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1, Derivation of the Relationship Between Normalized Liquid Level and Time

The general equation for the dynamic hold-up, sg(t) in the discretized

form is [Equation (V-8) in Section D.3]:

k r tu,, " %
t) = = f 1 - Bl t)‘ = t>t (Cc-1)
(0 = ey oy i H N-k+1 = N-k
The following equations can be used to modify Equation (C-1):
H~Hs
€g(t) T (C-2)
Egofi = g0t (C-3)
where Hs is the height of the ungassed liquid (static height). Equation
(C-1) now becomes:
H-H k . k
—_— = E € P E 3 L, (C-a>
H i=1 g?l H _y gol Bi
multiplying both sides by H/HO gives
N N (C-5)
HO Ho H0 s, 8ol HO i—1 8ol Bi
Equation {(C-5) yields, upon rearrangement:
k
= € v,
H_ _HS/HO s goi Bi _ x L
o k k K-k+1 T N-k
1 - 2 e . H 1-—-260]._ {C-6)
i=1 %% ° i-1 &

This 1s an equation of a straight line with the first term on the right

hand side representing the intercept and the second term represents the
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stooe maltipiled by time (E].

2. Derivarion af tFte Fxaressions for e_ |, and _ .
: 20 51

From Equatiocs {(C-6) the intercspr far the k-th stralght line is given

as:
HEJHD
- (-7
by = ]
1 - Zr _
=1 #°-
Thiz car be rearranged to givs:
L H
T oo . 1 - Hsb f0-8
i-1 =" ok

Purther rearrangement gives the Jrectinnal pas held-vp correspending to tho

k-th bub3ie class:

£ . =1 —
Ok Hsb

zimilar msnipuiaties of the expressicn for fmterzept ol the w-17th straight

line weu_d wesuli Iin the feollewinpg sdprosslem:

-1 9_
i o= 1—- g0 {5-10%
-1 B Bt

Combinstion of Ecuations {5-3) and (2-20) will then resulc in the Zollawing

pxmrrass o for e :
: Fal

- — -1y
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From Egquatlon [C-6) tha slepe of the k-thr straZght

iine is:
=
= LI
fu 2ol Bl _
Ek == - l{ = {-\.."_2_}
H 1 - e,
o . 4 Zel J
. l=_
This eguation ¢an ¢ réarranged to give:
" { L
= £ Lu,, = &,k z N fc-130
o goi A2 ®oa . g ;

Subsil-ution el Eguation {Z-8) 1are Equatioen {2-13%) resules in;

1 5. H
;,El “eoiR T T T (C-15)

which wpen further manipulation pives (b2 axpression for the rise welosity

of buzbles Delenping to the i-th clasz:

5,1 k-1
1 = - e E e u I 1 CO-1Lha
Ek ~ = . iTRT O r ST
k i-1 & : 'zck
Sirilar rearrangensnt of the expressfion for the slnﬁe o the k-1'th
gstralzht “ine vields
w1 5 _H
’ k—"""s
L of_ .. = e EE— {r-747
. ol Bi B .
i-1 & k-1 :

‘Gomhinatisn =f Equationms (C-100.

Py

L-15% and (Z2-i&) glves the Zollowing

crpressalon Sor ou

B

Ho | k%2 Pk 1%:
. = e (C-17
Ex | S B
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The gzneral expressisns Zov € s and Vs far £ = 1 + X zre

H a
e e [L-- ._}—1 (c-18}
T e £ R N

1

fy [5151—1'}"’1—13:1;
o, = C-190
"B Tt F (G193

In the ahove eguations, bD rapresencs ths normalized static neight ':-1.9.130

= H IHHJ atl ™ rapresents the motnallyed expacdecd height At time =0 {i.e.
< i

h. =1t AT ="h%
I v::"r o

3, EButatloms o Bimodal a—d T-iwoval Dis-vibutiopg
Tke espatiens for c&ci snd Vpg develozed above assemed ¥ distinct

bubble sizes. For vhe cose of two Bubble sires the peneral ecuatlonsg (C-12

sod C-1Y) Zeduce to toe fallowing:

H.‘.l-
feos T Y T ELE (&-24)
1
H =
g1 .
Upe = - Hq re-21%
Pim R
o
and
B[y 2
- - — - el
“zeLl - B a. 1 , ¢ ?
o - .
E” 1 SlvDT”E )
: - -
3L 1-o, (G-23

wherz 8 znd 1 Incdicoaze smell and large “ubkblec.

(o]
4]
k1




For the case of three bubble sizes, i.e. small (S), medium (M) and
large (1), the equations for small bubbles are the same as above (i.e.

Equations (C-20) and (C-21)}, the remaining equations are as follows:

H 1
5 1]
e ==t = (C-24)
goi HO b1 b2 J
H [ bzsl-—bls2 ]
N u = - ‘ {C-25)
BM b2 bl
H
s 1
€ == [ — -1 } (C-26)
EOL HO bz
Bo | 507533 }
YL T 71 b , (C-27)

The equations for the fraction of bubbles in a given class, the number
of bubbles in a-given class, and the Sauter mean diameter, are the same as
those developed for N bubble classes {(i.e, Equations (V-14), (V-25) and (V-
27), respectively).

&4, Example snd Sample Calculations

Figure C-1 shows results for normalized liquid level (H/HO) versus
time elapsed (t} for FT-300 wax (Run 13-3). For this case, the data at
ugi0.0l =m/s can be firted by two straight lines (bimodal distribution),

while data at u =0.3 and u =0.9 n/s can be fitted to three straight lines

(trimodal distributien). t. and t, indicate times corresponding to the two

= 09
[

break ©points for the curve at ug=0.09 m/s. AT time tz all large bubbles
have disengaged, and at time t; all medium bubbles have disengaged from the

liquid. The normalized liquid level data at 0.03 m/s show that medium size
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bubbles disengaged over a longer period of time at this velocity -compared
to 0.01 and 0.09 m/s because foam was present at 0.03 m/s and the raée at
which the level dropped (including foam) was much slower.

Figures -2 and €-3 are examples of bubble size distribution curves
obtained from DGD measurements during Run 13-3. The figures show the
variation of bubble size (small, medium and large)} with superficial gas
velocity. The size of small bubbles has a maximum at ug=0.01 m/s and is
fairly constant thereafter, This is typical of all runs (including those
with resctor waxes), The ﬁedium size bubbles also show a similar behavior
for most runs. However, large sized bubbles did not show a fixed trend.
Thelr diameter increased with ug for most runs. This increase was more
pronounced for runs conducted in the C¢.051 m ID column, probably due to the
rapidly growing slugs; -the increase was very gradual in the 0.229 m ID
column, indicating that large bubbles had-approached their maximum value.

The following caleulations illustrate the Procedure used tc estimate
the hold-ups corresponding to the various bubble size classes and the
Sauter mean diameter, H/HO versus t data from Run 13-3 at a superficial
gas velocity of 0.09 m/s are used in this example. The data are plotted on
Figure C-1 and were firted to three straight lines (i.e. a trimodal distri-
bution).

a. The first step is to detérmine.the slopes and intercepts of the

three straight lines fitted to the data obtained at 0.09 m/s,

Line 1 Line 2 Line 3
slope (s,) _ -0.0004 ~0.0007 ~0.0320
intercept (b.) ©0.8225 0.8460 0.9206
No. of pecints &4 14 5
R? 0.9959 0.9945 C.9823



(z-£1 uny) se2w 3|qqng uo Adojen seB [edyiadig ja P3G E-D indiy

{(s/ul}) ALIDOTAA SYD TVIOIHHAdNS

."} .

no 210 010 BO°0 90°0 00 Z00 000
00 A M ﬂ . . _ . _ ; , 00
Y
0oL | ! 0
o / o
G _ C
0 i 0
m 00z | v v Y 1 vo m
- e '0 L 1 ST
o) t m!frml.m_ 0 g o
—— .ll.rllrr_lu.lllllllllr.l-. —
P o ~[ V=t oo &
Z0oe | ' 90 =
' m
M (5% U ' m
oor L nnigan O | ™ tleo ¥
T & TWRE O \ 5
3 i ! 3218 Taang \ E)
] ' '
¢02 - ALID0T3A SVO DNISYIUONI 0, 002 :THNLYHIAANTL .
i W |2 :LHBI3H OWVLS W 1S0°0 O NWNTOD _m
HIV1d SOIHIHO WW g4'L XVYM 00€-14 :0INOMN
0'09 l i | - ] A | L | e 1 21

235




- 00

1]}

0

]
o

oo

(ww) YA 3IWYIT T196N8
s}
o
o

0’09

e'0e

{£-£1 uny) sa215 3jqqng uo Syraopan sed idyiadns jo ysayg -y sy

(8/W) ALIDOTIA SVO WIDIIHIINS

) 200 00 90'0 90°0 $0°0 200 000
T 1 | _. ) Il
N O —— |
- B =] A— @......,E. ._hﬁ
\ v
[ -. ] ]
i \ VTN A
__._. L . o
1 D ]
E12 170 S v /..
| mmgaN O \
TYNE O :
3718 31aang \
—— 1
- —-
..\4 P
1
]
£l

~ ALDO0T3A 8VYD BPNISYIHD3Q

W 'E SAHOIEPH QilvYLe
31V Td 3OEIN0 Ww gg°)

0g 902 “FUNLYWIINWAL
W 190°0 :ai NWMTIOD

X¥M G0E-14 :gindnN
_ . I

1 1

60

ro

90

T4

(W) 431 3WVYIa T1g9ang

257



" .
Uore, E° 1is <“he correlatiom coelficient and represeants the

goncness-of-Tit of date te the straight line. A wvalue of 1.0
would resresent = perfect Eil ol duza zo the straight linme.  Lhe

~

values of RY for ¢hiz caze ave close to 1.0 and imply a very good

it
The valuss for €oat and u ., ean now bz estimated using FEgoatlons
(C-20), (C-213, and (C-24) — {(f-?7). ax 0.19 mfs, the static

height {Hs} was 2.1 m snd the exosrnded “iguid taiszht at time rers
(E + was 2,718 m.

L=} -
The fractiozal ges helé-up for cmall tukblas 1s calculated using

Tquuzivny {(S-207 as

[

Ll
rOoB225 02, TLED

= O_00604 (or 6.06%

similariy, Zquation (U-24) is woed to ealeulate the fractional

Eas Lold far aeciue 2ize Dehbles .
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The fractional gas hold-up for large bubbles is calculated using

Equation (C-26) as

2.1 1,
= 2,718 | 0.8460
= 0.1407 (1&.07%)

The rise wvelocity for the small bubbles is calculated using

Equation ﬁC—2l) as

BS b,~ H

(2.1)(—0.C004)

2.1
2.718

0.8225 -

0.0168 m/s

fi

Equafion (C-25) is used to calculate the rise velocity of medium

size bubbles

Hy [Pgsq = bysy |

B -
BM b2 bl

2.718[(0.8460)(=0.0004) — (0.8225)(~0.0007)]
0.84860 — ¢.8225

0.0275 m/s

I
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ared,

Tonation (G-77) plves the rise velocity of large bubbles

— s 1
o Baesp T Bpmal
“BEL i - b,

2L FLE[=0 0007 — (0, Aaaly(=0. 032570 1
1 ~ G.8400

= D.Ch5E s

The

welume fractions fer tho small,
galcoculated nsing

mediur and largas busbiss z2an be
Zquetinn  Va-ld. The awversze pgas bheld-up at Cchis
velocizy was 25,74 (ar EEU - D.22747,
Thas,
€ .
o
£ = .
i £ '
g.’.‘n
For small =ubbles, the vwoluze fracztien is
0, DEDG
f. = THe = 0,77
= [ IS
far rediug =ize bubbles it is
]
g o LATEL gy
M 0.2274
ar.¢, fer large babbles the volume fraetlion s
8
oL 140G .
£ nLZR Y
Lo 22
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The bubble sizes corresponding to the small, medium and large classes
of bubbles can be estimated using the appreopriate correlations.
Figure V-65 shows the relation between bubble rise velicity and bubble
diameter for FT-300 wax at 265°C. This plot can be used along with
bubble rise wvelocities (uBi) estimated abéve to obtain the walues for
dBi'

Abou-el-Hassan's (1983) correlation (segment 1 on Figure V-63) was

used to obtain:

dBS = 0.33 mm

as the size of small bubbles, and

dBM = 0.37 mm

as the size of medium hubbles.

The correlation proposed by Clift, Weber and Grace (1978; segment 2 on

Figure V-65) was used to obtain the diameter of the large bubbles

dBL = 43.45 mm

Equation (V-27) 1is now used to estimate the Sauter mean bubble dia-

meter for the bubble size distribution.
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= Q.88 mm

Tns numoer of boklles of-a given airze is calculsted wsing Egquotiom

“h3 . The solumn dismeter (4,3 for thls exemple Is 0.251 a.

Trc munber of zrell butbles s

T =

(3 (0. 0EEN (0. 0T 2. 718
5 -

(270,93 x 167030

R 7

- __ 78K 2 10
Thz merber of medicn size bubh es is

b ]
)DL C2ELGE0.CEAY (2 7187
(230,37 = 10°0)7

™

and the ruwber of lazge bubkbles i=

-
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