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1: laser; 2: lens; 3: beam splitter; 4: /2 wave plate; 5: polarized beam splitter;
6: neutral density filter; 7: pressure vessel; 8: beam combiner; 9: diaphragm,;
10: fber optic splitter; 11: avalanche photodiode; 12: digital correlator; m1—m5: mirror
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Fig. 1 Surface light scattering experimental system. (a) Schematic diagram; (b) physical diagram
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Fig. 2 Normalized intensity correlation function of scattering signals with different incident angles 0,
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Table 1 Specification of R1336mzz(Z) and Ethyl myristate

Chemical abstracts

M, / Purity (mass

Sample Chemical formula T./K p. /MPa .
P service No. ' o P (g+mol™") fraction)
R1336mzz(Z) 692-49-9 C.H,F, 444.50 2.895 164. 05 0.9994
Ethyl myristate 124-06-1 C,:H;,0, 705.18 1. 338 256.42 0.9970
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Fig. 3

Steps to obtain interfacial tension and viscosity in frequency domain. (a) Zero channel data acquisition; (b) data folding;

(c) frequency domain data obtained by Fourier transform and spectrum model fitting
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Table 2 Fitted parameters and corresponding uncertainties by fitting frequency domain data with different discrete components and

integral interval variables at @=1.0" for R1336mzz(Z)

n d Ag/m™! Ay, /m! 1004,,/Aq g, /m™’ Ag, /m™! 100A¢,/q,
5 20 4131.55 51.1243 1.24 204794 31.1003 0.02
5 15 4131.53 54.7611 1.33 204794 33.3126 0.02
5 10 4131.53 54.7609 1.33 204794 33.3125 0.02
5 8 4131. 54 51.1240 1.24 204794 31.1001 0.02
5 6 4131. 67 51.1309 1.24 204794 31.1018 0.02
5 4 4139. 22 54. 5447 1.32 204796 33.0991 0.02
5 3 4231.43 67. 2489 1.59 204777 37. 3746 0.02
5 2 30893. 40 381.4570 1.23 203704 697.2130 0.34
7 10 4131. 54 51.1244 1.24 204794 31.0998 0.02
6 10 4131.52 54.7607 1.33 204794 33.3123 0.02
5 10 4131.53 54.7609 1.33 204794 33.3125 0.02
4 10 4131.77 54. 7870 1.33 204794 33.3301 0.02
3 10 4148.73 51.9692 1.25 204794 31.6190 0.02
2 10 4469. 37 59. 6050 1.33 204793 34.5775 0.02
1 10 6950. 55 108. 1350 1. 56 204790 41.6555 0.02
(@) 4320 F Ié)_lf?%rglzz(z) (b) 7960 - 1({9113?.%?22@)
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Fig. 4 Ag fitted by Eq. (11) varying with discrete component and integral interval variable. (a) Ag varying with discrete component ;
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(b) Aq varying with integral interval variable
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Table 3 Fitted parameters and corresponding uncertainties obtained by fitting frequency domain data at different angles by Eq. (11) for

R1336mzz(Z)
n d e,/() Ag/m™! Ay, /m! 1004,,/Aq g,/m™! Ag,/m™! 100Aqg,/q,  100Aq/q,
5 10 0.990 4305. 64 38. 0089 0. 88 200539 24.0535 0.01 2.11
5 10 1.188 4260. 89 63. 3372 1.49 242849 34.1189 0.01 1.74
5 10 1. 386 5171. 89 78.7842 1.52 278780 44.1738 0.02 1.81
5 10 1. 584 4706. 45 90.9179 1.93 321566 39. 2594 0.01 1.44
5 10 1.782 4708.12 77.2845 1.64 361886 29.1347 0.01 1.28
5 10 1. 980 4986. 25 133. 8820 2.69 402191 49.1722 0.01 1.22
5 10 2.178 5148.59 182. 2270 3. 54 442802 61.1861 0.01 1.15
5 10 2.376 5009. 68 213.9240 4.27 483322 63. 2647 0.01 1.02
5 10 2.574 5738. 31 352.7310 6.15 523208 109. 4310 0.02 1.08
5 10 2.772 3837. 30 1149. 2200 29.95 563680 167.1910 0.03 0.67
5 10 0.990 4131.53 54.7609 1.33 204794 33.3125 0.02 2.02
5 10 1. 188 4129.40 65.4816 1.59 245790 34.1765 0.01 1.69
5 10 1. 386 4295. 21 104. 0010 2.42 286202 48.5959 0.02 1. 50
5 10 1. 584 4456. 52 117. 3400 2.63 328521 48.7031 0.01 1. 37
5 10 1.782 4267. 18 107. 3870 2.52 370192 37.7596 0.01 1.16
5 10 1. 980 4702. 65 148. 2860 3.15 413333 49.8953 0.01 1.15
5 10 2.178 4270.55 193. 0420 4.52 458468 52. 7809 0.01 0.95
5 10 2.376 4688. 84 314. 8820 6.72 498458 84.5633 0.02 0.96
5 10 2.574 4387. 33 416. 5590 9.49 538334 95. 6441 0.02 0.83
5 10 2.772 3370.95 535. 8460 15.90 580791 86.8993 0.01 0.59
5 10 2.970 4846. 19 737.0180 15.21 621782 157.9240 0.03 0.79
5 10 3. 168 3744.65 1047. 1500 27.96 664828 150. 1240 0.02 0.57
4.5 SRR N AR B GG hon="5 F & 58 H KM Aqg=4507.46 m ', L& X (11)
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Fig. 6 Angle dependence of interfacial tension and viscosity data obtained in time and frequency domains with instrumental broadening
effect corrected, and frequency domain data without instrumental broadening effect corrected for R1336mzz(Z). (a) Liquid

viscosity; (b) interfacial tension
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Table 4 Experimental surface tension and viscosity of R1336mzz(Z) and Ethyl myristate

100u,( o/ 100w, (o
Material T /K Y 6./()  y/(mPas) <k:$) e %:1;
373.05 157.62 1.188 0.1663 0. 88 5.61 0.05
373.05 143.67 1. 386 0.1683 0.76 5.61 0.10
373.05 136. 84 1.584 0.1635 0.70 5.60 0.07
373.05 128.14 1.782 0.1647 0. 60 5.57 0.06
373.05 117. 41 1. 980 0.1655 0.41 5.61 0.04
R1336mzz(Z) 373.05 109. 60 2.178 0.1658 0. 37 5.63 0.04
373.05 101. 83 2.376 0.1653 0.45 5.955 0.04
373.05 96. 65 2.574 0.1630 0.41 5.51 0.04
373.05 91.14 2.772 0.1636 0.50 5.49 0.04
373.05 84.62 2.970 0.1644 0.62 5.38 0.05
373.05 79.95 3.168 0.1613 0.71 5.53 0.05
298. 14 1.34 1. 386 4.0129 0. 64 23.10 0.45
298. 14 1. 11 1.584 4.0957 0.62 23.82 0.46
Ethyl myristate 298. 14 1.00 1.782 4.1495 0.62 24.41 0.48
298. 14 0.88 1.980 4.1786 0.74 24.64 0.59
298. 14 0.76 2.178 4.1748 1.09 24.60 0.90
298. 14 0.70 2.376 4.1765 1.04 24.68 0. 88
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Fig. 7 Angle dependence of interfacial tension and viscosity data obtained in time and frequency domains with instrumental broadening

effect corrected, and frequency domains data without instrumental broadening effect corrected at 298. 14 K for Ethyl myristate.

(a) Liquid viscosity; (b) interfacial tension
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Theoretical Corrections of Instrumental Broadening Effect and Surface

Property Measurement of Fluid at Low Scattering Angle by Surface Light
Scattering Method

Zhang Xing, Zhao Guanjia, Yin Jianguo, Ma Suxia
College of Electrical and Power Engineering, Taiyuan University of Technology, Taiyuan 030024, Shanxi, China

Abstract

Objective

Viscosity and interfacial tension of fluid are key thermophysical properties, which influence the flow, as well

as heat and mass transfer of fluid, and they are crucial parameters for studying and controlling multidisciplinary processes in

the field of energy, chemistry, and life sciences. The surface light scattering (SLS) method can accurately access the

viscosity and interfacial tension of Newtonian fluid in the full viscosity range. It has been rigorously supported by the

theory and confirmed by experiments. Since the theory is developed in the frequency domain, it is necessary to convert the

1012001-8



F43% F 10 H1/2023 £ 5 B/ RFFR

collected correlation data concerning the scattered light intensity from the time domain to the frequency domain by fast
Fourier transform, and therefore a high signal-to-noise ratio of the time-domain data is crucial. For the sensing interfacial
properties of fluid by the SLS method, it is necessary to guarantee both measurement accuracy and speed. In order to
achieve the target, it is crucial to apply a small scattering angle and then correct the instrumental broadening effect. We
thus develop an algorithm for the correction of the instrumental broadening effect in the frequency domain with an
assumption of Gaussian distribution broadening instrumental function. We also check the theory with a low-viscosity
refrigerant R1336mzz(Z) and high-viscosity fluid ethyl myristate with SLS apparatus at the small scattering angle. This
paper aims to reduce the single-point measurement time of viscosity and interfacial tension of fluid by the SLS method to

2-5 minutes and will promote the further development of SLS sensors.

Methods The frequency-domain data evaluation scheme of SLS is addressed in this paper. Under the assumption of a
Gaussian intensity distribution of the laser beam, a modified frequency-domain model is established by considering the
instrument broadening effect at the small scattering angle as well as the fluctuation-dissipation theory of capillary waves in
the critical damping range. The spectrum model considers a series of collected wave vectors around the pre-defined g.
Firstly, the intensity correlation data in the time domain at the specific ¢, are obtained by the SLS apparatus, and the zero-
channel data are added by evaluating the fitted normalized intensity correlation function at z=0, and then the whole data
are folded. The repeated data at the last channel are deleted, and a Fourier transform is applied to generate the frequency-
domain data for subsequent fitting of the regression model. For the fitting process, an appropriate discrete component
number ¢ and integral interval variable n should be considered to represent the real wave vector distribution.
Subsequently, the discrete spectrum model is fitted to the spectrum data, and the viscosity and interfacial tension are
accessed with other thermophysical properties in the model as input data. In addition, the algorithm that considers multiple
wave numbers simultaneously as well as the instrumental broadening effect 1s developed and manifests excellent

performance.

Results and Discussions Since the small angle measurement scheme is adopted in this paper, the signal-to-noise ratio is
greatly improved, and the measurement time is significantly reduced to 2-5 minutes (Fig. 2). In view of the instrument
broadening effect at small angles, the weighted spectrum model [Eq. (11)] with Gaussian instrumental function is adopted.
By collecting the thermophysical properties of the reference fluid R1336mzz(Z) at a temperature of T=373. 05 K and
incident angle @, of 1.0-3.2°, the discrete component number d, integral interval variable n, and mean broadening
constant Ag are determined to be 10, 5, and (4507. 46+223. 34) m™', respectively (Fig. 5). The low-viscosity refrigerant
R1336mzz(Z) and the high-viscosity ethyl myristate are used as two reference fluids to verify the correctness of the
Gaussian modified spectrum model in two typical cases, where the capillary waves evolve as oscillatory damped modes far
away from the critical oscillation point (Y’'>> 1) and purely damped modes in the critical oscillation region (Y’ —>1),
respectively. For low viscosity cases with Y31 (Fig. 6), the interfacial tension and viscosity in both the time domain and
frequency domain agree well for both large and small scattering angles after the instrumental broadening correction. For
high viscosity cases with Y'—>1 (Fig. 7), the viscosity data obtained by the frequency-domain method considering the
dissipation effect in the bulk phases underneath surface waves are sufficiently larger compared with those obtained by the
time-domain based method, especially close to the near-critical oscillation region. However, the data obtained by the
frequency-domain approach are in good agreement with the literature values, and the instrumental broadening correction
has no influence since the frequency w, of surface waves tends to be zero at this time, and the spectrum broadening Aw; is

negligible as shown in Eq. (7).

Conclusions To improve the accuracy and speed of SIS measurement, we have applied small scattering angles and
modified the line-broadening effect simultaneously. An algorithm is theoretically developed for correcting the instrumental
broadening effect in the frequency domain with the assumption of Gaussian distribution of scattering light. With the
reference fluids, the integral interval variable # and discrete component number d are obtained to be 5 and 10 to represent
the distribution of the wave vectors, and the mean broadening constant Ag is determined to be (4507. 46 + 223.34) m™'
for the present SLS apparatus. We also check the theory with a low-viscosity refrigerant R1336mzz(Z) and high-viscosity
fluid ethyl myristate with SIS apparatus, and the results show that the measuring speed is improved, and only 2-5 minutes
for a single measurement point are required for the same accuracy as the large scattering angle scheme. This paper will
facilitate the further development of SLS sensors and other applications in connection with complex interfacial property

measurement.

Key words measurement; instrumental broadening effect; spectrum analysis; surface light scattering; R1336mzz(Z); ethyl

myristate
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