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1. Introduction 
This report has been made in the scope of the EU funded EMRP research project ENG06:  

‘Metrology for improved power plant efficiency’. This report is in fulfillment of the 

deliverable D3.5: “Development of a multipoint reference sensor and its ability to 

average temperature in pipes under streaming condition in laboratory”. The 

investigations presented in this report actually goes beyond the fulfillment of the 

deliverable D3.5. In addition to the multipoint reference sensors ability to average 

temperature in pipes a single Pt-100 sensor and an average of 4 Pt-100 sensors have 

been investigated. All three reports D3.4-3.6 deals with temperature measurement of 

pipe flows with non-homogenous temperature distributions. The D3.4 report dealt with 

the background information concerning a method to measure temperature with 

ultrasound in pipe flow.  This report deals with the development of multipoint reference 

sensor and common Pt-100 techniques for measuring average temperature in pipe 

flows. The D3.6 report deals with the quality of the ultrasound measurement principle 

based on experimental tests. In addition to these three reports in deliverable D5.4 a 

webpage-handbook for performing ultrasound temperature measurements in pipes will 

be made available and in D5.5 a webpage linking to traceable speed of sound/ 

temperature data will be made available. Parts of the results behind this report have 

been presented at the AMCTM conference, the 9th International Temperature 

Symposium, the International Workshop on Feed water, Temperature and Thermal 

power, the 8th International Symposium on Fluid Flow Measurement and the 7th & 8th 

International Ematem Summer Schools.   

2. Background 
Accurate temperature measurements of water in flow lines are critical for many 

industrial processes. In many applications the water flow has a non-homogeneous 

temperature distribution and the question is how to measure the average water 

temperature in such an application? This problem is especially of interest in feed water 

line of the primary circuit of nuclear power plants of pressurized water reactors. In 

these pipe lines hot water with temperatures ranging from 310 to 330 °C flows at high 

speed with local temperature differences up to 20 °C (estimate based on simulations). A 

temperature measurement performed according to present guidelines [1-7] (see figure 

1) can lead to uncertainties of 1-3 oC [8].The ENG-06 project addresses this problem and 

investigates if the current temperature measurement technique can be improved by 

using an ultrasound (US) based temperature sensor. In this report we present the 

development of a multipoint sensor consisting of nine Pt-100 sensors. The abilities of 

the multipoint sensor under laboratory conditions were also investigated. This sensor 



   

was used as a reference sensor for the US based temperature sensor. In addition 

investigations of four Pt-100 sensors instead of single Pt-100 sensor were performed as 

well.  

The report is organized as follows. Chapter 3 describes the construction of the 

multipoint reference sensor, along with the calibration of the individual Pt-100 sensors. 

Chapter 4 presents the experimental setup used in this study. Chapter 5 presents the 

results of the test with the multipoint reference sensor. Finally chapter 6 ends the 

report with some concluding comments.  

 

 

Figure 1.  The three recommended options to mount a temperature sensor in a pipe 

line. 

 

3. Description and calibration of the multipoint reference sensor  

3.1 Description 

The multipoint reference sensor (from now on called multisensor and T-array) that was 
constructed for this deliverable consisted of 9 Pt-100 sensors, each measuring a spot 
temperature. This sensor was used as the temperature reference for the experiments 
with the Speed of Sound based temperature sensor when the temperature was above 
100 oC. It was constructed and mounted in a 390 mm long pipe with a diameter of 100 
mm. The sensors were placed 200 mm from the entrance of the pipe. Figure 2 shows 
the inside and outside of the T-array. As seen in the left image in Fig. 2 the 9 Pt-100 are 
mounted in three parts. The middle part consisted of 5 Pt-100 and two side parts 
consisted of two Pt-100s each. The Pt-100 sensors are called channel 1 to 9. Channel 1-5 
make up the middle part with channel 1 at the top in Fig. 2, 6-7 to the left and 8-9 to the 
right as seen in flow direction, see figure 3. Channel 7 and 9 are the sensors closest to 
the pipe wall. All 9 Pt-100 were connected to a 6½ digit Keithley 2700 multi-meter that 
measured their resistance. The measured data was sent from the Keithley to a laptop 
via RS-232. The multi-meter was controlled from Excel using the add-in ExceLINX, a 
freeware downloaded from Keithley home page. From the resistance values Excel 



   

calculated the measured temperature from each channel. This acquisition software was 
also used during calibration. 

 
Figure 2. The figure shows images of the inside (left) and outside (right) of the 
constructed T-array. The image to the left shows the back; the water flow comes out of 
the image. Channel 1-5 is in the middle part, 6-7 to the right (left in flow direction) and 
8-9 to the left. Channel 1 is on the top and 5 at the bottom of the middle part, channel 7 
and 9 are the sensors closest to the pipe wall. 
 

 
Figure 3: Numbering of T-array with the flow pointing into the page. 

 

3.2 Calibration 

All individual Pt-100 sensors used in this study were calibrated using a normal 
comparison calibration method. The calibration points were taken at 0, 25, 50 and 90 °C 
in water stabilized temperature bath in the temperature laboratory at SP. A fix point cell 
calibrated Standard Platinum Resistance Thermometer (SPRT) was used as reference 
during the calibration. The point at 0°C was performed in an ice bath. The three parts 
with two or five Pt-100 respectively (see fig 3) were placed in the bath together with the 
SPRT. The resistance measurements were done approx. 5 min after the Pt-100 was 



   

placed in the bath and the measurements were performed for approx. 5 min. Figure 4 
shows one of the baths with the middle part of the T-array (channel 1-5) and a SPRT. 
 
 
The calibration resulted in a second order polynomial covering the temperature range 0-
90 °C for each individual sensor. The corresponding coefficients were calculated 
according to IEC 60751 [9]. The expanded calibration uncertainty was estimated to  
15 mK (k=2). The drift of the calibrated Pt-100 sensors was not considered when 
estimating the uncertainty. The individual Pt-100 calibrations coefficients were validated 
by an additional ice bath measurement. All sensors showed 0 °C within the calibration 
uncertainty. The immersion depth of the nine Pt-100 mounted in the multisensor was 
also varied during the calibration to reveal eventual errors due to heat leakage. This had 
a very small influence (< 0.01 °C). The response time (90 % of final value) of the Pt-100 
mounted in the multisensor was tested as well. It was between 7 seconds to 11 seconds 
for 15 K change (going from 20 °C in air to a 35 °C water bath). 
 

 
Figure 4. Middle part with five of the Pt-100 (channel 1 to 5) together with an SPRT in 
one of the stabilized baths (left) and the Keithley Multi-meter used to measure 
resistance of the Pt-100 (right). 
 

To test the stability of the T-array an ice bath and a 25 °C measurement in a stabilized 

bath was done after performing all measurement in the flow facility. All Pt-100 showed 

stable behavior and had not changed during the time for the measurements. 

4. Description of the experimental set-up 
Investigations on the T-array were performed in the primary water flow rig at SP. A 

scheme of the test section is shown in figure 5. Because of the total length of the test 

arrangement it could not fit into the ordinary (=150 mm) test section. For that reason 

the water was bypassed into a separate DN100 flow line starting with a flow conditioner 

FC followed the flow injector/mixer M at a distance of 1.4 m, to which the ultrasound 

sensor US (when used) and the temperature array sensor TA were connected. Two DN 



   

100 pipes of different length followed before the water was directed back into the rig 

via a rubber hose. 

At the reference point RP in the flow injector M the main flow Q1 of variable 

temperature T1 from a big water tank was joined by an additional flow Q2 from a second 

tank of stable room temperate water T2. Initially the two flow rates were adjusted to the 

same liquid speed at the reference point to achieve a deliberately stratified temperature 

profile. The additional flow was delivered via a rubber hose (DN 25) and the flow rate Q2 

was measured with a CMF-200 Coriolis meter. The total flow rate Q3 was measured 

downstream of the sensors with a magnetic inductive master meter (Endress & Hausser) 

as the sum of Q1 and Q2. Thus the unknown flow rate Q1 could be calculated. Changing 

the proportions between Q1 and Q2 and/or T1 and T2 different temperature patterns 

downstream could be generated. The temperature T1 was varied between 20 oC and  

50 oC and T2 was varied from 4 oC to 20 oC. Temperature difference up to 32 K between 

cold and hot water was used.  

T1

T2

T3

T4

Q1

Q2

Q3=Q1+Q2

M US TA

Water tank 60 m
3

deionized tap water

variable temperature

15 to 95 °C

Water tank

4.5 m
3
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room

temperature

F =100

F =150
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F =25

L1

L2

RP

L3

Q2: Additional flow rate – cold water - measured

T1: Temperature main flow – hot water

T2: Temperature add. flow – cold water

Q1+Q2: Combined flow rate – mixed temperature

T3: Temperature of combined flow downstream

T5

L4

L5

Ball prover 3.5 m
3

Q1: Main flow rate – calculated from Q3

FC

P1 + P2

GP

GP: Glass pipe

M:   Mixer hot and cold water at RP

US: Ultrasound metering device

TA: Array of 9 temperature sensors

RP: Referece Point

Fig. 5: Relevant part of SP’s hot water flow rig with hot and cold water from two 

different tanks.  

During the test series the smaller tank was slowly emptied and the cold water 

transferred into the large hot water tank. The temperature control managed to keep a 



   

selected temperature difference. The additive water tank was refilled with tap water 

and heated to laboratory temperature. 

The two sensors under test were exposed to different temperature patterns by 

arranging them in three basic configurations with different distances behind the mixer. 

They are shown in figure 6.  

M P1 US P2T-ar

M
P1T-arUSP2

Flow direction

T-arUS P2P1M

config. 1

config. 2

config. 3

 

Fig. 6: Distances from Injector M to US/TA sensors in three basic configurations to 

achieve various degrees of temperature mixing (config 1: 1 D/5 D, config 2: 11 D/16 D, 

config 3: 49 D/54 D). 

In most tests the cold water was injected from the bottom and forced into horizontal 

flow direction as indicated in figure 6. This resulted in having the coldest water at the 

bottom of the pipe and the warmest at its top. In one situation config. 4 (based on 

config. 1) the US and TA sensor switched place to reveal the start conditions of a mixing 

length. In a further test config. 5 (based on config. 1) the injector was turned 90 ° 

counter clock wise with respect to the US and TA-sensors in standard orientation 

making the cold water entered the pipe from the observers side. The goal was to create 

new temperature distribution, evaluating quality of T-array and single Pt-100s. 

Configurations 1, 4 and 5 are displayed in figure 7-9.  

 



   

 
Figure 7. The image shows configuration 1. The US-sensor is located before the T-array. 

The cold water inlet is at the bottom. 

 

Figure 8. The figure shows configuration 4, where the T-array is located before the US-

sensor. 



   

 

Figure 9. The figure shows configuration 5, which is almost the same as configuration 1 

but with the cold water inlet inserted from the right side looking down streamed. 

The upstream line pressure and the flow rates Q2 and Q3 were measured with the 

ordinary data acquisition system belonging to the test rig. Further temperatures 

downstream were logged as well to estimate temperature losses depending on 

temperature differences and flow rates. The temperatures T1 and T2 were logged using a 

Keithley 6½ digit multi-meter.  

4.1 Pipe dimensions 

Various pipe dimensions are collected in table 1. They refer to the distance between 

points of temperature measurements, the mixing distance between the reference point 

and the measurement planes of the sensors, the length of the different parts and the 

corresponding volumes. The last information together with flow rate can identify the 

travelling time for the water between the points of simultaneous temperature 

measurement. It should be noted that the vast majority of tests were performed at 

steady state conditions. 

 

 



   

Table 1: Various dimensions 

 Length [m] Identification Volume [L] 

L1 1,620 T1 to RP 12,7 

L2 10,92 T2 to RP 10,0 

L3 33,255 RP to T3 344,8 

L4 (config 1) 0,1 RP to US 
plane 

0,79 

L5 (config 1) 0,635 RP to TA 
plane 

4,21 

M 0,240 Mixer 1,26 

US 0,400 US-sensor 3,14 

TA 0,385 TA-sensor 3,02 

L4 (config 2) 1,110 RP to US 
plane 

8,72 

L5 (config 2) 1,645 RP to TA 
plane 

12,14 

L4 (config 3) 4,900 RP to US 
plane 

38,49 

L5 (config 3) 5,435 RP to TA 
plane 

41,91 

 

The flow rates Q1, Q2, the temperatures T1, T2, T3 and several temperatures 

downstream as well as line pressure were collected continuously during a run by the 

ordinary data acquisition system belonging to the hot water rig. But only the averages 

under a run of one minute were stored. The temperature information from the 

temperature array sensor AT was scanned by a separate equipment and so were the 

transit times of the ultra sound sensor US, which were converted to temperature in a 

third equipment. Synchronization was performed off-line via the time markings.  

4.2 Test with Pt-100 sensors 

Investigation using four Pt-100 sensors to measure the average temperature was 

performed as well. The four sensors were mounted in the same plane, 90 degrees apart, 

around the pipe as displayed in Figure 10. Each of these four sensors were having there 

tip close to the center of the pipe. The immersion depth of the sensors was 4 cm. The 

Pt-100 sensors were a wire type with an outside diameter of 3.8 mm. The dimension of 

the element was Ø2.3 x 31. In addition, some immersion depth tests were also 

performed on a single Pt-100 at three different water temperatures. Furthermore, 

investigations with a single Pt-100 mounted from the top, side and bottom of the pipe 

were performed to verify how large measurement error a single Pt-100 can show when 

non-homogenous temperature distributions are present.  



   

 

 

Figure 10.  Four Pt-100s mounted in the pipe in the same plane.  

4.3 The flow injector mixing devices 

Two kind of flow injectors were used during this study to obtain different temperature 

distributions. The first kind was a normal Tee-conduit (called T-cross), see Figure 11. 

 

Figure 11. A normal Tee-conduit, called T-cross, was one of the two kinds of flow 

injector used in this investigation. 

The other kind of injector was a custom-built injector. This flow injector was constructed 

at the workshop at SP and is shown in Fig. 12. The detailed dimensions of the flow 

injector are shown in Fig. 13. The length is 250 mm and the pipe diameter is 99.6 mm.   



   

   
Fig. 12 The flow injector used during the measurements. 

During the measurements the aim has been to have the same velocities from both 

outlets of the mixer. The area of the two regions and corresponding Reynolds number 

are presented in Table 2.  

 

99,6

2,4

20,7

70 23,5
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43,6
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58,9

 

Fig. 13 The flow injector dimensions. All distances are in mm. 

 

 



   

Table 2. Area and Reynolds number for the flow injector together with the between 

flow rate and outlet velocity for the two regions of the flow mixer. 

Region Area  

(m2) 

Reynolds 

nr @ 20oC 

Flow 

velocity 

(m/s) 

Flow rate 

(l/min) 

1 1.16E-03 4.89E+04 1 69.5 

2 6.63E-03 1.21E+05 1 398 

 

Reynolds number was calculated for a water temperature of 20 oC by using equation (1) 

where Dh is the hydraulic diameter, V is the flow velocity and u is the kinematic viscosity 

of the two regions of the flow mixer.  

 

   
    

 
 ( ) 

The used velocities, corresponding flow rates and used pressures during the 

measurements are presented in Table 3. As seen in Table 3 three different velocities and 

pressures have been used for every given temperature difference of the two flows 

entering the flow mixer. The small inlet at the top in Fig. 12 and 13 will from here on be 

mentioned as the cold water inlet. 

Table 3. Used flow velocities and pressures for all measurement configurations at a 

given temperature difference between the cold and warm water. An “X” indicates used 

velocity and pressure.  

 0.3 bar 2 bar 4 bar 

0.5 m/s  X  

1 m/s X X X 

2 m/s  X  

 

4.4 Weighing of the individual sensors in the T-array 

When using a T-array, with 9 Pt-100, to obtain the average temperature of the flow in a 

pipe there are several ways to calculate an average value. When using a T-array with 9 

sensors there are several ways for determining the average flow temperature in a pipe 



   

with an inhomogeneous temperature distribution. Different weight can be added to the 

sensors to obtain a result as close to the true value as possible. Two different 

weights/methods have been used to calculate the average temperature. The first 

method, the arithmetic mean, adds all values from the 9 sensor and divides the results 

by 9. This corresponds to using as weighting factor of 1 to all Pt-100’s and is called 

arithmetic method. In the second method, called the weighted method, the pipe area is 

divided in 5 parts and where each part contributes with a 1/5 to the average 

temperature value. In the middle section where 5 horizontal Pt-100 sensors are placed 

the five values were added in the following way. The values from two sensors closest to 

the pipe wall received a weighting factor of 0.1. The sensor in the middle received a 

weighting factor of 0.4 and the last two a factor of 0.2. Other possible weighting factors 

were discussed but since we had no a priori knowledge about the experimental 

conditions of the water temperature inside the pipe we decided to go for these two 

methods. To weigh the central sensor stronger than those at the wall also takes care of 

the fact that most energy is transported there due to the speed profile, which of course 

is a separate aspect.  

5. Results 
As reference temperature for the evaluation of the abilities of the T-array and all other 

investigations presented here, the theoretical enthalpic temperature was used. This 

temperature, along with other alternatives, was discussed in detail in report D3.4 [10]. 

The reference temperature was defined as follows: 

Tref =h-1[ (∫A ρ(T(x, y))·h(T(x, y)) dA) / ∫A ρ(T(x, y)) dA]  (2) 

The uncertainty of the flow weighted temperature was estimated to ±50 mK (k=2). The 

deviation between the T-array and the reference temperature was defined as  

Tsensor-Tref. The enthalpy was calculated using the REFPROP add-in to Excel [11]. 

 

5.1 Test of injector with colored water 

Before starting the investigations of the ability of the T-array a mixing test was 

performed. A 900 mm glass pipe was inserted at the place of the US and TA sensors 

trying to visualize the mixing behavior with the help of a colored additive, Pyranin, in the 

cold water. The test was recorded with a standard digital video camera. The results are 

presented in Table 4.  

 



   

Table 4. Measurement details and observation during the test of the flow injector with 

colored water injected at the bottom of the flow mixer. 

Time vmain 

[m/s] 

Vins 

[m/s] 

Tmain [°C] Tins [°C] Observation 

13:35 0.5 0.4 19.46 19.17 Not much mixing besides towards 

the end much mixing. Pulsing 

vortexes of about 1 Hz  

14:14 0.5 0.4 22.14 19.17 Not much mixing, more or less 

the same as previous run 

14:37 0.5 0.4 24.50 19.18 More mixing then the first two 

runs still pulsing vortexes of 1 Hz 

14.45 0.5 0.5 24.50 19.18 More mixing than the first two 

runs 

15:58 0.5 0.5 21.15 19.15 More mixing than the first run 

 

In all test runs with colored water two layers of water were clearly observed, as 

expected. Furthermore the colored water showed vortexes pulsing with a frequency of 

about 1 Hz. It might even be at two different frequencies. Typical images of the mixing 

are displayed in Figure 14. However, to make a certain statement of mixing behavior is 

more difficult. It was hard to see how fast the mixing actually took place. It depends on 

what angle the observer had. Anyway, from the videos all taken from the same position 

it seems that higher temperature difference gives more mixing than low temperature 

difference. In addition higher flow rate tends to give less mixing than low flow rates. The 

vortices were generated at the end of the plate in the injector separating the two flows 

and seemed the same independent of small differences in flow speed. 



   

 
Figure 14. Two typical images from the test run with colored water. Two distinct layers 

of water are clearly visible together with pulsating vortexes.  

 

5.2 Test of temperature distribution 

The change in the temperature distribution as a function of distance from the flow 

injector as measured with the multisensor is shown in Fig. 15. Two different 

temperature differences at the flow injector inlet are presented, 27 K and 31 K. As seen 

in Fig. 15 the temperature difference between the top and bottom of the pipe 

decreased quite rapid, as can be expected since a flow rate of 1 m/s in a DN100 pipe 

gives a well-developed turbulence flow. Turbulent flow is known to increase the mixing 

between fluids. The temperature difference at inlet was measured with Pt-100 close to 

the flow injector, as described in the experimental section above. The temperature 

difference at 6.7 D and 13.4 D in Fig. 15 was the temperature measured with the top Pt-

100 in the multisensor minus the temperature measured with the bottom Pt-100, i.e. 

sensor no. 5 minus sensor no. 1 as numbered in Fig. 3. Since the bottom Pt-100 was not 

located at the very bottom of the pipe the actual temperature difference between the 

top and bottom of the pipe, i.e. between the hot and cold water, might be a little higher 

but this was the only measureable value we can obtain with the present equipment.  

 



   

 

Figure 15. The measured temperature difference between the top and bottom sensor of 

the multisensor as a function of the distance from the flow injector. 

 

5.3 Evaluation of a single Pt-100 

The performance of a single Pt-100 sensor to measure the average temperature of 

water flow with non-homogenous temperature distributions was investigated. The 

single sensor was mounted in three different positions, from the top, side and bottom of 

the pipe at a 1D distance from the injector. The non-homogenous temperature 

distribution was created with the flow injector configuration. The sensor had full 

immersion depth, i.e. the tip of the sensor was located 7.5 cm inside the pipe. In 

addition the sensor was calibrated as described above with a calibration uncertainty of 

15 mK (k=2). The result for the single sensor is shown in figure 16. The figure shows the 

deviation to the temperature reference as a function of temperature difference at the 

flow injector inlet.  
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Figure 16. The measured deviation between a single Pt-100 and the temperature 

reference as a function of the temperature difference at the inlet.  
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5.3.1 Investigations of Immersion depth 

 

Figure 17 The measured deviation between a single Pt-100 and the temperature 

reference as a function of the immersion depth of the Pt-100. The inlet figure is a 

magnification for immersions depths larger than 3 cm. 

 

Figure 17 displays the deviation between a single Pt-100 and the temperature 

reference, i.e. the T-array. The tests were performed at three different temperatures 

(32 oC, 43 oC and 53 oC) with a homogenous temperature distribution of the water flow. 

The test was done with the sensor mounted from the top of the pipe. As seen in Fig. 17 

the deviation to the reference was less than 20 mK for an immersion depth larger than 4 

cm. The deviation increased with increased water temperature for an immersion depth 

of 1 cm. From a logical point of view it was expected that the deviation increased with 

increased water temperature since the heat loss from the part of the Pt-100 outside the 

pipe was greater when difference between the room temperature and water 

temperature was larger. White and Jongenelen developed a mathematical model for 

calculating the 1/e decay length from experimental data for PRTs [12]. They studied the 

immersion characteristics of five different industrial PRTs and found that the 1/e decay 

length was about 2.5 to 4 times the diameter of their 5 different thermometers. From 

the experimental data presented in Fig. 17 the calculated 1/e decay length was about 
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2.7 times the diameter, which was in agreement with the results presented by White 

and Jongenelen. 

5.4 Evaluation of a four Pt-100 configuration 

A commonly used technique for measuring the average temperature when non-

homogenous temperature distributions are present is to use four Pt-100 electrically 

connected as a single sensor. This was investigated in this study as well. Figure 18 shows 

the results from the measurement with 4 Pt-100 sensors mounted as shown in Fig. 10. 

The sensors were located at a 1 D distance from the flow injector. The figure shows the 

deviation between the measured average temperature of the 4 Pt-100 sensors and the 

reference sensor as a function of temperature difference at the flow injector inlet. The 

temperature difference varied from 0 K to 31 K. As seen in Fig. 18 for a 0 K temperature 

difference, i.e. homogenous temperature distribution of the water flow, the measured 

average water temperature from the 4 Pt-100s are within the measurement uncertainty 

of the reference sensor. In addition, Fig. 18 shows that when the temperature 

difference at the flow injector increased the deviation between the four Pt-100s and 

reference sensor increased as well.  

 

Figure 18. The figure shows the deviation in between the 4 Pt-100 sensors connected as 

one and the temperature reference as a function of temperature difference at the inlet. 

The data are measured with a 1D distance between the flow injector and T-array. 
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Figure 19. The measured deviation for the average temperature of the 4 Pt-100s as a 

function of the distance from the flow injector. The deviation is presented for three 

categories of temperature difference between the cold and hot water. 

 

The distance between the four Pt-100 configuration and the flow injector was changed 

between 1 D and 7.7 D. Figure 19 shows how the deviation between the average 

temperature calculated from the 4 Pt-100s and reference sensor varied with the 

distance from the flow injector. The temperature difference between the cold and hot 

water in Fig. 19 was varied from 0 K to 30 K. All presented data points in Fig. 19 were an 

average of three one minute measurements performed with the same temperature 

difference between the warm and cold water. As seen in Fig. 19 the deviation decreased 

with increased distance between the Pt-100 and the flow injector. That the deviation 

decreased with distance from the flow injector was expected since the probability for 

the two fluids to become completely mixed increases with the distance. This result in a 

more homogenous temperature distribution which in turn was easier to measure and 

resulting in a lower deviation to the reference sensor. Investigations with changed 

distance between the temperature sensors and the flow injector were also done with a 

single Pt-100 (not shown). The results of these investigations were similar as the one 

shown in Fig. 19, i.e. the deviation decreased with increased distance. 
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Figure 20 shows the results from single Pt-100 sensor and the 4 Pt-100 sensors as a 

function of temperature difference at the inlet. The results from the measurement with 

the five different configurations as measured at 1 D distance from the flow injector is 

shown in Figure 20. 

 

Figure 20. The figure shows the deviation between a single Pt-100, or 4 Pt-100 

connected as one, and the temperature reference as a function of temperature 

difference at the inlet. The data are measured with a 1D distance between the flow 

injector and T-array. 

 

The figure shows that average temperature from 4 Pt-100 mounted as shown in Fig 10, 

measures the water temperature with the lowest deviation to the reference sensor. For 

temperature differences lower than 15 K the 4 Pt-100s configuration showed a 

deviation lower than 0.5 K. With the same conditions a single Pt-100 showed a deviation 

up to 2 K. For temperature differences between 15 to 32 K the deviation was lower than 

1 K, which was a remarkable improvement compared with measuring the water 

temperature with a single Pt-100, which showed a deviation to reference sensor up to 4 

K under the same measurement conditions. When the average temperature of four Pt-
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100s sensor was used instead of the temperature of single Pt-100 the deviation to the 

reference sensor was lowered with up to 75 %. 

 

5.4 Evaluation of the T-array 

5.4.1 The flow injector configuration 

Several investigations of the T-array were performed. All measurements reported in this 

section are an average of three one minute measurements if nothing else is stated. Each 

measurement started when stable conditions were achieved in the flow line.  

Figure 21 shows the deviation between the calculated T-array average values and the 

flow weighted reference temperature as a function of distance (in pipe diameter) 

between the flow injector and T-array. Both the weighted and arithmetic results are 

presented. As seen in the figure the measurement deviation decreases for both the 

weighted and arithmetic method with the flow injector-T-array distance. It also seems 

like the arithmetic method generally has a larger deviation than the weighted method 

except at 54D where the arithmetic method has the lowest deviation. That the deviation 

decreases with distance from the flow injector is expected since the chance to become 

completely mixed increases with time (distance). This would give a more homogenous 

temperature which in turn is easier to measure. At a 5D distance there are some data 

points for the weighted method that have a very large deviation. These data point are 

from configuration 5 and are discussed in more detail further down in the text. 



   

 
Figure 21. The measured deviation between the average temperature of the T-array and 

the reference temperature as function of the distance between the T-array and flow 

injector.  
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Figure 22. Deviation as a function of Pressure as measured at a 1D mixer-array distance. 

The temperature difference between the two flows (T1 and T2) was around 4.4 oC. 

 

The deviation versus pressure is displayed in figure 22. The T-array-injector distance was 

15 D. The flow rate varied from 468 l/min to 471 l/min corresponding to approx. 1 m/s. 

The temperature difference of the two flows was around 4.4 oC. In figure 22 no clear 

trend of the deviation as a function of pressure was observed. However, it was observed 

in figure 22 that the weighted method to calculate the mean temperature of the T-array 

had lower deviation than the arithmetic method. The conclusion was that no clear trend 

or correlation between pressure and measurement deviation was observed. The 

observed difference in figure 22 are all within the uncertainty of the temperature 

reference (i.e. within ±0.05K).  
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Figure 23. Deviation as a function of total flow rate as measured at a 1D distance 

between the flow injector and T-array. The temperature difference between the two 

flows (T1 and T2) was around 6.5 oC to 6.8 oC. A flow rate of 470 l/min corresponds to a 

liquid speed of 1 m/s.  

 

The deviation between the T-array average temperature and the reference as a function 

of total flow rate is shown in Figure 23. The measurements were performed at a 1D 

distance between the flow injector and T-array. As seen, for the average temperature 

calculated with the arithmetic method it seemed like the deviation increased with 

increased flow rate. However, the increase was lower than the uncertainty of the 

reference. For the average temperature calculated with the weighted method the 

deviation decreased with increased flow rate. But also in this case the observations 

were within the uncertainty of the reference.  
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Figure 24. The figure shows the deviation in temperature determination between the T-

array and the temperature reference as a function of temperature difference at the 

inlet. The data are measured with a 5D distance between the flow injector and T-array. 

 

Figure 24 shows the measured deviation of the weighted and the arithmetic method as 

a function of the temperature difference at the flow injector inlet. The measurement is 

done with a distance of 5D from the mixer. First of all it was observed that the deviation 

from weighted method was lower for the arithmetic method, as earlier observed in 

figure 24. Second, the arithmetic method shows a large increase in deviation to the 

temperature reference with increasing temperature difference, whereas the weighted 

method seemed not to be affected by the increased temperature difference at the inlet. 

However, at a temperature difference of approx. 9 K the weighted method had a large 

deviation, approx. 0.83 K,  to the reference temperature. These data are the data from 

the measurement using configuration 5, i. e. the cold water was injected from the side 

instead of from the bottom as in all other experiments. But that the weighted method 

had higher deviation when the water was injected from the side instead of the bottom 

was expected since the weighting was done with the assumption the cold water would 

be in the bottom. When the cold water was injected from the side this assumption was 

not valid anymore and then the weighted method is expected to produce a large 

deviation. The plain arithmetic mean gives as seen in the figure the lowest deviation. 
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This means any form of weighing is only advantageous if there is an a priori knowledge 

of the mixing pattern. 

 
Figure 26. The figure shows the deviation in temperature determination between the T-

array and the temperature reference as a function of temperature difference at the 

inlet. The data are measured with a 1D distance between the flow injector and T-array. 

 

Figure 26 shows the measured deviation of the weighted and the arithmetic method as 

a function of the temperature difference at the flow injector inlet. The measurement is 

done with a distance of 1D from the flow injector. The observations were the same as 

for the measurement at a 5D distance. The deviation from weighted method was lower 

for the arithmetic method and the arithmetic method shows a large increase in 

deviation to the temperature reference with increasing temperature difference, 

whereas the weighted method seemed not to be affected by the increased temperature 

difference at the inlet. 
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Figure 27. The figure shows all the measured deviation data recorded using the flow 

injector with the different Pt-100 configurations at a 1D distance from the flow injector. 

For the T-array data only the weighted method is presented.  

 

 

In summary, figure 27 shows the deviation between the different Pt-100 sensors used 

and the temperature reference as a function of temperature difference at the inlet. Only 

the measured deviation at a 1D distance between the sensor and the flow injector inlet 

were presented in figure 27. For the T-array data only the weighted method was 

presented in figure 27. As expected the T-array showed the smallest deviation to the 

reference. The deviation was less then ±0.25 K for the T-array. This was a significant 

improvement from using a single Pt-100 sensor. With a temperature difference at the 

inlet above 30 K the single Pt-100 sensor had deviation around 4.8 K whereas the T-

array had less than 0.25 K. Also observed in figure 27 was that using 4 Pt-100 sensor 

mounted 90o apart had a deviation lower than 1K as long as the temperature difference 

at the inlet was below 20 K. At temperature difference at the inlet up to 15 K the 4 Pt-

100 sensors showed deviations to the reference more or less equal to the T-array.  
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5.4.2 The T-cross configuration 

Additional test with a single Pt-100 sensor and the T-array was performed using a T-

cross as mixing device instead of the flow injector. The results from these tests are 

shown in figure 28. First of all it was observed that the general deviation to the 

reference was lower than in the case with the flow injector. This was expected since the 

T-cross was expected to mix the cold and hot water more rapidly and at once in the 

injector. In addition, also in this case a single Pt-100 sensor showed deviations up to 2 K 

for a temperature difference of approx. 22 K. The T-array showed deviation below 0.5 K. 

It was also observed that the weighted method had a slightly lower deviation than the 

arithmetic method.  

 

Figure 28. The figure shows the deviation in temperature determination between the T-

array and the temperature reference as a function of temperature difference at the 

inlet. The data are measured using a T-cross as mixing configuration. The deviation for a 

single Pt-100 sensor is shown as comparison.  

6. Summary 
In summary a multisensor device, called T-array, consisting of 9 Pt-100 sensors was 

constructed and investigated. Additional tests with a single Pt-100 sensor and 4 Pt-100 

sensors were performed as well. In all experiments the T-array showed a significant 

decrease in deviation to the reference compared with a single Pt-100 sensor. At a 

temperature difference of 15 K the deviation was lowered from approx. 2.5 K down to 

approx. 0.21 K. When the temperature difference at the inlet was above 30 K the 
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deviation was lowered from approx. 4.5 K down to 0.25 K when comparing a single Pt-

100 sensor with the T-array. When using 4 Pt-100 sensors electrically connected as a 

single sensor showed almost as low deviation as the T-array, at least when for 

temperature difference at the inlet below 15 K. For higher temperature differences the 

deviation increased for the 4 Pt-100 sensors as well.   
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