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Table 9.2.4 Source Code for Data Acquisition Program (TBRDAQ.BAS), continued 

1590 LOCATE 23,l:PRINT USING ~DAQ COMPLETEC OVER .,.tf MlNUTES";DT 
1600 FOR Jr'-l TO 5000:NEXT JI% 
1610 LOCATE 22,1:PRINT "Fl = MAIN, Print Sern FOR COPY" 
1620 LOCATE 23,l:PRINT "F3 - REPLACE DATA, F4 - DATA REGRESSION" 
1630 FOR ~'-l TO lO:KEY(K%) ON:NEXT K% 
1640 RE'l'URN 
1650 SCREEN Q,l;WIOTH eo 
1660 GOSUB 2780 
1670 GaTO 490 
1680 VXEW:SCREEN O:WIDTH aO:COLOR 4,7,0 
1590 LOCATE 5,28:PRINT "DATA REGRESSION ANALYSIS" 
1700 OPEN "t:TZHP.DAT" FOR INPUT AS '1 
1710 FOR 10%-0 TO 15;SUM! (IO%)-O:SUMSQ! (IO\)-O:NEXT 10% 
1720 FOR 0%-1 TO NOM.SET' 
1730 FOR CHANNELl-LOW. CHANNEL\: TO MAX.CHANNEL' 
1740 INPUT '1, CHANN'EL%,ANALOG. VALUE' ; VOLT . VALUE !-ANALOG. VALUE'*LS5! 
1750 SUMI (CHANNELl) -SUM! (CHANNEL') +VOLT. VALUE! 
1750 NEXT CHANNEL' 
1770 NEXT 0\ 
1780 FOR CHANNEL%-LOW.CHANNEL\: TO MAX.CHANNEL' 
1790 MEAN. VOLT! (CHANNEL%) -SUM! (CHANNEL%) /NUM. SETt 
1800 NEXT CHANNELt 
1810 CLOSE U 
1820 OPEN "~:TEMP.OAT" FOR INPUT AS tl 
1830 FOR C%-l TO NOM.SETt 
l8tO FOR CHANNELI-LOW.CHANNEL' TO MAX.CHANNEL' 
1850 INPUT #1, CHANNEL', ANALOG. VALUE' : VOLT • VALUE! -ANALOG. VALUE%*LSBI 
1860 SUMBQ! (CHANNEL') -SUMSO! (CHANNEL') + (VOLT. VALUE! -MEAN. VOLT! (CKANN!:L'» "'2 
1870 NEXT CHANNELt 
1880 NEXT c' 
1890 CLOSE U 
1900 FOR CHANNEL'-LOW.CHANNEL' TO MAX.CHANNEL% 
1910 V1\..R1 (CHANNEL%)-SUMSQI (CHANNEL%)/NUM.SETt 
1920 STO.OEVI (CRANNELl) -SQR(VAR! (CHANNEL%» 
1930 COUNT%-CHANNEL%-LOW.CHANNELl+1 
1940 LOCATE COUNT'+6,18:PRINT USING ~FOR CHANNEL It, VOLTAGE: fl.t't +/- I.t't 

VOLTS" ; CHANNEL', MEAN. VOLT! (CHANNEL') ; STO .DEV! (CHANNELl) 
1950 NEXT CHANNEL% 
1960 LOCATE 23,1:PRINT "SAVE THIS RUN TO ";OUT.FILES:" ?" 
1970 LOCATE 23,30:INPUT ANS$ 
1980 IF ANS$ - "Y" THEN GOTO 2010 
1990 IF ANS$ - ~N" THEN GOTO 2060 
2000 LOCATE 23,1:PRINT "PLEASE RESPOND WITH A Y OR N":GOTO 1950 
2010 OPEN OUT.FILES FOR APPEND AS .2 
2020 PRINT '2, QL!;", .. ;CRR$ (34) ;WUNITS$; eRR$ (34) ;"," :QG!:","; CHR$ (34) ;GUNITSS;CHR 
S(34);",";GPRESS! 
2030 PRINT t2,SPGL!;",";SPVL!;",";STRATIO!;",";SPGG1;",";SPVG! 
2040 FOR I% a LOW.CHANNEL' TO MAX.CHANNEL%:PRINT '2, Ii;MEAN.VOLT! (I%);STD.DEV! (I 
'"'I :NEXT I% 
2050 CLOSE #2 
2060 LOCATE 23,1 : PRINT "PRESS ANY KEY TO RETURN TO DAO" 
2070 PPP-l 
2080 WHILE PPP 
2090 IF(LEN(INKEYS)<>O)THEN PPP-O 
2100 WEND 
2110 GOTO 620 
2120 RETURN 
2130 FOR K% =1 TO lO:KEY(K%) OFF:NEXT K% 
2140 COLOR 14,4,0 
.2150 LOCATE 2,':':PRINT SPC(9);"SYSTEM MENU";SPC(lO) 
2160 LOCATE 3,1:PRINT SPC(30) : LOCATE 4,1:PRINT "1. BED NAME "" ";BEDS;SpC(31-POS{ 
1) ) 
2170 LOCATE 5,1:PRINT SPC(30):LOCATE 6,1:PRINT "2. PACKING NAME = ";PACKS;SPC(31 
-POS(1») 
2171 LOCATE 7,1:PRINT SPC(30):LOCATE 8,1:PRINT "3. LIQUID NAME .. "iLNAMES;SPC{31 
-POS (1» 
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Table 9.2.4 Source Code for Data Acquisition Program (TBRDAQ.BAS), continued 

2180 LOCATE 9,1:PRINT SPC(30) :LOCATE lO,l:PRINT "4. OUTPUT FILE NAME _ R;OUT.FIL 
ES;SPC(31-POS(1)) 
2190 LOCATE: 11,1:PRINT SPC(30) :LOCATE 12,l:PRINT "5. PRINT HEADER TO OUTPUT FILE 
";SPC(31-POS(1)) 
2200 LOCATE 22,1:PRINT "SELECT ITEM NUMBER FROM MENU (-1 TO ENO)";SPC(BO-POS(l) 
2210 LOCATE 23,l:INPUT CHOICEt 
2220 IF CHOICE' - 1 THEN LOCATE 4,15:INPUT B&OS:GOTO 2140 
2230 IF CHOICE' - 2 THEN LOCATE 6,20:INPUT PACK$:GOTO 2140 
2231 IF CHOICE' - 3 THEN LOCATE B,20:INPUT LNAME$:GOTO 2140 
2240 IF CHOICE' - 4 THEN LOCATE lO,21:INPUT QUT.rILE$:GOTO 2140 
2250 IF CHOICE' - 5 THEN GOSUB 22BO:GOTO 2140 
2260 IF CHOICE' < 0 THEN GOTO 2360 
2270 LOCATE 23,1:PRINT "NOT A VALID CHOICE~:BEEP:GOTO 2140 
2280 LOCATE 22,1:INPUT "PRINTING A HEADING WILL DESTROY ANY DATA IN AN EXISTING 
FILE, ARE YOO SURE ?~,A$ 

2290 Ir AS - "Y~ THEN GOTO 2320 
2300 Ir AS - "N" THEN GOTO 2350 
2310 LOCATE 23,I:PRINT SPACE$(BO) : LOCATE 23,I:PRINT "FLEASE RESPOND WITH A Y OR 
N":GOtO 22BO 
2320 OPEN OUT.FILES FOR OUTPUT AS #2 
2330 PRINT '2,CHRS(34);BED$;CHRS(34);CHR$(34);PACKS;CHRS(34);LNAMES;CHRS{34) 
2340 CLOSE '2 
2350 RETURN 
2360 GOSUB 2780 
2370 FOR K' -1 TO 10:KEY(K%) ON:NEXT K% 
2380 RETURN 
2390 rOR K' - 1 TO 10:KEY(K%) OFF:NEXT K% 
2400 COLOR 7,6,0 
2410 LOCATE 6,1:PRINT SPC(13);"FLOWRATE MENU-;Spe(14) 
2420 LOCAtE 7,1:PRINt SPC(40) :LOCATE a,1:PRINT "1. WATER FLOWRATE • ";QW!;SPC(41 
·POS(l» 
2430 LOCATE 9,1:PRINt SPC(40) :LOCA'I'E 10,1:PRINT "2. UNITS OF WATER FLOW ARE ";wt1 
NITS$;SPC(41-POS{1» 
2440 LOCAn:: 11,1:PRINT SPC(40) :LOCATE 12,1:PRIN'I' "3. AIR FLOWRATE. ";QG!;SPC(41 
·POS(l» 
2450 LOCATE 13,1:PRINT SPC(40) :LOCATE 14,1:PRINT "4. UNITS OF AIR FLOW ARE ";GUN 
ITS$;SPC(41-POS(1» 
2460 LOCATE 15,1:PRINT SPC(40):LOCATE 16,1:PRINT "5. AIR PRESS. AT ROT. (PSI) "" 
.. ; GPRESS !; SPC (41~POS (1» 
2461 LOCATE 17,1:PRINT SPC(40):LOCA'I'E 18,1:PRINT "6. LIQUID NAME (WATER OR VGO) " 
;LNAMES;SPC(41-POS(1» 
2462 LOCATE 19,1:PRINT SPC(40):LOCATE 20,1:PRINT "7. KEY OF WATER ROTAMETER(1-5) 
= ";NROTA!;SPC(-U-POS(l» 
2470 LOCAtE 22,1;PRINT "SELECT ITEM TO BE CHANGED (-1 TO END)";SPC(80-POS(1):LO 
CATE 23,1:INPUT CHOICE' 
2480 IF CHOICE% - 1 THEN LOCATE a,25:INPUT QW!:GOTO 2410 
2490 IF CHOICE% = 2 THEN LOCATE 10,30:INPUT WUNITS$:GOTO 2410 
2500 IF CHOICE' 3 THEN LOCATE 12,20:INPUT QG!:GOTO 2410 
2510 IF CHOICE% 4 THEN LOCATE 14,30:INPUT GUNITS$:GOTO 2410 
:520 IF CHOICE~ 5 THEN LOCATE 16,30:INPUT GPRESS!:GOTO 2410 
2521 IF CHOICE% ~ 6 THEN LOCATE IB,30:INPUT LNAME$:GOTO 2410 
2522 IF CHOICE' = 7 THEN LOCATE 20,30:INPUT NROTA!:GOTO 2410 
2530 IF CHOICE% < 0 THEN GOTO 2550 
2540 LOCATE 22,1 : PRINT "NOT A VALID CHOICE" : BEEP :BEEP:GO-rO 2470 
2550 IF LNAME$ "WATER"THEN QL!=QW! :GOTO 2559 
2551 IF NROTA! = 1 THEN QL!=.16415*QW!+.2612*QW!A2-.0431*QW!A3 
2552 IF NROTA! 2 THEN QL!=-.0338*QW!+.00937*QW!A2-.0Q00431*QW!A3 
2553 IF NROtA! = 3 THEN QL!=QW! 
2554 IF NROTA! 4 THEN QL! .... 01332*QW!+.000326*QW!A2~1.02E-07*QW! ... 3 
:555 IF NROT;'! 5 THEN QL!=.02449*QW!+.0002a8*QW!A:;~2.5€E-07*QW!"'3 
2559 GOSUB 2780 
2560 FOR K%-l TO 10:KEY(K') ON:NEXT K% 
2570 RETt1RN 
2580 COLOR 9,4,0 
2590 FOR K% = 1 TO 10:KEY(K') OFF:NEXT K% 
2600 LOCATE 2,50:PRINT SPC(ll);"DAQ MENU";SPC(12) 
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Table 9.2.4 Source Code for Data Acquisition Program (TBRDAQ.BAS), continued 

2610 LOCATE 3,50:PRINT Spe(31) : LOCATE 4,SO:PRIN'1' "1. LOW CAO CHANNEL ... ";LOW.eRA 
NNEL\/SPC(BI-POS(l» 
2620 LOCATE 5,50:PRINT Spe(31) : LOCATE 6,50:PRINT "2. HIGH CAO CHANNEL'" ";MAX.eM 
ANNEL\;SPC(81-POS(1» 
2630 LOCATE 7,50:PRINT SpeC3!) :LOCATE 8,50:PRINT "3. CHANNEL GAIN - ";GAIN%;SPC( 
SI-POS (1» 
26"0 LOCATE 9,SO:PRINT Spe(31) : LOCATE lO,SO:PRINT "4. LENGTH FOR AVERAGE = ";NUM 
,SE'l'\;SPC(81-POS(1» 
2650 LOCATE 1l,50:PRINT spe(3l) : LOCAl'E 12,50:PRINT "5. TIME OF CHART (sec) - "iT 
CKART!;SPC(81-POS(1» 
2660 LOCATE 22,l:PRINT "SELECT ITEM NUMBER FROM MENU (-1 TO END) ";spc(eO-POS(l» 
2670 LOCATE 23, 1: INPUT CHOICE 
2680 IF CHOICE - 1 THEN LOCATE 4, 73: INPUT LOW.CHANNEL%:GOTO 2600 
2690 IF CHOICE ~ 2 THEN LOCATE 6,73:INPVT MAX.CHANNEL\:GOTO 2600 
2700 IF CHOICE - 3 THEN LOCATE 8, 68: INPUT GAIN%:GOTO 2600 

.2710 IF CHOICE - 4 THEN LOCATE 10, 73: INPUT NUM.SET\:GOTO 2600 
2720 IF CHOICE s 5 THEN LOCATE 12,73:INPUT TCHARTI:GOTO 2600 
2730 IF CHOICE < 0 THEN GOTO 2750 
2740 LOCATE 23,1:PRINT "NOT A VALID CHOICE~:BEEP:BEEP:GOTO 2600 
2750 GOSUB 2780 
2760 FOR K%-l TO 10:KEY(K\) ON:NEXT K% 
2770 RETURN 
2780 SCREEN O:WIDTH 80:CLS:COLOR 14,1,0 
2790 LOCATE 5,22 
2800 PRINT SPC(10);"MAIN MENU";SPC(27) 
2810 LOCATE 6,22:PRINT SPC(46) 
2820 LOCATE 7,22:PRINT "F1 - INPUT SYSTEM DATA";SPC(24) 
2830 LOCATE 8,22:PRINT SPC(46) 
2840 LOCATE 9,22:PRINT ~F2 - INPUT PHASE FLOWRATES AND OTHER VARIABLES" 
2850 LOCATE 10,22:PRINT SPC(46) 
2860 LOCATE ll,22;PRINT "F3 - INPUT DAQ PARAMETERS";SPC(21) 
2870 LOCATE 12,22:PRINT SPC(46) 
2880 LOCATE 13,22:PRINT "F4 - INPUT DAQ PARAMETERS FOR FAST DAQ";SPC(8) 
2890 LOCATE 14,22:PRINT SPC(46) 
2900 LOCATE 15,22:PRINT "F5 ~ BEGIN DATA ACQUISITION";SPC(19) 
2910 LOCATE 16,22:PRINT SPC(46) 
2920 LOCATE 17,22:PRINT "F6 - CHANGE PHASE PROPERTIES";SPC(lS) 
2930 LOCATE IB,22:PRINT SPC(46) 
2940 LOCATE 19,22:PRINT "F9 = END OF RUN, EXIT";SPC{2S) 
2950 LOCATE 20,22:PRINT SPC(46) 
2960 RETURN 
2970 ICOl-O 
29BO RETURN 
2990 CHECK"'O 
3000 CLOSE U 
3010 RETURN 
3020 FOR K%=l TO 10:KEY(K%) OFF:NEXT K% 
3030 COLOR 14,2,0 
3040 LOCATE 10,50:PRINT SPC{9);"FAST DAQ MENU",SPC(9) 
3050 LOCATE 11,50:PRINT SPC(31) : LOCATE 12,50:PRINT "'. FAST DAQ CHANNEL"" '·;':l-!...AN 
.FAST%;SPC(81-POS(1» 
3060 LOCATE 13,SO:PRINT SPC(31) : LOCATE 14,50:PRINT "2. DAQ FREQ. «150 Hz) :> ";F 
REQ!;SPC(B1-POS(1» 
3070 LOCATE 15,50:PRINT SPC(31) : LOCATE 16,50:PRINT "3. FAST DAQ GAIN = ";GAINF%; 
Spe(81-POS (I) I 
30S0 LOCATE 17,SO:PRINT SPC(31):LOCATE 18,50:PRINT "4. FAST DAQ OUT FILE = ":OUT 
.FASTS;SPC(81-POS(1» 
3090 LOCATE 19,50:PRINT SPC(31) :LOCATE 20,SO:PRINT "5. PRINT HEADER TO OUT FILE" 
;spe(S1-POS{1» 
3100 LOCATE 22,1:PRINT "SELECT r7EM FROM MENU, -1 TO END";SpC(80-POS(1) 
3110 LOCATE 23,1:INPUT CHOICE 
3120 IF CHOICE = 1 THEN LOCATE 12,73:INPUT CHAN.FAST%:GOTO 3040 
3130 IF CHOICE:. 2 THEN LOCATE 14, 74:INPUT FREQ! :GOTO 3040 
3140 IF CHOICE = 3 THEN LOCATE 16,72:INPUT GAINF%:GOTO 3040 
3150 IF CHOICE = 4 THEN LOCATE lS,73:INPUT OUT.FASTS:GOTO 3040 
3160 IF CHOICE 5 THEN GOSOB 3220:GOTO 3040 
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Table 9.2.4 Source Code for Data Acquisition Program (TBRDAQ.BAS). continued 

3170 IF CHOICE < 0 THEN GOTO 3190 
3180 LOCATE 23,l:PRINT "NOT A VALID CHOICE~:eEEP:BEEP:GOTO 3100 
3190 GOSUB 2180 
3200 FOR K% - 1 TO lO:KEY(K%) ON:NEXT K% 
3210 RETURN 
3220 LOCATE 22,l:INPUT "PRINTING A HEADING WILL DESTROY ANY DATA IN AN EXISTING 
FILE, ARE YOU SURE 7~,A$ 
3230 IF AS - ~y~ THEN GOTO 3260 
3240 IF AS - ~N" THEN GOTO 3290 
3250 LOCATE 23,1:PRINT SPACE$(BO) :LOCATE 23,1:PRINT "pLEASE RESPOND WITH A Y OR 
N":GOTO 2280 
3260 OPEN OUT.FASTS FOR OUTPUT AS '2 
3270 PRINT t2,CHRS(34) ,BED$;CHRS (34);CHRS{34);PACKS;CHRS{)4) 
3280 CLOSE '2 
3290 RETURN 
3300 CLS:SCREEN O:WIDTH aO:LOCATE lO,27:PRINT "ACQUIRING FREQ. DATA ON ";CHAN.FA 
sT\ 
3310 FOR K\ - 1 TO lO:KEY(K%) OFF:NEXT K\ 
3320 DIM A.Y\l2DaO) 
3330 BUFFER%-2QOO:CONV%-2000:ERRCODE%-0 
3340 TOP.FREQ!-4000001 :TIME.SOURCE%-O:TIMEOUT\-30 
3350 CALL SETUP.ADC (TIME.SOURCE%,CHAN.FASTt,CHAN.FAST%,GAINF\) 
3360 CALL GET. ERROR. CODE (ERRCODE%) 
3370 IF ERRCODE\ - 0 GOTO 3400 
3380 LOCATE 12,30:PRINT "SETUP ERROR, RETRY" 
3390 FOR PAUSE'-1 TO 5000:NEXT PAUSE\:GOTO 3660 
3400 CLOCK.OIVIDERt-(TOP.FREQ!/FREQ!)-.5 
3410 ACT.FREQ!-TOP.FREQ!/CLOC~.DIVIDERt 
3420 LOCATE 14,27:PRINT USING "ACTUAL DAQ FREQUENCY IS ftt.t";ACT.FREQ! 
3430 CALL SET.CLOCK.DIVIDER (CLOCK.DIVIDER%) 
3440 CALL SET.TIMEOUT (TIMEOUT%) 
3450 BUFF.S\-D:I%-D:BUFF.COUNT%-1 
3460 CALL FIND.DMA.LENGTH(A.V%(BUFF.S%),BUFFER%) 
3470 LOCATE 16,27:PRINT USING "THE MAXIMUM DMA LENGTH IS tttf";BUFFER% 
3480 IF BUFFER% > CONV% THEN GOTO 3530 
3490 IF BUFFER% > CONV%/2 THEN GOTO 3510 
3500 BUFF.S%-CO~/2+1 
3510 CONV%-CONY%/2-1 
3520 IF CO~ MOD 2 = 1 THEN CONV%=CONV'-l 
3530 OPEN OUT.FASTS FOR APPEND AS 11 
3540 PRINT II, QLI;", ",. CHRS (34) ;WUNITS$;CHRS (34);", "; QG!;","; CRRS (34) ;GUNITS$; CRR 
S (34) 
3550 PRINT II,CHAN.FASTt,.", ";ACT.FREQ!;", ";GAINFt,.", ";COI'N% 
3560 BUFI.END%~BUFF.St+(CONV%/2) 
3570 BUF2.S%'BUFl.ENO%+1 
3580 BUF2.END%-BUFF.S%+CONV%-1 
3590 CALL CONTlNUOUS.ADC.DMA(CONVt,A.Vl(BUFF.S%» 
3600 CALL WAIT.ADC.DMA(A.V%(BUFl.ENDt» 
3610 FOR I%=BUFF.St TO BUFl.END\:PRINT fl/A.V%(!%) :NEXT I% 
3620 CALL WAIT.ADC.DMA(A.V'(BUF2.ENO%» 
3630 FOR I%=BUF2.S% TO BUF2.END%:PRINT tl,A.V%(I\) :NEXT 1% 
3640 CALL STOP.ADC.DMA 
3650 CLOSE fl 
3660 ERASE A.V' 
3670 FOR K\ = 1 TO lO:KEY{K\) ON:NEXT K% 
3680 GOTO 620 
3690 RETURN 
3700 COLOR 4,7,0 
3710 LOCATE 5,22:PRINT SPC(15);"PHASE PROPERTIES";SPC(15} 
3720 LOCATE 6,22:PRINT SPC(46) : LOCA7E 7,22:PRINT "1. LIQUID SFECIFIC GRAVITY", 
;SPGL!;SPC(68-POS(1» 
3730 LOCATE 8.22:PRr~~T SPC(46) : LOCATE 9,22:PRINT "2. LIQUID SPECIFIC VISCOSITY 

";SPVL!;SPC(68-POS{1» 
3740 LOCATE 10,22:PRINT SPC(46) : LOCATE l1,22:PRINT "~. WATER TO LIQ. SURFACE TEN 
SION RATIO =- ";STFATIOl;SPC(68-POS(1» 
3750 LOCATE 12,22:PRINT SPC(46) : LOCATE l3,22:PRINT "4. GAS SPECIFIC GRAVITY'" ". 
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Table 9.2.4 Source Code for Data Acquisition Program (TBRDAQ.BAS), continued 

SPGGI;SPC(6B-POS(1» 
3760 LOCATE 14,22:PRINT SPC(46) : LOCATE 15,22:PRINT ~5. GAS SPECIFIC VISCOSITY = 

";SPVG1;SPC(68-POS(1» 
3770 LOCATE 16,22:PRINT SFC(46) :LOCATE 17,22:PRINT SFC(46) :LOCATE IB,22:PRINT SF 
C(46) :LQCATE 19,22:PRINT SPC(46) :LOCATE 20,22:PRINT SPC(46) 
3780 LOCATE 22,1:PRINT "SELECT ITEM NUMBER FROM MENU (-1 TO ENO)R;SPC(BO-POS(l» 
3790 LOCATE 23, 1: INPUT CHOICE' 
3800 IF CHOICE' - 1 THEN LOCATE 7,52:INPUT SPGL!:GOTO 3700 
3810 IF CHOICE\ • 2 THEN LOCATE 9,53:INPUT SPVLI:GOTO 3700 
3820 IF CHOICE% - 3 THEN LOCATE 11, 60: INPUT STRATIO!:GOro 3700 
3830 IF CHOICE' - 4 THEN LOCATE 13,52:INPUT SPGGI:GOTO 3700 
3840 IF CHOICE' - 5 THEN LOCATE 15,53:INPOT SPVG!:GOTQ 3700 
3850 IF CHOICE' < a THEN GOTO 3870 
3960 LOCATE 22.1:PRINT ~NOT A VALID CHOlCE~:BEEP:BEEP:GOTO 3780 
3870 GOSUB 2780 
3880 FOR K%-l TO 10:KEY(K%) ON:NEXT K% 
3890 RETURN , 
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3.) The user should next access the menu for setting the data acquisition 

parameters (F3 key from Main Menu). Primarily, this menu is used for inputting the 

range of channels to be accessed (only continuous blocks of channels currently handled) 

and the duration of the electronic scroll chart on the subsequent data acquisition screen. 

4.) The user should access the menu for fast data acquisition (F4 key from Main 

Menu). This menu specifies the options for acquiring data at a very high frequency on a 

single channel. Typically, only the channel of interest and the output filename (and the 

print header command on initialization) need to be specified. 

5.) The user should next access the menu for input of the phase properties (F6 key 

from the Main Menu). For the liquid and gas under study, the specific gravity (PL/p water 

and PG/p ru), specific viscosity (f.lJfLwater and fLG/fLru), and the surface tension ratio of 

water to the liquid (cr ware/crL) need to be specified. The surface tension ratio is not used 

in this program and is only included for possible future use. 

6.) The user should now access the menu for the input of the phase f10wrates (F2 

key from the main menu). The liquid flowrate should be input with the appropriate units 

(GPM, GPH, and CCM are currently available) and rotameter number (1 is the largest at 

o to 8 gpm and 5 is the smallest at 0 to 50 ccm). The rotameter calibration curves for the 

soybean oil and rotameters 1,3,4, and 5 are contained in the program. Other calibration 

curves must be input into the program (see source code, Table 9.2.4). The appropriate air 

flowrate and units (SCFH are available) should be input. Note: the first data set should 

be run at zero flow conditions to zero all measurement devices. 

7.) Now the data acquisition begins with the F5 key from the Main Menu. The 

screen associated with this menu gives the pertinent informarion on the bed and packing 

under study, the phase f10wrates (from calibration curves), and the particle Reynolds 

number of each phase. The particle Reynolds numbers differ from the bed Reynolds 

numbers used in the models of Chapters 3, 4, 5, 6, and 7 in that the porosity does not 

appear. The particle Reynolds number appears since Fukishima and Kusaka (I977) used 

it in their f10wmap which was used in the early experimental work to indicate flow 

regime boundaries. 
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GDp 
Particle ReG =-­

~G 

(9.2.1) 

(9.2.2) 

Also, the voltage of the channels currently being monitored are displayed on a scroll 

chart. From the data acquisition screen, the user is given four options with the Fl to F4 

keys. 

Fl key Return to the Main Menu 

F2 key Perform high frequency data acquisition on the preselected channel. The voltage 

values at a specified frequency (150 Hz is maximum and default) are stored in the 

fast data acquisition output file for later processing. About 14 seconds of data are 

stored at the default frequency so this file can become quite large. 

F3 key Stores the voltage of each channel being monitored into a temporary file, 

TEMP.DAT, on the virtual disk (currently the F drive on the data acquisition PC 

in Urbauer 317, see DOS manual for creation of virtual disks). A total of 1000 

voltage values are stored for each channel being monitored. Since the data is 

gathered in a loop over the desired channel range, no set time span for the data 

acquisition to be completed was established. Generally, the time span overwhich 

the averages will be calculated is about 0.5 minutes per channel being monitored. 

F4 key When data has been stored on the virtual disk, this subroutine calculates the mean 

and variance in voltage for each channel being monitored (1000 data points for 

each channel) and records the results to the data acquisition output file on the 

hard disk for later processing (the results are still in voltages). 

The data acquisition software completes the job when the average voltage (and 

voltage variance) for each channel being. monitored is stored to the output file. 

Accompanying each set of voltage values are the phase flowrates and units which have 
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been input by the user. The structure of the output file from the data acquistion program 

is shown in Table 9.2.5. Additional programs are required to convert the voltage values 

which are stored during data acquisition into the desired measurement values (pressures 

and bed weights) using the appropriate calibration curve for each particular electronic 

device. An example a program to do just this for the trickle bed system is given in the 

following section. 

Table 9.2.5 Structure of the Data File Created by the Data Acquisition Softwarel 

Ilbed nrune" "pacldng narne"lIphase narne" 

liquid flowrate "liquid units" gas f10wrate "gas units" gas pressure at rotameter (psig) 

fIrst channel number channel voltage voltage variance 

second channel number channel voltage voltage variance 

(to fmal channel being mOnitored)2 

liquid flowrate "liquid units" gas f10wrate "gas units" gas pressure at rotameter (psig) 

fIrst channel number channel voltage voltage variance 

second channel number channel voltage voltage variance 

(to fmal channel being monitored) 

(and so on for each data set gathered for the bed, packing and phase under study) 

1) The shown quotation marks exist in the fIle as the BASIC notation for a string variable. 

2) Comments are in parantheses. 

9.2.3.3 Example Program for Conversion of Acquired Voltages to System Variables. 

An example program in BASIC is given in this section for converting the 

measured voltages and f10wrates from the data acquisition program into the appropriate 

dimensionless numbers for analysis with the trickle bed hydrodynamic model developed 

in Chapter 3. This program is very specifIc for the hardware confIguration which I used 

to acquire trickle bed data. A general program was not developed to do the indicated 

conversions because there is an infinite number of possible confIgurations as more 
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devices are added to the system or changes are made to the current set up. I would 

recommend that a user write a conversion program specific for his or her particular 

application to avoid confusion. In view of these comments, the example program shown 

here is written for the following channel configuration. 

Channel 0: Bed weight, 0 to 500 lb load cell, linear over 0 to 10 V. 

Channell: Pressure at second position from top of bed, 0 to 30 psig transducer, 

linear over 1 to 5 V . 

Channel 2: Pressure at third position from top of bed, 0 to 30 psig transducer, 

linear over 1 to 5 V. 

Channel 3: Pressure nearest the bottom of bed, 0 to 30 psig transuducer, 

linear over 1 to 5 V. 

Channel 4: Pressure closest to top of bed, 0 to 60 psig transducer, linear over 1 to 5 V. 

The program listing is given in Table 9.2.6 and the following comments are in 

order regarding the algorithm and use of the program. 

1. The program is written in BASIC and has been given the name 

MODANA.BAS. An alternate version of this program is also available for analyzing 

data from a single pressure transducer on the 1 inch bed apparatus (the name of that 

version is ANAlIN.BAS). The program can be run by typing: 

GWBASIC MODANA 

at the DOS prompt. The program will ask for a input fIle name (whatever the data is in) 

and an output fIle name (where the dimensionless groups will be stored). The program 

will also prompt the user for information on whether the data is for gas only flow, and the 

maximum dimensionless gas phase pressure drop and liquid Reynolds number. The 

query on gas only data determines if a linear regression algorithm is run to calculate 

approximate Ergun Equation coefficients (more on this in comment 2). The queries 

regarding maxima are for the creation of some rough plots to show the trends in the data 

and in no way affect the numerical results. 
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Table 9.2.6 Source Code for Post Run Data Analysis (MODANA.BAS) 

10 SCREEN O:WIDTH 80:COLOR lS,l,O:CLS 
20 DIM CHANNEL%(16),VOLTS(16),VAR(16) 
30 LOCATE 5,30:PRINT "DATA ANALYSIS PROGRAM" 
40 LOCATE 7,30:INPUT "WHAT FILE IS TO BE ANALYZED";OUT.FlLE$ 
50 LOCATE 9,30:INPUT "WHAT FILE IS TO BE CREATED FOR RESULTS";RES.FlLE$ 
60 LOCATE 11,lO:INPUT "IF GAS FLOW IS INDEPENDENT VAR. INPUT A 1 (L IS DEFAULT) 
.. ; FLAG' 
70 OPEN OUT .FILES FOR INPUT AS U 
80 OPEN "HOLD.OAT" FOR OUTPUT AS '2 
90 OPEN RES.FILES FOR OUTPUT AS 13 
100 INPUT tl,BEO$,PACK$,LNAME$ 
101 PRINT BED$;PACK$;LNAME$ 
110 PC-O 
120 MIN.CHAN%-O:MAX.CHANl-4 
130 nIM SLOPE(16),OFFSET(16) 
140 IF BEDS" nS3INCH" THEN OZa 5:VBED-.l11:ABEO-.05326:POR-.37S:DP-.003*3.2B08: 
STATH-.D4 
141 IF BED$ - "L6INCH" THEN DZ-l!:VBED-l.1073:ABED-.1726:POR-.455:DP-l!/8!/12!:S 
'I'ATH-.04 
150 RHOL-62.3:RMUL-.000671:RMUG-l.20SE-OS 
160 TC-22.4:TF-l.S*TC+32 
170 GRAV-32.174 
180 RHGCC".28. 8/10.73/ (T!'+460) :RHOG-14. 7*RHGCC 
190 GALC-RHOL~2*GRAV*OP~3*POR~3/RMUL~2/(1-POR)~3 
200 GAGCC-GRAV*DP~3*POR~3/RMUGA2/(1-POR)A3:GAG-GAGCC*RHOG~2 
210 SLOPE(O)-S3.7:SLOPE(1)-30/4:SLOPE(2)-30/4:SLOPE(3)-30/4:SLOPE(4)-60/4 
220 TEST-l:PMAX-3000:RELMAX-40:REGMAX-1000:COUNTt-O:SUH-O:CNTL%-0:SUML-0! 
230 SUMERGY-O:CNTERGY\-O 
240 LOCATE 13,10! INPUT "WHAT IS THE MAXIMUM REL "; RELMAX 
250 LOCATE 15, 10: INPUT "WHAT IS THE MAXIMUM REG "jREGMAX 
260 LOCATE 17,10:INPUT "WHAT IS THE MAXIMUM DIM. PRESSURE DROP ";PMAX 
270 SCREEN 2 
280 LINE (40,0)-(40,160) :LINE -(640,160) 
290 WHILE TEST 
300 INPUT t1,QLI,WUNITS$,QG!,GUNITS$,GPRESS! 
310 INPUT tl,SPGLI,SPVL!,STRATIOI.SPGG!,SPVGI 
320 GAL-GALC* (SPGLI/SPVL1) A2 
330 RHGC=RHGCC*SPGG!:GAGC=GAGCC/SPVG!A2 
340 FOR 1% = MIN.CHANt TO MAX. CHANt: INPUT 'l,CHANNEL%(I%) ,VOLTS(I%) ,VAR(I%) : NEXT 

" 350 IF QL!=O THEN IF QG!=O THEN FOR J% = MIN.CHAN% TO MAX.CHAN%:OFFSET(J%)=VOLTS 
(J%) :NEXT J% 
360 THOLD = STATH+SLOPE(O) * (VOLTS (O)-OFFSET(O»/VBED/RHOL/SPGL! 
370 PR1-SLOPE(4) * (VOLTS(4)-OFFSET(4)) 
3eo PR2-SLOPE(l) * CVOLTS(l)-OFFSET(l) 
390 PR3=SLOPE(2) * (VOLTS (2)-OFFSET(2» 
400 PR4-SLOPE(3) * (VOLTS(3)-OFFSET(3» 
410 RHOG1=(14.7+PRl) *RHGC:RHOG2=(14.7+PR2) *RHGC:RHOG3=(14.7+PR3) *RHGC:RHOG4=(14. 
7+PR4) "'RHGC 
420 GAGl=GAGC*RHOGl A 2:GAG2=GAGC*RHOG2 A 2:GAG3=GAGC*RHOG3 A 2:GAG4=GAGC*RHOG4 A 2 
430 GAG14=SQR(GAG1/GAG*GAG4/GAG)*GAG:GAG12=SQR{GAG1/GAG*GAG2/GAG)*GAG:GAG24=SQR( 
GAG2/GAG*GAG4/GAG)*GAG:GAG13=SQR(GAGl/GAG*GAG3/GAG)*GAG:GAG23=SQR(GAG2/GAG*GAG3/ 
GAG)*GAG:GAG34-SQR(GAG3/GAG*GAG4/GAG)*GAG 
440 RHOG12=SQR(RHOGl*R80G2) :RHOG23=SQR(RHOG2*RHOG3) :RHOG34=SQR(RHOG3*RHOG4) 
450 RHOG13=SQR(RBOGl*RHOG3) : RROG24=SQR(RHOG2*R80G4) 
460 RHOG14=SQR(RHOG1*RHOG4) 
470 IF BED$ .. "S3INCH"THEN DPIZ= (PRl-PR2) /DZ :DP23= (PR2-PR3) /DZ :DP34= (E'R3-PR4) /DZ 
4BO IF BED$="S3INCH"THEN DP13=(PRI-PRJ)/(2*DZ) :DP24-(PR2-PR4)/(2*DZ) 
490 IF BED$="S3INCH"THEN DP14= (PRI-PR4) / (3*DZ) 
491 IF EED$="L6INCH"THEN DP12= (PRl-PR2) /DZ :DP23= (PR2-PR) /OZ/3! :DP34= (PR3-PRO}) iD 
Z 
492 IF BED$",,"L6INCH"THEN OPl3= (PRl-PR3) / (4*DZ) : Dl'24"" (PR2-PR4) / (4*DZ) 
493 IF BED$",,"L6INCH"THEN OP14= (PRI-PR4) / (5*DZ) 
500 IF DP12 < 0 THEN DP12 = 0 
510 IF DP23 < 0 THEN DP23 "" 0 
520 IF DP34 < 0 THEN DE'34 ,., 0 



Table 9.2.6 Source Code for Post Run Data Analysis (MODANA.BAS). continued 

530 IF OPl3 < 0 THEN OPl3 - 0 
540 IF CP24 < 0 THEN OP24 - 0 
550 IF OPl4 < 0 THEN OPl4 » 0 
600 IF WUNITS$ - "CCM" THEN L "" QLI-SPGL!/60/453.6/ABEO:GOTO 640 
610 IF WUNITS$ - "GPH" THEN L ~ QL!*B.600001*SPGLI/3600/ABED:GOTO 640 
620 IF WUNITS$ ,. "GPM" THEN L - QLI*8.600001*SPGLI/60/ABED:GOTO 640 
630 PRINT "WATER FLOW UNITS NOT RECOGNIZEO";WUNITS$:STOP 
540 IF GUNITS$ - "SerB" THEN G • QG'*SQR«GPRESS!+14.7)/14.7)*RHOG*SPGG!/3EOO/AB 
EO:GOTO 660 
650 PRINT "GAS FLOW UNITS NOT RECOGNIZED";GUNITS$:STOP 
660 REL-L*DP/(l-POR)/RMUL/SPVL! 
670 REG-G*OP/(l-POR)/RMUG/SPVGI 
680 SUML-SUHL+REL:CNTL%-CNTL%+l 
690 SUM-SUM+REG: IF REG <> 0 THEN COUNT%-COUNT\+l 
100 PHIG12-DP12*144/RHOG12:PHIG232DP23*144/RHOG23:PHIG34-DP34*144/RHOG34 

-7 f O PHIG13-DP13*144/RHOG13:PHIG24-DP24*144/RHOG24 
720 PHIG14_DP14*144/RHOG14 
730 IF REG <> 0 THEN ERGY-PHIG14*GAG14/REG:SUMERGY-SUMERGY+ERGY:CNTERGY%-CNTERGy 
%+1 
740 PRINT '3,REL;REG;GAL;GAG14;PHIG14;THOLD 
750 IF rLAG\ <> 1 THEN XL%-40+REL*(600/RELMAXI 
760 IF FLAG' - 1 THEN XL%-40+REG*(600/REGMAXI 
770 YF12'-(PMAX-PHIG12)*(160/pMAX) 
780 YF23'-(PMAX-PHIG23)*(160/PHAX) 
790 YF34%-(PMAX-PHIG34)* (160/pMAX) 
800 YF13%-(PMAX-PHIG13)*(160/PMAX) 
810 YP24%-(PHAX-PHIG24)*(160/PMAX) 
820 YF14%_(PMAX-PHIG14)*(160/PMAX) 
830 YST'-(11-THOLD/POR)*160 
840 PRINT 12,YST%,XL% 
850 CIRCLE {XL%,YP12%I,2 
860 CIRCLE (XL%,YP23%),3 
870 CIRCLE {XL\,YP34%),4 
a80 LINE (XL%+2,YP13%-1)-(XL%-2,YP13%+1)"B 
890 LINE (XL%+3,YF24%-2)-(XL%-3,YP24%+2) ,,6 
900 LINE (XL%+4,YP14%-3)-(XL%-4,YP14%+3)"B 
910 IF EOrel) THEN TEST-O 
920 WEND 
930 RELAVG!=SUML/CNTL% 
940 REGAVG!=SUM!/COUNT% 
950 ERGYAVG!-SUMERGY/CNTERGY% 
960 LOCATE 7,l:PRINT "D":LOCATE 8,1:PRINT "I":LOCATE 9,l:PRINT "M":LOCATE 11,l:p 
RINT "G":LOCATE 12,1:PRINT "A":LOCATE 13,l:PRINT "S":LOCATE 15,l:PRINT "D":LOCAr 
E 16,l:PRINT ~p" 

970 LOCATE 2,1:PRINT PMAX:LOCATE ZO,4:PRINT "0" 
980 IF FLAG% <> 1 THEN LOCATE 22,30:PRINT "LIQUIO REYNOLDS" 
990 IF FLAG% <IS 1 THEN LOCATE 22,30 :PRINT "GAS REYNOLDS" 
1000 LOCATE 22,6:PRINT "0" 
1010 IF FLAG% <> 1 THEN LOCATE 22,76:PRINT RELMAX 
10Z0 IF FLAG% = 1 THEN LOCATE 2Z,76:PRINT F~GMAX 
1030 IF FLAG%- <> 1 THEN LOCATE 3,10:PRINT USING "GAS REYNOLDS = Uff,I";REGAVG! 
1040 IF FLAG% .. 1 THEN LOCATE 3,10:PRINT OSING "LIQUID REYNOLDS'" fftf.,";RELAVG 

1050 LOCATE 23,1 
1060 CLOSE 11,12,13 
1070 PPP-l 
lOBO WHILE PPP 
1090 IF (LEN (INKEYS) <> 0) THEN PPP=O 
1100 WEND 
1110 CLS 
1120 OPEN "HOLD,DAT" FOR INPUT AS tl 
1130 LINE (40,0)-(40,160) :LlNE -(640,160) 
1140 PLTEST-1 
1150 WHILE PLTEST 
1160 INPUT ,l,YST%,XL% 
1170 IF HCOUNT=O THEN HCOUNT=1:GOTO 1190 
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Table 9.2.6 Source Code for Post Run Data Analysis (MODANA.BAS), continued 

1180 LINE -(XL\,YST\' 
1190 CIRCLE (XL%,YST%),3 
1200 IF EOF(l) THEN PLTEST-O 
1210 WEND 
1220 LOCATE 7,1:PRINT "L":LOCATE 8,1:PRINT "I":LOCATE 9,1:PRINT "Q":LOCArE 11,1: 
PRINT "S":LOCATE 12,1:PRINT "A":LOCATE 13,1:PRINT "T":LOCATE 14,1:PRINT "U":LOCA 
TE 15,1:PRINT "R" 
1230 LOCATE 2,4:PRINT "l":LOCATE 20,4:PRINT "0" 
1240 IF ~LAG' <> 1 THEN LOCATE 22,30:PRINT "LIQUID REYNOLDS" 
1250 IF FLAG' <> 1 THEN LOCATE 22,6:PRINT "O":LOCATE 22,76:PRINT RELMAX 
1260 IF !'I .. AG\: <> 1 THEN LOCATE 3,10 :PRINT USING "GAS REYNOLDS - tiff. t"; REGAVG! 
1270 IF FLAG' - 1 THEN LOCATE 22,30:PRINT "GAS REYNOLDS" 
1280 IF FLAG\: - 1 THEN LOCATE 22,6:PRINT "O":LOCATE 22,76:PRINT REGMAX 
1290 IF FLAG\: - 1 THEN LOCATE 3,lO:PRINT USING "LIQ. REYNOLDS - #"f.t";RELAVG! 
1300 LOCATE 23,1 
1310 CLOSE '1 
1320 PPP-l 
1330 WHILE FPP 
1340 IF (LEN (INKEYS) <> 0) THEN PPP-O 
1350 WEND 
13 60 SCREEN 0 
1370 IF FLAG' <> 1 THEN STOP 
1380 LOCATE 3,20:PRINT "DATA REGRESSION FOR THE ERGUN CONSTANTS~ 
1390 OPEN RES.FILES FOR INPUT AS 11 
1400 TESTB~1:SSUM1~0:BSUM2-0 
1410 WHILE TESTB 
1420 INPUT 11,REL,REG,GAL,GAG,PHIG,THOLO 
1430 IF REG <> 0 THEN ERGY - PHIG*GAG/REG 
1440 IF REG-a THEN GOTO 1470 
1450 BSUMI-BSUMl+ERGY*(REG·REGAVG!) 
1460 BsUM2=BSUM2+(REG-REGAVG!)~2 
1470 IF EOF(l) THEN TESTe-O 
1480 WEND 
1490 B-BSUM1/BSUH2 
1500 A"'ERGYAVG I 
1510 ERGCl=A-S*REGAVG!:ERGC2=B 
1520 TORTSQsERGC1/27! 
1530 LOCATE 6,20:PRINT USING ~PHIG=ttlt.11 REG/GAG + fft .• t REG~2/GAG";ERGC1;ERG 
c2 
1540 LOCATE 8,20:PRINT USING "BED TORTUOSITY SQUARED"" Ht.ff";TORTSQ 
1550 LOCATE 12,1 
1560 CLOSE fl 
1570 FPOPP-1 
15BO WHILE PFOPf 
1590 IF (LEN (INKEYS) <> O)THEN PPQFf-O 
1600 WEND 
1610 OPEN RES.FILES FOR INPUT AS .1 
1620 SCREEN 2 
1630 LINE (40,0)·{40,160) : LINE -(640,160) 
1640 TESTO=l:SUMFF~O!:SUMLR=O!:CNTFF~=a 
1650 WHILE TESTa 
1660 INPUT t1,REL,REG,GAL,GAG,PHIG,THOLD 
1670 IF REG-a THEN FF-O:GOro 1760 
1680 FF_2*PHIG*GAG/REGA 2/3!/TORTSQ A 1.5 
1690 FFLOG=LOG(FF) :SUMFF=SUMFF+FFLOG 
1700 REGLOG=LOG(REG) :SUMLR=SUMLR+REGLOG 
1710 CNTFF%-CNTFF%+1 
1720 FFL=18/TORTSQ~.5/REG 
1730 YFFL%=(.5-FFL)*(160/.5) 
1740 'iFF%=( .5-FF) *(160/ .5) :XG%=40+REG* (600/REGMAX) 
1750 CIRCLE (XG',YFF%),2:CIRCLE (XG%,YFFL%),3 
1760 IF EOF(l) THEN TESTO=O 
1770 WEND 
1780 CLOSE fl 
1790 FFLOGAVG=SUMFF/CNTFF%:REGLAVG=SUMLR/CNTFF% 
1800 PPPP=1 
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Table 9.2.6 Source Code for Post Run Data Analysis (MODANA.BAS), continued 

1810 WHILE PPPP 
1820 IF (LEN (INKEY$) <> O)THEN pppp-o 
1830 WEND 
1840 SCREEN 0 
1850 OPEN RES.FILES FOR INPUT AS '1 
1860 TESTA-l:BSUM3-0:BSUM4-0 
1870 WHILE TESTA 
1880 INPUT 'l,REL,REG,GAL,GAG,PHIG,THOLD 
1890 IF REG-O THEN GOTO 1950 
1900 FF-2*PHIG*GAG/REG~2/3!/TORTSQ~1.5 
1910 FELOG-LOG(!'E) 
1920 REGLOG-LOG (REG) 
1930 BSUM3-eSUM3+FFLOG*(REGLOG-REGLAVG) 
1940 BSUM4-BSUH4+(REGLOG-REGLAVG)A2 
1950 IF EO!'(l) THEN TESTA-O 
1960 WEND 
1970 B-BSUH3/BSUM4 
1980 A-FFLOGAVG-B*REGLAVG 
1990 AR.-IO"A 
2000 LOCATE 6,20:PRINT USING "THE FRICTION FACTOR RELATION COE!'!' IS H.UU";AR 
2010 LOCATE 8,20:PRINT USING ~THE FRICTION FACTOR POWER ON REG IS ".""";B 
2020 CLOSE tl 
2030 PPOP-l 
2040 WHILE PPDP 
2050 IF (LEN (INKEYS) <> O)THEN PPop-o 
2060 WEND 
2070 OPEN RES.FILES FOR INPUT AS '1 
2080 SCREEN 2 
2090 LINE (40,0)-{40,160) : LINE -(640,160) 
2100 TESTE-I 
2110 WHILE TESTE 
2120 INPUT tl.REL.REG.GAL.GAG,PHIG,THOLD 
21JO IF REG-O THEN FF-O:GOTO 2240 
2140 FF-2*PHIG*GAG/REG~2/J!/TORTSQAI.5 
2150 FFF-AR*REGAB 
2160 FFE~(ERGCl+REG*ERGC2)/REG/TORTSQ~I.5 
2170 FFLs I8/TORTSQA.5/REG 
21S0 YFFL%=(.5-FFL)*(160/.5) 
2190 YFF\"*' ( .5-FF) * (160/ .5) :XG%-40+REG* (600/REGMAX) 
2200 YFFF%-(.5-FFF)*(160/.5) 
2210 YFFE%-(.5-FFE) * (160/.5) 
2220 CIRCLE (XG%.YFF%),2:CIRCLE (XG%,YFFL%),3:CIRCLE (XG%,YFFF%),4 
2230 CIRCLE (XG%,YFFE%),5 
2240 IF EaFll) THEN TESTE=O 
2250 WEND 
2260 CLOSE 11 
2270 PPPPP=l 
2260 WHILE PPPPP 
2290 IF (LEN (INKEYS) <> O)THEN ppppp=O 
2300 WEND 
2310 LOCATE 24,1:STOP , 
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2.) The program will analyze single phase flow data and calculate the 

approximate Ergun Equation coefficients by linear regression on the "linearized" Ergun 

equation (9.2.3). 

(9.2.3) 

The reason that the Ergun equation constants calculated by this method are only 

approximate is that the least square error has been minimized for the function on the left 

hand side of equation (9.2.3), not the dimensionless pressure drop, '¥ G' For this reason, 

the Ergun equation constants calculated in MODANA have only been used for qualitative 

comparisons. The appropriate method for determining the Ergun equation constants 

reported in Tables 3.2, 3.3, 4.5 to 4.10 is to use the multivariable linear regression 

package in the LOTIJS 123 Spreadsheet software. With the variables defined as: 

ReG 
Variable 1 = -­

GaG 

Re2 

and Variable 2 = ~ 
GaG 

the fitted coefficients minimize the least square error in pressure drop. The data base for 

the packings studied and the resulting LOTIJS mes are given in Appendix 9.3. 

3. The results of the data conversion from voltages and flowrates into 

dimensionless numbers are stored in the specified output me in the following format. 

The measured pressure drop is taken between the two transducers having the maximum 

separation on the bed in order to have the maximum difference in pressure. The liquid 

holdup calculate from the weight difference is the dynamic liquid holdup, but the holdup 

which is stored is the total liquid holdup which is calculated with a known value for the 

r'~c ~olduP (obtain~ for eaCh. ~ac~g with in an independent e~ent where the 

bed weIght after soaking and dratmng IS compared to the dry bed weIght). 
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9.2.4 Conclusions 

This description of the trickle bed apparatus is valid as of August 1989. The 

system was completed and tested in the spring of 1988 and ran without mishap for the 

indicated period. As a fmal note, the gaskets which seal the distributor to the trickle bed 

should be checked periodically (once a week) during operation since leaks can develop if 

the bolts loosen. The rest of the system can be leak checked on a weekly basis. 
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Appendix 9.3 

Data Base for Pressure Drop and Liquid Holdup in the Low Interaction 

or Trickle Flow Regime and Uniform Phase Distribution. 

The data base used in Chapter 3 is given in the following tables. Table 9.3.1 

contains the data for the water based systems in two phase flow conditions. Table 9.3.2 

contains the data for the soybean oil system in two phase flow conditions. Table 9.3.3 

contains the data for water based systems for liquid film flow only (zero gas flow). Table 

9.3.4 contains the data for the soybean oil system for liquid fIlm flow only (zero gas 

flow). The column headings describe the data and are consistent with the nomenclature 

used in this thesis. 
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Table 9.3.1 Pressure Drop and Liquid Holdup Data on Aqueous Systems 

Data file for air-water ba~ed systems ... 
liquid holdup values 

R. liq. Re gas Ga liq. Ga gas :static dynamic total PSIG 
expt. 

Levee's data on glass spheres with water 
3.5 3.8 57070 28~ 0.022 0.07 0.089 6 
~.7 3.8 57070 28~ 0.022 O.OB 0.102 8 
5.9 3.8 57070 28~ 0.022 0.09 0.107 13 

11.8 3.8 57070 28~ 0.022 0.12 0.138 18 
17.1 3.8 57070 28~ 0.022 0.11. 0.161 27 
23.5 3.8 57070 28~ 0.022 0.16 0.178 36 
29.~ 3.8 57070 28~ 0.022 0.17 0.195 63 
35.3 3.8 57070 28, 0.022 0.19 0.208 72 
4.1.2 3.8 57070 2a~ 0.022 0.2 0.218 100 
47.1 3. a 57070 2a_ 0.022 0.2 0.225 175 
3.5 7.6 57070 28~ 0.022 0.08 0.1 27 
,.7 7.6 57070 2a~ 0.022 0.09 0.107 31 
5.9 7.6 57070 2a_ 0.022 0.09 0.114 32 

11.8 7.6 57070 2a~ 0.022 0.12 0.139 50 
17.7 7.6 57070 2a~ 0.022 0.14 0.157 66 
23.5 7.6 57070 2a~ 0.022 0.15 0.175 a1 
29.4- 7.6 57070 2a~ 0.022 0.17 0.188 103 
35.3 7.6 57070 28~ 0.022 0.18 0.2 127 
41.2 7.6 57070 28, 0.022 0.19 0.21 1_9 
47.1 7.6 57070 28, 0.022 0.2 0.219 186 

53 7.6 57070 28, 0.022 0.21 0.227 211 
58.8 7.6 57070 28, 0.022 0.21 0.232 207 
70.6 7.6 57070 28, 0.022 0.22 0.2~' 3~2 

8Z.4 7.6 57070 28, 0.022 0.23 0.249 509 
94.1 7.6 57070 28, 0.022 0.23 0.252 680 
105.9 7.6 57070 28, 0.022 0.2, 0.258 867 

5 11.2 57070 28~ 0.022 0.09 0.107 23 
10 11. 2 57070 28, 0.022 0.11 0.132 37.5 
15 11.2 51070 28~ 0.022 0.13 0.152 56.5 
20 11.2 57070 28, 0.022 0.15 0.172 76.6 
25 11.2 57070 28, 0.022 0.16 0.182 90 
30 11.2 57070 28, 0.022 0.17 0.187 115.1 
35 11. 2 57070 28, 0.022 0.18 0.202 134.6 
,0 11. 2 57070 28, 0.022 0.19 0.207 a7.? 
,5 11. 2 57070 28, 0.022 0.19 0.212 180 
50 11. 2 57070 28, 0.022 0.2 0.222 240.5 

3.5 11., 57070 28, 0.022 O.OB 0.1 .6 
'.7 11. It 57070 28~ 0.022 0.09 0.107 ,., 
5.9 11.~ 57070 28~ 0.022 0.09 0.11, ,9 

11.8 11. ~ 57070 28, 0.022 0.12 0.139 ". 
17.7 11. , 57070 28, 0.022 0.14 0.157 99 
23.5 11. 4- 57070 28, 0.022 0.15 0.175 126 
29.l. 11. ~ 57070 28, 0.022 0.17 0.188 1'-9 
35.3 11.l. 57070 28, 0.022 0.18 0.2 18, 
41.2 11.4 57070 28, 0.022 0.19 0.21 206 
1t7.1 11. It 57070 28, 0.022 0.2 0.219 252 

53 11., 57070 28, 0.022 0.21 0.227 285 
58.8 11. , 57070 28, 0.022 0.21 0.232 327 
70.6 11., 57070 28~ 0.022 0.22 0.2 .. .87 
82.' 11. , 57070 28, 0.022 0.23 0.2~9 660 
9ft.1 ILl. 57070 28, 0.022 0.23 0.252 873 

Data on Glal5e l5pherel5 with water,thie work 
3.5 15.2 57120.63 28, 0.022 0.07 0.09 55 
,.7 15.2 57120.63 28~ 0.022 0.08 0.097 61 
5.9 15.2 57120.63 28, 0.022 0.08 0.105 70 

11.8 15.2 57120.63 28, 0.022 0.11 0.135 115 
17.7 15.2 57120.63 28, 0.022 0.13 0.155 139 
23.5 15.2 57120.63 28~ 0.022 0.15 0.17 176 
29.l. 15.2 57120.63 28, 0.022 0.16 0.18~ 218 
35.3 15.2 57120.63 28. 0.022 0.17 0.196 260 
• 1,2 15.2 571. 20. ~ • 2~31) 0,022 0.18 0.2n, ~11 

~ .. 
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Table 9.3.1 Pressure Drop and Liquid Holdup Data on Aqueous Systems (continued) 

~7.1 15.2 57120.63 28" 0.022 0.19 0.212 368 
53 15.2 57120.63 28" 0.022 0.2 0.219 "33 

2.1 ~1. 2 57120.63 28" 0.022 0.07 0.092 98 
5.2 t.1. 2 57120.63 28" 0.022 0.08 0.102 125.1 

11 ~1.2 57120.63 28" 0.022 0.1 0.122 176.3 
15 41. 2 57120.63 28" 0.022 0.11 0.132 211. 2 

22.5 41.2 57120.63 28" 0.022 0.13 0.152 251. 3 
28.4 41.2 57120.63 28" 0.022 0.15 0.172 301.2 
35.1 t.1.2 57120.63 28" 0.022 0.16 0.182 331. 5 
t.O.2 41. 2 57120.63 28" 0.022 0.17 0.192 352." 
45.1 41.2 57120.63 28" 0.022 0.18 0.202 367.2 

21.05 475.43 57120.63 376 0.022 0.12 0.106 4294.92 
19.47 470.95 57120.63 370 0.022 0.11 0.131 4133.33 

17.9 470.95 57120.63 369 0.022 0.11 0.135 4106.3" 
16.32 4.70.95 57120.63 365 0.022 0.15 0.168 395".93 
13.68 470.95 57120.63 356 0.022 0.13 0.14,8 3713.18 
11. 32 470.95 57120.63 353 0.022 0.12 0.lIt3 3597.23 
11. 32 470.95 57120.63 353 0.022 0.13 0.154 3617.24, 
9.47 t.70.95 57120.63 3.8 0.022 0.13 0.148 3470.05 
6.32 4.70.95 57120.63 3 .. 0.022 0.11 0.131 3342.15 
4..21 470.95 57120.63 33" 0.022 0.11 0.129 3063.98 
3.16 470.95 57120.63 333 0.022 0.08 0.098 3033.99 
3.2t. 470.95 57120.63 328 0.022 0.09 0.115 2884.0e 
1. 78 470.95 57120.63 326 0.022 0.05 0.069 278ft.81 
1.3 470.95 57120.63 317 0.022 0.05 0.0710 2073.91 

11. 58 470.95 57120.63 353 0.022 0.09 0.111 3621. 85 
Data on HDS extrudates with water,this work: 

1. 37 101.15 7302.35 35.79 0.01 0.05 0.06 1699.18 
2.5 101.15 7302.35 36.5 0.01 0.07 0.08 1990.25 

2.67 101.15 7302.35 36.77 0.01 0.07 0.08 2100.59 
".28 101.15 7302.35 37.2 0.01 0.09 0.1 2272.72 
6.78 101.15 7302.35 38 0.01 0.10 0.11 2586.95 
9.99 101.15 7302.35 38.et. 0.01 0.12 0.13 2909.22 

12.93 101.15 7302.35 39.59 0.01 0.13 O.H 319ft.75 
15.69 101. 15 7302.35 "0.05 0.01 o.a 0.15 3366.03 
18.55 101. 15 7302.35 00.8 0.01 o.a 0.15 3640.47 
20.51 101.15 7302.35 41.18 0.01 0.15 0.16 3779.92 

0.7 47.03 8319.91 37.52 0.01 0.05 0.06 "68.91 
3.35 47.03 8319.91 38.4t. 0.01 0.09 0.1 B19.72 
7.64 47. 03 8319.91 39.58 0.01 0.13 0.10 1206.69 

10.62 47.03 8319.91 ftO.24 0.01 0.1" 0.15 1091.02 
13.97 47.03 8319.91 40.4 0.01 0.16 0.17 1545.57 
16.39 4.7.03 8319.91 40.7 0.01 0.17 0.18 1655.29 
18.62 47.71 8319.91 41.19 0.01 0.18 0.19 1831.43 
22.91 oB.3B 8319.91 02.02 0.01 0.18 0.19 2120.97 
0.93 206 8319.91 05.51 0.01 0.03 0.04 3291. 75 
1. 09 206 6319.91 /0.6.79 0.01 0.04 0.05 3697.33 
4.56 206 8319.91 49.21 0.01 0.06 0.07 4440.15 
9.31 206 8319.91 50.9 0.01 0.09 0.1 4939.28 

12.08 209.44 8319.91 53.03 0.01 0.10 0.11 55.6.29 
16.2 209.44 8319.91 53.95 0.01 0.11 0.12 5803.09 

19.56 209.4ft 8319.91 5 •• 87 0.01 0.12 0.13 6053.29 
21. 7 209.0. B319.91 55.61 0.01 0.12 0.13 6250.36 

Baldi's data for water on 6mm Glass spheres 
25.13 60.95 088200 287". 0.05 0.07 0.12 45.87 
61. 73 64.95 088200 287 •• 0.05 0.12 0.17 75.18 

103.17 H.95 "88200 287 •• 0.05 0.15 0.2 175.84 
25.13 148.85 088200 2B7Io • 0.05 0.06 0.11 153.75 
61. 73 148.85 .1<8200 2871.. 0.05 0.11 0.16 276.08 
25.13 230.04 .. azoo 2871.. 0.05 0.06 0.11 251..84 
25.13 351. 83 488200 287,*. 0.05 0.06 0.11 475.71 
25.13 534.51 488200 2874. 0.05 0.05 0.1 632.4-8 
25.13 737.48 488200 287,* • 0.05 0.00 0.09 1265.72 

Baldi's Data for water on 2.7mm cylinders 
3.8' 28.29 3-4.570 203. 0.05 0.08 0.13 24-1.25 

C' 
1Q.B3 2e.2~ 3.570 2Q3. O.~5 11. 11- n., 11 '1~ .. R~ 
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Table 9.3.1 Pressure Drop and Liquid Holdup Data on Aqueous Systems (continued) 

27.07 28.29 3t.570 203. 0.05 0.16 0.21 641. 35 
3.8t. 64.82 34570 203. 0.05 0.07 0.12 501.19 

10.83 64.82 3.570 203. 0.05 0.1 0.15 705.06 
27.07 6t..82 3t.570 203. 0.05 0.1' 0.19 1427.12 

3.8t. 100.18 34570 203. 0.05 0.06 0.11 748.39 
10.83 100.18 3t.570 203. 0.05 0.09 0.1t. 1112.81 
3.8' 153.21 31,.570 203. 0.05 0.05 0.1 1257.22 

10.83 153.21 34570 203. 0.05 0.08 0.13 1834.86 
3.8' 232.77 34570 203. 0.05 0.05 0.1 2302.07 

10.83 232.77 34570 203. 0.05 0.07 0.12 3083.59 
Baldi'~ Data for water on 5.4 mm cylinder~ 

7.56 55.67 2.3300 1432. 0.05 0.0. 0.09 46.72 
21. 32 55.67 243300 1032. 0.05 0.06 0.11 76.45 
53.29 55.67 2(a.3300 1t..32. 0.05 0.11 0.17 141.01 
7.56 127.59 2_3300 1432. 0.05 0.04 0.09 128.27 

21. 32 127.59 243300 1432. 0.05 0.06 0.11 176.69 
7.56 197.18 243300 1432. 0.05 0.03 0.08 266.73 

21. 32 197.18 243300 1432. 0.05 0.05 0.1 372.07 
7.56 301.57 243300 1432. 0.05 0.03 0.08 481.65 

21. 32 301. 57 2J.,.3300 1432. 0.05 0.05 0.1 688.92 
7.56 /0.58.15 243300 1432. 0.05 0.03 0.08 959.9 

21. 32 458.15 243300 11..32. 0.05 0.05 0.1 1231. 74 
7.56 632.13 243300 11..32. 0.05 0.03 0.08 1563.03 

21. 5t. 632.13 2t.330Q 11..32. 0.05 0.05 0.1 1885.83 
Baldi'~ Data on 9X Glycerol 501n. 

11..2 82.93 209200 1432. 0.05 0.06 0.12 106.18 
11. _2 131. 65 209200 1032. 0.05 0.06 0.11 209.75 

Baldi'~ Data on 29~ Glycerol ~oln 
6.36 82.93 60890 1032. 0.05 0.07 0.12 12'.02 

Ander~en'!5 Data on porous Al203 ~phere~ 
2.9_ •• 56 38662.28 825 • 0.05 0.04 0.09 1.08 
2.94 4.62 38662.28 825. 0.05 0.0_ 0.09 0.87 
2.9_ 4-.62 38662.28 825. 0.05 0.0_ 0.09 2.85 
2.9_ 9.02 38662.28 825. 0.05 0.0_ 0.09 1. 94-
2.9_ 17.92 38662.28 825. 0.05 0.0_ 0.09 4.27 
2.9_ 26.19 38662.28 825. 0.05 0.0_ 0.09 6.66 
2.9_ 3'.67 38662.28 825. 0.05 0.0_ 0.09 8.12 
2.9t. 43.04 38662.28 825. 0.05 0.04 0.09 13.32 
2.9_ 46.69 38662.28 825. 0.05 0.0. 0.09 11. 73 
2.9_ 51. 79 38662.28 825. 0.05 0.01t 0.09 17 
2.9_ 86.83 38662.28 825. 0.05 0.0_ 0.09 37.82 
2.94 162.08 38662.28 825. 0.05 0.0t. 0.09 107.22 
5.88 4.62 38662.28 825. O.OS 0.07 0.12 0.83 
5.88 47.23 38662.28 825. 0.05 0.07 0.12 18.74 
5.88 96.33 38662.28 825. 0.05 0.06 0.11 69.4 
5.88 171. 2 38662.28 825. 0.05 0.06 0.11 170.72 

11. 76 t..S6 38662.28 825. 0.05 0.09 O.l~ 1.73 
11. 76 4.62 38662.28 825. 0.05 0.1 0.15 1.81 
11. 76 9.02 38662.28 825. 0.05 0.09 0.1" 3 • ., 
11.76 17.92 38662.28 825. 0.05 0.1 0.14 8.61 
11.76 26.14 38662.28 825. 0.05 0.09 0.1" 11. .23 
11. 76 3,-".S6 38662.28 825. 0.05 0.09 0.14- 18.39 
11.76 3_.83 38662.28 825. 0.05 0.09 D.lt.. 28.8 
11. 76 • 2.93 38662.28 825 • 0.05 0.09 0.1t. 23.25 
11. 76 47.01 38662.28 825. 0.05 0.09 0.1_ 26."4 
11. 76 51.S2 38662.28 825. 0.05 0.09 0.11... 30.19 

18 1.45 38662.28 825. 0.05 0.11 0.16 0.87 
18 4.67 38662.28 825. 0.05 0.11 0.16 2.88 
18 9.12 38662.28 825. 0.05 0.11 0.16 5.79 
18 16.37 38662.28 825. 0.05 0.12 0.16 11.8 
18 17.07 38662.28 825. 0.05 0.12 0.17 _0.6 
18 17.5 38662.28 825. 0.05 0.12 0.17 45.53 
18 22.06 38662.28 825. 0.05 0.11 0.16 50.25 

23.51 0.67 38662.28 825. 0.05 0.13 0.18 2.85 
23.51 1.07 38662.28 825. 0.05 0.13 0.18 2.85 

L 
23.51 1.5 38662,.~ ~.5. 0.05 0.13 0.18 5.9 
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Table 9.3.1 Pressure Drop and Liquid Holdup Data on Aqueous Systems (continued) 

23.51 1. 93 38662.28 825. 0.05 0.13 0.18 11. B 
23.51 2.31 38662.28 825. 0.05 0.13 0.18 19.08 
29.39 0.91 38662.28 825. 0.05 0.16 0.2 1...86 

29.39 3.06 38662.2~ 825. 0.05 0.13 0.18 69.05 

"7.76 0.67 38662.28 825. 0.05 0.2 0.25 8.33 

value$ kinvis G kinvis L visG/vise. Ergun coeffs. 
PHIL porosity m-Zls mA 2/s laminar turbulent 

Levee's data on glass spheres with water 
1. 007t.- 0.375 1.48E-05 1.13E-06 1. 59E-02 215 1.1,.2 
1.0098 0.375 1. 46E-05 1. 13E-06 1. 59E-02 215 1.42 

1.016 0.375 1. .8E-05 1.13E-06 1. 59E-02 215 l.ltZ 
1.0221 0.375 1.t..8E-05 1. 13E-06 1. 59E-02 215 1. .2 
1.0332 0.375 1.48£-05 1.13E-06 1. 59E-02 215 1.42 
1.01,.43 0.375 1.48£-05 1.13E-06 1. 59E-02 215 1. ~2 
1.0775 0.375 1.48£-05 1. 13E-06 1. 59E-02 215 1.1.02 
1. 0886 0.375 1.48E-05 1.13E-06 1. 59E-02 215 1.1.12 

1.123 0.375 1.4-8E-05 1.13E-06 1. 59E-02 215 1.1.02 
1. 2153 0.375 1. r. 8E-05 1. 13E-06 1.59E-02 215 1. 42 
1. 0332 0.375 1. 48E-05 1.13E-06 1.59£-02 215 1.1..2 
1.0381 0.375 1. <teE-OS 1. 13£-06 1.59E-02 215 1. 4.2 
1.039,. 0.375 1.48E-05 1.13£-06 1. 59E-02 as 1.42 
1.0615 0.375 1. .8E-05 1.13E-06 1. 59E-02 215 1.'+2 
1.0812 0.375 1.48£-05 1.13E-06 1. 59E-02 215 1. 42 
1. 0996 0.375 1. .8E-05 1.13E-06 1. 59E-02 215 1. 42 
1.1267 0.375 1.ltBE-OS 1. 13E-06 1. 59E-02 215 1.42 
1.1562 0.375 1. .8E-05 1. 13E-06 1. 59E-02 215 1.1+2 
1.1833 0.375 1 •• 8E-05 1.13E-06 1. 59E-02 215 1.42 
1.2288 0.375 1. .8E-05 1.13E-06 1. 59E-02 215 1..2 
1.2595 0.375 1. .8E-05 1. 13E-06 1. 59E-02 as 1. "'2 
1. 3038 0.375 1.f.t8E-OS 1. 13E-06 1. 59E-02 215 1. It. 2 
1..207 0.375 1. .8E-05 1.13£-06 1. 59E-02 as 1. 42 
1.6261 0.375 1 .• 8E-05 1.13E-06 1.59£-02 215 1.42 
1.836. 0.375 1. .8E-05 1. 13E-06 1. 59E-02 215 1.42 
2.066" 0.375 1. loSE-OS 1. 13E-06 1. 59E-02 215 1.102 
1. 0283 0.375 1.4.8£-05 1.13E-06 1.59E-02 215 1. 42 
1. 0461 0.375 1.1t8£-05 1. 13£-06 1. 59E-02 215 1.42 
1.0695 0.375 1. .8E-05 1.13E-06 1. 59E-02 215 1.4-2 
1. 0942 0.375 1. .8E-05 1. 13E-06 1.59E-02 215 1.lt2 
1.1107 0.375 1. 48£-05 1.13£-06 1.59E-02 215 1.42 
1.1416 0.375 1.48E-05 1. 13E-06 1. 59E-02 215 1.42 
1.1656 0.375 1.48E-05 1. 13E-06 1.59E-02 215 1. 42 
1.1817 0.375 1..8E-05 1. 13E-06 1. 59E-02 215 1..2 
1.22110 0.375 1. .8E-05 1.13E-06 1.59E-02 215 1. .2 
1.2958 0.375 1..8E-05 1.13E-06 1.59E-02 215 1. l,i2 
1. 0566 0.375 1.48£-05 1.13E-06 1. 59E-02 215 1.1,.2 
1. 0578 0.375 1. .8E-05 1.13E-06 1. 59E-02 215 1.t.t2 
1.0603 0.375 1. .8E-05 1. 13E-06 1. 59E-02 215 1. (j,2 
1.091 0.375 1..8E-05 1. 13E-06 1.59E-02 215 1.,.2 

1.1218 0.375 1. .8E-05 1.13E-06 1. 59E-02 215 1. .2 
1.155 0.375 1. .8E-05 1. 13E-06 1. 59E-02 215 1.42 

1.1833 0.375 1 .• 8E-05 1.13E-06 1. 59E-02 215 1. .2 
1. 2263 0.375 1. .8E-05 1. 13E-06 1. 59E-02 215 1. 42 
1. 253. 0.375 1.4.8£-05 1.13E-06 1. 59E-02 215 1. 42 

1. 31 0.375 1. .8E-05 1. 13E-06 1.59E-02 215 1. 42 
1. 3506 0.375 1 .• 8E-05 1.13E-06 1. 59E-02 215 1.42 
1..022 0.375 1. .8E-05 1.13E-06 1.59E-02 215 1. "'2 

1. 599 0.375 1. .8E-05 1. 13E-06 1. 59E-02 215 1. l.i.2 
1.8118 0.375 1. loSE-OS 1.13E-06 1. 59E-02 215 1.42 
2:.0738 0.375 1. .8E-05 1. 13E-06 1. 59E-02 215 1. 42 

Oata on Glass sphere~ with water. this work 
1. 0677 0.375 1. .8E-05 1.13E-06 1. 59E-02 215 1. 1..2 

1.075 0.375 1.1t8E-05 1.13E-06 1. 59E-02 215 l.lt2 

C) 1. 0861 0.375 1. .8E-05 1. 13E-06 1. 59E-02 215 1.42 
1.1415 0.375 1 .• 8E-05 1,13E-06 1. 59E-Q2 215 1. .2 
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Table 9.3.1 Pressure Drop and Liquid Holdup Data on Aqueous Systems (continued) 

1.171 0.375 1.1,,8£·05 1.13E-06 1. 59£-02 215 1. .2 
1.2165 0.375 1.48E-05 1.13E-06 1.59£-02 215. t. r..2 
1.2681 0.375 1.48E-05 1.13£-06 1.59£-02 215 1. .2 
1.3198 0.375 1. ,.8E-05 1.13E-06 1.S9E-02 215 1. .2 
1.3825 0.375 1. 48E-05 1. 13£-06 1. 59£-02 215 1.42 
1.1,,526 0.375 1.48E-05 1.13E-06 1. 59£-02 215 1.42 
1. 5326 0.375 1.48E-05 1.13E-06 1.59£-02 215 1. .2 
1.1226 0.375 1. 48E-05 1.13E-06 1.59£-02 215 1. .2 
1.1545 0.315 1.16-8E-05 1.13E-06 1.59E-02 215 1. C.2 
1.2165 0.375 1. 48E-05 1.13E-06 1.59£-02 215 1. t...2 

1. 26 0.375 1.lteE-OS 1.13E-06 1. 59£-02 215 1.42 
1.3091 0.375 1. 48E-05 1.13£-06 1.59£-02 215 1.l.i2 
1. 370S 0.375 1. 48E-05 1.13£-06 1. 59E-02 215 1.4.2 
1.4077 0.375 1.48E-05 1. 13£-06 1.59£-02 215 1. .2 
1. l.i.335 0.375 1.48E-05 1. 13E-06 1. 59E-02 215 1. 42 

1. 452 0.375 1.48E-05 1.13E-06 1.59£-02 215 1. 42 
6.2828 0.375 1. 48E-05 1.13E-06 1.59£-02 215 1.4.2 

6.084 0.375 1.1.o8E-05 1.13E-06 1. 59E-02 215 1. 42 
6.0508 0.375 1.t..8E-05 1.13E-06 1. 59E-02 215 1. 1,,2 

5.86"6 0.375 1.1..I.8E-05 1. 13£-06 1. 59E-02 215 1. 42 
5.5672 0.375 1.48E-05 1.13E-06 1. 59E-02 215 1. 42 
5.4246 0.375 1. 48E-05 1.13E-06 1.59E-02 215 1. 42 
5.4492 0.375 1. 48E-05 1.13E-06 1.59E-02 215 1. 42 
5.2682 0.375 1. 48g-05 1. 13E-06 1.59E-02 215 1. 4.2 
5.1108 0.375 1.48E-05 1.13£-06 1. 59E-02 215 1. .2 
4.7687 0.375 1.48E-05 1.13£-06 1.59E-02 215 1.42 
4.7318 0.375 1.48E-05 1.13E-06 1. 59E-02 215 1. ,.2 
4.5474 0.375 1.48£-05 1.13E-06 1. 59E-02 215 1. 42 
t.,..4253 0.375 1. 48E-05 1.13E-06 1. 59£-02 215 1.42 
4..0429 0.375 1.'8E-05 1. 13E-06 1.59E-02 215 1..2 
5 .• 5.9 0.375 1.48E-05 1.13E-06 1. 59E-02 215 1.42 

Data on HOS extrudates with water. this work 
3.09 0.335 1.'8E-05 1.13E-06 1. 59E-02 100 1 
3.45 0.335 1. 48E-05 1.13E-06 1. 59£-02 100 1 
3.58 0.335 1.48E-05 1.13E-06 1. 59E-02 100 1 

3.8 0.335 1.lt8E-05 1.13E-06 1. 59E-02 100 1 
t.,. .18 0.335 1.lt8E-05 1. 13E-06 1.59E-02 100 1 
4.58 0.335 1.48E-05 1. 13E-06 1. 59E-02 100 1 
1t.93 0.335 1.t.,.8E-05 1.13E-06 1. 59E-02 100 1 
5.a 0.335 1.48E-05 1.13E-06 1.59E-02 100 1 
5 .• 8 0.335 1.'8E-05 1.13£-06 1. 59£-02 100 1 
5.65 0.335 1.48E-05 1.13E-06 1.59E-02 100 1 
1. 58 0.335 1.4.8£-05 1.13E-06 1.59E-02 100 1 
2.01 0.335 1.'8E-05 1.13E-06 1. 59E-02 100 1 
2.53 0.335 1. 48E-05 1. 13E-06 1. 59E-02 100 1 
2.83 0.335 1.48£-05 1. 13E-06 1.59E-02 100 1 
2.9 0.335 1.t.,.8E-05 1.13E-06 1. 59E-02 100 1 

3.04 0.335 1.48E-05 1.13£-06 1.59E-02 100 1 
3.25 0.335 1. 48E-05 1.13E-06 1. 59E-02 100 1 
3.61 0.335 1.t.,.8E-05 1. 13E-06 1. 59E-02 100 1 
5.05 0.335 1.'8E-05 1. 13E-06 1. 59E-02 100 1 
5.55 0.335 1.'8E-05 1.13£-06 1. 59£-02 100 1 
6.46 0.335 1. '8E-05 1. 13E-06 1. 59E-02 100 1 
7.08 0.335 1. '8E-05 1.13E-06 1.59E-02 100 1 
7.82 0.335 1. .8£-05 1.13E-06 1. 59E-02 100 1 
8.14 0.335 1.'8E-05 1.13E-06 1. 59E-02 100 1 
8.'5 0.335 1.48£-05 1.13E-06 1.59E-02 100 1 
8.69 0.335 1.48£-05 1.13E-06 1. 59E-02 100 1 

Baldi's data for water on 6mm Glass spheres 
1.06 0.' 1. .8£-05 1. 13E-06 1. 59£-02 850 1. 96 
1.09 0.4 1.t.,.8E-05 1. 13E-06 1. 59E-02 850 1. 96 
1.21 O.t. 1.48E-05 1. 13E-06 1.59E-02 850 1. 96 
1.18 0.' 1. '8E-05 1. 13E-06 1. 59E-02 850 1. 96 
1. 33 0.4 1.48E-05 1. 13E-06 1. 59E-02 850 1. 96 
1.31 0 .• 1.48E-05 1.13E-06 1.59E-02 850 1. 96 

L; 1. 57 0 •• 1. .8£-05 1. 13£-06 1. 59£-02 850 1. 96 
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Table 9.3.1 Pressure Drop and Liquid Holdup Data on Aqueous Systems (continued) 

2 0.' 1.1,o8E-05 1.13E-06 1.~9E-02 .'U 1.IJb 

2.52 O.~ 1.48E-05 1.13E-06 L 59£-02 850 1. 96 
Baldi's Data for water on 2.7mm cylinders 

1. 29 0.38 1.48£-05 1.13E-06 1. 59E-02 300 2.05 
1. 38 0.38 1.48£-05 1.13E-06 1.59E-02 300 2.05 
1. 77 0.38 1.1,o8E-05 1.13£-06 1.59E-02 300 2.05 
1.6 0.38 1. 48E-05 1.13£-06 1.59£-02 300 2.05 

1. 85 0.38 1.48E-05 1.13£-06 1.59E-02 300 2.0S 
2.71 0.38 1.'+8E-05 1.13£-06 1.59E-02 300 2.05 

1.9 0.38 1.48£-05 1.13£-06 1.59E-02 300 2.05 
2.31,0 0.38 1.48E-05 1.13£-06 1. 59E-02 300 2.05 
2.51 0.38 1. 48E-05 1. 13E-06 1. 59E-02 300 2.05 

3.2 0.38 1.r..8E-OS 1.13E-06 1.59E-02 300 2.05 
3.76 0.38 1."8E-05 1.13E-06 1.59E-02 300 2.05 
~. 7 0.38 1. t...8E-05 1.13E-06 1. 59E-02 300 2.05 

Baldi I ~ Data for water on 5.4 rom cylinders 
1. 06 0.37 1.48E-05 1.13E-06 1. 59E-02 500 2.~2 

1. 09 0.37 1.48E-05 1.13E-06 1.59E-02 500 2.1,02 
1.17 0.37 1. 48E-05 1. 13E-06 1. 59E-02 500 2.42 
1.15 0.37 1.l4-8E-05 1.13E-06 1. 59E-02 500 2.11.2 
1. 21 0.37 1.r..8E-05 1.13E-06 1. 59E-02 500 2.~2 

1. 32 0.37 1.r..8E-05 1.13E-06 1.59E-02 500 2.r..2. 
1. (a.5 0.37 1.48E-OS 1.13E-06 1. 59E-02 500 2.1.62 
1. 58 0.37 1.(a.8E-OS 1.13E-06 1.59E-02 500 2.1.2 
1. 83 0.37 1. '8£-05 1.13E-06 1.59E-02 500 2.42 
2.15 0.37 1. 48E-OS 1.13E-061.59£-02 500 2.~2 

2.~B 0.37 1. (a.8E-OS 1.13£-06 1.59£-02 500 2.~2 

2.88 0.37 1.4BE-OS 1. 13E-06 1. 59E-02 500 2.42 
3.26 0.37 1.1w8E-05 1.13£-06 1.59£-02 500 2.42 

Baldi l!o Data on 9% Glycerol ~oln. 
1.12 0.37 1.4BE-05 1. 22E-06 1. 26E-02 500 2.~2 

1. 29 0.37 1.48E-05 1.22E-06 1. 26E-02 500 2.t.2 
Baldi l:s Data on 29"4 GlYcerol :soln. 

1.1~ 0.37 1.~8E-05 2.20E-06 6.77£-03 500 2.~2 

Ander:sen':s Data on porous AI203 sphere~ 
1 0.35 7.71E-06 1.13£-06 1. 59E-02 HO 1 
1 0.35 7.71E-06 1. 13E-06 1. 59£-02 HO 1 

1.01 0.35 7.71E-06 1.13E-06 1. 59E-02 HO 1 
1 0.35 7.71E-06 1. 13E-06 1. 59E-02 HO 1 

1.01 0.35 7.71E-06 1.13£-06 1. 59E-02 HO 1 
1. 02 0.35 7.71E-06 1. 13£-06 1. 59£-02 100 1 
1.02 0.35 7.71E-06 1.13E-06 1.59E-02 HO 1 
1.03 0.35 7.71E-06 1.13E-06 1. 59E-02 HO 1 
1.03 0.35 7.71E-06 1. 13E-06 1. 59£-02 100 1 
1.0~ 0.35 7.71E-06 1. 13E-06 1.59E-02 HO 1 
1.09 0.35 7.71£-06 1. 13E-06 1. 59E-02 100 1 
1. 26 0.35 7.71E-06 1. 13E-06 1. 59E-02 HO 1 

1 0.35 7.71E-06 1.13£-06 1. 59E-02 1,0 1 
LOS 0.35 7.71E-06 1.13£-06 1. 59£-02 100 1 
1.17 0.35 7.71E-06 1.13E-06 1. 59E-02 1'0 1 
1.~2 0.35 7.71E-06 1.13£-06 1. 59E-02 1~0 1 

1 0.35 7.71E-06 1. 13E-06 1. 59E-02 100 1 
1 0.35 7.71E-06 1.13E-06 1. 59£-02 100 1 

1.01 0.35 7.71E-06 1.13£-06 1. 59£-02 100 1 
1.02 0.35 7.71E-06 1. 13E-06 1. 59£-02 1~0 1 
1.03 0.35 7.71E-06 1.13E-06 1. 59E-02 HO 1 
1.05 0.35 7.71[-06 1.13£-06 1. 59E-02 100 1 
1.07 0.35 7.71E-06 1.13E-06 1. 59E-02 1'0 1 
1.06 0.35 7.71E-06 1.13E-06 1. 59E-02 100 1 
1. 06 0.35 7.71E-06 1.13£-06 1. 59£-02 100 1 
1.07 0.35 7.71£-06 1. 13E-06 1.59E-02 100 1 

1 0.35 7.71E-06 1. 13E-06 1.59E-02 100 1 
1.01 0.35 7.71E-06 1.13E-06 L59E-02 100 1 
1.01 0.35 7.71E-06 1. 13E-06 1. 59E-02 100 1 
1.03 0.35 7.71E-06 1.13E-06 1. 59E-02 1,0 1 

1.1 0.35 7.71E-06 1.13E-06 1. 59f;-02 l~q 1 
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Table 9.3.1 Pressure Drop and Liquid Holdup Data on Aqueous Systems (continued) 

1.11 0.35 7.71E-06 1.13E-06 1. 59E-02 HO 1 
1.12 0.35 7.71£-06 1.13£-06 1. 59E-02 100 1 
1.01 0.35 7.71E-06 1.13£-06 1. 59E-02 lr..O 1 
1. 01 0.35 7.71£-06 1.13E-06 1. 59£-02 14.0 1 
1.01 0.35 7.71£-06 1.13£-06 1.59£-02 140 1 
1.03 0.35 7.71E-06 1.13£-06 1.59E-02 1/.60 1 
1. as 0.35 7.71E-06 1.13E-06 1.59£-02 140 1 
1.01 0.35 7.71E-06 1.13E-06 1. 59E-02 HoD 1 
1.17 0.35 7.71E-06 1.13E-06 1.59£-02 140 1 
1.02 0.35 7.71E-06 1.13E-06 1. 59E-02 140 1 

Result~ of the Low interaction Model. 
PsiG P:siL Holdup 

Levec'~ data on glass spheres with water 
6.6~9665 1.008122 0.089029 
7.352~2 1.006981 O.098~47 

8.028767 1.009807 0.106442 
11.33197 1.013842 0.135584 
14.97423 1.018291 O.156B2~ 
19.15638 1.023399 0.174021 
24.25084 1.029622 0.189214 
30.44317 1.037185 0.202777 
38.02704 1.046449 0.215064 
47.34667 1.051832 0.226352 
13.58953 1.016599 0.088781 
15.01552 1.0183~1 O.09814~ 
16.38538 1.020014 0.10608S 
23.03609 1.028138 0.134953 
30.28.99 1.036992 0.155876 
38.48846 1.047012 0.172703 
.8.2988 1.058995 0.187.48 

59.94773 1.073224 0.200481 
73.80799 1.090154 0.212171 

90.2571 1.110246 0.222733 
109.658 1.133944 0.232301 

131.9188 1.161134 0.2.0827 
187.8776 1.229486 0.255745 
259.7402 1.316043 0.267812 
343.2707 1.419294 0.277451 
441.651 1.539.62 0.285311 
23.0734 1.028183 0.099933 

31.41354 1.038371 0.126818 
40.07104 1.048945 0.146160 
49.60036 1.060585 0.161869 
60.32221 1.073682 0.175328 
72.49765 1.088553 0.187198 
86.36523 1.105492 0.197841 
102.1477 1.12471 0.207480 
120.0.84 1.146635 0.216258 
140.2.38 1.171303 0.224276 
20.81566 1.025.26 0.088526 
22.98.05 1.028074 0.097834 
25.06326 1.030614 0.105720 
35.09895 1.042872 0.13431, 
45.91643 1.056085 0.154930 
57.99516 1.0708390.171412 
72.2075. 1.088199 0.185756 

88.7581 1.108415 0.198336 
108.012 1.131933 0.209528 

130.2933 1.159149 0.219555 
15S.8687 1.190389 0.228570 
184.4085 1.225249 0.236551 
253.2233 1.309304 0.250'39 

336.29 1.410767 0.261679 c) 431.8259 1.527'61 0.270741 
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Table 9.3.1 Pressure Drop and Liquid Holdup Data on Aqueous Systems (continued) 

Data on Glas~ ~pheres with water.th1s work 
28.32411 1.034597 0.088263 
31.25293 1.03e17~ 0.097516 
3~.05597 1.041598 0.105347 
47.50826 1.05803 0.133669 
61.85446 1.075553 0.153990 
71.67622 1.094879 0.170148 
96.02647 1.117293 0.184129 
117.0469 1.142969 0.196317 
141.0624 1.172303 0.207094 
168.326 1.205605 0.216698 
199.014 1.243089 0.225293 

75.87521 1.092679 0.072880 
98.89612 1.120798 0.098421 
135.8756 1.165968 0.126210 
160.9813 1.196633 0.139881 
210.1355 1.256673 0.159864 

251.648 1.30139 0.172411 
302.3205 1.369274 0.184429 
343.5245 1.419604 0.192375 
385.2755 1.470601 0.199225 
2899.221 4.541302 0.101573 
2827.765 4.454021 0.099303 
2760.975 4.372439 0.096857 
2709.385 4.309424 0.094080 
2628.555 4.210693 0.088922 
2521.927 4.080451 0.083958 
2516.602 4.073946 0.084002 
2438.307 3.978311 0.079477 

2254.93 3.750322 0.070344 
2137.019 3.610787 0.061959 
20~0.219 3.~9206 0.056811 
2076.133 3.535928 0.057059 
1915.327 3.339509 0.O~7~BO 
1886.552 3.300361 0.042864 
2533.598 4.094706 0.084542 
Data on HDS extrudates with water. this work 
1112.~96 2.358877 0.067173 
1268.181 2.5~9042 0.080288 
1283.318 2.56753 0.081916 
1~6~.~41 2.788766 0.093749 
1692.069 3.066806 0.106717 
19~7.354 3.378628 0.118745 
2158.94~ 3.637079 0.127382 
2354.973 3.876521 0.134085 
2539.271 4.101635 0.140277 
2667.446 4.258196 O.14~03B 
336.4173 1.410923 0.060890 
512.6744 1.626215 0.098718 
715.6443 1.874136 0.125630 
842.3779 2.028937 0.137795 
988.3121 2.207191 0.148270 

1089.01 2.33019 0.154658 
1191.716 2.455602 0.159586 
1378.723 2.68406. 0.167988 
2215.512 3.706174 0.008550 
2336.627 3.854112 0.056178 

2848.68 4.479568 0.078349 
3416.841 5.173558 0.096149 
3746.397 5.576099 0.104389 
0091.815 5.998016 0.112350 
4377.307 6.346735 0.118524 
4542.986 6.549107 0.122141 
Baldi's data for water on 6mm Glass spheres 

79.72048 1.097376 0.139241 
148.4798 1.181363 0,\88Q63 
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Table 9.3.1 Pressure Drop and Liquid Holdup Data on Aqueous Systems (continued) 

2~9.6231 1.304906 0.221761 
200.0091 1.244304 0.133529 
341.2854 1.416869 0.177005 
331.9367 1.40545 0.128217 
554.6463 1.677482 0.120874 
938.9596 2.146908 0.111330 
1431.985 2.7491230.102522 

Baldi's Data for water on 2.7mm cylinders 
149.4903 1.182598 0.116637 
261.1667 1.319006 0.161331 
547.7513 1.66906 0.209170 
378.7129 1.462585 0.108661 
600.3505 1.733308 0.147291 
1066.904 2.303187 0.18788 
634.4787 1.774995 0.101871 
949.8101 2.160161 0.136869 
1075.897 2.314172 0.093250 
1523.349 2.86072 0.124636 
1862.865 3.275421 0.083054 
2503.722 4.058214 0.110923 

Baldi's Data for water on 5.4 mm cylinders 
57.74219 1.07053 0.091338 
90.55088 1.110605 O.1301~7 
179.0399 1.218691 0.178901 
162.6~1~ 1.198661 0.087960 
2~3.80~2 1.297799 0.123562 
292.~~68 1.35721~ 0.08~392 
~22.3588 1.515897 0.117327 
532.5~13 1.650~82 0.07906~ 
736.1922 1.89923~ 0.108833 
983.1666 2.200905 0.071832 
1297.962 2.585417 0.098200 
1600.819 2.955348 0.065110 
20~6.99 3.500331 0.089100 

Baldi's Data on 9% Glycerol ~oln. 
115.8068 1.121029 0.109179 
207.6515 1.2170150.106230 

Baldi's Data on 29~ Glycerol ~oln. 
149.619~ 1.150588 0.130527 

Ander~en's Data on porou~ A1203 spheres 
1.691603 1.003934 0.077429 
1.7145~6 1.003981 0.017427 
1.7145~6 1.003987 O.077~27 
3."5377 1.008013 0.07732' 
7.235864 1.016828 0.077100 
11.101~ 1.025818 0.07687~ 

15.~0371 1.035823 0.076626 
19.98156 1.046~7 0.076365 
22.07968 1.0S13~9 0.0762~7 
25.11376 1.058405 0.076077 
49.1000~ 1.114188 0.074785 

117.811 1.27398~ 0.071518 
2.174376 1.005057 0.098182 
28.1391' 1.065"1 0.096291 
70.11857 1.163069 0.093517 
155.2618 1.361081 0.088743 
3.017862 1.007018 0.125260 
3.058679 1.007113 0.125256 
6.129255 1.014254 0.124962 
12.79638 1.02976 0.124331 
19.47702 1.045296 0.123712 
26.81826 1.062369 0.123046 
27.06177 1.062935 0.123024 
34.59401 1.080453 0.122356 
38.55092 1.089655 0.122010 
.3.0.819 1.10011' 0.121622 
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Table 9.3.1 Pressure Drop and Liquid Holdup Data on Aqueous Systems (continued) 

1. 264862 
4.146572 
8.290363 
15.4264 
16.1398 

16.58012 
21. 3.552 
0.737720 
1.180455 
1. 658305 
2.138124-
2.563781 
1.211311 
4.329567 
1.978133 

1.002942 0.146506 
1.009643 0.146181 

1.01928 0.145719 
1.035876 0.144937 
1.037535 0.144859 
1.038559 0.144812 
1.049642 0.144300 
1.D01716 0.162052 
1.002745 0.161997 
1.003857 0.161937 
1.004972 0.161877 
1.005962 0.161824-
1.002971 0.176565 
1.010069 0.176150 
1.0046 0.214715 
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Table 9.3.2 Pressure Drop and Liquid Holdup Data on Soybean Oil Systems 

Data file tor Soybean oil data ... 
liquid holdup values exper. 

Re liq. Re gas G. liq. G. g •• static dynamic total PsiG 

3mn Glass Beads,vegetable oil 
0.181554 16.111.2 19.25.11 278.8644 0.04 0.280070 0.320070 1213.938 
0.163262 15.62.29 19.25477 275.9117 0.04 0.2S7227 0.291227 1146,972 
0.137241 15.62429 19.25477 271. 9281 0.0. O.2t...920e 0.289208 979.579 
0.1372,.1 15.62429 19.25477 271. 8976 0.04- 0.240170 0.280170 97f.1..88BB 
0.113040 15.62t...29 19.25477 267.7313 0.04 0.2377"7 0.277747 787.3461 
0.083837 15. 62t...29 19.25477 263.9635 0.04- 0.228363 0.268363 631. 2668 
0.052708 15.62429 19.25477 259.7489 0.04- 0.199559 0.239559 425.4973 
0.010743 15.62429 19.25477 253.1889 0.0t.,. 0.125123 0.165123 11.7.2917 
0.009090 15.621.t29 19.251.t77 253.~131 0.04 0.110278 0.150278 125.3507 
0.004042 15.62429 19.25477 252.4177 0.04 0.088607 0.128607 87.45527 
0.003324 15.11851 19.25477 252.253 0.04 0.081723 0.121723 79.99231 
0.167766 42.97119 19.25477 286.2873 0.04 0.245689 0.285689 1581. 882 
0.154394 /0.2.97119 19.25477 283.655 0.0. 0.228402 0.2684-02 1472.354 
0.137241 42.97119 19.25477 280.9685 0.04 0.232401 0.272401 1359.956 
0.120896 42.97119 19.25477 277.5572 0.04 0.214595 0.25/0.595 1213.583 
0.090794 42.97119 19.25477 272.7/0.87 0.04 0.203808 0.243808 1005.986 
0.077117 42.97119 19.25/0.77 210.5221 0.04 0.179887 0.219887 909.9779 
0.052708 42.97119 19.25477 266.35 0.04- 0.157870 0.197870 725.6645 
0.032496 42.97119 19.25477 262.8639 0.0. 0.136661 0.176661 576.4139 
0.034782 42.97119 19.254,77 263.0779 0.0 ... 0.129219 0.169219 581.6835 
0.020282 42.97119 19.25477 260.2845 0.04 0.112297 0.152297 446.6282 
0.01071.,.3 42.97119 19.25,.,77 258.6618 0.0. O.096ft91 0.136ft91 372.074 
O.0107ft3 42.97119 19.25477 258.5758 0.0 ... 0.095199 0.135799 36ft.7586 
0.008040 4-2.97119 19.25477 257.504-9 0.04- 0.094891.t 0.134894 314.5382 
0.0080.0 42.97119 19.25477 257.3747 0.04 0.0904-34 0.130.3. 308 .• 951 
0.004-04-2 4-2.97119 19.25477 256.41-4-.3 0.0ft. 0.086761 0.126761 259.24-17 
0.004042 4-2.97119 19.25,,77 255.1331 0.04 0.079"35 0.1194-35 208.1068 
0.001119 4-2.97119 19.25.11 25 •• 8353 0.0. 0.068.55 0.108"55 181 .• 511 
0.210736 82.94821 19.33876 308.04-06 0.0ft. 0.228615 0.268615 2388.20" 
0.154732 82.9~821 19.33876 292.9686 0.04 0.197781 0.237781 1835."'''8 
0.121154- 81. 76825 19.33876 288.5505 0.04 0.178517 0.218511 1665.606 
0.OBlt023 81. 76825 19.33816 281.65"" 0.0. 0.163455 0.203-4-.55 1376.985 
0.055657 81.76825 19.33876 27r...9617 0.04 0.114720 0.154720 1096.544 
0.028191 80.57097 19.33816 269.009. 0.04 0.095686 0.135686 838 .• 29 
0.010769 80.57091 19.33876 265.1062 0.04 0.100906 0.140906 664.66"9 
0.009109 80.57097 19.33876 263.6102 0.0" 0.091100 0.131100 596.3095 
0.004-4-3" 80.57097 19.33876 261.472 0.04- 0.081027 0.121027 4-96.84-93 

16th HOS Extrudates,vegetable oil 
0.03,.061 205.9958 2.1649-4-.7 53.984-26 0.01 0.154 0.164 5811. 366 
0.027329 205.9958 2.1649-4-.7 52.8209 0.01 0.148 0.158 54-87.755 
0.0194-44 205.9958 2.1649,.7 51.17313 0.01 0.1365 0.1465 5018.136 
0.0114-23 205.9958 2.1649,.7 49.66236 0.01 0.1185 0.1285 4575.2" 
0.008809 205.9958 2.16.9.1 1t8.80968 0.01 0.1102 0.1202 .319.15. 
0.004-64-1 205.9958 2.16491t7 .1.5529 0.01 0.0926 0.1026 3935.5." 
0.003741 205.9958 2.16.9.1 "7.7444-4-. 0.01 0.085' 0.095. 399 •• 105 
0.002866 205.9958 2.16-4-.947 47.45351 0.01 0.0854 0.095. 390 •. 159 
0.001181 205.9958 2.164947 .6.10321 0.01 0.06315 0.01315 3.93.162 
0.001040 0.579694 2.164947 36.35353 0.01 0.1228 0.1328 1.33.301 
0.001636 0.51969. 2.164947 36.36192 0.01 0.1521 0.1627 10.69562 
0.002866 0.579694 2.164-941 36.36775 0.01 0.1826 0.1926 13.0311 
0.009113 0.57969-4-. 2.164-947 36.52902 0.01 0.2582 0.2682 17.5614 
0.028597 0.57969-4-. 2.16lt947 38.20096 0.01 0.3087 0.3181 730.2931 
0.036781 0.57969" 2.164947 38.69582 0.01 0.3162 0.3262 918.071 
0.015086 0.579694 2.164947 31.0714 0.01 0.287" 0.2974- 292.5049 
0.011959 0.579694 2.164947 36.88099 0.01 0.2152 0.2852 217.4059 
0.040566 15.13786 2.164947 40.89255 0.01 0.2752 0.2852 1724.156 
0.0343lt9 15.13786 2.164947 .0.51089 0.01 0.2681 0.2181 1587.185 
0.021503 15.13786 2.164947 40.05847 0.01 0.2615 0.2115 1.23.189 
0.022328 15.13186 2.164.947 39.66008 0.01 0.2536 0.2636 1277.273 

C' 
0.01854-4- 15.13186 2.16lt947 39.28972 0.01 0.2.56 0.2556 11.0.331 -_._---
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Table 9.3.2 Pressure Drop and Liquid Holdup Data on Soybean Oil Systems (continued) 

U.Ul~Uijb l~. DJl:fb 2.104':141 Jij.tH'ibl U.U1 u.:':!J~l U.:.:!4~l 'itrt.a'Jtt 

0.01080. 15.13786 2.16~9"7 38.,.3395 0.01 0.2208 0.2308 818.9989 

0.006733 15.13786 2.164947 37.94901 0.01 0.2006 0.2106 633.76" 
0.002552 15.13186 2.164947 31.3.551 0.01 0.161 0.171 399.9459 

0.002492 15.13186 2.16"947 37.38764 0.01 0.1611 0.1771 416.3927 
0.001480 15.13786 2.161.9,.7 37.12753 0.01 0.1369 0.H69 314-.572 
0.040566 47.70764- 2.16491.7 43.65798 0.01 0.2327 0.24-27 2681. 221 

0.034-349 47.70764 2.16~947 43.09857 0.01 0.2276 0.2376 2492.41 

0.028597 47.70764 2.164,91.7 42.66488 0.01 0.220" 0.2304, 234".413 
0.022328 47.7076/i 2.164947 "2.11927 0.01 0.2121 0.2221 2156.159 

0.015066 47.70761. 2.164947 41.18118 0.01 0.191 0.207 1826.915 

0.009837 4,7.70764 2.164947 40.53618 0.01 0.1165 0.1865 1596.305 
0.006733 4,7.70764, 2.16494,7 39.812 0.01 0.1606 0.1706 1355.066 
0.002866 47.70764 2.164947 39.09792 0.01 0.1358 0.1458 1068.915 
0.001181 47.70764 2.164947 38.25052 0.01 0.1005 0.1105 749.2041 
0.043180 106.8582 2.164947 48.27582 0.01 0.1949 0.2049 4157.687 
0.038025 106.8582 2.164947 47.7528 0.01 0.1902 0.2002 3997.283 
0.033161 106.8582 2. 1649/.t7 47.4,3491 0.01 0.1853 0.1953 3898.987 
0.028597 106.8582 2.164947 46.734 0.01 0.1808 0.1908 3680.07 
0.001930 106.8582 2.164947 41.24381 0.01 0.0908 0.1008 1849.126 
0.028597 106.8582 2.16494,7 /0.6.77397 0.01 0.1801 0.1901 3692.637 
0.023324 106.8582 2.164947 46.07213 0.01 0.175 0.185 3470.499 
0.018544 106.8582 2.164947 45.40422 0.01 0.1635 0.1735 3256.128 
0.0134-80 106.8582 2.164-947 44.t.a.S093 0.01 0.152" 0.162t.a. 294-4.934 
0.009173 106.8582 2.164947 43.70612 0.01 0.139 0.1"9 2697.56 
0.006733 106.8582 2.164-947 43.07032 0.01 0.1297 0.1391 2t.a.82.813 
0.002925 106.8582 2.164947 41. 89311 0.01 0.1077 0.1177 2011. "3. 
0.002866 101. 9312 2.164947 .2.0069. 0.01 0.1106 0.1206 2117.106 
0.002310 101. 9312 2.164947 41. 91289 0.01 0.1052 0.1152 2084.336 
0.001181 101. 9312 2.16.941 40.78t.a.83 0.01 0.0839 0.0939 1685.623 
0.0.0566 341.721".6 2.164947 64.06972 0.01 0.1383 0.14.83 8382.123 
0.033161 341. 7246 2.164947 62.9611.5 0.01 0.1315 0.1t.a.15 8118.268 
0.026429 341. 7246 2. 1649t.a.7 61. 999 .. 5 0.01 0.1253 0.1353 7885.429 
0.023324 341.721".6 2.164,947 61.48053 0.01 O.121t.. 0.1314 1158.53 
0.018544 3t.a.1. 7246 2.16491.7 60.65614 0.01 O.112t.a. 0.1224 155 •• 986 
0.014273 3t.a.1. 7246 2.164947 59.74759 0.01 0.1059 0.1159 73:27.843 
0.010523 34,1. 7246 2.16t.947 58.1593. 0.01 0.0965 0.1065 7077.307 
0.007909 341.724-6 2.161,1,9,..7 5a.31927 0.01 0.0875 0.0975 696t..546 
0.00,..183 34-1.7246 2.164947 56.92108 0.01 0.0727 0.0821 6601.207 
0.002866 341. 7246 2.164947 56.26721 0.01 0.0688 0.0788 6t.28.562 
0.001732 341.7246 2.164947 55.56278 0.01 0.0598 0.0698 624,0.554 
0.001358 341.72,.6 2.164,94-7 54.83863 0.01 0.0555 0.0655 604-S.0t. 
0.000502 341. 7246 2.16494-7 53.69233 0.01 0.0436 0.0536 5730.76 

8TH INCH AL203 SPHERES. vegetable oil 
0.020372 28.31071 61.t.9115 812.2672 0.04- 0.13858'" 0.178584- 53.61825 
0.020372 28.31071 61.4-9115 812.2672 0.04- 0.138584 0.178584- 53.61825 
0.010537 28.31071 61.4-9115 810.6556 0.04- 0,114,.975 0.154975 46.0678 
0.010531 28.31011 61./,j,9115 810.19 0.04- 0.109521 0.149527 4t..51t.66 
0.06114-4 28.31071 61. 49115 851.6502 O.O~ 0.2000.6 0.2t.0046 23".114-3 
0.06114-4- 28.31011 61.49115 860.736ft. 0.04 0.20t.Ol0 0.2ft.4010 2.5.6632 
0.097903 30.11521 61.49115 885.6051 0.0. 0.223199 0.263199 338.134,8 
0.144205 30.17521 61.4-9115 914-.6171 O.O~ 0.2504-97 O.290t.97 456. "-411 ... 
0.187285 30.17521 61. 49115 952.9119 0.0. 0.26~2'3 0.304243 588.1856 
0.0.3196 28.31071 61.1.19115 84-2.9813 0.04 0.200412 0.21.0412 168.734,4 
0.043796 28.31071 61. 49115 843.t.712 0.0. 0.200176 0.240176 112.9395 
0.06114t.. 28.31071 61.4-9115 855.3208 0.0" 0.216340 0.2563t.0 226.0015 
0.06114" 28.31071 61.49115 855.6808 O.O~ 0.220214- 0.26021. 228."171,a. 
0.13980. 28.31071 61.49115 920.106. 0.0. 0.260822 0.300822 4-70.7284-
0.162097 28.31011 61..9115 931.8326 O.O~ 0.270506 0.310506 509.7589 
o .18.9H 28.31011 61. .9115 9"5.9019 0.0 .. 0.211066 0.311066 562.02.3 
0.184974 65.St.a.736 61.49115 1020.723 0.0. 0.241264 0.287264 812.4826 
0.162097 65.54736 61. 49115 1001. 947 0.0. 0.231621 0.271621 7St..479B 
0.118328 65.54736 61.49115 960.3772 0.04- 0.205156 0.2t..5156 619.9755 
0.076930 65.54136 61.49115 923.5911 0.04- 0.180128 0.220128 494.0499 

C> 
O.Q~5?77 ~~~~~7~~ ~1·4~!!~ ~~~~9'}~? O·g" Q!1~~f~4 Q,1~~254 3~S:!~15 
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Table 9.3.2 Pressure Drop and Liquid Holdup Data on Soybean Oil Systems (continued) 

U.Ul'J74U hS.S473b hI. 4'Jll~ t1t14.09u,," 0.04- 0.123882 u.163882 214.9812 
0.2"-5505 9.75260" 61.,.9115 951. 3102 0.0" 0.315902 0.355902 569.3355 
0.07876" 9.75260" 61. ,.9115 831. ,.109 0.0" 0.236420 0.216420 136.8624 
0.045277 9.752604 61.49115 814.4955 0.04 0.199860 0.239860 70.49803 
0.118328 9.152604 61. 49115 858.5871 0.04 0.251674 0.29187" 250.0609 

values kinvis G kinvis L vi5G/visL Ergun coeffs. 
P5iL porosity m~Z/s m~2/5 laminar turbulent 

3rrm Glass Beads.vegetable oil 
2.663971 0.375 1.1.178£-05 6.176£-05 3.600E-04 215 1. 1..2 
2.498002 0.375 1.478£-05 6.176E-05 3.600E-04 215 1. 42 
2.279168 0.375 1.,.78E-05 6.176E-05 3.600E-O" 215 1. 4-2 
2.273057 0.375 1. "78E-05 6.176£-05 3.600£-04 215 1. ,.Z 
2,027903 0.375 1.1.t 7 8E-05 6.176E-05 3.600£-04 215 1. 42 
1.B23878 0.375 1.478E-05 6.176£-05 3.600£-04 215 1. ,.2 
1. 554898 0,375 1.478£-05 6.176E-05 3,600£-04 215 1. 42 
1.191230 0.375 1.478E-05 6.176E-05 3.600E-04- 215 1. 42 
1.162549 0.375 1.,.7 B£-05 6.176E-05 3.600E-04 215 1. 42 
1.113013 0.375 1.478£-05 6.176E-05 3.600E-0" 215 1. 42 
1.103257 0.375 1.1.178E-05 6.176£-05 3.600£-04 215 1. ,.Z 

3.066512 0.375 1. 478E-05 6.176£-05 3.600£-04 215 1.lt-2 
2.923338 0.375 1.,.78E-05 6.176E-05 3.600E-04 215 1. ,2 
2.176413 0.375 1.478E-05 6.176E-05 3.600E-0" 215 1.42 
2.585075 0.375 1.478E-05 6.176E-05 3.600E-04 215 1. "2 
2.313707 0.375 1.478E-05 6.176E-05 3.600E-0' 215 1. "2 
2.188206 0.375 1.478E-05 6.176E-05 3.600E-01.I 215 1.~2 

1.947273 0.375 1. ~ 78E-05 6.176E-05 3.600E-0~ 215 1.", 
1. 752175 0.375 1.478E-05 6.176£-05 3.600E-0" 215 1. 42 
1. 7 59063 0.375 1.478£-05 6.176£-05 3.600E-04 215 1. ,. 

1. 582520 0.375 1."78E-05 6.176£-05 3.600E-04 215 1.,.2 
1. ~8S064 0.375 1.~78E-OS 6.176E-05 3.600E-0'" 215 1. "2 
1..75501 0.375 1.'78E-05 6.176E-05 3.600E-0' 215 1. ,. 

1. ~09853 0.375 1.,78E-05 6.176£-05 3.600E-04 215 1." 
1.401955 0.375 1.478E-05 6.176E-05 3.600E-04 215 1. "2 
1. 337570 0.375 1." 78E-05 6.176E-05 3.600E-O~ 215 1. ,..2 
1. 323799 0.375 1.~78E-05 6. 176E-05 3.600E-0'" 215 1. ,..2 
1. 243726 0.375 1.478E-05 6.176E-05 3.600E-04 215 1.", 
~.120528 0.375 1.~78E-05 6.176E-05 3.600E-04 215 1. ,..2 
3.397971 0.375 1.478£-05 6.176£-05 3.600£-0"- 215 1. 42 
3.175955 0.375 1.~78E-05 6.176E-05 3.600E-04 215 1. ,.2 
2.798673 0.375 1.'78E-05 6.176E-05 3.600E-O~ 215 1. ,2 
2.,32083 0.375 1. ~ 78E-05 6.176£-05 3.600E-0' 215 1. 42 
2.09,678 0.375 1.~7BE-05 6.176E-05 3.600E-04 215 1. ,2 
1.867535 0.375 1.478E-05 6.176E-05 3.600E-04 215 1. 4.2 
1. 778182 0.375 1. 478E-05 6.176E-05 3.600E-0r. 215 1. "2 
1.608169 0.375 1.'78E-05 6.176E-05 3.600E-Or. 215 1. ,2 

16th HDS Extrudates.vegetab1e oil 
8.5952.9 0.335 1.'78E-05 6.176E-05 3.600E-O. 100 0.8 
8.172228 0.335 1. ,78E-05 6.176£-05 3.600E-0' 100 0.8 
7.5583,7 0.335 1.478E-05 6.176E-05 3.600£-04 100 0.8 
6.979398 0.335 1.~7BE-05 6.176E-05 3.600E-O' 100 0.8 
6.6,5,30 0.335 1."78E-05 6.176E-05 3.600E-04 100 0.8 
6.143194 0.335 1."78E-05 6.176E-05 3.600E-0" 100 0.8 
6.220529 0.335 1.478E-05 6.176£-05 3.600£-04. 100 0.8 
6.102952 0.335 1. "'8E-05 6.176E-05 3.600£-0" 100 0.8 
5.56"917 0.335 1."78E-05 6.176E-05 3.600E-0" 100 0.8 
1.008280 0.335 1.478E-05 6.176£-05 3.600E-04 100 0.8 
1.012674 0.335 1.478E-05 6.176£-05 3.600£-01.1 100 0.8 
1.01573, 0.335 1.'78E-05 6.176E-05 3.600E-0' 100 0.8 
1.100080 0.335 1."78£-05 6.176E-05 3.600E-0' 100 0.8 
1. 9533," 0.335 1.'78E-05 6.176E-05 3.600E-04 100 0.8 

C 
2.198785 0.335 1.'78E-05 6.176E-05 3.600E-0' 100 0.8 

.. 
" 
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Table 9.3.2 Pressure Drop and Liquid Holdup Data on Soybean Oil Systems (continued) 

1. JtJIU~:l U. 'JJ~ 1.4HfJ:.:-O~ b. l"IbJ:.:-U~ j.bUUt;-U4 1UU U .• 
1. 282883 0.335 1.478£-05 6.176E-05 3.600E-04 100 O.B 
3.252491 0.335 1.,. 78E-05 6.176£-05 3.600E-Ot.\. 100 O.B 
3.073444 0.335 1.:... 78E-05 6.176E-05 3.600E-0r. 100 O.B 
2.859070 0.335 1.,. 78E-05 6.176[-05 3.600E-04 100 O.B 
2.66B330 0.335 1. (a.7BE-OS 6.176E-05 3.600E-04 100 O.B 
2.489321 0.335 1.478E-05 6.176E-05 3.600E-04- 100 O.B 
2.289189 0.335 1.1..78E-05 6.176£-05 3.600E-04 100 O.B 
2.069279 0.335 1.478£-05 6.176E-05 3.600E-Oo 100 O.B 
1. 82711.2 0.335 1.1..78E-05 6.176E-05 3.600E-Oit 100 O.B 
1. 521"'97 0.335 1.478E-05 6.176E-05 3.600E-04 100 0.8 
1.5("2996 0.335 1./j.78E-05 6.176E-05 3.600E-04 100 O.B 
1. 409898 0.335 1.,. 78E-05 6.176E-05 3.600E-04 100 O.B 
4.503556 0.335 1.478£-05 6.176E-05 3.600E-04- 100 O.B 
4.256745 0.335 1. 4- 78E-05 6.176E-05 3.600E-04 100 O.B 
4.063284 0.335 1.478E-05 6.176E-05 3.600£-0/.i. 100 O.B 
3.817201 0.335 1./.i.78E-05 6.176E-05 3.600E-O/.i. 100 O.B 
3.386816 0.335 1./.i.78E-05 6.176E-05 3.600E-04- 100 O.B 
3.0B5366 0.335 1.478E-05 6.176£-05 3.600£-04 100 O. B 
2.770020 0.335 1.1.!.78E-05 6.176E-05 3.600E-04 100 O.B 
2.395967 0.335 1.478E-05 6.176E-05 3.600E-04 100 O.B 
1. 97B044 0.335 1.478E-05 6.176£-05 3.600E-04- 100 O.B 
6.4-33577 0.335 1.478E-05 6.176£-05 3.600E-04- 100 O.B 
6.223B99 0.335 1.4-78E-05 6.176£-05 3.600E-0"- 100 0.8 
6.095t.-07 0.335 1. 478E-05 6.176E-05 3.600E-04- 100 0.8 
5.80924-1 0.335 1.4-78E-05 6.176E-05 3.600E-04- 100 O.B 
3. 015850 0.335 1. 4.78E-05 6.176E-05 3.600E-0"- 100 O.B 
5.825669 0.335 1.t..78E-05 6.176E-05 3.600E-0/.a. 100 O.B 
5.535292 0.335 1.478E-05 6.176E-05 3.600£-04 100 O.B 
5.255069 0.335 1.478E-05 6.176E-05 3.600E-0t.. 100 O.B 
4.848279 0.335 1. 07BE-05 6.176E-05 3.600£-0t.. 100 O.B 
4-.524915 0.335 1.t..78E-05 6.176E-05 3.600E-a~ 100 O.B 

4.2442 0.335 1.t..78E-05 6.176E-aS 3.600£-04. 100 O.B 
3.714292 0.335 1. 478E-05 6.176£-05 3.600£-04 100 0.8 
3.766151 0.335 1.478£-05 6.176E-05 3.600E-Oo 100 O.B 
3.723315 0.335 1.478E-05 6.176E-05 3.600E-Oo 100 O.B 
3.202121 0.335 1.478E-05 6.176£-05 3.600E-04 100 O.B 
11.95650 0.335 1.478E-05 6.176E-05 3.600£-04 100 a.B 
11.61080 0.335 1.t..78£-05 6.176E-05 3.600E-0t.. 100 O.B 
11.3064t.- 0.335 1. "BE-OS 6.176E-05 3.600E-Oo 100 0.8 
11.14056 0.335 1. 4- 78E-05 6.176E-05 3.600E-04- 100 O.B 
10.814.49 0.335 1. 478E-05 6.176E-05 3.600E-04 100 O.B 
10.57757 0.335 1.r...78E-05 6.176£-05 3.600E-04- 100 0.8 
10.25007 0.335 1.478E-05 6.176E-05 3.600E-04- 100 0.8 
10.10267 0.335 1. "BE-OS 6.176E-05 3.600E-Oo 100 O.B 
9.627721 0.335 1.r...78E-05 6.176£-05 3.600E-04. 100 O.B 
9.402041 0.335 1.478E-05 6.176E-a5 3.600£-04- 100 O.B 
9.156279 0.335 1. 478E-05 6.176E-05 3.600E-04 100 0.8 
8.900705 0.335 1. "BE-OS 6.176E-05 3.600£-04 100 O.B 
B.~B9BB2 0.335 1.476E-05 6.176£-05 3.600E-0~ 100 O.B 

BTH INCH AL203 SPHERES. vegetable oil 
1.068782 0.455 1.478E-05 6.176E-05 3.600E-04 270 2.7 
1. 06B7B2 0.455 1. 478E-05 6.176E-05 3.600E-04 270 2.7 
1.05B912 O.~55 1. "'BE-OS 6.176E-05 3.600E-04 270 2.7 
1.056BBl a. ~55 1. o7BE-aS 6.176E-05 3.600E-04 270 2.7 
1. 304724 0.455 1. o7BE-OS 6.176£-05 3.600E-04 270 2.7 
1.319821 0.455 1.4-78£-05 6.176E-as 3.600E-04 270 2.7 
1. .. 0699 0.055 1. o7BE-OS 6.176£-05 3.600E-Oo 270 2.7 
1. 5953l.t8 0.1055 1.478E-05 6.176E-a5 3.600E-04 270 2.7 
1. 767562 0.455 1. 07BE-05 6.176E-05 3.600E-04 270 2.7 
1.219260 0.455 1.478E-05 6.176E-05 3.600E-Ot... 270 2.7 
1.224757 0.455 1. "'BE-OS 6.176E-05 3.600E-ao 270 2.7 
1. 290119 0.055 1. "'BE-OS 6.176E-OS 3.600E-04 270 2.7 
1. 297277 0.~55 1.~7BE-as 6.176E-05 3.600E-04 270 2.7 

C 
1. 610020 o. ~55 1. ~ 7BE-05 6.176E-as 3.600E-0~ 270 2.7 
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Table 9.3.2 Pressure Drop and Liquid Holdup Data on Soybean Oil Systems (continued) 

1.bb~U4" u.455 1. /,j.n~t;-u~ b.17bJ:.;-U~ J.bUUt.;-U4 
1.733365 O.~55 1. t. 78E-05 6.176E-05 3.600R-0t. 
2.060761 0.455 1.1..78E-05 6.176E-05 3.600E-04 
1. 984940 0.455 1.478E-05 6.176E-05 3.GOOE-DIt 
1. 809118 0.455 1.478E-05 6.176E-05 3.600E-04. 
1.644509 0.455 1.478E-05 6.176E-05 3.600E-04-
1.502171 0.455 1.t...78E-05 6.176E-05 3.600E-Ot. 
1.358145 0.1155 1.479E-05 6.176E-05 3.600E-04-
1.742922 0.455 1.478E-05 6.176E-05 3.600E-04 
1.177597 0.455 1. 478E-05 6.176E-05 3.600E-04-
1. 090847 0.455 1.l., 76E-05 6.176E-05 3.600R-Qt.. 
1. 325569 0.455 1.,. 7BE-05 6.176E-05 3.600E-04. 

Re~ul ts of Low interaction re g irne mode 1 ••. 

P~iG Psi£. total 
liquid 

3rm1 Glass 
1904.842 

holdup 
Beads.vegetable oil 
3,86546 0.302533 

3,554338 0.300282 1698.02 
1/,j.22.24.9 
1422.294-
1162.667 
843.1944 
501. 9723 
98.6225" 
86.83698 
52.74973 
4-6.32193 
2394.745 
2231. 585 
2017.225 
1811.089 
1416.258 
1231.04-6 
889.6216 
594.1993 
628.4874-
l.t10.2961 
262.9795 

263.051 
220.826 

220.9214 
155.1792 
155.5569 
98.678t16 
3686.758 
2938.8"1 
2'26.326 
185".281 

1383.96 
863.4503 
488.0609 
1.tl.l.8.9828 
324.4859 

16th HDS 
7900.106 
7150.286 
6183.062 

4984.39 
4538.567 

3658.39 
3398.064 
3142.781 

3.139494 0.295350 
3.1395620.295348 
2.7490040.289373 

2.26842 0.279242 
1.755119 0.260558 
1.148358 0.176613 
1.130629 0.167914 
1.079352 0.130160 
1.069682 0.122312 
4.602423 0.278012 

4.35698 0.275397 
4.034517 0.271660 
3.724427 0.267442 
3.130481 0.257572 
2.851867 0.251620 
2.338261 0.236797 
1.893856 0.216200 
1.945436 0.219184 

1.61721 0.194744-
1.395601 0.165499 
1.395708 0.165495 
1.332189 0.152605 
1.332333 0.152599 
1.233436 0.124497 
1.234005 0.124478 
1.148443 0.083094 
6.546001 0.266372 
5.420907 0.255869 

4.64993 0.248188 
3.78941 0.235174 

3.081896 0.219611 
2.298891 0.193029 
1.134192 0.153840 
1.675406 0.147172 
1.488125 0.120436 

£Xtrudate~.vegetable 
12.88416 0.166214 

11.7562 0.159237 
10.3012 0.148553 

8.498034 0.132656 
7.827381 0.125028 
6.503328 0.107413 
6.111719 0.102056 
5.72110" 0.095425 

oil 

27U 2.7 
210 2.1 
210 2.7 
210 2.1 
270 2.1 
210 2.1 
270 2.7 
270 2.7 
210 2.7 
210 2.1 
270 2.7 
270 2.7 
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Table 9.3.2 Pressure Drop and Liquid Holdup Data on Soybean Oil Systems (continued) 

:l~:J!).btl "'.l::Il"lt:Jl U.U·/~:l"':l 

6.18045 1.009297 0.121"'04 
8.253252 1.012415 O.1ftlO49 
13.30784- 1.020019 0.169611 
76.18026 1.114598 0.242681 
674.7313 2.015 0.2910101 
969.6254 2 .• 58611 0.296212 
217.6183 1. 327364 0.270255 
133.2994 1. 200523 0.258633 
2394.923 ".60269 0.2"8309 
2073.621 4.119355 0.2"3760 
1710.336 3.572864- 0.23734-6 
1"28.065 3.148242 0.2309,,8 

1217.11 2.830902 0.224910 
1020.26. 2.534787 0.217833 
768.1222 2.155489 0.205709 
520.5103 1.783005 0.187178 
259.1151 1.388283 0.11.\.7242 
2S3.97f.t2 1.382054 O.H6298 
188.3679 1.283362 0.1260,,7 
3733.675 6.61658 0.220015 
3326.701 6.00"..367 0.214990 
2931.""4- 5.,,0978 0.209399 
2"80.148 4.730895 0.201630 
192ft,506 3.895041 0.188770 
1476.006 3.22036 0.174405 
1186.477 2.78"822 0.161327 
761. 8059 2.145987 0.132367 
529.1748 1. 796039 0.10.522 
586 •. 3.9 9.821758 0.196929 
5 •• 6.127 9.192627 0.192967 
5025.927 8.560518 0.188789 
.633.536 7.9702,.3 0.18.025 
1429.801 3.150855 0.10208 
.631. 62 7.96736 0.18.0.7 

4145.162 7.23558 0.177568 
3671. 905 6.523658 0.170276 
3130.876 5.709786 0.160054 
2605.193 4.919001 0.1107950 
2273.458 '.U997 0.138303 
1638.881 3.465373 0.113594-
15,.3.348 3.321664 0.111.1,.29 

11..27.13 3.14.6836 0.108428 
1168.486 2.757758 0.090600 
121017.09 19.67907 0.152989 
11433.49 18.19944 0.1.6821 
10443.19 16.70973 O.1400St. 

9955.33 15.97583 0.13636. 
9142.686 1 •. 75337 0.12972. 
83.3.352 13.55093 0.122300 

755 •• 22 12.3638~ 0.113912 
689 •. 22. 11.371 0.106499 
5786.67. 9.70.912 0.090795 
5280.281 8.9"3144- 0.08225. 
.735.37. 8.123"38 0.071806 
4541t.915 7.836929 0.067011 
3873.825 6.8274.07 0.050355 

8TH INCH AL203 SPHERES. vegetable oil 
66.3.569 1.09980. 0.197150 
66.3.569 1.09980. 0.197150 
"4.33426 1.066692 0.159871 

44.3589 1.066729 0.159869 
174.6783 1.262769 0.271619 
17 •. 1992 1.2620~8 0.271670 

C. 3110.3928 1.~729'2 0.301907 
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Table 9.3.2 Pressure Drop and Liquid Holdup Data on Soybean Oil Systems (continued) 

49 ... 449 
664.4154 

123.796 
123.7355 
175.0417 
174.9854 
456.64.06 
544.9832 
635.9246 
973.901.5 
864.9291 

654-.091 
44B.84 

291.3942 
165.86 

599.5831 
97.447610 
44.97956 
190.3726 

1.743801 0.324761 
1.999482 0.338579 
1.186227 0.248130 
1.186136 0.248137 
1.263316 0.271579 
1.263231 0.271585 
1.686926 0.324991 

1.81982 0.332924 
1.956623 0.339623 
2.465048 0.314454 
2.301116 0.307876 
1.983951 0.291218 
1.675191 0.266880 
1.438345 0.235287 
1.249504 0.186965 
1.901955 0.376851 
1.146591 0.305221 
1.067663 0.259861 
1.286378 0.336464 
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Table 9.3.3 Liquid Holdup Data for Zero Gas Flow (Zero Shear), Aqueous Systems 

Zero shear holdup data. air water based systems 
meas. pred. 

ReL Holdup holdup 
1/16th HDS extrudates. this work 
1.426556 0.102 0.103280 
2.~07312 0.11 0.122750 
4.012188 O.13~ 0.145785 
4.101347 0.1680.146857 
4.547146 0.168 0.151996 
7.756897 0.176 0.181401 
8.S59333 0.19 0.187435 
11.05581 0.206 0.204052 
14.97883 0.224 0.223734 
15.51379 0.233 0.226411 
18.3669 0.228 0.233991 

20.50674 0.234 0.239463 
20.50674 0.244 0.242193 
23.53817 0.238 0.244647 
24.51893 0.242 0.247767 
24.96472 0.258 0.258361 
6mm Glass beads. Baldi 
25.13227 0.117 0.140951 
61.72839 0.166 0.190175 
103.1746 0.21 0.225692 
152.5573 0.249 0.257120 
261.9047 0.301 0.307874 
2.7mm CYlinder~.Baldi 
3.840245 0.1309 0.122285 
10.82949 0.176 0.172765 
27.07373 0.217 0.234478 
44.93087 0.273 0.277610 
5.4mm cylinder~. Baldi 
1.558518 0.0889 0.09231_ 
21.54195 0.1042 0.130883 
52.91005 0.155 0.176590 
88.43531 0.2 0.209570 
130.7634 0.2560.238754 
5.4mm cylinder~. 9~ glycerol. Baldi 
11.42389 0.116 0.111413 
11.661_8 0.1218 0.128821 
29.15547 0.151 0.152254 
40.64945 0.181 0.170091 
S.4mm cylinder~. 21~glycerol. Baldi 
6.362217 0.12 0.135416 
9.484777 0.1307 0.154695 
16.00312 0.161 0.184163 
24.82435 0.199 0.213187 
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Table 9.3-4 Liquid Holdup Data for Zero Gas Flow (Zero Shear), Soybean Oil Systems 

.. 

Data base for Soybean Oil, Zero Gas 
Re 1 iq. experimental 

zero shear 
holdup 

3mm Glass beads. this work 
O.00023~ 0.091805 
0.000569 O.10~122 
0.001121 O.lO~833 
0.002677 0.138794 
O.OO~4J4 0.137663 
0.004434 0.130332 
0.009109 0.156140 
0.009109 0.164851 
0.010769 0.239258 
0.010769 0.249620 
0.013655 0.188969 
0.013655 0.181506 
0.028197 0.279245 
0.028197 0.285193 
0.047357 0.286593 
0.052823 0.320766 
0.052823 0.291275 
0.061516 0.332739 
0.064549 0.314837 

16th HDS 
0.013480 
0.007310 
0.003322 
0.002552 
0.002866 
0.002134 
0.001181 
0.001797 
0.001239 

Extrudates. this 
0.289 
0.257 
0.2 
0.183 
0.1916 
0.1916 
0.1916 
0.161 
0.H8 

work 

Flow 
predicted 

zero shear 
holdup 

0.051649 
0.069396 
0.086957 
0.116227 
0.137515 
0.137515 
0.174810 
0.17~810 

0.184843 
0.18~8~3 
0.200066 
0.:200066 
0.254770 
O.25~770 
0.30:2844 
O.31~076 

0.31lt076 
0.330442 
0.335788 

0.3202"2 
0.320242 
0.261153 
0.200780 
0.183889 
0.19114~ 
0.173260 
O.1~2274 
0.163610 
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Table 9.3.5 Pressure Drop and Liquid Holdup Data in High Pressure Systems 

..... .oO Go1. ."" ..., dyn_ 
~t_ po. POL ... 

Des. 0'1 W_ and W .. ..,.,...,. CES 0&5, 22-'7 101M) 

z.o""~datL AI O .... fafw .. waNZar H .. .,.1 tM .. no~ wall"'. 
2.4P0183 o $0220.171 213.22138 0 ..... 0.0e.24 0.1053 O~I 

5.-- o 88220.111 213.22138 0 ..... 0."" 0.1217 G.30 .- o 10220..11 2n.22,,, 0 ..... 0.101. 0.1443 0.3' 

22.131,.' o 8t220.'71 213.22138 0 ...... 0.13M 0.1706 0.3' 

"."Tt13 o 1i220.17I 21'122:'38 0 ..... 0.1e.31 0.2'017 O~I ......... o IU20.115 2n22',. 0 ...... O.tT!! 0.2114 0.3' 

41211'" o 'H20.'?! 2n.22138 0 ..... 0.1833 0.= 0.3' 

NZbaMd~ , ....... , 130.040M 802:20.'15 e.a3O-SSU 0 ..... 0.1092 0.15.21 0.31 

25-&24580 "'.04OM !It22Q.'1S H3C1J3.45 0 ..... 0.14&2 0.1"1 0.30 

23..&0<U51 1560.11160 '0221).115 ~715.00 0 ..... 0.1209 0.1"' 12..1i037 U 0." 
33...M2tZ2 1tao."80 "220 .• ,1 IU7a5.00 0 ..... 0.1211 0.1118 11.2111S1 ., 0.3' 

43.27'"' 1580."&0 e8220.875 a&Z7U.OO 0 ..... 0.1m 0.11104 aU.)3,., u 0.30 

23.t0e517 3512.8135 "220.a75 auras.OII 0 ...... O.OUl 0.lZ17 0.3' 

33...4&2tIZ2 )512.,'35 It220.&75 1U7l!.0f 0 ..... 0._ o.l3U 0.31 

<&.:l.J:1I1N "'2..1135 88220."5 IUTI5.Qt 0 ...... 0.0015 0.1404 0.3' 

211OM1J1 &322..7043 10220.'71 U21U.ot 0 ...... 0 ..... 0, , 053 t2.31SW7 1.11 0.3' 

~ 1322.10043 10220.'71 au7lS.ot 0 ..... 0,0702 0.113' 01.27055t 1.' 0.31 

.u..a71U1 e322.7043 8fi12:20.'75 aa21U.ot 0 ..... 0.011 0.1201 1004.1$573 I 0.3' ........ .,..... 
-4..01to:S21 10.02~ 102:20.175 2t.22!22t 0 ..... 0._ 0.1014 "0.~ '.2~ 0.31 

10.""12 10.02A&IC "22G.171 2L2U22t 0 ..... 0.071 0.1200 7"l.n3S1 U 0.3' 

21.e3a:w4 10.824641 802:20.175 21..2:2822'1 0 ..... 0.1002 0.1521 , ........ U 0.30 

31."7213 10.02 .... 10220.'75 2&.22122t 0 ..... 0.1217 0.171' 1081.7521 U 0.3' 
Hola7371 10.024841 10220.175 2&.22122t 0 ..... 0.1155 0.2184 0.30 

-4..01t0327 32..113031 10220.575 2S4.0540t 0 ...... 0 ..... 0.0801 0.3' 

10.""72 32.773031 10220.'75 2S4.05A0e 0 ..... 0._ 0.1002 0.30 

21.13"" 32.773D38 lova.I7S 2S4.0540f 0 ..... 0._ 0.1315 0.30 

3a~ 32.773031 10220.175 254..05A0e 0 ..... 0.1201 0.1e31 0.30 

S&..!51371 32.113031 8022C).I15 2$4.0540II 0 ..... 0.1365 0.1704 0.31 

5.lIOlt:!103 131.0Q575 10220.115 o4OM.lUO 0 ..... O.elO 0.0510 4'3.68205 3 0.30 

10.8'"72 131.09575 102:20,515 4OI4.M50 0 ..... 0.0e24 0.1053 511.121113 3.1 0.3. 

29.5011" 131.00515 80220.175 4064.1e50 0 ..... 0.0810 0.1248 121.325a 0.30 

$1.040180 131.00575 802:20 .• 75 4OI4.a&50 0 ..... 0.0075 0.1...0.4 lna.1UO I.' 0.3' 
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Table 9.3.5 Pressure Drop and Liquid Holdup Data in High Pressure Systems(continued) 

....... ",. ... ,. G/ lDW ~ model' pr~ 

ktMoQ """'L ,., L •• •• ..... ... .- - -... """ ,_ ...... -UiDE.oI 1.O<IE.()e 0.01' .'" '.1 1 0.0720780 o O-'Oe1701 

1.50£-05 1.00E.()t 0.011 '''' 1.1 1 O,OON:l46 o 0.255U01 

1.!tE.05 1.ooE-OI 0.011 II. '.1 1 0. 11 a&I&2: o o.tTlS~ 
1.50E-" 1.ooE-04I 0.01' '''' 1.1 .. , ...... o 0.102a1' 

1.50E-05 1.00E,," 0.011 '''' 1.1 C.' ... M2 o 0.001111' 

1.5~.os 1.00E-OI 0.011 '''' 1.1 0...2015481 o o,onll1M 
UtE-" 1.ooE-Oe 0.01' '''' 1.1 0.21221'31 o O.otlM1t 

3.18E.08 1.00E.oe 0.011 '''' '.1 27.2SOM 1.1~ 0.122153 O.lt22ln 

l.1tE.()I 1.00E-Oe 0.011 , '" 1.1 45.750.41 1.2:5101' O.ll!2Al. O.lSUlli 

2.40E-01 1.00e-Oe 0.01. , '" 1.1 17.!7111 2..212121 O.12&02M 0.31172&3.2 0.21 UIM 

:2.&0£-07 1.OOE.o. 0.01' '''' '.1 21.22.,' 2..~ O.1A2U7' 0.2332:125 O.lUGA 

2.&0£-01 1.00£.01 O.ot. II. , .. 24.UUa 2..&e7041 G.1S438U 0.139148 0.13N111 

2.IOE.o7 1.ooE.oe 0.01' '''' I.' 80.1731 5.110311 O.0M2SS8 0.2'5"731 
:UOE..or 1.00e.oe 0,01' '''' '.1 81.04061 lI.tlltcot 0.107441 O.21D31t 

2.10£.01 1.00E4I 0.01' .ao 1.1 75" .... '.011714 O."M24I 0.'"""" 
2.aoE.o7 1,OO£.oe 0.01. ,ao 1.1 l!S4.t3n 11.4OS21 o.0133Oe7 0.8140111 o..sosaoo 
2.5OE-07 1.ooE-OO 0.011 'ao 1.1 1u..5272 l:u.s577 O.0U251S O.1t48SOl 0.2721OOt 

2.ItOE.o1 1.00E..oe O.Ott '''' U "'Al51 13.31017 o.oumt 0.1415812 0.2571810 

4.;.sE.os 1.00E.oe .... ,ao u 170.1811 1.0611OS1 O.ooo.4&S o.72.(3.4n 0.1~'" 

U6E.os 1.00e.oe .... ,ao '.1 .... , ... l.0t3Z3 0.11'170& 0.I8t713:! 0.0143017 

4..£.05 1.00e-Oe .... '''' u ,.., .... 1.1S1711 0.1527'" o.7U0M2 0.0045a72 

u ..... 1.ooE.ot .... ,ao 1.1 4e .. ,111 '.l.MN O.1i"e2103 0.7e3:Ml 0.0280'" 
4.16E-05 1.00E-Of .... '''' U 872..1002 1.3525H o.21elIQ 0.01022:10 

1.85E-05 1.00E.oe .... ,ao '.1 87.D35N 1.0&2347 0.0902NI 0.0068331 

1.8!E.05 1.ooE.oe .... 'ao 1.1 n4500ll 1.1108.5 o.nuuo O.OS578U 

1.85E.os 1.ooE-OI .... II. '.1 13.5.17U 1.183&51 0.151711 0.1114101 

1.85E.os 1.00E.oe .... II. 1.1 2:22.11500 1.2"71 0.1U204C- O.l4eNto 

1.asE.os 1.OOE.oe .... '''' '.1 3 .... 3' 1.4CS5e 0.21~1 0.1~OO7 

4. 13E.oe 1.00e.oe .... '''' 1.1 30.12333 1.,-40He o.ot.4443e 0.0254UI 0.153157' 

4.13E.otI 1.ooE.oe .... II. '.1 3I.7HI0 1.187481 0.118074 0.a331000 0.1023171 

4.13E.oe 1.00E.oe 0." II. U eo.17507 1.334003 0.1e.425N 0.01&2848 0.31815" 

4.13e-08 1.ooE.oe .... ,ao '.1 125.7085 1.eonS! 0.20:S0112 0.18127" 0.UOU~1 ...... 0.8710.460 0.1823'21 

mHI'Ir.I ...... ~ 
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Appendix 9.4 

Fortran Program to Detennine the Mean Relative Error between Model 

Predictions and Data for Specified Values of the Phase Interaction Parameters 

In Chapter 3, the development of the hydrodynamic model for the low interaction 

regime resulted in two unknown parameters which characterize the extent of phase 

interaction. Equations (3.35) to (3.42) can be solved for the pressure drop and liquid 

holdup if the correct values of f and f are known for the low interaction regime. In this 
s v 

Appendix, a program is given which calculates the holdup and pressure drop in a trickle 

bed for a pair of f and f values given the appropriate bed and phase propenies and phase 
s v 

flowrates. For the assumed set of f and f values, the mean relative error between the 
s v 

model predictions and experimental data (as defined in equation (3.44» was calculated 

using the data base given in Appendix 9.3. The results for the mean relative error in 

pressure drop and liquid holdup are presented graphically in Figures 3.6 and 3.7. 

The solution of equations (3.35) to (3.42) is accomplished using a successive 

substitution algorithm. The convergence of the successive substitution method depends 

on the quality of the initial guess of the solution. For the system of equations in this 

model, only an initial guess of the dimensionless body force on the liquid phase is 

required to begin the iteration. The value of,¥ L is unity if the liquid flows due to gravity 

only, and attains a maximum of about twenty only for large gas flowrates at the transition 

to the high interaction regime. TItis narrow range of realistic values allows an initial 

guess to be made with some confidence. With an initial guess of '¥ L' with the assumed 

values of f and f , and with given phase f!owrates, and the bed and phase propenies, s v 

equation (3.36) can be solved for the liquid holdup, EL, with a Newton Raphson iteration. 

Equation (3.41) and (3.41) can be used to calculate "L and '¥ G' respectively. The 

interfacial Reynolds number can then be calculated using equations (3.37) to (3.40). A 

new value of '¥ G can then be calculated using equation (3.35) and this can be used to 

update If'L with equation (3.42). The successive substitution proceeds until convergence 

on all variables is achieved. TItis algorithm is given in Fortran in Table 9.4.1. 
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Table 9.4.1 A Fortran Program to Determine the Mean Relative Error between 

Model Prediction and Experimental Data. 

c This program 1s written to solve set of nonlinear equations 
c which result 1n the turbulent qas-liquid film flow model ot 
c trickle beds. The solution Is by successive substitution using 
c the fact that the dimensionless liquid body force has been (ound 
c to vary between 1 and 2 for most experimental data. This allows 
c a first guess of this variable to be made with some confidence. 
c 
c The Procedure becomes: 
c 1: Given Gas' Liquid reynolds numbers, bed porosity, phase 
c physical properties, the particle equivalent spherical 
c diameter, and the bed Erqun coeffiCients. 
c 
c 2: Gues. the dimensionless l1quid body force, P5iL~1.1 
c Note: this sets the dimensionless gas body force,PsiG, 
c by forcing the pressure gradient to be the same in each phase. 
c 
c 3: Calculate the liquid holdup from the liquid !~lm momentum 
c bal.nee using Newton Raphson (it is a cubic in hold~p) 
c 
c 4: Calculate the friction film thickness of the oed. 

c 5: Calculate the gas interfacial Reynolds number using ",-he liquid 
c Interfacial velocity. ~ote this assumes continuIty of veloeit 
c the interface. 
c 
c 6: Calculate a new value of the dimensionless gas body force, Phi 
c fro. the gas phase momentum balance. As stated before, this 
c deteraines the value of PsiL. If the dimensionless body force 
c have converged,quit. If not, return to step 3. 
c 
c 
c 
c RIchard Holub 3/22/8' 
c 
c 
c Define the common block /blkl/to hold the Reynolds and Galileo numbers, 
c static, dynamic and total liquid holdup from experimental data. 
c 
c Define the common block Iblk21 to hold the experiment.l gas and liquid 
c phase dimensionless body forces, bed porosity, kine~tic viscosity of 
c the gas and liquid, the ratio at gas and liquid viscosities, and the 
c single phase erqun equation coefficients of the bed. 
c 
c Define the common block Islip/ to hold the values of fv and is at the 
c current iteration, and a flaq to tQIl ii the successive substitution 
c converged. 
c 

c 

camaonlblkl/rel,reg,qal,qag,shold,dhold,tholde 
cammon/blk2/pslge,psile,por,rnuq,rnul,rvisgl,el,e2 
cam.onlslip/fv,fs,ssflag 

c Open flIes for output 
c 

open(9.file-ltmodres2.dat',access-'sequential',status~'new') 
open(10,file-'errres4.dat',access-'sequential',status-'new'} 

c 
c Initialize fv at 1.1, the outer do loop will decrease fv from 1 to -1 
c 

c 

fv-1.1 
do 200 kn-l,21 
fv-fv-.l 

c Initialize fs at 1.1, 
c for each value of fv. 
c systematically. 
c 

fs-l.1 
do 150 m-l,21 

c 

the inner do loop will decrease fs from 1 to -1 
In this way the parameter space is searched 

c Open the files with the experimental data for input. These files are 
c opened in the inner do loop since the sequence of input must be reset 
c by closing the files at each iteration. 
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Table 9.4.1 A Fortran Program to Determine the Mean Relative Error between 

Model Prediction and Experimental Data (continued). 

e 

e 

open (7, flle-' d: \fdatal3 .dal' , access'" sequent.ial' , status .. ' old' ) 
open(B,tlle-'d:\fdata14.dat',access-'sequentlal',status·'old') 
fs .. ts-a.l 

c In1tialize the various summing variables for the mean relative errors. 
eland 2 are for the overall mean relative errors 1n holdup and pressure 
c drop. cnt simply counts the data. 
c 3 and 4 are for the mean relative errors when the liquid film friction 
c thickness, etall, is less than 5. cnt2 counts these data. 
e 

e 

suml"O.O 
sum.2"O.O 
sumJ-O.O 
sum4-0.0 
cnt-C.O 
cnt2-0.0 

c Beqin the innermost do loop which calculates the predicted liquid 
c holdup and pressure drop for qiven experimental conoitions and 
c assumed values of fv and fs. 
e 

do 100 k."1,318 
e 
c Read the data ••• 
e 

e 

read p,.) reI, reg, gal, gag, shold, dhold, thoide 
read(8,*)psige,pslle,por,rnug,rnul,rvlsgl,el,e2 

c Call the subroutine turbmod for the successive substitution iteration. 
e 

call turbmod(thold,pslg,psll,etali) 
e 
c calculate che relative errors at the current data set. 
e 

e 

relrrl~absfpsige-psigl/psige 
relrr2~ab8(tholde-tholdl/tholde 

c It the successive substitution converges (which it always did) 
c then sum the relative errors at the current iteratlon. It not, the 
c the relative errors are not included in the tinal estimate. 
e 

e 

it(sstlag.eq.l.O)then 
cnt2 .. cnt2+1 
swnl .. suml+relrrl 
suml-sum2+relrr2 
end it 

c The mean relative errors were also calculated for etali less than 5 
c just as a macter ot interest. 
e 

e 

it(etali.lt.5.0)then 
ont-ont+l 
sumJ-sum3+relrrl 
sum4-sum4+relrr2 
end it 

c wrlte the intermediate results to the screen. 
e 

write(*,*)psig,psil,thold,etali 
wrlte(*,*)relrrl,relrr2 

100 continue 
e 
o Calculate the mean relative errors tor all the data. 
e 

e 

rmrrl-suml/cnt2 
rmrr2-sum2lcnt2 
rmrr3"sum3/cnt 
rmrr4-sum4/cnt 

c Write the final results to tile 10 for later plotting, and the the 
c screen. 
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Table 9.4.1 A Fortran Program to Detennine the Mean Relative Error between 

Model Prediction and Experimental Data (continued). 

c 

c 

write(lO,*}fv,fs,rmrrl,rmrr2,cnt2 
wrlte(*,*)nmxrl,rmrr2 
write(*,*)rmrr3,rrnrr4,cne 

c Close the data files to reset the sequential counter. 
c 

close (7) 
150 closetS) 
200 continue 

stop 
end 

c 
c Subroutine to solve the low interaction hydrodynamic model for 
c assumed values of tv and fs using successive substitution. 
c 

subroutine turbmod(thold,psiq,psil,etali) 
common/blkl/rel,req,gal,qaq,shold,dhold,tholde 
common/blk2/pslge,psl1e,por,rnug,rnul,rvisgl,el,e2 
common/sllp/fv,fs,ssflaq 
real pl (1000) , PQ (1000) , h (1000) , htp (l00) 

c calculate the ratio of gas to lIquid density. 

rdengl-rnul/rnug*rvisgl 
c 
c Initialize the iteration by assuming psll - 1.1 
c 

p1 (l) -1.1 

c calculate pslq which corresponds to the assumed psi1. 
c 

pg(1)-(pl(1)-1.)/rdenql 
c 
c Begin the succe8sive substitution iteration and allow 100 steps. 

do 100 1-1,1000 
c 
c set the converqence f1aq to 1 

ssflaq-l. 
c 
c Calculate the .ingle phase flow dimensionless liquid body force 
c from the erqun equation. 
c 

c 
c Initialize the ratio of porosity to holdup for the Newton Raphson 
c iteration. 

htp(1)-10. 
c 
c Start the Newton Raphson iteration at the current step of the 
c successive substitution. 
c 

do 50 j-1,lOO 
c 
c Calculate the Newton Raphson function from the Liquid phase momentum 
c balance. 
c 

c 

f-ergl--htp (j) H3+fs-- (I.-pl (i J -rdengl) "htp (j)­
, fs--(l.-rdenql-pl(i»-pl(i) 

c Calculate the derivative of the Newton Raphson Function. 
c 

df-3 ... erql .. htp(j) .... 2+fs .. (l.-pl (i)-rdenqll 
c 
c Update the ratio of porosity to holdup at the current Newton Raphson 
c step. 

htp(j+l)-htp{j)-f/df 

c Check for convergence at 0.1\ relative error between iterations. 
c 
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Table 9.4.1 A Fortran Program to Determine the Mean Relative Error between 

Model Prediction and Experimental Data (continued). 

l! labs {(htp(jl-htp (j+1) ) thtp (jl ) .It. o. 001) 90 to tiO 
SO continue 

wrltal·,55) 
S5 format{lx,'the newton raphson failed to converge') 
c 
c Calculate the liquid holdup from the Newton Raphson variable 
c 
60 h (l)"por/htp{j+l) 
c 
c Calculate the friction liquid fIlm thickness, etall. 
c 

c 

templ-l.+rdengl*[s*pg(l)/pl(l)*(por-h{l))/h(l) 
etall~sqrt{pl(il·gal*(h(il/porl**3·templl/5./el**.2S 

c If we are not on the first successive substitution iteration, check 
c tor convergence at 0.1\ relative error 1n holdup and 
c dimensionless gas phase pressure drop between iterations. 
c 

c 

If{l.gt.l)then 
erpq-abs ({pq (1) -pg (1-1)) ipg (il) 
erh-abs ({h (1) -h (i-I») /h (1) ) 
if{erpg.lt.O.001.and.erh.1t.0.001)qoto 120 
end if 

c Calculate the interfacial reynolds number. 
c 

c 

phi-sqrt(pl(i)*qal*hli)/por**3*templ)*rnul*10./rnuq/e1··.75 
if(etali.le.5.)rei·phi*etali 
It(etali.qt.5.and.etali.le.30.)rel-phl*(S.*aloq(etali)-3.05) 
it (etali. qt: .30) rei-ph!* (5. +2.5* aloq (etaH) 

c Calculate a new value ot the dimensionless gas phase pressure drop 
c from the gas phase momentum balance. update the value ot psil trom 
c this calculated pslg. 
c 

pq U+l) .. (pori (por-h (i) ) I **3 * (el* (req- (por-h (i) I ... tv· rel1/gaq+ 
, e2· (req-(por-h(il) *fv*rel)·*2/qaQ) 

100 pl(i+ll-l+rdengl*pq(i+l) 
c 
c If the successive substitution does not converge in 100 iterations 
c set the f1aQ to zero. 
c 

ss!laq-O.O 
write (*,110) 

110 format(lx,'successive subst. failed to converge') 
c 
c update the proper variables from the converged iteration variables. 
c 
120 psiq-pq (1) 

psil-pl (1) 
tho1d"h (i) 
return 
end 
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Appendix 9.5 

Fortran Subroutine for Solving the Hydrodynamic Model for 

the Low Interaction Flow Regime 

The hydrodynamic model developed in Chapter 3 for the low interaction regime 

in trickle bed reactors consists of a set of two nonlinear equations which need to be 

solved for pressure drop and liquid holdup. When the dimensional pressure gradient is 

equated in the two phases. a single nonlinear equations for liquid holdup in terms of the 

phase flowrates and bed properties is obtained as shown in equation (9.5.1). 

(9.32) 

The coefficients Eland E2 are the constants of the Ergun equation for single phase (gas) 

flow in a particular bed. The bed and phase properties and phase flowrates are assumed 

to be known so that the Reynolds and Galileo number of each phase can be calculated. 

Equation (9.5.1) can be solved using a Newton Raphson iteration to determine the value 

of liquid holdup. The pressure drop can then be calculated from the gas or liquid phase 

momentum balance presented in Chapter 3. The Fortran subroutine to solve equation 

(9.5.1) is given in Table 9.5-1. The documentation appears in the cotuments. 
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Table 9.5.1 A Fortran Subroutine to Solve the Hydrodynamic Model of the Low 

Interaction or Trickle Flow Regime. 

e 
c Thi. proqrAa Is ~rltt.n ~. an example ot the use at the 
e hydrodynamic model at the trickle !lOM caq1 ... A ahort 
c call1nq peoqr .. Is shown which read. in the bed and pha •• 
e properti ••• S w811 •• the ph ••• floweat... The subroutine 
e -turbmod- us •• only dlmenslonl ••• n~r •• a calculated 
c in the ~lllnq proqram. 
e 
c firat, detine comaon blocks to hold the liquid and qs. reynolds 
c and 9a111eo numbers -blkl- and the bed and ph ••• properti ••• 
e 
c ·blk2- contaIn. the ph ••• densltles, bed porosity, ph ••• kinemAtic 
c viscosltle., pha •• visco'itles, and 51nq18 ph ••• tlow ttqun coett. 
c of the bed. 
e 
e 

e 

c~n/blkl/rel,r.Q,Qal,qaq 
c~n/blk2/rhoq.rhol.por,rnuq,rnul,rmuq,rmul,.1 •• 2 
o~n ('1, til ... - d.tt .. 1. dolt' ,00ccess'" sequ"nt.1011' , stoltU ... • old' I 
open (8, tl1,,·' d.l.t..I.2. d.tt' • .teee .... ' ,equent 1.1.1' • stoi.t us'" old' I 
open (', t 1111-' relult •• d.tt' , .CC"II-' sequent 1 .. 1' , stiitUS'" new' I 

C Gr.tvlt.tt1onoll llcce1er.l.tion 1n mks units, .. 5 .rll input polr~eters 
e 

e 
c Re .. d 1n nu.ber of points to be .. n .. lyrlld. The structure ot the 
c d.tt .. fl1 •• followa In Input .t .. t.~nt •• 
e 

e 

e 

r .... d(7, ·)ndolt. 
do 100 k-l,nd ... t.l. 
read(7,·,dp,por,.1,e2,rhol,rmul,.tl 
raadl',·'rhOQ,rauq,rq,rl 

rnuq-rauqlrhoq 
rnul-raul/rho! 
re!-rl*dp/null (t.-porl 
req-rq·dp/rauqICl.-porl 
q .. l-qray· Cdp.porl (1.-porl)··3/rnul··2 
q.tq-Qr.l.y·(dp·por/(1.-porl,··3/rnuq··2 

ca!l tur~d(thold,p.19,P.il,.t.11,.t .. q1) 

c On output, p.lq(l) 1_ the d1m.n.lonl.ss qolsCliquid) phase 
c pr ••• ure drop .I.Dd thold ls the total liquld holdup. 
e 
c Th. q~ntltl.s IIt"91 and .tall .. re the par.ameters which 
c char.l.ct.rlz11 the turbulence in the phol ••• 
e 

wrlt.(',90)req,rel,psiq,psil,thold,lIt.aql,et.all 
90 tormat (1".31 

writ. C*, e) phiq, phil, tholdteta.qi, .t.ali 
100 continue 

e 
e 

e 

stOP 
.nO 

subroutine turbDod(thold,pslQ,psl1,eta.ll,et.aqll 
comDOn/blkl/rel,req,qal,q .. q 
cODmOn/blt2/rhoq,rhol,por,rnuq,rnul,rmuq,rmul,el,e2 
red *. htp (lOO) 
rdenql"rhoq/rhol 

c Fir.t ~lcul.1.t. th. _lhql. ph .... tlow dimehslonles. pressure drop. 
e 

e 

erql-el f r.l/q .. l+e2·rel· e 2/q .. l 
IIr99 ... 1·req/9~q+·2·re9·*2/q"9 

c eive an ialtlal point lor the Newton aaphsoa lter .. tlon. 
e 

htp (II "~l 
e 
c Beqln the Newton aaphson iter .. tlon. Converqence 1s usually obt.tlned 
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Table 9.5.1 A Fortran Subroutine to Solve the Hydrodynamic Model of the Low 

Interaction or Trickle Flow Regime (continued). 

c 1n Ie •• ~h~n 10 iteCAtions. 
c 

c 

do 50 j-l,lOO 
ct-por-htp,j) 
r-1. .rdenq 1* ((por/rt) • *3 *8£99-1.)- (por/htp (ll) .. 3°e£91 
dr-3.* (rdenql" (por/rt,*"3/rt"ecqq+ 
, (por/htp(j)"·J/htpO) "erql) 
htp 0+1) -htp OJ-lid! 

c Converqence achieved when the relAtiVe error in liquid holdup 
c 1n lucce •• ive Iter.tlons 1s le •• th.n 0.1'. 
c 

if (ilibe {(htp OJ-htp I j+l) I Ihtp (j)) .It. O. 0011 90to 60 
c 
c The po •• ibility ot neqilitlve holdup. _r1s1n9 durinq the lter.tlon 
c 1ndlc.t •• low vslu •• ot holdup 10 the iterilitlon ta reat.rted .t iii 

c low liquid holdup VAlue. Thi. 11 really only a peeo.ut1on. 
c 

if (htp 0+ 1) .It. 0.0) htp (j+ 1) "0.0001 
50 continue 

write (*,55) 
55 !ocm.t{lx,'the newton riliphlon i.l1ed to conYerq_') 
60 thold-htp(j.l) 

et~11·.qrt(erql·Q~1)/5.I.l··.25 
et~Ql-.qrt(.rQQ·q~q)/5./el··.25 

120 psiq-(por/lpor-thold»)·*)*erqq 
p.l1-(por/thold)·*J*erql 
return 
ond 
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Appendix 9.6 

Data Base of Flow Regime Transition Data 

The data base used in Chapter 4 is given in the following table. Table 9.6.1. 

Table 9.6.1 Flow Regime Transition Data 

Data for flow regime transitions 

DO porosity £1 £2 RhoL Vis L ,1_ L Rho G 

I!'letecs kg/m.·-) kg/m/s dyne/em kg/mn) 

'ort 1. Non foaming systems 

spherical catalyst,alr water,Mldoux 
3.00E-03 0.39 207 1.' 1000 1.10E-03 75 1.2 
3.00E-03 0.39 207 1.. 1000 l.IOE-OJ 75 1.2 
3.00£-03 0.39 207 1.. 1000 1.10E-03 75 1.2 
3.00£-03 0.39 207 1.' 1000 1.10E-03 75 1.2 
3.00E-03 0.39 207 1.' 1000 1.10E-OJ 75 1.2 
3.00£-03 0.39 207 1.' 1000 1.10E-03 75 1.2 
3.00£-03 0.39 207 1.' 1000 1.10E-OJ 75 1.2 

cylindrical " air water,Midoux 
2.34£-03 0.39 143.8 3.08 1000 1.10E-03 75 1.2 
2.34£-03 0.39 143,8 3.08 1000 1.10E-03 75 1.2 
2.34£-03 0.39 143.8 3.08 1000 1.10E-03 75 1.2 
2.34£-03 0.39 143.8 3.08 1000 1,10E-03 75 1.2 

Glasa bead!l,water-alr,Chou 
2.90£-03 0.39 200 1.8 1000 1.00E-03 72 1.2 
2.90£-03 0.39 200 1.8 lOCO 1.00E-03 72 1.2 
2.90&-()3 0.39 200 1.8 1000 1.00E-03 72 1.2 
2.90£-03 0.39 200 1.8 1000 1.00E-03 72 1.2 
2.90£-(13 0.39 200 1.8 1000 1.00E-03 72 1.2 

Oat .. of Tosun, air water on 1.9mm glass beads 
0.0019 0.344 150 1.75 1000 0.001 72 1.2 
0.0019 0.344 150 1. 75 1000 0.001 72 1.2 
0.0019 0.344 150 1. 75 1000 0.001 72 1.2 
0.0019 0.344 150 1. 75 1000 0.001 72 1.2 
0.0019 0.344 150 1. i5 1000 0.001 72 1.2 

Holub, air-water on 3rnm. glass beads 
0.003 0.3i5 215 1.' 1000 0.001 72 1.2 
0.003 0.375 215 1.' 1000 0.001 72 1.2 
0.003 0.375 215 L' 1000 0.001 72 1.2 

Holub, air-water on 16th HDS ext.r. 
0.00188 0.335 100 0.8 1000 0.001 72 1.2 
0.00188 0.335 100 0.8 1000 0.001 72 1.2 
0.00188 0.335 100 0.8 1000 0.001 72 1.2 

Specchia and Baldi, air-water on 
0.006 0.4 850 2 
0.006 0.4 850 2 
0.006 0.4 850 2 
0.006 0.4 SSO 2 
0.006 0.4 SSO 2 
0.006 0.4 S50 2 

6mm glclss beads 
1000 0.001 72 1.2 
1000 0.001 72 1.2 
1000 0.001 72 1.2 
1000 0.001 72 1.2 
1000 0.001 72 1.2 
1000 0.001 72 1.2 

Specchia and Baldi, air-water on 
0.0027 0.38 300 2 
0.0027 0.38 300 2 
0.0027 0.38 300 2 
0.0027 0.38 300 2 
0.0027 0.38 300 2 

2.imm glass cylinders 
1000 0.001 72 1.2 
1000 0.001 72 1.2 
1000 0.001 72 1.2 
1000 0.001 72 1.2 
1000 0.001 72 1.2 

Specchia and Baldi, air-water on 
0.0054 0.37 500 2.4 
0.0054 0.37 500 2.4 
0.0054 0.37 500 2.4 
0.0054 0.37 500 2.4 
0.0054 0.37 500 2.4 
0.0054 0.37 500 2.4 

S.4mm glass cylinders 
1000 0.001 72 1.2 
1000 0.001 72 1.2 
1000 0.001 72 1.2 
1000 0.001 72 1.2 
1000 0.001 72 1.2 
1000 0.001 72 1.2 

Water Alcobol Mixtures 
Glass beads,llEtOH in water-air, Chou 
2.90£-03 0.39 200 1.8 997 1.00E-03 66 1.2 
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Table 9.6.1 Flow Regime Transition Data (continued) 

2.90£-03 0.39 200 1.8 997 1. 00E-03 66 1.2 
2.90£-03 0.39 200 1.8 997 1.00£-03 " 1.2 
2.90£-03 0.39 200 1.8 907 1.00E-03 66 1.2 
2.90£-03 0.39 200 1.8 997 1.0DE-03 " 1.2 
2.90£-03 0.39 200 1.8 997 1. 00E-03 " 1.2 

Glass beads,94lEtOH in water-air, Chou 
2.90£-OJ 0.39 200 1.8 807 1.10£-03 25 1.2 
2.90£-03 0.39 200 1.8 807 1.10E-03 25 1.2 
2.90£-03 0.39 200 1.8 807 1.10£-03 25 1.2 
2.90£-03 0.39 200 1.8 807 1.10E-03 25 1.2 
2.90£-03 0.39 200 1.8 807 1.10E-03 25 1.2 

Tosun, air-80lmethanol of 1.9mm glass beads 
O.OC19 0.344 150 1. 75 800 0.001 26 1.2 
0.0019 0.344 150 1. 75 SOO 0.001 " 1.2 
0.0019 0.344 150 1.75 800 0.001 " 1.2 
0,0019 0,344 1 SO 1. 75 800 0.001 " 1.2 
0.0019 0.344 150 L 7S 800 0.001 " 1.2 
0.0019 0.344 150 1. 7S 800 0.001 " 1.2 
0.0019 0.344 150 1. 75 800 0.001 " 1.2 

Tosun,air-2Blqlycerine on 1.9mm glass beads 
0.0019 0.344. ~ 50 1. 7S 1070 0.002 70 1.2 
0.0019 0.344 150 1. 7S 1070 0.002 70 1.2 
0.0019 0.344 150 1. 75 1070 0.002 70 1.2 
O,ODl9 0.344 150 1. 75 1070 0.002 70 1.2 
0,0019 0.344 150 1. 75 1070 0.002 70 1.2 
0.0019 0.344 150 1. 75 1070 0.002 70 1.2 
0.0019 0.344 150 1. 75 1070 0.002 70 1.2 
0.0019 0.344 150 1. 75 10iO 0.002 70 1.2 

To.un, He-50tqlycerlne 
0.0019 0.344 150 1.75 1130 0.005 68 0.166 
0.0019 0.344 150 1.75 1130 0.005 68 0.166 
0.0019 0.344 150 1. 75 1130 0.005 68 0.166 
0.0019 0.344 150 1. is 1130 0.005 68 0.166 
0.0019 0.344- 150 1. 75 1130 0.005 " 0.166 

To.un, He-80tmethanol 
0.0019 0.344 150 1. 75 800 0.001 26 0.166 
0.0019 0.34.4 150 1.75 800 0.001 26 0.166 
0.0019 0.344. 150 1.75 800 0.001 26 0.166 
0.0019 0.344. 150 1.75 800 0.001 " 0.166 
0.0019 0.344 150 1.75 800 0.001 26 0.166 
0.0019 0.344- 150 1. 75 800 0.001 " 0.166 

Tosun, He-32tqlycerlne,30tethanol 
0.0019 0.344. 150 1. 75 1000 0.005 30 0.166 
0.0019 0.344 150 1.75 1000 0.005 30 0.166 
0.0019 0.344 150 1.75 1000 0.005 30 0.166 
0.0019 0.344. 150 1.75 1000 0.005 30 0.166 
0.0019 0.34.4 150 1. 75 1000 0.005 30 0.166 
0.0019 0.344 150 1. 75 1000 0.005 30 0.166 
0.0019 0.344. 150 1. 75 1000 0.005 30 0.166 

Speccnla and Baldi,alr-9tglycerine 
0.0054 0.37 500 2 •• 1030 0.00126 52 1.2 
0.0054 0.31 500 2.' 1030 O~00126 52 1.2 

Speccbia and Baldl,air-29tqlycerine 
O.OOS4. 0.37 500 2.' 1070 0.00235 .. 1.2 

Nonfoaminq organics 
Cylindrical II, gas-co2, Midoux 
1.84£-03 0.37 147.5 1. 96 8.0 5.10£-04 25 1.8 
1.64.£-03 0.37 147.S 1. 96 8.0 5.70£-04 25 1.8 
1.64£-03 0.37 14.7.5 1.96 8.0 5.70£-04 25 1.8 
1.64£-03 0.37 14.7.5 1.96 8.0 5.70£-04 25 1.8 
1.64£-03 0.37 14.7.5 1.96 8.0 5.70£-04 25 1.8 

cylindrical II, petroleum ether-N2, Midoux 

( 
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Table 9.6.1 Flow Regime Transition Data (continued) 

1.84£-03 
1.84£-03 
1. 84E-03 

0.37 
0.37 
0.37 

147.5 
147.5 
141.5 

1. 96 
1. 96 
1. 96 

650 3.10£-04 19 1.2 
650 3.10£-04 19 1.2 
650 3.10£-04 19 1.2 

Holub,air-soybean oil on 3tM1. glass beads 
0.003 0.375 215 1.' "8 0.05 29 1.2 
0.003 0.315 215 1.' ". 0.05 29 1.2 
0.00) 0.375 215 1.' ,18 0,05 29 1.2 

on 16th lIDS extr Holub, air-soybean oil 
0.D0188 0.335 100 0.8 "8 0.05 29 1.2 
0.00188 0.335 100 0.8 ,18 0.05 29 1.2 
0.00188 0.335 100 0.8 "8 0.05 29 1. 2 
0.00188 0.335 100 0.8 ,,8 0.05 29 1.2 
0.00188 0.3)5 100 0.8 ". 0.05 29 1.2 

spheres Holub, air-soybean all on 8th 
0.0031750.462 270 2.7 
0.0031750.462 270 2.7 
0,00)1750.462 270 2.7 

inch AI20) "8 "8 
"8 

O.OS 29 1.2 
0.05 29 1.2 
0.05 29 1.2 

Foaminq systems 
Spherical A120J,lO\ isopropanol 1n 
0.00)125 0.35 140 1 

water-air,Andersen,~obll 
964 0.0011 41 2.2 

0.00)125 0.35 140 1 964 0.0011 41 2.2 
0.00)125 0.35 140 1 964 0.0011 41 2.2 
0.00)125 0.35 140 1 964 0.0011 41 2.2 
0.003125 0.35 140 1 964 0.0011 41 2.2 

Cylindrical II, Kerosene 
1.84£-03 0.37 147.5 
1.84£-03 0.37 147.5 
1.84£-03 0.37 147.5 
1.84E-03 0.37 147.5 

I-alr,HidouX 
1.96 790 9.90£-04 
1.96 790 9.90E-04 
1.96 790 9.90E-04 
1.96 790 9.90E-04 

cylindrical II,Desulfurlzed gas oll-C02,MldoUX 
860 5.00£-03 
860 5.00E-03 
860 5.00£-03 
860 5.00E-03 
860 5.00E-03 

1.84£-03 0.37 147.5 1.96 
1.84£-03 0.37 147.5 1.96 
1.84£-03 0.37 147.5 1.96 
1.84£-03 0.37 147.5 L 96 
1.84£-03 0.37 147.5 1.96 

Cylindrical II,eas Oil-C02,M1dollX 
860 5.00£-03 
B60 5.00£-03 
860 5.00£-03 

1.84£-03 0.37 147.5 1.96 
1.84£-03 0.37 147.5 1.96 
1.84£-03 0.37 147.5 1.96 

Glasa beads,50\£tOH in water-aIr, Chou 
2.90£-03 0.39 200 
2.90£-03 0.39 200 
2.90£-03 0.39 200 
2.90£-03 0.39 200 
2.90£-03 0.39 200 

Glasa beads,20ppm 
2.90£-03 0.39 
2.90£-03 0.39 
2.90£-03 0.39 
2.90£-03 0.J9 
2.90£-03 0.39 

Heptyl 
200 
200 
200 
200 
200 

Trickle to D1spersed Bubble, 
Data of Tosun, air water 

0.0019 0.344 150 
0.0019 0.344 150 
0.0019 0.344 150 

1.8 909.8 1.43£-03 
1.8 909.B 1.43£-03 
1.8 909.8 1.43£-03 
1.8 909.8 1. 43£-03 
1.8 909.8 1.43£-03 

alcohol 
1.8 
1.8 
1.8 
1.8 
1.8 

in water-air, Chou 
1000 1. ~OE-OJ 70 
1000 1.00£-03 70 
1000 1.00E-03 70 
1000 1.00E-03 70 
1000 1. OO£-OJ 70 

Nonfoamlng 
on 1.9mm glass 
1. 75 1000 
1.75 1000 
1.75 1000 

beads 
0.001 72 
0.001 72 
0.001 72 

glass beads 

25.3 1.2 
25.3 1.2 
25.3 1.2 
25.3 1.2 

28.8 loB 
28.8 1.8 
28.8 loB 
28.8 1.8 
28.8 1.8 

28.3 1.8 
28.3 1.8 
2B.J 1.8 

27.5 1.2 
27.5 1.2 
27.5 1.2 
27.5 1.2 
27.5 1.2 

1.2 
1.2 
1.2 
1.2 
1.2 

1.2 
1.2 
1.2 

Tosun, air-80tmethanol 
0.0019 0.344 150 

of 1.9lrn 
1.75 
1.75 
1. 75 

800 0.001 26 1.2 
0.0019 0.344 150 800 0.001 26 1.2 
0.0019 0.344 150 800 0.001 26 1.2 
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Table 9.6.1 Flow Regime Transition Data (continued) 

Tosun,air-28lg1ycerlne on 1. 9mm glass beads 
0.0019 0.344 150 1. 75 1070 0.002 70 1.2 
0.00190.344 150 1. 75 1070 0.002 70 1.2 
0.0019 0,344 150 1. 75 1070 0.002 70 1.2 

Tosun, He-SO\glycerlne 
0.0019 0.344 150 1. 7S 1130 0.005 ,e 0,166 
0.0019 0.344 150 1. 75 1130 0.005 ,e 0.166 
0.00190.344 150 1. 75 1130 0.005 ,e 0.166 
0.0019 0.344 150 1. 15 1130 0.005 ,e 0,166 

Tosun. He-80\methanol 
0.0019 0.344. 150 1. 75 eoo 0.001 2' 0.166 
0.0019 0.344 150 1.75 800 0.001 2' 0.166 
0.0019 0.34.4 150 1. 7S 800 0.001 2. 0.166 

Tosun, He_32lqlycerlne,30\ethanol 
0.0019 0.344 150 1. 75 :000 0,005 30 0.166 
0.0019 0,344 150 l. 75 :000 0.005 30 0.166 
0.0019 0.344 150 1. 75 :000 0,005 30 0.166 

Data on pulsing to Dispersed Bubble transition, Nonfoaminq syscems 

Data of Tosun, air water on 1.9mm glass beads 
0.0019 0,34.4 150 1. 75 1000 0.001 72 1.2 
0.00190.344 150 1. 75 1000 0.001 72 1.2 
0.0019 0.344 150 1. 75 1000 0.001 72 1.2 
0.0019 0.344 150 1.75 1000 0.001 72 1.2 
0.0019 0.344 150 1. 75 1000 0.001 72 1.2 
0.0019 0.344 150 1. 75 1000 0.001 72 1.2 

Tosun, air-80lmethanol of 1. 9mm glass beads 
0.0019 0.344 150 1.75 800 0.001 2' 1.2 
0.0019 0.344 150 1. 7S 800 0.001 2' 1.2 
0,0019 0,344 150 1. 7S 800 0.001 2' 1.2 
0.0019 0,344 150 1. 75 eoo 0.001 2' 1.2 
0.0019 0.344 150 1. 75 eoo 0.001 " 1.2 
0.0019 0.344 150 1. 75 800 0.001 2. 1.2 
0,0019 0.344 150 1. 75 800 0.001 2' 1.2 
0.0019 0.344 150 1.75 eoo 0.001 26 1.2 
0.0019 0.344 150 1.75 eoo 0.001 26 1.2 

Tosun,.lr-28tglycerlne on 1.9mm qlass beads 
0.0019 0.3404 150 1. 75 1070 0.002 70 1.2 
0.0019 0.344 150 1. 75 1070 0.002 70 1.2 
0.0019 0.344 150 1.75 1070 0.002 70 1.2 
0.0019 0.344 150 1.75 1070 0.002 70 1.2 
0.0019 0.344 150 1. 7S 1070 0.002 70 1.2 
0,0019 0.34<4 150 1.75 1070 0.002 70 1.2 

Tosun, He-SOtglycerlne 
0.00190.344 150 1. 75 1130 0.005 ,e 0.166 
0.0019 0,344 150 1. 75 1130 0.005 " 0.166 
0.0019 0.344 150 1.75 1130 0.005 .e 0.166 
0.0019 0.344 150 1.75 1130 0.005 " 0.166 
0.0019 0.344 150 1.75 1130 0.005 " 0.166 
0.0019 0.344 150 1.75 1130 0.005 " 0.166 
0.0019 0.344 150 1.75 1130 0.005 ,e 0.166 
0.0019 0.344 150 1. 75 1130 0.005 ,e 0.166 
0,0019 0.344 150 1. 75 1130 0.005 '8 0.166 
0.0019 0.344 150 1. 75 1130 0.005 .. 0.166 

TOBun, He-80tmethano1 
0.0019 0.344 150 1. 75 eoo 0.001 2' 0.166 
0.0019 0.344 150 1. 75 800 0.001 2' 0.166 
0.0019 0.344 150 1.75 800 0.001 2' 0.166 
0.0019 0.344 150 1.75 800 0.001 2. 0.166 
0.0019 0.344 150 1.75 800 0.001 2. 0.166 

0.0019 0.344 150 1.75 800 0.001 2' 0.166 
0.0019 0.344 150 1.75 800 0.001 2' 0.166 
0.00190.344 150 1. 7S 800 0.001 2. 0.166 
0.0019 0.344 150 1. 7S 800 0.001 2' 0.166 

c····· 
" . . 
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Table 9.6.1 Flow Regime Transition Data (continued) 

TOBun, He-32\glycerine,30'ethanol 
0.0019 0.344 150 1. 75 1000 
0.0019 0.344 150 1. 75 1000 
0.0019 0.344 150 1. 75 1000 
0.0019 0.344 150 1. 75 1000 
0.0019 0.344 150 1. 75 1000 
0.0019 0.344 150 1.75 1000 
0.0019 0.344 150 l. 7S 1000 
0.0019 0.344- 150 1. 75 1000 
0.0019 0.344 150 1.75 1000 

Parameters for Baker coordinate plot 
Transition data 

Vis G Psi lambda L/G*Psi 
kg/mi. G/lambda -lambda Psi· lamb 

Part 1. Non foaming systems 
spherical catalyst, air water,Hldoux 
1. 80E-05 1 1 1 5 1 
1.80£-05 1 1 0.5 12 
1.80E-05 1 1 0.3 24 
1.80E-05 1 1 0.18 50 
1. BOE-05 1 1 0.1 90 
1. BOE-05 1 O. 05 200 
1.80E-05 1 0.02 500 

cylindrical !, air water,Hldowt 
1.80E-05 1 1 1 1 
1.80£-05 1 1 0.' 20 
1.80£-05 1 1 0.2 .0 
1.80£-05 1 1 0.1 100 

Glasa beads, water-air, Chou 
1.800E-05 1 1 1 • 1 
1.800E-05 1 1 O.S 1S 
1.800E-05 1 1 0.2 40 
1. SOOE-05 1 1 0.1 80 
1.800E-05 1 1 0.06 150 

0.005 30 
0.005 30 
0.005 30 
0.005 30 
0.005 30 
0.005 30 
O.OOS 30 
0.005 30 
0.005 30 

G 

1 0.5 
1 0.3 
1 0.18 
1 0.1 
1 0.05 
1 0.02 

1 0.' 
1 0.2 
1 0.1 

1 0.5 
1 0.2 
1 0.1 
1 0.06 

Data of rosun, air water on 1.9mm qlasa beada 
0.000018 1 1 0.65 10.16923 1 0.65 
0.000018 1 1 0.27 29.62962 1 0.27 
0.000018 1 1 0.11 81.81818 1 0.11 
0.000018 1 1 0.07 142.8511 1 0.07 
0.000018 1 1 0.05 220 1 0.05 

Holub, alr-water on 3mm. glass beadS 
0.000018 1 1 0.5175 9.314009 1 0.5175 
0.000018 1 1 0.874 5.263157 1 0.874 
0.000018 1 1 1.181 1.965188 1 1.781 

Holub, air-water on 16th HDS extr. 
0.000018 1 1 0.6865 11.01966 1 0.6865 
0.000018 1 1 0.3064 26.40339 1 0.3064 
0.000018 1 1 1 .. 36 5.635294 1 1.36 

specchla and Baldi, air-water on 6am glass beads 
0.000018 1 1 0.1152 101.5625 1 0.1152 
0.000018 1 1 0.264 26.51515 1 0.26-4 
0.000018 1 1 0.-408 6.985294 1 0.408 
0.000018 1 1 0.624 4.561307 1 0.624 
0.000018 1 1 0.948 3.006329 1 0.948 
0.000018 1 1 1.308 2.178899 1 1.308 

speccbla and Baldi, air-water on 2.1mm glass cylinders 
0.000018 1 1 0.1152 61.19791 1 0.1152 
0.000018 1 1 0.264 26.70454 1 0.264 
0.000018 1 1 0.408 6.911764 1 0.408 
0.000018 1 1 0.624 ".519230 1 0.624 
0.000018 1 1 0.948 2.974683 1 0.948 

Specchla and Baldi, air-water on 5.4mm glass cylinders 
0.000018 1 1 0.1152 60.76388 1 0.1152 

0.166 
0.166 
0.166 
O.lfi6 
0.166 
0.166 
0.166 
0.166 
0.166 
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Table 9.6.1 Flow Regime Transition Data (continued) 

0.000018 
0.000018 
0.000018 
0.000018 
o.oa0018 

1 
1 
1 
1 
1 

Water Alcohol Mixtures 
Glas8 bead$,l'EtOH in 
1.800E-05 1.1 

1 
1 
1 
1 
1 

0.264 10.79545 1 
0.408 6.985294 1 
0.624 4.567307 1 
0.948 3.006329 1 
1.308 2.178899 1 

water-air,Chou 
117 1.1 1 

0.264 
0.408 
0.624 
0.948 
1.308 

1. 800£-05 1.1 1 0.5 12 1.1 0.5 
1.800£-05 1.1 1 0.2 35 1.1 0.2 
1.800E-05 1.1 1 0.1 '0 1.1 0.1 
1.800E-05 1.1 1 O. 05 140 1.1 0.05 
1.800E-05 1.1 1 0.04 200 1.1 0.04 

Glass beads,94tEtOH 1n water-air,Chou 
1.800E-05 3.4 0.9 1 12 

30 
70 

lSO 
220 

3.06 
3.06 
3.06 
3.06 
3.06 

0.' 
1.800£-05 3.4 0.9 0.5 
I.BOOE-05 3.4 0.9 0.2 
1.800E-05 3.4 0.9 0.1 
1.800E-05 3.4 0.9 0.07 

105UO, air-80lmethanol of 1.9rnm glass oeads 
0.000018 3.212929 0.894427 0.894427 10.77649 2.B73731 
0.000018 3.212929 0.894427 0.447213 22.27142 2.873731 
0.0000183.2129290.8944270.27950836.783762.873731 
0.0000183.2129290.8944270.100623111.75622.873731 
0.000018 3.212929 0.894427 0.067082 191.5821 2.873731 
0.000018 3.212929 0.894427 0.050311 287.3731 2.873731 
0.000018 3.212929 0.894427 0.044721 359.2164 2.873731 

Toaun,.ir-28tglycerine on 1.9mm glass beads 
0.000018 1.238533 1.034408 0.870062 8.256295 1.281149 
0.000018 1.238533 1.034408 0.580041 12.38444 1.281149 
0.000018 1.238533 1.034408 0.241684 29.72266 1.281149 
0.000018 1.238533 1.034408 0.145010 49.53777 1.281149 
0.000018 1.238533 1.034408 0,096673 74.30665 1.281149 
0.000018 1.238533 1.034408 0.087006 85.40995 1.281149 
0.000018 1.238533 1.034408 0.062837 137.9699 1.281149 
0.000018 1.238533 1.034408 0.058004 170.8199 1.281149 

Toaun, He-50'qlycerine 
0.00002 1.668131 0.395369 1.517569 5.496063 0.659527 
0.00002 1.668131 0.395369 0.758784 9.892914 0.659527 
0.00002 1.668131 0.395369 0.227635 30.04514 0.659527 
0.00002 1.668131 0.395369 0.060702 137.4015 0.659527 
0.00002 1.668131 0.395369 0.053114 188.4364 0.659527 

Tosun, He-80tmethanol 
0.00002 3.212929 0.332665 0.300601 32.06497 1.068832 
0.00002 3.212929 0.332665 0.225451 44.17840 1.068832 
0.00002 3.212929 0.332665 0.075150 136.8105 1.068832 
0.00002 3.212929 0.332665 0.030060 374.0913 1.068832 
0.00002 3.212929 0.332665 0.016533 777.3326 1.068832 
0.00002 3.212929 0.332665 0.105210 152.6903 1.068832 

TOBun, He-32\qlycerine,30tethanol 
0.00002 4.101741 0.371931 1.209898 19.66288 1.525568 
0.00002 4.101741 0.371931 0.941032 19.61445 1.525568 
0.00002 4.101741 0.371931 0.537732 26.69744 1.525568 
0.00002 4.101741 0.371931 0.268866 45.76705 1.525568 
0.00002 4.101741 0.371931 0.107546 110.6037 1.525568 
0.00002 4.101741 0.371931 0.053773 228.8352 1.525568 
0.00002 4.101741 0.371931 0.029575 554.7521 1.525568 

Specchia and Baldi,air-9'Qlycerine 
0.000018 1.466232 1.014889 0.169082 14.56845 1.488063 
0.000018 1.466232 1.014889 0.268403 9.177486 1.488063 

Specchla and Baldl,air-29tglycerine 
0.000018 2.079102 1.034408 0.165891 21.80718 2.150639 

0.45 
0.18 
0.09 

0.063 

o. , 
0.4 

0.' 
0.' 

0.1 

0.' 
0.3 

0.25 
0.09 
0.06 

0.045 
0.04 

0.25 
O.IS 

0.09 
0.065 
0.06 

0.09 
0.024 
0.021 

0.1 
0.075 
0.025 
0.01 

0.0055 
0.035 

0.45 
0,35 

0.2 
0.1 

0.04 
0.02 

0.011 

0.1716 
0.2724 

0.1716 
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Table 9.6.1 Flow Regime Transition Data (continued) 

Non[oamlnq organics 
Cylindrical II. 93S-C02, Mldoux 

1.49£-05 2.7 1.13 O.S 13 3.051 0.565 
1.49E-05 2.7 1.13 0.12 '0 3.051 0.1356 
1.49£-05 2.7 1.13 0.09 110 3.051 0.1017 
1.49£-05 2.7 1.13 0.07 1S0 J.051 0.0791 
1.49£-05 2.7 1.13 0.06 210 3.051 0.0678 

cylindrical II, petroleum ether-H2, Midoux 
1.780E-05 3.S 0.79 0.135 80 2.765 0.10665 
1. 780E-05 3. S 0.79 0.06 220 2.765 0.0474 
1.780E-05 3.S 0.79 0.014 1000 2.765 0.01106 

Holub,air-soybean 011 on 3mm glass beads 
0.000018 9.670262 0.958123 0.324592 48.05444 9.265302 
0.000018 9.670262 0.958123 0.15B643 109.5378 9.265302 
0.000018 9.670262 0.958123 0.063666 302.5653 9.265302 

0.311 
0.152 
0.061 

Holub, air-soybean 011 on 16th HDS extr 
0.000018 9.670262 0.958123 1.398567 19.87891 9.265302 
0.000018 9.670262 0.956123 0.720157 36.60542 9.265302 
0.000018 9.670262 0.958123 0.323549 65.92821 9.265302 
0.000018 9.670262 0.958123 0.104370 266.8790 9.265302 
0.000018 9.670262 0.958123 2.298243 11.68471 9.265302 

1.34 
0.69 
0.31 

0.1 
2.202 

Holub, air-soybean oil on 8th inch AI20J spheres 
0.000018 9.6702620.9581230.167410107.78719.265302 
0.000018 9.670262 0.958123 0.057717 353.3548 9.265302 
0.000018 9.670262 0.958123 0.387215 43.50446 9.265302 

0.1604 
0.0553 
0.371 

roaming systems 
Spherical A1203,10\ 

O. 000018 1. 858 
0.000018 1.858 
0.000018 1.858 
0.000018 1.858 
0.000018 1.858 

isopropanol in 
0.98 0.183 
0.98 0.081 
0.98 0.038 
0.98 0.011 
0.98 0.0038 

water-air, Andersen, Mobil 
26.5 1.82084 0.17934 
91.8 1.82084 0.07938 

255.5 1.82084 0.03724 
1100 1.B2084 0.01078 
5190 1.82084 0.003724 

cylindrical 
1.800E-05 
1.s00E-05 
1.800E-05 
1.800E-05 

Cylindrical 
1.480E-05 
1.480£-05 
1.480£-05 
1.480£-05 
1.480E-05 

Cyl1ndr1cal 
1.4.80£-05 
1.480E-05 
1.480£-05 

II,Kerosene I-air,Hidoux 
3.3 0.89 0.2 
3.3 0.89 0.03 
3.3 0.89 0.008 
3.3 0.89 0.1 

50 
300 

2000 
100 

II,Desulfuri:z:ed qas oil-C02,Midoux 

2.937 
2.931 
2.937 
2.937 

4.7 1.14 0.5 11 5.358 
4.7 1.14 
4.7 1.14 
4.7 1.14 
4.7 1.14 

0.05 200 5.358 
0.02 500 5.358 
0.01 1000 5.358 

0.008 900 5.358 

II,Gas 01l-co2,Midowt 
•• 8 1.14 0.08 100 5.472 
4.8 1.14 0.01 1000 5 •• 72 
•• 8 1.14 0.006 1800 5.472 

0.178 
0.0267 

0.00712 
0.089 

0.51 
0.057 

0.0228 
0.0114 

0.00912 

0.0912 
0.0114 

0.00684 

Glass beads,50\EtOH 1n water-air, Chou 
1.800E-05 3.1 0.95. 0.75 8 2.9574 0.7155 
1.800£-05 3.1 0.954 O.S 14 2.9574 0.477 
1.800E-05 3.1 0.954 0.2 4S 2.9574 0.1908 
1.800E-05 3.1 0.954 0.1 95 2.9574 0.0954 
1.800E-05 3.1 0.954 0.062 1S0 2.9574 0.059148 

Glass beads,20ppm Heptyl alcohol in water-air,Chou 
1.800£-05 1.03 1 1 • 1.03 1 
1.800E-05 1.03 1 O.S 10 1.03 O.S 
1.800E-05 1.03 1 0.2 30 1.03 0.2 
1.800E-05 1.03 1 0.1 SO 1.03 0.1 
1.800E-05 1.03 1 0.06 '0 1.03 0.06 
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Table 9.6.1 Flow Regime Transition Data (continued) 

Nonfoaming Trickle to Dispersed Bubble, 
Data ot TOBun, air ~ater on 1.9mm glass beads 

0.000018 1 1 
0.000018 1 1 
0.000018 1 1 

0.025 600 1 
0.02 1000 1 

0.016 1562.5 1 

Tosun, air-80tmethanol ot 1.9mm glass beads 
0.000018 3.212929 0.694427 0.039131 574.7463 
0.000018 3.212929 0.894427 0.031304 1026.332 
0.000018 3.212929 0.894427 0.027950 1724.238 

!osun,alr-2B'qlycerlne on 1.9mm glass beads 
0.000018 1.238533 1.034408 0.048336 256.2298 
0.000018 1.238533 1.034408 0.038669 480.4309 
0.000018 1.238533 1.034408 0.033835 732.0853 

TOflun, He-50'qlycerine 
0.00002 1. 668131 0.395369 0.037939 351. 7480 
0.00002 1.668131 0.395369 0.035409 706.6367 
0.00002 1. 668131 0.395369 0.030351 1099.212 
0.00002 1. 668131 0.395369 0.027822 ;1.798.711 

Tosun, He-80'methanol 
0.00002 3.212929 0.332665 0.008416 3053.807 
0.00002 3.212929 0.332665 0.007515 4275.329 
0.00002 3.212929 0.332665 0.006012 8016.243 

Tosun, He-32'glycerine,30'ethanol 
0.00002 4..101741 0.371931 0.017476 1877.622 
0.00002 4.101741 0.371931 0.013443 4576.705 
0.00002 4..101741 0.371931 0.012905 6356.534 

0.025 
0.02 

0.016 

2.873731 
2.873731 
2.873731 

1.281149 
1.281149 
1.281149 

0.659521 
0.659527 
0.659527 
0.659527 

1. 0 68 83 2 
1.068832 
1.068832 

1.525568 
1.525568 
1.525568 

Data on Pulsing to Dispersed Bubble transition, NonfOiUlllnq 
Data of Tosun, air water on 1.9mm glass beads 

0.000018 1 1 0.035 4.28.5114 1 0.035 
0.000018 1 1 0.11 181.8181 1 0.11 
0.000018 1 1 0.18 138.8888 1 0.18 
0.000018 1 1 0.22 136.3636 1 0.22 
O.OOOOlS 1 1 0.3 133.3333 1 0.3 
O.OOOOlS 1 1 0.35 128.5714 1 0.35 

Tosun, air-BOtmethanol of 1.9mm qlass beads 
O.OOOOlS 3.212929 0.894427 0.045839 420.5460 2.873131 
0.000018 3.212929 0.S94427 0.055901 402.3224 2.813731 
0.000018 3.212929 0.894427 0.061491 417.9973 2.873731 
0.000018 3.212929 0.894427 0.07S262 369.4797 2.873731 
0.000018 3.212929 0.894427 0.100623 319.3035 2.873731 
0.000018 3.212929 0.894427 0.122983 287.3731 2.873731 
0.000018 3.212929 0.894427 0.156524 246.3198 2.873731 
0.000018 3.212929 0.894421 0.201246 239.4776 2.873731 
0.000018 3.212929 0.894427 0.313049 205.2665 2.B73731 

1osun,air-2S'q1ycerine on 1.9mm glass beads 
0.000018 1.238533 1.034408 0.058004 192.1723 1.281149 
0.000018 1.238533 1.034408 0.067671 1S3.0213 1.281149 
0.000018 1.238533 1.034408 0.077338 176.1580 1.281149 
O.OOOOlS 1.238533 1.034.408 0.116008 128.1149 1.2811(9 
0.000018 1.238533 1.03(408 0.145010 128.1149 1.281149 
0,000018 1.238533 1.034408 0.183679 134.8578 1.281149 

Tosun, He-SO'qlycerine 
0.00002 1.668131 0.3953£9 0.050585 230.8346 0.659521 
0.00002 1.668131 0.3953£9 0.050585 263.8110 0.659527 
0.00002 1.668131 0.395369 0.053114 282.6546 0.659527 
0.00002 1.668131 0.395369 0.060702 274.8031 0.659527 
0.00002 1.668131 0.395369 0.063232 290.1921 0.659527 
0.00002 1.668131 0.395369 0.101171 247.3228 0.659527 
0.00002 1.668131 0.395369 0.177049 188.4364 0.659527 
0.00002 1.668131 0.395369 0.214989 193.9767 0.659527 
0.00002 1.668131 0.395369 0.252928 197.8582 0.659527 
0.00002 1.668131 0.395369 0.278221 239.8282 0.659527 

0.035 
0.028 
0.025 

0.05 
0.04 

0.035 

0.015 
0.014 
0.012 
0.011 

0.0028 
0.0025 
0.002 

0.0065 
0.005 

0.0048 

system. 

0.1 

0.041 
0.05 

0.055 
0.07 
0.09 
0.11 
0.14 
0.18 
0.28 

0.06 
0.07 
0.08 
0.12 
0.15 
0.19 

0.02 
0.02 

0.021 
0,024 
0.025 

0.04 
0.07 

0.085 

0.11 
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Table 9.6.1 Flow Regime Transition Data (continued) 

'rOBun, He-80'lIIethanol 
0.012024 160).248 1.068832 0.OD4 0.00002 3.212929 0.332665 

0.00002 3.212929 0.332665 0.014729 1526.903 1.068832 0.00-4.9 
0,00002 3.212929 0.332665 0.021042 1374.213 1.068832 0.007 
0.00002 3.212929 0.332665 0.024048 1336.040 1.068832 0.008 
0.00002 3.212929 0.332665 0.030060 1175.715 1.068832 0.01 
0.00002 3.212929 0.332665 0.042084 916.1421 1.068832 0.014 
0.00002 3.212929 0.332665 0.048096 1002.030 1.068832 0.016 
0.00002 3.212929 0.332665 0.078156 822.178e 1.068832 0.026 
0.00002 3.212929 0.332665 0.135270 593.7958 1.068832 0.045 

Tosun, He_32lQlycer1ne,30lethanol 
0.00002 4.101741 0.371931 0.026348 778.3512 1.525568 0.0098 
0.00002 4.101741 0.371931 0.026886 915.3410 1.525568 
0.00002 4.101741 0.371931 0.032263 889.9148 1. 525568 
0.00002 4.101741 0.371931 0.037641 8n.7533 1.525568 
0.00002 4.101741 0.371931 0.040329 915.3410 1.525568 
0.00002 4.101741 0.371931 0.051084 802.9307 1.525568 
0.00002 4.101741 0.371931 0.091414 673.0448 1.525568 
0.00002 4.101741 0.371931 0.161319 508.5227 1.525568 
0.00002 4.101741 0.371931 0.241979 423.7689 1.525568 

L ReG puIs ReL puIs eta G puIs eta L puIs psi; psil 
Part 1. Non foaming systems 
spherical catalyst. air water,Midoux 

5 273.2240 22.35469 23.0395681 3.9199432 1880 3.26 
6 136.6120 26.82563 13.1154686 4.3634099 877 2.05 

7.2 81.96721 32.19076 8.98857231 4.8694459 558 1.67 
9 49.18032 40.23845 6.35661381 5.5910571 402 1.48 
9 27.32240 40.23845 4.41133211 5.5910571 228 1.27 

1013.66120 44.709382.965600435.9777569 137 1.16 
105.464480 44.70938 1.81500415 5.9777569 57.8 1.07 

Cylindrical I, air water,Midoux 
5 213.1147 17.43666 23.8503373 
8 65.24590 27.89865 10.7493227 
8 42.62295 27.89865 6.25374981 

10 21.31147 34.87332 3.85856808 

Glass beads, vater-air, Chou 
9 264.1165 42.78688 22.4622892 

7.5 132.0582 35.65573 12.7863338 
8 52.82331 38.03278 6.63982538 
8 26.41165 38.03278 4.30025175 
9 15.84699 42.78688 3.20046012 

3.3893069 
4.6236907 
4.6236907 
5.4057413 

5.7900267 
5.1616368 
5.3739122 
5.3739122 
5.7900267 

3320 
1390 

672 
454 

2480 
1010 

398 
199 
139 

4.99 
2.67 
1.81 
1.55 

3.98 
2.21 
1.48 
1.24 
1.17 

Data of TosUft, air water on 1.9mm glass beads 
7 104.5901 20.27439 10.6658610 3.5045304 3900 5.68 
8 43.44512 23.17073 5.66317181 3.7973457 1970 3.37 
9 17.69986 26.06707 3.23445534 4.0809101 1180 2.41 

10 11.26355 28.96341 2.49861934 4.3570302 1010 2.21 
11 8.045392 31.85915 2.07638503 4.6270389 946 2.14 

Holub, air-water on 3mm giass beads 
4.82 138 23.136 12.3964240 3.9514449 869 2.04 
4.6 233.0666 22.08 18.5514048 3.8486620 1580 2.89 
3.5474.9333 16.833.76408693.30626313670 5.4 

Holub, air-water on 16th HDS extr. 
7.565 107.8212 21.36676 8.96269029 3.1651803 3740 5.49 

8.09 48.12291 22.87091 5.16331440 3.2897191 2030 3.44 
7.664 213.6006 21.66664 15.2131868 3.1888678 7400 9.88 

specchia and Baldi, air-water on 6mm glass beads 
11.7 64 117 ,.26690431 13.191155 2491.305 

7 146.6666 70 15.1679681 9.7508366 341.3 1.411 
2.85 226.6666 28.5 20.1324599 5.9552683 331.9 1.405 
2.85 346.6666 28.5 27.0932543 5.9552683 554.6 1.677 

0.01 
0.012 
0.014 
0.015 
0.019 
0.034 

0.06 
0.09 
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Table 9.6.1 Row Regime Transition Data (continued) 

2.85 526.6666 
2.85 726.6666 

28.5 37.08S1ge~ 5.9552683 939 2.15 
28.5 47.9204932 5.9552683 1432 2.75 

Specchl~ and Baldi, air-water on 2.7mm qlasl 
7.0527.8709630.701614.785124455.0620483 
7.05 63.87096 30.70161 7.94314234 5.0620483 
2.82 98.10961 12.28064 10.6485601 3.0339515 
2.82 150.9677 12.28064 14.4866088 3.0339515 
2.82 229.3548 12.28064 20.0466333 3.0339515 

cylinders 
547.8 1.67 

1066.9 2.305 
949.8 2.16 

1523.4 2.86 
2503.1 4.058 

specchla and Bald!, air-water on S.4mm glass cylinders 
7 54.85714 60 1.87308232 8.3139240 179 1.22 

2.85125.114224.4285713.42732674.9408094 243.8 1.3 
2.85 194.2851 24.42851 18.3257057 4.9408094 422.4 1.52 
2.85 297.1428 24.42657 25.3937076 4.9408094 736.2 1.9 
2.85 451.4285 24.42857 35.7586615 4.9408094 129B 2.585 
2.85 622.8571 24.42857 47.1452148 4.9408094 2046.9 3.5 

~ater Alcohol Mixtures 
Glass beads,l\ttOH in water-air, Chou 
6.363636 264.1165 30.25335 22.4622892 4.6662245 
5.454545 132.0582 25.93144 12.7863338 4.2535333 
6.363636 52.82331 30.25335 6.63982538 4.6662245 
5.454545 26.41165 25.93144 4.30025175 4.2535333 
6.363636 13.20582 30.25335 2.89105754 4.6662245 
7.272727 10.56466 34.57526 2.55822437 5.0640845 

Gl~ss beads,94\EtOH in water-air, Chou 
3.529411 237.7049 15.25379 20.5459416 3.1326428 
4.411764 118.8524 19.06723 11.7962062 3.5548562 
4.11764147.5409617.796096.196775123.4175087 
4.411764 23.1704919.06723 4.04021235 3.5548562 
4.529411 16.63934 19.57569 3.28971353 3.6089699 

2110 
838 
330 
138 

77.4 
71. 7 

1640 
793 
2" ,," 
104 

o.un, ~lr-80'methanol ot 1.9ms q1ass beads 
3 128.7262 8.689024 12.5606844 2.1652364 3690 6.54 

3.1 64.36314 8.978658 7.43023449 2.2044017 1820 3.73 
3.2 40.22696 9.268292 5.38107243 2.2430969 1210 2.Bl 
3.5 14.48170 10.13719 2.87979295 2.3565926 565 1.85 

4 9.654411 11.58536 2.29400056 2.5382636 472 1.71 
4.5 7.240B53 13.03353 1.96136216 2.7121962 436 1.65 

5 6.436314 14.48110 1.84111009 2.8791929 454 1.68 

T05un,~lr-28'glycerlne on 1.~ glass beads 
5.B 144.8110 8.399390 13.8134160 2.1255750 6190 7.94 
S.B 96.54471 8.399390 10.02B4762 2.1255750 4170 5.67 
5.8 40.22696 8.399390 5.38107243 2.1255750 2030 3.2B 
5.8 24.13617 8.399390 3.89219390 2.1255750 1420 2.59 
5.8 16.0901B 8.399390 3.05984579 2.1255750 1090 2.23 

3.54 
2.01 
1.' 

1.17 
1.09 
1. 09 

3.44 
2.18 
1.42 
1.22 
1.16 

6 14.48110 8.689024 2.81979295 2.1652364 1060 2.19 
7 10.45901 10.13119 2.39712164 2.3565926 1020 2.15 
8 9.654471 11.5B536 2.29400056 2.5382636 1130 2.27 

Tosun, He-50tglycerlne 
5 86.89024 2.896341 9.25843981 1.2111390 

4.5 43.44512 2.606707 5.66317181 1.1411080 
4.113.03353 2.3752.712196211.0935019 

5 3.415609 2.896341 1.33106583 1.2111390 
6 3.041158 3.415609 1.24206189 1.3310658 

141000 21. 1 
72300 11. 6 

29800 5.31 
17000 3.5 
18600 3.74 

Tosun, He-80tmethanol 
3 14.4B110 8.689024 2.87979295 2.1652364 15800 4.28 

3.1 10.86128 8.978658 2.44850131 2.2044017 12900 3.67 
3.2 3.620426 9.268292 1.35961583 2.2430969 6010 2.25 
3.5 1.448110 10.13719 0.84937763 2.3565926 3450 1.72 

4 0.19649311.585360.62755608 2.5382636 2620 1.54 
5 5.068597 14.46170 l,621705B9 2.8797929 10200 3.11 

Tosun, He_32\glycerine,30tethanol 
5.8 65.16768 3.359756 7.49654264 1.3078431 
4.5 50.68597 2.606701 6.28604826 1.1471080 
3.5 28.96341 2.027439 4.35703023 1.0083311 

120000 
B6BOO 
50000 

20.9 
15.4 

9.3 
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Table 9.6.1 Flow Regime Transition Data (continued) 

3 14.48170 1.737804 2.87979295 0.9319911 
2.95.7926821.6798181.740576710.9160228 

3 2.896341 1.737804 1.21113900 0.9319911 
4 1.5929B7 2.317073 0.89157451 1.0197290 

28800 
16500 
11700 
11400 

5.79 
3.74 
2.95 
2.89 

Specchia and Baldi,alr-9'glycerine 
1.68 81.71428 11.42857 10.087)423 3.2837!37 115.8 1.121 
1.68 129.7142 11.42857 13,7206902 3.2837137 207 1.217 

specchia and Baldl,alr-2,'qlycerlne 
1.74 81.71428 6.346504 10.0873423 2.4185554 149.6 1.15 

Nonfoaming organics 
cylindrical II,qaa-co2, Midoux 
2.407407110.748912.3353611.53163542.6409759 

4 26.57973 20.49568 4.18007011 ).5592820 193 
3.66666619.9348018.787713.499946883.3772231 
3.888888 15.50484 19.92635 3.01398365 3.4990503 
4.66666613.2898623.911632.756146673.9124394 

cylindrical II, petroleum ether-H2, Midoux 
3.085714 17.49919 29.07175 3.23695093 4.4248009 
3.7714287.77742135.532142.04174711 5.0409878 

4 1.814731 37.68561 0.95018558 5.2417110 44.4 

698 2.5 
1.41 

134 1.29 
110 1.24 
114 1.24 

283 1.52 
159 1.29 

1.08 

Holub,alr-soybean 011 on lmm qlass beads 
1.613 82.93333 0.154648 8.65503650 0.3015166 3390 5.43 
1.79740.533330.1725125.481616560.3182680 2740 4.58 
1.992 16.26666 0.191232 3.24826339 0.3351121 2290 3.99 

Holub, aIr-soybean 011 on 16th HDS extr 
2.875 210.4594 0.162556 15.0307023 0.2551609 
2.815 108.3709 0.162556 8.99611005 0.2551609 
2.815 48.68838 0.162556 5.20203269 0.2551609 
2.902 15.70593 0.164083 2.65927371 0.2563578 
2.777 345.84460.15701522.8272869 0.2507688 

29200 
20000 
14400 
10700 
41500 

Holub, air-soybean oil on 8th inch Al203 sphereS 
1.866 52.58880 0.220243 1.26237935 0.3808905 1080 2.41 
2.109 18.13067 0.248924 3.75196974 0.4049904 764 2 
1.742121.63620.20560113.3113688 0.3679906 1710 3.23 

39.2 
27.1 
19.9 

15 
55.2 

Foatninq systesua 
spherical Al203,10t isopropanol in water-air, Andersen, Mobil 
2.610064 41.90064 11.40162 5.51610824 2.4164036 47.3 1.11 
4.00204521.2019211.491453.399153073.051683324.1 1.06 
5.225511 9.946581 22.83811 2.24544895 3.5457922 13.9 1.03 
6.512378 2.819213 28.46319 1.17929936 4.0261719 4.99 1.01 
10.61463 0.994658 46.39265 0.68855}18 5.4067588 3.67 1.01 

cylindrical II,leroaeDe I-air,MidoQX 
3.030303 28.88183 8.939806 4.40630158 2.2042812 
2.7212124.3322758.0458261.491901452.0800332 
4.8484841.15527314.303690.754881132.8756644 
3.030303 14.44091 8.939806 2.89163849 2.2042812 

cylindrical II,Desu1[urlzed qaa oi1-C02,Kidoux 
1.170212 112.4839 0.683552 11.6156885 0.5788653 
2.12765911.248391.2428232.50623653 0.1834108 
2.1276594.4993561.2428231.521993200.1834108 
2.1216592.2496781.2428231.06092449 0.7834108 
1.531914 1.799742 0.894832 0.94616134 0.6632324 

cylindrical II,Gas 01l-co2,M.idoua: 
1.666666 17.99742 0.973544 3.29151267 0.6921450 
2.0833332.249618 1.216931 1.06092449 0.1750161 
2.25 1.349806 1.314285 0.81100395 0.8059952 89.2 

658 
113 

78.5 
358 

1210 
308 
17. 
112 

50.3 

2 
1.11 
1.12 
1.54 

3.53 
1.64 
1.36 
1.23 
1.11 

324 1.68 
107 1.22 
1.19 

Glass beads,50'£tOH in vater-air,Cbou 
1.935483 188.9754 6.434601 16.9916143 1.9623342 1000 2.33 
2.258064 125.98367.50703512.3318066 2.1292102 631 1.83 
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Table 9.6.1 Flow Regime Transition Data (continued) 

2.903225 50.393~4 9.651902 6.43706877 2.4360275 
3.064516 25.19672 10.18811 4.18158733 2.5083306 

3 15.62196 9.973632 3.17483823 2.4795915 68.7 

24.1 1.32 
116 LIS 
1.09 

Glass beads,20ppm Heptyl alcohol In water-air, Chou 
3.883495 264.1165 18.46251 22.46228923.4898963 1730 3.08 
4.854368 132.0582 23.07814 12.78633383.9701093 786 1.94 
5.825242 52.82331 27.69377 6.63982538 4.4238686 307 1.37 
4.854368 26.41165 23.07814 4.30025175 3.9707093 125 1.15 
5.242718 15.84699 24.92439 3.20046012 4.1541724 77.1 1.09 

Trickle to Dispersed Bubble, Nonfo6MlnQ 
Data ot Tosun, air ~ater on l.~ glass beads 

15 4.022696 43.44512 1.43638403 5.6631118 1080 2.29 
20 3.218157 57.92682 1.27896877 6.8961304 1560 2.88 
25 2.574525 72.40853 1.13919739 8.0894383 2110 3.53 

Tosun, air-80tmethanol af 1.9mm Qlass beads 
75.63177520.274391.714722183.5045304 

10 4.505420 28.96341 1.52420910 4.3570302 
15 4.022696 43.44512 1.43638403 5.6631718 

Tosun,air-28'Qlycerine on l.~ Qlass beads 

627 

'" 1500 

1. 94 
2 .35 
3.25 

10 8.045392 14.48170 2.07638503 2.8797929 1330 2.49 
IS 6.436314 21.72256 1.84117009 3.65223181980 3.22 
205.63177528.963411.714722184.35703022720 4.05 

Tasun, He-50\q1ycerine 
8 2.172256 4.634146 1.04458288 1.5469325 

15 2.027439 8.689024 1.00833116 2.1652364 
20 1.737804 11.585360.931991192.5382636 
30 1.592987 17.37804 0.89157451 3.1999251 

210eo 
36900 
46900 
69500 

Tasun, He-80\methanol 
8 0.40548723.17073 0.44675203 3.7973457 4270 

10 0.362042 28.96341 0.42203450 4.3570302 5620 
15 0.289634 43.44512 0.37732033 5.6631718 9520 

1.89 
2.17 
2.97 

Ta9un, Ke-32'q1ycerine,30'eth~nol 
8 0.941310 4.634146 0.68279616 1.5469325 

15 0.724085 8.689024 0.59810079 2.1652364 
20 0.695121 11.58536 0.58591851 2.5382636 

18500 
33000 
44300 

<4. 09 
6.42 
7.89 
11.2 

4.07 
6.48 
8.35 

• 

Data on pulsing to Dispersed Bubble transition, NonfoamlnQ systems 
Data of TOsun, air w~ter on 1.~ Qlaas ~ds 

15 5.631775 43.44512 1.71472218 5.6631718 1230 2.47 
20 17.69986 57.92682 3.23445534 6.8961304 2790 4.35 
25 28.96341 72.40853 4.35703023 8.0894383 4450 6.34 
30 35.39972 86.89024 4.95020716 9.2584398 5960 8.16 
40 48.27235 115.8536 6.08003689 11.552921 9500 12.4 
45 56.31775 130.3353 6.76148381 12.686275 11700 15 

Tosun, ~ir-80tmethanol of 1.9mm glass beads 
6 6.597222 17.37804 1.86566938 3.1999257 568 1.85 
7 8.045392 20.27439 2.07638503 3.5045304 758 2.14 
8 8.849932 23.17073 2.18705445 3.7913451 926 2.39 
9 11.26355 26.06707 2.49861934 4.0809101 1190 2.78 

10 14.48170 28.96341 2.87979295 4.3570302 1S00 3.25 
11 17.6998631.859753.23445534 4.6270389 1830 3.74 
1222.5271034.756093.733150714.89194822240 4.36 
1528.9634143.445124.357030235.66317183160 5.74 
20 45.05420 57.92682 5.80290415 6.8961304 5230 8.84 

Tosun,air-28\glycerine on 1.9mm glass beads 
9 9.654471 13.03353 2.29400056 2.7121962 1290 2.44 

10 11.26355 14.48170 2.49861934 2.8797929 1550 2.74 
11 12.87262 15.92987 2.69320532 3.0421011 1820 3.04 
12 19.30894 17.37804 3.40445924 3.1999257 2390 3.68 
1524.1361721.722563.892793903.65223183280 4.68 
20 30.57249 28.96341 4.50771867 4.3570302 4810 6.39 
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Table 9.6.1 Flow Regime Transition Data (continued) 

Tosun. He-SO,qlycerine 
7 2.896341 4.054878 1. 21113900 1.4423766 20800 4.06 
8 2.896341 4..634146 1.21113900 1.5469325 23400 4.43 
9 3.041158 S.213414 1.24206189 1.6460212 26)00 04.81 

103.4756095.792682 1.331065B3 1.7405767 30200 5.44 
11 3.620426 6.371951 1.35961583 1.8313012 33300 5.89 

15 5.792682 8.689024 1.74057611 2.1652364 50900 8.48 

20 10.13719 11.58536 2.35659266 2.5382636 78aoo 12.6 
25 12.30945 14.48170 2.62609950 2.8797929 101000 15.9 
30 14.48170 17.37804 2.87979295 3.1999257 125000 19. " 
40 15.92987 23.17073 3.04210117 3.7973457 166000 25.4 

Tosun, He-80\methanol 
6 0.579268 17.37804 0.53450929 3.1999257 3470 1.72 
7 0.709603 20.27439 0.59203997 3.5045304 4670 1.97 
9 1.013719 26.06707 0.70886704 4.0809101 7440 2.54 

10 1.158536 28.96341 0.75844317 4.3570302 6680 2.64 
11 1.448170 31.85975 0.84937763 4..6270389 :0600 3.25 
122.02743934.75609 1.00833116 4.8919482 13600 3.83 
15 2.317073 43.44512 1.07972904 5.6631716 16200 4. 76 
20 3.765243 57.92682 1.38766491 6.8961304 29600 7.14 
25 6.516768 72.40853 1.85345024 8.0894383 45800 10.5 

TO$un, He-32\qlycerlne,30\ethanol 
5 1.419207 2.896341 0.84070124 1.2111390 13400 3.22 
6 1.4481703.415609 0.84937763 1.3310658 16000 3.66 
7 1.737804 4.054878 0.93199119 1.4423766 19700 4. .26 
8 2.027439 4.634146 1.00833116 1.5469325 23400 4..88 
9 2.172256 5.213414 1.04458288 1.6460212 26500 5.41 

10 2.751524 5.792682 1.17950725 1.7405767 31400 6.21 
15 4.923780 8.689024 1.59709541 2.1652364 53500 9.89 
20 8.689024 11.58536 2.16523642 2.5382636 82100 14.6 
2513.0335314.481702.71219621 2.8797929 11-4000 19.9 

Kap1t.u relP*el"'5!11 
l1q. number relP*el A 5/11 *psil A 1/11 
holdup to Ika""l111 Ilta A l/11 (Z) /etaQ' {Yl leta; 

1/11 (y) (Z) 
Part L Non foaalnq syate.ru 
spherical catalyst, air water,Mldoux 

0.121 8.946049 28.213129072 31.412854388 1.363430696 1.22455112 
0.1518.94604933.85575488636.138802852 2.755433579 2.58136065 
0.1748.94604940.62690586442.565790161 4.735545166 4.51983968 
0.199 8.946049 50.783632329 52.626210506 8.278691054 7.98902591 
0.2098.94604950.783632329 51.8991760111.7649668411.5120854 
0.22S 8.946049 56.426258144 57.192761766 19.28408978 19.0256423 
0.2328.94604956.42625814456.774393551 31.28058598 31.0887762 

Cylindrical I, air water,H1doux 
0.11S '.946049 18.&47969864 21.582176736 0.90490027 0.78187446 
0.114 8.9.6049 29.836751783 32.623104883 3.034898630 2.77568666 
0.198 '.946049 29.636751783 31.490304949 5.035427682 4.77101781 
0.231 8.946049 37.295939728 38.811858199 10.05861691 9.66574618 

Glass be.ads,water-alr,Chou 
0.141 9.158999 51.926057966 58.873543838 2.620994818 2.31169927 
0.159 9.158999 43.271714972 46.506375761 3.637193910 3.38421594 
0.187 9.158999 46.15649597 47.831188155 7.203681628 6.95146231 
0.1989.158999 46.15649597 47.0679964310.9454048510. 7334404 
0.213 9.158999 51.926057966 52.672516581 16.45779499 16.2245602 

Data of Tosun, air water OD 1.~ Q'lass beads 
0.141 9.158999 21.588981206 25.281874415 2.370354760 2.02411987 
0.177 9.158999 24.673121318 27.554367719 4.865536243 4.35676722 
0.2079.15899927.75726155130.068062184 9.296174768 8.58174207 
0.223 9.158999 30.841401723 33.146867843 13.26607350 12.3433774 
0.234 9.158999 33.925541895 36.35502118 17.50880550 16.3381528 

Holub, air-water on 3m. qlass beads 
0.137 9.158999 29.016132902 30.959057358 2.497418386 2.34068573 
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Table 9.6.1 Flow Regime Transition Data (continued) 

0.12 9.158999 27.691745093 30.496509106 1.643892169 1.49270340 
0.0881 9.158999 21.069806049 24.560759289 0.727422580 0.62403008 

Holub, air-water on 16th HDS extr. 
0.142 9.158999 18.940350066 22.111685624 2.467081301 2.11324384 

0.17 9.158999 20.25478282 22.662385929 4.389116009 3.92282577 
0.117 9.158999 19.188214528 23.630179183 1.553269501 1.26128829 

specchia and Baldi, air-water on 6mm qlasa bead. 
0.222 9.158999 274.08916959 280.80311526 30.30171735 29.5772094 
0.171 9.158999 163.98497326 169.26413604 11.15931510 10.8112683 
0.128 9.158999 66.76531054 68.861423112 3.420417731 3.31630166 
0.121 9.158999 66.76531054 69.978232662 2.582865523 2.46427799 
0.111 9.158999 66.76531054 71.576845015 1.930065040 1.80032232 
0.102 9.158999 66.76531054 73.196482139 1.527456775 1.39325173 

speeehia and Baldi, air-water on 2.7mm qlass cylinders 
0.2099.15899944.79993197246.937970368 9.809143056 9.36233369 
0.1889.15899944.799931972 48.3334102966.084923095 5.64007668 
0.137 9.158999 17.919972789 19.219506511 1.804892515 1.68285407 
~.125 9.158999 17.919972789 19.716288622 1.361000963 1.23700259 
0.111 9.158999 17.919972789 20.353469028 1.015306095 0.89391432 

specchia and Baldi, air-water on 5.4mm qiass cylinders 
0.178 9.158999 110.43525898 112.44978973 14.28281645 14.0269407 
0.124 9.158999 44.962926873 46.048242629 3.429441814 3.34861294 
0.177 9.158999 44.962926873 46.707412541 2.548737454 2.45354408 
0.1099.15899944.96292687347.664584378 1.877023438 1.77063261 
0.098 9.158999 44.962926873 49.0174808 1.370786229 1.25739960 
0.089 9.158999 44.962926873 50.386629166 1.068753834 0.95371135 

Water Alcohol Mixtures 
Glass beads,1'EtOH 1n water-alr,Chou 

0.128 8.941769 37.60735523 42.187343569 1.878140871 1.67424409 
0.145 8.941769 32.234875911 34.347037217 2.686230276 2.52104130 
0.174 8.941769 31.60735523 38.775477911 5.839833979 5.66390726 
0.174 8.941769 32.234875911 32.698265619 7.603802633 7.49604389 
0.189 8.941769 37.60735523 37.903141018 13.11047616 13.0081655 

0.2 8.941769 42.979834549 43.317875449 16.93278973 16.8006508 

Glass beads,94'EtOH in water-air, Chou 
0.121 6.501914 26.077099034 29.176777034 1.420074950 1.26920924 
0.153 6.501914 32.596373792 34.989526186 2.966167726 2.76329297 
0.172 6.501914 30.423282206 31.408736125 5.068561552 4.90953465 
0.186 6.501914 32.596373792 33.19098821 8.215159331 8.06798528 
0.192 6.501914 33.465610427 33.920212813 10.31099288 10.1728038 

TOBun, air-80tmethanol ot 1.9am glass beads 
0.1136.79821012.46547316914.786051003 1.177169208 0.99241989 
0.1386.79821012.88098894114.518533050 1.953980464 1.73359117 
0.1536.79821013.29650471414.605921948 2.714314315 2.47097671 
0.1826.79821014.54305203015.379559508 5.340508759 5.05003389 
0.1966.79821016.62063089217.451347619 7.6073859317.24526015 
0.2076.79821018.69820975419.569119937 9.977310810 9.53327747 
0.2156.79821020.77578861621.719112581 11.82895192 11.2840137 

Tosun,air-28lg1ycerine on 1.~ glass beads 
0.137 7.107504 11.525584962 13.914411419 1.007311395 0.83437615 
0.153 7.107504 11.525584962 13.494926618 1.345660720 1.14928575 
0.184 7.107504 11.525584962 12.839869173 2.386117139 2.14187508 
0.198 7.107504 11.525584962 12.567117693 3.228302856 2.96074881 
0.2097.107504 11.525584962 12.397298408 4.051608862 3.76672085 
0.213 7.107504 11.923018926 12.803706149 4.446050929 4.14023476 
0.226 7.107504 13.910188747 14.912645744 6.219506671 5.80141935 
0.234 7.107504 15.897358568 17.12738093 7.466162474 6.92997151 

Tosun, He-50lg1ycerine 
0.1195.078463 5.56224064367.3577684025 0.794709319 0.60077515 
0.142 5.078463 5.0060165192 6.2554879481 1.104590881 0.86395986 
0.118 5.078463 4.5610373278 5.3140412985 1.959312994 1.68167675 
0.219 5.078463 5.5622406436 6.2331920124 4.682857766 4.17878702 
0.228 5.076463 6.6746887723 7.5250650197 6.058526615 5.37387776 



-270-

Table 9.6.1 Flow Regime Transition Data (continued) 

Tosun, He-BO'methanol 
0.13 6.798210 12.465473169 14.226960661 4.9402790674.32860047 

0.138 6.798210 12.860988941 14.497145107 5.920623767 5.26076444 
0.1656.79821013.29650471414.313771645 10.52780591 9.77960417 
0.1876.79821014.54305203015.278025652 17.98731814 17.1220097 
0.2036.798210 16.620630892 17.286013313 27.54496959 26.4846939 
0.175 6.796210 20.775788616 23.033180814 14.20305669 12.8110705 

TOBun, He-32\glycer1ne,30\ethanol 
0.138 4.017752 8.1556200176 10.751530267 1.434198506 1.08791751 

0.14 4.017752 6.3276362205 8.1133074286 1.290684875 1.00661591 
0.152 4.017752 4.9214948382 6.0275516198 1.383408260 1.12955260 
0.1694.017752 4.218424147 4.9486263033 1.718396557 1.46483591 
0.193 4.017752 4.0778100088 4.5373357712 2.641271564 2.34279246 
0.211 4.017752 4.218424147 4.6543746301 3.842973108 3.48302228 
0.235 4.017752 5.6245655294 6.1942507887 6.947541361 6.30857596 

Specchia and Saldi,.ir-9tqlycerine 
0.1097.726314 24.935847003 25.196123346 2.497795987 2.47199371 
0.106 7.726314 24.335847003 25.385037748 1.850128329 1.81739012 

Specchia and saldi,air-29\qlycerine 
0.131 5.905412 18.116924546 16.348580055 1.818970680 1.79600571 

Nonfoamlng Organics 
Cylindrical II,qas-C02, Midoux 

0.117 8.287911 14.405167186 15.656499464 1.357699821 1.24318682 
0.1128.281971 23.334739324 24.694149654 5.907592215 5.72591815 
0.172 8.287971 21.940177714 22.454001692 6.415526421 6.26871734 
0.1788.281971 23.269885454 23.729420149 7.813108442 7.72064089 
0.192 8.281911 27.923862545 28.475304119 10.33156342 10.1314863 

Cylindrical II,petroleWl et.her-N2, HldoWl: 
0.154 9.375734 30.011004956 31.175381291 9.631094788 9.27138086 
0.177 9.375734 36.680117169 37.539140462 18.38579333 17.9650638 
0.193 9.375734 38.903154573 39.176293259 41.23014915 40.9426909 

Holub,air-soybe~n oil on 3Mm qlass bead. 
0.2561.709831 1.0402829431.21325324660.1401788710.12019394 
0.2811.709831 1.1589513011 1.33089522590.242792470 0.21142509 
0.304 1.709831 1.2847139631 1.45693556180.448527532 0.39550194 

Holub, air-soybean oil on 16th HDS extr 
0.1981.7098310.7711547447 1.0764298263 0.071615404 0.05130530 
0.224 1.709831 0.7711547447 1.0409059008 0.115706221 0.08572091 
0.2491.709831 0.7711547447 1.012089S918 0.194556618 0.14624104 
0.274 1.7098310.77839689360.9956770141 0.314416897 0.29271033 
0.175 1.7098310.7448684264 1.01259968160.046987611 0.03263061 

Holub, air-soybean oil on 8th inch A1203 sphere. 
0.3311.709831 1.6410243061.77764008840.2447737850.22596235 
0.3671.709831 1.8547268281 1.9753602816 0.526486196 0.49433416 
0.294 1.709831 1.5319744593 1.7042867332 0.128032417 0.11508767 

Foaming systems 
Spherical A1203.10t isopr~nol in water-air, Andersen, Mobil 

0.123 7.562293 14.251863250 14.393775205 2.609407675 2.58476857 
0.146 7.562293 21.861762977 21.977875191 6.465691682 6.43153234 
0.1631.56229328.54512718828.621935774 12.74664280 12.7124364 
0.178 7.562293 35.574831494 35.607026116 30.19331354 30.1660737 
0.217 7.562293 57.984035267 58.036509937 84.28786545 84.2116551 

Cylindrical II,lerosene I-aix,Midoux 
0.1686.764763 12.790575020 13.622487954 3.091588069 2.90278760 
0.193 6.764763 11.511517518 11.617000356 7.826924705 7.71600394 
0.2436.76476320.46492003320.676851928 27.39087106 27.1101223 
0.1836.76476312.79057502013.302626808 4.600376850 4.42329669 

Cylindrical II,Desulfurized gas oil-C02,Midoux 
0.159 3.919163 1.6880810781 1.8931760528 0.162146844 0.14458085 
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Table 9.6.1 Flow Regime Transition Data (continued) 

0.25 3.919163 3.0692383239 3.2104201.05 1.280972525 1.22464032 
0.266 3.919163 3.0692383239 3.1562435875 2.073756683 2.01659134 
0.275 3.919163 3.0692383239 3.1275467078 2.947944673 2.89298469 
0.256 3.919163 2.2098515932 2.2309168288 2.357860899 2.33559700 

cylindrical II, Gas Oil-C02.Mldoux 
0.229 3.900488 2.4157478283 2.5324113993 0.769376165 0.73393240 
0.274 3.900488 3.0196847854 3.0747690755 2.898197842 2.84627681 
0.284 3.900488 3.2612595682 3.3132428686 4.055357217 3.99173047 

Glass beads,SOtEtOH in water-aie,Chou 
0.111 6.132394 11.663108864 12.595352378 0.741268731 0.68640381 
0.127 6.132394 13.606960341 14.375412283 1.165718267 1.10340363 
0.155 6.132394 17.494663297 17.9~1834855 2.787267850 2.71779965 
0.165 6.132394 18.466589035 18.702715596 4.472635416 4.41616725 
0.167 6.132394 18.07781874 18.220002678 5.738875909 5.69409128 

Glass beads,20ppm Heptyl alcohol in water-air,Chou 
0.11 9.086901 22.578874047 25.010131917 1.113427558 1.00519024 
0.14 9.088901 28.223592559 29.976166171 2.344391006 2.20732485 

0.169 9.088901 33.868311071 34.851596916 5.248872505 5.10078339 
0.166 9.088901 28.223592559 28.584478905 6.647164057 6.56324191 
0.174 9.088901 30.481479964 30.721219996 9.599001026 9.52409303 

Trickle to Dispersed Bubble, Nonfoaminq 
Data of Tosun, air water on 1.9mm qla$s beads 

0.262 9.158999 46.262102584 49.881290857 34.72698791 32.2073356 
0.277 9.158999 61.682803446 67.908956541 53.09664923 48.2285451 
0.288 9.158999 77.103504307 86.471266002 75.86547082 67.6466753 

TOBun, air-80'methanol of 1.9mm glass beads 
0.233 6.79821029.08610406230.892236231 18.01588412 16.9625752 
0.253 6.798210 41.551577231 44.907714771 29.46296183 27.2610739 

0.276.798210 62.327365847 69.376697674 48.29954678 43.3918538 

TOBun,air-28tqlycerine on 1.9mm glass beads 
0.246 7.107504 19.871698211 21.590023022 10~39788990 9.57033394 
0.265 7.107504 29.807547316 33.150872081 18.00532830 16.1894587 
0.2767.10750439.74339642245.132372357 26.32051575 23.1777466 

TOBun, He-50'glycerine 
0.245 5.078463 8.8995850298 10.115351218 9.683627183 8.51974999 
0.264 5.078463 16.686721931 19.759834562 19.59657232 16.5488507 
0.274 5.078463 22.248962574 26.844926568 28.80384141 23.8725029 
0.284 5.078463 33.373443862 41.570426585 46.62585807 37.4320300 

TOBun, He-80tmethanol 
0.248 6.798210 33.241261785 35.22170634 78.839~9766 74.4065138 

0.266.79821041.551577231 44.58356186105.6396132 98.4554029 
0.279 6.798210 62.327365847 68.810803901 182.3670708 165.184222 

Tosun, He-32tglycerine,30'ethanol 
0.2664.01775211.24913105812.780170569 18.71740230 16.4750940 
0.2854.01775221.09212073524.997685201 41.7951046735.2651610 
0.292 4.017752 28.122827647 34.107403954 58.21185567 47.9978478 

Data on Pulsing to Dispersed Bubble transition, Nonfoaaing systems 
Data of Tosun, air water on 1.9mm glass beads 

0.255 9.158999 46.262102584 50.225594998 29.29080603 26.9793573 
0.2419.15899961.682803446 70.5031598421.7975369219.0705379 
0.237 9.15899977.103504307 91.199261627 20.93151910 17.6963436 
0.238 9.156999 92.524205169 111.97892307 22.62105795 18.6909763 

0.24 9.158999 123.36560689 155.09438355 25.50878981 20.2902727 
0.24 9.158999 138.78630775 177.52683451 26.25560298 20.5260134 

Tosun, air-Sotmethanol of 1.9mm glass beads 
0.223 6.798210 24.930946339 26.364959157 14.13163521 13.3630034 
0.2266.79821029.08610406231.169021557 15.01119541 14.0080493 

0.23 6.79821033.24126178535.98133806316.45196261 15.1991011 
0.2296.79821037.39641950841.039090902 16.42470712 14.9668334 
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Table 9.6.1 Flow Regime Transition Data (continued) 

0.2276.79821041.55157123146.251131782 16.06057535 14.4286682 
0.226 6.798210 45.70673~954 51.529916091 15.93155897 14.1311998 
0.2226.79821049.86189267757.003811461 15.2696249913.3565174 
0.224 6.798210 62.32736584773.05850194716.7679584414.3050110 
0.221 6.798210 83.103154462 101.31147171 17.45875324 14.3209593 

!o.un,air-2S\qlycerine on l.~ qlass beads 
0.238 7.107504 17.88452839 19.39522175 8.454758927 1.79521795 
0.2397.107504 19.871698211 21.77862659 8.716264307 7.95307147 
0.239 7.107504 21.858868032 24.18384032 8.979515420 8.11630210 
0.232 7.107504 23.846037853 26.844600166 7.885128955 7.00435403 
0.234 7.101504 29.807547316 34.297122388 8.810413085 7.65710901 
0.2377.10750439.74339642247.042709684 10.436034958.81674284 

Tosun, He-50'qlycerine 
0.2345.078463 7.7871369018.84501061297.3030515646.42959797 
0.239 5.078463 8.8995850298 10.189050903 8.412784042 7.34811197 
0.241 5.078463 10.012033158 11.561785612 9.308542275 8.06081664 
0.2415.078463 11.12448128112.976345404 9.7488381558.35751405 
0.243 5.018463 12.236929415 14.377485435 10.57466152 9.00028455 

0.24 5.078463 16.686721931 20.266121957 11.64333742 9.58689256 
0.234 5.078463 22.248962574 28.011957026 11.88663507 9.44115752 
0.236 5.078463 27.811203218 35.763309314 13.61841361 10.5903082 
0.237 5.078463 33.373443862 43.699242528 15.17443899 11.5888344 
0.243 5.078463 44.497925149 59.710666271 19.62810004 14.6273652 

Tosun, He-80'methanol 
0.2296.79821024.93094633926.190901119 48.99989835 46.6426806 
0.2326.79821029.08610406230.935362575 52.2521516549.1286150 
0.2366.79821037.39641950840.703624964 57.42067601 52.7551954 
0.2386.79821041.55157723145.687592306 60.23864919 ?4.7853532 
0.2316.79821045.70673495450.876244961 59.89826334 53.8120305 
0.2326.79821049.86189267756.336106659 55.87063924 49.4499173 
0.2386.79821062.32736584771.853006545 66.54725753 57.7250064 
0.231 6.798210 83.103154462 99.363398595 71.60474940 59.8870472 
0.232 6.798210 103.87894307 128.63611434 69.40359744 56.0462540 

TOBun, He-32'qlycerine,30\ethanol 
0.245 4.017752 7.0307069117 7.8192970055 9.300922406 8.36290773 

0.25 4.017752 8.436848294 9.4930505438 11.17647817 9.93297680 
0.25 4.017752 9.8429896764 11.229129337 12.04853586 10.5612475 

0.251 4.011752 11.249131058 12.992795315 12.88544457 11.1561870 
0.252 4.017752 12.655272441 14.754544136 14.12481896 12.1151443 

0.25 4.017752 14.061413823 16.600769748 14.07432605 11.9214305 
0.248 4.017752 21.092120735 25.91721799 16.26528871 13.2065501 
0.242 4.017752 28.122827647 35.884693806 16.57310646 12.9883403 
0.238 4.01775235.153534558 46.136702439 17.01082764 12.9612799 

et~l/sqrt {AC)/etaq 
(el A 1/22/p3il 7-(AD)/ 
~1/11·~aA1/11 GaLA.2 

(AC) (AD) GaL 
Part 1. Non foall..inq systems 
spherical catalyst, air water,Hidoux 
1.22505765 0.053171 57201.33 0.041618 
1.33519692 0.101803 57207.33 0.079683 
1.47622208 0.164233 57207.33 0.128548 
1.68570577 0.265186 57207.33 0.201567 
1.67402120 0.379482 57207.33 0.297029 
1.78244785 0.601000 57207.33 0.470416 
1.775916530.91846457207.330.765865 

cylindrical I, air water,Mldoux 
1.08889782 0.045655 27147.85 0.041480 
1.44384322 0.134319 27147.85 0.122036 
1.41855385 0.226832 27147.85 0.206089 
1.64683880 0.426800 21147.85 0.387771 

Glass beads, water-air, Chou 
1.80604190 0.080403 62526.96 0.061824 
1.56755029 0.122595 62526.96 0.094267 
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Table 9.6.1 Flow Regime Transition Data (continued) 

1.60254258 0.241353 62526.96 0.185582 
1.58910613 0.369677 62526.96 0.284254 
1.708282790.533761 62526.960.410423 

Oat~ of Tosun, air water on 1.9mm glass beads 
1.118247040.1048439702. 7220.117020 
1.183266790.2089409702.7220.233207 
1.252393490.387203 9702.7220.432174 
1.331877020.5330459702.7220.594953 
1.412346690.6&0194 9702.7220.759193 

Holub, air-water on 3mm glass beads 
1.19370235 0.096294 57211.92 0.075370 
1.18120612 0.063672 57211.92 0.049836 
1.04398452 0.030919 57211.92 0.024201 

Holub. air-water on 16th HDS extr. 
1.01773995 0.113552 8333.204 0.130657 
1.03554571 0.200558 8333.204 0.230768 
1.05311106 0.069223 8333.204 0.079650 

specchia and Baldi, 
3.784740730.408414 
2.80815195 0.185136 
1.71440005 0.085156 
1.728246400.063788 
1.74787532 0.047131 
1.767540120.036884 

air-water on 6mm qlass 
627840 0.197983 
627840 0.089747 
627840 0.041280 
627840 0.030922 
627840 0.022847 
627840 0.017880 

beads 

Specchia and Baldi, air-water on 2.7mm glass cylinders 
1.50)92969 0,314292 44456.57 0.258729 
1.52612146 0.192130 44456.57 0.158163 
0.91198741 0.085644 44456.57 0.070503 
0.92369865 0.063762 44456.57 0.052489 
0.93850577 0.046816 44456.57 0.038539 

Specchia and Bcldi, air-water on 5.4mm glasS cylinders 
2.40695101 0.305719 312920.3 0.170346 
1.43454143 0,106837 312920.3 0.059529 
1.44477251 0.078838 312920,3 0.043928 
1.45950124 0.057474 312920.3 0.032025 
1.48006933 0.041390 312920.3 0.023062 
1.50059749 0.031829 312920.3 0.017735 

Water Alcohol Mixtures 
Glass beads,1tEtOH in water-air, Chou 
1.46525248 0.065231 62152.36 0.050218 
1.30173810 0.101806 62152.36 0.078376 
1.40475296 0.211564 62152.36 0.162873 
1.27010999 0.295357 62152.36 0.227380 
1.388861620.480399 62152.36 0.369835 
1.50728122 0.589190 62152.36 0.453588 

Gl.ss beads,94\£tOH in vater-alr~Chou 
1.15208133 0.056073 33653.40 0.048803 
1.28052972 0.108554 33653.40 0.094479 
1.20729963 0.194827 33653.40 0.169567 
1.24718455 0.306692 33653.40 0.268669 
1.26327067 0.384006 33653.40 0.334218 

Tosun, air-80'methano1 ot 1.9mm qlass beads 
0.607092100.064255 6209.742 0.078413 
0.80096349 0.107800 6209.742 0.131554 
0.80461820 0.1495276209.7420.182475 
0.829420470.288013 6209.742 0.351476 
0.89017115 0.3880436209.7420.473547 
0.94962644 0.484166 6209.742 0.590851 
1.009133510.548093 6209.742 0.668864 

Tosun,alr-28\glycerine on 1.9mm glass beads 
0.78173972 0.056592 2777.161 0.081122 
0.76986579 0.076767 2777.161 0.110041 
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Table 9.6.1 Flow Regime Transition Data (continued) 

0.75094833 0.139553 2777.161 0.200041 
0.742929490.1908412777.1610.273567 
0.73789282 0.241153 2777.161 0.345677 
0.75104308 0.260797 2717.161 0,373836 
0.81673309 0.340628 2777.161 0.488269 
0.88186988 0.384424 2777.161 0.551047 

Tosun, He-SO\qlycerine 
0.55159377 0,059577 495.5762 0.120547 
0.50776873 0.089661 495.5762 0.181418 
0.46738782 0.172328 495.5162 0.348684 
0.507693430.381418 ,95.5762 0.771752 
0.55964979 0.450581 495.5762 0.911693 

Tosun, He-80\methanol 
0.791686140.274910 6209.742 0.3354e6 
0.800393290.3268916209.7420.398920 

0.79653050.5858496209.142 0.714939 
0.82667807 0.973275 6209.742 1.1S1733 
0.B8594437 1.411737 6209.7~2 1.722809 
1.03778054 0.639931 6209.742 0.780938 

Tosun, He-32\qlycerlne,30'ethanol 
0.66851954 0.089177 388.1089 0.189478 
0.57827488 0.091993 388.1089 0.195462 
0.49679468 0.114021 388.1089 0.242266 
0.4~939767 0.156052 388.1089 0.331571 
0.43300979 0.248773 388.1089 0.528581 
0.435832040.359853388.10890.764596 
0.504448090.565794 388.1089 1.202170 

specchla and Baldl,air-9\qlycerine 
1.03108313 0.102215 209106.3 0.061736 
1.03494131 0.075429 209106.3 0.0~5551 

specchla and Baldl,alr-29\glycerine 
0.86965595 0.086212 64873.24 0.065804 

Nonfoaming OrganiCS 
cylindrical II, gas-C02, Mldous 
0.S5376387 0.074036 26885.29 0.067397 
1.12106354 0.266192 26885.29 0.24.41411 
1.059412861 0.302698 26885.29 0.275553 
1.09567503 0.363530 26885.29 0.330929 
1.22512163 0.444505 26885.29 0.4046412 

Cylindrical II, petroleum ether-N2, ~Jdoux 
1.31481901 0.406190 54426.36 0.321119 
1.486786090.728194 54426.36 0.575682 
1.53355358 1.613951 54426.36 1.275929 

Ho1ub,air-soybean oil on lma glass beads 
0.22040658 0.025465 19.28554 0.098629 
0.23085842 0.042115 19.28554 0.163113 
0.24155742 0.074365 19.28554 0.288018 

Holub, air-soybean 011 on 16th HDS extr 
0.20763715 0.013814 2.809036 0.078652 
0.20418222 0.022696 2.809036 0.129225 
0.20133614 0.038703 2.809036 0.220361 
0.19969517 0.075095 2.809036 0.427560 
0.20726282 0.009079 2.809036 0.051695 

Holub, air-soybean 011 on 8th inch Al2e3 spheres 
0.26694982 0.0)6757 67.02312 0.110969 
0.25144466 0.075012 67.02312 0.226457 
0.26136494 0.019634 67.02312 0.059275 

foaming systems 
Spherical Al20J,10t isopropanol in water-air,~~de~sen,Hobil 
0.75909121 0.143052 35896.47 0.122908 
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Table 9.6.1 Flow Regime Transition Data (continued) 

0.99446003 0.292561 35896.47 0.251364 
1.15396965 0.513914 35896.47 0.441548 
1.30914076 1.110100 35896.41 0.953763 
1.75804917 2.553258 35896.47 2.193726 

cylindrical II, Kerosene I-air,Midoux 
0.76078804 0.1771977882.9680.206166 
0.71903923 0.481961 7882.968 0.560754 
0.99210661 1.314255 7882.968 1.529113 
0.771566990.2668267882.9680.310448 

cylindrical II,Desulfurlzed Qas oit-C02,Midoux 
0.27643241 0,023675 366.2375 0.050892 
0.36129985 0.144160 366.2375 0.309878 
0.35823837 0.235374 366.2375 0.505946 
0.356606080.336127366.23750.722519 
0.30049585 0.317594 366.2375 0.682682 

cylindrical II, Gas Oil-C02,Mldoux 
0.32032309 0.097317 366.2375 0.209188 
0.353524560.333223 366.2375 0.716276 
0.36721147 0.449461 366.2375 0.966134 

Glass beads,50tEtOH in water-air,Chou 
0.730062100.04296625309.700.039588 
0.78349633 0.063534 25309.70 0.058539 
0.88318492 0.137202 25309.70 0.126416 
0.90371732 0.216118 25309.70 0.199127 
0.891189740.28010325309.700.258636 

Glass beads,20ppm Heptyl alcohol in water-air,Chou 
1.08010892 0.048085 62526.96 0.036974 
1.20336120 0.094113 62526.96 0.072366 
1.31966886 0.196150 62526.96 0.152824 
1.17510119 0.213263 62526.96 0.210119 
1.22658210 0.383251 62526.96 0.294692 

Trickle to Dispersed Bubble, Nonfoaminq 
Data of Tosun, air water on 1.9mm glass beads 
1.733944741.2011599702.7221.341361 
2.133567081.668193 9702.722 1.861939 
2.526018792.2161999702.7222.413592 

Tasun, air-80tmethanol of 1.~ glass beads 
1.236111920.720881 6209.1420.879725 
1.550255761.0170886209.1421.241201 
2.044905411.423648 6209.142 1.137344 

Tosun,air-28\glycerlne on 1.9mm glass beads 
1.00414330 0.483890 2777.161 0.693625 
1.26922137 0.700216 2777.161 1.003711 
1.55412662 0.906344 2777.161 1.299184 

Tosun, He-50\glycerine 
0.65306165 0.625186 495.5762 1.264990 
0.93301505 0.925306 495.5762 1.672239 
1.10405356 1.164618 495.5762 2.396924 
1.41419343 1.586175 495.5762 3.209424 

Tosun, He-80\methano1 
1.33780448 2.994512 6209.742 3.654343 
1.544650603.6600106209.7424.466482 
2.036548365.397398 6209.742 6.586699 

Tosun, He-32\glycerine,30\ethanol 
0.73406078 1.075060 388.1089 2.284274 
1.04941410 1.754577 388.1089 3.728033 
1.24446694 2.123959 388.1089 4.512676 

)ata on pulsing to Dispersed Bubble transition, Nonfoaming systems 
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Table 9.6.1 Flow Regime Transition Data (continued) 

Data of T05un, air water on 1~9mm glass beadS 
1.73991870 1.014694 9702.7221.132542 
2.173931550.6721189702.7220.750179 
2.594157440.5953959702.7220.664546 
3.003292470.6067009702.7220.677163 
3.81954964 0.628211 9702.7220,701173 
4.23069951 0.625705 9702.7220.698376 

Toaun, air-80lmethanol of 1.9mm glass beads 
1.126231810.6036646209.7420,736679 
1.241637170.5979806209,7420.729743 
1.352153840.6182536209. 7420.754483 
1.463143580.585580 6209.742 0.714611 
1.573272890.5463146209. 7420.666693 
1.681468870.519861 6209.742 0.634411 
1.79017498 0.479534 6209.742 0.585198 
2.098465300.4816276209.7420.587752 
2.605986040.4490836209.7420.548037 

Tosun,alr-28\glycerine on l.~ glass beads 
0.94539767 0.412117 2777.161 0.590743 
1.00912231 0.403871 2777.161 0.578923 
1.07104383 0.397683 2777.161 0.570053 
1.13643616 0.333808 2777.161 O.~7e492 
1.31132052 0.336858 2777.161 0.482864 
1.58667688 0.351991 2777.161 0.504556 

Tosun, He-50'glycerlne 
0.60871802 0.502599 495.5762 1.016946 
0.65543641 0.541173 495.5762 1.094995 
0.700428720.563924 495.5762 1.141028 
0.74440052 0.559251 495.5762 1.131574 
0.78603561 0.576130 495.5762 1.169773 
0.94489233 0.542861 495.5762 1.098411 
1.12779654 0.478570 495.5762 0.968327 
1.2931(557 0.492420 495.5762 0.996350 
1.44995168 0.503491 495.5762 1.018751 
1.741860660.572584 495.5762 1.158552 

To.un, He-BO'methanol 
1.122514082.1000836209.7422.562830 
1.236974442.0893426209.7422.549723 
1.457151222.055605 6209.742 2.508552 
1.56365887 2.061669 6209.742 2.515951 
1.670769881.9670516209. 7422.400485 
1.779659641.7649556209.7422.153858 
2.081080521.9274096209.7422.352108 
2.58080976 1.859B22 6209.7422.269628 
3.080932091.6622686209.7422.028544 

TOBun~ He-32'glycerine,30'ethanol 
0.5686305 0.676376 388.1089 1.437129 

0.62858514 0.740053 388.1089 1.572427 
0.685867180.735915388.10891.563635 
0.74014191 0.734026 388.1089 1.559621 
0.79125121 0.7574BO 388.1089 1.609454 
0.841966060.713828388.10891.516705 
1.06977715 0.669826 38B.1089 1.423212 
1.27647894 0.589533 388.1089 1.252609 
1.46876340 0.541540 388.1089 1.150636 
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Table 9.6.2 Flow Regime Transition Data for High Pressure Systems 

Transition Data of Wammes and Westerterp ( 1990) 
rn Kg/rnA3 kg/rn/s g/sA2 

Dp Porosity el e2 RhoL vis L sigma L 
water helium 

0.003 0.39 180 1.8 1000 0.001 72 
0.003 0.39 180 1.8 1000 0.001 72 
0.003 0.39 180 1.8 1000 0.001 72 
0.003 0.39 180 l.8 1000 0.001 72 
0.003 0.39 180 l.8 1000 0.001 72 
0.003 0.39 180 1.8 1000 0.001 72 
0.003 0.39 180 l.8 1000 0.001 72 
0.003 0.39 180 l.8 1000 0.001 72 

water helium 
0.003 0.39 180 l.8 1000 0.001 72 
0.003 0.39 180 l.6 1000 0.001 72 
0.003 0.39 180 l.6 1000 0.001 72 
0.003 0.39 160 l.8 1000 0.001 72 
0.003 0.39 180 1.8 1000 0.001 72 
0.003 0.39 180 l.8 1000 0.001 72 
0.003 0.39 180 1.8 1000 0.001 72 

Water Helium 
0.003 0.39 180 l.8 1000 0.001 72 
0.003 0.39 180 1.8 1000 0.001 72 
0.003 0.39 180 1.8 1000 0.001 72 
0.003 0.39 180 1.8 1000 0.001 72 
0.003 0.39 180 1.8 1000 0.001 72 
0.003 0.39 180 1.8 1000 0.001 72 

Water nitrogen 
0.003 0.39 180 1.8 1000 0.001 72 
0.003 0.39 180 1.8 1000 0.001 72 
0.003 0.39 180 1.8 1000 0.001 72 
0.003 0.39 180 1.8 1000 0.001 72 
0.003 0.39 180 1.8 1000 0.001 72 
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Table 9.6.2 flow Regime Transition Data for High Pressure Systems (continued) 

Pressure Kg/mA3 kg/m/s kg/mA2/s kg/mA2/s 
MPa RhoG vis G L G 

Water Helium 
0.3 0.242328 0.00002 7 0.092084 
0.3 0.242328 0.00002 7 0.082391 
0.3 0.242328 0.00002 7.1 0.072698 
0.3 0.242328 0.00002 7.25 0.065428 
0.3 0.242328 0.00002 7.75 0.053312 
0.3 0.242328 0.00002 8.2 0.043619 
0.3 0.242328 0.00002 8.75 0.036349 
0.3 0.242328 0.00002 9.2 0.029079 

Water Helium 
3 2.423285 0.00002 7.2 0.799684 
3 2.423285 0.00002 7.8 0.654286 
3 2.423285 0.00002 8 0.581588 
3 2.423285 0.00002 8.6 0.484657 
3 2.423285 0.00002 9.5 0.339259 
3 2.423285 0.00002 10.5 0.218095 
3 2.423285 0.00002 11. 8 0.145397 

Water Helium 
6 4.846570 0.00002 8.9 1.696299 
6 4.846570 0.00002 9 1. 550902 
6 4.846570 0.00002 9 1.405505 
6 4.846570 0.00002 9 1.211642 
6 4.846570 0.00002 9.3 1.114711 
6 4.846570 0.00002 10.8 0.872382 

Water nitrogen 
1. 5 16.96299 0.000018 11.3 4.410378 
1.5 16.96299 0.000018 12 3.392599 
1.5 16.96299 0.000018 12.5 2.544449 
1.5 16.96299 0.000018 13.2 2.205189 
1.5 16.96299 0.000018 13.8 1. 865929 
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Appendix 9.7 

Data Base for Phase MaIdistribution 

The data base used in Chapter 5 is given in the following tables. Table 9.7.1 

contains the data obtained using a point source distributor to induce phase 

maIdistribution. Table 9.7.2 contains the data obtained by tilting the bed to induce phase 

maIdistribution. Table 9.7.3 contains the data on pressure drop hysteresis taken in our 

laboratory and from the literature (Levee et al .• 1986; Christensen et al.. 1986). 
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Table 9.7.1 Phase Maldistribution Data from Point Source Liquid Distributor. 

REL REG PSIGE THOLDE PSIGC THOLDC 

Pre.!!lure Drop and Liquid Holdup data for Point Source Di!ltrlbutor 
3rrrn glass bead packing in 3.125 inch diameter bed with air water !ly~tem 

experimental data 100'%films predictions 
25 11.2 13.8 0.11 60.28 0.175. 
30 11. 2 H.2 0.12 72 .• 5 0.1872 
35 11. 2 1 •. 6 0.13 86.3 0.1979 
.0 11. 2 1 •• 9 0.1. 102.1 0.2075 
loS 11. 2 17.3 0.15 120 0.2163 
50 11. 2 17.7 0.16 HO.1 0.22.3 
55 11. 2 18.7 0.17 162.8 0.2316 
60 11. 2 22.2 0.185 188 0.2383 
65 11.2 23.6 0.195 215.8 0.2 •• 5 
70 11. 2 26 0.2 2.6.2 0.2501 
75 11.2 30.9 0.215 279.2 0.2552 
80 11. 2 38.2 0.22 31 •. 8 0.2599 
85 11. 2 50.3 0.225 352.8 0.26.2 
90 11. 2 73.9 0.235 393.3 0.2682 

5 11. 2 23 0.085 23.06 0.09997 
10 11.2 37.5 0.11 31. • 0.1269 
15 11. 2 56.5 0.13 .0.05 0.1.62 
20 11.2 76.6 0.15 .9.57 0.1619 
25 11. 2 90 0.16 60.28 0.175. 
30 11. 2 115.1 0.165 72. loS 0.1872 
35 11. 2 13 •• 6 0.18 86.3 0.1979 
40 11. 2 1.7.7 0.185 102.1 0.2075 
.5 11. 2 180 0.19 120 0.2163 
50 11. 2 240.5 0.2 HO.l 0.22.3 

10.53 15.H 22.69 0.07 .9.57 0.1281 
10.53 15.14 21.3 0.075 49.57 0.1281 
15.79 15.1. 29.05 0.101 63.29 0.1.7. 
21.05 15.110 25.0. 0.105 78.25 0.163 
21.05 15.1. 25.53 0.105 78.21 0.163 
26.32 15.1. 2 •• 5. 0.111 9 •. 99 0.1763 
31. 58 15.1. 2 •. 32 0.121 113.8 0.1879 
31. 58 15.110 23.86 0.123 113.8 0.1879 
36.8. 15.11. 27.8 0.13. 13 •• 8 0.1982 
.2.11 15.14 28.61 0.139 158.3 0.20710 
.7.37 15.14 .0.53 0.1.7 18 •• 3 0.2158 
"'.37 15.1. .2.1. 0.108 1810.2 0.2158 
52.63 15.1. .6.61 0.156 213 0.223. 
57.9 15.1. 65.85 0.18. 2 ... 1 0.2303 
57.9 15.1. 283.75 0.225 236.5 0.2308 

52.63 15.14 266.7 0.22 206.1 0.2239 
"'.37 15.1. 2.0.2 0.21 178.6 0.2162 
.2.11 15.14 209.3 0.201 153 .• 0.2078 
.2.11 15.1. 210.25 0.197 153.5 0.2078 
36.8. 15.1. 193 0.19. 130.9 0.198. 
36.8. 15.1. 193.2 0.19" 131 0.198. 
36.8. 15.1. 169.7 0.192 131. • 0.198. 

3 .. '" 15.14 163 •• 0.19 123 0.19 •• 
33.69 15.1. 158.2 0.187 118.9 0.1923 
33.69 15.1. 155.5 0.185 119 0.1923 
32.63 15.110 153 .• 0.181 115 0.1902 
30.53 15.1. 1107.6 0.172 107.3 0.1858 
25.79 15.14 129.3 0.163 91. 29 0.1751 

20 15.1. 107.15 0.152 73.8. 0;1602 

\ 15.79 15.14 77.5 0.135 62 .• 8 0.1"'. 
" 10.53 15.1. 56.6 0.112 .9.13 0.1281 

3.158 15.14 28.03 0.0866 30.52 0.0850. 
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Table 9.7.1 Phase Maldistribution Data from Point Source Liquid Distributor 

(continued). 

3.158 1. 26 •. 55. 0.06265 2.38 0.08599 
•• 211 1. 26 2.183 0.0509. 2.613 0.09.8 • 
6.316 1. 26 5.715 0.0 .... 85 3.053 0.109 
8 .• 21 1. 26 8.586 0.0.005 3 •• 87 0.1205 
10.53 1. 26 1..2. 0.0733 3.923 0.130. 
12.63 1. 26 1. 56 0.06037 •. 376 0.1391 
10.70 1. 26 1. 608 0.0759. •• 8.8 0.107 
16.8. 1. 26 1. 707 0.08197 5.3.5 0.15.3 
21.05 1. 26 1. 751 0.109. 6 .• 33 0.1675 
25.26 1. 261 1. 898 0.0989. 7.672 0.179. 
29 .• 7 1. 261 2 .•• 7 0.1022 9.101 0.1902 
33.69 1. 261 2.566 0.1297 10.76 0.2002 

37.9 1. 263 3.381 0.1301 12.65 0.2096 
~2.11 1. 263 3.109 0.1326 11,a..92 0.2185 
.7.37 1. 26. 3.876 0.155. 18.33 0.229 
52.63 1.26. 3.523 0.1771 22.61 0.2388 

57.9 1. 26. 3.5.7 0.1739 27.9 0.2.81 
63.16 1. 26. 3 .• 65 0.1906 3 •• 59 0.2569 
68 •• 2 1. 26. •• 387 0.2087 .2.9. 0.2651 
73.69 1. 26. •. 175 0.2267 53.38 0.2728 
78.95 1. 26. 3.16 0.231 66.31 0.2799 
8 •• 21 1. 26. 3.891 0.2.96 82.17 0.2865 
89 .• 8 1. 26. •• 082 0.2603 101. 3 0.2925 
9 •. 7. 1. 265 10.27 0.2753 123.9 0.2978 
9 .. 7. 1. 295 371..5 0.2712 121. 3 0.2981 
9 •• 7. 1. 296 366.25 0.259 121. 6 0.2981 
89 •• 8 1. 295 3.8.7 0.2.98 99.38 0.2927 
8 •. 21 1.292 308.55 0.2513 80.69 0.2866 
78.95 1. 29 270.05 0.2393 65.22 0.28 
73.69 1. 285 236.9 0.23.3 52.55 0.2729 
68 •• 2 1. 282 197 .• 0.2237 .2.37 0.2652 
63.16 1. 279 169 0.2226 3 •• 17 0.2569 

57.9 1. 276 132.5 0.2152 27.6. 0.2.82 
52.63 1. 273 97.7 0.2152 22 •• 2 0.2389 
.7.37 1. 269 70.3 0.1998 18.23 0.229 
.2.11 1. 267 .4.6 0.1953 10.84 0.2185 
36.8. 1. 266 3 •. 68 0.1905 12.09 0.207. 
31. 58 1. 265 29.3 0.1881 9.823 0.1953 
26.32 1. 26. 23.83 0.1816 7.968 0.1822 
21. 05 1. 263 21.3 0.1669 6.01 0.1675 
18.7. 1. 263 21.1 0.1615 5.8 0.1605 
16.8. 1. 263 22 •• 2 0.103 5.331 0.1543 
10.7. 1. 262 24.2. 0.11017 ..836 0.1.7 
12.63 1. 262 23 0.1515 •• 366 0.1391 
10.53 1.262 21. .6 0.15.2 3.915 0.130. 
8 .• 21 1. 262 19.63 0.135 3 .• 79 0.1205 
6.316 1. 262 20.8 0.1317 3.0.9 0.109 
•• 211 1. 262 21. 5 0.1399 2.61 0.09.8. 
2.632 1. 262 22.1 0.117 2.25. 0.08083 



·282· 

Table 9.7.1 Phase Maldistribution Data from Point Source Liquid Distributor 

(continued). 

Three Zone Model predictions 

fR fF ED mean hold 

0.1777 0 0.8035 0.08.32 
0.2132 0 0.7826 0.09717 
0.2.87 0 0.7628 0.11 
0.2841 0 0.7.87 0.123 

0.319 0 0.6532 0.13. 
0.35.3 0 0.6398 0.1.7 
0.3895 0 0.6087 0.159. 
0 •• 363 0.0 .. 72 0.5189 0.1857 
0 .• 585 0 0 .• 9.3 0.1828 
O .• 917 0.057.8 0 .• 509 0.2087 
0 .• 951 0.12 0.38.9 0.22.8 
0 •• 919 0.1905 0.3177 0.2.09 
0 .• 789 0.2728 0.2.83 0.2571 
0 .• 1091 0.3708 0.1761 0.2728 

0.07188 0.852. 0.0757 0.1138 
0 1 0 0.1269 
0 1 0 0.1062 
0 1 0 0.1619 
0 1 0 0.175. 
0 1 0 0.1872 
0 1 0 0.1979 
0 1 0 0.2075 
0 1 0 0.2163 
0 1 0 0.22.3 

0.1359 0.1521 0.712 0.08611 
0.1.08 0.07312 0.786 0.079.7 

0.152 0.3291 0.5189 0.1169 
0.2007 0.1269 0.6725 0.1107 
0.1982 0.1063 0.6555 0.1126 
0.2.02 0.055.3 0.70 •• 0.1153 
0.278 0 0.722 0.1207 

0.2222 0 0.7339 0.099.8 
0.2955 0.07076 0.6297 0.1395 
0.3302 0.05232 0.6175 0.1083 
0.3011 0.267 0 •• 319 0.18 
0.29.2 0.2918 O. H. 0.182. 
0.3129 0.3073 0.3798 0.19.3 

0.291 0 ... 06 0.268. 0.2165 
0 1 0 0.2308 
0 1 0 0.2239 
0 1 0 0.2162 
0 1 0 0.2078 
0 1 0 0.2078 
0 1 0 0.198. 
0 1 0 0.198. 
0 1 0 0.198. 
0 1 0 0.19 •• 
0 1 0 0.1923 
0 1 0 0.1923 
0 1 0 0.1902 
0 1 0 0.1858 
0 1 0 0.1751 
0 1 0 0.1602 

/"" , 0 1 0 0.107. 
"-... 0 1 0 0.1281 

0 1 0 0.0850. 
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Table 9.7.1 Phase Maldistribution Data from Point Source Liquid Distributor 

(continued). 

o 
0.06701 

o 
o 

0.07501 
0.1551 
0.1681 
0.1762 
0.2032 
0.2197 
0.20 •• 
0.2207 
0.1976 
0.2308 
0.2212 
0.2699 
0.3035 
0.3512 
0.3287 
0.3906 
0.56.8 
0.5.2 

0.6396 
0.318 

o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 

1 
0.667 

1 
1 
o 

0.009 •• 8 
0.025. 

0.0756. 
0.06126 

0.1081 
0.3021 
0.3039 
O.t.61t.. 
0.3863 
0 .• 731 
0.3791 
0.3"26 
0.2806 
0.3822 

0.301 
o 

0.1217 
o 

0.5912 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

o 
0.266 

o 
o 

0.9175 
0.835. 
0.8065 
0.7.81 
0.7356 
0.6722 
0 .• 935 
0 .• 75. 

D.31.i-l 
0.3829 
0.3056 

0.351 
0.35. 

0.3682 
0.2891 
0.308. 
0.01.7 
0.3363 
0.3227 

0.09087 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 

0.08599 
0.09.25 

0.109 
0.1205 

0.0.8.7 
0.07786 
0.08.51 
0.09.22 

0.1026 
0.1166 
0.145 

0.1501 
0.1783 
0.179. 
0.198 

0.1995 
0.2066 
0.2119 
0.231 

0.235. 
0.2209 
0.2.55 
0.2.7 

0.2973 
0.2981 
0.2981 
0.2927 
0.28('6 

0.28 
0.2729 
0.2652 
0.2569 
0.2.82 
0.2389 
0.229 

0.2185 
0.207. 
0.1953 
0.1822 
0.1675 
0.1605 
0.15.3 
0.1.7 

0.1391 
0.130. 
0.1205 
0.109 

0.09.8. 
0.08083 
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Table 9.7.2 Phase Maldistribution Data from Tilted Bed Studies 

Phase Maldistribution Data from the Tilted Bed studies 
16th inch HOS extrudates (L/D-2) in 1 inch column with 
soybean oil and air. 

REL REG PSIGE THOLDE PSIGC THOLDC 

o DEGREES Tilt Experimental Predicted 100% film. 
0.001185 98.07 1903 0.09~ 113~ 0.09386 
0.002873 100.7 23110 0.119 1565 0.1178 
0.006,.9 100.7 266. 0.1102 22~2 0.1~38 

0.01351 100.7 3103 0.167 3150 0.166 
0.02238 106.9 3771 0.18 • 288 0.180 • 
0.02866 106.9 .0.2 0.19 .927 0.1883 
0.0.327 108.1 .60. 0.205 6312 0.2009 
0.0.327 108.1 .681 0.209 6298 0.201 
0.02866 108.1 10153 0.196 .9107 0.1881 
0.02238 106.9 3900 0.189 .269 0.1806 
0.01351 106.9 3381 0.172 3272 0.16.3 

0.0067109 105.6 2938 0.1109 2317 0.11026 
0.002873 105.6 2571 0.131 1627 0.1168 
0.001185 100.7 1950 0.108 1166 0.09333 

0.001185 28.98 330 0.1 329.1 0.1128 
0.002873 28.98 631. 2 0.1108 508.2 0.110101 
0.006"'9 28.98 1127 0.175 859.8 0.1766 
0.01351 30.89 1511 0.217 1.67 0.2002 
0.02238 31. 81 2029 0.222 2158 0.2165 
0.02866 31. 81 2256 0.232 260. 0.22.3 
0.0.327 32.25 2682 0.2.5 3600 0.236 
0.0.327 32.25 266. 0.2.5 3602 0.236 
0.02866 32.25 2219 0.23. 262. 0.2238 
0.02238 31. 81 1976 0.22. 2162 0.216~ 

0.01351 31. 35 1617 0.205 11075 0.2 
0.006"9 30.89 1160 0.172 900.6 0.1751 
0.002873 30.89 889.~ O.H~ 531. 5 0.1~32 

0.001185 30.89 J,69.9 0.092 3~8.6 0.1121 

5 DEGREES tilt 
0.001185 99.38 193~ 0.092 1155 0.09363 
0.002873 99.38 2315 0.125 1552 0.1182 
0.006"'9 10~.~ 2859 0.H2 2311 0.1~29 

0.01351 10~.~ 3309 0.166 3235 0.165 
0.02238 10~ .• 3770 0.185 .236 0.1812 
0.02866 103.3 .029 0.19. .837 0.1895 
0.0.327 109.2 .672 0.207 6372 0.2006 
0.02238 106.9 3823 0.189 .300 0.1805 
0.01351 105.6 3362 0.17 3259 0.16107 

0.006,.9 105.6 2905 0.1'" 2332 0.1~26 

0.002873 10 ••• 2590 0.13 1613 0.1171 
0.001185 103.2 2105 0.108 1195 0.09298 

0.001185 28.98 .85 •• 0.096 327.7 0.113 
0.002873 28.98 810.8 0.129 506.1 0.1~'3 

0.006"'9 28.98 1190 0.156 862 0.1767 
0.01351 28.98 1~73 0.182 1~21 0.2018 
0.02238 28.98 1853 0.205 2080 0.2187 
0.02866 28.98 2050 0.2110 2520 0.226. 
0.0.327 28.98 2~81 0.23 3.82 0.2385 
0.0.327 28.98 2573 0.236 3.", 0.2386 
0.02866 28.98 2097 0.221 2517 0.2265 
0.02238 28.98 189. 0.212 2077 0.2188 
0.01351 28.98 1531 0.191 11018 0.2019 

\,. 0.006"'9 28.98 1183 0.161 862.2 0.1767 
0.002873 28.98 95 •• 3 0.136 502.3 0.1 •• 5 
0.001185 28.98 711.1 0.10. 323 •• 0.1131 
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Table 9.7.2 Phase Maldistribution Data from Tilted Bed Studies 

(continued). 

10 DEGREES 
0.001185 100.7 1935 0.057 1189 0.093 •• 
0.002873 101. 9 2325 0.072 1616 0.1175 
0.006709 101. 9 2680 0.093 2310 0.1<035 
0.01351 103.2 309. 0.118 3276 0.1651 
0.02238 103.2 3563 O.l"~ .288 0.1813 
0.02866 105.6 3775 0.161 5022 0.1882 
0.0"327 105.6 .356 0.18 638. 0.2012 
0.0.327 105.6 .. 52 0.186 6367 0.201" 
0.02609 108.1 "076 0.16. .818 0.1855 
0.02238 106.9 3887 0.157 .352 0.1806 
0.01351 106.9 3376 0.137 3335 0.1643 

0.006749 106.9 2878 0.116 2393 0.1<022 
0.002873 104 .• 2577 0.096 1638 0.1172 
0.001185 103.2 214. 0.07. 1210 0.0931 

0.001185 28.98 39".2 0.09 33 •• 6 0.1132 
0.002873 28.98 611. 9 0.12 519.5 0.1<0"4 
0.006749 28.98 1017 0.1<05 882.2 0.1767 
0.01351 28.98 1<065 0.176 1<043 0.2019 
0.02238 28.98 1828 0.198 2112 0.2188 
0.02666 28.96 2036 0.206 2557 0.2265 
0.0.327 26.98 2""9 0.223 3533 0.236" 
0.0.327 26.96 2519 0.225 3527 0.2385 
0.02666 26.98 2062 0.211 2555 0.2265 
0.02238 28.98 1811 0.201 2113 0.2167 
0.01351 28.98 1 .. 1 0.18 1<0 .. 0.2019 

0.006709 28.96 1061 0.151 879.8 0.1767 
0.002873 28.96 660.2 0.126 512.9 0.1<0.6 
0.001185 28.98 626.2 0.097 330.1 0.1133 

Three Zone Model Predictions 

fR fF fD mean holdup 
0 degrees tilt 

0 1 0 0.09386 
0 1 0 0.1178 
0 1 a 0.1.38 

0.1103 0.8399 0.0"978 0.1769 
0.1414 0.7808 0.0778. 0.189 
0.1651 0.7"37 0.09127 0.1962 
0.2197 0.67 0.1103 0.2093 
0.21" 0.6808 0.1052 0.2096 

0.1599 0.75.9 0.0652 0.196. 
0.13.5 0.7991 0.06632 0.1901 

a 1 a 0.16"3 
0 1 a 0.11026 
a 1 a 0.1166 
a 1 a 0.09333 

0 1 a 0.1128 
a 1 a 0.1<001 
a 1 a 0.1766 
a 1 a 0.2002 

0.1137 0.8639 0.02242 0.2253 
0.147 0.6215 0.03156 0.2336 

0.2407 0.7129 0.0.60 0.2"93 
0.2."5 0.7061 0.0.739 0.2"95 
0.1557 0.6069 0.03539 0.2336 
0.1216 0.8517 0.0267 0.2253 

0 1 0 0.2 
I 
• 0 1 a 0.1751 
'.- 0 1 a 0.1"32 

0 1 a 0.1121 
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Table 9.7.2 Phase Maldistribution Data from Tilted Bed Studies 

(continued). 

5 degrees tilt 
0 1 0 0.09363 
0 1 0 0.1182 
0 1 0 0.11.29 
0 1 0 0.165 

0.1393 0.7675 0.07315 0.1901 
0.162 0.753 0.08.97 0.1976 

0.2179 0.6725 0.1096 0.209 
0.139. 0.786 0.07<.53 0.1893 

0 1 0 0.1641 
0 1 0 0.1026 
0 1 0 0.1171 
0 1 0 0.09298 

0 1 0 0.113 
0 1 0 0.1 .... 3 
0 1 0 0.1767 
0 1 0 0.2018 

0.1278 0.8437 0.0285. 0.2276 
0.1695 0.7926 0.03795 0.2366 
0.2679 0.6835 0.0.86 0.2532 
0.2.68 0.709. 0.0.377 0.252. 
0.1605 0.80.8 0.03.68 0.236. 
0.1208 0.8501 0.02511 0.2276 

0 1 0 0.2019 
0 1 0 0.1767 
0 1 0 0.11.45 
0 1 0 0.1131 

10 degree~ tilt 
0 1 0 0.093 .... 
0 1 0 0.1175 
0 1 0 0.1.35 

0.1157 0.8193 0.06506 0.17<.7 
0.1523 0.75.3 0.093.2 0.1887 
0.185. 0.6979 0.1166 0.19.7 
0.2.22 0.6306 0.1273 0.2093 
0.2342 0.6.55 0;120. 0.2096 
0.1552 0.7595 0.08529 0.1938 
0.1387 0.7882 0.07311 0.1895 

0 1 0 0.16.3 
0 1 0 0.11.22 
0 1 0 0.1172 
0 1 0 0.0931 

0 1 0 0.1132 
0 1 0 0.11.40 
0 1 0 0.1767 
0 1 0 0.2019 

0.1367 0.8306 0.03273 0.2278 
0.1781 0.781 0.0.092 0.2369 
0.2801 0.6638 0.05211 0.25. 
0.267<. 0.68.2 0.0.833 0.2533 
0.1731 0.7678 0.03911 0.2368 
0.1397 0.8262 0.03018 0.2278 

0.09113 0.8931 0.0157<. 0.211 
0 1 0 0.1767 
0 1 0 0.10.6 

" 
0 1 0 0.1133 

~ 
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Table 9.7.3 Phase Maldistribution Data from Pressure Drop Hysteresis. 

Pressure Drop Hysteresis data for analysis with the 
Three Zone Model 

REL REG PSIGE THOLDE PSIGC THOLDC 
experimental data 100% Film Model pred. 

SOYBEAN OIL DATA. THIS WORK. 8th inch A1203 spheres in 
decreasing L 5.625 inch column 

0.1873 30.18 588.2 0.30~2 723.7 O. 3~71 
0.1042 30.18 .56 •• 0.2905 532.6 0.333 
0.0979 30.18 338.1 0.2638 332.5 0.309. 

0.0611. 28.31 23 •. 1 0.2~ 180.7 0.2779 
0.0611. 28.31 2.5.7 0.2 .. 180.2 0.2779 
0.02037 28.31 53.62 0.1786 66.99 0.201 
0.02037 28.31 53.62 0.1786 66.99 0.201 
0.0105. 28.31 ••• 51 0.1.95 ••• 58 0.1628 
0.0105~ 28.31 .6.07 0.155 ...56 0.1628 

increasing L 
0.00.02. 28.31 16.56 0.06206 29.88 0.1189 
0.00.02. 28.31 17.11 0.07066 29.87 0.1189 

0.0105. 28.31 21. 09 0.09807 .5.01 0.1628 
0.0105. 28.31 22.78 0.1127 ... 98 0.1628 
0.01971, 28.31 30.91 0.151. 66.01 0.199 
0.01971, 28.31 3 •• 89 0.1623 65.92 0.199 

0.0310 28.31 68 •• 6 0.2057 93.88 0.2298 
0.0310 28.31 97.58 0.2102 93.25 0.2298 
0.0.38 28.31 168.7 O. 2'0~ 126.7 0.2535 
0.0.38 28.31 172.9 0.2.02 126.6 0.2536 

0.06110 28.31 226 0.2563 181.1 0.2779 
0.0611. 28.31 228 •• 0.2602 181 0.2779 

0.1398 28.31 .70.7 0.3008 .91.1 0.3332 
0.1621 28.31 509.8 0.3105 590.1 0.31,13 

0.185 28.31 562 0.3171 692 •• 0.3.81 

LEVEe'S DATA on 3mm Glass Spheres 
Decreasing L 

2.1 H.3 98 0 75.91 0.0729. 
5.2 H.3 125 0 98.97 0.0985 

11 "1.3 176 0 136 0.1263 
15 H.3 210 0 161. 2 0.10 
23 H.3 250 0 213.9 0.1611 

28.5 .1. 3 300 0 252.9 0.1727 
35 H.3 330 0 302.2 0.18'~ 

.0.2 "1.3 350 0 3 .... 0.1925 

.5.2 H.3 365 0 387.2 0.1995 
50 "1.3 .00 0 .30.3 0.2056 

2.1 H.3 98 0 75.91 0.072% 
5.2 H.3 120 0 98.97 0.0985 

11 H.3 155 0 136 0.1263 
15 "1.3 180 0 161. 2 0.1. 
23 .1.3 215 0 213.9 0.1611 

28.5 "1.3 2.0 0 252.9 0.1727 
35 41.3 270 0 302.2 0.18 .. 

.0.2 41.3 295 0 3 .... 0.1925 
• 5.2 41.3 300 0 387.2 0.1995 

50 H.3 325 0 .30.3 0.2056 
increasing L 

2.1 .1. 3 75 0 75.91 0.0729. 
5.2 41.3 80 0 98.97 0.0985 

11 41.3 90 0 136 0.1263 
15 .1. 3 100 0 161. 2 0.1" 
23 .1. 3 120 0 213.9 0.1611 

28.5 H.3 1.5 0 252.9 0.1727 
35 "1.3 170 0 302.2 0.18 .. 

• 0.2 41.3 190 0 3 .... 0.1925 
• 5.2 .1.3 210 0 387.2 0.1995 

50 H.3 250 0 .30.3 0.2056 
-~~-~~-
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Table 9.7.3 Phase Maldistribution Data from Pressure Drop Hysteresis 

(continued). 

2.1 1,1.3 50 0 75.91 O. 0729~ 
5.2 ~1.3 55 0 9B.97 0.09B5 

11 01.3 75 0 136 0.1263 
15 01.3 BO 0 161. 2 O.H 
23 41.3 90 0 213.9 0.1611 
35 01.3 135 0 302.2 0.lB44 
50 41. 3 250 0 430.3 0.2056 

Constant liquid flowrate 
Suspected maldistribution <denoted as increasing L) 

46.96 B 25 0 9 •• 04 0.2221 
.6.96 11 .5 0 125.5 0.2197 
46.96 15 70 0 165.6 0.2167 
46.96 19 95 0 204.1 0.2H 
.6.96 23 125 0 2.1. • 0.2115 
46.96 27 160 0 277.7 0.2091 
.6.96 30 200 0 30"'.5 0.2075 
.6.96 33 240 0 330.9 0.2059 
.6.96 37 270 0 365.7 0.2039 
.6.96 01 320 0 .00.2 0.202 
.6.96 45 375 0 .3 •. 3 0.2001 
46.96 49 420 0 HB.2 0.19B4 
46.96 53 475 0 502 0.1967 
.6.96 8 50 0 9 •. 04 0.2221 
46.96 11 BO 0 125.5 0.2197 
46.96 15 125 0 165.6 0.2167 
46.96 19 170 0 204.1 0.2H 
.6.96 23 200 0 241.4 0.2115 
46.96 27 260 0 277.7 0.2091 
.6.96 30 300 0 30 •• 5 0.2075 
46.96 33 330 0 330.9 0.2059 
46.96 8 50 0 9 •. 04 0.2221 
46.96 11 75 0 125.5 0.2197 
46.96 15 120 0 165.6 0.2167 
46.96 19 165 0 204.1 0.2H 
46.96 23 195 0 2.1. 4 0.2115 
46.96 27 255 0 277.7 0.2091 
46.96 30 295 0 30 •. 5 0.2075 
46.96 33 325 0 330.9 0.2059 
.6.96 37 3BO 0 365.7 0.2039 
46.96 01 430 0 .00.2 0.202 
46.96 .5 495 0 434.3 0.2001 

Suspected Uniform distribution (denoted as decreasing Ll 
46.96 8 50 0 9 •• 04 0.2221 
46.96 11 B5 0 125.5 0.2197 
46.96 15 130 0 165.6 0.2167 
46.96 19 185 0 20 •• 1 0.2H 
46.96 23 235 0 201.4 0.2115 
46.96 27 285 0 277.7 0.2091 
46.96 30 3.0 0 30 •• 5 0.2075 
46.96 33 375 0 330.9 0.2059 
.6.96 37 420 0 365.7 0.2039 
.6.96 01 470 0 .00.2 0.202 
46.96 45 500 0 .34.3 0.2001 

CHRISTENSEN'S DATA, increasing L 
13.33 25.2 36.6 0 87.28 0.1376 

20 25.2 .6.B 0 11 •.• 0.1581 
26.66 25.2 65.4 0 1 ••• 5 0.1744 
33.33 25.2 79 0 178 .• 0.188 

.0 25.2 97.6 0 216.5 0.1997 
.6.66 25.2 127.4 0 258.7 0.2098 
53.33 25.2 201.4 0 305.4 0.2187 
58.33 25.2 .58.4 0 3.3.2 0.2246 

6.67 25.2 59.5 0 61. 88 O.10RR 
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Table 9.7.3 Phase Maldistribution Data from Pressure Drop Hysteresis 

(continued). 
Decreasing L 
13 .. 33 25.2 113.3 0 87.28 0.1376 

20 25.2 152.9 0 111,t.,I,t. 0.1581 
26.67 25.2 195.4 a 1 ••• 6 0.17 •• 
33.33 25.2 2.3.5 0 178 •• 0.188 

40 25.2 311. 5 0 216.5 0.1997 
.6.66 25.2 .00.1 0 258.7 0.2098 
53.33 25.2 .38.8 0 305 .• 0.2187 
58.33 25.2 .58.7 0 3.3.2 0.22.6 

Three Zone Model Prediction:! for Hy~teresi:l data. 

fR fF fD mean liquid holdup 

This work. Soybean oil on 8th inch A1203 spheres 
in 5.625 inch column. 

Decreasing L 
0.1893 0.7814 0.02933 0.3599 
0.15 •• 0.8171 0.028.5 0.3 .. 6 

0 1 0 0.309. 
0 1 0 0.2779 
0 1 0 0.2779 

0.09.3. 0.7602 0.1055 0.2022 
0.09.3. 0.7602 0.1.55 0.2022 

0.0729 0.866 0.0611 0.1771 
0 1 0 0.1628 

Increasing L 
0.01736 0 0.975" 0.0.70" 
0.0173" 0 0.9.95 0.0"6 
0.09.85 0.1779 0.7272 0.1019 
0.0918 0.267 0.6012 0.1115 
0.1139 0 •• 231 0.0631 0.1553 
0.1083 0.5107 0.381 0.1669 
0.1093 0.7509 0.1399 0.2286 

0 1 0 0.2298 
0 1 0 0.2535 
0 1 0 0.2536 
0 1 0 0.2779 
0 1 0 0.2779 

0.12. 0.8602 0.01579 0.3 •• 5 
0.1565 0.8192 0.02.29 0.3529 
0.1866 0.7852 0.02823 0.3607 

LEVEe'S DATA on 3rrm Glass Spheres 
Decreasing L 

0 1 0 0.0729. 
0 1 0 0.0985 
0 1 0 0.1263 
0 1 0 0.10 
0 1 0 0.1611 
0 1 0 0.1727 
a 1 0 0.18 •• 
a 1 0 0.1925 

0.1769 0.7611 0.06199 0.2196 
0.1826 0.7562 0.06121 0.2253 

0 1 0 O. 0729. 
0 1 0 0.0985 
0 1 0 0.1263 
0 1 0 0.1. 
0 1 0 0.1611 

0.157. 0.762. 0.08026 0.1925 
0.1707 0.7396 0.08968 0.202. 
0.1809 0.7253 0.09386 0.2095 
0.1973 0.6891 0.1136 0.214 
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Table 9.7.3 Phase Maldistribution Data from Pressure Drop Hysteresis 

(continued). 

increasing L 
0.2069 0.6809 0.1122 0.22 

0.06165 0.7813 0.1571 0.08356 
0.09315 0.5"~ 0.15.7 Q.09712 
0.1317 0 .• 625 0 .• 058 0.1167 
0.150. 0 .• 667 0.3829 0.1302 
0.1811 0 .• 7.1 0.3 •• 7 0.1519 
0.193. 0.5211 0.2856 0.1688 
0.2099 0.5361 0.253. 0.1833 
0.2232 0.5.15 0.2353 0.1931 
0.2361 0.5.32 0.2208 0.2017 
0.2382 0.5778 0.1839 0.2122 

0.01.51 0 0.9597 0.02656 
0.1066 0.01191 0.8815 0.06053 
0.1.11 0.2838 0.575 0.101. 
0.16.3 0.276 0.5597 0.1126 
0.20.6 0.27 0.525. 0.1318 
0.232. 0 .• 1.6 0.3531 0.171. 

Constant liquid flowrate 
Suspected maldistribution (denoted as increasing L) 

0.2382 0.5718 0.1839 0.2122 
0.2313 0 .• 77. 0.291. 0.1992 
0.208 0.513 0.2191 0.2087 
0.206 0.5989 0.1951 0.2113 

0.2091 0.60.1 0.1867 0.2118 
0.2091 0.6118 0.1732 0.2128 
0.2073 0.6351 0.1576 0.21. 
0.1997 0.6681 0.1316 0.2165 
0.19.1 0.692. 0.113 0.218 

0.199 0.6851 0.1159 0.2169 
0.1959 0.7023 0.1011 0.2176 
0.192. 0.720. 0.08721 0.2182 
0.1925 0.7255 0.08198 0.2179 
0.190. 0.7311 0.01185 0.2181 
0.1552 0.7331 0.1118 0.2235 
0.1529 0.1583 0.08876 0.2259 
0.1522 0.7795 0.0683. 0.2215 
0.15.1 0.7882 0.OS77 0.2277 
0.1632 0.7716 0.06521 0.2258 
0.159 0.7951 0.0'593 0.2269 

0.1588 0.8026 0.03861 0.2269 
0.1619 0.7992 0.03896 0.2261 
0.1552 0.7331 0.1118 0.2235 
0.1582 0.7.1 0.1008 0.22.3 
0.1556 0.7686 0.01582 0.2265 
0.1561 0.78 0.06333 0.227 
0.1656 0.76.1 0.01036 0.2252 
0.1609 0.7892 0.0.991 0.2265 
0.160. 0.791. 0.0.21. 0.2265 
0.163. 0.79.3 0.04229 0.2251 

o 1 0 0.2039 
o 1. 0 0.202 
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Table 9.7.3 Phase Maldistribution Data from Pressure Drop Hysteresis 

(continued). 

Su~pected Uniform 
o 1 

0.1552 0.7331 
0.1481 0.77~ 
0.1489 0.7897 
0.1467 0.8111 
0.1483 0.8179 

o 1 
o 1 
o 1 
o 1 
o 1 
o 1 

distribution (denoted 
o 0.2001 

0.1118 0.2235 
0.0779. 0.2273 
0.06132 0.2283 
0.0~22 0.2295 

0.03381 0.2293 
o 0.2091 
o 0.2075 
o 0.2059 
o 0.2039 
o 0.20Z 
o O.ZOOl 

CHRISTENSEN'S DATA. increasing L 
O.71U 0.09298 0.1598 0.1259 

0.1826 0.2765 0.5.09 0.12~1 

0.1889 0.~~2~ 0.3687 0.1561 
O. 20~~ O. ~8U 0.3115 0.17~5 

0.2156 0.5283 0.2562 0.1919 
0.2193 0.5853 0.195~ 0.2093 
0.1988 0.69~9 0.1063 0.2288 

o 1 o 0.22~6 

0.08908 0.791 0.1195 0.1223 
Decreasing L 

o 1 o 0.1376 
o 1 o 0.1581 
o 1 o 0.17 .. 
o 1 o 0.188 
o 1 o 0.1997 
o 1 o 0.2098 
o 1 o 0.2187 
o 1 o 0.22.6 

as decreasing L) 
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Appendix 9.8 

Fortran Program for Solving the Three Zone Model to Detennine 

Phase Distributions in the Low Interaction Flow Regime 

A Fortran program to solve the Three Zone Model outlined in Chapter 5 is given 

in Table 9.8.1. The solution procedure outlined in Chapter 5 is implemented as described 

in the comments in the program. The model requires inputs of phase properties and 

flowrates, bed properties, and a measured bed pressure drop. The program is written to 

read in these quantities in terms of the dimensionless groups defIDed in Chapter 10. The 

tenninology and notation in the program is consistent with the quantities defIDed in the 

Nomenclature. 
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Table 9.8.1 A Fortran Subroutine to Solve the Three Zone Model of Phase 

Distribution in the Low Interaction or Trickle Flow Regime. 

c 
c The Three Zone Hodel 
c 
c This program 1s written to analyze pressure drop dat~ trom 
e trickle bed reactors using the three zone model. The model 
c uses three idea 1 zone. to represent the exr.ent of p~s. 
c maldistrlbutlon in the operating trickle beds. Hydrodynamic 
c model ot each zone nave been developed base on the Erqun 
c equation and contain no adjustable par~ters trom two phase 
c tlolll' data. 
c 
c First detine common block Iblkl/ to hold the liquid and gas 
c reyolds and Galileo numbers [or the total flowrate in the bed. 
e Also, the statlc,dynamic and total liquid holdup tram experimental 
c data ace in this block. only the static holdup is required by the 
c three zone model (or the gas ~ntua balance in the dry zone. The 
c flowinq liquid holdups are not required by the model but can be input 
c for comparison purposes. 
c 
c The co~n block Iblk21 holds the ~easured v~luos of the dimensionless 
c gas phase pressure drop v~ich is required by the three ~one model. 
c The dimensionless liquid phase body force 1s also included with the 
c bed porosity, kinem~tlc gas ~nd liquid viscosities, ratio of gas to 
c liquid viscosity, and sinqle phase eequn equation coefficients of the 
c bed. 
c 
c Common block Iblk31 holds the liquid and gas densities and viscosities 
c and the llquid surtace tension (stll. The liquid surtace tension is not 
c requlred if the static holdup ~ta 15 qiven by experimental data. 
c 

c 

c 

c 

comaon/blkl/rel,req,qal,qaq,shold,dhold,tholde 
common/blk2/psiqe,psile,por,rnuq,rnul,rvisql,el,e2 
common/blk3/rhol,rhoq,rmul,r.Duq,stl 

open(1, tile-' run.dat',access-' sequential' ,status-'old') 
opent9,file-'run resl.dat',acces •• 'sequential',status-'new') 
open(10,file-'run_res2.dat',access-'sequential',status.'new') 

e Read in the number of data point •• nd the converqence criteria 
c 

read(7,*)ndata,zerol,zer02, 
c 
e read in the phAse den.itiea, vi.cosities, and liquid ~urface tension 
c The unita ot all dimensional quantities should be consistent. 
c 

read(7,*)rhol,rhoq,rmul,rmuq,stl 
c 
c read in the bed porosity, static liquid holdup, equivalent spherical 
e particle diameter, gravitational acceleration, eroa •• ctional area of 
e bed, specific surface area at packing, and sinqle ph~s. flow arqun 
e equation coefficients ot the packin94 
c 

readI7,*}por,shold.dp,q,abed,ap,el,e2 
c 
c Beqin the loop to analyze the input data. 
c 

do 100 i-l,ndata 
c 
c read in the overall bed 11quid and 9as reynolds ttuabers, galileo 
c nwneers, experImental. dimensionless qas phase pressure drop, and 
c the experimental, total liquid holdup. The holdup is not required 
c as an input for the three zone DOdel but is compared to the holdup 
c calculated by the model if it is available. 
c 

readI7,*)rel,req,gal,qaq,psiqe,tholde 
c 
c Calculate the dimensionless body force on the liquid fr~ 
e the diaensionles$ body force on the gas (experimentall. 
c Also, a flaq is defined to show it the the ~del should 
c be considered applicable to the prcble= as defined by the 
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Table 9.8.1 A Fortran Subroutine to Solve the Three Zone Model of Phase 

Distribution in the Low Interaction or Trickle Flow Regime 

(continued). 

c input. The fla9 1s set to 1 initially to indicate the model 
c is applicable. The only reason the flag 1s set to zero Is it 
c the measured pressure dr~p 1s greater than the upper error bound 
C ot the hydrodynamic model of the uniform phase distribution. 
c 

c 

psile-l+rhog/rhol-{psiQe-l.) 
flaQ"'l 

c first, the input data on pressure drop will be checked to see 
c it the predictions ot the two phase flow model tor uniform phase 
e distribution agree to within the determined range ot +/- 60 •• 
c Also, it the measured pressure drop Is greater than + 60\ of the 
c prediction ot the uniform model, then the three zone model will 
c predict negative tractions of the bed in the rivulet or dry zone. 
c 

c.ll hold(req,rel,ehold) 
ps1qc- (porI (por-ehold)) .. 3- (el* reqiqaq+e2· req·· 219.191 
pstlc .. (por/chold) .. 3- (el* rel/qal'l-e2· reI" 219.11) 
ratlo_pslqeipslqe 
rub-psiqctO.6'pslqc 
rlb-psiqe-O.6'psiqc 
l!(pslqe.qe.rlblthen 
relf"'rel 
uqt"uq 
holdf-cholc1 
reir"'O.O 
reqd-O.O 
fbr-O.O 
tbt-l.O 
tbd"O.O 
If(paiqe.qc.rubltlaq-O 
if(paiqe.le.psigclQoto 10 
goto 90 
end if 

10 continue 
c 
c Nov,the momentum balances in the dry and rivulet %one. will 
c b. solved since they are simple quadratics in the zone reynolds 
c num.bElrs. 
c 

c 

cl-qaq"pslqe"C(por-shold)/por)··3 
c2"qd"psile 
reQd-(-el'l-sqrt{el*·2~4.·e2·cll}/2./e2 
Ielr-{-el~sqrt(el*"2+4.·e2*c2)}/2./e2 

c Now, check to see it the calculated reynolds numbers satisfy a 
c two %one ~del ~hich signities complete separation of the 
e g.s and liquid phases in the bed. 
c 
c fbd,fbr, and fbt are the traction at bed in dry, rivulet and fl1m 
c zones respectively. 
c 

c 

tbd-req/reqd 
tbr-rel/relr 
write,*,·}relr,fbr,reqd,tbd 

c it the bed fractions in the completely separated flow model 
c satisty the area balance on the bed, the problem is solved and 
c the variables associated with the tilm zone can be set to zero. 
c 

c 

if(abs(!bd+tbr-l.}.le.%erol)then 
holdt .. O.O 
relt .. O.O 
reqt-O.O 
fbt-O.O 
got a 90 
end it 

c Since the c~pletely separate tlow model did not satisty the area 
c bal.nce, the t!l~ zone model must be solved to determine the 
c the gas and liquid reynolds numbers which satisfy the experimental 
c pressure drop. 



-295-

Table 9.8.1 A Fortran Subroutine to Solve the Three Zone Model of Phase 

Distribution in the Low Interaction or Trickle Flow Regime 

(continued). 

c 
c The solution procedure involves successive substitution wIth an 
c internal Newton R~phson Iter~tlon to solve for the interior vari.ble 
e ot liquid holdup In the fl1m zona. The procedure be91n~ with" Que •• 
c of the liquid holdup, xh •••• 
c 

xhoochold 
c 
c Seq!n the do loop to calculate the gas and liquid reynolds numbers 
c of the film 'tone which satisfy the measured pressure drop. If the 
c liquid holdup IS known (It Is initially guessed) the qas and liquid 
c _omentum ~lance. are quadratics In reynolds number. 
c 

c 

do SO j .. l,lOO 
cJ-q.tq*psiqe* ( (por-xh) lpor) ··3 
c4-qal*pslle" (xb/por)"3 
reqt-{-el+sqrt(el*·2+4.*eZ*c3))ll./el 
rel!" {-al +sqrt (e1* "2+4. *e2* C4) ) /2. /e2 

c How, based on the current calculated values ot the reynolds numbers 
c update the llquid holdup value by a call to subroutine hold. ThIs 
c 5ubroutine uses a Newton Raphson iteration to solve the nonlinear 
c equation ior liquid holdUp tor given phase reynolds numbers wnich 
c results when the dimensional pressure gradIent in the gas and liquid 
c ph.&se is equated. 
c 

call hold(reqi,relf,yh) 
c 
c check to see if the succes.ive substitution has converged to the 
c criterion :er02 for consecutive iterations. 
c 

it (ab. (txh-yh) Ixh) .le.ur02) then 
holdi"'Yh 
goto 10 
end it 

50 xh-yh 
write(*,60)1 

60 fo~t(lx,'film %one model failed to converge at pt. ',is) 
c 
c With the reynolds numbers of each p~se 1n each zone known, the 
c .... and area ~lance. reduce the the solution ot a system ot 
c three liDeac equations in three unknowns, the fraction ot the bed 
c occupied by the threil zones. 
c 
10 rlc .. relr/rel 

cli-reH/cel 
cqt"ceqt/req 
cqd-reqd/ceq 

c 

tbr .. ( 11. -rlO .. (rqd-rqt) +rqt*rl!+rltl / ( (rlr-r HI" (rqd-rqtl + 
, rqf·clt) 
tbd-U. + (!bc-L)" rqt) / (rqd-rqt) 
tbf"l.-!bd-!br 

c the .e...n holdup of the bed can be calculated from the cesults at 
c the three lone model and comp~red to the data it so desired. 
c 

90 bha-tbr"por+tbf*holdt+tbd"shold 
write,*,·) ibr,tbt,fbd 
write(9,'5)rel,req,psige,tholde,psiqc,chold 
wcite{lO(96)fbr,tbt,fbd,bhm,flaq 

9!. torm.at(6ell.4) 
96 form.at(4ell.4.t5.U 

100 continue 

c 

stop 
end 

c This subroutine c~lculates the liquid holdup in the film zone. 
e GlveD the p~se reynolds numbers, the dimensional pressure qradient 
e in tbe ga. ~nd liquid can be equated to qive a single nonlinear 
e equation for liquid holdup. 
c 

subroutine hold\rq,cl,thold) 
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Table 9.8.1 A Fortran Subroutine to Solve the Three Zone Model of Phase 

Distribution in the Low Interaction or Trickle Flow Regime 

(continued). 

c 

c~n/blkl/rel,req,qal,qaq,5hold,dhold,tholde 
c~n/blk2/psiqe.psile,por.rnuq,rnul,rvlsql,el,e2 
cOGmOn/blkJ/rhol,rhoq,rmul,rmuq,stl 
dimension xllOO) 
rden"'rhol/rnoq 

c Initial quess ot holdup 
c 

x(ll-O.l 
c 
c Ergun equation predictions [or single phase [low pressure drop 
c 

c 

spl-elorl/qal+eZ*rl··2Iqal 
spq-el*rq/qaq+eZ*rqo·2Iqaq 
cpl-por··J 

c Ne~ton Raphson iteration begins, •• 
c 

do 20 11:"'1,100 
(-1. -rden'Hden* spl" rpl/x 0;) "'3- rpl* spq/ (por-x (II:) ) .. 3 
df--) •• eden"cpl"spi/x (k) • *4-3.· rpP spg/ (por-x (It) ) • .., 
x(k+l)-x(k)-f/dt 

c conVergence at 0.1' relative change in consecutive lterations 
c 

it (abs ( (x (It+l) -x(k} } Ix (k) ) .1e. O. 00l) then 
thold-x(ittl) 
qoto30 
end it 

20 continue 
write(·,25) 

25 !ormat(lx,'the newton taphaon tailed to converqe') 
30 continue 

return 
end 
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Appendix 9.9 

Derivation of the Phase Distribution Model for Packed Beds 

Based on Minimizing the Energy Dissipation 

In this appendix, the macroscopic mass and mechanical energy balances will be 

developed for single and two phase flow in a small volume element of a packed bed. The 

assumptions of no heat transfer, no mass transfer, or no chemical reaction are used to 

simplify the model equations and demonstrate the solution algorithm. The derivations of 

the general macroscopic (or integral) balance equations are covered in Bird et af. (1963) 

and Slattery (1983). The purpose of this appendix is to outline the details and give the 

assumptions which must be made to apply the general macroscopic balance equations in 

the development of phase distribution models. 

9.9.1 Saturated Single Phase Flow in a Packed Bed 

The bed element overwhich the macroscopic balances are to be applied must be 

defmed as a first step in modeling phase distribution. Figure 9.9.1 shows the geometry of 

the rectilinear, three dimensional bed element. The characteristic dimension of the cell 

must be large enough to use phenomenological models developed for homogeneous 

packed bed momentum transfer. The fmdings of Vortmeyer and Winter (1984) indicate 

that the lower limit on t..X, /:;.Y, and !!,Z can be taken as three pattic1e diameters. In 

Figure 9.9.1 the superficial phase velocities are defmed normal to each cell face. In the 

model development, the convention is chosen such that all velocities flow in the positive 

coordinate direction. The macroscopic balance equations which describe flow through 

this unit cell are the basis for the phase distribution model. The derivation of the 

equations for the phase distribution model in cylindrical coordinates is given in section 

9.9.4 of this Appendix. The model in rectilinear coordinates is emphasized since the 

available experimental results in unsaturated single phase and two phase flow are all from 

beds which are designed to be two dimensional in rectangular coordinates 
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V 
Z,a. 

Y ~.!.!X~I--____ ~ 

V 
Y,a. 

V 
X,a. 

V 
X+AX,a. 

V 
Y+A a. 

l1X l1Y 

V 
Z+AZ,a. 

Figure 9.9.1 A Single Bed Element. The coordinate system and velocity 

conventions are shown for reference. 

9.9.1.1 Saturated Single Phase Flow Macroscopic Mass Balance 

The general form of the macroscopic mass balance for single phase flow can be 

stated as follows. 

{
Time ra~e Of} {Total.mass} {Total mass} 
mass gam = flow mto - flow out of 
of the cell the cell the cell 

(9.9.1a) 

Introducing the nomenclature found in Chapter 10, equation (9.9.1a) can be written in 

symbolic form. 

(9.9.1b) 
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The assumptions which are inherent in equation (9.9.1b) are that at each inlet and outlet 

opening of cross-sectional surface area S: 

1. The time smoothed velocitIes of the a phase, v ,are normal to the cell faces at the (1. 

entry and exit. 

2. The phase density, p ,and other phase properties do not vary over any inlet or (1. 

outlet cross-section. 

No assumptions on the compressibility of the phase have been made to develop the mass 

balance. Equation (9.9.1b) can be applied to the unit cell of the bed shown in Figure 

9.9.1 with the following additional assumptions. 

3. The unit cell of the bed has a uniform porosity, E ceU' 

4. As the phase flows into or out of the cell, the average interstitial velocity can be 

taken as normal to associated cell face. 

Assumption 3 allows the cross-sectional area available for flow to be calculated from the 

cell dimensions and the porosity. Assumption 4 is required to calculate phase flowrates 

into and out of a cell using the cross-sectional area available for flow and the average 

interstitial velocity. The main implication of assumption 4 is that the velocity leaving a 

cell does not retain the tortuous nature of flow in the cell. In the cell, the phase follows a 

tortuous path and the superficial and interstitial velocities are related by equation (9.1.5), 

Appendix 9.1. At the cell face, the tortuosity is one and the interstitial and superficial 

velocities are related by only the porosity of the cell. For the velocities on the kth face for 

the a phase, the relationship can be represented symbolically. 

V k,(1. 
V =--

k,(1. E 
ceU 

(9.9.2) 
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With the assumptions and conventions, the fonn to the macroscopic mass balance for a 

unit cell of the bed becomes: 

(9.9.3) 

The model developed in this work is concerned with the steady state when no mass is 

being accumulated and which leads to assumption 5. 

5. Steady state flow exists in the bed. 

(9.9.4) 

Equation (9.9.4) is a balance on a macroscopic cell volume of the bed (dimension 

greater than 3 Dp). The coordinate system and velocity convention shown in Figure 

9.9.1 do not eliminate the possibility of negative velocities and the only requirement is 

that the macroscopic mass balance, equation (9.9.4), is satisfied for each cell. 

9.9.1.2 Saturated Single Phase Flow Macroscopic Mechanical Energy Balance 

The macroscopic mechanical energy balance can be found by integrating the 

differential balance over the volume of the system. The details of the integration for 

single phase flow are covered extensively in Bird et al. (1963) and Slattery (1981). The 

result of the integration, given in equation (9.9.5), can be obtained with the following 

additional assumptions: 

6. The fluid is incompressible. 

7. Viscous forces do not contribute to flow into or out of the system. 
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8. The normal velocity component at the fluid solid interface is negligible or zero. 

9. No work is transmitted by moving solid surfaces to or from the surroundings. 

L~ (pv3Lxs+pvas+a,(PV)aSL-L~ (pv3)as+pvas+a,(PV)aSLt 

- E = 0 (9.9.5) 
v,cell 

The assumptions given in section 9.9.1.1 on the homogeneous porosity of the cell and the 

relationships between the superficial and interstitial velocity at the cell face can be used 

to transform equation (9.9.5) into cell variables. Equation (9.9.5) can be rearranged to 

calcuiate the irreversible conversion of mechanical to internal energy, Ell' 
v,ce 

E Pa{!!.Y f,Z( 3 3 ) !!.xf,Z( 3 3 ) !!.X!!.Y( 3 3 )} =- V -V + V -V + V -V 
v,cell 2 f? X X+dX a f? Y Y +L\. Y a. £2 Z Z+L\.Z a 

cell cell cell 

Equation (9.9.6) can be put in a more useful form by relating the pressures at each 

cell face to a pressure gradient. The appropriate relationships can be developed for each 

coordinate direction. The pressure at each cell face can be related to the pressure at the 

cell center and the gradient between the center and the face. For the X direction, the 

desired relationships can be written as follows. 

P = P + (_ !!.P) !!.X 
X c !!.xx 2 

(9.9.7) 
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(9.9.8) 

The convention that the velocity is positive in the positive X direction has been used to 

develop equation (9.9.7) and (9.9.8). Similar relarionships are also possible for the Y and 

Z coordinates. 

The difference in potential due to the gravitational force on the phase at each face 

of the unit cell can be calculated based on the potential at the cell center and the angle 

each axis makes with horizontal plane, Y-x y z' The spatial orientation of the X and Z , ,or 

axes are shown in Figure 9.9.2. 

cell center 

Z+ 

h c 

Reference Plane 

Figure 9.9.2 Spatial orientation of the principal axes of a two dimensional cell 

with the angles representing a tilted bed shown for generality. 
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The gravitational potential relative to the reference plane for both cell faces perpendicular 

to the X direction can be written in terms of the potential at the cell center and the angle 

Yx. 

(9.9.9) 

(9.9.10) 

The gravitational component in the X direction is defined in terms of the angle Yx 

according to Figure 9.9.2 (9x = 9 Isin yx). Similar expressions can be derived for each 

of the coordinate directions and the results substituted into equation (9.9.6) to give: 

Pa{I1Y KZ( 3 3 ) !1XtlZ( 3 3 ) !1XI1Y( 3 3 )} E =- V -V I V -V I V -V 
v,cell 2 f? X x+t.X a f? Y Y+l!.Y a r? Z Z+l!.Z a 

cell cell cell 

+ 9y (Vy + VY+l!.Y)a (1. cos
2
yy)+ 9z (V Z + V z+l!.Z)a (1. COS

2
yz) )} 

(9.9.11 ) 

+hcPa9{I1YtlZ (Vx - Vx+t.X~ +!1XKZ (Vy- VY+l!.Ja + I1XI1Y (v[ VZ+l!.Z)a} 
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The bracketed terms multiplied by P and h in equation (9.9.11) are equal to zero by the 
c c 

mass balance for steady state flow of an incompressible fluid, equation (9.9.4) and 

assumption 5. Eliminating these terms and rearranging equation (9.9.11), the following 

expression is obtained for the energy dissipation per unit cell volume: 

+(_~M' +9) V +(_~M' +9) V +(_~M' +9) V 
P L\X X X,a p L\X X X+t.X,a p I::J.Y Y Y,a 

a X a x+t.X a Y 

( 1M') (1M') (1M' ) + ----+ V + ----+ V + ---+ V P I::J.Y 9y Y+6.Y,a p t1Z 9z Z,a p!::J.Z 9z Z+t..Z,a 
a Y +t. Y a Z Z+t..Z 

(9.9.12) 

To completely eliminate the pressure terms from equation (9.9.12), the body force terms 

represented by the sum of the pressure gradient and gravity can be replaced by an 

appropriate model which relates pressure drop to the superficial velocity. The single 

phase flow Ergun equation for pressure drop in packed beds was used in this work, but 

other models could be used if thought to be more appropriate. An abbreviated form of 

the Ergun equation for each coordinate direction will be used to simplify the equations. 

For the X direction: 

( 1M' ) ( ) ----+ = a +b IV I V P L\X 9x cell, a cell X,a X,a 
a X 

2 
El (1-£ 11) 11 

he e· a - ce a w r. 11 - 3 2 ce,a p £ D 
a cell P 

(9.9.13a) 

(9.9.13b) 
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The convention of using the velocity component multiplied by its absolute value was flrst 

used by Stanek and Szekely (1972). Other possible formulations are discussed by 

Berninger and Vortmeyer (1987), but no substantial changes in the final model 

predictions were seen when using the alternative formulation which replaces the absolute 

value of the velocity with the magnitude on the X and Y components. Equation (9.9.13) 

can be used to eliminate the pressure terms from equation (9.9.12) and leave only the 

fluid velocity as a variable in the minimization problem. The resulting expression for 

calculating the energy dissipation per unit cell is as follows. 

E v,cell 

+ (a +b IV I)V2 + (a +b IV I)V2 
cell,a cell Y,a Y,a cell,a cell Y+t.Y,a Y+t.Y,a 

+ (a +b IV I)V2 + (a +b IV I)V2 cell,a cell Z,a Z,a cell,a cell Z+t.Z,a Z+t.Z,a 

(9.9.14) 

The complete model of phase distribution in single phase flow in packed beds 

involves the minimization of the energy dissipation over the entire bed (equation (9.9.14) 

summed over all cells) subject to cell mass balance constraints (equation (9.9.4) for each 

cell) and with the appropriate variables assigned (constrained) to reflect inlet and 

boundary conditions. The complete mathematical statement of this minimization problem 

is given in Chapter 6. 
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9.9.2 Unsaturated Single Phase Flow 

A single flowing phase in a packed bed where a stagnant fluid (usually a gas) 

occupies some of the void space is called unsaturated flow. In this situation, the phase, 

say liquid L, flows through the unit cell of the bed, Figure 9.9.1, in a reduced volume 

(below the void volume). The volume fraction occupied by the flowing fluid, E
L

, in the 

cell can be used to develop the macroscopic mass and mechanical energy balances 

necessary for a phase distribution model. 

9.9.2.1 Unsaturated Single Phase Flow Macroscopic Mass Balance 

Equation (9.9.1) is a general equation describing the macroscopic mass balance on 

any system. For unsaturated liquid flow in the unit cell of the bed, Figure 9.9.1, we make 

the following additional assumption: 

10. The volume fraction of the cell occupied by the flowing phase is constant over the 

unit cell. 

The macroscopic mass balance can then be developed under the same constraints as for 

saturated flow. The relationship between the interstitial and superficial velocities at the 

kth face of the cell becomes: 

VkL , 
v =--
k,L E 

L 

(9.9.15) 

The macroscopic mass balance is applied over the volume of the cell occupied by the 

liquid. In the integration procedure, terms arise which describe possible phenomena at the 

gas-liquid interface. Rather than introduce mathematical notation for phenomena which 

will be assumed negligible or zero in this first modeling attempt, the appropriate 

interfacial phenomena are only qualitatively described in equation (9.9.16). 
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! mcell = [ (p VX)L (d Y dZ) + (p VY)L (dX dZ) + (p VZ)L (dXd Y) ] 

- [(P VX+AX\ (d Y dZ)+ (p VyMy\ (d x dZ) +(p VZ+AZ)L (dXd Y) ] 

+(Rate of liquid mass change by phase change or mass transfer at the gas-liquid interface) 

+(Rate of liquid mass change by volume variations due to a moving gas-liquid interface) 

(9.9.16) 

In the development of these initial models of phase distribution based on 

minimizing the energy dissipation in the bed, the following simplifying assumptions are 

made to limit the empirical models to those describing the hydrodynamics. 

11. No phase change or mass transfer occurs at the gas-liquid interface. 

12. The gas-liquid interfacial position is constant in time. 

With all of the assumptions made to this point, the form of the macroscopic mass balance 

on the liquid phase for single phase unsaturated flow becomes identical to the 

corresponding balance for single phase saturated flow (i.e. equation (9.9.4) with =L). 

9.9.2.2 Unsaturated Single Phase Flow Mechanical Energy Balance 

For unsaturated fluid flow, a general macroscopic mechanical energy balance also 

includes effects at the gas-liquid interface (see Slattery (1983), page 242). Once again, to 

avoid unnecessary notation, a descriptive form will be given of the macroscopic 

mechanical energy balance for single phase unsaturated flow. Using assumptions 1 to 9, 

the integrated form of the mechanical energy balance when a phase interface is present 

becomes: 
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+ (rate at which kinetic and potential energy are transfered to the liquid by mass transfer 

or phase change.) 

+ (rate at which kinetic and potential energy are transfered to the liquid by moving 

phase interfaces.) 

- (rate at which liquid does work on surroundings through moving phase interfaces) 

-E v,cell 
(9.9.17) 

With equation (9.9.16) and assumptions 10 to 12, equation (9.9.17) is reduced to the 

following fonn for the unit cell. 

The same development described previously for single phase saturated flow can be used 

to eliminate the pressure tenns from equation (9.9.18). 
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E 
v,cell,L 

tli{1, y l:!.Z 

+(_~M'+9)V +(_~M'+CL) V +(_~M'+9)V 
P ~ X X,L P ~ ~X X+,uc,L p /:J.Y Y Y,L 

L X L x+,uc L Y 

- 9X(VX + VX+,uc)L cos
2
yx - 9y (Vy + VY+il.Y)L coiyy - 9z(V Z + v Z+iI.Z)LCOS2yZ} 

(9.9.19) 

In equation (9.9.19) the body force tenus (sum of pressure gradient and gravitational 

acceleration) on the liquid can be replace by the zero shear model of unsaturated flow 

hydrodynamics in packed beds developed in Chapter 3. The resulting equation for the 

energy dissipation per unit cell volume is: 

- 9x(Vx + VX+,uc)L cos
2
yx - 9y (V Y + V Y+il.Y)L cos

2
yy - 9z(V z + V z+il.Zi cos2y

z} 

(9.9.20) 
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The quanitities a
eell

, L and b
eell 

are defined in equation (9.9.13b) with a=L. The 

total liquid holdup, EL, appears in equation (9.9.20) as the volume fraction of the cell 

through which liquid flows. The liquid holdup is an intrinsic function of the of the 

magnitude and direction of the liquid velocity. In this work, the liquid holdup will be 

calculated based on the resultant liquid velocity at the cell center using the uuiform bed, 

uuiform phase distribution model for unsaturated single phase flow developed in Chapter 

3. The appropriate form of the model can be written as follows for the three dimensional 

case. 

2 
a V +b V 

cell,L total,L cell total,L 

g,J cos CO 
(9.9.21) 

where: V = V 2V 2V 2 
total,L < Z,L> + < X,L> + < Y,L> (9.9.22) 

(9.9.23) 

<VZL> 
cos co = ' (9.9.24) 

V 
total,L 

The angle co is that which is formed between the Z axis and the coordinate direction of 

the resultant liquid velocity at the cell center. The gravitational component in the 

direction of the resultant liquid velocity is used to determine the liquid holdup in the cell. 

The complete model of phase distribution in unsaturated single phase flow in 

packed beds involves the minimization of the energy dissipation over the entire bed 

(equation (9.9.20) summed over all cells and equations (9.9.21) to (9.9.24) to calculate 

liquid holdup), subject to cell mass balance constraints (equation (9.9.4) with a=L for 

each cell), and with the appropriate variables assigned (constrained) to reflect inlet and 

boundary conditions. The complete mathematical statement of this min.imization problem 

is given in Chapter 6. 
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9.9.3 Two Phase Flow in the Low Interaction or Trickle Flow Regime 

Two phase flow in a packed bed where both a gas and liquid flow cocurrently 

downward over the packing structure with a steady pressure profile and two continuous 

phases is typically called the low interaction regime. A criterion for the low to high 

interaction regime transition was established in Chapter 4. In this section, the mass 

balances and mechanical energy balances for each flowing phase in a unit cell of the bed 

are developed for use in a phase distribution model for the low interaction regime 

9.9.3.1 Two Phase Flow Macroscopic Mass Balance 

Equation (9.9.1) is a general equation describing the macroscopic mass balance on 

a phase ex in any system. In the case of two phase flow, the mass balance can be written 

for each phase separately when interfacial phenomena are included (as was done in 

equation (9.9.16) for unsaturated liquid flow). The development and assumptions made 

for single phase unsaturated flow also apply for two phase flow and result in a mass 

balance for the liquid and gas equivalent to equation (9.9.4) for a=L and a=G. 

9.9.3.2 Two Phase Flow Macroscopic Mechanical Energy Balance for the Low Gas 

Liquid Interaction Regime. 

For two phase flow in the trickle flow regime, the results of Chapter 3 indicate 

that there is no interaction between the gas and liquid at the phase interface. The 

development of the mechanical energy balance for unsaturated single phase flow, Section 

9.9.2.2, can readily be extended to the two phase flow case when no energy is dissipated 

due to phase interaction. Paralleling the development for both the gas and liquid, the 

overall energy dissipation per unit cell can be written as: 

E E E 
v,cell _ v,cell,L + v,cell,G 

!::.X. A Y AZ !::.X. A Y AZ !::.X. A Y AZ 
(9.9.25) 
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E 
v,cell,ct 

llX1:! y t:;Z 

+- a +b IV IV2 +a +b IV IV2 
(

1:)3 [ e (cell,a cell x,a) X,a (cell,a cell X+AX,a) X+AX,a 

+ (a +b IV I)V2 + (a +b IV I)V2 
cell,a cell Y,a Y,a cell,a cell Y +6 Y,a Y +6 Y,a 

+ (a +b IV I)V2 + (a +b IV I)V
2 

] cell,a. cell Z,(X. Z,a cell,a cell Z+AZ,a Z+LiZ,a. 

for a= L or G (9.9.26) 

The phase holdups in each cell can be calculated based on the total gas and liquid 

flowrate through the cell using the uniform two phase flow model developed in Chapter 

3. A single nonlinear equation, equation (9.9.27), must be solved for the liquid holdup 

(and gas holdup since Ecell= e
L 
+ E

G
) based on the total phase flowrates and cell and phase 

properties when the dimensional pressure gradient is assumed to be the same in the gas 

and liquid. 

[ 

2 ] 
e 3 a V +b V 

(
cell) cell,L total,L cell tOlal,L + 1 = 0 
EL gz! cos co 

(9.9.27) 

where: V = <V >2+<V >2+<V >2 
totai,a Z,cx. X,a. Y,a 

(9.9.28) 
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and: 
v +V 
~,a ~+t.~,a 

<V r >: --'---'---'--
."a 2 

(9.9.29) 

<VZL> 
coso): ' (9.9.30) 

V 
total, L 

The phase distribution is found by minimizing the energy dissipation in all the 

cells which comprise a packed bed. The phase holdup in each cell is calculated using 

equations (9.9.27) to (9.9.30). The minimization is subject to the constraints of the mass 

balances on each cell, equation (9.9.4) with =L and =G. The boundary conditions of 

the bed are satisfied by appropriately constraining the phase velocities at the inlet, outlet, 

and walls. A full statement of the minimization problem is found in Chapter 6. 

9.9.4 Phase Distribution Models in Cylindrical Coordinates 

The bed geometry of industrial interest requires that the model is in cylindrical 

coordinates. In this section, the phase distribution model equations are summarized for a 

cylindrical cell geometry for saturated single phase, unsaturated single phase, and two 

phase flow. The assumptions used for the previous development in a rectangular 

coordinate system are applicable in the cylindrical geometry, although not explicitly 

stated in all cases. 

9.9.4.1 Saturated Single Phase Flow in Cylindrical Coordinates 

The bed element overwhich the macroscopic balances are to be made must be 

defined as a first step in developing the phase distribution model. Figure 9.9.3 shows the 

R and Z coordinates of the cylindrical cell. The angular or e coordinate rotates out of the 

page in the positive direction. The characteristic dimension of the cell must be large 

enough to use phenomenological models developed for homogeneous packed bed 

momentum transfer. The fmdings of Vortrneyer and Winter (1984) indicate that the lower 

limit on t.R and t.Z can be taken as three particle diameters. The dimension of the cell in 

the angular direction is given by Me, and we must assume the phenomenalogical 
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packed bed models apply when this dimension is less than three particle diameters (i.e. 

near the center or the bed). The superficial velocities are defmed normal to the 

corresponding cell face and positive in the positive coordinate directions. 

V Z,a 

LlR 

V VR+ R,a 
KZ 

t.R,a 

V Z+AZ,a 

Figure 9.9.3 A Single Bed Element in Cylindrical Coordinates. 

The 8 dimension of the cell and the associated velocities 

are not shown but do exist in the direction associated with 

the indicated 8 coordinate axis. Note: 0;5; tJ.8 ;5; 2it 

9.9.4.1.1 Saturated Single Phase Flow Macroscopic Mass Balance 

in Cylindrical Coordinates 

The macroscopic mass balance given in equation (9.9.1b) applies to any cell 

geometry. For the cylindrical cell, the cross-sectional area available for saturated single 

phase flow at each cell face is as follows: 

(9.9.31a; b) 

(9.9.31c; d) 
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Substituting these surface areas into equation (9.9.1), the steady state fonn of the 

macroscopic mass balance in cylindrical coordinates becomes: 

R 
+ 

R+6R/2 L1R R+ilR/2 

(9.9.32) 
(R+ilR/2) L10 L1Z 

9.9.4.1.2 Saturated Single Phase Flow Macroscopic Mechanical Energy Balance in 

Cylindrical Coordinates 

The macroscopic mechanical energy balance given in equation (9.9.5) applies to 

any cell geometry. For the cylindrical cell, the surface area available for saturated single 

phase flow at each cell face is defmed in equation (9.9.31). The same development as in 

Section 9.9.1.2 for rectangular coordinates will be used for the cylindrical coordinates 

with one further simplification. For the cylindrical coordinates, we will assume that the Z 

axis in always in the vertical direction. The pressure gradient terms in each coordinate 

direction are replaced with the corresponding fonn of equation (9.9.l3) to give an 

equation in tenns of only phase superficial velocities. The resulting macroscopic 

mechanical energy balance to calculate the energy dissipation per unit cell volume for 

saturated single phase flow in cylindrical coordinates is as follows. The parameters a II 
ce ,0; 

and b II are defined in equation (9.9.l3b). 
ce 
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E v,cell.a E = __ v""ce=ll,;:,a=--

Cell Volume 

Pa!(RVi- (R+ARWi+LlR)a 

2 €~llAR(R+AR/2) 

a + b IV I + a + b IV I + ( R )( ~2 (R+AR)( ~2 
(R+AR/2) cell,a cell R,a R,a (R+AR/2) cell, a cell R+LlR,a R+LlR,a 

a +b IV I + a +b IV I + ( I )( ~2 ( 1 )( ~2 (R+AR/2) cell,a cell e,a e,a (R+AR/2) cell,a cell 6+Ae,a e+Ae,a 

+ a +b IV I + a +b IV I ( ~2( )v2} cell,a cell Z,a Z,a cell,a cell Z+AZ,a Z+AZ,a 
(9.9.33) 

9.9.4.2 Unsaturated Single Phase Flow in Cylindrical Coordinates 

The assumptions necessary for the model development are given in Section 9.9.2. 

In this section, the only change will be the use of a cylindrical geometry with the Z axis 

along the vertical direction. The fmal equations can be summarized as follows: 

9.9.4.2.1 Unsaturated Single Phase Flow Macroscopic Mass Balance 

in Cylindrical Coordinates 

Following the development in Section 9.9.2.1, the areas ofthe cell faces available 

for unsaturated single phase flow in cylindrical coordinates, equation 9.9.34, can 

substituted in equation 9.9.lb. 
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(9.9.34a; b) 

(9.9.34c; d) 

(9.9.34e; f) 

With asswnptions of no phase change and a stationary phase interface, the macroscopic 

mass balance for unsaturated single phase flow is identical to equation (9.9.32) with =L. 

The equation will not be repeated and the reader is referred to Section 9.9.4.1.1. 

9.9.4.2.2 Unsaturated Single Phase Flow Macroscopic Mechanical Energy Balance in 

Cylindrical Coordinates 

Following the development in Section 9.9.2.2, the areas of the cell faces available 

for flow, equation (9.9.34), can be substituted in equation (9.9.17). The parameters a 11 ce ,0: 

and b cell are defIned in equation (9.9.13b). The resulting equation for the energy 

dissipation in a cell is as follows: 

E v,cell,L E 
= __ v,-"ce=ll!:.l=--

Cell Volwne 

+ (V~-V~+6.8)l + (V~-V~+Jl + 

e~ f>8(RMR/2) e~ t.Z 

a + b IV I + a + b IV I + [( R )( ~2 (R+f>R)( ~2 
(R+f>R/2) cell,l cell R,l R,l (R+f>R/2) cell,l cell R+t.R,L R+t.R,L 

a + b IV I + a +b IV I + ( 1)( ~2( 1)( ~2 (R+f,RJ2) cell,L cell S,l 8,L (R+f>R/2) cell,L cell 8+t.8,L S+t.8,L 

(9.9.35) 
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As was developed in Section 9.9.2.2, the total liquid holdup, EL, which appears in 

equation (9.9.35) is an intrinsic function of the magnitude and direction of the liquid 

velocity. Equations (9.9.21) to (9.9.24) with the transposition ofR in place of X and e in 

place of Y are used to determine the liquid holdup. 

9.9.4.3 Two Phase Flow in the Low Interaction or Trickle Flow Regime and in 

Cylindrical Coordinates. 

The assumptions necessary for the model development are given in Section 9.9.3. 

In this section, the only change will be the use of a cylindrical geometry with the Z axis 

along the vertical direction. The fmal equations can be summarized as follows: 

9.9.4.3.1 Two Phase Flow Macroscopic Mass Balance in Cylindrical Coordinates 

Following the development in Section 9.9.3.1, the areas of the cell faces available 

for each phase in two phase flow in cylindrical coordinates, equation 9.9.36, can 

substituted in equation 9.9.1b. 

For Ct. = L or o:=G: 

(9.9.36a; b) 

(9.9.36c; d) 

(9.9.36e; f) 

With assumptions of no phase change and a stationary phase interface, the macroscopic 

mass balances for two phase flow are identical to equation (9.9.32) with o:=L and o:=G. 

The equations will not be repeated and the reader is referred to Section 9.9.4.1.1. 
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9.9.4.3.3 Two Phase Flow Macroscopic Mechanical Energy Balance in 

Cylindrical Coordinates 

Following the development in Section 9.9.3.2, the macroscopic mechanical 

energy balance can be written for each phase when the phase interaction is negligible. 

The parameters a 11 and b 11 are defined in equation (9.9.13b). The resulting equation ce ,a ce 
for the energy dissipation in a cell is as follows: 

E 
v,cell (9.9.37) 

E 
v,cell,a 

E 
= __ v""ce=ll""o;=---

Lle~(R+LlRl- R2) /2 Cell Volume 

Po; !(RVi - (R+LlR)vi+AR)o; 

2 e2LlR(R+LlR/2) 0; 

a +b IV I + a +b IV I + [( R )( )v2 (R+LlR)( )v2 (R+LlR/2) cell,o; cell R,o; R,o; (R+LlR/2) cell,o; cell R+AR,o; R+AR,o; 

( 1 )( )v2 ( 1 )( )v2 a +b IV I + a +b IV I + (R+LlR/2) cell,o; cell 8,0; 8,0; (R+LlR/2) cell,o; cell 8+t.8,0; 8+t.8,0; 

+(a 11 + b lllVZ I)vZ2 + (a 11 + b lllVZ .7 l)vz2 .7 ](2-)3) (9.9.38) ce ,n ce ,0; ,a ce ,ex. ce +u.t...,a +UL.,O: E 
0; 

for a=L or a=G 

As was developed in Section 9.9,3.2, the total phase holdup, E , which appear in 0; 
equation (9.9.38) are an intrinsic functions of the magnitude and direction of the gas and 

liquid velocities. Equations (9.9,27) to (9.9.30) with the transposition of R in place of X 

and e in place of Y are used to detennine the liquid holdup (and gas holdup since 

e cell= EL + EG)· 
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Appendix 9.10 

Fortran Programs, Input Files and Iteration Summaries 

for Phase Distribution Modelling 

In the tables in this appendix, the necessary fortran code is given to call the lMSL 

subroutine DNOONF for the single phase saturated, single phase unsaturated, and two 

phase flow distribution model (Chapter 6). The documentation for each program is 

included in the code. An example input file is given for each program. The variable 

defInitions and input values can be found easily by cross reference. An iteration 

summary for each run shown in Chapter 6 is given in the table after each example input 

file. The directory for each table in this appendix is as folows. 

Table 9.10.1 Fortran program for saturated single phase distribution modelling. 

Table 9.10.2 Example input file for saturated single phase distribution modelling. 

Table 9.10.3 Iteration summary for saturated single phase distribution case studies. 

Table 9.10.4 Fortran program for unsaturated single phase distribution modelling. 

Table 9.10.5 Example input file for unsaturated single phase distribution modelling 

Table 9.10.6 Iteration summaries for unsaturated single phase distribution case studies. 

Table 9.10.7 Fortran program for two phase distribution modelling. 

Table 9.10.8 Example input file for two phase distribution modelling. 

Table 9.10.9 Iteration summaries for two phase distribution modelling. 
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Table 9.10.1 Fortran Code for Saturated Single Phase Flow 

Distribution Modelling 

The following program will determ~ne the single phase saturated 
flow distribution in a packed bed by m~niro~z~ng ~he energy 
dissipation over the entire bed. 

The minimization is carried out using the International 
Math Subroutine Library (IMSL), subroutine DNOONF. 
The algorithm is based on SucceSS2ve Quadratic Programming (SQP). 
Consult the IHSL Users Manual (19B6) for more details. The details 
pert2nent to using and modifying this program are given in the code. 

Richard A. Holub, 8/89 

The subroutine requires double precision arit~~et2c. 

implicit real~a{a-h,o-z) 
implic2t integer~4(i-n) 

The following common statements are used to store numbers and 
dimension vectors. The statements could be used to commun~cate 
with any subroutines. The common blocks are not nece~sary for 
the case of single phase saturated flow, but are included for 
future generality and since this code served as a bas~s for the 
other distribution models. 

common/dim/nc,nr,delta 
common/bed/gfx,gf%,a(40),b(40),por(40) 
common/bed2/el,e2,dp,gamx,gam% 
common/para/ibts,iprs,maxs,maxfs,saec,sscbou 
common/phaseirho,rmu 

The following parameter statements are used to dimens~on the 
problem and assign workspace for DNOONF. The var~able names 
are exactly the same as found in the IMSL Users manual for 
conven~ence. The relationships for the bed model are as follows 
and the IMSL definitions are repeated for completeness. 

Consider a two dimens~onal bed model composed of ne columns and 
nr rows. The number of var~ables (unknown phase superfic:.al 
'relocities can be shown to be: 

n = nc* (nr+l)+nr* (nc+l) 

The number of equality constra~nts ~s g~ven by the mass balances 
for each cell. 

me = fic"'nr 

The total number of constra~nts ~s ~he same as the number ~~ 
equality constraints. Constra~nts are placed on the veloc~~~es 
at the bed boundaries, but th~s ~s accomplished us~ng the upper 
and lower bounds of each var~able (specified in the ~nput file) 

m = me 

All of the other parameters define the necessary workspace for 
the variables in DNOONF. The necessary relationsh~ps t~ calculate 
the appropr~ate dimens~on for some~h~no other that a ~ by 10 
element bed (as is shown) are as follD~S. 

Ide"" n + 1 
1ddg mmax "" max~mum of 1 or m m (generally) 
1u = m + n + n + 2 
lact = 2*mmax + 13 
:wk = 2*n* (n+16) + 4*mmax + 5"m + o:i5 
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Table 9.10.1 Fortran Code for Saturated Single Phase Flow 

Distribution Modelling (continued). 

liwk - 19 + m 

parameter(n~94,m~40,me_40) 

parameter(ldc~95,lddg-40,lu=230,lact-93) 
parameter (lwk-21108, liwk-59) 

The double precision vector~ and work spaces are defined. 

c - the final approximation of the He~sian on output 
d - diagonal elements of Hessian on output 
dt- gradient of the objective function, supplied 
dg- array containing the gradients of the constraints 
9 - con!ltraints 
x - the var~able!l 
xlb- lower bounds on variables (if unspec1fied, set at -1.e6) 
xub- upper bounds on variables (if unspec1fied, set at 186) 
u - Lagrangian multipliers for nonlinear constra1nts and 

variable bounds 
conwk,wk, iwk - work vectors 

active - a logical vector to indicate the active (violated) 
constraints. 

real*8 c(ldc,n+l) ,conwk(m),d(n+l),df(n),dg(lddg,n) 
real*8 g(m),u(lu),wk(lwk),x(n),xlb(n),xub(n) 
integer iwk(liwk) 
integer ibtype,~do,iprint,k,maxfun,maxitn,mode.nout 
logical active (lact) 
external dnOonf 

Next, the input file is read to define the problem. 

rho and rmu a phase density and viscosity 
el and e2 ~ Ergun equation coefficients (laminar and turbulent) 
dp· particle diameter 
gfx and gf% - components of gravity in each coordinate direct~on 

of the cell. 
ne and nr = the number of columns and rows of cells in the assembl:: 

which makes the bed model. 
ace = convergence criterion, is the Kuhn-Tucker criterion. 
scbou ,., scale factor for objectiye function, program scales 

problem automat~cally, best set to 1 
ibtype = indicates how variable bounds are obtained, set to zero 

in the current algorithm so all variable bounds are 
specified. Other opt~ons ~nclude 

o all bounds specified (used here) 
1 all variables nonnegatiVe 
2 all var~ables ncnpOSl-tiVe 
3 users supplies first -.-ariable bounds, all others ,=-!",_~ sa~e. 

iprint = output parameter for IMSL subrout~n~ 
o no output 
1 final convergence analYSiS 
2 one line of intermed~ate results for each interation 
3 deta~led output for each itera~icn. 

maxitn and max fun = maximum iterations and function calls. 

read(l,*)rho,rmu 
read (1, .) el, e2, dp, gfx, gfz 
read(l, *)nc,nr,acc,scoou 
read(l,*)ibtype,ipr~nt,maxitn,maxfun 

The variables which communicate with the IMSL subroutine are 
saved under different names so that the output file of a 
particular run can be used to restart the problem. 
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Table 9.10.1 Fortran Code for Saturated Single Phase Flow 

Distribution Modelling (continued). 

ihts-ibtype 
ipra-iprint 
maxs-maxi tn 
m.axfa-maxfun 
aace-acc 
•• chou-schou 

c Detine the cell dimension, the acceleration due to gravity, and 
c the &nqlea each cell axis makes with the horizontal plane. 
c 

c 

delta-3.*dp 
grav-daqrttgfx**Z+q£z··2) 
if(gfx.eq.O.O)gamx-O.O 
il(gf:.eq.O.O)gamz-O.O 
if(gfx.ne.O.O)gamx-daain(grav/gfx) 
it(gt:.ne.O.Olgam%-daain(grav/gf%) 

c Mode 2 indicates that the reverse communication option is being 
c used (i.e. DNOONT) and the Hessian and Lagrangian multipliers are 
c not supplied. 
c 

c 
c The following integer logic relates the bed variable numbers to 
c the velocity components for a particular cell (jC). In other words, 
c the first step in any calculation tor a particular cell requires 
c that the superfiCial velocities at the Z, Z+dZ, x, and X+dX 
c positions be related to tbe vector ot unknowns which bas been 
c compressed to have only a single value for each velocity shared 
c by adjacent cells. This same logic appears throughout the program. 
c 

do 10 jC-l,nr-nc 
do 5 kt-nr,l,-l 

5 if(jc.le.kt*nc)k-kt-l 

c 

ix-nc*{nr+l)+jc+k 
jvz-jc 
jvdz-jc+nc 
jvx-ix 
jvdx-ix+l 

c From the input file, read the cell number and porosity. The terms 
c necessary for the Ergun equation are also calculated. 
c 

c 

read(l.*)ncell,por(jc) 
&(jc)-el*rmu*(1.-por(jc))**2/porljc)**3/dp**2/rho 
b(jc)=e2*(1.-por(jc»)/por(jc)**3/dp 

c Check to see if input file is the correct order. 
c 

if{ncell.ne.jc)then 
write(6,61ncell 

6 format (lx,'error on input at cell' ' ,i5) 
end if 

c 
c 
c 
c 

10 
c 
c 

& 

Re~d in the lower and upper bounds of each variable and an 
initial guess of the solution. 

read(l,*)Xlbtjvz),xub(jv%),xlb(jvdz) ,xub(jvdz), 
::db (Jvx) , xub (jvx) , xlb (Jvdx) ,xub ()vdx) 

read(I,*,x(jvz),x(jvdz),x(jvx),x(jvdx) 
continue 

c first set all active variables to true ... 
c 

do 11 ip=l,nc*nr 
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Table 9.10.1 Fortran Code for Saturated Single Phase Flow 

Distribution Modelling (continued). 

11 active (ip}-.TRUE. 
c 
c now eet ide to 0 which indicates the first pass ... 
c 

ido-O 
12 if(ido.eq. O. or. ide.eq.l) then 
c 
c calculate the function and constraint values 
e 

sum-O, 0 
do 14 jcf-l,nr*nc 
do 13 ktf-nr,l,-l 

13 if(jcf.le.ktf*nc)kf"'ktf-l 
ix-nc*(nr+l)+jcf+kf 
jvz-jcf 
jvd:-jcftnc 
Jvx-l.X 
jvdx-ix+l 
tl-l./por(jcf)**2/delta 
t2-x(jvx)·*3-x(jvdx)**3+x(jv%)**3 

&. -x (jvd:tl **3 
t3-x(jvx)*·2*(a(jcf)+b(jct)*daba(x(jvx))) 
t4-x(jvdx) **2*(a(jcf)+b(jcf) *dabs(x(jvdx)) 
tS-x(jvz)*·2·(a(jcf)+b(jcf)*d~s(x(jV%») 
t6-x (jvdz) *-'2* (a (jef) tb(jcf) *da.bl!l (x (jvdz)) 
t7-(x(jvx) +x(jvdx»*gfx* (dcos (gamx)) **2 
tB-(x(jvz)+x(jvdz))*gfz*(dcos(gamz))*·2 
sum-sum+rho*{tl*t2+(t3+t4)+(t5+t6)-t7-tS)/Z. 

14 g{jcfl-x{jvx)-x(jvdx)+x(jvz)-x(jvdz) 
fVl!llue-swu 
end if 

e 
c now check ida to evaluate gradients ... 
e 

if(ido.eq.O.or.ido.eq.Z)then 
e 
c now the gradients 
e 

do 20 jcg~l,nr~nc 
do 15 ktg2 nr,l,-l 

15 if(jcg.le.ktg"nc)kg=ktg-l 
~x-n~·(nr+1)+jcg+kg 
]vz'"'Jcg 
jvdz-jcg+nc 
jvX""l.X 
jvdx-ix+l 

e 
c The constants ck* are used to take the der~vative of the absolute 
c values which appear in the form of the Ergun equation used here. 
e 

ckl:.-l. 
ck2""1. 
ck3-l. 
ck4-1. 
if(x(jvzl.lt,O.O)ckl=-l 
if(x(jvdz) .It.O.0)ck2=-1 
if(x(jvx) .It.O.O)ck3'''''-1 
if(x(jvdx) .It.O.Olck4=-1 

c Since the der~vative of the absolute value is not defined at zero 
c a approximation is used where the discontinuity at zero is 
c replaced by a smooth curve with a zero derivative at z~ro. 
e 

f(x(jvz) .eq.O.O)ckl=O.O 
f (x (jvdz) .eq. O. 0) ckZ:O. 0 
f(x(jvx) .eq.O.O)ck3=O.O 



c 
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Table 9.10.1 Fortran Code for Saturated Single Phase Flow 

Distribution Modelling (continued). 

if(x(jvdx) .eq.O.O)ck4-0.0 

c The derivatives can be calculated analytically for the single 
c phase saturated flow case. 
c 

ttl_l./por(jcg)**2/delta 
tt31-x(jvx) "'*2*{b(jcg,*ck3) 
tt32_2.*x(jvx)*(a{jcg)+b(jcg)*dabs(x(jvx») 
tt41-X(jvdx)**2*{b(jcg)*Ck4) 
tt42_2.*x(jvdxl*(a(jcg)+b(jcg)*dabs(x(jvdx))) 
tt51-x(jvz)**2*{b(jcg)*ckl) 
tt52_2.*x(jvz)*{a(jcg)+b(jcg)*daba(x(jvz»)) 
tt61_x(jvdz)**2*(b(jcg)*Ck2) 
tt62_2.*x(jvdz)*(a(jcg)+b(jcg)*daba(x(jvdz)) 
d!(jvz)_rhoIZ.*(3.*x(jvz)**2*ttl 

& + (ttSl+tt52)-gfz* (deos (gamz)) **2) 
df(jvdz)-rhoJ2.*(-3.*x(jvdzl**2*ttl 

, ... (tt61ttt62) -gf7.* (deos (gamz)) **2) 
dt(jvx)-rho/2.*(3.*X(jvx)**2*tt1 

&. + (tt31+tt3Z) -gfx* (deoe (gamxll**2) 
df(jvdxl_rho/2.*{-3.*x(jvdx)**2*tt1 

&: + (tt41+tt42) -gfx* (deos (gamxl) **Z) 
if (aetive(jeg))then 
do 16 ij-l,nc*(nr+1)+nr*(ne+1) 

16 dg(jcg,ij)-O.O 
dg(jcg,jvz)-l. 
dg(jeg,jvdzl--l. 
dg(jcg, jvx) -1. 
dg(jcg,jvdx)--l. 
end if 

20 continue 
end if 

c 
c Call the IMSL subroutine. 
c 

c 

call dnOonf (ido,m,me,n, ibtype;xlb, xub, iprint, maxitn, x, 
&. fvalue,q,df,dq,lddq,u,c,ldc,d,acc, scbou,maxfun, active, 
&. mode,wk,iwk,conwkl 

c Test for convergence. 
c 

if(ido.eq.l.or.ido.eq.Z)goto lZ 
c 
c The output file is written in the same format as the input file 
c to facilitate restarting the program. 
c 

write(20,32)rho,rmu 
write{20,34)el,e2,dp,gfx,gfz 
write(ZO,36)nc,nr,sacc,sscboU 
wr~te(20,38)ibts,~prs,maxs,maxfs 

do 30 jc=1,nr*nc 
do 25 kt-nr,l,-l 

2S if(jc.le.kt*nc)k:kt-l 
ixs nc*(nr+1)+jc+k 
jvz=-)C 
jvdz=jc+nc 
jvx=ix 
jvdx3 ix+l 
write(20,39)jc,pOrl]C) 
write (20, 40) xlb (jvz), xub (jvz) ,xlb (jvdz) ,;.cub (jvdz) , 

&. xlb (jvxJ, xub (Jvx) , xlb (jvdx) , ;.cub (jvdxJ 
write(ZO,4Z)x(jVZ),x(jvdz),x(jvx),x(jvdxl 

30 continue 
32 format (2e10.2) 
34 format(5e10.2) 
36 format (2iS, 2e10.2) 

38 format (4i5) 
39 format(iS,flO.S) 
40 format(8elO.2) 
42 format (4e12. 3) 

stop 
end 
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Table 9.10.2 Example Input fIle for Saturated Single Phase Flow 

Distribution Modelling. 

File for Uniform bed with wall and end effect of porosity (Bed 1), Unifonn Gas Inlet 

1.2 1.88-5 
160 1.. .006 o. a 9.81 

• 10 7. 100000 . 
a 2 100 100 
1 • • 
.• 7 .• 7 -1.e6 1.e6 0.0 0.0 -1.e6 1. 96 
.'7 •• 0.0 0.07 
2 · . .. , .41 -1. e6 1. e6 -1.e6 1.e6 -1.e6 1.e6 .. , •• 0.07 0.14 
3 •• .. , .. , -1. a6 1. e6 -1.e6 1 .06 -1.e6 1.e6 .. , •• 0.140 0.21 
• .5 .. , .41 -1. e6 1.e6 -1. e6 1 .06 0.0 0.0 .. , .66 0.210 a .0 
5 .. 
-1.a6 1.e6 -l.e6 1. e6 0.0 0.0 -1.e6 1. a6 

•• •• 0.0 0.0 
6 •• -1. e6 1.e6 -1.e6 1.e6 -1. a6 1. e6 -1.e6 1.e6 

• • •• 0.0 0.0 
1 •• -1.e6 1.e6 -1.e6 1.e6 -1.e6 1.e6 -1.e6 1.e6 

•• • • 0.0 0.0 
6 .5 
-1.e6 1.e6 -1.e6 1.e6 -1.e6 1.e6 0.0 0.0 
.66 .66 0.0 0.0 
9 •• -1. e6 1.e6 -1. e6 1.e6 0.0 0.0 -1. e6 1.e6 
· . • • 0.0 0.0 
10 · . 
-1.e6 1.e6 -1.e6 1. e6 -1.e6 1.e6 -1.e6 1. e6 
• • • • 0.0 0.0 
11 •• -1. e6 1 .e6 -1. e6 1.e6 -1. e6 1.e6 -1.e6 1.e6 
· . • • 0.0 0.0 
12 .5 
-1.e6 .e6 -1. e6 1.e6 -1. e6 1.e6 0.0 a .0 
.68 .66 0.0 o. a 
13 •• -1 .e6 .e6 -1 .e6 1.e6 0.0 o. a -1.e6 1.e6 
• • • • 0.0 0.0 
14 •• -1 . e6 .e6 -1 .e6 t. e6 -1. e6 .e6 -1.e6 1.e6 
• • · . 0.0 0.0 
15 •• -1.e6 .e6 -1. e6 1.e6 -1.e6 1 .06 -1.e6 1.e6 
• • • • 0.0 0.0 
16 .5 
-1. e6 1.e6 -1. e6 1. e6 -1.e6 .e6 0.0 a .0 
.66 .68 0.0 o. a 
11 •• -1 . e6 1.e6 -1 .e6 1 .e6 0.0 o. a -1.e6 .e6 .. •• 0.0 0.0 
16 .4 
-1 .e6 1.e6 -1 .e6 1 .e6 -1. e6 1. e6 -1.e6 .e6 .. 

• • 0.0 0.0 
19 .4 
-1 .e6 1 .e6 .e6 1. e6 -1.e6 1. e6 -1. et> .e6 

•• .. 0.0 0.0 
20 .5 
-1.e6 1. e6 -1 .e6 1. e6 -1.e6 1. e6 o. a 0 .0 
.68 .66 0.0 0.0 
21 .. 
-1. e6 1. e6 -Le6 1. e6 0.0 0.0 -1. e6 1. e6 
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Table 9,10,2 Example Input me for Saturated Single Phase Flow 

Distribution Modelling (continued), 

File for Uniform bed with wall and end effect of porosity (Bed 1), Uniform Gas Inlet 

, , 
" 

0,0 0,0 
22 " 
-1.e6 1. e6 -1 ,e6 l.e6 -1. e6 1. e6 -1. e6 1.e6 
, , , , 0,0 0,0 
23 . , 
-1.e6 1.e6 -1 ,.6 1.e6 -1.e6 1.e6 -1.e6 1.e6 ., ., 0,0 0,0 
2' ,5 
-1.s6 1.e6 -1.e6 1.e6 -1.e6 1 .e6 0.0 0,0 
.68 .68 0,0 a .0 
25 " 
-1.a6 1 ,e6 -, ,e6 1. e6 0,0 o. ° -1.e6 1. e6 
.4 .. 0.0 0.0 
26 ., 
-1. e6 1 ,e6 -1 , e6 1. e6 -1.e6 1. e6 -1. e6 1.e6 
. , 

" 0.0 0,0 
27 . , 
-1.e6 1 .e6 -1. a6 1.e6 -1. e6 1 .06 -1.e6 1.e6 
" " 0,0 0,0 
28 ,5 
-1. e6 1.e6 -1.e6 1. e6 -1.e6 1.e6 0,0 0,0 
,68 ,68 0,0 0,0 
29 " 
-1.e6 1 ,e6 -1.e6 1.e6 0,0 0,0 -1. e6 1.e6 
. , . , 0,0 0,0 
30 , , 
-1 ,e6 .e6 -1. e6 1.e6 -1. e6 1. e6 -1.e6 1. e6 
,5 ,5 0,0 0,0 
31 , . 
-1 .e6 .e6 -1 .e6 1.e6 -1. e6 1. e6 -1. e6 1. e6 .. ' . 0,0 0,0 
32 .5 
-1.e6 ,e6 -1. e6 ,e6 -1. e6 1. e6 0.0 a .0 
,68 .68 0.0 0, ° 33 .. 
-1.e6 .e6 -, .e6 .e6 0.0 0,0 -1.e6 1 .e6 

•• .4 0,0 0.0 
34 .4 
-1.e6 1 .e6 -, ,e6 .e6 -1. e6 1. e6 -1 . e 6 1. e6 
, , .4 0,0 0.0 
35 .. 
-1 .e6 1. e6 -1. e6 1. e6 -1.e6 .e6 - i . e 6 1 .e6 
,4 ,4 0,0 0,0 
36 .5 
-1.e6 .e6 -1.e6 1. e6 -1. e6 ,e6 a . a 0.0 
.68 .68 0,0 a ,0 
37 .5 
-1.e6 1. e6 0.0 ,e6 ° .0 0,0 -1 .e6 1 .e6 
.4 .47 0,0 0.07 
38 .5 
-1 .e6 1. e6 0.0 ,e6 -, ,e6 1 ,e6 -1 ,e6 , .e6 
,4 ,47 0.07 0.14-
39 .5 -, .e6 .e6 0.0 1.e6 -, ,e6 , .e6 -, ,e6 1.e6 
.4 .47 0.140 D.210 
40 .5 
-1. e 6 1. e6 0,0 1. e6 -, .e6 1.e6 0,0 0.0 
.68 .47 0.210 0,0 



VGbed , 

mls 

0.57 

0.57 
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Table 9.10.3 Iteration Results for Saturated Single Phase Flow 

Distribution Modelling. 

All results for unifonn gas inlet distribution. 

E Sum of Kuhn-
Number v,bed mass 

of balance Tucker 
Bed Code Joule violations Condition iterations m3 s kg/m3/s 3 N/m 

1 45 0.1377e5 0.ge-16 0.65e-6 

2 66 0.1373e5 0.7e-15 0.33e-6 

CPU 

* time 

h:m:s 

0:2:40 

0:4:20 

* cpu times refer to a Vax 6200 series computer uuless stated otherwise. 
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Table 9.10.4 Fortran Code for Unsaturated Single Phase Flow 

Distribution Modelling 

The following program ~ill determine the single phase unsaturated 
flow distr~bution ~n a packed bed by minimizing the energy 
disSipation over the entire bed. 

The m~nimi%ation is carried out using the International 
Hath Subroutine Library (IMSL), $ubrout~ne DNOONF. 
The algorithm is based on Successive Quadratic Programming (SQP). 
Consult the IHSL Users Manual (1986) for more details. The details 
pertinent to using and modifying this program are given in the code. 

Richard A. Holub, 8/89 

The subroutine requires double prec~sion ar~thmet~c. 

implicit real*8(a-h,o-Z) 
implicit integer*4(i-n) 

The following common statements are used to store numbers and 
dimenB~on vector~. The statements are used to commun~cate 
with the subroutines. 

common/dim/nc,nr, delta 
common/bed/gfx,gfz,a(40),b(40),pOr(40),thold(40) ,dx(94) 
common/bed2/el,e2,dp,ghold(40},gamx.qamz 
cornmon/para/ibts,iprs,maxs.rnaxfs.sacc,sscbOu 
comrnonJphase/rho,rmu 

The following parameter statements are used to dimension the 
problem and assign workspace for DNOONF. The variable names 
are exactly the same as found in the IMSL Users manual for 
conven1ence. The relationships for the bed model are as follows 
and the IMSL definitions are repeated for completeness. 

Cons~der a two dimensional bed model composed of nc columns and 
or rows. The number of · .. ariables (unknown phase superficial 
velOC1t1es can be shown to be: 

The number of equality constra1nts is g1ven by the mass balances 
for each cell. 

me "" nc*nr 

The total number of constraints is the same as the number of 
~qua11ty c:mstra1nts. ·:;onstra1ots are olaced on the veloc1ties 
at the bed boundar1es, but th~s is accompl1shed using che upper 
and lower bounds of each var1able (spec1fied in the 1nput file). 

m '" me 

All of the other parameters define the necessary workspace for 
the var~ables 1n DNOONF. ~he necessary relat10nships to calculate 
~he appropr1ate dimens10n for somethincr other that a 4 bv 10 
~lement nec (as 15 shown) are as Icllo~s. -

1de '" n + 1 
lddo mmax = maximum of 1 or m m (generally) 
1u ~ m + n + n + 2 
1act = 2*mmax + 13 
h'k "" 2*n* {n+16) + 4*mrnax + S*m + 68 
li· ... k=19+m 



c 
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Table 9.10.4 Fortran Code for Unsaturated Single Phase Flow 

Distribution Modelling (continued). 

parameter (n=94,m:40,mem40) 
pararneter{ldc=95.1ddg~40,1~=230,lact=93) 
parameter(lwk~21108,liwk_591 

c The double precision vectors and work spaces are defined. 
c 
c c = the final approximation of the Hessian on output 
c d - diagonal elements of Hess~an on output 
c ctf- gradient of the object~ve funct~on. supplied 
c dg- array containing the gradients of the constraints 
c 9 - constraints 
c x - the variables 
c xlb- lo .... er bounds on varl.ables (if unspecl.fied, set at -1.e6) 
c xub~ upper bounds on varl.acles (l.f unspecl.fied, set at 1e6) 
c u ~ Lagrangl.an multipliers for nonlinear constral.nts and 
c varl.able bounds 
c conwk, wit, iwk .. work vectors 
c 
c 
c 
c 

active - a logical vector to indicate the active (violated) 
constraints. 

real*8 c(ldc,n+l),conwk(m) ,d(n+l),df(n) ,dg(lddg,n) 
real*8 g(rn),u(lu),wk(lwk),x(n),xlb(n) ,xub(n) 
integer iwk(liwk) 
integer ibtype,ido.iprint,k.maxfun,maxitn,mode,nout 
logical active (lact) 
external dnOon! 

c 
c Next, the ~nput file is read to define the problem. 
c 
c rho and rmu "" phase denSity and viscosity 
c xdeltal stepsize for central finite difference approximation 
c of the objective funct~on gradient with the Z components 
c of velocity. (3e-15 is best based on machine error) 
c xdelta2 stepsize for central finite difference approx~mation 
c of the ob)ective funct~on gradient with ~he X components 
c of veloc~ty. (3e~15 is best based on machine error) 
<: e1 and e2 '" Eroun eouat~on coefficients (laminar and turbulentl 
c dp= part~cle dlamet~r 
c gfx and gfz = components 0= ?rav~ty in each coord~nate direction 
c of the cell. 
c nc and nr '" the number of c:Jlumns and rows of cells in the assembly 
c which makes the bed model. 
c acc ~ convergence cr~terion. ~s the Kuhn-Tucker criterion. 
c scbou = scale factor for cb)ect~·.te function, program scales 
c problem automatically, best set to 1 
~ ibtype = indicates how var~able bounds are obtained. set to zero 

c 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 

in the current al:;~r~':;-w-n so all ·.·ar~able bounds are 
specified. Other cp,:~ons ~nclude 

o all bounds spec~fied (used here) 
1 all var~ables ncnnecrative 
2 all variables n~nDcs~ti'le 
3 users supplies fi=st 'lar~able bounds, -3.11 others the same. 

iprint = output parameter for :XSL subrout~ne 
o no output 
1 final ~cnveraence analvsis 
2 one line of Intermea~ate results for each interat~on 
3 deta~led output =~= each ~terat~on. 

rr,:..x~tn and maxfun "" maximum ~,:eration.s and function calls. 

read(l,*)rho,rmu.xdeltal,xdelta2 
read(l.*)el,e2,dp,gfx,gfz 
read(l,*)nc,nr,acc,scbou 



c 
c 
c 
c 
c 

c 
c 
c 
c 

c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 
c 
c 

5 

c 
c 
c 
c 

c 
c 
c 
c 

c 

, 
c 
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Table 9.10.4 Fortran Code for Unsaturated Single Phase Flow 

Distribution Modelling (continued). 

read(l,·)ibtype,iprint,maxitn,maxfun 

The variables which communicate with the IHSL subroutine are 
saved under different names 80 that the output file of a 
particular run can be used to restart the problem. 

ibts-ibtype 
iprs-iprint 
maxa-ml'lxitn 
rn&xfs""1TIl'lxfun 
sacc"acc 
sl!Icbou-scbou 

Define the cell dimens10n, the acceleration due to gravity, and 
the angles each cell aX1S makes w1th the hor1%ontal plane. 

delta-3. *dp 
grav-dsqrt(gfx**2+gfz**2) 
if(gfx.eq.O.O)garnxBO.O 
if(gfz.eq.O.O)garnz-O.O 
if(gfx.ne.O,O)gamx-dasin(grav/gfx) 
if(gfz.ne.O.O)gamz-dasin(grav/gfz) 

Mode 2 indicates that the reverse ccmmunicat10n option is being 
used (i.e. DNOONF) and the Hessian and Lagrangian multipliers are 
not supplied. 

mode-2 

The followina inteaer lcaic relates the bed variable numbers to 
the veloc~ty - components for a partl.cular cell (jC). In other words, 
the first step in any calculation for a particular cell requires 
that the superficial velocities at the Z, Z+dZ, X, and X+dX 
positions be related to the vector ~f unknowns which has been 
compressed to have only a single value for each velocity shared 
by adjacent cells. This same log1c appears throughout the program. 

do 10 lc=l,nr*nc 
do 5 kt=nr,l,-l 
if(jc.le.kt*nclk=kt-l 
lx=nc*(nr+l)~jc+k 

jvz=)C 
j-vdz=)c+nc 
jVX=1X 
Jvdx=1x+l 

From the input file, read the cell :':.'.1mber, porosity, and an some 
value for the liquid holdup_ C'he holdup value is not used on 1:1put 
but the correct value is calculated :~r ~~e 1nitial auess of 
·,-elOCl.t1es. 2n output, however, ::::-.9" cO'lll holdup for-the converged 
30lutl.on 13 written l.nto thl.S POSltl.On. 

The terms necessary for the Ergun e~~at1on are also calculated. 

~ead(l,*)ncell,por(jc),ghold(jc) 

a ()c) =el*rmu* (1. -por ()c) ) ,o,*2/por (}'=) ~ * 3/dp**2/rho 
b(JC)~e2*(l.-por(jc))/por(jc),o,*3/dp 

Check to see 1f input f~le is the c-=~~ect order. 

if(ncell.ne.jc)then 
wr1te(6,6)ncell 
format (lx,'error on input at cell # ',is) 
end if 

Read in the lower and upper bounds of each variable and an 
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Table 9.10.4 Fortran Code for Unsaturated Single Phase Flow 

Distribution Modelling (continued). 

C initial guess of the solution. 
c 

read(l,*)xlb(jvz),xub(jvz),xlb(jvdz),xub{jvdz) , 
& xlb (jvx), xub (jVX) ,xlb (jvdxJ , xub (jvdx) 

read(l, ") x (jV%), x (jvdz), x (jvx), x (jvdx) 
10 continue 
c 
c first set all active variables to true ... 
c 

do 11 ip-l,nc*nr 
11 active (ip) ... TRUE. 
c 
c now set ide to 0 which indicates the first pass ... 
c 

ido-O 
12 if(ido,eq.O,or,ido.eq.lJthen 
c 
c now calculate fUnction and constra1nts 
c 

call funct(x,fvalue,9) 

end if 
c 
c now check ide to evaluate gradients ... 
c 

if(ido.eq.O.or.ido.eq.2)then 
c 
c The derivatives of the obiective funct10n for the unsaturated flow 
c case are calculated numerically US10g central finite differences. 
c The stepsize to the z and x components of velocity are defined ~n 
c the ~nput file. 
c 
c before beginning, set the dx vector to the x vector values. 
c 

do 14 jcb=l,nr*nc 
do 13 ktb=nr,l,-l 

13 if{jcb.le.ktb*nc)kg"'lctb-l 
iX=nc* lnr+l) +jcb+kg 
jvz""]cb 
jVdzc=jcb+nc 
JVx=~x 

jVdx=ix+l 
dx{jvZ)=Xl)vz) 
dx (jvdZl ""X (jvdz) 
dx (jvx) ""X (jvXl 

14 dx{)vdx)=x(]vdx) 
c 
c now the gradients 
c 

do 20 jcg""l,nr*nc 
do 15 ktg=nr,I,-1 

15 if(jcg.le.ktg*nc)kg=ktg-l 
ix:nc*(nr+l)+jcg+kg 

c 

-;vz=,cg 
Jvdz';:'jcg+nc 
JVX=~X 

jVdx=ix+I 
dx(jvz)=X(jvz)+xdeltal 
call dfunct(dfvaluel) 
dX{Jvz)=X{JvzJ-xdeltal 
call dfunct(dfvalue2) 
df(jvz)=(dfvaluel-dfvalue2)/xdeltal/2. 
dX(jvz)=X(jvz) 

dx (j.,dz) =x (jvdz) +xdeltal 
call dfunct(dfvaluel) 



c 

c 

c 
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Distribution Modelling (continued). 

dx(jvdz)Rx(jVdz)-xdeltal 
call dfunct(dfvalue2) 
df(jvdz)=(dfvaluel-dfvalue2J!xdeltal/2. 
dx (jvdz) ""X (jVdz) 

dx(jvx)-x{jvx)+xdelta2 
call dfunct(dfvaluel) 
dx(jvx)-x(jvxJ-xdelta2 
call dfunct(dfvalue2) 
df(jvx)-(dfva1uel-dfvalue21/xdelta212. 
dx(jvx)-x{jvx) 

dx(jvdxl-x(jvdx)+xdeltaZ 
call dfunct(dfvaluel) 
dx(jvdx)~x(jvdxJ-xdelta2 
call dfunct(dfvalue2) 
df(jvdxJ~(dfvaluel-dfvalue2)!xdelta2/2. 
dx(jvdx)-x(Jvdxj 

16 continue 
if (active(jcq)then 
do 17 ij-l,nc*(nr+l) +nr* (nc+IJ 

11 dg(jcg,ij)"O.O 

20 

c 
C 

C 

& 
& 

C 

c 
C 

c 
c 
c 
c 

dg(jcg,jvz)-l. 
dg(jcg,jvdzJ--l. 
dg(jcg,jvx)=<l. 
dg(jcg,jvdxl--l. 
end if 
continue 
end if 

Call the IHSL subroutine. 

call dnOonf(ido,m,me,n,ibtype,xlb,xub,iprint,maxitn,x, 
fvalue,g,df,dg,lddg,u,c,ldc,d,acc,scbou,maxfun,act~ve, 
mode,wk,iwk,conwk) 

Test for convergence. 

if(ido.eq.l.or.ido.eq.2)goto 12 

The output file is wr~tten ~n the same fOrmat as the ~nput file 
to faciiitate restarting the program. 

write(20,32)rho,rmu,xdeltal,~delta2 
write(20,34)el,e2,dp,gfx,gfz 
write(20,36)nc,nr,sacc,sscbou 
write(20,38}ibts,~prs,maxs,maxfs 
do 30 jc=1,nr*nc 
do 25 kt=nr,l,-l 

25 if(jc.le.kt~nc)k=kt-l 
iX2nc~(nr+l)+jc+k 
jvz""Jc 
jvdz=jc+nc 
jvx,,"~x 

jVd.x=~x+l 

write{20,39)jc,por()c),thold(jc) 
write (20, 40) xlb (jVZ), xub (jVZ) ,:db ()'!dz) , xub (jvdz) , 

& xlb (jvX) ,:<uo (jvx/ ,~lb (jvdxl ,:,ub (J·'dx) 
write(20,42)x(jvz) ,x()vdz) ,X()VX),XI)vdx) 

30 continue 
32 format(4e10.2) 
34 fOrmat (5e10. 2) 
36 format (2iS, 2e10. 2) 
38 fOrmat (4i5) 
39 format(iS,flO.S,e12.3) 
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40 format(BelO.2) 
42 format(4e12.3) 

c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 

c 
c 
c 

c 
c 
c 
c 

c 
c 
c 
c 
5 
c 
c 

c 

c 

c 
c 
c 

stop 
end 

The following subroutine calculate the liquid holdup 
in a cell given the superficial phase velocities ~nto the cell. 

The variable definitions are the same as the calling routine 
except that the variable vector x has been replaced by v. 

subroutine holdup(v,jv%,jvdz,jvx, jvdx, j,tholdup) 
implicit real-S(a-h,o-z) 
implicit integer-4(i-n) 
real*S v(94) 
comrnon/bed/gfx,gfz,a(40) ,b(40) ,por(40),thold(40),dx(94) 
common/bed2iel.e2,dp,ghold(40) ,gamx,gamz 
common/phase/rho,rmu 

Define the gravitational accelerat10n of the earth, and the average 
velocities at the cell center. 

grav-dsqrt(gfx**2+gfz**2) 
vzC-(V(jvz)+v(jvdz)/2. 
vxC-(v(jvx)+v(jvdx)/2. 

Identify certain limiting cases when velocities are zero. 

if{vzc.eq.O.O)then 
gravv"'1.d-6 
goto 5 
end if 
if(vxc.eq.O.O)then 
gravv"'gfz 
goto 5 
end if 

In the general case, the grav~tational component in the d~rect~cn 
of the liqu1d flow can be defined ag follows. 

theta=datan(vxc/vzc) 
gravv=gfz/dcos(theta) 

the maanitude of the liquid velocity at the cell center ~s used 
to predict the phase holdup. 

vtotal=dsqrt{vxc--2+vzc**2) 

The following is a coded form of the zero shear holdup model 
for liquid film flow. 

troot=(a(j)*vtotal+b(j)*vtotal**2)/gravv 
if(troot.le.O.O)then 
tsat"'O.O 
goto 10 
~nd if 
tsat=troot**{1./3.) 

Xf the velocities are laroe enouoh, ~hen liouid saturations oreater 
than 1 are predicted (phY.!l1caly ~rnposslble) 'so the values are set 
to 1 and a pressure gradient results ln the saturated portion of the 
bed. 

if(tsat.ge.l.O)tsat=l.O 
:0 tholdup=tsat*por(J) 

return 



c 
c 
c 

c 
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end 

The following subroutine ~s called to evaluate the energy diss~pa~1cn 
in the bed. 

subroutine functlx,fvalue,g) 
implicit real*8(a-h,o-z) 
implicit integer W 4(i-n) 
real*8 g(40),x(94) 
common/dim/nc,nr,delta 
common/bed/gfx,gfz,a(40),b{40),porl40),thold(40) ,dx(94) 
common/bed2/el,e2,dp,ghold(40),gamx,gam% 
common/phase/rho,rmu 

c calculate the function and constra.!.nt ',",,!.lues 
c 

sum-C. 0 
do 14 jcf~l,nr*nc 

do 13 ktf=nr,l,-l 
13 if (jet .le .ktf*nc) kf=k:tf-l 

ix-nc*(nr+l)+jcf+k:f 
jvlt-)cf 

c 
c 
c 
c 

c 
c 
c 

c 
c 
c 
14 

c 
c 
c 
c 
c 
c 
c 

jvdz-Jcf+nc 
jvxDix 
jvdx-l.x+l 
call holdup(x,jvz,jvd%,jvx;jvdx,jcf,~hOldup) 
thold(jcf)=tholdup 

Specl.al case, if no holdup, no liqu~d flow, no energy dissipat~on 
in cell. 

if(thold(jefJ .1e.O.O)goto 14 

Calculate energy dissipation in general case. Sum for bed value. 

tl=1./thold(jcf)**2/delta 
t2=x (jvx) ** 3-x (jvdx) .*3+x (jvz) •• :3 

.; -x(jvdz) **3 

, 

tJ=x (Jvx) **2* (a {jef) +b (jef) *dabs Ix I :7X) ) ) 
':: 4=x ()vdx) .... 2. (a ()ef) +b Ijef) *dabs (x r :'.-dx) ) ) 
~S=X(Jv~)·*2*(a()ef)+b(Jef)*dabs(X(J~~) ) 
t6-x(Jvdz)**2*(a(jef)+b(jef)*dabs(x(~~dz)) ) 
t7=(x()vX)+x(jvdx))*gfx*(dcos(garnx) ,**2 
t8=(x()vz)+x(jvdz)*gfz*(dcos(gamz))**2 
sum=sum+rho * (t 1 *t2+ (t 3+t 4 +t5+t 6) • (por r :) ct) It hold (jet) ) * * 3 

-t7-tB) 12. 

Evaluate mass balance constraint. 

g (jcf) ""X (Jvx) -x IJ· .. dx) +x (jvz) -x (J'fd::) 
f-."'!Ilue=sum 
return 
end 

The followino subroutine evaluates ~~e e~erqy disSLpatLon Ln t~e 
bed also, but for the specific purccse of caleulat~ng the 
grad~ents wl.th respect to the v~loc;,::.y ·.·ar~ables:. 

7he structure and Comments are the sa~e as in subrout~ne funct. 

subrout~ne dfunct(dfvalue) 
implic~t real·S(a-h,o-z) 
impliCit integer~4{i-n) 
real*8 dthold(40) 
~ommon/d~m/nc,nr,delta 

common/bed/gfx,gfz,a(40),b(40) ,por(40) ,thold{40) ,dx(94) 



c 
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common/bed2Iel,e2,dp,ghOld(40),gamx,gam: 
common/phase/rho,rmu 

c calculate the fUnction value at the difference point 
c 

.sum-D. 0 
do 14 jcf~l,nr*nc 
do 13 ktf=nr,l,-l 

13 if(jcf.le.ktf*nc)kf~ktf-l 
ix-nc*(nr+l'+jcf+kf 
jv::z:-jcf 
jvdz-jcf+nc 
jvx-ix 
jvdx-ix+l 
call holdup(dx, jV%, jvd::r:, jvx,]vdx, jcf,tholdup) 
dthold(jcf)=tholdup 
if(dthold(jcf) .le.O.Olgato 14 
tl~1./dthold(jcf)**2/delta 
t2-dx(jvx) **3-dx(jvdx) **3+dx(jvz) **3 

& -dx(jvd::z:) **3 
t3-dx(jvx)**2*(a{jcf)+b(jCf)*dabS(dx(jVx))) 
t4-dx(jvdx l**2*(a(jcf)+b(jcf)*ctabsCdx(jvdx)) 
t5-dX{jvz)··Z*{a(jcf)+b(jcf)*dabs(dx(jvz)) 
t6-dx(jVdZ)··2*(a(jcfl+b(jcf)*dabS(dxejv dz)) 
t7-(dx(jvx)+dx(jVdx»~gfX*{dCOS{gamx»)~*2 
tS-(dx(jV%)+dx(jvdz)) *gfz* (dcos (gamz) ) **2 
sum-sum+rho~{tl*t2+(t3+t4+t5+t6)*(por(jCf)/dthold(jCf)**3 

& -t7-t8)/2. 
14 contl.nue 

dfvalue=sum 
return 
end 
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0.1 
1.e6 

0.1 
1.e6 

0.1 
1. e6 

20 0.1 
-1.e6 1.e6 
0.03 
:1 . .J:6 0.1 
-1.e6 1.e6 

-1. e6 
0.03 

-1.e6 
0.03 

-1.e6 
0.03 

-1.e6 
0.03 

-1.e6 

l. e6 0.0 0.0 
0.0 

1. e6 -1.e6 1. e6 
a .09 

1. e6 -1. 66 1 .66 
O. 06 

1. e6 -1 .• 6 .66 
o . 03 

1.e6 a . 0 o. a 
o. a 

l.e6 -1.e6 1. e6 
0.0 

1. e6 -1.e6 .66 
0.0 

-1.e6 1. e6 
0.0 

0.0 0.0 
0.0 

-1. 66 1. e6 
0.0 

-1 .66 1 .66 
0.0 

-1 .e6 .66 
0.0 

-1 .e6 .e6 
0.0 

.e6 
0.0 

1. e6 0.0 , . 0 
0.0 

1 .e6 -1 .66 .66 
0.0 

.e6 .e6 1. e6 
0.0 

.66 -1 .66 1.e6 
0.0 

1. e6 0.0 0.0 

-1. e6 1 .e6 
0.09 

-1.e6 .• 6 
0.06 

-1. e6 1. e6 
0.03 

0.0 O. 0 
0.0 

-1. e6 1. e6 
0.0 

-1 .e6 1.e6 
0.0 

-1 .66 .e6 
0.0 

0.0 a .0 
0.0 

-1 . e6 .e6 
:'.0 

-Le6 1. .6 
0.0 

-1.e6 .e6 
0.0 

-1 .6 . e6 
0.0 

-1 .e6 . e6 
0.0 

-1. e6 . e5 
0.0 

0 .0 0.0 
a .0 

-1. e6 1. e6 
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0.03 0.03 0.0 0.0 
22 .45 0.1 
-1.e6 1.e6 -1.e6 1.e6 -1.e6 1.e6 -1.e6 1.e6 
0.03 0.03 0.0 0.0 
23 .J8 0.1 
-1.e6 1.e6 -1.e6 1.e6 -1.e6 1.e6 -1.e6 1.e6 
0.03 0.03 0.0 0.0 
24 .5 0.1 
-1.e6 1.e6 -1.e6 1.e6 -1.e6 1.e6 0.0 0.0 
0.03 0.03 0.0 0.0 
25 .37 0,1 
-1.e6 1.e6 -1.e6 1.e6 0.0 0.0 -1.e6 1.e6 
0,03 0.03 0.0 0.0 
26 .43 0.1 
-1.e6 1.e6 -1.e6 1.e6 -1.e6 .e6 -1.e6 1.e6 
'J.03 0.03 0.0 0.0 
27 .46 0.1 
-1.e6 a6 -1.e6 1.e6 -1.e6 1.e6 -1.e6 1.e6 
0.03 0.03 0.0 0.0 
28 .5 0.1 
-1.e6 1.e6 -1.e6 1.e6 -1.e6 1.e6 0.0 0.0 
0,03 0.03 0.0 0.0 
29 .28 0.1 
-1.e6 1.e6 -1.e6 1.e6 0.0 0.0 -1.e6 .a6 
0.03 0.03 0.0 0.0 
30 .45 0.1 
-1.e6 1.e6 -1.e6 1.e6 -1.e6 1.e6 -1.e6 1.e6 
0.03 O.OJ 0.0 0.0 
31 .29 0.1 
-1.e6 1.e6 -1.e6 1.e6 -1.e6 .e6 -1.e6 1.e6 
0.03 0.03 0.0 0.0 
32 .5 0.1 
-1.e6 1.e6 -1.e6 l.e6 -1.e6 l.e6 0.0 0.0 
0.03 0.03 0.0 0.0 
33 .46 0.1 
-1.e6 1.e6 -1.e6 1.e6 0.0 0.0 -1.e6 1.e6 
0.03 0.03 0.0 0.0 
34 .49 0.1 
-1.e6 1.e6 
0.03 
35 .35 0.1 
-1.e6 1.e6 
~.03 

36 .5 0.1 
-1.e6 1.e6 
0.03 
37 .5 0.1 
-1.e6 1.e6 
0.03 
-;8 .5 0.1 

-1.e6 1.e6 -1.e6 1.e6 
0.03 0.0 

-1.e6 1.e6 -1.e6 1.e6 
0.03 0.0 

-1.e6 1.e6 -1.e6 1.e6 
0.03 0.0 

0.0 1.e6 0.0 0.0 
0.03 0.0 

-1.e6 .e6 
0.0 

-1.e6 .e6 
0.0 

0.0 a. 0 
0.0 

-1.e6 1.e6 
0.0 

-1.e6 1.e6 0.0 1.e6 -1.e6 1.e6 -1.e6 1.e6 
0.03 0.03 0.0 0.0 
39 .5 0.1 
-1.e6 1.e6 0.0 1.e6 -1.e6 1.e6 -1.e6 .e6 
0.03 0.03 0.0 0.0 
40 .5 0.1 
-1.e6 1.e6 0.0 1.e6 -1.e6 1.e6 0.0 0.0 
0.03 0.03 0.0 0.0 



VL bed , 

mls 

O.OOS 

0.012S 

0.02 

0.03 

O.OS 

O.OOS 

0.012S 

0.02 

0.D3 

O.OS 

O.OOS 

0.012S 

0.02 

0.D3 

O.OS 
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Distribution Modelling. 

Inlet E Sum of Kuhn-
" Number v,bed mass CPU 

Liquid 
of balance Tucker ** Bed Code Distribu- Joule violations Condition time 

tion iterations m3 s kg/m3/s N/m3 h:m:s 

1 PS 217 0.1962e4 0.4e-17 0.12e-S 0:2S:S0 

1 PS 236 0.490Se4 0.1e-16 0.12e-S 0:28:24 

"*" 1 PS 773 0.8838e4 0.7e-17 O.4e-S 9:00:28 

1 PS 6S6 0.1S8SeS 0.ge-17 0.82e-6 1:2S:07 

1 PS 17S 0.3970eS 0.3e-16 O.l1e-S 0:22:11 

2 PS 230 0.1962e4 0.3e-17 0.88e-6 0:27:S0 

2 PS 241 0.S033e4 0.ge-17 0.81e-6 0:28:43 

2 PS 302 0.9122e4 0.le-16 0.62e-S 0:39:06 

2 PS 427 0.1618eS 0.2e-16 0.S8e-6 0:S3:47 

2 PS 250 0.4470e5 0.2e-16 O.24e-S 0:30:4S 

1 U 88 0.1962e4 0.3e-17 0.12e-6 0:IS:S0 

1 U S2 0.490Se4 0.4e-17 0.9Se-6 0:OS:30 

1 U 88 0.7847e4 0.4e-17 0.12e-S 0:09:01 

1 U 80 0.1 177eS 0.le-16 0.2e-5 0:08:22 

1 U 144 0.1961eS 0.2e-16 O.4Se-4 0:14:50 



V
Lbed , 

mls 

0.005 

0.0125 

0.02 

0.Q3 

0.05 
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Table 9.10.6 Iteration Results for Unsaturated Single Phase Flow 

Distribution Modelling (continued). 

Inlet E Sum of Kuhn-
'" Number v,bed mass CPU 

Liquid 
of balance Tucker ** Bed Code Distribu- Joule violations Condition time 

tion iterations m3 s kg/m3/s N/m3 h:m:s 

2 U 125 0.1962e4 0.2e-17 0.86e-6 0:15:22 

2 U 66 0.4905e4 0.2e-17 0.1le-3 0:07:35 

2 U 98 0.7848e4 0.4e-17 0.52e-3 0:11:01 

2 U 446 0.1177e5 0.le-16 0.3ge-3 0:50:34 

2 U 264 0.202le5 0.le-16 0.38e-4 0:29:51 

* PS = point source liquid at bed center, U = uniform distribution of top layer of packing 

** cpu times refer to a Vax 6200 series computer unless stated otherwise. 

*** cpu time on a Vax 785 computer 



c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 

c 
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Table 9.10.7 Fortran Code for Two Phase Flow Distribution 

Modelling in the Low Gas-Liquid Interaction Regime. 

The following program will determ~ne the two phase 
flow distribution ~n a packed bed by m~n~mi%ing the energy 
dissipation over the entire bed for both phases. 

The minimization is carried out using the Internationa! 
Math Subroutine Library (IMSL), subroutine DNOONF. 
The algorithm is based on Success~ve Quadrat~c Programming (SQP). 
Consult the IMSL Users Manual (1966) for more details. The details 
pertinent to using and modifying this program are given in the code. 

Richard A. Holub, 1/90 

The subroutine requires double prec~s1cn arithmetic. 

implicit real*8(a-h,o-z) 
implic~t integer*4(i-nl 

The following common statements are used to store numbers and 
dimension vectors. The statements are used to communicate 
with the subrout1nes. 

comrnon/dim/nc,nr, delta 
common/bed/gfx,gfz,al(40),bl(40),por(40) ,thold(40) ,dx(186) 
comrnon/bed2/el,e2,dp,ag(40),bg(40),ghold(40) ,gamx,gamz 
comrnon/para/ibts, iprs,maxa,maxfs, sacc,sscbou 
comrnon/phase/rhol,rmul,rhog,rmug 

c The following parameter statements are used to dimens10n the 
c problem and assign workspace for Ct:2CtlF. :'he varl.able names 
c ar~ exactly the same as found in the IMSL Users manual for 
c convenl.ence. The relationships for the bed model ar~ as follows 
c and the IHSL definitions are repeated for completeness. 
c 
c 
c 

c 
c 

c 
c 

c 
c 
c 

c 
c 
c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 

Consider a two dimensional bed model composed of nc columns and 
or rows. The number of varl.ables (unknown phase superficial 
velocities can be shown to be: 

n = 2 • (nc· (nr+1) +nr* (nc+l») 

The number of equality constral.nts .l.S qJ.':en by the mass balances 
for each cell for each phase. 

me .. 2*nc*nr 

The total number of constraints is the same as the number of 
equality constral.nts. Constraints are placed on the velocities 
3.t the bed boundaries, but this J.~ 3~-::~:-::?lished I.lSl.no the ucper 
3.nd lower bounds of each var~able (~pec~f~ed in the ~nput file). 

m ... me 

All of the other parameters define the necessary workspace for 
the variables in DNOONF. The necessary ~elat~onships to calculate 
the approprl.ate dimension for someth.l.~~ other that a 4 by 10 
element bed (as is shown) are as follows. 

ldc = n + 1 
lddg mmax = maXl.mum of 1 or m m (generally) 
ll.l = m + n + n + 2 
lact = 2*mrnax + 13 
lwk = 2*n* (n+16) + 4*m.max + 5*m + 68 
liwk=19+m 



c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 
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Table 9.10.7 Fortran Code for Two Phase Flow Distribution 

Modelling in the Low Gas-Liquid Interaction Regime (continued). 

parameter (n=lS8,m=80,me-eo) 
parameter(ldc-189,lddq-80,lu=4SB,lact=1731 
para.meter (lwk-? 7 4 92, liwk"'99) 

The double preCision vectors and work spaces are defined. 

c - the final approximation of the Hessian on output 
d - diagonal elements of Hessian on output 
d~- gradient of the objective function, supplied 
dg- array containing the gradients of the constra~nts 
9 - constraints 
x - the variables 
xlb- lower bounds on variables (if unspecified, set at -1.&6) 
xub- upper bounds on variables (if unspecified, set at 1e6) 
u - Lagranq1an multipliers for nonlinear constr41nts and 

varl.able bounds 
conwk,wk, iwk - work vectors 

active - a logical vector to indicate the active (violated) 
constraints. 

real~8 c{ldc,n+l),conwk{m),d(n+l),df{n),dg(lddg,n) 
real~8 g(m).u(lu),wk(lwk),x(n),xlb(n),xub(n) 
inteaer-4 iwk(liwk) 
integer-4 ibtype,ido,iprint.k,maxfun,max~tn.mode,nout 
logical active(lact) 
external dnOonf 

c Next, the input file is read to define the problem. 
c 
c rho and rmu = phase dens~ty and v~scos~ty for liquid (1) and gas (q) 
c xdeltal stepsize for central finite difference appro~~mat~on 
c of the objective function gradient with the Z components 
c of velocity. (3e-15 is best based on machine error) (l and g) 
c xdelta2 stepsize for central finite difference approximation 
c of the objective function gradient with the X components 
c of velocity. (3e-15 is best based on machine error) (1 and qJ 
c e1 and e2 ~ Ergun equation coefficients (lam~nar and turbulent) 
c dp= part~cle diameter 
c gfx and gf: = components of gravity in each coordinate direct~on 
c of the cell. 
e nc and nr = the number of columns and rows of cells in the assembly 
c which makes the bed model. 
c acc = converaence criterion. is the Kuhn-Tucker criterion. 
c scbou = scale factor for objective function. program scales 
c problem automat~cally. best set to 1 
c ibtype = indicates how variable bounds are obtained, set to zero 
c in the current algorithm so all var~able bounds are 
e soecified. Other ootions ir.~ludB 

o . all bounds spec~fied (usee here) 
c 1 all var.l.ables nonneaat.l ve 
c 2 all variables nonpo~itive 
c 3 users supplies first var~able bounds, all others the same. 
c iprint = output parameter for IMSL subrout.lne 
c 0 no output 
c 1 final converaence analvs~s 
c 2 one line of intermediate results for each interat~on 
c 3 deta.lled output for each lterat~on. 

c 
max~tn and maxfun = maX.l.mum ~terat~ons and funct~on calls. 

read(1,~)rhol,rmul,rhog,rmug 

read(1,*)xdeltall,xdelta21,xdeltalg,xdelta2g 
read(1,*)el,e2,dp.gfx,gfz 
read(l,·)nc,nr,acc,scbou 
read{l,*)ibtype.iprint,max.l.tn,maxfun 



c 
c 
c 
c 
c 

c 
c 
c 
c 

c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
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c 
c 
c 
c 
c 
c 
c 
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c 
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The variables which commun~cate with the IMSL subroutine are 
saved under different names so that the output file of a 
particular run can be used to restart the problem. 

ibts .. ibtype 
iprs-iprint 
maxs-r!laxitn 
maxfs~axfun 

sacc""l!I.cc 
secbou""scbou 

Define the cell dimension, the acceleration due to gravity, and 
the angles each cell ax~s makes with the horizontal plane. 

delta-3.*dp 
grav-dsqrt(gfx**2+qfz*·2) 
if(gfx.eq,Q.O)garnx-O.O 
if(gfz.eq.O.OlgamzaQ.O 
if(gfx.ne.O.O)gamx-dasin(grav/gfx) 
if(gfz.ne.O.O)gamz-dasin(grav/gfz) 

Mode 2 indicates that the reverse communication option is beino 
used (i.e. DNOONF) and the Hess~an and Lagrangian multipliers are 
not supplied. 

mode-Z 

The following integer logiC relates the bed variable numbers to 
the velocity components for a partl.cular cell (jc) In other -,,('rds, 
the first step 1.0 any calculatl.on for a particular cell requl.res 
that the superficial velocities at the Z, Z+dZ, X, and X+dX 
pos1.tions be related to the vector of un~nown.s which has been 
compressed to have only a single value for each velocity shared 
by adjacent cells. The liquid and gas veloCl-ties are nUmbered 
consecutively in the bed. In other words, the liquid velocl-ties 
are contained in x(1-94) and the gas l.n x(95-188). 

This same logic appears throughout the program. 

do 10 jC=l, nr*nc 
do 5 kt=nr,l,-l 
if(jc.le.kt*nc)k=kt-1 
iX=nc*(nr+l)+jc+k 
jvzl=jc 
j'ldzl"'jc+nc 
jVXl"'ix 
jvdxl"'l.X+l 
"ivza=,vz1+n/2 
3'1d~g;Jvdzl+nI2 
jvxg=jvxl+n/2 
jvdxg"'Jvdxl+n/2 

From the input file, read the cell number, porosl.ty, and an some 
"Talue for the liCUl.d holdup. :-11e holdUp ";alue l.S not used on l.r.cut 
but the correct ;alue 1.S c~lculated fer· the 1.nitial guess of . 
'TeIOCl.ties. On output, however, the cell holdup for the con';erged 
solution is written ~nto this posl.t~on. 

7he terms necessary for the Ergun equatl.on are also calculated for 
the gas and liquid. 

read(l,*}ncell,por(jc) ,ghold(jc) 
al(jc)=el*rmul*{1.-por(jc)}**2/portjc)**3/dp**2/rhol 
bl (jC) "'~2* (1. -par (jC) ) Ipor (]C) **3/dp 
ag(Jc)=el*rmug*(1.-por(Jc»**2/por(JcJ*~3/dp**2/rhog 



c 
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bg(jc) ""bl (jc) 

c Check to see if input file is the correct order. 
c 

if(ncell.ne.jc)then 
write(6,6)ncell 

6 forrnat(lx,'error on input at cell' ',i5) 
end if 

c 
c Read in the lower and upper bounds of each variable and an 
c initial guess of the solution. First the liquid, then ga8. 
c 

read(l,*)xlb{jvzl) ,xub(jvzl),xlb(jvdzl),xub(jvdzl), 
& xlb(jvxl),xubljvxl),xlbljvdxll,xubljvdxl) 

read(l, *) x (jvzl) I x (jvdzll, x (Jvxl) ,x ljvdxl) 
read(l, *)xlb(jvzg) ,xubljvzg) ,xlb(jvdzg),Xub(jvdzg) , 

xlb (jvxgl , xub (jvX9/ • xlb (jvdxq), Xub ()vdxg) 
read(l,*)x(jvzg),x{jvdzg),xljvxgJ,x(jvdxg) 

10 contl.nue 
c 
c 
c first set all active variables to true ... 
c 

do 11 ip~1,2*nc*nr 
11 active(ip)=.TRUE. 
c 
c now set ido to 0 which indicates the first pass ... 
c 

ido .. O 
12 if(ido.eq.O.or.ido.eq.l1then 
c 
c now calculate function and constraints 
c 

call funct(x,fvalue,g) 

end if 
c 
c now check ido to evaluate gradients .. 
c 

if(ido.eq.O.or.ido.eq.2)then 
c 
s The derivat~ves of the ob'ect~ve funct~cn for the two ohase flow 
c case are calculated numerically us~nq central fin~te differences. 
'=: The stepsi%e to the % and x components of velocity are defined ~n 
c the input file. 
c 
c before beginning, set the dx vector to the x vector values 
c 

do 14 ;cb~1.nr*nc 

do 13 ktb~nr,l.-l 
13 if(jcb.le.ktb*nclkg~ktb-l 

iXsnc* (nr+l) +jcb+kg 
jV%l=jcb 
jvdzl:=jcb+nc 
jvxl=ix 
jvdxl=l.x+l 
jvzg=)vzl+n/2 
jvdzg=)vdzl+n/2 
j"'xg=]vxl+n/2 
j ... ·dxg=)vdxl+n/2 
dx(jvzl)=x(jvzl) 
dx (jvdzl) =x (jvdzl) 
dX(jvxl)=x{jvxl) 
dx(jvdxl)=x(jvdxl) 
dx(j· ... zql=x{jvzg! 
dx (jvdzgJ =x (jvdzg) 



-345-

Table 9.10.7 Fortran Code for Two Phase Flow Distribution 

Modelling in the Low Gas-Liquid Interaction Regime (continued). 

dx (jvxg) -x (jvxg) 
14 dx.(jvdxg)""X (jvdxg) 
c 
c now the gradients 
c 

do 20 jcg-l,nrwnc 
do 15 ktg-nr,l,-l 

15 if (jcg.le.ktg*nclkg"'ktg-l 
ix-nc-(nr+l}+jcg+kg 
jv'Zl-jcg 
jvdzl-jcg+nc 
jvxl_ix 
jvdxl-ix+l 
jv:z.q-]v'Z1+n/2 
jvd:tq-jvd:tl+n/2 
jvxg-')vxl+n/2 
jVdxg-jvdxl+n/2 
dx(jv'Zl)Dx(jvzl)+xdeltall 
call dfunct(dfvaluel) 
dx(jvzl)-x(jv'Zll-xdeltall 
call dfunct{dfvalue2) 
df(jvzll-(dfvaluel-dfvalue2)/xdeltall/2. 
dx(jv:z.l)=X(jvzl) 

c 

c 

c 

c 

c 

dx(jvdzl)=x(jvdzl)+xdeltall 
call dfunct(dfvaluel) 
dx(jvdzl)-x(jvdzl)-xdeltall 
call dfunct(dfvalue2) 
df{jvdzl)-Cdfvaluel-dfvalue2)/xdeltall/2. 
dx{jvd%l}~x(jvd%l) 

dx(jvxl)=X(jvxl)+xdelta21 
call dfunct(dfvaluel) 
dx! jvxl) =x (jvxll -xdelta2l 
call dfunct(dfvalue2) 
df(jvxl)={dfvaluel-dfvalue2)/xdelta2l/2. 
dx(jvxl)=x(jvxll 

dx(jvdxl)~x(jvdxl)+xdelta21 

call dfunct(dfvaluel) 
dxfjVdxl):x(jvdxl)-xdelta21 
call dfunct(dfvalue2) 
df(j v dxl}:(dfvaluel-dfvalue21/xdelta21/2. 
dx(jvdxl) =x (jvdxl) 

dx(jvzg)=x(jvzg)+xdeltalg 
call dfunct(dfvaluel) 
dx(jvzg)=x(jvzg)-xdeltalq 
call dfunct(dfvalue21 
df (jvzg) = (dfvaluel-dfvalue2l /:deltalg/2. 
dx (jvzg) ""X (jvzg) 

dx(jvdzg)=x (jvdzg) +xdeltalg 
call dfunct(dfvaluel) 
dx(jVdzgl=x(jvdzgl-xdeltalg 
call dfunct{dfvalue2) 
df(jvdzg)=(dfvaluel-dfvalue2)/xdeltalg/2. 
dx (jvdzg) =x (jvdzg) 

dx(jvxg)=x(jvxg)+xdelta2g 
call dfunct(dfvaluel) 
dx (jvxg) =x (jvxg) -xdelta2g 
call dfunct(dfvalue2) 
df(jvxg)=(dfvaluel-dfvalue21/xdelta2g/2. 
dx(jvxgl=xijvxq) 



c 

-346-

Table 9.10.7 Fortran Code for Two Phase Flow Distribution 

Modelling in the Low Gas-Liquid Interaction Regime (continued). 

d.xfjvdxg)-x(jvdxgl+xdelta2g 
call dfunct(dfvaluel) 
dx(jvdxg)-x(jvdxg)-xdelta2g 
call dfunct{dfvaluel) 
df(jvdxgJ-(dfvaluel-dfvalue2)/xdelta2g/2. 
dx (jvdxg) ""X (]vdxg) 

16 continue 
if (active(jcg))then 
do 17 ij~1,2*(nc·(nr+lJ+nr·(nc+l)) 

17 dg(jcq,ij)-O.O 
dg(jcg,jvdl-l. 
dg(jcg,jvdzl)--l. 
dg(jcg,jvxl)-l. 
dg(jcg,)vdxl)--l. 
end if 
if(act2ve(jcg+nc*nr) )then 
do 18 ii 3 1,2*(nc*(nr+l)+nr*(nc+l») 

18 dg(jcg+nc*nr,ii)-O.O 

20 

c 
c 
c 

, , 
c 
c 
c 

c 
c 
c 
c 

dg(jcg+nc*nr,jvzg)=l. 
dg(jcg+nc*nr,jvdzg)--l. 
dg(jcg+nc*nr,jvxgJ-l. 
dg(jcg+nc*nr,jvdxgJ=-l. 
end if 
continue 
end if 

Call the IMSL subroutine. 

call dnOonf{ido,m,me,n,ibtype,xlb,xub.iprint.~ax~tn,x, 
fvalue,g,df.dg/lddg,u,c,ldc/d,acc,scbou,maxfun,act~ve, 
mode,wk,iwk,conwk) 

Test for convergence. 

if(ido.eq.l.or.ido.eq.2)goto 12 

The output file is written in the same format as the input file 
to facilitate restart~ng the program. 

write (20,32) rhol,rmul,rhog,rmug 
wr1te(20,33)xdeltall,xdelta2l,xdeltalg,xdelta2g 
write(20,34)el,e2,dp,gfx,gfz 
write(20,36)nc,nx,sacc,sscbou 
write(20,38)ibts,1prs,maxs,maxfs 
do 30 ;c=l,nx*nc 
do 2S kt=nr,l,-l 

25 if(jc.le.kt*nc)k~kt-l 

ix=nc-(nr+l)+jc+k 
Jo:zl=Jc 
jvdzl=]c+nc 
jvxl=ix 
jvdxl""ix+l 
jvzg~jvzl+n/2 

jvdzg=]vdzl+n/2 
jvxg=Jvxl+n/2 
jvdxg=]vdxl+n/2 
write (20, 39) je, por (jc) ,thold (jc) 
wr1te (20, 40) xlb (jvzlJ ,xuo (jvzl) ,;db (jvdzl) ,xub 1 )'fdzl) , 

xlb (jvxl) , xub (jvxl) ,xlb (jvdxl) ,xub (jVdxl) 
wxite(20,42)x(jvzl),x(]vdzl) ,x{jvxl),x(jvdxl) 
wr~te(20,40)xlb{jvzg)/xub(jvzg),xlb{jvdzg),xub(jvdzg), 

xlb(jvxg) ,xub(jvxg) ,xlb(jvdxg),xub(jvdxg) 
write (20, 42) x (jvzg) , x (j'Jdzg) I x (jvxg), x (jvdxg) 

3D (;Ont1nue 
32 format (4elO.2) 
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, 

format(4elO.2) 
format(5elO.2) 
format(2iS,2elO.2) 
format(4i5) 
format(i5,flO.5,e12.3) 
format(BelO.2) 
format (4elZ.3) 
stop 
end 

The following subroutine calculate the liquid holdup 
in a cell given the superficial phase velocities into the cell. 

The variable definitions are the same as the calling routine 
except that the var~able vector x has been replaced by v. 

subroutine holdup(v,jvzl,jvdzl,jvxl,jvdxl.j, 
jvzg, Jvdzg, jvxg, J'.rdxg,tholdup) 

implicit real*8(a-h,o-z) 
implicit integer*4(i-n) 
real*8 v(lBS),h(lOOOO),hss(lOO) 
common/beci/gfx,gfz,al(40),bl(40),por/40),thold(40),dx(188) 
common/bed2/el,e2,dp,ag(40),bg(40),ghold(40),gamx,gamz 
common/phase/rhol,rmul"hog,rmug 

Define the gravitational acceleration of the earth, and the average 
velocities at the cell center. 

grav=dsqrtlqfx··2+gfz··2) 
~dengl=rhog/rhol 

v%cl=(v(jvzl)+v(jvdzl»/2. 
vxcl:(v(jvxl)+v(jvdxl»/2. 
V%cg=(V(jV%g)+V(jvdzg)12. 
vxcg=(v(jvxg)+v{jvdxg)/2. 

calculate the angle the resultant v~locity of the liquid makes 
at the cell center. Calculate the g~avitatianal component in the 
same direction and the maqitude of the gas and liquid velocities 
at the cell center. -

theta=datan(vy.cl/vzcl) 
g~avv=gfz/dcos(theta) 
vtotall=dsqrt(vzcl··2+vxcl··2) 
vtotalg=dsq~t(vzcg*·2+vxcg**2) 

calculate the ze~oshear liquid holdup. 

troot= (al (j) ''''rtotall +bl (j) *'r:otall"' .. :: 1 / gravy 
holdlonly=troot*"(1./3.) "por(J) 

If the liquid flowrate in the cell is zero, the liqu~d holdup ~s 
zero. 

If(vtotall.le.O.Olthen 
tholdup=O.O 
goto 40 
end if 

I~ t~e gas flowrate 1n the cell is zero, the liqu1d holdup 1S 
given by the zero shear model. 

if(vtotalq.le.O.Olthen 
tholdup=holdlonly 
goto 40 
end if 



f 
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c A Newton Raphson iteration is used to solve the two phase flow 
c uniform distribution hydrodynamic model for each cell. A starting 
C value of holdup is given based on the zero shear model prediction. 
c 

10 if(holdlonly.le,1.d-2)h{1)=holdlonly 
if(holdlonly.gt.l.d-2)h(l)~O.1 

c 
c The Ergun equation functions are calculated for the gas and 
c liquid, then the Newton Raphson starts. 
c 

c 

ergl-(al(j)*vtotall+bl(j)*vtotall**2)/gravv 
ergg-{ag(j)*vtotalg+bg(j)*vtotalg**2)/gravv 
do 20 i=1,1000 
rt-por (j) -h{i) 

c If the cell becomes saturated, quit the iterat~on. 
c 

c 
c 
c 
c 
c 
14 

, 
15 

16 
17 

c 
c 
c 

, 
c 
c 
c 
c 

c 

if (dabs (rt) ,le.l.d-12)then 
tholdup-por (J) 
gato 40 
end if 

If the holdup drops below le~6, then successive substitution 
is & better method since it avo~ds division by small numbers 
and cubing the result. 

if(dabs(h(i)) .le.l.d-6)then 
hss!l)""n(i) 
do 15 ii"'l,lOO 
hss (~i+l) =por (J) * (ergll (1. +rdengl* ( (por (J) I (por (j) ~hss (iil ) ) ** 3 

*ergg~l.))) ** (1./3.) 
if (dabs ( (hss (ii+l) -hss (ii) ) Ihss (ii+!) ) .le .1. d-16) goto 17 
continue 
write(6,16)ii 
format(1x,'Succ. Subst. failed to converge in',iS,'iterations') 
tholdup=hss(ii+l) 
goto 40 
end if 

Back to Newton Raphson ~terat~on. 

for=l. +rdengl * ({por (j) Irt) '" ·3*ergg-l.) - (por (J) Ih (i) ) "" 3*ergl 
dfnr=3.* (rdengl* (por(j)/rtl **3/rt*ergg+ 

(por(J)/h(i)**3/h(i)*ergl) 

Define some catChall limits for the holdup if the Newton P.aphson 
~terat~on diverges. I have never had a s~tuat~an where this was 
needed but I include it to be cautious. 
if(h(i) .le.-l.)then 
h(i)=0.9d-6 
goto 14 
end if 
if (h (i) .ge .1.) then 
tha1dup=por (j) 
gato 40 
end if 

-: 'Jpdate holdup est".imate and test for convergence. 

h(i+l)=h(i)-fnr/dfor 
i:f(dabs«h(i+I)-h(i))/h(i)) .le.1.d-16)goto 30 

20 continue 
write (6, 25) 

25 :orrnat (Ix. 'Newton Raphson failed to converge') 
30 tholdup=h(i+l) 



'. 
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40 continue 
return 
end 

c The following subroutine is called to evaluate the energy dissipat~on 
c in the bed. 
e 

subroutine funct(x,fvalue,gJ 
implicit real*S(a-h,o-z) 
implicit integer*4(i-n) 
real*S g(80),x(188) 
common/diminc,nr,delta 
common/bed/gfx,gf::.al(40),bl(40),por(40),thold(40),dx(lS8) 
common/bed2/el.e2,dp,ag(40),bg(40),ghold(40) ,gamx,gamz 
common/phase/rhol,rmul,rhag,rmug 
n-2* (nc* (nr+l) +nr* (nc+l» 

e 
c calculate the function and constraint values 
e 

sum_O,O 
do 10 jcf-l,nr*nc 
do 5 ktf-nr,l,-l 

5 if (jet .1e. ktf"'nc) kf-ktf-l 
ix-nc*(nr+l)+jcf+kf 
jv::l-jcf 
jvdzl"jcf+nc 
jvxl-ix 
jvdxl-ix+l 
jV%g_)vzl+n/2 
jvdz9""'Jvdzl+n/2 
jvxg-Jvxl+n/2 
jvdxg_jvdxl+n/2 
call holdup(x,jvzl,jvdzl,jvxl,jvdxl,jcf, 

& jvzg,jvdzg,jvxg,jvdxg,tholdup) 
thold(jcf)-tholdup 

e 
e Evaluate the energy dissipation in the cell. 
c 

c 

tZl a x(jvxl)**3-x(jvdxl)**3+x(jvzll**3 
& -,.; (jvdzl) **3 

t2g~x{jv,.;g)**3-x(jvdxgJ**3+x(jvzg)**3 
& -,.;{jvdzg) **3 

t31=x(jv,.;I)**Z*(al(jef)+bl(jef)*dabs{x(jvxl) ) 
t3g-x(jvxg)**Z*(ag(jef)+bg(]ef)*dabs(xljVX9)) 
t4It x(jvdxl)**2*(al(jcf)+bl(jef)*dabs(x(jvdxl))) 
t4g-x(jvdxg)**Z*(ag(jcf)+bg(jc£)*dabs(x{]vdxg») 
t51=xljvzl)**Z*(al(jef)+bl(jef)*dabs/x(jvzl) )) 
t5g=x(jvzg)**Z*fag(jef)+bg()cf)*dabs(XljVZ9) ) 
t61=x (jvdzl) **Z* (al (jef) +bl (jef) *dabs Ix (jvdzl)) 
t6~x(jvdzg)**Z*(ag(jcf)+bg(jcf)*dabs(x(jvdzg)) ) 
t71:(x(jvxl)+x(jvdxl)*gfx* (dcos (gamx) ~*Z 

t7g-(x(jvxg)+x(jvdxg)*g£x*{deos (gamx)) **Z 
tBl-(x(jvzl)+x(jvdzl)*g£z*(deos(gamz)) **Z 
tBg-(x(jvzg)+x(jvdzg»*gfz* (deos (gamz) ) ~*Z 

c Special ease of liquid saturated cell. 
e 

c 

if{thold(jcf) .eq.porljcf) lthen 
tll=l./porl)ef) **Z/delta 

c sum to bed value. 
c 

sum=sum+rhol*(tll*tZI+(t31+t41+t51+t61) 
& -t71-tBl)/2. 

gotO 9 
end if 



e 
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Table 9.10.7 Fortran Code for Two Phase Flow Distribution 

Modelling in the Low Gas-Liquid Interaction Regime (continued). 

c Special case of gas only flowing in cell. 
c 

c 

if(thold(jcf) ,1e.O.O)then 
tlg-l./por(jcf)··2/delta 
sum-~um+rhog·(tlg*t2g+(t3g+t4g+t5g+t6g) 

& -t7g-t8gJ/2. 
gate 9 
end if 

c General case of two phase flow in the cell. 
c 

, , , 
c 
e 
c 

9 
10 

c 
c 
c 
c 
e 
c 
c 

c 

tll-l./thold(jcf)··2/delta 
tlg-l./(por(jcf)-thold(jcf))·*2/delta 
sum-sum+rhol*(tll*t2!+(t31+t41+t51+t61) 

·(por(:cf)/thold{jCf))·~3-t71-t81)!2. 
+rhog* (tlg*t2g+ (t3g+t4g+t5g+t6g) 

*(porIJcf)/(por()cf)-thold(jct») ·*3-t7g-t8g)/2. 

Evaluate mass balance constraints. 

g(jcf}-x(jvxll-x(jvdxl)+x(jvzl)-X(jvdzl) 
g(jcf+nc*nr)-x(jvxg)-x(jvdxg)+x(jvzg}-x(jvdzg) 
fvalue-sum 
return 
end 

The following subroutine evaluates the energy dissipation in the 
bed also, but for the spec1fic purpose of calculat1ng the 
gradients with respect to the veloc~ty variables. 

The comments and layout are the same as for subroutine funct. 

subroutine dfunct(dfvalue) 
implicit real*8(a-h,0-z) 
implicit integer*4(i-n) 
real*8 dthold(40) 
common/dim/nc,nr, delta 
cornmon/bed/gfx,gfz,al(40),bl(40) ,por(40),thold(40) ,dx(188) 
cornmon/bed2/el,e2,dp,ag(40),bg(40) ,ghold(40),gamx,gamz 
cornmon/phase/rhol,rmul.rhog,rmug 
0"'2* (ne* (or+l)+nr* (nc+l» 

c calculate the function value at the difference point 
c 

sum=O.O 
do 14 jcf=l,nr*nc 
do 13 ktf=nr,1,-1 

13 if{jcf.le.ktf*nc)kf=ktf-l 
ix=nc*(nr+l)+jcf+kf 
jvzl=jcf 
jvdzl=jcf+nc 
jvxl=ix 
jvdxl=ix+1 
jvzg=]vzl+n/2 
jvdzg=jvdzl+n/2 
jvxg=Jvxl+n/2 
jvdxg""jvdxl+n/2 
call holdup (dx, )\'zl, J-_"dz1, ]vxl. )vdxl, )c=, 

Ii Jvzg, )-.. dZ9, Jvxg, Jvdxg, tho1dup) 
dthold(jcfl=tho1dup 
t21=dx (jvxl) "'*3-dx (jvdxl) *"3+dx (jvzl) **3 

Ii -dX(jvdzl) **3 
t2g=dx(jvxg)**3-dx(jvdxg) *"3+dx(jvzg) *"3 

Ii -dx (jvdzq) *"'3 
t31=dx(jvxl)*·2*(al(jcf)+bl(jcf)*dabs(dx{jvxl))) 
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Table 9.10.7 Fortran Code for Two Phase Flow Distribution 

Modelling in the Low Gas-Liquid Interaction Regime (continued). 

t3g-dx(jvxg) **2*(ag{jcf)+bg(jcf) *dabs(dx(jvxg))) 
t41-dx(jvdxl)**2*(al(jcf)+bl(jcf)*dabs(dx(jvdxl))) 
t4g-dx{jvdxg) **2*(ag(jcf)+bg(jcf) *dabs(dx(jvdxq)) 
t51-dx(jvzl)**2*(al(jcf)+bl(jcf)*dabs(dx(j v zl))) 
tSg-dx(jvzg)**2*(ag(jcf)+bg(jcfl*dabs(dx(jvzg)) 
t61-dx{jvdzl)**2*{al(jcf)+bl(jcfl*dabs(dx(jvdzl))) 
t6g-dx(jvdzg)**2*(ag(jcf)+bg(jcfl*dabs(dx(jvdzg))) 
t71-(dx(jvxl)+dx{jvdxl)) *gfx* (dcos (gamx) 1 **2 
t7g-(dx(jvxg)+dx(jVdxg))*gfx*(dcos(gamx))**2 
t81-(dx(jvzl)+dx(jvdzl)*gfz* (dcos(grunZ)) **2 
t8g-(dx(jvzg)+dx(jvdzg») *gfz*{dcos<gamz)**2 
if (dthold (jef) . eq.por (jef» then 
tll-l./dthold(jcfl**2/delta 
sum-~um+rhol*(tl1*t21+(t31+t41+t51+t61) 

& -t71-t81)/2. 
goto 14 
end if 
if (dthold(jcf) .1e.O.O)then 
t1q-l.l(por(]cf)-dthold(jef»**2/de1ta 
sum-sum+rhog*{t1g*t2g+{t3g+t4g+t5g+t6g) 

& -t7g-t8g)/Z. 
goto 14 
end if 
t11a l./dthold(jef)**2/delta 
tlg-1./(por(jef)-dthold(jef»)**2/delta 
sum-sum+rhol*(tll*tZl+(t31+t41+t51+t61) 

& *(por(jef)/dthold(jefl)**3-t71-t81)/2. 
& +rhog*(t1g*tZg+(t3g+t4g+t5q+t6g) 
& .. (por (jef) 1 (por (] cf) -dthold (jef) ) ) *" 3-t 7g-t 8g) 12 . 

14 continue 
dfvalue""sum 
return 
end 
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Table 9.10.8 Example Input file for Two Phase Flow Distribution 

Modelling in the Low Gas-Liquid Interaction Regime. 

1000. l.e-3 
3.e-16 3.e-16 
180 1.8 .006 
4 10 0.055 
a 2 500 999 
1 .38 0.1 

1. a 1. 8e-5 
3.e-16 3.e-16 
0.0 9.81 

1. 

0.02 0.02 -1.e6 1.e6 0 .0 0.0 
0.02 0.005 0 .0 
0.055 0.055 -1.e6 1.e6 0 .0 0 
0.055 0,055 0.0 
2 .29 0.1 
0.00 0.00 l.e6 -1.e6 1 
0.00 0.015 
0.055 
0.055 

0.055 

-1.e6 
0.005 

-1.e6 
0.055 

1. e6 -1.e6 
0.0 

3 .43 
O. a 0.0 
0.0 

0.1 
-1.e6 1.e6 

0.005 
0.055 -1.e6 

0.055 

-1 .e6 1. e6 
0.01 

.e6 -1. e6 
0.0 

-1.e6 l.e6 

.0 

.e6 

1.e6 

0.015 
-1. e6 1. e6 

O. 0 

-1. e6 l.e6 
0 .01 

-1. e6 
0.0 

1. e6 

-1 .e6 1. e6 
0.005 

.e6 -1. e6 1.e6 
0.00 

0.055 
0.055 
4 .5 
0.00 
0.00 
0.055 
0.055 

0.1 
0.00 -1.e6 

0.005 
-1.e6 
0.055 

l.e6 -1.e6 1.e6 
0.005 

0.0 0.0 
0.0 

0.0 0.055 1. e6 -1. e6 
0.00 

1.e6 

5 .44 0.1 
-1.e6 1.e6 -1.e6 1.e6 
0.005 0.005 
-1.e6 .e6 -1.e6 1.e6 
0.055 0.055 
6 .32 0.1 
-1.e6 1.e6 -1.e6 1.e6 
0.0050 0.0050 
-1.e6 ,e6 -1.e6 1.e6 
0.055 0.055 
'1 .42 0.1 
-1.e6 186 -1.e6 1.e6 
0.0050 0.0050 
-1.e6 1.e6 -1.e6 1.e6 
0.055 0.055 
8 .5 0.1 
-1.e6 .e6-1 .e6 l.e6 
0.0050 
-1.e6 1.e6 
0.055 

-1 
0.0050 

.e6 1 .e6 
0.055 

9 . 44 o. 
-l.e6 1.e6 
0.005 
-1.e6 1.e6 
0,055 

-1 

-1 

.e6 1 .e6 
0.005 

.e6 .o;'!6 
0.055 

10 .38 0.1 
-1.e6 1.e6 
0.0050 
-1.e6 1.e6 
0.055 
11 .42 
-1.e6 1 
0.0050 

.e6 

.e6 

0 
.e6 

.e6 

O. 

.1 

-1.e6 1.e6 
0.0050 

-1.e6 1.e6 
0.055 

1 
-1 .e6 1. e6 

0.0050 
.e6 .e6 
0.055 

-1 .e6 1.e6' 
0.0050 

-1 .e6 1 .e6 
0.055 

-1.e6 
0.055 
12 .5 
-1. e6 
0.0050 
-1.e6 
0.055 
13 .34 0.1 

o. 0 0.0 
0.0 

0.0 
0.0 

-1.e6 

-1.e6 

-1 .e6 

-1 .e6 

-1 .e6 

-1 .e6 

0 0 

0 .0 

-1.e6 

-1.e6 

-1 .e6 

-, .e6 

-1 . e 6 

-1.e6 

0.0 

1.e6 
0.0 

1.e6 
0.0 

1. e6 
0.0 

1. e6 
0.0 

1.e6 
0.0 

1 . e 6 
0.0 

-.0 
0.0 
':.0 

0.0 

1.e6 
0.0 

1.e6 
0.0 

1. e6 
0.0 

1. e6 
0.0 

Le6 
0.0 

1. e6 
0.0 

-1. e6 
0.0 

-1.e6 
0.0 

-1. e6 

-1.e6 

-1 .e6 

-1 .e6 

0.0 

0.0 

- ! .e6 

-1 .e6 

-1.e6 

-1 .e6 

-1 .e6 

- 1 .e6 

0.0 

1.e6 

1. e6 

1.e6 
0.0 

1. e6 
0.0 

1. e6 
0.0 

l.e6 
0.0 

0.0 
0.0 

0.0 
0.0 

1 . e 6 
0.0 

1. e6 
0.0 

1.e6 
0.0 

l.e6 
0.0 

1. e6 
0.0 

1 • o;'! 6 
0.0 

O. 0 0.0 
0.0 

0 .0 0.0 
0.0 

0.0 
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Table 9.10.8 Example Input file for Two Phase Flow Distribution 

MOdelling in the Low Gas-Liquid Interaction Regime (continued). 

-1.e6 1.e6 -1.e6 1.e6 0.0 0.0 -1. e6 1. e6 
0.005 0.005 0.0 0.0 
-1.e6 1.e6 -1.e6 1.e6 0.0 0.0 -1 .e6 1.e6 
0.055 0.055 0.0 0.0 
14 .49 0.1 
-1.e6 1.e6 -1.e6 1.e6 -1.e6 1.e6 -1 . e6 1.e6 
0.0050 0.0050 0.0 0.0 
-1.e6 1.e6 -1.e6 1.e6 -1.e6 1. e6 - 1 .e6 1.e6 
0.055 0.055 
15 .44 0.1 
-1.e6 1.e6 -1.e6 1.e6 
0.0050 0,0050 
-1.e6 1.e6 -1.e6 1.e6 
0.055 0.055 
16 .5 
-1. e6 
0.0050 

o . 1 
.e6 -1.e6 1.e6 

0.0050 
-1.e6 1.e6 -1.e6 1.e6 
o . 055 • 0 . 055 
17 .48 0.1 
-1.e6 1.e6 -1.e6 1.e6 
0.005 0.005 
-1.e6 1.e6 -1.e6 1.e6 
0.055 0.055 
18.46 0.1 
-1.e6 1.e6 -1.e6 1.e6 
0.0050 0,0050 
-1.e6 1.e6 -1.e6 1.e6 
0.055 0.055 
19 .36 0.1 
-1.e6 1.e6 -1.e6 1.e6 
0.0050 0.0050 
-1.e6 .e6 -1.e6 1.e6 
0.055 0.055 
20 .5 
-1.e6 
0.0050 
-1. e6 
0.055 

0.1 
.e6 -1.e6 1.e6 

0.0050 
-1.e6 1.e6 

0.055 
1. e6 

21 .46 0.1 
-1.e6 .e6 -1.e6 l.e6 
0.005 0.005 
-1.e6 .e6 -1.e6 1.e6 
0.055 0.055 
22 .45 0.1 
-1.e6· 1.e6 -1.e6 l.e6 
Q 0050 J. 0050 
-1.e6 1.e6 -1.e6 1.e6 
0.055 0.055 
23 .38 :: 1 
-1.e6 l.e6 -1.e6 1.e6 
0.0050 0.0050 
-Le6 .e6 Le6 1. e6 -1 
0.055 0.055 
24 .5 
-1. e6 
0.0050 
-1. e6 
0.055 
::5 .:;, 

O. 1 
1. e6 -1 

.e6 -1 

:.1 

.e6 1.e6 
0.0050 

.e6 1.e6 
0.055 

0.0 0.0 

-1. a6 1.e6 -1.e6 1.e6 
0,0 0.0 

-1 .e6 1. a6 -1. a6 1.e6 
0.0 0.0 

-1 .e6 1. a6 0 .0 0.0 
0.0 0.0 -, .e6 1. e6 O. 0 0.0 

0.0 0.0 

O. 0 0.0 -1.e6 1.e6 
0.0 0.0 

O. 0 0.0 -1 .e6 1.e6 
0.0 0.0 

-1.e6 1. e6 -1 .e6 1.e6 
0.0 0.0 

-1. e6 1.e6 -1 .e6 1.e6 
0.0 0.0 

-1.a6 1. e6 -1 .e6 1.e6 
0.0 0.0 

-1.e6 1. e6 -1.e6 1. e6 
0.0 0.0 

-I. e6 1.e6 0 .0 0.0 
0.0 0.0 

-1.e6 1. e6 0 .0 0.0 
0.0 0.0 

0 . a 0.0 -1 .e6 1. e6 
0.0 0.0 

0.0 0.0 -1 .e6 1. e6 
0.0 0.0 

-1 .e6 1.e6 -1 .e6 1.e6 
1).0 0.0 

-1 .e6 1. e6 -1 .e6 1. e6 
0.0 'J. 0 

.e6 1. e6 -1 .e6 1.e6 
0.0 0.0 

-1 .e6 1. e6 -1 . e6 1. e6 
0.0 0.0 

-1 .e6 1. e6 0 .0 'J. a 
0.0 0.0 

-1 .e6 1. e6 0 .0 0.0 
0.0 0.0 

-1. e6 
0.005 
-1.e6 
0.055 
::6 .B 

1 . e6 -1 .e6 1.e6 
0.005 

0.0 0.0 
0.0 
0.0 

0.0 

-1 .e6 1. e6 

1. e6 

-1.e6 .e6 

-1 

.1 

.e6 1.e6 
0.055 

-1.e6 1.e6 

0.0 

-1.e6 

0.0 
-1 .e6 1. e6 

0.0 

1.e6 -1 .e6 l.e6 
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Table 9.10.8 Example Input file for Two Phase Flow Distribution 

Modelling in the Low Gas-Liquid Interaction Regime (continued). 

0.0050 
-1. e6 
0.055 

.• 6 

27 .46 

0.0050 
-1.e6 1.e6 

0.055 
0.1 

-1.e6 1.e6 
0,0050 
-1.e6 .• 6 

-1.e6 1.e6 
0.0050 

-1.e6 1.e6 
0.055 0.055 

26 .5 
-1.e6 
0,0050 
-1.e6 
0.055 

0.1 
1.e6 -1.e6 1.e6 

0.0050 
1.e6 -1.e6 1.e6 

0.055 
29.28 0.1 
-1.e6 1.e6 -1.e6 1.e6 
0.005 0,005 
-1.e6 1.e6 -1.e6 1.e6 
0.055 0.055 
30 .45 0.1 
-1.e6 1.e6 -1.e6 1.e6 
0.0050 0.0050 
-1.e6 .e6 -1.e6 1.e6 
0.055 0.055 
31 .29 0.1 
-1.e6 1.e6 -1.e6 1.e6 
0.0050 0.0050 
-1.e6 1.e6 -1.e6 1.e6 
0.055 0.055 
32.5 0.1 
-1.e6 1.e6 -1.e6 1.e6 
0.0050 0.0050 
-1.e6 1.s6 -1.e6 1.e6 
0.055 0.055 
33 .46 0.1 
-1.e6 1.e6 -1.e6 1.e6 
0.005 0.005 
-1.e6 1.e6 
0.055 

-1.e6 1.e6 
0.055 

34 .49 0.1 
-1.e6 1.e6 
0.0050 
-1.e6 1.e6 
0.055 

-1.e6 1.e6 
0.0050 

-1.e6 1.e6 
0.055 

35 .35 
-1.e6 
0.0050 
-1.e6 
0.055 

.J. 1 
1.e6 -1.e6 1.e6 

0.0050 
1.e6 -1.e6 1.e6 

0.055 
IJ .1 

.~':i -1 .e6 .e6 
0.0050 

1 .e6 -1.e6 1. e6 
0.055 

0 .1 
1 .e6 0 .0 1. e6 O. 

0.005 

0.0 
-1.e6 1.e6 

0.0 

.• 6 1.e6 
0.0 

-1 .• 6 1.e6 
0.0 

-1 .• 6 1. e6 
0.0 

-1. e6 1.e6 
0.0 

o. 0 0.0 
0.0 

o. a 0.0 
0.0 

.• 6 1.e6 
0.0 

-1 .• 6 1. e6 
0.0 

-1. e6 1.e6 
0.0 

-1 .• 6 1.e6 
0.0 

-1 .• 6 1.e6 
0.0 

.• 6 1.e6 
0.0 

a .0 0.0 
0.0 

a. a 0.0 
0.0 

- .e6 1.e6 
0.0 

••• 1. e6 
0.0 

.e' 1. e6 
0.0 

.• 6 1.e6 
0.0 

. e6 1.e6 
0.0 

.• 6 1. e6 
0.0 

0 0.0 
0.0 

0.0 
-1 . e6 1. e6 

0.0 

-1 .e6 1.e6 
0.0 

-1.e6 1. e6 
0.0 

0.0 0.0 
0.0 

0.0 0.0 
0.0 

-1.e6 1.e6 
0.0 

-1.e6 1.e6 
0.0 

-1 .e6 1. e6 
0.0 

-1 .e' l.e6 
0.0 

-1 .e6 1. e6 
0.0 

-1 .e6 1.e6 
0.0 

A. a 0.0 
0.0 

o. a 0.0 
0.0 

-1.e6 1. e6 
0.0 

-1. e6 1. e6 
0.0 

- 1 .e6 1. e6 
0.0 

-1 .e6 LeG 
0.0 

-1. e6 Le6 
0.0 

-1 .e6 Le6 
0.0 

o. a : .0 
) . a 

a .0 ).0 
0.0 

J 6 .5 
- 1 . e6 
':.0050 
-1. e6 
0.055 
37 .5 
-1. e6 
0.005 
-1.e6 
0.055 

1.e6 0 .0 1. e6 0 .0 0.0 

-1.e6 1.~<5 
';.0 

-1.e6 1.e6 
Cl,O 

-1. e6 
0.0050 
-1.e6 
0.055 
39 .5 

1 

.ati 

.e6 a 

0.1 

0.055 

.0 1. eti 
0.0050 

.0 1. e6 
0.055 

-1.e6 .e6 ".0 1.e6 
0.0050 0.0050 

-1.e6 
0.055 
40 .5 
-1.e6 
0.0050 
-1.e6 
0.055 

.e6 0.0 1.e6 
0.055 

0.1 
1.e6 0.0 1.e6 

0.0050 
1.e6 0.0 l.e6 

0.055 

-1 . eo 

-1. e6 

0.0 

LeG -:".e6 
0.0 

1.e6 -1.e6 
0.0 

1.e6 
0.0 

1. e6 
0.0 

.e6 1.e6 -1.e6 1.e6 

-1. e6 

-1 . e6 

-1 . e6 

0.0 0.0 

1. e6 
0.0 

1.e6 
O. 

1. e6 
0.0 

-1. e 6 

0:0 
0 
0.0 

1.e6 
0.0 

0.0 
0.0 

0.0 
0.0 



VL,bed 

mls 

0.001 

0.002 

0.001 

0.002 

0.005 

0.009 

0.001 

0.002 

0.001 

0.002 

0.005 

0.009 
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Table 9.10.9 Iteration Results for Two Phase Flow Distribution 

Modelling in the Low Gas-Liquid Interaction Regime. 

V G,bed= 0.055 mis, uniform inlet in all cases 

Inlet E Sum of Kuhn-
* Number v,bed mass Uquid 

of balance Tucker 
Bed Code Distribu- Joule violations Condition 

tion iterations m3 s kg/m3/s N/m3 

1 PS 193 0.4626e3 0.3e-16 0.2ge-1 

1 PS 274 0.6647e3 0.2e-16 0.36e-l 

2 PS 222 0.4653e3 0.2e-16 0.67e-l 

2 PS 193 0.6658e3 0.4e-16 0.1ge-1 

2 PS 276 0.2080e4 0.3e-16 0.54e-l 

2 PS 155 0.3938e4 0.5e-16 0.2ge-l 

1 U 238 0.4844e3 0.2e-16 0.57e-3 

1 U 146 0.6888e3 0.2e-16 0.2e-l 

2 U 89 0.487ge3 0.2e-16 0.48e-l 

2 U 130 0.6936e3 0.2e-16 O.2e-l 

2 U 270 0.212ge4 0.2e-16 0.21e-l 

CPU 

** time 

h:m:s 

3:02:00 

4:20:00 

3:38:00 

3:04:00 

4:16:00 

2:24:00 

3:49:00 

2:12:00 

1:20:00 

1:58:00 

3:34:00 

2 U 302 0.3775e4 OAe-16 0.1ge-1 4:13:00 

* PS = point source liquid at bed center, U = uniform distribution of top layer of packing 

** cpu times refer to a Vax 6200 series computer unless stated otherwise. 
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Appendix 9.11 

Numerical Results of Phase Distribution Simulations 

The following tables give the numerical results associated with Figures 6.8 to 6.14 

in Chapter 6. The arrangement in each table follows the cell numbering convention given 

in Figure 6.2. The inlet gas distribution is always uniform. The inlet liquid distribution is 

indicated in each table. 

The results for saturated single phase flow are given in Table 6.2. 
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Table 9.11.1 Numerical Results for Unsaturated Single Phase Flow 

Bed 1 ,Liquid inlet distribution = point source, V L,bed=O·005 m/s 

Cell center 
Cell X/Dp Z/Dp 

1 1.500 1.500 
2 4.500 1.500 
3 7.500 1.500 
4 10.500 1.500 
5 1.500 4.500 
6 4.500 4.500 
7 7.500 4.500 
8 10.500 4.500 
9 1.500 7.500 

10 4.500 7.500 
11 7.500 7.500 
12 10.500 7.500 
13 1.500 10.500 
14' 4.500 10.500 
15 7.500 10.500 
16 10.500 10.500 
17 1.500 13.500 
18 4.500 13.500 
19 7.500 13.500 
2~ 10.500 13.500 
21 ·1.500 16.500 
22 '4.500 16.500 
23 7.500 16.500 
24 10.500 16.500 
25 1.500 19.500 
26 4.500 19.500 
27 7.500 19.500 
28 10.500 19.500 
29 1.500 22.500 
30 4.500 22.500 
31 7.500 22.500 
32 10.500 22.500 
33 1.500 25.500 
34 4.500 25.500 
35 7.500 25.500 
36 10.500 25.500 
37 1.500 28.500 
38 4.500 28.500 
39 7.500 28.500 
40 10.500 28.500 

par. 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.500 
0.500 
0.500 
0.500 

liquid 
holdup 
0.222 
0.000 
0.000 
0.000 
0.222 
0.000 
0.000 
0.000 
0.222 
0.000 
0.000 
0.000 
0.222 
0.000 
0.000 
0.000 
0.222 
0.000 
0.000 
0.000 
0.222 
0.000 
0.000 
0.000 
0.222 
0.000 
0.000 
0.000 
0.222 
0.000 
0.000 
0.000 
0.222 
0.000 
0.000 
0.000 
0.205 
0.000 
0.000 
0.000 

Liquid Velocities 
VZ Vz+dz Vx 

0.020 0.020 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.020 0.020 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.020 0.020 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.020 0.020 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.020 0.020 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.020 0.020 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.020 0.020 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.020 0.020 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.020 0.020 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.020 0.020 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 

Vx+dx 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
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Table 9.11.2 Numerical Results for Unsaturated Single Phase Flow 

Bed 1 ,Liquid inlet distribution = point source, V L,bed=O·0125 mls 

Cell center 
Cell X/Dp Z/Dp 

1 1. 500 1. 500 
2 4.500 1.500 
3 7.500 1.500 
4 10.500 1.500 
5 1.500 4.500 
6 4.500 4.500 
7 7.500 4.500 
8 10.500 4.500 
9 1.500 7.500 

10 4.500 7.500 
11 7.500 7.500 
12 10.500 7.500 
13 1.500 10.500 
14 4.500 10.500 
15 7.500 10.500 
16 10.500 10.500 
17 1.500 13.500 
18 4.500 13.500 
19 7.500 13.500 
20 10.500 13.500 
21 1.500 16.500 
22 4.500 16.500 
23 7.500 16.500 
24 10.500 16.500 
25 1.500 19.500 
26 4.500 19.500 
27 7.500 19.500 
28 10.500 19.500 
29 1.500 22.500 
30 4.500 22.500 
31 7.500 22.500 
32 10.500 22.500 
33 1.500 25.500 
34 4.500 25.500 
35 7.500 25.500 
36 10.500 25.500 
37 1.500 28.500 
38 4.500 28.500 
39 7.500 28.500 
40 10.500 28.500 

por. 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.500 
0.500 
0.500 
0.500 

liquid 
holdup 
0.380 
0.000 
0.000 
0.000 
0.380 
0.000 
0.000 
0.000 
0.380 
0.000 
0.000 
0.000 
0.380 
0.000 
0.000 
0.000 
0.380 
0.000 
0.000 
0.000 
0.380 
0.000 
0.000 
0.000 
0.380 
0.000 
0.000 
0.000 
0.380 
0.000 
0.000 
0.000 
0.380 
0.000 
0.000 
0.000 
0.355 
0.000 
0.000 
0.000 

Liquid Velocities 
Vz Vz+dz Vx 

0.050 0.050 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.050 0.050 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.050 0.050 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.050 0.050 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.050 0.050 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.050 0.050 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.050 0.050 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.050 0.050 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.050 0.050 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.050 0.050 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 

Vx+dx 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
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Table 9.11.3 Numerical Results for Unsaturated Single Phase Flow 

Bed I.Liquid inlet distribution = point source. V L bed=O·02 m/s , 

Cell center 
Cell X/Dp Z/Dp 

1 1.500 1.500 
2 4.500 1.500 
3 7.500 1.500 
4 10.500 1.500 
5 1.500 4.500 
6 4.500 4.500 
7 7.500 4.500 
8 10.500 4.500 
9 1.500 7.500 

10 4.500 7.500 
11 7.500 7.500 
12 10.500 7.500 
13 1.500 10.500 
14· 4.500 10.500 
15 7.500 10.500 
16 10.500 10.500 
17 1.500 13.500 
18 4.500 13.500 
19 7.500 13.500 
2G 10.500 13.500 
21 ,1.500 16.500 
22 ··4.500 16.500 
23 7.500 16.500 
24 10.500 16.500 
25 1.500 19.500 
26 4.500 19.500 
27 7.500 19.500 
28 10.500 19.500 
29 1.500 22.500 
30 4.500 22.500 
31 7.500 22.500 
32 10.500 22.500 
33 1.500 25.500 
34 4.500 25.500 
35 7.500 25.500 
36 10.500 25.500 
37 1.500 28.500 
38 4.500 28.500 
39 7.500 28.500 
40 10.500 28.500 

por. 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.500 
0.500 
0.500 
0.500 

liquid 
holdup 
0.400 
0.173 
0.003 
0.001 
0.400 
0.257 
0.004 
0.003 
0.385 
0.275 
0.004 
0.004 
0.389 
0.270 
0.004 
0.004 
0.393 
0.265 
0.004 
0.004 
0.397 
0.260 
0.005 
0.004 
0.400 
0.256 
0.005 
0.003 
0.400 
0.257 
0.005 
0.002 
0.400 
0.256 
0.005 
0.001 
0.376 
0.233 
0.005 
0.001 

Liquid Velocities 
Vz vz+dz Vx 

0.080 0.058 0.000 
0.000 0.022 0.022 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.058 0.051 0.000 
0.022 0.030 0.007 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.051 0.051 0.000 
0.030 0.029 -0.001 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.051 0.052 0.000 
0.029 0.028 -0.001 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.052 0.053 0.000 
0.028 0.027 -0.001 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.053 0.054 0.000 
0.027 0.026 -0.001 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.054 0.054 0.000 
0.026 0.026 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.054 0.054 0.000 
0.026 0.026 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.054 0.054 0.000 
0.026 0.025 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.054 0.056 0.000 
0.025 0.024 -0.001 
0.000 0.000 0.000 
0.000 0.000 0.000 

Vx+dx 
0.022 
0.000 
0.000 
0.000 
0.007 
0.000 
0,000 
0.000 

-0.001 
0.000 
0.000 
0.000 

-0.001 
0.000 
0.000 
0.000 

-0.001 
0.000 
0.000 
0.000 

-0.001 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

"0.001 
0.000 
0.000 
0.000 
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Table 9.IIA Numerical Results for Unsaturated Single Phase Flow 

Bed I ,Liquid inlet distribution = point source, V L,bed=0.03 mJs 

Cell center 
Cell X/Dp Z/Dp 

1 1.500 1.500 
2 4.500 1.500 
3 7.500 1.500 
4 10.500 1.500 
5 1.500 4.500 
6 4.500 4.500 
7 7.500 4.500 
8 10.500 4.500 
9 1.500 7.500 

10 4.500 7.500 
11 7.500 7.500 
12 10.500 7.500 
13 1.500 10.500 
14 4.500 10.500 
15 7.500 10.500 
16 10.500 10.500 
17 1.500 13.500 
18 4.500 13.500 
19 7.500 13.500 
20 10.500 13.500 
21 1.500 16.500 
22 4.500 16.500 
23 7.500 16.500 
24 10.500 16.500 
25 1.500 19.500 
26 4.500 19.500 
27 7.500 19.500 
28 10.500 19.500 
29 1.500 22.500 
30 4.500 22.500 
31 7.500 22.500 
32 10.500 22.500 
33 1.500 25.500 
34 4.500 25.500 
35 7.500 25.500 
36 10.500 25.500 
37 1. 500 28.500 
38 4.500 28.500 
39 7.500 28.500 
40 10.500 28.500 

por. 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.500 
0.500 
0.500 
0.500 

liquid 
holdup 
0.400 
0.382 
0.216 
0.082 
0.400 
0.400 
0.359 
0.179 
0.400 
0.400 
0.400 
0.261 
0.400 
0.400 
0.400 
0.296 
0.398 
0.399 
0.400 
0.299 
0.399 
0.399 
0.399 
0.299 
0.398 
0.399 
0.400 
0.299 
0.399 
0.400 
0.400 
0.298 
0.400 
0.400 
0.400 
0.296 
0.374 
0.374 
0.374 
0.293 

Liquid Velocities 
Vz Vz+dz Vx 

0.200 0.095 0.000 
0.000 0.069 0.105 
0.000 0.030 0.036 
0.000 0.006 0.006 
0.095 0.065 0.000 
0.069 0.058 0.030 
0.030 0.053 0.040 
0.006 0.023 0.018 
0.065 0.055 0.000 
0.058 0.054 0.010 
0.053 0.054 0.014 
0.023 0.036 0.013 
0.055 0.053 0.000 
0.054 0.054 0.002 
0.054 0.054 0.002 
0.036 0.038 0.002 
0.053 0.054 0.000 
0.054 0.054 -0.001 
0.054 0.054 -0.001 
0.038 0.038 0.000 
0.054 0.054 0.000 
0.054 0.054 0.000 
0.054 0.054 0.000 
0.038 0.038 0.000 
0.054 0.054 0.000 
0.054 0.054 0.000 
0.054 0.054 0.000 
0.038 0.038 0.000 
0.054 0.054 0.000 
0.054 0.054 -0.001 
0.054 0.054 -0.001 
0.038 0.037 -0.001 
0.054 0.054 0.000 
0.054 0.054 0.000 
0.054 0.054 0.000 
0.037 0.037 0.000 
0.054 0.055 0.000 
0.054 0.055 -0.001 
0.054 0.055 -0.001 
0.037 0.036 -0.001 

Vx+dx 
0.105 
0.036 
0.006 
0.000 
0.030 
0.040 
0.018 
0.000 
0.010 
0.014 
0.013 
0.000 
0.002 
0.002 
0.002 
0.000 

-0.001 
-0.001 

0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

-0.001 
-0.001 
-0.001 

0.000 
0.000 
0.000 
0.000 
0.000 

-0.001 
-0.001 
-0.001 

0.000 
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Table 9.11.5 Numerical Results for Unsaturated Single Phase Flow 

Bed I, Liquid inlet distribution = point source, VL,bed=O·05 m/s 

Cell center 
Cell X/Dp Z/Dp 

1 1.500 1.500 
2 4.500 1.500 
3 7.500 1.500 
4 10.500 1.500 
5 1.500 4.500 
6 4.500 4.500 
7 7.500 4.500 
8 10.500 4.500 
9 1.500 7.500 

10 4.500 7.500 
11 7.500 7.500 
12 10.500 7.500 
13 1.500 10.500 
14· 4.500 10.500 
15 7.500 10.500 
16 10.500 10.500 
17 1.500 13.500 
18 4.500 13.500 
19 7.500 13.500 
20· 10.500 13.500 
21 ,1.500 16.500 
22 4.500 16.500 
23 7.500 16.500 
24 10.500 16.500 
25 1.500 19.500 
26 4.500 19.500 
27 7.500 19.500 
28 10.500 19.500 
29 1.500 22.500 
30 4.500 22.500 
31 7.500 22.500 
32 10.500 22.500 
33 1.500 25.500 
34 4.500 25.500 
35 7.500 25.500 
36 10.500 25.500 
37 1.500 28.500 
38 4,500 28.500 
39 7.500 28,500 
40 10.500 28.500 

por. 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.500 
0.500 
0.500 
0.500 

liquid 
holdup 
0.400 
0.277 
0.078 
0.000 
0.400 
0.395 
0.132 
0.001 
0.400 
0.400 
0.165 
0.000 
0.400 
0.394 
0.175 
0.001 
0.396 
0.398 
0.174 
0.001 
0.397 
0.399 
0.172 
0.001 
0.397 
0.400 
0.170 
0.001 
0.398 
0.400 
0.168 
0.001 
0.400 
0.400 
0.165 
0.001 
0.376 
0.374 
0.146 
0.001 

Liquid Velocities 
Vz Vz+dz Vx 

0.120 0.067 0.000 
0.000 0.049 0.053 
0.000 0.004 0.004 
0.000 0.000 0.000 
0.067 0.053 0.000 
0.049 0.056 0.014 
0.004 0.010 0.006 
0.000 0.000 0.000 
0.053 0.055 0.000 
0.056 0.052 -0.002 
0.010 0.013 0.003 
0.000 0.000 0.000 
0.055 0.053 0.000 
0.052 0.054 0.002 
0.013 0.013 0.000 
0.000 0.000 0.000 
0.053 0.054 0.000 
0.054 0.054 0.000 
0.013 0.013 0.000 
0.000 0.000 0.000 
0.054 0.054 0.000 
0.054 0.054 0.000 
0.013 0.012 0.000 
0.000 0.000 0.000 
0.054 0.054 0.000 
0.054 0.054 0.000 
0.012 0.012 0.000 
0.000 0.000 0.000 
0.054 0.054 0.000 
0.054 0.054 0.000 
0.012 0.012 0.000 
0.000 0.000 0.000 
0.054 0,055 0.000 
0.054 0.054 -0.001 
0.012 0.011 -0.001 
0.000 0.000 0.000 
0.055 0.055 0.000 
0,054 0.055 -0.001 
0.011 0.010 -0,001 
0.000 0.000 0.000 

Vx+dx 
0,053 
0.004 
0.000 
0.000 
0.014 
0.006 
0.000 
0.000 

-0.002 
0.003 
0.000 
0.000 
0.002 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0,000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 

-0.001 
-0.001 

0.000 
0.000 

-0.001 
-0.001 

0.000 
0.000 
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Table 9.11.6 Numerical Results for Unsaturated Single Phase Flow 

Bed 2,Liquid inlet distribution = point source, V L,bed=O·005 mis 

Cell center 
Cell X!Dp Z!Dp 

1 1. 500 1. 500 
2 4.500 1. 500 
3 7.500 1.500 
4 10.500 1.500 
5 1. 500 4.500 
6 4.500 4.500 
7 7.500 4.500 
8 10.500 4.500 
9 1.500 7.500 

10 4.500 7.500 
11 7.500 7.500 
12 10.500 7.500 
13 1.500 10.500 
14 4.500 10.500 
15 7.500 10.500 
16 10.500 10.500 
17 1.500 13.500 
18 4.500 13.500 
19 7.500 13.500 
20 10.500 13.500 
21 1.500 16.500 
22 4.500 16.500 
23 7.500 16.500 
24 10.500 16.500 
25 1.500 19.500 
26 4.500 19.500 
27 7.500 19.500 
28 10.500 19.500 
29 1.500 22.500 
30 4.500 22.500 
31 7.500 22.500 
32 10.500 22.500 
33 1.500 25.500 
34 4.500 25.500 
35 7.500 25.500 
36 10.500 25.500 
37 1.500 28.500 
38 4.500 28.500 
39 7.500 28.500 
40 10.500 28.500 

por. 
0.380 
0.290 
0.430 
0.500 
0.440 
0.320 
0.420 
0.500 
0.440 
0.380 
0.420 
0.500 
0.340 
0.490 
0.440 
0.500 
0.480 
0.460 
0.360 
0.500 
0.460 
0.450 
0.380 
0.500 
0.370 
0.430 
0.460 
0.500 
0.280 
0.450 
0.290 
0.500 
0.460 
0.490 
0.350 
0.500 
0.500 
0.500 
0.500 
0.500 

liquid 
holdup 
0.226 
0.000 
0.000 
0.000 
0.216 
0.000 
0.000 
0.000 
0.216 
0.000 
0.000 
0.000 
0.232 
0.000 
0.000 
0.000 
0.209 
0.000 
0.000 
0.000 
0.212 
0.000 
0.000 
0.000 
0.227 
0.000 
0.000 
0.000 
0.242 
0.000 
0.000 
0.000 
0.212 
0.000 
0.000 
0.000 
0.205 
0.000 
0.000 
0.000 

Liquid Velocities 
VZ Vz+dz Vx 

0.020 0.020 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.020 0.020 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.020 0.020 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.020 0.020 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.020 0.020 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.020 0.020 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.020 0.020 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.020 0.020 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.020 0.020 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.020 0.020 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 

Vx+dx 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
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Table 9.11.7 Numerical Results for Unsaturated Single Phase Flow 

Bed 2,Liquid inlet distribution = point source, V L bed=O.OI25 m/s , 

Cell center 
Cell X/Dp Z/Dp 

I 1. 500 1. 500 
2 4.500 1.500 
3 7.500 1. 500 
4 10.500 1.500 
5 1.500 4.500 
6 4.500 4.500 
7 7.500 4.500 
8 10.500 4.500 
9 1.500 7.500 

10 4.500 7.500 
11 7.500 7.500 
12 10.500 7.500 
13 1.500 10.500 
14' 4.500 10.500 
15 7.500 10.500 
16 10.500 10.500 
17 1.500 13.500 
18 4.500 13.500 
19 7.500 13.500 
20 10.500 13.500 
21 ·1.500 16.500 
22 4.500 16.500 
23 7.500 16.500 
24 10.500 16.500 
25 1.500 19.500 
26 4.500 19.500 
27 7.500 19.500 
28 10.500 19.500 
29 1.500 22.500 
30 4.500 22.500 
31 7.500 22.500 
32 10.500 22.500 
33 1.500 25.500 
34 4.500 25.500 
35 7.500 25.500 
36 10.500 25.500 
37 1.500 28.500 
38 4.500 28.500 
39 7.500 28.500 
40 10.500 28.500 

por. 
0.380 
0.290 
0.430 
0.500 
0.440 
0.320 
0.420 
0.500 
0.440 
0.380 
0.420 
0.500 
0.340 
0.490 
0.440 
0.500 
0.480 
0.460 
0.360 
0.500 
0.460 
0.450 
0.380 
0.500 
0.370 
0.430 
0.460 
0.500 
0.280 
0.450 
0.290 
0.500 
0.460 
0.490 
0.350 
0.500 
0.500 
0.500 
0.500 
0.500 

liquid 
holdup 
0.380 
0.069 
0.000 
0.000 
0.353 
0.106 
0.000 
0.000 
0.337 
0.134 
0.000 
0.000 
0.340 
0.150 
0.000 
0.000 
0.292 
0.178 
0.000 
0.000 
0.280 
0.200 
0.000 
0.000 
0.280 
0.224 
0.000 
0.000 
0.280 
0.237 
0.000 
0.000 
0.242 
0.235 
0.000 
0.000 
0.234 
0.233 
0.000 
0.000 

Liquid Velocities 
Vz Vz+dz VX 

0.050 0.048 0.000 
0.000 0.002 0.002 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.048 0.045 0.000 
0.002 0.005 0.003 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.045 0.041 0.000 
0.005 0.009 0.004 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.041 0.037 0.000 
0.009 0.013 0.004 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.037 0.034 0.000 
0.013 0.016 0.003 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.034 0.031 0.000 
0.016 0.019 0.003 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.031 0.027 0.000 
0.019 0.023 0.004 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.027 0.025 0.000 
0.023 0.025 0.002 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.025 0.025 0.000 
0.025 0.025 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.025 0.025 0.000 
0.025 0.025 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 

Vx+dx 
0.002 
0.000 
0.000 
0.000 
0.003 
0.000 
0.000 
0.000 
0.004 
0.000 
0.000 
0.000 
0.004 
0.000 
0.000 
O. 000 
0.003 
0.000 
0.000 
0.000 
0.003 
0.000 
0.000 
0.000 
0.004 
0.000 
0.000 
0.000 
0.002 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
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Table 9.11.8 Numerical Results for Unsaturated Single Phase Flow 

Bed 2,Liquid inlet distribution = point source. V L,bed=O.02 mls 

Cell center 
Cell X/Dp Z/Dp 

1 1. 500 1. 500 
2 4.500 1.500 
3 7.500 1.500 
4 10.500 1.500 
5 1. 500 4.500 
6 4.500 4.500 
7 7.500 4.500 
8 10.500 4.500 
9 1.500 7.500 

10 4.500 7.500 
11 7.500 7.500 
12 10.500 7.500 
13 1.500 10.500 
14 4.500 10.500 
15 7.500 10.500 
16 10.500 10.500 
17 1.500 13.500 
18 4.500 13.500 
19 7.500 13.500 
20 10.500 13.500 
21 1.500 16.500 
22 4.500 16.500 
23 7.500 16.500 
24 10.500 16.500 
25 1.500 19.500 
26 4.500 19.500 
27 7.500 19.500 
28 10.500 19.500 
29 1.500 22.500 
30 4.500 22.500 
31 7.500 22.500 
32 10.500 22.500 
33 1.500 25.500 
34 4.500 25.500 
35 7.500 25.500 
36 10.500 25.500 
37 1.500 28.500 
38 4.500 28.500 
39 7.500 28.500 
40 10.500 28.500 

por. 
0.380 
0.290 
0.430 
0.500 
0.440 
0.320 
0.420 
0.500 
0.440 
0.380 
0.420 
0.500 
0.340 
0.490 
0.440 
0.500 
0.480 
0.460 
0.360 
0.500 
0.460 
0.450 
0.380 
0.500 
0.370 
0.430 
0.460 
0.500 
0.280 
0.450 
0.290 
0.500 
0.460 
0.490 
0.350 
0.500 
0.500 
0.500 
0.500 
0.500 

liquid 
holdup 
0.380 
0.176 
0.000 
0.000 
0.398 
0.261 
0.000 
0.000 
0.357 
0.301 
0.000 
0.000 
0.340 
0.317 
0.000 
0.000 
0.285 
0.346 
0.000 
0.000 
0.276 
0.362 
0.000 
0.000 
0.278 
0.379 
0.000 
0.000 
0.280 
0.385 
0.001 
0.000 
0.238 
0.381 
0.001 
0.000 
0.224 
0.384 
0.000 
0.000 

Liquid Velocities 
Vz Vz+dz Vx 

0.080 0.060 0.000 
0.000 0.020 0.020 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.060 0.052 0.000 
0.020 0.028 0.009 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.052 0.042 0.000 
0.028 0.038 0.009 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.042 0.036 0.000 
0.038 0.045 0.007 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.036 0.033 0.000 
0.045 0.047 0.003 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.033 0.030 0.000 
0.047 0.050 0.003 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.030 0.027 0.000 
0.050 0.053 0.003 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.027 0.025 0.000 
0.053 0.055 0.002 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.025 0.024 0.000 
0.055 0.056 0.001 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.024 0.023 0.000 
0.056 0.057 0.001 
0.000 0.000 0.000 
0.000 0.000 0.000 

Vx+dx 
0.020 
0.000 
0.000 
0.000 
0.009 
0.000 
0.000 
0.000 
0.009 
0.000 
0.000 
0.000 
0.007 
0.000 
0.000 
0.000 
0.003 
0.000 
0.000 
0.000 
0.003 
0.000 
0.000 
0.000 
0.003 
0.000 
0.000 
0.000 
0.002 
0.000 
0.000 
0.000 
0.001 
0.000 
0.000 
0.000 
0.001 
0.000 
0.000 
0.000 
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Table 9.11.9 Numerical Results for Unsaturated Single Phase Flow 

Bed 2,Liquid inlet distribution = point source, V L,bed=O.03 mls 

Cell center 
Cell X/Dp Z/Dp 

1 1.S00 1.S00 
2 4.S00 l.S00 
3 7.S00 l.S00 
4 10.S00 l.S00 
S 1.S00 4.S00 
6 4.S00 4.S00 
7 7.S00 4.S00 
8 10.S00 4.S00 
9 1.S00 7.S00 

10 4.S00 7.500 
11 7.S00 7.S00 
12 10.S00 7.500 
13 1.S00 10.500 
14· 4.S00 10.500 
lS 7.S00 10.500 
16 10.500 10.S00 
17 1.500 13.500 
18 4.500 13.500 
19 7.500 13.500 
20 10.500 13.500 
21 .1.500 16.500 
22 4.500 16.500 
23 7.500 16.500 
24 10.500 16.500 
25 1.500 19.500 
26 4.500 19.500 
27 7.500 19.500 
28 10.500 19.500 
29 1.500 22.500 
30 4.500 22.500 
31 7.500 22.500 
32 10.500 22.500 
33 1. 500 25.500 
34 4.500 25.500 
35 7.500 25.500 
36 10.500 25.500 
37 1.500 28.500 
38 4.500 28.500 
39 7.500 28.500 
40 10.500 28.500 

por. 
0.380 
0.290 
0.430 
0.500 
0.440 
0.320 
0.420 
0.500 
0.440 
0.380 
0.420 
0.500 
0.340 
0.490 
0.440 
0.500 
0.480 
0.460 
0.360 
0.500 
0.460 
0.450 
0.380 
0.500 
0.370 
0.430 
0.460 
0.500 
0.280 
0.450 
0.290 
0.500 
0.460 
0.490 
0.350 
0.500 
0.500 
0.500 
0.500 
0.500 

liquid 
holdup 
0.380 
0.290 
0.232 
0.083 
0.440 
0.320 
0.372 
0.170 
0.440 
0.380 
0.420 
0.264 
0.340 
0.394 
0.393 
0.344 
0.276 
0.426 
0.360 
0.397 
0.275 
0.428 
0.319 
0.432 
0.280 
0.430 
0.281 
0.461 
0.280 
0.431 
0.290 
0.481 
0.236 
0.428 
0.263 
0.491 
0.218 
0.429 
0.226 
0.500 

Liquid Velocities 
Vz Vz+dz VX 

0.200 0.123 0.000 
0.000 0.034 0.077 
0.000 0.036 0.042 
0.000 0.006 0.006 
0.123 0.082 0.000 
0.034 0.040 0.041 
0.036 0.057 0.035 
0.006 0.021 0.015 
0.082 0.048 0.000 
0.040 0.053 0.034 
0.057 0.060 0.022 
0.021 0.039 0.018 
0.048 0.032 0.000 
0.053 0.064 0.016 
0.060 0.049 0.005 
0.039 0.055 0.016 
0.032 0.032 0.000 
0.064 0.065 0.000 
0.049 0.038 -0.002 
0.055 0.064 0.009 
0.032 0.030 0.000 
0.065 0.063 0.002 
0.038 0.034 0.004 
0.064 0.073 0.008 
0.030 0.027 0.000 
0.063 0.063 0.003 
0.034 0.030 0.002 
0.073 0.079 0.007 
0.027 0.025 0.000 
0.063 0.066 0.003 
0.030 0.026 0.000 
0.079 0.083 0.004 
0.025 0.023 0.000 
0.066 0.068 0.002 
0.026 0.024 0.000 
0.083 0.085 0.002 
0.023 0.021 0.000 
0.068 0.068 0.002 
0.024 0.023 0.001 
0.085 0.088 0.003 

Vx+dx 
0.077 
0.042 
0.006 
0.000 
0.041 
0.035 
0.015 
0.000 
0.034 
0.022 
0.018 
0.000 
0.016 
0.005 
0.016 
0.000 
0.000 

-0.002 
0.009 
0.000 
0.002 
0.004 
0.008 
0.000 
0.003 
0.002 
0.007 
0.000 
0.003 
0.000 
0.004 
0.000 
0.002 
0.000 
0.002 
0.000 
0.002 
0.001 
0.003 
0.000 



-366-

Table 9.11.10 Numerical Results for Unsaturated Single Phase Flow 

Bed 2, Liquid inlet distribution = point source, V L,bed=O·05 m(s 

Cell center 
Cell X/Op Z/Op 

1 1. 500 1. 500 
2 4.500 1.500 
3 7.500 1.500 
4 10.500 1.500 
5 1.500 4.500 
6 4.500 4.500 
7 7.500 4.500 
8 10.500 4.500 
9 1.500 7.500 

10 4.500 7.500 
11 7.500 7.500 
12 10.500 7.500 
13 1.500 10.500 
14 4.500 10.500 
15 7.500 10.500 
16 10.500 10.500 
17 1.500 13.500 
18 4.500 13.500 
19 7.500 13.500 
20 10.500 13.500 
21 1.500 16.500 
22 4.500 16.500 
23 7.500 16.500 
24 10.500 16.500 
25 1.500 19.500 
26 4.500 19.500 
27 7.500 19.500 
28 10.500 19.500 
29 1.500 22.500 
30 4.500 22.500 
31 7.500 22.500 
32 10.500 22.500 
33 1.500 25.500 
34 4.500 25.500 
35 7.500 25.500 
36 10.500 25.500 
37 1.500 28.500 
38 4.500 28.500 
39 7.500 28.500 
40 10.500 28.500 

por. 
0.380 
0.290 
0.430 
0.500 
0.440 
0.320 
0.420 
0.500 
0.440 
0.380 
0.420 
0.500 
0.340 
0.490 
0.440 
0.500 
0.480 
0.460 
0.360 
0.500 
0.460 
0.450 
0.380 
0.500 
0.370 
0.430 
0.460 
0.500 
0.280 
0.450 
0.290 
0.500 
0.460 
0.490 
0.350 
0.500 
0.500 
0.500 
0.500 
0.500 

liquid 
holdup 
0.380 
0.259 
0.109 
0.000 
0.440 
0.320 
0.185 
0.000 
0.381 
0.369 
0.231 
0.000 
0.340 
0.380 
0.251 
0.000 
0.280 
0.406 
0.275 
0.000 
0.274 
0.415 
0.274 
0.000 
0.278 
0.430 
0.260 
0.000 
0.280 
0.437 
0.289 
0.000 
0.237 
0.437 
0.270 
0.000 
0.222 
0.445 
0.234 
0.000 

Liquid Velocities 
VZ Vz+dz Vx 

0.120 0.075 0.000 
0.000 0.036 0.045 
0.000 0.009 0.009 
0.000 0.000 0.000 
0.075 0.060 0.000 
0.036 0.040 0.014 
0.009 0.019 0.010 
0.000 0.000 0.000 
0.060 0.044 0.000 
0.040 0.052 0.017 
0.019 0.024 0.005 
0.000 0.000 0.000 
0.044 0.034 0.000 
0.052 0.058 0.010 
0.024 0.028 0.003 
0.000 0.000 0.000 
0.034 0.032 0.000 
0.058 0.060 0.002 
0.028 0.028 0.000 
0.000 0.000 0.000 
0.032 0.030 0.000 
0.060 0.062 0.002 
0.028 0.028 0.000 
0.000 0.000 0.000 
0.030 0.027 0.000 
0.062 0.064 0.003 
0.028 0.029 0.000 
0.000 0.000 0.000 
0.027 0.025 0.000 
0.064 0.068 0.002 
0.029 0.027 -0.001 
0.000 0.000 0.000 
0.025 0.024 0.000 
0.068 0.071 0.001 
0.027 0.026 -0.002 
0.000 0.000 0.000 
0.024 0.022 0.000 
0.071 0.073 0.001 
0.026 0.024 -0.001 
0.000 0.000 0.000 

Vx+dx 
0.045 
0.009 
0.000 
0.000 
0.014 
0.010 
0.000 
0.000 
0.017 
0.005 
0.000 
0.000 
0.010 
0.003 
0.000 
0.000 
0.002 
0.000 
0.000 
0.000 
0.002 
0.000 
0.000 
0.000 
0.003 
0.000 
0.000 
0.000 
0.002 

-0.001 
0.000 
0.000 
0.001 

-0.002 
0.000 
0.000 
0.001 

-0.001 
0.000 
0.000 
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Table 9.11.11 Numerical Results for Unsaturated Single Phase Flow 

Bed 1 ,Liquid inlet distribution = uniform, V L,bed=O·005 rn/s 

Cell center 
Cell X/Dp Z/Dp 

I 1. 500 1. 500 
2 4.500 1.500 
3 7.500 1.500 
4 10.500 1.500 
5 1.500 4.500 
6 4.500 4.500 
7 7.500 4.500 
8 10.500 4.500 
9 1.500 7.500 

10 4.500 7.500 
11 7.500 7.500 
12 10.500 7.500 
13 1.500 10.500 
14' 4.500 10.500 
15 7.500 10.500 
16 10.500 10.500 
17 1.500 13.500 
18 4.500 13.500 
19 7.500 13.500 
20 10.500 13.500 
21 . 1.500 16.500 
22' 4.500 16.500 
23 7.500 16.500 
24 10.500 16.500 
25 1.500 19.500 
26 4.500 19.500 
27 7.500 19.500 
28 10.500 19.500 
29 1.500 22.500 
30 4.500 22.500 
31 7.500 22.500 
32 10.500 22.500 
33 1.500 25.500 
34 4.500 25.500 
35 7.500 25.500 
36 10.500 25.500 
37 1.500 28.500 
38 4.500 28.500 
39 7.500 28.500 
40 10.500 28.500 

por. 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.500 
0.500 
0.500 
0.500 

liquid 
holdup 
0.111 
0.111 
0.111 
0.101 
0.111 
0.111 
0.111 
0.101 
0.111 
0.111 
0.111 
0.101 
0.111 
0.111 
0.111 
0.101 
0.111 
0.111 
0.111 
0.101 
0.111 
0.111 
0.111 
0.101 
0.111 
0.111 
0.111 
0.101 
0.111 
0.111 
0.111 
0.101 
0.111 
0.111 
0.111 
0.101 
0.101 
0.100 
0.100 
0.101 

Liquid Velocities 
Vz Vz+dz Vx 

0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 
0.005 0.005 0.000 

Vx+dx 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
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Table 9.11.12 Numerical Results for Unsaturated Single Phase Flow 

Bed 1 ,Liquid inlet distribution = uniform, VL,bed=O·0125 m/s 

Cell center 
Cell X/Dp Z/Dp 

1 1. 500 1. 500 
2 4.500 1.500 
3 7.500 1.500 
4 10.500 1.500 
5 1.500 4.500 
6 4.500 4.500 
7 7.500 4.500 
8 10.500 4.500 
9 1.500 7.500 

10 4.500 7.500 
11 7.500 7.500 
12 10.500 7.500 
13 1.500 10.500 
14 4.500 10.500 
15 7.500 10.500 
16 10.500 10.500 
17 1.500 13.500 
18 4.500 13.500 
19 7.500 13.500 
20 10.500 13.500 
21 1.500 16.500 
22 4.500 16.500 
23 7.500 16.500 
24 10.500 16.500 
25 1.500 19.500 
26 4.500 19.500 
27 7.500 19.500 
28 10.500 19.500 
29 1.500 22.500 
30 4.500 22.500 
31 7.500 22.500 
32 10.500 22.500 
33 1.500 25.500 
34 4.500 25.500 
35 7.500 25.500 
36 10.500 25.500 
37 1.500 28.500 
38 4.500 28.500 
39 7.500 28.500 
40 10.500 28.500 

por. 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.500 
0.500 
0.500 
0.500 

liquid 
holdup 
0.173 
0.173 
0.173 
0.159 
0.173 
0.173 
0.172 
0.159 
0.173 
0.172 
0.172 
0.160 
0.172 
0.172 
0.172 
0.160 
0.172 
0.172 
0.172 
0.161 
0.172 
0.172 
0.171 
0.161 
0.172 
0.172 
0.171 
0.162 
0.172 
0.172 
0.171 
0.162 
0.172 
0.172 
0.171 
0.163 
0.158 
0.157 
0.156 
0.163 

Liquid Velocities 
Vz Vz+dz vx 

0.013 0.013 0.000 
0.013 0.013 0.000 
0.013 0.013 0.000 
0.013 0.013 0.000 
0.013 0.013 0.000 
0.013 0.013 0.000 
0.013 0.012 0.000 
0.013 0.013 0.000 
0.013 0.013 0.000 
0.013 0.012 0.000 
0.012 0.012 0.000 
0.013 0.013 0.000 
0.013 0.012 0.000 
0.012 0.012 0.000 
0.012 0.012 0.000 
0.013 0.013 0.000 
0.012 0.012 0.000 
0.012 0.012 0.000 
0.012 0.012 0.000 
0.013 0.013 0.000 
0.012 0.012 0.000 
0.012 0.012 0.000 
0.012 0.012 0.000 
0.013 0.013 0.000 
0.012 0.012 0.000 
0.012 0.012 0.000 
0.012 0.012 0.000 
0.013 0.013 0.000 
0.012 0.012 0.000 
0.012 0.012 0.000 
0.012 0.012 0.000 
0.013 0.013 0.000 
0.012 0.012 0.000 
0.012 0.012 0.000 
0.012 0.012 0.000 
0.013 0.013 0.000 
0.012 0.012 0.000 
0.012 0.012 0.000 
0.012 0.012 0.000 
0.013 0.013 0.000 

Vx+dx 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
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Table 9.11.13 Numerical Results for Unsaturated Single Phase Flow 

Bed I ,Liquid inlet distribution = uniform, V L bed=O.02 mls , 

Cell center 
Cell X/Dp Z/Dp 

1 1. 500 1. 500 
2 4.500 1.500 
3 7.500 1. 500 
4 10,500 1.500 
5 1.500 4.500 
6 4.500 4.500 
7 7.500 4.500 
8 10.500 4.500 
9 1.500 7.500 

10 4.500 7.500 
11 7.500 7.500 
12 10.500 7.500 
13 1.500 10.500 
14- 4.500 10.500 
15 7.500 10.500 
16 10.500 10.500 
17 1.500 13.500 
18 4.500 13.500 
19 7.500 13.500 
20 10.500 13.500 
21 ·1.500 16.500 
22 4.500 16.500 
23 7.500 16.500 
24 10.500 16.500 
25 1.500 19.500 
26 4.500 19.500 
27 7.500 19.500 
28 10.500 19.500 
29 1.500 22.500 
30 4.500 22.500 
31 7.500 22.500 
32 10.500 22.500 
33 1.500 25.500 
34 4.500 25.500 
35 7.500 25.500 
36 10.500 25.500 
37 1.500 28.500 
38 4.500 28.500 
39 7.500 28.500 
40 10.500 28.500 

por. 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.500 
0.500 
0.500 
0.500 

liquid 
holdup 
0.222 
0.222 
0.222 
0.206 
0.222 
0.222 
0.222 
0.208 
0.221 
0.221 
0.221 
0.209 
0.221 
0.221 
0.221 
0.211 
0.220 
0.220 
0.220 
0.212 
0.219 
0.219 
0.219 
0.214 
0.219 
0.219 
0.219 
0.215 
0.218 
0.218 
0.218 
0.217 
0.218 
0.218 
0.218 
0.219 
0.201 
0.201 
0.200 
0.220 

Liquid Velocities 
Vz Vz+dz Vx 

0.020 0.020 0.000 
0.020 0.020 0.000 
0.020 0.020 0.000 
0.020 0.020 0.000 
0.020 0.020 0.000 
0.020 0.020 0.000 
0.020 0.020 0.000 
0.020 0.021 0.000 
0.020 0.020 0.000 
0.020 0.020 0.000 
0.020 0.020 0.000 
0.021 0.021 0.000 
0.020 0.020 0.000 
0.020 0.020 0.000 
0.020 0.020 0.000 
0.021 0.021 0.000 
0.020 0.020 0.000 
0.020 0.020 0.000 
0.020 0.020 0.000 
0.021 0.021 0.000 
0.020 0.020 0.000 
0.020 0.020 0.000 
0.020 0.020 0.000 
0.021 0.022 0.000 
0.020 0.019 0.000 
0.020 0.019 0.000 
0.020 0.019 0.000 
0.022 0.022 0.000 
0.019 0.019 0.000 
0.019 0.019 0.000 
0.019 0.019 0.000 
0.022 0.022 0.000 
0.019 0.019 0.000 
0.019 0.019 0.000 
0.019 0.019 0.000 
0.022 0.022 0.000 
0.019 0.019 0.000 
0.019 0.019 0.000 
0.019 0.019 0.000 
0.022 0.023 0.000 

Vx+dx 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
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Table 9.11.14 Numerical Results for Unsaturated Single Phase Flow 

Bed I.Liquid inlet distribution = unifonn. V L bed=0.03 mls , 

Cell center liquid Liquid Velocities 

Cell X/Dp Z/Dp par. holdup Vz Vz+dz Vx Vx+dx 

1 1.500 1.500 0.400 0.278 0.030 0.029 0.000 0.001 

2 4.500 1.500 0.400 0.279 0.030 0.030 0.001 0.001 

3 7.500 1.500 0.400 0.280 0.030 0.030 0.001 0.001 

4 10.500 1. 500 0.500 0.264 0.030 0.032 0.001 0.000 

5 1.500 4.500 0.400 0.274 0.029 0.029 0.000 0.001 

6 4.500 4.500 0.400 0.276 0.030 0.029 0.001 0.001 

7 7.500 4.500 0.400 0.278 0.030 0.030 0.001 0.002 

8 10.500 4.500 0.500 0.272 0.032 0.033 0.002 0.000 

9 1.500 7.500 0.400 0.270 0.029 0.028 0.000 0.001 

10 4.500 7.500 0.400 0.273 0.029 0.028 0.001 0.001 

11 7.500 7.500 0.400 0.277 0.030 0.029 0.001 0.002 

12 10.500 7.500 0.500 0.279 0.033 0.034 0.002 0.000 

l3 1.500 10.500 0.400 0.266 0.028 0.027 0.000 0.001 

14' 4.500 10.500 0.400 0.270 0.028 0.028 0.001 0.001 

15 7.500 10.500 0.400 0.275 0.029 0.029 0.001 0.002 

16 10.500 10.500 0.500 0.287 0.034 0.036 0.002 0.000 

17 1.500 13.500 0.400 0.262 0.027 0.026 0.000 0.001 

18 4.500 13.500 0.400 0.267 0.028 0.027 0.001 0.001 

19 7.500 13.500 0.400 0.273 0.029 0.029 0.001 0.002 

20' 10.500 13.500 0.500 0.294 0.036 0.038 0.002 0.000 

21 ·1.500 16.500 0.400 0.259 0.026 0.026 0.000 0.001 

22 4.500 16.500 0.400 0.264 0.027 0.027 0.001 0.001 

23 7.500 16.500 0.400 0.272 0.029 0.028 0.001 0.002 

24 10.500 16.500 0.500 0.302 0.038 0.039 0.002 0.000 

25 1.500 19.500 0.400 0.255 0.026 0.025 0.000 0.001 

26 4.500 19.500 0.400 0.261 0.027 0.026 0.001 0.001 

27 7.500 19.500 0.400 0.270 0.028 0.028 0.001 0.002 

28 10.500 19.500 0.500 0.309 0.039 0.041 0.002 0.000 

29 1. 500 22.500 0.400 0.251 0.025 0.024 0.000 0.001 

30 4.500 22.500 0.400 0.258 0.026 0.026 0.001 0.001 

31 7.500 22.500 0.400 0.268 0.028 0.027 0.001 0.002 

32 10.500 22.500 0.500 0.317 0.041 0.043 0.002 0.000 

33 1.500 25.500 0.400 0.247 0.024 0.024 0.000 0.001 

34 4.500 25.500 0.400 0.254 0.026 0.025 0.001 0.001 

35 7.500 25.500 0.400 0.265 0.027 0.027 0.001 0.002 

36 10.500 25.500 0.500 0.324 0.043 0.044 0.002 0.000 

37 1. 500 28.500 0.500 0.225 0.024 0.023 0.000 0.001 

38 4.500 28.500 0.500 0.233 0.025 0.025 0.001 0.001 

39 7.500 28.500 0.500 0.244 0.027 0.027 0.001 0.001 

40 10.500 28.500 0.500 0.332 0.044 0.046 0.001 0.000 
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Table 9.I1.1S Numerical Results for Unsaturated Single Phase Flow 

Bed I, Liquid inlet distribution = uniform, VL,bed=O·OS m/s 

Cell center 
Cell X/Dp Z/Dp 

1 1. 500 1. 500 
2 4.500 1.500 
3 7.500 1.500 
4 10.500 1.500 
5 1.500 4.500 
6 4.500 4.500 
7 7.500 4.500 
8 10.500 4.500 
9 1.500 7.500 

10 4.500 7.500 
11 7.500 7.500 
12 10.500 7.500 
13 1.500 10.500 
14 4.500 10.500 
15 7.500 10.500 
16 10.500 10.500 
17 1.500 13.500 
18 4.500 13.500 
19 7.500 13.500 
20 10.500 13.500 
21 1.500 16.500 
22 4.500 16.500 
23 7.500 16.500 
24 10.500 16.500 
25 1.500 19.500 
26 4.500 19.500 
27 7.500 19.500 
28 10.500 19.500 
29 1. 500 22.500 
30 4.500 22.500 
31 7.500 22.500 
32 10.500 22.500 
33 1. 500 25.500 
34 4.500 25.500 
35 7.500 25.500 
36 10.500 25.500 
37 1.500 28.500 
38 4.500 28.500 
39 7.500 28.500 
40 10.500 28.500 

per. 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.500 
0.500 
0.500 
0.500 

liquid 
holdup 
0.377 
0.377 
0.380 
0.362 
0.369 
0.369 
0.378 
0.378 
0.361 
0.362 
0.376 
0.393 
0.353 
0.355 
0.374 
0.409 
0.345 
0.347 
0.371 
0.424 
0.336 
0.338 
0.369 
0.440 
0.328 
0.330 
0.366 
0.455 
0.320 
0.322 
0.363 
0.470 
0.312 
0.314 
0.360 
0.484 
0.281 
0.284 
0.332 
0.500 

Liquid Velocities 
Vz Vz+dz Vx 

0.050 0.048 0.000 
0.050 0.048 0.002 
0.050 0.050 0.003 
0.050 0.054 0.004 
0.048 0.047 0.000 
0.048 0.047 0.002 
0.050 0.049 0.003 
0.054 0.057 0.004 
0.047 0.045 0.000 
0.047 0.045 0.002 
0.049 0.049 0.003 
0.057 0.061 0.004 
0.045 0.043 0.000 
0.045 0.044 0.002 
0.049 0.048 0.003 
0.061 0.065 0.004 
0.043 0.042 0.000 
0.044 0.042 0.002 
0.048 0.048 0.003 
0.065 0.069 0.004 
0.042 0.040 0.000 
0.042 0.040 0.002 
0.048 0.047 0.003 
0.069 0.073 0.004 
0.040 0.038 0.000 
0.040 0.039 0.002 
0.047 0.047 0.003 
0.073 0.076 0.004 
0.038 0.037 0.000 
0.039 0.037 0.001 
0.047 0.046 0.003 
0.076 0.080 0.004 
0.037 0.035 0.000 
0.037 0.036 0.002 
0.046 0.045 0.003 
0.080 0.084 0.004 
0.035 0.033 0.000 
0.036 0.034 0.002 
0.045 0.045 0.004 
0.084 0.089 0.004 

Vx+dx 
0.002 
0.003 
0.004 
0.000 
0.002 
0.003 
0.004 
0.000 
0.002 
0.003 
0.004 
0.000 
0.002 
0.003 
0.004 
0.000 
0.002 
0.003 
0.004 
0.000 
0.002 
0.003 
0.004 
0.000 
0.002 
0.003 
0.004 
0.000 
0.001 
0.003 
0.004 
0.000 
0.002 
0.003 
0.004 
0.000 
0.002 
0.004 
0.004 
0.000 
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Table '1.11.16 Numerical Results for Unsaturated Single Phase Flow 

Bed 2.Liquid inlet distribution = uniform, V L,bed=O.005 m/s 

Cell center liquid Liquid Velocities 

Cell X/Dp Z/Dp per. holdup Vz Vz+dz Vx Vx+dx 

1 1.500 1.500 0.380 0.113 0.005 0.005 0.000 0.000 

2 4.500 1.500 0.290 0.122 0.005 0.005 0.000 0.000 

3 7.500 1. 500 0.430 0.108 0.005 0.005 0.000 0.000 

4 10.500 1.500 0.500 0.101 0.005 0.005 0.000 0.000 

5 1.500 4.500 0.440 0.107 0.005 0.005 0.000 0.000 

6 4.500 4.500 0.320 0.119 0.005 0.005 0.000 0.000 

7 7.500 4.500 0.420 0.109 0.005 0.005 0.000 0.000 

8 10.500 4.500 0.500 0.101 0.005 0.005 0.000 0.000 

9 1.500 7.500 0.440 0.107 0.005 0.005 0.000 0.000 

10 4.500 7.500 0.380 0.113 0.005 0.005 0.000 0.000 

11 7.500 7.500 0.420 0.109 0.005 0.005 0.000 0.000 

12 10.500 7.500 0.500 0.101 0.005 0.005 0.000 0.000 

13 1.500 10.500 0.340 0.117 0.005 0.005 0.000 0.000 

14 4.500 10.500 0.490 0.102 0.005 0.005 0.000 0.000 

15 7.500 10.500 0.440 0.107 0.005 0.005 0.000 0.000 

16 10.500 10.500 0.500 0.101 0.005 0.005 0.000 0.000 

17 1. 500 13.500 0.480 0.103 0.005 0.005 0.000 0.000 

18 4.500 13 .500 0.460 0.105 0.005 0.005 0.000 0.000 

19 7.500 13.500 0.360 0.115 0.005 0.005 0.000 0.000 

20 10.500 13.500 0.500 0.101 0.005 0.005 0.000 0.000 

21 1.500 16.500 0.460 0.105 0.005 0.005 0.000 0.000 

22 4.500 16.500 0.450 0.106 0.005 0.005 0.000 0.000 

23 7.500 16.500 0.380 0.113 0.005 0.005 0.000 0.000 

24 10.500 16.500 0.500 0.101 0.005 0.005 0.000 0.000 

25 1.500 19.500 0.370 0.114 0.005 0.005 0.000 0.000 

26 4.500 19.500 0.430 0.108 0.005 0.005 0.000 0.000 

27 7.500 19.500 0.460 0.105 0.005 0.005 0.000 0.000 

28 10.500 19.500 0.500 0.101 0.005 0.005 0.000 0.000 

29 1.500 22.500 0.280 0.123 0.005 0.005 0.000 0.000 

30 4.500 22.500 0.450 0.106 0.005 0.005 0.000 0.000 

31 7.500 22.500 0.290 0.122 0.005 0.005 0.000 0.000 

32 10.500 22.500 0.500 0.101 0.005 0.005 0.000 0.000 

33 1.500 25.500 0.460 0.105 0.005 0.005 0.000 0.000 

34 4.500 25.500 0.490 0.102 0.005 0.005 0.000 0.000 

35 7.500 25.500 0.350 0.116 0.005 0.005 0.000 0.000 

36 10.500 25.500 0.500 0.101 0.005 0.005 0.000 0.000 

37 1. 500 28.500 0.500 0.101 0.005 0.005 0.000 0.000 

38 4.500 28.500 0.500 0.101 0.005 0.005 0.000 0.000 

39 7.500 28.500 0.500 0.100 0.005 0.005 0.000 0.000 

40 10.500 28.500 0.500 0.101 0.005 0.005 0.000 0.000 
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Table 9.11.17 Numerical Results for Unsaturated Single Phase Flow 

Bed 2.Liquid inlet distribution = uniform, VL,bed=O.0125 rn/s 

Cell center 
Cell X/Dp Z/Dp 

1 1.500 1.500 
2 4.500 1.500 
3 7.500 1.500 
4 10.500 1.500 
5 1.500 4.500 
6 4.500 4.500 
7 7.500 4.500 
8 10.500 4.500 
9 1.500 7.500 

10 4.500 7.500 
11 7.500 7.500 
12 10.500 7.500 
13 1.500 10.500 
14 4.500 10.500 
15 7.500 10.500 
16 10.500 10.500 
17 1.500 13.500 
18 4.500 13.500 
19 7.500 13.500 
20 10.500 13.500 
21 1.500 16.500 
22 4.500 16.500 
23 7.500 16.500 
24 10.500 16.500 
25 1.500 19.500 
26 4.500 19.500 
27 7.500 19.500 
28 10.500 19.500 
29 1.500 22.500 
30 4.500 22.500 
31 7.500 22.500 
32 10.500 22.500 
33 1.500 25.500 
34 4.500 25.500 
35 7.500 25.500 
36 10.500 25.500 
37 1.500 28.500 
38 4.500 28.500 
39 7.500 28.500 
40 10.500 28.500 

por. 
0.380 
0.290 
0.430 
0.500 
0.440 
0.320 
0.420 
0.500 
0.440 
0.380 
0.420 
0.500 
0.340 
0.490 
0.440 
0.500 
0.480 
0.460 
0.360 
0.500 
0.460 
0.450 
0.380 
0.500 
0.370 
0.430 
0.460 
0.500 
0.280 
0.450 
0.290 
0.500 
0.460 
0.490 
0.350 
0.500 
0.500 
0.500 
0.500 
0.500 

liquid 
holdup 
0.176 
0.187 
0.169 
0.159 
0.167 
0.183 
0.170 
0.159 
0.167 
0.175 
0.170 
0.160 
0.181 
0.159 
0.167 
0.160 
0.161 
0.164 
0.178 
0.160 
0.164 
0.165 
0.174 
0.161 
0.176 
0.168 
0.163 
0.161 
0.188 
0.165 
0.186 
0.162 
0.163 
0.160 
0.177 
0.162 
0.157 
0.158 
0.156 
0.162 

Liquid Velocities 
Vz Vz+dz Vx 

0.013 0.013 0.000 
0.013 0.012 0.000 
0.013 0.013 0.000 
0.013 0.013 0.000 
0.013 0.013 0.000 
0.012 0.012 0.000 
0.013 0.013 0.000 
0.013 0.013 0.000 
0.013 0.013 0.000 
0.012 0.012 0.000 
0.013 0.013 0.000 
0.013 0.013 0.000 
0.013 0.012 0.000 
0.012 0.012 0.000 
0.013 0.012 0.000 
0.013 0.013 0.000 
0.012 0.012 0.000 
0.012 0.012 0.000 
0.012 0.012 0.000 
0.013 0.013 0.000 
0.012 0.012 0.000 
0.012 0.012 0.000 
0.012 0.012 0.000 
0.013 0.013 0.000 
0.012 0.012 0.000 
0.012 0.012 0.000 
0.012 0.012 0.000 
0.013 0.013 0.000 
0.012 0.012 0.000 
0.012 0.012 0.000 
0.012 0.012 0.000 
0.013 0.013 0.000 
0.012 0.012 0.000 
0.012 0.013 0.000 
0.012 0.012 0.000 
0.013 0.013 0.000 
0.012 0.012 0.000 
0.013 0.013 0.000 
0.012 0.012 0.000 
0.013 0.013 0.000 

Vx+dx 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
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Table 9.11.18 Numerical Results for Unsaturated Single Phase Flow 

Bed 2.Liquid inlet distribution = uniform, V L bed=O.02 m/s , 

Cell center 
Cell X/Dp Z/Dp 

1 1. 500 1. 500 
2 4.500 1.500 
3 7.500 1.500 
4 10.500 1.500 
51.5004.500 
6 4.500 4.500 
7 7.500 4.500 
8 10.500 4.500 
9 1.500 7.500 

10 4.500 7.500 
11 7.500 7.500 
12 10.500 7.500 
13 1.500 10.500 
14 4.500 10.500 
15 7.500 10.500 
16 10.500 10.500 
17 1.500 13.500 
18 4.500 13.500 
19 7.500 13.500 
20 10.500 13.500 
21 1.500 16.500 
22 4.500 16.500 
23 7.500 16.500 
24 10.500 16.500 
25 1.500 19.500 
26 4.500 19.500 
27 7.500 19.500 
28 10.500 19.500 
29 1.500 22.500 
30 4.500 22.500 
31 7.500 22.500 
32 10.500 22.500 
33 1.500 25.500 
34 4.500 25.500 
35 7.500 25.500 
36 10.500 25.500 
37 1.500 28.500 
38 4.500 28.500 
39 7.500 28.500 
40 10.500 28.500 

por. 
0.380 
0.290 
0.430 
0.500 
0.440 
0.320 
0.420 
0.500 
0.440 
0.380 
0.420 
0.500 
0.340 
0.490 
0.440 
0.500 
0.480 
0.460 
0.360 
0.500 
0.460 
0.450 
0.380 
0.500 
0.370 
0.430 
0.460 
0.500 
0.280 
0.450 
0.290 
0.500 
0.460 
0.490 
0.350 
0.500 
0.500 
0.500 
0.500 
0.500 

liquid 
holdup 
0.225 
0.239 
0.217 
0.207 
0.215 
0.233 
0.216 
0.210 
0.215 
0.223 
0.214 
0.213 
0.231 
0.204 
0.209 
0.216 
0.207 
0.209 
0.219 
0.219 
0.210 
0.211 
0.213 
0.222 
0.224 
0.214 
0.198 
0.225 
0.237 
0.210 
0.222 
0.228 
0.208 
0.204 
0.210 
0.231 
0.201 
0.202 
0.185 
0.233 

Liquid Velocities 
Vz Vz+dz Vx 

0.020 0.020 0.000 
0.020 0.020 0.000 
0.020 0.020 0.000 
0.020 0.021 0.001 
0.020 0.020 0.000 
0.020 0.020 0.000 
0.020 0.019 0.000 
0.021 0.021 0.001 
0.020 0.020 0.000 
0.020 0.020 0.000 
0.019 0.019 0.000 
0.021 0.022 0.001 
0.020 0.020 0.000 
0.020 0.020 0.000 
0.019 0.019 0.000 
0.022 0.022 0.001 
0.020 0.020 0.000 
0.020 0.020 0.000 
0.019 0.018 0.000 
0.022 0.023 0.000 
0.020 0.020 0.000 
0.020 0.019 0.000 
0.018 0.018 0.000 
0.023 0.023 0.000 
0.020 0.019 0.000 
0.019 0.019 0.000 
0.018 0.018 0.000 
0.023 0.024 0.001 
0.019 0.019 0.000 
0.019 0.019 0.000 
0.018 0.017 0.000 
0.024 0.024 0.001 
0.019 0.019 0.000 
0.019 0.019 0.000 
0.017 0.017 0.000 
0.024 0.025 0.000 
0.019 0.019 0.000 
0.019 0.019 0.000 
0.017 0.016 0.000 
0.025 0.025 0.000 

Vx+dx 
0.000 
0.000 
0.001 
0.000 
0.000 
0.000 
0.001 
0.000 
0.000 
0.000 
0.001 
0.000 
0.000 
0.000 
0.001 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.001 
0.000 
0.000 
0.000 
0.001 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
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Table 9.11.19 Numerical Results for Unsarurated Single Phase Flow 

Bed 2.Liquid inlet distribution = uniform, V L,bed=O.03 m/s 

Cell center 
Cell X/Dp Z/Dp 

1 1.500 1.500 
2 4.500 1.500 
3 7.500 1.500 
4 10.500 1.500 
5 1.500 4.500 
6 4.500 4.500 
7 7.500 4.500 
8 10.500 4.500 
9 1.500 7.500 

10 4.500 7.500 
11 7.500 7.500 
12 10.500 7.500 
13 1. 500 10.500 
14 4.500 10.500 
15 7.500 10.500 
16 10.500 10.500 
17 1.500 13.500 
18 4.500 13.500 
19 7.500 13.500 
20 10.500 13.500 
21 1.500 16.500 
22 4.500 16.500 
23 7.500 16.500 
24 10.500 16.500 
25 1.500 19.500 
26 4.500 19.500 
27 7.500 19.500 
28 10.500 19.500 
29 1.500 22.500 
30 4.500 22.500 
31 7.500 22.500 
32 10.500 22.500 
33 1. 500 25.500 
34 4.500 25.500 
35 7.500 25.500 
36 10.500 25.500 
37 1.500 28.500 
38 4.500 28.500 
39 7.500 28.500 
40 10.500 28.500 

por. 
0.380 
0.290 
0.430 
0.500 
0.440 
0.320 
0.420 
0.500 
0.440 
0.380 
0.420 
0.500 
0.340 
0.490 
0.440 
0.500 
0.480 
0.460 
0.360 
0.500 
0.460 
0.450 
0.380 
0.500 
0.370 
0.430 
0.460 
0.500 
0.280 
0.450 
0.290 
0.500 
0.460 
0.490 
0.350 
0.500 
0.500 
0.500 
0.500 
0.500 

liquid 
holdup 
0.286 
0.290 
0.277 
0.267 
0.274 
0.271 
0.280 
0.277 
0.270 
0.256 
0.278 
0.286 
0.284 
0.233 
0.272 
0.294 
0.253 
0.235 
0.286 
0.302 
0.254 
0.234 
0.279 
0.310 
0.267 
0.234 
0.261 
0.319 
0.279 
0.227 
0.290 
0.327 
0.243 
0.216 
0.276 
0.336 
0.232 
0.210 
0.245 
0.344 

Liquid Velocities 
Vz Vz+dz Vx 

0.030 0.031 0.000 
0.030 0.026 -0.001 
0.030 0.031 0.003 
0.030 0.033 0.003 
0.031 0.030 0.000 
0.026 0.025 0.001 
0.031 0.031 0.001 
0.033 0.034 0.002 
0.030 0.029 0.000 
0.025 0.025 0.001 
0.031 0.030 0.001 
0.034 0.036 0.002 
0.029 0.028 0.000 
0.025 0.024 0.001 
0.030 0.030 0.001 
0.036 0.038 0.002 
0.028 0.028 0.000 
0.024 0.024 0.001 
0.030 0.029 0.001 
0.038 0.039 0.002 
0.028 0.027 0.000 
0.024 0.023 0.001 
0.029 0.029 0.001 
0.039 0.041 0.002 
0.027 0.026 0.000 
0.023 0.022 0.001 
0.029 0.028 0.002 
0.041 0.043 0.002 
0.026 0.026 0.000 
0.022 0.022 0.001 
0.028 0.028 0.001 
0.043 0.045 0.002 
0.026 0.025 0.000 
0.022 0.021 0.001 
0.028 0.027 0.001 
0.045 0.047 0.002 
0.025 0.024 0.000 
0.021 0.020 0.001 
0.027 0.027 0.001 
0.047 0.048 0.002 

Vx+dx 
-0.001 

0.003 
0.003 
0.000 
0.001 
0.001 
0.002 
0.000 
0.001 
0.001 
0.002 
0.000 
0.001 
0.001 
0.002 
0.000 
0.001 
0.001 
0.002 
0.000 
0.001 
0.001 
0.002 
0.000 
0.001 
0.002 
0.002 
0.000 
0.001 
0.001 
0.002 
0.000 
0.001 
0.001 
0.002 
0.000 
0.001 
0.001 
0.002 
0.000 
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Table 9. 11.20 Numerical Results for Unsaturated Single Phase Flow 

Bed 2, Liquid inlet distribution = uniform, V L bed=0.05 rn/s , 

Cell center 
Cell X/Dp Z/Dp 

1 1. 500 1. 500 
2 4.500 1.500 
3 7.500 1.500 
4 10.500 1.500 
5 1.500 4.500 
6 4.500 4.500 
7 7.500 4.500 
8 10.500 4.500 
9 1.500 7.500 

10 4.500 7.500 
11 7.500 7.500 
12 10.500 7.500 
13 1.500 10.500 
14 4.500 10.500 
15 7.500 10.500 
16 10.500 10.500 
17 1.500 13.500 
18 4.500 13.500 
19 7.500 13.500 
20 10.500 13.500 
21 ·1.500 16.500 
22 4.500 16.500 
23 7.500 16.500 
24 10.500 16.500 
25 1.500 19.500 
26 4.500 19.500 
27 7.500 19.500 
28 10.500 19.500 
29 1.500 22.500 
30 4.500 22.500 
31 7.500 22.500 
32 10.500 22.500 
33 1.500 25.500 
34 4.500 25.500 
35 7.500 25.500 
36 10.500 25.500 
37 1.500 28.500 
38 4.500 28.500 
39 7.500 28.500 
40 10.500 28.500 

por. 
0.380 
0.290 
0.430 
0.500 
0.440 
0.320 
0.420 
0.500 
0.440 
0.380 
0.420 
0.500 
0.340 
0.490 
0.440 
0.500 
0.480 
0.460 
0.360 
0.500 
0.460 
0.450 
0.380 
0.500 
0.370 
0.430 
0.460 
0.500 
0.280 
0.450 
0.290 
0.500 
0.460 
0.490 
0.350 
0.500 
0.500 
0.500 
0.500 
0.500 

liquid 
holdup 
0.380 
0.290 
0.391 
0.384 
0.356 
0.317 
0.393 
0.420 
0.337 
0.326 
0.374 
0.436 
0.338 
0.324 
0.350 
0.451 
0.289 
0.356 
0.347 
0.461 
0.279 
0.384 
0.318 
0.469 
0.280 
0.410 
0.278 
0.480 
0.280 
0.419 
0.290 
0.491 
0.239 
0.420 
0.265 
0.495 
0.223 
0.424 
0.228 
0.500 

Liquid Velocities 
Vz Vz+dz Vx 

0.050 0.049 0.000 
0.050 0.032 0.001 
0.050 0.056 0.019 
0.050 0.064 0.014 
0.049 0.045 0.000 
0.032 0.036 0.004 
0.056 0.052 0.000 
0.064 0.068 0.004 
0.045 0.041 0.000 
0.036 0.040 0.004 
0.052 0.048 0.000 
0.068 0.072 0.004 
0.041 0.036 0.000 
0.040 0.045 0.004 
0.048 0.043 -0.001 
0.072 0.075 0.004 
0.036 0.033 0.000 
0.045 0.051 0.003 
0.043 0.039 -0.003 
0.075 0.077 0.002 
0.033 0.031 0.000 
0.051 0.056 0.003 
0.039 0.034 -0.002 
0.077 0.079 0.002 
0.031 0.027 0.000 
0.056 0.060 0.003 
0.034 0.030 0.000 
0.079 0.083 0.004 
0.027 0.025 0.000 
0.060 0.063 0.002 
0.030 0.026 -0.001 
0.083 0.085 0.002 
0.025 0.024 0.000 
0.063 0.066 0.001 
0.026 0.025 -0.002 
0.085 0.085 0.000 
0.024 0.022 0.000 
0.066 0.067 0.002 
0.025 0.023 0.001 
0.085 0.087 0.002 

Vx+dx 
0.001 
0.019 
0.014 
0.000 
0.004 
0.000 
0.004 
0.000 
0.004 
0.000 
0.004 
0.000 
0.004 

-0.001 
0.004 
0.000 
0.003 

-0.003 
0.002 
0.000 
0.003 

-0.002 
0.002 
0.000 
0.003 
0.000 
0.004 
0.000 
0.002 

-0.001 
0.002 
0.000 
0.001 

-0.002 
0.000 
0.000 
0.002 
0.001 
0.002 
0.000 
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Table 9.11.21 Numerical Results for Two Phase Flow 

Bed 1. Liquid inlet distribution = point source. Liquid Velocities 

V G,bed=O.055 mis, V L,bed=O.OO 1 m/s 

Cell Center Liquid Liquid Velocities 

cell X!Dp Z!Dp por. holdup Vz Vz+dz Vx Vx+dx 

1 1.500 1.500 0.400 0.101 0.004 0.004 0.000 0.000 

2 4.500 1.500 0.400 0.001 0.000 0.000 0.000 0.000 

3 7.500 1.500 0.400 0.001 0.000 0.000 0.000 0.000 

4 10.500 1.500 0.500 0.002 0.000 0.000 0.000 0.000 

5 1.500 4.500 0.400 0.101 0.004 0.004 0.000 0.000 

6 4.500 4.500 0.400 0.003 0.000 0.000 0.000 0.000 

7 7.500 4.500 0.400 0.001 0.000 0.000 0.000 0.000 

8 10.500 4.500 0.500 0.002 0.000 0.000 0.000 0.000 

9 1. 500 7.500 0.400 0.101 0.004 0.004 0.000 0.000 

10 4.500 7.500 0.400 0.004 0.000 0.000 0.000 0.000 

11 7.500 7.500 0.400 0.002 0.000 0.000 0.000 0.000 

12 10.500 7.500 0.500 0.002 0.000 0.000 0.000 0.000 

13 1. 500 10.500 0.400 0.101 0.004 0.004 0.000 0.000 

14 4.500 10.500 0.400 0.004 0.000 0.000 0.000 0.000 

15 7.500 10.500 0.400 0.001 0.000 0.000 0.000 0.000 

16 10.500 10.500 0.500 0.001 0.000 0.000 0.000 0.000 

17 1. 500 13.500 0.400 0.101 0.004 0.004 0.000 0.000 

18 4.500 13.500 0.400 0.003 0.000 0.000 0.000 0.000 

19 7.500 13.500 0.400 0.002 0.000 0.000 0.000 0.000 

20 10.500 13.500 0.500 0.001 0.000 0.000 0.000 0.000 

21 . 1.500 16.500 0.400 0.101 0.004 0.004 0.000 0.000 

22 4.500 16.500 0.400 0.002 0.000 0.000 0.000 0.000 

23 7.500 16.500 0.400 0.002 0.000 0.000 0.000 0.000 

24 10.500 16.500 0.500 0.001 0.000 0.000 0.000 0.000 

25 1. 500 19.500 0.400 0.101 0.004 0.004 0.000 0.000 

26 4.500 19.500 0.400 0.004 0.000 0.000 0.000 0.000 

27 7.500 19.500 0.400 0.002 0.000 0.000 0.000 0.000 

28 10.500 19.500 0.500 0.001 0.000 0.000 0.000 0.000 

29 1. 500 22.500 0.400 0.101 0.004 0.004 0.000 0.000 

30 4.500 22.500 0.400 0.004 0.000 0.000 0.000 0.000 

31 7.500 22.500 0.400 0.001 0.000 0.000 0.000 0.000 

32 10.500 22.500 0.500 0.001 0.000 0.000 0.000 0.000 

33 1.500 25.500 0.400 0.101 0.004 0.004 0.000 0.000 

34 4.500 25.500 0.400 0.003 0.000 0.000 0.000 0.000 

35 7.500 25.500 0.400 0.002 0.000 0.000 0.000 0.000 

36 10.500 25.500 0.500 0.001 0.000 0.000 0.000 0.000 

37 1. 500 28.500 0.500 O. 091 0.004 0.004 0.000 0.000 

38 4.500 28.500 0.500 0.005 0.000 0.000 0.000 0.000 

39 7.500 28.500 0.500 0.002 0.000 0.000 0.000 0.000 

40 10.500 28.500 0.500 0.003 0.000 0.000 0.000 0.000 
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Table 9.11.21 Numerical Results for Two Phase Flow (continued) 

Bed I, Liquid inlet distribution = point source, Gas Velocities 

V G,bed=O.055 mis, V L,bed=O.OOl m/s 

Cell center Liquid Gas Velocities 

cell X/Dp Z/Dp por, holdup Vz Vz+dz Vx Vx+dx 

1 1.500 1.500 0.400 0,101 0.055 0.034 0.000 0.021 

2 4.500 1.500 0.400 0.001 0.055 0.054 0.021 0.022 

3 7.500 1.500 0.400 0.001 0.055 0.051 0.022 0.026 

4 10.500 1.500 0.500 0.002 0.055 0.081 0.026 0.000 

5 1.500 4,500 0.400 0.101 0.034 0.028 0.000 0.006 

6 4.500 4.500 0,400 0,003 0.054 0.054 0.006 0.006 

7 7.500 4.500 0.400 0.001 0.051 0.046 0.006 0.010 

8 10.500 4.500 0.500 0.002 0.081 0.092 0.010 0.000 

9 1.500 7.500 0.400 0.101 0.028 0.025 0.000 0.004 

10 4.500 7.500 0.400 0.004 0.054 0.049 0.004 0.008 

11 7.500 7.500 0,400 0.002 0,046 0.051 0.008 0.004 

12 10.500 7.500 0.500 0.002 0.092 0,095 0.004 0.000 

13 1.500 10.500 0.400 0.101 0.025 0.024 0.000 0.001 

14 4.500 10.500 0.400 0.004 0.049 0.047 0.001 0.004 

15 7.500 10.500 0.400 0.001 0.051 0,049 0.004 0.006 

16 10.500 10.500 0.500 0.001 0.095 0.101 0.006 0.000 

17 1.500 13.500 0.400 0.101 0.024 0.027 0.000 -0.003 

18 4.500 13.500 0.400 0.003 0.047 0.044 -0.003 0.000 

19 7.500 13.500 0.400 0.002 0.049 0.050 0.000 -0.002 

20 10.500 13.500 0.500 0.001 0.101 0.099 -0.002 0.000 

21 1.500 16.500 0.400 0.101 0.027 0.023 0.000 0.004 

22 4.500 16.500 0.400 0.002 0.044 0.049 0.004 -0.001 

23 7.500 16.500 0.400 0.002 0.050 0.046 -0.001 0.003 

24 10.500 16.500 0.500 0.001 0.099 0.102 0.003 0.000 

25 1. 500 19.500 0.400 0.101 0.023 0.026 0.000 -0.003 

26 4.500 19.500 0.400 0.004 0.049 0.049 -0.003 -0.003 

27 7.500 19.500 0.400 0.002 0.046 0.044 -0.003 -0.001 

28 10.500 19.500 0.500 0.001 0.102 0.101 -0.001 0.000 

29 1.500 22.500 0.400 0.101 0.026 0.026 0.000 0.000 

30 4.500 22.500 0.400 0.004 0.049 0.044 0.000 0.005 

31 7.500 22.500 0.400 0.001 0.044 0.055 0.005 -0.006 

32 10.500 22.500 0.500 0,001 0.101 0.095 -0.006 0.000 

33 1. 500 25.500 0.400 0.101 0.026 0.030 0.000 -0.004 

34 4.500 25.500 0.400 0,003 0.044 0.037 -0.004 0.002 

35 7.500 25.500 0.400 0.002 0.055 0.057 0.002 0.000 

36 10.500 25.500 0.500 0.001 0.095 0.095 0.000 0.000 

37 1. 500 28.500 0.500 0.091 0.030 0.047 0.000 -0.017 

38 4.500 28.500 0.500 0.005 0.037 0.033 -0.017 '-0.012 

39 7.500 28.500 0.500 0.002 0.057 0.062 -0.012 --0.017 

40 10.500 28.500 0.500 0.003 0.095 0.078 -0.017 0.000 
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Table 9.11.22 Numerical Results for Two Phase Flow 

Bed 1. Liquid inlet distribution = point source, Liquid Velocities 

V G,bed=O.055 mIs, V L,bed=O.002 m/s 

Cell 
cell X/Dp 

1 1. 500 
2 4,500 
3 7.500 
4 10.500 
5 1. 500 
6 4.500 
7 7.500 
8 10.500 
9 1. 500 

10 4.500 
11 7.500 
12 10,500 
13 1. 500 
14' 4,500 
15 7.500 
16 10,500 
17 1.500 
18 4.500 
19 7.500 
20' 10.500 
21 ·1.500 
224,500 
23 7.500 
24 10.500 
25 1. 500 
26 4.500 
27 7.500 
28 10.500 
29 1. 500 
30 4.500 
31 7.500 
32 10,500 
33 1.500 
34 4.500 
35 7.500 
36 10.500 
37 1. 500 
38 4.500 
39 7.500 
40 10.500 

Center 
Z/Dp 

1.500 
1.500 
1.500 
1. 500 
4.500 
4.500 
4.500 
4.500 
7.500 
7,500 
7.500 
7.500 

10.500 
10,500 
10,500 
10.500 
13.500 
13.500 
13.500 
13,500 
16,500 
16.500 
16.500 
16.500 
19.500 
19,500 
19.500 
19.500 
22.500 
22,500 
22,500 
22.500 
25,500 
25.500 
25.500 
25.500 
28.500 
28.500 
28.500 
28.500 

por. 
0.400 
0,400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0.400 
0.400 
0.500 
0.400 
0,400 
0,400 
0,500 
0.400 
0.400 
0,400 
0.500 
0.400 
0.400 
0.400 
0.500 

Liquid 
holdup 
0.120 
0.001 
0,000 
0.000 
0,121 
0,002 
0.000 
0,000 
0.121 
0,003 
0.001 
0,000 
0,121 
0.002 
0.001 
0.000 
0.121 
0.001 
0.001 
0.000 
0.121 
0.001 
0.001 
0.000 
0.121 
0,001 
0.001 
0.000 
0.121 
0.000 
0.000 
0.000 
0.121 
0.000 
0.000 
0.000 
0,121 
0.001 
0.000 
0.000 

Liquid Velocities 
Vz Vz+dz Vx 

0.006 0.006 0.000 
0,000 0.000 0.000 
0.000 0.000 0,000 
0.000 0,000 0.000 
0.006 0.006 0.000 
0.000 0,000 0.000 
0.000 0,000 0,000 
0,000 0,000 0.000 
0.006 0.006 0.000 
0.000 0.000 0.000 
0,000 0,000 0.000 
0.000 0,000 0,000 
0,006 0.006 0.000 
0.000 0,000 0.000 
0.000 0,000 0,000 
0.000 0.000 0,000 
0.006 0,006 0,000 
0,000 0,000 0.000 
0,000 0,000 0.000 
0,000 0.000 0.000 
0.006 0.006 0.000 
0,000 0.000 0.000 
0.000 0,000 0.000 
0.000 0.000 0.000 
0.006 0.006 0.000 
0.000 0.000 0,000 
0.000 0.000 0.000 
0.000 0.000 0.000 
0.006 0.006 0.000 
0.000 0.000 0.000 
0.000 0,000 0.000 
0.000 0.000 0.000 
0,006 0,006 0.000 
0.000 0,000 0.000 
0.000 0.000 0,000 
0.000 0.000 0.000 
0.006 0,006 0.000 
0,000 0.000 0.000 
0.000 0.000 0.000 
0.000 0.000 0.000 

Vx+dx 
0.000 
0,000 
0,000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
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Table 9.11.22 Numerical Results for Two Phase Flow (continued) 

Bed I, Liquid inlet distribution = point source, Gas Velocities 

V G,bed=O.055 mIs, V L,bed=O.002 m/s 

Cell Center Liquid Gas Velocities 

cell X/Dp Z/Dp par. holdup Vz Vz+dz Vx Vx+dx 

1 1.S00 1.500 0.400 0.120 0.055 0,030 0.000 0.025 

2 4.S00 1.500 0.400 0.001 0.055 0.057 0.025 0.023 

3 7.S00 1.500 0.400 0.000 0.055 0.051 0.023 0.027 

4 10.S00 1.500 0.500 0.000 0.055 0.082 0.027 0.000 

5 1. 500 4.500 0.400 0.121 0.030 0.022 0.000 0.008 

6 4.S00 4.S00 0.400 0.002 0.057 O.OSl 0.008 0.014 

7 7.S00 4.500 0.400 0.000 0.051 0.052 0.014 0.012 

8 10.500 4.500 0.500 0.000 0.082 0.094 0.012 0.000 

9 1. 500 7.500 0.400 0.121 0.022 0.019 0.000 0.003 

10 4.500 7.500 0.400 0.003 0.051 0.053 0.003 0.001 

11 7.500 7.500 0.400 0.001 0.052 0.048 0.001 0.005 

12 10.500 7.500 0.500 0.000 0.094 0.100 0.005 0.000 

13 1.500 10.500 0.400 0.121 0.019 0.021 0.000 -0.002 

14 4.500 10.500 0.400 0.002 0.053 0.044 -0.002 0.006 

15 7.500 10.500 0.400 0.001 0.048 0.050 0.006 0.004 

16 10.500 10.500 0.500 0.000 0.100 0.104 0.004 0.000 

17 1. 500 13.500 0.400 0.121 0.021 0.023 0.000 -0.002 

18 4.500 13.500 0.400 0.001 0.044 0.049 -0.002 -0.007 

19 7.S00 13.500 0.400 0.001 0.050 0.052 -0.007 -0.009 

20 10.500 13.500 0.500 0.000 0.104 0.096 -0.009 0.000 

21 1. 500 16.500 0.400 0.121 0.023 0.026 0.000 -0.003 

22 4.500 16.500 0.400 0.001 0.049 0.048 -0.003 -0.001 

23 7.500 16.500 0.400 0.001 0.052 0.047 -0.001 0.003 

24 10.500 16.500 0.500 0.000 0.096 0.099 0.003 0.000 

25 1.500 19.500 0.400 0.121 0.026 0.027 0.000 -0.001 

26 4.500 19.500 0.400 0.001 0.048 0.045 -0.001 0.002 

27 7.500 19.500 0.400 0.001 0.047 0.052 0.002 -0.003 

28 10.500 19.500 0.500 0.000 0.099 0.096 -0.003 0.000 

29 1.500 22.500 0.400 0.121 0.027 0.022 0.000 0.005 

30 4.500 22.500 0.400 0.000 0.045 0.OS3 0.005 -0.004 

31 7.500 22.S00 0.400 0.000 0.OS2 O.OSO -0.004 -0.002 

32 10.500 22.500 0.500 0.000 0.096 0.094 -0.002 0.000 

33 1. 500 2S.S00 0.400 0.121 0.022 0.029 0.000 -0.006 

34 4.500 25.500 0.400 0.000 0.OS3 0.OS3 -0.006 -O.OOS 

3S 7.500 25.S00 0.400 0.000 O.OSO 0.036 -0.005 0.008 

36 10.500 25.500 0.500 0.000 0.094 0.102 0.008 0.000 

37 1. 500 28.500 0.400 0.121 0.029 0.023 0.000 0.006 

38 4.500 28.S00 0.400 0.001 0.OS3 0.056 0.006 0.003 

39 7.500 28.500 0.400 0.000 0.036 0.OS4 0.003 -0.015 

40 10.500 28.500 0.500 0.000 0.102 0.087 -0.015 0.000 



-381-

Table 9.11.23 Numerical Results for Two Phase Flow 

Bed 2, Liquid inlet distribution = point source, Liquid Velocities 

V G,be[O.055 rn/s, V L,bed=O.OOl rn/s 

Cell Center Liquid Liquid Velocities 

cell X/Dp Z/Dp por. holdup Vz Vz+dz Vx Vx+dx 

1 1. SOD 1.S00 0.380 0.102 0.004 0.004 0.000 0.000 

2 4.S00 1.S00 0.290 0.000 0.000 0.000 0.000 0.000 

3 7.S00 1.500 0.430 0.000 0.000 0.000 0.000 0.000 

4 10.500 1.500 0.500 0.000 0.000 0.000 0.000 0.000 

5 1.500 4,500 0.440 0,097 0,004 0.004 0,000 0.000 

6 4.500 4.500 0.320 0.001 0.000 0.000 0.000 0.000 

7 7.500 4,500 0.420 0.002 0.000 0.000 0.000 0.000 

8 10.500 4.500 0.500 0.001 0.000 0.000 0.000 0.000 

9 1.500 7.500 0.440 0.097 0.004 0.004 0.000 0.000 

10 4.500 7.500 0.380 0.001 0.000 0.000 0.000 0.000 

11 7.500 7,SOO 0.420 0.002 0.000 0.000 0.000 0.000 

12 10.500 7.500 0.500 0.001 0.000 0.000 0.000 0.000 

13 1.500 10.500 0.340 0.106 0.004 0.004 0.000 0.000 

14, 4,500 10.500 0.490 0.001 0.000 0.000 0.000 0.000 

15 7.500 10.500 0.440 0.001 0.000 0.000 0.000 0.000 

16 10.500 10.500 0.500 0.001 0.000 0.000 0.000 0.000 

17 1. 500 13.500 0.480 0.093 0.004 0.004 0.000 0.000 

18 4.500 13.500 0.460 0.001 0.000 0.000 0.000 0.000 

19 7.500 13.500 0.360 0.001 0.000 0.000 0.000 0.000 

20" 10.500 13.500 0.500 0.000 0.000 0.000 0.000 0.000 

21 ·1.500 16.500 0.460 0.095 0.004 0.004 0.000 0.000 

22 4.500 16.500 0.450 0.001 0.000 0.000 0.000 0.000 

23 7.500 16.500 0.380 0.001 0.000 0.000 0.000 0.000 

24 10.500 16.500 0.500 0.001 0.000 0.000 0.000 0.000 

25 1.500 19.500 0.370 0.104 0.004 0.004 0.000 0.000 

26 4.500 19.500 0.430 0.000 0.000 0.000 0.000 0.000 

27 7.500 19.500 0.460 0.001 0.000 0.000 0.000 0.000 

28 10.500 19.500 0.500 0.000 0.000 0.000 0.000 0.000 

29 1.500 22.500 0.280 0.112 0.004 0.004 0.000 0.000 

30 4.500 22.500 0.450 0.000 0.000 0.000 0.000 0.000 

31 7.500 22.500 0.290 0.001 0.000 0.000 0.000 0.000 

32 10.500 22.500 0.500 0.000 0.000 0.000 0.000 0.000 

33 1.500 25.500 0.460 0.095 0.004 0.004 0.000 0.000 

34 4.500 25.500 0.490 0.001 0.000 0.000 0.000 0.000 

35 7.500 25.500 0.350 0.001 0.000 0.000 0.000 0.000 

36 10.500 25.500 0.500 0.001 0.000 0.000 0.000 0.000 

37 1.500 28.500 0.500 0.091 0.004 0.004 0.000 0.000 

38 4.500 28.500 0.500 0.001 0.000 0.000 0.000 0.000 

39 7.500 28.500 0.500 0.001 0.000 0.000 0.000 0.000 

40 10.500 28.500 0.500 0.001 0.000 0.000 0.000 0.000 
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Table 9.11.23 Numerical Results for Two Phase Flow (continued) 

Bed 2, Liquid inlet distribution = point source, Gas Velocities 

Cell 
cell X/Dp 

1 1. SOO 
2 4.500 
3 7.500 
4 10.S00 
5 1. 500 
6 4.500 
7 7.500 
8 10.S00 
9 1. 500 

10 4.500 
11 7.500 
12 10.500 
13 1.500 
14 4.500 
15 7.500 
16 10.S00 
17 1.500 
18 4.500 
19 7.500 
20 10.500 
21 1. 500 
22 4.S00 
23 7.500 
24 10.500 
25 1. 500 
26 4.500 
27 7.500 
28 10.500 
29 1.500 
30 4.500 
31 7.S00 
32 10.S00 
33 1. 500 
34 4.500 
35 7.500 
36 10.S00 
37 1. SOO 
38 4.SOO 
39 7.500 
40 10.500 

V G,bed=O.055 rn/s, V L,bed=O.002 rn/s 

Center 
Z/Dp 

1.500 
1.500 
1.500 
1.500 
4.500 
4.500 
4.500 
4.500 
7.500 
7.S00 
7.500 
7.500 

10.500 
10.500 
10.500 
10.S00 
13. SOO 
13.500 
13.500 
13. SOO 
16.S00 
16.500 
16.S00 
16.S00 
19.500 
19.500 
19.500 
19.500 
22.S00 
22.S00 
22.500 
22.S00 
2S.S00 
25.S00 
2S.S00 
2S.S00 
28.500 
28.500 
28.500 
28.500 

por. 
0.380 
0.290 
0.430 
0.500 
0.440 
0.320 
0.420 
0.500 
0.440 
0.380 
0.420 
0.500 
0.340 
0.490 
0.440 
0.500 
0.480 
0.460 
0.360 
0.500 
0.460 
0.4S0 
0.380 
0.500 
0.370 
0.430 
0.460 
0.500 
0.280 
0.450 
0.290 
O.SOO 
0.460 
0.490 
0.350 
0.500 
0.500 
0.500 
0.500 
0.500 

Liquid 
holdup 
0.102 
0.000 
0.000 
0.000 
0.097 
0.001 
0.002 
0.001 
0.097 
0.001 
0.002 
0.001 
0.106 
0.001 
0.001 
0.001 
0.093 
0.001 
0.001 
0.000 
0.095 
0.001 
0.001 
0.001 
0.104 
0.000 
0.001 
0.000 
0.112 
0.000 
0.001 
0.000 
0.095 
0.001 
0.001 
0.001 
0.091 
0.001 
0.001 
0.001 

Gas Velocities 
VZ Vz+dz Vx 

0.055 0.045 0.000 
0.055 0.034 0.010 
0.055 0.058 0.031 
0.055 0.082 0.027 
0.045 0.038 0.000 
0.034 0.035 0.007 
0.058 0.058 0.006 
0.082 0.089 0.007 
0.038 0.020 0.000 
0.035 0.056 0.018 
0.058 0.059 -0.003 
0.089 0.085 -0.004 
0.020 0.018 0.000 
0.056 0.078 0.002 
0.059 0.042 -0.019 
0.085 0.083 -0.002 
0.018 0.031 0.000 
0.078 0.062 -0.014 
0.042 0.035 0.002 
0.083 0.092 0.009 
0.031 0.017 0.000 
0.062 0.066 0.014 
0.035 0.048 0.010 
0.092 0.088 -0.003 
0.017 0.007 0.000 
0.066 0.080 0.010 
0.048 0.028 -0.003 
0.088 0.105 0.017 
0.007 0.007 0.000 
0.080 0.085 0.000 
0.028 0.026 -0.005 
0.105 0.103 -0.003 
0.007 0.032 0.000 
0.085 0.065 -0.025 
0.026 0.034 -0.005 
0.103 0.089 -0.014 
0.032 0.041 0.000 
0.065 0.047 -0.009 
0.034 0.062 0.008 
0.089 0.070 -0.019 

Vx+dx 
0.010 
0.031 
0.027 
0.000 
0.007 
0.006 
0.007 
0.000 
0.018 

-0.003 
-0.004 
0.000 
0.002 

-0.019 
-0.002 
0.000 

-0.014 
0.002 
0.009 
0.000 
0.014 
0.010 

-0.003 
0.000 
0.010 

-0.003 
0.017 
0.000 
0.000 

-0.005 
-0.003 
0.000 

-0.025 
-0.005 
-0.014 
0.000 

-0.009 
0.008 

-0.019 
0.000 



-383-

Table 9.11.24 Numerical Results for Two Phase Flow 

Bed 2, Liquid inlet distribution = point source, Liquid Velocities 

V G,bed=O.055 mis, V L,bed=O.002 m/s 

Cell Center Liquid Liquid Velocities 

cell X/Op Z/Op por. holdup Vz Vz+dz VX Vx+dx 

1 1.500 1.500 0.380 0.122 0.006 0.006 0.000 0.000 

2 4.500 1.500 0.290 0.001 0.000 0.000 0.000 0.000 

3 7.500 1. 500 0.430 0.001 0.000 0.000 0.000 0.000 

4 10.500 1.500 0.500 0.001 0.000 0.000 0.000 0.000 

5 1.500 4.500 0.440 0.116 0.006 0.006 0.000 0.000 

6 4.500 4.500 0.320 0.002 0.000 0.000 0.000 0.000 

7 7.500 4.500 0.420 0.001 0.000 0.000 0.000 0.000 

8 10.500 4.500 0.500 0.001 0.000 0.000 0.000 0.000 

9 1.500 7.500 0.440 0.116 0.006 0.006 0.000 0.000 

10 4.500 7.500 0.380 0.002 0.000 0.000 0.000 0.000 

11 7.500 7.500 0.420 0.001 0.000 0.000 0.000 0.000 

12 10.500 7.500 0.500 0.001 0.000 0.000 0.000 0.000 

13 1.500 10.500 0.340 0.127 0.006 0.006 0.000 0.000 

14- 4.500 10.500 0.490 0.003 0.000 0.000 0.000 0.000 

15 7.500 10.500 0.440 0.001 0.000 0.000 0.000 0.000 

16 10.500 10.500 0.500 0.001 0.000 0.000 0.000 0.000 

17 1.500 13.500 0.480 0.112 0.006 0.006 0.000 0.000 

18 4.500 13.500 0.460 0.001 0.000 0.000 0.000 0.000 

19 7.500 13.500 0.360 0.002 0.000 0.000 0.000 0.000 

20 10.500 13.500 0.500 0.001 0.000 0.000 0.000 0.000 

21 . 1. 500 16.500 0.460 0.114 0.006 0.006 0.000 0.000 

22 4.500 16.500 0.450 0.001 0.000 0.000 0.000 0.000 

23 7.500 16.500 0.380 0.002 0.000 0.000 0.000 0.000 

24 10.500 16.500 0.500 0.001 0.000 0.000 0.000 0.000 

25 1.500 19.500 0.370 0.124 0.006 0.006 0.000 0.000 

26 4.500 19.500 0.430 0.001 0.000 0.000 0.000 0.000 

27 7.500 19.500 0.460 0.001 0.000 0.000 0.000 0.000 

28 10.500 19.500 0.500 0.002 0.000 0.000 0.000 0.000 

29 1.500 22.500 0.280 0.133 0.006 0.006 0.000 0.000 

30 4.500 22.500 0.450 0.003 0.000 0.000 0.000 0.000 

31 7.500 22.500 0.290 0.003 0.000 0.000 0.000 0.000 

32 10.500 22.500 0.500 0.001 0.000 0.000 0.000 0.000 

33 1. 500 25.500 0.460 0.114 0.006 0.006 0.000 0.000 

34 4.500 25.500 0.490 0.004 0.000 0.000 0.000 0.000 

35 7.500 25.500 0.350 0.004 0.000 0.000 0.000 0.000 

36 10.500 25.500 0.500 0.000 0.000 0.000 0.000 0.000 

37 1.500 28.500 0.500 0.110 0.006 0.006 0.000 0.000 

38 4.500 28.500 0.500 0.005 0.000 0.000 0.000 0.000 

39 7.500 28.500 0.500 0.004 0.000 0.000 0.000 0.000 

40 10.500 :8.500 0.500 0.003 0.000 0.000 0.000 0.000 
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Table 9. J 1.24 Numerical Results for Two Phase Flow (continued) 

Bed 2. Liquid inlet distribution = point source, Gas Velocities 

V G.bed=O.055 mIs, V L.bed=O.002 m/s 

Cell Center Liquid Gas Velocities 

cell X/Dp Z/Dp por. holdup Vz Vz+dz Vx Vx+dx 

1 1.500 1.500 0.380 0.122 0.055 0.044 0.000 0.011 

2 4.500 1. 500 0.290 0.001 0.055 0.034 0.011 0.032 

3 7.500 1. 500 0.430 0.001 0.055 0.058 0.032 0.029 

4 10.500 1. 500 0.500 0.001 0.055 0.084 0.029 0.000 

5 1.500 4.500 0.440 0.116 0.044 0.035 0.000 0.009 

6 4.500 4.500 0.320 0.002 0.034 0.034 0.009 0.009 

7 7.500 4.500 0.420 0.001 0.058 0.059 0.009 0.008 

8 10.500 4.500 0.500 0.001 0.084 0.092 0.008 0.000 

9 1.500 7.500 0.440 0.116 0.035 0.016 0.000 0.019 

10 4.500 7.500 0.380 0.002 0.034 0.049 0.019 0.004 

11 7.500 7.500 0.420 0.001 0.059 0.060 0.004 0.003 

12 10.500 7.500 0.500 0.001 0.092 0.095 0.003 0.000 

13 1.500 10.500 0.340 0.127 0.016 0.015 0.000 0.001 

14 4.500 10.500 0.490 0.003 0.049 0.070 0.001 -0.019 

15 7.500 10.500 0.440 0.001 0.060 0.041 -0.019 0.000 

16 10.500 10.500 0.500 0.001 0.095 0.095 0.000 0.000 

17 1.500 13.500 0.480 0.112 0.015 0.022 0.000 -0.007 

18 4.500 13.500 0.460 0.001 0.070 0.068 -0.007 -0.005 

19 7.500 13.500 0.360 0.002 0.041 0.039 -0.005 -0.004 

20 10.500 13.500 0.500 0.001 0.095 0.091 -0.004 0.000 

21 1.500 16.500 0.460 0.114 0.022 0.018 0.000 0.004 

22 4.500 16.500 0.450 0.001 0.068 0.063 0.004 0.009 

23 7.500 16.500 0.380 0.002 0.039 0.048 0.009 0.000 

24 10.500 16.500 0.500 0.001 0.091 0.091 0.000 0.000 

25 1. 500 19.500 0.370 0.124 0.018 0.004 0.000 0.014 

26 4.500 19.500 0.430 0.001 0.063 0.075 0.014 0.001 

27 7.500 19.500 0.460 0.001 0.048 0.031 0.001 0.018 

28 10.500 19.500 0.500 0.002 0.091 0.109 0.018 0.000 

29 1.500 22.500 0.280 0.133 0.004 0.004 0.000 0.000 

30 4.500 22.500 0.450 0.003 0.075 0.084 0.000 -0.008 

31 7.500 22.500 0.290 0.003 0.031 0.022 -0.008 0.001 

32 10.500 22.500 0.500 0.001 0.109 o .l10 0.001 0.000 

33 1.500 25.500 0.460 0.114 0.004 0.028 0.000 -0.024 

34 4.500 25.500 0.490 0.004 0.084 0.067 -0.024 -0.007 

35 7.500 25.500 0.350 0.004 0.022 0.030 -0.007 -0.014 

36 10.500 25.500 0.500 0.000 0.110 0.096 -0.014 0.000 

37 1.500 28.500 0.500 0.110 0.028 0.043 0.000 -0.015 

38 4.500 28.500 0.500 0.005 0.067 0.058 -0.015 -0.006 

39 7.500 28.500 0.500 0.004 0.030 0.042 -0.006 -0.019 

40 10.500 28.500 0.500 0.003 0.096 0.076 -0.019 0.000 
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Table 9.11.25 Numerical Results for Two Phase Flow 

Bed 2, Liquid inlet distribution = point source, Liquid Velocities 

V G,bed=O.055 mis, V L,bed=O.005 m/s 

Cell Center Liquid Liquid Velocities 

cell X!Dp Z!Dp por. holdup Vz Vz+dz Vx Vx+dx 

1 1.500 1.500 0.380 0.222 0.020 0.020 0.000 0.000 

2 4.500 1.500 0.290 0.000 0.000 0.000 0.000 0.000 

3 7.500 1.500 0.430 0.000 0.000 0.000 0.000 0.000 

4 10.500 1. 500 0.500 0.000 0.000 0.000 0.000 0.000 

5 1.500 4.500 0.440 0.215 0.020 0.020 0.000 0.000 

6 4.500 4.500 0.320 0.001 0.000 0.000 0.000 0.000 

7 7.500 4.500 0.420 0.001 0.000 0.000 0.000 0.000 

8 10.500 4.500 0.500 0.001 0.000 0.000 0.000 0.000 

9 1. 500 7.500 0.440 0.216 0.020 0.020 0.000 0.000 

10 4.500 7.500 0.380 0.001 0.000 0.000 0.000 0.000 

11 7.500 7.500 0.420 0.001 0.000 0.000 0.000 0.000 

12 10.500 7.500 0.500 0.001 0.000 0.000 0.000 0.000 

13 1.500 10.500 0.340 0.232 0.020 0.020 0.000 0.000 

14 4.500 10.500 0.490 0.001 0.000 0.000 0.000 0.000 

15 7.500 10.500 0.440 0.001 0.000 0.000 0.000 0.000 

16 10.500 10.500 0.500 0.001 0.000 0.000 0.000 0.000 

17 1.500 13.500 0.480 0.209 0.020 0.020 0.000 0.000 

18 4.500 13.500 0.460 0.001 0.000 0.000 0.000 0.000 

19 7.500 13.500 0.360 0.001 0.000 0.000 0.000 0.000 

20 10.500 13.500 0.500 0.001 0.000 0.000 0.000 0.000 

21 1. 500 16.500 0.460 0.212 0.020 0.020 0.000 0.000 

22 4.500 16.500 0.450 O. 001 0.000 0.000 0.000 0.000 

23 7.500 16.500 0.380 0.002 0.000 0.000 0.000 0.000 

24 10.500 16.500 0.500 0.000 0.000 0.000 0.000 0.000 

25 1.500 19.500 0.370 0.227 0.020 0.020 0.000 0.000 

26 4.S00 19.500 0.430 0.001 0.000 0.000 0.000 0.000 

27 7.500 19.500 0.460 0.000 0.000 0.000 0.000 0.000 

28 10.500 19.500 0.500 0.000 0.000 0.000 0.000 0.000 

29 1. SOO 22.500 0.280 0.242 0.020 0.020 0.000 0.000 

30 4.S00 22.500 0.4S0 0.001 0.000 0.000 0.000 0.000 

31 7.S00 22.500 0.290 0.000 0.000 0.000 0.000 0.000 

32 10.500 22.500 0.500 0.000 0.000 0.000 0.000 0.000 

33 1.S00 25.500 0.460 0.212 0.020 0.020 0.000 0.000 

34 4.500 25.500 0.490 0.001 0.000 0.000 0.000 0.000 

35 7.500 2S.500 0.350 0.001 0.000 0.000 0.000 0.000 

36 10.S00 2S.500 0.500 O. 001 0.000 0.000 0.000 0.000 

37 1. 500 28.500 0.500 0.205 0.020 0.020 0.000 0.000 

38 4.S00 28.S00 0.500 0.001 0.000 0.000 0.000 0.000 

39 7.S00 28.500 O.SOO 0.001 0.000 0.000 0.000 0.000 

40 10.S00 28.S00 0.500 0.001 0.000 0.000 0.000 0.000 
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Table 9.11.25 Numerical Results for Two Phase Flow (continued) 

Bed 2, Liquid inlet distribution = point source, Gas Velocities 

V G,bed=O.055 mIs, V L,bed=O.005 m/s 

Cell Center Liquid Gas Velocities 

cell X!Dp Z!Dp por. holdup Vz Vz+dz Vx Vx+dx 

1 1.500 1.500 0.380 0.222 0.055 0.027 0.000 0.028 

2 4.500 1.500 0.290 0.000 0.055 0.041 0.028 0.042 

3 7.500 1.500 0.430 0,000 0.055 0.068 0.042 0.029 

4 10.500 1. 500 0.500 0.000 0.055 0.084 0.029 0.000 

5 1.500 4.500 0.440 0.215 0.027 0.019 0.000 0.008 

6 4.500 4.500 0.320 0.001 0.041 0.037 0.008 0.012 

7 7.500 4.500 0.420 0.001 0.068 0.082 0.012 -0.002 

8 10,500 4.500 0.500 0.001 0.084 0.082 -0.002 0.000 

9 1.500 7.500 0.440 0.216 0.019 0.000 0.000 0.019 

10 4.500 7.500 0.380 0.001 0.037 0.072 0.019 -0.015 

11 7.500 7.500 0.420 0.001 0.082 0.080 -0.015 -0.014 

12 10.500 7.500 0.500 0.001 0.082 0.068 -0.014 0.000 

13 1.500 10.500 0.340 0.232 0.000 0.000 0.000 0.000 

14 4.500 10.500 0.490 0.001 0.072 0.073 0.000 -0.001 

15 7.500 10.500 0.440 0.001 0.080 0.062 -0.001 0.018 

16 10.500 10.500 0.500 0.001 0.068 0.085 0.018 0.000 

17 1.500 13.500 0.480 0.209 0.000 0.018 0.000 -0.018 

18 4.500 13.500 0.460 0.001 0.073 0.070 -0.018 -0.016 

19 7.500 13.500 0.360 0.001 0.062 0.041 -0.016 0.005 

20 10.500 13.500 0.500 0.001 0.085 0.091 0.005 0.000 

21 1.500 16.500 0.460 0.212 0.018 0.001 0.000 0.018 

22 4.500 16.500 0.450 0.001 0.070 0.084 0.018 0.004 

23 7.500 16.500 0.380 0.002 0.041 0.068 0.004 -0.023 

24 10.500 16.500 0.500 0.000 0.091 0.067 -0.023 0.000 

25 1.500 19.500 0.370 0.227 0.001 0.000 0.000 0.001 

26 4.500 19.500 0.430 0.001 0.084 0.084 0.001 0.000 

27 7.500 19.500 0.460 0.000 0.068 0.036 0.000 0.032 

28 10.500 19.500 0.500 0.000 0.067 0.100 0.032 0.000 

29 1.500 22.500 0.280 0.242 0.000 0.000 0.000 0.000 

30 4.500 22.500 0.450 0.001 0.084 0.086 0.000 -0.001 

31 7.500 22.500 0.290 0.000 0.036 0.039 -0.001 -0.004 

32 10.500 22.500 0.500 0.000 0.100 0.096 -0.004 0.000 

33 1.500 25.500 0.460 0.212 0.000 0.018 0.000 -0.018 

34 4.500 25.500 0.490 0.001 0.086 0.078 -0.018 -0.010 

35 7.500 25.500 0.350 0.001 0.039 0.044 -0.010 -0.016 

36 10.500 25.500 0.500 0.001 0.096 0.080 -0.016 0.000 

37 1.500 28.500 0.500 0.205 0.018 0.036 0.000 -0.019 

38 4.500 28.500 0.500 0.001 0.078 0.046 -0.019 0.013 

39 7.500 28.500 0.500 0.001 0.044 0.063 0.013 -0.005 

40 10.500 28.500 0.500 0.001 0.080 0.075 -0.005 0.000 
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Table 9.11.26 Numerical Results for Two Phase Flow 

Bed 2. Liquid inlet distribution = point source, Liquid Velocities 

V G.bed=O.055 mis, V L.bed=O.009 mls 

Cell Center Liquid Liquid Velocities 

cell X/Dp Z/Dp p~r. holdup VZ Vz+dz VX Vx+dx 

1 1.500 1.500 0.380 0.290 0.036 0.035 0.000 0.001 

2 4.500 1. 500 0.290 0.056 0.000 0.001 0.001 0.000 

3 7.500 1.500 0.430 0.020 0.000 0.000 0.000 0.000 

4 10.500 1.500 0.500 0.002 0.000 0.000 0.000 0.000 

5 1.500 4.500 0.440 0.293 0.035 0.034 0.000 0.001 

6 4.500 4.500 0.320 0.076 0.001 0.002 0.001 0.000 

7 7.500 4.500 0.420 0.024 0.000 0.000 0.000 0.000 

8 10.500 4.500 0.500 0.004 0.000 0.000 0.000 0.000 

9 1.500 7.500 0.440 0.290 0.034 0.033 0.000 0.001 

10 4.500 7.500 0.380 0.085 0.002 0.003 0.001 0.000 

II 7.500 7.500 0.420 0.023 0.000 0.000 0.000 0.000 

12 10.500 7.500 0.500 0.004 0.000 0.000 0.000 0.000 

13 1.500 10.500 0.340 0.305 0.033 0.032 0.000 0.001 

14: 4.500 10.500 0.490 0.088 0.003 0.004 0.001 0.000 

15 7.500 10.500 0.440 0.022 0.000 0.000 0.000 0.000 

16 10.500 10.500 0.500 0.005 0.000 0.000 0.000 0.000 

17 1.500 13.500 0.480 0.270 0.032 0.030 0.000 0.001 

18 4.500 13.500 0.460 0.104 0.004 0.006 0.001 0.000 

19 7.500 13.500 0.360 0.022 0.000 0.000 0.000 0.000 

20 10.500 13.500 0.500 0.005 0.000 0.000 0.000 0.000 

21 . 1.500 16.500 0.460 0.266 0.030 0.029 0.000 0.002 

22 4.500 16.500 0.450 0.119 0.006 0.007 0.002 0.000 

23 7.500 16.500 0.380 0.023 0.000 0.000 0.000 0.000 

24 10.500 16.500 0.500 0.003 0.000 0.000 0.000 0.000 

25 1.500 19.500 0.370 0.273 0.029 0.027 0.000 0.002 

26 4.500 19.500 0.430 0.137 0.007 0.009 0.002 0.000 

27 7.500 19.500 0.460 0.023 0.000 0.000 0.000 0.000 

28 10.500 19.500 0.500 0.003 0.000 0.000 0.000 0.000 

29 1. 500 22.500 0.280 0.280 0.027 0.025 0.000 0.001 

30 4.500 22.500 0.450 0.146 0.009 0.010 0.001 0.000 

31 7.500 22.500 0.290 0.029 0.000 0.000 0.000 0.000 

32 10.500 22.500 0.500 0.002 0.000 0.000 0.000 0.000 

33 1. 500 25.500 0.460 0.244 0.025 0.026 0.000 0.000 

34 4.500 25.500 0.490 0.144 0.010 0.010 0.000 0.000 

35 7.500 25.500 0.350 0.030 0.000 0.000 0.000 0.000 

36 10.500 25.500 0.500 0.005 0.000 0.000 0.000 0.000 

37 1.500 28.500 0.500 0.238 0.026 0.026 0.000 0.000 

38 4.500 28.500 0.500 0.141 0.010 0.010 0.000 0.000 

39 7.500 28.500 0.500 0.026 0.000 0.000 0.000 0.000 

40 10.500 28.500 0.500 0.013 0.000 0.000 0.000 0.000 
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Table 9.11.26 Numerical Results for Two Phase Flow (continued) 

Bed 2. Liquid inlet distribution = point source, Gas Velocities 

Cell 
cell X/Dp 

1 1. 500 
2 4.500 
3 7.500 
4 10.500 
5 1. 500 
6 4.500 
7 7.500 
8 10.500 
9 1.500 

10 4.500 
11 7.500 
12 10.500 
13 1. 500 
14 4.500 
15 7.500 
16 10.500 
17 1. 500 
18 4.500 
19 7.500 
20 10.500 
21 1.500 
22 4.500 
23 7.500 
24 10.500 
25 1.500 
26 4.500 
27 7.500 
28 10.500 
29 1. 500 
30 4.500 
31 7.500 
32 10.500 
33 1. 500 
34 4.500 
35 7.500 
36 10.500 
37 1. 500 
38 4.500 
39 7.500 
40 10.500 

V G.bed=O.055 m/s. V L.bed=O.009 m/s 

Center 
Z/Dp 

1.500 
1.500 
1. 500 
1.500 
4.500 
4.500 
4.500 
4.500 
7.500 
7.500 
7.500 
7.500 

10.500 
10.500 
10.500 
10.500 
13.500 
13.500 
13.500 
13.500 
16.500 
16.500 
16.500 
16.500 
19.500 
19.500 
19.500 
19.500 
22.500 
22.500 
22.500 
22.500 
25.500 
25.500 
25.500 
25.500 
28.500 
28.500 
28.500 
28.500 

por. 
0.380 
0.290 
0.430 
0.500 
0.440 
0.320 
0.420 
0.500 
0.440 
0.380 
0.420 
0.500 
0.340 
0.490 
0.440 
0.500 
0.480 
0.460 
0.360 
0.500 
0.460 
0.450 
0.380 
0.500 
0.370 
0.430 
0.460 
0.500 
0.280 
0.450 
0.290 
0.500 
0.460 
0.490 
0.350 
0.500 
0.500 
0.500 
0.500 
0.500 

Liquid 
holdup 
0.290 
0.056 
0.020 
0.002 
0.293 
0.076 
0.024 
0.004 
0.290 
0.085 
0.023 
0.004 
0.305 
0.088 
0.022 
0.005 
0.270 
0.104 
0.022 
0.005 
0.266 
0.119 
0.023 
0.003 
0.273 
0.137 
0.023 
0.003 
0.280 
0.146 
0.029 
0.002 
0.244 
0.144 
0.030 
0.005 
0.238 
0.141 
0.026 
0.013 

Gas Velocities 
VZ Vz+dz Vx 

0.055 0.025 0.000 
0.055 0.033 0.030 
0.055 0.075 0.052 
0.055 0.087 0.032 
0.025 0.005 0.000 
0.033 0.035 0.020 
0.075 0.053 0.018 
0.087 0.127 0.039 
0.005 0.000 0.000 
0.035 0.043 0.005 
0.053 0.064 -0.003 
0.127 0.112 -0.014 
0.000 0.000 0.000 
0.043 0.057 0.000 
0.064 0.039 -0.014 
0.112 0.124 0.011 
0.000 0.001 0.000 
0.057 0.061 -0.001 
0.039 0.033 -0.005 
0.124 0.125 0.002 
0.001 0.000 0.000 
0.061 0.046 0.001 
0.033 0.039 0.016 
0.125 0.135 0.010 
0.000 0.000 0.000 
0.046 0.058 0.000 
0.039 0.024 -0.012 
0.135 0.138 0.003 
0.000 0.000 0.000 
0.058 0.067 0.000 
0.024 0.021 -0.008 
0.138 0.132 -0.006 
0.000 0.024 0.000 
0.067 0.046 -0.024 
0.021 0.045 -0.003 
0.132 0.105 -0.028 
0.024 0.037 0.000 
0.046 0.044 -0.013 
0.045 0.070 -0.011 
0.105 0.069 -0.035 

Vx+dx 
0.030 
0.052 
0.032 
0.000 
0.020 
0.018 
0.039 
0.000 
0.005 

"0.003 
-0.014 
0.000 
0.000 

-0.014 
0.011 
0.000 

-0.001 
-0.005 

0.002 
0.000 
0.001 
0.016 
0.010 
0.000 
0.000 

-0.012 
0.003 
0.000 
0.000 

-0.008 
-0.006 
0.000 

-0.024 
-0.003 
-0.028 
0.000 

-0.013 
-0.011 
-0.035 
0.000 
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Table 9.11.27 Numerical Results for Two Phase Flow 

Bed 1, Liquid inlet distribution = point source, Liquid Velocities 

V G,bed=O.055 mis, V L,bed=O.OO 1 m/s 

Cell Center Liquid Liquid Velocities 

cell X/Dp Z/Dp por. holdup Vz Vz+dz Vx 

1 1.500 1.500 0.400 0.059 0.001 0,001 0.000 

2 4.500 1.500 0.400 0.058 O. 001 0.001 0.000 

3 7.500 1.500 0.400 0.060 0.001 0.001 0.000 

4 10.500 1.500 0.500 0.051 0.001 0.001 0.000 

5 1. 500 4.500 0.400 0.059 0.001 0.001 0.000 

6 4.500 4.500 0.400 0.058 0.001 0.001 0.000 

7 7.500 4.500 0.400 0.062 0.001 0.001 0.000 

8 10.500 4.500 0.500 0.049 0.001 0.001 0.000 

9 1. 500 7.500 0.400 0.059 0.001 0.001 0.000 

10 4.500 7.500 0.400 0.058 0.001 0.001 0.000 

11 7.500 7.500 0.400 0.064 0.001 0.001 0.000 

12 10.500 7.500 0.500 0.047 0.001 0.001 0.000 

13 1.500 10.500 0.400 0.059 0.001 0.001 0.000 

14' 4.500 10.500 0.400 0.057 0.001 0.001 0.000 

15 7.500 10.500 0.400 0.066 0.001 0.001 0.000 

16 10.500 10.500 0.500 0.045 0.001 0.001 0.000 

17 1.500 13.500 0.400 0.059 0.001 0.001 0.000 

18 4.500 13.500 0.400 0.057 0.001 0.001 0.000 

19 7.500 13.500 0.400 0.068 0.001 0.002 0.000 

20' 10.500 13.500 0.500 0.043 0.001 0.001 0.000 

21 '1. 500 16.500 0.400 0.059 0.001 0.001 0.000 

22 4.500 16.500 0.400 0.057 0.001 0.001 0.000 

23 7.500 16.500 0.400 0.069 0.002 0.002 0.000 

24 10.500 16.500 0.500 0.041 0.001 0.000 0.000 

25 1.500 19.500 0.400 0.059 0.001 0.001 0.000 

26 4.500 19.500 0.400 0.056 0.001 0.001 0.000 

27 7.500 19.500 0.400 0.070 0.002 0.002 0.000 

28 10.500 19.500 0.500 0.039 0.000 0.000 0.000 

29 1.500 22.500 0.400 0.059 0.001 0.001 0.000 

30 4.500 22.500 0.400 0.056 0.001 0.001 0.000 

31 7.500 22.500 0.400 0.071 0.002 0.002 0.000 

32 10.500 22.500 0.500 0.038 0.000 0.000 0.000 

33 1.500 25.500 0.400 0.059 0.001 0.001 0.000 

34 4.500 25.500 0.400 0.056 0.001 0.001 0.000 

35 7.500 25.500 0.400 0.072 0.002 0.002 0.000 

36 10.500 25.500 0.500 0.037 0.000 0.000 0.000 

37 1.500 28.500 0.400 0.059 0.001 0.001 0.000 

38 4.500 28.500 0.400 0.056 0.001 0.001 0.000 

39 7.500 28.500 0.400 0.072 0.002 0.002 0.000 

40 10.500 28.500 0.500 0.037 0.000 0.000 0.000 

Vx+dx 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
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Table 9.11.27 Numerical Results for Two Phase Flow (continued) 

Bed I, Liquid inlet distribution = point source, Gas Velocities 

V G.bed=0.055 mIs, V L.bed=O.OOI m/s 

Cell Center Liquid Gas Velocities 

cell X/Dp Z/Dp por. holdup Vz Vz+dz Vx Vx+dx 

1 1. 500 1. 500 0.400 0.059 0.055 0.048 0.000 0.007 

2 4.500 1. 500 0.400 0.058 0.055 0.048 0.007 0.014 

3 7.500 1.500 0.400 0.060 0.055 0.042 0.014 0.026 

4 10.500 1.500 0.500 0.051 0.055 0.081 0.026 0.000 

5 1.500 4.500 0.400 0.059 0.048 0.045 0.000 0.004 

6 4.500 4.500 0.400 0.058 0.048 0.044 0.004 0.007 

7 7.500 4.500 0.400 0.062 0.042 0.041 0.007 0.009 

8 10.500 4.500 0.500 0.049 0.081 0.090 0.009 0.000 

9 1.500 7.500 0.400 0.059 0.045 0.043 0.000 0.001 

10 4.500 7.500 0.400 0.058 0.044 0.043 0.001 0.003 

11 7.500 7.500 0.400 0.064 0.041 0.039 0.003 0.004 

12 10.500 7.500 0.500 0.047 0.090 0.095 0.004 0.000 

13 1.500 10.500 0.400 0.059 0.043 0.042 0.000 0.001 

14 4.500 10.500 0.400 0.057 0.043 0.042 0.001 0.002 

15 7.500 10.500 0.400 0.066 0.039 0.038 0.002 0.002 

16 10.500 10.500 0.500 0.045 0.095 0.097 0.002 0.000 

17 1.500 13.500 0.400 0.059 0.042 0.041 0.000 0.001 

18 4.500 13.500 0.400 0.057 0.042 0.042 0.001 0.001 

19 7.500 13.500 0.400 0.068 0.038 0.038 0.001 0.002 

20 10.500 13.500 0.500 0.043 0.097 0.099 0.002 0.000 

21 1. 500 16.500 0.400 0.059 0.041 0.040 0.000 0.002 

22 4.500 16.500 0.400 0.057 0.042 0.043 0.002 0.001 

23 7.500 16.500 0.400 0.069 0.038 0.038 0.001 0.001 

24 10.500 16.500 0.500 0.041 0.099 0.100 0.001 0.000 

25 1. 500 19.500 0.400 0.059 0.040 0.040 0.000 0.000 

26 4.500 19.500 0.400 0.056 0.043 0.042 0.000 0.000 

27 7.500 19.500 0.400 0.070 0.038 0.038 0.000 0.000 

28 10.500 19.500 0.500 0.039 0.100 0.099 0.000 0.000 

29 1. 500 22.500 0.400 0.059 0.040 0.041 0.000 -0.001 

30 4.500 22.500 0.400 0.056 0.042 0.041 -0.001 0.000 

31 7.500 22.500 0.400 0.071 0.038 0.038 0.000 0.001 

32 10.500 22.500 0.500 0.038 0.099 0.100 0.001 0.000 

33 1. 500 25.500 0.400 0.059 0.041 0.040 0.000 0.000 

34 4.500 25.500 0.400 0.056 0.041 0.041 0.000 0.000 

35 7.500 25.500 0.400 0.072 0.038 0.037 0.000 0.001 

36 10.500 25.500 0.500 0.037 0.100 0.101 0.001 0.000 

37 1. 500 28.500 0.400 0.059 0.040 0.041 0.000 0.000 

38 4.500 28.500 0.400 0.056 0.041 0.041 0.000 0.000 

39 7.500 28.500 0.400 0.072 0.037 0.037 0.000 0.000 

40 10.500 28.500 0.500 0.037 0.101 0.101 0.000 0.000 
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Table 9.11.28 Numerical Results for Two Phase Flow 

Bed L Liquid inlet distribution = point source, Liquid Velocities 

V G,bed=O.055 mis, V L,bed=O.002 mls 

Cell Center Liquid Liquid Velocities 

cell X/Dp Z/Dp por. holdup Vz Vz+dz Vx 
0.068 0.002 0.002 0.000 

1 1. 500 1. 500 0.400 
2 4.500 1.500 0.400 0.068 0.002 0.002 0.000 

3 7.500 1. 500 0.400 0.069 0.002 0.002 0.000 

4 10.500 1. 500 0.500 0,060 0.002 0.002 0.000 

5 1,500 4.500 0.400 0.068 0.002 0,002 0.000 

6 4.500 4.500 0.400 0,067 0.002 0.002 0.000 

7 7.500 4.500 0.400 0.071 0.002 0.002 0.000 

8 10.500 4.500 0.500 0.059 0.002 0.002 0.000 

9 1. 500 7.500 0.400 0.069 0,002 0.002 0.000 

10 4.500 7.500 0.400 0.066 0.002 0.002 0.000 

11 7.500 7.500 0.400 0.073 0.002 0.002 0.000 

12 10.500 7.500 0.500 0.057 0.002 0.002 0.000 

13 1. 500 10.500 0.400 0.069 0.002 0.002 0.000 

14 4.500 10.500 0.400 0.066 0.002 0.002 0.000 

.15 7.500 10.500 0.400 0.074 0.002 0.002 0.000 

16 10.500 10.500 0.500 0.056 0.002 0.002 0.000 

17 1. 500 13.500 0.400 0.069 0.002 0.002 0.000 

18 4.500 13.500 0.400 0.065 0.002 0.002 0.000 

19 7.500 13.500 0.400 0.075 0.002 0.002 0.000 

20 10.500 13.500 0.500 0.054 0.002 0.002 0.000 

21 1.500 16.500 0.400 0.070 0.002 0.002 0.000 

22 4.500 16.500 0.400 0.065 0.002 0.002 0.000 

23 7.500 16.500 0.400 0.077 0.002 0.002 0.000 

24 10.500 16.500 0.500 0.053 0.002 0.002 0.000 

25 1.500 19.500 0.400 0.070 0.002 0.002 0.000 

26 4.500 19.500 0.400 0.064 0.002 0.002 0.000 

27 7.500 19.500 0.400 0.078 0.002 0.002 0.000 

28 10.500 19.500 0.500 0.052 0.002 0.002 0.000 

29 1.500 22.500 0.400 0.070 0.002 0.002 0.000 

30 4.500 22.500 0.400 0.064 0.002 0.002 0.000 

31 7.500 22.500 0.400 0.078 0.002 0.002 0.000 

32 10.500 22.500 0.500 0.052 0.002 0.002 0.000 

33 1. 500 25.500 0.400 0.070 0.002 0.002 0.000 

34 4.500 25.500 0,400 0.063 0,002 0.002 0.000 

35 7.500 25.500 0.400 0.079 0.002 0.002 0.000 

36 10.500 25.500 0.500 0.051 0.002 0.002 0.000 

37 1. SOD 28.500 0.400 0.071 0.002 0.002 0.000 

38 4.500 28.500 0.400 0.063 0.002 0.002 0.000 

39 7.500 28.500 0.400 0.079 0.002 0.002 0.000 

40 10.500 28.500 0.500 0.051 0.002 0.002 0.000 

Vx+dx 
0.000 
0.000 
0.000 
0.000 
0.000 
0,000 
0.000 
0.000 
0.000 
0.000 
0,000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0,000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
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Table 9.11.28 Numerical Results for Two Phase Flow (continued) 

Bed 1. Liquid inlet distribution = point source, Gas Velocities 

V G,bed=O.055 mis, V Lbed=O.002 mls 

Cell Center Liquid Gas Velocities 

cell X/Dp Z/Dp por, holdup Vz Vz+dz Vx 
0.068 0,055 0.048 0,000 

1 1. 500 1.500 0.400 
2 4,500 1. 500 0.400 0.068 0,055 0.048 0.007 

3 7.500 1.500 0.400 0.069 0.055 0.042 0.014 

4 10.500 1.500 0,500 0.060 0.055 0.082 0.027 

5 1.500 4.500 0,400 0.068 0,048 0,046 0.000 

6 4.500 4.500 0.400 0.067 0.048 0.044 0.002 

7 7.500 4.500 0.400 0.071 0.042 0.037 0.006 

8 10.500 4.500 0.500 0.059 0.082 0.093 0.011 

9 1. 500 7.500 0.400 0,069 0.046 0.044 0.000 

10 4,500 7.500 0.400 0.066 0.044 0.045 0.002 

11 7.500 7.500 0.400 0.073 0.037 0.038 0.001 

12 10.500 7.500 0.500 0.057 0.093 0.093 0.000 

13 1.500 10.500 0.400 0.069 0.044 0.041 0.000 

14 4.500 10.500 0.400 0.066 0.045 0.044 0.003 

15 7.500 10.500 0,400 0.074 0,038 0.039 0.004 

16 10.500 10,500 0.500 0,056 0.093 0.096 0.002 

17 1. 500 13.500 0.400 0.069 0.041 0.042 0.000 

18 4.500 13.500 0.400 0.065 0.044 0.042 -0,001 

19 7.500 13.500 0.400 0,075 0.039 0.039 0.000 

20 10.500 13.500 0.500 0.054 0.096 0.097 0.001 

21 1.500 16.500 0.400 0.070 0.042 0.038 0.000 

22 4.500 16.500 0.400 0.065 0.042 0,045 0.004 

23 7.500 16.500 0.400 0.077 0,039 0,038 0.002 

24 10,500 16.500 0.500 0.053 0.097 0.099 0.003 

25 1.500 19.500 0.400 0.070 0.038 0.038 0.000 

26 4.500 19.500 0.400 0.064 0.045 0.042 0.000 

27 7.500 19.500 0.400 0.078 0.038 0.039 0.003 

28 10.500 19.500 0.500 0.052 0.099 0.101 0.002 

29 1.500 22.500 0.400 0.070 0.038 0.040 0.000 

30 4.500 22.500 0.400 0.064 0.042 0.043 -0.002 

31 7.500 22.500 0.400 0.078 0.039 0.039 -0.003 

32 10,500 22.500 0.500 0.052 0.101 0.098 -0.003 

33 1.500 25.500 0.400 0.070 0.040 0.038 0.000 

34 4.500 25.500 0.400 0.063 0.043 0.046 0.001 

35 7.500 25.500 0,400 0.079 0.039 0.038 -0.001 

36 10.500 25.500 0.500 0.051 0.098 0.098 -0.001 

37 1.500 28.500 0.400 0.071 0.038 0.040 0.000 

38 4.500 28.500 0.400 0.063 0.046 0.047 -0.001 

39 7.500 28.500 0.400 0.079 0.038 0.040 -0.003 

40 10.500 28.500 0.500 0.051 0.098 0.093 -0.004 

Vx+dx 
0.007 
0.014 
0.027 
0.000 
0.002 
0.006 
0.011 
0.000 
0.002 
0.001 
0.000 
0.000 
0.003 
0.004 
0.002 
0.000 

-0.001 
0.000 
0.001 
0.000 
0.004 
0.002 
0.003 
0.000 
0.000 
0,003 
0.002 
0.000 

-0.002 
-0.003 
-0,003 

0.000 
0.001 

-0.001 
-0.001 

0.000 
~0.001 

-0.003 
-0.004 
0.000 
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Table 9.11.29 Numerical Results for Two Phase Flow 

Bed 2. Liquid inlet distribution = point source, Liquid Velocities 

V G.bed=O.055 m/s, V L,bed=O.OOl m/s 

Cell Center Liquid Liquid Velocities 

cell X/Dp Z/Dp por. holdup Vz Vz+dz Vx Vx+dx 

1 1.500 1.500 0.380 0.060 0.001 0.001 0.000 0.000 

2 4.500 1.500 0.290 0.063 0.001 0.001 0.000 0.000 

3 7.500 1. 500 0.430 0.058 0.001 0.001 0.000 0.000 

4 10.500 1. 500 0.500 0.052 0.001 0.001 0.000 0.000 

5 1.500 4.500 0.440 0.058 0.001 0.001 0.000 0.000 

6 4.500 4.500 0.320 0.057 0.001 0.001 0.000 0.000 

7 7.500 4.500 0.420 0.062 0.001 0.001 0.000 0.000 

8 10.500 4.500 0.500 0.050 0.001 0.001 0.000 0.000 

9 1.500 7.500 0.440 0.059 0.001 0.001 0.000 0.000 

10 4.500 7.500 0.380 0.051 0.001 0.001 0.000 0.000 

11 7.500 7.500 0.420 0.065 0.001 0.001 0.000 0.000 

12 10.500 7.500 0.500 0.049 0.001 0.001 0.000 0.000 

13 1. 500 10.500 0.340 0.066 0.001 0.001 0.000 0.000 

14' 4.500 10.500 0.490 0.043 0.001 0.001 0.000 0.000 

15 7.500 10.500 0.440 0.066 0.001 0.002 0.000 0.000 

16 10.500 10.500 0.500 0.047 0.001 0.001 0.000 0.000 

17 1.500 13.500 0.480 0.057 0.001 0.001 0.000 0.000 

18 4.500 13.500 0.460 0.041 0.001 0.000 0.000 0.000 

19 7.500 13.500 0.360 0.073 0.002 0.002 0.000 0.000 

20' 10.500 13.500 0.500 0.046 0.001 0.001 0.000 0.000 

21 -1.500 16.500 0.460 0.059 0.001 0.001 0.000 0.000 

22 . 4.500 16.500 0.450 0.039 0.000 0.000 0.000 0.000 

23 7.500 16.500 0.380 0.074 0.002 0.002 0.000 0.000 

24 10.500 16.500 0.500 0.045 0.001 O. 001 0.000 0.000 

25 1.500 19.500 0.370 0.066 0.001 0.001 0.000 0.000 

26 4.500 19.500 0.430 0.038 0.000 0.000 0.000 0.000 

27 7.500 19.500 0.460 0.069 0.002 0.002 0.000 0.000 

28 10.500 19.500 0.500 0.043 0.001 0.001 0.000 0.000 

29 1.500 22.500 0.280 0.072 0.001 0.001 0.000 0.000 

30 4.500 22.500 0.450 0.036 0.000 0.000 0.000 0.000 

31 7.500 22.500 0.290 0.082 0.002 0.002 0.000 0.000 

32 10.500 22.500 0.500 0.043 0.001 0.001 0.000 0.000 

33 1. 500 25.500 0.460 0.060 0.001 0.001 0.000 0.000 

34 4.500 25.500 0.490 0.033 0.000 0.000 0.000 0.000 

35 7.500 25.500 0.350 0.078 0.002 0.002 0.000 0.000 

36 10.500 25.500 0.500 0.042 0.001 0.001 0.000 0.000 

37 1.500 28.500 0.500 0.057 0.001 0.001 0.000 0.000 

38 4.500 28.500 0.500 0.032 0.000 0.000 0.000 0.000 

39 7.500 28.500 0.500 0.067 0.002 0.002 0.000 0.000 

40 10.500 28.500 0.500 0.042 0.001 O. 001 0.000 0.000 
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Table 9.11.29 Numerical Results for Two Phase Flow (continued) 

Bed 2. Liquid inlet distribution = point source, Gas Velocities 

V G,bed=O.055 m/s, V L.bed=O.002 m/s 

Cell Center Liquid Gas velocities 

cell X/Dp Z/Dp por. holdup VZ Vz+dz vx Vx+dx 

1 1.500 1.500 0.380 0.060 0.055 0.062 0.000 -0.007 

2 4.500 1.500 0.290 0.063 0.055 0.026 -0.007 0.022 

3 7.500 1.500 0.430 0.058 0.055 0.052 0.022 0.025 

4 10.500 1. 500 0.500 0.052 0.055 0.080 0.025 0.000 

5 1.500 4.500 0.440 0.058 0.062 0.057 0.000 0.005 

6 4.500 4.500 0.320 0.057 0.026 0.027 0.005 0.004 

7 7.500 4.500 0.420 0.062 0.052 0.046 0.004 0.010 

8 10.500 4.500 0.500 0.050 0.080 0.090 0.010 0.000 

9 1.500 7.500 0.440 0.059 0.057 0.040 0.000 0.018 

10 4.500 7.500 0.380 0.051 0.027 0.047 0.018 -0.003 

11 7.500 7.500 0.420 0.065 0.046 0.046 -0.003 -0.003 

12 10.500 7.500 0.500 0.049 0.090 0.087 -0.003 0.000 

13 1.500 10.500 0.340 0.066 0.040 0.034 0.000 0.006 

14 4.500 10.500 0.490 0.043 0.047 0.065 0.006 -0.012 

15 7.500 10.500 0.440 0.066 0.046 0.030 -0.012 0.004 

16 10.500 10.500 0.500 0.047 0.087 0.091 0.004 0.000 

17 1. 500 13.500 0.480 0.057 0.034 0.047 0.000 -0.013 

18 4.500 13.500 0.460 0.041 0.065 0.056 -0.013 -0.004 

19 7.500 13.500 0.360 0.073 0.030 0.024 -0.004 0.001 

20 10.500 13.500 0.500 0.046 0.091 0.092 0.001 0.000 

21 1.500 16.500 0.460 0.059 0.047 0.036 0.000 0.011 

22 4.500 16.500 0.450 0.039 0.056 0.060 0.011 0.008 

23 7.500 16.500 0.380 0.074 0.024 0.031 0.008 0.001 

24 10.500 16.500 0.500 0.045 0.092 0.093 0.001 0.000 

25 1. 500 19.500 0.370 0.066 0.036 0.021 0.000 0.015 

26 4.500 19.500 0.430 0.038 0.060 0.082 0.015 -0.008 

27 7.500 19.500 0.460 0.069 0.031 0.017 -0.008 0.007 

28 10.500 19.500 0.500 0.043 0.093 0.100 0.007 0.000 

29 1.500 22.500 0.280 0.072 0.021 0.021 0.000 0.000 

30 4.500 22.500 0.450 0.036 0.082 0.087 0.000 -0.004 

31 7.500 22.500 0.290 0.082 0.017 0.014 -0.004 -0.002 

32 10.500 22.500 0.500 0.043 0.100 0.098 -0.002 0.000 

33 1.500 25.500 0.460 0.060 0.021 0.045 0.000 -0.024 

34 4.500 25.500 0.490 0.033 0.087 0.067 -0.024 -0.004 

35 7.500 25.500 0.350 0.078 0.014 0.025 -0.004 -0.015 

36 10.500 25.500 0.500 0.042 0.098 0.084 -0.015 0.000 

37 1.500 28.500 0.500 0.057 0.045 0.052 0.000 -0.007 

38 4.500 28.500 0.500 0.032 0.067 0.055 -0.007 0.004 

39 7.500 28.500 0.500 0.067 0.025 0.059 0.004 -0.030 

40 10.500 28.500 0.500 0.042 0.084 0.054 -0.030 0.000 
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Table 9.11.30 Numerical Results for Two Phase Flow 

Bed 2, Liquid inlet distribution = point source, Liquid Velocities 

V G,bed=0.055 mis, V L,bed=0.002 m/s 

Cell Center Liquid Liquid Velocities 

cell X/Dp Z/Dp por. holdup Vz Vz+dz Vx Vx+dx 

1 1. 500 1.500 0.380 0.070 0.002 0.002 0.000 0.000 

2 4.500 1.500 0.290 0.073 0.002 0.002 0.000 0.000 

3 7.500 1.500 0.430 0.067 0.002 0.002 0.000 0.000 

4 10.500 1.500 0.500 0.061 0.002 0.002 0.000 0.000 

5 1. 500 4.500 0.440 0.067 0.002 0.002 0.000 0.000 

6 4.500 4.500 0.320 0.068 0.002 0.002 0.000 0.000 

7 7.500 4.500 0.420 0.069 0.002 0.002 0.000 0.000 

8 10.500 4.500 0.500 0.060 0.002 0.002 0.000 0.000 

9 1. 500 7.500 0.440 0.068 0.002 0.002 0.000 0.000 

10 4.500 7.500 0.380 0.063 0.002 0.002 0.000 0.000 

11 7.500 7.500 0.420 0.070 0.002 0.002 0.000 0.000 

12 10.500 7.500 0.500 0.060 0.002 0.002 0.000 0.000 

13 1.500 10.500 0.340 0.076 0.002 0.002 0.000 0.000 

14 4.500 10.500 0.490 0.054 0.002 0.002 0.000 0.000 

15 7.500 10.500 0.440 0.070 0.002 0.002 0.000 0.000 

16 10.500 10.500 0.500 0.059 0.002 0.002 0.000 0.000 

17 1.500 13.500 0.480 0.067 0.002 0.002 0.000 0.000 

18 4.500 13.500 0.460 0.055 0.002 0.002 0.000 0.000 

19 7.500 13.500 0.360 0.076 0.002 0.002 0.000 0.000 

20 10.500 13.500 0.500 0.059 0.002 0.002 0.000 0.000 

21 1. 500 16.500 0.460 0.069 0.002 0.002 0.000 0.000 

22 4.500 16.500 0.450 0.054 0.002 0.002 0.000 0.000 

23 7.500 16.500 0.380 0.076 0.002 0.002 0.000 0.000 

24 10.500 16.500 0.500 0.059 0.002 0.002 0.000 0.000 

25 1. 500 19.500 0.370 0.076 0.002 0.002 0.000 0.000 

26 4.500 19.500 0.430 0.053 0.002 0.002 0.000 0.000 

27 7.500 19.500 0.460 0.071 0.002 0.002 0.000 0.000 

28 10.500 19.500 0.500 0.058 0.002 0.002 0.000 0.000 

29 1. 500 22.500 0.280 0.083 0.002 0.002 0.000 0.000 

30 4.500 22.500 0.450 0.051 0.002 0.002 0.000 0.000 

31 7.500 22.500 0.290 0.084 0.002 0.002 0.000 0.000 

32 10.500 22.500 0.500 0.058 0.002 0.002 0.000 0.000 

33 1.500 25.500 0.460 0.070 0.002 0.002 0.000 0.000 

34 4.500 25.500 0.490 0.049 0.002 0.002 0.000 0.000 

35 7.500 25.500 0.350 0.079 0.002 0.002 0.000 0.000 

36 10.500 25.500 0.500 0.058 0.002 0.002 0.000 0.000 

37 1.500 28.500 0.500 0.067 0.002 0.002 0.000 0.000 

38 4.500 28.500 0.500 0.048 0.002 0.002 0.000 0.000 

39 7.500 28.500 0.500 0.068 0.002 0.002 0.000 0.000 

40 10.500 28.500 0.500 0.058 0.002 0.002 0.000 0.000 
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Table 9.11.30 Numerical Results for Two Phase Flow (continued) 

Bed 2. Liquid inlet distribution = point source, Gas Velocities 

V G.bed=0.055 mis, V L.bed=0.002 m/s 

Cell Center Liquid Gas Velocities 

cell X/Dp Z/Dp por. holdup Vz Vz+dz Vx 
0.070 0.055 0.062 0.000 

1 1.500 1.500 0.380 
2 4.500 1.500 0.290 0.073 0.055 0.025 -0.007 

3 7.500 1.500 0.430 0.067 0.055 0.054 0.023 

4 10.500 1.500 0.500 0.061 0.055 0.079 0.024 

5 1.500 4.500 0.440 0.067 0.062 0.054 0.000 

6 4.500 4.500 0.320 0.068 0.025 0.027 0.008 

7 7.500 4.500 0.420 0.069 0.054 0.049 0.006 

8 10.500 4.500 0.500 0.060 0.079 0.090 0.011 

9 1.500 7.500 0.440 0.068 0.054 0.036 0.000 

10 4.500 7.500 0.380 0.063 0.027 0.050 0.019 

11 7.500 7.500 0.420 0.070 0.049 0.051 -0.005 

12 10.500 7.500 0.500 0.060 0.090 0.083 -0.008 

13 1.500 10.500 0.340 0.076 0.036 0.032 0.000 

14 4.500 10.500 0.490 0.054 0.050 0.065 0.003 

15 7.500 10.500 0.440 0.070 0.051 0.035 -0.011 

16 10.500 10.500 0.500 0.059 0.083 0.088 0.005 

17 1.500 13.500 0.480 0.067 0.032 0.045 0.000 

18 4.500 13.500 0.460 0.055 0.065 0.059 -0.013 

19 7.500 13.500 0.360 0.076 0.035 0.030 -0.007 

20 10.500 13.500 0.500 0.059 0.088 0.085 -0.002 

21 1.500 16.500 0.460 0.069 0.045 0.032 0.000 

22 4.500 16.500 0.450 0.054 0.059 0.064 0.014 

23 7.500 16.500 0.380 0.076 0.030 0.042 0.009 

24 10.500 16.500 0.500 0.059 0.085 0.083 -0.002 

25 1.500 19.500 0.370 0.076 0.032 0.019 0.000 

26 4.500 19.500 0.430 0.053 0.064 0.081 0.013 

27 7.500 19.500 0.460 0.071 0.042 0.020 -0.004 

28 10.500 19.500 0.500 0.058 0.083 0.100 0.017 

29 1.500 22.500 0.280 0.083 0.019 0.017 0.000 

30 4.500 22.500 0.450 0.051 0.081 0.087 0.002 

31 7.500 22.500 0.290 0.084 0.020 0.017 -0.004 

32 10.500 22.500 0.500 0.058 0.100 0.099 -0.002 

33 1.500 25.500 0.460 0.070 0.017 0.046 0.000 

34 4.500 25.500 0.490 0.049 0.087 0.063 -0.029 

35 7.500 25.500 0.350 0.079 0.017 0.029 -0.004 

36 10.500 25.500 0.500 0.058 0.099 0.082 -0.017 

37 1.500 28.500 0.500 0.067 0.046 0.052 0.000 

38 4.500 28.500 0.500 0.048 0.063 0.064 -0.006 

39 7.500 28.500 0.500 0.068 0.029 0.051 -0.008 

40 10.500 28.500 0.500 0.058 0.082 0.054 -0.029 

Vx+dx 
-0.007 

0.023 
0.024 
0.000 
0.008 
0.006 
0.011 
0.000 
0.019 

-0.005 
-0.008 
0.000 
0.OD3 

-0.011 
0.005 
0.000 

-0.013 
-0.007 
-0.002 

0.000 
0.014 
0.009 

-0.002 
0.000 
0.013 

-0.004 
0.017 
0.000 
0.002 

-0.004 
-0.002 

0.000 
-0.029 
-0.004 
-0.017 

0.000 
'0.006 
-0.008 
-0.029 
0.000 
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Table 9.11.31 Numerical Results for Two Phase Flow 

Bed 2, Liquid inlet distribution = point source, Liquid Velocities 

V G,bed=O.055 mis, V L.bed=O.005 m/s 

Cell Center Liquid Liquid Velocities 

cell X/Dp Z/Dp par. holdup Vz Vz+dz Vx Vx+dx 

1 1.500 1.500 0.380 0.115 0.005 0.005 0.000 0.000 

2 4.500 1.500 0.290 0.116 0.005 0.004 0.000 0.001 

3 7.500 1.500 0.430 0.110 0.005 0.006 0.001 0.000 

4 10.500 1. 500 0.500 0.101 0.005 0.005 0.000 0.000 

5 1. SOD 4.500 0.440 0.111 0.005 0.006 0.000 0.000 

6 4.500 4.500 0.320 0.106 0.004 0.004 0.000 0.000 

7 7.500 4.500 0.420 a .1l5 0.006 0.006 0.000 0.000 

8 10.500 4.500 0.500 0.101 0.005 0.005 0.000 0.000 

9 1.500 7.500 0.440 0.113 0.006 0.006 0.000 0.000 

10 4.500 7.500 0.380 0.097 0.004 0.003 0.000 0.000 

11 7.500 7.500 0.420 o .1l8 0.006 0.006 0.000 0.000 

12 10.500 7.500 0.500 0.100 0.005 0.005 0.000 0.000 

13 1.500 10.500 0.340 0.125 0.006 0.006 0.000 0.000 

14' 4.500 10.500 0.490 0.083 0.003 0.003 0.000 0.000 

15 7.500 10.500 0.440 0.118 0.006 0.006 0.000 0.000 

16 10.500 10.500 0.500 0.099 0.005 0.005 0.000 0.000 

17 1. 500 13.500 0.480 o .1l1 0.006 0.006 0.000 0.000 

18 4.500 13.500 0.460 0.082 0.003 0.003 0.000 0.000 

19 7.500 13.500 0.360 0.129 0.006 0.007 0.000 0.000 

20" 10.500 13.500 0.500 0.098 0.005 0.005 0.000 0.000 

21 -1.500 16.500 0.460 0.115 0.006 0.006 0.000 0.000 

22 4.500 16.500 0.450 0.080 0.003 0.002 0.000 0.000 

23 7.500 16.500 0.380 0.129 0.007 0.007 0.000 0.000 

24 10.500 16.500 0.500 0.097 0.005 0.005 0.000 0.000 

25 1.500 19.500 0.370 0.126 0.006 0.006 0.000 0.000 

26 4.500 19.500 0.430 0.078 0.002 0.002 0.000 0.000 

27 7.500 19.500 0.460 0.122 0.007 0.007 0.000 0.000 

28 10.500 19.500 0.500 0.096 0.005 0.005 0.000 0.000 

29 1.500 22.500 0.280 0.136 0.006 0.006 0.000 0.000 

30 4.500 22.500 0.450 0.074 0.002 0.002 0.000 0.000 

31 7.500 22.500 0.290 0.142 0.007 0.007 0.000 0.000 

32 10.500 22. SOD 0.500 0.096 0.005 0.004 0.000 0.000 

33 1.500 25.500 0.460 0.117 0.006 0.006 0.000 0.000 

34 4.500 25.500 0.490 0.070 0.002 0.002 0.000 0.000 

35 7.500 25.500 0.350 0.136 0.007 0.007 0.000 0.000 

36 10.500 25.500 0.500 0.095 0.004 0.004 0.000 0.000 

37 1.500 28.500 0.500 0.113 0.006 0.006 0.000 0.000 

38 4.500 28.500 0.500 0.069 0.002 0.002 0.000 0.000 

39 7.500 28.500 0.500 0.119 0.007 0.007 0.000 0.000 

40 10.500 28.500 0.500 0.095 0.004 0.004 0.000 0.000 
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Table 9.11.31 Numerical Results for Two Phase Flow (continued) 

Bed 2, Liquid inlet distribution = point source, Gas Velocities 

Cell 
cell X/Dp 

1 1. 500 
2 4.500 
3 7.500 
4 10.500 
5 1. 500 
6 4.500 
7 7.500 
8 10.500 
9 1. 500 

10 4.500 
11 7.500 
12 10.500 
13 1.500 
14 4.500 
15 7.500 
16 10.500 
17 1.500 
18 4.500 
19 7.500 
20 10.500 
21 1.500 
22 4.500 
23 7.500 
24 10.500 
25 1.500 
26 4.500 
27 7.500 
28 10.500 
29 1.500 
30 4.500 
31 7.500 
32 10.500 
33 1.500 
34 4.500 
35 7.500 
36 10.500 
37 1. 500 
38 4.500 
39 7.500 
40 10.500 

V G,bed=O.055 mIs, V L,bed=O.005 m/s 

Center 
Z/Dp 

1. 500 
1.500 
1.500 
1.500 
4.500 
4.500 
4.500 
4.500 
7.500 
7.500 
7.500 
7.500 

10.500 
10.500 
10.500 
10.500 
13.500 
13.500 
13.500 
13.500 
16.500 
16.500 
16.500 
16.500 
19.500 
19.500 
19.500 
19.500 
22.500 
22.500 
22.500 
22.500 
25.500 
25.500 
25.500 
25.500 
28.500 
28.500 
28.500 
28.500 

por. 
0.380 
0.290 
0.430 
0.500 
0.440 
0.320 
0.420 
0.500 
0.440 
0.380 
0.420 
0.500 
0.340 
0.490 
0.440 
0.500 
0.480 
0.460 
0.360 
0.500 
0.460 
0.450 
0.380 
0.500 
0.370 
0.430 
0.460 
0.500 
0.280 
0.450 
0.290 
0.500 
0.460 
0.490 
0.350 
0.500 
0.500 
0.500 
0.500 
0.500 

Liquid 
holdup 
0.115 
0.116 
0.110 
0.101 
0.111 
0.106 
0.115 
0.101 
0.113 
0.097 
0.118 
0.100 
0.125 
0.083 
0.118 
0.099 
0.111 
0.082 
0.129 
0.098 
0.115 
0.080 
0.129 
0.097 
0.126 
0.078 
0.122 
0.096 
0.136 
0.074 
0.142 
0.096 
0.117 
0.070 
0.136 
0.095 
0.113 
0.069 
0.119 
0.095 

Gas Velocities 
VZ Vz+dz Vx 

0.055 0.063 0.000 
0.055 0.024 -0.008 
0.055 0.051 0.024 
0.055 0.083 0.028 
0.063 0.058 0.000 
0.024 0.024 0.005 
0.051 0.047 0.005 
0.083 0.092 0.009 
0.058 0.030 0.000 
0.024 0.050 0.027 
0.047 0.049 0.001 
0.092 0.090 -0.002 
0.030 0.026 0.000 
0.050 0.077 0.005 
0.049 0.025 -0.022 
0.090 0.093 0.003 
0.026 0.046 0.000 
0.077 0.064 -0.020 
0.025 0.020 -0.007 
0.093 0.091 -0.002 
0.046 0.032 0.000 
0.064 0.068 0.014 
0.020 0.035 0.009 
0.091 0.085 -0.006 
0.032 0.010 0.000 
0.068 0.099 0.022 
0.035 0.009 -0.009 
0.085 0.102 0.017 
0.010 0.010 0.000 
0.099 0.101 0.000 
0.009 0.009 -0.002 
0.102 0.099 -0.002 
0.010 0.042 0.000 
0.101 0.071 -0.032 
0.009 0.021 -0.001 
0.099 0.086 -0.014 
0.042 0.058 0.000 
0.071 0.046 -0.016 
0.021 0.065 0.009 
0.086 0.051 -0.035 

Vx+dx 
-0.008 

0.024 
0.028 
0.000 
0.005 
0.005 
0.009 
0.000 
0.027 
0.001 

-0.002 
0.000 
0.005 

-0.022 
0.003 
0.000 

-0.020 
-0.007 
-0.002 

0.000 
0.014 
0.009 

-0.006 
0.000 
0.022 

-0.009 
0.017 
0.000 
0.000 

-0.002 
-0.002 

0.000 
-0.032 
-0.001 
-0.014 
0.000 

-0.016 
0.009 

-0.035 
0.000 
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Table 9.ll.32 Numerical Results for Two Phase Flow 

Bed 2. Liquid inlet distribution = point source. Liquid Velocities 

V G.bed=O.055 rn/s. V L.bed=O.009 rn/s 

Cell Center Liquid Liquid Velocities 

cell X/Dp Z/Dp por. holdup Vz Vz+dz Vx Vx+dx 

1 1. 500 1.500 0.380 0.152 0.009 0.010 0.000 -0.001 

2 4.500 1. 500 0.290 0.144 0.009 0.006 -0.001 0.002 

3 7.500 1. 500 0.430 0.151 0.009 0.011 0.002 0.000 

4 10.500 1. 500 0.500 0.132 0.009 0.009 0.000 0.000 

5 1.500 4.500 0.440 0.152 0.010 0.011 0.000 -0.001 

6 4.500 4.500 0.320 0.124 0.006 0.005 -0.001 0.001 

7 7.500 4.500 0.420 0.166 0.011 0.013 0.001 -0.001 

8 10.500 4.500 0.500 0.126 0.009 0.008 -0.001 0.000 

9 1. 500 7.500 0.440 0.156 O. all O. all 0.000 0.000 

10 4.500 7.500 0.380 0.106 0.005 0.004 0.000 0.001 

11 7.500 7.500 0.420 0.176 0.013 0.014 0.001 -0.001 

12 10.500 7.500 0.500 0.120 0.008 0.007 -0.001 0.000 

13 1.500 10.500 0.340 0.172 o. all 0.012 0.000 0.000 

14 . 4.500 10.500 0.490 0.085 0.004 0.003 0.000 0.000 

15 7.500 10.500 0.440 0.183 0.014 0.015 0.000 -0.001 

16 10.500 10.500 0.500 0.113 0.007 0.006 -0.001 0.000 

17 1.500 13.500 0.480 0.157 0.012 0.012 0.000 0.000 

18 4.500 13.500 0.460 0.078 0.003 0.002 0.000 0.000 

19 7.500 13.500 0.360 0.202 0.015 0.016 0.000 -0.001 

20'10.500 13.500 0.500 0.107 0.006 0.005 -0.001 0.000 

21 .1. 500 16.500 0.460 0.162 0.012 0.012 0.000 0.000 

22 4.500 16.500 0.450 0.070 0.002 0.002 0.000 0.000 

23 7.500 16.500 0.380 0.205 0.016 0.017 0.000 -0.001 

24 10.500 16.500 0.500 0.102 0.005 0.005 -0.001 0.000 

25 1.500 19.500 0.370 0.176 0.012 0.013 0.000 0.000 

26 4.500 19.500 0.430 0.064 0.002 O. 001 0.000 0.000 

27 7.500 19.500 0.460 0.198 O. 017 0.018 0.000 0.000 

28 10.500 19.500 0.500 0.097 0.005 0.004 0.000 0.000 

29 1. 500 22.500 0.280 0.189 0.013 O. 013 0.000 0.000 

30 4.500 22.500 0.450 0.057 0.001 0.001 0.000 0.000 

31 7.500 22.500 0.290 0.228 0.018 0.018 0.000 0.000 

32 10.500 22.500 0.500 0.093 0.004 0.004 0.000 0.000 

33 1.500 25.500 0.460 0.165 0.013 0.013 0.000 0.000 

34 4.500 25.500 0.490 0.052 0.001 0.001 0.000 0.000 

35 7.500 25.500 0.350 0.221 0.018 0.019 0.000 0.000 

36 10.500 25.500 0.500 0.090 0.004 0.004 0.000 0.000 

37 1. 500 28.500 0.500 0.159 0.013 0.013 0.000 0.000 

38 4.500 28.500 0.500 0.050 0.001 0.001 0.000 0.000 

39 7.500 28.500 0.500 0.198 0.019 0.019 0.000 0.000 

40 10.500 28.500 0.500 0.088 0.004 0.004 0.000 0.000 
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Table 9.11.32 Numerical Results for Two Phase Flow (continued) 

Bed 2. Liquid inlet distribution = point source, Gas Velocities 

V G.bed=O.055 mis, V L,bed=O.009 m/s 

Cell Center Liquid Gas Velocities 
cell X/Dp Z/Dp por. holdup Vz Vz+dz Vx Vx+dx 

1 l. 500 l.500 0.380 0.152 0.055 0.062 0.000 -0.007 
2 4.500 l.500 0.290 0.144 0.055 0.024 -0.007 0.024 
3 7.500 1.500 0.430 0.151 0.055 0.040 0.024 0.039 
4 10.500 l.500 0.500 0.132 0.055 0.094 0.039 0.000 
5 1.500 4.500 0.440 0.152 0.062 0.054 0.000 0.008 
6 4.500 4.500 0.320 0.124 0.024 0.028 0.008 0.004 
7 7.500 4.500 0.420 0.166 0.040 0.034 0.004 0.010 
8 10.500 4.500 0.500 0.126 0.094 0.104 0.010 0.000 
9 1.500 7.500 0.440 0.156 0.054 0.019 0.000 0.035 

10 4.500 7.500 0.380 0.106 0.028 0.066 0.035 -0.003 
11 7.500 7.500 0.420 0.176 0.034 0.031 -0.003 0.000 
12 10.500 7.500 0.500 0.120 0.104 0.104 0.000 0.000 
13 1.500 10.500 0.340 0.172 0.019 0.014 0.000 0.005 
14 4.500 10.500 0.490 0.085 0.066 0.093 0.005 -0.023 
15 7.500 10.500 0.440 0.183 0.031 0.007 -0.023 0.002 
16 10.500 10.500 0.500 0.113 0.104 0.105 0.002 0.000 
17 1.500 13.500 0.480 0.157 0.014 0.026 0.000 -0.011 
18 4.500 13.500 0.460 0.078 0.093 0.084 -0.011 -0.002 
19 7.500 13.500 0.360 0.202 0.007 0.004 -0.002 0.002 
20 10.500 13.500 0.500 0.107 0.105 0.107 0.002 0.000 
21 l.500 16.500 0.460 0.162 0.026 0.013 0.000 0.012 
22 4.500 16.500 0.450 0.070 0.084 0.092 0.012 0.004 
23 7.500 16.500 0.380 0.205 0.004 0.011 0.004 -0.004 
24 10.500 16.500 0.500 0.102 0.107 0.103 -0.004 0.000 
25 l. 500 19.500 0.370 0.176 0.013 0.000 0.000 0.013 
26 4.500 19.500 0.430 0.064 0.092 0.114 0.013 -0.009 
27 7.500 19.500 0.460 0.198 0.011 0.000 -0.009 0.002 
28 10.500 19.500 0.500 0.097 0.103 0.105 0.002 0.000 
29 l. 500 22.500 0.280 0.189 0.000 0.000 0.000 0.000 
30 4.500 22.500 0.450 0.057 0.114 0.115 0.000 0.000 
31 7.500 22.500 0.290 0.228 0.000 0.000 0.000 0.000 
32 10.500 22.500 0.500 0.093 0.105 0.106 0.000 0.000 
33 1.500 25.500 0.460 0.165 0.000 0.029 0.000 -0.029 
34 4.500 25.500 0.490 0.052 0.115 0.086 -0.029 0.000 
35 7.500 25.500 0.350 0.221 0.000 0.000 0.000 0.000 
36 10.500 25.500 0.500 0.090 0.106 0.105 0.000 0.000 
37 1.500 28.500 0.500 0.159 0.029 0.037 0.000 -0.009 
38 4.500 28.500 0.500 0.050 0.086 0.067 -0.009 0.010 
39 7.500 28.500 0.500 0.198 0.000 0.034 0.010 -0.023 
40 10.500 28.500 0.500 0.088 0.105 0.082 -0.023 0.000 
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10. Nomenclature 

a II = a function of cell and phase properties used in the finite cell model to 
ce ,a 

simplify the form of the Ergun equation. 
2 

Et(l-ecell) ~a = 3 2 
Pa£cellDp 

b cell = a function of cell properties used in the fInite cell model to simplify the 

form or the Ergun equation. 

= 
E2 (l-e cell) 

3 
EcellDp 

b <I> = graphical error bounds on the measured value of $ which contain some 

specifIed percentage of the predicted values of $, equation (3.50) 
Dp = equivalent spherical diameter of the packing particle 

~ <I> = mean relative error between a measured and predicted value of the function 

$, see equation (3.44) 
E = rate of viscous energy in the u phase 

v,a 
E 1 & E2 = constants of the Ergun equation for single phase flow on the packing 

of interest (describe bed tortuosity and roughness). 

EO 
2 2 

PLg Dp £ 
= bed Eotvos number defmed by Saez and Carbonell (1984) = 2 

(jL(I-£) 

9 = gravitational acceleration 

9 D3 e3 
Ga = bed Galileo number of the u phase, 2 p 3 

CL V (I-E) 
a 

G = gas mass superficial velocity = P G V G 

h = height of cell above some arbitrary reference plane, fmite cell model of bed 

(:~r 
Ka= Kapitza number of the liquid phase = --4-

gVL 
L = liquid mass superfIcial velocity = PL V L 

LBed = bed length over which pressure drop is measured 

m=mass 
P = absolute pressure 



-402-

R = coordinate direction in the finite cell model of the bed, radial direction in 
cylindrical coordinates. 

V Dp 
Re = bed Reynolds number of the IX phase, (1. 

(1. v (1-£) 
(1. 

S = the open surface area of a side of a finite cell 
So = half wall thickness of the average slit in the system of slits model 

v (1. = velocity of the subscripted phase in the slit, the interstitial phase velocity 

V = superficial velocity of the IX phase 
(1. 

w = half width of the average slit in the system of slits model 

w + = pseudo Reynolds number of the universal velocity profile based on w 
and't

wall 

x = coordinate direction in the finite cell model of the bed, rectangular coordinate 
Y = coordinate direction in the finite cell model of the bed, rectangular coordinate 
y = distance measured from the slit wall in universal velocity profile 

y + = pseudo Reynolds number used in the universal velocity profile 

A ~ Y 

=~ 
Laminar flow 

5 < y + < 30 Buffer Zone, some turbulent effects 
v 

(1. y + > 30 Fully turbulent flow 
Z = coordinate direction in the finite cell model of the bed, rectangular and 

cylindrical coordinates, 

Greek Letters 

/5 = liquid film thickness in the average slit in the system of slits model 

/5+ = pseudo liquid Reynolds number of the universal velocity profile based on S 
and't

wall 
£ = bed porosity 
E = bed holdup of the IX phase 
'" r = body force on the liquid film in the slit, defined in equation 4.9 

y = the angle each cell coordinate axis makes with horizontal 
){,Y,orZ 

11",= pseudo bed Reynolds number based on shear stress in the IX phase and 

the the phase holdup 
e =angle of inclination from vertical for the average slit in the system of slits 

model 
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e =cooridinate direction in finite cell model of the bed, angular direction in 
cylindrical coordinates 

~ gravitational potential, Vll>=g 
<I> =function defmed in the universal velocity profile in the liquid film in the bed, 

equation (9.1.31) 

$. =the fraction of the bed occupied by the jth zone of the Three Zone Model 
J 

A. = parameter defmed on flow regime maps using Baker coordinates, 

= 
P rurPwater 

11 (l = viscosity of the a phase 

11 
v = kinematic viscosity of a phase, ~ 

(l P 
(l 

p = density of the a phase 
(l 

O"L = surface tension coefficient of the liquid relative to the gas 

't (l = characteristic shear in the a phase 

'¥ = dimensionless body force on the a phase = _1_ [_ LlP + P 9] 
(l P (l9 ~ed (l 

0) = in the fmite cell model of bed, angle the liquid velocity at the cell center 
makes with the Z axis of the cell 

X + = pseudo gas Reynolds number of the universal velocity proflle based on 
w-o and 'to 

1 

'I' = parameter from flow regime maps using Baker coordinates, 

. a:1":~J;~rI 
~ = position in the reactor where a transition occurs in the rate of phase change, 

see Figure 7.1 

Subscripts 

a = general SUbscript meaning gas (G) or liquid (L) 

cell= a quantity defmed for the cell in the finite cell model for phase distribution 
critical = a quantity is specified at a flow regime transition point 
c = relates a quantity to the center of the finite cell 
bed= a quantity defmed for the bed 
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q, = a general subscript meaning some function, such as pressure drop or holdup 
F = Film Zone of 1bree Zone Model 
D = Dry Zone of the 1bree Zone Model 
G = gas phase 
i = the gas liquid interface 

j = the jth cell of an assembly of fInite cells malcing a bed model 

k = the kth face of a fInite cell (X, X +tx, etc.) 
L = liquid phase 
P = denotes the onset of the high interaction flow regime 
R = Rivulet Zone of 1bree Zone Model 
slit = a quantity defIned for the average slit in the system of slits model 
X,Y;Z = relates the subscripted variable to one of the coordinate ditections of the 

fInite cell model of phase distribution in rectangular coordinates. 
R,e;z = relates the subscripted variable to one of the coordinate ditections of the 

fInite cell model of phase distribution in cylindrical coordinates. 
~ = general subscript for the coordinate ditections in the fInite cell. 

Superscripts 
o = denotes the static or residual liquid holdup after drainage 

Miscellaneous 

< > = the intrinsic phase average of the enclosed variable in the slit 
< >= arithmetic average of the enclosed variable 
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