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A B S T R A C T

The current work presents the extension of the flamelet model for turbulent combustion calculations to account
for deviations from adiabatic conditions. The aforementioned extension is expected to significantly improve the
prediction of the chemical processes occurring in the vicinity of cooled walls in rocket engine applications. A
lower enthalpy level leads to an increase of the recombination reactions, which is of particular interest in the
case of methane/oxygen combustion. In the present approach, the flamelet equations are solved in mixture
fraction space and the energy equation is replaced by a prescription of the enthalpy profile in order to include
non-adiabatic effects. To avoid the over-prediction of the recombination reactions, a local ”freezing” of the
chemical reactions is introduced based on the Damkoehler number close to the cold wall boundary. A pre-
tabulation of the chemical time-scales in the flamelet tables enables a fast calculation of the Damkoehler
number. The model is verified both for CH4/O2 and H2/O2 using the simulation of a cooled reacting boundary
layer. The extended hybrid model is employed for the simulation of a single-element rocket thrust chamber using
CH2/O2 and H2/O2 and is compared to the non-adiabatic and frozen flamelet models. A more accurate wall heat
transfer and pressure level prediction is achieved with the hybrid model for both propellant combinations
leading to great agreement with the available experimental measurements.

1. Introduction

Turbulent combustion processes are present in a large number of
engineering problems. Of particular interest are the applications, which
include flame-wall interaction and convective heat losses. Wall-con-
fined reacting flows subject to heat losses to the wall are always found
in gas turbine combustion chambers and rocket engine thrust chambers.
In both cases, the interaction of the hot gas and the wall leads to heat
loads that must be taken into account in the design process of the en-
gine.

The proper design of the cooling system is especially crucial in the
case of rocket engines. The high velocity flows with adiabatic tem-
perature exceeding 3500 K within the thrust chamber can lead to ex-
treme heat flux values of up to 150 MW/m2 in the nozzle due to the
steep temperature gradients [1]. Moreover, the tendency in liquid
rocket engines is to use high operating pressures in order to achieve
higher specific impulse, compactness of the chamber and a higher
nozzle expansion ratio for a given exhaust diameter [2]. Increasing the
chamber pressure however, has a direct impact on the wall heat loads,
since the heat transfer coefficient is approximately linearly proportional
to the chamber pressure: q p˙~ 0.8 [3]. An insufficient cooling of the

structure would rapidly lead to a mechanical damage of the flight
hardware and a mission failure. Therefore, the design of thrust cham-
bers has to meet many conflicting requirements simultaneously such as
high performance, reliable cooling, low weight, structural safety and
costs.

Measurements of the wall heat loads with experimental methods in
the design process of a rocket engine can be done with high-cost firing
tests. In order to reduce the development costs of new rocket engines,
expensive trial-and-error has to be kept at a minimum. For that reason,
numerical methods for the accurate description of the combustion and
heat transfer processes are necessary. At the same time however, the
computational cost of these methods should not be too high, in order to
allow for fast estimations of the performance and the heat loads in the
early design process of the components and systems. The simulation of
turbulent combustion within rocket engines usually needs the in-
corporation of detailed chemistry. In engineering applications using
RANS, the Finite Rate Model and the Eddy Dissipation Concept are
often utilized to account for the chemical reactions between the species.
These detailed models however require the solution of −N 1sp addi-
tional equations for the Nsp species being modeled. Moreover, ac-
counting for the Turbulence Chemistry Interaction (TCI) in those
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models requires a closure using probability density functions (PDFs),
which is complex due to the large number of transported variables re-
quiring either multi-dimensional assumed PDFs [4] or very expensive
transported PDF methods [5].

For that reason, efforts have been made in order to reduce the
complexity of the turbulent combustion simulations by introducing

simplified models with a smaller number of equations, which directly
accelerates the computation. A common method used for the simulation
of H2/O2 rocket engines is the assumption of chemical equilibrium and
is justified by the high pressure and high temperature combustion en-
vironment as well as by the fast time-scales of the hydrogen combus-
tion.

Nomenclature

cp specific heat capacity ⋅[J/(kg K)]
Da Damkoehler number −[ ]
h specific enthalpy [J/kg]
J Jacobi matrix [1/s]
k turbulence kinetic energy [m /s ]2 2

M molecular weight [kg/mol]
ṁ mass production rate ⋅[kg/(m s)]3

N upper limit index −[ ]
P Probability Density Function PDF −[ ]
p pressure [bar]
Pr Prandtl number −[ ]
Q̇ heat rate [W]
q̇ heat flux [W/m ]2

R universal gas constant ⋅[J/(kg K)]
r grid refinement ratio −[ ]
Sc Schmidt number −[ ]
T temperature [K]
t time [s]
u velocity [m/s]
x y, spatial coordinates [m]
Y species mass fractions −[ ]
Z mixture fraction −[ ]

′′Z 2 mixture fraction variance −[ ]
ε turbulence dissipation rate [m /s ]2 3

ε numerical error −[ ]
ζ normalized enthalpy −[ ]
λ thermal conductivity ⋅[W/(m K)]
μ viscosity ⋅[Pa s]
ρ density [kg/m ]3

τ time-scale [s]
φ generic variable −[ ]

χ scalar dissipation rate −[ ]
ψ apparent numerical order −[ ]
ω̇ reaction rate [1/s]

Subscripts

ad adiabatic
chem chemical
ex extinction
ext exact
flow flow
fu fuel
k species index
min/max minimum/maximum
n normalized
ox oxidizer
sp species
st stoichiometric value
tar target value
t turbulent value
wall quantity at the wall

Abbreviations

FRC Finite Rate Chemistry
FRF Frozen Flamelet
HYF Hybrid Flamelet
GCI Grid Convergence Index
NAF Non-adiabatic Flamelet
PDF Probability Density Function
RANS Reynolds Averaged Navier Stokes
TCI Turbulence-Chemistry Interaction

Fig. 1. Schematic illustration of the flamelet table generation and coupling with the computational fluid dynamics (CFD) solver.
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In the case of hydrocarbon combustion such as CH4/O2 however,
the assumption of chemical equilibrium is no longer valid. The in-
creased complexity of the chemical mechanism, combined with the
slow time-scales of chemical kinetics give rise to non-equilibrium ef-
fects. In order to overcome this insufficiency of the equilibrium model,
the flamelet model has been widely used in many rocket engine simu-
lations using CH4/O2 as propellants. The classical steady flamelet model
[6], is able to capture the departure from the chemical equilibrium, but
needs to be extended in order to account for changes in the gas com-
position in the presence of low-enthalpy regimes, as is the case in
cooled rocket engine walls. In the present study, an extension of the
flamelet model is undertaken, in order to capture non-adiabatic effects
in the presence of wall heat losses.

2. Flamelet combustion model

In many practical engineering applications, including rocket thrust
chambers, the equilibrium model has been applied in order to describe
the occurring chemical processes. For the description of propellants
with complex chemistry and large time-scales however, the flamelet
model has been widely implemented, since it is able to capture non-
equilibrium effects.

According to the flamelet turbulent combustion model, the turbu-
lent flames are viewed as an ensemble of local flame structures with
laminar nature (laminar flamelets), which are affected by the turbulent
flow by being stretched and wrinkled. This assumption is valid when
the relevant chemical scale is short compared to the convection and
diffusion time scales, since under those conditions combustion takes
place within the asymptotically thin flamelets, embedded in the tur-
bulent flow [7].

This enables the decoupling of the chemical and turbulent processes
and hence a significant reduction in computational time, while still
allowing for the use of a detailed chemical reaction mechanism. The
calculation of the laminar flamelets is carried out in a pre-processing
step, while the presence of turbulent fluctuations is accounted for by a
Presumed Probability Density Function (PPDF) [8]. The thermo-
chemical data of the turbulent flamelet solutions can then be tabulated
as a function of a reduced set of scalars, which results in significant
speed-up of the simulation. This concludes the pre-processing step as
illustrated in Fig. 1.

2.1. Laminar flamelets

The calculation of the one-dimensional local laminar flame struc-
tures (i.e. laminar flamelets) takes place by solving multiple instances
of the counterflow diffusion flame problem. The solution of the 1D
problem can be done either in the physical or in the mixture-fraction
space. In mixture fraction space, the simplified set of the flamelet
equations consists of the governing equations for the chemical species
and the temperature (or enthalpy) of the one-dimensional flame
structure. In this coordinate frame, only the gradients perpendicular to
the iso-surface of the mixture fraction are dominant and all gradients on
the iso-surface can be neglected [8]. The resulting equations are given
as follows under the assumption of unity Lewis number for all chemical
species [7].
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where Yk, ṁkand hk denote the mass fraction, mass production rate and
specific enthalpy of species k respectively, while Z, T, ρ, cp stand for the
mixture fraction, temperature, density and constant-pressure specific
heat capacity. Several formulations for the temperature equation exist

([7–11]), however the formula from Peters [7] is shown in the present
work (Eq. (2)). The scalar dissipation rate χ represents the diffusion
time scale and is a measure for the departure of the local flame struc-
ture from chemical equilibrium. Values of the scalar dissipation close to

=χ 0 1/s are equivalent to the equilibrium solution, whereas higher
values for χ induce a larger departure from equilibrium. This char-
acteristic quantity in the description of non-premixed turbulent com-
bustion is also able to describe the extinction limit of the flame. When it
reaches the critical value χex, the non-equilibrium effects are so domi-
nant that quenching of the flame occurs. A typical profile for the scalar
dissipation rate is given by the parametric distribution in Eq. (3) [8].

= −− −χ Z χ erfc Z erfc Z( ) exp2 [ (2 )] 2 [ (2 )]st st
1 2 1 2 (3)

χst and Zst represent the scalar dissipation and mixture fraction at
stoichiometry and −e rfc 1 the inverse of the complementary error
function. The boundary value problem defined by Eqs. (1) and (2) can
be solved in steady state conditions ∂ ∂ = ∂ ∂ =Y t T t( / / 0)k for different
values of χst, resulting in a tabulation of the resulting temperature and
species mass fractions for the laminar flamelets: =T Y f Z χ, ( , )k st . The
assumption of steady-state involved in the steady flamelet model and
the use of the stable burning branch does not allow for extinction and
re-ignition of the flame, however this does not pose any restrictions for
the test cases presented in the present work.

2.2. PDF integration

After the solution of the counterflow diffusion flame using the fla-
melet equations, a laminar table of the form =T Y f Z χ, ( , )k st is ob-
tained, while further quantities such as density, transport properties
etc. can be also tabulated since they are simply a function of the gas
composition Yk and the thermodynamic state h p( , ).

In order to include the effect of the Turbulence Chemistry
Interaction (TCI) on the flamelets, a PPDF integration takes place using
the joint PDF P Z χ( , )st . In the present study the Favre averaged values
for temperature, species mass fractions and heat capacity are calculated
according to Eq. (4).

∫ ∫=
∞

φ φ Z P Z dZd˜ ( , χ )· ( , χ )· χst st st0 0

1

(4)

whereas for the transport properties (viscosity and thermal con-
ductivity) a Reynolds averaging is used as described in Kim et al. [12].
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1 1
( , )st (6)

The assumption of statistical independence can be used to decouple
the multidimensional PPDF yielding = ⋅P Z χ P Z P χ( , ) ( ) ( )st st . For P Z( ),
a β-PDF is usually used, the shape of which is determined by the values
of Z̃ and its variance ′′Z̃ 2. For P χ( )st , a Dirac delta function or a log-
normal distribution are implemented [8]. The flamelet calculations
(laminar flamelet generation and PDF integration) are usually carried
out for several values of pressure, leading to a tabulation of the gas
properties as in Eq. (7).

= ′′
∼

φ f Z Z χ p˜ ( ˜, , ˜ , ˜)st
2 (7)

2.3. Frozen flamelet

The flamelet equations as well as the governing equations of the
counterflow diffusion flame are adiabatic. This means that the resulting
profiles for species mass fractions and temperature correspond to a
specific adiabatic enthalpy profile. Under the assumption of unity Lewis
number this enthalpy profile is described as

N. Perakis and O.J. Haidn Acta Astronautica 174 (2020) 254–269

256



= + −h Z h Z h h( ) ( )ad ox fu ox (8)

and therefore corresponds to a linear function between the boundary
values of fuel and oxidizer. In most engineering applications the flow
exchanges heat with its surrounding, and hence not all points of the
flow are in adiabatic conditions.

In order to account for the different enthalpy, the usual extension of
the adiabatic flamelet model is the concept of frozen flamelet.
According to this concept, the species concentrations are assumed to be
constant for all enthalpy levels and equal to the concentration at
adiabatic conditions. This assumes that the change in enthalpy does not
affect the reaction paths in the chemical mechanism and does not
change the composition of the gas. The only effect of the non-adiabatic
enthalpy level is to change the temperature, the transport and ther-
modynamic properties of the gas, to render the calculation thermo-
dynamically consistent. Physically it can be interpreted as a cooling
down of burned products while ignoring any recombination effects that
may take place.

In the presence of cooled walls, which is the case in most rocket
engine thrust chamber simulations, this method fails to predict the in-
crease in recombination reactions which occur due to the lower en-
thalpy environment. The accurate description of the heat flux in the
wall requires taking this effect into account and therefore an extension
of the flamelet model to non-adiabatic calculations was developed.

3. Non-adiabatic extension of the flamelet model

Several approaches for the extension of the flamelet model to ac-
count for non-adiabatic effects have been proposed in the past. Libby
et al. [13] used the method of activation energy asymptotics to describe
the behavior and characteristics of non-adiabatic flamelets involving
counterflowing reactants and products. Lee et al. [14] modeled the wall
heat losses by including a source term in the unsteady flamelet equa-
tions, thereby introducing a convective heat loss process by means of a
Nusselt-number correlation, whereas Fiorina et al. [15] and Cecere
et al. [16] used a conductive heat loss approach in burner-stabilized
flames. Marracino et al. [17] focused on the effect of radiative losses on
the flamelet profiles by adjusting the boundaries of oxidizer and fuel,
whereas Orich et al. [18] and Kishimoto et al. [19] reduced the

chemical heat source term in the energy equation of the counterflow
diffusion flame by a constant factor. Chan et al. [20] employed a ra-
diative source in the flamelet energy equation, while Ma et al. [21] on
the other hand applied a modified thermal boundary condition to the
counterflow flame in the composition space in the form of a permeable
wall. Rahn et al. [22] and Perakis et al. [23] introduced a source term in
the energy equation of the counterflow diffusion flame and an iterative
approach to obtain the wanted enthalpy levels.

3.1. Enthalpy profiles

To include the effects of sensible enthalpy decrease due to cooled
walls and due to expansion in the nozzle, the enthalpy values should be
first defined, for which the flamelet table is introduced. For this reason
the normalized enthalpy variable ζ can be defined as in the work of
Bilger [24]:

= −
−

ζ h h Z
h z h Z

( )
( ) ( )

min

max min (9)

The hmaxand hmin profiles ought to be chosen in order to contain all
the energy loss or gain within the domain of interest. In the frame of
this work, the enthalpy profiles coming from a 1D counterflow diffusion
flame with a permeable wall (similar to the work of Ma et al. [21]) are
used for the enthalpy deficit levels. The sensitivity of the chosen en-
thalpy profiles has been examined in the work of Breda et al. [25]. To
ensure that all the points in the domain are within the limits of the
tabulated enthalpy [22], enthalpy levels above the adiabatic profiles
are also included. An example for CH4/O2 enthalpy profiles between
the hmax ( =ζ 1) and hmin ( =ζ 0) lines as well as an adiabatic profile
corresponding to =T 270fu K and =T 275ox K are shown in Fig. 2.

The non-adiabatic extension of the flamelet model aims at obtaining
profiles for mass fractions, temperature and the resulting thermo-
chemical properties of the gas corresponding to enthalpy profiles with
heat loss (and heat gain) like the ones in Fig. 2. The tabulation is then a
function of the enthalpy as shown in Eq. (10).

= ′′
∼

φ f Z Z χ p h˜ ( ˜, , ˜ , ˜ , ˜)st
2 (10)

The tabulation as a function of the pressure is justified when the
length scale of pressure variations in the combustor is much larger than
the flamelet length scale, an assumption which holds when for rocket
engines operating in steady state in the absence of combustion in-
stabilities [26].

3.2. Flamelet generation using enthalpy constraint

In the present work, the non-adiabatic extension of the flamelet
model is implemented using the prescription of an enthalpy profile as
algebraic constraint [12,23]. The idea is based on replacing the energy
flamelet equation (Eq. (2)) by imposing an enthalpy profile as an
equality constraint in the mixture space frame. By omitting the energy
equation, the flamelet calculation is reduced to a boundary value pro-
blem consisting of the mass fraction equation (1) and an optimality
constraint:

=h Z h Z( ) ( )tar (11)

Defining the linear profile of Eq. (8) as the desired enthalpy profile,
the set of Eqs. (1) and (11) becomes equivalent to the system of Eqs. (1)
and (2). Applying any other profile below (or above) the adiabatic
enthalpy, corresponds to a heat loss (or gain) and the equations can be
solved without loss of generality.

For the solution of the resulting boundary value problem, a new
methodology was implemented based on an operator splitting tech-
nique by Strang [27] and Yanenko [28]. The boundary value problem
in Eq. (1) consists of a transport term (diffusion term with diffusion
constant χ/2) and a non-linear kinetics term. By employing the

Fig. 2. Enthalpy profiles in mixture fraction space.
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operator splitting, the non-linear algebraic equations resulting from the
discretization of Eq. (1) are broken into two smaller systems:

• A kinetics equation at each cell in the Z-space, decoupled from other
cells (initial value problem)

• A diffusion equation for each chemical species, decoupled from the
mass fractions of the other species (parabolic problem)

The solution of the two problems is alternated repeatedly making it
possible to match the accuracy of the fully coupled problem. The open-
source toolbox Cantera [29] was employed for the chemical calcula-
tions and a detailed view of the algorithm is given in Ref. [23].

3.3. Comparison of frozen and non-adiabatic tables

Including non-adiabatic effects in the flamelet table generation en-
ables capturing the effect of reactions occurring at low enthalpy levels.
Such reactions are taking place along the cooled walls of rocket com-
bustion chambers and tend to increase the observed heat flux.
Specifically, the reduced enthalpy environment suppresses dissociation
processes since not enough energy is present to break the chemical
bonds. This translates to an increase of recombination processes and a
consequent increase in the energy release. This energy release is a result
of the lower building enthalpy of the stable products of the re-
combination reactions. A dominant reaction in the case of hydrocarbon
combustion and specifically CH4/O2 engines is the recombination of CO
to CO2.

In order to understand the effect of the non-adiabatic flamelet for-
mulation, the results of a frozen chemistry table are compared to the
ones from the solution of the enthalpy-dependent flamelets. The load
point chosen corresponds to 20 bar CH4/O2 combustion and a scalar
dissipation rate of 1 s-1. The sub-adiabatic enthalpy levels from Fig. 2
were chosen and for both cases, the chemical mechanism by Sla-
vinskaya et al. [30] was employed.

The temperature results shown in Fig. 3 illustrate the main differ-
ences between the two approaches. In the frozen case, an enthalpy
reduction has a higher temperature decrement as a consequence. This
occurs due to the lower specific heat capacity of the radicals compared
to the stable molecules such as CO2 as well as their enthalpy of for-
mation. In the case of the non-adiabatic model however the heat re-
leased from the recombination reactions leads to a smaller temperature
decrease in the lower enthalpy levels.

When frozen chemistry is assumed, the lowest enthalpy levels can

lead to unphysical temperatures even below 0 K. This is due to the
absence of recombination heat release. The species present in the frozen
composition cannot exist in such a low enthalpy environment and to
avoid that, a temperature cutoff at 100 K was set in the calculation. This
explains the flat line at the lowest energy level in the frozen case.

The differences between the two approaches are mainly present
close to stoichiometry, whereas for fuel-richer regions the discrepancies
are reduced. Since in most practical CH4/O2 rocket engine applications
the mixture is fuel rich and since in typical co-axial injector config-
urations the fuel is injected on an outer annulus, the gas composition at
the wall is dominantly fuel-rich. The small differences in this region
explain why the conventional frozen flamelet model is able to predict
reasonable values for the wall heat fluxes when applied in CFD [31].

The results of the species concentrations for different enthalpy le-
vels are shown in Fig. 4. As expected the effect of a lower energy en-
vironment is to decrease the composition of CO and increase the CO2

concentration. The energy release taking place in the recombination is
responsible for the temperature difference in Fig. 3.

3.4. Time-scale extension

With the use of the non-adiabatic extension, the prediction of re-
combination reactions in low-enthalpy environments is possible. In the
steady flamelet model however, the deviation from chemical equili-
brium is described by the scalar dissipation rate, which is defined as

= ⋅ ∇χ D Z2 ( )2 in the CFD calculations, with D being the diffusivity. In
the vicinity of the walls, as the gradient of the mixture fraction goes
towards zero, the scalar dissipation becomes negligible and therefore
the mixture will approach the chemical equilibrium solution. This effect
leads to a considerable increase in the wall heat loads, as the state of the
gas is not necessarily in chemical equilibrium at the wall, especially for
low temperatures and slow chemical time-scales. The consequence is
that the steady non-adiabatic flamelet model leads to an overprediction
of the degree of the recombination in the boundary layer and hence an
overestimation of the wall heat loads [22,32].

In order to incorporate the effect of the local chemical time-scale
onto the calculation of the mixture composition, a model extension is
proposed, which relies on the local Damkoehler number Da defined as
the ratio of the flow time-scale τf and the chemical time-scale τc.

=Da
τ
τ

f

c (12)

As the characteristic flow-time scale relevant for the freezing of the

Fig. 3. Temperature profiles for different enthalpy levels in the case of the frozen (left) and non-adiabatic (right) flamelet models.
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reactions is the heat transfer through the wall, the definition of τf is
based on a heat diffusion time-scale equal to τ PrK . In this context Pr is
the local Prandtl number and τK the Kolmogorov scale, as described in
Batchelor et al. [33]. For fast chemical time-scales, i.e. large Da, the
flow adapts fast to external disturbances and is close to chemical
equilibrium conditions [34]. Slower time-scales give rise to low Da and
can lead to a frozen chemical composition, where no additional reac-
tions take place. It is expected that for CH4/O2 reacting flows close to
cooled walls, a freezing of the reactions could occur at the wall. This
implies that within the boundary layer the composition will be chan-
ging as the distance from the wall decreases, i.e. as the enthalpy is
decreasing. When the enthalpy reaches a point where no additional
recombinations can occur due to the low temperature, the gas compo-
sition remains nearly constant up until the wall. The enthalpy corre-
sponding to the freezing of the reactions is named hf in the present
work.

In the proposed model, the local composition of the gas is frozen
when it reaches the freezing enthalpy hf and is simply cooled down to
the real enthalpy level h. This means that the species mass fractions Yi
are obtained as a function of the frozen enthalpy

= ′′∼ ∼
Y f Z Z χ p h( ˜, , ˜ , ˜ , ˜ )i st f

2 (13)

and the remaining thermochemical quantities (temperature, density,
transport properties, heat capacity) are obtained by cooling this com-
position down to the local enthalpy level

= ∼φ f Y p h˜ ( , ˜ , ˜)i (14)

In order to calculate the freezing enthalpy value as a function of the
local enthalpy and the Damkoehler number, following differential
equation is solved in an embedded grid along the normal to the wall →n :

∂
∂→ = ∂

∂→
h
n

f h
n

·f

(15)

with the function f describing the effect of the local chemical and flow
time-scales on the freezing enthalpy level

=
+

f
tanh Da1 (log ( ))

2
10

(16)

The equation is solved in the embedded grid with the boundary
condition =h hf at the boundary located away from the wall. For very
fast chemical time-scales we obtain > >Da 1, leading to =f 1. In that
case, the frozen enthalpy and the real enthalpy coincide, meaning that
no freezing of the reactions occurs. For small values ≪Da 1however,
the discrepancy between hf and h increases and the model converges to
the frozen flamelet solution.

Several methods for the estimation of the chemical time-scale of a
reacting system have been proposed and a useful summary can be found
in Prüfert et al. [34] and Fox et al. [35]. In the present study the cal-
culation of the ”System Progress Timescale” is undertaken as proposed
by Caudal et al. [36] and Prüfert et al. [34]. This is derived from the
temporal evolution of the gas composition and temperature in a re-
acting chemical system, which is given by the ordinary differential
equation

⎡
⎣⎢

⎤
⎦⎥

= = …( )
t

Y
T t ω Y T ω Y Y Td

d
( ) ˙ ( , ) ˙ , , ,N1 sp

(17)

with the derivative ω̇ representing the reaction rate. Using a Taylor
expansion around the values Y T,0 0, the temporal evolution of the
species reads

− = ⋅ − + −
t

Y Y t J Y Y Y Yd
d

( )( ) ( ) (( ) )0 0 0 2O (18)

Fig. 4. CO (left) and CO2 profiles for different enthalpy levels in the non-adiabatic flamelet table.

Fig. 5. Schematic illustration of the computational domain for the flat plate simulation.
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The Jacobian matrix J is defined with = == …
∂
∂J J Y: ( ) ( )ik i k N

ω
Y, 1, ,
˙ 0

sp
i
k

and the chemical time-scale τc can then be calculated as in Ref. [34]
according to Eq. (19).

=τ ω
J ω
‖ ˙ ‖

· ˙c (19)

The calculation of the chemical time-scale can be performed in situ
during the CFD calculation or even tabulated along with the other
thermochemical variables of the flamelet model during the pre-pro-
cessing step.

4. Model Verification

In order to examine the ability of the proposed model to capture
recombination effects, a simplified 2D test case of a flat plate is defined.
The operating conditions defined for the plate simulation are chosen so
as to resemble the flow within rocket combustion chambers. A sche-
matic of the computational domain is shown in Fig. 5. Hot products at
adiabatic equilibrium conditions are injected uniformly at the inlet. The
temperature of the isothermal plate wall is prescribed at 500 K, while
the exit plane is defined as a pressure outlet. The dimensions are chosen
with sufficient length to allow for the development of the thermal and
species boundary layer. A length of 300 mm and height of 20 mm were
used. The flat plate targets the investigation of thermal boundary layer
characteristics under rocket thrust chamber operating conditions. As
the mixture is injected in pre-burnt conditions, it is possible to isolate
the effect of reactions in the vicinity of the wall from other phenomena
taking place in the chamber such as mixing and combustion.

For the verification of the model, simulations for several operating
points were carried out, for different propellant combinations, mixture
ratios, pressure levels and inlet Mach numbers. The variations in those
conditions targeted at covering a wide range of possible operating re-
gimes typically found in sub-scale and full-scale rocket thrust chambers.
Both CH4/O2 and H2/O2 mixtures have been examined, with mixture
ratios varying from 2.2 to 4.0 for methane and from 4.4 to 8.0 for
hydrogen. The pressure range examined was 10–50 bar and Mach
numbers between 0.1 and 0.5 were investigated, corresponding to ty-
pical contraction ratios found in flight hardware [1].

4.1. Computational setup

A mesh consisting of 50⋅103 finite volumes is used for the simula-
tions, refined in the wall normal direction to ensure that the condition

<+y 1 is satisfied at the wall.
The flowfield in the domain is described by the conservation

equations for mass, momentum and energy:
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where ρ‾ and p‾are the Reynolds-averaged density and pressure re-
spectively and ũi are the Favre-averaged velocity components in the
spatial directions xi. The viscous stress tensor is τ‾. The specific enthalpy
is h̃, c‾p and λ‾ are the specific heat and the thermal conductivity of the
fluid. NASA polynomials are implemented for the enthalpy and heat
capacity of the individual species and a mass-weighting averaging is
employed for the mixture values.

A pressure based scheme is used for the solution of the discretized
equations with the SIMPLE scheme. Density and pressure are coupled
through the ideal gas equation of state:

=ρ
p M
RT‾
‾

˜ , (21)

where R is the universal gas constant, and T̃ andM are the fluid mixture
temperature and molecular weight respectively.

The turbulent momentum flux is modeled employing the Boussinesq
hypothesis, relating the Reynolds stresses to the mean velocity gra-
dients:
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where μt is the turbulent viscosity and k the turbulent kinetic energy. δij
is the Kronecker delta.

Turbulent closure is achieved by employing the standard k-ε model
proposed by Launder and Spalding [37] and using a two-layer approach
[38] for the wall. The model allows for the determination of the tur-
bulent length and time scales by solving two additional transport
equations for turbulent kinetic energy k̃ and its dissipation ε̃ :
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The turbulent viscosity is then found by the relation =μ ρ C‾t μ
k
ε

˜
˜

2
and

all modeling constants are set to the proposed standard values.
The closure of the turbulent heat flux in Eq. (20c) is achieved using

the turbulent Prandtl number:
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A constant turbulent Prandtl number equal to 0.9 is chosen
throughout the domain. For the molecular transport (viscosity and
thermal conductivity) the Chapman-Enskog kinetic theory [39] is uti-
lized for the individual species, combined with the Wilke mixture rule
[40], leading to species- and temperature-dependent properties.

For the finite rate calculations, a transport equation for each species
mass fraction Yk is solved, according to:
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For the calculation of the reaction rates ω̇k, the chemical mechanism
by Slavinskaya et al. [30] is employed in all methane simulations and
the chemical mechanism by Ó Conaire et al. [41] for all hydrogen si-
mulations, whereas the diffusivity of each species Dk m, is calculated
according to the kinetic theory [39].

When utilizing the flamelet model, instead of solving −N 1sp
transport equations for the Nsp chemical species, only one equation for
the mixture fraction has to be solved:
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where Sct is the turbulent Schmidt number which is set to a constant
value of =Sc 0.6t throughout the domain.

Non-equilibrium effects in the flamelet model are included through
tabulation dependent on the scalar dissipation:
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where Cχ is a constant with value of 2.0. An additional transport
equation is solved for the evaluation of the mixture fraction variance
field:
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where Cg and Cd are constants with values of 2.86 and 2.0 respectively.
For all simulations the commercial code ANSYS Fluent (Version

18.0) was utilized, where the non-adiabatic and the extended non-
adiabatic flamelet model were implemented by means of user defined
functions.

4.2. Verification results

The results for two representative operating points are shown in the
present section. Those correspond to a pressure level of 20 bar and inlet
Mach number of 0.2. The mixture fraction for the methane case is
chosen at 2.6 and for the hydrogen case at 5.5. For each case, the results
form the finite rate simulation (FRC), the frozen flamelet (FRF), the
non-adiabatic flamelet model (NAF) and the time-scale extended hybrid
model (HYF) are presented. As the FRF model does not account for
changes in species composition and since the injection at the inlet oc-
curs at pre-mixed and pre-burnt conditions, the mass fractions remain
constant along the wall normal.

Given the absence of exact solutions for the reacting boundary layer
over a cooled wall with complex hydrocarbon chemistry the perfor-
mance of the three flamelet models is assessed based on their ability to
reproduce the finite rate results. Since in the finite rate case, the reac-
tion time-scales are resolved and the model has been successfully ap-
plied in the past for heat flux estimations in cooled H2/O2 and CH4/O2

engines [42,43] it is considered to be the baseline reference.
Fig. 6 shows the species and temperature profiles for the flat plate

simulations. For the H2/O2 simulation, the mass fractions of the major
products responsible for the heat release in the boundary layer are
plotted, namely H2O and OH. The temperature profile from the finite
rate results is also shown for reference. As the temperature decreases,
the OH radical starts recombining forming additional H2O. The avail-
able OH is consumed fast and its mass fraction drops to zero at ≈+y 20.
For positions closer to the wall, both the H2O and OH concentrations
remain constant indicating the ceasing of recombination reactions.

It can be observed that both the non-adiabatic flamelet and the
hybrid flamelet model appear to match the finite rate profiles with great
accuracy. This is expected as the fast hydrogen chemistry leads to the
flow being in chemical equilibrium even at the low temperatures found

in the cooled boundary layer. This is confirmed by the Damkoehler
number profile shown in the left sub-figure of Fig. 7. As expected, the
Damkoehler number qualitatively follows the temperature distribution,
having large values further away from the wall, indicating fast reaction
rates. As the gas is approaching the wall, the Damkoehler number is
reduced but still remains larger than 1 for most of the radial positions.
Therefore it is also expected that the deviation between the enthalpy h
and the frozen enthalpy hf is negligible as demonstrated in the same
figure.

The corresponding CH4/O2 results on the other hand are showing a
larger discrepancy between the sub-models. The CO/CO2 equilibrium is
defining the bulk energy release within the reacting boundary layer
[23] and therefore the mass fractions of those two species are plotted
along the wall normal. As the temperature is reduced closer to the wall,
CO is converted into CO2, which is predicted by all three models (FRC,
NAF, HYF). For radial positions larger than ≈+y 40 the three models
seem to produce identical results. The non-adiabatic model however
appears to over-predict the degree of conversion of CO compared to the
finite rate model closer to the wall. Whereas FRC predicts that a ceasing
of reactions takes place at T≈1500 K ( ≈+y 30), the concentration of
CO2 keeps increasing for the NAF, even at temperatures below 800 K.
This is largely attributed to the fact that for pre-burnt configurations the
scalar dissipation rate is 0, meaning that the non-adiabatic flamelet
degenerates to the equilibrium model. Slow processes like the conver-
sion of CO to CO2 are hence over-predicted.

The HYF model on the other hand closely follows the FRC and also
predicts a steep reduction of the recombination reactions for <+y 30.
This is explained by the Damkoehler number profile shown in Fig. 7.
Similar to the H2/O2 case, the Damkoehler number reduces with in-
creasing proximity to the wall, but the absolute level is lower reflecting
the slower chemical time-scales [44]. The fact that the Damkoehler
number reaches values as low as 10−3 implies that there is a large
deviation between the enthalpy and the frozen enthalpy. This growing
difference becomes significant for positions with <+y 30, coinciding
with the freezing of the reactions in Fig. 6.

It is hence evident that the proposed extension for the non-adiabatic
flamelet model is able to capture both the initiation of the re-
combination reactions within the thermal boundary layer as well as the
ceasing of the aforementioned reactions in areas with very low en-
thalpy. Considering the verification of the model based on the pre-
sented flat plate simulation, a more complex rocket combustor test-case
with available experimental data is chosen to evaluate the performance
of the proposed model.

Fig. 6. Species profiles along wall normal at = ⋅Re 75 10x
5 for the H2/O2 (a) and the CH4/O2 (b) flat plate simulation.
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5. Simulation of a single element rocket combustor

To assess the effects of the wall heat transfer on the flow-field
structure and the performance of the extended non-adiabatic flamelet
combustion model, RANS calculations of a single-element rocket com-
bustor are carried out.

5.1. Experimental configuration

The single-element rocket combustor experimentally investigated
by Silvestri et al. [45] is used for this analysis. The experimental con-
figuration is illustrated in Fig. 8 and consists of the main rocket
chamber having a diameter of 12 mm and the convergent-divergent
nozzle with an contraction ratio of 2.5. Two propellant feed lines supply
gaseous fuel and oxidizer to the coaxial injector. The facility has the
capability of operating with both methane and hydrogen as fuel at
ambient temperature. The central injector nozzle has a diameter of
4 mm whereas the fuel is supplied by an annulus surrounding the inner
oxidizer stream, with inner and outer diameters of 5 and 6 mm re-
spectively. The post separating the fuel and oxidizer stream is not re-
cessed with respect to the injector face-plate. An operating point cor-
responding to a nominal chamber pressure of 20 bar has been chosen
with an oxidizer to fuel ratio equal to 2.22 for the methane case. In
order to demonstrate the capabilities of the non-adiabatic model to
properly capture the combustion dynamics of not only CH2/O2 but also
H2/O2, the results for a load point at 20 bar with O/F = 5.85 using
hydrogen as fuel is also shown. The inlet conditions for both operating
points are given in Table 1.

5.2. Computational setup

The equations used for the simulation of the flowfield in the com-
bustion chamber are already described in Section 4.1. In order to take
advantage of the symmetry in the RANS simulation, a 2D axisymmetric
domain is chosen consisting of the coaxial injector, combustion
chamber and nozzle. The mesh consists of 75000 cells and part of it is
shown in Fig. 9. At all walls, the <+y 1 condition holds.

The mass flow and temperature is defined at the inlet boundaries for
oxygen and methane, whereas a pressure outlet is applied at the exit
plane. The experimental temperatures obtained with an inverse method
[46] are applied at the walls along with a no-slip condition.

The mesh was chosen after an extensive grid convergence study. As

characteristic quantities, the maximal wall pressure pmax and maximal
heat flux at the combustion chamber wall q̇max (excluding the nozzle),
as well as the integrated wall heat loss Q̇, are considered for a simu-
lation using the frozen flamelet model. To assess the convergence of the
solution, the theory of the Richardson extrapolation [47] as well as the
CGI approach advocated by Roache [48] were employed. The CH4/O2

frozen flamelet simulation was used for this analysis.
The numerical error is calculated by comparing the solutions on

each grid to a value gained from Richardson extrapolation according to

= +
−
−

φ φ
φ φ
r 1ext ψ1

1 2
(30)

where the lower indices represent the finer mesh solutions and r is the
grid refinement ratio.

The results are summarized in Table 2, whereas Fig. 9 shows the
numerical error as a function of the grid points. All simulations were
carried out with a second order upwind scheme for all transport
equations. The achieved order ψ of convergence was also estimated for
each of the three variables, using the method shown in Eq. (31).
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For the integrated heat loss, maximal pressure and maximal heat
flux, apparent orders of 2.40, 2.48 and 3.28 were obtained. The relative
numerical errors for the middle grid remain underneath 1.5% whereas
the GCI is below 10% using the conservative formulation by Roache

Fig. 7. Enthalpy and Damkoehler number profiles along wall normal at = ⋅Re 75 10x
5 for the H2/O2 (a) and the CH4/O2 (b) flat plate simulation.

Fig. 8. Sketch of the single-element combustor.
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[48]. For that reason, the middle mesh was chosen for all simulations
presented in this work.

It is important to note that in the case of simulations of reacting
flows, apart from the sufficiently fine mesh, the effect of accumulated
error due to numerical integration of the chemical source term, also has
to be quantified, similar to the work by Smirnov et al. [49,50]. How-
ever, since the RANS equations are solved in the present work, where
no explicit dynamic integration takes place, the issue of error accu-
mulation is not relevant in this case.

5.3. Results

5.3.1. H2/O2 test case
Based on the results of the verification test case and the finding that

NAF and HYF produce almost identical results, only the results of the
hybrid model are discussed here (see Fig. 12).

Fig. 10 shows the temperature field within the chamber. A thin
reaction zone appears in the shear layer of the co-axial injector which
expands radially with increasing axial position. At approximately

=x 120mm the flame reaches the wall and after this point the thermal
boundary layer starts growing, indicated by a thin low-temperature
zone in the vicinity of the wall. The stoichiometric line, which can be
used to infer the flame length of the injector, appears to extend until

=x 140mm. After this axial position, the temperature field is mainly
homogeneous meaning that the bulk energy release due to combustion
is completed. This is confirmed by the heat flux profiles in Fig. 13 which
will be discussed later. The short length of the flame (compared to the
total combustor length) can be explained by the large velocity ratio and
the fast chemical time-scales of the H2/O2 combustion. A velocity ratio
of 4.22 (Table 1) is responsible for a strong shear interaction close to
the injector and an efficient turbulent mixing. The energy release is also
taking place fast due to the small chemical scales represented by the
Damkoehler values in Fig. 10. The Damkoehler number is larger than
106 for the majority of the flow indicating chemical equilibrium

conditions. The greyed areas correspond to regions with more than 90%
fuel or oxidizer, where the definition of the chemical time-scale be-
comes ill-posed.

The corresponding mass fractions fields for the species H2O and OH
can be found in Fig. 11. Since H2O is the major product of H2/O2

combustion it reaches concentrations of up to 90% in the chamber and
is mainly produced in areas with high temperature, where the main
heat release takes place. Also it appears to build up close to the wall
where the recombination reactions are induced due to the low enthalpy.
The recombination reactions are clearly seen in the OH field as well, the
concentration of which is clearly reducing in the thermal boundary
layer.

A closer inspection is given in Fig. 11, where the species mass
fraction and the temperature are plotted along the wall normal. For the

=x 100mm axial position the combustion is not completed and hence
low product concentrations occur close to the chamber axis ( >+y 103).
Moving closer to the wall, both the H2O and OH mass fractions increase
within the reacting shear layer. Finally for positions within the
boundary layer ( <+y 102) the OH concentration is reduced to zero, as it
completely recombines to form water molecules. The profiles for

=x 200mm are qualitatively very similar since a full recombination of
OH to H2O occurs within the thermal boundary layer. The only dif-
ference is that the flow mainly consists of pre-burnt products even close
to the chamber axis and hence resembles the flat-plate results from
Section 4.

The comparison of the simulation results with the available ex-
perimental pressure and heat flux data is carried out in Fig. 13. The
absolute pressure level seems to be accurately captured by the HYF
model, meaning that it is able to correctly predict the combustion ef-
ficiency. The pressure drop profile in the chamber is also an indicator

Table 1
Summary of the experimental load points.

Case H2/O2 CH4/O2

Nominal pressure [bar] 20 20
Mixture ratio O/F [−] 5.85 2.22
Mass flow rate fuel [g/s] 5.65 15.30
Mass flow rate oxidizer [g/s] 32.99 33.97
Fuel inlet temperature Tfu [K] 282 276
Oxidizer inlet temperature Tox [K] 279 278
Velocity ratio u u/fu ox [−] 4.22 1.29

Fig. 9. Mesh and numerical error as a function of the grid point number.

Table 2
Results of the grid convergence study.

Coarse Middle Fine

Cells [−] 58000 75000 97500
r [−] 1.3 1.3
Q̇ [kW] 45.22 45.82 46.14
εQ̇ [%] 2.77 1.47 0.79
pmax [bar] 19.12 19.35 19.47
εpmax [%] 2.45 1.28 0.67

q̇max [MW/m2] 6.78 6.91 6.96

εqmax˙ [%] 3.21 1.36 0.58

GCIQ̇ [%] 8.42 1.87

GCIpmax [%] 7.46 1.62
GCIq̇max [%] 9.78 1.72
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Fig. 10. Temperature (top) and Damkoehler number (bottom) fields for the H2/O2 simulation. The black line corresponds to the stoichiometric composition
=Z 0.111st .

Fig. 11. H2O (top) and OH (bottom) mass fraction fields for the H2/O2 simulation.

Fig. 12. Species profiles along the wall normal at x = 100 mm (left) and x = 200 mm (right) for the H2/O2 simulation.
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for the energy release in the chamber as it reflects the acceleration of
the flow. The HYF model seems to also match the experimental pressure
drop quite well. For the first 100 mm the discrepancies between si-
mulation and experiment are minimal. Shortly before the end of the
chamber, the numerical results show a flatter profile than the measured
values but still within the experimental uncertainty.

A similar situation is found for when examining the wall heat flux
data. The absolute heat flux level is captured with good accuracy and
the profile follows the experimental measurements with small devia-
tions. Within the recirculation zone close to the face-plate (x<50 mm),
the heat flux shows a local maximum due to the stagnation flow of the
reacting shear layer onto the wall. Although the simulation also dis-
plays a rise in heat flux, this is under-predicted compared to the ex-
perimental values. This difference can be attributed to the choice of the
turbulence model. Since the impinging flow in the stagnation point is
not isotropic, the choice of the −k ε model is not ideal for capturing it.
More complex RANS turbulence closure models or scale-resolving si-
mulations would be required for this region. However, after the short
recirculation zone, a steep increase in the heat flux takes place, corre-
sponding to the position where the flame comes in contact with the
wall. This is precisely re-produced in the numerical results. After the

end of the bulk heat release (at ≈x 140mm) the heat flux reaches a
plateau in the experiments and seems to drop in the simulation. The
agreement of the profiles in the second half of the combustor is still
satisfactory with deviations smaller than 1 MW/m2 occurring
throughout the length of the engine.

5.3.2. CH4/O2 test case
The results for the methane test case are presented in this section.

The temperature distribution in the thrust chamber with the stoichio-
metric line is given in Fig. 14. Similar to the H2/O2 case, the tem-
perature is high within the shear layer between the two propellants and
becomes more uniform with increasing distance from the injector. A
longer flame is observed compared to the hydrogen case, with the
stoichiometric line extending up until ≈x 200mm. After this location
the flow is homogeneous and no significant heat release is taking place,
meaning that the flow is cooled down due to heat losses via the wall.

Lower values for the Damkoehler number are also observed
throughout the thrust chamber. This is attributed both to the lower
combustion temperature of the methane operating point and the slower
chemical processes taking place in hydrocarbon combustion.

Only the HYF temperature results are shown in Fig. 14 since the
temperature differences between the individual combustion models
outside of the near-wall region are difficult to distinguish. The differ-
ences in the composition of the major species however for the three
flamelet models are more obvious and are illustrated in Fig. 15. It is
important to note that all three models show almost identical results in
the regions with adiabatic conditions (i.e. in the main core of the flow)
and only deviate in the low-enthalpy environments: the thermal
boundary layer and the nozzle.

In the FRF results, CO dominates the region closer to the wall,
whereas CO2 is mainly concentrated in the energy release zone close to
the chamber axis. This can be explained by the configuration of the
injector, which has the fuel flowing through an outer annulus leading to
fuel-rich conditions directly at the wall. For large radial positions
therefore, in the absence of enough oxygen, CO2 cannot be formed and
hence CO is the final product. This segregation of the regions where CO
or CO2 are dominant is common in all three models.

The major difference is the heat loss-induced recombination directly
at the wall for the NAF and HYF models, where the formation of a thin
species boundary layer is evident. CO is oxidated to form CO2 directly
at the wall, a phenomenon which is expected based on previous studies
regarding methane engines [44]. Although the NAF and HYF fields
appear to be almost identical, large differences occur within the
boundary layer.

Fig. 16 elaborates on those discrepancies by showing the species

Fig. 13. Heat flux as well as pressure profiles for the H2/O2 simulation.

Fig. 14. Temperature (top) and Damkoehler number (bottom) fields for the CH4/O2 simulation. The black line represents the stoichiometric composition =Z 0.2st .
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Fig. 15. CO (top) and CO2 (bottom) species mass fraction fields for the three flamelet models.

Fig. 16. CO (left) and CO2 (right) species mass fractions along the wall normal at x = 200 mm for the CH4/O2 simulation.
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profiles along the wall normal for =x 200mm. The temperature profile
is also plotted as a reference. Close to the chamber axis ( >+y 103) all
three models predict nearly identical species distributions, whereas in
the presence of the lower temperature environment the NAF and HYF
predict the start of recombination reactions. Although the presence of
those recombinations which is physically intuitive is present for both
models, the degree of recombination shows some significant differ-
ences. Specifically, the conversion of CO to CO2 in the NAF model
continues even when the temperature drops below 1000 K within the
viscous sub-layer. The reactions cease only when the CO is depleted and
reaches a concentration of 0. The HYF model on the other hand restricts
the progress rate of the CO to CO2 conversion at ≈+y 110.

This can be attributed to the profile of the Damkoehler number
shown in Fig. 17. As the chemical time-scales become larger the frozen
enthalpy starts deviating from the look-up enthalpy of the flamelet ta-
bles and leads to am effective ceasing of additional reactions.

The large effect that the species concentration has on the experi-
mentally measured values (pressure and wall heat flux) can be deduced
by looking at Fig. 18. Starting with the wall heat flux in the right sub-
figure, the results show an expected trend: the frozen model exhibits the
lowest absolute heat flux value as it does not predict any additional
exothermic reactions induced by the low-enthalpy environment. The
non-adiabatic model includes the aforementioned reactions but seems
to excessively over-predict them, thereby leading to very large heat flux
values. The results of the hybrid model on the other hand display an
increased heat flux level compared to the frozen model but still in good
agreement with the experimental results. Both the frozen and the hy-
brid model match the experimental data within 10% which is smaller
than the measurement uncertainty. This means that the performance of
the frozen model for the prediction of the heat flux is comparable to the
hybrid one although it has an unphysical species distribution close to
the wall. This explains why the frozen model has been used with success
in predicting the wall heat transfer of hydrocarbon engine in the past
[31].

A large difference however is evident in the pressure profile (left
sub-figure) which proves the superiority of the hybrid model. Both the
frozen model and the non-adiabatic model under-predict the pressure
level in the combustion chamber, whereas the agreement of the hybrid
model with the experimental data is very good.

To understand the reason that the NAF and FRF fail to accurately
predict this performance parameter, one has to examine the total en-
ergy flow within a typical rocket engine. The energy which is released
due to the reactions increases the gas temperature and can be used for
either increasing the performance (higher pressure level) or can escape
through the chamber walls. In the absence of sufficient heat release, the
combustion pressure does not increase up to the expected level. At the
same time, an excessive heat release directly at the wall increases the
heat loss, thereby removing energy from the core and effectively
dropping the pressure again. A predictive numerical tool hence can only
be successful when it can get this energy balance correct.

It is obvious that the recombination reactions lead to a non-negli-
gible energy release, which in turn increases the performance (pressure)
of the engine. The failure of the frozen flamelet to capture those reac-
tions explains the poor pressure prediction. The non-adiabatic model
over-predicts those reactions and leads to excessive heat loss through
the walls and a subsequent decrease in performance.

6. Conclusions

The current work introduces a method for extending the classic
flamelet model in order to account for non-adiabatic effects. With this
extension, species compositions, wall heat transfer and chamber pres-
sure predictions can be carried out without the need for computation-
ally expensive models based on finite rate.

For the generation of the non-adiabatic tables, an enthalpy-pre-
scription method has been proposed. The species equations for a

laminar counterflow diffusion flame are solved for different pressure,
scalar dissipation and enthalpy profiles. The analysis of the flamelet
tables shows that the most significant effect of the lower-enthalpy en-
vironment is that it increases the conversion of CO to CO2.

In order to avoid an excessive predictions of the recombination re-
actions at the wall, the local chemical time-scale has been introduced.
By pre-tabulating the chemical time-scale within the look-up table, the
local Damkoehler number of the flow is obtained. Based on the value of
the Damkoehler number, the reactions are defined as frozen or continue
to evolve.

To verify the results of the new model, the simulation of a reacting
flow over a cooled flat plate has been carried out and compared to finite
rate results. Both for H2/O2 and CH4/O2 mixtures the new hybrid model
exhibited great agreement with the finite rate results.

The hybrid model has been applied to the simulation of a single-
element rocket combustor in realistic operating conditions. For both the
H2/O2 and CH4/O2 cases, a great agreement for the wall heat flux va-
lues and pressure level is found. Without the Damkoehler number ex-
tension, the non-adiabatic flamelet model leads to an over-prediction of
the heat losses through the wall and a subsequent under-prediction of
the pressure level, whereas the frozen model shows a sufficiently ac-
curate heat flux prediction but an under-estimation of the pressure level
due to the absence of the exothermic recombination reactions. It is
hence concluded that the correct prediction of the recombination re-
actions at the wall is important for the calculation of the performance
and wall loads in rocket engines and that the higher fidelity hybrid
model is able to capture them with minimal computational cost.
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