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Abstract

In this paper separation efficiency results for three different demisters

acting on three different fluid systems: Exxsol D60/nitrogen, a syn-
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thetic natural gas and a real natural gas at a range of pressures up
to 114 bara are brought together using two dimensionless parameters:
1) a re-entrainment parameter and 2) the Weber number. The fact
that this can be achieved shows that demisting cyclones limited by
re-entrainment can be modeled by adapting re-entrainment concepts

derived for liquid films in a gravity film.

1 Introduction

Much researt literature has been dedicated over the yearsto predict the
performanceof cyclonededustersand demistersacting on particles/droplets
closeto their cut size. Both analytical models and CFD models have been
presertied. While the former are still often superior in predicting the separa-
tion performanceof a given cyclone,the latter can be valuable in revealing
details of the Bow pattern in the separatorthat would otherwisenot be rec-
ognized.In CFD, avery exiting developmeri is that of large eddy turbulence
modelling (LES), which is very computationally intensive, but avoids much
of the empiricism in other types of turbulence models (seee.g. the recen
articles by Derksenet al. [1,2]). Howewer, CFD remains mainly useful for
studying the Bow of pure gasor for low solids or liquid loadings; for high
loadings, with siginibcarn two-way coupling, CFD simulations becomesin-

creasinglyunreliable and inaccurate.

Howe\wer, in reality, for a separatoracting at high liquid loading, the separa-
tion performancemay well be dominated by re-ertrainment of liquid rather

than penetration of liquid droplets under the separatorOsut size.



In particular in a commonly used gas scrubber conbgurationthe last sep-
aration step, after an inlet vane and a mist mat, is a bank of axial-3ow
cyclonesand re-ertrainment from the cyclonesmay well limit the separation

performance.

Only little researt literature on high liquid loading in, and re-ertrainment
from, demisting cycloneshas been published. Ng et al. [3] studied 3ood-
ing and re-ertrainment phenomenain once-throughswirl tubeswith upf3ow.
They installed and testeddesignimprovemernts to the swirl vanes,usingvanes
with peripheral rather than axial inBow, to delay the onsetof Rooding and

ertrainment.

This paper descrikes how re-ertrainment from a cyclone bank, acting as
the Pnal separationinternal in natural gasscrubbers, inBuencesseparation

e'ciency.

2 Re-entrainment mechani sms and two exist-

ing models

In this sectionan outline of the two dominating re-ertrainment medanisms
is given.
2.1 Mechanisms

Dilerent medanismsof entrainment are dominart in dilerent 3ow regimes.

Ishii and Grolmes[4] summarizefour basicmedanismsfor entrainment from



aliquid PIminto a gasf3owing co-currertly aboveit. Two of thesearerelevant

for this work, they are shown in Fig. 1.
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Figure 1: Two mechanisms [4] for entrainment from a liquid film into a gas
flowing over it. Top: entrainment by droplets being sheared from the surface
of a roll wave, which is dominant at higher film Reynolds numbers. Bottom:
entrainment by the gas undercutting a wave crest, which dominates at low

film Reynolds numbers

Which ertrainment medanismis active dependson the PIm Reynoldsnum-

ber:

Lu” L #
Re = L =1 1
l M M @)

where " is the thicknessof the bIlm, u; its mean velocity and !; and W,

the density and viscosity of the liquid, respectively. # is the liquid RBow in
the bIm per unit wetted perimeter, P,,. # is sometimescalled the Oliquid
loadingO but we resene that term for the volumetric liquid concerration in
the droplet-laden gasRonv. We have debPnedRe, as Verlaan [5] did, this is

four times lower than that usedby Ishii and Grolmes[4].
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The paper of Ishii and Grolmes[4] statesthat there existsa lower limit of Re;,
whereunderroll-wave ertrainment will not take placeno matter how high the
gasvelocity over the PIm. In the other extreme, at high Re;,, wherethe bPIm
is fully turbulent, the gasvelocity necessaryor the inception of entrainment
becomesindependert of Re. The two limits are not Prmly quartibPed, but
the lower limit may befrom 2 to 160dependern onwhetherthe 3ow is upward
or downward in the gravity beld, and the upper limit may be in the range

1500D1750.

2.2 Higher liguid PIm Reynol ds numbers, roll-wave en-

trainment

Ishii and Grolmesderived a criterion for the onsetof roll-wave ertrainment
by consideringa forcebalancebetweenthe dragforceF, , from the gasacting
on a wave creston the PIm, and the retaining force of the surfacetensionF,
asindicated in Fig. 1. They assumedhat roll wave ertrainment waspossible

whenthe drag forcesexceededhe retaining force of the surfacetension #:

Fd Z Fa- (2)

They derived as criterion for the inception of entrainment:

. 1
Hf 2o > 1178N0%Re ™ for N, < —
# A\, Z 15 .
Hiltly 29 > 1.35Re /3 for N, > &
m e .35Re, 0] w2 1E

In these equations, u, is the superbcial gas velocity, y; and !; the liquid

viscosity and density, respectively, and ! , the gasdensity.
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N,isa Oviscosjt numberOwhich originally was usedby Hinze [6] to analyze
the problem of droplet disintegration in a gasf3on. This number compares
the viscousforce induced by an internal 3owv to the surfacetension force,

and, when usedfor droplet ertrainment, is debnedas:

= (a)

where$ ! is the dilerence betweenthe liquid and gasdensities.

The expression, /g!”—p hasthe dimensionof length and is proportional to the
critical wavelength of a Taylor instability. The dependenceon the accelera-
tion of gravity, g, is explainedby the stabilising elect of the gravity forceon

the wavy interface.

2.3 Low bPIm Reynol ds numbers, under cut entrainment

When Re, becomesvery low, the evidenceis that the roll-wave ertrainment
no longeroccurs. Howewer, ertrainment is still possibleat high gasvelccities,
asfound by van Rossum([7], through the undercut medanism showvn in the

lower bgurein Fig. 1.

Van Rossumcarried out ertrainment experimerts for nine di'erent uids
with interfacial tension ranging from 30 to 78 mN/m. In his study, van
Rossumanalyzed the onset of ertrainment in terms of two dimensionless
numbers, the blm Weber number, We, with the liquid PIm thicknessas
length scale,and a OcorrelatiorparameterOS:

2n
! gvg Ugllz

We= .
# #
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For velocities higherthan 25m/s hefound that the critical Weber number for
inception of ertrainment was practically independert of S for S > 5, while

it becamedependert on S for lower S-values.

3 Experimental facilities

We are in this paper analyzing the results from three dilerent experimental
rigs. The rigs and the results have beendescribed in three other articles [8D

10].

Eadh of the rigs have specibcadvantagesand limitations. They are:

D A low-pressurerig. This rig could operate up to 7 bara, and two Buid

systemswere used: air/w ater and air/Exxsol D60.

D A high-pressurerig, capableof operating up to 100 bara. Two RBuid
systemswere used: nitrogen/Exxsol D60 and a live natural gassynthe-

sizedfrom methane, ethaneand N-pertane.

b A large-scaletest installation at an on-shoregas processingfacility.
This rig could operate at pressuresup to 150 bara. A real, live nat-
ural gas, obtained by reconbining dry natural gaswith natural gas

condensateswas usedas [3uid system.

The range of physical 3uid properties are given in Table 1. Note that in
the OliveOnatural gassystemsin the high-pressureand large-scalerigs the
physical properties of the liquid phasechange so drastically with pressure

due to their changing composition, governed by the phaseequilibria at the
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given pressures. The interfacial tensionswere calculated using the simple

method that Weinaugand Katz [11] usedfor methane-propanemixtures.

Fig. 2 shows a 3-D diagram of the test scrubber in the large-scalerig. The
conbguration of the other two test scrubbers are similar, except that the
cross-sectionalbreasNand therefore the number of cyclonesin the cyclone
banksNare dilerent. Thereare7 cyclonesn the scrubberin the low-pressure

rig, 2 in the high-pressurerig and 31 in the large-scalerig.

Figure 2: The test scrubber configuration in the large-scale rig. Lowest is

the inlet vane, in the middle the mist-mat and on top is the cyclone deck

The drainpipes and manifolds under the cycloneswere arranged sud that
they did not block the cyclonessignibcartly. In the high-pressureand low-
pressurerigs, where there were only a few cyclonesin the deds, the drain-
pipeswere positioned at the side of the dedk and did not interfere with the
cyclonesat all. The arrangemen in the large-scalerig is shavn in Fig. 3.

Although the pipescanbe seento block part of the cross-sectionaérea,they
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Table 1: Overview of the physical fluid properties, where relevant the pres-

sures in bara are given in parentheses

Density Viscosity Interfacial
(kg m~3) (kg m~t s tension
(mN m1)
Low-pressure rig
Air 1.19 1.84x 10°°
Exxsol D60 785 1.4 x 1073 24.3
Water 1000 0.89x 1073 72.8
High-pressure rig, N, /Exzsol D60
Gas 1.14(1) 1.78x 107° (1)
113.7(100) 2.03x 10°° (100)
Liquid ~ 788 ~ 1.58x 1073 22.7(1)
16.0(100)
High-pressure rig, synthetic natural gas
Gas 17.2(20.1) 1.1x 10°° (20.1)
97.0(92) 1.5 x 10°° (92)
Liquid 602.2(20.1) 207x 1073 (20.1) 11.4(20.1)
496.5(92) 0.96 x 1073 (92) 2.2(92)
Large-scale rig
Gas 22.0(28) 1.2 x 107 (28)
104.0(113) 1.6 x 107° (113)
Liquid 704 (28) 4.5 x 1073 (28) 14.5(28)
640(113) 2.6 x 1073 (113) 5.0(113)




are reasonablyfar below the cycloneded, sud that the 3ow to someexternt
redistributes over the cross-sectiorabove the pipesbeforereading the ded.
The liquid Bowrate to the dedk was measuredasthe sum of the overheadand

captured liquid fractions.

Figure 3: The drainage arrangement under the cyclone deck in the large-

scale rig

The intention of the inlet vaneis to distribute the mist-laden gasewenly over
the scrubber cross-sectionand separatebulk liquid. The mist-mat separates
more droplets, or, when the scrubber is operated sudh that the mist-mat is
Booded, may act as a coalescerfor the cyclonebank. The Pnal separation
step is the cyclone bank, where a number of cylindrical axial Bow cyclones

with swirl vanesgeneratingthe swirling Row, work in parallel.

The axial Bow cyclonesare the most important in this presen context, and
a diagramis shawn in Fig. 4. This is the type and sizeof cycloneusedin the

cyclonebanks of all three rigs.
Table 2 gives an overview of the experimertal facilities and the operating
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Figure 4: A diagram of an axial flow cyclone constructed in accordance
with the cyclones used by Verlaan [5]. The cyclone is equipped with vertical
drainage slits as shown, and, in contrast to that of Verlaan, with a vortex

finder to reduce re-entrainment
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conditions usedfor generatingthe results analyzedin this article. Figure 5
shows scaleddrawings of the three test scrubbers used with the distances

betweenthe internals.

Table 2: Overview of the experimental facilities, operating conditions and

approximate fluid rates used

Low-press. High-press. Large-scale
rg rg rg
Scrubber diameter[m]  0.384 0.15 0.84
Cyclonesin ded 7 2 31
Pressuregbara] 2b5 20,50and 92 56and 114
Temperature Ambient 30 30
Fluid systems Air/Exxsol N»/Exxsol Live natural
D60 D60 gas
Synthetic live
natural gas
Superbcialgasvelocity  7D30 1b6 9and5.4
in cyclones[m/s]
Liquid loadings[vol %] 0.002D0.09  0.05D0.7 0.07D0.95
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Figure 5: Scaled drawings of the three test scrubbers used for generating the
results analyzed in this article. The distances in mm between the internals:
lowest the vaned inlet, then the mist mat and highest the cyclone bank are

given

4 Re-entrainment from cyclones in gas scrub-

bers and its modeling

4.1 Basic assumptions

Someresults obtained in the high-pressuretest rig are shown in Fig. 6.

Clearly the e"ciency dropswith increasinggasvelocity through the cyclones.
In generalthe results from the cycloneexperimerts in this rig show [9] that

the e"ciency dropso! with increasinggasvelocity and liquid load. They also
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Figure 6: Cyclone efficiency in the high-pressure rig with a constant liquid

flowrate to the cyclones of 45 1/hr per cyclone

shaw that the liquid carry-over is much larger whenthe pressureis increased
and a natural gasBuid is usedinstead of a N2/Exxsol D60 Ruid. Table 1
show the density and viscosity of the liquid and gasphasesto be somewhat
similar for the two systems,but calcuations[12] shaved, asindicated in the
last column of Table 1 that the interfacial tension is much the lower in the
natural gassystem, perhapsexplaining most of the dilerence in behaviour
betweenthe two Ruid systems. Further on in this paper, we bring the results
from the two systemsonto one curve taking into accour the dilerencesin

physical properties betweenthem.

All cyclonemodels,including the onewe derivedfor axial 3ow cyclonesin [8],
predict that if the droplets are sosmall that the cycloneseparatione”ciency
is determinedby the droplet size,the e"ciency shouldincreasewith increas-
ing volumetric gasf3ow and probably with increasingliquid loading (the latter

due to coalescence!ects).
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Howewer, if re-ertrainment is the determining factor, the e"ciency would
be expectedto drop o! with higher volumetric gasRow and liquid loadings.
Sincethis is the casein the results from the three rigs, we assumethat the
liquid carry-over from the cyclonesis dominated by re-ertrainment of liquid

that hasalready settled on the cyclonewall.

We now attempt to derive a parameterthat will unify the resultson the basis
of Ishii and Grolmes@] work. While they wereonly focusingon the inception

of re-ertrainment, this study alsofocuseson the the rate of re-ertrainment.

Near the point of inception of droplet ertrainment, the enrainment rate
increasesquite slowly with increasing gas velocity, but at relatively high
ertrainment fraction the ertrainment rate increasesfaster and appearsto
be linearly correlated with the superbcial gas velocity. Sincethe droplets
that are re-ertrained inside a cycloneare exposedto a certrifugal force one
canthink of liquid carry-over asa dynamic equilibrium betweencapture and

re-ertrainment at the inner wall or the outlet of the cyclone.

We proposethat this dynamic equilibrium can be descriled as a function of
the ratio of the two forcesusedby Ishii and Grolmes,the drag force and the

retaining force:

F . .
Seyer = f (F_d> whenre-ertrainment dominates (6)

g

We are aware that re-ertrainment may well take place to a large extert
from edgesin the separator. For instance, Verlaan [5] states that rivulets
formed at the edgesof the slits in his separators,and that this limited the
separatione”ciency. Howeer, he usedliquids with higherinterfacial tension,

and generallylower liquid loading, which will giveriseto dilerent creepl3ows
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than we are likely to encouner in our systems. We assume moreover, that
re-ertrainment from edgesin the equipmen will be governed by the same

physical parametersas from liquid PIms.

We need, howewer, to adapt this theory to the presen situation: a PIm

moving on the wall of a cyclonein a strongly swirling 3ow.

4.2 Adapt ation of the theory

The prsttaskis to determineRe;, the liquid PIm Reynoldsnumberin Eq. (1).
Under the inBuenceof the upward swirling gasf3ow, the bPIm movesupward
onthe cyclonewall at an an angle,% to the horizontal. We canthereforetake
the wetted perimeterasP,, = &D/ cos¥% if we debPnethe wetted perimeter as
the width of the PIm measurednormal to the direction of Row (a consequence
is that the wetted area cannot be calculated as P,H, with H the cyclone
height). The gasmovesat an angle' to the horizortal, where' is the exit
angle from the swirl vanes,and as an approximation we assumethat the

liquid movesat the sameangle,i.e. %= " .

If we further assumethat the captured fraction $ of the total liquid RBow to
the cyclone(?lI movesin the liquid PIm, i.e. that most of the droplets ertering
the cycloneare solarge that they are slungto the wall almostimmediately,

we obtain for Re: )
o$l,

Re = .
l Pw“l

(7)

Ishii and Grolmes found that the transition from low Reynolds number

ertrainment to transition regime entrainment occurred at appraximately
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Re, = 160(their debnition) for horizortal 3ow or vertical up-Rov andRe, = 2
for vertical down-RBow. The transition to a rough turbulent regime occurred
when Re, exceededl500D1750When Re is calculated for the experimens
in the high-pressurerig, most of the N2/Exxsol D60 resultsare found to bein
the low Reynoldsnumber regime, while most of the natural gasexperimerts
are found to be within the transition regime. If transition regimetheory is
usedfor experimerts that are calculatedto be within low Reynoldsnumber
regime, the results will becomeincreasinglyinaccurate as the velocity is de-
creased. Howewer, on balanceit was thought best to usethe sametheory
for all the results avoiding an anomalousjump in prediction when changing
from onetheory to the other. All the results from the high-pressurerig are

thereforetreated asif they werewithin the transition regimein this analysis.

The theory of Ishii and Grolmesis basedon two fundamertal assumptions:

1. The initiation of roll-wave entrainment dependson a balancebetween
the gasdrag force and the surfacetensionretaining force acting on the

liquid in a wavelet.

2. To calculate the amplitude, a, of a wavelet, it was assumedthat the
Bow in the wavelet is simple shear3ow, while Bow in the PIm as sud
may beturbulent, andthat the shearstressesabove and below the wave
are the sameas those for the rest of the PIm (the shearstressacting
on the PIm from the gasand that acting on the wall from the bPIm have

to be equal, sincethe bPIm is not accelerating).

This paper is not discussingthe merits of these assumptionsbut adapting

this model, that hasstood the test of time, to our system,which dilers from
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theirs in that it involvesa certrifugal Peldrather than the gravitational one.
We also note here that Verlaan [5] handlestwo criteria for re-ertrainment
to take place: that droplets are created by shear, and that these droplets
are transported in the surrounding gas owv. Consistert with the work of
Ishii and Grolmes, we focus on the creation of droplets here, but, as stated
above, considerthat a model must describe the dynamic equilibrium between

re-ertrainment and capture at the cyclonewall.

The length scalechosenfor N, ﬁ is the critical wavelength of a Taylor
instability, and therefore characteristic for the length of waveson the bIm.
This length scaleinvolves the gravitational constart, g. We replace this
by the cerrifugal force acting on the liquid PIm, ulzﬂlR , Whereu, 4 is the

tangertial componert of the liquid velocity, and R the cycloneradius.

This makesit necessaryto Pnd u;y = u; cos% which we do in a way similar

to Ishii and Grolmes, as follows.

If we call the tangertial componerts of the shearstressesacting on the bIm
due to the gasand on the wall dueto the PIm (;» and (.4, respectively, we
can sy

2 2 2
) ~ f HoUg o )

(i,@ = fg,iT g,i 2 (w,@ = fl,w 2 = (i,@s (8)

whereu, is the relative velocity betweenthe liquid and the gas,assumedto

be approximately equalto the gasvelocity, sinceu, > u,.

Solving thesetwo equationsfor u; y gives:

et ()



We needthe friction factor for the gasf3ow over the liquid PIm, f ;. Wallis [13]

proposedfor the rough wavy regimein a tube of diameterD:
fgi= 0.005(1+ 3005) :

For the presern caseof 3ow swirling with an angle of about 45°, we propose

to replaceD by R, the radius of the cyclone:
fgi= 0.005<1+ 300§) :

The liquid friction factor, f,,,, can, following Ishii and Grolmes, be obtained

from the empirical correlation for a liquid PIm given by Hughmark [14]

3.73;m= —-0.47 for 2< Reg < 100
196;m= —-1/3 for 100< Re < 1000

Viiw = K-Re"™ where:
K

The gasfriction factor requiresinformation about the liquid PIm thickness.

Obviously:

@, B @, cos% _ @), co2 %

10
P, PuUie &Du; (10)

We now have two expressiondor the two unknown variables™ and u, .

U, ¢ is the last parameterwe needto Pndu;, from Eqg. (9) in orderto evaluate

the Ocetrifugal forceQacting on the rotating liquid PIm. Clearly:

U, g = U
9 _— .
97 tan %

Measuremets [15] have shaovn that the mean axial velocity in the cyclone
(u.) is appraximately 0.8 times that at the wall, and that the axial Rowpat-

tern is fairly uniform throughout the cyclone,so that:

(u.)

= 72 11
0.8tan % (11)

Ug.6
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4.3 The re-entrainment number

Basedon the calculated Re, for the experimerts in the high-pressurerig,
most experimerts seemto bewithin the transition regime,whereerntrainment
dependson Re; as explained above. For all experimerts in that rig, N, <

1/ 15.

Assumingthat transition regimeis the dominarnt liquid PIm regime on the
inner cyclonewall, the top criterion in EqQ. (3) can be usedin the forceratio

in Eq. (6) and, hence,we get the re-ertrainment number:

Rene(a) = % (12)

NeRe /3
where,asdiscussedbove, g is replacedby ufﬂ/R in Eq. (4) for the evaluation
of N,. The argumert a signibesthat the power of the viscosity number is
asyet undetermined. We can thus sa that the cyclonee"ciency, $.,. is a

function of R,,,;(a):

mug /P
$.0 (Res(a)) = f ﬁ (13)
cycl ent NﬁRe;l/S .

Ishii and Grolmes adjusted the power, a, of the viscosity number, N, to bt
their data for the inception of the entrainment. The power should there-
fore be adjustedto the cycloneexperimerts. The power of N, is important
whenexperimerts with dilerent physical Buid propertieslike natural gasand

N2/Exxsol are scaled.

The re-ertrainment number for all experimerts that have beencarried out in

the high-pressurerig have beencalculatedin accordancewith Eq. (13) and
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are plotted in Fig. 7. Sincemany of the experimerts with low liquid loading
showed increasinge”ciency with increasinggas Bow, it was assumedthat
droplet sizeplayed an essetial role for the e"ciency at theselow loadings.
Therefore only experimerts were the liquid load exceeded I/hr have been

included in the plot.
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Figure 7: The cyclone efficiency in the high-pressure rig as function of the

~1/3)

re-entrainment number ([pug/0] [pg/pl]0'5)/(NS’4Rel . The plot includes

superficial gas velocities of 1-6 m/s, and liquid loads of 0.0009-0.007 vol%

Although theseresults and the onesshown in the following Pgure cover a
wide range of operating conditions and alsodi'erent Buid systems,they are
all obtained in one type of cycloneand may well be geometry depender.
Howewer, the generalmedanismsgoverning reertrainment in other typesof

cyclonesare likely to be the same.

The power a = 0.4 givesa good bt between the natural gas and Exxsol
D60 data as seenin the bgure. Howewer, the pressurescaling, although

good, could be even better. One may thereforethink that the gasand liquid
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densitiescould be accourted for more precisely For this reasonthe power of
the gasto liquid density ratio wassubjectedto regressiorand a good scaling

was found with a power of 0.8, asseenin Fig. 8.
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Figure 8: The data from Fig. 7 plotted against the modified re-entrainment
-1/3

number ([uyug/o)pg/ o))/ (NS4 Re; /°)
The excellen correlation betweenthe cyclonee"ciency andthe re-ertrainment
number conbPrmsthat the cyclonee"ciency is dominated by liquid PIm re-
ertrainment rather than the penetration of Pnedroplets. The plot in Fig. 8
can be regarded as the maximum acdievable e"ciency due to limitations
causedby re-ertrainment for this particular geometry Howewer, if a signib-
cant amourt of droplets comparableto the cut sizeof the cycloneare presen
in the inlet liquid loading, an extra cortribution will be addedto the liquid
carry-over of the cyclone. Experiments with sud cortributions will have

lower e"ciency than predicted by the re-ertrainment number solely

There is still somescatter in the resultsin Fig. 8, but with all the simplib-
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cationsdoneand the complexprocessof gas-liquidinteractions involved, the
correlationis still remarkably good. Someof the scatter might alsobe caused
by liquid carry-over due to the presenceof small droplets, especially for the
high-pressurenatural gascase. Someof the most important simplibcations

are.

b Gradual drainageof liquid PIm through the slits in the cyclonewall has

not beenaccoured for
b The bPIm is assumedto be evenly distributed on the wall

b Transition regime erntrainment is assumedeven though some of the
experimerts appearto have a liquid Reynoldsnumber smallerthan the

limit given by Ishii and Grolmes

Finally, it is possiblethat wavelet behaviour in a certrifugal Peld,wherethe
certrip etal accelerationvaries with the radius, is somewhatdilerent from

that in a gravity peld.

4.4 Re-entrainment at low pressures, the Weber num-

ber

As in the high-pressurerig, the cyclonee"ciency from the low-pressurerig
shows a generaltendency of decreasinge"ciency with increasinggas and
liquid RBow, consisten with re-ertrainment limitation. Figure 9 shows sep-
aration e"ciency data from the low-pressurerig plotted against superbcial

velocity in the cyclones. The physical properties of the Ruids are given in
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Table 1. The pressurewas not varied independerily in this rig, but was

always in the range 2b7bara.

O T I
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Efficiency [%]

Water:

—4-0.02-0.06 Vol%
—4—-0.028-0.036 Vol%
—#-0.0018-0.0026 Vol%
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~-0.068-0.094 Vol%
757 —2-0.02-0.024 Vol%
-0-0.002-0.003 Vol%
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Figure 9: Separation efficiency in the low-pressure rig plotted against the

superficial velocity in the cyclones. The liquid loadings are given in the legends

Howewer, at low pressurethe calculated values for Re indicate that the
liquid PIm is below the regime where roll-wave ertrainment is possible. If
theseresults are plotted againstthe re-ertrainment number the decreasen
performanceis much faster than in the high-pressurerig, asseenin Fig. 10.
Howewer, the re-ertrainment number appearsto bring alsothe low-pressure
rig results, which were obtained [8] under a wide range of gas and liquid

Rows, and with two dilerent [3uid systems,onto one curve.

Sincethe velaocity is considerablyhigherin the low-pressurerig, re-ertrainment
is still possibleby the undercut medanism. Howewer, as we also mertioned

above, at theselow valuesof Re;, the bIm Weber number can better be used
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Figure 10: A comparison between the cyclone efficiency in the high-pressure
and the low-pressure rigs in terms of the modified re-entrainment number
([taug/o] [pg/pl]O'S)/(NSARel_l/s). The data from the low-pressure rig include
cyclone superficial gas velocities in the range 6-30 m/s and liquid loads in the

range 0.002-0.09 vol%
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for correlating the results [7].

LUz
$=f(We)=f <%> . (14)

Figure 11 a) shows the low-pressureresults plotted against We;, where we
have used Eqg. (10) to calculate the PIm thickness,". Clearly the results
are brought onto one curve. We note that sincethe liquid density and the
interfacial tension are approximately constart in the low-pressurerig, the
variation in the liquid PIm Weber number is nearidentical to the gasdynamic

pressuretimes the liquid rate.

When the results from the high-pressurerig are plotted onto the samecoor-
dinates,asin Fig. 11b), they canbe seento globally form a cloud of points in
the sameareaasthe low-pressureresults. This shavsthat We, doesaccourt
for important parametersgoverning re-ertrainment. On the other hand, a
closerinspection of the bgureshows that We, doesnot accourt su“ciently
well for dilerencesin the Ruid properties with pressure. We have included
this plot to shaw that W e actually is able to bring results from the two rigs

closertogether, somethingthat the re-ertrainment number did not do.

In experimerts with kerosine,a liquid that is comparableto Exxsol D60,
van Rossum|[7] found that a Weber number of around 6 is a lower limit
for the onset of re-ertrainment. This result is in agreemen with the plot
in Fig. 11 a) where re-ertrainment appears to becomesignibcan around
We = 6. Once again, this criterion was originally usedto determine the

onsetof erntrainment, and not the ertrained fraction.
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Figure 11: a) The results from the low-pressure rig plotted against the
liquid film Weber number, We;. b) The results from the low-pressure and

high-pressure rigs plotted against We;

27



4.5 The influence of scale

The e"ciency in the high-pressureig is totally dominatedby re-ertrainment,

at leastfor liquid Rowsper cycloneabove 91/hr. Howewer, in the experimerts
at K-lab it wasseenthat outer cyclonesin the cyclonededk handledup to 2.5
times the amount of liquid that the inner cycloneshandled[10], dueto cross-
sectionally unewen liquid distribution. Sincethe cyclonee"ciency generally
drops o! with increasingliquid load the outer cyclonesmight suler from
poorer e"ciency. If, in addition, someof the cyclonesin the middle of the
cycloneded receivwe a small amourt of liquid but distributed asa Pnemist,

this might also have a negative impact on the e"ciency. Basedon earlier
experience[16] we believe that the unewendistribution to someexter is due
to the vanedinlet not distributing the liquid and gasideally over the column

cross-section.

In the small scale high-pressurerig only two cycloneswhere installed and
obviously, little liquid mal-distribution could have occurred. Therefore, the
e"ciency in the this rig canberegardedasthe maximum e"ciency whenthe

e"ciency is limited by re-ertrainment.

In Figure 12the measuredcyclonee”ciency at the large scalerig is compared
to the maximum e"ciency found in the high-pressurerig. The results are
plotted asfunction of the re-ertrainment number and the averageliquid load

per cyclonehasbeenusedasinput in the calculations.

The bgureshows that the cycloneded in the K-lab tests is very inBuenced
by the poor liquid distribution. In fact, in onecasethe e"ciency dropsfrom

an expected maximum e"ciency of more than 80% down to approximately
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Figure 12: The cyclones in the large scale rig suffer from reduced efficiency
compared to the results from the high-pressure rig. The maximum efficiency
found in the high-pressure rig is indicated and extrapolated. The large-scale
rig results include cyclone superficial gas velocities of 9 m/s and 4.3-5.4 m/s
(at 56 and 114 bara, respectively) and liquid loadings in the approximate range

0.06-0.095 vol%
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40%.

This elect of sewrely reducede"ciency at larger scalehas, to the authorsO
knowledge, newver before been documerted. The result is very important,
sinceit demonstrateshow much the e"ciency of a large scalescrubber can
deviate from the e"ciency found in a small scalelabNeven when the gas
velocity, the liquid concerration and the Ruid properties are idertical. The
re-ertrainment number olers an analysistool to quantify the impact of liquid

mal-distribution.

5 Concluding Remarks

b A brst stepin the direction of modelling and scalingcyclonee'ciency
when this is limited by re-ertrainment rather than by separatione"-

ciency for small droplets has beenoutlined

b Resultswith dilerent RBuid systemsand spanningwide rangesof pres-
sures,gasfRowratesand liquid loadingshave beenbrought to collapseon
onecurve by plotting them againsta modibedre-ertrainment number
derived on basisof the theory for the onsetof roll-wave re-ertrainment
of Ishii and GrolmesJ[4]. All the resultswere obtained under conditions
sud that the Reynoldsnumber of the liquid PIm on the cyclonewall,

Re, was moderate or high.

b Results generatedat lower pressureswhere Re is lower, but also for
two dilerent Buid systems,and at a wide rangeof gasand liquid 3ows,

were brought to collapseon one curve when plotted against the lig-
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uid PIm Weber number, agreeingwith the work on the onset of re-

ertrainment at low Re of van Rossum|[7].

b An important elect of scalein reducingthe e"ciency of cyclonebanks,
probably due to mal-distribution of liquid betweenthe cyclones,has

beendocumerted.

b For further understanding of the phenomenataking place, measure-
merts of the droplet sizesthroughout the equipmen are desirable,and

adhieving this will have a high priority in the future.
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