














































































































































































































































































































































































































CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

Forced air venting 1s an in situ aquifer restoration
process which uses controlled convective air flow through
the vadose zone to induce volatilization of residual
liquid hydrocarbons and to provide a pathway for removal
of the hydrocarbon vapors. This study included both
experimental and theoretical investigations of the effects
of radial air flow on the removal of a four-component
hydrocarbon liquid mixture in two large unsaturated soil
columns, each 3 feet in diameter and 10 feet in height.
Radial air flow was induced by suction pump at the rate of
40 cfh (with some exceptions at the beginning and after
350 days) through each of the soil columns. Effluent air
samples were captured at various time intervals and
analyzed on a gas chromatograph to determine the amount of
each individual hydrocarbon component removed by vacuum
extraction. The bulk liquid movement in the soil column
was monitored by a gamma density meter.

The observed data indicated the highest removal rate
for pentane followed by hexane, toluene and xylene. After
450 days of vacuum extraction, cumulative removals of
pentane, hexane, toluene, and xylene were, respectively,

70, 43, 20, and 11 percent from column A. The
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corresponding values for column B were, respectively, 84,
59y 27, and 21 percent. The cumulative total hydrocarbon
removals were 29 percent from column A and 40 percent from
column B after 450 days of vacuum extraction.

Two different modeling efforts, one based on vapor-
liquid equilibrium employing Raoult’s Law and the second
based on unsteady state diffusion employing Fick’s Second
Lawy were attempted. The Raoult’s Law simulation alone
could not effectively describe the hydrocarbon
vaporization in soil media. Results from this simulation
indicated that the observed hydrocarbon concentrations in
the effluent air during the first week of vacuum
extraction were 45 percent or less of the saturation
concentrations. The levels dropped to a maximum 3 percent
of saturation after 100 days of operation when the maximum
cumulative removal was only 35 percent for pentane, the
lightest component in the hydrocarbon mixture. Continued
vacuum extraction showed further decrease in removal rate
even after 450 days of operations.

It was concluded that preferential air flow paths,
nonuniform distribution of hydrocarbon liquids, formation
of dead end pores, and gradual downward migration of
liquids were the possible causes of the significant
undersaturation of hydrocarbon vapors in the effluent air.

Among all these factors, existence of preferential air
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flow paths alone could lead the process to be diffusion-
controlleds Existence of the other factors made the system
more difficult to define by simple mathematical
relationships.

The second modeling effort, based on Fick’s Second
Law of diffusion, was adopted to better fit the
experimental data. For this purpose, the integral solution
of that equation, given by Newman (1931), for unsteady
state diffusion from a thin slab was assumed to be an
appropriate equation to describe the hydrocarbon
vaporization rate from the soil columns. Two different
scenarios were considered, which required use of one or
two parameters to fit the model results to the
experimental data. The common parameter in both scenarios,
Qy was & function of the effective diffusion coefficient
of the hydrocarbon vapor in soil media and the length of
the diffusion pathe. The second adjustable parameter, Mg,
in the two-parameter fit was the initial total amount of a
hydrocarbon component available for diffusion. The fitted
values of this second parameter were within four percent
of the corresponding initial amounts actually added to the
soil columns, except for pentane i1n column B and xylene in
column A.

The fitted value of alpha for each hydrocarbon

constituent was always higher for column B, compared to
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the corresponding value for column A. Effective diffusion
coefficients for each constituent were estimated using
relationships from the soil science literature, and thus
were independent of the column. Larger calculated
diffusion lengths were apparent for all constituents in
column A. Moreover, the computed diffusion lengths were
always longer for heavier hydrocarbon components in both
columns, which were expected to be equal for all
components in a particular column. The actual diffusion
process in the soil columns is influenced by several
factors, such as the presence of air filled porosity,
water and hydrocarbon liquid filled porosities,
tortuosity, temperature variations, adsorption of
hydrocarbon components on soil grains, solubility of
hydrocarbon components in water, and capillary height and
dynamics of capillary rise for each liquid.

Finally, 1t i1is to be acknowledged that, although the
experimental data could reasonably fit the equation for
diffusion from a thin slaby, a more realistic assumption
would be to consider the equation of diffusion from a
cylinder into an axial air flow channel. Incorporation of
all these factors along with a combination of Raoult’s
Lawy, Henry’s Law and Fick’s Second Law of diffusion may be
necessary 1n developing a predictive model of hydrocarbon

vaporization rate in soil media.
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Based on this experimental and theoretical study of
the hydrocarbon volatilization process in soil media, the
following recommendations are noteworthy?

(1) Success in accurate calibration of a theoretical
model depends on correct boundary and initial conditionse.
For the present study, the distribution of initial
residual saturations of different hydrocarbon liquids and
water was unknown. If possible, for similar future
experiments, prior measurements of residual saturations of
different liquids before the start of vacuum extraction
are strongly recommended.

(2) Separate experiments to study the height and
dynamics of capillary rise of the hydrocarbon mixture and
water using the experimental soil will supply valuable
information for further theoretical study of the soil
venting processe.

(3) A comparative study of in situ volatilization of
hydrocarbons by continuous and pulse operations of suction
pump is recommended.

(4) It is very likely that saturation water vapor
pressure exists in the soil pores. Since the influent
atmospheric air has less water vapor content, some water
vapor will be removed from the soil column. This should be
included in a total mass balance computation for the

present so1l column experimentse.
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(S) The diffusion controlled curve—fit model should

be tested for other geometrical configurations, such as

diffusion from spherical and cylindrical shaped porous

mediage.
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APPENDIX

LISTS OF COMPUTER PROGRAMS
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10
20
30
40
44
46
50
60
70
80
90
100
110
120
130

140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350

360

REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM

REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM
REM

REM

h R R 2 S L 22 EEETEEEEETERRLLEEEIEEEEEEERLEETEEES TS S S S

* PROGRAMMER ¢ MOHAMMAD ROKNUZ ZAMAN %
* TEXAS TECH UNIVERSITY, LUBBOCK, TEXAS#H
* SPRING, 1989 *
336 I 6 36 3 3 33 3 JEHE 3 3 3 3 3 3 3 3 3 3 3 3 F 3 I I F I I I I I 3 I I I K 3 3 3 W 3
* PROG. 1 *
36 36 3 3 36 36 36 3 363 3 3 3 3 2 2 3 3 3 F 3 3 B I 36 I 3 3 I 33 33 3 3 I I I I M 3 3 3 M
* RAOULT’S LAW SIMULATION FOR HYDROCARBON#*
" REMOVAL BY VACUUM EXTRACTION »*

P I I I I I 36 I I I I I I I D I I I I I I I I IE I I D I 3 I I I I I I I I I I 3 M 3 M M

P36 I I I M I F I 36 I I M I I I I e I6 I I I I I I I M I I I I I 36 I I I It B I I I I3 M 3 I 3 M
¥ 0 e em e et e, e, —— - —————

*
¥ e e e e e e e e e —,— e —— -
*

A1(I), A2(I), A3(I)?: CONSTANTS FOR ANTOINE
VAPOR PRESSURE
EXWV(I) ¢ OBSERVED MASS OF HC VAPOR
CONSTITUENT, LBS
*» EXNV(I) ¢ OBSERVED NO. OF MOLES OF HC VAPOR
CONSTITUENT

b 4

¥ EXWVD(I)?: OBSERVED MASS OF HC VAPOR CONSTITUENT

PER DAY, LBS/DAY

*¥ EXNVX(I)>: OBSERVED MOLE FRACTION OF HC VAPOR
CONSTITUENT

¥ EXNVDD(I)>: OBSERVED NO. OF MOLES OF HC VAPOR
CONSTITUENT PER DAY

*» LDAY: LAST DAY OF SIMULATION

*» MW(I)>? MOLECULAR WEIGHT OF COMPONENT I

* NM(I>: NUMBER OF MOLES OF HC CONSTITUENT IN
LIQUID PHASE

¥ NV(I>: NO. OF MOLES OF HC CONSTITUENT IN VAPOR
PHASE '

» NC: TOTAL NO. OF COMPONETS

% P(I): PARTIAL PRESSURE OF COMPONENT I

¥ PERC(I): PERCENT SATURATION OF ITH COMPONENT IN
VAPOR PHASE

¥ PS(I): VAPOR PRESSURE OF PURE CONSTITUENT

¥ PC(I)>: CRITICAL PRESSURE OF ITH COMPONENT

¥ R! UNIVERSAL GAS CONSTANT,

» T: TEMPERATURE OF EFFLUENT VAPOR, oF

¥ TC(I)>: CRITICAL TEMPERATURE OF ITH CONSTITUENT,
oK

¥ THNV(I): THEORETICAL NO. OF MOLES OF ITH
COMPONENT REMQVED

% THNVDD(I)>: THEORETICAL NQO. OF MOLES OF ITH

COMPONENT REMOVED PER DAY*

#» W(I> ¢ INITIAL AMOUNT OF ITH HYDROCARBON
CONSTITUENTS

» WV(I)>: TOTAL MASS OF ITH COMPONENT IN VAPOR
PHASE IN A TIME INTERVAL#*

* WVD(I): DAILY AVERAGE MASS OF ITH COMPONENT IN

VAPOR PHASE
* WVC(I)>: CUMULATIVE MASS OF ITH COMPONENT
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REMOVED, LBS
370 REM * V: TOTAL VOLUME OF EFFLUENT AIR FOR A

SIMULATION TIME STEP, M 3
380 REM BBl R R 2 2 XX T 2 22 F VR RVE VEVEVEVEVE VEVEVEVEVEVEVEVEVEVEVE VIV VIV VEVE VIV VIV VIV VRN

SO REM 2636 5 36 36 36 3 36 36 3 36 36 36 36 36 3¢ 36 36 3 56 36 36 36 36 36 36 3 36 36 3 26 36 3 26 36 36 26 36 36 26 36 34 36 36 3¢ 3 36 3 3¢

400 DIM w(5),WINTL(S),MN(5),WVC(5),wTV(5),NM(S),X(S),P(S)

410 DIM PS(S),NV(5),WV(S),WVD(S),wCPER(S),EXNVD(5),EXNV(5)

420 DIM EXNVX(5),VC$(5),TC(5),PC(5),ZAI(S),Al(5)

430 DIM THNV(S),EXNV(S),PERC(S),THNVX(S),THNVDD(S)

435 DIM AE(5),AB(S),THWVDN(S),EXWVDN(5),EXNVDD(5)

G40 REM 3536 5 36 36 36 3 36 36 36 3 3 3 3 3 3 3 36 3 36 3 36 36 3 36 3 3 2 36 36 36 3 6 36 36 3 36 36 2 36 36 3 36 26 36 3 3¢

450 OPEN "A:RCOLA89.PRN" FOR INPUT AS #1

460 OPEN "A:RCAQUT.PRN" FOR OUTPUT AS #2

470 As=" Ho HHHH HUHHHY, 4 HEHUHHH, H# Ho HHUH H,dUHHG"

480 REM LR R R R R R R 2 XX EEEEEEEEEEEEEEREERRR R R R R R R R R R

490 REM READ INITIAL TOTAL WEIGHT OF THE CONSTITUENTS IN
THE LIQUID PHASE

500 INPUT #1,NC ,R e LDAY = 489

510 FOR I= 1 TO NC+1

520 READ VC$(I)

530 NEXT I

540 FOR I= 1 TO NC

550 READ TC(I),PC(I),ZAI(I),A1¢(I>,A2(I),A3(I)

560 NEXT I
970 FOR I= 1 TO NC
580 INPUT #1,W(I)

590 NEXT I

600 REM

610 REM COMPUTE TOTAL WEIGHT OF THE CONSTITUENTS
620 WT=0

630 FOR I = 1 TO NC

640 WT=WT+W(I)

650 NEXT 1

660 REM PRESERVE INITIAL AMOUNTS OF CONSTITUENTS
670 FOR I= 1 TO NC

680 WINTLC(I)=W(I)

690 NEXT I

700 WTINTL=WT

710 REM

720 REM READ MOLECULAR WEIGHT OF CONSTITUENTS
730 FOR I=1 TO NC

740  INPUT #1,MW(I)

750 NEXT I

760 REM

270 FOR I=1 TO NC

780 WVC(I)=0

790 WTV(I)=0

800 NEXT I

810 TIME1=0

820 LPRINT

830 LPRINT "INITIAL CONSTITUENTS in LBs"
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840
850
860
870
880
890
900
910
920
930
940

9350
?60

970
980
990
1000
1010

1020
1030

1040
1050
1060
1070
1080
1090
1100
1110
1120

1130
1140

1150
1160

1170
1180

1190
1200
1210
1220
1230
1240
1250
1260

FOR I=1 TO NC
LPRINT W(I)
NEXT I
LPRINT
LPRINT "MOLECULAR WEIGHT in g/mol"
FOR I = 1 TO NC
LPRINT MW(I)

NEXT 1

LPRINT

LPRINT "CONSTANTS FOR VAPOUR PRESSURE COMPUTATION"

LPRINT "CONSTITUENTS CR.TEMP CR.PRESSURE ZAI Al
A2 A3

FOR I = 1 TO NC
LPRINT VC$(I)$} SLPRINT USING

"HHAHH.BHR"ITC(I),PC(I),ZAICI), A1(I),A2(I),A3CI)
NEXT I

REDM 36 3 36 36 36 36 36 36 36 6 36 36 36 3 36 36 36 36 36 36 3¢ 36 36 3 36 36 36 3 36 36 2 3 36 2 3 36 6 26 36 36 2 36 I 3 3¢ 3 2 3
TIME1=0 ! KKK=1

REM

REM PRINT "NM(I)", :REM COMPUTE NO. OF MOLES OF EACH
CONSTITUENTS

FOR I= 1 TO NC

NM(I)>=1000%W(I)/(2.205%MW(I)) ¢ REM PRINT USING

"HHHHBHB HB"INM(L),

NEXT I ¢ REM PRINT

REM

REM COMPUTE TOTAL NO. OF MOLES
NT=0

FOR I= 1 TO NC
NT=NT+NM(I)
NEXT 1 ¢+ REM PRINT "TOTAL NO. OF MOLE = "3NT, TIME1
REM
REM PRINT "X(I)>", SREM COMPUTE MOLE FRACTION OF EACH
CONSTITUENTS
FOR I = 1 TO NC
X(I)=NM(I)>/NT ¢ REM PRINT USING
"HH. HUHHHH"IX(I),
NEXT 1
INPUT #1,TIME2,TF $‘REM PRINT #3, TAB(2) USING
“"HEHuH, HH" 3 TIMEZ, TF,
FOR I= 1 TO NC
INPUT #1,EXWVD(I) ‘REM PRINT #3,USING
"HHH. HBEH "I EXWVD(I),
NEXT 1
DELT=(TIME2-TIME1l) *24
T=(TF-32)%5/9+273. 1
REM ESTIMATE VAPOR PRESSURE OF PURE CONSTITUENTS
GOSUB 2000
PT=1
REM PRINT "P(I)", ¢REM COMPUTE ACTUAL VAPOR PRESSURE
FOR I = 1 TO NC
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1270

1280
1290

1300

1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410

1420
1430
1440
1450
1460
1470
1480
1490
1500
1510

1520
1530
1540
1550
1560
1570
1580
1590
1600
1610
1620
1630
1640

1650
1660
1670
1680
1690
1700
1710

REM P(ID=X(I)®PS(I)/760 ¢ PRINT USING
"HEH. HBEIP(D),

TRCID=T/TC(I)
VILCI>=ZAICI)%(5.,7+3!%TR(I)) ¢ PRINT
"VIL="3I,VIL(I)
PCI)=X(I)®PS(I)%EXP(.4278%(PT-
PSCIN)/C(TR(I) 2.5%PC(I))+VIL (I)®*(PT-PS(I))/(R*T))
NEXT I ! REM PRINT
REM
REM COMPUTE TOTAL VAPOR PRESSURE
PT=0 ¢ P=1
FOR I = 1 TO NC
PT = PT+P(I)
NEXT I
REM ESTIMATE THE FLOW
GOSUB 2070
VOL=Q*DELT
REM COMPUTE NO. OF MOLES OF EACH CONSTITUENTS IN THE
VAPOR PHASE
EXMOLE=0 ¢ THMOLE=0
FOR I=1 TO NC
EXNV(I)=1000%EXWVD(I)*DELT/(2.205%24%MW (1))
EXNVDD(I)=1000*%EXWVD(I)/(2.205%MW (1))
EXMOLE=EXMOLE+EXNV (1)
THNV(I) = 1000%P(I)*VOL/(R*T)
THNVDD(I) = 24%1000%P(I)*VOL/(DELT*R%T)
THMOLE=THMOLE+THNV (1)
NEXT I
REM COMPUTE WEIGHT OF EACH CONSTITUENTS IN THE VAPOR
PHASE
FOR I = 1 TO NC
WV(I)=THNV(I)*2,205%MW(I)/1000
EXWV(I)=EXNV(I)*2,205%MW(I)/1000
NEXT I
REM COMPUTE TOTAL WEIGHT OF CONSTITUENTS REMOVED
WVT=0 $EXWVT=0
FOR I=1 TO NC
WVT=WVT+WV(I)
EXWVT=EXWVT+EXWV(I)
THNVX(I)=THNV(I)/THMOLE : EXNVX(I)=EXNV(I)/EXMOLE
NEXT I
REM
REM COMPUTE CUMULATIVE WEIGHT OF EACH CONSTITUENTS
REMOVED
FOR I = 1 TO NC
WVC(I)=WVC(I)+WV(I)
NEXT I
REM
REM COMPUTE CUMULATIVE TOTAL REMOVAL
WTVC=0
FOR I=1 TO NC
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1720 WTVC=WTVC+WVC(I)
1730 NEXT 1

1740 REM REM COPUTATION ONLY FOR CONTAMINANTS
1750 REM WTVCC=0

1760 REM FOR I=1 TO NC-1

1770 REM WTVCC=WTVCC+WVC(I)
1780 REM NEXT I

1790 REM

1800 REM

1810 REM COMPUTE WEIGHT OF INDIVIDUAL CONSTITUENTS
REMAINED IN LIQUID PHASE

1820 FOR I = 1 TO NC

1830 WCI)=W(I)-EXWV(I)

1840 NEXT 1

1850 WT=WT-EXWVT

1860 REM 362636 3 36 3 36 3 36 3 36 36 36 3 36 3¢ 36 3¢ 3 36 ¢ 3¢ 36 3 3¢ 36 6 3¢ 36 3 3¢ 36 26 3¢ 3 2 3 3 2 3¢ 3 3¢ 36 I 3 3

1870 REM 363 3 36 36 36 36 36 36 36 3¢ 3¢ 3 3¢ 3 36 3 3¢ 36 36 3 36 3 3¢ 36 3 36 36 3 3 36 3 3 36 I 36 3 I 36 3 3 36 2 3¢ M 3¢ 3¢

1880 PRINT #2,TAB(1) USING "#####.##":TF, TIME2,
1890 PRINT TAB(1) USING "#####,4##"3TF, TIME2,
1900 FOR I=1 TO NC
1910 PERC(I)>=100%EXNV(I)/THNV(I)
1920 PRINT #2,USING
A$$X(I),EXNVDD(I), THNVDD(I),PERC(I),
1930 PRINT USING A$3X(I),EXNVDD(I), THNVDD(I),
PERC(1),

1940 NEXT I

1950 TIME1=TIME?Z

1960 IF TIME1 => LTIME THEN 2250

1970 GOTO 1010

1980 REM

1990 REM ,

2000 REM SUBRUTINE FOR ESTIMATION OF VAPOR PRESSURE OF
PURE LIQUID

2010 FOR I= 1 TO NC

2020 XX=LOG(PC(I))

2030 PS(I)=EXP(A1C(I>-A2(I)/(TF+A3(I)) + LOG(PC(I)))

2040 NEXT I

2050 RETURN

2060 REM

2070 REM

2080 REM SUBRUTINE FOR FLOW ESTIMATION

2090 IF TIME2 =( 8.020001 THEN Q=.14158 +RETURN
2100 IF TIMEZ2 =<( 11.04 THEN Q=.212376 +RETURN
2110 IF TIMEZ =( 12.08B THEN Q=.424753 +sRETURN
2120 IF TIMEZ =( 13.04 THEN Q=.467228 +RETURN
2130 IF TIMEZ =( 16! THEN Q=.366337 ¢sRETURN
2140 IF TIMEZ =( 25.04 THEN Q=.849505 ¢sRETURN
2150 IF TIMEZ2 =( 26! THEN Q=1.132674 sRETURN
2160 IF TIMEZ =( 27.04 THEN Q=1.359209 +cRETURN
2170 IF TIMEZ2 =( 385.58 THEN Q=1.132674 ¢sRETURN
2180 Q=2.265348 «RETURN
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2190
2200
2210
2220
2230
2240
2250

DATA
DATA
DATA
DATA
DATA
DATA
END

"PENTANE", "HEXANE", "TOLUENE", "XYLENE", "WATER"
469.8,33.31,.0152469,5.853654,4598.287,394.4148
9507+49,29.94,.017639,6.039243,5085. 758, 382.794
993.9,40.0,.014821,5.944251, 5836.287,374. 745
623.2,34.93,.017225,5.93842,6074.715,354.8928
647.3,218.2,.,002564,6.53247,7173.79,389.4747
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***************************************************N*****

* PROGRAMMER : MOHAMMAD ROKNUZ ZAMAN *
* TEXAS TECH UNIVERSITY, LUBBOCK »
* SPRING, 1989 *
B3 363 3 336 3633 6 362 3 32 26 36 22 3622 622 I 3 2 2 I 3 2 3B H I BB DB DI I 22 2 I 3 2 2
PROG. 2
F 32626 3 3636 32 336 32 36 T I 32 H 3 I 32 32 32 2 32 3 2 2 I 2 B2 D B2 I B I T I 2 J 2 I 32 I 3 2 M
* * PARAMETER ESTIMATION CODE # »*
* ONE- AND TWO-PARAMETER CURVE FIT PROGRAM *
* FOR FICK’S SECOND LAW OF DIFFUSION »*

IaRaR R B R R R R 2 X 2T 2R R TR IR RRRERRRRRRR LR R RRRR R R LR R R R R R R

FEIE I 3 3 I I I I I I I I I I I J DB I I J6 F F6 I I I 3 36 I I I I FE I I I I I I I H I I I I I I N

P(I,J) ! CUMULATIVE HYDROCARBON VAPOR PRODUCED, LBS
TH(I)? CUMULATIVE TIME, DAYS

636 36 34 36 6 4 26 I I H JE 3 2 3 3 I I I 2 I I F 3 J I F 3 JE I I I I I P JE I I I F I I M F I I K I W M K
* *
36 3t 3 3 3 I 6 b I I I I I J J F I I I J I I 2 F H J 3 I I I F I J I I I F 3 3 I F I J I I 2 B I I MBI K
#* THE SAME PROGRAM CAN BE USED FOR THE BOTH ONE- AND *
* TWO-PARAMETER FIT. IN ONE-PARAMETER FIT, V(I) IS *
¥ CONSIDERED AS GIVEN INPUT CONSTANT. *
336 336 36 36 6 Db 36 2 H D 3 J 36 36 3 36 2 I I 2 I J 3 3 I I 3 3 3 3 I H I F F J I I H F I I I I 3} I M I I 3 R
36 36 6 J6 36 3 36 6 D6 I B FE BE 3 3 3 3 3 3 I I 26 2 36 3 3 I I I F T H H I I H I 3 H I D I F 3 I I D F 33 3 3 I 3 N

* VARIABLE IDENTIFICATIONS *
vy Uy S S *
* A(J) ¢ ALPHA FOR JTH HC CONSTITUENT, 1/DAY »*
* K((J) ¢ 8/PI*2 *
 V(J) ¢ INITIAL MASS OF HYDROCARBON CONSTITUENTS, LBS
»* 2
»* *

S5 REM DEFDBL A-Z

é&6 REM DEFINT I,J, N

10 DIM V(5),V1(5)>,TH(300),P(300,5),A1(5),A(3)
11 DIM K(5),K1(S5),TTF(300) ,TTK(300)

21 MODEL=1

22 TAMB=298.15 ¢ REM AMBIENT TEMPERATURE, oK
23 MODEL1=MODEL

24 MODELZ2=MODEL+1

25 IF MODEL=3 THEN 42

26 OPEN "COLB13.006" FOR OUTPUT AS #MODELZ2

30 OPEN "COLB89.PRN" FOR INPUT AS #MODEL1

32 NC=5 ¢ REM TOTAL NUMBER OF HC CONSTITUENTS
34 N=114 ¢ REM NO. OF DATA SET FOR COL. B

36 GOTO 50

42 OPEN "COLA13.006" FOR OUTPUT AS #MODELZ2

44 OPEN "COLA8S9.PRN" FOR INPUT AS #MODEL1

46 NC=3

47 N=130 ¢ REM NO. OF DATA SET FOR COL. A

so FOR I=1 TO N
60 INPUT #MODEL1, TH(I),P(I,1),P(1,2),P(1,3),P(1,4),P(I,5)
62 TTK(I)=1
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63 REM TTK(I)=(S®#(TTF(I)-32)/9+273.15)/TAMB
64 PRINT TH(I),TTF(I)>, TTK(I)
100 NEXT I

104 PRINT #MODELZ, NC, N

110 REM *x%x%% ITERATION START  »*%%*x
120 FOR J=1 TO NC

130 IT=1

140 PRINT “INITIAL VALUES OF PARAMETERS"
150 PRINT "J="3J,"V(J),K(J), ACJ)"

160 READ V(J),K(J),A(J)

164 PRINT V(J),K(J),A(J)

170 V1(JI)>=V(J)

172 K1(J)=K(J)

174 A1(J)=A(J)

175 PRINT A1(J)

180 REM »V GOSUB 410 *x% SUBROUTINE FOR V & K ®x#*

190 V(J)=(P1-K(J)*P1E1)/(N-2%K(J)*E11+K(J)”2%E1E1)

195 PRINT "V(J)="3V(JI)

210 REM »* GOSUB 410 ¢ REM x¥»% SUBRQOUTINE V & K »*xx

220 REM KN=VO(J)*PE1-PO(J)*PE1+PO(J)*VO(J)*E1-VO(J)N2xE1
230 REM KD=2#VO(J)*PO(J)*E2-PO(J)"2%E2-VO(J)" 2*E2

240 REM # K(J)=(V(J)"2%E11-V(J)*P1E1)/(V(J)"2%*E1E1l)

250 REM %% NEWTON-RAPSHON METHOD FOR A ¥x»

260 JJ=1

266 A11=ACJ)

270 GOSUB 590 ¢ REM #%% SUBROUTINE FOR TERMS FOR A X
280 A22=A11-FAl1/F1Al1

290 IF ABS(A22-A11) =< ABS(.00001%A11) THEN A(J)=A22
295 IF ABS(A22-A11) =( ABS(.00001%A11) THEN 320

300 Al11=A22

304 JJ=JJ+1

306 PRINT "J="$J,"JJ="3JJ, "AZ22="3A22

310 GOTO 270

320 IF ABS(V(J)-V1(J)) >= ABS(.006%V(J)) THEN 360
330 REM % IF ABS(K(J)-K1(J)) >= ABS(.006%K(J)) THEN 360
340 IF ABS(A(J)>-A1(J)) >= ABS(.006%A1(J)) THEN 360

350 GOTO 380

360 PRINT "IT="3IT," V("3J§">= "3V(JI),y" K("3J3")= "FK(JI),"
AC"3J3")= "$ACT)

370 IT=IT+1

372 GOTO 170

380 PRINT USING “###"3J,

382 PRINT V(J),K(J),A(J)

385 PRINT #MODEL2,J,

386 PRINT #MODEL2,V(J),K(J),A(J)
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390

400
405

410
420
422
424
426
430
440
4472
450
455
457
4460
490
500
510
520
530
570
380

390
600
602
604
605
606
607
608
610
620
622
624
630
635
637
640
650
660
670
680
6390
700
710
720

NEXT J

IF MODEL=3 THEN 850 ELSE MODEL=3
GOTO 23

REM »»» SUBROUTINE FOR TERMS FOR PO & K * ¥ ¥
P1=0
P1E1=0
E1E1=0
E11=0
FOR II=1 TO N
E1M=0
REM ME1=0 2E1=0
FOR I1=1 TO 13 STEP 2
AAA=T1M2#A(JI)I)*TH(II)*TTK(II)>M.5S
IF ABS(AAA) > 75 THEN 11=13
E1M=E1IM+EXP(AAA) /1112
NEXT I1
P1E1=P1E1+P(II,J)*E1M
E1E1 =E1E1+E1MxE1M
E11=E11+E1M
P1=P1+P(11,J)
NEXT II
RETURN

REM »x» SUBROUTINE FOR TERMS FOR A  »x%
PT1E1=0
T1E1=0
T1E2=0
PT2E1=0
T2E1=0
T2EM2=0
T2E2=0
FOR II=1 TO N
E1M=0
ME1=0
E1=0
FOR I1=1 TO 13 STEP 2
AAA=I1"2%A11*TH(II)*TTK(II)M1.5
IF ABS(AAA) > 75 THEN I1=13
EIM=E1M+EXP(AAA)/I1"2
ME1=ME1+I17"2%EXP(AAA)
E1=E1+EXP(AAA)
NEXT I1
PT1E1=PT1E1+P(I1,J)*TH(II)*TTK(II)"1.5%E1
T1E1 =T1E1+TTK(II)MN1.5%TH(II)x*E1
T1E2 =T1E2+4TH(II)*#TTK(II)*1.5%E1M*E1
PT2E1=PT2E1+P(II,J)*TH(II)N2*TTK(II)>" 3xME1
T2E1=T2E1+TH(II)"2%TTK(II)“*3%xME1
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730
740
750 NEXT 11
760 FAl= V(J)*K(J)*PT1E1-

VIIIN2#K(J)I*T1E1+V(J)A2%K(J)A 2*T1E2
770 F1lAl= V(J)*K(J)*PT2E1-

VIIIAN2%K(J)I*T2E1+V(I)A2%K(JI)"2% (T2EM2+T2E2 )
780 RETURN

T2EM2=T2EM2+E1M*ME1*TH(II)A2%TTK(II)"3
T2E2=T2E2+TH(II)A2*%TTK(II)" 3*E1x%E1

800 DATA 26,.8105694,-.00213276

810 DATA 13.0,.8105694,-.00147911
820 DATA 52.0,.8105694,-.0002771385
830 DATA 39.0,.8105694,-.0001039794
840 DATA 130.0,.8105694,-.0005653529
842 DATA 55,.8105694,-.00183118

844 DATA 27.5,+8105694,-.000605497
846 DATA 110,.8105694,-.000133191
847 DATA 82.5,.8105694,-.00005719818
848 DATA 275.0,.8105694,-.0003086129
850 END
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*********************************************************

* PROGRAMMER ¢ MOHAMMAD ROKNUZ ZAMAN »*
* TEXAS TECH UNIVERSITY, LUBBOCK *
* SPRING, 1989

B TEBEIEIE I3 2 T2 DI B H I I I JE B I I I I FE BB DI I I BE DI D BB I I I I I DI

PROG. 3

B TEIE T T3 323262 I3 626 JE I 622 32 36 26 2 36 B2 I3 I 362 2 362 D B2 B D 36 2 3 3 3 I 3 3 4
* COMPUTER PROGRAM FOR PREDICTED CUMULATIVE *
* REMOVAL OF HYDROCARBON USING PARAMETERS *
* OBTAINED FROM ONE- OR TWO-PARAMETER *
* CURVE FIT *

FE 36 I I 36 3 I I I J 3 3 3¢ I I I I I H I M JE 3 3 I 3 36 I I I I I I I 3 3 I I I I I I I I I I M I I I I I I I I M

363 33 3 I I 6 I 2 3 I 3 3 2 I I HEHH I I I I 3 3 I I I I D I I3 3 3 3 3 3 I I 6 I 3 3 3 3 3 3 M
VARIABLE IDENTIFICATIONS

A(J) ¢ ALPHA FOR JTH HC CONSTITUENT, 1/DAY

K(J) ¢ 8/PI"2

V(J) ¢ INITIAL MASS OF HYDROCARBON CONSTITUENTS, LBS

P(I,J) ¢ CUMULATIVE HYDROCARBON VAPOR PRODUCED, LBS

TH(I) ¢ CUMULATIVE TIME, DAYS

NTEXP ¢ NO. OF TERMS CONSIDERED IN SUMMATION SERIES

PMAVG(J) ¢ AVERAGE VALUE OF CUMULATIVE HC VAPOR
PRODUCED

PCAVG(J) ¢ AVERAGE VALUE OF CUMULATIVE HC VAPOR
PREDICTED

PC(I,J) ¢ CUMULATIVE HC VAPOR PREDICTED

RHO(J) ¢+ CORRELATION FACTOR, r

R2 ¢ CORRELATION FACTOR, rZ2
NC ¢ NO. OF HC CONSTITUENTS

I 36 I 6 I FE I I I I I M I I I I I I I I I I I I I I I I H I I I I I I I I H I I I I 3 I I I I I 3 I I I I
36 36 I M I I I I I I I I I 3 A I I I I I I I I I I I I 6 I I I I I I I I I I I I I I I I I I I I I I I A I M ¢

X X X X X X X X X

X X X X ¥ X X X X X X X X X X X
x

X X X X

10 DIM P(300,5),PC(300,5),PMAVG(S),PCAVG(3),A(S5),
K(5),V(5),RHO(5) ,TH(300)

20 OPEN "A:!PREDB.PRN" FOR QUTPUT AS #2

30 OPEN "A:COLB89.PRN" FOR INPUT AS #1

35 OPEN "A:COLB89.0UT" FOR INPUT AS #3

37 OPEN "A:CB8?.0UT" FOR OUTPUT AS #4

38 PRINT "NO. OF TERMS IN SUM. SERIES"
39 INPUT NTEXP

40 INPUT #3,NC,N

50 FOR I=1 TO N

60 INPUT #1,TH(I)> ¢REM PRINT TAB(1) USING
"HEH.HEBRSTHCD),

70 FOR J=1 TO NC

80 INPUT #1,P(I,J) $REM PRINT USING

“HHEH, HEERIP(I, ),

149



90 NEXT J
100 NEXT I ¢ PRINT #2, NC,N

110 FOR J=1 TO NC

120 INPUT #3, KKK,V(J),K(J),A(J)

122 PRINT #4, KKK,V(J),K(J),A(J)
130 NEXT J

135 REM #*x%»% CALCULATING CUMULATIVE REMOVAL %%

140 FOR J=1 TO NC

150 FOR I=1 TO N

160 EX=0

170 FOR M=1 TO NTEXP STEP 2

180 EX=EX+EXP(A(JI)*TH(I)*M"2)/M" 2
190 NEXT M

200 PC(I,J)=V(J)*(1-K(J)*EX)

210 NEXT I

220 NEXT J

230 REM x»%»% COMPUTE CORRELATION COEFFICIENT %%*x

240 FOR J=1 TO NC

250 SUMP=0 ¢ SUMHAT=0

260 FOR I=1 TO N

270 SUMP=SUMP+P(1I,J)

280 SUMHAT=SUMHAT+PC(I,J)

290 NEXT 1

300 PMAVG(J)=SUMP/N

310 PCAVG(J)=SUMHAT/N

320 NEXT J

330 REM

340 FOR J=1 TO NC

350 RHOSN=0

360 RHOSD1=0 ¢ RHOSD2=0

370 FOR I=1 TO N

380 RHOSN=RHOSN+ (P(1,J)-PMAVG(J))»*# (PC(I,J)-PCAVG(J))
390 RHOSD1=RHOSD1+ (P(I,J)-PMAVG(J))"2
400 RHOSD2=RHOSD2+ (PC(I1,J)-PCAVG(J))A2
410 NEXT I

420 RHO (J) =RHOSN/ (RHOSD1*RHOSD2)" « 5

430 NEXT J

440 FOR I=1 TO N

450 PRINT #2, TAB(1) USING "####, ##s#4"3 TH(I),

460 FOR J=1 TO NC

470 PRINT #2,USING “"####,###8"3P(I1,J),PC(I,J),
480 NEXT J
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490

500
510

520

530

640

NEXT 1

FOR J=1 TO NC
PRINT #2, TAB(2) USING

“####.######";RHO(J),PMAVG(J),PCAVG(J)

PRINT USING

NEXT J

END

"####.######“;RHD(J),PMAVG(J),PCAVG(J)
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