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ABSTRACT

Related to ultrasonicUS) pretreatment of sludge, changing the hydrostatessure will
change the resonance condition of cavitation bgbbled then may drive the system toward
resonance conditions, consequently increase tbearat yield of reactions. Nevertheless, nearly
all the US experiments had been carried out at atmospheesspre. Only a few studies had
been focusing on how increasing static pressurectsffcavitation. The effect of hydrostatic
pressure on sludge disintegration was studiedhi@ffitst time in the last few years. This work
aimed at reviewing the effect of pressure on sludgeasonic pretreatment efficiency in
different conditions. The major result was tha gptimum pressure depends on power input
Pus, intensity tys (or probe size), and temperatiE but not on specific energy inpuES
frequency Fs, nor sludge type. In general, sludge disintegratfficacy was significantly
improved by sonication at the optimum pressuree@sfly at lowES leading to a potential of
energy input savings in sludge sonication pretreatimbut also in most of ultrasound assisted
processes.

Keywords: hydrostatic pressure, sludge disintegration, sluggetreatment, sonication,
ultrasonic pretreatment, waste activated sludge

1. INTRODUCTION

Despite ultrasonicYS) sludge treatment has reached commercial develugnaad given
rise to many works, and hydrostatic pressure isMnas an important parameter, but had hardly
been investigated. Thereby, it is necessary beideligrd or confirmed in order to optimize
sludge disintegration: Is there an optimum hydtastaressure for sludge US pretreatment? If
any, how do the other parameters (sludge typegsluncentration, temperaturg specific
energy inputES power input Pys, intensity tys, frequencyFg) affect this optimum and what is
the expected gain in terms of energy saving?
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Changing the hydrostatic pressure will change ¢isemance condition of cavitation bubbles
and then may drive the system toward resonanceitansl[1], consequently increase the rate
and yield of reactionR - 4]. More probably, both the cavitation threshold amtdnsity should
increase following an increase in presgbiesuggesting a possible optimum pressBrett and
Jellinek [6] stated that bubbles could be visible for gas-apgppeessure as high as 16 atm
Nevertheless, nearly all théS experiments have been carried out at atmosphergspre. Only
a few studies have been focusing on how increagtatic pressure affects cavitation.

The effect of pressure on sludge ultrasonic pratreat have been investigated in the last
few years. This paper presents an executive regfesiudge pretreatment by sonication under
pressure, including the relationships between presand sludge typekS,Pys, lus, T, andFs
for optimization of sludg&JSpretreatment efficiency

2. EFFECT OF PRESSURE ON SONICATION EFFICACY

Most works on pressure effects concern sonolumerescand no consensus emerges about
an optimum value as reported Bhendke and Fogler [7 - 8T.he early works ofrinch [9]
indicated the greatest sonoluminescence intensibetobserved in water at about 1.5 atm, but
Chendke and Fogler [8ecommended 6 atm in nitrogen-saturated water.qreaus carbon
tetrachloride solutions, the sonoluminescence sitgnlid not show any monotonous behavior:
two peaks at 6 and 12 atm, and almost inhibitedr@ld® atm[7]. Increasing superimposed
hydrostatic pressures (up to 47.5 bar) resultesl decrease in volume fraction of cavit[@§],
then the cavitation damage level in superplddtic- 12] On the other hand, a strong effect of
hydrostatic pressure on cavitation was found, optimum pressure of 4.5 atm for a maximum
aluminum foil erosion ratfl3] or 4 bar for 304L stainless steel corrosion fatd. Hydrostatic
pressure retards both cavity nucleation (reductibthe total number of cavities) and cavity
growth (decrease in the sizes of cavities). AssaltelargerUs intensity is required to induce
bubble oscillations and implosions.

More recent pressure effects again focused atterBaitanet al. [15] found the collapse
strength to be intensified at elevated pressurggmit due to an increased differential pressure
between the external liquid and the interior of bubble. Extended the work @aitanet al.
[15], Baderet al [16] found the increased acoustic energy stored in éBenant system.¢.
increased peak negative pressure) to be the masomerather than the increased differential
pressure. The overpressure acts to suppress @avitatd increase the amount of stored energy
which leads to an increase in the collapse stremagith therefore shock wave amplitudes.
Besides, the cavitation threshold increases ligeaith the static pressure, thus the acoustic
pressure amplitude required to reach the cavitatioeshold also increas¢t7]. Yasui et al.
[18] showed the optimal static pressure which maximthesacoustic energy increases as the
acoustic amplitude increases or viscosity of ligdetreases, which qualitatively agrees with
Sauteret al.[19].

Closer to the present subje®eppiras and Hughes [2@hvestigated the influence of
pressure (up to 5.8 atm) on the disintegratione#sy cells and found an optimum value of 4
atm. As mentioned, the effect of pressure on slutdge pretreatment had hardly been
investigated until recent years. The following @i$ presents its effects in different conditions.
The best conditions (combinations) to obtain angeeted to enhance sludge disintegration and
then to save energy input as sludge pressurizageds only little energy.
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3. EFFECT OF PRESSURE ON SONICATION PRETREATMENT OF SLUDGE
3.1. Effect of hydrostatic pressure odDcop for different ES values and sludge types

Le et al. [21] used mixed sludge to evaluate the effect of pressa disintegratiorvs.
sonication time. For these tests, 52 experiment® wespectively conducted at variod$ for
different pressure values: 2 bar intervals wereal dgst and theril bar intervals aES of 35000
kJ/kgrs. The results are presentedFiy. 1, whereDDcop is plotted as a function of pressure for
differentESvalues.
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Figure 1. Effect of hydrostatic pressure on mixed sludgintigration DDcop) for different finalES
values:Pys= 150 W, 35mm diameter probBR), ks = 20 kHz,TS= 28 g/L, andl = 28+2°C [21].

All corresponding curves show the same trend3@fop: an initial increase up to 2 bar and
a decrease thereafter, noticeably up to 6 barréefplateau from 6 to 10 bar approximately and
a further decrease. The main result is that fag Wt equipment and application, almost the
same value of optimum pressure was found regardfeSS It is also noteworthy that pressure
effect appears relatively high at Idg8 with a maximum improvement of 67 % at 7000 kdékg
and much lower at 75000)/kgrs (23 % gain). In addition, the positive effect oégsure up to 2
bar might lead to energy savings in sludd® pretreatment. For instance, at the optimum
pressurePDcop obtained withES of 7000, 35000, and 50000 kJ{kgvere higher than those at
atmospheric pressure witGS of 12000, 50000, and 75000 kJ{kgrespectively. It is also
interesting to note that the decreas®df;op beyond the optimal pressure was faster at higher
ES.

Additional US experiments on secondary sludge were performedhe¢okcfor the possible
dependence of the pressure effect on sludge typerdsults, shown iRig. 2,indicated that the
optimal pressure was again about 2 bar regardfedadyge type also.
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Figure 2.Effect of hydrostatic pressure on secondary sluigiategration (DRop): Pus = 150 W, BP,
ES = 75000 kJ/kg, Fs=20 kHz, TS=28¢g/L,and T =28 + 2 °C.

3.2. Effect ofUS power and intensity on the optimal pressure and fasequentDDcop

This section presents dependences of optimal pesssunP,s andlys when also varied by
changing probe size at samgs, investigated byDelmaset al. [22]. Sonication (20 kHz) was
applied on secondary sludge at the sdB®of 50000 kJ/kgs varying hydrostatic pressure
between 1 and 6 bar (with 0.5 bar intervaRgsults are presentedFfiy. 3.
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Figure 3.Effect of hydrostatic pressure on BE of secondary sludge for differengdand probe sizes
(Fs=20 kHz, ES = 50000 kJ/kg T = 28°C, and TS =28 g/L): (a) BP, (b) 13 mmnagier probe (SP)
and BP at same B [22].

Figure 3indicates that the optimum pressure is a functilmoth Pys and probe size. First
with the same probeBP), the optimum shifts toward higher pressure wheneasingPys(and
thus|ys proportionally): 1 bar (or even lower) at 50 Wh&r at 150 W, and 3.5 bar at 360 W
(Fig. 3a) At the much higher intensity delivered B, the optimum pressure was found at 1.5
bar at 50 W and 2.5 bar at 100 {&ig. 3b) The decrease iDDcop Observed when raising
pressure above atmosphere wBR at 50 W clearly shows the expected positive effect
pressure only occurs at sufficidgg (or acoustic pressure), unless cavitation intgradgtreases.
In other words, at sant&;s (50 W), different effects of pressure resultingnfr different emitter
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surfaces indicate the dependence of optimum pressnidys. Sonication under convenient
excess pressure significantly improves sludge tignation compared to atmospheric
sonication, especially at highs and at lowESas previously found iffig 1: up to 95% and 56%

of DDcop improvements forSP and BP, respectively (Fig. 4). Interestingly, at optimum

pressures, better sludge disintegration was fouba & SP) than at 150 WEP).
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Figure 4.Disintegration degree of secondary sludge as aifunof ES at the optimal pressures of each
configuration (Bs, probe size): &= 20 kHz, TS=28g/L,and T =28 + 2 °C.

Figure 5depicts the effect df;s under different pressures at saile (50 W) on secondary
sludge disintegration. First, the role kk (at samePys of 50 W with different probe sizes,
corresponding tdysof 5.2 and 37.7 W/cfnis insignificant at atmospheric pressure. Howgver
its effect around the optimal pressure becomesmely high,e.g. at 50000 kJ/kg, DDcop
obtained withSPis 2.1 and 2.3-fold higher than wiBP at 1.5 and 2 bar, respectively. Such
effect, much higher than that Bf;s at atmospheric pressure, highlights the complextjptay of
the various parameters on cavitation efficiency.
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Figure 5.Effect of ES, US intensity (at samgdPand pressure on secondary sludge disintegration:
Fs=20kHz, TS=28¢g/L,and T=28+ 2 °C.
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According toLorimer and Mason [5]increasing hydrostatic pressure leads to anasere
both the cavitation threshold and the intensitycafity collapsewhich can be explained as
follows: when an acoustic field is applied tdiguid, the sonic vibrations create an acoustic
pressurgP,) which must be considered to be additional to theiam hydrostatic pressu(gy)
already present in the medium. Theoretical calmnatfromNoltingk and Neppiras [23], Flynn
[24], and Neppiras [25],assuming an adiabatic collapse of the bubbleswadistimating the
temperature(Tya) and pressure$Pn,) within the bubble at the moment of total collapse
according to:

AX

N - =

r—r {5 (D] p —pl B0 1)}*!
P =T p

whereT, is temperature of the bulk solution,s the ratio ofspecific heats of the gas (or gas

vapour) mixturep is the pressure in the bubble at its maximum sizkwsually assumed to be

the vapour pressure of the liquidy, is the total solution pressure at the moment ofsient

collapse Py, ~ Py + Py).

Thereby, increasind®, leads to an increase iRy, thus Pmax and Tha i.€. cavitation
intensity. On the other hand, as abovementionemeasingP, also results in an increase in
cavitation threshold, thus the amplitude of acausgtiessure K, directly depending onys)
should be in excess as compared to hydrostatisymedgor cavitation bubbles to be generated:
indeed it can be qualitatively assumed th&,if P,> 0, there is no resultant negative pressure
and cavitation cannot occur.

All these combined effects explain why differépt values resulting either from a change
of Pys or probe size lead to different optimal pressifég. 3) and whylys effect at giverPys
becomes important when moderately raising the pressesulting in an inhibition of cavitation
for the big probe and increased cavitation efficiefor the small onéFig. 5).

In short, an optimum of pressure is achieved dumppmsite effects of hydrostatic pressure:
a reduction of the number of cavitation bubbles @ua higher cavitation threshold, but a more
violent bubble collapse. This optimum pressureoih b)S power and intensity dependent.

3.3. Optimal pressure under adiabatic sonication

Based on isothermal resultss et al. [26] searched optimal values of hydrostatic pressure
under adiabatit)Sin the 1 - 5 bar range at a givESvalue, but for differenPys (100 - 360 W)
and probe sizes. Results are showrFig. 6 where sameES (50000 kg/kgs) but different
treatment durations were applied. This should h@wenot much change the location of the
optimum pressure, only the final corresponddgcop value (for instance increased from 60 %
to 66 % at 360 W when after 33 min 05, the solution was let on stirring up to 78 min, to
match the duration of the 150 W experiment). Ndse ¢hat data oFig. 6 do not correspond to
the same final temperature.
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Figure 6.Effect of pressure on Dfp under adiabatic sonication for different combioas of Rs-probe
sizes: ES = 50000 kJ/kgTSs £ 20 kHz, secondary sludge with TS = 28 g/L [26].

Surprisingly, in adiabatic conditions, the samearoptn pressure of 2 bar was obtained with
the same probeBP) at differentPys (150 and 360 W) while an increase would be exjpeate
higher power according to isothermal désaction 3.2).The respective evolution of optimal
pressurevs Pys is complex in adiabatic condition and somewhated#int with respect to
isothermal case as the result of opposite effe€t§ @n cavitation intensity and thermal
hydrolysis. As observed, optimum pressures fourdbuisothermalUS were shifted differently
depending orT profiles: slight increase at the moderateesulting from 100 W adiabatidS
with SP (from 2.5 bar Fig. 3b to 3 bar Fig. 6), but a decrease at extredound at 360 W
with BP (from 3.5bar Fig. 4a to 2 bar Fig. 6). This result was not expected and would deserve
more analysis based on single cavitation bubblewhycs at high pressure and high

3.4. Dependence of hydrostatic pressure effect oaud frequency

The sameéS of 35000 kJ/kgs was applied using the 12 kHz sonicator vitlz of 150 and
360 W through the big probe under pressure. Bargésults at 20 kHz, the pressure range 1-4
bar was more carefully investigated with closeelimtls of pressure: 0.25 bdResults are
presented iffrig. 7 [22].
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Figure 7. Effect of hydrostatic pressure BDcop 0f secondary sludge for differegs BP, ES= 35000
kd/kgrs, Fs= 12 kHz,TS= 28 g/L, andl = 28 ° + 2C [22].
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As previously found at 20 kHzee § 3.2)the optimum pressure shifts when increasigg
Besides, the location of this optimum seems torsependent from sound frequency in the
restricted investigated range: 2 bar at 150 W abdar at 360 W (using 0.5 bar intervals) for 20
kHz as compared to 2.25 bar at 150 W and 3.25 0©ha6@ W (0.25 bar intervals) for 12 kHz
sonicator.

4. CONCLUSIONS

The effect of hydrostatic pressure on sludge stioicalisintegration was studied in recent
years and reviewed in this work. As far as suffiti@coustic intensity was provided, an
optimum pressure (> 1 bar) was found due to aneas® in both cavitation threshold and
cavitation intensity when increasing pressure. Whiile effect ofiys on DDcop Was minor at
atmospheric pressure, it was found to be much higheler convenient pressure. The most
effective isothermalUS would be highPys, low Fs, convenient pressure, and adequég
Besides, positive effect of pressure associatett Wigh Pys adiabaticUS was also found.
Interestingly, the optimum pressure could be a#fédiyT. Concerning disintegration, a slight
increase was obtained at modefBtenainly due to higher numbers of cavitation bubpthen a
decrease at extrenedue to the less violent collapse of cavitationtideb containing too much
vapor. The major result was that the location & dptimal pressure depends Bgs, lus (or
probe size), and, but not orES, K, nor sludge type. Such an important result wouldehavbe
checked in othelS applications. In general, sludge disintegratioficafy was significantly
improved by sonication at the optimum pressureamspared to that at atmospheric pressure,
especially at lowES, leading to a potential of energy input savingsslndge sonication
pretreatment, but also in most of ultrasound assigtocesses (since the energy to pressurize the
solution to the corresponding moderate pressurgdas much lower than the observed energy
savings).
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TOM TAT

TONG QUAN ANH HUONG CUA AP SUAT THUY TINH LEN HIEU QUA TIEN XU’ Li
BUN THAI BANG CONG NGH: SIEU AM

Lé Ngoc Tuan™ %", Carine JULCOUR-LEBIGUE Henri DELMAS

Dai hoc Khoa vc Tir nhién,Pai hoc Qusc gia TpHCM,
227 Nguyn Van Gir, P.4, Quén 5, TpHCM

Université de Toulouse, Laboratoire de Génie ChirajdNP-ENSIACET,
31030 Toulouse, France

Email: Intuan@hcmus.edu.vn

Lién quandén tién xi I ban thii bang cong ngh siéu am, thayidi 4p sut thay tinh & thay
dbi diéu kién odng hrong aia bong béng cavitation va cGéthan dén diéu kién adng hrong aia
hé théng, theado 1a sr gia ting e do va ring stit caa phin ing. Tuy nhién, hu nhr tat ca cac
thi nghém siéu amdéu duoc thrc hién ¢ 4p sdét khong khi.Anh hréng aia ap sét thay tinh
dén viéc phan ra bun #i méi duoc nghién é¢u trong niing nim gin day. Nghién ¢u nay nim
muc tiéu bng quananh hrong aia ap st dén higu qua tien x Ii ban thi bang céng ngh siéu
amo cacdiéu kien khac nhau. B qui quan tong aia nghién @u la sr phy thuc cia ap sét toi
wu vaoPys, lus (hay kich thrdc diu do siéu am) va néti do; khong ph thuse ES, R ciing nhr
loai bun thii. M6t cAch éng quat, hfu qua phan ra bun #i duoc cii thién dang K khi si@éu am
trongdiéu kién ap sét toi wu, dic biét & ESthip, my ra tém ning to bn trong vic tiét kiem
nang hrong khéng chdbi véi cong nglé tién xa i bun thii ma con wi hau hét cac qua trinkikng
dung siéu am néi chung.

Tir khoa:ap st thay tinh, phan ra bun #iy tién xir I bun thii, siéu am, én x I bing siéu am,
bun thii hoat tinh.
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