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Abstract
The supersonic split line (SSSL) nozzle has been considered for years in the use of solid rocket mo-
tors. The SSSL nozzle is an attractive alternative to the more conventional submerged movable (SM)
nozzle. The SSSL nozzle can save up to 43% on nozzle mass and 25% on the thrust vector control
(TVC) system mass. The SSSL nozzle also has the benefit of the amplification factor, which is a result
of the SSSL nozzle turning the flow in the supersonic region. The shock waves formed deflect the flow
more than the mechanical deflection. The amplification factor is defined as the flow deflection divided
by the mechanical deflection. The greatest disadvantage of the SSSL nozzle is the high temperature
experienced around the split area.
Only limited research is available on the SSSL nozzle. This thesis aims to expand on the knowledge of
the SSSL nozzle in cooperation with Nammo Raufoss. Nammo has proposed a project to look into the
amplification factor of the SSSL nozzle while changing various aspects of the nozzle. The aspects that
are researched in detail are as following: The effect on the amplification factor when moving the split
and changing the expansion ratio of the nozzle. Furthermore, to determine how well the SSSL nozzle
compares to a more traditional SM nozzle, a comparison between the SSSL and the SM nozzle is
performed at equal performance. This comparison has a focus on the mass differences of the nozzles
and TVC systems of the SSSL and SM nozzle.
The performances of the SM nozzle and the SSSL nozzle are determined by simulations with compu-
tational fluid dynamics (CFD). The nozzles are constructed by creating a basic nozzle shape that can
then be drawn into a 3D modelling program. From the CFD simulations, the amplification factor of the
SSSL nozzle was determined. In order to compare the SSSL nozzle and the SM nozzle a mass model
is developed. The model uses the calculated performance from the CFD simulations to calculate the
mass difference between the two nozzle and TVC systems.
The results show that the amplification factor increases when moving the split further down stream.
Furthermore, when increasing the expansion ratio the amplification factor decreases. For the SSSL
nozzle with a total expansion ratio of 12 and the split location at an expansion ratio of 1.75, the maxi-
mum amplification factor is 1.57. Additionally, a linear relationship between the amplification factor and
the ratio of the expansion ratio at the split to the total expansion ratio of the nozzle is observed. The
SSSL nozzle experiences increasing thrust and Isp losses while vectoring when the split is located fur-
ther downstream, while receiving only a slight increase in the amplification factor. The results from the
mass model show that the SSSL nozzle is on average 37% lighter than the SM nozzle for a vectoring
duty cycle of 0.25.
To conclude, for an increasing ratio between the expansion ratio at the split to the total expansion ratio
of the nozzle, the amplification factor increases. Additionally, the SSSL nozzle is the lighter option when
only the aerodynamic effects are considered. Other effects such as the interstage length and thermal
protection of the split were not considered in this study, but these might have an influence on the overall
system mass for the SSSL nozzle. It was also seen that the temperature and heat flux around the split
area was high, to overcome this the SSSL nozzle might need additional thermal protection which could
potentially lead to a higher mass. It was observed that the largest mass difference between the SSSL
and SM nozzle system was found when the split of the SSSL nozzle is located at an expansion ratio
that gives the highest possible Isp.
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1
Introduction

In this master thesis a comparison between the Super Sonic Split Line (SSSL) nozzle and a more con-
ventional Submerged Movable (SM) nozzle has been performed. Additionally, the SSSL nozzle has
been studied in more detail, especially the unique feature of the SSSL nozzle namely the Amplifica-
tion Factor (AF). The thesis was done in collaboration with Nammo Raufoss. Nammo Raufoss is a
multinational defence and space company based in Norway. In this chapter background information
is presented as well as the research objectives and the research approach. First, some background
information is presented. Second, the research objectives, research questions and hypotheses are
presented. Third, the general methodology of the thesis is outlined and finally the outline of the thesis
is presented.

1.1. Background information
In order to alter flight direction rockets need a form of control. There are various methods that can
achieve this [34]. One method that can be used is thrust vector control (TVC). TVC manipulates the
rocket exhaust in order to turn the rocket [13, 34, 40]. This can be achieved in several different ways.
One approach is by the use of movable nozzles. Movable nozzles deflect the hot gas flow by mechan-
ically deflecting the nozzle to the desired angle of thrust vectoring [40]. A second method is to use
mechanical intervention devices, these achieve thrust vectoring by extending a mechanical device into
the hot gas flow in order to deflect the exhaust gasses [40]. A third method is by injecting a liquid or
gas into the hot gas flow to induce a shock wave that in turn turns the flow [25]. The two methods of
thrust vectoring control that are dealt with in this thesis are the SSSL nozzle and the SM nozzle, which
are both movable nozzles [23]. The SSSL nozzle and the SM nozzle can be seen as a ball and socket
joint with a hollow middle. For the SSSL nozzle the ball and socket is located in the super sonic region
of the nozzle, this is downstream of the nozzle throat. When the downstream part of the SSSL nozzle
is rotated around the socket, the hot gas flow is turned and two super sonic flow phenomena occur
[43, 52]. At the bottom, displayed in figure 1.1, a shock wave forms due to the nozzle turning. On the
top there are expansion waves since the gas has to expand around the corner. These two effects result
in an additional turning of the gas flow. The SSSL nozzle can therefore turn the gas flow more than the
mechanical deflection of the nozzle. This is called the amplification factor, which is defined as [23, 43]:

𝐴𝐹 = Aerodynamic flow deflection
Mechanical flow deflection (1.1)

figure 1.2 is a representation of a SSSL nozzle that was tested against a SM nozzle. The upper nozzle
is the SM nozzle and the lower nozzle is the SSSL nozzle. For the SM nozzle the ball and socket is
located at the end of the combustion chamber. This means that the whole nozzle turns and the flow
is turned before the throat of the nozzle. No supersonic flow phenomena can occur due to the nozzle
deflection since the exhaust gasses are tuned before they reach super sonic speeds. The SSSL nozzle
is the lower of the two nozzles in the figure. The figure is adapted from the paper by Ellis and Berdoyes
[23].
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Figure 1.1: A simplified example of a SSSL nozzle with the expansion waves and shock waves indicated

Figure 1.2: Figure of a sectioned view of a SM and SSSL nozzle. The Upper nozzle is the SM nozzle and the lower nozzle is
the SSSL nozzle. Figure adapted from [23]

The two simulated nozzles in this thesis use a hybrid rocket motor for the combustion chamber con-
ditions. This rocket motor is under development by Nammo Raufoss. This hybrid rocket uses a solid
fuel grain and a liquid oxidiser in order to create thrust. The engine is designed to produce 100kN of
thrust. The engine will be used in the North Star rocket family and micro launcher [53].

The last couple of years the development of rockets has increased rapidly. Especially within the field
of TVC with SpaceX. The SSSL nozzle has however not yet been used extensively for TVC. This is
due to the limited research on the SSSL nozzle. However, around the 1970s, the SSSL was studied
extensively for the use of TVC. SSSL nozzles never became of great importance in the rocket industry
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due to excessive heating around the split. This was the main pitfall for the SSSL nozzle preventing a
breakthrough [21, 25, 44]. The last years however, the SSSL has received renewed attention. This
is mainly due to the usage of composite materials. The composite materials overcame the excessive
heating which has prevented the SSSL nozzle from being a success [11, 14, 23, 43]. One of the ad-
vantages of the SSSL nozzle is its low structural mass. A contributing factor is the use of composite
materials and a less complicated design [23]. The mass of the SSSL nozzle is lower than alternatives
such as the SM nozzle, Liquid Injection Thrust Vector Control (LITVC) and Mechanical Intervention
Thrust Vector Control (MITVC), while still maintaining a good performance [23, 25, 34]. One of the haz-
ards of the SSSL nozzle remains the limited experience and the fact that there is no public knowledge
of flown rockets that have used the SSSL nozzle for TVC. In the literature review performed for this
thesis a clear overview of the few articles that have been written about the SSSL nozzle is given [48].
The literature review revealed that the SSSL nozzle needs additional and up to date research on the
SSSL nozzle. However, some relevant insights were obtained, specifically from the study by Ellis and
Berdoyes [23]. They found that for the same test engine the SSSL nozzle had a mass saving of 43%
compared to the SM nozzle [23]. In this test, the mass reduction resulted in a 7.1 kg lighter nozzle when
looking at only the nozzle structure. Ellis and Berdoyes argue that this is due to the less complicated
design and the fact that less material is needed for the construction [23]. During the test described in
the paper, the torque required to turn the SSSL nozzle was drastically reduced by 63%. This resulted
in a 25% reduction in the actuator mass. According to Ellis and Berdoyes the reduction in the torque
was due to a combination of the amplification factor, aerodynamic torque and the less stiff joint [23].
The amplification factor of the SSSL nozzle has also been studied in the paper by Ørbekk [43]. In
this paper the SSSL nozzle is tested on a small solid rocket motor. Ørbekk explores the relationship
between the split location and the amplification gained and concludes that there is a maximum to be
found [43]. He also argues that when increasing the overall expansion ratio the optimum split location
moves as well.

In summary, the most beneficial aspects of the SSSL nozzle in comparison to the SM nozzle are the
following: Firstly, the mass of the nozzle structure can be reduced substantially (of order 40%) [23].
Secondly, the SSSL nozzle has the unique benefit of the amplification factor [43]. The amplification
factor has the result of reducing the actuator mass by 25% [23]. Finally, the specific impulse of the
SSSL nozzle is on average 1-2s higher than for the SM nozzle [23].
The two papers by Ørbekk and Ellis & Berdoyes are the most comprehensive papers about the SSSL
nozzle and the benefit of the SSSL nozzle over a SM nozzle. However, both papers do not deliver all
their data and therefore the claims that are stated in the papers are hard to verify. Therefore, a clear
gap in the knowledge of the SSSL nozzle has been found. In order to confirm or refute the statements
by Ellis & Berdoyes and Ørbekk additional research is needed into the topic. In addition, Nammo Rau-
foss is interested in using the SSSL nozzle for the North Star.

1.2. Research objectives
This thesis focuses on the comparison between the SSSL nozzle and the SM nozzle. The amplification
factor of the SSSL nozzle is also studied in more detail. The research focusses on the aerodynamic
differences between the two nozzles. Other differences such as structural, cooling and manufacturing
differences will not be taken into account as these aspects are deemed outside the scope of the thesis.
Additionally, the amplification factor is only effected by the aerodynamic differences. Below is a list of
research objectives for the thesis.

1. The first objective of the thesis is to find the difference in performance between the SM nozzle and
the SSSL nozzle. The performance is divided in aerodynamic moment, vectoring performance,
and specific impulse (Isp) loss. The vectoring performance is calculated by finding the the ampli-
fication factor. A model is created in order to compare the nozzle and TVC system mass. If the
performance of the nozzles changes this can then be observed as a mass change in the model.
The mass of the nozzle system is of importance because the largest benefit of the SSSL nozzle
over the SM nozzle is the lower mass.

2. The second objective of the thesis is to explore the amplification factor in more detail:
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(a) Find the relationship between the amplification factor and the position of the split along the
nozzle wall.

(b) Find the effect of throttling the engine.

Both effects on the amplification factor will then be linked to the mass increase or decrease
through the developed model. The nozzle is analysed at three angles of mechanical nozzle
deflection, three split locations and three thrust settings.

3. The third objective of the thesis is to determine the effect on the amplification factor when in-
creasing the total expansion ratio. This is performed in order to find the effect on the amplification
factor for a potential upper stage motor of the North Star.

4. The final objective of the work is to determine the effect of scaling the nozzle down to a smaller
nozzle size. This is done to see the effect on the amplification factor for a smaller rocket such as
the Nucleus sounding rocket [26].

1.3. Research questions
In order to achieve all the research objectives of this thesis, a set of research questions have been
formulated. The main research questions for the thesis are listed below with additional research ques-
tions to aid the process on reaching the research objectives. The research questions are adapted from
the project plan for this thesis [47].

1. What is the mass difference between the SSSL nozzle and the SM nozzle for a 100kN hybrid
rocket motor with a burn time of 90s?

(a) What is the mass difference due to the amplification factor?
(b) What is the mass difference due to the aerodynamic moment?
(c) What is the mass difference due to the Isp loss?

2. What is the effect on the amplification factor when changing the parameters of the nozzle and
engine?

(a) What is the effect on the amplification factor when moving the split, while keeping everything
else constant?

(b) What is the effect on the amplification factor when changing the mass flow, while keeping
the split at a constant location?

(c) What is the effect on the amplification factor when increasing the expansion ratio of the
nozzle, while keeping the same throat area?

(d) What is the effect on the amplification factor when decreasing the scale of the nozzle down
to a 29kN engine?

1.3.1. Hypotheses
Accompanying the objectives and the research questions are a set of hypotheses that are listed below.
The hypotheses are adapted from the project plan for this thesis [47].

1. In the first objective, the goal is to find the performance difference between the SSSL nozzle and
the SM nozzle. From literature it is expected that the SSSL nozzle will outperform the SM nozzle
in vectoring performance and aerodynamic moment, which results in a lower vectoring system
mass [23]. However, the SSSL nozzle will probably suffer from a lower Isp while vectoring. Since,
this has been reported in literature [1].

2. The hypothesis for what happens to the amplification factor when moving the split is: The ampli-
fication factor will have a maximum at a location of the split where the area ratio is around 2 [48].
On each side of the maximum the amplification factor will be lower.

3. Varying the mass flow for the same nozzle geometry the prediction is that the amplification factor
will increase as the mass flow is reduced. The momentum of the flow is lower and hence less
force is needed to divert the flow. Therefore, the shock wave is able to deflect the flow more.
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4. Increasing the area expansion ratio the prediction is that the maximum point for the amplification
ratio is located further downstream as the nozzle is longer. As the nozzle length increases it is
expected that the effect of the shock will dissipate further downstream. Since the flow is expanded
more than for a lower expansion ratio nozzle.

5. Finally when scaling the nozzle it is expected that it will have no effect on the amplification factor.
This hypothesis is based on the different size engines in literature. [11, 15, 23, 25, 43, 52]

1.4. General methodology
This section will discuss the general methodology of the thesis. Each subsection deals with a specific
portion of the thesis. The methodology is written as presented in the project plan for this thesis [47].

1.4.1. Basic nozzle generation and performance calculation
”In order to make sure that both nozzles can be compared, their basic nozzle shape has to be the
same. The basic nozzle shape is defined as the shape from the throat to the exit. The chamber to
throat region will differ because of the submergence of the SM nozzle, since the SSSL nozzle is not
submerged. This difference is designed with the guidelines of Ellis [24]. The basic nozzle shape is
created by the methods described in the book by Sutton, the course notes from Zandbergen and in
other sources [13, 32, 40, 42]. These methods give an approximation of an ideal nozzle. Nammo has
requested a bell shape nozzle with a length similar to 80% of a 15°conical nozzle. In order to create
the nozzle shape and calculate the performance a python program is written to change the design if
needed.
When the nozzle shape has been determined the nozzle performance is calculated with the ideal rocket
theory by Sutton [40]. The calculations will use a typical nozzle quality factor, combustion quality factor
and motor quality factor. In order to produce a more realistic answer, the quality factors used are based
on the lecture notes by Zandbergen [13]. The performance of the nozzle will then be compared to the
requirements by Nammo. At a later stage, the answers with the quality factors can be compared to the
simulations done by the Computational Fluid Dynamics (CFD) simulations. Additional information on
the CFD methodology is given in chapter 6
The mass model is created in python as well where the three parameters amplification factor, aerody-
namic torque and Isp are used as inputs. The model can then calculate the effect on the mass of the
nozzle and TVC system. The amplification factor is linked to the mass via the reduced angle of deflec-
tion needed. The values for the spring torque is estimated and adjusted based on engine size from the
papers by Donat, Zandbergen, Ellis & Berdoyes and Ørbekk [13, 22, 23, 43]. The aerodynamic turning
moment is linked to the mass by comparing the moments to the values obtained in the study by Ellis
and Berdoyes. The Isp loss is linked to the mass of the system in the form of the additional propellant
needed for the 90s burn time by the use of the ideal rocket equation [13]. The three python programs
are discussed in detail in sections 2.1 and 2.2 and chapter 3.”
- (Ravnan 2020, [47])

1.4.2. Verification of Ansys
”To verify that the Ansys Fluent creates the right solution, and that Ansys is setup correctly, a test case
is created and compared to the results of Kumar and Devarajan [33]. Ansys is a engineering software
toolbox with a great variety of tools. The specific tools used for this thesis are highlighted in chapter 6.
The nozzle in the test case is created to the same specification as in the paper. This is done in order to
properly compare the nozzle performance of the paper to the one in this thesis. In chapter 6 a detailed
description of this process is given.”
- (Ravnan 2020, [47])

1.4.3. Supersonic split line and submerged movable nozzle design and compar-
ison

”This part of the thesis aims to answer research question 1 and test hypothesis 1. The SM nozzle
and the SSSL nozzle specifics are designed and drawn in a Computer Assisted Design (CAD) pro-
gram, when the basic shape has been analysed and Ansys has been verified. The SM nozzle will
have a submerged part inside the combustion chamber. This part is designed with the guidelines of
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Ellis [24].The SSSL nozzle will have a split located at around 1.75 in area expansion ratio, as various
previous designs are located around this point. This was extensively explored in the literature study
[48]. Both nozzles will then be analysed with Ansys Fluent [4]. Ansys uses the CAD model created
earlier to determine the boundaries of the nozzle and the mesh is drawn on the surface of the nozzle
wall. Reference sources from literature have shown that Ansys is more than capable of calculating the
flow solution of a rocket nozzle [29, 41, 48]. The SM nozzle and the SSSL nozzle are tested at three
different vectoring angles in Ansys Fluent to compare the performance of the two nozzles. Each of
the different angles needs a separate CAD and mesh in order to simulate the different angles. The
following performance parameters that are tested: thrust, specific impulse, aerodynamic torque, thrust
coefficient, nozzle coefficient and thrust loss due to vectoring. Additionally the amplification factor is
calculated by dividing the flow deflection by the mechanical deflection. When the Ansys simulations are
done, the performance parameters are added to the mass model and the mass of the SSSL nozzle and
the SM nozzle can be compared. Both nozzles will also be compared to the requirements by Nammo.”
- (Ravnan 2020, [47])

1.4.4. Supersonic split line nozzle investigation

”This part of the thesis aims to answer research question 2a and 2b and test hypothesis 2 and 3. In part
two of the thesis the SSSL nozzle design is redesigned. The changed parameter is the location of the
split. The different split locations are tested on three different angles to determine the effect of changing
the split location on the amplification factor. Three different split positions are tested. Additionally, the
pressure field and temperature field around the split are characterized. This is done in Ansys Fluent as
it will calculate these two parameters in the simulation. From this an estimation of the heat transfer to
the nozzle wall can be established by coupling the CFD calculations with the Bartz equation [10]. This
method has been used by several other studies as shown in the literature study [48]. The results of
the different amplification factors are compared with the values from the various previous studies on a
SSSL nozzle [11, 15, 19, 23, 24, 43, 52]. This will confirm that the values gained from the analysis are
comparable.
The mass flow is varied by varying the total pressure of the simulation. In order to save time this option
is run on the previously analysed nozzle configurations. The only parameters that needs to change is
the total pressure. The results can then be analysed and compared with hypothesis number 3.”
- (Ravnan 2020, [47])

1.4.5. Higher expansion ratio and scaled supersonic split line nozzle

”The nozzle is redesigned with a higher expansion ratio to simulate the second stage of a launch vehi-
cle. The requirements for this nozzle are given in appendix A. The higher expansion ratio for the 107kN
engine is 45. The new nozzle will then be analysed and compared against the lower expansion ratio
nozzle for two or more split locations and angles. The analysis is done in the same manner as for the
lower expansion ration nozzle. After this, the behaviour of the amplification factor can be determined
when going to a higher expansion ratio. This effect was also explored to some extend by Ørbekk [43].
By comparing this analysis against the work of Ørbekk, the statements from Ørbekk can be verified
and be expanded on by additional data on the amplification factor. This can be seen in figure 1.3.

When the above tasks have been reviewed a downscaled version of the nozzle is created with a thrust
of 29 kN. The downscaled nozzle requirements are shown in the statement of work (SOW) by Nammo
chapter A. This nozzle will then be analysed in the same manner as for the 107kN engine. In order to
find the effect of scaling the engine.
This part of the thesis aims to answer research question 2c and 2d and tests hypothesis 4 and 5.”
- (Ravnan 2020, [47])
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Figure 1.3: Illustration of the effect of moving the split down stream on the amplification factor. Figure taken from [43].

1.5. Thesis layout
In this section the layout of the thesis is presented with an overview what can be found in each chapter.

• Chapter 2 - Baseline nozzle definition: In this chapter the baseline nozzle is created for both
the SM nozzle and the SSSL nozzle. The baseline nozzle parameters are calculated with the
help of a python program. The creation and verification of the python program is also discussed
in this chapter.

• Chapter 3 - Python mass model program: The mass model that is used in the comparison
between the SSSL nozzle system and the SM nozzle system is developed in this chapter. Each
of the aspects of the program is explained and a example calculation is shown.

• Chapter 4 - Supersonic split line and submerged movable nozzle design: This chapter dis-
cusses the design of the SSSL nozzle and the SM nozzle. Additionally, the usage of a CAD
program is outlined.

• Chapter 5 - Heat transfer: In this chapter the approach taken to calculate the heat transfer to
the nozzle walls is discussed, two sources of heat transfer are used, convective and radiative.
Both are explained in their own section.

• Chapter 6 - Ansys approach: In this chapter the use of Ansys for the CFD calculations is de-
scribed. A verification simulation of the CFD analysis is performed by comparing the results to
literature. Additionally, a comparison of turbulence models is shown and the convergence criteria
are set. Finally the simulation plan is presented.

• Chapter 7 - Results and discussion on the comparison between the supersonic split line
nozzle and the submerged movable nozzle: The results of the comparison between the SSSL
nozzle and the SM nozzle is presented in this chapter including a discussion of the results. This
includes the mass model results and the performance results of both nozzles.

• Chapter 8 - Results and discussion of amplification factor research: The results of the effect
of moving the split, changing the expansion ratio and scaling the nozzle is presented in this
chapter. The results will also be discussed

• Chapter 9 - Results and discussion on temperature distribution and heat flux: This chapter
will present the results of the investigation into the temperature distribution and the heat flux
experienced by the nozzle. These results will then also be discussed.

• Chapter 10 - Conclusion and recommendations: This chapter will present the conclusions of
the thesis and provide recommendations for further studies.





2
Baseline nozzle definition

In this chapter the creation of the Python programs used to define the basic nozzle shape and the
predicted performance of the basic nozzle shape are discussed. For all nozzle representations the
flow of gases goes from the left to the right. At the end of the chapter the programs are validated
against a test case and compared to literature. First, the shape program is discussed. Second, the
performance program is presented. Third, the programs are validated and finally the results for the
three different nozzle shapes are presented. For all nozzle representations the flow of gases goes
from the left to the right.

2.1. Python Shape program
In this section the Python program created for drawing the initial nozzle shape is presented. The
equations used and methods of obtaining the nozzle shape is briefly discussed. The program is written
in Python 3 as this is a widely available programming language and the software is open source. The
first approach to the shape program was taken from the book by Sutton and the lecture notes by
Zandbergen [13, 40]. The first approach uses a parabolic equation to create the nozzle shape and
relies on 3 boundary conditions. This approach is simple and quick, but it was found that it did not
produce an adequate nozzle shape. Therefore, a second approach was found and compared to the
first approach. This approach is based on the methods by Huzel, Rao, Chikitkin et al. and Ogawa et
al. [16, 31, 32, 42]. The second approach is a bit more complicated and uses 4 boundary conditions to
create a skewed parabolic nozzle shape. By comparing the two methods it was found that the second
approach created a better nozzle shape. Therefore, the second approach was chosen and is presented
below. The first approach can be found in appendix C.

2.1.1. Shape calculation
The second approach to the shape calculation is by the use of a Bézier curve [16, 31, 37]. A Bézier
curve creates a smooth curve along a set of control points [37]. The control points are found by using
the 𝑥−𝑝 point and the 𝑥−𝑒 point as shown in figure C.2. However, in order to create a curve there has
to be a third control point. This third control point is created from the intersection of two lines originating
from the 𝑥 −𝑝 point and the 𝑥 −𝑒 point. The angle of these lines are determined from the angles given
in the book by Sutton in the chapter on nozzle design [40]. These angles have been determined from
various experimental tests and approximate the optimal angles for a certain length of a bell nozzle. The
length is expressed in the % length of a 15°conical nozzle. The two angles can be found by choosing
the appropriate expansion ratio and finding the angles from figure 2.1.
When the two angles are set, the intersection of the two points can be found by the using algebra. Lets
call the lines 𝐿1 and 𝐿2. The lines both have two points.For 𝐿1 this is (𝑥11, 𝑦11) and (𝑥12, 𝑦12) and for
𝐿2 this is (𝑥21, 𝑦21) and (𝑥22, 𝑦22). In this case (𝑥12, 𝑦12) is not yet known. The second point is created
by stretching a line from the first known point (𝑥 − 𝑝 or (𝑥11, 𝑦11)) at the angle found in figure 2.1. The
𝑥-coordinate of the second point will be located at a 𝑥 distance equal to the 𝑥-coordinate of 𝑥 − 𝑒 or
(𝑥21, 𝑦21). Thereby the y coordinate can be calculated using 𝑦12 = 𝑡𝑎𝑛(𝜃)⋅(𝑥21−𝑥11). Now both points
for 𝐿1 have been determined. This is repeated for 𝐿2, however now the known point is 𝑥 − 𝑒 and the

9
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Figure 2.1: Figure showing the nozzle entry and exit angles for a certain expansion ratio. The length percentage is the length of
the bell nozzle compared to a 15°conical nozzle. Source for the image [40].

exit angle should be used. In figure 2.2 a graphical example of the nozzle coordinates is shown. The
point (𝑥11, 𝑦11) is the known 𝑥 − 𝑝 point and the (𝑥12, 𝑦12) is created with the initial angle. For the red
line the (𝑥22, 𝑦22) is the known 𝑥 − 𝑒 point and the (𝑥21, 𝑦21) is created with the exit angle.
The intersection point can clearly be seen in figure 2.2, but the exact point can also be calculated by
the use of determinants. From equation (2.1) and equation (2.2) the intersection point can be found.
Where 𝐼𝑥 and 𝐼𝑦 are the 𝑥 and 𝑦 coordinates for the intersection point respectively.

𝐼𝑥 =

|

|

| 𝑥11 𝑦11
𝑥12 𝑦12

| | 𝑥11 1
𝑥12 1 |

| 𝑥21 𝑦21
𝑥22 𝑦22

| | 𝑥21 1
𝑥22 1 |

|

|

|

|

| 𝑥11 1
𝑥12 1 | | 𝑦11 1

𝑦12 1 |

| 𝑥21 1
𝑥22 1 | | 𝑦21 1

𝑦22 1 |

|

|

(2.1) 𝐼𝑦 =

|

|

| 𝑥11 𝑦11
𝑥12 𝑦12

| | 𝑥11 1
𝑥12 1 |

| 𝑥21 𝑦21
𝑥22 𝑦22

| | 𝑥21 1
𝑥22 1 |

|

|

|

|

| 𝑥11 1
𝑥12 1 | | 𝑦11 1

𝑦12 1 |

| 𝑥21 1
𝑥22 1 | | 𝑦21 1

𝑦22 1 |

|

|

(2.2)

With all the required points the calculation of the Bézier curve can be done. For a curve with 3 control
points the Bézier curve formula is described by equation (2.3). 𝑥1, 𝑥2 and 𝑥3 are the 𝑥-coordinates for
the control points. The y version works the same only 𝑦1, 𝑦2 and 𝑦3 are used. The control points used
in this program are 𝑥 − 𝑝, 𝐼 and 𝑥 − 𝑒. 𝐼 is the intersection point calculated as described before. 𝑡 is a
’time-step’ that goes from 0 to 1. When this is calculated the resulting curve creates a smooth nozzle
shape. The section right after the throat is calculated by using a circular arc with radius equal to 0.382
times the throat radius [32]. The final shape for the nozzle can be calculated, this is shown in figure 2.3.

𝑥 = (1 − 𝑡)2𝑥1 + 2(1 − 𝑡)𝑡 ⋅ 𝑥2 + 𝑡2𝑥3
𝑦 = (1 − 𝑡)2𝑦1 + 2(1 − 𝑡)𝑡 ⋅ 𝑦2 + 𝑡2𝑦3

(2.3)
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Figure 2.2: Figure showing an example of the nozzle coordinates calculation.

Figure 2.3: Figure showing an example of the nozzle shape calculation.
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Figure 2.4: Figure showing an example of the difference between the two nozzle shape programs.

2.1.2. Differences between shape calculation approach 1 and 2
The biggest difference between shape calculation approach 1 and 2 is the exit angle of the nozzle.
The Bézier curve shows a slightly steeper angle towards the 𝐼 control point and is to some extent more
aggressive in turning back towards the nozzle exit. This creates the difference in nozzle exit angle. In
shape program 1, the polynomial tends to become quite straight towards the exit. This can be seen
in figure 2.4. In this figure both shape programs have been run for the same nozzle with the same
nozzle entry angle. The figure demonstrates that the Bézier curve creates a wider nozzle profile in the
region after the throat than the polynomial nozzle. The Bézier curve method creates the same shape
as the method described by Huzel in his paper [32]. Huzel uses skewed parabolas in order to create
the nozzle shape. Since both methods use the same boundary conditions the shape of the nozzle
becomes the same. This line is not shown in figure 2.4 as it overlaps the Bézier curve nozzle

2.2. Python performance program
In this section the approach for the initial performance calculation of the nozzle is discussed. Further-
more, all the equations used will also be highlighted.

To find the predicted performance of the nozzle, a program is written in Python to calculate the per-
formance from the given input parameters. The input parameters are the total pressure (𝑝𝑡), total
temperature (𝑇𝑡), molar mass of the combustion products (𝑀𝑚), specific heat ratio (𝛾), throat radius (𝑟𝑡)
and expansion ratio (𝜖). These inputs are given by Nammo, they can be found in the SOW in appendix
A. The output of the program will include the predicted thrust and Isp as these two need to be compared
to the requirements.
For the calculation of the predicted performance the performance program uses ideal rocket theory.
Ideal rocket theory calculates the ideal performance of a rocket without losses. A number of assump-
tions are used in order to calculate the performance. The assumptions are listed below [40].

• The working substance is homogeneous.

• The working fluid is considered as gaseous.

• The working fluid follow the ideal gas law.
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• The flow has no friction and boundary layer effects are neglected.

• There are no shock waves and no discontinuities in the nozzle wall.

• The flow is considered a frozen flow, hence there are no chemical reactions happening.

• The flow is considered isentropic and one-dimensional.

• The exit flow is uniform and leaves the nozzle normal to the nozzle axis.

All these assumptions make sure that the calculations of the initial performance parameters can be
made. The assumptions result in some discrepancies with a real rocket motor. The difference can be
seen in validation of the performance calculations in section 2.3

The first step performed by the program is to calculate the mass flow (𝑚̇) of the motor based on the total
temperature (𝑇𝑡), total pressure (𝑝𝑡), ratio of specific heats 𝛾, specific gas constant 𝑅 and the throat area
(𝐴𝑡). It is assumed that the velocity of the gas in the combustion chamber is zero. Furthermore it is also
amused that 𝛾 is constant. This is shown in equation (2.4) [13, 40]. The throat area is determined from
the input parameter by Nammo. Since the throat diameter is given the throat area can be computed to
be: 0.016513m2. The specific gas constant is also supplied by Nammo and equals: 1.13.

𝑚̇ = 𝑝𝑡 ⋅ 𝐴𝑡
𝑅 ⋅ 𝑇𝑡

⋅ √𝛾 ⋅ 𝑅 ⋅ 𝑇𝑡 ⋅ (
2

𝛾 + 1)
( 𝛾+1
2(𝛾−1) )

(2.4)

𝑅 is the specific gas constant for the combustion products which is calculated by equation (2.5). 𝑅𝑎 is
the universal gas constant and 𝑀𝑚 is the molar mass of the combustion products.

𝑅 = 𝑅𝑎
𝑀𝑚

(2.5)

The next step is to find the exit Mach number using the supplied area expansion ratio and 𝛾. However,
this equation can not be algebraically solved for the Mach number. The equation is shown in equa-
tion (2.6). The equation has to be iteratively solved in order to find the Mach number at the exit. From a
initial guess a gradient is computed with respect to the expansion ratio, after which the Mach number is
updated using a step size relative to the gradient. The program solves the equation until the difference
between the expected expansion ratio and the computed expansion ratio is less than 1E-6. The last
guess of the Mach number is taken as the Mach number at the exit.

𝐴𝑒
𝐴𝑡
= (𝛾 + 12 )

−( 𝛾+1
2(𝛾−1) ) (1 + 𝛾−1

2 𝑀
2
𝑒 )

𝛾+1
2(𝛾−1)

𝑀𝑒
(2.6)

Where 𝐴𝑒 is the exit area, 𝐴𝑡 is the throat area, 𝛾 is the ratio of specific heats and𝑀𝑒 is the Mach number
at the exit. When the exit Mach number is known the next step is to find the exit temperature and the
exit pressure. These are found using isentropic relations. The equations for the exit temperature and
exit pressure are given by equations (2.7) and (2.8) respectively. 𝑇𝑡 is the total temperature, 𝑇𝑒 is the
exit temperature, 𝑝𝑡 is the total pressure and 𝑝𝑒 is the exit pressure.

𝑇𝑒
𝑇𝑡
= (1 + 𝛾 − 12 𝑀2

𝑒)
−1

(2.7)

𝑝𝑒
𝑝𝑡
= (1 + 𝛾 − 12 𝑀2

𝑒)
− 𝛾
𝛾−1

(2.8)

From the exit temperature the exit velocity can be found. This is shown in equation (2.9).Where 𝑣𝑒 is
the exit velocity. As the nozzle created will not expel all the exhaust gases in parallel to the nozzle axis.
Therefore, the thrust equation will have a loss associated to the velocity component. This loss is called
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the divergence loss and is defined by equation (2.10). 𝜃𝑒𝑥𝑖𝑡 is the exit angle of the nozzle and 𝛼𝑑𝑖𝑣 is
the divergence angle which is defined as shown in figure 2.5.

Figure 2.5: Figure showing the definition of the divergence angle for divergence loss

𝑣𝑒 = 𝑀𝑒√𝛾𝑅𝑇𝑒 (2.9)

𝜖𝑑𝑖𝑣 = 0.5 ⋅ (1 − 𝑐𝑜𝑠 (
𝜃𝑒𝑥𝑖𝑡 + 𝛼𝑑𝑖𝑣

2 )) (2.10)

The nozzle created will not be perfectly adapted to the ambient conditions and hence the thrust of the
engine has an additional term dependent on the pressure. The combination of the velocity term and the
pressure term can be called the equivalent exit velocity. This can be seen in equation (2.11). From this
the motor thrust can be computed by multiplying the mass flow with the exit velocity and the additional
pressure term, this is shown in equation (2.12). The Isp of the engine can be computed from the
equivalent exit velocity and the gravity constant, and is defined by equation (2.13). Other interesting
characteristics of the engine can now also be computed such as the characteristic velocity and the
thrust coefficient. The definition of these can be found in equations (2.14) and (2.15) respectively.
From all these equations the theoretical performance of the rocket engine can be found.

𝑣𝑒𝑞 = 𝑣𝑒 ⋅ +
𝑝𝑒 − 𝑝0
𝑚̇ ⋅ 𝐴𝑒 (2.11)

𝐹 = 𝑣𝑒 ⋅ 𝜖𝑑𝑖𝑣 ⋅ 𝑚̇ + (𝑝𝑒 − 𝑝0) ⋅ 𝐴𝑒 (2.12)

𝐼𝑠𝑝 =
𝑣𝑒𝑞
𝑔0

(2.13)

𝑐∗ = 𝑝𝑡 ⋅ 𝐴𝑡
𝑚̇ (2.14)

𝐶𝐹 =
𝐹

𝑝𝑡 ⋅ 𝐴𝑡
(2.15)

2.3. Verification and validation of python shape and performance
program

The verification of the performance program was done by doing hand calculations of the exact same
input parameters. Additionally, each section of the program was unit tested to prevent mistakes from
one part of the program translating to the next part. All of the calculations were within 0.01% and the
difference can be acclaimed to rounding off errors in the hand calculations. For the unit tests it was
found that none of the program parts caused problems and they performed as they should.

For the validation of the results a test case from literature is used. The test case that is used is the
RS-25 engine, or better known as the Space Shuttle Main Engine [46]. The values are taken from a
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presentation on the RS-25 engine [46]. In table 2.1 all the different values of the engine are given with
the calculated values from the performance program included. As can be seen in table 2.1 the values
are quite close. The difference in thust is 1.66% and the difference in Isp is 1.55%. The performance
program overestimates the thrust and Isp by some margin. Two other engines were also tested and
validated against, the Vulcain 2 and the LE-7 engine [27, 50]. Their data can be found in tables 2.2
and 2.3. The values of the thrust difference range from 0.41% to 2% and the Isp difference range from
1.55% to 3.6%. The values for the shape program were expected to be a bit higher as the program
uses ideal rocket theory.
The shape calculated from the shape program can be seen overlaid on the RS-25 engine, Vulcain en-
gine and the LE-7 engine in figures 2.6 to 2.8. The figures are adapted from various sources on the
engines [27, 36, 39]. The red broken line is the shape calculated from the shape program. As can be
seen the shapes calculated are close to the real nozzle shape, based on visual inspection.

The results of the validation study are close to the real rocket engine values and for this thesis the
programs created are deemed sufficiently valid. As the programs show an expected behaviour, such
as the little higher performance than the real engines, and the shape of the nozzle being close to the
real shape. The shape is not exact as the method used uses an approximate method for constructing
the nozzle shape.
If the performance program did not produce the expected results the program can not be considered
valid and it would need some revision. This revision would include checking the equations and com-
paring the input to the model with the real engine. If the input is not the same as for the real engine the
performance program will produce a different answer.

Table 2.1: Comparison between the RS-25 engine and the performance program.

Parameter RS-25 Performance program Percentage difference

Chamber pressure 207.4 Bar 207.4 Bar -
Chamber temperature 3588.7 K 3588.7 K -
Throat diameter 276 mm 276 mm -
Expansion ratio 69 69 -
Molar mass of combustion products 13.1 g/mol 13.1 g/mol -
Ratio specific heat 𝛾 1.196 1.196 -

Thrust 2282.41 kN 2320.30 kN 1.66%
Isp 452 s 459 s 1.55%
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Figure 2.6: Figure showing the RS-25 engine with a dashed line indicating the shape calculated from the shape program

Table 2.2: Comparison between the Vulcain 2 engine and the performance program.

Parameter Vulcain 2 Performance program Percentage difference

Chamber pressure 115 Bar 115 Bar -
Chamber temperature 3588.7 K 3588.7 K -
Throat diameter 281 mm 281 mm -
Expansion ratio 58.8 58.8 -
Molar mass of combustion products 14 g/mol 14 g/mol -
Ratio specific heat 𝛾 1.194 1.194 -

Thrust 1340.00 kN 1367.84 kN 2.01%
Isp 431 s 447 s 3.60%

Figure 2.7: Figure showing the Vulcain 2 engine with a dashed line indicating the shape calculated from the shape program
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Table 2.3: Comparison between the LE-7 engine and the performance program.

Parameter LE-7 Performance program Percentage difference

Chamber pressure 127 Bar 127 Bar -
Chamber temperature 3570 K 3570 K -
Throat diameter 241 mm 241 mm -
Expansion ratio 52 52 -
Molar mass of combustion products 13.3 g/mol 13.3 g/mol -
Ratio specific heat 𝛾 1.198 1.198 -

Thrust 1098.00 kN 1102.54 kN 0.41%
Isp 438 s 446 s 1.79%

Figure 2.8: Figure showing the LE-7 engine with a dashed line indicating the shape calculated from the shape program

2.4. Baseline rocket shape and performance numbers
In this section the basic nozzle shape and performance numbers are calculated with the method devel-
oped in the previous sections. Three nozzle shapes are constructed for the use in this study, including
a nominal nozzle with an expansion ratio of 12, an upper stage nozzle with the same throat size as the
nominal nozzle but with an expansion ratio of 45 and a sounding rocket version which is a scaled down
version with an expansion ratio of 6.5. These expatiation ratios are selected as Nammo has requested
these nozzles to be tested.

2.4.1. Nominal expansion ratio nozzle
The input parameters used for the performance program are shown in table 2.4. The input parameters
are taken from the SOW in appendix A and from finding the initial angle and final angle from figure 2.1.
The nozzle created is the nominal nozzle with expansion ratio of 12. The shape of the nozzle is a bell
shaped nozzle with a 80% length.
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Table 2.4: Baseline rocket input parameters for the performance program

Parameter Value

Total temperature 2721 K
Total pressure 35 bar
Molar mass 22 g/mol
Ratio specific heats (𝛾) 1.13
Throat diameter 145 mm
Area expansion ratio 12
Initial angle 36
Final angle 10

The python program calculated the following shape and performance. The performance parameters
are given in table 2.5 and the shape is shown in figure 2.9.

Table 2.5: Baseline rocket performance parameters calculated from the performance program

Parameter Value Requirement by Nammo

Thrust vacuum 104.58 kN 100 kN
Isp vacuum 293.6 s 289.5 s
Thrust coefficient 1.802 -
Characteristic velocity 1598.04 m/s -
Exit velocity 2668.31 m/s -
Mass flow 36.17 kg/s -
Mach number 3.191 -
Exit pressure 42326.29 Pa -
Exit temperature 1637.33 K -

As can be seen in table 2.5, the basic nozzle shape satisfies the requirements by Nammo, the thrust
and Isp is a little higher than requested. The shape of the nominal nozzle can be seen in figure 2.9 and
has a shape that is comparable to other nozzles in literature [13, 24, 43, 46]. The exact parameters of
the nozzle are found in table 2.6.
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Figure 2.9: Figure showing the basic nozzle shape generated by the shape program

Table 2.6: Basic nozzle shape parameters for the nominal nozzle

Parameter Value

Throat radius 72.50 mm
Nozzle length 541.01 mm
Nozzle exit radius 251.15 mm
Expansion ratio 12
Initial angle 36
Final angle 10
Throat radius of curvature 27.70 mm

2.4.2. Upper stage nozzle
The input parameters used for the performance program are shown in table 2.7 the inputs are gathered
the same way as the nominal nozzle. The nozzle created is the upper stage nozzle with expansion
ratio of 45.

Table 2.7: Second stage rocket input parameters for the performance program

Parameter Value

Total temperature 2721 K
Total pressure 35 bar
Molar mass 22 g/mol
Ratio specific heats (𝛾) 1.13
Throat diameter 145 mm
Area expansion ratio 45
Initial angle 41.2
Final angle 7.2
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The python program calculated the following shape and performance. The performance parameters
are given in table 2.8 and the shape is shown in figure 2.10. The exact nozzle parameters are given in
table 2.9

Table 2.8: Second stage rocket performance parameters calculated from the performance program

Parameter Value Requirement by Nammo

Thrust vacuum 113.99 kN 107.7 kN
Isp vacuum 321.3 s 311.8 s
Thrust coefficient 1.972 -
Characteristic velocity 1598.04 m/s -
Exit velocity 2992.01 m/s -
Mass flow 36.17 kg/s -
Mach number 3.928 -
Exit pressure 8351.51 Pa -
Exit temperature 1358.46 K -

Table 2.9: Basic nozzle shape parameters for the upper stage nozzle

Parameter Value

Throat radius 72.50 mm
Nozzle length 1243.23 mm
Nozzle exit radius 486.34 mm
Expansion ratio 45
Initial angle 41.2
Final angle 7.2
Throat radius of curvature 27.70 mm

As can be seen, the basic nozzle shape for the upper stage nozzle satisfies the requirements by
Nammo, the thrust and Isp is a little higher than requested. The shape seen in figure 2.9 has a shape
that is comparable to other nozzles in literature [13, 24, 43, 46].
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Figure 2.10: Figure showing the second stage nozzle shape generated by the shape program

2.4.3. Sounding rocket nozzle

The input parameters used for the performance program are shown in table 2.10. The nozzle tested is
the sounding rocket nozzle with expansion ratio of 6.5.

Table 2.10: Sounding rocket nozzle input parameters for the performance program

Parameter Value

Total temperature 2721 K
Total pressure 35 bar
Molar mass 22 g/mol
Ratio specific heats (𝛾) 1.13
Throat diameter 83 mm
Area expansion ratio 6.5
Initial angle 33.5
Final angle 12

The python program calculated the following shape and performance. The performance parameters
are given in table 2.11 and the shape is shown in figure 2.11. The exact nozzle shape parameters can
be found in table 2.12.
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Table 2.11: Sounding rocket nozzle performance parameters calculated from the performance program

Parameter Value Requirement by Nammo

Thrust vacuum 32.22 kN 29.0 kN
Isp vacuum 277.2 s 275.4 s
Thrust coefficient 1.701 -
Characteristic velocity 1598.04 m/s -
Exit velocity 2472.07 m/s -
Mass flow 11.85 kg/s -
Mach number 2.827 -
Exit pressure 92253.40 Pa -
Exit temperature 1790.87 K -

As can be seen, the basic nozzle shape satisfies the requirements by Nammo, the thrust and Isp is
slightly higher than requested. The rest of the output from the performance program shows that the
basic nozzle has an ample performance. The shape seen in figure 2.9 has a shape that is comparable
to other nozzles in literature [13, 24, 43, 46].

Figure 2.11: Figure showing the sounding rocket nozzle shape generated by the shape program



2.5. Discussion and summary of shape and performance programs 23

Table 2.12: Basic nozzle shape parameters for the sounding rocket nozzle

Parameter Value

Throat radius 41.50 mm
Nozzle length 196.36 mm
Nozzle exit radius 105.80 mm
Expansion ratio 6.5
Initial angle 33.5
Final angle 12
Throat radius of curvature 15.85 mm

2.5. Discussion and summary of shape and performance programs
In this section a brief discussion and a summary of the created methods is given.

2.5.1. Discussion on shape calculation approach
The shape calculation of the basic nozzle shape was done with the first shape calculation approach
for the first iteration of the CFD calculations. Unfortunately, it was discovered that the first shape
calculation approach would produce excessive angles for cases with higher expansion ratios. The
initial angle would go to 50 degrees for a nozzle with expansion ratio of 45. This was a limitation of
the method used for calculation the shape and it can be concluded that this method only produced
adequate results for lower expansion ratio nozzles. Therefore, the first set of CFD simulations could
be discarded. At this point, it was decided to find a second approach for the shape calculation. The
chosen method was to use Beziér curves to create the nozzle shape. This approach uses skewed
parabolas instead of a normal parabolic shape [16, 31, 32, 37]. With the use of skewed parabolas one
additional boundary condition could be used, thereby constraining the shape to have the desired initial
and final angle as well as defining the length of the nozzle. The second shape calculation approach
is fully explained in section 2.1.1. The Beziér curve method was also validated with literature. The
validation of this method can be found in section 2.3. Additionally, a comparison between the two
shape approaches can be found in section 2.1.2. With the new shape calculation for the baseline
nozzle, the CFD calculations could be redone without the excessive angles at the initial angle of the
nozzle. The explanation of shape program 1 is given in the appendix and can be found in appendix C.
The shape of the nozzles created with the shape program are close to the validation nozzles. The
main objective of this work is to compare the SSSL nozzle and the SM nozzle and find the general
trend in the effects on the amplification factor when changing certain aspects of the nozzle. Therefore,
a perfect shape is not needed, the effects of the non perfect shape will be on all the nozzles simulated
and hence the general trend and a comparison can still be performed. Hence for this work the shape
program is deemed accurate enough.

2.5.2. Discussion on performance program
The performance program calculates the ideal rocket performance of the nozzles and does not take
any quality factors into account. The main task of the performance program is to see the predicted
performance and to compare with the results from the CFD. It is expected that the CFD results have
a little lower performance than the performance program as the CFD calculations take into account
some of the losses that occur in a rocket nozzle. If the CFD simulations show a large difference with
the results from the performance program, then the results from the CFD needs to be checked or a new
simulation has to be run. The performance program was also tested against some validating cases.
The performance program calculated an expected result and was deemed sufficiently validated for this
work.

2.5.3. Summary of shape and performance program
In this chapter a method of determining the ideal rocket nozzle performance was created in order to
verify the CFD calculations and to compare to the requirements by Nammo. Additionally, a method
was created to generate a nozzle shape from the throat of the nozzle to the exit of the nozzle by the
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use of skewed parabolas. This method was used to create the three different basic nozzle shapes for
the nominal, upper stage and sounding rocket nozzles that are used in this study. The programs were
validated against three cases from literature and found to be valid enough for this work. Even though
the methods do not produce a perfect nozzle, the nozzles created are compared to each other and
therefore the inaccuracies of the method does not have a large impact for the comparison. Therefore,
the methods produced are deemed valid for the use in this work.



3
Python mass model program

In this chapter the model that converts the different performance parameters to a mass difference be-
tween the SSSL and SM nozzle is discussed. The model is created in order to find the mass difference
between the two nozzles. The model will take the different performance parameters as input and con-
vert this to a mass gain based on the Isp and the required torque to actuate the nozzle. The chapter
starts by finding all the parameters needed for the model. Then an explanation of the different functions
of the program is presented. Finally, an example calculation is given. For all nozzle representations
the flow of gases goes from the left to the right.

The nozzles are compared in the following three aspects: Specific impulse (Isp), aerodynamic torque
and amplification factor. The Isp contribution is computed last as the two other categories influence
the empty and take-off mass of the rocket which are needed to calculate the delta V. Where delta V
is the velocity change that the rocket can achieve with the amount of propellants used. In figure 3.1
a flow chart of the inputs and outputs to the mass model program is presented. Each section of the
program is discussed in the following sections. As the Isp influences the amount of propellant needed,
the contribution to the mass from the Isp is called the propellant penalty.

25
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Figure 3.1: Figure of the computations steps in the mass model program. The figure shows all the interconnections between the
inputs and outputs.

3.1. Baseline rocket parameters
The baseline rocket parameters are computed in the baseline nozzle mass and seal stiffness part of
the flow chart shown in figure 3.1. The baseline rocket parameters are also used in the computation of
the propellant penalty.
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The baseline rocket mass for the mass model is calculated from the propellant mass, using the rela-
tions by Zandbergen to find the empty mass of the rocket [13]. The dry mass of the rocket is around
15.85% of the propellant mass [13]. The relation between the propellant mass and the dry mass is
developed on solid rocket motors. Since there are some similarities between solid rocket motors and
hybrid rocket motors, such as the solid fuel grain, the relation can give a decent estimate. There are
also differences between solid and hybrid rocket motors such as the storage of the liquid oxidizer, feed
system and pumps. However, even though the estimate would be more around 25% of the propellant
mass it would not alter the general comparison between the two nozzles since they will use the same
base mass. This is explored in the sensitivity analysis at the end of this chapter.
The propellant mass of the baseline nozzle is calculated by multiplying the mass flow with the required
burn time. The required burn time by Nammo is 90s and can be found in the SOW in appendix A. From
equation (2.4) the mass flow of the rocket is found and can then be multiplied by the 90s burn time
resulting in the propellant mass. If the burn time is extended to 180s the nozzle with the highest Isp
would perform better than with a burn time of 90s. This is explored in the sensitivity analysis at the end
of this chapter.
The nozzle mass that is used for the baseline rocket is a scaled up version of the nozzle in the study
by Ellis and Berdoyes [23]. This nozzle is used as the study also compares the SSSL and SM nozzle
systems. The nozzle is scaled on the surface area of the nozzle. It is assumed that the nozzle mass
scales linearly with the nozzle surface area. The surface area is approximated with a truncated cone
that has the same inlet and outlet diameter as the real nozzle. The area of a truncated cone can be
computed with equation (3.1). The outer radius is denoted by 𝑟𝑜 and the inner radius by 𝑟𝑖. In figure 3.2
the definition of these radii are shown, in the figure the cone is seen head on. The height of the cone
is denoted by ℎ. 𝐴 denotes the surface area. The calculated values are presented in table 3.1. It can
be seen that the mass per area is quite high, this is a result of not taking into account the surface area
before the throat. The SM nozzle has a larger area before the throat and it can be seen that its mass
per area is higher than the SSSL nozzle. Due to this estimation, the assumption of a linear relation will
not hold for a nozzle much larger than the one in the study by Ellis and Berdoyes [23]. However the size
difference is quite similar with only a size factor of 1.53, therefore for this work the estimation of nozzle
mass is accurate enough. The table also includes the scaled nozzle mass. The SM nozzle mass and
the TVC system mass for the baseline rocket are used to calculate the empty mass excluding these
two systems. The dry mass excluding nozzle and TVC system can be found in table 3.4.

Figure 3.2: Definition of the inner and outer radius of a truncated cone, the cone is seen head on

𝐴 = 𝜋(𝑟𝑖 + 𝑟𝑜)√ℎ2 + (𝑟𝑜 − 𝑟𝑖)2) (3.1)
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Table 3.1: Table showing the scaled nozzle mass of the baseline nozzle based on values from literature

Parameter Literature nozzle [23] Baseline nozzle

Throat radius 27.55 mm 72.50 mm
Exit radius 187.50 mm 251.15 mm
Nozzle length 537.55 mm 541.01 mm
Area 0.38m2 0.58 m2

Scaling factor 1 1.53
Mass SM nozzle 16.42 kg 25.13 kg
Mass SSSL nozzle 9.30 kg 14.23 kg

3.2. Seal stiffness
The seal stiffness computation takes part in the baseline nozzle mass and seal stiffness block in the
flow chart in figure 3.1. The seal stiffness is used in the computation of the amplification factor contri-
bution.
The torque needed to actuate the nozzle is calculated based on values for seal stiffness taken from
literature [23]. The SSSL nozzle has the benefit of having a self sealing split [43]. This means that
the torque to overcome the seal stiffness is much less (65%) for the SSSL nozzle than the SM nozzle.
The values from the paper by Ellis and Berdoyes are used for the seal stiffness [23]. However, the
stiffness is scaled on the approximate area of the nozzle seal. It is assumed that the seal stiffness
scales linearly with seal area. Since the seal is made from alternating layers of elastomers and metal
sheets the stiffness will increase as the area of the seal increases. From the report of Cooke on the
design of a flex seal nozzle the equation for the force by the seal can be described as shown in equa-
tion (3.2) [18]. 𝐹 is the force needed to deflect the seal to 𝛿 degrees, 𝐺 is the shear modulus, 𝐴 is the
area, 𝑛 is the number of layers of elastomers and 𝑡𝑟 is the thickness of the layers. From this equation
it can be seen that the force is directly proportional to the seal area. Therefore, it was chosen to scale
the seal torque on the approximate seal area. The seal area of the nozzle from Ellis and Berdoyes
is computed from the approximate inner and outer diameter of the seal. The approximation is made
with help from the illustrations of the nozzle in the paper [23]. The seal in the baseline rocket will have
the same width and start at the same distance from the throat as in the paper. An illustration of this
approximation is shown in figure 3.3. The values for the flex seal area, distance, scaling factor and
seal stiffness are presented in table 3.2. It can be seen that the SSSL nozzle has a lower seal stiff-
ness than the SM nozzle this is due to the self sealing property of the SSSL nozzle and the fact that
the pressure is much lower at the split of the SSSL nozzle than the split of the SM nozzle [11, 15, 23, 43].

𝐹 = 𝛿 ⋅ 𝐺 ⋅ 𝐴
𝑛 ⋅ 𝑡𝑟

(3.2)

Table 3.2: Scaled nozzle stiffness based on the seal area for the nozzle from literature and the baseline nozzle

Parameter Literature nozzle [23] Baseline nozzle

Throat diameter 55.10 mm 145.00 mm
Seal inner diameter 150.00 mm 240.00 mm
Seal outer diameter 200.00 mm 290.00 mm
Area seal 13744.47 mm2 20813.05 mm2

Scaling factor 1 1.51

SM nozzle stiffness 136.62 Nm/deg 206.88 Nm/deg
SSSL nozzle stiffness 48.30 Nm/deg 73.14 Nm/deg
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Figure 3.3: Figure of the approximated inner and outer diameter of the seal for the nozzle in the paper by Ellis and Berdoyes
[23]. The approximated dimensions for the baseline rocket is also presented.

3.3. Torque to mass relation
The torque to mass relation is computed in the mass per torque of TVC system part of the flow chart
shown in figure 3.1. The torque to mass relation is used in the computation of the aerodynamic torque
contribution and the amplification factor contribution. Only the contributions from the aerodynamic
torque and seal torque are included in the mass calculations. The torque from gravity, inertia and other
external torques are neglected. To neglect these torques is of benefit to the SM nozzle as it has the
higher mass of the two systems however, as the nozzles in this study are fairly small compared to large
launchers it is assumed that the difference in the torque created from these sources are small.
To calculate the mass gain from the exerted torques a model to go from torque to mass is needed.
However, as most actuators for TVC systems are rated in force, the mass per force is calculated. From
the CFD calculations and from the seal stiffness a torque is obtained. To use the mass per force value
the moment arm of the actuator is needed. The moment arm is approximated by comparing to the
two nozzles in the paper by Ellis and Berdoyes [23]. When looking at the two nozzles, the attachment
point for the actuator is located at different lengths from the centre line. The SM nozzle is located at
around 175mm and the SSSL nozzle is located at around 130mm. These figures are based on the
figure of the two nozzles in the paper by Ellis and Berdoyes, the figure is shown in figure 3.4 [23]. The
measurements are shown in red. In the mass model it is assumed that both the SM and SSSL nozzle
have the same attachment point and that the actuator works in a horizontal direction with respect to
the centre line. In the paper by Ellis and Berdoyes the attachment point is located at around half the
nozzle length. Using the same approach for both the SM and SSSL nozzle, the attachment point is
located at around 175mm. The dimensions of the basic nozzle shape can be seen in figure 2.9. Thus,
the moment arm in the mass model is taken as 175mm. The moment from the CFD calculations and
from the seal stiffness can then be converted to a force on the actuator by dividing the torque with the
moment arm.
The mass per force of the TVC system is found by using values from literature. Various different actua-
tors for different size TVC systems are used to create a relation between the mass and the force of the



30 3. Python mass model program

Figure 3.4: Figure showing the approximated length from the centre line to the attachment points for the SM and SSSL nozzle.
These lengths are shown in red. Figure adapted from [23]

actuator. For the actuators that only have data for a single actuator it is assumed that two actuators are
needed for the TVC system. Additionally, the controller mass has not been taken into account for these
hypothetical systems. The data size for the model is relative small. However, both the SM nozzle and
the SSSL nozzle will use the same mass per force number. Therefore, the accuracy of the mass per
force figure has no impact on the comparison. In table 3.3 the numbers from literature are presented.
The mass per force is computed from the trend that can be seen in figure 3.5. The calculated trend has
the equation as presented in figure 3.5. Where 𝑦 is the mass of the actuator and 𝑥 is the force exerted
upon the actuator. In this equation it can be seen that there is a base mass of around 5kg. This mass
is added to the structural mass of the nozzle. Thereby, the mass contributions from the torques are
clearly visible.
In a real rocket the actuator would have a safety margin on the largest exerted force however, for this
mass model the linear relation between actuator mass and actuator force is used.

All the relations and equations needed for the mass model have been developed and a summary of all
the values are given in table 3.4.

Table 3.3: Table showing mass of actuator system divided by actuator force values for various TVC systems

Actuator/Rocket Actuator
force [kN]

Mass of system/two
actuators [kg]

Mass per force
[kg/kN]

P120 [20] 135 120 0.89
Z40 [20] 55 60 1.09
SRB-A [35, 55] 106 83.8 0.79
Moog [51] 180.60 113.40 0.63
Moog [51] 96.65 51.71 0.53
Moog [51] 52.49 29.03 0.55
Moog [51] 20.61 11.79 0.57
Moog [51] 14.19 16.33 1.15
Moog [51] 3.31 7.26 2.15
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Figure 3.5: Figure showing the trend of actuator mass plotted against actuator force. In the right corner is the linear fit equation
and R2 value.

3.4. Aerodynamic torque contribution
The calculation of the aerodynamic torque contribution can be seen in the aerodynamic torque contri-
bution block in the flow chart in figure 3.1. The additional mass of the aerodynamic torque is used later
in the calculation of the propellant penalty.
The aerodynamic torque contribution is calculated by taking the aerodynamic torque from the input for
both SSSL and SM nozzle and converting this torque to a force on the actuator. This is done by dividing
the torque with the moment arm, which is 0.175m. The force is then multiplied with the mass per force
figure established in the torque to mass relation. The mass per force equation is found in table 3.4.

3.5. Amplification factor contribution
The calculation of the amplification factor contribution can be seen in the amplification factor contribution
block in the flow chart in figure 3.1. The additional mass of the amplification factor will then be used
later in the calculation of the propellant penalty.
The contribution from the amplification factor is computed by using the seal stiffness and the mass per
force figure. The amplification factor has the effect of reducing the angle needed to achieve the desired
thrust vector angle. To find the actual needed angle, equation (3.3) is used. 𝛼𝑛𝑒𝑒𝑑𝑒𝑑 is the needed
nozzle deflection to obtain the requested thrust vector angle. This angle is denoted by 𝛽𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑. 𝐴𝐹 is
the amplification factor of the nozzle.

𝛼𝑛𝑒𝑒𝑑𝑒𝑑 =
𝛽𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑
𝐴𝐹 (3.3)

The angle obtained from the calculation will then be multiplied with the seal stiffness of the nozzle type.
The torque obtained from this step is converted to a force on the actuator and this force is used in the
mass per force equation. The equation can be found in table 3.4.

3.6. Propellant penalty
The calculation of the influence of the specific impulse can be seen in the propellant penalty block in
the flow chart in figure 3.1. This is the final step in the calculation and the total mass difference between
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Table 3.4: Summary of baseline rocket parameters and mass per force equation

Rocket part Value

Fuel 3255.00 kg
Dry mass (excluding nozzle and TVC system) 456.95 kg
Payload mass (North star payload [53]) 50.00 kg
SM nozzle mass 25.13 kg
SSSL nozzle mass 14.23 kg
SM nozzle seal stiffness 206.88 Nm/deg
SSSL nozzle seal stiffness 73.14 Nm/deg

Mass of TVC system based on actuator force Actuator mass [kg] = 0.675 ⋅ (Actuator force [kN]) + 5.002

the SSSL and SM nozzle systems are found from adding all the contributions to each other.
The calculation of the contribution from Isp is done by comparing the difference in delta V (Δ𝑉) produced
by the propellants. From the rocket equation the Δ𝑉 of the rocket can be found [40]. The Δ𝑉 of the
rocket is the time integration of the acceleration produced by the rocket. The rocket equation is given
in equation (3.4). Where 𝑚0 is the total initial mass of the rocket and 𝑚1 is the total final mass of the
rocket. 𝑣𝑒𝑞 is the exit velocity of the exhaust gasses. To link the Isp to the rocket equation one can
use equation (2.13). It is assumed that 𝑣𝑒𝑞 stays constant for the mass model. The initial mass and
final mass of the rocket for the two nozzles is different due to the effect of the aerodynamic torque
contribution and the amplification factor contribution. This also has an effect on the propellant penalty
and hence the propellant penalty can only be calculated after the other two contributions have been
determined.

Δ𝑉 = 𝑣𝑒𝑞 ⋅ 𝑙𝑛
𝑚0
𝑚1

(3.4)

When the difference in Δ𝑉 between the two nozzles is found, the difference can be used to determine the
amount of propellant that needs to be added. The difference in Δ𝑉 is used to determine the propellant
mass that would produce the Δ𝑉 difference between the two nozzles. Using equation (3.5), where
𝑚𝑝 is the propellant mass used, the propellant penalty of one of the two nozzles can be found. The
propellant penalty is a comparison between the two nozzles, which means that one of the nozzles will
always have 0 kg addition in the mass model.

𝑚𝑝 = 𝑚1(𝑒
( Δ𝑉𝑣𝑒𝑞 ) − 1) (3.5)

3.7. Mass model example calculation
In this section an example calculation of the mass model is presented. The inputs to the mass model
program are the following:

Parameter SSSL nozzle SM nozzle

Specific impulse 280 s 275 s
Aerodynamic torque 2000 Nm 500 Nm
Amplification factor 1.5 1

The program calculates the contribution from each parameter using the methods described in the pre-
ceding sections. The calculation of the aerodynamic torque contribution is straight forward. The torque
is converted to a force and the mass is found from the mass per force equation found in table 3.4.
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Nozzle Actuator force [kN] Actuator mass [kg]

SSSL nozzle 11.43 7.72
SM nozzle 2.86 1.93

The program continues on to calculate the contribution from the amplification factor. The actual vec-
toring angle needed is calculated first and the actual vectoring angle is multiplied by the seal stiffness.
The torque is converted to mass with the same relations used in the aerodynamic torque step. This
example will use the 5 degree case.

Nozzle Amplification factor [-] Angle needed [deg] Actuator force [kN] Actuator mass [kg]

SSSL nozzle 1.5 3.33 1.39 0.94
SM nozzle 1 5 5.91 3.99

The propellant penalty is calculated from the contributions obtained from the amplification factor and
from the aerodynamic torque. The total rocket mass for the two systems is different and this influences
the propellant penalty calculation. The following numbers are used in the calculations of the propellant
penalty.

Nozzle Isp [s] Total mass [kg] Empty mass [kg] Δ𝑉 [m/s] Fuel mass to equal-
ize Δ𝑉 (propellant
penalty) [kg]

SSSL nozzle 280 3789.84 534.84 5378.56 0
SM nozzle 275 3798.00 543.00 5247.45 24.55

The final calculation that is performed is the addition of all the mass contributions. In the final mass
the nozzle mass is also included, the nozzle mass is including the 5 kg TVC base mass. The masses
are shown in table 3.5. In this example it can be seen that the SSSL nozzle has a much lower total
mass than the SM nozzle. The two main contributing factors to this is the nozzle structural mass and
the addition to specific impulse.

Table 3.5: Table showing all the additions to the final nozzle mass from the mass model example calculation. The nozzle mass
is including the 5 kg base mass of the TVC system.

Contribution SSSL nozzle masses [kg] SM nozzle masses [kg]

Aerodynamic torque 7.72 1.93
Amplification factor 0.94 3.99
Propellant penalty 0 24.55
Nozzle mass 19.23 30.13

Total mass 27.89 60.60

3.8. Duty cycle of the thrust vectoring
The thrust vectoring system does not need to vector during the whole flight time. Therefore, a duty
cycle is defined in order to mimic a real world scenario. It is assumed that the vectoring is performed
always at the maximum deflection of 5 deg. The duty cycle is defined as shown in equation (3.6). It
is assumed that the duty cycle in this work is 0.25. Hence, the TVC system is vectoring at 5 degrees
for 25% of the time and 75% of the time it is vectoring at 0 degrees. In order to find the sensitivity of
the duty cycle the actual duty cycle needed for the SSSL and SM nozzle system mass to be equal is
calculated in the results. In only one of the cases the masses could be equalized. In the other two
cases the SSSL nozzle was the lighter option. In the case with where the masses could be equalized
the duty cycle needed to be 0.90. Furthermore, the assumption that the TVC system always vectors
at 5 degrees is an over estimation of the use of the TVC systems. The TVC system most likely vectors
at much smaller angles for small adjustments. Therefore, for this work a duty cycle of 0.25 seems as
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a reasonable estimate.

Duty cycle = Duration needed of TVC activation
Flight time (3.6)

The mass of the nozzle system at a duty cycle of 0.25 is calculated by multiplying the duty cycle with
the mass of the nozzle system a 5 degree thrust vectoring plus the mass of the nozzle system at 0
degree thrust vectoring multiplied with 1 minus the duty cycle. This is shown in equation (3.7), where
𝑚𝑑𝑐 is the mass of the nozzle system at specified duty cycle, 𝑚5𝑑𝑒𝑔 is the mass of the nozzle system
at 5 degrees with duty cycle 1, 𝑑𝑐 is the duty cycle and 𝑚0𝑑𝑒𝑔 is the mass of the nozzle system at 0
degrees with duty cycle 1.

𝑚𝑑𝑐 = 𝑚5𝑑𝑒𝑔 ⋅ 𝑑𝑐 + 𝑚0𝑑𝑒𝑔 ⋅ (1 − 𝑑𝑐) (3.7)

3.9. Sensitivity analysis and uncertainties
The mass model was designed as a tool for a direct comparison between the SSSL nozzle and the SM
nozzle. This section will explore the sensitivity of the mass model to changes in the input parameters.

3.9.1. Uncertainties
The baseline nozzle parameters have been established by scaling the nozzle directly from another
nozzle. Therefore, there are no uncertainties tied to the mass values of the baseline nozzle. In order
to increase the accuracy of the mass per nozzle area a comprehensive model would need to be built.
Only if the SSSL nozzle and the SM nozzle would use different models with different uncertainties the
comparison between the two nozzle could be affected in a more comprehensive way. However as the
two nozzles use the same model with the same uncertainty the comparison between the two nozzles
is still valid.

The seal stiffness has been established in the same way as the baseline nozzle parameters and have
therefore no direct uncertainty related to the seal stiffness.

The largest uncertainty comes from the relation between the actuator mass and the actuator force.
From the linear regression the coefficients of the linear equation were calculated. These could then
be used to calculate the actuator mass when the force on the actuator is known. The R2 value for this
equation was 0.889. Using the following two formulas the uncertainty on the linear regression can be
established.
When considering the equation of type:

𝑦 = 𝑎 ⋅ 𝑥 + 𝑏

The two constants 𝑎 and 𝑏 have the following uncertainties:

𝜎𝑎 = 𝑎 ⋅ √
( 1𝑅2 − 1)
𝑛 − 2

Where n is the sample size and 𝜎𝑎 is the uncertainty of the constant 𝑎.

𝜎𝑏 = 𝜎𝑎 ⋅ √
∑𝑥2
𝑛

Where 𝜎𝑏 is the uncertainty on the constant b. When both these uncertainties have been calculated
the new equation is as follows:

𝑦 = (0.675 ± 0.09) ⋅ 𝑥 + (5.002 ± 8.4)
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3.9.2. Sensitivity analysis
In order to see the sensitivity of the inputs on the outputs of the model the numbers from the results
of the comparison between the nominal SSSL nozzle with the split located at 1.75 and the SM nozzle.
In table 3.6 the output values are tracked vs the input change. The output is the difference in mass
difference for a duty cycle of 0.25. All the inputs are increased with the given percentage. A negative
percentage on the output means that the difference between the two nozzles has decreased if the
percentage goes under -100% it means that the SM nozzle has become the lighter option. Only the
amplification factor of the SSSL nozzle is tested as the amplification factor of the SM nozzle will not
change. What can be seen is that the mass model is highly sensitive to a change in the Isp. The output
changes with 138% when the Isp of the SSSL nozzle only changes with 2%. The other parameters did
not change the output of the model in a high degree. Additionally, the sensitivity to a change in duty
cycle, empty mass, burn time and seal stiffness were performed. For a change in duty cycle of 100%
resulting in a duty cycle of 0.5 the mass difference changed with 23.18% in favour of the SM nozzle.
For a change in empty mass of 10% the mass difference between the SSSL nozzle and SM nozzle
system changed with 1.54% in favour of the SM nozzle. For a change in burn time from 90s to 180s
(100% increase) the mass difference between the two nozzles changed with 21.92% in favour of the
SM nozzle. Finally, a change in the seal stiffness of 10% results in a change of 0.98% in the mass
difference in favour of the SSSL nozzle. It should be noted that the SSSL nozzle remained the lighter
option for all the test cases of the sensitivity study.
To conclude, the mass model is very sensitive to a change in Isp and hence any errors in the Isp will
have an impact on the mass model results. Therefore, the Isp will have to be checked to see if it make
sense otherwise it might have a large impact on the mass model.

Table 3.6: Table showing the change of the output of the mass model when changing a input.

Input Input change Output change

Aerodynamic torque SM 10% 0.01%
Aerodynamic torque SSSL 10% -2.31%

Propellant penalty (Isp) SM 2% -66.17%
Propellant penalty (Isp) SSSL 2% 138.10%

Amplification factor SSSL 10% 0.28%

Duty cycle 100% -23.18%
Empty mass 10 % -1.54%
Burn time 100 % -21.92%
Stiffness of seal 10% 0.98%

3.10. Summary and conclusion to mass model
In this chapter a method of comparing the SSSL nozzle and the SM nozzle system mass has been
developed. The model uses the amplification factor, Isp and aerodynamic moment as input and cal-
culates the mass difference between the nozzle systems. The model has some uncertainties, but for
the comparison between the two nozzle systems these uncertainties play no major role as both noz-
zles use the same model. Additionally it was found that the model is highly sensitive to a change in
Isp. Therefore, the Isp of the nozzles is checked against the performance program to see if they are
reasonable. Furthermore, the numbers used for the seal stiffness, empty mass, duty cycle and burn
time did not have a large effect on the outcome when these numbers were changed.
To conclude, the mass model is a tool to compare the SSSL nozzle and SM nozzle system and can not
predict the exact mass of the systems. This is however not of importance as the objective is to find the
mass difference. For this work the mass model is deemed valid enough, however some extra attention
to the Isp should be used in order to verify that the Isp used for the model has a reasonable value.





4
Supersonic split line and submerged

movable nozzle design

In this chapter the usage of a CAD program is described and also the design philosophy of the SM and
SSSL nozzle is discussed. Additionally a CAD render and dimensions of the nozzles are presented.
There are four sections that explain the design method of the various nozzles. The nozzles are pre-
sented in the following order: SSSL expansion ratio 12, SM nozzle, SSSL expansion ratio 45 and the
scaled down SSSL nozzle with expansion ratio 6.5. For all nozzle representations the flow of gases
goes from the left to the right.

4.1. Design of the nozzle
The design of the two nozzles is performed in Catia V5. Catia is available for students at the university
and is a CAD tool with many features. The nozzle shape created in the python shape program in sec-
tion 2.4 is imported into the CAD program and incorporated in the design. All the nozzles will consist of
two parts that can rotate around each other. The SM and SSSL nozzles will have the same combustion
chamber diameter. This diameter is 356mm.
When designing the SSSL nozzle with a higher area expansion ratio of 45, the same chamber diam-
eter is used as it uses the same combustion chamber. The scaled down combustion chamber has a
diameter of 178mm.

4.1.1. Supersonic split line nozzle expansion ratio 12

For the SSSL nozzle the main design point is the split. By looking at other SSSL nozzle designs in
various papers, it was decided to round off the nozzle wall around the split [11, 15, 23, 24, 43]. The
rounding towards the split was set to a circle of radius of 3mm and the radius of the rounding away
from the split was set to 10mm. This can be seen on the cut out of the nozzle in figure 4.1. The two
rounding edges are indicated with arrows and the radius of the rounding is described. Additionally, the
interface between the upper part and lower part can clearly be seen.
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Figure 4.1: Figure of the split area of a sectioned view of the SSSL nozzle

The centre of rotation was determined by taking the tangent of the nozzle wall at the split location.
Where the tangent crossed the neutral line was taken as the rotation point. The nozzle wall thickness
was set to 10mm, however this was more for the ease of meshing later and will probably not be the
final thickness of the nozzle wall. The chamber to throat region was determined with the methods from
Zandbergen and Huzel [13, 32]. The radius of curvature from the combustion chamber wall was set to
0.4 times the chamber diameter (142.4mm). The angle of the converging wall was set to 45 degrees.
The final radius of curvature toward the nozzle throat was set to the throat radius (72.5mm). These
design points can be seen in figure 4.2 with the rest of the assembled nozzle.

Figure 4.2: Figure of the SSSL nozzle cut through the middle

The full upper and lower parts can be seen in figures 4.3a and 4.3b. Finally the assembled nozzle can
be seen in figure 4.4
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(a) Upper part of the SSSL nozzle with expansion ratio 12 (b) Lower part of the SSSL nozzle with expansion ratio 12

Figure 4.3: The upper and lower part of the SSSL nozzle with expansion ratio 12

Figure 4.4: Figure of the assembled SSSL nozzle with expansion ratio 12

4.1.2. Submerged movable nozzle
For the SM nozzle the main design point is the entrance towards the throat. This was designed with
the guidelines by Ellis [24]. In figure 4.5 a representation of the design points for the entrance to the
throat is presented, the figure is adapted from [24]. The entrance of the SM nozzle is modelled as an
ellipse with the leading edge at an expansion ratio of 2 with respect to the throat. This is the tip radius
in figure 4.5 and its value is 102.5 mm. The distance to the leading edge of the ellipse was set to the
throat diameter, which is 145 mm. In figure 4.5 this is called the entry length. A detailed view of the SM
nozzle entry contour can be seen in figure 4.6. The rotation point was set at 1/3 throat diameter behind
the nozzle throat. The section from the combustion chamber to the nozzle was designed as straight
wall with a curved wall section at the end. The end of the curved section contains the interface surface
to the ball and socket. The parts can be seen in figures 4.7 and 4.9. A sectioned view of the nozzle
can be seen in figure 4.8. Finally the assembled nozzle can be seen in figure 4.9
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Figure 4.5: Figure the design of the entrance to a submerged nozzle.

Figure 4.6: Figure of the entry contour of the SM nozzle
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(a) Upper part of the SM nozzle (b) Lower part of the SM nozzle

Figure 4.7: The upper and lower part of the SM nozzle

Figure 4.8: Figure of the sectioned SM nozzle
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Figure 4.9: Figure the assembled SM nozzle.

4.1.3. Supersonic split line nozzle expansion ratio 45

The design of the SSSL nozzle with an expansion ratio of 45 (𝜖45) follows the same design logic as
the SSSL nozzle with an expansion ratio of 12 (𝜖12). Both nozzles use the same chamber to throat
design. The only difference is the contour of the nozzle after the throat. The 𝜖45 nozzle has a larger
initial angle and the total nozzle length is much longer. The rounding at the split is done in the same
manner as the 𝜖12 nozzle. In figures 4.10 to 4.12 are several representations of the nozzle design
shown.

Figure 4.10: Figure of the SSSL nozzle with expansion ratio 45 cut through the middle
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(a) Upper part of the SSSL nozzle with expansion ratio 45 (b) Lower part of the SSSL nozzle with expansion ratio 45

Figure 4.11: The upper and lower part of the SSSL nozzle with expansion ratio 45

Figure 4.12: Figure the assembled SSSL nozzle with expansion ratio 45

4.1.4. Supersonic split line nozzle scaled down version

The scaled down version of the SSSL nozzle differs a little from the other two designs. The combustion
chamber to throat region is a bit sharper and steeper. The scaled SSSL nozzle has an area expansion
ratio of 6.5. Additionally the rounding of the split is smaller due to the smaller size of the nozzle. The
rounding towards the split was chosen a 1.5 mm radius and the rounding away from the split was
chosen as 5 mm. This can be seen in the zoomed in figure of the split area that is shown in figure 4.13.
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Figure 4.13: Figure of the split area of a sectioned view of the scaled down SSSL nozzle

The combustion chamber to throat region also has some differences. The first rounding was set to 1/3
of the combustion chamber diameter (29.67 mm). The angle of the converging part towards the throat
was set to 55 deg. Finally the rounding towards the throat was set to half the throat diameter (41.5
mm). All these values can be seen in figure 4.14.

Figure 4.14: Figure of the scaled down SSSL nozzle cut through the middle

The full upper and lower parts of the scaled down SSSL nozzle can be seen in figures 4.15a and 4.15b.
Finally the assembled nozzle can be seen in figure 4.16.
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(a) Upper part of the scaled down SSSL nozzle (b) Lower part of the scaled down SSSL nozzle

Figure 4.15: The upper and lower part of the scaled down SSSL nozzle

Figure 4.16: Figure the assembled scaled down SSSL nozzle

4.1.5. Nozzle area
When constructing the mass model in chapter 3 the surface area of a truncated cone was used to scale
the nozzle from the paper by Ellis and Berdoyes [23]. The real surface area of the nominal nozzle has
now been checked with the use of the CAD software. The surface area is 0.64 m2, compared to the
0.58 m2 of the truncated cone. This leads to an increase in nozzle structural mass of 9%. However,
when looking at the sensitivity analysis for the change in empty mass of 10% the change in the mass
difference between the two nozzles was only 1.54% in favour of the SM nozzle. This is a small change
and therefore it was decided not to change the mass model.
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4.2. Summary and conclusion to nozzle generation
In this chapter the CADmodels of the various nozzles are constructed. These CADmodels are used for
the generation of the mesh for the CFD simulations. From the mesh, the CFD simulations can be run.
Additionally, the surface area of the nominal nozzle was compared to the assumption of a truncated
cone used in the mass model. It was found that it had negligible effect on the mass model result.
The method by importing the general nozzle shape into CATIA from python proved an easy solution to
create the desired nozzle shape. The other elements of the nozzle were then drawn around this nozzle
divergent shape.



5
Heat transfer

In this chapter the method used to determine the heat transfer is provided. Nammo has requested an
estimate of the heat transfer in order to see if extra care is needed in the design with regards to cooling.
Approximation methods found in literature are used to calculate the heat transfer. In the first section
the explanation of the convective heat-transfer is given. In the second section the explanation for the
radiative heat transfer is provided.

5.1. Convective heat transfer
In a rocket nozzle the convective heat transfer amounts to around 70-80% of the total heat transfer for
supersonic nozzle flow [13, 24]. The convective heat transfer of the gas in the nozzle can be approxi-
mated by the use of the Bartz equation [10]. The Bartz equations tend to give a slight over estimation
of the heat flux, however as only an estimate of the heat flux is needed it is deemed accurate enough
for this work [49, 54]. The Bartz equation is given in equation (5.1), with the following parameters:

𝑐∗ Characteristic velocity
𝑐𝑝 Specific heat capacity at constant pressure
𝐷 Diameter of nozzle section
𝐷𝑡 Diameter of nozzle throat
𝛾 Specific heat ratio
𝑀 Mach number
𝜇 Dynamic viscosity
𝑝𝑐 Chamber pressure
𝑃𝑟 Prandtl number
𝑟𝑐 Radius of curvature downstream of throat
𝑇𝑡 Total temperature
𝑇𝑤 Wall temperature
𝑇𝑤,𝑔 Gas temperature at the wall
ℎ𝛼 Convective heat transfer coefficient

ℎ𝛼 = (
0.026
𝐷0.2𝑡

)(
𝜇0.2 ⋅ 𝑐𝑝
𝑃𝑟0.6 ) (𝑝𝑐𝑐∗ )

0.8
(𝐷𝑡𝑟𝑐

)
0.1
(𝐷𝑡𝐷 )

1.8
⎛

⎝

[1 +𝑀2 ⋅ (𝛾−12 )]
−0.12

[0.5 + 0.5 (𝑇𝑤,𝑔𝑇𝑡 ) (1 +𝑀
2 (𝛾−12 ))]

0.68⎞

⎠

(5.1)

𝑞𝛼 = ℎ𝛼 ⋅ (𝑇𝑤,𝑔 − 𝑇𝑤) (5.2)

Using equation (5.1) together with the results from the CFD calculations and equation (5.2) an estimate
of the convective heat transfer can be found. Where 𝑞𝛼 is the convective heat transfer, The following
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parameters are obtained from the CFD simulation: 𝑃𝑟, 𝑇𝑡, 𝑇𝑤,𝑔, 𝑀 and 𝜇. It is assumed that the wall
temperature stays constant and that the specific heat capacity at constant pressure is constant as well.
It is assumed that the wall temperature stays constant at 1200K, this is a requirement from Nammo
that can be found in the SOW in appendix A. The resulting heat transfer will only be an estimate and
cannot effectively predict the heat transfer at the split due to the shock wave and expansion fans at
these locations. The calculation is done in Ansys Post in order to get a contour plot of the heat transfer.
The contour is on the inside surface of the nozzle wall.

5.2. Radiative heat transfer
The radiative heat transfer amounts to much less than the convective heat transfer. However, to create
a more precise picture an estimate of the radiative heat transfer is also included.
The following assumptions are used for the radiative heat transfer.

1. The gasses are assumed as a grey body

(a) The gasses are in real life also a grey body so this assumption has little to no impact on the
heat flux

2. The nozzle is assumed as a black body

(a) The nozzle walls will never be like a black body, but if a carbon-carbon material is used
for the nozzle wall, the absorptivity and emissivity of the nozzle wall is high. Therefore this
assumption results in an overestimation of the heat flux

3. It is assumed that the absorptivity and emissivity is equal

(a) This assumption is in general true when the temperature of the wall and the gas are around
the same temperature (Kirchoffs law [45]). This assumption will result in an over estimation.

4. The emissivity is set to a constant that does not change with temperature or pressure

(a) The emissivity of the gas changes with pressure and temperature and hence this will lead
to an under estimation in the combustion chamber and an over estimation towards the end
of the nozzle

5. It is assumed that the view factor of the gas and wall is 1

(a) The view factor is less than 1 since the nozzle has an exit that the radiation can escape
from. Additionally, the view factor will change through the nozzle. This will lead to an over
estimation of the heat flux

The radiative heat transfer is only about 20-30% of the total heat transfer [13, 24]. Additionally, only an
estimate of the total heat transfer is needed and hence the radiative heat transfer is simplified with the
assumptions used.

In order to calculate the radiative heat transfer, the emissivity of the gas is needed. To find the exact
emissivity of the gas mixture is a complicated process. However, using assumption 4 an approximate
emissivity of the gas mixture is used on the whole domain. Using the chart and methods developed by
Alberti et.al. an approximate emissivity can be found [2]. The charts needed for this work are found
in chapter B The accuracy of the method is within 1% of the measured emissivity of a gas mixture
[2]. In order to use the charts in the paper by Alberti et.al. the pressure path of the gas is needed.
The pressure path is the integration of pressure times path length over the length of the nozzle. When
looking at the pressure trace along the wall for the SSSL nozzle that is shown in figure 7.2, it can be
seen that the pressure stays at around 35 bar for around 25 cm. Then there is a large drop down to
a pressure of 4 bar over the next 6 cm. The rest of the nozzle the pressure drops from 4 bar down
to around 0.4 bar over the next 52 cm. For the sections that have a drop in pressure, the average
pressure of the start and end pressure is used in the pressure path calculation. The resulting overall
pressure path length is then:

35 ⋅ 25 + (35 − 4)/2 ⋅ 6 + (4 − 0.4)/2 ⋅ 52 = 1061.6 bar-cm
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For the nozzle with an expansion ratio of 45 the same pressure path is used as mostly the high pressure
path is determining for the pressure path length. It is assumed that the scaled down nozzle has the
same emissivity as the larger nozzles.
By using this pressure path length and an approximate gas temperature of 2000 K the emissivity of
the gas mixture can be found. The temperature of 2000 K is used as this is approximately the average
temperature throughout the nozzle. It is assumed that only the water vapour and the carbon-dioxide
contributes to the emissivity as they are the dominant species in the gas mixture. The total emissivity
of the gas mixture can then be approximated by equation (5.3). 𝜖𝑡𝑜𝑡 is the total emissivity of the gas
mixture, 𝜖𝐻2𝑂 is the emissivity of water vapour, 𝜖𝐶𝑂2 is the emissivity of carbon-dioxide and Δ𝜖𝐻2𝑂−𝐶𝑂2
is the correction factor for a mixture with water vapour and carbon-dioxide.

𝜖𝑡𝑜𝑡 = 𝜖𝐻2𝑂 + 𝜖𝐶𝑂2 − Δ𝜖𝐻2𝑂−𝐶𝑂2 (5.3)

From reading out the charts in the paper by Alberti et.al. the following emissivities can be found for the
chosen path length and the temperature. The charts can also be found in appendix B.

Table 5.1: Table showing the emissivity for the four nozzles. Pressure path length = 1061.6 bar-cm, temperature = 2000 K, ratio
𝐶𝑂2 to 𝐻2 = 0.54

Parameter Emissivity

𝜖𝐻2𝑂 0.51
𝜖𝐶𝑂2 0.11
Δ𝜖𝐻2𝑂−𝐶𝑂2 0.15
𝜖𝑡𝑜𝑡 0.47

The radiative heat transfer of the rocket motor can be computed with equation (5.4). This equation
is only valid with the current assumptions. Where 𝑞1−2 is the heat transfer from the hot gasses to
the nozzle wall, 𝜖1 is the emissivity of the hot gasses, 𝜎 is the Stefan–Boltzmann constant, 𝑇1 is the
temperature of the gas and 𝑇2 is the temperature of the wall. The temperature of the gas is taken from
the CFD simulations which will vary throughout the nozzle.

𝑞1−2 = 𝜖1 ⋅ 𝜎 (𝑇41 − 𝑇42 ) (5.4)

The total heat transfer that the wall experiences is a combination of the radiative heat transfer and the
convective heat transfer. The heat transfer is calculated in Ansys post in order to access all the wall
data that has been computed during the CFD calculations. The estimate of the radiative heat transfer is
a quite simple model that overestimates the contribution from radiation. This is due to the assumption
of a view factor of 1, that the nozzle walls are treated as a black body and also that the emissivity of
the gas is quite high as all the estimates of the pressure path length and the temperatures were taken
on the high side. The total heat flux is calculated as shown in equation (5.5). Where 𝑞𝑡𝑜𝑡 is the total
heat flux, 𝑞𝑟𝑎𝑑 is the radiative heat flux and 𝑞𝑐𝑜𝑛𝑣 is the convective heat flux.

𝑞𝑡𝑜𝑡 = 𝑞𝑟𝑎𝑑 + 𝑞𝑐𝑜𝑛𝑣 (5.5)

5.3. Discussion and conclusion to heat flux calculations
The methods chosen for the heat flux calculations both have inaccuracies and are an overestimation
of the heat flux. However, as the work compares two nozzles it is of interest to see what the difference
between the two nozzles are. Therefore, the model used to calculate the heat flux does not have a
large impact on the comparison. To conclude, the method of calculating the heat flux is deemed valid
for the comparison between the nozzles. And the results are an indication of the total heat flux in the
nozzle.





6
Ansys approach

In this chapter the usage of Ansys is discussed. Additionally, a verification of the Ansys set-up is
performed. In order to establish if the tool is used correctly. This is done by comparing the results
of the CFD calculations to the results from literature. The paper that is used for the comparison is
a study by Kumar and Devarajan [33]. In the first section, the usage of Ansys is explained. In the
second section, a verification of the CFD analysis method is performed. In the third section, the 3D
mesh method is explained. Finally, in the fourth section, the input to the CFD analysis performed in this
thesis is explained. For all nozzle representations the flow of gases goes from left to right.

6.1. Computational fluid dynamics analysis
In order to meet the research objectives, the two nozzles need to be analysed with a CFD tool. The
CFD tool chosen for this task is Ansys Fluent 19.3 [4]. Ansys Fluent is available for students at the
university and is a CFD tool for analysing several fluid dynamic problems [5]. It has been used for
various other studies involving rocket nozzles [29, 33, 41].

In order to perform a CFD simulation, the nozzles must first be designed in a CAD drawing program.
The program used for this is Catia V5, as this is also readily available for students at the university.
Once the geometry is drawn, the meshing program can load the geometry from the CAD file in order to
create the mesh. The mesh is drawn in ICEM. ICEM is part of the Ansys package and can export the
mesh directly to Ansys Fluent. ICEM is chosen as themeshing program for the 2D case as it offers good
control over the meshing process. When the mesh has been loaded into Ansys Fluent, the setup for
the CFD analysis can be done. When the boundary conditions, fluid properties and the solver methods
are set, the simulation can start. All the setup parameters are noted down and reported together
with the results. When the simulation has converged, the results can be exported to CFD-Post. The
convergence criteria is set to 1E-3. In CFD-Post, which is a program in the Ansys package, the results
can be analysed. In CFD-Post, all the contour plots, graphs and data is created in order to analyse the
results. In figure 6.1 a step by step process on the steps taken towards the CFD simulations is shown.

6.2. Verification of the computational fluid dynamics analysismethod
In this section, the verification of the use of Ansys Fluent and the other tools used from Ansys is per-
formed. The section will describe the nozzle generation, meshing, CFD input parameters and finally,
compare the results to a case from literature. The comparison is done to verify that the usage of Ansys
is done correctly and that the results in this work are of sufficient quality. It was chosen to use an easy
2D case in order to verify Ansys as a complex 3D case was hard to find a good source for in literature.
The following criteria are used in order to verify the Ansys approach. The values given in the paper and
the verification analysis shall not exceed 2%. This figure was chosen in order to give room for mesh
differences and solver differences. The solver used for this thesis is Ansys Fluent 2019 R3, while the
solver used in the paper is Ansys Fluent R14.5. All the nozzle design parameters and the simulation
inputs are the same as in the paper by Kumar and Devarajan [33].
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Figure 6.1: Figure of the simulation set-up and steps.

6.2.1. Verification nozzle design
The nozzle design used in the paper by Kumar and Devarajan is a conical nozzle with the parameters
as listed in table 6.1. A drawing of the nozzle is presented in figure 6.2. All the dimensions are in
millimeters. From the CAD drawing, the mesh can be created. The mesh for the verification nozzle
was created with 120 cell divisions along the vertical axis. Cells were spaced closer towards the nozzle
wall with a minimum size of 0.13 mm. The cell divisions in the horizontal direction were divided up in
two sections. One section before the throat and one after the throat. The section before the throat
had 90 cell divisions with decreasing cell size towards the throat. The smallest cell size was set to 0.2
mm. The section after the throat was set to 120 divisions with increasing cell size towards the exit.
In total 25080 nodes were used. The mesh orthogonality was reported as between 0.86 an 1. The
orthogonality refers to how orthogonal two neighbouring mesh cells are with each other. The closer to
1 the better the quality as there are no translations needed to move from the one control volume to the
next. The mesh is shown in figure 6.3.

Table 6.1: Verification nozzle design parameters

Part Dimensions

Inlet diameter 25 mm
Throat diameter 10 mm
Outlet diameter 35 mm
Nozzle divergence length 50 mm
Total nozzle length 75 mm
Throat longitudinal radius 0 mm

6.2.2. Verification nozzle simulation input
The fluid used for the verification nozzle is considered to be air. The air is modelled with the ideal
gas law for the density. The specific heat was set to a constant value of 1006.43 J/kg-K. The thermal
conductivity of the gas was set to a constant of 0.0242 W/mK. The viscosity of the gas was modelled
with the Sutherland viscosity law [12]. The simulation was set to a laminar flow that evaluated the
energy equation of the flow. The molecular weight of the gas was set to a constant of 28.966 g/mol.
The other input parameters for the boundary conditions are given in table 6.2.
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Figure 6.2: Figure showing the drawing for the Ansys verification nozzle.

Figure 6.3: Figure showing the mesh for the Ansys verification nozzle.
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Table 6.2: Table showing the setup parameters for the verification nozzle CFD analysis

Procedure Details

General-Solver

Type: Density based
Velocity formation: Absolute
Time: Steady
2D space: Planar

Models
Energy: On
Viscous: Laminar

Materials
Fluid: Air
Density: Ideal Gas
Viscosity: Sutherland

Boundary conditions

Inlet: Pressure Inlet
Gauge Total Pressure (pa): 3E5
Temperature: 300K
Outlet: Pressure Outlet
Operating pressure Pressure (pa): 0

Reference values
Compute from: Inlet
Reference zone: Solid surface body

Initialization
Standard initialization
Compute from inlet

Solution
Solution control
Courant number = 5

6.2.3. Verification nozzle analysis
The setup for the CFD calculation used the parameters that are shown in table 6.2. When all the
parameter were set, the check case function of Ansys Fluent was used and it reported no problems.
The solution was set to run 1000 iterations but was converged after 281 iterations. The convergence
criteria was set to 1E-3 for velocity, continuity and energy residuals. The paper by Kumar and Devarajan
[33] had the same convergence criteria. Figure 6.4 shows a trace of the residuals for the simulation.
As seen the residuals decrease until the convergence criteria is met.

The results were analysed in CFD-Post and the results were compared to the values obtained by
Kumar and Devarajan. The results are summarized in table 6.4. The contour plots of Mach number,
velocity and static pressure are also compared and can be seen in figures 6.5 to 6.7. The authors of
the paper have decided to not show the flow field in great detail for the Mach number and the pressure.
However, the velocity contour shown in figure 6.7 shows some more detail. It can be seen that oblique
shock waves are formed right after the nozzle throat. This is right after the thin red line after the nozzle
throat. It can be seen that the two oblique shock waves meet in the middle and are reflected outwards
toward the exit. As seen in the pressure contour in figure 6.5, the pressure decreases from the inlet
towards the outlet. The pressure is denoted as negative at the exit since in this simulation the gauge
pressure is used. In order to obtain the absolute pressure, the reported pressure should be added to
the ambient conditions. The ambient conditions in this case is 101325Pa. The results from the paper
and the results from the CFD simulation are almost identical. The results are compared in table 6.4.
The largest difference is in the temperature at the outlet which is 3% smaller that the reported result
in literature. However, as all the other results are around 1% or less. The differences between the
two simulations can have multiple sources, the two most likely sources are: Firstly, the mesh can be
different, thereby creating a small difference in the output. Secondly, the solver used is different, the
one used in the paper is version 14.5 and the one used for this thesis is version 19.3. The newer solver
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Figure 6.4: Figure showing the residuals for the Ansys verification nozzle.

might calculate some aspects of the nozzle flow with greater accuracy.
In addition, the nozzle quality factors of the verification nozzle are compared to the quality factors in
the book by Sutton and the design guidelines of Huzel [32, 40]. Three quality factors are evaluated.
Nozzle quality factor 𝜉𝐹, Combustion quality factor 𝜉𝑐 and motor quality factor 𝜉𝑠. These three factors
can be calculated by using the following three equations [13, 32, 40].

𝜉𝐹 =
(𝐶𝐹)𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙

(𝐶𝐹)𝑖𝑑𝑒𝑎𝑙
(6.1)

𝜉𝑐 =
(𝑐∗)𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙

(𝑐∗)𝑖𝑑𝑒𝑎𝑙
(6.2)

𝜉𝑠 =
(𝐼𝑠𝑝)𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙

(𝐼𝑠𝑝)𝑖𝑑𝑒𝑎𝑙
(6.3)

The quality factors can be related in the following way.

𝜉𝑠 = 𝜉𝑐 ⋅ 𝜉𝐹 (6.4)

The results for the nozzle quality factors are shown in table 6.3. It can be seen that the quality factors
of the verification nozzle are within the values that are listed in literature. From the similar results that
are shown in table 6.4 and from the quality factors listed in table 6.3 it can be concluded that the Ansys
approach has been verified. There is one peculiar value between the quality factors. The combustion
quality factor is larger than 1. This does not however imply that there is free energy produced. Addi-
tionally, this breaks the relation between the quality factors given in equation (6.4). The explanation to
this lies in the discharge coefficient. There exists a boundary layer along the wall of the nozzle. This
has the effect of reducing the real throat area. This in turn has an effect on the mass flow of the system
as well. The discharge coefficient can be found by using the following relation.

𝐶𝑑 =
𝑚̇𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙

𝑚̇𝑖𝑑𝑒𝑎𝑙
(6.5)

The relation for the discharge coefficient is only valid for a cold non reacting flow. The flow in the CFD
simulation is a non reacting flow and hence we can use the above relation. The discharge coefficient
for this nozzle is 0.974. This indicates that the there is some boundary layer forming in the throat which
effects the calculation of the quality factors. Especially the combustion quality factor is affected by the
discharge coefficient and hence the combustion quality factor is larger than 1 for this case.
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Table 6.3: Quality factor values for the CFD simulation with a comparison to literature

Parameter CFD value Values from Sutton [40] Values from Huzel [32]

𝜉𝐹 0.945 0.92 - 0.96 0.92 - 1.00
𝜉𝑐 1.027 0.85 - 0.98 0.87 - 1.03
𝜉𝑠 0.938 0.8 - 0.9 0.85 - 0.98
𝐶𝑑 0.974 - -

Table 6.4: Table summarizing the difference between the verification nozzle and the nozzle from literature

Parameter Verification nozzle Literature nozzle Percentage difference

Velocity magnitude (Max-
imum)

608.423 ms−1 609.346 ms−1 0.15%

Pressure (Inlet/Outlet) 397527Pa /
14033.2Pa

393224Pa /
14155.1Pa

1.08% / 0.86%

Temperature (In-
let/Outlet)

298.8797K / 125.9K 298.195K / 129.838K 0.23% / 3.03%

Mach number (Maxi-
mum)

2.818 2.82 0.07%

(a) Verification nozzle Mach number contour (b) Literature nozzle Mach number contour

Figure 6.6: Side by side comparison between the verification nozzle and the nozzle from literature. The compared value is Mach
number

(a) Verification nozzle static pressure contour (b) Literature nozzle static pressure contour

Figure 6.5: Side by side comparison between the verification nozzle and the nozzle from literature. The compared value is static
pressure. Note to obtain absolute pressure add 101325Pa
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(a) Verification nozzle velocity contour (b) Literature nozzle velocity contour

Figure 6.7: Side by side comparison between the verification nozzle and the nozzle from literature. The compared value is
velocity

6.2.4. Conclusion to verification of Ansys
The results from the verification study show that Ansys has been used in the correct way and that Ansys
produces the correct results. The small difference between the case from literature and the verification
study are due to mesh differences and solver differences. Therefore, the results were not identical, but
the correct use of Ansys has been demonstrated. Therefore, the method of using Ansys for the CFD
simulations is proved valid for the use in this work.
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6.3. 3D mesh method
Although ICEM can create very accurate meshes, it struggled to create a mesh for the SSSL nozzle due
to the small indentation in the split. It was therefore decided to switch to the more automatic meshing
method of Ansys Fluent for the 3D mesh for the CFD analysis. In order to create the mesh in Fluent
the CAD drawings have to be modified in SpaceClaim. SpaceClaim is also a CAD software however,
it allows the creation of zones and named sections that Fluent can understand. The sections that are
created are Inlet, Outlet and the region around the split and throat. The region at the split and throat
are created in order to refine the mesh in this region.
Once the geometry of the nozzle has been established, it can be loaded into Fluent meshing. In
Fluent meshing, there is a preloaded work path in order to create a mesh. This work path consists of
several steps. These steps are listed below. The settings used for the SSSL and SM nozzles are also
mentioned.

1. Import geometry: In this step the geometry is loaded from SpaceClaim to Fluent meshing.

2. Add local sizing: This step is an optional step. In this case we want to add a local sizing around
the split and the throat. For this step, the section created in SpaceClaim is used. Each local sizing
gets its own sub step where the size of the local sizing is set. In the case of the SSSL nozzle, the
local sizing set around the split is 3mm. The program will then try to create mesh cells that are
no larger than 3 mm.

3. Create surfacemesh: This creates themesh on the surface of the body. This enables the program
to have a reference point for the volumemesh created later. For this step there are several options
that can be changed. The minimum andmaximum size of the cells can be set. Furthermore, there
are more advanced options that are not used for this thesis. For the SSSL nozzle, the minimum
cell size was set to 5.5mm and the maximum size to 20mm.

4. Describe geometry: In order for the program to detect the inlet and outlet, the user has to specify
these areas. This is done by using the sections created in SpaceClaim and setting the type of
inlet and outlet. The type used is a pressure inlet and outlet. In this step, the walls of the nozzle
are specified as a solid body. Additionally, the fluid regain can be inspected in order to observe if
it is correct.

5. Create volume mesh: This is the step that creates the volume mesh for the fluid. This section
has a couple of options that are of interest. The fist option is the specification of boundary layers
at the walls of the domain. In this case, the number of boundary layers are set to four. The final
option that is changed is the maximum length of each cell. This is set to 20 mm.

6. Improve volume mesh: Finally, the program will try to improve the mesh by moving vertices of the
mesh cells to increase the orthogonality of the mesh cells. The best mesh has a orthogonality
of 1, however with the corners and turns in the SSSL nozzle this is hard to achieve. The final
orthogonality was 0.42 which is still a good quality mesh [28].

Figure 6.8 and 6.9 show an example of a mesh created in Fluent meshing. The figures show an
overview of the whole mesh and there is also a more detailed version around the split.
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Figure 6.8: Figure showing the mesh for the second mesh approach.

Figure 6.9: Figure showing the mesh for the second mesh approach, with higher detail around the split area. This is indicated
with an arrow

6.3.1. Mesh convergence study
A mesh convergence study was performed in order to determine if the mesh was of sufficient quality.
If the mesh is not detailed enough, the results from the CFD analysis are less accurate. However,
as the licence for Ansys Fluent is a student version the highest number of mesh elements is set to
512000. The convergence study was therefore performed backwards in order to see if the result from
the CDF analysis changed. The study was performed over 3 simulations of the same nozzle. This
nozzle was the SSSL nozzle with expansion ratio 12, the split located at an expansion ratio of 1.75
and the thrust vectoring set to 5 degrees. The mesh density was 480000, 350000 and 250000 mesh
elements. The number of mesh elements are hard to control directly therefore, it was chosen to get
as close as possible. Several parameters were checked at the exit in order to see if the mesh had a
significance on the result. In table 6.5 the results are given for the various meshes.

Table 6.5: Results from the mesh convergence study

Parameter Mesh density 480000 Mesh density 350000 Mesh density 250000

Pressure 45127.46 Pa 45266.69 Pa 45329.80 Pa
Exit velocity 2609.07 ms−1 2604.93 ms−1 2604.50 ms−1

Temperature 1678.53 K 1681.55 K 1681.75 K

From table 6.5 it can be seen that the parameters keep changing towards the highest mesh density
in the study. This indicates that the mesh is not yet converged. The results from the CFD study will
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therefore be slightly less accurate than compared to a higher density mesh. The changes between the
different meshes are not significant, 0.31% for pressure, 0.16% for velocity and 0.18% for temperature.
The percentages are calculated between the 480000 and the 350000 mesh density case. Due to the
mesh not being fully converged, it is recommended that a follow up study researches at what point the
mesh is converged and how large the differences are with the results from this thesis.

6.4. Turbulence model

It was chosen to use the Shear Stress Transport (SST) k-omega turbulence model for the simulations
since it yields good results for rocket nozzles. The SST k-omega is a combination of two models. It
uses the k-omega model close to the walls as this model can predict shock waves and wall behaviour
accurately. In the free stream, the model uses the k-epsilon model as this model is accurate in the
free stream. A comparison between many turbulence models on a rocket nozzle has been explored in
the paper by Balabel et al. [9]. The paper concludes that the SST k-omega turbulence model is the
best model to use for computing the fluid flow in a rocket nozzle. The paper also states that the SST
k-omega model was the best at computing the shock wave position and the flow parameters after the
shock wave. As the SSSL nozzle relies on the shock wave for the amplification factor it was a clear
choice to use the SST k-omega model. A comparison between the two models was performed on the
SSSL nozzle with expansion ratio 12 and split at 1.75 for the 5 degree case. In figure 6.10, the split at
the bottom side can be seen with a pressure contour. On the right is the CFD result of the SST k-omega
turbulence model and on the right is the result for the k-epsilon. The k-epsilon model is known to not
handle adverse pressure gradients and this can also be seen in figures 6.10 and 6.11 [9]. The SST
k-omega model predicts a much lower pressure drop, due to the expansion wave at the split. When
looking at the top portion of the nozzle, the same behaviour can be seen from the k-epsilon model. It
predicts a much larger pressure gain after the shock wave. This can be seen in figure 6.11. It can also
be seen that the shock wave in the k-epsilon model is at a steeper angle than the shock wave in the
SST k-omega. The prediction of the shock wave angle and the calculation of the parameters behind
the shock is also explored in the paper by Balabel et al.[9]. In the paper the SST k-omega performed
the best with respect to the experimental data. The turbulence model also has an effect of on the Mach
number contour. On the bottom of the nozzle, the flow reattaches much quicker for the k-epsilon model
than for the SST k-omega model. On the top side of the nozzle, the k-epsilon model has a much larger
region of lower Mach number behind the shock wave. These two effects can be seen in figures 6.12
and 6.13 respectively.

(a) SST k-omega (b) k-epsilon

Figure 6.10: Pressure contour of the split at the bottom of the nozzle.
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(a) SST k-omega (b) k-epsilon

Figure 6.11: Pressure contour of the split at the top of the nozzle.

(a) SST k-omega (b) k-epsilon

Figure 6.12: Mach contour of the split at the bottom of the nozzle.

(a) SST k-omega (b) k-epsilon

Figure 6.13: Mach contour of the split at the top of the nozzle.

The turbulence model also has an effect on the parameters at the exit at the nozzle and a much larger
effect on the aerodynamic torque on the nozzle. The difference between the two models is shown in
table 6.6. The largest difference is in the aerodynamic torque, as most of the torque is created at the
nozzle wall. The SST k-omega gives a higher value since it is more accurate at predicting pressure
and shear values at the nozzle wall. The other values have much smaller differences, but the SST
k-omega model predicts that the nozzle performs better than the k-epsilon model. In order to validate
the results, a experimental test of the SSSL nozzle should be done to confirm that the SST k-omega
turbulence model preforms the best. However, using literature to support the choice, the SST k-omega
model is chosen as the turbulence model for the CFD simulations in this thesis.
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Table 6.6: Results at the exit of the nozzle for the SST k-omega and k-epsilon turbulence models for the SSSL nozzle.

Parameter SST k-omega tur-
bulence model

k-epsilon turbu-
lence model

Percentage
differ-
ence

Pressure 45127.46 Pa 45476.62 Pa 0.77%
Mass flow 35.76 kg/s 35.75 kg/s 0.03%
Mach number 3.095 3.080 0.48%
Aerodynamic moment 1950.21 Nm 1816.78 Nm 6.84%
Thrust 101.70 kN 101.44 kN 0.26%
Specific impulse (Isp) 289.90 s 289.23 s 0.23%
Amplification factor 1.518 1.503 0.99%

6.5. Computational fluid dynamics convergence
In order to trust the CFD results there are a couple of criteria that have to be checked. Firstly, the resid-
uals of the simulation are checked against the convergence criteria. This is set to 1E-3. The residuals
are the error of the simulation and if they are too high the simulation result can not be trusted. However,
there are cases when the steady state solution residuals keep oscillating around a certain value. This
effect can have different causes. The first cause can be the mesh detail. If the mesh is too coarse, the
solution may not converge properly. During this research, a student licence for Ansys was used. The
student licence sets a limit to the amount of mesh nodes. The limit is set to 512000 nodes. The meshes
in this study were configured to be as close to this limit as possible in order to get the best quality. A
mesh convergence study was conducted but it was concluded that the mesh was not yet converged.
However, for this thesis the error from the mesh convergence is considered small. The largest error
was found in the pressure at the exit when moving from a mesh with 350000 element to the used mesh
of 480000 elements. The maximum error was 0.3%. The second source of oscillating residuals can
be caused by non-steady flow phenomena such as vortex formation [5–7]. Vortex formation is areas
of rotating flow, these are inherently non steady and therefore the residuals can keep oscillating [3]. In
this case, other parameters of the flow, such as mass flow and pressure forces, can be observed. If
these remain constant and do not change as the simulation progresses, the solution can be considered
converged even if the residuals have not reached the convergence criteria.
For most of the CFD calculations in this thesis, the residuals kept oscillating close to the convergence
criteria. Therefore, it was chosen to look at various parameters in order to conclude if the solution was
converged. The parameters considered were; aerodynamic moment, x/y/z-force and mass flow in and
out. The most important of the above mentioned parameters is the mass flow in and out of the nozzle. If
the mass flow in and out of the nozzle is not balanced and constant, the solution can not be considered
converged. In figure 6.14, it can be seen that the residuals have not reached 1E-3. However, when
looking at the aerodynamic moment, x/y/z force and mass flow it can be concluded that the solution has
converged. This is due to the constant behaviour of these parameters. An example of this is illustrated
in figures 6.15 and 6.16. Most of the CFD simulations ended up with oscillating residuals slightly over
the convergence criteria. Therefore, it was chosen to look at the forces and mass flows of the solution
in order to determine convergence. Especially the simulations of the SM nozzle had problems with vor-
tex formation. Vortex formation can be seen from the streamlines of the SM nozzle at 0 degree thrust
vectoring in figure 6.17. On the left figure, it can be seen that some of the streamlines are trapped and
make spirals at the flex seal area. The formation of these vortexes affects the residuals. However,
they have little to no effect on the exit conditions. This can be seen on the right figure as the vorticity
has become symmetrical by the time the flow reaches the exit. When comparing the vorticity of the SM
nozzle and the SSSL nozzle for the 5 degree case it can be seen that the SSSL nozzle has much less
vorticity than the SM nozzle. The comparison can be seen in figure 6.18, the SSSL nozzle design A is
the left figure and the SM nozzle is the right figure. Therefore the SSSL nozzle simulations were easier
to converge to a solution.
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Figure 6.14: Figure of oscillating residuals of the CFD simulations

(a) Trace of the x-force on the nozzle over the
iterations

(b) Trace of the y-force on the nozzle over the
iterations

(c) Trace of the z-force on the nozzle over the
iterations

Figure 6.15: Solution values for x, y and z force graphed against the iteration of the simulation

(a) Trace of the mass flow going in to the nozzle
(b) Trace of the mass flow going out of the noz-
zle

(c) Trace of the aerodynamic moment on the
nozzle

Figure 6.16: Solution values for the mass flow in and out and the aerodynamic moment for the CFD simulation.



64 6. Ansys approach

(a) Velocity streamlines of the SM nozzle at 0 degree thrust vectoring.
The vortexes are formed in the flex seal area. (b) Vorticity of the SM nozzle at 0 degree vectoring

Figure 6.17: Vorticity contour and velocity stream lines of the SM nozzle at 0 degree thrust vectoring

(a) Vorticity of the SSSL nozzle at 5 degree vectoring (b) Vorticity of the SM nozzle at 5 degree vectoring

Figure 6.18: Vorticity contour the SM nozzle and SSSL nozzle design A at 5 degree thrust vectoring

6.5.1. Criteria for convergence
For the CFD simulations, the following set of criteria are used to confirm that the solution has converged:

1. Residuals: Less than 1e-3

2. Mass flow in: No change the last 50 iterations in the mass flow in

3. Mass flow out: No change the last 50 iterations in the mass flow out

4. Total mass flow: Mass flow in minus mass flow out is equal to 0

5. X-Y-Z force: No change in the last 50 iterations

6. Aerodynamic moment: No change in the last 50 iterations

Each simulation is checked against the criteria above. If the simulation does not meet the required
criteria, it will be looked at which parameter is not passed. Based on the parameter that did not pass
the case is checked rigorously in order to determine if the solution has converged. In the case the
residuals are higher than 1e-3 and the rest of the criteria is met, the solution can still be said to be
converged. As was discussed in the previous section the residuals have a tenancy to oscillate around
one value. If any of the other criteria are not met then a more rigorous check has to be performed by
checking if the output is as expected and comparable to the other nozzles.
The convergence of each of the simulations are tracked by the use of the following table. The different
symbols in table 6.7 have the following meaning: √ is the sign for a passed check. ∼ is the symbol for
a nearly passed check. 𝑋 is the symbol for a failed check. At the right side of the table is a section for
some notes on the particular case.
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Table 6.7: Convergence test matrix to determine if the simulation has been converged. R is residuals, 𝑚̇𝑖 is mass flow in, 𝑚̇𝑜 is
mass flow out, 𝑚̇𝑡𝑜𝑡 is mass flow total, X-Y-Z is the X-Y-Z forces and AM is the aerodynamic moment.

Simulation R ṁi ṁo ṁtot X-Y-Z AM Convergence Notes

Test check ∼ √ √ √ √ √ √ As all other criteria than the
residuals are converged the to-
tal simulation is deemed con-
verged.

6.5.2. Errors in the computational fluid dynamics simulations

The errors of the CFD calculations are hard to predict from the residuals alone. One way to classify
the errors in the CFD simulations is to do an experimental test. An experimental test is however out
of the scope of this thesis. In order to establish whether the CFD calculations make sense, the output
of the CFD simulations are compared to the performance program which used ideal rocket theory. It
is expected that the CFD simulations have slightly worse performance than the calculations from ideal
rocket theory.

6.6. Simulation plan

All the methods have been developed for running the simulations and getting the desired output have
been created. In this section the simulation plan and all the cases that are simulated are presented.
In order to keep track of all the different cases a naming convention has been created. The naming
convention of the folders and files were based on the type of nozzle, split location, expansion ratio and
angle of thrust vectoring. Example: ”SSSL_1_75_e45_5deg” would be the name for the SSSL nozzle
with the split located at an expansion ratio of 1.75. It is the nozzle with a total expansion ratio of 45 and
it has a thrust vectoring of 5 deg.

In table 6.8 a overview of all the cases tested are shown. In the column with angles all the angles tested
are separated with a comma. The rationale for the choice of the cases is discussed below. The angles
0, 2.5 and 5 degree were chosen since the maximum deflection requested by Nammo was 5 degree
and it is desirable to know the 0 degree deflection. The 2.5 degree was then a logical mid point between
the two other angles. The split locations of the nominal nozzle with expansion ratio 12 were chosen to
be 1.75, 2, and 2.25 since these values span the range of most SSSL nozzles in literature [48]. For the
upper stage nozzle with expansion ratio 45 and the sounding rocket nozzle with expansion ratio 6.5
the outer two split locations were chosen. By requirement from Nammo these should not be different
than the split locations of the nominal nozzle in order to compare these nozzles. The total pressure
was changed in order to see the effect of throttling the nozzle a decrease of 2.5 bar per simulation was
chosen. The values were chosen arbitrarily. Nammo had requested the research on the throttling of
the nozzle. All the requirements of Nammo can be found in the SOW in appendix A.
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Table 6.8: List simulations that were performed. The split location is the area expansion ratio at the location of the split. Where
multiple angles are mentioned one simulation for each of the angles were performed.

Type nozzle Expansion ratio Split location Angle (degree) Total pressure (Bar)

SM nozzle 12 - 0, 2.5, 5 35
SSSL nozzle 12 1.75 0, 2.5, 5 35
SSSL nozzle 12 2 0, 2.5, 5 35
SSSL nozzle 12 2.25 0, 2.5, 5 35

SSSL nozzle 45 1.75 0, 2.5, 5 35
SSSL nozzle 45 2.25 0, 2.5, 5 35

SSSL nozzle 6.5 1.75 0, 2.5, 5 35
SSSL nozzle 6.5 2.25 0, 2.5, 5 35

SSSL nozzle 12 1.75 5 32.5
SSSL nozzle 12 1.75 5 30

6.6.1. Input to the computational fluid dynamics simulation

The input to the different CFD simulations is discussed in this section. All the nozzles use the same
operating gas. Likewise, the nozzles will mostly be using the same boundary conditions as well. Only
the simulations exploring the effect on the amplification factor from changing the mass flow will have a
different chamber pressure. In tables 6.9 to 6.12, the input values are given and additional notes are
provided for the inputs that need clarification. Each table provides information about one segment of
the simulation inputs.

Table 6.9: List of operating gas parameters

Gas property Value Notes

Density Treated as ideal gas -
Specific heat 3285.1 J/kgK Set as a constant
Thermal conductivity 0.0242 W/mK Set as a constant
Viscosity Sutherland’s law, Reference viscos-

ity: 1.217e-5 kg/ms, Reference tem-
perature: 320.12 K Effective tem-
perature: 737.30 K

The viscosity constants are taken as
a combination of water vapour and
𝐶𝑂2 using the ratio of water vapour
to 𝐶𝑂2 to calculate the constants
[17]. The ratio can be found in the
SOW from Nammo in chapter A.

Molecular mass 22 g/mol Input from Nammo in the SOW in
appendix A
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Table 6.10: List of boundary conditions

Boundary Value Notes

Free stream conditions 0 Pa Treated as a vacuum
Gas pressure inlet 35e5 Pa It is assumed that the gas has no ve-

locity when entering the simulation
domain

Gas temperature inlet 2721 K -
Gas pressure outlet 1 Pa The pressure at the outlet is set to 1

Pa in order to compute the density
with the ideal gas law. Has no influ-
ence on the result.

Gas temperature outlet 300 K Has no influence on the result other
than the initial guess

Walls Free slip condition This means that there is no friction
at the wall. As the material of the
nozzle is designed to be as smooth
as possible this is considered a valid
assumption.

Table 6.11: List of models used

Model Value Notes

Time domain Steady state -
Energy equation Turned on Calculating if the energy is con-

served and where losses occur
Continuity equation Turned on Calculating that the mass flow in

equals the mass flow out
Momentum equation Turned on Calculating forces on the nozzle
Turbulence model Shear Stress Transport k-omega Reason behind was explored in sec-

tion 6.4
Spatial discretization Second order upwind -

Table 6.12: List of solution controls

Controls Value Notes

Initialization Hybrid Creates an initial guess with a
coarse version of the mesh

Solution steering Supersonic Letting know to Fluent that it will
deal with supersonic flow

Courant number range 1-100 The courant number specifies the
time step of the simulation. Even
though the solution is steady state
the program simulates the nozzle as
a transient system until it does not
change with time any more. Higher
numbers means a larger time step
[30]. At the end of the simulation the
Courant number is set manually to
0.5 to get a good convergence.
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6.6.2. Calculation of amplification factor and aerodynamic moment
In this section the method for calculating the amplification factor from the Ansys results is discussed
and the method of finding the aerodynamic moment is discussed.
The amplification factor is found by finding the angle of thrust. The angle of thrust is found from equa-
tion (6.6), where 𝛿𝑡ℎ𝑟𝑢𝑠𝑡 is the angle of thrust, 𝑣𝑦 is the 𝑦 velocity of the exit flow and 𝑣𝑥 is the 𝑥 velocity
of the exit flow. Then the amplification factor can be calculated by equation (1.1).

𝛿𝑡ℎ𝑟𝑢𝑠𝑡 = 𝑡𝑎𝑛−1 (
𝑣𝑦
𝑣𝑥
) (6.6)

The aerodynamic moment is calculated within Ansys Fluent. The moment centre is specified at the
rotation point of the nozzle and then Ansys calculates the moments of the nozzle around that point.

6.7. Conclusion to the Ansys approach
In this chapter the explanation of the CFD analysis method has been given. The various aspects
connected to the CFD simulations have been explored in detail, such as a mesh convergence study,
turbulence model testing and general convergence criteria. It was found that the CFD simulations might
be influenced by the non converged mesh but that it should not have a large impact for the comparison
between the nozzles. The accuracy of the CFD calculations will not be perfect but since the goal is to
compare the nozzles the accuracy of the CFD result is of less concern. Additionally, the values from
the CFD calculations are checked against the values from the performance program to see if they are
as expected. Therefore, it can be concluded that the CFD method used is of sufficient quality for the
objectives in this work.
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Results and discussion on the

comparison between the supersonic split
line nozzle and the submerged movable

nozzle
In this chapter, the results from the research on the comparison between the SSSL nozzle system and
the SM nozzle system is presented. Firstly, the performance of the nozzles is presented. Secondly,
the results from the mass model are presented. After the results have been displayed, the results
are discussed. The nozzle flow in all the figures in this chapter goes from left to right. For all nozzle
representations, the flow of gases goes from left to right.

7.1. Results
In this section, the results of the comparison between the SSSL nozzle and SM nozzle are presented.
The flow fields of the two nozzles are presented. Only the flow field for the 5 degree case are shown.
Additional flow field representations at all angles can be found in appendix D. The two nozzles were
tested with angles of 0, 2.5 and 5 degrees. The expansion ratio of both nozzles for this comparison
was 12, as this was the expansion ratio requested by Nammo.
The naming convention for the SSSL nozzles is as following: The nozzle with the split at 1.75 expan-
sion ratio is design A, the one at 2 is design B and the one at 2.25 is design C. In section 6.6 the full
plan for the simulations can be found.

The additional flow fields that can be found in appendix D contain the following parameters.

• Mach number contour

• Pressure contours

• Temperature contour

• Turbulence contour

• Total temperature contour

• Heat flux contours

• Pressure and temperature trace along nozzle wall

• Residual plots
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7.1.1. Convergence check

The convergence check for the nozzles: SSSL nozzle design A, B and C and the SM nozzle with ex-
pantion ratio 12 can be found in table 7.1

7.1.2. Flow field and nozzle performance results

In this section, a number of contour plots of the flow field of the SSSL nozzle and the SM nozzle are
shown. The most interesting cases are shown in this section however, more flow field results are shown
in appendix D.
Most detail of the shock wave and expansion wave can be seen in the 5 degree case of the SSSL noz-
zle. As a result, this case was selected to highlight the shock position and the expansion wave position.
In figure 7.1 the pressure contour of design A of the SSSL nozzle is shown to the left and the SM nozzle
is shown to the right. Both nozzles are at a vectoring angle of 5 degrees. The annotations on the SSSL
nozzle show the approximate location of the shock wave and expansion wave that form due to the split.

(a) SSSL nozzle at 5 degree vectoring (b) SM nozzle at 5 degree vectoring

Figure 7.1: Pressure contour of the SSSL nozzle design A and the SM nozzle

It can be seen that the SM nozzle does not form any shock waves since it has turned the flow before
the throat. The SM nozzle also has a symmetrical expansion of the gasses towards the exit whereas
the SSSL nozzle has a highly asymmetrical distribution along the centreline. The asymmetry is what
causes the amplification factor. When looking at the pressure distribution along the nozzle wall that
is illustrated in figure 7.2, the asymmetrical pressure distribution is visible. The largest pressure dif-
ference between the top and bottom wall is located around the split area for the SSSL nozzle. The
location of the split is indicated with a green dotted line. Additionally the throat is indicated with a or-
ange dotted line. For the SM nozzle, the pressure distribution along the nozzle wall is the same for top
and bottom. Only minor differences are shown around the x = -0.15. The spike in x direction for the
pressure traces are due to the submergence of the SM nozzle. The pressure remains the same un-
til the leading edge of the throat entrance. Therefore it looks as of the pressure trace turns back on itself.
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Table 7.1: Convergence test matrix to determine if the simulation has been converged for the nozzles: SSSL nozzle design A,
B and C and the SM nozzle with expantion ratio 12. R is residuals, 𝑚̇𝑖 is mass flow in, 𝑚̇𝑜 is mass flow out, 𝑚̇𝑡𝑜𝑡 is mass flow
total, X-Y-Z is the X-Y-Z forces and AM is the aerodynamic moment.

Simulation R ṁi ṁo ṁtot X-Y-Z AM Convergence Notes

SSSL noz-
zle design
A 0deg

∼ √ √ √ √ √ √ As all other criteria than the
residuals are converged the to-
tal simulation is deemed con-
verged.

SSSL noz-
zle design
A 2.5deg

∼ √ √ √ √ √ √ As all other criteria than the
residuals are converged the to-
tal simulation is deemed con-
verged.

SSSL noz-
zle design
A 5deg

∼ √ √ √ √ √ √ As all other criteria than the
residuals are converged the to-
tal simulation is deemed con-
verged.

SSSL noz-
zle design
B 0deg

∼ √ √ √ √ √ √ As all other criteria than the
residuals are converged the to-
tal simulation is deemed con-
verged.

SSSL noz-
zle design
B 2.5deg

∼ √ √ √ √ √ √ As all other criteria than the
residuals are converged the to-
tal simulation is deemed con-
verged.

SSSL noz-
zle design
B 5deg

∼ √ √ √ √ √ √ As all other criteria than the
residuals are converged the to-
tal simulation is deemed con-
verged.

SSSL noz-
zle design
C 0deg

∼ √ √ √ √ √ √ As all other criteria than the
residuals are converged the to-
tal simulation is deemed con-
verged.

SSSL noz-
zle design
C 2.5deg

∼ √ √ √ √ √ √ As all other criteria than the
residuals are converged the to-
tal simulation is deemed con-
verged.

SSSL noz-
zle design
C 5deg

∼ √ √ √ √ √ √ As all other criteria than the
residuals are converged the to-
tal simulation is deemed con-
verged.

SM nozzle
0deg

𝑋 ∼ √ ∼ √ √ √ The mass flow in for the SM
nozzle was oscillating but the
oscillations were small and
the mass flow out was con-
stant. Vorticity at the entrance
prevents a steady state solu-
tion at the inlet. The results
were further checked against
the performance program and
deemed converged enough.

SM nozzle
2.5deg

∼ √ √ √ √ √ √ Same as 0 degrees

SM nozzle
5deg

∼ √ √ √ √ √ √ Same as 0 degrees
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(a) SSSL nozzle at 5 degree vectoring

(b) SM nozzle at 5 degree vectoring

Figure 7.2: Pressure distribution along the nozzle wall of the SSSL nozzle design A and the SM nozzle

The same behaviour of the flow field can be seen in the Mach number contour. Again, the SM nozzle
has a symmetrical distribution of Mach number while the SSSL nozzle is highly asymmetrical. This is
illustrated in figure 7.3.
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(a) SSSL nozzle at 5 degree vectoring (b) SM nozzle at 5 degree vectoring

Figure 7.3: Mach number contour of the SSSL nozzle design A and the SM nozzle

In figure 7.4 a comparison between the SSSL nozzle design A and the SM nozzle at 0 degree vectoring
can be seen. The variable of the contour plot is the Mach number. It can be seen that both nozzles
now have quite similar flow fields as the split has no large impact on the flow field. In figure 7.5 it
can be seen that there are small expansion waves followed by weak shocks formed at the split. The
expansion waves and shock waves have been indicated for clarity. The shocks formed at the splits will
induce extra losses and the performance will be a lower than for an undisturbed flow field. For both the
nozzles it can be seen that there are weak shocks formed after the throat. This is indicated on the SM
nozzle in figure 7.4.

(a) SSSL nozzle at 0 degree vectoring (b) SM nozzle at 0 degree vectoring

Figure 7.4: Mach number contour of the SSSL nozzle design A and the SM nozzle
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(a) SSSL nozzle at 0 degree vectoring
(b) Detailed view of the same nozzle with indications of expansion waves
and shock waves

Figure 7.5: Pressure contour of the SSSL nozzle design A at 0 degrees

Two other split locations were investigated for the comparison between the SSSL nozzle and the SM
nozzle. When looking at the Mach number contour of design B and C of the SSSL nozzle in figure 7.6,
it can be seen that the shock wave produced at the split on the top side becomes stronger for a split at
a higher expansion ratio. The influence of the shock is increasingly more clear for a higher expansion
ratio split. This has been indicated in the figure with a circle around the affected area.

(a) SSSL nozzle design B at 5 degree vectoring (b) SSSL nozzle design C at 5 degree vectoring

Figure 7.6: Mach number contour of the SSSL nozzle design B and C at 5 degree of vectoring

When looking at the turbulence for both the SM and the SSSL nozzle design A for 5 degree thrust
vectoring, it can be seen that the SM nozzle has a large turbulent layer on the upper side of the noz-
zle. The SSSL nozzle however does not have this large layer. The SSSL nozzle does have a higher
turbulence level close to the wall than the SM nozzle but this does not extend as far as the SM nozzle.
The increased turbulence in this region is a result of the increased vorticity that is induced from the
submergence of the SM nozzle. This was discussed in section 6.5
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(a) SM nozzle at 5 degree vectoring (b) SSSL nozzle design A at 5 degree vectoring

Figure 7.7: Turbulence kinetic energy contour of the SSSL nozzle design A and the SM nozzle at 5 degree of vectoring

The nozzle performance of the various nozzles tested are presented in tables 7.2 to 7.4. In table 7.2,
the results from 0 degree thrust vectoring are shown. In tables 7.3 and 7.4, the thrust loss and Isp
loss with respect to the 0 degree case are included. It can be seen that the SM nozzle has better
performance than the SSSL nozzles. The thrust of the SM nozzle is 0.64% higher and the Isp is 0.16%
higher than the SSSL nozzle at 0 degree vectoring. However, a straight comparison is not possible
due to the higher mass flow of the SM nozzle. As both nozzles have the same exit area and the same
throat area the mass flow should be the same. This indicates some errors in the CFD modelling. If the
mass flow of the SM nozzle is set to the same as the SSSL nozzles and assuming that the rest of the
flow parameters are constant the performance difference becomes: 0.19% higher thrust than the SSSL
nozzle design A and 0.20% higher Isp. These values are so low that the performance at 0 degree are
close to identical. In tables 7.2 to 7.4 the column called SM corrected are the values for the SM nozzle
when applying the mass flow correction and assuming the rest of the flow parameters stay the same.
When vectoring at 5 degrees, the performance difference between the SSSL nozzle and the corrected
SM nozzle increases to 0.77% and 0.77% for thrust and Isp respectively. The SSSL nozzles have worse
performance due to the split interrupting the flow slightly. It can also be noted that the performance of
the SSSL nozzle becomes worse when moving the split to a higher expansion ratio, this is around
0.05% for both thrust and Isp when going from design A to C for the 0 degree case. The loss increases
to 0.62% for both Isp and thrust when vectoring at 5 degrees.
The performance loss of the SSSL nozzle is also larger than the SM nozzle while vectoring with respect
to the non-vectoring state. The thrust and Isp loss is 1.15% for design C but reduces to 0.58% for design
A at 5 degree thrust vectoring. The SM nozzle experiences at maximum 0.01% thrust loss and 0% Isp
loss. The aerodynamic torque of the SSSL nozzle is larger than the SM nozzle which has almost no
aerodynamic moment. The torque of the SM nozzle is 40.76 Nm and the torque of the SSSL nozzle
around 2000 Nm for the 5 degree case. This can be explained by the fact that the SM nozzle has a
almost symmetrical flow field while the SSSL nozzle does not.
The SSSL nozzle receives a larger amplification factor when moving the split to a higher expansion
ratio. It goes from 1.52 to 1.59 when moving from design A to C for the 5 degree case. The largest
change in amplification factor is for the 2.5 degree case which increases from 1.57 to 1.66 when going
from design A to design C.
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Table 7.2: Nozzle performance parameters for the 0 degree thrust vector angle case for the SSSL nozzle and SM nozzle at an
expansion ratio of 12.

Parameter SSSL design A SSSL design B SSSL design C SM nozzle SM corrected

Thrust 102.29 kN 102.27 kN 102.25 kN 102.95 kN 102.50 kN
Isp 291.57 s 291.51 s 291.45 s 292.04 s 292.16 s
Thrust vector angle 0 deg 0 deg 0 deg 0 deg 0 deg
Amplification factor 1 1 1 1 1
Mass flow 35.76 kg/s 35.76 kg/s 35.76 kg/s 35.94 kg/s 35.76 kg/s
Aerodynamic moment 4.15 Nm 2.85 Nm 1.59 Nm 3.58 Nm 3.58 Nm

Table 7.3: Nozzle performance parameters for the 2.5 degree thrust vector angle case for the SSSL nozzle and SM nozzle at an
expansion ratio of 12. The thrust loss and isp loss are calculated by finding the difference with the 0 degree case of the same
nozzle.

Parameter SSSL design A SSSL design B SSSL design C SM nozzle SM corrected

Thrust 101.88 kN 101.81 kN 101.72 kN 102.95 kN 102.50 kN
Isp 290.41 s 290.20 s 289.95 s 292.04 s 292.16 s
Thrust vector angle 3.93 deg 4.034 deg 4.14 deg 2.50 deg 2.50 deg
Amplification factor 1.57 1.61 1.66 1 1
Mass flow 35.76 kg/s 35.76 kg/s 35.76 kg/s 35.93 kg/s 35.76 kg/s
Aerodynamic moment 1077.26 Nm 1109.79 Nm 1168.57 Nm 24.32 Nm 24.32 Nm

Thrust loss 0.40% 0.45% 0.51% 0.01% 0.01%
Isp loss 0.40% 0.45% 0.51% 0.00% 0.00%

Table 7.4: Nozzle performance parameters for the 5 degree thrust vector angle case for the SSSL nozzle and SM nozzle at an
expansion ratio of 12. The thrust loss and isp loss are calculated by finding the difference with the 0 degree case of the same
nozzle.

Parameter SSSL design A SSSL design B SSSL design C SM nozzle SM corrected

Thrust 101.70 kN 101.48 kN 101.08 kN 102.94 kN 102.50 kN
Isp 289.90 s 289.25 s 288.07 s 292.04 s 292.16 s
Thrust vector angle 7.59 deg 7.76 deg 7.95 deg 5 deg 5 deg
Amplification factor 1.52 1.55 1.59 1 1
Mass flow 35.76 kg/s 35.76 kg/s 35.76 kg/s 35.93 kg/s 35.76 kg/s
Aerodynamic moment 1950.21 Nm 1997.21 Nm 1968.68 Nm 40.76 Nm 40.76 Nm

Thrust loss 0.58% 0.78% 1.15% 0.02% 0.01%
Isp loss 0.57% 0.77% 1.16% 0.00% 0.00%

The results of the nozzles were also checked against the performance program in order to establish
if the results are reasonable. In tables 7.5 and 7.6 the difference between the CFD simulations and
the performance program can be seen. Looking at the numbers in the tables it can be seen that the
performance parameters from the CFD simulations stay around 1-2% lower than the values from the
performance program. This is close to the range of difference seen in the validation of the performance
program to the cases from literature found in section 2.3. The only value that is a bit large is the pres-
sure difference. The pressure difference is around 5%. This can be explained by the fact that the
CFD simulations do take into account turbulence and shock waves, thereby the gases are slightly less
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expanded than in the ideal case.

Table 7.5: Nozzle performance parameters for the 0 degree thrust vector angle case for the SSSL nozzle with expansion ratio
12 compared to the performance program.

Parameter SSSL nozzle design A Performance program Percentage difference

Thrust 102.29 kN 104.16 kN 1.79%
Isp 291.57 s 293.57 s 0.68%
Mass flow 35.76 kg/s 36.17 kg/s 1.13%
Mach number 3.129 3.191 1.94%
Pressure 44210.10 Pa 42326.29 Pa 4.45%

Table 7.6: Nozzle performance parameters for the 0 degree thrust vector angle case for the SM nozzle compared to the perfor-
mance program.

Parameter SM nozzle Performance program Percentage difference

Thrust 102.95 kN 104.16 kN 1.16%
Isp 292.04 s 293.57 s 0.52%
Mass flow 35.94 kg/s 36.17 kg/s 0.64%
Mach number 3.138 3.191 1.66%
Pressure 44267.79 Pa 42326.29 Pa 4.39%

In order to validate the motor performance the results are compared to the values obtained by the ideal
rocket theory used in the performance program. The quality factors of the engine will then be calcu-
lated and compared with literature. They are compared to the quality factors in the book by Sutton
and the design guidelines of Huzel [32, 40]. Three quality factors are evaluated. Nozzle quality factor
𝜉𝐹, Combustion quality factor 𝜉𝑐 and motor quality factor 𝜉𝑠. These three factors can be calculated by
using equations (6.1) to (6.3). The values are calculated for the 0 degree thrust vectoring case. As the
difference in performance between the split locations is small only one of the split locations is calcu-
lated. The three different SSSL nozzles, expansion ratio 12, 45 and the scaled down nozzle, and the
SM nozzle are compared to values from literature.
The calculated values and the values from literature are shown in table 7.7. All the nozzles have quite
high numbers of combustion quality factors, this can have multiple sources for which one of them is
due to the discharge factor which can be calculated using equation (6.5). The discharge factor is also
added to table 7.7. As can be seen in table 7.7 all the quality factors are close to 1.

Table 7.7: Quality factor values for the CFD simulation with a comparison to literature

Parameter SSSL e12 SSSL e45 SSSL e6 SM nozzle Sutton [40] Huzel [32]

𝜉𝐹 0.98 0.98 0.98 0.98 0.92 - 0.96 0.92 - 1.00
𝜉𝑐 1.01 1.01 1.01 1.01 0.85 - 0.98 0.87 - 1.03
𝜉𝑠 0.99 0.99 0.99 0.99 0.80 - 0.90 0.85 - 0.98

𝐶𝑑 0.99 0.99 0.99 0.99 - -

7.1.3. Performance results summary
The main observations of the SSSL nozzles and the SM nozzle is that the SM nozzle and SSSL nozzle
have comparable performance. The performance of the SSSL nozzles decreases when the vectoring
angle increases. Additionally, when moving the split further downstream this performance loss is in-
creased. It can also be noted that the amplification factor has a maximum at lower angles of thrust
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vectoring. The amplification factor then decreases as the angle increases. The amplification factor
also increases when moving the split further down stream. Finally, both nozzles have comparable per-
formance to the values obtained from the performance program.
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7.1.4. Mass model results

The input parameters for the Mass model have been generated in the previous section. Each of the
nozzles are compared for the three different angles. The same naming convention is used for the SSSL
nozzles. Each contribution addition is listed. As mentioned in the description of the mass model, the
propellant penalty is a direct comparison between the SSSL nozzle and the SM nozzle and therefore
one of the nozzles will have a 0 kg addition for the propellant penalty. This can be read in detail in
section 3.6. Note that the SSSL nozzle would need a lower vectoring angle due to the amplification
factor and therefore the Isp would be a bit higher than is used for this comparison. The results of the
mass model are given in tables 7.8 to 7.10. The input values are presented as the first three rows and
the rest is the results from the mass model. The corrected values for the difference in mass flow are
used for the SM nozzle. The SM nozzle is listed three times for each angle due to the direct comparison
between the SSSL nozzle and SM nozzle for the propellant penalty. The masses are calculated for a
duty cycle of 1. Hence the vectoring is constantly at 0, 2.5 or 5 degrees. The total mass at the bottom
of each table is the total TVC and nozzle system mass.

Table 7.8: Mass model results for the 0 degree thrust vector angle case at duty cycle = 1, abbreviations in the table are as
following; Amplification Factor (AF) and Aerodynamic Torque (AT)

Parameter Design A SM nozzle Design B SM nozzle Design C SM nozzle

Isp 291.57 s 292.16 s 291.51 s 292.16 s 291.45 s 292.16 s
AF 1 1 1 1 1 1
AT 4.15 Nm 3.58 Nm 2.85 Nm 3.58 Nm 1.59 Nm 3.58 Nm

AF contribution 0.00 kg 0.00 kg 0.00 kg 0.00 kg 0.00 kg 0.00 kg
AT contribution 0.02 kg 0.01 0.01 kg 0.01 kg 0.01 kg 0.01 kg
Propellant penalty 0.00 kg 6.70 kg 0.00 kg 6.49 kg 0.00 kg 6.29 kg
Nozzle mass 19.23 kg 30.13 kg 19.23 kg 30.13 kg 19.23 kg 30.13 kg

Total mass 19.25kg 36.85kg 19.24kg 36.64 kg 19.24 kg 36.44kg

Table 7.9: Mass model results for the 2.5 degree thrust vector angle case at duty cycle = 1, abbreviations in the table are as
following; Amplification Factor (AF) and Aerodynamic Torque (AT)

Parameter Design A SM nozzle Design B SM nozzle Design C SM nozzle

Isp 290.41 s 292.16 s 290.20 s 292.16 s 289.95 s 292.16 s
AF 1.57 1 1.61 1 1.66 1
AT 1077.26 Nm 24.32 Nm 1109.79 Nm 24.32 Nm 1168.57 Nm 24.32 Nm

AF contribution 0.45 kg 1.99 kg 0.44 kg 1.99 kg 0.43 kg 1.99 kg
AT contribution 4.16 kg 0.09 kg 4.28 kg 0.09 kg 4.51 kg 0.09 kg
Propellant penalty 0.00 kg 0.82 kg 0.00 kg 0.05 kg 0.94 kg 0.00 kg
Nozzle mass 19.23 kg 30.13 kg 19.23 kg 30.13 kg 19.23 kg 30.13 kg

Total mass 23.84kg 33.04kg 23.95kg 32.27 kg 25.11 kg 32.22kg
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Table 7.10: Mass model results for the 5 degree thrust vector angle case at duty cycle = 1, abbreviations in the table are as
following; Amplification Factor (AF) and Aerodynamic Torque (AT)

Parameter Design A SM nozzle Design B SM nozzle Design C SM nozzle

Isp 289.90 s 292.16 s 289.25 s 292.16 s 288.07 s 292.16 s
AF 1.52 1 1.55 1 1.59 1
AT 1950.21 Nm 40.76 Nm 1997.21 Nm 40.76 Nm 1968.68 Nm 40.76 Nm

AF contribution 0.93 kg 4.00 kg 0.91 kg 4.00 kg 0.8 9kg 4.00 kg
AT contribution 7.53 kg 0.16 kg 7.71 kg 0.16 kg 7.60 kg 0.16 kg
Propellant penalty 2.27 kg 0.00 kg 4.54 kg 0.00 kg 8.40 kg 0.00 kg
Nozzle mass 19.23 kg 30.13 kg 19.23 kg 30.13 kg 19.23 kg 30.13 kg

Total mass 29.95kg 34.29kg 32.39kg 34.29 kg 36.12 kg 34.29kg

Figure 7.8: Figure showing themass difference between the three SSSL nozzle designs and the SM nozzle. The red line indicates
where the SM nozzle becomes the lighter option. The mass difference is defined as: Mass difference = SM nozzle mass −
SSSL nozzle mass. The data points are for a duty cycle of 1.

As can be seen from tables 7.8 to 7.10, the SSSL nozzle is the lighter option with a mass of 19.24 kg on
average between the designs. The SM nozzle has an average mass of 36.64 kg for the 0 degree thrust
vectoring. However, due to the large aerodynamic torque the SSSL nozzle quickly becomes heavier
for larger angles of thrust deflection. At 5 degrees, the additional mass due to the aerodynamic torque
is on average 7.61 kg. Furthermore, as the angle of thrust vectoring increases the Isp of the SSSL
nozzle decreases as well. This has the effect of increasing the propellant penalty to 8.4 kg for SSSL
nozzle design C at 5 degree thrust vectoring. The mass difference between the SSSL nozzles and the
SM nozzles are displayed in figure 7.8. In the figure, it can be seen that the mass difference is the
largest at 0 degrees with an average of 17.40 kg mass difference. This reduces to a mass difference
of 1.47 kg on average at 5 degree of thrust vectoring. Design C becomes 1.83 kg heavier than the SM
nozzle at 5 degrees thrust vectoring. Where the mass difference becomes negative the SM nozzle is
the lighter option and is indicated with a red line in figure 7.8.
From the sensitivity analysis of the mass model in section 3.9.2 it was found that the Isp was the largest
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contributor to a change in the mass difference. This can also be seen in the mass difference change
from design A to design C for the 5 degree case. The Isp changes with 1.83 s while the other inputs
are nearly constant. The mass difference changes with 6.17 kg between the two designs.
The SM nozzle will only be the lighter option for C if the duty cycle exceeds 0.90. However, it was
defined that the duty cycle of the TVC system was 0.25 in section 3.8. Therefore, the SSSL nozzle is
the lighter option. The masses of all the nozzles are listed in table 7.11. It can be seen that all the three
SSSL nozzle designs are lighter that the SM nozzle. The average mass difference between the SSSL
nozzle and the SM nozzle for a duty cycle of 0.25 was 13.41 kg. This is a mass reduction of 37% when
using a SSSL nozzle over a SM nozzle.

Table 7.11: The SSSL nozzle masses compared with the SM nozzle for a duty cycle of 0.25

Parameter Design A SM nozzle Design B SM nozzle Design C SM nozzle

Nozzle mass 21.93 kg 36.21 kg 22.53 kg 36.05 kg 23.46 kg 35.90 kg

7.1.5. Mass model results summary
Themain observations form the mass model results, is that the SSSL nozzle system is the lighter option
for all cases except the 5 degree case for SSSL nozzle design C. It was also observed that the Isp of
the nozzle had a large impact on the mass of the systems which was also seen in the sensitivity study
in section 3.9.2. The large difference in aerodynamic torque also had a large impact for the mass of
the SSSL nozzle system. For a duty cycle of 0.25 the SSSL nozzle was on average 13.41 kg (37%)
lighter than the SM nozzle.

7.2. Discussion of performance and mass model
The input parameters to the mass model program were obtained by using the corrected mass flow of
the SM nozzle. Without the corrected mass flow of the SM nozzle the mass difference between the
SSSL and SM nozzle system was on average is 13.81 kg (38%). This is only a slight increase from
the results with the mass correction. The results were obtained using the assumption that the other
flow parameters would stay constant. However, they would probably be slightly different as well. Fur-
thermore, as the mass flow has a large influence on thrust and Isp, only the mass flow correction was
taken into account. In order to verify this, new simulations need to be run on the SM nozzle and change
the input pressure until the mass flow is the same as the SSSL nozzle. A possible outcome is that the
pressure at the exit is slightly lower and hence the Isp would become lower as well.
When comparing the result of this study with the study of Ellis and Berdoyes, the mass difference be-
tween the two nozzle systems are very comparable [23]. The structural mass difference is the same
in this work as in the study by Ellis and Berdoyes. Therefore, this will not be compared however, the
calculated TVC system mass difference between the SSSL nozzle and the SM nozzle had a 30.5%
difference, where the SSSL nozzle is the lighter option. In the study by Ellis and Berdoyes this is 25%.
These numbers are close and can be said to be comparable.
There are other aspects that play a role in a real world scenario, such as the length of the interstage
or skirt that surround the nozzles. Since the SM nozzle is shorter than the SSSL nozzle due to its
submergence, the SM nozzle could save mass on these two aspects. The mass from an interstage or
a skirt have not been included as the thesis focussed only on the mass addition due to aerodynamic
effects only.
The mass difference between the two nozzles changes from 0 degree thrust vectoring to 5 degree
thrust vectoring. The main contributor to this, is the large aerodynamic moment of the SSSL nozzle.
This can be seen in tables 7.8 to 7.10. The aerodynamic torque of the SM nozzle is very low, this is
due to the SM nozzle turning the flow before the throat and forming a more symmetrical flow field. The
SSSL nozzle in this study had a backward pivot point. By having the pivot point forward would most
likely reduce the aerodynamic moment. The design of the SSSL nozzle in this work has a backward
pivot point which results in the upstream part being the ball and the downstream part being the socket.
In this configuration the rotation point lies somewhere before the nozzle throat. With a forward pivot
point this is reversed and the upstream part is the socket and the downstream part is the ball. Hence,
the pivot point is somewhere after the throat. In this configuration some of the moments created could
cancel each other out, thereby reducing the aerodynamic moment. A forward pivot point has also been
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discussed in the test report by Strome [52]. However, none of the nozzles in literature have featured a
forward pivot point, which may indicate that this is difficult to achieve.
The SSSL nozzle has the drawback of having the split that effects the nozzle flow. The SM nozzle does
not have this disturbance and has therefore a higher Isp and thrust than the SSSL nozzle. This can
be clearly seen in the results shown in tables 7.2 to 7.4. The SSSL nozzle has a 0.47 s lower Isp at
0 degree thrust vectoring. Additionally, the SSSL nozzle suffers from a larger performance loss when
vectoring. It looses around from 1.67-3.38 s of Isp when vectoring depending on split location, while
the SM nozzle does not have any loss. However, the Isp loss was expected as literature described the
loss to be around 2s for vectoring angles under 5 degrees [38]. The downsides of the performance of
the SSSL nozzle are compensated by the lower structural mass and the much lower seal stiffness due
to the self sealing split [11, 15, 43]. The mass model does not take into account that the Isp loss would
be less for the SSSL nozzle, due to the amplification factor reducing the angle needed to achieve 5
degrees of vectoring. Thereby, the Isp of the SSSL nozzle is lower than it would be in a real world sce-
nario. This results in the SSSL nozzle system saving more mass compared to the SM nozzle system
As the torque relation only takes into account the aerodynamic torque and the seal torque the difference
in the mass addition due to the torque could be higher. This is due to the SM nozzle having to move
the whole nozzle and not only the bottom part. Additionally, the actuator placement and actuator arm
was set to be the same for the comparison, but this is far from ideal. The nozzles will have an optimal
actuator location which could lower the torque that the actuator needs to produce.
Since the discharge factor is lower than 1, it indicates that there is a boundary layer that effects the
nozzle throat area and thereby the mass flow of the nozzle. This can be seen in table 7.7. As all the
equations except the motor quality function use either the throat area or the mass flow or both, the effect
of the boundary layer on the motor quality factors can be large. Secondly, the CFD calculations are
not an experimental test and does not predict all the losses in the nozzle, such as the friction along the
nozzle wall. The nozzle walls are simulated as having no friction. If the walls had friction, the losses in
the nozzle would be larger and the quality factors might resemble the values from literature. The values
are quite close to the upper bounds of the values from literature, and since the values from literature
have been established from experimental tests it can be concluded that the motor performance in the
CFD simulations are relatively high. But the comparison between the SM and SSSL nozzle is still valid
since both nozzles have high values. Also the general trend of the amplification factor research can
be observed even though the amplification factor is a bit high in some cases. To fully find the motor
performance an experimental test should be done. However this is outside the scope of this work.

Figure 7.9: Figure of a nozzle experiencing under expansion. Figure taken from [8]

Looking at the Mach number contour in figure 7.4, it can be seen that oblique shock waves are formed
right after the nozzle throat. This is due the the under-expansion of the rocket nozzle. The free stream
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conditions are set to 0 Pa and the pressure of the nozzle flow is still higher than the ambient pressure.
The flow will then form expansion waves at the exit as the flow keeps expanding. An example of this
can be seen in figure 7.9 [8]. Comparing the nozzle flow in figures 7.4 and 7.9, it can be seen that they
all form the same oblique shocks after the throat.

To summarize, the SSSL nozzle is the lighter choice of TVC nozzle when comparing the SSSL nozzle
and the SM nozzle. Only the contributions from the aerodynamic effects have been considered. The
SM nozzle does have slightly better performance with respect to thrust and Isp in the vectored state,
which may make it more attractive in certain scenarios. However, in this thesis the research question is:
”What is the mass difference between the SSSL nozzle and the SM nozzle?” It can be answered with;
on average the SSSL nozzle is 13.41 kg lighter than the SM nozzle when considering the aerodynamic
effects only.
One part of hypothesis 1 was not correct. The hypothesis can be found in section 1.3.1 The aerody-
namic moment for the SSSL nozzle was much higher than for the SM nozzle. The hypothesis was the
other way around. On the other hand, it was stated that the Isp of the SSSL nozzle would be lower than
the SM nozzle during vectoring. This is correct, as the Isp of the SSSL nozzle is lower at all angles.
The loss due to submergence is smaller than the loss due to the split. The hypothesis on the vectoring
performance and the overall mass difference were correct.
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Results and discussion of amplification

factor research

In this chapter the results from the research on the amplification factor is presented. The results from
chapter 7 of the SSSL nozzle with expansion ratio of 12 will also be used for this chapter. The outcome
of this research is an output that Nammo has requested. The rest of the contour plots can be found
in appendix D. At the end there is a discussion on the results. The nozzle flow in all the figures in this
chapter goes from left to right.

8.1. Results

In this section, the results of the investigation on the amplification factor are presented. The designs
for the SSSL nozzle with expansion ratio 45 will have the following naming scheme: The SSSL nozzle
with the split located at an expansion ratio of 1.75 and a total expansion ratio of 45 is called SSSL-45
design A. The SSSL nozzle with the split located at an expansion ratio of 2.25 and a total expansion
ratio of 45 is called SSSL-45 design B.
The designs for the scaled down nozzle with expansion ratio 6.5 will have the following naming scheme:
The scaled down SSSL nozzle with the split located at an expansion ratio of 1.75 and a total expan-
sion ratio of 6.5 is called SSSL-6 design A. The scaled down SSSL nozzle with the split located at an
expansion ratio of 2.25 and a total expansion ratio of 6.5 is called SSSL-6 design B.

8.1.1. Convergence check

The convergence check for the nozzles: SSSL-e45 design A and B and SSSL-e6 design A and B can
be found in table 8.1
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Table 8.1: Convergence test matrix to determine if the simulation has been converged for the nozzles: SSSL-e45 design A and
B and SSSL-e6 design A and B, with expansion ratio 45 and 6. R is residuals, 𝑚̇𝑖 is mass flow in, 𝑚̇𝑜 is mass flow out, 𝑚̇𝑡𝑜𝑡 is
mass flow total, X-Y-Z is the X-Y-Z forces and AM is the aerodynamic moment.

Simulation R ṁi ṁo ṁtot X-Y-Z AM Convergence Notes

SSSL-e45
design A
0deg

√ √ √ √ √ √ √ -

SSSL-e45
design A
2.5deg

√ √ √ √ √ √ √ -

SSSL-e45
design A
5deg

√ √ √ √ √ √ √ -

SSSL-e45
design B
0deg

∼ √ √ √ √ √ √ As all other criteria than the
residuals are converged the to-
tal simulation is deemed con-
verged.

SSSL-e45
design B
2.5deg

∼ √ √ √ √ √ √ As all other criteria than the
residuals are converged the to-
tal simulation is deemed con-
verged.

SSSL-e45
design B
5deg

∼ √ √ √ √ √ √ As all other criteria than the
residuals are converged the to-
tal simulation is deemed con-
verged.

SSSL-e6
design A
0deg

𝑋 √ √ √ √ √ √ As all other criteria than the
residuals are converged the to-
tal simulation is deemed con-
verged.

SSSL-e6
design A
2.5deg

𝑋 √ √ √ √ √ √ As all other criteria than the
residuals are converged the to-
tal simulation is deemed con-
verged.

SSSL-e6
design A
5deg

𝑋 √ √ √ √ √ √ As all other criteria than the
residuals are converged the to-
tal simulation is deemed con-
verged.

SSSL-e6
design B
0deg

∼ √ √ √ √ √ √ As all other criteria than the
residuals are converged the to-
tal simulation is deemed con-
verged.

SSSL-e6
design B
2.5deg

∼ √ √ √ √ √ √ As all other criteria than the
residuals are converged the to-
tal simulation is deemed con-
verged.

SSSL-e6
design B
5deg

𝑋 √ √ √ √ √ √ As all other criteria than the
residuals are converged the to-
tal simulation is deemed con-
verged.
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8.1.2. Nozzle performance and amplification factor change for expansion ratio
12

All the performance parameters and contour plots of the three SSSL nozzle designs A, B and C have
been presented in the previous chapter. However, this section of the results deals with what the effect
on the amplification factor is when moving the split to a higher expansion ratio. In figure 8.1, the
amplification factor of the three designs is graphed against the split location. There is one line for the
2.5 degree case and one for the 5 degree case. The lines are only indicating a possible trend. It can
be seen that the amplification factor increases when moving the split to a higher expansion ratio. It
increases from 1.52 to 1.59 when going from design A to C. It can also be seen that the amplification
ratio is higher at a lower vectoring angle. The amplification factor is 1.57 for design A and 1.66 for
design C.

Figure 8.1: Graph showing the change in amplification factor when moving the split

8.1.3. Influence of mass flow on the amplification factor
The mass flow was altered for two SSSL designs to see what the influence of the mass flow is on the
amplification factor. The simulation was based on the scenario when the rocket engine is throttling. For
this purpose, design A and C were chosen. The designs were tested at 5 degree thrust vectoring with
three sets of mass flows. The mass flow was altered by changing the total pressure of the simulation.
The three pressure settings were 35, 32.5 and 30 bar. The results are presented in table 8.2.

Table 8.2: SSSL nozzle performance at different mass flow settings for the 5 degree thrust vector angle case. D-A is SSSL
nozzle design A, D-C is SSSL nozzle design C and AF is amplification factor.

Parameter D-A 35bar D-C 35bar D-A 32.5bar D-C 32.5bar D-A 30bar D-C 30bar

Thrust 101.70 kN 101.08 kN 94.43 kN 93.87 kN 87.14 kN 86.64 kN
Isp 289.90 s 288.07 s 289.87 s 288.13 s 289.83 s 288.10 s
Mass flow 35.76 kg/s 35.76 kg/s 33.21 kg/s 33.21 kg/s 30.65 kg/s 30.65 kg/s
AF 1.52 1.59 1.52 1.59 1.52 1.59

The results that are shown in table 8.2 show that the amplification factor does not change with mass
flow and stays constant at 1.52 and 1.59 for design A and C respectively. It can be noted that only the
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thrust changes a significant amount between the different mass flows. The thrust reduces with 14.31%
when reducing the total pressure from 35e5 Pa to 30e5 Pa.

8.1.4. Nozzle performance and amplification factor change for upper stage noz-
zle

In this section, the performance and the amplification factors of the SSSL nozzle with expansion ratio
45 are presented. The nozzle simulates a second stage nozzle for a launch vehicle. The results of
the higher expansion ratio nozzle is compared to the results for the same split locations for the SSSL
nozzle with an expansion ratio of 12. Additionally, the flow field of the larger expansion ratio nozzle are
presented.

The performance of the nozzle designs SSSL-45 design A and SSSL-45 design B can be seen in
tables 8.3 to 8.5. From the tables, it can be seen that the thrust and the Isp of the larger expansion
ratio nozzles increases with 8.96% and 8.93% respectively. This is due to the gases being expanded
more and therefore the nozzles are better adapted to the ambient pressure. It can be noted that the
amplification factor for the larger expansion ratio nozzles is reduced to 1.28 and 1.32 for SSSL-e45
design A and B respectively. This is a reduction of 0.16% and 0.17%. The reduction is an indication
that the split location may not be optimal for a high amplification factor for the high expansion ratio
nozzles. A similarity with the low expansion ratio nozzles is that the thrust and Isp is reduced when
vectoring, 0.22% and 0.23% respectively for SSSL-e45 design A. This increases to 0.43% and 0.42%
for SSSL-e45 nozzle design B. The loss in percentage is less than the low expansion ratio nozzles.

Table 8.3: Nozzle performance parameters for the 5 degree thrust vector angle case for the SSSL nozzle with expansion ratio
45.

Parameter SSSL-45 design A SSSL-45 design B

Thrust 111.46 kN 111.45 kN
Isp 317.60 s 317.59 s
Thrust vector angle 0 deg 0 deg
Amplification factor 1 1
Mass flow 35.77 kg/s 35.77 kg/s
Aerodynamic moment 0.49 Nm 2.39 Nm

Table 8.4: Nozzle performance parameters for the 2.5 degree thrust vector angle case for the SSSL nozzle with expansion ratio
45.

Parameter SSSL-45 design A SSSL-45 design B

Thrust 111.27 kN 111.19 kN
Isp 317.11 s 316.865 s
Thrust vector angle 3.29 deg 3.36 deg
Amplification factor 1.31 1.34
Mass flow 35.77 kg/s 35.77 kg/s
Aerodynamic moment 1344.79 Nm 1416.91 Nm

Thrust loss 0.17% 0.22%
Isp loss 0.15% 0.21%
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Table 8.5: Nozzle performance parameters for the 5 degree thrust vector angle case for the SSSL nozzle with expansion ratio
45.

Parameter SSSL-45 design A SSSL-45 design B

Thrust 111.21 kN 110.98 kN
Isp 316.94 s 316.25 s
Thrust vector angle 6.40 deg 6.58 deg
Amplification factor 1.28 1.32
Mass flow 35.77 kg/s 35.77 kg/s
Aerodynamic moment 2326.82 Nm 2499.45 Nm

Thrust loss 0.22% 0.43%
Isp loss 0.23% 0.42%

When comparing the results of the SSSL nozzle with expansion ratio 45 to the performance program
it shows the same trend as for the SSSL nozzle with expansion ratio 12. The CFD simulations have
predicted a little lower performance than the performance program has done.

Table 8.6: Nozzle performance parameters for the 0 degree thrust vector angle case for the SSSL nozzle with expansion ratio
45 compared to the performance program.

Parameter SSSL-45 design A Performance program Percentage difference

Thrust 111.46 kN 113.99 kN 2.22%
Isp 317.60 s 321.28 s 1.14%
Mass flow 35.77 kg/s 36.17 kg/s 1.11%
Mach number 3.833 3.928 2.42%
Pressure 8827.10 Pa 8351.51 Pa 5.69%

In figure 8.2, it can be seen that extending the nozzle to a larger expansion ratio has the effect of
lowering the amplification factor to 1.28 and 1.32 for SSSL-e45 design A and B respectively at 5 degree
thrust vectoring. Both the low and high expansion ratio nozzle has an increasing amplification factor
when increasing the expansion ratio at the split. When looking at the Mach number contour in figure 8.3
of both SSSL nozzle design C and SSSL-45 design B there is a clear difference. The higher expansion
ratio nozzle has a more symmetrical flow. The effect of the split is dissipated as the flow is expanded.
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Figure 8.2: Graph showing the change in amplification factor when extending the SSSL nozzle to a higher expansion ratio

(a) SSSL nozzle design C at 5 degree vectoring (b) SSSL nozzle SSSL-45 design B at 5 degree vectoring

Figure 8.3: Mach number contour of the SSSL nozzle design C and SSSL-45 design B at 5 degrees of thrust vectoring

8.1.5. Nozzle performance and amplification factor change for scaled down noz-
zle

In this section, the performance and the amplification factors of the scaled down SSSL nozzle with
expansion ratio 6.5 are presented. The nozzle simulates a sounding rocket. The results of the scaled
down nozzle is compared to the results for the same split locations for the SSSL nozzle with expansion
ratio 12. Additionally, the flow field of scaled down nozzle is presented.
The performance of the nozzle designs SSSL-6 design A and SSSL-6 design B can be seen in tables 8.7
to 8.9. It can be seen that the scaled down nozzle obtains an amplification factor of 1.82 and 2.01 for
SSSL-e6 design A and B respectively. Furthermore, the thrust and Isp loss is much larger for the scaled
down nozzle. The loss increases to 1.94% for the thrust and 1.92% for the Isp for SSSL-e6 design C
at 5 degree thrust vectoring.
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Table 8.7: Nozzle performance parameters for the 0 degree thrust vector angle case for the scaled down SSSL nozzle.

Parameter SSSL-6 design A SSSL-6 design B

Thrust 31.70 kN 31.67 kN
Isp 275.86 s 275.64 s
Thrust vector angle 0 deg 0 deg
Amplification factor 1 1
Mass flow 11.71 kg/s 11.71 kg/s
Aerodynamic moment 0.14 Nm 0.26 Nm

Table 8.8: Nozzle performance parameters for the 2.5 degree thrust vector angle case for the scaled down SSSL nozzle.

Parameter SSSL-6 design A SSSL-6 design B

Thrust 31.52 kN 31.34 kN
Isp 274.18 s 272.72 s
Thrust vector angle 4.830 deg 5.401 deg
Amplification factor 1.93 2.16
Mass flow 11.71 kg/s 11.71 kg/s
Aerodynamic moment 218.83 Nm 265.17 Nm

Thrust loss 0.56% 1.06%
Isp loss 0.61% 1.06%

Table 8.9: Nozzle performance parameters for the 5 degree thrust vector angle case for the scaled down SSSL nozzle.

Parameter SSSL-6 design A SSSL-6 design B

Thrust 31.35 kN 31.06 kN
Isp 272.62 s 270.34 s
Thrust vector angle 9.13 deg 10.02 deg
Amplification factor 1.82 2.01
Mass flow 11.71 kg/s 11.71 kg/s
Aerodynamic moment 377.97 Nm 430.91 Nm

Thrust loss 1.10% 1.94%
Isp loss 1.17% 1.92%

When comparing the results of the SSSL nozzle with expansion ratio 6.5 to the performance program
it shows the same trend as for the SSSL nozzle with expansion ratio 12 and 45. The CFD simulations
have predicted a slightly lower performance than the performance program has done.
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Table 8.10: Nozzle performance parameters for the 0 degree thrust vector angle case for the scaled down SSSL nozzle with
expansion ratio 6.5 compared to the performance program.

Parameter SSSL-6 design A Performance program Percentage difference

Thrust 31.70 kN 32.22 kN 1.61%
Isp 275.86 s 277.15 s 0.46%
Mass flow 11.71 kg/s 11.85 kg/s 1.18%
Mach number 2.777 2.827 1.77%
Pressure 96574.93 Pa 92253.40 Pa 4.68%

When looking at the Mach number contour in figure 8.4 of both SSSL nozzle design C and SSSL-6
design B there is a clear difference. The SSSL nozzle SSSL-e6 design B has a more asymmetrical
flow distribution than SSSL nozzle design C. The shock wave and expansion wave have an even larger
effect on the nozzle flow at the exit than for the larger SSSL nozzle. Additionally, comparing the Mach
number contour of SSSL-e6 design A and B, presented in figure 8.5. It can be seen that moving the
split to a higher expansion ratio has a drastic effect on the flow field. This is indicated in the figure with
circles around the effects of the split. For SSSL-e6 design B, the effect of the split penetrates further
downstream than for SSSL-e6 design A. The even larger distortion of the flow field has the effect of
increasing the thrust and Isp loss by 0.84% and 0.75% respectively.

(a) SSSL nozzle design C at 5 degree vectoring (b) SSSL nozzle SSSL-6 design B at 5 degree vectoring

Figure 8.4: Mach number contour of the SSSL nozzle design C and SSSL-6 design B at 5 degrees of thrust vectoring

(a) SSSL nozzle SSSL-6 design A at 5 degree vectoring (b) SSSL nozzle SSSL-6 design B at 5 degree vectoring

Figure 8.5: Mach number contour of SSSL-e6 nozzle design A and SSSL-6 design B at 5 degrees of thrust vectoring

8.1.6. Trend of amplification factor
A trend of the amplification factor with respect to the ratio of split location to the total expansion ratio
can be constructed. Using the data from the scaled down nozzle can be used for this trend as well.
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Unfortunately the scaling down of the nozzle should have been done on a nozzle with an expansion
ratio of 12. This is to be able to distinct the effect of scaling and the effect of changing the ratio of split
location to the total expansion ratio. However, the requirements by Nammo were that the nozzle had
the expansion ratio at 6.5. In figure 8.6 the trend of the amplification factor with respect to the ratio of
the expansion ratio at the split to the total expansion ratio of the nozzle. The ratio of split location to
the total expansion ratio of the nozzle is defined in equation (8.1):

𝜖Ratio =
𝜖Split location
𝜖Nozzle

(8.1)

Where 𝜖 is the expansion ratio. Two figures are constructed. The figure on the left is the trend with
the scaled down nozzle data included and the one on the right is the trend without the scaled down
nozzle data. The two figures are made as the amplification factor of the scaled down SSSL nozzle is
very high compared to the other SSSL nozzles and to literature [11, 15, 19, 23, 43]. The trend indicates
a nearly linear relation ship between the 𝜖Ratio and the amplification factor. However more data points
are needed in order to validate the trend.

The data for the scaled down nozzle can have a combined effect of scaling and increasing the 𝜖Ratio.
Hence, it is hard to distinguish between the direct effect of scaling and the effect of changing the 𝜖Ratio.
As increasing the 𝜖Ratio will increase the amplification factor as can be seen in figure 8.6 Therefore,
hypothesis 5 is hard to answer with the current data.

(a) Trend of the amplification factor when increasing the 𝜖Ratio including
the data for the scaled down nozzle

(b) Trend of the amplification factor when increasing the 𝜖Ratio excluding
the data for the scaled down nozzle

Figure 8.6: Trend of the amplification factor when increasing the 𝜖Ratio

8.1.7. Validation of amplification factor research
In order to validate the amplification factors obtained from the simulations, they are compared to lit-
erature. The values obtained from the CFD simulations and the values from literature are shown in
table 8.11. From the table it can be seen that the values obtained for the SSSL nozzle with expansion
ratio 12 and 45 fit nicely within the values obtained from literature. However, the values for the scaled
down nozzle are relatively large in comparison to the values from literature.

Table 8.11: Amplification factors obtained and values from reference material

SSSL nozzle design CFD values Nammo SSSL
study [43]

SEP SSSL study
[23]

Snecma SSSL
study [11]

SSSL e12 design A to C 1.52 - 1.66 1.3 - 1.6 1.25 - 1.6 1.3 - 1.7
SSSL e45 design A to B 1.28 - 1.34 1.3 - 1.6 1.25 - 1.6 1.3 - 1.7
SSSL e6 design A to B 1.82 - 2.16 1.3 - 1.6 1.25 - 1.6 1.3 - 1.7

8.1.8. Summary of results to amplification factor research
The results of the amplification factor research has shown that when moving the split further down-
stream has the effect of increasing the amplification factor. Moving the split further downstream does
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however decrease nozzle performance more when vectoring. Furthermore, when increasing the over-
all expansion ratio the amplification factor decreased when having the same split locations. The effect
of scaling was difficult to observe as at the same time the ratio of expansion ratios was altered due to
changing the overall expansion ratio of the nozzle to 6.5. The amplification factor of the nozzles with
expansion ratio 12 and 45 achieved comparable results to literature, while the expansion ratio 6.5 had
a slightly high amplification factor.

8.2. Discussion on amplification factor research
The second part of this thesis researched the amplification factor. The research focussed on the split
location, changing the mass flow, increasing the total expansion ratio and scaling down the nozzle. The
expansion ratios of the split locations tested were 1.75, 2 and 2.25 for the SSSL nozzle with expansion
ratio 12. It can be noted from figure 8.1 that the amplification factor increases when moving the split
towards a higher expansion ratio. Since the amplification factor does increase with a higher expansion
ratio, hypothesis number 2 is partly proven correct however, the maximum of the amplification factor
has not yet been found for the SSSL nozzle. In order to find the trend and the maximum amplification
factor more simulations are needed.
Even though the amplification factor increases when moving the split, it also has an effect on the per-
formance of the nozzle. The performance drop can clearly be seen in tables 7.3 and 7.4. The naming
scheme of the nozzle designs is reused (expansion ratio 1.75 is design A, 2 is design B and 2.25 is de-
sign C). For both design B and C the performance drop when vectoring is larger than the performance
drop is for design A. Hence it is recommended to do a trade off on the value of the amplification factor
against the performance loss of the nozzle when selecting a SSSL nozzle design. It is not only the
performance parameters that are reduced, also the mass of the nozzle increases when comparing it to
a SM nozzle.
When changing the mass flow of the nozzle it had no effect on the amplification factor. The only effect
of changing the mass flow was to lower the thrust of the engine. It might be that for a real engine the
amplification factor does change when altering the mass flow. However, this effect is not captured by
the CFD simulations. Thereby hypothesis number 3 is disproved as it predicted that the amplification
factor would increase with a lower mass flow.
This makes the results from the scaled down nozzle possibly seem unrealistic. It might however be that
the combination of split location and total expansion ratio is just right to produce very high amplification
factors. As the amplification factor obtained from the CFD simulations for the two larger nozzles are
close to that of literature, it can be said that the results of the research are partially validated. In order
to increase the accuracy of the result and validate the results for the scaled down nozzle, experimental
tests should be done.

Figure 8.7: Trend of the amplification factor with increasing expansion ratio, figure adapted from [43].

In section 1.4.5 a figure from the study by Ørbekk is presented [43]. When looking closely at the figure
by Ørbekk, it can be seen that the amplification factor should go down when moving the split further
down stream. This contradicts the results of this work. However, if the figure is extended the trend
turns around and the amplification factor increases with moving the split further down stream. This can
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be seen in figure 8.7. If the trend continues the way that Ørbekk has indicated, then the results from
this work further supports the theory by Ørbekk. However, this needs to be supported by more data in
order to fully confirm this trend. One way is to extend to this work by keeping the same split location
but changing the overall expansion ratio. The effect of changing the total expansion ratio of the nozzle
is that the amplification factor is reduced. The amplification factor is reduced by 45-49% for the various
designs. The same patterns as the for the lower expansion ratio nozzle are seen. The amplification
factor increases with an increasing expansion ratio at the split. Additionally, the amplification factor is
the largest at small angles. The flow field of the larger expansion ratio nozzle found in figure 8.3 shows
that as the nozzle becomes longer, the flow field becomes more symmetrical. As the flow field becomes
more symmetrical the additional side force is also reduced. The results of the higher expansion ratio
nozzle supports hypothesis number 4 as the amplification factor is reduced and thereby the maximum
point has moved further down stream. Hypothesis 4 also states that the effect of the shock will dissipate
further downstream, this is exactly what is seen in figure 8.3. The results of the investigation into the
higher expansion ratio nozzle supports thereby hypothesis 4.
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Results and discussion on temperature

distribution and heat flux

In this chapter, the results of the temperature distribution and the heat flux calculations are presented.
The temperature and the heat flux is of interest as the SSSL nozzle has been reported to have problems
with high heat around the split area. Firstly, the results of the temperature along the nozzle wall are
shown. Secondly, the temperature contours of the nozzles are presented. Thirdly, the heat flux contours
and the values for the heat flux are given. Finally, the results are discussed.

9.1. Results

The temperature along the nozzle wall and the heat flux estimate are presented in this section. The
heat flux was estimated with the methods described in chapter 5. The heat flux of the various nozzles
was found to be very similar and hence only a few of the contour plots are shown. The rest of the
contour plots of the heat flux are shown in appendix D. Note that the contour plots of the heat flux are
made on the nozzle wall and a cut through the middle is made in order to see the inside of the nozzle.

9.1.1. Nozzle wall temperature

The temperature along the wall for SSSL nozzle design A for 0 degree vectoring and 5 degree vectoring
can be seen in figure 9.1. The split is indicated with a green dotted line and the throat is indicated with
a orange dotted line. It can clearly be seen that the split has a large effect on the temperature along
the nozzle wall. At the split, the temperature sharply rises back to 2700K before returning to a lower
temperature further down the nozzle. The little bend backwards at the split is due to the temperature
trace following the nozzle wall and at the split the wall turns back towards the combustion chamber.
The difference between the 5 degree and the 0 degree case are quite large as the upper wall has a
shock wave that suddenly increases the temperature before the split. The lower wall has the expansion
waves that extend the high temperature region behind the split. Additionally, the temperature remains
different for the two walls all the way to the exit.
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(a) SSSL nozzle design A at 0 degree vectoring

(b) SSSL nozzle design A at 5 degree vectoring

Figure 9.1: Temperature trace along nozzle wall for SSSL nozzle design A at 0 and 5 degree vectoring.

When comparing the temperature trace of the SSSL nozzle to the temperature trace of the SM nozzle
it can be seen that the SM nozzle does not have a sudden peak at around the split and keeps a lower
temperature than the SSSL nozzle until the exit. It can be noted that the weak shock wave formed right
after the throat does increase the temperature a bit but far less than the shock introduced by the split.
The SM nozzles temperature trace does not change significantly when going from 0 degree vectoring
to 5 degree vectoring. The only difference is a bit more turbulent temperature trace after the throat.
This is due to the increased turbulence induced by the vectoring. The increased turbulence can seen
in figure 7.7.
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(a) SM nozzle at 0 degree vectoring

(b) SM nozzle at 5 degree vectoring

Figure 9.2: Temperature trace along nozzle wall for the SM nozzle at 0 and 5 degree vectoring.

The temperature trace along the nozzle wall for the SSSL-e45 design A and SSSL-e6 design A can be
seen in figure 9.3. The temperature traces resemble the trace from the SSSL e12 design A however,
the trace for the e45 nozzle is a bit longer and the lowest temperature is around 100K lower. For the
SSSL e6 nozzle the lowest temperature is around 100K higher than the SSSL e12 design. What can
be noted is the bump in temperature right before the throat of the nozzle. This might indicate that the
nozzle design is not optimal for the flow contraction from the combustion chamber.
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(a) SSSL-e45 design A at 5 degree vectoring

(b) SSSL-e6 design A at 5 degree vectoring

Figure 9.3: Temperature trace along nozzle wall for SSSL-e45 design A and SSSL-e6 design A at 5 degree vectoring.

9.1.2. Temperature distribution through the nozzle
When looking at the temperature contour for the 5 degree case of SSSL nozzle design A it can be seen
that around the split there are high temperature areas. This is shown in figure 9.4. The circles indicate
the split areas with high temperature. Due to the slightly coarse mesh the wall function has trouble to
calculate the temperature at exactly the wall. Therefore, it seems like the wall has a very hot layer. In
the previous section the correct wall temperature was shown. The red temperature areas around the
split have a temperature of around 2700 K. The same can be seen for the higher expansion ratio nozzle
and the scaled down nozzle in figure 9.5. Both areas around the split have a temperature of around
2700 K. In figure 9.6 the temperature contour of the SM nozzle is shown. It can be seen that the SM
nozzle does not have any extra hot areas as the SSSL nozzle has.
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Figure 9.4: Temperature contour of SSSL nozzle design A with indications of high temperature at the split.

(a) SSSL-e45 design A at 5 degree vectoring (b) SSSL-e6 design A at 5 degree vectoring

Figure 9.5: Temperature contour for SSSL-e45 design A and SSSL-e6 design A at 5 degree vectoring.
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Figure 9.6: Temperature contour of the SM nozzle at a thrust vectoring angle of 5 degrees.

9.1.3. Heat flux estimation

The heat flux for the different nozzles was very similar, all the nozzles had a total heat flux of around
3.8-4.1 MW/m2 for the e12 and e45 nozzles. The heat flux is calculated by the method described in
chapter 5. The scaled down nozzle had a maximum total heat flux of around 3.1 MW/m2. For the 5
degree thrust vectoring case the shock wave and expansion wave create local hot spots with higher
heat flux. However, the location with the highest heat flux can be found right before the throat, with a
maximum of 3.90 MW/m2 for SSSL nozzle design A. However, SSSL-e6 design B at 5 degree thrust
vectoring was the only nozzle that had the maximum heat flux around the split area This can be seen
in figure 9.11. In figure 9.7 the convective and radiative heat flux is shown. It can be seen that around
the split the shock wave creates an area with higher heat flux for the convective and radiative heat flux.
This is indicated with a circle. The total heat flux and the combination of the two effects can be seen in
figure 9.8. The distribution of heat flux is 36% from radiation and 64% from convection. For the larger
expansion ratio nozzle the heat flux was around the same as the lower expansion ratio nozzle. The
SM nozzle had the highest heat flux of all the nozzles with a heat flux of 4.1 MW/m2. The SM nozzle
does not experience the additional hot spots as the SSSL nozzle. The total heat flux of the SM nozzle
is shown in figure 9.9. When comparing the heat flux in the throat area for the SM and SSSL nozzle
design A at 5 degrees thrust vectoring, the SM nozzle had a total heat flux of 4.1 MW/m2 and the SSSL
nozzle design A had 3.8 MW/m2. If the heat flux is compared at the split location of the SSSL nozzle,
the SM nozzle has a heat flux of 1.95 MW/m2 and the SSSL nozzle design A has a heat flux of 3.2
MW/m2. This is a large difference.
For the scaled down nozzle the maximum heat flux was 3.1 MW with 42% from radiation and 58% from
convection. The effect of the shock wave is more obvious for the scaled down nozzle. The heat flux
for the scaled down nozzle can be seen in figures 9.10 and 9.11
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(a) Convective heat flux (b) Radiative heat flux

Figure 9.7: Heat flux contours for SSSL nozzle design A at 5 degree thrust vectoring.

Figure 9.8: Heat flux contour for convective and radiative combined for SSSL nozzle design A at 5 degree thrust vectoring.

Figure 9.9: Heat flux contour for convective and radiative combined for the SM nozzle at 5 degree thrust vectoring.
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(a) Convective heat flux (b) Radiative heat flux

Figure 9.10: Heat flux contours for SSSL-e6 design A at 5 degree thrust vectoring.

Figure 9.11: Heat flux contour for convective and radiative combined for SSSL-e6 design A at 5 degree thrust vectoring.

9.1.4. Summary of temperature and heat flux calculations
The results of the temperature investigation and heat flux investigation has shown that the temperature
at the split for the SSSL nozzle is very high, up to 2700 K. The split induces shock waves that in turn
raises the temperature. The heat flux in the region around the split is also increased due to the shock
waves. The SM nozzle has no hotspots after the throat and the temperature drops throughout the
nozzle. Additionally, the SM nozzle has a slightly higher heat flux in the throat region. When comparing
the heat flux of the SM and SSSL nozzle the SM has the highest heat flux, but the SSSL nozzle has a
much higher heat flux at the split location as the same location for the SM nozzle.

9.2. Discussion
As the SSSL nozzle has shown from literature that the split location has problems with high tempera-
tures, extra care has to be taken when designing a SSSL nozzle [15, 19, 23, 43, 52].
The temperature along the nozzle wall for the SSSL nozzle show that the split has a large impact of the
temperature along the nozzle wall. This is true for both the un-vectored and vectored state of the noz-
zle. In the vectored state the nozzle wall stays hotter for longer than for the un-vectored state. When
comparing to the SM nozzle, the SSS nozzle has a much warmer region around the split which may
need additional cooling or structural reinforcement. This could reduce the mass difference between
the two nozzles as the SSSL nozzle might need additional reinforcement around the split.
The heat flux was calculated using the Bartz equation [10]. This equation is only an estimate based
on empirical data for nozzles without a split. It might be that the heating due to convection in the area
around the split is higher than the calculated value. The highest heat flux can be found in the throat
region which is the area that according to literature has the highest heat flux [13, 24, 40]. The heating
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from radiation is calculated to be around 36-42% of the total heat flux. The high contribution from the
radiative heat flux is a little higher than the expected value of around 25-30% [13, 24]. This is most
likely due to the simple method of calculation the radiative heat flux and the estimation of the emissivity
of the gas.
When looking at the figures for the convective and radiative heat flux for the SSSL nozzle in figure 9.7
it can be seen that the shock wave and the expansion wave cause the heat flux of both radiative and
convective to change. The convective heat flux and the radiative heat flux suddenly increase due to
the large temperature change over the shock wave. When combining the two effects into the total heat
flux which can be seen in figure 9.8, the two effects amplify each other and the area around the split
receives a high heat flux. This was already expected as literature on the SSSL nozzle described extra
hot regions around the split area [11, 15, 23, 43, 52].
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Conclusion and recommendations

In this chapter, the concluding remarks of the thesis are presented. The research questions formulated
in the introduction are answered and recommendations for expanding or improving the research is
discussed.

10.1. Conclusion
The research conducted has focussed on comparing the SSSL nozzle and the SM nozzle. The two
nozzles were simulated using CFD software. With the developed mass model, the two nozzles were
compared by looking at how much mass they would add to a rocket. Additionally, further investigation
into the amplification factor of the SSSL nozzle was conducted. The parameters examined were the
split location, mass flow, total nozzle expansion ratio and nozzle scale. The aim was to find the effect
on the amplification factor when changing these parameters. Each research question is dealt with sep-
arately.

What is the mass difference between the SSSL nozzle and the SM nozzle for a 100kN hybrid
rocket motor with a burn time of 90s?
In order to answer the first research question, the two nozzles needed to be modelled. This was
achieved by firstly creating the basic nozzle shape with ideal rocket theory. From the basic nozzle
shape the design of the SSSL nozzle and the SM nozzle were performed in a CAD program. The two
nozzles could then be simulated using CFD software.
In order to compare the two nozzles, a model was created that compared the nozzles on their mass
addition to the rocket system. The masses that were considered were; nozzle mass, TVC mass and
propellant penalty all these masses can be found in tables 7.8 to 7.10. This model was created using
numbers from literature. From the CFD simulations, the required inputs for the mass model were
created. The results of the mass model show that the mass difference between a SSSL nozzle system
and a SM nozzle system depends on the angle of thrust vectoring and duty cycle of the TVC. For a
duty cycle of 0.25 the SSSL nozzle system is 13.41 kg (37%) lighter than the SM nozzle system. The
SSSL nozzle system is the lighter option due to its higher vectoring performance and lower structural
weight. It was also observed that the high aerodynamic moment and lower Isp for the SSSL nozzle
were the main components for increasing the SSSL nozzle system mass. Furthermore, the SM nozzle
had slightly better performance with respect to thrust and Isp at higher angles of thrust vectoring.
To conclude, the SSSL nozzle is the lighter option when the aerodynamic effects are considered. Other
effects such as the interstage length and thermal protection of the split were not considered in this study,
but these might have an influence on the overall system mass for the SSSL nozzle. In the sensitivity
analysis is was found that changing the empty mass and the burn time will increase the mass of the
SSSL nozzle more than the SM nozzle, but the SSSL nozzle remained the lighter option even with an
increase in the burn time to 180s.
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What is the effect on the amplification factor when changing the parameters of the nozzle and
the engine?
The second research question has several parts, the first part is: What is the effect on the amplification
factor when moving the split, while keeping everything else constant? From the results, it was found
that moving the split location further downstream has the effect of increasing the amplification factor.
This can be seen in tables 7.2 to 7.4.
To conclude, whenmoving the split further downstream the amplification factor increases, but at the cost
of a higher thrust and Isp loss with respect to the un-vectored state. When deciding on the split location
for a SSSL nozzle a careful consideration should be made on the benefit of a higher amplification factor.
In comparison to the SM nozzle and considering the mass of the nozzle system the split should be
located where the Isp loss is minimized.
The second part was: What is the effect on the amplification factor when changing the mass flow,
while keeping the split at a constant location? To answer this question the total pressure of the CFD
simulation was altered for design A and C and the results can be found in table 8.2. The result from
the investigation found that the amplification factor does not change when the mass flow changes. The
only effect is that the thrust becomes lower.
To conclude, by throttling the engine the amplification factor did not change since the velocity at the
nozzle exit did not change.
The third part consists of the question: What is the effect on the amplification factor when increasing
the expansion ratio of the nozzle, while keeping the same throat area and mass flow rate? In order to
answer this question, the SSSL nozzle was redesigned with a higher expansion ratio. The results of
this investigation can be found in tables 8.3 to 8.5. It was found that the amplification factor decreases
when increasing the expansion ratio. Combining the results from the lower expansion ratio nozzle with
the results for the higher expansion ratio nozzle a relationship between the ratio of expansion ratio at
the split to the total expansion ratio of the nozzle could be made. It was found that for the range of
expansion ratios simulated, a linear trend could be made. The amplification factor was increasing when
the ratio of the expansion ratios increased.
To conclude, the trend that Ørbekk created for the amplification factor in figure 1.3 is confirmed. This is
under the assumption that the trend continues as shown in figure 8.7. However, more data points are
needed to fully confirm this trend.
The final research question was: What is the effect on the amplification factor when decreasing the
scale of the nozzle down to a 29kN engine? This question is to find the effect of scaling the nozzle.
To answer this, a new SSSL nozzle was designed with the requirements from Nammo. Two nozzle
designs were made. From the results, that can be found in tables 8.7 to 8.9, it was found that the
amplification factor increases with scaling down the nozzle. However, as the scaled down engine both
changed the scale of the nozzle and the ratio of the expansion ratios it was not possible to find the
effect of scaling alone.
To conclude, by scaling down the nozzle the amplification factor increased however the results could
not be separated from the effect of increasing the ratio of expansion ratios. Additionally, the amplifi-
cation factors of the scaled down nozzles did not compare to any nozzles in literature and should be
investigated further.

Temperature and heat flux
All the nozzles were also analysed for their heat flux and temperature. It was found that the SSSL
nozzles had a hot spot at around the split, which had temperature of around 2700 K in the split area.
This hot spot also increased the heat flux at the split location. The SM nozzle did not experience a
higher heat flux at the split location.
To conclude, the split area of the SSSL nozzle will have to be designed with care in order to keep the
temperature as low as possible, additionally the SSSL nozzle could potentially need additional thermal
insulation and structural reinforcement around the split area to withstand the high temperatures. This
could affect the mass difference between the SM and SSSL nozzle systems.

Conclusion on methods used
The mass model that was created for this work is only suited for the comparison between the SSSL
an SM nozzle systems, it was not created for the use of sizing one of the nozzles. The mass model
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will still be able to compare the nozzles when changing the burn time and thrust level. The scaling of
the nozzle mass will not hold for nozzles that are much larger than the nozzles used in this study. The
performance program uses ideal rocket theory and produced the expected results. The limitation of
ideal rocket theory is that it does not take into account any losses. Ansys was very suited to the task of
simulation the nozzles however the limitation of the student licence means that the results are not as
accurate as they could be.
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10.2. Recommendations
In this section, the recommendations for future research are presented and summarized. Each recom-
mendation is handled separately.

The CFD calculations were performed with a student license for Ansys. The student license sets a
limit on how many mesh nodes can be used. This limit is 512000 nodes. Therefore, it can not be
concluded that mesh convergence has been found in this thesis. The recommendation is to perform a
mesh convergence study to determine the error of using a student license.
Additionally, the residuals for the CFD calculations were oscillating at the end of each simulation. This
indicates that either the mesh is to coarse or that there is transient behaviour in the fluid domain. It is
recommended to perform a transient analysis to determine if there are transient features in the flow.

The design of the pivot point and the design of the nozzle in general was not optimized for this thesis.
Both nozzles have several aspects that could be changed, such as the shape around the split and the
shape of the inlet to the SM nozzle. Additionally, the SSSL nozzle could benefit from a forward pivot
point as this could reduce the aerodynamic torque. With a reduction in the aerodynamic torque the
mass of the SSSL nozzle system would decrease. These design optimizations are recommended as
a point for further study.

The relationship of the ratio of expansion ratios has only a couple of data points, to extend the trend
more data points are needed. Therefore, it is recommended to extend the data set, with either data
from literature or data from additional simulations in order to create a design guideline on where to posi-
tion the split. Additionally, extending the range of angles tested would make a more robust relationship
between the amplification factor and the angle of thrust vectoring.

The effect of scale on the amplification factor could not be distinguished from the effect of changing the
ratio of expansion ratios. Therefore, it is recommended that the scaled down nozzle is redesigned to
have a expansion ratio of 12. This allows to find the effect of scaling alone.

The rounding at the split of the SSSL nozzle should be further investigated in order to minimize the
effect of the split on the flow field. Aspects to take in mind are, rounding shape, rounding radius and if
a rounding is needed at all.

The actuator placement of the SM and SSSL nozzle was not optimized for the comparison in this work.
It would be interesting to see the effect of a more optimal actuator placement. Additionally, the inertia
of the nozzle has not been taken into account in this study. With the SSSL nozzle having to move much
less material the influence of the inertia could have an impact on the mass difference for the actuator.
Therefore it is recommended to explore this topic in detail

The CFD simulations performed in this work are steady state. It would be interesting to do a transient
CFD analysis coupled with a thermal analysis to observe how the heat propagates through the SSSL
nozzle and especially around the split. This could influence the amount of insulation needed or the
need for additional cooling techniques, which could influence the mass budget for a SSSL nozzle.

The final recommendation is to perform an experimental test of the SSSL nozzle and SM nozzle de-
signed in this thesis. This will help to validate the conclusions drawn from this thesis.
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1. SCOPE  

In the framework of its hybrid rocket propulsion development, Nammo is interested in the 
future implementation of thrust vector control features to its motors. The Super Sonic Split 

Line (SSSL) TVC technology has been investigated by Nammo in the past primarily for 
defence applications based on solid rocket motors and is considered as a suitable 
technology to implement on its hybrid motors. 

It is of interest to perform a preliminary feasibility study, to characterize the peculiarities 
and performance of the SSSL when applied to the hybrid motor and its requirements. 

This document provides a description of the proposed work in order to perform such a 
characterization. This work is suitable to be covered as a master thesis work.  
 

2. REFERENCE DOCUMENTS 

[RD1] E. Ørbekk: SuperSonic Split Line TVC Technology and Testing at Nammo Raufoss 

AS; 42nd AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, 2006, 
Sacramento (CA). 

[RD2] G. P. Sutton: Rocket Propulsion Elements; John Wiley & Sons Inc, 7th ed, 2001. 

 
3. ABBREVIATIONS  

NAMMO Nammo Raufoss AS – Aerospace Propulsion (Purchaser) 
SOW  Statement of work 

SSSL  Super Sonic Split Line 
ESA  European Space Agency 
NOSA  NOrwegian Space Agency 

 
4. INTRODUCTION 

Nammo Raufoss AS, Norwegian defense and space company, has been developing hybrid 
rocket motors for the past 20 years with the support of ESA and NOSA. The development 
started initially with small scale engines (1-1.5 kN) and moved thereafter to upscaling (30 

kN), first in battleship and then in flight weight configuration. The development of Nammo’s 
30 kN motor culminated in September 2018 in the launch of the sounding rocket Nucleus, a 

technology demonstrator based on the 30 kN hybrid motor. The maturation of Nammo’s 
hybrid technology is continuing beyond this successful achievement both with optimization 
of the motor design towards industrialization as well as with gradual maturation of the 

needed building blocks for microlauncher applications based on the hybrid technology. 
Nammo believes in fact its hybrid rocket technology to be suitable for both sounding rocket 

and microlauncher applications. When the microlauncher application is considered, a 
further upscaling of the engine towards the 80-100 kN thrust class is needed; moreover, 
some extra features/capabilities of the engine are needed, such as long burning time and 

TVC. 
In this context, a very attractive TVC technology identified as suitable for the hybrid motor 

is the SSSL ([RD1]). This vectoring technology is of the movable nozzle kind and, as the 
name suggests, is based on the possibility to move only the supersonic part of the nozzle, 
the exit cone, by means of a split line introduced downstream the throat in the nozzle 

assembly. Such a technology is expected to be competitive in addressing the vectoring 
capabilities typically required for attitude control in space applications, whilst guaranteeing 

an overall lighter and less complex TVC system when compared to other more conventional 
technologies.  
Before a detailed design of this TVC solution can be performed, a mapping of the 

achievable performance is needed by means first of all of extensive CFD characterization. A 
detailed design would further require thermal and structural analysis as well as prototype 

production and demonstrator testing. 
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5. WORK DESCRIPTION 

Nammo is interested in obtaining a mapping of the SSSL characteristics and performance 
when applied to the specific requirements and motor dimensions relevant for the hybrid 

rocket application. Chapter 6 provides a summary of the basic requirements to perform the 
study. If applicable, further requirements mandatory to perform the study could be shared 
dedicatedly in a second stage. 

CFD is expected to be the primary tool to be used for this task. Steady state simulations 
are preferred. 

In chapter 6, the reference requirements for both designing the nozzle inner contour and 
setting up the CFD simulations are provided.  
The SSSL performance mapping shall aim at characterizing: 

 Vectoring effect: effective thrust vectoring obtained in comparison to the angular 
rotation applied on the exit cone; 

 Performance loss due to vectoring: thrust coefficient, cF, penalty introduced by the 
vectoring; 

 Temperature and pressure field distribution, especially in the area around the split; 

 Estimation of the heat transfer coefficient at the wall. 
The mapping shall be performed as a function of: 

 Nozzle vectoring angle: at least 3 angle positions in the range from 0° to the 
maximum nozzle deflection angle shall be analysed; 

 Split position along the exit cone: at least 3 split positions shall be analysed. 
Once the performance mapping is obtained on the reference geometry, scaling effects shall 
be evaluated. Two approaches are proposed: 

1. Change in flow conditions: the effect on performance of changes in mass flow rate 
(thus total pressure P0) on the same nozzle geometry are evaluated, selecting 2 or 

more different nozzle configurations among the ones already analysed for the 
performance mapping to run new simulations at different total pressure levels. 

2. Change in geometry dimension: 

a. Increased expansion ratio maintaining the same nozzle throat: this case 
corresponds to the configuration needed for a second stage motor in a 

microlauncher application. 2 or more combinations of deflection angle and 
split position shall be selected and the vectoring performance shall be 
compared between long and short exit cone without changing the position of 

the split.  
b. Reduced scale nozzle: this case corresponds to the configuration needed for 

mesosphere sounding rocket applications. 2 or more combinations of 
deflection angle and split position shall be selected and the vectoring 
performance shall be analysed with the new nozzle dimensions in order to 

compare the obtain performance between two different nozzle scales. 
If the analyses at point 2a and 2b cannot be both performed, due to time constraints, a 

discussion shall be held with Nammo in due time, in order to perform a trade-off between 
the two options and choosing the one with the most values for all the stakeholders. 
Figure 1 shows the workflow based on the proposed work description.  

All the results shall be documented in written form and delivered to Nammo. If the results 
are reported in their entirety in a master thesis, the thesis can be considered as an 

accepted final report by Nammo. 
The CAD and mesh files as well as the simulation setup reports shall be delivered to 
Nammo as well, if possible without infringing intellectual property rights.  
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Figure 1. Work flow for performance mapping of the SSSL technology. 
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6. REQUIREMENTS

In this section, the preliminary requirements needed for the CFD characterization are 
provided. 

Table 1. Motor and TVC specifications 

Theoretical vacuum Thrust, F 100 kN 

Burning time, tb 90 s 

Theoretical vacuum Isp 289.5 s 

Maximum nozzle deflection angle, alpha ± 5° 

Nozzle exit cone profile Bell shape, 80% length of the ideal 

conical shape ([RD2]).  

Constant wall temperature**, Tw 1200 °C 

*From NASA-CEA thermochemical software, assuming thermochemical equilibrium.
**For boundary conditions and heat transfer coefficient calculation. 

Table 2. Nozzle Input Parameters, nominal case 

Total temperature*, T0 2721 K 

Total pressure, P0 35 bar 

Molar mass reacting mixture*, Mm 22 g/mol 

Gamma 1.13 

Mixture composition, molar fractions 

[mass fraction]* 

CO 0.02654 [3.3%] 

CO2 0.16195 [31.9%] 
OH 0.01668 [1.3%] 

O2 0.01237 [1.8%] 
H2O to get to unity (~0.78246)

[~61.2%] 

Nozzle throat diameter, Dt 0.145 m 

Nozzle expansion ratio, AR 12 

Total mass flow rate**, dm 35.2kg/s 

*From NASA-CEA thermochemical software, assuming thermochemical equilibrium.
**Redundant information. 

Table 3. Nozzle Additional Input Parameters, scaling effect evaluation 

a. Nozzle exit cone extension*

Theoretical vacuum Thrust, F 107.7 kN 

Theoretical vacuum Isp 311.8 s 

Nozzle expansion ratio, ARII** 45 

b. Nozzle downscaling*

Theoretical vacuum Thrust, F 29.0 kN 

Burning time, tb 39 s 

Theoretical vacuum Isp 275.4 s 

Nozzle throat diameter, Dt1 0.083 m 

Nozzle expansion ratio, AR1 6.5 

Total mass flow rate***, dm 10.75 kg/s 

* The values given in Table 1 and Table 2 shall be considered valid if not modified by the
values in Table 3 

** Even if not optimal, the bell profile contour could be maintained unchanged from the 
nominal geometry up to AR and the exit cone simply extended up to ARII, in order to 
reduce the CAD-ing/meshing effort. A comparison between the profile so obtained and the 

optimal one that would be needed for ARII should be provided for completeness. 
*** Redundant information. 
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- 7 - 

 

DISCLAIMER 

The work described in this document addresses a specific and concrete interest identified 

by Nammo in connection to the possible use of the SSSL TVC technology in hybrid rocket 
applications. As such, Nammo is available to provide the required support needed in order 
to perform the described work.  

The work described in this document does not pretend to be a full description of a thesis 
work but rather a clear identification of a work package that can be included in a thesis 

work.  
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B
Emissivity charts

In this appendix the emissivity chats are found that are used for the calculation of the emissivity of the
hot gas flow. The charts have been adapted from 1

1Michael Alberti, Roman Weber, and Marco Mancini. Gray gas emissivities for h2o co2 co n2 mixtures.
Journal of Quantitative Spectroscopy and Radiative Transfer doi: https://doi.org/10.1016/j.jqsrt.2018.08.008. URL
http://www.sciencedirect.com/science/article/pii/S0022407318304618.
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128 B. Emissivity charts

Figure B.1: Emissivity of water vapour at different pressure path lengths and temperatures



129

Figure B.2: Emissivity of carbon di-oxide at different pressure path lengths and temperatures



130 B. Emissivity charts

Figure B.3: Emissivity correction factor of water vapour and carbon-dioxide at different molar fractions and temperatures



C
Shape approach 1

In order to calculate the shape of the nozzle the methods by Sutton and by Zandbergen are used
1,2. The calculated shape corresponds to the shape from the throat towards the exit. The nozzle
shape directly after the throat will be approximated by a circular arc. This arc is defined as a constant
multiplied by the throat radius. This constant is taken to be 0.382 as described by Huzel and Huang
3. At a defined point in this arc the convergent parabolic shape starts. The starting point is the initial
angle of the parabolic, while the endpoint of this parabolic has the exit angle of the nozzle. Since the
requirements states that the nozzle should have a length of 80% of a reference 15°conical nozzle, the
nozzle length is already fixed. Also, the throat radius and the expansion ratio has been defined in the
requirements. Therefore the only two design parameters are the two angles mentioned earlier. The
initial angle of the nozzle can be found by the use of the following figure, see figure C.1

Figure C.1: Figure showing the nozzle entry and exit angles for a certain expansion ratio. The length percentage is the length
of the bell nozzle compared to a 15°conical nozzle. Source for the image2.

In order to compute the final angle of the nozzle a set of equations are created in order to solve for
the exit angle. A parabolic equation is used to find the x-position as a function of the y-position. By
1B.T.C Zandbergen. AE4S01 Thermal Rocket Propulsion (version 2.07), TU Delft readers, August 2018. Lecture notes in the
course AE4S01 Thermal Rocket Propulsion given at TU Delft.

2Biblarz Oscar and Sutton George P. Rocket Propulsion Elements (9th Edition). ”John Wiley & Sons”, 2017. ISBN
9781118753651. URL https://app.knovel.com/hotlink/toc/id: kpRPEE001A/rocketpropulsionelements/ rocketpropulsionele-
ments.

3D. K. Huzel and D. H. Huang. Design of liquid propellant rocket engines second edition, nasasp125. NASA technical reports
server, January 1971. Retrieved at 15-04-2020 from https: //ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19710019929.pdf.
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132 C. Shape approach 1

Figure C.2: Showing the various locations and angles on an example nozzle, Rt is the throat radius, the figure is not to scale.

using the boundary conditions at x-p and x-e and the derivative of the parabolic equation, a solution
can be found for the exit angle. The definition of point x-e and x-p are found in figure C.2. The parabolic
equation is given in equation (C.1). Where 𝑎, 𝑏 and 𝑐 are constants. The derivative of the parabolic
equation is given in equation (C.2), and since the derivative is equal to the tangent of the curve it can
be used to solve for the exit angle of the nozzle. When all the unknowns are found the shape of the
nozzle can be drawn in the python program.

𝑥 = 𝑎 ⋅ 𝑦2 + 𝑏 ⋅ 𝑦 + 𝑐 (C.1)

𝑑𝑥
𝑑𝑦 = 2𝑎 ⋅ 𝑦 + 𝑏 = 𝑡𝑎𝑛(

𝜋
2 − 𝜃) (C.2)



D
Contour plots from the flow field of the

various nozzles
In this appendix the flow field from all the nozzle simulations are presented. Each nozzle design at each
thrust vector angle will be displayed in its own section. For all nozzle representations the flow of gases
goes from the left to the right. All the nozzles tested are at vacuum conditions. The naming convention
is as following. The supersonic split line (SSSL) nozzle with the split at an expansion ratio of 1.75 is
design A, the one at 2 is design B and the one at 2.25 is design C. This is for the SSSL nozzle with
exspantion ratio 12. The SSSL nozzle with a total expansion ratio of 45 with the split at an expansion
ratio of 1.75 is SSSL-e45 design A and the one at 2.25 is SSSL-e45 design B. The SSSL nozzle with
a total expansion ratio of 6.5 with the split at an expansion ratio of 1.75 is SSSL-e6 design A and the
one at 2.25 is SSSL-e6 design B. In table D.1 are all the different nozzles tested are presented:

Table D.1: List simulations that were performed. The split location is the area expansion ratio at the location of the split. Where
multiple angles are mentioned one simulation for each of the angles were performed.

Type nozzle Expansion ratio Split location Angle (degree)

SM nozzle 12 - 0, 2.5, 5

SSSL nozzle 12 1.75 0, 2.5, 5
SSSL nozzle 12 2 0, 2.5, 5
SSSL nozzle 12 2.25 0, 2.5, 5

SSSL nozzle 45 1.75 0, 2.5, 5
SSSL nozzle 45 2.25 0, 2.5, 5

SSSL nozzle 6.5 1.75 0, 2.5, 5
SSSL nozzle 6.5 2.25 0, 2.5, 5

Each of the simulated cases are presented with the following contour plots:

• Mach number contour

• Pressure contours

• Temperature contour

• Turbulence contour

• Total temperature contour

• Heat flux contours
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134 D. Contour plots from the flow field of the various nozzles

• Pressure and temperature trace along nozzle wall

• Residual plots



D.1. SSSL nozzle design A 0 degree thrust vectoring 135

D.1. SSSL nozzle design A 0 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.1: Contour plots for Mach number, pressure and temperature for the SSSL nozzle design A at 0 degree thrust vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.2: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SSSL nozzle design A at 0 degree
thrust vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.3: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SSSL nozzle design A at 0 degree
thrust vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.4: Temperature and pressure traces along the nozzle wall and residual plot for the SSSL nozzle design A at 0 degree
thrust vectoring



136 D. Contour plots from the flow field of the various nozzles

D.2. SSSL nozzle design B 0 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.5: Contour plots for Mach number, pressure and temperature for the SSSL nozzle design B at 0 degree thrust vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.6: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SSSL nozzle design B at 0 degree
thrust vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.7: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SSSL nozzle design B at 0 degree
thrust vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.8: Temperature and pressure traces along the nozzle wall and residual plot for the SSSL nozzle design B at 0 degree
thrust vectoring



D.3. SSSL nozzle design C 0 degree thrust vectoring 137

D.3. SSSL nozzle design C 0 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.9: Contour plots for Mach number, pressure and temperature for the SSSL nozzle design C at 0 degree thrust vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.10: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SSSL nozzle design C at 0 degree
thrust vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.11: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SSSL nozzle design C at 0
degree thrust vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.12: Temperature and pressure traces along the nozzle wall and residual plot for the SSSL nozzle design C at 0 degree
thrust vectoring



138 D. Contour plots from the flow field of the various nozzles

D.4. SM nozzle at 0 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.13: Contour plots for Mach number, pressure and temperature for the SM nozzle at 0 degree thrust vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.14: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SM nozzle at 0 degree thrust
vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.15: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SM nozzle at 0 degree thrust
vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.16: Temperature and pressure traces along the nozzle wall and residual plot for the SM nozzle at 0 degree thrust
vectoring



D.5. SSSL nozzle design A 2.5 degree thrust vectoring 139

D.5. SSSL nozzle design A 2.5 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.17: Contour plots for Mach number, pressure and temperature for the SSSL nozzle design A at 2.5 degree thrust
vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.18: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SSSL nozzle design A at 2.5 degree
thrust vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.19: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SSSL nozzle design A at 2.5
degree thrust vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.20: Temperature and pressure traces along the nozzle wall and residual plot for the SSSL nozzle design A at 2.5 degree
thrust vectoring



140 D. Contour plots from the flow field of the various nozzles

D.6. SSSL nozzle design B 2.5 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.21: Contour plots for Mach number, pressure and temperature for the SSSL nozzle design B at 2.5 degree thrust
vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.22: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SSSL nozzle design B at 2.5 degree
thrust vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.23: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SSSL nozzle design B at 2.5
degree thrust vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.24: Temperature and pressure traces along the nozzle wall and residual plot for the SSSL nozzle design B at 2.5 degree
thrust vectoring



D.7. SSSL nozzle design C 2.5 degree thrust vectoring 141

D.7. SSSL nozzle design C 2.5 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.25: Contour plots for Mach number, pressure and temperature for the SSSL nozzle design C at 2.5 degree thrust
vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.26: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SSSL nozzle design C at 2.5
degree thrust vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.27: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SSSL nozzle design C at 2.5
degree thrust vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.28: Temperature and pressure traces along the nozzle wall and residual plot for the SSSL nozzle design C at 2.5 degree
thrust vectoring
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D.8. SM nozzle at 2.5 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.29: Contour plots for Mach number, pressure and temperature for the SM nozzle at 2.5 degree thrust vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.30: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SM nozzle at 2.5 degree thrust
vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.31: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SM nozzle at 2.5 degree thrust
vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.32: Temperature and pressure traces along the nozzle wall and residual plot for the SM nozzle at 2.5 degree thrust
vectoring
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D.9. SSSL nozzle design A 5 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.33: Contour plots for Mach number, pressure and temperature for the SSSL nozzle design A at 5 degree thrust vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.34: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SSSL nozzle design A at 5 degree
thrust vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.35: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SSSL nozzle design A at 5
degree thrust vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.36: Temperature and pressure traces along the nozzle wall and residual plot for the SSSL nozzle design A at 5 degree
thrust vectoring



144 D. Contour plots from the flow field of the various nozzles

D.10. SSSL nozzle design B 5 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.37: Contour plots for Mach number, pressure and temperature for the SSSL nozzle design B at 5 degree thrust vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.38: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SSSL nozzle design B at 5 degree
thrust vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.39: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SSSL nozzle design B at 5
degree thrust vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.40: Temperature and pressure traces along the nozzle wall and residual plot for the SSSL nozzle design B at 5 degree
thrust vectoring
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D.11. SSSL nozzle design C 5 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.41: Contour plots for Mach number, pressure and temperature for the SSSL nozzle design C at 5 degree thrust vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.42: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SSSL nozzle design C at 5 degree
thrust vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.43: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SSSL nozzle design C at 5
degree thrust vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.44: Temperature and pressure traces along the nozzle wall and residual plot for the SSSL nozzle design C at 5 degree
thrust vectoring
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D.12. SM nozzle at 5 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.45: Contour plots for Mach number, pressure and temperature for the SM nozzle at 5 degree thrust vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.46: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SM nozzle at 5 degree thrust
vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.47: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SM nozzle at 5 degree thrust
vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.48: Temperature and pressure traces along the nozzle wall and residual plot for the SM nozzle at 5 degree thrust
vectoring
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D.13. SSSL nozzle SSSL-e45 design A 0 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.49: Contour plots for Mach number, pressure and temperature for the SSSL nozzle SSSL-e45 design A at 0 degree
thrust vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.50: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SSSL nozzle SSSL-e45 design A
at 0 degree thrust vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.51: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SSSL nozzle SSSL-e45 design
A at 0 degree thrust vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.52: Temperature and pressure traces along the nozzle wall and residual plot for the SSSL nozzle SSSL-e45 design A
at 0 degree thrust vectoring
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D.14. SSSL nozzle SSSL-e45 design B 0 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.53: Contour plots for Mach number, pressure and temperature for the SSSL nozzle SSSL-e45 design B at 0 degree
thrust vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.54: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SSSL nozzle SSSL-e45 design B
at 0 degree thrust vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.55: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SSSL nozzle SSSL-e45 design
B at 0 degree thrust vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.56: Temperature and pressure traces along the nozzle wall and residual plot for the SSSL nozzle SSSL-e45 design B
at 0 degree thrust vectoring
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D.15. SSSL nozzle SSSL-e45 design A 2.5 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.57: Contour plots for Mach number, pressure and temperature for the SSSL nozzle SSSL-e45 design A at 2.5 degree
thrust vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.58: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SSSL nozzle SSSL-e45 design A
at 2.5 degree thrust vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.59: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SSSL nozzle SSSL-e45 design
A at 2.5 degree thrust vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.60: Temperature and pressure traces along the nozzle wall and residual plot for the SSSL nozzle SSSL-e45 design A
at 2.5 degree thrust vectoring
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D.16. SSSL nozzle SSSL-e45 design B 2.5 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.61: Contour plots for Mach number, pressure and temperature for the SSSL nozzle SSSL-e45 design B at 2.5 degree
thrust vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.62: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SSSL nozzle SSSL-e45 design B
at 2.5 degree thrust vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.63: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SSSL nozzle SSSL-e45 design
B at 2.5 degree thrust vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.64: Temperature and pressure traces along the nozzle wall and residual plot for the SSSL nozzle SSSL-e45 design B
at 2.5 degree thrust vectoring
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D.17. SSSL nozzle SSSL-e45 design A 5 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.65: Contour plots for Mach number, pressure and temperature for the SSSL nozzle SSSL-e45 design A at 5 degree
thrust vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.66: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SSSL nozzle SSSL-e45 design A
at 5 degree thrust vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.67: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SSSL nozzle SSSL-e45 design
A at 5 degree thrust vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.68: Temperature and pressure traces along the nozzle wall and residual plot for the SSSL nozzle SSSL-e45 design A
at 5 degree thrust vectoring
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D.18. SSSL nozzle SSSL-e45 design B 5 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.69: Contour plots for Mach number, pressure and temperature for the SSSL nozzle SSSL-e45 design B at 5 degree
thrust vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.70: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SSSL nozzle SSSL-e45 design B
at 5 degree thrust vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.71: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SSSL nozzle SSSL-e45 design
B at 5 degree thrust vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.72: Temperature and pressure traces along the nozzle wall and residual plot for the SSSL nozzle SSSL-e45 design B
at 5 degree thrust vectoring



D.19. SSSL nozzle SSSL-e6 design A 0 degree thrust vectoring 153

D.19. SSSL nozzle SSSL-e6 design A 0 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.73: Contour plots for Mach number, pressure and temperature for the SSSL nozzle SSSL-e6 design A at 0 degree
thrust vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.74: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SSSL nozzle SSSL-e6 design A
at 0 degree thrust vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.75: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SSSL nozzle SSSL-e6 design
A at 0 degree thrust vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.76: Temperature and pressure traces along the nozzle wall and residual plot for the SSSL nozzle SSSL-e6 design A at
0 degree thrust vectoring
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D.20. SSSL nozzle SSSL-e6 design B 0 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.77: Contour plots for Mach number, pressure and temperature for the SSSL nozzle SSSL-e6 design B at 0 degree
thrust vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.78: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SSSL nozzle SSSL-e6 design B
at 0 degree thrust vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.79: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SSSL nozzle SSSL-e6 design
B at 0 degree thrust vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.80: Temperature and pressure traces along the nozzle wall and residual plot for the SSSL nozzle SSSL-e6 design B at
0 degree thrust vectoring
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D.21. SSSL nozzle SSSL-e6 design A 2.5 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.81: Contour plots for Mach number, pressure and temperature for the SSSL nozzle SSSL-e6 design A at 2.5 degree
thrust vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.82: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SSSL nozzle SSSL-e6 design A
at 2.5 degree thrust vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.83: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SSSL nozzle SSSL-e6 design
A at 2.5 degree thrust vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.84: Temperature and pressure traces along the nozzle wall and residual plot for the SSSL nozzle SSSL-e6 design A at
2.5 degree thrust vectoring
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D.22. SSSL nozzle SSSL-e6 design B 2.5 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.85: Contour plots for Mach number, pressure and temperature for the SSSL nozzle SSSL-e6 design B at 2.5 degree
thrust vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.86: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SSSL nozzle SSSL-e6 design B
at 2.5 degree thrust vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.87: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SSSL nozzle SSSL-e6 design
B at 2.5 degree thrust vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.88: Temperature and pressure traces along the nozzle wall and residual plot for the SSSL nozzle SSSL-e6 design B at
2.5 degree thrust vectoring



D.23. SSSL nozzle SSSL-e6 design A 5 degree thrust vectoring 157

D.23. SSSL nozzle SSSL-e6 design A 5 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.89: Contour plots for Mach number, pressure and temperature for the SSSL nozzle SSSL-e6 design A at 5 degree
thrust vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.90: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SSSL nozzle SSSL-e6 design A
at 5 degree thrust vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.91: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SSSL nozzle SSSL-e6 design
A at 5 degree thrust vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.92: Temperature and pressure traces along the nozzle wall and residual plot for the SSSL nozzle SSSL-e6 design A at
5 degree thrust vectoring
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D.24. SSSL nozzle SSSL-e6 design B 5 degree thrust vectoring

(a) Mach number contour (b) Pressure contour (c) Temperature contour

Figure D.93: Contour plots for Mach number, pressure and temperature for the SSSL nozzle SSSL-e6 design B at 5 degree
thrust vectoring

(a) Total temperature contour (b) Turbulence contour (c) Bartz heat coefficient contour

Figure D.94: Contour plots for total temperature, turbulence and Bartz heat coefficient for the SSSL nozzle SSSL-e6 design B
at 5 degree thrust vectoring

(a) Convective heat flux contour (b) Radiative heat flux contour (c) Total heat flux contour

Figure D.95: Contour plots for convective heat flux, radiative heat flux and total heat flux for the SSSL nozzle SSSL-e6 design
B at 5 degree thrust vectoring

(a) Pressure along the nozzle wall (b) Temperature along the nozzle wall (c) Residual plot

Figure D.96: Temperature and pressure traces along the nozzle wall and residual plot for the SSSL nozzle SSSL-e6 design B at
5 degree thrust vectoring
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