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of tSiN = 16 ms compared to the tPI = 28 ms of the
ones with polyimide membranes.

Fig. 1. Time response for the flow sensors with silicon
nitride membranes.

Due to the different heat transfer in the mem-
branes, the total change in resistance is limited
by the materials used. Therefore, the difference 
in resistance between the thermistors up- and
downstream is shown in Fig. 2 for different flow
velocities. The output signal is up to 20% higher
for the sensors with silicon nitride membranes
compared to those with polyimide membranes.

Fig. 2. Flow measurements with polyimide and silicon
nitride membrane-based flow sensors.

A pressure difference is applied between both
sides of the membrane to compare its robust-
ness. In Tab. 1 the maximum pressure differ-
ences until a failure occurs are given. The polyi-
mide membrane can withstand much higher 
pressure differences due to its high elasticity. 
Nevertheless, the heater and thermistors break
at the same pressure since the strain is also in-
creased due to the membrane deflection.
Tab. 1: The maximum pressure difference until the
heater and thermistors or the membrane is damaged.

Membrane 
material

Heater and 
thermistors

Membrane

Silicon nitride 300 kPa 300 kPa

Polyimide 300 kPa 450 kPa

Conclusion and Outlook
This paper shows, that the time response is less
than a factor 2 higher using a polyimide mem-
brane, even though the thickness is approx. 10 
times higher. The reason for that is the different 

heat capacity. Due to the lower thermal conduc-
tivity of polyimide, the difference in sensitivity is
much lower. The flow sensors based on silicon 
nitride membranes are only up to 20% better. 
The major advantage of using flow sensors with 
polyimide membranes is the opportunity of using
higher thicknesses than silicon nitride mem-
branes without a significant reduction of sensitiv-
ity and time response. This leads to a more ro-
bust membrane, which can be used in e.g. air-
craft applications for a stall detection sensor. Un-
fortunately, the sensing elements on the mem-
brane cannot withstand the same pressure as
the membrane itself. This could be solved by
supporting the membrane structure with highly
thermal insulating materials like aerogels. Also,
the design needs to be optimized to increase the 
sensors range.
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Summary: 
Gas-liquid flows are ubiquitous in various industries, including oil and gas, chemical processing, and 
steel making. Accurate measurement of these flows is essential for optimizing process efficiency and 
ensuring safety. This work introduces a novel multichannel electrical conductivity sensor capable of 
directly imaging gas-liquid flows, eliminating the need for image reconstruction. The sensor offers a 
reliable, cost-effective, and robust solution for flow visualization. Validation against high-speed camera 
footage demonstrates excellent agreement.  
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Introduction 
Gas-liquid flow is found in many industries, such 
as oil and gas production, chemical reactors, or 
steel production. The flow itself often determines 
the efficiency and/or safety of processes, making 
online flow monitoring crucial for control pur-
poses. In both cases, whether for in-line use or 
pilot plant studies, flow monitoring requires in-
creasingly sophisticated flow sensors, with flow 
imaging offering the most detailed visualization 
of flow phenomena. 

Process tomography has been widely used, but 
there is no universal technology that can meas-
ure the variety of situations [1]. Different tomog-
raphy technologies have been used in the past. 
Optical tomography uses light to illuminate the 
flow field and capture images. While it provides 
high spatial resolution, it is limited to transparent 
or translucent fluids. Ultrasound tomography 
uses sound waves to probe the flow. It can pen-
etrate opaque fluids and is relatively robust to in-
terference. However, its spatial resolution is 
poor. X-ray tomography provides high-resolution 
images of the internal structure of opaque ob-
jects. However, X-ray sources can be expensive 
and require shielding, limiting their suitability for 
real-time monitoring of rapidly changing flow 
phenomena. Another promising technique for 
flow visualization is electrical tomography. By 
applying electrical currents to electrodes placed 
around the flow and measuring the resulting volt-
age differences, it can provide information about 
the electrical conductivity distribution within the 
flow. However, due to the inherent ill-posed 

nature of the inverse problem, image reconstruc-
tion can be quite complex. 

In this paper, we present a multichannel conduc-
tivity sensor capable of generating images of 
gas-liquid flow, but without the need for image 
reconstruction. The idea is based on the work of 
[2], but the sensor is developed based on printed 
circuit technology (PCB), which is integrated into 
the sensor electronics, thus allowing a very sim-
ple integration into flow tubes via a flange sys-
tem. In addition, the integration of the sensor into 
the sensor PCB allows for very good signal qual-
ity and therefore very fast measurements.  

Multichannel electrical conductivity sensor 
(MECS) 
The sensor consists of an excitation ring and a 
measurement ring, with the latter segmented 
into 16 electrodes of uniform size distributed 
evenly around the circumference of the pipe (Fig. 
1). To determine the resistance between the ex-
citation ring and an electrode on the measure-
ment ring, an auto-balancing bridge, in conjunc-
tion with square wave excitation and an analog-
to-digital converter is employed. For details on 
the electronic circuits see [3].  

 Fig. 1. Schematic illustration of the multichannel 
electrical conductivity sensor for flow visualization. 
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A technique known as side-plating, where the 
edges of the printed circuit board (PCB) are met-
allized, allows for the direct integration of elec-
trodes into the PCBs. Figure 2 illustrates the in-
stallation of the sensor PCBs within a pipe using 
flanges. This installation mechanism considera-
bly simplifies the production and assembly of the 
sensor by eliminating the need for manually at-
taching electrodes inside the pipe. 

Fig. 2. Illustration of developed sensor attached to a 
pipe: a) Pipe with flange, b) Paper gasket, c) Spacer 
plate (8mm), d) Excitation PCB:  generates symmet-
rical square wave signal, e) Measuring PCB: 16 meas-
uring electrodes. 

Results 
The sensor’s performance was rigorously tested 
through a series of experiments, including test-
ing the measurement principle using a non-con-
ductive object, comparing measurements in dis-
tilled and tap water, and examining its ability to 
detect bubbles and localize them using synchro-
nized camera footage as a reference.  

Figure 3 presents a side-by-side comparison of 
a camera image and a MECS surface plot, with 
the normalized electrode signals conventionally 
plotted below. To visualize the MECS measure-
ments, the signals of the electrodes, which are 
positioned around the pipe’s circumference, are 
flattened and displayed as surface plots. The 
horizontal red line in the surface plot indicates 
the sensor’s position, corresponding to a specific 
moment in the camera recording. The color 
scheme ranges from blue (0, indicating water) to 
red (1, indicating air). Due to the lack of bubble 
velocity information, which requires two sensors 
and signal cross-correlation, the visualization 
time is set to an arbitrarily chosen value of 2.4 s. 

The results showed a clear correlation between 
the sensor readings and the observed flow re-
gimes, confirming the sensor’s capability to dis-
tinguish between different flow patterns. Data 
processing techniques were applied to eliminate 
hardware irregularities such as excitation asym-
metries and variations in the auto-balancing 

circuits. The resulting MECS signals are inde-
pendent of the conductivity of the liquid phase, 
have the same baseline level, and are normal-
ized such that a signal value of 0 corresponds to 
liquid and 1 to gas. 

Fig. 3. Comparison of camera images and MECS 
measurements for two different flow rates and flow re-
gimes. 

Conclusions 
This study presents a novel multichannel con-
ductivity sensor that offers a reliable, cost-effec-
tive, and robust solution for flow visualization. 
The sensor's compact design and ease of inte-
gration into pipe systems make it suitable for a 
wide range of industrial applications. Future re-
search will focus on automating flow regime 
identification using machine learning algorithms 
and validating computational fluid dynamics sim-
ulations with experimental data. Additionally, in-
corporating a second excitation plane will enable 
velocity measurements of flow structures, further 
enhancing the capabilities of this sensor. 
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