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1. Introduction 

Each time a new process is developed, process-related problems emerge that were previously 

unknown or not considered. As a result, the nature of processes is to be constantly subject to 

optimization and improvement, as well as adaptation to work around problems. The same 

applies to distillation. 

Distillation is one of the oldest used methods for the separation of a liquid mixture [1] utilizing 

selective evaporation and subsequent condensation. The process of distillation traces back more 

than 5000 years [2]. Since then, distillation has constantly been improved upon and is now one 

of the best investigated and understood processes. Therefore, it is not surprising that distillation 

is widely used in many industry sectors, i.e. chemical, pharmaceutical, biotechnology, and food 

industries. 

The application of distillation for producing high-proof spirits in Europe goes back to two men. 

In the 12th century, Magister Salernus of the Salerno School documented the first recipe for 

producing brandy by fractional distillation of alcoholic wine. In the 13th century, Albertus 

Magnus further developed the distillation of wine. Their research and developments laid the 

foundation for the distillation of spirits and ensured that distillates were widely used in medicine 

in the coming centuries. [2] 

Additionally, during this time it became the norm to drink distilled, high-proof alcohol as a 

stimulant. The consumption of spirits became the main driver of research, as well as the 

improvement of distillation and distillation equipment in general [1]. Some of the most 

important contributions were made by Brunschwyk [3], Ryff [4], and French [5]. The 

continuous improvement of the distillation equipment for the production of spirits culminated 

in column stills, which can be traced back mainly to Jean-Baptiste Cellier-Blumenthal, and are 

the most used distillation system in Germany for spirit drink production today [6]. 

The widespread consumption of spirits caused the diversification of spirits. In many countries 

high-proof beverages with a distinctive taste were developed, be it whisky from the UK, cognac 

from France, grappa from Italy, palinka from Hungary, or vodka from Russia. Due to the 

availability of raw materials, mainly fruit spirits have been produced and consumed in 

Germany. 

Currently, there are about 17,800 spirits distilleries [7] with a turnover of 2.28 billion €/a and 

production output of 534 million bottles [8] in Germany. Due to the increased competitive 

situation [9] and the abolition of the Branntweinmonopolgesetz in 2017, the quality of the 

products produced is becoming increasingly more important [10,11]. However, it is repeatedly 

shown at awards that a considerable proportion of the distillates submitted have quality 

deficiencies [12,13]. This indicates that the current distillation process and the equipment used 

continue to require further improvements. 
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1.1. Distillation  

An overview of distillation is given by Kirschbaum [14], Spaho [6] and Pieper et al. [15]. The 

relevant knowledge is summarized below.  

Although distillation has been applied for the last 5000 years, the fundamental setup is always 

consistent. Distillation is the evaporation followed by the condensation thereof. Therefore, a 

distillation system consists at least of a vessel for heating a mixture of liquids and a condenser 

to collect the created vapor, as well as a pipe to transfer the vapor from the vessel to the 

condenser.  

When liquids containing alcohol are heated in such a vessel, the boiling point depends on the 

alcohol content of the liquid. The boiling point is reached when the vapor pressure of the liquid, 

which rises during heating, is equal to the atmospheric pressure. For pure alcohol, this state is 

reached at a temperature of 78.3 °C, while for pure water, this state occurs at 100°C. In an 

alcohol/water mixture, the boiling point is always between these two temperature values, 

depending on the mixing ratio with one exception. At an alcohol content of 97.2 %vol, the 

boiling point of an alcohol/water mixture is 78.15 °C.  

The created vapor by heating an alcohol/water mixture above its boiling point is like the liquid, 

always an alcohol/water mixture. The composition of the vapor is determined by the alcohol 

content of the liquid and its boiling temperature, respectively. The most important effect of the 

distillation of alcohol is that when highly volatile compounds (alcohol) and low-volatile 

compounds (water) mixtures are heated, the created vapor is enriched in the highly volatile 

compounds. Accordingly, the proportion of the low-volatile compounds in the remaining liquid 

increases. 

The maximum achievable enrichment of alcohol in the vapor phase is limited by the alcohol 

content of the given liquid. For example, with an alcohol content of 10 %vol in the liquid phase 

present, a maximum enrichment with a factor of 3.27 can be achieved to an alcohol content of 

32.7 %vol. By plotting the alcohol content of the emerging vapor phase against the alcohol 

content of the corresponding liquid phase, Figure 1 is obtained.   

To achieve a higher enrichment in alcohol or higher alcohol concentration in the distillate, 

respectively, another distillation of the distillate is required. To distinguish between single and 

double distilled spirits, different terms are used. They are called raw spirits after one distillation 

and fine spirits after two or more distillations. In the previously given example with a given 

10 %vol alcohol/water mixture, at least four distillations are required to reach an alcohol 

concentration of > 80 %vol. But this is only the case if the vapor-liquid equilibrium would be 

consistent during distillation. However, in a simple distillation setup, the enrichment is reduced 

over time due to the decreasing alcohol content in the liquid phase. 

Besides, there is also a physical limit on the enrichment of alcohol by multiple distillations. If 

the alcohol-water mixture reaches an alcohol content of 97.2 %vol, alcohol and water form an 

azeotropic mixture (Figure 1 A). This means, that the emerging vapor has the same composition 
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as the liquid from which it evaporates. Accordingly, an increase in the alcohol content of such 

a mixture is no longer possible by distillation. 

 

Figure 1. Vapor-liquid equilibrium of binary water-ethanol mixture at atmospheric pressure with xF alcohol content of liquid 

phase, xD alcohol content of gas phase and A azeotropic point. Source: [14]. 

 

To perform multiple distillations in a single step, so-called distillation columns were invented. 

Compared to the simple distillation systems, which are also called alembic style distillation or 

alembic pot stills, pot stills with distillation columns or column stills have the advantage that 

several distillations are performed in one distillation step and the vapor-liquid equilibrium can 

be kept constant for a longer period.  

To achieve multiple distillations in one step a column with internals and a condenser at the top 

is introduced after the heating vessel. The condenser at the upper end of the column, i.e. after 

the uppermost internal, condenses rising vapor and ensures a countercurrent of liquid. For this 

reason, this type of distillation is called countercurrent distillation, in contrast to the pot still 

which works according to the co-current principle. By generating the countercurrent, the 

descending liquid stream at boiling temperature is constantly fed against the upward rising 

vapor stream. As a result, the down-flowing stream increases in low-volatility compounds, 

while the up-flowing stream increases in high-volatility compounds. This leads to an 

accumulation of alcohol in the vapor. Accordingly, the temperature in such a column also 

decreases from the bottom to the top, since a larger proportion of water precipitates at the 

bottom, while concentrated alcohol is present at the top.  

Internals are used to increase the liquid-vapor interaction of the downflowing liquid with the 

upward rising vapor stream. This increases the exchange of volatile compounds between the 

two phases. Commonly used internals in spirit distillation are trays, either sieve or bubble cap 
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trays. However also structured and unstructured packing can be found. On trays down-

streaming liquid is collected. Overflow pipes allow excess liquid to drain onto trays below. The 

rising vapor is directed through the liquid phase on the tray ensuring close contact between the 

liquid and vapor phases. In packings the downflowing liquid is distributed over the large surface 

area of the packing. The rising vapor passes through the packing and is hereby in close contact 

with this large surface of the liquid. 

The separation of alcohol and water by heating-induced evaporation of mostly highly volatile 

compounds in such a distillation system is also called rectification [16]. However modern 

distillation systems in spirit production use additional dephlegmation to separate alcohol and 

water [15]. In contrast to rectification, dephlegmation separates alcohol and water by cooling-

induced condensation of mostly low volatile compounds. For this purpose, a partial condenser 

is introduced at the top of the column instead of a full condenser. On the one hand, this provides 

the necessary reflux into the column for rectification, and on the other hand, the alcohol is 

enriched by the partial condensation of low volatile compounds (=dephlegmation). A 

distillation system that is based solely on this type of enrichment is the so-called Pistorius basin, 

which is rarely used today. 

 

1.2. Volatile compounds 

So far, only a two-phase mixture of substances or a binary mixture of substances have been 

considered. Although water and alcohol account for over 99% of the ingredients in spirits, the 

alcohol-containing mashes have a large number of other volatile substances present, which are 

also partly distilled and present in the final spirit. The < 1% is composed of several volatile 

aroma compounds from the original raw material, as well as volatile compounds formed during 

fermentation by the yeast Saccharomyces cerevisiae or during distillation [17–25]. These 

compounds include higher alcohols, esters, carbonyl compounds, and fatty acids [15,17]. In 

total, several hundred volatile constituents are found in distillates, but only a very limited 

number of them influence the aroma of the fruit spirit and thus play a decisive role in the quality 

of the product [18,26]. The challenge during distillation is to separate typical aroma compounds 

of the fermented fruit from undesirable aroma compounds that are negatively correlated with 

the overall aroma.   

Due to the abundance of volatile compounds, several effects have to be considered during their 

distillation: the compositions and concentrations of the compounds change continuously with 

time, the compounds interact with themselves and each other, and the volatility of the 

compounds is highly dependent on the ethanol content in the liquid phase from which they 

evaporate [6,27]. The latter effect, in particular, is of critical relevance and is referred to as 

‘relative volatility’ or ‘rectification coefficient’. It indicates the ratio in which the compound is 

enriched in the vapor phase or depleted in the liquid phase, depending on the prevailing ethanol 

concentration (Figure 2). For example, in a 10 %vol ethanol solution, 1-pentanol accumulates 

in the vapor phase in a ratio of 3:1. If the ethanol concentration is increased to 40 %vol, the 

vapor and liquid contain equal proportions of 1-pentanol. At an ethanol concentration of 70 
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%vol, 1-pentanol accumulates in the vapor phase in a ratio of 0.75:1 and therefore remains in 

larger proportions in the liquid phase.  

 

Figure 2. Rectification coefficients of compounds in ethanol-water mixtures, (A) 1-pentanol, (B) 3-methylbutyl acetate, (C) 

ethyl acetate, (D) methyl acetate. Source: [15]. 

 

With the rectification coefficient, the behavior of volatile compounds during distillation with 

trays can be predicted very well, since on each tray, in theory, a complete condensation of the 

vapor takes place with a renewed evaporation. Thus, the concentration of volatile compounds 

in the rising vapor always results from the ethanol concentration of the underlying tray.  

In addition, the rectification coefficient indicates that some volatile compounds will be always 

enriched independent of the ethanol concentration (Figure 2 C & D), while others show a 

differentiated distillation behavior depending on the ethanol content (Figure 2 A & B). Volatile 

compounds showing the first behavior will always be the first to be distilled. While volatile 

compounds showing the latter distillation behavior will only distillate when the ethanol content 

decreases under a certain threshold. This enables the fractionation of the obtained distillate in 

head, heart, and tail.  

A fractionation in head, heart, and tail is possible with all distillation systems. However, the 

fractionation behavior of volatile compounds differs in alembic pot stills and pot stills with 

columns (Figure 3) [6]. Various works [28–32] have already extensively compared 

countercurrent with co-current distillation and showed that the main reason for this is the 

differences in ethanol concentration. While distillations with column stills generally yield a 

higher ethanol concentration of 70-87 %vol in head and heart fraction, distillations in alembic 

pot stills yield ethanol concentration of 15-25 %vol depending on the alcohol content of the 

mash or 60-70 %vol if the raw spirit is distilled. In addition, these works showed that besides 

ethanol concentration, significant differences in the composition of volatile compounds and 

aroma compounds can result from other distillation process parameters. 
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Especially important regarding the composition of volatile compounds in countercurrent 

distillation is the cooling rate of the partial condenser or the dephlegmation rate, respectively 

[33–36]. The higher the cooling rate the higher the thermal barrier, which provides resistance 

to the vapor to pass on towards the product cooler. This leads to higher internal reflux and an 

increase in highly volatile compounds by cooling-induced condensation of low volatile 

compounds in the vapor. 

 

 

Figure 3.  Distribution of volatile compounds in head, heart, and tail fraction in spirit distillation with alembic distillation (full 

line) and column distillation (dashed line), * indicates the area of maximum concentration in the fraction. Source: [6]. 

 

1.3. Foam problematic 

In many industrial processes accumulating foam levels are a common cause of malfunction and 

process failures. Due to the inherent foaming properties of foodstuffs, especially due to the 

presence of proteins and polysaccharides [37–41], many processes in the food and beverage 

industry are subject to foaming problems [42–45]. This is equally the case in the spirits industry, 

where a large variety of different substrates, each having a specific composition regarding 

protein and polysaccharides and a specific foaming property, are processed. Some substrates 

with especially enhanced foam formation capacities are mentioned in the literature [15]. Within 

fruit-based substrates, these include cherry, Bartlett pears, and wine lees. Within cereal 

substrates in particular rye mashes are regarded as exhibiting strong foam formation. However, 

substrate properties are not solely responsible for excessive foaming. Inadequate operational 

process management and technical faults are two major contributors to various foam-related 

process problems [46].  
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For processes including thermal separation, an efficient phase transition from the liquid to the 

gaseous phase is essential. Foam forms and accumulates at the boundary layer between the 

liquid and gaseous phase, thus impairs an efficient phase transition. This is particularly 

unfavorable in such processes and is one of the main problems in the distillation industry [46]. 

Besides impairing phase transition, accumulating foam levels transport liquid and solids from 

the mash into plant sections that are normally only reached by ‘purified’ ethanol enriched vapor 

or the corresponding condensate. This leads to increased cleaning efforts and increased 

maintenance costs [15,47]. In severe cases excessive accumulating foam levels even discharge 

from the distillation system into the distillate and cause contamination of the valuable product, 

thus impairing the product quality [15,47]. Subsequently, cost-intensive cleaning steps e.g. 

filtration or an additional distillation have to be carried out to remove the contamination and 

restore the quality of the distillate. Additionally, to stop spillage of excessive foam formation 

into the distillate, a partial or complete process shutdown is necessary [47,48]. A shutdown 

requires a subsequent restart of the process with corresponding costs for cleaning the system, 

energy costs for reheating the mash, and energy costs to regain separation efficiency.  

However, even foam levels, which do not spill into the distillate, can already reduce the 

distillate’s quality. As foam rises to the trays or internals of the column, its separation efficiency 

is reduced by the carryover of liquid from the heating vessel. This leads to a reduction in the 

alcohol concentration by carry-over of liquid that would otherwise be separated by distillation 

and can accordingly negatively influence the aroma profile of the distillate by changing the 

distilling behavior of volatile compounds [46,47,49]. Another effect reducing the separation 

efficiency of a distillation system is the creation of micro droplets or mist by rupturing of the 

foam bubbles [47]. These microdroplets are entrained by the rising vapor and thus reach the 

trays and the distillate while missing a separation step. Miller [47] states that these droplets ‘are 

thought to have flavor impact by mixing some small fraction of the pot liquid with the 

condensate, out of equilibrium’. However, no clear research results could be found to support 

this hypothesis. 

Other problems regarding foam formation in distillation processes include increased pressure 

losses and a reduction in the possible throughput [46]. However, both of these problems are 

mainly concerning large continuous working distillation plants and do not play a major role in 

batch distillation systems. 

The foam problem resulted in several adaptions of distillation systems. Because a carryover of 

the liquid phase to a higher tray causes a back-mixing of the liquid and thus canceling the 

separation work performed, tray distances of at least 200 to 300 mm are usually observed in 

distillation columns [50]. In Scottish pot stills elongated swan necks were introduced to prevent 

the carry-over of foam and to reduce the transfer of micro droplets into the distillate [47,49]. 

Similarly, large helmets or increased heating vessel size were introduced in other regions 

[15,51]. Otherwise, a reduced filling of the heating vessel of 25% to 50% is common [15]. 

Another adaption of distillation systems includes the introduction of a foam retention 

installation between the heating vessel and the column or the spirit pipe. When foam reaches 

these foam retention devices, the upward motion of the foam is converted into a rotational 

motion by a horizontally bent tube, causing the foam to partially disintegrate [15,52]. However, 



8 

 

all of these measures increase manufacturing costs or require a larger distillation device having 

a higher surface area, which is associated with higher process costs due to additional surface 

area heat radiation. 

Currently, a common strategy to reduce foam accumulation in distillation plants is the addition 

of chemical antifoam based on mineral or silicone oil [53]. These chemical defoamers replace 

or modify surface-active stabilizers, reduce the surface viscosity and the elasticity of the foam 

and hereby increase film thinning and stretching deformations that precede bubble bursting 

[53–55]. Because of this ability, which is substrate-independent, chemical defoamers are 

reliable and widely used foam inhibitors in the distillation industry [56]. However, there are 

also some negative aspects. In the stillage remaining, mineral or silicone oil-based defoamers 

enter the environment via the wastewater chain causing environmental concerns [57,58]. In 

natural water bodies they have negative effects on oxygen transfer rates, influence 

microorganisms, and impair biodegradation processes [58]. Because of their resistance to 

environmental degradation, they are poorly biodegradable and remain over a long period in the 

environment [57,59]. Therefore, chemical defoamers are under tight regulatory pressure, 

especially in environmentally sensitive areas [59]. 

In other industrial processes mechanical, thermal, and acoustic methods for active, physical 

foam destruction are deployed [60–62]. These involve foam destruction by thermal effects, 

either freezing or heating via a hot contact surface, steam, infrared arrays or hot air, rotating 

internals, spraying with water or with the foam immanent liquid, and the use of ultrasonic 

technology [60]. However, all of these methods are associated with high investment costs and 

bear the risk of secondary foams formation, which could cause flooding [60,63,64]. To date, no 

application of these methods in spirit distillation has been described in the literature. 

In general, research regarding process-related measures to reduce foam formation in spirit 

distillation systems is scarce. So far there are studies on the dependency of the heating vessel 

size and vapor flow rate on foam accumulation [51], as well as an unspecific, heuristic 

recommendation to reduce thermal energy input at critical foam-prominent temperature ranges 

with associated process retardation [15]. However, both sources state, that excessive foam 

formation may happen despite the implemented management strategies. 

 

1.4. Foam & Liquid Fraction 

To deploy a reliable foam management, other problems must be addressed beforehand. First, it 

is important to gain excessive information about the accumulation of foam, its mechanism, and 

factors that influence it. For a successful foam management, it is also necessary to know about 

the foam structure that is present [61,65]. Only then a foam management consisting of passive 

measures, e.g. adjustment of the heating power, and/or active measures, e.g. ultrasound can be 

implemented. 

In general liquid foams are defined as a nonpermanent form of gas bubbles separated by thin 

films of a liquid continuous phase [37,43,66]. The thin films, also called lamellae, between the 
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bubbles are connected via plateau borders containing the bulk of the liquid phase. Besides a 

mostly aqueous fluid, the continuous liquid phase contains surface active molecules called 

surfactants, which stabilize the liquid films. In foodstuffs like mashes, the continuous liquid 

phase may as well carry solid particles, which could stabilize the liquid films between bubbles 

[62,67].  

In distillation processes the formation of foam occurs on three occasions [37]. Either a liquid is 

saturated with a gas, e.g. by fermentation, and the gas is expelled by a change in pressure, a gas 

phase in the liquid is created by heating induced evaporation and is expelled or gas is introduced 

into the liquid by mechanical processing, e.g. by vigorous stirring, pumping. In all cases, 

however, the foaming capacity of the liquid is relevant for foam formation. The foaming 

capacity of a liquid is directly dependent on its physical properties. Important physical 

parameters with direct or indirect effects on foamability include density, surface tension, 

wetting angle, and specific thermal capacity, in addition to rheological properties [68–70]. The 

physical properties of a foamable liquid are strongly influenced by various dissolved substances 

in the liquid. These are either substances increasing the viscosity or the previously mentioned 

surfactants, which influence the surface tension. In foodstuff proteins, cellulose derivatives, 

polyphenols, and polysaccharides are therefore of major importance for foam formation 

[60,71,72]. The physical properties of the liquid influence the foaming capacity, but also have 

a direct influence on the foam itself, its appearance, and structure. 

To characterize and categorize foams, different structural and geometric properties are used, 

like the bubble size or the polydispersity [73]. A crucial role in determining the foam structure 

and its stability is played by the gas or the liquid fraction, respectively [73,74].  

The liquid fraction represents the ratio of the liquid’s volume to the total foam volume. Foams 

are roughly separated into dry foams, having a low liquid fraction, and wet foams, having a 

high liquid fraction. Dry foams are very rigid, while wetter foams lose rigidity [74]. In drier 

foams with a gas fraction of > 0.75 [37] the bubbles are in close contact and deform one another, 

causing them to have an increasingly polyhedral shape (Figure 4). On the other hand, if the 

liquid fraction increases the bubbles become increasingly spherical. At a critical liquid fraction, 

the bubbles lose contact (jamming transition) and the rigidity of the foam decreases [37,74]. 

However, for an effective foam management rigid, dry foam is favorable because it is easier to 

destroy by mechanical stress [74]. 
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Figure 4. Graphical illustration of liquid fraction in foam. Source: [75]. 

 

As long as no new liquid is added the liquid fraction naturally, constantly decreases due to the 

drainage of liquid during aging of foams. The decrease in liquid fraction leads to bursting of 

the thin layers between individual bubbles and hereby to coalescence. Additionally, the 

diffusion of gas from dissolving small to growing large bubbles, the so-called Ostwald ripening, 

is accelerated. The gas exchange takes place through the liquid thin film, if the liquid fraction 

decreases, the thin film thickness also decreases promoting a faster diffusion. However, in a 

process such as distillation, new foam is constantly being formed limiting the effects of aging.  

Nevertheless, due to the formation of new foam and the drainage of liquid, the liquid fraction 

is in a constant state of change. Since it is largely responsible for the foam structure and stability, 

it is an important parameter for effective foam management. Currently, there are several ways 

to measure the liquid fraction in foams, be it by electrical conductivity, optical transmission, 

surface fraction by imaging light reflection, ultrasound, X-ray radioscopy, or neutron imaging 

[76–85]. However, all of these methods have characteristics that make them unsuitable for use 

in industrial plants, e.g. they require non-conductive vessels, transparent walls, the measuring 

device is too large, or they are simply too expensive. A new constant, reliable determination of 

the liquid fraction in industrial plants by a straightforward method is therefore necessary. 

 

1.5. Distillation reproducibility 

Besides excess information on foam accumulation and foam structure, it is important to quantify 

the effects of an anti-foam measure to implement a successful foam management. This includes 

on the one hand influences on the foam and on the other hand influences on the product and the 

processes. To exclude external uncontrollable influences and thus relate the observed 

differences solely to different experiment variables, the development of a reproducible 

distillation process is necessary [28].  



11 

 

Spirit distillations are influenced by many external and internal parameters, which affect the 

reproducibility of distillations.  

Directly controlled parameters in the process are the heating power and the cooling rate of the 

dephlegmator in pot stills with columns. These two parameters control the evaporation rate and 

the reflux in the column. This in turn has an influence on the separation efficiency and thus on 

the composition of the distillate [32,86–89]. External factors also play an important role. For 

example, the ambient temperature also causes reflux [28]. While this accounts for a small 

proportion compared to the actively generated reflux in column stills, it is the main cause of 

reflux in alembic pot stills. Other external influences on evaporation behavior are the air 

pressure and the humidity of the air [28]. Also, properties of the substrate or the mash, 

respectively, influence the distillation process, e.g. ethanol content.  

To achieve comparable results, all these parameters must be considered. Looking at other 

processes apart from spirits distillation, extensive process control and monitoring offer the 

chance to quantify effects of external influences and enable an improved regulation of process 

parameters, thus increasing the reproducibility of processes and even leading to process 

reformations [90–92]. 

 

1.6. Thesis outline 

The present thesis addresses the formation and destruction of foam under boiling and 

evaporation conditions in distillation processes.  The aim is to develop methods for foam control 

and inhibition, and to determine substrate-specific foam-promoting properties of mashes. 

As a basis, a batch distillation column has to be modified such that the lack of reproducibility 

in spirit distillation is overcome. Therefore, a distillation plant has to be digitalized, and 

extensive instrumentation and control equipment has to be installed. This eliminates variable 

operational influences and allows the quantification of external influences. The extension of the 

distillation plant needs to include sensors constantly measuring foam properties to gain 

excessive knowledge about foam formation, destruction, and structure in distillation plants. On 

the one hand, this allows the instantaneous evaluation of the effectiveness of foam management 

methods and on the other hand to generate data regarding the structural changes in the foam for 

future simulation research. Because an applicable method for determining the liquid fraction of 

foams in industrial plants, which is a major factor influencing the foam structure, is still missing, 

a new minimally invasive method for determining the liquid content is needed.  

All of this serves to investigate and quantify different operating conditions including active and 

passive foam management methods and their influence on foam formation. Passive methods 

describe the adjustment of process parameters without active intervention in the process itself. 

While active methods include a severe intervention in the process either by introducing 

mechanical or thermal actors.  
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The development of passive methods for foam management is based on the working hypothesis 

that process parameters have a decisive influence on the foam dynamics under boiling 

conditions. Because foam formation has a complex causal relationship with process parameters, 

suitable modes of operation can be found to avoid foam-induced disturbances in distillation 

processes. As the most important process parameter the main focus is on the thermal energy 

input. By defined variation of the thermal energy input and the resulting varied heating profiles, 

heating effects on foam formation with different substrates can be investigated. Subsequent 

heating profiles with minimum foam formation on a substrate-specific basis can be developed. 

Additionally, foam-promoting temperature ranges in distillation systems can be deduced. The 

findings on heating can be further developed to derive general recommendations regarding 

foam dynamics under boiling conditions in distillation systems. However, the factors energy 

demand, processing time, and product quality must be urgently considered. 

Besides passive foam management methods, active, physical foam-regulating or -destroying 

mechanisms have to be investigated and their effects systematically verified. For the application 

in a distillation system, such methods are used whose effectiveness and advantageous mode of 

operation have been demonstrated on a laboratory scale or based on simulation studies. The 

focus of research here is the use of ultrasound, as its use has fewer disadvantages compared to 

other thermal or mechanical foam destruction methods [60]. A destructive effect of ultrasound 

on foam accumulation in distillation systems is expected. The use of ultrasound to destroy foam 

could have an impact on the resulting product, due to the creation of micro droplets by bubble 

bursting. 

To complete the research of foam formations in distillation systems, in addition to active and 

passive foam management measures substrate-specific physical factors that contribute to foam 

formation have to be investigated on a laboratory scale. In particular, substrates with a strong 

foaming tendency will be investigated. The working hypothesis is that the rheological 

properties of substrates, derived from specific ingredients like proteins and polysaccharides, 

contribute to different foaming capacities of substrates. Such ingredients, which enable 

substrates to cause large foam formations, are to be detected and, if possible, selectively 

removed. By doing this, the formation of foam can be inhibited, and/or the stability of foams 

can be impaired.  

These three approaches, foam inhibition by selective removal of foam-promoting substances, 

passive foam inhibition and reduction by adaption of process parameters, and active foam 

destruction, constitute a comprehensive arsenal of foam management and control methods. By 

developing and designing such methods process malfunctions due to foam formations can be 

avoided in the future. This allows energy- and resource-efficient operation of the distillation 

systems even under foam risky conditions. In the following, an insight into the research 

regarding foam dynamics, and the development of methods for foam control in distillation 

plants of the spirits industry is provided. 
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Abstract  

Fruit spirit distillations processes are based on physical principles of heat and mass transfer. 

These principles are decisive for the separation of desired and undesired aroma compounds 

which affects the quality of the distilled product. It is mandatory to control heat and mass 

transfer parameters to be able to perform fruit spirit distillation processes in a reproducible 

manner and to achieve equal products with similar volatile compound compositions repeatedly. 

Up to now, only limited information is available on the magnitude of reproducibility errors 

since fruit spirit distillation columns are typically not equipped with suitable control or 

monitoring technique. We upgraded a batch distillation column with digitized instrumentation 

and control technique to be able to control crucial parameters such as thermal energy inputs and 

reflux rates. The aim of this study was to identify whether control over two distillation 

parameters has the potential to perform distillation processes repeatedly. This study analyzed 

the magnitude of reproducibility errors for (i) six monitored distillation process parameters and 

(ii) 13 quantified volatile compounds in the product between duplicated distillation runs 

performed with equal setups. A total of eight different distillations were performed in duplicates 

(n=16), while the six distillation parameters were monitored and logged every ten seconds. The 

produced distillates were equally subsampled into 20 fractions and each fraction analyzed for 

13 volatile compound concentrations. Based on a data set of 28,600 monitored duplicate 

distillation process data points, this study showed that process parameters can indeed be 

replicated with a median relative standard deviation (RSD) of <0.1% to 7.0% when two crucial 

process parameters are controlled. The comparison of 1,540 volatile compound concentrations 

in the product fractions showed a reproducibility error with an average median RSD of 9.0 ± 

8.0%. This showed that by gaining control over thermal energy input and reflux rates the 

reproducibility of fruit spirit distillation processes and their associated products can largely be 

met. It is advisable to equip distillation columns with suitable control technique to be able to 

perform fruit spirit distillations reproducibly. 
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2.1. Introduction 

Fruits spirits are consumed in several countries all over the world. The pre-tax turnover for the 

distillation industry in the EU is estimated to 26.5 billion € [93]. In Germany there are 14,671 

small and medium-sized (SME) distilleries that in the year 2018 produced 3.8 million L ethanol 

[94]. Both distillers and consumers would like to achieve products with consistently high 

quality in a reproducible manner. The quality of distillates depends on several aspects such as 

fruit quality, mashing, fermentation, distillation parameters and aging. The Federation of 

German Food and Drink Industries considers food and drink quality to be the most important 

factor for consumer decisions [11]. They also stated that through innovations in quality 

improvement, food manufacturers have been able to increase product sales by 2.2 percent 

annually over the past twelve years. Investments to increase the product quality in the European 

spirits industries have therefore the potential to increase sales volumes by 583 million € 

annually. Overall, the most important quality marker for distilled beverages is the aroma, which 

is defined by the volatile compound composition of the product [18]. It is known that the 

distillation process itself does have a major impact on the volatile compound composition of 

the product and therefore its quality [32,95].  

In general, fruit spirit distillation processes are based on physical principles of heat and mass 

transfers which are decisive for the separation of desired and undesired aroma compounds 

[96,97]. The process principles are similar for each batch distillation process and can be 

categorized into consecutive process sequences. Initially the process starts with heating a 

fermented fruit mash in the reboiler of the still. Due to the constant thermal energy input a 

multicomponent vapor which contains ethanol, water and various other volatile compounds 

(congeners) evaporates to the top of the column [6]. The evaporation rate can be controlled by 

the thermal energy input [98,99]. These vapors condense when they get in contact with cooler 

surface areas which causes a liquid reflux that flows downwards again [90]. This 

evaporation/condensation process is crucial for the separation of substances with different 

volatilities [6,90,96,97,100]. Substances with low boiling points become enriched in the vapor 

phase while compounds with lower boiling points concentrate in the liquid phase. A recent 

study to investigate the best distillation technique for improving the quality of apricot brandies 

also concluded that the right balance between heating parameters, which determines 

evaporation rates, and reflux conditions has a decisive role to gain improved product qualities 

[101]. This indicates that it is important to control and monitor both process parameters in fruit 

spirit distillation processes.  

During the distillation run ethanol and water are the two main components which support the 

carryover of other volatile compounds. This carryover is influenced by the relative volatility of 
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each compound in respect to the present ethanol and water concentration [6,96,102]. The 

concentration of ethanol in ethanol-water mixtures can be determined by measuring the 

temperature under boiling conditions [103]. The monitoring of temperatures in the distillation 

device is therefore additionally important to be able to estimate and control the carryover of 

volatile compounds in regard to the apparent ethanol concentration.  

In chemical industries distillation accounts for 90-95% of all separations processes [104]. The 

separation of multicomponent mixtures is known to be challenging but includes some of 

world’s largest and most profitable separations, such as crude oil fractionation, hydrocarbon 

separation from steam cracking, and natural gas liquids separation. In order to separate a 

multicomponent mixture that contains n components into n product streams, each enriched in 

one of the components, a sequence of distillation columns known as a distillation configuration 

is required [91]. Such distillation setups are equipped with extensive process control and 

monitoring that enable the regulation of evaporation rates and reflux streams [90,91]. Similar 

control strategies could be transferred to fruit spirit distillation processes to be able to 

investigate destillative separation processes in more detail. Bastidas et al. [105] also transferred 

thermodynamic models and unit operation data from a fuel production plant to evaluate 

optimized wine distillation processes by simulation models. They also stated that deep 

knowledge and understanding of the fuel ethanol process, allows identifying the main operation 

conditions of the process in order to keep product flowrate and quality in the desired values. 

Industrial fruit spirit production is mainly performed with two different distillation systems, the 

traditional Charentais alembic stills and modern batch distillation columns [6]. In alembics, 

internal reflux is caused by condensation in the head and the swan neck, which mainly depends 

on external temperature. This reflux can only be modified by regulation of the thermal energy 

input in the boiler and therefore is a very limited system in terms of control and modification 

during the distillation process. On the other hand, modern batch distillation columns are 

equipped with an additional internal partial condenser, which can be controlled and operated 

independently. This allows a rather simple control of the internal reflux by adjusting the cooling 

water flow rate of the partial condenser [28,86]. The condensate can be collected on the trays 

and the vapor from the lower tray must pass through the holes and therefore through the reflux 

condensate, causing rectification and therefore more efficient separation of the different volatile 

components [100]. 

The dephlegmator works as a thermal barrier that provides resistance to the distillate vapors to 

pass on towards product cooler. The mass transfer of vapor to exit the distillation column is 

mainly influenced by the cooling power of the dephlegmator and the thermal energy input to 

the distillation column [101,106]. This indicates the importance to regulate and monitor both 

parameters to have the ability to control mass transfer rates.  

Earlier studies already focused on product differences between both distillation systems 

[28,86,107]. It was shown that the internal reflux rates as well as the thermal energy input are 

two important parameters that control volatile concentrations and, in-terms, aroma attributes in 

the final product [32,88,89,107,108]. Despite their importance, very limited information on 

both parameters is available in scientific publications dealing with fruit spirit distillations [109]. 
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García-Llobodanin et al. [28] emphasized the importance of both parameters and considered 

that ’they are severely affected by heat loss, ambient temperature, cooling water flow rates and 

temperatures.’ They concluded that there is a prominent lack of control of these operation 

variables which leads to a lack of reproducibility of fruit spirit distillation processes, which also 

significantly affects the volatile composition of the produced spirits.  

We upgraded a 120 L batch distillation column with digitized instrumentation and control 

technique in order to gain control over the crucial process parameters thermal energy input and 

reflux rates and to monitor six distillation parameters. We hypothesized that reproducible fruit 

spirit distillation processes and products can largely be gained when the two crucial process 

parameters can be controlled and monitored. The aim of this study was to identify the magnitude 

of reproducibility errors for (i) six distillation process parameters and (ii) 13 volatile compound 

compositions in the product in repeatedly performed distillations, when two process parameters 

are controlled during the distillation process. 

 

2.2. Materials and Methods 

2.2.1. Batch distillation system 

This study was performed with a steam heated copper batch still (Carl GmbH, Eislingen, 

Germany) equipped with a 120 L reboiler, three sieve trays, rectification column with partial 

condenser, a separate reactive copper packing and a product cooler (Figure 5). The system was 

upgraded with digitized technical sensors in order to control and monitor thermal energy input, 

temperatures at four different positions, internal reflux induced by the partial condenser and 

product volume flow rate. All controllers and sensors were calibrated by the batch still producer 

(R² ≥ 0.95). The crucial process parameter thermal energy input was controlled by an electro-

pneumatic valve positioner (SP400, Spirax-Sarco Engineering plc, Cheltenham, UK). The 

crucial process parameter internal reflux rate was monitored via a Coriolis flowmeter (Emerson 

micro motion H series, St. Louis, USA) and indirectly controlled (SM6120 flowmeter, lfm 

electronic GmbH, Essen, Germany) by adjusting the cooling water flow rate to the partial 

condenser. For this investigation, the cooling water flow rate to the partial condenser was kept 

constant at 2.0 L/min. Additional process monitoring was performed by four PT100 temperature 

sensors and an additional Coriolis flowmeter (Emerson micro motion H series, St. Louis, USA) 

for determination of product volume flow rates. The cooling water flow rate for the product 

cooler was constantly set to 7.0 L/min. All control and monitor data were logged every 10 sec 

and stored via a manufactured automation system (DPC500, Carl GmbH, Eislingen, Germany). 

After each distillation run, data were transferred to Excel (Microsoft Office 2010, Microsoft 

Corporation, Redmond, DC, USA). To avoid illegible diagrams on distillation process 

parameters, we averaged mean values and standard deviations of six consecutive logging points 

and present it as one data point (Figure 6-Figure 8). The distillation system contained additional 

technical sensors which were not considered in this study. More specifics to the digitized 

distillation system are given in Heller et al. [99].  
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Figure 5. Instrumentation diagram of the batch distillation system equipped with rectification column (A), copper packing (B) 

and product cooler (C). FCR = regulated valve for thermal energy input, TR = temperature sensors, FR = flowmeters, black 

arrow indicates point of Q1-Q3 regulation. 

 

2.2.2. Experimental setup 

Eight different distillation profiles (A-H) were performed in duplicates (n=16) while thermal 

energy input was adjusted (Table 1). Every distillation run of the duplicates was performed with 

100 L fermented fruit mash of the same batch. The distillation profiles started off with an initial 

thermal energy input of 450.0 W/L. When mash temperature reached 90.0 °C the thermal 

energy input was reduced to a defined value (Q1). When the third tray of the rectification 

column reached a temperature of 75.0 °C the thermal energy input was adapted again to a 

different value (Q2). From this point on thermal energy input constantly increased by a defined 

value (Q3) until the product flow began to run. Subsequently the DPC500 automation system 

regulated the thermal energy input to hold a constant product flow rate of 10.0 ± 0.5 L/h. These 

different distillation profiles were performed in order to simulate different distillation 

conditions, such as fast distillation or different internal reflux intensities, induced by variations 

in thermal energy input. Mean and relative standard deviations (RSD) were calculated from two 

distillation replicates. 
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Table 1. Distillation profile parameters 

Distillation 

profile 
fermented mash 

adaptation Q1  

(W/L) 

adaptation Q2  

(W/L) 

adaptation Q3 

(W/L/h) 

A wine 134.0 ± 1.0 134.0 ± 1.0 46.0 ± 2.0 

B wine 43.0 ± 1.0 59.0 ± 1.0 121.0 ± 2.0 

C wine 43.0 ± 1.0 59.0 ± 1.0 161.0 ± 2.0 

D pear 134.0 ± 1.0 134.0 ± 1.0 46.0 ± 2.0 

E pear 43.0 ± 1.0 59.0 ± 1.0 121.0 ± 2.0 

F pear 43.0 ± 1.0 59.0 ± 1.0 161.0 ± 2.0 

G plum 134.0 ± 1.0 134.0 ± 1.0 46.0 ± 2.0 

H plum 43.0 ± 1.0 134.0 ± 1.0 46.0 ± 2.0 

 

2.2.3. Mash preparation and fermentation 

Red wine was ordered from research facility Plant Product Quality (University of Hohenheim, 

Stuttgart, Germany). Williams pears (Pyrus communis L.) were purchased from Kaiser 

Destillerie-Obstweinkellerei (Salach, Germany). Plums (Prunus domestica subsp. domestica 

L.) originated from agricultural farm Heidfeldhof (University of Hohenheim, Stuttgart, 

Germany). Substrate characteristics (Table 2) included determination of total solids and ash as 

described in VDLUFA [110] and ICC [111], respectively. Total carbohydrates were quantified 

via phenol–sulfuric acid method [30]. Total protein concentrations were analyzed using the 

method by Bradford [112]. Total phenol determination was performed as described in Lim et 

al [113]. pH and conductivity were measured via multimeter (HQ40D, Hach, Loveland, USA). 

For mash preparation, Williams pears were water-cleaned, fruit mill shredded (Helmut Rink 

GmbH, Amtzell, Germany) and transferred to a 1,000 L stainless steel tank. The pH was 

lowered to 3.1 by phosphoric and lactic acid addition (product no. 5862, Schliessmann, 

Schwäbisch Hall, Germany). Additionally, 10.0 mL/hL pectin lyase (IUB 4.2.2.10, 

Schliessmann, Schwäbisch Hall, Germany) were applied to the mash in order to ensure 

sufficient substrate liquefaction. 20.0 g/hL selected yeast (Saccharomyces cerevisiae) strains 

(Aroma plus, Schliessmann, Schwäbisch Hall, Germany) were added to start mash 

fermentation. 

For plum mash preparation all plums were thoroughly mixed with a mixing drill (product no. 

6681, Schliessmann, Schwäbisch Hall, Germany). The mixing drill was used in order to achieve 

disintegrated fruits but prevent excessive seed abrasion or seed destruction. The disintegrated 

fruits were subsequently pumped to a 1,000 L stainless steel tank, pH adjusted to 3.0 (product 

no. 5862, Schliessmann, Schwäbisch Hall, Germany) and inoculated with 0.15 g/L selected 

yeast strains (Aroma Plus, product no 5828, Schliessmann, Schwäbisch Hall, Germany). 5.0 

mL/hL pectin lyase enzyme (IUB 4.2.2.10, Schliessmann, Schwäbisch Hall, Germany) was also 

added to enhance liquefaction of the mash. All mashes were thoroughly mixed and pH 

readjusted after 24 h. Similar mash preparation procedures were described by Liebminger et al. 

[106]. Mash fermentations were performed for 21 days at 20°C room temperature. 
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Table 2. Substrate characteristics 

 
Total 

solids 
Ash 

Total 

carbohydrates 

Total 

proteins 

Total 

phenols 
pH 

Conductivity 

 

 [% FM] [% DS] [g/L] [g/L] [mg/L]  [mS/cm] 

wine 1.9 ± 0 38.3 ± 0.2 4.2 ± 0.4 0.1 ± 0 2.8 ± 0 5.5 5.5 ± 0 

pears 5.6 ± 0.2 4.5 ± 0.1 16.4 ± 0.6 0.6 ± 0 2.8 ± 0.2 3.3 2.3 ± 0.1 

plums 8.6 ± 0.6 5.8 ± 0.5 4.5 ± 0.5 0.4 ± 0.1 1.4 ± 0.1 3.5 3.5 ± 0.1 

 

2.2.4. Product analysis 

The produced distillates were collected in 20 defined fractions for subsequent analysis. 

Sampling was performed every 100 mL for the first ten fractions, while fractions 11 – 15 were 

sampled every 200 mL and fractions 16 – 20 were sampled every 1,000 mL. Additional 

distillate was collected as an undefined final fraction and not considered in this study. Williams 

pear mashes resulted in reduced product yields and were only sampled until fraction 19.  

A headspace gas chromatograph (GC-2010 Plus, Shimadzu Scientific Instruments, Kyoto, 

Japan) equipped with a flame ionization detector (FID) and a Rtx-Volatiles column (Restek 

Corp., Bellefonte, USA) was used for volatile compound analysis in distillate fractions. All 

samples were adjusted to 40.0 % (v/v) ethanol prior to volatile compound quantification. The 

product fractions were quantified for typical fruit spirit volatile compounds [17,25,95,107,114] 

ethanol, methanol, acetaldehyde, 1-propanol, 2-butanol, ethyl acetate, isobutanol, isoamyl 

alcohol, 2-methyl-1-butanol, ethyl 2-methylbutanoate, 1-hexanol, trans-2-hexen-1-ol and hexyl 

acetate. As GC-FID is not a technique for absolute quantification [115], it is mandatory to 

perform calibration runs with standard solutions of fixed concentrations. For the calibration 

runs all analyzed substances were ordered from Merck KGaA (Darmstadt, Germany) in 

analytical standard grade with a purity of ≥ 99.9% for ethanol, methanol,1-propanol, ≥ 99.5% 

for acetaldehyde, 2-butanol, ethyl acetate, ≥ 99.0% for isobutanol, 2-methyl-1-butanol, ethyl 2-

methylbutanoate, 1-hexanol, hexyl acetate, ≥ 98.0% for isoamyl alcohol and ≥ 97.0% for trans-

2-hexen-1-ol. Each standard substance was diluted with distilled water to gain five defined 

concentrations. The five standard concentrations were prepared in a range that covered the 

concentrations, in which the analytes typically appear in fruit spirits. The peak area of all five 

standard concentrations was determined in chromatograms which can be used to establish a 

linear equation between both parameters. The fit of both parameters to the linear equation 

significantly correlated with accuracy of R² ≥ 0.99 for each analyzed volatile compound. This 

linear equation, gained by five-point calibration, was thus used to quantify the concentration of 

an analyte in the fruit spirit sample by determination of its peak area in the chromatogram. 

 

2.2.5. Data analysis 

To identify whether fruit spirit distillations can be controlled by two variables, we evaluated 

the accuracy of replicated distillations by determining deviations between two replicated 

distillation runs in terms of distillation process parameters and volatile compound composition 
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in the product. The basis of data analysis within this study was the evaluation of deviations 

between duplicate data points. Median RSD analysis is often used to investigate the precision 

of analytical replicate data or process variability [116–118]. The calculation of median RSD 

values reflects the magnitude of reproducibility errors. In order to evaluate process replicability, 

the data of six process parameters (mash temperature, temperatures at three trays, internal reflux 

rate, product flow rate), which were logged every 10 seconds, were compared between the 

replicate distillation runs. A maximum of 36 data points was thus comparable for every minute 

of distillation run. Data of internal reflux and product flow were only considered after they 

started to run (flow rates >0.0 L/h). In order to evaluate product replicability in terms of their 

volatile compound composition, equally sampled product fractions were analyzed for 13 

volatile concentrations. One distillation run with 20 sampled fractions thus allowed a 

comparison of a maximum of 260 data points.   

Initially the relative standard deviation RSD was calculated for every set of two duplicate data 

points. In a second step we calculated the median RSD, which considered all RSD data 

evaluated within a single parameter, for instance one distillation parameter (e.g. mash 

temperature) or the concentration of one volatile compound (e.g. 1-propanol).  

 

2.3. Results & Discussion 

2.3.1. Distillation process parameters 

The control of thermal energy input and cooling water flow rate to the partial condenser resulted 

in variations of the six monitored distillation parameters. Since the cooling water flow rate was 

set to a constant rate, the main impact on process variations were induced by alteration of the 

thermal energy input. All distillation processes showed that thermal energy regulation had a 

decisive influence on the development of process temperatures. 

Figure 6 shows distillation parameters of processes A-C of the fermented wine mashes. 

Different heating profiles clearly influenced total distillation time which was 116.0 ± 2.0 

minutes in distillation process A. Due to lower thermal energy input, distillation profiles B and 

C were finalized after 141.0 ± 3.0 minutes and 128.0 ± 1.0 minutes, respectively. Processes B 

and C showed a slower increase of internal reflux volumes but reached a maximum value of 

42.0 ± 1.0 L/h within all distillation profiles.  

Distillation processes D-F in Figure 7 show the process data of fermented Williams pear 

mashes. The fastest distillation run was finalized after 98.0 ± 1.0 minutes in distillation profile 

D, which also had the highest initial thermal energy input. While product flow started after 65 

± 0 minutes in distillation profile D, this was shifted to 91.0 ± 1.0 minutes and 76 ± 0 minutes 

in distillation profiles E and F, respectively. Different thermal energy inputs during the 

distillation profiles also affected the internal reflux rates of the distillation processes. The 

highest reflux rates were 41.0 ± 0 L/h after 64 minutes in distillation profile F, while distillation 

profiles D and E showed a maximum value of 39.0 ± 0 L/h after 37.0 ± 1.0 minutes and 74.0 ± 
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1.0 minutes, respectively. Replicates of each distillation profile showed the highest standard 

deviations during the heating phase until the third tray reached thermal equilibrium.  

Distillation processes G-H in Figure 8 show the process data of fermented plum mashes. 

Different thermal energy inputs resulted in 13 ± 0 minutes longer distillation run of distillation 

profile H. A timely shift could also be determined during the distillation run. For instance, 

maximum temperature of 92 ± 0°C on tray one was reached 10 ± 0 minutes later in distillation 

process H. This also induced a 13-minute delay until initial reflux flow rates were detected. 

Replicates of each distillation profile showed the highest standard deviations during the heating 

phase and at the beginning of product volume flow.  

All distillation processes commonly showed that with the start of product flow streams, the 

internal reflux flow rates reduced over time. This is due to the fact, that initially all the vapor 

mass condensed at the cool surface of the partial condenser. The partial condenser is heated up 

during the process, until a stream of vapor passes the partial condenser which is condensed in 

the product cooler and the product flow starts. As far as we know, no other study on fruit spirit 

distillation processes has ever directly evaluated reflux flow rates. García-Llobodanin et al. [28] 

showed the energy demand for cooling the partial condenser without providing information on 

reflux flow rate quantities. Balcerek et al. [87] evaluated effects of double- and single-stage 

fruit mash distillations without defining the magnitude of energy input or reflux ratios. They 

also stated to have varied the reflux rate by adjusting the cooling water flow rate without giving 

more specifics. Spaho et al. [107] compared alembic and column distillation techniques without 

providing any specifics on thermal energy input or reflux rates for pot or column still 

distillations. They mentioned, however, distillate flow rates of 5.3 L/h which provides 

information on the mass stream that exited the distillation column. The product flow rates of 

our study showed average values of 8.5 ± 1.8 L/h in distillation profiles A-H, which indicated 

that the product flow rate does differ by simply adjusting thermal energy input without changing 

the cool water flow of the partial condenser. As no more specifics are given in the study of 

Spaho et al. [107], it is not clear whether reduced energy inputs or increased reflux rates led to 

lower distillate flow rates compared to our study.  

Liebminger et al. [106] evaluated column distillation processes for three fruit mashes. This 

study is interesting as it provides insights into effects of limited process control. The data 

indicated strong variations in the temperature profiles between the three distillation processes. 

Despite using a similar distillation setup, the temperature sensor measured values ranging from 

79°C to 92°C 20 minutes after beginning of distillate collection in the three distillations. Based 

on the vapor phase diagram of ethanol-water mixtures [96] this indicated deviating ethanol 

concentrations of 86% to 53% (w/w) in the vapor stream despite utilizing fruit mashes (plum, 

pear) with similar ethanol concentrations. This shows that the distillation process was not able 

to perform mass and heat transfer with similar efficiency, which affected the physical separation 

of ethanol and water. In addition, the collected tails fraction was increased by 82% which 

suggests that the separation of volatile compounds was also affected due to different relative 

volatility of the apparent ethanol or water concentration [6,96,102]. Since thermal energy input 

was not monitored, the authors assumed that the energy input of the oil-heating system varied 

which possibly led to uncontrolled heating patterns. The temperature sensor was placed at the 
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exiting pipe close to the product cooler and additional temperature control was not mentioned 

in this study. This indicated that the energy input could not be controlled nor monitored by 

temperature sensors positioned within the distillation column. Also, different dephlegmator 

cooling setups were chosen for the three distillation runs. The study did not describe the amount 

of cooling energy or the quantities of internal reflux rates. Since both parameters, thermal 

energy input and reflux rates, could not be controlled nor monitored, this resulted in largely 

deviating product flow rates ranging from 12.1 – 23.3 L/h. The lack of process regulation and 

monitoring technique led to an uncontrolled vapor mass transfer to exit the distillation column.  

Several other studies also investigated the volatile compound composition in the distilled 

product without providing specifics for the crucial distillation process parameters that define 

physical principles of heat and mass transfer [119–122]. None of these studies have the potential 

to provide data that allow the evaluation of the physical separation principles on behalf of mass 

or heat transfer rates during the distillation process. This makes it difficult to evaluate beneficial 

or disadvantageous distillation process conditions.  

Our study showed additional process data to be able to evaluate separation processes on behalf 

of physical principles. In dependency of distillation time the distillation profiles A-H provided 

a minimum of 2,927 comparable data points for distillation profile G and a maximum of 4,358 

data points for distillation profile B. In total, the acquisition of process data from six process 

parameters within eight duplicate distillation profiles enabled the comparison of 28,600 

duplicate data points. The median RSD (Figure 9) was determined at a range of <0.1% - 7.0%. 

This indicated that enabling control over two distillation parameters allows largely reproducible 

distillation processes with a replication error ≤7.0%. 
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Figure 6. Monitored distillation process parameters of repeated wine mash distillation processes A-C. Each data point was 

averaged over 60 seconds for better visualization. 
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Figure 7. Monitored distillation process parameters of repeated Williams pear mash distillation processes D-F. Each data point 

was averaged over 60 seconds for better visualization. 
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Figure 8. Monitored distillation process parameters of repeated plum mash distillation processes G-H. Each data point was 

aver-aged over 60 seconds for better visualization. 
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Figure 9. RSD values of monitored process parameters in duplicated distillation runs A-H. Each parameter considered data of 

the whole distillation run. Note logarithmical x-axis scaling. 
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2.3.2. Volatile compound composition of product fractions 

The volatile compound compositions of wine, pear and plum distillate fractions are presented 

in Figure 10 - Figure 12. The figures also indicate the cut of heads to hearts fraction, which 

was consistently performed at 450 mL. All distillation profiles commonly showed that the 

concentrations of acetaldehyde, ethyl acetate and 2-butanol significantly decreased during the 

shift from heads to hearts fractions. Acetaldehyde and ethyl acetate are known to implement 

strong pungent characteristics and negatively influence product quality [123]. Due to their low 

boiling point, both substances are typically enriched in the hearts fraction of fruit spirit 

distillation processes [119,124]. In addition, this study indicated that 2-butanol is also enriched 

in the hearts fraction. Similar behavior of 2-butanol was also described by Spaho et al. [95]. 

This might be beneficial for the final product quality as high 2-butanol concentrations (>50.0 

mg/100mL aa) are considered a marker for spoilage of the raw material or negative 

microbiological influences of the fermentation process [17]. The averaged 2-butanol 

concentrations of each distillation run ranged from 2.7 ± 0.7 mg/100 mL to 4.3 ± 0.3 mg/100 

mL ethanol and was thus below the considered perceivable odor threshold of 5.0 mg/100 mL 

ethanol [125].  
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Figure 10. Volatile compound concentrations in distillate fractions produced by distillation profiles A-C performed in 

duplicates. Note left logarithmical y-axis scaling. aa = anhydrous alcohol 
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Figure 11. Volatile compound concentrations in distillate fractions produced by distillation profiles D-F performed in 

duplicates. Note left logarithmical y-axis scaling. aa = anhydrous alcohol 
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Figure 12. Volatile compound concentrations in distillate fractions produced by distillation profiles G-H performed in 

duplicates. Note left logarithmical y-axis scaling. aa = anhydrous alcohol 

 

Higher alcohols 1-propanol, isobutanol, isoamyl alcohol and 2-methyl-1-butanol steadily 

increased during the distillation run. They are important congeners of the yielded product as 

optimal levels of higher alcohols impart fruity characters of the distillate. However, excessive 

concentrations of higher alcohols can result in a strong pungent and fusel-like smell and taste 

[126–129]. As the concentration of higher alcohols increases towards the end of the distillation 

run, a final tails cut of the distillate is separated from the value product.  

The methanol concentrations indicated a typical behavior for fruit spirit distillation processes 

[124,130]. They showed slightly higher concentrations during the beginning and the end of the 

distillation run. However, the presented data state once more that an efficient separation of 

methanol from ethanol-rich solutions is not possible with simple fruit spirit distillation 

technique. Based on the European legal limits [131] of 200 mg/100mL ethanol for wine spirits, 

1,200 mg / 100 mL ethanol for plum spirits and 1,350 mg/100 mL ethanol for Williams pear 

spirit, the data on wine spirit production never exceeded the limit. In contrast, all distillation 
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runs with Williams pears exceeded the legal methanol limit until 1,100 mL of distillate was 

produced, independently of the distillation profile. For plum spirit production, distillation 

profile G resulted in exceeded legal methanol limits until 750 mL of distillate was produced. 

Distillation profile H exceeded the legal limit until a product yield of 1,700 mL. This indicated 

that the degree of thermal energy input had an impact on the separation efficiency of methanol 

from ethanol-water solutions. Overall, it is essential to mix all hearts fractions of one distillation 

process together in order to ensure that the final product contains sufficiently low methanol 

concentrations. 

All wine mash distillation profiles A-C showed relatively similar ethanol concentrations. The 

averaged ethanol concentrations were 85.8 ± 0.5 % (v/v), 85.9 ± 0.8 % (v/v) and 85.7 ± 0.3 % 

(v/v), respectively. This indicated that different distillation profiles did not affect the separation 

efficiency of ethanol in the rectification column. The replicates of wine distillations showed the 

largest median RSD for isoamyl alcohol and 2-methyl-1-butanol in distillation profile C. Here, 

median RSD values were 27.0% and 19.0%, respectively (Figure 13).   

It should be considered that the RSD values for volatiles such as isoamyl alcohol and 2-methyl-

1-butanol might be affected due to methodical and analytical limits when volatile 

concentrations reach a limit of <1.0 mg/100 mL. Small differences at low concentration values 

do result in relatively large standard deviations. In fact, when the mean value is close to zero, 

the coefficient of variation will approach infinity and is therefore sensitive to small changes. 

For instance, the isoamyl alcohol concentration in sampled fraction 11 of distillation profile A 

showed a value of 0.37 mg/100 mL ethanol in the first distillate run, while the duplicate sample 

showed a value of 0.60 mg/100 mL ethanol, resulting in a relatively large RSD of 34.0%. Both 

concentration values can be considered low while the RSD determination becomes less resilient 

to deviations. This might impair the evaluated RSD values of volatiles with especially low 

concentrations, without having a prominent effect on the sensory quality of the yielded product. 

All other volatiles of distillation profiles A-C showed a median RSD of ≤16.0%, indicating a 

high repetitiveness of the duplicate distillation runs.  

The Williams pear distillation runs D-F indicated that the averaged ethanol concentrations 

decreased from 84.0 ± 1.7% (v/v) and 82.4 ± 1.1% (v/v) in distillation profiles D and E to 

77.7 ± 1.0% (v/v) in distillation profile F. This is possibly due to different thermal energy input 

of profile F and a slower increase of the ethanol concentration during the distillation run. The 

largest median RSD of the replicates was apparent for 2-butanol with 30.0% in distillation 

profile F. This volatile substance again showed relatively low concentrations from 0.3 mg/100 

mL ethanol to 12.7 mg/100 mL ethanol, which affects the methodical and analytical limits of 

volatile quantification. In addition, low concentrated volatiles isoamyl alcohol and 2-methyl-1-

butanol showed again maximum median RSDs of 22.0% and 27.0%, respectively. 1-propanol 

also indicated a larger median RSD of 19.0% in distillation profile F. The largest discrepancy 

between 1-propanol concentrations of the duplicates of distillation profile F was 81 mg/100 mL 

ethanol within the sampled fraction at 3,500 mL. Since the odor threshold of 1-propanol is 

estimated at 83.0 mg/100 mL ethanol, this difference might not be detectible for the consumer 

[17]. All other volatiles showed median RSD values of ≤16.0%.  
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Figure 13. RSD values based on volatile compound concentrations in product fractions sampled during replicated distillation 

profiles A-H. Each box plot considered data of all sampled fractions. Note logarithmical x-axis scaling 

 

For plum spirit distillations, the averaged ethanol concentrations decreased from 87.1 ± 0.5 % 

(v/v) in distillation profile G to 83.9 ± 0.5 %(v/v) in distillation profile H. A slower increase of 
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the ethanol concentration during the process might again be a result of different thermal energy 

inputs. The highest median RSD value was found for 2-butanol with 39.0% in distillation profile 

H. 2-butanol was again present in relatively low concentrations. All other volatiles showed a 

median RSD value of ≤ 17.0%.  

Volatiles ethyl-2-methylbutanoate, trans-2-hexen-1-ol and hexyl acetate were not detected in 

any of the distillate fractions. The evaluation of 10 volatile compound concentrations in eight 

duplicate distillation runs enabled the comparison of a total of 1,540 duplicate data points, 

which resulted in a median RSD range of 0.2% to 39.0% (average 9.0 ± 8.0%). This indicated 

that enabling control over two distillation parameters allows largely reproducible fruit spirit 

products with similar volatile compound concentrations considering an average median RSD 

deviation of about 9.0 ± 8.0 %. When excluding volatile concentrations of ≤1.0mg/100mL 

ethanol from this evaluation, the median RSD range changed to values from 0.2% to 23.0% 

(average 7.0 ± 6.0%). This indicated that low-concentrated volatiles have a major impact on 

median RSD determination and should be evaluated carefully, since they will not affect the 

sensory profile of the product in a similar manner. 

 

2.4. Conclusion 

This study indicated that thermal energy input and internal reflux rates are crucial parameters 

that define physical heat and mass transfer rates during fruit spirit distillation processes. Gaining 

control over both parameters creates possibilities to perform reproducible distillation processes 

and to produce fruit spirit products with similar volatile compound compositions. The fruit spirit 

distillation industry should integrate technical sensors to enable control and monitoring of the 

distillation process. This could benefit to produce fruit spirit drinks of similar aroma qualities 

in a repeatable manner. Future scientific studies on fruit spirit distillation process should 

incorporate data on thermal energy input, reflux rates and temperature profiles within the 

distillation column in order to be able to evaluate the physical separation principles during 

distillation. This could enable comparability between different fruit spirit distillation studies.  
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Abstract  

Liquid foams occur whether intentionally or unintentionally across different industrial sectors. 

The detection of foam and characterization of liquid content currently requires complex 

measurement methods such as electrical conductivity measurements. This paper presents a 

novel method for foam detection and characterization of its liquid fraction based on a capacitive 

level sensor. A correlation between the sensor output signal and defined liquid fractions of dry 

to wet foam indicated a high accuracy of this sensor technique. Regarding the sensor operation 

in different liquid solutions, a minimum screw-in depth is presented. The sensor allows minimal 

invasive inline measurements in equipment regardless of the wall material and of extreme 

process conditions, e.g., explosion hazard areas. 
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3.1. Introduction 

Liquid foams have many practical applications in several industrial sectors. They are used for 

separation processes, e.g., in foam/froth flotation, in food and pharmaceutics processes, e.g., in 

vacuum drying or chemical processes, e.g., for the acceleration of reactions also known as foam 

catalysis [132]. However, foams also have properties that may be undesirable in other industrial 

processes and result in operational issues, e.g., in distillation or desorption columns [46].  

Due to their widespread occurrence, there is a great interest to evaluate foam formation, 

stability, and properties [43]. Besides many other properties of foams, their liquid fraction is of 

great relevance with respect to stability and potential countermeasures and thus of scientific 

and industrial interest. Liquid fraction represents the ratio of the volume of the liquid to the 

volume of foam. The liquid content influences most physical properties of foams. For example, 

the liquid fraction of foam is linked to the shear modulus [66], to the drainage, and to the 

stability of foams [133–135]. It is important in industrial processes, e.g., for determining the 

interfacial area available for mass transfer and mixing process [85].  

The most commonly applied method to determine the liquid fraction of foams is the electrical 

conductivity of the foam. Several theoretical analyses and experimental studies have been 

performed to state approximate relations between foam conductivity and liquid fraction at 

different liquid fraction values [76–79]. The resulting mathematical and empirical relation can 

be used with some confidence [79]. However, there is a limitation in the application of the 

present measurement method in industrial processes. To perform foam conductivity 

measurements, two (or more) opposite electrodes have to be mounted at the sides of the foam 

holding vessel. The vessel itself has to be nonconductive so that only the conductivity of the 

foam is measured. However, in many industrial processes the equipment used is made of 

electrically conductive metal.  

Other techniques to determine the liquid fraction are based on optical measurements following 

different approaches. They are either based on the determination of optical transmission [80] or 

of the surface fraction by imaging light reflected from the foam surface [81]. All optical 

methods require a transparent vessel/wall. In addition, some optical methods, e.g., the 

measurement of the transmission, requires a non-opaque foam/medium. These requirements 

limit the applicability in industrial processes. 

Recently, a method based on ultrasound was proposed [82]. But its applicability still has to be 

assessed in industrial processes. Currently, the most precise methods used in scientific research 

for determination of the liquid fraction are based on X-ray radioscopy [83] or neutron imaging 

[84]. However, these methods are not applicable in industrial settings.  

This study proposes a method to measure the liquid fraction in foams via capacitance 

measurements performed with frequency sweep technology (FST). The basic idea of this 

method is to use differences in the electrical permittivity of gases and liquids to determine the 

liquid fraction.  
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An electrode, which forms a capacitor with the surrounding medium, is introduced into foam. 

The capacitance (C0)
 of the formed capacitor is dependent on the relative permittivity (ɛr) of the 

medium present in the surroundings (Eq. (1)). Since liquids generally have a higher permittivity 

than gases, the capacitance theoretically rises as the liquid fraction of the foam increases. 

Introducing an additional inductor, with an inductance L, a resonant circuit is created. Finally, 

the resonant frequency (f0) of the created circuit is measured, which depends on the capacitance. 

Depending on the resonant frequency, the sensor signal (sweep range SR) is returned. 

 
𝑓0 =

1

2 𝜋 √𝐿 𝐶0
 ; 𝐶0(𝜀𝑟) (1) 

By applying an additional pulse width modulation, the frequency sweep technology is also able 

to distinguish between liquid phase media with similar permittivity.  

This study presents and assesses a novel and minimal-invasive way to determine the liquid 

fraction in foams utilizing FST sensors. A commercially available FST level sensor was 

modified to continuously measure and record the resonant frequency. The sensor was calibrated 

in a liquid fraction range of 1.2 % < φ < 16 % by means of additional electrical conductivity 

measurements. The study also investigated operational limitations based on immersion depth, 

material interference, and foam liquid characteristics (surfactants, solvents). 

 

3.2. Experimental setups and methods 

Investigations with the point level sensor were carried out in two measurement setups, one with 

conductivity measurement and one without. Based on the industrial use of the point level sensor, 

the immersion depth of the sensor in liquid within containers made from different materials was 

investigated. The point level sensor model LBFS-03G21.0 (Baumer Electric AG, Switzerland) 

based on FST was used. A digital interface recorded the sensor signal continuously over time. 

This enabled the investigations of the SR in addition to different solvents and in various material 

surroundings. 

 

3.2.1. Variation of immersion depth and container materials 

To evaluate the influence of the immersion depth (ImD) and the material of the wall on the 

sensor output signal, two beaker sizes and three different wall materials (PVC, glass, stainless 

steel 1.4407) were compared (Figure 14). To investigate the influence of the immersion depth 

(ImD), the round sensor tip was (a) not, (b) partially, (c)–(f) fully immersed in liquid surfactant 

solution (1.35 gSDS Ltotal
–1) in the vicinity of these different materials. Sodium dodecyl sulfate 

(SDS) was used as the surfactant (Carl Roth GmbH & Co. KG, Germany). The immersion depth 

was determined by the sensor tip and varied by different liquid levels. 
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Figure 14. Measurement setups for various materials, immersion depth (ImD), and beaker diameters to characterize the SR of 

the liquid with the capacity point level sensor [136] 

 

Besides the solution of SDS and water (1.35 gSDS Ltotal
–1), beaker experiments were repeated 

with foamable mixtures. A mixture of chlorobenzene and ethylbenzene (CB/EB) with 

impurities of rust (FeO2) particles was used. The mixture had an equimolar composition of 

0.5 molCB moltotal
–1 with a liquid density of ρCB/EB = 0.9756 g cm–3. In addition, SDS with a 

concentration of 1.35 gSDS Ltotal
–1 was dissolved in > 99 % monoethylene glycol (MEG; Carl 

Roth GmbH & Co. KG, Germany). As alternative aqueous surfactant solution of an anionic 

secondary alkylsulfonate, SAS 93® (WeylClean, WeylChem International GmbH, Wiesbaden, 

Germany) (0.18 gSDS Ltotal
–1) in deionized water was employed. 
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3.2.2. Measurement setup with conductivity sensors and capacitive level sensor 

To be able to explore the relationship between the output signal of the sensor and liquid fraction, 

it requires a defined foam with known bubble size and controllable liquid fraction. This can be 

achieved by the principle of forced drainage [137].  

In addition, the actual liquid fraction in the foam has to be determined as a reference value. This 

was done using electrical conductivity measurements [79]. The measurement setup is depicted 

in Figure 15. A cylinder made of PMMA (Perspex®) with an inner diameter of di = 100 mm 

was used. Prior to each experiment, it was filled with V = 1000 mL solution made from 

deionized water and 1.35 gSDS Ltotal
–1. Foam was produced by pneumatically introducing air at 

the bottom of the column by means of a sparger with a flow rate of 

dVair+C6F14 dt = 1.7 x 10-5 m3 s-1 (1000 sccm min-1), resulting in a superficial gas velocity in the 

empty column of 0.22 cm s–1. The effect of coarsening during the experiments was reduced by 

adding a small amount of perfluorohexane (C6F14) to the air before entering the cell [138].  

To investigate the influence of bubble size on the sensor signal, different sparger geometries 

were applied, resulting in a variation of bubble sizes [139]. The largest bubble size was achieved 

using seven syringe needles with an inner diameter of di = 0.8 mm as sparger geometry. Smaller 

bubbles were generated by porous glass plates with varying pore diameter. The bubble radii 

resulting from different spargers were determined by taking a sample of foam from the column 

and squeezing it between two glass plates separated by a known distance h. Images of the 

bubbles between the plates were recorded using a camera. The diameter of individual bubbles 

Rin,eq in the images was then calculated as described in Gaillard et al. [140]. In the last step, the 

Sauter mean radius was derived as Eq. (2):  

 
𝑅32 =

<𝑅𝑖𝑛.𝑒𝑞³>

<𝑅𝑖𝑛,𝑒𝑞²>
. (2) 

The liquid fraction in the foam was controlled by introducing a foaming solution at the top of 

the column using a porous cylinder, i.e., an additional drainage flow rate QDr was imposed. This 

results in a constant liquid fraction distribution along the column height and cross section where 

the distance to the foam/solution interface is sufficiently large. Increasing QDr using a peristaltic 

pump gives rise to increased liquid fraction in the bulk of the foam. However, the highest 

achievable liquid fraction is limited by the appearance of the convective instability. This occurs 

at higher drainage flow rates and results in the collective movement of bubbles and 

inhomogeneous liquid fraction distribution inside the experimental column, making a 

comparison between the sensor signal and electrical conductivity measurement unfeasible 

[141]. Therefore, the measurements were limited to points where no bubble motion caused by 

the convective instability was visible at the column wall.  

The sensor was inserted horizontally in the column wall with the sensor tip placed in the foam. 

As will be shown later, the presence of a solid wall does influence the sensor signal. Therefore, 

the wall material and the immersion depth (ImD) had to be kept constant to ImD = 20 mm 

during different experiments. Electrical conductivity measurements were achieved using a pair 
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of wall-mounted electrodes and a custom-made measurement setup [82]. The liquid fraction φ 

was then determined by using the well-established Eq. (3). 

 
𝜑 =  

3 𝜎(1 + 11 𝜎)

1 + 25 𝜎 + 10 𝜎²
 (3) 

 

with σ = σf  σsol
-1 where σf and σsol are the measured electrical conductivity of the foam and the 

foaming solution, respectively [79]. 

The measuring region of the conductivity measurements extends over the volume between two 

electrodes, above the measuring location of the level sensor. The distance between 

measurement region and liquid/foam interface, as well as the distance between measurement 

region and drainage injection point were chosen to be large enough to assume that no gradient 

in liquid fraction appears between the sensor and the electrode pair.  

Before each experiment, it was ensured that the whole cell was filled with foam. Afterwards, 

the peristaltic pump started injecting liquid at the top. An adjustment time of at least 2 min was 

set to ensure that the liquid fraction distribution was homogeneous and in steady state before 

proceeding. Electrical conductivity measurement and the sensor measurement were then carried 

out in parallel. Independent experiments ensured that both techniques do not interfere with each 

other. This was done by continuously operating the sensor over the time of t = 60 s and starting 

the electrical conductivity measurement after t = 30 s in parallel. No measurable change in the 

SR of the sensor could be detected throughout the whole measurement time of all 

measurements. 

 

 

Figure 15. Schematic drawing and photo of the experimental setup used for correlating level sensor signals and liquid fractions 

of foams via conductivity measurements 
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3.3. Results and Discussion 

 In the results section, parameters which influence the coupling and usage of the sensor are 

presented first. In this context, the operational limitations of the sensor are discussed. 

Subsequently, foam-based experiments are shown based on the results on operational limits. 

The last section focuses on the correlation of the liquid fraction of foam with the sweep range. 

 

3.3.1. Immersion Depth and Sensor Surroundings  

The output signals of the sensor depend on various parameters regarding its insertion, the 

medium to be measured, as well as its temperature. To investigate the influence of immersion 

depth, vessel diameter, and vessel material, the temperature of the medium was kept constant 

to T = 14 °C.  

Figure 16 illustrates that the data of SR are depending on the depth of immersion. At low or 

even negative ImD (ImD = –10 mm to 15 mm), the SR depends on the level, which is not 

suitable for measuring the liquid fraction. Above ImD = 20 mm it converges and measurements 

are reasonably possible. The wall effect is negligible if the criterion of ImD > 20 mm is met. 

The wall material and beakers’ diameters may play a role for partially immersed sensors. The 

lowest SR values were found for the stainless-steel beaker at all immersion points (exception 

ImD = 8 mm; di = 25 mm) due to the fact that the steel was not grounded and shielded the 

electrical signal. The capacitance (C0) of the liquid compared to air turns out to be larger 

because the relative permittivity of the polar liquid water εr,water,20 °C = 80.2 F m-1 is known to 

be higher as that of metal, e.g., εr,metal,20 °C = 1 F m-1 [142,143]. 
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Figure 16. Experimental data of sweep range (SR) as a function of immersion depth (ImD) of the sensor in addition to varied 

beaker materials with different beaker diameters at 14 °C in a liquid SDS/water mixture 

 

3.3.2. Surfactants and Solvents  

To investigate the sensor’s limitations based on foam liquid characteristics, its SR was 

investigated in different setups of liquid solutions. For the comparison of various surfactants 

and solvents (aqueous and organic), the sensor was inserted into different liquids and the SR 

was recorded. Applying the same introduced procedure, a beaker with a diameter of di = 85 mm 

was chosen, so that the material exerted minimal influence on the sensor.  

First, the influence of the anionic surfactant SDS on the SR had to be investigated. The SR 

values shown in Figure 17 were normalized to the SR of deionized water (9.7 %). The SR was 

normalized by dividing the measured SR of the liquid by the SR of the liquid solvent. At the 

SDS concentration of cSDS = 9.1 gSDS Ltotal
–1, the SR was 20 % higher than the SR of deionized 

water. This showed that the SR is dependent on the concentration of ions in the liquid. 

Concentration differences of ionic components in the foam therefore represent a limiting factor 

for the usage of the sensors for the detection of liquid fractions of foams. 
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Figure 17. Influence of the anionic surfactant SDS on the normalized SR (nSR) of a full-immersed sensor tip, in PVC 

surroundings at 14 °C 

 

Concentration differences of ionic components influence the sensor signal and, therefore, 

represent a limitation for the application range of the sensor. With respect to the characterization 

of the liquid content of foam, it must be ensured that the SDS concentration in the foam is 

constant. Therefore, subsequently performed experiments were based on liquids with SDS 

concentration of cSDS = 1.35 gSDS Ltotal
–1.  

The results shown in Figure 18 indicate that the sensor outputs medium-specific SR values. For 

instance, equal concentrations of secondary alkylsulfonate (SAS) dissolved in water or in 

monoethylene glycol (MEG) resulted in significantly different SR values. The reason lies in 

different relative permittivities εr and polarizability of the molecules at the same temperature. 

This demonstrates that the sensor signal is sensitive to different solvents. 
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Figure 18. Experimental data of Sweep Range (SR) measured in various liquid mixtures at 18 °C 

The solvent monoethylene glycol (MEG) has a lower polarity than deionized water. Therefore, 

the relative permittivity decreases, and the sensor outputs a lower capacitance and SR. In 

contrast to the aqueous mixtures (SR < 30 %), significantly higher SR values were measured for 

the polar and foamable mixture CB/EB with iron oxide particles (SR = 65 %). This difference 

illustrates the sensitivity of the capacitive measurement method of the point level sensor to 

different chemical components’ properties. 

With regard to the following investigations of liquid contents of foam in a PMMA column with 

the level sensor in a PVC ring, it was shown that the SR is sensitive to different wall materials. 

A sufficiently deep immersion depth of the whole sensor tip with at least ImDmin = 20 mm is 

necessary to measure a signal based only on the permittivity of the liquid. When inserting the 

sensor in pipes or container walls, the immersion depth can be adjusted by the screw-in depth 

of the thread. 

 

3.3.3. Correlation of Water Content Fractions of Foam with SR 

The experimental data for the SR was normalized by dividing the measured SR of foam through 

the one of the liquid. The normalized SR (nSR) as a function of the liquid fraction and bubble 

radius is depicted in Figure 19.  
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Figure 19. Experimental data of normalized Sweep Range (nSR) as a function of liquid fraction 

 

All recorded data of the measurements in the foam (n = 77) and the measurement of the liquid 

and the air were fitted with the logarithmic Eq. (4) using parameters as specified in Table 3.  

 
𝑛𝑆𝑅(𝜑) =  𝑎 − 𝑏 ∙ ln(𝜑 + 𝑐)  (4) 

 

Table 3. Parameters of the logarithmic fit regarding nSR as a function of liquid fraction (φ) 

Parameter Value 

a 8.0276 ± 0.24798 

b 1.57835 ± 0.07617 

c 1.96291 ± 0.39237 

R2 0.96198 

 

The measured values deviate up to 13 % from the fitted values. Overall, highest deviations were 

found in measurements with a bubble radius of 0.4 mm (Figure 20). These high deviations may 

be referred to issues in the setup. Foam with a bubble radius of 0.4 mm was especially prone to 
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destruction by the introduced foaming solution at the top of the column. It was made sure that 

the whole cell was filled with foam and in steady state before starting the experiments. 

Measurements of foams with bubble radius of 0.3 or 1.3 mm in Figure 20 showed deviations 

of < 10 % and < 8 %, respectively. Least deviations were found in measurements of foams with 

a bubble radius of 2.7 mm. This indicates that there is no systematic dependency of the received 

SR on bubble radii. However, it is assumed that there is an upper limit to the detection by the 

sensor in terms of bubble radii.  

In general, the majority of measured values (n = 44) showed an error of ≤ 4 % (Figure 20). An 

error of ≤ 8 % occurred in more than 90 % of the measured values. It also has to be considered 

that the state-of-the-art method (electrical conductivity), which was used for determining the 

liquid fraction in the experiment, is referred to have a relative experimental error of about 5 % 

in liquid fraction [79]. Due to using a relative method and no absolute method for calibration, 

the measured values were also subjected to the errors of the electrical conductivity method. 

Thus, the precision of this method for determining the liquid fraction of foams is comparable 

to methods like determination via surface fraction [81] or via electrical conductivity [79,134]. 

In summary, the experiments demonstrated that there is a clear correlation between the SR and 

the liquid fraction of foam with the measured SR being independent of the bubble radius. 

Additionally, this method comes with the benefit of being easily applicable in many industrial 

plants, regardless of the wall material and also being usable in explosion hazard areas. 

 

Figure 20. Representation of the frequency of deviations (left) and the dependence of the deviation on the bubble size (right) 

 

3.4. Summary and Outlook 

A capacitive point-level sensor was used to obtain information on the liquid fraction inside 

aqueous foams. Regarding the sensor operation, the minimum immersion depth was found to 

be 20 mm where the influence of the confining wall is negligible. The sensor signal depends on 

the components and composition of the liquid. Thus, the sensor signal needs to be normalized 
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by the signal for the pure liquid without bubbles. The sensor was then placed in a stable foam 

made from SDS. By comparing the sensor signal to the liquid fraction, determined by measuring 

the electrical conductivity of the foam in parallel, it was shown that it is possible to relate a 

change in the sensor signal to a change in liquid fraction. The obtained data in the liquid fraction 

range of 1.2 % < φ < 16 % could be well described by a shown single curve of logarithmic type. 

Furthermore, this relationship was found to be nearly independent of the bubble size by 

considering foams with bubble radii in the range of 0.3 mm < r32 < 2.7 mm.  

This method comes with the benefit of being easily applicable in many industrial plants 

independently of the apparatus, especially as the sensor can be applied to processes independent 

of the wall material and can be used in explosion hazard areas as well.  

While the initial applicability of this novel method was successfully demonstrated in this study, 

several points are still to be elucidated. Especially the influence of solvents in the foaming 

solution has to be examined in more detail. The case when the sensor’s tip is not continuously 

in contact with the foaming liquid (e.g., foams made of large bubbles in the centimeter range), 

could also be of interest for relevant technical applications such as evaporation-induced foams. 
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Symbols used 

c [g L-1]  concentration 

d [mm]  diameter 

h [mm]  distance between two glass plates for determination of bubble radii 

Q [m3 s-1] volumetric liquid flow 

R, r [mm]  radius 

T [°C]  temperature 

t [s]  time 

V [cm³]  volume 

𝑉̇ [m3 s-1] volumetric gas flow 
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Greek letters 

ε [F m-1]  permittivity 

ρ [kg m-3] density 

σ [µS cm-1] electrical conductivity 

φ [-]  volumetric liquid fraction 

 

Sub- and Superscripts 

acrl   acrylic glass 

cyl   cylinder 

Dr   drainage  

eq   equal diameter 

f   foam 

g   gas 

i   inner 

in   individual bubbles 

min   minimum 

rel   relative 

sol   foaming solution 

tot   total 

 

Abbreviations 

CB   chlorobenzene 

CMC   critical micelle concentration 

EB   ethylbenzene 

FST   frequency sweep technology 

ImD   immersion depth [mm] 

nSR   normalized Sweep Range  

SAS   secondary alkylsulfonate 

SDS   sodium dodecyl sulfate 

SR   Sweep Range 
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Abstract 

Foaming of mashes during distillation is a common problem encountered in spirit drink 

production. It has a negative impact on the purity of the final product. This research article 

presents the key aspects of foam accumulation in rye mashes during distillation. Foam 

accumulation was influenced by substrate characteristics and process parameters. The 

experiments showed that pentosan levels and thermal energy input were the crucial parameters 

for foam accumulation in rye mashes. Foam accumulation was significantly enhanced by higher 

pentosan levels, due to the higher viscosity imparted by pentosan. Hence, degradation of 

pentosans prior to distillation presents a way to reduce foam accumulation. In terms of thermal 

energy input, foam accumulation was significantly lower when the thermal energy input was 

reduced from 400 W/L to 200 W/L. Substantial foaming only occurred in a narrow temperature 

range of 89.5 to 98.2°C. The results allowed for the first time to make recommendations to 

prevent problematic foam accumulation during distillation of rye mashes. 

 

Keywords 

foam, distillation, rye mash, pentosan, spirit drink production 

  

4.1. Introduction 

Excessive foam accumulation is a common cause for malfunctions and process failures in 

various technological processes. It occurs regularly in food and beverage industries and 

chemical processing (agitation, distillation) [43,53,144,145]. In spirit drink distillation 
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excessive foam accumulation can lead to increased maintenance costs and impaired product 

quality [15,47]. In extreme cases, it can even cause plant flooding resulting in the necessity of 

a partial or complete process shut down [146]. To be able to avoid such process interferences, 

it is important to gain excessive information on foam accumulation mechanisms during 

distillation. 

The main reasons for impairing foam accumulations in industrial distillation processes are the 

utilization of substrates with high foam formation capacities, inadequate operational process 

management and technical faults [46]. It is likely that similar factors apply to batch distillation 

processes of spirit drinks. 

In order to understand the mechanisms that promote foam accumulations it is important to 

investigate substrate properties supporting the formation of foam during distillation. Specific 

substrate properties with stabilizing effects on foam formation have already been investigated 

in various food products. It is known that the presence of proteins and polysaccharides play an 

important role on the physical stability and structure of food foams [37–41]. Therefore, we 

hypothesized that the presence of proteins and polysaccharides might also be important for 

foam accumulation in distillation processes. 

The spirits industry utilizes various different fruits and cereals. All substrates have specific 

protein and polysaccharide contents and different foam formation capacities. So far, the 

literature only provides descriptive information on foam formation capacities of different 

fermented mashes. Enhanced foam formation capacities are known for cherry, wine lees and 

cereal mashes [15]. Within cereal substrates, rye mashes are especially prone to an excessive 

formation of foam [15]. Rye is known to contain higher concentrations (7 to 8 wt%) of the non-

starch polysaccharide pentosan compared to other cereals with 1.4 to 4.1 wt% [147], which 

might influence foam formation properties. Pentosan mainly consist of arabinoxylan chains 

made out of 50 to 60% xylose and 30 to 35% arabinose [148]. In the bakery industry, pentosan 

is known to have a positive effect on dough network formation and loaf volume [149–152]. 

Such dough and bread structures are often characterized by their gas-holding capacities and, 

therefore, have similar properties as classical foam structures [153]. As pentosan supports the 

foam structure in doughs, it is possible that the presence of pentosan might also enhance the 

formation of foam during distillation. 

Next to substrate properties, process management can drive foam formation. Scientific 

knowledge on foam accumulations related to operational management of distillation processes 

is still scarce. Simon et al. [51] investigated the dependency of reboiler vessel size and vapour 

flow rate on reboiler vessel swelling (foam accumulation). Further literature only provides 

descriptive information on process management strategies that reduce the risk of impairing 

foam accumulations. This includes recommendations to run batch distillations with a 25 to 50% 

reduced reboiler vessel filling to provide sufficient space for accumulating foams and to use a 

reduced thermal energy input at ‘critical foam-prominent temperature ranges’ (no further details 

given) [15]. However, in extreme cases plant flooding occurred despite the implemented 

process management strategies [15,51].  
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A common strategy for dealing with excessive foam accumulation is the application of chemical 

additives, which are usually based on silicone-oil. These additives effectively reduce or prevent 

undesired foam accumulations after addition of 2 to 4 g/hL mash [15,55]. However, these 

‘antifoam additives’ are known to have negative environmental effects when released to aquatic 

systems, e.g. interfere with oxygen transfer rates in water bodies and metabolic activities of 

microorganisms, or impair biodegradation processes [58]. They also reduce catalytic activities 

in downstream processes [59]. As environmental regulations become more stringent, alternative 

foam control methods need to be employed. Therefore, it is important to understand foam 

accumulation mechanisms on substrate and process level to be able to prevent foam formation.  

The aim of the study was to minimize foaming in spirits production with a substrate that is 

especially prone to foaming. Therefore, the present study investigated foam accumulations in 

rye mash distillation in regard to substrate and process parameters. It examined the relation of 

different pentosan concentrations as well as thermal energy input levels on foam accumulation 

during the process.  

  

4.2. Material and methods 

4.2.1. Mash preparation 

Coarsely ground winter hybrid rye meal (RW S1 1363, HYBR 2012), grown and harvested in 

Lundsgaard, Germany, was provided by the Federal Plant Variety Office of Germany. Rye 

mash preparation was carried out according to Figure 21. Rye meal and water were mixed in a 

1:4 mass ratio. Calcium hydroxide (Merck KGaA, Darmstadt, Germany) and sulphuric acid 

(Carl Roth GmbH &Co.KG, Karlsruhe, Germany) were used for pH adjustment. To investigate 

the influence of pentosan the pentosan degrading enzyme pentosanase EX-Tosan (C. 

Schliessmann Kellerei-Chemie GmbH & Co.KG, Schwäbisch Hall, Germany) was applied 

during mash preparation. Enzymatic liquefaction was performed with Distiztym BA-TS 

(Erbslöh GmbH, Geisenheim, Germany) and added in concentrations of 0.066 mL/kg rye meal. 

Enzymatic saccharification was carried out with an enzyme mixture consisting of 0.27 mL 

Distizym AG-Alpha (Erbslöh GmbH, Geisenheim, Germany) and 0.1 g Tegaclast 220P 

(tegaferm Holding GmbH, Vienna, Austria) per kilogram rye meal. 
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Figure 21. Flow chart of rye mash preparation 
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4.2.2. Substrate characterisation 

Fermented rye mashes were characterized for dry matter (DM), ash, pentosan, protein and 

ethanol content, while rye meal was investigated for fermentable substances (FS). DM and ash 

were determined according to VDLUFA [110] and ICC [111], respectively. Quantification of 

pentosan was performed according to AOAC [154]. The method was modified as described by 

Jäger & Unger [155]. Protein (N x 5.83) content analysis was conducted using sample sizes of 

100 mg and a nitrogen analyser (Dumatherm, Gerhardt GmbH & Co. KG, Königswinter, 

Germany) according to Duma's combustion method [156]. Ethanol content was determined via 

lab-scale steam distillation (Autodest 10, Leo Kübler GmbH, Karlsruhe, Germany) of 50 g mash 

samples [157]. The density of distillates was analysed via u-tube-oscillator (DMA 4500 M, 

Anton Paar GmbH, Ostfildern, Germany).  

Determination of FS in rye meal was carried out according to Senn & Pieper [157]. They 

defined FS as ‘the sum of glucose and maltose contents of the raw material, calculated as starch, 

that can be determined using HPLC after the raw material is completely digested and dispersed 

as well as liquified and saccharified by addition of technical enzymes’. The method was 

modified by additionally determining fructose contents and adding it to the FS calculation in 

Eq. (6).  

 
𝐹𝑆 (𝑤𝑡%) =

(φ𝑔 (𝐶𝑔 + 𝐶𝑓) + φ𝑚 𝐶𝑚) 𝑉𝑆

𝑊𝑟𝑚  
 𝑥 100, (5) 

where φg is the hydrolysis factor for glucose and fructose (0.899) and φm for maltose (0.947), 

Cg, Cf and Cm are concentrations of glucose, fructose and maltose (g/L), VS is the sample’s end 

volume (L) and Wrm is the initial mass of rye meal (g).  

The HPLC system for sugar analysis was set up with a Rezex RPM-Monosaccharide Pb+2 Ion 

exclusion column (∅ 7.8 × 300 mm, Phenomenex, Aschaffenbug, Germany) and a refractive 

index detector (RID, Shodex RI-101, Thermo Fisher, Waltham, USA) with sulphuric acid 

(0.005 N) as eluent at a flow rate of 0.6 mL/min. Five-point standard calibration was used for 

fructose, glucose and maltose (R² > 0.95).  

 

4.2.3. Pentosan degradation effects 

To determine the influence of pentosan on rye mash properties, nine different pentosanase 

concentrations (0.0; 0.1; 0.2; 0.8; 1.0; 1.2; 1.6; 2.0; 4.0 mL/kg rye meal) were applied and 

investigated in triplicates for converted pentosan, mash viscosity and unspecific protein 

degradation. The same sample set was also used for studies on foam accumulation. 

For the determination of converted pentosan the pentosan hydrolysis products xylose and 

arabinose were quantified via five-point standard calibrated (R² > 0.95) HPLC-RID analysis 

before pentosan degradation and after the saccharification step of the rye mash preparation. The 
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conversion of pentosan to xylose and arabinose was calculated by Eq. (6) including the 

hydrolysis factor of 0.88 (φx) for xylose and arabinose. 

 
pentosan conversion (%) =  

𝜑𝑥 (𝐶𝑥 + 𝐶𝑎) − (𝐶𝑥0 + 𝐶𝑎0)

𝐶𝑝0
 𝑥 100, (6) 

where Cx and Ca are final concentrations of xylose and arabinose (g/L) after saccharification 

and Cx0, Ca0 and Cp0 are initial concentrations of xylose, arabinose and pentosan before pentosan 

degradation (g/L).  

Effects of pentosan degradation on mash viscosity were determined using a rotational rheometer 

(MC1, Paar Physica, Ostfildern, Germany) equipped with a double gap measuring system. 

Viscosities were measured with rye mash supernatants centrifuged at 2000 rpm for one minute.  

To exclude secondary activities of pentosanase in terms of additional unspecific protein 

degradation, an additional experiment was set up that added pentosanase in different 

concentrations of 0.0, 0.1, 0.2, 0.8, 1.6, 2.0 and 4.0 mL/kg to 10 wt% protein-solutions (Wheat 

Protein Isolate, Carl Roth GmbH, Karlsruhe, Germany) in citrate buffer. Protein blanks with 

each tested enzyme concentration were equally prepared. All samples and blanks were 

incubated for 1 h (60 °C; pH 5.8) and remaining protein concentrations were determined by 

Bradford test [112].  

Additionally, SDS-PAGEs [158] of the rye mash samples with 0.0; 0.1; 0.2; 0.8; 1.6; 2.0; 

4.0 mL/kg pentosanase addition were carried out to identify changes in the protein composition 

by analysis of their molecular masses with and without pentosan degradation.  

 

4.2.4. Foam accumulation experiments  

The first set of distillation experiments focused on foam accumulation in rye mash distillation 

in regard to the nine different pentosan-degraded rye mashes. All rye mashes were distilled with 

a constant energy input of 200 W/L. In the second set of experiments, the influence of thermal 

energy input level was evaluated by distilling an additional sample set of nine different 

pentosan-degraded rye mashes with an energy input of 400 W/L.  

Distillation experiments were conducted using a small-scale distillation plant set up. The 

dimension of the experimental setup corresponded to the dimensions of a standard distillery 

plant with 150 L reboiler vessel size and rectification column in a scale of 1:10. Mashes were 

electrically heated (LabHeat, SAF Wärmetechnik GmbH, Mörlenbach, Germany) in a 250 mL 

two-necked round bottom flask (CN ST 29/32, SN ST 19/26, Lenz Laborglas GmbH & Co. 

KG, Germany). Accumulating foam heights were logged every 60 seconds in a 34 cm high, 32 

mm wide glass tube (ST 29/32, Lenz Laborglas GmbH & Co. KG, Wertheim am Main, 

Germany) equipped with a metric scale. Mash temperature was measured simultaneously with 

a thermometer (testo 735 PT100, Testo SE & Co. KGaA, Titisee-Neustadt, Germany) inserted 
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into the side neck of the glass flask. The term ‘foam accumulation’ was defined for foam levels 

> 3 cm.  

 

4.2.5. Statistical analysis 

A total of 54 mashes were analyzed for substrate characteristics and foam accumulations. The 

sample set included triplicate analysis of nine different pentosan-degraded rye mashes, distilled 

with two different energy inputs. Results are given in mean values with standard deviation. 

Significant differences (p ≤ 0.05) were evaluated by one-way ANOVA with Tukey HSD post-

hoc tests and performed with SPSS software (Version 25, IBM, USA). Pearson’s correlation 

coefficients (r) were analyzed to identify the relation between pentosanase addition and 

pentosan conversion rate or mash viscosity. 

 

4.3. Results and Discussion 

4.3.1. Substrate characteristics  

The substrate characteristics of the rye mash are shown in Table 4. The investigated rye meal 

had a FS content of 60.1 ± 0.1 wt% based on fresh matter (FM) (n = 3). The analysed substrate 

composition of the mashes was in accordance with the results of Hansen et al. [159], who found 

similar pentosan, protein and ash contents. The fermented mashes contained ethanol 

concentrations of 6.2 ± 0.6 %vol. This showed that 51.5 ± 5.1% of the FS was metabolized to 

ethanol, which indicated an efficient and complete fermentation. 

Table 4. Substrate characteristics of rye mash 

Properties Values Replicates 

DM (%FM) 7.0 ± 0.1 54 

Ash (%DM) 4.1 ± 0.4 54 

Pentosan (%DM) 22.8 ± 0.8a 6 

Protein (%DM) 21.5 ± 0.1 54 

Ethanol (%vol) 6.2 ± 0.6 54 

Ethanol yield (mL/kg rye) 309.5 ± 30.6 54 

pH value 4.1 ± 0.1 54 

a Value based on control mash (0.0 mL/kg pentosanase addition) 
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4.3.2. Pentosan conversion  

Additions of pentosanase did result in increasing levels of the hydrolysis products arabinose 

and xylose. This indicated an efficient enzymatic conversion of pentosan. In comparison to the 

control mash, a significant increase of pentosan conversion was achieved with pentosanase 

concentrations ≥ 0.2 mL/kg. The Pearson correlation revealed a significant positive relationship 

between the pentosan conversion rate and the amount of added pentosanase (r = 0.99, p ≤ 0.05). 

Pentosanase concentrations of 4.0 mL/kg resulted in the highest pentosan conversion rate of 

66.8 ± 6.3%. A conversion rate of 33.1 ± 0.9% was also observed in the control sample without 

added pentosanase. This could be due to unspecific secondary activities of liquefaction and 

saccharification enzymes on pentosan degradation during mash preparation. 

 

4.3.3. Effects of pentosan conversion on mash viscosity  

The addition of pentosanase resulted in a decrease of mash viscosity (Figure 22). The decrease 

in viscosity was proportional to the degree of pentosan conversion up 42 % of converted 

pentosan. Further degradation of pentosan did not result in a substantial decrease of viscosity, 

indicating a threshold of mash viscosity minimum. The reason for this behaviour could be the 

two pools of pentosan. First the soluble pool consisting mostly of arabinoxylans with the ability 

to form a highly viscous solution in water at a relatively low concentration [160], which are 

quickly degraded leading to a steep decline in viscosity. Second the insoluble pool associated 

with insoluble particles, which due to its insoluble, particulate state does not contribute to the 

viscosity of the mash. In any case, the mash viscosity could be reduced by a factor of 4 by 

pentosanase treatment.  

 

4.3.4. Effects of pentosan conversion on foam accumulation 

We then determined the foam forming capacity of the rye mashes at a constant energy input of 

200 W/L (Figure 22). The control mash without added pentosanase showed maximal foam 

accumulation (26.2 ± 1.5 cm). With increasing pentosanase concentrations and thus 

concomitant reduction of viscosity the foam height was reduced. A strong decrease to 

18.6 ± 1.2 cm and 5.3 ± 0.8 cm was observed when pentosanase was added in concentrations 

of 0.2 mL/kg and 0.8 mL/kg, respectively. Latter resulted in a significant reduction of the 

maximum foam accumulation level by 79.4 % compared to the control. A complete inhibition 

of foam formation was achieved with addition of 4.0 mL/kg pentosanase. These results indicate 

that pentosan concentrations have a major influence on foam accumulations. Further a clear 

correlation was observed between the viscosity of the mashes and the height of the foam (r = 

0.98, p ≤ 0.05). Similar linear correlations between foam forming ability and viscosity were 

also reported in other alcoholic beverages like (sparkling) wine and beer [161–164].  
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Figure 22. Maximum foam accumulation levels (primary y-axis) and viscosity (secondary y-axis) of nine rye mashes in relation 

to pentosan conversion (x-axis), added pentosanase from left to right: 0.0; 0.1; 0.2; 0.8; 1.0; 1.2; 1.6; 2.0; 4.0 mL/kg (n = 3) 

Polysaccharides are known to contribute to structural and textural properties of foams. They 

have a significant impact on the interlamellar liquid and the air/water interface by acting as 

steric stabilizers, thickening or gelling agents [37,39,165]. An increase in the interlamellar 

liquid viscosity leads to reduced drainage of foam films and thus stabilised foams [163,165]. It 

is likely that degradation of the polysaccharide pentosan to its monosaccharides arabinose and 

xylose impairs such foam stabilizing properties resulting in reduced longevity and limited 

accumulation of foam bubbles. Our results on rye mash viscosity are in favour of this theory. 

A positive correlation between foam stability and the presence of arabinoxylans, like pentosan, 

was also noted in the study of [163]. Further, it was reported that arabinoxylans prevent the 

expansive destruction of gas bubbles under thermal conditions (95 °C) [153]. However, the 

investigation of Meuser et al. [166] indicated contradictory results. They reported only a minor 

foam reduction and physically stabilized foams after addition of pentosanase. The reason for 

this discrepancy could be that these experiments were performed at lower temperatures 

(between 5°C-35°C).  

 

4.3.5. Unspecific protein degradation 

We also considered the possibility that foam reduction by pentosanase could also be due to side 

activities of the enzyme. For instance, unspecific protease activity may lead to the degradation 

of proteins, which could also result in a reduction of viscosity and foaming ability. To rule out 

this possibility, Bradford tests of protein-solutions with different pentosanase addition and 

SDS-PAGEs of the rye mash proteins were performed. No significant changes in the protein 

concentrations and protein banding patterns were observed after addition of pentosanase to 

protein solutions and the rye mashes, respectively. Therefore, we assumed that unspecific 

secondary degradation effects of pentosanase can be excluded. We concluded that the 
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degradation of pentosan was the main cause for the reduction of mash viscosity and, in-terms, 

foam formation. 

 

4.3.6. Effects of thermal energy input on foam accumulation  

Energy input levels had a major effect on foaming. With an energy input of 400 W/L the 

maximum foam height of the experimental setup with 34 cm was exceeded within all 

experimental conditions, independently of pentosanase addition (Figure 23). With 200 W/L the 

maximum foam height was 26.2 ± 1.5 cm. The influence of thermal energy input on foam 

accumulation can be explained by a temperature dependent increase in the gas vaporisation rate 

resulting in enhanced foam bubble formation. It can be concluded that energy input levels have 

a more severe effect on foam accumulation during distillation than the pentosan concentration 

of the rye mashes.  

 

Figure 23. Maximum foam accumulation levels in rye mash distillation performed with different thermal energy inputs and 

different pentosanase concentrations (n = 3) 

 

4.3.7. Critical temperature range 

The temperature range in which foam formation occurs during the distillation of rye mashes 

has so far not been investigated. This study provides for the first time experimental data that 

defines the temperature range in which rye mash foaming occurred. A summary of heat-related 

foam formation of all distillation experiments is shown in Figure 24. The first mash foam 

formation appeared at a mash temperature of 63.2 °C (0.5 to 3 cm foam level height). 

Substantial foaming (> 3 cm) was observed at mash temperatures above 89.5 °C, while the 

highest level of foaming occurred between 91.2 °C and 94.5 °C. When mash temperatures 
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exceeded 95.2 °C the accumulated foams began to collapse and a steep decrease in foam 

accumulation was observed. At 98.2 °C no foam accumulation > 3 cm could be observed. This 

showed that increasing mash temperatures indeed triggered foam formation and induced foam 

collapse above a certain threshold temperature. The data set enables the definition of a foam 

critical temperature range during distillation. 90% of the foam accumulation occurs in the 

temperature range from 89.5 °C to 98.2 °C. This temperature range can be defined as the most 

critical in terms of excessive foam accumulations and possible process impairments. 

 

Figure 24. Foam accumulation levels and mash temperature during distillation of 54 rye mashes, grey line indicates 3 cm foam 

level 

 

4.4. Conclusion 

The investigation identified mechanisms of foam accumulations on substrate and process level. 

On substrate level, pentosan degradation had a major impact on mash viscosity and foam 

accumulation. A significant inhibition of foam accumulations can be achieved by addition of 

pentosan degrading enzymes during rye mash preparation.  

On process level, foam accumulations were significantly dependent on energy input. Reduced 

energy inputs of 200 W/L have the potential to lower the risk of process impairing foam 

accumulations. The main foam accumulation occurred only in a narrow temperature range. The 

experimental data offer the opportunity to define foam-resilient distillation parameters. We 

propose the following procedure to minimize the risk of foaming. The distillation process can 

be initiated with high energy input (e.g. 400 W/L) until the critical mash temperature (89.5 °C 

for rye mash) is reached. Then the thermal energy input is reduced to 200 W/L. After reaching 

a mash temperature of 98.2 °C a higher energy input level can again be restored. Pentosanase 

treatment of the rye mash is highly recommended. In a next step, the obtained data can be used 

for a validation of foam-resilient processes in industrial distillation plants. 
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Abstract 

Process impairing foam formation occurs regularly in batch distillation devices of the spirit 

industry. It negatively influences process and product quality. Up to now, such foam-related 

problems have not been in the focus of scientific investigations. This study aimed at preventing 

impairing foam formations by adapting the thermal energy input in fruit and grain mash 

distillations in larger-scale batch distillations. The results showed that a reduction of the thermal 

energy input to 43 ± 1 W·L-1 during the initial heating of the mash leads to less flooding of the 

distillation apparatus and to higher concentration of lower boiling compounds like methanol, 

acetaldehyde and ethyl acetate as well as ethanol in the first fractions of the distillates. A 

standard process time and less energy consumption could be achieved by increasing the energy 

input again after prior reduction. However, this led to a reduction of the ethanol concentration 

in the distillate fractions of up to 4.3 %vol, also most severe in the first fractions. A significant 

influence on analyzed volatile compounds in the distillate beside ethanol could not be detected. 

This is the first study that uses defined thermal energy input adaptations for foam management 

in larger-scale distillation devices. The results lead the way to a more efficient distillation 

process with less foam formation. 

 

Keywords 

 Foam management; Distillation control; Spirit drink production; Process design; Energy 

efficiency 
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5.1. Introduction 

In fermentation technology foam formations are generally considered as an undesired side 

effect [167,168]. Foam formation can lead to over foaming of fermentation vessels or 

disturbances during subsequent process steps of the fermented substrates [169]. With respect to 

distillation processes, the presence of excessive foams leads to carryover of foams onto 

separation trays, product contamination and increased cleaning demands. The effects are 

associated with reduced separation efficiency and process disruptions [46,47,49]. When it 

comes to column malfunctions in distillation industry, foaming plays a major role [48]. In spirit 

drink production, certain raw materials are referred to be especially prone to excessive foam 

formation, such as cherry, wine yeast, Bartlett pear and grain mashes [170].  Aside from this 

descriptive information on foam formation capacities of different mashes, Heller and Einfalt 

(2021) demonstrated in laboratory experiments that the polysaccharide pentosan found in rye 

has a major impact on foam formation in distillations of rye mashes. Additionally, it is well 

known that beside polysaccharides proteins play a crucial role in the physical stability of food 

foams [37–41]. However, in spirit drink production comprehensive researches on substrate-

based factors influencing foam formations in distillations are still missing. 

To reduce foam formation during distillation several measures have been applied. For instance, 

manufacturers introduced adaptations to their distillation devices such as increased pot still 

headspace volume and foam retention installations [170]. This, however, increases 

manufacturing costs. Such adaptations already have a long history. For example, the elongated 

swan necks in Scottish pot-stills in whisky distilleries were originally invented to prevent the 

transfer of rising foams into the product stream [49]. Unfortunately, larger distillation devices 

have a higher surface area, which is associated with higher process costs due to additional 

surface area heat radiation.  

In addition to these aspects, operators of distillation plants take their own actions to prevent 

undesired foam formations. Chemical defoamers based on silicone or mineral oil, also called 

antifoam agents, are widely used for this purpose [47]. The negative aspect of defoamers is their 

disposal with the stillage without special treatment. They end up in the environment, where they 

can cause undesired ecological effects [58]. 

Detailed information on process-related solutions for proper foam management in distillation 

are scarce and for the most part based on heuristic recommendations. Heller and Einfalt [171] 

showed that 90% of foam formation took place at mash temperatures ≥89.5 °C. Pieper et al. 

[15] recommended ‘reduced thermal energy input’ in order to diminish excessive foam 

formation. They found it beneficial to ‘slow down the heating process in the foam-critical 

temperature range’. However, no additional information is given to define the thermal energy 

input magnitude or foam critical temperature range. Therefore, handling of foams is still 

dependent on operator experience. Extensive research is required to support new and 

experienced distillation plant operators in handling foam formations and in assessing the impact 

of anti-foam measures on their distillate. 
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Therefore, it would be desirable to define parameters that enable a foam-resilient distillation 

process with low additional costs for manufacturers and operators. To close this knowledge 

gap, this study investigated the effects of different heating profiles on foam formation in larger-

scale distillation processes based on fruit and grain mashes. The study also evaluated effects on 

process time, energy consumption and volatile compound composition in the resulting product.  

 

5.2. Materials and methods 

5.2.1. Distillation system 

A steam heated 120 L batch copper distillation device equipped with a rectification column 

(Carl GmbH, Eislingen, Germany) on top was used for the distillation experiments (Figure 25). 

The attached rectification column was equipped with three sieve trays, a partial condenser at 

the top, and a foam retention installation at the bottom. The distillation device also contained 

four foam-detecting sensors (cleverlevel, Baumer GmbH, Frauenfeld, Switzerland) installed in 

the reboiler at different heights positioned, 5 cm, 10 cm, 15 cm and 20 cm above the mash 

surface. Excessive foam formation, which reached the foam retention installation or the trays 

was logged manually. The distillation device was additionally equipped with eight temperature 

sensors (PT100) positioned in the reboiler, at different heights of the rectification column, in 

the vapor line, and in the product condenser. Further technical sensors (Coriolis Micro Motion 

H Series, Emerson Electric Co., Ferguson, USA) measured product volume flow and reflux 

volume flow of the partial condenser. Cooling water flow in the product condenser and the 

partial condenser were measured via SM6120 flowmeters (lfm electronic GmbH, Essen, 

Germany). 

The distillation device was regulated and monitored via an automated process control system 

(DPC500, Carl GmbH, Eislingen, Germany). It enabled the regulation and control of the 

thermal energy input via an electro-pneumatic steam valve (SP400, Spirax-Sarco Engineering 

plc, Cheltenham, UK). Besides thermal energy input, the process control system also regulated 

the cooling water volume flows. All technical sensors were monitored and data were recorded 

every 10 s via the process control system. The measured data were averaged over 60 s. 
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Figure 25.  Instrumentation diagram of the batch distillation system equipped with rectification column (a), copper catalyser 

(b) and product condenser (c). 1: Temperature sensor ‘Mash’; 2: Temperature sensor ‘Headspace’; 3: Temperature sensor ‘Tray 

1’; 4: Temperature sensor ‘Tray 2’; 5: Temperature sensor ‘Tray 3’; 6: Flow sensor ‘Reflux’; 7: Flow sensor ‘Product’; 8: Level 

sensors ‘Foam height’ 

 

5.2.2. Experimental setup  

Two test series were performed in order to investigate the effects of modified heating profiles 

on foam formation (Figure 26 and Table 5). The basis was a common heating profile (Dürr et 

al. 2010), which was modified at two points (adaptation points) in the test series and served as 

control. 

The common heating profile started off with an initial thermal energy input of 450 W L-1 (Q̇1). 

At a defined mash temperature of 90 °C (TMash = first adaption point) the thermal energy input 

was reduced to 134 W L-1 (Q̇2). When the top/third tray of the rectification column reached a 

temperature of 75 °C (TTray3 = second adaption point) a steady increase of thermal energy input 

(Q̇3(t) and q, respectively) was applied. The thermal energy input was increased until the first 

product ran out of the distillation device. Subsequently, the distillation device automatically 

regulated the thermal energy input to maintain a constant product flow of 10 L/h. Cooling water 

flow of the partial condenser was kept constant at 2 L·min-1. The distillation process was 

terminated, as soon as the ethanol concentration of the product dropped below 25 %vol. 

The first test series employed reduced thermal energy input levels to inhibit foam formation. 

Thus, the control heating profile was modified at the first adaption point. In three experiments 

(HP1.1-HP1.3) the adaption point TMash was set to a mash temperature of 75 °C and the thermal 

energy input (Q̇2) was reduced to 95, 59 and 43 W L-1, respectively. In a subsequent experiment 
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(HP1.4) a reduced thermal energy input of 43 W L-1 (Q̇2) at the original TMash was applied. 

Because of customs restrictions concerning the duration of distillation runs, the increase in 

thermal energy input (q) were higher in HP1.3 and HP1.4. 

The second test series aimed at counteracting process prolongations induced by the thermal 

energy reduction in the first test series. It was based on the most promising heating profile of 

the first test series and introduced changes at the second adaption point. When TTray3 was 

reached the thermal energy input was raised by a certain amount (Q̇3(0)), then the thermal 

energy input (q) was increased over time as before. Distillation experiments in the second test 

series started with HP2.2. Subsequent distillation experiments were performed with HP2.1 or 

HP2.3 due to observed foam formation in HP2.2.  

Distillation experiments of the first test series were performed with 100 L rye mashes in single 

determination. Distillation experiments of the second test series were performed with 100 L rye 

mashes and 100 L Bartlett pear mashes each in duplicates. 

 

 

Figure 26. Heating profile of experiments in the first (left) and second (right) test series 
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Table 5. Process parameters for experiments in the test series 

Test series 

Nr. 

Heating 

profile 

TMash 

[°C] 

TTray3 

[°C] 

 ̇1 

[W·L-1] 

 ̇2 

[W·L-1] 

 ̇3(0) 

[W·L-1] 

𝑞 

[W·L-1·h-1] 

1 & 2 Control 90 75 450 ± 1 134 ± 1 134 ± 1 46 ± 2  

1 HP1.1 75 75 450 ± 1 95 ± 1 - 46 ± 2  

1 HP1.2 75 75 450 ± 1 59 ± 1 - 46 ± 2  

1 HP1.3 75 75 450 ± 1 43 ± 1 - 90 ± 2  

1 HP1.4 90 75 450 ± 1 43 ± 1 - 90 ± 2  

2 HP2.1 90 75 450 ± 1 43 ± 1 59 ± 1 80 ± 2 

2 HP2.2 90 75 450 ± 1 43 ± 1 59 ± 1 121 ± 2 

2 HP2.3 90 75 450 ± 1 43 ± 1 59 ± 1 161 ± 2  

 

5.2.3. Sampling 

The produced distillates were collected in 20 fractions for subsequent analysis. The first ten 

fractions contained 100 mL, while fractions 11 - 15 contained 200 mL and fractions 16 - 19 

contained 1 L each. The final fraction contained the rest of the produced distillate. Distillations 

of Bartlett pears yielded less distillate. Bartlett pear distillates were therefore fractioned until 

fraction 18, while fraction 19 contained the rest of the produced distillate (< 1L). 

 

5.2.4. Raw materials and mash preparation 

Winter rye was purchased from Hahn-Mühle (Ostfildern, Germany) and Bartlett pears imported 

from South Tyrol were received from Kaiser Destillerie-Obstweinkellerei (Salach, Germany).  

Bartlett pears were shred via fruit mill (Helmut Rink GmbH, Amtzell, Germany) and transferred 

to a 1000 L stainless steel tank. The pH value was adjusted to pH 3.0.  The mash batch was 

simultaneously liquefied with 10 mL/hL pectin lyase (IUB 4.2.2.10, Schliessmann, Schwäbisch 

Hall, Germany) and fermented with 20 g/hL selected yeast strains (AROMA plus, 

Schliessmann, Schwäbisch Hall, Germany) over a period of three weeks.  

Winter rye was mixed with water at a ratio of 1:4 (w/w), liquefied using 1.4 mL/hL of Distizym 

BA-TS (Erbslöh GmbH, Geisenheim, Germany) at 90 °C (30 min), and subsequently 

saccharified at 60 °C (30 min) with 5.4 mL/hL mL of Distizym AG-Alpha (Erbslöh GmbH, 

Geisenheim, Germany) and 2 g/hL of enzyme tegaclast (Tegaferm, Baumgarten, Austria). 
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Subsequently rye mash batches were cooled to ≤ 30 °C and pitched with 20 g/hL yeasts 

(Kornbrand-Premium, Schliessmann, Schwäbisch Hall, Germany). The mash batches were 

fermented for three to four days in 1000 L stainless steel tanks at pH 3.8. 

In order to quantify only the effects of the changed heating profiles on the process and the 

distillate composition, it was necessary to exclude influences by differing mash characteristics. 

Therefore, each test series was performed with the same mash batch.  

 

5.2.5. Substrate characteristics 

In order to exclude temporal changes of substrate characteristics in mash batches between 

distillations, all drawn mashes were sampled before distillation and analyzed for specific 

substrate characteristics in triplicates. Samples were stored at -20 °C prior to analysis. 

Substrate characteristics included quantification of ethanol concentration, performed according 

to Senn and Pieper [157]. Protein concentration was analyzed using the method by Bradford 

[112]. Total carbohydrates were quantified via phenol-sulfuric acid method [172]. pH and 

conductivity were measured via multimeter (HQ40D, Hach, Loveland, USA). Viscosity 

determination was performed after particle extraction (> 0.45 mm) with a rotary rheometer 

(MCR 92, Anton Paar, Ostfildern, Germany) equipped with a concentric cylinder system based 

on method DIN 53019 [173]. Viscosity determination was performed at shear rates from 0.1 to 

1000 s-1 at 20 °C. In addition, dry matter (DM) and ash content of the mashes were determined 

according to Sluiter et al. [174]. 

 

5.2.6. Distillate product analysis 

All distillate fractions were analyzed for ethanol concentration via standardized density 

determination by a u-tube oscillator (DMA 4100 M, Anton Paar GmbH, Ostfildern, Germany). 

Ten volatile compounds (Table 6) were analyzed using a GC-FID (GC-2010, Shimadzu, Kyōto, 

Japan) equipped with a headspace autosampler (HS20, Shimadzu, Kyōto, Japan) and a Rtx-

Volatiles column (Restek Corp., Bellefonte, PA, USA). A five-point calibration of all analyzed 

substances was performed (R2 ≥0.99). All samples were water-diluted to 40 %vol ethanol prior 

to GC analysis.  
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Table 6. Analyzed volatile compounds in the fractionated distillates. 

Nr. Substance 

1 Methanol 

2 Acetaldehyde 

3 1-Propanol 

4 Ethyl acetate 

5 3-Methyl-1-butanol 

6 2-Methyl-1-butanol 

7 1-Butanol 

8 Acetaldehyde diethyl acetal 

9 2-Methyl-1-propanol 

10 1-Hexanol 

 

5.2.7. Statistical analysis 

Pearson correlation was applied to ascertain significant correlations of thermal energy input 

with volatile compounds concentrations of the distillates (p ≤ 0.05). One-way analysis of 

variance (ANOVA) was performed to determine significant changes in substrate characteristics 

of mash batches between distillation experiments. All statistical analyses were performed using 

SPSS Statistics (V.25, IBM, Chicago, USA).  

 

5.3. Results and discussion 

5.3.1. Substrate characteristics 

Analysis of mash samples taken prior to distillation showed no significant differences between 

mashes within a mash batch. This shows that the mashes were not significantly altered during 

storage between the distillation experiments. The determined substrate characteristics showed 

deviations of up to 6.25% (Table 7, viscosity curves not shown). We attribute these deviations 

to the non-homogeneous nature of the substrate, as well as to the limits of accuracy of the 

measurements. No alteration in ethanol content and viscosity indicated a completed liquefaction 

and fermentation of the mash batches prior to the distillations. Therefore, it can be assumed that 

differences in distillation occurred exclusively due to changes in the process conditions. The 

obtained results of the substrate measurements were in accordance with data from the literature 

[159,170]. 
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Table 7. Mean values and standard deviations of substrate characteristics of each mash batch. 

Properties Unit Rye (Batch 1) 

(n=5x3) 

Rye (Batch 2) 

(n=6x3) 

Bartlett pear 

(n=6x3) 

pH - 3.7 ± 0.1a 3.5 ± 0.1b 3.3 ± 0.0c 

Conductivity mS·cm-1 2.0 ± 0.0a 2.3 ± 0.1b 2.5 ± 0.1c 

Ethanol concentration %vol 6.1 ± 0.2a 6.5 ± 0.2a 4.2 ± 0.2b 

Total protein g·L-1 0.44 ± 0.02a 0.54 ± 0.01b 0.6 ± 0.02c 

Total carbohydrates g·L-1 18.1 ± 0.8a 19.3 ± 0.2b 16.4 ± 0.6c 

DM %FM 6.7 ± 0.2a 7.1 ± 0.1b 5.6 ± 0.2c 

Ash %DM 4.8 ± 0.3 4.8 ± 0.2 4.5 ± 0.1 

FM = Fresh matter 

Different lowercase letters within the same row indicate significant differences (p ≤ 0.05) 

 

5.3.2. Effects of different heating profiles (first test series) 

5.3.2.1. Process and Foaming 

Distillation with the control heating profile resulted in excessive foam formation > 20 cm and 

led to over foaming onto the first tray of the column (Figure 27a). Distillations performed with 

heating profiles HP1.1 and HP1.2 did not result in reduced foam formation (data not shown). 

Both experiments showed foam formation > 20 cm. Further, both heating profiles also led to 

excessive foam formation, which reached the first tray. In addition, both heating profiles 

resulted in increased process time compared to the control of 39% and 70%, respectively and 

in increased energy consumption of 6.8 - 10.9%. In HP1.3 a reduction of the thermal energy 

input (Q̇2) to 43 ± 1 W·L-1 was applied. This resulted in reduced foam formation (Figure 27b), 

where the foam height fluctuated within 10 to 20 cm. However, this heating profile showed an 

86% extension of the process time and resulted in an increased energy consumption of 14.6%.  
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Figure 27. Distillation performance of control (a) and heating profile HP1.3 (b). Vertical, black arrow indicates excessive foam 

formation to reach the first trays 
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Figure 28. Distillation process with reduced thermal energy input at 90 °C mash temperature; HP1.4 

 

To counteract the extension of the process time, the first adaption point TMash was shifted from 

75 °C mash temperature to 90 °C in heating profile HP1.4 (Figure 28). This reduced the process 

time extension from 86% (HP1.3) to 63%, while maintaining a similar foaming behavior as in 

heating profile HP1.3. However, HP1.4 showed a higher energy consumption of 19.5% 

compared to the control. Excessive foam formation and over foaming onto the trays did not 

occur. 

The experiments of the first test series demonstrated that foam formation can be controlled by 

reduced thermal energy input during the initial boiling of the mash in larger scale distillation 

devices. This result confirms the previously mentioned heuristic recommendation of Pieper et 

al. (1977) and the results obtained in laboratory scale experiments of Heller and Einfalt (2021). 

The heating profile HP1.4 showed the best results regarding foam formations. However, HP1.4 

had the drawback of an increased process time (63%) and higher energy consumption (19.5%) 

compared to a common heating profile. Nevertheless, HP1.4 should be applied, if mashes with 

high foam formation potential are to be distilled. Otherwise, the usage of a common heating 

profile may result in over foaming of the mashes leading to a process stop, a time demanding 

cleaning of the distillation system and a restart of the process. This could cause an even longer 

process time and a higher energy demand compared to HP1.4. 
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5.3.2.2. Distillate composition 

 

Figure 29. Concentration of Ethanol (a), Methanol (b), Acetaldehyde (c) and Ethyl acetate (d) in the first fractions with 

control and modified heating profiles with reduced thermal energy input (HP1.1, HP1.2, HP1.3, HP1.4) 

 

A reduction of the thermal energy input (Q̇2) was negatively correlated with the ethanol, 

methanol, acetaldehyde and ethyl acetate concentrations in the first fractions of the distillates, 

i.e. the lower the thermal energy input, the higher the concentrations of the compounds in the 

first fractions (Figure 29). Significant correlations of thermal energy input and ethanol (fraction 

1 - 13), methanol (fraction 1 - 14), acetaldehyde (fraction (1 - 5) and ethyl acetate (fraction 

1 - 4) were found (r = -1.000 - -0.951; p = 0.000 - 0.049), respectively. The concentrations of 

methanol, acetaldehyde and ethyl acetate in the first fractions were 36.0%, 38.1% and 42.4% 

higher in HP1.3 compared to the control. The shift of the adaption point from 75 °C to 90 °C 

mash temperature (HP1.3 and HP1.4) resulted in a maximal difference of 11.3% for ethanol, 

methanol, acetaldehyde and ethyl acetate. The concentrations of all analyzed volatile 

compounds and their distilling behavior were in accordance with previous reports [175–178]. 

The reason for the increase of ethanol, methanol, acetaldehyde and ethyl acetate concentrations 

in the first fractions of the distillates in the distillation experiments with a reduced thermal 

energy input appears to be a higher internal reflux in the column. High internal reflux before 

and around the time when the first distillate fractions are collected allows for a higher 

enrichment of lower boiling compounds like methanol, acetaldehyde and ethyl acetate in the 

first fractions [36,88,179,180]. As shown in Figure 27, a decrease in thermal energy input 

increased the total volume of the reflux before the first distillate fraction were collected. The 

total reflux in the distillation experiment with HP1.3 was 33.8 L. The control distillation 

experiment showed a total reflux of 19.9 L. HP1.4 showed a total internal column reflux similar 
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to HP1.3 (37.8 L) (Figure 28). Because the internal reflux converges over time to a similar level 

of 20 L·h-1 in the different experiments, the volatile compounds no longer differed in their 

concentration after fraction 14.   

In addition to the internal reflux, other factors, like the carryover of mash onto the first tray by 

excessive foaming in HP1.1 and HP1.2 could in part explain the observed differences. In 

essence, a separation step is lost due to carryover of liquid onto the first tray, which results in 

reduced rectification performance of the column [179].  

All in all, the experiments show that a decrease of the thermal energy input in the heating phase 

of the mash affects only the composition of the first distillate fractions, the later fractions seem 

to be largely unaffected. Because the head fractions are normally discarded and not consumed, 

there is no drawback in using one of the modified heating profiles with respect to the final 

distillate composition. No significant changes in the concentrations of the other analyzed 

substances could be detected in the final distillate (not shown).  

 

5.3.3. Effects of different heating profiles (second test series) 

5.3.3.1. Process and Foaming 

In the second test series we considered an increase in thermal energy input, when TTray3 was 

reached, to counteract process prolongations induced by prior thermal energy reduction. 

Rye mash distillations with the control heating profile resulted in foam formations > 20 cm 

(Figure 30a). In both distillations the excessive foam formations reached the first tray. In 

contrast to the first test series, the excessive foam formations now even reached the second tray. 

In the two duplicate experiments, the time when over foaming occurred differed by 1.5 min. 

Because of this temporal shift, only one profile is shown.  

Distillations with HP2.2 (data not shown) reduced foam formation and showed no overflow 

onto the trays. Yet, HP2.2 showed foam formations > 20 cm and reached the foam retention 

device. To further reduce foam formation, subsequent distillations were performed with HP2.1. 

In distillations with HP2.1 foam formation was limited to the still pot and did not reach the 

foam retention device. Initially the foam height varied between 15 and 20 cm (Figure 30b). 

Both heating profiles (HP2.1 and HP2.2) showed a significantly reduced extension of the 

process time and energy consumption compared to HP1.4. HP2.1 extended the process duration 

by 5.9% ± 0.5% and reduced the energy consumption by 1.9% ± 0.2% compared to the control. 

HP2.2 showed no increase in the process duration (< 1%) and reduced the energy consumption 

by 5.7% ± 0.1%.  

Thus, the experiments show that the delay in process time introduced by a prolonged heating 

phase can be compensated by a higher thermal energy input in the later phase leading to a 

similar process time as in the control experiment.  
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The same experiments were performed with a different feedstock. Bartlett pear distillations with 

the control heating profile showed high initial foam formation of > 20 cm, which was limited 

to the still pot (Figure 31a). The initial foam collapsed and leveled off at 10 cm foam height. 

Distillations with the heating profile HP2.2 showed no foam formation throughout the process 

(data not shown).  Distillation with HP2.3 showed foam formation of < 20 cm only in one of 

the duplicates (Figure 31b). The two heating profiles resulted in an extension of the process 

time of 23% ± 1% (HP2.2) and 10% ± 1% (HP2.3). However, HP2.2 and HP2.3 reduced the 

energy consumption by 5.5% ± 0.1% and 12.1% ± 0.1%, respectively. 

The results show that different mash types require specific heating profiles for inhibiting or 

reducing foam formation. Also, it became apparent that foam reduction is possible without 

excessive extension of process time as shown with HP2.3 in Bartlett pear and HP2.2 in rye 

mash distillations. Additionally, the altered heating profiles had the benefit of a lower energy 

consumption compared to the common heating profile. We therefore concluded, that the 

application of the altered heating profiles has no major drawbacks in terms of process 

efficiency, but also limit the risk of over foaming compared to a common heating profile. 



74 

 

 

Figure 30. Distillation process of rye mash with control (a) and HP2.1 (b). Vertical, black arrow indicates overflow of foam 

onto trays 
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Figure 31. Distillation process of Bartlett pear mash with control (a) and HP2.3 (b) 
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5.3.3.2. Distillate composition 

Statistical analysis of the data revealed a significant negative correlation of the ethanol 

concentration with a higher thermal energy input after the second adaption point in rye mash as 

well as in Bartlett pear distillation (Figure 32). In distillations performed with rye mashes 

significant correlations were found up to fraction 6 (r = -0.940 - -0.848; p = 0.005 - 0.033). In 

distillations with Bartlett pear mash a higher thermal energy input after the second adaption 

point was significant negatively correlated with the ethanol concentration up to fraction 16 (r = - 

0.967 - -0.844; p = 0.002 - 0.035). The highest ethanol concentration reduction of 4.3 %vol was 

found in the second distillate fraction of Bartlett pear distillation with HP2.3. The reduction of 

ethanol concentration in the drinkable fractions was 1.5 %vol - 3.15 %vol.  No significant 

correlations with other analyzed volatile compounds’ concentrations were found.  

As previously we attributed differences of the ethanol concentration by different heating 

profiles to the internal column reflux and excessive foam formation, which reached onto trays. 

In distillation experiments with rye mashes the control had the highest total reflux of 

55.3 ± 2.3 L before the first fractions. HP2.2 had the lowest total reflux of 36.0 ± 1.3 L. We 

assume that the ethanol concentration in the control distillation would have been even higher, 

if not for foam formations, which reached onto the trays. This probably counteracted the effects 

of the higher internal reflux. In distillation with Bartlett pear the control showed a total reflux 

25.0 ± 1.2 L before the first fraction. In the same time HP2.3 showed a total internal column 

reflux of 20.8 ± 0.9 L. Therefore, these results were also in consistence with the results of the 

previous experiments. 

In terms of distillate composition and ethanol recovery the altered heating profiles have the 

drawback of a reduced ethanol recovery compared to a common heating profile. However, the 

reduction in ethanol concentration was most severe in the first fraction of the distillates, which 

are normally discarded as heads. Considering the previous stated benefits of the altered heating 

profiles in terms of process and foaming the slight reduction in ethanol recovery is economically 

bearable. 

 

 

Figure 32. Ethanol recovery of rye mash (a) and Bartlett pear mash (b) distillation with heating profiles control, HP2.2 and 

HP2.1 or HP2.3. 

 

80.00

82.00

84.00

86.00

88.00

90.00

92.00

0 500 1000 1500 2000

E
th

an
o
l 

co
n
ce

n
tr

at
io

n
 

[%
v
o
l]

Distillate [mL]

Control

HP2.1

HP2.2
80.00

82.00

84.00

86.00

88.00

90.00

92.00

0 500 1000 1500 2000

E
th

an
o
l 

co
n
ce

n
tr

at
io

n

[%
v
o
l]

Distillate [mL]

Control

HP2.2

HP2.3

a b



77 

 

5.4. Conclusion 

Here, we demonstrate that foaming of fruit or grain mashes during distillation can be reduced 

or even prevented by reducing the thermal energy input in the initial heating phase of the mash. 

The altered heating profiles affected only the composition of the first fractions of the distillate. 

Since these fractions are discarded as a head cut, significant effects on the drinkable middle run 

are not expected. A major drawback of our regimen was the extension of the process time. But 

we could show that this can be compensated by a higher thermal energy input in the later phase 

of distillation leading to process times similar to the control experiments. Additionally, by using 

altered heating profiles the energy consumption of the distillation process could be reduced by 

up to 12.1%. The changes in the concentration of ethanol and the volatile compounds could be 

attributed to differences in the internal column reflux. Thus, a dynamic control of the partial 

condenser's cooling capacity should be considered to manipulate the ethanol and by-product 

concentrations in a desired way.  

If problems with foaming occur in mashes during distillation, we recommend reducing the 

thermal energy input to 43 ± 1 W·L-1, when the mash temperature reaches 90 °C. After initial 

boiling, the thermal energy input can be raised to 59 ± 1 W·L -1 with a steady increase over time 

with 80 ± 2 to 161 ± 2 W·L -1·h-1 depending on the used feedstock.  
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Abstract 

Unwanted foam bears the risk of affecting different thermal industrial processes negatively, by 

reduced process efficiency, contamination and total shut down. Mechanical defoaming methods 

are difficult to implement, while chemical anti-foaming agents are challenging in correct 

dosing. Ultrasonic defoaming actuators destroy foams purely mechanically from airborne, but 

their energy consumption per area is still excessive at 10 W cm-2. Results show that a frequency 

sweep between 40-168 kHz and a water-borne sonication needs power densities of around 

0.1 W cm-2 for lab-scale experiment to a copper column still. At this power level, ultrasound 

enforces the foam drainage and thus reducing the foam height and the process time of the 

column still by 20 %. The chosen frequency range indicates a resonant behavior of small liquid 

loaded lamella and Plateau-channels. 
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6.1. Introduction 

Unwanted foam formation can affect various industrial processes and equipment negatively. 

Often a reduction in throughput, malfunctions in the production process, and even a total shut 

down of the production are the results of foaming [181], which lowers the efficiency of the 

production process and increases operational costs [171,182–185]. 

Foam formation requires the occurrence of surface-active components together with a 

penetration of gas through liquid either by injection or due to evaporation [185]. Especially 

distillation processes are reportedly affected by foam formation in processes of the chemical 

and food industry and require further investigations and development of foam management 

solutions [171,181,186]. 

In the past, various foam management solutions were developed to overcome the issue of 

unwanted foam generation in industrial plants in order to prevent the increasing operational 

costs [181]. The most sustainable long-term solution is a change of the equipment design to 

prevent foam formation. But is also the most difficult and extensive one to implement. The 

most popular solution is the use of anti-foam agents as they can be applied to a wide range of 

different processes and are typically very effective [181]. Here, anti-foaming agents are either 

continuously added to the product to inhibit foam formation or discontinuous added when foam 

formation is detected. The use of anti-foam may cause an undesirable contamination of the 

processes, which can lead to performance losses, lower product quality, and are therefore not 

allowed in numerous food processes [171,187].  

Alternative mechanical defoaming solutions have been proposed such as centrifugal anti-foam 

pumps, rotary sieves [60,188–190], defoaming by sheeting the foam onto a spinning curved 

disk [191], defoaming with a water distribution system [192] and defoaming tanks [193]. 

Another mechanical way of defoaming is the use of ultrasonic devices. Several studies carried 

out with air-borne ultrasound device at frequencies between 10-40 kHz in the last century 

[145,167,194,195]. Significant defoaming occurred at acoustical intensity levels from 145-148 

dB [194]. However, these intensity levels require ultrasonic transducers with large 

displacements of around 123 µm and diameters of around 300 mm [145,196–198] and cause 

aerosols by creating atomization and violent cavitation [199]. The mechanisms of ultrasonic 

defoaming are still unclear, although theoretical explanations are done by several authors 

[190,195,200]. One hypothetical mechanism is the introduction of vibration by using resonant 

behaviors of foam. Here, induced surface waves along the lamella might enhance the drainage 

and then a lamella rupture [195]. However, the link between resonant element and applied 

frequency is still not clear, because of the complex structure of the foam. Free bubbles in liquid 

usually undergo resonance at ultrasonic frequencies and convert acoustical energy into motion 

[201–203]. Especially larger bubbles become resonant at ultrasonic frequencies as the void 
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fraction in the liquid increases [204]. More recent publications in ultrasonic foam measurements 

showed a resonant behavior at frequencies above 80 kHz, which seems to be linked to the 

lamella and channel vibration modes [205,206].  

This work follows this model and applies higher amplitudes to enhance the foam drainage by 

these resonant vibrations, while avoiding excessive amplitudes creating aerosols like air-borne 

actuators. The applied frequency-sweep between 40-168 kHz is above the previously studied 

frequency range. Furthermore, the approach to insonify the foam from the liquid bulk to 

resonate the liquid loaded foam structure of thermally induced foams is not yet to the authors’ 

knowledge investigated. 

 

6.2. Material and Methods 

6.2.1. Fluids 

Unhopped beer wort, fermented rye mash and SAS 93/H2O (0.13 %mas) were used for the 

studies, and their density, viscosity and surface tension were measured beforehand and are 

displayed in Table 8. Beer wort was prepared by mixing malt concentrate (Pilsener Malz, 

Weyermann GmbH, Bamberg, Germany) and distilled water in a mass ratio of 10:6. Rye mash 

was obtained from the Institute of Food Science and Biotechnology, Yeast Genetics and 

Fermentation Technology, University of Hohenheim, Stuttgart, Germany. The recipe is 

published in Heller and Einfalt [171]. For better foamability, the addition of pentosan-

degradable enzymes was avoided. A reference mixture of SAS 93 (WeylClean®, WeylChem 

International GmbH, Wiesbaden/Germany) was mixed with water in a mass ratio of 4:3000. 

The dynamic viscosity, density and surface tension was measured at 60 °C in triplicate using 

the same methods and devices done in Morelle et al. [207]. 

Table 8. Density, viscosity, and surface tension given for beer wort, rye mash, SAS-solution (0.1 %). Rye mash displays shear 
thinning rheological properties, thus the viscosity value for rye mash is given at the maximum shear rate. * Measurements at 

20 °C, ** Reference values of water have been used.  

 Density [g cm-3] Viscosity [mPa s] 
Surface tension  

[mN m-1] 

beer wort 1.0208 ± 3.23*10-4 0.074221 ± 2.05*10-3 26.279 ± 0.175 

SAS-solution 0,9989* ± 4.2*10-4 1.0** 30,945* ± 0,983 

rye mash 0.989 ± 1.92*10-4 18.333333 ± 1.37 37.416 ± 0.801 

 

6.2.2. Ultrasound frequency 

For energy-efficient foam destruction, the applied ultrasonic frequency ought to match the 

resonant frequency of the foam structure. Due to the low natural frequencies of the bubbles of 

a few Hertz, the ultrasonic waves rather excite the lamella and Plateau channels. A frequency 

equation presented by Pierre et al. [205], which assumes similar resonance was used to calculate 

the frequency range of the transducers: 
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𝜔0
2 =

12𝑁𝜎(1 − 𝜙)

𝑥2𝜌𝜑𝑅
3  (7) 

Herein, N is the number of adjacent films per bubble, σ the surface tension, ϕ is the liquid 

content in the foam, 𝑥 is the area ratio of the linear-parallel part to the total area of a lamella, 

and 𝑅 is the arithmetic mean bubble radius. In the calculations R = 0.5 mm, N = 13.7 [208,209], 

σ = 35 mNm-1 and ρ for water 998 kgm-3 were assumed. 

The assumed range of the liquid content of spherical and polyhedral foams was between 

0.26>ϕ>0.1. The area ratio 𝑥 was calculated from Princen's [210] empirical formula: 

 
𝑥(𝜙) = 1 −

3.2

√7.7 +
1 − 𝜙
𝜙

 
(8) 

The calculations suggested a use of frequencies between 28 kHz and 106 kHz for foams 

between 0.26>ϕ>0.2 (see Table 9). Foams usually have a statistically vertical gradient of liquid 

content, which is decreases from bottom to top. Therefore, a waterborne sonication is 

reasonable approach where the water content of the foam is highest and the bubble diameter is 

smallest. 

Table 9. Calculated resonant frequency of aqueous foams with a mean bubble radius of 1 mm for liquid fractions between those 

of spherical and polyhedral bubbles 

𝜙 [-] 0.05 0.1 0.15 0.2 0.25 0.26 

fR [kHz] 10.56 12.76 17.61 28.62 73.53 106.45 

 

6.2.3. Ultrasound systems 

For the demanded frequencies, several 40 kHz Langevin transducers (Hesentec, Rank E) and 

their harmonics up to 168 kHz were in use. Comparative measurements of the electrical 

impedance analyzer and hydrophone measurements showed the highest amplitudes at about 40, 

42, 57, 85, 101 and 168 kHz (see Figure 33). A linear frequency sweep with a period of 500 

ms was performed over the frequency range 40-168 kHz to hit broad spectrum of resonant 

lamellae in polydisperse foams. A frequency generator produced a sinusoidal excitation signal 

and the sweep, which was amplified by a 51 dBV voltage amplifier. A parasitic electrical series 

resistor compensated for the lack of electrical matching between the amplifier and transducer. 

Further information about the ultrasound system used are explained in Thünnesen et al. [211]. 



82 

 

 

Figure 33. Measured electrical impedance Z (a) and phase angle (b) in frequency range between 20 kHz and 200 kHz. Local 

minima and maxima in a) indicate the transducers mechanical resonance and antiresonance, respectively 

A firm clamping behind the transducer and ultrasonic coupling gel ensured the transmission of 

the vibrations over the wall into the beaker and into the distillation column, respectively. In the 

Lab-scale experiment, the transducers were tightened and bonded via a thread. 

 

6.2.4. Mini-scale setup  

In this setup, 200 ml beer wort boiled in a 400 ml beaker (VWR International GmbH, 

Darmstadt, Germany) with a diameter of 80 mm on a lab heating plate and ultrasonic actuator 

was positioned at a height of 60 mm which was at the same level of the liquid (see Figure 34). 

The beaker was covered to enhance the thermal foamability of the wort and to create a more 

stable foam height. 

 

Figure 34. Schematic setup of beaker test showing wave propagation through liquid bulk 
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6.2.5. Lab-scale setup  

This experimental setup consisted of a 100x100 mm rectangular glass vessel with a height of 

200 mm (see Figure 35). In the aluminum bottom, 4x100 W heating elements with 

thermocouples were embedded. One side was made of stainless steel, to which the transducer 

was attached at a height of 100 mm. For the experiments, 1.25 l of the respective liquid was 

boiled, which placed the transducer below the liquid level. Thermal sensors in the liquid, the 

headspace and on the heating elements recorded the temperatures. 

 

 

Figure 35. Lab-scale setup with ultrasound actuator clamped on metal wall 

For each specific heat input, a reference foam height without ultrasound, and the foam height 

after each 4 min US sweep at different powers are noted. The power levels were chosen 

equidistantly between 0 and 40 W, in which the ultrasound-induced pressure amplitude did not 

fall below the gas saturation pressure or vapor pressure of the liquid to provoke an opposite 

foam formation due to the ultrasound. The heating power levels started at the minimum power 

for foaming and increased by 50 W L-1 each time. 
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Figure 36. Schematic sequence of the test series by alternating heat input and ultrasound powers. Referencing foam heights and 

foam heights during sonication were measured within each heating step 

 

6.2.6. Column still  

The used copper column still (Carl GmbH, Eislingen, Germany) consisted of a 120 L still, 3 

trays and a foam retention unit in between. The retention unit is a bottom with two outlets, 

which prevents the trays from partially flooding by horizontally distributing the foam over the 

cross-sectional area and by redirecting the foam back into the still. As the foam overflows the 

retention unit, the distilling process is negatively affected, thus the ultrasound actuators are 

clamped directly next to the retention unit in order to destroy any foam reaching this height (see 

Figure 37). 

 

Figure 37. Sketch of the batch copper still with sieve tray column and dephlegmator (A), copper catalyst (B) and product cooler 

(C), ultrasonic actuators (US) and all installed sensors 
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A standard heating profile for distillation was used to create critical foam formation inside the 

column still, including three chronological periods with each different set specific heat inputs 

 ̇1,  ̇2,  ̇3 [52]. In the first heating period, a constant specific heat input of  ̇1 = 450 ±

1 W L−1 raised the mash temperature to Tmash = 90 °C, where most foaming occurs [15]. After 

reaching this temperature, the specific heat input was decreased to  ̇2 = 134 ± 1 W L−1, until 

the temperature of third tray were constant at 75 °C for 5 min. In the final period, the specific 

heat input is set to  ̇3 = q ∗ t +  ̇2 with a heating rate of 𝑞 = 46 ± 2 W L−1h−1 until the flow 

of distilled ethanol kept constant of 10 L h-1. 

 

6.2.7. Determination of foam height and lamella length  

The foam heights were measured optically in the lab-scale setup via a measuring scale on the 

glass wall. The reading accuracy was ±2 mm. The foam height was averaged over three 

measuring points equidistant to each other (25 mm) on the opposite glass wall of the actuator. 

For the beaker, serial images were taken with a camera (acA2500-60 uc, Basler GmbH, 

Ahrensburg, Germany) with a frame size of 1080x1920 px and a frame rate of 30 fps and 

measured by hand on screen. The conversion coefficient in the image was K= 0.302 mm px-1. 

With an uncertainty of ±2 px for distinguishing objects on an image, the uncertainty of foam 

height was 0.604 mm. The measurement of the lamella length also carried out by hand with the 

same uncertainties. 

 

6.3. Results 

6.3.1. Defoaming beer wort in beaker tests 

In the beaker tests, constant foam formation occurred at a temperature in the liquid of 

ϑl=99.9 ± 0.1 °C and in the air at ϑg=99.3 ± 0.2 °C. The water-borne ultrasound reduced this 

foam almost completely within 4 s during continuous boiling, as the liquid flowed out of the 

foam and the top bubbles shrank without bursting (see Figure 38 and supplemental movie data). 

It suggests that the fluid surrounding the bubbles drains completely out of the foam and the 

steam filled bubbles condensate into the liquid. Furthermore, the effect was reversible, as the 

foam rose to its original height between 33-37 mm immediately after the ultrasound was 

switched off. Random cooling of the air, which could lead to condensation of the vapor in the 

foam and thus to foam decay, could not be detected outside the measurement tolerances 

mentioned above. Since this effect occurred uniformly over the entire diameter of the cup, it 

indicates that the waves have reached the entire base area of the foam via the liquid. Moreover, 

the subsequent foam appearing during sonication had a purely polyhedral structure, with the 

arithmetic median length of the wall bounded Plateau borders increasing from the original 

1.59 to 3.9 mm. The applied electrical power was limited in a range between 5 and 15 W. If the 

power was too low, the foam decay was equal to the foam formation during boiling, which lead 

to a constant foam height of around 10 mm. Above a power level of 15 W, additionally 
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provoked foaming at the beginning of sonication disturbed the defoaming, since the acoustical 

pressure amplitude fell under the vapor pressure inside the liquid. However, sonication from 

the air with the same actuator could not produce any effect, despite a power level of 40 W. 

 

Figure 38. Temporal foam decay of boiling wort in waterborne ultrasound with a frequency sweep 40-168 kHz, at modified 

power a); and lengths of wall bounded Plateau borders before and 6 s after the start of sonication at 10 W, n=50 lamella. 

 

6.3.2. Defoaming at different specific heat input and foam heights at lab-scale 

6.3.2.1. Stages of foam formation 

In the experiments, an increase in the specific heat input led to an increase in the foam height 

due to a higher vaporization rate. Figure 39 shows the mean equilibrium foam height after 4 min 

at different specific heat input levels. First foam appeared with rye mash at 150 W L-1. With 

beer wort and SAS, foaming just happened at input levels higher than 200 W L-1. A lid on the 

setup maintained a steam atmosphere above the foam with a constant temperature. For beer 

wort and SAS, the temperatures were close to the boiling temperatures of water at ϑl=99.8 °C 

and ϑg=99.3 ± 0.2 °C, and ϑl=91.5 °C for rye mash. For rye mash, the lower boiling temperature 

is due to alcohol content. Previous studies with comparable mash showed a critical range of 

foaming at these temperatures [171]. 
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Figure 39. Mean equilibrium foam heights, averaged over 4 min without insonication at different heat inputs, n =3 

At the lowest specific heat input, the foam initially spread horizontally over the liquid surface. 

Only when applying the second largest specific heat input, the foam rose vertically, and the 

highest foam heights were reached. At the third heating level, foam heights slightly decreased 

again in the setup, caused by circulations inside the foam layers [141]. The lower circulations 

did not affect a stable upper layer in the SAS foam, so the height drop was not as large as with 

beer wort and rye mash. In addition, a temperature ϑl = 98.0 °C was measured for the rye mash, 

which was at the upper limit of the critical temperature range for foam formation, where the 

foamability decreases again [171]. 

 

6.3.2.2. Influence of ultrasound power 

At large foam heights during the lab-scale measurements, the foam layer separated into a 

coarse-pored, foam at the bottom and finer-pored foam at the top. The characteristic of the 

bottom foam layer is dynamic movement caused by steady upraising bubbles and film rupture. 

In contrast, the top layer remained stationary floating on the bottom foam layer. The bottom 

layer foam decayed faster with increasing actuator power, causing the upper foam to move 

downward without forced decay and the total foam layer to sink (see Figure 40). 
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Figure 40. Separation of foam of beer wort in a fine-pored foam on the top and a coarse-pored foam layer at the bottom at 

incident heat input 250 WL-1 

Figure 41 shows that increasing the ultrasonic power led to a uniformly increasing reduction in 

foam height. The biggest effects of ultrasound were observed in both the beer wort (Figure 41, 

a) and the rye mash (Figure 41, b) at foam heights of 40 mm in each case, at which the non-

sonicated foam layer was lowered by 80%. 

 

Figure 41. Mean equilibrium foam heights normalized to individual reference foam height for beer wort a), rye mash b) and 

SAS c) 

The results suggest that the foam decay due to ultrasound induced drainage, is not dominant in 

the upper layer, because the high intrinsic absorptivity of the foam allows only a limited 

penetration depth of the ultrasound on the one hand, but also the drainage itself is more inhibited 

by the smaller bubbles and higher curvature of the plateau borders. In addition, as the liquid 

flows downward through the foam, surface-active agents, such as proteins, accumulate and 

stabilize the lamella [137,212]. As the lamella and channels shrink, capillary pressure increases 

and thus the potential of ultrasound induced drainage is reduced [213]. At the same time, the 

resonant frequency decreases with the liquid content under the applied ultrasound frequency 

into the audible frequency range. Under these conditions, only the films with a negligible 

amount of liquid still vibrate compared to the plateau channels with greatly reduced 

displacement [205]. 
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6.3.3. Implementation to a column still 

Figure 42 shows the temperature curves during a destilling process inside the mash, in the 

column head space and at the first and second tray. Without foaming only a vapor mixture of 

ethanol and water with boiling points at 78 °C and 100 °C reaches the trays. The foam carries 

an additional amount of water and with the higher boiling point of water, the mixture’s 

temperature is raised. As the foam reaches the head space and is in contact with the temperature 

sensor, the headspace temperature suddenly raises and is close to the mash temperature (Figure 

42b)). The foam carries more water into the column and thus temperature raises in the upper 

two trays with a small delay. The ocurrence of foam was qualitatively confirmed by a inspection 

window. As the sonication started, it immediately supresses the foaming, which can be seen in 

the drop of the temperature in the headspace. With a little time delay, the temperature of the 

first and second tray also dropped, because less water vapor is in contact with the temperature 

sensor and the ethanol content is increased instead. In the reference process without sonication 

the foam entered the first tray which resulted in constantly higher temperatures throughout the 

entire process compared to the defoamed process. With defoaming the process time could 

reduced by 20 % in comparison to the reference process without defoaming. 

  

Figure 42. Comparison between process with ultrasonic foam suppression and a reference process without defoamers. A 

temperature difference < 2°C between temperature of headspace and of mash indicates flooding of the headspace with foam 

and reaching the sensors. Sonication suppresses the foam formation leading to a decrease of the temperature in the headspace 

and in the first and second tray again 

 

6.3.4. Discussion of ultrasonic effects 

In the beaker experiment, an immediate foam decay within seconds was only shown when 

ultrasound waves propagated through the liquid phase. This is partially due to the relatively 

small displacement amplitudes of the actuator used. The literature suggests pressure amplitudes 

of about 135 dB in air for similar foam destruction [198]. To achieve these values, 200 W 

actuators with diameters of 300 mm and max displacements of about 123 µm are required 

[145,195,197,198]. However, comparing to these actuators from literature, the water-borne 

insonication of an actuator with an electrical power of 10 W was sufficient to reduce the foam 
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height in a comparable amount of time in the beaker. One reason is the low transmittance of the 

actuator in air, which is subject to the high difference in the respective acoustic impedances of 

aluminum and air. If one assumes that the input power of the actuator equally distributes over 

the cross-sectional area of each setup, then the power density is of the same order of magnitude 

at different length scales (see Table 10). 

Table 10. Summary of applied actuator power inputs and ratio of power to cross-section area 

Setup 
Cross-section 

[mm] 

Applied 

actuator 

power [W] 

Power density 

[W mm-2] 

Beaker 80 10 19,9*10-4 

Lab-scale 100x100 10-40 10-40*10-4 

Column still 300 60 8,49*10-4 

 

However, the mechanism of foam destruction also seems to differ with the direction of 

incoming sound wave and at the frequencies being applied in the literature between 26- 40 kHz 

to the frequencies of 40-168 kHz being applied in this work. At higher frequencies, it is possible 

to match the resonant frequency of the foam linked to the film and Plateau channel vibrations 

and thus avoid the need of the actuator’s high displacement amplitudes. These vibrations cause 

capillary waves, non-linear liquid flow towards the antinodes due to centrifugal forces, dimples 

and vortices [214–219]. Dimples usually move to the border by asymmetric tension gradients 

and carry fluid out of the lamella [220]. The antinodes are usually between the lamella center 

and rim which an opposite thickening, unless the Plateau borders move at frequencies ≤fR [205], 

thus enhancing the drainage and resulting in a less stable foam, on the one hand.  

On the other hand, film thinning happens by the Marangoni effect of second order at the nodes 

if the diffusion time for re-adsorption 𝜏𝐷 =
ℎ2

𝐷
  lasts longer than the period time of applied 

frequencies of 5-23 µs. If one assumes a diffusion coefficient D = 14*1010 m²s-1 for equivalent 

proteins and a diffusion height equal to a lamella thickness of 1 µm, the re-adsorption is partially 

done during a period of the studied frequencies for the case of mash and beer wort [221,222]. 

The lamella elongation increases locally the surface tension and a lamella thinning, which 

promotes to go under the critical lamella thickness to rupture. To meet this condition, the largest 

capillary wave’s length linked to the applied frequency must be at least equal the radius of the 

film assuming an axisymmetric vibration mode as in Gaulon et al. [215]. Calculated by the 

wave number of capillary waves on the film 𝑘 =
𝑓

2𝜋
√𝜌𝑒/(2𝜎) [205] with film thickness e =1 

µm and earlier measured density and surface tension values, the wavelengths 𝜆 = 1/𝑘 are with 

<1.3 mm at the lower limit of the length distribution of Plateau borders measured during 

insonication (Figure 38b). The self-adaption of the lamella without an immobile rim might also 

result in a geometrical one during insonication. 
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Another difference is the direction of the incoming ultrasound. In air-borne sonication the foam 

volume decreases to a specific extent without decreasing the liquid hold-up [223]. The 

remaining foams become wetter and thus more resistant to further destruction due to an 

increased reflection coefficient of the lamella at liquid-air interface [200]. In contrast, the water-

borne sonication enforces the drainage into the bulk liquid [224]. Liquid from the upper layers 

must replace the drained liquid in the lower part of the foam. The characteristics of the foam 

decay in the beaker (see support information) and high-speed pictures of resonant lamella [183] 

seem to agree with this hypothesis. 

Additionally, the insonication of the liquid bulk might also alter the surfactants’ concentration 

carried by rising bubbles into the foam. During bubble oscillation, the liquid-air interface 

compresses and expands at high rate. During the compression period, the surfactants and 

proteins desorb into the bulk liquid. At expansion, the absorption is limited by the diffusion 

time of the surfactant through the thickness of the laminar flow layer around the bubble. This 

leads to a reduced equilibrium surfactant concentration at the oscillating interfaces with 

increasing frequencies from around 40-1 MHz [225–227]. As a result, the coalescence of rising 

bubbles forced by Bjerknes-forces increases, while the feed of surfactants into the foam 

decreases. Thus, bigger bubbles raise and create a coarser and more unstable foam from the 

beginning [227]. 

However, we also showed that the range of this effect was limited because of a limited 

penetration depth into the foam layers. Most sound/foam interactions are thought to occur at 

the foam/liquid interface, as the attenuation within the foam is 107 to 1010 higher compared to 

the attenuation of water and air [197]. Especially sound attenuation is at its maximum at the 

resonance frequency [201,205,217]. An increase of the ultrasound power can compensate this 

effect to a limited extent, due to the high-pressure amplitudes of the sound waves which 

decrease the pressure below the vapor pressure and promote additional evaporation [228]. Thus, 

a trade-off between maximum foam/sound interactions and high attenuation versus low 

interaction and high penetration depth must be found. Moreover, the lab-scale measurements 

showed that already dried structures of the foam are more resistant to destruction. As the lamella 

thins to a certain thickness, the capillary pressure and Marangoni effect become dominate thus 

reduce drainage to a minimum and stabilized the lamella [60,213]. This means that in industrial 

processes a preventive use of the sonication is best suited to keep the foam height at minimum. 

 

6.4. Conclusion 

Ultrasonic waves with a frequency sweep of 40-168 kHz significantly lower the equilibrium 

heights of foams of boiling liquids such as beer wort and rye mash within time scales between 

seconds and a few minutes. The frequencies were tuned to the theoretically hypothesized 

resonant frequency of the foam, assuming that it is governed by the resonant behavior of the 

lamellar/channel structure and not the bubbles themselves. The coarsening of the foams and the 

decay characteristics suggest that the induced vibrations of the lamella and channels generate 

surface waves and squeeze out the fluid, enhancing the drainage of wet foams. The propagation 
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of sound waves through the liquid bulk increases the insonified surface of the foam, while the 

actuator itself may be attached to the sidewall of the system. However, the method is limited 

by the depth of sound penetration into the foam, making it dependent on the post-flow of the 

liquid and subsequent collapse. In the case of already high foam ceilings of >40 mm, the upper 

foam layer is relatively dry and inaccessible to sonication, making it necessary to use this 

method already at an early stage of foam formation. In the case of the surfactant foam with 

SAS, the final collapse failed to occur despite a forced drainage, which is in accordance to 

literature [224]. For a distillation process of rye mash in a column still, the sonication reduced 

the foam as soon as it was active and achieved a time saving of 20 %. 

To treat the dry areas on the top of foams, airborne ultrasound would again be a possibility, but 

at audible frequencies, as the resonant frequency of the foam decreases with advanced drainage 

and coalescence. 

Further work should investigate a combination of a broadband ultrasonic sensor and an actuator 

to investigate the relationship between the applied frequency and the instantaneous foam 

resonance frequency in detail. In addition, further considerations are needed in this area to 

improve the sound input to the foam layer by using different actuator designs. 
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Symbols used 

fR [s-1]  resonance frequency 

N [-]  number of adjacent lamellae per bubble  

𝑅 [m]  arithmetic mean bubble radius 

Greek letters 
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ϑ [°C]  temperature 

ρ [kg m-3]  mass density 

σ  [N m-1]  surface tension 

ϕ  [-]  liquid content  

𝑥  [-]   area ratio of the linear-parallel lamella to the total area of a lamella 

𝜔0 [s-1]  angular resonance frequency 
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7. Concluding remarks 

In this work, a holistic approach to foam management, that prevents foam-related process 

disruptions by inhibition, reduction, and destruction of foams, is developed.  

First, the problem of ‘lack of reproducibility’ of distillation processes in the spirits sector was 

solved by digitizing a distillations plant. This was an important step since otherwise foam 

management actions could not have been definitely linked to changes in foam formation or the 

product. By an expansion of the MSR technology, important process parameters such as the 

thermal energy input and the reflux rate in the rectification column could be precisely control. 

This allowed distillations to be carried out reproducible and with equivalent results in terms of 

the obtained distillate. Secondly, a suitable method to reliably determine foam structures or 

liquid contents, respectively, in distillation plants was established to be able to measure the 

effects of foam management measures on the foam. 

On this basis, the work first investigated substrate-specific physical properties and their effects 

on foam formation, as well as the optimal choice of process parameters for foam inhibition on 

a laboratory scale. These laboratory scale experiments were secondly complemented by 

findings regarding the effects of thermal energy input on foam formation, on process separation 

effectiveness, and on product composition in industrial-scale distillation systems. Furthermore, 

validated parameters for foam destruction by acoustic actors were elaborated. The findings 

enable the design of a foam-resilient distillation process in the sector of spirits production. 

The proposed foam management includes the inhibition of foam by selective reduction of foam-

promoting substances, foam minimizing heating profiles, and an ultrasound-based method to 

destroy foam accumulation (Figure 43). Each of these measures was examined individually. 

However, a combined use was so far not implemented and should be investigated in the future. 

Nevertheless, important findings were made on foam dynamics under boiling conditions in 

distillation plants of the spirits industry. Due to its practical related design, it is of particular 

relevance concerning foam control and foam management under boiling conditions in industrial 

distillation systems of the spirit industry. The obtained results from all distillation experiments 

in the real system are summarized in the following. 
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Figure 43. Overview of foam formation under boiling conditions, its causes (black), promoting factors (dark grey), and foam 

management methods (light grey) with their place of action 

 

7.1. Reproducibility: operating conditions and foam formation 

An important step in all research on distillation equipment in the spirits industry is to ensure 

reproducible distillation processes. Hereby observed effects can be linked to experimental 

variables. Despite its importance, this was a novelty in spirit distillation research. As García-

Llobodanin et al. [28] pointed out, previous research had not addressed this issue.  

The advancing digitalization offers new possibilities to create a reproducible distillation in the 

spirits sector. Based on this line of thought, a distillation plant was digitized and equipped with 

extensive sensor and control technology to reliably and reproducibly generate and determine 

different operating conditions and foam formation.  

The sensor and control technology introduced into a traditional copper batch column still 

consisted of a total of 22 sensor and control devices. The sensor technology introduced was 

used to determine heat and mass flow in the distillation plant. The introduced control 

technology allowed precise control of the thermal energy input and internal reflux rates. As 

these are mainly responsible for the heat and mass transfer rates in the plant, their control was 

crucial for the reproducibility of distillation processes. A comparison of 28,600 data points of 

duplicated distillations showed a median RSD of <0.1% - 7%, proving the largely 

reproducibility of distillations processes with the digitalized batch column still. Further, it was 

proven that the distillations also led to similar product quality and similar volatile compound 

concentrations (median RSD 9.0 ± 8.0 %.), respectively.  
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In addition to measuring heat and mass transfer, the introduced sensor equipment was used to 

investigate foam formations. To reliably measure and characterize foam formations, a 

minimally invasive method based on capacitive point-level sensors was developed. Capacitive 

sensors were modified and calibrated using an electrical conductivity measurement to reliably 

determine the liquid content of foams. The development of the method made it possible to 

determine the liquid fraction in foams in industrial plants such as a distillation column. In 

contrast to previously used methods for measuring the liquid fraction, this method is easily 

applied and can also be used in ATEX environments or conductive vessels.  

The findings were subsequently used to develop a foam management system in distillation 

plants. However, the solutions can also be applied in other industries.  

Digitization of industrial plants can lead to higher reproducibility and comparability in all 

industrial processes since manual interactions and influences can be excluded. In the future, all 

research on the distillation of spirits should be carried out using a digitized system to exclude 

manual influences and quantify the influences of the ambient conditions on the obtained data. 

On the one hand, this would significantly improve research and, at the same time, enable easier 

comparison of research data between different research projects. 

The developed method to characterize foams regarding their liquid content can be applied in 

other industrial plants, which are also affected by impairing foam formations. Here, too, the 

results obtained can contribute to the development of a coordinated foam management system. 

An application as a part of the process control in processes where foams with certain 

characteristics are desired is also conceivable. 

 

7.2. Substrate-based factors influencing foam formation 

To not only fight the symptoms or foam formation, respectively, but the cause, the study 

addressed the characterization of substrates concerning their foam dynamics. The aim was to 

discover foam-promoting properties and/or components in substrates. Results could be used, on 

the one hand, to predict foam formations and on the other hand as a basis for a preventive 

solution to foam formations. 

Results showed that in the distillation of mashes, the substrate-specific property viscosity in 

particular correlated with foam formation. A reduction in viscosity due to the degradation of 

viscosity-determining compounds (e.g. pentosan) significantly reduces process-impairing foam 

accumulation. The most likely reason is increased drainage of the liquid phase resulting in 

reduced foam stability and a subsequently reduced foam formation. In addition to inhibiting 

foam formation, reducing the viscosity of mashes also has procedural advantages, e.g. in terms 

of pumpability. Furthermore, no change in the distillate is to be expected due to the reduction 

in viscosity before distillation. Therefore, a reduction in mash viscosity is recommended to 

largely inhibit foam formation during distillation. A similar approach is applicable for other 

processes with foam problems, as long as the viscosity reduction or the degradation of 

associated compounds, respectively, does not affect the final product. 
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7.3. Passive process parameters 

As the second element of the foam management system, favorable, foam-inhibiting, or 

minimalizing passive process parameters were determined both at laboratory scale and on the 

digitized distillation system. First investigations were carried out on a laboratory scale. Here, 

initial findings on foam-critical temperature ranges were shown. In particular, a temperature 

range from 89.5 °C to 98.2 °C was found to be critical for foam formation. The laboratory scale 

also showed that in general, a reduction in the thermal energy input reduces foam formations.  

By experimental distillations on the digitized distillation system, favorable operating conditions 

for a minimal foam formation were set based on the lab-scale findings. Distillation experiments 

with variable thermal energy input led to the conclusion that an initial reduction of the energy 

input to 43 ± 1 W/L at a mash temperature of 89.5 °C can prevent the formation of critical foam 

formation. To counteract an extension of the processing time, the thermal energy input can be 

increased again later, depending on the substrate-specific foam formation. These results led to 

the development of foam-minimizing heating profiles. These heating profiles could be used 

across substrates and reliably inhibited or minimized foam formation. 

The investigations of passive process parameters included the study of volatile compounds in 

the distillates in addition to the determination of operational conditions and foam formations. 

Changes in the first fractions of the distillates occurred due to changes in the thermal energy 

input. Since the first fractions are generally discarded, this side effect is negligible. The wide 

application of the heating profiles in the industry is therefore possible without having to fear 

changes in the product quality. 

Changing passive process parameters is a simple and cost-effective solution to overcome foam 

formations in industrial plants. Adjusting the temperature or the energy input is a possible 

solution for many thermal processes. For example, foam-prone processes with a set temperature 

could be modified so that the process temperature is outside the foam critical range. In a process 

such as distillation, where a temperature range must be traversed, adjusting the heating profile 

can be used to reduce foam formation. 

 

7.4. Active foam management 

As the last element for a foam management system, active measures for foam destruction were 

considered. The measures involve the destruction of foam accumulations using ultrasonic 

waves. Ultrasound with a frequency sweep of 40-168 kHz, which was the hypothesized 

resonant frequency of the foam, significantly reduced boiling-induced foam formations on a 

laboratory scale. The observed destruction of the foam was attributed to increased drainage 

from the liquid phase due to the introduced vibration of the lamella. However, the experiments 

showed that this method has two limitations. First, the experiments showed that dry foams are 

resistant to the effects of ultrasound, due to higher capillary pressure and a more prominent 
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Marangoni effect counteracting the ultrasound-induced drainage. Second, foam destruction by 

ultrasound has a limited area of effect, because of a limited penetration depth of the ultrasonic 

waves into the foam. Ultrasound should therefore be applied primarily to a narrow plant section 

to ensure that the introduced ultrasound covers the cross-section. In the experiments on the 

column still, the ultrasound was introduced at the lower end of the column at the level of the 

foam retention device. The applied ultrasound led to immediate destruction of the rising foam 

formations and prevented the overflowing of foam on upper trays. An application in a broader 

section, i.e. the heating vessel, is possible if an ultrasonic sonotrode with more power and/or 

several ultrasonic sonotrodes to increase the area of effect are available. This would allow 

ultrasound to be used in a preventive way rather than for foam destruction for already high foam 

formations. However, this would also entail increased energy consumption and/or higher 

investment costs. Due to this, methods based on substrate and passive process parameters 

modification are to be preferred. But, active foam destruction by the introduction of ultrasound 

showed potential and should be further investigated, as active destruction of foam is nonetheless 

part of a holistic foam management system. Alternatively, foam destruction by sprinkling of 

liquid onto the foam or by thermal actors during foam formation under boiling conditions 

should be investigated. 

 

7.5. Economic relevance of the results 

Equipment and plant manufacturers are potential users of the results. They can optimize their 

products to minimize foam formation and, if necessary, provide plant extensions for foam 

control, e.g. an ultrasonic sonotrode system. Engineering companies working in these business 

areas will also benefit. They can design new processes for foam-prone systems based on the 

findings of this work.  

Admittedly, it is mainly operators of distillation plants who primarily benefit from the results 

of this work. On the one hand, these are producers of spirits in the food sector. On the other 

hand, by transfer of the results manufacturers of bioethanol by distillation in the area of 

renewable energy and to a limited extent also operators of distillations plants in the chemical 

industry benefit.  

As initially mentioned, there are currently about 17,800 operators of distillation plants for spirit 

production. The majority are part of small and medium-sized enterprises. Although they are 

most affected by the foam problem, they do not have the infrastructural and human resources 

to solve the foam problem through extensive research themselves. However, this work provides 

a remedy. 

The results offer them the possibility to select, combine and implement the most economical 

foam management measure for their respective foam problem. This leads to a more energy- and 

resource-efficient operation of the distillation plant even under foam risky conditions.  
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Summary 

Foam formation occurs for various substrates during distillation processes. Their intensity 

depends on the substrate properties and processing parameters. A concrete prediction of the 

foam potential can only be approximated due to the physical, chemical, and biochemical 

complexity of the influencing factors. Foam formations affect both the design and the operation 

of distillation plants, due to various undesirable negative effects of foams on the process and 

the product. 

In this work, foam formations under boiling conditions in distillation plants of the spirit industry 

were investigated and different foam control methods for a holistic foam management system 

were developed. All foam control measures were studied individually and optimized for 

minimizing foam formation in distillation processes. It was intended to make the distillation 

process more foam-resilient, and less subjected to foam-induced process disruption. 

To investigate foam formation in distillation processes lab-scale experiments and experiments 

on a column still were carried out. Because up to now there is a lack of reproducibility in 

distillation processes of spirit drinks, this problem had to be overcome first. In this work, it was 

possible to largely reproduce spirit distillation processes by digitizing the distillation system. 

The digitalization included the installation of several sensors and devices for the measurement 

and control of energy and mass flows. In particular, the precise control of thermal energy input 

and internal reflux rates allowed us to perform reproducible distillation processes and to 

produce fruit spirit products with similar volatile compound compositions. 

Besides sensor and control devices for energy and mass flow, sensors for the detection of 

accumulating foam levels were installed in the distillation system. In addition to the detection 

of foams, the structure of the foams is of interest, as this correlates with their stability. In 

particular, the liquid fraction in foams has a significant influence on the structure and stability 

of foams. However, currently the measurement of liquid fraction in foams requires complex 

measurement methods. Easily applicable methods for industrial use are missing. Therefore, in 

this work, a novel minimally invasive method was developed to determine liquid fraction in 

foam. The method is based on a modified level sensor, which measures the capacity of the 

surrounding medium. The liquid fraction can be inferred from the capacity of the surrounding 

medium. The modified sensor was calibrated using electrical conductivity measurement. The 

correlation between the sensor output signal and the measured liquid fraction indicated a high 

accuracy. While the applicability of this method was successfully demonstrated, some factors 

affecting the sensor signal still need to be investigated. 

The digitization of the column still allowed the study of foam formations, as well as foam-

promoting operating conditions and substrate properties on an industrial scale subsequent to the 

laboratory scale experiments.  

In the first step for a foam management system, the inhibition of foams by modification of 

substrate properties was investigated. In experiments various physical and rheological 

parameters of mashes as well as other foam-relevant parameters were determined. The aim was 

to derive a possible link with foam formation. It was shown that the viscosity and viscosity-

determining compounds of the substrate have a significant influence on the foaming behavior 

of mashes.  Rye mash was used as the demonstration medium in these experiments.  In rye 

mash the compound pentosan was, in particular, influencing the viscosity. The experiments 
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demonstrated, that the degradation of pentosans prior to distillation resulted in a decrease in 

viscosity and reduced foam accumulation. 

Next to foam-promoting substrate properties, foam-promoting operating conditions were 

investigated. The aim was to link passive process parameters to foam formations. On a 

laboratory scale, the foam formation in rye mashes was investigated as a function of passive 

process parameters and operating conditions, respectively, during distillation.  It was 

demonstrated, that foam formations only occurred in a narrow temperature range of 89.5 – 98.2 

°C. Additionally, foam formations were significantly lower with reduced energy input. The 

findings of the lab scale experiments were applied to develop foam-resilient heating profiles for 

distillations in the column still. In addition, it was focused on the separation effectiveness and 

economic efficiency of the new heating profiles, particularly with regard to process duration 

and the quality of the distillates obtained.  Promising foam-resilient heating profiles were 

transferred to different substrates and their effectiveness was tested.  Based on the findings, 

recommendations for distilleries for a foam-resilient distillation process could be derived, as 

well as predictions regarding effects on the product quality and process effectiveness.  

As the last step, active measures for foam destruction utilizing ultrasound were investigated. 

Ultrasound was introduced into the column at the level of the foam retention device of the 

distillation unit. The introduction of ultrasound into the column at the level of the foam retention 

device resulted in a reduction of foams. The observed decrease in foams was attributed to 

ultrasound-induced drainage of the liquid phase and subsequent destruction of the foam. 

However, also limitations of the method were found, e.g. limited area of effect. Further research 

is needed to validate the results and overcome these limitations. 

Overall, it was shown that foam management, which is not based on chemical defoamers, is 

possible in foam formation under boiling conditions in distillation processes. Several proposed 

measures, including inhibition, reduction, and destruction of foams were proposed. By 

combining them a holistic foam management is feasible.  
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Zusammenfassung 

Bei Destillationsprozessen kommt es bei verschiedenen Substraten zur Schaumbildung. Ihre 

Intensität hängt von Substrateigenschaften und Prozessparametern ab. Eine konkrete 

Vorhersage des Schaumpotentials kann aufgrund der physikalischen, chemischen und 

biochemischen Komplexität der Einflussfaktoren nur näherungsweise erfolgen. 

Schaumbildungen beeinflussen sowohl die Auslegung als auch den Betrieb von 

Destillationsanlagen, da Schäume verschiedene unerwünschte Auswirkungen auf den Prozess 

und das Produkt haben können. 

In dieser Arbeit wurde die Schaumbildung unter Siedebedingungen in Destillationsanlagen der 

Spirituosenindustrie untersucht und verschiedene Methoden zur Schaumkontrolle für ein 

ganzheitliches Schaummanagementsystem entwickelt. Alle Methoden zur Schaumkontrolle 

wurden einzeln untersucht und für eine Minimierung der Schaumbildung in 

Destillationsprozessen optimiert. Ziel war es, den Destillationsprozess resistenter gegen 

schaumbedingte Prozessunterbrechungen zu machen. 

Zur Untersuchung der Schaumbildung in Destillationsprozessen wurden Experimente im 

Labormaßstab und an einem Brenngerät durchgeführt. Da bisher die Reproduzierbarkeit bei 

Destillationsprozessen von Spirituosen ein Problem darstellt, musste hierfür zunächst eine 

Lösung erarbeitet werden. In dieser Arbeit konnten durch Digitalisierung des Brenngeräts 

Destillationen reproduzierbar durchgeführt werden. Die Digitalisierung umfasste den Einbau 

mehrerer Sensoren und Geräte zur Messung und Regelung von Energie- und Massenströmen. 

Insbesondere die präzise Steuerung der thermischen Energiezufuhr und der Rückflussrate in 

der Destillationskolonne ermöglichte es, reproduzierbare Destillationsprozesse durchzuführen 

und Obstbrände mit gleichbleibender Zusammensetzung der flüchtigen Verbindungen 

herzustellen. 

Neben der Mess- und Regeltechnik für Energie- und Massenstrom wurden in der 

Destillationsanlage Sensoren zur Erfassung von Schäumen installiert. Neben der Detektion von 

Schäumen war die Messung der Struktur der Schäume von Interesse, da diese ihrer Stabilität 

beeinflusst. Insbesondere der Flüssigkeitsanteil in Schäumen hat einen erheblichen Einfluss auf 

die Struktur und die Stabilität von Schäumen. Allerdings gibt es zur Messung des 

Flüssigkeitsanteils in Schäumen derzeit nur komplexe Messmethoden. Einfach einzusetzende 

Methoden für den industriellen Einsatz fehlen. Daher wurde in dieser Arbeit eine neuartige, 

minimal-invasive Methode zur Bestimmung des Flüssigkeitsanteils in Schäumen entwickelt. 

Die Methode basiert auf einem modifizierten Füllstandssensor, der die Kapazität des ihn 

umgebenden Mediums misst. Über die Kapazitätsmessung des Schaumes kann auf den 

Flüssigkeitsanteil des Schaumes rückgeschlossen werden. Der modifizierte Sensor wurde mit 

Hilfe einer elektrischen Leitfähigkeitsmessung kalibriert. Eine hohe Korrelation zwischen dem 

Sensorsignal und dem gemessenen Flüssigkeitsanteil konnte gezeigt werden. Obwohl die 

Anwendbarkeit dieser Methode erfolgreich demonstriert wurde, müssen einige Faktoren, die 

das Sensorsignal beeinflussen, noch untersucht werden. 

Die Digitalisierung des Brenngeräts ermöglichte die Untersuchung von Schaumbildung, sowie 

von schaumfördernden Betriebsbedingungen und Substrateigenschaften im industriellen 

Maßstab neben Experimenten im Labormaßstab.  
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Als erstes Element eines Schaummanagementsystem wurde die Inhibition von Schaumbildung 

durch Veränderung der Substrateigenschaften untersucht. In Versuchen wurden verschiedene 

physikalische und rheologische Parameter von Maischen sowie weitere schaumrelevante 

Parameter bestimmt. Ziel war es, einen möglichen Zusammenhang mit dem 

Schaumbildungsvermögen der Substrate herzustellen. Es zeigte sich, dass die Viskosität und 

viskositätsbestimmende Verbindungen im Substrat einen wesentlichen Einfluss auf das 

Schaumverhalten haben. Als Demonstrationsmedium für diese Versuche wurde 

Roggenmaische verwendet.  In Roggenmaische war insbesondere die Verbindung Pentosan 

viskositätsbestimmend. In Versuchen konnte gezeigt werden, dass der Abbau von Pentosanen 

vor der Destillation zu einer Verringerung der Viskosität und einer geringeren Schaumbildung 

führte. 

Neben den schaumfördernden Substrateigenschaften wurden auch schaumfördernde 

Betriebsbedingungen untersucht. Ziel war es, passive Prozessparameter bzw. daraus 

resultierende Betriebsbedingungen mit Schaumbildung zu korrelieren. Im Labormaßstab wurde 

die Schaumbildung in Roggenmaischen in Abhängigkeit von passiven Prozessparametern bzw. 

Betriebsbedingungen während der Destillation untersucht.  Es zeigte sich, dass Schaumbildung 

nur in einem engen Temperaturbereich von 89,5 - 98,2 °C auftrat. Außerdem war die 

Schaumbildung bei reduziertem Energieeintrag signifikant reduziert. Die Erkenntnisse aus den 

Laborversuchen wurden genutzt, um schaumresistente Heizprofile für Destillationen mit dem 

Brenngerät zu entwickeln. Darüber hinaus wurde die Trenneffektivität und die 

Wirtschaftlichkeit der neuen Heizprofile, insbesondere im Hinblick auf die Prozessdauer und 

die Qualität der gewonnenen Destillate, untersucht.  Vielversprechende schaumresistente 

Heizprofile wurden auf unterschiedlichen Substraten angewendet um ihre allgemeine 

Wirksamkeit zu prüfen.  Aus den Ergebnissen konnten Empfehlungen für Brennereien für einen 

schaumresistenten Destillationsprozess abgeleitet, sowie Vorhersagen über Auswirkungen auf 

die Produktqualität und Prozesseffektivität durch Änderung der passiven Prozessparameter 

gemacht werden. 

In einem letzten Schritt wurden aktive Maßnahmen zur Schaumzerstörung mit Hilfe von 

Ultraschall untersucht. Der Ultraschall wurde auf Höhe der Schaumrückhaltevorrichtung des 

brenngeräts in die Kolonne eingebracht. Die Einführung von Ultraschall in die Kolonne auf der 

Höhe der Schaumrückhaltevorrichtung führte zu einer Zerstörung von Schaumbildungen. Der 

beobachtete Rückgang der Schaumbildung wurde auf die durch den Ultraschall induzierte 

Entwässerung der flüssigen Phase und damit einhergehende Zerstörung des Schaums 

zurückgeführt. Es wurden jedoch auch Limitierungen der Methode festgestellt, z.B. ein 

begrenzter Wirkbereich. Weitere Forschungsarbeiten sind erforderlich, um die Ergebnisse zu 

validieren und diese Limitierungen zu überwinden. 

Insgesamt wurde durch diese Arbeit gezeigt, dass ein Schaummanagement, das nicht auf 

chemischen Entschäumern basiert, bei der Schaumbildung unter Siedebedingungen in 

Destillationsprozessen möglich ist. Es wurden mehrere Maßnahmen vorgeschlagen, darunter 

die Inhibierung, Reduzierung und Zerstörung von Schaum. Durch deren Kombination ist ein 

ganzheitliches Schaummanagement möglich.  
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