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1 Introduction

The processof impulse,heatand masstransferbetweena continuousand dispersed
phases involvedin manysprayprocesseg.g.in a smokegasscrubberor in a spray
drier. The advantagef a sprayis the large specific surfaceof contactingliquids and
gases.The aerodynamidehaviourof spraysis very complexandresearchehavein-
vestigatedgas entrainmentusing single atomisers1/ and multiple atomisers/2/. The
micro behaviourof dropssuchasthe radial distributionsof the dropsize velocity and
volume flux was determinedo clarify the generalspray structureby phaseDoppler
particle analyzer./3/. Anotherinterestingpoint are the aerodynamic®f a sprayin a
gasflow asa gasscrubberwith a vertically downwarddirectednozzle sprayand a
countercurrengasflow. Grul3/4/ haspredictedthe gasflow field arounda sprayin a
spraycolumn. The spraywas generateddy a full conenozzleandthe gasflow was
homogeneouat the entrancecrosssection.The sprayactsasan obstacleandthe gas
flow goesto the wall regionof the column.Smokegasscrubbersieedhowevera uni-
form gas flow field over the spray field length.

At the TechnischeUniversitat Chemnitz-Zwickau,Forschungsgrupp®&ehrphase-
stromungenthe gasflow in a spraycolumnhasbeeninvestigatedvith a modified La-
serDopplertechniqueln additionthetwo phaseflow hasbeencalculatedon the base
of the Euler-Lagrangenodel. This work examineghe flow field arounda spraywhich
was generated by a full cone nozzle and a hollow cone nozzle.
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Test Facility and Measurements

2.1 Measurement Apparatus and Experimental Conditions

10000

Figure 1. Experimental appatus

The experimentswere carried
out in the spragolumnshownin

figure 1. The spraycolumnhasa

heightof 10 m andthe diameer

of the circular cross sectionis

3 m. At the entrancecrosssect-

on of the drop field the upward
directedair flow is uniform with

a disturbanceof lessthan 10 %.

The uniform air velocity profile

acrossthe column was realized
by meansof a systemof a flow

rectifier and two hole sheets.
The maximum air velocity is

4m/s.

The nozzlewas arrangedat the
column symmetryaxis in an up-

ward distanceof 3m from the
air entrance section and the
sprayof a full conenozzleor a
hollow cone nozzle is directed
vertically downwards.We used
nozzlesof the Lechler company
with the following character

a)nozzle  b) meas. area stics:
c) flow rectif. d) air input

* Full cone nozzle

axial-flow full cone nozzle
volume flow rate (p = 100 kPa)
spray angle

Sauter mean diameter
arithmetic mean diameter

* Hollow cone nozzle

hollow cone nozzle

volume flow rate (p = 100 kPa)
spray angle

Sauter mean diameter
arithmetic mean diameter

: type 403.566
: 36.4 m3/h

1 90°

: 1873 pm

: 876.5 um

. type AV-300.114.6D
: 40 m3/h

1 90°

: 1732 pm

: 356.7 um



The local velocity measurementsf both the gas-phasend the droplet-phasewvere
performedwith a single-componentaser Doppler velocimeter(LDV). There were
measureanly the streamwisevelocity componentsu. and u, in z-directionparallel

to the column-axis(fig.1). All experimentalkexaminationsvere carriedout underthe
following conditions:
* mean streamwise column gas velocity : t,, = 3 m/s

* nozzle pressure pn = 100 kPa

The LDV wasa semiconductor-LDMvhich works in backscatteringnode.Sincethe
original measuringheadwasnot suitablefor the directusein a waterspray,it wasco-
vered in a special protection case to disable the enteringtef i/

In a distanceof 0.5m above and below the LDV measurement-pointhree small
nozzlesare mountedrespectively.They spray mist dropletswith an arithmeticmean
diameterof about10 um perpendiculato the main gasstreamin to the measurement
volume.

2.2 Measurement Technique

The aim of the experimentalnvestigationswas the measurementf streamwisegas
velocity in presencenf waterdropsin a spraycolumn.In orderto tracegasvelocity
undertheseconditionsmist dropletsof about10 pum diameterare required.The slip
velocity of thesemist dropletsis about0.003m/s. Thereforethe rangeof particle dia-
metersinsidethe spraycolumnis very largefrom 10 um of mist dropletsto 2000um
of waterdropsfrom the scrubbemozzle.Up to now a phaseDopplerdeviceis unable
to measure this wide diameter range simataisly.

The idea taneasureyasvelocity with anusuallaserDopplervelocimeteris the adding
of watermist. At everylocationinsidethe spraycolumnat first a measuremernf only
drop velocity wasdonewithout mist anda secondwith mist, thusrecordingboth drop
andgasvelocities.Thesemeasurementweredoneundersameconditionsandover an
equalmeasuringperiod. In orderto acquireprobablyequalnumberof dropsin both
measurementthe datarate mustbe much lower than the maximumdatarate of the
recording systemi.e. neglectabledata losses.The calculationof gas velocity from
measured drop and drop with mistacities is as follows.

Becauseanacquireddatain the secondneasurementanonly arisefrom a waterdrop
or a mist droplet the flowing equations are valid:

Npip = Np + Ne 1)

ZUP+F=ZUP+ZUF (2)
R U8 ®



The statistic values of the gas velocity may be calculated using (1 .. 3) with:

a _z_ ZUP+F ZUP (4)

Np g~ Np
0?(up) = 2_ DL L (5)
Np.g —Np

In order to get sufficientlgxactresultswith the equation(4) therelationngs > n, hasto
be satisfied. The exactnessf equation(5) dependsstronglyon the high varianceof u,
so that p >> n, is required.

3 Numerical Prediction of the Gas-Droplet Flow

For the numericalpredictionof the gas-dropleflow arounda full coneanda hollow
conenozzle a modified version of the Navier-Stokessolver FAN-2D developedby
Peric and Lilek /6/ was used. In order to account for the interaction effects bétween
gaseousndthe dropletphasea Lagrangianstochastic-deterministiit SD) modeland
the appropriatemmomentumexchangegermswere incorporatedinto the numericalal-
gorithm.

3.1 Equations of fluid motion

The motion of the gas-dropletflow was assumedo be radial symmetricand was
calculatedn the samecylindrical coordinatesystem(r, z) asdescribedabove.Further,
the turbulenttwo-phase(gas-droplet)flow underconsiderations describedby assi-
ming that the particulatephaseis dilute, but the particle loading is appreciablelnter-
particle effectsare neglectedbut the effectsof the particlesto the gasflow aretaken
into account.The two-phaseflow is statistically stationary,incompressibleand iso-
thermal. The gas phase has constant physical properties and is Newtoniarihesaler
assumptionghe time-averagedorm of the governing gas-phasesquationscan be
written in the folbwing form of the general transport equation:
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where® standsfor ug, v, k ande. ThetermsS, and[l" representhe "source"and

the effective diffusion coefficient,respectivlyand S}, representshe couplingbetween
the gaseousndthe dropletphasedueto the particle-fluid interaction.This lasttermis

calculatedby solving the Lagrangianequationsof droplet motion. The continuity

equationis obtainedby setting®=1, '=0. For modelingof fluid turbulencethe stan-

dardk-¢ turbulencemodeltogetherwith isotropic eddyviscosity and standardmnodel

constants are used /7/.

The influenceof the dropletmotion on fluid turbulencecharacteristicsvas neglected
(S; = § =0). ThemomentunsourcetermsS, andS; in the Navier-Stokesquations



were calculatedusingthe Particle-Source-irfPSl)-cellmodeldevelopedby Crowe et
al. /8/, /9/. In the PSI-cell model the force excertedon a fluid control volume by a
singleparticleor dropletis calculatedrom the residencdime of a particlein the con-
trol volumeandthe changan particlemomentumn this time. In orderto calculatethe
particlemomentunmsourcetermsS;, andS, in the momentumequationghesepointsof
intersectionof the particle trajectorywith the facesof the control volume haveto be
calculatedandthe particleandfluid propertieshaveto be interpolatedn therepoints.
The particle momentum source term is then as follows :

t out

Z P&PpF Ae ICDVreI (Ug — up)dt (7)

wherethe sumis takenover all the representativ@articlescrossingthe control volu-
me. Becauseahe numberof test particlesusedfor simulationis limited and different

from that of particlesor dropletswhich would actually crossthe control volume, I&P
characterises the droplet flow rate for a calculated representative particl®nyaject

3.2 Eqations of droplet motion

The dropletphasewas treatedby the Lagrangianapproachwherea large numberof
dropletswerefollowed in time alongtheir trajectoriesthroughthe flow domain.Each
droplettrajectoryis associatedvith a dropletflow rate &, andsorepresents number
of realdropletswith the samephysicalproperties.This representatioms usedin order
to allow the consideration of the droplet size distribution and to simulate the appropri
te liquid massflow rateat the injectionlocations.The droplettrajectorieswere dete-
mined by solving the ordinary differential equatidoisthe dropletlocationandveloa-
ty componentsFor the formulationof the dropletsequationof motionit wasassumed
that the forcesdue to dropletrotation, the pressureggradientin the flow, addedmass
force and the Bassethistory term are negligible since a large densityratio p, / pg is
considered. The equations of droplet motion can be written than as follows

d [Zp0 [UpL

deH et
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d
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The drag coefficient C, is calculatedas a function of the particle Reynoldsnumber
usingthe correlationsobtainedby Morsi and Alexander/10/. The effect of turbulence



of the gasflow on the dropletmotion was modeledby a stochastigprocedurethe so
called Lagrangianstochastic-deterministi_SD) turbulencemodel. This model was
proposedby Milojevic /11/, Schonung/12/ and other authers.The LSD turbulence
model takes into accoutiie instanteanougasvelocitiescalculatedrom the meangas
velocitiesug, v andfrom fluctuationvelocitiesug, v.. The meangasvelocitieswere
obtainedfrom the solution of the Navier-Stokesequationsbut the values of the
fluctuationvelocitiesare sampledasrandomvaluesin dependencen the local turbu-
lence characteristics of the gaseous phase.

The boundaryconditionsfor the droplettracking procedureare specifiedas follows.
Trajectories are calculated throughout the flow domain until the droplet ldefsy
domainthroughan inlet or outlet crosssection.Droplets leaving the computational
domainat the symmetryline (r=0) arereplacedby dropletsenteringthe domainwith
oppositeradial velocity. For the droplet-wallinteractionsimplereflectionwith a rest-
tution coefficient of 0.5 was assumed in the present calculations.

3.3 Solution procedure

Theaboveequationof fluid motionweresolvedwith the FAN-2D Navier-Stokesd-
ver developedby PericandLilek /6/. The original algorithm was extendedby intro-
duction of the momentumsourcetermsin the momentumequationsof fluid motion.
Efficiency ofthe solutionmethodwasensuredy applyinganoptimizedunderrelaxat
on technique nabnly to the fluid variablesbut alsoto the additionalsourceterms.The
equationsof dropletmotion were solvedusinga standardRunge-Kuttasolution sche-
me of 4th orderaccuracywith automatictime stepcorrection.In orderto ensuresuffi-
cientresolutionof the influenceof fluid flow turbulenceon the dropletmotionthe time
stepAt waslimited to a maximumof 1/10 the Lagrangiantime scaleT, of the turbu-
lent eddies.

Thenumericalprocedureo obtaina convergedsolutionfor both phasess thenasfol-
lows :

1. A convergedsolutionof the gasflow field was calculatedwithout sourcetermsof
the dispersed phase.

2. A largenumberof dropletsweretracedthroughthe flow field andthe valuesof the
source terms were calculated for all controlmags of the numerical grid.

3. Theflow field wasrecalculatedoy consideringthe sourcetermsof the dispersed
phase, were appropriate underrelaxation factors were considered.

4. Repetition of steps 2 and 3 until convergence was achieved.

The calculationswere performedon a HP 735/755workstationcluster. The perfa-
mance of the droplet trajectory calculations could significantly be increasedby
EXPRESS based parallelization of the Lagrangian salsdescribedn moredetailin
113].



4 Results and Discussion

Figures2 and 3 showthe measuredand calculatedgasand dropletvelocitiesfor the
hollow andthe full conenozzlein comparisonin figure 2 the velocitiy profiles of the
gas-dropleflow arounda full conenozzleare plottedagainstthe columnradiusin de-

penceon the z-distancefrom the nozzle.The profiles of the calculatedgasvelocities
arein reasonablegreementith the measuregrofiles in a distancefrom 1.2m and
1.6 m downwardsto the nozzle.The plotsfor z =-0.6 m andz = -0.8 m showmeasi-

redvaluesonly for the rangeoutsidethe spraycone.Theyarein goodagreementvith

the calculatedvalues.In the areaof the spray cone and the spray cone borderthe
conditionn_ > n, not satisfiedandso in accordancéo equation(4) valuesfor the gas
velocity could not be obtained.It is not clearwhetherthe mist dropletswere washed
out by the waternozzledropletsor blown awayfrom the measuremerpoint. Further
investigations will clarify this mblem.

The calculatedvelocitiesshowthe expectedhegativevaluesin the sprayconeandthe
increase of theelocity in the outercolumnregion.The steepparticlevelocity increase
markesthe position of the sprayconeborder.In connectionwith the developmenbf
the gasvelocity distributionthe displacmenbf the gasflow to the outercolumnregion
is clearto see.The measurementshowa large differencebetweenthe measuredand
the calculateddropletvelocities. The reasonis the different sensitivity to the particle
size of the measuringandnumericaltechnique.The usedLDV collectedthe velocities
from dropletswith a diameterfrom 100 um up to 2000um. In the real sprayprocess
besideghe primary dropletproductionin the nozzlesecondarydropletsare produced
by droplet-droplet, droplet-wall interactions and air-water interactions. These
processesf dropletdegradatiorand formationof a large numberof small secondary
dropletswithin the flow domainwasnot takeninto accountin the numericalcalculat-
ons.The measuringof the obviouslylargenumberof smallersecondandropletsleads
to the deviabns.

In figur 3 the corresponding velocity profilés the hollow conenozzleareillustrated.
First of all the air velocity profiles at all z-sectionsare ratheruniform over the cross
section.That meansa hollow conenozzledoesn’tdisplacethe air streamoutsidethe
centralregionof the columnasa full conenozzledoes.The agreemenbetweenmea-
surementandcalculationis alsoquite good. Thevariationsin the measuredjasveloa-

ty profiles comesfrom the supportconstructionsat the columnbottom. The deviation
between the measured and the calculated particle velocity is similardeviaéonfor

thefull conemeasuremerdndis causedy the sameeffect. For the particle measue-
mentnearthe nozzle,the primary dropletsare dominantand the agreementvith the
calculationis better.But nearthe columnbottomthe influenceof the secondarydro-

plets is dominant and leads to greateredéfiices.
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Figure 2 : Velocity profiles of the full cone nozzle
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Figure 3 : Velocity profiles of the hollow cone nozzle



5 Summary

It has beenfound that the modified LDA systemwith the additional tracer droplet
techniqueis suitablefor measurementsf the gasvelocity in a gas-dropletwo-phase
flow of a spray column with a single nozzle anduaiform countercurrengasvelocity
of 3 m/sin the entrancesection.The radial gasvelocity profile of the axial component
overthe spraylengthof a singlehollow conenozzleis quite uniform. For the full cone
nozzlethe uniform gasvelocity profiles existonly in the lower spraysectionsNearto
the full conenozzlethe gasflow goesto the radial outer part of the columnand has
there greater velocity values.

Relatingto the gasvelocity the experimentakesultsare in good agreementvith the
numericalvelocity valuesfor bothnozzletypes.Differencesbetweernhe experimental
andnumericalresultswere establishedor the averagediropletvelocitiesbecausdhe
considerediropletsizedistributionsaredifferentfor the numericalpredictionsandthe
laser Doppler veldmeter measurements.
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€ - dissipation of turbulent kinetic energy
r - effective diffusion coefficient of thé transport equation
g - gravitational constant
k - turbulent kinetic energy
Ve - kinematic viscosity
» - droplet flow rate for a representative droplet trajectory
Re, - particle Reynolds number
P - density
r,z - coordinates shown in fig. 1
S, - source term of the transport equation
SS’, - source term of th& transport equation due to
interaction with the droptphase
u,v - velocity components in axial and radial direction
Ug, Ve- fluctuation \elocities of the gaseous phase
V. - drift velocity between gas and droplets

7.1 Subscript or Superscript

F - properties of the fluid phase
P - properties of the droplet phase
P+F - properties of the droplet an fluid phases

(second measurement)
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