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Abstract— Different empirical and semi-empirical relations
to calculate ultrasonic velocity namely Nomoto’s relation,
Van Deal’s and Vangeel relation, Junjie’s relation,
Impedance dependence relation and Rao’s specific velocity
relation have been applied on binary liquid system of Tetralin
and n-Hexadecane (C10H12 + C16H34 ) at (293.15, 303.15
,313.15, 323.15, 333.15 and 343.15 ) K. The relative merits
of afore — mentioned theories and relations compared to
experimental values of velocity have been discussed in terms
of percentage deviations. Chi — square test for goodness of
the fit is applied to understand the relative applicability of
these theories to the present system. The results are discussed
in terms of intermolecular interactions between the
component molecules of binary liquid system.
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. INTRODUCTION

Ultrasonic Velocity has been a subject of active interest
during the recent past. It finds extensive applications in the
thermodynamic studies of binary liquid systems. Several
relations, semi-empirical formula’s and theories are available
for the theoretical computation of ultrasonic velocity in
binary liquid systems [1-7]. The present paper is a part of our
systematic  studies  on  thermormodynamic  and
physiochemical properties for the binary liquid system of
Tetralin and n-Hexadecane, which have great interest in
several chemical industries.

In this paper, using the experimental ultrasonic
velocity, and density [8] , we have calculated the theoretical
ultrasonic velocities for the binary liquid system of tetralin
and n-Hexadecane , by using various theories such as
Nomoto’s relation [9] ,Van Dael and Vangeel ideal mixing
relation [10] , Junjie’s relation [11] Impedance relation [12] ,
and Rao’s specific velocity relation [13], at (293.15, 303.15
, 313.15, 323.15, 333.15 and 343.15 ) K, over the entire
composition range.

Further, a comparative study of theoretical results
with experimental values using Chi-square test and the study
of molecular interactions from the deviations (o) have also
been studied.

Il. THEORY

The following relations are used for the evaluation of
ultrasonic velocity in the binary liquid system of Tetralin and
n-Hexadecane.

Nomoto’s relation, Unom

Nomoto’s empirical formula is based on the assumption of
the linear dependence of the molar sound velocity on

concentration and the additivity of the molar volume in the
liquid system. so Unom can be expressed as —

Unom = [ X1R1 + %2Rz IX1V1 +x2V2 ]

Where molar sound velocity (R) of each component present
in the system can be calculated by following expression :

Rl = (Ml/pl)U11/3

Rz = (M2/ p2)Up3

And molar volume (V) can be calculated by following
expression :

Vi=My/ pP1

V2 =My/ p2

Van Dael and Vangeel relation, Vivr

Van Dael and Vangeel proposed a formula for evaluation of
ultrasonic velocity in the liquid systems adopting the
adiabatic compressibilities of pure liquids based on the ideal
mixing of the liquids [14]. so this relation is considered as
ideal mixing relation. Van Dael and vangeel expressed the
adiabatic compressibility (Bag) Of the system as follows :

Bad = @A (Bad)a + @B (Bad)s

and suggested the following expression for the ultrasonic
velocity in homogenous liquid systems —

Bad™ = @A YA/ Y™ (Bat)at 98 v8/ Y™ (Bac)s

where ¢ and y are volume fraction and principle specific ratio
respectively. This expression holds true if the system is an
ideal one and also ya =7ys =y™. It can be transformed into a
linear combination of the mole fractions if the additional
assumption Va =Vg is made. So the Ideal mixing relation for
the sound velocity ( Uimr ) is given as :

Umr = {[(X1/M1U12 + X2/|\/|2U22)]_1/2 . [1/(X1M1 + XoM; )]l/2
}

Where x; and x, are mole fractions, M1 and M are molecular
masses and U; andU; are Ultrsonic velocities of respective
components present in system.

Zhang — Junjie’s relation, Ur

Z. Junjie has obtained the following relation for the
calculation of velocity of sound in binary liquid systems [15]

Ur = [( X1V1 + X2V2 )/( X1M1 + xoM> )1/2] . [( X1V1/plU12 +
X2V2/sz22 )]—1/2

Where Miand M; are molar masses, V1 and V> are molar
volume, U; and U; are ultrasonic velocity and p; and p, are
the densities of components present in the binary liquid
system respectively.

Impedance Dependence relation, Uir

The ultrasonic velocity of binary liquid system can be
calculated by acoustic impedance and the density of pure
components present in system. The product of ultrasonic
velocity and density of the binary liquid system is termed as
acoustic impedance (Z2)[16] .

Ur = Y xiZi/ Y xipi
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Where xi is mole fraction, p; is density and Z; is acoustic
impedance.

Rao’s Specific Sound Velocity, Ur

Using the ratio of the temperature coefficient of velocity and
expansion coefficient, Rao derived a formula for ultrasonic
velocity, which is as follows :

Ur = (X xifipi )

Where x; is mole fraction, U; is ultrasonic velocity, pi is
density of mixture and r; is Rao’s specific sound velocity .
Rao’s Specific Sound velocity can be calculated by following
formula :

ri = Uil/3 /pi

The validity of these theories are checked by applying Chi-
square test .

Chi-square test for goodness of fit ;

According to Karl Pearson, Chi-Square value is calculated for
the binary liquid systems under study using the formula :
0F) = " ¥iza [ Ygobs) — Ygea I* / Uea

For (n-1) degrees of freedom, where n is the number of data
used.

Molecular Associations :

The extent of molecular association can be calculated by :
o= [Uzexp/UZIMR ] -1

I1l. RESULT AND DISCUSSION

The experimental ultrasonic velocity and densities and the
theoretical values evaluated by Nomoto’s relation [UNOM],
Van Dael and Vangeel ideal mixing relation [UIMR],
Impedance relation [UIR] , Rao’s specific velocity relation
[UR] , and Junjie’s relation[UJR] ,are compared for the
binary liquid system of Tetralin + n-Hexadecane along with
the percentage of deviations are presentented in table 1 at six
different temperatures , 293.15 , 303.15 , 313.15, 323.15,
333.15and 343.15K..
AT 293.15 K

X1 Uexr) | Unom Uivr Ur Ur %NOM | %IMR | %JR | %IR %R ALPHA
0.0000 | 1357.1 | 1357.1 | 1357.1 | 1357.1 | 1357.1 | 1357.1 0.00 0.00 | 0.00 | 0.00 0.00 0.00
0.1004 | 1361.4 | 1363.4 | 1357.8 | 1360.1 | 1373.2 | 1025.4 0.15 -0.27 | -0.09 | 0.86 | -32.77 | 0.0053
0.1987 | 1366.5 | 1370.4 | 1360.8 | 1363.7 | 1388.3 | 759.9 0.28 -0.42 | -0.21 | 1.57 | -79.82 | 0.0083
0.2934 | 1371.3 | 1377.9 | 1366.0 | 1368.0 | 1402.1 | 560.4 0.48 -0.39 | -0.24 | 2.19 | -144.69 | 0.0078
0.3996 | 1379.2 | 1387.5 | 1374.5 | 1374.1 | 1416.9 | 406.2 0.60 -0.34 | -0.37 | 2.66 | -239.58 | 0.0068
0.4981 | 1387.8 | 1397.8 | 1385.1 | 1381.5 | 1430.0 | 333.0 0.72 -0.19 | -0.46 | 2.95 | -316.78 | 0.0039
0.5989 | 1399.2 | 1410.1 | 1398.8 | 1391.4 | 1442.8 | 335.5 0.77 -0.03 | -0.56 | 3.02 | -317.04 | 0.0005
0.6991 | 1412.9 | 14245 | 1415.6 | 1404.7 | 1455.0 | 427.1 0.81 0.19 | -0.58 | 2.89 | -230.81 | -0.0038
0.7993 | 1431.2 | 1441.6 | 1435.8 | 1423.0 | 1466.6 | 625.9 0.72 0.32 | -0.58 | 2.42 | -128.67 | -0.0065
0.9003 | 1455.7 | 1462.7 | 1460.2 | 1449.4 | 1477.9 | 966.3 0.48 0.31 | -0.44 | 150 | -50.65 | -0.0061
1.0000 | 1488.6 | 1488.6 | 1488.6 | 1488.6 | 1488.6 | 1488.6 0.00 0.00 | 0.00 | 0.00 0.00 0.0000

AT 303.15 K
%NO %IM %J %I o ALPH

X1 Uexp Unom Uivr Uir Uir M R R R YR A
0.0000 | 1319.6 | 1319.6 | 1319.6 | 1319.6 | 1319.6 | 1319.6 0.00 0.00 0.00 | 0.00 0.00 0.0000
0.1004 | 1324.1 | 1325.8 | 1320.5 | 1322.5 | 13355 | 997.3 0.13 -0.27 0 _12 0.85 | -32.77 | 0.0054
0.1987 | 1329.3 | 1332.7 | 1323.7 | 1326.1 | 1350.3 | 739.2 0.25 -0.43 0 _24 1.56 | -79.82 | 0.0085
0.2934 | 1334.0 | 1340.1 | 1328.9 | 1330.3 | 1364.0 | 545.2 0.45 -0.38 0.28 2.19 14467 0.0077
0.3996 | 1342.0 | 1349.6 | 1337.4 | 1336.4 | 1378.6 | 395.2 0.56 -0.35 0.42 2.65 239.60 0.0069
0.4981 | 1350.7 | 1359.7 | 1347.8 | 1343.7 | 1391.5 | 324.0 0.66 -0.21 0.52 2.93 316.91 0.0043
0.5989 | 1362.0 | 1371.8 | 1361.4 | 1353.4 | 1404.1 | 326.4 0.72 -0.05 0.63 3.01 317.24 0.0009
0.6991 | 1375.5 | 1386.0 | 1377.9 | 1366.5 | 1416.2 | 415.5 0.76 0.17 0.66 2.87 231.01 | 0.0034
0.7993 | 1393.3 | 1403.0 | 1397.7 | 1384.5 | 1427.7 | 609.1 0.69 0.31 0.63 2.41 128.75 | 00063
0.9003 | 1417.7 | 1423.8 | 14215 | 1410.6 | 1438.8 | 940.6 0.43 0.27 051 1.46 | -50.73 0.0054
1.0000 | 1449.3 | 1449.3 | 1449.3 | 1449.3 | 1449.3 | 1449.3 0.00 0.00 0.00 | 0.00 0.00 0.0000
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AT 313.15K
X1 Uexp | Unowm Uimr Usr Ur Ur %NOM | %IMR | %JR | %IR %R ALPHA

0.0000 | 1283.4 | 1283.4 | 1283.4 | 1283.4 | 1283.4 | 12834 | 0.00 0.00 | 0.00 | 0.00 | 0.00 0.0000
0.1004 | 1287.4 | 1289.5 | 1284.4 | 1286.3 | 1299.0 | 970.0 0.16 -0.23 | -0.09 | 0.90 | -32.72 | 0.0046
0.1987 | 1292.7 | 1296.2 | 1287.6 | 1289.7 | 1313.6 | 719.2 0.27 -0.39 | -0.23 | 159 | -79.75 | 0.0079
0.2934 | 1297.4 | 1303.5 | 1292.8 | 1293.9 | 1327.0 | 530.5 0.47 -0.35 | -0.27 | 2.23 | -144.55 | 0.0071
0.3996 | 1305.4 | 1312.8 | 1301.2 | 1299.8 | 1341.3 | 384.6 0.56 -0.32 | -0.43 | 2.68 | -239.46 | 0.0065
0.4981 | 1314.1 | 1322.8 | 1311.5 | 1307.0 | 1354.0 | 315.2 0.65 -0.20 | -0.54 | 2.95 | -316.88 | 0.0040
0.5989 | 1325.3 | 1334.7 | 1324.8 | 1316.6 | 1366.4 | 317.5 0.70 -0.04 | -0.66 | 3.01 | -317.37 | 0.0008
0.6991 | 1338.7 | 1348.5 | 1340.9 | 1329.4 | 1378.2 | 404.2 0.73 0.16 | -0.70 | 2.86 | -231.20 | -0.0033
0.7993 | 1356.1 | 1365.2 | 1360.3 | 1347.0 | 1389.5 | 592.6 0.66 0.31 | -0.67 | 2.40 | -128.86 | -0.0062
0.9003 | 1379.6 | 1385.6 | 1383.6 | 1372.6 | 1400.4 | 915.3 0.43 029 |-0.51]1.48 | -50.73 | -0.0057
1.0000 | 1410.7 | 1410.7 | 1410.7 | 1410.7 | 1410.7 | 1410.7 | 0.00 0.00 | 0.00 | 0.00 | 0.00 0.0000
AT 323.15K

X1 Uexe | Unom | Uimr Usr Ur Ur %NOM | %IMR | %JR | %IR %R ALPHA

0.0000 | 1246.9 | 1246.9 | 1246.9 | 1246.9 | 1246.9 | 1246.9 | 0.00 0.00 | 0.00 | 0.00 0.00 0.0000

0.1004 | 1251.4 | 1253.0 | 1248.2 | 1249.7 | 1262.4 | 942.6 0.12 -0.26 | -0.13 | 0.87 | -32.77 0.0052

0.1987 | 1256.8 | 1259.6 | 1251.5 | 1253.2 | 1276.8 | 699.0 0.23 -042 | -0.29 | 1.57 | -79.81 0.0084

0.2934 | 1261.5 | 1266.7 | 1256.8 | 1257.3 | 1290.0 | 515.7 0.41 -0.37 | -0.34 | 2.21 | -144.63 | 0.0075

0.3996 | 1269.4 | 1276.0 | 1265.2 | 1263.2 | 1304.2 | 373.8 0.51 -0.33 | -0.49 | 2.67 | -239.53 | 0.0067

0.4981 | 1278.1 | 1285.8 | 1275.4 | 1270.2 | 1316.7 | 306.5 0.60 -0.21 | -0.62 | 2.93 | -317.044 | 0.0042

0.5989 | 1289.2 | 1297.5 | 1288.5 | 1279.7 | 1329.0 | 308.7 0.64 -0.06 | -0.74 | 3.00 | -317.57 | 0.0011

0.6991 | 1302.4 | 1311.3 | 1304.4 | 1292.3 | 1340.7 | 393.0 0.68 0.15 | -0.78 | 2.85 | -231.37 | 0.0030

0.7993 | 1319.4 | 1327.7 | 1323.4 | 1309.8 | 1351.8 | 576.3 0.63 030 |-0.73 | 2.40 | -128.95 | 0.0061

0.9003 | 1342.6 | 1348.0 | 1346.2 | 1335.1 | 1362.6 | 890.4 0.40 0.27 | -0.56 | 1.47 | -50.79 0.0054

1.0000 | 1372.8 | 1372.8 | 1372.8 | 1372.8 | 1372.8 | 1372.8 | 0.00 0.00 | 0.00 | 0.00 0.00 0.0000

AT 333.15K
X1 Uexp Unom Uimr Usr Ur Ur %NOM | %IMR | %JR | %IR %R ALPHA

0.0000 | 1211.6 | 1211.6 | 1211.6 | 1211.6 | 1211.6 | 12116 | 0.00 0.00 | 0.00 | 0.00 | 0.00 0.0000
0.1004 | 1216.1 | 1217.6 | 1213.1 | 1214.4 | 1227.0 | 916.0 0.12 -0.24 |-0.14 | 0.88 | -32.76 | 0.0049
0.1987 | 12215 | 1224.1 | 1216.7 | 1217.8 | 12412 | 679.4 0.21 -0.40 | -0.30 | 1.59 | -79.79 | 0.0079
0.2934 | 1226.2 | 1231.2 | 1222.1 | 1221.9 | 1254.4 | 501.3 0.41 -0.34 | -0.35 | 2.25 | -144.59 | 0.0068
0.3996 | 1234.1 | 1240.4 | 1230.5 | 1227.7 | 1268.4 | 363.5 0.50 -0.30 | -0.52 | 2.71 | -239.52 | 0.0059
0.4981 | 1242.7 | 1250.1 | 1240.6 | 1234.7 | 1280.9 | 298.0 0.59 -0.17 | -0.65 | 2.98 | -317.01 | 0.0033
0.5989 | 1253.6 | 1261.7 | 1253.6 | 1244.1 | 1293.0 | 300.2 0.65 -0.00 | -0.77 | 3.05 | -317.53 | 0.0000
0.6991 | 1266.7 | 1275.4 | 1269.2 | 1256.6 | 1304.6 | 382.3 0.68 0.20 | -0.80 | 2.90 | -231.37 | -0.0040
0.7993 | 1283.2 | 1291.7 | 1288.0 | 1273.9 | 1315.6 | 560.6 0.66 0.37 | -0.73 | 2.46 | -128.91 | -0.0074
0.9003 | 1306.3 | 1311.8 | 1310.4 | 1299.0 | 1326.3 | 866.5 0.42 031 |-0.56] 151 | -50.76 | -0.0062
1.0000 | 1336.4 | 1336.4 | 1336.4 | 1336.4 | 1336.4 | 1336.4 | 0.00 0.00 | 0.00 | 0.00 | 0.00 0.0000
AT 343.15K
X1 Uexp | Unowm Uimr Usr Ur Ur %NOM | %IMR | %JR | %IR %R ALPHA

0.0000 | 1177.0 | 1177.0 | 1177.0 | 1177.0 | 1177.0 | 1177.0 | 0.00 0.00 | 0.00 | 0.00 | 0.00 0.0000
0.1004 | 1181.3 | 1182.9 | 1178.7 | 1179.8 | 1192.1 | 889.9 0.13 -0.22 | -0.13 | 0.90 | -32.74 | 0.0045
0.1987 | 1186.9 | 1189.3 | 1182.2 | 1183.1 | 1206.1 | 660.2 0.20 -0.39 | -0.32 | 1.59 | -79.79 | 0.0079
0.2934 | 11915 | 1196.3 | 1187.6 | 1187.1 | 1219.0 | 487.2 0.40 -0.33 | -0.37 | 2.26 | -144.56 | 0.0066
0.3996 | 1199.0 | 1205.2 | 1195.9 | 1192.8 | 1232.8 | 353.3 0.51 -0.26 | -0.52 | 2.74 | -239.41 | 0.0052
0.4981 | 1207.7 | 1214.8 | 1205.9 | 1199.6 | 1245.0 | 289.6 0.58 -0.15 | -0.67 | 3.00 | -317.03 | 0.0030
0.5989 | 1218.5 | 1226.2 | 1218.6 | 1208.8 | 1256.9 | 291.7 0.63 0.01 |-0.80]| 3.06 | -317.71 | -0.0001
0.6991 | 1231.4 | 1239.6 | 1233.9 | 1221.1 | 1268.3 | 371.4 0.66 0.20 |-0.84 | 2.91 | -231.56 | -0.0041
0.7993 | 1248.3 | 1255.6 | 1252.2 | 1238.1 | 1279.1 | 544.7 0.58 031 | -0.83| 241 |-129.16 | -0.0063
0.9003 | 1270.7 | 1275.3 | 1274.1 | 1262.7 | 1289.6 | 842.2 0.36 0.27 | -0.63 | 1.46 | -50.88 | -0.0053
1.0000 | 1299.5 | 1299.5 | 1299.5 | 1299.5 | 1299.5 | 1299.5 | 0.00 0.00 | 0.00 | 0.00 | 0.00 0.0000

Table 1: Experimental And Theoretical Values Of Ultrasonic Velocities With Their % Deviations For The System ( Tetralin
+ N-Hexadecane ) :
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T(K) | NOM | IMR

293.15K | 0.4540 | 0.1090

303.15K | 0.3825 | 0.1038

313.15 K | 0.3627 | 0.0899

323.15 K | 0.2961 | 0.0932

333.15K | 0.2933 | 0.0899

343.15K | 0.2593 | 0.0745

JR IR R
0.2285 | 7.0877 | 14372.09
0.2856 | 6.8186 | 1399.16
0.3001 | 6.7099 | 13618.4
0.3692 | 6.4564 | 13256.46
0.3775 | 6.5078 | 12887.26
0.4171 | 6.3338 | 12531.83

Table 2: Values Of Chi — Square For The Binary System Of Tetralin + N Hexadecane At

It is observed from the Table-1 that the theoretical values
show deviation from the experimental values of ultrasonic
velocities which confirms the existence of molecular
interactions . This may be due to the interactions occurring
between the molecules of binary liquid system . The data
reveals that the values computed from Nomoto’s relation
(UNOM) , Van Dael Vangeel’s Ideal mixing relation (UIMR
) and Junjie’s relation (UJR ) exhibit more satisfactory
agreement with the experimental values in the temperature
range 293.15 K to 343.15 K than other approaches for present
system .Large deviations are observed in the values of
ultrasonic velocities calculated from Impedance relation
(UIR) and Rao’s relation from the experimental values .
These theories are based on the ideal properties of
solution[17-22] , but on mixing two liquids , interaction
occurs between their molecules , due to the presence of
various types of weak bonds such as hydrogen bonding ,
dipole-dipole attractions , dispersive forces , charge transfer
and dipole-induce dipole interactions .

——203.19K
—+—303.19K

1

1.010 4 1
——313.19K

1

1

1

10084 ——32315K

——333.15K
—+—343.15K

1.006 4

1.004 4
1.002 1
U e/Ure 1.000 4
0.998 4
0.996
0.994 1

0.992 -

Fig. 1: Plot of U2exp/U2IMR vs x1 for the studied system
Tetralin + n-Hexadecane at  temperatures 293.15 K,
303.15K,313.15K, 323.15K, 333.15 K, 343.15 K.

The effect of temperature on the ultrasonic velocity of present
system is evident from the Fig. 1. The values of ultrasonic
velocities decreases with increase in temperature of binary
liquid system . Due to the fact that rate of collosion of
molecules present in binary liquid system increases with
increasing temperature . The plot represents the variation of
U2exp/U2IMR with the mole fraction of tetralin ( x1) at six
different temperatures . The positive deviation for this system
infers strong interactions between the components . The
percentage deviation in velocity represents both negative and
positive magnitudes , indicating non-ideality of liquid

Different Temperatures :
systems . The calculated positive values for this system
indicates stong interactions between the components of this
binary liquid system , while negative values of interaction
parameter shows the dominance of dispersion forces.

IVV. CONCLUSION

Ultrasonic velocities are predicted using Nomoto’s theory ,
Van Dael and Vangeel’s relation , Junjie’s theory , Impedance
dependence relation and Rao’s specific velocity relation and
were compared with experimental velocity values at 293.15 ,
303.15, 313.15, 323.15, 333.15 and 343.15 K for the binary
liquid system of Tetralin and n- Hexadecane . It may be
concluded that Junjie’s theory gives best results followed by
Nomoto’s theory and Van Dael Vangeel’s theory at all the
observed temperatures due to the closeness in values obtained
with respect to the experimental values. The observed
deviation of theoretical values of velocity from the
experimental values is attributed to the presence of
intermolecular interactions in the system studied.
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