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Abstract

The paper describes a set of physics demonstratiperiments where thermal sensitive foils
are used for the detection of two dimensional tiigtron of temperature. The method is used
for the demonstration of thermal conductivity, teargiure change in adiabatic processes,
distribution of electromagnetic radiation in a neiave oven and detection of resonant
acoustic oscillations in a Rubens' tube.

Introduction

Thermal sensitive foils (TSF) also called revesit@mperature labels are commonly used for
approximate temperature measurements. They ard bad&uid crystal technology and they
change colour according to temperature. The chahgelour is restricted to a relatively
narrow temperature scale, only a few degrees cantgand that is why they can serve as
quite sensitive and fast thermometers. They aea@mmercially available in large sizes at a
convenient price (approx 25 EUR per 12” x 12” shjeand they can serve as fast and simple
detectors for two dimensional distribution of temgiare.

Thermal sensitive foils are primarily intended floe measurement of temperature so their
usage in thermodynamic experiments is obvious.aBa other physical properties can be
transformed into a temperature and detected with [LH

Thermal conductivity 1, heat tracer

This is a very simple experiment which is conveh@ren for small children. A human hand

is placed onto the table for about ten seconds.ddmately after the hand is removed, a TSF is
put in the same place on the table. In a short tirael SF reveals a thermal image of the
hand, see figure 1.

There are a few requirements that must be fulfiltedhe success of this experiment. The
temperature of the hand must be significantly highan the room temperature. A cold hand
or very warm weather spoils the result. The tentpesaange of the foil must be properly
selected and only tables made from certain maseaia suitable for this experiment, see
below.

Although, at the first sight, this experiment lodk it is only just for fun, it has an

interesting physical background which also makéeiteficial for higher levels of physics
education. The result of the experiment is strongflyenced by the thermal conductivity and
heat capacity of the underlying surface. For instanith a metal surface the thermal image is
smudged by the high thermal conductivity of mefal.the other hand when a styrofoam plate
is used, practically no heating of the TSF cantimeoved. Very low thermal conductivity and
heat capacity decrease the amount of accumulatgdrhthe styrofoam plate so there is not



enough energy to warm the TSF. Thus the mediunesadfithermal conductivity are the
optimal for a successful experiment. Very good lisstan be obtained with laminated
hardboard; pure wood is worse.

In this and the following experiments the corrdmice of TSF temperature range is crucial.
As stated above the temperature range is quitewand during the year, or even during the
day, temperatures in the classroom can changdisatly. For this reason a set of TSFs
with different temperature ranges is necessargtodajiable results. Two foils with ranges
20°C - 25°C and 25°C - 30°C are the minimal set.

When the room temperature is close to 30°C therawpat will probably fail. On that
occasion a reciprocal arrangement can be tried wigense a cold hand on a warm table. The
hand can be cooled down with cold water or a metfrwater and ice.

Figure 1 Heat trace of a human hand.
Thermal conductivity 2, heat race

TSF can be used for an illustrative visualizatibthermal conductivity in metals. The foil is
fixed onto a metal rod with a rectangular crossisecOne end of the rod is heated and the
other end can be left free or cooled. This modifiesdifferent boundary conditions for heat
conduction.

For the instructive experiment at least two rodditierent materials should be employed at
the same time to compare different thermal conditiets. For this simple demonstration one
end of two rods is heated with a power resistgu(® 2a). In a simpler variant, the rods can
be heated with hot water (figure 2b). In both cdkesactive parts of the rods must be roughly
horizontal. In a vertical arrangement heat tranafeuld be influenced by the convection of
air.



(b)

Figure 2 Two metal rods heated with a power resi&d or hot water (b).

The time evolution of temperature distribution inan-stationary state is determined by the
so called diffusion equation

ot(x7) _ 0%t(x,7)
or ox*

: (1)

wheret is temperature; time andD diffusion coefficient which is given by the equati
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wherel is the coefficient of thermal conductivityspecific heat capacity apddensity. The
temperature distribution is not given by the caidint of thermal conductivity itself, but
specific heat and density also play a role. Itlsamasily understood. The change of the
temperature of any volume is not only given byhbkat exchange (which is determinedihy
but it is also inversely proportional to the masatitapacity of this element’s volume (given
by productc - p).

In some simple cases the equation (1) can be salvalgtically. The experiment depicted in
Fig. 2 can by modelled by a semi-infinite rod watie end kept at a constant elevated
temperature. In this case the solution of the egudl) can be expressed as

e X
t(x,7)=(t, t°)erfc{2\/D_r}+t° 3)

wherety, is the temperature at the heated end of the rdd,as the ambient temperature, erfc
denotes complementary error function. The quantity

A=\Dr= |2 ¢ (4)
elo

is the so called diffusion length which can sers@garameter for the qualitative comparison
of thermal conductivity of different materials. Ttaio of the distances between two points
with given temperatures localized in different migtls should be equal to the ratio of
equivalent diffusion lengths.

The graph of the temperature distribution accordingquation (3) is in figure 3. Both curves
were calculated for a diffusion time of 60s andtf@rmal parameters of copper (red line) and
steel (grey line). The corresponding diffusion lgasgare depicted in the figure. The diffusion
length of copper is about three times larger tiham of steel (see also table 1).
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Figure 3 The theoretical temperature distributioncopper (red) and steel (grey) rods
compared with the distribution experimentally déteausing TSF.

On the lower part of figure 3 is an example of k@ temperature distribution on copper and
steel rods as visualized by TSF. The highlightedyea approximately correspond to the same
temperature intervals and their lengths have ttie 143 which is in good agreement with the
graph in figure 3 and theoretical values from table

material A Cc p D A
Wm K| Ikg K| kgm® | m%* cm
copper 386 383 894( 1,13:10 8,2
iron 80 450 | 7860/ 0,23-T0] 3,7
steel (1% carbon) 43 450 8000 0,12°10 2,7
stainless steel 16 450 8000 0.044'10 1,6
aluminium 237 896 2700 0,98:10 7,7

Table 1 Thermal properties of selected materialffuBion lengths are calculated for time
7= 60s.

! The coloured part on TSF does not corresponiedaliffusion length labeled above and highlighted
temperature ranges on the metal rods do not camelsip the temperature interval 10°C as could texpreted
from figure 3. The equivalent distances should dr@ycompared relatively.



It has to be emphasized that the thermal condigstiongly depends on the concentration of
impurities which are present in the material. Téa conductivities of common commercial
metallurgical materials can be significantly diffat from the tabular values of pure metals.

Temperature changes at adiabatic processes

It is well known that in adiabatic compression thmperature of the gas rises and in
expansion drops. This can be experimentally prdoedirect measurement of the gas
temperature. When we use a standard thermometge gdne pressure change must be quite
large because the heat capacity of air is very PWSF thermometer can have a small heat
capacity and be sensitive for significantly smafiezssure changes. Moreover this
thermometer is very simple and cheap and thus roapigs of the experimental equipment
can be made and distributed throughout the class.

The temperature changes are detected with a srae# pf TSF. Because room temperature is
mostly a few degrees above 20°C, TSF with the teatye range 25°C - 30°C is optimal. To
obtain the smallest heat capacity it is necessargrhove both the cover paper and sticky
tape from back of the foil. A piece of foil is théred to a wooden skewer which is glued to a
PET bottle cap, see figure 4. The use of a glueigoecommended for this purpose.

The bottle is sealed with the cap. By rapidly squegthe bottle by hand the temperature
grows due to adiabatic compression and the TSFgesaits colour.

The temperature change in this process can beastifrom ideal gas law which leads to the
eguation

LAY A (5)
Tl T2
and from the equation for adiabatic process
PV = RV (6)

Subscripts “1” and “2” denote initial and final t#af the gas respectively. From these two
equations we easily get

k-1

T, =T1(&jk- (7)
P,

By pressing the bottle by hand with the highessyiie force, the final pressure in the bottle
can reach 1.5-2@a. In this case an ideal adiabatic process leaals increase of temperature
from 300K up to 337K. The real process is not aali@band temperature growth is smaller,
but the real temperature change is large enough36rto change colour significantly. If the
initial temperature of the foil is set to the lomdeof the TSF temperature range when the
colour of the foil should start to turn grey, (ebg heating the bottle in the hand) the pressure
increase up to 1.15-1@a is sufficient to change the colour. And thisssure can be reached
by a small child.



Figure 4 Equipment required for the demonstratibmeating in adiabatic compression.

Distribution of electromagnetic radiation in microwave oven

The inhomogeneous distribution of an electromagrfegid in a microwave oven is
frequently demonstrated using absorption in fodabcolate, marshmallow, bread etc. TSF
can easily visualize this over a large area andpassed to food, usage of the foil is
repeatable and free of charge.

When TSF is placed into a microwave oven and tles @y switched on for a few seconds,
the foil is heated inhomogeneously because therldde@nergy is proportional to the square
of the magnitude of the electric field. Thus thstdbution of the electric field, in the cut
plane defined by the foil’'s position, can be vised, see figure 5.

Figure 5 The examples of the distribution of absarinmicrowave power in a MW oven.



This experiment is supposed to be a simple methbdw to measure the speed of light
(microwave radiation in this case, of course). Mangh measurements can be found on the
internet. This method is based on the assumptiatthiere is a standing wave in a microwave
oven cavity and the distance between two deteatedpgots must be half of the wavelength.
From the known frequency of microwave radiatioru@lly 2.45 GHz) the speed of light
should be easily calculated using the formula

c=Af. (8)

But this is not correct. The distribution of anatie field in a 3D cavity is rather complicated
and the idea of wave resonance in a one dimensstrirad) simply cannot be applied to this
case. Figure 6 shows an example of the absorbedrpensity distribution in (2,4,1) mode
corresponding to frequency 2,45 GHz [2,3]. The waliton was based on the resonant cavity
approximation and it does not take into accounptiesence of a waveguide from the
magnetron, absorbing media in the oven (food) beddct that the real electric field is a
superposition of different modes. But even in tlasy simplified case there is no observable
distance between spots that are equal to 6 cmisaprigdicted from the simple one
dimensional model. So this method can provide anhgry rough estimation of the speed of
light.

Figure 6 Power density distribution of an electiield in the cavity of a MW oven.
Theoretical calculation for (2,4,1) mode. The dmste of neighbouring gridlines is 1 cm.

Rubens' tube

A Rubens' tube, also known as a flame tube, igpparatus which, similar to Kundt's tube,
demonstrates acoustic standing waves in a long plpe Rubens' tube pipe is filled with a
flammable gas which leaks from the perforations@glthe upper side of the tube. When a
standing acoustic wave is created with a loudspestk&ched to one end of the tube, the
distribution of the amplitudes of the acoustic ptes is visualized by the flames above the
tube’s perforations. The antinodes of acousticquescorrespond to the maximal height of
flames, see figure. 7 (a).

Thermal sensitive foils can visualize standing v&aivea Rubens' tube more safely without
the use of highly flammable gas. TSF is fixed tamigdly along the tube perforations and the
experiment can be realized in two ways.

(1) The Rubens' tube is continuouslied with warm air. TSF is preferentially heated
antinodes of acoustic pressure.



(2) TSF is covered with tiny droplets of water. Atream oscillations are biggest at the
antinodes of acoustic pressure and water is pretortly evaporated at these points. The
evaporation cools down the TSF and the distribubfbnodes and antinodes is revealed, see
figure 7 (b).
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Figure 7 The distribution of nodes and antinodea Rubens' tube visualized by flames (a)
and TSF (b).

Conclusion

Thermal sensitive foils are valuable devices witiah be used in demonstration experiments
in different fields of physics. The experiments arestly qualitative but very illustrative and
can be employed at all levels of science educatiom elementary schools to universities.
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