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I. ABSTRACT 
This paper describes an investigation of the axial heat 

transfer within a thermal transient anemometer probe. A 
previous study, Bailey et al. (1993), evaluated the 
performance characteristics of a thermal transient 
anemometer system. The study revealed discrepancies 
between a simplified theory and test results in the 
development of a universal calibration curve for probes of 
varying diameters. Although the cause of these 
discrepancies were left uncertain due to an inadequate 
theoretical model, the study suggested that axial conduction 
within the probe could account for the deviations. In this 
paper, computer simulations are used to hrther investigate 
axial heat conduction within the probes. The effect on 
calibration of axial variations of material properties along 
the probes is aiso discussed. Results from the computer 
simulation are used in lieu of the theoretical model used in 
the previous study to develop a satisfactory universal 
calibration curve. The computer simulations provide 
evidence that there is significant axial heat conduction 
within the probes, and that this was the cause of the 
discrepancies noted in the previous study. 

. 

11. INTRODUCTION 
The Thermal Transient Anemometer (TTA) is a fluid 

flow (mass flux) measuring device which utilizes a 
thermocouple as a probe. The probe is periodically heated 

by the application of an electric current through the 
thermocouple junction, and the probe's measured rate of 
cooling between pulses is related to the local mean flow 
velocity. 

The most important advantage of the TTA is that a 
standard sheath thermocouple may be used effectively as a 
flow sensing probe. The standard thermocouple provides an 
inexpensive flow probe which is durable, rugged and 
capable of satisfactory operation in hostile environments 
where other flow sensors cannot be used. Potential 
applications include velocity measurements in super heated 
steam flows in high level radiation fields (In-Pile Nuclear 
Reactor Tests) and molten metal flows in strong magnetic 
fields (First Blanket Fusion Power Experiments). 

An evaluation of the performance characteristics of the 
TTA was previously performed and reported by Bailey et al. 
(1993). Discrepancies between theory and test results were 
revealed in this initial investigation. It was concluded that 
the discrepancies may have been caused by an inadequate 
theoretical model which did not allow for axial conduction 
effects, and that further work was required to resolve the 
matter. 

This paper reviews the theoretical model originally used, 
and uses a computer simulation of the heat transfer within 
the probes to investigate the influence of axial conduction. 
Supporting test results along with corresponding computer 
results are presented. These results are then used to resolve 
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the discrepancies reported in the original study, and to 
develop a satisfactory universal calibration curve. 

III. BACKGROUND 
Theory of Operation of the TTA 

The theory of operation of the TTA is given by Bailey 
et al. (1993). Briefly, the temperature decay of a uniform, 
infinitely long cylinder, a short time after a heating pulse 
can be represented by: 

T(r,t)=A exp(-ka%) 

where A is a constant for fixed initial conditions, flow 
conditions, and radial position r; and a is the smallest 
eigenvalue of the solution to the general heat transfer 
equation. 

When this relation is plotted in semilogarithmic 
.coordinates, one obtains a straight line, i.e., a temperature 
decay with a constant slope given by: 

S= - ka2= ln(T2-Tl)/(t& (1) 

The initial conditions do not enter into this expression, 
and therefore the slope is independent of the power pulse 
shape, magnitude and duration 

For the case where the internal thermal resistance is small 
compared with the external resistance, which is typical for 
air flows, it can be shown that: 

where h is the external heat transfer coefficient, pC, is the 
heat capacity of the probe, A is the surface area, and V is 
the volume. Comparing Eq. (1) with Eq. (2) we see that ' . 

Then, using the standard heat transfer correlation for a 
cylinder in a cross-flow 

Nu = CRe" 

one obtains a relationship of the form: 

S= - 4C*[F,]*[F2]*v" (3) 

where v is the fluid velocity. F, is a term dependent on 
probe properties, and F2 a term dependent on fluid 
properties. 

Thus, the constant slope S of the semilogarithmic 
temperature decay after the heating pulse is a measure of the 
local fluid velocity. 

From a measured temperature time decay curve, a value 
for S can be calculated using Eq. 1. The flow velocity then 
can be calculated from a knowledge of the slope and the 
probe and fluid properties, using Eq. 3. 

Equation 3 was derived from basic principles by 
modeling the probe as an infmitely long cylinder with a 
uniform convective coefficient. Such a model does not 
allow for possible axial conduction effects, and hence was 
considered a possible source of the discrepancies noted in 
the original report (Bailey et ai., 1993). 

ExDeriment and Data Reduction Method 
Data were obtained in ambient air at the exit plane of a 

round nozzle. An instrumented sharp edged orifice was 
located in the duct stream of the nozzle to provide a 
measured flow rate. Fans provided a maximum air velocity 
of about 16 d s  (52 Ws). A TTA system was set up with 
the thermocouple probe located in the air stream at the exit 
of the nozzle. The orifice provided an accurate measure of 
local velocity at the probe, while the TTA system 
simultaneously recorded the temperature decay of the probe 
following the heating pulse. The slope S was calculated 
from the temperature decay curve using Eq. 1 and a 
calibration curve of slope versus velocity for each probe 
diameter was developed. A "universal" calibration curve of 
Nusselt number vs. Reynolds number was generated for all 
probes using the individual probe calibration data. Details 
of the experimental set up and procedure are described by 
BaiIey et al. (1995). 

Previous Results 
The test results reported (Bailey et al., 1993) were 

obtained for two probes of .063 in and .020 in diameter. 
The results are shown in Fig. 1. The Nusselt number was 
obrained from the relationship 

The Reynolds number was calculated from the flow velociQ 
as deduced from the orifice flowmeter. 

According to the theory outlined in the previous section. 
data for both sizes of probe should fit on a single curve. 
However, as seen in Fig. 1, they do not. It was suggested by 
Bailey et al. (199;) that this discrepancy was due to axial 
conduction effects, which are not accounted for in this 



theory. 
It was therefore decided to construct a computer model of 

the TTA probe which would not be limited by the 
assumptions of zero axial heat conduction and negligible 
internal resistance. Comparison of experimental data with 
model predictions, using different values of h would enable 
determination of the correct value of Nusselt number, and 
allow a Nusselt number versus Reynolds number 
relationship to be constructed. If this did indeed result in a 
"universal" calibration curve, then it would provide 
evidence that the effect of axial heat conduction was 
significant, and properly account for these effects. 

IV. COMPUTER MODELING OF THE TTA PROBES 
Model DescriDtion 

The TTA was modeled using the software package 
SMDA (Network Analysis Associates, 1994). SMDA is a 
finite difference code that solves both transient and steady 
state problems. The TTA was modeled using a three 
dimensional, time-dependent calculation that includes 
internal heat generation and heat conduction, and external 
heat convection. 

The model geometry had four distinct axial regions to 
simulate the actual construction of a TTA probe: (1) a steel 
end cap; (2) a region between the end cap and the 
thermocouple junction, which is a steel cylinder filled with 
magnesium oxide (MgO); (3) the thermocouple junction; 
and (4) the rest of the probe, consisting of an outer steel 
cylinder with an MgO insert, and thermocouple wires 
running through the MgO. 

To reduce computer run times, a quarter model was 
assumed. This is not strictly correct since the thermocouple 
wires, being of different materials, will have different 
heating characteristics and thus one would not expect 
perfect quarter model of the symmetry temperature 
distribution in the probe. 

Model InDut Parameters 
The working principle of the TTA is that the temperature 

decay rate becomes invariant a short time after the heating 
current is removed, and that this decay rate is a measure of 
the fluid velocity over the probe. Thus, the main purpose of 
the computer model was to deduce the external convective 
coefficient for each corresponding flowrate (as measured by 
the orifice) by comparing the computed temperature decay 
rate with experimental data. 

However, for a particular probe, Eq. 3 shows that the 
temperature decay rate. represented by S, is also dependent 
on the physical properties of the probe, in particular the heat 
capacity PC,. In addition, at earlier times, just after the 
heating pulse. the response of the TTA depends on the 
applied heating current and, as this investigation found, on 
the thermal conductivity of the probe. Therefore, when 

. 

making the comparison between model results and 
experimental data, it was important to correctly characterize 
the physical configuration of the probe. 

V. RESULTS 
Method of Calculation 

Experimental data were available for 1 .O mm (0.040 in.) 
and 1.5 mm (0.063 in.) diameter probes, in air flows of 
between 4 (13) and 16 m / s  (52 Ws). The geometry and 
material properties of each of these probes was modeled, 
and the following procedure was implemented. 

(i) The heating rate was calculated fiom the measured 
thermocouple wire resistance and the applied current. 

(ii) The physical configuration of the probe and the 
corresponding material properties were input to the 
model. 

(iii) An external heat convection coefficient was deduced 
by requiring a match with experimental data for a 
given velocity. 

(iv) The code was run with these values, and the results 
compared with the experimenta1 data. 

(v) The external heat convection coeficient was adjusted 
until the model results matched the experimental data, 
particularly at later times into the temperature decay. 

This procedure was repeated for flow veIocities of 4 and 
16 d s ,  for both probes. The physical characteristics of a 
particular probe input to the model remained unchanged 
while the flow velocity was varied. 

The above procedure was acceptable for that period 
during temperature delay after the heating pulse, where the 
temperature decay rate becomes invariant. However, it was 
considered that the method for deducing the external heat 
transfer coefficient would have an added measure of 
validity if the measured temperature decay rate could be 
matched at all times. As mentioned before, such a matching 
of model results and data requires consideration of the 
heating rate (PR) and the heat conductivity of the probe. 

Effect of Material ProDerties 
Although theory indicates that the material properties of 

the probe would influence the temperature decay rate 
(Eq. 3), it was found that these properties had the most 
effect just after the heating current was removed. In this 
regard, it was found that the physical construction of the 
thermocouple probe was important. The nominal 
compaction of the MgO electrical insulator in the 
thermocouple was quoted by the manufacturer as 72%. 
However, in the region around the junction, the MgO 
compaction was significantly less due to the manufacturing 
technique. This in turn implies that, because MgO is a 
porous material, the thermal conductivity of this compacted 
material would be considerably less. As shown in Fig. 2, 



this had a marked effect on the initial response of the TTA. 
In Fig. 2, the temperature difference between the TTA and 
the ambient temperature as calculated by the computer 
model is shown as a function of time, for two cases: 
(1) where a constant 72% MgO compaction was assumed, 
and (2) where, more accurately, reduced-compaction MgO 
existed in the region of the thermocouple junction. The 
assumption of reduced compaction MgO, and the attendant 
significant decrease in thermal conductivity, provided a 
much better match between the computer model results and 
experiment data. 

The computer model was run, with the assumption of 
reduced density MgO, for two probes, of 1.0 mm and 
1.5 mm diameter, and for two flow velocities, 4 m/s and 
16 m/s. The convective heat transfer coefficient was 
adjusted to obtain a good match between model results and 
the data. 

A typical comparison of the temperature decay is shown 
in Fig. 3, with very good agreement between model the and 
data for the entire period following the heating pulse. 

Development of a Universal Calibration Curve 
Once the convective coefficient was determined a plot of 

Nusselt-Reynolds number was constructed for the two 
probes using the velocities noted above. These four data 
points are shown in Fig. 4, along with a "best fit" curve to 
existing experimental data for heated cylinders in crossflow 
(McAdams, 1954). Also shown are the two curves for the 
two probes that were developed using Eq. 4 which was 
derived fkom the theory originally presented by Bailey et al. 
(1 993). As shown in this plot, the curves from the original 
work are not coincidental. This effect is responsible for the 
results produced from the original test (Bailey et al., 1993) 
shown in Fig. I. Note that the plot in Fig. 1 is linear, which 
tends to enhance the separation between the curves as 
compared to the logarithmic plots in Fig. 4. 

The fact that the curves based on Eq. 4 do not coincide 
indicate that the theory for Eq. 4, which does not allow for 
axial conduction, is inadequate. Further, it is shown that the 
curves based the computer results which do not include 
axial conduction, do coincide (suggesting a universal 
calibration curve) strongly indicates that the probe 
calibration is significantly affected by axial conduction. 
Also, the fact that the computer based curve is in good 
agreement with widely accepted data for heated cylinders in 
cross flow provides additional evidence that the computer 
model is correctly simulating the heat transfer mechanisms 
within the probes. 

justification that these curves are of the form Nu=C 
where only C and n need to be determined. Hence, 
two data points for each curve are required. 

Also, it must follow, that if axial conduction is significant 
as concluded above, the validity of the fundamental Eq. 1 is 
in question. This equation is the solution to the 1-D heat 
transfer equation considering radial heat transfer only, 
T(r,t). However, as shown by the above analysis, there is 
significant axial conduction and therefore the heat transfer 
equation must be reevaluated considering axial heat 
transfer, T(r,z,t). Now, it has been shown by tests that 
although axial conduction is present, the temperature does 
indeed decay according to the form of Eq. 1, with only a 
change in the constant parameters. Also, it has been shown 
by (Bailey, 1995) that the solution of the heat transfer 
equation in 2-D can indeed be cast in the form of Eq. 1. 
Hence, the basis for the development of the TTA method 
remains valid. 

Finally, it should be pointed out that although a universal 
curve of Nusselt-Reynolds numbers for varying probe 
diameters has been developed, a complete universal 
calibration curve also requires an explicit correlation 
between slope, s, and the Nusselt number, in order that the 
slopes from specific calibration curves for different probe 
diameters can be incorporated into one curve of Nusselt- 
Reynolds numbers. The derivation of this correlation is 
presented by BaiIey (I 995). 

VI. CONCLUSIONS 
The results described in this paper demonstrate that a 

universal calibration curve exists for the TTA probes of 
different sizes. The previous attempt to generate such a 
curve failed due to limitations in the theoretical model that 
was used. The current computer model, which includes the 
effects of axial heat transfer, indicated that a universal 
calibration curve could be generated. The configuration and 
physical properties of the probe dictated by the 
manufacturing technique had a significant effect on the 
initial response of the probe. 
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Comments 

points for each curve. 
The curves in Fig. 4 were developed using only two data 

It is assumed with reasonable 
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