We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



16

Measurement of Boundary Conditions -
Surface Heat Flux and Surface Temperature

Wei Liu
Japan Atomic Energy Agency
Japan

1. Introduction

In order to understand a heat transfer phenomenon, it is sometimes very important to know
the change in heat flux and temperature with time or the distribution of the heat flux and
temperature on the surface of a heating block. Furthermore, with the development of
computational thermal-fluid dynamics, experimental data that are of the CFD level, both
spatially and temporally, are needed to validate the simulation results. However, it is difficult
to measure the surface heat flux and surface temperature if no sensors are allowed setting
on the surface, which may be a disturbance to the phenomenon itself occurring on the surface.
This chapter introduces a technique for the measurement of surface temperature and surface
heat flux.

2. Technique for the measurement of surface temperature and surface heat
flux

The technique for the measurement of surface temperature and surface heat flux involves
two steps: (1) measurement of the inner block temperatures using special micro temperature
sensors, which are placed at a depth of several micrometers beneath the surface; and (2)
solving an inverse heat conduction problem (IHCP) to obtain the surface heat flux and
surface temperature, by using the measured inner block temperature data. In other words,
the introduction of the IHCP enables us to derive the boundary conditions, which include
both surface heat flux and surface temperature, without necessitating the use of a sensor on
the surface of interest.

2.1 Inverse heat conduction problem (IHCP)

When compared to a normal heat conduction problem, that enables us to calculate
temperature distributions inside a block by solving the heat conduction equation, with the
initial and boundary conditions as input, the IHCP is an analysis method that enables us to
calculate the boundary conditions by solving the heat conduction equation with Laplace
transform technique, with the initial conditions and inner temperature as input. A
considerable number of research studies (Burggraf, 1964; Sparrow et al., 1964; Imber, 1974;
Shoji, 1978; Monde, 2003a, 2003b; Woodfield, 2006a, 2006b) have adopted analytical
approaches for solving the IHCPs. Although limited to fairly simple geometry, explicit
analytical solutions to IHCP have been derived and are very fast computational. If a one-
(two-) dimensional heating block comprises two unknown boundaries, as shown in Fig. 1,
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342 Convection and Conduction Heat Transfer

then it needs two (rows of) inner-temperature readings to close the heat conduction equation
and to obtain the heat fluxes and temperatures on the two boundaries. However, if the
heating block has only a single unknown boundary, theoretically, then it needs only a single
(line of) inner-temperature reading to close the heat conduction equation. Noting that the
recent introduction of new concepts such as moving window (for two rows of measuring
data to close two unknown boundary conditions) (Woodfield, 2006a) and superposition of
successive corrections in approximating the temperature readings (for one row of measuring
data to close one unknown boundary condition) (Woodfield, 2006b) has made the use of the
IHCP practical.
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Fig. 1. A Heating block with two unknown boundaries

To solve the IHCP accurately, there is a demand for the measured inner temperature data.
That is, the data should have sensed the effect of the boundary under study. This
necessitates the use of highly sensitive temperature sensors located in close proximity to the
surface. This is very important in tracing a fast-changing transient phenomenon. In a high-
frequency process such as boiling, the high-frequency effects are strongly damped within
the heating block because of the thermal inertia of the heating block. Thus, the temperature
sensors must be located as close as possible to the surface of interest. If a sinusoidal heat flux
boundary qoy is imposed on one surface of a one-dimensional solid with initial
temperature Ty and the other surface is kept adiabatic, as shown in Fig. 2, the exact solution
for the temperature within the solid is given by Eq. (1) (Carslaw, 2003), where A and o are
the thermal conductivity and thermal diffusivity, respectively. Equation (1) clearly shows
that the effect of the oscillation diminishes quickly with an increase in the depth into the
heating block, which is more pronounced for high frequencies. This sets an upper limit to
the frequency of the fluctuations that can be detected by a sensor placed within the heating
block. In other words, if a temperature sensor is placed at a distance from the surface, it may
be impossible to detect the effects from a high-frequency mode. Further, using the readings
taken at that point as the input data of the IHCP will result in the inaccurate prediction of
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Measurement of Boundary Conditions - Surface Heat Flux and Surface Temperature 343

the boundary conditions. As an example, a comparison of the surface heat fluxes between
the predictions obtained from the Woodfield's analytical approach and the exact values at
different frequencies is shown in Fig. 3 (Woodfield, 2006a). In the calculation, copper is used
for the heating block and the exact solution calculated from Eq. (1) with h1 = 2 mm is used
as the input data. h; = 2 mm represents the depth at which the temperature sensor is placed.
As shown in the figure, the agreement between the sine waves of the actual and predicted
heat fluxes is remarkably good at low frequencies of 1 and 3 Hz; however, the accuracy
decreases as the frequency increases. This means that when the sensor is placed at a depth of
2 mm beneath the surface, it cannot sense the effect of the surface heat flux with a frequency
higher than 5 Hz. Therefore, a new technique through which the temperature sensors can be
placed very close to the surface of interest is necessary.
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Fig. 2. A One-dimensional block with the sinusoidal heat flux boundary imposed on one
surface

2.2 Special micro temperature sensors

As already mentioned, in order to accurately calculate the boundary conditions by using the
IHCP, the temperature sensors in the heating block should be positioned as close as possible
to the surface of interest. Furthermore, in order to determine the distribution of heat flux
and temperature on the boundary in detail, we need to solve the two-dimensional IHCP,
which requires the temperature sensors to have a high spatial resolution.

We therefore introduced special micron-sized thermocouples that share a single positive
pole (Enomoto & Furuhama, 1984; Buchholz et al., 2004; Liu & Takase, 2009). A schematic
illustration of the thermocouples is shown in Fig. 4. In a heating block made of copper, the
temperature junctions are located at multiple points from No. 1 to No. N. Each junction has
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344 Convection and Conduction Heat Transfer

a constantan wire as its negative pole, but shares a common positive pole made of copper.
The temperature sensors are thus of the T-type. The common positive pole can be formed by
using a film-formation technique - such as sputtering - after the constantan wires are set into
the copper block. The thickness of the sputtering film can be controlled accurately within
several micrometers. This means that the temperature junctions can be formed at a depth of

several microns beneath the surface of interest.
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Fig. 3. Effect of inner-temperature measuring position on the accuracy of the IHCP
predictions (temperature measured at a depth of 2 mm beneath the surface is used as the

input of IHCP, (Woodfield, 2006a))
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Fig. 4. Schematic illustration of the special micron-sized T-type thermocouples that share a
single positive pole
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By wusing teflon-coated (76um) and polyimide-coated (50um) constantan wires, we
succeeded in developing temperature sensors with a pitch of 0.5 mm and at a depth of 3.1
um, and temperature sensors with a pitch of 0.16 mm and at a depth of 1.3 pm, respectively,
beneath the surface of interests. Figure 5 shows a comparison between the imposed
sinusoidal heat flux and the sinusoidal heat flux predicted from the IHCP on the basis of the
temperature calculated using Eq. (1) with h; = 3.1 um. As shown in the figure, there is a very
good agreement between the imposed and predicted sinusoidal heat fluxes at the
frequencies of 20 and 50 Hz. These cases correspond to the bubble frequencies under
subcooled and saturated atmospherical pressure pool boiling conditions, respectively. The
figure theoretically clarifies that the high-frequency changed boundary conditions can be
traced by using the temperature sensor located at a depth of 3.1 [J/m beneath the surface.

The new sensors are of the wire type and are therefore highly sensitive. With sharing a
common positive pole, the number of wiring lines is decreased and it is easier to obtain a
high spatial resolution. The response time of the sensors is assumed to be zero. These
characteristics, together with the fact that temperature junctions can be easily placed several
microns beneath the surface, contribute to the effectiveness of the IHCP technique in tracing
the boundary conditions.
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Fig. 5. Effect of inner-temperature measuring position on the accuracy of the IHCP predictions
(temperature measured at a depth of 3.1 pm beneath the surface is used as the input of IHCP)

Note that as shown in Fig. 1, the standard IHCP requires the sensors to be placed at two
different depths. However, in the case where only one boundary is unknown (with the
adiabatic or semi-infinite assumption valid on the other boundary), only one row of sensors
is required in order to obtain the boundary conditions about the surface of interest. This is
highly desirable since the overall cost incurred when allocating the sensors is reduced. As

recommended by Woodfield, if the Fourier number ;I—tz < 0.1, where H is the thickness of

the heating block, then for practical use, the block can be treated as being semi-infinite.
Further, note that the thin copper film, which acts as the common pole of the temperature
sensors, is to be coated with a protection film to prevent it from oxidation. Selection of the
type of protection film is very important for the realization of durable temperature sensors.
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346 Convection and Conduction Heat Transfer

3. Measurement example

The above mentioned measurement technique was successfully used in the measurement of
the surface heat flux and surface temperature during a boiling process. The experimental
apparatus used is shown in Fig. 6. It includes a boiling vessel and a heating block. The
heating block is made of copper and is peripherally insulated. The heating block is
composed of two parts, upper and lower. The image of the upper part is shown in Fig. 7, in
which 10 special micro temperature sensors are placed radially at a pitch of 0.5 mm and at a
depth of 3.1 pm from the boiling surface. The upper and lower parts of the heating block are
joined together by using a high-temperature adhesive. A cartridge heater is inserted into the
lower heating block.
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Fig. 7. The upper heating block
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The data collected by two micron-sized thermocouples that share a common positive pole
are shown in Fig. 8. In the figure, T4 and Ty are the temperatures measured at the same
depth but at different radial positions. The figure shows that the thermocouples are effective
in measuring the temperatures. The data taken at T4, which is just below a bubble, were
used as the input data for solving a semi-infinite one-dimensional IHCP in order to obtain
the surface heat flux and surface temperature, the results of which are shown in Fig. 9. The
peak of the heat flux corresponds to the formation of a large, deformed bubble.
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Fig. 8. Temperatures measured during the boiling processes by the micron-sized
thermocouples sharing a common positive pole
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Fig. 9. Measured surface heat flux and surface temperature during the boiling process
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4. Conclusions

In this chapter, a technique for the measurement of surface temperature and surface heat
flux was introduced. This technique involves two steps: (1) measurement of the inner block
temperatures near the surface using special micro temperature sensors; and (2) solving an
IHCP to obtain the surface heat flux and surface temperature by using the measured inner
block temperature data as input. For the inner block temperature measurement, special T-
type temperature sensors with a common positive pole were introduced. By using the film
formation technique of sputtering, the temperature junctions can be placed at a depth of
several micrometers beneath the surface of interest.

The developed system was used to determine the change in the surface heat flux and surface
temperature during a boiling process. The results from the experiments showed that the
special T-type micro temperature sensors can effectively trace the temperature change
during a boiling process. By using the measured inner temperatures, one-dimensional IHCP
was solved to obtain the surface heat flux and surface temperature. The increase in the
surface heat flux with the formation of big bubbles was calculated successfully.
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