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Fig. 1. Schematic view of a tornadic thunderstorm, Fig. 2. Schematic view of a tornadic thunderstorm,

looking down. Reproduced from a color looking west. Reproduced from a color
slide for the NSSL Tornado Spotter’s slide for the NSSL Tornado Spotter's
Guide. Guide.
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Table 1. Comparison of the Parameters between the natural and model vortex’.

Simulator

Atmosphere (Purdue Univ.)
Updraft radius 1-3km 20.3-79.0 cm
Quantity Convergence height 0.5-2km 17.0-61.0cm
Flow rate 10%-10° m?*/s 0.24-2.03m%/s
Circulation 2.5x10*-2.5x 10° m?/s 0.16-16.7m?/s
. . Aspect ratio 0.2-1 0.2-30
Dimensionless  swirl ratio 0.05-2 0.01-27.5
Reynolds No. 10°-10"* 2.57x10*-7.8x10°
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Fig. 7. An evidence showing a circulation in the
vertical plane. Enlarged from the movie
sequence of Great Bend tornado by Golden

& Purecell’®.

Fig. 6. Top rotating vortex simulator developed
by Wilcke in 1780. The vortex is formed
in a cylinder with the height of 35cm
and the diameter of 18 cm. (after Fultz®')
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Fig. 13. Schematic representation of the vortex
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Fig. 14. Sketch of a vortex breakdown-like
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Fig. 15. Limit of the vortex breakdown as a func-
tion of Re and inflow angle ¢ in the guide
vane type vortex simulator at DPRL
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Photo. 3.

The variation of the vortices with
increasing the swirl ratio after the
vortex breakdown rcaches the ground
surface. obtained by the rotating
screen simulator at Purdue University.
Photos are reproduced from the 16 mm
movie film produced by C. R. Church.
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Fig. 16. A model of a tornado with multiple
suction vortices proposed by Fujita®®.
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Fig 17. Tangential wind distribution of the Dallas tornado obtained by Hoecker®”.
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Fig. 18. Distribution of the horizonal velocity measured in the Purdue simulator by Church et al*®.
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Fig. 19. Core radius and the maximum velocity distribution in the Purdue simulator obtained by
Baker & Church®’.
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Fig. 21. Distribution of the vertical velocity
obtained by Wan & Chang!. Hoecker’s
result is also plotted.
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Fig. 20. Vertical wind distribution of the Dallas
tornado obtained by Hoecker?”.
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Fig. 22. Radial distribution of the tangential Fig.23. Radial distribution of the turbulent
velocity in the Dallas tornado replotted momentum transfer measured by Leslie®”.
from the Hoecker’s results.
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Fig. 26. The variation of the central pressure
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FIRBNLHTHY, Thib § BREVEH
WX AR BEWE & 12 - T THLDO TR R i
KELIEB EHIPLKENER LTI FE N
RT. CDBE, Fig.25 pobbhdds, i
DORESRERPLBCHET ZOTEBL, & It
LEh7zFiicBih 5, £ i3, multiple vortices
DOFEBLUTITLBIRHEETEIDITHS, S B
FEHRRENH I, KRETELHDID,
WOR SR A ORIV 2 RI0RB &7 b Ok
DRIEZBTTEHERLL TS,

3.6 MFEEOHEEERA

RERER Q) »obHLRELIK, RO
AERAPHIEIC & > THEREOHEARL P, #
BRREOMENROFERITIRTH S, Ch .O‘| I L L 1 J
S OHEERRIE, HEHLOMEIMERICL T O 1 2
EREINDLbERD, HEEBOBMEORENE u*
{3 Hsu & Fattahi'® BRBEATL, HEHE Fig. 27. Log-linear plot of the tangential velocity
WY £ L|MBRBRASNT, ¥EHAOKN profile replotted from Wan & Chang’s
HENBOBEEELD I, rotating screen experiment'.

Logarithmic




42 SRABIKHTETEH H255 A (H57.4)

COYT—DREVEE WRE) IERFEBOHEEDOMED S PONA > TRET S, FLZOEIK
DT, switl AV WIBADOBEDRBOE N & DRI 5% Wan & Chang'” OFIEIC X - TH
SHIENT, FCTRERBERIAEN LETOMED 9B CETHES LEFRES NI HRBIZPOMEE
BEEL - TOAD & REICHITEME TR AIOBRIT 2 BRI FOIGENEENE > THBEHEDR
WEORBREREE oy P UTRS LWL 35 (Fig. 27), —ITH BRI FROMENEL, KEF
FHC—RE RN OEEERBATRILT 32ATH 54, RREOBCHBOSZHMICENTR, HESK
2DV SR ORI T A BN L WV HEEL DBEVEBRERON T 3ENbd 5,

BT, BROUEARETSIHDIB EIL S & Re THB L b~hs, BRI HETHOHE
Lo TOPROREBPBEZT S EBERERP OO H EL - T 5, HEEBR ZHRRF QR KM
ENESL TR ERCBRARERERESTEHEET S, $HLE, HESKENZERE { THORM
BRINBERELD, Ldd, HESNKELEAR, 1eirds 2y 5iTid multiple vortices ~DEH
& D KREL swirl HTESZ ELHHERELB LTS, Chid, HERERGEERAIEIHEILI -
TEHNEERT 2, ZOEASHOBBECKENBBEELTOBWEEERLTVE, EREICE-T
HEhafEoh, ThBHSKOREERET L TORBEHOPILTILEESS .

BYLMEY OMEARKETARELEREBLZAVCTDIA TN S, BEICHES R EOBE (H
23, BR, BRE, FHE) LHELTHBSAE ZHBERD, BOLAR TREZED, SEICR
ARESENET AR EOREEBE LT AEY, Cho2—ROBENTEYHIRRITELN, £CT,
EREPEEDL R EORRAEREITHEVIPFRE, BEHOEREFOTIERLEEANT, BE
ib 2 EHOMEL EEFTIEILL > TITDON TN B, ERMIEMFEROE? ORdic, BFF2IMT
BRBLEERNREULEERBITDOA TS,

FBEBOLS 1 DOBWMIAIBHTIHICL - T, YEBMKTLETH S, ERENTREHRETH
HILLZBRIEBCTHIOT, ZOMEABRTLDOHELDIRBEINTRI, AAE, BEEREL
BRSO A B IS 3 AERICREETROFADOHASEZHEDY, BREERMICY I
V-2 —NEKY - TRHIEZEES, 35T, HEREBBHIEIEED L EMLBHENELLSN
Td, ChEDOHEILE-T, HABREROBECEIENMEAY HTFRIWETHSY, WEBHsE
3pbYKEYCHESBET I ESRBL BB LOREARBOHRBEThIVLOT, ERELTIR
RHHB.

4. BERADENERRORR

EROENERONAR, ChECRRTREELOOLEIRI, KEL 2ORPPTEIZFESTES,
Tibb, ROWMEOEELRETHESL, BRI BOMROMEYL S LOMEERENSRE LI
RTHD, CORITRIE 24 TESHZMEO BT HRRE L ZO modeling KDV THRN, H¥ET
2, TORBEFADOPTHRINREARROEBLHBLT, YIav—va v EUTREUHEDR
TbhTVEDESDDERET -7, KL, EERAAOBRRIBIZUERSEVLOIROALD
DTHB1HIL, HBEEE-Tb—BORRICELLEED, RPSERBEHLTHBIC I ST E2BUH -7
ULhLEXS, BEE TREREBHNTE ShTRAAERRIEDVVEEOBTEOBMHR L LBHR L
—BARL, BENCLBEEOLDEEMULAB D2 - BRIV BOIATVS, 5T, £B
BNTEBBRERYHLTEZOMUEETIHRER, 4% TEHEREZEHTL LTRE(BI2bDO EERT
F2EHBTELS, 2L, BEEFTRBRTSH-T, SEBHILRTIAELOBVEERALE (BN
TaH, EhoEABELTHELUTOLBY TH S,

%d, EHROBEICE > THELBRIBOBRICOVTIE, REL AP TCLBEBTMrEMOE IS5 Hik,
ETBCICRRICAERS EE5A3BAD 200 ENH 24, ZOWA L bIKEERHBHETH S, WH
ORI, BERLEESETEEL TR ENIHRE, Zhicd L, WREICH & » CHEX S L HBER



XF: BERBOEAER 43

RCBRIBOGBHUMECTEALRBUEIN I LI HOMEOUBE LRIV L av — 2 —OHRHE
Tha, ZORDOZMEELLTRE, BAZKOREM, T80 5ERRUEHREERD OHREMFRTE
hOREAHORMGDBUETH L RBENMAEINIHHBLE L, 72K L, THRFROFEICE - THE
EBSTRBEBTH-T, HROMMAL YL 2 v —F -~ THRBALHBEREZBIN TV S, AZE,
B O ROBEMSEHIh T ROL, RSREOBECRIETHERITONTHIE LA SEEHR
BINTOR, ZORTEFPEMERIRDUMERREB TETHAKTONIRETHS S,

BHIhLhid éf;c\éi 120RELHERBOBEHL—BREALOREFATH 5, KIBFOESE
BHEVOHETEHLTEY, ThICX- THEEREL LT AaEENED, BAKEZBHIE5H
OTEBZERERNE, BRTRESOERUN CRRETH 2FcHEBS 5,

CORIEY, AROVIav—F —R2AVLLESROWROBELEELZ NS, —F, BRROEMIC
BLTOAY A 70 ORBOREIFELEOHERITEDOF 75 — v —F — KL ZEROBUOE L
RECL > TARCWSPEINOOH 30T, SHIIENSOREHCE SO CREORIIC X b RS &
Lalb—2—kMBTIENTEIBLEREINS,

FHAO— B CHEAFERER ARKERHITE  No. 402025 Rrr 00502017, fFEH XHE) O
Btk o7, BBEAREFICY - TARSERE UTHOWICKEA 7 5 5w REEF 2 — KFEOEEH
REOH 2 CBHLET,

g £ x #

1) Davies-Jones, R.P. and E. Kessler: Tornadoes. Weather and Climate Modification, John Wiley
and Sons, Chap. 16, 1974, pp. 552-595.

2) Ying,S.J. and C.C. Chang: Exploratory model study of tornado-like vortex dynamics, J. Atmos.
Sci., Vol. 27, 1970, pp. 3-14.

3) Galway, J.G.: Ten famous tornado outbreaks, Weatherwise, Vol. 32, 1981, pp. 100-109.

4) H W XFIEE - BVHER CTEME— 197842 F 28 HIKHFEHM G Z B - 2 ERICOWT, HE
KEFEN RPIRER, % 225, B-1, 1979, pp. 385-406. )

5) Lewellen, W.S.: A solution for three dimensional vortex flows with strong circulation. J. Fluid
Mech., Vol. 14, 1962, pp. 420-432.

6) Davies-Jones, R.P.: The dependence of core radius on swirl ratio in a tornado simulator. J. Atmos.
Sci., Vol. 30, 1973, pp. 1427-1430.

7) Church, C.R. and J. T. Snow: The dynamics of natural tornadoes as inferred from laboratory simu-
lations. J. Rech. Atmos., Vol. 12, 1979, pp. 111-133.

8) Church, C.R,, J. T. Snow and E. M. Agee: Tornado vortex simulation at Purdue University. Bull.
Am. Met. Soc., Vol. 38, 1977, pp. 900-908.

9) Fultz, D.: Experimental analogies to atmospheric motions. Compendium of Meteorology, Am. Met.
Soc., 1951, pp. 1235-1248.

10) Ward, N.B.: The exploration of certain features of tornado dynamics using a laboratory model.
J. Atmos. Sci., Vol. 29, 1972. pp. 1194-1204.

11) Wan, C. A. and C.C. Chang: Measurement of the velocity field in a simulated tornado-like vortex
using a three-dimensional velocity probe. J. Atmos. Sci., Vol. 29, 1972, pp. 116-127.

12) Chang, C.C.: Tornado wind effects on buildings and structures with laboratory simulation. 3rd
Int. Conf. Wind Effect on Buildings and Structures, Tokyo, 1971, pp. II. 6-1-11. 6-10.



44

13)

14

15)

16)
17)

18)

19)

20)

21)

22)

23)
24)

25)

26)

27)

28)

29)

30)

31

32)
33)

34)

35)

AP KBEETEM H255 A (57, 4)

Muirhead, V. U. and J.R. Eagleman: Laboratory compressible flow tornado model. Preprints Sev-
enth Conf. Sev. Loc. Storms, 1971, pp. 284-291.

Granger, R. A.: A laboratory simulation of weak strength tornadoes. Int. J. Mech. Eng. Educ., Vol.
3, 1975, pp. 289-302.

Hsu, C.T. and B. Fattahi: Mechanism of tornado funnel formation. Phys. Fluid, Vol. 19, 1976, pp.
1853-1857.

Dessens, J. Jr.: Influence of ground roughness on tornadoes. J. Appl. Met., Vol. 11, 1972, pp. 72-75.
Davies-Jones, R. P.: Laboratory simulations of tornadoes. Prcc. Sym. on Tornadoes, Lubbcck, Tex-
as, 1976, pp. 151-174.

Golden, J. H. and D. Purcell: Photogrametric velocities for the Great Bend, Kansas tornado of 30
August, 1974:  Accelerations and asymmetries. Mon. Weath. Rev., Vol. 105, 1977, pp. 485-492.
Brandes, E. A.: Mesocyclone evolution and tornado generation within the Harrah, Oklahoma storm.
NOAA Tech. Memo. ERL NSSL-81, 1977, 28pp.

Mullen, J. B. and T. Maxworthy: A laboratory model of dust devil vortices. Dyn. Atmos. Oceans,
Vol. 1, 1977, pp. 181-214.

Lemon, L.R. and C. A. Doswell III: Severe thundertorm evolution and mesocyclone structure as
related to tornadogenesis. Mon. Weath. Rev., Vol. 107, 1979, pp. 1184-1197.

Monji, N. and Y. Mitsuta: An experiment on the rotation source of the small scale atmospheric
vortices. to be published.

Hall, M. G.: Vortex breakdown. Annual Rev. Fluid Mech, Vol. 4, 1972, pp. 195-218.

Reber, C.M.: The South Platte Valley tornadoes of June 7, 1953. Bull. Amer. Met. Soc., Vol. 35,
1954, pp. 191-197.

Fujita, T. T.: Proposed mechanism of suction spots accompanied by tornadoes. SMRP Paper No.
102, Dept. of Geophys. Sci., Univ. of Chicago, 1971.

Fujita, T. T.: Tornadoes and downbursts in the context of generalized planetary scales. J. Atmos.
Sci., Vol. 38, 1981, pp. 1511-1534.

Hoecker, W.H. Jr.: Wind speed and air flow patterns in the Dallas tornado of April 2. Mon.
Weath. Rev., Vol. 88, 1960, pp. 167-180.

Church, C.R., J. T. Snow, G. L. Baker and E. M. Agee: Characteristics of tornado-like vortices as a
function of swirl ratio: A laboratory investigation. J. Atmos. Sci., Vol. 36, 1979, pp. 1755-1776.
Baker, G.L. and C.R. Church: Measurements of core radii and peak velocities in modeled
atmospheric vortices. J. Atmos. Sci., Vol. 36, 1979, pp. 2413-2424.

Staley, D.O.and R.L. Gall: Barotropic instability in a tornado vortex. J. Atmos. Sci., Vol. 36,
1979, pp. 973-981.

Leslie, F. W.: Dynamic behavior of single and multiple vortex tornadoes inferred from laboratory
simulation. Ph. D. Thesis, Univ. of Oklakoma, 1979.

Lilly, D.K.: Tornado dynamics. NCAR Manuscript 69-117, 1969, 39pp.

Hoecker, W. H. Jr.: Three-dimensional pressure patterm of the Dallas tornado and some resultant
implications. Mon. Weath. Rev., Vol. 89, 1961, pp. 533-542.

Snow, J. T., C.R. Church and B.J. Barnhart: An investigation of the surface pressure field beneath
simulated tornado cyclones. J. Atmos. Sci., Vol. 37, 1980, pp. 1013-1026.

Leslie, F. W.: Surface roughness effects on suction vortex formation: A laboratory simulation. J.
Atmos. Sci, Vol. 34, 1977, pp. 1022-1027.



KT BROENER ' 15

36) Jischke, M. C. and B.D. Light: Laboratory simulation of steady tornadic wind loads on structures.
Nuclear Reg. Res. Rep. NUREG/CR-1183, 1979, 110pp.

LABORATORY MODELING OF TORNADOES

By Nobutaka MoNII

Synopsis
Laboratory modelings of the tornado vortices are overviewed. Modelings of the mesocyclone as the
boundary conditions in the tornado simulations are found to have significant problems especially on the
source of thunderstorm and tornado rotation. A number of the problems related to the vortex structure
such as the wind profiles or the role of turbulence are left unsolved. However, the simulated vortices are
found to have many common characteristics with the tornado vortices in nature, which suggests the feasi-
bility of the tornado investigations in laboratories.
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