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Abstract 
 
This project is a collaboration between hepia (HES-SO) and the Swiss Propulsion Laboratory (SPL) as 
part of the semester project of two mechanical engineering students. Their work was supervised by 
Bruno Berger and Hans Ulrich Ammann, both co-founders of SPL, as well as Dr Flavio Noca, their 
professor. 
 
SPL is a research company focusing on the study of space-related propulsion technology, and more 
specifically on the development of liquid fueled rocket engines. As part of their involvement with 
combustion instabilities, SPL want to use a water-cooled rocket nozzle in order to increase the length 
of their tests. The task of developing such an engine was given to Mark Vujicic and Justin Mercier, both 
3rd year bachelor level mechanical engineering students. 
 
The job includes designing the nozzle, its cooling jacket as well as the outer shell which houses all the 
components. The whole construction will have to fit in to the combustion chamber, which already 
exists and was developed by SPL. To help with choosing the most optimized cooling settings, different 
simulations of the nozzle were run using mainly three software’s (PTC Creo Parametrics, Rocket 
Propulsion Analysis and ANSYS Fluent 14.5). The expertise of the people from SPL was extremely 
helpful as well as rocket-related literature over the course of this project. 
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1 Introduction 

 Content 

In 2001 the Swiss Propulsion Laboratory (SPL) initiated a long term program that aims to develop, build and run 
reasonably priced systems to transport small payloads into a low-earth orbit (LEO). The first outcome has been 
the design of a single-stage rocket, named X-Bow I, with a lift-off mass of 250kg, powered by a LOX/kerosene 
restartable engine with 10kN of thrust (the SLR 10K-I engine).  
 
In 2012, the appearance of combustion instabilities during full scale test firing of the SPL made SLR 10k-I liquid 
fueled rocket engine resulted in catastrophic failures. In particular, erosion of the engine nozzle was observed 
as seen in the images below.  
 

 
Figure 1. Erosion of the SLR engine nozzle 

The SPL thus commenced an experimental investigation for design solutions to counter combustion instabilities 
in the 10kN liquid rocket engine. The experimental and theoretical analysis is based on measurements of the 
dynamic pressure fluctuations inside the combustion chamber rising from an artificial triggering system. It is 
desirable that measurements can be recorded for time periods in excess of 1 second. This brings forth the 
requirement to produce a liquid cooled rocket nozzle that is able to integrate on to the SLR test engine.  
 
The objective of this project is to use the design of the existing SLR 10K-I rocket engine and develop a water-
cooled version of the nozzle. The nozzle must be able to fully integrate onto the SLR combustion chamber and 
the SPL test stand in Langenthal, Switzerland. 
 
A preliminary heat transfer study was done using “back of envelope” hand calculations and software called 
« Rocket Propulsion Analysis » (RPA) which was developed by a propulsion engineer of the name of Alexander 
Ponomarenko. This software allows for fast thermal analysis of rocket engines based on their geometry and 
cooling system. The data gathered from this was used towards optimizing the different parameters that come 
into play with cooling a rocket nozzle, such as channels geometry and dimensions, nozzle wall thickness, etc. It 
allowed for fast pre-dimensioning of the rocket nozzle and its channels. These results were compared to a self-
developed heat transfer simulation software used by one of SPL’s engineers.  
 
Conception of the mechanical components was realized using CAD software PTC CREO Parametric. 
Furthermore, the methods of computational fluid dynamics (CFD) and finite element analysis (FEA) using ANSYS 
Fluent and CREO Parametric were used in order to run simulations that would quantify phenomena such as 
pressure induced forces acting on the nozzle, mass flow rate, buckling modes, and so on.   
 
The manufacturing of all parts will be done at the University of Applied Sciences (HES-SO), Geneva. 
 
Due to time restrictions on publication, the testing of this water-cooled rocket nozzle will not be included in this 
report. However, the authors’ will be present during test firing and may add a section to this paper at a later 
time.  
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2 Project organization 

 Structure and context 

This is the semester project of two 3rd year bachelor level mechanical engineering students of HES-SO hepia, 
Mark Vujicic and Justin Mercier, which was carried out from 15 November 2014 to 24 April 2015. It is a 
mandatory module towards pursuing their degree. 
 
The time dedicated by the school for this project was one afternoon per week, making it approximately an 80-
hour work. Needless to say that the amount of work put into this project considerably exceeds this number. It 
was the students’ idea to ask their professor and supervisor, Dr Flavio Noca, to set up a joint collaboration 
project with the Swiss Propulsion Laboratory based in Langenthal, Switzerland. 
 
The Gantt diagram that sums up the different stages of this project is shown here below : 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Gantt diagram 

All of the important stages were completed in time (send plans to workshop early enough, etc.), but the actual 
testing of the parts at SPL facilities could not happen before the final deadline. This was an ambitious project 
and the quantity that was achieved is quite remarkable considering the demanding schedule at hepia. The 
system integration in the combustion chamber and the actual firings will take place in August, when both 
students will be back from their visiting researcher student program at Caltech. 
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3 Rocket engine performance 
The processes inside a rocket nozzle and chamber are explained by thermodynamic relations. These 
thermodynamic relations allow us to calculate the performance and determine several of the key design 
parameters of rocket propulsion systems. They permit the prediction of the operating performance of any 
rocket unit that uses the thermodynamic expansion of a gas, and the determination of several necessary design 
parameters, such as nozzle size and generic shape, for any given performance requirement. This theory applies 
to any propulsion system that uses the expansion of a gas as the propulsive mechanism for ejecting matter at 
high velocity.  
 
The idea of making idealization and simplification to our rocket system is a useful one. An “ideal rocket” will 
therefore be created. The first and maybe most important idealization made, will be that the hot gas expansion 
will be isentropic, meaning that the flow maintains a constant value of entropy, and thus, is a reversible flow. 
 
The authors of the rocket hand book (Rocket Propulsion Elements, G. P. Sutton) have created a useful list of 
idealizations and simplifications that we will indeed use. This list is shown below. 
 

1. The working substance (or chemical reaction products) is homogeneous. 

2. All the species of the working fluid are gaseous. Any condensed phases 

(liquid or solid) add a negligible amount to the total mass. 

3. The working substance obeys the perfect gas law. 

4. There is no heat transfer across the rocket walls; therefore, the flow is adiabatic. 

5. There is no appreciable friction and all boundary layer effects are neglected. 

6. There are no shock waves or discontinuities in the nozzle flow. 

7. The propellant flow is steady and constant. The expansion of the working fluid is uniform and steady, 

without vibration. Transient effects (i.e., start up and shut down) are of very short duration and may be 

neglected. 

8. All exhaust gases leaving the rocket have an axially directed velocity. 

9. The gas velocity, pressure, temperature, and density are all uniform across any section normal to the 

nozzle axis. 

10. Chemical equilibrium is established within the rocket chamber and the gas composition does not 

change in the nozzle (frozen flow). 

11. Stored propellants are at room temperature. Cryogenic propellants are at their boiling points. 

These idealizations and simplifications give way to simple thermodynamic equations that theoretically describe 
a quasi-one-dimensional nozzle flow, which corresponds to a simplification of the more complex full two- or 
three dimensional equations and the real aerothermochemical behavior. However, with the assumptions and 
simplifications stated above, they are very adequate for obtaining useful solutions to many rocket propulsion 
systems. For chemical rocket propulsion, the measured actual performance is usually between 1 and 6 % below 
the calculated ideal value (Source : Rocket Propulsion Elements, G. P. Sutton). 
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 Dimensionless numbers used in rocketry 

3.1.1 Reynolds number 
The Reynolds number is defined as the ratio of inertial forces to viscous forces and quantifies which of these 
two types of forces dominate for given flow conditions. The Reynolds number is probably the first dimensionless 
number taught to fluid mechanics students as it is widely used to characterize flow regimes for a specific fluid 
and it can also be used to determine dynamic similitude between two different cases of fluid flows for example. 
It is a measure of the viscous effects close to the wall in this case. It is defined as such : 
 

𝐑𝐞 =
𝛒 𝐯∞ 𝐋

𝛍
 

Where : 
𝐑𝐞 = Reynolds number (-) 
𝛒 = Fluid density (kg/m3) 
𝐯∞ = Free stream velocity (m/s) 
𝐋 = Characteristic length (m) 
𝛍 = Fluid dynamic viscosity (Pa∙s) 
 

3.1.2 Prandtl number 
The Prandtl number is a ratio between the thermal and the momentum (kinematic viscosity) diffusivities. It is 
defined as such : 
 

𝐏𝐫 =
𝝂

𝜶
=

𝑽𝒊𝒔𝒄𝒐𝒖𝒔 𝒅𝒊𝒇𝒇𝒖𝒔𝒊𝒐𝒏 𝒓𝒂𝒕𝒆

𝑻𝒉𝒆𝒓𝒎𝒂𝒍 𝒅𝒊𝒇𝒇𝒖𝒔𝒊𝒐𝒏 𝒓𝒂𝒕𝒆
 

Where : 
𝐏𝐫 = Prandtl number (-) 
𝝂 = Kinematic viscosity (m2/s) 
𝜶 = Thermal diffusivity (m2/s) 

3.1.3 Nusselt number 
The Nusselt number is a ratio between convective to conductive heat transfer, that defines whether conduction 
or convection dominates in a heat transfer process. The range for this dimensionless number in a turbulent flow 
should be between 100 and 1’000. For a turbulent flow in a pipe, it can be calculated as : 
 

𝑵𝒖𝑫 = 𝟎. 𝟎𝟐𝟑 ∙ 𝑹𝒆−
𝟏
𝟓 ∙ 𝑷𝒓−

𝟐
𝟑 

3.1.4 Stanton number 
The Stanton number is the ratio of the heat transfer rate (�̈�) perpendicular to the wall to the available heat flux 
(𝜌𝑈∆𝐻) travelling parallel to the wall. It combines all three aforementioned dimensionless numbers and is 
usually around 0.002 for rocket engines. It is defined as such : 
 

𝑺𝒕 = 𝟎. 𝟎𝟐𝟑 ∙ 𝑹𝒆
𝟒
𝟓 ∙ 𝑷𝒓

𝟏
𝟑 

Or also : 

𝑺𝒕 =
𝑵𝒖𝑫

𝑹𝒆 ∙ 𝑷𝒓
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 SLR 10K-I engine performance  

By using the “ideal rocket” simplifications mentioned in section 3 in hand calculations and the RPA software, 
rocket engine performance data will be shown and compared in this section.  
 

 
Tableau 1. SLR 10K-I rocket engine performance 

This is where dimensionless numbers come in handy. To make a quick health check that the above results are 
within an acceptable range, the authors will compare the dimensionless numbers with the acceptable ranges 
found in the rocket hand book (Rocket Propulsion Elements, G. P. Sutton).  

3.2.1 Reynolds number 
The Reynolds number was manually calculated by the students, based on their isentropic flow calculations 
and on the values of density and viscosity given by RPA. They seem pretty low, but these Re numbers will 
prove to give meaningful values for Nu and St numbers. 

3.2.2 Nusselt number comparison  
It is documented that turbulent flow should be between 100 and 1’000. With manual calculation based on the 
only dimensionless calculated by RPA, the local Prandtl number, the authors found a Nusselt number of 755 in 
the throat section and 495 in the exit section. This is well within the range mentioned above. This led them to 
the conclusion that convective heat transfer is dominant across the wall/fluid boundary. This is intuitive, as the 
rocket nozzle is in contact with forced fluids. A drop in convective heat transfer dominance is observed in the 
nozzle exit section. This is also to be expected because laminarization effects on heat transfer commence as the 
speed of the exhaust gas become supersonic (see Heat transfer section 4.1.2.1).  

3.2.3 Stanton number comparison 
The number of 0.002 was cited by “Heat Transfer in Rocket Engines”, H. Ziebland and R.C. Parkinson, as being 
the normal number for most rocket engines. The calculations, based on the mathematical expressions seen in 
the previous chapter, furnished St numbers situated between 0.0019 and 0.0021. 

By hand RPA results By hand RPA results By hand RPA results

Mass flow rate kg/s 3 2.76 3 2.76 3 2.76

Temperature K 3'500 3'456 3'286 3'284 2'347 2'384

Pressure bar 20.0 20.0 11.6 11.5 -0.40

Density kg/m3 1.615 1.568 0.995 0.962 0.073 0.070

Mach number X 0 0 1 1 2.68 2.76

Speed of sound m/s 1'216 1'203 1'178 1'164 996 982

Viscosity kg/(m s) X 0.00106500 X 0.00001029 X 0.00008243

Speed  m/s 0 0 1'178 1'164 2'668 2'793

Reynolds number X 0 x 609'908 x 351'080 x

Prandtl number X X 0.6315 X 0.6370 X 0.6621

Nusselt number X X X 755.0000 X 495.0000 X

Stanton number X X X 0.0019 X 0.0021 X

Variables
Combustion chamber ExitThroat

Units
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4 Heat Transfer 

 Theory 

4.1.1 Background 
Before getting into the details of the decisions that were made concerning the optimization of heat transfer to 
the nozzle, let’s back up a little bit. 
 
The extreme temperatures attained in a liquid propellant rocket engine exceed by far the safe operating 
conditions of most construction materials, hence the need to control and optimize the way heat is transferred 
to the nozzle. The most critical area in a rocket nozzle is at the throat where heat flux is a maximum, velocity is 
very high and the flow area is a minimum. Heat transfer in rocket engines is extremely complex and not yet fully 
understood, although substantial progress has been made since the early 40’s. Literature on this subject is 
massive and all of the phenomena that happen in a rocket engine related to heat transfer are beyond the scope 
of this work. Nevertheless, this chapter will try to explain the very basis of heat transfer in the nozzle and the 
decisions that were made based on the students’ knowledge about the subject. 
 
One should also keep in mind that all of the theoretical knowledge and related complex mathematical 
expressions developed over the years is a substantial help to the engineers when it comes to dimensioning a 
rocket engine, yet their use is only aimed at keeping to a minimum the number of firings needed until heat 
transfer problems are solved for a specific engine. 
 
Most of the heat in a rocket engine is transported by convection from the hot gases to the interior wall of the 
nozzle, although the heat of hot gases adjacent to the wall is transferred through conduction. The main factors 
that impact the heat transfer process in those engines are the large temperature differences between the free 
stream and the wall, the varying free stream velocity and the effect of varying temperatures throughout the 
whole nozzle. Last but not least, the high acceleration of the gas in the nozzle, the compressibility effects and 
the chemical non-equilibrium inside the engine must be accounted for. 

4.1.2 In a convergent-divergent nozzle 
The thermal energy generated in the combustion chamber is converted into kinematic energy in the 
convergent-divergent nozzle. At the throat, the convective heat transfer is maximum and the Mach number is 
equal to 1. In the divergent, the flow is then supersonic and compressibility will have a major role in the heat 
transfer process.  

 Laminarization 

The substantial gas acceleration in the nozzle (in the literature they say it is usually around 107 𝑚

𝑠2, so 

approximately 1 million g!) can modify the shape of the turbulent boundary layer and bring it back to a laminar-
like boundary layer. This reversal phenomenon is called laminarization. When it occurs, the heat transferred is 
highly reduced as a laminar flow separates the wall from the free stream, and convection reduces drastically. 
According to H. Ziebland and R.C. Parkinson paper on «Heat transfer in Rocket Engines», laminarization is usually 
observed in smaller and lower pressure engines which corresponds to the SPL engine. 

 Supersonic heat transfer 

It is said in the literature that heat transfer is sharply reduced when the flow becomes supersonic. The 
phenomenon is not yet fully understood although there are a few possible reasons that can be read in the 
Ziebland and Parkinson paper that is listed in the sources of this document. As this happens when the flow 
becomes supersonic, the maximum heat transfer will happen just before the geometric throat in most nozzles. 
The location of the initial damage in the SPL engine photo below proves that it started slightly before the throat 
(next page) : 
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Figure 3. Heat transfer – Erosion initiated before the geometric throat (max heat flux area) 

 High Mach number typical temperature profile 

As the flow travels through the nozzle, it experiences a continuous acceleration and its thermal energy is 
increasingly converted into kinetic energy. Near the wall, in the boundary layer, the flow is slowed down and its 
thermal energy increases again until it is cooled again by heat transfer to the wall. Thus, the temperature profile 
in a high Mach number flow looks like the image below : 
 

 
Source : “Heat Transfer on Rocket Engines”, H. Ziebland and R.C. Parkinson 

Figure 4. Heat Transfer – High Mach number temperature profile 

  

Erosion 
start 



   

GM3 Development of a water-cooled rocket nozzle 13 

 Regeneratively cooled inspired nozzle cooling 

The way the SPL nozzle will be cooled resembles regenerative cooling in its concept, although the coolant is not 
one of the propellants (ambient water is used) and the cooling system does not need to fit into the rocket like 
on a flightworthy rocket. Indeed, the engine will be tested on a static test stand at SPL facilities. An external 
pump will be connected to a large tank of water which will send water in and out of the nozzle through the use 
of pipes. 
 
The principal criteria that must be taken account of are : the local heat transfer must not bring the coolant to 
its boiling point, the pressure drop in the channel must not be excessive and the wall temperatures must be 
kept sufficiently low to avoid structural failure (melting erosion or mechanical stress failures). 
 
The boiling point of the coolant is a much bigger issue on flightworthy engines as they cannot adapt the coolant 
pressure as they want to (it depends on the needed propellant mass flow to the injector during flight). In the 
SPL case, the water follows a completely separate circuit from the propellants and its pressure can be regulated 
by the powerful pump as it pleases the testing crew. Nevertheless, the maximum pressure in the channels will 
be dictated by the mechanical resistance of the nozzle wall. 
 
In usual rocket engines, the coolant is much cooler and has a better heat transfer capability than the ambient 
water which will be used for this project, and the construction materials are much more refractory and 
expensive than the mild steel used at SPL. The main reasons for that are : 

- These are test engines that are usually brought to destruction (cost) 
- The burn tests never last more than a few seconds 
- Water cooling is more convenient and cheaper than typical propellants used in flightworthy rockets 
- Water cooling is safer in case of erosion 

 

4.1.2.4.1 Coolant mass flow rate 
In theory, the higher the mass flow rate, the more heat is evacuated from the wall and transported by the fluid. 
In fact, what makes the heat transfer more effective is the velocity of the coolant. Indeed, the faster it goes, the 
higher the rate at which heat is evacuated. Also, the turbulence due to the high speed in small channel sections 
generates mixing between the layers of the fluid and increases convection. However, in practice, one must be 
careful that the coolant static pressure does not drop too low while trying to reach a higher velocity (for 
regeneratively-cooled engine, the coolant needs to have a certain pressure before entering the injector). 
Pressure drop is caused by 3 main factors : the coolant density reduces as it is heated up and speed therefore 
increases, the head loss due to friction and the change in momentum due to section changes. However, for the 
SPL project, pressure drop is not a big concern as the water circuit is independent from the rest of the engine. 
 

4.1.2.4.2 Cooling channels geometry 
The dimensions of the channel and the associated dimensions that come along with it (wall thickness, number 
of channels, coolant mass flow rate,…) play a major role in the heat transfer process. The choices made 
concerning the channels geometry will be discussed in chapter 2.2 “Heat transfer optimization” where the 
software RPA (Rocket Propulsion Analysis) was used to run thermal analyses. 
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 RPA Heat transfer optimization 

The goal of this optimization is to observe the influence that each geometric dimension of the cooling channels 
has on the heat transfer. The objective is to minimize the gas- and coolant-side walls as well as the exit water 
temperatures by choosing the smartest channel configuration. In the first stages of the project, this was done 
using RPA (Rocket Propulsion Analysis). Subsequently, SPL expertise and research papers came in play towards 
making a final decision. The very details of how the simulation was set up is not going to be described in this 
report as it would be too long to list each setting. Nevertheless, the RPA file will be joint to the report upon 
submission. Hence, only the results will be displayed here. 

4.2.1 Geometric dimensions denomination 
In the first stage of the simulation, each geometric dimension will be changed separately in order to see its 
influence on the temperatures at the wall and in the coolant. These dimensions are as per the image below : 
 

 
RPA – Denomination 
hc = rib height (mm) 
a = channel width (mm) 
b = rib width (mm) 
h = wall thickness 
Nb = number of channels 
 
A 6th parameter to be changed is the relative coolant mass flow rate (relative to the hot gas flow) named later 
as rmfr (-). 

4.2.2 Reference model 
As mentioned earlier, the optimization started by modifying each parameter at a time and observing its 
influence on heat transfer. To start off the analysis, one had to define a reference model in order to then change 
each parameter. The rib width was never set as it was calculated by the computer according to the channel 
width and the number of channels. 
 
The initial model had the following dimensions : 
 
hc = 10 mm 
a = 5 mm 
b = consequence of a and number of channels 
h = 5 mm 
Nb = 36 
rmfr = 0.2 
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4.2.3 Results 
Each graph that is displayed below corresponds to each individual parameter which was modified step by step. 
There are two graphs per variable parameter (gas-side wall temperature and water temperature). The purple 
measurements correspond to an optimized version which will be disregarded in this section. The optimized 
version is a combination of all the parameters according to RPA results, rocket literature, SPL engineers’ 
expertise and students’ brainstorming sessions, but it will be explained in section 2.2.5 of this chapter (do not 
worry about the inverted slopes for T_water of the optimized curve, it will also be developed). 
 

 
Figure 5. RPA – Temperature influence of rib height (hc) 
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Figure 6. RPA – Temperature influence of channel width (a) 
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Figure 7. RPA – Temperature influence of relative mass flow rate (rmfr) 
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Figure 8. RPA – Temperature influence of wall thickness (h) 
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4.2.4 Analysis 
Gas-side wall temperatures 

First, the throat is located at 200 mm from the combustion chamber and it is not difficult to spot it as it is where 
the temperatures are the hottest. In all cases (except for the optimized one which will be described in the next 
section), the coolant flow was opposite to the hot gas flow to simulate a regeneratively-cooled engine. The inlet 
of the nozzle is at around 140 mm, and the exit at 350 mm. 
 
The students’ first concern was that the wall temperatures calculated by RPA were considerably higher (around 
1’500 K) than the safe operating temperatures of mild steel (under 700 K is recommended). Firstly, the values 
estimated by this software are equilibrium values that are reached after a certain time. At SPL, the rocket will 
only be tested for a few seconds and equilibrium will not be reached, hence the temperatures should be lower. 
Secondly, SPL engineer Bruno Berger made the students aware that this software is normally aimed at bigger 
engines and could potentially overestimate certain values. 
 
It is easy to observe a trend towards achieving lower temperatures at the gas-side wall when the different 
parameters tend to become smaller. Indeed, the temperatures become continuously lower when either the rib 
height (hc) or channel width are reduced. The explanation is that the mass flow rate is kept constant (0.2) for 
these measurement and a resulting increase in coolant velocity is the cause of this temperature drop. One could 
be tempted to have a channel section of 1x1 mm if they were to trust RPA entirely. Nevertheless, it should be 
reminded that there is always a large gap between theory and reality. Indeed, if the section becomes too small, 
then the outcome will be a lower mass flow rate of water due to higher friction and ridiculously high head loss. 
 
An expected result is the one of the relative mass flow. It is understandable that the higher the mass flow rate 
through a constant section, the higher the coolant speed and consequently the lower the temperatures will get. 
 
Last but not least, the wall thickness between the hot gas flow and the coolant flow greatly impacts the heat 
transfer. The thinner the wall, the lower the temperatures are. 
 
Water temperature 
One can see that every time the temperatures at the wall are reduced, it results in an increase in water 
temperature. At the same time, when the dimensions (for example rib height) are way oversized, thus keeping 
wall temperatures high, and that the mass flow rate is kept at 0.2, water temperature is lower. This is normal 
as less heat is being taken out of the steel. 
 
These observations show that a correct compromise has to be found to make sure that the wall and water 
temperatures are within acceptable range. 

4.2.5 Optimized model 
As it was difficult to tell whether the results from the analysis were realistic, they were compared to those 
obtained from one of SPL engineers’ own software. The comparison was made and discussed with him, and his 
advices were invaluable. The outcome of this discussion was that the state of the art indicates that the rib height 
to width ratio should be within 2-4. Also, he suggested to have a wall thickness of 1.5 mm as it should be 
resistant enough. 1.5 mm is very thing considering the temperatures and pressures involved, but the wall will 
be this thin only in each channel. Indeed, at each rib separating the channels, the thickness will be higher than 
5 mm and the top of the ribs will be pushing against the cooling jacket. Buckling simulations are displayed in the 
mechanical section of this report. Finally, Bruno also informed the students that the mass flow rate could be 
modulated by the powerful pump that would be used at SPL facilities, and it was therefore decided to use a 
relative mass flow rate of 0.5 (equivalent to 1.4 kg/s). 
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Subsequently, extensive reading was done on the subject and the following paper brought some help towards 
using a correct rib height to channel width ratio : «Analysis of regenerative cooling in liquid propellant rocket 
engine», M. E. Boysan, Graduate school of applied sciences of Middle East Technical University. This master’s 
thesis provided us with the following table (next page) : 

 
Tableau 2. Optimized model – Rib height to width ratio table 

 
Basically, the outcome of this master’s thesis was that there was a huge difference in the required coolant 
pressure inlet between using 4x1 and 4x2 (mm) channel sections due to high friction in the first case. Also, the 
rib height to width ratio circle corresponded to what Bruno had said (ratio of 2 to 4). It was consequently decided 
to use these height (hc) and channel width (a) for our nozzle. 
 
Finally, during one of many brainstorming sessions, the students realized that due to the opposite flow condition 
that they set themselves, the water would be hotter at the throat and the hottest before the throat, where heat 
flux is maximum. They therefore suggested to have the coolant inlet before the convergent, so that water would 
be at almost ambient temperature when would reach the most critical part of the nozzle. This meant that the 
coolant flow would now be in the same direction as the hot gas flow. As this is no flightworthy rocket, the 
coolant does not have to be opposite to the gas flow as it is not going into the combustion chamber at the end 
of its journey. SPL confirmed that if it seemed like a more effective solution, the changes could be made. This is 
why the optimized curves on the water temperature graphs (in section 2.2.3) are the inverse of the other 
simulations that were run beforehand. 
 
The optimized model seems promising as it is consistently lower than any other configuration shown in section 
2.2.3. 
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5 Materials 
The material chosen for this project was ST50-2 construction steel. This choice was made on the bases that this 
is a research test engine and employing a cheap machinable material is beneficial. Furthermore, construction 
steel is a low carbon steel giving the added benefit of being ductile. In the case of chamber over pressure or 
detonation, the engine components can absorb the punishment in the form of plastic deformation.    
 

 Yield strength 

A research paper written by the University of Wollongong titled behaviour of high strength structural steel at 
elevated temperatures, was found to be very useful in determining yield strength. In this section only the tables 
used will be shown, however the full source is noted in the index section xx.  
 
The chemical composition of ST50-2 was found to be similar to the construction steel used in the tests made by 
their team, however the tables will not be shown here. The material properties obtained from the tests for high 
strength steel and mild steel at normal room temperature are presented in figure 2. 
 

 
Figure 9. Mild steel yield strength at room temperature 

In figure 3 reduction factors for modulus of elasticity and yield strength are given for increases in temperature. 

 
Figure 10. Reduction factors for modulus of elasticity and yield strength in function of temperature 
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6 Conception of the mechanical components 
Mechanical conception of the water-cooled rocket nozzle was based on the requirement of optimizing heat 
transfer, and integrating the new system with the test engine and the test stand at SPL.  

 Context and constraints    

The original inner contour of the nozzle was designed by SPL and will not be modified. The inner contour of the 
nozzle will be the foundation from which all other designs will stem from. The nozzle is an 80% bell with an 
expansion ratio of 1:5.6. The combustion pressure is pc=20 bar and the combustion chamber has a diameter of 
140mm. From these basic measurements the water-cooled nozzle was conceived. 
 

 
Figure 11. Mock-up of the SLR10k-I liquid rocket engine. 

 Cooling system design 

It should be appreciated that even with a nozzle cooling system, the nozzle would vaporize in continuous 
operation. The aim here is to prolong the firing time to just a few seconds.  
 
Nozzle cooling will be achieved by designing internal cooling passages, cooling jackets, or cooling coils that 
permit the circulation of a coolant. The amount of heat that can flow into the coolant is controlled by many 
factors including the temperature difference between the chamber and the coolant, the heat transfer 
coefficient, the thermal conductivity of the chamber wall, the velocity in the coolant channels and the velocity 
of the gas flow in the nozzle (explained in detail in section XX). While the selection of the coolant velocity and 
its variation along the wall depends on heat-transfer considerations, the selection of the coolant passage 
geometry often depends on pressure loss, minimal mass, stresses, and manufacturing considerations. In this 
case, pressure losses and mass considerations are of little interest here, as the system will be fitted to a 
grounded test engine.  
 

6.2.1 Axial flow cooling / tubular wall method 
The choice between an axial flow cooling jacket and a tubular wall method will be based on mechanical 
considerations. Engine performance optimization will not come into the equation as the system will not be flight 
rated.  
 

6.2.2 Tubular wall cooling 
Tubular wall (or spaghetti construction) has a low hydraulic friction loss but is practical only for large coolant 
flows (above approximately 9 kg/sec). For small coolant flows and small thrust units, the design tolerances of 
the cooling jacket width between the inner and outer walls or the diameters of the tubes, become too small, or 
the tolerances become prohibitive. For this reason the tubular wall method was ruled out for this project.   
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Figure 12. Example of a Tubular wall cooling method 

6.2.3 Axial flow cooling 
Due to the ease of system integration, nozzle wall loads and stresses, the axial flow cooling jacket is the 
preferred method in this case. The best way to understand the proposed system is to study the diagram 
presented in figure 3. The wall of the rocket nozzle is subjected to radial and axial loads from the chamber 
pressure, vibration, and thermal stresses. It will also have to withstand a momentary ignition pressure surge or 
shock, often due to excessive propellant accumulation in the chamber. In addition, the chamber wall has to 
transmit thrust loads. Also the wall needs to survive a "thermal shock", namely, the initial thermal stresses at 
rapid starting. When the wall is cold or at ambient temperature, it experiences higher gas heating rates than 
after the wall has been heated.  
 

 

Cooling channels 

Rocket nozzle 

Hot gas from 
the 
combustion 
chamber 

Coolant 
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Figure 13. Axial flow cooling system chosen design 

6.2.4 Radial and axial pressure loads 

 Radial pressure loads 

The radial loads due to pressure can be seen in table 1. The pressure difference was calculated by taking the 
average values from hand, RPA and Fluent 14.5 calculations and then taking the difference from the channel 
pressure. Positive load is load in the direction of the radius. Water pressure in the channel inlet will be set by 
hand manually (see section XX). Furthermore, the pressure rise in the channels is explained in section xx. 
 

 
Tableau 3. Radial pressure loads throughout the nozzle 

From table 1 we see that the resultant pressure is always in the direction of the nozzle’s radius. Which in fact is 
a good thing as that helps to counter thermal expansion. We can conclude that radial pressure loads are not 
very high and will not have a large influence on the final design. 

 Axial pressure loads 

The main interest in analysing the axial load is to gain insight into how strong the welling holding the nozzle to 
the outer jacket should be. Axial load will be due to mostly to pressure loads, as drag forces will be negligible 
(friction and all boundary layer effects are neglected, see section XX). Figure 5 shows where welding is necessary 
to constrain the nozzle in place. Keeping in mind that welding both ends of the nozzle to the outer jacket will 
cause undesirable thermal compressive forces, as the nozzle will not be free to expand. 
The calculation to find the axial load was made with Fluent 14.5 (see section XX).  
 
Axial force = 23.6 kN, this works out to be around 2.4 tons of pressure. A fast hand calculation shows us that 
this is a reasonable response 

𝐀𝐱𝐢𝐚𝐥 𝐟𝐨𝐫𝐜𝐞 = 𝐬𝐮𝐫𝐟𝐚𝐜𝐞 𝐩𝐫𝐨𝐣𝐞𝐜𝐭𝐢𝐨𝐧 ∙ 𝐜𝐡𝐚𝐦𝐛𝐞𝐫 𝐩𝐫𝐞𝐬𝐬𝐮𝐫𝐞 = (
𝛑∅𝐢𝐧𝐧𝐞𝐫 𝐧𝐨𝐳𝐳𝐥𝐞 

𝟐

𝟒
− 

𝛑∅𝐧𝐨𝐳𝐳𝐥𝐞 𝐭𝐡𝐫𝐨𝐚𝐭 
𝟐

𝟒
) ∙ 𝟐 = 𝟐𝟓′𝟖𝟔𝟐 𝐍  

 
Where ∅ is the diameter and axial force is 25.9 kN. 
  

By hand RPA results Fluent 14.5 By hand RPA result Fluent 14.5 By hand RPA result Fluent 14.5

Nozzle static pressure bar 20 20 20 11.6 11.5 10.7 X -0.4 -0.65

Channel static pressure bar X X X 15 X X 15 X X

Pressure difference bar 20.0 20.0 20.0 3.7 X X 14.48 X X

ExitThroatCombustion chamber
Variables Unit

Water inlet

 

Water outlet 

Outer jacket 

Cooling jacket 

O-rings  



   

GM3 Development of a water-cooled rocket nozzle 25 

 
 

 

 

Figure 14.  Welding constraining the nozzle 

A simple hand calculation will be made to have an idea of how much shear stress the welded section will be 
under. 
 

σshear =
Axial force

Shear section
=

F

h ∙ π ∙ ∅outer nozzle
=

23600

0.001791
= 13.17 MPa 

 
Where h is the depth of the weld. 13.2 MPa is acceptable considering the component (made out of construction 
steel, ST50-2) will be under roughly 500°C at the most. 
Figure 6 shows the shear section and what the above calculation is calculating.  

Welding joining the 
nozzle and outer jacket.  

Combustion 
chamber 

Axial loads 
pushing the 
nozzle away 
from the 
combustion 
chamber 

Red arrows show how the axial load is transmitted 
from the nozzle to the combustion chamber 

Bolts connecting the outer jacket 
to the combustion chamber 

Hot gas flow direction 

Constraining ring 

With a welded 
constraint at only 
one end the 
nozzle and 
cooling jacket can 
freely slide (due 
to thermal 
expansion) within 
the outer jacket 
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Figure 15. Shear force section on weld 

From analyzing the radial and axial pressure loads we have seen that we have a maximum of 14 bars for radial 
pressure load and roughly 13.7 MPa of axial shear stress on the constraining weld. From section XX   we see 
that the yield strengths at the “normal” 0.2 strain level, mild steel can resist up to 325 MPa at 460°C. Thus these 
loads are small in magnitude and will not affect the design of the system to a great extent.    

6.2.5 Thermal stresses 
There are 2 types of thermal stresses that the cooling system will experience. Firstly, compression due to 
restricting thermal expansion between parts (completely radial). Secondly, thermal stresses induced by large 
temperature gradients within individual parts.  

 Thermal expansion between parts. 

The nozzle throat by far will have the highest temperature rise (see section XX). Compressive stress in the nozzle 
will be caused by restricting thermal expansion between the nozzle and the jacket. The cooling jack itself, does 
not come in to contact with hot gases and thus will not expand as much as the nozzle. Figure 7 shows the 
problem area. The temperatures cited in figure 7 will not be attained as the test firing will be short in duration 
as mentioned in section 2.2. However, it is insightful. 

Weld section  

23.6 kN pushing 
against the nozzle 

Outer jacket countering 
force 

Hot gas flow 
direction 
 

Depth of weld 

4mm 
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Figure 16. Thermal expansion problem area 

To get an idea of the amount of nozzle expansion and compression stress, a simple 2D hand calculation will be 
made using a thin cylinder approximations. In this approximation the effects of the cooling channels will not be 
taken into consideration.  

 Increase in diameter due to thermal expansion 

In the first step we will be to calculate the increase in diameter due to thermal expansion. The circumference 
of a thin tube is given by co =  π ∙ ∅0 (1), where ∅ is the diameter. The change in circumference due to 
temperature change can be expressed as ∅c = ∅1 − ∅0 = π ∅0 ∆T α (2). ∆T is the change in temperature and 
α is the linear expansion coefficient (12 ∙ 10−6 °C−1 for ST50 − 2 steel). The final diameter can be expressed 
as c1 =  π ∙ ∅1 (3). Putting equations 1, 2 and 3 together we get ∅1 = ∅0(∆T α + 1) (4). In the worst case the 
nozzle will be heated up to 500°C. Using equation (4) this gives us a final diameter of ∅1 =
67[(500 − 20) 12 ∙ 10−6 + 1] = 67.39mm. This gives a difference of 0.39mm. Where 20°C is assumed to be 
the nozzle temperature at the start of firing and 67mm is the nozzle’s outer diameter at 20°C (see index XX). 

 Interfacial pressure between due to thermal expansion 

Second step is to find the interfacial pressure between the nozzle and the jacket if the 0.39mm difference is 
constrained by the cooling jacket. The table below shows the different variables that come into to play. 
 

 
Tableau 4. Interfacial pressure variables 

For tube 1 we have ∆D = D
σ

E
=

pD2

2eE
, and σ = ps

D1i

2e1
 , with ∆D = ∅2e − ∅1i, giving: ∆D1i = ps

D1i
2

2E1e1
 

 

For tube 2 we have the same relations, giving:  ∆D2e = ps
D2e

2

2E2e2
 

 

∆D = ps

D1i
2

2E1e1
+ ps

D2e
2

2E2e2
 (a)  

 

Now with relation (a) we can find the interfacial pressure: ps =
2∆D e1e2E1E2

D1I
2  e2 E2+ D2e

2  e1 E1
 (b) 

 

And we can also find the interfacial stress on the nozzle: σ2 =
∆D e1E1E2

D1I
2  e2 E2+ D2e

2  e1 E1
∙ D2e (c) 

 

Young modulus (MPa) Thickness (mm) Interior diameter (mm) Exterior diameter (mm)

Cooling jacket E1 = 210'000 e1 = 36.5 ø1i = 67 ø1e = 140

Nozzle E2 = 210'000 e2 = 5.5 ø2i = 56 ø2e = 67.39

Cooling jacket 
 

Outer jacket 
 

Rocket nozzle 
 

Problem area 
between the 
nozzle and the 
cooling jacket Hot gas temperature 

(around 3300K) 
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By application of equation b the interfacial pressure of ps = 173 MPa is found and also the interfacial stress on 
the nozzle is found to be  σ2 = 1058 MPa. This is unacceptably high. In order to reduce the thermal stresses a 
difference between the nozzle outer diameter and cooling jacket inner diameter must be made.   
It has been found that by increasing the inner diameter of the cooling jacket to 67.4mm and with a ∆T =
500°C − 20°C = 480°C the interfacial stress is zero. After careful consideration and research, it was thought 
that fatigue would cause localized structural damage after only a few firings (as the steel will start to corrode 
and wall thickness is only 1.5mm thick). The point of this project is to in the end make 10 or 20 refiring’s in order 
to study engine phenomena. Thus, the decision was made to make the cooling jacket inner diameter 67.4mm 
so that no compressive thermal stress is induced while operating the engine. 

 Thermal stresses induced by large temperature gradients within the material 

The temperature differential introduces a compressive stress on the inside and a tensile stress on the outside 
of the inner wall.  

 

Figure 17. Compressive, tensile stresses and temperature drop with in the nozzle wall 

As seen in figure 8, the thermal stresses induced by the temperature difference across the wall (gas and water 
side), are often the most severe stresses. A change in heat transfer or wall temperature distribution will affect 
the stresses in the wall.  
 
The axial flow cooling method allows us to capitalize on both minimizing the wall thickness on section A and 
benefit from having a thick walled cylinder in section B. In other words, we can optimize the heat transfer by 
minimizing section A and also maximize section B to improve structural integrity. 
 
In figure 8, the temperature gradient between the gas side and the water side causes the hot inner wall surface 
to expand more than the wall surface on the coolant side and imposes a high compressive thermal stress on 
the inside surface and a high tensile thermal stress on the coolant side. The stress σ can be calculated for simple 
cylindrical chamber walls that are thin in relation to their radius the following relation can be used:  
 
σ = 2 α E ΔT (1 −  ν) = 2 ∙ 12 ∙ 10−6 ∙ 210000 ∙ (1383 − 921) ∙ (1 − 0.303) = 1623 MPa. 
 
Where α, is the coefficient of thermal expansion of ST50-2 steel, E the modulus of elasticity, ∆T is the 
temperature drop across the wall, and ν the Poisson ratio of ST50-2 steel.  
This equation shows the temperature stress has exceed the yield point. The preceding equation is applicable 
only to elastic deformations. This yielding of rocket thrust chamber wall materials will be observed by the small 

Water side 
Temperature of the 
wall, gas side 1383K 
 

Wall temperature 
water side (around 
921.5K) 
 

A 

B 
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and gradual contraction of the throat diameter after each operation. The most severe thermal stresses can 
occur during the start, when the hot gases cause thermal shock to the hardware. These transient thermal 
gradients cause severe thermal strain and local yielding. The resultant stress distribution in inner walls (shown 
shaded in the sample stress diagram of figure 8 indicates that the stress in the third of the wall adjacent to the 
hot gases has exceeded the yield point.  
 
It is at this point that the axial flow cooling method proves to be ideal for this project. Because the modulus of 
elasticity and the yield point diminish with temperature, the stress distribution is not linear over the yielded 
portion of the wall. In effect, this inner portion acts as a heat shield for the outer portion which carries the load. 
 
Because of the differential expansion between the hot inner shell and the relatively cold outer shell, it is 
necessary to provide for axial thermal expansion. Yet another reason why in section 2.2.5.3 the decision was 
made to design a zero stress cooling chamber.  
To conclude, the cooling jacket will be designed so that the cooling fluid adsorbs the maximum heat transferred 
across the inner motor wall, with a minim wall thickness of 1.5mm. The optimization and final number of cooling 
channels, rib height, and channel width will be discussed in section XX. 
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 Finite element analysis (FEA) using PTC CREO  

FEA was used to simulate the first mode of buckling, static stresses and deformation at the most critical phase 
of engine operation, the starting phase.   

6.3.1 Buckling 
 

 

 

Figure 18. Buckling mode 1 (FEA) 

These results show that the first mode buckling will start at 162.8 times applied pressure of 15 bar and 0.5 bar 
in the nozzle. This is simulating the conditions at engine start, the worst case scenario.  
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6.3.2 Static stresses and deformation 
Static simulations of applied pressure of 15 bar and 0.5 bar in the nozzle. 

 

 

Figure 19. Stress Von Mises (FEA) 
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Figure 20. Deformation (FEA) 
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 Physical system design 

After taking into consideration the optimization of heat transfer, mechanical limitations and integrating the new 
system with the test engine, the physical design of the system falls into place logically. 

6.4.1 Contour of the cooling channels and outer nozzle surface 
The cooling channels simple follow the inner contour of the nozzle as to provide a continuous wall thickness of 
1.5mm, shown in figure 9. 

 

Figure 21. Contour of the cooling channels 

6.4.2 Contour of the outer nozzle surface 
The contour of the outer nozzle surface insures that the correct rib height is maintained. After optimization of 
heat transfer in section Xx , it was decided that a rib height of 4mm would be maintained from the water inlet 
until the a 3rd of the length downstream of the throat. After which, a divergent duct would increase the rib 
height from 4mm to 6mm up until the end of the cooling channel, the reason for this is discussed in section XX. 
 

 

Cooling channel 

Inner contour 

Outer nozzle surface 
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Figure 22. Contour of the outer nozzle surface 

6.4.3 Placement of O-ring seals 
The O-rings will provide a means of sealing in the high pressure water from leaking out from the cooling 
chamber. Groves for O-ring placement where made on the downstream end of the rocket nozzle and on the 
cooling jacket.  

 

Figure 23. O-ring placement 

The O-ring dimensions are displayed on the nozzle plans in the index section XX. 

6.4.4 Water pipe connection 
The fittings used to make a connection between the water pipes and the cooling system are stranded gas 
fittings’. All the dimensions for the fitting are displayed in section of the index XX. 

6.4.5 Constraining ring 
The constraining ring is used to constrain the complete nozzle and cooling system to the rocket engine. Figure 
12 shows this. 
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Figure 24. Constraining ring placement 

 

 

Figure 25. Shear section on constraining ring 

The ring will be subject to shear forces. A hand calculation will be made to insure that the ring’s section subject 
to the shear force can withstand the shear stress.  
 

σshear =
Axial force

shear section
=

23600

(π 160) ∙ 20
= 2.4 MPa 

 
Where 160mm is the outer diameter of the outer jacket and 20mm is the width of the ring. The ring will have 
no problems constraining the cooling system.  

6.4.6 Tensile force in the M6 bolts  
The tensile force in the M6 bolts can be found by hand by the following calculation. 
 

σtensile =
Axial force

12(Bolt section) 
=

F

12(
π∅2

4 )
= 108 MPa → tensile force per bolt →  

108

12
= 9 MPa 

 
If we take a class quality of 8.8 and the ∅ = d3 = 4.77mm the max tensile strength at 20°C is around 800 MPa, 
so we are well within the safe range of operation. However, it would be a good idea to reduce the diameter of 
the bolts to the point where an over pressure in the combustion chamber would result in the bolts failing first. 
This would prevent engine deformation in that case. But we will leave that to SPL. 
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6.4.7 Cooling jacket design 
The design of the cooling jacket was made by using the same surface contour as the outer surface of the nozzle. 
While respecting the diameter requirements found in section 2.2.5. Furthermore, care was taken in order to 
provide the maximum amount of sealing between the annular water inlet chamber, and the annular water 
outlet chamber.  
 

 

Figure 26. Cooling jacket design 

The cooling jacket dimensions can be found in the annex section xx. As mentioned in section 2.2.5.3 the 
interfacial pressure and interfacial stress will be only that coming from the water pressure. A simple hand 
calculation shows that this is nothing to worry about. 
 
Stress (σwater pressure) induced from the projected water pressure acting on the cooling jacket is simply →

15 bar → 1.5 MPa. Considering that that the wall thickness and over all section is quite large we will consider 
this as to be negligible. 
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6.4.8 Outer jacket design   
The outer jacket was designed to contain the rocket nozzle and the cooling jacket a long with the cooling fluid 
under a pressure of 15 bar. Furthermore, it is the outer jacket that makes the interface between the combustion 
chamber and the rocket nozzle.  
 

 

Figure 27. Outer jacket design 

The wall thickness is 9.5mm at the operating temperature and pressure given the tensile strength of ST50-2 
steel (see section XX), the outer jacket is under no critical stress.  

6.4.9 System assembly 
The cooling system will be assembled in x steps. 
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 Assembly step 1  

 

Figure 28. Assembly step1 

 Assembly step 2 

 

Figure 29. Assembly step 2 

  

2 halves bolted 
together 

Bolts will be welded 
together and to the 
cooling jacket 

Place the nozzle and cooling 
jacket assembly in to the 
outer jacket  

Careful not to 
pinch the o-rings 
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 Assembly step 3 

 

Figure 30. Assembly step 3 

 Assembly step 4 

 

Figure 31. Assembly step 4 

  

Weld the nozzle to 
the outer jacket 

Weld on the 4 water pipe 
fittings 
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 Assembly step 5 

 

Figure 32. Assembly step 5 

 Assembly step 6 

 

Figure 33. Assembly step 6 

Note, that the mount of the liquid cooled rocket nozzle on to the combustion chamber will not be so straight 
forward. Most probably it will be a long prose going back and forth from the CNC machine and the fitting room. 
 
 
 

Fit the rocket nozzle cooling 
system in to the combustion 

chamber 

Mount constraining ring and 
12 M6 bolts 

Research rocket 
engine to be 
mounted on the 
test stand at SPL 
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7 Numerical simulations 
The process of obtaining a valid and converged solution from a numerical simulation takes a very long time and 
a lot of hard work. This is true for all the numerical simulations that were run no matter what software was 
used. This comment is being made to bring out the fact that a substantial amount of time was dedicated to 
running simulations on different software’s, such as COMSOL and ANSYS Fluent, with the objective of justifying 
a few critical mechanical decisions, but given the limited time available for this project, the expectancies had to 
be lowered. By lowered, we mean that many simulations that were planned (especially with COMSOL) did not 
succeed and/or that the information obtained from the simulations on Fluent was limited to fluid mechanics 
and neither heat transfer nor mechanical stress was coupled with it. 
 
As this is primarily a project with an educational purpose, the details of the work done and the failed results 
obtained while running simulations on COMSOL will be described for our professors in section 3.1. “Gas and 
water flow simulations in COMSOL 5.0”. For those only interested in the successful simulations and relevant 
results, please fast-forward to section 3.2 “Gas flow simulation on ANSYS Fluent 14.5”. 

 Simulation in COMSOL Multiphysics 5.0 

Originally, the goal was to perform a 3D simulation of the gas and water flows through the nozzle and the cooling 
jacket, and then obtain accurate values for heat transfer and the mechanical stresses that would impact the 
whole structure (nozzle, cooling jacket and outer shell). It was soon pretty clear that a 2D axisymmetric 
simulation was first to be performed even if it implied that the channels would be disregarded and considered 
as one big channel around the whole nozzle. This is the way it works in the world of simulation, people should 
always start with a simplified problem and then implement complexity step by step (and run calculation at each 
of these steps) to finally obtain the results they are really interested in. 
 
The decision to use COMSOL was based on two criteria. The first one was that the initial simulation that the 
students had in mind involved multiple physics ; fluid mechanics, heat transfer and mechanical stress. The 
second reason was that this software is widely used in the industry by smaller companies because it is a much 
more affordable alternative to ANSYS Fluent, and that it would be helpful to the students for their future career. 
 
Sadly, none of the simulations that were to be carried out in COMSOL functioned properly and only the very 
first stages of one simulation worked. In other words, the only results that were obtained from COMSOL were 
those of a preliminary simplified stage where the fluids used were air and water (instead of the real mixture and 
water) and whose boundary conditions that were set were extremely simple in comparison to the real ones (no 
supersonic flow, no high temperatures, etc.). 
 
In this chapter, the main steps that brought the students close to getting a valid final result will be described. 
The first concern shared by many CFD teachers and assistants of HES-SO was that COMSOL is known for not 
being great at simulating flows, and it proved to be true. Again, the purpose of using COMSOL here was mainly 
educational and using its CFD module was the first step that had to be taken before adding other physics. 

7.1.1 COMSOL model 
The main advantage of using COMSOL was concerning the selection of flow models. Indeed, unlike in Fluent, it 
is possible to set as many flow models as there are flows in the simulation. For this particular case, there are 
two flows : compressible gas flow through the nozzle and water flow in the cooling channels. The relevant flow 
model for each would have been “High Mach number flow” for the gas flow and “Turbulent incompressible 
flow” (such as k-omega or k-epsilon) for the water flow. Unfortunately, the software was never able to calculate 
anything using nor the high Mach number flow neither any turbulent flow. Consequently, the first stage of the 
simulation (which is sadly how far it managed to go in the end) was limited to laminar flow with the goal of 
implementing complexity later on. This chapter therefore describes the steps to simulating the aforementioned 
flow in the nozzle and the cooling channels. 
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 Geometry 

7.1.1.1.1 From PTC Creo to 2D axisymmetric COMSOL model 
First the 3D assembly of the nozzle and its cooling jacket had to be cut in two and imported from PTC Creo 
2.0 into COMSOL 5.0 as a 3D solid. Then, a plane was drawn in the middle of the geometry to generate a 
cross section of the 3D model in order to obtain a 2D axisymmetric model in COMSOL. The images below 
help understand how the 2D model was created : 
 
Below is the 3D solid import from PTC Creo 2.0 with plane cutting it in the middle (notice it was cut in half 
beforehand on Creo so that the section obtained with this plane is on one side of the axis for the axial 
symmetry) : 
 

 
Figure 34. COMSOL - 3D solid import from Creo with cutting plane 

 
Once the cross section was created from the plane, the geometry was converted to a 2D axisymmetric model 
as shown here under : 

 

 
Figure 35. COMSOL - 2D axisymmetric model 

  

Axis 
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7.1.1.1.2 Defining usable zones 
The CAD geometry was successfully imported and turned into a 2D axisymmetric model, but it was still not 
usable for a future simulation. In order to later define which line has what function (inlet, outlet, wall,...) and 
what area is fluid and/or solid, a few steps were still needed. Lines had to be added to “close” the geometry, 
a union boolean condition was applied to generate surfaces and then the whole thing was converted to solid. 
See images below to better understand : 
 
The lines that were added manually appear on the left image below. This “closed“ the geometry and allowed 
the use of boolean conditions to generate a solid with separate zones (see the left image below) : 
 

 
Figure 36. COMSOL – Preparing the geometry for the simulation 

 Mesh 

COMSOL makes it easy for users to mesh their geometries and initially only asks for the general coarse 
parameter (coarse, medium, fine,...) and then automatically refines the mesh where necessary such as close to 
curvatures etc. Nonetheless, it allows the user to enter more advanced parameters for the mesh exactly like in 
Fluent (meshing method, etc.). As this was the first stage of the simulation and because it was the students’ 
first use of COMSOL, the automatic mesh was used for time saving purposes. To be honest, the automatic 
mesher does a great job (see next page) : 
 

Lines 

Zones 
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Figure 37. COMSOL – Automatic mesh 

 

 Results 

The goal of this section is to show what results on COMSOL 5.0 Multiphysics look like although the simulation 
that was run does not bring any relevant information for this project. A few steps (materials, model solver, flow 
model, boundary conditions, etc.) were fast-forwarded to keep this chapter short. Basically, the following 
parameters were chosen for this simulation : 

- Materials : air in the nozzle, water in the cooling channels 
- Solver : transient (steady was not working) 
- Flow model : monophasic laminar flow 
- Boundary conditions : Inlets and outlets as shown on the first image (very low entry speeds) 

 
As the main goal of using COMSOL for this project was to get a feel for it, the students played a bit with the 
options the software offers. Only two different flows are displayed on the next page, one where the particles 
were allowed to slip against the wall (inviscid) and once where there was a no-slip condition on the wall. 
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Figure 38. COMSOL – no-slip condition laminar flow, velocity (m/s) 

 

 
Figure 39. COMSOL – slip condition laminar flow, velocity (m/s) and pressure (Pa) 
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 Simulation on ANSYS Fluent 14.5 

As the CFD simulation proved to be impossible in COMSOL (this software is known for not giving great CFD 
results), it was decided to try and obtain a valid simulation of the gas flow inside the nozzle on ANSYS Fluent 
14.5. The purpose of this simulation was to implement multiple physics after the flow simulation was valid (heat 
transfer, mechanical deformation). The first step was to have a valid flow simulation and this is where Fluent 
comes in. It was also a way of verifying the mass flow predicted with RPA and find out how much force would 
be pushing against the walls of the nozzle about the longitudinal axis x. Unfortunately, it turned out to be more 
time-consuming than expected, and only the gas flow simulation was achieved in time. 
 
A major space of time was spent on getting this simulation to converge, hence the main steps (including one of 
many failed attempts) will be described in this section.  
 
Comment : As this was primarily an educational project, one failed attempt is described in detail in section 3.2.1 
“Early model”, but it is mainly intended for our professors. Those interested in the final model can skip to section 
3.2.2 “Final model”. Nevertheless, many choices made concerning the geometry, the mesh and the simulation 
setup which will be explained in this section, will not be repeated in the final model section (3.2.2). Therefore, 
this section can be referred to as the tutorial part of the simulation and can help an interested individual 
perform a correct simulation and understand why such and such parameters were chosen. 

7.2.1 Early model 
The attempt that is being described here is not the first one that was actually tested. It is already a version 
derived from earlier attempts.  As there were too many attempts, only one is being mentioned in this section. 
Many details regarding how the simulation was set up on Fluent will be shown for this first case, but for the 
successful attempt of chapter 3.2.2, only the modifications that were made from this case will be mentioned. 
In this chapter, all of the choices that were made to run the Fluent simulation are explained. 
 
The experience obtained through many hours of struggling with COMSOL led to straight away start off with a 
2D axisymmetric case. Furthermore, as only the gas flow was being simulated, it actually made sense to use an 
axisymmetric setup (unlike when the water flow through the channels was to be calculated in COMSOL). 

 Geometry 

The first approach was to reproduce the nozzle in 2D and add a wide rectangle around it to simulate the ambient 
air. The goal was to observe the interaction between the supersonic flow exiting the nozzle and the static air 
around it and hopefully visualize the shock waves that should form from the outlet in a diamond-shaped 
manner. After a first calculation, the solution did not converge and it was decided to add a rectangular area 
before the nozzle inlet that would simulate the combustion chamber (flow coming horizontally before following 
the curves of the nozzle makes it easier to start the calculation process). Below is the geometry : 
 

 
Figure 40. Fluent 14.5 - Geometry 

Flow 

Axis 

« Combustion chamber » 

Nozzle 

Ambient air 
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 Mesh 

The mesh had to be carefully chosen as this is often a case of divergence in calculations. A meshing method 
using triangle was applied to the whole geometry. The general settings for the mesh were as follow : 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The function “proximity and curves” refines the mesh close to geometry changes, and the mesh was medium 
coarse overall. However, two areas were set with a much finer mesh. Indeed, two much more demanding 
meshing conditions were given to the zones starting from the nozzle wall towards the axis and also from the 
inlet of the combustion chamber towards the nozzle. These two zones are shown below : 
 
 
 
 
 
 
 
 
 
 
Their mesh settings were defined as follows : 
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The main difference between the general mesh setting and the edge condition is the size of the elements at the 
edges (0.1 mm vs 0.5 mm) and their expansion rate (2.5 % vs 10 %). This resulted in the following mesh : 
 

 

 
Figure 41. Fluent 14.5 - Mesh 

 
One can tell that the mesh is very fine where it needs to be and then expands in the ambient air rectangle where 
small cells are not needed. Out of all the others mesh that were tried, the triangular one offered the best quality 
of elements. Their number and quality are shown below : 
 

 
 

 

Critical area 
(nozzle) 

Non-critical area 
(Ambient air) 

Close-up 
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It is clear that the overall quality of the elements is very high (most of them are situated between a quality 
criteria from 0.8 to .98) and their number is also very reasonable as there are about 150’000 cells. This mesh is 
therefore a very good compromise between quality and quantity. This proves that one of the advantages of 
using a 2D model is that it is possible to obtain a very fine mesh and yet still have an extremely modest number 
of cells. 
 
Named selections 
The last important thing to do before setting up the calculation is to define named selections for special 
boundary conditions. The areas that need a special name (which will allow the definition of specific boundary 
conditions in the calculation setup) are shown in the picture here under : 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 42. Fluent 14.5 – Named selections 

A will be the inlet of the nozzle and E the outlet through which the flow will be able to exit. There is nothing 
separating the ambient air and the outlet of the nozzle so that the fluid should be able to exit freely into the 
static air. D will be the axis used to set up the axial symmetry and the rest will be walls. 
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 Set up 

Launch 

When launching the Fluent part of ANSYS 14.5, a few choices have to be made. They are mentioned under the 
picture below. 
 

The 2D mode is already selected as this choice 
was made while creating the geometry of the 
nozzle. Double precision means that the 
number of decimals taken into account in the 
calculations is doubled (it might seem 
harmless, but considering the number of 
iterations involved, having twice as many 
decimals can make a big difference in the final 
result). Parallel processing allows for a mesh 
area distribution on different cores of the 
computer, which dramatically lowers the 
calculation time. The computer at our disposal 
had 16 cores as the calculations were run at 
the CMEFE facilities in Pont-Butin, Geneva, but 
only 4 were used (for this case) as the number 
of cells was very low. 

 
A rule of thumb used by many CFD people approximates that 1 core is needed for each 50’000 cells. If a mesh 
is composed of 100’000 cells but that the user distributes the calculation on 16 cores for example, then the 
calculation takes more time than if the number of cores needed had been approximated with the 
aforementioned rule. 
 
Comment : The number of cores was changed for each attempt that was carried out (up to 10 cores were used 
for some alternatives which will not be mentioned in this report). 
 

Solver 

The solver type is density based as we are dealing with a 
compressible flow. The goal was to run a steady flow simulation 
first, but after many failed attempts, it was decided to use a 
transient solver as it was the only one that seemed to possibly 
converge towards a solution. Finally, 2D axisymmetric was selected. 
 
 
 
 
 
 
 
 

Model 
According to many papers on supersonic flow simulations, using the inviscid model to simulate such flows is 
quite accurate. There is no need to use a complex turbulence model as the Eulerian approximation of the flow 
gives great results in very little time. Using a turbulence model will have effects such as reducing the maximum 
Mach number (as there is momentum loss), show more accurate locations and shapes of shock waves and so 
on. But overall, the results would be very similar. Furthermore, the goal of this calculation is not to obtain a drag 
coefficient, but mostly the forces due to pressure on the walls. Therefore no viscosity is needed. If you want to 
find out more about the differences between using a turbulence model or the inviscid model, please refer to 
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Named selection Type Values

Axis Axis X

Inlet_nozzle Velocity inlet v = 200 m/s, T = 300 K

Wall_nozzle Wall X

Interior-corps_surf. Interior X

Outlet Pressure outlet p = patm, T = 300 K

All the others Wall X

the tutorial “Inviscid and compressible flow through a converging-diverging nozzle” (details in chapter 
“Sources”). 
 
After choosing the model, the energy equation was activated because the gas will be considered as ideal gas 
(density will not be constant) and that requires the energy equation to work. Also, the ultimate goal is to set 
different temperature conditions at the inlet and outlet of the nozzle and it is not possible without the energy 
equation. 
 

Materials 

As this was in the first stages of “experimenting” the 2D model to approach the reality step by step, the material 
that was used for simplicity was air. The most important thing to do in the materials section was to change the 
density from “constant” to “ideal gas”, otherwise there would be no compressible flow. 
 

Boundary conditions 

Setting up the correct boundary conditions is crucial in order to obtain valid results and a solution that 
converges. Below to the left, is a picture of the named selections (see chapter 3.2.1.2 Mesh) that now appear 
in the boundary conditions section. On the right, the table sums up what boundary condition was set for each 
named selection. 
 
 
 
 
 
 
 
 
 

Tableau 5. Early attempt – Boundary conditions 

 
 
 
 
 
 
 
The thermodynamic values that are known for the SPL rocket engine are total pressure and total temperature. 
Unfortunately, at this stage of the simulation, these conditions were too extreme and setting the inlet as a 
pressure inlet instead of the current velocity inlet did not allow the calculation to converge. Thus, for this 
attempt, a random inlet velocity of 200 m/s was set only to make sure that the flow would be supersonic at the 
exit. Also, there was no room to play with temperatures yet as nothing had converged so far (hence the use of 
T = 300 K). The pressure at the outlet (which is the outlet of the large rectangle of ambient air, not to be confused 
with the outlet of the nozzle) was set to P = Patm (relative pressure = 0). 
 

Solution methods 

The only change made to the solution method was in the spatial discretization section. The flow parameter was 
changed from 1st order upwind to 2nd order upwind. This means that the calculation run in one cell takes into 
account the values in the two cells before it. It is an important option to activate in order for the computer to 
detect shock waves. 
 

Solution initialization 

The hybrid initialization never helped to bring any calculation towards convergence so the standard one was 
used with the default values (for this attempt only). 
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Run calculation 

As the solution was defined as transient, a time step size had to be approximated to make sure that no cell 
would be “missed” by the flow at each time step that would be calculated. The basic idea behind having the 
right time step size is to avoid that a particle of gas moving at a certain speed “jumps” one cell because it is 
smaller than the time step allows it to be. If this were the case, there would be a discontinuity in the calculation 
and it would diverge. Indeed, the smaller the cells are, the smaller the time steps sizes have to be. There exists 
another rule of thumb used by CFD users, originally derived from a proper mathematical expression, that says: 
 

∆𝒕 =
∆𝒙

𝒖
 

 
Where : 
∆𝒕 = 𝑇𝑖𝑚𝑒 𝑠𝑡𝑒𝑝 𝑠𝑖𝑧𝑒 (𝑠) 
𝒖 = ℎ𝑖𝑔ℎ𝑒𝑠𝑡 𝑠𝑝𝑒𝑒𝑑 𝑟𝑒𝑎𝑐ℎ𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑓𝑙𝑜𝑤 (𝑖𝑛 𝑠𝑢𝑏𝑠𝑜𝑛𝑖𝑐, 𝑢 = 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑠𝑜𝑢𝑛𝑑) 
∆𝒙 = 𝑠𝑖𝑧𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑚𝑎𝑙𝑙𝑒𝑠𝑡 𝑐𝑒𝑙𝑙 
 
It is a rule of thumb as it over estimates how small the time step size has to be. Indeed, this expression combines 
the highest speed in the flow and the smallest cell of the model. But in reality, the highest speed isn’t necessarily 
where the smallest cell is. Nonetheless, this permits the engineer that wants to run a transient simulation to 
have an idea of the time step size involved. 
 
For this project, the values were the following : 
∆𝒕 = ? (𝑠) 
𝒖 = 2′400 𝑚/𝑠 
∆𝒙 = 0.0001 𝑚 
 

Hence ∆𝒕 = 𝟒. 𝟓 ∙ 𝟏𝟎−𝟖 𝒔 
 
The time step size approximated is extremely small. Indeed, to obtain 1 second of simulation, the software 
would need to perform about 22 million time steps, if the number of iterations per time step was 1. Considering 
that in general 10 to 20 iterations per time step are needed, then the number of iterations that the computer 
would have to do is 400 million. This would take weeks and there are great chances that the solution would still 
not converge. As the goal of this attempt was to observe how the calculation would behave in the first stages, 

the time step size was increased to ∆𝒕 = 𝟏 ∙ 𝟏𝟎−𝟔 𝒔 (1 micro second). Therefore 1 million time steps were to 
be calculated with 20 iterations per time step, which would be 20 million iterations.  
 
The time needed for a complete calculation for 1 second of 
simulation would be, considering that a time step takes about 1 
second, around 10 days. It seemed crazy to spend so much time for 
a 2D model of a compressible flow through a nozzle. Indeed, it is no 
basic school case, but it is also not the most complex model that can 
be solved on ANSYS Fluent 14.5. Nevertheless, the calculation was 
launched in the evening and the results that were observed the next 
morning are shown in the next chapter. 
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 Results 

As mentioned above, the calculation was launched in the evening, and the next morning a bad surprise was 
awaiting. The solution seemed to converge over the first 10‘000 iterations (the residuals were reducing towards 
the range of 10−1), and then it stagnated until it diverged completely at around 65‘000 iterations (residuals 
reached the range of 1015). There was also an error message saying that Fluent had encountered divergence 
on pretty much every variable. 
 
The visualiazation of the results helped confirmed how wrong the calculation went. Here is an example (velocity 
in m/s) : 
 

 
Figure 43. Fluent 14.5 - Velocity contour error 

 
According to this picture, speed decreases from 200 m/s in the combustion chamber to about less than 1 m/s 
at the nozzle inlet. On top of that, the velocity above the nozzle in the wide rectangle is higher than inside the 
nozzle close to the exit (where it should be maximum). This is a sample of how many hours were lost trying to 
find ways to make the simulation work. 

 Subsequent modifications towards final model 

After a few other attempts where the mesh was modified, the boundary conditions were changed etc., nothing 
was yet converging. We tried having a supersonic inlet before the nozzle, to see if it helped make the solution 
converge. At the time, the concern was that the acceleration of the flow up to Mach 1 at the throat was not 
working out, hence it was decided to start with Mach 3 at the edge of the combustion chamber. The outcome 
was that something was wrong at the transition between the nozzle outlet and the ambient air area (see picture 
below). Although not shown here, the Mach numbers were also wrong (𝑀𝑡ℎ𝑟𝑜𝑎𝑡 ≠ 1). 
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In the end, it was decided to only keep the nozzle and the combustion chamber section in front of it. This meant 
that the large rectangle of static air around the nozzle would be removed as it was really hard to estimate what 
the pressure at its outlet would be, and it could have been a possible cause of error. Once the rectangle was 
cut off, the calculations took much less time but it was still not working at all. 
 
Eventually, the nozzle inlet was replaced by a pressure inlet (instead of velocity inlet), its temperature was 
brought up to 3’500 K and its pressure set to 20 bars. This corresponds to the conditions of the real nozzle that 
will be tested at SPL facilities, but it did not work either. Subsequently, the material was replaced by the real 
mixture is to be injected ; kerosene and liquid oxygen. The values of Cp and the molar mass were gathered from 
RPA (Rocket Propulsion Analysis), the software that was used in the early days of this project. 
 
Reminder : except for the inlet boundary conditions that were changed as mentioned earlier, no other boundary 
conditions had been changed since they were shown in chapter 3.2.1.3. Although all the data seemed correct, 
the simulation still did not function properly. 
 
Finally, a solution to the problem was found. The main issue was due to the outlet : it was set as a pressure 
outlet with a pressure equal to the atmospheric pressure (relative pressure = 0), but according to RPA, the 
absolute pressure at the exit should have been around 0.58 bars and not 1 atm. When the exit pressure was 
adapted 0.58 bar, the solution started converging but relatively slowly. Eventually, the initial conditions were 
also modified. The details that helped make the simulation work are discussed in the next chapter. 

7.2.2 Final model 
To find out details such as which mesh was used, what named selections have been given to each edge, how 
most of the setup was done etc., please go through chapter 3.2.1 where each step of the simulation set up was 
explained. Only the parameters that were modified from the earlier attempt will be displayed in this section. 

 Geometry and mesh 

As it was mentioned in chapter 3.2.1.5, the geometry was simplified to just the nozzle and the combustion 
chamber (no more ambient air all around). Although not mentioned earlier, the mesh was modified to coarser 
dimensions as it proved to be easier for the computer to reach convergence. To save space, one picture will be 
used only to observe the new geometry and mesh. 
 

 
Figure 44. Fluent 14.5 – Geometry and mesh 

The mesh is still finer due to the extra two dimension conditions given to the edges of the geometry (re 3.2.1) 
and has an expansion rate of only 1%. The difference with the earlier mesh is that the cells’ initial size at the 
edges is now 2 mm (0.1 mm earlier). The mesh will be adapted (refined) where pressure gradients are strong 
after an initial calculation is run in Fluent. 
 

Named selections 

The only difference between the named selections of the early model and the final model is that the outlet is 
now the nozzle outlet and not the outlet of the large area of ambient air. The named selections are displayed 
on the previous picture for clarification. 

Inlet_nozzle Outlet 

Axis 

Nozzle_wall 
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Named selection Type Values

Axis Axis X

Inlet_nozzle Pressure inlet P = 20 bar, T = 3'500 K

Wall_nozzle Wall X

Interior-corps_surf. Interior X

Outlet Pressure outlet P = -0.42 bar, T = 2'385 K

All the others Wall X

 Set up 

Launch 

Everything is set up as in section 3.2.1.3 “Launch”. 
 

Solver 

The solver type is density based as we are dealing with a compressible flow. It was changed from transient (see 
chapter 3.2.1.3 “Solver” Early model) to a steady flow simulation. 
 

Model 
Identical to section 3.2.1.3 “Model”. 
 

Materials 

The material was changed from air to the real mixture that will be used in the SPL rocket engine. The values of 
Cp and molar mass were gathered from RPA software. The density was also changed from “constant” to “ideal 
gas”, just like in section 3.2.1.3 “Materials”. 
 

Boundary conditions 

The boundary conditions were the main reason in the divergence of the earlier calculations. They were set as 
appear in the Excel table below. 
 
  
 
 
 
 
 
 
 

Tableau 6. Fluent 14.5 – Boundary conditions 

 
 
 
 
 
The thermodynamic values that are known for the SPL rocket engine are total pressure and total temperature. 
The boundary conditions entered are now corresponding to the values given by SPL engineers at the inlet. For 
the solution to converge, the outlet pressure had to be lowered from atmospheric to 0.58 bar as it was 
calculated by RPA (Rocket Propulsion Analysis). This back pressure value was the key element that allowed the 
simulation to converge. 
 

Solution methods 

Identical to chapter 3.2.1.3 “Solution methods”. 
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Solution initialization 

This was the second key element that was modified to permit the 
simulation to give valid results. The initial conditions were set halfway 
between the default conditions and the extreme conditions that are 
to be applied to the nozzle. They are displayed on the left. 

 
The initial pressure set through all the nozzle and combustion 
chamber is 10 bars, velocity is 100 m/s and temperature is 3’000 K. 
This will dramatically help the software save time for its calculation. 
Indeed, it will be observed that the solution reaches convergence 
within 11’000 iterations, which is very fast. 

 

 

 

 

 

 

Run calculation 

Running a calculation for a steady solution is much easier than when it is transient. Unlike in section 3.2.1.3 
“Run calculation”, no time step size is needed. All that needs to be set is the number of iterations to run, and 
the courant number. The courant number resembles the time step size, as it is an indicator of the size of each 
iteration. It will not be modified as it can reduce automatically in order to reach convergence. Here below are 
the residuals of the calculation which reduce to 10−3 and under within 11’000 iterations. 
 

 
Figure 45. Fluent 14.5 - Residuals 

The solution converges after 11’500 iterations which is fast and proves that the boundary conditions are now 
making more sense for the software. 
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 Results 

The results obtained from the simulation will all be displayed one after the other to ease their consultation. 
They will then be discussed in section 3.2.2.4 “Analysis”.  
 

 
Figure 46. Fluent 14.5 - Contours of Mach number and velocity vectors by velocity magnitude (m/s) 
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Figure 47. Fluent 14.5 - Contours of Density (kg/m3), static pressure (Pa) and static temperature (K) 
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Figure 48. Fluent 14.5 - Forces projected on x (N) 

 

 
Figure 49. Fluent 14.5 - Mass flow rate (kg/s) 

 

 Results comment 

The first image that was displayed in section 3.2.2.3 (Results) is the Mach number evolution throughout the 
nozzle. The first element that confirmed that the simulation had worked properly was that the Mach number 
was constantly increasing as the flow travelled through the nozzle and that it was equal to 1 at the throat. 
 
The second image shows the velocity vectors in the nozzle and combustion chamber. Another reassuring fact 
was the neglectable speed in the combustion chamber (6 m/s) and the constant increase in velocity throughout 
the nozzle. On top of that, the directions of the vectors (no reversed flow) made sense. 
 
The following three images are the distribution of density, static pressure and temperature in the nozzle. Once 
again, all of these variables evolve in a logical way according to the theory on compressible flows. Indeed, the 
temperature, static pressure and density decrease as the flow expands across the convergent and divergent 
sections of the engine. 
 
Finally, the force induced by the pressure difference projected on the x axis is 23.6 kN and the mass flow rate is 
2.81 kg/s. 
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By hand RPA results Fluent 14.5 By hand RPA results Fluent 14.5 By hand RPA results Fluent 14.5

Mass flow rate kg/s 3 2.76 2.81 3 2.76 2.81 3 2.76 2.81

Temperature K 3'500 3'456 3'500 3'286 3'284 3'360 2'347 2'384 2'800

Pressure bar 20.0 20.0 20.0 11.6 11.5 10.7 -0.40 -0.65

Density kg/m3 1.615 1.568 1.660 0.995 0.962 0.950 0.073 0.070 0.100

Mach number - 0 0 0 1 1 1 2.68 2.76 2.85

Speed of sound m/s 1'216 1'203 1'216 1'178 1'164 1'191 996 982 1'087

Speed  m/s 0 0 6 1'178 1'164 1'191 2'668 2'793 3'040

Reynolds number - 0 x x 609'908 x x 351'080 x x

Force (on x) N 25'862 x 23'637 25'862 x 23'637 25'862 x 23'637

Variables
Combustion chamber ExitThroat

Units

 Simulations analysis 

The aim of this analysis is to compare the three methods used towards predicting the flow behavior in the 
nozzle. The methods used were hand calculation, RPA (Rocket Propulsion Analysis) and ANSYS Fluent 14.5. This 
should help determine whether the figures gathered from the different simulations/calculations are all in the 
same range (thus confirming that they are trustworthy). The table below serves for the comparison : 
 
 
 
 
 
 
 
 
 
 
 
 

Tableau 7. Methods comparison table 

The table sums up the values obtained for the three important regions of the nozzle ; combustion chamber, 
throat and exit. For each of these regions, the variables that were calculated with the three methods are 
reported separately. 
 
Each color used in the Fluent legend is valid for a certain range of values (example for Mach number at exit : M 
= 2.78-2.93). The Fluent values that are reported in the comparison table are averaged from the color they 
belong to (example for Mach number at exit : M = 2.85). The hand calculations were performed using isentropic 
compressible flow tables and according to the nozzle inner geometry provided by SPL. Moreover, the force on 
x calculated manually was simply done by subtracting the inlet and throat surface area and applying 20 bar of 
pressure on the resulting area.  
 
A first look at the table gives a reassuring impression that all three methods seem to predict similar values for 
each variable. The mass flow rate calculated manually is slightly over-estimated compared to the ones predicted 
by RPA and Fluent (which are almost equal). The temperatures estimated manually and with RPA are much 
closer to each other than what Fluent finds. Indeed, especially at the exit, Fluent predicts 2’800 K whereas hand 
calculations and RPA predict 2’347 K and 2’384 K. Concerning the pressure, all three methods seem to agree 
that the static pressure at the exit will be less than the atmospheric pressure (diamond-shaped shock waves 
should be visible during the burn tests that will be carried out at SPL facilities). Density is pretty much the same 
in all three cases except at the exit where Fluent gives a higher value of 0.1 kg/m3 compared to the others which 
predict both around 0.07 kg/m3. The Mach number calculated by Fluent 14.5 is the highest (2.85) followed by 
RPA (2.76) and hand calculations (2.68). The speed follows in the path of the Mach number with Fluent having 
the highest prediction (3’040 m/s), RPA the second highest (2’793 m/s) and hand calculations the lowest one 
(2’668 m/s). Finally, the force calculated by Fluent is close to the one calculated manually (23’637 N vs 25’862 
N). 
 
Please recall that the Fluent simulation was run using the inviscid model which means that no drag force can be 
calculated. 
 
One must keep in mind that these are predictions only and should be used with caution. Nevertheless, all three 
methods are giving very similar results and this is reassuring. Indeed, it is always difficult to tell whether a 
simulation can be trusted if it is completely off, especially on Fluent, and the fact that RPA and Fluent predictions 
are comparable definitely proves that the parameters set in both simulations are correct. 
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8 Conclusion 
The first stages of this project focused on determining the gas flow behavior inside the nozzle using the ideal 
rocket simplification theory (i.e. isentropic one-dimensional flow, etc.). These predictions were obtained 
through the use of 3 calculation methods : hand calculation, RPA and ANSYS Fluent 14.5 simulations. The 
outcome was that the results obtained from all three methods were complimentary and instilled confidence in 
the way the simulations were setup. 
 
Subsequently, a basic knowledge about heat transfer in rocket engines was researched in order to better 
understand the whether the thermal analysis run with RPA was to be trusted. The use of dimensionless number 
helped us gain confidence in our results. It was also mentioned that RPA thermal analysis calculates equilibrium 
solutions and therefore the higher-than-expected temperatures displayed may well be overestimated. 
 
The mechanical conception challenges due to the initial requirements and the extreme operating conditions 
were abundant and approached in a simplified manner as most of the calculations were done manually. More 
detail can be found in chapter 6. 
 
The use of conventional construction steel was imposed by SPL and justified by the fact that it is a laboratory 
test engine. Water was used as a coolant because it is convenient and safer than usual liquid-fuel propellants. 
 
Eventually, the numerical simulations run on COMSOL and ANSYS FLUENT 14.5 and their results were displayed 
in chapter 7. It was the author’s experience that correct flow simulations require serious expertise and a 
substantial amount of time as well as manpower. 
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11 ANNEX 

 Plans 

In order of appearance : 

1. Complete assembly 
2. Nozzle (2 plans) 
3. Cooling jacket 1 
4. Cooling jacket 2 
5. Outer jacket 
6. Ring 
7. Gas fitting 
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