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MEHUROVA U TROFAZNOM SISTEMU
INFLUENCE OF CHARACTERISTICS OF PARTICLES AND FLUID ON GAS-LIQUID OXYGEN
MASS TRANSFER AND BUBBLE DISTRIBUTION IN THREE-PHASE SYSTEM

1ZVOoD

U ovom radu je proucavana distribucija mehurova i zapreminski koeficijent prenosa mase, k a, u trofaznom sistemu, sa sferi¢nim
Cesticama od stakla i keramike i nesferi¢nim cesticama od keramike i zeolita. Eksperimenti su vrieni u cilindri¢noj koloni pre¢nika 64
mm i visine 2000 mm i 2D koloni dimenzija 278 x 20,4 X 500 mm. Brzine gasa su se kretale u intervalu 0,03-0,09 m/s, a brzine te¢nosti
0-0,1 m/s. Kao te¢na faza koris¢ena je cesmenska voda i rastvor amonijum hlorida razli¢itih koncentracija. Rezultati su pokazali da
prisustvo Cestica u sistemu uti¢e na povecanje zapreminskog koeficijenta prenosa mase, ali koliko ¢e biti to povecanje zavisi od
karakteristika samih cestica. Takode je pokazano da prisustvo rastvorenog amonijum hlorida u vodi znatno doprinosi smanjenju
vrednosti ka, u odnosu na vrednosti koje su dobijene u sistemu sa ¢istom vodom.

Kljuéne reci: zapreminski koeficijent prenosa mase, trofazni sistem, cestice od stakla, keramike i zeolita.

EXTRACT

This paper presents the study of bubble distribution and volumetric mass transfer coefficient, k a, in a three-phase system with sphe-
rical particles of glass and ceramic and non-spherical particles of ceramic and zeolite. Experiments were carried out in a cylindrical
column with 64 mm diameter and height of 2000 mm and 2D column (278 x 20.4 x 500 mm). Gas velocity varied in the range of 0.03
to 0.09 m/s and liquid velocity was 0-0.1 m/s. Tap water and ammonium chloride solution of different concentrations were used as
the liquid phase. Results showed that the presence of particles in the system increases volumetric coefficient of mass transfer, but it
depends on the characteristics of the particles. It was shown that the presence of dissolved ammonium chloride in water contributes
significantly to the reduction of the ka value, compared to values obtained in pure water system.

Key words: volumetric mass transfer coefficient; three-phase system; glass, ceramic and zeolite particles.

1. UVOD i1. INTRODUCTION
)

Trofazni sistemi, gas-te¢nost-Cestice, imaju siroku I Three-phase systems, gas-liquid-particle, are widely
primenu kod operacija multifaznog kontakta u he- | used in operations of multiphase contact in the che-
mijskoj, petrohemijskoj, biohemijskoj industriji i me- | mical, petrochemical, biochemical and metallurgical
talurgiji. Ovi sistemi se sve vise ispituju i koriste za | industry. These systems are increasingly investigated
mikrobioloske procese jer omogucavaju veliku spe- | and used for microbiological processes because they
cifi¢nu povrsinu za rast mikroorganizama kao i inte- § provide a large specific surface area for microbial
zivan prenos mase. Zbog svojih pogodnosti trofazni | growth and intensive mass transfer. Due to its conve-
sistemi se primenjuju i za aerobne i anaerobne pro- | nience three-phase systems are used for aerobic and
cese preci¢avanja otpadnih voda. Siroku primenu u | anaerobic wastewater treatment. Aerobic filtration
precis¢avanju komunalnih otpadnih voda ima aerob- § has wide application in the treatment of municipal
na filtracija, kod koje su akteri preciS¢avanja, mikroor- § wastewater, with microorganisms immobilized on
ganizmi imobilisani na inertnim nosacima. Medutim, g inert carriers. However, because of the possibility of
zbog mogucnosti primene Sirokog opsega razli¢itih ' application of a wide range of different inert carriers
inertnih nosaca i mogucnosti u kombinovanju geo- ' and opportunities in combining geometry and fluid
metrije i fluido-mehanike sistema, moze se dodi do  mechanics of the system, one can come up with dif-
razli¢itih izvedbi trofaznih sistema sa ciljem odvijanja , ferent versions of three-phase system with the aim of
sto efikasnijeg procesa u njemu. 0 designing process as efficient as possible.

Da bi se postigao cilj procesa precis¢avanja, mikroor- U In order to achieve the goal of treatment process it is
ganizmima, odgovornim za uklanjanje biorazgradivih ! necessary to provide the required operating conditi-
zagadujucih materija iz otpadne vode, je neophodno ! ons for micro-organisms responsible for the removal
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obezbediti potrebne radne uslove. Limitirajuci faktor
u podesavanju optimalnih uslova sredine za rast mi-
kroorganizama u aerobnim reaktorima je prenos ma-
se kiseonika kao posledica slabog rastvaranja kiseo-
nika u vodi i razli¢itim fermentacionim medijumima.
Efikasnost prenosa mase kiseonika iz gasne u te¢nu
fazu, se najbolje opisuje preko vrednosti zapremin-
skog koeficijenta prenosa mase, k a, [1-3].

Izvrsena ispitivanja trofaznih sistema sa pokretnim
slojem cestica, su pokazala da zapreminski koeficijent
prenosa mase kiseonika zavisi od distribucije i velici-
ne mehurova u sistemu [7] kao i da ponasanje mehu-
rova u sistemu, koje je uglavhom uslovljeno na¢inom
disperzije, ima direktan uticaj na prenos mase i hi-
drodinamiku sistema [8]. Na prenos mase kiseonika,
odnosno na distribuciju mehurova uticu distributor
gasa, protok gasa, protok te¢nosti, osobine tecnosti i
osobine razlicitih tipova ispune [4,6,9-16].

Pregledom literature, moze se uociti dosta suprostav-
lienih rezultata i razli¢itih tumacenja uticaja ispitiva-
nih parametara na prenos mase kiseonika u trofa-
znim sistemima. Zbog toga je nemoguce osloniti se
na postojece analize, pa je neophodno izvrsiti ekspe-
rimentalne provere za svaki ispitivani sistem sa ciljem
detaljnijeg utvrdivanja interakcija Cestica i mehurova
vazduha u trofaznom sistemu.

Osnovni cilj ovog rada je ispitivanje mogucnosti pri-
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of biodegradable pollutants from wastewater. Limi-
ting factor in setting the optimum operational condi-
tions for the growth of microorganisms in the aerobic
reactor is oxygen mass transfer as a result of low ox-
ygen dissolution in water and various fermentation
media. Efficiency of gas-liquid oxygen mass transfer
is best described through the values of volumetric
mass transfer coefficient k a, [1-3].

Observed three-phase system with a movable layer
of particles, showed that volumetric mass transfer co-
efficient of oxygen depends on the distribution and
size of bubbles in the system [7], as well as the beha-
vior of bubbles in the system, which is mainly condi-
tioned by the dispersion, has a direct impact on the
mass transfer and the hydrodynamics of the system
[8]. Oxygen mass transfer and the distribution of bub-
bles are affected by gas distributor, gas flow, liquid
flow, fluid properties and characteristics of different
types of beds [4,6,9-16].

Reviewing the literature, it can be seen a lot of con-
flicting results and different interpretations of the
examined parameters on oxygen mass transfer in
three-phase systems. Therefore, it is impossible to
rely on existing analysis, so it is necessary to carry
out experimental testing of each test system with the
aim of determining the detailed interactions of par-
ticles and air bubbles in three-phase system.

Main objective of this paper is to examine
. the application possibilities of three-phase

systems for nitrification, as a first degree in
the process of removing nitrogen compo-
unds from wastewater. Therefore, it is ne-
cessary to understand the effect of fluid-
mechanical characteristics of the oxygen
mass transfer in these systems, especially
the impact of different types of particles
and the chemical composition of water on
the oxygen mass transfer efficiency, i.e. the
value of the volumetric mass transfer coef-
ficient, and, k a.

Limiting parameter of the nitrification pro-

Slika 1. Seme eksperimentalnih aparatura: a)
Cilindri¢cna 3D kolona; b) 2D kolona.
1.kolona, 2.nasuti sloj Cestica, 3.raspodelji-
vac, 4.prelivnik, 5.rezervoar za vodu, 6.pum-
pa, 7.elektromagnetni merac protoka vode,
8.ventil, 9.komprimovani vazduh, 10.rotame-
tar, 11.ventil, 12.injektor vazduha, 13.oksimetar,
14.kamera.

Figure 1 Scheme of the experimental appara-
tus: a) 3D cylindrical column b) 2D column.
1. column, 2. Fluidized bed, 3. distributor, 4.
spillway, 5. water tank, 6. pump, 7. electro-
magnetic flow meter, 8. valve, 9. compressed
air, 10. rotameter, 11. valve, 12. air injector, 13.
oximeter, 14. camera.
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Tabela 1. Karakteristike cestica.
Table 1 Particle characteristics

Tip cestice / Type of particles | Precnik/Diameter, mm | Gustina/Density, kg/m3 Izg;::iticcelztslca
Sferi¢ne staklene Cestice 3 2500
Spherical glass particles
Sferi¢ne staklene Cestice 6 2500
Spherical glass particles >

Sferi¢ne keramicke cestice 6 231
Spherical ceramic particles
Keramicke perle 2500
Ceramic beads 6,5
Zeolit <6 101
Zeolite 15

mene trofaznih sistema za nitrifikaciju, kao prvog
stepena u procesu uklanjanja azotnih jedinjenja iz
otpadne vode. Stoga je potrebno poznavati uticaj
fluido-mehanickih karakteristika na prenos mase ki-
seonika u ovim sistemima, a pre svega uticaj razlicitih
tipova Cestica i hemijskog sastava vode na efikasnost
prenosa mase kiseonika, odnosno na vrednost zapre-
minskog koeficijenta prenosa mase, k a.

Limitirajuc¢i parametar procesa nitrifikacije je koncen-
tracija rastvorenog kiseonika, odnosno prenos mase
kiseonika na koga najveci uticaj imaju karakteristike
¢vrste faze. Pravilnim odabirom ¢vrste faze, odnosno
inertih nosaca za nitrifikacione bakterije, aktere nitri-
fikacionog procesa, moze se uticati na povecanje efi-
kasnosti procesa uklanjanja azota iz otpadnih voda,
sto i jeste konacni cilj ovih istrazivanja.

2. EKSPERIMENTALNIDEO

Za eksperimentalna ispitivanja su se koristile dve ko-
lone od pleksiglasa. Jedna kolona je bila 3D, visine
2000 mm i pre¢nika 64 mm, a druga kolona je bila 2D,
dimenzija 278 x 20,4 i visine 500 mm. eksperimental-
ni sistem je prikazan na slici 1.

Na dno kolone uvodeni su vazduh i voda. Kod obe

cess is the concentration of dissolved oxygen and ox-
ygen mass transfer, which are mostly affected by the
characteristics of the solid phase. Proper selection of
the solid phase or inert carrier of nitrification bacteria
can cause an increase in the effectiveness of nitrogen
removal from wastewater, which is the ultimate goal
of this research.

2. EXPERIMENTAL PART

Two columns of Plexiglas were used for the experi-
mental study. One column was 3D, height 2000 mm
and a diameter of 64 mm, and the second column
was 2D, with dimension of 278 x 20.4 mm and height
of soomm. Experimental system is shown in Figure 1.

Air and water were injected at the bottom of the co-
lumn. In both columns common distributor of air and
water was a packed layer of glass spherical particles
with 4 mm diameter. Air velocity through the column
ranged from 0.03 to 0.09 m/s, and the air flow was mea-
sured by rotameter. Water flow was measured by elec-
tromagnetic meter and the water velocity through the
column ranged from o to 0.09 m/s. Glass, ceramics and
zeolite particles were used, and their characteristics
are shown in Table 1. Height of examined fluidized bed
of particles amounted 10, 20, 30 and 40 cm.
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kolone zaednicki distributor za vazduh i vodu je
predstavljao pakovani sloj staklenih sferi¢nih cestica
precnika 4 mm. Brzina vazduha kroz kolonu se kretala
od 0,03 do 0,09 m/s, a protok vazduha je meren rota-
metrom. Protok vode je meren pomocu elektroma-
gnetnog meraca, a brzina vode kroz kolonu se kretala
u intervalu od o do 0,09 m/s. Kao ispuna koristile su
se Cestice stakla, keramike i zeolita, a njihove karakte-
ristike su prikazane u tabeli 1. Visina pakovanog sloja
Cestica u koloni, pri kojima su vrsena ispitivanja su
iznosila 10, 20, 30 i 40 cm.

Ispitivanja prenosa mase kiseonika su radena sa ce-
smenskom vodom, na sobnoj temperaturi, iz koje je
pomocu natrijum sulfita prethodno uklanjan rastvo-
ren kiseonik do koncentracija ispod 1 mg/l. Nakon
uklanjanja kiseonika, u vodu je uvoden vazduh a pro-
mena koncentracije rastvorenog kiseonika u koloni
sa vremenom merena je pomocu oksimetra, WTW
Oxi 340i. Uvodenje vazduha je vrieno do postizanja
najmanje 90% koncentracije zasi¢enja. Pod pret-
postavkom da je u kolonama uspostavljeno idealno
mesanje, za izracunavanje zapreminskog koeficijenta
prenosa mase koris¢ena je jednacina 1:

()

Takode u eksperimentu je pracena distribucija i velici-
na mehurova pomocu analize slika. Na poledinu ko-
lona je bio zalepljen paus papir, na koji je usmeren re-
flektor, $to je omogucilo jasnije uocavanje mehurova,
a potom su prec¢nici mehurova na slikama odredivani
pomocu programa ,Sigma Scan”.

dl

Eksperimenti su vrseni i sa vodom u koju je dodavan
amonijum hlorid, koji u ovom slucaju simulira azotno
zagadenje prisutno u otpadnim vodama, kako bi se
ispitale i karakteristike te¢nog medijuma na formira-
nje mehurova, odnosno prenos mase kiseonika u tro-
faznim sistemima.

0,2
3. REZULTATI I DISKUSLJA

0,16 -
Uticaj brzine gasana k a - 0,12

9,
Uvodenjem vazduha u kolonu, bez protoka ~ %9
tecnosti (U =0), zapaza se da sa povecanjem
protoka gasa raste i zapreminski koeficijent 0,04
prenosa mase, slika 2.
0

Ovo se moze pripisati povecanju obe veli¢ine,

specifi¢cne povrsine a i koeficijenta prenosa ma-
se k_povecanjem protoka gasa. Velika brzina

Examinations of oxygen mass transfer were made
with tap water, at room temperature, which was pre-
viously treated by sodium sulfite in order to remove
dissolved oxygen to concentrations below 1 mg/I. Af-
ter removing the oxygen, air was injected and a chan-
ge of dissolved oxygen concentration in the column
with time was measured using the oximeter, WTW
Oxi 340i. Air injection was conducted to achieve at le-
ast 90% saturation. Assuming ideal mixing, equation
1was used to calculate the volumetric mass transfer
coefficient:

dc

Frge k,a(C*—C,)

()
Experiment also included the monitoring of bubble
distribution and size using image analysis. On the
back of the column was taped tracing paper, which
focuses on the projector, allowing clear identification
of a bubble, and then the diameters of bubbles in
the pictures were determined using Sigma Scan pro-
gram.

Experiments were carried out with water to which
was added ammonium chloride, which in this case si-
mulates nitrogen pollution present in wastewater, in
order to examine the characteristics of the liquid me-
dium and the formation of bubbles and oxygen mass
transfer in three-phase systems.

3. RESULTS AND DISCUSSION

Influence of gas velocity onk a

Injecting air into the column without liquid flow
(U,=0), it can be noted that the volumetric mass tran-
sfer coefficient increases with the gas flow, Figure 2.

¢ dp=6 mm, staklene sfere

0,04 0,06 0,08

U, m/fs

0 0,02 01

gasa, odnosno njegov fluks (m*/s*m?), utice Nasjixq ». Uticaj brzine gasa na zapreminski koeficijent prenosa mase u

povecanje ,hold-up”-a gasa u sistemu, odno-
sno zapreminu zadrzanog gasa u sistemu koja

sistemu sa staklenim sferama precnika 6 mm,
(Ul=o m/s, Hs/oja:3o cm)

ima veliki uticaj na vrednost k a jer je sa pove-Figure 2 Influence of gas velocity on the volumetric mass transfer co-

¢anjem zapremine zadrzanog gasa omoguce-
no da veca kolic¢ina kiseonika prede iz gasne u
te¢nu fazu. Takode, velika brzina gasa utice na

efficient in the system with glass spheres of 6 mm diameter

(Ul=om/s,H__=30cm)

layar
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smanjenje prec¢nika mehura, sto dovodi do poveca-
nja medufazne povrsine, a time i do boljeg prenosa
mase, [9]. Da povecanje brzine gasa uti¢e na pove-
¢anje ,hold-up”-a gasa i ka potvrdeno je i od stra-
ne drugih istrazivaca koji su ispitivali i druge tipove
Cestica [4,6,9,16,17,18].

Porast brzine gasa u trofaznom sistemu dovodi do
drobljenja mehurova i smanjenja njihovog precnika,
pa iako bi se oc¢ekivao suprotan efekat, da sa smanje-
njem pre¢nika mehura njegova brzina dizanja opada,
usled povecanja turbulencije dolazi do povecanja
brzine dizanja mehura u koloni, a time i povecanja
turbulencije te¢nosti oko mehurova. U tom slucaju
otpor prenosu mase od strane filma te¢nosti opada,
sto utice na povecanje vrednosti koeficijenta preno-
sa mase, k, a 5to je i eksperimentalno potvrdeno u
rezultatima [9].

Uticaj brzine tecnostina k a

Uvodenjem tecnosti u sistem dolazi do povecanja
turbulencije u njemu, koja doprinosi da film te¢no-
sti postane tanji a otpor prenosu kiseonika maniji,
$to utice na povecanje koeficijenta prenosa mase od
strane tecnosti k . Na slici 3. je prikazan uticaj brzine
tecnosti na zapreminski koeficijent prenosa mase.

Povecanje brzine proticanja tecnosti u koloni, odno-
sto povecanje turbulencije, takode doprinosi cepanju
mehurova i smanjivanju njihovog precnika sto dopri-
nosi povecanju specificne povrsine za prenos mase
kiseonika iz gasne u te¢nu fazu. U cilju odredivanja
dimenzija mehorova, pra¢ena je promena u broju i
veli¢ini mehurova u 2D koloni (sl. 1b), snimanjem po-

0,3

This can be attributed to the increase in specific surfa-
ce area a and mass transfer coefficient k with increa-
sing gas flow. High gas velocity and its flux (m3/s-m2),
increases the gas “hold-up” in the system, i.e. the vo-
lume of gas retained in the system, which has a ma-
jor impact on the value of ka, because the increase
of retained gas volume enables the greater oxygen
transfer from the gas to the liquid phase. Also, high
gas velocity impacts on reducing gas bubble diame-
ter, which leads to greater interfacial area, and hence
to better mass transfer [9]. Increase of the gas velo-
city impacts the greater gas “hold-up” and ka, was
confirmed by other researchers who have examined
other types of particles [4,6,9,16,17,18].

Increase in gas velocity in three-phase system leads
to crushing bubbles and reduction of their diameter,
and although we expected the opposite effect that
with a reduction in the diameter of the bubble its
speed decreases, due to the increased turbulence it
leads to an increase in the ascending velocity of the
bubble in the column, and thus increases the turbu-
lence around the bubbles. In this case, the resistance
to mass transfer of the liquid decreases, which incre-
ases the mass transfer coefficient, k, which was expe-
rimentally confirmed by the results [9].

Influence of liquid velocity on k a

Injection of liquid into the system leads to an increase
of turbulence in it, which contributes to the thinner
liquid film and less oxygen transfer resistance, which
increases the mass transfer coefficient of the liquid k .
Figure 3 shows the effect of liquid velocity on the vo-
lumetric mass transfer coefficient.

Increasing liquid flow in

0,25 | ®dp=6mm, keramicke sfere

Ug=0,07 m/s

the column, i.e. the increa-
sing turbulence, also con-
tributes to fragmentation
of bubbles and reduction
of their diameter, which
contributes to the increa-
se of specific surface area
o for mass transfer of oxygen
from the gas to the liquid
phase. In order to determi-
ne the bubble size, chan-
ges in the number and size
of bubbles in a 2D column

0 I I I
0 0,02 0,04

U, m/s

0,06

. (Fig. 1b) were monitored
0,08 0,1 by recording camera, after
which the resulting images

were scanned and anal-

yzed using “SigmaScan”

Slika 3. Uticaj brzine te¢nosti na zapreminski koeficijent prenosa mase u sistemu sa kerami-software package for ima-

¢kim sferama pre¢nika 6 mm, (Ug=o,07 m/s, H,, =40 cm)

ge analysis. Figure 4 shows

Figure 3 Influence of the liquid on the volumetric mass transfer coefficient in the system of the dependence of the dia-

ceramic spheres with a 6 mm diameter (Ug=0,07 m/s, H

meter of the bubble and li-
quid velocity under certain
operating conditions.

=40cm)

layar
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Higher value of liquid velocity

b contributes to the formation

5:2 T + Ug=0,01 m/s of a large number of more

£ i K uniformed bubbles (homoge-

£ 45 RUg=D02 s neous bubble flow regin?e),

g 4 4 Ug=0,04m/s while at lower values of liqu-

235 » Ug=0,05m/s id velocity their coalescence

Q3 - is emphasized, which leads

E 2,5 to the formation of heteroge-

— neous bubble flow regime, as
’§ 15 | shown in Figure 5.

o 1 - .

Results of performed experi-

0,5 1 ments, as shown in Figure 6,

0 ' ' ' ' show synergistic effect of air

0 0,02 0,04 0,06 0,08 0,1 and water flow on oxygen

U, m/s mass transfer. Figure shows
that the value of the volume

Slika 4. Uticaj brzine tecnosti na precnik mehura, pri konstantnim brzinama gasa u coefficient increases with gre-

sistemu sa staklenim kuglicama prec¢nika 6 mm. ater velocity of both fluids.
Figure 4 Influence of the liquid on the bubble diameter, at constant gas speed in
the system with glass beads with a 6 mm diameter.

Influence of par-
ticles characte-
ristics on kLa

In two-phase
systems in the ab-
sence of particles,
the better mass
transfer of oxygen
is achieved at low

Slika 5. Veli¢ina mehurova u koloni sa kerami¢kim ¢esticama od 6 mm pri istoj brzini gasa 935 velocities,
a pri razli¢itim brzinama te¢nosti od a) 0,02 i b) 0,1m/s. when the so-cal-

Figure 5 Bubbles size in the column with ceramic particles of 6 mm diameter at the same gas led homogeneous
velocity and different liquid velocities of a) 0.02 b) 0.1 m/s. bubble flow regi-

me is formed, whi-

0,2 le at higher speeds there is co-
alescence, the merger of smal-
+ UL=0,09m/s ler into larger bubbles, [7]. This
® UL=0,06 m/s was confirmed by the results
of our experiments performed
- 012 - @ UL=0,03 m/s on two-phase system, witho-
J':_ = UL=0 - ut the presence of particles,
@ shown in Figure 7. It shows
= that with the increase of gas
flow, the value of volumetric
mass transfer coefficient in-
creases to the certain value of
gas flow, after which there is
0 ; ; . ; a decline in its value. Reason
0 0,02 0,04 0,06 0,08 0,1 is related to the formation of
coalescence bubbles, which

Ug m/s reduces the interfacial area for

) S o o - ~ transfer, at high gas flow rates.
Slika 6. Uticaj brzine gasa i teCnosti na zapreminski koeficijent prenosa mase u si-

stemu sa staklenim sferama dp=6 mm However, a large amount of air
Figure 6 Influence of the gas and the liquid velocity on volumetric mass transfer g necessary in aerobic micro-

coefficient in the system with glass spheres dp=6 mm bial processes due to the pro-

0,16 -
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mocu kamere, nakon ¢ega

su dobijene slike skeniranei
analizirane u u softverskom
paketu za analizu slika ,Si-
gmaScan”. Na slici 4 prika-
zana je zavisnost precnika
mehura od brzine protica-
nja te¢nosti pri odredenim
operativnim uslovima.

Veca vrednost brzine te¢-
nosti doprinosi formiranju
veceg broja uniformnijih
mehurova (homogen rezim
strujanja mehurova), dok je
pri manjim vrednostima

0 .
0,02

brzine tecnosti izrazenije
njihovo srastanje, pa dolazi 0
do formiranja heterogenog
rezima proticanja mehuro-
va, $to se vidi na slici 5.

Rezultati izvrsenih eksperi-
menata, prikazanih na slici
6, pokazuju sinergetsko
delovanje protoka vazduha
i vode na prenos mase kise-
onika. Sa slike se vidi da sa povecanjem brzine proti-
canja oba fluida, vrednost zapreminskog koeficijenta
raste.

Uticaj karakteristika cesticana k a

U dvofaznim sistemima bez prisustva Cestica, bolji
prenos mase kiseonika, se postize pri nizim brzinama
gasa, kada se obrazuje tzv. homogeni rezim protoka
mehura, dok pri ve¢im brzinama dolazi do koalescen-
cije, spajanja sitnijih u krupnije mehurove, [7]. Ovo
su potvrdili i rezultati nasih eksperimenata vrsenih u
dvofaznom sistemu, bez prisustva cestica, prikazani
na slici 7., gde se vidi da sa povec¢anjem protoka gasa,
vrednost zapreminskog koeficijenta prenosa mase
raste do odredenje vrednosti protoka gasa, nakon
koje dolazi do opadanja njegove vrednosti. Razlog je
u formiranju povezanih koalescentnih mehurova, koji
doprinose smanjenju medufazne povrsine za prenos,
pri velikim protocima gasa.

Medutim velika koli¢ina vazduha je neophodna u
aerobnim mikrobioloskim procesima zbog presudne
uloge rastvorenog kiseonika na efikasnost odvijanja
procesa. Istrazivanja su pokazala, da odgovarajuca
prisutna ¢vrsta faza u sistemu ima mogucénost da pri
visokim protocima gasa utic¢e na formiranje homoge-
nog rezima mehurova. Na osnovu ovoga je istaknuto
da vaznu ulogu na formiranje mehurova imaju oso-
bine Cestica koje ¢ine ispunu. Uticaj osobina cestica
potrebno je detaljno ispitati jer, pri odredenim uslo-
vima, ¢estice mogu da suzbiju koalescenciju, ali isto
tako, u drugom slucaju, mogu i da je pospese.

0,04 0,06 0,08 0,1
U, m/s

0,12

Slika 7. Dvofazni sistem. Uticaj brzine gasa na zapreminski koeficijent prenosa mase

(U=0)

Figure 7 Two-phase system. Influence of gas velocity on the volumetric mass transfer

coefficient (U,=0)

minent role of dissolved oxygen on the process ef-
ficiency. Studies have shown that the corresponding
solid phases present in the system has the ability to
influence the formation of homogeneous bubble re-
gime at high gas flows. Based on this, it was pointed
out that the characteristics of the particles have an
important role in the formation of bubbles. It is ne-
cessary to examine in detail the influence of particles
because, under certain conditions, particles can sup-
press coalescence, but also in other, they can enhan-
ce it.

Diameter of the particle affects the efficiency of ox-
ygen mass transfer in the system. With increasing par-
ticle diameter increases the amount of gas retained in
the column, which is consistent with published resul-
ts [6,10,19,20]. Fine particles are increasing coalescen-
ce, compared to systems with larger particles. At the
same level of the fluidized bed and the same values
of fluid flow, with smaller particles increased pressu-
re drop causes the compression of air in the bottom
layer, which causes the coalescence of bubbles and
thus the air “by-pass” through the layer. Large bub-
bles have a lower specific surface area, greater ascen-
ding velocity and the shorter retention time, which
leads to reduced mass transfer. Increasing diameter
of the particles forces improved tearing of bubbles,
which leads to an increase in the gas content in the
column as well as an increase in the value of volume-
tric mass transfer coefficient, k a, [6,11,12]. Influence of
particle diameter on volumetric mass transfer coeffi-
cient in the system with glass spheres of 3 mm and 6
mm diameter, without fluid flow is shown in Figure 8.
Same results were obtained in a system where there
was a constant liquid flow.

Another important feature of a particle that affects the
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koja utice na efikasnost
prenosa mase kiseonika
u sistemu je njihov prec-
nik. Sa porastom precnika
Cestica raste koli¢ina zadr-
Zzanog gasa u koloni, sto
je u skladu sa literaturnim
rezultatima [6,10,19, 20]
. Sitne Cestice uti¢u na po-
vecanje koalescencije, u
odnosu na sisteme sa kru-
pnijim Cesticama. Pri istoj
visini nasutog sloja i istim
vrednostima protoka flui-
da, kod sitnijih Cestica po-

0,05 -

¢dp=3mm

mdp=6mm

U,=0m/s

T o o ——¢

vecani pad pritiska uslov- 0
liava kompresiju vazduha 0
na dnu sloja, $to izaziva
srastanje mehurova, a time
i ,by pass” vazduha kroz
nasut sloj. Veliki mehurovi
imaju manju specifi¢cnu po-
vrsinu, vece brzine dizanja
kroz kolonu i krace vreme
zadrzavanja, sto dovodi do
smanjenog prenosa mase.

0,02

0,3

Slika 8. Uticaj precnika staklenih cestica na k i
Figure 8 Influence of the glass particle diameter on the k a depending on U, (JL:o m/s,
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a u zavishostiod U ,U =om/s, H

L L La 9230 cm

HLayer:3o cm.

Povecanje prec¢nika cesti-
ca uti¢e na bolje cepanje
muhurova, sto dovodi do
povecanja sadrzaja gasa u
koloni kao i do povecanja
vrednosti  zapreminskog
koeficiienta prenosa ma-
se, k;a, [6,11,12]. Uticaj
prec¢nika cestica na zapre-
minski koeficijent prenosa
mase u sistemu sa stakle-
nim sferama prec¢nika 3 i
6 mm, bez proticanja tec-

0,25 -

m keramicke sfere, d, = 6 mm,p = 2311 kg/m?

# staklene sfere, d, = 6 mm,p = 2500 kg/m>

U, =0,06m/s

nosti, prikazan je na slici 8. 0
Isti rezultati su dobijeni i u 0
sistemu kada je postojao

protok te¢nosti.

Druga bitna osobina cesti-
ca koja utice na efikasnost
prenosa mase kisenika je
gustina cestica. Rezultati eksperimentalnih ispitiva-
nja, prikazani na slici 9, pokazuju da su vrednosti za-
preminskog koeficijenta prenosa mase vece u siste-
mu sa keramickim sferama pre¢nika 6 mm i gustine
2311 kg/m%2311 kg/m* od vrednosti dobijenih u
sistemu sa staklenim sferama istog precnika, 6 mm
a gustine 2500 kg/m?2500 kg/m?, pod istim opera-
tivnim uslovima. Ovako mala razlika u gustinama ce-
stica dovela je do znacajne razlike u vrednostma k  a
k.@ u ova dva ispitivana sistema. Freitas i Teixeira
[13] koii su ispitivali ¢estice pre¢nika 2,1 mm, gustine
1023 i 1048 kg/m*1048 kg/m?, dosli su do istog za-
kljucka, da mala razlika u gustini Cestica ima uticaj na
vrednosti zapreminskog koeficijenta prenosa mase.

0,02

0,04 0,06 0,08

U, m/s

0,1

Slika 9. Uticaj gustine Cestice na zapreminski koeficijent prenosa mase.
Figure 9 Influence of particle density on the volumetric mass transfer coefficient

efficiency of oxygen mass transfer is the density of par-
ticles. Obtained experimental results, shown in Figu-
re 9, show greater values of volumetric mass transfer
coefficient in the system with ceramic spheres with a
diameter of 6 mm and a density of 2311 kg/m3, from
the values obtained in the system with glass spheres
of the same diameter, 6 mm and density of 2500 kg/
m3, under the same operating conditions. Such a small
difference in particle densities led to significant diffe-
rences in k, g values in the two examined systems.
Freitas and Teixeira [13] who investigated the particle
diameter of 2.1 mm and density of 1023 and 1048 kg/
m3, came to the same conclusion, that the small diffe-
rences in the density of the particles affects the values
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of volumetric mass transfer
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Besides the diameter and
density of the particles,
the size and distribution
of bubbles in the system is
affected by the amount of
particles, or the height of
packed layer in the column.
Results shown in Figure 10,
show that the mass transfer
coefficient increases with
increasing height of the
layer. This occurs becau-

0,06
Ug, m/s

se bubble moving upward
from its “source” through
the column faces more ba-
rriers or particles that affect

0,1 0,12

Slika 10. Uticaj visine pakovanog sloja ¢estica na zapreminski koeficijent prenosa masethe shape and dimensions.

U, =0

Figure 10 Influence of fluidized bed height of particles on the volumetric mass transfer

coefficient (U, = 0

Pored prec- 03

This study, beside the exa-
mination of the influence of
spherical particles of glass
and ceramic on the forma-
tion of bubbles and their
distribution,

nika i gusti- . included the
ne Cestica, © keramicke sfere dp=6mm U, =0,03m/s examination
na veli¢inu i 0,25 - of non-sphe-
distribuciju m keramicke perle dp=6,5 mm rical  partic-
mehura u si- 0,2 - les, ceramic
stemu uti¢e i =, 4 staklene sfere dp=6 mm beads and
koli¢ina cesti- . g 15 zeolite (Tab-
ca u sistemu, _f:—- # zeolit dp>6 mm _ le 1). The-
odnosno  vi- - = se  systems
sina pakova- ! Ibez Cestica = showed un-
nog sloja ce- redictable
stiga u kJoIoni. 0,05 - e g . i Eehavior of
Rezultati pri- B— - - particles. De-
kazani na slici 0 . . . . pending on
10, pokazuju 0 0,02 0,04 0,06 0,08 0,1 the flow valu-
da vrednost es non-sphe-
koeficijen- Uy, m/s rical particles
ta  prenosa were able to
mase  raste Slika 11. Poredenje uticaja ispitivanih Cestica na vrednost zapreminskog koeficijenta form a non-
sa porastom prenosa mase, pri odredenim operativnim uslovima. uniform pac-
visine sloja. Figure 11 Comparison of the influence of examined particles on the value of volume- ked bed that
Razlog je sto tric mass transfer coefficient, under certain operating conditions. allows fluid
mehur  od to flow in a

svog ,izvora” krecuci se navise kroz kolonu, sa po-
vecanjem visine sloja Cestica, nailazi na sve vise pre-
preka, odnosno cestica koje uticu na njegov oblik i
dimenzije.

U eksperimentima pored ispitivanja uticaja sferi¢nih
Cestica stakla i keramike na formiranje mehurova i nji-
hovu distribuciju, ispitivale su se i ¢estice nesferi¢cnog
oblika, keramicke perle i zeolit, (tabela 1). U ovakvim
sistemima uocena su nepredvidiva ponasanja pako-
vanog sloja Cestica. U zavisnosti od vrednosti proto-
ka fluida nesferi¢ne cestice su imale mogucénost da

stream. On the other hand, the results show that un-
der certain operating conditions better values of vo-
lumetric coefficient of mass transfer in the system are
achieved with ceramic beads than in a system with
spherical glass particles.

Figure 11 shows that the lowest values of volumetric
mass transfer coefficient are obtained in the system
with zeolite. This can be attributed to the polydisper-
sity of zeolite particles and their non-uniform shape,
which lead them to orient particles in a fluid to provi-
de minimum resistance to its flowing. In this flow re-
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formiraju neuniforman pa-

kovan sloj koji omogucava
fluidima da protic¢u u obliku
mlazeva. Sa druge strane,
rezultati pokazuju da se
pod odredenim operativ-
nim uslovima ostvaruje bo-
lia vrednost zapreminskog
koeficijenta prenosa mase
u sistemu sa keramickim
perlama nego u sistemu sa
staklenim sferi¢nim cesti-
cama.

NH,CI

Sa slike 11. se vidi da su naj- 0

| —e—¢istavoda

——50mg/L

—=— 200 mg/L
— 500 mg/L

H=40 cm
dp= 6 mm staklene sfere

nize vrednosti zapremin- 0
skog koeficijenta prenosa
mase dobijene u sistemu sa
zeolitom. Ovo se moze pri-
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U, m/s

0,08 0,1

pisati polidisperznosti &e- Slika 12. Uticaj rastvorenog amonijum hlorida na vrednost zapreminskiog koeficijenta

stica zeolita kao i njihovom

prenosa mase u trofaznom sistemu, sa staklenim cesticama precnika 6 mm.

neuniformnom obliku, koji Figure 12 Influence of dissolved ammonium chloride on the value of volumetric mass

dovode do toga da se Cesti-
ce orjentisu u fluidu tako da
pruzaju najmanji otpor njegovom proticanju. Pri ova-
kvom reZimu proticanja mehurovi se slabije drobe,
sto kao posledicu ima losiji prenos mase kiseonika iz
gasne u te¢nu fazu.

Uticaj karakteristika te¢nosti nak a

Poznato je da prisustvo rastvorenih i suspendovanih
materija u vodi negativno utice na koncentraciju ra-
stvorenog kiseonika u njoj, a izrazajnost ovog nega-
tivnog efekekta zavisi od sastava i koncentracija pri-
sutnih materija u vodi.

Da bi se simuliralo amonija¢no zagadenje u otpadnim
vodama, u nasim eksperimentima je u cesmensku
vodu dodavan amonijum hlorid. Uticaj rastvorenog
amonijum hlorida u vodi na vrednost zapreminskog
koeficijenta prenosa mase, prikazan je na slici 12, sa
koje se vidi da vrednosti k a znacajno opadaju u pri-
sustvu rastvorenog amonijum hlorida, u odnosu na
vrednosti dobijene za cistu vodu, a da sa porastom
koncentracije NH, Cl on neznatno nastavlja da opada.

Pored uticaja karakteristika ¢vrste faze, potrebno je
poznavati i druge karakteristike te¢ne faze, poput
povrsinskog napona i viskoziteta koje takode znacaj-
no uticu na prenos mase kiseonika u trofaznom siste-
mu, pa je za svaki konkretan slucaj potrebno uraditi
nova istrazivanja.

4. ZAKLJUCAK

U ovom radu je ispitivan uticaj karakteristika razlicitih
tipova cestica na distribuciju mehurova i zapremin-
ski koeficijent prenosa mase u trofaznom sistemu.
Takode su se poredile vrednosti zapreminskog koefi-

transfer coefficient in three-phase system, with glass particles of 6 mm diameter.

gime, bubbles are less crushed, which has the effect
of reduced mass transfer of oxygen from the gas to
the liquid phase.

Influence of liquid characteristicson k a

It is known that the presence of dissolved and su-
spended solids in the water affects the concentration
of dissolved oxygen in it, and expression of this nega-
tive effect depends on the composition and concen-
tration of substances present in the water.

In order to simulate ammonia pollution in wastewa-
ter, in our experiments ammonium chloride was ad-
ded into tap water. Influence of dissolved ammonium
chloride on the value of the volumetric mass transfer
coefficient is shown in Figure 12, and it can be con-
cluded that the k a values have a significant decrea-
se in the presence of dissolved ammonium chloride,
compared to the values obtained for pure water, and
that it continues to decline slightly with the increase
of NH,Cl concentration.

Besides the impact of the solid phase characteristics,
it is necessary to know the other characteristics of
the liquid phase, such as surface tension and visco-
sity, which also significantly affect the oxygen mass
transfer in three-phase system, and each individual
case demands new research.

4. CONCLUSION

This paper presents the effect of the characteristics of
different types of particles on the bubble distribution
and volumetric mass transfer coefficient in three-
phase system. It compared the values of volumetric
mass transfer coefficient obtained in the three-phase
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cijenta prenosa mase dobijene u trofaznom sistemu
sa ¢istom vodom i u sistemu sa rastvorom amonijum
hlorida razlicitih koncentracija.

Pokazano je da prisustvo ¢vrste faze u sistemu do-
prinosi znatnom povecanju vrednosti zapreminskog
koeficijenta prenosa mase u odnosu na vrednosti ko-
eficijenta koje su dobijene u dvofaznom sistemu. Ko-
liko ¢e ono biti zavisi od karakteristika samih cestica,
precnika, gustine, oblika i njihove koli¢ine u sistemu.
Sa povecanjem precnika Cestice raste i zapreminski
koeficijent prenosa mase. Poredenjem cestica istog
pre¢nika uoceno je da i malo smanjenje u gustini
Cestice utice na povecanje k a. Na prenos mase kise-
onika utice i ponasanje pakovanog sloja nesferi¢nih
Cestica koje je u direktnoj vezi sa oblikom cestica i
rezimom strujanja fluida. Zbog nepredvidivog naci-
na pakovanja, nesferi¢ne Cestice mogu da uticu na
poboljsanje prenosa mase kiseonika ali i na njegovo
smanjenje u trofaznom sistemu. Povecanje brzine
vazduha i te¢nosti doprinose povecanju prenosa ma-
se kiseonika iz gasovite u te¢nu fazu. Pokazano je i da
pored karakteristika Cestica na vrednost zapremin-
skog koeficijenta prenosa mase znacajno uticu i ka-
rakteristike te¢ne faze. Znacajno smanjenje vrednosti
zapreminskog koeficijenta prenosa mase je dobijeno
su sistemu sa rastvorom amonijum hlorida u odnosu
na vrednosti dobijene u sistemu sa ¢istom vodom.

Dobijeni rezultati predstavljaju osnov za dalja istra-
Zivanja procesa nitrifikacije u trofaznim disperznim
sistemima i razvoja novog tipa reaktora za precisca-
vanje otpadnih voda.
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system with clean water and the system with a soluti-
on of ammonium chloride of various concentrations.

It has been shown that the presence of the solid phase
in the system contributes to a significant increase in the
value of volumetric mass transfer coefficient compared
to the values of the coefficient obtained in the two-pha-
se system. Amount of increase depend on the characte-
ristics of the particles diameter, density, shape and their
quantity in the system. Increase in diameter of the par-
ticles increases the volumetric mass transfer coefficient.
Comparing the same particle diameter showed that a
small reduction in the density of particles increases the
k a. Oxygen mass transfer is affected by the behavior of
packed layer of non-spherical particles which is directly
related to the shape of the particles and fluid flow regi-
me. Due to the unpredictable behavior of non-spherical
particles they can affect the improvement of the mass
transfer of oxygen, but also its reduction in a three-pha-
se system. Increasing air and liquid velocity contribute
to the increase of oxygen mass transfer from the gase-
ous to the liquid phase. It was shown that the characte-
ristics of the liquid phase significantly affect the value
of volumetric mass transfer coefficient, in addition to
particle characteristics. Significant reduction of the vo-
lumetric mass transfer coefficient was obtained by the
system with a solution of ammonium chloride in relati-
on to the values obtained in pure water.

Obtained results represent the basis for further stu-
dy of the nitrification process in three-phase disperse
systems and development of a new type of reactor
for wastewater treatment.
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Simboli / Symbols

ka zapreminski koeficijent prenosa mase, s

- koncentracija zasi¢enja kiseonikom, mg/I

C, koncentracija rastvorenog kiseonika u vremenu t, mg/|
d precnik cestice, mm

gustina Cestice, kg/m?
u brzina gasa kroz kolonu, m/s
U brzina te¢nosti kroz kolonu, m/s

H visina nasutog sloja, m
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