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Abstract 

Continuous counter-current extraction of natural products has gained increasing interest over 

traditional batch extraction methods due to its superior extraction efficiencies and larger 

productivity. This work investigates a complex three-phase counter-current extraction process 

in a horizontal screw-driven extractor, combining experimental studies, computational fluid 

dynamics (CFD) simulations, and simplified compartment model analysis. The objective is to 

understand phase behaviour, residence time distributions (RTD), and the effects of operating 

conditions, as well as to propose optimisation strategies.  

Experimental characterisation used water as a solvent to enable optical observations and 

sampling and to provide detailed insights into operating conditions, material properties, and 

phase RTDs during steady-state operation. A partial filling of the extractor was detected, while 

the occurrence of a gas phase could not be prevented. A narrow operating window for stable 

process performance was identified, influenced primarily by the screw rotation speed, solid-

liquid ratio, and dry leaf mass flow rate. Reducing the perforated disk hole size stabilised the 

pressure at the compression cake, improving solvent usage. The solid phase shows a near-plug 

flow reactor (PFTR) behaviour, while the solvent phase has a near-continuously stirred tank 

reactor (CSTR) behaviour which supports an efficient solvent exchange. These observations 

are transferable to toluene as the solvent when matching the corresponding Reynolds 

numbers. 

To simulate the extraction process, various CFD approaches were applied. The Eulerian 

Multiphase (EMP) model, though theoretically suitable, was limited by mesh quality and 

computational cost. A Volume of Fluid (VOF) model represents the partly-filled flow, including 

solvent and gas phase, providing promising results. It can accurately predict liquid RTD and 

phase-specific mass flow rates. However, high computational costs remain a limitation. 

Simplified coupling of CFD simulations with compartment models (CPT) reveal significant 

phase volume reductions on the way toward the extract outlet, contrary to previous 

assumptions made by Vu [Vu23]. Backflow rates for the solvent are about 50% of the forward 

flow, indicating near-CSTR behaviour and confirming the RTD results. Modified screw designs 

demonstrate potential for optimisation regarding these backflow effects. This work paves the 

way for more efficient and scalable extraction of natural products. 
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Zusammenfassung 

Die kontinuierliche Gegenstromextraktion von Naturstoffen hat aufgrund ihrer 

Extraktionseffizienz und höheren Produktivität zunehmend an Bedeutung gegenüber Batch-

Extraktionsverfahren gewonnen. Diese Arbeit untersucht einen dreiphasigen 

Gegenstromextraktionsprozess in einem horizontalen, schneckengetriebenen Extraktor durch 

experimentelle Studien, Strömungssimulationen (CFD) und vereinfachte Kompartiment-

Modelle (CPT). Ziel dabei ist das Phasenverhalten, die Verweilzeitverteilungen (RTD) und die 

Einflüsse der Betriebsbedingungen zu verstehen sowie Optimierungsstrategien zu entwickeln.   

Für die experimentelle Charakterisierung wurde Wasser als Lösungsmittel verwendet, um 

optische Beobachtungen und Probenentnahmen zu ermöglichen. Dies lieferte Einblicke in 

Betriebsbedingungen, Materialeigenschaften und Phasen-RTDs unter stationären 

Bedingungen. Neben der Teilfüllung des Extraktors wurde ein schmales Betriebsfenster für 

einen stabilen Prozess identifiziert, beeinflusst von Schneckendrehzahl, Feststoff-Flüssigkeits-

Verhältnis und Feststoff-Massenstrom. Die Verringerung der Lochdurchmesser in der 

Lochscheibe stabilisiert den Druck im Kompressionskuchen und verbesserte die 

Lösungsmittelnutzung. Die Feststoffphase zeigt das Verhalten eines Rohrreaktors (PFTR), 

während die Lösungsmittelphase einer Rührkesselkaskade (CSTR) ähnelt und einen effizienten 

Lösungsmittelaustausch unterstützt. Diese Beobachtungen sind bei Anpassung der Reynolds-

Zahl auf Toluol als Lösungsmittel übertragbar. 

Für die Simulation des Extraktionsprozesses wurden verschiedene CFD Ansätze genutzt. Das 

EMP Modell ist theoretisch geeignet, jedoch durch Gitterqualität und hohe Rechenkosten 

eingeschränkt. Das Volume-of-Fluid (VOF) Modell ist vielversprechend für den teilgefüllten 

Extraktor und kann die RTD der flüssigen Phase sowie phasenspezifische Massenströme 

vorhersagen. Seine Anwendbarkeit bleibt jedoch durch hohe Rechenkosten limitiert. 

Eine vereinfachte Kopplung der CFD-Simulationen mit CPT-Modellen zeigt unterschiedliche 

Phasenvolumina entlang des Extraktors, entgegen früherer Annahmen von Vu [Vu23]. Die 

Rückflusseffekte des Lösungsmittels betragen durchschnittlich ca. 50% des Vorwärtsflusses 

und deuten wie die RTD Ergebnisse auf ein CSTR-Verhalten hin. Modifizierte 

Schneckendesigns bieten Optimierungspotenziale hinsichtlich der Rückflusseffekte. 

Zusammenfassend zeigt diese Arbeit verschiedene Möglichkeiten für eine effizientere und 

skalierbare Extraktion von Naturstoffen auf. 
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Dã   modified Damköhler number in a batch reactor Eq. (2-20)  
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1 Introduction

Counterflow extraction processes are widely used in the food industry, where they are 

applied, for example, in the solid-liquid extraction of beet sugar, vegetable oils from soybeans, 

rapeseed oil, or hop extract. With this method, higher final concentrations of the target 

substance in the solvent can be achieved compared to the direct current method. Additionally, 

the yield of the extraction process can be increased. This leads to a growing interest regarding 

counterflow processes in the pharmaceutical industry. In particular, high yields are required 

for the extraction of plant substances from natural materials, used further for the preparation 

of drugs [Lac85].  

The Max-Planck-Institute for Dynamics of Complex Technical Systems (MPI) in Magdeburg has 

developed a continuous counterflow solid-liquid extraction process to gain artemisinin (ARTE) 

[Vu23]. Artemisinin-based combination therapies (ACT) are currently recommended by the 

World Health Organization as standard treatment against the infectious disease malaria 

[WHO24]. The World Malaria Report 2024 indicates that 263 million people in 83 countries 

were infected with malaria over the course of 2023, an increase of 11 million cases compared 

with 2022. Figure 1-1 illustrates the distribution of malaria cases globally, with the African and 

South-East Asian regions experiencing the highest incidence. Additionally, the data reveals 

that over 597 000 people died as a consequence of malaria, with 74% of these deaths affecting 

children below the age of 5 years.  

In 2019, a malaria vaccination was developed and made available in the most affected 

countries, namely Ghana, Kenya and Malawi. A 13% reduction in all-cause early childhood 

mortality has already been obtained. However, the current supply of vaccines is insufficient 

to meet demand. A total of 18 million doses will be distributed to 12 countries between 2023 

and 2025. It is estimated that four doses are required to provide optimal protection for 

vulnerable children, which allows for the treatment of only 4.5 million children. The objective 

of a reduction in malaria-associated mortality is presently not being achieved, with a 

discrepancy of 53% from the projected target [WHO24]. 
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Figure 1-1: Countries with endemic status in 2000 and their status by 2023 [WHO24]. 
 

These facts demonstrate the need and importance of the standard treatment by ACTs. Their 

basic compound artemisinin is obtained from the Artemisia annua L. (Asteraceae) plant 

(Figure 1-2 a). It is an annual herb native to Asia, with origins in China and Vietnam. Today, it 

is cultivated in various nations, including Argentina, Bulgaria, France, and even tropical regions 

like Africa [FLD+05]. The plant's leaves are the primary source of active compounds like 

artemisinin which is located in the glandular trichomes of the upper younger leaves [DPE+94]. 

Chemically, ARTE is an odourless, non-volatile substance with chemical structure shown in 

Figure 1-2 (b) and formula C15H22O5. It can be purified as white crystals [FLD+05]. The ARTE 

concentration in the plant depends strongly on growing conditions and geographical 

characteristics but also on genotype [CSW+90], harvesting time and plant tissues [GJM+96], 

[AEB99]. Typically, the concentration ranges from 0.5 to 1.5 wt.% based on the mass of dry 

leafs [LPC06], [You09], [FLD+05]. 

  
Figure 1-2: (a) Artemisia Annua L. plant, (b) chemical structure of Artemisinin [KFG+22]. 



Introduction 

 

3 
 

1.1 Motivation 

More than 210 million doses of ACTs have been supplied in affected regions in the year 2022.  

Nevertheless, the price of quality-assured ACTs is often higher than the recommended retail 

price by up to 57% [ONO+24] which renders them unavailable to the mostly poor population 

[HKR+07]. Reports of total syntheses of artemisinin by semi-synthetically pathways based on 

artemisinin acid [RPO+06], [TGG+14], [Noo10] and conversion of precursors like 

Dihydroartemisinic acid (DHAA) [TGV+18] are highly promising approaches but not 

economically feasible as a large-scale production yet [WSC+07]. In the conventional process, 

artemisinin is obtained by solid-liquid extraction, which is mostly performed in batch 

operation in the cultivating regions [LPC06]. In order to increase the production amounts, a 

conversion to continuous counterflow devices is increasingly applied [BP11]. With a fully 

continuous extraction process, which can be implemented cost-effectively in low-

infrastructure areas by simple means, the global production of artemisinin could be 

significantly increased [Hal18].  

Nevertheless, the performance of continuous extractors for solid-liquid extraction is only 

reported in few publications. Ferreira et al. reproduced a semi-continuous counter-current oil 

extraction of soybean by performing a three-stage batch extraction. While the soybeans have 

been placed in the extractor as a fixed bed, the solvent ethanol was heated and pumped in a 

closed circle through the fixed bed (percolation) [FGB+22]. Caré et al. studied solid-liquid 

phytoextraction of Robinia pseudoacacia combining static maceration and continuous flow at 

various solid-liquid ratios and flow rates. The process was performed semi-continuous, as well 

[CSB+23]. A completely continuous counter-current solid-liquid operation was performed by 

Neubauer et al. within a Taylor-Couette disk contactor to separate and purify a glycerol-salt 

mixture using ethanol as solvent. The performance was found to be comparable to two-stage 

cross-flow extraction by using only half the amount of solvent [NSV+23].  

 

Recently, Vu developed a screw-type extractor to perform a completely continuous counter-

current extraction of ARTE from the Artemisia annua L. plant (A. annua), coupled with the 

isolation of dihydroartemisinic acid (DHAA), a precursor to ARTE [Vu23]. The process is more 

efficient than traditional batch-wise extraction techniques commonly used in the 

pharmaceutical industry. The research provided data on distribution equilibria and extraction 

rates, enabling the development of a reduced compartment model for steady-state counter-
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current solid-liquid extraction. Continuous extraction experiments with the solvent toluene 

have been performed in a steel extractor shown in Figure 1-3 [Vu23].  

 

Figure 1-3: Extraction setup of the continuous counter-current apparatus (reproduced from 

[Vu23]), Steel extractor with 1- dried leaves storage, 2-motor for dry leaves feeding, 3-screw 
feeder, 4-motor extraction screw driving, 5-extractor, 6-solvent pump, 7-raffinate tank, 

8-weighting scale for raffinate, 9-extract tank, 10-weighting scale for extract. 

 

Since the organic solvent toluene is highly explosive when it comes into contact with oxygen, 

safety requirements are needed for this steel extractor. While the nitrogen gas is continuously 

flowing through the installation, several sensors measure the concentration of remaining 

oxygen and toluene at different locations. These sensors are  connected to a control system. 

If the permitted thresholds are exceeded, the entire process is stopped immediately to 

prevent explosions. These facts require a completely closed steel extractor that can neither 

be opened during operation nor allow probes from inside the process. Furthermore, for safety 

reasons, the material of this extractor cannot be changed to a transparent material such as 

glass. As a result, the steel extractor offers very restricted possibilities for characterising the 

process and finding its limitations. Vu could only marginally observe the operating window, 
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the material properties during the process as well as the residence time distribution (RTD) of 

the phases involved [Vu23]. However, this information is essential for reactor characterisation 

and optimisation [Mar00], [SP02].  

The application of a harmless solvent such as water in a similar reactor can provide useful 

information. It allows for optical observations of the process, since a transparent material such 

as glass can be used for the reactor. The interactions between velocity profiles and 

microscopic and macroscopic mechanisms of mass distribution can be additionally considered 

using Computational Fluid Dynamics (CFD). It also allows simple adjustments to the extractor 

design and solvent properties. However, CFD must first be properly validated using 

experimental data.  

 

1.2 Aims and structure of the thesis 

The thesis aims to enhance understanding of the continuous solid-liquid counter-current 

extraction process through simplified experiments in a glass extractor. Chapter 2 provides an 

overview of natural product extraction, including instructive chemical reaction engineering 

basics considering typical reactor systems. Chapter 3 details experimental investigations on a 

glass extractor constructed similarly to the steel setup reported by Vu [Vu23]. These 

experiments, focusing on material properties, steady-state operation, and phase residence 

time distribution, neglect mass transfer from the solid to the liquid phase but are essential for 

process understanding and CFD model development. Further, a transferability to real 

extraction considering mass transfer within the steel setup of Vu was performed. Based on 

these experimental observations and characterisations a numerical model is developed in 

chapter 4 using model simplifications to decrease computational costs. In chapter 5 this 

numerical model is further coupled with the existing compartment model of Vu [Vu23] 

including also the extraction kinetics to deliver a decision-support tool for improved process 

operation. This work is closed with conclusions and perspectives. 

 

 

 

 



 

 

6 
 

 

2 Extraction of natural products

Extraction basically exploits the mass transfer process of a desired compound from one phase 

into another. Here, liquid-liquid extraction (LLE) and solid-liquid extraction (SLE, also called 

leaching or maceration process) can be differentiated. When using natural products, so-called 

phytoextraction is performed from using mostly a solid starting material containing the 

valuable compounds while the extracting phase is usually a liquid (solvent).  

 

2.1 Phytoextraction 

Due to the growing demand in attractive bioactive compounds available in natural sources the 

development of efficient phytoextraction processes has recently received increasing interest 

[CRR+17]. These compounds are classified into primary and secondary metabolites. Primary 

metabolites result from the adaption of the plant to its surrounding, e.g., growth and 

reproduction of cells. They do not show any pharmaceutical effect. Secondary metabolites are 

bioactive compounds possessing an ecological role, e.g., defend the plant against predators.  

Typical secondary metabolites are, e.g., carotenoids, phenolic compounds and alkaloids. They 

are only found in specific plants inside capillaries, pores or single cells with much smaller 

amounts compared to primary metabolites [BP11], [APS+09]. 

The feed material can consist of leaves, flowers, branches, or seeds with a typical 

concentration of active pharmaceutical ingredient (API) ranging from 0.3 – 3 wt.%. The API 

concentration mainly depends on seasonal fluctuations and producing area. After receiving 

the raw material from agriculture, a pre-treatment is usually necessary for decreasing particle 

size and narrow particle size distribution. This enhances the mass transfer between the 

particles and the solvent. As a result, the extraction efficiency of APIs is increased. 

Nevertheless, too small particles can introduce bed compaction leading to blockage. The solid-

liquid extraction is usually performed with a supercritical fluid (under high pressure) or a 

solvent [KJS+10]. Thereby, the solvent penetrates the feed material until reaching cellular 

structures by molecular diffusion. Here, the soluble compounds are dissolved and the solvent 

solution, or extract, returns back to the feed surface by molecular diffusion. Finally, the solvent 

is transferred from the feed material surface into the liquid phase by convection (Figure 2-1).  
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Figure 2-1: Phytoextraction of solute from solid leaves to liquid solvent, reprinted 
from [RP13]. 
 

For pharmaceutical applications a final purification of the extract solution is performed to 

achieve an ultrapure product which can be capsulised or pelletised. For an efficient extraction 

the selection of a suitable solvent is of high importance and a key component of the process.  

 

2.2 Analogy of extraction processes and reversible reactions  

The Chemical Reaction Engineering (CRE) community provides useful tools to  describe 

reactions and to predict temporal and local concentration profiles in ideal reactors. These are 

namely the batch reactor (BR), the continuously stirred tank reactor (CSTR) and the plug flow 

tubular reactor (PFTR). Both, the CSTR and the PFTR represent limiting cases of continuously 

operated reactor systems as shown in Figure 2-2.  

 

Figure 2-2: Ideal continuous tank reactor models, (a) CSTR, (b) PFTR. 
 

A homogeneous and reversible reaction with the reaction rate 𝑟𝑗 can generally be solved in a 

batch reactor by using the Eq. (2-1) where 𝑖 denotes the number of components and 𝑗 the 
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number of reactions. Here 𝜐𝑖,𝑗  denotes the corresponding stoichiometric coefficient and 𝑚𝑡𝑜𝑡  

the total mass capacity of the reactor including all components. In this thesis only mass 

balances instead of the generally used molar balances in CRE are implemented due to 

simplicity for later mass-based investigations. Considering a closed batch volume with 𝑁𝑅 

reactions the following balance holds: 

𝑑𝑚𝑖
𝑑𝑡

= 𝑚𝑡𝑜𝑡∑𝜐𝑖,𝑗𝑟𝑗

𝑁𝑅

𝑗

    𝑖 = 1,𝑀     
(2-1) 

For the specific reversible reaction A ⇄𝑟2
𝑟1  B with two characteristic reaction rates 𝑟𝑗 = [𝑟1 , 𝑟2] 

and a simple stoichiometric matrix 𝜐𝐴,𝑗 = [−1,1] and 𝜐𝐵,𝑗 = [1, −1], the specific mass fraction 

of component A, 𝑥𝐴, can be investigated by transferring Eq. (2-1) to Eq. (2-2).  

𝑑𝑥𝐴
𝑑𝑡
= −𝑟1 + 𝑟2    (2-2) 

with a mass fraction of A:     

𝑥𝐴 =
𝑚𝐴
𝑚𝑡𝑜𝑡

    (2-3) 

The reaction rates 𝑟1  and 𝑟2  are assumed to be of first order. The expressions contain rate 

constants 𝑘1 and 𝑘2 {Eq. (2-4)}.  

𝑟1 = 𝑘1𝑥𝐴   and   𝑟2 = 𝑘2𝑥𝐵   (2-4) 

Eq. (2-5) describes the final mass balance for component A. It contains for a reversible reaction 

also the mass fraction of component B, 𝑥𝐵. For large times after reaching equilibrium state, 

the thermodynamic equilibrium (eq) constant of the reaction, 𝐾𝑒𝑞  can be included, which 

provides Eq. (2-6).  

𝑑𝑥𝐴
𝑑𝑡
= −𝑘1𝑥𝐴 +𝑘2𝑥𝐵 = −𝑘1 (𝑥𝐴  −  

𝑘2𝑥𝐵
𝑘1
)  

 (2-5) 

for 𝑡 = 𝑡𝑒𝑞 : 𝐾𝑒𝑞 =
𝑘1
𝑘2
=
𝑥𝐵
𝑒𝑞

𝑥𝐴
𝑒𝑞

 
 (2-6) 

For a specific reaction of interest, the two corresponding parameters 𝑘 and 𝐾𝑒𝑞  typically need 

to be determined experimentally.  

The overall mass balance is expressed by Eq. (2-7) where 𝑥𝐴
𝑖𝑛 and 𝑥𝐵

𝑖𝑛 are the initial mass 

fractions of the two components, and 𝑥𝐴(𝑡) and 𝑥𝐵(𝑡) are the mass fractions at a specific 

reaction time 𝑡.  
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𝑥𝐴
𝑖𝑛 + 𝑥𝐵

𝑖𝑛 = 𝑥𝐴(𝑡) + 𝑥𝐵(𝑡) (2-7) 

The implementation of the total mass balance in Eq. (2-7) into Eq. (2-5) results in the following 

linear ordinary differential equation (ODE): 

𝑑𝑥𝐴
𝑑𝑡
= −𝑘1 (𝑥𝐴  −  

𝑥𝐴
𝑖𝑛 + 𝑥𝐵

𝑖𝑛 − 𝑥𝐴
𝐾𝑒𝑞

)           
(2-8) 

With the initial conditions of 𝑥𝐴(𝑡 = 0) = 𝑥𝐴
𝑖𝑛 = 1 and 𝑥𝐵(𝑡 = 0) = 0 it holds: 

𝑥𝐵 = 1− 𝑥𝐴 (2-9) 

In CRE often a dimensionless Damköhler number Da {Eq. (2-10)} is used to capture the ratio 

between the time 𝑡 given for a reaction and a characteristic time quantifying the need of the 

reaction. The latter is for a first order reaction given by 1/𝑘1.  

Da =
𝑡

1/𝑘1
      or     Da = 𝑘1 · 𝑡   

(2-10) 

Then, the solution can be expressed by Eqs. (2-11) and (2-12) for a batch reactor describing 

the time dependence of the mass fractions as a function of Da and 𝐾𝑒𝑞 : 

𝑥𝐴(𝑡) =
1

1 + 𝐾𝑒𝑞
(𝑥𝐴
𝑖𝑛 + 𝑥𝐵

𝑖𝑛)+ (
𝐾𝑒𝑞

1 + 𝐾𝑒𝑞
𝑥𝐴
𝑖𝑛 −

1

1+ 𝐾𝑒𝑞
𝑥𝐵
𝑖𝑛)𝑒−

(
Da
𝐾𝑒𝑞

+Da)  
(2-11) 

𝑥𝐵(𝑡) =
𝐾𝑒𝑞

1 + 𝐾𝑒𝑞
(𝑥𝐴
𝑖𝑛 + 𝑥𝐵

𝑖𝑛)− (
𝐾𝑒𝑞

1 + 𝐾𝑒𝑞
𝑥𝐴
𝑖𝑛 −

1

1+ 𝐾𝑒𝑞
𝑥𝐵
𝑖𝑛)𝑒−

(
Da
𝐾𝑒𝑞

+Da)  
(2-12) 

 

To quantify now extraction processes the equations given above and widely used in CRE can 

be adapted by defining mass fractions of a component 𝑖 in the solid feed (raffinate) and in the 

product (extract), 𝑥𝑠,𝑖  and 𝑥𝑙,𝑖, respectively (index 𝑠 for solid feed and 𝑙 for liquid solvent). In 

this work only one component 𝑖 is of interest, namely Artemisinin (ARTE). Since natural 

material soak a specific part of the solvent, two different liquid phases exist and need to be 

defined. These are often designated as internal and (the product containing) external solvent.  

To apply the introduced CRE model, the two phases can be considered as a pseudo-

homogeneous mixture. The amounts initially segregated in two phases can be reformulated 

using new mass fractions (𝑥̃𝑙 and 𝑥̃𝑠), which characterise a hypothetical pseudo-homogeneous 

system. These fractions are defined in Eqs. (2-14) and (2-15), respectively. The application of 

these relations requires specifying a phase ratio of the amounts of the involved phases. This 
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can be done by introducing a liquid phase mass fraction 𝜀 as defined in Eq. (2-13) with interval 

[0,1]. The liquid phase external mass 𝑚𝑒𝑥𝑡  will be focused in subsection 3.2.3.  

𝜀 =
𝑚𝑒𝑥𝑡
𝑚𝑙 +𝑚𝑠

    (2-13) 

𝑥̃𝑙 = 𝑥𝑙 ∙ 𝜀    (2-14) 

𝑥̃𝑠 = 𝑥𝑠 ∙ (1 − 𝜀)    (2-15) 

This approach, proposed first and implemented by Vu [Vu23], allows exploiting the classical 

Eqs. (2-11) and (2-12) derived by the CRE community for modelling extraction processes. 

These equations contain now the following two essential constants, which also take into 

account the phase ratio 𝜀: 

𝑘̃𝐸 =
𝑘𝐸
1 − 𝜀

 
 (2-16) 

𝐾𝐸
𝑒𝑞 =

𝜀

1− 𝜀
𝐾𝐸
𝑒𝑞   (2-17) 

The Eq. (2-16) contains the extraction rate constant, 𝑘𝐸, and Eq. (2-17) the extraction 

equilibrium constant, 𝐾𝐸
𝑒𝑞 . Both constants are specific to the natural product, the component, 

and the used solvent. For ARTE extraction with toluene Vu already assumed both parameter 

as presented in chapter 5 [Vu23]. Finally, the following overall mass balance needs to be 

respected: 

𝑥̃𝑠
𝑖𝑛 + 𝑥̃𝑙

𝑖𝑛 = 𝑥̃𝑠(𝑡) + 𝑥̃𝑙(𝑡) (2-18) 

 

Continuous extraction  

Moving now from batch to continuous extraction reactors the time 𝑡 is equivalent to the mean 

residence time which can be defined for a tubular reactor with a mass capacity of 𝑚𝑡𝑜𝑡  as: 

𝜏̅𝑚 =
𝑚𝑡𝑜𝑡
𝑚̇

 (2-19) 

The mass capacity is based on the total reactor volume 𝑉𝑡𝑜𝑡  and the phase specific density. 

This definition allows a simple integration to the proposed mass-based model. 

The Damköhler number introduced above {Eq. (2-10)} can be easily adapted by using the 

residence time 𝜏̅𝑚 instead of the time 𝑡 as shown in Eq. (2-20): 

Dã(𝜏) = 𝑘̃𝐸 · 𝜏̅𝑚   (2-20) 
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For a cascade of 𝑁 sequentially connected and equally sized CSTR reactors, the Damköhler 

number needs to be adapted as follows: 

Dã𝑁(𝜏) =
𝑘̃𝐸 · 𝜏𝑚̅
𝑁

   
(2-21) 

Further, the liquid phase mass fraction is now derived as a ratio of the mass flow rates focused 

on in section 3.4. 

𝜀 =
𝑚̇𝑒𝑥𝑡

𝑚̇𝑙 + 𝑚̇ 𝑠

  
 

 
(2-22) 

The introduced equations can now be used to describe the extraction processes in continuous 

reactor systems as described in the next section.  

 

2.3 Continuous operation modes described via a CSTR cascade 

Continuous multi-phase processes are typically performed in co-current or counter-current 

mode [DLM99], [RL08], depending on the inlet positions and the flow directions. In extraction 

processes these refer to solid feed material and solvent. Due to its flexibility we will consider 

below a series of 𝑁 sequentially connected CSTR reactors (units), which are a useful model to 

represent a tubular system. 

 

2.3.1 Co-current mode 

In co-current mode, the solid feed material (𝑠) and the liquid solvent (𝑙) are introduced at the 

same position and flow in the same direction through the reactor. Figure 2-3 shows the flow 

scheme for a theoretical stage number of 𝑁 = 2. This co-current flow is easy to implement in 

many configurations but always results in a lower extraction performance compared to the 

counter-current flow, under similar operating conditions [Tre80], [PP13].  

 
Figure 2-3: Process scheme of co-current extraction with two stages (𝑁 = 2). The inlet mass 

fraction of liquid and solid phase 𝑥𝑙.𝑖
𝑖𝑛 and 𝑥𝑠,𝑖

𝑖𝑛 are introduced at the same position and flow in 

similar direction through the reactor. The most important mass fractions of the extract and 

raffinate phase exit at stage 𝑁 with 𝑥𝑙,𝑖
𝑁(𝜏𝑚̅)  and 𝑥𝑠,𝑖

𝑁 (𝜏𝑚̅), reproduced from [Vu23]. 
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2.3.2 Counter-current mode 

In counter-current mode, the feed material contacts the solvent continuously for each stage 

over the whole reactor length. A separate injection is not performed. The fresh solvent 

introduced in stage 𝑁 = 1 (𝑥𝑙,𝑖
𝑖𝑛 = 0) is contacted for a specific residence time 𝜏 with the most 

exhausted plant material. At the same time, the already enriched solvent at stage 𝑁 is 

contacted with fresh plant material at 𝑥𝑠,𝑖
𝑖𝑛 (which represents the maximal solid phase mass 

fraction). A scheme of this process is shown in Figure 2-4. This procedure maximises the mass 

fraction differences between the solid and liquid phase and saves solvent compared to the co-

current mode [BP11]. 

 

Figure 2-4: Process scheme of a counter-current extraction process with 𝑁 stages. The mass 
fraction of the component 𝑖 in the liquid phase (𝑙) and solid phase (s) is changing in each stage 

while the most important mass fraction is in the extract 𝑥𝑙,𝑖
𝑁(𝜏𝑚̅), at stage 𝑁. The raffinate exits 

at stage 1 with mass fraction 𝑥𝑠,𝑖
1 (𝜏𝑚̅), reproduced from [Vu23]. 

 

For calculating the amount of the extracted component 𝑖 = ARTE in the studied continuous 

counter-current process a linear equation system based on the equations defined in 

section 2.2 is applied. Here 𝑥̃𝑙
𝑖𝑛 and 𝑥̃𝑠

𝑖𝑛 are the known inlet mass fraction of the substance 

ARTE in the pseudo-homogeneous, single liquid and solid phase, respectively. The outlet mass 

fractions are defined with 𝑥𝑙,𝑁(𝜏𝑚̅),  and 𝑥𝑠,1(𝜏𝑚̅),  depending on the residence time 𝜏𝑚 . The 

constants 𝐵1 and 𝐵2 include the theoretical number of stages 𝑁, the thermodynamic 

equilibrium 𝐾𝐸
𝑒𝑞

 and the Damköhler number DãN in Eq. (2-21) (depending on the extraction 

rate 𝑘̃𝐸). 
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This structure of the linear equation system for a counter-current 𝑁-CSTR reactor is visualised 

in Figure 2-5. It can be solved numerically, e.g. by using the “linsolve” solver in the Matlab 

Toolbox [Mat24]. 

 

Figure 2-5: Linear equation system with 2𝑁 equations in the form of 0 = 𝐵̿𝑦̅ + 𝐵̅0.  The vector 

𝑦̅ describes the unknown variables  𝑦̅ = [𝑥̃𝑙,1, … , 𝑥̃𝑙,𝑁 , 𝑥̃𝑠,1, … , 𝑥̃𝑠,𝑁 ] while the vector 𝐵̅0 defines 

given variables: 𝐵̅0 = [−𝐵1𝑥̃𝑙
𝑖𝑛, (2𝑁 − 2) ∙ 0, −𝑥̃𝑠

𝑖𝑛]. The linear system can be solved 
numerically, e.g. with the “linsolve” solver in the Matlab Toolbox [Mat24] (reproduced from 

[Vu23]).  

j = 1  0 = −𝐵1𝑥̃𝑙
𝑖𝑛 + 𝑥̃𝑙,1(𝜏𝑚̅) −  𝐵2𝑥̃𝑠,2(𝜏𝑚̅)  (2-23) 

j = 2…𝑁 - 1  0 = −𝐵1𝑥̃𝑙,𝑗−1(𝜏𝑚̅) + 𝑥̃𝑙,𝑗(𝜏𝑚̅) − 𝐵2𝑥̃𝑠,𝑗+1(𝜏̅𝑚) 
 

j = 𝑁  0 = −𝐵1𝑥̃𝑙,𝑁−1(𝜏̅𝑚) + 𝑥̃𝑙,𝑁(𝜏𝑚̅)  −   𝐵2𝑥̃𝑠
𝑖𝑛   

 

j = 𝑁+1                             0 = −𝑥̃𝑙
𝑖𝑛 + 𝑥̃𝑙,1(𝜏𝑚̅) + 𝑥̃𝑠,1(𝜏𝑚̅)  − 𝑥̃𝑠,2(𝜏𝑚̅)  

 

j = 𝑁+2…2𝑁-1  0 = −𝑥̃𝑙,𝑗−1(𝜏̅𝑚) + 𝑥̃𝑙,𝑗(𝜏𝑚̅) + 𝑥̃𝑠,𝑗(𝜏𝑚̅)  − 𝑥̃𝑠,𝑗+1(𝜏𝑚̅) 
 

j = 2𝑁  0 = −𝑥̃𝑙,𝑁−1(𝜏𝑚̅) + 𝑥̃𝑙,𝑁(𝜏̅𝑚) + 𝑥̃𝑠,𝑁(𝜏̅𝑚) − 𝑥̃𝑠
𝑖𝑛 

 

with 
𝐵1 =

1+ DãN

1 +
DãN
𝐾𝐸
𝑒𝑞 +DãN

 
        and 

𝐵2 =
DãN

1 +
DãN
𝐾𝐸
𝑒𝑞 + DãN

 
(2-24) 



Extraction of natural products 

 

14 
 

To calculate finally the real effluent-mass fractions of ARTE in the solid and liquid phase the 

outlet mass fractions of the model 𝑥̃𝑙,𝑁  and 𝑥̃𝑠,1 need to be transferred back from the pseudo-

homogeneous system to the heterogeneous system according to Eqs. (2-25) and (2-26) by 

using 𝜀: 

𝑥𝑙,𝑁(𝜏) =
𝑥̃𝑙,𝑁(𝜏𝑚̅)

𝜀
    (2-25) 

𝑥𝑠,1(𝜏) =
𝑥̃𝑠,1(𝜏𝑚̅)

1 − 𝜀
  

  (2-26) 

For the implementation of this equation system it should be noted that extraction processes 

are typically irreversible reactions. Already extracted components cannot be reintroduced 

into the solid material in the manner described theoretically by the backward path formulated 

in the model. Thus, the model equations describe only situations for which holds 𝑥𝑠 > 𝑥𝑠
𝑒𝑞 .  

 

This model was already successfully applied by Vu [Vu23] for ARTE extraction and by Fotovati 

[Fot23] for saffron extraction which makes it highly suitable for the coupling with CFD 

simulations, as desired in this work. The original parameters 𝐾𝐸
𝑒𝑞

 and 𝑘𝐸 have been measured 

for ARTE extracted by the solvent toluene, as presented in section 3.3.  

The stage number 𝑁 could only be estimated theoretically. This stage number is essential to 

characterise the reactor and operating conditions. It needs to be estimated based on 

experiments which is one important purpose of the present work. It should be further 

mentioned, that the presented kinetic model assumes a pseudo-homogeneous system where 

the stage number for solid and liquid phases is equal. The actual heterogeneous system results 

in distinct flow behaviours for the solid (𝑠) and liquid (𝑙) phase. This discrepancy introduces 

differences in the residence time and the final theoretical number of stages for each phase. 

To address this model limitation, a mean theoretical number of stages 𝑁(𝑁𝑠,𝑁𝑙) should be 

employed to approximate the behaviour of both phases within the model. 

The implementation of experimental investigations regarding this parameter will be 

performed in chapter 5.  
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2.4 Residence time distribution and stage number 

The residence time distribution (RTD) is defined as a probability distribution of time in which 

a fluid stays inside one or more continuously operated units [GMI12]. In horizontal screw 

reactors, the RTD is mainly affected by the screw rotation speed, tube and screw geometry, 

phase throughputs, and their properties. It provides essential information for finding optimal 

operating conditions [SS18]. Consequently, it represents an important parameter for selecting 

suitable reactor models and is used in many industrial processes such as the continuous 

production of chemicals, plastics, polymers, food, catalysts, and pharmaceuticals [GMI12], 

[MGL92], [CG98], [GY94]. The general RTD theory assumes a homogeneous system where the 

involved phases share similar flow properties. For the heterogeneous system of the counter-

current solid-liquid flow, simplifications based on a homogeneous model must be considered. 

From the RTD analysis the mean residence time of a material in a system can be obtained. This 

is usually compared with the time required for a complete reaction in the system, based on 

the corresponding reaction kinetics. If the mean residence time is much shorter than the 

required reaction time, the reactor design is inadequate, and the extraction yield will be poor 

[GIM12]. Consequently, the RTD can be used for model discrimination and parameter 

estimation. The results of RTD measurement allow characterisation of the investigated reactor 

between the two ideal reactor designs, CSTR and PFTR.  

RTD measurement is performed using the stimulus-response technique with pulse or stepwise 

tracer inputs. In the pulse-wise technique, a short-term marking is performed, saving tracer 

material compared to the step-wise technique, where a tracer is continuously added until the 

process ends. In the periodic variation technique, the tracer is added periodically to the 

process. The schematic input and output signals are illustrated in Figure 2-6. In this thesis the 

pulse-wise technique was used as described in chapter 3. 

The tracer should share similar size and properties with the relevant phase to be able to follow 

the same path without disturbances. Further, the tracer should be easy to detect at the 

equipment outlet (e.g., by ultraviolet-visible (UV-VIS) spectroscopy, conductivity, online Near 

Infrared (NIR) spectroscopy, radioactive tracers etc.) [Rod21].  
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Figure 2-6: Methods of tracer input as a a) pulse-wise, b) step-wise and c) oscillating supply, 
reproduced from [SMW10]. 
 

The signal detected by the equipment 𝑆(𝑡) is related to the tracer concentration 𝑐(𝑡) by the 

model constants 𝑎𝑅𝑇𝐷  and 𝑏𝑅𝑇𝐷  {Eq. (2-27)}. They depend on the characteristics of the 

apparatus and the chemical composition of the system. The signal is equal to the tracer 

concentration for a constant volume flow rate through the apparatus, e.g. at steady-state as 

used in this work. 

𝑆(𝑡) = 𝑎𝑅𝑇𝐷 +𝑏𝑅𝑇𝐷𝑐(𝑡)         
𝑉̇ = 𝑐𝑜𝑛𝑠𝑡.
⇒           𝑆(𝑡) = 𝑐(𝑡) (2-27) 

The signal 𝑆(𝑡) is used to calculate the normalised residence time distribution function 𝐸(𝑡) 

{Eq. (2-28)}. This function can be transformed to the cumulative exit age distribution function 

𝐹(𝑡) {Eq. (2-29)} [Lev99].  

𝐸(𝑡) =  
𝑆(𝑡)

∫ 𝑆(𝑡) 𝑑𝑡
∞

0

 (2-28) 

𝐹(𝑡) = ∫ 𝐸(𝑡)𝑑𝑡
𝑡

0

 (2-29) 

The concentration measured at the outlet is normalised to the total concentration added to 

the process at the beginning. Consequently, the integral of all measured values for 𝐸(𝑡) in a 

closed process has to be 1 {Eq. (2-30)}. As in experimental set-ups only discrete values can be 

measured, the RTD can be approximately determined by summation. 
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∫ 𝐸(𝑡)𝑑𝑡 = 1  
∞

0

⇒   ∑𝐸(𝑡𝑗) ∆𝑡

𝑗

= 1 (2-30) 

The mean residence time (MRT) 𝜏̅ (first moment) and the variance 𝜎2 (second central 

moment) can be derived from 𝐸(𝑡)  according to Eqs. (2-31) and (2-32). They are typically 

shown in the unit [min] but transferred to the SI unit [s] for all calculations in this work. The 

standard deviation 𝜎 derives from the square root of the variance. 

𝜏̅  = ∫ 𝑡 ∙ 𝐸(𝑡) 𝑑𝑡
∞

0

 (2-31) 

 

𝜎2  = ∫ (𝑡 − 𝜏 ̅)2 ∙ 𝐸(𝑡) 𝑑𝑡
∞

0

 (2-32) 

From the ratio between the square of the mean residence time τ and the variance σ2 a 

corresponding number of theoretical stages 𝑁 can be obtained by Eq. (2-33) [MW35]. This 

number is used with integer values. 

𝑁 = (
𝜏̅2

𝜎2
) (2-33) 

While 𝑁 = 1 represents the flow behaviour of an ideal CSTR, a high value of 𝑁 corresponds to 

the behaviour of an ideal plug flow tank reactor (PFTR), for which holds: 𝜎2= 0 and 𝑁 → ∞. A 

general, simplified approach to determine the mean residence time is shown in Eq. (2-34). 

Here we consider a characteristic length of the flow geometry, 𝐿𝑐ℎ, and 𝑢̅𝑎𝑥 describing the 

flow velocity of the specific phase in axial flow direction.  

𝜏̅ =
𝐿𝑐ℎ
𝑢̅𝑎𝑥
   (2-34) 

For a constant flow area 𝐴 inside the flow geometry, this equation can be extended to a 

volume-based approach, incorporating the total free volume of the extractor 𝑉𝑡𝑜𝑡  and the 

volume flow rate of the liquid solvent 𝑉̇ {Eq. (2-35)}. It aligns with the previously introduced 

mass-based residence time 𝜏̅𝑚 in Eq. (2-19) assuming a completely filled reactor.    

𝜏̅ =
𝐿𝑐ℎ ∙ 𝐴

𝑢̅𝑎𝑥 ∙ 𝐴
=
𝑉𝑡𝑜𝑡
𝑉̇
      (2-35) 
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If the RTD resembles a Gaussian distribution, a fast estimation method is possible. It is 

frequently applied to analyse chromatographic peaks to estimate the number of theoretical 

stages 𝑁 using investigated widths of the curve distribution at half height 𝑤1/2 [SSS20]: 

𝑁 = 5.54(
𝜏̅2

𝑤1/2
2
)               (2-36) 

For describing back-mixing effects in tubular reactors (PFTR-behaviour dominates typically 

there) the dispersion model is frequently applied. It introduces an additional axial dispersion 

coefficient 𝐷𝑎𝑥 in a second-order term of the mass balance [Lev99]: 

𝜕𝑐

𝜕𝑡
= −𝑢𝑎𝑥

𝜕𝑐

𝜕𝑧
+𝐷𝑎𝑥

𝜕2𝑐

𝜕𝑧2
 

(2-37) 

For the dispersion model the variance is defined by Eq. (2-38): 

𝜎2  = 2
𝐷𝑎𝑥 ∙ 𝐿𝑐ℎ

𝑢̅𝑎𝑥
3
                   (2-38) 

The extent of axial dispersion can be estimated by evaluating the Bodenstein number Bo (in 

the field of fluid dynamics also designated as a Péclet number Pe) defined in Eq. (2-39).  

Bo =
𝑢̅𝑎𝑥 ∙ 𝐿𝑐ℎ
𝐷𝑎𝑥

 (2-39) 

A rearrangement of Eq. (2-39) provides a definition of the axial diffusion coefficient: 

𝐷𝑎𝑥  =
𝑢̅𝑎𝑥 ∙ 𝐿𝑐ℎ
Bo

 (2-40) 

To demonstrate the relation between the Bodenstein number Bo and the theoretical number 

of stages 𝑁 for a PFTR, Eqs. (2-33) and (2-38) are used based on the variance 𝜎2: 

𝜎2  =
𝜏̅2

𝑁
= 2

𝐷𝑎𝑥 ∙ 𝐿𝑐ℎ
𝑢̅𝑎𝑥

3
  (2-41) 

After reshaping Eq. (2-41) the Bodenstein number defined in Eq. (2-39) can be easily included: 

𝜏̅2

𝑁
= 2

𝐷𝑎𝑥 ∙ 𝐿𝑐ℎ
2

𝑢̅𝑎𝑥  ∙ 𝑢̅𝑎𝑥
2 ∙ 𝐿𝑐ℎ

 = 2
𝐿𝑐ℎ

2

Bo ∙ 𝑢̅𝑎𝑥
2 (2-42) 
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Now, the MRT 𝜏̅ according to Eq. (2-34) can be involved on the right-hand side:  

𝜏̅2

𝑁
= 2

𝐿𝑐ℎ
2

Bo ∙ 𝑢̅𝑎𝑥
2 =  2

𝜏̅2 

Bo
 (2-43) 

 

The MRT at both sides can be eliminated, showing a proportional behaviour between the 

Bodenstein number Bo, the theoretical number of stages 𝑁 and the characteristic length 𝐿𝑐ℎ 

in the Eq. (2-44) for constant flow velocities and mixing behaviour. In this case, also a constant 

relationship between the stage number and the characteristic length can be assumed.  

Bo = 2 ∙ 𝑁 =
𝑢̅𝑎𝑥 ∙ 𝐿𝑐ℎ
𝐷𝑎𝑥

  
(2-44) 

for 𝑢𝑎𝑥,𝐷𝑎𝑥 = const:   Bo ~ 𝑁 ~ 𝐿𝑐ℎ  ,  
𝑁

𝐿𝑐ℎ
= const. 

Large Bodenstein numbers (typically for values Bo > 100) indicate low axial dispersion and, 

thus, a flow behaviour as assumed in a PFTR [Lev12]. Such low degrees of dispersion enable 

high extraction efficiencies. Characteristic curves of 𝐸(𝑡) and 𝐹(𝑡) defining an ideal CSTR or 

PFTR, and a non-ideal, realistic reactor are shown in Figure 2-7. 

 

Figure 2-7: Typical RTD curves for CSTR, PFTR and non-ideal reactor for the (a) normalised 
residence time distribution function 𝐸(𝑡)  and (b) cumulative exit age function 𝐹(𝑡). The 

Bodenstein number Bo characterises the limiting cases. Reproduced from [SMW10]. 
 

As mentioned previously, the flow behaviour of the solid and liquid phases in the investigated 

heterogeneous counter-current solid-liquid flow are assumed to differ, resulting in distinct 

RTD behaviours for each phase. Consequently, the mean residence time is not equal for both 

phases as proposed with the homogeneous model (𝜏̅𝑠 ≠ 𝜏̅𝑙  ). This difference affects the 

theoretical number of stages 𝑁 and the Bodenstein number Bo. Therefore, both phases must 
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be analysed independently in terms of their RTD behaviour to obtain reliable results for a 

combined reactor characterisation. 

 

2.5 Operation design of continuous screw extractors 

Continuous reactors have been mainly developed and used for extraction of oil or sugar. These 

are e.g. rotary reactors [CLT15], belt reactors [Riz13] and screw reactors [DSS24]. While the 

rotary reactors and belt reactors are based on percolation, the screw reactors are based on 

immersion. Since this thesis relies on the screw extractor constructed by Vu, only this 

operation design is discussed further.  

Screw extractors use the advantages of screw machines. They are typically implemented in 

the plastic production and food industry where highly viscous fluids have to be transported 

against a pressure ramp. In this aspect, the screw extractors are also called extruders. High 

temperatures often play an important role. Furthermore, screw extractors perform tasks like 

plasticisation, homogenisation, mixing and granulation and are applied for degassing solvents 

and decreasing remaining humidity. For characterising screw extractors, the number and 

rotation direction of the implemented screws is of high importance. While one-screw 

extractors, as used in this thesis, are easier to produce and operate, twin-screw extractors 

have higher transport efficiencies and are often used for different production tasks during the 

transportation process of the product [Con08]. Figure 2-8 shows a general classification of 

screw extractors used for extrusion processes. 

 

Figure 2-8: Classification of screw extractors, reproduced from [Con08]. 
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For one-screw extractors as used in this thesis the transport efficiency 𝜂 of solid materials can 

be estimated [RM94], [RMM93]. The transport efficiency describes the ratio between the 

actual volumetric flow along the length of the screw 𝑉̇𝑠 and the maximum theoretical 

volumetric flow 𝑉̇𝑡ℎ  following Eq. (2-45). 

𝜂 =
𝑉̇

𝑉̇𝑡ℎ
=
𝐴 ∙ 𝜏̅ ∙ 𝑢̅𝑎𝑥,𝑒𝑥𝑝  

𝐴 ∙ 𝜏̅ ∙ 𝑢̅𝑎𝑥
                       (2-45) 

The volume flow rate can be expressed by the cross-section area of the extractor 𝐴, the mean 

residence time 𝜏̅ and the specific axial velocity of the material. While the actual volumetric 

flow 𝑉̇ can be calculated based on the experimentally examined material velocity 𝑢̅𝑎𝑥,𝑒𝑥𝑝 , a 

characteristic theoretical axial velocity 𝑢̅𝑎𝑥 of the investigated screw extractor is triggered by 

the screw angle 𝛽, its rotation rate 𝑛 and the mean screw radius 𝑟̅ {Eq. (2-46)}. The mean 

screw radius results from the inner and outer screw diameter as defined in Eq. (2-47) and 

Figure 2-9. 

𝑢̅𝑎𝑥 = 𝑛 ∙ 𝑟̅ ∙ tan (𝛽)         (2-46) 

𝑟̅ =
𝐷𝑜𝑢𝑡 + 𝐷𝑖𝑛

4
 (2-47) 

 

Figure 2-9: Theoretical axial velocity at one screw element.  
 

The transport efficiency is an important quantity to evaluate the reactor design according to 

the transportation of solid material through the screw reactor.  
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3 Experimental investigations

The characterisation of the counter-current process is very important for the development 

and validation of a suitable CFD model. Material properties as well as process conditions and 

steady-state operating points are of high interest. Although Vu has already performed a 

steady-state operation with a steel extractor, optical observations as well as material sampling 

from inside the process could not be realised due to safety requirements coming with the 

solvent, toluene [Vu23]. This chapter presents the main results of experimental investigations 

in a self-constructed glass extractor, based on the steel setup of Vu. This glass extractor 

represents a simplified counter-current extraction process by using water as solvent. The main 

important scientific questions in this chapter are as follows: 

 

Scientific questions: 

1. How can a steady-state counter-current extraction process be operated and what 

are the material properties, phase distributions and possible optimisation potentials 

during this operation? 

2. What are the residence time distributions for the phases involved in a steady-state 

operation and how do they characterise the reactor? 

3. Are the hydrodynamic results obtained with water as solvent transferable to the 

extraction process using the solvent toluene? 
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3.1 Design of the extraction device and counter current flow 

A screw-based solid-liquid extractor has first been developed at the Max-Planck Institute for 

Dynamics of Complex Technical Systems Magdeburg. This counter-current mode extractor 

enhances the extraction efficiency of the valuable substance artemisinin from A. annua leaves 

compared to conventional batch extraction methods. At the Otto von Guericke University, a 

second screw-based extractor has been constructed for detailed optical investigations, 

shorten in length by factor 2 (Figure 3-1). It consists of a transparent acrylic glass tube 

measuring a total length of 𝐿 = 320 mm with an inner diameter of 29.7 mm, housing a screw. 

The screw is constructed from a central cylindrical rod with an inner diameter of 𝐷𝑖𝑛 = 14 mm. 

The 3 mm thread is extending up to 14.5 mm from the rotation axis, spiralling around the rod 

at an original screw angle of 𝛽 = 67.5°. This results in an outer screw diameter of 

𝐷𝑜𝑢𝑡  = 29 mm. The original screw (OS), used as the reference (ref.) case,  consists of 𝑠 = 9.14 

screw segments with a pitch length of 𝑎 = 35 mm. The screw geometry has been modified in 

this work according to its screw angle resulting in the modified screws MS 1 and MS 2 

(Figure 3-2 and Table 3-1). The screw was produced using an in-house 3D stereolithography 

(SLA) printer (Form 3L, FormLabs, Berlin, Germany) and clear resin (V4, FLGPCL02, FormLabs, 

Berlin, Germany). For the curing process, the screw was exposed to ultraviolet light at a 

controlled temperature of 60°C for 30 min. Finally, the screw's surface was refined using 

various grades of sandpaper and cleaned with water. The identical design of all screw 

geometries results in a 0.35 mm gap between the screw's boundary and the reactor wall. The 

total fluid volume of the extractor excluding inlets, outlets and the screw geometry equals 

𝑉𝑡𝑜𝑡  = 1.59 · 10-4 m³ for OS. 

 

Figure 3-1: Dimensions of the screw extractor (in mm). The variable 𝑎 denotes the segment 
length and 𝛽 the specific screw angle, reproduced from [LVJ+23]. 
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Figure 3-2: Original (OS) and modified screws (MS 1, MS 2). The modified screws result from a 
decrease of the screw angle, as shown in Table 3-1. 
 

Table 3-1: Characterising parameters for the three screw geometries and resulting free 
volume in the extractor, excluding inlets and outlets.  

Parameter  OS (ref) MS 1 MS 2 Unit 
screw angle  𝛽  67.5 60.8 54 ° 

segment length  𝑎  0.035 0.026 0.02 m  

number of screw segments  𝑠  9.14 12.31 16.00 - 

free volume in the extractor 𝑉𝑡𝑜𝑡   1.59 1.54 1.49 · 10-4 m³ 

 

The extractor is sealed by a shaft seal at one end, which also centrally guides the extraction 

screw in the device. At the other end of the system, the screw is housed in a perforated disk 

(PD) including 18 holes with a diameter of 5.5 mm each (Figure 3-3 a). The exact dimensions 

are shown in the appendix, Figure A-1. The PD enables a counter-current flow of leaves and 

solvent as shown in Figure 3-3 b and described more detailed at the end of this section.  

 
Figure 3-3: (a) Glass extraction device (left) and perforated disk (PD) in a front view (right). 
SP 0-leaves inlet, USP-upper sampling points, LSP-lower sampling points, SP 4- raffinate outlet 

at PD, (b) schematical representation of the process key features, reproduced from [LVJ+23]. 
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To characterise the process conditions and the solvent-soaked material during a steady-state 

operation, the extraction device includes multiple sampling points (SP) positioned at the upper 

side (USP 1-3) and lower side (LSP 1-3) of the glass tube, as well as at the perforated disk (SP 4). 

While the USPs will later be used for pressure measurements, the LSPs enable material 

sampling and solid phase RTD measurements. Table 3-2 provides a summary of the diameter 

and position of each sampling point, including a dimensionless length 𝑥/𝐿, where 𝐿 is the total 

reactor length. 

 

Table 3-2: Diameter and axial location of the upper and lower sampling points in the screw 
extractor. Location 𝑥 = 0 defines the left wall of the extractor (shaft seal) and 𝐿 characterises 
the total extractor length (𝐿 = 320 mm)

Upper sampling point diameter 𝐷 (m) centre at 𝑥 (m) dimensionless length 𝑥/𝐿 
    SP 0 (leaves inlet) 0.026 0.06 0.188 

    USP 1 0.008 0.12 0.375 
    USP 2 0.008 0.2 0.625 

    USP 3 0.008 0.28 0.875 
    SP 4 (PD) 0.005 0.32 1 

Lower sampling point    

    LSP 1 0.02 0.1 0.313 
    LSP 2 0.02 0.18 0.563 
    LSP 3 0.02 0.26 0.813 

 
 

Based on the dimensions of the screw extractor in Figure 3-1 the flow length of solid material 

from leaves inlet (x = 0.06 m) to raffinate outlet (x = 𝐿 = 0.32 m) equals a value of 𝐿𝑠 = 0.26 m 

while the flow length of liquid solvent from solvent inlet (x = 0.32 – 0.037 = 0.283 m) to extract 

outlet (x = 0.02 m) equals 𝐿 𝑙 = 0.263 m.  

 

The descripted glass extraction device operates continuously in a counter-current mode, with 

materials introduced at opposite ends. The experimental setup including all used devices is 

shown in Figure 3-4. 

Solid material is introduced into the extractor using a separate screw feeder (DSR28, 

Brabender, Duisburg, Germany) (1) which is controlled by a monitor (2). Inside the feeder, an 

internal screw (1a) conveys the A. annua leaves axially, allowing them to fall into the extractor 

(3) under the influence of gravity. The transported mass flow rate of dry leaves varies slightly 

over time, as it is typical for solid materials, but stable on average within a range of 

± 0.02 g/min. Subsequently, the screw within the extractor driven by a motor (4) (801495 
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TNi21, Crouzet GmbH, Düsseldorf, Germany) located at one end of the device transports the 

leaves towards the perforated disk. The solvent, stored in a small tank (5), is injected here 

using a frequency-controlled peristaltic pump (6) (PD-5201, Heidolph, Kelheim, Germany). 

This pump allows a stepwise selection of flow rates. 

 

 

Figure 3-4: Experimental setup for the glass extractor. 1 - screw feeder of leaves, 2 - monitor 

controlling the feeder, 3 - glass extractor, 4 - motor, 5 - solvent tank, 6 - peristaltic pump. 
 

The screw transport of the leaves assists in solvent absorption along the entire length of the 

extractor. This process results in the formation of a compression cake at the perforated disk, 

which, in turn, increases the pressure at the raffinate outlet, preventing solvent outflow. As a 

result, the solvent flows counter-currently to the leaves, similar to the previously shown flow 

scheme (Figure 3-3 b). Details regarding the stability limits necessary to maintain steady-state 

operation will be discussed in section 3.4. 
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3.2 Characterisation of used materials 

The investigated extraction process involves three distinct phases: dry A. annua leaves, water 

as the solvent, and a mixed phase of solvent-soaked A. Annua leaves formed during the 

steady-state process. This mixed phase possesses markedly different properties compared to 

the initial phases and requires a dedicated consideration. 

 

3.2.1 Dry A. annua leaves  

In this study, a 100 kg batch with dried A. annua leaves, a small amount of stems and no roots 

were provided by the Max Planck Institute Magdeburg, coming originally from Médiplant, 

Conthey (Switzerland). The raw material and the particle size distribution are shown in 

Figure 3-5.  

 

Figure 3-5: (a) A. annua leaves (raw material), (b) particle size distribution, reprinted from 
[Vu23]. 
 

Using a centrifugal milling machine (ZM-200, Retsch, Haan, Germany) the particles were 

pulverised (Figure 3-6 a). This reduction in particle size results in higher superficial areas while 

decreasing the inter-particle diffusion pathways due to rupture of organs, tissue and cell 

structures. Both facts enhance the extraction rate of active components. Too small particles 

should be avoided since they reduce the process efficiency again due to bed compression. Vu 

selected a particle size distribution of 0.09 - 0.4 mm with a mean particle size of 𝐷𝑝 = 0.2 mm 

as appropriate range to assure mass transfer area, flow channelling and pressure drop [Vu23]. 

This particle size was kept in this work. As shown in Figure 3-6 (b) the relatively broad particle 

size range results from two peaks. A sufficient homogenisation of the material is obviously 

essential to obtain averaged material properties, as well as constant ARTE mass fractions. The 

averaged ARTE mass fraction in the leaves determined by Vu equals approx. 𝑥𝑠
𝑖𝑛 = 1.3 wt.%. 

The dry material density was found as 𝜌𝑑𝑠 = 260 kg/m³ [Vu23]. 
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Figure 3-6: (a) grinded A. annua leaves, (b) particle size distribution, reprinted from [Vu23]. 
 

3.2.2 Solvent 

The selection of the solvent is critically important for effectively extracting artemisinin. It 

should readily dissolve the compound, be easily available, cost-effective, and non-toxic, which 

is a crucial consideration in drug production [BP11]. Numerous studies have examined the 

solubility of ARTE in various solvents, and toluene has shown great promise [LlP09], [Hor19]. 

However, toluene is easily volatile and forms explosive mixtures in the presence of air 

[DGU23]. The required safety procedures do not allow for transparent glass setups.  

Since the aim of experiments in this thesis is to get more knowledge about the material 

properties and residence time distribution during the extraction process by optical and 

hydrodynamical measurements, water has been selected as solvent for simplification.  

Compared to toluene, the solubility of ARTE in water is significantly lower [WSC+07], [HFS+06] 

and extraction processes cannot be explored visually. A crucial factor influencing 

hydrodynamic characteristics is the Reynolds number Re {Eq. (3-1)}. Here, 𝑢 is the 

characteristic velocity of the fluid, 𝐿𝑐ℎ  the characteristic length of the investigated geometry 

(reactor diameter), 𝜌 the density of the fluid and 𝜇 the dynamic viscosity, or 𝜐 the kinematic 

viscosity (𝜐 =  𝜇/ 𝜌). 

Re = 
𝑢 𝐿𝑐ℎ 𝜌

𝜇
= 
𝑢 𝐿𝑐ℎ 
𝜐

 (3-1) 

When using equipment with identical diameter and screw rotation speeds, as in this work, the 

difference in Reynolds number between toluene and water as solvents is solely due to their 

distinct kinematic viscosities 𝜐. Specifically, at 20°C, toluene's kinematic viscosity 

(0.68 ·10−6 m²/s) is only 32% less than that of water (1.002 ·10−6 m²/s), as listed in Table 3-3. 

This indicates that hydrodynamic characteristics obtained using water as a solvent can still 
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provide a reliable approximation for evaluating real-world operations, where toluene serves 

as the primary solvent. 

 

Table 3-3: Material properties of water and toluene at a temperature of 20°C [AP23]. 

Property  water toluene Unit 
density  𝜌𝑙  998 867 kg/m³ 

dynamic viscosity  𝜇𝑙  1 0.59 ·10-3 Pa∙s 
kinematic viscosity  𝜐𝑙  1.002 0.68 ·10-6 m²/s 

 

In subsection 3.6.1 the hydrodynamic properties will even be completely equalised by heating 

up water to decrease its kinematic viscosity. A possible influence on the RTD behaviour will 

then be discussed.  

 

3.2.3 Solvent-soaked A. annua leaves  

The solvent-soaked leaves come with significantly different properties in density and viscosity 

compared to dry leaves and need to be considered in a dedicated study. The overall mass flow 

balance can be defined with Eq. (3-2). When contacting with a liquid solvent the mass of dry 

leaves 𝑚𝑑𝑠 absorbs a specific part of liquid solvent 𝑚𝑙 into the capillaries. The solvent-soaked 

leaves named as raffinate (𝑚𝑟𝑎𝑓𝑓) and the external extract (𝑚𝑒𝑥𝑡) exit the process.  

𝑚𝑑𝑠 +𝑚𝑙 = 𝑚𝑟𝑎𝑓𝑓 +𝑚𝑒𝑥𝑡   (3-2) 

The solvent-soaked leaves consist of the dry leave mass and the so-called internal extract 𝑚𝑖𝑛𝑡  

{Eq. (3-3)}. Similarly, the external extract 𝑚𝑒𝑥𝑡, containing the valuable substance ARTE, is 

derived by subtracting the internal extract from the total solvent amount {Eq. (3-4)}. 

𝑚𝑟𝑎𝑓𝑓 = 𝑚𝑑𝑠 + 𝑚𝑖𝑛𝑡  (3-3) 

𝑚𝑒𝑥𝑡 = 𝑚𝑙 −𝑚𝑖𝑛𝑡  (3-4) 

The internal extract 𝑚𝑖𝑛𝑡  is determined by a storage factor 𝑆𝑗 which defines the amount of 

solvent 𝑗 that can be stored in the dry leaves {Eq. (3-5)}.  

𝑚𝑖𝑛𝑡 = 𝑚𝑑𝑠 · 𝑆𝑗  (3-5) 

The soaking process and amount of internal extract depend on the solvent and its chemical 

properties. Consequently, the definition of the storage factor is of high importance.  
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Storage factor  

The storage factor quantifies the amounts of internal and external extract depending on the 

material properties of dry leaves (𝑑𝑠) and liquid solvent (𝑙). The absorption rate of A. annua 

leaves was investigated using different masses of leaves 𝑚𝑑𝑠 ranging from 0.75 g to 6 g with 

equal amount of solvent (30 g). The materials have been contacted in a stirred batch reactor 

for two hours until equilibrium was reached. After phase separation by gravity, the free 

solvent (external extract) was collected using a syringe, and the amount of internal extract 

mass (𝑚𝑖𝑛𝑡) was calculated for all batch processes. Using an interpolation between all 

measuring points, the storage factor 𝑆𝑗 was calculated by the ratio of the internal extract 𝑚𝑖𝑛𝑡  

and the initial mass of dry leaves 𝑚𝑑𝑠 following Eq. (3-6), while 𝑗 indicates the used solvent.   

𝑆𝑗  = 
𝑚𝑖𝑛𝑡
𝑚𝑑𝑠

   (3-6) 

As a result, the storage factor for the solvent water (𝑗 = 𝐻2𝑂 , as used in this thesis) was 

determined with 𝑆𝐻2𝑂= 4.34. This implies that one gram of dry leaves can store a mass of 

4.34 g water (Figure 3-7). A similar procedure was conducted for the solvent toluene (𝑗 = 𝑡𝑜𝑙) 

used by Vu, resulting in a storage factor of 𝑆𝑡𝑜𝑙 = 2.25, nearly half the value of water [Vu23].  

 

Figure 3-7: Absorption study of dry A. Annua leaves with the solvent water. The final storage 

factor depends linearly on the mass of internal extract 𝑚𝑖𝑛𝑡  and the mass of the solid phase 
𝑚𝑑𝑠 (R² = 0.999). It could be determined with 𝑆𝐻2𝑂  = 4.34 according to the slope of the curve. 
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Density estimation 

Understanding the density distribution in the single screw segments during a steady-state 

operation along the extractor and at the raffinate outlet is crucial for describing the 

hydrodynamics in later CFD simulations. The estimation of density from compressible bulk 

material with free pores is quite challenging and based on measurements of mass and volume 

for specific probes. Thereby, high amounts of probes are required to minimise the occurring 

measurement error. However, the volume of available sample material in the individual screw 

segments during a steady state is quite low due to the small reactor size. Consequently, an 

adjustment based on the bulk humidity 𝐻 was first performed in the steady-state operation. 

This mass-based bulk humidity is calculated as a ratio between the internal extract 𝑚𝑖𝑛𝑡  and 

the total mass of the solvent-soaked leaves (𝑚𝑟𝑎𝑓𝑓) and ranges within the interval [0,1]:  

𝐻 =
𝑚𝑖𝑛𝑡
𝑚𝑟𝑎𝑓𝑓

=
𝑚𝑖𝑛𝑡

𝑚𝑖𝑛𝑡 + 𝑚𝑑𝑠
   (3-7) 

When the involved phases in a process reached their thermodynamic equilibrium after a long 

reaction time 𝑡𝑒𝑞 , Eq. (3-6) and (3-7) can be combined to estimate the solvent-specific bulk 

humidity of the solvent-soaked leaves 𝐻𝑗 with the storage factor 𝑆𝑗.  

𝐻𝑗 = 
𝑆𝑗

1 + 𝑆𝑗
            ⇒ 𝑆𝑗  = 

𝐻𝑗

1 −𝐻𝑗
 (3-8) 

For the solvent water with 𝑆𝐻2𝑂= 4.34 the bulk humidity at equilibrium according to 

Eq. (3-8) equals a value of 𝐻𝐻2𝑂 = 81 wt.% while the bulk humidity for the solvent toluene with 

𝑆𝑡𝑜𝑙 = 2.25 is slightly lower, with 𝐻𝑡𝑜𝑙  = 69 wt.%.  

 

During the continuous counter-current extraction process, reaching thermodynamic 

equilibrium between the involved phases is highly important for obtaining high extraction 

efficiencies of ARTE. To quantify if  and at which positions this equilibrium is reached, the bulk 

humidity was measured by sampling solvent-soaked leaves.  

After maintaining a steady-state for 30 min (see later details in section 3.4), the solvent-

soaked leaves were sampled behind the raffinate outlet for 10 min. The process was then 

stopped, and the inner material was sampled segment by segment by carefully extracting the 

screw. Nevertheless, solid material which did not stick to the screw (e.g. dry leaves) could not 

be sampled accurately since it cannot be assigned to any specific screw segment. This 
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especially applied for segment 1 where no material was sampled. The collected material of 

the continuous process and an additional sample of a batch process (2 hours contact time) 

were dried in a vacuum oven at 80°C for three days to ensure maximum evaporation of the 

liquid phase. The difference between the initial wet probe (mass of solvent-soaked leaves 

𝑚𝑟𝑎𝑓𝑓) and resulting dry mass 𝑚𝑑𝑠 determined the internal extract mass 𝑚𝑖𝑛𝑡  , see Eq. (3-3). 

The bulk humidity per screw segment, behind the raffinate outlet and for one batch sample 

were then calculated using Eq. (3-7). They are compared in Figure 3-8. 

 

 
Figure 3-8: Bulk humidity in screw segments, behind raffinate outlet and for one batch 
process. Segment 1-9 represent the middle screw segments while the raffinate outlet is 

represented as segment 9.5. A continuous counter-current operation (orange) was compared 
with a single-stage batch process (black), showing high agreement.  

 
The comparison between batch material and the inner screw material during a continuous 

process (segments 3-8) shows a high level of agreement (batch: 87.7 wt.%, continuous: 

86.6 - 87.2 wt.%). Consequently, the solid leaves reach fast thermodynamic equilibrium with 

the solvent water when screw rotation and counter-current flow are present. In front of the 

perforated disk (segment 9) the bulk humidity decreases due to the compression at the 



Experimental investigations 

 

33 
 

perforated disk resulting in a raffinate bulk humidity of 84.5 wt.% (represented as 

segment 9.5).  

The measured batch bulk humidity of 87.7 wt.% is higher by ≈ 8% compared to the previously 

calculated bulk humidity 𝐻𝐻2𝑂 based on the storage factor {Eq. (3-8): 81 wt.%}. This 

discrepancy can be explained by the fact that some of the water is trapped in the pores of the 

leaves during the drying process inside the oven, preventing it from evaporating. This makes 

an exact determination of the bulk humidity by drying the probe material unfeasible.  

To overcome this, the calculated batch bulk humidity of 81 wt.% with Eq. (3-8) is considered 

as accurate. Since Figure 3-8 demonstrated that the continuous process bulk humidity is 

similar to this batch bulk humidity it is set at the same level (𝐻𝐻2𝑂  = 𝐻𝐻2𝑂
𝑐𝑜𝑛𝑡𝑖 = 81 wt.%). 

The raffinate bulk humidity can be assumed to have an equivalent error between drying oven 

measurement and reality of ≈ 8%. It is estimated with 𝐻𝑟𝑎𝑓𝑓 = 84.5 wt.% · (100%– 8%) 

≈ 78 wt.%. This value for the raffinate is quite similar to the inner extractor value of 81 wt.%. 

 

When assuming the same material bulk humidity for batch and continuous process, also the 

phase compositions can be considered equivalent. This allows the transfer of the batch density 

to the continuous process. To measure the batch density, a sample of solvent-soaked leaves 

with the batch bulk humidity of 𝐻𝐻2𝑂 = 81 wt.% was placed in cylinders of known volume. The 

mass of the solvent-soaked A. annua leaves was measured three times, resulting in a mean 

equilibrium density of 𝜌𝑠̅= 922 kg/m³ (Table 3-4).  

 

Table 3-4: Measuring data of soaked-leaves density in a batch process using water as solvent. 
mass of dry 

leaves 𝑚𝑑𝑠 (g) 

mass of 

water 𝑚𝑙  (g)  

volume of 

cylinder 𝑉 (cm³)  

mass of soaked 

leaves 𝑚𝑟𝑎𝑓𝑓  (g) 

density of soaked 

leaves 𝜌̅𝑠 (kg/m³) 

4.6 20 11.8 10.87 921.2 

4.6 20 15.3 14.12 922.9 

4.6 20 15.6 14.40 923.1 

 

Although sensitive to the bulk humidity, knowing this density is important for later CFD 

simulations. 
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Shear viscosity measurement 

The dynamic viscosity 𝜇, also known as shear viscosity, is an important parameter for the 

characterisation of fluids. It is significant in this work in terms of CFD simulations representing 

the actual solid-liquid flow, where the solvent-soaked leaves are represented as a highly-

viscous fluid.  

Samples were collected at the raffinate outlet and inner material during a 30-minute steady-

state run. Given the stable composition inside the extractor indicated by bulk humidity and 

density measurements, specific segment sampling was not necessary. The samples were 

analysed using a KINEXUS pro+ rotational rheometer (NETZSCH, Selb, Germany), with the 

material placed between a rotating and a stationary plate with a 1 mm gap. Solvent-soaked 

leaves exhibit intermediate behaviour between ideal elastic solids and ideal viscous fluids, 

similar to natural materials like soil [GO01]. The amplitude test measures the shear modulus 

to determine whether liquid or solid properties dominate. Figure 3-9 (a) presents the elastic 

component G’ of the shear modulus with ≈105 Pa which is significantly higher than the viscous 

component G’’ ≈ 1.5∙104 Pa. This indicates that the solvent-soaked leaves behave more like a 

solid material [Mez14]. This will have consequences for our later numerical model in 

chapter 4.  

The complex component for shear viscosity is calculated by the computerised driver of the 

rheometer using a frequency test with a range from 0.1 to 50 Hz. According to Mas et al. [MM97], 

these frequencies correspond to the shear rate γ in the system. The process temperature was 

set to 20°C. Figure 3-9 (b) shows non-Newtonian shear thinning behaviour for both inner 

material and raffinate, as shear viscosity 𝜇 decreases from 4∙105 Pa·s (γ = 0.1 1/s) to 413 Pa·s 

(γ = 150 1/s) for the inner material. The raffinate viscosity is higher due to lower humidity. For 

the extraction process, small screw rotation rates below 1/s are needed for fitting extraction 

kinetics, resulting in very high shear viscosity values for the soaked leaves (𝜇 > 103 Pa·s for 

both raffinate and inner material), comparable to molten glass at its working point [Tes13].  
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Figure 3-9: Rheological measurements for the solvent-soaked leaves, (a) shear modulus 
components, (b) shear viscosity of inner material and the raffinate. 
 

As an intermediate conclusion, the viscosity measurements show that the solvent-soaked 

leaves have primary solid-phase properties. Nevertheless, as a simplification the solvent-

soaked leaves can alternatively be represented as highly-viscous fluid in CFD, with a viscosity 

taken as 𝜇𝑠  = 1∙103 Pa·s, also reported in literature [LW12]. Note that higher viscosities 

generally lead to a divergence of the CFD solver and cannot be considered. Table 3-5 

summarises the estimated material properties for dry leaves (𝑑𝑠), solvent-soaked leaves (𝑠) 

and liquid solvent (𝑙). 

 

Table 3-5: Summary of material properties at 𝑇 = 20°C. 

Parameter Symbol Value Unit 

particle mean diameter of dry leaves  𝐷𝑝  0.0002 m 

density of dry leaves  𝜌𝑑𝑠  260 kg/m3 

storage factor of water  𝑆𝐻2𝑂   4.34 kg l/kgds   

storage factor of toluene [Vu23] 𝑆𝑡𝑜𝑙   2.25 kg l/kgds   

mean density of solvent-soaked leaves 𝜌̅𝑠    922 kg/m³ 
bulk humidity of solvent-soaked leaves  

(equilibrium = continuous) 
𝐻𝐻2𝑂  81 wt.% 

bulk humidity of raffinate  𝐻𝑟𝑎𝑓𝑓    78 wt.% 

shear viscosity of solvent-soaked leaves 𝜇𝑠  1∙103 Pa∙s 
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3.3 Selected results to estimate extraction kinetics in toluene 

As stated previously, the solvent water used for the hydrodynamic experiments and later CFD 

model validation cannot extract artemisinin efficiently. For the actual extraction of ARTE the 

solvent toluene is suitable and used by Vu [Vu23]. The extraction kinetics between the feed 

material and the solvent can be measured in simplified batch experiments. These experiments 

deliver the required contact time for reaching equilibrium between the materials. In a 

continuous process, the mean residence time of the phases must be adapted to this 

equilibrium time. If the mean residence time is too short to allow for sufficient extraction, the 

yield will be poor [GWB00]. Consequently, the knowledge about the residence time is 

important for adapting the reactor design. This will be discussed later. 

The extraction kinetics were determined in cooperation with Vu by repeating several batch 

processes with the immersion method [Vu23]. While the solvent mass of toluene 𝑚𝑙  has been 

set constant to 30 g, the mass of solid leaves 𝑚𝑑𝑠 has been varied resulting in solid-liquid 

ratios 𝑅 {Eq. (3-9)} between 0.05 and 0.3. The maximum limit is restricted by the reciprocal of 

the soaking factor 1/𝑆 {Eq. (3-6)}. When the solid phase absorbs all the liquid solvent (internal 

extract), there will no longer be any external extract and the extraction cannot be performed 

efficiently. Since 𝑆 is solvent-specific as described in subsection 3.2.3 the limit of 𝑅 for toluene 

(𝑆𝑡𝑜𝑙  = 2.25) must be lower 0.4 and for water (𝑆𝐻2𝑂  = 4.34) lower than 0.2.  

𝑅 = 
𝑚𝑑𝑠
𝑚𝑙

 =
𝑚̇𝑑𝑠

𝑚̇𝑙
 (3-9) 

During the extraction process with the solvent toluene, samples with volume of 1 ml have 

been collected at specific times (after 2, 5, 10, 30, 60, 120, 180 min). Finally, a probe was taken 

after a total time of 18 hours (1080 min) assuming complete extraction. These samples have 

been later analysed by a HPLC-ELSD system (Agilent 1100 High Performance Liquid 

Chromatography (HPLC) system with Evaporative Light Scattering Detector (ELSD) combined 

with gradient mobile phase, Agilent Technologies). Figure 3-10 shows the ARTE mass fraction 

in the extract. After a reaction time of 10 min the mass fraction is nearly stable for all curves 

indicating an equilibrium. With increasing solid-liquid ratio the content of extracted 

artemisinin increases. Simultaneously, the amount of external extract which can be collected 

becomes lower due to the soaking of leaves with solvent. A solid-liquid ratio of 0.1 was defined 

as optimum by Vu [Vu23]. The maximum extractable amount of ARTE, assumed after the total 
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runtime of 18 h, was used to estimate the extraction rate by a second-order kinetic model 

resulting in 𝑘𝐸 = 0.05 1/min [Vu23]. The thermodynamic equilibrium constant from the 

(equilibrium) extract and raffinate mass fractions was calculated as 𝐾𝐸
𝑒𝑞

 = 0.4 using Eq. (2-6) 

[Vu23]. Both constants are applied in the kinetic model discussed in chapter 5.  

 
Figure 3-10: Mass fraction of ARTE in the extract during batch extraction with toluene. A range 

of solid-liquid ratios 𝑅 was examined from 0.05 to 0.3. The extraction rate and thermodynamic 
equilibrium constant resulted as 𝑘𝐸 = 0.05 1/min and 𝐾𝐸

𝑒𝑞  = 0.4, reproduced from [Vu23]. 

 
Table 3-6 quantitatively normalises the maximum extractable amount of ARTE using a range 

of the solid-liquid ratio of 𝑅 = 0.05 - 0.15. After 10 minutes, already more than 90% of 

extractable ARTE is reached in batch extraction for all values of 𝑅 . For the optimal solid-liquid 

ratio 𝑅 = 0.1, 97.4% is reached. These experiments suggest an equilibrium time of 

𝑡𝑒𝑞  ≈ 10 min, crucial for matching ARTE-toluene extraction kinetics. This contact time must be 

reached in continuous extraction as a mean residence time for optimal process design. 

 
Table 3-6: Normalised extraction efficiency of artemisinin in %.  Measurements have been 
performed in batch processes with A. annua. leaves and toluene as solvent. Reference (ref) 
mass fractions of extractable artemisinin 𝑥𝑙(𝑅)= 0.052 (0.05), 0.080 (0.1), 0.098 (0.15) [Vu23]. 

time t (min) solid-liquid ratio 𝑅 {Eq. (3-9)} (kg/kg) 

0.05 0.1  0.15 
2 82.8 89.7 92.6 

5 92.8 94.1 97.7 
10 90.5 97.4 99.7 

30 96.3 96.6 98.0 
60 99.4 98.9 99.2 

120 99.4 98.5 99.5 
180  99.0 99.2 99.0 

1080 (ref) 100.0 100.0 100.0 
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3.4 Continuous steady-state operation 

 This section is partly based on: 

   [LVJ+23] 
Lehr, A.; Vu, G. T.; Janiga, G.; Seidel-Morgenstern, A.; Thévenin, D.: Experimental 

investigation of the residence time distribution in a screw-type apparatus designated to 
extract artemisinin. Chemical Engineering and Processing - Process Intensification 187, 
109337, pages 1 - 10, 2023. 

  
 

Optimising the counter-current flow requires a deeper understanding of steady-state process 

conditions. Therefore, it is essential to identify continuous steady-state operation points as 

well as the key influencing parameters. Particularly, it is important to ensure that the phase 

residence times align with the extraction kinetics studied in the batch method (section 3.3). 

 

3.4.1 Operation window 

The stability of the examined process is a major advantage over batch processes. The 

definition of an operating window provides important information about the process 

sensitivity and helps to optimise the process. Before achieving a steady-state process, a start-

up procedure must be performed to build up the extraction cake on the perforated disk. This 

step is essential for enabling the solvent to flow counter-current to the leaves, which is a 

critical aspect of the process in this project. The start-up procedure was developed by Vu 

[Vu23], as follows.  

 
Starting procedure 

To ensure correct inlet conditions, the mass flow of leaves transported by the feeder is always 

calibrated for 10 minutes before experiments are started. After three segments were 

completely filled with dry A. annua leaves by hand, the feeder and motor were started. When 

the dry leaves reach the solvent inlet position, the solvent pump is started incrementally at 

low solvent mass flow rate (12.9 g/min) for five seconds at 30 s intervals. This allows the leaves 

to slowly soak the solvent and build up an extraction cake on the perforated disk. After all 

holes in the disk are blocked by soaked leaves (detected after 5 min of pumping), the solvent 

pump is started continuously at the desired mass flow rate.  
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Continuous operation 

The continuity of the investigated process is a main advantage compared to batch process. 

The observation of hydrodynamics inside the counter-current extraction process is performed 

during a steady-state where the mass flow rate balance of incoming solid and liquid phases 

(𝑚̇𝑑𝑠, 𝑚̇ 𝑙) matches the combined outlets for raffinate and extract (𝑚̇𝑟𝑎𝑓𝑓, 𝑚̇𝑒𝑥𝑡). The mass 

flow balance is similar to the previously introduced mass balance in a batch process {Eqs. (3-2) 

to (3-5)}. The mass fluxes are visualised in Figure 3-11 by neglecting the compression process 

at the perforated disk.   

For an ideal steady-state operation, the mass flow rates of extract and raffinate at equilibrium 

can be calculated based on the inflow rates and the internal extract 𝑚̇𝑖𝑛𝑡  using Eqs. (3-11) and 

(3-12). The internal extract results from the solvent-specific storage factor (for water 

𝑆𝐻2𝑂  = 4.34) and the mass flow of the dry leaves 𝑚̇𝑑𝑠 {Eq. (3-13)}, as already introduced in 

subsection 3.2.3.  It has to be noticed that due to the compression at the perforated disk the 

bulk humidity 𝐻𝑟𝑎𝑓𝑓 and thus the storage factor inside the extraction cake at the perforated 

disk is decreasing. This effect leads to discrepancies between the actually measured raffinate 

mass flow and the calculated value by Eq. (3-11). According to Table 3-5 the batch bulk 

humidity inside the extractor (𝐻𝐻2𝑂 = 81 wt.%) and the raffinate bulk humidity 

(𝐻𝑟𝑎𝑓𝑓 = 78 wt.%) are quite similar, so that this effect can be neglected in further 

investigations.  

 
𝑚̇𝑑𝑠 + 𝑚̇ 𝑙 = 𝑚̇𝑟𝑎𝑓𝑓 + 𝑚̇𝑒𝑥𝑡  (3-10) 

𝑚̇𝑟𝑎𝑓𝑓 = 𝑚̇𝑑𝑠 + 𝑚̇𝑖𝑛𝑡  (3-11) 

𝑚̇𝑒𝑥𝑡 = 𝑚̇𝑙 − 𝑚̇ 𝑖𝑛𝑡  (3-12) 

𝑚̇𝑖𝑛𝑡 = 𝑚̇𝑑𝑠 · 𝑆𝑗  (3-13) 

 

Figure 3-11: Mass fluxes in a continuous steady-state process, neglecting the extraction cake. 
The incoming dry leaves (𝑚̇𝑑𝑠) soak a specific part of the liquid solvent (𝑚̇𝑙) according to the 

solvent-specific storage factor (𝑆𝑗), forming the internal extract (𝑚̇ 𝑖𝑛𝑡). The raffinate mass 

flow  (𝑚̇𝑟𝑎𝑓𝑓) is the sum of dry leaves and the internal extract. The extract mass flow (𝑚̇𝑒𝑥𝑡) 

is the external extract representing the solvent inlet flow 𝑚̇𝑙 reduced by the internal extract.  
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For reaching a stable counter-current flow, two critical regions inside the extractor have to be 

considered (Figure 3-12). These are: (1) the region in front of the perforated disk, where the 

extraction cake forms due to compression, and (2) the area below the leaves inlet, where dry 

leaves are introduced into the process and agglomerate as a result of the soaking process.    

 

Figure 3-12: Critical regions in the extractor influencing the stability of the continuous process, 

(1) in front of the perforated disk, quantified by the solid-liquid ratio R, (2) below the area of 
the leaves inlet quantified by the filling degree of dry leaves 𝐹𝑑𝑠 . 

 
 

The stability at the critical region (1) can be quantified using the previously defined solid-liquid 

ratio R {Eq. (3-9)}.  

𝑅 =
𝑚̇𝑑𝑠
𝑚̇𝑙

  

It significantly influences the establishment and stability of the extraction cake forming at the 

perforated disk. On the one hand, high values of 𝑅 indicate an excess of leaves compared to 

solvent. This results in a too low bulk humidity of the extraction cake compared to stable 

operation conditions. Consequently, a compact dry cake is formed, leading to a blockage at 

the PD which will stop the continuous process. Additionally, the amount of extract is reduced. 

On the other hand, low values of 𝑅 indicate an excess of solvent compared to leaves. The 

resulting high bulk humidity level at the PD leads to liquid-like properties of the extraction 
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cake, preventing the formation of a stable cake. Additionally, the mass fraction of extracted 

artemisinin in the resulting high extract mass flow rate is low. In batch processes using toluene 

as solvent, the solid-liquid ratio was found to be optimal at a value of 0.1.  

 

Nevertheless, process stability is not automatically achieved by fixing the solid-liquid ratio at 

its optimal value. Instead, it also depends on the screw rotation rate 𝑛 and the inserted mass 

of dry A. Annua leaves 𝑚̇𝑑𝑠. Difficulties arise especially in the critical region (2) when a large 

mass of leaves is introduced at a low screw rotation rate 𝑛 (e.g. for a full-filling of the 

extractor). Upon contact with the solvent, the excess leaves become solvent-soaked, 

accumulate, and pile up near the inlet, ultimately blocking the process. Similarly, a lack of solid 

material inside the extractor due to low solid mass flow rates at higher screw rotation rates 

prevents an appropriate build-up of the extraction cake near the PD. Consequently, there is a 

need for defining a relation between the mass flow rate of dry leaves introduced to the 

process and the screw rotation rate.  

The geometrically based filling degree of dry leaves 𝐹𝑑𝑠  quantifies the stability in the critical 

region (2) (Figure 3-12) by considering this relation based on one screw segment (𝑠 = 1) and 

normalising it to the total screw segment capacity 𝑚𝑑𝑠,𝑡𝑜𝑡
1 . It ranges within the interval [0,1]: 

For 𝑠=1: 

𝐹𝑑𝑠  =
𝑚𝑑𝑠
1

𝑚𝑑𝑠,𝑡𝑜𝑡
1   

          
 

(3-14) 

with 

𝑚𝑑𝑠
′  =

𝑚̇𝑑𝑠

𝑛 
              [𝑛] = 1/𝑠 for 𝑛 = 1:  𝑚𝑑𝑠

1  = 𝑚𝑑𝑠 (inlet mass of dry leaves) 
 

(3-15) 

The total mass capacity 𝑚𝑑𝑠,𝑡𝑜𝑡
1  in one screw segment can be derived from the total extractor 

volume 𝑉𝑡𝑜𝑡 , the number of screw segments 𝑠 (both in Table 3-1) and the dry leaves density 

𝜌𝑑𝑠 (Table 3-5). For OS this value becomes a constant of 𝑚𝑑𝑠,𝑡𝑜𝑡
1 = 4.52·10-3 kg according to 

Eq. (3-16). 

𝑚𝑑𝑠,𝑡𝑜𝑡
1 =

𝑉𝑡𝑜𝑡 · 𝜌𝑑𝑠
𝑠 

    
𝑂𝑆
⇒      

1.59 ∙ 10−4 m3 · 260 kg/m³

9.14 
= 4.52 ∙ 10−3  kg  (3-16) 

Based on Eq. (3-17), the screw rotation speed 𝑛 depends linearly on the mass flow rate of dry 

leaves 𝑚̇𝑑𝑠 while the filling degree of dry leaves in one screw segment 𝐹𝑑𝑠  represents the 

inverted slope. 
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𝑛 =
1

𝐹𝑑𝑠 ∙ 𝑚𝑑𝑠,𝑡𝑜𝑡
1 ∙ 𝑚̇𝑑𝑠         𝑚𝑑𝑠,𝑡𝑜𝑡

1 = const. (3-17) 

The parameter 𝐹𝑑𝑠  is exclusively employed as a measure of stability in the critical region (2), 

rather than for the characterisation of the extractor. 

By varying these parameters for more than 30 experimental runs within bounds listed in 

Table 3-7, a range of continuous operation at steady-state was identified, which corresponds 

to the black-marked points in Figure 3-13. The red-marked points represent failed operation, 

at which either an unstable compression cake or a full blockage was obtained. Therefore, 

continuous operation is only possible for a specific range of solid-liquid ratio 𝑅 (x-axis), mass 

flow rate of leaves 𝑚̇𝑑𝑠 (depending on 𝑅) (y-axis), and screw rotation speed 𝑛 (depending on 

𝐹𝑑𝑠 ) (z-axis). This area is shown with a green cylinder limited by unsuccessful operation points 

on all sides. The extractor should be preferably operated near the centre of the green volume. 

The continuous operation point used in further experiments is marked with a black circle and 

will be discussed further in subsection 3.4.2. 

  

Table 3-7: Range of experiments for finding steady-state operation. The dependency of mass 
flow rate of leaves and screw rotation speed through the constant mass of dry A. annua leaves 
in one segment {𝑚𝑑𝑠,𝑡𝑜𝑡

1  = 4.52∙10-3 kg, Eq. (3-17)} needs to be kept in mind. 

Parameter  Value Unit 
  lower limit upper limit  

mass flow rate of dry leaves  𝑚̇𝑑𝑠  0.08 0.25 ∙ 10−4 kg/s 

mass flow rate of solvent 𝑚̇𝑙  1.75 4.42 ∙ 10−4 kg/s 
solid-liquid ratio  𝑅 {Eq. (3-9)} 0.03 0.1 kg/kg 

screw rotation speed  𝑛  1 3.1 rpm 
filling degree of dry leaves in 
one segment 

𝐹𝑑𝑠  {Eq. (3-14)} 0.044 0.265 - 
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Figure 3-13: Operation window for the counter-current process. Successful continuous 

operation (black line) and unsuccessful operation (red points) of the extractor as function of 
(a) solid-liquid ratio 𝑅 (x-axis), mass flow of dry A. annua leaves 𝑚̇𝑑𝑠 (y-axis), and screw 

rotation speed 𝑛 (z-axis), projection along (b) y-z-axis, (c) x-z-axis and (d) x-y-axis. The 
identified exploitable operation window is marked by the green area and a reference point 

used for further experiments in the following sections is marked with a black circle. 
 

The upper (UL) and lower limit (LL) of the defined cylinder-shaped operation window are listed 

in Table 3-8. The limits for steady-state operation are interdependent. For example, operating 

the process at all explored lower limits may not necessarily result in a steady-state process. 

As explained previously, the mass flow rate of dry leaves 𝑚̇𝑑𝑠 and the screw rotation speed 𝑛 

are connected by Eq. (3-17). The filling degree of dry leaves in a screw segment 𝐹𝑑𝑠  appears 
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to be very low at ≈ 0.11 = 11 %. This value is only used as a measure of stability and not to 

characterise the extractor filling degree. It does not take into account the occupied mass of 

solvent, the solvent-soaked leaves or the compression at the PD, which all affect the total 

retention volume in the extractor. This retention volume will be analysed in section 3.4.6.  

 

Table 3-8: Identified exploitable limits for successful steady-state operation.  The 
dependency of mass flow rate of leaves and screw rotation speed through the constant mass 

of dry A. annua leaves in one segment {𝑚𝑑𝑠,𝑡𝑜𝑡
1 = 4.52∙10-3 kg, Eq. (3-17)} needs to be kept in 

mind. Due to this dependency the table can only be read from left to right and not from top 
to bottom. 

Parameter  Value Unit 

  
lower limit 
(LL) 

upper limit 
(UL) 

 

mass flow rate of dry leaves  𝑚̇𝑑𝑠  0.108 0.200 ∙ 10−4 kg/s 

mass flow rate of solvent  𝑚̇𝑙  1.75 4.42 ∙ 10−4 kg/s 
solid-liquid ratio 𝑅 {Eq. (3-9)} 0.037 0.063 kg/kg 
screw rotation speed  𝑛  1.3 2.5 rpm 

filling degree of dry leaves 

in one segment 
𝐹𝑑𝑠  {Eq. (3-14)} 0.101 0.110  - 

 

The lower limit of the leaves mass flow is not related to stability, but rather corresponds to 

the minimum capacity of the screw feeder used to convey the dry leaves to the extractor. 

Since high productivities of the extraction process can only be reached with a high throughput 

of A. annua leaves, the lower region has not been further explored, being irrelevant.  

 

3.4.2 Operation points for further investigations 

For investigating a steady-state process in more details three operation conditions with 

parameters shown in Table 3-9 have been selected. Based on the mass flow rate of dry leaves 

the operation point (OP) 1 equals the defined lower limit (LL) of the operation window 

concerning the mass flow rate of dry leaves while OP 3 represents the upper limit (UL). OP 2 

is preferentially used in this thesis due to its central position in the defined operation window 

as shown in Figure 3-13 (black circle). It is called as reference (ref) case. It has to be noted that 

the solid-liquid ratio 𝑅 was found to be lower for OP 1 compared to OP 2 and OP 3 indicating 

a higher amount of the liquid solvent. Based on the screw rotation speed 𝑛, the theoretical 

axial velocity 𝑢̅𝑎𝑥,𝑡ℎ  can be calculated by Eq. (2-46) and is included in Table 3-9. 
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Table 3-9: Selected operating parameters for RTD measurements. 

Parameter  Operation point (OP) Unit 
  1 2 (ref) 3   

mass flow rate of dry leaves 𝑚̇𝑑𝑠 0.108 (LL) 0.175  0.2 (UL) ∙ 10−4  kg/s 
mass flow rate of solvent 𝑚̇𝑙  2.898 3.465 3.767 ∙ 10−4  kg/s 
solid-liquid ratio 𝑅 {Eq. (3-9)}  0.037 0.051 0.053 kg/kg 
screw rotation speed 𝑛  1.3 2.2 2.5 rpm 
theoretical axial velocity 𝑢̅𝑎𝑥  

{Eq. (2-46)} 
5.62 9.52 10.8 

∙ 10−4  m/s 

filling degree of dry leaves 
in one segment 

𝐹𝑑𝑠  
{Eq. (3-14)} 

0.110 0.106 0.106 - 

 

The steady-state process for OP 2 (only with the lower sampling points) is shown in 

Figure 3-14. The solvent-soaked leaves and the water phase are distributed similarly across 

each screw segment from LSP 1 to the solvent inlet. The extraction cake (EC) on the right 

maintains a stable thickness of 𝑤𝐸𝐶   ≈ 5 ∙ 10−3 m. While the A. annua leaves adhered to the 

transportation screw, the water phase fills the lower-right part of each screw segment. A clear 

interface between the two phases is evident. A gas phase fills up the segments on the top, but 

plays a minimal role in the process. The water phase drains out at the extract outlet in varying 

flow rates, depending on the blockage by leaves. On average, the flow rate stabilises over 

time. In summary, the process can be described as a three-phase multiphase flow while the 

central segments appear as equally distributed.  

 
Figure 3-14: Steady-state operation of the counter-current solid-liquid extraction process with 
OP 2. The solvent water is red-coloured for improved visibility.  
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To ensure also quantitatively a continuous operation of the process, the compliance of the 

mass flow rate balance according to Eq. (3-10) should be checked. The mass flow rates of 

extract and raffinate have been measured in three identical repetitions for every two minutes 

in a total time of 45 minutes (Figure 3-15). The mass flow rates are given in the unit of 

gram/minute (g/min) in the following part. Nevertheless, for all calculations the unit needs to 

be transferred to the SI unit (kg/s) again.  

 

Figure 3-15: Mass flow rates in three identical repetitions of steady-state. The defined 
operation point is (a) OP 1 with 𝑛 = 1.3 rpm, (b) OP 2 with 𝑛 = 2.2 rpm and (c) OP 3 with 
𝑛 = 2.5 rpm according to Table 3-9. After a stabilisation time of 20 min a linear interpolation 
of the measurements points shows a very good fit (coefficient of determination R²≈1). 
 

According to Figure 3-15 the raffinate mass flow rate stabilises after a specific time, around 

𝑡𝑠𝑡  = 20 min. Consequently, the mean mass flow rates have been determined after this time 

by linear interpolation. The very good fit is proved by the R-squared value of ≈1, which defines 

the proportion of variability in the data described by a (linear) model (0 ≤ R² ≤ 1) [Mon17]. 

Measurements during the steady-state operation, e.g., RTD measurements, should start after 

this stabilisation time 𝑡𝑠𝑡 . From OP 1 to OP 3, the extract mass flow 𝑚̇𝑒𝑥𝑡  increases from 

14.47 g/min (OP 1) to 17.13 g/min (OP 3), indicating the potential for higher artemisinin flow 

rates at higher operation points. Comparing the specific outlet mass flow rates of extract and 

raffinate between theory (th) {Eqs. (3-11) and (3-12)} and experiments (exp), a very good 

agreement can be found for all three OPs (e.g., OP 1: th: 14.57 g/min, exp: 14.47 g/min) 

(Table 3-10). The error e between the input mass flow rates and output mass flow rates in 

experiments (exp) given by Eq. (3-18) and based on the total mass flow balances shown in 

Eq. (3-10) ranges around 2% for all OPs (Table 3-10).  

𝑒 = (1 −
𝑚̇𝑒𝑥𝑡 + 𝑚̇𝑟𝑎𝑓𝑓  

𝑚̇𝑑𝑠 + 𝑚̇𝑙
) (3-18) 
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Table 3-10: Input and output mass flow rates for steady-state operation. Theoretical 

assumptions are compared with experimental (exp) investigations. Note that the employed 
units are not the same as in Table 3-9. 

Parameter  Operation point (OP) Unit 
Input  1 2 (ref) 3  

mass flow rate of dry leaves 𝑚̇𝑑𝑠  0.65 1.05 1.2 g/min 
mass flow rate of solvent 𝑚̇𝑙  17.39 20.79 22.6 g/min 

Theory output      
th. mass flow rate of extract  𝑚̇𝑒𝑥𝑡  {Eq. (3-12)} 14.57 16.23 17.39 g/min 

th. mass flow rate of raffinate 𝑚̇𝑟𝑎𝑓𝑓   {Eq. (3-11)}  3.47 5.61 6.41 g/min 

Experimental output      

mass flow rate of extract 𝑚̇𝑒𝑥𝑡
𝑒𝑥𝑝   14.47 16.78 17.13 g/min 

mass flow rate of raffinate 𝑚̇𝑟𝑎𝑓𝑓
𝑒𝑥𝑝   3.20 4.68 6.16 g/min 

error of mass balance 𝑒𝑒𝑥𝑝  {Eq. (3-18)} -2.1 -2.0 -2.1 % 

 

During the experimental measurements the extraction cake for OP 3 was visually more wet 

than for OP 2 even if the solid-liquid ratios are almost identical (Table 3-9). To quantify this 

observation the cake humidity was evaluated based on the raffinate mass flow rate in the 

experiments and their mass balance (MB). This raffinate humidity differs from the bulk 

humidity inside the extractor (measured in subsection 3.2.3 with 𝐻𝐻2𝑂 = 81 wt.%) because a 

certain amount of water has been removed from the leaves by compression at the PD. 

An analytical separation of the raffinate phase into a single liquid phase (internal extract) and 

a solid phase is required. For the example of OP 2, the total raffinate mass flow of 

𝑚̇𝑟𝑎𝑓𝑓
𝑒𝑥𝑝  = 4.68 g/min comprises a solid part 𝑚̇𝑟𝑎𝑓𝑓,𝑠

𝑒𝑥𝑝  = 1.05 g/min (input mass of dry leaves) and 

a liquid part 𝑚̇𝑟𝑎𝑓𝑓,𝑖𝑛𝑡
𝑒𝑥𝑝

 = 3.63 g/min. Using Eq. (3-7) the bulk humidity of the raffinate 

corresponds to a value of 76.5 wt.% at OP 2. Applying this method to the other OPs reveals 

slight variations between OP 1 to OP 3 (Table 3-11). The highest bulk humidity is found at OP 3, 

reaching 80.5 wt.%, which aligns with the visual observations. 

 

Table 3-11: Bulk humidity of the steady-state operation points. 
Parameter  Operation point 

(OP) 

Unit 

  1 2 (ref) 3  

Raffinate bulk humidity  – mass balance 𝐻𝑟𝑎𝑓𝑓,𝑀𝐵  {Eq. (3-7)} 79.7 76.5 80.5 wt.% 

 
This slight variation in cake consistency remains within a range that ensures stable operation. 

However, the higher bulk humidity at OP 3 results in increased solvent waste compared to 

OP 2, making OP 2 optimal for further process characterisation and subsequent analysis. 



Experimental investigations 

 

48 
 

3.4.3 Pressure field 

The pressure field inside the extractor provides information about the extraction conditions 

of artemisinin. Since the investigated extractor is open to atmosphere through the leaves inlet, 

with an air layer on top of the liquid and solid phase, the pressure is almost atmospheric. A 

noticeable increase is only possible directly at the position of the perforated disk, influencing 

the stability of the extraction cake. Consequently, the pressure value is important to obtain 

steady-state conditions. An optimisation of the perforated disk and its induced pressure could 

possibly stabilise the extraction cake and increase the narrow operation window.  

 

Pressure distribution in the extraction device 

The pressure distribution during a steady-state process is measured at the three upper 

sampling points USP 1, USP 2, USP 3 as well as at the solid inlet (SP 0) and the raffinate outlet 

(SP 4) (Figure 3-3). An ultra-compact, gel-filled digital pressure sensor (MS5837-02BA, TE 

connectivity Corporation, Berwyn, PA, USA) has been attached to the corresponding SP after 

reaching steady-state with OP 2 (Table 3-9). For the perforated disk (SP 4) the sensor has been 

attached to one single hole. This single hole is completely blocked by the sensor, which could 

influence the conditions slightly. Figure 3-16 shows the single pressure sensor, the adapters 

for the USP and the perforated disk with attached sensor. 

 

 

Figure 3-16: Pressure measurement device, (a) digital pressure sensor in detail, (b) adapter for 

pressure sensor at one USP of the extractor, (c) perforated disk with attached sensor. 
 

After attachment of the sensor the pressure has been measured three times at the five 

positions in 5 minutes intervals. The mean pressure and standard deviation have been 

calculated and are listed in Table 3-12. Further the difference of the calculated mean pressure 

𝑝̅ to the present atmospheric pressure 𝑝𝑎𝑡𝑚 = 1.005∙ 105 Pa at every SP has been determined. 



Experimental investigations 

 

49 
 

The pressure distribution is graphically shown in Figure 3-17. 

 
Table 3-12: Pressure distribution in the screw extractor for operation point OP 2. 

Parameter  SP 0  
(leaves inlet) 

USP 1 
 

USP 2 
 

USP 3 
 

SP 4 
(PD) 

Unit 

position 𝑥   0.06 0.13 0.21 0.29 0.32 m 

dimensionless length x/L 0.19 0.41 0.66 0.91 1 - 

mean pressure   𝑝̅    1.005 

(= 𝑝𝑎𝑡𝑚 ) 

1.008 1.012 1.015 1.187 ∙ 105 Pa 

standard deviation  𝜎  - 0.002 0.005 0.001 0.022 ∙ 105 Pa 

difference to 𝑝𝑎𝑡𝑚  e 0 0.30 0.70 1.00 18.11 % 

 

 
Figure 3-17: Pressure distribution in the screw extractor at steady-state for OP 2. Pressure 

measurements have been repeated three times (error bars with the green line) at SP 0, 
USP 1, USP 2, USP 3, and SP 4 (perforated disk), from left to right.  

 
The measured data show that the highest increase of pressure in the extractor is located as 

expected at SP 4 (perforated disk). Here, the mean pressure equals 1.187 ± 0.022∙ 105 Pa, 

which is an increase of 18.11% compared to atmospheric pressure. The increase of pressure 

inside the device from SP 1 - SP3 remains lower than 1% compared to the atmospheric 

pressure. The pressure increase at the perforated disk is important for a sufficient cake 

formation which is crucial for the success of a continuous process operation.  
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Steady-state pressure 

In a next step only the pressure at the PD was measured for all three steady-state operation 

points (Table 3-9) at a time 𝑡 = [0, 5, 10] min after sensor attachment to define a steady-state 

pressure. Measurement data are provided in Table 3-13.  

 

Table 3-13: Pressure at the perforated disk for three steady-state operation points. 

Parameter   Operation point (OP) Unit 

  1 2 (ref) 3  

measuring time:      0 min  1.187 1.171 1.224 ∙ 105 Pa 

5 min  1.134 1.219 1.104 ∙ 105 Pa 

10 min  1.434 1.173 1.225 ∙ 105 Pa 

mean pressure               𝑝̅    1.252 1.187 1.184 ∙ 105 Pa 

standard deviation        𝜎  0.131 0.022 0.057 ∙ 105 Pa 
 

During the measurement, the pressure for OP 1 rises sharply after 10 min. The blocked hole 

in the perforated disk has a greater impact on OP 1 compared to OP 2 and OP 3. Additionally, 

the slow screw rotation speed of only 1.3 rpm increases the system's sensitivity to process 

fluctuations. 

Despite these variations, the mean pressure 𝑝̅ remains stable across all steady-states, ranging  

between 1.252∙105 and 1.184∙105 Pa. The total standard deviation remains below 10% for 

OP 1 and below 5% for OP 2 and OP 3, indicating overall stable pressure conditions. 

In conclusion, a nearly constant steady-state pressure of 𝑝𝑠𝑡  ≈ 1.2∙105  Pa is maintained within 

the defined operation window. 

 

Definition of a pressure operation window at the PD 

To optimise the stability of the steady-state process, identifying the upper and lower pressure 

limits at the PD is essential.  

The lower pressure limit was determined by stopping the leaves inflow rate after reaching 

steady-state operation (OP 2). As a result, the solid-liquid ratio R {Eq. (3-9)} decreases, 

gradually dissolving the extraction cake and ultimately causing flooding at the perforated disk.  

The minimal pressure required to maintain a stable extraction cake, as shown by the red line 

in Figure 3-18, was found to be 𝑝𝑚𝑖𝑛 ≈ 1.082∙105 Pa. 
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Figure 3-18: Flooding pressure measurement. First a steady state with attached sensor is 
performed for 30 min (OP 2) measuring the pressure distribution (green line). Then, the leaves 

inlet is stopped (dashed black line) which forces a flooding at the perforated disk due to the 
absence of solid material. The pressure is measured at the PD during this procedure until 

reaching a complete dissolution of the extraction cake (marked as “visual flooding”). The 
pressure right before the dissolution of the extraction cake is defined as lower pressure limit 

(red line). This limit is slightly higher than the atmospheric pressure (dashed blue line). 
 

The upper pressure limit was measured by increasing the solid-liquid ratio R {Eq. (3-9)} by a 

factor two right from the start of the measurement. Operation parameters resulting from this 

adaption are shown in Table 3-14. 

 
Table 3-14: Upper pressure limit operating conditions. 

Parameter  Values Unit 

mass flow rate of dry leaves 𝑚̇𝑑𝑠  1.05 g/min 
mass flow rate of solvent 𝑚̇𝑙    10.5 g/min 
solid-liquid ratio R {Eq. (3-9)} 0.1 kg/kg 
screw rotation rate  𝑛  2.2 rpm 

 

The pressure sensor is attached to the PD from the start of the experiments to estimate the 

pressure evolution. Simultaneously, the mass of extract and raffinate have been weighted 

every 2 min to identify blockage. Figure 3-19 (a) shows an increase of pressure at the 

beginning of the measurement from atmospheric to 2.1∙105 Pa. Between 5 and 10 min, the 

pressure stabilises at 2.2∙105 Pa, then increases to 2.46∙105 Pa after 15 minutes. At this time 
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the weighted mass at the raffinate converged polynomial, indicating a full blockage of material 

at the level of the perforated disk (Figure 3-19 b). The experiment was stopped to prevent 

damage at the extraction device. The maximal pressure was measured as 𝑝𝑚𝑎𝑥  ≈ 2.2∙105 Pa. 

 

Figure 3-19: Upper pressure limit measurement, (a) pressure evolution until reaching 
blockage, (b) mass of extract (linear interpolation) and raffinate (polynomial interpolation). 
 
Finally, the pressure field is found between [𝑝𝑚𝑖𝑛, 𝑝𝑚𝑎𝑥 ] = [1.1, 2.2]∙105 Pa for continuous 

operation. The pressure measured for all selected operation points (𝑝𝑠𝑡  = 1.2 ∙105 Pa) is close 

to the lower pressure limit. For optimising the operation window this pressure should be 

increased by modifying the shape of the perforated disk. 

 

Optimisation of the perforated disk inside the pressure operation window 

The hole diameters for two re-designed perforated disks have been decreased from initially 

5.5 mm (noted PD 5.5) to 5 mm (PD 5) and 4.5 mm (PD 4.5). The implementation of PD 5 for 

the operation conditions of OP 2 (Table 3-9) resulted in a stable process with stable mass flow 

rates (Figure 3-20) and a slight increase of pressure at the PD 5 (1.5 ± 0.25∙105 Pa) compared 

to the initial PD 5.5 (𝑝𝑠𝑡  = 1.2 ∙105 Pa), as expected. The increased pressure has an effect on 

the extract mass flow rate by approx. +10% while the raffinate flow rate is simultaneously 

decreased by 50 - 60% resulting in lower solvent waste compared to PD 5.5 (Table 3-15). 

Table 3-15: Comparison of mass flow rates for original (PD 5.5) and modified disk (PD 5). 

Parameter  PD5.5 (initial) PD 5 Unit 

mass flow rate of extract 𝑚̇𝑒𝑥𝑡  16.29 - 17.02 18.53 g/min 
mass flow rate of raffinate  𝑚̇𝑟𝑎𝑓𝑓 3.58 - 5.06 1.83 g/min 
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Figure 3-20: Mass flow rates of steady-state operation with the modified disk PD 5, (a) extract 

and (b) raffinate. 
 
A further pressure increase with PD 4.5 could not be realised since the smaller hole diameter 

resulted in a blockage at the PD for all investigated conditions (Figure 3-21).  

 

 
Figure 3-21: Mass flow rates of OP 2 with PD 4.5 for (a) extract and (b) raffinate. The raffinate 
mass flow rate curve shows a non-linear behaviour, indicating a blockage at the perforated 

disk preventing steady-state operation. 
 
Regarding the hole diameter, 5 mm was identified as the optimal geometric configuration for 

the perforated disk. While further optimisation of the perforated disk is possible, it falls 

outside the scope of this thesis and is considered a topic for future work. The initial perforated 

disk, with 5.5 mm hole diameters, is used for subsequent experimental observations, as it was 

previously employed in extraction experiments with the steel setup at the local MPI, allowing 

for direct comparisons. 
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3.4.4 Phases residence time distribution 

For measuring the RTD behaviour of solvent and solvent-soaked A. annua leaves, the 

extractor was operated continuously at operation point 2 (Table 3-9) for at least 20 minutes, 

ensuring steady state. During this time, the caps covering all sampling ports completely sealed 

the extractor wall, so that the process was not affected. The process takes place at room 

temperature (20°C).  

The RTD of the solvent was measured using a 10 wt.% solution of sodium chloride in water 

(99.5 % purity, Sigma-Aldrich, Merck, Darmstadt, Germany). According to a calibration study 

of Vu [Vu23], this was defined as the optimal operation point of the employed conductivity 

meter (FiveEasy Conductivity, Mettler Toledo, Columbus, USA). A volume of 30 ml of the tracer 

solution was introduced as a pulse injection after reaching steady-state operation. Then, 

samples with a volume of 10 ml were collected every minute at the extract outlet only and 

their conductivity was measured.  

For investigating the RTD of solvent-soaked A. annua leaves, black mustard seeds have been 

used as tracer particles to track the behaviour of the pulverised leaves. Mustard seeds have a 

spherical shape with a mean diameter of 1.6 ± 0.4 mm and stable material properties [WR01]. 

A pulse injection of 1.5 g of tracer particles was introduced by gravity at the solid inlet (SP0, 

see Figure 3-3). The tracer particles stick immediately to the neighbouring soaked leaves 

already present within the reactor. Samples were taken every minute at each of the three 

lower sampling points (LSP 1, LSP 2, or LSP 3) and at the raffinate outlet (SP 4), see Figure 3-3. 

Three identical runs have been repeated to measure the RTD behaviour at all lower sampling 

points. When sampling the solid tracer particles, the solvent pump has been stopped, to avoid 

solid displacement due to solvent flow. The cap of the specific sampling point has been 

removed. In one-minute intervals also the motor of the screw was stopped and the material 

appearing at the position of the opened cup was scraped out of the extractor, before 

restarting the motor. The procedure has been repeated until all tracer particles had passed 

the sampling point. The tracer particles have been separated from the leaf particles 

afterwards using a sieve and dried at the air for one day. Finally, the sampled and dry mustard 

seeds have been weighted.  
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RTD of the liquid phase (related to 𝒎̇𝒍) 

The sodium chloride concentration in the samples used to calculate the normalised residence 

time distribution curve 𝐸(𝑡) converges to small values after 12-14 min of measurement time, 

but does not reach a value of zero. This results from the soaking of concentrated solvent to 

the leaves phase. To eliminate the effect of solvent soaking from the RTD analysis, a stop 

criterion for this concentration measurement is defined. The change of concentration 

between two samples ∆𝐶(𝑡) has been set in relation to the maximum change between two 

samples ∆𝐶𝑚𝑎𝑥(𝑡). If this ratio is below 5% for two consecutive samples, the conductivity is 

assumed to be zero and not used for RTD analysis (Table 3-16). 

 

Table 3-16: Conductivity measurement of OP 2. As a stop criterion for the conductivity 
measurements the change of conductivity between two sampling times ∆𝐶(𝑡) was set in 

relation to the maximum concentration change ∆𝐶𝑚𝑎𝑥(𝑡)(bold). The measurements stop 
when this ratio ∆𝐶(𝑡)/∆𝐶(𝑡) is lower than 5% for two consecutive sampling times (red) – in 
the presented measurement table this is the case after a time of 12 min.  

time t (min) conductivity 𝐶(𝑡) (mS/cm)  ∆𝐶(𝑡) ∆𝐶(𝑡)/∆𝐶𝑚𝑎𝑥(𝑡) (%) 

0 0 0 0 
1 15.12 15.12 99.60% 

2 30.3 15.18 = ∆𝑪𝒎𝒂𝒙(𝒕) 100.00% 
3 31.1 0.8 5.27% 

4 28.5 2.6 17.13% 
5 22 6.5 42.82% 
6 17.32 4.68 30.83% 
7 13.47 3.85 25.36% 

8 10.17 3.3 21.74% 

9 7.48 2.69 17.72% 
10 5.55 1.93 12.71% 

11 4.66 0.89 5.86% 
12 3.69 0.97 6.39% 

13 3.07 0.62 4.08%   <5% 
14 3.45 0.38 2.50%   <5% 

 

Results of three repetitions with mean value and deviations between the trials are given in 

Figure 3-22. Visually, the tracer concentration curve shows a peak after approx. three minutes 

(dotted line) and a slow subsequent decrease. The mean residence time has been calculated 

to be 𝜏̅𝑙 = 4.5 min using Eq. (2-31) which corresponds to 1.5 times the read value of the peak.  

This is a reasonable relation for mixed flows approaching CSTR behaviour [Lev12]. The 

determined, slow decay of the conductivity signal can be attributed to the holdup of the 

solvent by the soaked leaves. The tracer absorbed by the leaves upon injection is slowly 

released back into the liquid after the peak of the tracer has already passed.  
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Figure 3-22: Experimentally determined RTD curve of the liquid phase (water). The dotted line 

shows the visual value of residence time according to the concentration peak while the 
continuous line shows the actually measured solvent mean residence time (MRT) 𝜏𝑙̅.  

 
The measured MRT (𝜏̅𝑙 = 4.5 min) can be compared with the general assumption of Eq. (2-35), 

where the MRT results from the ratio of the total free volume 𝑉𝑡𝑜𝑡  (= 1.59∙ 10−4 m³) and the 

volume flow rate of solvent 𝑉̇ (= 20.79 cm³/min = 3.47∙ 10−7 m³/s). This volume-based 

assumption leads to a MRT of 7.6 min which is by 3.1 min higher compared to the experimental 

value. This difference comes from the fact, that the solvent is not filling the total volume of 

the extractor (due to the presence of the gas phase), as assumed in the general definition of 

Eq. (2-35).  

𝜏̅ =
𝑉𝑡𝑜𝑡

𝑉̇
=
1.59 ∙ 10−4 m³ 

3.47 ∙ 10−7m³/s
= 458 s = 7.6 min   

The calculated variance 𝜎𝑙
2 for the RTD curve in Figure 3-22, averaged between the three 

trials, equals a value of 6.3 min² with the resulting standard deviation 𝜎𝑙  = √6.3 = 2.5 min 

{Eq. (2-32)}. The first and second moment of the 𝐸(𝑡) curve (𝜏̅𝑙, 𝜎𝑙
2 ) have been used to 

estimate the theoretical number of stages {Eq. (2-33)} which results in a value of 𝑁𝑙 = 3 for 

OP 2. This value is very low and corresponds to a near-CSTR-behaviour for the liquid solvent. 

According to Eq. (2-40) the Bodenstein number for the solvent equals Bo𝑙  = 6 indicating a 

rather high degree of axial molecular diffusion and back-mixing. The behaviour close to CSTR 
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corresponds well to the shape of the curve [Lev12]. It is influenced by the low solvent 

residence time which ensures fast exchange of artemisinin-loaded solvent with fresh solvent, 

thus maintaining high concentration gradients during the continuous process. 

Changes of the screw rotation speed to evaluate the steady-state OP 1 and OP 3 revealed a 

slight decrease of the MRT and standard deviation for higher rotation rates (Table 3-17). The 

theoretical number of stages and, simultaneously, the Bodenstein number increase slightly 

from 𝑁𝑙 = 3 (Bo𝑙  = 8) for OP 2 to a value of 𝑁𝑙 = 4 (Bo𝑙  = 8) for OP 1 and OP 3 which is still in 

the same order of magnitude and predicts the desired near-CSTR behaviour for all operation 

points. As a result, increasing the screw rotation rate from 1.3 rpm (OP 1) to 2.5 rpm (OP 3) 

has no significant impact on the axial diffusion of the solvent phase, which flows counter -

current to the screw rotation. A mean value of the stage number can be taken with 𝑁𝑙 = 4.  

This contrasts with reports in the literature, where screw rotation consistently shows an 

increasing impact on the stage and Bodenstein number and consequently, on axial diffusion 

[WPT+07], [NvR+15]. However, these studies only examined materials transported with the 

screw, flowing in the same direction. The counterflow of the liquid phase against the screw 

rotation appears to be an exception. It is presumed that at higher screw rotation rates, there 

might be an influence on the liquid phase. However, as this lies outside the system's operating 

window (subsection 3.4.1), it is not explored further. 

 
Table 3-17: Effect of the screw rotation speed on the liquid-phase Bodenstein number. Three 
steady-state operation points have been examined. 

operation point screw rotation 
speed 𝑛 (rpm) 

mean residence time and  
standard deviation 𝜏𝑙̅ ±𝜎𝑙  (min) 
Eqs. (2-31), (2-32) 

𝑁𝑙 
Eq. (2-33) 

Bo𝑙  (-) 
Eq. (2-41) 

1 1.3 5.5 ± 2.8 4 8 
2 (ref) 2.2 4.5 ± 2.5 3 6 

3 2.5 4.4 ± 2.1 4 8 
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RTD of the solvent-soaked A. annua leaves (related to 𝒎̇𝒔) 

Three identical measurement campaigns have been repeated to obtain the solid-phase RTDs 

at the lower measurement points LSP 1, LSP 2, LSP 3 - and simultaneously behind the 

perforated disk (SP 4). This leads to a total of 12 RTD curves, shown in Figure 3-23 (a): green 

for original measurement, black for first repetition, red for second repetition. Relatively large 

variations are detected, highlighting the importance of repeating the measurements to get 

reliable information. This variability is due to the complex behaviour of the pulverised leaves, 

leading to local compaction and accumulation effects depending on the exact size, shape, and 

bulk humidity of the solid particles. The RTD curves at all four sampling points show a decrease 

of the peak value with time, together with an increasing spread of the curves. At the level of 

the perforated disk (outlet of the leaves from the compression cake), a mean residence time 

of 𝜏̅𝑠 = 15.5 min has been measured for the extraction process during steady-state operation, 

using Eq. (2-31). The mean residence time at sampling point LSP 3 in front of the PD equals 

7.3 min. According to the reaction kinetics of artemisinin with the solvent toluene discussed 

in section 3.3, a contact time of 𝑡𝑒𝑞  ≈ 10 min already leads to a 97.4 % normalised extraction 

efficiency based on the extractable mass fraction. Consequently, the length of the glass 

extractor of 𝐿 = 0.32 m for the employed operation conditions is sufficient when using toluene 

as solvent. 

Figure 3-23 (b) shows the RTD curve for the sampling point SP 4 (PD) in detail. The deviations 

between all three trials are represented by error bars. Tracer particles are detected from 9 to 

26 minutes after pulse injection, with relatively large deviations between repeated 

measurements. This can be attributed to the compression of leaves and tracer particles by the 

PD, leading to stochastic, alternating flooding or blockage of the material at this level. 
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Figure 3-23: Experimental RTD curve for the solvent-soaked leaves. Three identical trials (1-3) 
have been examined with OP 2 for (a) all four sampling points (LSP 1, LSP 2, LSP 3, SP 4), (b) 

sampling point SP 4 (PD), with deviations between three repeated measurements illustrated 
by error bars. 
 

In order to characterise the RTD behaviour for the solvent-soaked leaves in the steady-state 

process and to analyse the extent of axial dispersion, the first moment 𝜏̅𝑠 (MRT) and the 

second moment 𝜎𝑠
2 (variance) of the 𝐸(𝑡) function are analysed for all sampling points 

(Figure 3-24). Both moments increase almost linearly with the dimensionless length x/L from 

LSP 1 to LSP 3, with the MRT increasing faster than the variance. At SP 4, both moments and 

their variation across trials 1–3 are significantly higher, likely due to the influence of the 

perforated disk and the extraction cake. 
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Figure 3-24: (a) Mean residence time and (b) variance for the solvent-soaked leaves. Three 
identical trials (1-3) have been investigated with OP 2 for sampling points LSP 1, LSP 2, LSP 3, 

SP 4.  
 

Based on the first and second moment, the theoretical number of stages 𝑁𝑠 {Eq. (2-33)} and 

simultaneously the Bodenstein number Bo𝑠  {Eq. (2-44)} can be analysed for each sampling 

point. Figure 3-25 depicts an increase of 𝑁𝑠 (and Bo𝑠 ) with increasing transportation length in 

the extractor (e.g., for trial #2: from 𝑁𝑠 = 5 at LSP 1 to 𝑁𝑠 = 33 at LSP 3). At SP 4 the average 

number of stages and Bodenstein number decreases again to a value of 𝑁𝑠 = 23 and Bo𝑠  = 46 

caused by the compression process at the perforated disk which reduces axial diffusion and 

the spread of the RTD curve. Since the extraction process at this position can be neglected 

these values are not relevant for reactor characterisation. 

A linear interpolation of the averaged (av.) values for LSP 1 – LSP 3 shows a perfect fit (R² = 1) 

confirming the constant relation between stage number 𝑁𝑠 and characteristic length 𝐿𝑐ℎ of 

the extractor, as given in Eq. (2-44). This indicates a constant transport velocity of the leaves 

by the screw and a consistent diffusion coefficient throughout the reactor, as described by the 

dispersion model [Lev99]. This leads to more narrow peaks with higher transportation length, 

which are advantageous for this extraction process, as they reduce elution volumes and yield 

higher ARTE mass fractions [SSS20]. 

For extractor characterisation the values at LSP 3 are used which defines the total 

transportation length of the leaves (𝑁𝑠 = 33). The Bodenstein number of Bo𝑠  = 66 is ≈ 10 times 

higher compared to the liquid solvent. Since it indicates an ideal PFTR for values Bo > 100 

[Lev12], the extractor exhibits near-PFTR behaviour for the solvent-soaked leaves.  
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Figure 3-25: Stage number and Bodenstein number for solvent-soaked leaves along the 
extractor at OP 2. Three identical experimental runs have been performed (shown with 1-3 
and different markers) by taking samples at LSP 1-SP 4. A linear interpolation of the averaged 
(av.) values for each run reveals a perfect fit, proving constant transport velocities and 
diffusion coefficients as defined in Eq. (2-44). The parameters are plotted as function of 
dimensionless length x/L (L = 0.32 m).  

 

A similar analysis was performed for the two other limiting steady-state operation points OP 1 

and OP 3 (see operation conditions in Table 3-9). While generally, higher mass flow rates of 

feed material increase the stage number, higher screw rotation rates decrease the stage 

number [WPT+07], [NvR+15]. Results of the stage and Bodenstein numbers for the counter-

current extraction process at LSP 3 are compared to steady-state OP 2 in Table 3-18. The stage 

number 𝑁𝑠 decreases from 41 (OP 1) to 20 (OP 3) by a factor 2, indicating a spread of the 

curves and higher axial diffusion. Consequently, the effect of the increased screw rotation rate 

is higher compared to the increased feed material, which fits to literature [WPT+07], 

[NvR+15]. This effect indicates undesired back-mixing effects. Consequently, the reactor 

should preferably be used with lower screw rotation rates of OP 1 or OP 2.  
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Table 3-18: Stage number 𝑁𝑠 and Bodenstein number Bo𝑠  for solvent-soaked leaves for three  

steady-state operation points OP 1, OP 2 and OP 3 have been examined at LSP 3 (in front of 
the PD). Operation conditions are listed in Table 3-9. 

Parameter  Operation point (OP) Unit 
  1 2 (ref) 3  

screw rotation rate 𝑛  1.3 2.2 2.5 rpm 
theoretical number of stages 𝑁𝑠(LSP 3)  {Eq. (2-33)} 41 33 20 - 

Bodenstein number  Bo𝑠 (LSP 3)  {Eq. (2-44)} 82 66 40 - 
 

Based on the phases RTD analysis the extractor shows different flow behaviour for liquid and 

solid phases. The liquid solvent exhibits a stage number of 𝑁𝑙 = 4 indicating a near-CSTR 

behaviour with significant back-mixing. In contrast, the solvent-soaked leaves show a high 

stage number of 𝑁𝑠 = 33 for OP2, reflecting a near-PFTR behaviour with minimal back-mixing. 

This behaviour is advantageous for the extraction process, as the solvent maximises the 

contact area with the leaves while the exhausted leaves are efficiently transported out of the 

extractor. Nevertheless, for using the RTD analysis for a simplified compartment model as 

described in subsection 2.3.2 and applied in chapter 5 only one parameter for 𝑁 must be 

determined. Therefore, a mean number of stages 𝑁 (𝑁𝑙  , 𝑁𝑠 ) = 𝑁 (4 ,33) = 18 is defined. 
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3.4.5 Efficiency of screw-driven transport 

The residence time of the solvent-soaked A. annua leaves is mainly influenced by the screw 

transportation process. The efficiency of the screw transport 𝜂, meaning the ratio of the actual 

volumetric flow rate along the screw divided by the maximum theoretical volumetric flow rate 

of material according to Eq. (2-45), is obviously always below 1 [RMM93], [RM94]. For 

constant cross-sectional areas of the screw this relation is also valid for axial velocities. The 

difference between actual flow and theoretical flow can be explained by two reasons: (1) high 

shear of the bulk solid in the gaps along the screw during its rotational motion, (2) slippage 

and backflow in the clearance between screw and extractor walls.  

Information about the transport efficiency 𝜂 of the implemented screw provides a correction 

factor between theoretical and experimental axial material velocities. This allows an 

estimation of the residence time of solvent-soaked A. annua leaves which depends on the 

axial material velocity and the overall transportation length 𝐿𝑠 = 0.26 m (section 3.1) starting 

at the inlet of dry A. annua leaves {Eq. (2-34)}. The theoretical axial velocity of leaves 𝑢̅𝑎𝑥 is 

determined using Eq. (2-46) based on the screw rotation speed 𝑛. It has been calculated in 

Table 3-9 for all operation points (OP 2 as a reference: 𝑢̅𝑎𝑥 = 9.52·10-4 m/s ≈ 1 mm/s). 

Figure 3-26 shows the experimentally derived axial velocities of the solvent-soaked A. annua  

leaves with a rotational speed of 𝑛 = 2.2 rpm for each lower sampling point (LSP 1 – LSP 3) and 

for the perforated disk (SP 4), considering again three repetitions of the same experiment for 

OP 2. The average value (av.) changes only slightly between LSP 1 (4.28·10-4 m/s) and LSP 3 

(4.59·10-4 m/s) which amounts to only 7%, as expected in the previous section 3.4.4. Its value 

decreases significantly at the location of the perforated disk (x/L = 1). This decrease of axial 

velocity is caused by the higher pressure at this location (subsection 3.4.3), which inhibits the 

transport of the leaves. Therefore, this position is excluded from the determination of the 

overall transport efficiency. Finally, the experimentally measured average axial velocity of the 

solvent-soaked leaves in OP 2 can be determined as 𝑢̅𝑎𝑥,𝑒𝑥𝑝  ≈ 4.41·10-4 m/s.  
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Figure 3-26: Evolution of the axial velocity for leaves along the extractor at OP 2. Three 
identical experimental runs have been performed (shown with the different markers) by 

taking samples at LSP 1 - SP 4. The axial velocity is plotted as function of the dimensionless 
length x/L (L = 0.32 m).  

 

The transport efficiencies 𝜂 {Eq. (2-45)} for the three examined operation points are shown in 

Table 3-19. This table indicates similar transport efficiencies for all three operation points, 

with a mean value  𝜂̅ ≈ 0.46, corresponding also to the value for the reference case OP 2.  

 

Table 3-19: Transport efficiency by the screw for three different operation points (conditions 
are listed in Table 3-9). 

Parameter  Operation point (OP) Unit 

  1 2 (ref) 3  

screw rotation speed 𝑛  1.3 2.2 2.5 rpm 

experimental axial velocity 𝑢̅𝑎𝑥,𝑒𝑥𝑝   2.82 4.41 4.36 ∙ 10−4 m/s 
theoretical axial velocity 𝑢̅𝑎𝑥 {Eq. (2-46)} 5.62 9.52 10.81 ∙ 10−4 m/s 

transport efficiency 𝜂 {Eq. (2-45)} 0.502 0.463 0.403 - 
 

Keeping this constant value, a simple conversion into the mean residence time 𝜏𝑠̅ 
′  of solvent-

soaked A. annua leaves using Eq. (3-19) {based on Eq. (2-34)} can be performed.  

𝜏̅𝑠 
′ =

𝐿𝑠 

𝑢̅𝑎𝑥,𝑒𝑥𝑝
=

𝐿𝑠 

𝜂   ∙  𝑢̅𝑎𝑥 
 (3-19) 
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Using this approach, the experimental residence time of solvent-soaked A. annua leaves in the 

extractor can be assessed in advance for a variety of steady-state operation points without 

any necessity of performing additional experiments. This is extremely valuable for the 

preliminary design of corresponding process units. 

 

3.4.6 Phase retention volume 

The retention (ret.) volume of liquid solvent 𝑉𝑙  and solvent-soaked leaves 𝑉𝑠 inside the 

extractor provides information about the liquid phase volume fraction 𝜀′. This volume fraction 

is necessary for adapting analytical models describing the extraction process. Further, the 

retention volume of liquid and solid phase provides information for setting up CFD simulations 

and validation. 

The phase retention volume can be calculated based on the experimentally measured phase 

residence times. Since the derived number of stages for the liquid solvent 𝑁𝑙 = 4 (Bo𝑙 = 8) 

indicates a near-CSTR behaviour, the liquid volume 𝑉𝑙  inside the extractor can be calculated 

as a function of solvent residence time 𝜏𝑙̅  and volume flow rate 𝑉̇𝑙, following Eq. (2-35). 

Thereby, only the extract mass flow rate excluding the internal extract, and the liquid density 

𝜌𝑙  are used. This extract mass flow rate was experimentally investigated in several operation 

points (subsection 3.4.2). Nevertheless, the final mass flow rate balance included small errors 

coming from experimental accuracy limitations (Table 3-10). These errors could affect the 

resulting retention volume. Consequently, the extract mass flow rate is theoretically 

calculated assuming equilibrium state between the involved phases to ensure complete mass 

conservation using Eq. (3-12). The solvent residence time 𝜏̅𝑙 comes from residence time 

distribution measurements (subsection 3.4.4) while the liquid phase (water) density equals 

𝜌𝑙  = 998 kg/m³ (Table 3-5).  

𝑉𝑙 = 𝑉̇𝑙 ∙ 𝜏𝑙̅   =
𝑚̇𝑒𝑥𝑡 ∙ 𝜏̅𝑙   

𝜌𝑙
 

(3-20) 

Similarly, the retention volume of the solvent-soaked leaves 𝑉𝑠 is distributed over the total 

length of the extractor and can be calculated according to Eq. (3-21) by using the density of 

solvent-soaked leaves 𝜌𝑠  = 922 kg/m³ (Table 3-5).  

𝑉𝑠 = 𝑉̇𝑠 ∙ 𝜏̅𝑠 
′ =
𝑚̇𝑟𝑎𝑓𝑓 ∙ 𝜏̅𝑠

′  

𝜌𝑠
 

(3-21) 
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To ensure mass conservation the raffinate mass flow rate is calculated according to Eq. (3-11). 

Regarding the MRT, the experimental value 𝜏̅𝑠 at SP 4 (PD) describes the final outcome at the 

perforated disk. Previous measurements at several sampling points inside the extractor 

showed that the axial velocity of leaves is nearly constant in the extractor but decreases 

significantly at the perforated disk due to the compression process (Figure 3-26). This effect 

influences the residence time of leaves significantly, by nearly a factor 2 (subsection 3.4.4). 

Since the extraction cake does not play a significant role for the extraction efficiency the 

residence time of leaves in front of the extraction cake 𝜏𝑠̅ 
′  was calculated based on Eq. (3-19), 

neglecting the width of the extraction cake (𝑤𝐸𝐶  = 5∙10-3 m) (Table 3-20). The resulting 

transportation length equals: 

𝐿𝑠,𝐸𝐶  = 𝐿𝑠 −𝑤𝐸𝐶  = 0.26 m - 0.005 m = 0.255 m (3-22) 

 
Table 3-20: Calculated mean solid-phase residence times. The mean residence time is 

calculated based on Eq. (3-19) using the experimental and theoretical axial velocities from 
Table 3-19, the transport efficiency 𝜂̅ = 0.46 and the transportation length 𝐿𝑠,𝐸𝐶  = 0.255 m. 

Parameter  Operation point (OP) Unit 

  1 2 (ref) 3  
exp. axial velocity 𝑢̅𝑎𝑥,𝑒𝑥𝑝   2.82 4.41 4.36 ∙ 10−4 m/s 

th. axial velocity 𝑢̅𝑎𝑥 {Eq. (2-46)} 5.62 9.52 10.81 ∙ 10−4 m/s 

mean residence time (in 

front of extraction cake) 
𝜏̅𝑠 
′ {Eq. (3-19)] 16.44 9.70 8.55 min 

 

The final retention volumes for the solvent-soaked A. annua leaves and the liquid phase are 

listed in Table 3-21 using the unit (min) for the MRT. The free volume in the extractor filled by 

the gas phase (air) results from Eq. (3-23), using the total volume of the extractor 

𝑉𝑡𝑜𝑡  = 15.9·10−5 m³. 

𝑉𝑔 = 𝑉𝑡𝑜𝑡 −𝑉𝑙 −𝑉𝑠 (3-23) 

The solid phase retention volume of the A. annua leaves is very constant (< 5% variation). This 

implies constant filling degrees of the screw segments for different operation conditions, as 

desired. The liquid phase retention volume 𝑉𝑙  varies slightly (≈ 20%) caused by the difference 

in solvent MRT for the operation points, as discussed in subsection 3.4.4. The gas phase is 

present in all operation points, which fits to the experimental observations. A total filling of 

the extractor is not possible due to the defined operation window and the limiting parameters 
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(subsection 3.4.1). The retention volumes are important for later validation procedures of the 

CFD simulations.  

Based on the volume of liquid and solid phase a liquid phase volume fraction 𝜀′  can now be 

calculated, similar to the previously defined mass flow-based definition in section 2.2 

{Eqs. (2-13) and (2-22)}. This allows simple adaption to the CFD model later developed in 

chapter 4.  

𝜀′ =
𝑉𝑙

𝑉𝑙 + 𝑉𝑠
=

𝑉̇𝑙
𝑉̇𝑙 + 𝑉̇𝑠

 
(3-24) 

The liquid phase volume fraction for the examined experiments ranges between 0.55 (OP 2) 

and 0.61 (OP 3). This implies that overall, the three operation points correspond to quite 

similar conditions in this respect. This liquid phase volume fraction is applied in the 

compartment model in chapter 5. 

 

Table 3-21: Retention volume and phase ratio of solid and liquid phases. The phase densities 
are constant with solvent density 𝜌𝑙  = 998 kg/m³ (Table 3-3) and A. Annua density 
𝜌𝑠=922 kg/m³ (Table 3-5). The MRT needs to be transferred to unit [s] when calculating the 
retention volumes.  
Parameter  Operation point (OP) Unit 

  1 2 (ref) 3  

mass flow rate of extract 𝑚̇𝑒𝑥𝑡  {Eq. (3-12)}  24.28 27.05 29.98 ∙ 10−5 kg/s 

liquid phase MRT 𝜏̅𝑙 (Table 3-17) 5.9 4.5 5.1 min 

liquid phase ret. volume  𝑽𝒍 {Eq. (3-20)} 8.61 7.32 9.19 ∙ 𝟏𝟎−𝟓 m³ 

mass flow rate of raffinate 𝑚̇𝑟𝑎𝑓𝑓 {Eq. (3-13)}  5.78 9.35 10.68 ∙ 10−5 kg/s 

solid phase MRT 𝜏̅𝑠
′ {Eq. (3-19)} 16.44 9.70 8.55 min 

solid phase ret. volume  𝑽𝒔  {Eq. (3-21)} 6.18 5.90 5.94 ∙ 𝟏𝟎−𝟓 m³ 

gas phase ret. volume (air) 𝑽𝒈  {Eq. (3-23)} 1.11 2.68 0.77 ∙ 𝟏𝟎−𝟓 m³ 

liquid phase volume fraction 𝜀′𝑒𝑥𝑝   {Eq. (3-24)}   0.58 0.55 0.61 - 
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3.5 Influence of modified screw angles  

The screw geometry is a central component of the investigated extractor. The screw angle 𝛽 

defines the segment length 𝑎 and the number of screw segments 𝑠. As described in 

subsection 3.4.1 the small operation window for continuous steady-state operation allows 

only further process optimisation concerning geometrical components.  

In this section the two modified screws MS 1 and MS 2 are analysed (Figure 3-2 and Table 3-1). 

They represent a decreased screw angle by 10% and 20%, respectively, based on the original 

screw (OS), used so far. The influence of this modification on the steady-state operation as 

well as on the RTD behaviour of the solvent-soaked leaves is investigated and compared to 

OS. This work was strongly supported by Riem Al-Hamadi during her Bachelor’s thesis [AlH24]. 

 
Steady-state behaviour 

The measurements of extract and raffinate mass during three identical repetitions of steady-

state operation point 2 (see operation conditions in Table 3-9) showed a linear increase over 

time proving a stable operation (Figure 3-27).  

 
Figure 3-27: Mass of extract and raffinate over time for OS, MS 1 and MS 2 at OP 2. Operation 
conditions are listed in Table 3-9. Three repetitions are averaged. Mass flow rates are 
calculated between 20 and 30 min, reprinted from [AlH24]. 

 

Analysing the final mass flow rates, the decrease of the screw angle 𝛽 results in a decrease of 

the raffinate mass flow rate of 20.9% (OS: 4.68 g/min, MS 2: 3.07 g/min) with a simultaneous 
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increase of extract mass flow rate by 8% (OS: 16.78 g/min, MS 2: 18.38 g/min) (Table 3-22). 

The resulting raffinate bulk humidity is decreased by 12 wt.% (OS: 78 wt.%, MS 2: 66 wt.%) 

and differs strongly from the batch bulk humidity inside the extractor which is always constant 

with 81 wt.% (subsection 3.2.3). 

 

Table 3-22: Mass flow rates of extract and raffinate for OS, MS 1 and MS 2. The operation 
conditions of the used OP 2 are listed in Table 3-9. 

Parameter  OS  MS 1 MS 2 Unit 

extract mass flow rate 𝑚̇𝑒𝑥𝑡
𝑒𝑥𝑝   16.78 17.93 18.38 g/min 

raffinate mass flow rate 𝑚̇𝑟𝑎𝑓𝑓
𝑒𝑥𝑝    4.68 3.72 3.07 g/min 

bulk humidity of raffinate 𝐻𝑟𝑎𝑓𝑓 {Eq. (3-7)}  78 72 66 wt.% 

 
 

The change of the screw angle 𝛽 influences the size of one screw segment and consequently 

the filling degree of dry leaves in one segment 𝐹𝑑𝑠 . For reaching a continuous process 

operation this parameter increases from 10.6% for OS up to 18.5% for MS 2 (Table 3-23). It 

needs to be noted that this filling degree is only a measure of stability by excluding the internal 

extract in solvent-soaked leaves or the compression at the PD. It cannot be used to evaluate 

the actual retention volume in the continuous process. This retention volume is calculated at 

the end of this section for MS 1 and MS 2. 

 

Table 3-23: Filling degree of dry leaves in one screw segment for OS, MS 1 and MS 2. The 
calculation is based on OP 2 (𝑛 = 2.2 rpm, 𝑚̇𝑑𝑠 = 1.05 g/min) 

  OS  MS 1 MS 2 Unit 

mass in one screw segment  𝑚𝑑𝑠
1  {Eq. (3-15)}  0.48 0.48 0.48 g 

total capacity in one screw segment  𝑚𝑑𝑠,𝑡𝑜𝑡
1  {Eq. (3-16)} 4.52 3.4 2.6 g 

filling degree of dry leaves  𝐹𝑑𝑠  {Eq. (3-14)} 0.106 0.141 0.185 - 

 

RTD of the solvent-soaked A. annua leaves  

The RTD for solvent-soaked leaves was measured as described in subsection 3.4.4. RTD curves 

for LSP 1 - SP 4 for three repetitions (in total 12 curves) are shown in Figure 3-28 while the 

averaged curves are presented in Figure 3-29. These averaged RTD curves show similar 

maximum peaks for OS, MS 1 and MS 2. Especially for MS 2 a second smaller peak is visible 

for LSP 2 - SP 4. This double peak is very present in the actually measured RTD curves in 

Figure 3-28 (b). It comes from flow in parallel paths due to channelling, causing a higher 

amount of back-mixing inside the extractor compared to OS. This effect results from the higher 

filling degree in MS 2 changing the flow pattern inside the screw reactor [WPT+07], [NvR+15].  
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Figure 3-28: RTD curves for (a) MS 1 and (b) MS 2 for sampling points LSP 1 - SP 4, showing 
three identical repetitions of the same experiment (reproduced from [AlH24]). 

 

 
Figure 3-29: Averaged solid phase RTD curves with screw designs OS, MS 1 and MS 2. Results 
are based on three identical runs (reproduced from [AlH24]). 
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Back-mixing effects usually increase the mean residence time (MRT) and the standard 

deviation [WPT+07], [CBD+23]. This expected increase for a decreased screw angle is visible 

in Table 3-24 (at LSP 3 from OS: 7.31 min to MS 2: 9.18 min). The expected increase of 

standard deviation due to the apparent second peak is not significant and only appears at 

LSP 2 (OS: 1.05 min; MS 2: 1.16 min). Furthermore, at SP 4 the MRT increases from OS 

(15.45 min) to MS 1 (18.53 min) but decreases again to MS 2 (15.17 min). This can be related 

to the change of bulk humidity at the raffinate outlet. As shown in Table 3-22 the bulk 

humidity decreases from OS to MS 2, which would be expected to lead to higher cake 

compaction and consequently higher residence times. The inconsistency at MS 2 could be 

caused by a higher transport efficiency of the screw geometry leading to a lower residence 

time as theoretically expected.  

The number of stages 𝑁𝑠 for the modified screws still increase from LSP 1 to LSP 3, as already 

investigated with OS. For the averaged RTD curves, the theoretical number of stages 𝑁𝑠 at 

LSP 3, located inside the extractor, increases from 33 (OS) to 57 (MS 2) (Table 3-24). The 

corresponding Bodenstein numbers increase from 66 (OS) to 114 (MS 2) as shown in 

Figure 3-24 and support the characterisation of a PFTR behaviour (Bo > 100) [Lev12]. 

Nevertheless, MS 1 should be used in preference to MS 2, since the application of MS 2 

introduces back-mixing effects for the solvent-soaked leaves (as seen in Figure 3-24), leading 

to a channelling of the flow.  

 
Table 3-24: Mean residence time and standard deviation for OS, MS 1 and MS 2. The operation 

conditions of the used OP 2 are listed in Table 3-9. 

Parameter Position Unit 
  LSP 1 LSP 2 LSP 3 SP 4  

  OS  
mean residence time 

standard deviation  

𝜏̅ {Eq. (2-31)} 

±𝜎 {Eq. (2-32)} 

1.59 ± 

0.68 

4.61 ± 

1.05 

7.31 ± 

1.27 

15.45 ± 

3.25 

min 

min 

theoretical number of stages 𝑁𝑠 {Eq. (2-33)} 5 19 33 23  

  MS 1   

mean residence time 
standard deviation  

𝜏̅ {Eq. (2-31)} 
±𝜎 {Eq. (2-32)} 

1.50 ± 
0.69 

4.81 ± 
1.14 

8.20 ± 
1.28 

18.53 ± 
3.56 

min 
min 

theoretical number of stages 𝑁𝑠 {Eq. (2-33)} 5 18 41 27  

  MS 2  

mean residence time 

standard deviation  

𝜏̅ {Eq. (2-31)} 

±𝜎 {Eq. (2-32)} 

1.73 ± 

0.66 

5.39 ± 

1.16 

9.18 ± 

1.22 

15.17 ± 

3.08 

min 

min 

theoretical number of stages 𝑁𝑠 {Eq. (2-33)} 7 22 57 24  
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Table 3-25: Stage number and Bodenstein number for OS, MS 1 and MS 2 of the solvent-

soaked leaves at LSP 3 with operation conditions of OP 2 (see Table 3-9). 
  OS  MS 1 MS 2 Unit 

theoretical number of stages 𝑁𝑠 {Eq. (2-33)} 33 41 57 - 
Bodenstein number Bo𝑠  {Eq. (2-44)} 66 82 114 - 

 

Efficiency of screw-driven transport 

After the discussion for design OS in subsection 3.4.5, Table 3-26 shows that the decrease of 

the screw angle 𝛽 results in an increase of the transport efficiency from 46% (OS) to 69% 

(MS 2). These values are quite high compared to literature (only 24 - 32% in [WPT+07]). 

 
Table 3-26: Screw-driven transport efficiency for OS, MS 1 and MS 2 for OP 2. 

Parameter  OS MS 1 MS 2 Unit 

exp. axial velocity 𝑢̅𝑎𝑥,  𝑒𝑥𝑝   4.41 4.26 3.74 ∙ 10-4 m/s 

th. axial velocity  𝑢̅𝑎𝑥 {Eq. (2-46)}  9.52 7.05 5.43 ∙ 10-4 m/s 

transport efficiency 𝜂  {Eq. (2-45)} 0.46 0.60 0.69 - 
 

A high transport efficiency ensures a smooth and sharp transportation of leaves through the 

extractor. This allows a good exchange of exhausted leaves with fresh leaves. Nevertheless, a 

balance between transport efficiency and back-mixing behaviour introduced by the higher 

filling degree of the screw needs to be found.  

 

Phase retention volume 

Based on the previously derived information the solid phase retention volume inside the 

extractor can be estimated for MS 1 and MS 2. For these calculations the mass flow rate of 

raffinate 𝑚̇𝑟𝑎𝑓𝑓 in front of the perforated disk is of interest {Eq. (3-11)}. This mass flow rate is 

constant for all screw geometries, as the operating conditions are identical. The MRT in front 

of the perforated disk 𝜏̅𝑠 
′ is of importance for estimating the retention volume as stated in 

subsection 3.4.6. It can be calculated with Eq. (3-19) using the screw-specific transport 

efficiency and theoretical axial velocity in Table 3-26. 

The retention volume is calculated according to Eq. (3-21) with the density of the solvent-

soaked leaves (𝜌𝑠 = 922 kg/m³, Table 3-5). The results show that the retention volume 

increases from OS to MS 2 by 17% (OS: 5.90∙ 10−5 m³, MS 2: 7.04∙ 10−5 m³), as expected, 

providing higher extractor loading with increased screw angle (Table 3-27). 
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Table 3-27: Retention volume of solid leaves with OS, MS 1 and MS 2. The density of the 

solvent-soaked leaves is 𝜌𝑠 = 922 kg/m³ (Table 3-5). 
Parameter  OS MS 1 MS 2 Unit 

mass flow rate of solid leaves 𝑚̇𝑟𝑎𝑓𝑓 {Eq. (3-11)} 9.35 9.35  9.35  ∙ 10−5 kg/s 

MRT of solid leaves 𝜏̅𝑠 
′ {Eq. (3-19)} 9.70 10.24 11.57 min 

solid phase ret. volume 𝑉𝑠 {Eq. (3-21)} 5.90 6.23 7.04 ∙ 10−5 m³ 

 

This section demonstrates that decreasing the screw angle, resulting in smaller screw 

segments, reduces the bulk humidity and thereby increases the extract mass flow rates. This 

effectively reduces solvent waste. While mean residence times decrease, the standard 

deviation remains nearly constant, enhancing the near-PFTR behaviour of the extractor 

regarding the leaves transportation process. However, the higher filling degree of MS 2 leads 

to increased back-mixing within the extractor, making it unsuitable for further application. 

Nevertheless, the screw design of MS 1 was found to be promising and should be tested in 

future studies. 
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3.6 Transferability of the results to toluene as real solvent  

The results of the continuous steady-state operation presented so far characterise the process 

without actually extracting artemisinin with an appropriate solvent – since only water is used. 

This major assumption was necessary due to safety restrictions with toluene. In this way more 

information about the process hydrodynamics by using a glass extractor and taking probes 

from inside the process could be received. This information is essential for a better 

understanding and the basis for developing a CFD model. Similar experiments by using an 

efficient solvent, e.g., toluene are not possible due to safety requirements.  

Nevertheless, the transferability of the results with water to toluene is now examined (1) 

hydrodynamically by adapting the kinematic viscosity, and (2) experimentally with real 

extraction in a steel-setup without probe taking by observing only steady-state operation 

points. 

 

3.6.1 Hydrodynamics 

Regarding hydrodynamics, the only difference between water and toluene results from their 

difference in kinematic viscosity (at 20°C: 32%, see Table 3-28). By adapting the kinematic 

viscosity of water to toluene thanks to a water temperature of 38°C the hydrodynamic 

properties become identical, since the Reynolds number is the same {Eq. (3-1)}. The process 

temperature of water was regulated in these experiments with a temperature control unit 

(93704220122 VT2, ANTON PARR GmbH, Graz, Austria), maintaining a stable temperature 

over time. As water flows from the inlet to the outlet, the temperature drops by only 5%, 

ensuring stable operation conditions. 

 

Table 3-28: Adaption of kinematic viscosity of water to the efficient solvent toluene [AP23]. 

Parameter  toluene water Unit 

kinematic viscosity 𝜐  0.68 (20°C) 1.002 (20°C) ∙ 10-6 m²/s 
 0.683 (38°C) ∙ 10-6 m²/s 
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RTD of the solvent (water) at 38°C 

The residence time distribution of water as solvent with an increased temperature of 38°C 

was measured at the extract outlet as described in subsection 3.4.4 for OP 2. The resulting 

tracer concentration curve is used to calculate the residence time distribution {Eq. (2-28)}. 

Compared to the RTD curve of water at 20°C (subsection 3.4.4), the RTD curve at a 

temperature of 38°C is very similar (Figure 3-30). The peak of the curve is slightly shifted to 

the right, but its maximum is at the same level. The deviations between the three replicates, 

visible as error bars, are very small, indicating high reproducibility. Table 3-29 demonstrates 

that the standard deviation is identical (20°C and 38°C: 2.5 min), while the mean residence 

time is lower by only 3% (0.1 min = 6 s). The resulting Bodenstein number equals a value of 6 

for both setups. This proves that the hydrodynamic behaviour of toluene or water as solvent 

is almost the same and water can safely be used to investigate the process.  

 
Figure 3-30: RTD curves of the solvent (water) at 𝑇 = 20°C (blue) and at 𝑇 = 38°C (black).  
 

Table 3-29: Residence time distribution of the solvent water at 𝑇 = 20°C or 38°C. 
Parameter  𝑇 = 20°C 𝑇 = 38°C Unit 

mean residence time  𝜏̅𝑙 {Eq. (2-31)}  4.5 4.4  min 

standard deviation 𝜎𝑙  {Eq. (2-32)} 2.5 2.5 min 

theoretical number of stages 𝑁𝑙 {Eq. (2-33)} 3 3 - 
Bodenstein number Bo𝑙  {Eq. (2-41)} 6 6 - 
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RTD of the solvent-soaked leaves (with water at 38°C) 

The solid phase RTD curves were measured in three identical trials at all four sampling points, 

similar to subsection 3.4.4. For comparison with the RTD curves measured at 20°C, the average 

curves from the three trials were used. Figure 3-31 shows a very good shape match between 

the two curves for LSP 1 and LSP 3, but deviations for LSP 2 and SP 4. The largest difference 

appears at LSP 4 with 23%, behind the perforated disk. This difference may be due to slight 

variations in extraction cake humidity. However, for LSP 3 in front of the extraction cake, an 

excellent agreement between the two RTD curves can be detected with variations below 5% 

for the mean residence time (Table 3-30). The resulting stage number 𝑁𝑠 differs slightly for 

the two temperatures (at LSP 3: 20°C – 33, 38°C – 28) but represents similar flow 

characteristics. 

 

Figure 3-31: Averaged solid phase RTD curves for a process temperature of 𝑇 = 20°C (green) 
and 38°C (black). The values were calculated by averaging over three identical trials for each 
sampling point (LSP 1 – SP 4).  
 
Table 3-30: RTD of the A. annua leaves with water as solvent at 𝑇  = 20°C or 38°C.  
𝑇 Parameter LSP 1 LSP 2 LSP 3 SP 4 Unit 

20°C  𝜏𝑠̅ ± 𝜎𝑠 {Eqs. (2-31), (2-32)}  1.6 ± 0.7 4.6 ± 1.0 7.3 ± 1.3 15.5 ± 3.2 min 

 𝑁𝑠   {Eq. (2-33)} 5 21 33 23  

38°C 𝜏𝑠̅ ± 𝜎𝑠 {Eqs. (2-31), (2-32)} 1.8 ± 0.6 5.0 ± 1.0 6.9 ± 1.3 18.9 ± 3.9 min 
 𝑁𝑠   {Eq. (2-33)} 9 25 28 23  

 

In conclusion the presented RTD measurements show only small deviations between water at 

a temperature of 20°C and 38°C. From a hydrodynamic point of view, similar results can 

therefore be expected when using either water or toluene as solvent. This allows the 
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transferability of the presented experimental results in section 3.4 and 3.5 (based on water) 

to the real extraction process using toluene. 

 

3.6.2 Continuous operation with toluene 

The glass extractor used in this work with the solvent water has identical dimensions but is 

shorter by a factor 2 compared to the steel extractor developed at the MPI Magdeburg. This 

steel extractor was used by Vu to perform real extraction of artemisinin from A. Annua leaves 

with the solvent toluene [Vu23]. A transfer of the characterised operation points 2 and 3 from 

the glass extractor defined in subsection 3.4.2 to the real extraction process in the steel setup 

with toluene is now to be attempted. The lower limit, OP 1, is irrelevant since only small 

amounts of A. annua leaves are introduced to the process, resulting in minimal ARTE 

extraction. 

This transfer requires a consideration of the different storage factors for water (𝑆𝐻2𝑂  = 4.34)  

and toluene (𝑆𝑡𝑜𝑙  = 2.25, see again subsection 3.2.3). This storage factor influences the solid-

liquid ratio 𝑅 since the A. Annua leaves soak more water compared to toluene, resulting in 

less free (external) solvent mass in the extractor. This affects the hydrodynamics and stability 

of the process. To compare both setups the transfer relation 𝑇𝑟 between solid-liquid ratio 𝑅 

and the storage factor 𝑆𝑗
. is used, where 𝑗 denotes the solvent material: 

𝑇𝑟 = 𝑅 ∙ 𝑆𝑗
. = const.  (3-25) 

 

Transfer to reference operation point 2   

Vu already reported a steady-state of the steel setup by using toluene as solvent and a rotation 

rate of 2.2 rpm [Vu23]. This operation point is similar to the defined reference OP 2 in this 

thesis (subsection 3.4.2). Table 3-31 shows similar input mass flow rates of dry leaves by using 

the solvent water or toluene (water: 0.175∙10-4 kg/s, toluene: 0.2∙10-4 kg/s). The small 

deviation may be due to measurement uncertainties in the closed steel setup: while the leaf 

mass flow in the glass extractor can be measured correctly before each experiment, the mass 

flow in the steel setup was calibrated once before the extractor was completely closed (see 

Figure 1-3). Re-validation is not possible, which can lead to errors. Nevertheless, the 

dimensionless transfer relation 𝑇𝑟 {Eq. (3-25)} resulting from the product of solid-liquid ratio 
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𝑅 and storage factor 𝑆𝑗
. is nearly identical (water: 0.22, toluene: 0.23). The estimated filling 

degree of one screw segment with dry leaves 𝐹𝑑𝑠  also differs only slightly (water: 11%, 

toluene: 12%). The final extract mass flow rate with the solvent toluene was detected with 

𝑚̇𝑒𝑥𝑡
𝑂𝑃2 = 10.1 g/min, which is lower than the measured water mass flow rate with the glass 

extractor (16.78 g/min) due to differences in the solid-liquid ratio 𝑅. The applicability of OP 2 

for both, water and toluene is proved. 

 
Table 3-31: Steady-state operation conditions with 𝑛 = 2.2 rpm using water or toluene. The 

operation conditions for using toluene [Vu23] are similar to OP 2 in this thesis. 
Parameter  Operation point 2 (ref) 

  water toluene  

  Value Unit 

mass flow rate of dry leaves 𝑚̇𝑑𝑠  0.175 0.20 ∙ 10−4  kg/s 
mass flow rate of solvent 𝑚̇𝑙  3.465 1.95 ∙ 10−4  kg/s 

solid-liquid ratio 𝑅 {Eq. (3-9)} 0.05 0.10 kg/kg 

screw rotation speed 𝑛  2.2 2.2 rpm 
filling degree of dry leaves in one 
segment 

𝐹𝑑𝑠  {Eq. (3-14)} 
0.11 0.12 

- 

transfer relation  𝑇𝑟 {Eq. (3-25)} 0.22 0.23 - 
 

Transfer to the upper limit operation point 3  

For finding more steady-state operation points with the steel setup, the upper limit of the 

defined operation window in this thesis (OP 3 with 𝑛 = 2.5 rpm, see subsection 3.4.1) has been 

reproduced using toluene as solvent. This process could be run for more than two hours, 

proving stability (Table 3-32). The slightly higher solid-liquid ratio 𝑅 for toluene of 0.105 

compared to 0.1 (OP 2, Table 3-31) results from limitations of the solvent pump steps. This 

affects the transfer relation for toluene 𝑇𝑟 showing a slightly higher value than for water 

(water: 0.22, toluene:0.24). Overall, similar operation conditions for a steady-state are proved.  

 
Table 3-32: Steady-state operation conditions with 𝑛 = 2.5 rpm using water or toluene. The 

operation conditions for using toluene are similar to OP 3. 
Parameter  Operation point 3 

  water toluene  
  Value Unit 

mass flow rate of dry leaves 𝑚̇𝑑𝑠  0.2 0.21 ∙ 10−4  kg/s 

mass flow rate of solvent 𝑚̇𝑙  4.0 2.0 ∙ 10−4  kg/s 
solid-liquid ratio 𝑅 {Eq. (3-9)} 0.05 0.105 kg/kg 

screw rotation speed 𝑛  2.5 2.5 rpm 
filling degree of one screw segment 𝐹𝑑𝑠  {Eq. (3-14)} 0.11 0.11  
transfer relation  𝑇𝑟 {Eq. (3-25)}  0.22 0.24 - 



Experimental investigations 

 

79 
 

The averaged extract mass flow rate was measured as 𝑚̇𝑒𝑥𝑡
𝑂𝑃3  = 9.9 g/min. This value is slightly 

lower compared to OP 2 (𝑚̇𝑒𝑥𝑡
𝑂𝑃2  = 10.1 g/min), despite an increased solvent mass flow rate. 

This indicates a higher bulk humidity for the extraction cake and higher solvent waste for this 

operation point 3 compared to OP 2. Similar trends were observed with the glass extractor 

using water as solvent (subsection 3.4.2). The higher screw rotation rate in OP 3 of 2.5 rpm 

obviously affects both, leaf transport and solvent flow, pushing the solvent toward the 

perforated disk and diluting the cake. Although the process remains stable, the higher 

raffinate bulk humidity leads to a lower extract mass flow rate. This cannot be considered an 

optimal operating point compared to OP 2; therefore, OP 3 is not recommended. 

To conclude, the transferability of the steady-state operating points 2 and 3 found in the glass 

extractor using water as solvent could be demonstrated when using the real solvent, toluene. 

This shows again that it is possible to carry out extensive experimental campaigns with water 

in order to get a better understanding of the process. 

 

 

3.7 Summary 

A continuous solid-liquid counter-current extraction process has been experimentally 

characterised in a horizontal screw-driven glass extractor by neglecting any mass exchange 

processes. The use of water as solvent instead of an efficient but highly explosive solvent like 

toluene allows optical observations as well as sampling from inside the process. In this way, 

the counter-current process could be analysed in detail to improve the understanding of 

operating conditions, material properties and phase residence time distributions during 

steady-state operation. This information will also support model development and validation 

using CFD. Nevertheless, the A. Annua leaves behave differently with the solvent water 

compared to toluene used for efficient extraction, in particular regarding the storage factor. 

This introduces deviations.  

The operating window leading to a stable, steady-state extraction process has been identified. 

Such a continuous process already improves the extraction efficiency of artemisinin by 

reducing loading and unloading time and solvent waste. Unfortunately, this window is quite 

small and is limited by the screw rotation speed, the ratio of pulverised A. annua leaves to 

solvent, and the mass flow rate of dry leaves entering the extractor. Three operating points 

within the operation window (upper limit, lower limit, centre) were used for further 
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investigations, while the central point was used as reference operation point (OP 2). The key 

results are summarised in Table 3-33. 

 

Table 3-33: Summary of important parameters after experimental investigations of the    
steady state operations. The examined operation points OP 1, OP 2 and OP 3 with parameters 
listed in Table 3-9 are taken from the identified operation window with limits listed in 
Table 3-8. 
Parameter  OP 1 OP 2 (ref) OP 3 Unit 

Steady state operation - OS      

operation pressure  𝑝𝑠𝑡     1.2  ∙105 Pa 

pressure window 𝑝𝑚𝑖𝑛, 𝑝𝑚𝑎𝑥  [1.1, 2.2]  ∙105 Pa 

RTD analysis - OS    

stage number liquid phase 𝑁𝑙  4 3 4 - 

average stage number liquid phase 𝑁𝑙  ≈ 4  

stage number solid phase 𝑁𝑠 (LSP 3) 44  33 20 - 

total average stage number  𝑁 (𝑁𝑙 , 𝑁𝑠) - ≈ 18 - - 

Apparatus - OS      

transport efficiency 𝜂  0.502 0.463 0.403 - 

average transport efficiency 𝜂̅  ≈ 0.46 - 

liquid phase volume fraction 𝜀𝑒𝑥𝑝
′   0.58 0.55 0.61 - 

RTD analysis - MS 1      

stage number solid phase 𝑁𝑠 (LSP 3) - 41 - - 

RTD analysis - MS 2      

stage number solid phase 𝑁𝑠 (LSP 3) - 57 - - 

 

The pressure distribution inside the extractor was measured using sensors at several sampling 

points. As expected, a noticeable pressure increase compared to atmospheric pressure occurs 

at the level of the perforated disk with 𝑝𝑠𝑡  ≈ 1.2∙105 Pa. The disk influences the stability of the 

induced compression cake formed by solvent-soaked leaves. Reducing the diameter of the 

holes in the disk from 5.5 mm (initial) to 5 mm slightly increases the pressure at this level. This 

stabilises the compression cake, resulting in a smoother extraction process and a reduction in 

solvent waste.  

Then, the residence time distributions (RTDs) of the solid and liquid phases were measured, 

which  differ significantly for this heterogeneous system. An increasing stage and Bodenstein 

number with axial length confirms a constant relation, indicating a consistent diffusion 

coefficient. The high Bodenstein number at LSP 3 reflects narrower RTD curves, approaching 

near-PFTR behaviour, which reduces elution volumes and enhances extraction efficiency.  
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The same parameter for the solvent phase is quite low, indicating a near-CSTR behaviour with 

high axial mixing. This supports high contact surfaces between leaves and solvent. For model 

development where a pseudo-homogeneous system is assumed as simplification, only one 

value for the stage number can be applied. Here, a mean value of 𝑁 (𝑁𝑙 ,𝑁𝑠) = 18 between 

liquid and solid phase (at LSP 3) is assumed. Overall, the operation of the current apparatus 

with a shorter length compared to the steel setup seems to be already well designed.  

Observations at three steady-state operating points revealed a consistent transport efficiency 

of the soaked leaves through the rotating screw, with 𝜂̅ ≈ 0.46. Partial filling, including a gas 

phase (air) on the top is detected, significantly affecting hydrodynamic flow properties due to 

the solvent's free surface. A complete filling of the extractor was unattainable in steady-state 

operation due to the described operation constraints.  

The process conditions can be slightly influenced by increasing the screw angle, leading to 

higher transport efficiency and higher retention volumes. Also the Bodenstein number of the 

solid phase becomes higher, strengthening the near-PFTR behavior. However, at higher filling 

degrees, back-mixing of solvent-soaked leaves occurs. 

Finally, it was demonstrated that the obtained process information is hydrodynamically 

transferable to the solvent toluene by heating the water phase to adjust the Reynolds 

numbers. Extraction experiments in the steel setup showed consistency in operating points 

and similar process limits.  

 

Answers: 

1. How can a steady-state counter-current extraction process be operated and what are 

the material properties, phase distributions and possible optimisation potentials 

during this operation? 

➢ Only a relatively small operation window was examined depending on the solid-liquid 

ratio, the filling degree and the screw rotation speed. This operation window could 

not be extended significantly by geometrical or material variations. The solvent-

soaked leaves share similar material properties to their equilibrium state in a batch 

reactor. An assumption as highly viscous fluid is acceptable, though the real 

behaviour corresponds more to a solid.  

2. What are the residence time distributions for the phases involved in a steady-state 

operation and how do they characterise the reactor? 

➢ The solid-phase residence time fits the extraction kinetics determined in batch 
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experiments. A near-PFTR behaviour is found for the leaves. The solvent residence 

time is significantly smaller and corresponds to a near-CSTR behaviour. To model the 

heterogeneous system with the proposed pseudo-homogeneous model, a mean 

stage number of 𝑁 (𝑁𝑙 , 𝑁𝑠) = 18 can be specified based on experimental 

investigations.  

3. Are the hydrodynamic results obtained with water as solvent transferable to the 

extraction process using the solvent toluene? 

➢ An adapted Reynolds number for water shows nearly identical RTD behaviour. The 

steady-state operation points are similar, confirming a good transferability of results.
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4 Numerical simulations and validation

The experimental investigations of the previous chapter provide important information about 

the counter-current extraction process in steady-state operation. Thanks to the improved 

understanding of the complex process a numerical model is developed in this chapter using 

Computational Fluid Dynamics (CFD). The major goal is to represent the RTD behaviour of solid 

and liquid phase and provide a model for later optimisation.  

First, requirements on flow simulation based on experimental observations are summarised 

as a basis for model selection. After mesh generation and an intensive mesh independence 

study a simplified single-phase flow is represented and compared with experimental 

measurements. Subsequently, multiphase models available in the software Simcenter STAR-

CCM+ (2302 Build 18.02.008) are compared regarding their options and limitations in respect 

to hydrodynamics. Based on these available options, two multiphase flow simulations have 

been performed to represent the counter-current flow and the phase residence times. A 

validation with experiments is finally performed for the three steady-state operation points, 

as defined in subsection 3.4.2. For all numerical simulations the high-performance computing 

(HPC) cluster “Sofja” was used (292 nodes with an InfiniBand-connection; 2 x 16 cores Ice Lake 

Xeon 6326 with 256 GB RAM, peak performance: > 0.7 PFlops). 

 

Scientific questions: 

1. Which multiphase flow models are available to simulate the complex counter-current 

screw-driven process in terms of hydrodynamics? 

2. What is the specific distribution of the involved phases at steady-state?  

3. Is it possible to accurately represent the residence time behaviour of both solid and liquid 

phases using CFD? 
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4.1 Computational Fluid Dynamics 

Computational Fluid Dynamics (CFD) use digital computers to simulate fluid flow processes. 

With the exception of certain special cases, like the laminar flow over a flat plate, real-world 

fluid flow problems, such as the considered extraction process studied in this thesis, are 

incredibly intricate and cannot be solved through analytical methods. In these situations, CFD 

is employed to find a solution. This involves solving a system of differential equations, 

becoming algebraic equations after a discretisation step. They are summarised as governing 

equations. This approach allows for a deeper understanding of the flow processes and the 

generation of quantitative results. Numerical solutions are often more cost-effective than 

experimental ones and are implemented in various applications of process engineering, 

environmental sciences, and physics [LO18]. However, discretisation involves various 

approximations, making validation an essential component of the research.  

 

4.1.1 Governing equations  

For characterising a hydrodynamic system, it is necessary to analyse and preserve its 

governing equations consisting of mass, momentum (in three dimensions) and energy. Since 

the extraction process in this thesis operates at constant temperature, the energy 

conservation equation is not considered. The general mass and momentum equations are 

presented below, with further derivations provided, e.g., in [Wen08], [FP20], [LO18]. 

 

Mass conservation  

A basic assumption for describing the mass conservation is an estimated control volume in 

cartesian coordinates. This control volume is permeated by a fluid with a specific mass flow 

rate which enters or exits through the side surfaces. This mass conservation equation, also 

called continuity equation, can be described with: 

𝜕𝜌

𝜕𝑡
+ ∇ ∙  (𝜌𝐮)  =  0 (4-1) 

where the term ∇ ∙ (𝜌𝐮) represents the divergence, with 𝜌 indicating the density of the fluid 

and 𝐮 the velocity vector in three dimensions (𝑢𝑥, 𝑢𝑦 ,𝑢𝑧). Based on the investigated control 

volume, Eq. (4-1) can also be expressed by an integral form using the side area 𝐴: 
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𝜕

𝜕𝑡
∫ 𝜌 𝑑𝑉

𝑉

+ ∮ 𝜌𝐮 𝑑𝐴

𝑨

=  0 (4-2) 

For incompressible flows with constant density as water in this thesis Eq. (4-1) can be further 

simplified to Eq. (4-3). 

∇ ∙  𝐮 =  0  (4-3) 

 

Momentum conservation 

The momentum of a material system changes due to the action of external forces. The 

resulting  momentum equations can be described in their coordinate-free form as follows: 


𝐷𝐮

𝐷𝑡
=  𝐠 −  ∇𝑝 +  ∇ ∙ 𝐓  (4-4) 

Thereby, 𝐠 represents the gravitational vector, 𝑝 the pressure and 𝐓  the viscous stress tensor . 

Using a viscous flow with an isothermal, incompressible Newtonian fluid as in this thesis leads 

to: 


𝐷𝐮

𝐷𝑡
=  𝐠 −  𝛻𝑝 +  𝜇∇²𝐮 (4-5) 

or in integral form: 

∫
𝐷𝐮

𝐷𝑡
𝑉

𝑑𝑉 =  ∫ 𝐠

𝑉

𝑑𝑉 −  ∮ 𝑝 𝑑𝐴

𝑨

 +  ∮ 𝐓 ∙ 𝐧 

𝐴

𝑑𝐴 (4-6) 

with 𝐧 defining the normal vector vertical to the area 𝐴.  
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This equation is the simplest form of the so-called Navier-Stokes equation. Its final form can 

be presented as a three-scalar equation in a Cartesian coordinate system: 

𝜌 (
𝜕𝑢𝑥
𝜕𝑡
+ 𝑣𝑥

𝜕𝑢𝑥
𝜕𝑥

+ 𝑣𝑦
𝜕𝑢𝑥
𝜕𝑦

+ 𝑣𝑧
𝜕𝑢𝑥
𝜕𝑧
) =  𝜌𝑔𝑥 −

𝜕𝑝

𝜕𝑥
+ 𝜇 (

𝜕2𝑢𝑥
𝜕𝑥2

+ 
𝜕2𝑢𝑥
𝜕𝑦2

+
𝜕2𝑢𝑥
𝜕𝑧2

) (4-7) 

𝜌 (
𝜕𝑢𝑦
𝜕𝑡

+ 𝑣𝑥
𝜕𝑢𝑦
𝜕𝑥

+ 𝑣𝑦
𝜕𝑢𝑦
𝜕𝑦

+ 𝑣𝑧
𝜕𝑢𝑦
𝜕𝑧
) =  𝜌𝑔𝑦 −

𝜕𝑝

𝜕𝑦
+ 𝜇 (

𝜕2𝑢𝑦
𝜕𝑥2

+ 
𝜕2𝑢𝑦
𝜕𝑦2

+
𝜕2𝑢𝑦
𝜕𝑧2

) (4-8) 

𝜌 (
𝜕𝑢𝑧
𝜕𝑡
+ 𝑣𝑥

𝜕𝑢𝑧
𝜕𝑥

+ 𝑣𝑦
𝜕𝑢𝑧
𝜕𝑦

+ 𝑣𝑧
𝜕𝑢𝑧
𝜕𝑧
) =  𝜌𝑔𝑧 −

𝜕𝑝

𝜕𝑧
+ 𝜇 (

𝜕2𝑢𝑧
𝜕𝑥2

+ 
𝜕2𝑢𝑧
𝜕𝑦2

+
𝜕2𝑢𝑧
𝜕𝑧2

) (4-9) 

 

 

4.1.2 Boundary conditions 

Solving the Navier-Stokes equations requires a definition of boundary conditions. These are 

conditions for the flow velocity components (𝑢𝑥, 𝑢𝑦 ,𝑢𝑧) and the pressure which are typically 

defined at the in-/ outlet surfaces and at the wall of the flow system. Stationary flows consist 

of a set of differential equations and boundary conditions, and are also called boundary value 

problems. The unsteady flow of the described extraction process with screw rotation further 

requires an initial condition, leading to an initial boundary value problem. Only the correct 

number of boundary conditions can lead to a unique solution of the simulation. 

For viscous fluids the relative velocity at a stationary surface or wall becomes zero due to 

friction. This is called a no-slip condition. For moving walls (e.g., a rotating screw), the flow 

velocity becomes equal to the wall velocity. Numerical boundary conditions are calculated 

during the computation and connect the walls with the inner flow field. This becomes 

important if the field of integration is not equal to the boundaries of the flow field. The 

number of physical and numerical boundary conditions needs to match the number of 

conserved variables. 
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4.1.3 Sliding mesh approach 

To represent the screw rotation of the extractor an efficient option in unsteady flows is the 

sliding mesh approach [DP90]. It requires a separate definition of moving and stationary 

geometry. In this method the mesh vertices are moved during every time step relative to the 

remaining stationary geometry. The transfer of flow variables is performed through an 

interface, connecting both parts. These should be as similar as possible concerning the cell 

size to ensure an accurate transfer of flow parameters. Full conformity is advisable but not 

required [Sie23]. Figure 4-1 shows two cells before the connection through the interface with 

small inconsistencies and different cell areas between them. When the cell faces are 

intersected to find a common face shared by the volumes centred at P and Pj, a volume change 

will occur on one side. Consequently, the moving surface or the faces of the moving volumes 

should be used as the reference. In this way, the faces of the rotating cells are projected onto 

the stationary surface to form new common faces, ensuring that the moving volumes stay 

unchanged [BAB04]. 

 

Figure 4-1: Unstructured mesh blocks before connection through interface. The flow direction 

is from the rotating geometry (1) with rotation rate 𝑛, radius vector 𝑟 and cell P to the 

stationary geometry (2) with cell Pj, cell area vector 𝐴⃗j and cell centred distance vector to cell 

P of 𝑑⃗j, reproduced from [BAB04]. 
 

In Simcenter StarCCM+ this approach can be implemented by defining a “rotating motion” 

with a user-defined axis direction and rotation rate. This approach is used for the investigated 

screw extractor to consider also the gap between screw and wall which is significant for the 

solvent flow. To ensure a feasible resolution of the gap cells, at least two cell layers should be 

defined. Due to the small gap thickness of 0.35 mm (section 3.1) this results in very small layer 

cells. A refinement of the adjacent rotating mesh towards the screw gap is required to ensure 

high mesh quality. Further details are presented in section 4.2 and 4.5. 
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4.1.4 Characteristic dimensionless numbers 

For the classification of flows characteristic dimensionless numbers are widely used in fluid 

dynamics. A central parameter controlling hydrodynamic features is the Reynolds number 𝐑𝐞 

which indicates the ratio between inertia forces and friction forces in a specific flow. Its 

general definition was already presented in subsection 3.6.1, Eq. (3-1).  

 Re = 
𝑢 𝐿𝑐ℎ 𝜌

𝜇
= 
𝑢 𝐿𝑐ℎ 
𝜐

  

For pipe flows a Reynolds number up to a value of 2 300 indicates a laminar flow behaviour. 

For larger Reynolds numbers the flow is considered as transitional, then turbulent [BS13].  

 

For flows involving a solid phase as the A. Annua leaves, a particle Reynolds number 𝐑𝐞𝐩 can 

be defined. It involves the difference between the particles velocity 𝑢𝑠 and the surrounding 

fluid 𝑢𝑙, presented in Eq. (4-10), where 𝐷𝑝 is the particle diameter and 𝑢𝑙 the fluid kinematic 

viscosity. 

Rep =
𝐷𝑝|𝑢𝑙− 𝑢𝑠|

𝜐𝑙
  (4-10) 

For particle Reynolds numbers below 1 the flow surrounding the particles is in a so-called 

Stokes regime. With an increase of Rep a separation of the flow occurs while values 

of Rep > 500 characterises turbulent flows [SB23]. For the present problem, all single-phase 

and multiple flows take place in the laminar regime.  

 
The Courant number (or CFL number for Courant-Friedrichs-Lewy-number) is an import 

reference value regarding the discretisation of time-dependent partial differential equations 

and is defined with Eq. (4-11): 

CFL =  
𝑢 ∆𝑡

∆𝑥
 (4-11) 

The variable 𝑢 indicates the flow velocity, ∆𝑡 the discretized time-step and ∆𝑥 the mesh size. 

It is therefore a measure of how fast a fluid flows in relation to the specified mesh size. In 

order to achieve a stable simulation, the time step needs to be sufficiently small so that the 

calculated information can be transferred accurately from one mesh cell to the neighbouring 
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one. At the same time the computational costs significantly depend on the time step size. 

Explicit methods require a limit of CFL ≤ 1 for reaching accurate and stable results, while in 

fully-implicit methods, as used in this work, accurate solutions can still be reached with much 

higher CFL numbers [MW12], [HC97].  

In continuum mechanics the dimensionless Péclet number Pe is relevant for studying 

transport phenomena. It defines the ratio between advective and diffusive transport rates. 

The Péclet number is derived by the product of Reynolds number Re and Schmidt number Sc 

or by a relation between the flow velocity 𝑢, the characteristic length 𝐿𝑐ℎ and the axial 

diffusion coefficient 𝐷𝑎𝑥, following Eq. (4-12) [Rap17]. 

Pe = Re ∙ Sc =
𝑢 𝐿𝑐ℎ 
𝐷𝑎𝑥

 
(4-12) 

Here, the Schmidt number Sc defines the ratio between the viscous diffusion rate and the 

axial diffusion rate of mass: 

Sc =
𝜐

𝐷𝑎𝑥
 (4-13) 

For a pipe flow the Péclet number is identical with the dimensionless Bodenstein number in 

Eq. (2-39) which serves as an alternative in the field of Chemical Reaction Engineering. In this 

thesis only the Bodenstein number, introduced in Eq. (2-39) will be used.  

 

4.1.5 Discretisation 

Apart from special cases such as the flat plate, no analytical solutions are known for the 

governing equations of fluid mechanics [Lec11]. Therefore, a differential equation system 

must be created, which can finally be solved numerically. The partial derivatives (differentials) 

are converted into finite differences or fluxes and transformed into discontinuous quantities. 

This method is called discretisation. Consequently, the flow variables can only be determined 

at the grid points or in the discrete cells [LO18]. For the solution of the partial differential 

equations, three main methods are distinguished which are the Finite-Difference-Method 

(FDM), the Finite-Volume-Method (FVM) and the Finite-Element-Method (FEM). The software 

Simcenter StarCCM+ used in the present thesis mainly applies the FVM. This method solves 

the governing equations in integral form for a defined control volume. The specific values of 

flow quantities like velocity or pressure are defined in the centre of the volume cells (cell-

centred method) [Wil03].  
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4.1.6 Numerical meshes 

A numerical computational mesh covers the investigated flow field. It consists of a specific 

number of grid points or cell volumes in space at which the flow quantities are calculated 

based on the selected discretisation method [LO18]. The quality of the computing mesh is 

highly important for the accuracy of the solution. There are several parameters to quantify 

the mesh quality, e.g. the volume change, face validity and the skewness angle. Especially the 

skewness angle 𝜃 is an important quality measure in this thesis. It represents the angle 

between a vector connecting the centroids of two adjacent cells 𝐝𝐋  and the (normal) face 

area vector 𝐧 of the connecting face (Figure 4-2). A skewness angle of zero defines a perfectly 

orthogonal mesh while angles <90° occur in concave cells, often leading to solver convergence 

issues. For a robust simulation a skewness angle <85° is recommended [Sie23].   

 

Figure 4-2: Scheme of the skewness angle 𝜃 between two adjacent cells. The vector 𝐝𝐋  

connects centroid 0 with centroid 1 while 𝐧 is the (normal) area vector of the connecting cell 
face. The skewness angle 𝜃 is the angle between these two vectors and should be < 85° to 

avoid solver instabilities. [Sie23].  
 
The computational meshes can be categorised into structured, unstructured and block-

structured meshes (Figure 4-3) [Kun12]. 

 

 
Figure 4-3: Types of numerical 3D meshes. (a) structured mesh, (b) unstructured mesh with 

polyhedral cells, (c) block-structured mesh with marked blocks. 
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In this thesis, only 3D simulations will be performed. A structured 3D mesh consists of 

hexahedral cells with a well-defined topology as presented in Figure 4-3 (a). They can only be 

applied to relatively simple solution areas but require a low cell number and introduce small 

numerical diffusion [MKK+20], [Lec11]. Unstructured meshes are often used for highly 

complex geometries and consist of tetrahedral, hexahedral or polyhedral cells. The meshes 

can be locally refined in certain areas at any time as presented in Figure 4-3 (b) with polyhedral 

cells. This allows very high flexibility. A disadvantage is the higher storage space requirement 

and lower accuracy compared to the structured mesh [Kun12]. Block-structured meshes 

consist of several composite structured mesh blocks as presented in Figure 4-3 (c) with bold 

lines. The combination of different mesh structures reduces the skewness of the mesh cells 

and results in a smaller termination error and a higher accuracy of the solution. Block-

structured meshes can therefore also be used for more complex composite geometries 

[Lec11]. In the present study a block-structured mesh is employed despite the high complexity 

of the screw geometry involving tiny gaps between screw and wall.  
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4.2 Design of the computational geometry 

The computational three-dimensional geometry is a virtual representation of the real 

experimental setup (see Figure 3-1). The screw rotation motion is described by the sliding 

mesh approach (subsection 4.1.3), separating the computational geometry into two parts, 

namely a Rotational domain (RD) and a Stationary domain (SD) connected by an in-place 

internal interface (Figure 4-4). Through this interface the flow variables are transferred for 

each rotation step between the RD and the SD. The SD results in a very small layer geometry 

encasing the RD. It has nevertheless an important role for the transition of the flow inside the 

extractor to the inlets and outlets. Mesh refinements were applied at the interface between 

the domains to accurately capture any leakage flows. The mesh design and resolution were 

determined based on a mesh-independence study (see section 4.5). The boundary conditions 

are adapted for each simulation setup.  

 

Figure 4-4: Screw extractor in xz-plane. (a) The in- and outlet geometries (blue) are connected 
to the Stationary domain (SD, green) by three internal interfaces, respectively, (b) A detail of 
one screw segment shows the connection of the Rotational domain (RD, white) and Stationary 

domain (SD, green) by one internal interface (black line). 
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4.3 Flow simulation requirements 

For choosing appropriate simulation models representing the counter-current extraction 

process, information from the experimental investigations in chapter 3 are crucial. The 

process was examined as a three-phase multiphase flow. Besides the artemisinin-loaded 

A. annua leaves and the penetrating solvent, a gas phase (air) appears inside the extractor 

forming a free surface. The gas phase has no significant role in the extraction process. 

Nevertheless, a complete loading of the extraction device is not possible due to stability limits 

of the continuous process, as described in subsection 3.4.1. For validation of the CFD 

simulations, water is further used as solvent, as in all experiments.  

The pressure inside the extractor equals nearly atmospheric pressure and only increases at 

the location of the extraction cake to a maximum of 𝑝𝑚𝑎𝑥 = 2.2∙ 105 Pa (Figure 3-19). The 

characterisation of the solvent-soaked A. annua leaves showed a behaviour in-between solid 

and highly viscous non-Newtonian fluid (subsection 3.2.3). Optical observations showed that 

the particles agglomerate to a continuous phase during the wetting process. This continuous 

phase sticks at the screw pitch and is constantly transported forward by the screw.  

The fluid Reynolds number {Eq. (3-1)} can be approximated according to a velocity derived 

from the solvent mean residence time for steady-state at OP 2 of 𝜏̅𝑙 = 4.5 min 

(subsection 3.4.4) and equals Re = 28. This low value shows that the process is laminar. This 

behaviour can be assumed for all steady-state processes inside the defined operation window. 

The screw rotation rate defines the particle Reynolds number. The maximum rotation rate of 

2.5 rpm results in a particle Reynolds number of Re𝑝  =  0.1 using Eq. (4-10). This value is far 

below 1 resulting in a laminar (Stokes) flow regime. Consequently, turbulence models can be 

safely neglected in the simulation setup. 

A significant process parameter for achieving efficient extraction is the mean residence time 

of the solvent-soaked A. annua leaves. This time should roughly equal 𝑡𝑒𝑞  = 10 min to fit the 

extraction kinetics determined in batch experiments by Vu as discussed in section 3.3. This 

long physical time is a high challenge for CFD simulations since it dramatically increases the 

computational effort. Consequently, simplifications are necessary to find accurate results 

within reasonable calculation times. 

As a major simplification, mass exchange processes occurring in the actual extraction process 

are neglected in all CFD models to reduce computational costs. This assumption prevents the 

simulation of the actual artemisinin output mass fraction in the extract, but allows the 
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observation of all hydrodynamic phenomena. The extraction process will be later included 

back to the simulation by a coupling with a compartment model.  

 

4.4 Multiphase flow models – possibilities and limitations 

Multiphase flows comprise a mixture of fluids, including gases, liquids, and solids, occurring 

simultaneously within a single flow. Their prominence in numerous industrial applications 

highlights the significance of acquiring a comprehensive understanding of these phenomena. 

The complexity of the numerical representation of such multiphase flows is very high 

compared to single-phase flows since the apparent phase interface needs to be represented 

accurately where a jump in fluid properties, but also mass, momentum and energy transfer 

occurs. Several modelling approaches are available, which are summarised in this section.  

 

4.4.1 Overview of available models  

For modelling multiphase flows, they need to be classified according to their increasing spatial 

scales of interfaces of the involving phases into dispersed (bubbly flow, droplet flow), mixed/ 

intermittent (slug flow, churn flow) and separated/ stratified (film flow, annular flow, 

horizontal stratified flow). Often several flow regimes can occur in one multiphase flow 

domain as shown in Figure 4-5 [Sie23]. 

 

 

Figure 4-5: Example of several flow regimes in one domain, reprinted from [Sie23]. 
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The research concerning simulations of multiphase flows is not finished. Some decisive 

physical mechanisms and complex flow dynamics cannot be represented yet. This complicates 

reaching a general agreement. Therefore, a thorough understanding of the flow properties to 

be simulated is essential for selecting the appropriate models. Numerical errors may still arise, 

particularly in the pressure correction method, due to algorithmic limitations. Simulation 

results should, therefore, always be validated with experimental results [Sie23], as done in the 

present study. 

Simcenter StarCCM+ provides several multiphase flow models and options to consider all 

relevant flow properties of the investigated flow (Figure 4-6). These models are based on FVM 

or FEM, differing in their concept for describing the involved phases.  

 

Figure 4-6: Multiphase flow models in Simcenter StarCCM+ (blue) with optional models 
(yellow).  
 

Based on the FVM method, the Volume of Fluid (VOF), the Mixture Multiphase (MMP) model, 

the Two-Phase Thermodynamic Equilibrium (TPTE) model and the Eulerian Multiphase (EMP) 

model are available. These four main multiphase models are Eulerian-based approaches. 
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While the first three listed models allow for a definition of gas and liquid phases only, the EMP 

model also provides the selection of a particle phase. Furthermore, it solves one separate 

momentum equation for each defined phase while the VOF, MMP and TPTE model solve one 

common momentum equation for all involved phases. Thereby, the TPTE model is a simplified 

Mixture Multiphase model. It is restricted to two phases of the same substance which are in 

thermodynamic equilibrium e.g., the boiling process of water. Since our flow consists of 

several substances and operates at constant temperature of 20°C the TPTE model was 

removed from the model selection process.  

Optional models for an increased accuracy of the flow simulation depend on the basic 

multiphase model and can be chosen as the Dispersed Multiphase (DMP), Lagrangian 

Multiphase, Discrete Element Model (DEM), Suspension Rheology, Granular Pressure and 

Solid Pressure. The FEM method provides the Viscous Multiphase model which can deal with 

highly viscous liquid phases, only.  

For model selection the characterisation of the multiphase models was compared with flow 

simulation requirements as summarised in section 4.3.  

 

4.4.2 Volume of Fluid and Multiphase Mixture model 

The Volume of Fluid (VOF) and Multiphase Mixture (MMP) models are multiphase models 

based on the Eulerian approach. As stated, they allow for a definition of gas and liquid phases 

but no particle phases. The momentum equation is solved for all defined phases and is based 

on the volume fraction of the fluid 𝑖 with  𝛼𝑖 defined in the centre of each control volume cell 

(FVM) according to Eq. (4-14) [FP20]. The sum of the volume fractions of all present phases 𝑀 

in one cell equals one {Eq. (4-15)}.  

𝛼𝑖 =
𝑉𝑖
𝑉

 
(4-14) 

∑𝛼𝑖 = 1

𝑀

𝑖=1

 
(4-15) 

 

Volume of Fluid (VOF) model 

The Volume of Fluid model (VOF) was initially developed by Hirt and Nichols [HN81] to 

calculate free surfaces. It is highly suitable for simulating stratified, immiscible multiphase 

flows characterised by a large-scale interface. The distribution of the phases and the position 
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of the interface depends on the value of the volume fraction 𝛼𝑖. If the value equals 0, the cell 

is completely void of the fluid while a value of 1 indicates a complete filling with the fluid. For 

a volume fraction between 0 and 1, the respective cell is part of an interphase and therefore 

contains several fluids.  

 

Figure 4-7: Interface capturing with the Volume of Fluid model illustrated on a 2D grid. The 
interface (black line) divides the fluid phase 𝑖 (dark blue, 𝛼𝑖 = 1) from the fluid phase 𝑗 (white, 

𝛼𝑖 = 0). Each cell through which the interface extends (light blue) is called an interphase cell 
with an assumed mixed fluid (0 < 𝛼𝑖  < 1). 
 

The fluids present in the interphase are treated as a mixture. Their properties are a 

combination of both single fluids by using the liquid volume fraction as a weighting factor. 

𝜌𝑚 = ∑ 𝜌𝑖𝛼𝑖  
𝑀

𝑖=1

 (4-16) 

𝜇𝑚 =∑ 𝜇𝑖𝛼𝑖
𝑀

𝑖=1

 (4-17) 

𝐮𝐦 =
1

𝜌𝑚
∑ 𝐮𝐢𝛼𝑖𝜌𝑖

𝑀

𝑖=1

  (4-18) 

Here,  𝜌𝑖  denotes the density,  𝜇𝑖 the dynamic viscosity and 𝐮𝐢 the velocity vector of the 

respective phase 𝑖. The variables 𝜌𝑚 , 𝜇𝑚 and 𝐮𝐦 define the respective mixture properties.  

The VOF-model can only be used with an unsteady solver. The transport of the phase 𝑖 is 

driven by the phase mass conservation equation resulting in a volume fraction transport 

equation:  

𝜕

𝜕𝑡
∫ 𝛼𝑖𝑑𝑉

𝑉

+∮ 𝛼𝑖𝐮𝐦 ∙ 𝑑𝑨

𝐴

= ∫ (𝑆𝑜𝛼𝑖 −
𝛼𝑖
𝜌𝑖

𝐷𝜌𝑖
𝐷𝑡
)𝑑𝑉

𝑉

− ∫
1

𝜌𝑖
∇ ∙ (𝛼𝑖𝜌𝑖𝐮𝐝,𝐢)𝑑𝑉

𝑉

 

(4-19) 

where 𝑨 is the surface area vector, 𝐮𝐝,𝐢  is the diffusion velocity vector, 𝑆𝑜𝛼𝑖  is a user-defined 

source term of phase 𝑖 and 
𝐷𝜌𝑖

𝐷𝑡
  is the material derivative of the phase densities 𝜌𝑖  [Sie23].  
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The total mass conservation equation and momentum equation for all phases is equal to the 

general form in Eq. (4-1) and Eq. (4-4). If two phases are present in one cell, the volume 

fraction transport is calculated for the first phase 𝑖 only. The volume fraction of the second 

phase 𝑗 is adjusted to fit the sum of 1 in each cell [Sie23]. Consequently, the VOF method has 

a high numerical efficiency, which enables its use in flow simulations where a large-scale 

separation of phases exists, with a relatively small total contact area between them. Especially 

for free-surfaces, additional modelling of the interface interactions is not required and the 

surface tensions can be neglected when considering large surface areas [BS13]. For analysing 

the motion of the interface an iterative system in two steps is performed until convergence is 

received: (1) an initial position of the interface is defined or the position at the last time step 

is used, where the continuity equation and the momentum equation are solved, (2) based on 

this calculated velocity field the transport equation {Eq. (4-19)} is solved. With the received 

values and gradients of 𝛼𝑖  the progress of the interface is determined.  

When solving the transport equation, the correct order of the discretisation scheme, a 

sufficient fine mesh resolution and a corresponding time step are significant for receiving a 

sharp presentation of the interface. Low order discretisation schemes lead to strong numerical 

diffusion resulting in a smearing of the interface while high orders can introduce oscillations. 

The mesh resolution around the position of the free surface should be fine enough to ensure 

that the interphase (0 < 𝛼𝑖 < 1) includes not more than three cells normal to the interface.  

A possibility to further increase the sharpness of the interface is the High-Resolution Interface 

Capturing (HRIC) scheme. This uses a 2nd order discretisation to simulate the convective 

transport. In this case, the value of the CFL number has to be < 0.5 (with explicit 

discretisation). The complete resolving of the interface can become prohibitively expensive 

when applied to multi-scale flows, where a precise modelling of dispersed patterns is a 

significant concern [Sie23]. Consequently, the HRIC scheme has not been implemented in the 

current work. The VOF model can actually also be used with more than two phases. Therefore, 

the number of conservation equations equals 𝑀 −1 when 𝑀 denotes the number of phases. 

Numerical difficulties can arise at locations where three or more phases appear at the same 

time. Here the calculation of the volume fraction to determine the position of the interface 

becomes challenging [Pas04].  

The VOF model has been applied for the examined counter-current flow, as presented in 

subsection 4.6.2 and 4.6.3. 
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Mixture Multiphase (MMP) model 

The mixture multiphase model assumes completely miscible flow behaviour in the whole 

domain for all involved phases. It can be applied to dispersed flows, e.g., bubbly and droplet 

flows, but also for evaporation and condensation processes. The transport equations of 

volume fraction, mass and momentum are similar to the VOF model. They are calculated for 

a phase mixture as a whole while averaging the fluid properties using the volume fraction of 

the involved phases according to Eqs. (4-16)-(4-18). Nevertheless, a representation of a free 

surface of the involved phases is not possible. Consequently, this model does not fit the flow 

requirements for our flow of interest and is rejected. 

 
Optional Models 

Optional models can only be selected in combination with the VOF model. The Dispersed 

Multiphase model (DMP) is suitable for simulating dispersed phases in a continuous 

background with lower computational effort than the Lagrangian approach. The Lagrangian 

approach provides more options for droplet and/or wall interactions. Nevertheless, such 

simulations are only possible up to a phase fraction of 5% combined with high numerical costs 

for a sufficient number of particle trajectories for both models [Pas04]. The particle volume 

fraction was already determined in subsection 3.4.6 with 𝜀′𝑒𝑥𝑝  > 55% (Table 3-21) which is 

computationally not feasible with DMP. 

A further approach is the Discrete Element Method (DEM) which also considers the interaction 

forces between the particles [IBW+ 23], [MBI+ 24]. This would enable the simulation of sticking 

processes between the single A. annua particles, representing a bulk, as well as the sticking of 

leaves to the screw and to the wall of the extractor due to the rotation of the screw. However, 

DEM needs even more computational resources for calculating specific particle interactions 

and forces, compared to DMP and Lagrangian approach. Currently, the simulation of granular 

systems with more than 106 particles rapidly exceeds the computational limits of modern 

computers, even when employing highly parallelised and optimised DEM and DEM-CFD 

software on multi-core processors [DCK+22]. As an example, the number of particles for OP 2 

is determined. Here, the  ratio between the total solid phase retention volume 

𝑉𝑠= 5.9∙ 10−5m³ (Table 3-21) and the single particle volume 𝑉𝑝 {Eq. (4-20)} can be used.   

𝑉𝑝 =
4

3
(
𝐷𝑝  

2
)
3

𝜋 =
4

3
(
2 ∙ 10−4

2
)

3

𝜋 =  4.19∙10-12 m³  (4-20) 
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The ratio 𝑉𝑠/𝑉𝑝 results in a particle number in order of 107which is too high for using DEM in 

this work. Studies can be performed by bundling multiple particles into large-sized particles to 

reach industrial scale systems with up to 108 - 1012 particles. Here, the knowledge of 

interaction forces is crucial to obtain acceptable results [DND21], [BGJ+24]. Nevertheless, 

these studies are just a first approach to approximate these large-scale challenges. For 

applying the DEM method to the investigated screw extractor, a reduction to one single screw 

element would be necessary. This could enable a specific observation of phase interactions 

with high but acceptable computational costs. However, the overall flow properties of the 

involved phases, as well as the residence time distributions cannot be examined in such a 

simplified geometry. For that reason, optional models for the VOF model have not been 

selected in this thesis.  

 

4.4.3 Eulerian Multiphase model 

The Eulerian Multiphase (EMP) model, also known as the two-fluid model  has proven its 

effectiveness in accurately representing both dispersed and separated flow patterns, 

especially in the context of multi-scale flows [Dre83], [IM84], [MSW22], [SWO08]. It can 

resolve multiphase flows involving fluids and/ or particles by averaging flow behaviour 

considering quasi-fluids which are fully inter-penetrating and do not have phase 

discontinuities [SWO08]. In contrast to the VOF, MMP and TPTE model their conservation 

equations of mass, momentum and energy are solved for each phase separately. An 

advantage of this formulation is that the interfacial forces are inherently present in the 

modelling. Nevertheless, they need to be accounted for using closure models and this 

averaging leads to a loss of flow details [SWO08]. The phase-specific equations of motion 

involve the volume fraction 𝛼𝑖. The continuity equation for a generic phase 𝑖 is shown in 

Eq. (4-21). 

𝜕

𝜕𝑡
∫ 𝛼𝑖𝜌𝑖
𝑉

𝑑𝑉 +  ∮ 𝛼𝑖𝜌𝑖𝐮i
𝐴

𝐧𝑑𝐴 =  ∫ ∑(𝑚𝑖𝑗 −𝑚𝑗𝑖) 𝑑𝑉
𝑗≠𝑖𝑉

  (4-21) 

The term on the right-hand side describes the mass transfer rate between phase 𝑖 and phase 𝑗. 

The separated calculation of fluid motion for each phase increases the calculation effort of the 

EMP model. Furthermore, the representation of a stable and sharp interface is more difficult 

compared to VOF, especially in mixing procedures where a movement of the interface occurs 
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[Pas04]. As a consequence, simulating the full extractor appears currently impossible. The 

analysis would be limited to a single screw segment.  

For representing the agglomerated solvent-soaked particles correctly, optional models need 

to be selected for the EMP model.  

 

Optional models 

The EMP model allows for several optional models to adapt the simulation to the real flow 

(Figure 4-6). This includes particulate flows represented by the Suspension Rheology model, 

the Granular Pressure and Solid Pressure model.  

Particulate flows generally describe multiphase flows including gas/solid or liquid/solid 

phases, appearing for example in fluidised beds, pneumatic conveyors or cement products 

[Sie23]. Using the Eulerian approach for simulating particles limits the accuracy of 

representing particle size distributions compared to Lagrangian approaches. The particle 

phase is represented as a continuum phase rather than by single particles. Nevertheless, high 

particle loads, locally also packed beds, can be simulated while the numerical costs increased 

only slightly for higher particle fractions [Pas04].  

For setting up a particulate flow simulation at least two Eulerian phases are required, namely 

a fluid phase and a solid particle phase. The particles in the particle phase share equal material 

properties and particle size by default. If the solid particles are suspended in a laminar fluid 

flow the Suspension Rheology model can be selected. Since the investigated flow simulation 

requires a high solid-fraction load representing the agglomerated solvent-soaked A. annua 

leaves (section 4.3) a suspension cannot be used for a proper representation.  

For representing packed beds, the Granular Pressure model and the Solid Pressure model are 

available. While the Granular Pressure model is suitable for loosely packed particles, e.g., in 

fluidised beds, the Solid Pressure model can represent closely packed particles. This particle 

phase is represented by a Eulerian, homogeneous phase with a user-defined pseudo-viscosity. 

This allows the representation of high particle loads with acceptable computational costs, as 

required for the considered flow. Following, the theoretical definitions and flow requirements 

of the Solid Pressure model are presented. 
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Solid Pressure model 

The representation of closely packed particles requires a user-given value of the maximum 

packing limit 𝛿𝑝,𝑚𝑎𝑥 , e.g., 0.624 for rigid spherical particles. To allow the physical 

representation of packed beds with the continuously-assumed particle phase this packing limit 

must not be exceeded. If the packing limit value is approached, a solid pressure force 

𝑓𝑖𝑛𝑡  becomes active in the momentum equations of all dispersed particle phases 𝑗 = 1 - 𝑀 

{Eq. (4-22)}. This equation includes a model constant 𝐵3 and the packing fraction in each cell 

𝛿𝑝,𝑖. 

(𝑓𝑖𝑛𝑡)𝑖 = −
𝛿𝑝,𝑖

∑ 𝛿𝑝,𝑗
𝑀
𝑗=1

[𝑒𝐵3(𝛿𝑝,𝑚𝑎𝑥−∑ 𝛿𝑝,𝑗)
𝑀
𝑗=1 ]𝛻 (∑ 𝛿𝑝,𝑗

𝑀

𝑗=1

) (4-22) 

This integrated compaction force term will spread the particles in the affected cell which will 

also influence the fluid flow around the cell trying to fill the void caused by the departing 

particles. Consequently, high velocities can occur and the solution might diverge.  

To reach a good and stable solution without exceeding the maximum solid fraction small time 

steps and high inner iterations can be helpful. In this way the numerical system has more time 

to find a suitable solution in the critical cells and the velocity of particles cannot increase too 

fast. In this thesis the packing fraction 𝛿𝑝,𝑖  can be visualised using the solid phase volume 

fraction 𝛼𝑠. 

The selection of the EMP model allows extended boundary options. With a focus on the 

described flow simulation requirements (section 4.3), the definition of impermeable outlets 

for one fluid is helpful. This boundary condition allows a blockage of one phase (e.g., solvent 

water) without disturbing the flow of the other involved phases (e.g., solvent-soaked A. annua 

leaves). By selecting the optional Solid Pressure model, the dense packing of the agglomerated 

solvent-soaked leaves could be represented, allowing RTD measurement of liquid and solid 

phase. The application of the EMP and Solid Pressure model is presented in subsection 4.6.1. 

 

4.4.4 Viscous Multiphase model 

The Viscous Multiphase model is based on the Finite Element method (FEM) and can be 

applied for viscoelastic materials and other highly viscous non-Newtonian fluids, e.g. liquid 

plastics, rubber and molten glass As a result, this approach is in principle well-suited for 

simulating the investigated flow of a highly viscous fluid, representing the behavior of solvent-
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soaked leaves. In newest versions of Simcenter StarCCM+ the Viscous Multiphase Flow model 

can represent several liquid phases. Optional flow models are not available.  

The Viscous Multiphase model contains strict limitations for its implementation. This includes 

the Reynolds number which should be lower than 10 and mostly less than 1; so that the 

surrounding fluid is in Stokes regime [SB23]. Further the simulation of convection is not 

possible while the model is compatible with diffusion. The model is not compatible with 

overset meshes or conjugate heat transfer and does not work with radiation modelling. The 

implementation of a sliding mesh approach is not possible making unsteady rotations of the 

mesh impossible. The calculation mesh has to be generated with tetrahedral or quadrilateral 

cells which are extruded through the domain so that the element angles are as close as 

possible to 90°. 

For our flow of interest, the restriction of Reynolds number can be satisfied concerning the 

particle Reynolds number {calculated as Rep = 0.1, Eq. (4-10)}, while the solvent flow with a 

Reynolds number of Re = 28 {Eq. (3-1)} is actually already too large for this approach. 

Furthermore, the restriction of motion is highly undesirable for the examined flow simulation, 

since the rotation of the screw is a central part of process and cannot be neglected.  

In summary the Viscous Multiphase model is a promising model to accurately simulate highly 

viscous flows but cannot be used for the investigated flow due to several limitations.  

 

Note that it has also been checked if alternative simulation software could address the 

described limitations. Ansys Polyflow 2021 R1 [Ans21] appeared highly promising, as it is 

specifically designed for highly viscous flows. However, after a thorough evaluation of the 

available models, limitations related to moving parts were also identified. As a result, the 

motion of the screw cannot be accurately implemented, rendering the software unsuitable 

for this work. 

 

4.4.5 General options for region definition 

For all multiphase flow simulations Simcenter StarCCM+ provides the possibility to select 

between a fluid region and a porous region. A porous region can represent the flow behaviour 

of a fluid in a porous material, i.e. ceramic. Here, flow resistances occur due to the specific 

porosity of the porous material influencing the pressure drop inside the domain.  

In the context of the investigated flow this porous region becomes especially important for 
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representing the induced pressure drop of the extraction cake caused by the perforated disk, 

without simulating this compression process itself. The actual flow behaviour of the fluid 

inside the extraction cake and the perforated disk (porous region) is not relevant for this work 

since it is not significant for the extraction process of ARTE (subsection 3.4.1). 

When selecting a porous region, a user-specified volume porosity 𝜒 is included in the unsteady 

terms of the continuity equation describing the ratio between occupied volume by the fluid 

𝑉𝑓  and total volume 𝑉 of a cell in the range of  0 ≤ 𝜒 ≤ 1 {Eq. (4-23)}. For the extraction 

process the porosity mimics the extraction cake. The extraction cake consists only of solvent-

soaked leaves and the (internal) extract of water, but no gas phase (𝑉𝑓 = 𝑉𝑙 , 𝑉 = 𝑉𝑙 + 𝑉𝑠). In 

this case, the porosity is similar to the liquid phase volume fraction 𝜀′ defined in Eq. (3-24). It 

ranges within the interval [0,1]: 

𝜒 =
𝑉𝑓
𝑉

 =̂ 𝜀′ =
𝑉𝑙

𝑉𝑙 +𝑉𝑠
 Eq. (3-24)   (4-23) 

Consequently, the porosity can be determined by using the equation for the extract mass flow 

rate 𝑚̇𝑒𝑥𝑡 {Eq. (3-12)} along the phase-specific densities. For the reference case OP 2, which is 

the focus of the simulations, the mass flow rates can be obtained from Table 3-10, while the 

solvent density 𝜌𝑙  (water) is provided in Table 3-3 and 𝜌𝑑𝑠 (dry leaves) in Table 3-5. The 

porosity then equals a value of 0.7 {Eq. (4-24)}.  

𝜒 = 𝜀′ =
𝑉̇𝑙

𝑉̇𝑙 + 𝑉̇𝑠
=

𝑚̇𝑒𝑥𝑡 𝜌𝑙
⁄

𝑚̇ 𝑙 𝜌𝑙⁄ + 𝑚̇𝑑𝑠 𝜌𝑑𝑠⁄
≈ 0.7 

(4-24) 

When a fluid enters a porous medium with user-defined porosity, its physical velocity 

increases due to the reduced open area. In the porous region approach, however, this velocity 

increase is not computed. Instead, a superficial velocity vector 𝐮𝐬𝐟  is determined under the 

assumption that only the fluid passes through the porous medium, neglecting the solid 

portion. This superficial velocity vector depends on the physical velocity vector of the fluid 𝐮 

{Eq. (4-25)}. The continuity equation is modified as shown in Eq. (4-26). 

𝐮𝐬𝐟 = 𝜒 ∙ 𝐮 (4-25) 

𝜕

𝜕𝑡
(∫ 𝜌𝜒

𝑉

) 𝑑𝑉 + ∮ 𝜌𝐮𝐬𝐟
𝐴

 ∙ 𝒏𝑑A =  ∫ ∑(𝑚𝑖𝑗 −𝑚𝑗𝑖) 𝑑𝑉

𝑗≠𝑖𝑉

 (4-26) 

Pressure losses in porous regions are modelled as momentum sinks in the momentum 

equation, incorporating a porous medium force vector 𝐟𝐩. This vector accounts for flow 
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resistance caused by the porous medium and depends on the superficial velocity vector 

𝐮𝐬𝐟  and the porous resistance tensor 𝐏 which comprises the viscous (linear) resistance tensor 

𝐏𝐯 and inertial (quadratic) resistance tensor 𝐏𝐢 [Sie23]: 

𝐟𝐩  =  𝐏 ∙ 𝐮𝐬𝐟 = (𝐏𝐯+ 𝐏𝐢𝐮𝐬𝐟) ∙ 𝐮𝐬𝐟 (4-27) 

The resistance force always acts in counter-current direction to the flow direction. For laminar 

flows as in this work the inertial resistance tensor 𝐏𝐢  can be neglected resulting in a linear 

function [Sie23]: 

𝐟𝐩 = 𝐏𝐯𝐮𝐬𝐟  (4-28) 

The viscous resistance tensor 𝐏𝐯 can be defined as an orthotropic tensor with components 

𝑃𝑣,𝑥, 𝑃𝑣,𝑦  and 𝑃𝑣,𝑧. In this study, the porous region represents the flow resistance in the axial 

direction caused by the compressed extraction cake at the perforated disk. For this axial flow 

direction, only the x-component 𝑃𝑣,𝑥 was defined, while the flow perpendicular to this 

direction is restricted by resistance coefficients 2-3 orders of magnitude larger than the 

primary coefficient. Although high resistance values do not affect the flow, they may influence 

convergence [Sie23]. The porous resistance is directly related to the pressure drop per length. 

This relation is well described by the generally used Ergun equation [Erg 52] which enables the 

calculation of the porous resistance coefficients based on experimental values. It is generally 

defined for spherical particles in a packed bed. Here only the linear form is introduced for 

laminar flows: 

∆𝑝

∆𝐿
= 𝑃𝑣,𝑥𝑢𝑠𝑓,𝑥 =

150(1− 𝜒)2𝜇 

𝜒³𝐷𝑝²
𝑢𝑠𝑓,𝑥 (4-29) 

The viscous porous resistance 𝑃𝑣,𝑥 increases significantly for decreasing particle sizes due to 

the smaller flow channels and typically ranges between 10² – 107 Pa∙s/m² [TL14], [BRV+07]. 

 

In conclusion, after analysing all the multiphase models in Figure 4-6, the MMP and TPTE 

models were found unsuitable for describing the physical configurations of our flows of 

interest. The Viscous Multiphase model, while promising, cannot account for the screw’s 

rotating motion, the driving element of solid-phase motion, making it unusable. The two 

remaining approaches, (1) EMP and (2) VOF, will be implemented and compared to investigate 

our configuration. 
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4.5 Mesh-independence study 

The impact of the computational mesh resolution on the numerical accuracy is significant. A 

discretisation error describes the difference between the exact solution of the differential 

equations and the exact solution of their discretised description. High discrepancies can occur 

due to insufficiently fine meshes. At the same time the computational effort is proportional 

to the number of discrete elements leading to a balance between solution accuracy and 

computation times [FP20]. For choosing sufficiently fine mesh sizes, a mesh-independence 

study with systematic mesh-refinements can be performed using Richardson extrapolation 

[Ric11].  

Three different types of meshes were compared using the numerical geometry of the 

extractor: a block-structured mesh (hexahedral cells), an unstructured mesh with polyhedral 

cells and an unstructured mesh with tetrahedral cells. StarCCM+ offers the possibility of 

automatically generating unstructured meshes based on defined base sizes, which was used 

here. Each mesh type was assessed at four different levels of refinement, as indicated in 

Table 4-1. The number of prism layers, the height of the first cell adjacent to the wall, and the 

overall thickness of the prism block were maintained for all mesh types. The SD is meshed for 

all three mesh types with polyhedral cells, consisting of only two layers of thin cells filling the 

screw gap. This ensures the highest mesh quality. 

The unstructured polyhedral and tetrahedral mesh were refined at the interfaces between SD 

and in- and outlet geometries to ensure an accurate transfer of flow parameters. For the 

block-structured mesh the thin layer cells from the SD are used to generate a structured mesh 

for the in- and outlet geometries by mesh extrusion. Figure 4-8 illustrates the investigated 

mesh topologies, displaying both a cross-sectional mesh and the central axial section of the 

extraction device at a mesh resolution of one million cells (Mesh #3). 

 

Table 4-1: Number of finite-volume cells (in million) for three mesh types and four different 
resolutions. 

Mesh # 1 2 3 4 

hexahedral/ block-structured 0.517 0.790 1.026 2.100 

polyhedral automated mesh 0.500 0.746 0.974 1.927 

tetrahedral automated mesh 0.525 0.739 1.062 2.000 
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Figure 4-8: Representation of the three applied mesh topologies using a resolution of one 
million cells (Mesh #3): (a) block-structured, (b) (unstructured) polyhedral and (c) 
(unstructured) tetrahedral mesh. 
 

A simplified model from previous work has been used to represent the basic counter-current 

flow behaviour of the solvent-soaked leaves and the solvent (water) concerning the ideal 

mesh topology [LJM+20]. A more specific model and adaption to the flow requirements and 

steady state operation points will be performed in section 4.6.  

To speed-up the tests only a 60-second physical time solution run was conducted for all mesh 

types, corresponding to one full rotation of the screw at a rate of 𝑛 = 1 rpm with a solid inlet 

flow rate of 𝑚̇𝑑𝑠 = 1 g/min (1.67∙10-5 kg/s). The solid-liquid ratio was first fixed to 𝑅 = 0.06 

{Eq. (3-9)}. The inlet boundary conditions are set equal to the experimental setup as shown 

in Figure 3-3. Further, the raffinate outlet was defined as a simplified porous region for 

representing the pressure drop at the perforated disk and creating a counter-current flow 

field. In this simulation setup the pressure drop was not validated with experimental data from 

subsection 3.4.3, yet. A porous resistance for water in axial direction of 1∙104 Pa∙s/m² was 

retained, which is in the range of typical values from literature (102 - 107, [TL14], [BRV+07]) 

and fits to calculations with the Ergun equation {Eq. (4-29)} assuming wetted, agglomerated 
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particles with a diameter of 1 mm {Eq. (4-29), 𝜀 = 0.7, 𝜇 = 1∙10-3 Pa∙s 𝐷𝑝 = 1 mm}. This 

definition of flow resistance prevents the water from escaping at the raffinate outlet and 

creates a counter-current flow. 

Consistency was maintained between the three mesh types in terms of boundary conditions 

and node count. Since previous simulations of a fully-filled VOF simulation using water and 

highly-viscous A. Annua leaves (𝜇𝑠 = 1∙103 Pa∙s, Table 3-5) showed a high sensitivity to the CFL 

number, an adaptive time step (ATS) model was chosen to ensure a CFL number below 1. The 

resulting time steps ranged between 1∙10-3 to 5∙10-3 s. Due to widely varying steps, a 

comparison of computation times between the three implemented meshes is not reasonable. 

Table 4-2 summarises the used parameters for this mesh-independence study. 

 

Table 4-2: Physical models for the mesh-independence study at room temperature (𝑇 = 20°C). 

Parameter Settings Unit 

Multiphase flow model Volume of Fluid (laminar)  

liquid phase (water) ref. to Table 3-3  
highly-viscous liquid phase (A. Annua leaves)   

density  260 kg/m³ 
viscosity  1∙103 Pa∙s 

screw rotation rate  1 rpm 
Boundary conditions   

leaves inlet  1.67∙10-5 kg/s 
solvent inlet  2.78∙10-4 kg/s 
extract outlet  101 325 (= 𝑝𝑎𝑡𝑚 ) Pa 
raffinate outlet 8.9∙10-5 {Eq. (3-11)} kg/s 

porous viscous resistance in x-direction (water) 1∙104 Pa∙s/m² 

Adaptive time step criteria   

convective mean CFL number 1 - 
convective max CFL number 10 - 

minimum time step 1∙10−3 s 

maximum time step 0.05 s 
Solver implicit unsteady  

temporal discretisation 2nd order  
discretisation scheme: momentum 2nd order  
implicit scheme  SIMPLE  
under-relaxation factor   

velocity 0.4 - 
pressure 0.2 - 

discretisation scheme: volume fraction 2nd order  
under-relaxation factor 0.2 - 

Inner iterations 30 - 
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The main objective of the mesh independence study is to obtain accurate results for critical 

simulation parameters that should remain consistent regardless of mesh size variations. The 

focus here is on the water flow, starting from the right-hand inlet of the device. Figure 4-9 (a) 

illustrates the dimensionless axial length (x/L) for the water-front position, with x representing 

the current water position and L denoting the total length of the extractor. Figure 4-9 (b) 

presents the corresponding average liquid velocity. 

 

 

Figure 4-9: (a) Position of water front and (b) averaged liquid velocity.  In total a physical time 
of 60 s for all three mesh types was simulated with a screw rotation rate of 𝑛 = 1 rpm. 
 

All three types of tested meshes exhibit convergent values as the number of cells increases, 

with final convergence achieved at a resolution of one million cells. However, the polyhedral 

and tetrahedral meshes yield higher values for the dimensionless axial position of the water 

front (1.3 times) and the average water velocity (1.8 times) in comparison to the hexahedral 

mesh. This observation aligns with Mansour et al. [MKK+20] who concluded that polyhedral 

and tetrahedral meshes introduce significant numerical diffusion during liquid mixing 

processes. To quantitatively determine the optimal mesh quality, a Richardson extrapolation 

has been conducted [Ric11]. For the block-structured mesh with a resolution of one million 

cells, a discretisation error of only 0.74% was computed based on the dimensionless water-

front position. 

As a result of this low error value and to avoid excessive numerical diffusion [MKK+20], a block-

structured mesh with a million hexahedral cells has been chosen for all further CFD 

simulations, ensuring accurate results within reasonable computation times.  
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4.6 Multiphase flow simulations 

This section presents simulations of multiphase flows using the two most-promising models – 

namely the general Eulerian Multiphase (EMP) model and the Volume of fluid (VOF) model. 

The goal of the simulations is to represent important flow characteristics with focus on the 

hydrodynamics at quasi-steady-state and to determine the residence time distribution (RTD) 

of both, the solid and liquid phase. The operating conditions of pressure and gravity are set 

constant in all simulations (Table 4-3). 

Table 4-3: Reference values for all multiphase flow simulations. 

Parameter Value Unit 
operating pressure  101 325 Pa 

gravity in z-direction -9.81 m²/s 
 

 

4.6.1 Eulerian Multiphase simulation 

The Eulerian Multiphase model solves the transport equation separately for each phase as 

described in subsection 4.4.3. This provides advantages compared to the VOF model since 

each phase can show separate velocity and pressure fields.  

Nevertheless, the appropriate representation of a free surface requires a sufficiently fine 

mesh at the interface. The required transient screw rotation speed leads to a position change 

after each time step and the mesh needs to be recomputed frequently to ensure a fine mesh 

at the interface position. This remeshing process combined with the highly complex flow 

requirements is computationally too expensive. Consequently, only a fully-filled process 

within one single screw segment, based on OS (𝐿 = 𝑎 = 0.035 m), is computed with the EMP 

model, neglecting the existence of an additional gas phase (𝑉𝑔 = 0). The geometry of the leaves 

inlet is neglected, resulting in a number of 128 983 finite volume cells. In this way 

computational costs could be decreased compared to Mesh #3 in section 4.5 with a million 

cells, while still investigating some important hydrodynamic features.  

 

Initial and boundary conditions 

The EMP model provides a boundary condition for defined outlets, known as an impermeable 

outlet, where a specific outlet can be completely impermeable to one phase, while other 

phases are unaffected. This impermeable outlet was used at the raffinate outlet for the 
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solvent phase (water) (Figure 4-10). Consequently, only A. annua leaves exit at the raffinate 

outlet while the solvent (water) flows through the extractor towards the extract outlet. This 

solvent enters the extractor through a back-rotated inlet pipe to ensure a direct entering to 

the initialised liquid phase.  

The solvent-soaked leaves have been represented as a continuous, closely packed particle 

phase using the Solid Pressure model with a pseudo-solid viscosity of 𝜇𝑠= 1∙103 Pa∙s. They have 

been initialised at the lower position of the screw segment for simplification. Since the gas 

phase is neglected, the solid phase volume fraction 𝛼𝑠 can be estimated based on the liquid 

phase volume fraction calculated with 𝜀′ = 0.7 in Eq. (4-24). The volume fraction becomes  

𝛼𝑠 = 1− 𝛼𝑙 = 1 − 𝜀
′ = 0.3 for 𝑉𝑔 = 0  (4-14) 

An inlet of this particle phase has not been defined at first. The mass flow rate of extract and 

raffinate outlet are set equal to the values calculated according to the mass flow balance for 

OP 2 (Table 3-9). This assumption already includes the soaking process of leaves by solvent  

and ensures the correct representation of the material flows.  

 
Figure 4-10: Mesh geometry, initial and boundary conditions for EMP model.  (a) Mesh on the 

xz-plane for a single screw segment geometry excluding the leaves inlet geometry; based on 
Mesh #3 in section 4.5, (b) initial and boundary conditions, with the solvent phase (water) 

(blue) and the solvent-soaked A. annua leaves (green). Initially, the particles are present in the 
bottom-right corner of the screw segment with a volume fraction of 𝛼𝑠 = 0.3. 
 

The simulated particle mass flow transported by the screw inside the extractor segment is 

higher than the desired raffinate mass flow rate fixed according to experiments. In the 

experiments, this effect leads to the formation of the extraction cake across the entire 

diameter of the extractor. In the simulations, a compression of the particles occurs, leading to 
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an increase of the particle packing. This compression process is actually not accepted by the 

solid pressure model. The default maximum packing limit of the solid phase, 𝛼𝑠,𝑚𝑎𝑥  = 0.624 

represents the behaviour of rigid, spherical particles [Sie23]. When reaching this limit, the 

solid pressure force applies to maintain this value. This can influence the flow field around the 

particles, leading to instabilities in the simulation. To ensure stability, the time steps needs to 

be reduced strongly at this point (≈ 1∙10-6 s). 

However, in this simulation setup, the objective is not to achieve a physically accurate 

representation of the extraction cake but to ensure a stable, particle-only mass flow rate at 

the raffinate outlet including compression. To facilitate this, the maximum packing limit was 

increased artificially to 𝛼𝑠,𝑚𝑎𝑥  = 0.9, so that the solid pressure force should not be applied, 

leading to stable simulations during the compression process. Below this value the governing 

equations of the EMP model are not changed. The screw rotation speed was defined with 

𝑛 = 2.2 rpm (OP 2). To reach a stable solution, a fixed time step of Δ𝑡1  = 1∙ 10−3  s has been 

set with a number of 30 inner iterations. The CFL number was used as a stability criterion. 

Table 4-4 summarises the used parameters for the EMP simulation. 

 

Table 4-4: Physical models for the EMP model at room temperature (𝑇 = 20°C) considering a 

single segment. 
Parameter Settings Unit 

Multiphase flow model Eulerian Multiphase (laminar)  

liquid phase (water) ref. to Table 3-3  
particle phase (A. Annua leaves)   

density  922 kg/m³ 
pseudo-solid viscosity  1∙103 Pa∙s 

screw rotation rate  2.2 rpm 
Boundary conditions   

leaves inlet wall - 

solvent inlet 2.78∙10-4 kg/s 
extract outlet 101 325 (= 𝑝𝑎𝑡𝑚 ) Pa 
raffinate outlet 0.09∙10-4 kg/s 

Solver implicit unsteady  
time step 1∙10−3 s 

temporal discretisation 1st order  
discretisation scheme: momentum 2nd order  

under-relaxation factor   
velocity 0.1 - 
pressure 0.1 - 

discretisation scheme: volume fraction 2nd order  
under-relaxation factor 0.1 - 

Inner iterations 30 - 
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Results  

After a physical time of 7.17 s solver instabilities occur based on the CFL number, which 

increased rapidly in cells near to the front wall of the geometry to values >20 (Figure 4-11 a). 

At this position the particles are not present. The maximum packing limit of 𝛼𝑠,𝑚𝑎𝑥 = 0.9 was 

not close to being reached in the simulations (Figure 4-11 b). Consequently, even manipulating 

the packing limit will not lead to converging results. 

 
Figure 4-11: Solid phase packing fraction 𝛼𝑠 in the EMP model. (a) Particle volume fraction in 
the screw segment shows that particles are located far from cells that first exceed a CFL value 
of 20 at the front wall. (b) Evolution in time shows low values of 𝛼𝑠< 0.4, not close to the 
defined maximum of 𝛼𝑠,𝑚𝑎𝑥  = 0.9. 

 
To understand this divergence, the cell quality was monitored for the cells which firstly exceed 

the CFL value of 20 (in total 5 cells). It was found that the skewness angle 𝜃 for 4 of the 5 cells 

exceeds the recommended value of 85° (two cells: 100°, two cells: 111°) which often results 

in solver instabilities [Sie23]. By investigating the skewness angle for the total geometry, a 

value 𝜃 > 85° only appears at the end surfaces of the extractor (Figure 4-12, blue marked cells). 

At this position the screw geometry has been cut in previous construction processes to achieve 

the shorter cylinder-shaped geometry. Obviously, the high skewness angle values in the cut 

cells at the ends of the geometry cause solver instability problems resulting in high velocities, 

ultimately leading to a crash of the simulation.  
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Figure 4-12: Skewness angle for the counter-current EMP model in a single screw segment. 

Cells exceeding the skewness angle 𝜃 > 85° (blue) and with CFL number > 20 (red) introduce 
solver instabilities. All marked cells are located at the two end-surfaces of the geometry.  
 

The implementation of an adaptive time step (ATS) ensuring low CFL numbers could stabilise 

the simulation but results in time steps between 10-5 down to 10-8 s This is computationally 

not feasible for achieving solution times over several screw rotations. To overcome the solver 

instabilities, a different mesh construction procedure would be required. Based on the 

performed mesh-independence study in section 4.5, this would result in a poorer overall mesh 

quality for the investigated screw geometry.  

In conclusion the EMP model provides promising boundary conditions for reaching a counter-

current flow but cannot be used to simulate the process of interest due to numerical 

instabilities and extremely high computational requirements. 

 

4.6.2 Volume of Fluid simulation - Fully-filled reactor 

The Volume of Fluid model allows a stable representation of free surfaces between several 

phases. In this thesis a fully-filled two-phase flow and a partly-filled three-phase flow have 

been investigated. The flow complexity is very high, which is why the models need to be 

simplified to get acceptable results in a reasonable computing time. As the flow involves a gas 

phase which is actually not necessary for the extraction process, a first assumption is to 

neglect this gas phase and simulate a fully-filled process of solvent and solvent-soaked leaves. 
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In a preliminary work the VOF model was already found to achieve stable simulations of the 

fully-filled process [LJM+20] and it was also implemented in the mesh-independence study in 

section 4.5. These simulations can now be continued.  

Initial and boundary conditions 

In this flow simulation the complete extractor volume was initially filled with the solvent phase 

(water) and the solvent-soaked A. annua leaves. The A. annua leaves, fully-soaked with 

solvent, are represented by a liquid, highly-viscous Newtonian phase with a dynamic viscosity 

of 𝜇𝑠 = 1∙103 Pa∙s (Table 3-5). The density is set constant to the experimentally derived value 

of 𝜌𝑠  = 922 kg/m³ (Table 3-5). To reduce the computational time for reaching a quasi-steady-

state, the two phases are initially distributed over the whole extractor length (Figure 4-13 b). 

The screw rotation speed is set to 𝑛 = 2.2 rpm, as for operation point 2 with laminar flow 

regime. The boundary conditions for in- and outlets, sketched in Figure 4-13 (a), are set equal 

to the experiments (Figure 3-3) while the inlet mass flow rates correspond to the calculated 

extract and raffinate mass flow rates based on the mass flow balance of OP 2 (Table 3-10). The 

actual soaking process of leaves with solvent is not represented in the simulation but is 

included in these boundary conditions.  

 

Figure 4-13: Initial and boundary conditions for a fully-filled VOF model, (a) geometry scene 
of the extractor with defined boundary conditions, (b) initial position of the interface between 
the solvent water (blue) and the solvent-soaked A. annua leaves (green). 
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To correctly measure the desired phase residence time distributions, the specific phase mass 

flow rates at the outlets of extract and raffinate need to fit the experimental measurements 

in Table 3-9. This implies a quasi-single-phase flow of water at the extract outlet and of the 

solvent-soaked A. annua leaves at the raffinate outlet. In particular, the definition of the 

raffinate outlet is complex due to the geometric contours of the perforated disk as well as the 

material properties of the solvent-soaked A. Annua leaves. For simplification the extraction 

cake is modelled as a porous region, as already used in the mesh-independence study in 

section 4.5. It mimics the flow resistance introduced by the disk. This needs to be set correctly 

now to achieve the desired flow pattern.  

To define this flow resistance, a porosity and a viscous resistance can be used 

(subsection 4.4.5). The implementation of the porosity, calculated as 𝜒 = 0.7 {Eq. (4-24)}, was 

found to introduce solver instabilities especially when the highly-viscous A. Annua phase is 

present inside the porous region. However, this presence is a main flow requirement for 

reaching a counter-current regime. Since the accurate representation of the flow through the 

extraction cake itself is not required, and as the primary interest lies in the extractor's internal 

dynamics, the cake porosity was neglected in the simulations and set to a constant value of 1.  

The viscous resistance 𝑃𝑣,𝑥 for water in flow direction of the raffinate outlet (x-direction) is 

fitted to the measured pressure at the perforated disk in subsection 3.4.3 (𝑝𝑚𝑎𝑥  = 2.2∙105 Pa). 

The resulting value for the porous resistance equals 𝑃𝑣,𝑥= 1∙10-3 Pa∙s/m² which is several 

orders of magnitude lower than usual values in literature with 102-107 Pa∙s/m² [TL14], 

[BRV+07]. This unexpectedly low value effectively reproduces the pressure drop across the 

porous region detected in experiments. 

With a time step of Δt = 0.02 s and 15 inner iterations stable results could be obtained. For a 

physical time of 350 s (steady state) a calculation time of 26 hours using 240 CPU cores (15 

nodes) was necessary. At this point the mass flow rate balance of all involved phases has to 

be fulfilled according to Eq. (3-10).  
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Table 4-5: Physical models for the fully-filled VOF simulation at room temperature (𝑇 = 20°C).  

The operation parameters are based on OP 2 (see Table 3-9). 
Parameter Settings Unit 

Multiphase flow model Volume of Fluid (laminar)  
liquid phase (water) ref. to Table 3-3  

highly-viscous liquid phase (A. Annua leaves)   
    density  922 kg/m³ 

    dynamic viscosity  1∙103 Pa∙s 
screw rotation rate  2.2 rpm 

Boundary conditions   
leaves inlet  𝑚̇𝑟𝑎𝑓𝑓 in Table 3-10 kg/s 

solvent inlet 𝑚̇𝑒𝑥𝑡 in Table 3-10 kg/s 
extract outlet 101 325 (= 𝑝𝑎𝑡𝑚 ) Pa 

raffinate outlet 𝑚̇𝑟𝑎𝑓𝑓 in Table 3-10 kg/s 
porous viscous resistance in x-direction (water) 0.001 Pa∙s/m² 

Solver implicit unsteady  

temporal discretisation 2nd order  
time step 0.02 s 

discretisation scheme: momentum   
implicit scheme SIMPLE  

under-relaxation factor   
velocity 0.4 - 

pressure 0.2 - 
discretisation scheme: volume fraction 2nd order  

under-relaxation factor   
volume fraction 0.2 - 

Inner iterations 15 - 
 

 

Results 

Based on visual inspection, the distribution of the phases inside the extractor geometry is 

coherent after a solution time of 350 s, see Figure 4-14 (a). In each segment the A. annua 

phase appears more in the centre of the geometry while the water phase flows at the bottom 

and top of the extractor. The extract outlet is mainly filled by the solvent water while the 

raffinate outlet is dominated by the A. annua phase. The mass flow error 𝑒 {Eq. (3-18)} is 

plotted in Figure 4-14 (b). The values range between 40 and 50% during each time step due to 

the selected solver (unsteady flow). By averaging the mass flow errors over each screw 

rotation (27.27 s), a decreasing trend is visible with final errors below 2% (Figure 4-14 c).  
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Figure 4-14: Quasi-steady-state of the fully-filled VOF model.  (a) Phase distribution of water 
(blue) and A. annua leaves (green) in the extractor geometry after a solution time of 350 s, (b) 

total mass flow error 𝑒 {Eq. (3-18)} based on the total mass flow inlet for each time step 
(Δt = 0.02 s) (black) and averaged over each screw rotation (27.27 s) (red), (c) averaged mass 

flow error over each screw rotation (27.27 s).  
 

As stated previously, both the total mass flow balance and the correct phase mass flow rates 

at the extract and raffinate outlets are crucial for achieving the required RTD behaviour. To 

ensure the correct flow pattern, only A. annua leaves should be discharged at the raffinate 

outlet, while only water should exit at the extract outlet. According to Figure 4-15 this flow 

pattern could not be reached for both outlets. A. annua leaves (green) periodically exit 

through the extract outlet (27.27 s) (Figure 4-15 a). The corresponding mass flow rates are 

large up to 𝑚̇𝑠 ≈ 0.23 g/s in quasi-steady state. This influences also the phase distribution at 

the raffinate outlet. Since not enough leaves are transported to this outlet, water exits here, 

despite its defined porous resistance, as seen in Figure 4-15 (b). Compared to experiments, 

this difference of behaviour prevents a correct measurement of phase RTDs. 
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Figure 4-15: Mass flow rates in the fully-filled VOF model.  Mass flow rate at (a) extract outlet 
and (b) raffinate outlet in total (red), and phase-specific for the A. annua leaves (green) and 
the solvent (water) (blue). 
 

The obvious possibility of further increasing the viscous resistance for water at the raffinate 

outlet is not reasonable when observing the pressure field (Figure 4-16). With the lowest 

(atmospheric) pressure at the extract outlet, the pressure rises toward the raffinate outlet, 

reaching a value of 1.9∙105 Pa, which was previously fitted to the maximum pressure of steady-

state operation (subsection 3.4.3: 𝑝𝑚𝑎𝑥  = 2.2∙105 Pa). This is already significantly higher than 

the experimentally measured pressure for OP 2 of 𝑝𝑠𝑡  = 1.2∙105 Pa. A higher pressure at the 

raffinate outlet would affects leaf transport, shown by the streamlines in Figure 4-16 (black). 

Instead of moving towards the raffinate outlet, A. annua leaves would then be directed 

straight to the extract outlet upon entry. 

 

Figure 4-16: Absolute pressure field of the quasi-steady-state process.  The streamlines (black) 

show the flow of solvent-soaked A. annua leaves towards the extract outlet instead of the 
desired direction towards the raffinate outlet. 
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Consequently, based on the results of this fully-filled VOF simulation model, not enough 

A. annua leaves will flow towards the raffinate outlet. The resistance required for the water 

phase at the raffinate outlet to maintain correct mass flow rates also affects the movement 

of A. annua leaves, preventing a correct counter-current flow of the phases. Unfortunately, 

the VOF model does not support a separate phase-specific definition of resistance for outlets. 

Therefore, another configuration must be adapted. 

 

4.6.3 Volume of Fluid simulation - Partly-filled reactor 

This section is partly based on: 

  [LJM+22b] 
Lehr, A.; Janiga, G.; Seidel-Morgenstern, A.; Thévenin, D.: Numerical study on the solid-
liquid residence time distribution in a counter-current screw extractor. Proc. Conference 

on Modelling Fluid Flow (CMFF'22), 30.08.-02.09.2022, Budapest, Hungary, pp. 278-286, 
2022. 

 

In the fully-filled process the pressure increase towards the raffinate outlet prevented the 

correct flow pattern for A. annua leaves and consequently for the solvent (water). By including 

a gas phase in the process, the pressure field can be strongly modified and adapted to the  

experiments. Nevertheless, this results in a highly complex and expensive three-phase flow 

with a free interface intersected by the rotation of the screw. So, further simplifications need 

to be implemented for representing such a multiphase flow. 

In experiments the solvent-soaked A. annua leaves stick to the screw which transports them 

with constant axial velocity through the extractor. Consequently, they do not actually flow and 

have a stable, consistent position in each screw segment. Visually, the solid phase can be 

clearly separated from the solvent phase in the transparent extractor (subsection 3.4.2). These 

investigations suggest a simplified model where the A. annua phase is represented as a solid, 

not as a fluid. This corresponds indeed better to the measured rheological behaviour 

(Figure 3-9 a). 

 

Initial and boundary conditions 

The experimental position of the A. annua phase is represented by an additional rotating 

geometry distributed along the screw and turning with it in a solid movement of 2.2 rpm for 

OP 2. This implies that the solid inlet and raffinate outlet equals a value of zero in the mass 
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flow balance (𝑚̇𝑠 = 𝑚̇𝑟𝑎𝑓𝑓 = 0). A transient measurement of the solid phase RTD in this CFD 

model is not possible. Nevertheless, it is possible to represent the solvent mean residence 

time (MRT) appropriately.  

The solvent MRT depends on the free volume and the volume flow rate of the solvent 

{Eq. (2-35)}. While the volume flow rate of the solvent can be adapted easily, the free volume 

does not correspond to the total extractor volume 𝑉𝑡𝑜𝑡  anymore but is now reduced by the 

solid phase retention volume (𝑉𝑡𝑜𝑡 − 𝑉𝑠 = 𝑉𝑙 +𝑉𝑔). This solid phase retention volume 𝑉𝑠 was 

already defined in subsection 3.4.6 and is now implemented in CFD.  

The solid screw geometry is now built by defining the thickness of the A. Annua phase, turning 

around the screw rod. This thickness was adapted to a value of 16 mm reaching an agreement 

of the resulting volume with the desired retention volume 𝑉𝑠 in subsection 3.4.6. This defined 

thickness fits to experimental observations. The defined total solid volume has been 

subtracted from the rotating domain to decrease the solvent flow field accordingly. This 

subtraction can only be performed within the cell size of the mesh, so that no cell is cut off. 

Consequently, slight variations could not be avoided and a final volume error of 3% was found 

to be acceptable (exp: 5.9∙10-5 m³, num: 6.1∙10-5 m³). The resulting free volume for solvent 

and gas phase in the extractor equals 𝑉𝑙 + 𝑉𝑔 = 9.8∙10-5 m³ (Table 4-6). This value is only 2% 

lower than the experimentally derived volume in Table 3-21 (𝑉𝑙 + 𝑉𝑔 = 10∙10-5 m³).  

 

Figure 4-17: Reduced flow field on the xz-plane for the partly-filled simulation. The liquid 

solvent (water) and air flow in the meshed part (black-white). The flow region of the reactor 
is reduced by the volume of the rotating geometry representing the solvent-soaked A. Annua 
leaves (green), sticking on the screw. 
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Table 4-6: Numerical volume fit of A. annua phase and resulting free volume for the solvent.  

Since the cells in the CFD simulation cannot be cut there is a small difference between the 
experimental and numerical solid volume of 3%.   

Parameter  experimental numerical Unit 
total extractor volume  𝑉𝑡𝑜𝑡   15.9 15.9 ·10−5 m³ 

exp. A. annua volume  𝑉𝑠  5.90 6.10 ·10−5 m³  

free volume for solvent  𝑉𝑙 + 𝑉𝑔  10 9.80 ·10−5 m³ 

 

To ensure in the simulation that liquid solvent (water) directly enters the liquid phase inside 

the extractor, the inlet geometry of the solvent has been rotated by 90°, as shown in 

Figure 4-18 (a). Initially, this liquid phase is horizontally distributed over the total length of the 

extractor by half-filling the previously defined free volume (Figure 4-18 b). The gas phase (air) 

fills up the remaining extractor volume. The solvent inlet flow rate was set to the calculated 

extract mass flow rate according to Eq. (3-12). This includes the loss of solvent by leave 

absorption during the extraction process (𝑚̇ 𝑖𝑛𝑡).   

The solvent-soaked A. annua leaves remain at their fixed (steady-state) position relatively to 

the screw movement and do not enter or exit the process. Consequently, the defined leaves 

inlet face of the basic numerical domain in the fully-filled process is used as a degassing outlet 

(pressure outlet) for the gas phase (air) in this model (Figure 4-18 a). The extract outlet 

exhibits varying mass flow rates of water and gas in experiments. To account for this variation, 

a flow split outlet has been defined, assigning 50% of the total mass flow to this boundary. 

The defined pressure outlet adapts naturally as proven in literature [GK08]. A mass balance 

validation confirmed compliance with the total mass balance.  

The raffinate outlet face is not used as an outlet in this flow model, but is defined as a wall. 

The extraction cake is not represented in CFD, since it has a stable thickness in steady-state 

operation and does not play an important role for the extraction efficiency. An impl icit 

unsteady solver with a 1st order temporal discretisation has been chosen to increase the 

stability of the simulation. The implementation of an adaptive time step model with a 

convective mean CFL number of 1 and a maximum of 80 ensures the stability of the simulation 

and an accurate representation of the free liquid surface. The minimum time step was defined 

with Δ𝑡 = 10−4 s, corresponding to final CFD values between 1 ∙ 10−4 and 1 ∙ 10−3 s and a 

mean CFL number of ≈0.2. The highest CFL numbers occur in the small layer cells of the 

stationary domain at the transition from the screw extractor to the extract outlet. This is 

where the solvent velocities are increased. Further selected physical models and parameters 
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are listed in Table 4-7. A total physical time of 190.89 s was computed, representing 7 total 

screw turns until reaching a quasi-steady-state. For this simulation the high-performance 

computer (HPC) cluster with 240 CPU cores (15 nodes) was used to achieve results after 

4.5 days. 

 
Figure 4-18: Initial and boundary conditions for the partly-filled VOF model. (a) Boundary 

conditions with flow directions for the water/gas flow. The solvent (water) inlet position is 
rotated by 90° to directly enter the liquid phase inside the extractor (following [LJM+22b]), (b) 

initial position of the solvent (water) phase (blue) and the gas (air) phase (white) with fixed 
position of the A. annua geometry (green) at the x-z-plane. 
 

To analyse the residence time distribution (RTD) of the solvent at the extract outlet, the 

species method is a computationally efficient, precise, and widely used approach [CBB+19]. 

This method solves a single species transport equation during a numerical tracer experiment, 

accounting for both convection and diffusion processes [DSJ+09], [CBB+19], [ZWJ+15]. The 

species method could already be effectively used in a preliminary simulation to model the RTD 

behaviour of a single-phase flow of A. Annua leaves within the screw extractor [LJM+22a]. 

The species method has been implemented in the quasi-steady-state simulation, where each 

screw revolution is intended to deliver a similar velocity field. The flow field at this quasi-

steady-state was frozen and a tracer species has been initialised, tracking only convection 

processes. Diffusion processes were neglected, as implementing the calculated experimental 

axial diffusion coefficients led unrealistic results. Further studies will be necessary to 

understand the origin of this problem. A constant time step of Δ𝑡 = 0.5 s has been 

implemented for this post-processing step, which is higher by a factor 5 000 compared to the 
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simulation time step for reaching a quasi-steady-state. Finally, only one transport equation for 

the tracer species was solved in the domain leading to results of liquid RTD after a simulation 

time of only 5 min on 64 CPU cores (4 nodes).  

 
Table 4-7: Physical models for the partly-filled VOF simulations (𝑇 = 20°C). 

Parameter Settings Unit 

Multiphase flow model Volume of Fluid (laminar)  
liquid phase (water) ref. to Table 3-3  

gas phase (air)   
density  1.20 kg/m³ 
dynamic viscosity  1.7 ∙10−5  Pa∙s 

screw rotation rate  2.2 rpm 
Boundary conditions   

leaves inlet = outlet gas  101 325 (= 𝑝𝑎𝑡𝑚 ) Pa 
solvent inlet  2.71 ∙10−4 kg/s 
extract outlet split ratio: 0.5 - 
raffinate outlet wall - 

Adaptive time step criteria   
convective mean CFL number 1 - 

convective max CFL number 80 - 
minimum time step 1∙10−4 S 

maximum time step 0.01 S 
Solver implicit unsteady  

  temporal discretisation 1st order - 

  discretisation scheme: momentum SIMPLE - 
   under-relaxation factor   

     velocity 0.4 - 
     pressure 0.2 - 

  discretisation scheme: volume fraction single-step  
   under-relaxation factor 0.2  

Inner iterations 10 - 

Species method – passive scalar   

discretisation scheme: convection  2nd order - 
transport convection only - 

under relaxation factor 0.9 - 
time step 0.5  s 

 

 

Results and validation 

 
Steady-state 

Figure 4-19 (a) shows an increased water surface compared to the initial position in 

Figure 4-18 (b). The water surface drops at the position of the degassing outlet where the fixed 

A. annua volume decreases to zero. This results in a nearly gas-filled screw segment at the left 
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side of the extractor where the extract outlet is located. Consequently, not only solvent but 

also gas exit at the extract outlet. Figure 4-19 (b) shows the extract mass flow rate of water 

which stabilises after a solution time of 30 s (≈1 screw turn) and equals nearly zero until a 

solution time of 80 s (≈3 screw turns). After this time the extract mass flow rate starts to gently 

fluctuate showing the real flow pattern of the two-phase flow. This fluctuation is similar to the 

experimentally observed dripping at the extract outlet. The mass flow rate error 𝑒 {Eq. (3-18)} 

of water, shown in Figure 4-19 (c), decreases to a value of 1.7% after a solution time of 

190.89 s (7 screw turns), revealing a quasi-stationary flow. 

 

Figure 4-19: Quasi-steady-state of the partly-filled VOF model. (a) Phase distribution of water 
(blue), air (transparent) and A. annua leaves (green) in the extractor geometry after a solution 
time of 190.89 s (7 screw turns). The water surface increases from left to right due to the 
rotation of the screw with the fixed A. annua phase and resulting pressure variations, (b) mass 

flow rates of solvent inlet and extract outlet, (c) mass flow error 𝑒 {Eq. (3-18)} of the solvent 
between in- and outlet (black) and averaged values for every screw rotation (27.27 s) (red) 

showing a decrease to a final error of only 1.7% for the considered solution time. 
 

The numerical phase distribution of gas, liquid and A. annua leaves is optically compared to 

the experimental setup in Figure 4-20. For one screw segment in the centre of the extractor, 
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very similar phase distributions can be qualitatively detected. At the position of the extract 

outlet in both setups the gas phase dominates while the solvent is located only at the bottom 

of the extractor. A. annua leaves are only present at the wall of the experimental setup at this 

position and are not needed to be represented by the numerical setup. 

 
Figure 4-20: Visual comparison of phase distribution. The position of the solvent-soaked 
A. annua leaves and solvent (water) is similar in (a) the experimental extraction process at 
continuous operation (green- A. annua leaves, red- coloured solvent) and (b) the numerical 
quasi-steady-state after 190.89 s, i.e., 7 screw turns (green – A. annua leaves, blue – solvent). 
In both cases, the air phase is transparent. 
 

RTD of the solvent  

The resulting RTD of the solvent phase based on the species method in CFD is compared with 

the experimentally measured RTD curve (subsection 3.4.4) with the same screw rotation 

speed (𝑛 = 2.2 rpm) in Figure 4-21. Since a numerical time step of 0.5 s was used, the resulting 

values of 𝐸(𝑡) were summarised over each minute to enable comparison with the 

experimental data, where sampling occurred at one-minute intervals (Figure 4-21 a). A good 

agreement can be observed in shape. Both curves reach their maxima after a physical time of 

3 min. Nevertheless, the numerical curve increases and decreases faster and shows a higher 

maximum peak compared to the experimental one (experimental: 0.173 1/min, 

numerical: 0.275 1/min). This could be attributed to the fact that diffusion processes have 

been switched off when analysing the CFD with the species method. In a dimensionless 

comparison using the dimensionless time 𝑡0 {Eq. (4-30)}  and the dimensionless normalised 
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RTD function 𝐸0 {Eq. (4-31)} a good agreement in shape is found (Figure 4-21 b). This shows 

that the ratios between the normalised RTD function at a specific time 𝐸(𝑡) and the (constant) 

value for the calculated mean residence time at SP 4 𝐸(𝜏)̅ are very similar compared to the 

experimental ratios.  

𝑡0 =
𝑡

𝜏̅
 

(4-30) 

𝐸0 =
𝐸(𝑡)

𝐸(𝜏)̅
 

(4-31) 

 
Figure 4-21: Results from the solvent RTD study at operation point 2 (𝑛 = 2.2 rpm). The 
deviations detected when repeating three experimental runs are compared with a quasi-

steady-state of the CFD simulation showing good agreement.  
 

The numerical mean residence time and the variance are calculated based on Eqs. (2-31) and 
(2-32), while the standard deviation derives from the square root of the variance. The time 

duration for the calculation of the MRT and variance has been set equal to that in the 
experimental procedures to allow for a comparison. For the steady-state conditions, the 
obtained agreement is again very good ( 
 
Table 4-8). The numerical MRT is lower by only 2.2% compared to the experimental one 

(exp: 4.5 min, num: 4.4 min). This error is in the range of the mass flow error of water, 

calculated with 1.7% (Figure 4-19). Considering additionally the standard deviation, the 

numerical result still fits very well into the experimentally measured range. Further, the 

calculated stage number 𝑁𝑙 results in a value of three for both, experiments and CFD. 

Consequently, also the Bodenstein numbers are identical. This indicates an excellent 

representation of the liquid RTD behaviour by the implemented CFD model.  
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Table 4-8: Results of numerical RTD study of the liquid solvent for OP 2 (ref) and comparison 

with experiments. Operation conditions are listed in Table 3-9 and experimental 
measurements in subsection 3.4.4. 

Parameter  experimental  numerical Unit 
mean residence time  𝜏̅𝑙  {Eq. (2-31)} 4.5 4.4 min 

standard deviation  𝜎𝑙  {Eq. (2-32)} ± 2.5 ± 2.4 min 
theoretical number of stages  𝑁𝑙 {Eq. (2-33)} 3 3 - 
Bodenstein number Bo𝑙  {Eq. (2-44)} 6 6 - 

 

To validate the model for several steady-state operation points, similar simulations have been 

performed with the conditions of operation point 1 and 3 (Table 3-9). Since the estimated 

retention volume of the solid leaves in the experiments was found to be very constant for all 

operation points (<5% variation, Table 3-21), the rotating geometry representing the solid 

phase was kept constant. Consequently, only the rotation rate and the inlet mass flow rate of 

solvent were adapted, by considering the assumed loss by absorption of leaves (𝑚̇𝑖𝑛𝑡) using 

Eq. (3-12) (similar to the previously investigated OP 2). For OP 1 with a screw rotation speed 

of 1.3 rpm (one rotation = 46.15 s) the mass flow error already converges after 5 screw 

rotations and results in an error of 6% (Figure 4-22). As the computational cost for one screw 

rotation is particularly high for OP 1 due to the low rotation rate, it is recommended to stop 

the simulation after 5 screw rotations assuming a quasi steady-state. The RTD was analysed 

at the corresponding solution time (230.8 s). 

 
Figure 4-22: Mass flow error 𝑒 {Eq. (3-18)} of the solvent (water) for OP 1 between in- and 

outlet (black) for a duration of 7 screw rotations and averaged values for each screw rotation 
(1 rotation = 46.15 s) (red) showing a convergence after 5 screw rotations (230.8 s) to an error 

of only 6%. 
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The resulting solvent-phase RTD curves for both setups (OP 1 and OP 3) show good 

agreements (Figure 4-23). For both operation points the curve peaks in Figure 4-23 (a) and 

Figure 4-23 (c) are numerically overestimated (e.g., OP 3: exp: 0.196 1/min, 

num: 0.275 1/min). When time and 𝐸(𝑡) function are normalised according to Eqs. (4-30) and 

(4-31) small peak overestimations remain (Figure 4-23 b and Figure 4-23 d). The differences 

are larger for OP 1, probably due to the slow screw rotation speed and resulting higher 

diffusion effects which are neglected in the CFD model. 

 

Figure 4-23: RTD curves for the partly-filled VOF model and comparison with experiments. The 
RTD curves of the numerical model (black) and experimental measurements (blue) are shown 

for OP 1 (𝑛 = 1.3 rpm) (a) with dimensions, and (b) dimensionless. The RTD curves for OP 3 
(𝑛 = 2.5 rpm) are shown in (c) with dimensions and (d) dimensionless. For the dimensional 

experimental measurements deviations are shown, detected when repeating three 

experimental runs. 

 
Nevertheless, the estimated mean residence time and variance are very similar between 

experiments and numerical simulations (Table 4-9). For OP 1 the MRT comes with an error of 
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only 4%, which is in the range of the mass flow error of 6% for this solution time 

(OP 1: exp: 5.5 ± 2.8 min, num: 5.3 ± 3.3 min) (Table 4-9). The standard deviation differs 

slightly which can again be attributed to neglecting diffusion effects in the CFD simulation. 

This results in small differences of the theoretical number of stages and the Bodenstein 

number (OP 1: exp: Bo𝑙   = 8, num: Bo𝑙   = 6). However, the order of magnitude is identical.  

For OP 3 a good fit of the MRT and standard deviation is obtained numerically showing a high 

accuracy of the model for higher screw rotation speeds (OP 3: exp and num: 4.4 ±2.3 min). 

Consequently, also the theoretical number of stages 𝑁𝑙 and the Bodenstein number Bo𝑙  are 

identical.  

The nearly constant Bodenstein numbers found in the numerical model for OP 1, OP 2, and 

OP 3 align with the previously investigated constant Bodenstein numbers in the experiments, 

as discussed in subsection 3.4.4. This indicates an accurate representation of the solvent-

phase flow behaviour in the counter-current extractor using the partly-filled VOF model. 

 
Table 4-9: Results of numerical RTD study of the liquid solvent for OP 1 and OP 3 and 
comparison with experiments. Operation conditions are listed in Table 3-9 and experimental 
measurements in subsection 3.4.4.  

Parameter  Operation Point (OP) Unit 
  1 3  
  exp num exp num  

mean residence time  𝜏̅𝑙  {Eq. (2-31)} 5.5 5.3 4.4 4.4 min 

standard deviation  𝜎𝑙  {Eq. (2-32)} ± 2.8 ± 3.3 ± 2.3 ± 2.3 min 

th. number of stages  𝑁𝑙 {Eq. (2-33)} 4 3 4 4 - 
Bodenstein number Bo𝑙  {Eq. (2-44)} 8 6 8 8 - 

 
 

In conclusion, the Volume of Fluid model is very helpful to represent the complex flow pattern 

in a simplified way and allow for very good predictions of the solvent RTD behaviour. 

Nevertheless, it is not suitable for representing all three phases (gas, liquid, solvent-soaked-

leaves) in a counter-current flow due to its mass and momentum definitions.  

The developed simulation setup can easily be adapted to different solvents by only changing 

the material properties. This was later used in this thesis for compartment modelling using 

toluene as solvent accounting also for extraction kinetics (see chapter 5).  
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4.7 Summary 

Based on systematic experiments a multiphase CFD model has been developed to describe 

important features of the continuous solid–liquid counter-current extraction process while 

neglecting any mass exchange. The aim of numerical simulations is to represent this flow 

based on phase distribution and RTD behaviour in order to provide a model for later 

optimisation. Further, information from CFD can support the improvement of a compartment 

model to consider also mass transfer and extraction kinetics, as discussed next. 

The Eulerian Multiphase (EMP) model was first used to represent the solid-liquid multiphase 

flow. Due to high computational costs, only one screw segment was represented. The 

A. annua leaves are considered as solid phase with a pseudo-viscosity (𝜇𝑠 = 1∙103 Pa·s). The 

EMP should actually be able to represent a counter-current flow due to appropriate boundary 

conditions. Nevertheless, the model is found to be very sensitive to cell quality factors, 

especially the skewness angle. As a consequence, the model could not be used for the 

investigated screw-driven reactor in this work.  

Another approach using the Volume of Fluid (VOF) method was implemented to represent a 

fully-filled two-phase multiphase flow by first neglecting the gas phase. This simulation could 

be performed in a quasi-steady-state reaching an acceptable total mass flow rate balance. 

Nevertheless, the required phase separation at the outlets in counter-current flow conditions 

could not be reached. The pressure gradient implemented at the perforated disk to prevent 

the pure water phase from exiting also influences the flow behaviour of the solvent-soaked 

leaves. The mass flow rates of solvent (water) and solid (A. annua) phase at extract and 

raffinate outlet did not correspond to the experimental mass flow rates. These facts prevent 

the correct representation of the counter-current flow and the RTD behaviour in a 

configuration without gas phase. A continuous counterflow of three phases is not possible due 

to stability problems and very high computational costs.  

Finally, a partly-filled VOF multiphase flow involving solvent and gas phase, with leaves treated 

as a solid phase, provides a good agreement of the phase-specific mass flow rates at the 

outlets in a quasi-steady state. A good prediction of the liquid RTD is obtained for several 

operation points, validated with experimental measurements. Nevertheless, this model 

strongly approximated the transportation process of the A. Annus leaves and has an increased 

computational load compared to the fully-filled process.  

Figure 4-24 shows a comparison of the calculation times for reaching two screw rotations 
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(with 𝑛 = 2.2 rpm) on 10 CPUs for VOF (fully-filled and partly-filled), and the EMP model. Since 

the EMP model could not be used to reach several screw rotations, its calculation time is 

extrapolated. Also the simulation domain was extended from one screw segment to the full 

extractor length. The cheapest approach (VOF fully-filled) does not deliver physically correct 

flow directions. The EMP model could not be used in a stable manner. Even if the partly-filled 

VOF model requires at least 7 screw rotations for reaching a quasi-steady state making the 

simulation very cost-intensive on HPC clusters, this approach is recommended for further 

investigations. 

 

 

Figure 4-24: Comparison of the calculation times for two screw rotations (10 CPUs, 
𝑛 = 2.2 rpm). The calculation time for VOF fully-filled, VOF partly-filled and EMP (extrapolated 
from one screw segment) shows a significant increase concerning the computational time.



Numerical simulations and validation 

 

133 
 

   Answers: 

1. Which multiphase flow models are available to simulate the complex counter-current 

process regarding its main flow requirements? 

➢ The Volume of Fluid (VOF) model and the Eulerian Multiphase (EMP) model provide 

appropriate conditions for representing the investigated flow in a quasi-steady-state. 

Nevertheless, both models show specific limitations and come with high computational 

requirements.  

2. What is the specific distribution of the involved phases at steady-state?  

➢ Using the partly-filled VOF model a uniform phase distribution between A. annua leaves 

and solvent can be detected in the middle segments of the screw extractor. The solvent 

is slightly retained by the screw rotation until reaching the extract outlet. Here a dripping 

is detected, similar to experiments.  

3. Is it possible to accurately represent the residence time behaviour of both solid and 

liquid phases using CFD? 

➢ The solvent RTD can be well represented by a partly-filled VOF model considering only 

gas and liquid solvent. The solvent-soaked A. annua leaves are represented as a fixed, 

rotating geometry. A good agreement between numerical results and experiments was 

determined for several operation points. The solid RTD, mainly driven by the screw 

rotation, could not be represented in a continuous multiphase process. However, the 

mean residence time of solvent-soaked leaves in a continuous process can be calculated 

by using the experimentally derived transport efficiencies in section 3.5. 
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5 CFD-based compartment model 

The implementation of compartment models (CPT), also called “network-of-zones” or 

“multizonal” modelling approach is much less demanding in terms of computational time 

compared to full CFD simulations [BMP03], [BM04]. They are often applied to highly complex 

flows such as bioreactors [GBM+09], [DDC+10], [DCC+14], [TSB+19], bubble columns [RJ03], 

[ASG13], loop reactors or extraction columns [WSG+20], [WCM+19]. CPT models divide the 

domain into several smaller volumes, called compartments, which share similar and 

approximately homogeneous flow properties such as turbulence, velocity, concentration, etc. 

These compartments allow for easy implementation of reaction, breakage and coalescence 

models. However, fluxes between the individual compartments may be underestimated if the 

number of compartments is too small. This can lead to inaccuracies in the prediction of mixing 

behaviour [DCC+14]. Recently, the combination of CFD with CPT models has emerged. Here, 

the flow field is first calculated by a CFD model neglecting any reactions or mass transfer . 

Based on these results a compartment model is developed or fitted [DCC+14], [WSG+20], 

[SFH+23], [TBN20].  

For the investigated solid-liquid extraction process Vu has already developed a simple 

theoretical counter-current compartment model to predict the mass fraction of artemisinin at 

the extract outlet, as presented in subsection 2.3.2 [Vu23]. The model is already in rather good 

agreement with experiments. The main assumptions of this reduced CPT-model for selected 

parameters are compared in  Table 5-1 with the experimental conditions and the detailed CFD 

model. 

The reduced compartment model developed by Vu considers only the extraction kinetics of 

artemisinin transport between phases, without accounting for volume fluxes between 

compartments. In the CPT model, mass transfer is represented by a constant linear driving 

force, 𝑘𝐸 {Eq. (2-16)}. However, this assumption is inaccurate, as 𝑘𝐸 does not apply at the 

beginning of the process when fresh leaves and solvent first come into contact. Additionally, 

the model assumes thermodynamic linearity between the leaves and solvent, expressed by 

𝐾𝐸
𝑒𝑞

 {Eq. (2-17)} which presumes a constant equilibrium. 
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The counter-current extraction process consists of four phases: (1) dry leaves, (2) solvent-

soaked leaves due to soaking processes, (3) liquid solvent, and (4) gas (air). The gas phase is 

unavoidable in experiments since the solid-liquid ratio, 𝑅, between dry leaves and solvent 

must remain constant for a steady-state process (subsection 3.4.1). The reduced CPT model 

neglects the gas phase, as it is irrelevant for extraction. However, assuming full extractor filling 

leads to incorrect volume flow rates and phase residence times 𝜏, as defined in Eq. (2-35). In 

contrast, the CFD model includes the gas phase, enabling a more accurate representation of 

the filling degree and liquid phase residence times. The solvent-soaked leaves are not 

simulated as a fluid but are instead defined as a solid rotating geometry, moving at the same 

speed as the screw. 

Furthermore, experimental investigations reveal a counter-current flow with backflow 

through the screw gaps, which the CFD model can represent. However, due to its simplified 

structure, the CPT model cannot account for such flow behaviour. Additionally, the CPT model 

assumes equal residence times for leaves and solvent, which contradicts experimental 

findings (subsection 3.4.4). Consequently, the theoretical number of stages differs for liquid 

and solid phases but is assumed identical in the CPT model. Despite the higher degrees of 

freedom in the models, parameter variations are limited to the experimentally defined 

operating window. 

In conclusion the reduced CPT model is a very cost-effective and accurate model to describe 

the counter-current process. However, it includes several simplifications e.g. neglecting the 

gas phase, and cannot account for back-flow effects. Here, the CFD model offers significant 

advantages, as the gas phase can be represented using the partly-filled VOF model. This model 

also accounts for back-flow effects, which influence the flow behaviour of the solvent. To 

observe these effects in more detail a compartmentalisation is useful. Further, the transfer to 

different geometries will be performed in order to find the optimal operating points regarding 

back-flow conditions.  

 

Scientific questions: 

1. How can the liquid phase volume fraction be described and which effect does it have 

on the flow field? 

2. Which backflow effects are present in the different designs of the screw extractor? 
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Table 5-1: Comparing experiment with model assumptions of CPT and CFD model. 

Parameter Experiment  

(steady-state) 

reduced CPT model 

by [Vu23] 

detailed CFD model 

(partly-filled VOF) 

thermodynamics phase equilibrium 

for long residence 

times 

linear 

phase equilibrium 

with constant 

𝐾𝐸
𝑒𝑞   

ignored 

mass transfer  non-linear rate 

constant 𝑘𝐸  

affected by mixing  

(driving force) 

one rate constant 𝑘𝐸 

(linear driving force) 

ignored 

 

phases 

(affected by wetting) 

-gas (air) 

-liquid solvent 

-dry leaves 

-solvent-soaked 

leaves  

-liquid solvent 

-solvent-soaked  

 leaves  

-gas (air) 

-liquid solvent 

-solvent-soaked 

leaves as a solid 

liquid phase volume 

fraction 

 
𝜀′  = 

𝑉𝑙

𝑉𝑙+𝑉𝑠
 {Eq. (3-24)} 

 

material    

properties 

-liquid: 𝜌, 𝜇, 𝑐0  

-dry leaves:  

  𝜌,𝐷𝑝 , 𝑞
0 

-solvent-soaked  

 leaves: 𝜌, 𝜇, 𝑆 

-liquid: 𝑐̃0 

-solvent-soaked 

 leaves: 𝑆, 𝑞̃0 

  

𝜌, 𝜇 for gas and liquid 

phase 

flow behaviour counter-current 

operation, 

backflow-specific 

for phases  

counter-current 

operation by 

connecting inlets and 

outlets of pseudo-

homogeneous stages 

counter-current 

operation, 

backflow-specific for 

the solvent  

MRT 𝜏̅𝑙 ≠ 𝜏̅𝑠  𝜏̅𝑙 = 𝜏̅𝑠  𝜏̅𝑙, calculated 𝜏̅𝑠 

𝜏̅𝑙 ≠ 𝜏̅𝑠 

results 

 

𝜏̅𝑙  ± 𝜎𝑙  

𝜏̅𝑠± 𝜎𝑠  

𝑚̇𝑒𝑥𝑡 , 𝑚̇𝑟𝑎𝑓𝑓    

𝑐𝑜𝑢𝑡 , 𝑞𝑜𝑢𝑡   

𝑐𝑜𝑢𝑡 , 𝑞𝑜𝑢𝑡   

 

𝜏̅𝑙 ± 𝜎𝑙  

𝑉̇ through planes 

𝑢𝑙 at each position 

𝜀′ including gas phase 

number of stages 𝑁𝑠 ≠ 𝑁𝑙    𝑁 = 𝑁𝑠 = 𝑁𝑙    𝑁𝑙, (𝑁𝑠 ≠ 𝑁𝑙  ) 

degrees of freedom 

liquid phase 

 

𝑚̇𝑙  

 

𝑚̇𝑙 via 𝜀 (𝑥𝑙
𝑖𝑛 = 0) 

 

𝑚̇𝑙 ,𝜌, 𝜇  

solid phase 𝑚̇𝑑𝑠, 𝐹𝑑𝑠 , 𝑅(𝑚̇𝑙 , 𝑚̇𝑑𝑠) 𝑥𝑠
𝑖𝑛, 𝑆, 𝑚̇𝑑𝑠 via 𝜀 𝑉𝑠 (𝑆, 𝑚̇𝑑𝑠) 

extractor 𝑛  𝑚𝑡𝑜𝑡,  𝑁 𝑉𝑡𝑜𝑡 ,𝑛  

further  𝐾𝐸
𝑒𝑞 ,𝑘𝐸   
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5.1 Refinements of the reduced CPT model based on 

experimental investigations 

As mentioned above the reduced CPT model by Vu [Vu23] includes one single value for the 

stage number of liquid and solid phase 𝑁 which could only be estimated. Based on 

experimental investigations in chapter 3 this value can now be set accurately and strengthen 

the significance of the CPT model.  

For validation of the model with more experimental data, extraction experiments have been 

conducted in cooperation with Vu by using the solvent toluene in the steel setup. Thereby, 

the reference operation point 2 was used (renamed as Exp 0), as well as a newly examined 

upper (Exp 1) and lower (Exp -1) operation point by keeping the solid mass flow rate constant 

and varying the solvent mass flow rate. This leads to a variation of the liquid phase mass 

fraction 𝜀  in an interval of [0.6, 0.7, 0.8]. The final ARTE mass flow rates in extract/ raffinate 

can be calculated based on the total mass flow rate 𝑚̇𝑒𝑥𝑡/ 𝑚̇𝑟𝑎𝑓𝑓 and the final ARTE mass 

fraction 𝑥𝑙
𝑁/ 𝑥𝑠

1, respectively: 

𝑚̇𝐴𝑅𝑇𝐸,𝑒𝑥𝑡    = 𝑥𝑙
𝑁 ∙ 𝑚̇𝑒𝑥𝑡   (5-1) 

𝑚̇𝐴𝑅𝑇𝐸,𝑟𝑎𝑓𝑓 = 𝑥𝑠
1 ∙ 𝑚̇𝑟𝑎𝑓𝑓  (5-2) 

The operation conditions and the final mass flow of ARTE in the extract 𝑚̇𝐴𝑅𝑇𝐸,𝑒𝑥𝑡  are listed in 

Table 5-2. The extended operation window will be addressed in the outlook of this thesis. 

 

Table 5-2: Extended operation window and ARTE mass flow in the extract using the solvent 
toluene (in cooperation with Vu). The reference operation point OP 2 was renamed for 

simplification as Exp 0 (operation conditions see Table 3-31). The upper (Exp 1) and lower 
(Exp -1) operation points have been performed with identical solid mass flow rate, but varied 

liquid (solvent) mass flow rate. Note that the employed units are not in SI. 
Parameter  Operation point    Unit 

  Exp -1 Exp 0 

(ref) 

Exp 1  

liquid phase mass fraction 𝜀  {Eq. (2-22)} 0.6 0.7 0.8 - 

solid-liquid ratio 𝑅 {Eq. (3-9)} 0.13 0.1 0.07 g/g 
mass flow rate of dry leaves 𝑚̇𝑑𝑠  1.2 1.2 1.2 g/min 

mass flow rate of solvent 𝑚̇𝑙  9.4 11.7 16.1 g/min 
mass flow rate of extract 𝑚̇𝑒𝑥𝑡  {Eq. (3-12)} 6.7 9 13.4 g/min 

mass flow rate of raffinate 𝑚̇𝑟𝑎𝑓𝑓 {Eq. (3-11)} 3.9 3.9 3.9 g/min 

ARTE mass fraction in 

extract 
𝑥𝑙
𝑁  0.186 0.145 0.116 wt.% 

ARTE mass flow at extract 𝑚̇𝐴𝑅𝑇𝐸,𝑒𝑥𝑡  {Eq. (5-1)}   0.0125 0.0131 0.0155 g/min 
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The model parameters used in cooperation with Vu to solve the linear equation system in 

Eq. (2-23) are listed in Table 5-3, based on material characterisation by Vu [Vu23]. To fit the 

model to the three ARTE extraction experiments with toluene in the steel extractor, only the 

theoretical number of stages 𝑁 is adjustable. Initially, 𝑁 is set to 5 as a first estimate. 

Additionally, a stage number of 𝑁 = 18 was applied to the model, equal to the experimentally 

investigated value in the glass extractor between the liquid and solid phase (Table 3-33). Since 

the steel setup is longer by factor 2 compared to the glass extractor, the stage number is 

expected to double to a value of 𝑁 = 36, following the relation 𝑁 𝐿𝑐ℎ
⁄ = const. {Eq. (2-44)} 

which also has been implemented.  

 

Table 5-3: Modelling parameter for the counter-current CPT model using toluene as solvent 
in cooperation with Vu.  
Parameter  Value Unit 

initial ARTE mass fraction in leaves 𝑥𝑠
𝑖𝑛    0.013 kg/kg 

soaking factor for toluene 𝑆𝑡𝑜𝑙   2.25  

total reactor mass capacity (steel setup) 𝑚𝑡𝑜𝑡   0.4 kg 
thermodynamic equilibrium   𝐾𝐸

𝑒𝑞    0.4 - 

extraction rate constant  𝑘𝐸  0.05 1/min 
liquid phase mass fraction  𝜀𝐶𝑃𝑇    [0.6, 0.7, 0.8] - 

theoretical number of stages 𝑁  [5, 18, 36] - 
 

The inner profiles of the ARTE mass fractions of extract and raffinate (based on Exp 0) along 

the stage number 𝑁 = 5 are visualised in Figure 5-1. The real inlet mass fractions of ARTE in 

the solvent 𝑥𝑙
𝑖𝑛 = 0.013 and solid phases 𝑥𝑠

𝑖𝑛 = 0 are marked with red stars (*). The calculated 

mass fractions in the CPT model according to Eq. (2-23) between stages 1 to N are simulated 

with the separated mass fractions 𝑥̃𝑙  (blue cross) and 𝑥̃𝑠 (green circle). A linear increase in the 

ARTE extract mass fraction through the stages is observed, while the ARTE raffinate mass 

fraction decreases simultaneously. This behaviour is strongly influenced by the 

thermodynamic equilibrium coefficient 𝐾𝐸
𝑒𝑞  and the extraction rate constant 𝑘𝐸. The final 

outlet mass fractions for the pseudo-homogeneous system 𝑥𝑙
𝑁 and 𝑥𝑠

1 are calculated using the 

liquid phase mass fraction 𝜀 = 0.7 according to Eqs. (2-25) and (2-26), respectively:  

𝑥𝑙
𝑁 =

𝑥̃𝑙
𝑁

𝜀
  

   

𝑥𝑠
1 =

𝑥̃𝑠
1

1 − 𝜀
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The outlet mass fractions are indicated by red triangles (△).   

 

Figure 5-1: ARTE mass fractions along a CSTR cascade with 𝑁 = 5 using the reduced CPT model 
of Vu [Vu23]. The separated ARTE extract (blue cross) and raffinate (green circle) mass 

fractions 𝑥̃𝑙  and 𝑥̃𝑠  increase/ reduce linearly from inlet (red *) to outlet (red △) in counter-

current directions. The inlet and outlet mass fractions represent the pseudo-homogeneous 
system based on the liquid phase mass fraction 𝜀. 
 

When calculating the total ARTE outlet mass flows at extract and raffinate based on Eqs. (5-1) 

and (5-2), Figure 5-2 (a) shows the dependency on the solvent inlet mass flow (variation of 𝜀) 

for a stage number of 𝑁 = 5. The three performed extraction experiments Exp -1 (𝜀 = 0.6), 

Exp 0 (𝜀 = 0.7),  and Exp 1 (𝜀 = 0.8), as presented in Table 5-2 are not fitted by this low model 

complexity (red cross). It clearly underestimates the final ARTE extract mass flow. 

For a stage number of 𝑁 = 18 (Figure 5-2 b) the model predicts the experimental ARTE mass 

flow rates more accurately, demonstrating the high transferability of results from the glass 

extractor with the solvent water to actual extraction experiments.  

Increasing the stage number to 𝑁 = 36 for the steel setup does not result in a significant 

change in the predicted ARTE mass flow rates (Figure 5-2 c). The equilibrium between the 

phases is obviously already reached for 𝑁 = 18.  
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Figure 5-2: Reduced CPT model of Vu validated with experimental data [Vu23]. The ARTE mass 

flow rate 𝑚̇𝐴𝑅𝑇𝐸 (y-axis) for the (external) extract (blue cross) and solvent-soaked leaves 
(raffinate, shown with green circle) depend on the inlet mass flow rate of the solvent, toluene 
(x-axis). Three experimentally derived ARTE mass flow rates in the extract are shown for 

validation (red cross) at a reference point (Exp 0) and a lower (Exp -1) and upper (Exp 1) 
operation point. The model was run with different stage numbers of (a) 𝑁 = 5, (b) 𝑁 = 18 

(similar to the averaged stage number, see subsection 3.4.4) and (c) 𝑁 = 36 (estimated for the 
longer steel setup). A good fit with the averaged stage number 𝑁 = 18 is visible.  

 
As a small conclusion, the stage number examined in experimental investigations by using the 

glass extractor with the solvent water can also describe the extraction process with toluene in 

the longer steel setup very precisely. 
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5.2 Compartmentalisation of the screw extractor for CFD-CPT 

coupling 

The compartmentalisation step is a key step to identify sufficiently large compartment 

volumes, where the flow conditions are homogeneous. This process can either be performed 

automatically, based on the flow field [SFH+23], [BM04] or geometrically based on the 

coordinates [DCC+14]. An automatic procedure can ensure homogeneous flow conditions, but 

often results in a high number of compartments. A geometrical compartmentalisation by 

knowledge of the flow field allows a much faster and easier compartmentalisation process 

[DCC+14] and is used in this work. 

The quasi-steady-state flow field of the partly-filled VOF model (subsection 4.6.3) using 

toluene as solvent with properties listed in Table 3-3 was analysed. The inlet mass flow rate 

of the solvent toluene was again reduced by the internal extract which is soaked by the leaves 

according to Eq. (3-12) and (3-13), resulting in a total mass flow rate of 𝑚̇𝑒𝑥𝑡 = 9 g/min or 

𝑉̇𝑒𝑥𝑡 = 1.73∙10-7 m³/s (𝜌𝑡𝑜𝑙  = 867 kg/m³).  

𝑚̇𝑒𝑥𝑡 = 𝑚̇𝑙 − (𝑚̇𝑑𝑠 · 𝑆𝑡𝑜𝑙) = 11.7 g/min – (1.2 g/min ∙2.25) = 9 g/min (5-3) 

Figure 5-3 (a) visualizes the quasi-steady state in the extractor along the xy- and xz-plane 

based on the axial velocity of the solvent only. As visible, x is the axial streaming direction, y 

the horizontal transverse direction and z the vertical transverse direction. A xy-plane is a 

horizontal cut through the extractor while a xz-plane is a vertical cut. Figure 5-3 (b) and (c) 

show a repetition of the velocity values for each screw segment, while the black lines visualize 

the screw position. The grey region on the left is filled with gas (air). The representation of the 

vertical xz-plane (Figure 5-3  c) shows that the free surface of the solvent goes up along the 

extractor from extract outlet (left) to the solvent inlet (right). A correct representation of the 

extractor with only one screw segment is not feasible due to these evolutions. A geometrical 

compartmentalisation was performed based on the periodic solvent velocity field and the 

screw segment length 𝑎 using configuration OS. The resulting nine segments are separated by 

an interface (red), as illustrated in Figure 5-4.  



CFD-based compartment model 

 

142 
 

 

Figure 5-3: Axial velocity field of the solvent (toluene) (a) in 3D view, (b) along the horizontal  
xy- plane and, (c) along the vertical xz-plane. The black lines visualize the position of the screw.  
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Figure 5-4: Geometrical compartmentalisation of the flow field for OS at steady state. Based 
on the screw segment length 𝑎 = 0.035 m, in total 9 compartments are defined starting at the 
solvent inlet (#1) up to the extract outlet (#9). The separating faces of the compartments are 
shown as red planes. 
 

The CFD-CPT coupling is quite challenging for the investigated counter-current flow. Similar 

studies in the literature decoupled the simulation of solid particles and of the continuous 

phase to simplify the flow (one-way coupling). The continuous flow profile was then used for 

developing a compartment model which calculates fluxes between identical velocity regions 

to simulate drop movement, breakage or mixing behaviour [WJ20], [DCC+14]. However, for 

our flow of interest the continuous liquid phase is strongly influenced by the solid phase and 

a decoupling would not be reasonable. Further, the rotating elements of the screw change the 

flow field for each time step, even after finding a steady-state. At the same time the 

consideration of only one screw segment does not represent the flow field of the total 

extractor due to the varying free surface. The development of a dedicated CFD-based 

compartment model for this very complex flow can only be proposed for future work, as 

discussed in the outlook. Since Vu already developed a reduced CPT model which showed 

good agreement to experiments, it is reasonable to improve this model by extending it using 

the CFD model as described in the next section.  
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5.3 Simplified CFD-CPT coupling  

The developed CPT model by Vu simplifies the liquid phase mass fraction 𝜀 {Eq. (2-22)} inside 

the extractor as evenly distributed and neglects the gas phase. This is not the case in the 

experiments as already optically determined in chapter 3. Further, the model cannot 

represent the actual flow through the single compartments including backflow effects. These 

simplifications can be accounted for in the compartmentalised CFD model in this section. 

Phase volumes in the compartments  

Analysing the CFD results of a steady-state process, the averaged phase volumes between 7 

and 8 screw turns in the single compartments for operation point 2 (𝑛 = 2.2 rpm) show 

differences depending on the extractor position, similar to experimental investigations 

(Figure 5-5 a). The phase volumes from CPT #2 in front of the solvent inlet (x/L ≈ 0.89) towards 

CPT #6 are quite constant for all involved phases. The filling degree of the extractor with leaves 

and solvent nearly equals 90% in the central region. From CPT #6 to CPT #9 the solvent surface 

decreases towards the extract outlet. In CPT #9 only the gas phase (air) is present in the 

extractor. The liquid phase volume fraction (red dashed line) in the central extractor part 

(CPT #2 - CPT #6) equals a value of 𝜀′𝐶𝐹𝐷  = 0.50 which is lower by only 9% compared to the 

experimentally calculated value in Table 3-21 using water as solvent (𝜀′𝑒𝑥𝑝= 0.55). This 

deviation can be attributed to the difference in the solid-liquid ratio 𝑅 for water and toluene 

in steady state operation (Table 3-31). In the reduced CPT model of Vu the constant liquid 

phase mass fraction of 𝜀 = 0.7 can be transformed to the liquid phase volume fraction 𝜀′𝐶𝑃𝑇  

{Eq. (3-24)} using the phase specific densities 𝜌𝑙  for toluene (Table 3-3) and 𝜌𝑑𝑠 for dry ARTE 

leaves (Table 3-5), the external mass of solvent 𝑚̇𝑒𝑥𝑡  {Eq. (3-12)} (reduced by the soaking 

factor 𝑆𝑡𝑜𝑙, Table 3-5) and the inlet mass flow rates for OP 2 (Table 3-31): 

𝜀′𝐶𝑃𝑇 =
𝑉̇𝑙

𝑉̇𝑙 + 𝑉̇𝑠
=

𝑚̇𝑒𝑥𝑡 𝜌𝑙⁄

𝑚̇ 𝑙 𝜌𝑙⁄ +
𝑚̇𝑑𝑠 𝜌𝑑𝑠⁄

≈ 0.57   

The resulting liquid phase volume fraction of 𝜀′𝐶𝑃𝑇  = 0.57 is very similar to the experimental 

value (𝜀′𝑒𝑥𝑝= 0.55) and higher by only 14% compared to the CFD results (Figure 5-5). This 

effect might come from the influence of the gas phase in CFD simulations, leading to lower 

liquid volume fractions. The definition of a constant value is only advisable for the central part 

of the extractor, but does not apply for the total extractor length, since especially at the 

extract outlet the gas phase dominates.  
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Figure 5-5: Phase volume and liquid phase volume fraction, (a) Analysis in the 

compartmentalised CFD model with 𝑛 = 2.2 rpm in the compartments along the dimensionless 
length of the extractor (x/L = 1 defines the raffinate outlet), (b) model assumption of the liquid 

phase volume fraction in the reduced CPT model by Vu [Vu23].  
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RTD of the solvent (toluene) in each compartment 

The mean residence time for each compartment defines the contact time between the solvent 

(toluene) and the solvent-soaked A. Annua leaves in each stage. Figure 5-6 demonstrates that 

the mean residence time (MRT) for each compartment increases nearly linearly from CPT #1 

(inlet) to CPT #6 and then converges to one value. This implies a high solvent velocity between 

CPT #6 and the extract outlet (end of CPT #9). The total MRT of toluene with 𝜏̅𝑙  =  5.2 min is 

higher compared to water for the same OP 2 (Table 3-17). This results from the lower solid-

liquid ratio 𝑅 with toluene (section 3.3). Regarding the solvent flow time ∆𝜏 through each 

compartment, CPT #1 exhibits the longest time, nearly one minute, accounting for 

approximately 20% of the total residence time in the extractor. This optimises the extraction 

efficiency by providing prolonged contact between nearly exhausted ARTE leaves and fresh 

solvent at this position.  The flow time per compartment remains relatively constant between 

CPT #2 and CPT #5, while it decreases to below 0.2 minutes for CPT #6 and CPT #7, where only 

a wetting process of the dry fresh leaves with loaded solvent appears, ensuring a rapid start 

of extraction. 

 

Figure 5-6: Mean liquid phase residence time 𝜏𝑙̅  and flow time (∆𝜏)̅ per compartment at a 

simulation time of 190.89 s (=7 screw rotation rates). 
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The CPT model developed by Vu assumes constant volume flow rates through the extractor, 

and is thus not able to consider backflow effects. In CFD the specific volume flow rate 

transferred between each compartment can be analysed giving more information about the 

actual process. Backflow effects can be distinguished for a various number of operation points 

and screw geometries.  

Figure 5-7 illustrates the averaged liquid volume flow rates through the CPTs averaged 

between two screw rotation (between 7 and 9 screw turns) along the axial direction, from 

right (inlet) to left (extract outlet, between CPT #8 and CPT #9). The volume flow rates are 

analysed based on their direction relative to the extract outlet, distinguishing between 

forward and backward flows. These are presented alongside the total volume flow rate, which 

is the sum of both components. The total volume flow rate through the extractor (represented 

by the dashed red line) remains relatively constant across the compartments and 

predominantly flows in the forward direction (from inlet to outlet), as expected. The low flow 

rate detected at CPT #1 is attributed to its proximity to the solvent inlet, where the incoming 

flow splits—partly moving forward through CPT #1 and partly flowing backward. However, 

this backward component is undetectable in this simulation setup. 

In absolute terms, the total flow rate is significantly lower than the forward flow rate of 

toluene (depicted by the blue line). This discrepancy indicates the presence of backflow (black 

line), which occurs across the entire contact area between compartments but is minimal 

within the screw gap (only 10-10 m³/s). Due to its low magnitude, the screw gap backflow is 

not visible in Figure 5-7.  

The impact of backward solvent flow must be considered when characterising the extractor’s 

flow behaviour. A higher backward flow is beneficial as it increases the contact time between 

the solvent and A. Annua leaves, thereby enhancing extraction efficiency. 

To quantify this effect, the ratio between the backward (𝑉̇𝑙,𝑏𝑎𝑐𝑘) and forward liquid volume 

flow (𝑉̇𝑙,𝑓𝑜𝑟 ) is calculated for each compartment (𝑖 = 1 to 𝑁) using Eq. (5-4). The resulting mean 

value of  𝑏 = 0.45 indicates that approximately half of the total liquid volume flow moves in 

the backward direction. This aligns with the experimentally determined low stage number 

(𝑁𝑙 = 4) indicating a near-CSTR behaviour (Table 3-17).  

𝑏 =
1

𝑁
∑

𝑉̇𝑙,𝑏𝑎𝑐𝑘

𝑉̇𝑙,𝑓𝑜𝑟

𝑁

𝑖=1
 

(5-4) 
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Figure 5-7: Volume flow rates of the liquid phase (toluene) in OS with OP 2 from compartment 
#1 (inlet) to #9. The extract outlet is located beyond #8. The total volume flow (red) is 

compared to the forward flow towards the extract outlet (blue) and the backward flow (black), 
highlighting the significant influence of backward flow. 

 

The developed CFD model can further be applied to evaluate different screw geometries. In 

this study, the modified screws MS 1 and MS 2 are analysed with respect to their backflow 

effects on the solvent. Due to the varying length scales of the screw segments (Table 3-1), the 

compartmentalisation process results in a different number of compartments for each screw 

configuration. Figure 5-8 illustrates that MS 1 (red line) exhibits similar backflow effects 

compared to the original screw design OS (black line) (𝑏 (MS 1) = 0.41, 𝑏 (OS) = 0.45). This 

suggests similar mixing ratios. 

In contrast, MS 2 (blue line) shows significantly lower backflow effects compared to OS 

(𝑏 (MS 2): 0.3; 𝑏 (OS): 0.45). In previous investigations MS 2 was already found to be 

inefficient for transporting the leaves (section 3.5) and should therefore not be considered in 

future analysis.  
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Figure 5-8: Liquid volume flow rate 𝑉̇𝑙  in x-direction (backward flow) for OS, MS 1 and MS 2. 
The backward flow was analysed at each compartment face, while the total number of 

compartments #N varies between 9 (OS) and 16 (MS 2) due to the different screw designs. 
The desired backflow for the liquid solvent (toluene) is similar between OS and MS 1 while the 
lowest value is reached with MS 2. The latter design should not be used for optimal operation.  
 

Combined with a higher extract mass flow for MS 1 of 8% due to a lower cake bulk humidity 

(section 3.5), and a more efficient transport of solvent-soaked leaves (section 3.4.5) the 

implementation of this design modification appears promising for increasing the final 

extraction efficiency of artemisinin during the continuous extraction process, compared to the 

original screw (OS), with the same operation conditions. Therefore, extraction experiments 

with toluene need to be performed in future using MS 1 to specify quantitatively the final 

ARTE mass fraction.  
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5.4 Summary 

The development of models to describe the investigated three-phase counter-current screw 

extractor is very complex and simplifications had to be made in the reduced CPT model by Vu 

[Vu23] as well as in the presented CFD simulations. The coupling of CFD simulations with 

compartment models is a promising approach to achieve more accurate results in reasonable 

computation times. Nevertheless, more detailed considerations are required and proposed 

for future work.  

A simplified CFD-CPT coupling was performed using a CFD model representing a partly-filled 

flow with toluene as the solvent, computed with VOF. Geometrical compartmentalisation 

based on the segment length revealed that phase volumes within the extractor are not 

constant, contrary to Vu's reduced CPT model [Vu23]. A significant decrease in solid and liquid 

volumes was observed near the extract outlet, affecting solvent residence times. These 

remain relatively constant in the central part of the extractor but drop sharply behind CPT #6. 

The longest residence time was found in CPT #1, where fresh solvent contacts nearly 

exhausted leaves to extract residual ARTE. The analysis of solvent volume transport revealed 

that the backward flow corresponds to about 45% of the forward flow, significantly influencing 

the flow field. This behaviour suggests a near-CSTR condition, consistent with the RTD analysis 

presented in subsection 3.4.4. Applying the simplified CFD-CPT coupling to modified screws 

revealed that MS 1 offers similar back-mixing effects compared to OS, while MS 2 is unsuitable 

for further use. 

 

 Answers: 

1. How can the liquid phase volume fraction be described and which effect does it have on 

the flow field? 

➢ The liquid phase volume fraction decreases along the extractor from inlet to outlet, 

averaging 50% in the central region. This results in consistently high liquid MRT in the 

central part, dropping to a few seconds near the extract outlet. 

2. Which backflow effects are present in the different designs of the screw extractor?  

➢ For OP 2 and the OS geometry, backflow corresponds to more than 45% of forward flow, 

indicating near-CSTR behaviour consistent with RTD analysis (subsection 3.4.4). MS 1 

results in similar backflow which is in combination with experimental investigations 

promising for ARTE productivity. MS 2 should not be used further.  
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6 Conclusion 

To isolate valuable target components from natural products continuous counter-current 

extraction processes attract increasing interest. This is essentially due to the facts that 

extraction efficiencies are higher compared to standard batch extraction, the steady state 

operation is easier to implement and the product quality is improved. However, the 

understanding of such processes needs to be further improved and optimised. The use of CFD 

models can provide valuable insights into process hydrodynamics and support optimisation 

strategies without the need for extensive experiments. Nevertheless, research on multiphase 

flows is still incomplete, with key mechanisms and dynamics not fully understood. Hereby, 

validation of predictions with experiments is crucial. 

This thesis focused on the analysis of a continuous counter-current extraction process 

performed in screw-type extractors. Experiments in a glass extractor have been performed to 

improve the understanding of the process. The extraction of artemisinin (ARTE) from leaves 

of Artemisia annua L. is considered as a relevant case study. Instead of the efficient solvent 

toluene, in the experiments devoted to study the hydrodynamics water was used.  

According to experimental investigations the counter-current process can be operated under 

steady state conditions only in a small operation window. This window can be extended 

performing geometrical or material variations. The solvent-soaked leaves can be described as 

a highly viscous fluid. Their bulk density is nearly constant in the total extractor and equals the 

equilibrium state between solid and liquid material. Their actual rheological behaviour is 

closer to a solid. Consequently, the leaves are mainly transported by the screw. The solid-

phase residence time distribution (RTD) was matched to the extraction kinetics explored in a 

preliminary study in batch experiments carried out to efficiently extract ARTE. As expected, 

the stage and Bodenstein numbers increased with transportation length revealing a constancy 

of the axial dispersion coefficient. Sharp RTD curves and low back-mixing effects support the 

assumption of an almost PFTR-behaviour of the leaves. Reducing the screw angle by using 

modified screws could even sharpen the solid phase RTD curve, but introduced larger back-

mixing effects. The solvent RTD showed significantly lower stage and Bodenstein numbers 

approaching more a CSTR behaviour. To model the heterogeneous system with a pseudo-

homogeneous model proposed in a preliminary work, a mean stage number of 18  was 
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identified. It was proven that the experimental results examined with the solvent water can 

be transferred to toluene considering the difference of viscosities and soaking factors. 

Based on this experimental information a suitable multiphase model was implemented in the 

CFD software StarCCM+. General multiphase flow models offer various options for 

representing specific flow conditions, but also have limitations in capturing all important flow 

properties. In the end two models have been tested to represent the main flow properties, 

namely the Eulerian Multiphase (EMP) model and the Volume of Fluid (VOF) model. Both 

models allowed the prediction of the most important hydrodynamic flow conditions in a two-

phase flow but are not able to represent a full representation of the counter-current three-

phase flow. Further, the VOF model was the only approach able to simulate the full reactor. It 

could represent the correct phase distribution of Artemisia annua L. leaves and solvent in the 

middle segments of the screw extractor. The solvent was retained by the screw rotation until  

dripping out at the extract outlet, similar to experiments. With the VOF model the solvent RTD 

was correctly predicted in a partly-filled simulation for several operation points. This enabled 

a reliable estimation of the liquid phase stage number 𝑁𝑙. The solid-phase RTD could not be 

represented due to the flow complexity of the solvent-soaked leaves and limited 

computational resources. Nevertheless, the mean residence time of the solid phase can be 

estimated using a constant transport efficiency for each screw design. 

The partly-filled VOF CFD model could finally be used to develop a simplified compartment 

model, able to consider also extraction kinetics [Vu23]. The CFD-CPT model effectively 

represented the phase distribution inside the extractor including the gas phase as well as the 

backflow behaviour and the liquid phase residence time for each screw segment. Along the 

extractor length, the liquid phase volume fraction decreases from inlet to outlet, averaging 

50% in the central region. This value reflects the conditions used in the experimental 

investigations. It resulted in a local, consistently high liquid phase mean residence time (MRT) 

in the middle sections, which reduced to just a few seconds near the extract outlet. 

Consequently, the solvent flow velocity near the extract outlet is higher compared to the inlet 

region. Further, the solvent phase backflow is approximately half of the forward flow 

reflecting near-CSTR behaviour, aligned with experimental RTD analysis. While reducing the 

screw angle by up to 10% (MS 1) could keep this CSTR behaviour, lower screw angles are 

unsuitable for further use
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7 Outlook 

In this thesis important parameters and limitations for performing continuous solid-liquid 

counter-current extraction processes were investigated. Systematic experiments have been 

performed to determine the impact of parameter variations. CFD simulations based on the 

VOF model represent the specific flow fields of the involved phases during the transportation 

process. With this information model parameters for a compartment model could be 

improved allowing to calculate the product mass fraction in the extract. In all sections of this 

thesis further additional steps can be implemented to improve the quality of the process 

description. 

 

Regarding the experimental investigations there are the following four tasks for further 

optimisation: 

1. As a result of experimental investigations, the extraction can be performed 

continuously in its optimal steady-state condition with half of the length of the steel 

reactor applied to extract ARTE. Using a modified screw geometry with a 10% reduced 

screw angle compared to the original geometry (MS 1) and a perforated disk with a 

5 mm hole diameter operating with OP 2 allows for further optimisation for achieving 

sharp RTD curves and approaching PFTR behaviour. This should improve the ARTE 

extraction efficiency and minimise solvent waste. Extraction experiments in the steel 

reactor are needed for validation. While further reducing the screw angle sharpens the 

RTD and enhances PFTR behaviour, it also introduces back-mixing effects for the 

solvent-soaked leaves. Therefore, the second modified screw geometry (MS2), with a 

20% reduced screw angle compared to the original, is not recommended. 

2. In cooperation with Vu, the operation window, particularly OP 2 conditions, could 

already be modified to a lower (Exp -1) and upper (Exp 1) operation point by adjusting 

the solvent mass flow rate (section 5.1). This approach is promising as it increases the 

ARTE mass fraction in the extract from 0.145 wt.% (OP 2) to 0.186 wt.% (Exp -1). Exp -1 

was already successfully run in the glass extractor using the solvent water, with flow 

parameters adjusted after 20 min of stability. With this procedure the identified small 
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operation window in this thesis could be extended in future work.  

3. A further increase of the currently available operation window can be achieved by 

modifying the shape of the perforated disk, especially the hole diameter and the 

number of holes, to optimise the induced pressure.  

4. For long-term-performance of the continuous extraction, fouling needs to be avoided. 

It is recommended to clean the total extractor after a maximum run time of 2 days.  

 

The next step in the continuous production of artemisinin is to scale up the process from 

laboratory to industrial scale. However, enlarging the tube diameter will cause broader 

residence time distributions and may reduce extraction efficiency [HÇL+14]. This will be due 

to the larger deviations from the ideal plug flow reactor behaviour [Lev99]. Here, the use of 

the modified screw with a 10% reduced screw angle (MS 1) can sharpen the solid phase RTD 

again, as found in this thesis.  

 

The developed CFD models can predict flow characteristics by only changing the 

corresponding geometrical parameter in the simulation. However, the complexity of the 

three-phase flow remains high, requiring further development of multiphase models for more 

accurate counter-current flow representation. Simcenter StarCCM+ continuously enhances its 

multiphase flow models with each new version. The increase in computational capacities will 

enable more detailed and comprehensive simulations. The following steps are recommended: 

1. With more computational capacities, especially the EMP model is highly promising as 

it provides appropriate boundary conditions for reaching a counter-current flow. In 

this way a combination of the gas-liquid flow considered in this thesis and a solid-liquid 

flow could be represented with acceptable computational times.  

2. Until these computing capacities are achieved, the recurrence method has the 

potential to significantly reduce the computational time of multiphase flow 

simulations [LP16], [APL 20]. This method needs to be precisely implemented in the 

CFD code to achieve appropriate results and this is the subject of our current work.  

3. An alternative approach could rely on Smoothed Particle Hydrodynamics (SPH) 

simulations, which do not require a classical mesh. Consequently, computational effort 

for multiphase flow simulations can be decreased and accurate modelling of complex 

flows becomes possible, in particular when involving a free surface [WCW+16].  
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The compartment model should be further developed in combination with the adapted CFD 

simulations to predict the mass fraction of extracted ARTE for different extractor geometries 

and operation points: 

1. Additional variations in the liquid phase mass fraction 𝜀 can be included to potentially 

identify further optimal operation points.  

2. Validation with additional extraction experiments using the modified screw MS 1 

should be performed to identify model applicability to different screw geometries.  

3. As an extension, volume flow rates in forward and backward directions and phase 

fractions across the geometry, computed by CFD simulations, could be incorporated 

to the compartment model.  

 

After performing these additional investigations a powerful tool should be available for 

optimisation and upscaling of continuous solid-liquid counter-current extraction of 

artemisinin. The general approach will be applicable to the extraction of other natural 

products, supporting the promising transition from batch to continuous processing.
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