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Abstract

In this work, the combustion and thermal recombination in the boundary layer of a single-element
methane/oxygen rocket combustor is investigated using large-eddy simulations. The experimental configu-
ration consists of a coaxial injector and an operating point with a nominal pressure of 20 bar and gaseous
injection of both propellants are considered. A non-adiabatic flamelet model is utilized with the purpose
of examining its capability to predict the wall heat transfer. Good agreement of the simulation results with
measurements of heat flux and pressure profiles is obtained using the non-adiabatic model. By comparing
results with a frozen flamelet model, the importance of the recombination reactions in the cold boundary
layer is investigated. The species profiles of CO and CO, are examined and the reaction pathways leading to
the recombination reactions at the wall were analyzed. Results from this analysis show that the reaction of
OH with CO forming CO, is the main contributor to the additional heat release in the boundary layer.

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

In an effort to decrease launch costs and to
design reliable and efficient propulsion systems
for space applications, significant research ef-
forts have been dedicated towards advancing
the maturity level of the propellant combi-
nation methane/oxygen [1-3]. This interest in
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methane/oxygen is attributed to the fact that it
offers improved performance with reusability,
sustainability and a potential cost reduction com-
pared to conventional propellants such as H, and
RP-1[4.5].

Over recent years, efforts have been dedicated
towards developing improved modeling techniques
for a reliable prediction of combustion perfor-
mance in rocket motors. However, these investiga-
tions have mainly focused on the H,/O, propellant
combination [6,7], while investigations of methane
remain limited.

Apart from typical performance metrics such as
specific impulse, thrust and characteristic velocity,
combustion models have to accurately predict the
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wall heat loads, which is of major interest in the de-
sign of rocket engines. Given the extreme heat flux
values occurring at the walls of rocket thrust cham-
bers, reaching up to 150 MW/m? [8], understanding
the flame-wall interaction is crucial. To avoid me-
chanical failure of the chamber and to reduce un-
certainties of the operational lifetime of the engine,
a precise knowledge of the spatial distribution of
the thermal load is necessary [9,10].

Compared to hydrogen, the combustion of
methane evolves on slower chemical time scales,
resulting in the formation of a non-equilibrium
chemical state in the boundary layer at the cooled
chamber wall, which requires additional model-
ing. Due to the wall heat loss, the hot combustion
products inside the thrust chamber are abruptly
cooled within the thermal boundary layer. This en-
thalpy reduction induces chemical reactions that
enhance the wall heat flux and therefore influence
the design of the cooling system and the overall
cycle performance [11]. Several studies were con-
ducted to examine the aforementioned reactions
and to extend existing combustion models. Cabrit
et al. [12] performed direct numerical simulations
and wall-resolved large-eddy simulation (LES) of
a turbulent reacting channel flow, but the operat-
ing point was not directly relevant for rocket con-
ditions. More recently, Betti et al. [13] investigated
effects of recombination reactions on the wall heat
loads of methane/oxygen engines with relevance to
rocket combustion. Efforts to incorporate effects of
wall heat transfer in flamelet-models have been con-
ducted. These developments include work by Ma
et al. [14] in which heat loss is modeled via a per-
meable wall in the counterflow diffusion problem
and applying the model to predict the heat loads of
an H,/O, rocket engine. Breda et al. [15] applied the
same model in simulations of a sub-scale CH4/O,
rocket engine, whereas Perakis et al. [16] developed
an enthalpy-constrained extension of the flamelet
model to account for the recombination reactions.
Furthermore, Zips et al. [17] and Maestro et al.
[18] predicted the wall heat flux distribution in sub-
scale methane/oxygen rocket engines using LES.

Previous studies have identified the recombina-
tion of CO and CO; as a main mechanism leading
to an increase in the wall heat flux of hydrocarbon
engines [13,16]. However their is a lack of funda-
mental understanding and predictive modeling of
this effect.

The objective of the present investigation is
to evaluate the ability of a non-adiabatic flamelet
model to capture the recombination reactions at the
wall and to predict the wall-heat transfer. By ad-
dressing this need, a validation of the model is car-
ried out and the LES results are examined to assess
the recombination kinetics and boundary layer dy-
namics. Despite the limitations of the model, the
results give insights into the physics of recombina-
tion reactions and motivate further studies using
finite-rate chemistry models. The experimental and

numerical setup of the gas/gas single element rocket
combustor operating with methane/oxygen is de-
scribed in Section 2. Simulation results are exam-
ined in Section 3 and reaction pathways responsi-
ble for the recombination are identified. Compar-
isons with a frozen-chemistry flamelet model are
performed to quantify the significance of recombi-
nations on wall heat transfer augmentation.

2. Setup
2.1. Experimental configuration

The experimental configuration considered in
this study corresponds to a single-element rocket
combustor, operating with gaseous oxygen and
gaseous methane. The experimental configuration,
which is described in detail in Silvestri et al.
[19,20] consists of a co-axial injector element
where the oxidizer is supplied through a central jet
with diameter d,, = 4 mm, and the fuel is injected
through an annulus with inner and outer diam-
eters dy,; = Smm and dy,, = 6 mm respectively.
The thrust chamber consists of a cylindrical com-
bustion chamber with 12 mm diameter and a length
of 285 mm as well as a nozzle with contraction ra-
tio €, = 2.5, which ensures that the Mach num-
ber in the combustion chamber is similar to typical
flight configurations. The operational point cho-
sen for the present analysis has a global oxidizer-
to-fuel ratio of 2.6, a nominal operating pressure
of 20 bar and the oxidizer stream is not recessed
with respect to the face-plate. Thermocouples and
pressure tansducers are installed along the chamber
wall thereby delivering quantitative data for wall
heat flux and static wall pressure.

The experimentally measured mass flow rates
for the oxidizer and fuel (110, = 34.82 g/s, riicy, =
13.39 g/s) as well as the corresponding inlet temper-
ature (To, = 275K, Tcn, = 269 K) are prescribed
at the inlets and a pressure outlet is imposed at the
exhaust plane. All other boundaries are defined as
no-slip walls. For the thermal boundary condition
at the chamber wall, the wall temperature values
obtained by the inverse method of Perakis et al.
[21] are applied, whereas the face-plate and injec-
tor tip are adiabatic. For the wall boundary condi-
tions, a wall function has been used. An overview
of the computational setup is given in Fig. 1. The
mesh consisting of 17 million cells with 25 points
across the injector lip was used for the simulation
and is shown in Fig. 2. The minimum wall spacing
along the chamber wall is 30 um and a wall model
was used for the viscous sublayer [22].

2.2. Governing equations
For the 3D simulations presented in the follow-

ing sections, the Favre-averaged governing equa-
tions for continuity, momentum and energy are
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Fig. 2. Computational mesh used in the LES: side view (top), face-plate and z = 0 cut-plane (bottom).

solved:

3p+V-(pu)y=0 (1)

3,(pt) + V - (pun) = =V - (pI) + V - (T, + Tsgs)

2

%(PE) + V -[i(pE + p)] = V - [(F, + Tscs) - 1]
- V-(q,+qs¢s) 3

where p is the density, u is the velocity vector, p is
the pressure, 7 is the viscous tensor, ¢ is the heat
flux and E is the specific total energy combining
the specific mternal energy and the kinetic energy
E = e+ Lfi® as defined in Williams [23]. Because
of the low chamber pressure in the chamber which
does not exceed 20bar, effects of intermolecular
forces and volume correction are neglected in the
definition of the energy and the ideal gas equation
of state is used as closure for the system of equa-
tions.

The equations are discretized based on a
finite-volume formulation and a fourth-order non-
dissipative scheme is used for the convective flux
discretization with a strong stability-preserving
third-order Runge-Kutta scheme for time
advancement [24].

2.3. Combustion modeling

To perform the LES calculation of this con-
figuration, the Favre-filtered compressible Navier—
Stokes equations are solved. A non-adiabatic
flamelet progress variable (FPV) model is employed
to obtain the thermo-chemical state. This model
requires the solution of the filtered conservation
equations for the mixture fraction, progress vari-
able and mixture fraction variance:

V. [(55 + b’f—c’)vZ] )

5C)+ 9 i) = V- | (3D + £ ) v + G
)

UW(pZ)+V - (puZ) =

W (PZP)+V - (PiZ7?) =V [<pD+ S )vzw}
¢
+2—|VZ|2—5)Z (6)

In this non-adiabatic FPV model, an addi-
tional parameter, Z,,; is introduced to provide a
parametrization of the flamelet solution with re-
spect to wall distance. With this, the thermochemi-
cal state-space, consisting of chemical source term,
heat release, thermo-viscous transport properties
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Fig. 3. CO; and CO mass fraction in counterflow diffusion flame calculations with the non-adiabatic wall model. Z,,;
denotes the location of the permeable wall in mixture fraction space.
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Fig. 4. Temperature, mixture fraction and methane mass fraction fields (from top to bottom) for the non-adiabatic FPV
model. Upper half: instantaneous fields, bottom half: time-averaged solution. Z, shown by white line.

and species mass fractions is parametrized in terms

of Z, C 7" and Z a1, iIn which Z,,,, represents the
local mixture fraction at the wall. In this model, the
turbulence-chemistry interaction is modeled using
apresumed S-PDF and further details can be found
in the work of Ma et al. [14]. The detailed GRI
3.0 mechanism is used, consisting of 35 species and
192 reactions [25]. For the closure of the turbulent
viscosity u, the Vreman subgrid-scale model [26] is
applied and a constant turbulent Schmidt number
equal to 0.7 is used.

Moving the permeable wall from the fuel stream
towards the flame increases the heat loss, mean-
ing that lower values of Z,,; correlate to a larger
enthalpy deficit and a lower temperature. At the
same time, the CO mass fraction is also reduced
with increasing heat loss compared to the adia-
batic profile, which corresponds to the solution for
Zyar = 1.

The effect of the increased heat loss on the
species mass fraction is depicted in Fig. 3, where
the differences in CO and CO, mass fractions with
respect to the adiabatic flamelet solution are plot-
ted in mixture fraction space for different values of
Z.an- The line plots (shown as inlay) illustrate the
evolution of the species mass fractions with vary-

ing Z,,., with the red line corresponding to the adi-
abatic solution. The contour plots in the same fig-
ure show the deviation from the adiabatic profile
(Z,ya1 = 1). The results correspond to a scalar dis-
sipation rate of x = 1s!.

The black line in Fig. 3 represents the location
of the permeable non-adiabatic wall. As expected,
the lower enthalpy environment facilitates a signif-
icant reduction in CO mass fraction with a corre-
sponding increase in CO,. In the region close to sto-
ichiometry (Z,, = 0.2) as well as the fuel-rich region
an appreciable degree of CO recombination can be
observed. This is explained by the larger concen-
tration of carbon-containing species compared to
the oxidizer-rich side [16]. In the following we will
examine the impact of CO recombination on wall
heat transfer and combustion in rocket engines.

3. LES results

Instantaneous and time-averaged flow-field
results for temperature, mixture fraction and
methane mass fraction are shown in Fig. 4. The
injection without recess and the velocity ratio of
the propellants (ucq,/uo, ~ 0.92) suppresses the
mixing. The shear layer downstream of the injector
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exhibits small-scale Kelvin—Helmholtz instabil-
ities, which grow with increasing axial distance.
This leads to a significant radial expansion of the
flame close to x = 50mm and an increase in the
turbulence level downstream. The stoichiometric
composition (Z;, = 0.2) represented by a white line
extends up to x~ 200 mm, indicating a sufficient
degree of mixing in the chamber. Moreover, the
formation of thermal boundary layer is visible,
which is a result of the enthalpy loss to the wall.

The methane, which is supplied by the outer an-
nulus of the co-axial injector is dominant in the
near-injector recirculation region but rapidly mixes
and is consumed within the first half of the do-
main. This is also shown by the mixture fraction,
with fuel-rich mixture dominating the near-wall re-
gion and oxygen-rich mixture being accumulated
close to the central axis. As the mixing is enhanced
however, the composition of the gas exiting the do-
main approaches the global mixture fraction value
of 0.278. Using the definition of Danckwerts [27],
an unmixedness value equal 0.021 is found at the
exit plane.

The species fields of CO and CO, are shown
in Fig. 5. It can be seen that close to the injec-
tion plane, CO and CO, are being formed in the
reacting shear layer. As the flame expands, the CO
mass fraction increases toward the radial direc-
tion closer to the wall. This is explained by the
absence of oxygen near the wall to produce CO,.

With enhanced mixing, however, the CO and CO,
exit the combustor in a more homogeneous way.
Apart from the effects that the injector design and
the energy release have on the CO and CO, mass
fractions, the effect that the heat loss promotes re-
combination reactions can be seen near the wall
throughout the domain. Specifically, a thin bound-
ary layer is formed, where CO is converted to CO,.
The locations where recombination takes place co-
incide with the regions with enthalpy defect, which
is defined as the difference between the local en-
thalpy and the adiabatic mixing enthalpy.

To elucidate the effect that the heat loss has on
the species profiles, plots of the major species as a
function of the wall normal direction are shown in
Fig. 6. Two representative locations at x = 150 mm
and x = 250 mm were chosen. The first axial posi-
tion is located within the main reaction zone, while
the second position is in the post-reaction zone
where combustion is completed and hence the heat
loss effects can be isolated. In order to quantify
the effect of the recombination reactions, a simu-
lation using the adiabatic FPV model was also car-
ried out. For this simulation the value of Z,,; was
set to 1. This is labeled as “frozen” model as the gas
composition is unaffected by the enthalpy loss.

For both axial locations, the results obtained by
the two models are in good agreement away from
the wall, with small discrepancies appearing close
to the chamber axis. These discrepancies occur due
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Fig. 8. Scatter plot for CO,, CO mass fractions and enthalpy defect at x = 150 mm (top) and x = 250 mm (bottom) for
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to higher heat flux obtained with the non-adiabatic
FPV-solution which results in an increase in the
flame length and hence a change in the gas compo-
sition along the center-line. For the first axial loca-
tion, the CO mass fraction increases with decreas-
ing distance from the wall, with a corresponding de-
crease in CO, mass fraction. This is explained by
the design of the injector as shown in Fig. 5. Close
to the wall, however, for y/R > 0.9, a species bound-
ary layer forms, with a clear recombination of CO
to CO, and an increase in H,O mass fraction. For
the second axial position, a homogeneous profile is

observed for y/R < 0.6 indicating equilibrated com-
position. Already at y/R = 0.8, large deviations be-
tween the two models occur. As the thickness of
the thermal boundary layer increases, the region af-
fected by the enthalpy-defect-induced recombina-
tion broadens.

The effect of the enthalpy defect on the species
composition is also illustrated in Figs. 7 and 8,
where a scatter plot of the species and enthalpy
defect are shown in mixture fraction space for the
non-adiabatic and frozen FPV models respectively.
As already established in Fig. 6, the heat loss and
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the recombination reactions are becoming more
pronounced with increasing axial distance. This
is confirmed by the large enthalpy defect at x =
250 mm compared to x = 150 mm and a resulting
large degree of scattering for the CO, and CO mass
fraction in Fig. 7. On the contrary, in the frozen
model, the species mass fractions are unaffected by
the low-enthalpy environment, as the scatter plot in
Fig. 8 indicates.

To understand the reactions leading to the CO
recombination a reaction path diagram for the oxy-
gen atom in the non-adiabatic FPV model is per-
formed. Results for this analysis are illustrated in
Fig. 9 at three different distances from the wall
for x = 250 mm. Before the onset of the species
boundary layer (y/R = 0.73), the mixture is still
reacting, mainly forming H,O and CO as well as
some radicals due to the high temperature com-
bustion environment. In contrast at y/R = 0.98
and y/R = 0.99, the conversion of the previously
formed CO to CO, and the recombination of OH
to H,O become dominant. Based on the normal-
ized reaction rates shown in the flux diagram of
Fig. 9, the reactions mainly responsible for the re-
combination reactions are OH + CO = CO, + H
and H, + OH = H + H,0. As both of these reac-
tions are exothermic, this results in a net energy re-
lease in the boundary layer, which increases the wall
heat loads.

The net effect of these exothermic reactions is
quantified in Fig. 11 showing a comparison of pres-
sure and heat flux profiles from the two models
along with experimental measurements [20,21]. Re-
sults from the non-adiabatic FPVA model are in
good agreement with measurements. The absolute
pressure level is correctly predicted with a value of
approximately 18.75 bar close to the face-plate and
18 bar at the end of the combustion chamber. Apart
from the absolute level, the pressure drop, which is

an indicator of the acceleration and hence energy
release in the combustion zone, demonstrates a sat-
isfactory agreement with the measurements.

Within the first 30 mm from the face-plate, sim-
ulations and experiment show an increase in pres-
sure. This is a result of the recirculation zone
formed in the vicinity of the injector, feeding
fuel-rich mixture directly towards the liner. After
the location of peak pressure, the reduction in pres-
sure is associated with an acceleration of the flow
due to the exothermic combustion reactions. The
slope of this pressure drop appears to flatten at
x~200mm. This flattening of the pressure pro-
file indicates a slower acceleration, and therefore a
reduced heat release that characterizes the end of
combustion. The location at which the change in
slope occurs is in agreement with the experimen-
tally obtained results.

The location where the chemical conversion is
completed can also be inferred from the heat flux
profile. Specifically, at x = 200 mm the maximum
heat flux is observed. Subsequently for positions
further downstream, the hot combustion products
are cooled and the thermal boundary layer broad-
ens, leading to a reduction in the wall heat transfer
rate. Both the location and the value of the maxi-
mum heat flux (~7 MW/m?) are within the exper-
imental uncertainties.

The recirculation zone also impacts the wall
heat flux values and is characterized by an in-
crease in the local heat transfer rate at the stag-
nation point. After that, the heat load increases
steadily before reaching the aforementioned maxi-
mum at the end of the combustion zone. Although
the frozen results demonstrate a similar axial evo-
lution of the heat flux, the absolute level is underes-
timated by 15%. This can be interpreted as a direct
effect of the heat release resulting from the recom-
bination reactions at the wall.
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A direct confirmation of the fact that the end of
combustion occurs at approximately x = 200 mm is
provided by the heat release rate in Fig. 10. Specifi-
cally, the bulk of the heat release appears to be tak-
ing place within the shear layer downstream of the
coaxial injector. At locations further downstream,
where the mixing and the combustion is completed,
a gradual reduction in the heat release is observed.
This decrease in the heat release is most prominent
for axial locations larger than 200 mm and coin-
cides with the experimental heat flux and pressure
measurements. It is important to note that in re-
gions where the gas is homogeneously mixed and
the bulk energy release is completed, the recombi-
nation reaction in the boundary layer zone remain
appreciable. In fact due to the continuing exother-
mic recombination reactions close to the wall, ad-
ditional heat is released, thereby directly affecting
the wall heat load.

4. Conclusions

A non-adiabatic flamelet model is utilized for
the simulation of a methane/oxygen sub-scale
rocket combustor. Comparisons with experimen-

tal results show a good agreement for both the
heat flux and the pressure profiles. Simulation
results are analyzed to examine the impact of
CO recombination on heat flux and combustion
performance.

In the low-enthalpy environment of the bound-
ary layer the hot products recombine to form
CO; and H,O0. These recombination reactions are
exothermic and can noticeably increase the wall
heat loads. By comparing the results with sim-
ulations employing frozen chemistry, it is shown
that the overall contribution of the recombina-
tion to the total heat release amounts to ap-
proximately 15%. The critical reaction pathways
are identified, showing that OH + CO = CO, + H
and H2 + OH = H + H,O0 are the main pathways.

These results illustrate the relevance of con-
sidering finite-rate chemistry and recombination
reactions for the prediction of CH4/O; rocket com-
bustion. The insights given by the non-adiabatic
model motivate more detailed investigations of the
chemical pathways and time-scales of the reacting
boundary layer in sub-scale hydrocarbon engines
using DNS and finite-rate chemistry. Moreover,
further analysis of the turbulent boundary-layer
structure and vortex-dynamics is needed as it
pertains to modeling needs for WMLES.
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