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Abstmct

  The method，which embled to evaluate the1iquid ph困e m珊s trmsfer coefficiellt from the

obsewation of residence time cume in packed bed of㎞so1uble虫ass beads，was proposed．The

nlass t工ansfe工。oefficient was derived from tbe Inoment integration of the residence time cu－ve

（or step response）． The coefficient was coπe1ated with f1ow condition iIl terms of the JD

factor aga㎞st Reyno1ds numbeL The cone1ation between the JD factor aIld Reyno1ds numbe正

shows good a距eement with mass t胞皿sfer data of previous虹vestigato耐with so1ub1e－beads－

packed bedsl This method is simp1e md usefu1too1for eva1uation of1iquid phase mass transfer

coeff＝cient in packed beds．

和 文 要 旨

 不溶性のガラス球を充填した層の滞留時間分布曲線を実測することにより，実測曲線から液

側物質移動係数を算定し得る方法を提案した。液側物質移動係数は滞留時間分布曲線（または，

ステップ応答）をモーメント積分することにより算定した。算定した物質移動係数は流動条件

とJ。ファクター対レイノルズ数の形で相関した。本方法で求めた相関は，従来の溶解性の球

を充填した層による物質移動データと良好な一致を示した。本方法は簡単で有効な物質移動係

数の測定法であることがわかった。
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I11t－0d㎜OtiOm

    The1iquid ph姻e mass tra11sfe－between now・thmugh－nuid and so1ids in a packed bed is

essenti刻in many kinds of unit opemtions，such as iori exchミmge，cata1ytic reacd011，ads011Ption，

so1id－uquid extmc伍。n，etc．，and h8been studied by m㎜y imestigato躍．Carbeny3derived

a theoretic阯equation for liquid ph級e mass tr；msfer㎞a packed bed，apply㎞g the boundary

1・y・川・岬t・th・n・w…㎜d…hb・・dp・・㎞g・i・・b・d．Pf・ff・・131・“th・…廿・創・q…

tion based on the free surface mode1i！11ow Reyno1ds11umber region．Kataoka，Yosllida呂md

Ueyama8 proposed a theoretic汕equation on the距。und of the hydrau1ic mdius mode14

Tbeir血eoredcal equations a距eed we11with血e p㏄刊。us expelimenta1data121415．The a1i

pm材。us expehments were cミmied out with so1ubIe so1id partic1es，such困bemoic acid bead．

    In this work，the method whic11can evduate the liquid phase m困s tr㎜sfer coefficient

from the reside11ce time cuwe was proposed．The resideme time cuπes in a bed packed wユth

iilso1uble卸ass spheres were meas11red，wheIl step comentmtion clla1コユge was imposed on the

in1et stream．Tlle pressure drop h the bed was a1so measured to ellsure the v汕dity of the

g1困s－beads－packed bed employed for the expehment．The vaIimce fmm the mem residence

time was ca1cu1ated by the moment㎞te阻州。nτ．From t11e vah㎜㏄，t11e liquid phase mass

tramsfer coefficient was c阯。u1ated．The coeffici6nt was p1otted as JD factor against Reyno1ds

numbe一，and was discussed on the a阻eement with the pτe祈。us data of so1ub16・beads－packed

beds．

E卵6rime11ω

    Tlle schematic dia里am of the expedmental apparatus is shown㎞Fig．1．The c汕皿ωc阯

。o1umn（see Fig．2），made of tエ㎝sparent methac剛ic resin，was55mm h inside血ameter㎜d

307mmm1e11gthofp㏄keds㏄t1onAf1owdistnbutorgwhicllhadthetoumamentedpaths
of now and gave u血form mω』now disthbuti011was used．For more lmifoエm disthbution of

n・w・th・t・・t…d㎝（ε・0・386）・f3mm幽艶b・・d・p・・㎞gw・・fitt・d洲hp・・㎞g…也。。
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1 Packed bed
2 Pt Cell（O．5mmφ）
3 Flow meter

4 Constant－temperature tank
5 Manometer
6 5－way switch cock
7 Pump

Fig・1Scllmatic diag工am of the expe－ien側apP町田tus
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Fig．2Beadspackodbed

w1th bead of2mm d1ameter before ond behhd The step response of test section was obse耐ed

as fouows．Stepwise（not perfect1y step－shaped）concentration ch畠mges both at h1et md out1et

of the test section were detected by e1ecthc conducti枇y measu爬meIlt，when step chミ㎜ge h

concentmtion was imposed011the fluid at the upstream f1ow distributor．Tbe coI1㏄nt胞tion

chmge was given by a five－way switch cockg made of Py1ex口鯛s．Two nuids，distmed water

at25±0．2oC containing，respective1y，O．O02N and O．005N hydroch1odc acid，were switched by

the cock to select either，ミ㎜d to give step－wise concentration cllミmge． ConcentratioIl was

detected by e1ectric conductMty ce皿s ofO．5mmφPlatinumwhesw阯。hweresetattwobou11dary

cross sectioIls for averaging c011centmdon change．丁止e two recorded step－wise responses were

processed by a digita1computor with step－test㎞g阯godthm，which had beell deTe1oped else－

where18，and converted to a residen㏄time（or step response）cune for the test section，via

frequency domaill．

A11日1ysk by dy118111ic model

    The1iquid phase mass transfer coefficient in packed beds has eveエbeen evむuated from the

s1：eady s施tεout1et concentratio皿when so，uble｛o1id－beads are”sed a5packings in beds，through

which 1iquid is nowing． In ou1＝ana1ysis，so1ub1e tracer substance was introduced from the

m1et of bed，㎝d d1ffused from the body創。w（or mミ㎜1flow p町t）to血e sta即㎜t bouIldary

1ayer on inso1口b1e pack＝ngs，and diffused back－from the bounda工y layer to曲e body now．The

diffusion to the stagnant layer gave rise to apPare11t axia1 dispe工sion of t1＝acer，as止ad bee皿

show11in a pre㎡ous work1116．The mass trミmsfer coefficient was able to be㎞te叩reted as

tlle reciprocal of the mass tr…msfenesistミmce between stagnミmt hyer on t11e packed bead surface

and the body now．The detai1exp1anation by dymmic mode1to obta㎞血e m㏄s trmsfer

coe脆。ient was given as fonows．TI1is dymmic mode1棚umes two phases for the nuid㎞
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x  L

u

→ kLa
    ㌧

（1一β）V

βV

C1

C2

Fi8．3I11ust晒tod dymmic mod61with a motion phag8and a Iest pha鵬

脾。ked beds，that is，a motion phase and a rest phase w11ich are conespon砒ng respective1y to

tI1e bu1k f1ow through the beds and t11e stag皿ant f1uid in the v01＝tices before and behiIld the

pac㎞11gs㎝ユd m bounda町1ayeエ These n㎜d behav1ou薦wefe con趾med by the photograp阯。

obseπations of streani1㎞es in a two dimensiona1packed bed1md a tbree dimellsiond bead．

packed bed10．Ill t11e moti011ψase，fluid is棚sumed to f1ow without独pe祠i011i皿p1皿g Oow

at ve1ocity of“and the volume is V（1一β），as i11ustmted㎞Fig．3．The－est ph砥e is stagn畠mt

phase having the vo1ume of Vβ．Resistance foτmass tmnsfer between t11ese two p血ases is

a1so postu1ated㏄conceIltmted at the bounda〃。f two phases．丁止is tw年p止ase－c011cept is just

identic阯with tlle double－film－theoW，b㏄ause steady states of Eqs．（1）and（2）（stated be1ow）

吹e dse to matehd b刈mce of do皿b1e一血m－theo取．A㏄ordhg to these ass11mptions，materi副

ba1ance of trace正substance gives Eqs． （1）and（2）1

（1一β）書ξ・一一也（蒙）…α（・・一・・〕

β繋一・・α（・r・1）

（1）

（2）

whereαis血e surface area per bed∀o1ume．When soluble spheres are uti1ized，C2is6qu阯tO

Cs・Boundary conditions are written as Eqs．（3）and（4）．

     X＝O   C。＝C’n                                （3）

     X＝L   C1＝Cout                               （4）

Tramfer function，dedved from Eqs．（1）～（4），caIl be w㎡tten as Eq．（5）．

・（・）一鵠一…［一（1一β〕・誌箭1 （5）

エhere NL＝kL・α×（Lノ〃）・Mem residence time・云・md v㎞…mce f正。m mem residence t㎞e・

τ2，a工e a1so delived from the tramsfer functioIl and represented as Eq、（6）．

     τ＝1．O   and    ～＝2β2／NL                              （6）

    For舳e obse耐ed re銅ence time cuπe（oエstep resp011se），Cs（τ），expe㎡men制mem resi－

de11ce time，亨exp．㎜d6xpedme皿ta1v㎞a11㏄from mem residence time，τ2oxp．are rep爬sented

as Eqs （7）㎜d（8）by u仙zmg the d1ffereme，Cg（τ）＝【C（oo）一Cs（τ）l ftom steady state value，

C（。。）17．

；・・イδ・（1）・1

？一・一・・作・（1〕・1・1一（三・・／2

（7）

（8）
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By these Eqs．（7）and（8），the variance of the step response c㎝be computed by theτ一weighted

numehca1㎞te阻ation with expehmen制step response cuwe，Cs（τ）一By equating Eq．（6）
witll Eq．」8），i．e．，2（＝2β2／NL）＝戸。xp．，NL＝2β2／Po，p．cミ㎜be dehved，This re1ationship

betweenτ2眺p．and NL emb1es to eva1uate NL or kL from expehmenta11y obsewed varimce，

τ2 ｭp．・0n the estimation，βneeds to be a1so eva1uated experimenta11y．（1一β）is dead time of

residen㏄time cu耐e as is found in Eq．（5）（the term，exp［一（1一β）S1）．F正。m the dead time of

expe㎡menta1resp011se cuπe，which shows sharp illcrement after dead time，βcan be read and

used to c刈。u1ate NL．The number of tmnsfer unit，NL is rewhtten as NL＝kL・α×（L／“）。αis

the effective㎞terfaci汕area，and is equa1to6×（1一ε）ノdp in packing of sPheres・Thus，the mass

tr㎝sfer coefficient kL becomes to NL×〃（L×o）．

DiSCuSSiO11

   By Kataoka et a1．8，t11e re1ationship between moωfied JD factor and Reyno1ds number is

presented with hydrau1ic radius model by Eq．（9）1

    ・1一（’…ε）1／3・・・・…／刎一1・・（・・。』〕一王／・      （・）

                   ，   ε
wh・正・S…51・・dR・・＝（1．ε）d・ψJ・・bt・m・d・・p㎝m・・t・11y1・p1・tt・d・g㎜・tm・d1f・・d

Reyno1ds number as showll in Fig．4．Equation（9〕alld Carberry’s equation are a1so shown by

a soHd1ine and a broken lim㎞Fig．4．The experimental data are good agreement with the

  2
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Kataoka et al．9〕
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ぎ 。。

垂
■IO

r 1δI

    Carberry3〕

＼靖．

・ 9

o positive Response

●Negatlve Response
18

1σ   1．O 10

     ○  ●
◎o  o
         ●

＼

102  103

                 R。、，一五里

                          1一ε γ

Fig．4Plots ofJ factoI ofmass tramfe－aga㎞st Reyo1d舳umber
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cquation． Th種fact is h仙。ated t11at m砥s trmsfer c㏄fficie11t c；㎜be独。 c訓。u1ated f正。m

the dymm1c expenme11t w1th mso1ub1e p町tic1es Mass tr‘msfer coeff1c1ellt m packed bed1s

in舳enced by shapes of pacHng，because it involves the effect of舳id mixing．WheIl a packing

is comp1ex form previous met11ods is often diffic皿1t to eva1uate m困s trmsfer coefiiciellt h t11e

packed bed．However，this me血。d c㎜simpIy ev阯uate mass tr㎜sfer coe脆。ient h bed packed

wi他。omplex pachngs．

    Pressure drop，ムP，was a1so me㎎11red for t11e packed bed used for the dynamicミm刈ysis．

・・…舳mtmf・・t・…（・、1、・協）…1・tt・・・・…t・。舳・・…m1・・m・・…

Rep’as shown㎞Fig．5．Th6friction factor，f d6cre3ses with Reyno1ds number．Ergun’s

equati0116，Kozeny－Carml㎜s’oΨation4md B町ke㎜d Plumme薦’expehme11制data2πe

a1so s11own．Expehmellta1data町e㎞best a町eement witll Ergun’s equation md Burke md

Plmmme耐’expe㎡ment．The packed bed uti1ized w靱shown to be v阯id as a norm阯Packing

bed．

16

＼

●This work

●
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」 10
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’o コ
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                                   O
ω1   ω

    ・

   F1O  Kozeny－Carman4〕

◎Burke＆Plummers’data2〕

 ．・

一
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         ε dpu

Re’・再’1r
Fi8．5P1ots of frictio－1factor ag｛mt Rey1101d5－1umb6r

Co11c1山5ion

   By consid6r㎞g the dynamic mass trmsfer mode1，1iquid phase m州trmsfer c㏄fficient c㎝

be eva1uated from the experime11ωresidence time cuπes uti1iz㎞g illso1ub1e spheres．The m困s

trミmsfer coefficient which is determhed by this method agees wit11that by the steady state

method uti1iz㎞g so1uble p町tic16、

Ao㎞ow1ed8m㎝t
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the comp11ter㏄11ter of U血ve祀ity of Osaka Pref㏄ture．Authors wish to thmk the㏄11ter．
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NOme11曲伽re

α            ＝

C        ＝

C（oo）   ＝

C。（τ）   ＝

C。（τ）   ＝

d        ＝ P

f        ＝

9        ＝

JD     ＝

kL     ＝
L        ＝

NL     ＝
Re’     ＝  P

S        ＝

Sc       ＝

t         ＝

“           ＝

V        ＝

X        ＝

β      ＝

ムP       ＝

ε           ＝

リ           ；

ρ        ＝

τ            ＝

τ            ＝

 2              一
τ             一

the surface area of pack㎞gs per bed volume        【cm2／cm31

d1mens1on1ess concentmt1on change of tra㏄r substmce

noma1ized by ga㎞（C＝O～1for positive rcsponse，C＝1～0

fomeg舳veresp㎝s6）             ［一1
steadystatevdueofC（＝1．Oforpositiverespomeand昌O

fOme喫tiVereSp㎝Se）             1－1
正esiden㏄time cuπe（or step response）             正一1

difference from steady state va1ue（＝C（oo）一Cs（τ））       ［＿1

diameter of packing spheres                  【cml
                       ε 」Pgdp

modif1ed fnction factor（＝  ×    ）           【一1

・…
P・三州・…姉、．、’’εLρ”2 @ 1・／…21

modlf1ed J factor（；（  ）1／3×kL Sc2／3μ）         工一1

                   ε

1iquid phase mass trmsfeτcoefficient            工。m／secl

axia11ength of packed bed（or test section）          Icml

number of transfer unit                    【一1
                            ε

m・d・f・・dR・…1d…mb・・（＝（1．ε）d・ψ）    H
Lap1ace，s operation                             工一1

Schmidt number（リ／D）                      工＿l

rea1time                  lS㏄l
inte耐titi』1j皿ear velocity                  圧。m／sec1

vo1ume of nuid㎞voids of test section             【cm31

axi阯distance，f1ow dir6ction                     エ。ml

fraction of stagnant phase

pressure drop

void fI＝action

kinematic viscocity

density of f1uid

dimension1ess time（司t／L）

mean residen㏄time witll regard toτ

v砒≡mce fmmτ，2nd moment

    1－1

【Kg／cm2】

    1－l

l・m2／s・・1

19／・m31

     1－1

    工一1

    工一1

＜S11bscript＞

1        ＝

2        ＝

exp・      ，

body now（or motion ph困e）

boulld刮ry1aye1一（or stagnallt phase）

expehmellta1
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