Device and nethod for gas dispersion The invention relates to a
device and a nethod for dispersing gas"tn a liquid. 5The di spersion
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bubbles that are as small as possible, in order to produce a maximally large interface

15  between the gaseous and liquid phases. The larger the phase interface, the greater the

mass transfer between gas and liquid, in accordance with Fick's first law.

Gas dispersion here often proceeds in two steps:
1. introduction of the gas into the liquid in the form of bubbles
20 2. dispersal of the bubbles

The method of introduction, in general by way of nozzles, frits or perforated plates,
determines the size distribution of the primary bubbles. The article
"Gasdispergierung in Flissigkeiten durch Diisen bei hohen Durchsédtzen” (gas
25  dispersion in liquids using nozzles at elevated throughputs) from Chemie-Ingenieur-
Technik, Volume 28, 1956, No. 6, pages 389-395 for example describes what effect
parameters such as nozzle width, gas throughput, viscosity and interfacial tension
have on the size distribution of gas bubbles, which arise on injection of a gas jet into
a liquid from a nozzle.
30
Dispersal of the bubbles may proceed for example by means of a dynamic or static
mixer. While in dynamic mixers homogenization of a mixture is achieved by moving

members such as for example stirrers, in static mixers the flow energy of the fluid is



30 Dispersal of the bubbles may proceed for exanple by nmeans of a
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advant ageous for degassing, i.e. the renmpval of volatile
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preferably used as the bl owi ng agent, which inert gas is introduced
into and dispersed in the nmelt by neans of a static m xer, for

exanpl e 2t SNKe nbecef static mixers to disperse gas in a liquid is known. W02005/103115A1 for

example describes the use of a static mixer in a method for producing polycarbonate
using the transesterification method. To remove monomers and other volatile
constituents from the polycarbonate, a blowing agent is added to the polymer melt.
When the pressure is subsequently lowered, the blowing agent escapes, foaming the
25  melt. The foam brings about a major increase in surface area, which is advantageous
for degassing, i.e. the removal of volatile constituents. An inert gas, such as nitrogen
for example, is preferably used as the blowing agent, which inert gas is introduced
into and dispersed in the melt by means of a static mixer, for example an SMX
mixer.
30
US2005/0094482A1 and US5480589 describe static mixers for dispersing gases to
produce closed-cell foams. A stepped structure for increasing the effectiveness of gas

dispersion is not described.



30 US2005/0094482A1 and US5480589 describe static m xers for

di spersing gases to produce closed-cell foans. A stepped structure
for increasing the effectiveness of gas 'dai'spersi on is not described.
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over the length of the mixer. Using such a mixer it is likewise possible, with the
same overall mixer length, to produce smaller gas bubbles than with a static mixer, in

which the energy input is constant over the length of the mixer.

20  The present invention accordingly firstly provides a device for dispersing gas in a
liquid with a number n of successive zones Z;, Z,,..., Z, with static mixing elements,
each zone Z; having a length L; and an effective diameter D, characterized in that the
individual zones are constructed such that the mechanical energy input E; acting on
the gas/liquid mixture and normalized to the respective ratio L/D; increases from

25  zone to zone in the direction of flow, wherein # is an integer greater than or equal to

3 and { is an index which runs through the integers from 1 to the number » of zones.

The present invention further provides a device for dispersing gas in a liquid in
which gas and liquid are conveyed jointly through a mixing device and, in the
30  process, flow through a number # of successive zones Z;, Z,,..., Z, with static mixing
elements, each zone Z; having a length L; and an effective diameter D;, characterized
in that the mechanical energy input E; acting on the gas/liquid mixture and

normalized to the respective ratio L,/D; increases from zone to zone in the direction



3 and i is an index which runs through the integers from1l to the
nunber n of zones. The present invention L;urther provi des a device
for dispersing gas in a liquid in whichgas and liquid are conveyed
jointly through a m xing device and, in the 30 process, flow through
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Mechanical energy is input into the mixture in order to disperse a gas or gas mixture
in the fluid. This energy input is brought about by static mixing elements. In mixing
technology it is conventional to use modular systems. A mixer is composed of a
15  series of modular mixing elements. The mixing action may be increased by
increasing the number of mixing elements in a mixer. Conventionally, the mixing
elements are introduced into a pipe to form a static mixer. It should be pointed out
that the present invention is not restricted to mixers which are built up from an
arrangement of modular mixing elements, but rather is also applicable to mixers of

20  compact design.

The device according to the invention is distinguished in that it has a number # of
adjacent zones, wherein » is an integer greater than or equal to 3. Static mixing
clements are present in each zone. Each zone Z; has a length L; and a cross-sectional
25  area A In this case / is an index which runs through the integers from 1 to the
number » of zones. The length L; of a zone Z; corresponds to the length of the mixing
elements arranged in series in this zone; the cross-sectional area A; corresponds to the

cross-sectional area of the mixing elements present in the zone Z;.

30 On the basis of the cross-sectional area A, it is possible to calculate an effective

diameter D; according to equation 1:



technology it is conventional to use nodul ar systens. A mxer is
conposed of a 15 series of nodul ar m xi el ements. The m xi ng
action nmay be increased by increasing the nunber of m xing el enents
in a mxer. Conventionally, the mxing elenents are introduced into a
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area. The ratio LID, is a characteristic value for the respective

zone Z. 10 fluid is conveyed through a mixing clement, the structures and channels have the

effect of subdividing the fluid into sub-streams and distributing, shearing and

optionally swirling it, the sub-streams thus being mixed together. The average

diameter of a channel is abbreviated hereinafter with the letters ;. An average

channel diameter d; is understood to mean the effective channel diameter averaged

15  arithmetically over all the channels, wherein the effective channel diameter may be

calculated in accordance with equation 1 in the same way as the effective diameter of

a zone Z;.

d, =L @)

The ratio d/D; between the average channel diameter d; and the effective diameter D;
20 of the mixing elements in a zone Z; is likewise a characteristic value for the
respective zone Z;. The parameter g; in this case denotes the open cross-sectional
area, more precisely the projected area of the free cross section. Thus, for example,
in Fig. 1a the open cross-sectional area a; is obtained from the sum of the projected
areas of the individual free cross-sectional areas of the open channels through which

25  the fluid may flow (equation 3).

N
a,=>b,.w, 3)

m=1

The parameter m is in this case a count parameter, while N is the number of

individual free cross-sectional areas.



A m xing elenment has internal structures and channels between said
structures. As a 10 fluid is conveyed through a m xing el enent, the
structures and channel s have the effect of" subdividing the fluid into
sub-streans and distributing, shearing and optionally swirling it,

t he sub-streans thus being m xed together. The average dianeter of a
channel is abbreviated hereinafter wwth the letters d,. An average
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10
The pressure drop Ap and thus the mechanical energy input may in the same way

also be increased by reducing the effective diameter D.

The device according to the invention is distinguished by a number # of zones. Each
15  zone Z; is characterized by a specific mechanical energy input E;, which is input into
a fluid flowing through the respective zone. The specific mechanical energy input E;
is the mechanical energy input E,u; normalized to the characteristic value Ly/D;. In

this case the following applies according to the invention E; < E; < ... < E,.

— Eahs' ' D

; )

20 The number n of zones in a device according to the invention is unlimited. It may be
virtually infinite, if the zones are infinitesimally small and there is a continuously
rising specific energy input over the length of the device, such as could be case for

example with a conically tapering pipe.

25 It is feasible for further zones to exist up- or downstream of the zones Z; to Z,, which

have freely selectable specific energy inputs.

For instance, a particularly preferred embodiment of the device according to the

invention is characterized in that it has a first zone Z; which achieves a higher



zone, whose length L corresponds to the Iength of the m xer and whose
effective 5 dianeter D corresponds to th effective dianeter of the
m xer. The di spersing action of such a mi‘Xer nmay be increased, for
exanpl e, by increasing the length L. As the Ilength of the m xer

i ncreases, the pressure drop Ap increases linearly over the m xer.
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20 Mixing elements of the same type are preferably used, for example SMX mixers with

different characteristic values d/D.

In a further preferred embodiment the device according to the invention has an
arrangement of mixing clements which have an increasingly smaller effective

25  diameter D;in the direction of flow with a constant ratio d#/D;.
d d, d _d

= = i il
Df

D D )
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)

b, and D; > D, > ... > D, apply.

This embodiment comprises a cylindrical pipe, into which mixing elements are
inserted, which have an effective diameter D; which becomes increasingly smailer in

30 the direction of flow.



In a preferred enbodi ment, the device according to the invention has
a nunber n of m xing zones, which are ariﬁanged in series, wherein the

average channel dianmeter di 10 in the mXing zones becones smaller in

the direction of flow Smaller channels produce a higher pressure
drop per Iengrt h, which is synonynous with an increasing specific
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5 elenment with a large dianeter to a mxing elenent with a snall
dianeter, transitional jacket pipes are preferably provided, which
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connect ed5i nsoneciiedive dimetet Be j acket pipes or be constructed
separately.

If the external diameters of the mixing element types vary, it is feasible to enclose
those mixing elements whose external diameter is smaller than the internal diameter
of the pipe with a jacket pipe or ring, whose external diameter approximately
20  corresponds to the internal diameter of the pipe, in order to be able to insert it into
the pipe with a good fit. The above-described use of transitional jacket pipes is also

advantageous here.

It is feasible to combine together the various different embodiments.
25
The device according to the invention is suitable for dispersing gas in a liquid, for

example for input of a carrier gas into a polymer melt or for foaming liquid media.

The gas may be added using tubes or thin capillaries which are preferably situated
30  upstream of the static mixer cascade in the direction of flow. Furthermore, the gas
may also be added through a porous body. A porous body may for example exhibit
the following geometries: a frit and/or a porous, sintered body and/or a single- or

multilayer screen.



10 In a further preferred enbodi nent, the device according to the

I nvention has in each zone Zi an arrangeqpnt of m xing el enents of
different types, which at the sane rati o cause an increasing pressure
drop in each zone Z, in the direction of flow. The m xi ng

el enments are inserted into a cylindrical pipe. They preferably have

t he 15sane effective dianeter Di. If the external diameters of the

m xi ng el enme types.,var it 1S f | bl,e 410 encl ase thos I Xi

el onent s vhoddeBUES R Hieibs bimpliBleine db B RERctifieh ACEPrh £ sfliee ora
di aneter of thige pi Be coitdl i8 shagk For GlaplOtakidg e WARDE aPNBr TRése devices
di aneter approximately 20 corresponds to the internal dianeter of

the pipe, i nepyuRfingprosispsrian ebthiersas end optionally alypedipiibution ohthe greewer
fit. The aboye: ri.bed use of transitional jacket pipes is also
advantagegusY é?gﬁ%Fgﬂﬁg feasi ble to conmbi ne together the various

di fferent enbodi ments. 25 The device according to the invention is

sui table for %ispe_rsi ngr{gas in a liquid, for exanmple faor input of a
carrier gas ilme&2RIIRY| QFriBs Poros begdy ?)évblf%%ﬁ\fﬁgagpiggfsm%ml holeedigrpeter

may be added ' &p% t &y apy .25 Whi )
situated 30 3;2%?% %10 Bpﬁgjs$gﬁyghﬁ#§%$ﬁiazcggéﬁ?hB%hgg%ﬁggﬁgggﬁbbgo
fl ow. FurthePfipme, the gas may al so be added t hrough a porous body. A

por ous b? y may for exanple exhibit the follow ng geonetries: a fit
and/ or a“porous, sintered body and/or a single- or multilayer screen.

- 9 - The poraE$oRAEYodRY a9 Tolf@ipl etk Hie of PEBLOLin@r&Mddd & mekal,

cuboid, a sphere or a
such as frit bodies, which are used in chromatography, for example the sintered

bodies made by Mott Corporation (Farmington, USA). Furthermore, wound wire
meshes may be used, for example the wound wire meshes made by Fuji Filter
15  Manufacturing Co. Ltd. (Tokyo, Japan), trade name: Fujiloy®. Furthermore, screens
or multilayer meshes may be used, such as for example the composite metal/wire
mesh plates from Héver & Boecker Drahtweberei (Oelde, Germany), trade name

Héver Porostar.

20  These devices serve in distributing the gas over the pipe cross section and in
predispersion, favorable for gas dispersion, over the narrow pores. The effective
diameter D; of the holes used in the sintered porous bodies or screens or wound wire
meshes preferably amounts to 1-500 pm, particularly preferably 2-200 pm, very
particularly preferably 10-90 pm.

25
The invention is explained in greater detail below with reference to examples, but

without being limited to said examples.

Fig. 1 shows examples of three different static mixers according to the invention
30 (No.1, No. 2 and No. 3): Fig. 1(a) from above, Fig. 1(b) from the side (sectional
drawing) and Fig. 1(c) in the arrangement after installation into a pipe or housing.
The details for wi and bi denote the length or width of the projected cross section of

the free flow channels. Di denotes the internal diameter and DM the extemnal



cube or be conical in shape, for exanple taking the formof a cone.
These devices ensure fine predi spersion the gas and optionally

al so distribution of the gas over 5the cross section. The capillary

or the porous body exhibits an average effective internal hole

di ameter of frompreferably 0.1-500 um preferably 1-200 um

parti cul ar| y dianesterr 16| the1 etatigomyting 1elemaets pdraodendiesdites antiye flongth of a

eramp ¢ Lk RO ShimBR Rt R ThS Rl . B Rl

si ntered bodicksngiade by Mdtt Corporation (Farm ngton, USA)

Furt hernore, wound wi re neshes may be used, for exanple the wound
wre nmeshes nmade by Fuji Filter 15 Manufacturing Co. Ltd. (Tokyo,
Japan), trad X b . - Fur , or | .
roones’ may bohaepretb SEE il NGBS RLEERRAhutl ] S i
pl ates from Haxerwith Boedikent dtahinge D&Y, Qishowk hdrixefSaitiare) struttfude endauer
Haver Porostar. 20These devices serve in distributing the gas over
the pipe crod@edREIGR3ERY L andFRddB2eR0Bd)on, favorable for gas

di spersion, over the narrow pores. The effective dianeter DI of the
hol es used in the sintered porous bodies or screens or wound wire
meshes pref efgbly shoveitiirse tdiffeke@Oék amplesp@i,t B canldal) wf paghes alfl syatie- @oers
gm very particul.arl referably 10-90 u 5 The inventjon .is

axpl ai nedd n sEfeEdiRg  Oqteainvept Y Rl Znees (PBiHEFLLY fhn length
wi t hout bei ngndidoh€dLl O Sal § @RATBRERSed ik Ghatl R WMELERSTPLRS )innput E;
three different static mxers according to the invention 30 %hb. 1,
No. 2 and Nonoghalized ¢p the(rajpettiamatib dv®; ofihg.indigid)iali zonns arvkapplide to a fluid

(sectional draw.n and F g. 1(c) in the arrangene fter

instal | ation @Wf?ﬁgihrﬁll tf&‘? r??@_%%tkvﬁ .ZothZf Hglr%ﬁs?% i gﬁe \?3\“‘3%{??&1 Bf flosholle
the | ength odiréétiintbfafowt RendlEALEEY B¢ thicRa&o®eCt i on of the free flow
channel SiSDI denotes the internal dianmeter and DM the external - 10

Fig. 2A shows a sequence of static mixers of geometrically similar structure and an
arrangement of mixing elements which have increasingly smaller effective diameters
D; in the direction of flow at a constant ratio dv/D,.

A _dy 4y

Dl DZ 3
and D; > D, > Dj.

The following applies:
20

Fig. 2B shows an embodiment with a cylindrical pipe, into which mixing elements

are inserted whose effective diameter D, is constant over the entire pipe length, while

the average channel diameter d; becomes smaller in successive zones in the direction

of flow. D; = D, = Dj and d; > d; > d; apply. Mixing elements of the same type are

25  used, for example SMX mixers with different characteristic values d/D.

Fig. 2C shows an arrangement of mixing elements of various types, which cause an
increasing pressure drop in the direction of flow in each zone Z; at an identical ratio
Ly/D;. As an example, a Kenics mixer is shown here in the first zone of length L1. In

30  the second zone of length L2 there is located an SMX mixer. In the third zone of



di anmeter of the static mxing elenents. Li denotes the entire |length
of a geonetrically uniformm xer portion gnd lithe I ength of one
individual mxing elenment. 5 No. 1 repré% nts a Kenics mxer. No. 2
shows a conventional comrercial SMX static m xer with or wthout

outer ring. No. 3 shows a mxer with web structure and outer ring (DE
29923895U1 aflrngtPl3 8b@saBlikewise docaedsdinoWsX hrixer ofishfaller effectiva mpdracter D;
(A, B and CDtoftﬁarLants of ﬁﬁgtic m xers 10 according to the

i nvention, Wll?.aﬁl %a’i‘ﬁfd‘aéhe 5% sZOPs‘har acterized by the length
indications LI, L2, L3), characterized in that the nechanical energy
input Ei nornalized to the respective ratio L,/Dl of the individual
zones and appig 84 thows g figiiep adcoudingta he duntion avithelipreczdnge anda @remixer

i ncreasescin ' j of_ § T irection.of -flowi.s . .
i cat ed® by “PRE HEERME T At rari bl U ISR ek i wpich the
m xers of gediki isingadrey (IS) adl sdevidefotinbicEng gsked (GRViaaANGpMRAL (G2,

m xi ng el ements whi ch have increasingly snmaller effective dianeters

D, inthe direction of flow at a constant ratio d,/D,. d2 .d3 D D2
D3 The fol | oy a L ES.. > i g .
enbodi nment vﬁ’%gg cy v‘:’Sn ?S?@gfeggfgptg,zn?ﬁ{%ooﬁﬁfc%grﬁl ‘i‘?‘ﬁg eWger%e esu%c%eélymg
i nserted whossxafit @ot shoevrdhaee Upstrém of theoprsihanet atevlecattd eheeion én pihieh
| engt h, ile the average, channel djaneter d, bec s smaller in
successi VB 2 Gieiifds mreres (T ape aeBics fprsas mesterngdg)ia g gorua sgteredibady
(13 apply. 'V!(IXSR[‘QJ_hFclh‘%H%Bt%dQ‘fithtirt‘ﬁlestcr%é’sos%c@(‘irﬁ 25 used, for exanple
SMX mi xers with different characteristic values d/D. Fig. 2C shows an
arrangenent of m xing el enents of various types, which cause an
increasing pressure drop in the direction of flowin each zone Z1 at
an identical ratio L1/D,. As an exanple, a Kenics mxer is shown here
inthe first zone of length LI . In 30 the second zone of length L2
there is located an SMX m xer. In the third zone of



| ength L3 there is |ikewi se | ocated an SMX m xer of smaller effective
dianeter DI than the m xer in the second_zone. Fig. 3A shows a

devi ce according to the invention with thfee zones and a prem xer 5
and gas netering via a capillary. Upstream of the prem xer is the
region in which the fluid is netered (L) and a device for netering
gases (G vi &laimsapillary (Ca). Fig. 3B shows gas netering by neans
of porous sintered bodies (the underlying m xer is not shown here).
Upstream of the prem xer are |located the region in which 10 the fluid
is netered (L) anc acey FilidiREsifPgasRlLA4NE wil 2 MhAb& POF SR essive zones
sintered body (PS), which islocatéd within the flow cross section.

- 12 - dainms 1. AZdefi-ceZif with dgtasip enigingeleyaents, wach rongud: davingla langtly dbend
n of succgssive zqne o 72, " with static nxi el.enents, each
Pone 21 having a Rengrertre etk 2 PhirSuRd Tdbd: PR PORATR viorfS i
in that the indivicgsstuctanashathat ¢ sidchatiod sleedy ihat A;heorfRGHENLE The
energy input E nornalized to the respective ratio Li/D increases
from zone to zoneT¢sie¢tive 1@fip detl): dperedses fom zodteioeranerinthe direstirmegfeflow,
greater than or e 10 . b | I i [

integers from1l tgﬁ@heéﬁ%dn%ﬁhq?‘é% efgegé%agﬁﬁgx\%et@?cagagzs %:4]%1@?%% hlgcgems
claim 1, charact etlirpegh ihe ititbgérs ot Rwethagembaano®ionds.amet er d,

becones sgal ler in the zones Zi to Zn succeedi ng one another in the
directiohVof flow The device as claimed in claim1, characterized in
that the m xihng ehguealseRE kd if cla 12%95‘?]0 ehed B o\ BYGvERSe SRdfRel
ratio d/ D and an effective dianeter Wwhi ¢ econes I ncreasi fgly
smal | er from zone diametem® becortdsesnttillee @it thereoats Z] @z, stikecedng @e amsther in
claimed in claim ]Hfb(a:har.actfhi zed in that the zones Zi to Z have

m xi ng el ements of “gFIHPRAL 0¥ pes, which at the same ratio Li/Di
cause an increasing pressure drop fromzone to zone in the direction
of flow. The device as clained in one of the preceding clains,
charactelbzed. i n flhatdevigeras claimead fin cloim Agnbar@gerizedi inHhatahe evisimgaelements

hi gher specific ener inpgut EOQ than the next zone Z1 i,n.the .
direction of fl pw.prefg%t @e@‘ecéongg églatﬁl %‘bgaY%ﬁEn%an?)ef r 1°af{"?rgi 14 81.]5‘3,’%0twe
further conprisindiamditbB; Ghich bddomes Mdrbdsaialy bRElIeRMNDNGAS 4oRE Gn the
t he device, characterized in that the tube or the thin capillary is

mount ed upstream #ireetipa ¢ifloggenent of mi xi ng el ements.

20 4. The device as claimed in claim 1, characterized in that the zones Z; to Z, have
mixing elements of different types, which at the same ratio L/D; cause an

increasing pressure drop from zone to zone in the direction of flow.

5. The device as claimed in one of the preceding claims, characterized in that
25 there is a first zone Z, which achieves a higher specific energy input £, than

the next zone Z; in the direction of flow.

6. The device as claimed in one of claims 1 to 5, further comprising a tube or a
thin capillary for feeding gas into the device, characterized in that the tube or
30 the thin capillary is mounted upstream of the arrangement of mixing

elements.



- 13 - 7.The device as clainmed in one of clains 1 to 5, further
conprising a porous or screen-like body i r feeding gas into the
device, characterized in that the body is”nounted upstream of the
arrangenment of mxing elenents. 58. A nethod for dispersing gas in a
liquid, in which gas and |iquid are conveyed jointly through a m xing
devi ce and, i’n thgfhprdéwé§§§ clpinged mmewdielasms drie 61 funthef canypresingsd perous or
zones Zb Z2,..., Z' W . tafi 1 xihg el e ts, each,zone .Zi . hayin

a length Li and a%crg?r%'}elg i%\(/)gy (fl8 %%’ee 1enrgg L M %Q?’eag?vé?ei’ zcgaraf:tﬁn?%dafn ﬁ%%e
mechani cal ener gy bodpistm&int@Tipshgaans tieargagéhém Wi ehikink leléheendnd
normal i zed 10 to the respective ratio Li/D increases fromzone to
zone in the direction of flow, wherein n is an integer greater than

or equal to 3 and 4 .| ' ahich r : '
T 1ot he Sunber n opedsfdel AGRGHELE AR 1h YRR o fnd BHERGHS SR
characterized in fgdiafly threudh gmixinpdsviee :d;iis desirbyeseffldve thieegh 2niiibers:
and 10, 000, 000 nPa.s, particularly preferahly between 1,000 nPa,s and
1,000, 000 nPa.s. of successive zones Zj, Z,..., Z, with static mixing elements, each zone Z;
having a length L; and an effective diameter D;, characterized in that the
mechanical energy input E; acting on the gas/liquid mixture and normalized
10 to the respective ratio L/D; increases from zone to zone in the direction of

flow, wherein # is an integer greater than or equal to 3 and / is an index which

runs through the integers from 1 to the number n of zones.

0. The method according to claim 8, characterized in that the liquid has a
15 viscosity of between 2 mPa-s and 10,000,000 mPa-s, particularly preferably
between 1,000 mPa-s and 1,000,000 mPa-s.



