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Abstract

In this work, we analyze different factors that may affect heat measurements, in a device, based on the optical beam deflection method
(OBD). We demonstrate that it is possible to improve the heat limit of detection (HLOD) of the device by increasing its sensitivity using
a proper cell or a proper monitoring phase. On the other hand, we prove experimentally that the gradient of the refraction index is almost
vertical, so it is possible to apply a theoretical model based on one-dimensional heat propagation to predict the temporal behavior and the
magnitude of the deflection beam.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction On the other hand, it minimizes the dispersion effect since
it is a monochromatic light.

The optical beam deflection method (OBD) is based on  Then, the OBD method was widely used in photo-thermal
mirage effect which appears when an index gradient is cre- spectroscopj3-5], where photo-induced changes in the op-
ated in a medium, so the light beam undergoes an angulartical and thermal characteristics of a sample are measured.
deflection when passing through this medium. This gradient The method was also applied to probe an induced concen-
of index can be produced by inducing a temperature gradi- tration gradient near an electrode in a solut[éh Other
ent, or a density gradient in the medium. Historically, the applications in optical measurements can also be f¢dhd
OBD technique has been used before in schlieren technique Using the OBD technique, Wu et §] have demonstrated
[1,2] three centuries before the invention of lasers. The first for the first time that laser probe beam deflection, induced
observation of the schlieren effect was reported by Hooke by the enthalpy change of a chemical reaction in a liquid
and Huygens in the 17th century. Schlieren measurementsphase, can be used for quantitative analysis. The same tech-
were used in the manufacture of optical instruments for as- nique was used later in monitoring and analyzing a chem-
tronomic studies. Its application to fluid and heat transfer ical reaction procesfd], and in monitoring gas diffusion
investigations is due to Toepler (1864), who gave it the from one liquid phase to anothf0]. Baptista and cowork-
name schlieren, the German term for striations or inhomo- ers[11] have used the same device to measure the enthalpy
geneities. August Téepler developed the first basic apparatusof some chemical reactions in water. Their measurements
for flow visualizations by using a knife-edge filter to pro- were with a heat limit of detection (HLOD) of 60 mJ and an
duce a black-and-white image in which the intensity of the uncertainty of 15% which are both too high compared with
light is related to the density/temperature gradients in the the ones obtained using available micro-calorimeters.
optical field. In this work, we have carried out some new experiments

The development of lasers allowed perfecting the OBD using a similar device as the one used by Wu. These experi-
method. In fact, the laser beam has a very low divergence ments permit to analyze the sources of imperfection in heat
and therefore, it can probe a small portion of the sample. measurements of this device. Taking into account the ex-

perimental results, we have used a theoretical model of heat

transfer to find numerically the time-evolution of the output
mspondmg author. Tel+963-11-513-5700: signal of the devige. The temporal behavior of the numer_i-
fax: +963-11-223-7710. cally calculated signal was in a reasonable agreement with
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Fig. 1. Experimental set-up.

was higher than the experimental one. In order to investi- determine precisely the actual water temperature being de-
gate the reasons for this difference, we considered differentlivered to the aqueous phase.
causes of imperfection in the device that might be taken into

account to improve its sensitivity. o We immersed the pipette used for adding water, in a ther-

mostat bath containing hot water and waited several min-
utes to arrive at the thermal equilibrium, to note down the
2. Experimental device temperature of the system (hot water, pipette).
o We repeated each experiment several times to make sure

Fig. Lillustrates the experimental setup with some details ~ that it is reproducible.

of the instrumentation, it is similar to the ones used before ® We traced, using hot water of varying temperatures, the
[8,9,11]. calibration curve of this calorimeter: temperature as a

A He—Ne laser (wavelength 632.8nm, output power function of the beam intensity. Then, we carried out some

1mW) is focused by a lens of 10cm focal distance to a  €Xperiments where heat is liberated in the agueous phase
quartz cell (1 cmx 1 cmx 4.5 cm). Two immiscible solvents by an acid—base neutralization reaction. We verified us-
are added to the cell, the upper one is the reaction phase Ing the calibration curve that the enthalpy of the reaction
where a quantity of heat is produced (by a chemical reac- Mmeasured by this method was in good agreement with
tion in aqueous medium), or added (by adding hot water), the enthalpy measured by other conventional calorimetric
and the lower solvent (CG) constitutes the monitoring methods.
phase wherg the. heat. Is detected. (In_ other experi.me_nts, While adding hot water to the reaction phase, the photo-
Wﬁ usedTa;] h'ﬁh \;'SCOZ'W sgqro?r? solution ?13 a monltormtg diode delivers a signal that decreases in several seconds to
e o e L e, 1oF 202 Teacha i, h s curng a prd of e o
passes through the monitoring phase (se\;eral miIIimetersthe order of 200s (Figs. 2 and 3). We noticed a delay be-

. . i . tween the time of adding hot water and the time when the
under the interface), and the index gradient induces the

. ) ) signal starts to decrease. This delay, increases as the dis-
;t5 0,
beam deflgcﬂon.n TO. measure this deﬂectllon 0‘3/.0 of tance between the entering point of the laser beam and the
the beam intensity is projected on a horizontal knife-edge

. ) interface increases. We also noticed that the time required to
block and another half of the beam is aimed at a photodiode d

(UDT-PIN 10DP 9341-1). The signal is digitized by a 12-bit ;Zi?g;g?g‘;rg)becomes longer, and the signal deflection
A/D board (Vernier Software—Multipurpose Laboratory o . . .
Interface) installed in a 486 PC. The sampling speed was The photodiode permits to measure the intensity of the

T . . beam. In order to calculate the beam deflection from the sig-
20 data/s. The recording time of each experiment is 350s. : . - .
All chemicals used are of spectroscopic grade (Merck). nal registered by the photodiode, we verified experimentally

Deionized water is used in the experiments that the beam intensity has a gaussian distribution obtained

' by displacing vertically the knife-edge using a micro-vice
and measuring the variation of the intenditwith the dis-
placemend, which is clearly explained in the upper scheme
of Fig. 4. Then, we verified that the curve = f(d) is

To study and analyze the device, we used the simplest'Vell-fitted with a function of the form:
way to produce heat in the reaction phase by adding a pre- +00 p+oo U2 4 12
/ / exp(— 5 ) du dv
—o0 Jd

3. Results and discussion

cise quantity of hot water with a known temperature to the I(d) =C
upper phase, composed initially of a quantity of pure water
measured precisely. The delivery of hot water to the aque- o0 u?
: . . =1Ip exp( —— ) du.
ous phase was done with a lot of precaution, in order to J a?
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Fig. 2. Signal delivered by the photodiode after adding 0.2 ml of water aC5&e initial temperature is 2€.

Intensity/a.u.

O- 2 T T T T T T T T T T T T T 1
0 50 100 150 200 250 300 350
Timels

Fig. 3. Behavior of the signal when one changes the position of the entering point of the laser beam (distances from the interface: (a) 3.2mm; (b)
5.4mm; (c) 7.6 mm and (d) 9.8 mm).

—\\
NI

0.001 A

Deflection angle/rad

OOOO T T T T T T T T T T T T T 1
0 50 100 150 200 250 300 350
Time/s

Fig. 4. Beam deflection of experimental data of Fig. 2 taking into account the gaussian distribution of laser beam intensity.
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Fig. 5. Horizontal and vertical beam deflection signals. Laser beam passes into the cell 3mm from the axis of symmetry.

We determined |g and a, so that if we have avalue of |, we
can deduce the corresponding value of d.

In order to determine the angle of beam deflection, we
used the relation:

d
f~tanf ~ —
D

where6 isthe angle of beam deflection, d isthe displacement
of the laser beam at the knife-edge due to the deflection,
and D is the distance between the knife-edge and the cell.
So, the registered curve I = f(r) of Fig. 2, can be converted
numerically into: deflection asafunction of time, asin Fig. 4.

4. Heat-flow study

In order to study the heat flow in the monitoring phase,
we performed a new experiment in which the knife-edge is
placed vertical in order to detect a possible horizontal de-
flection. Asitisobviousthat thereis no horizontal deflection
when the beam passes through the axis of symmetry of the
cell, we let the laser beam pass at a distance of 3mm from
thisaxis. We noticed (Fig. 5) that horizontal beam deflection
(vertical knife-edge) is small compared to the vertical de-
flection (horizontal knife-edge). On the other hand, we veri-
fied that the vertical deflection does not change significantly
when we shift the entering point of the beam, horizontally.
These results permit to conclude that the index gradient and
the temperature gradient are almost vertical. This means that
the heat flow is amost vertical. We conclude from this ex-
periment that it is possible to apply the approximation of
one-dimensional heat propagation.

5. Modeling the temporal behavior of the signal
The solution of heat equation in the case of non stationary

propagation is studied in [12]. The solution of heat equa-
tion in the case of one-dimensional heat propagation, if the

calorific capacity ¢, and the thermal conductivity « of the
medium are constants, is:

_ 0 cZ
T(z,t) = To + m exp (—m) @

where z is the position on the vertical axis oriented down-
wards, tisthe time, Tp istheinitial temperature of medium,
and Q is the heat quantity injected in the medium at the po-
sition z = 0 taken at the interface.

We can assume that the calorific capacity and the thermal
conductivity of CCl4 are constant, in the temperature range
maintained during the experiment [13].

Ontheother hand, thetrajectory of alight ray ismonitored
by the differentia equation:

d R
— (nl) = gradn
ds

where s is the curvilinear abscissa, u is the tangent unitary
vector of the ray trajectory, and n is the refraction index.
Using the fact that gradn isvertical (parallel to Oz), we find:

#z _1omoT ©
ax2  n 3T ¥z

where Ox is the horizontal axis oriented in the initial beam
direction and has origin as the entering point of the beam to
the monitoring phase.

Using Eq. (1) we can calculate 97/9dz, and Eq. (2) be-
Comes:

2
o= i e () @
Then, we can calculate dn/dT using the Lorentz—Lorenz
relation [5]:
n?-1 . 5
on2+2) M
where M is the molar mass of CCly, p is the density of

CCl4 which depends on temperature, and R is the molar
refractivity which does not change with temperature.

(4)
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Fig. 6. Comparison between the calculated beam deflection using the proposed model (dashed curve) and the experimental curve of Fig. 4 after multiplying

the later by a factor of 7.2.

The variation of density in the interval (290-320K) is
almost linear [13]. Using this fact and the data about density
of CCl4 [7], we find:

9 ~3p-1

— = -2k K 5
oT gm ©)
The refraction index of CCly is 1.459 at T = 293K [14],
we find using Egs. (4) and (5):

on

— ~ —66x 104K L
oT

Thisvalueisdlightly different from the one given by Dovichi
[4]:

on —4 -1

— =-612x 100" K™ ".

oT

The numerical solution of Eq. (3) using the software
“Mathematica” allows drawing the graph (9z/0x)x=10mm
as a function of time (t has 7000 values, and varies in the
interval 0 < ¢ < 350), which represents the angle of beam
deflection. In order to calculate the angle at the emergence
of the cell we have to take into account the beam refraction
when it passes to air.

But it is essential here to determine the value of Q; the
injected heat at position z = 0 and time ¢ = 0. If we take
the value of Q as the heat released in the upper phase by
unity of surface, we find a graph with the same temporal
behavior as the one deduced from experimental data, but
with amaximum of 7.2 times higher asit is shown in Fig. 6,
where we superimposed the theoretical and the experimental
curves after multiplying the later one by a factor of 7.2. So,
it is necessary to investigate the origin of this difference.

6. Origin of the difference between experimental
results and theoretical ones

One of the factors that might be the origin of this dif-
ference is the evaporation of water in the upper phase. We

carried out two identical experiments, but with a covered
cell in the first one and with an opened cell in the second
one. We recognized a small difference between the two ex-
periments. In fact, the maximum of deflection was a little
bit higher when the cell was covered. On the other hand, the
decay of the signal was slower in this experiment. This in-
dicates that the evaporation factor exists, and it is better to
cover the cell to prevent the loss of heat by evaporation. This
loss is a source of error, because it changes according to the
surrounding conditions like temperature and humidity, and
it changes according to the quantity of heat available in the
upper phase.

But this factor is not sufficient to explain the difference
between the experimental curve and the theoretical one. An-
other factor that might be the origin of this differenceis the
actual quantity of heat which propagates effectively from
the upper phase to the lower one.

In fact, the agueous phaseisin contact with the monitoring
phase and with the neighboring parts of the cell’s sides. So
heat will propagate not only through the monitoring phase,
but also through the neighboring parts of the cell’s sides.
As quartz is thermally more conducting than CCl4 [7,14],
the temperature of these parts of the cell’s sides becomes
close to the temperature of the aqueous phase in a short
period of time compared to the time of evolution of the
system.

Let us calculate the rates of flow of heat @ in quartz and
CCly: We know that @ satisfies the equation: @ = jo - S,
where S is the surface vector cross section and jo isthe
uniform heat flux density assumed uniform. On the other
hand, we have: }'Q = —k - gradT “Fourier law”, « is the
thermal conductivity. So, one can write: & = —« - S - gradT.

The thermal conductivity of CCls is 0.106 W m~1K~1
[7], and the thermal conductivity of quartz is 1.379Wm~1
K-1[14] a T = 293K. On the other hand, the surface
area of the horizontal section of the sides of the cell is
0.44cm? (as the side length of the inner square of the cell
is 1cm, and the side length of the outer square is 1.2.cm),
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Fig. 7. Comparison between beam deflection signals (a) in quartz cell and (b) in plastic cell, using a high concentration sucrose solution as a monitoring

phase.

and the water/CCl, interface has a surface of 1cm?. So,
if we calculate the ratio @ccl,/Prota = Pccl,/(Pcal, +
Dquatz) = KkcalyScel,/(keclyScal, + KquartzSquartz), We
find @ccl,/Piota ~ 1/6.7 which is approximately the
same factor between the theoretical and the experimental
curves. This means that the rate of flow of heat through
the sides of the cell is six times higher than through CCly:
Dquartz/ Pccl, ~ 5.7, and the main source of heat dissipa-
tion isthe flow of heat through the sides of the cell. Thiswill
contribute consequently in decreasing the sensitivity of the
device.

We insist here that the above calculation constitutes only
an approximate estimation. We made the assumption that
gradT isapproximately the samein the monitoring phase and
in the neighboring parts of the cell’s sides. This assumption
isjustified by thelow horizontal temperature gradient proven
experimentally.

The above estimation shows that the principle factor
which makes difference between experimental and theo-
retical deflection is due to the loss of heat in cell’s sides.
Schneider et a. [11] has attributed the weak beam deflection
to heat propagation in al directions.

In order to prove experimentally the role of the cell
nature in the loss of heat, we performed two identical ex-
periments using two different cells. a quartz one and a
plastic one (a polystyrene, PS cell). We used a high vis-
cosity sucrose solution (50%, w/w) as a monitoring phase
because CCl; dissolves the plastic cell. As the thermal
conductivity of the sucrose solution is 0.454Wm~—1K-1
[15], and the thermal conductivity of the plastic cell is
0.180Wm~1K~1 [16], then the fraction of heat flow
propagating through the sucrose solution in the plastic
cel is:

0454 x 1

(pSUCI'OSE
Pucrose - —0.851
( Drotal )ma&ic (0.454 x 1) + (0.180 x 0.44)

and the fraction of heat flux propagating through the sucrose
solution in the quartz cell is:

(chrose) _ 0.454 x 1

Protd ) quartz (0454 x 1) + (1.379 x 0.44)

= 0.428

So, one would expect that the beam deflection in the plas-
tic cell will be amost two times higher than the beam de-
flection in the quartz one. If we calculate from Fig. 7, the
ratio of the maximum beam deflection in the plastic cell
to that in the quartz one, we find it is approximately 1.7,
which is in a reasonable agreement with the expected ratio.
This experiment confirms the assumption of heat dissipation
through the sides of the cell as a major factor that decreases
the sensitivity of detection in this calorimeter.

Taking into account the effect of the nature of the cell in
heat dissipation, it becomes possibleto perfect this calorime-
ter by using a cell with alow thermal conductivity, allowing
consequently alarger quantity of heat, available in the upper
phase, to propagate to the lower one, and to induce a higher
beam deflection. One can also perfect this calorimeter by
using another solvent with a greater thermal conductivity
than quartz, in the monitoring phase (this solvent must have
a high thermo-optic coefficient and a greater density than
water). Thiswill permit to increase the sensitivity of the de-
vice, and consequently improve its heat limit of detection.
We recall that HLOD is proportional to the blank standard
deviation (almost constant in this calorimeter) and inversely
proportional to the sensitivity [17].

7. Conclusion

In this work, we have investigated severa factors that
affect the detection sensitivity in an apparatus for heat mea-
surements. In this apparatus, the heat liberated from areac-
tion in an upper phase propagates to a lower phase, where
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a laser beam passes and deviates permitting the measure-
ments. We proved that the flow of heat from the upper phase
to the lower one is aimost vertical. This result permits to
use amodel of one-dimensional heat propagation, and con-
sequently to find origins of some imperfections of the ap-
paratus, essentially the one due to the cell nature used. This
work would permit to improve significantly the heat limit of
detection.
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