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Abstract

In this experiment, a liquid flow meter was developed using the self-heating behavior of a thermistor.  Using principles taken from thermodilution experiments, the phenomenon of self-heating could be harnessed to measure flow rate.  The thermistor’s dissipation factor, DF, was determined by varying the Reynolds number of the fluid flow.  The set up of the experiment mimicked a thermal dispersion flow meter that allowed for the determination of the fluid’s volumetric flow rate by measuring the change in temperature of the thermistor caused by a specific power dissipation.  A linear calibration was found by plotting:
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According to predictions outlined in the theory section, the straight-line equation should be y = mx + b, where m = 3.778 x 10-3 W/K and b = 6.852 x 10-3 W/K and the experimental data produced the linear equation with m = 3.7 x 10-3 W/K and b = 0.021 W/K.  The nearly identical slope shows that the collected data follows the same trend as the theory predicts.  While slight discrepancies are apparent, especially in the y intercepts, there is good agreement between the slopes.

Background

A thermistor has many uses.  Its electrical resistance changes when its temperature changes.  The heat that created the temperature change can come from multiple sources, such conduction or radiation from the surrounding environment.  The thermistor’s temperature can even change due to “self-heating” brought about by power dissipation within the device.  When a thermistor is part of a circuit and the power dissipated within is not enough to cause self-heat the thermistor, the environment will control its body temperature.  Thus, self-heating thermistors are not used in applications such as temperature control of temperature measurement
.

If the power dissipated within the device is sufficient to cause self-heating, the thermistor’s body temperature will depend on its thermal conductivity as well as its initial temperature.  Self-heated thermistors are used in such applications as air flow detection, liquid lever detection and thermal conductivity measurement
.

In this experiment, the fluid flow sensing properties of self-heating thermistor were examined.  This was based on heat dissipation differences between static and moving fluids.  Investigating the potential of a self-heating thermistor-based flow meter has led to the study of the heat transfer behavior for many gases and liquids under laminar flow.  Of particular interest is the interface between the thermistor and the fluid.  In flow meters, voltage is used to govern power dissipation when a constant current is applied to the thermistor.  This principle is the basis for computerized automotive/air fuel control and fluid flow monitoring
.

Thermistors can also be used for flow rate measurements even when the pressure of the fluid medium varies.  These applications include measurements on low-pressure gases and at vacuum levels
.

Heat dissipation in static liquids is roughly ten times greater than that of a static gas environment.  If a negative thermal coefficient, NTC, thermistor is immersed in a static liquid, the increased heat dissipation will cool the thermistor and its resistance will increase.  The basis of self-heat liquid level sensing applications is based on the difference in the resistance value of the thermistor in a static gas (air) and in a static liquid (such as water).

Gases of different molecular weights have different dissipation constants if other conditions are kept constant.  This is an important principle of gas analysis using self-heating thermistors.  A modified Wheatstone bridge circuit utilizing two extremely small, fast response "matched" self-heated thermistor elements has been developed for gas thermal conductivity and chromatography analysis
.

Theory

According to the paper by Foster et al.
:
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where θ is the steady state non-dimensional temperature, r is the dimensionless radial coordinate, and Bi is the Biot number.  Integrating over the volume of the sphere yields the average non-dimensional change in temperature:


[image: image3.png]



Where Tnorm(Bi) is the average non-dimensional change in temperature as a function of Bi.  Tnorm(Bi) is found to be:
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The average non-dimensional temperature change can be used to find ΔT by:
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Where ΔT is the change in temperature of the thermistor, kth is the thermal conductivity of the thermistor in W/m*K, Q is volumetric heat generation in W/m3, and a is the radius of the thermistor in m.  Meanwhile, the power P can be found by:
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Where V is the volume of the sphere, or (4/3)πa3.  The dissipation factor DF is P/ΔT, so we find:
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(1)

According to Gebhart
, for a spherical object the following correlation is found:
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Where NuD and ReD are the Nusselt and Reynolds numbers based on the diameter of the thermistor, Pr is the Prandtl number, h is the convective heat transfer coefficient in W/m2*K, and kf is the thermal conductivity of the fluid in W/m*K.  Knowing that:
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Are combined to obtain:
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(2)

This expression is subbed into equation 1 to obtain the final relationship between Re and DF.

From equation 2, we can see that if Re(∞, Bi(∞.  And if we look at equation 1, we can see that if Bi(∞, 1/DF((20πakth)-1.  The DF∞ = 20πakth = 17.1 mW/K.  By rearranging equation 1 a bit, we obtain:
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But the second term on the LHS is equal to 1/DF∞.  So:
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Taking the reciprocal of both sides and subbing in for Bi, we obtain:
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(3)

Thus we obtain a linear relationship between Re and DF, although it is complicated.

Also used:
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(4)

Where P is power in W, I is current in A, and V is voltage in V.

Experimental Design and Procedure

Voltages were recorded using the computer’s lab-view data logger.  Voltage was recorded at the input to the transistor, on each side of the 1kΩ resistor, and from the 15V power supply.  Their configuration can be seen in Figure 1.  Power to the thermistor was turned on and off by using the transistor as a switch, the input signal (connected to the base-wire of the transistor) was supplied using the lab-view signal generator.  When a positive charge was supplied to the base, current was allowed to flow through the thermistor.
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Figure 1: Electronics Set-Up

The thermistor was inserted into Tygon tubing of substantially larger size than the diameter of the thermistor bulb (1/2” Tygon was used).  Water from a raised tank was allowed to flow through the tubing, over the thermistor and then into a collection tank.  Several extra feet of tubing were used prior to the thermistor so that there would be laminar flow over the thermistor.  In order to insert the thermistor in-line with the water flow, it was sealed into a tubing “T” connector using wax.
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Figure 2: Flow Diagram

Trials were performed by using a valve connected to the water tank to set flow rate.  Volumetric flow rate was determined by timing water flow into a beaker and measuring the mass.  At the specified flow rate, the computer was used to turn power on to the thermistor, and all of the above said measurement points were recorded.  From the voltage measurements and temperature calibration of the thermistor, delta-T values were obtained, as well as the current-draw and voltage across the thermistor.  These were used to calculate the power supplied to the thermistor using equation 4.

A total of 12 Reynolds numbers were studied, ranging from 15 to 939.  For each Re, 5 trials were performed.  The data from each trial was used to calculate a DF.  For a given Re, the data from each trial was used to find a DF.  The mean of these DF values was taken as the DF for that particular Re.  In addition, the experiment was run for a thermistor in standing water, and the resultant data (representing Re = 0), was plotted with the other data.  A trial was performed at "max flow" which yielded an approximation to DF∞, which was found to be 17.1 mW/K.

Results
A trial was run in standing water to determine the exact nature of the relationship between power and the change in temperature.  Power was varied and the corresponding change in temperature was calculated.  The change in temperature was determined using a calibration curve which was constructed using the information on the back of the thermistor’s packaging.  The resistance of the thermistor was measured, and, using the calibration curve, the change in temperature was calculated.  A Power vs. ΔT graph was then constructed, shown in Figure 3.
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Figure 3: This figure shows the relationship between the thermistor’s change in temperature and the power dissipated by it.  The relationship shows an almost perfectly linear relationship.

The graph of P vs. ΔT is almost perfectly linear.  The slope of this line represents the Dissipation Factor.  Since the relationship between P and ΔT is so linear (that is, P is directly proportional to ΔT), it was assumed that similar results would be obtained in water with non-zero flow; i.e. if the thermistor were placed in a tube and allowed to come into contact with flowing water, the P vs. ΔT would again be linear.  This proved very important in cutting down experimentation time.

Once it was known that the relationship would be linear, no matter what flow was used, it was decided that data would be taken at one set power for each flow.  The change in temperature would be measured, and the ratio between the power and the change in temperature would be the Dissipation Factor.  This was done, and a total of 12 non-zero flows were studied.  For each flow, five trials were performed as outlined in the method section.  A typical trial is shown in Figure 4.  One can see that when the power was turned on the change in temperature quickly increased.  After a time, however, the temperature change reached a plateau and its value very gradually diminished.  This was due to convective currents which would circulate in the water if the power was left on for more than a few seconds.  ΔT was chosen as the temperature which corresponded to the most points on the graph.
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Figure 4: Shown above is a typical trial.  The temperature rapidly increases, levels off, and subsequently decreases.

The supply voltage used was held constant at 15 V for all flows.  This value was chosen because it represented somewhat of a maximum voltage (it would increase the thermistor’s temperature the most).  The power was calculated using the equation 4 from the theory section.  The measured current and voltage were then used to calculate the power.

So each trial resulted in a calculated power and change in temperature.  Using equation 2, the Dissipation Factor was calculated.  For each flow, the five trials were averaged.  The reciprocals of these values were then graphed against the Reynolds number for each flow rate.  This can be seen in figure 5.
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Figure 5: This figure shows the relationship between 1/DF and Re.  It can be seen that the graph resembles a hyperbola, and that for higher flow rates, the 1/DF values seem to approach a constant.  Also, at very low flow rates, the 1/DF values increase dramatically.

The relationship between 1/DF and Re seems to be hyperbolic.  At extremely low Re, the 1/DF values increase dramatically.  This suggests that the Dissipation Factors at these flows are extremely low.  That is, a small amount of power will increase the temperature of the thermistor more at low flow rates.  Meanwhile, at high Re, the 1/DF values seem to approach a constant value.  Thus, the DF also approaches a constant value, found to be 17.1 mW/K.

The theoretical value for DF∞ could not be used since it was lower than some of the recorded points.  This resulted in a singularity in the graph, so the maximum recorded value was assumed to be a good approximation.

As mentioned in the background theory, graphing the value (DF-1 + DF∞-1)-1 vs. Re½ should yield a straight line.  This can be seen in figure 6.  A fairly linear relationship can be observed, as predicted.  The value of the y intercept is 0.0210 ± 0.0136 W/K and the value of the slope is 3.69E-3 ± 7.87E-4 W/K.

[image: image21.emf]Linear Relationship of Re:

1/(1/DF + 1/DF∞) vs. Re^0.5

y = 0.0037x + 0.021

R

2

 = 0.9065

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0 5 10 15 20 25 30 35

Square root of Reynold's Number (Re^0.5)

1/(1/DF + 1/DF

∞

) (W/K)


Figure 6: This graph depicts (DF-1 + DF∞-1)-1 graphed against Re½.  It can be seen that the relationship is indeed linear as predicted.

Discussion

The linear nature of the power vs. change in temperature graph depicted in figure 3 suggests only one power value needs to be studied per Reynold’s number.  This is because any change in power will scale the change in temperature proportionally.  Thus, the dissipation factor can be taken as the ratio of the two (P/ΔT).  This meant that all the readings could be taken within a span of a few hours.

Figure 5’s seemingly hyperbolic nature can be readily observed.  It intercepts the y-axis at Re=0, which is standing water.  As mentioned in results, the 1/DF values increase dramatically at extremely low Re.  The corresponding dissipation factors at these flows must be extremely low.  A given power will increase the temperature of the thermistor much more at these low Re.  As velocity of the fluid increases, Re increases accordingly.  The graph shows that 1/DF gets smaller as Re increases.  Since 1/DF decreases, DF increases and this points to the fact that greater flows increase cooling.  This makes sense since more power is required to raise the temperature for faster flows.  At higher flows, the 1/DF values seem to approach a limiting value, which corresponds to a “max” DF.  The fluid is unable to cool the thermistor faster than heat is generated.  The thermal conductivities will not let heat be transferred any faster.  Thus, higher and higher fluid velocities have very little effect on the 1/DF values.  The DF value at which this occurs is the max DF, 17.1 mW/K, mentioned earlier.

The theoretical equation was plotted in Mathcad™, and follows as Figure 7.  Figures 6 and 7 were then combined to yield Figure 8, a comparison between experimental values and theoretical calculations.
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Figure 7: MathCAD™ plot of theory. The y-axis values are in W/K. The equation is y = 3.778E-3x + 6.852E-3.

This max DF would prove critical when attempting to find a linear relationship between Re and DF.  As shown in the theory section, when (DF-1 + DF∞-1)-1 is graphed against Re½, a straight line should be the result.  Figure 6 shows that the result.  It can be seen that the relationship is indeed linear, albeit with a fair amount of scatter.  The corresponding confidence intervals back this up.  Unfortunately, this graph does not seem to have any readily apparent physical meaning, but is useful nonetheless.
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Figure 8: This figure shows equation graphed out: (DF-1-1/DF∞-1)-1 vs. Re½.  The bolded line is a regression the recorded data points.  The dashed line represents the theoretical trend.

The slope of the experimental values was found to be 3.7E-3 W/K while the theoretical slope was 3.778E-3 W/K.  This shows close agreement.  Meanwhile, the y intercepts for the experimental and theoretical values are 0.0210 ± 0.0136 W/K and 0.00685 W/K.  The theoretical y-intercept is significantly different from the experimental, but barely, as it falls just outside the confidence interval.

There were several possible sources of discrepancies, the most grievous of which were the non-spherical nature of the thermistor and the two metal leads.  The theory upon which this experiment is based applies to a spherical body in infinite fluid.  Thus, changing the geometry would have a large effect on the readings.  The metal leads were wrapped tightly in wax; however, it is still likely that they were responsible for some of the deviation from the theoretical values.  In addition to this, tubing constraints, a limited supply of water, and no means of fluid propulsion other than gravity prevented the possibility of an “infinite” fluid body.  In addition to these things, the thermal conductivity of the thermistor, kth, was not precisely known.  Slight variations in this value would greatly affect the y-intercept (and to a much lesser extent, the slope).

Conclusions 

· Theory predicts a linear relationship between 1/DF and Re, as given in equation (3)
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· Experimental data trends the same as the theory, as shown by the close match of their slopes. 3.7E-3 for the experimental and 3.78 E-3 for the theoretical. The experimental y-intercept falls just outside of the confidence interval of the theoretical. 

· Y-intercept variation is thought to be from the experimental set-up being a non-theoretical system, with most of the error coming from the non-spherical thermistor (as the theory models) and the wire leads to the thermistor, which dissipate energy away from the system. 

Improvements
· Use a larger flow tube so that Velaverage is better approximated. The theory assumes a spherical thermistor in an infinitely large volume of water flowing around it. 

· Use a lower resistance thermistor so that larger temperature differences are obtained. This should reduce scatter in the data and provide more accurate results
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