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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 In t roduct ion

Much research literature has been dedicated over the years to predict the

performanceof cyclonededustersand demistersacting on particles/droplets

closeto their cut size. Both analytical models and CFD models have been

presented. 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 ßow pattern in the separatorthat would otherwisenot be rec-

ognized. In CFD, a very exiting development is that of largeeddy turbulence

modelling (LES), which is very computationally intensive, but avoids much

of the empiricism in other types of turbulence models (seee.g. the recent

articles by Derksenet al. [1,2]). However, CFD remains mainly useful for

studying the ßow of pure gas or for low solids or liquid loadings; for high

loadings, with siginiÞcant two-way coupling, CFD simulations becomesin-

creasinglyunreliable and inaccurate.

However, in reality, for a separatoracting at high liquid loading, the separa-

tion performancemay well be dominated by re-entrainment of liquid rather

than penetration of liquid droplets under the separatorÕscut size.
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In particular in a commonly used gas scrubber conÞguration the last sep-

aration step, after an inlet vane and a mist mat, is a bank of axial-ßow

cyclonesand re-entrainment from the cyclonesmay well limit the separation

performance.

Only little research literature on high liquid loading in, and re-entrainment

from, demisting cycloneshas been published. Ng et al. [3] studied ßood-

ing and re-entrainment phenomenain once-throughswirl tubeswith upßow.

They installed and testeddesignimprovements to the swirl vanes,usingvanes

with peripheral rather than axial inßow, to delay the onset of ßooding and

entrainment.

This paper describes how re-entrainment from a cyclone bank, acting as

the Þnal separation internal in natural gasscrubbers, inßuencesseparation

e"ciency.

2 Re-ent rainm ent mechani sms and two exi st-

ing models

In this sectionan outline of the two dominating re-entrainment mechanisms

is given.

2.1 Mec hani sms

Di!eren t mechanismsof entrainment are dominant in di!erent ßow regimes.

Ishii and Grolmes[4] summarizefour basicmechanismsfor entrainment from
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a liquid Þlm into a gasßowing co-currently aboveit. Two of thesearerelevant

for this work, they are shown in Fig. 1.

Gas flow

Gas flow

a Fd
Fσ

λ

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 entrainment mechanism is active dependson the Þlm Reynoldsnum-

ber:

Rel ≡
! lul"

µl
=

! l#
µl

(1)

where " is the thickness of the Þlm, ul its mean velocity and ! l and µl

the density and viscosity of the liquid, respectively. # is the liquid ßow in

the Þlm per unit wetted perimeter, Pw. # is sometimescalled the Òliquid

loadingÓ,but we reserve that term for the volumetric liquid concentration in

the droplet-laden gas ßow. We have deÞnedRel 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 thereexistsa lower limit of Rel,

whereunderroll-waveentrainment will not takeplaceno matter how high the

gasvelocity over the Þlm. In the other extreme,at high Rel, wherethe Þlm

is fully turbulent, the gasvelocity necessaryfor the inception of entrainment

becomesindependent of Rel. The two limits are not Þrmly quantiÞed, but

the lower limit may befrom 2 to 160dependent on whetherthe ßow is upward

or downward in the gravit y Þeld, and the upper limit may be in the range

1500Ð1750.

2.2 Hi gher l iqui d Þlm Reynol ds num bers, rol l-wave en-

t rainmen t

Ishii and Grolmesderived a criterion for the onsetof roll-wave entrainment

by consideringa forcebalancebetweenthe drag forceFd , from the gasacting

on a wave crest on the Þlm, and the retaining forceof the surfacetensionFσ

asindicated in Fig. 1. They assumedthat roll wave entrainment waspossible

when the drag forcesexceededthe retaining force of the surfacetension #:

Fd ≥ Fσ. (2)

They derived as criterion for the inception of entrainment:

µlug

#

√
! g

! l
≥ 11.78N 0.8

µ Re−1/3
l for Nµ ≤

1
15

µlug

#

√
! g

! l
≥ 1.35Re−1/3

l for Nµ ≥
1
15

. (3)

In these equations, ug is the superÞcial gas velocity, µl and ! l the liquid

viscosity and density, respectively, and ! g the gasdensity.
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Nµ is a Õviscosity numberÕ,which originally wasusedby Hinze [6] to analyze

the problem of droplet disintegration in a gasßow. This number compares

the viscous force induced by an internal ßow to the surfacetension force,

and, when usedfor droplet entrainment, is deÞnedas:

Nµ ≡
µl√

! l#
√

σ
g! ρ

, (4)

where$ ! is the di!erence betweenthe liquid and gasdensities.

The expression
√

σ
g! ρ hasthe dimensionof length and is proportional to the

critical wavelength of a Taylor instabilit y. The dependenceon the accelera-

tion of gravit y, g, is explainedby the stabilising e!ect of the gravit y forceon

the wavy interface.

2.3 Low Þlm Reynol ds num bers, under cut ent rainmen t

When Rel becomesvery low, the evidenceis that the roll-wave entrainment

no longeroccurs. However, entrainment is still possibleat high gasvelocities,

as found by van Rossum[7], through the undercut mechanism shown in the

lower Þgurein Fig. 1.

Van Rossumcarried out entrainment experiments for nine di!erent ßuids

with interfacial tension ranging from 30 to 78 mN/m. In his study, van

Rossumanalyzed the onset of entrainment in terms of two dimensionless

numbers, the Þlm Weber number, We, with the liquid Þlm thickness as

length scale,and a ÔcorrelationparameterÕ,S:

We≡
! gv2

g"

#
S ≡ ugµl

#
. (5)
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For velocities higher than 25m/s hefound that the critical Weber number for

inception of entrainment was practically independent of S for S > 5, while

it becamedependent on S for lower S-values.

3 Exp eriment al faci l i t ies

We are in this paper analyzing the results from three di!erent experimental

rigs. The rigs and the results have beendescribed in three other articles [8Ð

10].

Each of the rigs have speciÞcadvantagesand limitations. They are:

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

systemswereused: air/w ater and air/Exxsol D60.

Ð A high-pressurerig, capableof operating up to 100 bara. Two ßuid

systemswereused: nitrogen/Exxsol D60 and a live natural gassynthe-

sizedfrom methane,ethaneand N-pentane.

Ð A large-scaletest installation at an on-shoregas processingfacilit y.

This rig could operate at pressuresup to 150 bara. A real, live nat-

ural gas, obtained by recombining dry natural gas with natural gas

condensates,was usedas ßuid system.

The range of physical ßuid properties are given in Table 1. Note that in

the ÒliveÓnatural 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

7



given pressures. The interfacial tensions were 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

conÞguration of the other two test scrubbers are similar, except that the

cross-sectionalareasÑand therefore the number of cyclonesin the cyclone

banksÑare di!erent. Thereare7 cyclonesin the scrubber in 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 such that

they did not block the cyclonessigniÞcantly. In the high-pressureand low-

pressurerigs, where there were only a few cyclonesin the decks, the drain-

pipeswere positioned at the side of the deck and did not interfere with the

cyclonesat all. The arrangement in the large-scalerig is shown in Fig. 3.

Although the pipescanbe seento block part of the cross-sectionalarea,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

(kg m−3)

Viscosity

(kg m−1 s−1)

Interfacial

tension

(mN m−1)

Low-pressure rig

Air 1.19 1.84× 10−5

Exxsol D60 785 1.4× 10−3 24.3

Water 1000 0.89× 10−3 72.8

High-pressure rig, N2/Exxsol D60

Gas 1.14(1)

113.7(100)

1.78× 10−5 (1)

2.03× 10−5 (100)

Liquid ≈ 788 ≈ 1.58× 10−3 22.7(1)

16.0(100)

High-pressure rig, synthetic natural gas

Gas 17.2(20.1)

97.0(92)

1.1× 10−5 (20.1)

1.5× 10−5 (92)

Liquid 602.2(20.1)

496.5(92)

2.07× 10−3 (20.1)

0.96× 10−3 (92)

11.4(20.1)

2.2 (92)

Large-scale rig

Gas 22.0(28)

104.0(113)

1.2× 10−5 (28)

1.6× 10−5 (113)

Liquid 704(28)

640(113)

4.5× 10−3 (28)

2.6× 10−3 (113)

14.5(28)

5.0 (113)
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are reasonablyfar below the cyclonedeck, such that the ßow to someextent

redistributes over the cross-sectionabove the pipesbeforereaching the deck.

The liquid ßowrate to the deck wasmeasuredasthe sumof 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 gasevenly over

the scrubber cross-section,and separatebulk liquid. The mist-mat separates

more droplets, or, when the scrubber is operated such that the mist-mat is

ßooded, may act as a coalescerfor the cyclonebank. The Þnal separation

step is the cyclonebank, where a number of cylindrical axial ßow cyclones

with swirl vanesgeneratingthe swirling ßow, work in parallel.

The axial ßow cyclonesare the most important in this present context, and

a diagram is shown in Fig. 4. This is the type and sizeof cycloneusedin the

cyclonebanksof all three rigs.

Table 2 gives an overview of the experimental facilities and the operating
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4 cm

25 cm

5 cm

Vortex
finder

Secondary
outlet

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.

rig

High-press.

rig

Large-scale

rig

Scrubber diameter [m] 0.384 0.15 0.84

Cyclonesin deck 7 2 31

Pressures[bara] 2Ð5 20, 50 and 92 56 and 114

Temperature Ambient 30◦ 30◦

Fluid systems Air/Exxsol

D60

N2/Exxsol

D60

Synthetic live

natural gas

Live natural

gas

SuperÞcialgasvelocity

in cyclones[m/s]

7Ð30 1Ð6 9 and 5.4

Liquid loadings[vol % ] 0.002Ð0.09 0.05Ð0.7 0.07Ð0.95
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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-ent rainm ent fr om cycl ones in gas scrub-

bers and it s model ing

4.1 Basi c assumpt ions

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 cycloneexperiments 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 l/hr per cyclone

show that the liquid carry-over is much larger when the pressureis increased

and a natural gas ßuid is used instead of a N2/Exxsol D60 ßuid. Table 1

show the density and viscosity of the liquid and gasphasesto be somewhat

similar for the two systems,but calcuations[12] showed, as indicated in the

last column of Table 1 that the interfacial tension is much the lower in the

natural gassystem, perhapsexplaining most of the di!erence in behaviour

betweenthe two ßuid systems.Further on in this paper, we bring the results

from the two systemsonto one curve taking into account the di!erences in

physical properties betweenthem.

All cyclonemodels,including the onewederived for axial ßow cyclonesin [8],

predict that if the droplets are sosmall that the cycloneseparatione"ciency

is determinedby the droplet size,the e"ciency should increasewith increas-

ing volumetric gasßow andprobably with increasingliquid loading(the latter

due to coalescencee!ects).
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However, if re-entrainment is the determining factor, the e"ciency would

be expectedto drop o! with higher volumetric gasßow 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-entrainment of liquid

that hasalready settled on the cyclonewall.

Wenow attempt to derivea parameterthat will unify the resultson the basis

of Ishii and GrolmesÕ[4] work. While they wereonly focusingon the inception

of re-entrainment, this study also focuseson the the rate of re-entrainment.

Near the point of inception of droplet entrainment, the entrainment rate

increasesquite slowly with increasing gas velocity, but at relatively high

entrainment fraction the entrainment rate increasesfaster and appears to

be linearly correlated with the superÞcial gas velocity. Since the droplets

that are re-entrained inside a cycloneare exposedto a centrifugal force one

can think of liquid carry-over asa dynamic equilibrium betweencapture and

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

We proposethat this dynamic equilibrium can be described as a function of

the ratio of the two forcesusedby Ishii and Grolmes,the drag forceand the

retaining force:

$cycl = f
(

Fd

Fσ

)
when re-entrainment dominates. (6)

We are aware that re-entrainment may well take place to a large extent

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. However, heusedliquids with higher interfacial tension,

and generallylower liquid loading, which will give rise to di!erent creepßows

15



than we are likely to encounter in our systems. We assume,moreover, that

re-entrainment from edgesin the equipment will be governed by the same

physical parametersas from liquid Þlms.

We need, however, to adapt this theory to the present situation: a Þlm

moving on the wall of a cyclonein a strongly swirling ßow.

4.2 Adapt at ion of t he t heor y

The Þrst task is to determineRel, the liquid Þlm Reynoldsnumber in Eq. (1).

Under the inßuenceof the upward swirling gasßow, the Þlm movesupward

on the cyclonewall at an an angle,%, to the horizontal. Wecanthereforetake

the wetted perimeterasPw = &D/ cos%, if we deÞnethe wetted perimeteras

the width of the Þlm measurednormal to the direction of ßow (a consequence

is that the wetted area cannot be calculated as PwH , with H the cyclone

height). The gasmovesat an angle ' to the horizontal, 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 ßow to

the cyclone úQ movesin the liquid Þlm, i.e. that most of the droplets entering

the cycloneare so large that they are slung to the wall almost immediately,

we obtain for Rel:

Rel =
úQl$! l

Pwµl
. (7)

Ishii and Grolmes found that the transition from low Reynolds number

entrainment to transition regime entrainment occurred at approximately
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Rel = 160(their deÞnition) for horizontal ßow or vertical up-ßow and Rel = 2

for vertical down-ßow. The transition to a rough turbulent regimeoccurred

when Rel exceeded1500Ð1750.When Rel is calculated for the experiments

in the high-pressurerig, most of the N2/Exxsol D60 resultsarefound to be in

the low Reynoldsnumber regime,while most of the natural gasexperiments

are found to be within the transition regime. If transition regime theory is

usedfor experiments that are calculated to be within low Reynoldsnumber

regime,the results will becomeincreasinglyinaccurateas the velocity is de-

creased. However, on balance it was thought best to use the sametheory

for all the results avoiding an anomalousjump in prediction when changing

from one theory 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 fundamental assumptions:

1. The initiation of roll-wave entrainment dependson a balancebetween

the gasdrag forceand the surfacetensionretaining forceacting on the

liquid in a wavelet.

2. To calculate the amplitude, a, of a wavelet, it was assumedthat the

ßow in the wavelet is simple shearßow, while ßow in the Þlm as such

may beturbulent, and that the shearstressesaboveand below the wave

are the sameas those for the rest of the Þlm (the shearstressacting

on the Þlm from the gasand that acting on the wall from the Þlm have

to be equal, sincethe Þlm is not accelerating).

This paper is not discussingthe merits of theseassumptionsbut adapting

this model, that hasstood the test of time, to our system,which di!ers from
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theirs in that it involvesa centrifugal Þeldrather than the gravitational one.

We also note here that Verlaan [5] handles two criteria for re-entrainment

to take place: that droplets are created by shear, and that these droplets

are transported in the surrounding gas ßow. Consistent 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-entrainment and capture at the cyclonewall.

The length scalechosenfor Nµ,
√

σ
g! ρ is the critical wavelength of a Taylor

instabilit y, and therefore characteristic for the length of waves on the Þlm.

This length scale involves the gravitational constant, g. We replace this

by the centrifugal force acting on the liquid Þlm, u2
l,θ/R , where ul,θ is the

tangential component of the liquid velocity, and R the cycloneradius.

This makesit necessaryto Þnd ul,θ = ul cos%, which we do in a way similar

to Ishii and Grolmes,as follows.

If we call the tangential components of the shearstressesacting on the Þlm

due to the gasand on the wall due to the Þlm ( i,θ and (w,θ, respectively, we

can say:

( i,θ = f g,i

! gu2
r,θ

2
≈ f g,i

! gu2
g,θ

2
(w,θ = f l,w

! lu2
l,θ

2
= ( i,θ, (8)

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

be approximately equal to the gasvelocity, sinceug & ul.

Solving thesetwo equationsfor ul,θ gives:

ul,θ =

√
f g,i! gu2

g,θ

f l,w! l
(9)
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Weneedthe friction factor for the gasßow over the liquid Þlm, f g,i. Wallis [13]

proposedfor the rough wavy regimein a tube of diameter D:

f g,i = 0.005
(

1 + 300
"
D

)
.

For the present caseof ßow swirling with an angleof about 45◦, we propose

to replaceD by R, the radius of the cyclone:

f g,i = 0.005
(

1 + 300
"
R

)
.

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

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

√
f l,w = K · Rem

l where:





K = 3.73;m = −0.47 for 2 < Rel < 100

K = 1.96;m = −1/ 3 for 100< Rel < 1000

The gasfriction factor requiresinformation about the liquid Þlm thickness.

Obviously:

" =
úQl

Pwul
=

úQl cos%
Pwul,θ

=
úQl cos2 %
&Dul,θ

(10)

We now have two expressionsfor the two unknown variables" and ul,θ.

ug,θ is the last parameterweneedto Þndul,θ from Eq. (9) in order to evaluate

the Òcentrifugal forceÓacting on the rotating liquid Þlm. Clearly:

ug,θ =
uz

tan %
.

Measurements [15] have shown that the mean axial velocity in the cyclone

〈uz〉 is approximately 0.8 times that at the wall, and that the axial ßowpat-

tern is fairly uniform throughout the cyclone,so that:

ug,θ =
〈uz〉

0.8tan %
(11)
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4.3 The re-ent rainmen t num ber

Based on the calculated Rel for the experiments in the high-pressurerig,

mostexperiments seemto bewithin the transition regime,whereentrainment

dependson Rel as explained above. For all experiments in that rig, Nµ <

1/ 15.

Assuming that transition regime is the dominant liquid Þlm regime on the

inner cyclonewall, the top criterion in Eq. (3) can be usedin the force ratio

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

Rent(a) =

µl ug

σ

√
ρg

ρl

N a
µRe−1/3

l

(12)

where,asdiscussedabove,g is replacedby u2
l,θ/R in Eq. (4) for the evaluation

of Nµ. The argument a signiÞesthat the power of the viscosity number is

as yet undetermined. We can thus say that the cyclonee"ciency, $cycl is a

function of Rent(a):

$cycl (Rent(a)) = f




µl ug

σ

√
ρg

ρl

N a
µRe−1/3

l



 . (13)

Ishii and Grolmesadjusted the power, a, of the viscosity number, Nµ, to Þt

their data for the inception of the entrainment. The power should there-

fore be adjusted to the cycloneexperiments. The power of Nµ is important

whenexperiments with di!erent physicalßuid propertieslikenatural gasand

N2/Exxsol are scaled.

The re-entrainment number for all experiments that have beencarried out in

the high-pressurerig have beencalculated in accordancewith Eq. (13) and
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are plotted in Fig. 7. Sincemany of the experiments with low liquid loading

showed increasinge"ciency with increasinggas ßow, it was assumedthat

droplet sizeplayed an essential role for the e"ciency at theselow loadings.

Therefore only experiments were the liquid load exceeded9 l/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

re-entrainment number ([µlug/σ][ρg/ρl]0.5)/(N0.4
µ Re−1/3

l ). The plot includes

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

Although these results and the onesshown in the following Þgure cover a

wide rangeof operating conditions and alsodi!erent ßuid systems,they are

all obtained in one type of cyclone and may well be geometry dependent.

However, the generalmechanismsgoverning reentrainment in other typesof

cyclonesare likely to be the same.

The power a = 0.4 gives a good Þt between the natural gas and Exxsol

D60 data as seenin the Þgure. However, the pressurescaling, although

good, could be even better. One may thereforethink that the gasand liquid
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densitiescould be accounted for more precisely. For this reasonthe power of

the gasto liquid density ratio wassubjected to regressionand a good scaling

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

number ([µlug/σ][ρg/ρl]0.8)/(N0.4
µ Re−1/3

l )

The excellent correlationbetweenthe cyclonee"ciency and the re-entrainment

number conÞrmsthat the cyclonee"ciency is dominated by liquid Þlm re-

entrainment rather than the penetration of Þnedroplets. The plot in Fig. 8

can be regarded as the maximum achievable e"ciency due to limitations

causedby re-entrainment for this particular geometry. However, if a signiÞ-

cant amount of droplets comparableto the cut sizeof the cyclonearepresent

in the inlet liquid loading, an extra contribution will be addedto the liquid

carry-over of the cyclone. Experiments with such contributions will have

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

There is still somescatter in the results in Fig. 8, but with all the simpliÞ-
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cationsdoneand the complexprocessof gas-liquid interactions involved, the

correlation is 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 simpliÞcations

are:

Ð Gradual drainageof liquid Þlm through the slits in the cyclonewall has

not beenaccounted for

Ð The Þlm is assumedto be evenly distributed on the wall

Ð Transition regime entrainment is assumedeven though some of the

experiments appear to have a liquid Reynoldsnumber smaller than the

limit given by Ishii and Grolmes

Finally, it is possiblethat wavelet behaviour in a centrifugal Þeld,wherethe

centrip etal accelerationvaries with the radius, is somewhatdi!erent from

that in a gravit y Þeld.

4.4 Re-ent rainmen t at low pr essures, t he Weber num-

ber

As in the high-pressurerig, the cyclonee"ciency from the low-pressurerig

shows a general tendency of decreasinge"ciency with increasinggas and

liquid ßow, consistent with re-entrainment limitation. Figure 9 shows sep-

aration e"ciency data from the low-pressurerig plotted against superÞcial

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

always in the range2Ð7bara.

Superficial gas velocity [m/s]

Ef
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ie
nc

y 
[%

]
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90

95

100

6 8 10 12 14 16 18 20 22 24 26 28 30

0.068-0.094 Vol%
0.02-0.024 Vol% 
0.002-0.003 Vol% 

0.02-0.06 Vol%
0.028-0.036 Vol%
0.0018-0.0026 Vol%

 

Exxsol: Water:

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

However, at low pressurethe calculated values for Rel indicate that the

liquid Þlm is below the regime where roll-wave entrainment is possible. If

theseresults are plotted against the re-entrainment number the decreasein

performanceis much faster than in the high-pressurerig, as seenin Fig. 10.

However, the re-entrainment number appearsto bring also the low-pressure

rig results, which were obtained [8] under a wide range of gas and liquid

ßows, and with two di!erent ßuid systems,onto onecurve.

Sincethe velocity is considerablyhigher in the low-pressurerig, re-entrainment

is still possibleby the undercut mechanism. However, as we alsomentioned

above, at theselow valuesof Rel, the Þlm 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

([µlug/σ][ρg/ρl]0.8)/(N0.4
µ Re−1/3

l ). 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].

$ = f (Wel) = f
(

! gu2
g,s"

#

)
. (14)

Figure 11 a) shows the low-pressureresults plotted against Wel, where we

have used Eq. (10) to calculate the Þlm thickness, " . Clearly the results

are brought onto one curve. We note that sincethe liquid density and the

interfacial tension are approximately constant in the low-pressurerig, the

variation in the liquid Þlm 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 canbeseento globally form a cloud of points in

the sameareaasthe low-pressureresults. This shows that Wel doesaccount

for important parametersgoverning re-entrainment. On the other hand, a

closerinspection of the Þgureshows that Wel doesnot account su"cien tly

well for di!erences in the ßuid properties with pressure. We have included

this plot to show that Wel actually is able to bring results from the two rigs

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

In experiments with kerosine,a liquid that is comparable to Exxsol D60,

van Rossum[7] found that a Weber number of around 6 is a lower limit

for the onset of re-entrainment. This result is in agreement with the plot

in Fig. 11 a) where re-entrainment appears to becomesigniÞcant around

Wel = 6. Once again, this criterion was originally used to determine the

onsetof entrainment, and not the entrained fraction.
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Figure 11: a) The results from the low-pressure rig plotted against the

liquid film Weber number, Wel. b) The results from the low-pressure and

high-pressure rigs plotted against Wel
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4.5 The inßuence of scale

The e"ciency in the high-pressurerig is totally dominatedby re-entrainment,

at leastfor liquid ßowsper cycloneabove9 l/hr. However, in the experiments

at K-lab it wasseenthat outer cyclonesin the cyclonedeck handledup to 2.5

times the amount of liquid that the inner cycloneshandled[10], due to cross-

sectionally uneven liquid distribution. Sincethe cyclonee"ciency generally

drops o! with increasing liquid load the outer cyclonesmight su!er from

poorer e"ciency. If, in addition, someof the cyclonesin the middle of the

cyclonedeck receive a small amount of liquid but distributed as a Þnemist,

this might also have a negative impact on the e"ciency. Basedon earlier

experience[16] we believe that the uneven distribution to someextent is due

to the vanedinlet not distributing the liquid and gasideally over the column

cross-section.

In the small scalehigh-pressurerig only two cycloneswhere installed and

obviously, little liquid mal-distribution could have occurred. Therefore, the

e"ciency in the this rig canbe regardedasthe maximum e"ciency whenthe

e"ciency is limited by re-entrainment.

In Figure 12the measuredcyclonee"ciency at the largescalerig is compared

to the maximum e"ciency found in the high-pressurerig. The results are

plotted asfunction of the re-entrainment number and the averageliquid load

per cyclonehasbeenusedas input in the calculations.

The Þgureshows that the cyclonedeck in the K-lab tests is very inßuenced

by the poor liquid distribution. In fact, in onecasethe e"ciency drops from

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 e!ect of severely reducede"ciency at larger scalehas, to the authorsÕ

knowledge, never before been documented. 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 scale labÑeven when the gas

velocity, the liquid concentration and the ßuid properties are identical. The

re-entrainment number o!ers an analysistool to quantify the impact of liquid

mal-distribution.

5 Concl udi ng Rem arks

Ð A Þrst step in the direction of modelling and scalingcyclonee"ciency

when this is limited by re-entrainment rather than by separatione"-

ciency for small droplets hasbeenoutlined

Ð Resultswith di!erent ßuid systemsand spanningwide rangesof pres-

sures,gasßowratesand liquid loadingshavebeenbrought to collapseon

onecurve by plotting them against a modiÞedre-entrainment number

derived on basisof the theory for the onsetof roll-wave re-entrainment

of Ishii and Grolmes[4]. All the resultswereobtainedunder conditions

such that the Reynoldsnumber of the liquid Þlm on the cyclonewall,

Rel was moderate or high.

Ð Results generatedat lower pressures,where Rel is lower, but also for

two di!erent ßuid systems,and at a wide rangeof gasand liquid ßows,

were brought to collapseon one curve when plotted against the liq-

30



uid Þlm Weber number, agreeingwith the work on the onset of re-

entrainment at low Rel of van Rossum[7].

Ð An important e!ect of scalein reducingthe e"ciency of cyclonebanks,

probably due to mal-distribution of liquid between the cyclones,has

beendocumented.

Ð For further understanding of the phenomenataking place, measure-

ments of the droplet sizesthroughout the equipment are desirable,and

achieving this will have a high priorit y in the future.
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