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ABSTRACT

A tricke bed test facility was designed and constructed with impedance
based global bed void and liquid hold up measurement. Single phase flow
and two phase flow characterization of the test loop was performed by air
and water concurrent down flow in the bed. The flow regimein the bed was
observed and recorded with high speed video camera. Flow regime map
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was developed. Five flow regimes were identified, trickling, wavy, transi-
tional, pulsing and bubble flow. Pressure drop measurements in the bed
were also obtained for various flow regimes in the bed. The data of the
pressure drop and flow regime maps were compared with previous works
and agood agreement was found between and present and pervious works.

© 2015 Trade Science Inc. - INDIA

INTRODUCTION

Trickle-bed reactors, inwhichagasand aliquid
flow concurrently downward over arandomly packed
stationary bed, arewidely usedinvariety of gas-liquid-
solid cataytic reactionsincluding petroleum and petro-
chemical indugtries. Itsgpplication mainly concernsthe
processi ng with hydrogen of various petroleum frac-
tions, in particular the hydrodesul phurization or hydro
cracking of lubricating oilSY. A number of indugtrid re-
actorshave operated near thetrickling-to-pulsing tran-
gtions Anunderstanding of theconditionsat whichtran-
sition from oneregimeto another occurs, aswell asthe
two-phaseflow parametersin each of theseregimes, is
of fundamental importancein thedesign and scale-up
of thesereactors. Ingenerd, gravitationd, capillary, and
viscousforcesdriveflow in porousmedia. Thoughre-
cently various studies have been conducted for two-

phase flow through packed bed to understand the
mechanismsgoverning theflow regimetrangtion, pres-
suredrop, void and interfacial areadistribution, there
arefew published works available on thistopic with
detailed local measurements. The bed characterization
isgenerally donethrough macro scale parameterssuch
astota bed pressuredrop, liquid hold up andtota void.
It should be noted that the macro scale parametersare
rooted inthe micro sca e, wheretwo-phases compete
for thevoid space.

Inview of this, an experimenta study isperformed
where systematic experiments are conducted for the
gas-liquid two-phaseflow in apacked bed with local
aswdl | asglobd ingrumentation to characterizetheflow.
Thispaper isfirst part of two parts seriesand presents
experimental resultson pressuredrop and flow regime
map. Part two paper present further results on local
measurement on void fraction, film thicknesson the
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packing and characteristics of pulses.
FLOW REGIMEAND FLOW MAPS

Themost common method for detecting flow re-
gimetrangtioninvolvesthe observation of theflow pat-
tern through transparent columnwalls. The subjective
nature of thequditative method hasresulted inthevari-
ety of namesreported for the different flow regimes
and theuncertainty inflow regimeboundaries.

Therearemany different flow regimedefinitionsin
literature. Theseflow regimes can bedivided into two
bas ¢ categories: low interaction regimeand highinter-
actionregime. Thelow interactionregimeisasocaled
trickling flow regime, in which both liquid and gasflow
continuoudly. Highinteraction smply meansliquid and
gasinteract each other at ahigher level. Further classi-
fications can be made within high interaction regime
whichisdifferent for foaming or nonfoamingliquid. In
thisproject, only nonfoaming liquidisconcerned.

Four flow regimesarefundamentally defined by the
criteriaof continuity of gasand liquid. Trickling, both
gasand liquid are continuous; Spray, only gasiscon-
tinuous; Pulsing, both are not continuous, Bubble, only
liquid iscontinuous. Figure 1 showsfour basic flow
patterns. Based on thesefour flow regime definitions,
additional flow regime classifications can be made.
Houl ob@ separated wavy flow regimefrom trickling
flow regime. Inwavy flow, theliquid isflowing asafilm
or rivulet but isnot steady, awave of thefilm can be
observed. Weskman et d ¥ defined atransitionor ripple
flow regimebetween thetrickling and pulsing flow re-
gimes. He defined it astheliquid appearing to bein
turbulent flow and giving the visud impresson of many
smdll ripples. Occasional pulsesmay be observed near
the bottom of the column.

Similarly, Sato and Hirose a so defined atransi-
tiond flow regimeinwhich pulse hagppened partly inthe
lower portion of the column. T mor®separated puls-
ingregimeinto apulsing regimeand abubbling/pulsing
regime. Inthebubbling/pulsing regime, both bubblingin
thewater dug and pulsing can be observed. Ngi® added
adispersed bubbleflow regimein which bubbles be-
comehighly irregular in shapewhilein thebubbleflow
regimebubblesareonly dightly elongated.
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Figurel: Schematic of different flow regimes

Trickling Flow Spray Flow

Aboveal, no good quantitative profilefor flow re-
gimetrangtionscan bedravnwhenthereareonly quali-
tativedefinitionsfor trangtions. So therearetwo solu-
tionsto thiscontradiction. First, givequantitative defi-
nitionsto flow regimetrangtions. Chou et .1 usethis
approach. Inhisarticle, theflow regimetransitionwas
defined asthe condition a which adight increaseingas
or liquid flow rate caused asharp increasein thewall
pressure fluctuation. Second, usethe neura network
and fuzzy logic method of Artificid Intelligence Tech-
nology. NowArtificid Intelligence Technology isbeing
devel oped extensively and the use of neural network in
identifying flow regimes has been studied and applied
inthenuclear engineeringfied.

Theeffect of the distribution head should be con-
sidered when the flow regime map is produced from
experiments. Thedistribution headisinstalled at up-
stream of thetest sectionto provideuniformliquid and/
or gasflow. Someresearcherslike Sato and Hirose®
provided adetail ed description of thiscomponent since
they redlized it can exert alargeinfluenceoninitial con-
ditionsof thetest section. Flow regimetransitionisa
kind of ingtability, soinitia conditionsarevery impor-
tant for thelater devel opment. Someresearchersadded
aseparated mixing section between thedi stribution head
and thetest section. Such acomponent can greatly re-
ducetheend effect at theinlet of thetest section.

With all of the above considerations, it seemsto
not bevery meaningful to comparevariousflow maps
from different researchers. Accurate analysesand di-
rect conclusionsfrom comparison of different research-
ers’ work are not reasonable. However, this thesis shows
the comparison between present and previousdatato
providereaderswith arough impression. Thegenera
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information of experimenta flow mapsby previousre-
searchersislistedinTABLE 1 (4,5,7-13).

INTABLE 1, U issuperficid velocity, Gand L are
gasand liquid massfluxes, Reisthe Reynold numbers,
and subscriptsg and | arefor gas and liquid respec-
tively. The apremetera and ¥ are known as Baker
coordinatesand aregivenas, A=(p/p,)**(p/p,,)** and
¥Y=(o,/o)(p,/p)*%(1, /1), u is viscosity and sub-
scriptsaand w correspond to air and water respec-
tively. Sato and Hirosg¥ introduced thetrangtiond flow
regime between pulsing and gas continuousflow re-
gimes. When pulsing isgenerated partly in the lower
portion of thetest section, they called it asthetransi-
tiona flow regime. If the pul se spreadsover thewhole
test section, it is the pulsing flow regime. In 1977,
Talmor® presented aflow map in which he used su-
perficial volumetric gas-to-liquid ratio vs. theratio of
drivingforcetoresistanceforce. Volumetricgas-to-lig-
uidratioisthesameassuperficia velocity ratio.

Inthetwo-phaseflow fidd, superficid velocity is
sameastheterm of volumetricflux. Theratio of driving
forceto resistanceforce can be expressed asfollows;
Inertia(l)+Gravity(G) 1+G/1 (1)

Driving Force _ ~ 1+1Fr

Resistance Force  Interface(S)+Viscous(V)  S/1+V/I ~ 1/We+1/Re
HereFr isFroud number and Reis Reynold num-

ber. However, he used Weber number (We) instead of

the inverse of Weber number in the denominator of
above eguation. Thismeanshe considered theinterfa-
cia resistance asthesguareof inertiadivided by sur-
facetension as shown below.
Driving Force Inertia(l)+Gravity(G) 1+1/Fr

Resistance Force Interface(1?/S)+Viscous(V) ~We+1/Re 2

Inhisarticle, heexplained that for successful flow
mapping, surfacetension and viscosity have opposite
effectson theforceratio. Althoughthe physica mean-
ing of each of the dimensionlessnumber coordinateis
clear, thephysica correlaion between theratio and the
regimetrangtionisimplicit. Variousforcesperform dif-
ferent rolesintheinstability. So theideapresented by
Tamort® to useadimensionless number from various
forces to show flow maps more clearly isgood. But
those forces should be analyzed more carefully.
Tdmor®™ himsdf pointed out that themechanismof tran-
sition between each flow regimeis expected to be dif-
ferent and no single choiceof generd flow map coordi-
nateswill collgpsedl trangtion zonesinto sharp bound-
aries. Inthefield of theresearch for two-phaseflow
regimeintube, asmilar opinion washeld by Al-Sheikh
et a.[: notwo dimensionlessgroupscharacterized all
of thetrangtionsand all of thedata.

Many parametershavesignificant effect onthetran-
sition from trickling to pulsing flow. Gianetto!*® and

TABLE 1: Experimental stuidesintricklebed reactor flow regimes

Packing | Packing size | Column ; Map e : _ . |Transition Criteria or other comments about flow
Researcher ; Porosity | . : Units Regime  Classification :
Shape (mm) ID (cm) Coordinate regime
A slight flow rate increase caused a sharp increase in
Chou (1977) |Sphere 2.9 6.35 0.39 U-U; cm/s Gas continuous - Pulsing |the pressure fluctuation
Drinkenburg 2.5%2.5 0.6 The first oceurrence of pulses at the bottom of the
(1983) Raschig Ring 4x4 5.10,20] 0.74 Ug-U; n/'s Gas continuous - Pulsing |column was taken as the transition point
Gas continuous- Transitional flow: pulse is observed partly in the
Transitional-Pulse- lower portion of the column. Pulse flow: pulse
Sato (1973)  |Sphere 8.01 12.2 0.382 G-L Kg/m’s  |Dispersed Bubble spreads over the whole column.
Charpentier
(1975) Sphere 3 5 0.39 LAy/G-G/A | 1-Kg/m*hr |Trickling - Pulsing Transition line means transition regime.
0.378, Transition: liquid in turbulent flow and many small
Weekman 3.78.4.75. | 3inch | 0.390, Trickling - Transition -  |ripples observed. Occasional pulses occured near
(1964) Sphere 6.48 L.D pipe | 0.430 G-L LB/(HR)(FT)*[Pulsing the bottom of the column
Liquid continuous-
Driving force/ Bubbling and pulsing-  |Bubbling and pulsing: Both bubbling and pulsing
Talmor (1977) |Cylinder 35 292 0.366 |resistive force 1 Pulsing-Gas continuous- |can be observed
Sphere 6 0.4,
Specchia Cylinder 5.4x5.4 0.37, Poor interaction - High
(1977 Cylinder 2.7x2.7 8 0.38 LAw/G-G/A | 1-Kg/m’hr |interaction Same as Charpentier
Rashig Ring | 3/8 inch 1/2 0.67, Measure IAC from oxygen absorption into sodium
Fukushima Sphere inch 1 0.37, Trickle-wavy-spray- sulfite solution with cobaltous chloride as a
(1978) Sphere inch 11.4.20] 0.39 Re.-Re; 1 pulse-dispersed bubble  |homogeneous catalyst
Tabula 2.4.6 1- No abroupt change of pressure drop for any of the
Turpin (1967) |alumina 7.62,8.23 inch 0.4 L/G-G LB :‘(HR)(FT)2 Spray - Slug - Bubble transitions from one flow type to another.
Tricking, wavy,
transitional, pulse, Transition criterion based local and global
Present Sphere 6 6.92 0.37 G-L n/s bubbly instrumentation on void fraction, film thickness
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Charpentier et a.[*% incorporated the interfacial sur-
facetension, theliquid viscosity, thedenstiesof thegas
andtheliquid, and the packing porosity into flow maps
empirically. Thesenew parametersfor flow map were
originaly proposed by Baker* for two-phaseflow in
horizonta pipes. From Charpentier’s™ experiment, the
transition linesbetween trickling and pulsing flow re-
gimefor different working fluid areidentical with new
parameter.

EXPERIMENTS

Theexperimenta programinvolved thedesign of
thetest section, instrument devel opment, instrument
calibration and testing, experiment procedure, and data
processing. For thefirst phase of the project, an ex-
periment loop was devel oped to study the downward
concurrent two-phase flow in apacked bed.

Test loop

In Figure 2 the schematic of thetest experimental
loop isshown. Theloop consists of thetest section,
water tank, water pump, air flow lineand instrumenta-
tions.

A 1/2 hp centrifuga pumpisused to pump water to
the packed bed. Thelaboratory compressed air supply
isused with copper piping.

Thetest saction cons stsof theinlet distribution heed
where air and water are mixed and injected into the
packed bed. The distribution head has 13 gas tubes
that open at thetop plenum whereair isinjected. The
ar tubesinject air streamdirectly totheinlet of the bed.
Thewater isfed to thelower plenumwith threeinlet
symmetrical located onthelower plenum. Thereare24
tubesthat take the water from thelower plenum and
inject into theinlet of thebed whereit mixesuniformly
withtheair stream.

The packed bed test section ismade of thetrans-
parent acrylictube. ThelD of thetubeis69 mmwith
wadll thicknessof 3.3 mm. Thelength of thetest section
is1.52m.

Packing particlesare 6mm spherica glassbeads.
The shapeand size aretypical for previousresearch
works (see TABLE 1). In the present loop, no sepa-
rated mixing section isused downstream of thedistri-
bution head. Thelength of thetest section of the present
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Figure?2: Schematic of expenmental Ioop

loop islonger than normal experimental packed bed
and the upper region of the present test sectionisused
asamixing region. The bed porosity was obtained by
counting asampleof beadsand weighing. For 500 beads
theweight was 142 gramswith single bead weight of
0.284 grams. This measurement was repeated once.
Using this method the total numbers of beadsin the
packed bed were obtained. In TABLE 2 the data of
the bed porosity measurementsisgiven.

Theair flow rate and the water flow ratesare mea-
sured each with aset of threerotameters connectedin
pardlel. Eachrotameter have adecaderangeso athree
decade scale of flow range (low, middieand high) can
be covered with theserotameters. Therangesof rota-
metersare;

Gaslow range: 0.4—-5LPM
Liquid low range: 40—400 CCM
Gasmiddlerange: 4—50 LPM
Liquidmiddlerange: 0.1- 1 GPM
Gashighrange: 2—20 SCFM
Liquid highrange:1— 10 GPM
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TABLE 2: Packed bed porosity

The number of the beads 31957
The length of test section corresponding the packing 1.536 m
The length of test section pressure drop from thefirgt inlet to aimosphere 1.506 m
Volume of one bead 0.11310 ml
Volume of all the beads 3614.3 ml
Volume of test section holding beads 5797.4 ml
Porosity 0.377

Thermocouple and bourdon pressuregage arein-
stalled near theair rotameters. Dataacquisition system
includesthe DAS-1801ST dataacquisition board and
STA-1800U screw terminal accessory board. A high
speed video camera (10000 FPS) was used for flow
regme visuaization. Other instrument used included
impedance meter to measure the bed cross section
avareged void fraction the design of whichisgivein
next section.

| mpenace meter

Theimpedance meter ishalf circleplatetypeand
was specially designed for the packed bed. Thedesign
issimilar to theone used for pipeflow!7. Six signal
processing drcuitswerebuilt, smilar tothose described
by Revankar et d.*"). The probe outputsweretaken to
thesignal processing circuits, whose outputs could be
elther displayed on an oscilloscopeor recorded using a
high speed datal ogger. Thevoltage output of the probe-
circuit combinationwasinitialy assumed to belinear
with voidfraction. Sinceres stance and capacitanceare
both functionsof void distribution, thevalidity of this
assumption was checked by calibration testsand com-
puter modeling of theprobe’s response to various void
distributions. Theimpedancevariesdepending onthe
void fractioninthetwo-phasear-water flow.

The design of impedance meter and a picture of
installed meter isshownin Figure 3. Two piecesof du-
minum foil aremounted by insul ation tape on the sur-
face of the test section. Vacuum grease was used to
prevent air gap exist betweenthewal and thefail. To
decidethe height of thefoil, experiments were con-
ducted and result showsthat the greater the height the
more sensitivethe meter. However, thevolume aver-
aged voidfraction from impedance meter lost itsaccu-
racy for one certain position when the height of thefoil
istoolarge. Designisbased onacompromise between

the accuracy and sensitivity and 8 cmwereat | ast set
for dl impedance meters. Other researchersused shield-
ingto removeinfluencefrom environment. For present
experiment, shieldingwastried and it wasfound that
shielding also decreased the sensitivity sinceit provide
onemore capacitancelink between thetwo el ectrodes

Two-phase

57 7ﬂow

To I;vlgr'-!neq uency

processing g circuit

Function ©
Generator

3 MHz signa ! |‘:
nput . e e
— | o A

& .

Twa aluminium il
form a capacitor

I—to

Figure3: Design of impedance meter and pictureof install
meter on packed bed

One of the advantages of impedance meter isits
fast response. The meter was calibrated using known
void fractioninserted in test section and acalibraton
curveisshowninFigure4.

Thereare mainly two sources of electrical noise
except environment: theimpedance meter circuit and
thechannd interference of thedataacquisition system.
Output fromimpedance meter circuit was supposed to
be DC signal whileinput to thecircuitis3MHz high
frequency sgnal. Small amplitude 3MHz noisetill ex-
istsintheoutput. The DAS-1801ST board hassixteen
channels. Thenoiselevd increased significantly when
mogt of thechannelsworking at thesametime. Todimi-
nate the noise of thesignal from dataacquisition sys-
tem, awave et andys smethod wasapplied. Fiveleve
decompositionsareappliedtotheorigina signd. High
frequency el ectric noises were extracted out by dis-
cretewave et transform®@. In Figure4., Sistheorigi-
nal voltage signal fromimpedance meter #4 inthree
seconds, abisthelow frequency hydraulic content | eft,
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othersaredifferent high frequency extractions. Theflow
conditioniswater superficial velocity U =0.0067ns,
arr superficid velocity U g:1.125m/s

Decomposition at level 5 S = a5+d5+dd+d3+d2+d1

-2
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Figure4: Wavelet analysisof theimpedance meter signal

Experimental procedure

Test preparation included adjusting thewater con-
ductivity to 200us/cm, purging the DP sensor lines,
keeping the el ectroni cs powered, and the laboratory
ar compressor on. Singlephaseair flow and snglephase
water flow experiment were donefor reference. Each
of them wasrepeated threetimesfor accuracy. For the
testsfirst the water pump was started and the water
flow rate was set by using the control valveson the
water rotameters. Oncetherequired water flow rate
was established, theair flow was started and the flow
rateiscontrolled with therotameter control vaves. Af-
ter the two-phase flow became stable, signals from
instruemn and from high speed camerawere recorded.
The samplefrequency of the dataacquisition system
was set asonekilohertz. A one minute signal wasre-
corded for each flow condition. Theair flow ratewas
increased in sequencefor afixed water flow rate until
themaximum air flow ratewasreached. Then the data
weretaken indecreasing order of air flow rates. This
wasrepeated for different water flow rate.

EXPERIMENTAL RESULTS

Singlephaseflow
In order to characterizethe packed bed single phase

—= Pyl Paper

flow, pressure drop experiments were performed for
single phase water and air respectively. In order to
present the single phase data Ergun*® equationfor the
pressuredropisused. TheErgunequationis:

AP _jgp=e) pU ) ol pU”
3 =150 o dpz +1.75 o dp ©)
where, AP; combined effect of static pressureand
gravitationd force,
AP=Aptpgh, @)

histhedistancevertically upward; U; superficia
velocity; d | mean particlediameter, u; fluid viscosity,
p; fluid density, ¢; bedporosity and L; bed height.

Thetwo Ergun constants are: k, =150, k, =1.75.
Usually k, iscalled the Kozeny-Carman constant, k,
the Burke-Plummer constant. The physica meaning of
thefirst termintheright sdeof theequationispressure
drop duetotheviscousforceat thelaminar flow while
the second termisthe pressure drop dueto the shear
stress by the packing surface at the turbulent flow.
Holub@ madeasummary tableof dl thepreviousErgun
constants. The k; ranges from 100 to 850 while K,
rangesfrom 0.810 2.4. Hasseni et d .1 studied single-
phaseflow with many kindsof gasandliquid. Hisstud-
iesshow that K ozeny-Carman constant variessignifi-
cantly between gasflow and liquid flow. For gasflow,
thesuperficia vel ocity changesthrough the packed bed
for thecompressiblefluid. In non-dimensiond formthe
Ergun equationisgiven ag?:

d, )\ & .
(Apfj S|l £ |c1s0-E 175
&2 L 1-¢ d,G/ u

ehere G ismassflux. For small AP, thedatafitsthe
Ergun equation when themassflux isconstant and gas
dengity iscaculated by the arithmetic average of inlet
and outlet pressure. For largeAP, loca pressuregradi-
ent should be used considered and loca density hasto
be used to determine Ergun constants. Hasseni et a2
experiment showed no influence of thegasdensity and
thetotal pressure on thetwo constants. Theterm on

APp
2

22| |52 | iscalledasthemodified

lefthendsice( 57

Gd,
uld-e)

is called modified Reynolds number Re, for flow in
packed bed. Experimentally the Ergun constants are

frictionfactor f, and theterm onright hand side
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obtained by fitting experiment datain bel ow equation:
f =k /Retk, (6)
Current experimental resultsfor water and air flow
in the packed bed are shownintermsof f and Rein
Figure 5. Since the lower water flow range was not
possible the K ozeny-Carman constant cannot be ob-

tained fromthisdata. The Burke-Plummer constant from
theFigures5is1.3.

100
_ < Air Flow
o [ | oWater Flow
10 "
< 1T I - I I
| < .
RS - i 1
| st |
. %%0
1 (6
10 100 Re 1000 10000

Figure5: Friction factor for singlephaseair and water flow
in packed bed

For small pressuredrop, error dueto the compress-
ibility of airisnegligible. With thefirst 5 points, thelin-
ear fitting with least square method shows that the
Blake-Kozeny constant is 309. The result show the
Burke-Plummer congtant for air flow is1.26. Thiscom-
pareswell with theresult of water flow test wherea
vaueof 1.3wasobtained for Burke-Plummer constant.
Thesetwo congantsaretypical incomparisonwith other
researchers’ value. For reference, good summary tables
of packed bed parameters can befound inthe paper of
Holub?,

Two-phaseflow

Two-phase concurrent down flow testswere car-
ried out for various air-water flow combinations. With
different combination of air-water flow thefollowing
flow regimeswereobtained: trickling, wavy, pulsing,
bubbly, and transitiona flow. A high speed video cam-
erawasused to takeimagesof theflow inthetest sec-
tion. Observation point is closeto impedance meter
#4. Three speedswere used: 500, 250, and 30 frames
per second (fps) depending on the phenomena. For
highly agitated flow 500 fpswas used. It should benoted

CHEMICAL TECHNOLOGY

that theseimages show flow between packingand wall,
not ins de packing. To get moreaccurateloca pictures
inside the packing, endoscope measurements are
planned. For the present analysis, the flow near wall
and flow inside packing are assumedto besmilar.

When theflow ratesare small, researchers have
described theflow asfilm or rivulet and named theflow
regimetrickling, channeled or low interaction. Inthis
flow some fraction of the packing surface remains
unwetted. Thevideo images showed that in thetrick-
ling flow regime, theflow on packing surfaceismore
likerivuletsthan smooth films. Thisiskey information
which should beaccounted in themodd ing of thetrick-
ling flow regime. Thefilm thickness probe measure-
ment will providefurther datato thisobservation. For
pulsing flow, water pulsesrun down aong test section.
The pulse gpeed can becd culated by dividing thetravel
distanceof pulseby thetimeinterval between pictures.
Theimpedance meter trans ent void measurement can
be used to confirm these measurements. Inbubbly flow,
From imagesit was observed that bubbleswere not
spherical shapein generd. Thebubbleswereoftendon-
gated. Bubbly flow regimesubdivided into bubbly flow
with slightly elongated bubbl es and dispersed bubbly
flow with highlyirregular bubblesin shapes. Thisbubble
deformation isvery important sincetheinterfacid area
for theirregular shape and e ongated bubblesislarger
compared to spherica bubbles. Henceinthemodding
of bubbly flow this should be accounted.

Two phaseflow pressuredrop

Pressuregradient asafunction of water volumetric
flux isshownfor different gasflow ratein Figure 6.
Dataof Drinkenburg® are d so shown for comparison.
The Drinkenburg dataare obtained from Raschigring
packingwith4mmx4mm sizeandincylindrical column
of diameter 5cmand porosity 0.6. The present datais
closeto dataof Drinkenburg.

In Figure 7., the two-phase pressure gradient is
shown asafunction of air volumetric flux for different
liquidflow rates.

Flow regimemap

Theflow regimesfor various combinationsof air-
water flow in the packed bed were based on direct
visua observationsand theimagesfrom the high speed
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Figure6: Two-phasepressuregradient vs. water volumetric
fluxdrinkenburg: RR 4X4M M D=0.05M water/air por osity
0.6; present: sphere6MM D=0.07M water/air porositY 0.38.

B0 T mmm e mm e mmm e mm e

DPI/L (Kpa/m)

Uy (mis)

Figure7: Two-phasepressuregradientsvs. air volumetric
flux

U, [m/s] o trickling
ALY i o oo o oo o o o o e o e e
o wavy
x 1 atransitional
i o x X X X XXXX § x ;
% 5 X ox ox X XXxX x %3 ;
5 o X ox X x %X x » x pulsing
3 o X X X X §§;§ X : 5o
¥ X
T mem oo 2 XTI o bubbly
o o o A X X XxXXX . ’
o o o 0 & XxxXX 5 1% x
- o O X XXXX
2 " o o % % g 2 i
g 8 8 X %
B oo A% 4 Fox X
0.1 & & 3 O oDOAXX % W
AT """~ "%" "¢ "F T TDTTRET ot
o o ¢ © ¢ o 004A x
o o ¢ ¢ ¢ moooo x X X
o @ ¢ ¢ © ¢oooo x X X
001 T !
0.001 0.01 U, [m/s] 01

Figure8: Flow regimemap for packed bed of diameter 0.07
and bed porosity 0.38, air-water concur rent downwar d flow,
spherical packing of diameter 6mm
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Figure9: Comparison of flow regimemap with dataof chou
(7), drinckenburg (9), sato (4,8) and char pentier (22).

video. Theresulting map isshownin Figure 8. Five
distinct flow regimeswereidentified: trickling, wavy,
transitiona, pulsing and bubbly. Thetransitiona flow
has not often been reported intheliterature. However
from the high speed video imagesit wasclear that the
trangtion betweenwavy andthepulsinginvolvesatran-
sitional flow where occasional pulsingisobserved at
lower part of the test section and thereiswavy flow
regimethroughout thetest section except thelower part.
InFigure9, the current flow regimemap iscompared
with thedataof Chou (7), Drinckuenburg (9), Sato (4,
8) and Charpentier (22). Thereisgenerdly good agree-
ment with flow regime observed between present work
and previousresearch works.

CONCLUSIONS

Experimentswere conducted in atricklebed reac-
tor for flow regime and pressure drop measurement
using air water flow. Inthe present research, fiveflow
regimesareobserved, steady laminar trickling flow re-
gimeinwhich no wave or ripple can be observed di-
rectly by visua observation, wavy flow regimeinclud-
ing ripplein part of test section, trangition flow regime
inwhich pulse happens partly and intermittently in the
lower portion of thetest section, pulsing flow regime
and bubbleflow regime. Spray flow regime was not
observed inthe present experiment.
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