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The use of mass and volume flow measurement techniques is essential in industries for process 

control purposes. Therefore, a novel flow measurement principle based on the Thermal Time-of-Flight 
(TToF) is applied with the methods of heat transfer including heat source and heat sinks. An appropriate 
flow meter is designed which can be deployed to any kind of fluid considering gases, liquids and mixtures. 
With this significant advantage the TToF flow meter is calibration-free.  

The presented investigation includes a discontinuous heat source associated with a minimum of two 
thermal sensors arranged downstream. The heat source is used to generate a signal code [dT/dt] by 
injection of local thermal pulses into the flow line. The thermal sensors detect the time-dependent thermal 
gradients in the fluid at different positions. Herewith, the measurement technique aims at the 
determination of the flow velocity by ToF, with the particular advantage of applying to measurements of 
any fluids with unknown properties. The volume flow is determined by integrating the flow profile. 
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1 Introduction 

The use of mass and volume flow 
measurement techniques is essential in 
industries for process control purposes, e. g. of 
gases and liquids. Conventional flow sensors 
are restricted to certain applications, all of which 
require different measurement principles. In 
recent years several different types of sensors 
were developed [2][12][17]. Depending on the 
specifications, for example metering precision, 
flow ratio, permitted decrease of pressure and 
also for the cost of production, different 
measurement principles are applied. The 
utilization of these measurement systems is 
mostly dependent on pressure, temperature, 
density, viscosity and homogeneity of the fluid. 
Hence, flow sensors must be calibrated and 
maintained for a certain application. At present, 
sensors cannot sufficiently measure fluids with 
unknown properties. This matter of fact 
necessitates new measurement techniques [17]. 

Thermal flow sensors are commonly used due 
to their low cost and simplicity. Their 
measurement method is currently based on 
detecting the heat displacement from a 
permanently heating element against the 
velocity of the passing fluid [3][6][12]. This kind 
of sensor is only applicable for fluids with known 
properties. Furthermore, ToF correlation flow 
sensors are already used for optic, acoustic and 
capacitive flow measurement techniques. 
However, these are restricted to the 
determination of multiphase flow with more than 
10 % available or injected signifiers in the flow. 
Problematical is that the measurement pattern 

formed by these signifiers constantly changes in 
between the flow sections [12]. 

Hence, the goal of this paper is to present a 
volume flow measurement technique applicable 
to any kind of fluid with unknown properties. 

2 Methods & Materials 

In the following, the measurement technique 
for the detection of volume flow is presented as 
well as the associated experimental setup for 
the investigated media air, water vapour (air with 
100 % relative humidity) and water. Based on 
the measurement technique the theory of fluid 
mechanic and thermodynamics is discussed. 
The investigations are accompanied by 
numerical simulations. 

2.1 Measurement Theory 

The proposed measurement technique is 
based on the ToF of thermal signals [dT/dt] due 
to forced convection, predominating natural 
convection and conduction. TToF is based on 
the detection of single flow vectors within the 
flow profile. For this purpose a minimum of two 
thermal sinks (thermocouples) is required. 
Should temperature gradients as natural signals 
in the flow stream not be inherent in the 
medium, a signal generator in flow line (white 
dotted lines in Figure 1 and red dotted lines in 
Figure 2 and Figure 3) is to be applied. 

In Figure 1 the propagation of a simulated 
thermal pulse in water at different stages is 
shown. The dotted lines describe the flow line in 
which the thermal signal is generated and 
measured. The TToF imaging sequence is a cut-

out of a pipe with a diameter of Ø = 1’’. 
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2.3.1 Natural & Generated Signals 

For the applied signal processing (cross-
correlation) a time-dependent thermal signal 

dT/dt is generally required. The signal 
communicated by the transmission channel 
needs to be mostly determined by forced 
convection. In terms of time-dependent 
propagation it needs to be differentiated from 
natural convection and conduction. For potential 
signal processing the signal has to exceed 

T > 0.01 K at the last downstream signal sink.  
The generated heat signal could be e. g. 

sinus, rectangle, PN-sequence or triangle. For 
the following investigation a sequence of 
rectangle pulses is applied. 
 

 

Figure 7: Normalised signal given to the 
filament and detected at the thermocouples for 
water (vm = 0.017 m/s). 

2.3.2 Signal Preprocessing 

Due to the construction of the thermocouples 
as closed loops, the detected thermal signals 
are influenced by diffusive and dispersive 
effects. These are on the one hand produced by 
thermal and electrical noise and on the other 
hand by electrical undesired signals. For this 
reason the direct time delay measurement does 
not constitute a suitable measurement signal 
analysis and processing method [19]. 

The transfer function of the Chebyshev-filter 
is: 

( )2 2

0

1
( )

1
=

+
n

n

G
T

ω
ε ω ω

 (5) 

Tn being the Chebyshev-polynomial of the 

order n with n = 3, 0 the cut-off frequency with 

0 = 0.8 Hz and  the ripple factor  = 10 dB. 
The sampling factor is 80. 

The transfer function of the Elliptic / Cauer-
filter is: 

( )2 2

0

1
( )

1 ,
=

+
n

n

G
R

ω
ε ξ ω ω

 (6) 

Rn being the Cauer-polynomial of the order n 

with n = 3, 0 the cut-off frequency with 

0 = 0.25 Hz,  the ripple factor  = 10 dB,  the 
selectivity factor  = 70 dB. The sampling factor 
is 45. 

The induced thermal signals have a frequency 

fi < 1 Hz. For the signal filtering the Chebychev 
and the Cauer filter are therefore selected as 
they have an abrupt behaviour for specified cut-
off-frequency [1]. The filters minimize the error 
between the idealized and the actual filter 
characteristic over the range of the filter, but with 
ripples in the passband. 

For observing a time delay by signal 
processing the sensor signal needs signal 
conditioning. Therefore, the signal offset is 
corrected to null and normalised. 

2.3.3 Signal Processing 

For the calculation of the time delay of the 
thermal signal between the signal sinks 
(thermocouples) correlation techniques are used 
in the domain of signal processing. 

Hence, the output signals of these 
thermocouples show change in amplitude and 
time behaviour. Since the output signals of the 
thermocouples are compared with regard to their 
time behaviour, the cross-correlation technique 
is applied [5]. Correlating the first output signal 

xT1(t) with both, the second xT2(t) and the third 

xT3(t) signal, two cross-correlation functions 

RxT1xT2( ) and RxT1xT3( ) are obtained as a 

function of the time delay  between these 
signals. The mathematical expression of the 
cross-correlation is given for two different 

signals x(t) and y(t) as: 

0

1
( ) ( ) ( )= + ⋅∫

T

xyR x t y t dt
T

τ τ  (7) 

where T denotes the time length of the signal. 
For discrete signals with the length of N 

values the cross-correlation function yields [1]: 

1

0

1
( ) ( ) ( )

−

=

= + ⋅∑
N

xy

n

R k x n k y n
N

 (8) 

where k is the dependent sampling value [13]. 
Obtaining the cross-correlation coefficients of 

the thermocouples’ output signals, the time 
delay between these signals is determined [15]. 

3 Results & Discussion 

The main target of the described 
investigations consists in the detection and 
characterisation of the propagation of heat 
pulses in the flow of air with 30 % relative 
humidity, water vapour of 100 % relative 
humidity and water at 20 °C temperature. The 
measured heat pulses at the thermocouples had 
a temperature of 0.01 K < T < 4 K. Thereby the 
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thermal and electric noise and the interfering 

signals were T = ± 0.2 K.  
In the investigation each velocity is measured 

seven times, values above 60 % of the average 
velocity were neglected – mostly velocity values 
> 1 m/s. The measured range is for air flow 

vmax = 0.01 m·s
-1

 - 3.5 m·s
-1

 and for water 

vmax = 0.006 m·s
-1

 - 0.65 m·s
-1

. The calculated 

velocities (CV) are shown up to a Re > 2300 (air 

flow vmax = 1.9 m/s and water flow 

vmax = 0.18 m/s) where the flow profile is getting 
instable.  

In the following, the results for the three 
tested media will be described. To demonstrate 
the results in Figure 8 - Figure 10 logarithmic 
scales are used. The results for air are shown in 

Figure 8. The velocities v12 and v13 show a linear 
behaviour to the referenced maximum velocity 

(RMV), whereas the velocity curve v12 crosses 

the curve of v13 at v = 0.11 m/s. 

 

Figure 8: CV with correlation at a time delay 
of the signals TC1 – TC2 (black/□) and TC1 – TC3 
(red/ ) in the middle of the pipe for air. 

At velocities 0.09 m/s, 0.12 m/s and 0.7 m/s a 
bend can be observed due to the fact that the 
conveyer was changed at these points. For RMV 
up to 1.8 m/s the standard deviation is < 7 %. 
The standard deviation increases exponentially 
with increasing velocity values and for velocities 
of 3.5 m/s it is 19 %. The measured values 
shown in Figure 8 deviate at first considerably 
from the expected values. At a RMV of 0.5 m/s 
the values stabilise at 65 % of the expected 
values. These results coincide with previous 
analysis on the basis of numerical simulations 
as shown in Figure 6. 

In Figure 9 the results for water vapour are 
shown. A drift in smaller and higher RMV values 
can be observed due to the fact that the change 

of the conveyer has higher effect. This is 
combined to a 50 % higher deviation from the 
averaged velocity compared to flowing air. 

 

Figure 9: CV with correlation at a time delay 
of the signals TC1 – TC2 (black/□) and TC1 – TC3 
(red/ ) in the middle of the pipe for water 
vapour. 

 

Figure 10: CV with correlation at a time delay 
of the signals TC1 – TC2 (black/□) and TC1 – TC3 
(red/ ) in the middle of the pipe for water.

The results for water are shown in Figure 10. 
The CVs show a high linear behaviour to RMV. 
The standard deviation of CV in this case is up 

to RMV v ≈ 0.09 m/s less than 1 %. For RMVs 
up to 0.12 m/s the standard deviation for CV12 is 
6 % and for CV13 is 18 %. At a velocity of 
0.65 m/s the deviation is 25 %. The accuracy 
remains constant even if there are particle’s in 
flowing media up to 1 mm. 
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4 Conclusion 

In the present paper, a new technique for 
volume flow measurement was introduced. With 
the results outlined in 3. it could be shown that 
the measurement technique is applied to air, 
water vapour and water and in particular it is 
expected to other fluids with unknown 
properties.  

Especially for Re < 2200 in the case of water 
the standard deviation is < 1 % and for air 
< 7 %.This is partly due to the fact that for 

Re > 2000 the signal disappears progressively in 
noise and interference signals and that signal 
pre-processing becomes more and more 
important. In this case mistakes in pre-
processing, e. g. inappropriate choice and 
adjustment of the filter, lead to a drift of the 
signal centre, which causes up to 100 % 
deviation of the calculated delay time.  

Based on present investigations the 
measurement technique is object to the 
following limitations: one sensor distance 
measurement allows a velocity determination in 
a range of 1 : 100 and limited dissolution for 
velocities similar to the propagation of the 

natural convection (v ≈ 0.02 m·s
-1

). 
Future investigations will firstly lead to an 

enhanced sensor construction design to 
measure the designated velocity vector in the 
flow profile. Secondly, they will focus on pre-

processing especially for Re > 2000. Finally, 
further analysis of the thermal decay behaviour 
of the signals will be done via investigations on 

the time constant  = cp·  to draw conclusion 
from the flowing media. 
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