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A film of liquid metal can protect the reactor wall from carbon deposits during methane pyrolysis, discharge carbon from

the reactor and prevent blocking. The film can be generated by rotation in a rotating film reactor. Parameters such as

liquid volume flow, operating mode or the diameter of the reactor can have an influence on the reaction behavior. A design

of experiments was used to investigate the rotating film reactor in more detail and to characterize the influence of various

parameters.
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1 Introduction

In the context of decarbonization of various economic sec-
tors, hydrogen takes a central role. More than 30 countries
have developed hydrogen strategies at the beginning of the
year and more than 200 different hydrogen projects have
been planned. [1]

The largest quantities of hydrogen are still obtained from
steam reforming of methane, which produces stoichiometri-
cally 5.5 t CO2 per ton H2. The pyrolysis of methane to
hydrogen and solid carbon represents an alternative pro-
cess. If the energy comes from renewable sources, the
hydrogen can be produced CO2-free.

CH4 Ð Cþ 2 H2 DH0 ¼ 74 kJ mol�1 (1)

Various economic studies of methane pyrolysis have
found that small to medium-sized plants in particular are
competitive with steam methane reforming and water elec-
trolysis. Large plants will not become economic until taxes
on CO2 emissions have to be paid and/or carbon can be
sold at a sufficient profit. [2–5]

In contrast to the economic advantages, solid carbon also
creates process challenges. Carbon particles clog the catalyst
pores and deactivate the catalyst [6, 7]. Regeneration by
burning off the carbon is not effective since unwanted CO2

would be produced. But thermal decomposition is also
hampered by carbon formation. The investigation of differ-
ent concepts such as tubular reactors, fluidized bed or
moving bed reactors ended with the blocking of the reactor
at walls and electrodes by carbon deposits [8–10].

In order to prevent contact between the reaction gas and
the reactor wall, molten metal bubble columns in particular
were studied. In addition, the carbon can be easily separated
due to the difference in density to the metal [11, 12]. Plevan

et al. filled a bubble column with liquid tin at 750–900 �C
for pyrolysis reaction. They found that a large part of the
methane was converted in the gas phase above the liquid
metal. In addition, no catalytic effect of the tin was observed
[13]. Geißler et al. investigated bubble columns with fixed-
bed debris, which was intended to increase the liquid phase
residence time. They found no blocking by carbon during
operation, only a few deposits were found between the reac-
tor wall [14, 15]. Upham et al. studied the catalytic effect of
different molten metals in a bubble column and found the
largest catalytic effect for a mixture of Ni0.27Bi0.73 [16]. The
addition of another liquid salt phase showed that the carbon
was almost free of metallic impurities [17]. Perez et al. in-
vestigated a bubble column with liquid gallium at 1119 �C.
They figured out that part of the reaction takes place in the
gas phase above the liquid, but that the gallium has a cata-
lytic effect on the reaction. In addition, they observed car-
bon deposits on the walls, albeit less than when operating
without liquid metal [18]. However, bubble column reactors
have two main disadvantages. Firstly, the gas to liquid ratio
is unfavorable for a pure gas reaction, and secondly, the
residence time of the gas phase in the column is difficult to
control. It depends strongly on the buoyancy force and can
only significantly be influenced by internals or the height of
the column.

The use of film reactors, in which only a thin film of
liquid metal protects the wall, offers a solution. However,
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the investigation in a capillary reactor showed that due to
wetting problems no formation of a wall film took place
and the reactor was blocked with carbon [19, 20]. Other
film reactor concepts include the falling film reactor and
the rotating tube reactor, where high liquid load and rota-
tion, respectively, could ensure wetting [20].

In preliminary work, it was theoretically shown for the
rotating film reactor that carbon particles with diameters
larger than 50 nm hit the liquid film in 90 % of cases and do
not enter the downstream piping system [21]. Based on the
existing model, this work will investigate various design and
operating parameters of the rotating tube reactor and their
effect on methane conversion. A statistical experimental
design and consideration of the effects will help to set favor-
able operating conditions.

2 Rotating Film Reactor Concept and Model

The operation of the rotating film reactor can be explained
with reference to Fig. 1. A film of liquid tin is formed by
rotation, flows through the reactor and protects the wall
from carbon deposits produced by the pyrolysis reaction.
The carbon floats on the film due to its lower density and is
transported out of the reactor. The reactor consists of the
rotating tube in the center, and two non-rotating tanks for
bearing and sealing. Two operation modes of the reactor are
conceivable. On the one hand, the cocurrent flow (COC)
(Fig. 1 upper) where gas and liquid flow in the same

direction. On the other hand, the countercurrent (CTC)
mode shown in the lower part of the figure, where gas and
liquid flow in different directions. The thermal energy
required for the reaction can be provided by an external
heat source. In addition, there are heating and cooling zones
at the inlet and outlet of the rotating pipe, so that no further
reaction and carbon formation take place in the area of the
non-rotating tanks.

The simulations of the rotating film reactor were made
using the computational fluid dynamics (CFD) software
ANSYS R19.3. Equivalent to previous studies [21], a rota-
tionally symmetrical model was constructed. For gas phase
modeling, the k-e-RNG model with swirl-flow, production
kato-launder and Menter-Lechner near-wall treatment was
selected. This model showed good agreement with the ex-
perimental data of Kikuyama et al. who extensively studied
the flow behavior in rotating tubes [22]. The behavior of the
film was calculated separately from the CFD software and
only incorporated as boundary condition. The equations of
the boundary conditions can be taken in detail from pre-
vious work and are briefly summarized below. [21]

Film surface velocity wmax, inner radius ri and the con-
stant C1 are given by the following equations:

wmax ¼
1
4

C1 r2
i � r2

a

� �
� 1

2
C1r2

i log
ri

ra

� �
(2)

ri ¼ ra � d (3)
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Figure 1. Functional scheme of the rotating film reactor in COC (upper) and CTC (lower) operation. Based on the cut-out
element, the flow and temperature behavior of the film can be calculated.
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C1 ¼
_VL

p
� 1

8
r4

a �
3
8

r4
i þ

1
2

r2
a r2

i þ
1
2

r4
i log

ri

ra

� �� ��1

(4)

Mean film thickness is calculated from a correlation of
Suppiah Singaram et al. [23]

d ¼ 1
LF

ZLF

0

12:45ra
Re

Re2
rot

� �1

3 LF � x
ra

� �1
3dx

¼ 9:3375 LFr2
a

� �1

3
Re

Re2
rot

� �1

3

(5)

With film Reynolds number Re and rotational Reynolds
number Rerot

Re ¼ _m
2prahL

(6)

Rerot ¼
wr2

a

n
(7)

The film temperature TL is calculated by solving Eq. (8),
which was set up according to Fig. 1:

¶TL

¶x
¼ 2p ri þ dð Þ

_mLcpL
_qW �

2pri

_mLcpL
_qLG (8)

The specific heat loss due to the heating of the cold gas
_qLG is directly taken from ANSYS Fluent and the specific
heat flow through the wall _qW could be calculated by
Eq. (9).

_qW ¼
Tfur � TL

riþd

lW

log riþdþdW

riþd

� 	
þ 1

aWL

(9)

The gas-phase reaction was modeled using simple global
kinetics of Catalán et al. [24], based on experimental data of
Keipi et al. [25]

k Tð Þ ¼ k0Tbexp � EA

RT

� �
(10)

KC Tð Þ ¼ p0

RT
exp �DrG Tð Þ

RT

� �
(11)

F Tð Þ ¼ cn
CH4 1� c2

H2

cCH4KC Tð Þ

� �
(12)

r Tð Þ ¼ k Tð ÞF Tð Þ (13)

The occuring heat sink of the endothermic pyrolysis reac-
tion is modeled by

_qR ¼ r Tð ÞDrH Tð Þ (14)

3 Design of Experiment and Ideal Plug Flow
Reactor

A design of experiment (DoE) is used to investigate the
influence of four different factors on the conversion. The
individual factors for the DoE are shown in Tab. 1. In addi-
tion to the COC and CTC mode, the liquid volume flow _VL,
the rotation frequency rpm and the tube diameter d are to
be investigated. The diameter is based on the tubes investi-
gated by Kikuyama et al. [22]. With a correlation of Suppiah
Singaram [23] the minimum rotation frequency necessary
for the formation of an annular flow can be calculated.
The critical value results from the smaller diameter
(0.025 m) and the larger liquid volume flow (3 L min–1) at
rpm = 1400 min–1, which is why 1500 min–1 was selected as
the lower stage.

The gas volume flows were chosen to be 3 L min–1 for the
small diameter and 12 L min–1 for the large diameter so that
the hydrodynamic residence times are identical and in
order to better compare the conversions. The inlet tempera-
ture T0 of the methane-nitrogen mixture in the ratio 9:1 is
673.15 K, since at this temperature no reaction and forma-
tion of carbon is expected yet. The reaction temperature is
set to 1373.15 K, which is the maximum operating tempera-
ture of the used material, fused silica.

To ensure sufficiently high conversions, an ideal isother-
mal plug flow reactor is modeled first. It is expected that the
conversion in the PFR will be significantly higher than in
the rotating tube reactor due to non-idealities such as tem-
perature profiles and back-mixing due to film and rotation.
Therefore, 90 % should be achieved in the PFR. The balance
of a volume element gives:

_nCH4jz � _nCH4jzþDz ¼ rDV (15)

_n describes the molar flow rate, r the reaction rate and
DV the volume of the volume element. The reaction rate is
replaced by Eq. (13). For the concentrations of methane and
hydrogen cCH4 and cH2, the change in the number of moles
is considered. The amounts of species can be expressed as a
function of conversion.

Chem. Ing. Tech. 2022, 94, No. 5, 681–689 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Table 1. Varying parameters and stages of the DoE.

Parameter Name DoE Lower stage Upper stage

DoE factor –1 DoE factor 1

Operation mode A CTC COC

Liquid volume flow
_VL [L min–1]

B 1 3

Rotational frequency
rpm [min–1]

C 1500 3000

Diameter d [m] D 0.025 0.05
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nCH4 ¼ nCH4;0 1� Xð Þ
nH2 ¼ nH2;0 þ 2nCH4;0X

nN2 ¼ nN2;0

(16)

The concentrations are determined by means of the mole
fractions by the ideal gas law.

ci ¼
ni

nS

p
RT
¼ yip

RT
(17)

ni is the amount of substance of component i, nS is the
sum of the amounts of substance of the gas species, p is the
operating pressure, R is the general gas constant and T is
the temperature. Using

N ¼ nS0

nCH4;0

B ¼
nH2;0

nCH4;0

X ¼
nCH4;0 � nCH4

nCH4;0

(18)

and a Taylor series expansion of the left-hand side of
Eq. (15), the differential equation for calculating the conver-
sion in an isothermal tubular reactor is established.

p0

RT
u0

N
dX
dz
¼ k Tð Þ 1� X

N þ X

� �n p0

RT

� 	n
1�

Bþ 2Xð Þ2 p0
RT

1� Xð Þ N þ Xð ÞKC

2
4

3
5

(19)

Using

x ¼ z
L

nH2;0 ¼ 0 � B ¼ 0

Da ¼ k Tð Þ L
u0

p0

RT

� 	n�1
(20)

finally gives

dX
dx
¼ N Da

1� X
N þ X

� �n

1�
4X2 p0

RT
1� Xð Þ N þ Xð ÞKC

2
4

3
5 (21)

The numerical solution of Eq. (21) is shown in Fig. 2. For
a reactor length of 3 m, a conversion of about 0.87 is
achieved, and for 3.5 m, 0.9. Therefore, a tube length of
3.5 m is chosen for the rotating tube reactor, where the film
should reach the maximum temperature of 1373.15 K over
3 m length. This 3 m long area will be referred to as the
reaction zone in the following.

4 Results

From the DoE, 16 combinations and simulations were per-
formed. First, the simulations are evaluated as a whole to
highlight the influence of certain effects. Then, the most

important effects are examined and explained in more de-
tail. The experimental design with the achieved conversion
and the calculated effects is shown in Tab. 2. The single
effects Y, as well as the double, triple and quadruple interac-
tions have been calculated according to Siebertz et al. [26].

YA ¼
X16

k¼1

AkXk (22)

YAC ¼
X16

k¼1

AkCkXk (23)

YABD ¼
X16

k¼1

AkBkDkXk (24)

YABCD ¼
X16

k¼1

AkBkCkDkXk (25)

Fig. 3 shows that an increase in diameter at constant resi-
dence time leads to a significant reduction in conversion. In
addition, changing from CTC to COC and increasing the
rotation frequency have a positive effect on the conversion.
Increasing the liquid volume flow rate seems to have only a
weak decreasing effect on the conversion. Except for the
dual interactions of operating mode and liquid volume flow,
and rotation and diameter, the other interactions have no
effect. Furthermore, all effects seem to be minor, compared
to the change in diameter. The observed effects will be
investigated in more detail using the flow and temperature
profiles from the simulations.

4.1 Influence of the Operation Mode

Fig. 4 shows the increase in conversion for all eight cases
when switching from CTC to COC. A comparison of the
velocity and temperature profiles using the example of cases
C and AC in Fig. 5 explains this increase in conversion. The

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2022, 94, No. 5, 681–689

Figure 2. Pyrolysis conversion along the axial coordinate of
an ideal isothermal PFR at different temperatures.
(� �) T = 1223.15 K, (- -) T = 1273.15 K, (– –) T = 1323.15 K,
(-) T = 1373.15 K.
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velocity profile in COC (Fig. 5a) is much more uniform and
negative only in the center at the entrance of the reaction
zone. As a result, the maximum velocity in the tube is lower
and backmixing is smaller. For CTC (Fig. 5c) the backflow
at the film surface results in higher axial velocities in the
center of the reactor. The 300 K higher temperature at the
beginning of the reaction zone (Fig. 5b and 5d) in the COC
results in higher conversion.

4.2 Influence of the Volume
Flow

Fig. 6 shows that the cocurrent
and countercurrent principles
must be considered separately.
Whereas an increase in volume
flow in CTC means a loss of con-
version, in COC conversion is
increased. The velocity profiles in
Fig. 7 explain the phenomenon.

An increase in volume flow
means a higher film velocity at
the wall and thus greater back-
flows in the CTC. In the COC, on
the other hand, almost ideal plug
flow is achieved. However, with a
further increase in the liquid vol-
ume flow, it can be assumed that
the plug profile is also destroyed
in the COC and instead a back-
flow takes part in the reactor cen-
ter (cf. Fig. 5a). It seems obvious
that for COC operation there is
an optimum liquid volume flow.

4.3 Influence of the Rotation Frequency

For the investigated rotation frequencies, the conversion is
mainly influenced at larger diameters (cf. Fig. 8). Fig. 9
shows that the increased rotation produces a somewhat
more irregular flow profile (cf. Fig. 9a and 9c). However, the
temperature is significantly higher over the entire reaction
zone (see Fig. 9b and 9d), which is why the conversion
increases despite higher mixing.

Chem. Ing. Tech. 2022, 94, No. 5, 681–689 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Table 2. DoE with stage factors, conversion and calculated effect.

No DoE A B C D X Effect Y

1 (1) –1 –1 –1 –1 0.63664

2 A 1 –1 –1 –1 0.65566 0.23726

3 B –1 1 –1 –1 0.61942 –0.03548

4 C –1 –1 1 –1 0.63726 0.12148

5 D –1 –1 –1 1 0.46394 –1.24500

6 AB 1 1 –1 –1 0.65707 0.08400

7 AC 1 –1 1 –1 0.66059 0.01032

8 AD 1 –1 –1 1 0.48064 –0.00704

9 BC –1 1 1 –1 0.61849 –0.01302

10 BD –1 1 –1 1 0.45453 0.03358

11 CD –1 –1 1 1 0.49435 0.10510

12 ABC 1 1 1 –1 0.66064 –0.00006

13 ABD 1 1 –1 1 0.49463 0.00910

14 ACD 1 –1 1 1 0.51193 –0.00730

15 BCD –1 1 1 1 0.48001 –0.00720

16 ABCD 1 1 1 1 0.52074 –0.00044

Figure 3. Resulting effects from the DoE. Positive values indi-
cate an increase in conversion when the higher stage is set, and
negative values indicate a reduction.

Figure 4. Change in conversion by changing the operating
mode from CTC to COC (black: small diameter; stripes: large
diameter).
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4.4 Influence of the Diameter

Fig. 10 shows the change in conversion due to an increase
in diameter with a constant hydrodynamic residence time.
For all cases investigated, the conversion decreases by more
than 10 %. This is mainly due to the temperature profiles. A
larger diameter means that the reactor heats up more slowly
in the center. A comparison of the conversions as a function
of temperature (cf. Fig. 2) shows that a temperature differ-
ence of 50 K can result in conversion differences of 20 %.

4.5 Comparison with Ideal Isothermal Plug Flow
Reactor

To compare the rotating film reactor with the PFR, the aver-
age temperature of the reactor volume in the reaction zone
is first calculated. As an example, this is done for the case
AC, since the highest conversion was found there. The aver-
age temperature is 1352.69 K. The solution of Eq. (21) at
this temperature gives a conversion of 79 %, which is still
13 % higher than in the rotating film reactor. This difference
can be caused by non-idealities such as flow, concentration,
and temperature profiles.

5 Conclusion

A rotating film reactor was investigated in more detail with
a design of experiments. For a 3.5 m long reactor tube with
a 3 m long reaction zone, the influence of the operating
mode (CTC or COC), the liquid volume flow rate, the rota-
tion frequency and the diameter on the conversion was
investigated at a constant hydrodynamic residence time of
approx. 14 s. The COC mode is used to increase the con-
version. Operation in COC increases the conversion by
1.5–4 % in the investigated operating range. When increas-
ing the liquid volume flow, the CTC and COC must be con-
sidered separately. In CTC, increasing the volume flow rate

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2022, 94, No. 5, 681–689

Figure 5. Radial velocity profile a) and temperature profile b) at different locations x along the reactor for COC operation
and c), d) for CTC operation. x = 0 m to x = 3 m corresponds to the range of the reaction zone. (� �) x = 0 m, (- -) x = 0.75 m,
(– –) x = 1.5 m, (- �) x = 2.25 m, (-) x = 3 m.

Figure 6. Changes in conversion due to increase in liquid
volume flow (black: CTC; dotted: COC).
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has a negative effect on the conversion by enhancing the
backmixing, while in COC there is an optimum volume
flow rate for forming a plug flow. Nevertheless, it is ques-
tionable whether setting the optimal volume flow is useful,
since a larger volume flow increases the energy required to
heat the fluid. Increasing the rotation frequency has a posi-
tive effect, especially for larger reactor diameters, because it
improves the heat transfer to the center of the reactor. In
general, however, increasing the diameter showed conver-
sion losses of more than 10 %.

Furthermore, it could be shown that the increases in con-
version due to operating mode, volume flow and rotation
frequency are relatively small at a maximum of 4 % in con-

trast to an increase in temperature (Fig. 2). Materials that
can withstand higher temperatures should therefore be
taken into account in further considerations.

Finally, a comparison with an ideal plug flow reactor was
made by averaging the temperature in the reaction zone.
Due to non-idealities occurring in the rotating film reactor,
a conversion difference of 13 % was found for the highest
conversion achieved.

Open access funding enabled and organized by Projekt
DEAL.

Symbols used

c [mol m–3] concentration
cp [J kg–1K–1] specific heat capacity
d [m] wall thickness
EA [J mol–1] activation energy
DrG [J mol–1] specific Gibbs enthalpy
g [m s–2] gravitational factor
H [J mol–1] specific enthalpy
KC [mol m–3] equilibrium constant
k0 [s–1mol1–nm–3(1–n)] kinetic constant
L [m] length
M [kg mol–1] molar mass

Chem. Ing. Tech. 2022, 94, No. 5, 681–689 ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com

Figure 7. Radial velocity profiles at different locations x along the reactor for different cases. x = 0 m to x = 3 m corresponds to
the range of the reaction zone. (� �) x = 0 m, (- -) x = 0.75 m, (– –) x = 1.5 m, (- �) x = 2.25 m, (-) x = 3 m.

Figure 8. Change in conversion by changing the rotational
frequency (black: small diameter; stripes: large diameter).
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_m [kg m–3] mass flow rate
n [–, mol] reaction parameter, amount of

substance
p [Pa] pressure
_q [W m–3] heat flux
R [J K–1mol–1] universal gas constant
r [m] radius
rpm [min–1] rotation frequency
T [K] temperature
V [m3] volume
_V [m3s–1] volume flow rate

w [m s–1] axial velocity

x [m] axial coordinate
x* [–] dimensionless coordinate
y [–] mole fraction

Greek letters

a [W m–2K–1] heat transfer coefficient
b [–] temperature exponent
d [m] film thickness
h [Pa s] dynamic viscosity
l [W m–1K–1] thermal conductivity
n [m2s–1] kinematic viscosity
r [kg m–3] density
F [molnmn–3] concentration dependent

reaction law
w [rad s–1] angular velocity
Y [–] effect in DoE

Sub- and Superscripts

0 initial condition
a outer
ax axial
B box
F film
fur furnace

www.cit-journal.com ª 2022 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. 2022, 94, No. 5, 681–689

Figure 9. Radial velocity profile and temperature profile at different locations x along the reactor and different rotation fre-
quency. x = 0 m to x = 3 m corresponds to the range of the reaction zone. (� �) x = 0 m, (- -) x = 0.75 m, (– –) x = 1.5 m, (- �) x =
2.25 m, (-) x = 3 m.

Figure 10. Change in conversion by changing the reactor diam-
eter (black: CTC; dotted: COC).
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G gas
i inner
L liquid
max maximum
R reaction
rot rotation
W wall

Abbreviations

CFD Computational fluid dynamics
COC Cocurrent flow
CTC Countercurrent flow
DoE Design of experiment
PFR Plug flow reactor
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