B. CORRELATIONS FOR AVERAGE CGAS HOLD-UP

The average gas hold-up values measured for the different waxes under
the various conditions were divided into the following four groups:

Group 1: Date frem experiments conducted in the "foamy" regime wusing
orifice type distributors (in the 0.051 m ID ¢olumn), and perforated place
or perforated pipe type cf distributors (in the 0.225 m ID column).

Group 2: Data from exXperiments conducted in the "slug flow" regime using
orifice type distributors (in the 0.051 m ID column), and in the *churn-
turbulent” regime using perforated plate or perforated pipe type of dis-
tributors {(in the 0.229 m ID cclumn).

Group 3: Date from experiments conducted in the "foamy" regime using the 40
pm SMP distributor {(in the 0.G31 m ID column).

Group 4: Data from experiments conducted in the "slug flow" regime wusing
the 40 um distributor {(in the 0.051 m ID column).

Varicus correlations were used with each of these groups and the
goodness of fit was determined. ' The average gas hold-up wvalues in all
correlations presented here are expressed on a percentage basis (i.e.
percent of the dispersion occupled by the gas ﬁhase).

The major findings from this section are:

. Hold-up values in the "foamy" regime with orifice and perforated plate

distributors show a dependency on column diameter and distributor

type, and can be predicted by:
e, (%) = 12(80)° e Peay? ten 1% 501 < u, = 0.07 n/s
(VI-14)
» Held-up wvalues in the "slug flow" regime (in the 0.051 m ID column)

and in <the "churn-turbulent" regime (in the 0.229 m ID celumn) are
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u

Fr = —B—— Froude number . {VI-3)
/¢ g
In Equation (VI-1), the Weber number {We) is based on the orifice

diameter and the jet velocity through the orifice. Therefore, for correla-

tions invelving hold-up for SMP distributors, this quantity is not
applicable and Equation (VI-1) reduces to:

eg = fn [Bo, Ga, Fr) (VI-6)

Hold-ﬁp correlations were also developed using a modified form of

Equation (VI-1). Equation (VI-7) was used for orifice and perforated plate

type of distributors, and Equation (VI-8) was used for the SMFP distributor.

IE%TT - fn [Bo, We, Ca, Fr] (VI-7)
g

€

8  _ .

100'Eg fn [Bo, Ga, Fr] . (Vi-8)

The range of +wvalues for the various parameters and dimensionless

groups used in these correlations are summarized in Table VI-2.

B.2. Empirical Hold-up Correlations
Two empirical correlations were selected to fit hold-up wvalues
obtained during the present study. These correlations relate the average

gas hold-up to the superficial gas veloccity.

k)

eg = "lug - (VI-9)
‘klu

e - 1&g (VI-10)

g 1+ kzug
The first of these correlations (Eguation (VI-9)) was used to desscribe

hold-up data by various researchers (e.g. Deckwer et al., 1980).



Table Vi-2. Range of vaiues for various parameters used in the correlations

PARAMETER

R&NGE

liquid density {p;)
hiquid viscosity {u;)
surfate tension er})

gas density {pg)
relumn diameter {dc)

superficial gas velocity {ug)

jet velocity (u;}
arifice or perforated
plate pore size (do)
Bend number {Bo)
Veber number {We)
Galileo number [Ga)
Froude number [Fr)

655 - 730 kg m®
1.9 - 6.4 mPas
0.020 - 0.028 N/m
0.660 - 0.843 kg/m?
0.051, 0.229 m
0.01- 0.17 m/s
1.E3-331m/s

I-4 mm
703 - 16738
0.058 - 3282
3.82X107 - 128X 103
0.0067 - 0.2403




B.3. Correlations from Liter=sgure

A large number of correlations for gas hold-up have been proposed in
the literature based on measurements made with various gas-liquid systems.
The correlations presented by Akita and Yoshida (1973}, Bach and Pilhofer
(1978), Mersmann (1978) . and Hikita et al. (1980} are based on a large
number of experimental data and are often used to predict the average gas
hold-up. These corfela:ions were used to predict hold-ups for the waxes
used 1in the present study and it was found that Bach and Pilhofer’s corre-
lation provides a very gocd fit for data cbtained in the "slug flow" regiﬁe
(in the 0.021 m ID column) and the "churn-turbulent” regime (in the 0.229 m
ID column). This correlation is based on measurements made wusing pure
organic liquids 'as the liguid media. Figure VI-1 compares the wvalues
predicted by Bach and Pilhofer's correldtion to those obtained in the
present study at 265°Q. The physicel properties of FT-200 wax at 265°C were
used in the cdrrelation. Also 1lncluded in this figure are results from
experiments conducted by Calderbank et al. (1963) with Krupp wax using a
ball and cone type of distributor, and from experiments conducted by Kuo et
al. (1983) with FT-200 wax using a 2 mm orifice plate distributor. The

agreement between the experimental and predicted values is wvery good.

Therefore, this correlation was selected and the constants reevaluated for
our daxta
3 2 k.
€ u p,Q Z
100-: - ~ 1 { WICRYR) } (VI-11)

Lkita and Yoshida's (1973) correlaticon is based on measurements made
using water, methanol, and glycol solutiorn as the liquid media. The hold-up

values predlicied by their cerrelation were sizgnificantly lower than those
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obtained in the present study, however, the dimensionless groups involved
with this correlation are similar te those presented earlier (Eguation (VI-

1)). Therefore, the constants for their correlations were reevaluated using

data from the present study. The functional form of this correlation is:

B _ fn [Bo, Ga, Fr] (VI-12)
100-¢
( g)

B.4. Tests for Goodness of Fit

The constants for the different correlations were evaluated using non-
linear regression (i.e. the NLIN procedure in the SAS package) of the hold-
up data. In order to compare the wvarious correlations two different
c¢riteria  were used. The first of these is the Mean Square Errer (MSE) and

is given as:

(VI-13)

where Eg Is the actual cr measurad hold-up, egp is the hold-up wvalue
predicted by the correlétion{ and N is the number of data points used to
obtain the correlation. The second criterion is the percent of date points
that are within £30% of the values predicted by the correlation. The

correlation with the lowest MSE and the greatest percentage of data'points

within #30% provides the best representation of the experimental data.

B.5. Results from Statictical Analvsis

The six correlations presented earlier were used with each of the Ffour
data groups. Tables VI-3 to VI-3 summarize results from the goodness of fit
tests and values of the parameters (constants) associated with the ~various

correlations. Table VI-3 shows MSE values and percentage of data points
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Table VI-2. Goodness of fit end parameters for hold-up correlations based on dimensionless

groups (using data for all wexes: e5 - %) o,
Correlation 1
cg = ky{Bo)k2{Ga)ka{Fryta(\We)ks
Cotrelation 2-
£
o 7, = Ka(Bea(Gays (Frha (i)'
QRIFICE TYPE SMpa
Fogm Yes Na Yes No
Mo of points - 175 340 61 3
WEal SQUARE ERRCR:
Corretation 1 269 7.85 158 =&
Cortelation 2 28.8 7.89 182 -b
PERCENTAGE OF POINTS WITHIN £30%:
Corralation 1 86.9 90,8 86.9 b o
Correlation 2 §2.9 917 88.5 -+
PARAMETERS FOR CORRELATICN 1:
ky 11.9 237 0.05 -6
k- 018 - 015 1.20
ky G.1t .01 -0.03 b
ky 0.19 0.62 0.14 b
ke 013 -0.01
PARAMETERS FOR CORRELATION 2:
ky {1.0¢ 0.35 3045138 b
ks .41 0.17 2.53 b
ks 023 0.0t 0.10 b
ke Q.18 0.74 0.23 - -
ks 422 -0.01
2 \Weber number (We) was not included in carrelations for this
distribotor.
Farameters codid not be estimated from these dats
due te convergence problems.
o~
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within the £30% error band for correlations based on dimensional analysis.
Problems with convergence prevented the correlation of hold-up data
obtained wusing SMP distributors in the "slug flow" regime. Hold-up values
obtained wusing orvifice type distributors in the "slug flow"™ and "churn-
turbulent” regimes have excellent reproducibility (see Section V-B.2.),
therefore, the MSE for these data is significantly lower than for the other
data greoups. Greater than 920% of these data are within £30% of the
predicted wvalues. These results also show that both correlations give
similar fits for the different data groups, although the first correlation
gives- marginally lower MSE values than the second corrglation.\ Table VI-4
summarizes goodness of fit tests for the two empirical correlations. In
gene?al the MSE wvalues with these correlations are higher than theose from
correlations based on dimensiconal anélysis. This would be expected since
the empirical correlations have fewer parameters (constants) and therefore
lower degrees of freedom. Table VI—S‘shows goodness of fit test results for
literature correlations. Convergence could not be obtained when Akita and
Yoshida's correlation was used with three of the four data groups. For
hold-up data 1in the "slug flow" and "churn-turbulent" reglmes, obtained
using orifice type distributers, this correlation gave a significantly
higher MSE compafed to other cerrelations and the fit was relatively poor.
As expected, Bach and Pilhofer’s coerrelation provides an excellent fit for
datz in the "slug flow" and “churn-turbulent” regimes.

Based on the ilowest MSE values, the correlations that best describe

hold-up dats from the present study are presemnted here.



Table V-4, (Goodness of fit and parameters for empiricel hokd-up correlations [using data
for all waxes; ¢g - %).

Corralation 1

g = k,ushi
Carralgtion 2:
¢ = Pt
5 I- l'i.gl.lg
QRIFICE TYPE SMP
Faem Yes Mo Yes He
Ne. of points 175 34% 61 36
MEAN SQUARE ERROR:
Correlation 1 504 B17 162 16.4
Corralatian 2 46.7 8.4% 162 17.4

PERCENTAGE OF POINTS WITHIN £30%:

Corralation 1 7032 908 859 g4
Correlation 2 72.0 914 90.2 B6.1

FARAMETERS FOR CORRELATION 1:

ke 93.7 §4.3 105.9 98
ks .41 0.5¢ 0.15 8.6

PARAMETERS FOR CORRELATION 2

ks 1425 466 - 10560 409
ks 24 44 11.59 130 6.82
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Table VI-5. Goodness of fit and parameters for hold-up correlations from literature (using
data for all waxes; ¢g - %).

Correlation 1 (Akita and Yoshida):

(_1’0“5'"6_5:&7 = kl(Bo)kz(ca)ka(F,)u,,

Correlation 2 (Bach and Pilhofer):

k
€g K Ug3p£2 ] 2
(1-eg) ° [rslos - pg)
QRIFICE TYPE SMP
Foam Yes No Yes No
No. of points 175 34¢ ) | - 36

MEAN SQUARE ERROR:

Correlation 1 —8 32.00 —a _a
Correlation 2 46.5 8.14 185 17.1

PERCENTAGE OF POINTS WITHIN =30%:

Correlation 1 -2 75.2 —a _a
Correlation 2 71.4 91.7 88.5 94 4

PARAMETERS FOR CORRELATION 1:

k; -2 3.85X105 -2 -a

k> -2 0.14 —a -

ks : -2 0.08 - -2

ks —a 1.02 -2 -
PARAMETERS FOR CORRELATION 2:

k, 0.321 0.128 2.174 0.133

k, 0.19 0.24 0.08 0.27

3 Parameters could not be estimated from these data
due to convergence problems.
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Croup 1 - Orifice twvoe €istributers in The "fozmv® raglme:

0,19 ejD'lgfﬁajD'll{Fr}G'lg

£ (&) = 1P{Ray {w 2,01 = ug = 0,07 m/s

L}

L

(VI-14)

The above correlatier Eor Se0ld-un in the "Fosmy® regime ehows that held-up

zands To  lmeresze with an Increszec in the Websr poier {1.e.  the el

veloclty). This iz sz expected sincoe our Zesults show that hold-up in the
"fosmv" regime innresser e hole slue nf cha discribmtor is decreazed {soe

Zectien VW-32.5.). 1t was alse shown ccrzlisr (oee Scotlion W-B. 4.0 fhak ao_s-
tp in the larger anlumm [0.729 m ID) wes Taws* khas holed-up "o che anal’er
SOLIumn &U.ﬂbl m IR i Thne "EeamsT zogime, n the above correlsticon, column
Aiama et (-c]c; Im gssoniaten with the Rond vabear {fousiion (FI=211, Salitea
numbor  {Equatiern {Wl-473% ard the Frouds rurber [Eguaticr (WI-53). This

-0.15

Taplies thet  the 2H5 T tc-up Is ovopurcianal 2o dd Loe, wlieoap
decrzeses 5 folumn dismeter inaraases. Tigurs VI-? chows the paricy zlot
faor this correlation. In general, predicied Swlc-uz vaives are in faivly
gooC agreement with euwperimencal data,

Croup 2 - Orifice cwypr distrisueters in ths "slug flow" and “"chusn
turculent” regimes:

'j'ﬁl{GajG'Ol{Fr}D'Ez

e, (8) - 26 ¢Bai” TR 0.01 5 u, 2 Q.25 /s

(VI-133
2 pomperizon of Ecaation fY0-35) wizh Zgusation (¥I-1d) shows that o the
Yulag floe” znd ‘chern-taraclent” regioes, the weber mumber coes net have =

significant effect on theo ges held-up. Tals Im-lies thst the type of

distributor wsed has =e effect on the ges hold-un. This is in agreemers

with  results presensed earlier (ses Sfcilon V-2.5.3. The cTerms iInvwvolvicg
the Bord owaker, $zlileo pumber oand the Frouds oumbor can be cimplificd ts
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Figure VI-2. Comparison between sxperimental and predictad gas hold- ups
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chow that culmnnld]amat&r Man o e[ [ecl oo Lhe avardges pas hu?d-up, bz s
enge  agsin as 2pected and ig in cgreemcnt with resalt: presented esrlier
{zee Szcticn V-2.&.01. Eguszticn (VI-13) shows a Weak decendenca ol hold-up
ot fha Websry murber acd the Galiles tuepbzr, therzfore, the paramets-z
(eomstants) for the correlaticn were reevalusted after dropping off  chese
two groups. The resulcing Equation 1z

&.15 ¢ B0

€ (3} = 25(Ba) TP 0.01 = u, = 3,25 mis (VE-163

This Equaziﬁn alsc snowe that column diasetzr hae no effert on the averags
£a5 hcld-uﬁ. The einplified equation increaseéd the MSE from 7,85 for
Equation [VI-13)) te 7. 30, nowever, the percencage of peints within r20s of
the predicted values retaired the sams for the two equaticns, A Darity pict
for thie ;nrre?aLfnn is shown in Figure VI-3. The zpreement batweer the

Predicced acd measursd wvalues of gag hoeld.owz 1z wery geod, with %1% of the

data within 230% cf the predicted walaes.

Group 3 - 8¢2 gdisvributor in the "foany® regins!
L0360u
Fg {3} = IITEﬁuE .21 = ug = O.1% mrfe INI-170

Hold-up valies with hwe SMP distributsT, in the presence of foar, remsined
Zelrly censtant areouvnd 0% for velecitles zreater than 0.02 wm/s. Tor gas
velocicies of 001 &5-00 0,02 /s hold.op veried betwsen 70 and &0 %, There-
Teve, it is  erpoeted thel an sguetion of the type shows above (Equaficn
(WI-173) woald best descrive this tyvpe of behsvier. A parsity plet for tois
cerrelation is shown in Figure vi-i.

Croup & = SMF distributor in Zhe 'slag Mow'" -egine:

OBl
€ {F) = Gin 001l =1 = 2,12 nfs (WI-18]
2 £ & )
A parity nlet for this corrslarien s szhewn in Tigure ¥I1-5. Hajoriey of
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trese  data  weraz ootalned from runs condinted with reactor wawmes at  Z63°C
ard “old-uz appesred %o b affectad 5w gas welesity alome. The correleclen
presanted In EguaTion {VI1-18) provides Lhe best deceription of these data.

T

F.6., Corparigcon with litersature

Barh  and Filholer's cocrelation pravides zn exaellent £it for averass
gas held-up data in the "slug flow" and "churn turbulentt regimes (Flzure

YT-15. The constantes ir this eqiation were reeveluatec and the new agusbion

En
™

302 0. 24
F U2y
=t = 0.1%8 | 2 I.00 = u_ = 0013 ufs (VI-19)
00 - e bols,-9 3 g
£ £i e

The nmnew coefficfent s G 128 compared to 0,113 fer the origiral egualion
and  the tew expcnent.is 0. 24 compared ko U.:3 for the eriginal equatiom.
Trie =ew values compare wery well with tﬁos& for the equetion prﬂposeﬁ [
3zch and Pilhefer. Hold-ut deta Tor ZT-3U0 wax ﬂb:ainad-at 28%°C In  ~he
"clug flow' and ‘churn  toerbolent” Zlow  regimes were alse ccorrelzted
seoarately and ths constants Sor %2ach and Tilhefer's ecuation reevaluated.
These values are 0,140 and (.22 recpectively. and aTe escentially the same
az the onez in the Sack and Pilkefzr corvelation.

Deckorsr et al.  (19ED) used an ewplrical sglation to correlate lield-vp
valuzs obtzited using melten paraffin vaw, which is given by

o 1.1
e (%) = B a = 0,04 mfs Wi-200
2 Z ‘

o~

‘e &above squaticn Ls boced om measuremcrts mede using goe veloeizies less

zhan 0.04 7/, Eeecsntly Sardsrs ek 2L, {158E&Y obteined Lold-upn values with
FT-300 swex  Zor zas wvelocitiees up ts 0,046 75 and foond  that  theivr data
coculd be dzscribec wwith Zouatiorn (YI-207 . Whan deza obtairsd ‘n the present

T

study in the "feamy” reglpe wene zcrrelated with a simila~  aqaarion, the
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following equation was obtained

e (%) = 94y 041 0.01 = u_ < 0.07 m/s (VI-21)
E 24 E : .
for orifice type distributors and
0.15
Eg (%) = 106ug 0.01 = ug = 0.12 mw/s (VI-22)

for the 40 um SMP distributor. When data in the "slug flow" and “churn

turbulent” flow regime were correlated the following equation was obtained

e (%) = 84y 0 (VI-23)
g g
for orifice type distributors and
.61 '
e (%) = S8u_ (VI-24
g ) g )

for the 40 um SMP distributor. The equatiocn proposed by Deckwer et al.
(Equation (VI-20)) shows that hold-up increases almost proportionally with
superficial gas velocity, while results from the present study showed that
hold-up wvalues tend to level off at higher gas velocities. A possible
explanation for the discrepancy is the range of velocities employed in the
two studies. Equation (VI-20) 1is based on measurements made for gas
;elocities less than 0.04 m/s. For this range of gas velocities, hold-up
values (in ﬁhe presence of foam) tend to increase proportionally with gas:
veloecity as was observed in the present study.. Similar observations were
also made by Kuo et al. (1985) in their studies with FT-200 wax. The
correlation wused to fit some of their data for gas velocities less than
0.06 m/s is
e (%) = 1030u 1.1 u_ = 0.06 m/s (VI-25)
g g g
The correlations developed in the present work are applicable to a
greater range of gas velocities than the existing correlations for molten

waxes. It 1s obvicous from the present study that a single correlation

carmot be used to predict hold-up data, since hold-up is significantly
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sifected by rhe presence or abksermse of Zozo. The eorrelations presentad
above arc oased-ow a lerge namber of dets polipts, therafore, it is expacted
Lhat  they deceribe che held-up pehavior of molten waxes Salrly  well. TFor
the meoce of operatien in tiz ' fesmy” regime, with orifice mnd perfoerated
olare distrikutsars, %ehzr nurher zod colvmn dizmeter have a gignifizznt
gffezc ¢n the gas held-u .. therefore a carrelation that accounts for these
effeccs is meresszry fao~ pradiciing the averagse gas bold-up  values, Egua-
tion {¥1-14) provides a good 21t of cdate I +%{s regime., 1o the "=lug flow"

independent of column dizaceler

1"
;]

and “churn-terbalect® verimes, hold-up

and distributor —yps. Equation {VI-18) should be used to predict held-u

"

values im  this flow zegime, Held-ups with tha SMP distrilutar sie
egsentizlly fureclons of che ges veloecity alena. In the "foamy™ Tegimes, the
dspendeores o u_ is rery wear ac velnsities greaster than 0.0F nfs  and
g

Bguatien (VI-17) can bz used to predici hold-ups under thase condicione. In
the "slag flew" vegime, with the SMP distribucer, = limiced awoun: of cata
wara availsble and they could be correlatecd with Tsuatlan VI-13%,
C. CCRRELATIONS BOR SPECIFIL THMIERFACIAT ARES

The cynamic gas disengagenen: technique allawed the estimation of tho
Sauter mear dlametst abt cliforcent superficiai gas velocities during a giveo

run. Ihe Sauters zlony with (e corresponding sverage gas held-up  values

ware thap used te cotimate spesific intsrfsclial asrea Fron

G
a = T_E . ' INT-ZEh
x4
£
Toe spmeilic interfacisl area values wevre divided into the follcocwing

g#in greoups:

Group o, Jata from experiments condacled wivh FT-300 wax at 200°7.

1=
=
ra
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