CHAPTER VII

RESULTS AND DISCUSSION

This chapter presents all of the diffusion coefficients and densities. measured
during the course of this work. Diffusion coefficients from the previous work as
Texas A&M in the solvents n-heptane, n-dodecane, and n-hexadecane have also been
recalculated using the improved analysis method, and results are presented herein.
Finally, a correlation for diffusion in n-alkanes is presented which was developed
using the data from both this work and the previvus work. Recommendations are
given for using this correlation to predict diffusion coefficients in Fischer-Tropsch
reactor wax. Currently used estimates of diffusion in Fischer-Tropsch wax were

found to be grossly in error.

A. DIFFUSION COEFFICIENTS MEASURED DURING THIS WORK

Since previous measurements have indicated that diffusion in alkane solvents is
a very weak function of pressure over the range 0-500 psi, (Matthews and Akgermaal;
1987a}, all measurements for this study were made at 200 psia {1400 kPa}, which
is a typical operating pressure of a Fi.sher—Tmpsch reactor. For the solvents o-
eicosane and n-octacosane, solvent density and diffusion coeficients for all solutes
were measured at approximately 100, 140, 180, 220, and 260°C. For the Fischer-
Tropsch wax, ﬂa.l;a were collected at approximately EDG; 220, 240, 260°C, in order
to cover the normal range of Fischer-Tropsch reaction temperatures.

Table 7.1 inchudes the diffusion coefficients for the alkane solutes n-octane, n-
decane, n-dodeeane, n-tetradecane, and n-hexadecane, in ithe solvents n-eicosane,
n-octacosane, and Fischer-Tropsch reactor wax. at a,ppm:{irﬁately 1400 kPa (200

psi}. Diffusion coefficients for the gaseous solutes hydrogen, carbon monoxide,
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and carbon dioxide were measured at approximateiy the same conditions and are

L

reported in Table 7.2, Most entries in these tables represent the average of at least
three repetitive measurcmenis. BEach reported uncertainty represents one standard
deviation corrected for the total number {usually 3) of repetitive measurements.

Figures 7.1 through 7.4 illustrate the effects of temperature, and solute and
solvent characteristics on the infimte dilution diffusion coefficient. The data from
Tables 7.1 and 7.2 were plotted as a function of temperature for the solvents
n-eicosane, (Cgp} and n-octacosane {Qgs) to illustrate scveral tremds which are
indieative of the data.

For every solute-solvent system, the diffusion coefficlent increases rapidly as
temperature increases. At a constant temperature, the diffusion coefficient is larger
for a small light molccule than for a large heavy molecule. For example, the
diffusion coefficients for the gaseous solutes are much larger in magnitnde than the
corresponding alkane diffusion coefficients at the same conditions, Of the gaseous
solutes, hydrogen, the smallest and lightest molecule, always diffuses the fastest.
Similar behavior was observed for the alkane solutes. The smallest and lightest
alkane solute studied was n-octane, and in every solvent it diffizsed faster than any
other slkane, while n-hexadecane, the heaviest alkane studied, always diffused the
slowest, '

"The effect of the solvent can be seen by comparing Figures 7.1 to Figures 7.3 and
Figure 7.2 to Figure 7.4. Octacosane is a larger and heavier molecule than eicosane.
For this reason, at the same experimental conditions, diffusion coefficients for each
solute are significantly smaller in the solvent n-octacosane than in n-eicosane.

Diffusion coefiicients for alkene and gaseous solutes in the fischcr—ﬁopsch wax

are plotted versus temperature in Figure 7.5 and 7.6. Diffusion coefficients for
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Table 7.1 Infinite Dilusion Diffusion Coefficients for Allanes
in n~Eicosane, n—Qetacosane, and Fischer—Tropsch Wax
{Dfy x 10* m*/s, & 1 standard deviation)
T P Cg C]u ' 012 CM Clﬁ
(K} (kPaj
Salvent: n"Eii;DSELnE
375 LARD 1.8 + 0.06 - L33 =z 0.1 - 1.06 + 0.03
413 1410 2,86 +=0.02 243 £ 001 213 £0.01 1874003 1.68 + 0.02
454 1400 4.22 0.0 - 3.19 £ 0.01 - 2.36 £ 0.02
495 1380 G609 004 533 =002 465 L0003 4154+ 002 375+ 0.02
034 1320 B8.34 £ 0.00 - 8.36 £ 0.06 - 5.08 £ 0.96
_ Solvent: n—Octacosane
373 1430 1.22 4+ 002 - 0.89% - 0.71 & 0.0t
413 1380 2.16 £ (.01 - 1.36 = 0.05 - 1.25 + 0.01
54 1380 3.20 £ 0.09 - 237 = 0.01 - 1.59 4+ 0.02
495 1390 4.70 <4+ 0.07 - 3.39 = 0.04 - 2.84 £ 0.10
534 1370 6.33 £ 0.08 - 4.82 & (.09 - 3.91 £+ 0.04
Solvent: Flscher—Tropsch Wax

475 1400 3.99 = .07 - 288 £ .11 — 1.88 &£ .12
504 1400 5.15 4= 0.06 - 3.69 4 0.23 - 2.5356 £ 0.08
836 1400 B8.07 4= 1.15% - 4586 & ﬂ.[!S_ - 3.02 £ 013

1. This value represents a single measurement. -
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Table 7.2 Infimte Dhlution Diffusion Coefficients for Gases
in n—Eicosane, n—Octacosane, and Fischer—Tropsch Wax

(D3 x 10* m®/sec, =k 1 standard deviation)

P
(kPa)

1340
1400
1370
1420
1410

1360
1350
1350
1360
1340

1400
1400

1400

H, . CO

Solvent: n-Eicosane

16.6 = 0.5 5.69 £ 0.06
23802 820 = 0.1
33.0 =00 117+ 0.4
4586 = 0.5 170 = 0.2
- 224 £ 0.5

Sol_venn: n~Octacosane
134200

4.36 £ 0.16
20.5 + 0.2 5.98 = 0.05
29.3 £ 0.3 10.7 = 0.0
410t 15.7 £ 0.5
51.5 £ 0.3 18.8 + 0.2
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Solvent: Fischer—Tropsch Wax

36.8 = 0.Y 15.11
47.3 £ 1.7 17.4 + 0.3
N4? 217 £ 0.2

1. This value represents a single measurement.
2. At this condition, hydrogen reacted with a component of the FT wax.

10.7T £ LT
14.0 0.3

181 = 0.7



33

B/ = n-Octane In n-C,,
® = n-Dodecane in n-C,,
~ A = n-Hexadscane in n-G,,
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7.1. Diffusion coefficients for dilute n-alkanes in n-ejcosane.
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Frgure 7.2. Diffusion eocfficients for dilute gases In n-eicosane.
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Figure 7.3. Diffusion coefficients for dilute n-alkanes in n-octacosane.
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Figure 7.4. Diffusion coefficients for dilute pases in n-octacosane.
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the same solutes in the solvent n-octacosane are also plotted in Figures 7.5 and 7.6.
These plots illustrate that the diffusion coefficients measured in the Fischer-Tropsch
wax data not only follow the same general trends as the n-octacosane data but agree
closely in magnitude as well. This observation can be partially cxplained by the
fact that the average carbon number of the FT wax was approximately 28, the
carbon number of n-octacosane (see Chapter V). Later in this chapter, this result
1s discussed in detail.

‘The ciffusion coefficient for hydrogen in the Fischer-Tropsch wax could not be
measured at 536 K because the hydrogen completely reacted in the diffusion bube at
this condition. Approximately 5 times the volume of a normal injection had to be
injected in order to see a diffusion peak ciute on the chart recorder. When enough
hydrogen was injected to observe peaks, the peaks were greatly distorted, as if they
may have contained a relatively high molecular weight produet. Surprisingly, oo
uﬁusua,l effects were noticed when diffusion coefficients were méasured for hydrogen
in F'T wax at either 504 or 475 K,

It can only be surmised that either the F'T wax contained catalvst fines,
the stainless steel tube itself acted as a catalyst, or that certain high molecular
weight compounds spontanecusly became unstable at the highest experimental
temperatures. Unfortunately, this problem could not be pursued withowut taking
the risk of fouling the diffusion tube with the unknm;m reaction products.

Following the completion of the Fischer-Tropsch experiments, selected measurc-
ments were repeated in the solvent n-hexadecane at conditions where data had been
measured previously by Matthews et al. (1987a). Both diffusion coefRcients and
solvent nﬂ;ensit}r resulis agreed within experimental error with measurements made

prior to the Fischer-Tropsch experiments. These results confirmed thai sighificant
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B =n-C; in n-C,y
U=n-C4 in FT wax
- ®=n-C,; inn-Cyg
O=n-Cyy in FT wax
A=n-Ciginn-C,g -
A= n-Cy in FT wax
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Figure 7.5. Diffusion coefficients for dilute n-alkanes in Fischer-Tropsch wax.
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Figure 7.6. Diffusion coefficients for dilute pases in Fischer-Tropsch wax.

32

®=H, inn-C,,

— Li=H, in FT wax

- @=C0in n-CzE »
C=C0 In FT wax
- A=CO0,Inn-C,
A= CO0,in FT wax

L 1 1 r 1 L 1 1 | 1 L | | L

350.0 400.0 450.0 500.0
TEMPERATURE (K)



fouling of the diffusion tube had not occured.

B. CORRECTICXN OF PREVIOUSLY REPORTED VALUES

Diffusion coeHfieients teported from the first phase of the Texas A&M diffusion
study (Matthews, 1986) were recalculated using the computer model which was
described in Chapter V1. The corrected values of the diffusion coefficients for dilute
n-Ca, n-Cyg, n-Ci2, n-Cs, and n-Cye in the alkane solvents n-Cq, n-Cy3z, and n-
(s ere given in Table C.1 of Appendix C. The correcied values for hydrogen,
carbon monoxide, and carbon dioxide in tlie same solvents are given in Table C.2
of Appendix C. The data cover the temperature range 208 to 566 K at pressures of
approximately 1400 and 3450 kPa (200 and 300 psia).

The diffusion coefficients caleulated by Matthews (1986) using the moment
method generally agreed with the data in Appendix C fo within 3 percent, but
there were several scvere exceptions. As expected {see Chapter VI, the agreement
for the low temperature alkane data was poor, with some moment method resuits
T% higher than the results given in Appendix C.

Several diffusion ceefficients for gaseous solutes calculated by the moment -
meihod were also in error by several percent. The larpest errors were 10 - 12% and
occured for hydrogen solute peaks wioch are typically very narrow. Errors of this
magnitude did not oceur when the moment method was originally used to caleulate
the diffusion coefficients for gaseous soiutes in n-eicosane, and n-octacosane. These
arrors can most likely he attributed to the fact that the moment method is highly
susceptible to crrors in the selection of the peak end points for such NArrow praks.
This source of crror has heen eliminated by the new eurve fitting procedure which

has been demonstrated to be relatively insensitive to peak end point selection.



Table 7.3. Density of n—Eicusane, n—{ctacosane, and Fischer—Tropsch Wax

T
(K)

3o
413
454
495
D34

373
413
454
435
534

454
475
495
a04
- 034
336

1. Obtained from linear extrapolation of actual data.

Pt,hia work 7 this wark
(kPa) (gm/em?)
Solveni: n-FEicosane
1380 0.735
141{ 1.712
1400 (1.G584
L350 0.654
1320 0.626

Solvent: n-Octacosanc
1430 (0.756
1380 0.734
1350 0.705
1390 0.675
1370 . 0.651
Solvent: Fischer—Tropsch Wax
1400 0.700%
1400 0,687
1400 0.673°
1400 0.669
1400 . 0.645%
1400 - 0.6432

2. Obtained from lhinear interpolation of actual data.

3. Texas A&LM Thermodynamics Research Center Tables (1986, cf. API Research

Project 44): atmospheric pressure.

4, Doolittle and Peterson (1551): measured with pycnometer, corrected to vacuum.

P literature

(gm/cm?)

0.733*
0.7093
NA
NA
NA

0.75554
0.7304
0.703*
0.676%
0.650%

NA
NA
NA
NA
NA
NA



D. ROUGH HARD SPHERE CORRELATION

Although the relationship given by Equation 4.20 has been found to accurately
predict measured infinite dilution cl.iﬁ'usion coefficients for a wide variety of solutes
diffusing in n-alkene systems (Matthews and Akgerman, 1987b; and Chen et al.,
1982), a rigorous explanation of the eguation in terms of Rough Hard Sphere

parameters has never been piven in the literature. Equation 4.20 is recalled below;

DY _ s
=8V - V) (4.20)

There 13 no theoretical justification for assnming that Equation 4.20 which is for
mutual diffusion coefficients can be deduced from Equation 4.19. Equation 4.19
was developed by Dymond {1974} using self diffusion molecular dynamics rachine
calenlations and was was intended to apply only to self diffusion coefBcicnts.

In order to understand the physical meaning of Equation 4.20, it is necessary

to write the equation in terms of the Rough Hard Sphere parameters. This can -

be accomplished by starting with the general form of Equation 4.19, Dymond’s

- (1974) equation for the RHS self diffusion coefficient. Following some algebraic

- manipulations, Equation 4.19 can be written in general as;

DDYM B
=Ad+——-(V = bV, 7.1
ﬁ méfiﬂ'g ( . ﬂ) { )

where DPYM i3 the Dymond self diffusion coeflicient, B is s uriversal constant for
all fluids, and 4 Is the translational-rotational coupling factor discussed in Chapter
I¥. An expression can then be written for Dy; in terms of Dymonds self diffusion
result; |

DRHS

DIE -
fHS
D

. DDY:'PI {T.QJ

In Equation 7.2, Dog is the self diffusion coeflicient of the solvent, 2.
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When Equations 4.16 and 4.17 are substituted into Equation 7.2 for DE® and

D%H 5 the equation for D3 becomes;

| ﬁ =3- [V = b¥,) {7.3)

where 7 15 given by the following expression;

e

K l{ma+Mz}rﬁ_ glon) [DFFS/DEE]S,, (1.4)

12
¥rq T1ig Q’fUIE}ﬁ E—D&SEHSJ"‘DEZE]MD

In these equations, K is & universal constant. The superseript °, which

7
Tia

refers to the special case of infinite dilution, has been used because only infinite
dilution diffusion coefficients were measured during this study and because only
infinite dilution molecular dynamics data are available in the literature. However,
the equation could be written in general and used to predict the concentration
dependent mutual diffusion coeflicient if molecular dynamics data were known as a
function of soluke concentration.

The parameter 3 in Equation 7.4 is a complicated function of ¢y, o3, my, ma,
Ity Iz, and V', but is constant for any given solute-solvent pair. Since there is not
enough information available to calculate 3, an alterﬁative approach is to develop
a correlation based on the parameters which are known or can easily be estimated.
Of course, before such a correlation can be developed, it is necessary to demonstrate
that the data fits the general form of the model.

In Figures 7.7 through 7.10, P2 /T was plotted versus V for the same solite-
solvent systems which were plotted in Figures 7.1 tﬁrough 7.4. There was a strong
linear relationship for each solute-solvent pair indicating that the parameter 8 does
not depend strongly on the solvent molar volume, V. This linear behavior could not
bave been deduced from Equations 7.3 and 7.4 since the individual pair distribution

functions and molecular dynamics terms are each strong functions of molar volume.
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Figure 7.7. Linear behavior of D3/ VT versus V for n-alkane solutes in n-eicosane.
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Teble 7.4 Linear Regression of DY, ,.H/T versus Selvent Molar Volume
for the Solvents n-Ficosane and n—Octacosane

10°D2, /VT = 3(V — V)

L R

(Df, inm?/s, TinK, ¥Vin con® fmol)

Solute it Vo
(em? /mol)
Salveni: n—-Ficosane
n—gctane 0.03845 3613
n—decane (0.03409 361.8
n—dodecans 0.003037 362.9
n—tetradecane 0.0032693 as2.7
n—hexadecanc 3.002470 363.2
Hs 0).02604 351.6
cO 0.01012 336.1
CO, 0.008629 333.2
Solvent; n-{ctacosane

n—octane 0.02445 494.5
n—dodecane 0.001901 408.7
n-hexadecane 0.001541 499.5
H, 0.01738 482.5
CO 0.007073 489.2
CO4 0.005572 434.9

a3

Using simple linear regression, the slopes and intercepts, J and Vp, were

calenlated for each solute-solvent pair and are given in Table 7.4 for the solvents

n-eicosane and n-octacosane.. Table 7.5 is a similar table for the data in Appendix

(., which also followed the genetal form of Equation 4.20.

The intercepts Vp, as determined from regression analysis, werc a strong
function of the solvent properties, as expected. However, Vp also depended weakly
on the solute. The gaseous solutes, which are much smaller and lighter than the
alkancs, always yielded intercepts which were consistently lower than the alkane
intercepts, and hydrogen, the smallest solute, had the lowest intercept for nearly
every solvent. For most solvents, the intercepts increased with solute size and

weight even for the alkane solutes, although the trend was difficult to deseribe
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Table 7.5 Lincar Regression of DY, /+/T versus Solvens Molar Volume
for the Zolvents n—Heptane, n-Dodecane, and n-Hexadecane

10°D9, /T = B(V — Vi)
(Dfs inm®*/s, T in K, V' in em? /rnol)

Solute : 3 Vb
' {cm?fmol)

Solvent: n-Heptane

n—octane 001151 1348
n—decane 0.01017 134.7
n—dodecane ¢.009126 1342
n—tetradecane (0.008623 136.3
n-hexadecane 0.0075844 135.1
Ha _ 0.06473 128.9
CO 0.02757 1341
Solvent: n—Dodecane
n—octane (.0068530 : 220.0
n—decane 0.005908 _ 220.1
n-tetradecane 0.004823 233.1
n-hexadecane 0.004611 225.4
H, 0.04301 215,8
0 0.01637 215.4
COs 0.01412 214.4
Solvent: n—Hexadecane
n-octane 0.005351 290.4
n—decane 0.005139 203.3
n—dadecane 0.004129 380.5
Ha 0.02928 251.2
CO 0.0125% : 2847
Co, 0.01072 282.6

quantitatively because the intercepts were often within experimental error of each
other. The general trend observed for the intercepts can be explained by the fact
that smaller solutes are more mobilé than larger solutes, even in the limited free
volume available for diffusion near the freezing point.

Equation 7.3 predicted that Vg is given by the following simple relationship,

where b 13 a constant, NV iz Avogadre’s number, and V, is the theoretical close-
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packed volume for solvent sphercs of dlameter a;
Vp = by = bNoi/V2 . {1E)

Although molecular dynamics data for self diffusion indicated that b was a consﬁant,
it was allowed to be a weak function of solute size for mutual diffusion in accordance
with the trends observed in the experimental data. Values for o were ealculated
using Bondi’s {1964) group contribution method which was based on experimental
x-tay diffraction data and are given in Table 7.6. (This table also includes the
molecular weights of all solutes and solvents.) Bondi's method involves calculating
the hard core volume of the molecule, From these volumes, the diameter of ag
cquivalent volume sphere is easily caleulated. Bondi's method was chosen becanse it
allows the calculation of a consistent set of molecular diameters for several different
groups of compounds. It wonld be preferable to use true hard sphere ¢’s, but.
unfortunately the self diffusion and viscosity data which is necessary to caleulate
the hard sphere ¢'s is not available for many compounds.

Using simple linear regression of the iutercepts in Tables 7.4 and 7.5, the

following simple formula was developed for by

b= 1.206 + 0.0632(7, /ay) FE O (1.6)

Tar

This formula reduces to the constant 1.269 for the case of self diffusion, where o
equals ¢2. With b equal o 1.208, Equation 7.6 agrees closely with the triple point
volume for each solvent, as shown in Table 7.7, This agreement confirmed that the
constant has a strong theoretical basis, since the intercepts for self diffusion are
expected to be near the melting points of the sclvenia.

One of the prmary goals of this study was to correlate the gas and alkane

solute diffusion coefficients in a single correlation, In order to achieve ihis poal, a
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Table 7.6 Molecular Diamcters and Weights for All Solutes and Solvents
Componnd o {Angstroms)! M {gm/mol}

. : 2.932% 2.016

CO 3.72 28.01
GO, 3.97 44.01
n-C»Hq 6.29 ) 100.2
n—CgH g 6.55 114.2
n-C1oHag 7.00 | 142,3
n-C13Hye 7.44 170.3
0-C14Haq 7.51 | 198.4
0-CysHaa 8.15 226.5
n-CaoHyo 875 - 289.5
n-CysHsa 9.76 394.8
n—C;Ha 4z (21.82 + 32.445 )1/ 14.0275 + 2.018

1. Molecular diameters for all molecules except hydrogen were calculated using
‘Bondi’s (1964) method. Bondi (1964) did not provide data for Hi.

2. Lennard-Jones ¢ given by Hirschfelder, et al. (1054} as caleulated from viscosity
data. (Lennard-Jones o°s calculated from viscosity data closely match Bondi {1964}
o’s for most molecules smaller than n-heptane where compatisons are possible].
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Table 7.7 Comparison of Solvent Limiting Moelar Volurnes (em?/gmol)

Sobvent D, wip. 1.269%y Vip, tig
n-CrHqe 123 - 136 135 129.3
1-C i Hag 214 — 325 | 222 22121
n-CisHag 281 — 290 293 292.21
n~CapHan 352 - 363 363 363.7
n—CosHsa 483 — 300 503 503.0°

1. Texas A&M Thermodynamics Research Center Tables (1973, ¢f. API Research
Project 44}): atmospheric pressure.

2. Linearly extrapolated with carbon number from data for lower molecular weight
n-alkanes. -

general expression for the slopes, 4, was necessary. 3 was allowed to be a ﬂﬂcticﬁ
o.f only the following RHS parameters; ¢y, oo, M1, and M,. 2 was not allowed to
be a function of V', because Figures 7.7 through 7.10 indicaied that the dependence
of Dyq fﬁ on V' was adequately described by the term (V' - 5V,). The moments
of inertia f) and Ip, which are functions of the individual bond lengths and atomic
masses, were not inchided as parameters in the correlation for 3, because these
pa.raﬁleters cannot be easily calculated except for the simplest of molecules.
Several representations were initially determined for 3 using ﬁnear regression
which adequately correlated the diffusion of either gaseous or liguid n-alkane sclutes
in n-alkane solvents. Howover, none of these initial expressions adequately predicted
diffusion coeflicients for both gaseous and liquid solutes. Evéntually an expression
was developed which represented all of the data using only the following four

variables; the solute molecular weight, M;; the solvent molecular weight, My; the




=l e " — et ., "~ -
N T = S fcs
. o e e e =

104

solute diameter, oq; and the solvent diameter, o9, The funciional form found to

represent the slopes, 3, i1s given by the followlng equation;

al -
T MYME(ay0,) (77)

g

Using the form of the slope given in Equation 7.7, the following equation was
developed which summarizes all of the diffusion coefficients in n-alkane solvents
which were measured during this study, and also the previously measnred diffusion
coelliclents which were given in Appendix C:

10°Dy, 94.5 .
vT MBS ML () gy ) 1134 {(V -1} (7.8)

In this equation, Dyy is in m?/s, T is in Kelvin, molecular weights are in gm/mol,
and the molar volumes are in cm®/mol. V, and b are given by Equations 7.5 and
7.6. The diameters ¢ and o7 are in Angstroms and were given previously in Table
7.6 as calculated by the method of Bondi (1964).

Equation 7.8 predicts the data very well as illustrated by Figures 7.11 and
7.12. The average absolute percent deviation from the experimental data was
6.3%. The largest percentage errors oceured for alkane solutes at low temperatures
where the absolute value of the diffusion coefficients were quite low. In such cases,
the megnitude of the errors were often small, even though the percentage errors
were relatively large. The general trends which were observed in the data are
also predicted by Equation 7.8. In any given solvent, the equation predicts larper
diffusion coefficients for small, low-molecular weight solute molecules than for large
heavy solute molecules. The equation alss predicts that any given solute will diffuse
faster through small, low-molecular weight solvent molecules than tluoﬁgh large,

high-molecular weight molecules,

gl b v T ol R S o L T e
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Figure 7.11. Comparson of measured diffusion coefficients for liquid n-alkane
solutes in n-alkane solvents o the predictions of Equation 7.8,
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In order to test the agreement of Equation 7.5 with the RHS theory, the
cquation was reduced to the following form for self diffusion;

10°Day 40.6
v/f M‘I.Mﬂ 'I_fﬂu.’.’ﬁﬁ

The peneral form of Equation 7.0 is identical to the form of Equation 4.19 which

(V — 1.269V,) | (7.9)

was developed by Dymond {1974} using computer calculations for self diffusion.
The fact that these equations are similar is a further indication ihat Equation 7.9
has a;x strong fundamental basis. From Equations 4.1% and 7.8, it can be shown that
the translaiional - rotational eoupling constant for self diffusion, A, for n-alkanes is
approximnately proportional to the following function of molecular weight;

1
A0

Aa (7.10)

¥, has been eliminated from the above expression by employing the Ghservatir:_m
that V, is approximately proportional to A for n-alkanes. An exact expression for
A cannot be written because Bondi's {1974} ¢'s do noi agree exactly with hard

sphere o'z,

E. VALIDATION OF CDRRELATIOB; USING LITERATURE DATA

Equation 7.8 was tested using normal alkane-alkane infinite dilution mutual
diffusion coefficient data from mixteen different literature sources. Solute carbon
numbers ranged from 1 to 32 and solve;nt carbon numbers ranged from € to 16. The
results of this comparison are given in Appendix D. Of 149 individual data points
located in the literature, only 21 measurements were at temperaiures above 50°C,
In general, the agreement was excellent considering that Equation 7.8 was based
on data almost exclusively measured above 50°C and was not mtended for use at

ambient conditions.
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The correlation predicted the Taylor dispersion data of Alizadeh and Walkeham
(1982) especially well. For this data set, which included 33 measurements in the
solvents n-hexane, n-heptane, and n-octane, the average absolute percentage error
was only 5.1%.

Equation 7.8 did not accurately predict the data of Moore and Wellek (1974)
for the solute decane in solvents ranging from hexane to decane. For this particular
data, which included 19 measurements, the predicted diffusion coefficients were
consistently less than the measured values by an average of 27%. The large disparity
netween predicted and measured values was puzzling, until the data was compared
to other data 1o the literature. Moore and Wellek's reporied diffusion coefficients for
the solute n-decane are consistently larger in magnitude than the data reporied by
others. Although several cxamples of .disageament can be noted, the most startling
15 for n-Chyg in n-C4 at 25°C. Moore and Wellek (1974) reported D7, to be 4.632
x 107° m?/s while Bidlack et al. (1069) reported 3.02 x 10~°. For n-Cyp in n-Cq
at 25°C, Moore and Wellek reported 3.08 x 107° while Lo (1974) reported 2.54 x
1079, Moore and Wellek’s (1974) data was measired using a unique unsteady state
porous {rit apparatus which required a tedious calibration. Most likely the required
calibration was in error.

The correlation given by Eguation 7.8 consistently over predicted the methane
solute data of Chen et al. (1982) by an average of 28% for 14 datapoints. A
portion of this error may be due to the fact that Chen’s diffusion meﬂicients Were
calculated wsing the graphical analysis methed for Taylor dispersion {see Chapter
IT). However, it is unlikely that the sole source of error can be explained by the data
analysis method. It may be difficult for the madel to ﬁccurately predict diffusion

for small gaseous solutes becanse n-Cy was the smallest alkane solute in the data
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base which was used in the model development.

The correlution given by Equation 7.8 was also used to predict the diffusion
coefficients measured by Chen et al. (1982) for the noble gases argon, krypton
and xenon in n-Cs, n-Ciq, and n-Cig, at tcmpemtﬁes of 208-433 K. Since Bondi
{1974) did not give the necessury information to caloulate molecular diameters
for the noble gases, values of Lennard-Jones 7’s determined from viscosity data
(Hirschfelder ec al. {1!}54}] were used in Equation 7.8. These diameters were chosen
because Lennard-Jones ¢'s calculated from viscosity data closely match molecular
diameters determined by Bondt’s method whére comparisons are possible. Equation
7.8 predicted the data for the noble gases extremely well as illustrated by Figure
7.13. For a total of 3¢ reported measurements, the correlation predicted the resulis
with an average absolute error of 12.8%. Since Chen et al, (1982) caleulated
the reported diffusion coefficionts using the graphical method of Taylor dispersion
analysis, a portion of the error between the predicted and observed results may be

due o systematic error caused by the graphical method (see Chapter II).
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F. PREDICTING DIFFUSION COEFFICIENTS IN FISCHER-TROPSCH WAX

Suggestions will now be given as to how Equation 7.8 may be used to predict
diffusion coefficients in Fischer-Tropsch reactor wax. It has already been noted that
the average carbon rumber of the Fischer-Tropsch sample used for this study was
near 28, and that the mixture was primarily normal alkanes, although some olefins
and branched paraffins were also present in the sample. The diffusion coefficients _
and densities measured in the Fischer-Tropseh wax were also demonstrated to be
similar 1o Iﬁag;nitude to the corresponding measurements in n-cetacosane, which
also lias a carbon number of 28, For esthnation purposes, it is recommended that
Equation 7.8 be used by treating the wax as a pure alkane with carbon number
equal to the approximate average carbon number of the mixture. This sugpgested
treatment is not based solely on our data. Van Geet and Adamson (1964) have
. demonstrated that diffusion in alkane mixtures is a funciion of the average chain
length of the mixture, There is also theoretical justification for modeling chain
molecules using average chain length (Prigogine et al., 1953 and Longuet-Higgins
(1953)).

The e.rmrs associated with using the suggested method decrease as the average
carbon muwmber increases. This point is illustrated by Figure 7.14 which shows the
diffusion coefficients for n-alkane solutes as a function of n-alkane solvent carbon
number at the constant temperature of 475 K, as predicied by Equation 7.8. An
analogous plot for gaseous solutes is given in Figure 7.15. Both F igure 7.14 and
Figure 7.15 illustrate that as solvent carbon nurnber increases, the model becomes
less sensitive to carbon mmmber. This result indicates that for high molecular weight
solvents such as FischerTropsch wax it is not erucial to know the average carbon

mumber exactly. The suggested method is bound to raise some concern regarding
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Figure 7.14. Effect of n-alkane solvent carbon number on the diffusion coefficients
of dilute n-alkane solutes,
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Figl}re 7.15. Effect of n-alkane solvent carbon number on the diffusion coefficients
of dilute gaseous solutes.
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the efect of olefins on the diffusion coefficients in Fischer-Tropsch wax. Olefins are
smaller and lighter than the corresponding alkanes with the same carbon mumber.
For this reason, the presence of olefins tends to increase the diffusion coefficient for
ali solutes. The reason that the olefins in the sample did not affect the measured
Jiffusion coefficients to a greater degree in this study is that most of the clefins were

mono-olcfins, with similar properties to the corresponding n-alkanes, For design
| purposes, it is prudent to assume that the Fischer-Tropsch wax is a2 pure alkane,
since this assumption will result in a conservative (low) estimate of the predicted
diffusion coetficients.

Many Fischer-Tropsch waxes contain a much higher percentage of oxygenates
than the Union Carbide wax. Oxygenates are heavier and larger molecules
than corresponding alkanes with the same carbon mumber. For this reason, the
presence of oxygenates would likely decrease diffusion coefficients as compared to
measurements in a pure alkane.

The experimental data and suggested predictive scheme.for diffusion coefficients
in FT wax indicate that currently used estimaﬁes of diffusion coefficients in the
wax are highly erronecus. The diffusion coefficient of hydrogen in Krupp wax was
predicted by Satterfield and Huff (1950). Krupp wax is & refined Fischer-Tropsch
paraffin typically used in FT reactors ab the U.S. Bureau of Mines, UK. Fuel
Research Station and Rheinpreussen, Germany (see Satterfield and Huff (1980))
and has been adupt_ed by many experimentalists as a standard Fischer-Tropsch
wex. The properties of Krupp wax are closely approximated by the properties of
n-triacontane {Cso)- Satterfield and Huff (1980} iised the Wilke-Chang equation to
predict the diffusion coefficient of the solute hydrogen in the solvent n-triacontane.

The Wilke-Chang predictions were then correlated and the resulting correlation was




suggested by Satterfield and Huff (1980) for predicting the diffusion coeffeient of

hydrogen in Fischer-Tropsch wax;

)
.D_:_g =735 x ID_?EXP (E_H&E“—)

= (7.11)

where [hy is in m® /s and T is in K.
Fuo (1983) modeled an FT slurry reactor using the following correlations for

gaseous solute diffusion coefficients in F'T wax;

(7.12a)

—287
For Hy; D1, = 3.90 x 10 %exp (—EL)

T

For CO: Dy = 5.99 x 10 %exp (—_1?_) (7.12b)

For CO2; D3 =3.70 » 10 %exp (:-11;1) (7.12¢)
In these ﬂqu,ati{;ns, T is the temperature in K, and D14 is the diffusion coefficient
in m*/s. Equation 7.12a was reported to be an extrapolation of the diffusion
coefficients for hydrogen in Fischer-Tropsch wax measured bir Peter and Weinert
{1956). Equation 7.12b for carbon monoxide was devéloped to predict values of
the diffusion coefficient which in turn could be used in mass transfer coefficient
- corrclations to. match experimental mass transfer coeficients. Equation 7.12c was
an e.‘-:trapnlation.éf the diffusion coefficients for carbon dioxide in n-hexad;ecane at 25
and 50°C meansured by Havduk and Cheng (1971). Table 7.8 iiluatrates the dangers
af such extrapolations by comparing the predictions of Equations 7.11, and 7.12 {a,
t, and ¢) to the actual data measured in this study. The predictions of Fquation
7.8, calrulated by modeling the wax as n-Cag, ars also included for CoOMmparison.
Peter and Weinert (1956) actually measured the diffusion coefficient of hydro-

genin: a F'T paraffin wax with a mean molecular weight of 340 to be approximacely



Table 7.8. Comparison of FT Wax Diffusion Correlation Predictions
to Measured Diffusion Coefficients

(10°D7,, m?/sec)

T (K) Solute Measured! Egq. 7.82 Eq.’s 7.123  Eq. 7.11¢
475 H, 36.9 31.9 9.13 . 5.99
204 Ho 47.3 39.4 12.9 7.89
936 H, NA 7.3 18.2 10.3
475 0 15.1 12.6 1.92 NA
a4 Co 17.4 15.6 - 2.35 NA
536 C0 ' 21.7 15.9 2.85 NA
475 COy 10.7 10.5 1.80 NA
234 CO, 14.0 L0 2.14 N4A
336 0O, 18.1 - 15.7 2.33 Na
1. Measured this work, sece Table 7.2.

2. Developed this work.

3. Kuo (1983).

4. Satterfield and Huff {1980).

60 x 107 m? /s at 200 psia and 473 K. Peter and Weinert's (1956) measurements

- depended on accurate estimates of hydrogen solubility and are therefore unlikely

to be as dependable as the measurements reported in this siudy. However, even
though the measurement of Peter and Weinert (1956) at 473 K and 200 psia, is
considerably higher than would be indicated by the pfeaent stody, it is much more
reasonable than the predictions of either Equation 7.11 or Equation 7.12a.
Equation 7.11, which was based on the predictions of the ﬂ’ilke—.('}hang equa-
tion, failed because hydrodsmamic models such as the Wilke-Chang equation cannot
be expected to accurately predict dif‘fusion coefficients in dilute solutions when the
solute molecule is much smaller than the solvent moleculs (see Chapter IV). The
reasaﬁ for the large discrepancy between the predictions of Equation 7.1%a and the
measured results is unclear considering the fact thai ICue (1983} reported Equation

7.12a was an extrapolation of Peter and Weinert’s data, Unfortunately, Kuo did not
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give & detailed account of the development of Equation 7.12a. It is meahle that
the pre-exponensial factor in Equation 7.12a was adjusted so that the carrelation
could be used to predict diffusion coefficients which led to the caleulation of mass
transfer coeflicients which agreed with experimental mass transfer coefficients,
The most commonly used correlation for predicting Fischer-Tropsch mass
transfer coefficients for gases in Fischer-Tropsch wax is the correlation of Calderbank
and Moo-Young {1961). For small gas bubbles less than 2.5 mm in diameter, the

mass transfer coefficient in the liquid phase was given by Calderbank and Moo-

Young as;
o 1/3
kL = [I:Dm}?;] [7.13_}

witere [215 i the diffusion coefficient of the gas in the liquid, p and v are the denszity
and viscosity of the liquid, and the constant ¢ depends on the units of the other
parameters. The correlation predicts that Ly is proportional to (D)3, If kg,

values were calculated using the experimental diffusion coefficients from this study,

the ki, values would be 2.5 to 3 times larger than the mass transfer coefficients

zalculated when either Equation 7.12a, b or ¢ was used to estimate Dis and more
han 3 times larger than the ki values calculated when Fquation 7.11 was used to
estimate 15,

Kue (1983) and Satterfield and Huff (1980} have assumed that since their
predicted values for D5 can be used in the Calderbank and Moo-Young correlation
o accurately predict mass transfer cagﬂ'icients, then their estimates of Dy, must
be reasonable, This argument is ontly valid if the Calderbank and Moo-Young

correlation is correct. The argument is fawed by the fact that the Calderbank and

Moe-Young correlation was based on low temperature (less than 50°C) experimental

mass transfer data, For this reason, ‘using consistently erroneous values of Dya



118

i the Calderbank and Moo-Young correlation can lead to reasonable predictions

of ky, the mass transfer coefficient. If accurate values of [z at the elevated

temperatures typical of most industrial processes were used in the Calderbank and

Moo-Young correlation, it would undoubtedly yield poor estimates of experimental
mags transfer coefficients. These results indicate that new correlations for mass

ransfer cosfficients at elevated temperatures are desperately needed.



