











































































































































































































































































































































































































































































































































































































































































































-211-

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

1590 LOCATE 23, 1:PRINT USING "DAQ COMPLETED OVER ##.#4 MINUTES";DT
1600 FOR JI%=~l TO S000:NEXT JI%

1610 LOCATE 22,1:PRINT "Fl = MAIN, Print Scrn FOR COPY"

1620 LOCATE 23,1:PRINT "F3 = REPLACE DATA, F4 = DATA REGRESSION"

1630 FOR K%wl TO 10:KEY(KY¥) ON:NEXT X%

1640 RETURN

1650 SCREEN 0,1:WIDTH BO

1660 GoSUB 2780

1670 GOTO 490

1680 VIEW:SCREEN 0:WIDTH 80:COLOR 4,7,0

1690 LOCATE 5,28:PRINT "DATA REGRESSION ANALYSIS®

1700 OPEN "f£:TEMP.DAT" FOR INPUT AS #1

1710 FOR IO%=0 TO 15:5UM! (I0%)=0:SUMSQ! (I0%)=0:NEXT ID%

1720 FOR Di=l1 TO NUM.SETY

1730 FOR CHANNELA=LOW.CHANNEL% TO MAX.CHANNELS

1740 INPUT #1,CHANNEL%, ANALQOG, VALUES:VOLT ., VALUE I =ARALCG . VALUES*LSB1

1750 SUM! (CHANNELS) =SUM! (CHANNEL%) +VOLT . VALUE!

1760 NEXT CHANNEL%

1776 NEXT D%

1780 FOR CHANNEL%=LOW,LCHANNELS TO MAX.CHANNELSY

1790 MEAN,VCLT! (CHANNELY )} =SUM! (CHANNELS) /NUM,. SETY

1800 MNEXT CHANNEL%

1810 CLOSE #1

1820 OPEN "f:TEMP.DAT™ FOR INPUT AS #1

1830 FOR Diwl TO NUM, SE?TS

1840 FOR CHANNEL3~LOW.CHANNELY T0 MAX.CHANNEL%

1850 INPUT #1,CHANNELS%,ANALOG.VALUES:VOLT.VALUE | ~ANALOG . VALUES*LSB!

1860 SUMSQ! (CHANNELY) ~SUMSQ! {CHANNELS) + (VOLT . VALUE | ~MEAN, VOLT! {CHANNEL%) ) ~2
1870 NEXT CHANNELS

1680 NEXT D%

1890 CLOSE #1

1900 FOR CHANNEL$=LOW.CHANNEL% TO MAX,L CHANNEL%

1910 VAR] {CHANNELSY) «SUMSQ! (CHANNELS) /NIM. SETS

1920 STD.DEV! (CEANNEL%) =SQR (VAR! (CHANNELY%) )

1930 COURTS=CHANNEL%-LOW,CHANNEL%+1

1940 LOCATE COUNTR+46, 18:PRINT USING "FOR CHANNEL #§, VOLTAGE = #§.#¥# +/- ¢.4§#
VOLTS™; CHANNEL Y, MEAN . VOLT! (CHANNELS%) ; STD.DEV! (CHANNEL%}

1850 NEXT CHANNEL% .

1964 LOCATE 23,1:PRINT "SAVE THIS RUN TQ ";CUT.FILE§;"™ ?"

1970 LOCATE 23,30:INPUT ANSS

1980 IF ANSS = "Y" THEN GOTC 2010

1980 IF ANSS = "N" THEN GOTO 2060

2000 LOCATE 23,1:PRINT "PLEASE RESPOND WITH A Y OR N":GOTO 1960

2010 OPEN OUT.FILES FOR APPEND AS #2

2020 PRINT #2,QL!;",";CHR${34) ;WUNITSS; CHRS (34);",";QG1; ", " ;CERS (34} ; GUNITS5;CHR
$(34);",";GPRESS!

2030 PRINT #2,5PGL!;",";SPVL!;", ";STRATIQ! ", ";5PGG!;", ";5PVG!

2040 FOR I% = LOW.CHANNEL% TO MAX.CHANNELS:PRINT #2,I%;MEAN . VOLT! (1%);STD.DEV! (I

) INEXT I%
2050 CLOSE #2

2060 LOCATE 23,1:PRINT "PRESS ANY KEY TO RETURN TO DAQ™
2070 PPP=1

2080 WHILE PPP

2080 IF (LEN({INKEY$)<>0)THEN PPP=0

2100 WEND

2110 GOTO 620

2120 RETURN

2130 FOR K% =1 TO 10:KEY(K%) OFF:NEXT K%

2140 COLOR 14,4,0

2150 LOCATE 2,1 :PRINT SPC(9);"SYSTEM MENU";SPC{1()

2160 LOCATE 3, 1:PRINT SPC({30) :LOCATE 4, 1:PRINT "l1. BED NAME = ";BED§;SPC(31-POS{

11}

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 = ";LNAMES;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 10, 1:PRINT "4. OUTPUT FILE NAME = ";0QUT.FIL

£8;S5PC{31-P03{1})
2190 LOCATE 11, 1:PRINT SPC(30):LOCATE 12,1:PRINT "5, PRINT HEADER TO QUTPUT FILE
" 8PC{31-POS (1))

2200 LOCATE 22,1:PRINT “SELECT ITEM NUMBER FROM MENT (-1 TOC END)";SPC(80-POS(1)}
2210 LOCATE 23, 1:INPUT CHOICES

2220 IF CHOICE% = 1 THEN LOCATE 4,15:INPUT BEDS:GOTO 2140

2230 IF CHOICEY = THEN LOCATE 6€,20:INPUT PACK3I:GOTO 2140

2231 IF CHOICEY THEN LOCATE B8,20:INPUT LMNAMES:GQTO 2140

2240 1F CHOICES THEN LOCATE 10,21:INPUT OQUT.FILES:GOTO 2140

2250 IF CHCOICES THEN GOSUB 2280:GOTD 2140

2260 IF CHOICESY THEN GOTO 2380

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 YQU SURE 7", AS

2250 IF AS = "Y" THEN GOTC 2320

2300 IF AS = "N" THEN GOTD 2360

2310 LOCATE 23,1:PRINT SPACES{80) :LOCATE 23,1:PRINT "PLEASE RESPOND WITH A Y OR
N":GOTO 2280

2320 OPEN OUT.FILES FOR OUTPUT AS #2

2330 PRINT #2,CHRS (34);BEDS; CHRS (34) ; CHRS (34) ; PACKS; CHRS (34) ; LNAMES ; CHRS (24)
2340 CLOSE #2

2350 RETURN

2360 GOSUB 2780

2370 FOR K% =1 TO l0:KEY(K%) ON:NEXT K%

2350 RETURM

2390 FOR K¥ = 1 TO 10:KEY(K%) OFF:!NEXT K%

2400 COLCR 7,.6,0

2410 LOCATE 6, 1:PRINT SPC(13); "FLOWRATE MENU";SPC (14}

2420 LOCATE 7,1:PRINT SPC(40) :LOCATE 8§, 1:PRINT "1. WATER FLOWRATE = ";QW!;SPC(41

SN W

AR

~PO8 (1))
2430 LOCATE 9,1:FRINT SPC({40) :LOCATE 10,1:PRINT "2, UNITS OF WATER FLOW ARE ;WU

NITSS$; SPCi41-PO5(1})
2440 LOCATE 11, 1:PRINT SPC{40):LOCATE 12,1:PRINT "J. AIR FLOWRATE = ";QG!;SPC(41

-POS(1))
2450 LOCATE 13,):PRINT SPC({40) :LOCATE 14,1:PRINT "4. UNITS OF AIR FLOW ARE ";GUN
ITSS§;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):LOCATE 18,1:FRINT "6. LIQUID NAME {(WATER OR VGO)"

;LNAMES; SPC{41-P0OS{1})
2462 LOCATE 19,1:PRINT SPC(40) :LOCATE 20,1:PRINT "7. KEY OF WATER ROTAMETER(1-5)
= ":NROTA!;SPC(41-POS{1))

2470 LOCATE 22,1:PRINT "SELECT ITEM TO BE CHANGED (-1 TO END)";SPC(80-POS(1)):LO
CATE 23,1:INPUT CHOICES

2480 IF CHOICESR THEN LOCATE 8,25:INPUT QW!:GOTO 2410

2490 IF CHOICES% THEN LOCATE 10, 30:INPUT WUNITSS:GOTO 2410

2500 IF CHOICES% THEN LOCATE 12,20:INPUT QG!:GCTC 2410

2510 IF CHOICES THEN LOCATE 14, 30:INPUT GUNITSS:GOTO 2410

2520 IF CHOICES THEN LOCATE 16,30:INPUT GPRESS!:GOTD 2410

2521 IF CHOICE%S THEN LOCATE 18,30:INPUT LNAMES:GOTO 2410

2522 IF CHOICES% THEN LOCATE 20, 30:INPUT NRCTA!:GOTO 2410

2530 IF CHOICES THEN GOTO 2530

2540 LOCATE 22,1:PRINT "“NOT A VALID CHOICE":BEEF:BEEP:GOTO 2470

2550 IF LNAMES = "WATER"THEN QL!=QW!:GOTO 2559

2551 IF NROTA! = 1 THEN QL!=.16415*QW!+, 2612*QW!~2~.0431*QW!~3

2552 IF NROTA! 2 THEN QL!=-_ 023B*QW!+.009374%0W!~2-.0000431*QWi"3

2553 IF NROTA! 3 THEN QL!=QW!

2554 IF NROTA! 4 THEN QL!=_01332*0QW'+ 000326*%QW(~2-1. 02E-07*QW!"3

2555 IF HROTA! 5 THEN QL!=.02449*QW!+ 000288*QW!~2~2 EEE-0T*QW! "3

2553 GOSUB 2780

2560 FOR K¥=1 TO 10:KEY (K%) ON:NEXT K%

2570 RETURN

2580 COLOR 9,4,0 -

2590 FOR K% = 1 TC 10:KEY(K%) OFF:NEXT K%

260C LOCATE 2,50:PRINT SPC{1l);"DAQ MENU";SPC(12)

(=28 I WV - ICN N ey
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Table 9.2.4 Source Code for Data Acquisition Program (TBRDAQ.BAS), continued

2610 LOCATE 3,50:PRINT SPC(31) :LOCATE 4,50:PRINT "1. LOW DAQ CEANNEL = ";LOW.CHA

NNEL%; SPC{81-POS (1))
2620 LOCATE 5,50:PRINT SPC(31):LOCATE 6,50:PRINT "2. HIGH DAQ CHANNEL = ";MAX.CH

ANNEL%; SPC{8L-POS(1)}

2630 LOCATE 7,50:PRINT SPC(31):LOCATE 8,S0:PRINT "3. CHANNEL GAIN = ";GAIN%;SPC({
B1l-POI (1))

2640 LOCATE 9,50:PRINT SPC(31) :LOCATE 1i0,50:PRINT "4. LENGTHE FOR AVERAGE = ";NUM

.SET%;SPC(81-POS{1}}
2650 LOCATE 11,50:PRINT SPC(31) :LOCATE 12, 50:PRINT "S5, TIME CF CHART (sec) = ";T

CHART!;SPC{BLl-POS({1}}

2660 LOCATE 22,1:PRINT "SELECT ITEM NUMPER FROM MENY (-1 TO END)™;SPC({80-FQS5(1)}
2670 LOCATE 23, i1:INPUT CHOICE

2680 IF CHOICE = 1 THEN LOCATE 4, 73:INPUT LOW.CHANNEL%:GOTO 2600

2690 IF CHOICE = 2 THEN LOCATE 6,73:INPUT MAX.CHANNEL%:GOTO 2600

2700 IF CHOICE THEN LOCATE 8,68:INPUT GAIN%:GOTO 2600

.2710 IF CHOICE THEN LOCATE 10, 73:INPUT NUM,.SETY:GQTO 26900

2720 IF CROICE THEN LOCATE 12, 73:INPUT TCHART!:GOTO 2600

2730 ¥ CHCICE THEN GOTQ 2750

2740 LOCATE 23,1:PRINT "NOT A VALID CHOICE™:BEEP:BEEP:GOTOQ 2600

2750 GOSUB 2780
2760 FOR Ki¥=1 TO 10:KEY (K%) ON:NEXT K%

2770 RETURN
2780 SCREEN 0:WIDTE B0:CLS:COLOR 14,1,0
2780 LOCATE 5,22
2800 PRINT SPC{10),; "MAIN MENU";SPC(27)
2810 LOCATE 6,22:PRINT SPC(46)
2820 LOCATE 7,22:PRINT "Fl = INPUT SYSTEM DATA";SPC{24)
2930 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)
- 2B60 LOCATE 11,22: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(18)
2930 LOCATE 18,22:PRINT SPC(46}
2940 LOCATE 19,22:PRINT "F9 = END OF RUN, EXIT";SPC(25)
2950 LOCATE 20,22:PRINT SPC(46)
2960 RETURN
2970 ICOY=0
2980 RETURN
2950 CHECK=0
3000 CLOSE #1
3010 RETURN
3020 FOR K%=1 TO 10:KEY(K%) OFF:NEXT K%
3030 COLOR 14,2,0
3040 LOCATE 10,50:PRINT SPC{9};"FAST DAQ MENU";S5PC(9
3050 LOCATE 11,50:PRINT SPC(31):LOCATE 12,5C:PRINT "i. FAST DAQ CHANNEL = ";THAN

.FAST%;SPC(B1-POS (1)}
3060 LOCATE 13,50:PRINT SPC(31):LOCATE 14,50:PRINT "2.

REQ1; SPC{B1~POS (1))
3070 LOCATE 15,50:PRINT SPC{31) :LOCATE 16,50:PRINT "3,
SPC(81-POS (1))

3080 LOCATE 17, 50:PRINT
.FASTS;SPC{B1l-POS(1))
3090 LOCATE 19, 50:PRINT SEC(31) :LOCATE 20,50:PRINT "5S.

i BPC{B1-POS{1}}
3100 LOCATE Z2Z,1:FRINT "SELECT ITEM FROM MENU, -1 TO END";S5PC{BO-POS(1)}

3110 LOCATE 23, 1:INPUT CHOICE

3120 1IF CHUICE = THEN LOCATE 12, 73:INPUT CHAN.FASTS:GOTO 1040
3130 IF CHOICE THEN LOCATE 14, 74:INPUT FREQ!:GOTOQ 3040

3140 IF CHOICE THEN LOCATE 16,72:INPUT GAINEF%:GOTD 3040
3150 IF CHOICE THEN LOCATE 18, 73:INPUT CUT.FASTS:GOTC 3040
3160 IF CHCICE THEN GOSUB 3220:G0T0 3040

AN Ny
[=JE N

DAQ FREQ. (<150 Hz} = ";F
FAST DAQ GRIN = ";GARINF%:

S5PC(31) :LOCATE 18,50:PRINT "4. FAST DAQ CUT FILE = “;0U0T
PRINT HEADER TO QUT FILE"

g ery
WU W R
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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, 1:PRINT "NOT A VALID CHOICE™:BEEP:BEEP:GOTO 3100
3150 GosuB 2780
3200 FOR K% = 1 TO 10:KEY (K%) ON:NEXT K%
3210 RETURN
3220 LOCATE 22,1:INPUT "PRINTING A HEADING WILL DESTROY ANY DATA IN AN EXISTING
FILE, ARE YOU SURE ?",AS
3230 IF A$ = "Y" THEN GOTO 3260
3240 IF A$ = "N" THEN GOTO 3290
3250 LOCRTE 23,1:PRINT SPACES (80) :LOCATE 23, 1:PRINT "PLEASEK RESPOND WITH A ¥ OR
N":GOTO Z2B0
3260 OPEN OUT.FASTS FOR OUTPUT AS #2
3270 PRINT #2,CHRS (34);BEDS; CHRS (34);CHRS (34) ; PACKS; CHRS {34)
3280 CLOSE #2
3290 RETURN
3300 CLS:SCREEN 0:WIDTH BO:LOCATE 10,27:PRINT "ACQUIRING FREQ. DATA ON ";CHAN.FA
ST%
3310 FOR K% = 1 TO 10:KEY (K%} OFF:NEXT K%
3320 DIM A.VS(2000)
3330 BUFFER%=2000:CONVE=2000: ERRCODE k=0
3340 TOP.FREQ!=400000!:TIME, SOURCEY =0 TIMEQUTS=30
3350 CALL SETUP.ADC (TIME.SOURCES,CHAN.FASTY, CHAN,FASTY, GAINFY)
31360 CALL GET.ERROR.CODE (ERRCODEY)
3370 IF ERRCODEY = 0 GOTQ 3400
3380 LOCATE 12,30:PRINT “SETUP ERROR, RETRY"
3390 FOR PAUSE%=1 TO S5000:NEXT PAUSEY:GOTO 3660
3400 CLOCK.DIVIDER&=(TOP.FREQ!/FREQ!)-.5
3410 ACT.FREQ!=~TOP FREQ!/CLOCK.DIVIDERSY
P 3420 LOCATE 14,27:FPRINT USING "ACTUAL DAQ FREQUENCY IS #4#.#";ACT.FREQ!
. 3430 CALL SET.CLCCK.DIVIDER (CLOCK.DIVIDERS)
3440 CALL SET.TIMEOUT {(TIMEOUTS)
3450 BUFF,5%=0:1%=0:BUFF, COUNT¥=1
3460 CALL FIND,DMA.LENGTH (A.VS (BUFF.S%), BUFFERS%)
3470 LOCATE 16,27:PRINT USING "THE MAXIMUM DMA LENGTH IS ###4";BUFFER%
3480 IF BUFFER% > CONV% THEN GOTO 3530
3490 IF BUFFER% > CONV%/2 THEN GOTO 3510
3500 BUFF.S%=CONVE/2+1
3510 CONVE=CONVE/2-1
3520 IF CONVE MOD 2 = 1 THEN CONVH=CONV%-1
3530 OPEN OUT.FAST$ FOR APFEND AS #1

3540 PRINT #1,QL!;",";CHRS (24}, WUNITSS; CHRS (34};", ";QG1; ", ";CHRS (34} ;GUNITS$,;CHR
534y
3550 PRINT #1,CHAN.FAST%;", “;ACT.FREQ!;", ";GAINF%; ", "; CONVE

3560 BUF).ENDY¥=BUFF ., S%+ (CONVY/2)
3570 BUF2.SY=BUFLl.END%+1

3580 BUF2.END¥=BUFF . S$+CONVE-1

3590 CALL CONTINUCUS.ADC.DMA(CONVS, A .V (BUFF.S%))

3600 CALL WAIT.ADC.DMA(A.VS%(BUF1l.END%))

3610 FOR I%=BUFF.S% TO BUF1.END%:PRINT #1,A.V3%(I%):NEXT I%

3620 CALL WAIT.ADC.DMA (A.V%{BUF2 END%))

3630 FOR I%=BUFZ.5% TO BUF2.END%:PRINT #1,A.V% (I3} :NEXT I%

3640 CALL STOP.ADC.DMA

3650 CLOSE #1

3660 ERASE A.V%

3670 FOR X% = 1 TO 10:KEY (K%) ON:NEXT K%

3680 GOTO 620

3690 RETURN

3700 COLCR 4,7,0

3710 LOCATE S,22:PRINT SPC{15);"PHASE PROPERTIES";SPC(15)

3720 LOCATE 6,22:PRINT SPC(46):LOCATE 7,22:FRINT "1, LIQUID SFECIFIC GRAVITY = "

i SPGL! ; SPC(6B-POS (1)}
3730 LOCATE B.22:PRIWNT SPC(46) :LOCATE 9,22:PRINT "2. LIQUID SPECIFIC VISCOSITY =

";SPVL!;SPC{6B~-POS (1))
3740 LOCATE 10,22:PRINT SPC(46) :LOCATE 11,22:PRINT "3, WATER TC LIQ. SURFACE TEN
SICN RATIC = ";STRATIOQ!;SPC(6B-PCS (1)) ,

3750 LOCATE 12,22:FPRINT SPC(46) :LOCATE 13,22:PRINY "4. GAS SPECIFIC GRAVITY = “;
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Table 9.2.4 Source Code for Data Acquisition Program (TBRDAQ.BAS), continued

SPGGI;: SPC(68-POS (1))

3760 LOCATE 14,22:PRINT SPC(46) :LOCATE 15,22:PRINT ~5. GAS SPECIFIC VISCOSITY =
"SPVG!:SPC{ERE-POS (1))

3770 LOCATE 16,22:FRINT 3PC(46) :LOCATE 17,22:FPRINT SPC(46} :LOCATE 18, 22:PRINT SP

C{46) :LOCATE 19,22:PRINT SPC(46) :LOCATE 20,22:PRINT SPC(46)

LOCATE 22, 1:PRINT "SELECT ITEM NUMBER FROM MENU (-1 TQ END)";SPC(80-POS(1}}

LOCATE 23, 1:INPUT CHOICE%

IF CHOICE% = 1

3780
3790
3800
3810
3820
3830
3840
3850
3860
3870
3880
3850

<

THEN

LOCATE 7,52:INPUT SPGLI!:GCTO 3700

IF CHOICEY = 2 THEN LOCATE 9%,53:INPUT SPVLI:GOTO 3700

IF CHOICE% = 3 THEN LOCATE 11, 60:INPUT STRATIOQ!:GOTO 3700
IF CHOICEY = 4 THEN LOCATE 13,52;INPUT SPGG!:GOTO 3700

IF CHOICE% =~ 5 THEN LOCATE 15, 53:INPUT SPVG!:GOTO 3700

IF CHQICEY <« 0 THEN GOTOQ 3870

LOCATE 22,1:PRINT "NOT A VALID CHCICET:BEEP:BEEP:GOTO 3780
GOSUB 2780

FOR K&=}1 TO 10:KEY(K%) ON:NEXT K%

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 (p, /p

water

and pG/p air? specific viscosity (e e A0 R/ D, and the surface tension ratio of
water to the liquid (G _ amjcs{_) 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 flowrates (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
0 to 8 gpm and 5 is the smallest at O to 50 ccm). The rotameter calibration curves for the
soybean oil and rotameters 1,34, 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 FS key from the Main Menu. The
screen associated with this menu gives the pertinent information on the bed and packing
under study, the phase flowrates (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 (1977) used
it in their flowmap which was used in the early experimental work to indicate flow

regime boundaries.
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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 F1 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.

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
int 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.

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 Acguisition Software1

nn "

"bed name phase name”
Liquid flowrate "liquid units” gas flowrate "gas units” gas pressure at rotameter (psig)

first channel number channel voltage voltage variance

packing name

second channel number channel voltage voltage variance

(to final channel being mOnitored)2

liguid flowrate "liquid units” gas flowrate "gas units" gas pressure at rotameter (psig)
first channel number channel voltage voltage variance

second channel number channel voltage voltage variance

(to final channel being monitored)

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

1) The shown guotation 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 flowrates 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 vp. 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 Ib load cell, linear over G to 10 V.

Channel 1: Pressure at second position from top of bed, 0 to 30 psig transducer,
linearover 1to 5V.

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,
lincarover 1 to 5 V.

Channei 4: Pressure closest to top of bed, 0 to 60 psig transducer, linearover 1to 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 ANAIIN.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 resuits.
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Table 9.2.6 Source Code for Post Run Data Analysis (MODANA.BAS)

10 SCREEN 0:WIDTH B0:COLOR 15,1, 0:CLS

20 DIM CHANNEL%(16),VOLTS(16),VAR(16}

30 LOCATE 5, 30:PRINT "DATA ANALYSIS PROGRAM"

40 LOCATE 7,30:INPUT "WHAT FILE IS5 TO BE ANALYZED":OUT.FILES

50 LOCATE %,30:INPUT "WHAT FILE IS TO BE CREATED FOR RESULTS";RES.FILES

60 LOCATE 11,10:INPUT "IF GAS FLOW IS INDEPENDENT VAR, INPUT A 1 (L IS DEFAULT)
" FLAGY

70 OFEN OUT.FILE§ FOR INPUT AS #1

80 OPEN "HOLD.DAT" FOR CUTPUT AS #2

90 OPEN RES.FILES FOR OUTPUT AS 43

100 INPUT $1,BEDS$,PACKS, LNAMES

101 PRINT BEDS;PACKS; LNAMES

113 PC=0

120 MIN.CHANS={:MAX. CHANY=d

130 DIM SLOPE({l6),QFFSET (16}

140 IF BEDS = "S3INCH" THEN DZ=.5:VBEDm.111:ABED=. 0S5326:POR~._375:DPw 003%3 2B08:

STATH=~. 04
141 IF BED$ = "LEINCH" THEN DZ=l!:VBED=1,(1073:ABED=, 1726:FOR=.455:DP=1i!/81/12!:5

ThtH=.04

150 RHOL=62,3:RMUL=~, 000671 :RMUG=1.208E-05

160 TC=22,4:TE=1.8%TC+32

170 GRAV=32,174

180 RHGCC=28.8/10.73/ (TF+460) : RHOG=14 . 7T*RHGCC

150 GALC=REOL"2*GRAV*DP~I*POR"3I/RMUL"Z/ (1-POR) "3

200 GAGCC=GRAV*DP"I*POR*3I/RMUG"2/ (1-POR} ~3:GAG=~GAGCC*RHOG"2

210 SLOPE{0)=53.7:SLOPE (1) =30/4:SLOPE {2)m30/4;5LOPE {3)=30/4;SLOPE (4) =€0/4

220 TEST=]1:PMAX=3000:RELMAX™40:REGMAX=10Q0:COUNTS=0  SUM=0 : CNTLY=0: SUML=01

230 SUMERGY=(:CNTERGYt={

240 LOCATE 13,10:INPUT "WHAT IS THE MAXIMUM REL ";RELMAX

250 LOCATE 15,i0:INPUT "WHAT IS THE MAXIMUM REG ";REGMAX

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 #1,QL!,WUNITSS,QG!,GUNITSS,GPRESS!

310 INPUT #1,5PGL!,SPVL!, STRATIO!,SPGG!, SPVG!

320 GAL=GALC* (SPGL!/SPVLi) "2

330 RHGC=RHGCC*3PGG! :GAGC=GAGCLC/SPVGI~2

340 FOR I% = MIN.CHAN% TO MAX.CHANY:INPUT #1,CHANNELY (I%),VOLTS(I%},VAR(I%) :HEXT
I%
3506
{J%} :NEXT J%

360 THOLD = STATH+SLOPE ({0} * (VOLTS (Q) -CFFSET(0)} /VBED/RHEOL/SPGL!

370 PR1~SLOPE(4) * (VOLTS (4) -OFFSET (4})

380 PR2ZwSLOPE (1} * (VOLTS (1) ~OFFSET (1})

390 PRI=SLOPE (2) * (VOLTS (2) ~OFFEET {21}

400 PR4=SLOPE (3) * (VOLTS (3) ~OFFSET (3) )

410 RHOGl={(14.7+PR1l) *RHGC:RHOG2= {14, 7+PR2) *RHGC :RHOG3=(14.7+PR3) *RAGC : RHOG4A=(14.

7+PR4) *RHGC

420 GAGl=GAGC*RHOGL"2:GAGZ=GAGC*RHOG2"2:GAG3=GAGC*RHOG3"2:GAG4=GAGC*RHOG4"2

430 GAGl4=5QR (GAGL/GAG*GAG4/GAG) *GAG:GAGLZ=5CR (GAGL/GAG*GAGZ/GAG) *GAG : GAG24=5QR{

GAGZ/GAG*GAGH /GAG) *GAG : GAGL 3=30QR {GAG1 /GAG*GAGI /GAG) *GAG : GAG23=5QR {(GAGZ /GAG*GAG3/

GAG) *GAG: GAGI4=8QR (GAGI/GAG*GAG4 /GAG} *GAG

440 RHOG12=SQR (RHOG1*RHOG2) : REOG23=SQR (RHOGZ*RHOG3) : RHOG34=5QR (RHOG3I*RHOGY)

450 RHCOG13=SQR (RHOGI*RHOG3) : RHOG24=8QR (RHOGZ *RHOGY)

440 RHOG14=S5QR {RHOGEL *RHOGY)
470 IF BEDS="S3INCH"THEN DP12={(PR1-PRZ2)}/DZ:DP23=(PR2-FR3) /DZ:DP34=(PRI-PR4) /D2

480 IF BEDS$="S3INCH"THEN DP13={PRI-PR3}/(2*DZ):DP24= (PRZ-PR4)/ (2*DZ)

490 IF BEDS="S3INCH"THEN DP1l4= (PR1-PR4)/ (3*DZ)

491 IF BEDS="L6INCH"THEN DPIZ2=(PR1-PR2)/DZ:0P23=(FRZ2-PR3} /DZ/3!:DP34= (FPR3-FRI)/D
Z
492 IF BEDS="LAINCH"THEN DP13={PRI~PR3}/(4*DZ) :DP24={PR2-PR4)/ {4*DZ}
493 IF BEDS="LEINCH"THEN DP14=(PR1-PR4)/(54DZ)

500 IF DP12 < 0 THEN DP12 = @

510 IF DP23 < (0 THEN DP23 = (

520 IF DP34 < 0 THEN DP34 = 0

IF QL!=0 THEN IF QG!=0 THEN FOR J% = MIN.CHANS TO MAX.CHAN%:OFFSET (J%)=VOLTS
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Table 9.2.6 Source Code for Post Run Data Analysis (MODANA.BAS), continued

530 1F DP13 < 0 THEN DP13 =
540 IF DP24 < 0 THEN DPZ4 =

550 IF DP14 < O THEN DPl4 =
600 IF WUNITSS = "CCM” THEN L = QL!*SPGL!/60/453.6/ABED:GOTC 640

610 IF WUNITSS = "GPH™ THEN L = QL!*B.600001~SPGL!/3600/ABED:GOTO 640
620 IF WONITSS = "GPM" THEN I = QLI*B.600001*SPGL]/60/ABED:GOTO 640

630 PRINT "WATER FLOW UNITS NOT RECOGNIZED™; WUNITSS:STOP

640 IF GUNITSS = "SCFH"™ THEN G = QG|*SQR((GPRESS!+14.7) /14, 7) *RHOG*SPGG!/3600/A8
ED:GOTO 660

6§50 PRINT "GAS FLOW UNITS KOT RECOGNIZED";GUNITSS:STOP

660 REL=L#*DP/ (1-POR) /RMUL/SPVL!

670 REG=G*DP/ (1-POR) /RMUG/SPVG!

680 SUML=SUMLAREL;CNTLE=CNTL%+1

590 SUM=SUM+REG:IF REG <> 0 THEN COUNTS=~COUNT%+1

700 PHIG1Z2=DP12*144/RHOGL2:PHIG23=DP23*144/RHOG23 :PHIG34»DP34*144/RHOG34
-710 PHIGII=DP13*144/RHOG13:PHIGZ4=DP24*144/RHOG24

120 PHIGL4=mDPL4*144/RHOGLG

730 IF REG <> 0 THEN BPRGY=PHIGL4*GAGl4/REG:SUMERGY=SUMERGY+ERGY : CNTERSY%=CNTERGY
E+1

740 PRINT #3, REL;REG, GAL; GAG14;PRIG14; THOLD

750 IF FLAGY <> 1 THEN XL%m=40+REL* (600/RELMAX)

760 IF FLAGS = 1 THEN XLiw=40+REG* (§00/REGMAX)

770 YP12%m{PMAX-PHIG12} * {160/FMAX)

T80 YP23%= (PMAX-PHIG23) * (160/PMAX}

790 YPI4%w (PMAX-PHIG34) * (160/PMAX)

800 YP1li%= (PMAX-PHIG13)*{160/PMAX)

810 YP24%=(PMAX-PHIGZ4)*{160/PMAX)

820 YP14%=(PMAX-PHIG14)*{160/PMAX)

FE B30 YSTH=(1[~THOLD/POR)*160
' 840 PRINT #2,YSTS, XL%

850 CIRCLE ({XL%,YP12%),2

860 CIRCLE (XL%,YP23%),3

B70 CIRCLE (XL%,YP34%),4

880 LINE (XL%+2,YP13%-1)-(XL%-2,¥P13%+1), .8

890 LINE (XL%+3,YP24%~-2)~{XL&-3,YP24%+2),,B

900 LINE (XL%+4,YPl4%-3)~{XL%~4,YPL4%+3),,B

910 IF EOF(1) THEN TEST=(

920 WEND

330 RELAVG!=S5UML/CNTL%

040 REGAVG!=5UM!/COUNTS

953 ERGYRVG!=SUMERGY/CNTERGYS
960 LOCATE 7,1:PRINT "D":LOCATE 8, 1:PRINT "I":LOCATE %,1:PRINT "M":LOCATE 11,1:P

RINT "G":LOCATE 12, 1:PRINT *A":LOCATE 13, 1:PRINT "S":LOCATE 15,1:PRINT "D":LOCAT
E 16,1:PRINT "p"

970 LOCATE 2, 1:PRINT PMAX:LOCATE 20, 4:PRINT "0O°

980 IF FLAGY% <> 1 THEN LOCATE 22, 30:PRINT "LIQUID REYNOLDS"

980 IF FLAGY% = 1 THEN LOCATE 22, 30:PRINT "GAS REYNOLDS"

1000 LOCATE 22, €:PRINT "0"

1010 1F FLAGY <> 1 THEN LOCATE 22, 76:PRINT RELMAX

1020 IF FLAGY = 1 THEN LOCATE 22,76:PRINT REGMAX

1030 IF FLAGY <> 1 THEN LOCATE 3, 10:PRINT USING “GAS REYNOLDS = ####.#" REGAVG!
1040 IF FLAGY% = 1 THEN LOCATE 3, 10:PRINT USING "LIQUID REYNOLDS = ####.4";RELAVG
t

1050 LOCATE 23,1

1060 CLOSE #1,42,#3

1070 PPP=1

1080 WHILE FPP

1080 IF (LEN(INKEYS$) <> 0) THEN PPP=0

1190 WEND

1110 CcLs

1120 OPEN "HOLD.DAT" FOR INPUT AS #1

1130 LINE (40,0)~{40,160):LINE -(640,160)

1340 PLTEST=]

1150 WHILE PLTEST -

1160 INPUT #1,YST%,XL%

1170 IF HCOUNT=0 THEN HCOUNT=1:GOTO 1150

oQo
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11890
119890
1200
1210
1220

LINE =-{XL%,YSTY)
CIRCLE (XL%,Y5T%),3
IF EOF (1} THEW PLTEST={

WEND
LOCATE 7, 1:FRINT "L":LOCATE 8,1:PRINT "I":LOCATE 9,1:PRINT "Q":LOCATE 1I1,1:

PRINT "S":LGCATE 12,i:FPRINT "A":LOCATE 13,1:PRINT "T":LOCATE 14,1:PRINT "U":LOCA
TE 15,1:PRINT "R"

1230
1240
1250
1260
1270
1280
1250
1300
1310
1320
1330
1340
1350
1360
1370
1380
1350
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
15190
1520
1530
Cc2

1540
1550
1560
1570
1580
1530
1600
1610
1620
1630
1640
1650
1660
1670
1680
1680
1700
1710
1720
1730
1740
1750
1760
1770
1780
1790
1800

LOCATE 2, 4:PRINT "1":LOCATE 20,4:PRINT "O"

IF FLAGY <> 1 THEN LOCATE 22,30:PRINT "LIiQUID REYNOLDS"

IF FLAGY <> 1 THEN LOCATE 22, 6:PRINT "O0":LOCATE 22,76:PRINT RELMAX

1¥ FLAGY <> ! THEN LOCATE 3,10:PRINT USING "GAS REYNCLDS = $§4#. 4", REGAVG!
Ir FLAGE: = 1 THEN LOCATE 22,30:PRINT "GAS REYNOLDS"

IF FLAGS = 1 THEN LOCATE 22, 6:PRINT "07:LOCATE 22, 76:PRINT REGHAX

IF FLAGS = 1 THEN LOCATE 3,10:PRINT USING "LIQ. REYNOLDS = #§#§.4";RELAVG!

LOCATE 23,1
CLOSE #1

FEPwl

WHILE PPP

TF {(LEN(INKEY§) <> 0) THEN PPP=0

WEND

SCREEN 0

IF FLAGY% <> 1 THEN STOP

LOCATE 3, 20:PRINT "DATA REGRESSION FOR THE ERGUN CONSTANTS"
OPEN RES.FILES FOR INPUT AS #1

TESTB=1:BSUMl=0 :BSUMZ=0

WHILE TESTB

INPUT #1,REL,REG,GAL,GAG, PHIG, THOLD

IF REG <> O THEN ERGY =~ PHIG*GAG/REG

IF REGm) THEN GOTO 1470

BSUM1=BSUM1+ERGY* (REG-REGAVG!)

B3UM2=BSUM2+ (REG-REGAVG!} ~2

1F EOF{(l) THEN TESTB=0

WEND

BwBSUM1/BSUM2

A=ERGYAVG!

ERGC1=A-B*REGAVG! : ERGC2=B

TORTSQ=ERGC1/27!

LOCATE 6,20:PRINT USING "PHIG=####.4# REG/GAG + ###.## REG"2/GAG";ERGC1;ERG

LOCATE 8,20:PRINT USING "BED TCRTUOSITY SQUARED = ###.44";TORTSQ

LOCATE 12,1
CLOSE #1

PPOEP=1 .

WHILE PPOPP

IF (LEN (INKEYS5) <> 0)THEN PPOPP=(

WEND

OPEN RES.FILES FCR INPUT AS #1

SCREEN 2

LINE (40,0}-(40,160) :LINE ~(640,160)
TESTO=1:SUMFF=(1:SUMLR=0! : CRTFF%=0

WHILE TESTO

INPUT #1, REL,REG,GAL,GAG,PHIG, THOLD

IF REG=(0 THEN FE=0:G0T0Q 1760
Fre2*PHIG*GAG/REG"2/3!/TORTSQ*1.5
FFLOG=LOG (FF} : SUMFF=SUMEF+FFLOG
REGLOG=LOG (REG) : SUMLR=~SUMLR+REGLOG
CNTFFY=CNTFF%+1

FFL=16/TORTSQ" . 5/REG
YEFLY=(.5~-FFL} * (160/.5)
YEF%=(.5~FF) * (160/.5) : XG%=240+REG* (600 /REGMAX}
CIRCLE (XG%,YFF%),2:CIRCLE (XG%,YFFL%},3

IF EOF{l1} THEN TESTO=0

WERD -
CLOSE #1
FFLOGAVG=SUMFF/CNTFF% : REGLAVG=SUMLR/CNTEFS
PPPP=1
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Table 9.2.6 Source Code for Post Run Data Analysis (MODANA.BAS), continued

1810 WHILE PFPP

1820 IF {LEN(INKEYS$) <> 0) THEN PPPP=0
1830 WENMD

1840 SCREEN 0

1850 OPEN RES.FILES FOR INPUT AS #1
1860 TESTA=1:BSUM3=(:BSUM4=0

1870 WHILE TESTA

1880 INPUT #1,REL,REG,GAL, GAG, PHIG, THOLD
185%0 IF REG=( THEN GOTCO 13950

1900 FP=2+PHIG*GAG/REG"2/31/TORTSQ*1.5
1510 FFLOG=LOG (FF)

1520 REGLOG=LOG (REG)

1530 BSUM3mBSUM3+FFLOG* (REGLOG-REGLAVG)
1940 BSUMi=BSUM4+ (REGLOG-REGLAVG) ~2
1950 IF EOF (1} THEN TESTA=(O

1960 WHND

1570 B=BSUM3/BSUM4

1980 A=FFLOGAVG-B*REGLAVG

1980 AR=10"A
2000 LOCATE 6,20:PRINT USING "THE FRICTION FACTOR RELATION COEFF IS #4.§f##4"; AR

2010 LOCATE 8,20:PRINT USING "THE FRICTION FACTOR POWER ON REG IS #4.####";B

2020 CLOSE #1
2030 pPOP=}
2040 WHILE PPOP
2050 IF (LEN(INKEYS) <> 0)THEN PPOP=(Q
2060 WEND
2070 CPEN RES.FILES FCR INPUT AS #1
- 2080 SCREEN 2
2090 LINE (40,0)~-(40,160) :LINE ~(640,160)
2100 TESTE=1
2110 WHILE TESTE
2120 INPUT #1, REL, REG, GAL, GAG, PHIG, THOLD
2130 IF REG=0 THEN FF=0:GOTQ 2240
2140 FE=2+*PHIG*GRG/REG"2/3!/TORTSQ"1.5
2150 FFF=AR*REG“B
2160 FFE=(ERGCl1+REG*ERGC2) /REG/TCRTSQ*1.5
2170 FEL=16/TORTSC".5/REG
2180 YEFLY=(.S-FFL}*{160/.5}
2190 YFE%=(.5-FF)* (160/.5) : XG¥=40+REG* {(600/REGMAX)
2200 YFFF%=(.5-~FFF}* (160/.5)
2210 YFFE%=(.S~FFE}* (160/.5)
2220 CIRCLE (XG%,YFF%),2:CIRCLE (XG%,YFFL%),3:CIRCLE (XG%, YFFE%)}, 4
2230 CIRCLE (XG%,YFFE%),5
2240 IF EQF (1) THEN TESTE=0
2250 WEND
2260 CLOSE $1
2270 PPPPP=1
2280 WHILE PPPPP
2290 IF ({LEN(INKEY$) <> Q)THEN PEPPP=0
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).

¥ .Ga
G G _
RQG -E1 + EzﬁsG (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 dimensioniess pressure drop, ‘I’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 LOTUS 123 Spreadsheet software. With the variables defined as:

Re(3 F!eé
Variable 1 =-—= and Variable 2 = ——
GaG GaG

the fitted coefficients minimize the least square error in pressure drop. The data base for
the packings studied and the resulting LOTUS files 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 file in the following format.

Re ReG GaL GaG ‘I’G g

L

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 liguid
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
s~tic holdup (obtained for each packing with in an independent experiment where the
sed weight after soaking and draining 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 final 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 based systems...
liquid Tholdup wvalues
Re liq. Re gas Ga lig. Ga gas static dynamic total PS1G

expt.
Levec's data on glass spheres with water

3.5 3.8 57070 284 0.022 0.07 0.089 =]
4.7 3.8 57070 284 0.022 0.08 0.102 8
5.9 3.8 57070 284 0.022 0.09 0.107 13
11.8 3.8 57070 284 0.022 0.12 0.138 i8
17.7 3.8 57070 284 G.022 0.14 0.161 27
23.5 3.8 57070 284 0.022 0.1é g.178 36
29.4 3.8 57070 84 0.022 0.17 0.195% &3
35.3 3.8 57070 2846 0.022 0.1% 0.208 72
41.2 3.8 57070 284 0.022 0.2 0.218 100
57.1 3.8 57070 284 0.022 0.2 0,225 175
3.5 7.6 57070 284 0.022 0.08 0.% 27
5.7 7.6 57070 286 0.022 a.09 0.107 31
5.9 7.6 57070 284 0,022 a.409 0.114 32
11.8 7.6 57070 284 0.022 0.12 0.139 50
17.7 7.6 57070 284 0.022 0,14 0,157 65
23.5 7.6 87070 284 0.022 0.15 0,175 81
29.4 7.8 57070 284 0.022 0.17 0.188 103
35.3 7.6 57070 284 0.022 g.18 0.2 127
4L.2 7.6 57070 28B4 0.022 0.19 0.21 148
7.1 7.6 57070 284 0.022 g.2 ¢.219 186
53 7.6 57070 284 G.022 0.21 0.227 211
58.8 7.6 $7070 284 Q.022 ¢.21 0.232 247
70.6 7.8 57070 284 0.022 0.22 0.244 K1’y
82.4 7.6 57070 284 @.022 0.23 0.249 50%
.1 7.6 57070 284 0.022 Q.23 0.252 680
105.9 7.6 57070 264 0.022 0.24 0.258 867
5 11.2 57070 284 0,022 .09 0.107 23
10 11.2 57070 284 0.022 0.11 g.132 37.5
15 11.2 57070 284 ¢.022 0.13 0.152 56.5
20 11.2 57070 284 0.022 0.15 G.172 76.6
25 11.2 §7070 284 0.022 0.16 0.182 90
30 11.2 57070 284 0.022 0.17 0,187 115.1
35 11.2 57070 284 0.022 0.18 0.202 134.6
40 11.2 57070 284 0.022 0.19 0.207 147.7
45 11.2 57070 284 0.022 0.19 0.212 180
50 1.2 57070 284 ¢.022 0.2 0.222 240.5
3.5 11.4 57070 2B4& 0.022 0.08 0.1 L6
e.7 11.4 57070 284 0.022 0.09 0.10a7 'Y
5.9 11.4 57070 286 0,022 0.09 0.114 49
11.8 11.4 57070 284 0.022 0.12 0.13% 74
17.7 11.4 57070 284 0.022 0.1% 0.157 99
23.5 11.4 57070 284 0.022 G.15 0.175 126
29.4 11.4 57070 284 0.022 0.17 0.188 149
35.3 11.4 57070 284 0.022 0.18 0.2 184
41.2 11.4 57070 284 0,022 Q.19 g.21 206
7.1 11.% 57070 284 0.022 0.2 0.219 252
53 11.4 57070 284 0.022 0.21 0.227 285
£8.8 11.4 57070 284 0.022 g.21 0.232 327
70.6 11.4 57070 284 0.022 0.22 0.244 487
82.% 11.4 57070 284 0.022 0.23 0.249 660
94.1 11.4 57070 284 0.022 0.23 0.252 873

pata on Glass spheres with water, this work
3.5 15.2 57120.63 28% 0.022 (.07 0.09 55
4,7 15.2 57120.63 284 0.022 0.08 0.087 61
5.9 15.2 57120.63 284 0.022 0.08 0,105 70
11r.8 15.2 57120.63 284 0.022 0.11 0.135 115
17.7 15.2 57120.63 284 0.022 0.13 0.155% 139
23.5 15.2 57120.63 284 g.022 0.15 0.17 176
29.4 15.2 57120.63 284 0.022 0.16 0.184 218
35.3 15.2 57120.63 28% 0.022 0.17 0.196 260
bi,2 15.2 57120.63 284 0,022 0.18 0.2n4 KRR
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Table 9.3.1 Pressure Drop and Liquid Holdup Data on Aqueous Systems (continued)

47.1 15.2 57120.863 284 0.022 0.19 0.212 368
53 15.2 57120.63 28& 0.022 0.2 0.219 433
2.1 1.2 57120.63 284 g.0z22 a.07 0.092 98
5.2 41.2 57120.63 284 0.022 0.08 0.102 125.1
11 41.2 57120.63 284 0.022 0.1 0.122 176.3
15 41.2 57120.63 2846 0.022 - 0.11 0.132 211.2
22.5 k1.2 57120.63 2B4 0.022 0.13 0.152 251.3
28.4 41,2 57120.63 28B4 0.022 0.15 0.172 301.2
35.1 1.2 57120.63 286 0.022 0.16 0.182 331.5
40,2 41,2 57120.63 284 0.022 0.17 0.192 352.4
45.1 1.2 57120.63 284 0.022 0.18 0.202 367.2
21.08 475.43 57120.63 376 0.022 0.12 0.166 42946.92
19,47 470.95 57120.63 370 0.022 .11 0.131 4133.33
7.9 L70.95 §7120.63 369 0.022 g.11 0.135 4106.34
16.32 470,95 57120.63 365 0.022 0.15 0.168 3954.93
11.68 470.9% 57120.63 356 0.022 0.13 0.148 3713.18
11.32 470.95 57120.63 353 0.022 0.12 0,143 13597.23
11.32 470,95 57120.63 353 0,022 Q.13 0.156 3617.24
9,47 4706.95 57120.63 348 0.022 0,13 0.148 3470.05
6.32 70.95 %7120.63 344 0.022 0.1t 9,131 3342.15
4.21 G70.9% 57120.63 I3% 0.022 .11 0,129 3063.98
3.16 70.95 57120.63 333 0.022 .08 0.098 3033.99
3.2% 476.95 §7120.63 328 0,022 0.09 0.115 2884.08
1.78 L70.95 57120.63 326 0.022 Q.05 0.069 2784.81
1.3 470.95 57120.63 317 0.022 0.05 0.074 2673.91
11.58 §70.95 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% 35.7°9 0.01 G.05 0.06 1699.18
2.5 101,15 7302.35 36.5 0.01 0.07 0.08 199%0.25
2.67 101.:5 7302.3% 36.77 0.01 0.07 Q.48 2100.59
&.28 101.1% 7302.35 ir.2 0.01 .09 0.1 2272.72
6.78 101.15 7302,38 38 Q.01 0.10 0.11 2586.95
9.99 101.1% 7302.35 38.84 0.01 0.12 0.13 2909.22
12.93 101.15 7302.35 39.%9 Q.01 0.13 Q.14 3196.75
15.69 101.15 7302.35 40.05 0.01 0.14 0.15 3366.03
18.55 101.15% 7302.35 40.8 0.01 0.14 0.15 3660.47
20.51 101.15 7302.35 41.18 0.01 0.15 0.16 3779.92
0.7 47.03 B8319.91 137.52 0.01 Q.05 0.06 468,91
3,35 %7.03 B8319.91 3B.44% 0.01 0.0% 0.1 819.72
7. 64 47.03 8319.91 39.58 0.01 §.13 O0.14 1246.569
10.62 47.03 8319.91 40.24 0.01 0.14& 0.15 1491.02
13.97 47.03 B319.91 L. & 0.01 0.16 0.17 15&45.5%7
16.39 47.03 8319.91 40.7 0.01 0.17 0.318 1853.29
18.62 47.71 B8319.91 41.19 0.01 0.18 0.19 1831.43
22.91 48.38 8315.91 42.02 0.01 0.18 0,19 2120.%7
Q.93 206 8319.91 45.51 D.01 0.03 0.04 3291.75%
1.49 206 B8319%.91 45,79 0.01 0.04 Q.05 369%7.33
.56 206 8319.91 49.21 0.01 0.06 0.07 44s0.75
9.31 206 8319.91 50.9 0.01 0.09 0.1 693%.28
12.48 209.44 B319.9% 53.03 0.01 0.10 0.11 5546.29%
16.2 209.44 B8319.91 53,95 0.01 0.11 0.12 5803.4Q09
19.56 209.44 B8319.9%1 S54.87 0.01 0.12 0.13 6053.29
21.7 209.464 8319.91 55.61 0.01 .12 0.13 6254.36
Baldi's data for water on émm Glass spheres
25.13 64,95 LBR200 2874, 0.05 0.07 0.12 45.87
61.73 64,95 488200 2874, 0.05 0.12 0.17 75.18
103.17 64.95 LERZ200 287%. 0.05 0.15 0.2 175.8&
25.13 148.85 488200 2874, Q.05 0.06 0.11 153.75
61.73 148.85 LAR200 2874, 0.45 0.11 0.16 276.08
25.13 230.04 488200 287&. 0.05 0.06 0.11 254,84
25.13 351.83 LBB200 28B7%&. 0.05 0.08 0.11 475.71
25.13 534.51 4BB200 2874. 0.0% 0.05 a.1 B32.48
25.13 737 .48 488200 2874, 0.0% 0.06 0.09 1265.72
Baldi's Data for water on 2.7mm cylinders
3.84 28.29 34570 203. 0.05 0.08 0.12 241,25

10,83 28.29 14570 203, 0.0% n.11 n.14% 316 8%
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27.07 28,29 34570 203. 0.05 0.16 0.21 641.35
3.84 64.82 34570 203. 0.05 0.07 Q.12 501.19
10.83 64 .82 34570 203. 0.05 0.1 0.1% 705.06
27.07 64 .82 34570 203. 0.05 0.14 0.19 1427.12
3.846 100.18 34570 203. .05 0.06 0.11 748.39
10.83 100.18 34570 2013. 0.05% 0.09 0.1 1112.81
3.84 153.21 34570 203. 0.05% 0,0% 0.1 1257.22
140.83 153.2% 34570 203. 0.05 0.08 0.13 1834.86
3.84 232.77 34570 203, 805 0.05 0.1 2302.07
ip.83 232.77 34570 203, 0.05 0.4a7 0.12 30B3.5%
Baldi's Data for water on 5.4 mm cylinders
7.56 55.67 243300 1432. 0.0% 0.04 0.09 46,72
21,32 55.67 263300 1432, Q.05 0.06 0.11 76.45
53.29 55.67 243300 1432, 0.05% 0.11 0.17 141,01
7.56 127.59 263300 1432, 0.0% 0.04 0,09 128.27
21.32 127.5%9 243300 1432, Q.08 Q.08 0.11 176.69%
7.56 197.18 243300 1432, 0.0% 0.03 0.08 266.73
21.32 197.18 243300 1432, 0.0% 0.05 0.1 372.07
7.56 301.57 263300 1432, 0.05 0.063 0.08 481.65
21.32 301.57 243300 1432, a.05 .05 0.1 688.92
7.56 458,15 243300 1432, 0.09%5 Q.03 0.08 959.9
21.32 458.15 243300 1432, 0.05 0.0% 0.1 1231.74
7.56 622.13 243300 1432. 0,05 0.03 0.08 1563.03
21.54 632.13 263300 1432, 0.05 0.05% 0.1 1885.83
Baldi‘a Data on 9% Glycerol soln.
11.42 82.93 209200 1432, 0.05 0.06 0.12 106.18
Il1.62 131,65 209200 1422. 0.05 0.06 0.11 249.75
Baldi's Data on 29% Glycerol soln
6.36 82.93 6LB90D 1432. 0.05 0.07 0,12 126.02
Andersen's Data on porous A1203 spheres
2.9 4.56 38662.28 825, 0.05 a.06 0.09 1.08
2.96 4.62 38662.28 825, Q.05 0,04 0.09 o.87
2.9 4.62 38662.28 B82S, 0.05 0.04 0.0% 2.85
2.96 9.02 3B662.28 825. 0.05 0.04 0.09 1.94
2.%4 17.92 38662.28 B825. 0.05 0.06 0.09 4.27
2.9 26.19 38662.28 B25. 0,05 0.06 0.09 6.66
2.94 36.67 38662.28 825, 0.05 Q.04 0.0% 8.12
2.94 43.04 38662,28 825. 0.0% 0.04 0.09 13.32
2.9 46.69 38662.28 825, 0.058 0.04 0.0% 11.73
2.94 51.79 3B662.28 825. 0,05 Q.04 0.09% 17
2.%96 86.83 38662.28 B25. 0.05 0.04 0.09 37.82
2.96 162.08 38B6562.28 B25. 0.05 0.04 0.09 i07.22
5.88 4.62 38662.28 825, 0.45 0.07 0.12 0.83
5.88 47.23 368662.28 B25. 0.0% 0.07 0.12 18.74
5.88 96.33 38662.18 825, 0.08 0.06 0.11 69.4
5.88 171.2 3B662,28 825. 0.0% 0.06 0.11 170.72
11.76 L.56 3R662.28 825, 0.05 0.0% 0.14 1.73
11.76 4,62 38662.28 825, 0.05 0.1 0.15 1.87
11.76 9.02 38662.28 825. 4.05 0.09 0.1% 3.7
11.76 17.92 38662.28 B25. 0.0% 0.1 Q.14 8.67
11.76 26.14 3B662.28 825, Q.05 0.09 0.14 14.23
11.78 34.56 38662.28 825. 0.05% 0.0% 0.14% 18.39
11.76 34,83 38662.28 825. 0.05 0.09 0.14 28.8
11.76 %42.93 38662.28 825, 0.05 0.09 .14 23.25
11.76 47.01 3B662.28 825. 0.035 0.09 0.14 26,44
11.76 51.52 38662.28 825. 0.0% 0.09 0.14 36.19
18 1.45 38662,28 825s. 0.05 0.11 0.16 a.87
18 4.67 38662.28 825, 0.05 0.11 0.16 2.88
18 9.12 38662.28 az25. 0.05 0.11 0.16 5.79
i8 16.37 38662.28 B82S, 0.05 0.12 0.16 11.8
18 17.07 3B662.28 825, 0.05 .12 0.17 40,6
18 17.5 38662.28 825. 0.0% 0.12 0.17 45.53
18 22.06 38B662.2B 825, 0.05 0.11 Q.16 50.25
23.51 0.67 36662.28 825. 0.05 0.13 G.18 2.85
23.51 1.07 38662,28 B82S, 0.05 0.13 0.18 2.85

23.51 1.5 38662.28 825. 0,05 0,13 0.18 5.9
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23.51 1.93 38662.28 BZS5. 0.0% 0.13 .18 11.8
23.51 2.3) 38662.28 825. 0.0% 0.13 0.18 19.08
29.39 0.91 38662.28 825. 0.05 0.16 0.2 4.86
29.39 3.06 38662.28 825. 0.05 0.13 0.18 69.05
67.76 0.67 38662.28 825, 0.0% g.2 0.25 B.33
values kinvis G kinvis L visG/vish Ergun coeffs,
PHIL porosity m 2/ m 2/s laminar turbulent
Laver's data on glass spheres with water
1.0074 0.375 1.48E-05 1,13E-06 1.59E-02 215 1.42
1.0098 0.375 1.4BE-05 1.13E-06 1.59E-02 215 1.42
1.018 0.375 1.48E-05 1.13E-06 1.59E-02 215 1.42
1.0221 0.37% 1.48E-05 1.13E-06 1,59E-02 215 1.62
1.0332 ¢.375 1.48E-05 1.13E-06 1.59E-02 215 1.42
1.0443 0.375 1.48E-05 1.13E-06 1.59E-02 215 1.42
1.0775 0.375 1.4BE-0% 1.13E-06 1.59E-02 218  1.42
1.08886 0.375% 1.4BE-05 1.13E-06 1.59E-02 215 1.42
1,123 0.375 1.48E-D5 1.13E-06 1.59E-02 2158 1.4%2
1.2153 0.375 1.48E-05 1.13E-06 1.59E-02 215 1.42
1.0332 0.375 1.48E-05 1.313E-06 1.59E-02 215 1.42
1.0381 0.375 1.4BE-05 1.13E-06 1.59E-02 215 1.42
1.0394 0.375% 1.48E-05 1,13E-Q06 i.59E-02 218 1.42
1.0613 0.375 1.48BE-05 1.13E-06 1.59E-02 215 1.42
1.0812 0.375 1.4B8E-05 1,13E-06 1.59E-02 215 1.42
1.0996 0.375 1.4BE-05 1.13E-06 1.59E-02 215 1.42
1.1267 0.375 1.48E-05 1.13E-06 1.59E-02 218 1.42
1.1562 0,375 1.4BE-05 1.13E~06 1.5%E-02 215 1.42
1.1833 0.375 1.48E-05 1,13E-06 1,5%E-02 215 1.42
1.2288 0.375 1.48E-05 1.13E~06 1.59E-02 215 1.42
1.2595% 0.375 1.4BE-05 1.13E-06 1,5%9E-02 215 1.42
1.3038 0.375 1.48E-05 1.13E-06 1,59E-02 215 1.42
1.4207 0.375% 1.48E-05 1,13E-06 1.5%E-02 215 1.42
1.6261 0,375 1.48E~05 1.13E-06 1.59E-02 215 1l.42
1.8364 0.375%5 1.4BE-05 1,13E-06 1.59E-02 218 L.&2
2.0864 0.375 1.4BE-0O5 1.13E-06 1.5%E-02 215 1.42
1.0283 0.375 1.48E-05 1.13E-06 1.59E-02 215 l.42
1.0661 0.375 1.48BE-0% 1.13E-06 1.59E-0Q2 215 1.42
1.0695 0.375 1.48E-0% 1.13E-06 1.5%E-02 215 1.42
1.0942 0.375 1.48E-05 1.13E-06 1.5%E-02 215 1.4&2
1.1107 0.375 1.48E-0% 1.13E-06 1.5%9E-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 1.4BE-0S5 1.13E-06 1.59E-02 215 1.42
1.2214 0.375 1.48BE-0% 1.13E-06 1.%9E-Q2 215 l.42
1.29%8 0.375 1.48E-05 1,13E-06 1.59E-02 215 1.42
1.0566 0.375 1.48E-05 1,13E-06 1.5%E-02 215 1.42
1.0578 0.37% 1.48E-0% 1.13E-06 1.59E-02 215 1.42
1.0603 0.375 1.48E-05 1,.13E-06 1.59E-02 215 1.4&2
1.091 0.37% 1.4BE-05 1.13E-06 1.59E-02 215 1.42
31.1218 0.375% 1.48E-0S5 1.13E-06 1.539E-02 215 1.42
1.155 0.375 1.48E-GS 1.13E-06 1.59E-02 215 1.42
1.1833 0.375 1.4BE-05 1.13E-06 1.59E-02 215 1.42
1.2263 0.375% 1.LBE-05 1.13E-06 1.59E-02 215 1.&2
1,2534 0.375 1.4BE-05 1.13E-06 1.59E-02 215 1.42
1.31 $4.375 1.48E-05 1.13E-06 1.59E-02 215 1.42
1.3506 0.375 1.48E-05 1.13E-06 1.59E-02 215 1.42
1.4022 ¢.375 1.48E-05 1.13E-06 1.59E-02 215 1.42
1.59% 0.375 1.48E-05 1.13E-06 1.59E-02 21% 1.42
1.8118 0.375 1.4BE-05 1.13E-06 1.5%E-02 215 1.4
2.0738 0.375 1.48E-05 1.13E-06 1.59E-02 215 1.42
Data on Glass spheres with water,this work
1.0677 0.375 1.48E-05 1.13E-06 1.59E-02 215 1.42
1.075 0.375 1.4BE~-0S5 1.13E-06 1.59E-02 215 1.42
1.0861 0.375 1.4BE-05 1.13E-06 1.59E-02 215 1.42

1.1415 0.375 1.48E-05 1,135-06 1.59E-02 215 1.42
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i.i71 0.375 1.4BE-05 1.13E-06 1.59E-02
1.2165 0.375 1.48E-05% 1.13E~06 1.59E-02
1.2681 0.375 1.48E-05 1.13E-06 1.59E-02
1.3198 0.375 1.4BE-05 1.13E-06 1.5%E-02
1.3825 0.375 1.4BE-05 1.13E-06 1.59E-02
1.6526 G.37% 1.48BE-0% 1.13E-06 1.59E-02
1.5326 0.375 1.48E-05 1.13E-06 1.59E-02
1.1226 0.375 1.48E-05 1.13E-06 1.59E-02
1.1545 0.375 1.48E-0% 1.13E-06 1.59E-02
1.2165 0.375 1.48E-05 1.13E-06 1.59E-02
1.26 0.375 1.48E-05 1.13E-06 1.59E-02
1.3091 0.375 1.48E-05 1.13E-06 1.S9E-02
1.,3705 .375 1.4BE-05 1,13E-06 1.59E-02
1.4077 0.375 1.4BE-05 1.13E-06 1.59E-02
1.4335 0.37% 1.48E-05 1,13E~06 1.5%E-02
1.452 3.375 1.48E-05 1.13E-06 1.59E-02
6&,2828 0.37% 1.4B8E-05 1.13E-06 1.59E-02
&6.084% 0.375 1.4BE-05 1.13E-06 1.5%E-02
6.0508 0.37% 1.48E-05 1.13E-06 1.59E~-02
5.8646 0.375% t1.48E-05 1.13E-06 1.59E-02
5.5672 0.275 1.4BE-05 1.13E-06 1.59E-02
S5.4246 0.375 1.48E-05 1.13E-06 1.59E-02
5.646492 0.375 1.4BE-05 1.13E-06 1.59E-02
5.2682 0.375 1.48E-05 1.13E-06 1.59E-02
§.1108 0.375% 1.48E-05 1.13E-06 1.59E-0Q2
4%.7687 0.375 1.48E-05 1.13E-06 1.59E-02
4£.7318 0.375 1.48E-05 1.13E-06 1.59E-02
4.5674 0.375% 1.4BE-05 1.13E-06 1.59E-02
4.4253 0.375 1.48E-05 1.13E-06 1.5%E-02
G. 0429 0.375 1.48E-05 1.13E-06 1.59E-02
5.4549 0.375% 1.48BE-05 1.13E-06 1.59E~02
Data on HDS extrudates with water,this work
3.09 0.33% 1.48E-05 1.13E-06 1.59E-02
3.45 0.335 1.48E-05 1.13E-06 1.59E-02
3.58 0.335 1.48E-05% 1.13E-D6 1.59E~-02
3.8 0.335 1.4BE-05 1.13E~06 1.59E-02
L,18 0.335 1.48BE-05 1.13E-06 1.59E-02
4.58 0.335 1,.48E-05 1.13E-06 1.59E-02
4.93 0.335 1.48E-05 1.13E-06 1.5%E-02
S.14% 0.335 1,4BE-05 1.13E-0O6 1.5%E-D2
5.48 0.33% 1.48E-0S5 1.13E-06 1.5%E-02
5.65 0.33% 1.48E-05 1.13E-06 1.59E-02
1.58 0.335 1.48E-05 1.13E-06 1.59E~0Q2
2.01 0.335 1.4BE-05 1.13E-06 1.59E-02
2.53 0.335 1.48E-05 1.13E-06 1.59E-02
2.83 0.335 1.48E-0S5 1.13E-06 1.59E-02
2.9 0.335 1.4BE-0% 1.13E-06 1.59E-02
3,04 0.335% 1.4BE-05 1.13E-06 1.59E-02
3.25 0.335 1.4BE-05 1.13E-06 1.59E-02
3.61 0.335 1.48E-05 1.13E-06 1.59E~02
£.05 0.335 1.4BE-05 1.13E~-06 1.5%9E-02
5.55 0.235 1.48E-05 1.13E-06 1.5%9E~02
6,46 0.335 1.4BE-05 1.13E-06 1.59E-02
7.08 0.33% 1.4BE-05 1.13E-06 1.59E-02
7.82 0.335 1.48E-05 1.13E-06 1.89E-02
8.14 0.335% 1.4BE-05 1,13E-06 1.5%E-02
B.45 0.335% 1.48E~-05 1.13E-06 1.59E-02
8.69 0.335 1.48E-05 1.13E-06 1.59E-02
Baldi's data for water on 6mm Glass spheres

1.06 O0.% 1.48E-05 1.13E-06 1.359E-02
1.0% 0.4 1.48E-05 1.13E-06 1.59E-02
1.21 0.4 1.48E-05 1.13E-06 1.59E-02
1.18 0.4 1.4BE-05 1.13E-06 1.5%E-02
1.33 0.6 1.4BE-05 1.13E-06 1.5%E-02
1.31 0.4 1,48E-05 1.,13E-06 1.5%E-02
1.57 0.4 1.48E-05 1.13E:06 1,.59E-02

215

215,

Z15
215
215
215
215
215
215
215
215
21%
215
215
215
215
218
21%
215
213
218
218
215
215
215
215
215
21%
215
215
218

100
140
100
100
100
100
100
ino
i00
100
100
100
100
100
0o
100
100
100
100
100
100
100
100
100
100
100

B850
850
B850
850
850
850
850

1.62
1.42
1.42
1.62
1.42
1.42
1.42
1.42
1.42
1.42
1.42
1.462
1.42
1.42
.42
1.42
1.42
1.42
1.42
1.42
1.42
1

1
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1.56
1.96
1.96
1.96
1.96
1.96
1.96
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2 0.4 1.4BE-05% 1.13E-U6 1.59E-02
2.52 0.4 1.48E-05 1.13E-06 1.59E-02
Baldi's Data for water on 2.7mm cylinders
1.29 .38 1.48E-05 1.13E~06 1.59E-02
1.38 0.38 1.4BE-05 1.13E-06 1,59E-02
1.77 0.38 1.4LBE~0S 1.13E-06 1.59E-02
i.6 0.38 1.48E-05 1,.13E-06 1.59E-02
1.85 0.38 1.4BE-0S 1.13E-06 1.59E-02
2.71 0.38 1.48E-0% 1.213E-06 1,.59E-02
1.8 0.38 1.48E-05 1.13E-06 1.5%E-02
2.34 0.38 1.48E-05 1.13E-96 1.53E-02
2.51 0.38 1.48E-05 1.,13E-06 1.59E-02
3.2 0.38 1.4BE-05 31.13E-06 1.59E-02
3.76 0.38 1.4LBE-05% 1.31i3E-06 1.59E-02
4.7 0.38 1.4BE-0% 1.13FE-06 1,.59E-02
Baidi's Data for water on 5.4 mm cylinders
1.96 0.37 1.48BE-05 1,33E-06 1.59E-02
1.09 0.37 1.48E-05 1.13E-06 1.5%E-G2
1.17 ¢.37 1.48E-05 1.13E-06 1.59E-02
1.15 0.37 1.4BE-05 1.13E-06 1.5%E-02
1.21 0.37 1.4LBE-05 1.13E-06 1.59E~02
1.32 0.37 1.48E-05 1.13E-06 1,59E-02
1.65 0.37 1.4LBE-Q5 1.13E-06 1.59E-02
1.58 0.37 1.48E-05 1.313E-06 1,5%E-02
1.83 0.37 1.48E-05 1.13E-06 1.59E-02
2.15 0.37 1.48E-0% 1.13E-06 1,59E-02
2.48 .37 1.48E-05 1.13E-06 1.59E-02
2.688 0.37 1.48E-05 1.13E-06 1.59E-02
3.26 0.37 1.48E-05 1.13E-06 1,59E-02
Baldi's Data on 9% Glycerol soln.
1.12 0.37 1.LBE-05 1.22E-06 1.26E-02
1.29 0.37 1.4BE-D5 1.22E-06 1.26E-02
Baldi's Data on 29% Glycercl soln.
1.14 0.37 1.4B8E-05 2.20E-06 &.77E-03
Andarsen's Data on porous R1203 spheres
i 0.35 7.71E-06 1.13E-06 1,5%E-02
1 0.35 7.71E-06 1.13E-06 1.59E-02
1.01 0.35 7.71E-06 1.13E-06 1.59E-02
i 0.35% 7.71E-06 1.13E-06 1.59E-02
1.01 0.35 7.7iE-06 1.13E-06 1.59E-02
1.02 0.35 7.71E-06 1.13E-06 1.59E-02
1.02 0.35 7.71E-06 1,13E-06 1,59E-02
1.03 0.35 7.71E-06 1.13E-06 1.5%9E-02
1.03 0.35% 7.71E-06 1.13E-06 1.59E-02
1.06 0,35 7.71E-06 1.13E-06 1.5%E-02
1.09 0.35% 7.71E-06 1.13E-06 1,.59E-02
1.26 0,35 7.71E-06 1.13E-06 1,.59E-02
1 0.35 7.71E-06 1.13E-06 1.59E-02
1.05 0.35 7.71E-06 1.13E-06 1.S%9E-02
1.17 ¢.35% 7.71E-06 1,.13E-06 1.59E-02
1.42 0.35 7.71E-06 1.13E-06 1.59E-02
1 0.35 7.7T1E-06 1.13E-06 1,55E-02
1 0.35 7.71E-06 1.13E-06 1.59E-02
1.01 0.35 7.71E-06 1.13E-06 1.59E-02
1.02 0.35 7.71E-06 }.13E-06 1.59E-02
1.0 0.35 7.71E-06 1.13E-06 1,.59E-02
1.05 0.35 7.71E-06 1,313E-06 1.59E-02
1.07 0.35 7.71E-06 1.13E-06 1.59E-02
1.06 0,35 7.71E-06 1.13E-06 1.59E-02
1.06 0.35 7.71E-06 1.13E-06 1.59E-02
1.07 0.35% 7.71E-06 1.13E-06 1,59E-02
1 0.35%5 7.71E-06 1,13E-06 1.59E-02
1.01 0.35 7.71E-06 1.13E-06 1.59E-Q2
1.01 0.3% 7.71E-06 1.13E~06 1.59E-02
1.03 0.35 7.71E~06 1.13E-06 1.5%E-02
1.1 0.35 7.71E-06 1.13E-06 1.59E-02

850
850

300
300
300
300
300
300
300
300
io0
300
300
300

500
500
$00
$00
500
500
$00
500
S00
500
500
500
500

500
500

500

140
140
140
140
140
140
140
140
140
140
140
140
140
160
140
140
140
140
140
140
140
160
140
160
140
140
140
140
140
140
140

1.9¢
1.96

2.05
2.05
2.05
2.05
Z2.0%
2.05
2.05
2.05
2.05
2.05
2.05
2.05

2.42
2.42
2.62
2.Lk2
2.42
2.62
2.42
2.62
2.62
2.42
2.42
2.42
2.42

2.42
2.42

2.42
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Table 9.3.1 Pressure Drop and Liquid Holdup Data on Aqueous Systems (continued)
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1.13E-06
1.13E-06
1.13E-06
1.13E-06
1.13E-06
1.13E-06
1.13E-06
1.13E-06
1.13E-06
1.13E-06

1.59E-02
1.59E-02
1.5%E-02
1.5%E-02
1.59E-02
1.59E-02
1.59E-02
1.55E-02
1.59E-02
1.59E-02

with water

1.11 0.35 7.71E-06

1.12 0.35 7.71E-06

1.01 0.3% 7.71E-06

1.01 0.35% 7.71E-06

1.01 0.35 7.71E-08&

1.03 0.35 7.71E-06

1.05 0.35 7.71E-06

1.01 0.35 7.71E-06

1.17 £.35 7.71E-086

1.02 0.35 7.71E-0¢

Results of the Low interaction Model.

Psig PsiL Holdup
Levec's data on glass spheres
6.649665 1.008122 0.089029
7.35242 1.008981 0.0908447
§.02R767 1.009807 0.106442
11.33197 1.013842 0.135584
14.97423 1.31829}F 0.156824
19,156348 1.023399 0.174021
24.25084 1.029622 0.18%214
33.46317 1.037185% 0.202777
38.02704 1.0L6449 0.215084
47.34667 1.057832 0.226352
13.589%3 1.016599 0.088781
15.01552 1.018341 0.098144
16.38538 1.020016 0.106085
23.03609 1.028138 0.130953
30.,284599 1,036992 0.155876
38.48846 1.06470%2 0.172703
48.2908 1.058995 0.187448
59.947173 1.073224 0G.2004812
73.80799 1.090154 0.,212171
90.2571 1.110246 0.222733
109.658 1.133944 0.232301
131.9188 1.161134 0.2L0827
187.8776 1.229486 0.255745
258.74602 1.316043 0.267812
363.2707 1.619296 0.277451
461.651 1.539662 0.285%311
23.0734 1.0283583 0,099933
31,1354 1.038371 0.126618
40.07104 1.068945 0.1461460
49.60036 1.060585 0.161869
60,32221 1.073682 0,.175328
T2.49765 1.08855%3 0.187198
86.36523 1.105492 0.197841
102.1477 1.12477 0.207480
120.0484 1.146635 0.216258
140.2438 1.171303 0.224276
20.81566 1.025426 D.088526
£2.98605 1.02B074 0.097834
25.06326 1.030614 0.105720
35,0989% 1.062872 0.1364314
45.91643 1.05608% 0.154%30
57.99516 1.070839 0.171412
72.20754 1,088199 0.185756
88.7581 1.1084315 0.198336
108,012 1.131933 0.209528
130.2933 1.159149 0.219555%5
155.8687 1.1%0389 0.228570
184.4085 1.225249 0.236551
253.2233 1.309304 0.250439
336.29 1.410767 0.261679
431.8259 1.527461 0.270741

160
140
140
1490
140
140
140
140
140
140

I N e e



Table 9.3.1 Pressure Drop and Liquid Holdup Data on Aqueous Systems (continued)
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Data on Glass spherss with water,this work

28.32411 1,034597 0.088263
31.25293 1.038174 0.097516
34.05597 1.041598 0.105347
47.50826 1.05803 0.133669
61.85446 1.075553 0.153990
77.67622 1.094879 0.170148
96.02647 1.117293 0.18412%9
117.0469 1.142969 0.196317
1461.0624 1.172303 0.20709%&
168.326 1.20560% 0.216698
199.014 1.263089 0.225293
75.87521 1.092679 0.0728B0
98.89612 1.120798 0.0968421
135.8756 1.1659%68 0.126210
160.9813 1.196633 0.139881
210.135%5 1.256673 0.159864
251,648 1.30738 0.172411
302.32405 1.369274 0.1B4429
343.5245 1.419604 0.192375
3185.2755 1.470601 0.199225
2899.221 4.541302 0.101%73
2827.765 4.454023% 0.099303
2760,975 4,372439 0.096857
2709.385 4.,309%6264 0.09408B0
2628.555 4,210693 0.0688922
2521.927 4.080451 0.083958
2516.602 4.0739%46 0.084002
2438.307 3.978311 0.079477
22546.93 3,756322 0.070344
2137.419 3.610787 0.061959
2040.219 3.49206 0.056811
2076.133 3.535928 0.057059
1915.327 3.339509 0.0474860
1886.5562 3.306361 0.062B66
2533.598 4,094706 0.0BL542
Data on HDS extrudates with water,this work
1112.4%96 2,358877 0.067173
1268.181 2.5L9042 0.080288
1283.318 2.56753 0.081%16
1464%. 4461 2.788766 0.093749
1692.069 3.066806 0.106717
1947.356 3.378628 0.118745
2158.9%44 3.637079 0.,127382
2354.973 3.876%21 0.13408%
2539.271 4,101635% 0.140277
2667 .546 4.258196 0.144038
336.46173 1.410923 0.0608%0
512.6744 1,62621% 0.098718
715.6443 1.874136 0,125630
B42.3779 2.028937 0.137795
988.3121 2.207191 0.148270
1089.01 2.33019 0.154658
1191.716 2.655642 0.159586
1378.723 2.684066 0.167988
2215.512 3.706174 0.0648550
2336.627 3.854112 0.056178
2B43.68 4.479568 0.078349
3416,841 5,17355%8 0.096149
3746.397 5.576099 0.104389
4091.815 5.998016 0.112350
@377.307 6.346735 0.118524
4542.986 6.549107 0.122141
Baldi's data for water on 6mm Glass spheres
79.72048 1.087376 0.139241
148.4798 1.181363 0,188063
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Table 9.3.1 Pressure Drop and Liquid Heldup Data on Aqueous Systems (continued)

249.6231 1.3045%06 0.221761
200.0091 1.246304 0.133529
361.2854 1.4168689% 0.177005
331.9367 1.460545 0.128217
554 .6463 1.677482 0.120874
918.959%96 2.146908 0.111330
1433.985 2.76%123 0.102522
Baldi's Data for water on 2.7mm cylinders
149.4503 1.182598 0.116637
261.1667 1.3319006 0.161331
547.7513 1.665%06 0.209170
378.7129 1.462585 0.108661
600.3505 1.733308 0.147291
1066.906 2.303187 0.18788

634.4L787 1.776995 0.101871
949,8101 2.160161 0.136869
1075.897 2.314172 0.093250
1523.349 2.86072 0.124636
1862.865 3.2756427 ©.083054%
2503.722 4.058214 £.110923
Baldi's Data for water on 5.4 mm cylinders
57T.76219 1.07653 0.491338
30 .55088 1.110605 0.130147
179.0399 1.2186%1 0.178901
162.6616 1.198661 0.0B7960

243.8042 1.297799 0.123562
292.44668 1.357214 0.0B4392
422.3588 1.515897 0.117327
532.5413 1.650482 0.0790646
736.1922 1.899234 0,108833
983.1666 2.200905 0.071832
1297.962 2.585417 0.,098200
1600.819 2.955348 0.065110
2046.99 3.500331 0.08%100
Baldi's Data on 9% Glycercl s=oln.
115.8068 1.121029 0.109179
207 .651% 1.217015 0.106230
Baldi's Data on 29% Glyeerol =soln.
149.6196 1.150588 0.130527
Andersen's Data on porcus Al203 spheres
1.691603 1.003934 0.077429 .
1.714546 1.003987 G.077427
1.714546 1.003987 0.077427
3.6465377 1.008013 §.077324
7.235864 1.016828 0.077100
11.101% 1.025818 0.076874
1%.40371 1.035823 0.076626
19.98155 1.04647 0.076365
22.07968 1.051349 0.076247
25.11376 1.058405 0.076077
69.10006 1.3114188 0.074785
117.811 1.273984 0.071518
2.174376 1.005657 0.098182
28.13914 1.065641 0.096291
70.11857 1.163069% 0.093517
15%5.2618 1.361083 0.088743
3.,017862 1.007018 0.125260
3.058679 1.007113 ©.125256
6.129255 1.0t4254 0.124962
12.79638 1.02976 0.124331
19.47702 1.045296 0.123712
26.81826 1.062369 0.123046
27.06177 1.062%35 0.123024
34.59401 1.080453 0.122356
38.55092 1.0B9655 0.122010
Q: . 43.04819 1.100116 0.121622
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Table 9.3.1 Pressure Drop and Liquid Holdup Data on Aqueous Systems (continued)
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1.264862
&.146572
8.290363

15.4264

16.1358
16.58012
21.34552
0.737720
1.180455
1.658305
2.138124
2.563781
1.277317
4.32%567
1.978133

1
1

1
1
1
1
1

oy

1
1
1
1.
1
1

002962
.009643
1.01928
.035876
LQ37535
.03855%
049642
001716
002745
.003857
004972
.Q05862
002971
.010069
0046 0.

0.
0.
0.

146506
146181
145719

0.144937
0.144859
0.1448122
Q.
0
0
0
0

144300

162082
.161997
.161937
. 161877
0.
0.
0.

161824
176565
176150

214715
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Table 9.3.2 Pressure Drop and Liquid Holdup Data on Soybean Oil Systems

Data file for Soybean oil data...

liquid

Re liq. Re gas Ga lig. Ga gas static

3mm Glass Beads,vegetable oil

0.181554 16.1162 19.25477 278.8644 .04
0.163262 15.62429 19.25677 275.9117 0.04
0.137241 15.62429 19.25477 271.9281 0.06
0.137241 15.62429 19,2577 271.8976 3.04
0.113040 15.62429 19.25477 267.7313 .04
0.083837 15.62429 19.25477 263.9635 0.04
0.052708 15.62429 19.25477 259.748%9 0.06
0.010743 15.62429 19.25477 253.7889 .04
0.009090 15.62429 19.25477 253.4131 0.06
0.00640642 15.62429 19.25477 252.4177 0.04
0.003324 15.11851 19.25477 252.253 5.04
0.167766 42.97119 19.25477 2B6.2873 a.04
0.154394 42.97119 19.25477 2B3.655 .04
0.137241 42.97119 19.25477 280.9685 0.04
0.120896 42.97119 19.25477 277.5572 .06
0.090794 42.97119 19.25477 272.7487 0.04
0.077117 42.97119 19.25477 270.5221 4,04
0.052708 42.97119 19.25477 266.35 Q.04
0.032496 42.97119 19.25477 262.8639 0.04
0.0346782 42.97119 19.25477 263.0779 0.04
0.020282 42.97119 19.25477 260.2B45 3.04
0.010743 42.97119 19.25677 25B.6618 0.04
0,010763 42.97119 19.25477 258.5758 0.04
0.008040 42.97119 19.25477 257.5049 0.04
0.008040 42.97119 19.25477 257.3747 0.04
0.006042 42.97119 19.25477 256.4143 0.06
0.004042 %2.97119 19.25477 255.7331 0.06
0.001219 42.97139 19.25477 254.8353 0.04
0.210736 82.94821 19.33876 308.0406 0.0&
0.1546732 B82.94B21 19.33876 292.9686 0.04
0.121154 81.76825 19.33876 288.5505 0.04
0.0864023 B1,76825 19.33876 281.6544 0.04
0.055657 B81.76825 19.33876 274 .9617 0.04
0.0281%7 BO.57097 19.33B76 269.0094 0.04
0.010769 BC.57097 19.33876 265.1062 0.04
0.009109 80.57097 19.33876 263.6102 Q.06
G.004434 BO.57097 19.33876 261.472 Q.04
16th HDS Extrudates,vegetabla oil

0.034061 205.9958 2.165947 53.98426 0.01
0.027329 205.9958 2.164947 52.8209 0.01
0.01%044 205.9958 2.31649467 51.17313 0.0%
0.011423 205.9958 2.164947 49.66236 0.01
0.008809 205.9958 2.164947 4B.80968 0.01
0.004641 205.995%8 2.164947 47.5529 0.01
0.003741 205.9958 2.164947 47.74444 0.01
0.002866 205.9958 2.164947 &47.45351 .01
0.001181 205.9958 2.3164947 46.14327 0.01
0.001040 0.5796%% 2.164947 36.35353 0.01
0.001636 0.5796%4 2.164947 36.36192 0.01
0.002866 D.5796%94L 2.164967 36,36775 0.01
0.009173 0.579694 2.1669&7 36.52902 0.01
0.028597 0.57969%4 2.164947 38.20096 0.01
0.036781 0.5759654 2.164947 38.69582 0.01
0.015086 0.579694 2.164947 37.0714 0.01
0.0119%59 D.5796%94 2.164947 36.88099 0.01
0.040566 15.13786 2.164947 40.89255 0.01
0.034349 15.13786 2.164947 40.51089 0.01
0.027502 15.13786 2.164947 40.05847 0.01
0.022328 15.13786 2.164947 39.56008 0.01
0.018544 15.13786 2.164947 39.28972 g.01

holdup
dynamic

0.280070
0.257227
0.249208
G.240170
0.237747
¢.2283632
0.199559
0.125123
0.110278
0.088607
0.081723
0.2456689
G.228402
¢.232401
0.214595
4.203808
0.179887
0.157870
¢.136661
0.12921%
0.112297
0.0964%1
0.095799
0.094894
0.090434
0.0B6761
0.079433
0.068455
0.228615
0.197781
0.178517
0.163453
0.114720
0.095686
0.100906
g.091100
0.081027

0.156
0.148
0.1365
0.1185
0.1102
0.0926
0.0854
0.0854
4.06375
0.1228
0.1527
Q.1826
0.2582
0.3087
0,3162
0.2874
0.2752
0.2752
0.2687
0.2615%
0.2536
0.2456

values
total

0.320070
0.297227
0.289208
0.280170
0.277747
0.268363
¢.239559
0.165123
0.150278
3.128607
0.121723
0.285689
0.268402
0.272401
0.254595
0.243808
0.219887
0.197870
0.176661
0.169219
0.152297
0.136491
0.135799
0.13489%4
0,130436
0.126761
0.119435
0.108455
0.268615
0.237781
0.218517
0.203455
0.154720
0.13568B6
0.140%06
0.131100
0.121027

0.164
0.158
0.1465
0.1285
g9.1202
0.1026
0.0954
0.0954
¢.07375
0.31328
0.1627
0.1928
0,2682
0.3187
0.3¢62
0.2976
0.2852
0.2852
G6.2787
0.2715
4.2636
D.255%6

exper.
PsiG

1273.938
1146,972
979.87%
974.8088
787.3461
631.2668
425.4973
147.2917
125.3507
B7.45527
79.99231
15681.882
1472.354
1359.9%6
1213.583
1005.986
909.9779
725.6645
576.4139
5681,6835
L46.6282
372,074
364.7586
314.5382
308.4957
259,2617
248.7068
187.4511
2388,204
1835.448
1665.606
1376.98%
1096.546
836.429
664 .6649
596.3095
496.6493

5811.366
5487.755
501B.136

4575.24
§319.754
3935.544
3394.705
3904.759
3493.162
7.334301
10.69562

13.0371

77.5614
730.2931

918.071
292.5069
217.4059
1724.156
1587.185
1423.189
1277.273
1240.331



Kot
o 3 -238-

Table 9.3.2 Pressure Drop and Liquid Holdup Data on Soybean Qil Systems (continued)

0.U1l50B6 15.13786 2.16694 7 38.H7Y0Y 0.0} . 2402 U. 2452 B . 2298
0.010804 15.13786 2.164L947 3B.43395 0.01 G.2208 0.2308 81¢.9989
0.006733 15.13786 2.166947 37.94901 0.01 0.2006 0,.2106 633.764%
0.002552 1%.13786 2.164947 37.34551 0.01 0.161 0.171 399.945%
0.002692 15.13786 2.164%47 37.38764 0.01 0.1671 0.1771 416.3927
0,0014B0 15.13786 2.164947 37.12753 0.01 0.1369 0.14869 314.572
0.040566 47.70764 2.1646947 43.65798 0.01 0.2327 0.2427 2681.221
0.0343469 47.70764 2.164L947 43.09857 0.01 0.2276 0.2376 2492.41
0.028597 47.70764 2.164947 L2.66488 0.01 0.2204 0.2306 2344.613
0.022328 47.70764 2.164%47 42.11927 0.01 0.2121 0.2221 Z156.159
0.015086 47.70764 2.164%47 41.,18118 0.01 0.197 0,207 1B26.915
0.009837 (7.70764 2.3164947 40.53618 0.01 0.1765 0.1865 1596,305
0.006733 4L7.70764 2.16494u7 39.872 0.0 0.1606 0.1706 1355,066
0.002866 47.70764 2.164967 39.09792 0.01 0.13%8 0.1458 1068.915%
0.001181 47.70764 2.164967 38.25052 0.01% 0.1005% 0.1105 749.2041
0.043180 106.8582 2.16494L7 48.27582 0.01 D.194% 0.2069 4157.687
0.038025 106.8582 2.164947 47.7528 0.0t 0.15G2 0.2002 3997.283
0.033161 106.85B2 2.164947 47.643491 0.01 0.18%3 0.1953 3898.987
$,028597 106.8582 2.164947 46,736 0.01 0.1808 0.1908 3680.07
0.001930 106.8582 2.164%47 41.24381% 0.01 0.0%08 0.1008 1849.126
0.028597 106.8582 2.164947 46.,77397 0.01 0.1801 0.1901 3692.637
0.023326 106.8582 2.164947 46.07213 G.01 a.175 0.185 3470.499
05.018544 106.8582 2.164L947 45.40422 0.01 0.1635% 0.1735 3256.128
0.013480 106.8582 2.164947 44.45093 0.01 0.1524 00,1626 2944.934
0.009173 106.8582 2.164947 43.70672 0.0%1 0.139  0.149 2697.56
0,006733 106.8582 2.166947 43.07032 0.01 0.1297 0.1397 24B2.813
0.00292% 106.8582 2.166947 41.89311 0.01 0.1077 0.1177 2077.434
0,002866 101.9312 2.164947 42,0069 0.01 0.1108 0.1206 2117.106
0.002310 101.9312 2.1649%947 &1.91289 0.0t 0.1052 0.1152 2084.336
0.001181 3101.9312 2.164947 40.78483 0.01 0.08B39 0.0939 1685.623
0.0405%66 341.7266 2.16L947 64.06972 0.01 0.1383 0.1uB3 8382.723
0.033161 341.7246 2.164947 62.96145 0.01 0.1315 0.1415 8118B.268
0.026629 341.7246 2.164947 61.99945 0.01 0.1253 0.1353 7885.429
0.023324 341,726 2.160L947 61,4BOSB3 0.01 0.1214 0.1314 7758.53
0.018564 341.7246 2.164L947 60.65614 0.01 0.1124 0.1224 7554,986
0.016273 341,.7246 2.164947 5%9.74759 G.01 .145%9 0.1159 7327.843
0.010523 3461.7246 2.164%47 S5B.75934 (.01 0.0965 0.1065 7077.307
0.00790% 341.7246 2.164947 58.31927 0.01 0.087% 0.0975% 6964.546
0.004183 341.7246 2.164947 $6,92108 .01 0.0727 0.0827 660L.207
0.002866 361.7246 2.164947 56.26721 0.01 0.068B8 0.0788 6428.562
0.001732 341.7266 2.164947 55.56278 0.01 0.0598 0,0698 6260.556
0.001358 341.7246 Z2.164947 54.83663 0.01 0.055%% 0.0655 6045.04
0.000502 341.7246 2.164L4947 53.692323 Q.01 0.0436 0.0536 5730.76
8TH INCH AL203 SPHERES, vegetable oil

0.020372 28.31071 61.49115 B12.2672 0.04 0,3138584 0.178584 53.61825
0.020372 28.31071 61.49115% B812.2672 0.04 0,138584 0.178584 53.61825
0.010537% 28.31071 6£1.49115 810.6556 0.0 0.114975 0.156975 L46.0678
0.010537 28.31071 61.49115 810.19 0.04 0.109527 0.149527 4b.51466
0.061144 28.31071 61.49115 BS7.6502 0.046 0.200046 0.240046 234L.1163
0.061144 2B.31071 61.49115 B60.,7364 0.0 0.204010 0.2464010 245.6632
0.097903 30.17521 61.49115 8B5.6051 0.04 0.223799 0.26379% 338.1348
0.144205 30.17521 61.4%115 914.6171 0.06 0.250697 0.290497 456.6414
0.18728% 30.17521 61.49115 952.9119 0.04 0.264243 0.304243 566.1856
0.043796 28.31071 61.49115 842,9813 0.046 0.200612 0.260612 168.7344
0.D43796 28.31071 61.49115 B8463.4712 0.04 0.200176 0.260176 172.9395
0.061144 28.31071 61.49115 B55,3208 0.0k 0.216340 0.256340 226.0015
0.061144 28.31071 61.49115 855.6808 0.04 0.,220214 0.260214 228.4174
0.139804 28.31071 61.491135 920.7064 0.0 §0.260822 0.300822 470.7284
0.162097 28.31071 61.49115 931.8326 0.04 0,2705%06 Q.310506 S09.7589
0.1684974 28,31071 61.4911% 945.9Q079 0.04 0.277066 0.317066 562.0243
0.184974 65.54736 61.49115 1020.723 0.04 ©.267264 0.287264 B12.4B26
0.162097 65.54736 61.4%115 1001,947 0.046 0.231621 0.271621 754.4758
0.118328 65.54736 61.49115 960.3772 0.04 0.20515%6 0.245156 619.9755
0.076930 65.54736 61.49115 923.5971 0.0 0.180128 0.220128 494.0499

0.045277 £5.54736 61.49115 892.9552 0.06 0,159254 0,199256 385.1815
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Table 9.3.2 Pressure Drop and Liquid Holdup Data on Soybean Oil Systems (continued)

V.ULYT&U 55.54736 61.4Y115 Hou.09%Uk 0.06 0.123882 U.163882 274.9812
0.245505% 9.752604 61.49115 951,3102 0.04 0.315902 0.355902 S569.3355
0.078764 9.752604 61.4%115 831.410%9 0.06 0.236420 0.276420 136.8624
0.045277 9.752604 61.49115 814.4955 0.04 0.199860 0.239860 70.49803
0.118328 9,752604 61.49115 858.5871 0.0 0.2%1874 0.291874 250.0609
vaiuves kinvis ¢ kinvis [ visG/visL Ergun coeffs.

Psil porosity m-2/s m-2/s laminar turbulent
Imm Glass Beads,vegetable oil
2.663%71 0,375 1.478E-05 6.176E-05 3.600E-0Q4 215 }.62
2.498002 0.375 1.478BE-0% &,176E-05 3.600E-04 215 1.42
2.279188 0.375 1.47BE-05 6,176E-05 3.600E-04 215% 1.42
2.273057 0.375 1.478BE~0% 6.176E-05 3.600E-04 21i% 1.642
2.027903 0.375 1.47BE-05 6.176E-05 3.600E-04 215 1.42
1.823878 0.375% 1.478E-G5 6.176E-05 2.600E-04 215 1.42
1.554898 0.375 1.47BE-05 6.176E-05 3.600E-04 215 1.42
1.191230 0.375% 1.47BE-05 6.176E-05 3.600E-04 215 1,62
1.162549 0,375 1.47BE-45 §6.176E-0% 3.600E-04 215 1,42
1.113013 0.375 1.47BE-05 6.176E-0% 3.600E-04 215 1.62
1.103257 0,375 1.478E-05 6.176E-05% 3.600E-C4 215 1.42
3.066512 0.375 1.478BE-0S5 6.176E-05 3.600E-04 215 1.42
2.923338 0.375 1.478E-05 6,176E-05% 3.600E-04 215 1.42
2.776413 0.375 1.478E-0% 6,176E-05 3.600E-04 215 1.42
2.585075 0.375 1.47BE-05 6.176E-05 3.600E-04 215 }.62
2.313707 0.375% L. 478E-05 6.176E-05 3.500E-04 215 1.42
2.188206 0.375 1.47BE-05 6.176E-0% 3.600E-0Q4 215 1.42
1.947273 0.37% 1.478E-05% 6.176E-05 3.600E-04 215 1.42
1.752175 0.375 1.478E~-05 6.176E-05 3.600E-04& 215 1.42
1.7359063 0.375 1.4L78E-05 6.176E-Q05 3.60CE-0&4 215 1.62
1.582520 0.375 1.478E-0% 6.176E-05% 31.600E-04 21% 1.4&2
1.485064 0.375 1.47BE-05 6.178E-05% 3.600E-04 215 1.42

.600E-0& 2315 1.42
.600E-0% 21% 1.42
.600E-04& 215 1.42
. 6O0E-D4 215 1.42
.600E-04 215 1.42

1.475501 0.375 1.47BE-05 6.176E-05 3
1.409853 0,375 1.478BE-05 6.176E-05 3
1.401955 ¢.375 1.478BE-05 6.176E-05 3
1.337570 0.375 L.47BE-05 6.176E-05 3
1.323799 0.375% 1.47BE-05 6,176E-05 3
1.243726 0.375 1.47BE-D5 6.176E-05 3.600E-04 218 1.42
4.,120528 0.375 1.478E-05 6,176E-05 3.600E-04 215 1.42
3.397971 $.375 1.478BE-05 6.176E-05 3.600E-04 218 1.42
3.17595%5% 0.375 1.478E-05 6.176E-05 3.600E-0O4 215 1.42
2.798673 0.375 1.47BE-05 6.176E-05 3.600E-04 215 1.42
2.6432083 0.375 1.478E-05 6.176E-05 3.600E-04 215 1.42
2.094678 0.375 1.478E-0S5 6.176E-05 3.600E-04 215 1.42
1.867535 0.375 1.478E-05 6.176E-0% 3.600E-04 215 1.42
1.778182 0.375 1.478E-05 6.17€6E-05 3.600E-04 215 1.42
1.6481269 0.375 1.478E-05 €.176E-05 3.600E-0& 2158 1.42

16th HDS Extrudates,vegetable oil

8.595249 0.335 1.47BE-05 6.176E-05 3.600E-04 100 0.8
8.3172228 0.335 1.47BE-05 6€.176E-05 3.600E-04 i0¢ a.8
7.558347 ©0.335 1.478E-05 6.176E-05 3.600E-04 100 0.8
6.979398 0.335 1.47BE-05% 6.176E-05 3.600E-04 100 c.8
6.645430 0.335 1.478E-05 6.3176E-05 3.600E-04 100 0.8
6.146319% 0.335 1.4L78E-05 6.176E-05 3.600E-0& 100 6.8
6.220529 0.335 1.478E-05% 6.176E-05 3.600E-04 100 0.8
6.102952 0.335 1.478E-05 6.176E-05 3.600E-06 100 0.8
5.564917 0.335 1.47BE-05 6.176E-05 3.600E~04% 100 0.8
1.008280 0.335 1.478E-05 6.176E-05% 3.600E~04 100 0.8
1.012674% 0.335 1.478E-05 6.176E-05 3.600E-04 100 0.8
1.015734 0.335 1.478E-05 6.176E-05 3.600E-04 100 0.8
1.100080 0.335% 1.47BE-05 6.176E-05 3.600E-04 100 0.8
1.953324 0.335 1.478E-05 6.176E-05 3.600E-04 100 0.8
2.198785 0.335 1.47BE-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)

1,43810%2 U.335 1.47dK=ud 6.17bE~-UD J.60UK-U4 14U u. 4
1.282883 0.335 1.478E-05 6.176E-0% 3.600E-04 100 ¢.8
3.252491 0.335 1.478E-05 6.176E-0S 3.600E-04 100 c.8
3.073444 0.335 1.470E-05 6.176E-05 3,600E~04 100 9.8
2.85%070 0.335 1.478E-05 6.176E-05 3.600E-04 100 0.8
2.668330 0.335 1.478E-05 6.176E-05 3.600E-04 100 ¢.8
2.489321 0.335 1.478BE-0S5 6.176E-05 3.500E-0D& 100 0.8
2,.289189 ©.335 1.478E-05 6.176E-05 3.600E-04 ige 0.8
2.069279% 0.335 1.478E-05 6.176E-0% 3.60CE-04 100 0.8
1.827142 0.335 1.478E-05 6.176E-05 3.600E-04 100 c.8
1.521497 0.335 1.478E-05 6.176E-05 3.600E-04 100 0.8
1.562996 0.33% 1.478E-Q5 6.176E-05 3.600E-0% 100 0.8
1.409898 0.33% 1.478E-05 6.176E-05 3.800E-04 100 c.8
4,503556 0.335 1.47BE-05 6.176E-05 3.600E-04 100 0.8
L.2567465 0.335 1.478E-05 6.176E-05 3.600E-04 100 0.8
§.,0603284 0.335 1.47BE-05 6.176E-05 3.600E-04 100 ¢.8
3.817201 0.335 1.478E-05 6.1758E-05 3.600E-04 100 G.8
3.386816 06.335 1.478E-05 6.176E-05 3.600E-04& 100 0.8
3.085366 0,335 1.478E-05 6,176E-Q5 3.600E-04 160 0.8
2.770020 0,335 1.478E-05 6.176E-05 3.600E-0Qb4 100 c.8
2.395967 0.335 1.47BE-05 6.176E-05 3.500E-04 100 0.8
1.978044 0.335 1.478E-05 6.176E-05 3.600E-04 100 0.8
6.433577 0.335 1.478E-05 6.176E-05 3.600E-04 1GQ 0.8
6.223899 0.335 1.478E-0S 6.176E-05 3.600E-04 100 0.8
6.09%407 0.335 1.478E-05 6.176E-05 3.600E-04 100 0.8
5.809241 0.335 1.478E-05 6.176E-0S 3.600E-04 100 g.8
3.615850 0.335 1.478E-05 6.176E-05 3.600E-04 100 g.8
5.825669 0.335 1,478E-05 6.176E-05 3.600E-04 100 0.8
R 5.535292 0.335 1.478E-05 6.176E-05 3.600E-04 100 0.8
B 5.255069 0.335 1.478BE-05 6.176E-05 3.600E-04 100 0.8
4.848279 0,335 1.478E-05 6.176E-05 3.600E-04 100 0.8
4.524915 0.335 1.47BE-05 6,176E-05 3.600E-04 100 0.8
L.2606G2 0.335 1.478E-05 6.176E-05 3.600E-04 100 0.8
3.714292 0.335 1.478E-05 6.176E-05 3.600E-04 100 0.8
3.766151 0.335 1.478E~05 6.176E-05 3.600E-04 100 0.8
3.723315 0.335 1.47BE-05 6.176E-05 3.600E-04 100 0.8
3.202121 0,335 1.47BE-05 6,.176E-05 3.600E-0Q4 100 0.8
11.95650 0.33%5 1.478E-05 6.176E-0% 3.600E-04 100 0.8
T 11.61080 0.33% 1.478E-0S 6.176E-05 3.600E-04 100 c.8
11.30644 0.335 1.47BE-05 6.176E~05 3.600E~-04 100 0.8
11.14056 0.335 1.478E-05 6.176E-05 3.600E-04 100Q 0.8
10.87449 0.335 1.478BE-05 6.176E-05 3.600E-0& 100 0.8
30.57757 0.335 1.478E-05 6.176E-05 3.600E-0Q4 190 0.8
10.25007 0.335 1.478E-0S5 6.176E-05 3.600E-04 100 0.8
10.10267 0.335 1.478E-05 6.176E-05 3.600E-0QG 100 0.8
9.627721 0.335 1.478E-05 6.176E-05 3.600E-04 100 0.8
9,402041 0.335 1.478E-05 6.176E-05 3,.600E-04 100 0.8
9.156279 0,335 1.478E-05 6,176E-05 3.600E-04 100 0.8
8,900705 0.335 1.L78E-05 6.176E-05 3.600E-04 100 G.8
8.489882 0.335 1.47BE-05 6,.176E-05 3.600E-04 100 0.8
8TH INCH AL203 SPHERES, vegetable oil
1.068782 0,455 1.478E-05 6.176E-05 3.600E-04 270 2.7
1.068782 0.455% 1.478E-05 6.176E-0S5 3.600E-04 270 2.7
1.058912 §.455 1.478BE-05 6.176E-05 3.600E-04 270 2.7
1.056881 0.45% 1.478E-05 6.176E-05 3.600E-04 270 2.7
1.304724 0.455 1,47BE-05 6.176E-05 3.600E-Q4 270 2.7
1.319821 0.455 1.4L78E-05 6.176E-05 3.600E-04 270 2.7
1.440699 0.455 1.47BE-05 6.176E-05 3.600E-04 270 2.7
1.595348 0.455 1.478E-05 6.176E-05 3.600E-04 270 2.7
1.767562 0.455 1.47BE-05 6.176E-05 3.600E-04& 270 2.7
1.219260 0.455 1.478E~-05 6.176E-05 3.600E-04 270 2.7
1.224757 0.455 1,47BE-05 6,176E-05 3.600E-04 270 2.7
1.294119 0.455 1.478E-05 6.176E-05 3.600E-04 270 2.7
1.297277 0.455 1.47BE-05 6.176E-05 3.600E-04 270 2.7
1.614024 0.455 1.478E-05 6.376E-05 3.600E-04 270 2.7
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Table 9.3.2 Pressure Drop and Liquid Holdup Data on Soybean Qil Systems (continued)

1.665044 U.655 1.67BE-UD 6.176k-Ubd 3.6UUK-UG 270 2.7
1.733365 0.455 1.478E-05 6.176E-05 3.600E-04 270 2.7
2.060761 0.455 1.478E-05 6.176E-05 3.600E-04 270 2.7
1.9B4940 0.455 1.478E-05 6.176E~05 3.600E-04 270 2.7
1.809118 0.455 1.478E-05 6,176E-05 3.600E-04 270 2.7
1.644509 0.455 1.478E-05 6.176E-05 3.600E-04 270 2.7
1.502171 C.455 1.47BE-05 6.176E-05 3.600E-04 270 2.7
1.358145 0.455 1.478E-05 6.176E-05 3.600E-04 270 2.7
1.742922 0.455 1.478E-05 6.176E-05 3.6C0E-04 270 2.7
1.177597 $.455 1.478E-05 6.176E~05 3.60CE-D4& 270 2.7
1.090847 0.455 1.478E-05 6.176E-05 3.600E-04 274 2.7
1.325569 0.455 1.478E-05 6.176E-05 3.600E-04 270 2.7

Results of Low interaction regime model...

PsiG PaiL total
ligquid
holdup

3mm Glass Beads.vegetable oil
1904.8642 3.B6%46 0.302533
1698.02 3.554338 0.300282
1622.249 3.139694 0.295350
1422.294 3.139562 0.295%348
1162.667 2.749004 0.289373
B4e3.1944 2.26842 0.279242
501.9723 1.755119 0.260558
98.62254 1.14835B 0.176613
66.83698 1,130629 0.167914
s 52.74973 1.079%352 0.130160
¢ 46.32193 1.069682 0.122312
2396.745 4.602423 0.278012
2231.585 4.35698 0.275397
2017.225% &4.034517 0.271660
1811.089 3.7244627 0.267642
1416.258 3.1304B1 0.257572
1231.046 2.851B67 0.251620
889.6216 2.338261 0.236797
594.1993 1.893856 0.216200
628,4874 1.945436 0.2191864
4510.2961 1.61721 0.194744
262.9795 1.395601 0.165499
263.051 1.395708 0.165495
220.826 1.332189 0.152605
220.9214 1,332333 0.152599
155.1792 1.233436 0.12u497
155.5569 1.235005 0.124478
96.678H6 1.148443 0.0830%94
3686.758 6.546001 0.266372
2938.861 5.420907 0.255869
2426.326 G.64993 0.248188
1854,287 3.78941 0.235%174
1383.96 3.081896 0.219611
B63.4503 2,298691 0.19302%9
488.0609 1.734192 0.153840
44B.,9B28 1.675406 0.147172
J26.4859 1.488125 0.120436

16th HDS Extrudates,vegetable oil
7900.106 12.80416 O,166214
7150.286 11.7562 0.159237
6183.062 10.3012 0.148553
L984.39 B,498034 0.132656
4538.567 7.827381 0.125028
3658,39 6,503328 0.107413
3398.064 6.111719 0.102056
3142.787 5.727704 0.095425
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Table 9.3.2 Pressure Drop and Liquid Holdup Data on Soybean Oil Systems (contin}lcd)

w242

2503

S.64

6.18045

8.25

3252

13.30784

76.1
674,
969.
217,
1312,
2394
2073
1710
1428

121
1020
768.
520.
258.
253
188,
3732
3326
2921
2680
1924
1476
1186
761,
529.
SB64
56466
5025
4633
1429

463
4145
3671
3130
2605
2273
1638
1543

142
1168
1241
1143
1044

995

8026
7313
6254
6183
2994
.923
621
.336
. 085
7.11
264
1222
5103
1131

L9762

3679
675
.701
AN
. 148
.506
.006
477
8058
1748
L 349
127
927
.536
801
1.62
.162
.205
.876
.193
.658
.BB1
. 348
7.13
.4B6
7.09
3.49
3.19
5.33

9142.686

8343

.352

7554.22
6B34.224

5786
5280
4735
4564
3873

674
281
L3746
2915
.825

8TH INCH

66.3
66.3
G4.3

&b
174.
174.
314.

4569
4569
3626
3589
§783
1992
3928

G.Blek4l
1.008297
1.012415
1.020019
1.114598
2.015
2.458611
1.327364
1,2005%23
4.60269
4.119355
3.572864
3.148242
2.8305%02
2.534787
2.155489
1.783005
1.388283
1,382054
1.283362
6.61658
6.004367
5.40978
4,730895
3.895041
1,22036
2.784822
2.145987
1.796039%
9,821758
9.192627
g8.560518
7.970243
3.15085%
7.96736
7.23558
6.523658
5.709786
4.919001
4.,41997
3.4L65373
3.321664
3.146836
2.757758
19.6790Q7
18.199464
16.70973
15.97583
14.75337
13.55093
12.36384
11.372
9.704912
8,963144
8.123438
7.836929
6.827407

U.
Q.
Q.
0.
0.
a.
Q.
a.
a.
0.
o.
Q.
0.
a.
0.217833
0.205709
G.
0

9

0

urs2L2
121604
161049
169611
262681
291041
296212
270255
258633
2648309
243760
237346
230948
224910

187178

167242
.lu6298
126047
0.
a.
Q.
0.
Q.
0.
a.
0.
0.
0.
0.
0.
G.

220015
2146590
209399
201630
188770
174405
161327
132367
104522
196929
1929467
188789
184025

0.10208

o.

1840467

0.177568

0.
0.
Q.
0.
0.
0.
0.

170276
160054
147950
138303
113594
116429
108428

0.090600

0.
c.
G.
0.
0.
0.
0.
0.
0.

152989
146821
140054
136364
129724
122300
113%12
106499
090795

0.082254
G.071806
0.067011
£.050355

AL203 SPHERES, vegetable oil

1.09%9804
1.099804
1.066692
1.066729
1.262769
1.262048
1.472962

0.
0.
0.
0.
0.
0.
0.

197150
197150Q
159871
153869
271619
271670
301907



Table 9.3.2 Pressure Drop and Liquid Holdup Data on Soybean Oil Systems (continued)
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494 . 449
666.415%
123.796
123.7355%
175.04617
174.9854
456.6406
544.9832
635.9246
973.2045
B64.9231
654.091
448.84
291.3%942
165.858
5%99.5831
7. 44764
44.97%56
190.3728

1.743801
1.999482
1.186227
1.186136
1.263316
1.263231
1.686926

1.81982
1.95%6623
2.465048
2.301116
1.983951%
1.675191
1.438345
1.249504
1.%901955%
1.14659%91
1.067663
1.28B6378

0.324761
¢.338579
0.248130
0.2648137
0.271579
0.271585
0.324991
0.332924
0.339623
0.314456
0.307876
0.231218
0.266880
0.235287
0.186965
0.376851
0.308221
0.259861
0,336466
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Table 9.3.3 Liquid Holdup Data for Zero Gas Flow (Zero Shear), Aqueous Systems

1

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

ReL Holdup holdup
1/16th HDS extrudates. this work
1.42655%6 0.102 0.103280
2.407312 0.11 0.222750
4.012188 0.134 0.245785
4.101347 0.168 0.146857
4.547146 0.168 0.151996
7T.756897 0.176 0.181401
8.559333 0.19 0.187435

11.05581 0.206 0.204052
14.97883 0.2246 0.223734
15.5137¢ 0.233 0.226411

1B.3669 0.228 0.,233991
20.50674 0.234 0.239463
20.50674 0.244 0.242193
23.53817 0.238 0.264647
24.51891 0.242 0.247767
24.96472 0.258 0.258361

6mm Glass hbeads, Baldi
25.13227 G.117 0.140951
61.72839 0.166 0.19%0175
103.1746 0.21 0.225692
152.5573 0.249 0,257120
261.9047 0.301 0.307874
2.Trm cylinders,Baldi
3.840245 0.1309 0.122285
10.829469 0.176 0.172765
27.07373 0.217 0.236478
L4 .93087 0.273 0.277610
5.4mm cylinders, Baldi
7.558578 0.0889 0.092314
21.54195 0.1042 0.130883
52.91005 0.155 0.176590
88.43537 0.2 0,209570
130.7634 0.256 0.23B7564
S5.4mm cylinders, 9% glycerol, Baldi
11.42389 0.116 0.111413
17.66148 0.1278 0.128827
29.15547 0.15) ©0.1522%4%
GO.B64945 0.181 0.17009)
S.4mm cylinders, 27%glycercl, Baldi
6.362217 0.12 0.135416
S.484777 0.1307 0.154695
16.00312 0.161 D.3184163
2h.B2435 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 0il, Zero Gas Flow

Re ligq. experimental predicted
zero shear zero shear
holdup holdup
3mm Glass beads, this work
0.000234 0.09180% 0.051649
0.000569 0.104122 0.069396
0.001121 0.104833 0,086957
0.002677 0.138794 0.116227
0.00443% 0.137663 0G.137515
0.004434 0.139332 0,137515
0.009109 0.156140 6.174810
0.00910% 0.164851 0.174810
0.010769 0.239258 0.184843
0.01G769 0.249620 0.184843
0.013655 0.1B8969 0.200066
0.013655% 0.181506 0.200066
0.028197 0.279245% 0.25L770
Q0.028197 0.285193 0.254770
0.047357 0.286593 0.302B844
0.052823 0.320766 0.314076
0.052823 0.2%9127% 0.314076
0.061516 0.33273% 0.330442
0.064549 0.314B37 0,335788
l6th HD3 Extrudates, this work
0.013480 0.289 0.320242
0.007310 G,257 0.320242
0.003322 0.2 0.261153
0.002552 ¢.183 0.200780
0.0028B66 0.1916 0.183889
0.00213% 0.1916 0.191144%
0.001181 0.1916 0.173260
2.001797 0.161 0.162274

0.001239 0.148 0.163610
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Re3

Gab
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sath dyn, hoid  tot, hoid PuQ

Data of Wartrtes and Wediermep, CES 45, 2247 1000
Zueo sheat hoicup dats, All Dels for waied srct N2 of He. prige] mears no data svalisble

24500163
S.4008350
9.8340855
22131147
IMT21Y
8380058
41.373688

-]

¢
0
[}
]
-}
-]

N2 basad sywisrme

12.295081
LA24E00

A3.TR88Y

139.04008
136.04008

1480,8760
1880,6760
15808780

128135
31201338
3118138

8322, 7043
322, 7043
G322 7043

He based rystrrs

49180327
10819812
21838344
I.687213
38.857377

49180027
16810472
21.63%344
J0.04i202
SE.E8TITT

59010200
10510472
29.508198
27,040180

10.924648
10024848
10.524648
10.024848
10.024848

AZTTINE
32773038
32773038
IZTTISE
32773038

13100578
131.0057%
13100578
13100578

60220878
85220.878
OXH0.ATS
89220.878
$0220.478
48220078
68220.87%

89220.6TS
89220875

ewpzI0.aTs
s8220.818
49220875

48220076
9220875
69220878

89220078
$6220.878
60220.07%

$9220.078
20878
89220.875
&0220.07%
89220,878

26220878
e9220.875
&0220.875
40220.878
86220.578

20220.873
69220,875
S0220.07%
49220875

3278
21
a1
3221
A28
2rya21xe
raias

530 348
6530.5345

as27es.00
s82788.08
BAZTRN.00

B8ITES.O00
ABZ7R5.08
BAZTRI.00

a2705.09
BA2TIS.00
BAZTRE.00

4004, D850
4084 8080
4084, 8650
40848630

¢c.0429
0.0429
0.0428
0.0429
0.0429
0.C42%
0429

0.0429
0,0429

0.0429
0.042%
0.0429

0.0429
¢.0429
2.0438

0.0429
0.0429
0.0429

C.0429
G040
0,0420
0.0420
0.0429

0429
0.0420
0.0429
0.0428
0.6429

0.042%
0.042%
0.0429
0.0429

0.0024
d.uase
01014
0.1388
o.1638
¢.1733
01833

0.3092
0.7482

2.120%
01287
0.138%

c.088
£.0038
0.0973

0.0824
0.0702
¢.0T8

C.058%

0.078
01062
0. 1287
0.175%

0.0488
008483
0.0036
01200
0.1368

0.039
0.0424
0.0819
0.087%

¢.1053
2.1287
0.1443
0.1704
0.2087
02104
0.2202

B T O

0.1521 1
o.191% 1

C.HE38 127w
01718 17211758
Q1754 29833147

0.1287 1
c.138% 1
9.1404 1

01053 02.375387
4.1131 94270882
01208 10418573

01014 810.85822
01200 7437030
0.1821 14855588
01710 10817821
0.2184 1

C.0807
%1092
2.1388
0. 1634
0.1764

P Py

0.0819 413.86208
01033 57872213
0.1248 8282250
Q.1404 11151280

Pl

. s . et A

1.8
1
4

7.2

..

1. 2490480

1.8
1.4

S -

s

0.4

5] ]
.30
0.39
0.38
0.3%
.39
-5 ] ]

239
.38

239
2.39
0.39

0.38
039
0.3%

5.1
039
039

0.3
©.30
2.39
2.39
0.3

el ]
030
L1
03¢
o.M

]
229
0.2¢
0.3%
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Table 9.3.5 Pressure Drop and Liquid Holdup Data in High Pressure Systems(continued)

s e v G/ Low irteraction model precie:forne
rwis G kirwte i vis L at [} peig el told what shat
poig thoid
zwen sheat
Helebup

1.50E-08 1.00E-08 0.018 120 1.8 1 1 8.0720780 9 03080701
1.59E-08  1,00£.08 c.o18 180 1.5 1 1 0.008R145 0 02888201
1.50EL8  1.00E-08 .08 180 1.8 1 1 01188382 0 CI7EIR0CY
f.0E-08 1.00E-08 4018 180 1.4 1 1 01600483 ¢ 01028518
1.88E-08 1.00E-D€ 2.018 180 1.8 1 1 C.18800832 ¢ 00087813
1.59E-06 1.00E-D8 o.018 180 1.0 1 1 02015488 0 G.O0TTI888
140608 1.00E-08 oo 180 1.8 t t Tyt Q 0.0¢1588%
S.18E08  1.00E-08 2.01% 180 1.8 27.25088  1.134348 0.122383 01922878
1L tAE-D8 t.DOE08 o0.018 180 1.8 4575641 1250016 01852410 01383118
2.80E-07  1.00E-08 0018 180 1.8 1787177 2212727 01280068 03572532 0.2109044
2.M0EOT  1.00E.08 0.619 183 1.8 21226870 24403859 D.1428270 G.23XIT2R ), 1885348
280E07  1.00E-08 ¢.018 180 1.8 2456002 2087049 01543588 O.1338148 01334188
2BOE-07  1.00E-08 0.019 180 1.3 S0.8731  S.110317 00042838 2510798
L8007 t.0OEDE 0.01% 130 1.8 S8.04080 B.617039 0.107443 0.2 26t
280807 1.00EOs 0.018 180 1.4 TEIZ534 S.087TR4 D.V128248 0. 1603380
2.80E-07 1,00E-08 0.018 180 1.8 1548378 1140828 0.07T33087 0.6740188 O.308E00
2.50E0Y 1.00E-08 0.018 180 5.8 1885272 1243577 00822578 G.71435308 02727008

2.80E-07  1.00E-D8 o.019 188 1.8 1561,4151 1231017 0.0807238 0.7413812 0.2578800

F70.8681 1.08000 O.COOB4ES O.7Z434T7 01060884

4.0SE-08  1.00E-09 o.03 180 1.8

4.05E-08 1.00ED8 .02 180 1.8 2307448 109323 0.1791708 08857733 0,0143027
4.95E-08  1.0DEDS ¢.02 180 1.8 3434088 1.128781 D.1527488 0.7689942 0.0045272
AUSEDY  T.00E.08 0.2 188 1.8 480,151 1.109558 O,178210d 0.7632881 C.0280138
405E05 1.00ED8 0.02 180 1.2 BT.8002 1.352588 02101862 0.0102280
1.83E-08  1.00EL8 0.03 180 1.3 68793504 1082347 0.0902049 0.0088381
1.85E-08 1.00E-D8 o.02 180 1.8 R1.45008  1.11025 0.1135859 2.0857683
185608 1.00E-08 0.02 184 e 1351788 1.183881 0IMN7 0.1114798
1.85E-08 1.0DE-08 0.02 180 1.8 2225509  1.26977 0.1882044 0.1425850
1.02£-05 1.00E.D8 0,02 180 1.8 332037 140356 0.2138541 01903007
4.13E-06 1.0DE.08 oo 180 1.3 A0.82333  1.140268 D.0044408 09254868 01531578
4135086 1.00E-08 o.02 130 1.8 38,7180 1187491  0.116074 0.83M000 01023171
413ED8  1.O0EDE c.02 180 .5 29.17507  1.334003 (1642568 0.9182848 021015388

1.608758 02050112 C.287278t 0.4801097
g e O4TRGAED 07823028
M retatve errorn

413ED6  1.00E-08 0.02 182 1.2 125.700%
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Appendix 9.4
Fortran Program to Determine 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 fs and fv are known for the low interaction regime. In this
Appendix, a program is given which calculates the holdup and pressure drop in a trickle
bed for a pair of fs and f_values given the appropriate bed and phase properties and phase

flowrates. For the assumed set of fs and fv values, the mean relative error between the

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 emor 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 ‘PL 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. This narrow range of realistic values allows an initial
guess to be made with some confidenice. With an initial guess of ‘i’L, with the assumed

values of fs and f , and with given phase flowrates, and the bed and phase properties,
equation (3.36) can be solved for the liquid holdup, £, with a Newton Raphson iteration. ‘
Equation (3.41) and (3.41) can be used to calculate n, and ‘I’G, respectively. The

interfacial Reynolds number can then be calculated using equations (3.37) to (3.40). A
new value of ¥, can then be calculated using equation (3.35) and this can be used to

update ‘PL with equation (3.42). The successive substitution proceeds until convergence
on all variables is achieved. This 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.

This program is written to sclve set of nonlinear eguatieons
which resuit in the turbulent gas-liquid film flow model of
trickle beds. The solutiom is DY successive substitutien using
the fact that the dimensionless liguid body force has peen found
o vary between 1 and 2 for most experimental data., This allows
a first guess ¢of this varlable to be made with some confidence,

The Procedure becomes:
1: Glven Gas ¢ Liguid reynolds numbers, ped porosity, phase

physical properties, the particle equivalent spherical
diameter, and the bed Ergun coefficients,

2: Guess the dimengionless liquid body force, PsilL«l.l
Note: this sets the dimensionless gas bedy force, Psig,
by forcing the pressure gradient to be the same in each phase.

31: Caleulste the liguid holdup from the llguid film mementum
balance using Newton Raphson (it 1s a cubic in heldup}

§: Calculate the friction film thickness of the ped.

5: Calculate the gas Interfacial Reynelds number using the llquid
interfacial veloclty. Note this assumes continulty of veloclt
the interfaca.

62 Calculate a new vajue of the dimensionless gas body force, Phi
from the gas phase momentum balance. As stated before, this
detersines the value of PsiL. If the dimensionless body force
have converged,quit. If not, return te¢ step 3.

Richard Holub 3/22/89%

Define the comton block /blkil/te held the Reynolds and Galllec numbers,
statle, dynamie and total liguid heldup from experimental data.

Define the common block /blk2/ to held the experimental ¢as and llguid
phase dimensionless body forces, bed porosity, klnematic viscesity of
the gas and liquid, the ratio of gas and liquid viscesities, and tha
single phase erqun equacion coefficlents of the bed.

Define the common block /slip/ to hold the values of fv and fs at the
current lteraticn, and a flag to tell if the successive substitution

converged.

nnnnnnnnonnnnnnﬂnnnnnnr\nnnnnnnnnnnnnnnnnnnnnnon

common/blkl/rel,req,gal,gsg, sholid,dhold,tholde
cormon/blk2/psige, psile, por, rnug, rnul,rvisgl, el, e
common/slip/fv, fs,58flag

c
c Open flles for cutput
c
open{?, £ile=~'tmodres2, dat’,access=' sequential’, status="new’}
apen{ll,file~"errres4.dat’,access~’ sequential’,status=‘new’}
o
¢ Injitlalire fv at 1.1, the outer do loop will decrease fv from 1 to -1
a
fwwl.
do 200 knw=l,21
Eymfve. 1
c
¢ Initfallze fs at 1.1, the inner do lcop will decrease fs from ] to -1
¢ for each vajue of fv, In this way the parameter space is searched
¢ systematically.
c
Ls=1_1
do 150 m=1,21
c
' ¢ Open the files with the experimental data for Ilnput. These flles are
¢ opened In the inner do loop since the sequence of inpur must be reset
¢ by closing the flles at each iteratien.
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Table 9.4.1 A Fortran Program to Determine the Mean Relative Error between

Model Prediction and Experimental Data (continued).

00N 0nN

onN ann Ao aanon

00000 aH4an

aAaonn

AN

open(?, flle~'d:\fdatall.dat’,access=’ sequential’, status~‘old’}
open{f, file='d;\fdatald . dat’,access~ sequential’,status«' gld’)
fa=fs~0.1

Initialize the varlous summing varlables for the mean relative errors,

1 ang 2 are for the overall mean reiative errors in holdup and pressure
grop. ¢nht simply counts the data.

3 and 4 are for the mean relative errors when the liguid fllm friction

thickness, etall, is less than 5. cnt2 counts these data,

suml=0.0
sum2=0.0
sum3=0.0
sum4=0.0
ent=0.90

cnt2=0.0

Begin the innermost do loop wnich‘calculates the predlcted liguid
holdup and pressure drop for given experlmental congitlions and
assumed values of fv and fs.

do 100 k=1,318
Read the data...

read{?,*)rel, reqg,gal, gag, shold, dhold, tholde
read{8, *)psige,psile, por, rnug,rnui, rvisgl,el, e

Cail the subroutine turbmod for the successive substitution iteratlion.
call turbmod(theld,psig,psil, etall}
calculate the relative errers at the current data set.

relrrl=absipsige-psig)/psige
relrr2=abs {tholde-thold} /tholde

If the successive substitution converges (which it always did)
then sum the relative arrors at the current iteratien. If not, the
the relative errers are not included in the final estimate.

{f{ssflag.eq.l.0}then
cnt2=cnt2+1
sumi=stml+relrrl
sumZ=sum2+relrr2

end 1f

The mean relacive errors were also calculated for etall less than 5
just as a matter of interest.

1f{etaii.lt.5,0)then
cnt=cnt+l
sumdssun3+relrrl
sumd=sum4+relrr

end if

write the Intermediate results te the screen.

write{*,*)psig,psil,theld,etall
write{*,*)relrrl, relrr

100 continue

e
c
<

00

Calculate the mean relative errors for all the data.

rmrri=suml/ent2
rmrr2=sum2/fent2
rmrri=sun3/ent
rmrré=sumé/ent

Write the final results to file 10 for later plotting, and the the
screen.
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Table 9.4.1 A Fortran Program to Determine the Mean Relative Error between
Model Prediction and Experimental Data (continued).

write {10, *} fv,fs, mrrl, rmrr2, cnt2
write{*,*}zmrrl, rmrr2z
write(*, *}rmred, rmrrd,chnt

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

clese (7}
150 close(8)
200 ceontinue

step

end

Subroutine to solve the low interactien hydrodynamic model for
assumed values of v and fz using successive substitution.

HO0nN

subroutine turbmod{theld,psig,psil,etall}
common/blkl/rel,reg,gal,gag,shold,dhold,thelde
conmon/blk2/psige,psile, por, rnug, rnul, rvisgl, el,e2
common/siip/fv, fs,s5flag

real pi(1000),pg(l000},n (1000}, htp{100}

c calculate the ratlo of gas to liguid density.

c
rdengi=rnul/rnug*rvisgl
c
c Initialize the {teration by assuming psil ~ 1.1
c
pli{i}=1.1
c
¢ calculate psig which corresponds to the assumed psll.
-~ c
: pg(l}={pL{i}-1,}/rdengl
c

¢ Begin the successive substitution iteration and alliow 100 steps.
do 100 1=1,1000

c
¢ set the convergence flag to 1
c
ssflag=l.
<]
¢ Calculate the single phase flow dimensionless liquid body force
¢ from the ergun equation,
e

ergl=el*rel/gal+eZ*rel**2/gal

[}
¢ Initlallze the ratic of poresity to heldup for the Newton Raphson
c iteration.
htp(1}=10.

c
¢ Start the Newton Raphson iteration at the current step of the
c successive substitution.
-3

do 50 3=1,100
c
¢ Calculate the Newton Raphson functien from the Liquid phase momentum
¢ balance.
¢

fwprgl*htp () **3+fs* (1.~-pl (i) -rdengl)i*htp{l) -

& fs*(i -rdengl-pl{i})-plil)
c
¢ Calculate the derivative of the Newton Raphscen Functlon.
[

df=3.*ergl*htp(j)**2+£fs* (i ,~pl {i)~-rdenqgl)

Update the ratlo of porosity to holdup at the current Newten Raphson
step.

anann

htp(J+1) =htp{j}~£/df

theek for convergence at 0.1i% relative error between iteratlons.

ana
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Table 9.4.1 A Fortran Program to Determine the Mean Relative Error between

Moedel Prediction and Experimental Data (continued).

1f{abs ({htpi)t-htp{I+1)}/htp ()} .1 0,001} goto €0
5¢ continue

write {*,55}
55 format {1x,'the newton raphson failed to converge’)

c
¢ Calculate the liquid heldup from the Newton Raphsen wvarlable

<]
60 h{l}l=por/htp{j+l}
c
¢ Calculate the frictlon liquid film thickness, etali.
¢
templ=1l,.+rdengl*fs*pg (i) /pl (1} * {por-n{i))/h{l}
etali=sqrt(pl{l) *gal* (h{i)/por}**3*templ}/5./el**. 25
c
c If we are not on the first successive substiturion iteration, check
¢ for convergence at 0.1% relative error in holdup and
¢ dimensionless gas phase pressure drop between iterations.
[

if{l.ge.itthen

erpg=abs ({pg{i)~-py (1-1}}/pg(il}
erh=abs{(h(1)~h{i=1})/h{L)}
if{erpg.lt.0.001.and,erh.1z.0.00))goto 120
end if

c Calculate the interfacial reynolds number.

c
phi=gqreipl {1} *gal*h{l)/por*+3*templ) *rnul*10./rnug/elt* 75

1f(etall.le.5.)rei»phi*erall
1f(etali.gt.5.and,etalli.le.30.)rel=phi* (S5.%alogletalil~3.05}
1f{etali.gt.30} red=phi~(5.42,5*alog (etaki}}

c

¢ Caleutlate a new value of the dimensionless gas phase pressure drop

c from the gas phase momentum balance. Update the value of psii from

c this calculated psig.

c

pq(i+1)-(por/£por hiijy)1**3*(el* (reg=-(por-h(i}) "fv*rel) /gag+
e2* (reg~{por=h{l}}*fv*rel}**2/gag)
160 pl(1+1}-1¢ruenql'pq(i+1)
c

c If the successive substitution dees not converge in 100 iterations
¢ set the flag to zero.

¢
ssfiag=0.0
write {*,110)

110 format {1x,’successive subst, failed o converge’)

c
¢ Update the proper varlables from the converged iteration variables.

[~

120 peig=pg {1}
psil=plil})
tholid=h{i}
recurn
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).

31 E Re EHez 31 E.Re ER92
p £ £
L

1+ 21— + =
* PL L \EL (?aaL GaL —£ GaG GaG

The coefficients E and 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 comments,



Table 9.5.1
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A Fortran Subroutine to Solve the Hydrodynamic Model of the Low
Interaction or Trickle Flow Regime.

nhbHnOoBOHNANHONONG

an

fHaonao

;]

notian

This program is written as an example of the use of the
hydrodynamlc model of the trickle flow regime. A short
calllng program ls shown which reads in ths bed and phase
proparcias as wall as tha phaas flowrates. The subroutine
*turbmod® uses only dimansiopless numbers as calculaced

in the calling program.

First, define common blocks to hold the Iiquid and Qas reynelds
and qgqallleo humbers “blkl® and the bed and phase proparties.

“b5lkZ"™ containe the phase densities, bed poresity, phase kinematic
viscositias, phase viscositles, and single phise [low Ergun coeff.
¢f the bed.

comnon/blxl/rel,req,gal,gag
common/bli2/rhog, rhol, per, rneg, raul, roug, rmul, el, a2
opan{?,fila~’datsl. dat’,accens~’ saquential’, sratus~‘ald’)
opan(B, file="dataz.dat’ ,access~' sequencial’, status=‘cld’}
open {9, fila=' results.dat’,access='1equential’  status='new’)

Gravitatlenal acceleratien in mks units, as are lpput paramecers
grave=9,81

Read in nusber of points to be analyted, The structurs of the
data Files follows in input statemsnty,

read{7, *Indata
do 100 X=1,ndata
read{7,*)dp,por,el,al,rhol, rmul,stl
read (8, *) rhogQ, raug, I¢,rl
thug=raug/rhog
rnulermul/rhol
ral=rledp/reul/ {1.-por)
regergrdp/ragg/ {1.-por)
Qalwgrav® {dp*por/ (l.~por))**3/rnul++2
gag=grave{dp*por/ {l.-por))**3/rhugr e}

call turbsod({thold,pxig,psil,eta)l,etagl)

On output, psig{l} is the dizmensionless gas(liquid} phase
pressure drop and thold is the total iliquid holdup.

The quantitiss stagl and atall are the parameters which
characterize the turbulence in the phass.

write{9,90) req, rel,paiqg,psil, thold, etagl, etall
90 format {7e93,3)
writei*,*)phig,phil,thold,scagl,etall

100 continue

aaqa

aon

<
€

nep
end

subroutine turbecd{thold, prlg, pstl, atall, etagt}
common/blkl/rel,reg,gal, Qag
common/blk?/rhog, thol , por, rnug, rnyl, roug, rmal ,el, o2
real*s htp{10Q}
rdengl=rhog/rhol

First calculate the single phase flow dimsnsionless pressure drop.

ergl=eltrel/gal+alérel**2/qal
ergg=eltreg/gagielrregrrl/qag

Give an initial point for the Wewbon Raphson iteratien.
htp{ll«.X

Begin the Newton Raphson iteration. <Convergence ls usually obtalned
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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).

in less than 10 {teraticns,

L1+

da 50 j=1,100
reepor~htp (1)
1-1.+rdenq1-((pcrfrt)"3'erqq-1.!—(por/htp(j);"J'ergl
df=3.* (rdengl* [por/rey*43/rivergg+
& (por/htp (i} *3/htp(j)*ergi)
hep(+l) =htp{))-£/d¢
c
¢ Convergence ichleved when the relative error ia llguid holdup
¢ in successive lteratlons iz Jess than 0.1%.

Sff{abs {{htp () =htp (J+1) ) /hep{3)}.11.0.001) gote 60
The possibility of negative holdups arising during the lteratlon

indicates low valuas of holdup so the lteration is restarted at a
low liquid holdup vaiue. This is really only a precaution.

a0 oOn

SEChep(d+1) .1t 0. hep{J+1}=0.0001

5¢ continus

write (*,5%)
55 format{lx,’the newton raphson failed to converge’)
60 thold=htp (3+1})

etali=zqre{arglegal)/5./al** 25

etagi=sqri{argg*gag) /5. /el 25
129 psig={por/{por~thold})**3*ergqg

pell=(por/thold}**3vergl

raturn

and
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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

bp porosity El E2 Rhol Vis L sigma L Rho G
maters kg/m**3 kg/m/s dynefcm  kg/m**3
part 1. Non foaming systems

spherlical catalyst,air water,Midoux

3.00E-03 Q.39 207 1.8 1000 1,10E-C3 79 1.2
3.C0E-03 0,39 207 1.8 1000 1.10E-03 75 1.2
3.00E-03 0.39 207 1609 1.10E~03 75 1.2
1.00E-03 0,39 207 1000 1.10E~-03 75 1.2
3.Q0E-03 0.29 207 1000 1,10E-03 75 1.2
1,.00E-03 0.29 207 1000 1.10E-03 75 1.2
1_.00E-R3 0.39 207 1000 1,.10E~03 75 1.2

b e
o o 0 o

Cylindrical I, air water,Midoux

Z.34E-03 0.3% 143.8 1.08 1000 1.10E-03 75 1.2
2.34E-03 0.35% 143.8 3,08 1000 1.10E-03 75 1.2
2.34E-03 0.3% 143.8 3,08 1000 1.10E-0G3 75 1.2
2.34E-03 0.33 143.3 .08 1000 1.,10E-83 75 1.2

Glass beads,water-air,Cheu
2,90E-03 ¢.39 200
2.%0E-03 0.39 200

1 1009 1.00E~03 72

1
2.508-03 0.39 200 1

1

1

8 1.2
8 1000 :.00E-03 72 1.2
8 1060 1.00E-Q3 72 1.2
8 1006¢ 1.COE-D3 72 1.2
8 1.2

2,%0E~03 0.39 200
1000 1.00E-03 72

2.50E~0G3 0.39 200

pata of Tosun, air water on 1.%mm glass beads

0.0019 0,344 150 1.75 1000 0,001 72 1.2
0.0019 0,344 150 1,7% 1000 0.001 72 1.2
0.0019 0.343% 150 1.75 1000 0.001 12 1.2
0.0019 O.344 150 1.75 1000 0.00r 72 1.2
0.0019 C.344 150 1,75 1000 0.001 72 1.2
Holub, air-water on 3mm glass beads
D.003 0.375 215 1.4 1000 0.001 72 1.2
0.003 0.375 215 1.4 1000 0.001 72 1.2
0.003 0.375 213 1.4 1000 0.001 72 1.2
Bolub, alr-water on l6th HD§ extr.
0,00188 0.335 100 s.8 1000 0.60L 72 1.2
0.00188 C,335 100 0.8 1000 0.001 72 1.2
0.00188 0.335 160 0.8 1000 ° @.C01 72 1.2
¢pecchia and Baldi, alr-water on fmm glass beads
o.006 0.4 2 1000 0,00 72 1.2
0.006 0.4 850 2 1500 0.001 72 1.2
0.oo6 0.4 850 2 1000 0.001 72 1.2
0.006 0.4 850 2 1000 0.001 72 1.2
0.006 0.4 850 2 1000 0.001 72 1.2
0,006 0.4 850 2 1000 0.001 72 1.2

Specchia and Baldi, air-water on 2.7mm glass cylinders
0.0027 0.38 1000 0.001 72 1.2
0.0027 0.38 oo 2 1000 0.601 72 1.2
0.0027 0,38 el od 2 1000 0,001 72 1.2
0.0027 0.38 ico 2 1000 0.00Y 72 1.2
0.0027 0.38 300 2 1000 0.00 72 1.2

N

specchia and Baldi, air-water on 5.4mm glass cylinders
0.0054 0.37 500 2.4 1000 0.001 72 1.2
0.0054 0.37 500 2.4 1000 0.001 72 1.
0.06054 0.37 500 2.4 1000 o.p01 72 1.
0.0054 0.37 500 2.4 1000 0.901 72 1.
0.00%4 0.37 500 Z.4 1000 o0.001 72 1.
0.0054 0.37 500 2.4 1000 0.001 72 1.

NNNNNN

Water Alcohol Mlxtures
Glass beads,1%EtOH in water-air,Chou
2.90E-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)

2.90E-03 0.39 200 1.8 997 1,00E-03 &6 1.2
2.90€E-03 0.39 200 1.8 997 1.00E-03 €6 1.2
2.90E-03 0.39 200 1.8 997 1,00E-03 66 1.2
2.90E-03 0.33 200 1.8 997 1.00E-03 66 1.2
2.90E-03 0.39 200 1.8 997 1.00E-03 66 1,2

Glass beads,94%EtOH In wiater-alir,Chou

2,30E~03 0.39 200 i.8 807 1,10E-03 25 1.2
2.90E-03 0.39 200 1.8 807 1.10E-03 25 1.2
2,90E~03 0.39 200 1.8 807 1,10E-03 25 1,2
2.90E-03 0.39 200 1.8 807 1.10E-03 25 1.2
2.90E-03 0.3% 200 1.8 807 1.10E-03 25 1.2

Tosun, air-80%methanol of 1.9m glass beads

0.0019 0,344 150 1.75 800 0.001 26 1.2
0.0019 0.344 150 1.75 800 0.001 26 1.2
0.001% 0.344 150 1.75 800 0.001 26 1.2
0.0019 ©.344 150 1.75 800 ¢.o01 26 1.2
0.0019 0,344 150 1.75 800 0.001 26 1.2
0.0019 0.344 150 1.75 g§00 0.001 26 1.2
0.0019 0,344 150 115 800 0.001 26 1.2
Tosun,alr-2B%glycerine on 1.3%mm glass heads
0.0019 0.344 150 1.7% 1070 0.002 70 1.2
0,0019 0.344 150 1.7% 1070 C.002 70 1.2
0.0019 0.344 130 1.7% 1670 0.Q02 70 1.2
0.0019 0.344 150 1.7% 1070 0.002 70 1.2
0,0019 §.344 150 1.75 1070 0.082 70 1.2
0.001% 0,344 150 1.7% 1070 0.002 70 1.2
0,001% 0.344 150 1.75 1070 ¢.002 70 1.2
0.0019 0.244 150 1.75 10710 0.0G2 70 1.2
Toaun, He-50%glycerine
: 0.0019% 0.344 150 1.7% 1130 0.005 58 0.166
. 0.0019 0,344 150 1.7% 1130 C.005 68 0.166
0.0019 0.344 150 1.75 1130 0.005 68 0.166
0.0019 0.344 150 1.7% 1130 0.005 68 0.1686
0,0019 0.344 150 1.73 1130 Q.00% €68 0.166
Teosun, He-80%methanol
0.0019 0.344 150 1.75 BOO ¢.001 26 0.166
0.0019 0.344 iso 1.75 800 G.D01 26 0.166
0.0019 0.344 150 1.7% 800 0.001 26 0.166
0.0039 0,344 150 1.75 800 0.001 26 0.166
0.0019 0,344 150 1.75 BOO D.o0l 26 0.166
0,0019 ¢.344 150 1,7% 8OO 0.001 26 0.166
Tosun, He-32%glycerine,30%ethancl
0.0019 0.344 150 1.7% 1000 0.005 30 0.166
0,0019 0.344 150 1.7% 1000 ¢.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 ©.00S 30 0.166
0.0019 0,344 1s0 1,75 1000 0.005 30 0.166
0.0019 0.344 150 1.75 1000 0.005 30 0.i66
Specchia and Baldi,alr-9%glycerine
0,0054 .37 500 | 1030 0.00126 52 1.2
0.0054 0.37 500 2.4 1030 D0.001z6 52 1.2
Specehia and Baldl,alr-29%sglycerine
0.0054 0,37 500 2.4 1070 0.00235 44 1.2
Notifoaming Organics
Cylindrieal II,qas-C02, Midoux
1.B4E-D3 0.37 147.5 1.96 840 S5,T0E-04 25 1.8
1.84E-03 ©.37 147.5 1,96 840 5,70E-04 25 1.8
1.84E-03 0.37 147.5 1.96 840 5, 70E-04 25 1.8
1.84E=-03 0.37 147.5 1.96 B840 5,70E-04 25 1.8
1,B4E-03 0.37 147.5 1.96 640 S,70E~04 25 1.8

Cylindrical II,petroleum ether-N2, Mldeoux
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1.84E~03 0.37 147.5
1.B4E-03 0.37 147.5
1.B4E~D3 0,37 147.5

Holub,2ir-soybean oil
0.003 0,375 15
0.003 0.3713 215
0.003 0.375 215

Holub, airw-soybean oil on 16th HDS

g.0018% 0,335 1ce
0.50188 0.335 100
0.00188 0,335 100
0.00188 0.335 100
G.0018% §,335 100

Helub, alr-soybean coll on

G.003175 0.462 270
0.00317% OQ.462 zZ70
0,003175 0,462 210

Foaming systema
Spherical Al203,10% lsopropa

0.003125 0,35 140
0.003125 0.315 140G
0.003125 0,33 14C
0.003125 0,35 140
0,003125 0.35 140

Cylindrical IJ,Kerosene I-air,Midoux

1.84E-03 0.37 147.5
1.84E-03 0.37 147.5
1.84E~-D3 0,37 147.5
1,84E-03 0.37 147.5

Cylindrical IJ,Desulfurized gas 01}1=C02,Midoux

1.84E-03 0.37 147.5
1.84E-03 (.37 147.5
1,.84E-03 .37 147.%
1.84E-03 ©.37 147.5
1.84E-03 0,37 147.5

Cylindrical II,Gas 011-C0Z, Midoux

1.B4E-03 .37 147.5%
1.B4E-03 0.37 147.5
1.84E~03 0,37 147.5

Glass beads,S50MELOH in water—air,Chou

2.,90E-03 0.39 200
2,90E-03 0.35% 200
2,90E~03 0.39 200
2,30E-03 £.39 200
2.908-03 ©.39 200

2,90E-03 0.39 200
2,90E-03 .39 200
2.90E-03 (.39 200
2.90E-D3 0.39 200
2.90E-03 0.39 200

i
1
1
1
Glass beads,20ppm Heptyl aleohol §
1
1
1
1
i

Trickle to Dispersed Bubble, Nonfoamin

Data of Tosun, air water on 1.5mm

0.0019 0,344 150
0.001% 0.344 150
0.0019 0,344 15¢

Tosun, alr-g0%methanol of 1.9mm glass beads

0.0019 0.344 156
0.0019 0.344 150
0.0019 0,344 150

1,96 650 3.10E-C4 1% 1.2
1.96 650 3.10E~04 1% 1.2
1,96 650 3.10E-04 19 1.2
on 3mm glass beads
1.4 318 0.05 25 1.2
1.4 918 0,05 29 1.2
1.4 918 0.05 29 1.2
extr
.8 318 0.55 29 1.2
0.8 918 0.05 29 1.2
.8 318 0.05 28 1.2
.8 318 0.05 29 1.2
0.8 418 0.05 2% 1.2
8th inch Al203 spheres
2.7 918 0.05 29 1.2
2.7 918 0.05 29 1.2
2.7 918 0.05 29 1.2
nol in water-air,Andersen,Mobil
1 964 0.0011 41 2.2
1 64 ¢.0011 41 2.2
1 964 0.0011 41 2.2
1 964 0,001 41 2.2
1 464 0.0011 41 2.2
1.96 780 9.90E-04 25.3
1.96 790 9,90E-04 25.3
1.96 790 9,90E-D4 25.3
1.96 730 9,%0E~04 25.3
. 860 5,.00E-03 28.8
1.96 860 5.00E-03 28.8
1.96 860 5,00E-03 26.8
1.96 860 5,00E-03 28.8
1.96 860 5.00E-03 28.8
1.56 860 5.00E-03 28.3
1,96 B60 5,00E-03 28.3
1.96 860 5.00E-03 28.3
1.8 50%.8 1.43E~03 27.5
.8 30%.8 1.43E-03 27.5
.8 909.8 1.43E-03 27.5
.8 909,8 1.43E-03 27.5%
B 909.8 1.43E-03 27.5%
n water-air,Chou
.8 1000 1.00E-03 70 1.2
.8 1000 1.00E-03 70 1.2
.8 1080 1.C0E-03 70 1.2
.8 1000 1,00E-03 TD 1.2
.8 1600 1.00E~03 70 1.2
g
glass beads
1.75 1000 0.001 72 1.2
1.75 1000 0.001 72 1.2
1.75 1000 0,001 72 1.2
1.75 a0o 0.00) 26 1.2
1.75 800 0.001 26 1.2
1.75 800 6.001 26 1.2
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Table 9.6.1 Flow Regime Transition Data (continued)

Tosun,aii—i&!qiycerine on 1.9mm glass beads

0.0019 0,344 150 1.75 1070 0.002 7¢ 1.2
0.0019 0,344 150 1.7% 1070 0.002 73 1.2
0.0019 0.344 150 1.75 1070 ¢.002 70 1.2
Tosun, He-50%glycerine
0.0019 0.344 150 1,75 1130 0.005 &8 0,166
0.0019 0,344 150 1.7% 1130 0.C0S 68 0.166
0.0019 0.344 150 1.7% 1130 0.605 68 0.166
0.0019 0.344 150 1.75 113¢ 0.005 68 0,166
Tosun, He-80%methanol
0.0019 G.344 150 1.75 800 0.001 26 0.166
0.0019 C,344 150 1.7% 800 0.001 26 0.166
0,0019 0.344 150 1.7% 800 0,001 26 0.166
Tosun, He~32¥%glycerine,30%ethanal
0.0019 0.344 150 1.75 1000 0,605 30 0.166
0.0019 0.244 150 1.75 1000 0.005 20 Q.166
0.0019 0.344 150 1.75 1900 0,005 30 0.166

Dati on Pulsing to Dispersed Bubble transitiecn, Nenfoaming systems
pata of Tosun, air water on 1.9mm glass beads

0.0019 0,344 150 1.75 igoo 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
0.0019 0.344 159 1,75 1000 0.001 72 1.2
Tosun, air-80%methanol of 1.9mm glass beads
0.0019 0.344 150 1,178 [leds) 0.0061 26 1.2
0,0019 0,344 150 1,75 800 0.001 26 1.2
0.0019 0,344 150 1,75 BOO 0.001 26 1,2
0.0019 0.344 150 1.75 800 0.00r 26 1.2
0.0019 0,344 150 1,75 800 0.0l 26 1.2
0.0019 0.344 150 1.75 80O 0.001 26 1.2
0,0019 0,344 150 1.75 800 0.001 26 1.2
0.0019 0,344 150 1.75 800 0.001 26 1,2
0.0019 0.344 150 1.75 800 0,001 26 1.2
Tosun,air-28%glycerine on 1.9mm glass beads
0.0019 0.344 150 1.75 1070 0.002 70 1.2
0.0019 0,344 150 1.75 1670 0,002 70 1.2
0.0019 0,344 150 1.7% 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 10 1.2
0.0019 0.344 150 1.75 1070 0.002 70 1.2
Tosun, Be~50%glycerine
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 0.1€6
0.0019 0.344 150 1.7% 13130 0.005 68 0.1€66
0.0019 0.344 150 1.75 1130 0.005 66 0.1%66
0.0019 ©.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 1.75 1130 0.005 €8 0.166
0.0019 0.344 150 1.75 1130 0.005 €8 0.166
Tosun, He-80%methanol
0.001% 0.344 150 1.75 800 0.001 26 0.166
0.0019 0,344 150 1.75 300 0.001 26 0.166
0.0019 0,344 150 1.75 800 0.001 26 0.16%6
0.0019 5,344 150 1.75 800 0.001 26 0.16%
0.0019 0.344 150 1.7% 800 0.001 26 0.166
0.0019 0.344 150 1.9% 800 0,001 26 0.166
0.0019 0.344 150 1.75 BOO 0.001 26 0.166
D.001% 0.344 150 1.7% 800 0.001 26 0.166

0.001% 0.344 150 1.75 800 0.001 26 0.166
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.

Tosun, He-32%glycerine,30%ethanol
5

0.0019 0.344 150 1,75 1000 0.005 30
0.0019 0.344 150 1.75 1000 0.005% 30
0.001% 0,344 150 1.7% 1000 0.00% 30
0.001% 0.244 150 1.75 1000 0.005 30
0.0019 (.344 150 1.75 1000 0.005 3¢
0.0019 0.344 150 1,75 1008 0.005 30
0.0019 0.344 150 1.7% 1000 0.005 30
0.001% 0.344 150 1.75 1000 0.005 30
0.0019 0.344 15¢ 1.75 1000 0.005 30
parameters for Baker coordinate plot
Transition data
vis G Psi lambda L/G*Psi
kg/m/s G/lambda *lambda Psi*lamb G
Part 1. Non foaming systems
spherical catalyst,air water,Midoux
1.80E~Q35 1 i858 1 1
1.BOE~0S 1 1 0.5 12 1 0.5
1.80E~05 1 1 0.3 24 1 0.3
1.80E-03 1 1 0.18 50 1 Cc.18
1.B0E-05 1 1 0.1 90 1 0.1
1.B0E-D5 1 1 0.0% 200 1 0.05
1.BOE=-O5 H 1 .02 200 1 0.02
cylindricai I, alr water Midoux
1.80E-0S 1 1 158 1 i
1.BOE=-05 1 1 0.4 20 1 0.4
1.80E~05 1 1 0.2 40 1 0,2
1,80E~0Q3 1 1 .1 e 1 oo.l
Glass beads,water-alr,Chou
1.800E~05 1 19 1 1
1.800E~05 i 0.5 15 1 0.5
1.800E~0S i 1 0.2 40 1 0.2
i.BO0E~DS 1 1 0.1 80 1 ¢.1
1.B00E-Q3 1 1 0.06 150 1 0.06
pata of Tosun, air water on 1.9mm glass beads
0.000018 1 1 0.65 10.76923 1 0.65
0.0acols 1 1 0.27 29.62962 1 .27
0.000018 1 1 0.11 81 8118 1 2,11
0.go00148 1 1 0.07 142.8571 1 0.07
0.000018 1 1 0.05 220 1 0.0%
Holub, alr-water on 3mm glazs beads
0.00D018 1 1 0.5175 $.314009 10,5173
0.000018 1 1 0,874 5.263157 1 ¢.874
0.000018 1 1 1.781 1.965188 1 1.781
Holub, alr-water on 16th HDS extr,
0.000018 1 1 0.6865 11.01966 1  0.68B65
0.000018 1 1 0.3064 26,40339 1 0.3064
0.000018 1 1 1.36 5.635294 1 1.36
Specchla and Baldl, alr-water on fum glass beads
0.000018 1 1 0.1152 101.5625 1 (.1152
9.000018 1 1 0.264 26.51515 1 0.264
0.000018 1 1 0.408 6,985294 1 0,408
0.000018 i 1 0.624 4,.567307 1 G624
0.000018 1 1 0.948 3.006329 1 0,948
06.080018 1 1 1,308 2.178899 1] 1,308
specchia and Baldi, alr-water on 2.7mum glass cylinders
0.0600018 1 1 0.1152 61.19791 1 0.1152
9.000018 1 1 N.264 26,70454 1 0.264
0.000018 1 b 0.408 6.911764 1 0.408
0.0000)8 1 1 0.624 4,519230 1 0.624
0.000018 b 1 0.948 2,974683 1 0.948

Specchia and Baldl,
1

0.000018

1 n.1152 60.763868

1

air-water on S.4mm glass cyllinders

0.1152

G.166
C.166
0.166
0.166
0.166
0.166
0.166
G.166
0.166
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Table 9.6.1 Flow Regime Transition Data (continued)

0.000018 1 1 0.264 10,79545 1 0.264
0.000018 1 1 0.408 6,53%294 1 0.408
0.000018 1 b3 0.624 4.567307 1 0,624
0.000018 1 1 0.9%48 3,006325% 1 0.948
f.000018 1 1 1.308 2.17688%9 1 1.308
Water Alcohol Mixtures
Glass beads,13etOH in water-air,Chou
1.BODE~05 1.1 1 17 1.1 1
1.800E~Q5 .1 1 0.5 12 1.1 6.5
1,.BO0E-05 1.1 1 0.2 as 1.1 0.2
1.800E-0% 1.1 1 0.1 60 1.1 0.1
1.800E-05 1,1 1 6.05 140 1.1 0.05
1,8C0E-05 1.1 1 0.04 200 1.1 0.04
Glass beads,94%FEtOH in water-alr,Chou
1.800E~85 3.4 . 1 12 3.06 0.9
1.800E~05 3.4 0.9 0.5 38 3.06 .45
1.800E~0% 3.4 0.9 0.2 70 3.06 ¢,18
1.800E-05 3.4 0.9 0.1 150 3.06 0,09
1.800E-05 3.4 0.9 0.07 229 3.06 9.CB3

Tesun, sir-80%methancl of l.%mm glass beads
Q.000018 3.212929 0.8%4427 0,B94427 10,77649 2,873731 0.8
0.000018 3.212929 0.894427 0.447213 22,27142 2.873731 0.4

0.000018 3.2129%2% 0.894427 0.279508 36.78376 2.873731 0.25
0,000018 3,212929% 0.694427 0,100623 111.7562 2.B73731 0.09
0.000018 3.212929% 0.894427 0.067082 191.5821 2.873731 0.06
0.000G18 3.212929 0.894427 0.050311 287.3731 2,873731 Q0,045
0.000018 3.212929 0.894427 0,044721 359.2164 2.873731 0.04

Togun,air-28%glycerine on 1.9mm glass beads

0,000018 1.238533 1.0344G8 Q. 870062 8.256295 1,281149 0.8

o 0.000018 1,238533 1.034408 0.580041 12.38444 1,281149 0.§
0,000018 1.238533 1.034408 C.241684 29.72266 1.281149 .25
0.C05018 1.2385331 1,.034408 0,145010 49.53777 1.28114% 0.15
0.006018 1,238533 1.034408 0,096673 74.30665 1.281149 ¢.1
0.000016 1.238533 1.034408 0.067006 B85.40995 1.28114%9 0.0%
0.080018 1.238533 1.034408 0.062837 137.9699 1.28114% G.065
0,000018 1.238533 1.034408 0.038004 170.8199 1.281149 0.086

Tosun, He-50%glycerine
0.00002 1,668131 0.39536% 1.517569 5.496063 0.659527 0
0.00002 1.66813]1 CG,39536%9 0,758784 9.892914 0.658527 O
0.00002 1.66B131 0.355369 £.,227635 30.04514 0.659527 0,09
0.00002 1.668131 0.3953869 0.060702 137.4015 0.659527 0.024
4.00002 1.668131 0.39%36% 0.053114 1BB.4364 0.659527 0.021

Tosun, He-80%methanol
0.00002 3.2312929 0.332665 0.300601 32.06497 1.068832 O.1
0.00002 3.212929 0,332665 0.225451 44.17840 1.0688132 0.07%
0.,00002 2.212529 0,.332663 0,075150 136.6105 1.068832 0.02%
0.00002 3.212929 0,.3326635 0,C30060 374,£913 1.0888R22 0.01
0.00002 3,2123%29 ¢.332665 0.016533 777.3326 1.068832 0.0055
D.00002 3.212929 0.332665 0.105210 152.6903 1.068832 0,035

Tosun, He-32%glycerine,30%ethanol

0.00002 4.101741 0.371931 1.2098598 19.66288 1.525568 0.45
0.00002 4.101741 0.37193] 0.941032 19,.61445 1,525568 0.35
0.00002 4.101741 0.371931 0.537732 26.63744 1,525568 0.2
0.00002 4,101741 0.371931 0.268866 45,76705 1,525568 0.1
0.00002 4.101741 ©,371931 0.107546 110.6037 1.525568 .04
0.00002 4.50174) 0.371931 0.45377% 224.8352 1.525568 0.02

0.00002 4.101741 0.371931 0.,029575 554.7521 1.525568 c.011

Specchia and Baldl,alr-%iglycerine
Q.000018 1.466232 1.014889 0.169082 14.56845 1.488063 0.1716
0.C00018 1,466232 1.014889 0.268403 8,177486 1.4BB0O63 0.2724

Specchia and Baldi,air-29%glycerine
0.000018 2.079102 1.034408 0,.165891 21.80718 2.150639 0.1716
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Table 9.6.1 Flow Regime Transition Data (continued)

Nenfeaming Organics
Cylindrieca} II,gas-C02, Midoux

1.49E~05 2.7 1.13 G.5 13 3,053 0.565
1,49E-05 2.7 1.13 0,12 99 3.051 0.1356
1.49E-03 2.7 1.13 0.09 110 3.051 0.1017
1.49E-05 2.7 1.13 0.07 150 3.051 0.6791
1.49E=-05 2.7 1.13 0.08 210 3.051 0.0&7%
Cylindrical II,petroleum ether-N2, Midoux
1.780E=-05 3.5 0,79 0.135 80 2.76% 0.10665
1,780E-05 3 5 0.79 0.06 220 2.765 0.0474
i.780E-05 3.5 ¢.79 G.014 1000 2.76% 0.01106

Holub,air-soybean oll on 3mm glass beads
0.000018 9,670262 0.958123 0.324592 48.05444 9.265302 9.311
n.000018 9.670262 0,958123 0.156643 109,.5378 9.2€5302 0.152
0.000018 9,570262 0.958123 0.063666 302,5653 9.265302 0.0861

Holub, alzr-soybean ©il on 16th HDS extr

0,000018 9.670262 0,958123 1.398567 19.878%1 9.265302 1.34
4.000018 9.670262 0,958123 0,720157 38.60542 $.265302 0.69
0.000018 9.670262 0.958123 $.323549 85,92821 9,2635302 0.31

0.000018 9.670262 0.958123 0.104370 268.87%0 9.265302 0.1
0.000018 9.670262 0.958123 2.256243 11.68471 $.265302 2.202

Holub, alr-soybean oil on Bth inch AlZ03 spheres

0.000018 9,670262 0.95B123 0.167410 107.7871 9.285302 0.1604
¢.000018 9.670262 (,9583123 0.057717 353.3548 9.265302 0.0353
0.000018 9,670262 0.958123 0.387215 43.50446 9.265302 0.371

Foaming systems
Spherical Al203,10% isopropanol in water-alr,Andersen,Mobil

0. 000018  1.858 0.98 0.183 26,5 1.82084 0,17934
0.LO0018 1.B3R 0.98 0.081 41.8 1.82084 9.07938
0.000018 1.858 0.98 0.038 255,5 1.82084 0.03724
0.000C18 1.838 0,928 0.011 1100 1.82084 0,01078
¢.000018 1.858 0,98 0.0038 5190 1.82084 0.D03724
Ccylindrical II,Kerosene I-air,Midoux
1 .8B00E~-Q5 3.3 0.8% 0.2 50 2.5837 0.178
1.800E-053 3.3 0.89 0.03 300 2.937 0.0267
1.800E~03 3.3 0.89 0,008 2000 2.937 0.907L2
1.800E-05 3.3 0.89 0.1 100 2.937 0.089
Cylindrical EI,Desulfurizad gas oii-CO2, Hidoux
1.480E-05 4.7 1.14 0.5 5.358 0,57
1.480E-05 4.7 1.14 0.05 200 5.358 0.057
1.480E-05 4.7 1.14 0,02 500 5.358 G.0228
1.480E~-05 4.7 1.14 0.01 1500 5.338 0.0114
1.480E-0QS 4,7 1,14 ¢.008 900 5.358 0.00912
Cyiindrical II,Gas Ql1-C02,Midoux
1,480E-05 4.8 1.14 0.08 1co 5,472 0.0912
1.4805—05 4.8 1.14 0.01 1000 5.472 0.0114
1,4B0E-05 4.8 1.14 0.006 1800 5.472 0.00684
Glass beads,S50¥ELQH in water-air,Chou
1.800E~05 3.1 0.954 D.75 8 2.9574 0.7155%
1.800E-05 3.1 G.954 0.5 14 2.9574 0.477
1.800E-05 3.1 0.554 0.2 45 2.9574 0.1908
1,800E~0S 3.1 0.954 0.1 85 2.9574 0,0954
1.800E-05 3.1 G.954 0,062 150 2.9574 0.055148
Glass beads,20ppe Heptyl aleohel in wate:-air,chou
1.800E-05 1.03 14 1.0 1
1,800E~05 1.03 1 0.5 10 1.63 0.5
1.8002—05 1.03 1 0.2 30 1.03 0.2
1.800E-0S 1.03 1 0.1 -1 1.03 0.1
1.800E~05 1,03 1

0.06 90 1.03 0.06
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Trickle toe Dispersed Bubble, Nonfoaming

Data of Tosun, air water on 1.9mm glass beads

¢.000018
0.000018
0.000018

1
1
1

1 0.025
1 0.02
1 ¢.016

1562,5 1

9.025
0.02
9.016

60¢ 1
100C¢ 1

Tesun, air-80%methanol of 1.9mm glass beads

¢.000018 3.212929 0,894427 0,039131 574,7463
¢.000018 3.212929 0.894427 0.031304 1026,332
0.000018 3.212929 0.8594427 0.027950 1724.238

2,873731
2.873731
2.873731

Tosun,alr-28%glycerine on 1.9mm glass beads

£.000018 1,236533 1.034408 0.048336 256.2298

0.000018 1.238533 1.034408 0.038669
0.000018 1,23B533 1.034408 0.033833

Tosun, He-S50%glycerine
0.00002 1.668131 0,395369 0.037939
0.00002 1.668131 D,395369 0.035409
0.00002 1.668131 0.295369 0.030351
0.00002 1.668131 0,395369 0.027822

Teoszun,

He-80%methansl

0.00002 3.2129%29 0.332665 0.008416
0.00002 3.212929 0.332665 (,0075135
0.00002 3.212529 0.332665 0.006012

Tosun, He-32%glycerine,30%ethanol
0.00002 4,101741 0.371931 0,017476
0.00002 4.101741 0.371931 0.012443
0.00002 4.301741 0.371931 0.0129¢5

1,.281149
480,4309 1.281149
732.0853 1.281349

0.659527
0.659527
0.659527
0.659527

351.7480
706.6367
1099.212
1798.711

3053.807 1,068832
4275.329 1.068832
8016.243 1.068832

1.525568
1.525568
1.3525568

1877.622
4576,705
6356,.534

Data on Pulsing to Dispersed Bubble transition, Nonfoaring

Data of Tosun, air water on 1.9mm

0.c00018
0.G00018
0.C00018
0.000018
Q.Qo0018
- 0.000018

S

1 0.035
0.11
c.le
0.22
0.3
0.35

[ETyoyy.

glass beads
426,574
183.8181
138.8888
136,3636
133.3333
1268.5714

4.035
0.11
0.18
0.22

.3
0.315

PRER e

Tosun, alr-80%methanol of 1.9mm glags beads

0.000018
0.000018
0.000018
0.000018
0.000018
0.0000%8
0.000018
0.000018
0.000018

3.712923%
3.212929
3.212929
3.2129239
3.212929
3.212929
3.212929
3.212323
3.212929

0.894427 0.045839
C.B94427 ¢_055501
0.894427 0.0614591
0.894427 C.07B262
0.894427 (.100623
0.834427 0.122983
0,894427 0.156524
0.894427 ©.201246
0,.894427 0.313049

2,873711
2.873731
2.873711
2.873731
2.873731
2.873731
2.873731
2.873731
2.8737131

420,5460
402.3224
417.9973
369.4797
31%.3035
Z87.3731
246.31%8
239.4776
205,2665

Tosun,2lr-28%glycerine on 1,%mn glass beads

0.000018
0.000018
0.0000148
0.000018
0.0000148
0,000018

Tosun, He-
0.00002
0.00002
0.00002
0.00002
0.00002
0.00002
0.00002
0.00002
0.00002
0.00002

1.238533
1,238533
1,238533
1.238533
1.238533
1.238533

1.034408 0,058004
1.034408 0.067671
1.034408 0.077338
1.034408 ©.116008
1.034408 ¢.145010
1.034408 0.183679

50%glycerine

1.668)31
1.668131
1.668131
1.668131
1_668131
1.668131
1.668131
1.668131
1.668131
1.668131

0.39536% 0.050585
0.395363 0.050585
0.39536% 0,053114
0.39536% 0.060702
0.395369 0,063232
0.395369 0.101171
0.395369 0.177049
0.39536% 0.214989
0.39536% 0.252928
0.395369 0.278221

192.1723
183.0213
176.)580
128.1149
128.1149
134.8578

1.2811489
1.281149
1.2B1149
1.281149
1.2B1149
1.281149

0.659527
0.658527
0.658527
0.659527
b.6598527
0659527
0.659527
0.659527
0.659527
0.658527

230_B346
263.68110
282,6546
274.803%1
290.1921
247.3228
1B8.4364
193,9787
197.8582
239.8282

2,035
0.028
0.025%

0.05
0.038

¢.0048

systems

D.04)
0.05
0.055
2.07
0.05
0.11
0.14
0,18
0.28

0.08
0.07
0.08
0.12
0.15
0.19

0.02
0.02
0.02%
0.024
0.025
0.C4
0.07
0.085

0.11
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Table 9.6.1 Flow Regime Transition Data (continued)

. Tosun, He-80dmethanol
0.00002 3,212929 0,332665 0.012024 1603,248 1.068832 0.004
0.00002 3.212929 ¢.332665 0.014729 1526.903 1.068832 0.0049
0.00602 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
©.00002 3.212929 0.332665 0.030060 1175.715 1.068832 0.0l
0.0006G2 3.212929 0.332665 0.042084 516.1421 1,068832 0.014
0.000082 3,212929 0.332665 0.048096 1002.030 1.068832 0.016
0.00002 3.212929 0.332665 0.078156 822.1788 1.068632 0,026
0.00002 3.212929 ©.332665 0.135270 93,7958 1,068832 0.045

Tosun, He~32%glycerine,30tethancl
0.00002 4.101741 0.371931 ©.026348 778.3512 1.525568 0.0038
0.00002 4§.101741 0.371931 0.026B86 915,3410 1,523568 0.0%
2.00002 4.101741 0.371931 0.032263 B89.9148 1.525568 0.012
6.00002 4.101741 0.371931 0.037641 871.7533 1,525568 0.014
0.p0002 4,101741 0.371931 0.040329 915.3410 1.523568 0,015
0.00002 4.101741 0.371931 0.051084 802.9307 1.5233€8 0.019
0.00002 4.101741 0.371831 0.091414 £73.0448 1,5255€8 0.034
0.00002 4.101741 0.371931 0.161319 508,5227 1.523368 0.06
0.00002 4.101741 ©.371931 0.241979 423.768% 1,525568 G.0%

L ReG puls RelL puls eta ¢ puls eta L puis psig psil
part 1. Non foaming systems
spherical catalyst,air water,Midoux
s 273.2240 22_.3546%9 23.0395681 3.9199432 1885 3.26
6 136.6120 26.82563 13.1154686 4.3634099 877 2.05
7.2 B1.96721 32,19076 B,98857231 4.8694433 558 1.67
g 49.18B032 40.2384% 6.35667387 5.591057% 402 1.48
k. g 27.32240 40.23845 4.41132211 5.591057% 228 1.27
L 10 13.66120 £4,70938 2,96580043 5.977756% 137 1.16
' 10 5.464480 44.70938 1.81500415 S5.9777569 S7.8 1.07

Cylindrical I, alr water,Midoux
5 213.1147 17.43666 23.8503373 3.3893069 3320 4.99
8 85.24590 27.89865 10.7493227 4.6236907 1330 2.67
8 42.62295 27.89865 6.25374991 4.6236907 €72 .81
10 21.31147 1487332 3.85856808 5.4057413 454 1.35

Glass beads,water-air,Chou
9 264.1165 €2.7B688 22.4622892 5.7900267 2480 3.98
7.5 132.0582 35.65573 12,7B63338 5.1616368 1010 2.21
8 §2.82331 3B.03278 6.63882538 5.3739122 398 1.48
B 26 41165 38.03278 4.30025175 5.3739122 199 1.24
9 15.84699 42_786B6 3,20046012 5.79%00267 139 1.17

bata of Tosum, alr water on 1.%mm glass beads
7 104.5901 20.27439 10.6658610 3.5045304 3300 5.68
8 43.44512 23.17073 5.66317181 3.7973457 1370 3.37
9 17.69386 26.06707 3.23445534 4.0809101 1180 2.41
10 11.26355 2B.96341 2.49861934 4.3570302 1010 2,21
11 B.045392 31.85975 2,.07638503 4.6270389 946 2,14

Holub, alr-water on 3wm glass beads

4.82 138 23.136 12.3964240 1.9514449 B6S 2,04
4.6 233.0666 22,08 18.5514048 3.84B6620 1580 2.B%
3.5 474.9333 16.8 33,764086% 3.3062631 3670 5.4

Holub, alr-water on 16th HDS extr,
7.56% 107.8212 21.38676 B.9626%029 3.1651803 3740 5.4%
£.09 48.12257 22.87097 5.16331440 3.2897191 2030 3.44
7.664 213.6006 21.66664 15.2131868 3,1888678 7400 9.88

Specchia and Baldi, alr-water on 6mm glass beads
11.7 64 117 9.26630431 13.191155 249 1.305

7 146.6666 70 15.1679681 9.7508366 341.3 1.417
2.85 226,6666 28.% 20.1324599 5.9552683 331.9 1.405
2.85 346.666% 2B.5 27.0932543 5,3552683 554.6 1.677
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Table 9.6.1 Flow Regime Transition Data (continued)

z,15
2.75

2.85 526.6666
2.85 T26.6666

28.5 37.0851984 5.9552683 939
28.5 47.9204932 5.9552683 1432

Specchia and Baldl, alr-water on 2.7mm glass cylinders

7.05 27.87096 30.70161 4.78512445 5.0620483 547.8 1.67
7.05 63.87096 30.70161 7.94314234 5.0620483 1066.9 2.305
2.82 98,70967 12,28064 10.6485601 3.0339515 949.8 2.16
2.82 150.9677 12.28064 14_4866088 3.0339515 1523.4 2,86
2.82 229.3548 12.28064 20.0466333 3,0339513 2503.7 4,058
specchia and Baldl, alr-water on 5.4mm glass cylinders
7 54.85714 60 7.87308232 8.3139240 179 1.22
2,85 125,7142 24_42857 13.4273287 4,9408094 243.8 1.3
2.B5 194,2857 24,42857 18.3257057 4.9408094 422.4 1.52
2.8% 297.1428 24,42857 25.3937076 4.9408094 736.2 1.9
2.B5 451.428B5 24.42857 35.7586615 4.94080%4 1298 2,585
7.85 622.B571 24.42857 47.1452148 4.94508094 2046.9 3.5
dater Alcohoel Mixtures
Glass beads,lVELtCH In water-air,Chou
6.163636 264.1165 30,25335 22.4622892 4,6662245 2110 3.54
5,454545 132.0582 25.93144 12,7863338 4,2535333 838 2.01
§.363636 52.82331 30,2531% 6.63982538 4,6662245 1330 1.4
5, 454545 26.41165 25.93144 4.30025175 4.2535333 138 1.17
6.363636 13.20582 130.25331% 2.89105754 4_6662245 77.4 1.09
7,272727 10.56466 34.57526 2,55822437 5.0640845 71,7 1.09
Glass beads,34%EtOH in water-air,Chou
3.529411 237.7049 15.25379 20.5459416 3,1326428 1640 3.44
4.411764 11B.8524 19%.06723 11.7962062 3,.5548562 793 2.18
§.117647 47.54098 17,7960% 6,19677512 3.4175087 282 1.42
4.411764 23.77049 19.06723 4.04021235 3,5548562 146 1.22
4.529411 16.63934 19,57569 3.28971353 3.6089699 104 1.16
i osun, alr-8C3mechanol of 1.%mm glass beads
- 3 128,7262 B.G69024 12.5606844 2.1652364 3690 6.54
3.1 64.36314 B,978658 7,43023449 2.2044017 1820 3.73
3.2 40.22696 9,268292 5.38107243 2.243096% 1210 2.81
3,5 14,48170 10.13719 2.87979295 2.3565926 565 1.85
4 9654471 11_58536 2,29400056 2.5382636 472 1.71
4,5 7.240853 13.03353 1.96136216 2.7121962 436 1.65
5 6.436314 14.48170 1.84117009 2.87979%23 454 1.68
Tesun, air-268%glycerines on 1.%7m glass beads
5.8 144.8170 8,399390 13.8134160 2,1255750 6180 7.94
5.8 96,54471 8.39%9390 1¢.0284762 2,1255730 4170 5.67
.8 40.22696 8.359390 5,38107243 2,125575%0 2030 3.28
S.B 24.13617 8,39%3%0 3,8%279390 2,1255750 1420 2.5%9
5.8 16.09078 8.339390 3.0598457% 2.1255750 1090 2.23
6 14.48170 §.689024 2,87979295 2,1652364 1060 2.19
7 10.45%01 10.13719 2.39772164 2.3565%26 1020 2.15
8 5.654471 11.58536 2,29400056 2,5382636 1130 2.27
Tosun, He-50%glycerine
S 86.89024 2,896341 925843981 1.22113%0 141000 21.7
4.5 43,44512 2.606707 S5.66317181 1.1471080 12300 1l.6&
4.1 13.03353 2,375 2.71219621 1.0935019 29800 5.37
5 3.475609 2.896341 1,33106583 1,2111390 17000 a.5
6 3.041158 3.475609 1.2420618% 1.3310658 18600 3.74
Tosun, He-B0&methanol
3 14.48170 B.689024 2.87979295 2.1652364 15800 4.28
3.1 10.86128 8.978658 2,44850137 2.2044017 12900 3.67
3.2 3.620426 9.268292 1,35961583 2.2430969 6010 2,25
3.5 1.448170 10.13719 0.84937763 2.3565926 3450 1,72
4 0.796493 11.%B536 0,62755608 2.538263§ 2620 1,54
5 5.0685%7 14.4B170 1,62170589 2.8797923 10200 3.11
Tosun, He-32%glycerine, 30%tethanol}
$.8 65,16768 3.359756 7,49654264 1.3078431 120000 20.9
4.% 50.68597 2.606707 6.28604826 1,1471060 B6800 15.4
3.5 28.96341 2.027439% 4.35703023 1.0083311 50000 9.3

S
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Table 9.6.1 Flow Regime Transition Data (continued)

3 14,48170 1.737804 2.87978295 0.9319511 28800 5.79
2.9 5.792682 1.679878 1.74057671L 0.9160228 16500 3.74
3 2,896341 1,737804 1.211139C0 0.9319911 11700 2.95
4 1,592987 2.317¢73 0.89157451 1.07972590 11400 2,89

specchia and Baldi,air~St%glycerine
1,68 BL.71428 11.42857 10.0873423 3.2837137 115.8 1.121
1.68 129.7142 11.42857 13,7206902 3.2837137 207 1,217

specchla and Baldi,alr-29%glycerine
1.74 81.71428 6.346504 106,0873423 2.4185554 149.6 1.15

Nonfecaming Organles
cylindrical I7,g4as-C02, Midoux
2.407407 110.7469 12,33536 11.5316354 2.6400759 6938 2.5
4 26,579731 20.49568 4.18007011 3.5582820 193 1.41
3.666666 19,.93480 18.78771 3.49994688 3.3772231 134 1.29
3.BEBEES 15.50484 39.92635 3.01398365 3.495C503 119 1.24
4.666666 13,28986 23.91163 2,.75614667 3,8124394 114 1.24

cylindrical Il,petroleum ether—N2, Midoux

3.085714 17.49919 29.07175 3.23695093 4.4248003 283 1.5%2

3.771428 7.777421 35.53214 2.04174711 5,.0409878 159 1.29
4 1.814731 37.68561 0.95018558 5.2417110 44.4 1.08

Holub,alr-scybean oll on 3mm glass beads
1.613 82,93333 0.154948 8,65503650 0.3015166 3390 5.43
1,757 40.53333 0,172512 5.48161656 0.3182680 2740 4,58
1.092 16.26666 0.191232 3.2482633% 0.3351121 2230 3.99

Holub, alr-soybean oil on 16th HDS extr
2.875 210.4594 0.162556 15.0307023 0.2551609 29200 39.2
2.875 108.3709 0.162556 8.99611005 0.2551609 20000 27.1
2.875 48,68838 0.162556 5.20203265 0.2551609 14400 19.9
2.902 15,70593 0.164083 2,65927371 0.2563578 1070¢ 15
2,777 345.B446 0,.157015 22.8272869 0.25076688 41500 55.2

Holub, alr-soybean oll on 8th inch Al203 spheres
1.866 52.5BBEC 0.220243 7.26237%35 0,3808905 1080 2.41
2.109 18,13067 0.248924 3.75196974 0.4045504 764 2
1.742 121.6362 0.205607 13,3113686 0.3679%06 1710 3.23

Foaming systems
spherical A1203,10% isopropanol in water-air,Andersen,Mobil
2.610064 47.90064 11.40762 5.51610824 2.4164036 47.3 1,11
£.002045 71.20192 17.49145 3.35915307 3.0516833 24.7 1.06
5,22%511 9.94658) 22,83877 2.2454 4895 3.5457922 13.9 1.03
§.512378 2.879273 28.4631% 1.17929536 £.0261719% 4.99 1.0%
10.614%2 D.594658 4639265 0, 68855118 5.4067588 3.67 1.0%

cyilndrical II,Kercsene I-alr,¥ldoex

3.030303 28.88183 B.939806 4,40630758 2.2042812 658 2
2.727272 4.332275 8,045826 1.49190145 2.6800332 113 1.17
4,648484 1.155273 14,30369 0.75488113 2.8756644 78.5 1.12
3,030303 14.440%1 B.939806 2.8%163449 2.2042812 358 1.54

Cylindrical I, Pesulfurized gas 01 1-C02,Midoux

1.170212 112.4B39 0.683552 11.6756885 9.5788653 1210 3.53
2.127659 11,24839 1,242823 2,50623653 0.7834108 308 1.64
2.127659 4.499356 1.242823 1.5219%320 9.7834108 174 1.36
2.127659 2.24%678 1.242823 1,08052449 p.7834108 1i2 1.23
1.531914 1.799742 0.894832 0. 94616134 0.6632324 50.3 1.11

Cylindrical II,Gas 011-CO2,Midoux

1.666666 17.99742 0.973544 3.29151267 0.6921450 324 1,68
5.0833313 2.249678 1.216331 1.0609244% 0.7750761 107 1,22
2.25 1.349806 1.314285 0.81700395 ¢.8059952 B9.2 1.19

Glass beads,S0SELOH fn water-alr,Chou
1.935483 188.9754 6.434601 169916143 1.9623342 1000 2,33
2.258064 125.9836 7.507035 12.3318066 2.1292102 631 1.83
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Table 9.6.1 Flow Regime Transition Data (contnued)

2.903225 50.39344 9.651%02 6.43706877 2.4360275 241 1.32
3.064516 25.19672 10.18811 4.18158733 2.5083306 116 1.15
3 15.62196 9.973632 3,17483823 2,4795915 68.7 1.09

Glass beads,20ppm Heptyl alcohol in water-air,Chou

3.883495 264.1165 18.46251 22.4622892 3.4898963 1730 3.08
4.854368 1320582 23.07814 12.7863338 3.9707093 786 1.94
S.E25242 52.82331 27.63377 6€.63982538 4.4238686 307 1.37
A 854368 26.41165 23.07614 4.30025175 3.9707093 125 1.15
§.242718 15.B4699 2492439 3,20046012 4.1547724 77.1 1.09

Trickle te Dlspersed Bubble, Nonfoaming
Data of Tosun, alr water on i.%m glass beads
15 4,022696 43.44512 1.43638403) 5.6631718 1080 2.29
20 3.21W157 57.%2682 1.27896877 6.5961304 1560 2,88
2% 2,574525 72,40B85%3 1,13979739% §,0894383 2110 3,53

Tosun, aiz-80%methanol of 1.9mm glass beads
7 5.631775 20,27439% 1,71472218 3.5045304 627 1.94
10 4,505420 28,96341 1.52420910 4,3570302 898 2.35
1% 4,022696 43,44512 1,4363B403 5.6631718 1500 3.25

Tosun,air-2BAglycerine on 1_%mm glass bDeads
10 B.045392 14.48170 2.07638503 2.8797929 1330 2.4%
1% 6.436314 21.72256 1,84117009 3,6522318 1960 1.22
20 5.631775 2B.96341 1,.71472218 4.3570302 2720 4.05

Tosun, He-50%qlycerine
8 2,172256 4.634146 1,04458288 1.5469325 21000 4.09
15 2.027439 8.689024 1,00833116 2.1652364 36900 6.42
20 1.737804 11.58536 0.93199119 2,5382636 46900 7.89
30 1,%92987 17.37804 0.B9157451 3,199%257 69500 11.2

o Tosun, He-80Amethanocl

: 8 0.405487 23,17073 0,44675203 3.7973457 4270 1.89
- 10 0,362042 28.96341 0,42203450 4,3570302 5620 2.17
15 0.,28963% 43.44512 0,37732033 5,.6631718 9520 2.97

.

Tosun, He—32%glycerine,30%ethanol
8 0.%41310 4.634146 0,68279616 1,.5469325 18500 4.07
15 0,724085 8.689024 0.59810079 2.1652364 33000 6.48
20 0.69512F 11.58536 O_.58591851 2. 50826346 44300 8.35

Data on Pulsing to Dispersed Bubble transitlon, Nonfoaming systems
Dara of Tosun, alr water on l.%wn glass Deads
15 5.631775 £3.44512 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 %500 12.4
45 56,31775 130.3353 6,.76148381 12.6B86275 11700 15

Tosun, air-80%methanol of 1.9 glass beads
6 6.597222 17.37804 1.896566938 3,1999257 568 1.85
7 8.045392 20.27439 2.07638503 3,5045304 758 2.14
8 8.849932 23,17073 2,18705445 3.7973457 926 2.3%
9 11,26355 26.06707 2,495861934 4.0809101 119C 2.78
10 14.48170 28.96341 2.87979295 4,3570302 1500 3.25
11 17.69986 31.B5975 3.23445534 4,627038% 1830 3.74
12 22.S52710 34.75609 3.73315071 4.8919482 2240 4.36
15 28,96341 43,.44512 4.35703023 5,6631718 3160 5.74
20 45.05420 57.92682 5,80290415 6,8961304 5230 £8.84

fosun,alr-28%glycerine on 1.5mn glass beads
9 9,654471 13.03353 2.29400056 2.7121962 1290 2.44
10 11.26355 14.48170 2.49861934 2.8797923 1550 2.74
11 12.87262 15.92987 2,.69320532 3.0421011 1820 3.04
12 19.30894 1737804 3.40445924 3.1999257 2390 3.68
15 24.13617 21,72256 3,89279390 3.6522338 3280 4.68
20 30,57249% 28.96341 4,.507718467 4.3570302 4810 6.39
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Table 9.6.1 Flow Regime Transition Data (continued)

Tosun, He-50%qlycerine
7 2.896341 4.054878 1.21113%00
8 2.B96341 £.634146 1.21113900
9 3.04115%8 5.213414 1.2420618%
10 3.47560% 5.792682 1,.33106583
11 3.620426 6.371951 1.359615483
15 5.792682 8.689024 1.74057671
20 10.13719 11.58536 2,35653266
25 12.30945 14.48170 2.62609550
30 14.48170 17.37804 2,87979235
40 15.92987 23.17073 3.042103117

Tosun, Be-80¥methancl

6 0.579268 17.37804 0,53450929

7 0.709603 20,27439% 0.59203997

9 1.013719 26.06707 0.70886704
10 1.158536 28.96341 0,75844317
11 1.448170 31.85973 0.84537763
12 2.02743% 34_75609 1.00833116
15 2.317073 43.44512 1,07972%04
20 3.765243 57.92682 1.36766491
25 6,516768 72.40853 1,85345024

Tosun, He-32%glycerine,30%ethanol
5 1.419207 2.896341 O.B407CI124

6 1.448170 3.475609 0.84937763

7 1.737804 4.054878 0.93199119

B 2.027439 4.634146 1.00833116

9 2.172256 5.213414 1.04458258

10 2.7151524 5.792682 1,17950725
15 4.923780 B_6£89024 1.59709541
20 B.685%024 11.58%36 2.16523642
25 13.03353 14.48170 2,71219621

Kapitza raip*el*5/11
nember relp*el~s/11 *psil~l/i1l

ilg.

holdup to /xa*1/11 fka*1/s11

1/11 Yy (2}
Part 1. Non foaaing systems
spherical catalyst,air water,Midoux

0.121
0.151
0.174
2,159
0.209
0,225
0.232

8.546049 28,21312%072 31,
8.946049 33, 855754886 36.

1.4423766
1.5468325
1.6460212
1.7405767
1.8313012
2.1652364
2.5382636
2.879792%9
3.1999257
3,7973457

3.1999257
3.5045304
4,0809101
4,3570302
4.627036%
£.,8919482
5.6631718
68961304
5.08%4383

1.211139¢
1.3310658
1.4423766
1.5469325
1.6460212
1.7405767
2.1652364
2.5382636
2.8797929

412854368
138802852

8.546049 40,.626905864 42,.5657%01€1

B.94604% 50,783632329 52,

6262310506

8.946049 54.783632329 51.69517601

B.946049 56,426258144 57.
8.346049 56,426258144 56,

Cyiindrical I, alr water,Midoux
0.11% B.546049 1B, 647969864 21.582176736
0,174 8.946049 23 836751783 32,623104883
0,198 B5_94604% 29.B3675)1783 31,450304949
0.231 8.946049 37.295939728 38.81185819%

Glass beads,water-alr,Cheu
0.141 9.158999 51,926057966 SB,873543838
0.159 9,158999 43,271714972 46,506375761

0.187 9158993

0.158

46.15649597 47,

192761764
T14393551

831188155

9.158999 46.15649597 47,06798643
0.213 9.158999 51.926057966 52,.672516581

{Z) /etag

20800 4.
23400 1.
26300 4.

1
43
&7

30200 5.4%

33300 5.
50900 8.

B89
48

78800 12.%6
101000 15.9
125000 19.4
166600 Z5.4

3370 1.72
4670 1.97
7440 2.54
BEED 2.84

10800 3.
13600 3.
18200 4.
29600 7.

25
83
78
14

45800 10.5

13400 3,
16000 3,
15700 4,
23400 4,
26500 5.
31400 6.
53500 9,

22
66
26
a8
41
21
83

82100 14.6
114000 19.9

1.363430696
2.755433573
4,.735545146
8.276891054
11.76496684
19,29408376
31.28058598

0.90430027
3.034698630
5.035427682
10.05861691

2.620994818
3.637193810
7.203681628
10.94540485
16.45779455

pata of Tosun, alr water on 1.%mm glass beads

§.158999 21, 588981206 25, 281874415 2.370354760
3.158999 24, 673121378 27.554367719 4,865536243
9.158999 27,757261551 30.068062184 9.2561747€8
§.158999 10.841401723 33.146867843 13,26607350
$.158999 33 925541895 36.35502178 17.50880550

0,141
0.177
0,207
¢.223
0,234

Holub, air-water on 3om glass beads
0.137 9.15899% 29.016132902 30.$53057358 2.497418386

{Y) /etag

1,22455112
2.5B136065
4.51983368
7.98902591
11.5120854
19.0256423
31.0887762

0.78187446
2,77568666
4.77101781
9.86574618

2.3116%927
31.38421594
6.95146231
10.7334404
16.2245602

2.02411987
4,35676722
8,58174207
12,3433774
16.3387528

2.34068573
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Table 9.6.1 Flow Regime Transition Data (continued)

0,12 9.158999 27_ 691745093 30.4%6509106 1.64389216% 1.45270340
0.0881 9,15B8999 21.069B06045 24,560759289 0,727422580 0,62403008

Holub, air-water c¢n 16th HDS axtr.
0.142 9.15895%9 18.940350066 22,111685624 2,467081301 2,11324384

0.17 $.15899%

0.117

Specchia
¢.222
¢.177
0,128
c.121
0.111
¢.102

Specchia
0.209
0.188
9.137
9.12%
0.111

specchia
2,378
0,124
¢.177
C.109
0.0%8
Q.089

20.25478282 22.662238592% 4.38%116009 3.922825877

9,15899% 13.188214528 23.630179183 1.5531269507 1.26128829

and Baldi, air-water on émm glass beads
9,158999 274.083%16959 280.80311526
9.158999 163.98497326 163.26413604

9.158999
9.158%%9
$.158999
%.1583%9

66,7€6531054
66.76531054
66.76531054
€6.76531054

€8,861423112
69.978232662
71.576845015
73.196482139

30,30171735
11.15931510
3.420417731
2.582B865523
1.930065040
1.527456775

and Baidi, 2ir-water on 2,.7mm glass cylinders

9.158999
4,15899%
9,15899%
3.158999
9,158999

44,799931972
44,799931972
17.919972789
17.919972789
17.919972789

§6.937970368 9.809143056
48.333410296 €,084923095
19.219506511 1,.B0489251%
19,716288622 1.361000963
20,353469028 1.015306095

and Baldl, aiz-water on 5.4mm qlass cylinders

9.15899%
9.158543
9.158999
9.1589%5
9.158999
9.158999

114.43525898
44.962926871
44,962926873
44.962%26873
44,962926871
44,962926873

Water Aicohol Mixtures
Glass beads,IdEtOH in water-alr,Chou

0.128 8,94176% 37.60735523 42,18734356%

0,145 8,94176% 32214875911 34,347037217

0.174 8, 941769 37.60735523 38.775477911

0,174 B.94176% 1312.234875911 32.69B8265619

0.189

B.941769

37.60735523

112.44978973
46.048242629
46,707412541
47.664584378

49.0174808
S0.3866291 66

37.903141018

14.2B281645
3.423441814
2.548737454
1.877023428
1,370786229
1.0668753834

1.878140871
2.686230276
5.B29823579
7.603802633
13.11047626

29.5772094
10.8112683
3.3162016¢6
2.4642779%
1.80032232
1.39325173

9.36233369
5.64007668
1,68285407
1,2370025%
0.89391432

14.0269407
3.348612%4
2.435354408
1.77063261
1,25739960
0.95371135

1.67424409
2.52104130
5,66330726
7.49604389
13.0081655

0.2 8.941769 42.973834549 43.31787544% 16.93278%73 16.8006508

Glass beads, 94%EtOH In water-azir,Chou

0.121 6.3501914
0.153 6.501914
0.172 6.501914
0.186 6.501914
0.192 6,.501914

0.113 6.798210
0.138 6.798210
0.153 6,798210
C.182 6.798210
G.18%6 6,738210
0,207 €,758210
0.215 $.798210

0.137 7.107504
0.153 7.107504
0.184 7.107504
0.198 7.107504
0.209 7.107504
0.213 7.107504
0.226 7.107504
0,234 7.107504

G.11% 5.078463
0.142 5.078463
0.178 5.078462
0.219 5.078463
0.228 5.079463

26.077095034 29.176777034
32.596373792 34.989526186
30.423282206 31.,40873612%
32.596373792 33.1%09€821
33.465610427 33.920212813

12.465473169
12.880988%41
13.296504714
14.543052030
16.620630892
1B.6968209754
20.775788B616

11.525584962
11,525564962
11.525584962
11.525584962
11,.525584962
11.9233018926
13.910168747
15.897358568

Tosun, He=50%glycerine

5.5622406436
5.0060165792
4.5610373278
5.5622406436
6.6746887723

Tesun, alr-80%methanol of 1.9mm glags beads

14.786051003
14.518533050
14,605921548
15.379559508
17.451347619
1%.569119937
21.77911 2581

Tosun,alr-2B%glycerine on 1.%m glass beads

13.914411419
13.49492¢6618
12.8398659173
12.567117693
12.39725%8408
12.803706149
14,.312645744

17.12738093

T.3577684025
6.2554879481
5.3140412985
6,2331920124
7.5250650197

1.420074950
2.96616772¢
5.06B561552
B,21515%33]1
10.31095%288

1,177169208
1,9539304¢64
2,714314315
5.340508759
7.607385931
%.977310810
11.82895192

1.007311395
1.345660720
2.386117139
3,228302856
4.051608882
4.4460505829
6.219506671
T.466162474

0.794709319
1.304590881
1.959312994
4. 682857786
6.058526615

1.26920924
2.76329297
4,90953465
B.06798528
10.1728038

0.939243989
1,73359117
2,47097671
5.05003389
7.324526015
9.53327747
11.2940137

0.83437615
1.14928575
2.14187508
2.96074881
3,76672085
4,14023476
5,801413935
6.92997151

0.60077515
0.883959846
1.6B167675
4.,17878702
5.373B7776
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Table 9.6.1 Flow Regime Transition Data (continued)

P

Tesun, He-B0imerhanol

0.13 6,798210 12465473169 14.22698086)1 4.540279067 4,32860047
0,138 £.798210 12,B6098B941 14.497145107 5,.920823767 5.26076444
0.165 6.798210 13,296504714 14.3123771645 10.527805%1 9,77960417
0,187 6,798210 14,.543052030 15.278025652 17.98731814 17.1220087
0.203 6.798210 16.620630892 17.286013313 27.5449€69%9 26,4846939
0.175 6,798210 20.775788616 23.033180814 14.20305669 12.8110705

Tosun, He-32%glycerine, 3Ctethanol
0.138 4.017752 B,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 £€.0275516198 1.383408260 1,12955260
C.16% 4.017752 4,218424147 4.94B6263033 1,718396557 1.46483591
0.193 4.017752 4.0778100088 4.5373357712 2.641271564 2.34279246
0,211 4,007752 4.21P424147 4,6543746301 3.642973108 3.48302228
0.235 4,0317752 5.6245655294 6.1942507887 6.947541361 6.30857596

Specchia and Baldi,air-9%glycerine
0.109 7.726314 24.935847003 25.196123346 2.497795%87 2.4719%9371
0.106 7.726314 24.935847003 25.385037748 1.850128329 1.81735012

Specchla and Baldi,air-29%glycerine
0,13} 5.905472 18.116924546 1B.348580055 1,.8189706B80 1.736D0571

Nenfcaming Qrganlcs
Cylindrical II,gas-C02, Midoux
0.117 #.287971 14,4053 67186 15,656499464 1,357699821 1,24918682
0.172 8.20797¥1 23.934739324 24 694149654 5,907552215 5,72591815
C.172 8.287971 21,940177714 22454001692 6.41552642) 6.26871734
0.178 8.287971 23,269885454 23.729420149 7.87310B442 7.7206408%
0.192 B.287971 27.923862545 2B.475304179 10.33156342 10.1314863

Cylindrical IT,petroleum ether-N2, Midoux
0.154 9.375734 30,011004956 31,17538129) 9.631094786 9,27138086
0,177 9.373734 36.680117169 37.539140462 18,38579333 17.9650638
0.193 $.375734 38,9%03154573 39.176293259 41,23014915 40,9426909

Helub,alr-soybean oil on 3mm glass beads
0.256 1.709831 1,040282943 1.2132532466 0.1401786871 €.12019394
0.281 1,709831 1.15849513011 1.3308952259 0.242792470 0.21142509
0.304 1.709831 1.2847139631 1.4569355618 0,448527532 0.39550794

Holub, air-soybean oil on 16th HDS extr
0.138 1.709831 0.7711S47447 1.0764298263 0.071615404 0.05130530
0.224 1.709831 0.7711547447 1,0409059008 0,115706221 0,08572091
C.243 1.7C9831 G.7711547447 1.0120898318 0.194556618 0,14824104
0.274 1.70%B31 0.7783968536 0,9356770141 O,374416897 0,25271033
0.175 1.709831 Q.7448684264 1.0725996816 0.046987611 0.03263061

Holub, air-soybean oil on &th inch AL203 spheres
0.331 1.709831 1.641024306 1.7776400884 0.244773785 0.22596235
0,367 1.709831 1.8547268281 1.9753602816 0.526486196 0.49433416
0.254 1,709831 1.5319744593 1.7042867332 0.128032417 0.21508767

Foaming systems
Spherical Al203,10% isopropancl in water-air,Andersen,Mobil
0,123 1.562293 14,.257863250 14.,393775205 2,609407675 2,58476E57
0.146 7,562293 21.861762977 21.977875791 6.465691682 6.43153234
0.163 7,5622%3 28.545127168 28.621935774 12.74664280C 12,7124364
0.178 7.562293 35.5748314%94 35.607026176 30.19337354 30.1660737
0.217 7.562293 57.984035267 58,036509937 A4.28786545 B4,2116551

Cylindrical II,Xervzene J-alr,Midoux
0.168 6.764763 12.790575020 13,622487954 3.091588069 2,530278760
0.193 6.764763 11.511517518 11.677000356 7.826924705 7.71600394
0.243 6.764763 20.464920033 20.6476651928 27,39087106 27,1101223
0.183 6.764763 12.790575020 13,302626808 4,600376850 4.42329669

Cylindrical II,Desulfurized gas oil-CO02,Midoux
0.159 3.915163 1.68B0810781 1.8331760528 0.162146844 ©.14458085
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Table 9.6.1 Flow Regime Transition Data (continued)

0.25 3.919163 3,0652383239% 3.21042001405 1,380972525 1,22464032
0.266 3.919163 3.0692383239 3,.1562435075 2.073756683 2,01659134
0.275 3.919163 3.0632383239 3,1275467078 2.347944673 2,89298469
0.256 3.919163 2,209B8515932 2.2309168288 2,357860899 2.3355370¢

Cylindrical II,Gas 0l1-C02Z,Kidoux
0.229 3,900488 2.4157478283 2.53241139%3 D.765376165 £.73393240
0,274 3.9%00488 3.0196847854 3.0747690755 2,898197842 2.84627681
0.284 3.9004B8 3.2612595662 3.3132428686 4,055357217 3.89173047

tilasB beads,S5O0%EtCH iIn water-alr,Chou
0.3111 6,132394 11,563108864 12.595352378 0,.741268731 0.68640181
0.127 6.132394 13.606960341 14.375412283 1.165718267 1.10340363
0.155 6,132394 17,494663297 17.%41634855 2.787267850 2.717799¢65
0.165 6,132394 18,466%89035 18.702715596 4.472635416 4.41616725
0.167 6,132394 18.07781874 18.220002678 5.738875909 5.695409128

Glass beads,20ppm Heptyl alcochol in water-air,Chou

Q.33 9.08B901 22,578874047 25,0}0131917 1,113427558 31.0051%024

0.34 9,08B901 28.22359%2559 29,976166171 2,.344391006 2,20732485
0,169 9.088%01 33.868311071 34,851596916¢ 5.248872505 5.1007833%
0,166 9,088901 28,223592555 28.5B4478B9D5 6.647164057 6.56224191
0.174 9.088901 30.481479964 30.721219996 9.59%001026 9.52409303

Trickle to Dispersed Bubble, Nonfeaming
Data of Tosun, alr water on l.9mm glass beads
0.262 9.158999 46.262102584 49.881290857 34.72698791 32,2073356
0,277 9.158999 61.682803446 67,908956541 53,.09664923 48,228545]1
0.288 9.1585999 T77.103504307 86.471266002 75.865470B2 67.6466753

Tosun, air-B0%methanol of 1,9mu ¢lass bDeads
0.233 6.798210 29.086104062 30.892236231 18.01588412 16,.9625752
0.253 €.798210 41,551577231 44,907714771 29.4€6296183 27,2610739
0.27 £.798210 £2,327365847 63.3T76697674 48.29954678 43,3318538

Tosun,alr-28%glycerine on 1.%9m glass beads
C.246 7.107504 15.871648211 21.590023022 10.3%78899%0 9.57033384
0.265 7.107504 29,807547316 33,1508720G81 18,00532830 16,1894587
0.276 7.107504 39.7433%6422 45.132372357 26.32051575 23.1777466

Tosun, He-50%glycerine
0.245 5.076463 B, 8995850298 10.11535]1218 9.683627183 8,51574%99
0.264 5,078463 16.668672193) 19.759834562 19.59657232 16.5480507
0,274 5,078463 22,.248962574 26.B44526568 25.80384141 23.672502%
0.284 S.078463 33.373443862 41,.570426585 46, 62585807 37.4320300

Tosun, He-803methanol
0.248 6,798210 33,2412631785 35.22170634 78.83949766 74.4065138
0,26 6,738210 41.55157723]1 44,58356186 105.6396132 9B.4554029
0.27% 6,79821C 62,327365847 68,81080390k 182.3670708 165,184222

Tosun, He-32%glycerine,3¢kethanol
0.266 4.017752 11.249131058 12,780170569 1B.71740230 16,.4750940
0.265 4,017752 21.092120735 24.997685201 41.79510467 35.2651610
0.282 4.017752 28.122827647 34,107403954 SB. 21185567 47.9978478

Data on Pulsing to Dlspersed Bubble transition, Nonfoaming systems
Pata of Tosur, air water on 1,9mm glass beads
C.255 9,158999 46,.262102584 5CG,225594898 29,29080603 26,9793573
C.241 9,158999 £1.682803446 70.50315984 21_.75753692 19,.5705379
0.237 9.15899% 77.103504307 91.199261627 20.93151910 17.6963436
0.238 9,158999 92,524205169 111.978%92307 22.62105795 18.6909763
0.24 9.15B99%9 123.36560689 155.094383%5 25.50878987 20.2902727
0.24 9.158999 138.78630775 177.5268345) 26.25560298 20.5260134

Tosun, alr-gd0%methanol of 1,9mm glass beads
0.223 £.798210 24,930%46339 26.364559157 14.13163521 13.3630034
0.226 6.798230 29.086104062 31.169021557 15.01119542 14.0060493
0.23 6.75821C 33.241261785% 35.961338063 16.45196261 15.1991011
0.22% 6.738210 37.396419508 41.039090902 16.42470712 14,9668334
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41,551577231
45,.706734954
49.861892677
62,.327365847
83.103154462

0.227 6.798210
0.226 6.798210
G.222 6.798210
0,224 6.798210
0.221 6.798210

46.251131782
51.529916091
57.003811461
73.056501947
101.31147171

Tosun,alr-28%giycerine on l.%m glass beads

17.88452829
19.871698211
21.858868032
23.846027853
29.8B07547316
39.74339¢6422

0.238 7.107504
0,239 7,107504
0.239 7.107504
0,232 7.107504
0.234 7.107504
0.237 7.1075%4

Tosun, He-50%glycerine
0,234 5.078463 7.787138501
0.239 5.078463 B.B995850298
0.241 5,078463 10,012033158
0.241 5.078463 11,.124481287
0.243 5.078463 12,236329415

19.3952217%
21.771862659
24.18384032
26_B44600166
34.25%7122388
47.042709684

8.84501061238
10.18%050903
11.561785612
12.976345404
14.377485435

16.06057535
15.93155897
15.26962459
16.767956844
17.45875324

B 454758927
8.716264307
8.979575420
7.885128955
8.810413085
10.43603485

T.303051564
B.412784042
$.30B542275
9.74B88381565
10.57466752

14.4286682
14.1311998
13.3565174
14.3050110
14.3209593

T.79621793
7.93307147
8.11630210
7.00435403
7.65710901
8.81674284

6.42959797
7.34811197
8.0608] 664
§.35757405
%.00026455%

0.24 5.07B463 16,.686721931 20.266121957 11.64333742 9, 58689256

0.234 5.07B463 22_.248962574
0.236 5,078463 27.811203218
0.237 5.078463 33.373443862
0.243 5.07B463 44,.497925149

He«B0%kmethanol

6.798210 24.930946339
6.798210 29.086104062
6.798210 37.396419508
6.798210 41,581577231
6.798210 45.706734954
6.79821C 49.861B92677
6.798210 62.327365847
6.798210 B83,103154462
6.798210 103.878%4307

Tosun,
0.229
0.232
0.236
0.238
0.237
0,232
¢.238
0.237
0.232

29.011957026
35.763309314
43.699242528
58,710666271

26,190901119
30.935362575
40.703624564
45,687592306
50.876244961
56.336106659
71.853006545
99.363398595
128.63611434

Tosun, He-32%qglycerine,30%ethancl

0.245 4.017752 T7.030706%117
0.25 4.017752

7.8192970055

11.88663507
13.61841361
15.17443899
19.62810004

£8,99989835
52.25215165
57.42067601
60,23864919
59.83826334
55.87063324
66.54725753
71.60474940
69.40359744

9.300822406

9.44115752
10.5903082
11.5688344
14.6273652

46, 6426806
49.1286150
52,7551954
24.7853532
53,812030%
49.44959173
57.7250064
53.B870472
S56.0462540

B.316290773

8.436B48294 9,4930505438 11.17647817 9,.93297680

0,25 4.017752 5.8429896764 11.228129337 12.04853586 10.5612475
0.25% 4.017752 11.249131058 12,.892795315 12.88544457 11,1561870
0,252 4.017752 12.655272441 14754544136 14,.12481696 12.1151443

0.25 4.017752 14.061413823 16600763748 14.07432605 11,.9214305
0.248 4£.017752 21.092120735 25,97721799 16.26528871 13,2065501
0,242 4,017752 28.122827647 35 BB4633806 16.57310646 12.9883403
0.238 4.017752 35.153534558 46.136702439 17,.01082764 12.9612799

etal/sqret (AC) fetaqg

{el*1/22/pxil T* (MD}/
~1/11*ka*1/11 Gal~.2
(AC} (AD} Gal

Fart 1. Non foaming systems

spherical catalyst,atr water,Midoux

0.053171
£¢.101803
0.164233
0.265186
0.375482
0.601000
0.978464

1.22505745
1.33519692
1.47622208
1.68570577
1.67402120
1.78244785
1.77591653

Cylindrical T, a2ir water,Midoux
1.08889782 0.043653 27147.85 0,
1.44384322 0.134319 27147.85 0.
1.41855385 ¢.226832 27147.85 0.
1.64683880 0.4268B00 27147.85 0.

Glass beads,water~air,Chou

1.80604190 0.0B0403 62526.96 O.
1.56755029 0.122595 62526.96 0.

57207.23 0.
57207.33 0.
57207.33 0.
57207.33 0.
57207.33 0,
$7207.33 0.
57207.33 ¢.

041618
079683
128548
207567
237029
110416
765865

C41480
122036
206089
3871171

061624
094267
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1.60254258 0.241353
1.58970613 £.369677
1.70828279 0.533761

62526.96 0.185582
6$2526.96 0.284254
62526.96 0.410423

Data of Tosun, alr water on 1.9mm ¢glass beads

1.11824704 0.104843
1,1832667% 0,208940
1.25239349 0,387203
1.33187702 §.533045
1,4123466% 0,.680194

Holub, alr-water on
1.19%370235 0.096294
1.18120612 0,063672
1.04398452 6.03091%

Hoiub, air-water on
1.017739%5 ©,113552
1,03554571 0,200558
1.05311106 0,065223

Specthla and Baldl,
3,78474073 0,408414
2.808151%5 ©0,185136
1,71440005 0,085156
1.72824640 0,063788
1.74787532 0,047131
1.76754012 0,036BB4

Specchia ang Baigi,
1.5039296% 0,314292
1.52612146 0,182130
0,91198741 0. 085644
0.52369B65 0.063762
0.93850577 O, 046816

Spacchia and Baldi,
2.40695101 0.305719
1.43454743 0.106837
1.64477251 0,0788238
1.45956124 0.057474
1.48006933 0.04135%0
1.,50059749 0,03182%

Water Alcohol Mixtures

9702.722 0.117020
9702.722 0.233207
9702.722 0.432174
9702.722 0,.554853
2702.722 0.759193

Jom glass beads

57211.%2 0.07537¢
57211.52 0.049836
57211.92 0.024201

16th HDS extr.

8333.204 0.130657
8333,204 0.230768
8333.204 0.079650

alr-water on &mm glass beads

627840 0.197983
627840 0,089747
627840 0.041280
627840 0.0303922
627840 0.022847
627840 C.017880

air-water on 2.Tmm glass cyllinders

d4456.57 0.,258729
§4456.57 0,15B163
4$4456,.57 0.070503
44456.57 9.052489
44456,57 0.038539

air-water on 5.4mm glass cylinders

312%20,3 0.170346
312820.3 0.059528
312920,3 0.043928
312920,3 0.032025
312920.3 0,023062
312920,3 0.017735

Glass beads,1%EtOH In water-alr,Chou

1.46525248 0,065233
1.30173810 0,101806
1.40475296 0.211564
1,270109%9 0,29%5357
1.38886162 0,480393
1.50728122 0.585150

Glase beads,34VEtOH
1.15208133 0.056073
1,28052972 0,10B554
1.2072%9%63 6,194827
1.24718455 0.3068692
1.26327067 0.384006

62152.36 0.050218
62152,36 0.07837&
62152.36 0.162873
62152.36 0.227380
62152.36 0.369835
62152.36 0.453588

in water-air,Chou
33653.40 0.048803
33653.40 0.094479
33653,.40 0.169567
33653.40 #.268669
33653.40 0.334218

Tosun, alr-g0smethanol of 1.9mm glass

0.8070921C G.064255
D.80098349 O,3107800
0.80461820 0.143527
0.82942647 (,288013
6.89%017115 0,388043
0.94962644 (.484166
1.00%13357 0.548093

6209.742 0.078413
6209.742 0.131554
6209.742 0.182475
6209.742 0,351476
6209,742 0.473547
6209.742 0,590851
6209.742 0.66B864

Tosun,zir~28%glycerine on 1, %mn glass

0.78173572 0,036552
0.76986519 D.0T6TE?

2777.161 0.081122
2777.161 0,110041

beads

beads



-274-

Table 9.6.1 Flow Regime Transition Data (continued)

AT

0.75094633 ©.139553 2777.161 0.200041
0.74292949 ©0,190847 2777.161 9.2735€67
0.73789282 0,241153 2777.161 £.345677
0.75104308 0.260787 2777.361 ©,373836
0.B1673309 0.340628 2777.161 ¢.4BB2E9
0.881B6988 0.384424 2777.161 ©0.551047

Tosun, He-50kglycerine

0.55159377 0.059577 495.5762 0.120547
0.50776873 {.089661 495.5762 0.181418
D.46738782 0,172328 495.5762 0.34B684
D.50769343 0.381418 495.5762 0.7717%52
0,55%64979 0. 450581 495.5762 D.911653

Tosun, He-80Amethanol

0.7916B674 0.274510 6209,.742 0,335486

0.80039329 0. 326891 6209.742 0.398%20
0.7965305 0.38584% 6209.742 0,714539

0.82667807 0.973275 6209.742 1.187733

0.88554437 1.411737 6209.742 1.72286%
1.03778054 0.63993)1 6209,742 0,780938

Tosun, He-32%glycerine,30t%ethanol

0.66851954 0.089177 388.1069 0.183478
0.57827488 0,091993 38%,.1089 0,1954€2
0.49679468 0.114021 388.1089 0.242266
0.44%3%767 0.156052 388.1089 £.331571
0.4330097% 0.248773 308.108% ¢.528581
0.435683204 ©_359853 1B88.1089 §,T64556
0.5044480% C.565794 188.108% 1.202170

specchia and Baldi,air-5%glycerine
1.03108313 0.102215 209106.3 0.061736
1.03494131 0.075429 20%106.3 ©,045557

specehla and Baldi,alr-2%9glycerine
0.86965595 0,086212 64873.24 0,063804

Nonfoaming Organics
Cylindrical II,gas-C02, Midoux
0.B5376387 0.0T4036 26885.2% 0.067397
1,12106354 0.268192 26B885.29 0,244141
1.05942861 0,302698 26885.29 0,27355]
1.09567503 0.363530 26885.2% 0.330529
1.22512163 0,444505 26BB5.29 C,404642

Cylindrical II,petroleum ether-N2, Midoux
1.3148190% 0. 406150 S4426.36 0.321113
1.46678809 0.7268194 54426.36 0.575682
1.53355358 1.613951 54426.36 1,275%29

Holub,sir-soybean cll on 3zm glass Deads
D.22040658 0.025465 1%.28554 0,098629
0.23085842 0.042115 19.28554 0,163113
5.24155742 0.074365 19.28554 0.2B8018

Helub, ajr-soybean oil on 16th HDS extr
$.20763715 0.013814 2.809036 0.078652
$.20418222 0,0226%96 2.809036 0,129225
0.20133614 0.038703 2.B0%036 0.220361
0.19969517 0.075085 2.B09036 0.427560
0.20726282 0,008079 2.809036 0.051695

Helub, air-soybean oil on Bth inch AI2C3 spheres
0.26694982 0.036757 67.02312 0.1105€9
5.28144466 0.075012 67.02312 0,.226457
$.26136494 0.018634 6£7.02312 0,059275

Foaming sysCems
spherical A1203,10% isopropanel in water-alr, Andezsen,Hebil

0.7890%121 0.143052 35896.47 0,.1225CE
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Table 9.6.1 Flow Regime Transition Data (continued)

0.99446003 0.292561 35896.47 0.251364
1.15396865 0,513914 35896.47 0.441548
1.30914076 1.110100 35896.47 0.953783
1.756804917 2.553258 35896.47 2.193726

Cylindrical II,Kerosene I-air,Midoux
0.78078804 0.177197 7882.968 0.2056166
0.71903923 C.481961 7882.9%68 0.560754
0.99210661 1.314255 7882.968 1,529113
0.77156699 0.266826 7882.968 0.310448

Cylindrical II,Desulfurized gas 0il-C0Z,Midoux
0.27643241 0,023675 366.2375 0.03089%2
0.36129985 0.144160 366,2375 0.309378
0.35823837 0,235374 366.2375 0.505946
0.35660606 0.336127 366.2375 0.,722519
0.30049585 0,317594 366.2375 0.682682

cylindrical II,Cas 0i1-CO2,Midoux

0,32032309 0,097317 366.2375 0,208188
0.35352456 0.333223 366.2315 0.716276
0.36721147 0,.449461 366.2375 0.966134

Glass beads,30%¥EtOH In water-alr,Chou
0,73006210 0.042966 25309,70 C.0395E8
(.78349633 (.063534 25309.70 0.D5B539
0.B8318492 ©.137202 25309.70 0.12641¢&
0.90371732 0.216118 25309.70 0.199127
0.859118974 0.280703 25309.70 0.25B636

Glass beads,20ppm Heptyl alcohol in water-air,Chou
1,080108%2 0.D4808% 62526.36 0.036974
1,20336720 ©.094113 62526.96 0.072366
1,31966B66 0,198750 £2526.96 0.152824
1.17510119 0.273263 62526.96 0.210115
1.22658210 0.383251 62526.96 0.2934692

Trickle to Dispersed Bubble, Nonfoaming
Data of Tosun, alr water on i.%mm glass beads
1.73394474 1,20715% 9702.722 1.347361
2.13356708 1.668193 $702.722 1.861539
2.52601879 2.21619% 3702.722 2.473582

Tosun, air-80%methanol of 1.%mm glass beads
1.23611192 0.720881 6209.742 0.879725
1,5%025576 1.017088 6209.742 1.241201
2.04490541 1.423648 6209.742 1.737344

Tosun,air-28%glycerine on 1.%m glass beads
1.00474330 0,483890 2777.161 0.6583625
1.289223137 0.760218 2777.161 1.003717
1.55412862 0.9G6344 2777.161 1.299184

Tosun, He-50%glycerine

0.65306165 0.625188 495.5762 1.264990
0.93301505 0.925306 495.5762 1,872239
1.10405356 1.184618 495.5762 2.396924
1.41419343 1.586175 495.5762 3.209424

Tosun, He-80%methanol

3.33780448 2,994512 6209.742 3,654343
1.54465060 3.660010 6209.742 4.466482
2.03654836 5,397398 6209.742 6.586659

Tosun, He-32%glycerine,30tethanol

D.73406078 1.075080 388.1089 2.284274
1.04941410 1.754577 3£8.1089 3.728B033
1.24446694 2.123959 388.1089 4.512876

>ata on Pulsing to Dilspersed Bubble transition, Nonfoaming systems
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Table 9.6.1 Flow Regime Transition Data (continued)

Data of Tosun, ailr water on 1, %mm glass beads
1,73991870 1.014694 9702.722 1.132542
2.17393755 0.672118 9702,722 Q.750179
2.59415744 0.595395 9702,722 0.664546
3,00329247 0.606700 $702,722 0.677163
3.81954964 §.628211 9702.722 0,701173
4,23069951 0.625705 9702.722 0,658376

Togun, alz-e0%methancl of 1,%mwn glass beads
1.1262378T 0.603664 209,742 0. 736679
1.2416377 0.587980 6209,742 0,729743
1.35215384 0.6182%3 609,742 0.754483
1,46314358 0.5B85580 6209,742 0,714611
1.57327289 0.546314 6209,742 0.666633
1,68146887 0.519861 £209.742 0.634411
1.79017498 0.479534 6€209.742 0.585198
2.09846530 0.4B1627 6209,742 0.587752
2.60598604 D, 449083 6209.742 0,548037

Tosun,alr-28%glycerine on 1l.%m glass beads
0.94539767 0.412117 2777.161 0,590743
1.6069122321 0.403871 2777.161 6,578923
1.07104383 0,397683 2777.161 0.570053
1.13643616 0,333808 2777.161 0,478492
1.31132052 0.336B58 2777.161 0.4828¢64
1,58667B88 0.351991 2777,161 0.504556

Tosun, He-50%glycerine

0,608B71802 0.50259%9 495,5762 1.016946
0.6554364]1 0.541173 495.5762 1,094995
0.70042872 0.563924 495,5762 1,141028
0.74440052 (0.559251 495.5762 1,131574
$.78603561 0.578130 495,5762 1,169773
0.94489233 0.542861 495.5762 1.098411
1.12779654 0.478570 495,5762 0,568327
1.29314557 0. 492420 495.5762 0.336350
1.44995168 0,503491 4535.5762 1,01875]1
1.74186066 0,572584 495,5762 1.158552

Tosun, He-80%methanol

1.12251408 2.100083 6209.742 2.562830
1.23697444 2.089342 6209.742 2.549723
1.45715122 2.055605 6209.742 2,508352
1.56365887 2.061669% €209.742 2.515951
1.67076988 1.967051 6209.742 2,400485
1.77965964 1.764955 6209.742 2,153858
2.08108052 1.927409 6209742 2.352108
2.58080976 1.B59822 6209.742 2,269628
3.0B093209 1.662268 6209.742 2.028544

Tosun, He-32%glycerine,3C%ethanol
0.56B6305 0.676376 388.1089 1.437129
0.62858514 0.7400%53 388,1089 1.572427
0,.68586718 0.735915 388.1089% 1.563635
0,74014191 0.734026 388,1089 1,533621
0.79125121 0.757480 388.1089 1,609454
0.84196606 0.713828 388,1089 1,516705
1.06977711% D. 669826 388,108% 1,423212
1,27647894 (0.589533 368B,1089 1.252608
1.46B76340 C.541540 388,1083 1.150636
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Table 9.6.2 Flow Regime Transition Data for High Pressure Systems

Transition Data of Wammes and Westerterp (1590)

m Kg/m~3 kg/m/s g/s~2
Dp Porosity el el 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 1.8 1000 0.001 12
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 helium
0.003 0.39 180 1.8 1000 0.001 72
0.003 0.3¢ 180 1.8 1000 0.001 72
0.9003 0.39 180 1.8 1000 0.001 72
¢.003 0.39 180 1.8 1000 0.001 T2
0.0603 0.38 1890 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 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 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 1890 1.8 1000 0.001 72
0.003 0.39 180 1.8 1000 0.001 72



e

-278-

Table 9.6.2 Flow Regime Transition Data for High Pressure Systems (continued)

Pressure Xg/m"3 kg/m/s kg/m~2/s kg/m"2/s

MPa RhoG vig G L G
Water Helium
0.3 0.242328 0.00002 7 0.082084
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 0.02%079
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 0.484857
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
& 4.,.846570 0.00002 g 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 3.3582599
1.5 16.962%9 0.000018 12.5 2.544449
1.5 16.96299 0.000018 13.2 2.2051889
1.5% 16.96299 0.000018 13.8 1.865929
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Appendix 9.7

Data Base for Phase Maldistribution

The data base used in Chapter 5 is given in the following tables. Table 9.7.1
containg  the data obtained using a point source distributor to induce phase
maldistribution. Table 9.7.2 contains the data obtained by tilting the bed to induce phase
maldistribution. Table 9.7.3 contains the data on pressure drop hysteresis taken in our
laboratory and from the literature (Levec 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 THGLDC

Pressure Drop and Liquid Holdup data for Point Source Distributoer
3mm glass bead packing in 3.125 inch diameter bed with air water system

experimental data 100%films predictions

25 11.2 13.8 0.11 60.28 0.1756

30 11.2 i4.2 0.12 72.45 0.1872

35 11.2 i%.6 0.13 86.3 0.1979

40 11.2 14.9 0.14 102.1 0.2075

45 11.2 17.3 0.15 120 0.2163

S0 11.2 17.7 0.16 140.1 0.2243

55 i1.2 18.7 0.17 162.8 0.2316

60 il.2 22.2 0,185 188 0.2383

€5 i1.2 23.6 0.195 z15.8 0.2445

70 11.2 26 .2 2646.2 0.2501

75 1.2 30.9 8.21% 279.2 0.2552

80 11.2 ig.2 0.22 314.8 Q.2599

85 11.2 50.3 ¢.225 352.8 0.2642

90 11.2 73.9 3.235 383.3 0.2682

5 1i.2 23 ¢.085 23.06 0.09997

10 11.2 37.5 0.11 31.4 G.1269

15 11.2 56.5 G.13 40.05 0.1462

20 11.2 76.6 0.15 49.57 0.1619

25 11.2 S0 0.16 60.28 0.1754

30 11.2 115.1 0.165 72.45 0.1872

35 11.2 134.6 0.18 86.3 0.197%

40 11.2 167.7 g¢.185 102.1 0.207%

45 1.2 1890 0.1% 120 D.2163

50 11.2 240.5 0.2 140.1 0.2243
10.53 15.14 22.6%9 0.07 49.57 0.1281
10.53 15.14 21.3 0.075 49.57 g.1281
15.79 15, 14 29.05 0.101 63.29 0.1474
21,05 15.14 25.06& 0.165 78.25 0.163
21.05 15.14 25,53 ¢.105 78.21 0.163
26.32 15.14 24 .54 g.111 94.99 0.1763
31.58 15.14 24.32 0.121 113.8 0.1879
31.58 15.14 23.886 0.123 113.8 0.1879
36.84 15.14 27.8 0.13% 134.8 0.1982
42.11 15.14 28.61 0.139 158.3 0.2074
47.37 15.14 40.53 0.147 184.3 0.2158
“7.37 15.14% 42.14 0.148 184.2 g.2158
52.63 15.14 46.61 0.156 213 0,223%

57.9 15.14 65.85 0.184 244.1 0.2303
57.9 15.14 283.75 0.225% 236.5 0.2308

52.63 15.14 266.7 0.22 206.1 0.2239
47.37 15.14 240.2 0.21 i78.6 0.2162
42.11 15.14% 209.3 G.201 153 .4 0.2078
52,11 15.14 210.25 Q.197 183.5 0.2078
36.84 15.14 133 G.19%4 130.9 0.1984
36.864 15.14 193.2 0.1%6 131 0.1984
36.84 15.14 169.7 0.192 131.4 0.1984
34.74 15,34 163.4 0.19 123 0.1944
33.69 15.16 158.2 0.187 118.9 0.1i923
33.69 15.14 185.5 0.185 119 0.1923
32,63 15.14% 153.4 0.181 115 0.1902
30.53 i5.14 147.6 0.172 107.3 0.1858

25.79 15.14 129.3 0.163 91.29 0.1751

20 15.14 107.15 0.152 73.84 0.1602
15.79 15.14 77.5 0,138 62.48 0.1474
10.53 15.14 56.6 0.112 49.13 0.1281
3.158 15,14 28.03 0.0866 30.52 0.08504
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Table 9.7.1 Phase Maldistribution Data from Point Source Liquid Distributor

(continued).
3.158 1.26 4.556 0.06265 2.38 0.08599
b.211 1.26 2.183 0.050%& 2.613  0.09484
6.316 1.26 5.715 0.0448S 3.053 0.109
8.421 1.26 8.586 0.04005 3.4B7  0.120%
10,53 1.26 1.424  0.0733 3.923  0.1304
12.63 1.2¢6 1.56 0.06037 4.376 0.1391
14,74 1.26 1.60B 0.0759% 4,848 0.147
16.84 1.26 1,707 0.08197 5.345  0.1563
21.05 1.26 1.751  0.109% 6.433  0.1675
25.26 1.261 1.898 0.0989% 7.672  0.179%
29.47 1.261 2.447  0.1022 9.101  0.1902
33.69 1.261 2.566  0.12%7 10.76  ©.2002

37.9 1.263 3.391  0.1361 12.65  0.2096
42.11 1.263 3.14%  0.1326 16.92  0.2185
67.37 1.266 3.876  0.1554 18.33 0.229
52.63 1.264 3.523  0.1771 22.61 0.2388

57.9 1.266 3,547  0.1739 27.9  0.2481
63.16 1.26k 3.465 0.1906 34.59  0.2569
68.42 1.264 «.387  0.2087 42.96  0.2651
73.69 1.264 4,175  0.2267 53.38 0.2728

7B.95 1.266 3.16 0.231 66.31 0.2759
84.21 1.264 3.891 0.2496 82.17 0.2865
89.48 1.264 4.082 0.2603 161.3 0.2925
94.74 1.265 14.27 0.2753 123.9 0.2978
S4.74 1.295 371.45 0.2712 121.3 0.2981
96.74 1.296 366.25 0.259 121.6 0.2981

89.48 1.2956 348.7 0.2498 9%.38 0.29%27
84.21 1.292 308.55 0.2513 B0O.69 0.2866
78.95 1.2% 274.05 0.239%3 65.22 0.28
73.69 1.28% 236.9 0.2343 £52.55 0.2729
68.42 1.282 197. 4 0.2237 42.37 0.2652
63.16 1.279 169 0.2226 36.17 0.2569

57.9 1.276 132.5 0.2152 27.64 0.2482
52.63 1.273 97.7 0.2152 22.42 0.2389
47.37 1.26% 70.3 0.1998 18.23 0.229
42.11 1.267 4.6 0.1953 14.84 0.2185
36.84 1.266 34.68 0.1205 12.09 0.2074
31.58 1.265 29.3 0.1881 9.823 0.1953
26.32 1.264 23.83 0.1816 7.968 0.1822
21.05 1.263 21.3 0.1669 6,61 0.1675
18.74 1.263 21.1 0.1615% .8 0.1605

16.84 1.263 22.42 0.143 5.331 0.1543
14.74 1.262 24.24 0.1417 4.836 0.3147
12,63 1.262 23 0.1515 b.366 0.1391
10.53 1.262 21.486 0.1542 3.915 0.1304
8.421 1.262 1%9.63 0.135 3.479 0.1205
6.316 1.262 20.8 0.1317 3.049 0.109
4.211 1.262 21.5 0.1399 2.61 0.0%484
2.632 1.262 22.1 ¢.117 2.254 0.08083
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Three Zone Model predictions

fR

0.1717
0.2132
0.2687
0.2841
0.319
0.3543
0.3895
0.4363
0.4585
0.&917
0.4951
0.4919
0.6789%
0.4491
0.07188

QCOCOOOOoO0QQ

0.1359
0.1408

0.152
0.2007
0.1982
0.2402

0.278
0.2222
0.2955
0.3302
0.3011
0.2942
0.3129

0.291

COOOQOCQLOOoOLQURDOoO

fF

0.1521
0.07312
0.3291
0.1269
0.1463
0.05543
0

0
0.07476
0.05232
0.267
0.29148
0.3073
0.4406

T N T N T SR SN Ty TR

fD

0.8035
0.7826
0.7628
0.7487
0.6532
0.6398
0.6087
0.5189
0.4943
0.4509
0.3849
0.3177
0.2683
0.1761
0.0757

0

COQ00OO0O00

0.712
0.786
0.5189
0.6725
0,6555
0.7044&
0.722
0.7339
0.6297
0.6175
0.4319
0.414
0.3798
0.2684
0

0
0
0
0
0
o
¢
0
0
0
0
0
o
0
0
o
0

mean hold

0.08432
0.097L7
0.11
0.123
0.13%
0.147
L159%
.18%7
.1828
.2087
L2248
. 24089
L2571

Q00000

0.1979
0.2075
0.2163
0.2243

0.08611
0.07947
0.1169
o.1107
0.1126
0.1153
06.1207
0.09948
0.1395
0.1483
.18
0.1824
0.1943
0.2165
0.2308
0.2239
0.2162
0.2078
0.2078
0.1984
0.1984
0.1984
0.1944
0.1923
0.1923
0.1302
0.1858
0.1751
0.1602
0.14674
0.1281
0.08504%
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{continued).

0 1 ¢ 0.08599
0.06701 0.667 0.266 0.09425
0 1 0 ¢.109

0 1 0 0.1205
0.07541 0 0.9175 0.04847
0.1551 0.009448 0.8354 0.07786
0.1681 0.0254 0.8065 O0.08451
0.1762 0.07564 0.748L 0.09&22
0.2032 0.06126 0.7356  0.1026
0.2197 0.1081 D.6722  0.1166
0.2044  ©£.3021  0.4935 0,185
0.2207 0.303% 0.675&  0.1541
0.1976  0.4616 0.341 0.1783
£.2308 0.3863  ©0.3829  0.179%
G.2212  0.4731  0.30%6 0.198
0.2699  0.3791 0.351  0.1995
0.3035  0.3426 0.356  0.2066
0.3512 0.2806 0.3682 ©.,2119
0.3287 0.3822 0.2891 0.231
0.3906 0.301  0.3084  0.2354
0.5648 0 0.8147 ©0.2209
0.542  0.1217  0.3363  0.2455
0.6396 0 0.3227 0.267
0.318 ©0.5912 0.09087 0.2973
0 1 0 0.2981

0 1 0 D0.2981

0 1 0 ©0.2927

0 1 0  0.2866

0 1 0 0.28

0 1 0 0.2729

0 1 0 0.2652

0 1 0 0.256%

0 1 0 0.2482

0 1 0 0.2389

0 1 0 0.229

0 1 0 0.218%5

0 1 0 0.2074

0 1 0 0.1953

0 1 0 0.1822

0 1 0 0.1675

0 1 0 0.1605

0 i 0 D.1543

0 1 0 0.147

0 1 0 0.1391

0 1 0 0.1304

0 1 ¢ 0.1205

o 1 0 0.109

0 1 0 0.09%%48&

0 1 0 0.08083



-284-

Table 9.7.2 Phase Maldistribution Data from Tilted Bed Studies

Fhaze Maldistribution Data from the Tilted Bed studies
16th inch HDS sxtrudates (L/D=2) in 1 inch column with
soybean oil and air.

REL REG PSIGE THOLDE PSIGC THOLDC

O DEGREES Tilt Experimental Predicted 100% films
0.001185 98.07 1903 0.094& 1134 0.0938s
0.002873 100.7 2314 0.119% 1565 0.1178
0.00674L9 100.7 2664 0,142 2242 0.1u38
0.81351 100.7 3103 0.167 3150 0.166
0.02238 106.9 3771 0,18 4288 0.1804
0.02866 106.9 5042 0.19 5927 0.1883
0.04327 i08.1 460 0.20% 6312 0.2009
0.06327 106.1 4681 g.20% 6298 0.201
0.02866 108.1 4153 0.196 4947 0.1881
0.02238 106.9 3900 .189 4269 0.1806
0.01351 106.9 3381 0.172 3272 0.1663
Q.006749 105.% 2938 0,149 2317 0.1426
0.002873 i05.6 2571 0.131 1627 0.1168
0.001185 100.7 1950 g.108 1166 ©0.,09333
0.001185 28.98 330 0.1 329.1 0.1128
0.002873 28.98 631.2 0.148 508.2 0.1441
0.00674%9 28.98 1127 0.175 85%9.8 0.1766
0.013512 30.89 1511 3.217 1467 0.2002
0.02238 3l.81 2029 0.222 2158 D.2165
0.02866 31.81 2256 0.232 2604 0.2243
0.04327 32.25% 2682 0.245 3600 0.236
0.04327 32.25 2664 0.245 3602 0.236
D.02866 32.25 2219 0.234 2624 0.2238
0.02238 31.81 1976 0.224 2162 0.2164
0,.01351 31.3% 1617 0.205 1475 0.2
0.006749 30.89 1160 0.172 900.6 0.1751

0.002873 30.89 B89.4 0.14% 531.5 0.1432
¢.001185 30.89 469.9 0.092 348.6 0.1121

5 DEGREES tilt

0.001185 99.38 1934 0.092 1155 0.09%363
0.002873 99.38 2315 0.125 1552 0.1182
0.006749 104. 4 2859 0.142 2311 0.1429
0.013531 106.4 3309 0.166 3235 0.165
0.02238 104. 4 3770 0.185%5 4236 0.1812
0.02866 103.3 4029 C.194 4837 0.1895
0.06327 109.2 4672 0.207 6372 0.2006
0.02238 106. 9 3823 0.189 4300 0.1805
0.01351 105.6 3362 0.17 3259 0.1647
0.006749 105.6 2905 8.147 2332 0.1426
0.002873 104.4 25%0 0.13 1613 0.1171
0.001185 103.2 2105 0,108 1195 0.09298
0.0011B5 28.98 485.4 0.096 327.7 0.113
0.002873 28,98 810.8 0.129 506.1 0.1643
0.006749 28.98 1180 0.156 862 0.1767
0.01351 28.98 1473 0.182 1421 0.2018
0.02238 28.98 1853 . 0.205 2080 0.2187
0.02866 28.98 2050 0.214 2520 0.2264
0.046327 28.%8 2481 .23 3482 0.2385
0.04327 28.98 2573 0.236 3674 0.2386
0.02866 28.98 2097 0.221 2517 0.2265
0.02238 28.98 1894 0.212 2077 0.21688
0.01351 28.98 1531 0.191 1418 0.2019
0.006749 28.98 1183 g.161 862.2 0.1767

0.002873 28.98 954.3 0.136 502.3 0,1445
0.001185 28.98 711.1 0.104 323.4 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 0.09344
0.002873 101.9 2325 0.072 1616 0.1175
0.006749 101.9 2680 0.093 2310  0.1u35
0.01351 103.2 3094 0.118 3276  0.1651
0.02238 101.2 3563 0.1k %288  0.1813
0.02866 105.6 3775 0.161 5022 0.1882
0.04327 105.6 4356 0.18 6384  0.2012
0,06327 105.6 4452 0.186 6367 0.201%
0.02649 108.1 %076 0.164 4818  0.185%
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 0.1422
0.002873 104.4 2577 0.056 1638 0.1172
0.001185 103.2 2144 0.07% 1210 0.0931
0.001185 28.98 394.2 0.09 334.6 0.1132
0.002873 28.98 611.9 0.12 519.5 O.ibLkk
0.006749 28.98 1017 0.145 882.2  ©.1767
0,013561 28.98 1465 0.17% 14563 0.2019
0.02238 28.98 1828 0.198 2112 0.2188
0.02866 28.98 2036 0.208 2557  0.2265
0.04327 28.98 2449 0.223 3533 0.2384
0.04327 28.98 2519 0.225 3527  0.238%
0.02866 28,98 2062 0.211 2555  0.2265
0.02238 28.98 1811 0.201 2113 0.2187
¢.01351 28.98 1441 0.18 1446 0.2019
0.006749 28.98 1081 0.151 §79.8 0.1767
0.002873 28,98 860.2 0.128 512.9  0.1446

0.001185 28,98 626.2 0.097 330.1 0.1133

Three Zone Model Predictions

fR ¥ £D mean holdup
0 degrees tilt
0 i 0 0.09386
0 1 0 0.1178
0 1 s} 0.1438

0.1103 0.8399% 0.04978 0.1769
0.1414 6.7808 0.07784 0.189
0.1651 0.7437 0.09127 0.19%62
0.2197 0.67 0.1103 ¢.2093
0.214 0.6808 0.1052 0.2096
0.1599 0.7549 0.0852 0.1964
0.1345 0.7991 0.06632 0.1901
0.1643
0.1426
0.11¢68
0.09333

0.1128
0.1441
0.1766
0.2002
0.1137 0.8639 0.0224k2 0.2253
0.147 0.8215 0.03156 0.2338
0.2607 0.7129 0.0464 0.2493
0.2445 0.7081 0.04739 6.2495
0.1557 0.8089 0.0353% 0.2336
0.1216 0.8517 0.0267 0.2253

OOooQ QOO C
VOO0 QOOoOO

Nl

0 b 0 0.2
0 1 4] 0.1751
0 i ¢ 0.1432
0 1 0 ¢.1121
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Table 9.7.2 Phase Maldistribution Data from Tilted Bed Studies

(continued).
S degrees tilt
4] i 0 0.09363
0 1 0 0.1182
¢} 1 0 0.1429
0 1 0 0.165

0.1393 0.7875 0.07315 0.1901
0.162 0.753 0.08697 0.1978
0.217¢9 0.6725 0.1096 6.209
0.1394% 0.786 0.07453 0.1893

0 1 0 0.1647
0 1 0 0.1426
0 i 0 0.1171
0 1 0 0.09298
0 1 0 0.113
0 i 0 0.1443
o 1 Q 0.1767
0 1 0 0.2018

0.1278 0.8437 0.0285¢4 0.2276
0,1695% 6.7926 0.0379%5% 0.23686
0.2679 0.6835 0.0486 0.2532
0.2468 0.7094 0.04377 0.2524
0.1605 0.8048 0.03468 0.2364
G.1208 0.8561 0.02511 0.2276

0 1 4] ¢,2019
0 kN 4] 0.1767
0 1 Q 0.1445
0 1 0 0.1131
10 degrees tilt
¢} b 0 0.09346
0 1 H] 0.31175
0 1 1] Q.143%

0.11587 0.8193 0.06506 0.1747
0.1523 0.7543 0.,09342 0.1887
0.1854 0.6979 0.1166 0.1947
0.2422 0.6306 0.1273 0.2093
0.2342 0.6&55 0.1204 0.2096
0.1552 0.7595 0.08529 0.1938
0.1387 0.7882 0.07311 0.189%5
0.1643
0.1L22
0.1172
0.0931

0.1132
O.1444
0.1767
0.2019
0.1367 0.8306 0.03273 0.2278

0.1781 G.781 0.0409%92 0.236%

0.2841 0.6638 0.05211 0.254

0.2674 0.6842 0.04833 0.2533

0.1731 0.7878 0.03911 0.2368

0.1397 0.8262 0.03418 0.2278

0.09113 0.8B%3% 0.01574 0.211
0 1 0 0.1767

0 1 o 0.1446

0 1 c 0.1133

COoO0Q0 O0QO0O0
NN TS S
CO00 O00O0
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Table 9.7.3 Phase Maldistribution Data from Pressure Drop Hysteresis.

Prassure Drop Hysterssis data fof'analysis with the

Three Zone Model
REL REG

SOYBEAN OIL DATA,
decreasing L

0.1873 30.18
0.1442 30.18
0.0979 30.18
0.06114 28,31
0.06114 28.31
0.02037 28.31
©.02037 28.31

0.01054 28.31
3.0105%54 28.31
increasing L
0.004024 28.31
0.004024 28.31
0.01054 28.31
0.01054 28.31

0.01974 28,31
0.01374 28.31
0.0314 28,31
0.0314 28.31
0.0438 28.31
0.0438 28.31
0.06114 28.31
0.06116 28,31
0.1398 28.31
0.1621 28.31

0.185 28,31

PSIGC
100% Film Model pred.
8th inch Al203 spheres in

THOLDC

5.625 inch column

PSIGE THOLDE
experimental data
THIS WORK,

588.2 0.3042
456.4 0.2905
338.1 0.2638
236.1 0.24
265.7 0.244
53.62 0.1786
£3.62 D.1786
44.51 0.1495%
46.07 0.155
16.56 0.06208
17,11 0.07066
21.09 0.09807
22.78 04.1127
30.91 0.151&
34.89 0.1623
68.4L6 0.2057
37.5B 0.2102
168.7 0.2606
172.9 0.2402
2286 0.2563
228. 4 0.2602
470.7 Q.3008
509.8 0.3105%
562 0.3171

LEVEC'S DATA on 3mm Glass Spheres

Descremasing L

2.1 41,3
5.2 41.3
11 1.3
15 1.3
23 1.3
28.5 41.3
3s 41.3
0.2 41.23
45.2 41.3
50 41,3
2.1 1.3
5.2 41,3
11 41.3
15 41.3
23 41.3
28.5 41.3
35 41.3
40,2 1.3
45.2 k1.3
50 41.3
increasing L

2.1 41.3
5.2 41.3
11 41.3
1% 41.3
23 41.3
28.5 41.3
35 41.23
40.2 41.3
45.2 51,3

S0 1.3

98
125
176
210
250
o0
330
350
365
400

98
120
155
180
215
240
270
295
300
325

75

80

90
100
120
145
170
130
210
250

‘10000000000 QOO OOQUO0OO0O0LOQ

723.7
532.6
332.5
180.7
180.2
66.99
66.99
46.58
44 .56

29.88
29.87
45.01
44,98
66.01
65.92
93.88
93.2%5
126.7
126.6
igl.1

i81
491.1
590.1
692.4

75.91
98.97

136
161.2
213.9
252.9
igz.2
3464
387.2
430.3
75.91
98.97

126
161.2
213.9
252.9
302.2
344,40
3g87.2
430.3

75.91
38.97

136
161.2
213.9
252.9
302.2
344, 4
387.2

430.3

0.3471
0.333
0.309%&
0.277%
0.2779
0,201
0.201
0.1628
Q.1628

0.1189
C.1189
0.1628
0.1628

0.199

0.199
0.2298
0.2298
0.2535
G.2536
0.2779
0.2779
£.3332
0.3413
0.3481

0.072%6
0.0985
G.1263

0.14
0.1611
0.1727
G.1B44
0.1925
0.1985
0.2056

0.072%%
0.0985
0.1263

0.14
€©.3611
0.1727
0.1844
0.1928
0.1995
0.2056

0.0729%
0.0985
0.1263

0.14
0.1611
0.1727
0.1844
0.1925
0.1995

| 0.2056



-288-

Table 9.7.3 Phase Maldistribution Data from Pressure Drop Hysteresis

(continued).
2.1 41.3 50 0 75.91 0.0729%94
5.2 41.3 55 o 98.97 0.0985
11 41.3 75 0 136 0.1263
15 41.3 80 o 161.2 0.14
23 41.3 30 0 213.9 0.1611
35 431.3 135 0 302.2 0.1844
50 51.3 250 o 430.3 0.2056

Constant liquid flowrate
Suspected maldistribution (denoted as increasing L)

46.96 8 25 V] S4.04 0.2221
46,96 11 45 0 125.5% 0.2197
L6.96 15 70 o] 165.6 0.2167
46.96 19 95 o 204.1 0.214%
46.96 23 125 0 261.4 0.2115
46.96 27 160 0 277.7 0.2091
k6.96 30 200 0 306.5 0.2075
46,96 33 240 o] 330.9 0.205%
46.96 37 270 0 365.7 0.2039
46.96 51 320 o] 400.2 0.202
46.96 L5 375 ] 34,3 0.2001
LE6.96 49 420 0 468.2 0.1984
46.96 53 475 ] 502 0.1967
46.96 8 50 0 94.04 0.2221
46.96 11 80 4] 125.5 0.2197
46.986 15 125 0 165.6 0.2167
46.96 19 170 4] 204.1 0.214
46,56 23 200 0 241.4 0.2115
46.96 27 2690 1} 217.7 0.2091
46.96 30 300 L] 304.5 0.2075
46,96 33 330 0 330.9 0.2059
46.96 8 S0 0 94,04 0.2221
b6.96 11 75 ] 125.5 0.2197
46,96 15 120 0 165.6 0.2167
L6.96 19 165 0 2064.1 0.214
46.96 23 195 0 241.4 0.211%
46.96 27 255 g 2771.7 0.2091
b6.96 30 295 0 304.5 0.2075
4L6.96 33 325 0 330.9 0.2059
L6.96 37 380 o] 365.7 0.2039
L6.96 Ll 430 ] &00.2 0.202
46.96 45 495 0 434.3 0.2001
Suspected Uniform distribution (denoted as descreasing L)
46,96 8 50 4] %4.04 0.2221
46.96 11 85 0 125.5 0.2197
46.96 18 130 ] 165.6 0.21867
46,96 19 185 0 206.1 D.214
46.96 23 235 0 241.4 0.211%
46.96 27 285 4] 2717.7 0.2091
46.96 in 360 0 304.5 0.2075
46.96 33 375 0 330.9 0.205%
46.96 37 420 0 365.7 0.203%
46.96 "% 470 1] 400.2 0.202
46,96 45 500 0 434.3 0.2001
CHRISTENSEN'S DATA, increasing L

13.33 25.2 36.6 0 87.28 0.1376
20 25.2 46.8 0 114,40 0.1581
26.66 25.2 65.4 0 144.5 0.1744
33.33 25.2 79 0 178.4 0.1i88
&0 25.2 97.6 0 216.5 0.1997
46.66 25.2 127.4 ] 258.7 0.2098
$3.33 25.2 201.4 0 305.4 0.2187
58.32 25.2 458.4 0 343.2 0.2246
6.67 25.2 59.5 0 £1.88 n.10RA
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Table 9.7.3 Phase Maldistribution Data from Pressure Drop Hysteresis

wwwww

(continued).
Decreasing L
13.33 25.2 113.3 0 87.28 0.1376
20 25.2 152.9 o 114.4 0.1581
26.67 25.2 195.4 0 144.6 0.1744
33.33 25.2 243.5 o 178.4 0.188
40 25.2 311.5 0 216.5 0.1997
46.66 25.2 400.1 0 258.7  0.2098
53.33 25.2 438.8 0 305.4  0.2187
sB.33 25.2 458.7 0 343.2 0.2246

Three Zone Model Predictions for Hysteresis data.

fR

£F

fD

mean ligquid holdup

Thia work, Sovbean oil on 8th inch Al203 spheres
in 5.625% inch column.
Decreasing L

0.18%3 0.7814

0.154L4 0.8171

0 1

0 1

0 1

0.096434 0.7602

0.09%434 0.7602

0.0729 0,866

0 1
Increasing L

0.01736 0

0.01734 0

0.09485 0.177%

0.0518 0.267

0.113% 0.6231

0.1083 0.5107

0.1093 0.7509

v} 1

0 1

o] 1

0 1

0 1

0.124 0.8602

0.15%6% 0.8192

0.1866 0.7852

0.029%33
0.02845
Q

0]

o
0.1455
0.1455
0.0611
o

0.9754
0.9495
0.7272
0.6612
0.4631
0.381
0.1399
0

o

g

0

0
0.0157%9
0.02429
0.02823

0.35%9
0.3446
0.30%
0.277%
0.2779
0.2022
0.2022
0.1771
0.1628

0.04704
0.046
0.1019
0.1115
0.1553
0.166%
0.2286
0.2298
0.2535
0.2536
0.2779
0.2779
0.3645
0.3529
0.3607

LEVEC'S DATA on 3mm Glass Spheres
Decreasing L

OCOOoOCO00Q

T ™)

0.7611
0.7562
1

1
1
1
1
0.7624
0.7396
0.7283
0.6891

Q
0
0
9
Y
o
0
0

0.0619%
0.06121

0

¢

0
0.08026
0.08568
0.09386
0.1136

0.0729%
0.0985
0.1263

0.14%
0.1611
0.1727
0.1864
0.1925
0.2196
0.2253

0.07294
0.0985
0.1263

0.14
0.1611
0.1925
0.2024
0.2095%

0.214
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Table 9.7.3 Phase Maldistribution Data from Pressure Drop Hysteresis
{continued).

increasing L
0.206%9 0,6809 0.1122 0.22
D.06165 0.7813 0.1571 0.08356
0.09315 0.5522 0.3547 0.09712 ——
0.13317 0.4625 0.4058 0.1167
0.1504 C.4667 0.3829 G.1302
0.1811 0.4741 0.3447 0.1519

0.1934 0.5211 0.28S56 0.1688
0.2099 0.5367 G.2534 0.1833
0.2232 0.5415 0.2353 0.1931
0.2361 0.5432 0.2208 0.2017
0.2382 0.5778 0.1839 8.2122
0.01451 o] £.9597 0.02656
0.1066 ©.01191 0.8815 0.06053
0.1411 0.2838 0.575 0.1014
0.1643 0.276 0.5597 0.11286
0.2046 0.27 0.5254 0.1318

0.2324 0.4146 0.3531 0.1714
Constant ligquid flowrats
suspected maldistribution (denoted as increasing L)

0.2382 0.5778 0.1839 0.2122
0.2313 0.4774 0.2914 0.,1992
0.208 0.5%73 0.2191 0,2087
0.206 D.5989 0.1951 0.2113
0.2091 0.6041 0.1867 0.2118
0,2091 0.6378 0.1732 0.2128
0.2073 0.6351 0.15876 0.214
0.1997 0.6687 0.1316 D.2165
0.1947 0.6924 0.113 0.218
0.199% 0.6851 0.1159 0.2169
0.1959 Q.7023 0.1017 0.2176
0.1924 00,7204 0.08721 0.2182
0.1925 0.7255 0.08198 0.2179
0.1904 0.7377 0.07185 0.2181
0.1552 0.7331 0.1118 0.2235
0.1529 0.7583 0.08876 0.2289
0.1522 0.779% 0.06834% 0.2275
0.1541 0.7882 0.0577 0.2277
0.1632 0.77i6 0.06521 0.2258
0.159 0.795%1 0.04593 0.2269
0.1588 0.8026 0Q.03861 0.2269
0.1619 0,79%2 0.0389¢ 0.2261
0.1552 00,7331 0.1118 0.223%
0.1582 0.741 0.1008 0.2243
0.1556 0.7686 0.07582 0.2265
0.1567 0.78 0.06333 0.227
0.1656 0.7641 0.07036 0.2252
0.1609 0.7892 0.04991 G.2265
0.1604 0.797& 0.04214 0.2265
0.1634 0.7943 0.04229 0.2257
0 1 0 0.2039

0 1. 0 0.202
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Table 9.7.3 Phase Maldistribution Data from Pressure Drop Hysteresis
(continued).

Suspected Uniform distribution (denoted as decreasing L)
0 1 0 0.2001

0.1552 0.7331 0.1118 0.223%
0.1481 0.774 0.0779%% 0.2273
0.1489 0.7897 0.06132 0.2283
0.1467 0.8111 0.0422 0.2295
0.1483 0.8179 0.03381 0.2293
0 1 g 0.20%1
0 1 0 0.2075
0 1 0 0.205%
0 1 0 G.2039
0 1 0 0.202
0 1 0 0.2001

CHRISTENSEN'S DATA, increasing L
0.1598 0.1259 0.7162 0.09298
0.1826 0.2765 0.5409 0.1241
Q.1889 0.4424 0.3687 0.15861
0.2044 0.4841 0.3115 Q.1745
¢.2156 0.5283 0.2562 0.1919
0.2193 0.58513 0.1954% 0.2093
0.1988 0.6949 0.1083 0.2288

0 1 0 0.2246
0.08948 0.791 0.119% 0.1223

Decreasing L

0.1376

0.1581

0.1744

0.188

0.1997

0.2098

0.2187

0.2246

cowoooooO
N e
cocooooo
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Appendix 9.8
Fortran Program for Solving the Three Zone Model to Determine

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 dimensioniess groups defined in Chapter 10. The
terminology and notation in the program is consistent with the quantities defined 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,

onaoanoanoaanandaanNnoanaGanann

non

ann

nnnanon nnNa aoaonNaooaoe Noon

tannoa

The Three Zeone Model

This program ls written to analyie pressure drop data f[rom
trickle bed reactors using the thfee zone model., The model
uses three ideal zones to represent the extent of phase
mafgistribution in the operating trickie beds, Hydrodynamlc
mode) of each zone have been developed base oh the Ergun
equation and contain no adjustable parameters fron Lwo phase
flow data,

First define common bleck /blkl/ to hold the llguld and gas

reyolds and Gallleo numbers for the total flowrate in the bed.

Also, the static,dynamic and total liquid holdup from experimental
data are in this block. Only the static holdup is required by the
Lhree zone model for the gas mosentum balance in the dry zone. The
flowing liguid heldups 3re not required by the model but can be input
for comparison purposes.

The common block /blk2/ holds the measured values of the dimensionless
gas phase pressure drop which Ils required by the three rone model.
The dimensicnless liquld phase body force is also lncluded with the
bed poresity, kinematlc gas and llguid viscositles, ratie of gas te
éiquid viscogity, and single phase erqun equatlon coefficlents of the
ad .,

Common block /blk3/ holds the liqufid and gasx densicies ang wiscosities
and the llquid surface tension {stl), The liquid surface tension is not
required Lf the static holdup data is given by experimental data.

common/blkl/rel, reg,gal,gag, shold,dhold,tholde
common/biki/psige,pslls, por, rnug, rnul, rvisgl, al, e
common/bik3/rhol, thog, rmul, oeug, stl

Cpen the data and results files.
open{7, file=' run,dat”’, access=’ sequent ial’, status~’old’)
open{d, file=frun resl.dat’,access=’sequentisl’,status~'new’}
open{l0,flle~"run_resl.dat’,access~'gequencial’, status«’ now’}
Read in the number of data peints and the convergence criteria

read{7,*} ndata, zerol, zerc2,

read in the phase densities, viscosities, and llquid surface tension
The units of all dimensional guantitles should be consistent.

read{7,*) rhol,rhog, rmul, reug, stl

read in the bed porosity, static liquid holdup, equivaient spherical
particle diaseter, gravitational acceleratlofn, crossectional area of
bed, specific surfice areaz of packing, and single phase flow ergun
equation coefflclents of the packing,

read (7, *}por,shold,dp, g, abed, ap,el,e2
Begln the loop to analyze the input data.
do 100 i-1,ndata

read in the overall bed liquid and ¢asx reynolds nwmebers, galileo
numbers, experimental,dimensienless gas phase pressure drop, and
the experimental, total liquid heldup. The holdup is not required
as an Input for the three zone model but is compared to the holdup
calculated by the model 1f ft 1s avallable,

read({?, *)rel,req,gal,gaqg, psige, tholde

Calculate the dimensionless body force on the liquid from
the dimensicnless body force on the gas {experimental},
Also, a flag is defined to show if the the model should
be considered applicable to the problem as defined by the



-294-

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).

Naoan0a

anNnaaannon

input. The flag 1s set te 1 inltlally te lndicate the mogel

is appllcable., The only reason the flag 1s set to zero is if

the measured pressure drop ls greater than the upper errofr bound
of the hydrodynamle model of the uniform phase distribution.

psile=~l+chog/chol* (psige-1.}
f{lag~=l

First, the lnput data on pressure drop wlll be checked to see

if the predictions of the two phase flow medel for uniform phase
distribution agree te within the determined range of +/- &0%.
Also, if the measured pressure drop ls greater than + &66% of the
pradiction of the uniform model, then the three zcne model will
predict negatlve fractions of the bed in the rivulet or dry zone.

call hold{teqg,rel,chold)

psigem(por/ (por—-chold)) **3+* (el*treg/gag+e2*reg**2/gag)
pailc~(por/chald) **3% {el*rel/gal+el*rel=*2/qal
ratio=psige/psige

rub=psigetl.6psige

rlb=psigc~0.6*psige

{f{psige.ge.riblthen

ralf=rel

regf~reg

holdf=chcjid

relt=0,0

regd=0.0

Ior=0.0

fhf=}.0

fbd=0.0

1f{psige.grt.rub) flag=0

1fi{pRige,le.psigeigote 10

goto 90

end if

10 continue

nonon

onaoaononNn

oanann

anonna

¥ouw,the momentuti balances fn the dry and rivulet zones will
be solved since they are simple quadratics in the zene reynolds
numbars.

clmgag*psige* {(per-shold) /por) *+3
ci=gal*psile

regdm i—el+sqri{el o244 22401y} /2 sl
relr={~eltsqrt{ei**2+4 *e2*cl)}/2./e2

Now, chetk to ses if the calculated reynolds numbers satisfy a
two zone mode}l which signifies complete separation of the
gas and liguid phases in the bed.
fbd, fbr, and fbI are the fraction of bed In dry, rivulet and {ilm
zones respactively.

fbd=req/regd

fbr=rel/reltr

writae (*,*)relr, fbr, regd, fbd

if the bed fracticns in the completely separated [low model
zarisfy the area balance on the bed, the problem is solved and
the variables associated with the film zone can be set to zero.

if{abs{fbd+fr~1.}),le, zerol}then
noldf=0.0

reif=0.0

regf=0.0

tbf«0.0

gote 90

end IE

since the completely separate flow model did not satisfy the area
balance, the fllm zone model must be solved t¢ determine the

the gas and l1iquid reynolds numbers which satisfy the experimental
pressure drop.
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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).

©
¢ The sclution procedure involves successive subscitution with an
¢ internal Newton Raphson lteration to solve for the interior varlable
¢ of ilquid holdup in the film zona. The procedvre begins with a guess
¢ of the liquid heoldup, xhe,.., .
c

xh=~chold
c
¢ Begin the do loop to calculate the gas and lligquld reynelds numbers
c of the film zone which satisfy the meaSured pressure dreop. If the
¢ liguid haldup i8 known (it 15 inltially guessed) the gas and liquid
¢ Eomentum balances are quadratics ln reynolds number.
c

do 50 j=1,100

ci=gagrpsigen { (por-xh) /por)**3
c4=galtpsiles (xh/por)+3
regfwi{-eltsqre (el *2+4 *e2vedl} /2. /02
retf={~el+sqre (el**2+4 *e2%cd}))/2./e2

o
c Mow, based cn tha current calctlated values of the reynolds numbers
¢ vpdate thae llquid holdup value by a call te subroutine hold. Thils
© subroutihbe uses & Newton Raphsen iterstion to sclve the nonlinear
c equation for liquid holdup for glven phase reynolds numbers which
c results when the dimensional pressure gradient in the gas and liguld
¢ phase ls egquated.
c

call hoid(regf, ralf,yh)
e
¢ check to ses 1f the successive substitution has converged to the
¢ criterien tero2? for consecytlve tterations.
[

Lf(abe{{xh-yh)/xh}.le . zerol)then

holdf=yh

goto 70

end if
5¢  xh~yh

write(r,60)1
&0 format {1x,"film zone model fajled to converge at pt. ¢,15)

c
¢ With the reynolds numbers of each phase in each zone knpwn, the
¢ masp and area balances reduce the the solution of a system of

¢ three lipear equations in three unknowns, the fraction of the bed
© oceypied by the three zones.

e
70 zlr=relr/rel

rlf=relf/rel

rqi=regf/reqg

rgd=reqgd/reqg

tbr={{l,~rlf} *{rgd-rgf) +rgferlf+clf) / ({rir-rlf)*{rgd-rgf) +

& rgfeclf}
fbd=(1, 4 [fbr~1.)*rgf) /{rgd-rgf}
[bf«).~fbd=-{br

¢ the mein holdup of the bed can be calculated from the results of
c the three rone wodel and compared to the data if so desired.

90 bha=fbreportfbftholdf+fixi*shold
write{*, *) for, tbt, fod
write (s, 95)rel, rey, psige, tholde,psige, chold
write{1Q,%6) fbr, fbf, fbd,bhm,flag

95  format (6ell.d}

96 format {(4ell. 4, 5.1}

100 continge

stap
end

This subroutine calculatas the llquid heidup in the fillm zone.
Glven the phase reynolds numbers, the dimensional pressure gradient
in the gas and liquid can be equated o give a single nonlinezr
equation for liguld heldup.

annfanon

subroutine held{rq, rl,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).

commen/blkl/rel,req,gal,qag,shold,dhold,thelde
comman/blkl/psige,paile,por, rnug, rnul, rvisgl,el, a2
common/blki/rhoel, rhog, rmul, rmug, stl

dimension x {100}

rdan=rhol/chog

Inttilal quess of holdup

00

x({1)=0.1
<
c Ergun equatlion predlctions for single phase flow pressure drop

spl=el*rl/gal+e2*ri**2/qal
spg=el*rg/gagtedtrgrt2/gag
Ipl=por**l

< .

¢ Newtan Raphson lteration begins...

c
do Z0 k=1,100
f=1.-rden+rden*spltrpl/x{k)**3-rpl*spq/ (por-x(x))*"3
dfe~3,¢rdentrplespi/a (k) **4-3 . *rplospg/ (Per-xik))**4
X{X+1)=x(k}~£/dL

c

c convergence at 0.1V relative change in consecutive iteratlions

c

iff{abs{{x{k+1)=-x{X)}/x(k}).le,C,00 }then

thold=x (k+l)

gotold

end 1f
20 continue

write{*, 25}
25 format {ix,’the newton raphson failed to converge’)
30 contipue

reLurn

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 al. (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
defined 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 findings of Vortmeyer and Winter (1984) indicate
that the lower limit on AX, AY, and AZ can be taken as three particle diameters. In
Figure 9.9.1 the superficial phase velocities are defined 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



X Z,o
Y > -
Z
v
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4 AZ
VY+AY,0L
AX ' AY
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VZ+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 rate of Total mass Total mass
mass gain = { flow into - flow out of (9.9.1a)
of the cell the cell the cel

Introducing the nomenclature found in Chapter 10, equation (9.9.1a) can be written in

symbolic form.

d
—m = 2 Py v, Sy, - Z(pm v S, (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 o phase, v, are normal to the cell faces at the

entry and exit.

2. The phase density, P, and other phase properties do not vary over any inlet or

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, Eceli‘

4. Asthe 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 k™ face for
the o phase, the relationship can be represented symbolically.

Vk
___,_c_z 9.9.2)
vk,ﬂ-—.e ( e
cell
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With the assumptions and conventions, the form to the macroscopic mass balance for a
unit cell of the bed becomes:

d
5 Peen —_-[ (V) (AYAZ) +(p V) (AXAZ)+(p Vz)a(AXAY)]

- [(p Viada BYAD + (V) AXAZ) +(V,, ) (AXA Y)] (9.9.3)

The model developed in this work is concemned with the steady state when no mass is
being accumulated and which leads to assumption 5.

5. Steady state flow exists in the bed.

(pvx - pVX+AX)a (pVY - pv'{my)a (Pvz - pvzmz)a
+ + = (9.9.4)

AX AY AZ

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 er 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.

1 3 A i 3 A
{-2— (V) S+Pv, S+dpv), s} - {5 (pv’) S+Pv_ S+ CD(pv)aS}
in out

- Bv,oeu ={ (9.9.5)

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

calculate the irreversible conversion of mechanical to intemnal energy, E_ cell”

P IAYAZ ¢ 4 3 AXAZ [ 1 3 AXAY ( 3 13
Ev.ceu"*{{ ) (VX_VX+AX)C:+ 2 (VY'“ VY+AY)a+ 2 (VZ_VZ+AZ)G.

8cell cell cel

* {AYAZ' (P v Y 'Y,o CYHAY Y+AY,0L)+

VX 0" PX+ AXVX+ AX,a) + AXAZ (P V. P v

A

A
+AXAY (szz,a“ PZ+AZVZ+AZ,a)} *Pa {AYAZ ((DXVX,G._ q’xmxvxmx,a)

A A A A
+ AXAZ (cvaY,a— by, Ve, Am) + AXAY (‘Dsz,a‘ b,V Az,m) (9.9.6)
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, = Pc + (- —-)X 5 (9.9.7)
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AP AX
P =P -{-— — (9.9.8)
X+AX ¢ ( AX)X+AX 2

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 relationships 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, The spatial orientation of the X and Z

'YX,Y,or z

axes are shown in Figure 9.9.2,

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

T

A AX AX 9
@, = ghc + C g siny, =gh + 5 gy (1 - cos™y) (9.9.9)

4 AX AX )
Porax =90, - Y gsinyy =g hc' 5 Gy (1 - cos™,) (9.9.10)
‘The gravitational component in the X direction is defined in terms of the angle Ty

according to Figure 9.9.2 (gX =g /sin yx) . Similar expressions can be derived for each

of the coordinate directions and the results substituted into equation (9.9.6) to give:

P fAYAZ( 3 4 AXAZ [ 5 1 AXAY (3 (3
veell” 9 | 2 (Vx“vxmx)a‘ 2 (VY_VY+AY)0L| £2 ( Al Z+AZ)(1

Ecell soeil cell

o 0002 (Y V) A2 (Vo) 807 (v v, ) )

, AXaYAZ {(( AP) v (AP) v )
+ [
K+AXK
2 AX X X AX AKX +AX, 0
AP AP AP AP
¥ (( AY) VY,CL+ ( Ay) VY+AY,¢L) * (( AZ) VZ,OL * ( AZ) VZ+AZ,(1)
Y Y+AY Zz Z+AZ

2
+ pa(gx(vX + VX+ Ax)a (1 - cos Yx)

2 2
+ QY(VY +Vo, AY)o: (1 - cos TY) + gz(VZ + VZ+ Az)a (1 ~ COS YZ) )}
(9.9.11)

+hp g {AYAZ (VX— V., Ax)a + AXAZ (VY— vy, AY)a + AXAY (VZ-— v, Az)a}
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The bracketed terms multiplied by PC and hc in equation (9.9.11) are equal to zero by the

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:

E p 1 1 1
veell _Ta 3 33 ; 3 3 3 3
AXAYAZ 3 {A)(Ez (VX VX+AX)<1 AY£2 (VY VY+AY)0L AZ&‘.Z (VZ VZ+Az)a

cell cell cell
1 AP v
e ax %) Yxel 5 ax % x+aXa \"5 Ay T 9Y) v
o o + o Y

+(1AP+Q) v (1AP+Q)V (IAP ) v

- —— t-—— H-——+g

Y Y+AY, z} ¥z, z Z+AZ,
P, AY yeay o0\ P AZ z “C\pAZ zeaz O

2 9 : )
- QX(VX +Vye Ax)a oS Yy - QY(VY +V, AY)a Cos™ Yy - gZ(VZ +V,. AZ)mcos Yz}
(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:

1 AP
(—-—~—A—X-+gx) = (aceu,a+bceﬂ Wx,ai) Vx,a (9.9.13a)
pa X
E (e ) E,(1-€_.)
where: a =17 eell T — 2 cell (9.9.13b)
celi,o 83 D2 cell 83 D
P Ecen™p cell P
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The convention of using the velocity component multiplied by its absolute value was first
used by Stanek and Szekely (1972). Other possible formulations are discussed by
Beminger and Vortmeyer (1987), but no substantial changes in the final model
predictions were seen when using the altemative 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 p 1
veell P 3 3 3 .3 3.3
vl _Ta) ©_ (V3y b V3V V3=V
AXAYAZ 2 \axe? ( X X+Ax)a 2 ( Y Y+AY)a 72 ( Z 'z AZ)O‘
€eell AYeE cell ¥

2 2
* (aceH,a en Wx,al) Vxot (acell,a+bcell mex,a’) Vx+aX o

2 2
+ (acell,a D een WY,aI) Vot (acell,a+boell NY+AY,a’) Vyiavae

2 2

* (acell,u Wy IV t) Vza* (aceﬂ,a+bceﬂ NZ+AZ,(1}) Vziaz,o

cell  Z,o

2 9 5
. QX(VX + VX+AX)a €oS Yy - gy(VY +V, AY)a cos™ Yy - QZ(VZ +V,, Az)a cos 72}
(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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9.5.2 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, € 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 1s 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

k{h face of the cell becomes:

vV, = e— (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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[(pVX)L(AYAZ) +(P V) AXAD) +(V (AXAY)]

dt Moy = Z)L

--[(p Ve BYAZ)+ (o Vy, ), (AXAZ) +(p VZ+AZ)L(AXAY7]

+(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 a=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 | to 9,
the integrated form of the mechanical energy balance when a phase interface is present

becomes:
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2{51- (pv3) LS +P v S+ &J(pv)L S}‘ - Z{-;- (pv3) Ls +P v, S+ &>(pv)L S}
mn out

+ (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 (9.9.17)

v, cell

With equation (9.9.16) and assumptions 10 to 12, equation (9.9.17) is reduced to the
following form for the unit cell.

veell "2 | 2 ( X X+AX)L (VY VY+AY)L+ 3 (Vz_ Z+AZ)L
L L

* {AYAZ (PXVX,L- PX+AXVX+AX,L) +AXAZ (PYVY,L" PY+AYVY+AY,L) +

A
+AXAY (PZVZ,L" P Z+AZVZ+AZ,L)} o {AYAZ ( X VX, ®X+AXVX+AX,L)

A A
+AXAZ ((DY YL (DY+AYVY+AY,L) + AXAY (q)z ZL (DZ+AZVZ+AZ,L) (9.9.18)

The same development described previously for single phase saturated flow can be used
to eliminate the pressure terms from equation (9.9.18).
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(Va R ) 1 (Vs 3 ) 1 (Vs__vs )
X xmx:.’AYe'i Y Y+AYL'AZ£i Z7Y oAzt

+(1AP+9)V (1AP9X) \Y +(iAP+g)V
- — — + - S—— + - — ——
x] VxL X+AX,L v] YyL
p AX X P AX XX pLAY Y
+(1Ap+g) A’ +(1AP g)V +(1AP+g) AY
- —— +
Y Y+AY,L z 7z ZHAZ L
pLAY YAy P AZ z pAZ zeaz
2 2 2

- gx(vx * VX+AX)L cos ¥y - gY(VY * VY+AY)L cos Yy - gz(vz * VZ+AZ)LCOS Yz}

{9.9.19)

In equation (9.9.19) the body force terms (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:

E p { 1 1
v,cell L 3 3 3 3
——ee = V.-V + V-V VoV
AXAYAZ 2 ( X X+AX)L ( Y Y+AY)L ( Z 7 az)‘—
L AYs AZEL +

3
1 2 5
¥ (E;) [(aoeﬂ,i- +bcell WX L’) VX,L ( cell, L+bce11 'VX+AX LI) mex,t_

2 2
+( celt,L *Peen Yyt )V v (aceH,L+boeIl WY+AY,LE) Vyiav,L

2 2
+ (acell,i_ e 'V Li)v FAN (aceli,L+bcell Wzmz,!..')vzmz,tl

2 2 2
- gx(vx * VX+AX)L oS ¥y - gY(VY + VY-I»AY)L cos Yy - gz(vz + Vzmz)L cos Yz}
(9.9.20)
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The quanitities a and bm}1 are defined in equation (9.9.13b) with o=L.. The

celi, L
total liquid holdup, € , 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 uniform bed,
uniform 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
— 3 aceii,LVEOtal,L * bcellvlotai,!.
& ~¢& (9.9.21)
L Teell g Z/ cos ®
. - 2 2 2
where: \.l’tot L™ )\/ <VZ,L> + <VX,L> + <VY,L> (9.9.22)
V., +V
ELT VAL L
<V, >= 9.9.23
C’L 2 ( )
<V_ . >
cos W= L (9.9.24)
Vtotal.L

The angle ® 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 o=l 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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9.9.3 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 o 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 o=G.

9.9.3.2 Two Phase Flow Macroscopic Mechanical Energy Balance for the Low Gas
L.iquid 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
veell _ __“veelll . “veellG (9.9.25)

AX AY AZ AX AY AZ AX AY AZ
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E P 1 1 1
veello "o 3 <3 3 3 3
AXAYAZ 2 {AXE (VX VX"'AX) vl AY£2 (VY VY"‘AY) AZg? (VZ VZ+AZ)°"
o o o

3
ALV b owvo V2 (e 4b 1y 1} v?
£ U cellbon cell X, X, celllo” “cel  X+AX o)  X+AX o
+{a +b Hv: +|a + IV 1v2
cell, o ceii Y Y,o cell, “cell  Y+AY,o Y+AY, 0
+1a +h IV, 1 \2 a +b IV I V2
cell,ao  “cell Zo Zo cell,oo “cell " Z+AZ, Z+AZ.o

2 2 2
- gx(vx + mex)a cos Ty - gY(VY + VY+AY)cx oS ¥y - gz(vz + VZ+AZ)0!. cos 72}
foro=LorG (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 ¢ =¢ L HE) based on the total phase flowrates and cell and phase

cell
properties when the dimensional pressure gradient is assumed to be the same in the gas

and liquid.

2

3
Pal [ Ecen ace]l,GVtotal,G * bcellvtotaj,G 1=
Pl e & g,/ cos @
2

e \da Vv +b V
( c.eu) cell, L total,l.  “cell " total,L +1=0 9.9.27)
g gZ/ COS ®

’ ! ¥

. 2 2 2
where: th al,ac I\/<V > +<V o +<VY & (9.9.28)
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V., +V
' _ ) E+AL o
and : <V§’a> = 3 (9.9.29)
<NV_ >
Cos @ = _Zl (9.9.30)
Vtotal. 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 o=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 © 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 findings of Vortmeyer and Winter (1984) indicate that the lower
limit on AR and AZ can be taken as three particle diameters. The dimension of the cell in
the angular direction is given by RA®, and we must assume the phenomenalogical
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packed bed models apply when this dimension is less than three particle diameters (Le.
near the center or the bed). The superficial velocities are defined normal to the
corresponding cell face and positive in the positive coordinate directions.

l Vz,a
R AR
Q
Z
VR,u _ VR+AR,a
—ip{ A7, SN
l VZ+AZ,a

Figure 9.9.3 A Single Bed Element in Cylindrical Coordinates.
The © dimension of the cell and the associated velocities
are not shown but do exist in the direction associated with
the indicated © coordinate axis. Note: 0 <A@ < 2n

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 satrated single

phase flow at each cell face is as follows:

SR=R AB AZ €eepy SR+ AR:(IJGAR) A® AZ € ot (9.9.31a; b)
Sez AR AZ € g SG+A9= AR AZ € o (9.9.31c; d)

A® 2 .2 ) _AB 2 _p2 .
SZ.—. - ((R+AR) -R ) €yl > SZ+ Y ((R+AR) -R ) € ell (9.9.31e; )
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Substituting these surface areas into equation (9.9.1), the steady state form of the

macroscopic mass balance in cylindrical coordinates becomes:

R (pVR ) pVR+AR)a (pVR+AR)a

- +
R + AR/2 AR R+ AR/2
(Pve - pV9+Ae)a (pvz - pvzmz)a
N -0 (9.9.32)
(R+AR/2) A® AZ

0.9.4.1.2 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 defined 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 form of equation (9.9.13) to give an
equation in terms 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 il

and bcell are defined in equation (9.9.13b).



-316-

E
v,cell,o . v,cell,o

ABAZ(R+ARY* ~R?) /2 " Cell Volume

3 3 3 3 3 3
Py (RVR_ (R+AR)VR+AR)0. . (Ve"veme)a . (VZ—VZ+AZ)(1
2 2 2 2
sceuAR(R+AR/2) sceuAO(R+ARj2) £ AZ

cell

R b oW 2 R+AR b ! 2
(R+AR/2) aoeu,a+ oell' R, R,a+ (R+AR/2) acell,a+ cell 'VR+AR,(1 R+AR,0£+

1 2 1 2
((R+ M))(acell,tf boell IVB ,at)ve ,cr.+ ((R+ ARJZ))(aoeu,a+bcell N@+A8,ai )VQ+A8,G.+

2 2
+(acell,a+ Been NZ,aI)VZ,a+ (acell,a+ Ocent Vz4az,of )Vz+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 final equations can be summarized as follows:

$.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 of the cell faces available
for unsaturated single phase flow in cylindrical coordinates, equation 9.9.34, can

substituted in equation 9.9.1b.
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SR:R A AZ g SR +ARTR+AR) AG AZ € {9.9.34a; b)

SQ=ARAZeL ; SB+A9=ARAZE (9.9.34¢; d)

_A® 2 2\, . A0 :
SZ..--Z-- ((R+AR) -R )eL ; Sz+ A7 5 ((R-:-AR) )EL (9.9.34e; 1)

With assumptions 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 a=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 acen o

and bceu are defined in equation (9.9.13b). The resulting equation for the energy

dissipation in a cell is as follows:

EV,ceH,L - Ev,ceH,L -
ABAZ(R+AR)* ~R%) /2 Cell Volume

3 3 3 3 3
P (RVR" (R+AR)VR+AR)L (Ve V@m@)i_ (VZ—VZ+AZ)L .
— + +

2 elz_AR(R-i-ARjz) ELA@)(R+AR,/2) eLAZ

_R b | bWV

(R+AR/2) a(:eII,L+ cell IVR L (R+AR/2) acell,L+ cell "R+AR,L' / R+AR,L *
-——--——1 o] 2 ~—--—---——-1 b IV | 2
®Rear) et Peen Vo L' Vo, L\ Riaryay \ 2oL Pcen Y orao L [V erae Lt

3
2 2 1
+( et P VL )vz’,_+ (aoen,u. by Va, AZ’L!)\’Z_P sz (E:) (9.9.35)
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As was developed in Section 9.9.2.2, the total liquid holdup, g, 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 of R in place of X and © 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 final 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.

Fora=1 or a=G:
SR=R AB AZ ea : SR+ AR=(R+AR) AQ AZ, Sa (9.9.36a; b)

Se=ARAZE ;S =ARAZ ¢ (9.9.36¢; d)
o o

B+AG

_ AQ ) ] _ A® 2 52 .
S,= > ((R+AR) -R )sa P Spars 3 ((R+AR) -R ) £, (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 a=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 8 o and bcell are defined in equation (9.9.13b). The resulting equation

i,
for the energy dissipation in a cell is as follows:

B E E
v,cell v,cellL + vieell. G (9.9.37)

AGAZ((R+ARY - R) /2 :AG)AZ((Ra-AR)Z ~R¥)/2 AGAZ(R+AR)® - R%) 12

E
v,cell, o _ v,cell, o

BOAZ(R+AR ~R) /2 Cell Volume

3 3 3 3 33
Py (RVR" (R+AR)VR+AR)0. . (Ve‘veme)a . (Vz_vzmz)a .

2 €2 AR(R+AR/2) eiA@(R+AR/2) eiaz

R b | 2 R+AR 2
(R+AR/2) aoeﬂ.c:+ cell NR,OL R,a+ (R+AR/2) ace]l.cr.+ bcen IVR-E-AR,(II R+AR,(1+

1 2 1 )
((R+ AR/Z))(aceIl,a+ bce]l }V@,al)ve,a+((R+ AR/g))(acell,a+bceil Ne-me,al )v8+Ae,a+
b oIV, IV b v 2 AY 5
+ ace]l,(x'*‘ cell | Z.0 Z,a+ acell,ct+ eli | Z+AZ,(IE ZHAZ g 'é— (993 )
a

for a=L or a=G

As was developed in Section 9.9.3.2, the total phase holdup, € which appear in

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 © in place of Y are used to determine the liquid holdup (and gas holdup since
aceu= 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 IMSL
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 modeiling.

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

c
[ The folleowing program will determine the single phase saturated
[+ flow distribution in a packed bed by minimizaing the energy
c dissipation over the entire bed.
c
c The minimization is carried out using the International
c Math Subroutine Library {IMSL), subroutine DNOONF.
I3 The algorxithm i3 based on Successive Quadratic Programming (SQP).
c Consult the IMSL Users Manual (1986} for more details. The details
c pertinent to using and modifying this program are given in the code.
c
c Richard A. Holub, 5/89
c
[
< The subroutine requires double precision arithmetic.
c
implicit reai*8{a-h,o-z}
implicit integer*4(i-n)
[
= The following common statements are used to store numbers and
c dimension vectors. The statements could be used to communicate
c with any subroutines. The common blocks are not nacessary for
c the case of single phase saturated flow, but are included for
e future generality and since this code served aa a basig for the
< other distribution models.
<

commen/dim/ne, nr, delta
common/bed/gfx,gfz,a(40),b(40) ,por (40}
commen/bed2/el, e2, dp, gamx, gamz
common/para/ibts, ipra, maxs, maxfa, sacc, sscboy
common/phase/rho, rmu

The following parameter statements are uded to dimension the
preblem and assign workspace for DNOONE. The variable namesg

are exactly the same as found in the IMSL Users manual for
convenience, The relaticnships for the bed model are as follows
and the IMSL definitions are repeated for completeness.

Consider a two dimensional bed model compesed of nc columna and
nr rows. The number of variables (unknown phase superficial

velogcities can be shown to be:

n = ner{nrt+l)+ne*(nc+l)
The pumber of equality constraints is given by the masas balances
for each cell.

me = nc*nr
The total number of constraints 1s the same as the number <£

equality constraints., Constraints are placed on the velocities
at the bed boundarieg, but this is accomplighed usang the upper
and lower bounds of each variable (specified in the input filel.

m = me

ALl of the other parameters defipne the necessary workspace for
the wvariables in DNOONF. The necessary relationships t2 calculate
the appropriate dimension for something other that a 4 by 1

elemant bed (as is shown} are as follows.

unnnoannnnonnnnnnnnnnnnnnnnnnnnonnn

ldg = n + 1

lddg = mmax = maximum of 1 or m = m (generally)
lu =m+n+n t+ 2

lact = Z*mmax + 13

Iwk = Z*n*(n+l16) + Jdrmmax + I*m + =8
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Table 9.10.1 Fortran Code for Saturated Single Phase Flow
Distribution Modelling (continued).

[t 1]

oo aocaaannaannaa

nnnn000000“00000“0000000000"

an0aan

liwk = 19 + m

parameter (n=9%4,m=40, me=40)
parameter (ldc=95, 1ddg=~40, lLu=230, lact=93)
parameter (lwk=23108, 1iwk=59)

The double precision vectors and work spaces are defined.

¢ = the final approximaticn of the Hessian on ocutput

d = diagonal elements cf Hessian on output

dfw= gradient of the objective function, supplied

dg= arxray containing the gradients of the conatraints

g = constraints

x = the variables

xlbm lower bounds on variables (if unspecified, set at -1.e#}

xubw upper bounds on variables (if unspecified, asat at 1leé)

u = Lagrangian multipliers for nonlinear constraints and
variable bounda

conwk,wk, iwk = work vectors

active = a logical vector to indicate the active (violated)
constraints,

real*8 ¢{lde,n+l),conwk (m) , din+i},df(n),dg(1ddg, n)
real*8 gim),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 dnlonf

Next, the input file is read to define the problem.

rho and rmu = phase denaity and viscosity
el and e2 = Ergun equation coefficients (laminar and turbulent}
dp= particle diameter
gfx and gfz = compenents of gravity in each cocrdinate directicon
of the cell.
the numper of columnsg and rows of cells in the aszsemblv
which makes the bed model.
ace = convergence criterion, is the Kuhn-Tucker criterion.
scbow = gscale facter for cobjective functicn, program scales
problem auvtomatically, best set to 1
ibtype = indicates how variable bounds are obtained, set teo zero
in the current algorithm so all variabie bounds are
specified. Cther opticns include
all bounds specified (used here)
all variables nonnegat:ive
all variables nonposative
ugers supplies first variable bounds, all others the azrme.
iprint = ocutput parameter for IMSL subroutine
no output
final convergence analysis
cne line of intermediate results for each interatien
detalled output fer each iteracicn.

nc and nr =

oo

W= O

LI |

WO

maxitn and maxfun = maximum iterations and function calls.

read(l, *}rho, rmu
read(i,*)=al,eld,dp,gfx. afz

read{l, *In¢c,nr,ace, schou

read(l, *}ibtype, ipraint, maxitn,maxfun

The variables which communicate with the IMSL subroutine are
saved under different names so that the cutput 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).

naon

L3R By I e I > S

aga0aN0onn

a anon

4]

o

Qa0

O0G00

ibts=ibtype
ipra=iprint
maxs=maxitn
maxfs=maxfun
aaccwacc
sschouwschou

Dafine the cell dimension, the acceleration due to gravity, and
the angles each cell axis makes with the horizontal plane.

delta=3, *dp

gravedsqre (gIx**2+gfz**2)
iffgfx.eq.0.0)gamxm=) 0
if(gfz.eq.0. 0igamemd. 0
if(gfx.ne. 0. 0)gamxmdasin (grav/gix)
if({gfz.ne. 0.0 ganzmdasin(grav/gfe)

Mode 2 indicatesa that the reverse communication option is being
uged (i.e., DNOONF) and the Hesmian and Lagrangian multipliers are

not supplied.

mode=2

The folloewing integer logic relates the bed variable numbers to
the velocity components for a particular cell {je).
the first step in any calculation for a particular cell requires
that the superficial velocities at the Z, Z+dZ, X, and X+dX
peeitions be related to the vector of unknowns which has been
cospreassed to have only a single value forx each velocity shared
by adjacent cells,
do 10 de=l,nr*nc 7
do 5 kt=nr,l,-1

if{je.le.kt*nc)k=kt-1

ixm=nc* (nc+l) +jot+k

Jezwic

Jedemjotne

Jox=ix

Swdxmix+l

From the input file, read the cell number and porosity. The terms

necessary for the Ergun equation are also calculated.

read {1, *}necell,por{jc)
a(ijciwel#*rmu* (1.-por{je)) **2/por{jc)**3/dp*+*2/rhe

b(jc)=e2* (1, -por{jc})/portjc)**3/dp

Check to see if input file is the corzect order,

if {ncell.ne.jc) then
write {6, 6)ncell
format (1%, 'error on input at cell § ',i5)

end if

Redd in the lower and upper bounds of each variable and an
initial guess of the sclution.

read (), *}x1b(jvz), xub{jve), xib(jvdz} , xub{jvdz},
xib(jvxd, xub (jvx), xlb (Jvax) , xub{Jvdx)

read(l,*)x{jvz), x (Fvdz)  x (jvx},x(Fvdx])

continue

first set all active variables to true...

do 11 ip=l,nc*nr

In cthar words,

Tnis same logic appesars throughout the program,
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Table 9.10.1 Fortran Code for Saturated Single Phase Flow
Distribution Modelling (continued).

13

14

4}

a

[z}

s

a0060

aOnNnona

active (ip)=.TRUE.

now set ido to 0 which indicates the first pass...

idom=0
if(ido.eg.0.or.ido.eqg.l) then

caleulate the function and constraint valuea

sum=yd, J

do 34 jefwl,nr*nc

do 13 ktfwnr, 1,-1

if(jef.la.ktf*ne) kf=kt£=-1

ixenic* (nr+l) +jef+kf

jvzmyef

Jvdzrmijcf+nc

IVE=IX

Svdxmix+l

tl=]l, /por(jcf)}**2/dalta

t2mx (5UX) **I=x {Jvdx) **I4x (jvz) **3
~x{jvdz)**2

t3mx (Jox) **2% (a (Jcf) +D (jef) tdabs (x (3vX)))

Cdmx (Jvdx) **2* (a{jcf)+b(jcf) *daba (x{jvdx) }}

t3mx {Jvz) **2* (& (icE) +B (jCf) *dabs(x (jvz)))

thwx (jvdz) **2*(a (jef) 4b(jcf} *dabs (x (jvdz}))

7w (x (Fvx) +x (Jvdx) ) *gfx* (dcos (gamx) } #*2

LBm{x{jvz)+x{jvdz) ) *gfzx (dcos (gamg)} **2

sumsaum+rha* (L1 *e2+ (E3+584) + (£ES5+LE) -£T-£8) /2.

gl{jcE)sx (jvx) -x (jvdx) +x{jvz) -x (jvdzn)

fvalus=sum

end if

now check ido to evaluate gradients...
if(ide.eq.0.0or.ido.eq.2)then
now the gradients

do 20 jegml,nr*nec

do 15 ktg=nr,l1,-1

if {jog.le.ktg*nc) kg=ktg=1
ix=ne* (nr+l) +jcg+tkg
jvz=jcg

jvdz=jcg+ne

Juxmix

Jvdxmix+l

The constants ck* are used to take the derzvative of the absolute

values which appear in the form of the Ergun equation uvsed here.

ckl=l,

ck2=]1,

ck3=1.

cldmi,
if{x(dvz).1lt.0.0)ckl=-1
if({x(jvdz) .1t.0.0) ck2=-1
if(x(jvx).1t.0.0) ck3I=-1
if{x{jvdx) .1t.0.0)cki==1

Since the derivative of the absolute value is not defined at zero

2 approximation is used where the discontinuity at zero is
replaced by a smooth curve with a zero derivative at z.ro.

if(x(jvz).eq.0.0)ck2=0.0
if (x{jvdz).eq.0.0)ck2=0.0
Lf{x(3jvx) .eq.0.0}ck3=0.0
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Table 9.10.1 Fortran Code for Saturated Single Phase Flow
Distribution Modelling (continued).

oann

16

0

aonon [ e

aO0a0n

25

30
32
34
38

38
39
40
42

tfix{jvdx) .eq.0.0)ckd=0.0

The derivatives can be calculated analytically for the single
phase saturated flow case.

ttiml, /por(jeg) **2/dalta

tE3lwx (jvx) **2* (b (jcg) *ck3)

tE3zm2, *x {3vx) *{a{jcg) +b(jcg) *dabs (x (jvx} )}

tr4lwx (jvdx) **2% {b(jcg) *ckd)

tt42m2 . xx{jvdx) *(a(jcg)+b(jecg) *dabs (x (jvdx}))

ttSl=x (jvz)} **2* (b (jcyg) *ckl)

tt52=2.*x (jvz) * (a (jog) +b (jeg) *daba {x (jvz) })

teGlmx{jvdz) **2* (o (jcg) *ck2)

tEE2m=2, kx (jvdz) * (s (jcg) +B{icg) *daba(x {jvdz}})

df {Jvz)wrho/2.* (3. *x(jvz) **2*ctl
FieESl+tt52) -gfz* (doos (gamz) } **2)

df {(jvdz)=rho/2.*{-3.*x{jvdz) **2+*tLl
+{tt6l4bt62) -gfz* (decos (gamz) ) **2}

df (jvx)=rho/2.* (3. *x (jvx) #*2*tel
+(cEAl+et32) ~gfxv (dcos (gamx) ) ** 2}

df {jvdx)mrho /2. % (-3, *x (Jvdx) *=2*tt]l
+{ttdi+ttd2) -gfx* (decos (gamx) ) **2}

if (active{jcg})thsn

do 16 1j=1,nc*(nr+l)+nr*inc+l)

dg(jcy,13)=0.0

dg (Jeg, jvz)=l.

dg{jcg, jvdz) =-1.

dg{jcg, jvx) =1.

dg{jcg, jvdx}=~1.

end if

continue

end if

Call the IMSL subroutine.

call dnacnf(ido,m,me,n,ibtype;xlb.xub,iprint,maxitp,x,
fvalue, g, df, dg, lddg,u, ¢, lde,d, acc, scbou, maxfun,active,
mode, wk, iwk, conwk}

Teat for convergence.

if{ido.eq.l.or.ido.egq.2}gote 12

The output file iz written in the same format as the input file
to facilitate restarting the program.

write (20, 32) rho, rmua

write{20,34)el,e2,dp,gfx,gfz

write (20,36) ne,nr, sacc, sschou

write (20,38) ibts, 1prs, maxs, maxfs

do 30 je=1,nr*nc

do 25 kt=nr,i,-1

if{je.le. kt*nctk=kt~1

ix=nc* (nr+l) +jc+k

jvz=jc

jvdz=jc+nc

JYRmix

Jvdxwix+l

write (20, 39) je, por tic)

write (20, 40} xlb(jvz}, xub (ivz), xib (jvdz) , xub (jvdz),
x1b (jvx}, xub{jvx) , xlb (jvdx) , xub {(jvdx}

write (20, 42)x(jvz), x(jvdz) 2 (jvx]), x (Ivdx)

continue

format (2el0.2)

format (Sel0.2)

format {215, 2e10.2)

format (415}
format (15, £10.5}
format (8el0.2})
format {4el2.3)
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), Uniform Gas Inlet

1.2 1.8e-5

180 1.8 006 0.0 5.81
4 10 7. 100000,

0 23100 100

1 .4

.47 .47 ~l.a6 l.86 0.0 0.0 ~l.e6 1l.aé6
.47 .4 6.0 G.07

2 .4

.47 47 -l.e6 1l.e6 =-1.e6 1.26 ~1.e6 1.6
.47 .4 g.0% 0.14

3 4

.47 .47 «l.a6 l.e6 -l.86 1. .e6 =-l.e6 1.e6
.47 .4 0.140 0.21

4 .5

- 47 .47 -l.eb l.e6 ~1.a6 1.e6 0.0 c.0
.47 .68 0.210 a.0

5 .4

~l.e6 l.26 -l.a6 l.a6 0.0 c.0 “l.e6 1.86
4 4 0.0 0.0

6 .4

-l.e6 l.a6 +l1.e6 I1.e6 -l.e6 l1l.e6 =-l.e6 1l.e6
.4 .4 Gg.0 0.0

7 .4

~l.e6 1l.¢6 -l1.e6 1,66 =-l1.86 l.e6 ~l.e6 1l.eé
.4 .4 c.0 0.0

& .5

~1.,e6 l.e6 -l.e6 1l.e6 =~1l.e6 1.e6 O0©.0 0.0
.68 .68 0.0 0.0

9 .4

~l1.,e6 l.e6 ~l.ef l.e6 0.0 0.0 “l.e6 l.e6
4 .4 0.0 0.0

10 .4

-l.e6 1.e6 <~l,e6 l.e6 ~l1.86 1l.e6 -~l.e6 1l.eé
.4 .4 0.0 0.0

11 .4

-l.e6 1l.86 -l.e6 l.ef ~-1.e6 1l.e6 ~l.e6 1.e6
.4 .4 0.0 0.0

12 .5

-i.e6 l.e6 ~1.e6 l.e6 -1.e6 l.e6 0.0 0.0
.68 .68 0.0 0.0

13 .4

~l.e6 l.e6 -1.e6 l.e6 0.0 0.0 -~l.e6 l.eé
.4 .4 0.0 8.0

14 .4

-l.e6 l.e6 -1l.e6 l.e6 -l.e6 l.e6 -l.e6 1.e6
.4 -4 0.0 G.¢

15 .4

-l.eb l.e6 =~l.26 l.g6 =l1.26 1.6 ~l.e6 1.e6
.4 .4 0.0 c.0

18 .5

-l,e6 l.e§ -1.e6 1l.ef6 =-l.e6 1.e6 0.0 0.0
.68 .68 0.0 0.0

17 .4

-l.g6 l.e6 -i.e6 l.a6 0.0 0.0 -1.e6 1l.e6
-4 .4 0.0 0.0

18 .4

~l.e6 1l.e6 ~l.e6 l.e6 ~-1.86 1l.e6 -l.e6 1l.ed
.4 | 6.0 0.0

19 4

-l.e6 1l.e6 -1.eb6 1l.eé6 ~«l.e6 1l.e6 ~l.es 1.a6
.4 4 0.0 0.¢

20 .5

~l.e6 1l.e6 -1.e6 1l.e6 =~1.e6 1l.e6 0.0 G.0
.68 .68 0.0 0.0

21 4

“l.e6 1.e6 -1.e6 l.e6 0.0 6.0 -il.e6 I1.e€
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Table 9.10.2 Example Input file for Saturated Single Phase Flow
Distribution Modelling (continued).
File for Uniform bed with wall and end effect of porosity (Bed 1), Uniform Gas Inlet

1

1

i

1

1.

.e6

.ef

-1

-1

.e6

a6

.e6

.e6

.ef

.86

-1

.e6

.eb

-1

.eb

a6

.ef

e6

~1l.e6

~1.e6

~1.86

-1l.e6

~l.eb

-l.e6

.eb

.e6

e

.ef

.ab

.af

=11

=1

.eb

.ed

-1

.e6

et

1)

.e6

.et

.e6

-1

0.0
-l1.e6 1
0.0
-1.86 1
0.0
~l.e6 1
0.0
c.0 0
2.0
~1.e6 1
6.0
~l.e8 1
0.0
-l.e6 1
0.0
0.0 0.
0.0
-l.e6 1
0.0
-l.e6 1
0.0
~l.e6 1
0.0
0.0 o
g.0
-1l.e6 1
0.0
-1l.e6 1
¢.0
~l.e6 1
0.0
0.0 0.0
0.0
~l.e6 l.eb
Q.07
~1.e6 1.ef
0.140
«l.e6 1.e6
0.210

.ab

a6

.eé

-1

.a6

-1

.e6

.eb

-1

.eb

.e6

0.0
~1l.a6 1l.eb
0.0
~1.e6 1.e6
¢.0
0.¢ 0.9
0.0
-i.e6 1.e6
0.0
-i.e6 1l.ef
0.0
-l.86 1.aé
0.0
e.0 0.0
0.0
~l.e6 1.e6
G.0
~l.e6 1l.eb
o.0
~l1.e6 1l.e6
0.0
0.0 0.0
0.0
~1l.e6 1l.eb
0.0
-1.46 1.e6
0.0
-i.e6 1l.eé
G.0
g.0 0.0
¢.0
-1l .26 et
.07
-1.e6 es
3.14
~l.e6 l.ed
9.210
.0 .0
O.
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Table 9.10.3 Iteration Results for Saturated Single Phase Flow
Distribution Modelling.
All results for uniform gas inlet distribution.

Sum of Kuhn -

Vv Number Ev,bed mass CPU
G,bed Bed Cod of Toul balance | Tucker R
/s cc Lode iterations —03———9 violations | Condition | ™®

m" s kg/m3ls N /rn3 him:s

(.57 1 45 0.1377e5 0.9e-16 | 0.65¢-6 0:2:40

0.57 2 66 0.1373e5 0.7e-15 | 0.33e-6 0:4:20

* cpu times refer to a Vax 6200 series computer unless stated otherwise.
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Table 9.10.4 Fortran Code for Unsaturated Single Phase Flow
Distribution Modelling

a0 6a0000000000aaca

o000

onnnonnnﬂnnnnnnnnnnnnnnnnnnonnnonnnn

The following program will determine the singlile phase unsaturated
flow distribution i1n a packed bed by minimizing the energy
dissipation over the entire bed.

The minimization is carried out using the International

Matli Subroutine Library (IM3L), subroutine DNDONE.

The algorithm is bagsed on Successive Quadratic Programming (5QP}.
Ceonsult tha IMSL Users Manual (1986) for more details. Tha details
partinent to using and modifying thig program are given in the code.

Richard A. Holub, 8/89

The subroutina requires double precision arithmetaie.

implicit real*8(a-h,o0~2)
implicit integer™4(i-n}

The following common statements are used to store numbers and
dimengion vectors. The statements are used te communicate
with the subroutineas.

common/dim/ne, nr,delta
common/bed/gfx,gfz,a{4C),b {40} ,por(40) ,thoid(40),dx(94)
common/baed2/el,el,dp, ghold (40) , gamx, gamz
common/para/ibts, iprs, maxs, maxfs, sacc, sscbou
common/phase/rho, rmu

The following parameter statements are used to dimension the
problem and a2ssign workspace for DHOORE, The variable names

are exactly the same as found in the IMSL Users manuai for
convenience. The relationships for the bed model are as follows
and the IMSL definitions are repeated for completeness,

Consider a two dimensional bed model composed of nc columns and
nr rows, The number of variables {unknown phase superficial
velocities can be shown to be:

n = ncx{nr+ll+nr*(nc+l)

The number of equality c¢eonstraints is given by the mass balances
for each cell.

me = AC*Nr

The total number of constraints is the same as the numper of

equaiicy constraints., <CZonstraints are placed on the velocities
at the bed boundaraes, but this is accomplished using the upper
and lower bounds ©f each variable {specafied in the input file).

m = me

All of the other parameters define the necessary workspace for

the variables in DHNOONF. The necessary relationships to calculate
the appropriate dimension for something other that a 4 by 10
=lement Ded (a3 18 shown) are as tcllows.

lde = n + 1

lddg = mmax = maximpum of 1 or m = m (generally)
lu=men+ 0+ 2

lackt = 2*mmax + 13

lwk = 2*n*{n+16} + 4*mmax + 3*m + 6§

iiwk = 19 +m
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Table 9.10.4 Fortran Code for Unsaturated Single Phase Flow

Distribution Modelling (continued).

a0 0adNnaNnNaAN0anna

nnnnnnnnnnnonnnnnnnnnnnnnnnnnnnnnn

paramet
paramet
paramet

The dou

c = the
4 = dia
df= gra
dg= arr
g = con
% = the
xlb= lo
xub= up
u = Lag

var

er (=94, m=40, me=40)
er{ldc=95, lddg=40, lu=230, lact=93}
er (lwk=21108, liwk=59)

ble precision vectors and work spaces are defined.

final approximation of the Hessian on output
goenal elements of Hessian on output
dient of the objegtive function, supplied
ay containing the gradients of the ceonstraints
straints

variables
wer bounds on variables (if unspecifiaed, set at -1.86}

per bounds on variaples (1f unspecified, set ar le$)
rangian multipliers for nonlinear constraints and
iable bounds

conwk, Wk, iwk = work vectors

active

rexl*8
real*8g
integer
integer
legical
externa

Next, t©
rho and
xdeltal

xdeltaZ

el and €2 = EZrgun equatipn cocafficients

dp= par
gfx ana

nc and

ace = <
schbou =

ibtype

iprint

mLxitn

read{l,
cead(l,
read{l,

= a logical vector to indicate the active (violated)

constraints.

c(lde,n+1},conwk(m) ,d{n+l),df{n),dg{iddg,n)
g(m},u(ly), wkilwk), z(nf,xlb(r), xub(n}
iwk {liwk)
ibtype, ids, iprint, k, maxfun, maxitn, mods, nout
active (lact)
i dnfonf

he input file 18 read to define the problem.

rmyu = phage density and viscoaity
= stepsize for central finite difference approximation
of the objective function gradient with the 2 componencs
of velocity. (3e~15 is best based on machine error)
= gtepsize for central finite difference approximation
of the ebiective function gradient with the X components
of velocity. {3ge-15 is best based on machine error)
(laminar and turpulent)

ticle diameter
gfz = components of gravity in each coordinate directiocn
of the cell.
nr = the number of columns and rows of cells in the assembly
which makes the Ded model.
onvergence criterion, 38 the Kuhn-Tucker critericon,

scale facteor for chkriective function, program scales
problem automatically, LDest set to 1
= indicates how varaizble hounds are obtained, set to zero
in the current algerithm s¢ all wariable pounds are

specified. Other coptisns include

all bounds spec:ified (used here)

all wvariables nonnegative

all variables nonposative

users supplies fi-st variable beounds, ail others
tput parameter f£or IMSL subroutine

no output

final ccnvergence analysis

one line of intermedaiate results for each interation

detailed cutput Isry =ach iterazion,

the same,

WO

LI I |~ [ TR

= o0

WO

and maxfun = maximum i1Terations and function calls.
*jrho, rmu, xdeltal, xdeltal

*lel,e2,dp,agfx,gfz

*}ne,nr,ace, scbeu
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Table 9.10.4 Fortran Code for Unsaturated Singie Phase Flow

Distribution Modelling (continued).

nnon anaaon

. ] annNnaoaoacaaan o000

OO an0a

aaao

1A

read(l, *) ibtype, iprint, maxitn, maxfun

The variables which communicate with the IMSL subroutine are
saved under different names aso that the output file of a
particular run can be used to restart the problem.

ibtswibtype
ipra=iprint
maxa=maxitn
maxfs=maxfun
sacemaca
sschou=schou

Dafine the cell dimension, the acceleration due to gravity, and
the angles each cell axis makes with the horizontal plane.

delta=3 *dp
gravedsqgrt (gfx**2Z+gfz**2)
if{gfx.eq.0.0)gamx=0.0
if{gfz.eq.0.0)gamz=0. 0

if (gfx.ne.0.0)gamx=dasin (grav/gfx}
if{gfz.ne.t.0)gamzadasin {grav/grz)

Mode 2 indicates that the reverse cocmmunication option ig baing
uted {i.e. DNOCNF) and the Hessian and Lagrangian multipliersg are
not supplied.

mode=

The following integer leogic relates the bed variable numbers to

the velocity components for a particular cell (je). In cother words,
the first step in any calculation for a partitular gell requires
that the syperficial velocitieg at the Z, Z+dZ, X, and X+dX
positions be related to the vector of unknowns which has been
compressed to have only a single value for each velocity shared

by adjacent cells. This same logic appears throughout the program.

do 10 je=i,nr*nc

ge 5 kt=nr,1,-1

if(jc.le. kt*ncik=kr-1

IXENC* (nr+l) +jotk

jvz=3c

jvdz=jc+nc

Jrx=ix

jvdx=ix+]l

Frem the input file, read the cell number, porosity, and an some
value for the liquid holdup. The holdup wvalue is not used on input
but the correct value is calculated for the initial guess of
velocities. On output, however, the cell heldup for the converged
solutleon 13 written inte thiz positicon.

The terms necesgsary for the Ergun eguaticn are also calculated.

read(l, *incell,por(ic}, ghold(jc)
a(jc)=el*rmu® (l.-per(jc))**2/por (1
bi{jc)=e2*{l.-porijc))/porijc) =*3/4d

}=*2/dp**2/che

-
Check to see 1f input file is the ccrreet order.,

if{ncell.ne,q¢rthen

write{6, 6)ncell

format {lx, error on input at cell & “,185)
end if

Read 1in 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).

initial guass of the solutien.

raad(l,*)xlb{jvz},xub(jvz),xlb(jvdz},xub(jvdz),
& xib{jvx) , xub (jvx},xlb(jvdx), xub(jvdx})
read(l, *) x{jvz) , x(jvdz), x{jvx), x (jvdx)

OG0

000,

a0

oon

continue

first set all active variables to true. .,

do 11 ip=1,ne*ar
active (ip)=. TRUE.

now set ide to 0 which indicates the first pass...

idow0

if{ido.eqg.0.or.ide.eq.1)then

now calculate functicn and copnstraints

call funct(x,fvalue,qg)

end if

row check ido to evaluate gradients...

if (ideo.eq.0.or.ido.eq.2}then

The derivatives of the objective function for the unsaturated flow
Case are calculated numerically using centra) finite differencesd.
The stepsize to the z and x components of velocity are defined in

the input file.

bafore beginning, set the dx vector to the x vector values,

anNnooaoanoa

[
i

a0

15

do 14 jcb=1,nr*nc
do 13 ktb=nr,1,-1
if(jch.le.ktb*nc}kg=ktb-1
ix=nc* (nr+l) +ich+kyg
jvz=jcb

jvdz=qjcbh+ne

IVETLX

Jvdr=ix+l
dx(jvz):x(jvz}

dx (Jvdz) =x {jvdz}

dx {jvx)=x{jvx)

dx {jvdx) =x {Jvdx}

now the gradients

do 20 jeg=l,nr*nc
do 15 ktg=nr,1,-1
if{jcg.le.ktg*nc)kg=ktg-1
ix=nc‘(nr+l)+jcg+kq

jvz=ycqg

jvdz=Jjog+ne

Jvx=ix

jvdx=ix+1

dx {dvz) =% (jvz2) +xdeltal

call dfunct (dfvajuel)
dx{jvz}=x{jvz) ~xdeltal

call dfunct (dfvaluel)

df (jvz) =(dfvaluel-dfvalue?) /xdeltal/Z.
dx (jvz)=x (jvz)

ax {ivdz)=x {jvdzs) +xdeltal
call dfunct (dfvaluel)
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Table 9.10.4 Fortran Code for Unsaturated Single Phase Flow
Distribution Modelling (continued).

aon

G0N0

dx {jvdz)=x(jvdz)-xdeltal

call dfuncti{dfvaluez)

af (jvdz)=(dfvaluel~dfvajue?) /xdeltal/2.
dx (jvdz) =x{jvdz)

dx (jvx)=x{jvx) +xdelta?

call dfunct (dfvaluel)

dx (jvx) mx {jvx) -xdelta2

call dfunct (dfvaluel}

df {jvx)={dfvaluel-dfvalus?) /xdelta2/2.
dx (jvx)=x {jvx}

dx (jvdx)=x {jvdx} +xdeltal

call dfunct{dfvaiuel)

dx (jvdx) =x (jvdx) ~xdelta?

call dfunct (dfvaluel)

df (jvdx}=(dfvaluei-dfvalue2) /xdelta2/2.
dx {Jvdx) *=x {jvdx}

continue
if (active (jey))then
de 17 iiml, ne*{nr+l)+nr+ (nc+l)
dg(jcg, ij)=0.0

dg{jeg, jvzi=1.

dg(jeg, jvdz)w-1,
dg{jeg, jvx)=l,

dg{jecg, jvde)==1,

end if

continue

end if

Call the IMSL subroutine.

call anonf(ido,m,me,n,ibtype,xlb,xub,iprint,maxitn.x.
fvaiue,g,df,dg,lddq,u,c.ldc,d,acc,scbou.maxfun,actlve,
& mode, wk, iwk, conwk}

L4l

Test for convergence.

if(ido.eq.l.or.ido.eq.Z)goto 12
The ocutput file is written in the same format as the input file
to facilitate restarting the program.

write(20,32)rho, rmu, xdeital, xdelta?

write (20,34}el,e2,dp,gfx, gfz

write (20, 36)ne, nr, sace, sschou

write {20, 38)ibts, iprs,maxs, maxfs

de 30 jo=1,nr*nc

do 25 kt=nr,1,-1

if (je.le.kt*ne) k=kt~1

ix=nc* (nr+l) +ictk

jvz=jec

Jvdz=djc+nc

Jwr=1ix

Jrdx=ix+ )

write{20,39)jc,por(jc},tholdrjc)

writetzu,40)xlb(jvz),xub(jvz),xlb(jvdz),xubrjvdzl,
& xlb {jvxy, xubtdvxl, xlb(fvdx) , xub {J7dx}

write (20,42} x(jvz),x(vda) , ® (Jvx), % {jvax}

30
32
34
36

39

continue
format (4el10.2}

formag {Sel0.2)

format (2i5,2el0.2)
format (41i5)

format (i5,£10.5,el12.3)
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Table 9.10.4 Fortran Code for Unsaturated Single Phase Flow
Distribution Modelling (continued).

490

aaa000aa0

nnnn

(¢ 30y

0000

ONONWVa G0N

Oaan

On

format (8ell.2)
format{4el2.2)
Stop
end

The following subroutine calculate the ligquid holdup
in a cell given tha superficial phase velocities into the cell.

The variable definiticns are the same as the calling routine
except that the variable vecteor x has been replaced by v.

subroutine holdup({v, jvz, jvds, jvx, jvdx, §, tholdup)
implicit real*8(a-h,o-z}

implicit integer=4(i-n}

real*8 v (94)
common/bed/gfx,gfz,a (40) ,b(40),por(40},thold(40),dx(94)

commen/bed?/el,e2,dp, ghold (40) , gamx, gamz
common/phase/rho, rmy

Dafina the gravitational acceleration of the earth,
velocities at the cell center.

gravedaqrr (gfx**2+gfz**2)
vze={v(jva)+vijvdz)) /2.
vxe= (v (jvx) +v(jvdx)} /2.

Identify certain limiting cases when velocities are zero.

if({vzc.eq.0.0}then
gravv=i.d~6

goto 5

end if
if(vxc.eq.0.0}then
gravv=gfz

goto 5

end if

In the general case, the gravitational component in the directaicn
of the liquid flow can be defined as follows.

theta=datan{vxc/vzc)
gravv=gfz/dcog (Lheta)

the magnitude of the ligquid velecity at the cell center is used
to predict the phase holdup.

vtotal=dagrt {vxer*2+vzcr*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.0.0)then

tsat=0.0

goto 10

aend if

tsat=trooe**{1./3.}

If the veleocities are large encuah,
than 1 are predicteg (physicaly impossible)

bed.

if{tsat.ge.l.0)tsat=1.0
tholdup=tgat*por (3)
return

and the average

then liguid saturations greater
so the values are set

to 1 and a pressure gradient results in the saturated portion of the
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Table 9.10.4 Fonran Code for Unsaturated Single Phase Flow
Distribution Modelling (continued).

end

The following subroutine 13 called to evaluate the energy dissipacion
in the bed.

0000

subroutine funeti{x,fvalue,qg)

implicit real*8(a-h,o-z)

implicit integer=4 (i-n)

real*B g (40} ,x(%4)

commen/dim/ne, nr,delta
common/bed/gfx,gfz,a(40) ,b {40}, pori40}, theld (40) ,dx {394}
common/bed2/el,e2,dp, ghold {40}, gamx, gamz
common/phasae/rho, rmu

caleulate the function and congtra:nt values

1]

szum=0.0
do 14 jef=1,nr*ne
do 13 ktf=nr,1l,-1
13 if (jef.le. . ktf*ne)kf=ktf~1
ixmnc* (nr+l) +icf+kf
jvzmqcf
Jvdz=jcfine
jvxmix
Jvdx=ix+l
call holdup(x,jvz, jvdz, jvx, jvdx, jcf, tholdup)
thold(jcf) =tholdup
Special case, if no holdup, no ligquid flow, no energy disgipation

in cell.

nonan

if{thold{jcf} . le.0.0)gote 14

3]

Caleculate energy dissipation in general case. 3um for bed value.

a

tl=1./thold(jef)**2/delita
E2=x(3vx) **3~x {jvdx) **3+x{jvz) **2
& -x{jvdz) **3
Ed=x (Jvx) **2% (a{jcfr+b(jcf) *dabs (x(1rx)])
cd=x{1vdx} **Z* {a{jcf) +b{jcf) *dabsa (x (Yvdx}))
LS=x(yve) **2*{a (jcf)+b (Jcf) *dabs (x{3vz)})
té=x(3vdz) **2* (a(jcf)+b(jcf) *dabz (x(2vdz}))
7= (x(Fvx)+x(jvdx) ) *gfx* {dcos {(gamx) ) =*2
tB={x({3vz)+x(jvdz}) *gfz* {(decos (gamz); **2
gum=sum+rho* {£1*t2+{£I+t 4+t 5+ 6) *(por(1cf) /thold(jef)) **3
& -t7-t8)1/2.

Evaluate mass balance constraint.

000

IS

gljcf) =x (Jvx)-x{3vdx) +x (jve) ~x (3wds
fvralue=sum

return

end

a0

energy dissipatisn in the
of calculating the
v variablea.

The following subroutine evaluates <
bed also, but for the specific purpos
gradients with respect to the veloc:oz

OO0 a

The structure and comments are the same as in subroutine funct.

(33

subroutine dfunct (dfvalue)

implicit real*8(a-h,o-z)

implicit integer=~4({i-nj

real*8 dthold(40)

common/aim/nc, nr,delta
commen/bed/gfx,gfz,a2 (40} ,b(40) ,por 140}, thold{40),dx (94}
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Table 9.10.4 Fortran Code for Unsaturated Single Phase Flow
Distribution Modelling (continued).

0

13

14

COmmon[beGZ/el,eZ,dp,ghold{dO)rgamx,qamz
Common/phase/rho, rmae

Calculate the function value at the difference point

ums=( 0
do 14 jcf=},nr*nec
do 13 ktf=nr,1,-1
if(jef.le . ktE*nc) kf=ktf-}
ix=nc® (nr+l) +jcf+ksf
jvz=sct
jvdzw=jcf+ne
Juxeis
Jedxmix+]l
call holdup(dx,jvz,jvdz,jvx,;vdx,jcf.tholdup)
dtheld{jcf)=tholdup
if{dtheld(jcf) .la.¢.0) goto 14
tl=l./dtheld(jcf)**2/dalta
C2=dx (Jvx) *#I-dx (jvdx) **Tidx (jvz) **3
& —dx (Jvdz) **3
t3—dx(jvx)**2*(a(jcf)+b(jcf)*dabs(dxtjvx})l
CA=dx (Jvdx) **2* (a (jcf) +b{jcf) *dabs (dx {jvdx)) )
tS-dx(jvz)'*2*{a(jcf)+b(jcf)*dabstdx{jvz]))
tG-dx(jvdz)'*Z*(a(jcf)+b(jcf)*dabs[dx(jvdz)))
t7-(dx(jvx)+dx(jvdx))'gfx*{dcos(gamx)}'*2
tB-(dx(jvz)+dx(jvdz))*gfz'(dcos(gamz})**2
sumnsum*rho'{tl*t2+(t3+t4+t5+t61*(por(jcf)/dthold(jcf})**3
£ ~eT-tB) /2.
continue
dfvaluessug
return
end
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Table 9.10.5 Example Input file for Unsaturated Single Phase Flow
Distribution Modelling.

1000. l.e«3 1.e-14 1l.e-14

180 1.8 .006 0.0 9.81

4 10 1.0e~-6 1.eZ

Q9 2 $%9% 989

1 .38 6.1

g.12 0.12 -i.86 l.e6 0.0 0.0 -l.e6 1.e6
0,12 0.03 G.0 .09

2 .29 0.1

0.0 a.0 ~1.e6 l.et6 -l.e6 l,e6 ~-1.86 I.eé
g0 0.03 0.09 0.06

3 .43 0.1

Q.0 0.0 ~l.ea6 l.e6 -l @6 l.86 ~l.e6 1l.e6
0.0 0.03 0.086 0.03

4 .5 0.1

0.¢ G.a ~l.e6 l.e6 -l.e6 l.af G.0 0.0
0.0 .03 0.03 6.0

5 .44 0.1

-l.e6 l.e€é ~1.e€ 1l.eb6 0.0 2.0 ~l.e6 1.gé6
0.03 0.03 0.0 0.0

[ .32 0.1

-l.e6 1,86 -l. et 1l.e6 -l.e6 1,86 -l.ef 1.ef
0.03 0.083 0.0 G.0

7 .42 0.1

~l.e6 l.e6 -l.e6 1l.e6 ~-1.e86 1.ef ~-i.ef I1.es
0.03 0.03 6.0 8.0

B .5 0.1

-i.e6 l.e6 -1.e6 1l.e6t ~-1.e6 1.6 0.0 0.0
Q.03 0.03 0.6 9.0

] .44 0.1

-1.86 1.ef -1.e6 1l.e6 0.0 2.0 -l.e6 1.26
0.03 0.03 0.0 ]

10 .38 0.1

-l.eb l.e6 -l.e6 1.6 =l.e6 l.e6 ~-l.ef6 1.e6
0.03 0.03 0.0 0.0

11 .42 0.1

~l.e6 l.e6 =-l.e6 l.e6 ~-1.e6 1.86 +«1l.g6 Ll.a§
4.03 0.03 0.0 0.0

12 .5 0.1

-l.e6 l.eé -l.e6 l.e6 ~-1.e6 1.e8 0.0 0.0
0.03 0.03 0.0 0.0

13 .34 0.1

-l.e6 1l.e6 <«l.e6 1.26 0.0 2.0 -l.e6 1l.&8
0.53 0.03 0.0 3.0

14 .43 ¢,

~l.e6 l.e6 ~1.e6 1.e6 ~-l.e6 1l.e6 -1l.86 1l.eb
0.03 0.03 9.0 0.0

15 .44 0.1

-i.,e6 l.ef =~l.26 1.e6 -~l.g6 l.e6 -l.e6 1.25%
0.03 ¢.03 o.0 0.0

16 .5 0.1

-l.e6 l.e6 -l.e6 l.e6 -l.e6 l.eé 0.0 5.2
0.03 c.03 0.0 0.0

17 .48 0.1

-l.e6 l.e6 ~-l.e6 1.26 0.0 20 -l.e6 1l.e2%
0.03 0.03 0.0 1.0

18 .46 Q0.1

-l.e6 l.e6 -l.e6 1l.e6 -l.ef 1.86 ~1.e6 1.e5
0.03 0.03 0.0 2.0

13 .6 0.1

-l.e6 l.e6 -l.26 1l.e6 ~-i.e6 l.eé -l.e§ 1l.a8
0.03 0.03 c.0 0

0 . 0.1

-l.e6 l.e6 -~l.@6 l.e2f -1l.e6 1l.e86 0.0 0.0
0.43 ¢.03 0.0 0.0

21 .46 0.1

-l.ef l.e6 -l.e€ 1l.e26 0.0 2.0 -l.e6 1,2%
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Table 9.10.5 Example Input file for Unsaturated Single Phase Flow
Distribution Modelling (continued).

0.03 0.03 0.0 0.0

22 .45 0.1

~l.e6 l.a6 -l.e6 l.e6 -1l.6 1.e6 ~-l.e6 1l.eb
0.03 0.03 0.0 0.0

23 .38 0.1

-1.,e6 l.e6 =~l.e6 1.86 ~l.e6 1.,e6 -~l.e6 11.eb
0.03 0.03 0.0 0.0

24 5 0.1

~1.e6 l.e6 -l.e6 1l.ef6 =-l.86 1l.e6 0.0 0.0

D.03 0.03 0.0 0.0

25 37 0.1

~1.e6 l.e6 -]l.e6 1l.e6 0.0 0.0 -l.e6 1l.ef
0.03 0.03 0.0 2.0

.03 0,03 0.0 0.0

28 .5 0.1

~l.e6 l.86 -1l.e6 1l.,e6 -l.e6 1.e6 0.0 0.0
0,03 0.03 0.0 0.0

29 .z8 0.2

~1.26 l.ef6 ~l.e6 l.et 0.0 ¢.0 -1.e6 1l.e6
0.03 ¢.03 0.0 0.0

“i.e6 1.6 -t.e6 1l.e6 -i.e6 1.e6 -1l.e6 1.a6

0.03 0.03 0.0 .0

31 .29 0.1

~l.e6 l.et6 =1.e6 1l.e6 -l.e6 1l.ef6 -l.e6 1.e6
0.03 0.03 0.0 0.0

32 .5 0.1

-l.e6 1l.e6 ~-1.e6 l.e6 -l.e6 1.,ef 0.0 0.0
0.03 0.03 ¢.0 0.0

33 .46 0.1

-1l.e6 1l.e6 ~l.eb l.et 0.0 0.9 “l.@6 1l.eb
.03 0.03 .0 0.0

34 .49 0.1

-l.e6 l.e6 -1.e6 l.e6 ~-1.e6 1.e6 ~-l.e6 1.eé
0.03 0.03 0.0 0.0

35 .35 0.1

-l.e6 l.e6 ~1.e6 l.eb6 ~-1l.e6 1l.e6 -1l.e6 Ii.ef
n.03 0.03 0.0 0.0

3 .5 0.1

-l.eé l.e6 -l.e6 1l.ef =l.26 1l.e6 0.0 2.0
2.03 0.03 0.0 0.0

37 .5 0.1

~1.e6 l.e6 0.0 l.e6 0.0 0.0 ~l.e6 1l.eé
9.03 0.03 0.0 9.0

3 .5 0.1

-1.e6 l.e6 0.0 l.e6 -1.e6 l.e6 ~l.et6 1l.eb
0.03 0.03 0.0 0.4

-l.e6 l.e6 0.0 l.e6 ~1.e6 1.6 =-1.e6 1.e6
3.03 0.03 6.0 a.n

40 .5 0.1

~l,e6 l.e6 (0.0 1.e6 =-1,e6 1,26 0.0 2.0

0.63 0.03 0.0 0.0
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Table 9.10.6 Iteration Results for Unsaturated Single Phase Flow

Distribution Modelling.
VL bed | LI:i:; | Number | Buped “ass é‘lﬁ; CPU
Bed Codej (. . - of Joule balance .. time
m/s Diis;::lbu- iterations ;“5—3- v;olaugns Cond1t310n _
g/m’/s N/m
0.005 1 PS 217 | 0.1962e4; 0.4e-17 (.).;12e-5 0:25:50
0.0125 1 PS 236 |0.4905e4] 0.le-16| 0.12e-5 | 0:28:24
0.02 1 PS 773 |0.8838e4] 0.7e-17 | 0.4e-5 |9:00:28" |
0.03 1 PS 656 |0.1585e5 0.96-17 0.82e-6 | 1:25:07
0.05 1 PS 175 [0.3970e5| 0.3e-16 | 0.11e-5 | 0:22:11
0.005 | 2 PS 230 | 0.1962e4| 0.3e-17 | 0.88e-6 | 0:27:50 |
0.0125 2 PS 241  10.5033e4 0.9&-17 0.81e-6 | 0:28:43 |
0.02 2 PS 302 10.9122e4] 0.1e-16 | 0.62e-5 | 0:39:06
6.03 2 PS 427 |0.1618e5| 0.2e-16 | 0.58e-6 | 0:53:47
0.05 2 PS 250 |0.4470e5{ 0.2e-16 | 0.24e-5 | 0:30:45
0.005 1 U 88 ]0.1962e4| 0.3e-17 | 0.12e-6 | 0:15:50
0.0125 1 U 52 | 0.4905e4 0.4e-1’“7 0.95e-6 | 0:05:30
0.02 1 U 88 10.7847ed! 0.4e-17 | 0.12e-5] 0:09:01
0.03 | 1 U 80 0.117765 0.1e-16 | 0.2e-5 | 0:08:22
0.05 1 U 144 1 0.1961e5| 0.2e-16 | 0.45¢-4 | 0:14:50
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Table 9.10.6 Iteration Results for Unsaturated Single Phase Flow
Distribution Modelling (continued).

Inlet Sumof | Kuhn -
V . . %* | Number Ev,bed mass CPU
Bed Codel . . . O Joule . . .. time
m/ Distribu- |. . === |violations|Condition
s tion iterations m3 o 3 3 heme
kg/m /s | N i mUs
0.005 2 U 125 0.1962e4| 0.2e-17 | 0.86e-6 | 0:15:22
0.0125 2 U 66 | 0.4905e4} 0.2e-17 | 0.11e-3 | 0:07:35
0.02 2 U 98 0.7848e4| 0.4e-17 | 0.52e-3 | 0:11:01
0.03 2 U 446 [0.1177e5) 0.1e-16 | 0.39e-3 | (:50:34
0.05 2 U 264 [ 0.2021eS5) O.le-16 ) 0384 | 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
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Table 9.10.7 Fortran Code for Two Phase Flow Distribution
Modelling in the Low Gas-Liquid Interaction Regime.

onnnnonnnonnnnnn

o000

ounnon.:nnnnnnnnn.)nnﬂoounnnnnnnnnnnnnnn

The following program will determine the two phase
flow digtribution in a packed bed by minimizing the energy
dissipation over the entire bed for both phases,

The minimization iz carried out using the International

Math Subroutine Library (IMSL}, subroutine DNOONF.

The algorithm is based on Successive Quadratic Pregramming {(SQP).
Consult the IMSL Users Manual (1586) for more details, The details
pertinent to using and medifying this program are given in the code.

Richard A. Holub, 1/90

The subroutine requires double precisicn arithmetic.

implicit reai*8{a~h,o-z)
implicit integer=*4 (i-n)

The following common statements are used to store numbers and
dimension vectora., The statements are used to communicate

with the subroutines,

common/dim/ne, ne,delta
common/bed/gfx, gfz,al (40}, b1 {40} ., por(40) ,thold{40) ,dx (188}

commoen/bed2/el,e2,dp,ag(40) ,bg(40),ghold (40) , ganx, gamz
common/para/ibts, iprs, maxa, maxfs, sacc, sscbou
common/phase/rhol, rmul, rhog, rmug

The following parameter statements are used to dimension the
problem and assign workspace for CHICHFE. The variable names

are exactly the same as found in the IMSL Users manual for
convenience. The relationships for the bed model are as follows
and the IMSL definitions are repeated for completeness,

Congider a two dimensional bed model ceomposed of nc columns and
nr rows. The number of variables (unknown phase superficial

velocities can be shown to be:
n = 2 * {(ne*{nr+li+nr*(nc+l})

The number of eguality constraints 1s given by the mass balances
for each cell for each phase.

me = Z*nc*nr

the same as the number of

are placed on the velgcities
aczemplished using the uprger
tszeciiied in the input file).

The total number of constraints is
equality congtraints. Constraints
at the bed beoundaries, but this iz
and lower bounds of each variable

m = me

All of the octher parameters define the necessary workspace for

the variables in DNOONF. The necessarv relationships to calculate
the apprepriate dimensien for something octher that a 4 by 190
element bed (as is shown) are as follows.

lde = n + 1
lddg = mmax = maximum ©f 1 or m = m (generally)
lu=m n+n + 2

1wk = 2*n*{n+16} + 4*mmax + S*m + 68

+

lact 2*mmax + 13
b

liwk = 1
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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=188, m=80, me=~80}
paramater (1dc=189, lddg=80, iu=458, lact=173)
parameter (lwk=77492, 1iwk=99)

The double precision vectors and werk spaces are defined.

c = the final appreoximation of the Hessian on output
d = diagonal elements of Hessian cn output

df= gradient of the objective function, supplied

dg= array containing the gradients of the constraints
g = constraints

x = the variables
x1lbw lower bounds on variables {if unspecified, set at -~1.ef}

xub= upper bounda on variables (if unspecified, set at les)
u = Lagrangian multipliers for nonlinear constraints and

variable bounds
conwk, wk, iwk = work vectors

active = a logical vector to indicate the active (violated)
constraints.

a0 aoanacoa0NNOnanan

real*8 c{lde,n+l),coenwk{m},d{n+l},df{n}, dg(lddg,n)
rexl*8 gim),u{lu},wk(lwk),x(n),xlb{n}, xub(n)
integer*qd iwk{liwk)

integer~4 ibtype,idu,iprint,k,maxfun,maxztn,mode,ncut
logical active(lact)

external dnlenf

Next, the input file is read tc define the problem.

rho and rmu = phase densaty and viscosity for ligquid (1) and gas (g}
xdeltal = stepsize for central finite difference approximation
of the obijective function gradient with the Z components
of veleccity. {3e-15 is best based on machine error) (1 and g)
xdelta? = stepsize for central finite difference approximation
of the objective function gradient with the X components
of velocity. (3e-~15 is best based on machine errcr) (1 and g)
el and e2 = Ergun equation coefficients (laminar and turbulent)
dp= particle diameter
gfx and gfz = components of gravity in each coordinate direction
of the celil.
the number of columns and rows of cells in the assembly
which makes the bed medel.
ace = convergaence <criterion, is the Kuhn-Tucker criteriocn.
scbou = scale factor for obiecrive function, program scales
problem sutomatically, best set to 1
ibtype = indicates how variable bounds are obtained, set to zero
in the current algerithm so all variable bounds are
specified. Other options irzlude
= all bounds specified {used herej
= all variables nonnegative
= ail variables nonpositaive
= users suppliesg first wvar:iable bounds, all others the same.

iprint = cutput parameter for IMSL subroutine

no output
final convergence analvsails
one line of intermediate results for sach interation

detailed output for each i1teration.

nc and nr =

[N S s

Wr- O
[ |

maxitn and maxfun = maximum iteractions and function calls.

nnﬂnnonnnnnunonnnnnnnnnnnnnnonnnnn

read(l, *) chol, rmul, rhog, rmug

read(l, *}xdeltall, xdelta2l, xdeltalqg, xdeltalg
read(l,*)el,el,dp,gfx,gfz

read(l, *}nc,nr,acc, schou

read{l, *)ibtype, iprint,maxitn, maxfun
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Table 9.10.7 Fortran Code for Two Phase Flow Distribution
Modelling in the Low Gas-Liquid Interaction Regime (continued).

0adana naaa aaaoa

aonNnafNancNaan0n

Do 0n000Nn00

The variables which communicate with the IMS5L subreoutine ars
saved under different names aso that the ouvtput file of a
particular run can be used to restart the problem.

ibtawibtype
iprs=iprint
maxgswmaxitn
maxfa=maxfun
sacc=ace
smcbou=acbou

Dafine the cell dimensicn, the acceleration due to gravity, and
the angles each cell ax:a makes with the horizontal plane.

deita=3, *dp
grav=dsqrt (gEX**2+gfz*=2)
if(gfx.eq,.0.0)gamx=0.0

if (gfz.eq.0.0)gamz=0.0
if({gfx.ne, (. 0)gamx=dasin (grav/gfx)
if (gfz.ne.0.0) gamz=dasin{grav/gfz)

Moda 2 indicates that the reverse communication option is being
used (i.a., DNOCNF} and the Hessian and Lagrangian multipliers are

not supplied,

mode=2

numbers to

The feollowing integer logic relates the bed wvariable
in other words,

the velocity components for a particular cell (je).
the first step in any calculation for a particular cell requires
that the superficial velocities at the 2, Z+dZ, X, and X+dX
positions be related to the vector of unknowns which has been
compressed to have only a single value for each velocity shared
by adjacent cells. The liguid and gas velocities are numbered
congecutively in the bed. In other words, the liquid velocities
are contained in x(1-94} and the gas in X(95-188).

This same logic appears throughout the program.

do0 10 je=1,nreng
do 5 kt=nr,i,-1
if{jc.le.kt*ne)k=kt~1
ix=nc* (nr+i)+ijc+k
jvzl=jc
jvdzl=jc+ne
Jvxi=ix
Jvdxl=ix+1i
Jvrza=ivzl+n/2
jvdzg=jvdzl+ns 2
jvxg=Jvxlins/2
jvdxg=vdxl+n/2

From the input file., read the cell number, porosity, and an scme
wvaluye for the liguid holdup. The holdup ~value 13 not used on input
but the correct value is caleculated for the initial guess of
velpcities, On output, however, the cell holdup for the cenverged

sclution is written into this positicn.

The terms necesssry for the Ergun equatien are alao calculated for
the gas and liguid.

read(l, *Incell, por(jc},ghold(jc)
al{jcy=el*rmul*(1l. -por(jc)) **2/por(ic)**3/dp**2/rhol
bl{je}=e2* (1. -porijc}) /porijc) **3/dp
ag(jc)=eltrmug® (1. -por(jc}}**2/por(jc) **3/dp**2/rhog
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Table 9.10.7 Fortran Code for Two Phase Flow Distribution
Modelling in the Low Gas-Liguid Interaction Regime (continued).

= a

oOoaa

L&}

(22N e RER BT RN B B W aan (o3 I I

,.,
[

bg (e =bl (jc)

Check to see if input file is the correct order.

if(nceil.ne. jc}then
write(6,6}ncell

format {1, ‘error on input at cell # *,iS)
end if

Read in the lower and upper bounds of each variable and an
initial guesa of the sclution. First the liquid, then gas.

read(l, *jxib{jvzl), xub{jvzl}, xlb (4vdzl), xub{jvdzl},
x1b (dvxl}, xub (3wxi), x1b (Jvdxl) , xub (3vdxl)

read{l,*)x(jvzl},x(jvdzl),x(;vxl),xijvdxl)

read(l, *) xlb (jvzg), xub(jvzg), xlb (ivdzg), xub (jvdzg),
x1b (Fvxg), xub (jvxag), x1b (jvdxg), xub (ivdxg)

read{l, *)x{jvzg),x {jvdag), % (jvag) , x{Ivdxg)

continue

first set all active variables to true...

do 11 ip=1,2*ng*nxy
active{ip)=.TRUE,

now set ido to 0 which indicates the Ffirst paas. ..

ido=0Q
if{ido.eq.0.or.ido.eq.l)then

now cajculate function and constraints
call funct (x, fvalue, g}

end if

now check ido to evaluate gradients...

1f (ide.eqg.0.0or.ido.ea.2)then

The derivatives of the objective functicn for the twe phase flow
case are galculated numerically using central finite differences.
The stepsize to the z and x components of velocity are defined in

the input file.

before beginning, set the dx vector to the x vector values

de 14 dcb=l,nr*ne
do 13 ktb=nr,l,-1
if (jeb.le. ktb*nc) kg=kth~1
ix=nc* (nr+l) +jcb+kg
Jvzi=ich
jvdzl=jebine
Jvxl=ix

Jvdxl=1x+l
Jjvzg=jvzl+n/2
jvdzg=jvdzl+n/2
Jjvrg=qvxl+n/2
Jvdxg=jvdxl+n/2

dx (jvzl)=x(jvzl)

dx {Jvdzl) =x (jvdzl)
dx (Jvxl)=x{jvxl)

dx {3vdxl)=x {jvdxl)
dx (jvzgy=x(jvzg)

dx (jvdzg) =x {jvdzg)
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Table 9.10.7 Fortran Code for Two Phase Flow Distribution
Modelling in the Low Gas-Liquid Interaction Regime (continued).

o0

15

0

dx {jvxg) =x {jvxqg)
dx (Fvdxg) =x { Jvdxg)

now the gradients

do 20 jeg=i,nr nc
do 15 ktg=nr,1, -1
if{jcg.le.ktg*nclkgrktg-1
ixwnc* {nr+l}+jcg+tkyg

jvzl=jcg

jvdzlwicgtnc

Jvxi=ix

Jedxl=ix+l

jvzgejvzlen/2
jrdrgwjvdzl+en/2
Jvxg=avxi+n/2

jvdxg=jvdxl+n/2

dx {jvzli)=x{jvzl}+xdaltall
call dfunct (dfvaluel}
dx{jvzi}»x{jvzl) -xdeltall
call dfunct (dfvaluel)

df (jvzl)={dfvaluei-dfvalue?} /xdeltall/2.
dx (dvzl)=x(4vzl)

dx {jvdzl) mx (jvdzl) +xdeltall

call dfunct (dfvaluel})

dx (Jvdzll=x{jvdzl) -xdeitalil

call dfunct{dfvaluel)

df {(jvezl) = (dfvaluel-dfvalue?) /xdeltall/2.

dx {jvdzll=x(jvdzl)

dx (jvxl)=x{jvxl) +xdelta2l

cail dfunct{dfvaluel)

dx (jvxl)=x (jvxl}-xdeltall

call dfunct (dfvalue2)

df (jvxl)={dfvaluel-dfvalue2) /xdelta2l/2.
dx (Jvxl)=x{jvxl)

dx (Jvdxl)ax (jvdxl) +xdeita2l

call dfunct (dfvaluel)

dx (jvdxl)=x{jvdxl) -xdelta2l

call dfunct {(dfvalue2)

df (jvdxl) ={dfvaluel-dfvaluel) /xdeltall/2.

dx (jvdxl)=x{ivdxl)

dx {(jvzg)=x(jvzg}+xdeltalg

czll dfunct (dfvaluel)

dx (jvzg) =% (jvzg} -xdeltalg

call dfunct{dfvalueZ}

df (jvzg) = (dfvaluel-dfvalue2) /xdeltalz/2,
dx {jvzg)=x{Jjvzg)

dx (jvdzyg} =x (jvdzg) +xdeltalg

call dfunct (dfvaluel)

cx (jvdezg) =x (jvdzg) -xdeitalg

call dfuncti{dfvaluel)

df (jvdzg) = (dfvaluei-dfvalue?) /xdeltalg/2.

dx (jvdzg) =x {jvdzqg)

dx (Jvxg)=x (jvxg} +xdeitalg

call dfunctidfvaluel)

ax (jvxg) =x{jvxg) -xdeitalg

call dfunct (dfvaluel)

df {jvxg) ={(dfvaluel-dfvalue?) /xdeltalg/2.

dx {jvxg) =x{jvxg)
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Table 9.10.7 Fortran Code for Two Phase Flow Distribution
Modelling in the Low Gas-Liquid Interaction Regime (continued).

17

18

20

a0

naan

0
32

dx { jvdxg) =x ( jvdxyg) +xdelitazg

call dfunct (dfvaluel}

dx (jvdxg) =x { jvdxg) ~xdeltalg

call dfunct{dfvaluel)

df {jvdxy) ={dfvaluel-dfvalue?} /xdeitalg/2.

dx (jvdxg}=x (Jvdxg)

continge

if (active({jcg))then

da 17 ij=1,2*{ng*(nr+l)+nr*{nc+l))
dg(jecg,ij)=0.0

dg{icg, vzl =1,

dg(jcg, Jvdzi}»-1.

dg(jeg, jvxl)=l.

dg(jeg, jvdxl)=~1.

end if

iflactive{jog+nc*nr})then

do 18 iiw=l,2*% (nc*{nr+1)+nrc*(nc+l)}
dg (jog+ne*nr,il}=0.0

dg (jeg+ne*nr, jvzgl=1.
dg{jcg+nec*nr, jvdzg)==1.
dgficgrncrnr, Jvaig)=1.

dg (jcg+nc*nyr, jvdxy) ==1.

end if

continue

end if

Call the IMSL subroutine.

call dnlonf{ide,m, me,n, ibtype, xlb, xub, iprint,maxitn, x,
& fvalue, g, df,dg, lddg,u, c, ldc,d, ace, scbou, maxfun, active,
& mods,wk, iwk,conwk)

Test for convergence.
if{ido.eq.l.or.ide.eqg. 2)gote 12

The output file ig written in the same format as the input file
to fagilitate restarting the program.

write (20,32)rhol, rmul, cheg, rmug

write{20,33)xdeltall, xdeltall, xdeltalg, xdeltalg

write(20,34)el,e2,dp,gfx, gtz

write (20,36)nc,nr, sace, sacbou

write (20, 38) ibts, i1prs, maxs, maxfs

do 30 jec=l.nr*nc

do 25 kt=nr,},-1

if (je.le. kt*noyk=kt-1

ix=ncH (nr+l) +jc+k

Jwel=1yc

jwdzl=je+nc

Juxl=ix

jvdxl=ix+i

jvzg=jvzl+n/Z

jvdzgejvdzrl+n/2

Jvxg=3vxl+n/2

Jvdxg=jvdrl+n/2

write (20, 38) ¢, poxr(jc), thold{jc)

write (20,40 xib(jvzl}), xup(djvzit, xlb{jvdzl) ., xubiavdzl),
& xlb{jvxl), xub (jvxl), xlb (jvdxl), xub {jvdxl)

write (20,42)x{jvzl),x(Jvdzl), x (Jvxl), x (Fuvdxl)

wraite (20,40} x1b{(jvzg}, xub{jvzg), xlb{Jjvdzg}, xub(jvdzg),
3 x1lb{jvxg) , xub {jvxqg) , x1b {jvdxg) , xub (jvdxg)

write (20,42)x{jvzg},x{jvdzg), x{jvxg}, x (jvdxqg)

continue

formar (4el0.2)
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33
34
36
38
39
40
42

anonnann

aT0oan

dapnan

on

3OO0

[ 22 IET IS

format (4el(.2})

formae {Sel0.2)

format (2i5,2al10.2)
format (41i%5)

format (15,£10.5,e12.3)
format (8810.2)

format (4el2.3)

stop

and

The following subroutine calculate the liguid heoldup
in a cell given the superficial phase velocities into the cell.

The variable definitiona are the same as the calling routine
except that the variable vector x has besen replaced by v.

subreutine holdup (v, jvzl, jvdzl, jvxl, jvdxl, j,

jveg, jvdzag, Jvxg, jvdxg, tholdup)
implicit reairf (a-h,o-z})
implicit integer=4{i-n)
real*8 v(lE8},h(10000},hss(108)
common/bed/qgfx, gfz, al (40),b) (40) ,poc(d40),thold{40),d=x (188}
common/bed2/el, e2,dp, ag{40) ,bg (40}, ghold {40}, gamx, gamz
common/phase/rhol,rmul,ghog,rmug

Dafine the gravitational acceleration of the earth,
velocities at the cell center.

grave=daqrt (gfx*"2+gfz**2}

rdengl=rhog/rhel

veel= (v{jvzl)l+v(jvdzl)} /2.
vxels (v (jvxl)+v{jvdxl)) /2.
vzog={v(jvzg)+v(jvdzg}) /2.
vxeg=(v (jvigy+v(jvdxg) ) /2.

calculate the anwle the regultant velocity of the liquid makea
at the cell center. Calculate the gravitational component in the
same direction and the magitude of the gas and liquid velocities

at the cell center.

theta=datan(vzecl/vzcl)
gravv=gfz/dceos (theta)
vtotall=dsgrt (vzcl**2+vxel**2)
vtotalg=dsqrt(vieg**2+vxcg**2)

calculate the zergshear ligquid holdup.

troot=(al(j) *vrtotall+bl{j) *wr=otall**2} ‘gravy
hoidloniy=troot** {1 /3. }*por(y)

If the liquid flowrate in the cell is zero, the liguid holdup is

Zero.

1f {vtotall.le.0.0)then
tholdup=0.0

goto 40

end if

If the gag flowrate in the ¢ell is zereo, the ligquid holdup is

given by the zero shear model.

if(vtotaly.le.0.0)then
tholdup=holdlonly

goto 40

end if

and the avaerage
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aGaooa anaan

non

“O00n0n

15
16

(Y]

0

a0 00

BIEEN1]

20

-
Z

30

A Hewton Raphson iteration is used to selve the two phase flow
uniform distribution hydrodynamic model for each cell. A starting
value of holdup is given based on the zero shear model prediction.

if (holdlgnly.le, 1.d~-2)h(1l})=holdlonly
if (holdlonly.gt.1.d-2)h{1)=0.1

The Ergun equation functions are calculated for the gas and
liquid, then the Newton Raphson starts.

ergl=(al{j) *vtotall+bl (})*vtotall**2)/gravy
ergg=(ag(j) *vtotalg+bg (i) *vtotalg**2} /gravv
do 20 i=1,1000
rtxpor {3) -h (i)

If the cell becomes saturated, quit the iteration.

if (dabs{rt).le.i.d-12)then
tholdup=por{j}

goto 40

end if

If the holdup drops below le-6, then successive substitution
is a bettar method since it avoids division by small numbers
and cubing the result.

if (dabs(h(i}).le.1.d-6)then

hax (1) =h{i)

de 15 ii=1,100

hss{iit+l)=por(3j) *(ergi/{l.+rdengl* {{por (3]} /(por{j)-hsaiii)}}*3
*ergg-1.})}**(1./3.)

if{dabs{ (hes(ii+l) -hss(ii)) /has(ii+l)}.le.1l.d-16)lgoto 17

continue

write (6,16)41ii

format (1x, "Succ. Subst, failed to converge in',i5, -’ iterationsa’)

tholdup=has (ii+1)

gote 40

end if

Zack to Newton Raphson iteration.

£nr=1.+rdengl* ({por{j)/rt)**3*ergg~l.) ~{por(j)/hi(i)}="2*ergl
dfnr=3.* (rdengl* (por(j}/rt) **3/rt*erggt
{por (31 /h{i})) **3/h (i) *ergl}

Define some catchall limits for the holdup if the Newton Baphson
iteration diverges, I have never had a situaticn where this was
needed but I inciuvde it to be cauticus.

if{h{i).le.-1.)then

hi{i)=0.9d~§
goto 14
end if

if{h(i).ge.l.)then
tholdup=por {3)
goto 40

end if

Jpdate holdup estimate and tesyg for convergence.

h{i+1)=h{i}-fnr/dfnr

if (dabs ({(h(i+l)~-h(i)}/h(i)) .le.1.d-16}goto 30
continne

write (6,23)

format (1x, 'Newton Raphson failed to converge’}
tholdup=h{i+l)
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40000

[s ¢

a0

(1]

40

continue
return
and

The fellowing subroutine is cajlled to evaluyate the energy dissipation
in the bed.

subroutine funct (x,fvalue, g}

implicit reaixf{a-h, o=z}

implicit integer*4 (i-n)

real*B g(80),x(188)

common/dim/ne, nr,dalta

commen/bed/gfx, gfz,al{40),b1(40) ,por(40),thold(40),dx{168)

common/bed2/al,e2,dp,ag(40) ,bg(40) ,ghold (40), gamx, gamz
common/phase/rhol, rmul, rhog, rmug
n=2* {no* {nr+l) +nr* {nc+l)}

cal¢ulate the functieon and constraint values

aum=0,0

do 10 jof=l,nr*ne

do 5 ktf=nr,i,-1

if{jcf.le. ket*no) kf=ktf-1

ix=nc* {nT+l} +jcf+kf

Jvzlmjef

jvdzl=jcfine

Juxlwix

Jvdxl=ix+l

dwzgmyvel+n /2

jvdzg=jvdalin/2

jvxgmjvxlen/2

Fvdxgmivdxl+n/2

call holdup(x, jvzl, jvdzl, jvxi, jvdxl, jef,
jveg, jydzyg, jvxg, Jvdxg, tholdup)

theld({jecf)=tholdup

Evaluate the energy dissipation in the cell,

t2 ex{jvxl) **3-x{Jvdxl} **I+x (jvzl) **3

-x (jvdzl) **3
L2g=x (Jvxg) **3-x{jvdxyg) **I+x{jvzg} **3

-x {jvdzg) **3
t3i=x(jvxl)**2*(al{jcf)+bl(jcf) *daba(x{jvxl)}}
t3gmy (jvxg) **2* (ag(jcf}+bg(jef) *dabs (x (jv>g) )}
t4lex (Jvdil) **2#* (al {jef) +bl (jef) *dabs (x (jvdxl) })
tdg=x (jvdxg} **2* {ag (jcf) +bg (jcf) *dabs (x (Jvdxg) }}
tSl!x(jvzl)**2'(al(jcf)+bl(jcf)‘dabs{x(jvzll))
tSg=x (jvzg) **2* (ag (Jcf) +bg (Jcf) *dabs (x (Jvzg) )}
thiex (Jvdzl) **2* (al (jcf) +bl{3cf) *daba (x (jvdzl)
thg=x (jvdzg) **2* (ag {jcf) +byg (jcf) *dabs (x (Jvdza)
t7l={x{jvxl) +x {Jvdxl)) *gfx* (dcos (gamx)} ) **2
t7g= {x (jvxg) +x {(Jvdxg) ) *gfx* {dcos (gamx) ) **2
E8im(x{jvzlil+x(jvdzl)) *gfz* {dcos{gamz})}**2
tBgm(x(jvegl+x (jvdzg)) *gfz* (dcos {gamz) ) **2

b
)}

Special case of liguid saturated cell.

if (thold(jecf) ,eg.por{jcf))then
tli=1./por(jcf) **2/delta

sum to bed value.

sum=gum+rhol* (t11*€21+ (£31+841+£51+t61)
-t71-t81) /2.

goro 9

end if
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[
c Special casea of gas only flowing in cell.
[=
if{thold(jcf}.le.0.0)then
tlg=1./por(jecf)=*2/delta
gum=sum+rhog* {£1lg*c2g+ (LIg+tdg+tSg+tEg)
I “tTg~tBg) /2.
gotao 8
end if
(o4
c General case of two phase flow in the cell.
[
tll=1, /thold{jcf)**2/delta
tlgel./ (por(icf)-thold{jcf)) **2/delta
sumssum+rhol* (E11*e21+ (31441451461}
& *(por{:cf) /thold {jcf} ) **3-+T1-cBL} /2,
& +rhog* {tig*t2g+ {t3g+tdg+tSg+reg)
& *(perijcf)/ (perijcf)-thold (jeE) ) ) **3-t7g~tBy) /2.
c
i Evaluate mass balance constraings,
a
9 g{jefi=x(jvxl) -x (jvdxl}+x{jvzl) -x (jvd=z1)
10 gljcf+nc*nrl=x{ivag) -x (jvdxg} +x (jvzyg) ~x (jvdzy)
fvaluewsum
raturn
end
c
[ The following subroutine evaluates the energy diassipatien in the
[ bed alasco, but for the specific purpoze of calculating the
[~ gradients with respect to the velocity variables.
<
= The comments and layout are the same as for subroutine funct.
[~
subroutine dfunct (dfvalue)
implicit real=*8{a-h,o-z)
implicit integer*4 (i-n)
real*s dthold(40)
common/dim/ne, nr, delta
common/bed/gfx, gfz,al (40),b1(40) ,por (40} ,theld (40) , dx (188)
common/bed2/el,e2,dp,ag (40) ,bg (40}, ghold (40}, gamx, gamz
common/phasesrhol, rmul, rhog, rmug
n=2*(ne* (ar+l)+nc* (ne+l})
[
c calculate the function value at the difference point
c
sum=_g. 0
de 14 jef=l,.nrc*nc
do 13 ktf=nr,1,-1
13 if{jecf.le. . ktf*ne) kf=ktf-1
ix=nc* (nr+l)+icf+kf
jvzl=djctf
jvdzi=jcf+nc
Jvxl=ix
Fudxl=ix+l
jvzg=qvzi+n/2
jvdzg=jvdazl+n/2
jyxg=jvxi+n/2
Jvdxg=gjvdxl+n/2
call holdupidx, jvzl, dvdzl, juxl, jvdxl, jof,
& vz, yrdzg, jvxg, Jvdxg, tholdup)
dtheld(jef) =tholdup
t2i=dx (jvxl) “*3-dx (jvdxl) **3+dx (jvzl} **3
& ~dx (jvdzl) **3
E2g=dx (Jung) ** I-du {jvadrg) «*3+dx (iveg) >3
& ~dx {jvdzg) **3

£31l=dx (jvxl) **2* (al (c£f) +bl (jcf) *dabs (dx (Fvxl}) }
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t3g=dx (juxg) **2* {ag {jcf) +bg {jcf) *dabs (dx {jvxg) }}
Cdl=dx {jvdxl} **2% (al (jef) +bl{jef} *daba (dx {gvexk}l )}
tdg=cdx (Jvdxg) **2* {ag(Jjcf) +bg(jcf) *dabs (dx {jvaxg) })
E5Llmdx (Jvzl} **2*% (al (jcf) +bl (jef) *daba (dx(jvzl)}))
£5gmdx (jveg) **2* (ag (jcf) +bg (jcf} *dabs (dx (jvzg) })
t6ledx (jvdzl) **2* (al (jcf) +4bl (jcf) *dabs (dx (jvdz i)
t6gmdx (jvdzg) **2% (ag (Jo£) +bg {jcf} *daba (dx { jvdzg)
£7)= fdx (jvxl) +dax(Jvdxl) ) *gfx* (deoy (gamx} ) **2
tTg= (dx {jvxg) +dx (Jvaxg) ) *gfx* (deog (gamx) ) **2
t8Ll=(dx(jvzl) +dx (jvdzl} ) *gfz* {dcos (gamz} ) **2
t8g=(dx (jvzg) +dx (jvdzg) ) *gfz* (dcos (gamz) ) **2
if (dtheld {jcf}) .eqg.por{icf) )} then
tll=1./dthold{jcf) **2/dalta
sum=um+rhol* (L11*e21+ (314641451461

& -£71-+8L) /2.
goto 14
end if
if {dthold(icf) .le.0.0)then
tig=l./{por (jcf} ~dthsld(jcf}) **2/delta
sum=gum+rhog=® {t1lg*t2g+ (t3g+t4g+tSg+tg)

& ~t7g-t8g) /2.

gote 14

end if

tli=1./dthold(jcf} **2/delta

tlg=l./ (por(icf) -dthold{jcf))**2/delta

sumwgsum+rhol* (£11*c21+(C31+£41+t81+£61)

*(por{jcf} /dthold(jcf) }**3-tT71-£E1) /2.
& +rhog* (L1g*t2g+ (£3g+tdg+tSa+tég)
*{por{icf)/ (por{jcf} ~dthold(3cE)}) **2-tTg=-t By} /2.

3}
1

[}

continue
dfvalue=sum
return

end
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1000, l.e-3 1.0 1.

3,e-16 3.e-16 3.e=16 3.e-16
180 1.8 .06 0.0 9

10 0.0558 1.

F
0 2 500 999

1 .38 c.1

0.02 ©0.02 -l.e6 1,86 0.0 9.0 -l.e6 1.eb
0.02 0.008 0.0 g.01s5
0.055 0.05% -l.e6 l.e6 0.0 0.¢ ~l.m6 1.ef
¢.058 ¢.053% 0.0 0.9

2 .28 0.1

0.00 0.00 ~1.e6 l1.e6 -l.e6 l.e6 ~1.86 1l.e6
0.00 0.005 0.¢15 ¢.01
0.055 0.055 ~l.e6 1l.e6 -l.e6 1.e6 -l.e6 1l.eb
0.055 3.055 0.0 0.0

3 .43 0.1

0.6 0.0 -i.e6 l.e6 ~1.e6 l.e6 -~1.e6 1l.ek
0.0 0.005 0.01 0.005
0.055 0.055 -1.e6 l.e6 ~-l.26 l.ef -l.8€6 i.e$
G.058 ¢.055 0.0 0.00

4 .5 0.1

o.00 g.00 1.6 1.86 ~-1.a6 1l.e6 [ 0.0
0.00 0.005 G.o0s 0.9
0.055 0.0558 -1.a6 1.e6 -l1.86 1.e6 0.0 0.0
0.085 0.0655 0.60 0.0

5 .44 0.1

-l.e6 l.e6 =~-1.af 1l.e6 0.0 0.0 “l.e6 1.eb
0.005 0.005 0.0 a.¢

“1.e6 l.e6 -l.e6 1l.e6 0.0 0.0 -l.a6 1.e6
0.055 0.055 0.0 0.0

3 .32 9.1

~-l.eé 1.e6 -1.e6 1l.e6 -1.e6 l.e6 -1l.e6 1.e6
0.0050 0.00s0 0.9 0.0
~l.e6 l.e6 -l.e6 1.e6 -l.e6 l.e6 -1.e6 1.e6
0.055 0,055 ¢.6 0.0

7 L4Z2 0.1

~l.e6 l.e6 ~l.eb6 l.e6 -1l.e6 l.e6 ~-l.e6 1.;&
0.¢050 0.0050 0.0 0.0
-l.e6 1l.e6 ~l.e6 1l.e6 ~l.e6 1.e6 ~-l.e6 1.e6
0.055 4.058 9.0 g.0

8 .5 0.1

-l.e6 l.e6 -l.e6 1l.e6 =-l.e6 l.et6 0.0 g.0
0.0050 0.0050 0.0 0.0
-l.e6 l.e6 -l.ef6 1.e6 -~l.e6 1.6 0.0 0.0
¢.055 0.055 0.0 0.0

9 a4 7.1

-l.e6 1.e6 -1.e6 1l.ef C.0 A -l. g6 1.e6
9.005 2.005 0.0 ¢.0
-i.e6 1l.e6 -l1.26 1l.a6 0.0 "0 ~l.e6 1l.es
0,055 2.055 9.0 0.0

H] .38 0.1

-l,e6 l1.e6 -l.e6 1l.e8 =-1.gf 1l.e6 -1l.e6 1l.e6
0.005¢ 0.0050 0.0 2.0
-l.e6 1.26 -1.e6 l.e6 -1l.26 1l.86 -l.e6 1.e6
0.055 0.055 0.0 5.0

11 .42 2.1

-l.e6 l.e§ -1l.e6 l.e6 -1.e6 l.ef6 =-1.p6 1.86
0.0050 0.0050 n.0 9.0
-l.e6 1.26 ~-l.e26 1l.a6 ~l.26 1l.e6 -l.e6 1. =26
0.055 59.055 0.0 0.0

12 .5 g.1

“l.e6 1l.e6 -1.e6 1l.e6' -l.e6 1.e6 0.0 0.0
0.0080 0.0050 g.0 ]
~l.e6 1l.e6 ~l1.e€ 1.26 =-l.e6 1l.e6 0.0 0.0
0.055 0.055 0.0 ¢.0
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-l.e6 l.e6 =-l.eg6 l.e6 0.0 c.0 -l.e6 1.ef
f_cos g.005 0.0 0.0
-i.e6 l.e6 -l,e6 l.e6 0.0 0.0 -l.e6 1l.e6
0.055% 0.055 0.0 0.0

14 49 0.1
-l.e6 l.e6 -l.e6 l.ef6 ~-l.e6 1.e86 -1.86 1.86

0.0080 0.0050 0.0 0.0
-1.a6 l.ef -l.e6 l.e6 -1.86 1.e6 -1.e6 1.e6
0.055 0,085 0.0 Q.0

-i,e6 l.e6 -i.e6 1.6 -l.e6 I1.86 -1.e6 1.e6

0._0050 0.0050 0.0 0.0
~l.e6 l.86 ~-1.a6 1l.86 =~l.ef 1.6 -1.86 1,e6
0.055 3.055 9.0 ¢.0
16 .5 0.1
-i.e6 1l.¢6 -~l.e6 l.eb6 =~1l.e6 1l.e6 0.0 0.0
0.0059 0.0050 0.0 0.0
~l.e6 l.e6 ~1.e6 l.e6 =-1. @6 1l.e6 0.0 0.0
. 0.055 ° 0.05% 0.0 0.0
17 .48 0.1
-l.ef 1l.e6 -l.e6 1.e6 0.0 0.0 ~1.e6 1l.ef
0.005 0.005% g.0 G.0
-l.eé l.ef -l.e6 1.e6 0.0 c.o -l.e6 1.ef
0.0558 0.055 0.0 0.0
18 .46 0.1
-l.ef6 1.86 -l.e6 1.e6 -1.e6 l.e6 -1.e6 1.86
0.0050 0.0050 0.0 0.9
-l.e6 1l.e6 -l.,e6 l.e6 =-l.e6 1.e6 -i.e6 1.e6
0.05% 0.055 Q.0 0.0

19 .36 2.1
-1.e6 l.eb -l.e6 l.e6 -2.e6 1.6 =-l.e5 1.e6

0.6050 0.0050 0.0 0.0
-1.86 1l.e6 ~«l.e6 1.6 -1.e6 1.e6 -1.e6 1.eb
0.055 {0.055 6.0 0.0
20 .5 0.1

~l.e6 l.e6 -l.e6 l.e6 -1l.e6 1l.e6 0.0 c.0
0.0050 9.0050 c.0 0.0
-l.eb l.,e6 ~-1.e6 1.26 =-1.e6 1l.g6 0.0 n.0
0.055 4.053 0.0 [

2 16 4.1

-1.e6 l.e6 ~1.e6 1l.e6 0.0 0.0 ~l.e6 1l.eé
3.005 0.005 0.0 9.0
~l.e6 l.e6 -l.ef 1.e6 0.0 0.0 -l.e6 1l.ef
0.055 0.055 0.0 6.0
22 .45 7.1

-l.e6 1,86 ~l.e6f 1.6 -31.26 1l.a26 ~-1.86 1.a6
2.0050 7.005¢ 0.0 .0
-l.eé l.e6 ~i.eb6 l.e6 ~l.e6 1.e6 ~1.e6 1.eé
0.055 3.05% .0 9.0
23 .38 2.1

-l.e6 l.e§ -1.e6 l.e6 -1.e6 1.e6 -1l.e6 1.e6
0.0050 4.,0c50 g.c 0.0
-l.e6 1l.e6 =~l1.e6 1l.e6 -1.e6 l.e6 =l.e6 1.e6
0.055 0.055 0.0 9.0
249 .53 0.1

-l.e6 1l.e6 -1.8 l.e6 =~-l.e6 l.s6 0.0 2.0
0.0050 0.0050 0.0 0.0
~l.e6 l.e$6 ~l.ef6 l.e6 -i.eé l.e6 0.0 2.0
0.055 G.055 0.0 3.0

z i Z.1

~l.e6 1l.e€ -1l.e6 1l.e6 0.0 0.0 -l.e6 l.eb
0.005 0.008 0.0 3.0
-l.e6 1.e6 -1.e6 1.e6 0.0 0.0 ~l.e6 1._e6
0.055 0.455 0.0 2.0
26 .43 ]

~l.e6 ].e6 -l.e§8 l.ef -l.ef 1.86 -1l.e6 1.6
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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).

0,005¢ 0.0050 0.0 0.0
-l.e6 l.e6 =~l.e6 l.e6 ~1.e6 1l.e6 ~l.e6 1l.e6
0.055 0.085 0.0 c.0
27 .48 0.1

-l.e6 1l.e6 -l.e6 1l.e6 ~l.ef l.ef -~l,e6 1.6
0.0050 0.0059 0.0 0.0
-l.e6 1.e6 =-l.e6 l.ef ~-i.e6 1l.e6 -1.26 1.eb
0.055 0.055 0.2 2.0
28 .5 0.1

~l1.e6 1.6 ~1.e6 1.6 ~-1.e6 1l.e6 0.0 0.0
0.00650 0.6050 0.0 c.0
~l.e6 l.e6 -l.86 l1l.e6 =-1,86 1l.e6 0.0 0.0
0.058 0.055 0.0 0.0
29 28 0.1

-1.86 1l.86 ~-l.e 1.a6 0.0 0.0 -1.06 1.aé
0.005 0.G08 g.0 g.¢
-l.e6 l.e€ -l.eé 1l.e6 0.0 0.0 ~1.e6 1.e6
0.053 0,055 0.9 0.0

30 .45 2.1

~1.e6 1l.e6 -l1.e6 1l.e6 -~I.e6 1l.ep ~l.e6 1.eé
0.0050 0.Q050 0.0 .0
~l.ef 1l.e6 ~I.ef l.e6 -1.e6 l.eb ~-1.e6 1.eb6
0.055 0.4855 0.g 3.0

3 .28 0.1
-i.e6 l.e6 ~l.ef6 1.e6 -1.e6 l.e6 ~l.ef 1.e6

0.0050Q 0.0050 0.0 0.0
~l.e6 l.e6 ~-1l.e6 l.e6 =l a6 1l.e6 -l.ef6 1.eb
0.055 0.055 0.0 0.0
iz .5 0.1

-l.e6 l.e6 ~-l.eb 1l.ef -l.ef 1.e6 0.0 2.0
0.0030 0.C050 0.0 0.0
-l,e6 l.e6 ~l.ef 1l.e6 =-i.e6 1.e6 0.0 0.0
0.0558 9.05% 0.0 g.0
33 .46 2.1

~l.e6 1.e6 -~l,e6 1.86 0.0 0.0 ~l.e6 1.eb
0.005 0.005 0.0 0.0
-l.e6 l.eb -1l.e6 1l.e6& 0.0 0.0 -l.e6 1.e6
G.055 0.055 g.0 0.0
34 .49 2.1

-l.e6 1l.e6 -l.e6 1.e6 ~i.e6 1.6 -l.86 1.,e6
0.0050 0.0650 0.0 0.0
-l.e6 l.e6 ~l. @6 l1.e6 -~l.e6 1.e6f ~1.e6 1l.eéb
$.055 0,055 0.0 0.0
35 .35 2.3

-l.eé l.ef -1.e6 1.6 ~i.ae6 1.26 -1.e6 1l.e26
0.00580 0.0050 0.0 0.0
-l.e6 1l.e6 ~l.eb l.ef -i.e6 1l.eb6 =-l.e6 1.eé
0.055 0.055 0.0 0.0
16 .5 0.1

-l.e6 l.e6 -1l.e§ 1.26 -_.g6 1l.26 0.0 .0
2.0050 J.0050 9.0 3.0
-l.,eb l.e6 ~-l.e6 1l.e6 -l1.e6 1l,e6 0.0 2.0
¢.055 0.055 0.0 0.0
37 .5 0.1

-l.et l.ef6 0.0 1.e6 0.0 0.0 -l.ef 1.286
9.005 0.005 G.0 2.9
-l.e6 1.6 0.0 l.e6 0.0 0.0 -1.86 1.=%
0.055 0.058 0.0 2.0
k: B Tl

-l.e6 l.es .0 l.e$¢ =~l.ed 1l,e6 =-i.,e6 Ll.eg
0.0050 0.0050 0.0 0.0
-l.e6 l.e6 0.0 l.e6 -1.e6 1.e6 -l.ef 1l.e6
0.055 0.G55 0.0 0.0

3% .5 0.1
-l.e6 1.e6 C.0 1.26 -1.e6 1l.e6 ~-1.26 1.26

0.0050 0.0050 0.0 0.0
-l.eé 1.e6 0.0 1l.ef =-l.e6 l.ef6 ~-1,e6 1.826
G.055 4.055 ¢.0 9.0

-l.eft l.e6 0.0 l.e6 =1.86 1.e6 0.0 0.0
0.0050 0.0050 9.0 0.¢
-~l.e6 l.e6 0.0 l.e6 -1.26 1.e6 0.0 0.0
0.055 0.055 0.0 0.0
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Table 9.10.9 Iteration Results for Two Phase Flow Distribution
Modelling in the Low Gas-Liquid Interaction Regime.

VG,bed: 0.055 m/s, uniform inlet in all cases
Inlet Sum of .
Vibed Liquid" N“:;bef Frbed baline 'II'i‘cI:};:r ‘_:P[i*
m/s Distribu- terations &3-19 violatigns Condition] 2™
tion m's | kg/m’/s | N/m> h:m:s
0.001 PS 193  10.4626e3; 0.3e-16 | 0.2%9e-1 | 3:02:00
0.002 PS 274 10.6647e3| 0.2e-16 | 0.36e-1 | 4:20:00 |
0.001 PS 222 | 0.4653e3 0.2e-.16 0.67e-1 | 3:38:00
0.002 PS 193 | 0.6658e3| 0.4e-16| 0.19e-1 { 3:04:00
| 0.005 PS 276 ] 0.2080e4| 0.3e-16 | 0.54e-1 | 4:16:00
0.009 PS 155 }0.3938e4| 0.5e-16 | 0.29e-1 | 2:24:00
0.001 U 238 1 0.4844e3| 0.2e-16 | 0.57e-3 | 3:49:00
0.002 U 146 | 0.6888e3{ 0.2e-16{ 0.2¢-1 | 2:12:00
0.001 U 89 | 0.4879e3{ 0.2e-16 ] 0.48e-1 | 1:20:00
0.002 8} 130 [ 0.6936e3( 0.2e-16 | 0.2e-1 | 1:58:00
0.005 U 270 | 0.2129e4| 0.2e-16 | 0.21e-1 | 3:34:00
0.009 U 302 10.3775e4| 0.4e-16] 0.19e-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, Vi be d=0.005 m/s

Cell center liquid Ligquid Velocities

Cell X/Dp Z/Dp por. heldup vz Vz+dz vz vx+dx
1 1.500 1.500 0.400 0.222 0.020 0,020 0.000 0.000
2 4.500 1.500 0.400 0.000 0.000 0.000 0.000 0.000
3 7.500 1.500 0.400 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 0.0C0
5 1.500 4.500 0.400 0.222 0.020 0.020 0.000 0.000
€ 4.500 4.500 0.400 0.000 0.000 0.000 0.000 0.000
2 7.500 4.500 0.400 0.000 0.000 0.000 0©.000 0.000
8 10.500 4.500 0.500 0.000 0.000 ©.000 0.000 0.000
4 1.500 7.500 0.400 0.222 0.020 ©0.020 0.000 0.000
10 4.500 7.500 0.400 0.000 0.000 0.000 0.000 0.000
11 7.500 7.500 0.400 0.000 0.000 0.000 0.000 0.000
12 10.500 7.500 0.500 ©0.000 0.000 O 000 0.000 0.000
13 1.500 10.500 0.400 0.222 0.020 0.020 0.000 0.000
14- 4.500 10.500 0.400 0.000 0.000 0.000 0.000 0.000
15 7.500 10.500 0.400 0.000 0.000 0.000 0.000 0.000
16 10.500 10.500 0.500 0.000 0.000 0.000 0.000 0.000
17 1.500 13.500 0.400 0.222 0.020 0.020 0.000 ¢.000
18 4.500 13.500 ¢€.400 0.000 0.000 0.000 0.000 0.000
19 7.500 13.500 0.400 0.000 0.000 0.000 0.000 0.000
200 10.500 13.500 0.500 0.000 0.000 0.000 0.000 0.000
-1 .1.500 16.500 0.400 0.222 0.020 0.020 €.000 0.000
2o .4.500 16.500 0.400 0.000 0.000 0.000 0.000 0.000
-3 7.500 16.500 0.400 0.000 0.000 @ goo  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 0.400 0.222 0.020 ©.020 0.000 0.000
26 4.500 19.500 0.400 0.000C 0.000 0.000 0.000 0.000
27 7.500 19.500 0.400 0.000 0.000 0.000 0.000 0.000
28 10.500 18.500 0.500 0.000 0.000 0.000 0.000 0.000
29 1.500 22.500 0.400 0.222 0.020 ©0.020 0.000 0.000
30 4.500 22.500 0.400 0.000 0.000 0.000 0.000 0.000
31 7.500 22.500 0.400 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 1.500 25.500 0.400 0.222 0.020 0.020 ©0.000 0.000
34 4.500 25.500 0.400 0.000 0.000 0.00C 0.000 0.000
a5 7.500 25.500 0.400 0.000 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 0.203 0.020 ©.020 0.000 0.000
38 4.500 28.500 0.500 0.000 0.000 ©0.000 0.000 0.000
39 7.500 28.500 0.500 0.000 0.000 0.000 0.000 0.000
40 10.500 28.500 0.500 0.000 0.000 0.06C0 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, VL bed={).0125 mys

Cell center liquid Liquid Velocities
Cell X/Dp Z/Dp por. holdup Vz  Vz+dz VX
1 1.500 1.500 0.400 0.380 0.050 0.050 0.000
5 4.500 1.500 0.400 0.000 0.000 0.000 0.000
3 7.500 1.500 0.400 0.000 0.000 0.000 0.000
4 10.500 1.500 0.500 0.000 0.000 0.000 0.000
s 1.500 4.500 0.400 0.380 0.050 0.05¢ 0.000
6 4.500 4.500 0.400 0.000 0.000 0.000 0.000
7 7.500 4.500 0.400 0.000 0.000 0.000 0.000
8§ 10.500 4.500 0.500 0.000 0.000 0.000 0.000
s 1.800 7.500 0.400 0.380 D.050 0.050 0.000
10 4.500 7.500 0.400 0.000 0.000 g.000 0.00Q0
11 7.500 7.500 ©0.400 0.000 0.000 0.000 0.000
12 10.500 7.500 0.500 0.000 0.000 0.000 0.000
13 1.500 10.500 0.400 0.380 0.050 0.050 0.000
14 4.500 10.500 0.400 0.000 0,000 0.000 0.000
15 7.500 10.500 0.400 0.000 0.000 0.000 0.000
16 10.500 10.500 0.500 0.000 0.000 0.000 0.000
17 1.500 13.500 0.400 0.380 0.050 0.050 6.000
18 4.500 13.500 0.400 0.000 0.000 0.000 0.000
19 7.500 13.500 0.400 0.000 0.000 0.000 0.000
20 10.500 13.500 0.500 0.000 0.000 0.000 0.000
21 1.500 16.500 0.400 0.380 0.030 0.050 ©.000
55  4.500 16.500 0.400 0.000 0.000 0.000 0.000
23 7.500 16.500 0.400 0.000 0.000 0.000 0.000
54 10.500 16.500 0.500 0.000 0.000 0.000 0.000
25 1.500 19.500 0.400 0.380 0.050 0.050 90.000
56 4.500 19.500 0.400 0.000 0.000 0.000 0.000
27 7.500 19.500 0.400 0.000 0.000 0.000 0.000
28 10.500 19.500 0.500 0.000 0.000 0.000 0.000
59 1.500 22.500 0.400 0.380 0.050 0.050 0.000
30 4.500 22.500 0.400 0.000 0.000 © oco  ¢.00C0
31 7.500 22.500 ©0.400 0.000 0.000 0.000 0.000
32 10.500 22.500 0.500 0.000 0.000 0.000 0.000
33 1.500 25.500 0.400 0.380 0.030 0.050 0.000
34 4.500 25.500 0.400 0.000 0.000 0.0G0 0.000
35 7.500 25.500 0.400 0.000 0.000 0.000 0.000
36 10.%00 25.500 0.500 0.000 9.000 0.000 0.000
37 1.500 28.500 0.500 0.355 0.050 0.050 0.000
38 4.500 28.500 0.500 0.000 0.000 0.00C 0.000
33 7.500 28.500 0.500 0.000 0.000 O 000 0.000
40 16.500 28.500 ©0.500 0.000 0.000 0.0C00C 0.000

[
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Table 9.11.3 Numerical Results for Unsaturated Single Phase Flow
Bed 1.Liquid inlet distribution = point source, v he d::(}.02 m/s

Cell center liquid Liquid Velocities

Cell X/Dp Z/Dp por. holdup vz Vz+dz Vx Vx+dz
1 1.500 1.500 0.400 0.400 0.080 0.058 0.000 0.022
2 4.500 1.500 0.40C 0.173 0.000 0.022 0.022 0.9000
3 7.500 1.500 0.400 0,003 0.000 0.000 0.000 0¢.0C0
4 10.500 1.500 0.500 0.001 0.000 0.000 90.000 0,000
5 1.500 4.500 0.400 0.400 0.058 ©.051 0.000 0.007
€ 4.500 4.500 0.400 0.257 0.022 0.030 .0.007 0.000
7 +7.500 4.500 0.400 0.004 0.000 0.000 0.000 0.000
8 10.500 4.500 0.500 0.003 0.000 0.000 0.000 0.000
9 1.500 7.500 0.400 0.383 n.051 ©0.031 0.000 -0.001

10 4.500 7.500 0.400 0.275 0.030 0.02% -0.001 0.000
11 7.500 7.500 0.400 0.004 0.000 0.000 0.000 0.000
12 10.500 7.500 Q.500 0.004 0.000 0.000 0.000 0.000
13 1.500 10.500 0.400 0.389 n.051 0.052 0.000 -0.001
14- 4.500 10.500 0.400 0.270 n.029 0.028 -0.001 0.000
15 7.500 10.500 0.400 0.004 0.000 0.000 0.000 0.000
16 10.500 10.500 0.500 0.004 0.000 0.000 0.000 0.000
17 1.500 13.500 0.400 0.393 0.052 0.053 0.000 -0.001
18 4.500 13.500 0.400 0.265 0.028 0.027 -0.001 0.000
19 7.500 13.500 0.400 0.004 0.000 0.000 0.000 0.000
58 10.500 13.500 0.500 0.004 0.000 0.000 0.000 0.0C0
21 .1.500 16.500 0.400 0.397 0.053 0.054 0.000 -0.001
22 . 4.500 16.500 ©0.400 0.260 0.027 0.026 -0.001 0.000
23 7.500 16.500 0.400 0.003 n.000 0.000 0.000 0.030
24 10.500 16.500 0.500 ©0.004 0.000 0,000 0.000 0.000
25 1.500 19.500 0.400 0.400 0.054 0.054 0.000 0.000
26 4.500 19.500 0.400 0.256 0.026 0.026 0.000 (0.000
27 7.500 19.500 ©0.400 0.003 0.000 0.000 0.000 ©.000
28 10.500 19.500 0.500 0.003 0.000 0.000 0.000 0.000
29 1.500 22.500 0.400 0.400 0.054 0.054 0.000 0.000
30 4.500 22.500 0.400 0.257 0.026 0.026 0.000 0.000
31 7.500 22.500 0.400 0.0035 0.000 0.000 0.000 0.000
32 10.500 22.500 0.500 0.002 g.000 0.000 0©.000 0.000
33 1.500 25.500 0.400 0.400 0.054 0.0%4 0.000 0.000
34 4.500 25.500 0.400 0.256 0.026 ©.025 0.000 0.00C0
35  7.500 25.500 0.400 0.005 0.000 0.0006 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 0.376 n.054 0.056 0.000 -0.001
38 4,500 28.500 0.500 0.233 0.025 0.024 -0.001 0.000
39 7.500 28.500 0.500 0.005 0.000 0.000 ©0.000 ©.000
40 10.%00 2B.500 ©.500 0.001 0.000 ©.000 0€.000 0.000
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Table 9.11.4 Numerical Results for Unsaturated Single Phase Flow
Bed 1,Liquid inlet distribution = point source, VL bed:0'03 m/s

Call center
2/Dp

Cell X/Dp
1 1.500
2 4.300
3 7.500
4 10.500
5 1.500
6 4.500
7 7.800
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 10.5040

il i o
OO OO -dd~d~1& bbb b

13

.500
.500
.500
.500
.500
.500
.500
.500
.5C0
.500
.500
.500
.500
.500
.50
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
500
.500
.500
.300
.500
.500
.500
.500
.500
.500
.500
.500

.500

liquid
holdup
L400
.382
.216
.082
.400
.400
.35¢9
.17¢%
.400
.400
.400
.261
.400
.400
L 400
.296

0

SOGOoOOOOOOQOOLOOLLOROCRLOLOOCDOOO0OOOOLOOQLOO0

Ligquid Velocities
Vz+dz
0.085

Vz
.200
.000
.000
.000
.095
L0863
L.030
.008
.065
.058
L0353
023
.055
.054
.054
.036
.053
.054
.054
.038
.054
.054
.054
.038
.054
.054
.054
.038
.054
.054
.054
.038
.054
.054
.054
.037
.054
.054
.054
L0037

OO0 OOUoOOOOOOOOOOOOCOOOCOOCOOOOOOCT

.069
.030
.006
. 065
.058
.053
.023
.055
.054
.054
.036
.053
.054
.054
.038
.054
.054
.054
.038
.054
.054
.054
.038
.054
.054
.054
.038
.054
.054
.054
.037
.054
.054
.054
.037
.055
.055
.055
.036

[ I |
OQOOOOO0

VX

.000
.105
.036
.00¢6
.000
.030
.040
.018
000
.010
.014
. 013
.000
.002
.02

1 i
[ R N aw It o B on T wn R o J o
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Table 9.11.5 Numerical Results for Unsaturated Single Phase Flow
Bed |, Liquid inlet distribution = point source, Vi bed=0'05 my/s

Cell center liquid Liquid Velocities

Call X/Dp z/bDp  por. holdup Vz  Vz+dz  Vx Vx+dx
1 1.500 1.500 0.400 0.400 0.120 0.067 0.000 0.053
> 4.500 1.500 0.400 0.277 0.000 0.043 0.083 0.004
3 7.500 1.500 0.400 0.078 0.000 0.004 D.004 0.000
2 10.500 1.500 0.500 0.000 0.000 0.000 0.000 0.000
s 1.500 4.500 0.400 0.400 0.067 0.053 0.000 0.014
6 4.500 4.500 0.400 0.39%5 0.049 0.036 0.014 0.006
7 7.500 4.500 0.400 ©0.132 0,004 0.010 0.006 0.000
B 10.500 4.500 0.500 0.001 0.000 0.000 0.000 0.000
3 1.500 7.500 0.400 0.400 0.053 0.053 0.000 -0.002
10 4.500 7.500 0.400 0.400 0.036 0.052 -0.002 0.003
11 7.500 7.500 0.400 0.165 0.010 0.013 0.003 0.000
12 10.500 7.500 0.500 0.000 0.000 0.000 0.000 0.000
13 1.500 10.500 0.400 0.400 0.053 0.053 0.000 0.002
14. 4.500 10.500 0.400 0.394 0.052 0.054 0.002 0.000
15 7.500 10.500 0.400 0.175 0.013 0.013 0.000 0.000
16 10.500 10.500 0.500 0.001 0Q.000 0.000 0.000 0.000
17 1.500 13.500 0.400 0.396 0.053 0.054 0.000 0.000
18 4.500 13.500 0.400 0.398 0.054 0.054 0.000 0.000
19 7.500 13.500 ©0.400 0.174 0.013 0.013 0.000 0.000
50- 10.500 13.500 0.500 0.001 0.000 (.000 0.0060 0.000
51 .1.500 16.500 0.400 0.397 0.054 0.054 0.000 0.000
-2 .4.500 16.500 0.400 0.399 0.054 0.054 0.000 0.000
23 7.500 16.500 0.400 0.172 0.013 g.012 ¢.000 0.000
24 10.500 16.500 0.500 0.001 0.000 0.000 0.000 G.000
25 1.500 19.500 0.400 0.397 0.054 0.054 0 000 0.000
26 4.500 19.500 0.400 0.400 0.054 0.034 0.000 0.000
27 7.500 19.500 ©0.400 0.170 0.012 0.012 p.000 0.000
58 10.500 19.500 0.500 0.001 0.000 0.000 O 000 0.000
59 1.500 22.500 0.400 0.398 0.054 0.054 0 000 0.000
20 4.500 22.500 0.400 0.400 0.054 0.054 0.000 0.000
31 7.500 22.500 0.400 0.168 0.012 0.012 0@.000 0.000
32 10.500 22.500 0.500 0.001 0.000 ¢.000 ©.000 0.000
33 1.500 25.500 0.400 0.400 0.054 0.053 0.000 -0.001
34 4.500 25.500 0.400 0.400 0.054 0©.054 -0.001 -0.001
35 7.500 25.500 0.400 0.165 0.012 0.011 ~0.001 0.000
36 10.500 25.500 0.500 0.001 0.000 0.000 0.000 0.06090
37 1.500 26.500 0.500 0.376 0.055 0.055 0.000 -0.001
38 4.500 28.500 0©0.500 0.374 0.054 ©.085 -0.001 -0.001
39 7.500 28.500 0.500 0.146 0.011 0.010 -0.001 0.000
10 10.500 28.500 0.500 0.001 0.000 0.000 O 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| be 40005 m/s

Cell center iiquid Liquid Velocities
Cell X/bp z/op por. holdup vz Vz+dz vx Vx+dx

1 1.500 1.500 0.380 0.226 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 0.216 0.020 0.020 0.000 0.000
6 4.500 4.500 0.320 0.000 0.000 0.000 0.000 0.000
7 7.500 4.500 0.420 0.000 0.000 0.000 0.00C 0.000
8 10.500 4.500 0.500 0.000 0.000 0.000 ©0.000 0.00CO0
3 1.500 7.500 0.440 0.216 0.020 0.020 0.000 0.000
10 4.500 7.500 0.380 0.000 0.000 0.000 0.000 0.000
11 7.500 7.500 0.420 0.000 0.000 0.000 ©.000 0.000
12 10.500 7.500 0.500 0.000 0.000 0.000 0.060 ©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 0.000 0.000 0.000 0.000 0.000
15 7.500 10.500 0.440 0.000 0.000 0.000 0.000 0.000
16 10.500 10.500 0.500 0.000 0.€00C 0.000 0.000 ©.000
17 1.500 13.500 0.480 0.209 0.020 ¢.020 0.000 0.000
18 4.500 13.500 0.460 0.000 0.000 0.000 0.000 0.000
19 7.500 13.500 0.360 0.000 0.000 0.000 0.000 0.000
20 10.500 13.500 0.500 0.000 0.000 ¢.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 0.000 0.000 0.000 0.000 0.000
23 7.500 16.500 0.380 0.000 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 g.020 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 0.000 0.000 0.000 0.000 0©.000
58 10.500 19.500 0.500 ©0.000 0.000 0.000 0.000 0.000
29 1.500 22.500 0.280 0.242 0.020 0.020 0.000 0.000
20 4.500 22.500 0.450 0.000 0.000 ©0.000 0.000 0.000
31 7.500 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 1,500 25.500 0.460 0.212 6.020 ©0.020 0.000 0.000
34 4.500 25.500 0.480 0.000 0.000 0.000 0.000 0C.000
35 7.500 25.500 0.350 0.000 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 0.2053 0.020 ©0.020 0.000 0.000
38 4.500 28.500 0.500 0.000 0.000 0.00C 0.000 0.000
39 7.500 28.500 0.500 0©.000 0.000 g.000 0.000 0.000
40 10.500 28.500 0.500 ©.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, bed=O.0125 m/s

Cell center ligquid Ligquid Velocities
Cell X/Dp zZ/Dp por. holdup vz vz+dz vx

1 1.500 1.50¢ 0.380 0.380 G.050 0.048 0.000
2 4.500 1.500 0.280 0.069% 0.000 0.002 0.002
3 7.500 1.500 0.430 0.000 ¢.000 0.000 0.000
4 10.500 1.500 0.500 0.000 0.000 0.000 0.000
5 1.500 4.500 0.440 0.353 0.048 0.045 0.000
6 4.500 4.500 0.320 0.106 0.002 ©¢.005 0.003
7 7.500 4.500 0.420 0.000 0.000 0,000 0.000
8§ 10.500 4.500 0.500 (0.000 ¢.000 0,000 0.000
s 1.500 7.500 0.440 0.337 0.045 ©0.041 0.000
10 4.%00 7.500 0.380 0.134 ¢.005 0.009 0.004
11 7.500 7.500 0.420 0.600 0.000 ©0.000 0.000
12 10.500 7.500 0.5C0 0.000 0.000 0.000 9§.000
13 1.500 10.500 0.340 0.2340 0.041 0.037 0.000
14- 4.500 10.500 0.490 0.150 0.009 0.013 0.004
{5 7.500 10.500 0.440 0.000 0.000 0.000 0.000
16 10.500 10.500 0.500 0.000 0.000 0.000 0.000
17 1.500 13.500 0.480 0.282 0.037 0.034 0.000
18 4.500 13.500 0.460 0.178 0.013 0.016 0.003
19 7.500 13.500 0.360 0.000 0.000 0.000 0.000
20 10.500 13.500 0.500 0.000 0.000 0.000 0.000
21 .1.500 16.500 0.460 0.280 0.034 0.031 ¢0.000
22 . 4.500 16.500 0.450 0.200 0.016 0.01% 0.003
23 7.500 16.500 0.380 0.000 0.000 0.000 0.000
24 10.500 16.500 0.500 0.000 ¢.000 ¢.000 0.000
25 1.500 19.500 0.370 9,280 0.031 0.027 0.000
26 4.500 19.500 0.430 0.224 0.019 0.023 0.004
27 7.500 19.500 0.460 6.000 0.000 0.000 0.000
28 10.500 19.500 0.5006 0.000 0.000 0.000 0.000
29 1,500 22.8500 0.280 0.280 0.027 ¢.025 0.000
30 4.500 22.500 0.450 0.237 0.023 0.025 0.002
31 7.500 22.500 0.290 0.000 0.000 ¢.000 0.000
32 10.500 22.500 0.500 n.000 0,060 0.000 0.000
33 1.500 25.500 0.460 0.242 0.025 ¢.025 0.000
34 4.500 25.500 0.490 0.235 0.025 0.025 0.000
35 7.500 25.500 0.350 0.000 0.000 0.000 0.0C0
36 10.500 25.500 0.500 0.000 0.000 0,000 0©.000
37 1.500 28.500 0.500 0.234 0.025 0.025 0.000
38 4.500 28.500 0.500 ¢.233 0.02%5 0.025 0.000
39 7.500 28.500 0.500 0.000 0.000 0.000 0.000
40 10.500 28.500 0.500 0.000 0.000 ©.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, VL be d:0.0Z m/s

Cell center liquid Liquid Velocities

Cell X/Dp z/bp  por. holdup vz vz+dz Vx Vx+dx
1 1.%00 1.500 0.380 0.380 0.080 0.060 0.000 0.020
2 4.500 1.500 0.290 0.176 0.000 0.020 0.020 0.000
3 7.500 1.500 0.430 0.000 0.000 ©.000 0.000 0.000
4 10.500 1.500 0.500 0.000 0.000 ©0.000 0.000 ¢.000
5 1.500 4.500 0.440 0.398 0.060 0.052 0.000 0.009
6 4.500 4.500 0.320 0.261 0.020 0.028 0.009 0.000
4 7.500 4.500 0.420 0.000 0.000 0.000 0.000 0.000
8 10.500 4.500 0.500 0.000 0.000 ©0.000 0.000 0.000
3 1.500 7.500 ¢.440 0.357 0.052 0.042 0.000 0.009
10 4.500 7.500 0.380 0.301 0.028 0.038 0.00% C.000
11 7.500 7.500 ©0.420 0.000 0.000 0.000 0.000 0.000
12 10.500 7.500 ©.500 0.000 0.000 0.900 0.000 0.000
13 1.500 10.500 0.340 0.340 0.042 0,036 0.000 0.007
14 4.500 10.500 0.490 0.317 0.038 0.045 0.007 0.000
15 7.500 10.500 0.440 0.000 0.000 0.000 0.000 0.000
16 10.500 10.500 ©0.500 0.C0CO 0.000¢ ©0.000 0.000 0.000
17 1.500 13.500 0.480 0.285 0.036 0.033 0.000 0.003
18 4.500 13.500 0.460 0.346 0.045 ©.047 0.003 0.000
19 7.500 13.500 0.360 0.000 0.000 ©0.000 0.000 0.000
50 10.500 13.500 0.500 0.000 0.000 0.000 0.000 0.000
21 1.500 16.500 0.460 0.276 0.033 0.030 0.000 0.003
22 4.500 16.500 0.450 0.362 0.047 0.050 0.003 0.000
23 7.500 16.500 0.380 0.000 0.000 ©0.000 0.000 0.000
24 10.500 16.500 ©.500 0.000 0.000 0.000 0.000 0.000
25 1.500 19.500 0.370 0.278 0.030 0.027 0.000 0.003
26 4.500 19.500 0.430 0.378 0.050 ©0.053 0.003 10.000
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 1.500 22.5060 0.280 0.280 0.027 ©.025 0.000 0.002
A0 4.500 22.500 0.450 0.385 0.053 0.055 0.002 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 0.238 0.025 0.024 0.000 0.001
14 4.500 25.500 0.4980 0.381 0.055 0.056 0.001 0.000
35 7.500 25.500 0.350 0.001 0.000 0.000 0.000 ¢€.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 0.224 0.024 0.023 0.000 0.001
38 4.500 28.500 0.500 0.384 0.056 0.057 0.001 0©.000
39 7,500 28.500 0.500 O pon  0.000 ©0.000 ©0.000 0.000
40 10.500 28.500 0.500 0.000 0.000 9.000 0.000 0.000
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Table 9.11.9 Numerical Results for Unsatarated Single Phase Flow
Bed 2,Liquid inlet distribution = point source, VL bed:0'03 mys

Cell center liquid Liquid Velocities

Cell X/Dp z/bp  por. holdup vz vz+dz Vx Vx+4dx
1 1.500 1.500 0.380 0.380 0.200 0.123 0.000 ©.077
2 4.500 1.500 0.280 0.280 0.000 ¢.034 ©.077 0.042
3 7.500 1.500 0.430 0.232 0.000 0.036 G.042 0.006
4 10.500 1.500 ©0.500 0.083 0.000 0.006 0.C06 0.000
5 1.500 4.500 0.440 0.440 0.123 0,082 0.000 0.041
6§ 4.500 4.500 0.320 0.320 0.034 0.040 0.041 0.035
7 7.500 4.500 0.420 0.372 0.036 0.057 0.035 0.015
8 10.500 4.500 0.500 0.170 0.006 0.021 ©0.015 0.000
¢ 1.500 7.500 0.440 0.440 0.082 0.048 0.000 0.034
10 4.5%00 7.500 0.380 0.380 0.040 ©0.053 0.034 0.022
11 7.800 7.500 0.420 0.420 0.087 0.060 0.022 0.018
12 10.500 7.500 0.500 0.264 0.021 0.03% 0.018 0.000
13 1.500 10.500 0.340 0.340 0.048 ©0.032 0.000 0.016
14- 4.500 10.500 0.490 0.3%4 0.053 0.064 0.016 0.00G5
15 7.500 10.500 0.440 0.393 0.060 0.049 0.005 0.016
16 10.500 10.500 0.500 0.344 0.03%9 0.055 90.016 0.000
17 1.500 13.500 0.480 0.276 0.032 0.032 0©.000 0.000
18 4.500 13.500 0.460 0.426 0.064 0.065 0.000 -0.002
19 7.500 13.500 0.360 0.360 0.049 0.038 -0.002 0.008
50 10.500 13.500 0.500 0.397 0.055 0.064 £.009 0.000
21 .1.500 16.500 0.4860 0.275 0.032 0.030 0.000 90.002
53 .4.500 16.500 0.450 0.428 0.065 0.063 0.002 0.004
23 7.500 16.500 0.380 0.319 0.038 0.034 0.004 0.008
54 10.500 16.500 0.500 0.432 0.064 0.073 0.008 0.000
-5 1.500 19.500 0.370 0.280 0.030 0.027 ©0.000 0.003
26 4.500 19.500 0.430 0.430 0.063 0.063 0.003 0.002
27 7.500 19.500 0.460 0.281 0.034 0,030 0.002 0.607
28 10.500 19.500 0.500 0Q.461 0.673 0.079 0.007 0.000
29 1.500 22.500 0.280 0.280 0.027 0.025 0.000 0.003
30 4.500 22.500 0.450 0.431 0.063 0.066 0.003 0.000
31 7.500 22.500 0.290 0.290 0.030 ©0.026 (.000 0.004
32 10.500 22.500 0.500 0.481 0.079 0.083 0.004 0.000
33 1.500 25.500 0.460 0.236 0.025 0.023 0.000 0.00Z2
34 4.500 25.500 0.490 0.4Z28 0.066 0.068 0.002 0.000
35 7.500 25.500 0.350 0.263 g.026 0.024 0.000 0.002
36 10.500 25.500 0.500 0.491 0.083 0.085 0.002 0.000
37 1.500 28.500 0.500 0.218 0.023 0.021 0.000 0.002
28 4.500 28.500 0.500 0.429 0.068 0.068 0.002 0.001
38 7.500 28.500 0.300 0.226 0.024 0.023 0§.001 0.003
40 10.500 28.500 0.500 0.500 0.Cc85 0.088 0.003 90.000
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Table 9.11.10 Numerical Results for Unsaturated Single Phase Flow
Bed 2, Liquid inlet distribution = point source, \/L be dz0.0S my/s

Cell center
Z/Dp

Cell X/Dp
1 1.500
2 4.500
3 7.500
4 10.500
5 1.500
6 4.500
7 7.500
g2 10.500
% 1,500

10 4.500
11 7.5%00
12 10.500
13 1.500
14 4.500
15 7.500
16 10.500
17 1.500
18 4.500
13 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 1.800
38 4.500
33 7.500
40 10.500

wd =] D e B e

.500
.500
.500
.500
.500
.500
.500
.500
.500

OCOOoOODOOOOCO0OO0OOOOCOOOOCOOOOUOOOOLCOoOO0OCOOoQOaGO

Ligquid Vvelocities

vz

.120
.000
.000
.000
L0775
.036
.008
.000
.060
.040
.018
.000
.044
.052
.024
.000
.034
.058
.028
.000
.032
.060
.028
.000
.030
.062
.028
.000
.027
.064
.029
.000
.025
.068
.027
.000
.024
.071
.026
.000

Vzidz
.075
.036
009
.000
.060
.040
.01%
L 000
044
.052
.024
.0o0
.034
.058
,028
.00
.032
.060
.028
.000
.030
. 062
.028
.000
.027
.064
029
.000
.025
.068
.027
.000
.024
071
.02¢
.000
.022
.073
.024
.000

OO0 OoO0O0DOCOOQCOOOOROC OO0 LOoOOOTO

i

COOOOOCOGOOOLOO0OQOOCOOOO000COO000TTOO0O0O0O

Vx

.000
. 045
.008
.000
.000
.014
.010
.000
.000
.017
.005
.000
. 000
.010
.003
.000
.000
.002
.000
.000
.0C0o
.002
.000
.000
.000
.003
.000
.000
.000
.02
001
.000
.0Co
.001
.002
.000
.C00
.G01
.00l
.0co

H
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Table 9.11.11 Numerical Results for Unsaturated Single Phase Flow
Bed 1.Liquid inlet distribution = uniform, VL be dw.oos /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 0.111 0.005 0.005 0.000 0.000
5 4.500 1.500 0.400 0.111 0.005 0.005 0.000 0.00C0
3 7.500 1.500 0.400 ¢€.111 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 0.400 0,111 0.005 0.005 0.000 0.000
6 4.500 4.500 0.400 0.111 0.003 0.005 0.000 0.000
= 17.500 4.500 0.400 0.111 0.005 0.003 0.000 0.000
g 10.500 4.500 0.500 0.101 0.005 0.005 9.000 90.000
a 1.500 7.500 0.400 0.111 0.005 0.005 £0.000 0.000
10 4.500 7.500 0.400 0.111 0.005 0.005 0.000 0.000
i1 7.500 7.500 0.400 0.111 0.005 0.005 0.000 0.000
12 10.%00 7.500 0.500 0©.101 0.005 0.005 0.000 0.000
13 1.500 10.500 0.400 0.111 0.005 0.005 0.000 0.000
14- 4.500 10.500 0.400 0.111 0.005 0.005 6.000 0.000
15 7.500 10.500 0.400 0.111 0.005 0.005 0.000 0.000
16 10.500 10.500 0.500 0.101 0.005 0.003 0.000 0.000
17 1.5060 13.500 0.400 0.111 0.005 0.005 0.000 0.000
18 4.500 13.500 0.400 0.111 0.005 0.005 0.000 0.000
19 7.500 13.500 0.400 06.111 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
51 - 1.500 16.500 0.400 0.111 0.005 ©0.005 0.000 0.000
25 - 4.500 16.500 0.400 0.111 0.005 0.003 0.000 0.000
53 7.500 16.500 0.400 0.111 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 0.400 0.111 0.005 0.005 0.000 0.000
56 4.500 19.500 0.400 0,111 0.005 0.005 0.000 0.000
29 7.500 19.500 0.400 0.111 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
2g 1.500 22.500 0.400 0.111 0.005 0.005 0.000 0.000
30 4.500 22.500 0.400 0.111 0.005 0.005 0.000 0.000
31 7.500 22.500 0.400 0.111 0.005 0.005 0.000 0.000
32 10.800 22.500 ©0.800 0.icl 0.005 0.005 0.000 0.000
33 1.500 25.500 0.400 0.111 0.005 0.005 0.000 0.000
34 4.500 25.500 0.400 0.111 0.005 ©.005 0.000 0.000
35 7.500 25.500 0.400 0.3}11 0.005 0.005 0.000 0.000
3¢ 10.500 25.500 0.500 0,101 0.005 0.005 0.000 0.000
37 1.500 28.500 ©¢.500 0.101 0.005 0.003 0.000 (0.COO
38 4.500 28.500 0.500 0.100 0.005 0.005 0.000 0.000
39 7.500 28.500 0.500 0.100 0.005 ©0.005 9.000 0.000
40 10.500 28.500 0.500 0.1C1 0.005 0.005 0©.000 0.000
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Table 9.11.12 Numerical Results for Unsamrated Single Phase Flow
Bed I,Liquid inlet distribution = uniform, VL bed=0'0125 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 9.400 0.173 0.013 ©.013 0.000 0.000
2 4.500 1.500 0.400 0.173 0.013 0.013 0©.000 G0.0CC
3 7.500 1.500 0.400 0.173 0.013 0.013 0.0600 0.000
4 10.500 1.500 0.500 0.15% ©0.013 0.013 0.000 0.000
5 1.500 4.500 0.400 0.173 0.013 0.013 0.000 0.000
6 4.500 4.500 0.400 0.173 0.013 g.013 0.000 0.000
7 7.500 4.500 0.400 0.172 0.013 0.012 0.000 0.000
§ 10.500 4.300 0.500 0.159 0.013 ©0.013 0.000 0.000
g 1.800 7.500 0.400 0.173 0.013 ¢.013 C©.C00 C0.0CO
10 4.500 7.500 0.400 0.172 0.¢13 ©.012 0.C00 0.000
11 7.500 7.500 0.400 0.172 0.012 0.012 ©0.000 0.000
12 10.500 7.500 0.500 ©0.160 0.013 0.013 0.000 0.000
13 1.500 10.500 0.400 90.172 0.013 ©0.012 ©.000 0.000
14 4.500 10.500 0.400 0.172 0.012 0.012 0.000 0.000
15 7.500 10.500 0.400 0.172 0.012 0.03z 0.000 0.000
16 10.500 10.500 ©0.500 ©0.160 0.013 0.013 0.000 0.000
17 1.500 13.500 0.400 0.172 0.012 ©0.012 0.000 0.000
18 4.500 13.500 ©0.400 0.172 0.012 0.0312 0.000 0.000
19 7.500 13.500 0.400 0.172 0.012 ©.012 0.000 0.000
20 16.500 13.500 0.500 0.161 0.013 0.013 0.000 0.000
21 1.500 16.500 0.400 0.172 0.012 0.012 0.000 0.000
22 4.500 16.500 0.400 0.172 0.012 0.012 0.000 0.000
23 7.500 16.500 0.400 0.171 0.012 0.012 0.000 0.000
24 10.500 16.500 0.500 0.161 0.013 ©.013 0.000 0.000
2% 1.500 19.500 0.400 0.172 0.012 ©.012 0.000 0.000
26 4.500 19.500 0.400 0.172 0.012 0.012 0.000 0.000
27 7.500 19.500 0.400 0.171 0.01l2 ©0.012 0.000 0.000
28 10.500 198.500 0.500 0.162 0.013 0.013 ©0.000 O.C0C
26 1.500 22.500 0.400 0.172 0.012 0.012 0.000 0.000
g 4.500 22.500 0.400 0.172 0.012 0.012 0.000 0.000
31 7.500 22.500 0.400 0.171 0.012 ©0.012 ¢©.000 0.000
372 10.500 22.500 0.500 0.162 0.013 0.013 0.000 0.000
33 1.500 25.500 0.400 0.172 0.012 0.012 0.000 0.0090
34 4.500 25.500 0.400 0.172 0.012 0.012 0.000 0.000
a5 7.500 25.500 0.400 0.171 0.012 0.012 0.000 0.000
36 10.500 25.500 0.500 0.163 p.013 0.013 0.000 0.000
37 1.500 28.500 0.500 0.158 p.p12 0.012 0.000 0.000
38 4.500 28.500 0.500 0.157 0.012 ©0.012 0.000 0.000
39 7.500 28.500 0.500 0.156 0.012 0.012 0.000 0.0C0C
40 10.500 28.500 0.500 0.163 0.013 0.013 0.000 0.CCOC
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Table 9.11.13 Numerical Results for Unsaturated Single Phase Flow
Bed I,Liquid inlet distribution = uniform, VL be d=0'02 m/s

Cell center liquid Liquid Velocities

Cell X/Dp z/Dp por. holdup vz Vz+dz Vx Vx+dx
1 1.800 1.500 0.400 0.222 0.020 0.020 O© 000 0.000
2 4.500 1.500 0.400 9.222 0.020 0.020 0.000 0.000
3 7.500 1.500 0.400 0.222 0.020 0.020 0.000 0.000
4 10.500 1.500 0.500 0.206 0.020 6.020 G.000 0.000
5 1.500 4.500 0.400 0.222 0.020 0,020 ¢.000 0.000
6§ 4.500 4.500 0.400 0.222 0.020 0.020 0©.000 0©.000
7 7.500 4.500 0.400 0.222 0.020 0.020 0.000 0.000
8 10.500 4.500 0.500 ©.208 0.020 0.021 0.000 0.000
& 1.500 7.500 0.400 0.221 0.020 0.020 £.000 0.000
10 4.500 7.500 0.400 0.221 0.020 0.020 ©.000 0.000
11 7.500 7.500 0.400 0.221 0.020 0.020 0.000 0.000
12 10.500 7.500 0,500 0.209 0.021 ¢.021 0.000 0.000
13 1.500 10.500 0.400 0.221 0.020 0.020 ©.000 0.000
14 4.500 10.500 ©0.400 0.221 0.020 0.020 0.000 0.000
15 7.500 10.500 0.400 0.221 0.020 0.020 0.000 0.000
16 10.500 10.500 ©¢.500 0.211 0.021 0.021 0.000 0.000
17 1.500 13.500 0.400 0,220 0.020 0.020 ©.000 0.000
18 4.500 13.500 0.400 0.220 0.020 0.020 0.000 0.000
16 7.500 13.500 0.400 0.220 0.020 0.020 0.000 0.000
20 10.500 13.500 0.500 0.212 0.021 0.021 0.000 0.000
51 .1.500 16.500 0,400 0.219 0.020 0.020 0.000 0.000
22  4.500 16.500 0.400 0.219 0.020 0.020 0.000 0.000
23 7.500 16.500 0.400 ©0.219 0.020 0.020 0.000 0.000
24 10.500 16.300 0.500 0.214 0.021 0.022 0.000 0.C00
55 1.500 19.500 0.400 0.219 0.020 0.019 0,000 0.000
26 4.500 19.500 0.400 0.219 0.020 0.01% 0.000 0.000
27 7.500 19.500 0.400 ©0.219 0.020 0.019 O 000 0.0G0C
28 10.500 19.500 ©0.500 0.213 0.022 0.022 0.000 0.000
59 1.500 22.500 0.400 0.218 0.019 0.013 0.000 0.000
30 4.500 22.500 0.400 0.218 0.019 0.01% 0.000 0.000
31 7.500 22.500 0.400 0.218 ¢.019 ©0.019 0.000 0.000
32 10.500 22.500 0.500 0.217 0.022 0.022 0.000 0.000
33 1.500 25.500 0.400 0.218 0.019 0.019 0.000 0.000
34 4.500 25.500 0.400 0.218 0.019 0.019 0.000 0©.000
35 7.500 25.500 0.400 0.218 0.019 0.019 0.000 0.000
36 10.500 25.500 ©0.500 0.219 0.022 0.022 0.900 0.000
37 1.5060 28.500 0.500 0.201 0.01% 0.019 0.000 0.000
38 4.500 28.500 0.500 0.201 0.019 0.019 0.000 0.000
39 7.500 28.500 0.500 0.200 0.019 0.01%9 0.000 0.C00
40 10.500 28.500 ©.500 0.220 0.022 0.023 ©€.000 0.000
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Table 9.11.14 Numerical Results for Unsaturated Single Phase Flow
Bed 1.Liquid inlet distribution = uniform, VL be d:-—0.03 m/s

Cel

\VoqRe Rt N LN PR YR o

Cell center
Z/Dp

1 %/bp
1.5900
4.500
7.500

10.500
1.500
4.500
7.500

10.500
1.500
4.500
7.500

10.500
1.500
4.500
7.500

10.500
1.500
4.500
7.500

10.500

-1.500

- 4,500
7.500

10.500
1.500
4.500
7.500

10.500
1.500
4,500
7.500

10.500
1.500
4.500
7.500

10.50Q0
1.500
4.500
7.500
10.500

1

B L S B B S e

.500
.500
.500
L5400
.500
.500
.500
.500
.500
.500
L300
.500
.300
.500
.500
. 500
.500
.500
.500
.500
.500
.500
.500
.500
500
500
.500
.500

500

.500
.500
.500
.500
.500
.B00
.500
.500
.500
.500
.500

0.400

OO0 OCOOODOOOOOoDOOOOOOUOOOOO0OCOQOOOOCOOOCOoOOOO00O

.400
.400
.500
.400
. 400
.400
.500
. 400
.400
.400
.500
. 400
.400
.400
.500
.400
.400
.400
.500
.400
.400
. 400
.500
.400
. 400
.400
.500
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.400
.400
.500
.400
.400
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.500
.500
.500
.500
.500

licquid
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.274
.276
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.272
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.273
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.266
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.273
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.258
.264
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.302
.258
.261
.270
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.251
.258
.268
.317
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.254
.265
.324
.225
.233
.244
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COOOoOOoOOOCOO0OCOCO0O00O00O0COOOOC OO OOoOO0

QOoOQOOOOOOOCOOOCoOCOCOCOOOOO0O0OOO0O0O0COC OO0

Ligquid Velocities
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. 030
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.030
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.028
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.028
.028
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. 027
.028
.029
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.038
.026
.027
.028
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.025
.026
.028
.041
.024
.026
.027
.043
.024
.025
.027
.044

Vvz+dz
.028
.030
.030
.032
.028
.029
. 030
.033
.028
.028
.029
.034
027
.028
.029
.036
.026
027
.029
.038
.026
.027
.028
.038
.025
.02¢6
.028
041
.024
.026
.027
.043
.024
. 025
. 027
.044
.023
. 025
.027
.046

QOO COOCOCOOCOCOOOCLOOOO0A00O0C OO0 OD

0

Vx
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Table 9.11.15 Numerical Results for Unsaturated Single Phase Flow
Bed 1, Liquid inlet distribution = uniform, V| 1eg=0-05 m/s

Cell center liquid Liquid Velocities

Cell X/Dp z/bp por. holdup vz vz+dz vx Vx+dx
1 1.500 1.500 0.400 0,377 0.050 0.048 0.000 0.002
2 4.500 1.500 0.400 0.377 0.050 0.048 0.002 0.003
3 7.%00 1.500 ©0.400 0.380 0.050 0.050 0.003 0.004
4 10.500 1.500 0.500 0.362z 0.050 0.054 0.004 0.000
5 1.500 4.500 0.400 0.369 0.048 0.047 0©.000 0.002
6 4.500 4.500 0.400 0.369 0.048 0.047 0.002 0.003
7 7.500 4.500 0.400 0.378 6.050 0.049 0.003 0.004
8 10.500 4.500 0.500 0.378 0.054 0.057 0.004 0.C00
g 1.800 7.500 0.400 0.361 0.047 0.045 0.000 0.002

10 4.500 7.500 0.400 0.362 0.047 0.045% 0.002 0.003
11 7.500 7.500 0.400 0.376 0.049 0.04% ©.003 0.C04
12 10.500 7.500 0.500 0.393 0.057 g.061 0.004 0.000
13 1.500 10.500 0.400 0.353 0.045 0.043 0.000 0.002
14 4.500 :10.500 0.400 0.355 0.045 0.044 0.002 0.003
15 7.500 10.500 0.400 0.374 0.049 0.048 0.003 0.004
16 10.500 10.500 0.500 0.409 0.061 0.065 0.004 0.000
17 1.500 13.500 0.400 0.345 0.043 0.042 0.000 0.002
18 4.800 13.500 0.400 0.347 0.044 0.042 0.002 0.003
19 7.500 13.500 0.400 0.371 0.048 0.048 0.003 0.004
20 10.500 13.500 0.500 0.424 0.0635 0.069 0.004a 0.000
21 1.500 16.500 0.400 0.336 0.042 0.040 0.000 0.002
22 4.500 16.500 0.400 ©0.338 0.042 0,040 0.002 0.003
23 7.500 16.500 0.400 0.369 0.048 0.047 0.003 0.004
24 10.500 16.500 0.500 0.440 0.069 0.073 0.004 0.000
25 1.500 19.500 0.400 0.328 0.040 0.038 0.000 0.002
26 4.500 19.500 0.400 0.330 0.040 ¢.03% 0.002 0.003
27 7.500 19.500 0.400 0.366 0.047 0.047 0.003 0.004
28 10.500 19.500 0.500 0.455 0.073 0.076 0.004 0.000
29 1.500 22.500 0.400 0.320 0.038 0.037 0.000 0.001
30 4.500 22.500 0.400 0.322 0.039 0.037 0.001 0.003
31 7.500 22.500 0.400 0.363 0.047 0.046 0.003 0.004
32 10.500 22.500 0.500 0.470 0.076 0.080 0.004 0.000
33 1.500 25.500 0.400 0.312 0.037 ©0.03%5 0.000 0.002
34 4.500 25.500 0.400 0.314 0.037 0.036 (.002 0.003
35  7.500 25.500 0.400 0.360 0.046 0.045 0.003 0.004
36 10.500 25.500 0.500 0.484 0.080 0.084 0.004 0.000
37 1.500 28.500 0.500 0.281 0.035 ¢.033 0.000 ©.002
38 4.500 28.500 0.500 0.284 0.036 0.034 0.002 0.004
39 7.800 28.500 0.500 0.332 0.045 0.045 0.004 0.004
40 10.500 28.500 0.500 0.500 C.084 0.089 0.004 0.000
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Table 9.11.16 Numerical Results for Unsaturated Single Phase Flow
Bed 2.Liquid inlet distribution = uniform, VL be d=0'005 m/s

Cell center liguid Liquid Velocities

Cell X/Dp z/Dp por. 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 ¢.280 0.lz22 ¢.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©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 0.11% 0.003 0.005 0.000 0.000
7 7.500 4.500 0.420 0.109 0.0035 0.005 ©0.000 0.000
8 10.500 4.500 0.500 0.101 0.005 0.005 0.000 0.000
¢ 1.500 7.500 0.440 0.107 0.005 0.005 ¢.000 0C.000
190 4.300 7.500 0.380 0.113 0©.005 0.065 0.000 O coo
11 7.500 7.500 9.420 0.108 0.005 ©.005 0©.000 0.000
12 10.500 7.500 0.500 0.101 0.005 ¢.005 0,000 0.000
13 1.500 10.500 0.340 0.117 0.005 0.005 ¢.000 0.000
14 4.500 10.500 0.490 0.102 0.005 0.003 0.000 0.000
15 7.500 10.500 ©0.440 0.107 0.005 0.005 @.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 ¢.000 0.000
18 4.500 13.500 0.460 0.105 0.005 O 005 0.000 0.000
19 7.500 13.500 0.360 0.115 0.005 O 005 0.000 ©.000
20 10.500 13.500 0.500 ©.101 0.005 O 005  0.000 0.000
51 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 9 005 ©0.000 0.000
25 1.500 19.500 0.370 0.114 0.005 © 005 0.000 0.000
26 4.500 19.500 0.430 0.108 0.005 O gos 0.000 0.000
57 7.500 19.300 0.460 0.105 0.005 0.005 0.000 0¢.000
28 10.500 12.500 0.500 0.101 0.005 O 00s  0.000 92.000
29 1.500 22.500 0.280 0.123 0.005 0.005 0.000 O Goo
30 4.500 22.S00 0.450 0.106 0.005 0.005 0.000 0.000
31 7.5006 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 (.000 0.000
33 1.500 25.500 0.460 0.105 0.005 O pos 0.000 0.000
34 4.500 25.500 0.49%90 0.102 0.005 O o5 0.000 9.000
35 7.50¢ 25.8%00 0.350 0.116 0.00%5 0.005 0.000 0.000
1§ 10.500 25.500 0.500 0.101 0.005 0.005 0.000 0.00C0
37 1.500 28.500 0.500 0.101 0.005 0.005 0.000 0.000
2§ 4.500 28.500 0.500 0.101 0.005 0.005 0.000 0.000
2 7.500 28.500 0.500 0.100 0.005 0.005 0.000 0.000
40 10.50C 28.500 0.500 0.1C1 0.005 0.005 0.000 0.000



-373-

Table 9.11.17 Numerical Results for Unsaturated Single Phase Flow
Bed 2.Liquid inlet distribution = uniform, VL be d=0.0125 m/s

Cell center liquid Liquid Velocities
Cell X/Dp Z/Dp por. holdup vz vz+dz vx Vx+dx
1 1.sp0 1.500 ©0.380 ©0.176 0.013 0.013 0.000 ©.000
> 4.500 1.500 0.2%0 0.187 0.013 0.012 0.000 0.000
3 7.500 1.500 0.430 0.169 0.013 0.013 0.000 0.000
2 10.500 1.500 0.500 0.159 0.013 0.013 0.000 0.000
5 1.500 4.500 0.440 0.167 0.013 0.013 0.000 0.000
6 4.500 4.500 0.320 0.183 0.012 0.012 0.000 0,000
7 =%.500 4.500 0.420 0.170 0.013 0.013 0.000 0.000
g8 10.500 4.500 0.500 0.159 0.013 0.013 0.000 G©.0CO
g 1.500 7.500 0.440 0.167 0.013 0.013 0.000 0.000
10 4.500 7.500 0.380 0.175 0.012 0.012 0.000 0.000
i1 7.500 7.500 0.420 0.170 0.013 0.013 0.000 0.000
12 10.500 7.500 0.500 O0.16€0 0.013 0.013 0.900 0.000
13 1.500 10.500 0.340 0.181 0,013 0.012 0.000 0.000
14- 4.500 10.500 0.4%0 0.159 0.012 0.012 0.000 0C.000
15 7.500 10.500 0.440 0.167 0,013 0.012 0.000 0.000
16 10.500 10.500 0.500 0.160 0.013 0.013 0.000 0.000
17 1.500 13.500 0.480 ©¢.161 0.012 0.012 0.000 0.000
18 4.500 13.500 0.460 0.164 0.012 0.012 0.000 0.000
19 7.500 13.500 0.360 0.178 0.012 0.012 0.000 0.000
>0 10.500 13.500 0.500 0.160 0.013 0.013 0.000 0.000
21 .1.500 16.500 0.460 0.164 ©0.012 0.012 0.000 0.000
55 4.500 16.500 0.450 0.165 0.012 0,012 0.000 0.000
23 7.500 16.500 ©0.380 0.174 0.012 ©0.012 0.000 0.000
54 10.500 16.500 0.500 0©.161 0.013 0.013 0.000 0.000
25 1.500 19.500 0.370 0.176 ¢g.012 0.012 0.000 0.000
56 4.500 19.500 0.430 0.168 0.012 0.012 0.000 0.000
27 7.500 19.500 0.460 0.163 0.012 0,012 0.000 0.000
28 10.500 19.500 0.500 0.16% 0.013 ©0.013 0©.000 0.000
29 1.500 22.500 0,280 0.188 g.01z 0.012 0.000 0.000
30 4.500 22.500 0.450 0.165 0.012 0.012 0.000 0.000
31 7.500 22.500 0©0.2%0 0.186 0.012 0.012 0.000 0.000
32 10.500 22.500 0.500 0.162 0.013 0.013 0.000 O.000
33 1.500 25.500 0.460 0.163 0.012 0.012 p.000 0.000
34 4.500 25.500 0,480 0.160 0.012 ©.013 0.000 0.000
35 7.500 25.500 0.350 0.177 ¢.012 0,012 0.000 0.000
36 10.500 25.500 0.500 0.162 0.013 ©0.013 0©.000 0.000
37 1.500 28.500 0.500 0.157 0.012 0.012 0.000 0©.000
38 4.500 28.500 0.500 0.158 0.013 0.013 ©0.000 0.000
39 7.500 28.500 0.500 0.156 0.012 0.012 0.000 0.000
40 10.500 28.500 0.500 0.162 0.013 ©.013 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, VL be d=0.02 m/s

Cell center licuid Licuid Velocities

Cell X/Dp Z2/Dp por. holdup vz Vz+dz Vx Vx+dx
1 1.500 1.500 0.380 0.225 0.020 0.020 0.000 0.000
> 4.500 1.500 0.2%0 0.23% 0.020 0.020 0.000 0©.000
3 7.8500 1.500 0.430 0.217 0.020 0.020 0.000 90.001
4 10.500 1.500 0.500 0.207 0.020 0.021 0.001 ©.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 0.233 0.020 0.020 0,000 0.000
7 7.500 4.500 0.420 0.216 0.020 0.019 0.000 0.001
8§ 10.500 4.500 0.500 0.210 0.021 0.021 0.001 0.000
¢ 1.500 7.500 0.440 0.215 0.020 0,020 0.000 0.G00
10 4.800 7.500 0.380 0.223 0.020 0.020 0.000 0,000
11 7.500 7.500 0.420 0.z214 0.01% 0.019 0.000 0.001
12 10.500 7.500 0.500 ©0.213 0.021 0.022 0.001 0.000
13 1.500 10.500 0.340 0,231 0.020 0.020 0.000 0.000
14 4.500 10.500 0.490 0.204 0.020 0.020 0.000 0.000
15 7.500 10.500 0.440 0.209 0.019 0.019 0.000 0.001
16 10.500 10.500 0.500 0.216 0.022 0.022 0.001 O0.000
17 1.500 13.500 0.480 0.207 0.020 0.020 0.000 0.000
18 4.500 13.500 0.460 0.209 0.020 0.020 0.000 0.000
19 7.500 13.500 0.360 0.219 0.013 0.018 0.000 0.000
20 10.500 13.500 0.500 0.21% 0.022 0.023 0.000 0.000
21 1.500 16.500 0.460 0.210 0.020 0.020 0.000 0.000
55 4.500 16.500 0.450 0.211 0.020 0.019 0.000 0.000
23 7.500 16.500 0.380 0.213 0.018 0.018 0.000 0.000
-4 10.500 16.500 0.500 0.222 0.023 0.023 0.000 0.000
25 1.500 19.500 0.370 0.224 0.020 p.a19 0.000 0.000
~§ 4.500 19.500 0.430 0.214 0.019 0.0189 0.000 0.000
57 7.500 19.500 0.460 0.198 0.018 0.018 0.000 0.00C1
28 10.500 19.500 0.500 0.225 0.023 0.024 0.001 0.000
ng 1.500 22.500 0.280 0.237 0.019 0.019 0.000 0.C00
30 4.500 22.500 0.450 0.210 0.01% 0.019 0.000 0.000
31 7.500 22.500 0.290 0.222 0.018 ¢.017 0.000 0.001
32 10.500 22.500 0.500 0.228 0.024 0.024 0.001 0.000
33 1.500 25.500 0.460 0.208 0.013 0.019 0.000 ©.000
34 4.500 25.%500 0.4%0 0.204 0.019 0.01% 0.000 0.0090
35 7.500 25.500 ©0.350 0.210 0.017 0.017 0.000 0.000
36 10.500 25.500 0.500 0.231 0.024 6.025 0.000 0.000
37 1.500 28.500 0.500 0.201 0.018 0.019 0.000 0.000
38 4.500 28.500 0.500 0.202 0.019 ¢.019 0.000 0.0CC
39 7.500 28.500 0.500 0.185 0.017 0.016 0.000 ©.000
40 10.500 28.500 0.500 0.233 0.025% 0.025 0.000 0.000
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Table 9.11.19 Numerical Results for Unsaturated Single Phase Flow
Bed 2.Liquid inlet distribution = uniform, VL bed:0‘03 m/s

Cell center liquid Licguid Velecities

Cell X/Dp Z2/Dp por. holdup vz vz+dz vx Vx+dz
1 1.500 1.500 0.380 0.286 0.030 0.031 0.000 -0.001
5 4.500 1.500 0.290 0.2%0 0.030 0.026 -0.001 0.003
3 7.500 1.500 0.430 0.277 0.030 0.031 0,003 0.003
4 10.500 1.500 0.500 0.267 0.030 0,033 0.003 0.000
5 1.500 4.500 0.440 0.274 0.031 0.030 0.000 0.001
6 4.500 4.500 0.320 0.271 0.026 0.02%5 0.001 0.001
7 7.500 4.500 0.420 0.280 0.031 0.031 0.001 0.002
8 10.500 4.500 0.500 0.277 0.033 0.034 0.002 0.000
9 1.500 7.500 0.440 0.270 0.030 0.029 0.000 0.001
10 4.500 7.500 0.380 0.256 0.025 0.025 ©.001 0.001
11 7.500 7.500 0.420 ©0.278 0.031 0.030 0.001 0.002
12 10.500 7.500 0.500 0.286 0.034 0.036 0.002 0.000
13 1.500 10.500 ©0.340 0.284 ¢.029 0.028 0.000 0.001
14 4.500 10.500 0.490 0.233 0.025% 0.024 0.001 90.001
15 7.500 10.500 0.440 0.272 0.030 0.030 0.001 0.002
1¢ 10.500 10.500 0.500 0.294 0.036 0.038 (0.002 0.000
17 1.500 13.500 0.480 0.253 0.028 0.028 0.000 0.001
18 4.500 13.500 0.460 0.235 0.024 0.024 0.001 0.001
19 7.500 13.500 0.360 0.286 G.030 0.02% 0.00% 0.002
20 10.500 13.500 0.500 0.302 0.038 0.039 0.002 0.C00
21 1.500 16.500 0.460 0.254 0.028 0.027 0.000 0©.001
s> 4.500 16.500 0.450 0.234 0.024 ¢.023 0.001 0©.001
23 7.500 16.500 0.380 0.272 0.023 ¢.029 0.001 0.002
54 10.500 16.500 0.500 0.310 0.039 0.041 0.002 ©0.000
25 1.500 19.500 0.370 0.267 0.027 0.026 0¢.000 C.001
26 4.500 19.500 0.430 0.234 0.023 0.022 @.001 0.002
57 7.500 19.500 0.460 0.261 0.028 0.028 0.002 0.002
28 10.500 19.500 0.500 0.319 0.041 0.043 0.002 0.000
29 1.%00 22.500 0.280 0.279 0.026 0.026 ¢.c00 0.001
30 4.500 22.500 0.450 0.227 0.022 0.022 ©¢.C001 0©.001
31 7.500 22.500 0.290 0.290 0.028 0,028 0.001 0.002
32 10.500 22.500 0.500 0.327 0.043 0.045 0.002 0.000
33 1.500 25.500 0.460 0.243 0.026 9.025 0.000 0.001
34 4.500 25.500 0.4%0 0.216 0.022 9.021 0,001 0.001
35 7.500 25.500 0.380 0.276 0.028 0.027 0.001 0.002
36 10.500 25.500 0.500 0.336 0.045 0.047 0.002 0.000
37 1.500 28.500 0.500 0.232 0.025% 0.024 0.000 0.001
38 4.500 28.500 0.500 0.210 0.021 0.020 ©.001 0.001
39 7.500 28.500 0.500 0.245 p.02% 0.027 0.001 0.002
40 10.500 28.500 0.500 0.344 0.047 0.048 0.002 0.00C
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Table 9.11.20 Numerical Results for Unsaturated Single Phase Flow
Bed 2, Liquid inlet distribution = uniform, VL be de.OS m/s

Cell center liquid Liquid Velocities

Cell X/Dp z/Dp  porxr. holdup V2 Vz+dz v Vx+dx
1 1.500 1.500 0.380 0.380 0.050 0.04% 0.000 0.001
2 4.500 1.500 0.250 0.290 0.050 0.032 0.001 0.01%9
3 7.500 1.500 0.430 0.391 0.050 0.056 0.01% 0.014
4 10.560 1.500 0.500 0.384 0.030 0.064 0.014 0.000
5 1.500 4.500 0.440 0.356 0.048 0.045 0.000 0.004
€ 4.500 4.500 0.320 0.317 0.032 0.036 0.004 0.000
7 7.500 4.500 0.420 0.393 0.036 0.052 0.000 0.004
g 10.500 4.500 0.500 0.420 0.064 0.068 0.004 0.000
3 1.500 7.500 0.440 0.337 0.045 0.041 0.000 0.004
10 4.500 7.500 0.380 0.326 n.036 0.040 0.004 0.000
11 7.500 7.500 0.420 0.374 0.032 0.048 0.000 0.004
12 10.500 7.500 ©.500 0.436 0.068 0.072 0.004 0.000
i3 1.800 10.500 0.340 0.338 0.041 0.036 0.000 0.004
14 4.500 10.500 0.490 0.324 0.040 0.045 0.004 -0.001
15 7.500 10.500 0.440 0.350 0.048 0.043 -0.001 0.004
16 10.500 10.500 0.500 0.4351 0.072 ©0.075 0.004 0.000
17 1.500 13.500 0.480 0.289 0.036 0.033 0.000 0.003
18 4.500 13.500 0.460 0.356 0.045 0.051 0.003 -0.003
19 7.500 13.500 0.360 0.347 0.043 0.039 -0.003 0.002
20 10.500 13.500 0.500 0.461 n.075 0.077 0.002 0.000
21 .1.500 16.500 0.460 0.279 0.033 0.031 0.000 0.003
22  4.500 16.500 0.450 0.384 0.051 0.056 0.003 -0.002
23 7.500 16.500 0.380 0.318 0.039 0.034 ~-0.002 0.002
24 10.500 16.500 0.500 0.469 0.077 0.07% 0.002 0.000
25 1.500 19.500 0.370 0.280 0.031 0.027 o©.000 0.003
26 4.500 19.500 0.430 0.410 0.036 0.060 0.003 0.000
27 7.800 19.500 0.460 0.278 0.034 0.030 0.000 0.060C4
28 10.500 19.500 0.500 0.480 0.073 0.083 0.004 0.600
29 1,500 22.500 0.280 0.280 0.027 0.025 0.000 0.002
30 4.500 22,800 0.450 90.418 0.060 0.063 0.002 -0.001
31 7.500 22.500 0.280 0.280 0.030 0.026 -0.001 0.002
32 10.500 22.500 0.500 0.491 0.083 0.085 0.002 0.000
33 1.500 25.500 0.460 0.239 0.025 0.024 0.000 0.001
34 4.500 25.500 0.49%0 0.420 0.063 0.066 0.001 -0.002
35 7.500 25.500 0.350 0.265 0.026 0.025 -0.002 0.000
16 10.500 25.500 0.500 0.495 0.085 ¢.085 0.000 0.000
37 1.500 28.500 0.500 0.223 0.024 0.022 0©.000 0©.002
i1g 4.500 28.500 0.8500 0.424 0.066 0.067 0.002 0.001
29 7.500 28.500 0.500 0.228 0.025 0.023 0.001 0.002
40 10.500 28.500 0.500 0.500 0.0853 ¢.087 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
\ =0.055 m/s, V =0.001 my/s

G bed L.bed

Cell Center Liquid Liguid Velocities

cell X/Dp z/Dp por. holdup Vz Vz+dz Vx
1 1.500 1.500 0.400 0.101 0.004 0.004 0.000
2 4.500 1.500 (0.400 0.001 0.000 0.000 0.000
3 7.500 1.500 0.400 0.001 0.000 0.000 0.000
4 10.500 1.500 0.500 0.002 0.000 0.600 0.000
5 1.500 4.500 0.400 0.101 ¢.004 0.004 0.000
6§ 4.500 4.500 0.400 0.003 0.000 0.000 0.000
7T 7.500 4.500 0.400 0.001 0.000 0.000 C.000
8 10.500 4.500 0©0.500 0.002 0.000 0.000 0.000
9 1.800 7.500 0.400 0.101 0.004 0.004 ©.000
10 4.500 7.500 0.400 0.004 0.000 0.000 0.000
11 7.500 7.500 0.400 0.002 0.000 0.000 0.000
12 10.500 7.500 0.500 0.002 0.000 0.000 0,000
13 1.500 10.500 0.400 0.101 0.004 0.004 0.000
14 4.500 10.500 0.400 0.004 ¢.000 0.000 0¢.000
1% 7.500 10.500 0.400 0.001 0.000 0.000 0.000
16 10.500 10.500 0.500 0.001 0.000 0.000 0.000
17 1.500 13.500 0.400 0.101 0.004 0.004 0.000
18 4.500 13.500 0.400 0.003 0.000 0.000 0.000
19 7.500 13.500 0.400 0.002 0.000 g.000 0.000
20 10.500 13.500 0.500 0.001 0©.000 0.000 0.000
51 .1.500 16.500 0.400 0.101 0.004 0.004 0.000
5o . 4.500 16.500 0.400 0.002 0©.000 0.000 0.000
23 7.%00 16.500 0.400 0.002 0.000 ©0.000 0.000
24 10.500 16.500 0.500 0.001 6,000 0.000 0.000
25 1.5%00 19.500 0.400 0.101 0.004 0.004 0.000
26 4.500 19.500 0.400 0.004 0.000 0.000 0.000
27 7.500 19.500 0.400 0.002 0.000 0.000 0.600
28 10.500 19.500 0.500 0.001 ©.000 0.000 0.000
29 1.500 22.500 ©0.400 0.101 0.004 0.004 0.000
30 4.500 22.500 0.400 0.004 0.000 ©0.000 0.0CO
31 7.%00 22.500 0.400 0.001 g.000 0.000 0.000
32 10.500 22.500 0.500 0.001 0.000 0.000 0.0CO
33 1.500 25.500 0.400 0.101 0.004 0.004 0.000
34 4.500 25.500 0.400 0.003 0.000 0.000 0.600
35 7.500 25.500 (.400 0.002 ©.000 0.000 90.000
36 10.50¢ 25.500 0.500 0.001 0.000 0.000 0.000
37 1.500 28.500 0.500 0.091 0.004 0.004 C.00O0
38 4.500 28.500 0.500 0.005 ¢.000 ©.C00 ©0.000
33 7.500 28.500 0.500 0.002 0.000 0.000 0.000
40 10.500 28.500 ©.500 0.003 0.000 0.060 0.000
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Table 9.11.21 Numerical Results for Two Phase Flow (continued)
Bed . Liquid inlet distribution = point source, Gas Velocities

VG.bedZO'OSS /s, VL,bed:O'Om /s

Cell Center Liquid Gas Velocities

cell X/Dp z/bp por. holdup Vz vz+dz Vi Vx+dx
1 1.%00 1.500 0.400 0.3101 0,055 0.034 0.000 0.021
2 4.500 1.%00 0.400 0.001 0.055 0.054 0.021 0.022
3 7.500 1.500 0.400 0.001 0.0%55 ¢0.051 (.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 C¢.006 0.006
4 7.500 4.500 G.400 0.001 0.051 0.046 0.006 0.010
8 10.500 4.500 0.500 0.002 0.081 ©.0%2 0.010 0.000
g 1.500 7.500 ©0.400 0.101 G.028 (.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 n.p02 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 ¢.051 0.04% 0.004 0.006
16 10.500 10.500 90.500 0.001 ¢.085 ¢.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£.009
19 7.500 13.500 0.400 0.002 0.04% ©.050 ©.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 C.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 o0.026 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 p.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.%00 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 ~0G.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 n.044 0.037 -0.004 0.002
35 7.500 25.500 0.400 0.002 n.055 0.057 0.002 0.000
36 10.500 25.500 0.500 0.001 0.095 ¢.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
33 7.500 28.500 0.3500 0.002 0.087 0.062 -0.012 ~-0.017
40 10.500 28.500 0.500 0.003 G.095 (.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 =0.055 nys, V =0.002 m/s

G bed L bed
Cell Center Liguid Liquid Velocities
cell X/Dp Z/bp por. holdup Vz Vz+dz Vx

1 1.500 1.500 0.400 0.120 0.006 0.006 0.000
2 4.500 1.500 0.400 0.001 0.000 0.000 0.000
3 7.500 1.500 0.400 0.000 0.000 0.000 0.000
4 10.500 1.500 ©0.500 0.000 0.000 0.000 0.000
§ 1.500 4.500 0.400 0.121 0.006 0.006 0.000
6 4.500 4.500 0.400 0.002 0.000 0.000 0.000
7 7.500 4.500 0.400 0.000 0.000 0.000 0.000
8 10.500 4.500 0.500 0.000 0.000 0.000 ¢.0C0
g 1.500 7.500 0.400 0.121 0.006 0.006 C.000
16 4.500 7.500 0.400 0.003 0.000 0.000 0.000
11 7.500 7.500 0.400 0.001 0.000 0.000 0.000
12 10.500 7.500 0.500 0.000 0.000 0.000 0.000
13 1.500 10.500 0.400 0.121 0.006 0.006 0.000
14- 4.500 10.500 0.400 0.002 0.000 0.000 0.000
15 7.500 10.500 0.400 0.001 0.000 0.000 0.000
16 10.500 10.500 ©0.500 0.000 0.000 0.000 0.000
17 1.500 13.500 0.400 0.121 0.006 0.006 0.000
18 4.500 13.500 0.400 0.001 n.000 0.000 0.000
19 7.500 13.500 0.400 0.001 0.000 0.000 0.000
20 10.500 13.500 0.500 0.000 0.000 0.000 0.000
51 .1.800 16.500 0.400 0.121 0.006 0.006 0.000
22 . 4,500 16.500 ©.400 0©0.001 0.000 0.000 0.000
23 7.500 16.500 0.400 0,001 0.000 ©.000 0.000
24 10.500 16.500 0.500 0.000 0.000 0.000 0.000
25 1.500 1%.500 ©.400 0.121 0.006 0.006 0.000
26 4.500 19.500 0.400 0.001 0.000 0.000 0.000
29 7.500 19.500 0.400 0.001 0.000 0©0.000 0.000
28 10.500 19.500 ©0.500 0.000 0.000 0.000 0.000
29 1.500 22.500 0.400 0.121 0.006 0.006 0.000
30 4.500 22.500 0.400 0.000 0.000 ©.000 0.000
31  7.500 22.500 ©.400 0.000 0.000 ©.000 0.000
32 10.500 22.500 0.500 0.000 0.000 0.000 0.000
33 1.500 25.500 0.400 0.121 0.006 0.006 0.000
34 4.500 25.500 ©.400 0.000 0.000 0¢.000 0.000
35 7.500 25.500 0.400 0.000 0.000 0.000 0.000
36 10.500 25.500 0.500 0.000 0.000 ©.000 0.000
37 1.500 28.500 0.400 0.121 0.006 0.006 0.000
38 4.500 28.500 ¢.400 0.001 0,000 0.000 0.000
39 7.500 28.500 0.400 0.000 0.000 0.000 0.000
20 10.500 28.500 0.500 0.000 0.000 C.000 0.000
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Table 9.11.22 Numerical Results for Two Phase Flow (continued)
Bed |, Liquid inlet distribution = point source, Gas Velocities
\' =0.055 m/s, V ={.002 m/s

OO0 OO0 OODOOO0

QOO OOoO

G.,bed L bed
Cell Center Liquid Gas Velocities
cell X/Dp z/pp por. holdup Vz vz+dz Vr  Vx+dx
1 1.500 1.500 0.400 0.120 0.055 0.030 0.000
2 4.500 1.500 0.400 0.001 0.085 0.057 0.0235
3 7.500 1.500 0.400 0.000 3.055 0.051 0.023
4 10.500 1.500 0.500 0.000 0.055 0.082 0.027
5 1.500 4.500 0.400 0.121 0.030 ¢.022 0.000
6 4.500 4.500 0.400 0.002 0.057 0.051 0.008
+ +7.500 4.500 0.400 0.000 0.031 0.052 0.014
8 10.500 4.500 0.500 0.000 0.082 0.0%4 0.012
9 1.500 7.500 0.400 0.121 0.022 0.019% 0.000
10 4.500 7.500 0.4006 0.003 0.051 0.053 0.003
11 7.500 7.500 ©.400 0.001 0.052 0.048 0.001
12 10.500 7.500 0.500 0,000 0.094 0.100 0.005
13 1.500 10.500 0.400 0.121 0.019 0.021 0.00C -
14 4.500 10.500 0.400 0.002 0.053 0.044 -0.002
15 7.500 10.500 0.400 0.001 0.048 0.050 0.006
16 10.500 10.500 0.500 0.000 0.100 0.104 0.004 .
17 '1.500 13.500 0.400 0.121 0.021 0.023 0.000 -G.
18 4.500 13.500 0.400 0.001 0.044 0.048 -0.002 -0.
19 7.500 13.500 0.400 0.001 9.050 0.052 -0.007 ~-0.
20 10.500 13.500 0.500 0.000 0.104 0.096 -0.009 0.
21 1.500 16.500 ©0.400 0.121 0.023 0.026 0.000 -0.
52 4.500 16.500 0.400 0.001 0.049 0.04B -0.003 -0,
23 7.500 16.500 0.400 0.001 0.052 0.047 -0.001 0.
24 10.500 16.500 0.500 0.000 0.096 0.09% 0.003 0.
25 1.500 19.500 0.400 0.i21 0.026 0.027 0.000 -0.
26 4.500 19.500 0.400 0.001 0.048 0.045 ~-0.001 0.
27 7.500 19.500 0.400 0.001 0.047 0.052 0.002 -0.
28 10.500 19.500 0.500 0.000 0.099 0.096 ~-0.003 0.
29 1.500 22.500 0.400 0.121 0.027 0.022 0.000 O.
30 4.500 22.500 0.400 0.000 0.045 0.053 0.005 -0.
31 7.500 22.500 0.400 0.000 0.052 0.050 ~-0.004 -0.
32 10.500 22.500 ©0.500 0.000 0.086 0.094 -0¢.002 0.
33 1.500 25,500 0.400 0.121 0.022 0.029%9 0.000 -0.
34 4.500 25.500 0.400 0.000 0.053 0.053 -0.006 -0.
35 7.500 25.500 0.400 0.000 0.050 0.036 -0.005
36 10.500 25.500 0.500 0.000 0.094 0.102 0.008
37 1.500 28.500 0.400 0.121 0.029 0.023 0.000
38 4.500 28.500 0.400 0.001 0.053 0.056 0.006
39 7.500 28.500 0.400 0.000 0.036 0.0354 9.003 -
40 10.500 28.500 ©.500 ©.000 0.102 0.087 -0.015
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Table 9.11.23 Numerical Results for Two Phase Flow
Bed 2, Liquid inlet distribution = point source, Liquid Velocities
Vv =0.055 mys, VL,be d:0.001 m/s

Gi.bed
Cell Center Liquid Ligquid Yelocities

cell X/Dp z/Dp por. heoldup V vztdz vx  Vetdx
i 1.500 1.500 ©0.380 0.102 0.004 ¢.004 0.000 0.000
2 4.500 1.500 0.280 0.000 0.000 0.000 ©.000 0.000
3 7.500 1.500 0.430 0.000 0.000 ¢.000c 0.000 0.000
4 10.500 1.500 0.500 0.000 0.000 ¢.000 ©.000 ©0.000
5 1.500 4.500 0.440 0.097 10.004 0.004 0.000 0.000
6 4.500 4.500 0.320 0.001 0.000 ¢.000 ©€.000 0.000
7 7.500 4.500 0.420 0.002 0.000 0.000 ©0.000 0.000
g 10.500 4.500 0.500 0.001 0.000 0.000 ©¢.000 0.900C0
s 1.500 7.500 0.440 0.0%7 0.004 0.004 0.000 0,000
10 4.500 7.5006 0.380 0.001 0.000 0.000 0.000 0.9000
11 7.500 7.500 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 0.00C 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 0.083 0.004 0.004 ©.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 ©.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 ¢.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
59 1.500 22.500 0.280 0.112 0.004 0.004 0.000 0.0C00
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.c00 0.000 0.000
32 10.5060 22.500 0.500 0.000 0.0C0 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 0.4%0 0.001 0.0C0 0.000 0.000 0.000
35 7.500 25.500 0.350 0.001 0.000 0.c00 0.000 0.000
36 10.500 25.500 0.500 0.001 0.C00 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 ¢.000 ©0.000 0.000
40 10.500 28.500 0.500 0.001 0.00CC 0.000 C©.000Q C.0CO
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Table 9.11.23 Numerical Results for Two Phase Flow (continued)
Bed 2, Liquid inlet distribution = point source, Gas Velocities
vV =0.055 m/s, V =0.002 m/s

G.bed Lbed
Cell Center Liquid Gas Velocities

cell X/Dp Z/bp por. holdup Vz Vz+dz vx vx+dx
1 1.500 1.500 0.380 0.102 0.055 0.045 0.000 0.010
2 4.800 1.500 0.290 0.000 0.055 0.034 0.010 0.031
3 7.500 1.500 0.430 0.000 0.055 0.058 0.031 0.027
4 10.500 1.500 0.500 0.000 0,055 0.082 0.027 0.000
§ 1.500 4.500 0.440 0.097 0.045 0.038 0.000 0.007
& 4.500 4.500 0.320 0.001 0.034 0.035 0.007 0.006
7 7.500 4.500 0.420 0.002 0.058 0.058 0.006 0.007
8 10.500 4.500 0.500 0.001 0.082 0.083 0.007 0.00C0
g 1.%00 7.500 0.440 0.097 0.038 0.020 0.000 G.018
10 4.%00 7.8500 0.380 0.001 0.035 0.056 0.018 -0.003
11 7.800 7.500 0.420 0.002 0.058 0.03% -0.003 -0.004
17 10.500 7.500 0.500 0.001 0.089 0.083 -0.004 0.000
13 1.500 10.500 0.2340 0.106 0.020 0.018 0.000 0.002
14 4.500 10.500 0.4%0 0.001 0.056 0.078 0.002 -0.019
1§ 7.500 10.500 0.440 0.001 0.059 0.042 -0.019 -0.002
16 10.500 10.500 0.500 0.001 0.085 0.083 -0.002 0.000
17 1.500 13.500 0.480 0.093 0.018 0.031 0,000 -0.014
18 4.500 13.500 0.460 0.001 0.078 0.062 -0.014 0.002
19 7.500 13.500 0.360 0.001 0.042 0.035 0.002 (.009
-0 10.500 13.500 0.500 0.000 0.083 0.082 0.008 0.000
21 1.500 16.500 0.460 0.095 0.031 0.017 0.000 0.014
22 4.500 16.5006 0.450 0.001 0.062 0.066 0.014 0.010
23 7.500 16.500 0.380 0.001 0.035 0.048 0.010 -0.003
52 10.500 16.500 0.500 0.001 0.092 0.088 -0.003 0.000
25 1.500 19.500 0.370 0.104 0.017 0.007 0.000 0.010
26 4.500 19.500 0.430 0.000 0.066 0.080 0.010 -0.003
27 7.500 19.500 0.460 0.001 0.048 0.028 -0.003 0.017
28 10.500 19.500 0.500 0.000 0.088 0.105 0.017 0.000
29 1.500 22.500 0.280 0.112 0.007 0.007 0.000 0.0060
30 4.500 22.500 0.450 0.000 0.080 0.085 0.000 -0.005
31 7.500 22.500 0.29¢ 0.001 0.028 0.026 -0.005 -0.003
32 10.500 22.500 0.500 0.000 0.105 0.103 -0.003 0.000
33  1.500 25.500 0.460 0.095 0.007 0.032 0.000 -0.025
34 4.500 25.500 0.490 0.001 0.085 0.065 -0.025 -0.005
35 7.500 25.500 0.35¢ 0.001 0.026 0.034 -0.005 -0.014
36 10.500 25.500 0.500 0.001 0.103 0.089 -0.014 0.000
37 1.500 28.500 0.500 0.091 0.032 0.041 0.000 -0.009
38 4.500 28.500 0.500 0.001 0.065 0.047 -0.009 0.008
3g 7.500 28.500 0.500 0.001 0.034 0.062 0.008 -0.019
20 10.500 28.500 0.5C0 ©.001 0.089 0.070 -0.013 0.000



-383-

Table 9.11.24 Numerical Results for Two Phase Flow
Bed 2, Liquid inlet distribution = point source, Liquid Velocities
V = =
0.055 my/s. VL,bed 0.002 m/s

G,bed
Cell Center Liquid Liquid Velocitles

cell X/Dp z/Dp  por. holdup V Vz+dz Vx  Vx+dx
1 1.500 1.500 0.380 0.122 0.006 0.006 ©.000 0.000
2 4.500 1.500 0.280 0.001 0.000 0.000 0.000 0.000
3 7.500 1.500 0.430 0.00%1 0.000 ¢.000 0.000 0.000
1 10.500 1.500 0.500 0.001 0©.000 0.000 £.000 0.0C0
5 1.500 4.500 0.440 0.116 0.006 0.006 0.000 0.000
& 4.500 4.500 0.320 0.002 0.000 ¢.000 ©.000 0.000
7 +7.5060 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 ©.000 0.000 0.000
a 1.%00 7.500 0.440 0.116 0.006 0.006 0.0600 0.000
10 4.500 7.500 0.380 0.002 0.000 0.¢00 0.000 0.000
11 7.500 7.500 0.420 0.001 0.000 ¢.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 ¢.006 0.000 0.000
14 4.500 10.500 0.490 0.003 0.000 ¢.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 ¢.000 0.000 0.000
19 7.500 13.500 0.360 0.002 0.000 0.000 0.000 0.000
26 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
23 . 4.500 16.500 0.450 0.001 0.000 0.000 06.000 0.000
53 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 ¢.000 ©.000 (C.000
25 1.500 19.500 0.370 0.124 0.006 0.006 0.000 0.000
56 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 ¢.000 ©.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 0.2%0 0.003 0.000 p.000 0.000 0.000
32 10.500 22.500 0.500 0.001 (.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 ¢.000 ©0.000 0.000
36 10.500 25.500 0.500 0©0.000 0.000 0.00C¢ 0.000 ©£.000
37 1.500 28.500 0.500 90.110 0.006 ¢.006 0.000 0.000
38 4.500 28.500 0.500 0.005 0.000 0.000 ©.000 0.000
39 7.500 28.500 0.500 0.004 0.000 0.000 9.000 0.000
40 10.5C0 28.500 0.500 0.003 0.000 ¢.0C0 0.000 90.000



-384-

Table 9.11.24 Numerical Results for Two Phase Flow (continued)
Bed 2. Liquid inlet distribution = point source, Gas Velocities
Y =0.055m/s, V ={}.002 m/s

G.bed L.bed
Cell Center N Liquid Gas Velocities
cell X/Dp z/Dp por. holdup Vz vz+dz Vx

1 1.500 1.500 0.380 0.122 0.05% 0.044 0.000
> 4.500 1.500 0.29%90 0.001 0.055 0.034 0©.011
3 7.500 1.500 0.430 0.001 0.655 ©.058 0.032
42 10.500 1.5060 0.500 0.001 0.035 0.084 0.029
5 1.500 4.500 0.440 ¢.116 0.044 ©0.035 0.000
6 4.500 4.500 0.320 0.002 0.034 0.034 0.009
- 7.500 4.500 0.420 0.001 0.058 0.0589 0.009
8 10.500 4.500 0.500 0.001 0.084 0.092 0.008
5 1.500 7.500 0.440 0.116 0.035 0.016 ©.000
10 4.500 7.500 0.380 0.002 0.034 0.049 0.019
11 7.500 7.500 ©0.420 0.001 0.039 0.060 0.004
12 10.500 7.500 0.500 0.001 0.03%2 0.095 0.003
13 1.500 10.500 0.340 0.127 0.016 0.015 0.000
14 4.500 10.500 0.4%0 0.003 0.049 0.07¢ 0.001 -
15 7.500 10.500 0.440 0.001 0.060 0.041 -0.019
16 10.500 10.500 0.500 0.001 0.095 0.095 0.000
17 1.500 13.500 0.480 0.112 0.015 0.022 0.000
18 4.500 13.500 ©0.460 0.001 0.070 0.068 -0.007
19 7.%00 13.500 0.360 0.002 0.041 0.0639 -0.005
20 10.500 13.500 0.500 0.001 ©0.095 0.091 -0.004
21 1.500 16.500 0.460 0.114 0.022 0.018 0.000
22 4.500 16.500 0.450 0.001 0.068 0.063 0.004
23 7.500 16.500 0.380 0.002 0.039 0.048 ©.009
24 10.500 16.500 0.500 0.001 0.091 0.0981 ©.000
25 1.500 19.500 0.37¢ 0.124 0.018 0.004 0.000
26 4.500 19.500 0.430 0.001 0.063 0.075 0.014
27 7.500 19.500 0.460 0.001 0.048 0.031 0.001
28 10.500 19.500 0.500 0.002 0.09r ©.103 0.018
29 1.500 22.500 0.280 0.133 0.004 0.004 0.000
30 4.500 22.500 0.450 p.003 0.075 0.084 0.000 -
31 7.500 22.500 0.280 ©€.003 0.031 g.022 -0.008
32 10.500 22.500 0.500 0©0.001 0.109 0.110 0.002
33 1.500 25.500 0.460 0.114 0.004 0.028 0.000
34 4.500 25.500 0.490 0.004 0.084 0.067 -0.024
35 7.500 25.500 0.350 0.004 90.022 0.030 -0.007
36 10.500 z5.500 0.500 0.000 ©0.110 0.0%6 -0.014
37 1.500 28.500 0.500 0.110 ©0.028 ©0.043 0.000
38 4.500 28.500 ©.500 0.005 0.067 0D.058 ~0.015
39 7.500 28.500 0.300 0.004 0.030 0.042 -0.0086
40 10.500 28.500 0.500 0.003 0.096 0.076 -0.0183
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Table 9.11.25 Numerical Results for Two Phase Flow
Bed 2, Liquid inlet distribution = point source, Liquid Velocities
\ =0.055 m/s, V =0.005 m/s

G bed L bed

- Cell Center Licquid Liquid Velocities

cell ¥X/Dp Z/Dp por. holdup Vz vz+dz  Vx
1 1.500 1.500 0.380 0.222 0.020 0.020 0.000
5 4.500 1.500 0.290 0.000 0.000 0.000 0.000
3 7.500 1.500 0.430 0.000 0.000 0.000 0.000
1 10.500 1.500 0.500 0.000 0.000 0.000 0,000
5 1.500 4.500 0.440 0.215 0.020 0.020 0.000
6 4.500 4.500 0.320 0.001 0.000 0.000 0.000
7 <9.500 4.500 0.420 0.001 0.000 0.000 0.000
8 10.500 4.500 0.500 ©0.001 ©0.000 0.000 0C.000
9 1.500 7.500 0.440 0.216 0.020 0.020 ¢.000
10 4.500 7.S00 0.380 0.001 0.000 0.000 0.000
11 7.500 7.500 0.420 0.001 0.000 0.000 0.600
12 10.%00 7.500 0.500 ©.001 0.000 0.000 0.000
13 1.500 10.500 0.340 0.232 0.020 0.020 0.000
1a 4.500 10.500 0.490 0.001 0.000 0.000 0.000
15 7.500 10.500 0.440 0.001 0.000 0.000 0.000
16 10.500 10.500 0.500 0.001 0.000 0.000 0.000
17 1.500 13.500 0.480 0.209 0.020 0.020 0.000
18 4.500 13.500 ©0.460 0.001 0.000 0.000 G.000
19 7.500 13.500 0.360 0.001 0.000 0.000 0.000
2§ 10.500 13.500 ©0.500 ©0.001 0.000 0.000 0.000
51 . 1.500 16.500 0.460 0.212 0.020 0.020 0.000
52 . 4.500 16.500 ©0.450 ©0.001 0.000 0.000 0.000
23 7.500 16.500 ©0.380 0.002 0.000 0.000 0.000
54 10.500 16.500 0.500 0.000 0.000 0.000 0.000
55 1.500 19.500 0.370 0.227 0.020 0.020 0.000
56 4.500 19.500 0.430 0.001 0.000 0.000 0.000
27 7.%00 19.500 0.460 0.000 0.000 0.000 0.000
58 10.500 19.500 0.500 0.000 0.0C0 0.000 0.000
29 1.500 22.500 0.280 0.242 0.020 0.020 0.000
30 4.%00 22.500 0.450 0.001 0.000 0.000 0.000
31 7.8%00 22.500 0.290 0.000 ©.000 0.000 0.000
32 10.500 22.500 0.500 0.000 0.000 0.000 0.000
33 1.500 25.500 0.460 0.212 0.020 0.020 0.000
34 4.500 25.500 0.4%0 0.001 0.000 0.000 0.000
35 7.500 25.500 ©0.350 0.001 0.000 0.000 0.000
36 10.500 25.500 0.500 6.001 0.000 0.000 0.000
37 1.500 28.500 0.500 0.205 0.020 0.020 0.000
3§ 4.500 28.500 0.500 0.001 0.000 0.000 0.000
39 7.500 28.500 0.500 0.001 ©0.000 0.000 0.000
20 10.500 28.500 0.500 0.001 0.000 0.000 0.000
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Table 9.11.25 Numernical Results for Two Phase Flow (continued)
Bed 2. Liquid inlet distribution = point source, Gas Velocities
\% =0.055 my/s, VL bcdmO.OOS m/s

G bed
Cell Center Liquid Gas Velocities

cell X/Dp Z/Dp por. holdup Vz Vz+dz vx Vx+dx
i 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 0.028
4 10.500 1.500 ©.500 0.000 0.055 0.084 0.029%9 0.000
5 1.500 4.500 0.440 0.215 0.027 0.019% 0.000 0.008
6§ 4.500 4.500 ¢.320 0.001 0.041 ©0.037 o0.008 0.012
4 97.8500 4.500 0.420 0.001 0.068 0.082 0.012 -0.002
g 10.500 4.5C00 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 0.4%0 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 10.3%00 0.500 0.001 0.068 0.085% 0.018 0.000
17 1.500 13.500 0.480 0.209 90.000 0.018 0.000 -0.C18
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 O 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 ©.500 0.000 O 091 0.067 -0.023 0.000
25 1.500 19%.500 0.370 0.227 0 pol 0.000 o0.000 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 O 068 0.036 0.000 0.032
28 10.500 19.500 0.500 0.0C0 O 667 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 0.2%0 0.000 O 036 0.039 -0.001 -0.004
32 10.500 22.500 0.500 0.000 O 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 0.48%0 0.001 0.086 0,078 -0.018 -0.010
35 7.500 25.500 0.350 0.0C1 0.038 0.044 ~0,010 -0.016
36 10.500 25.500 0.500 0.001 O pgs 0.080 -0.016 0.000
37 1.500 28.500 ©0.500 0.2¢5 O 018 0.036 0.000 -0.019
38 4.500 28.500 ©0.500 0.001 O 078 0.046 -0.019 0.013
39 7.5%00 28.500 0.500 0.001 0.044 0.063 0.013 -0.005
40 10.500 28.500 ©0.500 0.0C1 n.080 0.075 -0.005 (.000
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Table 9.11.26 Numerical Results for Two Phase Flow
Bed 2. Liquid inlet distribution = point source, Liquid Velocities

VG.bed_O'055 nmy/s, VL.bed—G'Oog m/s
Cell Center Liquid Liquid Velocities
cell X/Dp Z/op por. holdup Vz Vztdz 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 p.001 0.001 @¢.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 G.035 0.034 0.000 0.001
€ 4.500 4.500 0.320 0.076 0.001 0.002 ©.001 0,000
7 77.500 4.300 0.420 0.024 0.000 G.000 0.000 0.000
8 10.500 4.500 0.500 0.004 ¢.0c0 0.000 0.000 0.C00
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
11 7.%00 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 G 000 0.000Q
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 0.0600
20 10.500 13.500 0.300 0.005 0.000 0.000 0.000 0.000
21 -~1.500 156.500 0.460 0.266 0.030 0.02% 0.000 0.002
22 - 4.500 16.500 0.450 0.119% 0.006 0.007 0.002 0.000
23 7.500 16.300 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 90.370 0.273 0.029 0.627 0.000 @Q.C02
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 13.500 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 @Q.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 0.025 0.000 0.000 0.000 0.000
32 10.500 22.500 0.500 0.0C2 0.000 0©.000 0.000 0.000
33 1.500 25.500 0.460 0.244 0.025 0.026 0.000 0.C00
34 4.500 25.500 0.490 0.144 0.010 0.010 9D.000 0.000
35 7.500 25.500 0.350 0.030 p.000 0.000 0.000 0.000
36 10.500 25.500 0.500 0.005 6.000 0.000 0.000 0.060
37 1.%500 28.500 0.500 0.238 0.026 0.026 ©0.000 0.C00
38 4.500 28.500 0.500 0.141 0.010 ©¢.010 0.000 0.000
39 7.500 28.500 0.500 0.026 0.000 ©.000 0.000 0.000
40 10.500 28.500 0.500 0.013 0.000 0.000 0.00C 0.0C0
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Table 9.11.26 Numerical Results for Two Phase Flow (continued)
Bed 2. Liquid inlet distribution = point source, Gas Velocities
\' =0.055 m/s, V =0.009 m/s

G,bed Lbed
Cell Centex Liquid Gas Velocities

cell X/Dp Z/Dp por. holdup Vz Vz+dz Vi Vx+dx
1 1.500 1.500 0.380 0.2980 0.0335 0.025 ©.000 0.030
2 4.500 1.%00 0.290 0.056 0.055 0.033 ©.030 0.052
3 7.500 1.500 0.430 0.020 0.055 0.075 0.052 0.032
4 10.500 1.500 0.500 0.002 0.055 0.087 0.032 0.000
5 1.500 4.500 0.440 0.293 0.025 0.005 0.000 0.020
6§ 4.500 4.500 0.320 0.076 0.033 0.035 ©¢.020 0.018
7 7.500 4.500 0.420 0.024 0.075 0.0853 0.018 0.038%
8§ 10.500 4.500 0.500 0.004 0.087 0.127 0.03% G.000
g 1.500 7.500 0.440 0.280 0.005 0.000 0.000 0.005
10 4.500 7.500 0.380 O pgs 0.035 0.043 0.005 ~0.003
11 7.500 7.500 0.420 0.023 0.053 0.064 -0.003 -0.014
12 10.%00 7.500 0.500 0.004 0.127 ©0.112 -0.014 0.000
i3 1.500 10.500 0.340 0.303 0.000 0.000 0.000 0.000
14 4.500 10.500 0.490 0.088 0.043 0.057 0.000 -0.014
15 7.500 10.500 0.440 0.022 0.064 0.039 -0.014 0.011
16 10.500 10.500 0.500 0.005 0.112 0.124 0.011 0.000
17 1.500 13,500 0.480 0.270 0.000 0.001 0.000 -0.001
18 4.500 13.500 0.460 0.104 0.057 0.061 ~-0.001 -0.0C5
19 7.500 13.500 0.360 0.022 0.03° 0.033 -0.005 0.002
20 10.500 13.500 0.500 0.005 0.124 0.125 0.002 0.000
21 1.500 16.500 0.460 0.266 0.001 ©.,000 ©.000 0.001
22 4.500 16.500 0.450 0.11% 0.061 0.046 0.001 0.016
23 7.500 16.500 0.380 0.023 0.033 0.039 0.016 0.010
24 10.500 16.500 (.500 0.003 0.125 0.135 ¢.010 0.000
25 1.%00 19.500 0.370 0.273 0.000 0.000 0.000 0.000
26 4.500 19.500 0.430 0.137 0.046 0.058 0.000 -0.012
27 7.500 19.500 0.460 0.023 0.038 G.024 -0.012 0,003
28 10,500 19.500 ©.500 0.003 0.135 0.138 0.003 0.000
29 1.500 22.500 0.280 0.280 0.000 0.000 0.000 0.000
30 4.500 22.500 0.450 0.146 0.058 0.067 0.000 -0.008
31 7.500 22.500 0.290 0.029 0.024 0.021 ~0.008 -0.006
32 10.500 22.500 0.500 0.002 0.138 0.132 -0.006 0.000
33 1,500 25.500 0.460 0.244 0.000 0.024 0.000 -0.024
34 4.500 25.500 0.490 0.144 0.067 0.046 -0.024 -0.003
35 7.50C 25.500 0,350 0.030 0.021 0.045 -0.003 -0.028
16 10.500 25.500 0.500 0.005 0.132 0.105 ~-¢.028 0.000
37 1.500 28.500 0.500 0.238 0.024 0.037 0.000 -0.013
38 4.500 28.500 0.500 0.141 0.046 0.044 ~0.013 -0.011
3% 7.500 28.500 0.500 ©.026 0.045 0.070 -0.0311 -0.035
40 10.500 28.500 0.500 0.013 0.105 0.069 -0.035 0.000
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Table 9.11.27 Numerical Results for Two Phase Flow
Bed 1, Liguid inlet distribution = point source, Liquid Velocities

VG,bedzo'OSS m/s, VL,bed::O.OOI m/s

Cell Center Liquid Liguid Velocities
cell X/Dp z/Dp por. holdup V Vvz+dz vx

1 1.500 1.500 0.400 0.059 0.001 ©.001 0.000
2 4.500 1.500 0.400 0.058 0.001 0.001 0.000
7 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 0.058 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 0.00% 0.000
8 10.500 4.500 0.500 0.049 ©0.001 0.00F 0.000
9 1.500 7.500 0.400 0.059 g.001 0.00% 0.000
10 4.500 7.500 0.400 0.058 p0.001 0.001 0.0Q00
11 7.500 7.500 0.400 0.064 0,001 0.00F 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
1§ 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 12.500 0.400 0.059% 0.001 0.001 0.000
18 4.500 13.500 0.400 0Q.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 .4.8500 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©0.001 0.001 0.000
27 %.500 19.500 0.400 0.070 0.002 0.002 0.000
28 10.500 19.%00 0.500 0.039 ¢.000 0.000 0.000
29 1.500 22.500 0.400 0.059 ¢.001 0.001 0.000
30 4.500 22.500 0.400 0.0%6 0.001 0.001 0.000
31 7.500 22.%00 0.400 0.071 0.002 0.002 0.C00
22 10.500 22.%00 0.500 0.038 0.000 0.C00 0.000
33 1.500 25.500 0.400 0.059 0.001 0.901 0.000
34 4,500 25.500 90.400 0.056 0.001 0.00%1 0.000
35 7.500 25.500 0.400 0.072 0.002 0.002 0.000
36 10.500 25.500 90.500 0.037 0.000 ©0.000 0.000
37 1.500 28.500 0.400 0.059 0.001 0.001 0.000
3y 4.500 28.500 0.400 0.056 0.001 0.001 0.000
39 7.500 28.500 0.400 (©¢.072 0.002 0.002 0.000
40 10.500 28.500 0.500 ¢.037 0.0Q00 0.000 0.000
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Table 9.11.27 Numerical Results for Two Phase Flow (continued)
Bed 1. Liguid inlet distribution = point source, Gas Velocities
\% =0.055 m/s, V =0.001 m/s

G.bed Lbed
Cell Center Liquid Gas Velocities
cell X/Dp Z/bp por. holdup Vz Vz+dz vx Vtdx
1 1.5900 1.500 0.400 0.059 0.055 0.048 0.000 0©.007
2 4.500 1.500 0.400 0©0.038 0.055 0.048 0.007 ©.014
3 7.500 1.500 0.400 0.060 0.055 0.042 0.014 06.026
4 10.500 1.500 0.500 0.051 0.055 0.081 0.026 0.000
5 1.500 4.%00 0.400 0.05%9 0.048 0.045 0.000 0.004
€ 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
§ 10.500 4.500 0.500 0.049 o.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 ©0.080 0.085 0.004 0.000
13 1.500 10.500 0.400 0.05%9 0.043 0.042 0©0.000 90.0061
14 4.500 10.%00 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 90.002 0.002
16 10.500 10.500 0.500 0.045 0.6985 0.087 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 0.0357 0.042 0.042 0.001 0.001
19 7.500 13.500 0.400 0.068 0.038 0.038 0,001 @¢.002
20 10.500 13.500 0.500 0.043 0.09%7 ©0.0%% 0.002 0.000
21 1.500 16.500 0.400 (0.059 0n.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 0.063 0.038 0.038 0.001 0.901
24 10.500 16.500 0.500 0.041 0.699% 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 18.500 0.400 0.070 0.038 0.038 0.000 0.000
28 10.500 19.%00 0.500 0.039% 0.i00 0.099 (.000 0.000
2g 1.500 22.500 0.400 0.05% 0.040 0.041 0.000 -0.001
20 4.500 22.500 0.400 0.056 D.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 (¢.059 0.041 0.040 0.000 0.000
74 4.500 25.500 0.400 0.056 p.041 0.041 0.000 0.000
15 7.500 25.500 0.400 0.072 0.038 0.037 0.000 0.001
ig 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 0.637 0.000 0.000
40 10.500 28.500 0.500 0.037 6.101 0.101 0.000 ©0.000
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Table 9.11.28 Numerical Results for Two Phase Flow
Bed |, Liguid inlet distribution = point source, Liguid Velocities

VG,bed:0'055 my/s, VL1bede.002 m/s

Cell Center Licuid Liguid Velocities

cell X/Dp Z/Dp por. holdup Vz Vz+dz vx
1 1.500 1.500 0.400 0.068 0.002 0.002 0.000
2 4.%00 1.500 0.400 0.06B 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.%00 4.500 0.400 0.071 p.002 0.002 0.000
§ 10.500 4.500 0.500 0.059 0.002 0.002 90.000
9 1.500 7.800 0.400 0.06% 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 0.06% 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 ¢.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 ¢.002 0.000
51 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 €¢.500 0.053 0.002 0.002 0.000
5% 1.500 19.500 ©0.400 0.070 0.002 0.002 0.000
2§ 4,500 19.500 0.400 ©.064 0.002 0.002 0.0CO
27 7.500 19.500 0.400 0.078 0.002 0.002 0.0C0
28 10.50C 15.500 0.500 6.052 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 0.9002 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 1.500 28.%00 0.400 0.071 0.002 0.002 0.000
38 4.500 28.500 0.400 0.063 9,002 0.002 0.000
79 7.500 2B.500 0.400 0.079 0.002 0.002 90.0CC
40 10.500 28.500 ©0.500 0.051 g.002 0.002 0.00C
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Table 9.11.28 Numerical Results for Two Phase Flow (continued)
Bed 1. Liquid inlet distribution = point source, Gas Velocities
Vv =0.055 m/s, V =0.002 m/s

G,bed L.bed
Cell Center Liquid Gas Velocities

cell X/Dp 2/Dp por. heoldup V Vz+dz Vx Vr+dx
1 1.500 1.500 0.400 0.068 0.055 0.048 0.000 0.007
2 4.500 1.500 0.400 0.068 0.055 0.048 0.007 0.014
3 7.500 1.500 0.400 0.063% 0.055 0.042 0.014 0.027
4 10.500 1.500 0.500 0.060 0.055 0.082 0.027 0.000
5 1.500 4.500 0.400 0.068 0.048 0,046 0.000 0.002
& 4.500 4.500 0.400 0.067 0.048 0.044 0.002 0.008
7 7.500 4.500 0.400 0.071 0.042 0.037 0.006 0.011
g 10.500 4.500 0.500 0.059 0.082 0.083 0.011 0.000
¢ 1.500 7.500 0.400 0.069 0.046 0.044 0.000 0.002
10 4.500 7.500 0.400 0.066 0.044 0.04% 0.002 0.001
11 7.500 7.500 0.400 0.073 0.037 0.038 0.001 0.000
12 10.500 7.500 0.500 0.057 0.083 0.083 0.000 0.000
13 1.500 10.500 0.400 0.069 0.044 0.041 0.000 90.003
14 4.500 10.500 0.400 0.066 0.045 0.044 0.003 0.004
15 7.500 10.500 0.400 0.074 0.038 0.039 0.004 0.002
16 10.500 10.500 0.500 0.056 0.093 0.086 0.002 0.000
17 1.500 13.500 0.400 0.069 0.041 0.042 0.000 -0.001
18 4.500 13.500 0.400 0.065 0.044 0.042 -0.001 0.000
19 7.500 13.500 ©0.400 0.075 0.039 0.039 0.000 0.001
20 10.500 13.500 0.500 0.054 0.096 0,097 0.001 0.0600
21 1.500 16.500 0.400 0.070 0.042 0.038 0.000 0.004
2 4.500 16.500 0.400 0.065 0.042 0.045 ¢.004 0.002
23 7.500 16.500 0.400 0.077 0.033 0,038 0.002 90.003
24 10.500 16.500 0.500 ©.053 0.087 0.099% 0.003 0.000
25 1.500 19.500 0.400 0.070 0.038 0.038 0.000 0.000
6 4.500 19.500 0.400 0.064 0.045 0.042 0.000 0.003
27 7.500 19.500 0.400 0.078 0.038 0.039 0.003 0.002
58 10.500 19.500 0.500 0.052 0.099 0.1C1 0.002 0.000
29 1.500 22.500 0.400 0.070 0.038 0.040 0.000 -0.002
30 4.500 22.500 0.400 0.064 0.042 0.043 ~0.002 ~0.003
31  7.500 22.500 0.400 0.078 0.039 0.039 -5.003 ~0.003
32 10.500 22.500 ©.500 0.052 0.101 0.098 -0.003 ©0.000
33 1.500 25.500 0.400 0.070 0.040 0.038 0.000 0.001
34 4.500 25.500 0.400 0.063 0.043 0.046 0.001 ~0.G01
35 7.500 25.500 0.400 0.078% 0.03% 0.038 -0.001 ~-0.001
36 10.500 25.500 0.500 0.051 0.098 0.098 ~0.001 0.000
37 1.500 28.500 0.400 0.071 0.038 0.040 0.000 ~0.001
38 4.500 28.500 0.400 0.063 0.046 0.047 -0.001 -0.003
39 7.800 28.500 (0.400 0.079 0.038 0.040 -0.003 ~0.004
40 10.500 28.500 0.500 0.051 0.098 0.093 -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
Y =0.055 m/s, V =0.001 my/s

G.bed Lbed

Cell Center Liquid Liquid Velocities

cell X/Dp zZ/bp por. holdup Vz Vz+dz vx
1 1.500 1.500 0.380 0.060 0.001 0.001 0.000
2 4.500 1.500 0.290 0.063 0.001 0.001 0.000
3 7.500 1.500 0.430 0.058 0,001 p.001 0.000
4 10.500 1.500 0.500 0.052 0.001 0.001 0.000
5 1.500 4.500 0.440 0.058 0.001 0.001 0.000
6 4.500 4.500 0.320 0.057 0.001 0.001 0.000
7 7.500 4.500 0.420 0.062 g.001 0.001 ©0.000
8 10.500 4.500 0.500 0.050 0.001 0.001 0.000
9 1.500 7.500 0.440 0.059 0.001 0.001 0.000
10 4.500 7.500 0.380 0.051 0.001 0.001 9.000
11 7.500 7.500 0.420 0.065 0.001 0.001 0.000
12 10.500 7.500 0.500 0.04% 0.001 0.001 0.000
13 1.500 10.500 ©0.340 0.066 0.001 g.001 0.000
14 4.500 10.500 0.490 0.043 0.001 0.001 0.000
15 7.500 10.500 0.440 0.066 0.001 0.002 0.000
16 10.500 10.500 ©0.500 0.047 0.001 0.001 0.000
17 1.500 13.500 0.480 0.057 0.001 0.001 0.000
18 4.500 13.500 0.460 0.041 0.001 8.000 0.000
19 7.500 13.500 0.360 0.073 0.002 0.002 0.000
20- 10.500 13.500 0.500 0©.046 0.001 0.001 0.000
51 -1.800 16.500 0.460 0.059 0.001 0.001 0.000
2> - 4.500 16.500 0.450 0.039 0.000 0.000 0.000
23 7.800 16.500 0.380 0.074 0.002 0.¢02 9©.000
24 10.500 16.500 0.500 0.045 0.001 0.001 0.000
25 1.500 19.500 0.370 0.066 0.001 0.001 90.000
26 4.500 1%.500 0.430 0.038 0.0006 0.000 0.0060
27 7.500 19.500 0.460 0.06% 0.002 0.002 0.000
28 10.500 19.500 0.500 0.043 0.001 g.001 0.000
529 1.800 22.500 ©0.280 0.072 0.001 0.0C1 0.000
30 4.500 22.500 0.450 0.036 0.000 0.000 0©.000
31 7.500 22.500 0.290 0.082 0.002 0.002 ©¢.0C0
72 10.500 22.500 0.500 0.043 0.001 0.001 ©.000
33 1,500 25.500 0.460 0.060 0.001 0.001 0.000
34 4.500 25.500 0.490 0.033 0.000 0.000 0.000
35 7.800 25.500 ©0.350 0.078 0.002 0.002 0.000
36 10.500 25.500 0©0.500 0.042 0.00% 2.001 0.000
37 1.500 28.500 ©.500 0.057 0.001 0.001 0.000
38 4.500 28.500 0.500 0.032 0.000 0.000 0.000
39 7.500 28.500 0.500 0.067 0.002 0.002 0.000
20 10.500 28.500 0.500 0.042 ©0.001 0.001 0.000

oo
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Table 9.11.29 Numercal Resuits for Two Phase Flow (continued)
Bed 2. Liquid inlet distribution = point source, Gas Velocities
\ =0.055 m/s, VL,bed=0'002 m/s

G,bed
Cell Center Liquid Gas Velocities

cell X/Dp Z/Dp por. holdup Vz Vz+dz v Vx+dx
1 1.500 1.500 0.380 0.060 0.055 0.062 0.000 -0.007
> 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 0.032 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 0.037 0.000 0.005
§ 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 0.082 0.046 0.004 ©0.010
8 10.500 4.500 0.500 0.050 n.080 0.090 0.010 0.000
g 1.500 7.500 0.440 0.059 0.057 0.040 ¢.000 0.018
10 4.500 7.500 0.380 0.051 0.027 0.047 0.018 -0.003
11 7.500 7.%00 0.420 0.065 0.046 0.046 -0.003 ~-0.003
12 10.500 7.500 0.500 0.04% 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 0.051 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 -90.004
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 1.800 16.500 0.460 0.058 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.%00 0.045 0.092 0.093 ¢.00%1 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 O0.069 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
12 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 ©.350 0.078 0.014 0.025 ~-0.004 -0.C15
16 10.500 25.500 0.500 0.042 0.098 0.084 ~-0.015 0.000
37 1.500 28.500 0.300 0.057 0.045 0.052 0.000 -0.007
38 4.500 28.500 0.500 0.032 0.067 0.053 -0.007 0.004
39 7.500 28.500 0.500 0.067 0.025 0.039 0.004 ~0.030
40 10.500 28.500 0.500 0.042 0.084 0.054 -0.030 0.0CCO
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Table 9.11.30 Numerical Results for Two Phase Flow
Bed 2, Liquid inlet distribution = point source, Liquid Velocities
\% =0.055 m/s, V| bed:0'002 m/s

G.bed )
Cell Center Liquid Liquid Velocities

cell X/Dp Z/Dp por. holdup Vz Vz+dz Vi Vx+dx
1 1.500 1.500 0.380 0.070 0.002 0.002 o0.000 C.000
2 4.500 1.500 0.290 0.073 O 002 0.002 0.000 0.000
3 7.500 1.500 0.430 0.067 O gg2z 0,002 0.000 0.000
4 10.500 1.500 0.500 0.061 0.002 g.002 0.000 0.000
5 1.500 4.500 0.440 0.067 O 002 0.002 0,000 0.000
€ 4.500 4.500 0.320 0©.088 QO po2 0.002 0.000 0.000
7 7.500 4.500 0.420 0.06% 0 go2 0.002 0.000 0.000
8 10.500 4.500 0.500 0.060 O po2 ©.002 0.000 0.000
9 1.500 7.500 0.440 0.068 90 0oz 0.002 0.000 0.000
10 4.500 7.500 0.380 0.063 O po2 0.002 0©.000 0.000
11 7.500 7.500 0.420 0.070 0.002 0.002 0.000 0.000
12 10.800 7.500 0.500 0.060 O go2 0.002 0,000 0.000
13 1.500 10.500 ©0.340 0.076 O pe2 0.002 0.000 0.000
14 4.500 10.500 0.4%0 0.054 O poz 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 16.500 0.500 0.05% O 0oz 0.002 0.000 0.000
17 1.500 13.500 0.480 0.067 O© 002 0.002 0.000 0.000
18 4.500 13.500 0.460 0.055 0 ooz 0.002 0.000 0.000
19 7.500 13.500 0.360 0.076 O go2 0.002 0.000 0.000
20 10.500 13.500 0.500 0.05% 0 po2 0.002 0.000 0.000
21 1.500 16.500 0.460 0.0639 O 002 0.002 0.000 0.000
22 4.500 16.500 0.450 0.054 0 po2 0.092 0.000 0.000
23 7.500 16.500 0.380 0.076 O go2 0.002 0.000 0.000
24 10.500 16.500 0.500 0.05% 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 ©.430 0.053 0 g0z 0.002 0.000 0.000
27 7.500 19.500 0.460 0.071 O go2 0.002 0.000 0.000
28 10.500 19.500 ©0.500 0.058 O goz 0.002 0.000 0.000
2¢ 1.500 22.500 0.280 0.083 O po2z 0.002 0.000 0.0C0
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 0.088 0.002 0.002 0.000 0.000
33 1.500 25.500 0.460 0.070 O 002 0.002 0.000 0.000
34 4.500 25.500 0.490 0.0435 O gp2z 0.002 0.000 0.000
15 7.56C 25.5%00 0.350 0.079 0.002 0.002 0.000 0.000
36 10.500 25.500 0.500 0.058 O 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 O 002 0.002 ©0.000 0.000
39 7.500 28.500 ©.500 0.068 O 0g2 0.002 0.000 0.000
40 10.500 28.500 ©.500 0.0358 0 0o2 0.002 0.000 0.000
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Table 9.11.30 Numerical Results for Two Phase Flow (continued)
Bed 2. Liquid iniet distribution = point source, Gas Velocities

VG,bed:0‘055 m/s, VL,bed:0‘002 m/s

Cell Center Liquid Gas Velocities
cell X/Dp z/Dp por. holdup V Vz+dz Vx Vx+dx
1 1.500 1.500 0.380 0.070 0.053 p.062 0.000 -0.007
2 4.500 1.500 0.290 0.073 0.035 ¢,02%5 -0.007 0.023
3 7.500 1.500 0.430 0.067 0.035 0.054 0.023 0.024
4 10.500 1.500 0.500 0.061 0.055 0.079 0.024 0.000
5 1.500 4.500 0.440 0.067 0.062 c.054 0.000 0.008
6§ 4.500 4.500 0,320 0.068 0.025 0.027 0.008 0.008
7 7.8500 4.500 0.420 0.069% 0.054 0.049 g.006 0.011
g 10.500 4.500 0.500 0.060 0.073 ¢.09¢ 0.011 0.000
e 1.500 7.500 0.440 0.068 0.054 0,036 0.000 0.018
10 4.500 7.500 0.380 0.063 0.027 0.050 0.019 -0.005
11 7.500 7.500 0.420 0.070 0.049 0.051 -0.005 -0.008
12 10.500 7.500 0.500 0.060 0.080 0.083 -0.008 0.000
13 1.500 10.500 0.340 0.076 0.036 0.032 0.000 0.003
14 4.500 10.500 0.450 0.054 0.050 0.065 0.003 -0.011
15 7.500 10.500 0.440 0.070 0.051 0.035 -0.011 0.005
16 10.500 10.500 0.500 0.05% 0.083 0.088 0.005 0.000
17 1.500 13.500 0.480 0.067 0.032 0.045 0.000 -0.013
18 4.500 13.500 0©.460 0.055 0.065 0.059 -0.013 -0.007
19 7.500 13.500 0.360 0.076 0.035 0.030 -0.007 -0.002
20 10.500 13.500 0.500 0.059 0.088 0.085 ~0.002 0.000
21 1.500 16.500 0.460 0.069 0.045 0.032 0.000 0.014
22 4.500 16.500 0.450 0.054 0.033 0.064 0.014 0.009
23 7.500 16.500 0.380 0.076 0.030 0.042 0.009 -0.002
24 10.500 16.500 0.500 0.059 0.085 0.083 -0.002 0.000
25 1.500 19.500 ©0.370 0.076 0.032 0.01% 0.000 ©.013
26 4.500 19.500 0.430 0.053 0.064 0.081 0.013 ~0.004
27 7.500 19.500 0.460 0.071 0.042 0.020 -0.004 0.017
28 10.500 19.500 0.500 0.058 0.083 0.100 0.017 0.000
29 1.500 22.500 0.280 0.083 0.01% ©0.017 0.000 0.002
30 4.500 22.500 0.450 0.051 0.081 0.087 0.002 -0.00C4
31 7.500 22.500 0.2%0 0.084 0.020 0.017 -0.004 -0.002
32 10.500 22.500 0.500 0.058 0.100 0.099 ~0.002 0.000
33 1.500 25.500 0.460 0.070 0.017 0.046 0.000 -0.023
34 4.500 25.500 0.4%0 0.049 0.087 0.063 ~0.029% -0.004
35 7.500 25.500 0.350 0.079 0.017 0.029 -0.004 -0.017
36 10.500 25.500 0.500 0.058 0.093 0.082 ~-0.017 0.000
37 1.500 28.500 0.500 0.067 0.046 0.052 0.000 -0.C06
38 4.500 28.500 0.500 0.048 0.063 0.064 -0.006 ~0.008
39 7.500 28.500 0.500 0.068 0.029 0.0%1 -0.008 ~-0.029
40 10.500 28.500 0.500 0.058 0.082 0.054 -0.029 0.000
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Table 9.11.31 Numerical Resuits for Two Phase Flow

Bed 2, Liquid inlet distribution = point source, Liquid Velocities

A

G.bed

=0.055 m/s, V

Lbe d:0.005 m/s

cell

= = P - C — .
-
O»thJOsdhbdD~JbhﬂO~Jbrd0-4bFJO—Jﬁ¥JO~J&r*O-4bFJO—JbFJE—JhPJ

=

Call Center
X/Dp
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500

-

500

.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
.800
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500

z/Dp
.500
500
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
13.500
13.500
13.500
13.500
16.500
16.500
16.500
16.500
13.500
18.500
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

[
SO OO~ ~d~d 1 dn o b et

QOO OoOOCoOOCCOoOoDOOCCLOQLOCOOOOOOAOOLOTOCCORQOCOGCOO

por.
.380
.280
.430
.500
.440
320
.42¢0
.500
.440
.380
.420
.500
.340
.490
. 440
.500
.480
. 460
.360
.500
. 460
.450
.380
.500
.370
.430
.460
.500
.280
.450
.280
.B00
.460
.490
.350
.500
.500
.500
.500
.500

Liquid Liquid Velocities
Vz+dz

holdup Vz
.115 0.005
.116 0.005
.110 0.005
.101 0.005
.111 0.005
.106 0.004
.115 0.006
.101 0.005
.113 0.00s6
L0971 G.004
.118 0.006
.100 0.005
.125 0.006
.083 0.003
.118 0.006
.089 0.005
.111 0.006
.082 0.003
.129 0.006
.098 0.005
.115 0.006
.080 0.003
.129 0.007
.097 0.005
.126 0.906
.07 0.002
.122 0.007
.096 0.005
.136 0.006
.074  0.002
.142 0.007
.096 0.005
.117 ©.006
.070 0.002
.136 0.007
.095 0.004
.113 0.006
.062 0.002
.118  0.007
.085 0.004

COO0OOO0O000OCOOOO0O0C0O0O0OoOOOAOOOOOoOCOOODOOO0OCOOO0

OO0 QOCoOOO00 0O NOLOLOOCO0OOOOOOO

VX
.0a5s  0.000
.004 0.000
.006 0.001
.005 0.000
.006 0.000
.004 0.000
006 0.000
.005 0.000
.006 0.00C0
.003 0.000
L0006 0.000
.05 0.000
.006 0.000
.003 0.000
.00 0.000
.005 0.000
.006 0.000
.003 0.000
L0007 0.000
.Q05  0.000
.006  0.000
.002 0.000
.007 0.000
.005 0.000
.006 0.000
.002 0.000
.qa7 0.00C
.005 0.00¢C
.006 0.000
.002 0.000
.007 0.000
.004 0.000
.006 0.000
.0oz  0.000
.007  0.000
.004 0.900¢C
.006 0.000
.002 0.000C
.007 0.000
.004 0.000

DO o OO OOOOO0OOOOO0OOCOO0O0O
i I bbb abathebadbobetiaibaibabathaibeibatbaiadbadbatie
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Table 9.11.31 Numerical Results for Two Phase Flow (continued)
Bed 2. Liquid inlet distribution = point source, Gas Velocities

VG,bed=O'055 my/s, VL,bed=O'005 m/s

Cell Center Liquid Gas Velocities

cell X/Dp z/Dp por. holdup V Vz+dz Vx vx+dx
1 1.800 1.5060 ©0.380 0.115 0.055 0.063 0.000 -0.008
> 4.500 1.500 0.290 0.116 0.055 0.024 -0.008 0.024
3 7.500 1.500 0.430 0.110 0.055 0.051 0.024 0.028
4 10.500 1.500 ©0.500 0.101 0.035 0.083 0.028 0.00C0
5 1.500 4.500 0.440 0.111 0.063 0,058 0.000 C.005
6 4.500 4.500 0¢.320 0.106 0.024 0.024 0.005 0.06G5
9 7.500 4.500 0.420 0.115 0.051 0.047 0.005 0.009
g8 10.500 4.500 ©0.500 0.101 0.083 0.092 (¢.C09% C.DOOC
9 1.500 7.500 0.440 0.113 0.038 0.030 0.000 ©.027
10 4.500 7.500 0.380 0.0%7 0.024 0.050 0.027 0,001
11 7.500 7.500 0.420 0.118 0.047 0.049 0.001 -0.002
12 10.500 7.500 0.500 0.100 0.082 0.0%0¢ -0.002 0.000
13 1.500 10.500 0.340 0.125 0.030 0.026 0.000 ©.0C5
14 4.500 10.500 0.490 0.083 0.050 0.077 0.005 -0.022
15 7.500 10.500 0.440 0.118 0.049 0.025 -0.022 0.003
16 10.500 10.500 0©0.500 0.099 0.090 0.083 0.003 0.000
17 1.S500 13.500 0.480 ©0.111 0.026 0.046 0.000 -0.020
18 4.500 13.500 0.460 0.082 0.077 0.064 -0.020 -0.007
19 7.500 13.500 0.360 0.129 0.023 0.020 -0.007 -0.002
50 10.500 13.500 ©0.500 0.098 0.093 0.091 -0.002 0.000
51 1.500 16.500 0.460 0.115 0.046 0.032 0.000 0.014
5>  4.500 16.500 0.450 0.080 0.064 0.068 0.014 0.009
>3 7.500 16.500 0.380 0.12% 0.020 0.035 0.009 -0.006
24 10.500 16.500 0.500 0.097 ¢.091 0.085 -0.006 0.000
55 1.500 19.500 ¢.370 ©.126 0.032 0.010 0.000 0.022
26 4.800 19.500 0.430 0.078 0.068 0.099 0.022 -0.003
27 9.500 19.500 0.460 0.122 0.033 0.00% ~-0.009 0.017
28 10.500 19.500 0.500 0.0%6 0.085 p.102 0.017 0.000
29 1.500 22.500 0.280 0.136 0.010 0.010 0.000 0.000
30 4.500 22.500 0.450 0.074 0.093 0.101 0.900 -0.002
31 7.800 22.500 0.290 0.142 0.009 0.009 ~-0.002 -0.002
32 10.500 22.500 0.500 0.096 0.102 0.099 -0.002 0.000
33 1.500 25.500 0.460 0.117 0.010 0.042 0.000 ~-0.032
34 4.500 25.500 0.4%0 0.070 0.101 0.071 -0.032 -0.001
35 7.500 25.500 0.350 0.136 ©0.009 0.021 -0.001 -0.014
36 10.500 25.500 ©0.500 0.095 0.099 0.086 -0.014 0.000
37 1.500 28.500 (0.500 0.113 0.042 0.058 ©0.000 ~-0.016
38 4.500 28.500 0.500 0.069 0.071 0.046 ~0.016 0.009
3 7.500 28.500 0.500 0.119 0.021 0.065 0.009 -0,035
40 10.500 28.500 0.500 0.095 0.086 0.051 -0.035 0.0Q00
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Table 9.11.32 Numerical Results for Two Phase Flow
Bed 2. Liquid inlet distribution = point source, Liquid Velocities
Vv =0.055 m/s, V =0.009 m/s

G.bed L.bed

Cell Center Liquid Liguid Velocities
cell X/Dp z/Dp por. holdup Vz vz+dz vx Vx+dx
1.500 1.500 0.380 0.152 0.009 0.010 0.000 ~-0.001
4.500 1.500 0.290 0.144 0.00° 0.006 -0.001 .002
7.500 1.500 0.430 0.151 0.009% p.011 0.002 .000
10.500 1.500 0.500 ©0.132 0.009 0.009 0.000 .000
1.500 4.500 0.440 0.152 0.010 0.011 0.000 .001
4.500 4.500 0.320 0.124 0.006 ¢.005 -0.001 .001
- 500 4.500 0.420 0.166 0.01} 0.013 0.001 .001
10.500 4.500 0.500 0.126 0.009 0.008 0.001 0.000
1.500 7.500 ©0.440 0.1i56 0©.011 0.011 0.000 0.000
4.500 7.500 0.380 0.106 0.005 0.004 0.000 0.001
7 500 7.500 0.420 0.176 0.013 0.014 0.001 -0.001
10.500 7.500 0.500 0.120 0.008 0.007 0.001 90.00C0
1.500 ‘500 0.340 0.172 0.011 0.012 0.000 0.0C0
< 4.500 ‘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
1% 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
55 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 0.06G0
2§ 1.500 19.500 0.370 0.176 0.012 5.013 0.000 0.000
26 4.500 19.500 0.430 0.064 0.002 5.001 ©0.000 0.000
27 7.500 19.500 0.460 0.198 0.017 ¢.018 0.000 0.000
58 10.500 19.500 0.500 0.097 0.005 0.004 0.000 0.000
29 1.500 22.500 0.280 0.18% 0.013 0.013 0.000 0.000
30 4.500 22.500 0.450 0.057 0.001 0.001 ¢.000 0.000
31 7.500 22.500 0.290 0.228 0.018 0.018 ¢.000 0.000
35 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 C.013 0.000 0.000
34 4.500 25.500 0.480 0.052 6.001 ©.001 0.000 0.000
35 7.500 25.500 0.350 0.221 ¢.018 0.013 p.ccoc  0.000
36 10.500 25.500 0.500 0.03%0 0.004 0.004 ¢.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 ©€.000 ¢.000
38 7.500 28.500 0.500 0.198 0.019 ©.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
=0.009 m/s

\

G bed

=0.055 m/s, V

L bed

Cell Center

X/Dbp
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
. 500
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
.500
.50¢0
.500
.500
.500
.50¢C
.500
.500
.500
L5060
.500
.500
.500
.500
.500
.500
.500

o e
WoOooOo
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2/bp
.500

500

OOOOOOQOOOOOOODOOOOOODOOOOOODOQOOOODOOOO

por.
.380
.2990
.430
.500
L4490
. 320
L4206
.500
. 440
.380
L420
.500
. 340
.490
. 440
.500
.480
.460
.360
.500
.460
.450
.380
.500
.370
.430
. 460
.500
.280
.450
L2980
.500
.460
.490
.350
.500
.500
.500
.500
.500

Liquid Gas Velocities

holdup vz Vz+dz Vx

0.152 0.055 0.0€62 0.000
0.144 0.055 0.024 -0.007
0.151 0.055 0.040 0.024
0.132 0.055 0.0%4 0.039
0.152 0.062 0.054 0.000
0.124 0.024 0.028 0.008
0.166 0.040 0.034 0.004
0.126 0.094 0.104 0.010
0.156 0.054 0.01% ¢©.000
0.106 0.028 0.066 0.035
G.176 0.034 0.031 -0.003
0.120 0.104 0.1G4 0.00O0
0.172 0.01% 0.014 0.000
0.085 ©0.066 0.093 0.005
0.183 0.031 0.0067 -0.023
0.113 0.104 ©0.105 0.002
0.187 0.014 0.026 0©.000
¢.078 0.093 0.084 -0.011
0.202 0.007 ©.004 -0.002
0.107 0.105 0.107 0,082
0.162 0.026 0.013 0.000
0.070 0©0.084 0.0%82 0.012
0.205 0.004 0.011 0.004
0.102 0.107 0.103 -0.004
¢.176 0.013 0.000 0.00C
0.064 0.092 0.114 0.013
0.198 0.01% 0.000 -0.008
0.097 0.103 0.105 0.002
¢.189 0.000 0.000 0.00C
0.057 0.114 ©.115 0.000
0.228 0.000 0.000 0.000
0.083 0.105 0.106 0.000
0.165 0©0.000 0.02% 90.000
0.052 0.115 0.086 -0.029
0.221 0.000 0.000 0©.900
0.0%0 0.108 0,105 0.000
0.159 0©.029 0.037 9.000
0.050 0.086 0.067 -0.0009
0.188 0.000 0.034 ¢0.010
g0.088 0.105 0.082 -0.023

§
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10. Nomenclature

a = a function of cell and phase properties used in the finite cell model to

cell,o
simplify the form of the Ergun equation.

2
_ EI(I‘Eceﬂ) LLor,
- 3 L2
paecellDP

b . = a function of cell properties used in the finite cell model to simplify the

cell
form or the Ergun equation.

) Ez(l-e )

cell
3
EceHDP

b 0 = 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
e y = mean relative error between a measured and predicted value of the function

¢, see equation (3.44)
E o = Tate of viscous energy in the o phase

E 1’& E2 = constants of the Ergun equation for single phase flow on the packing
of interest (describe bed tortuosity and roughness).

22

p Dy E

E0 = bed Eotvos number defined by Saéz and Carbonell (1984) = —3
o, (1-¢)

g = gravitational acceleration

‘ g3 e
Ga_ = bed Galileo number of the o phase, 3
* vo (1-8)

G = gas mass superficial velocity =p .V o
h = height of cell above some arbitrary reference plane, finite cell model of bed

Ka=Kapitza number of the liquid phase =-—

L = liquid mass superficial velocity = pLVL

LBe 4= bed length over which pressure drop is measured
m = mass

P = absolute pressure
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R = coordinate direction in the finite cell model of the bed, radial direction in

cylindrical coordinates.
VaDP
va(l-e)
S = the open surface area of a side of a finite cell
SD = half wall thickness of the average slit in the system of slits model
o = Yelocity of the subscripted phase in the slit, the interstitial phase velocity

Va. = superficial velocity of the ¢ phase

w = half width of the average slit in the system of slits model

Rea = bed Reynolds number of the o phase,

v

wh= pseudo Reynolds number of the universal velocity profile based on w

and ‘twau

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 coordinaie
y = distance measured from the slit wall in universal velocity profile

y+ = pseudo Reynolds number used in the universal velocity profile

0<y'<5 Laminar flow
5« y+< 30 Buffer Zone, some turbulent effects

y*t>30 Fully turbulent flow
Z = coordinate direction in the finite cell model of the bed, rectangular and

cylindrical coordinates,

Greek Letters

& = liquid film thickness in the average slit in the system of slits model

§F = pseudo liquid Reynolds number of the universal velocity profile based on §

and ’twall

€ = bed porosity

€= bed holdup of the o phase

I" = body force on the liquid film in the slit, defined in equation 4.9

YX,Y,or . = the angle each cell coordinate axis makes with horizontal

Ny pseudo bed Reynolds number based on shear stress in the o phase and
the the phase holdup

8 =angle of inclination from vertical for the average slit in the system of slits

model
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@ =cooridinate direction in finite cell model of the bed, angular direction in
cylindrical coordinates

&= gravitational potential , Vib=g

@ =function defined in the universal velocity profile in the liquid film in the bed,
equation (9.1.31)

4)} =the fraction of the bed occupied by the jth zone of the Three Zone Model

A = parameter defined on flow regime maps using Baker coordinates,

Re = viscosity of the & phase

. . . . }'La_
Vo © kinematic viscosity of & phase, —
P = density of the o phase *
o = surface tension coefficient of the liquid relative to the gas
Ty ™ characteristic shear in the ¢ phase

i AP
Y = dimensionless body force on the aphase=~—| ———4p ¢
* pcxg LBed *
® = in the finite 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 profile based on
w-dand T,
\f = parameter from flow regime maps using Baker coordinates,
_ 1

2
= 0w&:vater l'LL (pwater) 3

0.L l'Lwa.ter pL

{ = position in the reactor where a transition occurs in the rate of phase change ,
see Figure 7.1

Subscripts

o = general subscript meaning gas (G) or liquid (L)

cell= a quantity defined for the cell in the finite cell model for phase distribution
critical = a quantity is specified at a flow regime transition point

¢ = relates a quantity to the center of the finite cell

bed= a quantity defined for the bed
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¢ = a general subscript meaning some function, such as pressure drop or holdup
F =Film Zone of Three Zone Model

D = Dry Zone of the Three Zone Model

G = gas phase

i = the gas liquid interface

j =the jth cell of an assembly of finite cells making a bed model

k = the k™ face of a finite cell (X, X4+AX, etc.)

{. =1liquid phase

P = denotes the onset of the high interaction flow regime

R = Rivulet Zone of Three 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 directions of the
finite cell model of phase distribution in rectangular coordinates.

R,0,Z = relates the subscripted variable to one of the coordinate directions of the
finite cell model of phase distribution in cylindrical coordinates.

£ = general subscript for the coordinate directions 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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