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Abstract

The aim of the scientific investigations presented here is the development of a new method for cost effective
determination of volume flowrates in pipes, which canbe used for energy measurementof solar thermal systems.
The main advantage of this approachis thatrelatively expensive measurement technology for determining volume
flows can be dispensed with. This newly developed method analyses the course of temperature propagation delay
between two temperature profiles, when volume flow occurs in the hydraulic loop considered. This is achieved
by installinga measurementtrack with two temperature sensors placedata known distance apart in the hydraulic
loops associated with the thermal system. Once the volume flow in each loop of the solar thermal system (ie.
solarcollector loop, auxiliary loop, heating loop, domestic tap water) is determined by analyzing the temperature
profiles recorded atthetemperature sensors in the measurement track, the heat associated with the corresponding
loop could also be determined. When it comes to small solar thermal systems, conventional heat meters are
expensive, especially considering thetotal costof the thermal plant. The new measurement method s very cheap,
robust and achievesan accuracy of approx. £10 % compared to the high-end measurement equipment. Hence, it
can be easily integrated intothe hydraulic loops of the themmal systems and now, failuresand yield reductions can
be detected. Thus, it is e. g. also possible to determine the useful solar heat supplied to the domestic hot water
systems. This can create the prerequisite for yield-oriented promotion, especially for relatively small solar thermal
systems.
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1. Introduction

Currently the energy balancing of solar thermal systemsis carried out by installing heat meters in to each hydraulic
loop of the themmal system. Installation of the heat meters are expensive compared to the total cost of the solar
thermal system. Hence contribution of the solar energy in to small thermal systems are often neglected. Heat
metersare expensive asthey use expensive flow sensors to determine volume flow rate in pipes. This scientific
work illustrates the development of a new cost-effective method to determine the volume flow rate within a pipe
by analyzingthe course of temperature propagation delay between two temperature sensors placed in the pipe at
a known distance apart. Different algorithms are developed in the course of the project TeBwA (Temperature-
based energetic balancing of thermo-technical systems) to determine the time propagation delay between the
temperature profiles obtained by the two temperature sensors. For the development of the method, the temperature
profiles were generated in a testrig especially designed to generate the temperature profiles characteristics of solar
loop, domestic hot water loop, heating loop, andauxiliary loop. Thetest rig consists of a hydraulic pump capable
to generate volume flow rates in the range of 60 to 1200 I/h, and an auxiliary heater to generate temperature
profiles similarto the actual thermal cycles of a solar thermal system. The auxiliary heater is also needed andto
be actuated in the hydraulic loops whenever natural temperature dynamics is not sufficient enough to be analyzed
by the algorithms when fluid flows throughthe pipes.

A newly developed measurement track isalso installed in the hydraulic loops of four solar thermal systems and
data from these real systems are also evaluated using the algorithms developed. In addition to experimental data
from the test rigand real data, synthetically generated data for differenthydraulic loops of solar themal systems
simulations with TRNSYS18 (Klein 2017) are also used to evaluate the algorithmsdeveloped. This paper presents
the newly developed algorithms and its results to the temperature-based determination of volume flow rates in
pipes.
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2. Methodology

In orderto achievetheobjective of determining the volume flow in the pipes based ontemperature measurements
only, a measurement track was designed and build as shown in Fig.1 with a length of 480 mm and an inner
diameter of 16 mm. If the volume flow rate in the hydraulic loop is very high for example above 1200 I/h the
length of the measurement track is increased up to 1900 mm. This is because, when flow velocity is high a lead
time isneeded for obtaining identifiable temperature profiles atthe second temperature sensor. High-volume flow
rates will be usually observed in theauxiliary heating loop (pellet boiler, gas boiler) and domestic hot water loops
of the solar thermal system. This length adjustable measurement track will be integrated to the actual hydraulic
loops of the thermal system.
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Fig. 1: Measurement track with temperature sensors

When water flows through the measurement track from sensor 1 to sensor 2 (shown in blue arrows) during
operation ofthe test rig or the actual hydraulic loop, the temperature of the water is measured at two points with
temperature sensors. The profiles of two temperatures measured with a resolution of 10 values per second can be
seen in Fig. 1, which were inserted against the direction of flow in order to ensure optimum measurement quality
of the respective temperatures of the flowing water. In order to ensure the temperature is distributed as
homogeneously as possible across the cross-section of the pipe, swirlers were also inserted into the pipe
immediately before the temperature sensors. The values of temperatures will be recorded continuously by the
measurement system.
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Fig. 2: Example of a temperature profile obtained by the measurement track

Fig. 2 shows an example of temperature profiles recorded at the two temperature sensors of the measurement
track. Itis obvious that the second temperature profile is lagging behind the first temperature profile by k¢, ,’

index positions. Index positions are the time of order of recording temperature values by the two temperature
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sensors. When volume flow is present, by analyzing two temperature profiles the propagationdelay k¢4, is find
out usingthe algorithms developed as the second temperature profile is the replica of the first temperature profile
with a time shift ‘kt;, ,’. Considering ‘A’ is the area of cross section of pipe and ‘L’ is the distance between the
two temperature sensors installed, the volume flowrate ‘V’s given by equation 1,

AL

V= (eq. 1)

ktlag

usingthis principle volumeflow is determined in the hydraulic loops of the thermal system. Theabove described
measurement track willbe implemented to each hydraulic loop of thesolar thermal system as shown in Fig. 3.
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Fig. 3: Measurement track with temperature sensors (TeBWA module) installed in the hydraulic loops of the thermal system

To calculate the k¢, , betweenthe temperature profile received at the measurementtrack ofeach hydraulic loop
intelligent algorithms were developed, which is described in detail in the following section. To comparetheresults
of the new method a heat meter is also attached to each hydraulic loops of the system. When the temperature
dynamics in the hydraulic loop is not sufficient enoughto determine the volume flow rate by using the algorithms
developed, an auxiliary electric heater is also implemented and actuated in each hydraulic loop. Once volume
flowrate occurringin each loopis find out the energy associated with the volume flowalso be calculated. Thus,
energy enteringand leaving the thermal system is calculated which leads to complete energy balancing of the heat
storage.

3. Algorithms developed

Inthe following the most promisingalgorithms for determining the time propagation delay ‘kt;, ;" between two
temperature profiles with their results under investigation are described.

3.1 Euclidian distance method

Thismethod works ontheprinciple of finding the Euclidian distance (shortest length between two points) between
the selected temperature points of the temperature profiles on two temperature sensors. A defined sector of the
temperature curve (Ti™) from the first temperature sensor is being considered by selecting +m (number of
elementschosento definethesector) measured values from a chosen pointin time, aboutwhich flow rateis to be
determined as demonstrated in Frank 2001. The sector is shifted by time shift (¢,,,) positions across the second
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temperature curve (Ti"*"). For each of these offsets, the mathematical distance k (¢,,,) is calculated represented
by the following equation 2

K(tiag) = | B0 (T tiag) = T 002 (eq.2)

The factor (2m+1)°5isa normalizing factor fork, which depends on the size of the number of elements chosen
to define the sector (xm). The time shift (t,,,) will be equivalent to the occurrence of an index position of
minimum value ofk (¢, ). This k¢, is used to determine thefluid runningtimein the pipe.

3.2 Neighborhood approach

This method aimsat comparing sequences of five measured temperature values each, which are recorded by the
two temperature sensors of the measuring section.
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Fig. 4 Principle of neighborhood approach

For this purpose, first a measured value from temperature sensor 1 is randomly selected, see small blue squarein
Fig. 4. Then, all recorded temperature values of sensor 2 are searched for which lie within a certain tolerance
range to the selected measured value of sensor 1. These readings from sensor 2 represent the points that can
potentially be assignedto the value originally selectedat sensor 1. In orderto find outwhich of these potentially
eligible values are actually the corresponding to the measured values of sensor 1, a more detailed analysis is then
performedforthesepoints. Forthis purpose, foreach considered measured valueadditionally the two temporally
preceding and the two temporally following measured values are consulted. This results in sequences of five
measured values each. These sequences are then compared. A pairwise comparison of the upstream and
downstream measured values of the sequences compared with each other is performed. This means that the first
point considered in the sequence recorded by temperature sensor 1 is compared with the first point of the sequence
belongingto temperature sensor 2. The sameis done for the other four readings of the sequences. The aim of this
comparison is to identify those two sequences of temperature values from the two temperature sensors whose
temperature values have the highest possible agreement. To implement this, each sequence of measured values
from sensor 1 iscompared in succession with several successive sequences belongingto sensor 2.

A tolerance range is defined in which the temperature values of the respective sequences compared with each
othermust lie. If the differences of the compared pairs of temperature values lie within the tolerance range, then
the two sequences are considered to belong to each other. In this comparison, the tolerance range is initially
defined very narrowly and then gradually increased. The increase of the tolerance range is continued until a
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sequence of measured values at sensor 2 could be identified whose measured values each have a distance tothe
corresponding measured values of the respective sequence of sensor 1 that is within the defined tolerance. Should
several sequences of sensor 2 be identified at the sametime, whose measured values are within the defined
tolerance range of the values of the sequence of sensor 1, the sum of thedifferences of the pairs of the measured
values of the respective sequences to be compared with each other is calculated. The sequence of sensor 2 with
the lowest valueis assigned to therespective sequence of sensor 1. This results in five measured values atsensor
2 that lie within this tolerance range and thus represent the points in question. For these five measured values, a
more detailed analysis is then carried outon the basis of the two temporally upstream and downstream measured
values. Aftera sequence of measured values from sensor 2 could be assigned to a sequence of measured values
from sensor 1, the temporal distance of these sequences is calculated. For this purpose, the index positions of the
measuredvalues are used. The index position of the third measured value of the sequence of sensor 1 is subtracted
from theindex position of the third measured value of the sequence of sensor 2. Sinceall measurements are carried
out with a temporal resolution of ten measured values per second, the result of the subtraction is in the unit [0.1].

3.3 Slope method

The Slope method is a statistical approach where the physical phenomenon of water flowing through the pipeis
identified in terms of numbers. Thestatistical quantity determined by this method is used to determine the volume
flowrate. When flow takes place, the statistical quantity obtained by this method describes the timedelay between
two temperature sensors. The average increase or the average decrease of the temperature of a certain number of
measuredvalues of sensor 1 is used. Accordingly, theaverage change in temperature over a certain period of time
is used to calculate the volume flow. The mentioned time periodis first estimated from the expected level of the
volume flowto be calculated. This rough estimate is necessary to ensure that the fluid particles of the flow have
sufficienttimeto travel from temperature sensor 1 to temperature sensor 2 within the time period considered. The
amountof flowwas assumedtobe between 1701/h and 1200 I/h and therefore 2.1 seconds was set asthemaximum
time period. The measurementtechnology implemented records tenmeasured values per second. This means that
21 temperature values of each sensorare used for the calculation during the period under consideration. These 21
values of each sensor are initially eachstored in a field orarray.

X = [T1,11T1,25 Ty T1,21] (€q.3)

X, = [T2,12T2,2FT2,3F S T2,21] (eq. 4)

Subsequently, the average temperature T is calculated from the 21 temperature values of the array X1 belonging
tosensorl

zlilTl,n (eq 5)
T, = ==~
21

Then, from thetemperature values stored in array X;, thatvalue To is determined which has the smallest deviation
from T¢, so that applies:

T, ~ T, (eq. 6)
Next, the slope Sis calculated accordingto thefollowing formula:

To— Tia (eq.7)
ig— 11

S =

Here, io and i11 stand forthe index positions of the corresponding temperatures in array X of sensor 1. Based on
the gradient, the time delay k¢, , is calculated which the flow needs to cover the distance between the two sensors.

Forthis purpose, the temperature difference of the first two temperature values of thearrays X, and Xz is divided
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by the previously calculated temperature gradient S. Since the distance between the temperature sensors and the
cross-sectional area of the pipethroughwhichthe flow passes are known, the volume flow canthen be determined.

T11— T4 (eq. 8)

ktlag = S

Afterthe volume flowhasbeen calculated, the arrays X: and Xz are filled with new temperature values according
to the followingmethod: The index positions of the temperature values increase by one value. This removes the
first temperature value of the array and replaces it with a new value, which is placed at the last position of the
respective array. Afterwards, all calculation steps are repeated.

3.4 Cosine method

In this approach the evaluation algorithms are developed based on the cosine similarity of two temperature
profiles. Let ‘¢’ be the angle between thetwo temperature vectors, ‘a’ is the first temperature sensor vector anay,
‘b’ is the second temperature sensor vector array and ‘n’ is the number of data points, The cosine similarity is
given by equation 9,
n
ria; b:
cos (@) = == (eq. 9)

JErr [Tho

4. Results and Discussion

The newly developed algorithms were applied to both synthetic and real data to calculate the volume flow rate
using two temperature profiles obtained at the two temperature sensors. Synthetic temperature profiles of a pipe
flow were generated using TRNSYS 18 simulation program. The actual data is obtained from test rig and
implementing the TeBwA technology in to actual hydraulic loops of the solar thermal system. The following
section explains the results obtained by the algorithms on different types of data.

4.1 Evaluation of algorithms Synthetic data

The TRNSYS 18 program was used to generate theraw data of a pipe flow. At first, water flowing through a pipe
between two temperature sensors is simulated. The diameter of the pipe is 16mm, the distance between these
temperature sensors was set to 5 m during the simulation. Fig. 5 shows the temperature profiles of the two
temperature sensors located in the pipe flowas well as the associated volume flowrates.
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Fig. 5: Synthetically generated temperature profiles of apipeflow using TRNSYS 18

With all approaches presented in section 3, the volume flow at 500 I/h could be calculated with high accuracy.
The degree of deviation between the synthetical and calculated volume flow is primarily determined by the value
of the heat transfer coefficient U specified for the pipe. If this is assumed to be 0 W/(m? - K), the deviation is
less than 1 %. If the U-value is 12W/(m?2- K),which is close to real conditions, then the deviation increases to
about 3 %. In the second step, synthetically generated values were used, which originate from the simulation of a
complete solar system fora day.
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Fig. 6: Simulation of pipe flow in solar thermal system.

Here, the distance between collector outlet and storage inlet with a length of 10 m was considered. The diameter
of the pipe in this caseis again 16 mm and the heat transfer coefficient Uwas setto 12 W/(m?- K).Fig. 6 shows
the resulting temperature profiles for the collector outlet temperature (blue) and the storage inlet temperature (red)

as well as the corresponding synthetical volume flow (black) and the calculated volume flow (green), which i
almostidentical forthe three approaches.

4.2 Evaluation of algorithms on experimental data

The three approaches presented in section 3 are suitable for volume flow calculation of synthetic data in a pipe
flow. Then the algorithms were applied to experimentally generated data. These were generated by means of a
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test rig set up specifically for this purpose (see Fig. 7).

Fig. 7: Measurement test rig to generate actual temperature profiles as of the hydraulic loops of the thermal system

Fig. 7 shows the measurement track (1) with the two temperature sensors (2) and (3) installed. The tube of the
measuring section hasaninside diameter of 16 mm andthedistance between the two temperature sensors is 046
m. During operation, the measuring section is provided with thermal insulation to keep heat losses between the
temperature sensors to be low. The temperature sensorsare ‘PT100’ sensors that have been fixed in the pipe by
means of a compression fitting. This type of mounting puts the tips of the thermocouples in direct contact with
the flowing water, allowing temperature changes in the flow to be detected immediately. Above the measuring
section, two electric heating rods (4), (5) were installed in the pipe flow. With the help of these electric heaters
thermal energy can be introduced into the system. The two heating rods having different electrical power. This
helps the minimum level of electrical heating power to be determined experimentally, so that the temperature
profiles generatedstillhas sufficient accuracy to be calculated by the algorithms. In theactual implementation of
the measurement track only one electric heater with an electric power of 1600W. In addition, the calibrated
electromagnetic flow meter (6) can be seen. The flow rates measured with this flow meter serve asa reference
value forassessing theaccuracy of theflow rates calculated on the basis of the evaluationalgorithms. The flow is
generated with the aid of thepump (7). The pumpanda regulating valve canalso be used to vary the volume flow
rate.
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Fig. 8: Continuously rising temperature profile
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Fig. 8 shows continuously rising temperature profiles. The temperature at the two sensors increasesa pproximately

linearly during the measurement. In order to generate such a rising profile, the heating element was switched on
continuously, i.e., forthe entire timeinterval of 60s.
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Fig. 9: Volume flow rate corresponding to the rising temperature profile

Fig. 9 shows the volume flow rate observed for the above temperature profile. The volume flow rate in the
consideredtime interval is constantand amounts to 397 I/h. The volume flow rate is calculated forevery 10sand
it variesfrom420to 390 I/h. The average calculated volume flow rate for 60s by the methods areapprox.413 Vh,
which is about 4 % in deviation in accuracy with the measured volume flow rate. The temperature dynamics is
about 0.17K/sduringthecalculation period.
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Fig. 10: Periodic temperature profile

Fig. 10 showsthe temperature profiles with periodic nature. Thisis achieved by alternately switching the heater
on for 15 seconds and off for 10 seconds. The volume flow rate varies between 174 1/h and 286 I/h. The calculated
volume rate with the algorithms also has a very close agreement with the measured volume flow rate. The
temperature dynamic in the pipe flowisabout0.2 K/s in the entire sequence.
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Fig. 11: Respective volume flow rate for the periodic temperature profile

4.3 Evaluation of algorithms on insitu data

The measurement track is also implemented in to actual hydraulic loops of the thermal system. For this very
purpose four solar thermal systems were selected in Stuttgart, Germany including solar combi systems. Fig. 12
shows an example of a temperature profile obtained from an actual solarthermal system.
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Fig. 12 Temperature profiles obtained and volume flow rate calculated for an actual solar loop

The green line shows the calculated volume flow rates by analyzing the course of temperature profiles of a solar
loop. The calculated and measured volume flow rate is 550 I/h and 590 I/h respectively, which is approx. 9 %
deviation in accuracy. For comparing the calculated volume flow rate by the algorithms, heatmeters are installed
in to each hydraulic loop of the thermal system. The flow rate measured by the heatmeters serve asthe reference
for comparison. Volume flow rates in the actual hydraulic loops of themmal systems can be determined with a
deviation in accuracy of approx. £10 % with the newly developed algorithms. In the real operation of thermo-
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technical plants, periods occur in some hydraulic circuits in which the temperature dynamics of the flowing fluid
is so low thatno reliable calculation of the volume flow can be guaranteed. The evaluation algorithms developed
in the TeBwA project are able to detect such periods and exclude them from the calculation. To implement this,
the temperature dynamics are determined simultaneously during the calculation of the volume flow. If this is
below a certain limit value in the period under consideration, no volume flow is calculated for the period in
question. In a nextdevelopment step, it is plannedto makethe algorithms more intelligent such thatthe auxiliary
heaterisable to be activated automatically fora short time, if the temperature dynamic falls below the limit value
in orderto ensure sufficiently high temperature dynamics.

The following table 1 summarizes the above-mentioned evaluation algorithms mentioned for determining the
volume flow rates in the pipes together with characteristic values for the accuracy deviation.

Tab. 1: Result of different evaluation algorithm for the temperature-based determination of volume flow rates in pipe

Type of temperature profile

Algorithm 1:

Euclidian
distance method

Algorithm 2:

Neighbourhood
method

Algorithm 3:
Slope method

Algorithm 4:
Cosine method

Synthetic data for increasing,
decreasing temperature for

+3t0+5%

+3t0+5%

+3t0+5%

+3t0+5%

water flow in pipes generated
by TRNSYS simulations

Synthetic data of solar loop
generated by TRNSYS
simulations

Exp. data & real plant data—
Continuously increasing
temperature profile

<+5% <+5% <+5% <+5%

<+9% <+5% <+5% <+9%

Exp. data & real plant data—
temperatures created using
alternatively activating the
auxiliary heater

<+59% +6t0+10 % +6t0+10 % +2t0+5%

Exp. data & real plant data—
Continuously decreasing

0,
temperature profile <x%

<+10% <+10% <+9%

To prove the accuracyand reliability of the newly developed algorithms, experimentally generated data and real
data from solar loop, boiler loop, space heating loop and domestic hot water loop of the themmal systems were
used. For the actual thermal systems, heat meters are installed in each hydraulic loop, which serve as reference
forcomparison.

5. Conclusion and inference

This paper presents newly developed algorithms for determining the volume flow in pipes by analyzing
temperature profiles. The methods developed (Euclidian distance method, Neighborhood method, Slope method
and Cosine method) are suitable for determining the volume flow rates in pipes with deviation in accuracy of
approx.+ 10 %. Algorithms are evaluated using experimental data, synthetic data and real data from the hydraulic
loops of solar thermal systems. Considering the actual implementation of the measurement system into the
hydraulic loops further developmentis needed. First aspect of this developmentis to identify the presence of water
flow in the pipe. Second aspect is related to an economically feasible actuation of the auxiliary heater in the
measurement system.

In principle, the approachis a cost-effective method, since only one measurementpipe, two temperaturessensors
and an auxiliary heater are required. The measurement system can be easily integrated in actual hydraulic loops
of thermal systems. Once the measurement system described in this paper is integrated into actual hy draulic loops
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of solarthermal systems, energy transportin each hydraulic loop could be determined, especially the contribution
of the solar loop. Definitely, this creates the prerequisite for yield-oriented promotion, for relatively small solar
thermal systems.
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