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Theoretical Investigation of Mass Transfer from a Cylinder and
a Sphere in Pulsating Flow

Munekazu Oumr and Tateo Usul

Synopsis:

Analytical solutions of the velocity around bodies oscillating harmonically with small amplitude in a
stagnant fluid are derived from the boundary-layer theory. Steady secondary flows around a circular cylin—
der and a sphere are calculated and shown schematically.

Generalized expressions for the local and overall mass transfer from these bodies in steady, oscillating,
and pulsating flows are derived on the basis of the equation of mass balance by using the solutions mentioned
above and those reported previously for steady flow. The integrals included in these expressions being eval-
uated numerically, the local mass—transfer distributions around bédies and the overall expressions are shown
for each flow. These results are compared with the analytical and experimental ones reported previously,
and shown to be rather satisfactory. The approximate expressions for pulsating flow are

Sh={[(0.615)1-744(0.72821/2)1-74]1/1.7148,1/3 Re ,1/2 (circular cylinder)
and Sh=2+[(0.654)1-8°4-(0.648 21/3)1-85]1/1.855,1/3R¢ ,1/2 (sphere),
where Sh=2rpk[D, z=(aw{Uq)¥2(afry)"/2, Sc=yv|D, and Rep=2r,Uq/v(a, amplitude; D, diffusivity; kg,
mass—transfer coefficient; 7o radius; Ue, free stream velocity; v, kinematic viscosity; w, angular frequency)

These expressions become ones for steady flow as z—0, and ones for oscillating flow as z—oo.
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Table 1. Summary of heat and mass transfer from a circular cylinder in steady flow.

Author Year Remarks Formulae Applicable range
Nu=0.91Pr0.31Re 0385 | 0.1=<Rep<50
ULSAMER27) 1932 Heat-transfer experiments 0.7<Pr<530
Nu=0.60Pr0-31Re ;0.5 50<Re,<10¢
Heat-transfer experiments | Nu=0.42pPr0.20
KRrAMERS?®) 1946 reported previously2n 40.57Py0-33Re .50 0.1 éRe,;é?O‘, 0.7<Pr<530
DoucLas & Heat-transfer experiments | Nu=0,46Re,/2 N _
CHURCHILL2) 1956 reported previously +0.00128Re, Rep=2500, Pr=0.72
FriepLanpers®) | 1957 | Analysis based on Sh=0.5578c1/3Re /3 Rep=0.1, Sc1
boundary-layer theory v » P
ESEI:R.SCS:[ER:“) 1957 | Mass-transfer experiments | Sh=0.2118¢1/3Rep0-57 5 000<< Re,<C70 000
GRAFTON) 1963 | Analysis based on Sh=0.90851/5Re \/2 Re,<6x 108, Sc3 1
boundary-layer theory - » ? ’
Heat-transfer experiments | Nu=0.46Re,!/2
RicHARDSON?2) 1963 reported previously +0.0705Re 213 102<<Re, <105, Pr=0.72

Nu, Pr: Nusselt and Prandtl-number for heat transfer corresponding to Sk and S¢ for mass transfer, respectively.
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Table 2. Summary of heat and mass transfer from a circular cylinder in oscillating flow.

Author Year Remarks Formulae Applicable range
. 0.27< f<4.4Hz
Heat-transfer experiments _ ) o Toa@\" =7 =5 ?
]DSE)AVER, et al.| 1962 (vibrating cylinder) Nu=0.35Pr0-31-0.38Pr° 3( , ) (11;2__57§.;§7.0cm
Analysis based on _ Teaw\2( a \/¢
Jawsson® | 1964 | prasis based on | sh— 1035 7222 afre<1, Se»1
Nu=1.76Pr1/2(a2w/v)1/2/
{140.83(a/r,) Pris?} Pr<l
1%/ 16) 1/2 a 1/6
o Analysis based on Nu=1 .62Pr‘/3( . > ( ) Pr>1
R}CHARDSONW 1967 boundary-layer theory v To a/re K1
1/2 1/6
Nu=0.969Prl/a<"'““’) < : > Pr=1
v To
reaw\Y2/ a \V6
&=L%&m¢7§ (%> 6= f <116 Ha
Sugano & Mass-transfer experiments
RATKOWSKY!®) 1968 (vibrating cylinder) or 0.2=a/ry=5.7
Sh=0 276361/3(’0”“’)"'“”( a )““ 1.9<8e<3.23x 107
’ v To
Nu=1.76PrV2(a2w/v)/2—2/x a2w/vLl, Pra2w/v>1
Method of matched as- 2o \1/2
ymptotic cxpans}iorésb ang Nu=(1.76Pr1/2—0. 26)( ) aw/v>1, Pryl
approximate metho ase v
Davipsont® 973 on an integrated form of 2 N2
momentum  and  energy | pn,_ (2.71Pr—5.51P72)< 2 “’) 2o/v>1, Prgl
equations "
Nu={1.30Pr\/3(ry/a)\/3 Pw/v=1,
—0.30r,/a} (a2w /v)1/2 Pr(a/rg)2>1
Table 3. Summary of heat and mass transfer from a sphere in oscillating flow.
Sh=B,+ B,Sc\/3 (roaw/v)1/?
Author Year Remarks B, B, Applicable range
Mass-transfer experiments
Noorpsiy & : . P, . 2.5< f<35Hz, 500<Sc<2 000
RoTrEs® 1967 é:l?;;t)mg sphere in a fluid 2 0.135 0.075=2=0. 1575 cm
Analysis and heat- and
Mori, et al.3? 1969 | mass-transfer experiments 2 0.595 23%f§70 Hz, |ugs|<6m/sec
(under pulsating flow) ©>3m/sec, 0.6<Sc(Pr)<1.6
Analysis based on
boundary-layer theory and
KITAURA, et al.®] 1969 | mass-transfer experiments 0 0.53(a/ry) Ve ‘1}6<=fR§ll g(I)B’ 1S§f2§‘;§m
(vibrating sphere in steady <Hep<I, Se=2.
flow)
Mass-transfer experiments
Hara, et al.®® 1971 (under ultrasonic wave) 0 10.1(a/re)1/e | 2X105< f<2x 108 Hz

| ugs | :+ Magnitude of oscillating velocity

INLOBEERHRE T, EFHNOEE, VA1 7V
Rep BSRE L83 LFABERNOIFNSH HBRERE
DT, WEBEERD Shh=0F /R 2XDEKRELLED

TL 5.

ZDX 5 k@R, BRoBaic v Tix GrRAF-

ToN®), THMEDL 20 OIBBAZHT 58 S5 AT D
Rey MREL DL, BEEDS

BHBNS. Fi-

WIZ I E B BRI S OALE DRTBLE I~ BE T 5 25,
DX AT OV T HEBITOFERCRIRELET,

-
—

L

7o A3 CABRAT OB IIER & U Tk HeEgmEv v
A4 7 W AR RESIND Z LItk 5.

3-3-2 RIEWMHED

B

(1) EHwhoHa
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(59), BN~EHRX YV EFHIMNOEEORIEMES
BrELTREO>EDX St ok.
0.6]5561/3R8p1/2 (H;EE) ............ (67)
=k+06M&WR¢ﬂ (ER) - eermeenee (68)
HEDIGEDIERD 15 DI BBITER, BIOCEREBRL
Table 1R L72%3% (BNRERMUX SEICERL:
HBEPSEAZIOLNE. TORT GrAFTON DAEHT
SR L IIEBA R D, ULsaMer? OF LA /v X
TR HEREEE &R E Sc BoisR EPbTric
B 5BETHHOT, EEWNERE, BLOBEILIL
DIGEURER Y BN 2rb 5T, iR DiGROW
CHDTHHEEZLNS.
HROEE, AIER? TEkROR
Sh= 2 +ASCI/3REP1/2
k3B ADMEE, EBROKED Rep OFEiFHICOWTE
LT, SKEICIE Rep {HE & ik T B @M
DHNBY, FREED Rep {H (0.1=Rep<2000) TiX
A=0.55 FBESZYTHB T LER L. WEHERAC
H 72 (68)RT (NN L &< R U LD, FEE
LB DLREER . 7277 Lk L BEA LARE D FEAKIR PN C i
MRV ELTWDH T ERFHERS v #EHLTVWD T
Eb, MEBHEZEDILFHELTVWS EEbhbiT
bbb T, FEIERTECROERMERI DB REL IR
DTV DS, Lo THREBIEC DWW OB EEBRNCR
FHLTELMBERDD EEZLNDD, TOHRILCDNT
IR CHE TS LTS
(2) ZE@#hirnhoBHs
(60)~(63), (65 X b ZWIRN DG DHIEMES
FrEbIRE>F0 X Sicikok.
1.038c /3 (reaew/v) V2 (a/re) '/ (FH4E) - (70)
{24-0 9178c1/3(rgam /v) V2 (a /1) VO (ER) --- (71)
T, LUFTR, BRAFIROMEEPMEE R B
T (ZEBOEEED 5 WVITRIES HHEHRKEWES) K
BILMHEROEIEFERLOEAT > LTS
FFHREOH S OWTIE Table 2 it Edicd kD
ThHb. gchib~N7=tkbh Jameson'®) DZFHTFER &
W, BhOMSFESREBEZTT, ZREREIE<E
—Td%. Sucano 5 1 DEERFEEX, Jameson O
THEILBFREIST o5, EFORDOX HILhERHLE
5 LTV 5. RicHarDsoN3® 0 Prz | iTkiT 5 4%
PSR, (0)X EBIEFESRICTH D, REEIHER
OEBRERELAKTHIOSKIESHLTVD
SON3®) DnTs Y EKEL R s L, thoRDI W< oA
SN5H, LD Edr b—[CREERIEIP L DERD
W D THLLEEZBNS.

DAvip-

DEXIROBEIT OV TITRTRY ThH—EBR 7253,

Sh=DB,+B, Sc1/3(rga@ fp) /2 ceenmmenreenaannenn (72)
k< &, Table 3 DX HITEMTESL. av—>0 OF
PRCIE, BEABFNCRTE bR~k S5 Sh=B,=2 L
HLDEF X LMD W B I 3 E R
EORELHLEULIDOT B=0 LLTLEL2>TVSHR
&I L5 5. Fi By WOoOWTIIRIEHETHHO
Wan L, MKITIRIBOIE (a/r) Ve ICIXEHRDH O
HooI® LKL, FHoE] (NOORDSIJ 53, MoRI
53M) LRTE (EHHY, ﬁ&m)&miﬁ_ﬁTm
b%H By, B, @fﬁmﬁb*&‘l‘fﬁ>ﬁ'zﬁi’§b‘f&)5ﬁ§,
DR By, By E BT /s2>TEY, B,
DFREE 0.917 13, & 2 OIRTE AL D 7o 7 B >

SRR, MREOWKEBEDETHS. 7158
EOHER D Lo, I LICEBNLHRTET L
BRI EEZELZDONS.

(3) RBinhoHe

ORI RT E BV IRENITNDEED Y + — 7 v N
Xz OBFST Fig. 5 R TXo5whd. Thbb, M
HOBAMOBELBIC 20 TREFRNLOBED
BAtR, (67)F L X(68)F, z—oo TREBHKNDESD
Bk, (MO Ricehrhilii+ 5. £ 2Tt
e LT

[(0.615)‘4—(1.03zU3€F675)‘]1/‘Sk1/?RepU2

FE) oo e meenenns (73)
T )24+ 1(0.654) ¢+ (0.91721/3/1/F Z)#J/5Se/3Repls2
(BR)-eveeee ~(74)
EBE, cORBEEZBRIT L. ThbH(73), (19X
8 } ©
s © R
ﬂdo: 4 -
>(.)
) (a) Circular cylinder
< VA
& Y
8
1 ) /Q,& ———
0.8 o= HZ /;j I 8
L) - — E o
0.8 BT In R puiflite
o 4 -—g
(b) Sphere /"‘ 3
5a 2 X
SR T
Lo r Z I
:'='a°-‘"";? Eq.68) —1 g’g
01 02 04 1 2 4 10
2/3
32 (ow/U-)/ (u/n.yG
@ : theoretical value.
Fig. 5. Overall mass transfer under pulsating

flow.
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Fig. 6. Comparison of approximate expression
for mass transfer under pulsating flow
Sh,p with theoretical value Sh;y.

KR WT s A DAL 5 2 TEH LIsAEME Shy &
(39 K SEUHEFE T X D kD I TRERIE Shin & D LK
BT 5 e, MEEDEE Shap/Shin, IROBE (Shap
-2)/(Ship-2) ZAEENC & D, 2Y3 iThf LTHE< & Fig. 6
DX D. e DEWEFE=NECOMATHL
25, HeRL7XH Tz DEC I > CGEUORBRE TR
55, MAECHE =174 XoPE& =185 LT
&, +£5.6% BREOHREHEN CEGREZRELCE
5. L7oh 2> TIRENGRN OEECEELDE & U »
Bohs (Fig. 5 5H).
[0.429+ (0.728 2 1/(3) L14]1/1.748¢1/3 Re 512

She FOAE) -eeevmemeemeenens (75)
24 [0.456+ (0.648 z 1/3)1-85]1/1.855.1/3Re 51/
(ER) v ereerevnenenens (76)

PESE, TMIENDSED BIHE T OV TIEAl b g
SNTETKY, B - WEBEBZRET D ZLBHEID
LR TWBH, RENENZ ko7 IEEIC i,
INMRE SPNIEO £ ) OB & BZE & 2 EUE
FARCK O TH A DEECHET LTuw55, BERAvE
CETRIEEDTW V. Mort 53 3 XIRIED MRS
DR DOE - E BB R & EBRO M ST
LTEY, EHEEHKICIVCiE Table 3 w3 TizmR
L7c & B W AR BEABRREZE TV 525, FREifivc v
TIEEBENT I L i S7aves 2 — 2 2 8%
FEFCAVHMALR LR LTV, LifSY o

Sh=[(2+0.558c1/3Re,1/2)3
+(0.37521/38c1/3Re y1/2) 3]1/3 wovneniiiniiniiin, )
DOWTIIHIRY CTFHE LB,  IRENETHE IS O

RV, ERTERT BRI  Eho b (R (R
(0.375) M ahizz Lk Ehh, REkhoBicz
DEZBEATESDE ST EL 5 ST .
EEREHL UWIREN T ES o0 BT D Y v~
v FEE Table 3 1R LcéksbThHsB. (76) X
(77) KOO ETO RXELE VI AL WIEESDE
“2"ORDIFEVWETH B, TOEEBRIERORITSL
<FUT, FEHHE (0.65¢4 & 0.55), {H¥k{E (0.648 >
0.375) X UNfE¥fE (1.85 & 3) MELBEIITH
- LI O2TERRNE X OCEBIRNOBEOERE L
LEZELESE, (16)RITHIEETBIOVE R
THH7, ILITIIEBRMILRITE LT LERS S
EEZBRS. ‘

4. 5 B

(1) #bimiEp T - MRS T 2 mko b b
DHEE DL IERBERCESWTEE, AT Lkol
BOEHLZRNZRR L (Fig. 2, 3).

(2) WERZORIC, FOHEEEEHROBOI
KOOSR L ZHVT, EW, LBk X OIRmhiC
R oMk Lk b O SO HFEMEBE e Kb
T—fgs [(59)~(66)3] i\ 7o

(3) EiE—mRodhic &Ehs sy BUEFTE L
T, REFTWESES AR (Fig. 4), HREMESH
[(67), (68), (70), (71), (75), (76) X1 #=t b
DML DWTRL, HEROEHD 5V ITERER L I
AR Lic & 25, EPWIREITR R ClId 500705 b
ROV bDTHD T Ebh D7

Bh D ICEMRCH D LAaBUE—F (RE, AEH
SRR 8hE5) RSB Y&RT 5.

' i =)

a :iRE (cm)

C: 7RREE (g/cm?)

Co: MkEED # ARE (g /cm?d)

D : yE# % (cm?/sec)

kp: BEHEBEIREK  (cm/sec)

kro : R EABEERE  (cm/sec)

£ EN [g/(cm-sec?)]

Rey: v4 /7 0 XE=2rUs/v (—)

r: @Rk ORE [Fig. 1 (b)] (cm)

To: AT ARHOEE (cm)

S¢:ay Yé=v/D (—)

Sh: $8¥5> v — 7 v VE=2rks/D (=)

Sho : RFiy «+ — 7 v FE=2rksp/D  (—)

t e (sec)

U:BREBHNEDOKRT v+ Affitr (cm/sec)

Up: FF vy v L ORI [(6)R]  (cm/sec)

Us: EiROEFEHEHEE (cm/sec)
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u,v:x,y FRIOEERKRS (cm/sec)

x  pEITIE S EE (cm)

y i EmRICEEREE (cm)

z =(aw/Ux)¥%(a/re)t/2  (—)

G (I)RcEHEENDE p0Z0MK ()

L2, : (IB)RTEHEZh 5 p0H0MK (—)
p=yvVae/v (=)

6 : P E A BREEE0AE (rad, deg)

Bs - WEEES (rads deg)

: HAOEKEEFRE  (cm?/sec)

<

p: H¥ADHEE (g/cm?)
¢ B (cm3/sec)
o : AR (rad/sec)
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