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Endothermic high temperature reactions are usually carried out in metal tubes heated by gas burners. Electrical heating

allows substantial reduction of CO, emissions. We propose the usage of a composite tube, where a thin metallic layer is

embedded between an inner and outer ceramic layer. While monolithic ceramics suffer from brittleness and low tolerance

to thermal stress, only the inner layer is made from monolithic ceramics, while the outer layer is made of fiber reinforced

oxide ceramics. In first tests the hybrid ceramic tube was electrically heated to 1250 °C with a maximum heat release of

85kWm™.
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1 Introduction

The chemical value chain starts with endothermic synthe-
ses, which require very high temperatures to achieve eco-
nomical conversions and high reaction rates. State of the art
is to carry out the endothermic reactions at high flow rates
and elevated pressure in metallic tubes, which are heated by
a combustion reaction in an external firebox. The maxi-
mum temperature is limited to approximately 900 °C on the
outside of the reactor tube [1] due to limited tensile strength
of the metal tubes. In addition, metallic tubes are corroded
by carburization, hydrogen embrittlement [2,3] and metal
dusting [4]. The metallic reactor wall catalyzes undesirable
reactions, such as carbon formation, resulting in a growing
coke layer inside of the tube. Approximately half of the sup-
plied heating energy is needed to compensate the tempera-
ture decrease of the endothermic reactions, the other half is
withdrawn with the exiting flue gas of the burner.

To avoid the combustion of fossil fuels in the external fire
box, the use of electric resistance heating is considered.
Attempts have been conducted to apply resistive heating in
reactor design [5]. Direct resistive heating of the reactor
tubes seems to be a simple solution but fails due to high
electric conductivity of the massive tubes. Usage of metals
for resistive heating requires small cross-sectional areas, but
reduction of wall thickness of the tubes is not feasible due
to loss of mechanical stability.

To apply electrical heating the demand for “mechanical
stability” should be separated from the function “heat
release from resistance heating”. In direct electrical heating
of metallic tubes both functions are linked. This substan-
tially hampers tube design or even makes it impossible.
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Electrically heated tubes should thus consist of an electri-
cally conducting material, which is used for resistive heating
and can be designed such that total ohmic resistance is suf-
ficiently high to avoid very high currents. This can be
achieved by low cross-sectional areas and geometric design
of a metallic layer.

Whereas resistance heating by metal is straight forward,
what kind of materials are suitable for pressurized tubes at
very high temperatures? State of the art are metals, but this
would imply the use of electrical insulation between the dif-
ferent layers of heater and the pressurized reactor tube.
Using ceramic materials has several advantages at a first
glance: they are non-conducting, can withstand very high
temperatures, are not prone to corrosion, and are chemical-
ly inert. The major drawback is the low tolerance to thermal
stress and their brittleness, which leads to sudden fracture
[6]. Therefor it is hardly applied in high temperature syn-
thesis today.

The presented new multi-layer ceramic tube consists of
an inner, dense monolithic ceramic tube, a thin metal layer
and an outer layer made of so-called oxide ceramic matrix
composites (OCMCs).
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While ceramics are usually associated with dense materi-
als, a new class of ceramic materials are oxide fiber-oxide
ceramics. OCMC layers can be applied to metal or ceramic
tubes by wrapping layers of fabrics, which are infiltrated by
a slurry, around the tube. During the sintering process a
micro porous fiber reinforced ceramic layer is formed. Due
to the porous structure the layer is no longer brittle and
shows a more damage tolerant and flexible behavior. This
property is important to compensate the thermal expansion
of the metal layer during heating. The second important
property is shrinkage of the OCMC layer during sintering.
This applies a compressive stress to the thin metal layer and
to the inner, dense ceramic layer. While monolithic ceramic
materials are very sensitive to tensile stress, they can with-
stand high compressive stress [6].

In the following chapters we describe material properties,
the manufacturing process, and tests of the electric heating
in a laboratory setup.

The main purpose of this work is to make the best use of
the advantages of ceramics and to counterbalance the dis-
advantages. We have developed and tested a novel hybrid
ceramic tube with an integrated metallic heater that enables
high operating temperatures and heat fluxes at technically
relevant voltages and currents. The construction compen-
sates the brittleness and unfavorable failure characteristics
of conventional monolithic ceramics. [7-9]

2 Reactor Concept

The reactor prototype is designed to withstand high tempera-
tures of >1200 °C, is electrically heated and can be operated
under flexible conditions due to a good thermal stress resis-
tance. The heater material and shape can be designed to meet
a wide variety of voltage and current specifications while
maintaining a high heat release due to the special construc-
tion involving an outer armoring with OCMC (see Fig. 1).

Tests have been carried out in a test setup with prototypes
at temperatures exceeding 1250°C, a heating power of
85kWm™ and a heating rate of 2Ks™' at the same time.
These performance characteristics are comparable to known
high performance materials like nickel-based high-alloy
steel [10] from industrial processes, which are typically
found in, e.g., steam-crackers [1].

The combination of both high heat transfer due to direct
contact between heating conductor and reaction space at
high operating temperatures makes this reactor design very
advantageous and is an alternative to conventional reactors,
which are limited to lower maximum temperatures.

2.1 Material Choice
The reactor concept is built in three layers as shown in

Fig.1. A monolithic inner tube on which the resistance
heater is applied, and a reinforcement made of OCMC
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Figure 1. Left: Basic design of the OCMC hybrid tube. An inner
monolithic tube, metallic heating conductor and a reinforcing
OCMC armoring as outer layer. The layer of the heating conduc-
tor can be replaced by multiple layers and extended with coat-
ing or protective layers. Right: Digital section of the used proto-
type geometry. The outer OCMC layer is shown cut open
exposing the low and high resistance part of the heater.

material. The monolithic inner tube made of Al,O; is gas-
tight. It has good thermal conductivity 25Wm 'K ™" at
100°C, decreasing at elevated temperatures), resistance to
high temperatures and pressure resistance. Any direct expo-
sure to tensile stress must be avoided, as the monolithic
tube may suddenly fail in a brittle manner and therefore
has a low fault tolerance [6].

In oxide ceramic matrix composite (OCMC) endless
oxide ceramic fibers are embedded in a matrix of filler pow-
der (AL,O;) and binder powders (Al,O; SiO, and
3YSZ/ZrO,). The ceramic fibers reinforce the matrix
[11-13], which in itself is a weak phase that exhibits large
strain to failure and low stiffness [14]. Due to this combina-
tion of weak matrix with stiff and brittle ceramic fibers,
OCMC exhibits quasi-ductile fracture behavior in contrast
to monolithic ceramics [14,15]. Thus, OCMC is not
affected by the problematic drawback of brittle fracture
behavior, because microcracks and delamination within the
OCMC structure can locally dissipate stress peaks. This
enables fiber-reinforced ceramics to react to corresponding
loads with deformation [13,14]. Disadvantages of OCMC
structures are the porosity and the lack of experience in
handling and construction for applications of chemical
industry. For this reasons, fiber-reinforced ceramics have
been rarely used in the past. Examples of relevant usage in
this context include furnace tubes, burner nozzles, furnace
sliding carriages or hot engine solutions [6, 16-18].

Heating with an additional functional layer as resistance
heater offers the advantage that the electrical resistance can
be designed by the heater shape and material.
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In this study the following materials, inter alia, were
investigated: a) V2A (1.4301), b) molybdenum, c) carbon
fibers, d) woven Kanthal® wire and e) AluchromY Hf
(1.4767).

Materials a) to d) were excluded here due to their disad-
vantageous material properties. All four materials are not
resistant in oxidative atmosphere at 1200°C. In addition,
molybdenum proved to be too stiff for use as a heating con-
ductor. Carbon fibers are problematic due to a lack of prop-
er connection to the electric wiring. When heating using
carbon fibers, a material change of the metallic conductors
by carbon diffusion into the metal could be observed [19].
Fine Kanthal® wire woven into a fabric of oxide ceramic
fibers has turned out to be not resistant to oxidative atmo-
sphere at high temperatures and is, like carbon fibers, prob-
lematic to connect to a power source.

The best results were achieved with 1.4767 AluchromY
Hf. Aluchrom Y Hf is a ferritic chromium steel with alumi-
num, yttrium and hafnium added. At high temperatures, a
well-adhering aluminum oxide protective layer is formed
[20,21]. For this reason, Aluchrom Y Hf is suitable for use
under extreme conditions for temperatures up to 1200 °C.
Sinter firing of the ceramic parts under oxidizing atmo-
sphere is possible with Aluchrom Y Hf present.

Therefore, a meander-shaped (for a long conducting dis-
tance) sheet of Aluchrom Y Hf (1.4767) with a thickness of
0.11 mm was selected as the heating conductor in the heated
functional layer. Since the heating conductor is located
between the monolithic tube and the OCMC reinforcement,
the heater can also be operated at temperatures above the
softening point of the metal without deformation or delami-
nation of the metal structure (see Sect. 2.3).

2.2 Manufacturing

fabric. The meander is placed in the center of the fleece.
The contact lugs protrude beyond the fabric. A ceramic
tube is then placed on the meander and the fabric with
fleece and meander is wrapped around the tube with slurry
(see Fig. 2). With a peel ply, the OCMC armoring is pressed
firmly onto the pipe. After drying of the OCMC the peel ply
is removed. The hybrid tube is then sintered at 1200 °C.
Tab. 1 shows a summary of the components in the reaction
tube.

In Fig. 3 a manufactured OCMC tube after the sintering
step and a successful heat-up cycle is shown. On the left the
low resistance lug of the heater protrudes the ceramic tube.
The contacts are inserted at the outer edge between the
monolithic inner tube and the OCMC armoring. The con-
striction in cross section of the contacts to the high resis-
tance section of the metallic heater is covered by the OCMC
to protect the flexible heater construction from mechanical
stress. The thermal stress to the ceramic tube is reduced by
a V-shape of the heater at the beginning of the high resis-
tance area and therefore a gradually increase of electrical
resistance results in a gradually increase of heat release. In
the area of the inserted metallic heater a risk of delamina-
tion of the OCMC composite from the ceramic tube due to
lack of contact between OCMC and ceramic tube was sus-
pected. Multiple X-ray photographs of a used hybrid tube
have been taken. However, this delamination effects were
not observed in our experiments. In fact, the conducted
X-ray photographs (see Fig. 3) show that the heater under-
lying the OCMC composite is well in place with parallel
and equidistant space between the heater lines. Corrugation
or displacement of the heating elements due to thermal
expansion could not be observed.

The heating conductor is manufactured by laser
cutting from a sheet of AluchromY HF with a
thickness of 0.11 mm. A piece of OCMC fabric
(Nextel 610 DF-11) is cut and infiltrated with
slurry. Since the metallic meander has sharp
edges, the OCMC fabric must be protected dur-

ing manufacturing. For this purpose, a fleece of Figure 2. Components of an electrical hybrid OCMC tube with embedded elec-

ceramic fibers was positioned on the OCMC trical heater.

Table 1. Detailed information on the components in the reaction tube.

Layer Material and geometry Thermal expansion ~ Maximum service ~ Thermal conductivity at
20-1000°C [K™] temperature [°C] 100°C [W m™'K™]
Ceramic tube Alsint 997 8.0x107 [22] 1650 [22] 25 [22] (decreasing with
050 mm x 40 mm x 500 mm increasing temperatures)
Heating Aluchrom Y Hf (1.4767); meander shape; length of 15.0x107° [23] 1200 [23] 13.5 [23]
the heating zone: 276 mm; length of parallel conduc-
tors: 250 mm; total length 600 mm
Fabric (armoring) Nextel 610 (DF-11); fleece and 3 layers 7.9%x107° [24] 1204 [24] -
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resistant to external influences
such as mechanical or thermal
stress [7-9]. The contraction
stress of the fiber to the inner
tube is compensating occurring
stress resulting in a net pressure
stress to the monolithic ceramic.
At the same time, the metallic
heater is placed between the ce-

ramic monolithic tube and the
OCMC layer. This approach pro-
vides thermal contact of the me-

Figure 3. Finished OCMC hybrid tube with included heater and X-ray image of a prototype. The
oversized electrodes protrude the ceramic tube on the left (bottom). The X-ray image (top)
shows a section to the OCMC hybrid tube. The metallic heater appears in lighter grey, darker
parts are ceramic material, which is transparent to the X-ray. The image shows that the conduc-
tors of the heater are separated and with constant distance. This means that during sintering of
the ceramic, the heating conductors under the reinforcement do not misalign unintentionally.

2.3 Theory of Functional Principle

For the first time, the combination of a rigid inner tube, a
metallic heater, and a stress-resistant fixation with OCMC
makes it possible to heat a ceramic tube directly with elec-
trical power at arbitrary voltages and currents at an indus-
trially relevant level. It is assumed that this is caused by
the functional separation which enables to retain the de-
sired individual material properties in a combined struc-
ture. This is achieved by shrinking the OCMC layer onto
the monolithic ceramic tube during the manufacturing
process, thus applying a static pressure to the inner tube
(illustrated in Fig. 4). This leads to a pressure-only stress to
the rigid tube and the flexible metallic heater. Since high
pressure stress is appropriate for dense ceramic shapes, this
construction makes the monolithic ceramic-based material
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Figure 4. Schematic drawing of the force balance in a OCMC
tube. The reinforcing fiber shrinks onto the rigid inner ceramic
tube during firing. The compressive force of the reinforcing fi-
ber applies a static compressive force to the inner tube and the
overlying heater. This compression compensates for thermal ex-
pansion and tensile stresses in the monolithic ceramic tube.
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tallic heater with the ceramic
inner tube. The metallic heater is
mechanically supported by the
outer OCMC reinforcement. Dif-
ferent coefficients of thermal
expansion of the metal- and
ceramic-based materials are com-
pensated by the OCMC reinforcement. Softened metal due
to extreme temperatures are fixed in position while pressed
to the surface for heat conduction.

3 Experimental Setup

3.1 Test Setup

To test different types of heater materials, a dual-use test
setup was developed. A drawing of both setups is shown in
Fig.5. A ceramic protection tube with a one-sided opening
was used. The protection tube is sealed by a high-grade steel
cap equipped with one centrally arranged exhaust tube
reaching into the OCMC hybrid test prototype and eight
tubes arranged in a circle serving as service lines and safety
devices.

In the first setup the reactor is sealed air-tight and purged
with a flow of inert gas. The heat loss to maintain the tem-
perature of the prototype at given power input results from
the heat losses through the outer protective wall. In this case
an oxidation of the heater material can be prevented due to
the inert atmosphere. It is possible to test prototypes at
maximum operation temperature up to 1800 °C restricted
by the temperature resistance of the insulation material.

In the second test setup, a gas inlet is used to provide a
flow along the outer surface of the prototype. The gas flow
is inverted at the tip of the protective tube and flows back
inside of the OCMC hybrid prototype. The gas flow is chan-
neled in an axial exhaust pipe, which is open to an ambient
pressure exhaust hood to avoid any pressure buildup inside
the setup.

In both setups the OCMC hybrid tube prototype was
monitored by type K and N thermocouples placed on the
outside and inside to receive information of the temperature
distribution of the prototype. The electrical power was pro-
vided by a high-performance laboratory transformer (Elek-
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4 Results
N t] )
I:ﬂ 4.1 Experimental Procedure
Power connection with Ni cable ‘%
i The experiment shown here in detail
E:r EN Gas /Q 1:3 is a heat-up cycle. In this case the goal
as flow was to reach a high temperature of at
2 —— least 1200 °C with a fast heat-up rate
7 -

L TC Sensor 2 of at least 1 Ks™". Also, the maximum
» heat output was monitored based on
the input power of the electrical heat-
TC Sensor 1 .

/ er. The resistance of the heater can be
/ TCSensor3 | calculated with Ohm'’s law given by

N R=U/I )

where the voltage U and current I
was given by the measurement. The

resulting electrical resistance R refers

\ § to the entire circuit including the ca-

bles and contacts, which is neglected

Figure 5. The two different use cases of the experimental setup are shown. Thermocouples
shown on the right are in the same place for both setups. Right: Schematic drawing of the

due to their low electrical resistance
of < 0.01 Q. The power consumption

experimental setup purged with inert gas. In this case is the prototype inertized by a purge of the transformer is related to the

line with a separate in- and outflow via 4 mm tubes. Left: Schematic drawing of the experi-
mental setup with inverted (reactive) gas flow. Gas flow of reactive gas mixture shown by
arrows. The central exhaust tube and the prototype provides integrated heat exchange. A

bypass is blocked by an additional ceramic plug.

tro-Automatik PS 9000 3U) able to supply a total power
output of 60 kW at a current of 90 A. The voltage, current
or power can be adjusted and limited separately. The cur-
rent is conducted to the OCMC hybrid tube with two paral-
lel 6 mm” fiberglass-sheathed nickel wires. The conductors
of the heaters are separated using ceramic fiber mats and
ceramic spacers. All thermocouples and wires are sealed
with PTFE plugs. The ceramic reactor tube is fixed to the
high-grade steel cap by a PTFE gland allowing a gas-tight
sealing while compensating unevenness in the ceramic
material. To avoid overheating of the sealing a liquid cool-
ing is applied.

Different gas mixtures were dosed via mass flow control-
ler (mfc) by MKS. To obtain the desired feed gas mixture
the gases were mixed before entering the reactor in a
T-fitting. As inert purge gas and carrier gas N, was used
(purity 5.0).

A centralized control system based on Tinkerforge indus-
trial components was used to read and write signaling
between the measuring computer, gas analyzer, transformer,
thermocouples and mfc. An in-house developed program
based on MATLAB App was used.

Chem. Ing. Tech. 2023, 95, No. 5, 701-707
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heat production of the heater using
the Joule heating based on the area
covering the high resistance zone of

the heater
PHeating = ARiIz (4)
Heater
with
Apteater = DL = 71 - 50 mm - 250 mm = 0.039 m?> (5)

The diameter D of the monolithic ceramic tube as well as
the length of the high resistance area L is identical for all
used OCMC hybrid tubes.

In preparation of the experiment the setup was purged
12h with N, to remove any residual air. Subsequently the
prototype was heated up by slowly elevating the heating
power while regulating the voltage.

The measuring results of the heat-up performance test
are shown in Fig. 6. The temperature of three thermocou-
ples sensors (see Fig. 5) is shown as follows: A sensor placed
on the inside of the ceramic monolithic tube in the heated
area (sensor 1), placed inside of the ceramic monolithic
tube in small distance above of the heated area (sensor 2)
and outside of the OCMC hybrid tube in the heated area
(sensor 3). All shown sensors were placed to be in direct
contact with the surface of the OCMC hybrid tube.

For the heat-up to 1200 °C the voltage was raised in 25V
steps manually while temperature and resistance were close-
ly monitored. A slight rise of the resistance of the heater
could be measured up to a temperature of 800 °C. The max-
imal heat intensity could be measured in the heat-up phase
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—_— The manufacturing process has been described for different
1200 materials. In this study a combination of AluchromY HF
1000 F and Nextel 610 DF-11 fiber matrix has proven to be a
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Figure 6. Temperature, heat release and electrical resistance
over time during the heat-up test.

with 1655V and a peak power input of 845kWm™>. A
heat-up rate of 2Ks' could be exceeded over several
minutes. The mean heat-up rate of sensor 1 over 1000 s is
1.18 Ks™' and thus higher than expected.

After reaching 1200°C, the temperature was held for
60 min. The voltage was lowered to control the temperature
accordingly. The electrical resistance remained nearly con-
stant indicating a steady state of the heater.

At the end of the constant heating the voltage was again
risen to test the maximum temperature limit. The experi-
ment was stopped when a temperature of 1250°C was
reached to prevent a failure of the metal heater.

To initiate a cool-down the voltage was lowered incre-
mentally by 5V and held constant to be able to monitor the
change of the electrical resistance. The mean electrical resis-
tance over time does decrease slightly as can be seen in
Fig. 6 at 4800 s.

5 Conclusion and Outlook

The demand of electrically heated reactors for use in high
temperature reaction is evident. We were able to develop
and test a novel electrically heated hybrid ceramic tube at
1250°C with a maximum heat release of 85kW m™ while
the resistance of the heater remained at an industrial rele-
vant level over the total temperature range tested. It is con-
sidered that the exceptional performance of the ceramic
reactor is inherent in the functional separation of the com-
ponents (dense ceramic tube, heater foil and OCMC-layer).

www.cit-journal.com
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robust set of material. The stability of the heated tube after
the conducted experiments could be verified with the aid of
X-ray images.

In principle, any reaction with high demand in thermal
energy is suitable for this reactor concept. Preferably reac-
tions with the demand of high temperatures such as reform-
ing, cracking reactions or pyrolysis of, e.g., plastic waste in
industrial scale might be beneficial compared to other
approaches.

This proof of concept demonstrates the general feasibility
but at this stage not an industrially applicable reactor. In
further studies the impact of a catalytic reaction will be
investigated. In particular the impact of chemical atmo-
sphere and coke formation to the fiber and the heater is to

be studied.
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I Symbols used

A [m?] surface (outer surface of the
monolithic)

D [mm] diameter

I [A] current

L [mm] length

P W] (electrical) power

R [Q] electric resistance

U [V] voltage

I Abbreviations

MFC  mass flow controller
OCMC oxide ceramic matrix composites
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