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Abstract

The active cooling of the Supersonic Combustion Ramjet engine, for hypersonic flight purpose, is
ensured thanks to fuel, n-dodecane for the present study. The endothermic fuel pyrolysis, starting above
800 K, could generate an unwanted coke formation. Experimental tests up to 1125 K and between 1 MPa
and 6 MPa have been performed on the hydrocarbon fuel pyrolysis to evaluate the coking activity. 316L
stainless steel, low carbon steel and titanium reactors have been considered. A witness of the coke
formation, based on its thermal insulation and pressure loss effects, has been found. A correlation between
methane production and coke deposit was found. The coke has been studied with Scanning Electron
Microscope (SEM), Energy Dispersion Spectroscopy (EDS), X-ray diffractometer and Fourier Transform
Infrared (FTIR) spectroscopy. The porosity, the density and the permeability of the coke have been

estimated.
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A hypersonic flight [1] [2] is expected to be achieved with dual-mode-Ramjet, i.e. Ramjet under Mach
6 and Supersonic Combustion Ramjet (SCRamjet) beyond [3] [4], because of its high specific impulse
and its capability to be reusable [5] [6]. The total temperature of the outside air reaches temperatures as
high as 4950 K for example at Mach 12 and even composite materials could not withstand such a large
heat load. Thus, an active cooling system has to be used but not a dedicated one in order to avoid
overweighting the vehicle. Furthermore [7], the time allocated to mix the injected fuel with incoming air,
to ignite the combustion and to complete it before the chamber outlet is about 10 s. These two points
lead to use the fuel to cool down the engine’s wall and then to burn it in the combustion chamber.
Different cooling strategies have been evaluated by the MBDA-France company and its partners with
calculations [8] and material tests [9]-[11]. The principle of SCRAMIET technology, its advantages, and
the interest to use hydrocarbon fuel to cool down the engine have been fully studied in the literature [12]-
[15]. Compared to cryogenic hydrogen, heavy hydrocarbon fuels are safer, much simpler to use, their
costs are lower and they conduct to smaller vehicles because their density is higher than that of cryogenic
fuels.

The present work falls within the framework of the COMPARER project (a French acronym for
COntrol and Measure of PArameters in a REacting stream). It aims at studying the following cooling
strategy, using as a first step the n-dodecane for the endothermic fuel [16]. Liquid n-dodecane is injected
near the outlet of the combustion chamber in a composite channel [10] which surrounds the engine. It
flows to the injection in counter-flow to the burned gases. When heated above 800 K, the fuel is
pyrolysed and thanks to its endothermic behaviour, it ensures the active cooling of the hot combustion
chamber walls. This pyrolysis produces lighter hydrocarbons species such as hydrogen and ethylene,
which have shorter ignition delay. This allows to respond to rapid phenomena inside the combustion
chamber. It is important to note that the expected high pressure in the cooling loop (>3 MPa) causes the
fluid to become supercritical in the channel, which leads to some difficulties such as fluid properties
evaluation and flow rate measurement.

The mass flow rate injected in the combustion chamber is expected to be slightly lower than the one
pumped from the tank because of the film cooling due to porous walls and because of carbon deposits due
to coke formation. This last phenomenon will also change the carbon/hydrogen ratio of the fuel in the

channel. It needs to be studied because it influences the combustion and the thrust. Furthermore, the



coking activity could disturb the cooling because of jamming. For example, a typical stainless steel
reactor, used on the experimental test bench presented in this paper, is completely jammed by coke after
five hours at 1000 K with a flow rate of 0.05 g.s”. The chemical reactor has an internal diameter of
4.5.10° m. It has to be noticed that it is expected to have a similar mass flow rate on cross-section ratio
for the SCRamjet. The typical flight time should be about 20 minutes and the cooling channel is planned
to be in a carbon-based composite material.

The aim of the COMPARER project is to identify some relevant parameters in order to propose and to
evaluate measurement methods. These ones have to be suitable for onboard and real-time application on
supercritical multi-species mixture (6 MPa, 1500 K). The latest should allow regulating the cooling and
controlling the engine depending on chemical composition characteristics as well as mass flow rate. This
implicates to study the coupled phenomena involved in the pyrolysis.

A review of SCRamjet activities has been done to determine if some of them are related to the
identified need. The facilities requirements for ground or in-flight tests appear to be very heavy [17] [18]
and modelling is a more feasible method to conduct engineering studies and to further research related to
this topic [19]-[22]. Some experimental studies are available on hydrocarbon pyrolysis for cooling
purpose [23] [24]. They mainly focus on the production and the consumption of species following various
parameters, such as the mass flow rate and the operating pressure or temperature. They aim at
understanding the pyrolysis process and they often try to study the pyrolysis under conditions, which limit
the coke formation (temperatures lower than 1000 K, low residence time, low catalytic effect of reactor
material) in order to have stable test conditions.

In previous papers [25], it has been shown for this purpose the need to use high operating temperature,
up to 1500 K. This allows to produce interesting species for the combustion, such as hydrogen and
ethylene. These ones are highly hydrogenated species (with a Hydrogen/Carbon mass ratio of respectively
infinite and 0.25) compared to initial n-dodecane (H/C ratio of 0.15). Nevertheless, this is accompanied
by a corresponding high coke production (lowly hydrogenated). This needs to be understood rather than
avoided. This should be done in relation to chemical kinetics of the n-dodecane pyrolysis. For example, it
is well-known that acetylene is a first step for the benzene production during the coke formation process.
But this kind of accurate study is a very challenging work considering the actual knowledge on the topic,

due to complex coupled phenomena. It has been preferred here to use a macroscopic approach to provide



useful data and to manage the coke activity rapidly.

Several studies are available in the literature about coke formation even if they are not specifically
oriented for engine cooling of air-breathing hypersonic propulsion. This topic is studied due to its harmful
consequences in petrochemical process, in particular the hydraulic jamming and the thermal insulation of
the pyrolysis channel. Several origins can explain the coke formation. At low temperatures, if some
oxygen is present in the fluid, the oxidative coke should be predominant [26]. But we plan to use
deoxygenated fuel in our project (concentration of oxygen about few part per million -ppm-), so this type
should not appear in the study [27]. At higher temperatures, the coke is mainly pyrolytic [28] because of
the thermal cracking of hydrocarbon. It is due to the formation of acetylene, benzene and then
polyaromatic hydrocarbons (PAH). This coke probably differs from the pyrocarbon as it is obtain in a
high pressure flow contrary to pyrocarbon [29]. A catalytic coke is also formed due to the material nature
of the chemical reactor [30]. The chemical formation of this one and its characteristics depend on the
components of the reactor material. This coke should sticks to the inner surface of the chemical reactors
because it starts appearing in the roughness of the reactor. It has to be noticed that the reactivity of the
reactor decreases slightly when the carbon deposit increases because this one deactivates the support [31].
When the pyrolysed fluid is cooled down, an asphaltic coke can also appear [32]. It is due to the
condensation of heavy polyaromatic hydrocarbons (PAH) and it can be found in the downstream part
after the furnace. The asphaltic coke appears mainly for heavy initial hydrocarbons and not for the ethane
for example. For these four types of coke, the chemical compositions are different (from pure carbon to
heavy PAH with several cycles). Various structures, from amorphous to tubular or filamentous ones, have
also been identified in the literature, depending on the pyrolysis conditions [30]. Cai et al. [30] identify a
filamentous structure for catalytic coke and consider it as a precursor for amorphous pyrolytic coke. This
conducts to heterogeneous reactions between solid and gas. The coke formation has been widely studied
[28]-[38] and chemical reaction pathways are also proposed, depending on the conditions [30]-[41].
Chemical reactions, such as dehydrogenation, isomerisation and cyclisation, are identified in the coke
formation.

Various parameters can influence the coke formation : the temperature [28] [40], the pressure [42], the
physical state of the fluid [36] [41], the material nature of the reactor [28], the residence time in the

process [28] [42] [40], the dilution and the pyrolysis rate [28], the flow turbulence [32], the presence of



dissolved impurities [43], the presence of colder parts in the process [32]-[34] and the combined effect of
applied heat flux and residence time [44]. It has to be noticed that for some rare specific cases, a moderate
heat flux applied on the fluid could provide more carbon deposit than high temperature if the fluid is not
completely evaporated [43]. Some numerical studies are also available on coke formation but these can
only be applied to the specific conditions for which the mechanisms of reactions have been designed [45]-
[47].

In general, the conditions of coke formation are mostly well-known and well studied but the studies
are almost impossible to extrapolate to conditions other than the ones of study. The purpose of the
COMPARER project is to study the pyrolysis of n-dodecane and to evaluate some measurement methods
to characterise the phenomena. The coking activity needs to be studied because it is a part of the pyrolysis
process but it remains an unwanted part. Seeing that we do not planned to change the pyrolysis conditions
to avoid the coke formation, we try to characterise the carbon deposit. What we want is to understand and
control the coke formation without limiting it with specific additive [48] [49].

A numerical tool, called RESPIRE (a French acronym for SCRamjet Cooling with Endothermic Fuel,
Transient Reactor Programming) has been developed for the COMPARER project [50]. It uses a detailed
pyrolysis mechanism (1185 reactions, 153 species) and it is adapted to stationary and transient studies
under liquid, gas or supercritical conditions. Nevertheless, it is not adapted for this study because it does
not consider the coke formation.

The aim of this paper is to provide an applied approach to characterize the carbon deposit in order to
prevent its formation, to monitor it, to decrease its harmful consequences and to evaluate them from a
hydraulic point of view. The surface roughness effect is not studied in this paper even if it is known that
the coke formation depends on the open porosity of the material [40] [42] [51]. Furthermore, it appears
that the carbon deposit rate found in various studies of the literature could not be extrapolated to our case.
Indeed, various coking rate are related in some studies [48] [52] for given test conditions but a 1000
factor appear between all the numerical value depending on the conditions. The values are not reliable to
use them in our project.

We will present in this paper a physical and chemical characterization of the coke deposit, such as a
visualisation depending on the test conditions. The parameters that influence the coke formation will be

examined. Then we will show how the coking activity can be detected during the pyrolysis process and



how these observations can help to prepare a measurement method for carbon deposit monitoring. For

this study, we do not separate coke from tar and we consider them indifferently.

2. Presentation of the experimental test bench and measurement instruments

In the framework of the COMPARER project, a specific test bench has been designed to study the
hydrocarbon pyrolysis under potentially supercritical conditions for steady-state and transient conditions.
The experimental test bench has been described in a previous paper [53]. It aims at providing:
understanding of the coupled phenomena, validation data for the numerical code RESPIRE and
evaluation of onboard and online measurement methods for industrial use. The conception of the
experimental apparatus has been based on the SCRamjet's operating conditions (Figure 1). The cooling
channel is represented by a chemical reactor, the thermal aspect of the combustion chamber by a furnace
and the combustion of pyrolysis products by an academic burner. Predimensionning calculations have
been performed to define the test bench, thanks to the CFD software Fluent and to the code Nancynetik,
which has been used for previous studies [4]. The n-dodecane fuel, taken at ambient conditions, is
injected in the chemical reactor thanks to a pump which is limited to a maximum working pressure of
10 MPa and to a maximum mass flow rate of 0.6 g.s'l. The furnace, in which the chemical reactor is
inserted, bears a maximum temperature of roughly 1850 K. Pressure is regulated through an automatic
valve controlled to vary the operating pressure in transient conditions. A Coriolis mass flow meter is
available at the reactor inlet to measure transient mass flow rate and density.

After the regulation pressure valve, the fluid pressure is near the atmospheric one and the liquid phase
of the cooled pyrolysed mixture is gathered in a dedicated phase separator. The gas phase is evacuated
with a Bunsen burner. A specific instrumentation has been settled to characterise the phenomena and
furnish suitable data for our purpose. A Gas Chromatograph (VARIAN, Star 3800) equipped with 10
sampling loops is used to analyse the gas samples taken at ambient conditions. Hydrocarbons, liquids at
ambient conditions, are analysed thanks to a coupling Gas Chromatograph (AGILENT, 6850) - Mass
Spectrometer (AGILENT, 5973). Liquid samples are collected during the pyrolysis at the phase separator
inlet. The proportion of gas and liquid is measured at the outlet. The composition of the complete
pyrolysed mixture is obtained thanks to the chemical analysis of both phases. The parameters of the study

(temperature, pressure, mass flow rate) are transiently obtained through about forty simultaneous



measures. To conduct the observations on the coke deposit, a Scanning Electron Microscope (LEO,
modele 1455 VP) is used. It allows conducting Energy Dispersion Spectroscopy (EDS) on the samples at
an operating voltage of 10 kV. Furthermore, the crystallographic structure is given by an X-ray
diffractometer (PHILIPS, X'Pert 1998) with Cu K, radiation. FTIR measures are done thanks to a Nicolet
380 FTIR with Diffusive Reflectance accessory and Attenuated Total Reflectance (ATR). The FTIR
peaks correspond to different modes of deformation for the chemical bonds. These ones can then be
attributed to chemical compounds by comparison with database even if the FTIR is not the most
appropriate tool to identify a component. An infrared camera has also been used (Flir Systems,
Thermacam S45).

The results presented in this paper concern the coke deposits obtained at stationary state, under
pressure from 1 MPa to 6 MPa, at maximum fuel temperature from 650 K to 1125 K and for mass flow
rates of 0.05 g.s” and 0.1 g.s'l. The chemical reactors are made of stainless steel 316 L (SWAGELOK),
low carbon steel and titanium. Geometric data are given in Table 1. Some reactors with a lower diameter
have been tested but their jamming up by the coke is encountered before the stabilisation of the system,
which is needed to conduct stationary studies. The estimated chemical mass compositions of the three
reactors are given in Table 2. Their physical properties are considered as not interfering in the pyrolysis
results despite the density discrepancies. The densities are respectively 7950 kg.m™, 7870 kg.m™, 4500

kg.m” and the thermal conductivities are 15 W.m.K"', 20 W.m K", 16 W.m" K" at 293 K.

3. Characterisation of coke deposit on chemical reactors of various natures of materials

The catalytic activity can differ from the material (the Nickel has a higher one than the Iron) and from
its thermal or chemical treatment. For example, between 450°C and 650°C, steel is transformed into
cementite (Fe;C), which presents no catalytic effect in the hydrocarbon pyrolysis [54]. Polishing a surface
favours the presence of Chromium atoms on the surface, which increases the catalytic activity of the tube
[55]. Molybdenum, Nickel, Manganese and Potassium are known to play an important catalytic role
[561.[57]. This catalytic effect also depends on the fluid composition: as an example [58], it plays a role in
the n-hexane conversion and not in the benzene one for the same experimental configuration.

Furthermore, heating and cooling several times the same chemical reactor conducts to form an oxide

film on the surface. The higher is the process temperature, the more discontinued is the oxide layer on the



surface [59]. While increasing the process temperature over the cycles, the oxide phase is modified. In
addition, the formation of hydrogen during the pyrolysis process carries to hydrogen permeation through
the reactor. This is important to consider in presence of corrosion inside the reactor while oxidation of the
reactor appears with the outside air [60]. It could modify the reactivity of the material. The velocity and
the phase of the fluid flow inside the reactor can also have an impact, not necessarily linear, on the
heterogeneous reactions between the solid and the fluid [61],[62]. The oxidation of the reactors between
the tests favours its corrosion by the fluid during the test [63]. Consequently, it is difficult to know
exactly, what is the composition of the material in contact with the fuel. The test conditions also greatly
act on the reactions between the reactor and the fluid. This outlines why it is difficult to clearly provide a
universal explanation of the phenomena observed during our tests.
3.1. SEM observations, EDS, X-ray and FTIR analysis
3.1.1. Stainless steel reactors

Thanks to SEM observations, coke deposits obtained with 316 L (ASTM) stainless steel reactors
(Figure 2a) appear to be composed of millimetric aggregates constituted from micrometric particles
(Figure 2b). Because no specific arrangement is found on the images for this type of coke, such as
filamentous structure for example, it could indicate that it was formed mainly inside the fluid flow;
probably starting from aggregation of condensed heavy PAH as it is related in [32]-[34]. The
condensation of PAH favours the nucleation of carbon atoms. The same type of coke has been analysed
downstream the process in a reduced section, which shows that this coke does not stick to the wall. So
that, it could have been mostly produced in the fluid flow and not on the reactor surface, which would be
the result of catalytic reactions [40] [42] [43]. Thus, this coke is assumed to be a mix of pyrolytic and
asphaltic ones because these ones have been respectively found in the hottest part of the reactor, near the
furnace middle, and also near the furnace outlet, where the temperature is decreasing near 600 K. The
high concentration of Nickel and Chromium in the stainless steel should favour the production of catalytic
coke. It is thus difficult to evaluate the contributions of these three kinds of coke in the final deposit.

The strong hydrocarbon smell could indicate a high proportion of PAH (even if the nose remains a
very poor analyses tool). Nevertheless, the first FTIR-ATR measures did not provide any information on
this point. This is attributed to the evaporation of odorous volatile substances during the laps of time

between the experiments and the analysis. This has been confirmed latter by second analyses of the coke,



taken out from the chemical reactor. Even after few months in the reactor under ambient conditions, the
HAP remains trapped. It has to be noticed that the strong aromatic smell decreases with time since this
coke was less odorous than the first one just after the experiment. The second sample has then been
observed by FT-IR (Figure 3). A strong similarity was found with Aromatic Hydrocarbon Resin
(Hummel Polymer Sample Library, index 37), which confirms the presence of HAP. The peak near 2350
cm’ is due to the bad consideration of CO,.

X-ray analyses have also been performed on the coke deposit (Figure 4). A specific crystallographic
structure has been revealed. It corresponds to the magnetite (Fe;O4) that shows an oxidation of Iron
particles inside the sample during the time length between the experiments and the X-ray measures. No
carbon based structure has been found, which confirms that the coke should have been heterogeneously
produced in the flow. EDS measurements have shown a high Chrome content (up to 13 % in mass for 80
% of carbon). Nickel has also been found in quantities smaller than one percent. This is consistent with
the stainless steel composition and it is a sign that a corrosion of the reactor appears during the fuel
pyrolysis. The corrosion of the tube may have decreased its catalytic effect. Nevertheless, a strong
heterogeneity has been found between the aggregates, probably because of their way of production. The
maximum concentration of carbon is about 94 %, with 4 % of Iron. Some other elements have been found
such as Ca, Si, Al but this is attributed to contamination of samples, even if Cai et al. [30] also noticed
these compounds without giving any explanation about their origin. Oxygen has also been found in
metallic oxide but this is probably due to oxidation of the sample during the few months between the
experimental tests and the measures.

A test has been conducted on some 316 L reactors, completely jammed by coke, to evaluate the coke
permeability. The coke thickness in the flow direction, which corresponds to the length of the jam, is
estimated to be of 5.10° m. This is the maximum length observed on opened tube samples after jamming
up (Figure 5). Pure n-dodecane, at ambient temperature, has been used at three pressures (1 MPa, 3 MPa,
5MPa) for three different mass flow rates (17.9.107 g.st 61.10° g.s'l, 90.7.10° g.s™). The pressure losses

(AP) have been measured under stationary conditions (Figure 6). Knowing the mass flow rate (72 ) and

thanks to the Darcy Law (Eq. 1), it is possible to obtain the ratio X (the coke permeability divided by its
e

thickness). Consequently, the value of x is calculated, 4,6.10° m?, with a coke length of 5.10% m as

stated above. This value has to be compared to the one of engine's porous walls, relatively lower than 10°



"> m’. This highlights the fact that the coke is largely porous and if this one occurs, the fluid should

continue to mainly flow through the channel and not directly from the channel to the combustion chamber

through the porous walls.

APx XA
e

Yok
o

3.
Il

with A the cross-section, g the dynamic viscosity and p the density that are chose for pure n-dodecane

at ambient temperature and operating pressure.

The density of the coke aggregates has been estimated thanks to a mass balance (Sartorius, range of
30 g with 0.01 mg of accuracy) and a glass picnometer. Measurements have shown a density of about 560
kg.m’3. If we consider as a first approximation that the coke is composed of pure carbon, this gives a
porosity of more than 70 %. This result is in qualitative agreement with the high permeability and the
preceding SEM observations that previously conducted to estimate that the coke has been formed along
the fluid flow. In addition, this high porosity favors the volatility of HAP and this can explain why the
HAP could not have been detected by FT-IR after a long time between experiments and analyses.
Characterizing the aggregates is useful, particularly to evaluate the possible jamming up of the millimetric
injectors. It is now estimated that the coke particles are small enough to avoid such a problem as filling
up.
3.1.2. Steel reactors

Coke deposits obtained with low carbon steel reactor in the same operating conditions as for 316L
reactor have shown a totally different structure when observed with SEM visualisations (Figure 7a). It is
attributed to the low concentrations of chemical elements such as Nickel or Chromium, which have a high
catalytic effect on the hydrocarbon pyrolysis. The deposit appears as very dry shavings of about 15.10° m
thick, with no particular smell. Some coke has also been found downstream the furnace but under a very
dry powder form. The shavings stick quite well to the reactor surface. On its outer surface, which
corresponds to the inner reactor surface, some ridges can be identified (Figure 7b). These correspond to
the reactor conception, obtained by lamination. Due to its high adhesion, it is assumed that a first layer of
catalytic coke appears. This should be formed in the roughness of the material. Because of the high Iron

concentration of the tube, the steel may transform into cementite at temperature for which the stainless
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steel is not modified (450°C-650°C). The catalytic effect is then deactivated, which explain the low
coking activity of the low carbon steel. This first coke layer may then favour the accumulation of
pyrolytic coke. Furthermore, it appears at a temperature lower than for stainless steel reactor. Because of
the very dry coke and the neutral smell, it is assumed few asphaltic coke is produced.

If this kind of identified coke appeared on the SCRamjet engine, it would not be a problem for the
jamming up of the channel and of the millimetric injectors because it would stick to the wall. This could
be checked under high vibrating conditions.

The density of the dry shavings has also been estimated on three different samples thanks to mass
measurements. The three values correspond to a mean value of 1883 kg.m‘3. The volume of the shavings
has been determined for hollow cylinder with an estimated thickness of 15.10° m (based on MEB
images) and with the length of the observed samples. Considering the coke to be composed of pure
carbon (density around 2000 kg.m™), this conducts to determine a coke porosity of about

(2000-1883)/2000= 6% - This result is in qualitative agreement with the SEM observations of dry and

compact shavings.

The coke deposit, observed with FTIR-ATR, presents a signal similar to Aromatic Hydrocarbon Resin
and to Hydrocarbon Resin, in accordance with public databases (Figure 3b). This is a surprising result
because we did expect to find HAP in the asphaltic coke but not really in the pyrolytic one. The coke
samples were previously mashed before the analyses by DRX and FTIR. The HAP were trapped inside
the coke deposit because of its very low porosity. These volatile substances have been detected after
mashing the deposit whereas, for the same conditions of handling, they were not in the sample anymore
for odorous aggregates with high porosity. This could explain the dry shaving structure. X-ray analysis
did not show a special crystallographic structure despite the particular shape of coke (Figure 4). The EDS
measurement presents a carbon composition of almost 100 % on the inner surface of the shavings, in
contact with the fluid, whereas the outer surface contains about 90 % of carbon. The other 10 % are
composed of metallic elements such as Iron, Molybdenum, Manganese, which are supposed to be
extracted from the reactor walls, when the coke is removed, but not during the pyrolysis process. If the
metallic species came from the tube corrosion during the pyrolysis, some should be observed on the inner
surface of the shavings. This is not the case. Measurements have been done several times on various

samples and all are consistent. This is an interesting point because it is in contradiction with the



conclusions of Cai et al. [30] In their study, they show a major presence of metal particles (Iron,
Chromium,...) on the face in contact with the fluid compared to the face of the carbon deposit in contact
with the reactor. They assume that metallic elements come from reactor corrosion. None of Chromium or
Nickel elements have been detected in our samples.

3.1.2. Titanium reactors

The discrepancies observed between the two kinds of steel (low carbon and 316L) cannot be attributed
to a different thermal conductivity of the reactors walls. For example, variation of thermal conductivity
should only shift the phenomena following the temperature but not change the coke characteristics. Thus,
the catalytic effect of the reactors is implicated. The distribution of pyrolysis products [64], especially for
the ethylene formation, shown strong variations depending on the catalytic effect of the reactor. Ethylene
concentration raises a maximum of 35 vol% in the gas products in 316L reactors whereas the maximum
observed on Titanium or low carbon steel reactors is about 15 vol%. To confirm this well-known catalytic
behaviour, a test has been conducted with Titanium reactor, which is known for its lower catalytic effect.
Its thermal conductivity is close to the one of steel reactors. The FT-IR analysis conducted on the coke
(Figure 3c) does not show any particular signal. The peak near 2350 cm™ is only due to the bad
consideration of CO,. The coke shows a dry powder form, which may be characteristic of pyrolytic coke
because the asphaltic one should look like the tar with a strong aromatic smell and the catalytic one
should stick to the wall. Furthermore, the gain of mass with titanium tube due to the coke during a test,
under fixed operating conditions, is about 0.1 g where it is about 0.3 g for the low carbon steel reactor and
0.5 g for the stainless steel reactor. This result is very interesting because it shows that the coking activity
could be drastically reduced by using reactor with low catalytic effect. This is encouraging for the engine
because the walls are planned to be made in carbon composite material. This should have an even better
behavior than Titanium, which will decrease the jamming up issues.

In addition, it could be interesting to evaluate the coking activity of the three various phenomena. If
we consider that the pyrolytic coke formation does not depend on the material nature of the reactor, it is
possible to assume that the three reactors present the same quantity of pyrolytic coke : 0.1 g. This is the
mass observed on the titanium reactor, and for which we estimate that asphaltic and catalytic coke are not
present. Then, the quantity of catalytic coke can be deduced from the carbon deposit obtained for low

carbon steel reactor. This corresponds to 0.2 g, which is about two times the quantity of pyrolytic coke.



Finally, based on the stainless steel reactor results, the asphaltic coking activity could be about the same
as the catalytic one. The activities of coke formation appear for our experiment to be in this order :
Asphaltic > Catalytic > Pyrolytic with the following proportion : 40 %, 40 %, 20%. So, the catalytic coke
that appears because of the experimental reactor material nature, and the asphaltic coke, which appears
because of colder parts in the process, are both predominant in the coking activity of the COMPARER
test bench. They should not be a problem in the SCRamjet engine because they are due to causes that do
not exist on the hypersonic vehicle. This study prefigures that the major problem for the vehicle will be
the pyrolytic coke. This one is due to the pyrolysis process of hydrocarbon and in particular to cyclic
compounds. We have shown during the experiment that the filling up of reactors by coke appears at
almost 1025 K whereas at 925 K, the process remains almost stable. It shows that it is not possible to
limit the coke formation by limiting the temperature because this one is too low to be interesting for the
cooling application. Thus, some additives (such as tetralin or decalin [24],[65]) may be used to decrease
the coke formation. It would also be necessary to study the influence of the Reynolds number of the flow
to see if a higher flow speed can limit the coke production but this would interact with the related
residence time.
3.2. Influent parameters on coking activity

The following obvious parameters take part in the coke formation on quantitative or qualitative
aspects:

e Heat flux density applied to the fluid

e  Wall temperatures

e Fluid pressure

® Residence time

e Time length of the test and fluid quantity used during it

e Reynolds number of the fluid flow

e (Catalytic effect of the reactor material nature

e Impurities dissolved in the initial fluid

The heterogeneous deposition of the coke along the reactor and the fact that the data used for this
study have been mainly obtained during tests to study pyrolysis make the data's exploitation quite

difficult, as well as the evaluation of the effects of the parameters. It has been chosen to use the gain of



mass during a test to represent the coking activity. It should be interesting to link this activity to the
pyrolysis rate but this has not been possible. The tests are conducted during hours at various conditions,
thus with different pyrolysis rates from 0 % to 100 %.

It has been previously verified that the gain of mass due to reactor oxidation in the ambient air inside
the furnace is lower than 0.1.107 g after three hours under 1000 K. The gain of mass corresponds to the
coke sticked to the wall. The one accumulated downstream, in the reduced cross-sections, is also
measured and it is typically lower than 10 % of the one deposed along the reactor. In the literature, the
coking rate is often expressed in ug.cm'z.s'l. Consequently, this rate is expressed in our study by dividing
the mass of coke by the inner surface of the one meter long reactor and by the time length of the pyrolysis
test, for process temperature above 623 K. It has to be noticed that the residence time is difficult to
evaluate experimentally. Considering the entire inner surface is questionable because it does not
correspond to temperatures compatible with the coke formation. For example, the reactor inlet
temperature is lower than 500 K. Furthermore, the coke deposition is not uniform all along the reactor.
Nevertheless, this is a first approach to give reasonable results. This also allows comparing various
pyrolysis tests by using the same reactor length, without studying in details the way of deposit.

All the study cases available for our study have been represented on the figure 8 for evaluation of the
effect of the mean residence time on coking activity. The residence time has been estimated thanks to
numerical simulations conducted with the RESPIRE code. It is the time needed for a particle to cover the
reactor length. In fact, the residence time can be divided in three different times [64]. The first upstream
part of the process is dedicated to the heating of the fluid, before the pyrolysis process. Secondly, the fluid
is pyrolysed. Thirdly, it is cooled down in the downstream part of the furnace because the temperature
decreases due to border effect. The residence time contains these three times.

A direct relationship appears between the coking rate and this residence time (Figure 8), considering a
logarithmic scale. This highlights the high residence time dependence of the coke formation. The typical
order of residence time in the cooling channel of the SCRamjet engine is about 1 s. This allows thinking
that the pyrolytic coke formation could be limited, compared to experimental conditions. Nevertheless,
two other specific configurations also appear. One corresponds to a configuration without flow, where the
residence time is the time length of the test; the other one to a reduced inner diameter of reactor. For the

first one, the coke deposit rate is lower than the main test configuration because of strong thermal



heterogeneity inside the reactor. The hottest part is much localised in the middle of the furnace. Because
the second configuration is also much different, with a low residence time, this shows that another
parameter is important in the coke formation. This could be the exchange surface between the fluid and
the reactor or the fluid dynamics linked to the cross section.

We have formerly shown that methane (highly hydrogenated) formation is linked to the n-dodecane
pyrolysis [64] and to the coke production (poorly hydrogenated). The mass of coke measured inside the
reactor is linked to the methane production, integrated in term of maximum temperature noticed inside the
furnace (Figure 9). To do so, the molar fraction of methane has been plotted as a function of furnace
temperature and then integrated. All the data seem to follow a linear trend, except with the low carbon
steel reactor. This shows that for the stainless steel reactor, the coking activity depends on the temperature
of the process and it is intimately linked to the production of methane. This opens some way of study for
the coke monitoring during the test and that will be detailed in the next section. The particular behaviour
of the steel reactor shows the importance of catalytic effect of the material.

Furthermore, the fluid quantity used during the test, as well as the test length, increase the produced
mass of coke, which also depends on the process temperature. As stated above, the residence time has an
impact on coking rate. Thus, a linear regression (in the original coordinates system) is applied on the
figure 10, which takes all these parameters into account. The vertical bars present an accuracy of 107,
This new relationship is interesting to monitor the coke or to predict it, depending on the test conditions.
This could be useful for both experimental and industrial needs.

The effect of operating pressure is difficult to analyse because it cannot be dissociated from other
parameters. Indeed, when increasing the pressure, the density increases and for a given mass flow rate,
this corresponds to a decrease of flow velocity, thus an increase of residence time. The thermal exchanges
are also modified due to hydraulic variations. Nevertheless, it has been noticed during our tests that
increasing the pressure, and in particular under supercritical state, favours the formation of coke. This is
due to the increasing residence time. Clark and Subramaniam [66] recommend to work under supercritical
pressure to limit the carbon deposit but this may only correspond to their study about oxidative coke.
Other pyrolysis results are available in previous paper [67], in which the effects of supercritical and
subcritical conditions are analysed.

3.3. Coke detection methods for real-time and onboard monitoring application



It has been shown how coke formation can appear during the pyrolysis process and this coke has been
characterized. Even if it should not be as important on the SCRamjet engine as it is on the experimental
test bench, it is preferable to have a method to monitor it at our disposal. For two different test cases, we
observe the pressure losses along the one meter long reactor (Figure 11). The final sudden increase in lost
pressure corresponds to the complete jamming up of the channel. The way it jams up is as follows: due to
coke formation, the particles aggregates raise a significant size. This produces a first jamming up. With
the upstream pressure increase, the jamming is then evacuated further in the reactor, or at the outlet. This
first aggregates sticks to another one and intensifies the filling up. The pressure needed to blow it has to
be higher and the same is reproduced several times until the pressure cannot remove the aggregates. This
can be seen on the figure 11. The reactor is then completely jammed by coke. The pressure losses are thus
singular and not regular. This way of coke jamming up confirms previous observation during the coke
formation. The coking process is heterogeneous; otherwise, the pressure loss should increase regularly
until the complete filling up of the channel.

Another clue justifies the heterogeneity of the carbon deposit : the coke has not been observed on the
entire surface of the reactor but mainly in the hottest part. Indeed, infrared camera (Flir Systems,
Thermacam S45) has been used on a stainless steel reactor just after taking it down; because it is not
possible to observe it inside the furnace. The hottest part of the reactor is initially the central one, where
the furnace temperature is maximum. But this is also the part that is the coldest one after few minutes of
cooling by natural convection. This particularity is due to the insulation effect of the coke. The parts of
the reactor with the maximum transient thermal gradient are the one with coke deposits. This corresponds
to the central part of the channel. It shows that the coke is formed heterogeneously along the process,
depending on the temperature.

Considering the thermal insulation effect of the coke, it is possible to monitor its presence inside the
fluid flow. Indeed, during a test of about one hour, the fluid temperature and pressure have been measured
directly inside the fluid, at the reactor outlet, with K-type and R-type thermocouples of 1.5 mm diameter
(Figure 12). Two parts of the test correspond to a pressure decrease by mean of downstream valve
opening (from 1800 s to 2000 s and from 2600 s to 2700 s), which follows a specific evolution of the
fluid temperature. Between 1000 s and 1800 s (such as between 2200 s and 2600 s), we observe a strong

decrease of the temperature whereas the pressure remains almost constant. Because the pressure loss does



not increase (around 2.10° Pa), the observed trend is due to the coke thermal insulation. The thermocouple
inserted in the fluid flow corresponds to a stop point for the flow, where the coke can stick to this surface.
The more the deposit increases, the more the measured temperature decreases, without effect on pressure
loss. This explains why the temperature of the fluid decreases during a test and why a brutal pressure
change corresponds to a temperature increase because it unsticks the deposit.

Depending on the jamming up intensity, the temperature decrease could be difficult to observe during
the test because the reactor can be filled up very quickly for some test configurations. This complete
jamming up is also accompanied by a temperature decrease but this is not due to the thermal insulation on
the thermocouple but only because the fluid does not circulate in the channel (Figure 13).

The coke insulation effect could also be observed on the reactor surface because it should decrease the
thermal exchange between the hot reactor and the fluid. The more carbon deposit on the surface there is,
the lower is the fluid temperature. Nevertheless, this phenomenon seems to be too difficult to observe in
the test configuration compared to the other strong phenomena. The monitoring of the pressure loss and
of the fluid temperature could be a relevant parameter to propose a method applicable to onboard
hypersonic flight for real-time management of the coking activity. This is a first step before a further one,
which could consist in setting up a coking management strategy to reduce the coke deposit or to eliminate

it during the cooling process.

4. Conclusion

In the framework of the COMPARER project, an experimental test bench has been settled to study
hydrocarbon pyrolysis under potentially supercritical conditions in transient and stationary states. The n-
dodecane pyrolysis is accompanied by the formation of light hydrogenated species, such as hydrogen and
methane, and by poorly hydrogenated coke. The coking activity appears to be a real problem because of
the complete jamming up of the chemical reactors. Coke study is not the aim of the COMPARER project
but it is required to analyse the reasons of this carbon deposit and to characterise it in order to propose
monitoring methods suitable for the experimental bench such as for the hypersonic vehicle. In this paper,
we presented for 316L stainless steel, low carbon steel and titanium reactors three types of coke :
pyrolytic, catalytic and asphaltic. Thanks to SEM visualisation, EDS, X-ray and FTIR analysis in

particular, different kinds of coke with aggregates or shaving forms have been found. A way of formation



has been proposed for each type of deposit and this is in agreement with various observations during the
test and with other studies in literature. The catalytic and asphaltic cokes, largely observed on the
experimental bench, should not be a problem for the SCRamjet engine whereas the pyrolytic one should
still be present. The maximum size of the coke particles is shown to be lower than the minimal cross-
section in the system, such as the injector. The coke has been characterised. Its density, its porosity and its
permeability have been evaluated to determine, for example, where the fluid would flow if the coke
appeared (in the channel or directly through the porous wall).

A relationship has been established between the coking rate and the residence time in particular.
When decreasing the residence time, the coking activity could decrease but this also depends on various
other parameters such as the process temperature. Methane appears to be a good indicator for gain of
mass as far as coke is concerned. The heat flux applied on the fluid favours the coke formation, as well as
the residence time, the fluid pressure, the length of the test and the quantity of hydrocarbon used during
the test, the catalytic effect of the reactor and the decrease of the Reynolds number.

A temperature decrease due to the thermal insulation effect of coke appears when measuring the fluid
temperature at the reactor outlet. Furthermore, sudden strong pressure losses are observed during the
jamming up process. These parameters could be monitored during the pyrolysis of hydrocarbon to
evaluate the coking activity. No specific action is proposed in case of coking but proposing a
measurement method is the first step to do so.

For a further study of coking activity, some parameters should be analysed in details and in particular
the following ones: the pressure, the Reynolds number, the catalytic effect and the presence of initially
dissolved oxygen. The thermal insulation effect of the coke should also be investigated because it could

change the dynamics of heat transfer in the SCRamjet cooling system.
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Figure 1. Simplified sketch of the COMPARER fuel pyrolysis test bench
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Figure 2. Sub-millimetric coke aggregates found in stainless steel reactor (a) and Micrometric particles

constituting the coke aggregates on stainless steel reactor (b).
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Figure 5. Stainless steel reactor, of 1.8.10° m inner diameter, jammed by coke.
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Figure 6. Pressure losses measured on jammed stainless steel reactor for coke permeability determination.
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Figure 7. Dry coke shavings found on low carbon steel reactor (a) and ridges found on the external

surface of coke shavings due to lamination process for reactor conception (b).
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Figure 9. Relationship between coke formation and methane production.
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Figure 10. Relationship between coke formation and various parameters such as the residence time.
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Figure 11. Typical measures of pressure losses during reactor jamming up by coke.
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Figure 12. Thermal insulation effect of coke on thermocouple without variation of pressure in the system.
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Figure 13. Monitoring by temperature of slow coking activity followed by sudden jamming up; pressure

losses behaviour.



Table 1. Geometric characteristics of pyrolysis reactors.

Initial length of the reactor (m)  Inner Diameter (mm) External diameter (mm) mh:i‘i?lg)
ass
316L 100 4.5 6.35 213
low carbon 112 45 6.35 229
Ti (Grade2) 101 4.5 6.35 74




Table 2. Chemical compositions of pyrolysis reactors.

Al C Cr Fe Mo Ni P S Si Ti

316L - 0014 1736 Bal 253 13.96 - 0.006 05 R

lowcarbon’ <05 02 <05 Bal <05 <05 <05 <05 <05 @ -
Ti (Grade2) - - - - - - - - - 995

" Typical composition



Figure 1. Simplified sketch of the COMPARER fuel pyrolysis test bench

Figure 2. Sub-millimetric coke aggregates found in stainless steel reactor (a) and Micrometric particles
constituting the coke aggregates on stainless steel reactor (b).

Figure 3. FT-IR analyses of coke obtain for stainless steel reactor (a), low carbon steel reactor (b) and
Titanium reactor (c). Comparisons are given with Aromatic Hydrocarbon Resin found in the literature.
Figure 4. DRX analyses of coke obtained for three different natures of chemical reactors.

Figure 5. Stainless steel reactor, of 1.8.10° m inner diameter, jammed by coke.

Figure 6. Pressure losses measured on jammed stainless steel reactor for coke permeability determination.
Figure 7. Dry coke shavings found on low carbon steel reactor (a) and ridges found on the external
surface of coke shavings due to lamination process for reactor conception (b).

Figure 8. Residence time dependence of coking activity for all the conducted tests.

Figure 9. Relationship between coke formation and methane production.

Figure 10. Relationship between coke formation and various parameters such as the residence time.
Figure 11. Typical measures of pressure losses during reactor jamming up by coke.

Figure 12. Thermal insulation effect of coke on thermocouple without variation of pressure in the system.
Figure 13. Monitoring by temperature of slow coking activity followed by sudden jamming up; pressure
losses behaviour.

Table 1. Geometric characteristics of pyrolysis reactors.

Table 2. Chemical compositions of pyrolysis reactors.



