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E. P. CHiLDsT and R. E. MAYLE
Rensselaer Polytechnic Institute, Troy, NY 12181, U.S.A.

(Received 26 July 1982 and in revised form 9 May 1983)

Abstract—The response of laminar skin friction and surface heat transfer to the rotational oscillation of a
circular cylinder is analyzed using the series method of Blasius and Howarth and the perturbation method of
Lighthill. While the unsteady skin friction component is as much as 389 of the total and increases with
frequency, the unsteady heat transfer is found to contribute only 4% near the separation point and decreases
with frequency.
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NOMENCLATURE

amplitude factor, b/U

maximum surface speed of cylinder

skin friction coefficient, 7,,/(p U2 /2)
diameter of cylinder

convection conductance

thermal conductivity

Nusselt number, hD/k

fluid pressure

Prandtl number, v/x

wall heat flux

radius of cylinder

Reynolds number, U D/v

Strouhal number, wD/U ,

time

wt

fluid temperature

cylinder wall temperature

free-stream temperature
(T-T)(T,—T,)

steady temperature component [see
equation (19)]

unsteady temperature component [see
equation (19)]

quasi-steady temperature component [see
equation (26a)]

acceleration-dependent temperature
component [see equation (30)]

fluid velocity in x-direction

free-stream velocity outside boundary layer
constant reference value of free-stream
velocity

etc. dimensionless pressure distribution
coefficients

u/U

steady velocity components [see equations
(31

unsteady velocity components [see
equations (3)]

quasi-steady velocity components [see
equations (6a)]

t Present address: Imperial College, London.

u¥,v¥ acceleration-dependent velocity
components [see equations (10a)]

v fluid velocity in y-direction

v¥ (U/Uoo)\/(ReDul/z)

X coordinate direction along cylinder surface

x* x/R

y coordinate direction normal to cylinder
surface.

Greek symbols

thermal diffusivity

S/2u,

(/R (Rept1/2)

phase angle of unsteady heat flux
dynamic viscosity

kinematic viscosity

fluid density

wall shear stress, ((0u/0y) |- o
frequency of oscillation.

g;‘e < E >3 ™R

INTRODUCTION

THE STUDY of unsteady effects in fluid motion has many
areas of practical application, particularly in the
improvement of the design of turbo-machinery. The
oldest class of unsteady laminar boundary layer
problem is that in which no mean flow occurs. Stokes’s
1st and 2nd Problems [1], Schlichting’s analysis of a
circular cylinder oscillating in a still fluid [2], and
Blasius’s study of a circular cylinder set suddenly in
motion [37] are typical.

Only in the past 25 years have unsteady problems
with a mean flow been considered. Lighthill [4] was the
first to formulate a general theory of the response of
laminar boundary layers to fluctuations in magnitude,
but not direction, of the external flow about a fixed
object. By assuming that the magnitude of the
fluctuations was small compared to the mean flow, he
obtained linear equations for the unsteady components
of velocity and temperature. These components were
subdivided into quasi-steady and acceleration-
dependent parts, both of which were considered to be
independent of the frequency of the fluctuations. This
approach has since been extended and applied to a
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variety of flow geometries and boundary conditions
[5-13] (partial list).

An exact solution of the Navier—Stokes equations
governing two-dimensional (2-D) incompressible flow
was found by Rott [14] and Glauert [15], in the case of
stagnation flow directed toward a flat plate which
oscillates in its own plane. Their work, in contrast with
Lighthill’s, deals with a situation in which the external
flow is steady, but fluctuations in both the magnitude
and direction of the flow in the boundary layer occur
due to the motion of the object. The absence of any
unsteady velocities normal to the plate surface leads
to linear unsteady equations without any assumption
having been made about the magnitude of the plate
surface speed.

In this paper, the analogous problem in a circular
cylindrical geometry is considered. The momentum
equation has been solved by Hori [ 7], but no solution of
the energy equation appears to have been published.
Furthermore, most published values of the various skin
friction coefficient components (steady, quasi-steady,
and acceleration-dependent) needed in the compu-
tation of the heat transfer were found to be of
insufficient accuracy to give meaningful temperature
fields. In the course of obtaining improved skin friction
values, a more general solution of the quasi-steady
momentum equation is presented, followed by the
solution of the unsteady energy equation. The
coordinate system chosen follows previous work and is
fixed in the steady-flow field, but the final results can be
easily transformed to a system fixed in the rotating
cylinder where measurement instruments are most
likely to be attached.

THE PROBLEM DESCRIBED

A circular cylinder, shown in cross-section in Fig. 1,is
in reciprocating harmonic motion about its axis (here
normal to the page) and immersed in a uniform stream
flowing steadily in the direction indicated. The
Reynolds number of the flow and the radius of
curvature of the cylinder are assumed sufficiently large
to justify 2-D Cartesian boundary layer analysis. The
fluid properties and wall temperature T,, are assumed
constant.

U= 0t 7

FiG. 1. Flow situation.

A steady reference frame will be used, with a distance
x measured from point C in Fig. 1 (the upstream
stagnation point in the steady case). The surface
velocity of the cylinder relative to this frame is then
b cos (wt), and the free-stream velocity outside the
boundary layer (unaffected by the cylinder’s oscil-
lations) is assumed known in the form

X x\? x\°
U(x)= ka, u, ﬁ + Uy E +us i +,...,:|. (1)

Introducing the Blasius dimensionless variables and a
dimensionless time variable t* = wt leads to the
following unsteady laminar boundary layer equations

ow* o ov*
ox* oy
o .. (@
S du ou* ou* dU* ocu*
= +u* +o* =U*——+u; —5
2 ar* ox* on dx* ' op?
with the boundary conditions
u*=Acost* v¥=0atn=0,
u* - U*¥(x*)asn — oo. (2b)
The energy equation becomes
AT ¥ ATk AT * 22 Tk
E(/T 0T +u*(T _ W 7; R
2 ot* Ox* on Pr oy
with the boundary conditions
T*=0atyp=0 T*->lasy—ooc. (2d)

The three independent parameters which govern the
problem are the amplitude factor A, the Strouhal
number S and the Prandtlnumber Pr.In this analysis, A
will be assumed small enough for A2 to be neglected
with respect to unity. The unsteady contribution to the
velocity and temperature fields will then be a linear
perturbation of the steady fields. Secondary streaming
effects in the mean flow as well as unsteady velocity
components at harmonics of the fundamental
frequency are thus ruled out of the final solution, i.. the
time-average of the fluctuating components of velocity
and temperature vanish.

Two limiting values of the Strouhal number will be
examined. As S approaches zero (quasi-steady case), the
problem becomes that of a circular cylinder rotating at
a constant rate. This solution will be extended by
adding a term which includes the effect of local
acceleration, resulting in an unsteady solution valid for
S small but finite.

As S approaches very large values, local acceleration
dominates near the wall, and interaction with the
convective acceleration terms in the mean flow may be
neglected. The solution then is seen to consist in the
superposition of Stokes’s 2nd Problem solution
(oscillating flat platein a fluid at rest at infinity) and that
for steady flow around a circular cylinder. The unsteady
component of heat transfer will accordingly be
vanishingly small since in Stokes’s 2nd Problem the
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heat transfer entirely and steadily by
conduction.

Finally, it will be assumed that the fluid is air or some
gas with similar properties, and hence Pr wiii have a

value close to unity.

occurs

MOMENTUM EQUATION SOLUTION

The overall solution strategy is to subject equations
(2a) to the linear perturbation analysis used by Lighthill
{4], expand the resultant zero- and first-order
equations following Blasius [3] in a series in x* whose
coefficients are functions of 1, and, finally, to solve
numerically the resuitant ordinary differentiai equa-
tions (two-point boundary-value problems). Relevant
details of the latter may be found in the Appendix.

Zero- and first-order equations

The form of u* and v* is assumed to be

W (x*, n, t*) = uk(x*, n)+ Aut(x*,n) e,
v(x*, 7, %) = vE(x*, )+ AvT(x*, n) e 3)

Substitution of equations (3} in equations (2a) followed
by retention of terms of O(1) and of O(A) results in a set
of zero-order equations (steady)

ouf  Ov}
5‘% + a—; =0, 2
ut s +ug% - *‘31‘;: uy 65:5’ (4a)
with boundary conditions
ut=v¥=0atn=0, ul->U*(x*)asn—-oo, (4b)
and first-order equations (unsteady)
o
ox* oy ’
1—2§u’{‘ +u3‘j—z§ +u}‘% +v;‘;% +v’{‘aaif = ul%%u}:,
(5a)
and boundary conditions
ut=1, v¥=0atn=0, uf—-0asn—->c0. (5b)

The solution of equations (4a) (steady flow over a
stationary cylinder) was obtained by Blasius [3], and
his calculations were improved and extended by
Hiemenz [16], Howarth [17], Froessling [18], Ulrich
[19], and Tifford [20]. The functional coefficients of the
steady series in x* are usually denoted as f, f3, etc.
where the subscript refers to the power of x* multiplied.
The ordinary differential equations which f;, f3, etc.
satisfy are discussed thoroughly in Schlichting [217.
They are listed in the Appendix for convenience.

Quasi-steady solution
We now consider the behavior of equations (5a) as §
approaches zero, denoting the solution obtained in this

87
instance as uX* and v¥:
our  ov¥ -0
ox* a7
2 6
Ou¥ oul ou¥ oud u¥
UE e U O D = Uy
Ox* Ox* on on on
with boundary conditions
w=1, v¥=0atn=0, uf->0asn—->w. (6b)

The general solution in this simple case has been
obtained by the authors in closed form and can be
verified by direct substitution:

e L )
u¥(x*,n) = ,
Lén ,,=o_| on
and bhv continnitv
and by continuit y
d | ou¥ -t
vt = — o5l 5 ]
CXTL 9% n=0.
ou¥ ~1 Qu¥
x u¥—|— —. (8
H [5'1 ":0] Fwr ®)

Since u and v} are available to us as power series
expansions, expressions for u* and v¥ may be written
down immediately. In particular

u
u = godn)+3 u—3 grlmx*?+,..., (%)

1
where

"”
’ 1

9o = oy

(9b)

(S
o 3<f’1'(0) TROIE
The equation for go, and g, are equivalent to those
found by Rott [14] and Hori [7], respectively.

The physical interpretation' of the solution is
straightforward. The quasi-steady component of
velocity u* (which would result from a clockwise
rotation of the cylinder at a constant surface speed
AU ) is seen by equation (7) to be everywhere
proportional to the shear stress distribution in the
steady flow. The motion of the cylinder is
communicated throughout the boundary layer by
viscosity along the developed steady velocity gradients
[the pressure term is absent in equations 6(a)]. The
quasi-steady skin friction distribution on the upstream
surface of the cylinder is compared with the steady
values in Fig. 2. The plot was obtained using Hiemenz’
[16] experimentally determined pressure coefficients
obtained at Rep = 1.9 x 10%, which are listed in the
Appendix. The effect of the cylinder motion is most
pronounced near the stagnation point while the
separation points remain nearly in the same position.

fs'<0)f';>_

Unsteady, low frequency solution
The unsteady velocities u} and v} are now assumed
to be composed of quasi-steady components u¥ and v¥,
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F1G. 2. Unsteady skin friction, Hiemenz pressure distribution, 4 = 0.3162, f = 2.7.

and acceleration-dependent components u% and v¥:

uf = ug +ifu3,

(10a)
v} = v¥+ipvs,
where f is defined by
S
=_— 10b
B 2, (10b)

If equations (10a) are substituted in equations (5a), the
terms in (if)! vield the equations for the acceleration-
dependent components u% and v%:

ouy | ovs 0
ox*  on
ou¥ dul ou ou ou
u35;;+u2‘5§+03-a’7—+v§‘—5’7—=u1 6}12 —u;“ )
(11a)

with boundary conditions

w=v¥=0atn=0, u¥f—->0asn- 0. (l1b)

Let
* _ U3 ’ *2
u3 —g(n)+3u~gzz(n)x ,
1

u
v = —6_>gz(nx* (12)
1

Substitution of these expressions into equations (11a)
yields

9go2+/1962—f 1902 = Jos (13a)
with boundary conditions
902(0) = go2(0) = 0, (13b)
and
922 +/1932— 31922+ 2f 1922
= 4(f3902—/3902) + 92, (14a)

with boundary conditions

9220} = g,5(0) = g,(0) = 0. (14b)
Equation (13a) was obtained and solved by Glauert
[15] and Rott [14] in connection with the oscillating
plate stagnation flow problem. Hori [7] obtained
equation (14a) and solved it numerically. The
numerical solution of equations (13a) and (14a), needed
for later calculation of the unsteady heat transfer,
requires accurate values of g5,,(0) and g3 ,(0) [as well as
S1(0)and f%(0}]. These are listed in the Appendix. The
maximum value of 8 for which equations (10a) hold will
now be determined by seeking a solution of equations
(5a) valid as 8 approaches infinity.

Unsteady, high frequency solution

Since the time-dependent boundary layer thickness
is much smaller than that of the steady viscous layer
when the frequency parameter fis large, the interaction
between the two layers embodied in the convection
terms of equations (5a) may be neglected, leaving

Ezu’l" .

Tnz —iflu} =0, (15a)
with boundary conditions
uf=1, v¥=0atn=0, uF—->0asy—->o0 (I5b)

which admits a solution which is independent of x*,
namely

whp=e VP px—q

(16)

The high frequency skin friction becomes

C;/Rep = Cro /Rep—2/(2u;) AR cos <r*+ g)
(17

The negative sign on the unsteady component arises
due to the fact that clockwise motion of the cylinder
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gives rise to a negative wall shear stress.(See Schlichting
[21]for the steady skin friction Cy, o/ Rep.) The maxima
of skin friction anticipates those of the cylinder’s surface
velocity of 45°, a result which parallels Lighthill’s
findings [4].

Matching range

The magnitude of the unsteady component of the
high frequency skin friction /% will now be compared
with that of the low frequency solution

\/{[@?’1‘ ,,:o] +ﬁ[6n h=o0l }

Using Hiemenz’ [16] experimentally determined pres-
sure distribution coefficients, the plot shown as Fig. 3
results. The two solutions agree quite well in mid-range.
Since the high frequency solution is independent of x*,
we expect mid-range matching solutions at x* = 0°,40°
and 80° to merge into the high frequency parabola. This
behavior is suggested by solid line fairings. At all three
x* locations the low and high frequency solutions
intersect roughly in the middle of their matching
regions. {At § = 3.25,2.82 and 2.00 for x* = 0°,40° and
80°, respectively, indicated by the perpendiculars in
Fig.3.)Itseemsreasonable to adoptthe average of these
three values, fi; = 2.7, as an estimate of the maximum
value of ff for which equation (18) is valid. The total low

(18)

expressed as the sum of a steady and a fluctuating
component

TH*x*, 0, t%) = T, m)+ AT(x*,n) ™,

and that terms of O(4%) may be neglected. Two
equations for T§ and T¥ again result

(19

aT§ oTY  u, 8Ty
* * - t- 0
"o ox* o on Pr on*’ (202)
with boundary conditions
T¢=0atn=0, Té¢olasn—->w, (20b)
and
is oT* oT3
—Z—Tr”"“uz*g;c:‘j +MT ax*
oT* oT%  u, O*T*
+od—t4pr S =_L_ "1
v on o on  Pr on?’ (21a)
with boundary conditions
Tf=0atyn=0, T¥>0asn—->ow. (21b)

Equation (20a) was solved by Froessling [18] by
expanding T#(x*, n}in aneven power series in x* whose
coefficients are functions of #. Only the first two terms
and differential equations are given here

Uz
frequency unsteady skin friction is compared with the T§=F 0(’1)4‘4; Fy(mx*?, 22
steady and quasi-steady solutions in Fig. 2. The contri-
bution of the acceleration-dependent term (at f = B,) L, ’
. . —F =0, 23a
is seen to be of the same order as the quasi-steady Pr o+/iFo (23a)
term. The two terms together at x* = 50° (where the with boundary conditions
steady skin friction is largest) produce a fluctuation y !
which amounts to +38%. Fol0) =0, Fyloo)=1, (23b)
Energy equation solution and
The energy equation may be solved in an analogous o, " ’ .
— F' Fy—2\F, = —3f,Fy, 24a
manner. We assume that the temperature can be Pr RNt fsFo (242)
3 -
rd
Id
LOW // ///
2 " FREQUENCY Pt
u 2 STOKES
= SOLUTIONS R e
= HIGH
& FREQUENCY
g SOLUTION
i
o Il L 1 ]
0 i 2 3 4 5

B

F1G. 3. Magnitude of unsteady skin friction.
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F1G. 4. Quasi-steady temperature function F, ..

with boundary conditions

F5(0) = F(c0) = 0. (24b)

In terms of the Nusselt number Ny, the steady solution

is
Nu,

\/ ReD

where coefficients Fy(0) and F5(0), recalculated by the
authors for Pr = 0.7 are given in the Appendix.

=\/(2u1)( ;3(0>+4—2—3F3(0)x*2+,...,), 25)

Quasi-steady solution
The behavior of equation (21a) is now examined as §
tends to zero, and the solution obtained denoted by T¥ :

LOTE bk oTy  ery 0TS u 0°T?
0 S % T Us Dy~ + g = 5 3
Ox* JIx* on on  Pr on?
{(26a)
with boundary conditions
T*¥=0atn=0 T¥-0asn—->oco. (26b)

A series method will be used to obtain the solution asno
closed form solution analogous to that obtained in the
quasi-steady form of the momentum equation is
known. By inspection of equation (26a) an odd series
representation is appropriate :

T =2-3§—F,s(n)x*+,..., Q@n
1

resulting in

l 2
EF§S+f1 s =S 1F 1o = 400,F 2 —39,F5. (28a)

with boundary conditions

Fi{0) = Fy0) = 0. (28b)
This equation, solved numerically for Pr = 0.7, is
plotted in Fig. 4.

The quasi-steady component of Nu becomes

Nu, Uy
= ./Qu, 2~ F1{0x*+,...,
JRes JQuy) " 1{0)x* +

which is compared to the steady component in Fig. 5
using Hiemenz' pressure distribution coefficients.
Positive (clockwise) rotation of the cylinder is seen to
increase Nu on the top half of the cylinder while
decreasing it on the bottom. Physically, this result is

(29)

QUASI~ STEADY

STEADY

110 r
[OR: % of
Nu
\/QD 06 =
o4t
o2 L
o° 30°

60° 0°

Xi

Fi1G. 5. Quasi-steady surface heat transfer, Hiemenz pressure distribution, 4 = 0.3162, Pr = 0.7.
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plausible. On the top half of the cylinder (x* > 0), the
fluid in the boundary layer is moved along at a higher
speed than that of the mean flow—thus the capacity of
the fluid to convect heat is increased. On the lower half
(x* < 0) the opposite occurs and the heat transfer is
accordingly retarded. This effect, though, is very small.
For the Hiemenz distribution, deviation of the quasi-
steady value from its steady value is at most 4%, (near
the separation point).

Unsteady, low frequency solution
The quasi-steady solution may be extended, as with
the momentum equation, by writing

TY = T*+ipT3. 30)
The equation satisfied by T% is then
oT% oT} orT% oTS
ug Ox* : ox* o5 on vi on

1 9T%
= —_— s T* y 1
u1<Pr 67’2 s) (3 a)
with boundary conditions
T¥=0atn=0, T¥->0asyn—o0. (31b)

A series expansion is again made, the first term of which
is

T* =2%F12(n)x*+,..., (32)
1

0-08

004

-0-04

-008} 1

-012 | | 1

FIG. 6. Acceleration-dependent temperature function F, ,.

and the ordinary differential equation F,, satisfies is

1 ! ’ ’
EFlfz +f1F12—f1F 3 = 4g0,F 2 —3g,,F o +Fy,
(33a)
with boundary conditions

F15(0) = Fy5(00) = 0. (33b)

The solution for Pr = 0.7 is given as Fig. 6, and the
expression for the unsteady, low frequency Nu follows :

Nu Nug {foT* 2
—= +AJ(2uy) / ( >
JRep /Rep V(2 1 M |y=o
aT* 2
+ﬂ2< 2 >}cos (t*+4,),
6” =0
where (34)
oT%
J,=tan~t AT =0/ _ yap-1 (_08361).

<6T3‘ )
5” n=0,
Unsteady, high frequency solution

Again it is appropriate to determine the maximum
value of f for which equation (34) is valid, and hence to
assess the significance of the acceleration-dependent

term (T%). As B approaches large values equation (21a)
becomes

u, O*T* iS w_ 0TS T8

a — I T* = —, (35

Progr 21 M oxx o on (352)
with boundary conditions

Tt=0atn=0, T¥->0asn—o0. (35b)

Since we wish to determine the unsteady wall heat
flux caused by the high frequency oscillations, equation
(35a) may be simplified by using an expression for
O0T§/0x* which is valid near the wall, namely

aTY o,
dx*  ox*

8°T%

— 36
,,=o+"anax* (36)

n=0

Using the expressions for uf and v¥ determined earlier,
equation (35a) becomes

3*T* Pr 0*TX i
— i PrT*=_ —J(lﬁ)n’ 37
on? i Pr Ty U, ondx*|,_o © 37
whose solution is
2
T = pPr .1_ o°Ts | 5 eV
if(1—Pr) u, 8116x*’,,=0

L2
Jip) (1—Pr)

valid for # small and Pr # 1. The unsteady component
of heat transfer may be determined from

oT*
on

(e— VP _ o —vis Pr)n)], (38)

e, 39)

n=0
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FiG. 7. Magnitude of unsteady heat transfer.

the real part of which is

1/1 8T,
B\uy Bnox|,—q

Pr
“lazpn

For Pr = 0.7, the value in square brackets is —0.2075.
As the value of the first term in parentheses is also
negative, we find that, unlike the skin friction, the heat
transfer maxima at the wall lag behind those of the
cylinder surface velocity by 90°. Moreover, the
magnitude of the unsteady component falls offas 1/8,in
marked contrast with the skin friction. These results
parallel those found by Lighthill [4].

2Pri/Pr— 1)] cos (t*- E) (40)
5 )

{1—Pr)?

Matching range

When equation (40) is compared in magnitude with
the corresponding termin the low frequency expression
[thelarge radicalin equation (34)], the plot given as Fig.
7 results. Both magnitudes have been plotted as a
function of § at x* =40° and 80° (at x* = 0° the
unsteady component vanishes). At both locations, the
high and low frequency curves intersect at low (about
0.5) values of f at which point the magnitude of the low
frequency component differs little from its quasi-steady
value. Such a result suggests that the magnitude of the
unsteady heat transfer never rises above its quasi-
steady value but rather decreases with f, gradually
attaining the high frequency value. This proposed
behavior is reflected in the solid line fairings.

We are thus left with the interesting conclusion that
the quasi-steady magnitude is the maximum value
attained over the entire range of . But the quasi-steady
solution has already been seen to differ from the steady
solution, by at most 4%, and thercfore may be
neglected. The steady expressions for the heat transfer
(Nuy//Rep) are thus adequate even when the cylinder

is oscillating, regardless of the frequency, as long as the
amplitude factor A is small.

CONCLUDING REMARKS

The negligible effect of cylinder oscillation on the
surface heat transfer may be seen in retrospect to be a
consequence of the constant surface temperature
boundary conditions and the boundary layer
assumption. From equation (21a), it is evident that the
magnitude of the unsteady temperature component T,
because of the homogeneous boundary conditions, will
depend heavily on the two inhomogeneous terms
v¥(08T%/0x*) and vH(@T}/dn). The former will be small
since T, is constant, the latter will be small also due to
the boundary layer scaling approximation which
assumes that velocity components across the layer are
of O(Re™ 173,

Thefact that the quasi-steady magnitude of Nu,small
as it is, is the maximum, is consistent with the well-
known result that the thickness of the ‘AC’ boundary
layer varies inversely with the square root of the
oscillation frequency. As the latter increases, and the
‘AC’ layer becomes smaller relative to the cylinder’s
radius, Stokes’s 2nd Problem result is approached
where any unsteady heat transfer is known to be absent.
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APPENDIX

The ordinary differential equations were solved using the
IMSL [22] initial value problem package DGEAR onanIBM
370 Model 3033 computer installed at RPI. DGEAR uses a
variable order Adams Predictor—Corrector method and
requires that all necessary boundary conditions be specified at
# = 0. The program was adapted to the two-point boundary
value problems in this paper by guessing an additional initial
condition to satisfy the condition at # = oc. The asymptotic
behavior of all the functions is proportional o the com-
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Table Al

f10) = 1.23258766 [24] () = 0.49586579t
(Pr=0.7)

Fi0) = 0.72444731F Fy0)= 0.111906507
(Pr=20.7)

45,(0) = —0.49323064+ Fi(0) = —0.16780041+
(Pr=0.7)

g2,0)=  0.19676977t 5(0) = 0.14029574%
(Pr=0.7)

plementary error function erfc (11/\/ 2), and hence n = 10 was
found to be a satisfactory approximation of oo. The additional
initial values, determined by trial and error (i.e. by a ‘shooting’
method), and the relevant DGEAR user-set parameters are
given in Table A1l. Double precision was used and the values
iisted are believed accurate to eight decimali piaces. The resuits
compare favorably with most of the published tables (refs. [5,
15,18,20,23]), but are presumed to be more accurate (all to six
decimal places).

The first three terms of the series solution of equations (4a)
are

u3

hS(ﬂ)}x*S,
(A1)

ud = uy fLnx* +duy fH(x* + 6u5[g’s(n) +

145
and

vg = —<“1f1(’1)+ 12u; f3(n)x*? + 30us

u3

hs(n)JX*“), (A2)

where f,, f3, gs and hs satisfy the following ordinary
differential equations

X l:gs(’l) +

Uyls

VAL = =1 S0 =110 =0,
Si{o)=1 (f1(0)=1.23258766) [24], (A3)
FHAS— 45N = — L S50 =f50) =0,
Sa(0) = 1/4  (f3(0) = 0.72444731),F G
05 +195 61105+ 515 = ~ 1. g0 =0, o
G40) =0, gi{oo) = /6 (g0) = 0.6347) [20},
W +1 5= 6 s+ 3 Ths = 807 =)~
(A6)

hs(0) = Hs(0) = Ms(o0) = 0 (H3(0) = 0.1192) [20].

The Hiemenz [16] pressure distribution coefficients used for
all calculations in this paper are listed in Table A2.

Table A2. Pressure distribution coefficients

Coefficient (group) Hiemenz
Uy 1.8157

uy —0.2714

us —-0.0473

wlfuus —0.8572

t Determined by the authors. TOL = 1071 [22], METH
= 1[22], MITER = 0[22].
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TRANSFERT THERMIQUE SUR UN CYLINDRE EN ROTATION OSCILLANTE ET EN
ATTAQUE FRONTALE

Résumé—La réponse du frottement pariétal laminaire et du transfert thermique a l'oscillation rotationnelle

d’uncylindre circulaire est analysée d partir d’'une méthode de Blasius et Howard et laméthode de perturbation

de Lighthill. Tandis que la composante du frottement pariétal instationnaire est 4 peu prés 38% du total et

qu’ellecroit aveclafréquence, le transfert thermique instationnaire contribue seulement pour 4%, prés du point
de séparation et décroit avec la fréquence.

DER WARMEUBERGANG AN EINEM DREHSCHWINGUNGEN AUSFUHRENDEN
ZYLINDER IM KREUZSTROM

Zusammenfassung — Der EinfluB von Drehschwingungen eines Zylinders auf den laminaren Warmeiibergang
und Druckabfall wird mit Hilfe der Reihenentwicklung nach Blasius und Howarth und des Stérungsansatzes
von Lighthilluntersucht. Wahrend der Anteil der instationdren Komponente beim Druckabfall bis zu 389, des
Gesamtwertes ausmacht und mit der Frequenz ansteigt, betrigt der instationdre Anteil des
Wairmeiiberganges nur 4%, am Abldsungspunkt und nimmt mit der Frequenz ab.

TEIVIOOBMEH TNIONEPEYHO OBTEKAEMOI'O BPALIATEJIBHO
KOJEBJIOWEroCsa NUJIWHIPA

AHHoTamms—MeTonoM pasioxeHus B psabl Bnasuyca n XoBapTa M MeTOOM BO3MyilieHnii JlaiiTxunna
NpOaHATH3UPOBAHO BJIMAHME BpallaTesibHOTO KojebaHHs KPYrnoro WWIMHAPAa HAa JIAMHHAPHOE
IOBEPXHOCTHOE TPEHUE H TEIUIONEPEHOC Ha MoBepXHOCTH. HalleHo, 4TO B HECTALIMOHAPHOM pEXHMeE
BKJIaJl IIOBEPXHOCTHOIO TPEHHA COocTaBifeT 389, OT CyMMAapHOTO 3HA4Y€HHs M PAaCTET C YaCTOTOH,
TOIIA KaK BKJIAX TEIUIOTEPeHOCca COCTABAET TOJbKO 4%, y TOYKH OTPhIBA U MaJaeT C YaCTOTOH.



