 21[𝑚𝑙/𝑚𝑖𝑛] (0.44[𝑚𝑔/𝑠]) was found
at a pressure of 5[𝑏𝑎𝑟]. This means that LT-02 cannot be concluded successful. However, it can be
concluded that no leakage occurred during thrust bench tests TT-04 and TT-05, since the relationship
between the pressure and mass flow was linear. The source of leakage was either the bended teflon
block of the 1st gen. interface or the tube connector inside the teflon block that required silicon paste
to reduce leakage. Therefore, it is recommended that this tube connector is glued in the teflon block.
This will either help reducing the leakage or help determine the true source of the leakage.

3.2. Optical Characterization Test
In this section the optical characterization test is described. Firstly the test plan is presented in Sub-
section 3.2.1; this includes the goal of the test as well as the measured parameters and the success
criteria. This is followed by the test set-up and test procedure that are presented in Subsections 3.2.2
and 3.2.3, respectively. The test results and analysis are presented in Subsection 3.2.4. Finally, a
summary is presented in Subsection 3.2.5.

3.2.1. Test plan
Purpose

The optical characterization test was used to determine the nozzle geometry, which was needed to help
meet Subgoal 1 presented in Section 1.2. This is because the nozzle geometry is needed to calculate
the ideal mass flow, the ideal thrust coefficient (or thrust force) and the ideal specific impulse which
are needed to determine the performance parameters of Subgoal 1. Furthermore, the nozzle geometry
is also required to calculate the throat Reynolds number. The designed nozzle geometry was already
known from de Athayde Costa e Silva et al. (2017) [10]. However, it was not known what the precision
was of the manufacturing method for the MEMS-VLM chip. Therefore the following question arose:
how well do the manufactured dimensions and shape of the nozzle match with the designed ones?
This question is important because the nozzle throat and exit area are used to calculate the ideal mass
flow, thrust force and specific impulse. For example, a nozzle throat area that has increased twice in
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size will double the ideal mass flow (see Equation 2.2). Therefore, an optical characterization test was
needed and the following objective was made:

উExperimentally determine the nozzle geometry of the manufactured 3rd gen. MEMS-VLM
chip with design-code 01-LS2-02 in order to verify the designed parameters and to en-
able calculating the throat Reynolds number� ideal mass flow� ideal thrust force and ideal
specific impulse.উ

Relevant parameters

The parameters for the nozzle geometry including the designed values can be found in Table 3.7 and
a microscopic picture of the whole nozzle can be found in Figure 3.5. The nozzle parameters and the
corresponding description are presented in the first and second column of the table, respectively. The
third column consists of the designed values. which which were based on the article of de Athayde
Costa e Silva et al. (2017) [10]. It was already mentioned before why the nozzle throat and exit area
were needed. The reason why both the width and height are needed at the nozzle throat and exit
(𝑊፭, 𝑊፧፝, ℎ፭ and ℎ፧፝), is because the corresponding areas (𝐴፭ and 𝐴፞) are not circular but rectangular,
which is due to the nozzle being a 2D-conical (slit) nozzle instead of a 3D-conical nozzle. As for the
nozzle convergence and divergence half angles (𝜃፧፜ and 𝜃፧፝), these were described in Zandbergen
(2016) [13] as both affect the discharge factor (𝐶፝) and the divergence half angle also affects the
nozzle quality (𝜉ፅ). However, during this thesis the effect of different half angles on the performance
were not investigated due to lack of time. It is therefore recommended to investigate this by performing
experiments with the other MEMS-VLM chips that have a different nozzle geometry in order to find the
most favorable geometry. Finally, the 𝑃፰ and 𝐷ፇ will be needed to determine the throat Reynolds
number.

Figure 3.5: Image of the ”01-LS2-02” MEMS-VLM chip produced by the VHX-2000E Digital Microscope at a magnification of 100x.
During thrust bench tests the nitrogen gas will flow from the five serpentine flow channels at the left to the convergent part of
nozzle, through the nozzle throat and exit through the divergent part of the nozzle.
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Table 3.7: Designed values of the nozzle geometry of the ”01-LS2-02” chip as described by de Athayde Costa e Silva et al. (2017)
[10].

Parameters Description Designed values
𝐿፧፜ Length of the convergent part of the nozzle. 2600 [𝜇𝑚]
𝐿፧፝ Length of the divergent part of the nozzle. 645 [𝜇𝑚]
𝑊፧፜ Width of the convergent part of the nozzle. 3000 [𝜇𝑚]
𝑊፧፝ Width of the divergent part of the nozzle. 500 [𝜇𝑚]
𝑊፭ Width of the nozzle throat. 45 [𝜇𝑚]
ℎ፧፝ Height of the divergent part of the nozzle. 100 [𝜇𝑚]
ℎ፭ Height of the nozzle throat. 100 [𝜇𝑚]
𝐴፭ Nozzle throat area. 4500 [𝜇𝑚ኼ]
𝐴፞ Nozzle exit area. 50000 [𝜇𝑚ኼ]
𝐴𝑅 Nozzle area ratio. 11.1 [−]
𝜃፧፜ Nozzle convergence half angle. 29.6 [°]
𝜃፧፝ Nozzle divergence half angle. 19.4 [°]
𝑅∗ Angle between convergent and divergent part of the nozzle 131 [°]
𝑃፰ Wetted perimeter 290 [𝜇𝑚]
𝐷ፇ Hydraulic diameter 62 [𝜇𝑚]

Success criteria

In order to determine if the test was considered successful, a few success criteria were created which
are presented in Table 3.8.

Table 3.8: Success criteria for the optical characterization test.

Criteria Test Acceptance

SC-OCT-01
All the parameters as described in Tables 3.7 have been determined using a micro-
scope, except for the parameters for which this was not possible.

SC-OCT-02 Every measurement of the parameters has been documented.
SC-OCT-03 A picture is made of every parameter including the reference scale.

3.2.2. Test set-up
The optical characterization test was performed with the VHX-2000E Digital Microscope of Keyence
(see Figure 3.6), which is located in the Microscope Lab of the Delft Aerospace Structures and Materials
Laboratory (DASML). Note that access to the DASML is granted after following the safety training, which
is held each month for which a subscription can be done via Marianne de Knegt-Overduin (m.deknegt-
overduin@tudelft.nl). Also, access to the Microscope Lab needs to be arranged via Frans Oostrum
(F.G.C.Oostrum@tudelft.nl), who is the supervisor of the lab. Furthermore, a printed version of the
user manual of the microscope is available in the Microscope Lab.

Figure 3.6 shows that the microscope is connected to both a controller and a computer. The controller
can be used to operate the microscope, though this can also be done manually. The computer has
software with a real-time display of the image captured by the microscope. With measurement tools
that are included in the software it is possible to determine distances, angles, etc. Note that that
these measurements are done by manually on points of the image, which means that the tool is prone
to human errors as precise selection is difficult with a mouse. Nevertheless it was possible to make
pictures of the image (including the indicated measurements) and store it on the computer. There
were three lenses available: Lens 1 with a magnification range of 20x-200x, Lens 2 with a range of
100x-1000x and Lens 3 with a range of 500x-5000x. Note that the optical characterization test only
required Lens 1 and Lens 3. Also note that because the equipment is very expensive, changing the
lenses should always be done by the supervisor of the lab. Apart from the microscope, the experiment
required other materials and resources as well. The complete list can be found in Table 3.9.
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Figure 3.6: The VHX-2000E Digital Microscope including the computer and controller. Three lenses are available: the Lens 1 has
a magnification range of 20x-200x, the Lens 2 has a range of 100x-1000x and the Lens 3 has a range of 500x-5000x.

Table 3.9: Equipment and resources needed for the optical characterization test.

Item Name Description

VHX-2000E - Digital Microscope
(Keyence)

Used to perform the test. Depending on the lens,
different magnification ranges 20x-200x (Lens 1),
100x-1000x (Lens 2) or 500x-5000x (Lens 3) can be
achieved.

USB-stick Needed to store the test data.
3rd gen. MEMS-VLM chip The sample that shall be tested.
Clamp Enables an inside view of the nozzle of the chip.
Examination gloves - Finite P Indigo
AF Nitrile (Polyco Bodyguards) Needed to keep the chip clean.

Klerwipe 70|30 IPA (Ecolab) Needed for cleaning the chip and test environment.

Supervisor of the Physics and
Chemistry Lab (inside DASML)

Needed for instructions before testing and for chang-
ing the lenses in case needed. Current supervisor:
Frans Oostrum.

3.2.3. Test procedure

All the required steps for the optical characterization test are described in Table 3.10.
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Table 3.10: Detailed test procedure for the optical characterization test using the VHX-2000E Digital Microscope.

Step Description Performed
Y/N

Date &
time

1. Use Table 3.9 to verify if the test set-up is complete.
Note that in case a different lens is needed, the supervisor of the
Physics and Chemistry Lab should always be consulted.

2. Turn on the computer connected to the microscope.
3. Remove plastic cover from the microscope.
4. Turn on the light with the microscope controller.
5. Remove protection cap from the microscope lens.

6.

Clean the stage of the microscope and place the chip (test sample)
straight on the stage w.r.t. the gridlines of the software, since any
misalignments can inhibit making precise measurements with the
software tools.

7. Adjust microscope to the required settings:
1. Use the magnification ring to set required the magnification.
2. Use the focus control knob to obtain an image that is in focus.

8. Perform the measurements:
1. Create a folder on the computer in which the measurement
data needs to be stored.
2. Change the save location to this folder.
3. Optional: add grid lines as aid when using the measure-tool
software on the computer.
4. Click on different points on the picture with the measure-tool
in order to display the dimensions/angles of the parameters.
5. Repeat step 4 a few times to obtain the measurement inaccu-
racy.

9. Data storage:
1. Insert USB-stick in the computer.
2. Store data on USB-stick.
3. Remove USB-stick from computer

10. Remove the chip (test sample) from the stage.
11. Place protection cap on the microscope lens.
12. Turn off light with the microscope controller.
13. Place plastic cover over the microscope.
14. Turn off the computer.

3.2.4. Test results & analysis
The results of the optical characterization test of the ”01-LS2-02” chip using the VHX-2000E Digital
Microscope are presented in Table 3.11. In the first column of the table the nozzle parameters are
presented. The second column explains the method that was used to determine the experimental
values in the third column. Note that below each measurement the magnification is given between
brackets and that the uncertainty becomes smaller for larger magnifications as these provide more
detailed pictures. These uncertainties were determined by counting the pixels of the boundaries of the
parameters and converting the number of pixels to metric values. In the fourth column the designed
values are presented and in the final column the percentage difference between the experimental and
designed values is presented. The table shows that these percentages vary for each parameter, where
the largest percentage difference values are found for 𝐴፭, 𝐴𝑅, 𝑊፭ and 𝐷ፇ, and the smallest values
are found for 𝜃፧፜, 𝜃፧፝, 𝑊፧፝, 𝐿፧፝ and 𝑅∗. This indicates that either the manufacturing procedure of
the MEMS-VLM chips needs to be improved regarding the precision, or that each manufactured chip
needs to undergo an optical characterization test in order to determine real nozzle geometry. The large
percentage difference values are unacceptable because the nozzle geometry is needed to determine
the performance of the ”01-LS2-02” chip. For example, the real throat width is more than twice as
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small compared to the designed throat width, which means that for constant pressure and characteristic
velocity the ideal mass flow would also reduce more than half and this again affects the discharge factor
(see Subsection 2.2.1).

Table 3.11: Test results of the optical characterization test for the nozzle parameters. Note that the percentage difference
was calculated as follows: |A-B|/(0.5A+0.5B); with A and B being the the experimental and designed values.

Nozzle
Parameters Method Experimental Value ±

Uncertainty
Designed
Value

Percentage
Difference

𝐿፧፜ Software tools 2.23e3 ± 2e1 [𝜇𝑚] 2600 [𝜇𝑚] 15.3 [%]
(100x magnification)

𝐿፧፝ Software tools 606.8 ± 5.3 [𝜇𝑚] 645 [𝜇𝑚] 6.1 [%]
(500x magnification)

𝑊፧፜ Software tools 2575 ± 27 [𝜇𝑚] 3000 [𝜇𝑚] 15.2 [%]
(100x magnification)

𝑊፧፝ Software tools / 471.4 ± 4.1 [𝜇𝑚] 500 [𝜇𝑚] 5.8 [%]
Pixel counting 471.7 ± 4.1 [𝜇𝑚]

(500x magnification)
𝑊፭ Pixel counting 17.4 ± 1.2 [𝜇𝑚] 45 [𝜇𝑚] 88.5 [%]

(5000x magnification)
ℎ፧፝ Pixel counting 90 ± 5.6 [𝜇𝑚] 100 [𝜇𝑚] 10.5 [%]

(200x magnification)
ℎ፭ Estimation 81 ± 5 [𝜇𝑚] 100 [𝜇𝑚] 21.0 [%]
𝐴፭ Calculation 1.4e3 ± 1.3e2 [𝜇𝑚ኼ] 4500 [𝜇𝑚ኼ] 105 [%]
𝐴፞ Calculation 4.2e4 ± 2.7e3 [𝜇𝑚ኼ] 50000 [𝜇𝑚ኼ] 17.4 [%]
𝐴𝑅 Calculation 30 ± 3 11.2 [−] 92.0 [%]
𝜃፧፜ Calculation 29.8 [°] 29.6 [°] 0.7 [%]
𝜃፧፝ Software tools 20.5 [°] 19.4 [°] 5.5 [%]
𝑅∗ Calculation 127.5 [°] 131 [°] 2.7 [%]
𝑃፰ Calculation 197 ± 18 [𝜇𝑚] 290 [𝜇𝑚] 38 [%]
𝐷ፇ Calculation 28.7 ± 3.7 [𝜇𝑚] 62 [𝜇𝑚] 74 [%]

Coming back to the second column, it can be noted that four different methods were used: software
tools, pixel counting, estimation and calculation. As mentioned before the microscope was attached to
a computer with ”software tools”, thus these were used to determine some of the experimental values.
It was also mentioned before that this method is prone to human errors due to imprecise control of the
mouse. The ”pixel counting” method on the other hand does not have this problem. This method was
performed with the standard Preview app of macOS, where the number of pixels (both in horizontal and
vertical direction) could easily and precisely be counted by selecting a rectangular area. The number
of pixels was then compared to the number of pixels of the reference scale in order to determine the
metric value. This is all visualized in Figure 3.7 for 𝑊፭: the reference scale of 43.57 [𝜇𝑚] corresponds
to 1000 horizontal pixels and the nozzle throat width consists of 400 vertical pixels, which therefore
corresponds to 17.4 [𝜇𝑚]. Note that in Figure 3.7b not all pixels of the reference scale have been
selected as the white line is actually 1010 pixels long: the end blocks are each 10 pixels and line in
between is 990 pixels wide. This means that only half of the end block pixels were selected, which
was done because the software links the 43.57 [𝜇𝑚] to this segment of the reference scale. Thus, the
pixel counting method enables more precise measurements for straight lines compared to the standard
software tools.

The precision of the software tool only tends to be a problem when the selection area is small and
not when it is large. An example of a large selection area can be found in Table 3.11 where both the
software tools and pixel counting were applied for determining 𝑊፧፝. The difference was merely 0.3
[𝜇𝑚], which was negligibly small compared to the measurement values (471.4 and 471.7 [𝜇𝑚]). An
example of a small selection area can be found in Appendix H, where another optical characterization
test is presented for the ”01-Ws2-01” chip. In the appendix in Table H.1 (and Figures H.2-H.3) it
can be seen that both the software tools and pixel counting were applied for determining 𝑊፭. The
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(a) It can seen that the height of the selected area has 400 pixels that correspond to the
nozzle throat width.

(b) It can seen that the width of the selected area has 1000 selected pixels that correspond
to white line of the reference scale.

Figure 3.7: Demonstration of the pixel counting method taking ፖᑥ of the ”01-LS2-02” as an example. Note that the white line
of the reference scale is actually 1010 pixels wide: each thick end block is 10 pixels wide and the line in between is 990 pixels
wide. However, the software only links 1000 pixels to the 43.57 [᎙፦], which means that only half of each thick end block were
selected. Images of the were produced by the VHX-2000E Digital Microscope at a magnification of 5000x.
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difference here was 1 [𝜇𝑚], which is much bigger when compared to the measurement values (20.0
and 19.0 [𝜇𝑚]). The impact of this difference is also bigger. For example, letting nitrogen gas flow
through a given MEMS-VLM chip with a constant height of 100.0 [𝜇𝑚] throughout the whole nozzle and
a constant chamber pressure/temperature. If for this MEMS-VLM chip the nozzle throat width would
actually be 19.0 instead of 20.0 [𝜇𝑚], this would result in a decrease of 5 [%] in the theoretical mass
flow, which would also result in a 5 [%] decrease in the discharge factor. Imagine the possible impact
on the discharge factor for the ”01-LS2-02” chip if the actual throat width was not measured, since the
designed value was 45 [𝜇𝑚] and the experimental value was 17.4 [𝜇𝑚].

As for the ”estimated” method, this was required as it was not possible with Lens 1 (20x-200x) to get a
complete picture of ℎ፭ as it was too deep inside the nozzle (see Figure 3.8). It should be noted that both
Lens 2 and Lens 3 were not able to provide any picture of the nozzle throat due to lack of illumination.
This could be explained by the difference in the configuration of the light source. Lens 2 and Lens 3
have a light source that is further away from the lens, while the light source of Lens 1 is much closer to
the lens. This means that when Lens 1 is ”looking” inside the nozzle throat the light can reach further
as it shines more perpendicular compared to the light for Lens 2 and Lens 3. A solution for Lens 2
and Lens 3 could be illuminating the nozzle with another light source from the side, which should be
possible as the top of the chip is made out off glass. It is recommended that this should be investigated
as these lenses have a higher magnification factor, which results in better quality images and possibly
lower uncertainties. Coming back to the ”estimated” method, this was basically an assumption based
on the work of Van Wees (2017) [3], who performed a scanning electronic microscopic test on a 2nd
gen. MEMS-VLM chip. This test revealed that the manufacturing method (deep reactive ion etching) of
the chip was less effective for narrow channels: at the nozzle throat the height was 84.7 [𝜇𝑚] and the
width was 38.7 [𝜇𝑚], while at the nozzle exit the height was 94.0 [𝜇𝑚] and the width was 495.6 [𝜇𝑚].
This is about a 10 [%] difference in etch height. Therefore it was assumed that the nozzle throat of
the ”01-LS2-02” chip would also be 10 [%] smaller than the at the nozzle exit. However, the throat
width of 17.4 [𝜇𝑚], being about twice as small compared to the throat width of the nozzle of Van Wees
(2017) [3], should then result in an even smaller throat. Since this was not possible to verify, the
estimated value does hold an uncertainty that was not possible to verify. Note that scanning electron
microscopy was not used for the ”01-LS2-02” chip because this test is destructive and makes the chip
useless after running the test.

The final method, the ”calculated” method, differed per parameter. Starting off with 𝐴፭ and 𝐴፞, these
were calculated by multiplying the corresponding width and length at each location. This is because
the nozzle is in fact a slit, which means that the areas are not circular but rectangular. As for 𝜃፧፜, 𝜃፧፝
and 𝑅∗, these were determined by applying basic trigonometry using 𝐿፧፜, 𝐿፧፝, 𝑊፧፜, 𝑊፧፝ and 𝑊፭.

3.2.5. Summary

Looking back at Table 3.8, all the success criteria have been met, which means that this test can be con-
cluded to be successful. This also indicates that the goal stated in Subsection 3.2.2 has been achieved.
It can also be concluded that the difference between the designed values and the manufactured values
of the nozzle of the ”01-LS2-02” chip is unacceptable as these nozzle parameters are used to calculate
the performance of the chip. The biggest difference was found for the nozzle throat width that was
about a factor two smaller, which has a big influence on the discharge factor (𝐶፝). Note that there was
also a big discrepancy for the nozzle throat width of the 01-Ws2-01” chip that is described in Appendix
H. It is therefore recommended that the precision of the manufacturing procedure for the MEMS-VLM
chips should be improved. Otherwise, an optical characterization test needs to be carried out for each
chip before a thrust bench test can be done. Furthermore, the nozzle throat height could not be deter-
mined with the microscope. It was therefore estimated based on the work of Van Wees (2017) [3], who
found that that the throat was smaller compared to rest of the nozzle as the manufacturing method
(deep reactive ion etching) was less effective in the narrow nozzle throat. Because ℎ፭ was estimated,
this means that experimental value holds an unknown uncertainty. It is therefore recommended that
during the manufacturing procedure of the MEMS-VLM chips, before the glass waver is bonded to the
silicon waver, an optical characterization test is done such that the different heights inside the nozzle
can be determined.
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(a) Magnification factor of 50x.

(b) Magnification factor of 200x.

Figure 3.8: Inside look of the ”01-LS2-02” MEMS-VLM chip produced by the VHX-2000E Digital Microscope. Note that the image
of the nozzle throat is incomplete and seems distorted.
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3.3. AE-TB-5m Calibration Test
In this section the calibration of the AE-TB-5m thrust bench (or pendulum calibration test) is described.
First, in Subsection 3.3.1 the test plan is presented, which includes the goal of the test, the measured
parameters and the success criteria. Hereafter, the test set-up and test procedure are presented in
Subsections 3.3.2 and 3.3.3, respectively. As for the test results and analysis, these are presented in
Subsection 3.3.4. Finally, a summary is presented in Subsection 3.3.5.

3.3.1. Test plan

Purpose

The AE-TB-5m, a pendulum thrust bench, is needed to determine the thrust values of the MEMS-VLM
chip during the thrust bench test. However, the thrust bench can only be used to measure the dis-
placement of its pendulum arm. This means that the change in pendulum arm displacement needs
to be related to a known force. This known force came from the VTDC actuator as described in the
thesis of Bijster (2014) [23], which is able to provide a magnetic force depending on the electrical input
current. Therefore, the following objective was made:

উExperimentally determine the relationship between the change in pendulum arm dis-
placement and the magnetic force of the VTDC applied to the pendulum arm in order to
enable the AE-TB-5m to determine thrust values produced by the 3rd gen. MEMS-VLM
chip(s).

Relevant parameters

The parameters that are relevant for this test can be found in Table 3.12. It can be seen that the control
variable (𝐼) varied from 0 to 2.5[𝐴], which is done in ten steps and this means that the increments are
0.25[𝐴]. This variation process is done in the following manner: the current starts at zero and steadily
increases with 50.0[𝑚𝐴/𝑠] until it reaches the first plateau at 0.25[𝐴] where it remains for 10[𝑠], after
this the current is decreased to zero with the same rate of 50.0[𝑚𝐴/𝑠] and it remains at zero for
10[𝑠], subsequently these steps are done for the remaining nine plateaus until the maximum of 2.5[𝐴]
is reached. Note that the reason why the current is steadily increased instead of a rapid jump, is
because a rapid jump causes high unwanted fluctuations in the displacement. As for the reason why
this electrical current range is taken, is because this range corresponds to a magnetic force range
of 0 − 2[𝑚𝑁] produced by the VTDC and this was based on a sensitivity of 0.827[𝑚𝑁/𝐴] as was
determined by Jansen (2016) [8]. The magnetic force range is again based on the expected thrust
range (see Section 4.1). As for the change in the average displacement (Δ፝።፬፩), this will be determined
in Subsection 3.3.4. Note that the average is used, since the displacement of a pendulum fluctuates,
which means that it keeps on increasing and decreasing at a certain balance point. Furthermore, it
is expected that the change in the average displacement increases about linearly with the electrical
current and the slope of this linear curve depends on the configuration of the AE-TB-5m (Jansen, 2016)
[8].

Table 3.12: Relevant parameters for the AE-TB-5m pendulum calibration test.

Parameters Description Variable

𝐼 The electrical current provided by the PSU and in-
creased with increments of 0.25 [𝐴]. Controlled: 0-2.5 [𝐴]

𝐹፦ፚ፠፧፞፭።፜
Magnetic force produced by the VTDC as result of the
induced currents. The sensitivity was determined to
be 0.827 [𝑚𝑁/𝐴] by Jansen (2016) [8].

Dependent: 0-2 [𝑚𝑁]

Δ፝።፬፩
Change in the average displacement of the pendu-
lum arm w.r.t. the displacement sensor. Dependent [𝜇𝑚]
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Success criteria

In order to determine if the test was considered successful, a few success criteria were created, which
are presented in Table 3.13. Note that the SC-PCT-03 was included as the test is a failure when the
average displacement does not increase for higher electrical currents.

Table 3.13: Success criteria for the AE-TB-5m pendulum calibration test.

Criteria Test Acceptance

SC-PCT-01
The measurement data of the preset electrical current values produced by the PSU
has been been stored.

SC-PCT-02 The measurement data of the displacement has been stored.
SC-PCT-03 The average displacement increases for higher electrical current values.
SC-PCT-04 It has been demonstrated that the AE-TB-5m calibration test is repeatable.

3.3.2. Test set-up
The equipment needed to properly perform the AE-TB-5m calibration test is elaborated in this section.
As mentioned before the calibration test was done both before and after the thrust bench test. This
means that the set-up for the calibration test is basically the same as the set-up for the thrust bench
test. However, only the parts of the set-up that are relevant for the calibration test will be explained
here. In short: the SM7020-D PSU is controlled in LabVIEW and provides an electrical current to the
VTDC actuator, the actuator then induces a magnetic force on the AE-TB-5m, the resulting change in
displacement of the pendulum arm is measured by the CS2 sensor and the measurement data is stored
on the cleanroom computer with help of the DT6220/DL6230 DAQ.

AE-TB-5m

The AE-TB-5m, a pendulum thrust bench, this device was thoroughly investigated in the thesis of
Bijster (2014) [23], after which it was improved and validated by Jansen (2016) [8]. It is therefore
recommended to read these two thesis works to get a more in depth understanding about the AE-TB-
5m, since the thrust bench will only be discussed here concisely. An overview of all the thrust bench
components can be found in Figures 3.9 and 3.10. Note that for the calibration test the configuration
of Figure 3.9 was used, since in Figure 3.10 the rotary spring and fluidic tube were not included. Also,
in Figure 3.9 the AE-TB-5m was placed next to the vacuum chamber, while during the calibration test
the thrust bench was placed inside the vacuum chamber.

Looking at the top of Figure 3.9, it can be seen that there is a ”Balance fine tuner” present, which was
3D-printed and had the purpose of changing the balance point at which the pendulum arm fluctuates.
By adding weights and/or changing the location of the weights, the balance point can be adjusted. It
can be seen in the figure that one weight was sufficient for the set-up of the AE-TB-5m calibration test.
Note that the bolts were used to restrict the rotation of the balance fine tuner.

The ”Counter mass” is just below the balance fine tuner, which has the purpose of the adjusting the
center of gravity and therefore the sensitivity and stability of the pendulum arm. Note that in the thesis
of Jansen (2016) [8] it was mentioned that there were in total five counter masses, but only two of
the five could be found as can be seen in Figure 3.9. Furthermore, the reason why there is a distance
between the counter mass and the cross-beam, was because it was found through experimentation
that this was needed for amplitude of the pendulum arm displacement to converge to a value between
10 − 15[𝜇𝑚]. When this distance was reduced to zero the displacement amplitude would exhibit
unstable behavior, for example: the amplitude would first converge to a value of 50[𝜇𝑚], after which
it would diverge to (about) 160[𝜇𝑚], which was again followed by a convergence towards 30[𝜇𝑚].
The ”Rotary spring” is located next to the cross-beam and has a spring constant of 0.64[𝑁𝑚/𝑟𝑎𝑑].
The purpose of the spring is to decrease the sensitivity, which results in an increased thrust range
but a reduced accuracy. A typical measurable thrust range when using the rotary spring was about
0.1 − 15[𝑚𝑁] as found by Jansen (2016) [8]. Since the expected thrust range of the MEMS-VLM chip
lies within 0 − 2[𝑚𝑁], it was investigated if it would be advantageous to exclude the spring. The
opposite was found: it was necessary to include the spring for two reasons. The main reason was that
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without the spring the sensitivity would be to small: a magnetic force of 2[𝑚𝑁] caused the change in
displacement to exceed 3000[𝜇𝑚], which exceeded the measurement capability / measurement range
of the CS2 sensor. Another reason was that the amplitude of the displacement was very sensitive
for disturbances, making it harder to directly observe the behavior of the displacement. Therefore,
it is recommended to purchase a rotary spring with a lower spring stiffness. This would shorten the
measurable thrust range and increase the accuracy, while maintaining a resistance against disturbances.
It can also be useful to buy multiple springs with each having a different stiffness, since this will increase
the flexibility of the thrust bench regarding the measurable thrust ranges and corresponding accuracies.

It can also be seen Figures 3.9 and 3.10 that the 1st gen. interface was attached to the bottom of
the pendulum arm, which was done with a single M4 screw. Because of this, the interface can be
misaligned and during the thrust bench test it is important to align the interface (and thus the thrust
force direction) with the swing direction of the pendulum arm. Although, by doing a quick calculation
it can be seen that the effect of misalignment is negligible. It was found in practice that it was easy to
obtain a pointing accuracy of 10[°]. Therefore, let’s say that the thrust force direction has an offset of
10[°] with respect to the swing direction. Using simple trigonometry it can be seen that this will result
in a measured thrust force that is merely 99.5[%] of the true thrust force.

Figure 3.9: Overview of the thrust bench components with the 1st gen. interface (including the 3rd gen. MEMS-VLM) attached
to the AE-TB-5m. It can be seen that the side of the VTDC with the high turn density is (at the left/) pointed away from the
pendulum. Note that this configuration was used for the calibration test and that this set-up was placed inside the vacuum
chamber.
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Figure 3.10: Overview of the thrust bench components with the 1st gen. interface (including the 3rd gen. MEMS-VLM) attached
to the AE-TB-5m. Note that this configuration was not used for the calibration test as the rotary spring and fluidic tube were not
included.

VTDC

During the calibration test the 3rd gen. MEMS-VLM chip was not used, but the VTDC actuator (see
Figure 3.9 or 3.11) was used to provide a calibration force. As mentioned before, the VTDC actuator
provides a magnetic force when an electrical current runs through it and the actuator has a sensitivity
of 0.827[𝑚𝑁/𝐴] as was determined by Jansen (2016) [8]. This electrical current was provided by the
Delta Elektronika SM7020-D, which is the lower PSU in Figure 3.12a. The wiring was set up as follows:
the common/negative (black) and positive (red) wires were connected from the SM7020-D (see Figure
3.12b) to two ports of the (female) banana connector row outside of the vacuum chamber (see Figure
4.18). This row was again wired to another (female) banana connector row inside the vacuum chamber
via the power feedthrough line. Note that the banana connector rows are both colored and numbered
in order to distinguish how the individual ports are linked to each other. Finally, the wires of the VTDC
were plugged into two ports of the banana connector row inside the vacuum chamber. As for the current
levels these were controlled with the program LabVIEW (see file ”Pendulum Calibration Required Range
Exploration.vi”) on the cleanroom computer. In the LabVIEW file a simulated signal for the electrical
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current is sent to the SM7020-D, after which the SM7020-D outputs the real electrical currents, which
are also measured in LabVIEW. Note that the simulated signal can be adjusted to the user’s needs.
Also, the LabVIEW file automatically stores the measurement data in a preselected folder.

Now that the operation of the VTDC actuator has been described, an explanation will be given about
the displacement of the pendulum arm. Movement in the pendulum arm is induced because of the
following. A magnetic holder is attached to the sensor target and inside the magnetic holder (see
Figure 3.11) a magnet has been placed. When a constant electrical current runs through the VTDC a
parallel homogeneous magnetic field is created within the coil, which results in a constant magnetic
force that is exerted on the magnet inside the magnetic holder and thus on the pendulum arm. As
described by Jansen (2016) [8], the center of the magnetic holder should be aligned with the center axis
of the VTDC, though a maximum axial offset resulted in merely an increase of +2.7[%] in sensitivity
(0.849[𝑚𝑁/𝐴]). Furthermore, the distance of the magnetic holder w.r.t. the high-turn-density-side
of the VTDC should be 7[𝑐𝑚]. Jansen (2016) [8] found that the influence of this distance on the
sensitivity was greater: a distance of 6[𝑐𝑚] resulted in a sensitivity of 0.775[𝑚𝑁/𝐴], and a distance of
8[𝑐𝑚] resulted in a sensitivity of 0.786[𝑚𝑁/𝐴]. That is why during the preparation of the set-up for the
AE-TB-5m calibration test, this distance was verified using a digital caliper. It is therefore recommended
when preparing the set-up of the AE-TB-5m to use measurement tools (e.g. a digital caliper) to ensure
that: the center of the magnetic holder is aligned with the center axis of the VTDC, and that the
distance between the magnetic holder and the high-turn-density-side of the VTDC is 7[𝑐𝑚].

Figure 3.11: View of the magnetic holder, which is attached to the sensor target, inside the VTDC actuator. It can also be seen
that in order to reduce effect of the tube and wires on the displacement, a ’loop configuration’ was applied: the tube and wires
are rotated around the pendulum arm, taped on top of the pendulum cross-beam, looped in the air and taped to the (Boikon
profile) support pillar. Note that this configuration was used for the calibration test and that this set-up was placed inside the
vacuum chamber.
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(a) Front view with the SM7020 (upper) and SM7020-D (lower) power supply units.

(b) Back view with only the SM7020-D power supply unit.

Figure 3.12: The Delta Elektronika SM7020 (upper) and SM7020-D (lower) power supply units are located between the vacuum
chamber and the cleanroom computer. Note that SM7020-D was used for the AE-TB-5m calibration test and that SM7020 can
be used to provide power to the heaters of the MEMS-VLM chip. Also, the required settings for calibration test can be seen in
the back view: the current ”I” is set to ”PROGRAM” and the voltage ”V” is set to ”MANUAL”.

Displacement measurement

As for the measurement of the pendulum arm displacement, this was done with the CS2 sensor, which
is a capacitive (displacement) sensor purchased from the company Micro-Epsilon. The sensor has
a specified range of 0-2 [𝑚𝑚], though in practice it was found that the sensor has a range of 0-5
[𝑚𝑚]. Although the author did not find any problems when measuring displacement values between
2 − 3[𝑚𝑚], it is recommended to stay within the specified range of of 0 − 2[𝑚𝑚] as the sensor was
calibrated for this range. The reason why the author did not stay within the specified range, was
because during the experiments it was not clear what sensor was used and it was falsely assumed
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that it was the CS5 sensor. This assumption was made because the range in practice was found to
be 0 − 5[𝑚𝑚]. Only afterwards it was found in the work of Jansen (2016) [8] that the CS2 sensor
was used. This was verified by performing measurements with a (digital) caliper as the CS2 sensor
has a specific shape and dimensions (see [24]). An overview of the CS2 sensor specifications can be
found in Table 3.14. The presented accuracy of the sensor in the table was based on the calculations of
Jansen (2016) [8]. However, the accuracy is not relevant for the force-displacement relations, since the
relative displacement is needed for these relations. This is because the systematic error (accuracy) is
filtered out when the difference of two measured values are taken. This does mean that random errors
are still present, but these can be found and reduced by repeating the experiment multiple times.

The location of the CS2 sensor can be found in Figure 3.10, where it can be seen that the sensor
is pointed towards the sensor target, which is thus the reference plane for the displacement mea-
surements. It can also be seen that a (capaNCDT) sensor cable connects the CS2 sensor with the
DT6220/DL6230 DAQ, which is specifically made to process the produced data of the CS2 sensor. The
DAQ is connected to the cleanroom computer via an ethernet cable. Note that when the AE-TB-5m is
placed inside the vacuum chamber, the CS2 sensor needs to be connected to the sensor cable that is
present inside the vacuum chamber. This sensor cable was connected to the feedthrough connection
specifically made for this application. The other sensor cable was connected to the DAQ and the out-
side feedthrough connection of the vacuum chamber (see Figure 4.18). Also note that it is stated in
the manual of the CS2 that the DT6220/DL6230 should be switched off when plugging in or removing
the sensor cables.

Table 3.14: Overview of the CS2 displacement sensor of Micro-Epsilon [24].

Sensor Type CS2

Measured Parameter Displacement of sensor target w.r.t. CS2
sensor: 𝑋፝።፬፩ [𝜇𝑚]

Linearity CS2 1 [𝜇𝑚] / 0.05 [%] FSO (Full Scale Output)
Controller/Demodulator Type DT6220/DL6230 DAQ
Linearity DT6220/DL6230 4 [𝜇𝑚] / 0.2 [%] FSO (Full Scale Output)

Repeatability DT6220/DL6230 0.02 [𝜇𝑚] / 0.001 [%] FSO (Full Scale Out-
put) [8]

Accuracy: CS2 and
DT6220/DL6230 ± 5.02 [𝜇𝑚] [8]

Specified Range 0-2 [𝑚𝑚]
Range in Practice 0-5 [𝑚𝑚]

3.3.3. Test procedure
In this section the required steps for the pendulum calibration test are described in Tables 3.15-3.16.
Note that since this test is done before (and after) the thrust bench test, many steps of the procedure
overlap with the procedure of the thrust bench tests presented in Section 4.3. After the procedure
has been carried out the experimental data will be obtained. The data can be processed in MATLAB
(see file ”𝑃𝐶𝑇11_𝐷𝑎𝑡𝑎_𝐴𝑛𝑎𝑙𝑦𝑠𝑖𝑠.𝑚” for PCT-11, ”𝑃𝐶𝑇12_𝐷𝑎𝑡𝑎_𝐴𝑛𝑎𝑙𝑦𝑠𝑖𝑠.𝑚” for PCT-12, etc.) and the
resulting data can be found in Subsection 3.3.4.

3.3.4. Test results & analysis
It was already displayed in Figure 3.1 that for each thrust bench test, one AE-TB-5m calibration test
is done beforehand and one calibration test afterwards. As will be explained in Chapter 4, two thrust
bench tests were considered successful: TT-04 and TT-05. For TT-04 the (pendulum) calibration tests
PCT-11 and PCT-12 were performed, and for TT-05 the calibration tests PCT-13 and PCT-14 were
performed. In this subsection only the test results of PCT-11 will be explained in detail, since the test
results of the other calibration tests were obtained in a similar manner. First the electrical current data
and the displacement data are presented, respectively. Hereafter, the current-displacement relation
and force-displacement relation are elaborated upon. Finally an overview is given about the results of
all the calibration tests.
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Table 3.15: Detailed procedure for the pendulum calibration test (Part 1).

Step Description Performed
Y/N

Date &
time

1.

Use Section 4.2 and Table 4.7 to verify if the test set-up is complete:
the MEMS-VLM chip has been integrated in the 1st gen. interface
and the interface has been attached to the AE-TB-5m thrust bench,
the thrust bench has been configured and placed inside the vacuum
chamber, all the tubes between the 1st gen. interface and the
GPF are connected, all the sensors are connected to the cleanroom
computer.

2.
Turn on the required devices/equipment simultaneously and wait
1 hour for the devices to reach a stable temperature, before per-
forming step 5:
1. Turn on the PSU SM7020-D (See Figure 3.12), which has an 1
hour warm-up time.
2. Turn on the DT6220/DL6230 DAQ of the CS2 sensor (See Figure
D.8), which has a 15 minutes warm-up time.
3. Turn on the clean room computer and log in with the local
administrator account. The current login is ”.?localadmin” and the
current password is ”sse_cr03”).

3.

Perform the following checks: Open the ”Pendu-
lum_Calibration_Required_Range_Exploration.vi” LabVIEW file,
check if the data will be saved to the right folder, run the file,
check if all the sensors read out measurements (that make sense)
and if the PSU is providing the expected currents, stop the file and
close the program. Note that if the program produces an error,
the user should figure out the source of the error and solve it.

4. Close the vacuum chamber door, turn on the vacuum pump and
wait at least 15 minutes in order to reach a 𝑃ፚ of 30 [Pa].
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Table 3.16: Detailed procedure for the pendulum calibration test (Part 2).

Step Description Performed
Y/N

Date &
time

5. Perform the AE-TB-5m calibration test:
1. Open the ”Pendulum_Calibration_Required_Range_Exploration.vi”
LabVIEW file and the ”DT6200 DAQ Tool”
2. Wait until the displacement has reached its minimum amplitude
and observe wether it remains at this amplitude (1 minute is suf-
ficient). Note that the minimum amplitude depends on the thrust
bench configuration and this value can be determined by analyz-
ing the long term (about 12 hours) behavior of the displacement.
For example, the author found that the minimum amplitude of the
displacement was between is between 10-15 [𝜇𝑚].
3. Start logging the displacement data with the ”DT6200 DAQ
Tool” by clicking ”Protocol” and run LABVIEW by clicking on the
arrow button at the top left of the LabVIEW interface.
4. Wait and observe that the PSU provides the preset current(s)
and that the displacement sensor measures the induced displace-
ment(s). Note that the author had to wait for about 15 minutes.
5. Either wait for the LabVIEW program to stop itself or stop
the program when the preset current(s) has been provided. After
this stop the ”DT6200 DAQ Tool” by clicking ”Stop daq”. Here-
after, localize the stored data and copy the experimental data to
a separate folder or a USB device.

6. Perform the thrust bench test procedure described in Section 4.3.
7. Perform a second AE-TB-5m calibration test!
8. Turn off all the devices described in step 2.

9. Remove the test set-up from the vacuum chamber if no other tests
will be carried out.
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Electrical current and magnetic force

The raw experimental data for the electrical current and voltage that was produced by the SM7020-
D PSU during PCT-11 is presented in Figure 3.13. It can be seen that both the electrical current and
voltage are increased incrementally as expected. Since only the amperage data was needed to obtained
the magnetic force, this was further analyzed as can be seen in Figure 3.14. In the figure the amperage
values were found using the MATLAB function ’findpeaks’. These measured values are compared to
the simulated values in Table 3.17. It can be seen that measured amperage values are consistently
lower (about 0.04[𝐴]) than the simulated amperages, which is about the same offset that was found
by Jansen (2016) [8]. However, this does not impose any problems as the VTDC actuator still provides
a magnetic force range of 0− 2[𝑚𝑁]. The magnetic force was calculated with the amperage data and
Equation 3.1, which is based on the experimental results of Jansen (2016) [8].

𝐹፦ፚ፠፧፞፭።፜ = 0.827[𝑚𝑁/𝐴] ⋅ 𝐼[𝐴] ± 1.31𝑒-2[𝑚𝑁] (3.1)

As mentioned in the introduction of this chapter, the VTDC calibration test was not carried out during
this thesis project due to time constraints. However, this does not impose a problem as the test has
already been performed twice: first by Bijster (2014) [23] who found a sensitivity of 0.833[𝑚𝑁/𝐴],
hereafter by Jansen (2016) [8] who found the sensitivity as presented in Equation 3.1. Because over
the two years the sensitivity value remained within the margin of error, it can be assumed that the
same holds for this thesis project, which was done in 2018. Though it is interesting to investigate a
possible change in the sensitivity of the VTDC actuator, it was concluded that it was not required to
perform the VTDC calibration test.

Figure 3.13: Raw electrical current and voltage data obtained from the SM7020-D during PCT-11 and sampled at a frequency of
100 [Hz].
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Figure 3.14: Filtered electrical current data obtained from the SM7020-D during PCT-11. The standard ’filter’ function of MATLAB
was used: ’a’ was equal to 1 and ’b’ was a 1x100 vector filled with values of 0.01. The blue triangles indicate the found electrical
current values, which was done with the function ”findpeaks” in MATLAB.

Table 3.17: Comparison between the simulated amperage in LabVIEW and the measured amperage that was produced by the
SM7020-D. Furthermore, the simulated induced magnetic force and the real induced magnetic force produced by the VTDC
actuator are included as well.

Simulated
Amperage

Measured
Amperage Difference Simulated

Magnetic Force
Real Magnetic
Force

[𝐀] [𝐀] [𝐀] [𝐦𝐍] [𝐦𝐍]
0 -0.009 0.009 0 0
0.25 0.211 0.039 0.2067 0.1747
0.50 0.462 0.038 0.4135 0.3819
0.75 0.713 0.037 0.6202 0.5895
1.00 0.962 0.038 0.8270 0.7955
1.25 1.212 0.038 1.0337 1.0021
1.50 1.462 0.038 1.2405 1.2087
1.75 1.713 0.038 1.4472 1.4163
2.00 1.963 0.037 1.6540 1.6237
2.25 2.213 0.037 1.8607 1.8300
2.50 2.464 0.036 2.0675 2.0380

Displacement

The raw experimental data for the displacement measured by the CS2 sensor during PCT-11 is presented
in Figure 3.15. It can be seen that the data follows the same pattern as the electrical current of Figure
3.14. However, the data still has fluctuations that need to be reduced, which was done with the MATLAB
function based on a moving average filter: the function ’smooth’ with a span of 1200. The value for
the span was found through trial and error. For example, a span of 1 does not provide any smoothing
of the data, while a span of 5000 does not maintain the shape of the raw experimental data. It can
be seen in Figure 3.16 that the smoothing function with a span of 1200 both reduces the fluctuations
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in the data and maintains the shape of the original data set. Hereafter, the displacement values were
found using the MATLAB function ’findpeaks’, which can be seen in Figure 3.17. Note that the function
is not perfect as some data points were chosen that did not correspond to the peak displacement but
to the baseline displacement. An overview of the results can be found in in Table 3.18. In the table
the average measured displacement values are presented in the first column and the changes in the
average displacement in the third column including the relative uncertainty. These uncertainties are
based on the uncertainty in the the zero baseline displacement value of the second column. The reason
why this was added was because there is a slight fluctuation inthebaseline displacement. It can be seen
in Figure 3.16 that for each displacement peak there is a difference between the baseline displacement
before and after the peak.

Figure 3.15: Raw experimental displacement data from the CS2 sensor in the AE-TB-5m, thrust bench, which was obtained
during PCT-11 and sampled at a frequency of 104 [Hz].

Figure 3.16: Raw experimental displacement data of PCT-11 with the filtered/smoothed superimposed, which was obtained with
the function ’smooth’ using a span of 1200 in MATLAB.
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Figure 3.17: Filtered / smoothed displacement data for PCT-11, where the peaks / plateaus were found and indicated with blue
triangles using the ”findpeaks” function in MATLAB.

Table 3.18: Overview displacement data for PCT-11, which includes the measured displacement, the ’zero’ or baseline uncertainty
and the relative displacement.

𝑋፝።፬፩
Baseline Displacement
Uncertainty Δ፝።፬፩

[𝝁𝐦] [𝝁𝐦] [𝝁𝐦]
2384.4 ± 0.14 16.3 ± 0.87 [%]
2402.8 ± 0.05 34.8 ± 0.15 [%]
2421.9 ± 0.11 54.1 ± 0.21 [%]
2440.4 ± 0.18 72.9 ± 0.25 [%]
2458.8 ± 0.28 91.7 ± 0.30 [%]
2477.1 ± 0.33 110.6 ± 0.30 [%]
2495.2 ± 0.44 129.5 ± 0.34 [%]
2513.6 ± 0.32 148.7 ± 0.21 [%]
2531.8 ± 0.19 167.4 ± 0.11 [%]
2550.0 ± 0.50 186.3 ± 0.27 [%]

Relations

Now that the electrical current, magnetic force, and displacement data have been presented, the
relationship between these data can be established. An overview of the data can be found in Table
3.19. The data sets have been shortened to a current range of 0−1.21[𝐴] and a magnetic force range
of 0 − 1.0[𝑚𝑁], since it was found that the experimental thrust range was between 0 − 1[𝑚𝑁] (see
Section 5.13). The relationship between the (absolute) displacement and the amperage can be found
in Figure 3.19. Note that this relationship was determined with the MATLAB function ”fit” using ”poly1”
as the fit-type, which provides a regression line for input data and includes the Root Mean Square Error
(RMSE). More information about the function can be found by typing ”help fit” in MATLAB. The same
’fit’ function was used to establish the relationship between the (relative) displacement and magnetic
force, which is presented in Figure 3.19. The ’fit’ function also provides the equation for the regression
line, which is also included in the figure. This means that now an equation is available that relates the
change in the pendulum arm displacement with the induced force on the pendulum arm.
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Table 3.19: Overview test data for PCT-11, which includes the measured electrical current and corresponding magnetic force,
the measured displacement and the relative displacement.

𝐼 𝐹፦ፚ፠፧፞፭።፜ 𝑋፝።፬፩ Δ፝።፬፩
[𝐀] [𝐦𝐍] [𝝁𝐦] [𝝁𝐦]
0 0 2367.7 0

0.21 0.17 2384.4 16.3
0.46 0.38 2402.8 34.8
0.71 0.59 2421.9 54.1
0.96 0.80 2440.4 72.9
1.21 1.00 2458.8 91.7

Figure 3.18: Regression line using the absolute displacement and amperage data of PCT-11, which was obtained with the function
’fit’ using ’poly1’ as fit-type in MATLAB.

Figure 3.19: Regression line using the relative displacement and magnetic force data of PCT-11, which was obtained with the
function ’fit’ using ’poly1’ as fit-type in MATLAB.
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Overview results: PCT11-PCT14

All the steps have been explained about how the displacement-force relation was established for PCT-
11. However, it was mentioned before that PCT-11 was done before the thrust bench test TT-04 and
that PCT-12 was done afterwards. This means that the displacement and force data of both PCT-11
and PCT-12 can be combined in order to obtain a more precise displacement-force relation (𝐹ፓፓኺኾ).
The same holds for PCT-13 and PCT-14, which correspond to TT-05. All these relations including
the uncertainty can be found in Table 3.20. It can be seen in the table that the displacement-force
relations are about the same, which demonstrates the repeatability of the AE-TB-5m calibration test.
For example, a Δ፝።፬፩ of 90[𝜇𝑚] results in a 𝐹ፓፓኺኾ of 1.0967[𝑚𝑁] and a 𝐹ፓፓኺ኿ of 1.0952[𝑚𝑁], which is a
difference of merely 0.0015[𝑚𝑁]. Even though this difference is small, the author still recommends to
perform two calibration tests for each thrust bench test (one before and one after), since this ensures
that the set-up has not been damaged in any way during the thrust bench test. Also, each calibration
test only takes about 15 minutes.

The total uncertainty in Table 3.20 consists of the following (using 𝛿ፓፓኺኾ as an example): the ab-
solute error of the VTDC actuator (𝛿ፕፓፃፂ =±1.31𝑒-2[𝑚𝑁]) and the RMSE of 𝐹ፓፓኺኾ (𝛿ፑፌፒፄዅፓፓኺኾ =
±2.4𝑒-3[𝑚𝑁]). Since these errors are dependent, the errors can simply be summed. Also, because the
absolute error is constant, the relative error will become smaller for larger values of Δ፝።፬፩. A visualiza-
tion of this can be found for 𝐹ፓፓኺኾ in Figure 3.20, where the relative error is given for a Δ፝።፬፩ range of
5 − 100[𝜇𝑚], which corresponds to a force range of 0.039 − 1.10[𝑚𝑁]. It can be seen that in order to
keep the error below 10[%] it is required to have minimum Δ፝።፬፩ of 15[𝜇𝑚], which corresponds to a
force of 0.149[𝑚𝑁].

Table 3.20: Overview of the displacement-force relations for PCT-11, PCT-12, PCT-13 and PCT-14. The average relations and
the uncertainties are included as well.

PCT11
𝐹ፏፂፓኻኻ [mN] = 0.010985 [𝑚𝑁/𝜇𝑚] · dx [𝜇𝑚] − 0.0048014 [𝑚𝑁];
with 𝛿ፑፌፒፄዅፏፂፓኻኻ = ± 0.0026186 [𝑚𝑁]

PCT12
𝐹ፏፂፓኻኼ [mN] = 0.011053 [𝑚𝑁/𝜇𝑚] · dx [𝜇𝑚] − 0.0055413 [𝑚𝑁];
with 𝛿ፑፌፒፄዅፏፂፓኻኼ = ± 0.0017349 [𝑚𝑁]

Combined
𝐹ፓፓኺኾ [mN] = 0.011019 [𝑚𝑁/𝜇𝑚] · dx [𝜇𝑚] − 0.0051714 [𝑚𝑁];
with 𝛿ፑፌፒፄዅፓፓኺኾ = ± 0.0023702 [𝑚𝑁]

Uncertainty 𝛿ፓፓኺኾ [mN] = 𝛿ፕፓፃፂ + 𝛿ፓፓኺኾ = ±(1.31𝑒-2 + 2.4𝑒-3) = ±1.55𝑒-2

PCT13
𝐹ፏፂፓኻኽ [mN] = 0.010951 [𝑚𝑁/𝜇𝑚] · dx [𝜇𝑚] − 0.0076817 [𝑚𝑁];
with 𝛿ፑፌፒፄዅፏፂፓኻኽ = ± 0.0017982 [𝑚𝑁]

PCT14
𝐹ፏፂፓኻኾ [mN] = 0.011096 [𝑚𝑁/𝜇𝑚] · dx [𝜇𝑚] − 0.0067317 [𝑚𝑁];
with 𝛿ፑፌፒፄዅፏፂፓኻኾ = ± 0.0009341 [𝑚𝑁]

Combined
𝐹ፓፓኺ኿ [mN] = 0.011024 [𝑚𝑁/𝜇𝑚] · dx [𝜇𝑚] − 0.0072067 [𝑚𝑁];
with 𝛿ፑፌፒፄዅፓፓኺ኿ = ± 0.0054494 [𝑚𝑁]

Uncertainty 𝛿ፓፓኺ኿ [mN] = 𝛿ፕፓፃፂ + 𝛿ፓፓኺ኿ = ±(1.31𝑒-2 + 5.4𝑒-3) = ±1.85𝑒-2

3.3.5. Summary
Looking back at Table 3.13, all the success criteria have been met: the measurement data of the
displacement and electrical current have been stored, each increase in amperage resulted in an increase
of the average displacement and it was demonstrated that the AE-TB-5m calibration test is repeatable.
This means that test can be concluded successful. This also indicates that the goal stated in Subsection
3.3.1 has been achieved. The relationship between the change in pendulum arm displacement and the
magnetic force of the VTDC was established for TT-04 and TT-05:

𝐹ፓፓኺኾ[𝑚𝑁] = 0.011019[𝑚𝑁/𝜇𝑚] ⋅ Δ፝።፬፩[𝜇𝑚] − 0.0051714[𝑚𝑁] (3.2)

𝐹ፓፓኺ኿[𝑚𝑁] = 0.011024[𝑚𝑁/𝜇𝑚] ⋅ Δ፝።፬፩[𝜇𝑚] − 0.0072067[𝑚𝑁] (3.3)
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Figure 3.20: Total relative error (ᎨᑋᑋᎲᎶ) for the average displacement-force relation ፅᑋᑋᎲᎶ for a relative displacement (ጂᑕᑚᑤᑡ)
range of ኿ ዅ ኻኺኺ[᎙፦].

As for the recommendations, the author found many:

• Before doing the calibration test, read through the thesis works of Bijster (2014) [23] and Jansen
(2016) [8], since these theses provide a more in depth explanation about the AE-TB-5m, the
VTDC and the calibration test.

• When preparing the test set-up, use measurement tools (e.g. a digital caliper) to ensure that: the
center of the magnetic holder is aligned with the center axis of the VTDC, and that the distance
between the magnetic holder and the high-turn-density-side of the VTDC is 7[𝑐𝑚]. Any deviation
results in a change of the VTDC sensitivity.

• When performing the calibration test, always stay within the specified range of the CS2 sensor.
Though the sensor has an actual range of 0 − 5[𝑚𝑚], it has only been calibrated for a range of
0 − 2[𝑚𝑚].

• Perform two calibration tests for each thrust bench test (one before and one after), since this
ensures that the set-up has not been damaged in any way during the thrust bench test.

• Purchase and integrate a rotary spring with lower spring stiffness in the test set-up. This will
shorten the measurable thrust range and increase the accuracy, while maintaining a resistance
against disturbances.

• Purchase a set of rotary springs with each having a different spring stiffness. This increases the
flexibility of the thrust bench as this enables the user to choose for different thrust ranges and
corresponding accuracies.
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3.4. AE-TB-5m 𝐹𝐶𝐹 Test
In this section the AE-TB-5m 𝐹𝐶𝐹 test is described. First, in Subsection 3.4.1 the test plan is described,
which includes the goal of the test, the measured parameters and the success criteria. The test set-up,
procedure and results are presented in Subsection 3.4.2.

3.4.1. Test plan
Purpose and relevant parameters

In this test the vertical distance (height) between the pendulum pivot and both the CS2 sensor and
the nozzle exit of the MEMS-VLM chip will be measured. This is because the magnetic force produced
by the VTDC actuator is applied at the same height of the of CS2 sensor, but the thrust force of the
MEMS-VLM chip is located lower respectively. This means that arm w.r.t. the pendulum pivot is larger
for the thrust force compared to the magnetic force. Therefore a force correction factor (𝐹𝐶𝐹) will be
needed to determine the actual thrust for the thrust bench test.

Success criteria

In order to determine if the test was considered successful, a few success criteria were created, which
are presented in Table 3.21.

Table 3.21: Success criteria for the AE-TB-5m ፅፂፅ test.

Criteria Test Acceptance

SC-fr-01
The vertical distance between the pendulum pivot and the center of the CS2 sensor
has been measured.

SC-fr-02
The vertical distance between the pendulum pivot and the nozzle exit of the MEMS-
VLM chip has been measured.

3.4.2. Test set-up, procedure and results
For performing this test only two items were required: the AE-TB-5m thrust bench with the 1st gen.
interface integrated at the bottom of the pendulum arm and a measuring tool. The tool that was
used to perform the measurements was a digital caliper (Mitutoyo Absolute). The test was considered
successful as it was found that:

• The vertical distance between the pendulum pivot and the center of the CS2 sensor was: 179.66[𝑚𝑚].
• The vertical distance between the pendulum pivot and the nozzle exit of the MEMS-VLM chip was:
245.07[𝑚𝑚].

• With these distances, the force correction factor 𝐹𝐶𝐹 was determined to be: 0.7331[−].





4
Nitrogen Thrust Bench Test - Plan,

Set-up & Procedure

In this chapter all the required information for performing the nitrogen thrust bench test is described in
detail. First, in Section 4.1 the test plan is presented, which includes the goal of the test, the relevant
parameters, the expectations of the test and the success criteria. Hereafter, the test set-up and test
procedure are presented in Sections 4.2 and 4.3, respectively.

4.1. Test Plan
4.1.1. Purpose
Since the nitrogen thrust bench test is the main test, the purpose of this test is to help answer the
main research question and meet the main objective and some sub-goals presented in Section 1.2.
Therefore, with the experimental results of this test a relationship will be established between the
throat Reynolds number and the nozzle performance. Furthermore, the test will provide insight about
the highest achievable Reynolds number for the current test set-up. Another subgoal was making the
test reproducible, which is a reason why a detailed test set-up and test procedure will be given in this
chapter. Finally, it was a subgoal to provide recommendations about the test procedure (and set-up),
the design of the 1st gen. interface, the design of the 3rd gen. MEMS-VLM chip and the operating
conditions (e.g. input pressure).

4.1.2. Relevant parameters
In order to calculate the nozzle performance parameters (𝐶፝,𝜉ፅ,𝜉፬ and 𝜉፛), Equations 2.1-2.12 are
needed, which were already explained in Subsection 2.2.1. These equations were implemented in
MATLAB and an overview of all the parameters can be found in Figure 4.1. It can be seen in the figure
that the blocks of the flow chart are colored differently: the three upper blocks are blue and represent
the required input data, while the other green blocks represent the calculated / output data. The blue
block with ”Measured Parameters” will be determined with the experimental results of the thrust bench
test presented in Section 5. From the ”Measured Parameters” (and the NIST data base [1]) the blue
block with ”Propellant Properties” will be determined and this is presented later on in Table 6.1. As
for the blue block with ”Nozzle Geometry”, this was already determined in Table 3.11 in Subsection
3.2.4. When all the blue input data blocks are known, the green blocks ”Theoretical Parameters”,
”Experimental Parameters”, ”Reynolds Number” and ”Performance Parameters” will be determined.

4.1.3. Expectations
In this subsection it is calculated (using ideal rocket theory and corrections) what can be expected
from the nitrogen thrust bench test. As mentioned before, during the thrust bench test the ”Measured
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Figure 4.1: Overview of all the parameters needed for determining the nozzle performance. The flowchart represents the
calculations that were made in MATLAB, where the top three blue blocks represent the required input parameters and the other
green blocks represent the calculated / output parameters.

Parameters” of Figure 4.1 will be determined, which includes the ambient pressure (𝑃ፚ), the chamber
pressure (𝑃፜), the chamber temperature (𝑇፜), the mass flow (�̇�) and the thrust force (𝐹). From
these parameters, 𝑃፜ will be used as a control variable and 𝐹 and �̇� are the corresponding dependent
variables. It was chosen not to use 𝑇፜ as a control variable since this would add complexity to the
test set-up. This means that 𝑇፜ can be assumed to be equal to a normal temperature (293.15[𝐾]).
Note that for future tests, it is recommended that the effect of this parameter is explored as well. As
for 𝑃ፚ this will be controlled by turning on the pump connected to the vacuum chamber during the
whole test. It was found through experimentation that a (near-vacuum) pressure of 30[𝑃𝑎] could be
achieved within fifteen minutes with the current set-up. Coming back to 𝑃፜, it was initially planned
to vary this between 2[𝑏𝑎𝑟] and 6[𝑏𝑎𝑟]. However, for the experiments this range was reduced to
2 − 5[𝑏𝑎𝑟] in order to ensure no leakage would occur. Now all the information is complete that is
needed to apply ideal rocket theory and calculate the ideal mass flow ((�̇�)።፝፞ፚ፥), thrust ((𝐹)።፝፞ፚ፥) and
specific impulse ((𝐼፬፩)።፝፞ፚ፥), which can be seen in Table 4.1. It can also be seen that the corrected
values (see Subsection 2.2.2) are included in the table as well, which are based on divergence loss,
the loss factor due to viscous effects (Spisz et al., 1965) [9] and boundary layer formation in the nozzle
throat (Tang and Fenn, 1978) [17]. Note that the nozzle divergence angle was already determined to
be 20.5[°] (see Table 3.11). Furthermore, comparisons between the ideal values and corrected values
are presented in Figures 4.2-4.4.

Table 4.1: Overview of the expected results based on ideal rocket theory for the thrust bench test for the 01-LS2-02 chip, where
a pressure range of ኼዅዀ[፛ፚ፫], a constant chamber temperature of ኼዃኽ.ኻ኿[፤] and a constant ambient pressure of ኽኺ[፩ፚ] were
used. Note that the corrected values are based on divergence loss, viscous loss and boundary layer loss.

𝑃፜ 𝑃ፚ 𝑇፜ (�̇�)።፝፞ፚ፥ (�̇�)፜፨፫፫. (𝐹)።፝፞ፚ፥ (𝐹)፜፨፫፫. (𝐼፬፩)።፝፞ፚ፥ (𝐼፬፩)፜፨፫፫. (𝑅፞)።፝፞ፚ፥
[𝐛𝐚𝐫] [𝐏𝐚] [𝐊] [𝐦𝐠/𝐬] [𝐦𝐠/𝐬] [𝐦𝐍] [𝐦𝐍] [𝐬] [𝐬] [−]

2 30 293.15 0.66 0.62 0.48 0.27 74.69 44.40 876
3 30 293.15 0.98 0.94 0.72 0.46 74.73 49.73 1315
4 30 293.15 1.31 1.26 0.96 0.66 74.73 52.89 1755
5 30 293.15 1.64 1.59 1.20 0.86 74.72 55.04 2200
6 30 293.15 1.97 1.91 1.44 1.06 74.70 56.62 2637
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Figure 4.2: Expected mass flow for the 01-LS2-02 chip for a pressure range of ኼ ዅ ዀ[፛ፚ፫], constant chamber temperature
of ኼዃኽ.ኻ኿[፤] and constant ambient pressure of ኽኺ[፩ፚ]: ideal rocket theory and corrections based on throat boundary layer
formation (Tang and Fenn, 1978) [17].

Figure 4.3: Expected thrust force for the 01-LS2-02 chip for a pressure range of ኼ ዅ ዀ[፛ፚ፫], constant chamber temperature
of ኼዃኽ.ኻ኿[፤] and constant ambient pressure of ኽኺ[፩ፚ]: ideal rocket theory and corrections based on throat boundary layer
formation (Tang and Fenn, 1978) [17], divergence loss and viscous loss (Spisz et al., 1965) [9].
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Figure 4.4: Expected specific impulse for the 01-LS2-02 chip for a pressure range of ኼዅዀ[፛ፚ፫], constant chamber temperature
of ኼዃኽ.ኻ኿[፤] and constant ambient pressure of ኽኺ[፩ፚ]: ideal rocket theory and corrections based on divergence loss and viscous
loss (Spisz et al., 1965) [9].

4.1.4. Success criteria
In order to determine if the test was considered successful, success criteria were created, which are
presented in Table 4.2.

Table 4.2: Success criteria for the thrust bench test.

Criteria Test Acceptance
SC-TT-01 Measurements of 𝑃ፚ, 𝑃፜, 𝑇፜, (�̇�)፞፱፩, (𝐹)፞፱፩ were made and documented.
SC-TT-03 Higher values of 𝑃፜, result in higher values of (�̇�)፞፱፩ and (𝐹)፞፱፩.
SC-TT-04 No leakage has occurred during the thrust bench test.

SC-TT-05
It has been proven that there was no leakage detected by the mass flow controller,
both before and after the thrust bench test.

SC-TT-06 It has been demonstrated that the thrust bench test is repeatable.

4.2. Test Set-up
The equipment needed to properly perform the nitrogen thrust bench test is elaborated in this sec-
tion. First in Subsection 4.2.1 the propellant feed system is described. Hereafter, in Subsections 4.2.2
and 4.2.3 information about the Brooks mass flow controller and the Lee Company’s solenoid valve is
presented, respectively. This is followed by the pressure/temperature sensos that was integrated in
the 1st gen. interface, which can be found in Subsection 4.2.4. As for explanations about the vacuum
chamber, pressure sensor and vacuum pump, these are all presented in Subsection 4.2.5. Further-
more, the cleanroom computer and the DAQs are described in Subsection 4.2.6, while the AE-TB-5m
pendulum thrust bench is described in Subsection 4.2.7. Finally, a summary is given in Subsection
4.2.8.
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4.2.1. Propellant feed system
In this subsection relevant information is given regarding the propellant feed system that was used for
the thrust bench test. This includes all the elements of the feed system through which the nitrogen gas
passed through. This is between the N2 storage bottle the fluidic input of the 1st gen. interface. To
start off, the same General Purpose Feed system (GPF) was used that Van Wees (2017) [3] and Jansen
(2016) [8] used to provide nitrogen gas for their thrust bench tests with the 2nd gen. MEMS-VLM
chip and T3𝜇PS, respectively. As can be seen in Figure 4.5 the GPF includes many elements. At the
backside of the GPF a N2 storage bottle that contains 10 liter nitrogen at 200[𝑏𝑎𝑟] is present, which
is connected to the line-in rotary valve. In case the storage bottle does not have sufficient amount of
pressurized nitrogen, a request for a new bottle should be sent to ”𝑔𝑎𝑠𝑠𝑒𝑛𝑡𝑒𝑎𝑚𝑓𝑚𝑣𝑔@𝑡𝑢𝑑𝑒𝑙𝑓𝑡.𝑛𝑙”,
who will send an employee to replace the bottle.

(a) Front view with a description of the components [8]. (b) Back view with the N2 bottle.

Figure 4.5: Front and back view of the GPF.

When the valve of the N2 storage bottle and the line-in rotary valve are opened, it will result in nitrogen
gas flowing through the pressure gauge and the pressure regulator. The (analogue) pressure gauge can
display a 0 − 315.0[𝑏𝑎𝑟] range and has an accuracy of ±2.5[𝑏𝑎𝑟]. The (analogue) pressure regulator
can control a range of 0 − 16.0[𝑏𝑎𝑟] with an accuracy of ±0.25[𝑏𝑎𝑟]. Note that Jansen (2016) [8]
detected a small leak between the line-in rotary valve and the shut-off valve: both valves were closed
but the pressure gauge yet indicated a slow decrease in pressure over time. A solution for this leak
could not be found as the leak could not be localized. Thus, in order to prevent the de-pressurization
of the N2 storage bottle, it is important when no nitrogen flow is needed to close the N2 storage bottle
valve, the line-in rotary valve and the shut-off valve.

When the shut-off valve is also opened, the nitrogen gas can flow to either a line with or without a
mass flow controller, depending on which of the three flow path selectors is open. More details about
the utilized mass flow controllers are presented in Subsection 4.2.2. A flexible tube with a diameter
of 4[𝑚𝑚] is then connected between the mass flow controller and the ”GN2” feedthrough (outside) of
the vacuum chamber using Legris 4 5/32 push-in fittings, which can be seen in Figure 4.6. Note that
the pressure/temperature sensor that is displayed in the figure was not used during the thrust bench



60 4. Nitrogen Thrust Bench Test - Plan, Set-up & Procedure

test because this data was not needed.

(a) Connection between the tube and the mass
flow controller.

(b) Tube connected to the vacuum chamber’s
”GN2” feedthrough channel.

Figure 4.6: Tubing between the mass flow controller and the ”GN2” feedthrough channel of the vacuum chamber using Legris
4 5/32 push-in fittings. Note that the pressure/temperature sensor was not used as the data for this location was not required
for determining the thrust performance.

The feedthrough (inside) of the vacuum chamber has a Swagelok SS-QC4-D-400 fitting, which is made
to quickly and easily (dis)connect with other Swagelok fittings. Attached to this fitting, is the combined
Swagelok SS-QC4-B-400 fitting and SS-400-R-1 adapter, which can be seen in Figure 4.7. Further-
more, a tube with a measured outer diameter of 2.0[𝑚𝑚] goes from the Swagelok adapter to the Lee
Company’s 062 MINSTAC - LFA Tubing Adapter (see Figure C.5). Note that the measurement was done
using the Mitutoyo Absolute digital caliper and the reason why it was measured was because the di-
ameter of the tube was unknown as there was no data sheet or purchase order data available. Also, it
can be seen that blue tyraps were added to prevent the connections from detaching at high pressures
reaching 7[𝑏𝑎𝑟]. Although this approach sufficiently helped in preventing the detachment, it was an
improvised solution. It is therefore recommended that more suitable components are purchased and
implemented, which are also designed to operate at pressures reaching 7[𝑏𝑎𝑟] or higher.

The tube with the Lee Company’s 062 MINSTAC - LFA Tubing Adapter was connected to the Lee
Company’s ”VHS-M/M-24V” solenoid valve as presented in Figure 4.8. More details about the solenoid
valve are presented in Subsection 4.2.3. It can be seen that at the other side of the solenoid valve
another tube with a fitting is connected: the Lee Company’s 062 MINSTAC fitting system (see Figures
C.3 & C.4), which consists of a 0.062 inch (1.57[𝑚𝑚]) O.D. Teflon® tube that has two 0.138-40 UNF
nozzles at each fitting end. As can be seen in Figure 4.9, the tube is configured in a certain manner:
the tube is first taped to the Boikon profile support pillar, subsequently looped once in the air and
taped to the pendulum cross beam, after which it is rotated (and taped) downwards the pendulum
arm. Introducing this loop greatly reduced the drift in the displacement of the pendulum sensor target
(see Appendix E.1). It can also be seen that same configuration was done with the electrical wiring
of the pressure/temperature sensor, which shall be explained in more detail in Subsection 4.2.4. Note
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(a) Connection between the tube and the vacuum
chamber’s ”GN2” feedthrough channel.

(b) Connection between the tube and the tube
adapter.

Figure 4.7: Connection between the vacuum chamber’s ”GN2” feedthrough channel and the Lee Company’s ”062 MINSTAC - LFA
Tubing Adapter”. Note that the blue tyraps were needed to prevent the connections from detaching at the high pressures up to
7 [bar].

that there is a small difference: the electrical wires make a complete loop, while the fluidic tube makes
a partial loop.

(a) Solenoid valve as used in the thrust bench test. (b) Two close-up side views of the solenoid valve.

Figure 4.8: The Lee Company’s ”VHS-M/M-24V” solenoid valve as used in the thrust bench test with the 062 MINSTAC - LFA
Tubing Adapter connected to one side and the 062 MINSTAC fitting system connected to the other side, which can be seen in
(a). Close-up views are presented in (b). Note that the valve is designed to have a flow in only one direction: the side with the
contact pins is the inlet port and the opposite side is the outlet port.

Finally, the other fitting end of the Lee Company’s 062 MINSTAC fitting system is used to connect to the
last part of the feed system: the Lee company’s ’062 MINSTAC to 125/156 MINSTAC Adapter’, which is
integrated in the fluidic input of the 1st gen. interface (see Figure 4.14a) with added silicone to reduce
the leakage.

4.2.2. Mass flow controller
In this subsection information is given regarding the mass flow controller that was used during thrust
test. Note that even though this device is a mass flow controller, which means that it has the ability
to control the mass flow, it was only used as a mass flow sensor. The reason for this was that the
controlling function of the device did not produce stable mass flow values, whereas using the pressure
regulator as a controller did result in stable mass flow values. This is why the mass flow controller was
used in its sensing mode, while the pressure regulator was used as a controller. Switching from the
controlling mode to the sensing mode can simply be done activating the valve-override function, which
shall be explained later in this subsection.
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(a) View from inside the vacuum chamber.

(b) Side view of the AE-TB-5m removed from the test set-up.

(c) Side view of the AE-TB-5m removed from the test set-up.

Figure 4.9: ’Loop’ configuration of the fluidic tube and the electrical wires of the pressure/temperature sensor. Both the tube
and wires are: rotated and taped around the pendulum arm, taped on the pendulum cross-beam, looped in the air and taped
to the (Boikon profile) support pillar. Note that fluidic tube makes a partial loop and the electrical wires make a complete loop.
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To start off, three mass flow controller are available in the cleanroom that were purchased from the
company Brooks Instrument BV and all were calibrated for nitrogen gas. One Brooks 5851S mass
flow controller is stored in the locker of the micro-propulsion group and two Brooks 5850S mass flow
controllers are integrated in the GPF as was displayed in Figure 4.5. A close-up of the two devices in
the GPF can be found in Figure 4.10.

(a) The Brooks 5850S (/BC 1K A 1 A A0 B B 1 B1)
mass flow controller that has a range of 0-2000
[mln/min] and was used for the thrust bench test.

(b) The Brooks 5850S (/BC 1K A 1 B A0 B A 1
B1) mass flow controller that has a range of 0-144
[mln/min]. Note that this controller was not used
for the thrust bench test.

Figure 4.10: The Brooks mass flow controllers that were integrated in the GPF. Note that the label of the mass flow controller
in the right picture is clear, while the label of the other mass flow controller has faded.

It can be seen in Figure 4.10 that the mass flow controller that was used for the thrust bench test
has a label that is partly faded, which is why some data about this device is unknown. For example,
it is not known what the required operating pressure is for using the controlling function. Also, the
serial number of the mass flow controller is unknown. When a call was made to the company Brooks
Instrument BV in order to retrieve information (e.g. most recent calibration date) about the device,
the serial number was necessary to search in their data base. Thus, it is advised to send the device to
the company in order to both recover the missing data and recalibrate the mass flow controller.

Fortunately, the missing data did not inhibit the usage of the mass flow controller for the thrust bench
test as sufficient information was available. An overview with the specifications of the device is pre-
sented in Table 4.6. The mass flow controller is a Brooks 5850S model and has a configuration code of
BC 1K A 1 A A0 B B 1 B1, which for example indicates that this device has a fast response time that is
smaller than 0.2[𝑠]. More information about this configuration code can be found in the manual [25].
Furthermore, the device has a 0 − 5[𝑉] measurement/control signal for a measuring/control range of
0 − 2000[𝑚𝑙𝑛/𝑚𝑖𝑛], where the unit is in milliliters per minute and the letter ’n’ indicates that the cali-
bration with nitrogen gas was done at normal conditions, which means at a temperature of 0[°𝐶] and a
pressure of 1[𝑎𝑡𝑚] [25]. Since the measurement read out is in normal volumetric flow (�̇�) [mln/min],
conversion to mass flow [kg/s] for all measurement data is done by using the density of nitrogen at
normal conditions (𝜌ፍኼᑟ), which is 1.2498[𝑘𝑔/𝑚ኽ]. This is because the device is a thermal mass flow
meter, which functions based on a specific working principle. The working principle is best explained
with Figure 4.11 and Equation 4.1.
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Table 4.3: Overview of the Brooks 5850S mass flow controller. Note that ’% F.S.’ stands for the percentage of the Full Scale (or
measurement range of the device) and ’% S.P.’ stands for the percentage of the Set Point (or measured value).

Model Type /
Configuration Code

Brooks 5850 S /
BC 1K A 1 A A0 B B 1 B1

Measured Parameter Volumetric flow rate: �̇� [mln/min]

Range & Accuracy
0 − 2000 [mln/min]
± 0.2% of F.S. or
± 0.7% of S.P.

Measurement/Control
Signal 0 − 5 [𝑉]

Warm Up Time
45 minutes to reach specified accuracy.
Note: a warm up time of 10 minutes or
smaller, will result in a ± 1.0% of F.S.

Repeatability ± 0.25% of S.P.
Stability Smaller than ± 0.5% of S.P. per year
Last Time Calibrated Unknown
Response Time <0.2 [s]

Figure 4.11: Working principle of a thermal mass flow meter as done by the Brooks 5850S mass flow controller [25].

Δ𝑇 = 𝐴 ⋅ 𝑃 ⋅ 𝐶𝑝 ⋅ �̇� (4.1)

Where:

• Δ𝑇 is the temperature difference between T1 and T2 [𝐾]

• 𝐴 is the constant of proportionality [𝑠ኼ ⋅ 𝐾ኼ/𝑘𝐽ኼ] (defined by Brooks [25])

• 𝑃 is the heater power [𝑘𝐽/𝑠]
• 𝐶𝑝 is the specific heat of the gas at constant pressure [𝑘𝐽/𝑘𝑔 ⋅ 𝐾]

A small part of main mass flow goes through a very narrow bypass tube that is thin-walled and made
from stainless steel, which is displayed in Figure 4.11. In the middle of the bypass tube is a heater
that provides constant power and there are two temperature sensors present. One temperature sensor
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(T1) is upstream and the other sensor (T2) is downstream w.r.t. the heater. When there is no flow,
both temperature sensors will measure the same temperature because both sensors will obtain the
same amount of heat from the heater. In this case it would mean that Δ𝑇 in Equation 4.1 is zero,
which also means that �̇� is zero. When there is a nitrogen gas flow, the gas will prevent the heat from
reaching 𝑇1 and carry all the heat that is generated by the heater to 𝑇2. This results in a temperature
difference between 𝑇1 and 𝑇2, which is converted to a electrical signal using the bridge circuit and
amplifier. This temperature difference is directly proportional to the nitrogen mass flow as can be
seen in Equation 4.1. Also, 𝐶𝑝 is the only parameter that is influenced by pressure and temperature
differences. However, the influence of temperature and pressure changes on 𝐶𝑝 is very small and thus
neglected. For example, an employee of the company Brooks Instrument BV stated that changing the
pressure from 1[𝑏𝑎𝑟] to 5[𝑏𝑎𝑟] would only result in an added measurement uncertainty of ±0.39[%].
Now that the working mechanism has been explained, information about the connection with the
cleanroom computer shall be explained. The mass flow controller has a 15 pin D-type male connector
(See Figure B.1) and is via a DB-cable 15M/F (see Figure 4.6a) connected to a new Printed Circuit
Board (PCB) as can be seen in Figure 4.12. It can also be seen that the previous configuration of the
DB-cable 15M/F was chaotic. Therefore, the new PCB was created, which was done with the help of
the current cleanroom manager: Sevket Uludag. Apart from looking more orderly, the new PCB came
with a few more advantages. Previously, a big power supply unit was needed to power the mass flow
controller, while now only a small adapter (Voltcraft FPPS: 24[𝑉𝑑𝑐], 0.75[𝐴]) can be plugged in the
PCB connection (see Figure B.4) to provide power. Furthermore, it was mentioned before that the
mass flow controller can be switched from the controlling mode to the sensing mode by activating the
valve-override function, which fully opens the valve inside the mass flow controller. This valve-override
function can be induced by sending a constant 5[𝑉] signal to PIN 12 of the 15 pin D-type male connector
(See Figure B.1). Previously, this was done a second power supply unit, while now simply the voltage
divider on the new PCB can be switched on (See Figure B.2). Looking again at Figure 4.12a, it can
be seen that four wires are connected between the new PCB and the NI CB-68LP breakout board.
Two wires are connected to pin 2 (”Flow Signal[V](0)+”) and pin 10 (”FlowSignal(0)-”), which together
provide the signal for the volumetric flow rate measurement. Alhough not used for this thrust test, the
other two wires are connected to pin 1 (”SetPoint CommonInput(0)-”) and pin 8 (”SetPoint[V](I)+”),
which together can be used to the control the volumetric flow rate. Note that the NI CB-68LP breakout
board that is connected to the cleanroom computer shall be explained in more detail in Subsection
4.2.6.

(a) Improved connection of the DB-cable 15M/F. (b) Previous connection of the DB-cable 15M/F.

Figure 4.12: Previous and current configuration of the DB-cable 15M/F. Previously, the cable was cut open in order to connect the
wires to the NI CB-68LP breakout board. Currently, the cable is connected to the new PCB from which four wires are connected
to a second NI CB-68LP breakout board.

4.2.3. Solenoid valve
The VHS-M/M-24V solenoid valve that was mentioned in Subsection 4.2.1 (see Figure 4.8) was pur-
chased from the Lee Company, which is a company that focusses on micro-fluidic systems. This solenoid
valve was needed as it enabled easy control over the thrust bursts: thrust (de)activation was simply
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done with the push of a button in the LabVIEW interface. Without the solenoid valve, the only option
to control the thrust bursts would be to manually open/close the shut-off valve or flow path selector of
the GPF. Also, it is likely that the solenoid valve will be used for the propulsion system of the Delfi-PQ
satellite.

The solenoid valve, and actually every component provided by the Lee Company, is quite fragile and
thus needs to be handled with extreme care at all times. For example, it is mentioned in the specification
sheet in Figure C.2 that when connecting a (.138-40 UNF) fitting to the ports of the solenoid valve, the
fitting must be tightened with a torque between 0.035 and 0.07[N·m] while holding the port. Else the
torque will be induced on that valve body, which will result in damage to the valve. For this specific
purpose the MINSTAC torque wrench (see Figure C.1) was ordered that is able to fasten fittings to ports
of the solenoid valve with a torque of 0.035 or 0.07[N·m]. Note that extensive usage of the wrench
causes wear, which results in lower torque values. In Figure C.2 it can also be seen that one port of
the solenoid valve is the inlet and the other port the outlet. This needs to be taken into account when
connecting the fittings as the flow is designed to only move in one direction. Furthermore, the solenoid
valve has an allowed operating pressure range between 0 and 8.27[𝑏𝑎𝑟]. An overview of important
specifications of the solenoid valve is presented in Table 4.4.

It can be seen in Table 4.4 and Figure C.2 that in order to operate the valve, a specific operating
sequence is needed. First, a spike voltage of 24[𝑉] needs to be applied for a duration of 0.35− 2[𝑚𝑠].
Hereafter, a constant voltage of 3.2[𝑉] needs to be sustained. In case needed, the Lee Company also
provides the same type of valve with different operating voltages: 12[𝑉] spike and 1.6[𝑉] constant.
The required voltages were provided by two Power Supply Unit (PSU): the Delta Elektronika E 030-1
and the Delta Elektronika D 030-1), which are presented in Figure 4.13a. These PSU were connected
to the input channels of the Lee Company’s Spike & Hold Driver, which is presented in Figures C.7 and
C.6. The output channel of the driver provides an output voltage that can be rapidly switched between
the voltage level of one PSU and the other. It can be seen in Figure 4.18 that the driver’s output
channel is connected to the ”Experiment” feedthrough (outside) of the vacuum chamber via two wires.
As will be explained in Subsection 4.2.5 the vacuum chamber has many feedthrough channels and each
channel has been labeled with a different name. The ”Experiment” feedthrough (inside) of the vacuum
chamber has a D-sub 9 connector through which the voltages to the solenoid valve are provided via
two wires as presented in Figure 4.13b. Note the D-sub 9 connector also has other wires that are
connected to a different power supply unit: the Delta Elektronika SM7020 (see Figure 3.12). It was
intended that these wires would be used to provide power to the heaters of the 3rd gen. MEMS-VLM
chip, but the heaters were not used during this thesis project due time constraints.

Table 4.4: Overview of the Lee Company’s ”VHS-M/M-24V” solenoid valve.

Model Type VHS-M/M-24V
Operational
Pressure Range 0-120 [psig] (=0-8.27 [bar])

Designed Flow
Direction

From the inlet port to the outlet port as displayed in Figure
C.2.

Port Connection
Type .620 Lee MINSTAC Boss

Required Torque
A torque between 0.035-0.07 [𝑁 ⋅𝑚]. Note that it is highly
recommended to use the MINSTAC torque wrench when
connecting the fittings to the ports.

Required Oper-
ating Sequence 1. Induce a 24 [V] spike voltage between 0.35 and 2 [ms].

2. Reduce the voltage to a constant value of 3.2 [V]. (Note
that this is the recommended value and that 4.5 [Vdc] is
the maximum)
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(a) Power supply units that are connected to the ”Ex-
periment” feedthrough channel. The upper unit (Delta
Elektronika E 030-1) should be set at 24 [V] and the
lower unit (Delta Elektronika D 030-1) at 3.2 [V].

(b) Set-up in the vacuum chamber: the left marked
area indicates the ”Experiment” feedthrough channel
connector from which two wires are connected to the
solenoid valve in the right marked area.

Figure 4.13: Power supply units and the connections to the ”Experiment” feedthrough channel , which are needed to provide
the voltages to the Lee Company’s solenoid valve.

4.2.4. Pressure/temperature sensor
The MS5837-30BA pressure/temperature sensor was purchased from the company TE Connectivity and
integrated in the 1st gen. interface, which was explained in Subsection 2.1.2. The reason why this
sensor was required, was because it was able to measure two important parameters: 𝑃።፧፭ and 𝑇።፧፭.
These two parameters best represent the gas conditions (𝑃፜ and 𝑇፜) in chamber of the 3rd gen. MEMS-
VLM chip before the gas flows through the nozzle. It was shown in Table 4.5 that different accuracies
apply for different measurement ranges. For example, during the thrust bench test the pressure was
within the range of 0 and 6[𝑏𝑎𝑟] and the temperature was within the range of 0 and 25[°C]. This
means that the corresponding accuracies were ±0.05[𝑏𝑎𝑟] and ±1.5[°C], respectively.

Table 4.5: Overview of the TE Connectivity’s MS5837-30BA pressure/temperature sensor [22].

Model Type MS5837-30BA
Measured Parameters Absolute pressure: 𝑃።፧፭ [bar]

Temperature: 𝑇።፧፭ [°𝐶]
Ranges & Accuracies - 𝑃።፧፭ 0 − 6 [bar] ± 0.05 [bar],

0 − 20 [bar] ± 0.1 [bar],
0 − 30 [bar] ± 0.2 [bar],
For 0<𝑇።፧፭<40 [°𝐶]

Ranges & Accuracies - 𝑇።፧፭ 0 − 25 [°𝐶] ± 1.5 [°𝐶],
0 − 60 [°𝐶] ± 2.0 [°𝐶],
-20 − 85 [°𝐶] ± 4.5 [°𝐶],
For 0<𝑃።፧፭<10 [bar]

Protocol 𝐼ኼ𝐶

As mentioned before in Subsection 4.2.1 (see Figure 4.9c), the electrical wiring was configured the
same as the fluidic tube: it was rotated around the pendulum arm, taped on the pendulum cross-
beam, looped in the air and taped to the support pillar. This configuration of the electrical wires (and
fluidic tube) greatly reduces the amount of displacement drift measured by the CS2 displacement sensor
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about which more information is provided in Subsection 4.2.7. However, the length of the electrical
wires or sensor cable was limited and could therefore not be connected with the Data Acquisition
System (DAQ) directly. For this reason, an (F/M) extension cable was created. The sensor cable has a
4-pin male connector at its end, which was connected with the female connector of the extension cable.
This connection can be seen in the marked area of Figure 4.15. The blue tape was applied because
slight movements in the connection resulted in a signal loss error and subsequently in a shutdown of
the LabVIEW program. This indicates that this connection still has some room for improvement. The
4-pin male connector of the extension cable was plugged into the breadboard ports J60 up to J63 as
can be seen in Figure 4.16. Note that the red wire needs to be plugged into port J60, else LabVIEW will
not be able to run as it will give an error message. From this breadboard a connection was made to the
DAQ and subsequently the cleanroom computer, which shall be explained in more detail in Subsection
4.2.6.

(a) View of the side with the fluidic input. (b) View of the side with the sensor.

Figure 4.14: View of the fluidic input and pressure/temperature sensor of the 1st gen. interface as used during the thrust bench
test.

(a) Breadboard without the extension cable. (b) Breadboard with the extension cable.

Figure 4.16: The breadboard in which the extension cable for the pressure/temperature sensor was plugged in. It was connected
to port codes J60 up to J63, where the red wire was connected to port J60. Note that in the near future usage of this type of
breadboard in the vacuum chamber will be prohibited according to new rules regarding maximum allowable outgassing.
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Figure 4.15: Cable of the pressure/temperature sensor connected to the extension cable on the pendulum cross beam as can
be seen in the marked area. Note that the (blue) tape was necessary to prevent small movements of the connection, since this
would result in errors in the LabVIEW program.

4.2.5. Vacuum chamber, pressure sensor and vacuum pump
As mentioned before, the thrust bench test was done inside a vacuum chamber: the Heraeus Vacutherm
vacuum oven as presented in Figure 4.17. The reason why it is called a vacuum oven is because it
has the ability to add heat to the environment inside the chamber, although this function was not used
for the thrust bench test. It was also stated before that the vacuum chamber has many feedthrough
channels for electrical wires, fluidic tubes etc. Each feedthrough channel has been labeled and this can
be seen in Figure 4.18. More information about the Heraeus Vacutherm can be found in the manual
[26].

Creating a vacuum environment inside the vacuum chamber was achieved using the Vacuubrand’s RZ
6 rotary vane vacuum pump. This vacuum pump, which is presented in Figure 4.19, is owned by the
micro-propulsion team and is able to reduce 𝑃ፚ to a pressure of 30[𝑃𝑎] within 15 minutes. Apart from
air or nitrogen gas, the pump can also safely remove water vapor from the vacuum chamber. However,
for removing water vapor, the black gas ballast valve on the pump should always be pointed towards
the reservoir. More information about the vacuum pump can be found in the manual, which is stored
in the cleanroom.

It should be noted that before the pump is switched on, the valve line connected with the vacuum
pump and the release valve should be open, which are located at the top left of the vacuum chamber
in Figure 4.17. Also note that in case the pump is shut off while there is a (vacuum/) low pressure in
the vacuum chamber, the valve line should be closed beforehand. Else, the outside air will flow back
into the vacuum chamber via the pump and valve line. This was not an issue during the thrust bench
test as the vacuum pump was switched on during the whole experiment. Only after completing the
thrust bench test and opening the release valve, the vacuum pump was shut off.

Both the Vacuubrand’s VACUU VIEW vacuum gauge and the DCP 3000 vacuum gauge system with a
VSP 3000 pressure sensor are connected to the vacuum chamber, which can be seen in Figure 4.20.
The latter was used to determine 𝑃ፚ as it can measure very low pressure values. An overview of the
specifications of the device is presented in Table 4.6. It should be noted that in the sixth row of the
table ”uncertainty” is used instead of ”accuracy”, because this terminology was also used in the manual
[11]. Uncertainties in measurements can be caused by systematic errors (gain error, linearity error,
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Figure 4.17: Front view of the Heraeus Vacutherm vacuum oven, where the test configuration for thrust bench test is inside the
chamber. Note that this vacuum chamber also has the ability to add heat to the inside environment.

Figure 4.18: Back view of the Heraeus Vacutherm vacuum oven, where all the different feedthrough channels can be seen.
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(a) Isometric view, where the reservoir and pump line
are located.

(b) Side view, where the power button and plug are lo-
cated.

Figure 4.19: Two views of the Vacuubrand’s RZ 6 rotary vacuum pump. Note that when pumping an environment with water
vapor, the arrow on top of the (black) gas ballast valve should be pointed towards the reservoir.

etc.) that relate to the accuracy and by random errors that relate to precision or repeatability (Coleman
and Steele, 2009) [27]. Since it is not specifically stated what type of uncertainty is applicable, it shall
be assumed that it is a systematic uncertainty and thus relates to the accuracy. This assumption was
made because the uncertainty caused by random fluctuations in the data is significantly smaller than
the ±15[%] value presented in the table. This can be found later on in Table 5.1, where for the initial
pressure the mean equals 28.77[𝑃𝑎] and the standard deviation 0.0791[𝑃𝑎], which results in a 0.27[%]
uncertainty. This means that it is safe to assume that it is not a random uncertainty, but a systematic
uncertainty.

(a) The DCP 3000 gauge connected with the VSP
3000 vacuum sensor.

(b) The VACUU VIEW vacuum gauge at the backside
of the vacuum chamber.

Figure 4.20: The two pressure sensors connected to the vacuum chamber. Note that the DCP 3000 with the VSP 3000 was used
to perform the measurements as it could measure very low pressures.

4.2.6. Cleanroom computer and DAQs
There are many devices in the set-up of the thrust bench test that gather measurement data and a few
that have controlling functions. All these devices were connected to the cleanroom computer located
next to the vacuum chamber. An overview of the connected devices can be found in Figure D.1 in
Appendix D. Three devices were directly connected to the cleanroom computer: a USB hub with a USB
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Table 4.6: Overview of the DCP 3000 vacuum gauge system and VSP 3000 pressure sensor specifications [11].

VacuumGauge System DCP 3000
Pressure Sensor VSP 3000

Measured Parameters Absolute pressure inside the vacuum
chamber: 𝑃ፚ [mbar]

Pressure Range 1.0 ⋅ 10ኽ - 1.0 ⋅ 10ዅኽ [mbar]
Operational tempera-
ture range 283.15 − 313.15[𝐾]
Uncertainty ± 15 [%] of measured value,

For pressures smaller than 1000 [Pa]

3.0 cable, the DT6220/DL6230 DAQ with an ethernet cable and the NI PCI-6229 DAQ integrated in the
cleanroom computer.

To start off with the USB hub, this device was taped to the wall inside the vacuum chamber as can be
seen in Figure 4.21. It can also be seen that the hub requires a power supply and has a maximum
connectivity of four devices excluding the computer. Three DAQ devices were connected to the hub via
USB: the NI USB-9162 + NI 9211, the NI USB-6008 and the NI USB-8451. The NI 9211 is integrated
with the NI USB-9162 (see Figure D.2), which together can be used to measure temperature via
thermocouples. Although the thermocouples were not used during the thrust bench test, the DAQ
needs to be plugged in because the LabVIEW code incorporates the measurements of this device.
Without the DAQ, LabVIEW will give an error message and abort the program. As for NI USB-6008
and the NI USB-8451, these DAQ devices were both connected to the breadboard as can be seen in
Figures D.4-D.3. It was mentioned before in Subsection 4.2.4 that the pressure/temperature sensor
cable was plugged into this breadboard. Note that for thrust bench tests with liquid water, a liquid flow
sensor can be connected to the breadboard, which is explained in more detail in Appendix A.

Figure 4.21: The USB hub taped to the wall inside of the vacuum chamber. Note that apart from being connected to the clean
computer, the power supply cable needs to be plugged in as well. Also, it has the maximum connection capacity of five devices
including the computer.

As for the DT6220/DL6230 DAQ, this device was specifically designed for the CS2 displacement sen-
sor [24]. The device, presented Figure D.8, was placed outside the vacuum chamber. Also, it was
connected to the cleanroom computer with an ethernet cable as was mentioned before. As could be
seen in Figure 4.18, the DAQ was connected to the feedthrough of the vacuum chamber, which was
connected to the CS2 displacement sensor inside the vacuum chamber.

As can be seen in Figure D.7, the NI PCI-6229 was integrated in the cleanroom computer. The NI PCI-
6229 was connected to the two NI CB-68LP breakout boards (see Figure 4.12a and 4.22) using two
thick 68-pin cables. Each breakout board has 68 numbered (female) plugs in which (male) wires can
be plugged into. However, every plug number has a different channel name and a different purpose.
For example, some plugs can only be used for analogue input signals (Ai) or data acquisition, while
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others can only be used for analogue output signals (Ao) or control functions. A layout of the pins (or
plug numbers) and the corresponding channel names for the NI PCI-6229 are presented in Figure D.6
in Appendix D. Note that in LabVIEW the channel names are detected and not the plug numbers.

The breakout board presented in Figure 4.12a was connected to the new PCB and Brooks 5861 S mass
flow controller, which was already discussed in Subsection 4.2.2. However, it should be noted that
plug 22 (=Ao0) of this breakout board should not be used. It is likely damaged as an error message
in LabVIEW occurred when plug 22 was attempted to be used. The other breakout board, which is
presented in Figure 4.22, was connected to many other devices: the SM7020 PSU, the SM7020-D PSU
and the Spike & Hold Driver. The SM7020 was able to provide power to the heaters of the 3rd gen.
MEMS-VLM chip, though this was not used for the thrust bench test. The other PSU, the SM7020-D, was
used to provide electrical currents to the VTDC actuator in order to calibrate the AE-TB-5m pendulum
thrust bench. As for the Spike & Hold Driver, this device was used to control the VHS-M/M-24V solenoid
valve with the help of the (Delta Elektronika) E 030-1 and D 030-1 PSU.

Figure 4.22: The NI CB-68LP breakout board connected to SM7020, SM7020-D and the Spike & Hold Driver.

4.2.7. AE-TB-5m thrust bench
Since the AE-TB-5m pendulum thrust bench had the same configuration as used during the pendulum
calibration test as explained in Section 3.3, it is not required to again describe the whole set-up.

4.2.8. Summary
The equipment needed to properly perform the Nitrogen thrust bench test can be found in Table 4.7
and the measured parameters in Table 4.8.

4.3. Test Procedure
In this section the required steps for the thrust bench test are described in Tables 4.9 and 4.10. After
these steps were performed the experimental data was obtained, which was processed in MATLAB (see
file ”𝑇𝑇04_𝐷𝑎𝑡𝑎_𝐴𝑛𝑎𝑙𝑦𝑠𝑖𝑠.𝑚” for TT-04 and ”𝑇𝑇05_𝐷𝑎𝑡𝑎_𝐴𝑛𝑎𝑙𝑦𝑠𝑖𝑠.𝑚” for TT-05) and these results
can be found in Section 5.
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Table 4.7: Equipment needed to perform nitrogen thrust bench tests for the 01-LS2-02 chip.

Item Name: Description:
Pendulum thrust bench: AE-TB-5m
(see Figure 3.10)

Used to determine thrust force of the 01-LS2-02 chip by measur-
ing the displacement of the pendulum arm. The DT6220/DL6230
DAQ is used to convert the CS2 displacement sensor’s measure-
ments into digital data on the cleanroom computer.

VTDC actuator (see Figure 3.9) Used to calibrate the AE-TB-5m.
Propellant feed system (see Figure 4.5) Provides gaseous Nitrogen to the 01-LS2-02 chip with the abil-

ity to control mass flow using the Brooks 5850S mass flow con-
trollers.

Vacuum oven: Heraeus Vacutherm
(see Figure 4.17)

Used to measure the ambient pressure and to provide a vacuum
environment that shall be needed for a few thrust bench tests.

Pressure sensor (MS5837-30BA) inte-
grated in the interface [22]

Used to measure the pressure near the inlet of the 01-LS2-02 chip
from which the chamber pressure shall be deduced. Can also be
used to provide additional information about the temperature of
the propellant near the inlet.

Power supply: SM7020 and SM7020-D
(see Figure 3.12)

The SM7020-D was needed for calibrating the AE-TB-5m before
and after each thrust bench test. The SM7020 was intended to
be used for providing power the heaters of the 01-LS2-02 chip.

DAQs and cleanroom computer (see
Figures D.8-D.3)

Used to measure and digitalize all the experimental data. The
available DAQs are: NI PXI-8331, NI PXI-6229 and NI PXI-4220.

Table 4.8: Overview of the measurement equipment that was needed to determine the measured parameters during the thrust
bench tests. Note that ’F.S.’ stands for Full Scale and ’S.P.’ stands for Set Point.

Parameters Measurement Device /
Sensor Range & Accuracy

𝑃ፚ [Pa]; Absolute pressure in the
vacuum chamber. DCP3000 + VSP3000

0.1   − 106000.0 [Pa]
± 15% of displayed value
For P <1000 [Pa] and
283.15<T<313.15 [K]

𝑃።፧፭ [bar]; Absolute pressure in
the interface for the 3rd gen.
MEMS-VLM chip.

MS5837-30BA 0 − 6 [bar] ± 0.05 [bar]
For 0<T<40 [°𝐶]

𝑇።፧፭ [°𝐶]; Temperature in the in-
terface for the 3rd gen. MEMS-
VLM chip.

MS5837-30BA 0 − 25 [°𝐶] ± 1.5 [°𝐶]
For 0<P<10 [bar]

�̇� [ml/min]; Measured flow rate
of Nitrogen. Brooks 5850 S

0 − 2000 [ml/min]
± 0.2% of F.S. or
± 0.7% of S.P.

𝑋፝።፬፩ [𝜇𝑚]; Displacement of the
sensor target w.r.t. the displace-
ment sensor.

CS2

Specified:
0 − 2 [mm] ± 5.02 [µm]
In practice:
0 − 5 [mm]
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Table 4.9: Detailed procedure for the thrust bench test - Part 1

Step Description Performed
Y/N

Date &
time

1.

Check the most recent calibration date of the sensors (namely the
Brooks 5850 S) that are used in the set-up. In case this was a long
time ago, depending on the sensor, the sensor should be sent to
the manufacturer for recalibration.

2.

Use Section 4.2 and Table 4.7 to verify if the test set-up is com-
plete: the MEMS-VLM chip has been integrated in the 1st gen.
interface and the interface has been attached to the AE-TB-5m
thrust bench, the thrust bench has been configured and placed
inside the vacuum chamber, all the tubes between the 1st gen. in-
terface and the GPF are connected, all the sensors are connected
to the cleanroom computer.

3.
Turn on the required devices/equipment simultaneously and wait
1 hour for the devices to reach a stable temperature, before per-
forming step 5:
1. Turn on the PSU SM7020-D (See Figure 3.12), which has a 1
hour warm-up time.
2. Turn on the E030-10 and D030-10 PSU (See Figure 4.13a),
which have a 1 hour warm-up time.
3. Turn on the Brooks 5850 S sensor (See Figure 4.10a), which
has a 45 minutes warm-up time.
4. Turn on the DT6220/DL6230 DAQ of the CS2 sensor (See
Figure D.8), which has a 15 minutes warm-up time.
5. Turn on the clean room computer and log in with the local
administrator account. The current login is ”.?localadmin” and the
current password is ”sse_cr03”).
6. Turn on the USB hub that connects the cleanroom computer
with the NI-USB-6008 (,NI-USB-9262) and NI-USB-8451 DAQ.

4. Perform the following checks:
1. Open the ”main_marsil_TEST_wDisplacementSensor.vi” Lab-
VIEW file, check if the data will be saved to the right folder, run
the file, check if all the sensors read out measurements (that make
sense), check if the valve is able to open/close (produces clicking
sound), stop the file and close the program. Note that if the pro-
gram produces an error, the user should figure out the source of
the error and solve it.
2. Check if the N2 storage bottle has a sufficient amount of
pressurized nitrogen gas by opening the line-in rotary valve and
reading the pressure indicator of the pressure gauge. In case this
is false, follow the advice in Subsection 4.2.1.

5. Close the vacuum chamber door, turn on the vacuum pump and
wait at least 15 minutes in order to reach a 𝑃ፚ of 30 [Pa].
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Table 4.10: Detailed procedure for the thrust bench test - Part 2

Step Description Performed
Y/N

Date &
time

6.

Perform the AE-TB-5m calibration test as described in Subsection
3.3.3. Note that some of the steps mentioned above might over-
lap with the steps needed for the calibration test, since the same
equipment used is required.

7. Open the ”main_marsil_TEST_wDisplacementSensor.vi” LabVIEW
file.

8. Perform the thrust bench test:
1. Click on the arrow button at the top left of the LabVIEW inter-
face in order to run the program.
2. Set the pressure regulator at X [bar] gauge pressure, which is
X+1 [bar] absolute pressure.
3. Open both the shut-off valve and the flow path selector valve.
4. Wait until the displacement has reached its minimum amplitude
and observe wether it remains at this amplitude (1 minute is suf-
ficient). Note that the minimum amplitude depends on the thrust
bench configuration and this value can be determined by analyz-
ing the long term (about 12 hours) behavior of the displacement.
For example, the author found that the minimum amplitude of the
displacement was between is between 10-15 [𝜇𝑚].
5. Open the VHS-M/M-24V valve by turning on the button ”Open
valve” in LabVIEW in order to induce a thrust force on the AE-5M-
TB.
6. Wait until the displacement amplitude has reached its minimum
value, which depends on the jump in displacement, which depends
on pressure X.
7. After this it is recommended to wait for another 60 seconds,
since the author found through experiments that the displacement
needed more time as it was converging to its new balance point.
8. Close the VHS-M/M-24V valve by turning off the button ”Open
valve” in LabVIEW in order to stop the thrust force.
9. Close both the shut-off valve and the flow path selector valve.
10. Repeat steps 5.2-5.9 for the same/other pressure(s) if re-
quired.

9. Stop the LabVIEW program, localize the stored data and copy the
experimental data to a separate folder or a USB device.

10. Perform a second AE-TB-5m calibration test.

11. Make sure that the N2 bottle, line-in rotary, shut-off and flow path
selector valves are properly closed.

12. Turn off all the devices described in step 2.

13. Remove the test set-up from the vacuum chamber if no other tests
will be carried out.
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Nitrogen Thrust Bench Test -

Experimental Results

In this chapter the test results of the nitrogen thrust bench test are presented. In total six thrust bench
tests were performed and all experimental data are stored on the shared micropropulsion-group folder.
However during TT-01, TT-02, TT-03 and TT-06 an unacceptable amount of leakage occurred (see
SC-TT-05 in Subsection 4.1.4) and this is why the data of these tests could not be used. Luckily, the
data of TT-04 and TT-05 was considered valid as no leakage occurred. During each test, five different
parameters were measured: the ambient environment in the vacuum chamber (𝑃ፚ), the pressure (𝑃።፧፭)
and temperature (𝑇።፧፭) in the 1st gen. interface, the mass flow rate of the N2 propellant ((�̇�)፞፱፩) and
the thrust force ((𝐹)፞፱፩) produced by the ’01-LS2-02’ 3rd gen. MEMS-VLM chip. Furthermore, each
test consists of four thrust phases (p1-p4): in each phase a thrust force was produced at a different
(constant) pressure. How each parameter was determined, will be explained in more detail in Sections
5.1-5.5 taking the experimental data of TT-04 as an example. Note that the experimental results of TT-
05 is included as well. The measurement equipment that was needed to determine these parameters
were already explained in detail in Section 4.2 and an overview of the sensors with their range and
accuracy can be found in Table 4.8. Note that the Brooks SLA5850/60 sensor measured �̇� and the
CS2 sensor measured 𝑋፝።፬፩, which were converted to (�̇�)፞፱፩ and (𝐹)፞፱፩, respectively. This will be
explained in Sections 5.4 and 5.5. Finally, a summary is given in Section 5.6.

5.1. Vacuum chamber pressure

The experimental data produced by the DCP3000 + VSP3000 sensor about the absolute ambient pres-
sure in the vacuum chamber is presented in Figure 5.1 and in Table 5.1. The figure illustrates that the
pressure curve starts out almost constant, which is because the vacuum pump was reaching its limit in
providing the lowest possible pressure for this test configuration. The change in pressure was 0.4[𝑃𝑎]
over 84[𝑠], which was small enough to be considered constant as will be explained later on. Hereafter,
the pressure increased because the first thrust phase (p1) was induced and thus nitrogen gas was
added to the vacuum chamber environment. After the first phase the solenoid valve was closed and
thus the thrust force was stopped. This means that the pressure decreased again as the vacuum pump
was still on and kept removing (nitrogen) gas from the vacuum chamber. The same process happened
for the remaining three phases (p2-p4).

77
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Figure 5.1: Raw absolute pressure data from the sensor (DCP3000 + VSP3000) in the vacuum chamber, which was obtained
during thrust test TT-04 and sampled at a frequency of ኽ.኿ዀ[ፇ፳]. Both the effects of the nitrogen gas produced and the vacuum
pump are noticeable in the graph. Note that p1 up to p4 correspond to the four thrust phases of the test, where each phase
was at a different pressure level.

In Table 5.1 (and 5.2) the six mean values are presented for the 𝑃ፚ data: the initial condition, each of the
four phases and the end condition. The table also includes the standard error of the mean (𝛿ፒፄፌዅፏፚ),
sensor uncertainty (𝛿ፒ፞፧፬፨፫ዅፏፚ) and the total uncertainty (𝜖ፏፚ). The mean was taken because 𝑃ፚ is one
of the parameters needed to calculate ideal thrust force ((𝐹)።፝፞ፚ፥). The ideal thrust force needs to be
constant when compared to the experimental thrust force ((𝐹)፞፱፩), since the experimental thrust force
was also assumed constant. The mean and standard deviation values were calculated with standard
MATLAB commands. From the standard deviation the standard error of the mean was determined with
Equation 5.1. The reason why this was taken, was because the standard deviation only displays what
the variability is of each measurement compared to the sample mean, while 𝛿ፒፄፌ displays how far the
sample mean likely lies from the true mean.

The relative uncertainty caused by the sensor was ±15[%] for each measurement (as mentioned before
in Table 4.6 or 4.8) and this was converted into the absolute sensor uncertainty (𝛿ፒ፞፧፬፨፫ዅፏፚ). As for
the total uncertainty, this was calculated using Equation 5.2 (Coleman and Steele, 2009) [27]. In the
equation the root sum square was used, which can only be applied when uncertainties are independent.
This is because 𝛿ፒፄፌዅፏፚ is a random error and 𝛿ፒ፞፧፬፨፫ዅፏፚ is a systematic error. Note that if the
uncertainties would be dependent, then it would be required to summate the uncertainties. The total
uncertainty is acceptable as its impact is negligible. This can be explained using ”TT-04_p1” as an
example: an increase of +21[%] in 𝑃ፚ results in an increase of +0.07[%] for (𝐹)።፝፞ፚ፥. Looking back at
the initial pressure, it is now clear that the change in pressure over time is small enough to consider
the initial pressure to be constant.
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𝛿ፒፄፌ =
𝛿፬፭፝
√𝑁

(5.1)

𝜖ፏፚ =
1
𝑃ፚ
√𝛿ፒፄፌዅፏፚኼ + (𝛿ፒ፞፧፬፨፫ዅፏፚ)ኼ ⋅ 100% (5.2)

Where:

• 𝛿 is the absolute uncertainty/erorr given in the measured unit

• 𝑆𝐸𝑀 standard error of the mean / uncertainty in the mean (given in the measured unit)

• 𝑠𝑡𝑑 is the standard deviation of the measurements (given in the measured unit)

• 𝑁 is the sample size or number of measurements

• 𝜖 is the relative uncertainty/error given in percentage

Table 5.1: Measurement data produced by the DCP3000 + VSP3000 about the (absolute) ambient pressure inside vacuum
chamber including the uncertainties during thrust test TT-04. The different rows are for: the initial condition, the conditions
during each of the four phases and the condition at the end.

Test Label 𝑃ፚ 𝛿ፒፄፌዅፏፚ 𝛿ፒ፞፧፬፨፫ዅፏፚ 𝜖ፏፚ
[𝐏𝐚] [𝐏𝐚] [𝐏𝐚] [%]

TT-04_init 29 ± 3.9e-5 ± 4.3 ± 15
TT-04_p1 35 ± 3.0e-3 ± 5.3 ± 16
TT-04_p2 50 ± 4.7e-3 ± 7.5 ± 16
TT-04_p3 68 ± 5.7e-3 ± 10 ± 16
TT-04_p4 85 ± 6.6e-3 ± 13 ± 16
TT-04_end 80 ± 5.9e-3 ± 12 ± 16

Table 5.2: Measurement data produced by the DCP3000 + VSP3000 about the (absolute) ambient pressure inside vacuum
chamber including the uncertainties during thrust test TT-05. The different rows are for: the initial condition, the conditions
during each of the four phases and the condition at the end.

Test Label 𝑃ፚ 𝛿ፒፄፌዅፏፚ 𝛿ፒ፞፧፬፨፫ዅፏፚ 𝜖ፏፚ
[𝐏𝐚] [𝐏𝐚] [𝐏𝐚] [%]

TT-05_init 30 ± 1.8e-4 ± 4.5 ± 15
TT-05_p1 35 ± 2.7e-3 ± 5.3 ± 15
TT-05_p2 54 ± 5.0e-3 ± 8.1 ± 15
TT-05_p3 69 ± 5.7e-3 ± 10 ± 15
TT-05_p4 83 ± 6.7e-3 ± 12 ± 15
TT-05_end 82 ± 6.0e-3 ± 12 ± 15

5.2. Chamber pressure
In order to perform calculations with ideal rocket theory, it is required to determine the chamber
pressure 𝑃፜. However, it was not possible to include a pressure sensor inside the chamber of the
MEMS-VLM. That is why the MS5837-30BA pressure sensor was integrated in the 1st gen. interface,
which upstream w.r.t. the chamber. Since the sensor was not located far from the chamber, it was
assumed that 𝑃፜ was about the same as the pressure inside the 1st gen. interface (𝑃።፧፭). In reality
𝑃፜ is smaller than 𝑃።፧፭ because the chamber is downstream compared to the measurement and thus a
pressure drop will occur. However, this pressure drop could not be measured/quantified. It is therefore
recommended to adjust the design of the MEMS-VLM chip such that the true chamber pressure can be
measured in future experiments and to help determine if the assumption (𝑃፜ ≈ 𝑃።፧፭) was valid.

As for the measurements made by the MS5837-30BA sensor, the experimental data for the absolute
pressure is presented in Figure 5.2 and in Table 5.3. It can clearly be seen in the figure when the four
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thrust phases were induced: a sudden jump in the pressure caused by opening the valve, a certain time
duration in which the pressure level was stable and a sudden drop in the pressure caused by closing
the solenoid valve. Note that the author defined stability as: the maximum change in pressure during
the thrust phase is 1[%]. The reason why this was acceptable, can be explained with the results of
Table 5.3: increasing the pressures with 1[%] only results in a 0.9[%] increase in (𝐹)።፝፞ፚ፥ and a 1[%]
increase in (�̇�)።፝፞ፚ፥.
Coming back to Figure 5.2, though it cannot clearly be seen, the initial pressure in the interface has
a value of about 3200[𝑃𝑎]. However, the DCP3000 + VSP3000 sensor measured an initial pressure of
28.77[𝑃𝑎] and was more accurate for low pressures, which is why it was used to correct the pressure
data of the MS5837-30BA sensor. This was done by taking the difference between the initial pressure of
the two sensors (= 3171.23[𝑃𝑎]) and subtracting this from all the 𝑃።፧፭ data. This adjusted experimental
data was used for Table 5.3. Note that this would mean that the ±4.3[𝑃𝑎] sensor uncertainty of the
DCP3000 + VSP3000 sensor needs to be added to the total uncertainty in Table 5.3. However, compared
to the ±5000[𝑃𝑎] (= ±5.0𝑒 − 02[𝑏𝑎𝑟]) sensor uncertainty of the MS5837-30BA sensor, the ±4.3[𝑃𝑎]
uncertainty is small and was thus neglected.

Figure 5.2: Raw absolute pressure data from the sensor (MS5837-30BA) in the 1st gen. interface, which was obtained during
thrust test TT-04 and sampled at a frequency of ኽ.኿ዀ[ፇ፳].Note that p1 up to p4 correspond to the four thrust phases of the test,
where each phase was at a different pressure level.

In Table 5.3 (and 5.4) four mean values (corresponding to p1-p4) of the 𝑃።፧፭ data are presented. The
table also includes the standard error of the mean (𝛿ፒፄፌዅፏᑚᑟᑥ), sensor uncertainty (𝛿ፒ፞፧፬፨፫ዅፏᑚᑟᑥ) and
the total uncertainty (𝜖ፏᑚᑟᑥ). The standard error of the mean was again calculated with Equation 5.1.
As for the uncertainty caused by the sensor accuracy, this depends on the pressure (and temperature)
range as can be found in the manual [22]. For this pressure range the sensor has an accuracy of
±0.05[𝑏𝑎𝑟], which was already shown in Table 4.8. It can be seen in Table 5.3 that 𝛿ፒ፞፧፬፨፫ዅፏᑚᑟᑥ is
much more dominant than 𝛿ፒፄፌዅፏᑚᑟᑥ . As for the total uncertainty, this was calculated with Equation
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5.3. Again, the root sum square was taken since 𝛿ፒ፞፧፬፨፫ዅፏᑚᑟᑥ is a systematic error and 𝛿ፒፄፌዅፏᑚᑟᑥ is a
random error.

𝜖ፏᑚᑟᑥ =
1
𝑃።፧፭

√𝛿ፒፄፌዅፏᑚᑟᑥ
ኼ + (𝛿ፒ፞፧፬፨፫ዅፏᑚᑟᑥ)

ኼ ⋅ 100% (5.3)

Table 5.3: Adjusted measurement data of the absolute interface pressure of thrust test TT-04 including the uncertainties. The
different rows are for the four phases: p1-p4.

Test Label 𝑃።፧፭ 𝛿ፒፄፌዅፏᑚᑟᑥ 𝛿ፒ፞፧፬፨፫ዅፏᑚᑟᑥ 𝜖ፏᑚᑟᑥ
[𝐛𝐚𝐫] [𝐛𝐚𝐫] [𝐛𝐚𝐫] [%]

TT-04_p1 1.92 ± 9.0e-05 ± 5.0e-02 ± 2.6
TT-04_p2 2.95 ± 1.2e-04 ± 5.0e-02 ± 1.7
TT-04_p3 4.03 ± 1.4e-04 ± 5.0e-02 ± 1.2
TT-04_p4 5.04 ± 1.8e-04 ± 5.0e-02 ± 1.0

Table 5.4: Adjusted measurement data of the absolute interface pressure of thrust test TT-05 including the uncertainties. The
different rows are for the four phases: p1-p4.

Test Label 𝑃።፧፭ 𝛿ፒፄፌዅፏᑚᑟᑥ 𝛿ፒ፞፧፬፨፫ዅፏᑚᑟᑥ 𝜖ፏᑚᑟᑥ
[𝐛𝐚𝐫] [𝐛𝐚𝐫] [𝐛𝐚𝐫] [%]

TT-05_p1 1.82 ± 6.0e-05 ± 5.0e-02 ± 2.7
TT-05_p2 2.98 ± 1.8e-04 ± 5.0e-02 ± 1.7
TT-05_p3 4.03 ± 1.0e-04 ± 5.0e-02 ± 1.2
TT-05_p4 5.06 ± 1.5e-04 ± 5.0e-02 ± 1.0

5.3. Chamber temperature
The chamber temperature 𝑇፜ was assumed to be equal to the temperature of the nitrogen gas inside
the 1st gen. interface (𝑇።፧፭). The experimental data for the temperature in the 1st gen. interface
was produced by the MS5837-30BA sensor and is presented in Figure 5.3 and in Table 5.5. The
temperature data seems a bit more noisy than the pressure data because the measured temperatures
lie within a narrow range. Also, the effects of the increased pressure can be seen in the behavior of
the temperature: the sensor reads slightly higher temperatures during the phases that have higher
pressures. The reason for this behavior was not investigated because the temperature difference was
so small that the influence on (𝑐∗)።፝፞ፚ፥ was negligible: while using a constant Γ and 𝑅, a temperature
difference of 0.33[𝐾] resulted in a 0.056[%] difference for (𝑐∗)።፝፞ፚ፥. Apart from the pressure related
behavior, another trend is noticeable: the temperature slightly increases over time. This effect was
also not investigated as the temperature difference is even smaller (0.08[𝐾]) compared to the 0.33[𝐾]
difference. It could be investigated by taking temperature measurements over a longer period with the
same test set-up. Furthermore, the figure displays that for each phase the temperature spikes before
reaching stability. The author claims that this is caused by the sudden jump in pressure that causes
the signal to overshoot. The fact that the spike becomes higher for higher pressure jumps, is evidence
for this assumption. In Table 5.5 (and 5.6) the six mean values are presented for the 𝑇።፧፭ data: the
initial condition, each of the four phases and the end condition. Note that the values in the table were
converted to Kelvin because calculations with temperature in Ideal Rocket Theory are done in Kelvin.
The table also includes the standard error of the mean (𝛿ፒፄፌዅፓᑚᑟᑥ), sensor uncertainty (𝛿ፒ፞፧፬፨፫ዅፓᑚᑟᑥ)
and the total uncertainty (𝜖ፓᑚᑟᑥ). The standard error of the mean was again calculated with Equation
5.1. As for the sensor uncertainty, this depends on the temperature (and pressure) range as can be
found in the manual [22]. For this temperature range the sensor has an accuracy of ±1.5[𝐾], which
was already presented in Table 4.8. It can be seen that 𝛿ፒ፞፧፬፨፫ዅፓᑚᑟᑥ is much more dominant than the
uncertainty caused by 𝛿ፒፄፌዅፏᑚᑟᑥ . As for the total uncertainty, this was calculated with Equation 5.4.
Again, the root sum square was taken since 𝛿ፒ፞፧፬፨፫ዅፓᑚᑟᑥ is a systematic error and 𝛿ፒፄፌዅፓᑚᑟᑥ is a random
error.
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Figure 5.3: Raw experimental temperature data from the sensor (MS5837-30BA) in the 1st gen. interface, which was obtained
during thrust test TT-04 and sampled at a frequency of ኽ.኿ዀ[ፇ፳].
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𝜖ፓᑚᑟᑥ =
1
𝑇።፧፭

√𝛿ፒፄፌዅፓᑚᑟᑥ
ኼ + (𝛿ፒ፞፧፬፨፫ዅፓᑚᑟᑥ)

ኼ ⋅ 100% (5.4)

Table 5.5: Measurement data of the interface temperature including the standard deviation and uncertainties for thrust test
TT-04. The different rows are for: the initial condition, the conditions during each of the four phases and the condition at the
end.

Test Label 𝑇።፧፭ 𝛿ፒፄፌዅፓᑚᑟᑥ 𝛿ፒ፞፧፬፨፫ዅፓᑚᑟᑥ 𝜖ፓᑚᑟᑥ
[𝐊] [𝐊] [𝐊] [%]

TT-04_init 295.7 ± 6.1e-04 ± 1.5 ± 0.51
TT-04_p1 295.9 ± 3.1e-04 ± 1.5 ± 0.51
TT-04_p2 295.9 ± 2.4e-04 ± 1.5 ± 0.51
TT-04_p3 296.0 ± 3.1e-04 ± 1.5 ± 0.51
TT-04_p4 296.1 ± 3.0e-04 ± 1.5 ± 0.51
TT-04_end 295.8 ± 4.4e-04 ± 1.5 ± 0.51

Table 5.6: Measurement data of the interface temperature including the standard deviation and uncertainties for thrust test
TT-05. The different rows are for: the initial condition, the conditions during each of the four phases and the condition at the
end.

Test Label 𝑇።፧፭ 𝛿ፒፄፌዅፓᑚᑟᑥ 𝛿ፒ፞፧፬፨፫ዅፓᑚᑟᑥ 𝜖ፓᑚᑟᑥ
[𝐊] [𝐊] [𝐊] [%]

TT-05_init 294.0 ± 7.0e-04 ± 1.5 ± 0.51
TT-05_p1 294.1 ± 3.7e-04 ± 1.5 ± 0.51
TT-05_p2 294.2 ± 1.5e-04 ± 1.5 ± 0.51
TT-05_p3 294.2 ± 3.1e-04 ± 1.5 ± 0.51
TT-05_p4 294.3 ± 1.9e-04 ± 1.5 ± 0.51
TT-05_end 294.0 ± 4.0e-04 ± 1.5 ± 0.51

5.4. Volumetric flow and mass flow rate

As mentioned before, the Brooks 5850S reads out the volumetric flow rate, which means that the data
needs to be converted in order to obtain the mass flow. However, before this conversion shall be
done, first the raw experimental data for the flow rate as presented in Figure 5.4 and Table 5.7 shall
be explained. It can be seen in the figure that there are four plateaus of constant flow rates, which
correspond to the four thrust phases. The spikes that are higher than 500[𝑚𝑙/𝑚𝑖𝑛] are caused by
adjusting the pressure regulator. The spikes that are lower than 500[𝑚𝑙/𝑚𝑖𝑛] and are followed by a
constant plateau, are caused by a sudden opening of the valve. This kickstarts the flow rate and causes
the flow signal to overshoot, after which a split second is needed before the sensor is able to produce
a stable value.
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Figure 5.4: Raw experimental volumetric flow rate data from the sensor (Brooks SLA5850) in the feed system, which was
obtained during thrust test TT-04 and sampled at a frequency of ኽ.኿ዀ[ፇ፳].

In Table 5.7 the six mean values are presented for the �̇� data: the initial condition, each of the four
phases and the end condition. It can be seen in the second column that the mean values of �̇� at the
initial and end conditions are not zero. Because these values should be zero, a correction was applied
that resulted in �̇�፜፨፫፫፞፜፭፞፝ in the third column. The correction was done by taking the average of
the volumetric flow rate at the initial and end conditions (0.2601[𝑚𝑙፧/𝑚𝑖𝑛]) and subtracting this from
the other volumetric flow rate values. Hereafter, the initial and end values become 0.0141[𝑚𝑙፧/𝑚𝑖𝑛]
and −0.0141[𝑚𝑙፧/𝑚𝑖𝑛], respectively. In order to present the initial and end values as zero, the zero
uncertainty (𝛿፳፞፫፨) of ±0.0141[𝑚𝑙፧/𝑚𝑖𝑛] needs to be added to the total uncertainty (𝜖ፕ̇).

Table 5.7 also includes the standard error of the mean (𝛿ፒፄፌዅፕ̇) and the sensor uncertainty (𝛿ፒ፞፧፬፨፫ዅፕ̇).
The standard error of the mean was again calculated with Equation 5.1. As for the uncertainty that
resulted from the sensor accuracy, this was mentioned in Table 4.8 to be either 0.2[%] of the full
scale value of 2000[𝑚𝑙፧/𝑚𝑖𝑛] or 0.7[%] of the measured value, depending on which uncertainty value
is bigger. In this case it is 0.2[%] of the full scale, which equals 4[𝑚𝑙፧/𝑚𝑖𝑛]. It can be seen that
this source of uncertainty is much more dominant than the uncertainty caused by 𝛿ፒፄፌዅፕ̇ or the zero
uncertainty. As for the total uncertainty, this was calculated with Equation 5.5. Again, the root sum
square was taken since 𝛿ፒ፞፧፬፨፫ዅፕ̇ is a systematic error and 𝛿ፒፄፌዅፕ̇ and the zero uncertainty are both a
random error. Note that the reason why the total uncertainty for the flow rate is zero at the initial and
end conditions is because the measured value of the initial and end �̇�፜፨፫፫፞፜፭፞፝ should also be zero.

𝜖ፕ̇ =
1
�̇�
√𝛿ፒፄፌዅፕ̇ኼ + (𝛿ፒ፞፧፬፨፫ዅፕ̇)ኼ + (𝛿፳፞፫፨)ኼ ⋅ 100% (5.5)
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Table 5.7: Measurement data of the volumetric flow rate including the uncertainties for thrust test TT-04. The different rows
are for: the initial condition, the conditions during each of the four phases and the condition at the end. Note that the number
of significant digits was given to show the difference between the uncorrected and corrected volumetric flow rate, and to show
the difference in the uncorrected volumetric flow rate between ”TT-04_init” and ”TT-04_end”.

Test Label �̇� �̇�፜፨፫፫፞፜፭፞፝ 𝛿ፒፄፌዅፕ̇ 𝛿ፒ፞፧፬፨፫ዅፕ̇ 𝜖ፕ̇
[𝐦𝐥𝐧/𝐦𝐢𝐧] [𝐦𝐥𝐧/𝐦𝐢𝐧] [𝐦𝐥𝐧/𝐦𝐢𝐧] [𝐦𝐥𝐧/𝐦𝐢𝐧] [%]

TT-04_init 0.27 0 0 0 0
TT-04_p1 31.7 31.4 ± 6.9e-2 ± 4 ± 12.7
TT-04_p2 46.5 46.2 ± 5.6e-2 ± 4 ± 8.7
TT-04_p3 63.2 62.9 ± 5.0e-2 ± 4 ± 6.4
TT-04_p4 79.9 79.7 ± 4.2e-2 ± 4 ± 5.0
TT-04_end 0.25 0 0 0 0

Now that the flow rate data processing has been explained, the step towards the mass flow conversion
can be taken. As was explained in Subsection 4.2.2, the mass flow can be calculated by dividing the
volumetric flow rate with the density of nitrogen at normal conditions (𝜌ፍኼᑟ= 1.2498[𝑘𝑔/𝑚ኽ]). The
resulting mass flow values can be found in Table 5.8 and for TT-05 in Table 5.9. It can again be seen
that the total uncertainties are quite high. As mentioned before, the major source of uncertainty is
caused by the accuracy of the sensor, which relates to systematic errors. This means that repeating the
measurements will not help in reducing the uncertainty as this only works for random errors (Coleman
and Steele, 2009) [27]. Systematic errors can only be reduced by a extensive calibration procedure,
which was already done by the company Brooks Instrument BV. This means that the problem lies
somewhere else: range of the Brooks 5850 S mass flow controller is too large. As mentioned before
the range was 0−2000[𝑚𝑙𝑛/𝑚𝑖𝑛] and the sensor accuracy was ±0.2[%] of the full scale, which resulted
in the ±4[𝑚𝑙፧/𝑚𝑖𝑛] uncertainty. This means that a smaller range will result in a smaller uncertainty
caused by the full scale error. A solution could be using the other Brooks 5850 S mass flow controller
integrated in the General Purpose Feed system (GPF) (see Figure 4.5a) because this device has a range
of 0−144[𝑚𝑙𝑛/𝑚𝑖𝑛], which would greatly reduce the sensor uncertainty. However, it should be noted
that this device has a slower response time, only controls mass flow with amperage and is able to
provide measurements/readings in voltages.

Table 5.8: Measurement data of the mass flow rate including the standard deviation and uncertainties for thrust test TT-04. The
different rows are for: the initial condition, the conditions during each of the four phases and the condition at the end.

Test Label (�̇�)፞፱፩ 𝛿ፒፄፌዅ፦̇ 𝛿ፒ፞፧፬፨፫ዅ፦̇ 𝜖፦̇
[𝐦𝐠/𝐬] [𝐦𝐠/𝐬] [𝐦𝐠/𝐬] [%]

TT-04_init 0 0 0 0
TT-04_p1 0.65 ± 1.4e-3 ± 8.33e-2 ± 12.7
TT-04_p2 0.96 ± 1.2e-3 ± 8.33e-2 ± 8.7
TT-04_p3 1.31 ± 1.80-3 ± 8.33e-2 ± 6.4
TT-04_p4 1.66 ± 8.7e-4 ± 8.33e-2 ± 5.0
TT-04_end 0 0 0 0

Table 5.9: Measurement data of the mass flow rate including the standard deviation and uncertainties for thrust test TT-05. The
different rows are for: the initial condition, the conditions during each of the four phases and the condition at the end.

Test Label (�̇�)፞፱፩ 𝛿ፒፄፌዅ፦̇ 𝛿ፒ፞፧፬፨፫ዅ፦̇ 𝜖፦̇
[𝐦𝐠/𝐬] [𝐦𝐠/𝐬] [𝐦𝐠/𝐬] [%]

TT-05_init 0 0 0 0
TT-05_p1 0.59 ± 1.4e-3 ± 8.33e-2 ± 14.1
TT-05_p2 0.94 ± 8.9e-4 ± 8.33e-2 ± 8.8
TT-05_p3 1.29 ± 9.90-4 ± 8.33e-2 ± 6.5
TT-05_p4 1.64 ± 9.4e-4 ± 8.33e-2 ± 5.1
TT-05_end 0 0 0 0
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5.5. Displacement and thrust force
In order to obtain the thrust force values as was presented in Table 5.14, the following steps were
needed:

1. The large fluctuations in the raw experimental data of the pendulum displacement were filtered
out with function ’smooth’ in MATLAB.

2. The smoothed function was used to determine: the average displacement (𝑋፝።፬፩) during each
phase, the variation in the baseline displacement and the relative change between the baseline
and average displacement (Δ፝።፬፩).

3. The relative displacement (Δ፝።፬፩) was used together with the results PCT-11 and PCT-12 in order
to determine the force exerted on the pendulum arm. Note that this is not the thrust force because
force-displacement relation was established with the magnetic force of the Varying Turn-Density
Coil (VTDC) actuator, which induces a force on the pendulum arm that is located higher w.r.t. the
thrust force produced by the MEMS-VLM chip.

4. A force correction factor was applied in order to determine the experimental thrust force ((𝐹)፞፱፩).

5.5.1. Displacement
To begin with, the displacement of the AE-TB-5m pendulum arm was measured and the experimental
data was stored. As was explained in Subsection 4.2.7, the CS2 sensor measured this displacement.
The raw experimental data for the displacement can be found in Figure 5.5 in which the four different
thrust phases are indicated with ’p1-p4’. It can be seen in the figure that the baseline displacement
changes over time: it starts just below 2360[𝜇𝑚] and over time it keeps decreasing slightly. There-
fore, the author defines displacement drift as follows: a constant increase or decrease in the average
displacement over time (>10[s]). This should not be confused with signal drift, which is a drift in
the measurement signal that can be caused by warmup of the measuring device. This displacement
drift was investigated for different configurations for a long period (>10 hours), which is presented in
Appendix E.1. It was found that the configuration of the fluidic tube and electrical wires had a huge
impact on the displacement drift. For example, reconfiguring the tube and wires from a ’waterfall’
configuration to a ’loop’ or ’sideways’ configuration greatly reduced the displacement drift: from about
2000 [𝜇𝑚] over 14 hours down to about 35 [𝜇𝑚] over 15 hours. The drift that was still present after
the reconfiguration could also be caused by the change in ambient temperature, which was also hy-
pothesized by Jansen (2016) [8] after performing a similar test. It is therefore recommended that the
temperature influence should be investigated by repeating the long period displacement behavior test,
while also measuring the ambient temperature inside the vacuum chamber. Furthermore, it can also
be seen in Figure 5.5 that during each thrust phase the data has a lot of fluctuations. This is caused
by the jump in displacement due to the sudden increase in pressure and induced thrust force. It can
be seen that at higher jumps in pressure the fluctuation in the displacement is also higher. These
fluctuations were reduced in order to enable further data processing.

The reduction in the data fluctuations can be found in Figure 5.6 where the smoothed data is indicated
in red. This was done with a MATLAB function based on a moving average filter: the function ’smooth’
with a span of 1200. The value for the span was found through trial and error. For example, a span of
1 does not provide any smoothing of the data, while a span of 5000 does not maintain the shape of the
raw experimental data. It can be seen in Figure 5.6 that the smoothing function with a span of 1200
both reduces the fluctuations in the data and maintains the shape of the original data set. However it
can be seen that the smoothed data does not perfectly coincide with the original raw data. This behavior
is caused by the shape of the experimental data in combination with the ’smooth’ function that uses a
moving average. For better understanding of this function one should look up the reference page for
the function ’smooth’ (MATLAB command: ’help smooth’). Segmenting the raw data in different pieces
is a solution for making the smoothed data better coincide with the raw data, as is explained in more
detail in Appendix F.2. However, it was found that segmentation had a negligible effect on the thrust
force and the corresponding uncertainty. This can be explained by taking ”TT-04_p3” of Table 5.11
as an example: with the complete data set 𝑋፝።፬፩ was found to be 2410.1[𝜇𝑚] ± 0.17[𝜇𝑚] and (𝐹)፞፱፩
0.4529[𝑚𝑁] ± 2.44[%], while for a segmented data set 𝑋፝።፬፩ was 2410.0[𝜇𝑚] ± 0.32[𝜇𝑚] and (𝐹)፞፱፩
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Figure 5.5: Raw experimental displacement data from the sensor (CS2) in the thrust bench (AE-TB-5m), which was obtained
during thrust test TT-04 and sampled at a frequency of ኻኺኾ[ፇ፳].

0.4518[𝑚𝑁]±2.49[%]. Therefore, the data processing was done for the complete data set and not for
a segmented data set.

Figure 5.6: Raw experimental displacement data during thrust test TT-04 with the filtered/smoothed superimposed, which
was obtained with the function ’smooth’ using a span of 1200 in MATLAB, where the dotted circles indicate locations were
misalignments occur.

After the smoothed data was obtained, the MATLAB function ’findpeaks’ was used in order to simplify
the data processing. As presented in Figure 5.7 the function is able to indicate data points that lie at
a peak / plateau. This would ideally safe the trouble of manually looking through the data and trying
to find the data points corresponding to each thrust phase. However, in Figure 5.7 it can be seen that
for thrust phases ’p2-p4’ the displacement needs time (about 30 seconds) before it converges to a
relatively ’stable’ value. Therefore, the data points within the stable regions were located and used for
further calculations. Note that the author considered the following to be stable: a maximum change
in displacement of 1[𝜇𝑚] for a minimum of 10[𝑠]. This is acceptable because this definition of stability
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resulted in small standard error of the mean values as presented in Table 5.11.

Coming back to the displacement drift, it is interesting that the displacement increases during the
thrust phases, while the baseline displacement decreases over time. This indicates that another force
is exerted on the pendulum arm during the thrust phase. The author hypothesizes that the exerted
force is the result of the sudden spike in pressure, which causes an increased stiffness of the fluidic tube.
Evidence for this can be found in the test ’ATV-01’ that is presented in Appendix E.2, where the effect
of shifting from standard pressure to vacuum on the displacement is described. It can be seen in Table
5.10 that for ATV-01 the displacement changes 20[𝜇𝑚] over 5 minutes. This indicates that a pressure
difference between the fluidic tube and the vacuum chamber environment can shift the balance of the
pendulum arm. However, this does not prove the hypothesis and there are even some questions left
unanswered. Table 5.10 demonstrates that the displacement drift is not consistently increasing with
higher pressure levels (or thrust phases). This would be expected if a higher pressure resulted in an
increased stiffness of the fluidic tube. Therefore it is recommended to perform the test with a closed
nozzle such that the effect of pressurization of the fluidic tube on the displacement is isolated. Another
option could be performing the test with the 1st gen. interface rotated 90[deg] horizontally, thus
perpendicular w.r.t. the movement of the pendulum arm. However, it would be difficult to determine if
the pressurization effect on the stiffness is completely isolated, since the thrust force could still have an
influence on the displacement due to small offsets in the configuration. Using ”TT-04_p4” of Table 5.13
as an example, let’s say that the thrust force of 0.64[𝑚𝑁] pointed perpendicular w.r.t. the movement
of the pendulum arm. Because the uncertainty is ±1.7[%], this means that resolution is ±3.4[%]. From
this it can be calculated that the thrust force needs to be pointed within 1.9[°] accuracy, so that the
pendulum arm displacement is not affected by this force.

Table 5.10: The interface pressure, displacement drift and duration for ATV-01 and the different thrust phases ’p1-p4’ during
TT-04 are presented. Note that the interface pressure of ATV-01 is not included because it was not constant.

Test Label 𝑃።፧፭ Displacement Drift Duration
[𝐛𝐚𝐫] [𝝁𝐦] [𝐬]

ATV-01 - 20 300
TT-04_p1 1.92 0.74 38
TT-04_p2 2.95 3.6 56
TT-04_p3 4.03 4.24 69
TT-04_p4 5.04 3.3 81

Figure 5.7: Filtered / smoothed displacement data for thrust test TT-04, where the peaks / plateaus were found and indicated
with blue triangles using the ”findpeaks” function in MATLAB.

In Table 5.11 the displacement data for TT-04 is presented together with the uncertainties. As men-
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tioned before, only data points within the stable regions were used for the calculations. The mean and
standard error of the mean (𝛿ፒፄፌዅፗᑕᑚᑤᑡ) for the displacement data of each thrust phase are presented
in the second and fourth column of the table, respectively. The standard error of the mean was again
calculated with Equation 5.1. In the third column the relative displacement (Δ፝።፬፩) is presented, which
will be needed to calculate the thrust force. The Δ፝።፬፩ was calculated for each thrust phase as follows:
the average of the two neighboring baseline displacement values (before and after the thrust phase)
was taken, which was subtracted from the displacement during the thrust phase. This means that the
average baseline displacement acts as the zero reference value. However, the baseline displacements
are not constant and thus include the standard error of the mean. Also, the two baseline displacement
(mean) values are not equal, which adds another uncertainty. All these uncertainties together form
the zero uncertainty (𝛿፳፞፫፨) in the fifth column of the table by taking the root sum square. As for the
total displacement uncertainty (𝜖ጂᑕᑚᑤᑡ), this was calculated with Equation 5.6. The root sum square
was taken since 𝛿፳፞፫፨ and 𝛿ፒፄፌዅፗᑕᑚᑤᑡ were considered independent. Note that the sensor uncertainty,
which was presented in Table 4.8, can be neglected as the displacement sensor was calibrated with
the VTDC actuator.

𝜖ጂᑕᑚᑤᑡ =
1

Δ፝።፬፩
√𝛿ፒፄፌዅፗᑕᑚᑤᑡ

ኼ + (𝛿፳፞፫፨)ኼ ⋅ 100% (5.6)

Table 5.11: Measurement data of the displacement including the uncertainties for thrust test TT-04. The different rows are for
the four phases: p1-p4.

Test Label 𝑋፝።፬፩ Δ፝።፬፩ 𝛿ፒፄፌዅፗᑕᑚᑤᑡ 𝛿፳፞፫፨ 𝜖ጂᑕᑚᑤᑡ
[𝝁𝐦] [𝝁𝐦] [𝝁𝐦] [𝝁𝐦] [%]

TT-04_p1 2365 9 ± 3.4e-3 ± 0.78 ± 8.3
TT-04_p2 2385 31 ± 6.7e-3 ± 0.52 ± 1.69
TT-04_p3 2410 57 ± 4.6e-3 ± 0.46 ± 0.88
TT-04_p4 2433 80 ± 3.4e-3 ± 0.25 ± 0.31

5.5.2. Thrust force
Now that the displacement data has been processed and explained, the thrust force can be calculated.
This was done with the results of the pendulum calibration test, which was explained in Section 3.3.
As mentioned before, the calibration test PCT-11 was done before TT-04, while PCT-12 was done
after TT-04. From these tests it was determined that the average force-displacement relationship was
determined to be:

𝐹ፓፓኺኾ[𝑚𝑁] = 0.011019[𝑚𝑁/𝜇𝑚] ⋅ Δ፝።፬፩[𝜇𝑚] − 0.0051714[𝑚𝑁] (5.7)

With this relationship the force on the pendulum arm was calculated and the result can be found in the
second column of Table 5.13 for the ’p1-p4’. However, Equation 5.7 does not provide the actual thrust
force of the 3rd gen. MEMS-VLM chip. This is because the (magnetic) force exerted on the AE-TB-5m
pendulum arm during the calibration procedure was at a higher location compared to the (thrust) force
during the thrust bench test. This was also displayed in Figures 3.9 and 3.10, where the magnetic
holder was located at a higher position with respect to the 1st gen. interface and thus the 3rd gen.
MEMS-VLM chip. Therefore, a force correction factor (𝐹𝐶𝐹) was needed and this was determined to
be 0.733, which was described in detail in Subsection 3.4. The corrected force or actual thrust force
was determined with Equation 5.8.

𝐹 ፱፩[𝑚𝑁] = 𝐹ፓፓኺኾ ⋅ 0.733076 (5.8)

The corrected force or actual thrust force is presented in the third column of Table 5.13 for the ’p1-p4’. It
can be seen that apart from the displacement uncertainty (𝜖ጂᑕᑚᑤᑡ), two more sources of uncertainty are
present: the calibration uncertainty (𝜖ፓፓኺኾ) and the force correction uncertainty (𝜖፟፫). As mentioned
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before in Subsection 3.3.4, the calibration uncertainty consists of: the error in the estimated force when
using the calibration curve and the measurement error of the VTDC actuator. Note that in Subsection
3.3.4 the absolute error was given (𝛿ፓፓኺኾ) and here the relative error is given (𝜖ፓፓኺኾ). As for the force
correction (factor) uncertainty, it was already explained in Subsection 3.4 that this was the result of
taking measurements with the Mitutoyo Absolute digital caliper. The total uncertainty was calculated
with Equation 5.9, where it can be seen that the relative errors are summed, which is because the
errors are dependent. Furthermore, it can be seen that except for ’p1’, the total uncertainties are
quite low. It can also be seen that the calibration uncertainty and the displacement uncertainty are
the most dominant sources, though these become smaller for higher thrust values. That is why it
is recommended for future experiments to avoid chamber pressures below 3 [bar] or to improve the
set-up such that the uncertainties are reduced.

𝜖(ፅ)ᑖᑩᑡ = 𝜖ፓፓኺኾ + 𝜖፟፫ + 𝜖ጂᑕᑚᑤᑡ (5.9)

Table 5.12: Measurement data of the thrust force including the uncertainties for TT-04.

Test Label 𝐹ፓፓኺኾ (𝐹)፞፱፩ 𝜖ፓፓኺኾ 𝜖፟፫ 𝜖ጂᑕᑚᑤᑡ 𝜖(ፅ)ᑖᑩᑡ
[𝐦𝐍] [𝐦𝐍] [%] [%] [%] [%]

TT-04_p1 9.8e-2 7.2e-2 ± 15.7 ± 0.22 ± 8.3 ± 24.4
TT-04_p2 0.34 0.25 ± 4.6 ± 0.22 ± 1.69 ± 6.5
TT-04_p3 0.62 0.45 ± 2.5 ± 0.22 ± 0.88 ± 3.5
TT-04_p4 0.87 0.64 ± 1.8 ± 0.22 ± 0.31 ± 2.3

Table 5.13: Measurement data of the thrust force including the uncertainties for TT-05.

Test Label 𝐹ፓፓኺ኿ (𝐹)፞፱፩ 𝜖ፓፓኺ኿ 𝜖፟፫ 𝜖ጂᑕᑚᑤᑡ 𝜖(ፅ)ᑖᑩᑡ
[𝐦𝐍] [𝐦𝐍] [%] [%] [%] [%]

TT-05_p1 8.7e-2 6.4e-2 ± 21.2 ± 0.22 ± 6.8 ± 28.2
TT-05_p2 0.37 0.27 ± 5.0 ± 0.22 ± 2.83 ± 8.1
TT-05_p3 0.63 0.46 ± 2.9 ± 0.22 ± 1.51 ± 4.7
TT-05_p4 0.89 0.65 ± 2.1 ± 0.22 ± 0.48 ± 2.8

5.6. Summary
All the test results including the uncertainties for TT-04 and TT-05 are presented in Table 5.14. Note
that there are some differences between the planned (see Table 4.1) and measured/actual values
for 𝑃ፚ, 𝑃።፧፭ and 𝑇።፧፭. Starting off with the ambient pressure (𝑃ፚ), it was planned that the ambient
pressure would remain at 30[𝑃𝑎]. However, in reality the ambient pressure ranged between 35[𝑃𝑎]
and 85[𝑃𝑎]. The change in ambient pressure was caused both by the added nitrogen gas during
the thrust phases and the vacuum pump that kept pumping gas out of the vacuum chamber during
the whole test. This change is not a problem when the measured values are used for calculations
instead of the planned values. The same holds for 𝑇።፧፭, which was slightly higher compared to the
planned value. As for 𝑃።፧፭, it can be seen that the actual range is about 2 − 5[𝑏𝑎𝑟], while the planned
range was 2 − 6[𝑏𝑎𝑟]. The change in range was taken as a precaution to prevent any leakage. This is
because it was found (see Section 3.1) that leakage over time would occur at lower chamber pressures:
before starting the thrust bench tests leakage would only occur at a pressure higher than 7[𝑏𝑎𝑟], while
during TT-06 leakage would already start at a pressure of 5[𝑏𝑎𝑟]. Again, the difference between the
planned values does not matter as long as the measured values are used for calculations instead of
the planned ones. Furthermore, there are slight differences between the chamber pressure values of
TT-04 and TT-05. This is because the pressure regulator (see Figure 4.5a) cannot be controlled with
more precision directly. It could be more precisely controlled by opening the solenoid valve and using
the 𝑃።፧፭ measurements. However, for this test it was not required to have exactly the same pressure
because one purpose of this test was to obtain a relation between the chamber pressure and various
parameters (e.g thrust force).
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Table 5.14: Overview of the measured parameters during the thrust bench tests TT-04 and TT-05, where each test consisted of
four phases (p1-p4) during which thrust was generated and the pressure was increased at every next phase.

Test Label 𝑃ፚ 𝑃።፧፭ 𝑇።፧፭ (�̇�)፞፱፩ (𝐹)፞፱፩
[𝐏𝐚] [𝐛𝐚𝐫] [𝐊] [𝐦𝐠/𝐬] [𝐦𝐍]

TT-04_p1 35 ± 4 1.92 ± 5e-2 295.9 ± 1.5 0.65 ± 8.3e-2 7.2e-2 ± 1.7e-2
TT-04_p2 50 ± 6 2.95 ± 5e-2 295.9 ± 1.5 0.96 ± 8.3e-2 0.25 ± 1.6e-2
TT-04_p3 68 ± 8 4.03 ± 5e-2 296.0 ± 1.5 1.31 ± 8.3e-2 0.45 ± 1.6e-2
TT-04_p4 85 ± 11 5.04 ± 5e-2 296.0 ± 1.5 1.66 ± 8.3e-2 0.64 ± 1.5e-2

TT-05_p1 35 ± 5 1.82 ± 5e-2 294.1 ± 1.5 0.59 ± 8.3e-2 6.4e-2 ± 1.8e-2
TT-05_p2 54 ± 8 2.98 ± 5e-2 294.2 ± 1.5 0.94 ± 8.3e-2 0.27 ± 2.2e-2
TT-05_p3 69 ± 10 4.03 ± 5e-2 294.2 ± 1.5 1.29 ± 8.3e-2 0.46 ± 2.2e-2
TT-05_p4 83 ± 12 5.06 ± 5e-2 294.3 ± 1.5 1.64 ± 8.3e-2 0.65 ± 1.8e-2





6
Nitrogen Thrust Bench Test -

Analysis

In this chapter the test results of the nitrogen thrust bench test will be thoroughly analyzed. Section 6.1
describes how performance characteristics were determined for TT-04 and TT-05. This is followed by
Section 6.2 and Section 6.3, where the discharge factor and heating quality are analyzed, respectively.
Hereafter, an analysis is given about the nozzle quality in Section 6.4. Finally, in Section 6.5 a summary
of this chapter given.

6.1. Nozzle performance calculation
The experimental results of the nitrogen thrust bench test have been presented in Chapter 5. Now,
the experimental data are processed such that the nozzle performance of the ’01-LS2-02’ 3rd gen.
MEMS-VLM chip can be calculated. An overview of the process was presented in Figure 4.1. The
”Nozzle Geometry” block was determined in Section 3.2.4 and the ”Measured Parameters” block was
determined in Section 5. This leaves the block ”Propellant Properties”, which is described in Subsec-
tion 6.1.1. Hereafter, in Subsection 6.1.2 the mass flow adjustmet is explained. This is followed by
Subsection 6.1.3, where the blocks ”Theoretical Parameters” and ”Experimental Parameters” are elab-
orated. Finally, in Subsection 6.1.4 the blocks ”Performance Parameters” and ”Reynolds Number” are
explained.

6.1.1. ”Propellant Properties”
NIST data base [1] was used to determined that 𝑅ፍኼ has a constant value of 296.8[𝐽/𝑘𝑔/𝐾]. As for
the other parameters, these can be found in Table 6.1.

The ”Propellant Properties” data in Table 6.1 is about the nitrogen gas during TT-04 and TT-05. Starting
off with 𝛾ፍኼ, this was determined using 𝑃።፧፭, 𝑇።፧፭ and the NIST data base [1], which provides various gas
properties for different input pressure and temperature ranges. In the third column Γፍኼ is presented,
which was determined using 𝛾ፍኼ and the relation provided by Zandbergen 2016 [13]. As for the
isentropic throat temperature (𝑇፭), this was included as well and calculated using 𝛾ፍኼ and 𝑇።፧፭ in
Equation 2.15. The calculation of 𝑇፭ was needed because it was used to determine the dynamic
viscosity of the propellant at the nozzle throat (𝜇፭_ፍኼ), which was again done utilizing the NIST data
base. The dynamic viscosity at the throat was needed because it helps determine the experimental
throat Reynolds number ((𝑅፞)፞፱፩).
Furthermore, because 𝑃።፧፭ and 𝑇።፧፭ were used to perform the calculations, this would mean that the
uncertainties of these values (see Tables 5.3 and 5.5) would normally propagate to the parameters in
Table 6.1. However, the propagated uncertainties were negligible and thus not included. For example,
the uncertainty of 𝑃፜ ranged between 1 − 2.6[%] (see Table 5.3), and a pressure increase of +2.6[%]

93
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Table 6.1: Overview of the ”Propellant Properties” data of the thrust bench tests TT-04 and TT-05. The parameters were
determined using the NIST data base [1]. Furthermore, the amount of significant numbers for ᎐ᑅᎴ, ጁᑅᎴ and ᎙ᑥ_ᑅᎴ is given to
display the slight variations in the parameters due to the different pressure levels of each phase. Also, the uncertainties are not
included as these are negligibly small.

Test Label 𝛾ፍኼ Γፍኼ 𝑇፭ 𝜇፭_ፍኼ
[ − ] [ − ] [𝐊] [𝐤𝐠/𝐦/𝐬]

TT-04_p1 1.403 0.6852 246.2 1.532e-5
TT-04_p2 1.405 0.6855 246.2 1.531e-5
TT-04_p3 1.407 0.6859 246.0 1.531e-5
TT-04_p4 1.409 0.6862 245.8 1.530e-5

TT-05_p1 1.403 0.6852 244.8 1.525e-5
TT-05_p2 1.405 0.6855 244.7 1.524e-5
TT-05_p3 1.407 0.6858 244.5 1.523e-5
TT-05_p4 1.408 0.6862 244.4 1.523e-5

for ”TT-04_p1” would result in a 6𝑒-3[%] increase for 𝛾ፍኼ, which is very small.

6.1.2. Mass flow adjustment
Before moving on to Subsection 6.1.3, where calculations are done using the experimental data (ob-
tained from Section 5), an adjustment for the mass flow needs to be investigated. This is needed
because the mass flow measurements ((�̇�)፞፱፩) for TT-04 are high compared to both the ideal mass
flow ((�̇�)።፝፞ፚ፥) and the corrected theoretical mass flow ((�̇�)፜፨፫፫.), which can be seen in Table 6.2. Note
that (�̇�)፜፨፫፫. was determined by multiplying (�̇�)።፝፞ፚ፥ with (𝐶፝)፛፝_፥፨፬፬ (see Section 6.2 for a further
explanation for calculating (𝐶፝)፛፝_፥፨፬፬). When comparing the experimental mass flow with the ideal
mass flow, it can be seen that the discharge factor is about 1[−]. While Van Wees 2017 [3] did an
experiment with a similar nozzle and found a discharge factor between 0.66 − 0.68[−].
However, Van Wees 2017 [3] used the short range (0-144 [mln/min]) Brooks 5850S, while for TT-04
and TT-05 the long range (0-2 [ln/min]) Brooks 5850S was used, which could explain the difference.
Furthermore, it could be argued that the experimental mass flow of TT-04 is acceptable, because
(�̇�)፜፨፫፫. does lie within the error bounds. This can be seen in the experimental mass flow values of
TT-05, which is lower than the values of TT-04 and lies consistently between (�̇�)።፝፞ፚ፥ and (�̇�)ፚ፝፣..
Also, the high (�̇�)፞፱፩ cannot be caused by leakage as the leak tests in Section 3.1 indicated that there
were no (unacceptable) leaks for this pressure range.

Nevertheless, the most recent calibration date of the long range Brooks 5850S was unknown. It is
suspected that this was many years ago. Therefore, the author wanted to compare the long range
(0-2 [ln/min]) Brooks 5850S with the short range (0-144 [mln/min]) Brooks 5850 S in order to validate
the mass flow measurements. That is why two additional tests, MFT-01 and MFT-02, were carried
out with the ”01-LS2-02” in order to determine the relation between the experimental mass flow and
chamber pressure for both mass flow controllers. The results of both tests can be found in Table 6.3
and in Figure 6.1, where it can be seen that the short range Brooks 5850S provides measurements that
are on average 0.15[𝑚𝑔/𝑠] lower than the long range Brooks 5850S at about the same pressure levels.
This difference was subtracted from (�̇�)፞፱፩ in order to calculate the adjusted experimental mass flow
((�̇�)ፚ፝፣.) in Table 6.2. It can be seen that the adjusted mass flow lies even further away from (�̇�)፜፨፫፫..
This could be because the short range Brooks 5850S was also calibrated many years ago. That is why
for further calculations both (�̇�)፞፱፩ and (�̇�)ፚ፝፣. will be used to see which mass flow value makes more
sense.

Thus, the following conclusions can be made. The experimental data produced by the long range
Brooks 5850S in Figure 6.1 shows repeatability: the data points at each pressure of the different
experiments lie close to each other within the error bounds. Since both the short and long range have
been calibrated many years ago and because the (�̇�)፞፱፩ data of MFT-01 falls outside the error bounds
of MFT-02, it is recommended that both devices are sent to the company Brooks Instrument BV for
recalibration. After this it is suggested to repeat the mass flow test for both devices, which could be
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used to validate MFT-01 and MFT-02. Note the difference in mass flow measurement was only done
in a later phase of this thesis, which is why there was no time left for recalibration and repeating the
experiments.

Figure 6.1: Chamber pressure (ፏᑔ) versus experimental mass flow ((፦̇)ᑖᑩᑡ) and ideal mass flow ((፦̇)ᑚᑕᑖᑒᑝ) for the tests TT-04,
TT-05, MFT-01 and MFT-02. Note that the error bars for the ideal values are not given in order to maintain the clarity of the
graph.

Table 6.2: Different mass flow values are presented here: the experimental values, the ideal values, the corrected theoretical
values (using Equation 2.20) and the adjusted experimental values (based on MFT-01 and MFT-02).

Test Label (�̇�)፞፱፩ (�̇�)።፝፞ፚ፥ (�̇�)፜፨፫፫. (�̇�)ፚ፝፣.
[𝐦𝐠/𝐬] [𝐦𝐠/𝐬] [𝐦𝐠/𝐬] [𝐦𝐠/𝐬]

TT-04_p1 0.65 ± 8.3e-2 0.63 0.59 0.50 ± 8.3e-2
TT-04_p2 0.96 ± 8.3e-2 0.96 0.92 0.81 ± 8.3e-2
TT-04_p3 1.31 ± 8.3e-2 1.32 1.27 1.16 ± 8.3e-2
TT-04_p4 1.66 ± 8.3e-2 1.65 1.59 1.51 ± 8.3e-2

TT-05_p1 0.59 ± 8.3e-2 0.60 0.56 0.44 ± 8.3e-2
TT-05_p2 0.94 ± 8.3e-2 0.98 0.93 0.79 ± 8.3e-2
TT-05_p3 1.29 ± 8.3e-2 1.32 1.27 1.14 ± 8.3e-2
TT-05_p4 1.64 ± 8.3e-2 1.66 1.60 1.49 ± 8.3e-2
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Table 6.3: Comparison between the short range Brooks 5850S ኺ ዅ ኻኾኾ[፦፥፧/፦።፧] (MFT-01) and the long range Brooks 5850S
ኺ ዅ ኼኺኺኺ[፦፥፧/፦።፧] (MFT-02): the experimental mass flow at different chamber pressures.

Test Label 𝑃፜ (�̇�)፞፱፩ Absolute difference in mass
[𝐛𝐚𝐫] [𝐦𝐠/𝐬] flow w.r.t. MFT-02 [𝐦𝐠/𝐬]

MFT-01_p1 1.93 ± 5.0e-2 0.49 ± 6.2e-3 0.15
MFT-01_p2 2.99 ± 5.0e-2 0.80 ± 7.1e-3 0.15
MFT-01_p3 3.99 ± 5.0e-2 1.12 ± 8.2e-3 0.15
MFT-01_p4 5.00 ± 5.0e-2 1.46 ± 1.1e-2 0.15

MFT-02_p1 1.90 ± 5.0e-2 0.64 ± 8.5e-2 -
MFT-02_p2 2.99 ± 5.0e-2 0.95 ± 8.5e-2 -
MFT-02_p3 4.01 ± 5.0e-2 1.27 ± 8.5e-2 -
MFT-02_p4 5.01 ± 5.0e-2 1.61 ± 8.5e-2 -

6.1.3. ”Theoretical Parameters” and ”Experimental Parameters”

Now that the data of all the blue blocks in Figure 4.1 have been presented, the green blocks ”Theoretical
Parameters” and ”Experimental Parameters” will be determined, which are included in Tables 6.4 and
6.5. To start off with Table 6.4, this was used to compare the values of the ideal mass flow ((�̇�)።፝፞ፚ፥)
and thrust force ((𝐹)።፝፞ፚ፥) to the experimental values ((�̇�)፞፱፩, (�̇�)ፚ፝፣. and (𝐹)፞፱፩). Note that the
chamber pressure (𝑃፜) was included as it was the controlling parameter. As for the uncertainties, these
were already explained for the experimental parameters, which means that the uncertainties of the
ideal parameters still require an explanation. In short, the ideal parameters were calculated using the
data of ”Measured Parameters”, ”Propellant Properties” and ”Nozzle Geometry”, which means that any
uncertainty of the data will propagate to the ideal parameters. The calculations needed for determining
the ideal parameters can be found in Subsection 2.2.1. Furthermore, to get better insight in what the
data of the table means, two plots were made for thrust tests ”TT-04” and ”TT05” as can be seen in
Figures 6.3 and 6.2.

In Figure 6.3 both the experimental mass flow ((�̇�)፞፱፩) and the adjusted experimental mass flow
((�̇�)ፚ፝፣.) are compared with the ideal mass flow. It can be seen that the regression line consists of
the eight data points of TT-04 and TT-05. Furthermore, as mentioned before the experimental mass
flow is about the same as the ideal mass flow, while the adjusted mass flow is a bit lower than the
ideal mass flow, which makes more sense. As for Figure 6.2, here the ideal thrust force and the
experimental thrust force are plotted against the chamber pressure for thrust bench test TT-04 and
TT-05. It can be seen that the experimental values are lower than the ideal values, but both the ideal
and experimental thrust increase linearly with chamber pressure. It can be concluded that the thrust
values are repeatable as the experimental data of TT-04 and TT-05 coincide and fall within each other’s
error bound.

Table 6.5 shows the comparison of experimental values of the specific impulse ((𝐼፬፩)፞፱፩ and (𝐼፬፩)ፚ፝፣.),
characteristic velocity ((𝑐∗)፞፱፩) and thrust coefficient ((𝐶ፅ)ፚ፝፣.) with the corresponding ideal values
((𝐼፬፩)።፝፞ፚ፥, (𝑐∗)።፝፞ፚ፥ and (𝐶ፅ)።፝፞ፚ፥). Note that the experimental thrust coefficient was also adjusted
for the mass flow difference. Furthermore, uncertainties were present in both the experimental and
ideal parameters. Using the data in the table the specific impulse was visualized as presented in Figure
6.4. With the figure it can already be concluded that higher pressures are beneficial for the specific
impulse. However, the increase in specific impulse does get smaller when going to higher pressures.
This means that the Isp quality (𝜉፬) converges, which will be discussed later on in Subsection 6.4. As
for the the characteristic velocity data, this was not visualized in a graph because the experimental and
ideal values were exactly the same, which is because it was assumed that no heat loss occurred since
a cold gas was used. The thrust coefficient was also not visualized, since it will be explained later in
Subsection 6.4 when looking at the nozzle quality (𝜉ፅ).
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Table 6.4: Overview of the ”Measured Parameters” and ”Theoretical Parameters” data of the thrust bench tests TT-04 and TT-05,
where the experimental values of the mass flow and thrust force are compared to the corresponding ideal values. Note that ፏᑔ
is used here as it was assumed to be equal to ፏᑚᑟᑥ.

Test Label 𝑃፜ (�̇�)፞፱፩ (�̇�)ፚ፝፣. (�̇�)።፝፞ፚ፥ (𝐹)፞፱፩ (𝐹)።፝፞ፚ፥
[𝐛𝐚𝐫] [𝐦𝐠/𝐬] [𝐦𝐠/𝐬] [𝐦𝐠/𝐬] [𝐦𝐍] [𝐦𝐍]

TT-04_p1 1.92 ±
5.0e-2

0.65 ±
8.3e-2

0.50 ±
8.3e-2

0.63 ±
6.1e-2

7.2e-2 ±
1.7e-2

0.46 ±
6.9e-2

TT-04_p2 2.95 ±
5.0e-2

0.96 ±
8.4e-2

0.81 ±
8.3e-2

0.96 ±
9.2e-2

0.25 ±
1.6e-2

0.71 ±
1.1e-1

TT-04_p3 4.03 ±
5.0e-2

1.31 ±
8.5e-2

1.16 ±
8.3e-2

1.32 ±
1.2e-1

0.45 ±
1.6e-2

0.97 ±
1.4e-1

TT-04_p4 5.04 ±
5.0e-2

1.66 ±
8.4e-2

1.51 ±
8.3e-2

1.65 ±
1.5e-1

0.64 ±
1.5e-2

1.21 ±
1.8e-1

TT-05_p1 1.82 ±
5.0e-2

0.59 ±
8.4e-2

0.44 ±
8.3e-2

0.60 ±
5.8e-2

6.4e-2 ±
1.8e-2

0.44 ±
6.6e-2

TT-05_p2 2.98 ±
5.0e-2

0.94 ±
8.4e-2

0.79 ±
8.3e-2

0.98 ±
9.3e-2

0.27 ±
2.2e-2

0.72 ±
1.1e-1

TT-05_p3 4.03 ±
5.0e-2

1.29 ±
8.4e-2

1.14 ±
8.3e-2

1.32 ±
1.3e-1

0.46 ±
2.2e-2

0.97 ±
1.4e-1

TT-05_p4 5.06 ±
5.0e-2

1.64 ±
8.4e-2

1.49 ±
8.3e-2

1.66 ±
1.5e-1

0.65 ±
1.8e-2

1.21 ±
1.8e-1

Table 6.5: Overview of the ”Experimental Parameters” and ”Theoretical Parameters” data of the thrust bench tests TT-04 and
TT-05, where the experimental values of the specific impulse, characteristic velocity and thrust coefficient are compared to the
corresponding ideal values.

Test Label (𝐼፬፩)፞፱፩ (𝐼፬፩)ፚ፝፣. (𝐼፬፩)።፝፞ፚ፥ (𝑐∗)፞፱፩ (𝑐∗)።፝፞ፚ፥ (𝐶ፅ)ፚ፝፣. (𝐶ፅ)።፝፞ፚ፥
[𝐬] [𝐬] [𝐬] [𝐦/𝐬] [𝐦/𝐬] [ − ] [ − ]

TT-04_p1 11.1 ± 2.3 14.5 ±
2.3

75.1 ±
8.7

432.5 ±
1.1

432.5 ±
1.1

0.33 ±
5.2e-2

1.70 ±
2.0e-1

TT-04_p2 26.0 ± 2.4 30.8 ±
2.4

75.0 ±
8.7

432.3 ±
1.1

432.3 ±
1.1

0.70 ±
5.6e-2

1.70 ±
2.0e-1

TT-04_p3 35.2 ± 2.3 39.8 ±
2.3

74.9 ±
8.7

432.2 ±
1.1

432.2 ±
1.1

0.90 ±
5.3e-2

1.70 ±
2.0e-1

TT-04_p4 39.4 ± 2.0 43.3 ±
2.0

74.9 ±
8.6

432.0 ±
1.1

432.0 ±
1.1

0.98 ±
4.6e-2

1.70 ±
2.0e-1

TT-05_p1 11.0 ± 2.3 14.8 ±
2.3

74.8 ±
6.3

431.2 ±
1.1

431.2 ±
1.1

0.33 ±
5.3e-2

1.70 ±
1.9e-1

TT-05_p2 29.4 ± 2.8 34.9 ±
2.8

74.8 ±
6.5

431.0 ±
1.1

431.0 ±
1.1

0.80 ±
6.4e-2

1.70 ±
2.0e-1

TT-05_p3 36.7 ± 2.5 41.5 ±
2.5

74.7 ±
6.4

430.9 ±
1.1

430.9 ±
1.1

0.94 ±
5.6e-2

1.70 ±
2.0e-1

TT-05_p4 40.5 ± 2.1 44.6 ±
2.1

74.7 ±
6.2

430.7 ±
1.1

430.7 ±
1.1

1.01 ±
4.8e-2

1.70 ±
1.9e-1
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Figure 6.2: Chamber pressure (ፏᑔ) versus experimental thrust force ((ፅ)ᑖᑩᑡ) and ideal thrust force ((ፅ)ᑚᑕᑖᑒᑝ) for thrust tests
TT-04 and TT-05.
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Figure 6.3: Chamber pressure (ፏᑔ) versus experimental mass flow ((፦̇)ᑖᑩᑡ), the adjusted experimental mass flow ((፦̇)ᑒᑕᑛ.)
and ideal mass flow ((፦̇)ᑚᑕᑖᑒᑝ) for the thrust bench tests TT-04 and TT-05.

Figure 6.4: Chamber pressure (ፏᑔ) versus the adjusted experimental specific impulse ((ፈᑤᑡ)ᑒᑕᑛ.) and ideal specific impulse
((ፈᑤᑡ)ᑚᑕᑖᑒᑝ) for thrust tests TT-04 and TT-05.
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6.1.4. ”Performance Parameters” and ”Reynolds Number”
All the data has now been determined to calculate the green blocks ”Performance Parameters” and
”Reynolds Number”. Here, the parameters for both the original experimental mass flow (�̇�)፞፱፩ (see
Table 6.6) and adjusted experimental mass flow (�̇�)ፚ፝፣. (see Table 6.7) case will be described. Since
the impact of this difference becomes much clearer when switching to the adjusted mass flow. It can
be seen that the Reynolds number values (𝑅፞)፞፱፩ have slightly decreased. Note that (𝑅፞)፞፱፩ is based
on both the experimental mass flow and dynamic viscosity at the throat (𝜇፭_ፍኼ), and that the equations
needed for the calculations were already presented in Subsection 2.2.1. Furthermore, the discharge
factor 𝐶፝ now increases for higher Reynolds numbers, which makes sense considering results from
literature. It can also be seen that the Isp quality 𝜉፬ (and thus the nozzle quality 𝜉ፅ) slightly improves.
As for the heating quality 𝜉፛, this remained 1[−] as expected. This is because cold nitrogen gas was
used for the tests, which is why it was assumed that no heat from the propellant was lost to the
nozzle walls and this means that there is no heating loss. Furthermore, a visualization of the data
can be found in Figures 6.6-6.9. Also, the (adjusted) parameters will be analyzed in more depth in
Subsections 6.2-6.4.

Table 6.6: Original mass flow ((፦̇)ᑖᑩᑡ) - ”Reynolds Number” and ”Performance Parameters” data of the thrust bench tests TT-04
and TT-05.

Test Label (𝑅፞)፞፱፩ 𝐶፝ 𝜉ፅ 𝜉፛ 𝜉፬
[ − ] [ − ] [ − ] [ − ] [ − ]

TT-04_p1 8.68e2 ± 1.2e2 1.08 ± 1.7e-1 0.14 ± 2.0e-2 1.0 0.14 ± 2.0e-2
TT-04_p2 1.128e3 ± 1.4e2 1.02 ± 1.3e-1 0.34 ± 1.5e-1 1.0 0.34 ± 1.5e-1
TT-04_p3 1.74e3 ± 1.7e2 1.02 ± 1.1e-1 0.46 ± 2.3e-1 1.0 0.46 ± 2.3e-1
TT-04_p4 2.20e3 ± 2.0e2 1.03 ± 1.1e-1 0.52 ± 2.9e-1 1.0 0.52 ± 2.9e-1

TT-05_p1 7.89e2 ± 1.2e2 1.03 ± 1.7e-1 0.14 ± 2.0e-2 1.0 0.14 ± 2.0e-2
TT-05_p2 1.26e3 ± 1.4e2 0.99 ± 1.3e-2 0.39 ± 1.5e-1 1.0 0.39 ± 1.5e-1
TT-05_p3 1.71e3 ± 1.7e2 1.00 ± 1.1e-2 0.48 ± 2.3e-1 1.0 0.48 ± 2.3e-1
TT-05_p4 2.19e3 ± 2.0e2 1.00 ± 1.1e-2 0.53 ± 2.9e-1 1.0 0.53 ± 2.9e-1

Table 6.7: Adjusted mass flow ((፦̇)ᑒᑕᑛ.) - ”Reynolds Number” and ”Performance Parameters” data of the thrust bench tests
TT-04 and TT-05.

Test Label (𝑅፞)፞፱፩ 𝐶፝ 𝜉ፅ 𝜉፛ 𝜉፬
[ − ] [ − ] [ − ] [ − ] [ − ]

TT-04_p1 6.69e2 ± 1.2e2 0.81 ± 1.7e-1 0.19 ± 2.0e-2 1.0 0.19 ± 2.0e-2
TT-04_p2 1.08e3 ± 1.4e2 0.84 ± 1.3e-1 0.41 ± 1.5e-1 1.0 0.41 ± 1.5e-1
TT-04_p3 1.54e3 ± 1.7e2 0.88 ± 1.1e-1 0.53 ± 2.3e-1 1.0 0.53 ± 2.3e-1
TT-04_p4 2.00e3 ± 2.0e2 0.92 ± 1.1e-1 0.58 ± 2.9e-1 1.0 0.58 ± 2.9e-1

TT-05_p1 5.89e2 ± 1.2e2 0.60 ± 1.7e-1 0.19 ± 2.0e-2 1.0 0.19 ± 2.0e-2
TT-05_p2 1.06e3 ± 1.4e2 0.71 ± 1.3e-2 0.47 ± 1.5e-1 1.0 0.47 ± 1.5e-1
TT-05_p3 1.51e3 ± 1.7e2 0.78 ± 1.1e-2 0.56 ± 2.3e-1 1.0 0.56 ± 2.3e-1
TT-05_p4 1.99e3 ± 2.0e2 0.83 ± 1.1e-2 0.60 ± 2.9e-1 1.0 0.60 ± 2.9e-1

6.2. Discharge factor
As mentioned in Subsection 2.2.2, Tang and Fenn (1978) [17] provided Equation 2.20, which is an
analytical approach for determining the discharge factor based on the specific heat ratio (𝛾) and the
modified Reynolds number (𝑅፦፨፝). This equation was applied in order to make a comparison with
the discharge factor obtained from experiments. Note that 𝑅፦፨፝ was determined using Equation 2.21,
where 𝑅∗ was 1.0[𝜇𝑚] and 𝑅፭ was 8.7[𝜇𝑚] (half of 𝑊፭). It was also mentioned before in Subsection
6.1.2 that the original and adjusted experimental mass flow values ( (�̇�)፞፱፩ and (�̇�)ፚ፝፣.) resulted in
different values for the discharge factor. Therefore, a comparison was made using Figure 6.5 between
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the discharge factor obtained from Equation 2.20 ((𝐶፝)፛፝_፥፨፬፬), and the discharge factor based on the
original and adjusted mass flow. It can be seen that the regression curve of the original data set
displays strange behavior: the discharge factor starts off higher than one, hereafter it reaches a valley
near a Reynolds number of about 1600[−] and after this starts increasing towards a value higher than
one. Of course, there is a large uncertainty in the data points, which means that the actual curve can
have many different variations. However, when looking at the regression curve of the adjusted data it
can be seen that this curve displays the same type of behavior like the analytical curve of (𝐶፝)፛፝_፥፨፬፬:
for increasing Reynolds numbers the discharge factor increases and converges to a value of (just below)
1[−]. This is more evidence for concluding that the original mass flow measurements are false and that
the adjusted flow is a more realistic value. Again, this is not proof as both the short and long range
Brooks 5850S have been calibrated many years ago. Nevertheless, from here onwards the adjusted
data set will be used to do the analyses.

Figure 6.5: Reynolds number ((ፑᑖ)ᑖᑩᑡ) versus discharge factor (ፂᑕ), where the discharge factor based on Tang&Fenn is com-
pared with the discharge factor regression curves (using TT-04 and TT-05) based on the original mass flow and the adjusted
mass flow.

Furthermore, the adjusted regression curve does not coincide with the (𝐶፝)፛፝_፥፨፬፬ curve. Even with
the uncertainties, which lie between 11−17[%], most data points do not coincide with the (𝐶፝)፛፝_፥፨፬፬
curve. This is not expected, since the experimental results of Tang and Fenn (1978) [17] were much
closer to the curve. The following could have caused the difference between the adjusted regression
curve and the (𝐶፝)፛፝_፥፨፬፬ curve. Tang and Fenn (1978) [17] used 3D conical (convergent-divergent)
nozzles, while for this thesis a 2D conical nozzle was used. Depending on the real experimental mass
flow, which can only be found through recalibration of the Brooks 5850S, the real discharge factor might
be different. The discharge factor also depents on the (�̇�)።፝፞ፚ፥, which was calculated based on an
estimated nozzle throat height and thus an estimated nozzle throat area (see Subsection 3.2.4). This
could also result in a different discharge factor. For example, if the assumption for the estimation of
the nozzle throat height was wrong and it would be 75[𝜇𝑚] instead of the estimated value of 81[𝜇𝑚]),
then this would result in an average 𝐶፝ increase of 0.07[−].
Furthermore, the radius of curvature (𝑅∗) was estimated using Figure 3.7, since a radius of curvature
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was not designed for the 3rd gen. MEMS-VLM chip. Looking back at Figure 2.13, it can be seen that a
change in the radius of curvature has a great influence on the (𝐶፝)፛፝_፥፨፬፬ curve. Nevertheless, for now
it can be concluded that Equation 2.20 of Tang and Fenn (1978) [17] does provide a good indication
for the expected discharge factor. Furthermore, it is again recommended to send both Brooks 5850S
devices for recalibration and determine how this changes the experimental results found in this thesis.
It is also recommended to always perform an optical characterization test on the MEMS-VLM chip during
the manufacturing procedure before the silicon wafer is bonded to the glass wafer, such that an reliable
characterization can be done for the nozzle geometry (including the radius of curvature).

Another comparison is made with the experimental results of Van Wees 2017 [3], which can be seen
in Figure 6.6. Note that the nozzle geometry and experimental data of Van Wees (2017) [3] was
described in more detail in Subsection 2.2.3. A few things can be seen in the figure. The discharge
factor of Van Wees (2017) [3] at the Reynolds numbers is a lower compared to the adjusted regression
curve. The second data point just lies outside of the error bound of the adjusted regression curve. The
means that the difference must originate from somewhere else. This could be because of the different
nozzle geometry. The nozzle throat area of Van Wees (2017) [3] was 3278[𝜇𝑚ኼ], while the nozzle
throat area was 1411[𝜇𝑚ኼ] for the ”01-LS2-02” chip used for the experiments in this thesis. Note that
Van Wees (2017) [3] based the nozzle throat area value on a destructive optical inspection test on a
similar nozzle, which means that there might be a slight difference in the actual nozzle throat area.

An additional comparison can be made with the data that is presented in Figure 6.7, which is from the
paper of Grisnik et al. 1987 [2], who investigated nozzle geometry and Reynolds number influence on
the discharge factor using nitrogen gas. It can be seen in the figure that for a Reynolds number range
of 600 − 2000[−] the conical nozzle has a discharge factor between 0.85[−] and 0.91[−], while the
discharge factor for the orifice is about 0.98[−] and only varies slightly. The MEMS-VLM chip is a 2D
conical nozzle (or slit nozzle), this means that the discharge factor should be between the values of
these two nozzle types. The reason for this is that ceiling and floor of the nozzle are about constant,
which corresponds to an orifice, while the side wall converge and diverge, which corresponds to a
conical nozzle. However, it was found that the MEM-VLM chip has a discharge factor between 0.77[−]
and 0.91[−] for a Reynolds number range of 600 − 2000[−]. This indicates that for higher Reynolds
numbers the nozzle of the MEM-VLM chip corresponds to the conical nozzle, while for lower Reynolds
numbers it does not.

Figure 6.7: Comparison between throat Reynolds number and the discharge factor for different nozzle types, which was made
by Grisnik et al. 1987 [2].
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Figure 6.6: Reynolds number ((ፑᑖ)ᑖᑩᑡ) versus discharge factor (ፂᑕ), where the discharge factor regression curve (using TT-04
and TT-05) based on the adjusted mass flow is compared with the discharge factor of Van Wees 2017 [3].

6.3. Heating quality
The heating quality is described in this section. In Figure 6.8 the heating quality is presented, where
the data set for both TT-04 and TT-05 are equal to 1. For now the heating quality is irrelevant. However,
during water vaporization tests the heating quality could play a more important role as heat loss will
be greater.

6.4. Nozzle quality
As mentioned before, the heating quality is equal to 1 and this means that nozzle quality is exactly the
same as the Isp quality (see Equation 2.12), which is seen in Table 6.7. For future experiments where
the propellant is heated, the heating quality is not equal 1, which will result in an difference between
the nozzle quality and Isp quality. Therefore, for now only the nozzle quality will be used to prevent
confusion for future experiments.

The nozzle quality data is visualized for TT-04 and TT-05 in Figure 6.9. It can be seen that the thrust
bench test demonstrates repeatability regarding the calculation of the nozzle quality as the 𝜉ፅ data of
TT-04 and TT-05 fall within each other’s error bound. Furthermore, due to the propagation of errors in
(𝐶ፅ)።፝፞ፚ፥ and (𝐶ፅ)፞፱፩, the total uncertainty for the nozzle quality lies between 13−30[%]. Even though
this is larger than the uncertainty in the discharge factor, the difference between the 𝜉ፅ is great enough
to conclude with certainty that the nozzle quality improves for higher increasing Reynolds numbers.
However, the increase in nozzle quality converges as it gets smaller when going to higher Reynolds
numbers. Comparing with the results of Van Wees 2017 [3], it can be seen that the improvement in 𝜉ፅ
for higher Reynolds numbers is smaller compared to TT-04 and TT-05. This difference can be caused
by the difference in nozzle geometry (see Subsection 2.1).

Another comparison can be made with the data that is presented in Figure 6.11, which is from the
paper of Grisnik et al. 1987 [2], who investigated nozzle geometry and Reynolds number influence on
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Figure 6.8: Reynolds number ((ፑᑖ)ᑖᑩᑡ) versus heating quality (᎛ᑓ) for both TT-04 and TT-05.

the Isp quality using cold nitrogen gas. Note that since because cold nitrogen gas was used, the Isp
quality in Figure 6.11 is equal to the nozzle quality. Looking at the nozzle quality (or Isp quality) of
the orifice, this varies between 0.56[−] and 0.61[−] for a Reynolds number range of 600 − 2000[−],
while for the conical nozzle this varies between 0.78[−] and 0.84[−]. For the MEMS-VLM chip it was
found that for Reynolds number range of 600−2000[−] the nozzle quality varies between 0.19[−] and
0.60[−]. This indicates that for higher Reynolds numbers the nozzle of the MEM-VLM chip corresponds
to the orifice, while for lower Reynolds numbers it does not. Note that the same behavior was found
for the discharge factor, but there the data of the MEM-VLM chip resembled the data of the conical
nozzle. This indicates that ideal rocket theory alone cannot provide a good prediction.

In order to give a better prediction, three effects can be considered (Zandbergen, 2016) [13]:

• The loss factor caused by a reduction in effective nozzle throat area.

• The loss factor caused by divergence of the flow ((𝐶ፅ)፝።፯_፥፨፬፬).

• The loss factor caused by viscous effects ((𝐶ፅ)፯።፬፜_፥፨፬፬).
Starting off with the reduced effective nozzle throat area, which is caused by boundary layer formation
in the throat, this increases the nozzle area ratio when the boundary layer formation in the nozzle exit
is neglected. A quick calculation was done to see what its effect was on the (𝐶ፅ)።፝፞ፚ፥. Without taking
the boundary layer into account (𝐶ፅ)።፝፞ፚ፥ is on average 1.701[−], while taking the boundary layer into
account results in an average value of 1.706[−]. It can be seen that the influence of the change in
area ratio is negligible. Even for larger changes in area ratio, the influence on (𝐶ፅ)።፝፞ፚ፥ is small: for
example, changing the area ratio from 30[−] to 20[−], results in an average ideal thrust coefficient of
1.684[−]. Coming back to the change in (𝐶ፅ)።፝፞ፚ፥ caused by the throat boundary layer, because this
is small it can be neglected.

As for loss factor caused by divergence of the flow, it was already explained in Subsection 2.2.2 that
(𝐶ፅ)፝።፯_፥፨፬፬ can be calculated by implementing 𝜃፧፝ (equal to 20.5[°]) in Equations 2.16 and 2.17. The
results of this can be found in Table 6.8. The loss factor due to viscous effects ((𝐶ፅ)፯።፬፜_፥፨፬፬) is also
presented in this table. This loss factor was also explained in Subsection 2.2.2 and can be estimated
using the empirical relation (see Equation 2.19) provided by Spisz et al. (1965) [9]. However, it was
mentioned before that this was only tested for Reynolds numbers in the range of 2000 − 10000[−].
Nevertheless, Equation 2.19 was still used in order to obtain a prediction for the viscous loss.
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Figure 6.9: Reynolds number ((ፑᑖ)ᑖᑩᑡ) versus nozzle quality (᎛ᐽ), where the nozzle quality regression curve (using TT-04 and
TT-05) is compared with the nozzle quality of Van Wees 2017 [3].
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Figure 6.10: Comparison between throat Reynolds number and the Isp quality for different nozzle types, which was made by
Grisnik et al. 1987 [2].

In Table 6.8 a comparison is made between the experimental, ideal and corrected thrust coefficient.
Note that the experimental thrust coefficient ((𝐶ፅ)፞፱፩) was calculated with the adjusted mass flow
((�̇�)ፚ፝፣.). It can be seen in the table that even with both loss factors applied, there is still a dif-
ference between the experimental thrust coefficient and the corrected theoretical thrust coefficient
((𝐶ፅ)፜፨፫፫፞፜፭፞፝). This is also visualized in Figure 6.11, where the nozzle quality is presented for both
the ideal thrust coefficient and the corrected thrust coefficient. It can be seen that the corrections
that were applied still do not fully account for all the losses, since the corrected nozzle quality is not
equal to 1.0[−]. Furthermore, for the highest Reynolds numbers the corrected nozzle quality is about
0.82[−], while for the lowest Reynolds numbers the nozzle quality is about 0.37[−]. With this it can be
concluded that Equation 2.19, which was used for calculating the viscous loss ((𝐶ፅ)፯።፬፜_፥፨፬፬), is indeed
not suitable for Reynolds numbers lower than 2000[−].

The highest Reynolds numbers that were achieved in this test, were about 2000[−]. This means that
the calculation of the viscous loss at these Reynolds numbers should be valid and thus the corrected
nozzle quality of 0.82[−] should be valid too. Furthermore, the reason why the nozzle quality value
of 0.82[−] is not equal to 1.0[−] could be because of two things: there are unknown losses present
apart from the viscous loss and/or the calculation of the viscous loss is not suitable for the MEMS-VLM
chip. The author therefore recommends to investigate what could have caused the unknown losses
(e.g. shockwaves). Looking at the latter reason, the nozzle geometry of the nozzles that were used by
Spisz et al. (1965) [9] to establish Equation 2.19, were different from the nozzle of the MEMS-VLM chip.
Non of these nozzles had the same 2D shape of the MEMS-VLM chip, for which the effect of boundary
layer formation is greater as the upper and lower walls do not diverge like the sidewalls. With this a
recommendation can be made about the design of the new generation MEMS-VLM chips: change the
geometry of the nozzle from 2D to 3D. Apart from a better performance, the experimental data can be
better compared with data from literature.
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Table 6.8: Overview of the thrust coefficient: the experimental values, the ideal values, the values that include divergence loss,
the values that include viscous loss and the total corrected value (includes both losses).

Test Label (𝐶ፅ)፞፱፩ (𝐶ፅ)።፝፞ፚ፥ (𝐶ፅ)፝።፯_፥፨፬፬ (𝐶ፅ)፯።፬፜_፥፨፬፬ (𝐶ፅ)፜፨፫፫፞፜፭፞፝
[ − ] [ − ] [ − ] [ − ] [ − ]

TT-04_p1 0.33 ± 5.2e-2 1.70 ± 2.0e-1 1.67 0.95 0.92
TT-04_p2 0.70 ± 5.6e-2 1.70 ± 2.0e-1 1.67 1.11 1.08
TT-04_p3 0.90 ± 5.3e-2 1.70 ± 2.0e-1 1.67 1.21 1.17
TT-04_p4 0.98 ± 4.6e-2 1.70 ± 2.0e-1 1.66 1.27 1.23

TT-05_p1 0.33 ± 5.3e-2 1.70 ± 1.9e-1 1.67 0.90 0.87
TT-05_p2 0.80 ± 6.4e-2 1.70 ± 2.0e-1 1.67 1.10 1.07
TT-05_p3 0.94 ± 5.6e-2 1.70 ± 2.0e-1 1.67 1.20 1.17
TT-05_p4 1.01 ± 4.8e-2 1.70 ± 1.9e-1 1.66 1.27 1.23

Figure 6.11: Reynolds number ((ፑᑖ)ᑖᑩᑡ) versus nozzle quality (᎛ᐽ), where the original nozzle quality regression curve based
on the ideal thrust coefficient is compared with the corrected nozzle quality regression curve based on the corrected thrust
coefficient, which accounts for viscous loss and divergences loss.



108 6. Nitrogen Thrust Bench Test - Analysis

6.5. Summary
Looking back at Table 4.1.4, all the success criteria have been met, which means that this test can
be concluded to be successful. This means that no leakage has occurred during TT-04 and TT-05,
but also that all the required data measurements were obtained. This also means that it has been
demonstrated that the thrust bench test is repeatable. This can be seen in Figure 6.2 for the thrust
measurements, but also in Figure 6.1 for the mass flow measurements. However, it was found that the
long range Brooks 5850S that was used for the thrust bench test, provided mass flow readings that
were consistently 0.15[𝑚𝑔/𝑠] higher compared to the short range Brooks 5850S, which was found in
a separate comparison test in which the chamber pressure and mass flow relations for both devices
were established. Note that both devices have likely been calibrated many years ago, which is why it
is recommended that the devices are sent to Brooks company for recalibration. Nevertheless, it was
assumed that short range Brooks 5850S provided the correct mass flow measurements.

This assumption was made because the original mass flow measurements resulted in unrealistic dis-
charge factor values (around 1.0[−]). While an adjusted mass flow, which was 0.15[𝑚𝑔/𝑠] smaller
compared to the original mass flow, resulted in a discharge factor range of 0.77 − 0.91[−]. This ad-
justed discharge factor made more sense when comparing it to the expected discharge factor range of
0.93− 0.97[−], which was determined with the analytical relation of Tang and Fenn (1978) [17]. Even
though there was a slight difference between the predicted and adjusted discharge factor, it was con-
cluded that Equation 2.20 of Tang and Fenn (1978) [17] does provide a good indication for the expected
discharge factor. The differences could have been caused by the assumed nozzle throat height, which
determines the nozzle throat area and subsequently the ideal mass flow and the discharge factor. That
is why it is recommended to always perform an optical characterization test on the MEMS-VLM chip
during the manufacturing procedure before the silicon wafer is bonded to the glass wafer, such that
an reliable characterization can be done for the nozzle geometry (including the radius of curvature).
The difference between the adjusted and predicted discharge factor could also have been caused by
the assumption about the chamber pressure: the pressure measured inside the 1st gen. interface was
assumed to be equal to the chamber pressure. In reality there is a pressure drop, which would result
in a reduced ideal mass flow and thus an increased discharge factor. It is therefore recommended that
the design of the MEMS-VLM chip is adjusted in such a way that the chamber pressure can directly be
measured.

Apart from improving the discharge factor, increasing the Reynolds number from 600[−] to 2000[−]
increased the nozzle quality from 0.19[−] to 0.60[−]. Taking into account the divergence loss and
viscous loss based on Equation 2.19 of Spisz et al. (1965) [9], a corrected nozzle quality range of
0.37 − 0.82[−] was found. This indicated that Equation 2.19 is not suitable for Reynolds numbers
below 2000[−]. The highest corrected nozzle quality corresponded to a Reynolds number of about
2000[−], which indicates that the 0.82[−] value does include a valid viscous loss. The means that
0.18[−] of loss can be caused by other sources (e.g. shockwaves) or that Equation 2.19 does not give
good prediction for 2D conical nozzles. It was therefore recommended to investigate the unknown loss
source and to create a new generation MEMS-VLM chips with a 3D nozzle. Apart from a possible better
performance, the experimental data can be better compared with data from literature.



7
Conclusion and Recommendations

7.1. Conclusion
The aim of the thesis project was to investigate the relationship between the throat Reynolds number
and the performance characteristics of the 3rd gen. MEMS-VLM chip. This was translated to the fol-
lowing research question:

উWhat do experiments� within an accuracy of 10�� reveal about the influence of different
throat Reynolds numbers on the performance characteristics by controlling the operating
conditions of the 3rd gen. MEMS-VLM chip"উ

This research question was expanded and translated into the following research objectives:

Subgoal 1: ”Experimentally determine the relationship between the throat Reynolds number and the
Isp quality / nozzle discharge factor / nozzle quality.”
It can be concluded that this goal was achieved as the data produced from the experiments was
documented and plotted in graphs in this thesis. Furthermore, the analytic relation of Tang and Fenn
(1978) [17] provides a good prediction for the discharge factor. The prediction for Reynolds number
range of 600 − 2000[−] was a discharge factor between 0.93 − 0.97[−], while the actual discharge
factor was between 0.77 − 0.91[−]. The difference could be caused by the estimated nozzle throat
area, which determines the ideal mass flow and thus the discharge factor.

As for the nozzle (or Isp) quality, it was found that the quality also improved for higher Reynolds
numbers: increasing the Reynolds number from 600[−] to 2000[−] increased the nozzle quality from
0.19[−] to 0.60[−]. Corrections for ideal rocket theory were made, which shifted the nozzle quality
from 0.37[−] to 0.82[−]. These corrections included divergence loss, which was small (about 0.03[−]),
and viscous loss, which was expected to account for all the loss and was determined with the empirical
relation of Spisz et al. (1965) [9]. However, the corrected nozzle quality was not 1.0[−]. This meant
that the empirical relation provides a poor prediction for viscous loss for low Reynolds numbers (below
2000[−]). This also meant that the relation does not give good prediction for 2D conical nozzles or
that or that other losses (e.g. shockwaves) were present.

Subgoal 2: ”Explore the limit of the highest achievable Reynolds number and the corresponding per-
formance characteristics at vacuum by controlling the operating conditions without damaging the 3rd
gen. MEMS-VLM chip and 1st gen. interface.”
This goal was concluded to be achieved as well, since the limit for the throat Reynolds number was
found. Though this limit changed over time as became clear from the two leak tests during which
a MEMS-VLM chip with a blocked nozzle was put inside the 1st gen. interface and the system was
pressurized. The first leak test was performed before all the thrust bench tests, while the second leak
test was performed after all these tests. During the first leak test it was found that the system could
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be pressurized up to 7[𝑏𝑎𝑟] without showing any signs of leakage, but during the second leak test this
value drop down to 5[𝑏𝑎𝑟]. Therefore the highest achievable Reynolds number was about 1900[−],
which corresponds to 5[𝑏𝑎𝑟].

Subgoal 3: ”Obtain experimental data that is reproducible and accurate within 10% from both the
preliminary tests and the thrust bench tests.”
It was concluded that the goal was partly achieved as some measurements had uncertainties above
10[%] and some below. However, it was mentioned in Section 1.2 that the value for the uncertainty
requirement was guessed. Furthermore, it was found that a higher uncertainty does not always im-
pose a problem for the analysis. For example, the uncertainty for the nozzle quality varied between
15 − 25[%], but the relationship with the Reynolds number could still be noticed.

Subgoal 4: ”Create detailed test procedures for both the preliminary tests and the thrust bench tests.”
This goal was achieved as for all experiments detailed test procedures were created.

Subgoal 5: ”Investigate through experimentation the influences of using liquid water versus gaseous
nitrogen as propellant.”
This goal was not achieved. The reason for this was that the nitrogen thrust bench test already took
most of the timespan of the thesis project, which meant that there was not any time to perform the
tests with liquid water. However, de Athayde Costa e Silva et al. (2017) [10] did perform a separate
test with the liquid water demonstrating that it is possible to vaporize liquid water with the MEMS-VLM
chip. Possible challenges will be the configuration of the additional wiring to power the heaters.

Subgoal 6: Provide recommendations for the test procedures, the 1st gen. interface design, the 3rd
gen. MEMS-VLM chip design and the operating conditions.
This goal was achieved as every lesson learned during this thesis project was documented and a sum-
mary of all the recommendations can be found in Section 7.2.

In conclusion, the main research question, could partially be answered. The accuracy of 10[%] was an
overestimation as for the nozzle quality (and Isp quality) the uncertainties were between 15 − 25[%]
and despite the high uncertainty a relationship was established between the throat Reynolds number
and the nozzle quality: increasing the Reynolds number from 600[−] to 2000[−] increased the nozzle
quality from 0.19[−] to 0.60[−] and with viscous loss and divergence loss corrections increased the
nozzle quality from 0.37[−] to 0.82[−]. As for the relationship with the discharge factor, this range
increased between 0.77 − 0.91[−], which corresponded well to the predicted range of 0.93 − 0.97[−].
The corresponding operating conditions were as follows: the temperature was uncontrolled and on
average at 295[𝐾], while the pressure range was controlled and varied between 2[𝑏𝑎𝑟] and 5[𝑏𝑎𝑟]
with increments of 1[𝑏𝑎𝑟].

7.2. Recommendations
• The following can be recommended about the test setup:

– Recalibrate the Brooks MFC(s) before usage. All the current MFCs that are available in the
cleanroom have been last calibrated over more than 10 years ago. This means that during
these years the accuracy of the flow rate measurement has worsened with ±0.5[%] per
year. Also, the Brooks MFC with the 0-2000 [ml/min] range has a controlling function that
is currently not working, which is an issue that needs to be solved.

– When a mass flow range of 0−2[𝑚𝑔/𝑠] is expected, switch to the Brooks MFC with a range
of 0-144 [ml/min]: because of the lower range the effect of the ±0.18[%] F.S. uncertainty
will be less and thus the overall uncertainty in the measurement will reduce.

– Buy different torsion springs that have different and lower spring constants than the one that
is currently in use. This will enable future users of the AE-TB-5m pendulum thrust bench to
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choose a range and accuracy that is more suitable for their experiment.

– Investigate if baseline pendulum arm displacement change can be affected by a ambient
temperature change.

• The following can be recommended about the MEMS-VLM chip:

– Perform the thrust bench test with water as propellant.

– Investigate the influence of the nitrogen gas temperature on the nozzle performance.

– It was found during the optical characterization test that there are discrepancies between
designed nozzle and the manufactured nozzle of the MEMS-VLM chip. The biggest discrep-
ancy was found in the nozzle throat area, which is used to calculate the theoretical mass
flow and thus has a big influence on the discharge factor. It is therefore recommended that
either the manufacturing precision of the MEMS-VLM chip is improved or that for each chip
an optical characterization test is done before the thrust bench tests are performed.

– For the manufacturing procedure of the MEMS-VLM chip it is recommended that an optical
characterization is carried out before the glass waver is attached to the silicon waver.

– It is recommended that thrust bench tests for other 3rd gen. MEMS-VLM chips with different
nozzle geometries are performed in order to determine the most favorable nozzle type.

• The following can be recommended about the 1st gen. interface:

– Find a solution for the leakage. Over time leakage will occur at lower chamber pressures.
As mentioned before during the first leak test this was found to be 7 [bar] and over time
this was reduced to 5 [bar], which was most likely caused by the bending of the teflon block
of the interface.
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A
Thrust Bench Test - Liquid Water

Most of the time during the thesis project was spent on the nitrogen thrust bench test with the 3rd
gen. MEMS-VLM chip, which means that there was not enough time for performing the thrust bench
test with liquid water as propellant. However, some information relevant for the liquid water thrust
bench test was gathered, which is presented in this appendix. In Section A.1 experiments performed
by de Athayde Costa e Silva et al. (2017) [1] are discussed in short. In Section A.2 adaptions for the
test set-up are described that are needed when switching from nitrogen to liquid water as propellant.

A.1. Performed experiments
Two PhD students (M. de Athayde Costa e Silva and D. Cordeiro Guerrieri) of the TU Delft, successfully
demonstrated that vaporization of water was possible using the heaters of the 3rd gen. MEMS-VLM
chip (de Athayde Costa e Silva et al., 2017) [1]. Note that before performing the water vaporization
test that de Athayde Costa e Silva et al. (2017) [1] performed an electrical characterization test in order
to determine the temperature resistance coefficient of the heatesrs of the MEMS-VLM chip.

Furthermore, during the water vaporization test the inlet section of the MEMS-VLM chip was slowly
filled with water, after which the power to the heaters was increased causing the vaporization to start.
After this the mass flow rate and the heater power were manually adjusted such that full vaporization
occurred within the chamber before the water reached the nozzle. This was visually checked by looking
through the glass side of the MEMS-VLM chip. Apart from the heater power and mass flow, the
exact location in the chamber where the liquid water transitioned into gaseous water also depended
on the nozzle type and chamber shape. For more information about the experimental results it is
recommended the read the paper of de Athayde Costa e Silva et al. (2017) [1].

After these experiments, de Athayde Costa e Silva et al. (2017) [1] found through optical inspection
that a small amount of residue was build op in the nozzle and for some chips the residue fully clogged
the nozzle throat. During the experiment demineralized water was used, which means that it could
still contain some mineral particles. It is therefore recommended for future experiments to use distilled
water, which does not have any mineral particles. It is also recommended to clean all the feed lines
through which the water needs to flow before it reaches the MEMS-VLM chip. In case residue still builds
up in the nozzle after taking these precautions, the residue could be caused by a chemical reaction
between the hot water gas and the MEMS-VLM chip. Thus, it is recommended to find the cause of the
residue and to find a solution.

A.2. Adaptions test set-up
In this section in short the adaptions in the test set-up are described that will be needed to perform
the liquid water thrust bench test. The following adaptions are needed: electrical wiring for powering
the heaters, a tank for storing the water and a liquid mass flow sensor for measuring the mass flow of
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the water.

The SM7020 Power Supply Unit (PSU) can be used to provide the required power to heaters. The
SM7020 is connected to the ?Experiment? feedthrough of the vacuum chamber, which is connected to
a D-sub 9 connector inside the vacuum chamber. From the connector the wiring to the golden pins of
the 1st gen. interface still need to be established. Note that the golden pins touch the heater pads
of the MEM-VLM chip and thus provide the power to the heaters. It is recommended that the wiring
is configured the same as the fluidic tube: it should be first taped to the Boikon profile support pillar,
subsequently looped once in the air and taped to the pendulum cross beam, after which it is rotated
(and taped) downwards the pendulum arm and finally connected to the golden pins. This will reduce
the influence of the stiffness of the wires on the pendulum arm displacement of the AE-TB-5m, which
is needed to obtain thrust measurements with a low uncertainty.

As for the water tank and liquid mass flow sensor, these are presented in Figures A.1 and A.2. The
mass flow was purchased from the company Sensiron and an overview of the specifications can be
found in Table A.1 [2].

Table A.1: Overview of the SLI-0430 Liquid Flow Meter specifications [2]. Note that ’% F.S.’ stands for the percentage of the Full
Scale (or measurement range of the device) and ’% S.P.’ stands for the percentage of the Set Point (or measured value).

Range 0 − 80 [𝜇𝑙/𝑚𝑖𝑛]
Accuracy ± 0.15% of F.S. or ± 5.0% of S.P.
Repeatability ± 0.01% of F.S. or ± 0.5% of S.P.
Operating Tempera-
ture 10<T<50 [deg 𝐶]
Operating Pressure maximum 50 [𝑏𝑎𝑟]
Response Time 0.040 [s]

Figure A.1: Sensiron’s SLI-0430 Liquid Flow Meter that is suitable for the liquid water thrust bench test [2].



Figure A.2: Set-up that includes both the water tank and the SLI-0430 Liquid Flow Meter in the feed system.
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B
Brooks 5850S

In this appendix additional information about the Brooks 5850S is presented, which is a device that can
both measure and control mass flow. The device has a 15 pin D-type male connector and the pinout
specification is presented in Figure B.1, which was obtained from the manual [1]. A DB-cable 15M/F
was used to connect the Brooks 5850S to a (new) Printed Circuit Board (PCB) created by the current
cleanroom manager (Sevket Uludag). The PCB was connected to the computer via the NI CB-68LP
breakout board. Pictures of the PCB are presented in Figures B.2-B.4. In Figure B.2 it can be seen
that the pinout specification of Figure B.1 is displayed on the PCB. Also, each channel on the board has
three connections: a female socket, a male socket and a female socket with screws. These connections
can be used to connect the PCB to the NI CB-68LP breakout board.

Figure B.1: The pin specification of the D-type male connector of the Brooks 5850S [1].
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120 B. Brooks 5850S

Figure B.2: Top view of the PCB that connects the Brooks 5850S with the NI CB-68LP breakout board, which is an interface
between the computer and the PCB. Note that the ”NC” means that these pins have ”No Connection” with the mass flow controller.



Figure B.3: Side view of the PCB, where the 15 pin D-type female connector can be connected to the 15 pin D-type male
connector of the Brooks 5850S via the DB-cable 15M/F.

Figure B.4: Side view of the PCB, where the 2.5 [mm] connector jack can be connected to the VOLTCRAFT FPPS (24 [Vdc],
0.75[A]) adapter in order to provide power to the mass flow controller.

Bibliography
[1] Brooks® smart-series digital mass flow meters and controllers, (Brooks Instruments, 2008).
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C
Lee Company Components

In this appendix a collection of Lee Company components are presented, which is a company that
provides miniature fluid control products. This collection was needed for the test set-up of a nitrogen
thrust bench test. Starting off, the VHS-M/M-24V solenoid valve is able to fully close/open and thus
was used to control nitrogen gas feed. A technical data sheet about the solenoid valve is presented in
Figure C.2 [2]. A tube with a 062 MINSTAC fitting system (see Figure C.3) is suitable to connect with
the solenoid valve. The assembly of this system is presented in Figure C.4. An alternative option is to
attach a tube to the 062 MINSTAC LFA Tubing Adapter (see Figure C.5), which can also be connected
to the solenoid valve. For both the 062 MINSTAC fitting system and the 062 MINSTAC LFA Tubing
Adapter, for attachment to the solenoid valve it is required to use the MINSTAC torque wrench (see
Figure C.1). This is important as the solenoid valve is very fragile and could break if the torque applied
to the fitting of the valve is too great. Furthermore, for controlling the solenoid valve it is required to
use the Spike & Hold Driver as presented in Figure C.6, about which a specification sheet can be found
in Figure C.7.

(a) Side that provides a torque of 0.07 [ፍ ⋅ ፦]. (b) Side that provides a torque of 0.035 [ፍ ⋅ ፦].

Figure C.1: The Lee Company’s MINSTAC torque wrench that is strongly advised to be used for tightening the .138-40 UNF
fittings to the ports of the VHS-M/M-24V solenoid valve.
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Figure C.2: Specification sheet of the Lee Company’s VHS-M/M-24V solenoid valve [2]. Note that there is variation of this valve
available that needs a spike/pulse voltage of ኻኼ[ፕ] and a constant voltage of ኻ.ዀ[ፕ]
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Figure C.3: Snapshot of the Lee Company’s manual with information about the 062 MINSTAC fitting system [1].

Figure C.4: Snapshot of the Lee Company’s manual with information about the assembly of the 062 MINSTAC fitting system [1].
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Figure C.5: Specification sheet of the Lee Company’s 062 MINSTAC LFA Tubing Adapter [2].

Figure C.6: The Lee Company’s Spike & Hold Driver as used in the set-up of the thrust bench test.



Figure C.7: Specification sheet of the Lee Company’s Spike & Hold Driver [2].

Bibliography
[1] Electro-fluidic systems handbook, (The Lee Company, 2013).

[2] The Lee Company, https://www.theleeco.com/products/, Last time accessed: 2018-10-
10.
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D
Devices Connected To The Computer

In this appendix information is given about the nitrogen thrust bench test with the 3rd gen. MEMS-VLM
chip regarding all the devices that were connected to the computer in the cleanroom. A flowchart about
the cleanroom computer and the devices can be found in Figure D.1. It can be seen that the flowchart
consists of: the cleanroom computer (blue), Data Acquisition System (DAQ) devices (green), miscella-
neous objects (yellow), Power Supply Unit (PSU) devices (purple) and controllers/sensors (orange).

Starting off with the USB hub, this was connected to the following DAQ devices: NI USB-9162 + NI
9211, NI USB-6008 and NI USB-8451. The NI USB-9162 + NI 9211, which is presented in Figure D.2,
was able to connect to thermocouples for temperature measurements. Although, this was not used
for the nitrogen thrust bench test. As for the NI USB-6008 and NI USB-8451, which are presented
in Figures D.3-D.5, these devices were able to connect to the MS5837-30BA sensor and a liquid mass
flow sensor. The MS5837-30BA sensor was used to determine the chamber pressure and temperature
of the MEMS-VLM chip. The liquid mass flow sensor was not used, but it will be needed when using
liquid water as propellant.

As for the NI PCI-6229, this DAQ device was integrated inside the cleanroom computer and a pin
specification can be found in Figure D.6. The device was connected with two thick 68-pin cables (see
Figure D.7) to two NI CB-68LP breakout boards. One breakout board was connected to a new Printed
Circuit Board (PCB) that was again connected to the Brooks 5850S. Note that the Brooks 5850S was
used to measure the nitrogen gas mass flow through the MEMS-VLM chip. The other breakout board
was connected to the SM7020 PSU, the SM7020-D PSU and the Spike & Hold Driver. The SM7020 PSU
could be used to provide power to the heaters of the MEMS-VLM chip, which is needed for a thrust
bench test in which liquid water propellant is vaporized. Although, for the nitrogen thrust bench test
the SM7020 PSU was not used. The SM7020-D PSU on the other hand, was needed for the test as it
was used to power the Varying Turn-Density Coil (VTDC) actuator, which was utilized to calibrate the
AE-TB-5m (pendulum) thrust bench in order to obtain thrust measurements. As for the Spike & Hold
Driver, this was used together with the Delta Elektronika E 031-1 PSU and D 030-1 PSU to control the
solenoid valve, which functioned as a gate between the (nitrogen) propellant feed system and the inlet
of the MEMS-VLM chip.

Finally, the DT6220/DL6230 DAQ device (see Figure D.8) was needed as its function is specifically
to process the displacement data of the CS2 sensor. This sensor measured the displacement of the
pendulum arm of the AE-TB-5m from which the produced thrust force of the MEMS-V:M chip was
determined.
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130 D. Devices Connected To The Computer

Figure D.1: Flowchart of all the connections with the cleanroom computer with different colors indicating different types of
devices: blue indicates that it is the cleanroom computer, green stands for DAQ, orange means that it is either a sensor or a
controller, purple indicates that it is a PSU and yellow boxes are miscellaneous objects.
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Figure D.2: The NI 9211 integrated with the NI USB-9162.

Figure D.3: The breadboard connected to the NI USB-8451 and the NI USB-6008. Note that the black wire at the left can be
connected to the (Sensiron) liquid mass sensor for data acquisition. Also, the black and red wires at the right can be used to
connect to a power supply for the liquid mass flow sensor.
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Figure D.4: The NI USB-6008 connected to the breadboard.

Figure D.5: The NI USB-8451 connected to the breadboard.
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Figure D.6: Pin specification of the PCI-6229 [1].



Figure D.7: The NI PCI-6229 integrated in the cleanroom computer connected to two thick 68-pin cables. Note that the ethernet
cable that can be seen here, is the one that is connected to the DT6220/DL6230 DAQ.

Figure D.8: The DT6220/DL6230 DAQ for the displacement data of the CS2 sensor.
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E
Pendulum Behavior Tests

In this appendix two different behavior tests of the AE-TB-5m pendulum thrust bench are explained.
Firstly, three long-time behavior tests are presented in Section E.1, which were performed to investigate
different AE-TB-5m configurations on the pendulum arm displacement over a long period. Secondly, an
atmosphere-to-vacuum behavior test is presented in Section E.2 which was performed to investigate
the influence of the pressure difference between the fluidic tube (propellant feed) and the ambient
environment on the pendulum arm displacement.

E.1. Long-period-behavior Test

The behavior of the pendulum arm displacement for a long time (>10 hours) for the three different
configurations is presented in Figures E.1-E.3. It can be seen that the displacement changes for all
configurations over time, but the displacement behavior and the amount of change in displacement
differs for each configuration. It can be concluded that the ”loop” or ”sideways” configuration results
in the lowest change in displacement over time compared to the other configurations.
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Figure E.1: Long-time behavior test in which the fluidic wires and electrical wires were directly attached to the vacuum cham-
ber ceiling as a ’waterfall’ configuration. Also, the vacuum chamber door was closed, but the pressure was kept at standard
atmospheric conditions.

Figure E.2: Long-time behavior test in which the fluidic tube and electrical wires were disconnected from the fluidic and electrical
system. In fact, the whole 1st gen. interface including the 3rd gen. MEMS-VLM chip was removed from the test set-up. Again,
the vacuum chamber door was closed, but the pressure was kept at standard atmospheric conditions.
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Figure E.3: Long-time behavior test in which the fluidic tube and electrical wires were rotated and taped around the pendulum
arm, taped on the pendulum cross-beam and taped to the (Boikon profile) support pillar. Also, the vacuum chamber door
was closed, but the pressure was kept at standard atmospheric conditions. Note that due to improper documentation it is
uncertain wether the tube and wires made a loop (’loop’ configuration) or were connected directly to the support pillar (’sideways’
configuration).

E.2. Atmosphere-to-vacuum Test

The behavior of the pendulum arm displacement when going from standard atmosphere to vacuum is
presented in Figure E.4. Note that the fluidic wires and electrical wires were in the ’loop’ configuration.
It can be seen that the ambient pressure decreases from 1[𝑎𝑡𝑚] to about 80[𝑃𝑎] over, which means that
the pressure difference between the fluidic tube and the ambient environment increases. This change
in ambient pressure increases the balance point of the pendulum arm: the displacement starts at
about 2335[𝜇𝑚] and it increases up to 2353[𝜇𝑚] within a period of 300[𝑠]. This means that a pressure
difference of about 1[𝑎𝑡𝑚] can induce a change of 18[𝜇𝑚] in the balance point of the pendulum arm
displacement. This also indicates that during a thrust phase of the MEMS-VLM chip the pressurization
of the fluidic tube could influence the pendulum arm displacement over a long period.
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(a) Raw absolute pressure data from the sensor (DCP3000 + VSP3000) in the vacuum chamber, which
was obtained during test ATV-01.

(b) Raw experimental displacement data from the sensor (CS2) in the thrust bench (AE-TB-5m),
which was obtained during test ATV-01.

Figure E.4: Atmosphere-to-vacuum test in which the fluidic wires and electrical wires were in the ’loop’ configuration.



F
Data Processing

In this appendix an overview is given of different processing methods for the experimental data ob-
tained from the CS2 displacement sensor, which was integrated with the AE-TB-5m pendulum thrust
bench. Firstly, in Section F.1 two methods are discussed that were used for removing fluctuations in the
displacement data using a AE-TB-5m calibration test (PCT-01) as an example. Hereafter, in Section F.2
it is investigated whether segmentation of the displacement data introduces improvements regarding
the thrust levels and the corresponding uncertainties, where the experimental data of a thrust bench
test (TT-04) is used as an example.

F.1. ’Filter’ versus ’Smooth’

Because the raw displacement data has a lot of fluctuations, data processing is required. Two methods
in MATLAB were compared for the displacement data of PCT-01: the function ’filter’ (see Figure F.1)
and the function ’smooth’ (see Figure F.2). It can be seen that the data converted by the ’filter’ function
does not follow the original raw data from beginning till the end. The ’filter’ function suddenly spikes
from zero up to the actual displacement level. Also, a time correction was needed as the ’filter’ function
introduces delays. The ’smooth’ function does not have all of these disadvantages, which is why this
function was chosen to perform the data processing.
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Figure F.1: Data processing of PCT-01 displacement data using the MATLAB function ’filter’ and correcting for time delay

Figure F.2: Data processing of PCT-01 displacement data using the MATLAB function ’smooth’.
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F.2. Segmented versus Complete Data Set.
Another form of data processing was investigated. It can be seen in Figure F.3 that the smoothed data
does not completely follow the raw experimental data during the four thrust phases. It was therefore
investigated whether segmenting the data (cutting the displacement data during the thrust phases)
had a significant impact on the obtained thrust values and the corresponding uncertainty. In Figure
F.4 the experimental data of the third thrust phase is presented, which is the thrust phase in Figure F.3
that is between the dotted circles. It can be seen that the smoothed data here does follow the original
experimental data from the beginning until the end. The average of the smoothed data was taken
between 328[𝑠] and 359[𝑠], which was done because the displacement was only considered stable
between this range as the change in displacement was not more than 1.0[𝜇𝑚]. The resulting average
displacement, thrust force, standard error of the mean (𝛿ፒፄፌዅፗᑕᑚᑤᑡ) and the corresponding relative
uncertainty (𝜖ፒፄፌዅፗᑕᑚᑤᑡ) are presented in Table F.1. It can be seen that the average displacement
for both cases is the same, which means that the thrust force is also the same. As for 𝛿ፒፄፌዅፗᑕᑚᑤᑡ
and 𝜖ፒፄፌዅፗᑕᑚᑤᑡ , these values are small and the difference between the two cases is negligible. This
is because the effect of 𝜖ፒፄፌዅፗᑕᑚᑤᑡ on the thrust force is also negligible: for the complete data this
results in a thrust uncertainty of ±4.6𝑒 − 5[𝑚𝑁] and for the segmented data ±3.7𝑒 − 5[𝑚𝑁]. Thus,
for this case it can be concluded that segmentation of this thrust phase is not required as its effect is
negligible. Since for the other thrust phases the difference between the raw data and smoothed data
is about the same, it was assumed that effect of segmentation is also negligible for these phases.

Table F.1: Data processing of the third thrust phase of TT-04, where the segmented data is compared with the complete data.
The average displacement, standard deviation and the corresponding total uncertainty in the thrust force are presented for both
cases.

Data Type 𝑋፝።፬፩ (𝐹)፞፱፩ 𝛿ፒፄፌዅፗᑕᑚᑤᑡ 𝜖ፒፄፌዅፗᑕᑚᑤᑡ
[𝝁𝐦] [𝐦𝐍] [𝝁𝐦] [%]

Complete data 2410.0 0.4529 ± 4.6e-3 ± 8.1e-5
Segmented data 2410.0 0.4529 ± 5.6e-3 ± 9.9e-5
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Figure F.3: Raw experimental displacement data during thrust test TT-04 with the filtered/smoothed superimposed, which
was obtained with the function ’smooth’ using a span of 1200 in MATLAB, where the dotted circles indicate locations were
misalignments occur.

Figure F.4: Third thrust phase extracted from the complete data set of TT-04. The smooth function (with a span 1200) was
applied and it can be seen that the smoothed data follows the raw data from the beginning until the end.



G
Additional Data - TT-05

In this appendix the raw experimental data of thrust bench test ”TT-05” is plotted in Figures G.1-G.5.
This includes data about the vacuum chamber pressure (controlled variable), the interface temperature
(uncontrolled variable), the interface pressure (controlled variable), the volumetric flow rate (dependent
variable) and the displacement (dependent variable). Note that the purpose of the test is to determine
the nozzle performance of the 3rd gen. MEMS-VLM chip using the measurement data.

Figure G.1: Raw absolute pressure data from the sensor (DCP3000 + VSP3000) in the vacuum chamber, which was obtained
during thrust test TT-05. Note that p1 up to p4 correspond to the four (thrust) phases of the test.
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Figure G.2: Raw absolute pressure data from the sensor (MS5837-30BA) in the 1st gen. interface, which was obtained during
thrust test TT-05. Note that p1 up to p4 correspond to the four (thrust) phases of the test.

Figure G.3: Raw experimental temperature data from the sensor (MS5837-30BA) in the 1st gen. interface, which was obtained
during thrust test TT-05.Note that p1 up to p4 correspond to the four (thrust) phases of the test.
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Figure G.4: Raw experimental volumetric flow rate data from the sensor (Brooks SLA5850) in the feed system, which was
obtained during thrust test TT-05.Note that p1 up to p4 correspond to the four (thrust) phases of the test.

Figure G.5: Raw experimental displacement data from the sensor (CS2) in the AE-TB-5m thrust bench obtained during thrust
test TT-05 with the filtered/smoothed superimposed, which was obtained with the function ’smooth’ using a span of 1200 in
MATLAB. Note that p1 up to p4 correspond to the four (thrust) phases of the test.





H
Previous Optical Characterization

Test

In this appendix data of the (previous) optical characterization test is presented, which was performed
with the VHX-2000E Digital Microscope. The lens of microscope was able to magnify between 100x-
1000x. The purpose of the test was to characterize the geometry of the ”01-Ws2-01” MEMS-VLM chip
and an example of a microscopic image can be found in Figure H.1. Note that this chip was not used
for gaseous nitrogen thrust bench test as the interface for this chip caused leakage of the N2. This is
because it was deformed due to the high temperatures it experienced during water vaporization tests.
The new interface that was manufactured was only suitable for the long MEMS-VLM chips and not the
short ”01-Ws2-01” chip. Hence, no N2 thrust bench tests were done with this chip. However, the
optical characterization test still holds valuable information.

The test results of the parameters can be found in the second and third column of Table H.1. For
most parameters multiple measurements were done using the software tools of VHX-2000E Digital
Microscope in order to determine the error. That is why the average and standard deviation of the
measurements are presented in the second column of Table H.1. The magnification is also included if
the measurements were done at the same magnification.

For some parameters it was possible to count the amount of pixels (see third column of Table H.1),
which could provide more accurate results than using the software tools of the digital microscope as
these include human errors. An example of this can be found when comparing the measurements of
the nozzle throat width, which were determined using Figures H.2 and H.3, where the throat width
is likely 1 [𝜇𝑚] smaller when using the pixel counting method. The method was carried out with the
help of the standard Preview app of macOS, where the pixels (both in X and Y direction) could easily
and precisely be counted by selecting a rectangular area. First the number of pixels of the reference
scale was counted in order to calculate the length of one pixel. Hereafter, the number of pixels of the
parameters were counted in order to determine their metric values. This method is called the ”Pixel
Counting Method” as written in the third column of the table. The measurement uncertainty for each
parameter was determined by counting the amount of pixels of the borderlines.

The fourth column of Table H.1 contains the designed values for the nozzle parameters. The de-
signed values are based on [1]. In the last column the percentage difference between the designed
and measured values is presented. Note that because the ”Pixel Counting Method” (third column) is
more accurate, its value was compared to the designed value instead of the ”Average Measurement”
(second column).

A few important points can be noticed when looking at Table H.1. The percentage difference be-
tween the designed parameters and the measurements of the manufactured parameters is in most
cases small, except for the nozzle throat width (𝑊፭). Since the difference in the throat width has a
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huge impact on the thrust performance, the precision of the manufacturing process needs to be im-
proved. Furthermore, the digital microscope was not able to perform measurements inside the nozzle
due to a lack of illumination. For this reason it was too dark to perform measurements for: 𝑡፧፝, 𝑡፭, 𝐴፭
and 𝐴፞.

Table H.1: Test results of the optical characterization test for the nozzle parameters, where: ”R” stand for the angle between
the divergent and convergent section of the nozzle, ”L” stands for the length, ”W” stands for the width, ”t” stands for the
depth/thickness, ”A” stands for the area and ”᎕ᑟᑕ” stands for the nozzle divergence half angle. As for the subscripts: ”nc”
stands for the nozzle convergent section, ”nd” stands for the nozzle divergent section, ”t” stands for the nozzle throat, ”e” stands
for the nozzle exit, ”upper” stands for the upper part and ”lower” stands for the lower part.

Parameters:
Nozzle

Average Measurement
± Standard Deviation

Pixel Counting Method
± Uncertainty

Designed
Value Difference

𝑅∗ኻ(፮፩፩፞፫) 104.3 ± 0.6 [°] N/A 106.32 [°] 1.9%
𝑅∗ኼ(፥፨፰፞፫) 104.3 ± 0.6 [°] N/A 106.32 [°] 1.9%
𝐿፧፜ 1480 ± 3 [𝜇m] N/A 1500 [𝜇m] 1.3%

(100x magnification)
𝑊፧፜ 2950 ± 22 [𝜇m] N/A 3000 [𝜇m] 1.7%

(100x magnification)
𝐿፧፝ 647.9 ± 2.8 [𝜇m] N/A 660 [𝜇m] 1.9%
𝑊፧፝ 776.6 ± 3.4 [𝜇m] 757.53 ± 4.79 [𝜇m] 780 [𝜇m] 2.9%

(300x magnification)
𝜃፧፝Ꮃ(፮፩፩፞፫) 30.5 ± 0.3 [°] N/A 29.11 [°] 4.7%
𝜃፧፝Ꮄ(፥፨፰፞፫) 30.5 ± 0.3 [°] N/A 29.11 [°] 4.7%
𝑊፭ 20.0 ± 0.4 [𝜇m] 19.0 ± 1.4 [𝜇m] 45 [𝜇m] 81.3%

(1000x magnification) (1000x magnification)
𝑡፭,𝑡፧፝ Too dark to perform measurement! 100 [𝜇m] -
𝐴፭ Too dark to perform measurement! 4500 [𝜇𝑚ኼ] -
𝐴፞ Too dark to perform measurement! 78000 [𝜇𝑚ኼ] -

Figure H.1: Nozzle at a magnification of 100x. Data used for: ፋᑟᑔ and ፖᑟᑔ.



Figure H.2: Nozzle throat at a magnification of 1000x. Used for pixel counting method to determine ፖᑥ. The reference scale of
10 ᎙m consists of 50 pixels.

Figure H.3: Nozzle throat at a magnification of 1000x. Data used for: ፖᑥ.
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