CHAPTER VI
CALCULATIONS

6.1 Calculation of Enthalpy Change from % Composition of the products

The thermodynamic equilibrium constant Ku is related to the standard
Gibbs energy change for the process by

AG’=-RT InKu (6.1)

The thermodynamic equilibrium constant Ku is a dimensionless quantity.

If the standard state for delta G° is 1 atm pressure, Ku is Kup, which is the

dimensionless form of Kp in which pressures are in atmospheres; if the

standard state is 1mol dm"3 the Ku is Kuc, which is the dimensionless form of
Kc in which concentrations are expressed in mol dm"3,

InKup = - AG®/RT = - (AHO/RT) + (ASO/R) (6.2)

INK2-InKi =-(AHO/RT2) + (AHO/ RTi) (6.3)

In(K2/ K1) = (AH°/R) [(1/TO - (1/T2)] (6.4)

= (AHO/R) [(T2-Ti) [ (T]T2)) (6.5)

In (K2 /K1) \
Slope = (AH° / R)

(T2 -Ty)/(T1T2)

Figure 6.1 Plots of In (K2 /Kaq) against (T2 - T[) / (TiT2).



6.1.1 Enthalpy Change of Rubber Solvent

Table 6.1 Rubber Solvent by GC PIONA Method

Temperature (LC)

64

Fractions 125 130 135 140 150  Mean Values

C7
g
9
c,0
Cl

% Composition
(GC PIONA)

0.03 0 0 0 0
345 200 18 175 248
3176 29.08 3430 3290 39.82
5310 56.65 57.65 59.77 50.71
TOT 1771 & 53 672
03 020 0 0 005
016 018 018 019 015
004 004 0 0 0
Total

Hydrocarbon Composition (Rubber Solvent)

(%7 . C8 C9 €10 <Cll
ractions

0.006
2.298
33.572
5.976
8.202
0.096
0.172
0.016
99.938

 _—e—140

—— 150

Figure 6.2 Plot of % composition by GC PIONA against temperature.

From the GC PIONA method, we found that Rubber solvent is Cs
to Cg dominant. Therefore, use the data Cs to Cg % composition to
calculate the enthalpy of the product.



Table 6.2 Enthalpy change of Rubber solvent (based on C5to Cg)

() Enthelpy Change Calculation Based on ¢, (K| e@140°c = 175, R=8.314 JMl K)

T2 1§5LQ

1%
150

9

@ “ap )

R g KK RIAK) T)TT2 T,

1971 0678758 QL5536
1143 0133531  -60082LE-05

10958, 27
1664390

181 104 003711 -2%729E05  -33/00.80

mTl"

LAI7 0348643 57241305

1746990

ki ™"
-2222. 483146

-1136.089601
6090. 754367

(b) Enthelpy Change Calculation Based on K, c@140°c = 2.90, R=8.314 JMil K)
UJ&LQTZK K2 k2 k In&&z@ (T2-T TT2 T1095827]) hwg’élgﬂgﬂ) AR

15 (1]
~w it 98

150

13) “5B- 29
A

0884 012342 6(1)821505
0041673 -2%6/29E-05
0190897  5.72413E-05

-1664390

-33700.80

1746990

204.223511
-1404.403207
3334.945226

65

AHUG
6183967
-18477.72

G545
5063853

AHUG
321289
1707881

-11676.21

201571!



66

(c) Enthalpy Change Calculation Based on CAK, c1@140° = 59,77, R=8.314 JMdl K)
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TR 12 W2 HKK) RT)TT2
7 F 200 OTE 9D

1 yria. 2200 0738 Frrd
% T05 00 105 01819 279D
B “QF 67 18 023 STUER

2y (GKETaTLAR AT

1095827 1296.65810 1078042
1664390 892.3106923 - T41867
-337100.80 1207057754 1011862
1746990 -2871.714968 2381544
534, R=8314 JMII K)
G AR Ao

109%2-2 %]TZGGH; 672%7.53
-16643.90 -13154.14466 -10936356
-33700.80 -3983.40408 -3311802
1746990 4015674916 3336.32



(©) Ertrelpy Carcp Glaudetion Bseln Co€B

TerrperaMre C

H)
135
150

Percant Perognt Percent Percent

ﬁ [ A6 JR® B0 084 U 67313
BI7 008 1088 %6 /867 ﬁf 10683%

18 %b A U6m2 S 10186 JBQ

28 685 @ Z7E7 N 2BH4 67 B

50

241084
1199968
2604742



68

s.1.2 Enthalpy Change of Straight Run Light Hydrocarbon

Table 6.3 Straight Run Light Hydrocarbon by GC PIONA method

Fractions 125

0.04

Cs 0.84
9.12

30.44

43.33

c9 11.49
Co 4.41
Cy 0.23

Temperature (LC)

130
0.04
0.85
8.3

28.68

42.73

16.04
2.49
0.24

135
0.03
0.65
8.04

32.25

46.48
9.42
2.17
0.29

140
0.02
0.53
6.92

31.29

41.75

12.00
1.08
0.33

150
0.04
0.76
1.88

29.17

41.12

1351
118
0.26

Total

Mean Values
0.034
0.726
8.158
30.366

45482
12.492
2.396
0.270
99.914

Hydrocarbon Composition (Rubber Solvent)

% Composition (GC
PIONA)
—_— N W A W
O OO0 O O O

Figure 6.3 Plot of % composition by GC PIONA against temperature.

From the GC PIONA method, we found that Straight Run Light
Hydrocarbon is Ce to Cio dominant. Therefore, use the data of the Ce to
Cio % composition to calculate the enthalpy of the product.



Table 6.4 Enthalpy Change Calculation Based on Qto ¢ 1)

Temperature,°c Percent AH°CO Percent ah°,c7

125
130
135
150

9.12
8.3
8.04
7.88

25150.5
33728.00
42032.00

1S869.1

30.44
28.68
32.25
29.17

2509.18
12052.5
8467.15
10190.1

Percent AHotOB Percent AH°C9 Percent AH >C0

43.33
42.73
46.48
47.12

8849.57
15370.7
7553.03
1929.07

11.49

3956.74

16.04 40154.20

9.42
1351

67825.66
17214.92

441
249
2.77
118

128179.72
115589.63

263905.66
12861.92

ah°t,,
7346.66
19443.45
16009.85
7694.03
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6.1.3 Enthalpy Change of Spirit

Table 6.5 spirit by GC PIONA method

Temperature (LC)
Fractions 125 130 13 140 150  Mean Values
C4 0 0 0 0 0 0
C5 0 0 0 0 0 0

ng 005 006 018 004 016 0.098
C7 217 202 or 221 235 1A52
g 2290 1858 4076 2598 2899 27442
C9 4220 3723 4195 4214 4285 41274
¢ 2520 2973 1196 2289 1996  21.948
Cll 06 663 089 348 264 3.500
Total 96.714

Hydrocarbon Composition (Rubber Solvent)

50 50
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Figure 6.4 Plot of % composition by GC PIONA against temperature.

From the GC PIONA method, we found that Spirit is C7 to ClI
dominant. Therefore, use the data of the C7 to CIl % composition to
calculate the enthalpy of the product.



Tahle 6.6 Enthalpy Change Calculation Based on C7to CH

Temperature,°c Percent AH°C7 Percent AH°C8 Percent AHUQ Percent AH°C10 Percent AH°C11 AHQ™

125 217 166410 229 1149681 4220 12963 252 8759.38 386 944187  4930.95
130 202 1243944 1858 46389.81 3723 171425 2973 36179.67 663 8919426  26008.89
135 331 11318371 40.76 126189.65 4195 126616 11.96 18187940 089 38205548 7746521

150 255 20784.65 28.99 159223 4285 2426.78 1996 1989415 264 4012435 1015663
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6.1.4 Enthalpy Change of Distillate

Table 6.7 Distillate by GC PIONA method

Temperature (LC)
Fractions 125 130 135 140 150  Mean Values
Ca 0 0 0 0 0 0
Cs 0 0 0 0 0 0

131 138 107 118 134 1.256

C7 13 139 18 1% 07 1.342
g 731 HAT 115 689 49 71420
c9 1325 1197 2149 1317 1183 14.342
Co 1822 1633 2019 1788 17.03 17.930
Cll 1263 1321 1033 1293 1292 12.404
Total 54.694

Hydrocarbon Composition (Rubber Solvent)

| 5| == 130
| , i _ f v al 0’-135
C4 . —e— 140
—m— 150

Yo Composition
(GC PIONA)

Figure 6.5 Plot of % composition by GC PIONA against temperature.

From the GC PIONA method, we found that Spirit is Ce t0
Cj] dominant, use the data of the Ce to CII % composition to
calculate the enthalpy of the product.



Table 6.8 Enthalpy Change Calculation Based on Q, o ¢ u

Temperature,’c
125
130

135
150

%
131
138
1.07
134

AH’® %
052184 138
2166562 1.39
2741806 198
1846862 071

AHCT
901412
14690.17
1288736
82155.35

(=]

%
7.3
6.4
116
4.9

ah’®@ %

5515.55
9561.40

144749
49208.5

133
120

21.5

118

ah’®@ %
55175 182
1322030 163
1371932 0.2
1558517 170

AH c10
1716.19

12547.90
34044.2
9074.33

% AH°C, AH°70,1
126 213876 72598
132 206459 270045
103 6290172 49046.44
129 11238  5090.65
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6.2 Calculation of Enthalpy Change from the First Law of
Thermodynamics
The first law of a steady-flow process is expressed by;

AH=Q- 5 (6.6)

In this experiment, no shaft work is accomplished between state 1 (140°C) and
State2 (125, 130, 135, 150 °C). Hence equation 6.6 reduces to
AH= 2-H'=Q (6.7)

AH of Raw Material Calculation
From experiment;  Raw material feed rate =45 GPM

Steadly - state time = 120 minutes
Cp/R =A +BT +CT2+DT?2
R =8.314 JimolK

Table 6.9 Percent Composition of Raw Material

PIONA Analysis % Volume Percent Composition
c4 0.07 0.0192
c5 429 L177
c6 36.35 9.973
c7 87.09 23.890
0 84.72 23.244
c9 67.21 18.439
Cio 67.99 18.654
Cn 16.76 4598

Note : All carbon compositions in raw material are paraffin dominant,
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Cp(Total) = 0.0002CPC4+0.0117CPG+ 0.099CPC6+ 0.238CPCT
+0.2324CPC8+ 0.184Cp,c9 + 0.186Cp,cio + 0.045Cpcn (6.8)

Tahle 6.10 Heat Capacities Calculation

C
Composition ~ Cp (Ideal Gas, 60°F, 14.696 psia) p
Btu
lomol F mol K
c4 0.3970 0.0000794  0.000084
¢5 0.3972 0.0046472  0.004903
c6 0.3984 0.0394416  0.041614
c7 0.3992 0.0950096  0.100244
c8 0.3998 0.0929135  0.098033
c9 0.3850 0.0708400  0.074743
Cio 0.3870 0.0719820  0.075948

C” i i
Total 03749133  0.395569

Note 1Btu = 1055.1 Joules
Llbmol F = 1000 mol K



Tahle 6.11 Heat of Vaporization Calculation

Composition

cd
5
co
c/
c8
c9
Cio
Cl,

Raw Material (Feed)
Heat capacities
Heat of vaporization

Specific Gravity

Density of feed
Flow rate

Steady state time
Volume

Mass

Heat of Vaporization
(Cal.lg)
86.63
87.54
87.50
87.18
86.80
94.90
06.14
58.05
Total

T8

0.7535

0.7535

45 Gal./min
120 min.
45 Gal =
m

16

Heat of Vaporization
(Cal./g)
0.0173

1,024
8.662
20.748
20.172
17.462
10.442
2,612
81.1393

0.395569  Jimol K
81.1393  Cal.lg
339.714 g
339.714 ] * 116.642 g

39,624.92  Jimol

el

0.170325 m?
0.7535%0.170325 Kg



Molecular Weight of feed =

Mass

1

0.12833 Kg
128.33 g

(0.0002M.W.C4H10)+(0.0117M.W.C5H12)
+(0.099M.W.C6H14)+( 0.238M.W.CTH16)
+(0.2324M.W.C8H18)"K 0-184M.W-CIH20)
+(0.186M W .CiOH22)+ ( 0.045M W -0 1HX)
(0.0002*58)+(0.0117*72)+(0.099*86)
+(0.238* 100)+(0.2324* 114)+(0.184* 128)
+(0.186*142)+(0.045*156)
0.0116+0.8424+8.514+23.8+26.49+23.552
+26.412+7.02

116.642 g/mol

12633 = 11002 mol
116.642
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6.21 AtFeed Inlet Temperature (). 125°
Raw material is not completely evaporated. There are 2 fractions:
one is a liquid with boiling point lower than 125°C, and is assumed to be
totally evaporated in the first distillation tower. The other fraction is a liquid
with boiling point higher than 125°C, and is not evaporated.

Fraction * (Boiling Point < 125°C)

T - 101
>

Feed Inlet Temperature 125°C

FractibrTI*Boihng Point > 125°C)
Figure 6.6 Drawing of T-101 on mass balance.

Table 6.12 Boiling range of raw material (ASTM D86)

IBP

10% 63
20% [
30% 93
40% 109
50% 125
60% 147
0% 179
80% 236

90.00% 3135
EP 348



19

Boiling Range of Condensate, C

350
,, 300
5 250
2 200
s

2 150
£ 100
=

10%
20%
30%
40%
50%
60%
70%
80%
90.00%
91.50%

| £

Figure 6.6 Equilibrium Flash Vaporization curve of raw material,

From Figure 6.6 at 125°c, fraction X = 0.5 and fraction Y = 0.415

Q= AH = [X(mCpAT +mL)] + [Y(mCpAT)] (6.9)
AHfel = [0.5(1.1002*0.39556*(125-25) + 1.1002*39624.92* 105

+[0.415(1.1002*0.39556*(125-25)]
= 21819.43 + 18.061
[(mol)(J/molK)(K)+(mol(J/mol)]+[(mol)(ImolK)(K)]

= 2183749 ]

Therefore, AH of feed inlet (raw material) @ 125°c =21,837.49 ]

Table 6.13 Product Specification

Products Boiling Range,°c % from EFV Curve
Rubber 68-112 25.458
Straight Run Lt. HC 87- 145 30.910
Spirit 137- 178 13.641

Distillate 1525 - 276 23.636
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Table 6.14 AH of products
Products AH @ 125 °c
Rubber 5,559.38
Straight Run Light HC 6,747.78
Spirit 2,978.85
Distillate 5,161.51

6.2.2 At Feed Inlet Temperature @ 130°c
Raw material is not completely evaporated. There are 2 fractions, one
is a liquid with boiling point lower than 130°c and is assumed to be totally
evaporated in the first distillation tower. The other fraction is a liquid with
boiling point higher than 130°¢ and is not evaporated.

Fraction  (Boiling Point < 130°C
r

M- 10
Feed Inlet Temperature 130°c

Fraction ~Boiling Point > 130°¢

Figure 6.7 Drawing of T-101 on mass balance.
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From Figure 6.6 at 130°c, fraction X = 0.52 and fraction Y = 0.395
Q= AH = [X(mCpAT +mL)] + [Y(mCpAT)] (6.9)
AH feed = [0.52(1.1002*0.39556*(130-25) + 1.1002*39624.92)
+[0.395(1.1002*0.39556*(130-25)]
= 22693.34+ 18,049
=22711.39 )
Therefore AH of feed inlet (raw material) @ 130°c =22,711.39 ]

Table 6.15 Product specification

Products Boiling Range,’c % from EFV Curve
Rubber 69-111 26.25
Straight Run Lt. HC 83 - 15 38.06
Spirit 141 - 187 14.13
Distillate 149-271 23.89
Table 6.16 AH of products

Products AH @ 130°C (0)
Rubber 0,961.74
Straight Run Lt. HC 8,043.96
Spirit 3,209.12

Distillate 5,425.75
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6.2.3 AtFeed Inlet Temperature @ 135 °c
Raw material is not completely evaporated. There are 2 fractions,
one is a liquid with hoiling point lower than 135°c and is assumed to be totally
evaporated in the first distillation tower. The other fraction is a liquid with
boiling point higher than 135°¢ and is not evaporated.

Fraction *(Boiling Point < 135°

AT- 101
Feed Inlet Temperature 135°c

Fraction *Boiling Point > 135°¢

Figure 6.8 Drawing of T-101 on mass balance.

From Figure 6.8 at 135°c, fraction X = 0.545 and fraction Y = 0,
Q=ah = [X(mCpAT +mL)] + [Y(mCpAT)]
AHfd = 1[0.545(1.1002*0.39556*0 35-25) + 1.1002*39624.92)
+10.37(1.1002*0.39556*035-25)]
= 2378555 + 17.712
=23803.26 J
Therefore An of feed inlet (raw material) @ 135°c = 23,803.26 J
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Table 6.17 Product specification

Products Boiling Range,uc % from EFV Curve
Rubber 13- 1055 19.48
Straight Run Lt. HC 89- 141 29.49
Spirit 130- 171 15.23
Distillate 140 - 266 21.05
Table 6.18 AH of products

Products AH@ 135uc (J)

Rubber 4,636.88
Straight Run Lt. HC 7,019.58
Spirit 3,625.24
Distillate 6,438.78

6.2.4 At Feed Inlet Temperature @ 150°
Raw material is not completely evaporated. There are 2 fractions,
one is a liquid with boiling point lower than 150°c and is assumed to be totally
evaporated in the first distillation tower. The other fraction is a liquid with
boiling point higher than 150°c and is not evaporated.
FractronT"Boiling Point < 150°c

Feed Inlet Temperature 150c T- 101

Fraction YfBoilingPoint> 150°c
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From Figure 6.8 at 150°c, fraction X = 0.61 and fraction Y = 0.305
Q= AH = [X(mCpAT + mL)] + [Y(mCpAT)] (6.9)
AHfl = 1[0.61(1.1002*0.39556*(150-25) + 1.1002*39624.92)
+10.305(1.1002*0.39556*(150-25)]
= 26626.33 + 16.59
= 26642.92 J

Therefore AH of feed inlet (raw material) @ 150°c = 26,642.92 )

Tahle 6.19 Product specification

Products Boiling Range,°c % from EFV Curve
Rubber 72- 106 20.62
Straight Run Lt. HC 92 - 14 32.74
Spirit 140- 183 13.88
Distillate 151-286 25.20
Table 6.20 AH of products

Products AH @ 150°c ())
Rubber 0,493.77
Straight Run Lt. HC 8,122.89
Spirit 3,698.04

Distillate 6,714.02
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6.3 Comparison of AH from GC PIONA Analysis and Theory

Enthalpy change from 6.1 (PIONA Analysis) in unit of Jmol. But for
enthalpy change from theory, the unit is J. For comparison, we have to convert
Jimol to J by the following:

For Rubber Solvent [(feed inlet, Gal.)(%Yield of Rubber)(Sp.Gr.of Rubber)

(conversion factor from Gal. to m3)

(conversion factor from Kg to g)]/MW.of Rubber CHE
= [(45)(0.25)(0.74)(0.003785)( 2000)]/1 00

=0.315 mol

For Straight Run Lt. HC

For Spirit

For Distillate

[(feed inlet, Gal.)(%Yield of SRLHC)(Sp.Gr.of SRLHC
(conversion factor from Gal. to m3)
(conversion factor from Kg to g))/MW.of SRLFIC C8H1

= [(45)(0.31)(0.77)(0.003785)(1000)]/114
=(.357 mol

[(feed inlet, Gal.)(%Yield of Spirit)(Sp.Gr.of Spirit)
(conversion factor from Gal. to m3
(conversion factor from Kg to g))/MW.of spirit C9H20

= [(45)(0.14)(0.79)(0.003785)(1000)]/128
=0.147 mol

[(feed inlet, Gal.)(%Yield of Distillate)(Sp.Gr.of Distill
(conversion factor from Gal. to m3)

(conversion factor from Kg to g))/MW.of Dist. C10H22
= [(45)(0.24)(0.81)(0.003785)(1000)]/142

=0.233 mol



Table 6.21 AH from GC PIONA Analysis

Feed Inlet
Temp.,°c

125
130
135
150

Rubber

16,388.72
22,410.84
11,999.68
26,647.42

Straight Run

Lt. HC

AH (Jimol)

1,346.66
19,443.45
16,009.85

1,694.03

Table 6.22 AH from GC PIONA Analysis

Feed Inlet ~ Rubber
Temp.,°c
125 5,162.45
130 7,059.41
135 3,179.90
150 8,393.94
Table 6.23 AH from Theory
Feed Inlet ~ Rubber
Temp., ¢
125 5,559.38
130 5,961.74
135 4,636.88
150 0,493.77

Straight Run

Lt HC

AH ()

2,622.16
6,941.31
5,115.52
2,146.17

Straight Run

Lt. HC

AH ()

6,741.78
8,643.96
1,019.58
8,122.89

Spirit

4,930.95
26,008.89
17465.21
10,156.63

Spirit

124,85
3,823.31
11,387.39
1,493.02

Spirit

2,978.85
3,209.12
3,625.24
3,698.04
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Distillate

125.98
2,100.45
49,046.44
5,090.65

Distillate

169.15
629.20
11,427.82
1,186.12

Distillate

5,161.51
5,425.75
6,438.78
6,714.02
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