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CYLINDRICAL PNEUMATIC MEMBRANE
STRUCTURES SUBJECT TO WIND

By Haruo KUNIEDA, Yoshiyuki YOKOYAMA
and Masao ARAKAWA

Synopsis

Since pneumatic membrane is usually flexible, wind loading on it should be determined
in due consideration of the interaction between wind and the structure. Analytical method
as interaction system is undertaken here, introducing some modelizations about wind. Some
flow pattern models with due regard to the separation flow and wake were set herein in
correspondence with the state of high Reynolds number and numerical calculations were
carried out, applying them to solid cylinder first. It was depicted that numerical resuit with
regard to one flow model shows quite good agreement with Roshko’s experimental resulits.
Thence, applying this flow model to the membrane, the interaction analysis was prosecuted,
and some design charts about wind pressure distribution, deflections and stresses of the
membrane were presented concerning to the several design parameters. Wind tunnel
experimental results are also presented in order to verify the adequency of the modelization
about wind. And moreover, the possibility of the representation of wind pressure distribution
by a simple function is discussed.
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Achenbach®, A, Roshko™ZasMi R 2t RIC R X477 > THY, Roshko D#EzRic & 3 & OEBICH
WTIRHRP WAZE Re=1.5x10° Sokks) FELERAILL, HRALE BERK HIRES
BRAEEIEREIBOERALTNS, ZOH%E flexible BEMHCEBICHAT2BRRENSD T
EZTHAI . W, T ORBITEHE~ SRR ICR 2HER ORI B E 7 VLD TR ZRE S
BEEBBEIEL D, BRRIATRITICL D BEHICT T 2 RESHEEEURC L LT, RREAI—
FOREMEEDBENESE, ThREBHTEELOETH S,

T3 Re BOBDTREBEALHRET HERT wake 2ER UL Ofhe T VEEZ,
EFRIAEED OIFETE > TERERBEEBART S EFVEREL, COWREEFVERALTE
BRI EITIED o

HkeF AV ORECAOTHERABHEO MR ANERUAMIBEOREDST, Roshko OEBRERY &
REMEEY, FBSEESBD TR —ETEAHAEFVIRENETHS ). X, FWATRRITREN
st H LT, RESS £ HEhSENEorcsh, SEBEEHOBEERNSORE B
BEZoh3THAI.

CHOERBEEBRINCKRITT 52 L3 Re¥y, #EEK RRFOHKWOBICEBDTERETSH S, T
L CREREOBEEBNCERIZRT . Re BAVNSOBAICER LA 2MIkET VERE L Hinh
2k, FhERAESBRTRIFTAEICLY, MAERBOFIEET5. X, BNIERZXTL, ERMBIC
K BERO—MOETERS 50

BoNn- B EHICERHCERTS C EREOEROFERS L LELTIRE Rk LRERE
ORERERICAELSHRROENBEBERESRX, RTOBEMLILL,

2. PARBEOERRN

MR RS TRCE—ETH > T, RNERCOBRIAICERT 5 HMICOKERT 3D &R
T D - CROEHTIEENTOAERET S, NOMARREHREOREICH L TCERT 5, B~E
BRI Koiter OBROICHES . EHMROMEMESFRT 3 DICROBRTBERERATS. &7
ORI EEME z LT

AT (4, 0); A=const., A (Ro(g), ¢)
2T ¢ ® RENVC—HERTHORATERDLEINDE LT B,

o=0(g), ¢=¢@® e (1)
21 howear

bagn®f+P=0 e (2)

nef)l+ P =0, 136, 252 e (3)

BL O, BERBOBERT X ZHERNTH 5. n*? 3 Euler BRK X ZWENT ¥y VTH B Hs, 7t
% Lagrange [ v Y VRIS T AMEHNF vy vET B E S, TIRTALE NI SBEETIZ nof(p) =7F
(@) (n=f(®) 13 © FAKEAT ¥V BRIULT 2. #-T No % @ FHENS WGHEET ¢ OBEK)
EL, OXEERL, BEOMBAEHNEARERDT, DE2FEHMI2LRAMBELND.
2(R6)2+R20_—‘R0&1N. =P, /=7{;_ ...... (2)
T it a=det(a,;) Tr Gup BE—HABTH 5. P REGHFAAT GHEZE) THOROBCKRESR
h3,
P=P;—P,, P; : B P, : EE
Ross et > CIROMIZEELEY ¢ 2BATS (Fig.1 2H),
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¢g=¢—arctan (RF'Ry) e (4)
Riz
Ri=R, tan (g—¢) e (4)
@ 2AV3E Q) BIxRNoRkicERINS,
d
‘/% E‘l,‘ Ne =P (5)
ETATIp—9I<n/2 LT B EEREYD Va=vVRi+ (Ry)e=R, sec(p—g)
MRILTBDT 0O) BREERMICROBRICERINES, Fig. 1. Coordinate system.
¢’=1%R,, seclp—¢) e (5y’
il 3) & Pp=P,=0 LThRYERNEHEEOTRORICIE S, AL °=0/0z, (NEEET &
N'o /V R+ (Re)2+N%, =0 wrerne(6-2)
No NBT(RpE+NI=0 e (6-b)

2.2 E~ZABARR
No ictiELCC TR @ FHESEROMRET 2L, REEBEILLDELY, EXANOEE 0
EERE LTEDT, 2 FAEMRMIEOET S EER, ERFAEMRIBROBICIES,

up =R, sin(¢—9@), w=R, cos(¢—PH -4 e (7

ZEoe#Hix Koiter €5,

(4R, 88 Yy g (B
=G oo ) ) e ®
Te=To,=0

23 # #® & A

PR IR EERNCRE S b D LT B, (8) XD T.=Ve, =0 THEH5
No/h=Cifa, N./h=Cie, Nyo=0 . 9)

LERENBLETE, 2T h BRE, (), ®) LD 7o 3¢ DAHDEMERMEEIDT, DLD No,
N, d ¢ OAOHEKLLY (6-b) REFMCHING, (6-2) XD Ne =02, #-7T

N =const,, y,=const, N,=const. ... (10)
»HROoND.
24 B R & K&

ERHBOERRORARVCTAZR—ICE 5. BIRRATEEINTNE 0L T 5L, HRRMHIIRK
DRITIED o

O(o) =gy  P($1) =91, g ¢ :const. }

Ro(po) =4, Ry($)) =A. e (11)

25 & X T it
RORIFRTREZEAT 50
ro=Ro/A, no =No /Chy, ne=N,/hC,, 1=GCy/Cy

qiEPf/(%p,Uz). quPw/(%p,Uz). 7= (Ao,U%)/ @hCY)
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ZCic p, RESEE, U BERECAY 3 ERAETS S,
@), @ BAVT @) 2HEME, 10) ZERLT ¢ 55 ¢ TTHHTEE

(1+27¢)'*S:: rosec@—@)dg=¢i—¢o e 13)
To L DWTHEEXET EROBICERHR S,
= = l 1 ’1 —_ Z—— ......
7o ("“’)*E[{Wgﬂo r, sec(g ¢)d¢} 1] 14)

B 7o BMNTH B LIET S &

To (=n) :ﬁ . S:: psec@—H-1pdg e 14y’
A @ X

n=ntan@-g) e as)
BT 6) 12

¢ =nlg—gr secl—P/me e 16)

16) thd ne iz (14) i (14)’ TEXSNBDT, g ¢ BHIXONEELEHREH ¢ r & A
OTFIc (15) KU (16) 2EILICHEL &KLYV EE 3.

3. RIE g, g. DRE

BENOBRRIFAMCKREL TRICE UTIHEOEMIINE N EEZL bNBOTHRE q B—EERET
ZEDBHRE HUT ¢ BEEVALORNORHEICE > TES 3, FOBLTOROKENE ERICER
TEZLRBDTRETH 5k, HhORBEMBUC 4 — V(19 5, APIETIIHEE, wake ZEZR U7
TROWME IBMOMWALOWRB /1 —Vv2ELD,

3.1 FEODEFIE

HEICAREE S TOBERZREARNOBMIL Re BuckE{EHSNS, EHEWTIZ Re M3
transcritical region (C3.5x10°) ICABBABENEBDbNE, ZOBEANLE Re izt LT Roshko
BHIIP 1.5XI00 ICRIT 3 BB A EN T ARERNOEBRAREELIZNESS EREHLTHEY, (i
FIESAE, BERE HARBELRAEENLERIBOD?, LALLD Re MOERICRG 2HhD
A=V BERT, FEELELE L, BEIIZT OREE@IT LB,

BEZ TIKEREEEE 3hicid LT Roshko®, Parkinson & Jandari®&c & 3 38, #%kEZ@ LT
WHREF VDB 2D, HVTHOABMEAREBRERSEP 52 500E LT, HRANICRDTOEN, ¥,
AERHNAT, ERCES BREM 0L, HBSABEIRBER LB,

ZZTRERBEYOEIICHEE S ChEOEE bHIT LIS IROBITEFVIZRET 3,

WRERDRRIC 3 HOWACEHG 5 (Fig. 2 £1R)

(DEEFARRS, (IDEFBHES (I wake 5>
T (DOBPHRIFEERTF Vv v T 2HL, ZOERIFES
/\ XD EHTIEE FHCRIEMETZ, (DRZOESHT,
A\ K UTHRELBBRIONS W EEL 3 BREHT, ® HEA

ERETIICDRDOAHRET S5 HDTH 5, Navier-Stokes D

m Separation  mslic#S< HABEBREEBRFERER CLIk-TH
A BB, HRSOREFAEED S, (1)OBHOHETBBA
Separation Line ERETIFRIRABLOT, TR Re BARZEAIHLT

Fig. 2. Composition of flow model. 13, BEIHS (1) ORNABERICEFIcRE 52 —EOKES
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EEMUCOEERBEERET 3. 7 VY 2 VEBRIREIIBEOEREZR L TH ZOEMETHRES
BEA, HBHEENRAERD, ChEOFRTRENLEREL S, COBLZOHEBERBRRESLLR
BTIEITH S, Re BHEHTHAEV (005)) BAI L TR(ID ORBEBHIRET 5.

IR L Ul fucht T 2 0R70E5r wake, (), IR B3HND ¢4 — v 2kET 2RIRETS
3o ZOWMAEZRULTHKEF VHBOL DHREINTVED, BEICIDEIELL, BALOHBAL
OEADFENEEEL, FEEF—FLELTV B, HLHBEAEEOE LTR Mo Helmholiz, Kirch-
hoff ZEiz i3 UE 25 KERICE S HHEFGHEOTREFEELTL0T, RELOMRITKEL, wake
EDSFHRICHT RN B &S RESET 50, Riabouchinski m{RMEEEED (FEFIMIITE, wake
13U 3), Roshko OZEFk 25 7 1Y (S ERIAIZ, wake i4R), Parkinson & Jandali © wake
source model®(FEFKTLE, wake IFEMR) FORFETRVINOEERY FRLEELLHUDS
ATEBHIRREELT, ZhEEEFHOROREETIATEOBRRERE--bDTH S, L TRROK
R2BROEFVEELS, Z0—i3 wake RAXUALAMT HOTHY, fl1id wake FEIRELR
LERETREDTH S,

3.2 MFUY v LROERR

RFVV P VE(DOFEERT Vo v ¥ BIROEREDORMZHT o

AT=0 an
HEMET TOESIZ Bernoulli XX k% 2,
1 1 e
o\, 1 f@uNe
w=(3p) +z(55) a9

ZZiT w, P, 13 (R, ¢) KB BHE BETHS.
ANt 2MAFMLZROMTED 5o

{% %%]Rw:U sin 6, [%%]nms:__[] cos ¢, (% %L-%J,ZO """ @0

FE s LY EHRICAVT(DEA2O (D IET 3551, (1D)OBEENSVELTOEELSFEETE
XMIBODET B, WEBRE F(R ¢, D=R—R(9) =0 THEX 2L, TOREIHY ZBERRGEDOK
ReFREEREBCROTRATEZ NS,

DF _pof Us OF o @

Dt 3R "R 3
TZH Us Up B # DO R ¢ HADKRITH %S,
f=¥/AU, ¢=u/U, r=R/A seeee(22)

ZHAL, AD, 20), @) &b f BROFETHELNE,

f=A4A, logr—r cosg+ é]A,r" coskg e (23)
BU Aye=0, 1, 2, e ) BRAEWIRITLSITN,

Ao $( L drGngg— Ep,=L 90 singicosg 0 e

P +‘2:,1(r0 d¢0 sin k¢ coskq&)réﬂA,ﬁru 7 sin ¢ +cos ¢ 24)

(23), 28 b f »EEINhBE (18), (19 XD RF ¥ ¥ r VFICET SEELEOAE ¢ BHEIN
%o

D BRMRARICET 58S - TR EL F(R ¢, 1) RUBFEBETERA o0, CHXBEZOLEDR
REMHERDZDT, QYD 7y ¢ BHER ETRZOEFEMALSNREE SR RBROBEREIS. 4
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THEZLON5,
3.3 HIBEANIEORE

EREFES (I ICRNT, Ko Prandle’s Criterion itk - CHBESRBENEDONE, n 2EIFH
BEE LT

ou

Ou -0 <eeen(25)
on | w=o
EREH I LT Navier-Stokes O FBER L D @Y IELO Tickd Prandle oEREHERLE5,
ou ou__1 4P, FPu
“os Vo= 0, ds TVam @
du _ B _o
T e @n

u, v RIEOERHE, HEMFRICEY 3 BRBEHOEERS, s 3K » QERFEETHY, P
s ODHOBEKET B, ##iFIZ Pohlhausen BPICHES . BEROBICZOBE 6 G 13 s OB I3ER
Ry RHELTHRBMTNENELTNEDT, BAORF V¥ » VROV TIREER. #RE LTROTWS
¥, BONZEE LTOBMBRAET Y ¥ v VEEERS BEES > T u=u/,mn Py CRBLEZET
Bo o TIRAMBRILT %0

wdu __1 4P,

o = (28)
HH @ONE 4l om0 0=0 ZEET 5 &
1 dP, o*u 0
"o ds o) =0 @

BROND, BARM (0u/0n),., =0 2ERT 2L (28), (29 XVEREHARESHERORCIET
BT EBHRD. v BEHER

Ww=X-0+C+iaa-0r e @0

CZIT L=n/8, 2= (8%/v) (duy/ds) =— (6*/vo,u,) (dP,/ds) Td-T, A {3 Pohlhausen’s 2 LIFZh2d
DTHY, Wi <12 2T,

25) BT 30) kb 2=~12 RHIHAE s BHBAMETH 2 LIIPATH S, @26) i© COERA
U, n FEICHES L, X=8/v LB L, X KHTIRO 1BERSHEREE S BUTAT °=d/ds
E73,

yo 0. 809072 —1670. 42-+47. 42+ 2+ ugug” (4. 84D X2)
(213.12—5. 764— 22Ju,

(Bl) & X oW THE, 1=uX=—12 2 s 2ANTRIC X0 FEaEREET S, BEL X iE
THEREHI X|,m=0 TH5B,

3.4 RBEFNES wake DEHARTE

3.2 TREINI T V¥ » VFHRRBHEEREEZOBERO—IET 5. - T TRBMRORENEE
&35, FEESME, HETIE ReMTKELEORENEE TRVERENOETH S, X, T OB
MIHEE EORESFHR, KESTHEE5L3BLPETH 5. HitkEE ML T Navier-siokes 518
REML LR E>TCORRREINEY, COBERDZCEREETRE, LTAHTRHRHERVIT
£BE Re HOBOHTRIMRRVIFRA S EROIEDOE L RMEIHIcCEbN S,

FEERR—BCEEYER LS5 FIEkA) 2RLTHRAH»ORETE, CORERETIT LA
STRIVY, HAEKNT3E OERERLERT AL %, Re HOBVBACIBERERONN, Re
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BOKEOEAICIERCETRRET 3 EELTOROBICEDNS , ERICRZOTMEOTHTHS
¥, CZTRCOTEHEOBARPVTEET 5.

FlEE TR ERCTETOEE, wake OFENR—ELRMLES . EHBHEHEOBAICIRZOENSHIR
BREBCBRERRITOOT, RO2ODBEAEEL S, T0O-—I1% wake AOMAERSTREEMHL, WEIC
Rz TENREE S, SSEHICH 5 HBRLORF VY » VROEHER O ZbDTH B, Zhid wake
A BIBOB At u=0 ORI LTIZIZHTHRE RMTHICHIST 50 3% Re WRTOEBRRERES
BLT, wake WEAR—EE LZOERHBSICAT ECE LV EEXBETNTH D,

e =B x, =7, cos ,, ¥,=r,sin ¢, TEIONAB L E, HKABHRIRIR - FEL o/b=m &
BOTRATELON S,

(1) HEERSSEREFTICH2EE

= 22008 p+my(ys A+m?) —af + {95 (L —m?) +a%}cos 2¢1/2
(1+m?) /2+ {(1-m?)cos 2¢} /2
(i) HEEFRLIEEER S ICH 254

e z cospLm/Y
A+ /2 + {(1—m?)cos 29} /2

Y:Jg[ya Atmgy’®) (L+m?) — 22 + {32 (L+m?y?) (1 —m?) + 23} cos 26)

ZZic

- , , dy] T
=m? =] = = — e
Z=miy, Y+, Ve [dx s, tan(s"« 2)

BLEEHAR 22—k<0 0L &+, >0 DEE-%E5, i F=m>0my%+]) THs,

BRBRORESIEROBY 2HAEEZ 5,

DIEATRT B EFikotZ —VIZRO 5 BHEOET VICE LD 3SR S (Fig. 3 2R).

EFAL. HEFRRIERCTERCET, TEI—E

BFN2.  HBEFEMUIFENTR, wake 1378, XSS RZEHHR

=F03.  SEEFRIIELE, wake 378, HMEEAREWCET

EFMA.  FEMERRIEAE BER—E HBARIRICET

=FU5. RSN, wake |38, MM RIEHSE BABEREIIRLORE

EFN1~LIEH > CRERBHRBEYEEOERBERE ML ALV IMBRET B, TFVER
#AORMRERMELE BT L2AD DTH S,

s ORI flexible 1TSS HHRIEL 2 TERT 2 BA0EBRBRIRYOTVRTH S, H-TL
ZTRBEDS L DEREER S BT 2 ACHARI >V TET LR 5 Hofke 7 vEER UTHREHE
EFFLEEEEDNIEFVEBELT, FhEHVTERLE 2 HEHRESHT DY ORESHEZRD
%o

4. BEHHEOFIR

PLFICRE W AREiC BT 23RS UTERRE B4 C L RRSOT, RiEstfkick
D RERERRES . BEFBEOFRIEM IO THNRE Fig-4 KHERT,

%9 P, OBDHERT 5 E LTREBEOMERE (14) I (14, 15, 16) koK, FESEE
BRELT (23) 2EHET S, COBEA A REBRMEOAEZL 30 & LT Point Matching #ic &k b (24)
MORET D, RF Vv VEDSEMINE E (Bl) ZROTHASHMAMEINEE S, TORHBESITHL
THEBFRHSHEINZH, THOBERRUHBEREERE UTHEERT ¥ ¥ » VIREBROTHREIC
TARENGEHET 2, CORERVHAEEANTE LT, BUBBREREL, LROHEFIEEEER
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19%0 Y LOFEERSRMRHT 22X ERERVET . BERHEOHEERE LT R ZBALTVS,
5. ¥AERIAKED OHERER

$o=0, $y=r & U THILRIC 8. WWRLI5 MOFEKETF VERR LIRS Fig.5 it515%. A®RT
RUEBIFETRERBRESEEXTVADT, EHENICIE Re RIBBEELSVD, EHEHD Re 3
©06)Y~0(7) %ZELTC ZTit Roshko DEERFEFED (Re=8.4x105) % HBONHRET S,

EFNVL, ARMEAEUTERBELLLSAET S, 71213 Fig.3 h o HEINARICRF VY

1.0
0.5
- - g
& o - >
A ,:z{;;:.'.:.::l
-0.5 ‘-'/“_:"/" ————
N Ar—i
-1:0 177
W\, ‘\\./ A /
-1.5 AN b
\\ l/ / Model
-2.0 \\“'-' + ;:-—- —
/ P
\\ 3z mmmmmeee
-2.5 " 4:
[
-3'00 20 40 60 80 100 1.20 140 1.60 180
de
Fig. 5. Comparison of pressure distribution of various flow models around solid
cylinder.
10 — — — -~ : experimental result by Roshko
0.5 \
&S0 \
-0.5 S
5
1.0 (e i
-1.5 —
a/b
-2.0 1:1.3 —
4 2:1.4
3:1.6
-2.5 4 :2.0 -
-3.0 L L L

0 20 40 60 80 100 120 140 160 180
de

Fig. 6. Influences of major-minor axes ratio of mode! 4 on pressure distribution.
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—a — ~:Roshko :Authors —-—:Poten.flow

-

/

’

/

’

. /

0 20 40 60 8 _ 100 120 140 160 180
P

WY
-2.0 \\
\

-3.0

Fig. 7. Comparison of pressure distribution of analysis result with experimental result
after Roshko.

> VIHRBRARICE . EF V3 IIMBA X VRIS TRERMBER LA SENERT Y, wake TOEHD
INELIBDEEERIEDLNI, EFVERAKE LTEHINILBYBELZDT Re HOKSISEAI
HREYTH B,

EFNVABERELENERIL TAENREINAOT, RIEHETH 2 BB OE - Gt m
2R LD TERMBMICRL ~BTE602RDBE m=1.1 OBAMRIFTH B &5 Figs. 6,7 1R
¥h3d, #®ETHIT Roshko DEBREEAFEE LD EniciE m=11 2ATHERVEVIETHS
B, TZTEBLIZVORCIOBEATRELY > TFOELILbORBRBEREESALE m HOATHS
HTH5b.

m=1.4 EDRHE : |Cylner=2.05, ¢,=102.1° C,,=—0.83
Roshko DEEAME : |Cylwe.=2.01, ¢,=104° C,,=—0.86

FROM BRE—HERS . CORKEFVRBEOLOIRERMT S LEVE, BESHHEEVIHR
BIORY, BLEREERLUALEFNVETVBIOTREDA I D

LZRBZONERBHARICET S DTH>TLOWKEF LV (EF VAT m=1.1 DFEH) »
BRI ATRETH A RIS Ve U LEEHOERSFTESCT/AS VRS IBERTRETH S5 . B
Re BHEBTOBBEICHT 2 ERRTERER A CREBSCIRAETH S,

6. FAREESEBEORNTERRUER
BRI ERBRTRIC OV TEITINLD, EBICTT 2BEOMT &5 DIC—RENHTRIC
BELUTHEEREERRT 5, COBARDEERRAT %,
C,=3x10%kg/cm?, p=0.3, p,=1.25kg/m’
Fig. 8 K EH K OIKEIR & BRESH RO~ R T . BRTRULERELRIAFEDOAMSERLTOS
BEOHEDDOHIRTD B0 |drolme: & LTKPIIRUCALEIZEE, WE, A/RICSUTERELSOT
H5bo
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I =

:DEFORMED SHAPE
(1o)max = 1.057

PRESSURE % (r)min = 0.883
DISTRIBUTION 2 OCpb = -1.308
5 [Cp|max = 1.838
—
= =P
~
SEPARATION
Mol max POINT N X Cpb
/ N
x \
/ S \
/s Q
/ Qy A\
/ 2 Pi = 2.5 g{cm2
A/t = 2x10
{ 8 Vo= 20 m/s
“ood
Y

Fig. 8. An example of pressure distribution and deformation.

————— :POTENTIAL FLOW

:PROPOSED FLOW

Pi = 10 g/cm?
1.04 | A/E = 10°

—=
2
/ ~N

L=
o N
1.00

RS 4’/ \ \s_//

e \
0.98 }-2 i yi

' 7/ /
\-/4 U =10 n/s A 7/
U=20m/s

e

-

)4

\
N

0 20 40 60 100 120 140 160 180

80
(b (]

Fig. 9. Comparison of deflections with respect to separated flow and potential flow.

Fig. 9 K HBEDHEUBNRT v ¥ v A& LT E LB A L ORBEERIREICOVTRLTNS,
FMFEZERLUBOVBESCREZR UL BACE L TERBED TREL 2D, T0ERIZREDHME K
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Figs. 10. Influence of inner pressure and radius-thickness ratio on pressure distribution.
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Fig. 14. Examples of deflection at ¢ =90° due to inner pressure. (1: A/h=1x10%
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