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Abstract: In the context of the investigations of multiphase flows, e.g. in cooperation with the 

local brewery, the convective transport phenomena during the fermentation are investigated. Due 

to the strong turbidity of the medium, the measurement of velocity profiles is complicated. The 

difficulties of an investigation with a biological fermentation fluid are the many complex 

interactions between the different three phases (solid, gas, liquid). Furthermore, natural 

convection processes are superimposed by rising gas bubbles and the high turbidity of the fluid 

only allow an acoustic velocity measurement. This leads to high requirements for the 

measurement technology and the following evaluation. In previous investigation, ultrasonic 

transducers are used for the non-contact determination of velocity fields in fluids. The results of 

these past projects show that the measurement signals of the ultrasonic transducers used can be 

influenced by many factors. In order to verify the results of the transducers and to investigate the 

existing uncertainties, a flow configuration with a relatively stable reproducible flow pattern is 

required. In this study, a calibration system for ultrasonic transducers is developed, manufactured 

and validated by means of optical measurement technology such as the LDA. The experimental 

setup in this study produces a constantly reproducible Taylor Couette fluid flow. Geoffrey I. 

Taylor observed in 1923 that at a certain Reynolds number regular ring vortices are superimposed 

on the base flow. Along the axis, these vortices occur at the same distance, but with an alternating 

sense of rotation. Finally, a measurement using Ultrasonic Doppler Velocimetry in a model fluid 

will be compared with an optical measurement technique. 
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1. INTRODUCTION 

In the context of the investigations of multiphase 

flows in biological media, which are carried out in 

different projects, e.g. in cooperation with the local 

brewery, the convective transport phenomena during 

fermentation are analysed [1-4]. 

Due to the strong turbidity of the multiphase fluid, 

the measurement of velocity profiles is complicated. 

Optical measurement methods such as Particle Image 

Velocimetry or Laser Doppler Anemometry (LDA) 

cannot be used due to the turbidity. For this reason, the 

measurement is carried out with the use of acoustic 

measurement technology, by means of the Ultrasound 

Doppler Velocimetry (UDV). In this method, 

ultrasonic transducers are used for the non-contact 

measurements of velocity fields in fluids. The results 

of past projects show that the measurement signals of 

the ultrasonic transducers used can be influenced by 

many factors. In order to verify the results of the 

transducers and to investigate the existing 

uncertainties, a flow configuration with a relatively 

stable reproducible flow pattern is required. 
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In this paper, a test setup for ultrasonic transducers 

is developed, manufactured and validated by means of 

optical measurement technology such as the LDA. The 

experimental setup generates a constant and 

reproducible fluid flow, which can be used to evaluate 

the signal behaviour of the velocity profile measured 

with UDV in a very detailed manner. 

A possible flow configuration that fulfils these 

conditions is the Taylor-Couette flow. The advantage 

of this flow is the relatively simple experimental setup. 

The system consists of an inner and an outer cylinder 

in which one of the two cylinders rotates at a specified 

speed. In practice, such systems are used as rotary 

viscometers or in chemical process engineering as 

Taylor-Couette reactor. 

Taylor vortexes are formed when the speed of the 

inner cylinder is increased. The consequence of the 

faster rotation is that the fluid in the vicinity of the 

inner cylinder get a greater centrifugal force than the 

slower flow in the outer part of the gap. Geoffrey I. 

Taylor observed in 1923 that from a certain Reynolds 

number, torus-shaped vortices are superimposed on 

the basic flow [5-12]. Along the rotational axis, these 

vortices occur at the same distance, but with an 

alternating sense of rotation. 

In the first studies with this experimental setup, 

a transparent model fluid is used for a better 

evaluation of the signal behaviour. In addition to the 

acoustic profile measurements, simultaneous 

measurements using LDA are carried out and finally 

the measured velocity profiles are compared. 

2. EXPERIMENTAL SETUP 

2.1. Experimental Arrangement 
The main component of the test setup is the 

Taylor-Couette system shown in Fig. 1 and described 

below in more detail. 

 

Fig. 1. Setup of the Taylor-Couette system 

The external (4) and internal (3) cylinders are the 

main structural parts of the Taylor-Couette system, as 

they are essential for generating the Taylor-Couette 

flow. The inner diameter of the outer cylinder is 100 

mm and the outer diameter of the inner cylinder is 70 

mm. The width of the gap is therefore 15 mm. The 

wall thickness of the outer cylinder is 5 mm. The inner 

cylinder is 10 mm smaller than the outer cylinder in 

order to maintain a certain distance from the ground 

and the cover so that rotation is possible. In addition, 

the inner cylinder has a thread cut for the shaft on the 

top and bottom. 

The retaining rings (5) are glued to the head and 

foot of the outer cylinder so that the outer cylinder can 

be bolted to the base and cover with four bolts and 

counternuts. The two retaining rings are identical. In 

the base plate (6) is a hole for the drive shaft and 

a radial shaft seal. This base plate is connected via 

four columns (7) to another plate (9), which is finally 

attached to the test table. The cover (2) also offers 

mounting options for the ultrasonic transducers. Four 

threaded holes are provided on the underside of the 

plate for this purpose. The adjacent cavities are 

arranged so that they cover the entire gap between the 

inner and outer cylinders. In order to achieve the 

desired Taylor-Couette flow, a motor with appropriate 

control is required. The requirements on the motor are 

a high resolution and corresponding controllability in 

the low speed range. A stepper motor with a holding 

torque of 1.27 Nm and a resolution of 0.9° at 20-200 

rpm is used. The speed of the motor can be 

continuously adjusted at the corresponding potentiometer. 

The Ultrasonic Doppler measuring technique 

measures the velocity according to the scheme shown 

in Fig. 2. The velocity v of a flow in the direction of 

the transducer is represented by a negative signal, 

while a flow in the direction of the propagating 

ultrasonic wave is represented by a positive signal. 

 

Fig. 2. Schematic representation of the measuring window 
of the Ultrasonic Doppler measuring technique 
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2.2. Flow measurement Ultrasonic Doppler 

Velocimetry 
The Ultrasonic Doppler measuring technique is an 

acoustic flow measuring system which can non-

invasively measure flow fields. With this measuring 

method it is possible to measure transient velocity 

profiles in a flow along the beam axis. 

This is possible by the measurement and 

subsequent evaluation of the Doppler frequencies as 

a function of time. Immediately after the transmission 

of an ultrasonic pulse (with defined basic frequency), 

the transducer switches to reception and waits for the 

reflected, frequency-shifted response signal, which 

reaches the probe after a defined time (see equation (1)): 

 t		=	 2·x

a
 [s]. (1) 

When evaluating the response signal, the running 

time of the pulse and the spatially resolved Doppler 

frequency are then taken into account. Velocity 

information of particles which are further away on the 

beam axis are recorded later by the transducer and 

consequently assigned to a more distant measuring 

volume on the beam axis. The average flow velocity 

can then be calculated from the respective Doppler 

frequencies and the difference between the transmit 

and receive frequencies of the ultrasonic signal (see  

equation (2)): 

 vP	=	 a·�fT		-f0�2·f
0

	�m
s
�. (2) 

During evaluation, a weighted average velocity 

can then be assigned to each measurement volume. 

A simplified representation of the beam characteristic, 

the measurement volume dimensions and the 

measurement window dimensions are shown in Fig. 3.  

 

Fig. 3. Schematic representation of the beam characteristic, 
the measurement volume and the measurement 
window dimensions of a transducer 

The area immediately after the transducer is called 

the Fresnel zone, in which no measurements are 

possible. In the subsequent Fraunhofer zone, the 

measuring field widens at a defined angle. 

Transducers with a base frequency of 4 MHz were 

used for the measurements in this study. Due to their 

radiation characteristics, these transducers have 

a Fresnel zone of 16.9 mm, an ultrasonic exit diameter 

(active diameter) of 5 mm and a resulting beam 

divergence of 2.2° along the beam axis. At a constant 

sound velocity and base frequency of the transducers, 

the product of the maximum penetration depth and the 

maximum measurable velocity is also constant. 

2.3. Taylor-Couette flow 
According to Maurice M. A. Couette, who used 

this experimental unit of similar design for viscosity 

measurement, the basic form of the resulting flow is 

called circular Couette flow. When the inner cylinder 

rotates slowly, the flow can be described as a flat 

laminar flow - the Couette flow. The Couette flow 

(simple shear flow) is a stationary laminar flow of 

a liquid between two parallel flat walls that move 

relative to each other in their plane (see Fig. 4). 

 

Fig. 4. Schematic representation of a cylindrical Couette 
flow 

The liquid is moved due to the adhesion conditions 

and friction. Inertial forces can be neglected, and 

pressure and viscous forces are in balance, so the 

Couette flow is an accurate solution to the Navier-

Stokes equation. 

Taylor vortices occur when the velocity of the 

inner cylinder is increased (see Fig. 5). Due to the 

faster rotation, the fluid particles in the vicinity of the 

inner cylinder receive a greater centrifugal force than 

the slower particles in the outer part of the gap. 

 

Fig. 5. Taylor-Couette flow [13] 



262 Meironke H., Klembt D. | Journal of Mechanical and Energy Engineering, Vol. 3(43), No. 3, 2019, pp. 259-266  

This corresponds to an unstable layering of 

a lighter medium under a heavier one (invasion). 

Geoffrey I. Taylor observed in 1923 that from 

a certain Reynolds number, regular ring vortices are 

superimposed on the basic flow [5]. Along the axis, 

these vortices occur at the same distance, but with 

a changing direction of rotation. 

The transition from the Couette flow to the Taylor-

Couette flow can be calculated using the Reynolds 

number and is described by the Taylor number 

(see equation (3)). The Taylor number depends on the 

Reynolds number Re as well as on the radius of the 

inner cylinder ri and the gap width s. For small s/d 

ratios, a stability analysis shows a critical Taylor 

number (Tacritical = 41.33) for the theoretically ideal 

case, so that Taylor vortices occur at higher Taylor 

numbers [14]. There is no clear definition in the 

literature for the calculation of the Taylor number. The 

Taylor number can be defined as follows: 

 	Ta	=	Re·� s
ri

 �-�. (3) 

The Reynolds number is calculated from the 

angular velocity ω, the kinematic viscosity ν of the 

liquid, as well as the radius of the inner cylinder ri and 

the gap width s (see equation (4)): 

  	Re	=	 ω·	s·ri

ν

 �-�. (4) 

The angular velocity ω is calculated according to 

equation (5) with the rotational speed n: 

 	ω	=	2·π·n �1
s
�. (5) 

The gap width according to equation (6) is 

calculated using the inner and outer radius: 

 s	= 	ra-ri [m]. (6) 

For the design of the test setup, the required 

rotational speed must first be determined for a selected 

geometry (see equation (7)): 

 	n	= Ta·ν

2π·s·ri·� sri
 �1
s
�. (7) 

For the Taylor number in this study, instead of the 

critical Taylor number Tacritical = 41.33, a much higher 

Taylor number is used to ensure a stable Taylor 

Couette flow. 

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

this study examines the Taylor-Couette flow with 

a model fluid (glycerin-water mixture), Table 1 shows 

the experimental results for the physical properties of 

the glycerin-water mixture at 20°C. The same physical 

properties are used for the planned numerical flow 

simulation. 

Tab. 1. Physical properties of the model fluid (20°C) 

Physical properties Value 

Density [kg/m3] 1154 
Kinematic viscosity [m²/s] 10.7e-6 

Specific heat capacity [j/(kg·k)] 3000 

Thermal conductivity [w/(m·k)] 0.383 

Thermal diffusivity [m2/s] 1.1e-7 

 

Important for measurements with Ultrasonic 

Doppler Velocimetry is the sound velocity at the time 

of measurement. The UDV measurement technique 

can be modified and used for this purpose based on 

a transit time difference method for the exact 

measurement of the sound velocity. 

3. DIMENSIONLESS NUMBERS OF THE 

FLOW 

The most important dimensionless numbers used 

in this study for the selected boundary conditions of 

the experiment are listed in Tab. 2 below. 

Tab. 2. Example of Dimensionless numbers  

Numbers Relevant parameters Value 

Prandtl Glycerin-water mixture at 20°C 96.4 

Reynolds 100 rpm 514 

Taylor Re, s = 15 mm, ri = 35 mm 336 

 

4. RESULTS AND DISCUSSION 

4.1. Measurement of velocity profile with UDV 
The velocity profile was measured continuously 

every 5 minutes. The sound velocity required for the 

UDV measurement system was determined 

periodically by using a transit time method in the 

Taylor-Couette system and averaged at approx. 1819 

m/s. In the first measurements, the vertical measuring 

axis of the UDV is aligned approx. 3 mm beside the 

axis by the Taylor vortex centres in order to obtain an 

alternating velocity profile [15-19]. 

 

Fig. 6. Example of a velocity profile of the Ultrasonic 
Doppler measuring technique in 60% 
glycerine-water mixture at 100 rpm 
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Fig. 7. Schematic representation of the resulting Taylor 
vortices 

The profile shown in Fig. 6 could be determined in 

each of the 100 measurements with small deviations, 

especially in the ranges of local maxima or minima. 

The resulting flow pattern can be considered stable 

under stationary operating conditions, as the 

measurements were performed over a long period of 

time (3 hours). Furthermore, a minimal increase in the 

velocities (max. approx. 40 mm/s) and size of the 

Taylor vortices towards the centre can be observed. 

This change is due to the relatively short design of the 

system and the influence of the top and bottom plates. 

Fig. 7 gives an idea of how many Taylor vortices form 

in the gap. 

4.2. Measurement of velocity profile with LDA 
For velocity measurements by Laser Doppler 

anemometry, an area in the gap was required in which 

measurements could be carried out accurately and 

without interference. Such disturbances can be, for 

example, reflections on the shafts screwed into the 

inner cylinder or on the inner cylinder itself. By means 

of traversing the measuring lines can be traversed in 

vertical and horizontal direction [20]. 

 

Fig. 8. Schematic representation of the measuring field with 
the LDA 

In order for the signal strength to be sufficiently 

high, it is important to pay attention to a strong 

seeding. Due to the very small measuring volume 

(approx. 140 µm) and the high sampling rates, 

a spatial and temporally highly accurate resolution is 

possible. Fig. 9 shows an example of the measured 

velocity profile at a distance of 4 millimetres from the 

inner surface of the outer cylinder at a rotational speed 

of 150 rpm. With increasing rotational speed, the 

fluctuations also increase in the velocities of the 

Taylor vortices. This can be seen particularly well in 

the strongly fluctuating axial speeds of the vortices. 

A possible reason here could be the transition to the 

wavy Taylor Couette flow, which occurs at higher 

Reynolds and leads to an additional axial movement of 

the torus-shaped vortex rolls. 

 

Fig. 9. Example of a measured LDA profile in 60% 
glycerin-water mixture at a distance of 4 millimetres 
from the inner surface of the outer cylinder 
(150 rpm) 

4.3. Comparison of the LDA and UDV 

measurements 
The laser Doppler anemometry measurements 

were performed simultaneously with the Ultrasonic 

Doppler measurements. The LDA served as 

a reference to study the signal behaviour of the UDV 

due to its very reliable and accurate measuring 

principle. The constant rotational speed of the inner 

cylinder is 150 rpm. The measurements were only 

started after a very long period of stationary operation. 

The settings for the Ultrasonic Doppler measurement 

technique were 1000 values at a frequency of 4 

megahertz per measurement volume. Fig. 10 shows 

the average value of 5 selected measurements with the 

Ultrasonic Doppler measurement technique as well as 

the result of the measurement with the laser Doppler 

anemometry. The measuring axis of the LDA is 

located at a distance of 4 millimetres from the inner 

surface of the outer cylinder. 
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Fig. 10. Average value of 5 UDV measurements and 
measured velocity profile using the LDA 

If one considers the distribution of velocity in 

a single vortex cell, starting from the vortex centre, it 

increases with increasing distance from the vortex 

centre in the direction of the cylinder walls. 

Both measurement techniques reproduce this well 

in terms of quality. The comparison clearly shows the 

exact position of the vortex centres and the axial 

position of the minima and maxima in both 

techniques. The quantitative agreement shows 

deviations, which are caused e.g. by the different size 

of the measuring volume. 

Since the measuring volume of the Ultrasonic 

Doppler measuring technique is significantly larger 

compared to laser Doppler anemometry, velocities of 

different magnitudes are detected and used for averaging. 

In this way, it is possible to obtain lower average 

velocities. The measurement of laser Doppler 

anemometry, on the other hand, have more character 

of a point measurement. The LDA profile shown is 

focused closer to the outer cylinder than the UDV 

profile. Therefore, higher vortex velocities are partly 

measured. 

5. CONCLUSION AND OUTLOOK 

In the present study a test setup was built to 

generate a stable reproducible flow based on a Taylor 

Couette flow. In this flow configuration, velocity 

profile measurements and the signal behaviour of the 

ultrasonic Doppler measurement technique could be 

comprehensively evaluated. The measurements were 

performed in a transparent model fluid and compared 

in parallel with an optical measurement technique (LDA), 

which allows precise high-resolution measurements. 

In general, there was a good qualitative agreement 

between the measurements and structural parameters 

of the Taylor vortices, which could be recorded very 

well. However, there were also deviations in the size 

of the measured values. This is probably caused by the 

arrangement of the measuring axes and the different 

sizes of the measuring volumes of the two measuring 

techniques. 

In further experimental investigations as well as 

numerical simulations it is planned to investigate this 

signal behaviour comprehensively, in order to be able 

to interpret the results of the UDV measurements more 

effectively. 
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Nomenclature 

Symbols 

a – Sound velocity, m/s 

t – Time, s 

f0 – Basic frequency, Hz 

fT – Doppler shifted frequency at the Transducer, Hz 

n – Rotational speed, 1/s 

Re – Reynolds number, - 

ri – Inner radius, m 

ra – Outer radius, m 

s – Gap width, m 

Ta – Taylor number, - 

Tacritical – Critical Taylor number, - 

v – Velocity, m/s 

vP – Velocity of the particle, m/s 

x – Distance, m 

Greek letters 

ν – Kinematic viscosity, m2/s 

ω – Angular velocity, 1/s 

Acronyms 

LDA – Laser Doppler Anemometry 

PIV – Particle Image Velocimetry 

rpm – Revolutions per minute 

UDV – Ultrasonic Doppler Velocimetry 
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