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Abstract

In recent years the use of re-usable launch vehicles for payloads intended for earth
orbits has gained popularity where retro-propulsion, when the engines are firing in
the same direction of flight, is used to land the vehicles. Private companies such as
SpaceX, Blue Origin and Rocket lab are developing reusable rocket boosters where
the most prominent is the Falcon 9 rocket by SpaceX. To reduce costs for European
space travel the European Space Agency (ESA) has funded several projects within
reusable rocket boosters. The RETPRO and RETALT project was done to inves-
tigate the system components of a reusable rocket booster along with a CFD and
wind tunnel verification of aerothermal calculations. GKN Aerospace is involved
in the development of the Prometheus engine which utilizes a gas generator cycle
that runs on liquid methane and liquid oxygen. This engine will power the Eu-
ropean rocket demonstrator Themis which is a proof of concept of a reusable first
stage rocket. In this thesis Computational Fluid Dynamics simulations were used
to analyse the aerodynamic and thermodynamic loads on and around the nozzles.
The heat transfer coefficient (HTC), temperatures, pressures and heat flux were in-
vestigated at the start and end of a reentry burn. Different chemical models were
investigated with the aim to find the appropriate model in terms of computational
cost and accuracy for simulating the reentry and retro-propulsion. It was found that
for reentry without retro-propulsion the frozen chemistry model provides sufficient
accuracy with lower computational cost compared to the chemical non-equilibrium
model and was therefore chosen for all simulations when the engines were off. With
retro-propulsion, however, the chemical non-equilibrium model was needed to accu-
rately model the temperatures and heat flux on the rocket walls. It was concluded
from the results that the largest HTC where found at the end of the burn and when
the engines are off the highest HTC is located near the throat of the outer nozzles
while during retro-propulsion it’s the center nozzle that is most exposed to high
local HTC near the nozzle exit.

Keywords: Computational Fluid Dynamics, Rocketry, Reentry, Retro-propulsion,
Hypersonic flow, Compressible flow, k — w SST, Chemistry models
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Nomenclature

Below is the nomenclature of variables that have been used throughout this thesis.

Computational Fluid Dynamics Variables

Density (kg/m?)

Velocity components (m/s)

Spatial coordinates (m)

Time (s)

Pressure (Pa)

External force per unit mass (N/kg)

Total internal energy per unit mass (J/kg)
Stress tensor (Pa)

Strain rate tensor (1/s)

Kronecker delta (-)

Turbulence Variables

Ok1,0wl, Ok2, Ow2

5*751752

Mean velocity and pressure (m/s, Pa)

Fluctuating velocity and pressure components (m/s, Pa)
Reynolds stress tensor (Pa)

Turbulent eddy viscosity (m?/s)

Turbulent kinetic energy (m?/s?)

Turbulent dissipation rate (m?/s?)

Specific dissipation rate (1/s)

Model constant (-)

Turbulence model coefficients (-)

Dissipation coefficients (-)

X1



Y1, Yo Production coefficients (-)

K Von Karman constant (-)

Fi, Fy Blending functions (-)

Q Vorticity magnitude (1/s)

a Empirical model coefficient (-)

Compressible Flow Variables

\]

Compressibility (1/Pa)

c

Specific volume (m?/kg)

Speed of sound (m/s)

Specific gas constant (J/(kgK))
Temperature (K)

Ratio of specific heats (-)

N2 o8 5o

Total (stagnation) temperature (K)
Py Total (stagnation) pressure (Pa)
M Mach number (-)

Heat Transfer Variables

q Heat flux (W/m?)

h Heat transfer coefficient (W/(m? K))
T, Wall temperature (K)

T Freestream temperature (K)

Tow Adiabatic wall temperature (K)

qe Convective heat flux (W/m?)

Nuy, Nusselt number (-)

L Characteristic length (m)

k Thermal conductivity (W/(mK))

Retropropulsion and Plume Variables

Cr Thrust coefficient (-)

xii



Vis Voo
EPR

Thrust (N)

Freestream dynamic pressure (Pa)

Model base area (m?)

Freestream Mach number (-)

Nozzle exit pressure (Pa)

Nozzle exit area (m?)

Reference area (m?)

Heat capacity ratios in jet and freestream (-)

Nozzle exit pressure ratio (-)

CHEMKIN Format Variables

Specific heat at constant pressure (J/(kgK))
Universal gas constant (J/(kmol K))
Enthalpy (J)

Entropy (J/K)

Temperature (K)

CHEMKIN polynomial coefficients (-)
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1

Introduction

1.1 Background

The development of large scale rockets started during the WWII when Germany
developed the V-2 rocket, the first rocket to reach the Karman Line at an altitude
of 100 km. After the war ended countries such as the USA and the Soviet Union
started developing rockets with the intention of space exploration and a competition
of putting the first person in space started. Later on more countries joined as focus
was shifted into putting advanced technologies, such as satellites, into space [1].

Retro-propulsion, firing the engines in the same direction of travel, for rockets is a
topic that has been discussed for many decades and is found in literature since the
1950s. Earlier, however, it was most often mentioned with regards to landing on
celestial bodies. In later years re-usable launch vehicles used for payloads intended
for earth orbits has become a big topic to reduce cost and increase sustainability [2,
3]. Today private companies’, such as SpaceX, Blue Origin and Rocket Lab, are in
the process of developing reusable rocket boosters, where the most prominent and
commercially used is SpaceX’s Falcon 9 rocket (introduced 2014) and Falcon Heavy
rocket (introduced 2019) [2, 4]. To keep these private companies’ advantage, limited
information and validation results are published of their launchers and missions.
Most of the validation results that has been published has been normalized and
therefore has limited use in the field of research and since the cost of launch is much
too high for most research institutes, the knowledge within this area is very limited

2].

Following the American companies, European Space Agency (ESA) has funded sev-
eral projects within reusable rocket boosters to reduce costs for European space
travel, improve flexibility and strengthen European launch operations on the global
market [4]. The main project is Future Launchers Preparatory Programme (FLPP)
of which the projects RETPRO and RETALT are a part of. RETALT is a project
where the system components of a reusable rocket booster is researched while RET-
PRO is a CFD and wind tunnel verification of aerothermal calculations [2]. Another
project, CALLISTO, a collaboration between CNES (France), DLR (Germany) and
JAXA (Japan) has made significant research in the field of retro-propulsion and are
currently developing a rocket as a demonstrator of the concept [5].



1. Introduction

GKN Aerospace is involved in the development of the Prometheus engine which will
power the rocket demonstrator Themis. The Prometheus engine is powered by a gas
generator cycle which runs on liquid methane and liquid oxygen [6]. Themis will be
a demonstrator for a future Ariane rocket which will demonstrate the possibility of
a reusable first stage rocket. As GKN is part of developing the Prometheus engine
it is of interest to know what kind of loads it will experience during the reentry and
retro-propulsion of the rocket.

1.2 Earlier work

The state of the art when it comes to reentry and retro-propulsion experiments is
the use of numerical tools, such as CFD [3]. There has been physical experiments,
conducted in blow-down wind tunnels to simulate reentry without retro-propulsion
where the high Mach numbers of hypersonic flying conditions can be simulated by
accelerating a gas, often air, through a high expansion ratio nozzle. However, due to
conservation of energy, when accelerating the flow the static temperature decreases
as the total temperature is set constant resulting in different thermal properties
compared to flight conditions as well as resulting in lower velocities due to decrease in
speed of sound as the mach number needs to match [2]. Due to fire hazard, starting
a rocket engine in a wind tunnel is generally not possible, limiting experimental
testing to cold exhaust where one can investigate plume-air interaction, shockwave
and rocket body exhaust immersion but very limited in thermal validations [3, 2].
In other words, reentry and retro-propulsion relies heavily on numerical simulations
without much validation data [3].

Turbulence modeling is necessary to be be able to correctly capture the turbulence
effect on the behavior of shockwaves and it has been noted from studies that RANS
based models cannot correctly predict the interaction of turbulence with shocks.
This is due to RANS limitations in not being able to taking the unsteady motion
into account [2]. A study was done on retro-propulsion on a hydrogen-fueled engine
which compared three different turbulence models (Spalart-Allmaras, k—w SST and
Wilcox k —w) and the difference between chemical models as it compared a reacting
non-equilibrium flow and a frozen flow for a subsonic retro-propulsion. The results
showed a significant difference in the shape and length of the plume between dif-
ferent turbulence models especially with the Spalart-Allmaras model. It also noted
different temperatures in the plume when comparing a reacting flow and a frozen
flow with larger temperatures in the reacting one. Both post combustion and tur-
bulence model affects the temperature but as the study regards a hydrogen-fueled
engine the post combustion will be limited compared to methane and kerosene based
fuels which have been shown to have more post combustion effects [7, 2]. It has also
been noted that for multi-nozzle configurations there will be strong oscillations be-
tween different modes of the plume (further discussed in 2.5) which both RANS and
URANS cannot capture and therefore requires higher fidelity simulations. Another
large uncertainty with RANS was seen with the prediction of the surface heat loads.
But due to the low CPU requirements for RANS models it’s seen as the only option
for comprehensive design and development [2].
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In general for combustion inside a combustion chamber with high pressures and
temperatures, the chemical timescales for combustion is very small and the flow
timescales large, making chemical equilibrium a good assumption. However, once
ejected through the nozzle the timescales for post combustion is vastly different
where the flow timescale is small due to the high velocities and large chemical
timescales due to slow reactions, sometimes exceeding flow timescales by several
orders of magnitude, making frozen chemistry a good assumption. This means that
there are regions with high, low and intermediate Damkéhler number(Da) which
is the ratio between the flow- and chemical timescale, making frozen chemistry,
chemical equilibrium and chemical non-equilibrium all good approximations in dif-
ferent regions of the flow [2]. Studies comparing chemistry models in supersonic
retro-propulsion has shown that for hydrogen fuels, the rocket wall temperature was
about 200 K higher for reacting chemistry while for the carbon based kerosene fuel,
the difference was nearly 700 K (corresponding to 50% error). This shows that the
choice of fuel will heavily impact the effects of post combustion, and therefore also
the effects of chemistry models [2].

Studies have been made comparing the air models during reentry and one notable
example is Zhao et. al. (2020) [8] studying the heat flux at different Mach numbers.
They determined that at an altitude of 50 km and a reentry speed of Mach 9, the
models resulted in similar heat flux making the 5-species model an appropriate
choice. At Mach 15 they started to deviate where 7-species model was appropriate
and finally at Mach 23 the full 11-species model was appropriate. A similar study
was made by Zhao et. al. (2023) [9] comparing temperatures of Gupta, Park
and Dunn-Kang air models (all containing different 5-, 7- and 11-species models).
They concluded that up until Mach 29 the temperature, pressure and heat flux is
comparable, meaning that 5-species model is sufficient, however at Mach 34 and
Mach 39 they deviate rapidly making making 7- and 11-species models necessary.

For landing the first stage of a rocket there are two options, both displayed in figure
1.1. Either to bring back the booster to the launch site, called return to launch
site (RTLS), or let the booster follow a ballistic trajectory after separation and land
at a site further away, called a downrange landing (DRL). For a RTLS mission the
booster will perform a boostback burn after separation. This is a burn which is done
to reverse the horizontal component of the velocity to direct the velocity back to
the launch site, this is done while the vertical component of the acceleration stays
fairly unchanged. After reaching it’s apogee and starting the descent back down, the
booster will initiate the reentry burn. The reentry burn will help reduce the velocity
as aerodynamic drag is minimal at the high altitudes due to low atmospheric density
and will also help shield the components from high heat loads. After the velocities
has decreased and the rocket is at lower altitudes with higher atmospheric densities,
the atmospheric drag is utilized to slow down the booster until it’s near enough to
the ground to perform a last landing burn. In contrast to RTLS, the DRL trajectory
does not perform a boostback burn but will coast until reaching the apogee, start
its descent and do a reentry burn and then glide to the landing pad and perform
a landing burn. A comparison of the different trajectories was done on a Falcon 9
which showed that stage separation occurs 10 seconds earlier for RTLS compared to
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DRL. The earlier separation, together with the boostback burn, results in a decrease
of the velocity at the reentry burn for RTLS compared to a DRL [2].

2™ stage to orbit

Flip aver
ScenarioR1A
RTLS \

ACS

deployment |
\ —
/ Pecsell e Acs ~ ScenarioR1B
/ "’[m./ e deployment ‘ \ DRL

{— \
- AL

Figure 1.1: Landing scenarios: Return To Launch Site (RTLS), Down Range
Landing (DRL) [10].

Due to limitations in time, the scope of this thesis will be to only investigate DRL.
Comparing these two scenarios it has been noted that DRL is expected to experi-
ences higher velocities during retro-propulsion compared to RTLS and therefore have
higher loads. The main difference, other than the velocity, is that RTLS performs
a boostback burn, however at the high altitudes of boostback burn there is very
limited atmosphere meaning that no significant plume-air interaction to investigate.
There is also the limitation on the use of computational methods as the atmospheric
pressure is so low that the Navier-Stokes equations used in computational fluid dy-
namics (CFD) are no longer valid, exponentially increasing the complexity of the
problem [2].

1.3 Aim of project

The aim of this project is to simulate the reentry and retro-propulsion of a first stage
rocket booster and investigate the physical flow phenomena around the nozzles. The
thermal loads and pressure loads on the nozzles will be evaluated along with the
heat transfer coefficient(HTC). The main goal is to investigate the flow phenomena
with engines turned on and off at the start and end of the reentry burn. A method
will also be developed, and possible model reductions will be investigated. Due to
limitations in time, the scope of this thesis will be to only investigate DRL. DRL
was chosen over RTLS as the rocket is expected to experiences higher veloci- ties
during retro-propulsion and therefore higher loads

1.4 Task and questions

The following questions will be answered during this thesis:
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How does the flow behave around the nozzles during the reentry burn.

What are the heat loads, pressure loads and heat transfer coefficient on the
nozzles during the reentry burn with and without retro-propulsion.

What physics is present on and around the nozzles during reentry and retro-
propulsion

How can a CFD model be set up in order to investigate the thermal loads on
the nozzles and what simplifications can be made.
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Theory

In this section theory surrounding this thesis will be presented, starting with fluid
dynamics and CFD, continuing with super-/hypersonic and compressible flows found
in rocket reentry. Following is a short description regarding flow behaviour during
retro-propulsion and finally theory of high altitude and high temperature flows will
be discussed ending with chemistry and chemistry modeling.

2.1 Computational fluid dynamics

Any fluid flow is governed by the concept that mass, momentum and energy is
conserved. These principles can be expressed with partial differential equations.
Computational fluid dynamics is a way to numerically solve these partial differential
equations with the help of Navier-Stokes equations for continuity, momentum and
energy.

The continuity, momentum and energy equation is given by

8[) 81]1'
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where ¢ is the total internal energy and the stress tensor o;; is defined as

2
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If the flow is turbulent, the behavior of the fluid drastically changes, and one way to
solve it is by using time-averaged Navier-Stokes equation. This is done by decom-
posing the instantaneous velocity and pressure into a mean value and a fluctuating
value, which gives
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v; = ’171 + ?)Z/-
p=p+p
where v; is the mean component and v; is the fluctuating component. To make the
derivation easier the equation for an incompressible flow with constant viscosity will

be used. Putting this decomposition into the Navier-Stokes equation results in the
following equation called Reynolds Averaged Navier-Stokes (RANS):

(2.3)
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where pvjv} is a new term called the Reynold’s stress tensor which is unknown and
needs to be modeled to be able to close the Navier-Stokes equation.

2.2 Turbulence modeling

There is a large variety of turbulence models, all approximating the Reynold’s stress
term differently. One way is to use different types of two-equation models which
solves the turbulent kinetic energy equation and the dissipation equation. In order
to calculate these, the Reynold’s stress is modeled by introducing a turbulent eddy
viscosity 14 which is defined as,

k‘2
Vy = Cﬂ? (25)

With this turbulent viscosity the Boussinesq assumption is used which models the
Reynold’s stress as

oy

dv; vy 1. ——
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where 6;; is the Kronecker delta.

2.2.1 The SST k£ — w model

The SST k£ —w model is an eddy-viscosity model which is a combination of the £ —w
model and k — € model. It uses £ — w in the inner part of the boundary layer and
k — € in the outer part of the boundary layer and the rest of the domain. The SST
model also limits the shear stress in adverse pressure gradient regions [11]. Menter
shows in [12] that by taking the original £ — w model which is defined as,



2. Theory

opk 0 0 ok
Ok | OPUik _ b ok + 2| (it oragae) 2
(915 aZL’j 8xj 8xj
Opw  Opujw 0 ow (2.7)
- ‘7 — -
875 afﬁj VIP Blpw + 8LU] l(:u + O-wllut)axj‘|
and the transformed k£ — € defined as,
Opk  Opu.; 0 ok
Sl + pusk _ = P, — B pwk + — | (1t + Ogoptt) =—
ot Oz, 0z Oz 2.8)
Opw  Opujw 1 0k Ow 0 ow '
e + o, = %Py, — Bopw? 4 2p0,0— 91, 0z, + o, l(u—i—awgut)axj]
where € is rewritten as a function of £ and w and
Oou; (Ou; Ou; 2 ou;
P = ! : J Pk —
L= Mo (axj * am,-> 37" % e, 29
P, ou; [ Ou; n duj\ 2 5% '
N p@wj 8$] 81’1 " 6xj

and multiply the original £ — w model with a blending function F} and the trans-
formed k — € model with (1 — F}) and then putting them together one ends up with
the following SST model:
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The blending function F; should work in a way to preserve the features of the k —w
model in a large part of the boundary layer by being equal to one from the wall and
up to the edge of the boundary layer where it switches to zero to obtain the k& — ¢
model. The function is defined as,

Fy = tanh(arg?) (2.11)
where
o VEk w. 400v
arg, = ma:r:(mm(m;O. 5), o ) (2.12)
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The eddy-viscosity 14 is now defined as,

le

= 2.13
Vi max(ajw; QFy) ( )
and F5 is defined as
Fy = tanh(args;) (2.14)
where Vi
k  400v

The constants used in the SST k — w model are:

o1 = 0.85,0,1 = 0.65, 1 = 0.075,71 = (1/8* — 0,1K7/+/5*0

oka = 1.0, 000 = 0.856, B2 = 0.0828, 7 = B2/ 8" — 0u2r?/1/ B0 (2.16)
B* =0.09,k = 0.41

By using the SST k£ — w model one mitigates two of the weaknesses of the k — ¢
model which is that in adverse pressure gradient flows it will over-predict the shear
stress which the SST model mitigates by a limitation of the shear stress. The other
weakness is that it requires a near-wall modification but the k£ — w model does not
need that which is why the SST model switches to k£ — w inside the boundary layer.
The SST model also mitigates the disadvantage of the standard k — w model which
is that it is dependent on the free-stream value of w which the & — € model is not
and is therefore used in the free-stream|[11].

2.3 Compressible flow

Compressible flow is defined as a flow with varying density (p), in contrast to an in-
compressible flow where the density is assumed to be constant [13]. Compressibility
is defined as the fractional change in volume of the fluid element per unit change in
pressure and is defined as,

1dv
_ 2.17
g vdp’ ( )

where v is the specific volume and is equal to the inverse of density p. Rewriting
the compressibility in terms of density results in the equation

_1dp

e 2.18
b (2.18)
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Compressibility therefore says that a change in density will occur when a fluid expe-
riences a change in pressure of which the magnitude is dependent on the properties
of the fluid [13]. From the momentum equation for a one-dimensional flow one can
derive the speed of sound which becomes,

a? = <é>,o>s' (2.19)

For a perfect gas, using the perfect gas law % = RT, the speed of sound becomes

a=/v7RT. (2.20)

Consider a fluid element with a velocity, temperature and pressure. If this fluid
element would stagnate, in other words, if it would have been brought to rest with
zero velocity isentropically, the resulting temperature and pressure would have been
defined as the total temperature and total pressure (7 and F,). For supersonic
adiabatic flows, one could use the energy equation to derive Ty and F, as functions
of their static temperature, pressure, Mach number and ratio of specific heats ()
[13]. The equations are the following.
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2.3.1 Shockwaves

Lets consider a body immersed in a fluid where the flow is moving toward the body.
Information about the presence of the body will be propagated through the fluid
through pressure waves, also known as sound waves. For a subsonic flow the sound
waves will propagate faster than the flow and therefore be able to propagate up-
stream and inform the flow about the presence of body and pressure gradients will
build up. The flow will then adjust by changing properties such as direction. For a
supersonic flow the sound waves travel slower than the flow and can no longer prop-
agate upstream resulting in the loss of information to the flow about the presence
of the downstream body. Multiple sound waves will then coalesce a short distance
ahead of the body and form a shock wave. Upstream of the shock wave the flow
is supersonic and has no information of the presence of the body while after the
shock wave the flow is subsonic and will therefore know about its presence and the
velocities and properties will then be able to adjust for it. For a flat-faced body the
flow will react by creating a normal shock, in other words the shockwave is perpen-
dicular to the flow. The normal shock is assumed to be a discontinuity where the
flow properties abruptly change. Across the shock the static pressure, temperature
and density will increase while velocity will decrease [13].

11
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If instead the flow meets a surface with an angle 6 deflected upward the flow will have
to "turn into itself" and an oblique shock will occur, deflecting the flow with the same
angle 6. In contrast if the flow meets a surface which is deflected downwards the
flow will have to be "turned away from itself" and through an expansion fan. For an
oblique shock a similar phenomena to a normal shock will occur where it’s seen as a
discontinuity where the properties suddenly change. While for an expansion fan the
properties changes smoothly and continuously with the exception for the very tip of
the wall edge where the wall streamline where the changes will occur discontinuously.
As opposed to a normal shock and oblique shock, across an expansion wave the Mach
number will increase while the pressure, temperature and density will decrease [13].

2.3.2 Supersonic and hypersonic flows

As from oblique shock theory one can show that for a given flow deflection angle,
the density increase across the shock wave will become larger for an increased Mach
number. Which means that the mass flow behind the shock can "squeeze through'
smaller areas more easily as the density is higher. That means that for a flow over a
hypersonic body the shock wave will lie closer to the body compared to a supersonic
flow as the for a given mass the area can be smaller as the density is now higher.
[13].

Consider a hypersonic flow over a flat plate. For a hypersonic flow which contains
a large kinetic energy, when the flow within the boundary layer is slowed down by
viscous effects the kinetic energy will in part be transformed into internal energy.
This will increase the temperature inside the boundary layer. When the tempera-
ture increases it will in turn increase the viscosity coefficient which will make the
boundary layer thicker. In addition to that because the pressure is constant in the
normal direction in the boundary layer when the temperature increases it will lead
to a decrease in density because of the equation of state p = p/RT. As mass flow
needs to be conserved inside the boundary layer a decrease in density means that
the boundary layer thickness must increase. These two phenomena will make the
boundary layer grow more rapidly compared to slower speeds [13].

2.3.3 Boundary layer and heat transfer

When a temperature difference between a wall and a fluid exists heat transfer will
occur by conduction and when conduction is accelerated by the motion of the fluid
it’s called convection. In a lot of cases when there is heat transfer between a wall
and a fluid there will be a smooth variation in temperature in the thermal boundary
layer. For a given heat flux, it will be proportional to the temperature difference
between the wall temperature and the freestream temperature defined as,

q=hT, — T). (2.22)

The adiabatic wall temperature is defined as the temperature attained at the surface
of an adiabatic wall. For high speed flows the adiabatic wall temperature(7y,,) will

12



2. Theory

not be the stagnation temperature of the fluid as would be expected as the fluid
will be brought to rest. This is because the temperature rise due to stagnation will
be large enough that the viscous effects slowing it down won’t be adiabatic. This
will result to a significant heat transfer from the high temperature region near the
wall and lower temperature further away from the wall. Therefore the stagnation
temperature near the wall will be lower than that in the free stream. But to satisfy
the steady-state energy equation, there must be a region between the wall and the
freestream where the stagnation temperature is larger than the free stream [14]. The
convective heat transfer experienced at a wall is defined as

Ge = WTow — Ty), (2.23)

where h is the heat transfer coefficient and T, is the adiabatic wall temperature (the
resulting wall temperature if there is no heat transfer). T, is the wall temperature
attained for the given flow.

The Nusselt number is a non-dimensional number which is defined as ratio between
the total heat transfer and conductive heat transfer and is defined as

Nuj = hkL (2.24)

where h is the convective heat transfer, L is a characteristic length and k is the
thermal conductivity of the fluid.

2.4 Plume-air interaction

During the ascent the rocket engines exhaust is pointed in the same direction of
travel. The exhaust will then accelerate through the nozzle to supersonic speeds
and will, after ejection, expand to match the ambient pressure of the atmosphere.
In descent during a retro-propulsion maneuver, the supersonic exhaust will meet
supersonic or hypersonic flow from the atmosphere creating strong shock waves and
stagnating the flow. The behavior of the flow will depend on a multitude of variables,
such as nozzle exit conditions, atmospheric conditions and Mach number [2].

As mentioned, during the ascent the plume structure is dependent on the ambient
pressure as it generally expands to match the ambient pressure, this is however not
necessarily true for retro-propulsion. It is well known that information cannot travel
upstream in supersonic flows and neither over a shockwave. This means that the
exhaust ejected from the nozzle does not know the freestream pressure and therefore
will not expand in order to match it. The exhaust will instead expand in order to
match the dead air pressure (p;) which is the pressure next to the nozzle, outside
the plume and behind the shock waves, it’s location can be seen in figure 2.1a. The
dead air pressure correlates to but is usually not equal to the ambient pressure. The

13
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dead air pressure is also not possible to calculate analytically making the plume size
and structure hard to predict [2, 15].

Studies have shown that there are two plume types in retro-propulsion, blunt plume
(also known as short penetration mode) and penetrating plume (also known as long
penetrating mode), and can be seen in figures 2.1a and 2.1b respectively [2, 16]. A
blunt plume is characterized by a highly underexpanded plume, caused by the low
ambient pressures at high altitudes and large opposing free stream Mach numbers.
The penetrating plume is characterized by an overexpanded plume that usually has
a series of reflected shocks following an incident shock. As the penetrating plume
penetrates the bow shock it reduces its strength, compared to the bow shock for a
blunt plume [2]. It is generally understood that the change from one plume struc-
ture to another happens sharply, but the reason and timing of the change remains
undetermined, and researchers have yet to reach a consensus on the underlying
mechanisms [10]. Some researchers claim that transition from a blunt plume to
penetrating happens when the thrust coefficient Cr =~ 1 where a higher C7r results
in a blunt plume and lower than one results in a penetrating plume [15]. Thrust
coefficient, a dimensionless number defined according to eq. 2.25, where T is thrust,
Poo 18 freestream dynamic pressure, A,, is model base area, M is free stream Mach
number, p. is nozzle exit pressure, A, is nozzle exit area, A is reference area and in
this case the cross-sectional area of the rocket, v, and 7, are heat capacity ratio
in the jet and free stream respectively, is a parameter that has been shown to have
a correlation with the shape of the plume [15, 17]. When the freestream velocities
decrease (lower supersonic velocities) the point of transition is increased and when
the velocities increase, the transition Cr is decreased. The plume behavior in sub-
sonic velocities can generally be considered as a penetrating plume and are highly
unsteady regardless of Cr [15]. Other studies have shown that the transition point
is not dependent on C7, but rather is dependent on the nozzle exit pressure ratio
(EPR = =) and transitions sharply at a certain EPR while others say that it
happens as the exhaust transitions from underexpanded to overexpanded [17, 10].

T 1 pe2A.(1+~;M2)
C PecAm M2 po Yoo A

(2.25)
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Jet boundary
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(a) Blunt Plume [2].
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M1 - Reflected shock
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(b) Penetrating Plume [2].

Figure 2.1: Comparison of Blunt and Penetrating Plumes.

The blunt plume, more common at higher altitudes where the exit pressure ratio
is larger, is characterized by a bow shock (from the freestream), contact surface
(between freestream and exhaust) and a Mach disk (from highly underexpanded
exhaust). After the flow passes the shockwave, they turn along the contact surface
bending towards the sides of the rocket, accelerate to supersonic speeds and once
more reattach to the surface of the rocket [17]. In the recirculation zone, next to
the nozzle in an area with subsonic flow, a large shear layer is created which plays a
major role in plume structure [17]. The contact surface is the surface that separates
the freestream gases and the exhaust gases, and mixing may occur over the contact
surface if properties, such as velocities and pressures, differs. Mixing may also occur
in the recirculation zone between the plume and the dead air zone as well as in the
jet boundary [15].
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2.5 Plume-plume interaction

Modern day vertical take off vertical landing rockets generally do not use a single
engine but rather a cluster of engines. Often during the different phases of flight,
instead of throttling the engines, certain engines are turned on and off where Space-
X Falcon 9 rocket, that uses a nine engine cluster, all nine engines are used during
ascent, three (in a vertical line) are used during reentry burn and only one (central
engine) is used during the landing burn [2]. This means that during the reentry
burn the flow will not be characterized by a single plume as discussed in sec 2.4, but
rather by multiple plumes interacting not only with the atmosphere, but also with
each other.

At lower velocities during the landing phase, where the plumes are less underex-
panded or even overexpanded due to the higher ambient pressures, the plumes be-
have as a penetrating plume and the plume-plume interaction happens far down-
stream from the nozzle. At higher altitude, where the plumes behaves as blunt
plumes, with large expansions the interactions are closer to the nozzle exit and it
becomes more complex as can be seen in figure 2.2 [2]. As the flow of the jets meet,
oblique shocks will form and propagate through the flow [18]. There will also be
a stagnation point between the nozzles near the exit creating reverse flow where
hot gases are deflected back toward the walls of the nozzle and the base plate of
the rocket, an effect that is insensitive to the freestream Mach number [2, 16]. It
has also been shown that the plume structure is highly unsteady where experiments
show the plume rapidly switching between blunt plume and penetrating plume while
steady state CFD often predict it to penetrating plume [2].

Recirculation zone

_________
Sonic line

e

.£> %l Updraft plume
and recirulation

Free stagn/ation
point

—_mmmm ="

Contact surface

Barrel shock

Figure 2.2: Plume-plume interaction at supersonic velocities [2].

2.6 Properties of high-temperature gas

In most fluid flow one assumes that the fluid adheres to the ideal gas law, in other
words that pressure and temperature relate through eq. 2.26, where R is the specific
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gas constant. The assumption of ideal gas is that the molecules in space are small
and distance between them are large, and therefore the intermolecular forces, which
effect gas properties, are negligible [13]. When temperature decreases and pressure
increase the molecules gets pact closer together decreasing the accuracy of this as-
sumption. However, in this case where there is high temperature from the exhaust
and shocks and low atmospheric pressures found at high altitude the ideal gas law,
in other words eq. 2.26, still holds [13]. Worth to note is that chemical reactions
can occur in gases with very high temperatures which will change the properties of
R = R/M, where R is the universal gas constant and M is molecular weight which
is not constant during chemical reactions [13], however more on this in section 2.8.

p = pRT (2.26)

Before delving deeper into the concept of gas-laws some talk about chemistry and
quantum physics is needed to be able to understand what effects the properties of
gases. To begin with, assume that only one species is regarded, in other words a
homogeneous gas containing only one type of molecule or element.

For a single species, there are different modes of energy, different states that an
element or molecule can have that all contain a certain amount of energy. An
element consisting of a single atom have two modes of energy, translational energy
and electronic energy while a molecule consisting of two or more molecules has 4
energy modes, translational energy (e;), rotational energy (e,), vibrational energy
(€,) and electronic energy (e.) [13].

o Translational energy (¢;) is the movement of a species through space, in
other words the displacement of center of mass. The movement of center of
mass can occur in three direction (X, y, z) and therefore has three thermal
degrees of freedom [13].

« Rotational energy (e,) is the rotation of atoms around its own axis. The
rotation can also occur in three dimension (x, y, z) resulting in three ther-
mal degrees of freedom. For linear polyatomic molecules, such as bi atomic
molecules or C'O,, where all nuclei are aligned in a strait line, the rotational
energy in the axis of the molecules is minimal compared to the other directions
of rotation. For these types of molecules generally only two thermal degrees
of freedoms are considered while for nonlinear polyatomic molecules, such as
H,0, all three needs to be considered [13].

« Vibrational energy (e.) is the movement of atoms with respect to other
atoms within the same molecule. This mode, governed by intramolecular
forces, can be seen as atoms with relative velocity connected by a spring.
Vibrational energy is therefore the sum of kinetic energy (the translation of
the atom) and the potential energy (the energy stored in the relative position
of the atoms with regard of the neutral position, consider as potential energy
stored in the spring). This means that vibrational energy has two thermal
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degrees of freedom [13].

« Electronic energy (e.) comes from the electrons circulating the atom or
molecule and can, as vibrational energy, also be split into two. The two ener-
gies are kinetic, the movement of electrons relative to the atom, and potential
energy due to the electrons position in the electromagnetic fields. Electronic
energy therefore has two thermal degrees of freedom [13].

The total energy for an element can be written as

€=¢€ +¢€ (2.27)

while the total energy for a molecule can be written as

€E=¢€ +€ + € +e.. (2.28)

Due to quantum mechanics these energy levels can only exist at certain discrete
values, and it is these values that the different energy modes are at that effect the
gases thermodynamic properties. Translational and rotational modes have, specially
in lower values, their discrete levels so close together that they can almost be con-
sidered a continuum [13]. The second level for vibrational energy, in other words the
first level after lowest allowable energy level found at zero Kelvin, occurs at quite
high energy levels where each successive level is closer together than the previous
while the second electronic energy mode is found even higher than that [13]. Many
different combinations of discrete levels of energy can combine up to the same total
energy, in other words the same total energy for a single atom is € = ¢; + ¢, and the
resulting total energy would be the same if ¢, = 1 and ¢, = 2 as well as ¢, = 2 and
€. = 1. The combination of energy level is determined by statistical probability on
a micro scale. This can then be used to calculate the most probable macro scale
state [13].

The background and derivation of the equation of energy, found in quantum me-
chanics, is too heavy and not necessary to recite for the purpose of this thesis.
However theorem of equipartition of energy state that each thermal degree of free-
dom contributes by %RT to the energy level of the molecule with the exception of
¢. and €, [13]. This means that ¢, = 3(3RT) = 2RT, ¢, = 2(1RT) = RT (for linear
polyatomic molecules) while €, = ehﬁ?éiil and ¢, is obtained from spectroscopic
measurements. The resulting total energy of a molecule then becomes:

3 hv/kT
€ = aRT + RT + WHT_F €e (229)
N——" Rotational —“————  Electronic
Translational Vibrational

where R is the specific gas constant, T is the temperature, h is Planck’s constant, v
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is the vibrational frequency and k is the Boltzmann’s constant. One can then divide
by T to get

hv/kET
cvz‘;’R+R+ v/k R+a€e

SRt o (2.30)

As eq. 2.30 shows, ¢, is only a function of T and that different modes has different ef-
fect on internal energy. It should be emphasized that these terms take discrete values
and therefore are constant up until a certain point and that statistical probabilities
dictates the distribution of energy over the different modes. It is once a energy mode
gets excited, in other words reach a higher energy level, that the thermodynamical
properties change and this generally happens at different temperatures. These levels
then create different regions of gas-laws that can be approximated in CFD [13]. Note
that specific heat at constant pressure, ¢, = R — ¢,, as well as the ratio of specific
heat, v = 2—:, is generally what is used in discussions of thermodynamical proper-
ties in fluid mechanics and is what will generally be talked about going forward.
The temperature ranges of the regions vary with species and pressures, where lower
pressures generally decrease the temperature, but for air at sea level the following
behaviour is:

e 0 to 1 K: Only translational energy is excited and all other energy modes are
either zero or at their lowest energy level possible. In this region thermody-
namical properties, such as 7, are constant [13].

« 1 to 3 K: Rotational energy starts to get excited at 1K and reaches fully
excited at 3K. During this range, as more and more molecules get their
rotational energy exited, v becomes non-constant [13].

e up to 800 K: The upper limit is not a strict limit and is a graduate transition,
and therefore varies between sources but is generally said to be around 500 -
800 K. During this range translational and rotational energy is fully excited
resulting in constant value for ¢, [13, 19]. This range is what is considered
calorically perfect gas and is a common assumption in many CFD simulations.
Since ¢, is constant enthalpy, h = ¢,T’, becomes a linear function of tempera-
ture.

« 800 to 2000 K: After approximately 800 K, vibrational energy starts to get
excited, again creating a region of non-constant 7. In this region ¢, vary, and
generally increase, with temperature creating non-linear relationship between
temperature and enthalpy. If there is no chemical reaction and one disregards
intermolecular forces, which is assumed in ideal gas, this region can also be
considered thermally perfect gas, in other words that all thermodynamical
properties vary only with temperature [13]. In other words, ¢, = ¢,(T), ¢, =
c(T), v =~(T) and R = constant [19].

e 2000 to 9000 K: In this region translational, rotational and vibrational en-
ergy modes are all excited. When T" — oo the theoretical limit of ¢, should
converge towards a determined value, however, this is generally not the case
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as chemical reactions starts to occur the temperature won’t reach that value.
Specifically as dissociation occurs which is when molecules break down to into
their individual atoms. But also during exchange, when molecules exchange
atoms. Between 2000 and 4000 K O, dissociates through the reaction Oy < 20
and between 4000 and 9000 K N, dissociates through Ny < 2N. Between 2000
and 9000 K exchange between Ny + O < NO + N and NO 4+ O < N + O,
occurs [20]. As this happens new species are being created which means that
not only does the properties of the old species at that current temperature
change, but also the properties of the new species. Another thing that needs
to be considered is mixing and concentration of each species in each cell.

> 9000 K: After 9000 K ionization starts to occur where electrons break free
from species. Among other reactions, oxygen become oxygen ions through
O < OT+e™ and nitrogen react to become nitrogen ions through N < N*t+e~
[20]. Similar to the chemical reactions found in 2000 - 9000 K region, v will be
a function of the local species, with the difference that more types of reactions
and species needs to be considered. Another phenomena that can occur is
catalytic walls. When the flow hits a shockwave, the temperature rapidly
increase and chemical reactions occur. These particles can then react once
more as they near the wall, which is generally lower temperature than the flow
or due to reaction with the material of the wall itself [20, 19].

2.7 Properties of high altitude atmosphere

During reentry the spacecraft flies through the atmosphere down to earth. Dur-
ing this flight it experiences many different layers in the atmosphere where there
is slightly different chemical composition, temperatures and most significantly the
change in pressure and density going from vacuum to 1atm. The different properties
of the gas at these different altitudes will, just as mentioned earlier with temper-
ature, also play a part in the behavior of the flow and how it is modeled. The
regions, that can be seen in figure 2.3, are divided into transition regime, contin-
uum regime, thermochemical equilibrium flow and the non-equilibrium flows which
includes chemical non-equilibrium and thermochemical non-equilibrium flow that
both depend on flight velocity and altitude [20].
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Figure 2.3: Gas models at different speeds and altitudes [20]

An important factor when looking at high altitudes is the Knudsen number (Kn)

defined as:

Kn =

(2.31)

where A is the local mean free path and L is the characteristic flow length. At
higher altitudes the mean free paths of the particles increase making the Knudsen
number increase. The Knudsen number can then be used to split the atmosphere

into different regimes as follows [20]:

e Continuum regime, Kn < 0.001: In static cases it is generally found at alti-
tudes <90 km. In the continuum regime the flow can be considered continuous

[20].

o Slip flow regime, 0.001 < Kn < 0.1: Local non-equilibrium is important
near surfaces, and boundaries has a slight tangential component [20].

» Transitional regime, 0.1 < Kn < 10: For static cases it is generally found
at altitudes 90 < h < 120 km. Distance between molecules large enough to
make collisions rare making flow deviate from equilibrium [20].

o Free-molecular regime Kn > 10: Intermolecular collisions neglected and
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gas only interacts with walls [20].

2.7.1 Thermochemical equilibrium flow

Thermochemical equilibrium flow means that the fluid is in both chemical equilib-
rium and thermal equilibrium and is found at lower altitudes and velocities. Chemi-
cal equilibrium (explained in more detail in section 2.8.2) is when reactions occurs at
the same rate in both directions, in other words that a species is being produced and
destroyed at the same rate. Thermodynamical equilibrium is when all of the energy
states € = €, + €, + €, + €. (explained in more detail in section 2.6) are in equilibrium
in their most probable macro state [20]. In other words that no individual energy
state is abnormally excited above any other (note that for both thermochemical
equilibrium and non-equilibrium ¢, # €, # €, # €.) [13]. In this region the internal
energies can be expressed by a single temperature and the chemical reactions have
been fully carried out and only depend on temperature and pressure. This means
that the chemistry can be uncoupled from the flow equations and can be solved by
the conventional Navier-Stokes equations [20].

2.7.2 Thermochemical non-equilibrium

Thermochemical non-equilibrium is when the flow is in thermodynamical and chem-
ical non-equilibrium. Only a brief description of chemical non-equilibrium will be
given here, a more detailed description is given later in sections 2.8.2 and 2.8.3. As-
sume we have the species A and B reacting to make the species AB. The triggering of
the reaction is often made by a collision of an arbitrary third party species X result-
ing in the reaction A+ B+ X < AB+ X [13]. In chemical equilibrium the reactions
is equal in speeds for both directions, in other words, there is equal amounts of A,
B and AB being produced. At high altitudes, where the pressure and density is low
and distance between molecules are greater, the probability of collision is much lower
resulting in a longer time before sufficient collisions have occurred to equilibrate the
reactions [19, 13]. As figure 2.3 show, this is prominent from approximately 40km
altitude at high velocities, or up to 80km at lower velocities [20]

Thermodynamical equilibrium, just as as chemical equilibrium, is often achieved
when atoms collide, triggering energy exchange, both between molecules and be-
tween states within the same molecule [13]. One example of this occurring is after a
shockwave the translational energy is suddenly increased, however the other energy
states has not been able to equilibrate due to lack of collisions creating a relax-
ation region where they try to "catch up' the translational mode [19]. As earlier
mentioned in section 2.6, the thermodynamical properties of the fluid is determined
by the energy states which is why it is important to calculate the excitation of the
different states.

When there is thermochemical equilibrium, one can relate the energy level by us-
ing a 1-temperature model, in other words, if the temperature is known, the to-
tal energy of the different states of the molecule can be deduced through most
probable macro state [20]. However, when thermodynamical non-equilibrium is
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present, the different energy modes needs to be represented by an individual tem-
perature, compensated by in 2- or 3-temperature model. In the 2-temperature model
translational-rotational temperature (73,.) represents the translational and rotational
energy states, and vibrational-electron-electronic temperature (7,.) represent the vi-
brational and electronic energy states. Translational and rotational energy states
are assumed to be close to equilibrium at all times, which is why 3-temperature
model splits vibrational-electronic temperature into vibrational temperature (T,,)
and electronic temperature (7,.). The result is in other words: 1-temperature
model = T =T, 2-temperature model = T" = T}, + T}, and 3-temperature model
=T =Ty, + T, + T [20]. Each temperature in the different temperature mod-
els have their own transport- and production equations added to the traditional
Navier-Stokes equations [20].

2.7.3 Continuum and transition regime

At very high altitudes, above 90 km the atmospheric pressure and density is near
vacuum resulting in continuum, a fundamental assumption needed for the traditional
Navier-Stokes equations, can no longer be assumed [2, 20]. The assumption of
continuum is that there are sufficient number of fluid particles in all CFD cells to
say that the macroscopic properties (such as density, speed and temperature) are
given by the average of all particles within the cell [19]. As the density and pressure
decrease, distance between molecules increase and the number of molecules in each
cell becomes less, the macroscopic properties are no longer determined by the average
properties. The Navier-Stokes equations are valid in the continuum regime where
Kn < 0.001 [20], and can work up to Kn < 0.03 [19]. One of the first fundamental
assumptions to fail is the no-slip condition, in other words that velocities at walls
and stationary boundaries are no longer zero and that fluid temperature is not
equal to the wall temperature [19]. Assuming a no-slip condition as well as using
thermochemical non-equilibrium models one can extend the use of the Navier-Stokes
equations and CFD up to about Kn = 0.1 with good results while the continuum
model has to be replaced with molecular model for Kn > 0.2 where conventional
CFD is no longer applicable [19, 20]. At larger Knudsen numbers another method,
such as Boltzmann equation, a more computationally expensive method, needs to
be used that takes particle collisions into considerations [20].

2.8 Chemistry models

As explained above, one needs to have different chemical models to be able to
simulate gases with high temperatures or when the gas composes of multiple species.
This is necessary, not only to capture any potential chemical reactions, but also to
model the change of ¢, as you get outside the constant v region. The different
chemical models have different features, capturing different parts of the chemistry
and physics, with different levels of fidelity and proximity to the real world. An
important aspect when it comes to chemistry models is that it heavily affects the
runtime of the simulations, this means that a balance needs to be made between
computational cost and accuracy of the model [2]. The balance includes both how
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to treat reactions, but also the transport of species and what species to regard.

An important dimensionless parameter used in chemical simulations is the Damkoh-
ler (Da) number wich represents how chemical reactions behave with respect to the
flow [2]. Damkohler is defined according to eq. 2.32 where 74 is the flow timescale
and 7, is the chemical timescale, and defines what chemical models are appropriate.
A large Damkohler number imply fast chemical reactions with the respect to the
flow, while a small number imply slow reactions. Another definition of Damkohler
number is comparing chemical reaction rates to turbulence, where a large Damkoh-
ler would imply good mixing between species and the system behaves as a perfectly
stirred reactor while a small Damkohler would imply that reactions highly depend
on local concentrations of species [21]. The chemical timescales in high temperatures
and pressures found in regular combustion are generally low, however, secondary ef-
fects, such as post combustion in exhaust, plume-air interaction reactions and NO,
formations when the temperatures and pressures are lower, are significantly larger
and can exceed the flow timescales by orders of several magnitudes [2]. This results
in different chemistry models having different accuracies in different regions of the
combustion and reaction process [2].

Da = —

Te

(2.32)

Computational fluid dynamics treats species in the flow as any other property that
has a tranport equation. The equation is given by

0 0 0 oYy

= (pY3) + — (pu;Yz) = D

) + @k (2.33)

where Y, denotes the species k, D, is the species diffusion coefficient and wy, is the
source term that stems from chemical reactions [22]. Equation 2.33 is the same for
all chemistry models where species is considered with the difference being how the
source term wy, is modeled.

As the species are being transported through the flow the thermodynamics proper-
ties, such as v and R, and transport properties, such as viscosity and conductivity,
needs to be evaluated. The most common ways of evaluating these are table-lookup
and curve fitting [20]. As table-lookup is cumbersome in CFD applications, curve-
fitting, fitted from the values in the tables, is often preferred as they are easy and
effective to incorporate into numerical schemes [20]. Ansys fluent allows for curve-
fitting through CHEMKIN format, a common format to calculate and evaluate prop-
erties as a function of temperature, more on this in section 3.6.1.

2.8.1 Frozen chemistry

A common assumption when modeling chemistry is assuming frozen chemistry or
frozen reaction. Frozen chemistry is when only the transport of species is considered
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and no reactions occur, in other words when wy, is assumed 0. This is a good approx-
imation when the Damkohler number is very low, in other words when the chemical
reactions occur slowly with respect to the flow [2, 19]. Since there is no reactions
in frozen chemistry the gas constant, R = %, is constant while thermodynamical
properties (v and cp) are a function of temperature, meaning that frozen chemistry
is an assumption of thermally perfect gas [19]. This means that the properties is
only dependent on one property, temperature, making frozen chemistry the simplest
and computational cheapest option of chemistry model [19].

Since frozen chemistry only models transport of species it is a good assumption as
long as no reactions are significant in the flow. Figure 2.4 highlight the difference
between frozen chemistry model and chemical equilibrium model for air at one at-
mosphere [19]. It shows that for lower temperatures (< 2000 K), frozen chemistry
and chemical equilibrium will give similar values of ¢, while at higher temperatures
they differ drastically.

s Equilibrium
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5
/ Frozen
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0 2500 5000 7500 10000 12500 15000
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Figure 2.4: ¢, of air at one 1 atm [19]

2.8.2 Chemical equilibrium

Reacting chemistry is when the chemistry model allows the different species to react
with each other. This includes dissociation, exchange and ionization. Chemical
reactions just as most other physical effects, is not instantaneous, it takes time for
chemical reactions to occur and stabilize. This is a very difficult and computationally
heavy [2] to simulate and there a couple different ways to model this where they
generally fit into one of the two groups: chemical equilibrium and chemical non-
equilibrium.
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In general, reactions will not only occur one way, but will go back and forth. Assume
that we have two species A and B and they react through equation 2.34 to create
AB. The reaction will occur in both directions, in other words A and B will react
to produce AB while AB will also dissociate and produce A and B [13]. These two
reactions occur in different rates, however as the concentrations change, both reac-
tions will converge towards reacting in equal speeds meaning that equal amounts of
A, B and AB is being produced. This will occur if the reactions are left undisturbed
for long enough time. When the reaction at a position and instance react in both
directions at the same speed it is considered chemical equilibrium [13].

A+ B« AB (2.34)

Statistical thermodynamics [13] show:

) AgAe—ef/k:T
_ J
N =N T (2.35)
B _—eB/kT
g;e i
NJB = NBJT (2.36)
AB AB ggABe_E?AB/kT
NAP =N I (2.37)
NANB ANB
— danrCQ (2.38)

NAB QAB

where NV j’ is the number of the i species at the energy level j, g; is number of generate
energy states, € is energy level, ¢, is lowest possible energy level for given specie,
and Q is a partition function defined as Q =3, gje_e/ T 'k is Boltzmann’s constant
and T is temperature.

The ideal gas law can be rewritten to pV' = NKT and can be reused to calculate
partial pressures p; for species i:

piV = N;kT (2.39)

where p; is partial pressure, N; is the number of particles to fill up the volume V.
Combining equations 2.38 and 2.39 gives

paps _ KT e @Q7 _
PAB V QAB :

(7). (2.40)

26



2. Theory

K,(T) is called the equilibrium constant for the reaction A + B < AB and is, for
ideal gas, a function of only temperature [19]. Using the general chemical equation:

UlAl + ’UQAQ + ’UgAg <~ U4A4 + U5A5 (241)

where v; is the stoichiometric mole number for species i and A; is the chemical
symbol for species i, one define the equilibrium constant as:

(1) = —Pa) " (Pas)” (2.42)

B (pAl )v1 (pAz)vQ (pAs)U3 .

The equations 2.34-2.42 can be used to show that the composition for the chemical
equilibrium is a function of both pressure and temperature [13]. This means that the
composition will change over the domain, due to temperature and pressure changes,
even though no new species are introduced.

When assuming chemical equilibrium from a computational simulation point of view,
this generally means that one assumes that all chemical timescales are very low
compared to fluid timescales and reactions occur instantaneously [19, 2]. Chemical
equilibrium is, in other words, a good approximation when the Damkhdéler number
is large [2]. In a steady state simulation the pressure and temperature is constant for
a given point. This means that, in that point, K, is constant and the composition
of species is also constant. The result is, just as in frozen chemistry, the source term
(wr) is equal to zero [19]. As mentioned, chemical equilibrium is a function of two
parameters, temperature and pressure, making it more computational heavy than
frozen chemistry.

2.8.3 Chemical non-equilibrium

The second type of reacting chemistry is called chemical non-equilibrium and occur
when the reactions back and forth occur at different rates. This model is generally
a good assumption if the Damkohler number is & 1, in other words when the flow
timescale and chemistry timescale is comparable [2].

Assume that we have a reaction defined as :

N N
S v, Xe e D> v X, (2.43)
k=1 k=1

where vy, is the stoichiometric coefficient of species k of reaction r and X, is a
dummy symbol of species k [19]. A chemical reaction often reacts with regards to a
separate species that is not apart of the original reaction. An example is dissociation
of oxygen through the reaction Oy + X < 20 + X where X is an arbitrary third
party species. In the destruction of Oy the molecule will collide with the species X
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and will dissociate into 20 where X is neither produced or destroyed, and reversely
20 collide with X to produce O,. In other words X is an important ingredient in the
reaction and will effect the rates and properties of the reaction [19]. The production
rate for chemical non-equilibrium can be calculated as [19]:

N N

wkﬂ’ = MZ (Vllgl,r - Vllw)kfr H(%)V;T - (Vl/c/,r - Vl/cr)kbr ]T[(%)Vé/7 . (244)
7=1 J j=1 J
production destruction

where wy,, is the production rate for species k through reaction r. Mj, is molecular
weight, ky, and &y, is forward and backward rate coefficient respectively, the product
is over all third party species j in the system, N, is the total number of species and
p is density. This equation can then be rewritten into a general production rate
including all reactions relating to species i by [19]:

NT Ns NS

wp = My S —vh) kg H(%)%r . H(%)V&’r , (2.45)
r=1 j=1 i j=1 i
production destruction

where N, is the total number of reactions related to species k. As one can see, if the
production term is equal to the destruction term, in other words if eq. 2.46 is true,
the total production rate of species k through reaction r is equal to zero and this is
what is considered chemical equilibrium.

Ns Pi / Ne Pi 7
kg [T()" = ke [T ()" (2.46)
j=1 Mj j=1 MJ’

The main unknown in eq. 2.45 is the forward and backward rate coefficients ky, and
Ky, In theory it is possible to derive £y, through kinetic theory, assuming interaction
potential, dissociation-recombination probabilities and exact distribution functions
are known. In practice however, this is difficult due to much of the information is
unknown. Instead a semi-empirical equation, called Arrhenius equation is used, and
is defined as:

—Ey

ke = Ayt (2.47)

where A, is a constant pre-exponential factor, F, is the activation energy for reaction
r, R is universal gas constant and T is temperature [23, 19]. In this equation, A,
is considered temperature independent, which is an approximation, resulting in this
equation often being rewritten to the modified Arrhenius equation:
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kg = A, Tre R (2.48)

where a temperature dependence is added to the pre-exponential factor [23]. A,
and n are derived from experimental data of k; resulting in a large differences, often
up to several magnitudes, between different authors [19]. The modified Arrhenius
equation is only valid for thermal equilibrium [19].

The backward rate constant k. can be modeled in several different ways and is not
as straight forward as ky,. Generally two approaches can be made, first is assuming
ks, follows Arrhenius equation 2.49, where Ay,, ny, and E, are the backward reaction
values and is independent of k¢,, second is assuming &y, is a function of k¢, according
to equation 2.50 where K, is the equilibrium constant defined by equation 2.40 [19,
20]. For high velocity flows, the second method, using equation 2.50, is considered
more accurate [20].

ki = Ay, T e 7 (2.49)
ky

[ (2.50)
Kp

2.8.4 Chemical timescales of reentry

In general the chemical timescales for combustion is very small and the flow timescales
large at high temperatures and pressures found in the combustion chamber making
chemical equilibrium a good assumption. However, once ejected through the nozzle
the timescales for post combustion is vastly different where the flow timescale is
small due to the high velocities and large chemical timescales due to slow reactions,
sometimes exceeding flow timescales by several orders of magnitude, making frozen
chemistry a good assumption. This means that there are regions with high, low
and intermediate Da, making frozen chemistry, chemical equilibrium and chemical
non-equilibrium all good approximations in different regions of the flow [2]. Studies
comparing chemistry models in supersonic reentry propulsion has shown that for
hydrogen fuels, the rocket wall temperature was about 200 K higher for reacting
chemistry while for the carbon based kerosene fuel, the difference was nearly 700 K
(corresponding to 50% error). This shows that the choice of fuel will heavily impact
the effects of post combustion, and therefore also the effects of chemistry models [2].

2.8.5 Air species model for reentry

As mentioned earlier a chemistry model needs to be chosen as a balance between
computational cost and model accuracy. This means that the best model is the
simplest model that still captures relevant chemistry. As also mentioned earlier, air
will dissociate, exchange atoms and ionize all different at temperatures. This means
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that an air model needs to be chosen that is appropriate for the temperatures reached
at different altitudes and velocities.

Many air models taking chemical reactions into considerations has been developed
containing a variety of different species . For air there are three common species
models, 5-species, 7-species and 11-species [19].

o 5-species: This is the simplest species and is used when dissociation and
atom exchange is present, but ionization is neglegible. The species considered
is: NQ, 02, NO, N, 0.

» T-species: When ionisation starts to become relevant (usually around 9000 K)
one needs to add ions and electrons as species to the model. The species then

become: Ny, Oy, NO,N,O, NO*,e".

o 11-species: When temperatures increase even further more species begin to
ionize and additional ion-species needs to be considered. The species then
become:

N27027N07N707N2+702+7NO+7N+7O+7N0+76_

The reactions can be broken down into thermal dissociation, bimolecular exhange,
associative ionization-dissociative recombination, charge exchange, heavy particle
impact ionization and electron impact ionization where the 11-species model takes
all of the reactions into consideration [19]. The reactions are displayed in table 2.1
where X denotes arbitrary third party species. Reactions 1-5 is considered in the
5-species model, 1-6 in the 7 species model and 1-23 in the 11-species model [9)].

30



2. Theory

Thermal dissociation
1 O+ X< 0+0+X
2 No+X & N+N+X
3 NO+X & N+O+X
Bimolecular exchange
4 O+ N < NO+O
D No+0O < NO+ N
Associative ionization-dissociative recombination
6 N+O & NOt +e
7 N+ N & Ny +e”
8 O+0 05 +e
Charge exchange
9 NOT+0 & NT + 02
10 O;— + N & Nt + 02
11 O+ NO & Nt + 0,
12 Nt + Ny, < Nf+ N
13 OF + Ny & N + O,
14 Ot + N, & Ny +0
15 NOT+ N & NS +0
16 O3 +0 & O + 0,
17 NOT + N & O + N,
18 NOT 4+ 0y & Of + NO
19 NOt*+0 & O + N
Heavy particle impact ionization
20 02+N2¢>N0+N0++€_
21 NO+X & NOt+e +X
Electron impact ionization
22 O+e 0" +e +e
23 N+e & Nt +e +e

Table 2.1: 11-species reactions scheme from Gupta et. al. 1990 and Park 1993 [19]
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Methods

In this chapter the methodology used during the thesis will be presented. This
includes the general approach to the study, the used software such as the meshing
tool and CFD program along with the CAD model and the used chemistry- and
turbulence models.

3.1 General Methodology

The first thing carried out in this thesis was a literature study. The study was done
to both increase the authors knowledge in the relevant field but also to investigate
the state-of-the-art simulation tools/models for this research topic. The literature
study went through general theory about reentry and retro-propulsion. This includes
different chemical air models, turbulence models and experiments associated with
reentry. CFD simulations in ANSYS Fluent were conducted, starting with simple
models and geometry and gradually increase the complexity. The next step was to
take the rocket geometry developed by the German Aerospace Center (DRL), and
remove the landing legs and control fins as the flow behaviour on and around the
nozzles and base of the rocket is the main focus of investigation in this project.

A prestudy was conducted using a 2D axisymmetric model to compare multiple
model settings at a lower computational cost, allowing for additional simulations
to be performed within the available time. Apart from general settings to improve
convergence and accuracy, investigative simulations were made, with- and with-
out retro-propulsion, and analyzed in order to derive: chemical models effects on
temperature, chemical models effects on heat transfer coefficient and chosen wall
temperature boundary conditions effects on heat transfer coefficient. The result
from the prestudy was then used in order to run accurate 3D simulations with lower
computational cost.

A final model was set up in 3D, with a quarter domain due to symmetry. The 3D
simulations used the computationally cheapest but necessary settings found from the
prestudy in order to investigate adiabatic wall temperature, heat transfer coefficient
and wall heat flux with and without retro-propulsion for start and end burn on the
nozzles and baseplate of the rocket.
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3.2 Standard rocket model

The data used for this project such as engine data, trajectory and CAD model
used to investigate aerodynamic and thermal loads on a re-usable launch vehicle
was taken from a EU project carried out by the German Aerospace Center (DLR)
[24]. The engine data includes velocity, temperature and pressure along with other
properties as a function of the radius at the nozzle exit. This data was used as a
boundary condition at the nozzle exit in the CFD simulation. This was done to save
computational time as the flow inside the nozzle doesn’t have to be simulated. Dur-
ing the reentry burn the nozzle will be underexpanded and therefore the flow outside
won’t affect the flow inside the nozzle and therefore putting a profile of the velocity,
pressure and temperature as boundary condition will be a good approximation. The
trajectory data contains atmospheric data, the velocity that the spacecraft is trav-
eling with and what state (on/off) each engine is. This data was used to specify the
air properties at the pressure farfield for the simulation at a given operating point.
The data used is presented in table 3.1 and showcases the operating point at the
start of the reentry burn and the end of it.

Table 3.1: Air data used as boundary condition at the pressure farfield.

Start of burn | End of burn
Mach 7.14 5.35
Altitude 57.66 km 39.06 km
Pressure 30.02 Pa 327.6 Pa
Temperature 253.33 K 247.88 K

The CAD model was also taken from DLR and was used for the simulations. The
model was simplified by removing parts which was deemed uninteresting and would
only increase complexity for meshing. This included parts such as the landing legs
and the control fins. A comparison between the original rocket and the simulated
one in this thesis is illustrated in figure 3.1. The simulated rocket was also reduced
to only a quarter of the rocket, this is due to the presence of symmetry as the rocket
will have 3 engines on during the reentry burn at 100 % throttle (engine 1, 5 and 9
in figure 3.2).
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(a) The 3D rocket model in the reentry o _
configuration used by DLR in the RET- (b) The &mphﬁed 3D model without
PRO project [24]. fins and landing gear.

Figure 3.1: Comparison between the rocket model used in the RETPRO project
and the simplified model used in this project.

For the 2D axisymmetric case only the center nozzle was simulated as it wasn’t
possible to include the outer engines with an axisymmetric model. Even though
the reentry burn has all three engines on at 100 % throttle the 2D case will only
simulate 1 of the engines.

Figure 3.2: The nozzle configuration with numbering of each engine [24].

The nozzle geometry used in the DLR rocket is a truncated ideal contour (TIC)
nozzle and is illustrated in figure 3.3. This nozzle geometry will be used for all
simulations including both the 2D axisymmetric and the 3D simulations. However
the nozzle was intruded a couple of cell lengths as can be seen in figure 3.8d. This
was done so that the flow at the exit could develop a boundary layer before it meets
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the exit where there will develop an expansion fan. If there is no boundary layer, the
flow will exhibit a large expansion due to the turning of a supersonic flow which was
found to cause numerical difficulties in the region. The modification of an intruded
nozzle mitigated the divergence of the flow around the nozzle exit. As mentioned,
an exit profile of the velocity, pressure and temperature was used for the nozzle and
is shown in figure 3.4 below. Even though the outer CAD is that of a TIC nozzle,
the exit conditions were for a similar RAO nozzle designed for the same thrust and
fuel configuration. The small deviation in the exit profile is not considered to affect
the simulation results.

ww 7oy

r=115.62 mm

Figure 3.3: The nozzle contour and it’s dimensions used in this simulation [25].
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Figure 3.4: Exit profiles for axial velocity, pressure and temperature for the nozzle
taken from [25].
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3.3 Simulation set-up

Two different domains were used for simulating the reentry burn. One 2D axisym-
metric domain used for prestudy and one 3D domain, illustrated below in figure
3.5 and 3.6 respectively. For both cases ANSYS Fluent was used to run the CFD
simulations. An implicit density based steady state solver was used with second
order spatial discretization scheme for the flow (pressure, momentum and energy),
turbulent kinetic energy and the specific dissipation rate. The built-in high speed
numerics in Fluent was used for the simulations as it helped with preventing lo-
cal divergence during retro-propulsion around the nozzle exit, where the exhaust is
expanding, as well as around the shock waves. The turbulence model used in this
thesis is the k—w SST model with Fluent’s correlation based y*-insensitive near-wall
treatment which uses analytical expressions to blend between the viscous sublayer
and the logarithmic part. The model uses a low Reynolds number formulation when
yT < 5 and a high Reynolds number formulation which utilizes wall functions is used
for y* > 30. A criteria of a y* < 0.1 was used for the nozzle wall and rocket base
plate, in order to accurately capture the heat fluxes, while the rest of the rocket walls
has a y™ < 1. Therefore, every first cell on the rocket will be in the viscous sublayer
and thus a low Reynolds number formulation will be used. One exception is the wall
normal to the flow at the intruded nozzle wall where the first cell height will be in
the buffer layer. But as that area is only made to help with convergence and will not
be analyzed, it’s deemed fine for this project. As the simulation is expected to be
well below the limit for thermochemical non-equilibrium, a one temperature model
was used for the energy equation. For the 2D case a semicircle of the domain is used
where the radius of the circle has a size of 50 rocket lengths (RL). The boundary
conditions used for this setup is:

e Pressure far-field: The boundary condition used for the arch of the domain
was a pressure far-field where the Mach number, pressure and temperature
was specified using the DLR data which represents International Standard
Atmosphere (ISA). The chemical composition used for air was 24 % O, and
76 % No.

o Axis: For the symmetry line an axis boundary condition was used.

» Rocket walls: For all the rocket walls an adiabatic wall with no-slip condition
was used. When the heat transfer coefficient is being calculated a prescribed
temperature is used as a temperature boundary condition for the walls under
investigation.

e Nozzle exit: For the case during retro-propulsion a velocity inlet is used
where a profile on the velocity, pressure and temperature is used. For the case
where the engines are off a no-slip adiabatic wall is used and when the heat
transfer coefficient is being calculated a prescribed temperature is used as a
temperature boundary condition.
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Figure 3.5: The 2D axisymmetric domain, where a rocket length is denoted as RL.
The rocket has been enlarged to make it visible in the domain

For the 3D domain a quarter of the domain was simulated as the rocket can be
divided due to symmetry as it has 3 active engines, located in line, as illustrated in
figure 3.7. In contrast to the 2D case the domain was changed to a cylinder. This
was due to the fact that initial simulations utilized poly-hexcore cells (which work
better with a cylinder domain) with an adaptive mesh. But due to large final mesh
sizes, this was replaced with a fixed unstructured mesh with polyhedral cells. After
the change in mesh the cylindrical domain was kept for all 3D simulations. The
domain size in terms of the radius was also changed compared to the 2D case. The
radius was reduced to half it’s original length as it was deemed to be large enough
from the 2D results. The boundary conditions used in this setup are as follow:

e Pressure far-field: The boundary condition used for the inlet, outlet and
arch of the domain was a pressure far-field where the Mach number, pressure
and temperature was specified using the DLR data and the chemical compo-
sition used for air was 24 % O, and 76 % Ns.

o Symmetry: For the symmetry surface at each side of the quarter a symmetry
boundary condition was used.

» Rocket walls: For all the rocket walls an adiabatic wall with no-slip condition
was used. When the heat transfer coefficient is being calculated, the adiabatic
temperature profile is used as a temperature boundary condition for the walls
under investigation.

e Nozzle exit: For the case during retro-propulsion a velocity inlet is used for
two of the nozzles as shown in figure 3.7 where a profile on the velocity, pressure
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and temperature is used according to figure 3.4. The chemical composition
used for the exhaust species is according to table 3.7. For the case where the
engines are off a no-slip adiabatic wall is used and when the heat transfer
coefficient is being calculated, the adiabatic temperature profile is used as a
temperature boundary condition on all the nozzles.

Symmetry

Pressure Farfield

Figure 3.6: The 3D domain used in ANSYS Fluent.

Velocity inlet

Figure 3.7: A close-up view of the nozzles in the 3D domain and the used boundary
condition.
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3.4 Heat transfer simulations in 3D

To conduct the heat transfer simulations which is to calculate the HTC and heat flux,
an initial adiabatic simulation was needed. This is because the adiabatic tempera-
ture will be used according to equation 2.23 to calculate the heat transfer coefficient.
The extracted temperature profile was then used to subtract 100 K from every point
and then import it as a temperature boundary condition at the rocket nozzle walls
and base plate. The 100 K was chosen as it was large enough to minimize effects
of numerical errors, but low enough to not affect the flow behavior. From here
on, one can use equation 2.23 together with the resulting heat flux and adiabatic
wall temperature in order to calculate the heat transfer coefficient h. When the
heat transfer coefficient was to be calculated, both simulations with and without
retro-propulsion, the frozen chemistry model was used in order to extract both the
adiabatic temperature and the heat flux. In section 4.1.2, it was shown that the
heat transfer coefficient is fairly similar between the frozen chemistry model and
the chemical non-equilibrium model, and to save computational time, the frozen
chemistry model was used to calculate the heat transfer coefficient regardless if the
engines were on or not.

Additional simulations were also conducted in order to estimate the total wall heat
flux, which used a constant wall temperature of 300 K. 300 K was chosen as it is a
feasible temperature of the nozzle walls when being cooled from the cooling channels,
and a constant temperature of 300 K is also the most common temperature used in
earlier studies [2] on heat flux during retro-propulsion. For simulations without
retro-propulsion the frozen chemistry model was used while with retro-propulsion
a non-equilibrium chemistry model was used. The choice of chemical model stems
from the results in section 4.1.1 where it was showed that frozen chemistry was an
accurate model for simulations with the engines off while during retro-propulsion
a non-equilibrium chemistry model is needed to accurately model the temperature,
and as a result capture the heat fluxes.

3.5 Mesh

Two different meshing tools was used in this thesis. The meshing tool ANSYS ICEM
CFD was used for the 2D axisymmetric case while Ansys Fluent Meshing was used
to mesh the 3D case. In ICEM a structured mesh was used as shown in figure 3.8.
The choice to use a structured mesh was made because of the simplicity and high
quality that it offers. Due to limitations of structured meshes in terms of handling
complex geometries an unstructured mesh was used for the 3D case. For the 2D
case, the mesh was divided into blocks with four levels of o-grids around the rocket.
The outermost o-grid was designed in order to capture the freestream and get the
flow to settle, the second layer was designed to capture the behaviour of the plume,
the third layer to capture flow around the rocket while the innermost was designed
to capture the boundary layers and heat transfer. In regions of investigation, the
first layer height was determined such as the average y* at the nozzle wall should
be under 0.1 to make sure that both the velocity- and the thermal boundary layer
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was resolved.

(a) 2D mesh whole domain, (2.5 km
wide). (b) 2D mesh zoom.

——

==

(c) 2D mesh front of rocket. (d) 2D mesh nozzle.

Figure 3.8: 2D structured mesh made in Ansys ICEM, 255,000 cells.

Due to the significant difference in flow behavior between simulations with and with-
out retro-propulsion, it was decided to make two different meshes. By having two
meshes, it was possible to greatly reduce the number of elements for the simulations
without retro-propulsion as there was no plume that needed to be resolved, and
thereby significantly reducing the computational cost. The mesh was an unstruc-
tured polyhedral mesh with inflation layers to ensure a y* < 0.1 around the nozzle
walls and base plate. Both the meshes generated are shown in figure 3.9 and 3.10
respectively.

In order to resolve the flow, boxes with different mesh sizes was used in the same way
as the ogrids in the 2D mesh. The outermost box encapsulating the entire domain
was designed in order to settle the freestream flow, the second box to capture the
plume (only for mesh for retro-propulsion), third box to captures the flow around
nozzles and a final inflation layers to capture boundary layers. A surface refinement
was also made on the nozzles to better capture the large gradients.
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(a) 3D mesh whole domain. (b) 3D mesh zoom.

(c) 3D mesh front of rocket. (d) 3D mesh nozzle.

Figure 3.9: 3D unstructured polyhedral mesh done in ANSYS Fluent Meshing for
the case with the engines on.

(a) 3D mesh whole domain. (b) 3D mesh zoom.

(c) 3D mesh front of rocket. (d) 3D mesh nozzle.

Figure 3.10: 3D unstructured polyhedral mesh done in ANSYS Fluent Meshing
for the case with the engines off.
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3.5.1 Mesh convergence study

The first mesh convergence study was made for the 2D case without retro-propulsion.
To save time, calorically perfect gas was used to conduct the mesh convergence study
as that resulted in faster simulation times. A Richardson extrapolation was used on
the study according to the following equations:

_In(E=R)
B fi—fo
frh=o= f1+ ]

where f is a variable of the simulation, p is the order of convergence and r is the grid
refinement ratio. The Richardson extrapolation should yield a value representing
the quantity of the variable the mesh would achieve with zero grid spacing. Three
different meshes was used in the mesh study with the area weighted average tem-
perature on the nozzle wall as the value to assess convergence. Temperature was
chosen as a convergence criteria as it is highly related to thermal loading, the main
goal of this project. All of the meshes has an area-weighted average y* of below 0.1
at the nozzle wall. The difference in temperature was compared to the extrapolated
value and is shown in table 3.2 below.

Table 3.2: Mesh convergence study for the 2D case without the exhaust plume.
The temperature is the average value of the nozzle wall with adiabatic wall boundary
condition.

Mesh Ncells [105] T [K] AT[%]
Richardson Extrapolation - 2778.60 0
Fine 6.694 2775.727 0.103
Medium 2.975 2773.880 | 0.169
Coarse 0.744 2768.713 0.356

A common criteria for convergence is that the quantity observed shouldn’t change
more than 1 % from one mesh to the next. It can be observed that all achieves
that criteria which indicates that the coarsest mesh should be used to save compu-
tational time. But as there are shocks in the simulation, the ability to capture the
shock without too much numerical dissipation was also taken into consideration and
therefore the medium mesh was chosen.

It was observed that all of the meshes achieved an area-weighted average of y* of
below 0.005 which is lower than the set criteria of 0.1. This contributes to a higher
computational time without a noticeable gain in accuracy and therefore the chosen
mesh was adjusted by increasing the first cell height which resulted in an area-
weighted y™ of 0.042 which is still below the criteria. This new mesh resulted in an
averaged wall temperature of 2770.16 K which is 0.134 % difference from the original
chosen mesh and a 0.304 % difference to the extrapolated value which meant that
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revised mesh could still be chosen. A mesh convergence study was made for retro-
propulsion with the new revised mesh and calorically perfect gas. The new medium
mesh showed good correlation with only a 0.6% difference compared to coarse mesh
and a y* of 0.003. The results were not added to the table due to numerical errors
with fine mesh, but due to medium mesh being chosen and having good correlation
with coarse, this was not deemed an issue.

For the 3D simulation a similar mesh convergence study was done as to 2D but two
different meshes were generated, one for simulations with retro-propulsion and one
without. This is due to simulations without retro-propulsion the bow shock will be
located close to the rocket and therefore one could decrease the size of the refinement
region compared to the case with the engines on and save computational time. The
mesh convergence study used the frozen chemistry model due to calorically perfect
gas would expand the plume further which results in a a larger refinement region
needed which would be unnecessary when later switching to the chemical models.
The results are shown below in table 3.3 and 3.4.

The results for the case with retro-propulsion shows that there is a difference of
5.54 % between the fine mesh and the extrapolated value. This value is higher
than the set requirement of < 1 % and indicates that a refinement should be made.
But it was noted that when using a chemical non-equilibrium model, the simulation
ran into RAM problems(as described in section 3.6.3) and therefore it could not be
refined more. Even though this comes with a cost in accuracy it will result in higher
temperatures, and as a result, conservative heat fluxes.

For the case without retro-propulsion, the difference between the meshes were neg-
ligible but as the coarse mesh resulted in a lot of numerical dissipation across the
bow shock the medium mesh was chosen. The increase in y* for the medium mesh
compared to the coarse and fine mesh is due to the fact that the transition ratio
and growth ratio in the boundary layers had to be modified to ensure a high quality
mesh and in the case of the medium mesh it resulted in an increase in y™ but as the
value is close to 0.1 it was deemed ok. It was later shown that large temperature
gradients existed near the nozzle exit and therefore the mesh needed to be refined
around the exit which resulted in an increase in amount of cells. This increase re-
sulted in around 2.09 million cells but the area averaged temperature of the center
nozzle was 2458.06 K which is a 0.024 % difference from the chosen mesh and a 0.033
% difference to the extrapolated value and was therefore deemed fine to use.

Table 3.3: Mesh convergence study for the 3D case with an exhaust plume. The
temperature is the average value of the nozzle wall with adiabatic wall boundary
condition.

Mesh Ncells[106] T [K] AT[%] y+
Richardson Extrapolation - 3018.87 0 -
Fine 6.24 3186.91 | 5.54 | 0.045
Medium 2.45 3249.03 7.59 0.06
Coarse 0.989 3333.44 | 10.41 | 0.074
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Table 3.4: Mesh convergence study for the 3D case without an exhaust plume. The
temperature is the average value of the nozzle wall with adiabatic wall boundary
condition.

Mesh Nes[10°] | T [K] | AT[%] yt
Richardson Extrapolation - 2457.24 0 -
Fine 1.54 2457.647 | 0.0167 | 0.0896
Medium 0.639 2458.66 | 0.0578 | 0.1107
Coarse 0.336 2458.952 | 0.097 | 0.0697

3.6 Chemistry models

As mentioned earlier, the chemistry models is an important parameter in the simu-
lations. One of the things investigated during the prestudy was how the chemistry
models affects the temperature around the plume, shockwave and the nozzle wall, as
well as how the models affects the shape and position of the plume and shock waves.
The chemical models investigated were: calorically perfect gas (where there was only
one and the same specie for the atmosphere and exhaust), frozen chemistry, chemical
equilibrium and chemical non-equilibrium. All chemistry models where simulated
at two different phases of flight (start burn and end burn, values from table 3.1)
as well as with and without retro-propulsion. In other words, all chemistry models
were simulated at four different operating conditions.

3.6.1 CHEMKIN

As previously mentioned, a CFD solver needs to have information about the species
present in the flow. The easiest and most appropriate way to incorporate this in
Ansys Fluent is the use of datafiles in CHEMKIN format. For thermodynamic
properties CHEMKIN format uses NASA 7-coefficient format where the individual
species’ properties specific heat constant (c,), enthalpy (H) and entropy (S) are
calculated based on the equations 3.2, 3.3 and 3.4 respectively, where R is universal
gas constant, T is temperature solved for in the simulations and a, are the given
polynomials [26]. Transport properties are given as a table containing the infor-
mation seen in table 3.5 [27]. Lastly, the reactions are given according to the the
constants A,, n and E, used in the modified Arrhenius Equation (eq. 2.48) [28].
The backward reaction rate constant is determined by reverse Arrhenius Equation
(eq. 2.49) if not directly specified, otherwise the backward reaction rate constant is
determined by eq. 2.50 [29].

%:a1+a2T—|—a3T2+a4T?’+a5T4 (32)
" _, y B2py B2y WUps, Gpa, 96 (3.3)
RT 1T 3 4 5 T '
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S a a a
=T +aT + ?3T2 + ?T?’ + fT‘* + ar (3.4)

Table 3.5: Transport parameters in CHEMKIN format [27].

Parameter Unit
Index for geometrical configuration

I
—

Lennart-Jones potential well depth (;=) (K]
Lennart-Jones collision diameter (o) [A]
Dipole moment (u) D]
Polarizability («) [A3]

.—.
LI g

Rotational relaxation collision number at 298 K (Z,.,;)

3.6.2 Species & chemical data

For air, the chosen composition was 24% O, and 76% N» in line with DRLs’ study in
the RETPRO project [4]. A 5-specie air model containing Ny, Oy, NO, O and N was
chosen as previous studies has shown it to be sufficient to capture relevant reactions
while also minimizing computational cost [19]. The transport and thermodynamical
properties were taken from CHEMKIN transport- and thermodynamical databases
respectively while reaction data were taken from Park2001 model [30] and displayed
in appendix A.1.

The exhaust species were calculated using NASA CEA tool, a chemical equilibrium
solver for theoretical rocket performance analyses. The input for NASA CEA was
taken from the standard rocket model [24] where the geometry and flight data is
also taken from. The standard rocket model was originally developed for a kerosene
engine, however a later study was made for the same rocket design by DLR but with
modified data for a methane engine designed to have the same thrust as the original
kerosene engine [25]. The data from [25], which can be seen in table 3.6, was used
as input data for NASA CEA. The outcome from NASA CEA is the mass fraction
of species seen in table 3.7 which was used as a homogeneous specie composition for
the boundary conditions for the exhaust of the nozzle.

Table 3.6: Input data from [25].

Variable Value
Chamber pressure 106 bar
Oxidiser /fuel 3.5
Area ratio (A./A:) 16
Chemistry model | Chemical equilibrium
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Table 3.7: Output data from NASA CEA, species with massfraction < 5 - 107°
were disregarded.

Species | Mass fraction
H50 0.45582
CO, 0.40774
CcO 0.12849

H, 0.00460
OH 0.00268
O, 0.00053
H 0.00008
O 0.00006

The methane reaction model used was a skeletal combustion model developed by
Zhukov and Kong in 2018 for liquid methane and liquid oxygen rocket engines and
is a reduced model based on a larger model, also by Zhukov and Kong, from 2009
[31]. The original model contained 207 species and 1260 reactions which, with the
newer model, was reduced to 23 species and 51 reactions maintaining high accuracy
with greatly improved computational cost. The model was originally developed for
reactions in combustion chambers with high pressures (evaluated at 60 bar [31]) and
low chemical timescales in contrast to post combustion in retro-propulsion where
the pressures are near vacuum and time-scales significantly larger. Due to limited
options of chemical models at low pressures, Zhukov-Kongs’ model was chosen since
it contained many of the reactions likely also found in post combustion. The model
can be seen in appendix A.2-A.4. A modification was made where the species Ar
(Argon) and He (Helium) were removed in order to decrease computational costs.
This was deemed to not impact the results as they are not present in our domain.
Since the Zhukov-Kong model only contained methane combustion model, Park2001
air model was added to be able to model atmospheric reactions along with methane
reaction.

3.6.3 Reduced chemical model

For the final 3D simulations with exhaust and reacting chemistry the model had
about 6 million cells and 24 species. This resulted in a unfeasible amount of RAM
memory in order to initiate and run the simulations. Since the mesh size was deemed
necessary and a mesh size reduction would come at a great cost of accuracy a study
was made on the effect of reducing the number of species in the domain. Species
with a global maximum of mass fraction less than 1- 107 was removed from the
methane chemistry model resulting in 10-specie model (seen in appendix A.5). The
reduced methane model was, as earlier, combined with the Park2001 air model to
make a 13-specie chemistry model. A comparison between the full 24-specie model
and the reduced 13-specie model was conducted in 2D and can be seen in section
4.1.3 and show nearly perfect coincidence with the full chemistry model and therefore
this reduced chemistry model was used for all simulations in 3D with exhaust and
chemical non-equilibrium.
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3.7 Chemistry model and heat transfer

As is later shown in section 4.1.2 the heat transfer coefficient (h = 2L) is only a
function of flow and geometry and is temperature independent. As the chemistry
models will heavily affect the temperature in the flow, however, the impact of the
flow and therefore the heat transfer coefficient is uncertain. The theory being that
frozen chemistry will give a similar heat transfer coefficient as chemical equilibrium
and therefore a reduced frozen chemistry model could be adopted in order to further
reduce the computational cost of the 3D simulations. The results from 2D simula-
tions, shown later in section 4.1.3, show that even if a non-equilibrium model is more
conservative, the difference is small and therefore frozen chemistry was adopted for
heat transfer coefficient simulations in 3D. For heat flux simulations however, the
adiabatic wall temperature effects is necessary and therefore used.
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Results & Discussion

In this section the results from the simulations will be shown and discussed starting
with the prestudy in 2D and moving towards the full 3D simulations with and
without retro-propulsion.

4.1 Prestudy in 2D

The flow behavior in 2D without retro-propulsion can be seen in figure 4.1. In front
of the nozzle a bow shock takes place which rapidly decreases the mach number
and increases the temperature. On the side of the nozzle the bow shock becomes
more angled as it’s turning the flow around the nozzle and the rocket. The highest
temperatures are found near the nozzle and the base plate of the rocket (the area
connecting the nozzle with the rocket) which later is transported downstream.
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(a) Mach number.

(b) Temperature.

(c) Path-lines from farfield.

Figure 4.1: Flow behavior without retro-propulsion, start burn, frozen chemistry.

Figure 4.2 illustrates the flow behavior for retro-propulsion where the engine is
turned on. The flow shows great resemblance with the blunt penetrating mode
described in section 2.4. The hypersonic atmospheric flow meets the supersonic
exhaust creating a bow shock from the freestream and a Mach disc from the exhaust.
The bow shock increases the temperature of the flow while the mach disc produces
a higher temperature increase which is later transported to the side of the rocket.
As figure 4.2¢ display, there is little mixing between the exhaust and the freestream
and the rocket appears to be flying in a 'bubble’ of exhaust gases.
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(a) Mach number.

(b) Temperature.

(c) Path-lines, white = farfield, black = exhaust.

Figure 4.2: Flow behavior with retro-propulsion, start burn, frozen chemistry.

4.1.1 Comparison of chemistry models

Comparison of the temperatures of the different chemistry models (calorically per-
fect gas, frozen chemistry, chemical equilibrium and chemical non-equilibrium) were
made at the locations seen in figure 4.3. Worth to note that calorically perfect
gas is modeled as only air, in other words, the exhaust is also considered to have
thermodynamic- and transport properties of air. Therefore, the simulations with
retro-propulsion will not have the properties of the exhaust gases which will affect
the temperatures, pressures, and size of the plume. As a consequence the calorically
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perfect gas model of air will only be used as a comparison of trends with the rest of
the models instead of analyzing their absolute values. Contour plots of the results
can be seen in appendix A.4.2 while figure 4.3 shows where the data presented in
figure 4.4 and 4.5 is taken from.

(a) Measurement lines for simulations without retro-propulsion.

(b) Measurement lines for simulations with retro-propulsion.

Figure 4.3: Positions of measurements for simulations on nozzle and rocket side.

The comparison between chemical models for start burn without retro-propulsion
can be seen in figures 4.4a, 4.4c and 4.4e. The results show that calorically perfect
gas, close to the walls, deviates significantly at all three measurements resulting in
temperatures several hundreds of degrees higher than the other chemical models.
One can also note that frozen chemistry and chemical non-equilibrium show nearly
identical results for all measurements while chemical equilibrium result in approx-
imately 200 K lower. The reaction species for start burn, seen in figure A.2, show
significantly higher mass fraction of species from reactions compared to chemical
non-equilibrium. The placement of the shock waves differs slightly between the
models, with the most notable being calorically perfect gas which places the shock-
wave approximately 0.5m further upstream. The other models however, estimate
the placement of the shock wave in approximately the same location.
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(c) Start burn at nozzle measurement.
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(b) End burn at exhaust measurement.
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(d) End burn at nozzle measurement.
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(e) Start burn at rocket measurement.  (f) End burn at rocket measurement.

Figure 4.4: Comparison of chemistry models without retro-propulsion, r is radius
from symmetry line and Ry is rocket body radius.

The comparison between chemical models for end burn without retro-propulsion can
be seen in figures 4.4b, 4.4d and 4.4f. The results conclude, just as for start burn,
that calorically perfect gas estimates a significantly higher temperature compared to
the other models. A major difference for end burn, compared to start burn, is that
frozen chemistry, equilibrium and non-equilibrium result in very similar temperature,
specially near the walls where the variation is only a couple degrees. The difference
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in placement of shock wave between the chemical models in end burn is less than
in start burn. A major difference however is that chemical equilibrium places the
shock wave in line with calorically perfect gas further upstream compared to frozen
chemistry and chemical non-equilibrium.

Calorically perfect gas was found to not be an accurate model for any flight condi-
tions simulated in this report, and even for end burn without retro-propulsion (where
the lowest temperatures were found), it still produced 100 to 300 K difference in tem-
perature. The deviance of calorically perfect gas is expected since the simulation
is above 800 K which is when vibrational energy gets excited and thermodynamical
properties stop being constant, which is the main assumption for calorically perfect
gas. The results displayed in figure 4.4 highlight a negligible difference between the
chemical models frozen, equilibrium and non-equilibrium for end burn while equi-
librium resulted in 200 to 300 K lower for start burn. The temperatures during end
burn with no exhaust, is approximately 1500 K, which is high enough for calorically
perfect gas not to be an accurate model, but not high enough for chemical reactions
to take place. For start burn however, the temperatures reach close to 2500 K, high
enough for dissociation of oxygen and for nitrous-oxide formation to occur, which
made equilibrium deviate from frozen. The reason for equilibrium to deviate and
not non-equilibrium is most likely due to the low flow timescales compared to the
chemical timescales, in other words the Damkohler number is low. The flow was fast
enough for reactions to not have sufficient time to react in chemical non-equilibrium
making it behave similarly to frozen chemistry. Figure A.2 further enhances this hy-
pothesis. This suggests that the chemical-equilibrium model is unlikely to provide
the most accurate representation of the flow.

The reason behind the displacement of the bow shock in calorically perfect gas
(seen in figure 4.4a) is a bit harder to explain. The most likely explanation is
from compressible flow theory, that say that a higher Mach number will give higher
density after the shock wave and therefore more mass be able to 'fit’ between the
shock and the nozzle placing the shock wave closer to the body. With the case of
calorically perfect gas, the temperature will be overestimated, and according to ideal
gas law, this will result in a lower density and will therefore displace the shock wave
upstream and locate it further away from the body.

As frozen chemistry and chemical non-equilibrium yielded virtually identical re-
sults for all measurement locations for both start and end burn, frozen chemistry is
deemed the most appropriate model for simulations without retro-propulsion.

The results for the simulations with retro-propulsion (seen in figure 4.5) show a
larger difference between the models. The general trend is that calorically perfect
gas, frozen chemistry, chemical non-equilibrium and chemical equilibrium, in this
order, will result in falling temperatures. In figures 4.5a and 4.5b one can see that
the size of the plume differs significantly between the start and end burn (also seen
in figure A.1). A distinctive behavior noticed in the simulation at the start of the
burn is that the chemical equilibrium model shows a nearly constant temperature
when approaching the rocket and nozzle wall compared to the other models (figures
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4.5¢ - 4.5f). The temperatures are also plotted in figures A.3a and A.3b as well as
species in figure A.4.
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Figure 4.5: Comparison of chemistry models with retro-propulsion, r is radius
from symmetry line and Ry is rocket body radius.

The results from the exhaust measurements, figures 4.5a and 4.5b, show that the
major temperature increase comes from the shock wave from the exhaust rather than
the shock wave from the atmosphere. The static temperature increase over a shock
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wave is a function of Mach number, static temperature and the ratio of specific heat
before the shock. As seen in figure A.1, for frozen chemistry the plume exhaust
expands up to about Mach 10 for start burn (compared to Mach 7 in free stream)
and about Mach 7 in end burn (compared to Mach 5 in free stream). The higher
Mach number will result in a stronger shock wave and therefore higher temperature
increase, but note that the different gas properties will differ which will also affect
the shock strength. But both the temperature increase and the temperature value
after the shock will be higher after the exhaust plume compared to the bow shock
from the air.

The simulations from the chemical models have shown that chemistry play a signif-
icant role in retro-propulsion simulations and has major effects on the results. As
all of the chemical models deviate substantially from one another, it indicates that
there is significant chemical reactions in the flow, and this is also proven with the
species shown in figures A.4. As all models show a temperature of over 2500 K the
air from the atmosphere is hot enough to react, and the post combustion of the
exhaust species is shown by the presence of reactions containing hydrogen, which is
only found coming from the exhaust. The small temperature variation in the plume
between frozen, equilibrium and non-equilibrium seen in figure 4.5a, as well as the
small variation of species mass fraction seen in figure A.4 show that there is only a
small amount of reactions ongoing in the plume itself, while the major differences,
both in temperature and species, reveals that the greater part of the reactions occur
in and around the shock waves.

The uniform temperature that chemical equilibrium produce for nozzle and rocket
measurement, seen in figures 4.5c¢ and 4.5d, shows that a low variation of species and
flow properties on and around the nozzle walls in the radial direction. The uniform
temperature and species concentration can not be found in chemical non-equilibrium
as the time effects of reactions spread out the production of species making greater
local variations of properties.

The plateaus in the temperature plots, specially the one found by the nozzle mea-
surement in figures 4.5¢ and 4.5d, can most likely be explained by the planes between
the flows. If one diverts its attention to figure 4.2c and A.3 one can see that the
first plateau (nearest the nozzle) is where the flow goes from the mixing area to the
exhaust flow area (exhaust flow area being the area with the black streamlines). The
next plateau found at approximately 25 m from the nozzle for start burn and 10m
for end burn is the mixing plane between the exhaust (black streamlines) and the
atmosphere (white streamlines). The final plateau, found at approximately 35m for
start burn and 15m for end burn, is the bow shock from the atmosphere.

For every chemistry model that has with an increase in reactions frozen — non —
equilibrium — equilibrium the temperature keeps decreasing. This indicates that
the majority of reactions are endothermic, most likely from dissociation, instead of
exothermic reactions often found in post combustion.

The results from the chemistry simulations with retro-propulsion in 2D show that
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due to significant chemical reactions in the flow, frozen chemistry overestimates the
temperature of the flow with over 1000 K making it a non accurate model for this
case. As there is a big variation of velocity in the flow, from stagnated flow at
0m/s to several kilometers per second, as well as a big variation in temperature,
from 250 K to several thousand kelvin, there is a big difference in both chemical and
flow timescales resulting in a great variation of Damkohler number in the different
regions. This makes the equilibrium model less suitable for simulations with retro-
propulsion, and the chemical non-equilibrium model, suitable when chemical and
flow timescales are similar in magnitude, appear to provide the most accurate results
for this specific case.

4.1.2 Heat transfer coefficient in 2D

For calculating the heat transfer such as HTC and heat flux, all simulations without
retro-propulsion are run as frozen chemistry and simulations with retro-propulsion,
unless specified, are simulated with chemical non-equilibrium. The adiabatic wall
temperature on the nozzle contour can be seen in figure 4.6 where the left figure
shows the simulation without retro-propulsion and the right with retro-propulsion.
It’s evident that the start of the burn achieves a lot higher temperature without
retro-propulsion (around 1000 K while with retro-propulsion the temperature are of
a similar magnitude where the start of the burn tops at around 2900 K while the
end of the burn is around 2600 K. In contrast to without retro-propulsion the start
of the burn achieved lower temperatures near the nozzle exit compared to the end
of the burn during retro-propulsion.
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Figure 4.6: The adiabatic temperature at the nozzle without retro-propulsion with
frozen chemistry model (left figure) and with retro-propulsion with chemical non-
equilibrium (right figure) at the start and end of the burn.

The results from heat transfer coefficient simulations, calculated through equation
2.23, can be seen in figures 4.7 and 4.9. All simulations without retro-propulsion
are run as frozen chemistry and simulations with retro-propulsion, unless specified,
are simulated with chemical non-equilibrium. For simulations with retro-propulsion,
only the end burn was simulated, this due to convergence issues for heat transfer at
start burn.
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The AT simulations, where the prescribed wall temperature is a profile set as an
offset from the adiabatic wall temperature, show a strong temperature independence
with close to identical solutions for different AT. For a constant temperature with-
out retro-propulsion however, there is a slight variation between temperatures but
they follow the same trend. There is also a shift of heat coefficient values where a con-
stant temperature estimates a lower heat transfer coefficient. For simulations with
retro-propulsion however (figure 4.9), the constant temperature also shows strong
temperature independence and very close values to those simulated with AT.
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Figure 4.7: Heat transfer coefficients for 2D simulations without retro-propulsion.
Profile values are set as a fixed difference from adiabatic wall temperature. X =0

is at nozzle exit.
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Figure 4.8: Heat transfer coefficients for 2D simulations with retro-propulsion.
Profile values are set as a fixed difference from adiabatic wall temperature. X = 0
is at nozzle exit.
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Figure 4.9: Heat transfer coefficients for 2D simulations with retro-propulsion.
Profile values are set as a fixed difference from adiabatic wall temperature. X = 0
is at nozzle exit.

HTC, in theory, should be dependent on flow- and geometric properties and be
independent of wall temperature. However, in some cases, there is a chance that
the wall temperature will affect the behaviour or chemical reactions within the flow.
The simulations with a profile (AT) in figures 4.7a, 4.7c and 4.9a, show that a
change in wall temperature will not affect the HT'C for either with or without retro-
propulsion, which is in line with theory. With a constant wall temperature, however,
there is a variation between set temperatures. The most likely reason is due to
transport of properties in the boundary layer. When a constant temperature is
set, the temperature of the flow near the wall will be transported in the boundary
layer downstream. This transport will affect the temperature, and therefore the
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heat flux and HTC, downstream causing a variation between set wall temperatures.
When the wall temperature is a profile, the transport of temperature is taken into
consideration, and the temperature more carefully follows the 'natural’ temperature
of the flow, as it is calculated from the adiabatic wall temperature. This hypothesis
is further supported by the fact that the HTC measured at constant temperatures
are well aligned near the exit of the nozzle, where it is has not yet been affected by
boundary conditions upstream, and the difference become more pronounced further
downstream.

Which of the measurement methods is more accurate, HTC from constant wall
temperature or HTC from a profile, is also uncertain. Before the launch of the
rocket, the nozzle temperature will start at a constant temperature, but as the flight
and flight properties change the thermal loads and therefore the temperature of the
nozzle will change. This means that, with the engines shut off, the temperature will
most likely go towards the adiabatic wall temperature (with a profile), but due to
thermal inertia in the material, this will occur over time. As the engines are ignited,
coolant will flow through the nozzle cooling the outside, making the nozzle most
likely go towards a more of a constant temperature once more, and again due to
inertia, this will occur over time. The reality is therefore most likely somewhere
in between the two cases. The chosen method, deemed more useful, is a HTC
calculated from a profile as this will produce temperature independent values and
more conservative estimates of HT'C compared to constant temperature.

It has been showed that the choice of chemical model has a significant effect on
temperature in the flow, however, its affect on the flow behavior is uncertain. Since
HTC is temperature independent, a study was made to see if simulations with retro-
propulsion differed between chemical non-equilibrium and frozen chemistry. If they
were to display similar results, the models for HTC simulations in 3D could be
reduced to save computational costs. The results, seen in figure 4.10a, show that
HTC with frozen chemistry during retro-propulsion is, as chemical non-equilibrium,
also temperature independent. Comparison with chemical non-equilibrium can be
seen in figure 4.10b, which shows that there is a noticeable difference, however only
with a magnitude of approximately 1 to 1.5 W/(m?K). Chemical non-equilibrium
is slightly more conservative in a design perspective compared to frozen chemistry.
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Figure 4.10: Heat transfer coefficients for 2D simulations during retro.propulsion,
frozen chemistry. Profile values are set as a fixed difference from adiabatic wall
temperature. X = 0 is at nozzle exit.

The results in figure 4.10a are in line with the earlier findings that HTC is tem-
perature independent if a profile wall temperature (AT') is used. There is however
a difference in HTC between chemical non-equilibrium and frozen chemistry. HTC
should, according to earlier findings, only be dependent of the flow and geometry,
and as the geometry is identical, the conclusion is that the different chemical models
resulted in a slightly different flow around the nozzle. However, since the difference
is small, mostly below 10%, frozen chemistry is considered a good enough approx-
imation for heat transfer simulations, if HTC is to be calculated, due to drastic
decrease in computational cost. But it should be kept in mind that for future 3D
simulations when the HT'C is calculated with frozen chemistry, it will probably give
a small deviation compared to what a reacting flow would result in. Another thing
worth to note is that frozen chemistry cannot be used if heat transfer (¢ = hAT
[W/m?]) is to be calculated since it will produce a major difference in AT compared
to chemical non-equilibrium.

4.1.3 Chemical model reduction

As mentioned in the section 3.6.3, the chemical model needed to be reduced from
24-species into 13-species in order to decrease the RAM-usage of the model in 3D.
The results from the investigation of flow temperature between full 24-species and
reduced 13-species non-equilibrium chemical model can be seen in figure 4.11. The
reduced model follow the full model very closely with little to no difference in tem-
perature showing that the reduced model successfully captures the behavior of the
full model.
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4.2 3D simulations without retro-propulsion

A contour plot can be seen in figure 4.12 at the end of the burn without retro-
propulsion. The results show a similar shock behavior as in 2D with a strong bow
shock across the entire front of the rocket where the 3D simulations places the shock
slightly further away form the nozzle. Effects from multiple nozzles is seen as the flow
accelerates between the nozzles as the flow bends up and the temperature around
the central nozzle is similar to the temperature found in the 2D simulations.

Figure 4.12: Mach number and temperature without retro-propulsion, end burn.

Table 4.1 shows a summary of the results for simulations without retro-propulsion,
more details in the following sections. The general trend is that start burn results in
a higher wall temperature (approximately 900 K) on all nozzles, however, start burn
has a lower maximum heat transfer coefficient and heat flux. The central nozzle has
a higher mean temperature compared to the other nozzles, but has a lower maximum
temperature. Note that here and moving forward the nozzles may be named in the
following way according to figure 3.2: central nozzle (9), activated side nozzle (1,
5), diagonal nozzle (2, 4, 6, 8) and unactivated /non-activated side nozzle (3, 7). All
plots will also be along the XZ-plane, in other words cutting through all the active
nozzles (1, 9, 5).
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Table 4.1: Temperature and heat transfer coefficient (HTC) data for simulations

without retro-propulsion.

Mean temperature [K] | Central | Activated side | Diagonal | Unactivated side
Start burn 2458 2419 2422 2420
End burn 1523 1492 1495 1493

Max temperature [K] | Central | Activated side | Diagonal | Unactivated side
Start burn 2460 2473 2470 2471
End burn 1524 1532 1529 1531

Max HTC [W/(m?K)| | Central | Activated side | Diagonal | Unactivated side
Start burn 29.4 69.0 72.6 71.5
End burn 80.0 196.9 154.3 157.6

Max heat flux [kW/m?] | Central | Activated side | Diagonal | Unactivated side
Start burn 44.6 102.4 104.8 102.6
End burn 105.0 197.3 145.1 198.3

4.2.1 Start burn

The results from the simulation at the start of the reentry burn without retro-
propulsion are shown below in figure 4.13. From figure 4.13a one can see that the
central nozzle has a fairly constant temperature and that the other nozzles has a
larger temperature variation between 2300 and 2470 K with a maximum near the
throat. The streamlines in figure 4.13b show significant flow of air through the
nozzle cluster with recirculation between the outer nozzles and the central nozzle.
As illustrated in figure 4.13c the highest heat transfer coefficient (HTC) can be found
at the throat of the outer nozzles as well as the base plate with a slight variation
between the outer nozzles. The maximum HTC is approximately 60 W/(m? K) at
the throat and larger areas where the HTC is around 20 W/(m? K) is found on the
outer nozzles at the surfaces facing the central nozzle. Similarly there is an increase
in the Nusselt number near the throat compared to the rest of the nozzle which
indicates that a larger part of the heat transfer at that place is due to convection
as can be seen in figure 4.13d. From figure 4.13e it is evident that the highest
pressure (approximately 2kPa) is in the same location as the localized hot spot and
maximum heat transfer coefficient where the flow stagnates when it recirculates.

64



4. Results & Discussion

16+03
2.403¢+03
2.395€+03
2.386e+03
2.378e+03
2.370e+03
2362403
2.353e+03

2.345e+03
2337403
2.3286+403

2.3006+403 .
K] o 059 1000 (my «

3.055e+01
2.778e+01
2.500e+01
2.222e+01
1.944e+01
1.667e+01
1.389e+01
1.111e+01
8.333e+00
5.555e+00
2.778e+00

0.0006+00 .
W mA-2 KA-1] o o500 1000 m) N

(c) Heat transfer coefficient, calculated
from AT = 100K.

£ +03
1.253e+03
1.147e+03
1.040e+03
9.334e+02
8.268e+02
7.201e+02

4.000e+02
2.934e+02
1.867e+02
8.000e+01

[Pa] E

:
e o
__on o

Ansys
i at
N
A e gt

| \|
L

| |
Hy
1 (A
) m““‘“““\
]

‘ ,Z/}/ A

8.0740+02

2.521e+02 o
K] o oso0 1000 mi b

0
1.261e+01
1.156e+01
1.050e+01
9.4462+00
8.390e+00
7.335¢+00
6.279¢+00
5.223+00 |
4.167€+00
31126400
2.056€+00

1.000e+00 .
o 0500 1.000 (m). <
|

(d) Surface Nusselt number, calculated
from AT = 100K.

X

(e) Pressures achieved at the walls, cal-
culated from AT = 100K.

Figure 4.13: 3D analysis of start burn without retro-propulsion.

If one looks closely at figure 4.13c, it’s clear that there is a slight difference between
the HTC between nozzle 3 and 4 (the unactivated side nozzle which is the outer one
at the middle and the one beside it to the right, see figure 4.17a) where nozzle 3
display slightly higher values at the throat compared to nozzle 4. Since the geometry,
without retro-propulsion is entirely symmetric around all of the nozzles, in theory
there should not be any difference in the results. The difference is believed to be due
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to the placement of the symmetry plane cutting through nozzle 3. The symmetry
plane places stronger restrictions on the flow around the nozzle and is likely to result
in the higher HT'C in that location. If one instead looks at the streamlines in figure
4.13b, there is not as clear of a stagnation point on the central nozzle as it has more
of a uniform pressure distribution which is the most probable reason for its constant
adiabatic wall temperature.

The results for the heat flux simulation with a constant temperature of 300 K for the
nozzles and base plate is displayed in figure 4.14. The heat flux is locally calculated
to be 100kW/m? on the nozzle and slightly higher on the base plate at the start
of the burn. The majority of heat transfer is located at the inside of the nozzle
while the outside is substantially lower. The region between the central nozzle and
the outer nozzles are also the location where a lot of recirculation can be observed

(figure 4.13b).
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Figure 4.14: 3D analysis of the absolute value of the heat flux at start burn,
calculated with constant wall temperature of 300 K.

The heat flux is visibly higher locally for the base plate compared to the nozzle, which
is surprising as it is in contradiction with the results from the HT'C simulations which
indicated higher heat transfers on the nozzle. As the adiabatic wall temperature on
the nozzle and the base plate, in the area of the throat, are similar in magnitude, one
would expect that the heat transfer, defined as ¢ = h(T,, — T\), would be higher
where the HTC is higher. This indicates that the set wall temperature of 300 K
might be affecting the behavior and characteristics of the flow. There is also less of
a difference between the nozzles in the heat flux simulations compared to the HTC
simulations where the results on the base plates are visually identical while there is
a slight difference between the throat of the nozzles.

4.2.2 End burn

As illustrated in figure 4.15, end burn display similar behavior and trends as start
burn with constant (but significantly lower) temperature on the central nozzle and a
variation between 1450 and 1530 K for the outer nozzles. The area with the highest
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heat transfer coefficient can, as in start burn, be found at the throat of the outer
nozzles and base plate but with a value of 150 W/(m? K), compared to 60 W /(m? K)
for start burn. The pressure for end burn is noticeably higher with local pressures
of 12kPa at the stagnation region near the throats.
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Figure 4.15: 3D analysis of end burn without retro-propulsion.

The behaviour for end burn is very similar to that found at the start burn, but with
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different magnitudes. The temperature plots appear almost identical, except that
the end burn temperature is approximately 1000 K lower. The HTC distribution
is also very similar, with higher values near nozzle 3, which has the symmetry
plane going through it, and lower for nozzle 4. The HTC is approximately 3 times
higher for end burn compared to start burn, which is most likely due to the higher
atmospheric pressures (5 to 6 times the pressure on the nozzle walls) and density.
As the pressures increase, the flow is able to not only transfer the heat to the surface
better, but also carry more heat and energy per volume gas.

The same simulation was made for the heat flux, calculated from a constant wall tem-
perature of 300 K but for end burn. In figures 4.16, local heat fluxes of 200 kW /m?
can be observed at the throat of the nozzle. Similar to start burn, the majority of
heat transfer is located on the outer nozzles on the sides facing inwards toward the
direction of the central nozzle.
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(a) Inside view of the nozzles. (b) Outside view of the nozzles.

Figure 4.16: 3D analysis of the heat flux at end burn, calculated with constant
wall temperature of 300 K.

The heat flux behaviour, not surprisingly is also similar to start burn and was found
to be approximately 50% higher, even though the HTC is 3 times higher. This is
due to the lower Mach numbers resulting in a lower AT at the end burn. The heat
transfer for the end of the burn at nozzle 3, was similar in magnitude compared
to the base plate, a difference found from what is seen in start burn. Another

distinction compared to start burn is a greater variation of heat flux between nozzle
3 and 4.

4.3 3D simulations with retro-propulsion

A summarize of the results with retro-propulsion can be seen in table 4.2. The mean
temperature is similar for both start and end burn where end burn is approximately
2800 to 3000 K for all nozzles and start burn is approximately 100 to 250 K higher.
At the start of the burn, all of the nozzles are subjected to a maximum HTC of
132 to 187 W/(m? K) while for end burn there is a larger spread ranging from 70 to
158 W/(m?K). For heat flux, the most exposed nozzle is the center nozzle at the
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end of the burn, while the second-most exposed is the diagonal nozzle during start

burn.

Table 4.2: Temperature and heat transfer coefficient (HTC) data for simulations

with retro-propulsion.

Mean temperature [K] | Central | Activated side | Diagonal | Unactivated side
Start burn 3132 3084 3094 3194
End burn 3013 2838 2925 2944

Max temperature [K]| | Central | Activated side | Diagonal | Unactivated side
Start burn 3409 3351 3465 3388
End burn 3407 3228 3220 3291

Max HTC [W/(m? K)| | Central | Activated side | Diagonal | Unactivated side
Start burn 162.9 186.6 159.1 131.7
End burn 157.7 133.2 70.3 110.0

Max heat flux [kW/m?] | Central | Activated side | Diagonal | Unactivated side
Start burn 317.6 190.5 404.4 355.1
End burn 471.8 131.8 179.4 282.1

The plume structure for end burn during retro-propulsion can be seen in figure
4.17, with the XY-plane in figure 4.17b and XZ-plane in figure 4.17c. For the XZ-
plane view the plume widens and then contracts as a shock is formed and peak
Mach number is found just before the shock. The wide exhaust plume is due to
the absence of another plume at that plane making it possible for the exhaust to
expand past the nozzles. While for the XY-plane view, the plume is more compact
and there is plume-plume interactions between the engines. The expansion goes on
to higher mach numbers and therefore a stronger shock.
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(a) The active side nozzles 5-9-
1 is seen in YZ-plane and non-
active side nozzles 3-9-7 seen in
XY-plane [24].

Mach Number

Temperature

(b) Mach numer (upper) and temperature (lower).
View from XY-plane.
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(c) Mach numer (upper) and temperature (lower).
View from XZ-plane.

Figure 4.17: Plume structure for 3D simulation, end burn.

From figure 4.18 the energy created or used in the reactions is shown. It’s noted
that there is only a very small heat source in the plume, located shortly after the
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nozzle exit, indicating limited post combustion. This reaction is most likely caused
by the steep flow gradients caused by expansion fans and oblique shocks. There
is however, specially for end burn, a significant heat source located behind the
bow shock from the atmosphear. A major region with heat sink is found after the
Mach disk, indicating endothermic reactions, suggesting significant dissociation. In
between the heat sink and heat source after the shock wave, is the location of the
mixing plane between the flow from the freestream and the flow from the exhaust.
This means that it is probable that the heat source is a result of the newly dissociated
exhaust, coming from a oxygen-deficient region and combusting as it meets oxygen
coming from the freestream.

The total heat of reaction, both heat source and heat sink, are considerably higher
for end burn compared to start burn. The cause of the difference can be explained
due to the non-equilibrium chemical model used and the physics at role at different
altitudes. As explained in section 2.7 and figure 2.3, at higher atmospheres and
velocities, the distance between the molecules increase resulting in decreased like-
lihood of collision between molecules and therefore of a reaction. This means that
the higher altitudes and higher velocities found in start burn will result in slower
reactions and the chemical state being further from equilibrium. Another result of
the low pressures and densities at start burn is the fact that there are fewer species
per volume, effectively resulting in fewer species able to react.
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Figure 4.18: Heat of reaction in plume and shock wave. Note the difference of
value in the color bars.

4.3.1 Start of the burn

In figure 4.19, the adiabatic temperature, HT'C and streamlines from the exhaust
is shown. Note that these simulations are run with frozen chemistry, resulting in
unrealistically high temperatures. It can be noted that the side facing outward
on the activated side nozzles (5 and 9) achieve the highest temperatures of over
4100 K. These hot spots are due to the exhaust expanding from the nozzle exit
and then experience a temperature increase after the shock. This high temperature
gas will then be transported downwards and circulate around the outer nozzles
which will heat the nozzle walls as seen in figure 4.20. For the nozzle walls facing
inward, the exhaust from the nozzles will expand into the other nozzles and circulate
down into the cluster. For this frozen chemistry simulation, the temperature of the
exhaust from the nozzle (figure 4.19¢) is lower than the exhaust recirculating after
the shockwave (figure 4.20a), effectively resulting in the recirculation inside the
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nozzle cluster cooling the walls facing inwards compared to the outside. The HTC
shown in figure 4.19b indicates that the highest HTC is located near the edge of
the unactivated outer nozzles as well as the center nozzle. These high value regions
can be explained by figures 4.19c and 4.19d. It’s clear that the exhaust from the
activated side nozzles are expanding into the edge of both the center nozzle but
also the side nozzles next to it. These high velocity exhausts hits the nozzle walls
and results in the regions with high heat transfer coefficient. It’s also evident that
the exhaust is mainly coming from the activated side nozzles as the center nozzle is
mainly expanding upwards and away from the other nozzles.
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Figure 4.19: Adiabatic temperature and heat transfer coefficient from start burn

simulations, frozen chemistry. Heat transfer coefficient calculated with wall temper-
ature as a profile (d7" =100 K).
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Figure 4.20: Adiabatic temperature streamlines from the exhaust of the side noz-
zles.

The adiabatic temperature for the non-equilibrium simulation is show below in figure
4.21, it’s noted that the temperature reaches a maximum temperature of around
3500 K which is significantly lower than the 4300 K achieved in the frozen chemistry
model. The largest differences are seen at the activated side nozzles on the side
facing outward where the temperatures are around 1000 K lower with a chemical
non-equilibrium model compared to frozen chemistry. This can be explained by
examining the streamlines from the exhaust in figure 4.21c and 4.21d respectively.
Similar to the frozen chemistry simulation the temperature increases after the shock,
but compared to the frozen model it’s noted that the temperature doesn’t reach as
high of a temperature as well as decreases drastically in the recirculation zone. This
results in the flow at the outward facing side of the nozzles reaching a temperature
of around 3000 K while in the frozen chemistry model the temperature results in
over 4000 K. The difference is most likely due to the endothermic reactions in the
non-equilibrium model, taking place after the shockwave effectively reducing the
temperature compared to the frozen chemistry model. If the temperatures of the
center nozzle and the side facing inward on the outer nozzles in figure 4.21b is
compared, it’s noted that they are similar to that of the frozen model in figure
4.21a. This indicates that the temperatures in this region is more dependent on the
exhaust gases from the nozzle exit which circulates inside the nozzle cluster. The
flow in the cluster will have minimal reactions compared to behind the shock, this
is due to the timescale of the flow being smaller than that of the chemical timescale
which means that the species don’t have time to react and therefore the chemical
non-equilibrium model will display similar results to the frozen chemistry.
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Figure 4.21: Adiabatic temperature and heat transfer coefficient from start burn
simulations. As well as the streamlines from the exhaust.

4.3.2 End of the burn

The HTC simulations were made with frozen chemistry and with a wall temperature
as a profile such as for the start of the burn and can be seen in figure 4.22. The
adiabatic wall temperature measures between 4100 and 2900 K with peak temper-
atures found on the outside of the nozzles, specially the unactivated side nozzles 3
and 7 (from figure 3.2). The heat transfer coefficient peaks at around 150 W /(m? K)
locally on the center nozzle towards the activated side nozzles 1 and 5. The unacti-
vated side nozzles 3 and 7 also show an increased HTC at approximate 60 W /(m? K).
Figures 4.22c¢ and 4.22d show recirculation from the exhaust from both side- and
center nozzle down into the nozzle cluster.

Similar to start burn the nozzles exhibits the highest temperature at the outside
of the nozzles due to the exhaust gases after the shock circulating back and into
sides of the nozzles facing outward. But in contrast to start burn where there is a
clear difference in temperature between the side facing inward and outward of the
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nozzles there is also a clear difference between the upper and lower part of the nozzle
in terms of temperature at end burn for the side activated nozzles. There is also a
difference in the center nozzle where the start burn (figure 4.21a) has a colder region
at the top of the nozzle while at the end burn (figure 4.24a) the cold region extends
down until the throat. This is due to the exhaust from the side nozzles which hits
the center nozzle wall as in figure 4.23 will stay attached to the wall and, as the
exhaust is colder than the surrounding gas, it will cool down the nozzle. For the
start burn the flow will separate much earlier explaining the smaller colder region
at the top portion of the nozzle. As for the side nozzles, similarly to the start burn,
there is a lot of high temperature gas at the side facing outward but, in contrast,
there is a colder region at the lower part of the nozzles. This is most probably
due to the increased amount of recirculation occurring at the end burn, as seen in
figure 4.23. This recirculation within the cluster includes lower temperature exhaust
which circulates around the lower part of the side nozzles which will result in lower
temperature there compared to the start of the burn.
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Figure 4.22: Adiabatic temperature and heat transfer coefficient from end burn
simulations, frozen chemistry. Heat transfer coefficient calculated with wall temper-
ature as a profile (d7' =100 K).
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Figure 4.23: Comparison of the exhaust from the side nozzles at the start and end
of the burn, frozen chemistry.

The adiabatic wall temperature and absolute wall heat flux with chemical non-
equilibrium can be seen in figure 4.24. The adiabatic wall temperature spans between
2750 and 3400 K with the highest values on the unactivated side nozzle 3 and 7 and
generally a higher temperature is found on the side facing the central nozzle than
the side facing outwards. Local wall heat fluxes around 450 kW /m? on the central
nozzle and values of approximately 200kW /m? on the unactivated side nozzles 3
and 7. Similar to the start of the burn the temperatures on the walls facing outward
will be lower than the frozen chemistry model due to endothermic reactions in the
chemical non-equilibrium model.

3.118e+05
2.858e+05
2.599e+05
2.339e+05
2.080e+05
1.820e+05
1.561e+05
1.301e+05
1.041e+05
7.819e+04

3.113e+03
£ 3.077e+03
3.041e+03
£ 3.004e+03
2.968e+03
¢ 2.932e+03
2.895e+03
. 2.859e+03
2.823e+03 5.223e+04
L 2.786e+03 2.628e+04

2.750e+03 . 3.231e+02 .
K] o s o0 i « W mA-2) o os00 1000 ) <
4

(a) Adiabatic nozzle wall temperature, (b) Heat transfer, 7" = 300K.
chemical non-equilibrium.

Figure 4.24: Adiabatic temperature and heat transfer coefficient from end burn
simulations.

The pressures achieved at the nozzle walls during retro-propulsion during the start
and end of the burn is shown in figure 4.25 below. It’s evident that the highest
pressures are achieved near the edge of the center nozzle which is the same location
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which the exhaust hits the nozzle when expanding from the side nozzles as seen in
figure 4.19c. The maximum pressure achieved at the start of the burn is around
1500 Pa while at the end of the burn it’s 2000 Pa. The pressure on most places of
the nozzle walls is around 500 Pa for the end of the burn while at the start of the
burn it’s around 100 Pa. Similarly to the simulation without retro-propulsion the

higher pressures at the end of the burn is probably due to the higher atmospheric
pressure at that altitude.

8.338e+02
7.506e+02
6.673e+02
5.840e+02
5.007e+02
4.174e+02

8.338e+02
7.506€+02
6.673e+02
5.840e+02
5.007e+02
4.174e+02
3.341e+02 3.341e+02
2.509e+02 2.509e+02
1.676e+02 1.676e+02
- 8.428e+01 8.428e+01
1.000e+00 1.000e+00

[Pa] [Pa]

(a) Pressure at the nozzles at the start of (b) Pressure at the nozzles at the end of
the burn. the burn.

Figure 4.25: Comparison of the pressures during the start and end of the burn.
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Challenges and future prospects

In this section some thoughts regarding implications of the results and potential
sources of error will be discussed.

5.1 Implications for retro-propulsion designs

So far only the results from the simulations has been discussed, and not the implica-
tions it has on the nozzle or rocket. The magnitudes of the heat transfer coefficients
as well as heat transfers are relatively low for all investigated phases of flight. This
means that it’s a possibility that the original designs, designed only for ascent, would
be able to handle the thermal loads before, during and after reentry phase, however
in order to claim this further investigation needs to be conducted. One can still use
these results in order to potentially improve the design and mitigate the thermal
loads and local hot spots. Two major design modifications are found: move the
central nozzle so the exit is inline with the exit of the outer nozzles and not using
an engine cluster but rather one larger engine in the center.

The first potential design modification in order to mitigate the thermal loads would
be to have the exit of all of the nozzles level with one another, in other words, not
have the central nozzle extended outward further than the outer nozzles. Since one
of the major heat transfer areas during retro-propulsion is on the central nozzle
when the exhaust from the side nozzles bend downward and hit the central nozzle.
Though no further studies has been made, this behavior is believed to be greatly
minimized if the center nozzle would be level with the other nozzles, this due to
the stagnation point between the exhausts from the nozzles would then be on equal
distance from both the nozzles. This is believed to have the most significant effects
at lower altitudes where there is less plume spreading as the higher altitudes has
significant heat transfer on the non-active side nozzles as well.

The second design modification would be to only have one larger engine in the center
of the rocket. The major heat transfer without retro-propulsion is located at the
throat of the outer nozzles due to the stagnation points and recirculation in the
cluster arrangement. If a design where only one larger engine, as found in Ariane
6 rocket, this heat transfer would most likely be drastically lowered. Having only
one engine would also mitigate the effects of recirculation from the nozzles during
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retro-propulsion. This design would however result in a complete redesign of the
entire engine, as it would need to produce power equal to the existing 9 engines, and
most likely the rocket as well. The other issue of this design would be the necessity
of throttling and a greater thrust vectoring in order to perform a safe and reliable
landing.

5.2 Limitations and sources of error

This project is unfortunately not without its sources of errors and the major errors
will be discussed and its potential effects.

The possible error, as discussed earlier, is the mesh convergence of the retro-propulsion
simulations in 3D. With the final mesh which has around 6 million cells and the
chemical non-equilibrium model, the RAM usage and high computational cost put
limitations on not using a fully converged mesh. As seen in table 3.3, the average
nozzle temperature decreased with the Richardson extrapolation which indicates
that the chosen mesh (fine) is most likely on the conservative side when it comes to
heat transfer. How the non converged mesh effects the HTC is however harder to
say, as it is dependent on the flow, and would require further investigation in order
to determine.

The methane chemistry model used should also be discussed. The model used in
this project, as well as most other earlier studies, is a methane model intended for
combustion simulations, in other words high temperature and high pressure simula-
tions. In this application however, there is a large variation of temperature over the
domain, and very low pressures. As previously described, CHEMKIN format uses
the modified Arrhenius equation which is a semi-empirical format with constants
derived from experiments, most likely conducted in high pressure environments. As
mentioned in section 3.6.2, the model was evaluated for 60 bar, which is about
200,000 times higher pressure than the ~ 30 Pa atmospheric pressure found at start
burn. It is therefore possible that there is large difference in chemical behavior
between the models intended use and the application of retro-propulsion.

Another source of error is the extremely low pressures found in start burn with
retro-propulsion. Pressures of below 1 Pa are found near the edge of the exit of the
nozzle which most likely results in a Knudsen number above 0.001, which is the limit
for the continuum regime and the use of CFD and the Navier-Stokes equations. This
means that there are most certain great errors in this region due to the reduction
in accuracy of the numerical methods used. The CFD software, ANSYS Fluent,
limits the pressure to not be able to go below 1 Pa which further increases the
uncertainty of the true behavior of the fluid in this region. It is possible to decrease
this lower limit, this would however only resulted in a further decrease in accuracy
of the simulations.

A source of error which was found later is that when running the chemical non-
equilibrium simulations with a constant wall temperature of 300 K the wall y* is
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increased by around a factor of 10. So instead of having an area weighted average
wall y™ of under 0.1 it’s now instead over 0.1 but still below 1. This could be
explained by the temperature boundary condition at the walls. For the adiabatic
simulation during retro-propulsion at the start of the burn the area weighted average
temperature of the center nozzle is 3132.14 K which is around 2800 K higher than
the prescribed wall temperature of 300 K. With that much higher temperature, the
adiabatic simulation will therefore have a lower viscosity which means that the y™
will be lower for the same cell distance. The y* for the adiabatic simulations where
0.045 while for the 300K case it was 0.477 so a significant difference. This should
be taken into consideration as it could affect the heat flux but as the value is still
below 1 it means that the solver is still resolving the boundary layer and not using
wall functions. Therefore the results are still deemed okay even though they do not
fulfill the set criteria.

A last thing to note is that all the simulations are run with a steady state RANS
simulations whereas the retro-propulsion simulations are highly unsteady and require
higher fidelity transient simulations such as LES. So a lot of the analysis made would
look different if a transient simulation was utilized.

5.3 Future work

Even though the project was able to answer the questions that were set out at the
beginning, there is much more to be investigated in the field of thermal loading on
nozzles during retro-propulsion. A common approach to aerothermal investigation
during a launch, is by developing an aerothermal database, where multiple phases of
flight are simulated. The results from the simulations are then interpolated and used
for thermal simulations in solid mechanics. However, the computational costs for the
final 3D simulations with retro-propulsion and necessary chemistry were extremely
high with the heaviest simulation running for over 20.000 CPU-hours before reaching
convergence. This means that additional research needs to be conducted in order
to reduce the model to be able to conduct more rapid investigations to extend the
database and get a better understanding of the loading during the entire reentry
phase of flight.

Another major area in need of further investigation, is the landing burn for a rocket
using a liquid methane-oxygen engine. This topic has not been investigated in this
thesis nor any other publicly available research with focus on thermal loading on or
around the nozzles. During this phase there is substantially different flow behavior
and physics as the rocket is no longer flying in supersonic speeds while there is
a significantly higher ambient pressure. Another major difference is the plume-
ground interaction which will not only affect the flow behavior of the exhaust, but
will also heat the ground resulting in the ground omitting thermal radiation. A
finding noted in this thesis is that during the end burn, higher HTC and pressure
loads were achieved during the end burn where the dynamic pressure and density
is higher. Therefore an interesting simulation to conduct is to look at the heat
loads and pressure loads at lower altitudes where the highest dynamic pressures are
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5. Challenges and future prospects

achieved. That point could potentially result in higher HTC and pressures even
when the engines are off during that time and should therefore be investigated in
the future.

The Prometheus engine, the engine GKN Aerospace is contributing to the develop-
ment, is a gas generator cycle where its exhaust gets ejected through an exhaust
pipe at the base of the rocket. According to Tamas Bykerk [2], methane produces
less soot than kerosene fuels. However, they also state that soot radiation can have
a significant impact on thermal loading [2]. Even though methane produces less it
should still be taken into consideration. Bykerk [2] also state that the placement of
the secondary generator exhaust can heavily effect the flow inside the nozzle cluster
and reduce the flow reversal. However, as most gas generators burns fuel rich, there
is likely to be significant post combustion as oxygen is introduced to the flow. As
the effect of the exhaust from the gas generator may have an important impact on
the thermal loading, it motivates further investigation.

The last major proposed future work is the influence of turbulence model. As
earlier studies have stated, the choice of turbulence model has a significant impact
on plume structure and flow behavior, however this has only been scarcely studied.
Turbulence, which often is prevalent near walls and boundary layers, will also have
considerable effect on heat transfer for reentry which needs to be understood in order
to accurately simulate the thermal loads on the nozzles during reentry. It was also
noted that there are unsteady effects which needs to be taken into consideration
and therefore a future work would be to use transient simulations. That would
be a challenge as the simulation time is already time consuming in a steady state
simulation but the transient simulation and especially with higher fidelity could
result in a lot of new knowledge found.
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Conclusion

This study set out to investigate the flow behavior and aerothermal loads on and
around the nozzles during reentry of a first-stage rocket booster, identify possible
simplifications to the model and analyze the physics present on and around the
nozzles during retro-propulsion. To achieve this, CFD simulations were carried out
and analyzed in 2D and 3D where four different phases- and flight configurations
were investigated. Hopefully these insights, brought on with this thesis, will shed
light on an area of research not broadly investigated in the academic field.

The prestudy provided valuable results and understanding on how the model could
be reduced in order to decrease computational cost, without compromising accuracy.
The prestudy concluded that, during the reentry burn without retro-propulsion,
calorically perfect gas was an imprecise model as the temperature reached above
its range of use, but as the temperatures and Damkohler number are relatively
low, it makes the frozen chemistry model appropriate, reducing the cost compared
to reacting chemical models. For simulations with retro-propulsion however, the
temperatures are significantly higher with a larger variation of Damkohler number
over the domain, chemical non-equilibrium was necessary and the most accurate
model in order to capture the relevant chemistry in the flow and temperatures around
the nozzles. The heat transfer coefficient (HT'C) results from the prestudy concluded
that the HTC is temperature independent for both wall temperature as a profile
(AT) and constant wall temperature, where the constant wall temperature gave a
slight variation downstream of the flow. HT'C simulations with retro-propulsion were
found to have only a small variation between chemical non-equilibrium and frozen
chemistry. Lastly, the developed 13-species scheme was found to produce close to
identical results to the original 24-species reaction scheme significantly reducing the
computational time and RAM usage.

The 3D simulations provided more detailed understanding of the flow behavior cap-
turing 3D effects and effects from an engine cluster. The results without retro-
propulsion show a maximum adiabatic wall temperature of approximately 2460 K
and 1524 K for start and end burn respectively. The throat is the area of the nozzles
most exposed to thermal loads where local HTC and heat flux measure 70 W/(m? K)
and 150kW /m? at the start of the burn. End burn simulations result in higher heat
loads, most likely due to higher atmospheric pressures and density, of approximately
150 W/(m?K) and 200 kW /m?. With retro-propulsion the adiabatic wall tempera-
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6. Conclusion

tures varies between 2800 and 3300 K for the chemical non-equilibrium model and
the HTC is locally approximately 150 W/(m? K) for both end and start burn while
the heat flux is 400 and 450 kW /m? for start and end burn respectively. The HTC
and heat flux was found to be mainly due to high speed exhaust hitting the nearby
engines and the recirculation inside the engine cluster. While thermal exposure such
as maximum temperature differed depending on the model used. For the chemical
non-equilibrium model which is most likely the one closest to reality, the exhaust
gases passing the shock will have a lower temperature than the frozen chemistry
model due to reactions and will therefore not expose the nozzles at the side facing
outward as much as the frozen chemistry model. So while the frozen chemistry
model will result in highest temperature at the sides facing outward in reality it will
most likely be the surfaces facing the center which will be most exposed as seen in
the chemical non-equilibrium model. But nonetheless it’s noted that the HTC is
most dependent on high speed flows where a more turbulent flow and flows with
higher pressures and density as during the end burn will result in higher HTC.

The results from this study can clearly describe much of the flow behavior and impact
of chemical models. The conclusions and derived thermal loads are predicted to help
GKN Aerospace in their future work in investigation and design of future reusable
rocket nozzles.
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A

Chemical models

A.1 Air chemical model

Table A.1: Arrhenius constants for chemical reactions in air model, constants from
Park2001 [30]. Preexponential factor A, in [cal/mole] and activation energy E, in
[mole-cm-s-K|

Species
NQ,OQ,N,O,NO
Reaction A, n E.
1. Oy +N <20+ N 1.000 - 10 —1.500 1.179-10°
2. O+ Oy <+ 30 1.000 - 10> —1.500 1.179-10°
3. Oy + Ny <> 20 + Ny 2.000 - 10*  —1.500 1.179-10°
4. 209 <> 20 + Oy 2.000-10%* —1.500 1.179-10°
5. NO + 0Oy <20+ NO |2.000-10%" —1.500 1.179-10°
6. N + Ny < 3N 3.000- 102 —1.600 2.249-10°
7. O+ Ny < O+ 2N 3.000- 1022 —1.600 2.249-10°
8. 2Ny <+ 2N + N, 7.000 - 102 —1.600 2.249 - 10°
9. Oy + Ny <5 2N + Oq 7.000 - 102! —1.600 2.249-10°
10. | NO+ Ny < 2N 4+ NO | 7.000 - 10> —1.600 2.249-10°
11. N+ NO < O+ 2N 1.100 - 10'"  0.000 1.500 - 10°
12. O+ NO <+ 20+ N 1.100 - 10'"  0.000 1.500 - 10°
13. | NO+ Ny < O+ N+ N, | 5.000-10" 0.000 1.500-10°
14. | NO+ O3+ O+ N+ 0O, | 5.000-10 0.000 1.500-10°
15.| 2NO <+ O+ N+NO | 1.100-10'" 0.000 1.500-10°
16. O+ NO <+ N + O, 8.400 - 102 0.000  3.855-10*
17. O+ Ny<+> N+ NO 5.700 - 102 0.420 8.532-10*




A. Chemical models

A.2 Methane chemical model

The Arrhenius constants for equation 2.48 used in chemical equilibrium and non-
equilibrium simulations with exhaust can be seen in tables A.2 - A.4. M in the
reactions refers the collision with an arbitrary third party specie. In notes: *’ refers
to additional information for reaction found in table A.4 and Duplicate refers to
identical reactions occurring through different reaction paths. Table A.4 provides
information on how the reactions vary with different species of M. The term LOW
refers to chemical parameters at low pressures, while TROFE describes the pressure-
dependent behavior in transition regions. For further details, consult the ANSYS
and CHEMKIN manuals.
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A. Chemical models

Table A.2: Arrhenius constants for chemical reactions in methane model, con-
stants from Zhukov-Kong 2018 [31]. Pre-exponential factor A, is in [cal/mole] and
activation energy FE, is in [mole-cm-s-K].

Species

Hy, H,0,05,0H, H,O, HO9, HyO9, CHy,CHs3, CHy, CO,CO4
HCO,CH,0,CH30,CyHs, CoHy, CoHs, CH305, N, CyHg

Reaction A, n E, Note
1. Oy, +CH5O < HOy + HCO 1.000 - 104 0.000 4.000 - 10*
2. H+Oy+ M+ HOy + M 2.800-10'®  —0.860 0.000 *
3. H +209 < HOy + Oy 3.000-10*° —1.720 0.000
4. | H+ CHy;O(+M) <> CH30(+M) | 5.400 - 10" 0.454 2.600 - 103
5. 20H(+M) <> HyO9(+M) 7.400- 10  —0.370 0.000
6. OH + HOy <+ Oy + HyO 2.900 - 10" 0.000 —500.000
7. OH + HyOy <+ HO, + H50 1.750 - 10'2 0.000 320.000 Dublicate
8. OH + H,0O, <+ HO, + H50 5.800 - 10 0.000 9.560 - 10% | Dublicate
9. OH + CH, +» CH3 + HyO 1.000 - 108 1.600 3.120 - 103
10. 2HOy <+ Oy + HyOy 1.300 - 10t 0.000 —1.630- 10 | Dublicate
11. 2HOy <+ Oy + H504 4.200 - 10™ 0.000 1.200 - 10* | Dublicate
12. HOy; +CHs < Oy + CHy 1.000 - 10'2 0.000 0.000
13. HO,+ CH3 +» OH + CH50 2.000 - 10'3 0.000 0.000
14. HOy +CO < OH + COy 1.500 - 104 0.000 2.360 - 104
15. | HO; + CH,0 < HCO + H50, 1.000 - 102 0.000 8.000 - 103
16. CHs + Oy <+ O+ CH30 2.675- 10" 0.000 2.880 - 104
17. CHs + Oy + OH + CH>O 3.600 - 1010 0.000 8.940 - 103
18. CHs + Hy04 <+ HOy + CH, 2.450 - 10* 2.470 5.180 - 10°
19. CHs; + CH,0 < HCO + CH,4 3.320 - 103 2.810 5.860 - 103
20. | CH30 + HOy <> CH50 + H50, 1.200 - 1013 0.000 0.000
21. | CH305+ CH5 +» CH;0 + CH50 | 3.000- 10" 0.000  —1.200- 103
22. CH30 + Oy <+ HOy + CH,0 4280107  7.600 —3.530-10°
23. CHs + Oy < CH30, 1.700-10%°  —15.100 1.8785-10*
24. | CHs;O + CHs < CH,O +CHy 2.410-10% 0.000 0.000
25. O+ CHy+> OH + CH,; 1.020 - 10° 1.500 8.600 - 103
26. H+0,+< 0+ 0OH 8.300 - 1013 0.000 1.4413 - 10*
27. H + Oy + HyO < HO5 + H50 9.380-10'®  —0.760 0.000
28. O+ Hy«~ H+OH 5.000 - 10* 2.670 6.290 - 103
29. O+ CHs + H + CH,0O 8.430 - 1013 0.000 0.000
30. O+CO+ M+ COy+M 6.020 - 10 0.000 3.000 - 103 *
31. H+OH+ M < H,O+ M 2.200 - 102  —2.000 0.000 *
32. H+ CH3(+M) <» CHy(+M) 1.270 - 10" —0.630 383.000 *
33.| H+ HCO(+M) < CHyO(+M) 1.090 - 10'2 0.480 —260.000 *
34. | H+ CoHy(+M) <> CoHs(+M) | 1.080-10'2 0454  1.820-10° *
35. H+ CyHy < CyHs + Hy 1.325 - 106 2.530 1.2240 - 10*
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A. Chemical models

Table A.3: Continue of Arrhenius constants for chemical reactions in methane
model, constants from Zhukov-Kong 2018 [31]. Pre-exponential factor A, in [cal/-
mole| and activation energy F, in [mole-cm-s-K].

Reaction A, n E, Note
36. H+ CyHg +» CoHs + Ho 1.150-10%  1.900  7.530-10°
37. OH + Hy, <+ H + H,O 2.160-10% 1.510  3.430-10°

38.| OH+CH,+ H+CH,O |2.000-10" 0.000 0.000
39. | OH + CyHg <+ CyHs + H,O | 3.540-105  2.120 870.000
40. | HCO+ Oy HOy+CO | 7.600-102  0.000 400.000
41. | HCO4+ M < H+CO+ M | 1.870-10'7 —1.000 1.7000 - 10* *
42. | CHs;+ OH < CH,O+ H, | 8.000-10" 0.000 0.000
43.| CHy+CHs <+ H+CyH, |4.000-10 0.000 0.000
44. O3+ CO < O+ COy 2.500- 102 0.000  4.7800 - 10*
45. OH +CO <> H+ CO, 4.760 - 107 1.228 70.000
46. | OH + CH>0 +» HCO + H,O | 3.430-10° 1.180  —447.000
A7.| H+CHyO < HCO+ H, |2300-10° 1.050 3.275-10°
48. | 2CH3(+M) <> CoHg(+M) | 2.120-10' —0.970  620.000 *
49, H+CH, + CH;+ H, 6.600 - 105  1.620 1.0840 - 10*
50. | H+ 09+ Ny<> HOy+ Ny | 2.600- 10" —1.240 0.000

IV



A. Chemical models

Table A.4: Additional information used in methane reaction model in table A.2
and A.3, values taken from [31].

Reaction Added line
2. 0,/0.00/ H,0/0.00/C0O/0.75/C0O5/1.50/CyHg/1.50/N2/0.00/
3. LOW / 2.200 - 10%° -4.800 5560.00/
TROE/ 0.7580 94.00 1555.00 4200.00 /
H,/2.00/H,0/6.00/CH,/2.00/CO/1.50/CO4/2.00/CyHg/3.00/
5. LOW / 2.300 - 10'® -0.900 -1700.00/
TROE/ 0.7346 94.00 1756.00 5182.00 /
H,/2.00/H,0/6.00/CH,/2.00/CO/1.50/CO4/2.00/CyHg/3.00/
30. H,/2.00/04/6.00/ H,0/6.00/CH,/2.00/CO/1.50/CO5/3.50/C5Hg/3.00/
31. H,/0.73/H,0/3.65/CH,/2.00/CyHg/3.00/
32. LOW / 2.477 - 10%% -4.760 2440.00/
TROE/ 0.7830 74.00 2941.00 6964.00 /
H,/2.00/H,0/6.00/CH,/2.00/CO/1.50/CO4/2.00/CyHg/3.00/
33. LOW / 1.350 - 10%* -2.570 1425.00/
TROE/ 0.7824 271.00 2755.00 6570.00 /
H,/2.00/H,0/6.00/CH,/2.00/CO/1.50/C0O5/2.00/CyHg/3.00/
34. LOW / 1.200 - 10** -7.620 6970.00/
TROE/ 0.9753 210.00 984.00 4374.00 /
H,/2.00/H50/6.00/CH,/2.00/CO/1.50/CO4/2.00/CyHg/3.00/
41. H,/2.00/H,0/12.0/CH,/2.00/CO/1.50/C0O5/2.00/CyHg/3.00/
48. LOW / 1.770 - 10°Y -9.670 6220.00/
TROE/ 0.5325 151.00 1038.00 4970.00 /
H,/2.00/H50/6.00/CH,/2.00/CO/1.50/CO4/2.00/CyHg/3.00/




A. Chemical models

A.3 Reduced 10-specie methane chemical model

Table A.5:

Arrhenius constants for chemical reactions in reduced 10-specie

methane, constants from Zhukov-Kong 2018 [31]. Pre-exponential factor A, is in
[cal/mole] and activation energy F, is in [mole-cm-s-K].

Species
Hy, H,O,05,0H, HyO, HOy, HyO5, CO, CO,
Reaction A, n E. Note
2. H+Oy+ M+« HOy+ M 2.800 - 10®  —0.860 0.000 *
3. H + 209 < HOy + O, 3.000 - 10 —1.720 0.000
5. 20H(+M) <> HyOo(+M) 7.400 - 10 —0.370 0.000 *
6. OH + HO5 <+ Oy + HyO 2.900 - 10 0.000 —500.000
7. OH + H,04 < HOy + H,O | 1.750- 102 0.000 320.000 Duplicate
8. OH + H504 < HOy + H,O | 5.800- 10  0.000 9.560 - 10* | Duplicate
10. 2HO9 <> Oy + Hy0, 1.300 - 10 0.000 —1.630-10% | Duplicate
11. 2HO, 5 Oy + Hy0, 4.200- 10"  0.000  1.200-10* | Duplicate
14. HOy + CO < OH + COy 1.500 - 10 0.000 2.360 - 104
26. H+0y,+ 0+ 0OH 8.300- 10"  0.000  1.4413-10*
27. | H+ Oy + HyO < HO5 + H,O | 9.380 - 10'®  —0.760 0.000
28. O+ Hy«~ H+OH 5.000-10*  2.670 6.290 - 103
30. O+CO+M <+ COy+M 6.020 - 10" 0.000 3.000 - 103
31. H+OH+ M+ HO+ M 2.200 - 1022 —2.000 0.000
37. OH + Hy, <+ H + H,O 2.160-10%  1.510 3.430 - 103
44. Oy +CO < O+ COy 2.500 - 102 0.000  4.7800 - 10*
45. OH + CO + H+ COy 4.760 - 10" 1.228 70.000
50. H+ Oy+ Ny HOy + Ny 2.600 - 10 —1.240 0.000

VI




A. Chemical models

A.4 Results

A.4.1 Comparison start and end burn

5.05e+00

4.04e+00
3.03e+00
2.02e+00

1.01e+00
0.006+00 Frozen chemistry — End burn

mach

Figure A.1: Comparison start and end burn, frozen chemistry
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A. Chemical models

A.4.2 Chemistry comparison 2D

(a) Chemical equilibrium start burn. Mole fraction of NO (upper half) and O (lower
half)

(b) Chemical non-equilibrium start burn. Mole fraction of NO (upper half) and O
(lower half)

Figure A.2: Comparison species from chemical reactions during start burn no

exhaust.
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A. Chemical models

Chemical non-

Chemical equilibrium

(a) Temperature comparison chemical equilibrium and chemical non-equilibrium

rozen chemistry

(b) Temperature comparison frozen chemistry and chemical non-equilibrium

Figure A.3: Comparison temperature between chemistry models
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A. Chemical models

(a) Comparison of massfraction H between chemical equilibrium and chemical non-

equilibrium

(b) Comparison of massfraction HoO between chemical equilibrium and chemical

non-equilibrium

(c¢) Comparison of massfraction NO between chemical equilibrium and chemical

non-equilibrium

Figure A.4: Comparison of species between chemistry models



A. Chemical models

A.4.3 Species 3D simulations

Co2 Mole Fraction
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(a) Mole fractions of H (upper) and Hs (b) Mole fractions of C'Oy (upper) and
(lower). CO (lower).
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(c) Mole fractions of NO (upper) and O (d) Mole fractions of H,O (upper) and
(lower). OH (lower).

(e) Mole fractions of HyOs (upper) and
HOy (lower). (f) Heat production from reaction.

Figure A.5: Species for end burn chemical non-equilibrium.
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