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ARTICLE INFO ABSTRACT

Keywords: The growing adoption of renewable power in the chemical processing industry shifts many processes into the
Methanol steam reforming dynamic operating regime. The common 1D reactor models used for process design are no longer necessarily
Validatio“. adequate for representing transient operation. In this study, a 2D pseudo-homogeneous dynamic model of a
;E’jzl'l’;m‘c fixed bed reactor is developed and validated using methanol steam reforming as focused case. The model is
Experimegn tal experimentally validated with combined measurements of reactor bed temperature and outlet carbon monoxide
Fixed bed concentration in time. The study found that the 2D model matches well in values and trends with experimental

data despite numerous parameter uncertainties and use of standard equations from the literature. The largest
influence on model prediction was found in external practical heating non-uniformities, such as heat losses and
added heat capacity of the reactor support structure. The non-uniformities can cause up to 20% change in CO
concentration predicted at the outlet, and double the transient time in certain cases. The model captures well
the reactor transient characteristics well, and is regarded fit for design of reactors in the unsteady operating

regime.

1. Introduction

One of the outcomes of defossilization objectives is an increased ne-
cessity for alternative chemical conversion processes. In the short term,
various waste management [1,2], exhaust aftertreatment technologies
[3], and carbon capture are needed [4,5]. The long term solution
appears to be large scale chemical storage of renewable energy [6,7].
The choice of the produced energy carrier depends on required physico-
chemical properties and available feedstock. It is therefore likely that
various combinations and processes are the answer for the long term
energy supply sustainability [6]. The subsequent energy conversion
via appropriate fuel processing is then envisioned near the end user.
Given the variation in renewable energy supply and demand, dynamic
on-demand processing expectedly becomes commonplace.

The hydrogen economy is an often proposed model of a future
renewable energy system [8]. The efficient conversion of hydrogen to
electrical power has already been established through the use of fuel
cells, and their potential application is wide [9-11]. In this foreseen
future, hydrogen carriers are envisioned for alleviating situations with
problematic energy storage and transport [12,13].

Methanol is one of the promising candidates for early wide adoption
as hydrogen carrier due to its liquid state at ambient conditions, current
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availability, established production chains, and demonstrated possibil-
ity for sustainable synthesis [12]. The foundations for methanol to
hydrogen conversion have already been laid down, and research lately
often focuses on the fuel cell-based system level concepts [14-16]. The
benefits of methanol-to-fuel cell power generation systems include it
being a high energy density fuel, resulting in potentially no harm-
ful emissions. These characteristics are highly valuable in transport
applications such as maritime transport [17].

The variable power demand in particularly maritime transport re-
quires design of components for the unsteady regime. The common
1D models used for steady state design generate conversion and selec-
tivity errors in transient regimes, as already concluded by a previous
analysis [18]. The analysis shows that the traditional design approach
for a transport setting consequently mispredicts system performance
characteristics during each power demand adjustment. Moreover, the
selectivity misprediction in transients could significantly affect the
lifetime of processing components in a PEMFC-based systems, which
have strict requirements of H, purity and allowed CO content. The
analysis also concludes an expectedly increased necessity for dynamic
models and procedures.

The 3D fixed bed reactor models are also unfit for design for the
unsteady regime, due to the required computational effort [19-21].
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Such 3D models tend to prioritize accuracy and resolve many of the
flow characteristics. Overly high fidelity is limiting to the reactor design
tasks due to the iterative nature, which is especially problematic in
dynamic simulations. Designing a reactor for dynamic operation re-
quires a model balanced for accuracy and computation time, which is a
relatively new objective in the chemical process engineering literature.

In this work, a dynamic 2D pseudo-homogeneous model for methanol
reforming in a fixed bed reactor is presented. This mid-fidelity model
is proposed as a balance in computational effort and accuracy with
characteristics in between a 1D and a 3D model. A newly designed ex-
perimental setup is used for obtaining reference validation data. Several
heating non-uniformities present in the experiments are shown to have
a large influence on the overall process. It is therefore recommended
that the design procedure accounts for details such as heat losses and
heat capacity of the support structures, if possible. The model is vali-
dated in steady and unsteady state through measurements of internal
bed temperature and carbon monoxide content in the reformate. These
measurements directly and indirectly validate reaction rates, heat and
mass transfer, and heat consumption in time within the bed. Some
model uncertainty stems from the used semi-empirical equations. The
transient performance is found mostly affected by parameters such as
heat capacity. The simulations agree with measurements in time and
ultimately the model is concluded fit for reactor design tasks in the
transient regime.

1.1. Methanol steam reforming

Methanol steam reforming is the most commonly utilized conver-
sion method for supplying fuel cells with hydrogen [22-26]. Addi-
tionally, steam reforming has the highest hydrogen yield and best
CO selectivity among methanol conversion methods [27], which is
especially favoured when combined with PEM fuel cells. The dominant
reactions in methanol steam reforming (MSR) are the (i) methanol
steam reforming reaction:

CH;0H + H,0—==C0, + 3H,

. 6]
AH298 = 49.4kJ /mol,
(ii) the water-gas shift (WGS):
CO +H,0—==20C0, +H, -
0 _
HYp = —41.1kJ/mol
and the (iii) methanol decomposition (MD):
CH;0H—==CO0 +2H,
(3)

HY, = 90.5kJ /mol

The reforming process is overall endothermic. The methanol con-
version can occur either directly through MSR, or indirectly through
MD followed by the WGS reaction. Large reactors are often constructed
as shell and tube heat exchangers [28,29] (see Fig. 1). Flue gas or
steam are generally used as shell side heat supply medium [29], but
electrically heated reactors are also emerging recently [30]. Catalysts
for the process are often copper based, the most common commercial
one being CuO/ZnO/Al,03. Alternatively, Palladium based catalysts
appear promising based on their CO selectivity [31]. However, they
are still confined to research settings at present time.

2. Experimental methods

This section presents the designed experimental setup for unsteady
methanol reforming validation. Material properties of the reactor and
catalyst are reported, and experimental preparation procedures are
explained. Then, the validation approach through performed mea-
surements is described. Finally, the experimental uncertainties are
identified and their assessment reported.
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Fig. 1. Methanol steam reforming reactor as shell and tube heat exchanger
heated with flue gas.
Source: Reprinted from [32] with permission of Elsevier, Copyright 2025.

2.1. Experimental equipment and materials

An experimental setup is designed for dynamic operation and mea-
surements in a packed bed methanol steam reformer. The setup
schematic (Fig. 2) shows an overview of the process, equipment, and
their control integration. The inlet feed, which can be either methanol
or a gas mixture, is pre-heated in the evaporator before entering the
reactor. The process is monitored with temperature sensors inserted
in the packed bed. The reactor back pressure is controlled with a di-
aphragm valve. The outlet stream is condensed, sampled, and analysed
using a gas chromatograph, and then vented.

The equipment is connected to a desktop PC either directly or
via PLC, and it is controlled through LabView environment. A Gilson
305 high-performance liquid chromatography (HPLC) pump module
precisely regulates the flow rate of liquid reactants. The reactants are
then evaporated in a pipe section with a surrounding trace heating
cable (P,,,,=1250 W), and their temperature at the reactor inlet is
controlled by a feedback loop using a thermocouple in the inert inlet
zone of the reactor filled with alumina particles of 1.5 mm average
diameter. Another trace heating wrapped around the reactor supplies
the reaction heat (P,,=1600 W), and the external wall temperature
is regulated with a thermocouple positioned at the contact area of the
trace heating and the reactor. The pressure is controlled with a back
pressure regulator placed directly after the reactor. A Pressure Control
Solutions EQ-DA smart pilot pneumatic actuator controls the outlet
pressure through an Equilibar dome loaded control valve, and is used
as closed loop controller with the reference pressure reading from inlet
or outlet pressure sensors. In addition to temperature and pressure, the
gas composition is analysed using an Agilent Micro gas chromatograph
(GC). The GC uses Argon as a carrier gas, and has two columns heated
at 373 K: 1 m column with Cox heated injector, and a 4 m column with
5CB heated injector.

The reactor is made from Inconel 600 alloy material. Reactor mate-
rial properties and dimensions are reported in Table 1. The internal
surfaces in contact with hot reactants or products are coated with
SilcoNert2000 inert coating to minimize side reactions. The coated
surfaces include the reactor pipe, evaporator pipe, and all temperature
and pressure sensors areas directly in contact with the flow. The reactor
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Fig. 2. Schematic of the experimental methanol steam reforming setup.

Gas
bottles  controllers
Table 1
Properties of reactor tube made from Inconel 600.
Parameter Value Description
d;, [mm] 30 Reactor internal diameter
s, [mm] 5 Reactor wall thickness
I, [mm] 300 Reactor length (active region)
cpw kgt K 444 Tube wall specific heat capacity
k, [Wm™ K] 14.9 Thermal conductivity of reactor wall
pw (kg m™3) 8470 Density of the reactor wall

is vertically mounted to ensure downward reactant flow, as shown in
the setup photograph in Fig. 3.

The reactor contains 36 temperature sensors and 2 pressure sensors.
The sensors are placed in the fixed bed according to Fig. 4. The thermo-
couples (TCs) are distributed across 11 inserts consisting of single point,
5-point, and 2-point sensors. One single point sensor is inserted in the
inert inlet zone to monitor and control the reactant inlet temperature.
Five 5-point sensors are placed at the start of the active zone, where
a high temperature gradient is expected. In 5-point sensors, the TCs
are uniformly spaced 5 mm from each other and the reactor wall. In
2-point sensors, one TC is placed 5 mm away from the wall opposite
to the insert point, and the other at the reactor centreline. The axial
positions of all temperature sensor inserts are given in Table 2. The
two pressure sensors are placed at the boundaries of the active catalyst
zone, annotated with A and B in Fig. 4.

The designed reactor is filled with inert pellets and active catalyst
pellets according to the schematic shown in Fig. 4. The reactor is
divided into three zones in the axial direction: inert inlet, active middle,
and inert outlet zone. The surrounding inert zones ensure that the
gas flow in the active catalyst zone is not affected by pipe diameter
variations at the inlet and outlet. The reactor total length is 450 mm,
where the inert inlet zone is 100 mm, the active catalyst zone is
300 mm, and the inert outlet zone is 50 mm long. The packing zone
interfaces are separated with quartz filters to prevent mixing.

The commercially available CuO/ZnO/Al,O5 cylindrical catalyst
pellets supplied by Shandong Dengzhuo Chemical Co., Ltd with 40/40/
20 wt% composition are used in the experiments. The pellets are
crushed and sieved to 1 mm < d, < 2 mm size fraction before loading
them in the reactor. This way, approximately 20 pellets fit across the
reactor diameter which minimizes the wall effects on the internal gas
flow [33]. The reactor is filled with 0.296 kg of crushed catalyst. The
resulting bulk density is p, = 1396 kg m~3, and bed porosity is e

Fig. 3. Methanol steam reforming reactor vertically mounted for downward
fluid flow (red arrow), and evaporator/pre-heater pipe leading up to the
reactor top inlet with upward fluid flow (blue arrow).

= 0.39. The crushed catalyst surface area and average pore radius
are obtained through measurements using an Anton Paar® Autosorb
6100 high vacuum physisorption analyser. The complete list of catalyst
properties is reported in Table 3.

Prior to the experiments, the catalyst was activated with a hydrogen
and nitrogen mixture in equal molar ratios through the reactor. The
flow of 300 standard ml/min and reactor temperature of 500 K were
maintained at ambient pressure during the activation. The flow was
kept relatively low to regulate the exothermic activation reaction and
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Fig. 4. Schematic of the cross section reactor tube showing flow direction, reactor packing zones, and thermocouple and pressure sensor placement within the

reactor.
Table 2
Positions of temperature sensor inserts in the methanol steam reforming reactor.
Insert number 1 2 3 4 6 5 7 8 9 10 11
Rel. distance from -15 2 8 17 48 31 70 95 150 225 300
active zone interface [mm]
No. of TC sensors in 1 5 5 5 5 5 2 2 2 2 2
the insert
Table 3

Properties of the crushed commercial CuO/ZnO/Al,0; catalyst pellets used in
the experiments.

Parameter Value Description

d, [mm] 1.5 Catalyst pellet average diameter
p. [kg m™3] 1396 Catalyst bulk density

pe; [kg m™] 2293 Catalyst material density

e [] 0.39 Bed porosity

¢,y [J kg™ K] 950 Catalyst specific heat capacity
S, [m? kg™1] 118 - 103 Catalyst BET surface area

d,., [A] 247 Catalyst average pore diameter

pore

keep the catalyst below the sintering temperature of ~570 K. The
activation procedure was completed after the axial temperature profile
was stable, which took about 10 h.

2.2. Data gathering approach

Two experimental techniques are used for steady state validation:
temperature measurements and gas analysis. The thermocouple inserts
presented in Fig. 4 relay axial and radial temperature gradients. The
temperature profile is a result of external heat supply, axial and ra-
dial transport, and heat consumption by the reactions. A comparable
temperature field from the model is achieved when all heat fluxes are
correctly captured.

Outlet methanol conversion cannot be directly measured since the
used gas chromatograph requires dry gas. Only the relative concentra-
tions of H,, CO,, and CO can be measured.

The CO concentration measurement is used as conversion indicator
since CO content is inversely proportional to the methanol conversion.
As methanol is converted, the local bed temperatures rise due to lower
reaction rates of MSR and MD (Egs. (1), (3)). The equilibrium then
shifts and the reverse WGS (Eq. (2)) produces CO. Thus CO concen-
tration measurements are used in place of methanol conversion for
validation.

For dynamic analysis, the gas chromatograph is run continuously
and generates data points at ~4 min intervals. The gas residence time
in the tubes leading to the GC has not been determined. However, the
data points indicate a trend that can be captured by the model.

2.3. Experimental uncertainties and non-uniformities

Several uncertainties and non-uniformities are present in the exper-
imental part of the study. Each uncertainty impacts the validation in a

different way since they stem from various sources. The major concerns
and their treatments are described here.

Crushed and sieved catalyst has irregular shapes and non-uniform
pellet sizes. In the modelling equations, however, an average value
of catalyst diameter (d, = 1.5 mm) must be used. The pellet volume
and macro surface area are calculated using equations for a spherical
catalyst with equivalent diameter. These parameters are used in ex-
pressions for effective radial transport, heat transfer coefficient, and
pressure drop. The isolated effects of the used catalyst shapes would
have to be explored in a dedicated experimental study. In the present
work, the affected expressions are observed within a sensitivity study
shown in the Numerical model section.

Deviations from ideal behaviour on the reactor bed scale are also
observed. Over the course of the first ~50 h of operation the bed
activity slowly decreased, after which it settled. The decrease was
observed indirectly with temperature measurements. The inlet zone is
found most affected by the decrease, for multiple likely reasons. First,
possible bed settling shifts material away from the inlet in the vertically
installed reactor. Second, the expected initial activity decreases due to
sintering or pore clogging. Third, the inlet zone has less catalyst due to
dense thermocouple placement. This can reinforce the activity decrease
from settling.

The converged activity state is seen in Fig. 5 through a rapid
decrease in temperature at the thermocouple insert at position 5. This
decrease is generally expected at the initial contact of reactants with
the catalyst. This effect is included in the model, and is explained in
detail in the Numerical model section.

The effects of thermal conduction through the thermocouple inserts
are investigated under steady state reforming conditions with 5-point
inserts, as shown in Fig. 5. The accuracy of the used K-type thermocou-
ples is + 2.5 K, so only higher gradients are used to draw conclusions.
All steady states show similar behaviour like the process conditions
reported in Fig. 5.

The inserts numbered 2-4 in the low activity area indicate heat
conduction away from the thermocouple with a gradient of up to 10
K across between sensors a and e. Inserts 5 and 6 are in an active
heat transfer limited zone. The sensors a-c have a low gradient between
them in all cases, which implies that conduction along the sensor is not
dominant over heat exchange with the bed packing in this region. The
conduction may still be present, but it is concluded tolerable. Therefore
only sensors a-c are used for validation. The conduction is assumed
to be the same for 2-point inserts, which have only a and ¢ sensor
positions, both of which are used in the validation.

Finally, several imperfections are present in reactor heating, such
as heat losses, trace heater wrapping non-uniformity, the inlet reactant



B. Grenko et al.

Chemical Engineering Journal 545 (2026) 179613

(a) Thermocouple sensor names in a 5-point insert relative to the point of insertion and gas-

tight ferrule seal. Dimensions are drawn in mm.
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Fig. 5. Temperature measurements from 5 point thermocouple inserts during two selected steady reforming operations with specified electric power input and

methanol inlet flow at steam-to-carbon molar ratio of S/C = 1.5.

temperature control, the reactor bed activity changes after stabilization,
and variable heat capacity of the reactor due to its mounting. All these
effects are quantified, addressed a posteriori in the model, and their
effect is presented in the Numerical methods section.

3. Numerical methods

The present model is created by extending the steady state 2D
model of Zhu et al. [34-36], formulated in cylindrical coordinates.
The newly developed model is open source and available from a git
repository [37]. The formulae for terms not presented in the main
text can be found in the supplementary material, and the original
publications of Zhu et al. The mass and energy equations of an unsteady
pseudo-heterogeneous model used in the present study are:

oC, G, *C, 10C;
o TGy PG TG ) T @
oT
(epfcp’f +(1—-¢) pscpgs) o =

0*T 1T )

aT
_uSpfcl’*fE + Ao <E + rﬁ) + anpc (—AHJ-)erC

where ¢ (-) is the bed porosity, C; (mol m~3) are the species concen-
trations, u, (m s™1) is the flow superficial velocity, D, (m? s~1) is
the effective radial dispersion coefficient, p. (kg m~3) is the catalyst
bulk density, ; (mol s~! m~2) is the formation/consumption rate of
component i, ¢, (J kg~! K1) is the fluid (gas) phase specific heat
capacity, p, ; (kg m~3) is the fluid (gas) phase density, s U kg1
K1) is the solid phase specific heat capacity, p. , (kg m~3) is the solid
phase (catalyst material) density, T (K) is the temperature, 4,. (W m!
K~1) is the effective radial thermal conductivity, # ; are the effectiveness
factors evaluated per reaction j, 4H; (J mol~1) is the reaction enthalpy

Wall

// \\\‘ \\‘

\
P Symmetry axis !
+_.ﬂ__.___.___. -
s —
L Inlet Outlet |
\/ Mesh element yi

Fig. 6. Illustration of reactor tube domain boundaries and mesh element in
cylindrical coordinates.

of reaction j, r; (mol s~1 m~2) is the reaction rate of reaction j, and
S, (m~2 kg~1) is the catalyst BET surface area. The formulas for n;
calculated with Thiele modulus (approach validated by Zhu et al. [38]),
D,,, and A,, are shown in the supplementary material.

Axial dispersion terms are not included in this model for compu-
tational efficiency. Axial effects are not dominant in flows with high
Péclet numbers according to Sahimi et al. [39]. In the present work,
Péclet numbers are always higher than 240, which falls under the
regime as dominated by convective transport according to Sahimi. Above
Pe = 300, the regime becomes purely convective.

The simulation domain and representative mesh element shape for
cylindrical coordinates are shown in Fig. 6. The boundary condition
equations are given in Table 4.

The energy conservation equation of the reactor tube wall is:

o7,

w

0Ty Py kg A
W (3t

_w (4
“orz v

. A, .

t, 1,

PuCy = Olpss —V’” +UAT,, —V’" , 6)
t t

where p,, (kg m~3) is the reactor wall material, cpw U kg™! K1) is
the reactor wall material specific heat capacity, 7,, (K) is the wall

temperature, k,, (W m~! K1) is the thermal conductivity of reactor
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Table 4
Simulation boundary conditions.

Position Coordinates Boundary condition
Inlet 2=0 =G
0<r<ry, T=T,
~ G _,
Outlet 2= Zmax 0z
oT
0<r< — =0
rs rmax ‘)z
0<z< %G _ 0
Wall =222 Znax o
oT U
I = Fyax i _T"(Twall -1
aC,
Symmetry 0<2<2,, ar 0
. r
axis
oT
=0 — =0
" or
100% 1.50%
c
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g 2
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° Coarse Medium Fine Very fine °
(20x10) (30x20) (40x30) (45x35)
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Fig. 7. Grid convergence study with outlet methanol conversion and CO
content for P = 187 W, W,,, / Fcy,on=200 kg s mol~! case.

cat.

wall material, P, ;, (W) is the electric trace heater power, 1, (-) is the
trace heater wrapping density (heat generation) factor, Q,,,, (W m~2)
is the area normalized heat loss, U (W m~2 K1) is the combined heat
transfer coefficient, AT,,, (K) is the temperature difference between
tube wall and reactants, 4,;, (m?) is the inner surface area of one
reactor tube, and V (m3) is the reactor tube wall volume. The external
heating is thus applied to the reactor through the tube wall energy
equation.

The overall heat transfer coefficient U (W m~2 K~1) includes resis-
tances from the tube side gas film and within the reactor tube wall. It
is calculated according to:

-1

1 Sw dr.our)

U= (Lf4iuZom) @
<ht kw dlm

The used kinetics model has been developed by Peppley et al. [40]
for a commercial CuO/ZnO/Al,O; catalyst. The equations are shown in
the supplementary material. The kinetic model is based on a Langmuir-
Hinshelwood mechanism for surface reactions, and includes the three
reversible dominant reactions of MSR described in Egs. (1)-(3). The
pressure losses along the reactor bed are calculated with the semi-
empirical model of Ergun [41].

3.1. Numerical schemes and discretization

A second order upwind scheme is used for advection terms, while
a 4th order central differencing scheme is used for the radial terms.
Before each unsteady simulation, a steady state is initialized until
mass and energy balances converge to residuals below 10~5. A Runge—
Kutta 4th order scheme is used for temporal evolution in the unsteady
simulation. A constant unsteady timestep of 4 -10~4 seconds was used
based on the rates of reaction. The simulated domain is discretized with
a uniform mesh with 45 axial and 30 radial cells. Fig. 7 shows the
results of a grid convergence study.

Chemical Engineering Journal 545 (2026) 179613
3.2. Parameter sensitivity study

Parameters with potentially high impact on the results are investi-
gated in a sensitivity study. Effective radial coefficients for dispersion
(D,,) and thermal conductivity (4,,) are chosen due to their large role
in radial transport terms. The tube side heat transfer coefficient (#,) is
included because of expected impact on radial heat transport. Finally,
the pressure drop (4,) is included due to its potential impact on reaction
rates.

The sensitivity analysis of the described parameters was conducted
by multiplying the result of their respective equations, presented in
the supplementary material, with factors of 0.25, 0.5, 2, and 4. The
factor variation impact is characterized by methanol conversion, and
CO concentration at the outlet. The sensitivity study in Fig. 8(a) shows
that scaling the radial heat transfer parameters, 1,. and h, has the
highest influence on conversion and selectivity.

As introduced in Section 2.3, the crushed catalyst pellets are not
uniform in size in the present experiments. An averaged value of
catalytic pellet diameter d, is used in the model, namely in the formulas
for D,,, A, h,, and 4,. Further analysis is conducted on the impact of
d, variations within the selected parameters.

The average value of d, was also scaled by the factors of 0.25, 0.5, 2,
and 4 within the expressions for the two most sensitive parameters 4,,
and h,. Results of this analysis in Fig. 8(b) show a mild effect through
A.r» While h, is sensitive to pellet size changes.

The size range of experimental catalyst pellets is relatively small
compared to the investigated range. The sieved catalyst sizes range
between 1 and 2 mm, which is 67% and 175% deviation respectively
of the average 1.5 mm value. The d, variation has a negligible in-
fluence through 4,. in the present study. A larger effect is seen in 4,
manipulation. Based on the results depicted in Fig. 8(b), the resulting
uncertainty range within the experimental pellet size is around +1%
error for methanol conversion, and +5% error for CO content at the
outlet.

3.3. Impact of experimental heat transfer non-uniformities

Several experimental non-uniformities, first introduced in Section 2.3,
could not be resolved or predicted before conducting the experiments.
Instead, they are assessed a posteriori and included in the model. The
modelled non-uniformities are: heat losses to the environment, axial
heating variation due to trace heater wrapping density, catalytic bed
activity drop, variation of inlet reactant temperature in time, and
variation in reactor wall heat capacity. The effects of inlet reactant
temperature and wall heat capacity are visible only in the transient
state. Their numerical representation and implementation in the model
is described in the supplementary material. This subsection discusses
the effect of each non-uniformity on the model.

The additions are explored individually for their effects on the
steady state temperature profile, as shown in Fig. 9, and conver-
sion and selectivity, shown in Fig. 10. Each addition of experimental
non-idealities to the model has a different effect on the process.

The temperature field is most impacted by trace heater wrapping
density and bed activity modifications. In terms of conversion and
selectivity, the heat losses and bed activity factors have the most influ-
ence. In all cases the impact on conversion is small, around 1%, while
the CO concentration changes up to 18%. Despite the fact that reaction
rates couple the temperature field with conversion and selectivity, their
interaction is not entirely obvious to the eye. For example, heat losses
addition marginally alter the temperature field but have a high impact
on conversion and selectivity. For this reason, all imperfections must
apparently be included for accurate predictions of both the temperature
field and outlet composition.

The inlet reactant temperature has an evident impact on conversion
and selectivity, which is shown in Fig. 11. The outlet CO concentra-
tion is directly proportional to the inlet temperature, with each 50
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K increment causing ~0.35% change in CO. The conversion response
appears linear up to ~99%, while its sensitivity decreases as conversion
approaches 100%. The inlet temperature in the experiments varies up
to 40 K, so its matching further increases simulation accuracy.
Finally, the effects of reactor wall heat capacity factors are only
present in transient state. Fig. 12 shows its impact on outlet conversion,
produced CO, and internal temperature change in time tracked at
reactor outlet. The monitored values move slower towards the new
steady state. The wall ¢, modification in this case affects the reactor
response by increasing its duration to a change in process variable.

4. Experimental validation

All experiments are conducted at outlet pressure p,,; = 3 bar. Three
flows are chosen for the experimental campaign: W, /Fey,on = 120,
150, 200 kg s mol~!, where W,,, /Foy ,oH is the ratio of catalyst mass
to methanol feed rate. The flow specifications are expressed in Table
5. Zhu et al. [35] note that flows lower than W, / Fey,on = 200 kg s
mol~! cause inconsistent experimental CO measurements, possibly due
to non-uniform distributions of temperature and species concentration.
Woar./ Forson = 200 kg s mol~! is thus taken as the lower flow boundary
in present study. The higher flow boundary of W, /Fcy,on = 120 kg
s mol~! is set by the efficiency of evaporator/pre-heater pipe in the

Table 5
Three reactant throughputs used in the experimental campaign, expressed in
different flow units.

W/ Fenon [kg s mol] 120 150 200
Molar CH;OH flow [mol min~1] 0.37 0.296 0.222
Liquid mixture flow at pump [ml min~!] 9.64 7.712 5.785

experiments. In other words, the inlet reactant temperature is too low
at flows higher than W, /Fey,on = 120 kg s mol 1.

Three electrical power heating settings for the reactor are chosen:
Pein = 150, 187, and 224 W. With these heating inputs the internal
reactor temperature is kept below 573 K which minimizes catalyst
sintering. The methanol conversion in all cases is in the 50%-95%
range.

4.1. Steady state validation

The measured and simulated CO concentration in dry reformate gas
is reported in Table 6, together with corresponding selected setpoints of
heating power and reactant flow. The visualization of CO concentration
in Fig. 13 shows that the selectivity trend is matched very well by the
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Table 6

Steady state validation: measured and simulated values of CO in dry reformate gas at different
throughput and reactor heating power (p = 3 bar).

El. heating W/ Fon,on Measured Simulated Simulated
power [W] [kg s mol~] CO in dry gas CO in dry gas CH;0H
[mol m~3] [mol m~3] conversion [%]
120 0.11 - 0.14 0.118 52.83
150 150 0.25 - 0.28 0.199 65.53
200 0.46 - 0.64 0.412 82.33
120 0.32 - 0.36 0.315 70.46
187 150 0.62 - 0.69 0.615 84.95
200 1.18 - 1.55 1.356 97.24
224 150 1.26 - 1.45 1.3797 95.28
by rapid decrease of temperature. In the second zone, 50 < z <
_ 1501 ¢ wF=120 150 mm, the heat supply to the reactor is equal to the reaction heat
i _ ¢ ¢ > pply to q
IE 1251 ¢ x/ i - 220 consumption, indicated by the flat temperature profile. This limitation
3 ¢ JF = 200 is partly caused by the lower trace heater wrapping density, which is
g 1.00 . . .
= supported by Fig. 9(c). In the third zone, z > 150 mm, the reaction rates
g 0.75 slow down due to lower reactant concentrations, causing a temperature
‘g’ — y increase.
S ' ¢ . The three distinct reactor zones and their lengths are well captured
O 0.25 r by the simulations. The simulation is the most accurate in the first two
G M zones, which are highly similar across all cases. In the third zone, the
P=150W P=187 W P=224W temperature predictions have the highest deviations from experiments,

Electric heating power

Fig. 13. Steady state validation: graphed measured range of CO in dry
reformate gas (transparent rectangles) and simulated values (diamonds) at
various inputs of reactor heating and reactant throughput.

simulations. In most cases, the predicted CO concentration is around
the lower boundary of measured range.

The pressure sensor precision (+0.1 bar) is too low for conclu-
sive comparison of pressures. The simulated pressure drop values are
around Ap = 0.003 bar, while the measurements indicate an average
of Ap = 0.05 bar. The consistent low measured 4p values indicate a
degree of accuracy. However, due to low precision, pressure values are
not used in further validation.

The steady state validation through temperature sensor measure-
ments is shown in Fig. 14. Based on the bed activity, the reactor can
be divided into three zones —excluding the low activity zone. The first
two zones are heat transfer limited. In the first zone, z < 50 mm
the endothermic reactions dominate the heat balance which is seen

up to 15 K in some cases. The heat balance complexity increases in this
zone, since there is not a single dominant heat flux component. The
individual terms in the energy equation (Eq. (5)) then have a larger
influence over the end result.

The temperature trends are well captured by the simulations and
overall accurate, same as with CO content predictions. The simulation
precision, namely of the temperature prediction, is likely constrained
by uncertainty from heat transfer parameters. For example, the tube
side heat transfer coefficient #, alone is sensitive to catalyst pellet size,
and has an evident influence in the overall prediction, as illustrated
by the sensitivity study. The validation precision is also expectedly
affected by effective radial transport coefficients D,, and 4,,, omitted
axial transport, precision of added heat irregularity factors, measure-
ment accuracy, or other assumptions. The numerical parameters could
be fine tuned, if more precision is needed.

4.2. Dynamic validation

The dynamic experiments are performed by observing the reactor
response to step changes in input process variables. Reactant flow and
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Table 7

Variations of flow and heating power in dynamic experiments.

Flow variation experiments

Set heating power

Pein [W]
150 200 - 120
187 200 - 120

Flow increase
Wt/ Fenon [kg s mol™]

Flow decrease

Wear./ Fonyon (kg s mol ]
120 - 200

120 - 200

Heat variation experiments

Set flow

Woear./ Fenyon [kg s mol™'] Pyin [W]
150 150 - 187
150 150 - 224
200 150 - 187

Heating power increase

Heating power decrease
Perin W]
187 - 150
224 - 150
187 - 150

reactor heating power are individually controlled in the experiments,
and recorded temperatures are used for model validation. Table 7
shows the changes in reactor inputs used for validation cases.

The results in the main text show selected four cases: one increase
and one decrease of flow and heating power each are presented in Figs.
15-18. The focused cases are representative of all explored dynamic
cases. The main text figures also put more focus on the comparisons

10

in the second half of the reactor (inserts 9-11), where temperature
variations are higher. The first half of the reactor is heat transfer
limited, and the temperature variations are generally small. Validation
for all sensors in the reactor for a full set of dynamic cases is given in
the supplementary material.

In flow increase cases, as illustrated by Fig. 15, the reactor response
is characterized by fast initial temperature drop lasting about 5 min.
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Fig. 15. Measured and simulated transient response in temperature and dry gas composition evolution for validation case: reactant flow increase W, / Fey,on

200-120 kg s mol™! at Py ;, = 187 W.

The abruptly higher reaction rates immediately cause a temperature
drop within the reactor. This is followed by a slow convergence towards
the new value. Flow decrease in Fig. 15 shows that the change is limited
at reactor outlet due to the locally higher wall heat capacity. A longer
stabilization time is expected in downstream positions. However, the
local wall thermal capacity likely has a high influence due to observed
differences between flow increase and decrease.

The simulations match the experiments well in regions where the
reaction rate is heat transfer limited in flow variation cases. The
simulated temperature change is faster than measured near the outlet
region. The simulated response is instantaneous, and majority of the
change happens within the first two minutes. The following stabiliza-
tion time is therefore shorter, particularly in the flow increase cases.
The simulated temperature change rate then decreases to match more
closely with the experiments.

The culprit of simulated fast temperature response is likely in the
numerical approach. The pressure and velocity are coupled by the
Ergun equation, and the changes are not gradual as in reality, but
instantaneous. In the experiments, the flow velocity is affected the back
pressure regulator, which in turn is influenced by expanding gas as
reactions proceed. This interaction cannot be sufficiently accurately
captured by the Ergun equation.

The validations of dry gas composition also show that the exper-
imental selectivity trends are well matched by the simulations. The
simulated methanol conversion was calculated by dividing the reacted
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methanol molar flow by its inlet molar flow: Xcy,on = (ich,0m,m —
ficH,0H,0u)/ ict,0m,in- The overly fast initial response seen in the tem-
perature comparisons during the first minute is also visible here, par-
ticularly in the flow increase case. The trends for H,, CO,, and CO
concentrations are also predicted well in time.

The variations of reactor heating power produce great matches
between simulations and experiments. The trends in Figs. 17 and 18
and their durations are captured by the model in all reactor zones. The
simulations shows a more moderate response to heat variations than to
flow changes, which also corresponds with the measurements.

The temperature difference between inner (r = 0 mm) and outer
(r = 10 mm) thermocouple generally stays similar during transients.
In few instances, the difference noticeably varies and the simulation is
able to capture it. Figs. 15(d), 17(c), and 18(c) show this agreement.
This also suggests the ability for accurate adaptation of effective radial
thermal conductivity A, parameter in time. The outlet dry gas com-
position closely matches the experimental data in heat variation cases.
The trends and predicted values are in excellent agreement with the
measurements.

5. Discussion
The dynamic 2D model is successfully validated. The results show

the model’s ability to reasonably well predict internal temperature in
time, and very well predict the CO selectivity in time. The selectivity
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Fig. 16. Measured and simulated transient response in temperature and dry gas composition evolution for validation case: reactant flow decrease W, / Feu,on

120-200 kg s mol~! at P, ;, = 187 W.

in time is the most critical parameter for reformer combination with
PEM fuel cells. The model is therefore applicable for unsteady reactor
design tasks.

The present study foremost exposes the high influence of external
heat transfer non-uniformities on reactor performance in both steady
and transient regimes. The experimental measurements can be signifi-
cantly clouded by various practical elements, which could be present on
larger scales as well. The reactor-specific heat transfer characteristics
can also affect the model precision. These characteristics in their effect
proved to be as important as the choice of numerical correlations.
The resulting implication is that the reactor design procedures should
account for external heat transfer features.

Traditional tube-in-shell heat exchangers have multiple potential
sources of heat supply non-uniformities. In steady state operation heat
losses alter the flue gas temperature, which affects the heat supply
for the reactions. Maintaining a steady inlet feed temperature can be
challenging in practice, which affects both steady and dynamic reactor
operation. The transient predictions may be affected by local variations
of wall ¢, caused by the baffle plates that support the tube bundles.
These non-uniformities warrant further investigation into gravity of
their effect in practice.

A key element in the presently used numerical model are the
numerous sources of uncertainty. First are the multiple added modi-
fication factors for validation. They cannot be directly measured, and
in this study are instead produced iteratively. The second source are a

number of used semi-empirical correlations. This is amplified by the 2D
pseudo-homogeneous nature of the model which introduces effective
parameters such as D,, and A,,. Third are the assumed uniformities in
the model that are not necessarily true in reality. These are catalyst
pellet size, ideal interfaces between active and passive zones, and
uniform bed packing density which in reality is locally altered by the
thermocouple inserts. The model agrees with measurements despite all
assumptions. It is also likely that the assumptions are valid outside
of the investigated parameter range, but the range of its validity is
uncertain.

The present validity range is determined by process variables and
reactor geometry. Since process variables were determined by the
equipment capabilities, both aspects require a different experimental
setup(s) to quantify the validity range. With respect to geometry, the
uncertainty is situated in the effective radial transport parameters.
Moghaddam et al. [42] show a dependency of 4,, on the reactor length.
Moreover, the present study readily assumes that expressions for D,,,
Aers h; are valid in the transient regime. The assumption holds true
in the present case, but it should ideally be explored individually in
a separate study.

The invasive measurement technique with sensor inserts was ex-
pectedly shown problematic in practice. Radial insertion of multiple
inserts at the zone of interest alters the zone activity and its heating.
Alternatively, the sensors can be inserted in the axial direction. The
bed packing is then uniform in axial direction, outer reactor surface is



B. Grenko et al.

10 15 20 25

Time [min]

30 35

40

45

(a) TC insert 6 (z = 48 mm). Included simulated and measured

external wall temperature at same axial position.
560
< 540
L 520
2
© 500
2480}
€
460
440

20 25
Time [min]

30 35 40 45

(c) TC insert 10 (z = 225 mm).

100

N
o

90

=
3]

=
=
CO in dry gas [%]

80

Conversion [%]

70

O]
U

v

08
10 15 20 25 30 35 40 45
Time [min]

— Sim. Exp.

60

0
0 5

(e) Conversion and CO evolution in dry gas.

r=0mm

Chemical Engineering Journal 545 (2026) 179613

|
560
T 540
v 520
2
® 500
[}
2 480
2 460 {
440

r=10 mm M Ext. wall TC

20 25
Time [min]

30 35 40 45

(b) TC insert 9 (z = 150 mm).

560
T 540
9520
2
© 500
[}
2480
2 460
440

20 25
Time [min]

30 35 40 45

(d) TC insert 11 (z = 300 mm).

~
S
o

-
o
%]

v

Ty v vy, v

~
w
o

H; in dry gas [%]
~
N
5

N
S
s
CO, in dry gas [%]

— Sim. V¥V Exp.

-
B
=)

23.0
5 10 15 20 25 30 35 40 45

Time [min]

o

(f) H2 and CO; evolution in dry gas.

Fig. 17. Measured and simulated transient response in temperature and dry gas composition evolution for validation case: heating increase P;, 150-224 W at
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smooth, and heat conduction along the insert is decreased. However,
axial inserts are significantly longer and likely thicker. They can bend
more easily, or if they are thicker, displace enough catalyst to locally
decrease the activity. Experimentally it is also difficult to precisely
control individual parameters. For these reasons, suggested alternative
approach is validation via high fidelity CFD models.

The follow-up to this work would be reactor scale-up, with the
experimental part as the main hurdle. Experimental validation at larger
scale should employ steam or flue-gas heating in a tube-and-shell
heat exchanger. This would enable the study of industrially relevant
thermal non-uniformities. On the modelling side, scale-up remains
computationally efficient under the common assumption of identical
tube behaviour. This is done by again simulating a single representa-
tive tube and preserves the existing model structure. The approach is
demonstrated in the original steady state model [36]. The validity of
identical tube behaviour could be further investigated, but requires a
dedicated experimental study.

Finally, the present study occupies a distinct position within the
fixed bed reactor literature. Some conclusions are shared with previous
laboratory-scale experimental studies such as the importance of heat
losses in experiments and modelling [43,44], and noted influence of
invasive measurement techniques [45]. The difference from previous
studies stems from the primary objectives which is typically centred
on process intensification [44,46], scale-up [44,45,47], or the effects
of reactor geometry and operating conditions [43,45,48]. In contrast,
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the present work is explicitly aimed at demonstrating that a practical
level of model fidelity can reliably support unsteady reactor design.
This contribution extends beyond the validation of a particular model.
The study establishes and validates a general methodology for devel-
oping predictive reactor models, providing a framework that can be
transferred to a wide range of fixed-bed reactor systems and reaction
chemistries.

6. Conclusions and outlook

A dynamic 2D pseudo-homogeneous model for methanol steam
reforming in a fixed bed reactor was presented and experimentally
validated against temperature and CO concentration data. The devel-
oped model is an efficient contribution to the design toolkit of reactor
designers for fixed bed reactors in transient regimes. The study shows
that capturing external heat transfer effects is critical in validation
studies. Their inclusion in reactor design tasks is also recommended,
if known to the designer. The presented model has a relatively large
number of parameters with uncertainty. The 2D model was shown
valid for transient predictions. The validity outside of the explored
geometry and process variable space may be strengthened with further
experiments.

The used invasive experimental techniques proved effective, but
have shortcomings. Sensor inserts interfered with the packed bed and
reactor heating, and their presence influenced the measured data.



B. Grenko et al.

---- Sim. —e— Exp. | |

T 540
@520
2
© 500
[
2480
2 4601
440

20 25
Time [min]

(a) TC insert 6 (z = 48 mm). Included simulated and measured

external wall temperature at same axial position.
560
< 540
L 520
2
© 500
Sasof
€
£ 460
440

20 25
Time [min]

30 35 40 45

(c) TC insert 10 (z = 225 mm).
100

N
o

— Sim. V¥V Exp.

90

=
v

,_.
=
CO in dry gas [%]

80

70

Conversion [%]
o
(9]

60

10 15 20 25 30 35 40 450'O

Time [min]

0 5

(e) Conversion and CO evolution in dry gas.

r=0mm

Chemical Engineering Journal 545 (2026) 179613

|
560
< 540
© 520
B2
© 500
[}
2 480
2 460
440

r=10 mm M Ext. wall TC

20 25
Time [min]

30 35 40 45

(b) TC insert 9 (z = 150 mm).

560
T 540
© 520
E B
© 500
[
2 480
2 460
440

20 25
Time [min]

30 35 40

(d) TC insert 11 (z = 300 mm).

~
N
o

25:0

~
-
s}

~
i
o

H, in dry gas [%]
~
-5
wn

N N N

w  ~ »

w = wv
CO, indry gas [%]

v — Sim.

v

2
10 15 20 25 30 35 40 45
Time [min]

Exp.

~
B
o

3.0
0 5

(f) H2 and CO; evolution in dry gas.

Fig. 18. Measured and simulated transient response in temperature and dry gas composition evolution for validation case: heating decrease P, ;, 224-150 W at

I/Vcar./ls‘cl-ll()(-i =150 kg s mol~1.

The interferences were individually identified, presented, and then
addressed a posteriori in the model. The invasive approach is thus not
recommended for future studies, unless no other approach is possible.
Alternatively, CFD based approach is possible for validations using
detailed transient internal flow field variables.

The transient characteristics were adequately captured by the model,
most accurately in cases with reactor heating manipulation. The model
is therefore fit for transient reactor design tasks in methanol steam
reforming. By modifying reaction kinetics the study also becomes
relevant to other on-demand chemical conversion processes in packed
bed reactors, positively helping usher in a hydrogen based future.
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