Int, J. Heat Mass Transfer. Vol. 32, No. 3, pp. 551-562, 1989

Printed in Great Britain

0017-9310/89$3.00+0.00
Pergamon Press plc

Fluid flow and heat transfer in an axially rotating
pipe—I. Effect of rotation on turbulent pipe flow

G. REICH and H. BEER

Institut fiir Technische Thermodynamik, Technische Hochschule Darmstadt,
Petersenstrasse 30, 6100 Darmstadt, Federal Republic of Germany

(Received 11 May 1988)

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 inside a tube are examined experimentally and by
analysis. Rotation is found to have a very marked influence on the suppression of the turbulent motion
because of radially growing centrifugal forces. The analytical study is performed for flow and heat transfer
in an axially rotating pipe by applying a modified mixing length theory to a fully developed turbulent pipe
flow with superimposed rotation. To express the degree of turbulence suppression, due to the centrifugal
forces, the mixing length is modified by a function of the Richardson number Ri. The theoretical results
are compared with the experimental findings.

1. INTRODUCTION

Fruib flow and heat transfer in rotating systems are
not only of considerable theoretical interest, but also
of great practical importance. Transport phenomena
in rotating systems, therefore, have challenged engin-
eers and scientists for a long time. In 1917 Lord Ray-
leigh [1] investigated the dynamics and stability of
revolving fluids. Also, some of the classical solutions
of the Navier-Stokes and conservation of energy
equations were obtained for rotating systems. Von
Karman [2] investigated the flow induced by a rotating
disk and the associated convective heat transfer in
1921. The fluid mechanics stability criteria for circular
flow in an annulus formed between two concentric
rotating cylinders were studied by Taylor [3]. Prob-
lems such as free convection from a rotating cylinder,
flow normal to a rotating cylinder, flow about a rotat-
ing disk, and flow in rotating annuli have been treated
both, analytically and by experiment in considerable
detail.

Another rather elementary and common rotating
configuration, which is the subject of this paper, is the
case of flow through a rotating pipe. The obvious
technical application is a rotating power transmission
shaft that is longitudinally bored, and through which
a fluid is pumped for cooling or for other purposes.
The objective of this paper is to present the results of
an experimental and theoretical study of the fluid flow
and the heat transfer in an axially rotating pipe.

When a fluid enters a pipe rotating about its axis,
tangential forces acting between the rotating pipe and
the fiuid cause the fluid to rotate with the pipe, result-
ing in a flow pattern rather different from that
observed in a non-rotating pipe. Rotation was found
to have a very marked influence on the suppression
of the turbulent motion because of radially growing
centrifugal forces.
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The effects of pipe rotation on the hydraulic loss
have been investigated experimentally by Levy [4],
White [5] and Shchukin [6]. If the flow is initially
turbulent, the pressure loss decreases with increasing
rotational speed. For turbulent flows in a rotating
pipe, Borisenko et al. {7] studied the effect of rotation
on the turbulent velocity fluctuations using hot-wire
probes and showed that they were suppressed by the
rotation. Murakami and Kikuyama [8] measured the
time-mean velocity components and hydraulic losses
in an axially rotating pipe when a fully developed
turbulent flow was introduced into the pipe. The pipe
rotation was found to suppress the turbulence in the
flow, and also to reduce the hydraulic loss. With
increasing rotational speed the axial velocity dis-
tribution finally approaches the Hagen-Poiseuille
flow. More recently Kikuyama et al. [9] measured the
time-mean velocities and turbulent fluctuations inside
the turbulent boundary layers which developed in an
axially rotating pipe in the case of an undeveloped
flow with a rectangular axial velocity distribution
being introduced in the pipe. The pipe rotation yielded
two counter effects on the flow: a destabilizing effect
due to a large shear stress caused by the rotating pipe
wall near the inlet region of the rotating pipe, and a
stabilizing effect due to the centrifugal force of the
tangential velocity component of the flow, which
becomes dominant in the downstream sections. Nish-
ibori et al. [17] investigated experimentally the flow
in the inlet region of an axially rotating pipe when
fully developed flow was introduced into it. A lami-
narization phenomenon was observed in the devel-
oping rotating layer, which has been found to be more
pronounced in the inlet region where a non-rotating
inner core exists. By use of a modified mixing length
theory for the turbulent pipe flow, Kikuyama et al.
{10] calculated velocity distributions and friction
coefficients in the fully developed region of a rotating
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<, specific heat at constant pressure
D pipe diameter

F auxiliary function

k thermal conductivity

k, turbulent thermal conductivity
L pipe length

I,I,  hydrodynamic and thermal mixing
length in the rotating pipe
I, 1,0 hydrodynamic and thermal mixing

length in the non-rotating pipe
N rotation rate
Nu  Nusselt number
Pr Prandtl number
Pr.  turbulent Prandtl number
p pressure
q heat flux density
4.  heat flux density at the pipe wall
R pipe radius
Re  flow-rate Reynolds number
rotational Reynolds number
Reynolds number based on the friction
velocity
Ri Richardson number

r coordinate in the radial direction

F dimensionless coordinate in the radial
direction

T time-mean temperature

T temperature fluctuation

t time

NOMENCLATURE

U, Uy, 0. time-mean velocity in the radial,

tangential, and axial directions

tangential velocity of the pipe wall

dimensionless axial velocity

mean axial velocity over the pipe cross-

section

dimensionless mean axial velocity

v velocity fluctuation

£ {riction velocity

* dimensionless radial distance from the
pipe wall
coordinate in the axial direction
dimensionless coordinate in the axial
direction.
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Greek symbols
€ truncation criterion
&,¢, eddy diffusivity for momentum and heat
n variable of integration
0,0  dimensionless temperature
A coefficient of friction loss
u dynamic viscosity
turbulent dynamic viscosity
kinematic viscosity
variable of integration
density
shear stress
coordinate in the tangential direction
auxiliary function.

€99 v vw = R®
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pipe. They found that a flow laminarization was set
up by an increase in the rotational speed of the pipe
if the flow in the pipe is initially turbulent. Additional
experiments confirmed the results of the calculations.

Cannon and Kays [11] examined experimentally the
effects of tube rotation on the heat transfer to a fluid
flowing inside a rotating tube. With an increasing
rotational speed a marked decrease of the heat trans-
fer rate could be observed. Visualization experiments
showed a strong suppression of the turbulent velocity
fluctuations near the rotating tube wall.

The following study will focus attention on the
effect of the pipe rotation on the velocity and tem-
perature distribution, on the friction coefficient and
on the heat transfer to a fluid flowing inside a rotating
pipe. In the experimental investigation great import-
ance is attached to reproducible boundary conditions,
i.e. fully developed rotating flow. The analytical study
will be performed for flow and heat transfer in an
axially rotating pipe by applying a modified mixing
length theory to a fully developed turbulent pipe flow
with superimposed rotation, as proposed by Kiku-
yama et al. [10] for isothermal flow. To express the
degree of turbulence suppression, due to the cen-
trifugal forces, the mixing length will be modified by

a function of the Richardson number Ri, proposed by
Bradshaw [12].

2. EXPERIMENTS

A schematic outline of the experimental apparatus
is shown in Fig. 1. Air was supplied by a centrifugal
blower at the end of the rig. In order to obtain fully
developed flow conditions, the air was passed through
an air filter into the inlet section, which is a non-
rotating pipe with an i.d. of D = 50 mm and a dimen-
sionless length of L/D = 50. The length of the ensuing
rotating test section could be varied in the range
0 < L/D < 120. The downstream section of the rotat-
ing pipe was heated electrically by means of a slip ring
arrangement. At the end of the heated section the
rotating tube was separated in two parts by a narrow
non-rotating ring of 3 mm length for velocity and
temperature measurements. A cylindrical three-hole
aerodynamic probe was inserted into the rotating pipe
through small holes in the non-rotating ring and tra-
versed in the radial direction, in order to obtain axial
and tangential velocity profiles. Temperature profiles
could be detected by a traversable thermocouple
probe. Behind the non-rotating ring a second rotating
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FiG. 1. Experimental apparatus.

pipe section (L/D = 10), a mixing chamber for measur-
ing the exit bulk temperature, a downstream non-
rotating pipe, a Venturi nozzle for measuring the flow
rate and a centrifugal blower were arranged. The
rotating tube wall temperature was measured with
chromel-alumel thermocouples, which were con-
nected to the instrumentation through a slip ring unit.

To prevent vibrations due to the rotation, the pipe
was supported by a series of ball bearings located at
intervals of L/D = 20. Labyrinth seals were used to
prevent leakage between the rotating and the non-
rotating parts of the rig. Rotation of the pipes on both
sides of the non-rotating ring was accomplished by
means of a variable speed d.c. motor and pulley drive.
The drive mechanisms provided continuous variation
of the rotational speed from 300 to 3000 rev min™'.
The flow-rate Reynolds number was varied in the
range 5000 < Re < 50000 and the rotational Rey-
nolds number in the range 0 < Re,; < 25000, respec-
tively, Heat transfer coefficients and Nusselt numbers
were determined from measurements of the inlet and
outlet air temperatures, the wall temperature of the
heated section and the mass flow.

3. ANALYSIS

3.1. The conservation equations in cylindrical coor-
dinates

In consequence of the steady flow conditions far
downstream in the rotating pipe, with constant wall
heat flux, all time derivatives become zero. Because of
the cylindrical symmetry there are no variations in the
tangential direction. For fully developed flow con-
ditions all derivatives in the axial direction are neg-
ligible as compared to those in the radial direction,
except the pressure gradient and the temperature
gradient in the axial direction, which will be constant

é
a0
d
5"
: .o .0
aZ—-(), except: -6—~Z-—-const., Ez—const. (0

Denoting the coordinate system, as illustrated in
Fig. 2, by r, ¢, z as the radial, tangential and axial
coordinates, with the corresponding time-smoothed
velocities v,,v4,0, and the velocity fluctuations
v;, Uy, U;, the time-smoothed temperature T and the
temperature fluctuation 77, the equations of con-
servation for an incompressible turbulent flow, with
negligible body forces acting on the fluid particles
except the centrifugal force, without dissipation and
with the assumptions made above, take the form:

continuity equation

v, =0; @
radial momentum equation
v%_ o, 10 T,
p r - ar + r ar(rrn’) — 3 (3)
tangential momentum equation
1e,,
0="737,0"); C))
axial momentum equation
op 10
0"—‘&-{“;5;(""2)9 (5)
energy equation
oT 1¢
PCI,UZ‘(%: _;5(rér)' (6)

For a newtonian fluid with constant properties the
components of the stress tensor can be written as

F1G. 2. Cylindrical coordinate system.
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The radial component of the heat flux vector is
o aT e
g, = -k—a--,; + pe, v, T, &)

The boundary conditions are

or
= R: =0; v, =044; U, =0; —k—=4,,
r=R:p,=0; v, =04,; v,=0 kér g
ov, orT
r=0: p,=0; v¢=0; 5;::O; 5;:0
z=0: p=po; T=T, 9

In consequence of the assumptions of a constant
density fluid with constant properties, the equations
of motion and the energy equation are uncoupled and
may be solved separately, since the inaccuracy is less
than 5% for a wall to fluid bulk temperature ratio
T, /Ty = 1.2, ascan be proved. Therefore, the momen-
tum equation will be considered first, in order to cal-
culate the velocity profile and the friction factor.

3.2. Velocity distribution and friction coefficient

Integration of the axial momentum equation (5)
yields a correlation between the shear stress 7, and
the axial pressure gradient

rdp

33 0]

T =

Introducing the friction coefficient of the pipe, 4, the
pressure gradient along the pipe can be expressed as

ap Ap o,
- R4 (tn
with the mean axial velocity
R
J v, rdr
r=0
b= T a 2)

Elimination of the axial pressure gradient in equations
(10) and (11) yields

T = —"”P’}?- (13)
The shear stress at the pipe wall (r = R) becomes

(14

-2
Toow = — gpvz -

3.2.1. The turbulence model. Using Prandtl’s modi-
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fied mixing length theory, as proposed by Koosinlin
et al. [13], the axial shear stress 7,, in equation (13)
can be written as

ov, |? é (v, N 12V Yo,

= 2 5 Y ]

wmlweor (|5 L2 ) TS
(15)

where / is the mixing length. Substituting equation
(13) into equation (15), we obtain

oo, 1? & v N2 4,
2 z R v,
P& L5 )

4 r
Fv—= 4 = =5 =0
r

(16)

A common correlation between the mixing length in
a non-rotating pipe /, and the radial coordinate r is
Nikuradse’s mixing length expression [14]

I ry r\*
k»-—().l4—0.08 (72) —0.06 <§) (17}

Near the tube wall, in the viscous sublayer, the mixing
length becomes zero, and equation (17), therefore,
must be multiplied by van Driest’s damping factor

172 (18)
with the dimensionless distance from the wall
- ,vj_(R_:Q, (19)
v
Here
]‘CYZ,W l
Dy = \/ (T (20)

is the friction velocity. The mixing length /; now can
be expressed as

1{) _ —p*i2 ,‘r ’ 1‘ )
R [1—e~r"72%] [0.14——0.08 (R) — 0.06 (R) }
@n

In a rotating system the turbulence, i.e. the mixing
length /, is markedly effected by the centrifugal force.
To describe the suppression of turbulence with radi-
ally growing centrifugal forces, the mixing length /; in
equation (21) must be modified for the flow in a rotat-
ing tube. Bradshaw [12] proposed the following equa-
tion:

!

= (-BRY"

where o and B are constants and R/ the Richardson
number, defined by

(22)

vs 0
2 o (0s7)

ERECl

Ri= (23)
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Without rotation, Ri = 0, there exists a fully tur-
bulent pipe flow. If Ri > 0, i.e. for a rotating tube with
a radially growing tangential velocity, the centrifugal
forces suppress the turbulent fluctuations and the mix-
ing length decreases. If Ri <0, e.g. for flows over
spinning surfaces, turbulence increases.

According to experiments in refs. [10, 15], the pro-
file of the tangential velocity v,(r) in the fully
developed flow region (L, /D > 120) may be charac-
terized by a parabolic distribution as expressed by

r 2
Vy = j’i Vpw-

Introducing the dimensionless radius 7= r/R, the
dimensionless axial velocity &, = v, /v,, the flow-rate
Reynolds number

24

5, D
Re=-2 (25)
v

the rotational Reynolds number

D
Re, = ”"’“v" (26)

the rotation rate
V4w Rey

= =_° 27
N v, Re 27)

and the tangential velocity profile, defined by equation
(24), results in the following expression for the
Richardson number :

67 N?
Ri= r . (28)

d {v\]? 22 ar2
[a‘(‘)] Ty

With increasing rotation rate N — oo, the Rich-
ardson number will approach the boundary value
Ri = 6. Therefore, the constant f§ in equation (22) will
be B = 1/6. Matching the theory with the experiments
results in « = 2, and ///, yields

(1Y
I —¢Ri-

3.2.2. Solution of the momentum eguation. From
equations (20) and (14) the shear velocity can be
expressed as

29

(30)

With this, the friction coefficient A in equation (16)
can be substituted by the friction velocity v,,. Utilizing
equations (24)—(27) and

(3D

the Reynolds number defined with the friction velocity
Uy, €quation (16) can be transformed into dimen-
sionless form

HMT 32:3-J

Re 27 172
L | R AN
R 4 T a7

@
1 ds,
*

In equation (32) the partial differentials are replaced
by total differentials, since the velocity #; is only a
function of the radial coordinate 7. With //R from
equations (21), (28) and (29), the gradient of the axial
velocity d#,/d7 can be calculated numerically by equa-
tion (32) at any radial position with an assumed value
of Re, corresponding to the given values of Re and
N. Numerical integration of the velocity gradient
yields the dimensionless axial velocity

5. = Ll (‘i;) dF.

The dimensionless axial mean velocity &, can be cal-
culated by a second integration

(33)

(34

With equations (25) and (31) the flow-rate Reynolds
number can be determined as

Re =2Re, 7, (35

If Re (equation (35)) deviates more than ¢ < 107*
from the initial value, the calculation is repeated with
a corrected value of Re, until ¢ < 10~* is satisfied.
With the calculated velocity distribution, profiles of
the Richardson number Ri and the mixing length //R
can be obtained by equation (28) or equations (29)
and (21), respectively. Utilizing equations (30) and
(34) the friction factor A becomes

(36)

3.3. Temperature distribution and Nusselt number

As the heat transfer in the region of fully developed
thermal conditions is to be considered, it is apparent
that the last boundary condition (T'= T, at z = 0;
equation (9)) for the energy equation cannot be sat-
isfied. Hence we replace the latter by

2n R
—2nRz§,, = f f pc,(T—Ty)v,rdrde. (37)
lp=0 Jr=0

For the solution of the energy equation (6) a tur-
bulence hypothesis is required, that combines the
turbulent energy flux with the mean velocities. Since
the mechanisms of momentum and energy transport
in a turbulent flow are very similar, an adaption of
Prandtl’s mixing length hypothesis to the heat
transfer is suitable. In analogy to equation (15) we
can write for the radial heat flux
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v, 0 Uy 2A\V2ar
4= [ k=pell (M *[EHJ) L—
(38)

where /, denotes the thermal mixing length. The influ-
ence of the centrifugal forces on the thermal mixing
length is expressed by the same equation as the influ-
ence on the hydrodynamic mixing length

L 1Y

The ratio of the hydrodynamic mixing length /, and
the thermal mixing length [, or the ratio of the tur-
bulent diffusivities of momentum ¢, and heat e,
respectively, is referred to the literature as the tur-
bulent Prandtl number

(39

ET

e Iy vl or

Pri=—= = —— .
" e T v, (40)

or

In an experimental investigation of turbulent pipe
flow performed by Ludwieg [16] it was found, that the
ratio [0/l = 1/Pr, varies from about 1 at the wall to
about 1.5 in the centre of the pipe. These results can
be expressed by the empirical equation

| R IS

=4 =153-2827

3 >4
Pr 1.487%.

+3.857 4n
To simplify manipulations, we introduce the following

dimensionless quantities :

T—T,
= 2
=TGR @
k
zk z 1
Z= =— . 4
pc,byR> R Rey, Pr “43)

With this and with equation (38), the energy equation
(6) can be written as

Ol 1+prr o |*
a\ T e*RR o
_Re P\"27.00
el ) IR

As fully developed thermal conditions are
considered, a constant wall heat flux will result in a
fluid temperature increase which is linear in the Z-
direction. One further expects that the shape of the
radial temperature profiles will ultimately not undergo
further change with increasing Z. Hence a solution of
the following form seems reasonable for large values
of £:

60

S

N)}»—-

8, 2) = CZ+y (). (45)

Substituting equation (45) into equation (44) gives
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the following ordinary differential equation for y(7)

dy(7)

OC = L & [F(”)'m»] (46)

where

k, an.
FF =1 +E= H—PrRe*R R([c”r}

This equation is integrated twice, with respect to 7, to
give

) R
vy = Cj [F(n)nf—

TG LF@

The constants of integration, C, and C,, are deter-
mined with the aid of the boundary conditions (equa-
tion (9)) to be

7:(8)¢ dé] dn

dE+C,. (48)

C,y=0

R
C, = _q

e 49)

Substitution of equations (48) and (49) into equation
(45) gives

o sy _aRex.  Rey
0.2 = -4 Re i-d Re
F 1 n .
x fo [F(n)nLo”z(mdé]d”Q
R _
_ _4§e§z+w(f)+c3. (50)

Substituting this temperature function into equation
(37) yields

- b Gonior

(51
With this, the temperature distribution is finally given
by

L T ) e
(52

where ¥/(7) is defined by equation (50). With the vel-
ocity distribution, calculated in Section 3.2, and using
equations (47), (39), (40) and (21), the temperature
profile in the rotating tube is obtained.

The heat transfer coefficient is determined from the
temperature gradient at the wall. For the Nusselt
number based on the local difference between the wall
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temperature and the fluid bulk temperature

1

07, 2)5.(7)F dF

F=0
() =" 53)
J 7, (PF dF
F=0
we can write
.2
OF |71
Nu (54)

T (1,0 — 050

The introduction of equation (52) and the boundary

20
Theory:
N=§
- N=3
", N=2
.ﬁ_ /, N= 1
Va N= 05
10 Experiment:
® N= {0
O N= 05
A N= 1
A N= 2
® N=3
D N=§
Re =5000
0
0 Qs ~ 10

Experiment:
@ N=Q

O N= 0S5
A N=

0 as 10

—F
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conditions (equation (9)) yields

-2
Nu=5——r

y(H+C, (53)

where J(1) and C; are given by equations (50) and
(51), respectively.

4. RESULTS AND DISCUSSION

4.1. Velocity distribution

The effects of the rotation rate N on the axial and
tangential velocity distribution for fully developed
flow conditions are shown in Figs. 3 and 4 for different
flow-rate Reynolds numbers. The experimental results

20

Experiment:
® N: O

O N=05
A N=1

a Nz 2

Re =10000

0 as - 10

20
Theory:
Nz 5§
N=3
N=2
N= 1
N= 05

Experiment:
® Nz 0
O Nz 05

Re =50000

0
0 Qs 10

—-F

F1G. 3. Axial velocity distribution as a function of the rotation rate N.
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F16. 4. Tangential velocity distribution as a function of the rotation rate N.
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N
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FiG. 5. Ratio of the maximum to the mean axial velocity as
a function of the rotation rate N.

6
1 |[Re=5000
Ri
f N=§
4
2
0
0 05 . 10
— F

are plotted for comparison. The validity of the
assumption for the tangential velocity profile (equa-
tion (24)) is well confirmed by the experiments. Gen-
erally the calculated profiles of the axial velocity are in
good agreement with the experiments. For Re = 5000,
however, the measured velocities deviate slightly from
the theoretical result. With increasing rotation rate
N the axial velocity profiles gradually approach the
parabolic shape of the Hagen—Poiseuille flow which
corresponds to increasing turbulence suppression due
to pipe rotation.

In Fig. 5 the ratio of the maximum axial velocity in
the tube centre and the mean axial velocity v, n.. /7. is
plotted vs the rotation rate N. With increasing N the
values of v, ., /0; grow and approach asymptotically
the value of 2, which is valid for laminar tube flow.

o] 05 10

— F

FiG. 6. The Richardson number Ri as a function of the rotation rate N.
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FI1G. 7. The mixing length / as a function of the rotation rate N.

4.2. Richardson number and mixing length

To illustrate the effect of turbulence suppression
due to pipe rotation, distributions of the Richardson
number (equation (28)) and the mixing length are
depicted in Figs. 6 and 7, respectively. In the tube
centre, at 7 = (), the Richardson number is zero, near
the pipe wall, at 7= 1, the Richardson number
approaches a constant value, that is growing with
the rotation rate N. The maximum value of the
Richardson number is registered at 7~ 0.5. Hence,
in this region, the turbulence suppression is most
pronounced. The value of the maximum Richardson
number is growing with increasing rotation rate N.

Figure 7 shows the influence of the tube rotation
on the mixing length /. For turbulent pipe flow without
rotation, the mixing length distribution is that given
by Nikuradse with the van Driest damping factor
(equation (21)). The mixing length distribution in the
rotating tube, obtained from equations (21) and (29),
elucidates the turbulence suppression with growing

m“ T 11 T 1 1 1 ) S
I [ % 1 1 T
Experiment: t turbulent pipe flow Er—
!
A [en-0 /3 =0.3164Re° :
f O N= 05 3
aN=1 S
& N=2 o —
m N=3 A P7<‘ Aunes
o N=5 T
o? : \\\ é
: P~
Theory: % =
N:OV TR AS
L - >
N=05 |4 J N
N= 1t peg /‘\ N
N=2” 4l laminar Do
N- 3/[/ pipe flow N L
o NS LA =64rRe
10 1 —» Re 1*

FiG. 8. Friction coefficient A of the rotating pipe as a function
of Re with N as a parameter.

rotation rate N. The suppression is most pronounced
at F= 0.5, as predicted by the Richardson number
distribution.

4.3. The friction coefficient

In Fig. 8 the friction factor 4 is plotted against the
flow-rate Reynolds number Re for various values of
the rotation rate N. A remarkable decrease in A can
be observed with increasing N. For N — 0 the friction
coefficient is that predicted by the Blasius resistance
formula, 2 = 0.3164Re %25,

In contrast to Fig. 8, the influence of the rotational
Reynolds number Re, on the friction factor is visu-
alized in Fig. 9. For constant Re, the pressure loss
shifts towards that of the non-rotating pipe with
increasing flow-rate Reynolds number. Hence, the
influence of rotation on the pressure loss decreases
with an increasing flow rate. For a decreasing flow
rate, the friction coefficient approaches gradually that
of the laminar pipe flow, 1 = 64/Re.

10 T S
I 1 T TTTT
- turbulent pipe flow H
A / 2<=0.3164Ra0? ]
' ma 1
L7 .
NI4T ]
1
fopd 7 A
77 7
Theory: 77 1 7
Reg= [} DT o
Rey= 5000 ;Y\
Rey = 10 000 <
Rey= 200001 *
Rey= 50000’ Taminar /| \
Re¢=100000 pipe flow ‘\T
100 _A=64/Re LN
10° 10* 10°
— Re

F1G. 9. Friction coefficient 4 of the rotating pipe as a function
of Re with Re, as a parameter.
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4.4. Temperature distribution

The influence of the rotation rate N on the tem-
perature distribution for fully developed hydro-
dynamic and thermal boundary layers is depicted in
Fig. 10. The experimental results are in close agree-
ment with the theoretical predictions, calculated by
equation (52). With an increasing rotation rate the
temperature profiles shift towards that for the laminar
pipe flow, which is a consequence of turbulence sup-
pression.

4.5. The Nusselt number

In Fig. 11 the Nusselt number Nu is plotted as a
function of the flow-rate Reynolds number Re for
various values of the rotation rate N. For N =0, i.e.
for turbulent pipe flow without rotation, the curve of
the Nusselt number is in good agreement with that
of Reynolds’ analogy, Nu = 0.04(Re Pr)*”. With an
increase in N a remarkable decrease in the Nusselt
number can be observed. The experimental results are
in close agreement with the theory, except for very
low Reynolds numbers (Re = 5000).

Figure 12 shows the Nusselt number Nu as a func-

tion of the flow-rate Reynolds number Re, with the
rotational Reynolds number Re, as a parameter. In
this plot the influence of the flow-rate Reynolds num-
ber on the Nusselt number for the flow inside a tube,
rotating with a constant number of revolutions, is

A\
A\

pipe flow S+ x ma=
Nu=0,0309Re"™ s
— e H
10'-?‘::"'3%( :—«r’:/ \y’/”
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Fi1G. 11. Nusselt number Nu of the rotating pipe as a function
of Re with N as a parameter.
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FIG. 12. Nusselt number Nu of the rotating pipe as a function
of Re with Re, as a parameter.

demonstrated. For constant Re, the Nusselt number
approaches that for the non-rotating pipe with an
increasing flow-rate Reynolds number. For a decreas-
ing flow rate the effect of rotation becomes more pro-
nounced and the Nusselt number approaches gradu-
ally the value for the laminar pipe flow, Nu = 4.36.

5. CONCLUSIONS

Experiments and calculations were performed for
fluid flow and heat transfer in an axially rotating tube
for fully developed hydrodynamic and thermal
boundary layers. In the analytical study a modified
mixing length hypothesis, which takes into account
turbulence suppression due to the centrifugal forces,
was applied. There is a good agreement between
experimental findings and theoretical results.

The tube rotation apparently effects a suppression
of the turbulent motion. Measured and calculated
velocity and temperature profiles reveal a pronounced
flow laminarization. At turbulent flow-rate Reynolds
numbers the flow resistance and the heat transfer is
considerably reduced by the pipe rotation. This is
caused by a suppression of the radial turbulent
migration of fluid particles due to the radially growing

centrifugal forces which is demonstrated by the mixing
length distribution for different rotation rates.
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ECOULEMENT ET TRANSFER DE CHALEUR DANS UN TUBE EN ROTATION—L
EFFET DE LA ROTATION SUR UN ECOULEMENT TURBULENT EN CONDUITE
CYLINDRIQUE

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 le transfert de chaleur d’un écoulement axial turbulent sont étudiés
expérimentalement et analytiquement. Nous montrons que la rotation du tube et ainsi la présence de forces
centrifuges croissant radialement a un important effet sur la diminution de la turbulence. L’étude analytique
de I'écoulement et du transfert de chaleur dans un tube horizontal en rotation se base sur la théorie d’une
longueur de mélange modifiée d’un écoulement turbulent établi en conduite cylindrique avec rotation
superposée. Pour exprimer le degré de diminution de la turbulence due aux forces centrifuges, la longueur
de mélange est modifiée par une fonction du nombre de Richardson Ri. Les résultats théoriques sont
comparés aux résultats expérimentaux.
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STROMUNG UND WARMEUBERTRAGUNG IN EINEM AXIAL ROTIERENDEN
ROHR—I. EINFLUSS DER ROTATION AUF EINE TURBULENTE
ROHRSTROMUNG

Zusammenfassung—Der EinfluB der Rotation auf Geschwindigkeits- und Temperaturprofile, Reibungs-
beiwert und Wiarmeiibergangszahl einer turbulenten Rohrstrémung wird experimentell und theoretisch
untersucht. Es wird gezeigt, daB die Rotation aufgrund der radial ansteigenden Zentrifugalkrifte einen
ausgeprigten EinfluB auf die Unterdriickung der turbulenten Bewegung hat. Mittels einer modifizierten
Mischungswegtheorie fiir die voll ausgebildete turbulente Rohrstrémung mit iiberlagerter Rotation wird
eine analytische Untersuchung der Strémung und der Warmeiibertragung in einem axial rotierenden Rohr
durchgefiihrt. Um den Grad der Turbulenzunterdriickung aufgrund der Zentrifugalkréfte darzustellen,
wird der Mischungsweg mit einer Funktion der Richardsonzahl Ri modifiziert. Die theoretischen Ergebnisse
werden mit den experimentellen Befunden verglichen.

TEYEHME XHUJAKOCTHU U TEIUJIOINEPEHOC B AKCUAJIBHO BPAHIAIOWENCS
TPYBE—I. BIUAHUE BPAIIEHHUS HA TPYBYJIEHTHOE TEUEHHE B TPYBE

AHBOTAUMS—DKCNEPHMEHTAIBHO H AHAJIMTHYECKH HCCIIeAYETCS BJIMARHE BpallieHNs TpyOh! Ha pacnpese-
JIeHHsl CKOpPOCTelt M TeMIepaTyp, Ha KO(pQHIMEHT TPCHHA W HA TEIIONEPEHOC B MOTOKE KMAKOCTH B
Tpy6e. HalizeHo, 4TO BpallieHHE OYcHb CHJIbHO MONABJACT TYPOY/JEHTHOCTh B CHJYy BO3pACTAIOILMX B
paJHanbHOM HANPABJICHHH UEHTPOGEkHEIX cii. C HCNOMBb30BaAHAEM MOIH(HUHPOBAHHON TeOpHH NMyTH
CMeLIeHHS A1 IOJIHOCTBIO Pa3BHTOTO TeYeHHA BO Bpaulatoiieiics TpyGe NpoBeNCHO aHANIMTHYECKOE HCC-
JIEIOBAHME TEYEHHs M TerulonepeHoca. JLif yveTa cTeneHH nonasicHHus TypOyJeHTHOCTH HEHTpoOex-
HbIMH CHJAMH BEJHYHHA NyTH CMEIICHHs Moanduumpyerca xak ¢yHkuma uucaa Puuapacona Ri.
TeopeTudeckne pe3ysibTaThl CPABHHBAIOTCS C IKCIICPHMEHTANBHBIMH JaHHBIMH.



