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Abstract: This paper presents results of the development and apphcatf a new
temperature grid sensor based on the wire-mesh sensoipteinthe grid sensor consists of
a matrix of 256 Pt1000 platinum chip resistors and an astatiglectronics that measures
the grid resistances with a multiplexing scheme at high épe&he individual sensor
elements can be spatially distributed on an object surfadereasure transient temperature
distributionsin real time. The advantage compared witkeotimperature field measurement
approaches such as infrared cameras is that the object mwdstigation can be thermally
insulated and the radiation properties of the surface daff@tt the measurement accuracy.
The sensor principle is therefore suited for various indaismonitoring applications. Its
applicability for surface temperature monitoring has béemonstrated through heating and
mixing experiments in a vessel.
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1. Introduction

Temperature field measurements are common and required ng mdustrial processes as well
as in many inspection, analysis and surveillance tasks.miles are the monitoring of temperature
distributions in and around plant components in the proogssidustry, mineral oil processing
equipment or in power generation but also for instance thectien of heat losses in buildings.
Considering industrial processes, temperatures are cotygnnoeasured locally at selected positions
within apparatuses, vessels or pipes or at the surface opaoemts. However, monitoring of
temperature fields is beneficial to identify critical sudatemperatures, to detect thermal shocks
and temperature endurance of plant components, and thysevent early safety shutdowns-f].
Furthermore, measuring surface temperature fields all@msation or even reconstruction of inner
surface temperature history or internal flow conditioB®$] and gives indications of process-related
temporal material stress or the development of processwaynaonditions 7-9].

Today there are two common ways to measure and visualizeetatope fields. Either the surface
of an object of interest is equipped with a set of temperaseresors (e.g., thermocouples or thermal
resistors) and the temperatures are measured directly) mfrared camera is used to record images
of the emitted thermal radiation. Both approaches haveiderable drawbacks. A multi-sensor
arrangement requires many electronic processing chammelsa lot of cabling. Infrared cameras,
however, require optical access to the emission surfacelviginot always possible, for instance when
a thermally isolated component surface is to be inspectedomitored. Another approach for surface
temperature field measurement is the use of temperaturgigensaterials, which change their optical
properties. Thus, surfaces can be coated by thermochraguiicl Icrystals, heat sensitive crystalline
solids and paints or thermographic phosphor and changgxdisabproperties can be observed remotely.
Such methods are considered as semi-invasive. A detaNsglv®n various measurement techniques
can be found in1Q]. In this paper a new sensor for the measurement of compasuefaice temperature
fields is introduced. The sensor consists of multiple eleaitrresistance elements assembled in a
grid-like structure 11]. The acquisition of the temperature-dependent resistalata of the sensor
elements is realized with a special multiplexing schemeiclwhvas adapted from the conductivity
wire mesh sensop] frequently used for gas-liquid flow measurements. Whikeltiter measures the
conductivity distribution in the crossings of a wire gridp@sed to a multiphase flow, the temperature grid
sensor now uses passive conversion elements (thermdbrs}i® produce a map of temperatures from
multiplexed conductivity readings. As a proof of principkesensor was built and applied to measure
transient temperature fields on the wall of a vessel in hgatid mixing scenarios.

2. Electrical Sensor Design and Measuring Electronics

Figurel shows the simplified scheme of the sensor and the electrartiessensor is a regular grid of
wire electrodes with platinum resistors in the crossingse ransmitter electrodes (horizontal wires in
Figurel are activated consecutively by a multiplexer. That is, éag# is applied to the active wire while
the other ones are kept grounded. Electrical currents flpéwom the active transmitter wire through the
resistors to all receiver electrodes (vertical wires inUfgd are measured in parallel. This scheme allows
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rapid temperature measurements with sampling frequenpiés 1 kHz while the cabling requirements
and number of electronic channels are low.

Figure 1. Simplified scheme of the temperature field sensor and it¢retecs.
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Figure2 shows an equivalent circuit for one crossing point with graperature dependent electrical
resistance element. The pulsed excitation voltegeauses an electrical currehy in the temperature
dependent electrical resistance elem@pi«)). The current/,, is transformed into a voltagg,, using
a transimpedance amplifier. Assuming that the operatiomglifier is ideal, the measured voltage is
determined by equation Equatiol) (vith the feedback resistandey, the thermal resistor valug,, (?)
and the excitation voltagg,.

R

i g 5 (1)
The voltage signals of all receiver channels are furtheridiexgh, digitized and stored in a memory of a

special data logger. For the prototype temperature fielslagd?t1000 platinum chip resistors (Jumo type
PCA 1.2005.10 E55) were used. Due to the thermal inertia®téimperature sensors (response time
to.o = 0.3 s in water) and to satisfy the Nyquist sampling criterion,iaimum sampling frequency of
6.6 Hz is necessary. To allow noise reduction by oversamgplivd digital filtering, a sampling frequency
of 100 Hz has been chosen with excitation pulses of 12 pusher&hce the resulting currents through
the resistors are less than 1.0 mA, drift effects due totsediting of the platinum chip resistor can be
neglected. For the Pt1000 element the effect of the temyrerain the resistance is given by equation
Equation @).

Vm:_‘/()'

Rpn(9) = Ropr - (1+ apg - 9) for 0°C < 9 < 220°C )
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Ry p¢ is the nominal resistance and-; is a specific temperature coefficient of the platinum resisto
If Ry, Rop: andap, are known, temperature can directly be determined from thasared voltage
according to equation Equatio8)(
C Vo R 1
19:V—1+02with01:—07f,02:—— (3)

m Ro,Pt *Qpy Opt

Figure 2. Equivalent circuit for one electrical resistance element.

Alternatively, the constants; and(C, can be determined from calibration measurements at differe
temperatures. This also takes into account the effectseodlififierent length of path of the connection
cables in the matrix.

3. Experimental Set-up and Prototype Sensor

As a proof of principle, a prototype temperature grid semgs built and used in heating and mixing
experiments in a metallic vessel. The stainless steel mixassel (Figurg) has an inner diameter of
300 mm. A matrix of 8x 32 temperature sensitive platinum chip resistors was neolattthe wall of the
vessel using a special thermal adhesive (Arctic Silver Mia¢Adhesive). The locations of the sensor
elements as well as vessel dimensions are summarized ia Tabb reduce thermal influences of the
environment, such as heat dissipation, the vessel was #fignmsulated (not shown in Figui®.

For the calibration measurements, the vessel was filledwatler at two different temperatures and
the constant§’; andC, (Equation 8)) were derived for all matrix points. For each calculatitihrg mean
values of 3,000 calibration measurement values were usedd@itional lance with eight thermocouples
(mantle thermocouple, type K NiCr/NiAl, 1 mm) was installeside the vessel close to the wall to
measure internal temperature profiles for comparison \wghntall temperatures field.
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Figure 3. Mixing vessel with mounted temperature field sensor and sabmew into a
2 x 2 sensor element matrix.

Table 1. Dimensions and specifications of vessel and sensor.

vessel

height 300 mm

inner diameter 300 mm

wall thickness 1mm
material stainless steel

measurement points

number in radial direction 32
number in axial direction 8
spacing in radial direction 30 mm
spacing in axial direction 30 mm

measurement planegheight above bottom)

level 1 30 mm
level 2 60 mm
level 3 90 mm
level 4 120 mm
level 5 150 mm
level 6 180 mm
level 7 210 mm

level 8 240 mm
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4. Heating and Mixing Scenarios

4.1. Heating Experiment

For the purpose of heating the liquid in the vessel (nonaagl), a heating element (Weltor 1,000 W)
was installed approximately 100 mm above the vessel bottotine centre. The temperature evolution
resulting from the heating process at different sensorttigig shown in Figurd(a). Here, temperatures
of sensor elements located at the same level were averagpedtemperatures at the four upper levels
show a similar behaviour, while the temperature increadeva 3 and level 4 (zone of the heating
element) is delayed.

Figure 4(b) shows the temperature field at the wall of the vessel 480éfter start of the
heating. The higher spatial resolution of the shown tentpegadistribution was generated by bicubic
interpolation based on the measurement data. The develafitg/o thermal layers separated by a thin
transition layer can be clearly observed. The heating aimeéuces a liquid circulation in the heating
zone above the heating element. However, the liquid fradielow remains stable at lower temperature.

Figure 4. (a) Temperature evolution at different vessel heights duttvegheating procedure,
(b) vessel wall temperature field at t = 4,000 s.
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4.2. Mixing Experiment

For an assessment of the sensor dynamics, a mixing expédrimvaa conducted in the
temperature-stratified liquid-filled vessel (see Figd(t®). Therefore, a stirrer (type: MLW MR25 with
impeller mixer, typical flow: radial) was installed in thentee of the vessel with blades 20 mm above the
vessel bottom. For that reason, the heater was installglutisiioff the centre. The stirrer was operated at
a stirrer speed of 50 rpm and the mixing process was starthd ine that is indicated by the dashed line
in Figure5. The temperature evolution at all levels was measured unifibrm temperature conditions
were achieved. Again, the temperatures of sensor elemmrdted at the same height were averaged.
While temperatures at the lower levels 1 and 2 show a rapidcantinuous increase, the upper zones
display a sudden decrease of the temperature even belowttreakchieved equilibrium temperature.
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Here, the stirrer together with the heater as a vortex brezeses an axial liquid circulation with cold
liquid from the bottom region flowing upward near the wall \ehtihe heated water flows downward in
the vessel centre. Already after a short recirculation tieneperature homogenizes in the vessel.

Figure 5. Temperature evolution during mixing of the stratified lidui
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Figure 6. Mean values and standard deviations of sensor data versuadbouple lance
temperature readings during the mixing procedure.
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Furthermore, reference temperature data were taken pribbetmixing and after uniform temperature
was achieved. The reference temperatures were measutedhe&ithermocouple lance at the same
heights as the temperature grid sensor measurement pladdbey are indicated by the symbols in
Figure5. In the parity plot in Figures, the temperatures measured with the thermocouple lance and
from all 256 grid sensor elements are compared. While googkeagent was found for level 1 to 3 and 5
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to 8, clear deviations prior to the mixing were measured\adllé, which represents the transition zone
characterized by strong temperature gradients.

4.3. Experiment with a Moving Heat Source

To show the ability to measure transient spatial tempegaligtributions, a moving heat source was
applied. A hot liquid jet (96 C) with constant flow rate was injected in the empty vessehfeopipe
moving 360 along the wall, thereby drawing an ellipse within 40 s (Fe(a—f)) as highlighted by the
arrows in Figurer. Here, the liquid jet forms a film flowing downward on the wall.

Figure 7 shows the temporal evolution of the temperature field at tiréase of the vessel wall.
As in Figure4(b), the higher spatial resolution of the shown temperatlis&ibutions was generated
by bicubic interpolation based on the measurement data. elliptic path of the jet can be clearly
visualized by the sensor. The images also show that the davenflowing liquid film heats the lower
wall regions. The further evolution of the surface tempamfield after the injection has been stopped
is shown in Figur&’(g—j). Here, the temperature field changes due to heatingrgining liquid films,
heat conduction in the wall and heat losses.

Figure 7. Temperature fields during the moving heat source experiment
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4.4. Temporal Sensor Response

To characterize the response of the installed temperatidesgnsor, a temperature step was locally
impressed inside the vessel in the area of one sensor elatlentl 5 (see “area 22” in the embedded
scheme in Figur&). The response of the installed temperature sensor wagsalior a 3x 3 sensor
element matrix neighbouring the heated element (see “drétplarea 33”).

Figure 8 shows the temperature step and the corresponding tempesdumals. The responses of
the sensor elements are clearly lower in amplitude thannipeassed temperature step, which can be
attributed to the heat removal from the vessel wall due toldéinge surface and high heat capacity.
Nevertheless, the shapes of the curves represent the sesploaracteristics of this temperature sensor
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configuration. The highest response was observed for thieecelement of the matrix. The delayed
temperature increase of the surrounding elements occertodbe heat conductivity within the metallic

wall. Additionally, the heat transfer caused by free cotieecnear the wall inside the vessel plays a
role. However, the temperature increase is lower. In sumntiae influence of the wall material heat

conductivity on the neighbouring areas is not negligibig,the sensor still resolves spatial variations in
local temperature precisely.

Figure 8. Sensor response. The dashed curve represents the impresgertature signal,
the bold curve indicates the response of the particular @ndahe dotted curves show the
responses of the other eight areas. As an illustration, ¢lséipns of the nine diagrams are
similar to the location of the nine sensor areas.
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5. Conclusions

In this paper a new wire-mesh based sensor for the measurandnvisualization of surface
temperature fields was introduced. Multiple platinum clapistors (Pt1000) are assembled in a matrix
structure and can be read-out with high frequency using diplering-driving scheme. The sensor
can be installed at unevenly shaped and insulated objeticss; where for instance no optical
access for infrared camera observation is possible. Thkcappity of such a sensor concept, e.g.,
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for monitoring critical surface temperatures, occurreoidermal shocks and temperature endurance of
plant components, was demonstrated by some basic heatingiaimg experiments in a large vessel.
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