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4.4 CORRELATION OF THE PHYSICAL PROPERTIES OF ETHANE

4.4.1 Concepts Demonstrated

Correlations for heat capacity, vapor pressure, and liquid viscosity for an ideal
gas.

4.4.2 Numerical Methods Utilized

Polynomial, multiple linear, and nonlinear regression of data with linearization
and transformation functions.

4.4.3 Excel Options and Functions Demonstrated

Use of the Excel LINEST function for multiple linear and polynomial regression.
Use of the Excel Add-In “Solver” for nonlinear regression.

4.4.4  Problem Definition

ﬁ)etermine appropriate correlations for heat capacity, vapor pressure, an(h

liquid viscosity of ethane. The data files are given and also the data are

available in Appendix F. Compare those correlations with the expressions
suggested by the Design Institute for Physical Properties, DIPPR“.

(@) Compare third-degree and fifth-degree polynomials for the correlation
of the heat capacity data (Table A of Appendix F) using both POLY-
MATH and Excel by examining the respective variances, confidence
intervals, and residual plots.

(b) Use Excel to compare the fifth-degree polynomial for the correlation of
the heat capacity data (Table B of Appendix F) with the two DIPPR
recommended correlations for the appropriate temperature intervals.

() Utilize multiple linear regression in Excel to fit the Wagner equation
to the vapor pressure of ethane data found in Table C of Appendix F.
Comment on the applicability of the Wagner equation for correlating
these data. Compare the correlation obtained by the Wagner equation
with that of the Riedel equation recommended by DIPPR.

(d) Use nonlinear regression to fit the Antoine equation to the liquid vis-
cosity data of ethane data found in Table D of Appendix F. Initial esti-
mates of the nonlinear regression parameters should be obtained by
linear regression. Verify nonlinear regression results in both POLY-
MATH and Excel. Compare the correlation obtained by the Antoine

k equation with that of the Riedel equation recommended by DIPPR. )
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4.4.5 Solution

This problem can be approached by first setting up the problem in POLYMATH
and achieving a solution. Then the problem is exported to Excel from the POLY-
MATH program, and the same calculations in Excel are verified between the two
software packages. Further use of Excel is emphasized in the detailed problem
solution and the generation of the tabular and graphical results.

(@) The temperature dependency of the heat capacities of gases is com-
monly represented by simple polynomials of the form

C,=agta T+a,T'+ayT + .. (4-42)
where C, is the heat capacity in Jkg-mol-K, T'is the temperature in K, and ag,
ay,... are the coefficients (parameters) of the correlation determined by regres-
sion of experimental data. The degree of the polynomial which best represents
the experimental data can be determined based on the variance, the correlation
coefficient (R9), the confidence intervals of the parameters, and the residual plot.
The heat capacity data for ethane gas are given in Appendix F, Tables A and B.
There are 19 data points in Table A but they encompass a wider temperature
range (1450 K) than the 41 data points in Table B that have a much smaller
range of temperature range (400K).

The data of Table A can be fitted to a third-degree polynomial of the form
given by Equation (4-42) by first using the POLYMATH Regression Program.
The results of the polynomial obtained with POLYMATH are summarized in Fig-
ure 4-26, and the POLYMATH graphical result is given in Figure 4-27. The high

value of the correlation coefficient (R2 = 0.9971) as well as the plot of the calcu-

Model: Cp = a0 + al*T_K + a2*T_K"2 + a3*T_K~3

Variable Value 95% confidence
a0 2.505E+04|4141.482

al 9141495 2482297

a2 0.0365871 0.0378173

a3 -2.989E-05/1.621E-05
General

Degree of polynomial = 3
Regression including a free parameter
Number of observations = 19

Statistics

R™2 0.9975999
R~2adj (0.9971199
Rmsd |446.1547
Variance|4.791E+06

Figure 4-26 Third-Degree Polynomial Coefficient and Statistics for the Heat Capacity Data of
Table A - File P4-04A.POL
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Figure 4-27 Third-Degree Polynomial Representation for Heat Capacity of Ethane - File

P4 04A.POL
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Figure 4-28 Residual Plot for Heat Capacity Represented by Third-Degree

Polynomial for Data Set A - File P4-04A.POL

lated and experimental values seems to indicate that the representation of the

data by the third-degree polynomial is quite satisfactory. However, the residual

plot of Figure 4-28 shows a clear cyclic pattern, and the error in representation

of some of the points is >5% which is well above the common experimental error
in heat capacity data. In the case of a,, the confidence interval is slightly larger

in absolute value than the parameter itself. Thus the third-degree polynomial

representation is unsatisfactory, and better representation should be sought.
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200 40000 5000000 42260 44554.63003 22946530034  5265326.995
273.16) 74616.3856 20382211.89 49540 52139.006892 2555.006924 B754836.99
29815 BBBE934225 2B503573.892 52470 547B2.87925 23292879251 525729526

300 80000 27000000 52720 54887 H/4721 2337 647211 5007085038

A ] E] [ C [ D ] E I F I G [ H
| 1 POLYMATH Polynomial Regression Migration Document
2
| 3 T K T_k~2 T_K*3 Cp Cp cale Cp residual |Cp residual #2
4 50 2500 125000 33380 2970572299 -3684 277013 13573897 11
|5 100 10000 1000000 35650 34524.72357 -1125.276432 1266247 049
B 150 22500 3375000 38AB0 38481 R3074) 8218307351  G75405 7571
7
|8
EN

=

Figure 4-29 Columns Generated in the Excel Worksheet when a Third-Degree Polynomial
Regression is Exported form POLYMATH to Excel - File P4-04A1.XLS

[ o [ w [ L [ M [ N ]
1
ZPDIynnmial Regression of degree 3. Including a free parameter
N a3 a2 al a0
| 4 |Coefficients -3E-05 0.036587 9141495 25047.24
| 5 |Std.dev.s 7.61E-06 0.017747 11.64851 1943445
| 6 |R2, SE {y) 0.9876 2188.737  #MA #MNA
| 7 [95% conf. int. 1.62E-05 0.037818 2482297 4141.482
| 6 |Variance 4790366
| 9 |Sum of Squares 71858513
| 10 |Model Cp=ad3*T KG+a2*T k2 +al*T_K+al

Figure 4-30 Third-Degree Polynomial Coefficients and Statistics for the Heat Capacity Data of
Table A - File P4-04A1.XLS

The calculations for the third-degree polynomial can easily be carried out
within Excel. This is accomplished from POLYMATH by clicking on the Excel
icon from POLYMATH Data Table after the problem is selected for the variable
and the desired polynomial degree. Note that an Excel spreadsheet must be open
on your computer in order for the “Export to Excel” to take place. The columns
generated in the Excel worksheet, after exporting the problem from POLY-
MATH, are partially shown in Figure 4-29. The temperature and heat capacity
data are found in columns A and D respectively and the formulas for calculating
various powers of T are placed in columns B and C. The Excel result is summa-
rized in Figure 4-30which corresponds very closely to the POLYMATH solution.

In a similar manner, the problem for the fifth-degree polynomial can be
setup in POLYMATH and exported to Excel. The resulting worksheet is partially
presented in Figure 4-31 where the data columns are shown. The temperature
and heat capacity data are found in columns A and F respectively, and the for-
mulas for calculating various powers of T are placed in columns B through E.

Consider now the underlying calculations in the Excel worksheet that are
shown in Figure 4-32 The first three rows of this table (cell range L4:Q6) are
obtained from Excel's LINEST function. Thus the formula in that range of cells
is given by

{=LINEST(F4:F22,A4:E22,TRUE,TRUE) }
where (F4F22) is the range where the dependent variable, Cp is stored, the sec-
ond range (A4E22) is the range where the independent variables (temperature
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a ]l 8B [ ¢ | D ] E [ F] 6 | H | [J]
| 1 |POLYMATH Polynomial Regression Migration Document
2 |
ZT_K T_K~2 T_K~3 T_K~4 T_K*5 Cp Cp cale Cp residual |Cp residual #2
4| =0 2500 125000 B250000 312500000 33380 3376218787 372.1878732 1385238129
1 5] 100 10000 1000000 100000000 10000000000 35650 35206.23623 -443.7637733 1968262865
| B 1580 22600 3375000 506260000 75937500000 38660 3818067548 -468.324517 220266 6022
L7 200 40000 3000000 1800000000 JIZE+11 42260 42355886491 45858630813 9215.405987 !
| 8| 27316 T4B18.3056 20302211.08 556705000 1.537085E+12 43540 49930.08766 398.0075623 158473.7869

Figure 4-31 Fifth-Degree Polynomial Excel Worksheet for the Heat Capacity Data of
Table A - File P4 0O4A2.XLS

K [ 0 [ wm [ w [ o [ P [ @ R |
1
ZF’DIynDrmal Regression of degree 5. Including a free parameter
|3 a5 ad a3 a2 al al
| 4 |Coefficients -7.8E-11 3BBE-07 -0.00065 0481171 -325818 3426742
| & |Std.dev.s 9.82E-12) 34E-08 4.71E-05 0028367 7.005462 5446506
| 6 |R2, SE {y) 0999947 3483187  #MA AN HMNA HNIA
| 7 [95% conf. int. 1.8E-11 7.34E-08 0.000102 0061259 151318 1176445
| B |Variance 1213258
| 8 |Sum of Squares 1577237
| 10 |Model Cp=ab*T_KMa+a4 T KM +a3* T KM +a2 T K2 +a1*T _K+al

Figure 4-32 Fifth-Degree Polynomial Coefficients and Statistics for the Heat
Capacity Data of Table A - File P4-04A2.XLS
and its various powers) are stored. The first logical variable indicates if there is a
free parameter (TRUE) in the expression, and the second logical variable indi-
cates whether correlation statistics should be shown (TRUE) in addition to the
parameter values.

The regression model parameters are shown in the 4th row of Figure 4-32
The respective parameter standard deviations oj, as provided by the LINEST
function, are shown in row 5. The respective 95% confidence intervals are calcu-
lated in row 7 by multiplying the o; by the statistical ¢distribution value consis-
tent with the number of degrees of freedom (the appropriate ¢ value is inserted
by the POLYMATH export utility). The confidence interval of the parameter agis
calculated, for example, using the formula

=2.017*Q5

The linear correlation coefficient (R2 = 0.999947) in cell L6 and the stan-
dard error on the dependent variable in cell MG are also calculated by the LINEST
function. The Variance is calculated in cell L8 (= (M6) *2), and the Sum of
Squares of the Residuals in cell L9 (=SUM (I4:I44))is calculated from the gen-
erated Excel table.

When changes are introduced in the data, the Excel results table (Figure 4-
32) will be updated correctly unless there is a change in the number of data
points. If the number of data points is reduced or increased, the data range for
the LINST function must be changed, and a different ¢ value (reflecting the
change in the degrees of freedom) must be introduced.
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Figure 4-33 Residual Plot Created in Excel for Heat Capacity Represented by
Fifth-Degree Polynomial for the Data Set A

The parameter values for the polynomial shown in Figure 4-32are used to
calculate the “Cp calc” values of Figure 4-31. For example, the formula to calcu-
late “Cp calc” for T = 50K is

=SL$4*A4"5+3MS4*A4 " 4+SNS4*R4"3+35084*A4"2+8PS4*A4"1+5Q54

Note that these formulas are automatically generated by the POLYMATH
software when the export to Excel is requested. The respective residuals,
(Cpcalc-Cp), are calculated and placed in column H.

The residual plot, that can be created within Excel, is presented in Figure
4-33 The correlation coefficient is RZ= 0.9999, and the variance has been signif-
icantly reduced. All of the confidence intervals are smaller in absolute value
than the associated parameter values. The residual plot of Figure 4-33indicates
a random residual distribution with maximum error ~ 1%, which is very similar
to the magnitude of the experimental error for this type of data. Thus it can be
concluded that the fifth-degree polynomial adequately represents the heat capac-
ity data of Appendix F, Table A.

(b) DIPPR? recommends an equation for heat capacity of ethane for the
temperature range from 200K through 1500K

Cp=A+B[ C/T }[ E/T }

sinh (C/T) cosh(E/T) (4-43)

with parameters A = 40326E+04, B = 1.3422E+05 C = 1.6555E+03 D =
7.3223E+04 and E = 7.5287E+02. For the more limited temperature range from
50K through 200K, DIPPR recommends using a second-degree polynomial

Cp= agtaT+a, T (4-44)

with the parameter values ag= 3.1742E+04, a1 = 26567E+01, and ap,= 1.2027E-
Ol
A comparison of the heat capacity data correlations first requires the deter-
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mination of the fifth-order polynomial for the ethane data of Table B in Appendix
F. POLYMATH will then be used to obtain the polynomial and subsequently
export the problem to Excel for verification of the polynomial representation. The
Excel solution will then be modified to carry out the heat capacity calculations
using the two DIPPR equations with each applied over the recommended tem-
perature range. A comparison of the polynomial with the DIPPR correlations will
then be made in Excel.

The problem can be entered into POLYMATH and the fifth-order polyno-
mial can be used to correlate the data of Table B in the same manner as
described in part (@) of this problem. The fifth-degree polynomial problem speci-
fied in POLYMATH can then be exported to Excel. The resulting Excel solution
is shown in Figure 4-34 It is helpful and good practice to also carry out the
POLYMATH polynomial regression in order to verify the Excel solution by com-
paring the calculated polynomial coefficients.

The heat capacity values recommended by DIPPR (Equations (4-43) and (4-
44)) and the corresponding residual calculations can easily be compared by
inserting two new columns in the worksheet immediately to the right of the “Cp
residual®2” column I in the Excel worksheet (see Figure 4-36). The five coeffi-
cients of Equation (4-43) are entered in the range of cells G48K48 and the three
coefficients of Equation (4-44) are stored in the range of cells G49149 as shown
in Figure 4-35.

The calculated heat capacity values from the DIPPR equations can be
entered in Column J with title “CpD calc” and the residuals are entered in col-
umn K with title “CpD residual”. The formula for calculating CpD for the first 11
data points (7T<200K) is given by the Excel equivalent to Equation (4-44).

=35GS49+SHS49*%A4+$T349%A4™2
Note that this formula refers to 7= 100K in Figure 4-36.

kK | L | M | v [ o | P [ @ | R |
1
ZF‘DIynom\al Regression of degree 5. Including a free parameter.
ER a5 ad a3 a2 al a0
| 4 |Coefficients 507E-08 -82E-06 0004616 -099332 1470628 270712
| & Std.dev.s 146E-10 2.18E-07 0000126 0.034084 4.342578 206.0041
| B R2, SE (y) 0.999955 12.71245  #MA HNA HMIA MR
| 7 |95% conf. int. 284E-10 4 43E-07 0000254 0068517 8780635 4165403
| 8 Variance 161.6065
| 3 |Sum of Squares 5636327
| 10 Model Cp=af*T K +ad T KM+a3*T KG+a2*T K2 +al*T K+al

Figure 4-34 Fifth-Degree Polynomial Coefficients and Statistics from Excel for the
Heat Capacity Data of Table B of Appendix F.

Aoral B or a1l Cora2 D E
40326E+04)  1.3472E+05 1 B555E+03 73223E+04 752876402
3.1742E+04  2.686TE+01,  1.2827E-01

Figure 4-35 Coefficients of the DIPPR Equations - File P4-04.XLS (Cp_Table B)
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4] B ¢ D E F G H I J K
| 1 |POLYMATH Polynomial Regression Migration Document
2
IT_K T_K~2 T_K"3 T_K~4 T_K~5 Cp Cp calc |Cp residual Cp residual ~2 CpD cale |CpD resid
| 4 | 100 10000 1000000 1E+08  1E+10 35698 35695 -3.0314B58  9.18978525 3.57E+04 BB
| 5| 110 12100 1331000 14BE+08 1.51E+10 36248 36260 10.8427755  117.565781 3.62E+04  -20.453
| 6 | 120 14400 1728000 2.07E+08 248E+10 36817 36826 965048312 7498682118 366E+04 25472
| 7 | 130 16900 2197000 2.86E+08 3.71E+10) 37401 37402 063586182 0404447442 3.74E+04  -20.527
| B | 140 19500 2744000 3.84E+08 5.38E+10) 38003 37996 -7.2374236  52.38030027 3B60E+04  -7.928
| 8 | 150 27500 3375000 50BE+08 7.58E+10 38628 38615 -13.136288 1725620785 3 B6E+04 7525
| 10| 160, 25600 4088000 B.55E+08 1.05E+11 39279 39265 -14.341419 2056762006 3.03E+04  23.032
| 11| 170 28900 4813000 B.35E+08 142E+11 38961 38950  -11.1778 124045454 400E+04  33.233
| 12| 180 32400 5832000 1.05E+038 1.88E+11| 40880 40674 -50542588 354532080 407E+04 32408
| 13| 180 36100 6858000 1.3E+08 2ABE+11 41438 41440 1.0883953 1208472241 4.15E+04  17.377
| 14200 40000 8000000 16E+08 3.2E+11] 42243 42250 B.BATZ3704 4743403401 4.22E+04 188
| 15210 44100 9261000 1.84E+08 4.08E+11] 43092 43105 12.5185765  156.7147508 4322187 12886679
| 16220 48400 1.1E+07) 2.34E+09 5.15E+11] 43939 44004 153557237 2358903934 43951.94 -7.057476
| 17230 52900 1.2E+07 2.8E+09 BA4E+11] 44934 44949 150048477  227.8544275 4483164 -102.3636
| 18| 240 57600 14E+07| 3.32E+09 7.9BE+11] 45924 45938 13.7958363  190.3251001) 45764.11 -159.8942
| 18| 250 62500 1.BE+D7| 3.91E+08 O.77E+11] 46959 46969 9.97315603 0946384127 4677134 -187.6573
| 20| 260 67600 1.BE+D7| 4.57E+03 1.15E+12 48036 48041 464171187 2154548808 4784467 -191.335
Figure 4-36 Addition of DIPPR Equation Calculations to Excel Spreadsheet

- File P4-04.XLS (Cp_Table B)

The remaining data points use the Excel equivalent to Equation (4-43) as it
is applied to temperatures greater than 200 K. This is shown below for cell H19
in Figure 4-36

=$G$48+SHS48* (($IS48/A19) /SINH ($I$48/

A19)) "2+38J$48* ( ($SK$48/A19) /COSH ($K$48/A19)) "2

The residuals for the DIPPR equations are calculated in Column K by
entering the formula for the difference between the DIPPR result in Column J
and the measured C,in Column F.

The residuals of the heat capacity values calculated by fifth order polyno-
mial in Column H and the DIPPR equations in Column K can be plotted in Excel
as shown in Figure 4-37. The maximal error in polynomial representation is <
0.1% and the maximal error in the DIPPR correlation is about 0.5%. Note that

200

100

—=— FPolynomial
—&— DIFFR

[ e}
=

Residuz

-100

-200

-300

Heat Capacity {(exp.)

Figure 4-37 Residual Comparison of Heat Capacity Representation by a Fifth-Degree
Polynomial and the DIPPR Equations for Data Set B - File P4-04.XLS
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the larger error for DIPPR is expected as the DIPPR correlation of Equation (4
43) is for a much larger range of temperature. The residuals of both correlations
show cyclic trends, and these trends can probably be attributed to prior smooth-
ening of the experimental data.

(c) The Wagner equation is considered by many as the most appropriate
model to represent the vapor pressure data over the full range between the triple
point and critical point. The most widely used form of the Wagner equation is

L5 3 6
InPy = at+ bt " +ct +dt (4-45)
Tk

where T, = T/T, is the reduced temperature, P, = P/P. is the reduced pres-
sure,and © = 1- Tp. For ethane, T = 305.32K, Pp= 4.8720E+06Pa and the tri-
ple point temperature is 90.352 K. Thus the data in Table C of Appendix F cover
almost the full range between the triple point and the critical point, and the
Wagner equation is appropriate for correlation of these data.

The use of Excel for solving this problem is preceded by the use of POLY-
MATH to enter the data into the POLYMATH Data Table. The ability to easily
transform data is utilized in POLYMATH to define additional columns in the
Data Table as transformation functions defined by

TR = T / 305.32
1InPR = 1n(P/4872000)

t = (1-TR) /TR

tl5 = (1-TR)"1.5/TR
t3 = (1-TR)"3/TR

t6 = (1-TR)"6/TR

The resulting POLYMATH Data Table is partially shown in Figure 4-38.

These data transformations allow Multiple Linear Regression to fit the
data to the Wagner equation with InPr as the dependent variable and the inde-
pendent variables t, t 15, t3 and t6 Note that in this Multiple Linear Regression
there should be no free parameter; thus, the POLYMATH Data Table option
“through origin” should be marked. This problem is exported to Excel after it is
setup in the POLYMATH Regression Data Table.

1 ROOT: CO04 IInPr X v |=In(P_Pa,-’48?ZDDD)

| T_K | P Pa | Tr | InPr 1 15 13 16
0 52 17 0antagaz 1436839 2.318695 1.938126 113187 0.3860338
0z 54 28 03076737 143654 2 248085 1.870275 107692 03570586
03 96 46 03144242 1387296 2180417 1.805374 1024827 03302303
04 98 72 03209747 1342493 211557 1743244 09754096 0.305383
05 100 11 0.3275252 1300112 20532 1663718 09285029 02623653

Figure 4-38 POLYMATH Data Table with Original and Transformed Data Columns
- File P4 04C.POL
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| 11 Migration Document
| 2] Multiple Linear Regression. Mo free parameter.
| 3 [InPrcalc |InPrresidual InPr residual *2 a4 a3 a2 al
| 4 | -148538 0.014542267  0.000211478 Coefficients -1.25989184  -1B7115626 128854942 -B4584609
| 6 | -14357 0.012431288 0000154537 Std.dev.s 014858015 0135235871 0.10BRA74) 0.04802602
| B | -13.8828 -0.009812224  Q.B2THTE-05 R2, SE (y) 086098741 0.009863308  #N/A HIA
| 7 |-134298 -0.004871516  2.37317E-05 95% conf. int. 029123669 0262062504 021298811 0.094131
| B | -128967 0.004373583  1.91282E-05 Variance 5.3486E-05
| 8 | -125824 -0.016578832  0.000274861 Sum of Squares 0 0082804

10| -12.1856 -0.005438383  2.957B1E-05 Model InPr=ad4 t+a3 t15+al"t3+al"t6

44 Anral A AdmAAAraa A ARAAArAnn

Figure 4-39 Wagner Equation Model Results for the Ethane Vapor Pressure - File
P404XLS (Vp_Regress)

Residual

00 = ]

-0.02 ]

-0.03

In (PiPr)

Figure 4-40 Residual Plot in Excel for Ethane Vapor Pressure Data Represented by
the Wagner Equation - File P404.XLS (Vp_Regress)

The Excel results after export from POLYMATH for fitting the Wagner
equation to the vapor pressure data are partially presented in Figure 4-39, and
the residuals are plotted in Figure 4-40. The correlation coefficient is R? =
0.99999, and all the confidence intervals are smaller in absolute value than the
associated parameter values. The residual plot shows random residual distribu-
tion, and the maximum error is <1% which is very similar to the magnitude of
the experimental error for this type of data. Thus it can be concluded that the
Wagner equation adequately correlates the vapor pressure of ethane over the
experimental temperature range.

The Riedel equation recommended by DIPPR for vapor pressure data of
ethane is given by

InP=A- §;+ Cn T+ DTF (4-46)
with the parameters A= 51.857, B=-2600, C=-513 D= 1.49E-05and E =2

The comparison between the Wagner equation and the Riedel equation can
be carried out by creating new Excel worksheet which utilizes the Wagner equa-
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tion variables and results given in the POLYMATH to Excel worksheet shown in
Figure 4-39. Some of the information entered in this prepared worksheet is
shown in Figure 4-41 (only four rows of data, out of the 107 data points in this
case, are shown). The measured temperature and vapor pressure data are
inserted in columns A and B.

A | B | C \ 8] \ E [ F [ 6 [ W [ ot [ 4 | k|
] A B c b} E
2 51B5TE+01  -2RO0E+03 -5 13E+00 1 48E-05 2 00E+00
Temp Vapor Pres- InPr Cale InPr Res Calc P VP Res Cale VP VP Res
3] (K sure (Pa) InPr InPrcale  InPrresidual DIPPR  DIPPR Wagner Wagner DIPFR DIPPR
4| 93 1.7 -14.86838 -14.8538477 0.014542267 -14.8516 (0.01677 17249 00248 1.72875 0.0287
5 9% 28 -14.3884 -14.3569687 0012431208 -14.3554 0.01403 2.83501 0.03501 2.83856 0.0395
B | 95 4.5 -13.87286 -13.8827722 -0.00881222) -13.8817 -0.00876| 4.55508 -0.0448 4.5589 -0.0401
7| o9 7.2 1342483 -134208015 000487152 -134202 -0.0043 7.16504 -0.035 7.16816/ -0.0308

Figure 4-41 Worksheet for Com parison of Vapor Pressure Correlation by Wagner and
DIPPR Equations - File P4-04XLS (Vp_Compare)

The data of “InPr” and “InPr calc” (columns C and D in Figure 4-41) are
copied from the POLYMATH migration worksheet that is partially shown in Fig-
ure 4-39. Note that in order to paste the “InPr calc” values, the “Paste Special”
“Values” should be used otherwise error messages will be obtained (and the data
columns and the coefficients of the Wagner equation will not be copied into the
new worksheet).

In the Z2nd row, the numerical values of the Riedel equation parameters are
entered with their names shown in the 1st row. In column E, the “InPr Calc
DIPPR” is calculated using the DIPPR recommended equation by manually
entering the formula for cell D4.

=($C $2+ 3D $2/A 4+ $E $2*LN (A4)+ $F $2* (A4 $G $2)-LN (4872000)
Then this formula is copied to all the cells below for the entire data set.

The residual plot of the “InPr Res DIPPR” in this case is very similar to the
residual plot obtained for the Wagner equation (Figure 4-40). The comparison
between the two equations is more meaningful if it is carried out with the help of
the residual plots based on the pressure (instead of In(Pp)). The preparation of

such a plot is left as an exercise for the reader.

(d) A recommended correlation for viscosity of liquids by Perry?is similar
to the Antoine equation for vapor pressure and given by

B
Inp = A+ T (4-47)
where y is the viscosity and the parameters are A, B, and C. If T'is expressed in
degrees K, then parameter C can be approximated by C = 17.71 - O.197;, where
Tpis the normal boiling point in K. For ethane, the normal boiling point is 184.55
K, and thus the approximate value of Cis -17.35.

Equation (4-47) is nonlinear and can be fitted to the experimental viscosity
data of Table D in Appendix F using general nonlinear regression. However good
initial estimates are necessary for the nonlinear regression. These can be
obtained by linearizing Equation (4-47) using the approximate value of C for
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ethane to obtain

B =
T-17.35

a0+al(;) =ayta X or Y=a,+aX (4-48)

= A+
Inp=A T-1735

Thus, the linear form can be used in the POLYMATH Data Table contain-
ing the viscosity and temperature data by creating additional columns to calcu-
late the transformed variables Y = Inp and X = 1(7°17.35). A portion of the
POLYMATH Data Table which utilizes these transformed variables and is set up
for the linear regression of Equation (4-48) is shown in Figure 4-42. The results
of the POLYMATH Linear Regression are shown in Figure 4-43 These results
provide the initial estimates of A=-11.1, B= 364.6and C=-17.35for the nonlin-
ear regression of Equation (4-47).

1 root . coos [v X v [-npm) Regression | Anslysis| Graph|
IES | m ‘ A ‘ il | ﬂ LI |7 Eeport |7 Graph I_ Store Model
01 100 878ERE-04 -7.03703 00120992 = = =
02 | 110 6.3750E-04 -7 357356 00107333 [+ Residuals
03 | 120 48849E-04 7 624192 00097418
T 130 3 9002E-04 7849713 00088771 Linear & Polynarmial | tultiple Ilnearl Maonlinear |
05 | 140 32112E-04 - 043696 00081533
05 | 150 2.7054E-04 - 215091 00075386 DependentVariable |W 'I
07 ] 160 2.3187E-04 - 38334 0.0070102 Independent Variable Iﬁ
08 170 2.0130E-04 5510714 00065509 )
— Falynomial Degree
09 | 180 1.7642E-04 -5.642643 00061482 L &
10 | 184 16757E-04 -5.634109 00060006 3
11 190 155B4E-04 -8.767965 0.0057921 4
1z | 200 13817E-04 8887025 0.005475 Mot |k |

Figure 4-42 Setup of POLYMATH Linear Regression for Equation (4-48)
- File P4-04D 1.POL

Model: ¥ = a0 + a1*X1

Variable Value 95%0 confidence
a0 -11.095156|0.2912278
al 364.5876 |44.46516

Figure 4-43 Linear Regression Results from POLYMATH for Equation (448
- File P404D1.POL
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The nonlinear regression can be set up in POLYMATH and then exported to
Excel. The setup of the POLYMATH Nonlinear Regression is shown in Figure 4-
44 which gives the results that are summarized in Figure 4-45 where some 73
iterations were required.

Regression | Aﬂa\ysisl Qraphl

X1 | - s
v Beport v Graph [~ Store Model
0.0107933 [=] | [v Residuals

&7 Roo1 : coos v X v |- Infmu)
Tk | mu | hd |
o1 100 8.7868E-04 703700 0.0120892
oz | 10 B3750E-04  -7.357956
03 | 120 48843504 7624192 0.0087418
04 | 130 39002604 7849313 0.0088771
05 | 140 32112604 8043695 0.0081533
06 | 150 27054504  -B215091  0.00753%6
07 | 160 23187604  -B369334  0.0070102
08 | 170 20130604 8510714 0.00B5509
09 | 180 17642604 -BGA2643  0.0061482
10 | 184 1B757E-04  -BE9AI03  0.0060006
11| 190 1ES64E-04  -B767965  0.0057921
1z | 200 13817E-04  -8.8987028 0.005475
13 | 210 12310604 9002514  0.0051908
14 | 220 1.0930E-04 -911634  0.0043345

Linear & PD\ynomlaIl Multiple linear  MNanlinear |

5 |
hodel: 4 LM >

’*K=A+EE(T_K+C)

eg. y=2%4+8
Model Parameters Initial Guess

Model parm | Initial guess
A -1

=] 364.6

© -17.35

Figure 4-44 Nonlinear Regression Setup in POLYMATH for Equation (4-48) - File
P404D1.POL

Model: Y = A+B/(T_K+C)

Variable Initial guess Value 95% confidence
A -11.1 -18.60756|5.780612
B 364.6 6568.593 |7779.302
C -17.3 476.3679 |395.2097

Nonlinear regression settings
Max # iterations = 128

Precision

R*2

0.9886379

R~2adj (0.9875016

Rmsd |0.0199363

Variance |0.0105127

General

Sample size |23

Model vars |3

Indep vars |1

Iterations |73

Figure 4-45 Nonlinear Regression Result in POLYMATH for Equation (4-48) - File
P404D 1.POL

The export of the POLYMATH setup for Nonlinear Regression to Excel by
pressing the Excel icon gives the initial worksheet that is partially shown in Fig-
ure 4-46. Note that this problem in Excel must be solved by using the Excel Add-
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Nonlinear Regression Migration Document

Monlinear Regression
Y residual Y residual ~2 {Y - Yavg)*2 (Ycalc - Yavg)*2 A B c

B26738 0.348483261 0121428644 3.376788799 477889047 Coefficients -1 364 B -17.35
788848 0193196151 0037324753 2.300494439 2523876115 R2, SE(y) 08932702 0.232811

124686 0.07B0B7304 0.005788235 1.563755482 1759786363 Variance 0.054201

426542 -0.014113542  0.000193152 1.051406384 1022662057 Average Y -8.87468

313484 -0.083617494 (0.006991885 0630557324 0.588577759  Model Y = A+BIT_K+C)

A1aanal naARAnAanal 0nancnnnanal N anenFeaan A Aazanancna

Figure 4-46 Nonlinear Regression Exported to Excel - Initial Worksheet

In called “Solver.” This Add-In should be available from the drop-down menu in
Excel under “Tools” and then “Add-Ins...”

The objective function for the nonlinear regression problem within Excel is
the sum of squares of the Y residuals that is found in the cell at the base of the “Y
residual 2" column.

When Solver is called from the “Tools” menu in Excel to perform the nonlin-
ear regression, an interface appears in which the “Solver Parameters” must be
entered. Solver requires that the Target Cell be set as the sum of squares of the
Y residuals which should be minimized. Also the Coefficients cells for A, B, and C
must be identified in the “By Changing Cells” entry box. This is shown in Figure
4-47. In the “Equal To:” field of the Solver it is important to move the marking to
Min (from the default Max marking). After a mouse click on the “Solve” button,

[ F [ 5 | H DT v T w [ [ M ]
MNonlinear Regression
Y residual #2 (Y - Yavg)*2 (Ycalc - Yavg)2 A
0121426644 3376788799 477880047 Coefficients | _
0037324753 2.300484439 2823875115 R2, SE [v) 08932702 0.23281
0.005786235 1.563755482 1.759786363 | Variance 0.054201
0.000199192 1.051408384 1.022662057 | Average Y -8.87469

0005891885 0630557829 0 658677759 Model Y = A+BIT_K+C)
0.01R5R38Y N43507R730 1 273877584

21x]
g gj Set Target Cell: tFE2a % Solve I
004 EqualTo:  CMax & Mo ( Valueof: |0 Cose |
0.04 By Changing Cells:

004 I$K$41$M$4 B Guess

0.03 Subject to the Constraints: Optiores

00 = scld

0.00 Change
0.00 Reset all

000 LI Delete .

0202333128 181874 0.8743145581
0.385870077 24782268308 0.908917204

I 1.246620617!

L1 LS (L0 e 2 L G LU (0 [ U0 00 L0 L L | s (R s — | —
=
=
T

Figure 4-47 Use of the Excel Solver Add-In for Nonlinear Regression
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the Coefficients are changed to the converged values. In this Solver solution
shown in Figure 4-48 the results are similar to the POLYMATH Nonlinear
Regression parameters as summarized in Figure 4-45. Note the convergence of
POLYMATH and the Excel Solver Add-In are very dependent upon the initial
estimates and the particular numerical method that is used. For this problem in
POLYMATH, the L-M algorithm has been used, and the number of iterations
needed to be increased from the default value. Other algorithms may give differ-
ent results.

The residual plot from Excel reproduced in Figure 4-49has a cyclic pattern
and considerable errors. This indicates that this model for correlation of ethane
viscosity is not very satisfactory. Many more models do exist which could be fit-
ted to these ethane data.

[ o [k [ L [ M |
Monlinear Regression

A B c
Coefficients | -186381 B476.254 4716516
R2, SE (y) | 0.888663 0.085812
Variance 0.009142
Average Y -B.87016
Model Y = A+BAT _K+C)

Figure 4-48 Solver Results for the Excel Nonlinear Regression of
Equation (4-47) - File P404.XLS (Antoine (2))
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Figure 4-49 Residual Plot from Excel for Equation (4-47) - File P4 04.XLS (Antoine
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The comparison with the Riedel equation using the parameters recom-
mended by DIPPR follows the same procedure that was followed in connection
with the vapor pressure data correlation and discussed in the solution to the pre-
vious part (c).

The Antoine and Riedel equation representations of the liquid viscosity are
compared in Figure 4-50. The residuals of the Riedel equation seem to follow a
cyclic pattern as do the residuals of the Antoine equation but the errors are con-
siderably smaller.

= Residual Antoine
A Residual DIPPR
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Figure 4-50 Comparison of Viscosity Represented by the Antoine Equation (4-47) and th
Equation with the DIPPR Recommended Constants - File P404.XLS (Antc

The problem solution files are found in directory CHAPTER 4 and desig-
@ nated P404A.POL, P4 04B.POL, P404C.POL, P404D1.POL, P4
04D2POL, and P4 04XLS.



