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Abstract: The classical scale-up approach for hydrogenation reaction processes usually includes numerous 
laboratory- and pilot-scale experiments. With a novel scale-up strategy, a significant number of these exper-
iments may be replaced by modern computational simulations in combination with scale-down experiments. 
With only a few laboratory-scale experiments and information about the production-scale reactor, a chemical 
process model is developed. This computational model can be used to simulate the production-scale process 
with a range of different process parameters. Those simulations are then validated by only a few experiments in 
an advanced scale-down reactor. The scale-down reactor has to be geometrically identical to the correspond-
ing production-scale reactor and should show a similar mass transfer behaviour. Closest similarity in terms of 
heat transfer behaviour is ensured by a sophisticated 3D-printed heating/cooling finger, offering the same heat 
exchange area per volume and overall heat-transfer coefficient as in production-scale. The proposed scale-up 
strategy and the custom-designed scale-down reactor will be tested by proof of concept with model reactions. 
Those results will be described in a future publication. This project is an excellent example of a collaboration 
between academia and industry, which was funded by the Aargau Research Fund. The interest of academia is to 
study and understand all physical and chemical processes involved, whereas industry is interested in generating 
a robust and simple to use tool to improve scale-up and make reliable predictions.
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make scale and process parameter changes predictable and reli-
able are therefore highly appreciated by regulatory authorities.

To validate the chemical process model, the reaction can be 
carried out in a scaled-down version of the production-scale reac-
tor.[11] In this validation experiment, not only closest similarity in 
mass and heat transfer but also in geometry and hydrodynamics 
must be maintained.[12,13] 

Zufferey[14] used the RC1 reaction calorimeter commercial-
ised by Mettler Toledo (2 L) to predict and experimentally imitate 
the heat transfer behaviour of production-scale reactors (40 L to 
25 m3). The prediction is based on two online heat balances. One 
determines the actual reaction heat measured by the calorimeter 
with known heat transfer behaviour. The other numerically simu-
lates the theoretical reaction mixture temperature of the produc-
tion-scale reactors, based on previously generated and validated 
dynamic heat transfer models of the same production-scale reac-
tors. However, with this approach, the heat transfer area to volume 
ratio and therefore also the inner wall temperature of the labora-
tory-scale calorimeter deviate significantly from production-scale 
reactors. 

In another approach, suggested by Kupr and Hub,[15] the heat 
transfer area of the laboratory-scale calorimeter was modified to 
have the same heat transfer area to volume ratio as production-scale 
reactors. This was achieved by lowering the heat transfer fluid lev-
el in the glass jacket of the calorimeter. Furthermore, the magni-
tude of the heat transfer coefficient was also kept equal to that of 
the production reactors by changing the flow rate of the heat trans-
fer fluid. With this approach, the authors were able to imitate the 
heat transfer behaviour of stainless steel and enamelled reactors 
from 160 L to 16000 L. Ashe[16] proposed a similar approach with 
different intentions. He developed a continuous stirred tank reac-
tor with a variable number of small jacket elements. He suggested 
that the measurement of exchanged heat in production-scale reac-
tors with such jackets is improved. Furthermore, the working area 
of the jacket can be limited to liquid-covered surfaces. This should 
avoid thermal damage to heat-sensitive products. 

The approaches mentioned did not investigate the scale de-
pendency of the mixing and mass transfer performance and ne-
glected geometrical similarity to some extent. 

Siegfried AG, a well-known CDMO for the pharmaceuti-
cal industry, and the University of Applied Sciences and Arts 
Northwestern Switzerland (FHNW) are together developing a 
scale-up strategy based on the current state of the art. This strat-
egy aims to achieve a safer, more direct and controlled introduc-
tion of hydrogenation reaction processes into production-scale. 
Hydrogenation reactions are very demanding in terms of pro-
cess safety and chemistry. In Fig. 1 parameters influencing hy-
drogenation processes are illustrated in blue. With the proposed 
scale-up strategy, adequate process performance (green) should 
be achieved with only a few laboratory-scale experiments. This 
strategy could have a wide field of application since many com-
plex multi-step syntheses have at least one hydrogenation step. 

2. Scale-up Strategy
The guideline for this article will be a flowchart illustrating

the proposed scale-up strategy (Fig. 2). The centrepieces of this 
scale-up strategy are a scale-down of the production-scale reactor 
and a computational dynamic process model. For the design of 
both, specific laboratory- and production-scale data are required. 
With the dynamic model, the parameters of the production-scale 
reaction process can be adjusted to achieve the desired product 
quality and production time. The simulated process with the op-
timized process parameters is then verified in an advanced, cus-
tomized scale-down experiment. If the results of this experiment 
agree with the simulation, the process may be scaled-up directly 
to production-scale. The production-scale process then generates 
valuable dynamic data. On one hand, those data can be used for 
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1. Introduction
The main goal of a chemical process scale-up is usually de-

fined as the reproduction of laboratory-scale results on a larger 
scale. Same conversions, yields, selectivity and preferably even 
improvements of those parameters should be achieved.[1] The 
classical scale-up strategy is based on numerous laboratory-scale 
experiments and often includes an intermediate batch-scale, a 
so-called pilot-scale campaign, to approach production-scale. 
Nevertheless, it is possible that a well-defined process deliv-
ers good results in laboratory- and pilot-scale, and then fails to 
achieve the required quality or performance in a production-scale 
batch.[2] Such undesired deviations occur especially if mixing in-
fluences the process selectivity and thus some of the reactions in-
volved are both fast and mass transport dependent.[3,4] For a more 
efficient and controlled process scale-up, it is possible to simulate 
the behaviour of the production-scale reaction process based on 
a dynamic process model of the production-scale reactor. These 
models are usually based on reaction kinetics, reaction enthalp-
ies and dynamic physical models for heat and mass transfer of 
production-scale reactors.[5–7] With information and knowledge 
gained from the development of a chemical process model the 
establishment of the design space can be strongly supported.[8,9] 
Product and process understanding is a key element of Quality by 
Design (QbD). Quality cannot solely be tested in products and 
should therefore be built into the product by design.[10] Efforts to 
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of more complex multi-step reactions, it is suggested to use fur-
ther process analytical technologies (PAT) to follow the substrate, 
product, intermediates and by-products concentrations. 

For gas–liquid reactions such as hydrogenations, the mass 
transfer of gaseous reactants into the liquid phase must be con-
sidered. Therefore, mass transfer correlations are generally deter-
mined experimentally and included in a computational, dynamic 
model of the reaction calorimeter. With subsequent experiments 
in this reaction calorimeter, the kinetic and thermodynamic pa-
rameters are identified by simulating the experimental system 
and minimizing the error to the measured data. This approach is 
described in literature with different software and optimization 
tools.[5,19] 

At Siegfried AG the RC1 reaction calorimeter combined with 
an automatic sampling system, offline analytics and spectroscopic 
PAT tools are used to generate experimental data. The kinetic and 
thermodynamic parameters of the corresponding reactions and 
involved side reactions are then determined with Dynochem®.[20] 
Models including up to 22 competing reactions were developed 
to describe the reaction process in a precise and robust computa-
tional model.

2.1.2 Physical Properties of the Reaction Mixture
Heat and mass transfer behaviour are strongly linked to the 

physical properties (density, heat capacity, thermal conductivity 
and viscosity) of the reaction mixture and therefore also to their 
temperature dependency. Thus, those properties are determined 
experimentally if they are not already known. Averaging the prop-
erties of the start and end reaction mass improves the results. Only 
considering the known physical properties of the solvent and ne-
glecting the influence of the other components represents a first 
approximation if no further measurements are possible.

2.1.3 Geometry, Agitation and Construction Material of the 
Production-Scale Reactor

For the design of the scale-down reactor and estimation of 
the production-scale heat and mass transfer correlations, specif-
ic information about the production-scale reactor is needed. This 
includes, among other things, specific geometric information 
(bottom, jacket, stirrer and cylindrical part) and the construction 
material. Furthermore, the physical properties of the construction 
material (density, specific heat capacity and thermal conductivi-
ty), the mass flow and temperature-dependent physical properties 
of the heat transfer fluid (density, heat capacity, thermal conduc-
tivity and viscosity) must be known. If the mass flow of the heat 
transfer fluid is not measured, it is determined or estimated in 
relation to the inlet temperature of the heat transfer fluid.

2.1.4 Characterisation of Production-Scale Reactor 
To validate and adjust the heat and mass transfer part of the dy-

namic process model, experimental data of the production-scale 
reactor are used, i.e. isothermal and ramped heating/cooling ex-
periments and gas (hydrogen) uptake experiments. Those experi-
ments are carried out with varying jacket temperatures, fill levels, 
solvents and agitation speeds. 

2.2 Dynamic Process Model
A computational process model to simulate the reaction pro-

cess in the production-scale reactor is developed for each new 
chemical process. The model numerically simulates the concen-
trations of all components in the reaction mixture and gas phase, 
as well as the temperatures of all simulated sections (reaction 
mixture, gas phase, reactor wall and heat transfer fluid (jacket)). 

The model can be subdivided into three parts (chemical reac-
tions, heat transfer and mass transfer). It is assumed that the gas 
phase has the same temperature as the reaction mixture. Therefore, 
it is not considered in the heat transfer part. 

online process monitoring and on the other, to continuously im-
prove the dynamic process model.

2.1 Laboratory and Production-Scale Data
Laboratory-scale data include reaction kinetics, reaction en-

thalpy and the physical properties of the reaction mixture. The 
required production-scale data include geometry, agitation, con-
struction material and a characterization of the dynamic behaviour 
of the production-scale reactor. 

2.1.1 Reaction Kinetics and Enthalpy 
The description of the chemical process is an important part 

of a dynamic process model. If possible, the kinetic parameters 
(reaction orders, activation energies, rate constants) and reac-
tion enthalpy of all reactions occurring in the process should be 
known. With a stirred-tank reaction calorimeter[17] and an appro-
priate analytical method, those parameters can be determined with 
only a few experiments. An interesting approach to generate these 
preliminary data by online calorimetric and non-calibrated infra-
red data was investigated by Zogg et al.[18] They used such data to 
identify chemical parameters of acetic anhydride hydrolysis with 
a combined evaluation algorithm. For an accurate characterization 

Fig. 1. CAD drawing of agitated production-scale autoclave (middle), 
main parameters influencing a hydrogenation process (blue) and pro-
cess performance indicators (green).

Fig. 2. Flowchart illustrating the proposed scale-up strategy (numbers in 
bold indicate the chapter numbers which refer to this article).
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With a heat balance for each section, the heat flows due to 
accumulation 
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 are computed. The heat flow due to ac-
cumulation in the reaction mixture 
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 is computed ac-
cording to Eqn. (2):

The heat flow from the reaction mixture to the reactor wall 
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 is computed according to Eqn. (3):

With the geometry of the reactor, the density and mass of 
the reaction mixture, the heat transfer area (A

RW
) is computed 

dynamically. The heat transfer coefficient (U
RW

) is determined 
as stated in Eqn. (4):

The right part of this definition includes the thermal  
resistance of half the wall thickness (thickness

W
). The left side de-

fines the heat transfer from the inner surface of the stirred reactor
to the surface of the wall due to forced convection.[22] The Nusselt 
number (Nu

R
) is computed according to Eqn. (5):[22]

The agitator used has two agitator units as can be seen
in Fig. 1. If only the first agitator unit is immersed in the 
reaction mixture, parameter C

1
 is used. If both units are in 

contact with the reaction mixture, parameter C
2
 is used. For 

the transitional area a weighted combination of both is used. 
Furthermore, the impeller Reynolds number (Re

R
) is defined 

by Eqn. (6):

The heat flow due to accumulation in the reactor wall  
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is computed according to Eqn. (7):

𝑄𝑄, = 𝑄𝑄 − 𝑄𝑄 (2) (2)

𝑄𝑄 = 𝑈𝑈 ⋅ 𝐴𝐴 ⋅ (𝑇𝑇 − 𝑇𝑇) (3)(3)
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(5) (5)

𝑅𝑅𝑅𝑅 =
𝑛𝑛 𝑛 𝑑𝑑 ⋅ 𝜌𝜌

𝜂𝜂
(6) (6)

𝑄𝑄, = 𝑄𝑄 − 𝑄𝑄 (7) (7)

In this article only the development of the heat transfer part 
will be described in detail. A description of the remaining parts is 
planned in a future publication. The model was developed using 
MATLAB[21] and implemented into Dynochem.[20] If a process 
model of the same production-scale reactor is already available, 
only the part specifying the chemical reaction needs to be adjust-
ed within Dynochem. The input needed and output generated by 
the finalized dynamic Dynochem process model is illustrated in 
Fig. 3.

2.2.1 Chemical Reactions
This part of the model computes the rates of all reactions at 

each time step according to the Arrhenius equation. It uses kinetic 
parameters determined by the method described in section 2.1.1. 
With the reaction rate it is possible to compute, for each time step, 
the concentration change of each component and, by considering 
the reaction enthalpies, the heat flow due to the reactions involved. 

2.2.2 Heat Transfer
For the heat transfer part, the reactor is divided into three dif-

ferent sections. These sections are illustrated in Fig. 4: 1) Heat 
transfer fluid, 2) Reactor wall, 3) Reaction mixture. The tempera-
ture within a section is assumed to be homogeneous. The temper-
ature of each section is computed by numerical integration of Eqn. 
(1), where all variables except time are section specific: 

The wall of the stainless-steel hydrogenation autoclave, be-
tween the reaction mixture and the jacket, is relatively thick and 
heavy. Therefore, it was important to include the influence of the 
reactor wall on the dynamic heat transfer behaviour of the reac-
tor. In the developed model, the temperature of the wall (T

W
) was 

simulated at half its thickness.

Fig. 3. Input and output of the dynamic process model.

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 =

𝑄𝑄
𝑚𝑚 𝑚 𝑐𝑐𝑐𝑐 (1) (1)

Fig. 4. Structure of heat transfer model of production-scale reactor.



952  CHIMIA 2021, 75, No. 11� Industry-Academic Partnerships

The computation of the heat flow between the reactor wall 
and the jacket 
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 and 
is defined by Eqn. (8):

Since the path of the heat transfer fluid does not change, 
the heat transfer area (A

WJ
) is set as constant and calculated 

with knowledge of the reactor geometry. The heat transfer co-
efficient (U

WJ
) is computed according to Eqn. (9):

Further, the Nusselt number is defined by Eqn. (10):[23]

Here, the Reynolds number is computed according to Eqn. (11):

The heat flow due to accumulation in the jacket 

(𝑄𝑄) Symb a

(𝑄𝑄) Symb b

(𝑄𝑄,) Symb c

(𝑄𝑄) Symb d

(𝑄𝑄,) Symb e

(𝑄𝑄) Symb f

(𝑄𝑄,) Symb g

𝑚𝑚 Symb h

𝑃𝑃𝑃𝑃 = ∗
 Symb i

𝑄𝑄 Symb j

 is 
computed according to Eqn. (12):

As in the reaction mixture section, the jacket (heat transfer 
fluid) is assumed to have no spatial variation in temperature. Since 
the fluid which leaves the jacket has the same temperature as the 
section, there will be no heat flow out of the jacket. However, the 
temperature of the oil which enters the jacket (T

inlet
) can differ 

compared to the jacket temperature (T
j
). The heat flow due to this 

inflow is computed by Eqn. (13):
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𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑛𝑛𝑛𝑛𝑠𝑠𝑠𝑠
2 ⋅ 𝜆𝜆


(9)

(10)𝑁𝑁𝑁𝑁 = 𝐶𝐶 ⋅ 𝑅𝑅𝑒𝑒 ⋅ 𝑃𝑃𝑟𝑟 ⋅
𝜂𝜂
𝜂𝜂,

.
⋅ 1 + 3,5 ⋅ 4 ⋅ 𝑑𝑑𝑑𝑑

(10)

(11)𝑅𝑅𝑅𝑅 =
4 ⋅ 𝑑𝑑 ⋅ 𝑣𝑣 ⋅ 𝜌𝜌

𝜂𝜂 (11)

(12)𝑄𝑄, = 𝑄𝑄 + 𝑄𝑄 (12)

The parameters C
1
 to C

5
 and the relevant mass of the reactor wall 

(m
W
) were identified with a least squares optimization based on sim-

ulated and measured temperatures of different heating and cooling 
experiments. For this, the Surrogate Optimization Algorithm[24] 
implemented in the MATLAB[21] Global Optimization Toolbox 
was applied. The boundaries for parameters C

1
 to C

5
 were set 

to –/+15% of the expected literature values.[22,23] The boundaries 
for the relevant reactor wall mass were set to 3000–9500 kg. The 
value estimated from the geometry and density was 6250 kg.

The simulation result of one of the heating and cooling ex-
periments of the production-scale reactor can be seen in Fig. 5. 
Based on the jacket inlet temperature (T

inlet
) the process model is 

able to simulate the reaction mixture temperature (T
R
), the wall 

temperature (T
W
) as well as the jacket outlet temperature (T

J
). As 

can be seen in Fig. 5 the simulated temperatures (T
R
 and T

J
) agree 

very well with the corresponding measured data.

2.2.3 Mass Transfer
For multiphase reactions, such as hydrogenations, the con-

version rate can be controlled by the rate of interphase mass 
transfer.[3] Therefore, it is also important to include the dynamics 
of the mass transfer (gas–liquid) in the process model. 

If the transport is too slow, reaction kinetics will slow down, 
so that side reactions become prominent or dangerous inter-
mediates may accumulate. If the catalyst depletes from hydro-
gen, catalyst poisoning or heavy metal, leaching is possible. 
Therefore, hydrogen mass transport is relevant for both process 
quality and safety.

The rate of mass transfer across the phase boundary can be 
described according to Eqn. (14):

Analogous to heat transfer, the mass transfer can also be divid-
ed into individual resistances. Diffusion in the gas phase is usually 
several powers of orders of magnitude faster than in the liquid 
phase. Therefore gas-phase transfer resistance can be neglected 

(13)𝑄𝑄 = 𝑚𝑚 ⋅ 𝑐𝑐𝑝𝑝 ⋅ (𝑇𝑇 − 𝑇𝑇) (13)

(14)
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝑘𝑘𝑎𝑎 𝑎 (𝑐𝑐, − 𝑐𝑐) (14)

Fig. 5. Simulated heat transfer 
behaviour of the 4 m3 production- 
scale agitated autoclave filled 
with 3075 kg methanol (only Tinlet 
imposed)
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signed so that it is possible to mount a bigger glass reactor (5 L) 
without major changes. It will be possible to equip this bigger 
glass reactor with a pneumatic bottom valve to allow an emergen-
cy quench of the reaction mixture with a suitable solution in the 
100 L container. 

2.4.3 Similarity of Heat Transfer Behaviour
Unlike ordinary laboratory pressure autoclaves this reactor 

will not be jacketed. The isolating function of the 100 L container 
will minimize heat exchange between the glass wall and its envi-
ronment (quasi adiabatic behaviour). For this, the temperature of 
the safety container will be kept at the same temperature as the 
reaction mixture in the glass vessel.

The heat transfer with the reaction mixture will be realized 
using an H/C-finger (Fig. 6) which imitates the heattransfer be-
haviour of the production-scale reactor. Silicon oil as heattransfer 
fluid will flow through the H/C-finger. The control of the silicon 
oil inlet temperature is realized by adjusting the mixing ratio of 
the oil at two different temperatures. With this approach it is pos-
sible to mimic fast inlet temperature changes which are common 
in production-scale reactors.

The H/C-finger is designed to meet the following conditions:
• 	�similar geometry to a baffle of the production-scale reac-

tor;
• 	�similar volume to heat transfer area ratio as the produc-

tion-scale reactor;
• 	�similar overall heat transfer coefficient as the produc-

tion-scale reactor;
• 	�similar construction material as the production-scale reac-

tor wall.
If these conditions are fulfilled, the heat transfer behaviour 

of the scale-down reactor will be very close to that of its corre-
sponding production-scale reactor. Furthermore, the surface tem-
perature of the heat exchangers (production-scale wall and H/C-
finger) will be similar. Therefore, it is possible to imitate potential 
chemical reactions close to or on hot/cold surfaces. As illustrated 
in Fig. 1, hot/cold surfaces are an important process parameter for 
hydrogenation reactions.

The H/C-finger was designed using computational fluid 
dynamics (CFD). The results of these computations were then 
combined with the dynamic process model. ANSYS® Fluent®[26] 
was used for the CFD calculations. The heat flow from the oil to 

and the liquid-phase transfer resistance (k
L
) equals to the overall 

and speed-determining transfer resistance.[12] Since it would be 
a large effort to measure the phase interface, the product of the 
resistance (k

L
) and the interface area per volume (a) is usually 

considered and measured as a unit (k
L
a).[12] The saturation con-

centration (c
L,sat

) is described by the solubility of the hydrogen in 
the reaction mixture. It is assumed to be equal to the solubility in 
the solvent only. The pressure dependency and absolute values of 
the saturation concentration can be described by Henry’s law.[25]

At the current stage of the project, the k
L
a value for hydrogen 

in the production-scale reactor was experimentally determined for 
two different solvent systems at varying temperature, fill level and 
agitation speed. The dependency on those parameters was then 
incorporated into the dynamic process model. It is assumed that 
the mass transfer of the reaction mixture behaves as though the 
reaction mixture is purely one of the measured solvents. 

The mass transfer part of the dynamic process model will be 
further investigated. The mass transfer will be incorporated into 
the model in the same way as the heat transfer part and hence the 
dependency of the physical properties of the reaction mixture on 
the gas–liquid mass transfer will be considered. The results will 
be described in a future publication.

2.3 Simulation of Production-Scale (≈Scale-down)
With the complete dynamic process model, it is possible to 

simulate chemical reaction processes in production-scale reac-
tors. The process parameters shown in Fig. 3 can be adjusted so 
that the simulation results meet the desired specifications. Since 
the scale-down experiment should imitate the production-scale 
reactor, the simulation will also predict the reaction process in 
the scale-down experiment. With the dynamic process model, it is 
also possible to identify the limiting factor for the reaction process 
(e.g. heat or mass transfer).

2.4 Design of Scale-down Reactor
The scale-down reactor should be able to validate the simula-

tions of the production processes and it should therefore imitate 
the production-scale reactor as accurately as possible. For this, 
its geometry, heat transfer behaviour and mass-transfer behav-
iour (agitation and flow profile) must be similar. Siegfried AG 
and the University of Applied Sciences and Arts Northwestern 
Switzerland are currently developing and building a scale-down 
reactor of a 4 m3 hydrogenation autoclave (Fig. 1) in cooperation 
with Premex Solutions GmbH. This reactor will be installed in 
the new Process Technology Center (PTC) of the FHNW HLS.

2.4.1 Geometric Similarity
The vessel itself and the agitator will be made of glass hav-

ing the same geometry as the production-scale autoclave. With an 
inner diameter of about 120 mm (~1 L), the scale-down reactor 
is significantly smaller than its original with an inner diameter of 
1720 mm (~4000 L). The gas injection tube and baffles are also 
designed to show good geometrical similarity. Those will be made 
from stainless-steel, as in the production-scale reactor. One of the 
four baffles will be replaced by an automated sampling system 
and another by a heating/cooling finger (H/C-finger, Fig. 6) which 
is geometrically identical to the baffle. 

2.4.2 Laboratory Safety
The glass vessel will be kept in a bigger (100 L) pressure re-

sistant (10 bar) stainless-steel reactor which will function as safe-
ty and isolation container (Fig. 7). This stainless-steel container 
prevents a severe laboratory accident in case the glass autoclave 
bursts. Possible reasons for bursting could be an unexpected run-
away, pressure build up or material failure. During normal oper-
ation the stainless-steel container takes on the function of a blow 
down tank (see red line in Fig. 8). The scale-down reactor is de-

Fig. 6. Cross section view of final H/C-finger design (left). Visualization of 
ANSYS® Fluent® CFD results (right).
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the solid part of the finger was simulated for various oil temper-
atures and the resulting heat transfer coefficient (Fig. 6, right) 
was compared to that observed in the production-scale reactor 
heating/cooling experiments. The geometry of the channel in the 
H/C-finger was then modified until the computed heat transfer 
coefficient matched the one obtained from the production-scale 
process model. 

2.4.4 Similarity of Mass Transfer Behaviour
The geometrical similarity of the scale-down and produc-

tion-scale reactor should contribute to the similarity of mass trans-
fer. The agitation speed of the scale-down reactor is used to adjust 
the mass transfer. With gas (hydrogen) uptake experiments at var-
ying temperatures, agitator speeds and fill levels, a mass transfer 
correlation will be derived for the scale-down reactor. The agitator 
speed can then be set so that the mass transfer is equal for both 
scales. A similar approach was proposed by Benz.[27] However, 
for heterogenic reactions, dispersion needs to be considered; the 
agitation speed should be fast enough to disperse the mixture. 

2.4.5 Final Design
The final scale-down reactor design is illustrated by the 

three-dimensional drawing (Fig. 7) and the schematic representa-
tion (Fig. 8). The inside temperature of the bigger stainless-steel 
container and lid can be controlled by an external thermostat, us-
ing tempered silicon oil flowing through a channel in the lid and 
copper tubes in the isolation container. The surfaces in frequent 
contact with the reaction mixture will be made from highly cor-
rosion resistant Hastelloy C-22. 

2.5 Scale-down Experiments
With this custom-designed scale-down reactor, experiments of 

the simulated reaction processes can be performed and the simu-
lation can be validated. This experiment must be carried out under 
exactly the same conditions as simulated and planned in the produc-
tion-scale reactor. If the experimental results agree with the simu-
lation, it can be assumed that the reaction process will lead to the 
same results in production-scale. If not, however, the reasons for the 
deviation need to be investigated. It might be possible that laborato-
ry- or production-scale data need to be extended or measured again. 

In this phase of development, PAR (Proven Acceptable Range) 
experiments are usually performed to demonstrate the robustness 

of the process and to establish the design space. Some or all of 
those PAR experiments may be replaced by simulations and a 
few scale-down experiments to validate the simulations. With this 
systematic approach to development (QbD) the normal operating 
range (NOR), the PAR and also the design space for the reaction 
process parameters can be defined.[8,9]

Fig. 7. CAD drawing of final scale-down reactor design (Premex 
Solutions GmbH). The geometrically similar glass vessel (slightly blue) 
is visualized inside the safety container. The H/C-finger and the agitator 
are also shown.

Fig. 8. Schematic representation 
of scale-down reactor assembly. 
B1.P1 and B1.T1 are allocated to 
the inside of the safety container 
B1. The dip tube and R1.T1 are 
allocated to the inside of the 
glass vessel R1.
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Symbols and Subscripts
Symbol	 Description 
A	 Heat transfer area
c	 Concentration
C

1
–C

5
	 Parameters for Nusselt numbers

cp	 Specific heat capacity
d

A
	 Agitation diameter

d
c
	 Mean diameter of jacket coil helix

d
e
	 Annular space width of jacket

d
V
	 Inner vessel diameter

k
L
a	 Overall mass transfer coefficient

m Mass

(𝑄𝑄) Symb a

(𝑄𝑄) Symb b

(𝑄𝑄,) Symb c

(𝑄𝑄) Symb d

(𝑄𝑄,) Symb e

(𝑄𝑄) Symb f

(𝑄𝑄,) Symb g

𝑚𝑚 Symb h

𝑃𝑃𝑃𝑃 = ∗
 Symb i

𝑄𝑄 Symb j

	 Mass flow
n	 Agitation speed
Nu	 Nusselt number
Pr	 Prandtl number, 

(𝑄𝑄) Symb a

(𝑄𝑄) Symb b

(𝑄𝑄,) Symb c

(𝑄𝑄) Symb d

(𝑄𝑄,) Symb e

(𝑄𝑄) Symb f

(𝑄𝑄,) Symb g

𝑚𝑚 Symb h

𝑃𝑃𝑃𝑃 = ∗
 Symb i

𝑄𝑄 Symb j

(𝑄𝑄) Symb a

(𝑄𝑄) Symb b

(𝑄𝑄,) Symb c

(𝑄𝑄) Symb d

(𝑄𝑄,) Symb e

(𝑄𝑄) Symb f

(𝑄𝑄,) Symb g

𝑚𝑚 Symb h

𝑃𝑃𝑃𝑃 = ∗
 Symb i

𝑄𝑄 Symb jHeat flow
Re	 Reynolds number
t Time
T	 Absolute temperature
U	 Heat transfer coefficient
v Velocity
η	 Dynamic viscosity
λ	 Thermal conductivity
ρ Density
Subscript
1|2	 1 or 2
accu	 Due to accumulation
inlet	 Entering heat transfer fluid
J	 Jacket / Heat transfer fluid
J,W	 Heat transfer fluid near reactor wall
L	 Liquid side
R	 Reaction mixture
react	 Due to reactions
RW	 From reaction mixture to reactor wall
R,W	 Reaction mixture near reactor wall
sat Saturation
W	 Reactor wall
WJ	 From reactor wall to heat transfer fluid
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2.6 Direct Scale-up to Production-Scale
If the results of the simulation and the scale-down experiments 

agree, the reaction process can be scaled-up directly to production 
scale. In comparison to the classical scale-up strategy only a few 
laboratory-scale and no pilot-scale experiments are required for 
the whole process scale-up. By reducing the number of experi-
ments, especially on a pilot-scale, indirect costs such as the cost 
of environmental pollution are considerably reduced in addition 
to costs for operation for well-known reasons. Furthermore, the 
time to market is reduced considerably.

2.7 Production-Scale Data
The data generated from the production-scale reaction pro-

cesses can be used to continuously validate and calibrate the dy-
namic process model. For this, the measured concentrations and 
temperature profiles can be compared with the results from the 
simulation and the scale-down experiment. If a significant devi-
ation is observed, the optimized parameters of the process model 
can be adjusted accordingly.

2.8 Process Monitoring
The data observed during the production-scale process can 

be compared with the simulated prediction. If temperature and/
or concentration profiles deviate strongly from the simulation, 
potential problems will be detected. With such early detection it 
is possible to intervene in the process and save the batch. The 
model makes the chemical reaction predictable on a large scale, so 
deviations give hints that the reaction performance is influenced 
by factors which were not evaluated during laboratory-scale de-
velopment. This may be catalyst poisoning from a starting ma-
terial, or different catalyst turnover for example. In the classical 
approach, these effects will only be detected when a huge number 
of reactions is analysed statistically. The scale-down strategy on 
the other hand enables a systematic and efficient investigation of 
the root cause.

3. Conclusion and Outlook
With the proposed novel scale-up strategy for hydrogenation

reactions in agitated multipurpose autoclaves it will be possible 
to efficiently scale-up reaction processes from laboratory to pro-
duction-scale. The combination of advanced scale-down lab ex-
periments and a powerful computational model for the reaction 
and scale-up process enables Siegfried to make scale-up process-
es more reliable and predictable with even fewer experiments. 
Predictions of the chemical process model are used to optimize 
process parameters and evaluate robust operating ranges for the 
hydrogenation processes in production-scale. Thanks to the col-
laboration with the FHNW it was already possible for Siegfried 
to represent reactions which could not be simulated with com-
mercially available software alone. With advanced scale-down 
experiments in a custom-designed scale-down reactor it will also 
be possible to validate those simulations in laboratory-scale.

This article presents a general overview of the proposed scale-
up strategy. Furthermore, the heat transfer part of the improved 
process model was described in detail. Likewise, the design of 
the customized scale-down reactor including the H/C-finger was 
discussed.

All parts of the project as yet not completed will be described 
in a future publication. This includes a further investigation of 
the dynamic process model’s mass transfer part. Mass transfer 
will be incorporated into the model in the same way as the heat 
transfer part and hence the dependency of the physical properties 
of the reaction mixture on the gas-liquid mass transfer will be 
considered. Furthermore, the constructed scale-down reactor and 
the validation of the scale-up strategy by proof of concept with 
model reactions will be described. 
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