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Abstract: In the context of investigations of real multiphase flows, the university has its own 350 

litre fermentation tank with comprehensive acoustic flow and temperature measurement 

technology for the systematically investigation, of the influence of the fermentation activity, 

distribution of yeast and occurring convection phenomena. Due to the many problems with the 

optical (e.g. PIV) and acoustic (e.g. UDV) measurement in a real fermenting fluid the numerical 

simulation was already used in earlier publications. To validate the numerical models, extensive 

experimental investigations were carried out which show that the flow in the fermenter is caused 

only by the reaction products of the yeast and the cooling panels and controls the yeast 

distribution. In this paper, both the numerical (CFD) and the experimental investigations serve as 

a starting point to influence the yeast distribution. The described convection flow can only 

temporarily guarantee the uniform distribution of the yeast in the fermenter until the 

sedimentation of the yeast at the tank bottom (bottom-fermenting yeast) finally begins. The aim of 

the investigation is to influence the convection flow in certain zones by targeted cooling or 

heating of the jackets in such a way that a uniform spatial distribution of the yeast over the entire 

fermentation process is ensured and thus optimal conditions for its metabolic processes are given. 

Finally, the numerical simulation is validated with the experimental data. 

Keywords: ultrasonic doppler velocimetry, numerical simulation, natural convection flow 

 

1. INTRODUCTION 

The brewing trade has a long tradition in 

Germany. In 1516, the oldest food law in the world 

was proclaimed with the German Beer Purity Law 

“Reinheitsgebot”. 

There are over 1400 active breweries in Germany, 

the number of which could rise to 1500 by 2020 

according to the German Brewers Association. With 

an annual turnover in 2017 of around 7.38 billion 

euros by the German beer producers, this branch of the 

economy cannot be neglected. While the breweries 

have optimised almost all processes from procurement 

to filling, there is still a need for optimisation in the 

actual main process, the fermentation. A targeted 

thermal influence on the flow inside the fermentation and 

storage tanks could promise economic advantages [1]. 

In cooperation with the local brewery, the 

Department of Fluid Mechanics and Apparatus 

Engineering of the University of Applied Sciences 

Stralsund investigates flow processes and phenomena 

in fermentation and storage tanks, especially during 

the fermentation, maturation and storage of beer [2-5]. 

One of the most important processes in the production 

of beer is the fermentation (sugar and yeast ferment to 

alcohol and carbon dioxide). During the biochemical 

reaction of fermentation, the fluid heats up 

(exothermic reaction). Without cooling, the conversion 

of substances would be increasingly accelerated by the 

Van 't Hoff equation and from a temperature of 45°C 



236 Klembt D., Meironke H. | Journal of Mechanical and Energy Engineering, Vol. 3(43), No. 3, 2019, pp. 235-244  

the denaturation of the proteins and thus the death of 

the yeast would begin. The ideal process temperature 

for production is 8 to 10 degrees Celsius (cold 

fermentation) or 12 to 14 degrees Celsius (warm 

fermentation) [6]. The heat resulting from the yeast 

reaction and the cooling of the tank generates a natural 

convection flow, which is superimposed by a gas 

bubble flow also produced during fermentation. 

Both the natural convection flow and convection 

flow induced by gas bubbles transport the yeast in the 

tank [7]. However, the natural convection flow can 

only prevent the sedimentation of the yeast at the 

bottom of the tank (bottom-fermented yeast) for 

a short time. By targeted cooling or heating of the 

cooling jackets, the convection flow in certain zones 

could be influenced in such a way that a uniform 

spatial distribution of the yeast over the entire 

fermentation process can be ensured and thus optimum 

conditions for its metabolic processes are given [8]. 

An automated real-time control of the cooling/heating 

jackets based on the experimental and numerical 

results could lead to shorter process times in the 

fermentation process and thus considerable cost savings. 

In this paper, the idea is to develop a heating 

circuit and subsequently integrate it into the existing 

cooling circuit of the fermentation and storage tank in 

the laboratory. This way a zone by zone real-time 

control of cooling or heating is possible. 

2. EXPERIMENTAL SETUP 

2.1. Experimental Arrangement 
For the experimental investigation of the flow and 

temperature fields, an existing experimental setup with 

a 350 litre fermentation tank with a conical bottom 

shape will be used (Fig. 1).  

a) b) 

 

Fig. 1 Fermentation tank with conical bottom shape; 
a) design drawing, b) insulated and equipped tank 

Several openings in the fermentation tank allows the 

integration of temperature sensors for the temperature 

field measurement and transducers for the flow field 

measurement. For a defined managed fermentation 

process the tank is equipped with six separately 

controlled cooling or heating zones and one additional 

zone in the bottom. To control the cooling zones 

during the fermentation and maturation process, a new 

completely re-engineered program was created on the 

software tool “LabView”. In this study, the program is 

used to hold predefined temperatures. 

2.2. Implementation of the temperature 

measurement 
The temperature measurement arrangement for 

this study is carried out by a conventional measuring 

method in a grid array of 58 resistance temperature 

detectors (RTD). The measured values are recorded 

via multiplexer cards and are processed in LabView 

and can then be evaluated graphically. 

The installed temperature sensors in the grid of the 

fermentation tank are shown in Fig. 2. 

 

Fig. 2 Implementation of temperature sensors in a grid and 
resulting measuring field in the cylindrical part and 
in the conical bottom shape 

2.3. Uncertainty and calibration of temperature 

sensors 
PT1000 temperature sensors were used to measure 

the temperature as accurately as possible. The 

temperature sensors are connected in 4-wire mode to 

minimise the error due to different cable lengths. The 

accuracy class of the temperature sensors corresponds 

to 1/3 DIN and thus corresponds to the former 

accuracy class AA. For the current investigation, the 

exact measurement within a row was relevant in 

addition to the measurement of the tank temperature. 

For this reason, the sensors were calibrated row by 

row and thus achieve a relative deviation of ±0.04°C 

and a deviation of ±0.13°C seen across the tank. 
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2.4. Implementation of the flow measurement 
The difficulties of a flow investigation with 

a biological fermentation fluid (wort) are the many 

complex interactions between the different three 

phases (yeast as a solid, carbon dioxide bubbles as 

a gas, wort as a fluid). Furthermore, natural convection 

processes are superimposed by rising gas bubbles and 

the distribution of the yeast. Finally, the high turbidity 

of the fluid only allows acoustic or magnetic 

resonance tomography velocity measurements [9-13]. 

This leads to high requirements for the measurement 

technology and the following evaluation. In this case, 

the Ultrasonic Doppler Velocimetry are used. The 

measurement of the flow field is carried out by means 

of the Ultrasonic Velocity Profile Monitor System 

according to an idea of Takeda from 1991 [9,12]. 

To reduce interference and for higher accuracy, 

this study combines two coupled UDV systems for 

a high-resolution velocity field with two different 

frequencies (2 MHz, 4 MHz). The transducers are 

implemented with small sleeves, in the bottom shape 

(Fig. 3 in the lower part). The new implementation 

allows a cartesian grid not only in the cylindrical part 

but also in the bottom shape. The experimental setup 

consists of a velocity field array of 19×4 MHz, 

16×2 MHz transducers and enables an improved 

resolution compared to the previous measurements. 

The velocity measuring array are shown in Fig. 3. 

 

Fig. 3 Implementation of transducers and resulting velocity 
measuring fields (intersection points) in the 
cylindrical part and in the conical bottom shape 

The properties of the measuring field are shown in 

Tab. 1. In the new arrangement, are 192 intersection 

points in the cylindrical part and additional 80 

intersection points in the conical bottom. 

Each intersection point represented in Tab. 1 

consists of three-dimensional measuring volume in the 

form of two combined truncated cones or in simplified 

form of two disks. 

Tab. 1  Properties of the measuring fields 

Measuring fields Cylindrical part Conical bottom 

Transducer 
(2 mhz) 

16 
(cylindrical part and bottom shape) 

Transducer 
(4 mhz) 

12 8 

Intersection points 192 80 

 

The resulting velocities for each intersection of 

these two disks are calculated with another self-written 

program for quick evaluation of the UDV data. The 

two raw data of the UDV systems (2 MHz and 4 MHz) 

can thus be read and processed. In a first step, the 

program reduces or eliminates errors caused by gas 

bubbles, shading effects or definitely incorrect 

measurements. In a second step, all velocities are 

compared with the correct intersection points and the 

resulting velocities vectors in a cartesian grid are 

calculated. The last step is to create an output file for 

the visualisation software. 

2.5. Uncertainties of the velocity measurement 
The theoretical verification of the measurement 

accuracy of the flow using the UVP method was 

carried out by several researchers. Ohkubo et al. [14] 

discussed the error caused by discretisation of the 

measuring point and discontinuity of the flow. They 

came to the conclusion that with a sufficient number 

of data points in the flow area and a careful averaging 

time with regard to the temporal properties of the 

flow, an overall measurement accuracy of the flow of 

significantly less than 1% can be achieved. Kikura et 

al. [15] discussed the error that exceeded the 

measurement volume determined by beam size and 

pulse length. They came to the conclusion that this 

error is also about 1%. 

The calibration results for the flow measurement 

according to the UVP method at the national standard 

are from Tezuka et al. [16] They reported that 

a deviation from the reference flow was only  

-0.53% to 0.42%.  

Own investigations have shown larger deviations. 

However, the aim of the investigations was to 

determine the influence of single bubbles, bubble 

columns and bubble swarms on the UDV 

measurement technique [17-19]. The two-phase flow 

was investigated in a bubble tower with the PIV and 

the UDV. The accuracy of the UDV measurement 

strongly depended on the maximum measurable depth, 

the velocity resolution and the velocity range. 

Basically, the measurements with the UDV in the first 

third of the maximum measurable depth are the most 

accurate (1.5% deviation from the PIV). Furthermore, 

the Nyquist-Shannon effect must be considered during 

implementation in the fermentation tank. 
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Taking into account temperature fluctuations of 

approx. ±0.5 K, the resulting uncertainties in the 

determination of the measurement depth were approx. 

1.5 mm (2 MHz Transducer)/0.9 mm (4 MHz 

Transducer) due to the corresponding sound velocity 

changes. The mean velocity profiles were calculated 

averaging 355 (2 MHz Transducer)/235 (4 MHz 

Transducer) single profiles, which corresponds to 

a measurement time of approx. 9.3/5.4 s. On the basis 

of the investigations in the fermentation tank, 

a measurement accuracy of 98 % can be assumed for 

the selected model fluid. 

2.6. Implementation of the thermal circuit 
The aim of the new laboratory setup was the 

error-free and efficient implementation of an 

additional heating circuit [8]. 

The initial point was the already existing cooling 

circuit with a 10 kW climate control and eight 

separately controllable cooling jackets. To this an 

open heating circuit was designed with a pump that 

can supply all 8 jackets/zones to be heated and has 

power reserves for any subsequent changes to the circuit.  

The selected pump has an output of 2200 watts 

and can deliver a maximum pressure of 4 bar. The 

maximum flow rate is 180 litres per minute. 

A total of 16 motor-driven three-way valves 

(8 inlet and 8 outlet) are used to switch between 

heating and cooling circuits. These can be actuated by 

an external signal, which is made by a voltage change 

from the control computer via the analog output 

module to the valve. 

A bypass with 2 motor-driven two-way valves is 

provided to protect the system. The heating of the 

glysantine-water mixture takes place in a tank with 

a capacity of 30 litres and an output of 6400 watt. The 

desired temperature can be set on a digital control 

panel with an accuracy of ±0.5 K. The complete structure 

of the heating and cooling circuit is shown in Fig. 4. 

 

Fig. 4 Schematic structure of the thermal and cooling 
circuit 

2.7. Physical properties of the investigated fluid 
Due to the high complexity of a multi-phase flow, 

this paper examines the natural convection flow with 

a model fluid. For the physical properties of the model 

fluid, the experimental results are shown in Tab. 2. 

The same physical properties will be used for the 

numerical simulation. The properties of the model 

liquid/water were assumed to be the reference value of 

10 °C. In this temperature range, cold fermentation is 

also carried out during real fermentation. 

Tab. 2 Physical properties of the fluid (10°C) 

Physical properties Value 

Density [kg/m3] 999.70 

Dynamic viscosity [kg/(m·s)] 1306.4e-6 

Specific heat capacity [j/(kg·k)] 4192 

Thermal conductivity [w/(m·k)] 0.566 

Thermal diffusivity [m2/s] 1.38e-7 

 

Important for measurements with the Ultrasonic 

Doppler Velocimetry is the sound velocity at the time 

of measurement. For an accurate measurement of the 

sound velocity, an additional measurement system 

based on a transit time difference method is used. 

3. DIMENSIONLESS NUMBERS 

To compare similar flow processes, dimensionless 

numbers are quite useful. The most important 

dimensionless numbers for the natural convection flow 

are listed below in Tab. 3. These dimensionless 

numbers were calculated on the basis of Tab. 2 and 

refer to the real fermentation process in a fermentation 

tank, at the cold fermentation. The characteristic 

temperature and length for the Grashof number was 

measured during fermentation and corresponds to the 

length between the upper cooling jackets and the 

sedimented yeast (heat) in the conical bottom shape. 

Tab. 3 Dimensionless numbers 

Number Relevant parameters Value 

Pr Prandtl  7.16 

Gr1 
Grashof 
(case 1) 

∆tv = 9 k 
L = 1.375 m 

4.66e10 

Gr2 
Grashof 
(case 2) 

∆tv = 24 k 
L = 1.375 m 

1.24e11 

Ra1 
Rayleigh 
(case 1) 

 3.34e11 

Ra2 
Rayleigh 
(case 2) 

 8.90e11 

Nu Nusselt a = 1200 w/(m2·k) 324 
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4. NUMERICAL SETUP 

4.1. Meshing 
For a practical comparison of the simulated natural 

convection flow and the experimental measurement, 

the simulation must also be calculated three-

dimensionally. The mesh of the fermentation tank is 

shown in Fig. 5. 

 

Fig. 5 Meshing of the fermentation tank (front view) 

The mesh was created with ICEM and is 

a complete hexahedron mesh. The corresponding mesh 

metric and quality is shown in Tab. 4. 

Tab. 4 Mesh quality and metric of the three-dimensional 
mesh of the fermentation tank 

Mesh Quality Metrics (264735 Elements) 

Skewness Min 1.30e-5 

 Max 0.32 

 Average 7.58e-2 

Orthogonal Quality Min 0.87 

 Max 1 

 Average 0.98 

 

4.2. Boundary Conditions 
Correct boundary conditions are important for 

a realistic simulation. The numerical boundary 

conditions are exactly coordinated to the experimental 

boundary conditions. Due to the differences in density, 

the yeast sediments in a bottom-fermented beer in the 

course of fermentation and thus warms the cone 

bottom. For this reason, in both cases the heat is 

generated in the conical bottom shape and the cooling 

takes place in the upper cooling jacket. The first 

Boundary conditions for the simulation and the 

experiment in this study are shown in Fig. 6 and the 

second boundary conditions for the simulation and the 

experiment in Fig. 7. The first boundary condition is 

the normal case in real fermentation. With the second 

case, the boundary conditions are now changed so that 

a temperature layering should occur. These changed 

boundary conditions should generate an additional 

flow layer in the middle of the tank by means of the 

additional heat and cooling. 

 

Fig. 6 Boundary conditions in the first case 

 

Fig. 7 Boundary conditions in the second case 

4.3. Description of the numerical simulation 
The numerical simulation was created with Fluent 

(ANSYS). The meshing was created as described in 

the chapter 4.1. For the simulation of the natural 

convection the energy equation was used. For the 

modelling of the model liquid the values from Tab. 2 

were used. Turbulence modelling was performed using 

the k-ω-SST turbulence model. In the first step, 

a stationary simulation was created and later served as 
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an initialisation solution for the transient simulation. 

With the transient simulation large time steps (t>50 s) 

had to be used at the beginning and finally time steps 

of 10 s could be used. 

4.4. Simulation of the natural convection flow 
The natural convection in an open region usually 

has no problems to converge, but a calculation in 

a closed region requires a special consideration in 

order to converge. In the first step, the natural 

convection in a closed region is defined that the mass 

is constant. In the next step, a distinction is made 

between a steady and a transient calculation. [20-27]. 

In a steady calculation, the mass in the system 

does not change over time and is determined by the 

initial value. The possible density settings for 

a transient simulation of the natural convection flow 

are the Boussinesq model, the incompressible ideal 

gas law and compressible ideal gas law. 

The Boussinesq model assumes a constant density, 

so mass conservation is automatically true. In contrast, 

the incompressible ideal gas law assumes a constant 

reference pressure and so mass is not conserved. The 

compressible ideal gas law sets density to be 

a function of local pressure, so mass is conserved. 

For a transient calculation, the Boussinesq model 

is usually recommended and a calculation starts with 

a large time step if the intermediate history of the flow 

field is not required. Another method to describe 

a natural convection process is to use a User Defined 

Function. This approach expands the Boussinesq 

model by adding natural convection as a User Defined 

Function while density is kept constant on the material 

definition. This would not be necessary if the 

coefficient of thermal expansion of water is always 

constant, which corresponds to the standard 

Boussinesq feature. However, if the coefficient of 

thermal expansion changes, the direct physical force 

should be determined with UDF, as in the fermenter. 

The programmed User Defined Function 

calculates a direct body force and includes a 6th order 

polynomial for the density changes, thereby reducing 

the error of the Boussinesq model [3]. 

5. RESULTS AND DISCUSSION 

5.1. Results of the temperature fields 
The temperature field was measured continuously 

every five minutes [28]. The thermal boundary 

conditions of the investigation were adapted to the real 

brewing process and are described in Chapter 3.2. In 

the first case only the two upper cooling zones (flow 

temperature approx. 6°C) are cooled and the heat is 

generated in the conical bottom shape (flow 

temperature approx. 15°C). The experimental 

temperature field of the cylindrical tank with the 

conical bottom shape is shown in Fig. 8 and the 

numerical temperature field in Fig. 9. 

 

Fig. 8 Temperature field inside the cylindrical tank with 
conical bottom in the first case, experimental result 
after 1 hour 

 

Fig. 9 Temperature field inside the cylindrical tank with 
conical bottom in the first case, numerical result 
after 1 hour 

The temperature field within the first configuration 

shows the heating in the conical bottom shape and the 

cooling of the upper cooling zones. The experimental 

and the numerical temperature fields and values are 

very similar. 

In the second case, the two upper cooling zones 

(flow temperature approx. 6°C) and two additional 

zones near the bottom shape are cooled. The heat is 

now generated in the conical bottom shape and in two 

additional zones (flow temperature approx. 30°C) in 

the middle of the tank. The experimental temperature 

field of the cylindrical tank with the conical bottom 

shape is shown in Fig. 10 and the numerical 

temperature field in Fig. 11. 
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Fig. 10 Temperature field inside the cylindrical tank with 
conical bottom in the second case, experimental 
result after 30 minutes 

 

Fig. 11 Temperature field inside the cylindrical tank with 
conical bottom in the second case, numerical result 
after 30 minutes 

In Fig. 10 and Fig. 11, the largest temperature 

difference is again near the walls. In case 2, the 

temperature fields differ more strongly than in case 1, 

which is due to the strongly time-dependent 

temperature field change. 

5.2. Measurement of flow fields 
The velocity field was measured continuously 

every 10 minutes. The sound velocity required for the 

UDV measurement system was also determined 

periodically by using a transit time method in the 

fermentation tank and averaged approx. 1486 m/s. 

 

Fig. 12 Velocity field and vector plot in the cylindrical tank 
with conical bottom after 1 hour, UDV, first case 

For the first boundary conditions (first case),  

Fig. 12 and Fig. 13 show the velocity fields of the 

fermentation tank with the conical bottom shape after 

one hour. Both figures show a very similar flow 

topology. The numerical solution shows that 

especially the wall areas with the greatest temperature 

gradient have the highest velocities. In the next 

investigations an improved resolution of the near-wall 

areas should be realised. 

 

Fig. 13 Velocity field and vector plot in the cylindrical tank 
with conical bottom after 1 hour numerical result, 
first case 

In Fig. 14 (experimental result with ultrasonic 

Doppler velocimetry) and Fig. 15 (numerical result 

with CFD) the velocity fields of the fermentation tank 

with the conical bottom shape are shown after 30 

minutes, in the second case. 
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Fig. 14 Velocity field and vector plot in the cylindrical tank 
with conical bottom after 30 minutes, UDV, second 
case 

 

Fig. 15 Velocity field and vector plot in the cylindrical tank 
with conical bottom after 30 minutes, numerical 
result, second case 

The flow topology now is different from case 1, 

which is influenced by the changed boundary 

conditions. By comparing the first case and the second 

case, it is noticeable that the flow has changed 

significantly. 

In the first case, a significant spatial flow with 

large vortexes can be noticed. This resulting flow field 

is already indicated by the temperature field. The 

additional heating of the other cooling jackets in the 

middle of the fermentation tank and the cooling of the 

cooling jackets in the area near the bottom shape 

creates a thermal barrier layer. This is also indicated in 

the corresponding temperature profile. This layer 

prevents the large spatial vortexes and breaks them up 

for several smaller vortexes located above and below 

the barrier layer. In the direct comparison of the Fig. 

14 and Fig. 15, slight differences in the flow velocities 

are noticeable, but the flow topology is still similar. 

6. CONCLUSION 

In this investigation, the temperature and velocity 

fields in a fermenter with a conical bottom shape in 

a model fluid were measured and described. The flow 

in the fermenter was generated by a simulated natural 

convection flow. In summary, the investigation has 

shown that the connection and evaluation of two 

coupled Ultrasonic Doppler measuring devices is 

suitable for improved resolution. 

In order to improve the measurement results with 

Ultrasonic Doppler Velocimetry, it is recommended to 

induce very small gas bubbles following the flow of 

natural convection in the fermenter. In addition, 

acoustic flow particles should be used.  

On the other side, the numerical simulation can be 

used with very good approximation, for the 

description of the natural convection in the fermenter. 

Problems with the simulation of a natural convection 

in a closed domain can be minimised with a User 

Defined Function. However, the most important point 

in the simulation remains the correct description of the 

boundary conditions. 

The investigation has shown that variable 

boundary conditions have an effect on natural 

convection flow in the fermentation tank. This result 

can be used for a even distribution of the yeast at the 

beginning of the fermentation and also in later periods. 

Further investigations of the yeast should show 

that the velocities of the natural convection are 

adequate to guarantee the yeast distribution. The 

influence of a variable natural convection flow on the 

movement of the gas bubbles formed during 

fermentation must also be investigated. The next steps 

of this investigation will take place with a real liquid 

to be fermented such as beer. The next steps in 

numerical simulation are the simulation of gas bubbles 

and particles (yeast). For more precise results, the 

physical properties of the beer wort will also be used 

in the simulation. The physical properties are to be 

measured by several additional measuring systems on 

the fermentation tank for the density, sugar 

concentration and sound velocity. 
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Nomenclature 

Symbols 

α – Heat Transfer Coefficient, W/(m2 K) 

ΔTv – Vertical Temperature Difference, K 

Gr – Grashof-Number, - 

L – Characteristic Length, m 

Nu – Nusselt-Number, - 

Pr – Prandtl-Number, - 

Ra – Rayleigh-Number, - 

Acronyms 

CFD – Computational Fluid Dynamics 

PIV – Particle Image Velocimetry 

UDV – Ultrasonic Doppler Velocimetry 
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