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Vaporisation of Aromatic Components during the 
Beer Production
In a lot of processes and production steps in the Life-Science-Industry liquid semi-fi nished products are in contact with 
high temperatures and associated pressures. As a result steaming operations occur which have to be seen as thermodynamic 
separation processes. Concerning the exhaustion of aromatic components these steps infl uence intentionally or unintention-
ally the quality of the fi nal product.
The purport of this article is an overview of the thermodynamical basics concerning the steaming of aromatic components. 
Therefore the process of vaporisation by vaporescence and the vaporisation by boiling are both explained and defi ned. 
Furthermore this theoretical background and the corresponding formulas are tested and proofed by two samples of the 
sum of all existing experiments. 
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1 Introduction

Aromatic components are of high importance for the production 
of food. Their content infl uences the success and the quality of 
food and beverages signifi cantly. Actually, a consumer is very 
interesting in getting naturally produced and pure products. Es-
pecially the aromatic profi le should consist of natural fl avours 
and shouldn’t be artifi cially created.  Considering this customer 
preference it is important to understand the development of a 
special aromatic profi le during the whole production process. 
That means that the kinetics of the creation of important fl avours 
must be researched. Furthermore, their expulsion by vaporisation 
must be made predictable.

A comestible good which is very interesting regarding to this 
problem is the traditional beverage beer. Especially in Germany, 
where a brewer has to consider the German purity law, the dif-
ferent aromatic components which create the special character of 
a beer type have to be of a natural source and must not be added 
artifi cially. The multitude of all aromatic substances is divided 
by an expert in desired and undesired ones. The intention of the 
production process consists primarily in the advancement of the 
creation of positive fl avours and in the suppression of negative 
ones.  The appropriate tool for the last target is the vaporisation 
of these fl avours.

The vaporisation of a substance describes the phase-change of a 
molecule out of the liquid phase into the vaporous one. There is 
one possibility in the process of vaporescence, another one is the 
procedure of boiling. Related to the brewery especially the wort 
production in the brew house is interesting concerning the vapori-

sation and thereby the thermodynamical expulsion of unwanted 
fl avours. The diverse production steps differ in mashing and wort 
boiling. Mashing means the creation of a suspension of grounded 
malt and water which is transferred by enzymatic reactions in a 
sugar containing solution which is called wort. By a separation 
process, the lautering, the wort is boiled. After this the process 
is continued by a second separation process in the whirlpool and 
the last is the pumping of the fi nished wort into the fermentation 
cellar. During all these steps vaporisation is an over all occurring 
separation process which infl uences the content of important 
aromatic components.

The target of this published project consists in the fi nding of a 
model for the prediction of the content of aromatic components 
at the end of the mashing process. By combining this model with 
an existing one describing the vaporisation by boiling [1] a very 
effective tool is created. This one can be used in every brewery for 
optimising the boiling process concerning time and energy effort.  
In this work the aromatic substance Benzaldehyde ais researched. 
Installing the described method it is possible to change the usual 
practice of the usage of standard programmes by introducing in-
dividually controlled brews. By that way changes in time, energy 
and fi nally money can be reached.

2 Basics

Description of the vapour liquid equilibrium
Reducing the content of an aromatic component by vaporescence 
during mashing or by boiling during wort boiling are vaporisa-
tion processes. The impulse for this process is the effort of the 
two-phase-system for fi nding the state of equilibrium between the 
liquid and the vaporous phase.

The vapour-liquid equilibrium state is reached, if all netto 
fl ows, like heat and mass-transfer are zero. This formulated 
mathematically means that the pressure, the temperature and 
the chemical potential have in both phases the same value.

 TV = TL     (1)



September / October 2008          164BrewingScience

 PV = PL     (2)

 μV = μL     (3)

There is a thermal, mechanical and chemical equilibrium, which 
summarised is called thermodynamical equilibrium. To depict 
this state between two phases the vapour and the liquid partial 
pressure can be used.

 pV = pL     (4)

Equation 4 describes the equilibrium between the vapour and the 
liquid phase if the partial pressures are equal [2]. 

The partial pressure of the component i in the vapour phase is 
defi ned by Dalton in the following way:

 pV = yi · P    (5)

In this formula yi describes the concentration of an aromatic com-
ponent i in the vapour phase. The calculative partial pressure in 
the liquid phase is formulated by Raoult as follows [3]:

 pL = xi · γi · p
S    (6)

The factor xi includes the concentration of a component i in the 
liquid phase. The activity coeffi cient γi means a dimensionless cor-
rection factor which is describing the difference between an ideal 
and a real solution. The formulas of Dalton and Raoult combined 
lead to the following one [4]:

 yi · P = xi · γi · p
S    (7)

This equation describes the correlation between the content of a 
fl avour component in a liquid, non ideal mixture to the correspond-
ing concentration in the steam.

Of particular importance for the vaporisation of an unwanted 
aromatic component during mashing and lautering is the very 
low concentration area of an aromatic component in water/wort. 
According to the researched substance the concentration range is 
between xi < 10 –3 to xi < 10 –5. Thus this highly diluted solution 
is called infi nite solution. In a homogenous mixture the solute 
molecules do not interact among each other. There are only in-
teractions between the molecules of  water and of the aromatic 
substance or just between water molecules [5]. The following 
scheme describes this state.

i i

i

By using this theory a mixture consisting of one component 
whose concentration is nearly one and other components whose 
concentrations are close to zero can be simplifi ed. The activity 
coeffi cient loses its dependence to the contribution of a solution. 
In this concentration range the activity coeffi cient γ∞ depends only 
on the temperature [7]. 

Introducing this simplifi cation and defi ning a parameter, called 
distribution factor [2]

 Ki =  xi
     (8) 

which is an expression for the vapour-liquid-equilibrium, the fol-
lowing modifi cation of the equation above can be obtained [1]: 

 Ki = γi ·  P    (9)

Another name for this parameter is “absolute volatility”. A com-
parison of two distribution factors of the components i and j, both 
solute in the same medium, leads to the “relative volatility” αi,j.

 αi,j = Kj
     (10)

For the condition of an infi nite solution of an aromatic component 
in water/wort equation 10 can be simplifi ed to:

      

       

In case of vaporisation by vaporescence this simplifi cation is not 
valid anymore, because of the fact, the vapour phase is formed by 
not less than three substances (air, water, fl avour). Furthermore 
the steam content in saturated air under brew house conditions 
is not high diluted.

Description of vaporisation by vaporescence

The vaporescence of an aromatic component as well as the boil-
ing process are vaporisation procedures. It exists a vapour and a 
liquid phase which are anxious to reach the state of equilibrium 
by mass- and heat transfer. The following description of vapores-
cence is signed by the important fact that the phase change of a 
molecule is only performed at the phase interface, the surface of 
the fl uid. Therefore the explanation consists in the temperature 
dependence of a steam pressure. Under atmospheric conditions 
and in a temperature range lower than the boiling temperature of 
the fl uid, the corresponding steam pressure is to low for creating 
bubbles. 

In the case of pure water molecules of the liquid phase start eva-
porating by vaporescencce, if the partial pressure of the liquid 
phase, that means the steam pressure of water, is higher than the 
partial pressure of the vapour phase. The following expresses 
this fact:

 pwater ≥ pwater    (12)  
Fig. 1 Concentration range called „infi nite solution“ 

[6]
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For a solution of equation 13, considering the conditions of the 
mashing process, a thermodynamic and a kinetic separation factor 
has to be researched and defi ned. The kinetic factor describing 
the mass transfer in the vapour phase can be calculated by using 
following equation [9]: 

      (14)

The parameter NTUGi (number of transfer units) of a component 
i in the vapour phase (G) soluted in a medium j describes the 
infl uence of the velocity on the mass transfer, the seize of the 
surface and the fl ow speed of the surrounding medium. The cor-
responding defi nition is:

      (15)

Of high importance is the included mass transfer coeffi cient. This 
factor can be understood as a velocity, composed out of the diffu-
sive constant of the substance i and the thickness of the vaporous 
boundary layer l. Therefore the defi nition is:

      (16)

By using the fi rst law of Fick this factor can be described by the 
loss of the mass of component i and the belonging vaporous par-
tial pressure of this substance. With some simplifi cations of this 
equation like the ideal gas law and the supposition of a vaporous 
partial pressure of zero of component i in the incoming inert gas, 
the following variation of Fick`s law can be defi ned [11]: 

      (17)

This equation means a possibility to determine the needed mass 
transport coeffi cient adapted to different processes and aggregates 
by performing experiments in laboratory scale. For scaling up 
these results to practical systems, the experiments must include 
varying conditions like changing vessels, raising fl ows of inert 
gas and different temperatures.  By the resulting data a Sherwood 
relation can be formulated, which is needed for fi nding different 
mass transfer coeffi cients of fl avours in air [12].

The resulting mass balance describing the process of vaporisa-
tion by vaporescence for an aromatic component i is defi ned as 
follows [9]:

      (13)

For solving this equation the mathematical relation ri(xi) has to 
be known. Therefore the dominant vapour-liquid-equilibrium and 
the different mass transfers of the substances i and j have to be 
researched and determined. By introducing two kinetic (KL, KG) 
and one thermodynamic factor (αi,j), the process of vaporescence 
can be calculated. This last factor contains the separation factor of 
a high diluted aromatic component i compared to the separation 
factor of a soluting medium j. Of course the explained thermo-
dynamic basics of the vapour liquid equilibrium are valid for this 
way of vaporisation too.

More complex is the determination of the vaporous and liquid 
kinetic separation factors. The mass transfer of an unwanted 
component in both phases has to be looked for.

Calculation of the vaporisation by vaporescence during the mash-
ing production

In the following the process of mashing is modelled concerning the 
vaporisation by vaporescence. A simplifi cation of the demonstrated 
calculations is caused by the fact that the mash is stirred homo-

The missing bubble creation means that the phase change of a 
molecule has to be performed in the surface of the liquid phase, 
the phase interface between steam and fl uid. Furthermore it has 
to be considered that the quality of this way of vaporisation is 
strongly infl uenced and controlled by the mass transport to the 
phase interface and away from it. The basics of the mass transfer 
can be seen in analogy to the heat transfer. Both describe a resist-
ance against a transport process. Taking into account the different 
material properties of the steaming aromatic components, the mass 
transfer can infl uence the separation quality of the process. Thereby 
the exhaustion of a fl avour can be improved or distinguished. This 
exercise of infl uence is dependent on the fl ow conditions of the 
vapour and the liquid phase and especially on diffusive properties 
of a substance.

The following fi gure describes this factor:

Fig. 2 Illustration of vaporous and liquid concentration 
gradients

geneously for a good mixing and for a boosting of the enzymatic 
reactions [10]. The following fi gure clarifi es this fact.

Fig. 3 Illustration of vaporous concentration gradi-
ents

&
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These premises are the basis for the prediction of the vaporisation 
by vaporescence of aromatic components in infi nite dilution during 
the mashing process. The following equation has to be used:

      

It is obvious that the thermodynamic and the kinetic separation 
factors are needed for solving equation 18. By that way a predic-
tion of the vaporisation of an unwanted aromatic component is 
possible.

Description of vaporisation by boiling

The process of boiling is characterized by steam bubbles which 
exist in the boiling fl uid. This statement seems to be nearly 
trivial but in fact it includes both possibilities for the process of 
vaporisation by boiling. Related to pure water this fl uid is boiling 
if the steam pressure is equal to the ambient pressure. Following 
equation is valid:

      (19)

In this equation both methods of boiling can be identifi ed. One 
principle is given by infl uencing the temperature dependent steam 
pressure of a substance. By heating a fl uid directly its steam pres-
sure is raising. If substance specifi c vaporisation energy is reached 
a molecule evaporates by leaving the liquid phase and going to 
the vaporous one.

Another principle is given by the fl ash evaporation. This method 
means vaporisation by boiling by infl uencing the ambient pres-
sure. It is reduced to the temperature dependent steam pressure of
a substance. In the whole liquid steam bubbles are raising and the
phase change of the molecules is reached. The intensity of boiling
by this method depends on the difference in pressure and tem-
perature. All existing wort boiling systems can be explained by 
these two principles. There are differences concerning the process 
control (continuous, discontinuous), the way of heating, the position 
of the vessel and the heating system (internal, external) and the 
special process parameter like the pressure and the temperature. 
But without any exception all possible systems can be reduced to 
the described two possibilities of boiling.

Calculation of the vaporisation by boiling using direct heating

The relation of the content of an aromatic component in the liquid 
phase to the concentration in the vaporous one is described for 
this way of boiling by the thermodynamic factor. That means that 
there is always a functional relation between the liquid aromatic 
content in both phases at every moment of the boiling process by 
which the vaporisation of a component can be calculated. Figure 4
describes the vapour-liquid-equilibrium in the case of boiling by 
direct heating. 

The describing mass balance for this process of vaporisation by 
boiling is given as follows [13]:

      (20)

(18)

This equation can be solved by using equation 8 and by introduc-
ing the standardized over all evaporation. 

 DN = 1 – LN    (21)

The resulting expression is formed as follows:

For solving this equation the described knowledge concerning the 
vapour-liquid equilibrium is required. By that way the steaming 
of an aromatic component during the process of boiling by direct 
heating is possible.

Calculation of the vaporisation by boiling using fl ash evapora-
tion

This way of boiling is characterized by another vapour-liquid-
equilibrium contrary to the method of boiling by direct heating. 
Of course there is a relation between the fl uid at the beginning 
of the boiling process and the rising steam at the end. But this 
relation can be described by the equilibrium. Following fi gure 
expresses this problem: 

Fig. 4 Illustration of the vapour-liquid-equilibrium in 
the case of boiling by direct heating

(22)

Fig. 5 Illustration of the vapour-liquid-equilibrium in 
the case of boiling by fl ash evaporation

For this process the relation between the concentration of an 
aromatic component in the vaporous phase and its content in the 
pressurized liquid phase which are not in a state of equilibrium 
must be looked for. In this case there is a vapour-liquid-equilibrium 
between the steam and the non pressurized liquid phase. This fact 
can be proven by equations 1, 2, 3. The temperatures and pressure 
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do not achieve the conditions of a thermodynamic equilibrium. 
This vaporisation process cannot be calculated using equation 22.
Another mass balance describing vaporisation by boiling has to 
be defi ned. The following equation describes the process fl ash 
evaporation:

       (23)

By some simplifi cations this form of equation 23 can be ob-
tained

      (24)

For solving this equation the temperature determined vapour-liq-
uid-equilibrium of the fl ash vessel has to be known. Furthermore, 
the over all evaporation during the step of expansion has to be 
determined. By measuring the temperature difference (T0 – Tex ), 
inserting the vaporisation energy (rex ) and using the effective heat 
capacity (cw ) the following equation can be obtained: 

Using this equation it is possible to calculate and to predict the 
vaporisation process of a continuous controlled fl ash vaporisa-
tion.

Combination of both boiling principles

The explained principles of boiling by direct heating and boiling 
by fl ash evaporation cannot be found very often in the described, 
practical constructions. Very often combinations of both systems 
are used. The most popular aggregates are internal and external 
boilers, which work by using the principal of a fl ash evapora-
tion in a discontinuous procedural method. Therefore wort is 
superheated in a boiling system and hence the pressure in of the 
fl uid is higher than the atmospheric ambient pressure. By leading 
back and gathering overheated wort in the wort kettle, the fl uid 
is expanded to atmospheric pressure. As a result steam bubbles 
are arising and the wort is boiling. Thereby unwanted aromatic 
components are vaporised. 

Summarising these explanations, a description of the boiling proc-
ess by an internal or external boiler is given in two steps. Number 
one consists in the superheating of the fl uid and number two is 
the expanding process in the wort kettle. A qualitative variation 
between internal and external boiler is given in the intensity of 
boiling. Dependent on the temperature difference of superheated 
and expanded wort the vaporisation quality is infl uenced and the 
needed over all evaporation for reaching a special aromatic con-
centration level is changing. The rule of thumb is valid that with a 
rising temperature difference between boiling and expanded wort 
the separation effect of a boiling system is further away from the 
optimum of a direct heated boiling vessel. 

For calculating and predicting the content of a fl avour at the end 
of an external or internal boiling process, the conditions of a fl ash 
evaporation have to be combined with a discontinuous process 
control. For this purpose equation 22 has to be modifi ed using 
following relation:

      (26)

The parameter ωi is explained by the fact that between the non 
expanded liquid phase and the expanded steam phase no vapour-
liquid-equilibrium is existing. As a consequence of that a relation 
between both concentrations can only be formulated by defi ning and 
introducing the factor ωi. This parameter is defi ned as follows:

      (27)

It is obvious that the relation factor ωi  is always smaller than one,
caused by the aromatic content in the unexpanded fl uid and the re-
lated, lower concentrated aromatic content in the expanded wort

In the case of a discontinuous, directly heated boiling process 
equation 8 describes the vapour-liquid-equilibrium. The relation 
between the concentration of an aromatic component in the vapour 
and the liquid phase is different for an indirectly heated boiling 
process using an internal or external boiler. The additional parameter 
ωi has to be determined and combined with the thermodynamic 
factor. Because of the fact the parameter ωi is always smaller than 
one, the quality of exhaustion of unwanted aromatic components 
in not directly heating systems is always worse than in directly 
heating ones. Regarding to these conditions the following equa-
tion can be defi ned for calculating the vaporisation concerning 
unwanted aromatic substances: 

      
By using this equation the content of a special component can 
be predicted.

A special variation of a discontinuous boiling system using external 
heaters is to be seen in atmospherically boiling aggregates. One 
possible construction is given by a thin layer evaporator. In this case 
the boiling process is performed by direct heating under ambient 
pressure. That means wort fl owing back to the wort kettle is not 
expanded. For this method equation 28 is not valid, but equation 
22 can be used for predicting the boiling process.

3 Results

The following fi gures are excerpts of already proceeded results 
[1, 15, 16].

The mashing experiments are performed in laboratory scale. A 
mashing apparatus was constructed which allows to defi ne vari-
ous conditions like the temperature in the liquid and the gaseous 
phase, the volume fl ow of air and the Reynolds number in the 
liquid phase. Furthermore the infl uence of different mash tune 
geometries was researched.

The boiling experiments are performed in technical scale. A thin 
layer evaporater used as an external heater was researched. 

More detailed information concerning the used materials and 
methods can be found in literature [1, 15, 16]. 

&

&

&

(25)

(28)



September / October 2008          168BrewingScience

The schemes contain the calculated residue curves for boiling and 
vaporescence and the related confi dences, the experimental founded 
residue values and their confi dence belt. The ordinate describes 
the standardized content of the aromatic substance Benzaldehyde 
in the fl uid, the abscissa contains the parameter time (mashing) 
or the relative over all evaporation (boiling). Furthermore in 
Figure 6 the mashing programme with temperature data in Kelvin 
is illustrated.

Fig. 6 Vaporescence during mashing (30°C,               
                   )

Fig. 7 Vaporisation during boiling

&

Actually the equations describing the vaporisation by boiling dur-
ing the wort boiling process are tested in laboratory and in practi-
cal scale. The vaporisation by vaporescence during the mashing 
process is tested in laboratory scale and the underlying model is 
actually advanced to systems in industrial scale. Therefore the 
dependence of the vaporous kinetic factor to the differences in the 
geometry of a mashing vessel and the used mashing programme 
and the process control have to be modelled. Using special process 
engineering tools this problem was solved. 

The presented models will be used for creating an over all predict-
ing model describing the vaporisation of aromatic components 
during the whole wort production in the brew house. This result 
will be used for optimising the wort production of every brewery. 
One possibility consists in reducing the over all evaporation by 
predicting the aromatic profi le, a second one is given thereby 
that the processes of mashing and lautering can be seen as new 
tools for infl uencing aromatic profi le by using the advantages of 
temperature dependent thermodynamic factors. Savings in time, 
energy and fi nally money can be reached without any technical 
modifi cation or improvement of the brew house.
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