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A dynamic, pseudo-homogeneous, two-dimensional reactor model of an integrated shift reactor for the production of
hydrogen from biogas is developed. This integrated shift reactor enables the preheating of the biogas feed through a helical
coil in the fixed bed. Simultaneously, the resulting reduced temperatures in the fixed bed lead to an increased hydrogen
yield of the shift reactor, due to the exothermicity of the water-gas shift reaction. The developed model is validated with
steady-state and dynamic operating data from a measurement campaign at a pilot biogas steam reforming plant. The results

show that the model adequately predicts the measured operating points.

Keywords: Biogas, Dynamic simulation, Hydrogen, Reactor model, Water-gas shift

Received: March 07, 2025; revised: April 28, 2025; accepted: May 08, 2025

1 Introduction

Biogas is produced through the anaerobic digestion of
organic materials, such as animal manure or energy crops. It
primarily consists of 45-70 vol.-% methane and 25-55 vol.-
% carbon dioxide, with trace amounts of sulfur compounds,
ammonia, nitrogen, oxygen, and siloxanes [1-3]. The actual
composition largely depends on the feedstock and the
operating conditions of the fermenter [1, 2].

In 2022, almost 9900 biogas plants were in operation in
Germany [4]. These biogas plants covered around 6 % of
Germany’s electricity demand in 2023 [5]. Thus, biogas con-
tributes significantly to our renewable energy system. The
feed-in tariffs for electricity from these biogas plants are
typically subsidized by the Renewable Energy Sources Act
(EEG). However, those subsidies expire after 20 years of
operations, and plans for a continued operation need to be
made [6-9]. Options include, e.g., application for continued
remuneration in the EEG, flexible electricity production,
switching to biomethane, or the production of hydrogen
from biogas. The latter could promote the national ramp-
up of the hydrogen industry and the development of local
hydrogen hubs.

The steam reforming process, which is the state-of-the-
art process for the production of hydrogen from natural
gas [10, 11], can be leveraged to produce green hydro-
gen from biogas. Therefore, the technology readiness level
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(TRL) of biogas reforming is estimated to 7-8 [12]. Firstly,
biogas is cleaned in active carbon beds, compressed and
fed to a hydrodesulfurization (HDS) reactor. Subsequently,
the cleaned biogas is converted with steam into syngas in
a steam reformer. A shift reactor then increases the hydro-
gen content in the syngas, followed by a pressure swing
adsorption (PSA) that purifies the gas stream to produce
fuel cell-grade hydrogen. The tail gas of the PSA is fired
together with biogas in the steam reformer furnace. The
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Figure 1. Biogas steam reforming plant of the company BtX energy GmbH, installed in Krefeld.

process described has recently completed its pilot phase
operation. Fig. 1 shows the steam reforming plant of the
project BioH2Ref installed at a biogas plant in Krefeld.
Besides the steam reformer, the shift reactor is a core
equipment to increase the hydrogen yield. A shift reactor
is typically an adiabatic fixed-bed reactor with an insulated
pressure shell filled with catalyst. Syngas from the reformer
is fed to the reactor, and the equilibrium-limited water-gas
shift (WGS) reaction proceeds, as denoted in Eq. (1). Due
to the exothermicity, indicated by a negative molar reaction
enthalpy AHy of the reaction, heat is produced inside the
reactor, causing an adiabatic temperature rise. Therefore,
the reaction equilibrium is favored towards hydrogen at low

temperatures.
CO+H,0=CO,+H, AHp<0 o

For shift reactors, a distinction is usually made between
two temperature regimes: High-temperature (HT) shift
reactors operate at temperatures of 350-450 °C [13, 14].
Commonly, ferrochrome catalysts are used [13, 14]. In con-
trast, low-temperature (LT) shift reactors exhibit tempera-
tures of 190-250 °C and copper-zinc-aluminum catalysts are
employed [13, 14]. In large-scale hydrogen plants, the syngas
is typically first fed into an HT shift, then cooled to around
200 °C and fed into an LT shift, as generically depicted in

@
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Figure 2. Shift reactor configu-
ration of large-scale hydrogen
plants.
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Figure 3. Schematic illustration
of the integrated shift reactor
from the company WS Reformer
GmbH.

Fig. 2. This approach leverages faster reaction kinetics at
high temperatures and thus enables high carbon monoxide
(CO) conversion rates in the HT shift. The LT shift can fur-
ther reduce CO molar fractions due to a favorable reaction
equilibrium at lower temperatures.

A highly integrated and compact design of major equip-
ment was required to build a small-scale, containerized
biogas steam reforming plant. Therefore, the heat produced
due to the exothermic WGS reaction is used in our inte-
grated shift reactor, and a helical coil is installed in the fixed
bed for this purpose, as depicted in Fig. 3. This helical coil
is used to preheat the biogas feed for the HDS reactor in
a countercurrent stream configuration. The CO outlet frac-
tion is reduced as a side effect of the cooling. The bottom
part of the shift reactor remains adiabatic to start the WGS
reaction.

Various reactor models of shift reactors have been devel-
oped for large-scale processes, such as integrated gasifi-
cation combined-cycle power plants [15, 16] or ammonia
plants [17], as well as for small-scale processes, e.g., for fuel
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cell applications [18-21] or laboratory setups [22-24]. These
models were developed with varying levels of detail. In
pseudo-homogeneous models [20, 22, 24, 25], it is assumed
that the gas temperature is equal to the temperature of the
solid catalyst phase. In contrast, in heterogeneous reactor
models [15, 16, 18, 19, 21, 26], the gas phase is treated sepa-
rately from the solid catalyst phase. Therefore, the catalyst
temperature may exhibit a different temperature than the
gas phase. Furthermore, the developed shift reactor mod-
els can be divided into one-dimensional (1D) [15, 16, 19, 21,
22, 24, 26] and two-dimensional (2D) [18, 20, 25] models.
In addition, a distinction can be made between steady-state
[15, 19-21, 25] and dynamic models [16, 18, 26].

Besides reactor models for HT [16, 22, 24] and LT
shift [16, 19, 21], models with integrated heat exchangers
are developed. Paixdo et al. [25] developed a steady-state,
pseudo-homogeneous, 2D reactor model for a multitubu-
lar shift reactor. The WGS reaction proceeds on the tube
side, and the generated heat is dissipated by boiling water
on the shell side of the reactor tubes. The model is used to
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Figure 4. Segmentation of the shift reactor with the axial
domain z and the radial domain r for modeling.

optimize the reactor based on a cost function consider-
ing both capital and operational expenses. Similarly, Rosner
et al. [27] consider an isothermal WGS reactor and intro-
duce a dimensionless rate optimization number to optimize
reaction temperatures. Saw and Nandong [26] propose a
reactor configuration with a reactor divided into two reac-
tion zones and an interstage cooling zone in between. A 1D,
heterogeneous reactor model is utilized to investigate the
effects of the position of the interstage cooling zone and
different control strategies.

In this paper, an approach for dynamic modeling of an
integrated shift reactor with a pseudo-homogeneous, 2D
reactor model is proposed. The novelty of our integrated
shift reactor is that the syngas is derived from biogas, and
the fluid inside the helical coil is not boiling water but the
biogas feed itself being preheated for the HDS reactor. To
validate the developed model, dynamic step tests are per-
formed at the pilot plant in Krefeld, and the measurements
are compared to the model results.

2 Model Development

The developed shift reactor model is a dynamic, pseudo-
homogeneous, 2D model. Because of the presence of the
helical coil, the model is divided into multiple subsystems, as
illustrated in Fig. 4. The bottom part of the reactor is mod-
eled as a 2D, adiabatic reactor segment. The upper part of
the reactor is divided into three zones: a 2D cylindrical reac-
tor core, a 1D cooling zone containing the helical cooling
coil, and a surrounding 2D cylindrical ring element. As the
pressure shell of the reactor is insulated, no heat losses to
the atmosphere are assumed. The only radial phenomenon
considered in the 2D reactor segments is heat conduction.
Axial heat conduction as well as radial and axial diffusion
are neglected.
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Since pressure effects are on significantly faster time
scales than temperature effects, the momentum balance is
reduced to a quasi-steady-state 1D pressure drop relation,
namely the Ergun equation [28] according to [29]. The pres-
sure drop is calculated based on the inlet gas properties and
velocity.

2.1 Two-Dimensional Reactor Segments

The component mass balance on a finite volume gives

a (w; p) a(vwip) -
& = - + Pcat Vi Treac M;
ot 0z )

Vie [CO, CO,, H,O, H,, CHy].

The accumulation term is determined with the mass frac-
tion w; of component i, the gas density p, the time ¢, and
the porosity ¢ = 0.5 [16]. On the right side, the convective
mass transport is described with the superficial velocity v
along the axis z of the reactor. The consumption and forma-
tion of components is calculated from the reaction kinetics
in Sect. 2.3 with the molar reaction rate re,c, which is related
to the catalyst mass. The molar mass of component i is
denoted with M;. The bulk density pe of the catalyst is
1100 kg m™>. The stochiometric number v; is, correspond-
ing to Eq. (1), negative for educts and positive for products
(vco = va,0 = —1, veo, = vu, = +1).

The energy balance of a 2D reactor segment can be
derived as

aﬁ__a(pvh)_i_la( aT>_

ot 0z r or nhe T

ar ®

The right side of the energy balance consists of a convec-
tive term and a term to describe the heat conduction along
the radial domain r. The radial effective heat conductivity
A comprises a static contribution, according to Zehner and
Schliinder [30], and a dynamic contribution, according to
Specchia et al. [31]. Therefore, the catalyst heat conductiv-
ity is assumed to be 0.1 W m™'K~! [16]. A constant fitting
parameter F, is introduced to adjust the radial effective heat
conductivity according to experimental data.

The volume-specific internal energy i, defined as

i = pea Ceat (T —298.15K) + ¢ (p h— p) (4)

comprises the specific heat capacity ¢, = 920 ] kg7 'K~ of
the catalyst, the temperature T, the specific gas enthalpy A,
and the pressure p.

2.2 One-Dimensional Reactor Segment

The 1D segment comprises two subsystems: the fixed bed
and the helical cooling coil. These subsystems are coupled
by heat transfer.

The component mass balance is identical to the 2D com-
ponent balance in Eq. (2) but only a function of the axial
domain, whereas the energy balance of the 1D segment in
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Eq. (5) is modified to comprise the heat transfer to the heli-
cal coil and the heat conduction to the surrounding 2D
segments.

o d(pvh) . Ay 2nR; OT
=== — i e S
ot 0z LAlD AlD or F=R:
6
L 2n7R, 0T ©)
elr=R, A]D or ",

The heat transfer to the coil is calculated by the heat flux
q and the volume-specific heat exchange area of the coil in
relation to the volume of the 1D segment. Here, the heat
exchange area A,, of the helical coil, the length L of the reac-
tor segment, and the cross-section A;p of the 1D segment
are required. The heat conduction from the reactor core or
the outer cylindrical ring to the 1D segment is determined
by calculating the temperature gradient, the volume-specific
lateral surface area of the cylindrical 1D segment, and the
effective bed conductivity at the inner radius R; and the
outer radius R, of the 1D segment. Due to confidentiality
reasons, the dimensions of the reactor and the helical coil
cannot be declared.

The heat transferred to the helical coil depends on the
current temperature T at position z in the fixed-bed and
the corresponding temperature T, of the biogas stream in
the helical coil. Using the calculated overall heat transfer
coefficient k and the equation

G=EKEk(T -T), (6)

the area-specific heat flow g can be calculated and adjusted
to experimental data by a constant factor F. This heat flow
is uniformly distributed through the narrow 1D segment,
whose diameter is approximately the diameter of the heli-
cal coil. The heat transfer coefficients are calculated using
Gnielinski correlations [32, 33] according to [29], assum-
ing transverse flow conditions for the fixed-bed side of the
helical coil and pipe flow in a helical coil on the inside.

Analogously to the reactor segments, the momentum bal-
ance of the helical coil is reduced to the quasi-steady-state
1D pressure drop relation of Gnielinski [33] according to
[29]. Therefore, the mass balance of the biogas stream inside
the helical coil,

M,

0= 0z’ @

is assumed to be also quasi-steady state. Here, M}, denotes
the mass flow rate of the biogas inside the helical coil. The
axial discretization z’ is the same as for the reaction side, but
the direction is flipped. The reason for this is explained in
Sect. 2.4.

The energy balance of the cooling coil is given with the
enthalpy hy, of the biogas stream, the length L. of the coil,
and the cross-section of the coil A. by

E%__ia(Mbhb) . Ay

Lw 8
L ot A oz 174, ®
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Here, the volume-specific internal energy i, of the gas
stream inside the helical coil is defined by the pressure py,,
and the density py, of the biogas as

ity = pp My — Pb. 9)
2.3 Kinetics

The implemented reaction kinetics is a power law model
according to Hla et al. [34], as denoted in Eq. (10). They
determined the parameters of this power law model, based
on partial pressures p;, using a commercially available fer-
rochrome catalyst. The activation energy E, is 88 k] mol™
and R denotes the molar universal gas constant.

RT
y <1 1 pco, PH2>
K pco pu,o

The temperature-dependent equilibrium constant K is
determined according to Twigg [35] by

—E4 _ _
Treac = Fp 100‘659 eXP ( ) p(():% p?{ié) pC(o)'z156 pHS'OS
(10)

K = exp(Z (Z (0.63508 — 0.29353 Z) + 4.1778) + 0.31688)

(11)
with
_ 1000
= —= -
[%]
Since the reaction Kkinetics was determined close to
ambient pressures, using this kinetics directly at industrial
pressures of a WGS reactor (e.g., 10-30 bar) would result in

an overestimation of the reaction rates. Therefore, a pressure
scale-up factor

(12)

0.5— 22

pO 250
P = T _T.004 (13)

Po

is calculated from the inlet pressure p, and applied to the
reaction rate in Eq. (10) [16, 36, 37].

2.4 Solution Procedure

The full equations system, as declared in Sect. S1 of the
Supporting Information, is solved using Siemens gPROMS
with its DAEBDF solver. The Peng-Robinson fluid package
provides thermodynamic property data.

Axial discretization is performed using backward finite
differences. This is the reason why the domain of the heli-
cal coil subsystem is flipped. This flipping allows the use of
the backward finite difference scheme for both the helical
coil and the reactor segments. Here, 10 axial discretization
points are used for the adiabatic part and 25 for every seg-
ment in the cooled section. Radial discretization is handled
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with orthogonal collocation on finite elements (5 elements
per 2D segment).

3 Data Acquisition for Validation

To validate the shift reactor model, a measurement cam-
paign was performed at the pilot plant in Krefeld. This pilot
plant is a commercial-scale biogas reforming plant produc-
ing fuel cell-grade hydrogen from biogas. The biogas for this
pilot plant is produced through anaerobic digestion at an
actual biogas plant, which uses cow manure as feedstock.

As a pilot plant is not a laboratory system, parameters
of the shift reactor cannot be set individually and indepen-
dently of other plant parts. Therefore, the plant was operated
at various operating points during the measurement cam-
paign, and measurement data was logged around the shift
reactor. Within the operating limits of the reforming plant,
the reformer tube temperature, the reformer pressure, the
steam-to-carbon ratio (S/C), and the load were varied with
dynamic step tests. Temperatures in the fixed bed of the shift
reactor were measured using type K thermocouples. The dry
gas composition of the inlet and outlet stream of the shift
were logged using EHEIM gas analyzers. Details about the
acquisition of measurement data can be found in Sect. S2 in
the Supporting Information.

4 Results

4.1 Working Principle

Using the gPROMS model validation feature, the constant
adjustment factors F, and K were fitted to a full-load oper-

ating point. The best fit was obtained with F, = 1.68 and
K =0.83.

www.cit-journal.com

Shift outlet @

— Biogas inlet
Cooled section @

—> Biogas outlet
Adiabatic section @

© 2025 The Author(s). Chemie Ingenieur Technik published by Wiley-VCH GmbH

Shift inlet (1)

Figure 5. Working principle of the
integrated shift reactor. Assumed
inlet gas composition: yn,0 =
49.5 %, Yco =5.8%, Yycra = 1.1 %,
Yu, =31.5 %, yco, = 12.1 %.

To illustrate the working principle of the integrated shift
reactor, Fig. 5 depicts the dry molar fraction yco of CO over
the temperature T. The equilibrium curve, derived from
Eq. (11) for a specific inlet gas composition, indicates that
elevated temperatures result in increased molar fractions
of CO due to the exothermicity of the WGS reaction. In
purely adiabatic shift reactors, the molar fraction of CO
decreases along the adiabatic curves, which are depicted as
grey dashed lines in Fig. 5. These adiabatic curves are depen-
dent on the reactor inlet temperature T, and the inlet gas
composition. An adiabatic shift reactor can reduce the molar
fraction of CO at most until the adiabatic curve intersects
with the equilibrium curve. A further reduction of CO is
only possible by decreasing the temperature of the reacting
mixture, as depicted in Fig. 2 for a large-scale shift reactor
setup.

In the context of our integrated shift reactor, gas from the
reformer is fed to the reactor at 341 °C with a dry molar frac-
tion of CO of 11.6 %. As illustrated in Fig. 5, the bottom part
of the integrated shift reactor is adiabatic. Consequently,
the dry molar fraction of CO decreases initially along the
adiabatic curves until reaction equilibrium is achieved. By
cooling the catalyst bed in the upper part of the reactor
through the helical coil, the dry molar fraction of CO can be
further reduced alongside the equilibrium curve. However,
due to slower reaction kinetics at reduced temperatures, the
dry molar fraction of CO at the shift reactor outlet remains
slightly above the equilibrium curve. In the illustrated case,
the dry molar fraction of CO of the integrated shift reactor
is reduced to 1.3 %. In comparison, a purely adiabatic shift
reactor yields a dry molar fraction of CO of 2.1 % at the reac-
tor outlet. In parallel, the biogas feed is preheated from 30
to 353 °C, ready for the HDS reactor.

Due to the positioning of the helical coil in a particular
area of the fixed-bed, a 2D temperature profile is assumed

Chem. Ing. Tech. 2025, 00, No. 0, 1-11

35UBD T SUOWIWOD dAIREa.D a|ceal|dde a3 Ag peusenob e sajole YO ‘8sh JO Sa|ni 10} Akeiq 1 8UljUQO AS[IAA UO (SUOIPUOD-PUE-SULLIB)WOD AS [IM"Are.q 1 U |uo//Sdny) SUOIPUOD pUe SWd | 8y} 88S *[GZ02/90/2T] uo Ariqiauluo /|1 ‘Buebuiesbunuyosy Jeenuez AseAluN usydey ymy Aq Z002T 9119/200T 0T/I0p/wod 8| 1m Alelq1puljuo//sdny woij papeojumod ‘0 ‘0v92zesT


http://www.cit-journal.com

Chemie
Ingenieur

Technik Research Article

Reactor length (normalized) z/L

0 L T B S [

0 0.2 0.4 0.6 0.8
Reactor radius (normalized) r/R

Figure 6. Simulated 2D temperature distribution of the inte-
grated shift reactor. Assumed inlet gas composition: yy,0 =
49.5 %, Yco = 5.8 %, YcHa = 1.1 %, YH, = 31.5 (%),yco2 =12.1 %.

in the fixed bed, which can be confirmed through the devel-
oped model described in Sect. 2. For an exemplary case,
the 2D temperature distribution is shown in Fig. 6. In the

adiabatic bottom of the reactor, the
temperature isolines are horizontal
due to the assumption that heat losses
to the ambient are negligible. A sharp
temperature rise of 50 K character-
izes the adiabatic part. In the upper
part of the reactor, the cooling effect
of the helical coil on the fixed bed is
significant in the direct surroundings
of the helical coil. Especially at the
reactor outlet, the fixed bed is signifi-
cantly cooled through the cold biogas
flowing through the helical coil in
a countercurrent stream configura-
tion. Furthermore, it is evident that
the cooling effect of the helical coil
hardly influences the reactor core.

4.2 Validation with Pilot
Plant Operating Data

To validate the shift reactor model,
a comparison of 25 experimental
steady-state operating points with
simulated results is shown in Fig. 7.
The temperature measurements
agree well with the simulated results,
especially for the thermocouples
in the fixed bed at z/L = 0.4 and
z/L = 0.8 with a maximum deviation
of 11 °C. The measured temperature
in the HDS reactor indicates the

Chem. Ing. Tech. 2025, 00, No. 0, 1-11
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consistently lower in the simulation compared to the mea-
surements, with a deviation of ~0.5 %. This deviation can
be due to both experimental errors and simulative assump-
tions. The equipment for the gas composition measurement
was not accurately calibrated, as the data evaluation shows
that the mass balance was not satisfied. Additionally, the
kinetics of the used commercial catalyst is not known and,
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Figure 7. Comparison of experimental and simulated steady-state operating points of tem-
peratures at different positions z/L in the shift reactor, biogas preheating temperatures, and

outlet gas composition.
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Figure 8. Experimental and simulated steady-state operating points over the varied variables. temperature accurately, with a maxi-

therefore, a literature kinetics with identical active compo-
nents and a similar operating temperature is utilized for
simulation. However, the kinetics was measured at atmo-
spheric pressures, not at operating pressures of around
10 bar.

Fig. 8 depicts the operating points from Fig. 7 plotted
against the parameter that was varied by step tests on the
steam-to-carbon ratio S/C, the reformer pressure p.s, the
biogas feed N, and the reformer tube temperature Tis. Since
certain operating points were run multiple times during
the measurement campaign, multiple measured tempera-
tures and molar fractions may exist for a single parameter.
These measurements cannot be averaged because, contrary
to a laboratory setup, step tests on a single variable can
never be repeated on a pilot plant. Although every set point
of the pilot plant was set to the same value as a previous
measurement series, the plant pressure, biogas quality, and
environmental influences may have changed. The compar-
ison of the linear trends in Fig. 8 of the measured values
with the simulated results indicates good agreement for all
parameter variations. Even the simulated molar fraction of
CO exhibits a similar trend to the measured CO molar
fraction, but with an offset.

www.cit-journal.com
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mum deviation of 7 °C. The deviation

in the preheated biogas temperature

at the new operating point after the
step in the reformer tube temperature might be because this
temperature is measured at the HDS reactor and not directly
at the shift reactor. The duration of the response following
the step change in the reformer tube temperature is also
captured reasonably well. Unfortunately, temperature mea-
surements for the outlet temperature at z/L = 1 of the shift
reactor are not applicable for validation since the reactor
flange and subsequent piping are not insulated.

Fig. 10 illustrates the dynamic response of the measured
shift reactor temperatures for a step test with a load change
from 30 to 25 Nm*h~!. To replicate this response, the biogas
feed, the inlet temperature, and the inlet gas composition
of the shift reactor are linearly ramped in the model. The
model captures the dynamic response reasonably well. How-
ever, a considerable deviation of ~14 °C in the temperature
of the preheated biogas can be noticed at the beginning.

5 Conclusion and Outlook
The production of hydrogen from biogas is a novel utiliza-

tion route of biogas, which could quickly gain commercial
maturity by adopting the well-known natural gas steam

Chem. Ing. Tech. 2025, 00, No. 0, 1-11
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Figure 10. Dynamic behav-
ior of temperatures at dif-
ferent positions z/L in the
fixed bed and biogas pre-
heating temperatures of the
shift reactor during step in
biogas feed, with respective
model results.
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reforming technology. This green hydrogen route offers bio-
gas plant operators a further alternative for the continued
operation of their plants and enables the ramp-up of local
hydrogen hubs. Due to the small-scale nature of biogas
plants, highly integrated, automized, modular systems must
be available. In this context, the presented integrated shift
reactor was developed to combine the preheating of the
biogas feed for the HDS reactor and the benefits of lower
temperatures in the shift reactor to increase the hydrogen
yield.

To understand the working principle of this integrated
shift reactor in detail, a 2D, pseudo-homogeneous reactor
model was developed and validated with steady-state and
dynamic operating data from a pilot steam reforming biogas
plant in Krefeld. The model predicts the steady-state operat-
ing points and the dynamic response of step tests reasonably
well.

Ultimately, the knowledge gained from the detailed shift
reactor model will be used to develop a dynamic model of
the entire pilot plant. This dynamic model should be capa-
ble of predicting the effects of load changes or variations in
biogas quality, as well as start-up and shut-down procedures.
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Symbols used

Aip [m?] cross-section of the 1D

segment

A m? cross-section of the helical coil

A, m?] heat transfer area of the helical
coil

c [J kg 'K™'] specific heat capacity

Ex [k] mol™] activation energy

K [-] adjustment factor overall heat
transfer coefficient

E, [-] adjustment factor radial heat
conductivity

E, [-] pressure scale-up factor
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Sub-/superscripts

cat
exp
ref
sim

inlet condition
biogas
catalyst

experimental data

reformer
simulation

Abbreviations

1D
2D

one-dimensional

two-dimensional
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molar reaction enthalpy
equilibrium constant

overall heat transfer coefficient
reactor segment length

length of the helical coil

mass flow rate

molar mass of component i
molar flow rate

specific enthalpy

pressure

partial pressure of

component i

heat flux

molar universal gas constant
inner radius of the domain
outer radius of the domain
radial domain

molar reaction rate
temperature

time domain

volume-specific internal
energy

superficial velocity

mass fraction of component i
molar fraction of component i
auxiliary quantity (equilibrium
constant)

axial domain

axial domain of the helical coil

porosity

radial effective heat
conductivity

stoichiometric number of
component i

density

partial density of component i
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