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The paper presents a two-dimensional and dynamic (2DD) method of using
infrared thermography (IRT) for visualization of the cooling efficiency of a he-
ated wall, as this method was applied in an experimental investigation. The
2DD method allows the outer surface temperature measured by an IRT device
to be worked out relative to the bulk coolant-fluid temperature. This way the
2DD method makes visible the qualitative and quantitative flow characteristics
within the thin contact layer at the inner surface of the wall. These flow charac-
teristics, and more specifically, the pattern of the flow (similar to streamlines
useful for the detection of dead zones) and the distribution of the temperature
differences between the temperature on the wall outer surface and the bulk
temperature of the coolant, determine the cooling efficiency. Finally, animated
IR thermogram sequences could be generated, allowing observation of the spa-
tial and temporal behavior of the flow/cooling behind the wall, for an example
see animations in internet page (Patorski, 2000). The study of the cooling of the
proton beam entry window described in this paper is a part of the development
program of neutron spallation sources with liquid metal targets. The basic idea
of the experiments was to use the real interacting materials (mercury as the
liquid metal and steel as the window wall) and observe the cooling effects of
the mercury flow on the heated wall of the hemispherical shell of the mockup
window. Different geometrical configurations of the inner flow guide tubes of
the flow and different pumping velocities were examined in view of finding the
optimal cooling solution.

Key words: IR-thermography measurement, visualization of internal flow within
convection boundary layer, heat transfer visualization
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1. Introduction

As a part of the development program of the neutron spallation sources
with liquid metal targets (Bauer, 1999), the cooling of the proton beam entry
window was experimentally investigated at the Paul Scherrer Institute (PSI)
and at the Institute of Physics of the University of Latvia (IPUL) in coopera-
tion with European Spallation Source (ESS) project. PSI has built and since
1996 operates the Spallation Neutron Source (SINQ) with solid targets, but
prospectively a liquid metal target as the neutron source seems to be more
efficient.

For the security of the future ESS/SINQ liquid metal targets, the integrity
of the proton beam entry window must be guaranteed for the planned lifetime
of the targets. In this respect, one of the most important tasks during the
operation of the ESS/SINQ facilities will be to keep the temperature of the
target window within the prescribed temperature range. In reality, the density
of power deposition of a proton beam in the window, e.g. at SINQ, will amount
to ca. 70 W/cm?. Such power density causes strong heating of the window.
Therefore, to avoid instantaneous local overheating (by hundreds of degrees
centigrade) and to guarantee the integrity of the window, the cooling of the
window by the liquid metal itself, flowing inside the target-shell, must be
proven to be reliable and sufficient.

The main goal was to study experimentally questions of heat transfer be-
tween the steel wall of the hemispherical window shell and the fluid mercury
and to observe related flow distributions in various geometrical configurations.
Figure 1 shows examples of two such configurations with different inner gu-
iding tubes. The experiments were carried out using a test facility loop with
a capacity of about 6000 kg of mercury. The first phase of the experiments,
which used the target shell geometry of SINQ and mercury as liquid metal is
now completed.

The methods of investigation developed and used in three groups of sepa-
rate experiments include:

e Ultrasonic Velocity Probes (UVP), based on a through-the-wall measu-
rement of the Doppler effect in the fluid (Takeda et al., 1998), for the
investigation of the 3D velocity distribution inside the target shell,

e Heat Emitting Temperature Sensitive Surfaces (HETSS) (Platnieks et
al., 1998), for the measurement of the convection heat transfer coefficient
on a coarse mesh and

e surface IRT (Patorski and Takeda, 2000), for the non-contact tempera-
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Fig. 1. Geometry of the hemispherical entrance window of the SINQ target, showing
the internal guide pipes, directions of the mercury flow, direction of the proton
beam impact and the positions of the thermocouples (TC) (TC are in pairs on the
inner and outer surfaces of the wall); (a) flat configuration and gap of 2 cm, (b) skew

configuration and gap of 2cm

ture measurement on a fine mesh, in order to find out the time/space
behavior of the cooling efficiency of the window wall.

The basic idea of the IRT experiments was to observe the cooling effect of
the mercury flow (serving as sole coolant) on the heated wall of the mockup
window. The mercury flow was induced either solely through buoyancy effects,
or through these effects supplemented with pumping. For these experiments a
mockup of the hemispherical target window of steel was used. The geometry
adopted was that of SINQ, i.e. the window diameter was 212.8 mm and the
window wall thickness 2.88 mm. Fig.1 shows schematically the geometry of
the target, the position of the proton beam, the directions of the mercury flow
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and the positions of the thermocouples (TC), which have been used for the
control/calibration tests.

Data from the IRT experiments, which have been measured with high
time/space resolution (20 Hz/1.25 mrad) and high sensivity (0.1°C) (7], are a
base for the 2DD method presented in this paper.

2. Goals of the IRT investigations of the window cooling

The goals of the IRT experiments presented here are of both quantitative
and qualitative nature.

#1 To learn about the phenomenology of the cooling of the liquid target with
the help of the IRT (To what extent can IRT help to make the internal
mercury flow visible?). The dynamical observation of the change of the
temperature pattern on the outside surface of the mockup window, for
constant heating and variable mercury flow conditions, was planned.

#2 With the help of IRT and thermocouples, and for constant heating and
variable mercury flow conditions, to measure the absolute temperature
of the mockup target window made of a material suited for the real use
and to measure simultaneously the absolute mercury bulk temperature.
Then, from the set of experimental results, to perform:

e numerical evaluation and visualization of the effectiveness of diffe-
rent cooling parameters (i.e. relative comparison of cooling efficien-
cies between different geometrical configurations of inner guiding
tubes and different pumping flow velocities),

e calculation and visualization of the local thermal resistivity (a reci-
procal of the local convection heat transfer coefficient) and compa-
rison with the values obtained by HETSS investigations (Platnieks
et al., 1998) for all tested cooling configurations.

3. The main idea of the 2DD method

Any modern IRT device has a two-dimensional and dynamic (2DD) ca-
pability, but simply observing and recording thermograms of a wall that is
simultaneously heated and cooled by some method will not allow us to reach
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the two goals we have outlined in Section 2. The essential content of the 2DD
method presented here (besides the use of thermography equipment) lies in
answering the following questions:

e How must the wall be heated?

e What must be measured. and how?

e How must the measured data be processed?

These questions can be answered by applying an algorithmic procedure,
which we will present in Section 4 and by describing how it was applied in
a particular situation. This presentation illustrates both the theoretical and
practical aspects of the method. The main points of the concept used to visu-
alize the pattern of the flow and the distribution of local thermal resistivity is
outlined below.

When a flow occurs inside a container or a pipe, it is known that small
"micro” changes in the velocity and "macro” dislocations in the pattern of
streamlines (e.g., the development of vortexes) appear in the boundary layer.
Consequently, the local convection heat transfer coefficient will differ slightly
in time and in space and the temperature on the inner surface will also change
a little. If these ”"micro” temperature changes at the inner surface can be
inferred from the IRT measurements of the outer surface, we will be able
to recognize and follow in time the pattern of the flow from the changes in
the pattern of the temperature field, and this will allow us to reach our first
goal. Tt has to be mentioned, that this pattern of the flow is only similar to the
pattern of streamlines within boundary layer, because e.g. a non-homogeneous
distribution of heating or thickness of boundary layer, do not admit of a simple
explicit-connection between a velocity and a surface temperature. Nevertheless
is well known, that an influence of a flow velocity near a wall is predominant
for the development of a wall’s temperature field. And finally we can state that
this experimentally achieved thermal flow pattern allows us an observation of
the behaviour of the streaming inside of the vessel.

If not only the absolute temperature of the bulk fluid, but also the distri-
bution of the absolute temperature field over the inner surface could be known
(just as the absolute temperature field over the outer surface is known from
the IRT measurements), and if moreover the local heat flux distribution in the
heated wall of the mockup were known, then we would be able to estimate the
local thermal resistivity field, and so reach also our second goal.

Because cooling takes place in the convection boundary layer on the in-
visible inner surface of the window shell, and because IRT can measure only
the outer surface of the shell, we have to consider the conditions for the "mi-
cro” transient conduction phenomena which are responsible for the heat flux
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through the wall. This consideration must take into account and also place
conditions on the type of wall heating which was chosen for the IRT.

The first condition for the wall heating is that it should come from the
inside, because heating from the outside will be partially reflected at the wall
surface and so perturb the IRT measurement; the second condition is that the
heat flux must be known, so that the local thermal resistivity can be evaluated.
We have decided to use so-called ”skin effect” heating (SEH) for volumetric
heat generation; for more details about SEH see later Subsections 4.1 and 4.2.

FEM calculations of the “micro” transient conduction problem! have
shown that with our experimental conditions (i.e. the type of steel used in
the window, the thickness of the window wall and the range of the heat fluxes
achieved with SEH heating and with the bulk temperature of the mercury as
coolant) the "micro” changes of temperature will be propagated to the out-
side surface with very little delay and can be measured with IRT equipment
[7] with sufficient accuracy.

Because the "skin effect” heating was the most characteristic feature of
the whole series of experiments done with IRT, we have named them the SEH
experiments.

4. SEH-experiments

4.1. Set-up of SEH-experiments

With respect to goal #1, the expectation that the IRT can open new
insights into the phenomenology of the cooling process of the target window
played a large role in the planning of the SEH-experiment. The entire set-
up with all the instrumentation of the SEH-experiment is shown in Fig. 2.
The SINQ target window mockup has been fabricated from stainless steel
DIN 1.4057 (AISI 431) and placed in the test section of the mercury loop
in the distance of 1900 mm over the position of the IRT scanner. The space
between the mockup and the IR scanner has been screened against reflections
with massive walls of the pit below the loop and the material curtain. Some
additional details of the mockup preparation are shown and described in Fig. 3.

A suitable heating mechanism for the window was chosen in view of opti-
mizing the conditions for the IRT measurements. Thus, the following measures
and design choices were taken:

'A presentation of this calculation is foreseen in another publication.
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Fig. 2. Set-up of the SEH-experiment. Schemes of the loop, of the used
instrumentation and of the electric SEH heating

Fig. 3. (a) The sandblasted (R, = 3.2 um, N8) surface of the steel mockup,
surrounded by the antireflection black curtain and showing the soldered copper
electrodes of the SEH-heating on the horizontal axis and the thermocouple wires on
the vertical axis, (b) the mockup mounted to the lower end of the mercury loop.
The components of the SEH-heating: buses to the transformer and the water cooling
plastic tubes are connected to both electrodes



360 TWO-DIMENSIONAL AND DYNAMIC METHOD OF VISUALIZATION...

e To heat the target window by volume heating (the electric ”Skin Effect”
Heating (SEH)) inside the thickness of the window wall. The volume
heating is well-suited for use with IRT because the heat reflection from
the window surface is avoided. In the converse case of the surface heating
with an outside heat source (like, for example, a hot-air ventilator or
a powerful light projector), the non-blackbody surface of the window
reflects the heat’s source and disturbs the IRT measurements.

e To screen the mockup with a surrounding anti-reflection black curtain
(see Fig.3a) so as to avoid the effects of ambient heat sources at the
sides (e.g. electric instruments/components or walking persons).

e To enhance the emissivity of the window surface and make it uniform. To
this end the outer surface was sandblasted to the roughness R, = 3.2 pm
or roughness class N8 (as per DIN 4768 and ISO 1302).

e To perform an exact calibration of the IRT equipment after each change
of the experimental configurations. The so-called emissivity chart tech-
nique was used, which gives an individual value to the emissivity & of
each measurement pixel.

4.2. ”Skin Effect” Heating

By design, the so-called ”Skin Effect” Heating, well-known from the the-
ory of electric induction, was chosen as most appropriate for this experiment
and the transformer was connected directly to the mockup through the cop-
per electrodes soldered to the window. The main parameters of the heating
scheme are shown in the lower right part of Fig.2. Some components of the
real SEH-heating can be seen in Fig. 3. In this type of heating, increasing the
frequency of the current passing through a bulk conductor will cause energy
to be deposited in a thin sheet near the outer surface of the conductor. The
depth of penetration § of this layer is given by equation (4.1) and decreases
with increasing frequency. In our case, the parameters of the equation were
chosen so that the depth of penetration should be less than the window thick-
ness t = 2.88 mimn, so as to avoid heating the mercury. The constraints given
by the existing generator and transformer at IPUL in Riga led to the choice
of the frequency f = 400Hz

§ = = 2.86 mm (4.1)
Opr oW

where
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0 - depth of penetration
— electric conductivity
4y — relative magnetic permeability
po — magnetic field constant; pg = 471077 Vs/Am
w — angular velocity; w = 27 f, where f is AC frequency.

Because of the magnetic characteristics the mockup was made of marten-
sitic chromium-nickel stainless steel DIN 1.4057 (AISI 431) specially for these
tests. For the adopted arrangement of the electrodes (distance of approxima-
tely 180 mm) and the heating current of I = 2570 A used for the experiment,
the relative permeability of steel DIN 1.4057 is u, = 54. Also the electrical
resistivity of this steel at 20°C is p = 0.7 2mm?/m, corresponding to the
electric conductivity, as used in Eq (4.1) of o = 1428571 (£2m)~!. The relia-
bility of the SEH-heating was enhanced by imposing a limit to the value of
the current (I = 2570 A) and to the duration of the heating (5 minutes). In
addition, very efficient water cooling of the electrodes was installed, in order to
avoid the transfer of heat from the buses to the mockup, see Fig. 3b. The SEH
used in the experiments produces a power deposition density within the range
of 2 to 11 W/cm? in the central region of the window. This value is smaller
than the 70 W/cm? deposed in the real case through the proton beam, but
is enough to study the characteristic of the target self-cooling process. The
average power density ¢* used in the experiments was 6.3 W/cm? and the
total power rate was approx. @ = 1850 W.

4.3. Instrumentation of SEH-experiment

As shown in Fig. 2, the general instrumentation used in these experiments
consists of two temperature measurement devices: the IRT equipment and the
thermocouples scanning equipment. In addition, simple instruments were used
to measure the humidity and the atmospheric and ambient temperatures.

For the calibration pre-tests, which were powered with a 1000 W heater
(see the description in Subsection 4.4. for more details), typical standard power
control equipment with its own steering and security thermocouples was used.

The precise control which is needed to keep the pumping parameters of
the loop at their prescribed values, to hold the SEH-heating constant and
to maintain the security of the whole facility, was assured by the equipment
belonging to IPUL, and which will not be described in this paper.

The IRT equipment of PSI (FLIR-AGEMA THV900 SWTE) is a non-
contact measurement system, which allows 2D thermograms in the infrared
short wave spectrum range (2 <+ 5.6 um) to be registered. The IR-thermograms
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can be collected as single frames or as sequences. The time resolution for on-
line recording by the TR-scanner and controller vary from 20 Hz for the frames
consisting of 128 lines at 204 pixels up to 3500 Hz for single lines of 204 pixels.
The spatial resolution depends on the optic lens of the IR-scanner. In the SEH
experiments a 10°-teleobjective lens with a spatial resolution of 1.25 mrad was
used. For a more detailed technical specification of FLIR-AGEMA THV900
SWTE, see User’s Manual [7].

The data acquisition system for the thermocouples consists of a Hewlett
Packard high-speed digital voltmeter scanner model HP 75000 series B, based
on the VXI bus architecture and including a mainframe HP model E1300A,
a measurement slot module HPE1313A as 32-channel scanning A/D and a
PC running the HP VEE software package in the MS Windows environment.
Very thin thermocouples (diameter 0.25 mm) of the "K” type, produced and
calibrated at PSI by the group ”Sensorik und Sonderverfahren” guaranteed
response times shorter than 20ms and reached high accuracy of +0.2°C.

The data sets from the IRT and from the TC measurement must be recor-
ded simultaneously. In order to achieve this synchronization, a special trigger
unit was built and used to start each experiment.

4.4. TRT calibration pre-tests

The preparations described below are a part of the intense efforts which
were made to measure the absolute temperature 7, ,,; on the outer surface
of the mockup. The difference to the absolute value Ty, of the mercury bulk
temperature is essential for the evaluation of the results, see also Eqs (4.10)
and Eq (4.13).

The use of the IRT to derive absolute values of temperature requires the
value of the emissivity &, a radiative property of the surface, to be known. The
emissive power [ of the surface, which is the quantity directly measured in
the TR-scanning, 1s less than the corresponding quantity Ey, of the blackbody
radiation at the same temperature and is given by the Stefan-Boltzmann law
equation

E =¢oT" (4.2)
where
€ — emissivity; radiative property of the surface, values in the
range (0 + 1)
o - Stefan-Boltzman constant; (o = 5.67- 1078 W/m?K*)
T - absolute temperature in K.

For each measurement pixel, the emissivity can be expressed as a function,
Eq (4.3), of the spectral range A, the temperature 7, the direction of radia-
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tion ¢ (i.e. the angle between the view line and the normal to the radiating
surface) and the roughness R,

e=f(\T,¢,R,) (43)

Because the spectral A-dependency of the IR scanner-detector is generally
constant within the spectral range used (in our case A\ = 2 + 5.6 yum), only
the influence of the remaining three variables has to be considered for our
experiments. These are: the cleanliness/roughness R, of the surface, the po-
sition (i.e. the direction view angle ¢) of the hemisphere relative to the IR
scanner, and the temperature of the window surface T. In order to find these
dependencies, special calibration pre-tests were planned and performed at PSI
and again "in situ” on the experiment stand at IPUL. The calibration pre-tests
also served to estimate the spectral range directional emissivity and verify that
the IR measurements were accurate and reproducible.

The aim of the calibration test was to heat the outer surface of the mockup
to a stable and uniform temperature and to record this temperature with the
IRT and TC equipment, using the TC values as the reference for the IRT. For
this, we used an electronically controlled electric heater (power 1000 W) to heat
just enough mercury to fill the mockup (approx. 7-1073m?). Good mixing of
the mercury was achieved with gas bubbles. In this way a uniform temperature
field was established on the whole hemispherical surface of the mockup and
the reference IR- and TC-measurements were done from precisely the same
position as later in the main experiment. At the start of each calibration test,
several steps of temperature within the range from 15°C up to 70°C were
measured in order to obtain the temperature dependence of the emissivity.

After that, when the steady state for the desired temperature level had
been reached, the simultaneous recording of the IRT sequence and the TC-
measurement was started for a few minutes. The position of ten TC measure-
ments used to measure the reference temperature and to control the uniformity
of the temperature field is shown in Fig. 1.

The results of the calibration pre-tests are stored in so-called emissivity
charts; for each experiment configuration, charts for several temperature levels
were stored. Fig. 4a shows a typical spectral range directional emissivity chart
and Fig. 4b the distribution profile of this emissivity along the diameter LI01.

The direction view angle ¢ has the greatest influence on the emissivity:
the spectral emissivity of the hemispherical mockup steel surface in the axial
view varies from ¢ = (.35 in the central region; ¢ = 2° + 10° to ¢ = 0.74
on the edge; ¢ = 85° (see Fig.2 for the IR scanner position). The directional
¢ variation of the emissivity is as expected for metals (Modest, 1993) lower in
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Fig. 4. (a) Emissivity chart for a uniform temperature field of 29°C and for the
experiment with a skew gap of 2cm, (b) emissivity profile along the diameter LI0O1
obtained from the chart of Fig.4a

the middle and quite constant in the area for ¢ = 10° + 40°, and for the area
from ¢ = 40° + 85° arises faster. The lowest value of £ = (.324, measured in
the exact middle of the profile in Fig. 4b, is caused by the polished metal of the
small plate which holds the thermocouple in place. Small values of & were also
obtained for the thermocouple wires and for the polished copper electrodes,
visible in Fig. 4a. The emissivity charts are the basis for the corrections to
the raw IR-thermogram sequences and are extensively used during many data
evaluation steps.

4.5. Realization and progression of SEH measurements

In general, a similar procedure was followed for all configurations of SEH
experlments.

e The inner guide pipe and mockup were mounted to the loop and the
guide pipe gap was set.

e The calibration pre-tests were performed for a few temperature levels in
the range expected on the surface during the SEH experiments. This was
necessary because after each change of the gap the surface cleanness and
the position of the mockup are slightly different. The calibration process
was time-consuming because the loop had to be opened from the top in
order to install the 1000 W heater, the mixing procedure could only be
performed through a drain nozzle and the desired temperature had to
be reached slowly.

e The calibration equipment was removed and the loop was closed and
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filled with mercury. For the measurement of the mercury bulk tempe-
rature two thermocouples were displaced from the edge of the mock-up
to the mercury bulk inside the loop. Then a series of experiments with
different pump flow rates and different heating were done. For all expe-
riments with forced mercury flow the pump and the water-cooling of the
electrodes had to be started first.

e After that, the joint IRT and TC measurements were simultaneously
started with a triggering device. Finally, after approximately 30 se-
conds, the SEH heating (2570 A at 400 Hz AC) was switched on for 4
to b minutes. The measurements continued for a few minutes after each
switch off of the heating and the end of the data-taking terminated the
experiment.

4.6. Theoretical model for evaluation of the data measured in SEH-
experiments

Because the IRT can give only the values of the temperature 1) ,an of
the outer surface, the problem arises of the estimating the difference be-
tween this temperature and the temperature 7T; .y at the inner surface of
the window. This aspect is discussed below. Knowledge of the behavior of
ATywar = Towant — Tiwenu during the SEH experiments is essential for the
interpretation of the IRT measurements.

As mentioned in Subsection 4.1, the mockup was surrounded by an anti-
reflection curtain of black material. The temperature Ty, of the curtain was
controlled during the measurements; it remained equal to the air temperature
and varied between 12 and 20°C. With the exception of the neighborhood of
the electrodes, the absolute temperature T, . of the outer surface of the
mockup was in general lower or approximately equal to Ty, during all the
experiments. The absolute ambient temperature was low and the difference
between the ambient temperature T,,; and T, ey Was small, so that the
energy radiation flux ¢ , could be neglected, especially in comparison with
the convective heat flux ¢, on the inner surface. A numerical example in the
report (Patorski and Takeda, 2000) has shown, that the flux ratio ¢,;/¢kn. 18
in the worst case smaller than 1072 and the influence of the radiative energy
exchange on the outer surface of the mockup can be neglected.

Above the mockup, the curtain was tightly fixed to a round wooden plate
supported on the flange of the mockup (see Fig.3a) so as to impede effecti-
vely any air movement. It therefore can be assumed that neither significant
radiation nor free air convection took place on the outer surface and that
the average heat flux there was approximately zero. In conclusion, adiabatic
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boundary conditions can be assumed on the outer surface of the mockup.

As the wall thickness § = 2.88 mm of the mockup is a small fraction of
its diameter D = 212.8 mmn, it allows the considerations to be made in the
context of the 1D steady-state conduction model. This model can be applied
to a small local area of the mockup wall at a distance from the electrodes
sufficient to guarantee that the predominant heat flux is normal to the surface,
e.g. in the central part. The main aspects of the model are shown in Fig. 5. As
was mentioned in Subsection 4.2, the conversion from the electrical to thermal
energy will take place only within the thickness of the wall and at a local
volumetric rate denoted by g¢,,. The consequence of this heat generation is
that the heat flux is no longer independent of z, and this must be considered
in the model calculations.

The small ratio of the thickness ¢ to the diameter D of the hemisphe-
rical mockup and as inward convective heat flux perpendicular to the wall
predominates, the simple steady-state 1D model shown in Fig.5 with uni-
form energy generation per unit volume g¢,, = const and constant thermal
conductivity k, can be used for the plane wall.

P
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Fig. 5. 1D steady-state model for conduction of uniformly-generated heat, as applied
to the SEH experiments

The appropriate heat equation is then
dQT(Q:) Qvol

dz? k

=0 (4.4)

where
k ~ thermal conductivity

gvor — local energy generation per unit volumne.
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The general solution to Eq (4.4) is

T(z) = —-9;’—:2:2 + Crz + Co (4.5)
The constant of integration C); = 0 results directly from the assumption of
the adiabatic boundary conditions (dT/dz)|;—¢y = 0 on the outer surface of
the mockup, as discussed above. The constant of integration Cy = T}, 4011 18
directly evaluated from the boundary conditions 7T |(.£=0) = Ty wail, which are
known from the IRT measurement. Consequently, the temperature distribution
is given by
_ Guol z?
2k

Inserting = = ¢ into Eq (4.6), the temperature T'|,_s) = T} yaen on the inner
surface of the wall is given by

T(Q:) == + Ty wall (46)

yo” q*d
Ti.wall = - v;k -+ Ta.wau = __2”? + To.waﬂ (4'7)

where g% = dgyuo is the local power density, see Eq (4.4) and text for other
symbols.
The desired value for ATy = To.wal — Tiwan 18 then given by

qo

ATwaEl = To.wa!ﬂ - Ti.wall = ﬁ'

(4.8)
We see that AT, depends linearly on the local power density. In conclusion,
Eq (4.7) shows that the IRT is an effective tool for the investigation of SEH
experiments when knowledge of the inner surface temperature is needed.

The above cousiderations have another important consequence for the
energy balance equation (4.9), on the inside surface.

According to Fig.5 the condition ¢}, ;, = ¢/on, has to be fulfilled. From
Eq (4.6) and by substituting ¢* = ¢, one obtains

dT(z) T want — Thulk
Jeond = k dz |(z=6) = Quold = q" = Qeony = Lo h = (4.9)
where
h — local thermal resistivity
k — thermal conductivity
q* — local convective heat flux
T wat — temperature on the inner surface of the window wall

Tyyr - mercury bulk temperature.
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Substitution of the temperature difference expression
AT; btk = Tiwatt — Tyuk (4.10)

imto Eq (4.9) gives

v Tiwatt = Toutk _ AT puik
h h

Eq (4.11), in the cases where the local heat flux ¢* on the inner surface of

the wall is known, enables the local thermal resistivity A to be calculated
according to

q (4.11)

Tiwat = Toue AT ik
q* q

h =

(4.12)

*

If, for the compared cases the two values of the local heat flux ¢* are unknown
but equal, the configuration with the smaller AT; % corresponds to the
better cooled design. Thus, Eq (4.10) can be used for relative comparisons
between the investigated configurations.

As IRT allows measuring only the temperature of the outer surface of the
window, we are led to define another similar temperature difference expression
as denoted in the following

AT buik = Towatt — Toutk (4.13)

where T, ,qu 18 the temperature on the outer surface of the window wall, all
another symbols as used before.

By substitution of Eq (4.7) into Eq (4.12) and with the help of Eq (4.13)
one obtains

_ T wait — Touik . T want — %’% - Tbu!k _ AT puik 4
h = = = - o7 (4.14)
q* q q* 2k

The comparison of Eq (4.12) with Eq (4.14) shows, that for an exact deter-
mination of the cooling efficiency by the IRT method, the value of the local
thermal resistivity h obtained from a measurement of the outer surface tem-
perature must be amended by the subtraction of the constant term §/2k.

Notwithstanding this small modification, it remains true, that for the con-
stant local heat flux ¢*, configurations with smaller values of AT, i cor-
respond to better cooled designs, so that Eq (4.13) can be used to compare
various cooling configurations with one another.
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4.7. Visualization and comparison of relative cooling efficiencies

Thanks to the calibration pre-tests and the simultaneous use of IRT and
TC, the measurement of the absolute temperature of the surface of the mockup
achieved the good accuracy of =£0.5°C. The use of 12-bit digital resolution
(4096 levels) for a relatively small temperature range (from —10°C to +80°C)
allowed registration of even very small (0.1°C) temperature differences. The
expectation that the dynamic behavior of these very small changes could be
made apparent with a time resolution of 20 Hz, was fulfilled. The high sensi-
tivity obtained is in particular due to the use of volumetric heat generation
and has helped to obtain astonishingly good visualization of the flow pattern
from the 2D thermograms measured on the outside surface of the window.

As it was mentioned in Subsection 4.6 the effectiveness of the cooling under
different flow conditions can be assessed by looking at the local thermal resi-
stivity h (Eqs (4.12) or (4.14); the smaller the thermal resistivity, the better
the cooling at this point).

Likewise it was previously discussed in Subsection 4.6, when the convective
local heat flux ¢* is unknown but constant for several compared cases (e.g.
with different cooling configurations), smaller ATy (Eq (4.10)) or AT, puk
(Eq (4.13)) allows one to choose the preferred cooling conditions.

With the help of the emissivity charts, a precise correction was applied
to each measurement pixel of all IR-thermograms recorded in the experiment
sequences. After that, new difference thermograms or thermogram sequences
were constructed according to Eq (4.13), thus allowing identification of the
best cooling configuration.

For example, the difference-thermograms AT, . of Fig.6 constructed
according to Eq (4.13), enable a comparison to be made between the natural
convection case (buoyancy force driven ounly, Fig. 6a), and the forced convection
case (buoyancy plus main stream pump flow rate v = 1.2-1073 m3/s, Fig. 6b).
All other conditions, i.e. the distribution of the heat flux density ¢* and the
flow guide pipes with a skew gap =2 cm, are the same in both experiments.
With the IR-scanner in an axial position (see Fig. 2), the axial projection of the
hemispherical mockup leads to circular thermograms, as shown in Fig. 6. The
narrowest gap (0.5 cm) between the skew guiding pipe and the window wall is
at the top of the thermograms, and the widest 3.5 cm gap at the bottom. The
raw measurement data of the thermograms of Fig. 6a and Fig. 6b were both
taken in sequences of 20 Hz and later reduced to a 1 Hz sequence by averaging,
emissivity correction and subtraction. On internet page (Patorski, 2000) this
sequence is shown ”live” and it is possible to observe the character of the flow
and the efficiency of the heat transfer. In this animation the fast motion effect



370 TWO-DIMENSIONAL AND DYNAMIC METHOD OF VISUALIZATION...

is used (1 Hz-thermograms are replayed at 15 frames per second), which allows
one to recognize the character of the flow more easily.

Temperature Scale [°C]

oE

Lenght Scale [mm]

0 50 100
bosi iy

Fig. 6. AT, puk-visualization of the cooling; (a) natural convection (without forced

flow) and 2 cm skew gap for the guide pipe, (b) forced convection (pump flow rate

1.21/s) and 2cm skew gap for the guide pipe, (¢) forced convection (pump flow rate
1.21/s) and 2cm flat gap of guide pipe

The thermographic AT, pyr-visualization of the cooling shows a charac-
teristic pattern of the streaming mercury quite well. In the case with natural
convection only, the pattern is irregular, unstable and slower than in the case
of forced convection, where the streaming mercury builds a very characteristic
and stable ”butterfly” pattern for the temperature field. The formation of this
pattern is caused by small changes of the temperature (due to small changes
of velocity) and results in the so called ”tracing” effect allowing the visualiza-
tion of the mercury flow inside with astonishingly good resolution. When the
heating was switched on, the flow of the streaming mercury could be observed
in motion.

As discussed above, the AT, j,x visualization shows more than the pheno-
menology alone. It is possible to obtain some important quantitative informa-
tion. For example, the comparison between natural and forced convection for
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a skew gap of 2 cm, as presented here, shows that at the center of the window
the forced convection cooling is better. The isothermal lines shown in Fig. 6a
and Fig.6b, for AT, = 3.6°C and for AT, pur = 7.2°C, immediately
enable one to calculate that the thermal resistivity of the forced convection
with a pump flow rate of 1.2-1073 m? /s is two times smaller, i.e. better.

The next thermogram, see Fig. 6c, shows the IRT AT, y,x-visualization
for another experiment. In this case the flow guide pipe had a flat gap of 2cm
and the same conditions as before were in effect for the heating and for the
forced convection with a flow rate of 1.2 -1072m®/s in the main stream. For
this experiment also, the animated AT, ;.x sequence is available on internet
page (Patorski, 2000). From the phenomenological point of view, it is very
interesting to observe the development of the left twisting whirl (upturn flow
against the force of gravity). The vortex shows the typical cooling effect where
the middle point is being cooled worse than the nearby points at larger radii.

Also in Fig.6c, the isotherm line for AT,y r = 7.2°C enables one to
calculate, that the thermal resistivity for this case (forced convection of 1.2 -
1073 m*®/s and 2cm flat gap) is approximately two times greater, i.e. worse,
than the case with the same main stream pump conditions (1.2]/s) and a
skew gap of 2cm, see Fig.6b. This of course assumes, as mentioned before,
that the same conditions for the local heat flux density are in effect in both
cases.

4.8. Estimation of local power density distribution for SEH-experiments

The second part of goal #2 from Section 2 is to estimate and visualize
the local thermal resistivity. In order to obtain the values of the local thermal
resistivity h according to Eq (4.14) the knowledge of the distribution of the
local heat flux ¢* during the SEH experiments is indispensable. As can be
seen in the thermogram shown in Fig. 7, the distribution of the heat flux ¢*
obtained by the ”Skin Effect” Heating is highly inhomogenous. The concen-
tration of power density in the vicinity of both electrodes is obviously higher
than in the central region of the mockup.

Additional measurements for the estimation of the power density distri-
bution were performed at [PUL-Riga for similar conditions as in the SEH
experiments. On one quarter of the surface of the mockup (assumed to have
two axes of symmetry), the electrical potential was measured in 71 node po-
ints of the ¢ — 1 mesh (see Fig. 7). During these experiments and for security
reasons the SEH heating was done with an electric current I, = 2025A,
different from Ip = 2570 A, as used in the SEH IRT measurements.

The 2D distribution of the power density, see Eq (4.15), was calculated in
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Fig. 7. Estimation of the local power density ¢ ;. Discretization mesh for the
measurement of the electrical potential drop
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the middle points of the discrete elements. According to the resistance heating
(Ohm’s law) we have

. AU, 2 AUy \2
where
Qpy ~ local power density in the middle of a discrete element
~ depth of penetration according to Eq (4.1)
o — electric conductivity
AU, - potential drop in the middle point of the discrete element
in the direction ¢
AUy - potential drop in the middle point of the discrete element
in the direction
AL, - length of the elements in the direction ¢
(AL, = const = RA@m/180 = 10 mm)
ALy ~ length of the elements in the direction %
(ALy = Rsin p A9 /180)
R ~ radius of the hemispherical mockup (R = 106.37 min)
Ap  — discretization angle in the direction ¢ (Ap = 5.4°)
AY - discretization angle in the direction ¥ (Ad = 15°).

The scaling to the local power density ¢, , deposited by a current of
2570 A, as used during the experiments, was done with

*,B *, A IB 2
Tpy = Qo (a) (4.16)

For these time-consuming measurements a simple hand probe was used to
measure single points one after an other. Unfortunately, and contrary to the
expectations, the measurements showed that the heating is insufficiently sta-
ble. Nevertheless, every effort was made to derive from these potential drop
measurements a realistic value for the characteristic distribution of the power
deusity (Patorski and Takeda, 2000). Finally, after consideration of the ac-
curacy of the measurements, it must be concluded, that this edition of SEH
heating had too many uncertainties to allow a precise estimation of the local
thermal resistivity h. Consequently, we have to use in the future (Patorski
and Takeda, 2000) an improved heating with precisely knowing the heat flux
distribution.
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5. Conclusions

With respect to goals #1 and #2 mentioned in Section 2, the so cal-
led 2DD method (with using the IR-thermography in SEH experiments, in
conjunction with the available time-, space- and temperature-resolution equ-
ipment of AGEMA THV900), on the one hand achieves satisfactory results
for:

e The visualization of the mercury flow behind the 2.88 mm thick steel
wall of the mockup of the proton beam entry window of SINQ.

e The comparison of the relative local thermal resistivity A (or the re-
ciprocal of h the local convective heat transfer coefficient « = 1/h)
between different flow or cooling configurations in the quasi steady-state
condition. This conclusion does not require the knowledge of the abso-
lute value of the local heat flux ¢*, but it is indispensable to make sure
that

— the distribution of the local heat flux ¢* for all compared configu-
rations remains the same

— the mercury bulk temperature is simultaneously controlled.

On the other hand the 2DD method was not yet sufficiently precise for:

e The determination of the local thermal resistivity &, because of the
uncertainties in the estimation of the local heat flux ¢* resulting from
the current edition of the SEH heating. The efforts to develop the system
of heating allowing determination of local heat flux ¢* with sufficient
precision will be continued.
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Dwuwymiarowa dynamiczna metoda wizualizacji charakterystycznych
wlasciwosci przeplywu w konwekcyjnej warstwie granicznej przy uzyciu
termowizji

Streszczenie

Artykul przedstawia, na przykladzie zastosowania w badaniach dodwiadczalnych,
dwuwymiarowg dynamiczng (2DD) metode uzycia termowizji (IRT) wizualizujacy
efektywnosé chlodzenia przeptywem cieczy silnie ogrzewanej §cianki zbiornika.

Wykorzystanie zsynchronizowanych pomiaréw: temperatury zewnetrznej po-
wierzchni §cianki zbiornika (za pomocy IRT) oraz temperatury masy plynacej cieczy
(za pomoca termoelementéw (TC)), pozwolito na wizualizacje jako$ciowych i ilo$cio-
wych zjawisk przeplywu cieczy charakteryzujacych efektywnosé chlodzenia Scianki.

Do zjawisk jakoSciowych zaliczono tu wizualizacje obrazéw przeplywu; w przybli-
zeniu obrazow lini przeplywu w poblizu 4cianki, poniewaz pola temperatur w dominu-
jacym stopniu zaleza od rozkladu predkosci przeptywu. Obrazy takie daja mozliwosé
wykrycia zawirowan czy tzw. "martwych” stref przeplywu wystepujacych po niewi-
docznej wewnetrznej stronie nieprzezroczystej Scianki.



376 TWO-DIMENSIONAL AND DYNAMIC METHOD OF VISUALIZATION...

Do zjawisk ilo§ciowych zaliczono wizualizacje pola rozkladu wartoéci réznicy tem-
peratur pomiedzy §cianka a masa plynacej cieczy; mniejsze wartosci tej réznicy wska-
7ujg lepsza lokalng efektywnosé chlodzenia. Wartos¢ tej réznicy temperatur moze by¢
bezposrednio skorelowana z konwekcyjnym wspotczynnikiem przekazywania ciepla.

Pokazanie animacji w postaci sekwencji tak specyficznie zdefiniowanych pdl tem-
peratur pozwala na geometryczno-czasows (dynamiczng) ocene efektywnoéci chio-
dzenia écianki zbiornika dla réznych konfiguracji wewnetrznego przeptywu cieczy. Dla
przykladu, na stronie internetu (Patorski, 2000) pokazano dwie animacje dotyczace
eksperymentéw omawianych w artykule.

Przedstawione badania doSwiadczalne stluzg wyborowi optymalnej konfiguracji
przeplywu rteci dla chlodzenia §cianki stalowego zbiornika Zrédia neutrondw, tzw.
”okna” wejscia wigzki protondw, podczas wytwarzania neutrondw z jader atomow
ciezkich metali w procesie spallacji. W omawianym przypadku rteé¢ bedzie jednocze-
$nie wykorzystywana do wytwarzania neutronéw, jak i do chlodzenia stalowej Scianki
naczynia zrédia neutrondw.

Z punktu widzenia analizy naprezen termo-mechanicznych w $ciance ”okna” zbior-
nika 7zrédla neutronéw bylo koniecznym dodwiadczalne zbadanie charakterystyki kon-
wekeyjnego przekazywania ciepta z uzyciem przewidywanych do zastosowania mate-
rialéw (stal i rte¢), z zastosowaniem realnych ksztaltéw i wymiaréw zbiornika zrédla
neutronéw (cylinder zakoticzony pétkula) oraz wewnetrznych geometrycznych i hy-
draulicznych warunkéw przeplywu rteci.

Manuscript received November 30; accepted for print January 5, 2001



