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Abstract 

Liquid propellant rocket engines are very complex machinery and require immense 

research time to obtain the best performance possible. Therefore its performance efficiency 

has to be determined based on the various losses that occur during its operation. This research 

aims to measure the boundary layer efficiency caused by friction losses at the boundary layer 

formed between the fluid flow and wall surfaces. The boundary layer efficiency is being 

determined for a rocket test engine operated by the Institute of Flight Propulsion at the 

Technical University of Munich. The research was done numerically using the computational 

fluid analysis software ANSYS CFX [3]. Initial results were obtained by assuming fully combusted 

hot flow entering through the propellant injectors. Next a few methods were tested by 

supplying the combustion energy to the cold fluid flow as it entered the combustion region. 

Two methods using a volume source and a surface source were found to work perfectly though 

they created different combustion flows in the combustion region. Overall the volume source 

created a more logical fluid flow and also required less time for convergence of results. It 

should still be verified by simulating chemistry reaction of the propellants. 
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Nomenclature 

CEA NASA Chemical Equilibrium Composition Software 

Cp Specific heat capacity for constant pressure 

C* Characteristic exhaust velocity 

DLR German Aerospace Centre 

EADS European Aeronautic Defense and Space Company 

GOX  Gaseous Oxygen 

Isp Specific impulse 

O/F Oxygen to Fuel Mixture Ratio 

RC Rocket Chamber 

TUM Technical University of Munich 

����� Boundary layer efficiency 

1 Introduction 

A rocket engine is highly complex machinery and its design takes a very long process of 

research and optimization to obtain its highest potential. For example the Vulcain engine for 

the Ariane 5 rocket took almost 10 years of research and development. Each mechanism is 

critical for a rocket engine to function. The valves and feed mechanisms have to be precise and 

the thrust chamber requires a long period of research to work for optimal conditions. This 

requires a lot of experimental and research work. In recent years, more research work is now 

done by numerical simulation as it is an excellent design tool used in numerous engineering 

fields. It simplifies the design process by reducing experimental cost and research time. To that 

end, this current Master thesis involves computational simulation of the current test rocket 

engine setup at TUM to correlate with previous test data as well as providing data for future 

test campaigns. Section 4 provides more details on how CFD was applied for to the simulation 

work. 

Firstly, some basics of rocket theory will be explained for those unacquainted with the 

subject. There are different types of rocket types that have been researched. The only ones that 

have been successfully used over the last few decades are chemical rocket engines and electric 

propulsion thrusters. Electric thrusters use small amounts of propellant which are ionized and 

then accelerated to provide thrust. Chemical rockets are categorized into solid and liquid 

propellant rockets. In rocketry, a propellant usually consists of a fuel and oxidizer component. 

Solid propellant rockets involve the controlled burning rate of a solid propellant mixture. A 

liquid propellant rocket functions by feeding and mixing a pressurized oxidizer and fuel 

together to produce combustion by means of an ignition system or by contact alone [2]. 

The performance of a rocket is measured by a few important variables. Thrust is the 

amount of force generated by the propellant combustion and subsequent momentum flow. 

Thrust for a single rocket engine can vary based on rate of change of mass. The characteristic 

velocity, C*, is a measure of the propellant combustion efficiency and represents the velocity 

supplied by the propellant combustion. A constant variable is the specific impulse, Isp. It is the 

total impulse per unit weight of propellant and is related to the thrust provided per unit mass 
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of propellant. This also makes it dependent on C* as well. An ion engine for example has an 

extremely high specific impulse but due to its high energy requirement, has a very low thrust 

output. A solid propellant rocket has a much lower specific impulse than the ion engine but 

much larger thrust since less energy is required to initiate combustion. A disadvantage is that 

once combustion begins it cannot be controlled and will not stop until all the propellant is 

consumed. A liquid propellant rocket can provide the same performance as a solid propellant 

rocket but at the cost of a more complex mechanism and therefore requires more energy to 

provide combustion. An advantage is that its combustion can be controlled and allows the 

rocket engine to be used repetitively [2].  

The combustion test facility at TUM is collaboration between TUM, DLR and EADS ASTRIUM 

as component of the ATLLAS (Aerodynamic and Thermal Load Interactions for Lightweight 

Advanced Materials for High-Speed Flight) program to research new advanced materials for 

flight propulsion systems. Most conventional rocket engines employ a huge array of coaxial 

injectors which spray the oxidizer and fuel together to obtain the best combustion efficiency. 

Figure 1 shows the different injector types which are currently used [2]. The current test engine 

at the combustion facility utilizes instead a swirl coaxial injection system. This means the 

entering propellant has an axial and tangential vector. Figure 2 has an example of a swirl 

injector design. The rotating oxidizer enters through the swirl cap to a central inlet and the 

entering fuel is rotated by the fuel sleeve around the oxidizer mass flow. Kim et al. [7] 

conducted research on a swirl injector design and experimentally determined the formation of 

the fluid core flow created. Earlier phases were aimed at experimenting with different injector 

designs and therefore the test engine only features a single injector. Now that the injector 

design has been finalized, the next phase of the project aims to test different materials for the 

combustion chamber design as well as improving the efficiency of the test rocket engine itself.   

 
Figure 1 Schematic diagram of different injector types 
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Figure 2 Example of Swirl Injector Design 

Some previous research [9, 10] gives some idea of the flow that can be expected in the 

recess from a swirl injector. Though the work by Salewski et al. [10] was done for a gas turbine, 

the same principles of the swirl injector were applied and provided details of the fluid 

properties for cold flow and combustion situations. Similar results would be expected to occur 

and this will be observed in Section 6. The rocket combustion setup described in Kim et al. [9] 

was almost similar to that at the TUM facility though their research was at an early phase of the 

rocket design. It was focused on the recess length and its effect on the mixing and combustion 

efficiency. This was purely an experimental research and lacked any CFD results on the flow 

evolution within the RC. 

2 Objectives 

The current rocket design does not have complete sensor coverage within the RC. The 

existing sensors are only measuring the inlet conditions and the few sensors at critical areas of 

the RC have low temperature ranges. There are no high temperature sensors installed in the 

combustion chamber. This is because they are very costly as well as being sensitive to heat 

damage. The fluid simulation would therefore aim to predict the fluid flow in the RC based on 

the pre-determined conditions using ANSYS CFX. The CFX simulation would utilize a 3D model 

of the rocket chamber geometry and the output values would be compared against calculated 

ideal results for verification of the CFX fluid model.  

The ideal data values were determined from a NASA code, CEA, used for chemical 

equilibrium calculations [1]. This code is a GUI interface that provides output values at critical 

points of a rocket chamber based only on input conditions to the rocket. It only makes 1D 

calculation and does not take the geometry of the rocket chamber into consideration. The 

software makes a number of assumptions for its solutions. Firstly the mass and energy is fully 

conserved with perfect injector, mixing and combustion. This is also an ideal system without 

any external losses and the fluids are assumed to obey the ideal gas law. A full description of 

the other assumptions and methods are found in the guide manual [1].  
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The first objective of the thesis was thus to firstly simulate the hot combustion flow based 

on ideal values. The purpose was to validate and finalize the geometry and mesh model that 

would give the most accurate results. This would allow the same model to be reused for 

subsequent simulation work. The second objective would then simulate a realistic flow 

involving combustion of the propellant. This assumed an initial cold flow at the inlet and 

combustion would occur in the combustion chamber. In CFX, defining the chemical reaction for 

kerosene is very difficult due to the earlier mentioned problems of its multiple reactions. This is 

because the main combustion reaction is unknown. As the purpose of the simulation was only 

to determine the boundary layer losses, it would be easier to calculate the power input from 

combustion and add it into the fluid flow. Theoretically, this would give the same results as the 

hot flow simulation.  

To correctly determine the performance of the test rocket, all the efficiency losses must be 

calculated to give the overall performance efficiency. Equation 1 is the general equation for 

determining the overall efficiency of a rocket engine as a function of its characteristic velocity 

[5]. 

�� � ��	
� �� ������������������������������������ (Equation 1)   

Where  ���� !  = efficiency due to uncombusted propellant drops 

  ���"#  = heat loss efficiency 

  ���$%&  = reaction kinetics efficiency (non-equilibrium effects) 

  ���'(  = 2-D flow effect efficiency 

  ���)#  = boundary layer efficiency 

  ���*%+  = efficiency accounting for incomplete mixing 

  ��	
� �� ��= characteristic velocity for 1-D averaged momentum ratio 

The final outcome was to determine the boundary layer efficiency, ���)#. Figure 3 shows 

the energy balance for chemical rockets [5]. In real conditions, a boundary layer is developed 

due to the friction between the fluid velocity layer and the RC wall and the viscosity of the fluid. 

The shear stresses between the fluid layers then create a gradient velocity profile. This velocity 

profile (Figure 4) indicates kinetic energy losses due to the friction.  
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Figure 3 Energy balance diagram for chemical rockets 

 

Figure 4 Velocity profiles for Free-slip and No-slip wall boundaries 
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3 Test Rocket Design 

The test engine operated by TUM is a liquid propellant engine using gaseous oxygen (GOX) 

as the oxidizer and kerosene as fuel. Kerosene is less hazardous to handle, is much cheaper and 

readily available, its exhaust gases are less toxic than current fuels, therefore has good 

potential as a fuel source.  Though liquid oxygen is the usual choice of oxidizer in current rocket 

engines, this would require higher costs and storage capability and thus making GOX a simpler 

solution. Figure 6 in Section 5 shows the geometry of the RC.  

Both GOX and kerosene are separately injected under high pressure and allowed to mix in 

a small recess. The injector has an annular design. GOX flows in the inner injector and is 

separated from the kerosene flow by the fuel sleeve. The swirling co-rotation of the propellants 

is a design feature to improve the mixing rate and increase the combustion efficiency. The 

initial velocity flow is subsonic, below the speed of sound. The mixture ratio is oxygen rich to 

ensure the complete combustion of the fuel to provide maximum energy. This mixture then 

enters the ignition ring, which has an array of igniters around its circumference to initiate 

combustion. There is a step change as the mixture enters the ignition ring (Figure 6). This has a 

positive effect of increasing combustion efficiency as any previously uncombusted kerosene 

would be recirculated within the region.  

Next, the hot combustion products flow downstream along the chamber. The chamber is 

built to be sufficiently long to maximize complete combustion before the gases enter the 

nozzle. The nozzle is a typical De Laval nozzle with converging and diverging sections. The 

nozzle has already been designed to ensure that sonic conditions will always exist at the throat. 

This means that for a specified chamber pressure, the mass flow at the throat will be the 

maximum mass flow even if the inlet mass flow is increased. This maximum mass flow is called 

the choked mass flow. This choked mass flow will flow through the throat at Mach 1, the speed 

of sound. Therefore maximum thrust is created as the hot gas flow then expands to supersonic 

conditions in the diverging portion of the nozzle. 

4 Computational Fluid Simulation 

Computational simulation is now an integral step in research and development. A 

simulation allows results to be obtained which can then be verified experimentally. This process 

reduces the need to conduct numerous experiments as well as minimizing cost. Fluid simulation 

involves modeling the fluid flow within a specified mesh region. A mesh consists of multiple 

elements which will calculate the variables for all the elements. The geometric model can be 

meshed with either Tetrahedral or Hexahedral elements. Though a Tetrahedral element is more 

irregular it is also easier to implement. It also has fewer nodal points at its edges and thus 

requires less computational power. A Hexahedral element is rectangular shaped and thus suits 

symmetrical geometries. It offers more accuracy but at a cost as it has more nodal points than a 

Tetrahedral element.  
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Figure 5 Tetrahedral (left) and Hexahedral (right) elements with nodal points 

Once the type of element has been chosen, another factor to consider is the density of 

elements. The accuracy of calculations and also required computational power are proportional 

to the number of elements in the geometric model.  Most importantly for modeling fluids is the 

numerical model used for the calculations. Fluid flow is initially divided into laminar and 

turbulent flows. This describes the relative turbulence and compressibility of the fluid flow 

layer. Laminar flows are smooth and incompressible, meaning the fluid properties do not 

change over time.  

Turbulent flow has much higher velocities and can be both incompressible and 

compressible. A compressible flow can have changing densities and static enthalpy for example 

as a result of applied pressure, temperature or velocity. Examples of turbulent numerical 

models are the k-ω model, k-� model and Reynolds Stress model. The k-� model contains 

variables that measure the turbulent kinetic energy and turbulent dissipation, �. It is a generally 

more stable model when calculating the free stream flow properties for linear fluid flow. The k-

ω model differs by measuring the specific dissipation, ω, instead of turbulent dissipation. This 

allows it to be much more accurate for determining the thin flow layer at the boundary wall as 

well as handling fluid rotation. The Reynolds Stress model, RSM, is the most accurate of 

available turbulence models as it contains 6 extra variables to measure the shear stress 

components of the fluid.  

Each model analyses a fluid based on different variables and is therefore more suited for 

specific conditions. Fluid simulation therefore works partially on a trial and error basis to get 

the most accurate result possible but also offers great possibilities in improving R&D 

capabilities. In Haidn et al. [11] CFD analysis was conducted on a co-axial injector using the SST 

k-ω model. For this research work, the SST k-ω model was used for this simulation as it 

combined the best properties of k-ω and k-� models. The k-ω was applied at the edge of the 

flow for resolving the boundary layer while the k-� model was applied for the free stream flow. 

This SST model functions by solving the momentum properties and also the turbulent viscosity 

and dissipation along the flow length. The numerical results were found to coincide relatively 

well with experimental results. 

The software used for this simulation was CATIA and ANSYS CFX. CATIA was used to design 

the RC geometry and ANSYS was used to create the mesh and run the numerical solver. Due to 

limitations of the available computing power, only ¼ of the RC symmetry was modeled for 

every simulation. Furthermore, Tetrahedral elements were used for meshing instead of 

Hexahedral elements for simplicity and ease of use. Smaller prism elements were used along 
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the chamber walls to accurately model the boundary flow. Aside from the RC geometry, 

geometry representing the ambient atmosphere was also included to model the exhaust plume 

exiting the nozzle. To accomplish the numerical modeling, 2 computers were used to run the 

simulation and reduce the computational time for obtaining the final results. The 1
st

 computer 

had a 1.73MHz processer with 1GB RAM. The 2
nd

 computer had a 2MHz Dual Core processor 

and 1.5GB RAM. Each simulation run required between 4-9 hours to reach a converged result. 

5 Geometry and Boundary Conditions 

For a standard test, Table 1 shows the conditions used to obtain the ideal results from CEA. 

Jet aviation fuel has the closest composition to kerosene. The controlling factor for the 

combustion flow is the inlet pressure of 20 bars with an O/F ratio of 3.2. 
 

Mixture ratio O/F 3.2 

Contraction Ration Ac/Af 5 

Initial Pressure (bar) 20 

Pressure ratio Pi/Pe 19.74 

Combustion Temperature (Kelvin) 3800 

Fuel Jet Aviation fuel (gas) 

Fuel Temperature (Kelvin) 280 

Oxidizer Oxygen (gas) 

Oxidizer Temperature (Kelvin) 260 

Table 1 CEA initial conditions 

 

Based on the output values from CEA, the inlet velocity and mass flow rates of fuel and 

oxidizer are calculated based on the continuity equation since the choked mass flow at the 

throat is the maximum flow rate of the whole system.  

(ρAv)inlet = (ρAv)throat (Equation 2) 

Appendix A shows the output results from CEA at the injector, throat and exit. The total mass 

flow is calculated to be 0.246223 kg/s with an estimated inlet velocity of 137.3 m/s. Based on 

the mixture ratio, 

,/. / 3.2 /
34 56+
34 $

   (Equation 2) and   74 �	8 974 : / 0.246223 >?/@  (Equation 3) 

Giving  74 : /  0.058624422 >?/@   and     74 �	8 / 0.18759815 >?/@ 

Appendix B shows the various inlet pressures for the same O/F ratio of 3.2. These initial 

conditions were used as inputs for the CEA software to obtain the exhaust gas mass fractions 

for each case. The mass fractions shown are from the throat region. Appendix C contains 

further variables needed for the combustion energy simulation. This includes the thermal 

conductivity and specific heat capacity constants at the combustion region. The mass flow rates 
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for kerosene and GOX calculated at the throat region are also given. These were calculated 

using Equation 2 and 3. 

Figure 6 shows the geometry and the flow directions specified for each simulation. Due 

to the symmetry of the rocket chamber, only ¼ of the geometry was modeled as it would 

reduce the computational requirement. Observe that the region representing the ambient 

atmosphere was extended forward. This was due to the exhaust plume that would be formed. 

Due to the large pressure gradient that would exist between the nozzle and ambient 

atmosphere, the exiting fluid at the nozzle exhaust lip would experience high velocities. This 

pressure drop would in turn, pull in the ambient air and drag it along with the free stream flow. 

Without this region extension, the ANSYS solver would over estimate the vectors at the nozzle 

exhaust lip. 

 

 
Figure 6 Geometry and Flow direction 

Adiabatic heat transfer was assumed to occur at the wall boundary of the RC. This 

meant no heat transfer to the walls and total energy conservation in the system. This would 

ensure any flow loss between real and ideal situations would be due to the boundary layer 

only. The mesh is depicted in Figure 7 with a close up look of the prism layer to accurately 

model the boundary layer flow. This prism layer exists from the ignition ring wall until the end 

of the nozzle wall. The thickness of the layer would have to be sufficiently small to capture the 

boundary layer correctly. The mesh density was also much higher in the recess region as this 

had high turbulence and vortices from the inlet flow. 

To define the working fluid, only the exhaust gases were used in the combustion flow. 

Kerosene is a complex fuel which has multiple hydrocarbons. Consequently, it also has multiple 

reactions which create a wide range of exhaust gases. Based on the chemical reactions of CEA, 
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only the gases with the highest mass fractions were focused on. These mass fractions were 

used to define the composition of the working fluid. In Appendix A, the CEA output lists all the 

gas compounds from the combustion and then provides the mass fractions of gases which are 

significantly large. It was decided to use the gases CO, CO2, H2, H2O, O, O2 and OH. Their mass 

fractions are found in Appendix B for the 20 bar inlet pressure. 

 
Figure 7 Mesh creation with Prism layer 

Initial velocity 137.3 m/s 

Fuel mass flow rate 0.0147 kg/s 

Oxidizer mass flow rate 0.0469 kg/s 

Fuel temperature 280 K 

Oxidizer temperature 260 K 

Ambient temperature 298 K 

Combustion temperature 3546.62 K 

Chamber pressure 2 MPa 

Ambient pressure 101.3 kPa 

Fuel radial rotation component 1.0472 radians 

Oxidizer radial rotation component 0.7854 radians 

Wall heat transfer Adiabatic 

Table 2 ANSYS initial conditions 

Note: The mass flow given in Table 2 is the mass flow through ¼ of the RC geometry  
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6 Results 

This section will include the methods to obtaining the results of each simulation case. To 

ensure the robustness and stability of the model, the mesh was tested in steps until the final 

desired output was obtained. The ANSYS manual describes these steps by starting with the 

initial velocity first, then the inlet mass flow and finally inlet pressure [3].  

Each objective would produce two final outputs based on the ideal free-slip boundary which 

assumes frictionless flow along the chamber wall and no-slip condition which assumes friction 

flow along the chamber wall. The loss between both boundary outputs would give the final 

boundary layer efficiency. The throat location would be employed when comparing any output 

variables as this was decisive location affecting the test rocket engine performance.  

6.1 Hot Flow Simulation 

The first task was to design the geometric model and appropriate mesh. The mesh would 

be tested with the boundary conditions listed in Table 2 to determine the accuracy of the 

results compared to the CEA results. The inlet flow would assume that full combustion had 

already occurred by assigning the combustion temperature, Tcomb, to the initial exhaust fluid 

temperature. The output values at the throat would be the basis for comparing to the CEA 

results as this was the critical point of the RC. To marginally increase the accuracy and 

convergence of the results, mesh adaption was applied to refine mesh elements at areas with 

high residual variables. This prevented the over-prediction of variables.  

Table 3 lists the steps taken to obtain the final result. These steps were required because 

the highly turbulent flow could not be simply simulated directly without failure or divergence of 

variables occurring. 2
nd

 order resolution was applied for the advection scheme to give the most 

accurate results. The combined mass flow uses the whole recess cross section as the inlet area 

while the split mass flow specifies the mass flow rate for the fuel and oxidizer inlets separately. 

The mass flow was initially specified at the inlets for stability of the simulation before 

converting to the more accurate pressure specified inlet condition. 
 

Simulation steps Boundary Conditions 

1. Ideal Combined Mass Flow Tcomb and Initial Velocity specified at inlet 

2. Ideal Split Mass Flow for 

Kerosene and GOX Inlets 

Flow rotation components included 

3. Ideal Split Pressure Flow at Inlets  Inlet boundary conditions changed from mass to 

pressure dependent 

4. Real Split Pressure Flow at Inlets Wall boundary conditions changed to include 

boundary layer 

Table 3 Simulation steps for Hot Flow 

Figure 8 and 10 respectively represents the velocity and pressure distribution of fluid flow 

from the injector inlet to exhaust plume in ambient atmosphere. Due to the fluid rotation 
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imparted by the injector design, a velocity and pressure gradient was created and this is shown 

more clearly in Figure 9 and 11. This demonstrates the rotation and mixing of the 2 inlet flows 

as well as showing the expansion of the fluid as it enters the chamber.  

 
 

Figure 8 Velocity distribution (Hot flow) 

 
Figure 9 Velocity distribution at inlet (Hot flow) 
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Figure 10 Total Pressure distribution (Hot flow) 

 
Figure 11 Total Pressure distribution at inlet (Hot flow) 
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Figure 12 Recirculation zones for hot flow 

Though the results were excellent with only a small percentage of error, it should be 

noted that vectors plots in Figure 12 showed that there was some flow recirculation which 

partially flowed back into the recess chamber. This was caused by the low pressure point 

created at centre of the GOX injector. Though this could possibly happen in reality, it would be 

confirmed experimentally if this affected the combustion or fuel mixture inlet flow in the next 

section of 6.2. There was also a small recirculation point located at the interface separating the 

2 inlets. This effect was already expected and typical in all injectors [8, 9 and 10]. The boundary 

layer efficiency was taken as a function of the C* of both boundary conditions and given by 

Equation 4.  
  

Variables Free-slip values No-slip values CEA values 

Throat mass flow 0.199632 kg/s 0.194238 kg/s 0.246223 kg/s 

Throat static pressure 0.961 MPa 0.888 MPa 1.1515 MPa 

Throat Isp 1035.38 m/s 1107.94 m/s 1125.3 m/s 

C* 1683.69 m/s 1727.18 m/s 1729.4 m/s 

Throat static temperature 3276.75 K 3219.42 K 3392.45 K 

Table 4 Final results for hot flow simulation 

Boundary layer efficiency  

����� / FGHI �
�

JKGHI ��L / 1727.18 1683.69⁄ / 1.026  (Equation 4) 

The values from Table 4, though slightly under-predicted, could be explained due to the 

large recirculation zone beyond the inlet. The main fluid flow would be more stagnant thereby 

causing a decrease in output. For the case of the no-slip condition, it had slightly unstable 
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results as a lower mass flow, temperature and pressure should have led to a lower velocity 

instead of what was seen above for the �����. 

6.2 Combustion Energy Simulation 

The next task required modeling a more realistic flow. In Section 2 it was already 

explained how the combustion energy would be applied to the fluid. The boundary layer 

efficiency would be determined based on the difference between the free-slip and no-slip 

results. Equation 5 calculates the power input that would be applied. The heating value of 

kerosene, QR, is 43.26 MJ/kg.  

NGHI �OPQ3 / 74 R� / 0.246223S43.26T / 10.65 �U  (Equation 5) 

For ¼ geometry  NGHI �OPQ3 / 10.65 4⁄ / 2.66�U 

The lack of sensors prevented determining the exact location of the initial combustion 

point. As a result a few methods were devised to supply the combustion energy into the 

system. Table 5 describes those methods. For the point sources and surface source, the 

interface between recess and chamber was assumed as the combustion source. A second 

surface source was the surface area of the igniters. Even though initial combustion would have 

begun at the igniter locations during test startup, the location where combustion actually 

began would have changed once full fluid flow and combustion was established by the pressure 

and temperature distribution. The volume domain simply took the whole domain of the 

combustion ring and applied the Pchem evenly within the volume. This would make convergence 

easier due to smaller temperature variances without affecting the downstream output of the 

throat. Figure 14, 16, 25 and 29 illustrates the location of the sources. 
 

Combustion Source Combustion Source Location 

Point Source A number of heat sources arrayed evenly around the 

exit of the recess into the combustion chamber 

Surface Source 1. Recess/Chamber interface area 

2. Surface area of combustion ring 

Volume Source Volume domain of the combustion ring 

Table 5 Combustion Sources and Locations 

An issue that occurred during the simulations revealed that it was not possible to control 

the temperature limit when adding the Pchem to the fluid. Setting the combustion temperature 

limit was only possible if a chemical reaction was applied instead for heat input. So even though 

the average combustion temperature was below 3800K, this temperature problem caused the 

maximum temperature to increase above 300,000K at certain locations, a physically impossible 

condition. Therefore any results obtained would not be extremely accurately when compared 

against the CEA values due to the temperature issue. 

As a consequence of this, a second problem that occurred was due to the specific heat 

capacity for constant pressure, Cp, of the exhaust gases. Cp is a function of temperature and is a 
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measure of the amount heat that fluid absorbs to increase its temperature [2]. The ANSYS 

software library could only extrapolate Cp values up to 5000K. Therefore the ANSYS solver could 

not interpolate the Cp above 5000K and instead used the last known Cp for all higher 

temperature values. This led to the over-prediction of ANSYS output values.  

A solution to minimize this problem was then formulated by setting a constant Cp value to 

reduce the combustion temperature limit. The constant Cp used was the combustion Cp for 

equilibrium reactions given by the CEA output file. Every result in this section will be based on 

the constant Cp of 8.632 >V >? �⁄  unless indicated otherwise. By using this Cp, a new Pchem had 

to be calculated. 

�KGHI �OPQ3 / 74 �WOX3YS�OX3Y Z �[\]Q^T 

/ 0.246223S8632TS3546.62 Z 280T / 6.94�U  (Equation 6) 

For ¼ geometry  �KGHI �OPQ3 / 6.94 4⁄ / 1.74�U 

The velocity distribution of Figure 13 is of the initial cold flow without adding Pchem. The 

most obvious detail is the rotating fluid vortex and its expansion, similar to results of Section 

6.1 but having a different velocity scale than Figure 8. 

 

 
Figure 13 Cold flow velocity distribution 

6.2.1 Point Source 

9 point sources were placed evenly at the intersection of the recess with the chamber. 

They were arrayed along the curve of the recess and along the 2 symmetric cross sections. 

Figure 14 shows the cross section of the geometry and the location of the points. The results 

were based on the ANSYS ideal Cp values and combustion energy determined from kerosene 

heating value. The Pchem was equally spread out among the source points. Due to the high 

temperatures, the Pchem was added in increments so that the convergence would be more 

stable. Initial results with a slightly rough mesh were not accurate as post analysis showed a 

large error percentage compared to CEA values for C* and 74 . Figure 15 (left) shows the 

temperature distribution by the source points on 1 planar axis. 
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Figure 14 Source point locations 

  

Figure 15 Temperature profile with large mesh elements (left) and small elements (right) 

To attempt to improve the accuracy, the mesh was further refined and the simulation 

was repeated. The simulation showed poorer results. Figure 15 (right) shows that the 

temperature distribution with the same source points for finer mesh. A confirmation with the 

ANSYS manual explained that point sources were assigned to the mesh element closest to their 

specified coordinates. Therefore the surface area of that element would greatly affect the heat 

distribution to the rest of the elements. With the mass flow rate taken into account, this meant 

that over time less heat was distributed to the fluid and resulted in much lower temperatures 

as evidenced by the flow downstream of the source points  of Figure 15 (right). It was decided 

that this method was not suitable as the reliability and accuracy of any results would be 

seriously affected by the element size. 

6.2.2 Volume Source 

Initial results using the calculated real Pchem were extremely inaccurate. Even though the 

maximum static pressure should have been 2MPa, Figure 17 shows the chamber static pressure 

vastly exceeding this value to about 4MPa. The average temperature was also over-predicted. 
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Table 6 shows the pressure and temperature outputs that led to the higher C*. The CEA file on 

Appendix A indicates that the CP distribution for equilibrium conditions should actually be 

above 8kJ/kg K yet Figure 17 shows that the maximum Cp was only 1.936kJ/kg K. The reasoning 

for this was earlier explained in Section 5.2 concerning the limit of calculating Cp values above 

5000K.  

 
Figure 16 Volume source indicated by green mesh 

 
Figure 17 Static Pressure distribution with ANSYS determined Cp 

 
Figure 18 Maximum Cp at 1.936kJ/kg K 
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Variables ANSYS values CEA values 

Throat mass flow 0.24669 kg/s 0.246223 kg/s 

Throat static pressure 2.74 MPa 1.1515 MPa 

Throat Isp 2641.14 m/s 1125.3 m/s 

C* 4022.21 m/s 1729.4 m/s 

Real Pchem balance 2.5 MW 2.66 MW 

Throat Temperature 19877.5 K 3392.45 K 

Table 6 Using ANSYS determined Cp for working fluid 

 
Figure 19 Cold flow Velocity and Static Pressure distribution at recess (with ideal Pchem) 

After setting the constant combustion Cp, the outcome was significantly improved. The 

plane view of Figure 19 above shows the same pressure and velocity distribution along the 

recess as the hot flow simulation but naturally with different scales due to the inlet 

temperature. The low mass density along the chamber wall region, coupled with the high 

temperatures created a higher velocity flow. On the other hand, the higher mass density of the 

core flow converted most of the thermal energy into kinetic energy as well as transporting 

excess thermal energy downstream. This is represented by Figure 20, 21 and 22 of the total 

enthalpy, total temperature and mass density respectively. The scales for the all the figures 

were set manually so that the core flow could be seen more visibly. 
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Figure 20 Total Enthalpy distribution (ideal Pchem in combustion domain) 

 
Figure 21 Total Temperature distribution (ideal Pchem in combustion domain) 
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Figure 22 Mass Density distribution (ideal Pchem in combustion domain) 

 
Figure 23 Vorticity above 6000s-1 (ideal Pchem in combustion domain) 

 
Figure 24 Vector plot of recirculation zones (ideal Pchem in combustion domain) 
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The vorticity distribution in Figure 23 shows regions of vorticity above 6000s
-1

. Vorticity 

is a measure of the turbulent rotation of the fluid. This led to the observation that the vortex 

core in the recess gradually dissipated and became less turbulent as it approached the nozzle. 

On the other hand, the high vorticity also created high temperatures at the recirculation zone 

at point A in Figure 24. This is an area where wall cooling would have to be carefully considered. 

A second recirculation zone also existed at point B due to the fluid rotation which expanded 

across the interface from the recess to the combustion chamber. This created a region of low 

mass density beyond point B and led to higher static enthalpy (Figure 20). The size of the 

recirculation zone was smaller than that of Figure 12 due to the large temperature gradient 

across the interface. To finally obtain the right solution, it took the solver a combined 20 hours 

for the free-slip condition alone. 
 

Variables CEA values Free-slip values No-slip values 

Throat mass flow 0.246223 kg/s 0.23155 kg/s 0.235135 

Throat static pressure 1.1515 MPa 1.218 MPa 1.214 MPa 

Throat Isp 1125.3 m/s 1060.83 m/s 1041.65 m/s 

C* 1729.4 m/s 1808.63 m/s 1775.79 m/s 

Ideal Pchem balance 1.735 MW 1.74275 MW 1.74513 MW 

Throat temperature 3392.45 K 3706.43 K 3657.59 K 

Table 7 Final results with constant Cp 8.632 kJ/kg K 

Boundary layer efficiency  

����� / FGHI �
�

JKGHI ��L / 1775.79 1808.63⁄ / 0.9818  (Equation 7) 

Table 7 lists the ANSYS results for both free-slip and no-slip boundary conditions. A 

significant improvement was the pressure and temperature output. The average temperature 

downstream of the combustion region was found to be a few hundred Kelvin higher than the 

ideal case. Based on the ideal gas low, this would have evidently increased the pressure and 

velocity of the RC. While this was an acceptable result as evidenced by the boundary layer 

efficiency from Equation 7, a proper result should be obtained with the correct combustion 

temperatures in the RC for comparison.  

6.2.3 Surface Source 

6.2.3.1 Recess Interface 

In the first scenario using the recess/chamber interface, post analysis revealed that 

the Pchem caused the fluid flow at the combustion chamber entrance to exceed predicted 

values. As all the power was supplied to the working fluid, it created a combustion plume 

(Figure 26) with velocities up to 750m/s. The total temperature distribution was quite even 

in the combustion region (Figure 28) but the static pressure was too low. The average static 
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pressure in the combustion chamber (Figure 27) was below 1.5MPa compared to the 

desired 2MPa pressure from CEA. This lower pressure was caused by the high velocity of the 

combustion plume. This then led to a lower mass flow rate and velocity at the throat and 

thus an under-predicted result. Table 8 shows the difference compared to the CEA values. 

The energy balance and average static temperature was also under-predicted. This method 

was therefore found to be not effective and a no-slip boundary condition was not tested. 

 
Figure 25 Recess surface source indicated by green mesh 

 
Figure 26 Velocity distribution (ideal Pchem at recess interface) 

 
Figure 27 Static Pressure distribution (ideal Pchem at recess interface) 



32 

 

 
Figure 28 Total Temperature distribution (ideal Pchem at recess interface) 

 

Variables ANSYS values CEA values 

Throat mass flow 0.198637 kg/s 0.246223 kg/s 

Throat static pressure 1.02 MPa 1.1515 MPa 

Throat Isp 859.825 m/s 1125.3 m/s 

C* 1621.71 m/s 1729.4 m/s 

Ideal Pchem balance 1.15 MW 1.74 MW 

Throat static temperature 2946.29 K 3392.45 K 

Table 8 Comparison of ANSYS and CEA values for recess interface 

6.2.3.2 Ring surface 

 
Figure 29 Ring surface source indicated by green mesh 

The second scenario logically assumed that the Pchem would be applied on the 

combustion ring surface where the igniters were located. In Figure 30, the total enthalpy 

distribution indicated that most of energy was concentrated in the outer regions of the 

combustion chamber due to the location of the heat source. It was observed that the 
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core mass flow only achieved its highest energetic state midway along the chamber 

length when the mass density had decreased and fluid temperature had sufficiently 

increased (Figure 31 & 32).  

Vector plots in Figure 33 show only a single recirculation zone at Point C albeit 

smaller than noticed for the volume source in Figure 24. Though the fluid rotation still 

occurred, its vorticity was much reduced in the combustion chamber and with a 

stronger axial flow. The 2
nd

 recirculation point at the recess exit observed in Figure 24 

was not induced. This is easily explained by the temperature gradient in the ignition 

ring. Based on the ideal gas law, the high local temperatures would greatly increase the 

velocity and therefore reduce the mass density. And since the temperature at the centre 

of the ignition ring would be much cooler, the more viscous core mass flow could flow 

with less resistance. 
 

Variables CEA values Free-slip values No-slip values 

Throat mass flow 0.246223 kg/s 0.243559 kg/s 0.24284 kg/s 

Throat static pressure 1.1515 MPa 1.219 MPa 1.212 MPa 

Throat Isp 1125.3 m/s 1018.95 m/s 1001.25 m/s 

C* 1729.4 m/s 1721.36 m/s 1689.4 m/s 

Ideal Pchem balance 1.735 MW 1.67186 MW 1.6665 MW 

Throat temperature 3392.45 K 3405.18 K 3397.4 K 

Table 9 Comparison of ANSYS and CEA values for ring surface 

 

Boundary layer efficiency  

����� / FGHI �
�

JKGHI ��L / 1689.4 1721.36⁄ / 0.9814  (Equation 8) 

The boundary layer efficiency was also comparable to the results of Section 

6.2.2. Unfortunately, obtaining the first result for the free-slip boundary took 47 hours 

of computation, much longer than the time required for the volume source. A reason for 

this was the larger variances that existed in the combustion region. It therefore took the 

ANSYS solver more time to resolve the variables. 
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Figure 30 Total Enthalpy distribution (ideal Pchem at combustion ring surface) 

 

Figure 31 Mass Density distribution (ideal Pchem at combustion ring surface) 

 

Figure 32 Total Temperature distribution (ideal Pchem at combustion ring surface) 
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Figure 33 Vector plot of recirculation zones (ideal Pchem at combustion ring surface) 

7 Conclusion 

The hot flow results of Section 6.1 were very close to the CEA ideal values. Though the 

results from no-slip boundary seemed to have performed better than the free-slip boundary, 

the overall results were still less accurate than the CEA values. This was acceptable as CFD 

solvers are not yet fully capable of accounting for every dynamic variable affecting a fluid flow 

without some assumptions. Furthermore, the mesh refinement could have been increased for 

higher accuracy. 

For the combustion energy simulation, a feature that should be added for future ANSYS 

releases is an option for temperature control when specifying energy sources. Of the 3 methods 

attempted, only 2 were viable though producing different results. For both the surface and 

volume sources, once the combustion flow had stabilized downstream of the combustion 

chamber they both gave good results at the throat location. It should be kept in mind that the 

average temperature across the whole RC was a few hundred Kelvin higher than predicted and 

led to the over-predicted results.  

The only difference between both methods was the initial flow that formed at the 

combustion region. The volume source still retained its vortex core and would seem a more 

logical solution due to the rotation induced by the injector. The power input was applied 

uniformly throughout the volume and would fit with the idea of steady combustion. Though the 

surface ring source still exhibited some rotation of the fluid, it assumed that the heat source 

only came from the surface walls. While this would be proper during initial start-up of the 

rocket, once the pressure had built up in the chamber the combustion processes would have 

been more uniform across the chamber cross section. Considering the time taken for acquiring 

a reasonable result, the volume source would also make a better choice for future simulations. 

The only solution to determine if the volume source is correct is to have a simulation with the 

chemistry reaction of propellants. Both results did give a boundary layer efficiency of º98%. 

This could then be used with other efficiency values to obtain the rocket engine’s effective 

performance. Results should also be obtained using the correct temperature distributions to 

see if there is a marginal difference in boundary layer efficiency. 
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8 Future Works 

The next step in the research will be to continue obtaining results based on different 

operating points. This is to be done by varying the inlet pressures of the propellant as well as 

the propellant mixture ratio. This will provide a database of values to determine the optimum 

conditions to obtain the best performance of the test rocket engine. Another possible research 

work will be to test the inclusion of a film cooling layer along the RC surface. This coolant film 

layer would be injected at points along the chamber axial length to improve the cooling rate of 

the rocket engine surfaces.  
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Appendix A 

CEA output file using Table 1 as input 

 
THEORETICAL ROCKET PERFORMANCE ASSUMING EQUILIBRIUM 

COMPOSITION DURING EXPANSION FROM FINITE AREA COMBUSTOR 

Pin = 290.1 PSIA 

Ac/At = 5.0000  Pinj/Pinf = 1.008046 

CASE = 

 REACTANT WT FRACTION 

(SEE NOTE) 

ENERGY  

KJ/KG-MOL 

TEMP K 

 

FUEL Jet-A(g) 1.0000000 -254857.582 280.000 

OXIDANT O2 1.0000000 -1117.745 260.000 

 

O/F= 3.20000  %FUEL= 23.809524   R,EQ.RATIO= 1.060859  PHI,EQ.RATIO= 1.060859 

 INJECTOR COMB END THROAT EXIT 

Pinj/P 1.0000 1.0163 1.7369 19.740 

P, BAR 20.000 19.680 11.515 1.0132 

T, K 3546.62 3543.00 3392.45 2832.12 

RHO, KG/CU M 1.6677 1.6428 1.0196 1.1468-1 

H, KJ/KG -389.29 -399.05 -1022.40 -3449.99 

U, KJ/KG -1588.57 -1596.95 -2151.82 -4333.43 

G, KJ/KG -40191.2 -40170.0 -39103.3 -35241.1 

S, KJ/(KG)(K) 11.2225 11.2252 11.2252 11.2252 

M, (1/n) 24.589 24.592 24.974 26.654 

MW, MOL WT 24.589 24.592 24.974 26.654 

(dLV/dLP)t -1.06245 -1.06244 -1.05907 -1.04315 

(dLV/dLT)p 2.1090 2.1099 2.1001 1.9746 

Cp, KJ/(KG)(K) 8.6320 8.6433 8.7867 8.8010 

GAMMAs 1.1259 1.1257 1.1211 1.1050 

SON VEL,M/SEC 1162.0 1161.3 1125.3 988.0 

MACH NUMBER 0.000 0.120 1.000 2.504 

 

TRANSPORT PROPERTIES (GASES ONLY) 

CONDUCTIVITY IN UNITS OF MILLIWATTS/(CM)(K) 

VISC,MILLIPOISE 1.1187 1.1179 1.0863 0.96792 

 

WITH EQUILIBRIUM REACTIONS 

Cp, KJ/(KG)(K) 8.6320 8.6433 8.7867 8.8010 

CONDUCTIVITY 19.4886 19.5030 19.1116 16.3112 

PRANDTL NUMBER 0.4955 0.4954 0.4994 0.5223 

 

WITH FROZEN REACTIONS 

Cp, KJ/(KG)(K) 1.9177 1.9176 1.9116 1.8847 

CONDUCTIVITY 3.2353 3.2326 3.1122 2.6661 

PRANDTL NUMBER 0.6631 0.6631 0.6672 0.6842 

 

PERFORMANCE PARAMETERS 

Ae/At  5.0000 1.0000 4.0433 

CSTAR, M/SEC  1729.4 1729.4 1729.4 

CF  0.0808 0.6507 1.4307 

Ivac, M/SEC  8716.4 2129.0 2831.2 

Isp, M/SEC  139.7 1125.3 2474.1 
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MASS FRACTIONS 

*CO 0.28031 0.28017 0.26583 0.19921 

*CO2 0.31108 0.31131 0.33386 0.43855 

COOH 0.00001 0.00001 0.00001 0.00000 

*H 0.00133 0.00133 0.00118 0.00066 

HCO 0.00001 0.00001 0.00000 0.00000 

HO2 0.00023 0.00023 0.00016 0.00003 

*H2 0.00401 0.00401 0.00377 0.00279 

H2O 0.21153 0.21159 0.21864 0.24566 

H2O2 0.00002 0.00002 0.00001 0.00000 

*O 0.02254 0.02252 0.01935 0.00883 

*OH 0.06691 0.06682 0.06014 0.03463 

*O2 0.10199 0.10197 0.09705 0.06965 

* THERMODYNAMIC PROPERTIES FITTED TO 20000.K 
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Appendix B 

Inlet Pressure and O/F ratio with resulting throat region mass fractions. 

Kerosene temperature at 280 K & GOX temperature at 260 K 

Tcomb is defined at the injector where combustion begins. 
 

Pressure 

(bar) O/F 

Tcomb 

(K) CO CO2 H2 H2O O OH O2 

10 3.2 3441.48 0.2721 0.324 0.00398 0.2147 0.02158 0.06099 0.10114 

20 3.2 3546.62 0.26583 0.33386 0.00377 0.21864 0.01935 0.06014 0.09705 

40 3.2 3655 0.25877 0.34494 0.00355 0.2227 0.01717 0.05893 0.09266 

60 3.2 3719.8 0.25426 0.35201 0.00342 0.22512 0.01593 0.05806 0.08995 

80 3.2 3766.35 0.25089 0.35729 0.00333 0.22685 0.01507 0.05737 0.08797 

100 3.2 3802.77 0.24819 0.36154 0.00326 0.22821 0.01442 0.05679 0.0864 

120 3.2 3832.72 0.24591 0.3651 0.0032 0.22932 0.01389 0.05628 0.08509 

Table 10 Mass fraction of exhaust gases for O/F 3.2 
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Appendix C 

Heat capacity and thermal conductivity constants for combustion  

Mass flow rates for kerosene & GOX  
 

  

injector throat 

    Pressure 

(bar) 

O/

F 

Cp 

(kJ/kg.K) 

k 

(W/m.K) 

C* 

(m/s) 

Isp 

(m/s) 

Tthroat 

(K) 
Pthroat 

(MPa) 

vinit 

(m/s) 

74 tot 

(kg/s) 

74 k 

(kg/s) 

74 GOX 

(kg/s) 

10 3.2 9.4301 2.13 1713.6 1113.1 3297.47 0.57639 135.7707 0.124232 0.029579 0.094653 

20 3.2 8.632 1.95 1729.4 1125.3 3392.45 1.1515 137.3146 0.246223 0.058624 0.187598 

40 3.2 7.9042 1.78 1745 1137.3 3490.02 2.3005 138.8256 0.487983 0.116186 0.371796 

60 3.2 7.5094 1.69 1754 1144.3 3548.19 3.4485 139.706 0.728204 0.173382 0.554822 

80 3.2 7.2425 1.63 1760.4 1149.2 3589.92 4.596 140.3293 0.967434 0.230342 0.737093 

100 3.2 7.0428 1.59 1765.3 1153 3622.53 5.743 140.8046 1.205918 0.287123 0.918795 

120 3.2 6.8843 1.55 1769.3 1156.1 3649.32 6.8897 141.1976 1.443887 0.343783 1.100104 

Table 11 Ideal constants and  mass flows for O/F 3.2 


