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Inverse Magnus effect in rarefied gas
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The transverse force exerted on a rotating sphere immersed in an otherwise uniform flow of a rarefied
gas is investigated based on kinetic theory. Previous studies show that the transverse force acting on the
sphere, also known as the Magnus force, has the opposite sign in the free molecular flow compared to the

corresponding force in the continuum flow. The present study intends to clarify the force’s transition with

respect to the Knudsen number (i.e., the reciprocal ratio of the sphere radius to the molecular mean free

path). As a result, it is shown that, for a given uniform flow velocity at infinity and a sphere’s angular

velocity, the transverse force reverses its direction when the Knudsen number exceeds a certain threshold.

The analysis is based on the method of matched asymptotic expansion applied to a boundary-value problem

of the Boltzmann equation, assuming that both the Mach number and the Reynolds number are small but

that the Knudsen number is arbitrary.

1. [ICs®ic

MO OMELZT 21571 (FIRICEERFRON) 1%, ¥l
H e bITEFOYROEE O FH - HIHOEREL 28 T
H 3. BINIWk - A OER B IR E R 2 7S
ZBREL . 0 X REHBOBITIE, HlXIDNA%
O (B) 2#@E MO CHEMCESNS. LirL, BE
WE PP 2 KICMHEE R E 30D X 5 ICHHEDE W
NTH, VEHIEE D ICHEET 3 Z & THESELE R, B
PHEETZZ DS, MMEORERICE-> TEL 2H NI LIE
Lig~ 7 F 2 e Eh, AR—VEREICET 2 EERERO#LE
DOZELDFIN & L b s.

<7 F AN EHAT 2HERE LT, B LEeREFoD 2
RIeR Il < 1571 % 5 %2 % Kutta—Joukowski @ %E AW
EOR. MMERAEDEEIZ L DEMETH 5. Rubinow & Keller
&, BAAR IR < BRI DTV ki LT,
HE ve ORI CTRIERARE Q THRT 2EKCH BN
(v27F20) BRRO LS SN ZZeRLE D

Fr = mpa’ (v x Q). (1)

ZZT p BRAEDEE, o ZHROERTHZ. ZoRKNZ
Reynolds #2/hE Wz e 2Hifde LTH D, HlZEHRMAES
DB T EASETH 5. Lh LKEFTIEEROBD
ettt , RO FbH D TLAMETFR L OWEBEEIMET L,
Navier—Stokes TR DEMIHFESWVWTL 5. Z2IT, 7FX
WHHOYNIBRE TR 5. EE, BET TR (3 TFRLOE
2R E R LR CHAMER) xRy Leige 339 T, Bk
W@ < B

2
F; = fgﬂpa?’(voo x Q), (2)

ERINDZEHIIREINTWVWS. HLDIZ, 2D Navier—
Stokes HFERUICHI KR (1) v MESWTHD, (FWHRMEC
BIF3) MivrF 2R IR TN,

AFFEO HIVE D FEZEOHEOBS,» SR (1) 2K (2) o
OBV EHELRT 222 ThHL. HEBEEOTIRZE L 72 2 X
JeRUE Knudsen & MEEh, EAERREE () 2B 2560

Ty

Fig. 1 A uniform flow past a rotating sphere.
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