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ABSTRACT A photothermal deflection (PD) technique was ap-
plied to measure the binary diffusion coefficients of various
gases (COr—N», CO,-0;, No—He, O,—He, and CO,-He). With
an in-house-made Loschmidt diffusion cell, a transverse PD
system was employed to measure the time-resolved PD signal
associated with the variation of the thermal diffusivity and the
temperature coefficient of the refractive index of the gas mix-
ture during the diffusion. The concentration evolution of the gas
mixture was deduced from the PD amplitude and phase signals
based on our diffraction PD model and was processed using
two mass-diffusion models explored in this work for both short-
and long-time diffusions to find the diffusion coefficient. An
optical fiber oxygen sensor was also used to measure the con-
centration changes of the mixtures with oxygen. Experimental
results demonstrated that the binary diffusion coefficients pre-
cisely measured with the PD technique were in agreement with
the literature values. Moreover, the PD technique can meas-
ure the diffusion coefficients of various gas mixtures with both
short- and long-time diffusions. In contrast, the oxygen sensor
is only suitable for the long-time diffusion measurements of the
gas mixtures with oxygen.

PACS 78.20.Nv; 51.20.+d

1 Introduction

Photothermal techniques are measurement
schemes that monitor the thermal effects of incident radia-
tion [1, 2]. While processes such as photochemical transform-
ation and reemission of radiation may compete for a share
of the excitation energy, a portion of the incident energy is
converted into heat in the illuminated substance by a nonradia-
tive deexcitation process. The heating can cause a number of
different effects, which provide the detection mechanisms, in-
cluding temperature rise, surface deformation, infrared emis-
sion, and gradients of optical refractive index.

Photothermal deflection (PD) techniques measure the in-
fluence of the temperature change on the optical refractive
index of the medium in contact with an illuminated solid sub-
stance (solid sample) or on the optical refractive index of the
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solid sample itself. For instance, in a transverse PD scheme,
a gradient of the optical refractive index (mirage region) in the
medium is induced by a temperature gradient from the sam-
ple surface to the medium, due to the absorbed excitation laser
energy by the solid sample. A Gaussian probe beam, parallel
to the solid sample with a distance x between the solid sam-
ple surface and the probe-beam axis, probes the gradient of the
optical refractive index in the medium, resulting in the deflec-
tion and the diffraction of the probe beam [3]. Henceforth, the
medium is named a deflecting medium.

Since the first reported work in 1980 [4], the PD tech-
niques have been widely employed for nondestructive char-
acterization of solid materials, because of the high sensitivity,
versatility, and remote (noncontact to its detection system) na-
ture of the PD techniques [1-3,5-9]. The deflection of the
probe beam is not only sensitive to the optical and thermo-
physical properties of the solid sample, but also dependent
on these properties of the deflecting medium. As a result, the
PD techniques have also been employed in the study of gases
as deflecting media in PD experiments, such as trace-gas de-
tection [10], in situ environmental monitoring and chemical
analysis [11], species-selective detection in gas chromatog-
raphy [12], the observations of laser cooling by resonant
energy transfer in CO,—N, mixtures [13], and the measure-
ments of the thermal diffusivities of gases and binary gas mix-
tures [14—16]. After a precise determination of the distance x
between the solid sample and the probe beam in a transverse
PD experimental setup, we recently measured the values of
the thermal diffusivity o, and the temperature coefficient of
the refractive index dn/dT of three pure gases (O, Ny, and
CO,). We also investigated the dependence of og and dn/dT
of a binary gas mixture, i.e. CO,—N, or CO,—0;, on the gas
concentration of O, or N, [16]. We found that the values of o,
and dn/dT changing with concentration could be explained
by thermodynamic theory and the Lorentz—Lorenz formula,
respectively. Therefore, the PD amplitude and phase signals
could be expressed in terms of the composition of the binary
gas mixture. This concentration dependence might be used
for the real-time monitoring of the gas concentration in a bi-
nary gas mixture for various applications. One of the possible
applications could be the determination of a binary diffusion
coefficient of a gas.

Reliable data on binary diffusion coefficients of gases is
of great interest for engineering, environmental, and theoret-
ical applications [17-20]. For example, a gas diffusion layer
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(GDL) is one of the most important components of a proton-
exchange-membrane fuel cell, and an effective gas (usually
0,) diffusion coefficient of the GDL is one of its key prop-
erties. A reliable diffusion coefficient of the gas is essential
for the theoretical calculation of the effective gas diffusion
coefficient. The closed-tube method with a Loschmidt cell is
one of the most reliable methods to determine binary diffu-
sion coefficients of gases [20, 21]. With the information of the
gas-concentration evolution in the cell due to diffusion, the bi-
nary diffusion coefficient can be deduced by means of a proper
theoretical model of the gas diffusion.

The concentration evolution usually can be monitored
using a gas sensor. However, a gas sensor is usually sensitive
only to one particular gas, and the measurements of the binary
diffusion coefficients of different gases need various sensors.
In addition, some sensors have degradation problems. For op-
tical methods to detect the concentration change, there is no
such limitation. Using a holograph interferometric technique,
Baranski et al. [20] measured the binary diffusion coefficient
of an argon—propane mixture. These two gases formed an
ideal binary mixture for this method because of their simi-
lar molar masses and densities in addition to their sufficiently
different refractive indices. Detecting the gas-concentration
change of a binary gas mixture in a Loschmidt cell via the
sensing of the PD signal variation because of the changes of
ay and dn/dT of the gas mixture, in this work we meas-
ured binary diffusion coefficients using the transverse PD
technique. The binary gas mixtures experimentally investi-
gated in this work were CO,—N,, CO,-0,, N>-He, O,—He,
and CO,—He. The time-resolved curves of the concentration
changes were fitted to two theoretical diffusion models for
long- and short-time diffusions, respectively, to determine
the binary gas diffusion coefficients. The binary gas diffu-
sion coefficients thus measured for both long- and short-time
diffusions were found to be in good agreement with the liter-
ature values. Also, a commercial fiber-optical oxygen sensor
was integrated into the Loschmidt cell to determine the bi-
nary gas diffusion coefficients for O,—N, and CO,-0O,. For
the long-time diffusion, the results obtained with the oxy-
gen sensor were found in good agreement with the literature
values and with the result of CO,—O; using the PD technique.
However, for the short-time diffusion, the results with the oxy-
gen sensor differed from the literature values significantly.
Our experimental results demonstrated the advantages of the
determination of binary diffusion coefficients using the PD
technique in terms of the suitability for different gases as well
as the reliability and precision for both long- and short-time
diffusions.

2 Theory
2.1 Gas diffusion

Diffusion is the process by which matter is trans-
ported from one part of a system to another as a result of
random molecular motions [22]. If the diffusion coefficient D
in m?2 s~ is constant, Fick’s second law of diffusion describes
the one-dimensional diffusion as
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FIGURE 1 A schematic diagram of a Loschmidt cell consisting of two
chambers: bottom and top ones

Here 1, stands for the concentration of species 2. Figure 1
is a schematic diagram of a Loschmidt cell that consists of
two chambers. In this work the top and bottom chambers were
initially filled with two pure gases: gas (species 1) and gas 2
(species 2), respectively. When these two chambers are con-
nected at r = 0, the diffusion starts. One can solve (1) with the
following initial and boundary conditions:

m=ny (-L/2<z<0,t=0), 2)

m=n, O0<z<+L/2,t=0), (3)
9

<£> —0 (1>0). )
y p—

Equation (4) is the impermeable boundary condition at z =
+L /2, which means zero flow across the boundaries [22]. ng
and n)5, are the concentrations of gas 2 at = 0 in the bottom
and top chambers, respectively. In this work 7} is zero. The
solution can be expressed as [20]
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Here 7 is the characteristic diffusion time defined as
L2
= —. 6
’ D ©)

L in (5) and (6) is the length of the Loschmidt cell shown in
Fig. 1.

Equation (5) is a general solution and converges most sat-
isfactorily for large values of time [22]. In practice, sometimes
the measurement for a short-time diffusion is convenient and
required. For an infinite space and with the initial distribution
of gas 2
m=n3 (z<0,1=0) (7)

and
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Here erfc(x) is the complementary error function (also called
the error-function complement). Equation (9) is suitable for
numerical evaluation at small times [22], during which the dif-
fusion occurs in a finite region. The suitability of (9) for gas
diffusion will be discussed later.

2.2 Photothermal deflection

Equations (5) and (9) exhibit that with the informa-
tion of the gas-concentration variation with time, the gas dif-
fusion coefficient can be deduced. This concentration change
may be detected using the PD technique [16]. According to
the diffraction theory of a transverse PD scheme with the nor-
mal deflection, the centroid moment of the probe beam can
provide a rigorous measure of the PD [3], and the displace-
ment of the probe-beam centroid can be detected by a position
sensor. The fundamental component of the PD signal from
the sensor is proportional to the displacement. The amplitude
A(x, f) of the PD signal is [16]

Alx, )= «/—yIGIdzD—d—exp<—Mi>.

dT ¢ 10

Here y is an instrument factor and 6 is the temperature rise
on the solid sample surface after the absorption of excitation
laser energy. g = \/otg/7 f is the thermal diffusion length of
the deflection medium, f is the excitation beam modulation
frequency, d is the diameter of the excitation beam in the mi-
rage region, and zp is the distance from the mirage region to
the position sensor.

When zp is much larger than the confocal distance of the
Gaussian probe beam, the phase & (x, f) of the PD signal can
be expressed as

x 3m w1 2
o E ()

(11)
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Here ¢ is the phase shift induced by the sample surface tem-
perature rise and w; the radius of the probe beam at the mirage
region. The last term of (11) is the effect of the Gaussian in-
tensity distribution of the probe beam. When w; <« 2, the
probe beam may be considered as a ‘ray’, and this effect may
be ignored, as shown in the ‘ray theory’ of the PD [5]. Our pre-
vious experimental study revealed that even though the ratio
1/(244g) was as small as about 0.12, the last term in (11) still
played a significant role [16].

For an opaque and thermally thick sample, |6] =~ Iy/
(2e3/27f) and ¢ = —m/4. Here I is the excitation laser in-
tensity and e the thermal effusivity of the sample. Equations
(10) and (11) then become

_ A (= [
Alx, )= & dT exp( o x)

and
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known gas, such as pure N, as the deflecting medium.

When the deflecting medium is a binary gas mixture, o
and dn/dT in (12) and (13) should be replaced by apix and
(dn/dT)mix of the mixture. We have theoretically and exper-
imentally proven that ay,ix and (dn/dT)yix can be described
by a thermal dynamic theory and the Lorentz—Lorenz for-
mula, respectively, providing the theoretical and experimen-
tal basis for the predictions of apix and (dn/dT)pmix versus
the concentration for a binary gas mixture [16]. According
to [16], we have

A2
Omix = ] (14)
+[A (a1/a2) — 1] n2
and
dn dn dn dn
(a7),.= (&), el (G7), - (67) ] o9

Here o and « are the thermal diffusivities of gas 1 and gas
2, respectively. A = kp/k, where k; and k, are the thermal
conductivities of gas 1 and gas 2, respectively. (dn/dT); and
(dn/dT), are the temperature coefficients of the refractive in-
dices of gas 1 and gas 2, respectively. Substituting (14) and
(15) into (12) and (13), we have
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In (16) and (17), x and F can be precisely measured [16], and
f can be chosen intentionally. With the PD experimental data
of the amplitude and phase signals, we can numerically solve
(16) and (17) to find the value of the concentration 7, in mole
fraction corresponding to the PD signals. With the concentra-
tion values thus obtained, the gas diffusion coefficient D can
be determined using (5) or (9).

3 Experiment
31 The Loschmidt cell developed in this work

Figure 2 shows a Loschmidt diffusion cell de-
veloped in this work. It consisted of the top (a) and bottom
(b) chambers. The interior length and diameter of each cham-
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FIGURE 2 A schematic diagram of a diffusion cell. 1: inlet 1 for gas 1; 2:
inlet 2 for gas 2; 3 and 4: outlets; 5: a ball valve; 5(a): the ball valve (open);
5(b): the ball valve (closed); 6: an optical window; 7: a black rubber sample
for PD measurements

ber were 0.5L = 177.5 mm and 20.6 mm, respectively. They
could be connected (5(a)) or separated (5(b)) by a ball valve
(5) (Apollo 86-104-49). The upper side of the ball valve
marked the middle of the diffusion cell (z = 0), and the ball
valve was part of the bottom chamber. To perform the PD
measurement, there were three optical windows (6) on the
top chamber to allow the excitation (heating) laser shining on
a solid sample and to allow the probe beam traveling through.
In the top chamber, there was a small piece of black rubber
(7) (8 x 8 x3mm?) as the solid sample that was positioned
at z = 57.2mm. Two mass-flow controllers (Omega, model
FMA-5508 0—100 mL/min) were connected to two inlets (1
and 2) to control the gas-flow rate when gases were filled into
the chambers.

3.2 The PD experimental setup

The diffusion chamber was a part of the setup for
the PD measurement. The experimental setup is schematically
shown in Fig. 3. After passing through a pupil P, a lens L1,
and a mechanical chopper C (EG&G, model 197), the beam
of a diode-pumped solid-state laser (Melles Griot, model 58
GLS/GSS 301, 532.0 nm, adjusting the power to 20 mW) hit
the black rubber sample in the top chamber uniformly with
adiameter d ~ 6 mm. The low excitation (heating) power was
used to avoid significant dc heating. Parallel to the rubber
sample surface at a distance x, a He—Ne probe beam (Melles
Griot, model O5LGP 193, 543 nm, 1 mW) was focused by
alens L2 at the mirage region with a waist radius wyp = (66.0
0.3) wm (see [23] for the method of measuring wy) and trav-
eled to a position sensor (ON-TRAK, model OT301), which
was connected to a lock-in amplifier (EG&G, model 7260).
The whole diffusion cell was mounted on a motorized nano-

Reference

Lock-in

FIGURE 3 A schematic drawing of the experimental setup in the PD meas-
urement. L1 and L2: lenses, C: a mechanical chopper, P: a pupil, M: a mirror

stage (Melles Griot, model 11NCS 101, resolution: 100 nm)
for adjusting x. A computer was used to control the lock-
in amplifier, chopper, mass-flow controllers, and nanostage
with a LabView program. The distance z p, between the mirage
region and the position sensor was about 1 m. The distance
x was precisely determined as x = (257 £2) mm with the
method described in [16, 24]. The experimental configuration
factor F in (12) and (16) was measured with pure N, as the
deflecting medium.

33 The oxygen sensor experimental setup

An oxygen sensor (Ocean Optics, model FOXY-
AL300) was also employed in this work to measure gas diffu-
sion coefficients. Its 300 pum (in diameter) aluminum-jacketed
optical fiber probe was installed in the top chamber at the pos-
ition very close to z = 0.25L. On the tip of the optical fiber
probe was a ruthenium complex in a sol-gel substrate. The
probe was connected to an excitation source and a spectrom-
eter (Ocean Optics, model S2000-FL) by a bifurcated optical
fiber. The spectrometer was connected by the computer via
a USB A/D converter (Ocean Optics, model ADC 1000).
According to the vendor, the response time of the oxygen sen-
sor was around 1 s and the accuracy is 1% of full range for
0%—100% (mole percent).

34 Experimental procedure

In this work, we measured binary (gas 2—gas 1)
diffusion coefficients of CO,-N,, CO,-0,, N,—He, O,—He,
CO;,-He, and 0,—N;. To fill the gases into the diffusion cell,
referring to Fig. 2, first, with the inlet 2 and outlet 3 closed and
the ball valve opened (5(a)), both chambers (top and bottom)
were filled with gas 1 through the inlet 1 for 45 min at a flow
rate of 100 mL/min. Meanwhile, the outlet 4 was open to ex-
pel the originally existing gas. Second, after both inlet 1 and
outlet 4 were closed, the ball valve was closed (5(b)). Third,
the bottom chamber was filled with gas 2 through inlet 2 for
30 min at a flow rate of 100 mL/min; at the same time outlet
4 was open to drive out gas 1. Fourth, both inlet 2 and outlet
4 were closed. Finally, both outlet 3 and outlet 4 were opened
for around 15 s and then were closed. In this way the pressure
inside the diffusion cell was kept at the ambient pressure.

After the gases were filled into the diffusion cell, the PD
technique or the oxygen sensor was employed to detect the
concentration change of gas 2 in the top chamber. Before the
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diffusion started, the PD or oxygen sensor signal was moni-
tored for about 3 min to make sure the system is stable. This
signal was also used as a base line. When the ball valve was
opened by manually operating the computer, the gas diffu-
sion started, and the concentration of gas 2 in the top chamber
began to increase. For each gas mixture, the time-resolved
PD signal was recorded for around 1 h and the correspond-
ing time-resolved gas-concentration variation was found by
numerically solving (16) and (17), respectively. The oxygen
sensor was used to measure O, concentration variations for
the binary gas mixtures of CO,—0O; and O,—N,. The con-
centration variations thus obtained were analyzed with the
theoretical diffusion models for long and short times, respec-
tively, to deduce the diffusion coefficients D. The experiment
for each binary gas mixture was repeated five times.

4

Results and discussion

4.1 Gas diffusion

Equation (5) fully describes the gas diffusion pro-
cess and shows that the diffusion takes time, which is char-
acterized by the diffusion time t. Figure 4 shows a theoret-
ical plot of the gas-concentration evolution of gas 2 at the
apex (z =0.5L, L = 355.0 mm) of the top chamber calculated
using (5). The diffusion takes about 27 to reach the steady
state. When ¢ = 7, the concentration of gas 2 is about 0.95 of
the concentration of the steady state. The concentration of gas
2 at z = 0.5L is less than 10% of that of the steady state when
t = 0.17. Consequently, one may consider that when# < 0.17,
gas 2 has not diffused to the apex (z = 0.5L) of the top cham-
ber, and the top chamber can be thought as an infinite space for
gas 2 to diffuse in. As a result, for a short time period of r =0
to 0.17, (9) can depict the gas diffusion process.

To further examine (9), a theoretical comparison is made
between the full diffusion description (5) and the description
for short-time diffusion (9), as shown in Fig. 5. In this com-
parison, the diffusion-cell parameters in this work are used:
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FIGURE 5 A theoretical comparison between (5) and (9). Circles: (5),
a solid line: (9). The scale of the concentration is normalized by the concen-
tration at the steady state. L =355 mm; z = 57.2 mm. The inset is the detail
from ¢ =0 to 0.30t

L =355.0mm, and z = 57.2 mm, which is the position of
the black rubber sample or oxygen sensor in the top cham-
ber. Equation (9) is only consistent with (5) during the early
time of the diffusion, as expected. The relative difference
between (5) and (9) is about 1% at r = 0.157 and 2.6% at
t = 0.27. Therefore, (9) provides a theoretical basis to process
the experimental diffusion data in the early times ¢ < 0.157.
Moreover, (9) only has one term and is convenient for data
processing, such as the least-square curve fitting.

Different from (9), (5) is an infinite series. Itis ideal for the
data processing if a limited number of terms in (5) is enough
to accomplish the task. It is found that there is no difference
in using the first 100 terms or 300 terms to numerically calcu-
late (5). The sum of more than 100 terms may be considered
enough to represent (5). Equation (5) converges rapidly for
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FIGURE 4 A theoretical curve of the gas-concentration evolution at z =
0.5L plotted according to (5). The scale of the concentration is normalized

by the concentration at the steady state. L = 355 mm. The inset is the detail
fromt=0t00.127
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FIGURE 6 Approximations to (5). Circles: the sum of 300 terms, a solid
line: one term, and a dashed line: the sum of three terms. The scale of
the concentration is normalized by the concentration at the steady state.
L =355 mm; z = 57.2 mm. The inset is the detail from ¢t = 0 to 0.207
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large times. The main difference occurs at the beginning of the
diffusion if using fewer terms to approximate (5), as shown in
Fig. 6. The relative difference between the first term and the
sum of 300 terms is about 5% at t = 0.1t and around 1% at
0.157. Using the first three terms to approximate (5), the rela-
tive difference is less than 1% at r = 0.0257 and less than 3 x
1078 at = 0.17. We can conclude that the first three terms are
adequate to approximate (5) for# > 0.17.

4.2 Experimental results

A typical concentration evolution pattern of the gas
diffusion measured by the PD technique is shown in Fig. 7
for the binary gas mixture CO,—0,. The least-square curve
fitting of (9) to the experimental data for a short time and
the curve fitting of the first three terms of (5) for a long time
are also shown in Fig. 7. In the experiment, the ball valve in
Fig. 2 was opened by manually operating the computer, and
the exact time 7 of the beginning of the gas diffusion was un-
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FIGURE 7 The concentration evolution of CO; in a binary gas mixture of
CO,—0; measured by the PD technique and the curve fittings of (5) and (9)
to the concentration variation. The inset is the detail from r = 0 to 600 s. (a)
Measured by PD phase signal, (b) measured by PD amplitude. Small circles:
experimental data, solid lines: curve fittings to (9) and the first three terms of
(5), respectively. L =355 mm; z =57.2 mm

known. To find 7y, ¢ in (5) and (9) was replaced by 7 — 7o when
curve fittings were performed. In Fig. 7 from r = 7y = 221 s
to t =521s, (9) was fitted to the concentration variations
deduced from the PD phase and amplitude signals, result-
ingin D=1.61x10"m?s ! and D=1.62x 107> m?s~!,
respectively, which are consistent with the literature value
D=159%x10"m?s~! [21]. With L =355mm and D =
1.59 x 1079 m? s~!, the diffusion time t = 2523s. The first
300s (t—1t9g =300s) is about 0.127 < 0.157, and (9) fitted
the concentration variation well with the same correlation
coefficient R > 0.994 for both of the foregoing fitting re-
sults. From 720 s to 3800 s, (5) was fitted to the concentration
curves deduced from the PD phase and amplitude signals
with R > 0.983 and R > 0.984, respectively, and the diffu-
sion coefficient D was found to be 1.64 x 10> m?s~! and
1.7 x 107> m?s~!, respectively. These experimental results
confirm the discovery discussed in Sect. 4.1.

Figure 7 shows one measurement, and all the results of
the binary diffusion coefficients measured with the PD tech-
nique are shown in Tables 1 and 2, in which the binary gas
mixtures are written in the order of gas 2—gas 1. Recall that
in the experiment the gas 1 was in the top chamber before the
diffusion started and dominated the deflecting medium in the
early stage of the diffusion. For the gas mixtures of gas 2—He,
the PD signals were small in the early stages (short times),
because of the high thermal diffusivity of He. Consequently,
the PD phase signals and the binary coefficients could not be
measured. Overall, the measured values of D are well con-
sistent with the literature ones, and their relative differences
are within 10%, except for CO,—N, with the long-time PD
amplitude measurement. Examining Tables 1 and 2, one may
find that the relative differences for the measured values of D
deduced from the phase signals are smaller than those from
the amplitude signals. The benefit with the phase signal can
be attributed to the immunization of the phase signal to the

Gas mixture

D measured

(short time)

D measured
(long time)

D literature

CO,-He 5.3+£0.1 5.13
N,-He 6.31+0.2 6.98
0O,-He 6.4+0.2 6.97
CO2-Ny 1.68£0.03 1.65+0.03 1.60
CO,-0O2 1.6040.03 1.604+0.04 1.59

The literature values of D are quoted from [21]

TABLE 1  The binary diffusion coefficients (x 107>
mixtures measured with PD phase signals

m? s~ 1) of various gas

Gas mixture

D measured

(short time)

D measured
(long time)

D literature

CO,-He 55 £0.2 55+0.2 5.13
N,-He 72 £0.1 6.4+0.1 6.98
0O,-He 7.3 £0.1 6.4 6.97
CO2-N, 1.70£0.04 1.8£0.2 1.60
CO,-0O2 1.6240.03 1.54+0.2 1.59

The literature values of D are quoted from [21]

TABLE 2

The binary diffusion coefficients (x 1073

mixtures measured with PD amplitude signals

m? s~ 1) of various gas
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fluctuation of the excitation laser power. Also, the short-time
measurements are better than the long-time ones, especially
for the amplitude measurements, probably due to the fact that
the excitation laser has a long time power stability of 3%.

In terms of the precision of the measurements with the
PD technique, all the standard deviations are less than 3.2%
of the averaged D values with the phase measurements. Re-
garding the PD amplitude measurements, the highest ratio of
the standard deviation over the averaged D is 3.6% for the
short-time measurements, and 13% for the long-time meas-
urements, indicating that high precision can be achieved using
the PD technique with the short-time measurement.

In this work the concentration dependences of apix and
(dn/dT)mix were utilized to measure the concentration evolu-
tion of gas 2 in the top chamber and then the diffusion coeffi-
cients of binary gas mixtures. The larger the differences of the
thermal diffusivities and the temperature coefficients of the re-
fractive index between gas 2 and gas 1, the more sensitive this
method is for measuring the concentration variation. Besides
the PD technique, some photothermal techniques can meas-
ure the thermal diffusivities of gases [2], such as a thermal
wave interferometer [17], namely a thermal wave resonant
cavity technique [25]. Lima et al. [17] measured binary dif-
fusion coefficients of hydrocarbon (i.e. n-pentane, n-hexane,
and n-heptane) vapors in air using a thermal wave interfer-
ometer. An open container with a liquid-hydrocarbon sample
inside was placed under the interferometer. The concentra-
tion evolution of the hydrocarbon in air was monitored by
measuring the temporal change of the thermal diffusivity of
the hydrocarbon—air mixture. The diffusion coefficient was
calculated with the measured concentration variation using
a theoretical diffusion model. Three significant figures of the
diffusion coefficients were obtained, which was the same as
that of this work. In their work, only thermal diffusivity was
used to evaluate the temporal concentration variation, and the
adequate difference of the thermal diffusivities between the
vapor and air was required for a sufficient sensitivity to meas-
ure the thermal diffusivity variation. Our method in this work
has the same requirement if using the phase signal only. Fortu-
nately, the PD amplitude signal is linearly proportional to the
temperature coefficient of the refractive index of the deflect-
ing medium, which is concentration dependent. If the values
of dn/dT of gas 2 and gas 1 are sufficiently different, the
concentration evolution can be measured, even though the
thermal diffusivities of the gases are similar. In comparison
with the thermal wave interferometer, the PD technique pre-
sented in this work has broader applications in terms of the
determination of diffusion coefficients of binary gas mixtures.

Besides the PD technique, an oxygen sensor was also used
in this work to measure the binary diffusion coefficients of
CO,-0; and O,—N,. Compared with the PD concentration
measurements shown in Fig. 7, the O, concentration evolu-
tion measured by the oxygen sensor in the mixture of O,—N»,
shown in Fig. 8, has less noise. Table 3 shows the results of the
diffusion coefficients measured by means of the oxygen sen-
sor. The measured D of the mixture of CO,—0O, has smaller
deviation, i.e. 0.6% of the mean, compared with 1.9% and
2.5% with the PD phase measurements for short and long
times, respectively. However, our experimental results ex-
hibit that the oxygen sensor only works fine for the long-time
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FIGURE 8 The concentration evolution of O, in a binary gas mixture of
0,-N; measured by the oxygen sensor and the curve fittings of (5) and (9) to
the concentration variation. The inset is the detail from ¢ = 0 to 600 s. Small
circles: experimental data, solid lines: curve fittings to (9) and the first three
terms of (5), respectively. L = 355 mm; z =57.2 mm

D measured D literature

(long time)

D measured
(short time)

Gas mixture

0,-N»
CO,-0,

2.99+£0.01
2.06£0.03

1.98+0.03
1.58+0.01

2.02
1.59

The literature values of D are quoted from [21]

TABLE 3 The binary diffusion coefficients (x 107> m?s~!) of two gas
mixtures with O, measured with the oxygen sensor

measurements. Table 3 displays that the values of D obtained
from the short-time measurements deviate far away from the
literature ones. Considering that the time scale of the short-
time measurement is about 200 s, the sensor responding time,
which is about 1 s, should not be a significant problem for the
short-time measurement. The calibration procedure could be
a reason for the failure of the short-time measurement. Ac-
cording to the manual of the sensor, the sensor needs a calibra-
tion with three oxygen concentrations, such as 0%, 50%, and
100%, for the whole measurement range of the sensor. For the
short-time measurement of O,—Nj, the oxygen concentration
was low; in contrast, for the short-time measurement of CO,—
O, the oxygen concentration was high. The sensor seemed
not able to measure the concentration correctly in either case
with the three-point calibration and seemed to work well in
the middle area. A calibration with more points or a calibra-
tion for a narrower concentration range may be required for
the oxygen sensor. A full investigation is ongoing. Besides the
calibration problem, a long-term (1-2 weeks) degradation of
the sensor exists, which leads to the requirement of frequent
calibrations.

5 Conclusions

In this work, the photothermal deflection technique
was successfully applied in the measurements of the binary
diffusion coefficients of various gas mixtures based on our
previous theoretical and experimental studies [3, 16, 24]. With
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two theoretical mass-diffusion models and the characteristic
diffusion time T = L? /(D) explored in this work, we meas-
ured the gas-concentration evolution in an in-house-made
Loschmidt diffusion cell by either the PD technique or a fiber
optic oxygen sensor. Experimental results showed that the
binary diffusion coefficients could be determined precisely
using the PD technique, especially using the PD phase sig-
nals. Compared with the oxygen sensor, the PD technique has
advantages in the binary diffusion coefficient measurements:

1.

1

The PD technique can be applied to measure a variety of
gas mixtures; on the contrary, the oxygen sensor can only
be employed to measure the gas mixtures with oxygen.
The PD technique is suitable for both short- and long-time
measurements, while the oxygen sensor is only suitable
for the long-time measurements.

Unlike the oxygen sensor, the PD technique has no issue
of degradation. The technique and apparatus developed in
this work can be applied to measure the effective diffusion
coefficients of porous materials.
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