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Optical device for thermal effusivity estimation of liquids
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We determined the thermal effusivity of liquids using an optical sensor based on the laser beam deflection technique, without directly irradiate
the samples for heating and thus minimally altering them. Applying a heat pulse in a thermo-optical slab we generate a unidimensional
temperature distribution. This temperature distribution modifies the refractive index in the slab that finally causes the deflection of a laser
beam that propagates perpendicularly to the direction of the heat propagation. The deflection of the laser beam depends on the interaction ¢
the thermal energy with the sample at the slab interface. The exchange of thermal energy between the thermo-optical slab and the sampl

depends, on the thermal properties of both of them, being the thermal effusivity of our particular interest. Utilizing a theoretical model, we
estimate the thermal effusivity of liquids using tridistilled-water and glycerine as reference.

We present a simplified version of a past sensor proposal as well as the theoretical analysis of the sensor response. We obtain the therm

effusivity of tridistilled water and glycerine samples with a maximum error of 3%. Finally, we estimate the thermal effusivity of dissolutions
of NaCl in tridistilled-water with maximum error of 7.3%.

Keywords:Thermal effusivity; thermo-optical sensor; optical beam deflection technique.
PACS: 42.81.P; 44.20.+b.

1. Introduction vious work, the heating beam is replaced by an opaque film
in the slab heated by a non-coherent light source, thus avoid-

The thermal effusivity is of importance since it gives infor- ing direct laser irra_diation for the sample. More recer_ltly, we
mation of how heat is exchanged with the surrounding mediaProPosed a numerical study of the laser beam deflection tech-
i.e. thermal dissipation capabilities of materials. Thermal ef-Nique integrated in a slab, to characterize thermal properties
fusivity could be of interest, to study how biomaterials dissi-°f Piological tissue [13].
pate thermal energy to its surroundings and how this thermal We also determined the diffusivity of liquid samples for
property may change due to pathological diseases. In parti(gly_cerol in tridistilled-water dissolutions for c;oncentra';ions
ular, thermal effusivity has been measured by means of the¥ariating from 0.8 wt. % to 1.2 wt. % [14]. Using an oblique
mopiles, thermistors, resistors or hotwire probes [1-3], beindncidence of the heat source, we determined the angle of the
these the typical methods used. In this type of sensors thej?oSt pronounced change in heat conduction thus finding the
usually rise the temperature of the sample more thaG 28- critical angle of the incident thermal wave. This method did
5], hence altering or in the worst case completely destroying'©t depended on photometric measurements and was used
them. In addition, these approaches have the inconveniend@ obtain the thermal diffusivity of dissolutions of glycerin
for their use in corrosive environments or special care must b tridistilled-water with good agreement with reported val-
paid to isolate the probes since these techniques require bdes. Nevertheless, it had the disadvantage of requiring sev-
ing in contact with the sample. Some optical techniques offeral measurements by sample to obtain a thermal property.
the advantage of being non-invasive since the probing beam In this work, we propose an extension of our latest pro-
is not in contact with the sample to be characterized [6]. ParPosals to determine the thermal effusivity of liquid samples
ticularly, the laser beam deflection technique has been used a fixed incident angle thus simplifying the device complex-
to determine thermal properties of solids and liquids [7], adty and reducing the number of measurements needed to only
well as for spectroscopic refractometry [7-9] where the heatone by sample. We also reduced the measurement time and
ing beam directly irradiate the samples and the probing beadficrease the temperature to no more tha@ ghus; reducing
propagate in free space thus making this technique prone tbe stress we induce in the samples avoiding their damage.
external noise [10,11], these techniques tend to be complex
to integrate. 2 Basis

In a previous work, we proposed a sensor based on the
beam deflection technique integrated in a solid slab to difLet us consider a finite thermo-optic slabe( medium 1)
ferentiate heat conduction in liquids using a deflection anglef known thermal properties; thermal effusivity, thermal
sensor with good resolution and stability [12]. In this pre-conductivity &y, and thermal diffusivitye; with its lateral
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faces thermally isolated, and that the lower and the upper me- X
dia, medium 0 and medium 2 respectively, are considered as 4
semi-infinite. €2 Medum 2
Now, if we apply a heat ste@) for 300s at the interface D e v %
1 (between medium 0 and the thermo-optic slab) there is an 4 €1,k1,@1 Medum 1 L L/
induced temperature distributidh. in the thermo-optic slab J . i/
(TOS). Since we consider the walls perpendicular to the wall d __\FI;B.:__ ! 7)é-. |1
where( is applied to be thermally isolated and the media 0 >" i ™ %
and 2 to be semi-infinite, we can assume that the heat flows V| TOS /1
only in the z-direction. We can also assume that there is a /‘l Rio M 4 >
heat wave reflection on each interface due to the difference /,L" 777 £ 77 z
of effusivity of media 0 &) and effusivity of media 245), 2 ep Medum 0 L
so the temperature distributidfi, depends on the contribu- Thermal Isolation

tion of the heat waves travelling in the positivedirection
and backwards in the oppositedirection. This temperature
distribution produces a gradual change of the refractive in-

dexn of the TOS that depends on the temperature at eacto reduce optical power loss due to absorption, and that has a

FIGURE 1. Schematic for the laser beam deflection principle in a

point [12]. high thermo-optical coefficienb/0T) because for higher
Finally, we consider a collimated laser beam (CLB) of values ofdn/0T we need lower temperatures to achieve a
wavelengthh = 1550 nm that propagates along the  sufficientZ,. On the other hand, the operational range de-

direction at a distancé from the interface 1. The change pends on the thermal effusivity of the TOS due to the thermal

in the refractive indexn along the optical path, induced by reflection coefficientsR; o and R, 3). This is why for this

the application of the heat sour€e would produce an angu- study we use a commercial acrylic TOS since it has an ade-

lar deflectionf, of the CLB to the coldest region of the slab. quate transmittance of,.,;;c = 50% for the near infrared

A schematic of the physical considerations is shown in Fig. linterval, aon/0T of —1.05 x 10~* [K~1] that is at least
Under these assumptions, it is possible to estimatéwo orders of magnitude higher than those of the commercial

the temperature distribution in the TOS using the one-optical glasses, and has a thermal effusivity of 150 [W s

dimensional Fourier's law of heat conduction. The solutionm~2 K~!], which allows to measure samples that has higher

to the resulting equation for a thermal conduction problemvalues of effusivity due to the restriction &, o andR; 5.

with these characteristics was given by Sandetad! [12], To obtain a theoretical thermal distributi@h, we evalu-
where the resulting temperature distribution with respeet to ate Eq. 1 considering; a heat pulse(f= 194 [W/cm?], an
(T,) due to a heat step can be obtained from: acrylic TOS of dimensions, = 0.03 m, D = 0.01 m, and
o the thermal properties shown in Table I:
To(z,t) = _Q Z (Ry Ry o)™ We evaluated Eq. 1 for several values of thermal effusiv-
ks =0 ity of Medium 2 (thermal effusivity of the sample) of known

liquids. The effusivities used are shown in Table II.
% {1 _erf K?"WM 1>} The results of evaluating Eq. 1 with the values mentioned
2 at above are shown in Fig. 2, where we plottedTheas a func-

2w+ )d -z [ 1 tion of time.
— Ry (1 - eff{2 at})] ; In Fig. 2 we show the generatdd with respect of time
! (1) as it increases due to the heat pulse. Théurther increases
for higher values 0s_ sompic, because there is a higher heat
where Ry o and R, » are the thermal reflection coefficients exchange between medium 1 and medium 2. Note that the
for the thermal waves that depend on the thermal effusivityfm for each sample can be distinguished from time 140 s to

of the surrounding media and can be expressed like: 300 s, where the characteristic response for each sample is
e e
Ryo= <1 - O) / (1 0) . ; .
' €1 e1 TABLE |. Thermal properties considered to obtain a theorefital
and Thermal Thermal Thermal
Ry = (1 — e2> / (1 + 62) . effusivity conductivity diffusivity
€1 €1 WS> m2K~1]  [W/mK] [m2/s]

The generated thermal waves interagt times at the inter-

face 1 and the interface 2 (between medium 1 and medium 2). )
The sensibility of the sensor depends in part to the ther- (@1

mal and optical properties of the TOS. Then, it is of impor- Medium1 e =150 ki =0.158 a1 =1.28 x 1077

tance to choose a material that has good optical transparency(acrylic)

Medium O eo = 5.5 - -
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— 1.02
TaBLE Il. Thermal effusivity values used to evaluate Eq. 1 for 2
several liquid samples. > 099+
O
Medium 2 Thermal effusivity =0
[Ws?Sm 2K % 0.96
€2_ethanol * 634.9 c
=
€2—glycerol* 938.16 = 093}
€2_blood * * 1395 8
ea—pite % * 1549.6 % o09f
)
€2—tri—water* 1570 et ) . )
*Obtained from M.N. Pop [15], and 600 900 1200 1500

**from L. Mcintosh et al[16]

e W 05 M2 K11

415 | e - FIGURE 3. Deflection angle as function of the thermal effusivity at
' Z-ethanol a fixed height of the TO8 = 6.5 x 1073 m.
4r |- 7'7e2-glycerin

351 |7~ "C2pi00d
g 30|72k 2.1. Theoretical sensor response
% 251 |~ = ©otri.water . - o ;

i To obtain the effusivity of liquid samples, we estimate the

B~ 2

change of optical power due to the decoupling of the CLB,
using an angle deflection sensor (ADS). The ADS is formed
by input and output collimators connected to a laser source
and a photodetector, respectively. The TOS is between the
‘ , ‘ ‘ . input and output aperture of the ADS as shown in Fig. 4A.
0 50 100 150 200 250 300 As we explained early, the decoupling of the CLB at the out-
Time[s] put collimator is caused by the beam deflection due to the
induced thermal distributioff,, when a heat soura@ is ap-
FIGURE 2. Theoretical tempera}tgre distributidﬁ_& as function of plied. The change of optical power can be approximated with
time for values of thermal effusivity; of known liquids. the integration of the deflecting CLB in the area of the output
markedly different, therefore, this is the period of time where{lr:): chaol:zs\;\g:]h Cr:GII_SBF)T)?f):)(;;get;smael 6r:glt;ﬁgybm?cgle;(?s]eo;htiz
the thermal effusivity of the samples can be obtained. device ¢-direction) when there is n@ applied, and maxi-
The deflection anglé of the CLB in an acrylic TOS, pro-  ,um power is detected. Then, when tds applied, there
duced by the change in the refractive index due to a thermal 5 neam deflection according to Eq. 2, that depends on the
distribution, can be approximated according to the equationi,armal properties of the TOS and the thermal effusivity of

L on the sampled,), namely the unknown variable.
(t) = Tl (2) To estimate the power change due to the deflection an-
gle, we estimate the deflection of the CLB of intensity | that

where dn/0T is the thermo-optical coefficient of the is projected into a SMF-28 optical fiber core of diameter
acrylic [17] (-=1.05 x 10~4 [K~1]), n is its refractive index  ¢core = 8.2 um. The projection of the angular deflection
(1.49), L is the length of the TOS (0.03 m), arffd. is de-  in the core is transduced to a lateral displacemé&pnti( the
termined from Eqg. 1. We obtained the deflection angle ofx-direction of the propagated beam. A schematic of the sen-
the CLB in the TOS produced by the application of a heatsor transduction is shown in Fig. 4B.
pulse of aQ = 194 [W/cm?] for 300 s for the same values of The diameter of the projected spot can be estimated with
ez mentioned in Table II. Figure 3 shows the deflection an-the equationis,.: = 4\ f/md.,. Where fis the focal length
gle obtained as function of the thermal effusivity at the timeof the output collimator, and..; is the diameter of the col-
t = 300 s. limated beam incident on the output lens ani$ the wave-

As we can see from Fig. 3, it is possible to obtain a pardength of the laser source. Then, the waist radius projected in
ticular deflection angle for liquids within a range of effusivity the core entrance of the optical fibé¥{) can be calculated
between 600 [W%5 m—2 K~!]and 1500 [W §° m=2 K~!]  by: W} = \f/mw,, wherew, is the original waist of the
applying a small amount of energy and for a short period ofCLB. The lateral displacement, is then calculated straight-
time. forward as:é,, = f - tan(f), whered is obtained from Eq. 2.
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FIGURE 4. Schematic of A) the angle deflection sensor (ADS) and .
B) the beam displacement,) in the fiber optic entrance due to the Tlme[s]

angular deflection in the TOS. FIGURE 5. Theoretical response of the sensor for the values of

] ) thermal effusivity in Table I.
Ultimately, to estimate the power change due to the lat-

eral beam displacement, we calculate the overlapping of the
fundamental propagation mode incident in the core entrance )
of the fibre optic using: 3. Experimental setup

ey To measure the angular deflection, we use a fiber optic ADS

P Ie_(((£_5”)2+y2)/“’/3)dxdy 3) (Fig. 6) formgd by a Thorlab; Iasgr source at 1_550 nm con-

out ’ nected to a single mode optical fiber mounted in a factory-

—Te Y aligned Thorlabs U-bench model FBC-1550-FC with a trans-
mittanceryen., = 90%. The TOS is .03 x 0.01 x 0.01 m

wherey = /r2 — 22 andr, is the fiber core radius. Since acrylic slab placed at the U-bench aligned to the optical axis.
this function is symmetric in thg-axis and we assume that For the TOS alignment, we used a three-axis micrometric

there is no displacement in this axis, we can re-write Eq. 3nhounting. The output power is measured with a Thorlabs
as: P001188 photodetector. We used a thin black polymer layer

at the bottom of the TOS illuminated by a halogen lamp as a
re heat source due to the absorption of photons by the photother-
Py = Tw' o/ / o~ ((@=82)*+y%) /w'}) mic e_ffe_ct. _At the opposite §ide of_the heat source we build an
acrylic liquid container of dimensiors03 x 0.01 x 0.05 m.
e This is a simplified version of the previous work where
$2 we had additional to the ADS a mobile heat source to find
x erf o —a? | du, (4)  the critic angle. In this case we do not have to sweep a range
of angles thus reducing the number of measurements.

Also, for each experiment the sensor and samples are
where[ is the laser beam intensity of 1.1 mW, and the erfthermalized to an initial temperature of 5 assuring that
function is equivalent to etfz) = (1//7) [* e~ dt Eval-  each measurement starts at the same temperature. Then we
uating Eq. 4, with the same effusivity values for medium 2apply a heat source 6} = 194 [W/cm?] monitoring the sen-
used in the past section (see Table Il), we obtain the theoretsor output for 300 seconds, compared to previous measure-
cal response of the sensor, as shown in Fig. 5. ments where we monitored the sensor for at least 1200 sec-

We can see from Fig. 5 that for higher valuesof ;. pic
we measure a lowd?,,;, like in the case of tridistilled-water,
due to a decrease in the reflection coefficignt, and in con- Thermocouples Liquid Container
sequence there is an increase of the thermal energy transfe -~
from medium 1 to medium 2. Coltmator

As said in the section before, it is possible to distinguish ‘
the curves for the different values of thermal effusivity for the L
periods of time between 140 s and 300 s of heating; therefore z
it is the period of time where the experimental values of effu-
sivity are obtained. FIGURE 6. Schematic diagram of the sensor.

Output
Collimator

. Photodetector

Black thin polymer
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onds. To approximate the experimental condition of medium
2 to be considered as semi-infinite, we used samples of 1.5 g
for filling the liquid container, which it is 5 times taller than
the TOS. We also monitored the temperature at the two inteifor tridistilled water and
faces of the TOS with the heat source and the sample during
the entire experiment using two thermocouples. As a calibra-
tion method, we characterized the sensor response to tridis-
tilled water and glycerol. for glycerol. These values compared with those previously
reported have a relative error of 4.7% and 3.8%, respectively.
Then, we characterized the response of the sensor for five
different dissolutions of NaCl in tridistilled-water. The con-
centrations vary from 0 wt.% to 25 wt.% (see Table Il). The
To validate the proposed experimental method and as meawsirves in Fig. 8 show how the normalized power with respect
of calibration, we corroborated the sensor response using the time as the response of the sensor to this samples.
procedure described in the past section. The sensor response We can see in Fig. 8 that effusivity of the sample ¢
measured as the output power for 3 consecutive measuréecreases as the concentration of NaCl increases, thus trans-
ments of glycerol and tridistilled-water is shown in Fig. 7. ferring less thermal energy between the TOS and the sample
The output power is normalized to the maximum power reg-and producing a less changing thermal distribution.
istered when there is no heat applied. The retrieved values of thermal effusivity and its uncer-

€atri—water = 1650 [W s'/Zm=2k ™!

€2_glycerin = 961 [W Sl/2m72k71]

4. Experimental results

Using the theoretical model, we fitted the effusivity val- tainty for the samples are summarized in Table Ill. For com-
ues of each sample, shown in dashed lines in Fig. 8, thus
obtaining a thermal effusivity of
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FIGURE 8. Sensor response for 5 different samples of NacCl-
FIGURE 7. Sensor response to tridistilled-water and glycerol lig- tridistilled water dissolutions (refer to Table 1) with its best theo-
uid samples. Dashed lines represent experimental values and solitgtical approximation. Dashed lines represent experimental values
lines represent theoretical values. and solid lines theoretical values.

TABLE Ill. Description of the samples used in the experimental setup and the thermal effusivity values estimated in this work as well as the
ones found in literature.

NaCl e2-g§ €lit
Sample concentration W& m—2k!] Ws2m 2k Error
(Wt. %) (%)
(this work) (Reported values [15])

S1 1650+ 35 1570 7.3

S2 5 1570+43 - -
S3 10 1480+34 1533 5.6
S4 20 1355+43 1384 5.2

S5 25 1290+30 - -
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parison purposes, we present the values reported in a prewt% of the solute. The photo-thermal device response could
ous work for NaCl-tridistilled water dissolutions for the NaCl be improved by increasing the heat applied that also can di-
concentrations of 0% wt., 10 wt.% and 20 wt.%. minish the response time, however, special attention should
For completeness purpose we also compared the o€ paid to some samples that could be altered.
tained thermal effusivity values with the thermal effusivity
estimated from the geries mixing .model for a binary rn_ix—5. Conclusions
ture [18]. Considering the effective thermal conductivity
to be: K.py = vKnact + (1 — v)Kipi—water, Wherev A simplified photo-thermal device to estimate the thermal ef-
is the volume of NaCl in tridistilled waterKaci is the  fusivity of liquids has been proposed and validated for water
thermal conductivity of NaCl and(;,;—wate iS the ther-  and glycerol. The configuration used allows us to obtain the
mal conductivity of tridistilled water. Then the heat capac-thermal effusivity o liquids reducing the number of measure-
ity per unit volume for the binary mixture ispC.;y =  ments. We also demonstrated the use of the proposed tech-
(1 = v)(pCiri—water) + v(pPCNact), WherepCiri—water IS nique to characterize thermal effusivity of homogeneous dis-
the density times the heat capacity of the tridistilled-watersolutions of NaCl in tridistilled-water with a maximum rela-
andpCnaci is the density times the heat capacity of the NaCl.tive error of 7.3%. The proposed device has the advantage of
Finally, to obtain the effective effusivity of the binary mixture inducing minimal alteration to samples, since we indirectly
we have thateesr = v/ Kefr - pCef- heat each sample; we also reduced the experiment time in
If we considerk,;—water = 0.59 [W/K m], Knact =  Which we obtain the thermal properties thus reducing the time
0.44 [WIK M, peri—water = 997 [Kg/m?], pnac = 2165  inwhich the samples are submitted to heating. Moreover, the
[Kg/m3], Ciri—water = 4180 [J/K Kg], and Cnacy = 880  pumping beam conventionally used for heating in the optical
[J/K Kg], we obtain a maximum relative error of 8.5%, com- beam deflection technique is replaced by a non-coherent light
pared to the measured effusivity values. source, thus, the effect of the local heating is highly dimin-

The values obtained using this optical device show gooéshed-
agreement with those of the literature with a maximum error
of 7.3%, as well as the binary mixture solution, validating this Acknowledgments
technique to obtain the thermal effusivity of liquid samples.
The proposed optical device to obtain the thermal effusivityWe acknowledge financial support through projects PAPIT
of liquid samples is suitable to characterize thermal effusiviT100515 from Direcdn General de Asuntos del Personal
ity of dissolutions with concentrations which vary in at least Acacemico, Universidad Nacional Abhoma de Mxico.
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