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Abstract—The effects of tube rotation on the velocity and temperature distribution, on the friction
coefficient and on the heat transfer to a fluid flowing laminar inside a tube are examined by analysis. It is
demonstrated that the rotation has a destabilizing effect on a laminar pipe flow, which changes to turbulent
flow. Free convection vortices, that occur, if the pipe wall is heated, disappear with a growing rotation
velocity of the tube. For that purpose a perturbation calculation is performed. By the results of this
calculation the disappearance of the free convection vortices is demonstrated evidently.

1. INTRODUCTION

THE STABILITY of isothermal laminar pipe flow with
superimposed rotation has been investigated by sev-
eral authors. By solution of the perturbation equa-
tions Pedley [1] demonstrated, that a cylindrically
symmetric shear flow of an incompressible fluid, such
as Hagen—Poiseuille flow in a circular pipe, is unstable
to infinitesimal, inviscid disturbances if it is subjected
to a rotation about its axis. These results have been
confirmed experimentally by Nagib et al. [2].
Mackrodt [3] examined the stability of Hagen-
Poiseuille flow with superimposed rigid body rotation
against three-dimensional disturbances. By numerical
solution of the perturbation equations limiting values
of the flow-rate Reynolds number, Re = 165.76, and
the rotational Reynolds number, Re, = 53.92, were
calculated, above which the flow becomes unstable.
By experiments and by use of a modified mixing length
theory Kikuyama et al. [4] found a destabilizing effect
of rotation on laminar pipe flow. Reference [5]
expanded this mixing length model to calculate the
fluid flow and heat transfer in an axially rotating pipe
with constant wall heat flux.

If the wall of a non-rotating horizontal pipe, sub-
mitted to a small flow rate, is heated, already small
temperature variations in the fluid cause a secondary
flow due to buoyancy forces. Morton [6] investigated
this phenomenon and obtained solutions for the vel-
ocity and temperature field. This treatment was
restricted to small rates of heating, which corresponds
to a small ratio of buoyancy and inertia forces,
Gr/Re* « 1, so that the motion due to buoyancy could
be regarded as secondary flow. Del Casal and Gill [7]
expanded this solution for flows with axial density
variations. Futayami and Mori [8] investigated the
laminar mixed convection in a horizontal pipe for
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ratios of Gr/Re? ~ 1 by means of an integral method.
Reference [5] observed the formation of convection
cells in a heated pipe at low flow rates and high tem-
perature differences, at ratios of Gr/Re? = 0.02.
Rotation of the tube about its own axis caused a
disappearance of the convection cells, already at a low
rotational speed.

In the first part of this paper the effect of rotation
on the velocity and temperature distribution, on the
friction coefficient and on the heat transfer to a fluid
flowing inside a rotating pipe, without free convection,
is investigated. In the second part the interaction
between free convection effects and rotation is con-
sidered.

2. EFFECT OF ROTATION, IF THERMAL
BUOYANCY FORCES ARE DISREGARDED

A systematic study on the effect of rotation on the
velocity and temperature distribution, on the friction
coefficient and on the heat transfer to a fluid flowing
inside a tube was carried out in ref. [9], if the flow is
initially turbulent. This model is applied in order to
demonstrate the effect of rotation on laminar pipe
flow. To describe the destabilizing effect on laminar
pipe flow the turbulence model is modified.

2.1. Mathematical formulation

Since a detailed description of the mathematical
model is given in ref. [9)], only the most important
equations and particularly the modifications of the
turbulence model are summarized.

For fully developed flow conditions and for an
incompressible fluid the conservation equationsin cyl-
indrical coordinates, as illustrated in Fig. 1, take the
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NOMENCLATURE
B, complex constants, i = 1,...,6 Re, Reynolds number based on the friction
(& constants, i =1,...,6 velocity, v, R/v
¢ specific heat at constant pressure 7 dimensionless coordinate in radial
D pipe diameter direction
D; complex constants, i=1,...,6 T time-mean temperature
dy  real constants which are the real parts of T temperature fluctuation
the D’s,i=1,...,6 T, time-mean temperature of the wall
dy real constants which are the imaginary Ty bulk temperature
partsof the D/s,i=1,...,6 T, time-mean temperature in the centre of
E Eulerian constant the pipe
E, complex constants, i = 1,...,9 Uyiy Ugs» Uy;  time-mean velocity in the radial,
ex real constants which are the real parts of tangential, and axial directions,
the E’s,i=1,...,9 i=0,1,2
e real constants which are the imaginary U, D4, U; dimensionless time-mean velocity
parts of the E’s, i=1,...,9 in the radial, tangential, and axial
f: functions of 7, i=1,...,4 directions, i =0, 1, 2
Gr Grashof number, 8gATD?/v? oF dimensionless velocity components,
i imaginary unit i=r ¢,z
J, Bessel function U4y tangential velocity of the pipe wall
k thermal conductivity v/ velocity fluctuation
K,, L, terms of a sum 0, mean-axial velocity over the pipe cross-
L pipe length section
1, hydrodynamic and thermal mixing U, V., W complex functions
length in the rotating pipe Y, Weber function
lo, I,y hydrodynamic and thermal Y*  dimensionless radial distance from the
mixing length in the non-rotating pipe wall
pipe z coordinate in the axial direction
mg, my, m, coefficients of the temperature Z dimensionless coordinate in the axial
distribution 8, direction.
ng, 1, 1, coefficients of the axial velocity
distribution 7,, Greek symbols
N rotation rate, Re,/Re 0 complex coordinate in the radial
Nu  Nusselt number, direction
D oTjor(r = R)/(T,,— Ty) 13 perturbation parameter, Gr/Re?
Pr Prandtl number, v/a 0, 8, * dimensionless temperature
Pr,  turbulent Prandtl number, /,//,, g dimensionless temperature fluctuation
p pressure A coefficient of friction loss
r pressure fluctuation U dynamic viscosity
p* dimensionless time-mean pressure Uy turbulent dynamic viscosity
q heat flux density v kinematic viscosity
4.  heat flux density at the pipe wall o density
R pipe radius Ty shear stress
Re Reynolds number, 7,D/v ¢ coordinate in the tangential direction
Re, rotational Reynolds number, v,, D/v 1/ stream function.
form: For a newtonian fluid with constant properties the

axial momentum equation

energy equation

dp 10
= ——— —— . 1
0 5 T 59 ) ey
oT 16
pepv; 5= = 5 7 (- 2

shear stress 7,, and the radial component of the heat

flux vector can be written as

auz N
T = luﬁ —pv:v,

oT T
=+ pc,u.T".

9, = —k or

According to experiments by Kikuyama et al. [4], the
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FiG. 1. Coordinate system.

distribution of the tangential velocity can be assumed
to be that of solid body rotation

r
Uy = ﬁ Ugpw - (5)

After some manipulations and after introduction of
the turbulence model, as described in ref. [9], the axial
momentum equation and the energy equation can be
written in the following dimensionless form :

axial momentum equation

IV ds, ¥ 1 ds,
G) (ﬁ)‘n—e*a‘f—'—“’ ©
energy equation
.00 190 11, {o0,\].00

Here 7= r/R is the dimensionless radius. Further-
more, the following dimensionless quantities are
introduced in equations (6) and (7):

8D

Re=" ®

R
Re, == ©®

D
Re, = ”"“v” (10)

_Vow _Rey
N = = Re an
. zk z 1
2= pe,0.R° " R Rey Pr (12)
T—T,
0= R 13)
k

The hydrodynamic mixing length / and the thermal
mixing length /, in the rotating pipe are obtained from
the mixing length in a stationary pipe, i.e. from the
modified Nikuradse mixing length expression

b r1—errafo014—008(Z) —00s( %)
R ) AR AR

(14
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the reciprocal of the turbulent Praﬁdtl number
€ = lo = 1.53-2.827243.85/° —1.487* (15)
Pr, I,

and a semi-empirical expression for the ratio of the
mixing lengths in a rotating and a stationary pipe,
which was found in ref. [5]

L 0.4,/N. (16)
10 IqO

Further solution of the conservation equations is per-
formed in analogy to ref. [9] and will not be described
again.

2.2. Results and discussion

The effects of rotation on the axial and tangential
velocity distribution for fully developed flow con-
ditions are shown in Figs. 2 and 3 for different flow-
rate Reynolds numbers. Experimental results of
Kikuyama et al. [4] have been plotted for comparison.
The validity of the assumption of a linear tangential
velocity profile is well confirmed by the experiments.
The calculated profiles of the axial velocity are in good
agreement with the experiments. The shape of the
axial velocity profile is largely independent of the flow-
rate Reynolds number. With increasing rotational
Reynolds number Re, the parabolic axial velocity pro-
file of the Hagen-Poiseuille flow shifts towards that
of turbulent pipe flow.

In Fig. 4 the friction factor 4 is plotted vs the flow-
rate Reynolds number Re for various values of the
rotational Reynolds number Re,. Without rotation,
Rey = 0, the friction law of the Hagen-Poiseuille flow,
A = 64/Re, is valid. With growing rotational speed an
increase in 4 can be observed.

The influence of rotation on the temperature dis-
tribution for fully developed hydrodynamic and ther-
mal boundary layers is depicted in Fig. 5. With an
increasing rotational Reynolds number the laminar
temperature profiles approach that for turbulent pipe
flow. Unfortunately there are no experimental tem-
perature profiles available.

In Fig. 6 the Nusselt number is plotted as a function
of the flow-rate Reynolds number Re with the
rotational Reynolds number Re, as a parameter. For
Re, = 0, i.e. for laminar pipe flow without rotation,
the Nusselt number has the constant value Nu = 4.36.
With growing rotational Reynolds number Re, the
Nusselt number increases. In contrast to the constant
Nusselt number in the case of no rotation, the Nusselt
number increases slightly with a growing Reynolds
number, if Re, > 0.

3. INTERACTION OF ROTATION AND THERMAL
BUOYANCY FORCES

Utilizing the profiles of the axial velocity and the
temperature calculated above, a perturbation cal-



Experiment:
(Kikuyama)
O Rey: 500
Re¢= 1000
Regy: 2000
Rey=4000

e D>

566 G. REICH et al.
20 20
Theory:
Re =
Red, 500
vV, Re =1000 V.
z_ & z
v} s / Regy® 2000 v
z z
T Regs 4 000 1
SR
10 Experiment: 10
{K:kuycma!
o] Re¢= 50C
A Rey:1000
4 Rey= 2000
® Rey =400
Re =600
0 0
e 25 . 10 0
- T

o
o

F1G. 2. Axial velocity distribution as a function of the rotational Reynolds number Re,.

culation will be performed, which will describe the
formation of a secondary flow due to buoyancy forces
and its decay owing to centrifugal forces in the case
of pipe rotation.

3.1. Mathematical formulation

Denoting the coordinate system, as illustrated in
Fig. 1, by 7, ¢, Z as dimensionless radial, tangential
and axial coordinates, with the corresponding dimen-
sionless velocities #¥, #F, 7.* and the dimensionless
temperature #*, the equations of conservation for a

radial momentum equation

Thd
5 ov;
" oF

E@__@f:_@l V2~*
Fop  F oF
b, I Gr

* 2008\
N

~5 R-zcosqb(l —G%);

(18)

. . . FX X O0F  pRpE o5
fully developed flow of an incompressible, newtonian 5« 003 L S 1 ggf 2 (V o
fluid in a horizontal pipe, in consideration of gravi-  F 7 0¢ F F 0 R
tational forces, take the following form: _
2 06F  oF 1 Gr . S(1— %)
inui - = 5 — =5 |+ 5 o =sing(1-0%);
continuity equation 7 op  7? 7 Re?
o@*F) b}
o ’f) =t —9; a7 (19)
OF o
10 10
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Fic. 3. Tangential velocity distribution as a function of the rotational Reynolds number Re,.
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axial momentum equation

ovY 0% 00X 613* 2
~ z __¢ z - 25% .
Yot F g e TR s @0
energy equation
66* o%o0* . 2%
U, 37 7—¢ +0,; Co = RePrV 5 (2])
with the dimensionless quantities
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F=%; o¥ =:fi; i=rd¢,z
~ T-T, 4
* 5%
it o A
Pr= hd
a
5,D
Re="
v
(T,—To)D® BgATD?
Gr = fig o2 ° = w2
45, ,R 1
= rw 2
Co kAT Re Pr 22
and the Laplacian operator
8 16 1 82
V255';2+; F+~26¢2 _(23)

Provided that the buoyancy terms in equations (18)
and (19) are small as compared to unity, successive
approximations to the solution can be determined by

expanding §#, 5* and §* as power seriesin ¢ = Gr/Re?

0¥ = O +edy +& 0,40, i=r¢,z

P* =Po+ep,+&°p,+p

0% = 0,+¢0, +¢20,+0". 24
The turbulent values, 5/, 5’, §” will not be effected by

the secondary motion, if ¢ « 1, as shown by Polyakov
[10]. Hence these values are not expanded as power
series in equation (24).

Introducing equation (24) into equations (17)-(21)
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FiG. 5. Temperature distribution as a function of the rotational Reynolds number Re, 0= T -Tt F=0)
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FIG. 6. Nusselt number Nu of the rotating pipe as a function
of Re with Re, as a parameter.

and neglecting terms in ¢ and ¢, yields the zeroth-
order equations for the flow in a rotating tube without
free convection, which have been solved in Section 2.

The elimination of the pressure in equations (18)
and (19) and the introduction of the stream function

L 0 oy

l)r——-ga, U¢——“E (25)
results in first-order equations for ¥, 5, and g, if terms
of the order of £? are neglected

2, A, 140, .
R f(ar s ) 2 sme (9
2, 1 [{oped0.\ 1oy, 36

Re" ”"+?~<W a¢>—r~ﬁa a7
2 _ua  Lf0yo00,\ 18y, o0, .
RePr’ 0”’?(67 6(1))_? 3¢ oF TG
(28)
and in second-order equations
0o 0 1/, .
— 4 —_ —_—
Vl/’z <6 Py ) <ar~sm¢
A 200, 0V, 18y, 0V,
t 36 © S"’)J” oo For op O

2, Mgy an,\ 1 oy, 05,
Re’ ””J“?(W'aqs =\ " a0

oy, 00,
+ = 2 6r> (30)

6‘/’2 0.
8¢ oF

G, 0 ay, 04, ‘
(7¢ (ri_ o¢ o 3D
with the boundary conditions
lal//l,Z - allllvz 0
F ad) F=1 af F=1 a
Loyl W2 .
700 Lo finite, ra finite
0.1,2(F=0,¢) = finite
ﬁzl.Z(F= 1: ¢) = ()
0,,(F = 0,¢) = finite
6~|_2(F= 1,¢)=0. (32)

According to experiments by Kikuyama et al. [4], the
stream function in the case of no rotation, ,, is
defined by

1 Re¢

Vo= =5 ke’

(33)

With this expression equations (26)—(31) can be writ-
ten in the following form:

Re, 0 Re o0,
4 _ e Y xg2 = 0 :
Vi, 5 6¢V W FRrT: sing  (34)
Re, 07, Relol// av.
25 NE Ol Re T OV, Oz
Vo =5 35 =3 7o o (33)
| Red,ag,_Re 1oy, &6, )
AR A 2<f6¢ o TG ) 00
Re, ¢ Re [0 a0
ay. B O o _ Refcb, o]
Vi, 5 0¢V W, = 4 <6r’ sin ¢ + aqbcosd))
&1 ?E’,ivflk‘ (IIL?Y_VI/J, (37
2 F\op aF a¢) 37)
vog, _ Reeta__ Rel(dy, ot
2T 9 2 F\ o og
&y 00 GYy 00, )
T2 : 3
o¢p OF o¢  oF (38)
1 _,~ Re,00, Re N 01,[/7('}0
PV T2 g T 2\ ST o o
o, 00, oy, a0,
~p o o))

Without free convection effects, profiles of the axial
velocity 7,4(F) and of the temperature #,(F) have been
calculated in Section 2. Since they are the results of a
numerical calculation, they will be approximated by



Fluid flow and heat transfer in an axially rotating pipe—II

the following polynomial expressions :
(40)
(41)

Gy = mo+m 7P +m, 7
~ & ~4
B0 = No+0,72 +n,7°.

The maximum deviation of equations (40) and (41)
from the numerical results is less than 3%, which is a
sufficient accuracy for the following considerations.

Substituting the stream function in equation (34)
by

Y1 =f1(F)sin¢ +/2(F)cos ¢

yields two coupled ordinary differential equations

(42)

3 3
f///l + f]/l/ ~3 fl —_ F_4fl
Re, _ Redd,
+7< “t+2 fz ~2fz>——7 7 @
2 f s e = >0
Re 1
- —¢ (f{’ +<fi— F—m) =0 (44)
with the boundary conditions
Si(D) =0, f(0) = finite
fi(1) =0, fi(0) = finite
f2(1) =0, f,(0) = finite
f3(1) =0, f3(0) = finite. (45)
Introducing the complex function
V=rfi+if; (46)

into equations (43) and (44) and summing up both
equations results in the following complex ordinary
differential equation of the fourth order:

V””+§V”’—%V”+%V’—%V
(i ly o Ly) < R
with the boundary conditions
V(1) =0, V(0)= finite
V(1) =0, V'(0) = finite. (48)

Equation (47) can be reduced to an ordinary differ-
ential equation of the second order by introducing the
following function :

pply 1, _df1d

r

From equation (49) V can be determined as

1 C
=3 f( fUdPFdF+-Cirt 2. (50)
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By use of equation (49) and with the polynomial
expression for the temperature (equation (40)), the
differential equation (47) can be written as

)U(r)

PRUF)+FU(F)+ (Rze

1
=— 5Rem,r"’ —Rem,7*. (51)
Introducing the coordinate transformation
Re¢ -

into equation (51) yields a Bessel differential equation

82U (8)+8U’(6)+ (62— 1U(S)
1 2 V2, 2i V2

which has the solution

1 21 3/2
U(5)=C3J1(5)+C4Y|(5)+|:—§Rem| —)
Re,

2i 2 2i \2
+8Rem2<R—e;) ]5—Rem2<—§;;> o° (54)

J, is the Bessel function of the first order

) (__l)v

6 2v4 1
S vi(v+ 1) (5)

J10)=} (55)

Y, is the Weber function of the first order

Y, (0) = %[E-Hn (g):l] 6)— 2 1

K i v'(v_i)l)'< )(Z Z )

(56)

C; and C, are constants which must be determined.
V{(6) is calculated by the inverse transformation
(equation (50))

(E = 0.5772 is the Eulerian constant)

2 1 1
V() = kégj‘(éjU(é)dé)dé—i-Csé-f-Cag )

1
V() = DiJ1(8)+D2Y1(8)+D; 5 +Dyb

+D6*+Dg8%.  (58)

The constants D, are given in the Appendix. An adap-
tion of the solution V(8) to the boundary conditions
(equation (48)) results in

V(6) = D\Ji(8)+D,6+ D8+ Dgs%.  (59)

Splitting of the complex function V(8) into the real
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part and the imaginary part yields the functions f, and
f», and the stream function (7, ¢ ) can be determined
as

w (r ¢)_[le Z K ~4‘+l_d” Z L Jdv+ 3

v=>0

~4v+ i

qu

+d g F+d, P ]sm o+ |:a',,

+dig Y va"‘””+d4lF+d51F3+d61f5]cos¢ (60)

v=10

where the constants dy, d;, K, and L, are given in the
Appendix.

For Re, — 0, which corresponds to the flow in a
non-rotating pipe, the function f,(¥) approaches
linearly with Re, the value zero. The function f,(7)
approaches the solution of Morton [6]

hm JF )=

—3(2ﬁ+1>r~2+ (3'"‘ +2>>fsinq>. (61)
m, m,

The corresponding temperature distribution is that of
the laminar Hagen-Poiseuille flow, with m, = 4/3 and
m, = —1/3.

The axial velocity distribution is calculated with the
same procedure as the stream function ;. By use of
equation (41) and with the statement

=f3(F)sinp+fi(P)cos b

(62)

equation (35) can be transformed into two coupled
ordinary differential equations

+ %f; ~2];+ "’ fa= —Re(n, +2n,7)f> (63)
L fim dfem 50 fy = = Relon 4 2m),
(64a)
with the boundary conditions
£3(0) = £4(0) = finite
(1) = fa(1) = 0. (64b)
Introduction of the complex function
W(F) = fr+1f, (65)

and transformation of the coordinate 7 to & results
in the following non-homogeneous Bessel differential
equation:
AW (B)+SW (B)+ (8 —DW(S) = (B,6°

+ B,84J,(0)+ B30 + B,3° + Bd7 + Bd®  (66a)

G. REICH et al.

with the boundary conditions

W (0) = finite

(66b)

and the constants B; given in the Appendix. The solu-
tion of the differential equation (66a), which satisfies
the accompanying boundary conditions, is

W(8) = E\J,(8)+ E36°J,(8)+(E 0+ Es6°)J(3)
FEGS+E 8 +E0°+E 7. (67)

The constants E; are given in the Appendix, too.
By splitting this solution into the real part and the
imaginary part, we get the perturbation velocity 7.

5. (7. @) —I:(€|R+93Rr ) Z K7

_(911+e31F2) Z L7 +(ea )

y=0

X Z K (4v+2)~4v+l+96R’7+(’7R’73—((’4|+65|F2)

ve=

X Z L, (4v+4)”4‘“+e8R;’5] sin ¢

v ()

[(ell+631r ) Z Kot +{er +83RF2)

v=

Z ~4v+3+(e4l+eﬂr2) Z K (4v+2)~4»+l

y=0 v="0

+egftenr +(6’4R +espf” ) Z L, (4\+4)r4‘+1

v O

+68[F5+69|F7]COS ¢. (68)

The constants e, and ey are listed in the Appendix.
The time-smoothed axial velocity 7, is given by
Gr

Re? =t

b, = 0,0+&0,, = o+ - (69)
After some manipulations it can be demonstrated,
that this solution for Re, — 0 approaches that of

Morton [6] for the fluid flow in a non-rotating pipe

(ny=-2,n,=0)
Re’ i
Aim G = = g5 47

x (49 — 517% + 197* —F®)Fcos ¢.

The temperature distribution #, can be obtained by
the same procedure as for the stream function.and the
axial velocity. However, the expressions for # are very
lengthy and monstrous. Therefore, they are omitted
in this paper.

The following conclusions may be drawn by a
detailed consideration of the differential equations

(34)-(39).

(70)
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(1) In the case of no rotation, for Re,— 0, the
perturbations ¥,, 7, §,, V¥, B, 0, attain their
maximum values, which corresponds to Morton’s [6]
solution.

(2) It can be seen that y, approaches linearly the
limiting value zero for Re;, — 0. §,; approaches zero
quadratically with increasing Re,.

(3) W, approaches zero with Rej, 7,, and f,
approach zero with Rej.

Since the perturbations of the second order may be
neglected already in the case of no rotation [6], they
may be disregarded for Re, > 0, too. For small values
of Re, (Re, < 200) Morton’s solution for the tem-
perature distribution [6] may be used as an approxi-
mation for #. For an increasing rotational speed
(Re, > 200) the free convection effects on the tem-
perature distribution may be neglected, since 7,
approaches zero with Re3.

R.¢,‘ 28

FiG. 7. Stream function i with Re, as a parameter (Re = 500.
£ = 0.05).

Re¢ =500
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FiG. 8. Tangential velocity as a function of the rotational
Reynolds number Re,.

3.2. Results and discussion

Figure 7 shows the effect of rotation on the free
convection flow. To demonstrate this effect, stream-
lines are plotted for constant Re and & (Re = 500;
£=0.05) and for different rotational Reynolds
numbers, 0 < Re; < 500. Already small temperature
differences between the heated wall and the fluid cause
a secondary flow. There exist two counterrotating
convection cells, flowing upward at the pipe wall and
downward in the pipe centre. If this convection flow
is superposed by a clockwise rotation of the tube, the
corotating left-hand convection cell grows, while the
counterrotating cell vanishes with growing Re,. This
effect of the growing corotating and the diminishing
counterrotating convection cell is evident in the range
20 < Re, < 40. For Re, > 40 the right-hand cell has
disappeared and the left-hand cell covers the whole
cross-section. The ‘eye’ of the convection cell,
however, is located above the pipe centre. With
increasing Re, the eccentricity of the cell diminishes
and for Re, > 500 a rigid body rotation is established.

The effects of the interaction of free convection and
rotation are shown in Figs. 8 and 9. In Fig. 8 profiles
of the tangential velocity in a horizontal sectional
plane are plotted with Re, as a parameter. Without
rotation, for Re, = 0, there is an upward flow near
the pipe wall and a downward flow near the pipe axis.
With increasing rotational speed the rotation-induced
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FiG. 9. Radial velocity as a function of the rotational
Reynolds number Re,.
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F1G. 10. Axial velocity as a function of the rotationa} Reynolds number Re,.

flow becomes more dominant. For Re, > 50 the free
convection effects have disappeared and there exists
an almost rigid body rotation. The same effect can be
observed in Fig. 9, where the radial velocity is plotted
for different Re, in a vertical plane. With an increasing
rotational speed the radial velocity decreases.

In Fig. 10 the axial velocity distribution in a vertical
and a horizontal plane is plotted with the rotational
Reynolds number Re; as a parameter. For small
rotation velocities (Re, < 10) the free convection
effect on the axial velocity below the tube centreline,
can be clearly detected to be a displacement of the
velocity maximum in the vertical plane. With increas-
ing Re; the velocity maximum shifts towards the ‘eye’
of the vortex, since fluid particles are transported from
the tube centre to this region (compare with Fig. 7,
Rey = 40). If Re, increases further, the velocity
maximum shifts back to the tube centre. However, the
maximum value is smaller than that without rotation,
which is a consequence of the destabilizing, turbulence
exciting mechanism of rotation (see Section 2).

In Fig. 11 the effect of the ratio ¢ = Gr/Re” on the
axial velocity profile in a vertical and a horizontal
plane is demonstrated for a constant Re,. In the
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vertical plane a displacement of the maximum velocity
towards the ‘eye’ of the vortex with an increasing ¢
can be observed, as already demonstrated in Fig. 10
for moderate Re,.

4. CONCLUSIONS

In the first part of this paper the effect of rotation
on velocity and temperature profiles, friction and heat
transfer coefficients of a laminar pipe flow with forced
convection was investigated. It was demonstrated,
that the tube rotation causes a destabilization of the
laminar flow, which becomes turbulent due to
rotation.

In the second part of this paper the interaction
between free convection effects and rotation is con-
sidered. For small heat flux densities perturbation
calculations were performed, to obtain profiles of the
axial, radial and tangential velocity distribution. The
plots of the velocity profiles and the stream function
demonstrated that the influence of free convection
vanishes with increasing rotational Reynolds num-
ber, which could also be observed in experimental
investigations.
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ECOULEMENT ET TRANSFER DE CHALEUR DANS UN TUBE EN ROTATION-II.
EFFET DE LA ROTATION SUR UN ECOULEMENT LAMINAIRE

Résumé—Les effets de la rotation d’un tube horizontal sur la distribution de vitesse et de température ainsi

que sur le coefficient de frottement et de transfer de chaleur d’un écoulement axial laminaire sont étudiés

analytiquement. Nous montrons que la rotation du tube a un effet déstabilisant sur ’écoulement laminaire

qui devient turbulent. Les cellules de convection naturelle dues au chauffage de la paroi disparaissent

cependant avec 'augmentation de la vitesse de rotation du tube. La méthode de perturbation appliquée

aux équations de base permet de montrer de facon significative cette disparition des cellules de convection
naturetle.

STROMUNG UND WARMEUBERTRAGUNG IN EINEM AXIAL ROTIERENDEN
ROHR—II. DER EINFLUSS DER ROTATION AUF EINE LAMINARE
ROHRSTROMUNG

Zusammenfassung—Der Einfiul der Rotation auf Geschwindigkeits- und Temperaturprofile, Reibungs-

beiwert und Wirmelibergangszah! einer laminaren Rohrstrémung wird theoretisch untersucht. Es wird

gezeigt, dal die Rotation eine destabilisierende Wirkung auf die laminare Strdmung ausiibt, die aufgrund

der Rotation umschldgt und turbulent wird. Die durch eine Beheizung der Rohrwand auftretenden natiir-

lichen Konvektionszellen verschwinden jedoch mit einer zunehmenden Drehzahl des Rohres. Hierzu wird

eine Storungsrechnung durchgefihrt, mit deren Ergebnissen das Verschwinden der Konvektionszellen sehr
anschaulich gezeigt werden kann.

TEYEHHME XUJKOCTH U TEIJIONEPEHOC B AKCHAJIBHO BPAMIAIOMIENCS
TPYBE—II. BIUSTHUE BPAILEHHUA HA JTAMHUHAPHOE TEYEHHUE B TPYBE

AHHOTRUNS— AHAJTHTHYECKH MCCIENYETCS BIMAHUC BPALLECHHs TPYObl Ha npoduny CKOPOCTH H TeMnepa-

TYpbl, Ha KO OULUHEHT TPEeHHS H HA TEIUIONEPEHOC K JIAMMHAPHOMY NOTOKY XHIAKOCTH B Tpybe. [Toka-

3aHO, 4TO BpallleHHe AecTaOHAM3HpYET JIAMHHApHO TeucHHe B Tpybe, KOoTOpoe mnepexoauT B

TypOyaeHTHOe. Bo3HHKalOIIME IPK HATPEBEe CTEHOK CBOOOAHOKOHBEKTHBHBIC BUXPH MCYE3AIOT C YBEJH-

4eHHEM CKOPOCTH BpaltieHns TpyOsi. C 3Toif 11eNbI0 IPOBEIEH PacueT BO3MYLUCHHOTO OBHXEHHS, pe3yib-
TaThl KOTOPOT'O HACJAAHO AEMOHCTPUPYIOT HCUE3HOBEHHE CBOGOAHOKOHBEKTHBHBIX BUXPEH.



