DESCRI PTI ON CARBON NANOTUBE SYNTHESI S PROCESS APPARATUS 5 TECHNI CAL
.FIELD [0001] The present invention relates to a carbon nanot ube

synt hesi s process apparatus for producing carbon nanotubes such 10
as carbon nanot ubes and carbon fibers by using a gas-phase fl ow

met hod. BACKGROUND ART [0002] 15 Carbon nanotubes are crystalline
carbon having a structure in which a thin |ayer of graphite crystal
isrolled up to form a cylindricalPEsEF&TIMre specifically, carbon
atons formng carbon nanotubes form a graphene sheet having a fl at
or curved surface formed of six-nmenbered rings of carbon nol ecul es
20 arranged in a hexagonal pattern, and the %raphene sheet is rolled
up to forma cylindrdEEN SO BranctTBESIEnPEeRERFE|I APPRRATYS anet er
of carbon nanotubes is 0.4 nmto tens of nm and the |ength of
carbon nanotubes is nornmally several tens to several thousands or
nore tines as long as the dianeter 25 thereof. [0003] 1 Such carbon
nanot ubes have a high degree of strength, excellent electrical

conductivity, thermnal conductiviH%CH%QgAL FIELD

f0001]
The present invention relates to a carbon nanctube
synthesis process apparatus for producing carbon nanotubes such
10 as carbon nanotubes and carbon fibers by using a gas-phase flow

method.

BACKGROUND ART

00027

15 Carbon nanotubes are crystalline carbon having a structure
in which a thin layer of graphite crystal is rolled up to form
a cylindrical shape. More specifically, carbon atoms forming
carbon nanotubes form a graphene sheet having a flat or curved
surface formed of six-membered rings of carbon molecules

20 arranged in a hexagonal pattern, and the graphene sheet is
rolled up to form a cylindrical carbon nanotube. In general,
the diameter of carbon nanctubes is 0.4 nm to tens of nm, and
the length of carbon nanotubes is normally several tens to
several thousands or more times as long as the diameter

25 thereof.

[0003]



| ubrication property, and have therefore drawn attentions from
_various application aspects. Further, in order to allow carbon 5

nanot ubes to be distributed at | ower costs, nore efficient
t echnol ogi es for produci ng carbon nanotubes are bei ng required.
[ 0004] A so-called gas-phase fl ow nethod has been known as one of
t echnol ogi es for producing carbon nanotubes. Wth this gas 10 phase
flow net hod, &achoragdanananaguhesehdad sa dridila datdeystf stetealgtar e
caused to flow along with carrier gas within a high- tenperature
furnace te¥acHdrcaly ctRetFarpy derdnpbbeltnd thamae siondurdtianiital sasdch
as carbon sources in the gas-phase, thereby producing carbon
nanot ubes UPAL CRRLEONGREOBRASE f FBW A&V eret bricE § ar & Wincatl @ titentieas from
production, there have been proposed a |arge nunber of inproved
technolodﬁ§§PHF068E§é§aF6Pn ?ﬁP%CE%tho%Pr?ﬁ%§113§JQ§d@F T 2L NOENFR ERPD
20 TECHNI _CAL b [g l Wth thIS as- phase fl ow net hod, there
are c e?%ﬁ? o §i 8¢hR% b%uﬁ?%e ITRS d“ﬁ%ﬁhsﬂF@ﬁh@éﬁl&lent

t t | d b tu
Spoci 11 cAt %O&%@ﬁ%ﬁ‘z’%géapsaﬂ%%t%%é%orif}iﬁr% K A PrénposearbRed.

tube are %ggg sed to flowin the dowmstreamdirection and to be
finally i i'scharged externally through the di scharge pipe provided

downstream of 5t RE_Ee8§LHOREUBRAsd NE & HE AP Bl $0own as one of

technologies for producing carbon nanotubes. With this gas-

10 phase flow method, carbon-containing materials and a catalyst
metal are caused to flow along with carrier gas within a high-
temperature furnace to thereby thermally decompose and
synthesize materials such as carbon sources in the gas-phase,
thereby producing carbon nanotubes. As this gas-phase flow

15 method is suitable for mass production, there have been
proposed a large number of improved technologies/processes for

this method.

DISCLOSURE QF THE INVENTION
20 TECHNICAL PROBLEMS
[0005]
With this gas-phase flow method, there are cases in which
a discharge pipe disposed downstream of a reaction tube is
clogged with produced carbon nanotubes. Specifically, while
25 carbon nanotubes synthesized in the reaction tube are supposed

to flow in the downstream direction and to be finally



during this transfer process, the carbon nanotubes adhere to the
.inner surface of the discharge pipe. Once even a little 5 amount of
nanot ubes is adhered to the inner surface of the discharge pipe,
further carbon nanotubes are easily adhered to (or easily caught by)
t he carbon nanotubes al ready adhered to the inner surface, resulting
in arapid increase in the amount of carbon nanotubes accumul ated in
t he di schdigehpiped Thisrridl maythtentf ithal Ky sceaube phpel pgoi hgedf
the di scharge pipe with the carbon nanotubes. In order to deal with
t hi s probfienpsteeanent | Uil f8actoper dauben Ghetrkeaperodases oin appartat us
is periodically interrupted and renove the carbon nanotubes adhered
to the inféFigertate brantedinsi@msge [FhpecarbapveanotBbeheadhere to
operations of periodical interruptjon of a production apparatus and
renoval ofPEhiNRRF bBW Rt easlidedertsedirabovenpaveveausebittle
probl e including a reduction in the production efficiency of

car boﬁaﬁ%?%%so MR YT das @dhgreché O bPBehNBAT opeE b er oL e

[ 0006] JP,2001-73231, A and JP 2001-115342 A djscl ose technol ogi es

for preveft PP MBI o i BorratLinBt IBBSTERES £he PametY adigrsck to

f th [ t . , Jth hnol ogi ' t]
of adhesi biL o Ehh bor ethot Wed oo G2 FERC L ABRC S8°F LbL ey EEOd To
t her ef ' i.S¢h ' | ddi t] whi_|
var oty of PO NEIT PGV GeRaT daced s BB oBACp P ckd tne e

concer ni ngr t hegas-phassdd oW eihed  hheheche discharge pipe. This

10 may then finally result in clogging of the discharge pipe with
the carbon nanotubes. In order to deal with this problem,
conventionally, operation of the production apparatus is
periodically interrupted and remove the carbon nanotubes
adhered to the inner surface of the discharge pipe. However,

15 the operations of periodical interruption of a production
apparatus and removal of the carbon nanotubes as described
above have caused problems including a reduction in the
production efficiency of carbon nanotubes and an increase in
the burden on operators.

20 [0006]

Jp 2001-73231 A and JP 2001-115342 A disclose technologies
for preventing adhesion of carbon nanotubes onto the inner
surface of the reaction tube. However, these technologies aim
at prevention of adhesion of carbon nanotubes to a reaction

25 tube and cannot therefore prevent adhesion to a discharge pipe.

In addition, while a variety of other improved technologies



currently exist no technol ogi es which can appropriately prevent
~carbon nanotubes from being adhered to and cl oggi ng a di scharge
pi pe. Therefore, there has been difficult to increase the 5
production efficiency of carbon nanotubes. [00071 Accordingly, the
present invention ains at providing a carbon nanotube synthesis
process apparatus with which the production efficiency of carbon
nanot ubeshaen Heen norogased. cohGeSOL g Ohe TER PROBLEMT 1{WAhdd) there
accordance with an aspect of the present invention, there is
provi ded @RI wanicttube $ychhedpgips ogkssh apparatusprimatfedry prevent
produci ng a carbon nanotube by using a gas-phase nethod, the
appar at uscd fidrudiang tabegadrioon bedbe; aghsuppl yo uand aligdines wpliisehaage
carbon-containing raw material froman upstreamside of the reaction
tube; a HEH§ng Lfiteirficeh theaeshapebeencdi bal culibeq o ndr@maasy the
generate within the reaction tube a reaction 20 field which thermally
deconpos ¥ YHE Qb GFLAGACERH R FARPOMERERPEPe% produce a car bon
nanot ube; j.scharge pipe disposed downstream of the reaction tube
for direc&qhéy}the car bon nanotube produced in the reaction tube to

eneratjion unjt which generates a

t he outside; _and a.swirl flow ,
swirl flow 25 Aﬂcé’\ﬁ%ﬁélgfl%mtbﬁ Pgﬁﬁ?n | He U T A S8 e PHYEREGe @
pi pe alOQ%rﬂgﬁaﬁa%%%ﬁb%ig%n%Hggggep£ggé§§fapﬁgratus with which the
production efficiency of carbon nanotubes can be increased.
10
SOLUTICON TO PROBLEMS
[0008]
In accordance with an aspect of the present invention,
there is provided a carbon nanotube synthesis process apparatus
15 for producing a carbon nanotube by using a gas-phase method,
the apparatus including a reaction tube; a supply unit which
supplies a carbon-containing raw material from an upstream side
of the reaction tube; a heating unit which heats the reaction
tube to thereby generate within the reaction tube a reaction
20 field which thermally decomposes the carbon-containing raw
material to produce a carbon nanotube; a discharge pipe
disposed downstream of the reaction tube for directing the
carbon nanotube produced in the reaction tube to the outside;
and a swirl flow generation unit which generates a swirl flow
25 flowing from an inner side surface of the discharge pipe along

the inner side surface thereof.



[0009] In accordance with another preferable enbodinment, the swrl
~flow generation unit includes a plurality of nozzles disposed on the
i nner side surface of the discharge pipe for 5 discharging gases in
a direction which is deflected fromthe center of the discharge pipe.
Preferably, the plurality of nozzles are arranged at equal intervals
in the circunferential direction of the discharge pipe. Further, the

nozzl es at@o0preferably di sposed near an upstream end of a

| ow-t enperature 10 regi on of the discharge pipe having a tenperature
| ower than then adowaldred eniér ahotbeof prhfe noizi¢ esubATMANTAGEHLS
EFFECTS OF | NVENTI ON [0010] 15 According to the present invention, a
swirl flowitbwilny deromatien nmert sndéuseasfacelofalitey dh S ohergje i pe
along the inner side surface thereof is generated within the

di schar gedigppead Wit hehiignsw slidel ewrfaset hé thag bdis Hanaleioarfer
isolated fromthe wall surface and transferred toward the 20 center
of the dideHhoBip&asfthddi ¢n ddrerhécrarbbah nbholigibeacted famm ithser
side surface and resulting clogging of the discharge pipe can be
ef f ecti veF§P Pieinttdtf A arGFeRIPE -t hBTSERFHBRY naift ublesradridy of
adhered to the inner side surface, ttge. car bon nanot ubes, are renoved
by the svit?¥Z¥5ovi" CSH A, SEBALoARFREBYSS obRrHlS ont gtunifgential
car bon napolue SYNNESe ALosesse B:BRPAT ALUENGEN % A AN S0

preferably disposed near an upstream end of a low-temperature
10 region of the discharge pipe having a temperature lower than

the allowable temperature of the nozzles.

ADVANTAGEQUS EFFECTS OF INVENTION
[0010]

15 According to the present invention, a swirl flow flowing
from the inner side surface of the discharge pipe along the
inner side surface thereof is generated within the discharge
pipe. With this swirl flow, as the carbon nanotubes are
isolated from the wall surface and transferred toward the

20 center of the discharge pipe, adhesion of the carbon nanotubes
to the inner side surface and resulting clogging of the
discharge pipe can be effectively prevented. Also, even 1f the
carbon nanotubes are adhered tc the inner side surface, the
carbon nanotubes are removed by the swirl flow. Consequently,

25 continuous operation of the carbon nanotube synthesis process



t hereof can be increased. BRI EF DESCRI PTI ON OF THE DRAWNGS 5 [0011]
~These and ot her objects of the invention will be explained in the
description below, in connection with the acconpanying draw ngs, in
which: FIG 1 is a view schematically illustrating a structure of 10
a carbon nanotube synthesis process apparatus according to an

enbodi nent of the present invention; FIG 2 is a schematic cross

sect i onal appevaohs acal Sedasgei eyidpeso EhGt 8heSpaodtossonest f DABdn ew
taken along line AAAin 15 FIG 2; and FIG 4 is a cross sectional

vi ew t akehhakrenf ¢tamebB-Bicreaddds 2. REFERENCE SI GNS LI ST 20 [0012]
10 carbon nanotube synthesis process apparatus, 12 reaction tube, 14
heating device, 18 raw material supply nmechanism 20 raw materi al
tank, 22 punp, 24 raw material supply line, 26 supply nozzle, 28

i ntroduction tube, 30 ZRHWOUSIHFRIFIIONsORaFYE PRPEBINGA nozzle. 6
BEST MODE FOR CARRYI NG OUT THE | NVENTION [0013] A preferred
enboditrent 081t he present invention will be

These and other objects of the invention will be explained
in the description below, in connection with the accompanying
drawings, in which:

FIG. 1 is a view schematically illustrating a structure of

10 a carbon nanotube synthesis process apparatus according to an
embodiment of the present invention;

FIG. 2 is a schematic cross sectional view of a discharge
pipe;

FIG. 3 is a cross sectional view taken along line A-A in

15 FIG. 2; and
FIG. 4 is a cross sectional view taken along line B-B in

FIG. 2.

REFERENCE SIGNS LIST
20 [0012]

10 carbon nanotube synthesis process apparatus, 12
reaction tube, 14 heating device, 18 raw material supply
mechanism, 20 raw material tank, 22 pump, 24 raw material
supply line, 26 supply nozzle, 28 introduction tube, 30

25 housing, 32 discharge pipe, 34 nozzle.



‘described with reference to the drawings. FIG 1 is a view 5
schematically illustrating a structure of a carbon nanotube synthesis
"process apparatus 10 according to an enbodi nent of the present

i nvention. The carbon nanotube synthesis process apparatus is an
apparatus for produci ng carbon nanotubes by a gas-phase flow nethod,
and includes a reaction tube 12, a 10 heating device 14 for heating

t he reaction tube 12BE&Tr HGDE nBOR ¢ HRRSING QU TremEa miNsmnES ofior
supplying a raw naterial liquid to the reaction tube 12, a discharge
pi pe 32 f0PChul di ng the carbon nanotubes produced in the reaction
tube 12 to a collection tank (not shown), and so on. 15 [0014] The
reaction tube AZXisterrtahguhodmebsr ofihibh Pzeheat ethvdyt idre widdt ibeg
device 14 which will be described belowto generate therein a
react i on $¢FPRAA oH Ehats ferenpet Resikbe deavingd. of FEGr boni manotibes.
According to the present. 20 enbodi nent, a so-called vertical downward
flow typesFraatiginl Hbd 1B gl AsSgedrnee etich ¢3mhon Hwnotube
synthesis reaction of the carbon nangtubes progresses fromthe upper
portion tIRIFSHhPIRHETS FEPEEERVST LPhaSFeadifonte e Sboqisnqude @t

However, vertic war.d flom%%gpe reaction tube in which the
S o

synt hesi s : Qﬁﬁﬁﬁql ﬁp‘?%ﬁ?égke ﬁ??ﬂ%nl%ﬁ%?t .?t?¥ﬂFQQﬁ&ﬁ1Pqﬂﬁ§ss
DT oo P B2 LS e O LD LT A e SR vy
used as l&Jy-;ﬁﬁagehefl%hﬁl?rle%hro%q(:tahanim:lelgegag' Pga(Pt!J‘.)é/IJl dc%q:ie 12, a
10 heating device 14 for heating the reaction tube 12, a raw
material supply mechanism 18 for supplying & raw material
liquid to the reaction tube 12, a discharge pipe 32 for guiding
the carbon nanotubes produced in the reaction tube 12 to a
colleciion tank {not shown), and so on.
15 [0014]

The reaction tube 12 is a tubular member which i1s heated
by the heating device 14 which will be described below to
generate therein a reaction field which enables synthesis
reaction of carbon nanotubes. According to the present

20 embodiment, a so-called vertical downward flow type reaction
tube 12, which is designed such that the synthesis reaction of
the carbon nanotubes progresses from the upper portion toward
the lower portion ¢f the reaction tube 12, is used. .However, a
vertical upward flow type reaction tube in which the synthesis

25 reaction progresses from the lower portion toward the upper

portion, and a lateral type reaction tube in which the



‘Further, while it is desirable for the reaction tube 12 to be of a
substantially cylinder shape, the reaction tube 12 may be 5 of a
‘rectangul ar columm shape as long as the stable reaction field can be
provi ded. [0015] The heating device 14 is provided around the outer
peri pheral surface of the reaction tube 12. The heating device 10 14
is formed of an electric furnace, for exanple, and is designed to
heat the bphehkstisotebbeiceasto@edshe il the aatkeaperakueeidh Wy Callso
carbon nanotubes can be synthesized (hereinafter referred to as a
"synt hesi bet espdr atutetly . as [ 6 tdbl Thedwedbnngidedi eenlbei Srovided.
di sposed so that the heating device 14 can heat the interior of the
reacti on Fubthe2, ashilaiforhd Wesipdsls Hoe. tHeweeertibh tsbaot®ato be
for, at edge portions of the reaction tube 12, the area of heat | oss
to be |arger shhatanhbially t¢wlicwrnrershame,i dheofreshéippattbenl? ubey be
12, 20_and the tenperature thereof tends to be low. In other words,
in the’inPérpoFeetanfelaeaeelwm tinrel2s tlivact eApéhat akeble reaction
distribution_is generated in which the tenperatures are | owered

t owar ds bbotRlEn88roPetHECYEIRE i on tube 12. Although it is not

possi bl e Eﬁ Egiarly define the boundaries in this tenperature 25

di stributi H, first mddle tenperature regi on Ea bel ow t he
synthesis tenpgrature is formed near. t he upstream edge of the
reaction tube ﬁéeaﬁﬁag?%%c ?ﬁf?ﬁ:}ﬁ éjiéﬁﬁ39§F8rQIPBBgthﬁcouter

peripheral surface of the reaction tube 12. The heating device

10 14 is formed of an electric furnace, for example, and is
designed to heat the interior of the reaction tube 12 to a
temperature at which carbon nanotubes can be synthesized
{(hereinafter referred to as a “synthesis temperature’}.

(0016}

15 The heating device 14 is disposed so that the heating
device 14 can heat the interior of the reaction tube 12 as
uniformly as possible. However, it is normal for, at edge
portions of the reaction tube 12, the area of heat loss to be
larger than that in the center portion of the reaction tube 12,

20 and the temperature thereof tends to be low. In other words,
in the interior of the reaction tube 12, the temperature
distribution is generated in which the temperatures are lowered
towards both ends of the reaction tube 12. Although it is not
possible to clearly define the boundaries in this temperature

25 distribution, a first middle temperature region Ea below the

synthesis temperature is formed near the upstream edge of the



"bel ow the synthesis tenperature is fornmed near the downstream edge
of the reaction tube 12. Further, in the center portion of the
‘reaction tube 12, i.e. between the first nmiddle 5 tenperature region
Ea and the second m ddl e tenperature region Ec, a reaction region Eb
in which the tenperature reaches the synthesis tenperature at which
carbon nanotubes can be synthesized is forned. Here, while in the
present enbadii@nttulihel heald rg sdevndemiddlis peowéedecionl yeqraumt t he
outer 10 periphery of the reaction tube 12, the heating device 14 may
addi ti onadb¢lobetlpr et sis tteapemténirer 1 sf fohmred eaed 1 orhd ub®einsit2-ciam
accordance with the inner dianmeter of the reaction tube 12 and the
per f or mane@®e oL edch Heeattiipg depiecé214. FRoOUFE, 1% the avemmdemedtion
liquid is supplied to the reaction tube 12 by the raw materi al

suppl y metharismers:t itie YR davedi- & Lstippey e hakismnigldwl udes a
raw material tank 20, a supply nozzle 26, a raw material supply line
24, a punfPBIEL A & F $H-on Fe angwthat EpFand tBHRADD teReraiitg megion
storing a.raw naterial 20 liquid. The raw material liquid is a

car bon- cofftrai hifF 45 Gt 9P a B gt YT AP vk it AP Yati T TRAASS the
catalysl o Erge Mol e Bar Lholgs ROLELIL 19,20, gL senl 5, et
rater L2l L g 99 erad, 1Ryl ey L Tl SRt e
9 11 quid iy RASAMIP UM JNg 4PYEP 23 1BOS Cofl | Vi AAS SRR ed

10 periphery of the reaction tube 12, the heating device 14 may
additionally be provided in the interior of the reaction tube
12 in accordance with the inner diameter of the reaction tube
12‘and the performances of each heating device 14.

[0017]

15 A raw material liquid is supplied to the reaction tube 12
by the raw material supply mechanism 18. The raw material
supply mechanism 18 includes a raw material tank 20, a supply
nozzle 26, a raw material supply line 24, a pump 22, and so on.
The raw material tank 20 is a container storing a raw material

20 liquid. The raw material liquid is a carbon-containing liguid
or a ligquid in which an organic metal catalyst, inverse micelle
particles containing an organic metal catalyst, a catalyst
auxiliary, and so on are mixed. The raw material liquid is
delivered through the raw material supply line 24 to a

25 plurality of supply nozzles 26. Delivery of the raw material



by a control section (not shown). [0018] The supply nozzle 26 is a
~nozzl e which atom zes and 5 supplies the raw material |iquid, that

has been delivered from the raw material tank 20, to the reaction
tube 12. The supply nozzle 26 is disposed at the upstream edge of
the reaction tube 12 such that the | eading end thereof extends from
t he upstream edge surface of the reaction tube 12 into the interior
of the 101i@atditn pethodid dyashieo pheachot hRoseagti ing gl oforrolled
Wiile FIG 1 illustrates an exanple in which two supply nozzles 26
are provideds d¢dretmihberctafort Wevotupploynnozzl es 26 i s not

particularly limted and may be one or three or nore. [0019] 15 Wen
the atom z@@dl&8hw material liquid supplied fromthe supply nozzle 26
is supplied to the reaction tube 12 having a high tenperature, a
carbon source,Tam DRy aawetlal 26atial gshozzaadwhai clat at gt zesixddd ary
contained in the raw material liquid are evaporated. Then, due to

t her nal d%%RF&kﬁﬁtﬁhﬁ1Rﬁwtﬂﬂi%ﬂ@aéréaﬁpédnethﬁtcbiajw%ﬁn @ﬂﬁlﬂ%ﬂﬁd'ﬁfnm
particles are produced. Wen the carbon sources cone in contact with
the catal 3% ¥3hdatrrialcitedk Kz pPodheedcaatter bortbhekagordie pluapd y
is formed on _the surface of the catalyst fine partlcles to thereby

forma cYPFhdt i<l Hraphareds Réet PeFUPPREPAT WHEFE 4 SERP afftrstie oshésbe

25 gradu y 0 he .| on tudl al _direction i rocess in

10 whioh the B AT dind Batnvc Fed bREEERE SRR ﬁ%@ffefgﬁiwtream
edge surface of the reaction tube 12 into the interior of the

10 reaction tube 12 so as to reach the reaction region Eb. While
FIG. 1 illustrates an example in which two supply nozzles 26
are provided, the number of the supply nozzles 26 is not
particularly limited and may be one or three or more.

[0019]

15 When the atomized raw material liquid supplied from the
supply nozzle 26 is supplied to the reaction tube 12 having a
high temperature, a carbon source, an organic metal catalyst,
and a catalyst auxiliary contained in the raw material liquid
are evaporated. Then, due to thermal decompcsition of the

20 organic metal catalyst, catalyst fine particles are produced.
When the carbon sources come in contact with the catalyst fine
particles thus produced, a carbon hexagonal plane is formed on
the surface of the catalyst fine particles to thereby form a
cylindrical graphene sheet. Further, when this graphene sheet

25 gradually grows in the longitudinal direction in the process in

10



‘tube 12, carbon nanotubes are produced. [0020] An introduction tube
28 for carrier gas is provided around 5 the supply nozzle 26. The
‘introduction tube 28 is connected to a gas supply source through the
gas supply line. The carrier gas does not affect the synthesis
reacti on of carbon nanotubes and transfers the raw material and the
car bon nanot ube being produced toward the downstream side. 10 [0021]

The suppl yhieh heige ofa tdiey $aVE 1T @idralicakd tBeceanr heth9AStheessdddied
above is only an exanple and may be nodified as desired as |ong as

car bon nabnab#bes, cedriien praditagtdnra gasdupbase fl ow met hod in which
a synthesis reaction of the raw 15 material is caused in the

gas- phasel[0FdP) exanpl e, the raw material may be supplied in a gas
state, rather than a liquid state (the raw material liquid). Also,

t he introductifn inbeod8 imy theepi28vifded caotrien| yaar bsinorehisdsipplopnd
nozzle 26 but also near the inner peripheral edge of the reaction
tube 2 sehQosupmrty tihexa riter Jhe dasrbtontienntthe 2Hitivduwtrianted to
tube 28 along the inner side surface of reaction tube 12. Wth this
structure? @RMeXiRH DISAURET fiFendhatbeubas 8wpBlyhbinenerThe dwrrier
surface of the reaction tube 12 can be prevented. [0022] 25 A

di schar ged93F pPrs2 1t Arfricdt ddeanisyRthBE L8oWASEE bam efigedrifn tpmotubes

reaction tube 12. The di scharge pi 2 is a tubular 11
ang transfers(¥he rawgnm%e@?ai and the carbon nanotube being

produced toward the downstream side.
10 [0021]

The supply method of the raw material and the carrier gas
described above is only an example and may be modified as
desired as long as carbon nanotubes can be produced by a gas-
phase flow method in which a synthesis reaction of the raw

I5 material is caused in the gas-phase. For example, the raw
material may be supplied in a gas state, rather than a liquid
state (the raw material liquid). Also, the intreduction tube
28 may be provided not only arocund the supply nozzle 26 but
alsoc near the inner peripheral edge of the reaction tube 12 so

20 that thé carrier gas can flow from the introduction tube 28
along the inner side surface of reaction tube 12. With this
structure, adhesion of the carbon nanotubes onto the inner side
surface of the reaction tube 12 can be prevented.

[0022]
25 A discharge pipe 32 is connected with the downstream edge

of the reaction tube 12. The discharge pipe 32 is a tubular

11



"body which externally guides the carbon nanotubes produced in the
reaction tube 12 and is coupled to the downstream edge of the
‘reaction tube 12 via a housing 30. A collection tank is provided
under the discharge pipe 32 to collect the carbon 5 nanotubes which
are produced. [0023] Conventionally, clogging of the discharge pipe
32 with carbon nanotubes tends to occur. More specifically, while

t he car bopdynanotcibesxfdovd Ny tomitdes dhscharbenphnpeoB2oshout abypsss 110
t hrough t he di scharge pipe 32 and be di scharged out to the

col | ecti obhe arfacisionme wHrdoi? madotisbesupdhdr ot bhe hecwmmtareans irdgcef
side of the discharge pipe 32 and stay thereon. Wen there are any
car bon naha® ubRECHdHeredbe d 2 Wea anaépuside 38ur f Aceobietthiconditsoharige
pi pe 32, further carbon nanotubes are 15 easily adhered to these
carbon naPBRUHRS Widsy §he iHechegsBoR1PRaAdt tibesol Feeturihaadivaren o
t he cngon nanot ubes which are already adhered. Finally, a large
amount’ of "¥RRHYE HaHbtUb&re &rgdyeedit h each other and stay on the

i nner sidg $ face of the discharge pipe 32, which may result in

cl oggi ng ¢ e 20 interior of the discharge pipe 32 with the carbon

t ubes. 24 h cl [ d_b b t ub h
i1 arty occurPRET A e Reaetroa A6 T 1S CARReIH 0. H coritan
f cl i t td tube 1 25 | mber, .of
mor oved LRI B O, S HBein CEoRUERET orAPFs ST ebases (o nii® the

exampl e, JBRA04343bA %Q%u&%gzggl%héléﬁéghégge pipe 32 should pass

10  through the discharge pipe 32 and be discharged out to the
cecllection tank, some carbon nanotubes adhere to the inner
surface side of the discharge pipe 32 and stay thereon. When
there are any carbon nanatubes adhered to the inner side
surface of the discharge pipe 32, further carbon nanotubes are

15 easily adhered to these carbon nanotubes. Still further carbon
nanotubes in turn adhere to the carbon nanotubes which are
already adhered. Finally, a large amount of carbon nanotubes
engage with each other and stay on the inner side suxrface of
the discharge pipe 32, which may result in clogging of the

20 interior of the discharge pipe 32 with the carbon nanotubes.
(0024]

Such clogging caused by carbon nanotubes may have
similarly occurred in the reaction tube 12. Concerhing
prevention of clogging of the reaction tube 12, however, a

25 large number of improved technologies have been conventionally

proposed (for example, JP 2001-73231 A and JP 20011-115342 A)

12



12 and thus clogging of the reaction tube 12 can be prevented to a
certain degree by using these technol ogies. [0025] On the other
“hand, no effective inproved technol ogi es have 5 conventionally been
proposed concerni ng cl oggi ng of the discharge pipe 32. Further, as is
clear fromFIG 1, the discharge pipe 32 is not heated by the
heating device 14. Enpirical data shows that, when conparing high

t enper at uaed Plos | ENSg@itt |OW dhepekatice pabki 0PScak AL ORI HANOLAHES, 2
are 10 likely to adhere to | ow tenperature portions. In other words,

t he di schesgeapi pge@Ped oynorserg keleyet aebanclogged. wi th car bon

nanot ubes than the reaction tube 12. It is a matter of fact that
such cl ogh?®gSbf the di scharge pipe 32, which inhibits discharge of
t he carbon nanotubes to the collection tank, is 15 not desirable. In
order to deal 9w tthe Mgy disinein niot efidect tvavemptonad | yeatesessares thave
periodically interrupt operation of the carbon nanotube synthesis
process apprayet ukongl o hesfope opelsede aphoarnandt Gbess Htherfedt oo t he
inner side surface of the discharge pipe 32 so as to prevent

cl oggi ng SFS T I SR g -20 Fpirsée32. aFhésecher¥ odi @alFperlat itdres f or
interruptégg t he productiaon apparatus 10 and for renoving carbon
nanot ubesSH3RAF 9% RHRuctd &% PRttt RE2prREdRYt Fioh 3t mefigyisie tife

car bon not ubes and an_.increase in_the burden on operators. [0026]
Forth 7 5 Ene e h

25 Ther ef 8, ™ $9"h BREN eRBBRR M | DG 9P drmerature

portions and low temperature portions, carbon nanotubes are

10 likely to adhere to low temperature portions. In other words,
the discharge pipe 32 is more likely to be clogged with carbon
nanotubes than the reaction tube 12. It is a matter of fact
that such clogging of the discharge pipe 32, which inhibits
discharge of the carbon nanotubes to the collection tank, is

15 not desirable. In order to deal with this problem, it was
conventionally necessary to periodically interrupt operation of
the carbon nanotube synthesis process apparatus 10 to remove
the carbon nanotubes adhered to the inner side surface of the
discharge pipe 32 so as to prevent clogging of the discharge

20 pipe 32. These periodical operations for interrupting the
production apparatus 10 and for removing carbon nancotubes cause
a reduction in the production efficiency of the carbon
nanotubes and an increase in the burden on operators.
[0026]

25 Therefore, according to the present embodiment, in order

to prevent clogging of the discharge pipe 32 with carbon

13



‘to prevent clogging of the discharge pipe 32 with carbon 13

nanot ubes, the discharge pipe 32 is configured to have a speci al
"structure, as will be described in detail below. [0027] FIG 2 is a
schematic cross sectional view of the 5 discharge pipe 32 (except for
t he housing 30 which connects the discharge pipe 32 to the reaction
tube 12). Further, FIG 3 is a cross sectional view taken along |line

A- A of Flgendtangs Fle cﬂiécﬁlaa:dc}é’ Qspesaot hanabn¥h gurtakes whehg | i ne
B-B of FIG 2. [0028] 10 The discharge pipe 32 according to the
present espediakEnitristwrd utid arilgody cespkedetioifhgetonerpensy of the
reaction tube 12 via the housing 30 (see FIG 3), and has an inner

di aneter [0bETh is substantially the sane as that of the reaction

tube 12. However, portions of the discharge pipe 32 near the 15

upst ream edge {1Ge.2 tiwe adghpertticonsoss shetsodel ofiddheot rigact i on
tube 12) are formed to have a slightly tapered portion 32a in which
the inerddschetes ping e (sxapraddalrl $heedasedngt dQawit ¢thecarpsiatearthe
edge, as illustrated in FIG 3. Stated in a different nmanner, the

di schar gedpsplanze inidorieda Fheaveagt2onstigat 19) t hi Bkethaml IFIG. 3 is
t hi ckness near the upstream edge than the downstream side. Such a
struct ur e®i frAF FHIHORG Ve dekessaLagdr line Apiteeaitedge angt FIG.

t hi ck fac&litates stabl e suppart of the nozzle 34 as will_be

descri bed” b&f O%V.C%v'seer‘ft%laﬁoﬁdeé’stag?ﬁb?%o@ﬂlpbb?? 3R thdTozAe

34 can be[ggfgfed, it is not

10 The discharge pipe 32 according to the present embodiment
is a tubular body coupled to the lower end of the reaction tube
12 via the housing 30 (see FIG. 3), and has an inner diameter
which is substantially the same as that of the reaction tube
12. However, portions of the discharge pipe 32 near the

I5 upstream edge (i.e. the edge portions on the side of the
reaction tube 12) are formed to have a slightly tapered portion
32a in which the inner diameter thereof is gradually reduced
toward the upstream edge, as illustrated in FIG. 3. Stated in
a different manner, the discharge pipe 32 is formed to have a

20  slightly thicker wall thickness near the upstream edge than the
downstream side. Such a structure in which the wall thickness
near the upstream edge is thick facilitates stable support of
the nozzle 34 as will be described below. However, as long as
stable support for the nozzle 34 can be secured, it is not

25 always necessary to provide the thicker wall portion (taper

portion), and a straight tubular body having a uniform wall

14



25 al ways necessary to provide the thicker wall portion (taper
.portion), and a straight tubular body having a uniformwall 14

t hi ckness may be used or a seat by neans of a boss and so on nay be
provi ded. [0029] A plurality of (six in the illustrated exanple)
nozzles 34 5 are provided in a fixed manner on the side surface of

t he di scharge pi pe 32. These plural nozzles 34 function as a swrl

fl ow geneblat¢loresminaic hspsherasesesi by htams wf hi rodde ardi schamge
pi pe 32. Each nozzle 34 is connected to a gas supply source (not
shown) an®PerRt LIEIdef0 the di scharge pipe 32 in 10 accordance with

an instruﬁ) on fromthe controller. The type of this gas is not
particul a é??]i mted as long as the gas does not deteriorate or

alter the qualjty of the carbon nanotubes__after synthesis.
Accordingly, dafHiEd 5% Ahd Sd¥ndnt e é%lu%‘ﬁ'ea%%qu?@mﬂjeﬁs) FE3es 34
used, or njitrogen be used. Further, 15 the flow velocity (flow
rate) “of The pg%svm%a '8 & %&Fﬁegaﬁ’ﬁnnﬁ&?’?et% THFUI P HARS £ Indd)si t ude

e
t which . bes, -can,b f i thout bei |
adhor ed. S OUAOT A S lar ad BESEnCFRER | 2OTHISE i AN O o pedvi 51
the 20 s fo s ischatge pipe, 32 | irect| ich,i
ot 1 coted Wt 1P E2Bea | & tRe RoaebeBont cthes S rie ipa™ 426 n

(s oS R S 20 e hgps sl Lo Wl % 3 8 001,
source (not shown) and emits gas into the discharge pipe 32 in
10 accordance with an instruction from the controller. The type
of this gas is not particularly limited as long as the gas does
not deteriorate or alter the quality of the carbon nanotubes
after synthesis. Accordingly, gas which is the same type as
the carrier gas may be used, or nitrogen may be used. Further,
15 the flow velocity (flow rate) of the gas emitted from each
nozzle 34 should have a magnitude at which the carbon nanotubes
‘can be transferred without being adhered.
[0030]
As illustrated in FIG. 2, this nozzle 34 is fixed to the
20  side wall of the discharge pipe 32 in a direction which is
deflected with respect to the center O of the discharge pipe
32. In this case, the orientation directions of all the
nozzles 34 are the same. Also, the plural nozzles 34 are
arranged at equal intervals in the circumferential direction.

25 Here, while the deflection angle o of each nozzle 34 with

respect to the diameter can be adjusted as appropriate

I5



arranged at equal intervals in the circunferential direction. 25
_Here, while the deflection angle a of each nozzle 34 with respect to
the dianmeter can be adjusted as appropriate 15 depending on the fl ow
velocity of the gas to be emtted and the nunber of nozzles 34, the
nozzl es 34 may be disposed, for exanple, in the directions which are
substantially identical wth sides of a regular polygon having
apexes atdepsidinmsors Wirerfd oW yeloicitheofil bhal g8y ©d hezehisted end the
| ocated. More specifically, in the exanple illustrated in FIG 2,

t he nozz|@enbay ¢z lfispdsedhsudnzehas dachanfbei desposed, r@gul ar
hexagon, havi ng apexes each corresponding to the tip of each nozzle
34, subst%’ﬁﬂrﬂ%ﬂw Bores soies tETchehd FheAt t FoRs 180 B # bEY | biefiasdch
nozzl e 34 003 Further, as illuystrated in FIG 4, each nozzle 34
is fixed” rﬁf(ﬂlﬁﬁﬂﬁ%frdp§é8ﬁapl9aﬁbﬂﬁm%?%ﬁeﬁvﬁ% Rpjitions

fr L%”%Sch“a%aé%l S %'rlﬁ,%% i %93835%% §%¥$3€r§a'$qé§£oé“ae? d

to the d t 0 | f

L0 Lne opgsL A s b e Sah s fypDepedacly “@f%ﬁ”%ﬁe Liggeles
f I e d t
emboat mert® T Tl ARREn %%%%3%5 PeChref 2%’%%%6‘@ o 6y cos.

the inclinatd ar}@\ﬁr{%%égée%%si Q%Eﬁaﬁggrggpgﬁ&{r?@s@cg Wi d mlrb 3 9%

of about 10 degrees
nozzle 34, substantially corresponds to the orientation

10  direction of each nozzle 34.
[0031]

Further, as illustrated in FIG. 4, each nozzle 34 is fixed
while being directed diagonally downward. With this
arrangement, gas which is directed diagonally downward is

15 emitted from each nozzle 34, and carbon nanotubes are actively
transferred to the downstream side by the gas. Here, the
inclination angle of each nozzle can be adjusted as appropriate
depending on the number of nozzles. While, when six nozzles
are disposed as in the present embodiment, the inclination

20 angle is preferably about 10 degrees, the inclination angle may
be increased or decreased within a range of about #10 degrees.
[0032]

Here, in order to reduce the amount of carbon nanotubes
adhered to the inner side surface of the discharge pipe 32, it

25 is desirable to provide each nozzle 34 at a position as close

to the upstream edge of the discharge pipe 32 as possible.

16



Here, in order to reduce the anmpbunt of carbon nanotubes adhered to
.the inner side surface of the discharge pipe 32, it 25 is desirable
to provide each nozzle 34 at a position as close to the upstream edge
of the discharge pipe 32 as possible. 16 However, the upstream edge
of the discharge pipe 32, which is connected with the reaction tube
12 which is kept at a hlgh tenperature, is likely to have a
reIatlveI§°H?§ﬁrteﬁﬁﬁwﬁﬁiﬁﬁﬁaﬂ‘WBK@E§§é@hﬁ|§aﬁpvara§ pipesi?atedi¢hm is
FIG 1, in the section 5 near the upstream edge of the di scharge pipe
32, the s%%%ﬁ%Ct%¢d%H%bt%ﬂﬁmﬁ%ﬁQP%quﬁﬁhﬁn1@cwgéﬁhngssh%ﬁiaﬂtl%meghhe
same tenperature as that in the section near the_downstream edge of

the react FERPEEBEIES i &S tlobkfid RNNQ@¥etﬁ|§eééééﬁﬂlﬁlﬁﬂg% Lempper Biig e

regi on Ec_does not ate ture which is_as 10 high as the
t enper at uf %r%fs?%%l‘lr] a?t]l%n arn% FEF A FAMAPCEICsy ht heR| Eh‘? RN of

Ei” car® haveh Sensle er%a% %o?dg% *%ftias %Egapé‘rggaﬁéi%zgﬁéﬁéﬁ%%ﬁ
bggégﬁzéé l%(?I% %ne%% Li\;%‘Itorree econ B %fél%lé %eﬁ%gt‘?‘% urgf egion” e
Accor di ng{é(m?efg'@uﬂ@% ecég@ﬁq % wh%v's@%@1eﬁaaegpemgg{%&§§%§g§f %é NG

| ow tenperature region aving a tenperature
| oner tham¢ hesald awahl g.d enperatiygoof tﬁslmgz%@s?»éec&ﬁ)@%ﬂddlﬁeo

When the gas is emtted froma plurality of nozzles 34 dispose
descri bed: éhoyeat@rSWddidr O iddbed WOt BXvEAr aSPEhBtrature which is as

10 high as the temperature of the reaction region Eb in which
synthesis reaction of carbon nanotubes is performed, the second
middle temperature region Ec can have a considerably high
temperature state (several hundred degrees). There is
therefore a possibility that the nozzle 34 will 5e damaged by

15 heat in this second middle temperature region Ec. Accordingly,
the nozzle 34 is provided near the upstream edge of the low
temperature region Ed having a temperature which is equal to or
lower than the allowable temperature of the nozzle 34.

[0033]

20 When the gas is emitted from a plurality of nozzles 34
disposed as described above, a swirl flow in a vortex or spiral
shape is formed within the discharge pipe 32, which flows along
the inner side surface towards the downstream side (see FIG.
2). With this swirl flow, the carbon nanotubes passing through

25 the discharge pipe 32 are isolated from the wall surface and

converged near the center of the discharge pipe 32. In other

17



shape is formed within the di scharge pipe 32, which flows along the
.inner side surface towards the downstreamside (see FIG 2). Wth
this swirl flow, the carbon nanotubes passing through 25 the

di scharge pipe 32 are isolated fromthe wall surface and converged
near the center of the discharge pipe 32. In other 17 words, the
carbon nanotubes are prevented fromnoving to the inner side surface
of the di%ehds geth prridmn senctabeadhesi paeveht edielf vam bow nandtaubgs
to the inner side surface is prevented. As a result, the need for
peri odi cat DR et ¥dmtIuif asiserodt iths @ﬂsshﬁh@eppbﬁﬂcﬁiom@et@a:@ ddhesmign
for renoving the carbon nanotubes adhered to the inner surface side
can be el Phi M8 R TRY TEACT UGSy L0 BecdRRRAUBLES opET RGN DIPngwented.
productiop device 10 % be achi eved. Consequently, the production

efficiency® ot &Fbdon &%§°€aﬁeﬁéogﬁﬁﬁi{f%%‘é%‘flf‘ﬁpfrﬁt‘? eRPHtirg of
0034]. As,_d ab d th t enbodi t t
o pods: bi S AT S5 S PeTene aaRgsi BFMBT L Ehr Hism CHERRL Qs ties
th f f th d h t hat

bt oduct .e{)n‘%’é%? |C§:Jcren2t§1eo%ntnheéfe ' %ﬁgﬁgh%%?ug%@%n Gk 59 GAE y
'ncreased cg)rH:Qnu%gJ%d %Q@at% Sft\t_]]?e éjlgc?u acrlgje pdeDe 32 l%ncan

t he react|on t are separate nmenpbers OVG exarrp

these e SRy, e f Qi %ﬁu@%%@kalk ge'aa@@{o dﬂéﬁéw%fat&%son
nple all of the plurali 0zz are spose t he sa
hei ght,  thedaazd €34 H@M&%%@%Qh%pg;sgﬁc@éagééf erent heights.

10 [0034}]

As described above, according to the present embodiment,
it is possible to effectively prevent adhesion of carbon
nanotubes to the inner side surface of the discharge pipe 32,
s0 that the production efficiency of the carbon nanotubes can

15 ©be significantly increased. It should be noted that while the
discharge pipe 32 and the reaction tube 12 are separate members
in the above example, these members may be formed integrally.
Further, while in the above example all of the plurality of

nozzles 34 are disposed at the same height, the nozzles 34 may

‘20 be disposed at different heights.
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18 CLAIM5 1. A carbon nanotube synthesis process apparatus for 5
-produci ng a carbon nanot ube by using a gas-phase nethod, the
apparatus conprising: a reaction tube; a supply unit which supplies a
carbon-containing raw naterial froman upstream side of the reaction
tube; 10 a heating unit which heats the reaction tube to thereby
generate within the reaction tube a reaction field which thermally
deconposes the carbon-containing raw material to produce a carbon
nanot ube; a di scharge pipe di sposed OEL% ﬂgmmstrean1side of the 15
reaction tube for directing the carbo 53t ube produced within the
reaction tube to outside; and a swirl flow generation unit which
generates a swirl flow flowng froman inner side surface of the

di scharge pi pesal ong oL bgoh e, SLule SidRce o hereats 20,2, TE £or
a i'ng arm 1,

carbon nanot ube synthésris process appar at us cor

wherei i t Beoswkhhgf b oMs B8NS AL QRuBINIdy iu%%'éd%sgg P?Hfﬁ%i k¥t Rbq, the
nozzl es di sposed on an inner side surfiace of th gl charge pipe

for enittggﬁagggugnc@mgfiggﬁépn which is deflected fromthe center
of the discharge pipe. 19

& reaction tube;
a supply unit which supplies a carbon-containing raw
material from an upsiream side of the reaction tube;

10 a heating unit which heats the reaction tube to thereby
generate within the reaction tube a reaction field which
thermally decomposes the carbon-containing raw material to
produce a carbon nanctube;

a discharge pipe disposed on a downstream side of the

15 reaction tube for directing the carbon nanotube produced within

the reaction tube to outside; and

a swirl flow generation unit which generates a swirl flow
flowing from an inner side surface of the discharge pipe along
the inner side surface thereof.

20

2. The carbon nanotube synthesis process apparatus
according to Claim 1, wherein

the swirl flow generation unit includes a plurality of
nozzles disposed on an inner side surface of the discharge pipe

25 for emitting gas in & direction which is deflected from the

center of the discharge pipe.
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3. The carbon nanot ube synthesis process apparatus according to
-Claim2, wherein the plurality of nozzles are arranged at equal
intervals in a circunferential direction of the discharge pipe. 5 4.
The carbon nanot ube synthesis process apparatus according to Caim
2, wherein the nozzles are di sposed near an upstream edge of a | ow
tenperature regi on of the discharge pipe having a tenperature 10
whi ch is | owerst hart h SRIRMAREE RPN LRBS bF PRRCHDT ARREra D

according to Claim 2, wherein
the plurality of nozzles are arranged at equal intervals

in a circumferential direction of the discharge pipe.

4. The carbon nanotube synthesis process apparatus
according teo Claim 2, wherein

the nozzles are disposed near an upstream edge of a low-
temperature region of the discharge pipe having a temperature

10 which is lower than an allowable temperature of the nozzles.

20




