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Abstract—The mixed convective flows generated by a heated horizontal cylinder rotating in air have been
investigated numerically and experimentally. The presence of rotation represents an important complication
and extension of previous studies on convective flow and heat transfer around heated stationary horizontal
cylinders in an otherwise quiescent medium. Significant qualitative, as well as quantitative, differences in the
heat transfer characteristics and flow patterns generated by the rotating cylinders are observed as compared to
those for stationary cylinders. Numerical solutions are presented for wide ranges of Grashof number and the
rotational parameter o, Grashof number/(rotational Reynolds number)?. Schlieren photographs are obtained
to study the angular location of the buoyant plume for various values of the above parameter. The schlieren
studies reveal that for higher rotational speeds, the flow is three-dimensional and the consequent effect on heat
transfer is pronounced. Measurements of the mean Nusselt numbers are also obtained. The two-dimensional
calculations predict the heat transfer characteristics satisfactorily for values of ¢ greater than unity.

INTRODUCTION

FREE CONVECTION heat transfer from stationary heated
cylinders has been the subject of a large number of
investigations. A comprehensive compilation of the
experimental data can be found in [1]. Fand et al. [2]
and Fand and Brucker [3] give an extensive survey of
the work published on this subject up to 1983. Most of
these studies have been restricted to a consideration of
the mean heat transfer coefficient. Kuehn and
Goldstein [4] and Farouk and Guceri [5] have
investigated the above problem and give detailed
results of the local Nusselt numbers and the velocity
profiles. Churchill and Chu [6] and Kuehn and
Goldstein [7] have also proposed correlations for a
wide range of Rayleigh number, for both laminar and
turbulent flows.

In this paper, the flows generated by and the mixed
convective heat transfer from a rotating isothermal
horizontal cylinder have been investigated both
numerically and experimentally. The two-dimensional
numerical computations have been restricted to slow
rotation. Schlieren studies of the problem reveal that for
higher rotational speeds, the flow becomes three-
dimensional, consequently increasing the heat transfer
significantly. Measurements of the mean Nusselt
number are also reported for selected Grashof numbers
with a wide range of the rotational Reynolds number.

The above flows are of interest in many technological
applications, ranging from the cooling of rotating
machinery to the design of rotating heat exchangers
and heat pipes [8]. One particular application of the
above problem is the drying of paper. Paper is typically
dried by passing the pulp around a series of rotating
cast-iron steam-heated cylinders. It is held in contact
with the heated surface by means of drying felts. Usually
between 30 and 70 cylinders are used, ranging in

diameter from 1.2 to 1.8 m and in widths up to 10m [9].
Cylinder speeds of 450-500 m min ™! are common with
the surface temperature varying between 100-180°C.
The performance of the paper dryer, measured by the
amount of steam needed to evaporate a given amount
of water or to produce a specified amount of paper, is
directly related to the surface temperature [10].
Because the paper and allied products industry ranks
among the top five manufacturing industries in total
energy consumption, a detailed understanding of the
heat transfer characteristics of rotating cylinders also
has considerable economic importance [11].

BACKGROUND

Transport and flow phenomena in rotating systems
have challenged engineers and scientists for along time.
Some of the classical solutions of the Navier-Stokes
and conservation of energy equations were obtained for
rotating systems. Heat transfer by convection to or
from bodies of revolution spinning about their axes of
symmetry in an otherwise undisturbed fluid has been
studied analytically and experimentally by numerous
authors. Comprehensive reviews are presented by
Dorfman [12] and Krieth [8] for studies made prior to
1968.

Though numerous investigations have been made of
free convection from horizontal stationary cylinders,
the heated rotating cylinders, in spite of their wide
applications, have received little attention [13-16].
Dropkin and Carmi [13] studied the above problem
and came to the conclusions that when a heated
cylinder is rotated in air, the heat transfer coefficient
may be located in one of three distinct regions: (a) a
region where its value does not change with speed of
rotation; (b) a region where its value increases with
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NOMENCLATURE
C, specific heat at constant pressure vF radial velocity component
D cylinder diameter Uy non-dimensional angular velocity
g acceleration of gravity component
Gr Grashof number based on cylinder v angular velocity component.
diameter, D*Bg(T,,— T,)/¥?
k thermal conductivity
m wave number of disturbance Greek symbols
Nu mean Nusselt number B thermal coefficient of volumetric
Nu(6) local Nusselt number expansion
Pr Prandtl number, uC,/k £ normal total emissivity
¥ non-dimensional radial coordinate A wavelength of disturbance
R cylinder radius 0 angular coordinate
R, radius of the pseudo-boundary a, breakaway (plume separation) angle
r¥ radial coordinate v fluid kinematic viscosity, u/p
Re rotational Reynolds number (RQ)D/v p density
T non-dimensional temperature ¥ non-dimensional stream function
T* temperature Ww* stream function
T, cylinder surface temperature w non-dimensional vorticity
T, reference temperature o* vorticity
v, non-dimensional radial velocity Q characteristic angular velocity of the
component cylinder.

speed of rotation and is influenced by both speed and
free convection; and (c) a region where its value is
proportional to the speed of rotation only.
Unfortunately the region (b) was not studied in detail
and no information about the velocity field was given.

Etemad [14] studied the mixed convection heat
transfer from a rotating horizontal cylinder and the
stability of the flow around the rotating cylinder. The
transition from laminar free convection (two-
dimensional) flow to fully-developed secondary flows
was investigated with an interferometer. It was
reported that the heat transfer coefficient decreases
slightly with speed for any Grashof number until it
reaches a minimum at a critical rotational speed, then
increases rapidly at higher rotational speeds. No effort
was made, however, to establish a criterion for this
critical speed as a function of the Grashof number and
fluid properties. The initial decrease of Nu is explained
astheeffect of thickening of the thermal boundary layer.
The laminar Couette flow (due to rotation) winds the
hot air of the free convection plume around the cylinder
and therefore increases the effective free convection
thermal boundary-layer thickness.

Both Etemad [14] and Dropkin and Carmi {13]
reported that the increase in heat transfer occurs for
values of rotation corresponding to ¢ (Gr/Re?) = 1.
Anderson and Saunders [15] presented an analytical
argument showing that a transition should occur for
o = 0.8417. Goettler [16] studied the region of slow
rotation (¢ > 1) by using perturbation techniques and
series truncation to solve the laminar boundary-layer
equations. Only two cases were investigated and

agreement with interferometric studies was not
conclusive.

To date, no detailed investigation of the above
problem in the free convection-dominated regime has
been performed. Detailed information regarding the
local Nusselt number and the flow field is lacking.
Numerical solutions of the problem are helpful in
clarifying the flow physics and the heat transfer
characteristics.

ANALYSIS

The geometry considered consists of a heated
smooth horizontal cylinder rotating in an infinite
Boussinesq fluid (air). To obtain the flow and
temperature distributions, the Navier-Stokes, con-
tinuity and energy equations were expressed in
cylindrical polar (r, 6) coordinates. The coordinate r is
normal to the surface of the cylinder and is measured
radially outwards from the center of the cylinder: 6 is
measured anticlockwise from the downward vertical
axis. Using the stream function-vorticity approach, the
steady-state two-dimensional laminar convection is
governed by the coupled elliptic transport equations
for Y, wand T:
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The variables are non-dimensionalized with refer-
ence to the cylinder diameter, the kinematic viscosity
and the temperature difference between the cylinder
surface and the ambient :

r* T*—T, D
r=-—, = vr=‘—vra
D T,— T,
D * w*D?
v,,—;v;‘, =— and w= T 6)

The non-dimensional parameters Gr and Pr are
defined as follows:

3 —
T, kS,
v? k

Gr

Boundary conditions

For the cylinder surface T=1 and ¢ =0 for
0 < 0 < 2. The cylinder surface velocity is given as
vy = Re where Re is the rotational Reynolds number
[Re = (RQ* D)/v]. An expression for the vorticity
boundary condition can be obtained by expanding the
stream function near the surface, using a three-term
Taylor series expansion and by making use of the
continuity and no-slip conditions:

Re 2

2Re

@) ?

where i is the value of the stream function at a distance
Ar from the cylinder into the fluid.

For the far field, the necessity to limit the size of the
solution domain requires that a pseudo-boundary be
defined at a finite distance from the cylinder surface.
Any realistic model must allow for fluid to cross the
pseudo-boundary. It is assumed that the velocity
component in the angular direction, v,, is negligible
along the pseudo-boundary, implying that in the far
field

oy dw
o or 0 @®
The temperature of the fluid drawn into the flow field is
the same as that of the ambient fluid. However, a
generalization along the entire outer boundary cannot
be made since the temperature distribution along the
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section of the boundary where the plume crosses is not
known g priori. It is assumed that the temperature
gradient normal to the pseudo-boundary is zero
implying that the heat carrying action of the fluid is
primarily due to convection rather than by conduction
in the far field, i.e.

oT

o
This method has been used successfully by Farouk

[17].

Solution procedure

The resulting three coupled elliptic equations (for
stream function, vorticity and temperature) are
transformed into difference equations by using a
control volume based finite-difference method [183. A
successive substitution technique is employed to solve
the finite-difference equations along with the pre-
scribed boundary conditions. The finite-difference
procedure adopts an upwind difference scheme for the
convective terms and a line-by-line tridiagonal matrix
algorithm is employed for the solution of the discretized
equations.

0. o)

THE EXPERIMENTS

The test apparatus consists of an aluminum cylinder
(68.58-cm long, 8.83-cm O.D.) mounted horizontally
and driven by a pulley-belt system. The heating of the
cylinder has been accomplished by bonding three
flexible silicone rubber strip heaters to its inner surface.
The cylinder surface temperature is monitored by seven
thermocouples located at different axial positions and
uniform (within 5%) surface temperature is obtained. A
high precision slip-ring assembly is used for the transfer
of the thermocouple and heater inputs from the
rotating to the stationary frame. Compensating circuits
have been provided to obtain accurate temperature
readings of the thermocouples for a wide range of
operation. The test cylinder is driven by a 90-V, 1/4-h.p.
DC motor. A solid state SCR speed controller has been
selected to provide constant r.p.m. operation. For
lower speeds a gear reducer ensures uniformity of
rotation. The drive shafts are supported by ball
bearings on each side, which can resist light thrust
loads. The rotational speed is measured accurately by
use of a phototachometer.

The cylinder was highly polished using ordinary
automobile polishes (rubbing compound and white
polish). Radiation losses were calculated using a
tabulated value for the emissivity of polished aluminum
¢ = 0.079. To minimize end losses, transite end-caps
were fabricated and attached to each end of the
cylinder. Two thermocouples were placed in the end
caps to estimate the lateral heat losses. Electricity is
supplied to the heaters through a voltage-regulated DC
source. A rheostat is used to vary power to the heater.
Two digital multimeters (Fluke model 8050 A) are used
to measure the voltage supplied to and the current
through the heater.
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For the purpose of measuring temperature from the
thermocouples, a single-board computer interface
(Omega Engineering, Inc. uMEGA 4000) is used. An
Apple Ile microcomputer is used to operate the board
and to reduce the data.

The experimental set-up is located in a laboratory
which is isolated from the building’s heating and
ventilating systems. Adequate measures have been
taken for controlled ventilation of the laboratory. The
ambient fluid is checked for thermal stratification
during any experimental run.

In addition to measuring mean Nusselt numbers as
functions of the Grashof number and the rotational
parameter ¢, schlieren studies of the temperature field
have also been performed. A 25.4-cm-diam. schlieren
system was used along with a 100-W mercury light
source. A 35-mm SLR camera (with 135-mm lens) was
used to record directly the schlieren images [19]. The
position and orientation of the knife-edge was
adjustablein 25.4 umincrements by micrometer screws,
allowing the temperature gradients to be seen normal
to any radial line.

RESULTS AND DISCUSSION

The numerical solutions are presented first.
Solutions were obtained for a wide range of Grashof
number (1.39 x 103-1.39 x 107), with Pr =0.7. For
each Grashof number, the rotational parameter o was
varied from oo (free convection) to 1.0. The reasons
for limiting the values of ¢ will be explained later. A
41 x100 (rx0) grid was found adequate for the
computations. Both uniform and variable spacing grids
were considered in the radial direction. Only a uniform
grid was employed in the 6 direction. For the higher
Grashof number flows, denser grid spacing was used
near the cylinder wall due to the sharp gradients of the
dependent variables at that region. The maximum ratio
of R /R used in the computation was equal to 8 (for
Gr = 1.39 x 10%). Smaller computational domains were
considered at higher Grashof numbers. The same grid
size (41 x 100) was hence sufficient to provide desired
grid densities at high Grashof numbers. A complete
check for grid independence was performed in a
previous study [5].

Figures 1(a) and (b) show the isotherms and
streamlines for the natural convection flow (6 = o)
around a cylinder, the Grashof number being
1.39 x 10°. At this large Grashof number, a boundary
layer forms around the cylinder. The assumption of
negligible curvature effects is not valid at this Grashof
number, so the solution to the boundary-layer
equations only does not give valid results here. The
majority of the flow approaches the cylinder from the
side as opposed to the bottom. Though the flow and
temperature patterns were symmetric, no symmetry
lines were considered and the entire cylinder surface
was considered within the computational domain.
Isotherm and streamline patterns at the same Grashof
number but at lower values of o are shown in Figs. 1(c)-
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FIG. 1(b). Streamlines for Gr = 1.39x 10°, ¢ = w0, +AY =
25.70.

(h). Figures 1(c)and (d) arefor ¢ = 10.0and therotation
of the cylinder is anti-clockwise. At this slow rotational
speed, the plume shifts slightly toward the left and the
streamlines undergo considerable change. The lower
stagnation point disappears and the upward flow is
thrown towards the left. Figures 1(e) and (f) show the
isotherms and streamlines at o = 2. The effect of
buoyancy is still prominent as can be seen in the above
figures. Adjacent to the rotating cylinder, the fluid is
wrapped around and eventually breaks away near

FiG. 1(c). Isotherms for Gr = 1.39 x 10%, ¢ = 10, AT = 0.1
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F1G. 1(d). Streamlines for Gr = 1.39 x 105, ¢ = 10, +Ay =
19.99, — Ay = 31.69.

FIG. 1(¢). Isotherms for Gr = 1.39 x 10%, 6 = 2, AT = 0.1.

6 = 210° and forms an upward plume. Figures 1(g) and
(h) show similar results for ¢ = 1 where the centrifugal
and buoyancy effects are of similar magnitude. The
breakaway point of the thermal plume is close to
0 = 270°. Due to the high rotational Reynolds number,
the near field is strongly dominated by the centrifugal
effects. However, buoyancy effects dominate away from
the cylinder, where an upward plume forms and the
flow field becomes distorted.

9

FiG. 1(f). Streamlines for Gr = 1.39x 105, o =2, +Ay =
13.34, — Ay = 38.86.
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FiG. 1(g). Isotherms for Gr = 1.39 x 105, ¢ = 1, AT = 0.1.

FiG. 1(h). Streamlines for Gr = 1.39x 105, ¢ =1, +Ay =
787, —Ay = 44.11.

Figure 2(a) shows the mean Nusselt number as a
function of the reciprocal of ¢ for various Grashof
numbers. Some experimental measurements are also
shown in the above figure. It is generally seen that the
computed mean Nusselt number decreases gradually
with increasing rotational speed for any given Grashof
number. Neglecting free convection, the flow due to an
infinitely long isolated cylinder rotating about its axis
in a viscous fluid consists of concentric circular
streamlines, the velocity being inversely proportional
to the radius. For a heated cylinder the corresponding
steady heat transfer between fixed temperatures at the
cylinder surface and in the field at infinity, due to
thermal conduction alone, is theoretically zero [15]. In
this regard, our two-dimensional calculations give
consistent results. However, this flow is known to
become unstable at a specific speed of rotation,
depending on the Grashof number. For zero Grashof
number, the Reynolds number where instability sets in
is between 35 and 50 [20]. Our experiments, as well as
those of Etemad [14], show that for the mixed
convective flow problem the instabilities set in near
o =1 and the flow becomes three-dimensional. The
numerical results are thus restricted to the lower value
of o = 1 for any given Grashof number.

The experimental values shown in Fig. 2(a) show
almost uniform mean Nusselt numbers for 1/6 varying
from 0 to 1. Nusselt number values do not show any dip
near ¢ = 1 and the reason is explained later when the
schlieren study results are discussed. The mean Nusselt
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Fi1G. 2{b). Mean Nusselt number as a function of Reynolds number for selected Grashof numbers.



Convective flows around a rotating isothermal cylinder

number values for higher Reynolds number cases could
not be shown in Fig. 2(a) because of the limited scale.
These are shown in Fig. 2(b).

Figure 2(b) shows the variation of Nu as a function of
Reynolds number for selected Grashof numbers. Only
the experimental measurements are included in this
figure. As shown in the earlier figure, the mean Nusselt
number remains fairly constant and then increases
rapidly for large values of Reynolds number (lower
values of o) and ultimately the heat transfer results
become independent of the Grashof number. The
forced convection and free convection asymptotes (for
the two Grashof numbers) are also included in the
figure. The ¢ = 1 locations on the abscissa for the two
Grashof numbers considered are also shown in Fig. 2(b)
to provide continuity with Fig. 2(a).

Figure 3 gives the local Nusselt number predictions
for the mixed convective flows where Gr = 1.39 x 108,
At ¢ = oo the local Nusselt number distribution is
symmetric and the predictions agree well with a
previous study by Kuehn and Goldstein [4]. Though
the mean Nusselt number undergoes minor changes
with variation of o, the local distribution varies
significantly with changing a. Due to the anti-clockwise
rotation of the cylinder, the minimum local Nusselt
number shifts towards increasing § and the ‘minimum
point’ gradually increases in value. On the ascending
side of the cylinder the local Nusselt number variation
is gradual whereas it changes more rapidly on the
descending side.

Computed angular velocity distributions at Gr

184

Nu ()

14
0
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= 1.39 x 10° are shown in Figs. 4(a) and (b) at = 90°
and 0 = 270°, respectively, for various values of o. At
= 90°, the rotation aids the upward flow near the wall
due to buoyancy. The peak of the angular velocity
progressively moves nearer to the wall with higher
speeds of rotation and in the far field, the velocity
profiles for the mixed convection cases follow the free
convection {6 = ) profile. As shown in Fig. 4(b),
rotation opposes the upward flow at 8 = 270°. Large
gradients of the angular velocity profiles are present
near the cylinder wall at higher rotational speeds and
the velocity profile flattens out faster at the far field for
small values of o. It is interesting to note that the local
Nusselt number decreases at 8 = 90° for increasing
rotational Reynolds number and increases at 8 = 270°
for the same effect (Fig. 3).

Computed radial velocity distributions at 6 = 90°
and @ = 270°for Gr = 1.39 x 10® are shownin Figs. 5(a)
and (b) for various values of rotation parameter ¢. At 6
= 90°, the radial velocity is inward for all values of ¢. It
is observed that for the pure natural convection case, the
radial velocity magnitude at the far field is significant,
indicating that a major portion of the incoming flow is
coming from the sides. As the rotational Reynolds
number increases, the magnitude of the radial velocity
is amplified uniformly along the radial line. At 8 = 90°,
both the rotational and centrifugal effects aid the flow
and the effects are evident in Figs. 4(a) and 5(a). Quite
opposite effects are observed in Fig. 5(b) where the
radial velocity distributions are shown at § = 270°. For
higher rotational speeds, an outward flow is observed

0 30 60 90 120 150 180 210 240 270 300 330 360

o

F1G. 3. Local Nusselt number distributions for various values of ¢, Gr = 1.39 x 108.
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FIG. 4(a). Angular velocity distributions at 0 = 90°, Gr = 1.39 x 10° for various values of 6.
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FIG. 4(b). Angular velocity distributions at § = 270°, Gr = 1.39 x 10° for various values of .
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FIG. 5(a). Radial velocity distributions at = 90°, Gr = 1.39 x 10¢ for various values of ¢.
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F1G. 5(b). Radial velocity distributions at § = 270°, Gr = 1.39 x 10° for various values of o.
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FI1G. 6(a). Schlieren photograph of plume location, Gr = 4.635 x 10°, 6 = .

near the cylinder and the velocity profile drops offat a
faster rate in the far field.

Schlieren photographs of the temperature field for
values of rotational speed corresponding to ¢ = oo,
3.333 and 0.6349 are shown in Figs. 6(a){c),
respectively. The Grashof number for these photo-
graphs is 4.6 x 10°. Similar behavior was noted for all
Grashof numbers studied.

In Fig. 6(a), the extent of the thermal boundary layer
can be seen along with the plume location (at the top),
and the fact that the flow appears to be laminar. Figures
6(b)and (c) show the progressive shift of the plume in the
direction of rotation (anti-clockwise). The beginning of
turbulence in the outer region of the plume can be seen
in Fig. 6(b), but the flow in the area of the cylinder

surface remains laminar. In Fig. 6(c), substantial
amounts of hotter fluid can be seen around the outer

-edge of the thermal boundary layer. This fluid, which is

thrown radially outward, appears as wisp-like threads
near the top of the cylinder and the location of the
plume. This behavior rapidly becomes pronounced and
accompanies the total breakdown of the plume as ¢ is
decreased in value below unity.

Figures 7(a)-{c)show the transition of the flow from a
laminar, two-dimensional flow to a three-dimensional,
yet still largely laminar, secondary mean flow. These
pictures were all taken in the transverse direction to
show variations of temperature gradient in the axial
direction, and the Grashof number was 4.4 x 10°.

Figure 7(a) is for the case where ¢ = o= (free

FiG. 6(b). Schlieren photograph of plume location, Gr = 4.818 x 10°, ¢ = 3.333.
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FIG. 6(c). Schlieren photograph of plume location, Gr = 4.762 x 10°%, ¢ = 0.6349.

convection). The thermal boundary layer is seen to be
two-dimensional and laminar. As rotation is increased,
some periodic disturbances are seen in the boundary
layer, but the overall flow structure is predominately
unaffected and remains two-dimensional and laminar.
Such a disturbance is seen in Fig. 7(b), where ¢ = 1.350.
The frequency of these disturbances increases as ¢ is
decreased, until a critical value of ¢ is reached below
which the flow is permanently altered. The transition to
this three-dimensional secondary flow is gradual,
occurring over the range of ¢ from unity to approx.
¢ = 0.5. The structure of this new flow regime can be
seen in Fig. 7(c), where ¢ = 0.1168.

Some general observations can be made about this
flow. First, the upper half of the cylinder appears to

become unstable and undergo total transition prior to
the bottom half. Secondly, the secondary flow appears
to be stable and stationary over the range of ¢ from
transition down to ¢ &~ 0.01, at which time the flow
structure appears to break down and become totally
turbulent. Third, the flow appears to have a periodic
form in the axial direction, with a fixed wave number
that does not change with increasing speed of rotation.
The wave number m (=2r/i) was measured as m
=4.476+15% cm™ L.

Finally, the critical values of ¢ for which the flow is
seen to undergo transition in the schlieren photographs
corresponds to a marked increase in the heat transfer
rates. It thus appears that this increase in mean Nusselt
number is due to a stable, laminar secondary mean

F1G. 7(a). Schlieren photograph showing axial disturbances of temperature field, Gr = 4.57 x 10%, 6 = .
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FiG. 7(b). Schiieren photograph showing axial disturbances of temperature field, Gr = 4.482 x 10°, o = 1.350.

flow, and not due to the onset of turbulence as
previously suggested. Disturbances in the axial
direction which exist prior to transition may account
for the absence of a dip in the mean Nusselt number
measurements near o = 1. The periodic nature of this
flow suggests a form similar to the Taylor-vortex
instability, and the mechanisms causing this transition
and the onset of Taylor vortices in an annulus are most
likely closely related.

The shifting of the plume due to increasing rotational
speed is shown in Fig. 8. The angular location of the
centerline of the plume at r* = R, the breakaway angle
0,, is measured from the top of the cylinder and is
positive in the direction of rotation (anti-clockwise).
For low rotational speeds, the position of the plume is
expected to be directly proportional to the speed, or

inversely proportional to the square root of ¢. This has
been verified by Shimomura [21], who proposed the

relation ¢, = 84.9( Re/\/ Gr). Excellent agreement with

Shimomura was obtained in both the schlieren and the
numerical studies up to a value of ¢ = 2.77 (Re// Gr

= ().6). Below this value of g, both sets of data deviate
from Shimomura’s. In this region, the value of 8, is
inversely proportional to ¢. This result verifies the
importance of o as the rotational parameter of interest ;
as o nears unity, the centrifugal to buoyancy force ratio
becomes the important predictive parameter.

In the schlieren photographs of Fig. 6, the centerline
of the plume is seen as the divider between the light and
dark regions of the plume. The angular orientation of
the knife edge was changed for each value of o so that

Fi16. 7(c). Schlieren photograph showing axial disturbances of temperature field, Gr = 4.351 x 10%,0 = 0.1168.
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the intersection of the centerline with the cylinder
surface was plainly visible. This method of locating the
breakaway angle of the plumeis more accurate than the
‘grid’ type of schlieren photograph obtained by
Shimomura [21], and is probably the reason for the
discrepancy in data.

The physical importance of the plume breakaway
angle is that this location corresponds to the minimum
local Nusselt number. Furthermore, as ¢ nears the
critical value for transition to the secondary flow
regime (and increased heat transfer rates), the plume
position begins to oscillate and eventually the plume
breaks down. Thus, the behavior of the plume has a
significant influence on the overall problem.

CONCLUSION

A detailed investigation -of the convective flows
around a rotating isothermal cylinder has been
completed. Numerical computations were carried out
for the free convection dominated flow regime.
Experimental studies show that this regime is two-
dimensional in nature, with the mean heat transfer rates
remaining essentially constant. As the rotational speed
of the cylinder is increased, three-dimensional
disturbances in the form of axial waves appear, with
transition to a secondary, three-dimensional mean flow
finally occurring at values of the rotational parameter ¢
just slightly lower than unity (where forced convection
effects begin to dominate). The mean heat transfer rates

undergo a marked increase with rotational speed in the
three-dimensional regime.

Numerical studies of the two-dimensional problem
have revealed detailed qualitative, as well as
quantitative information about the flow field and the
local heat transfer rates that was previously lacking in
the literature. One significant result is the prediction of
the angular location of the minimum local Nusselt
number Nu(6), which corresponds to the thermal plume
breakaway angle 0,. Excellent agreement between the °
numerical predictions of 8, and the breakaway angles
measured from the schlieren photographs was ob-
tained, thereby lending confidence to the validity of the
numerical solutions.

Because a two-dimensional formulation was used,
numerical solutions were necessarily restricted to
values of ¢ from unity and above. The experimental
study clearly shows the onset of a three-dimensional
secondary flow, and the consequent increase in the heat
transfer rates. It is noted that the secondary mean flow
is similar in nature to thg Taylor-vortex flow in an
annulus, and occurs in the region of ¢ where the
centrifugal forces begin to dominate the buoyancy
force. Evidence of this is seen in the schlieren
photographs, where streaks of hot fluid are first seen to
be thrown away radially from the cylinder surface.
Further experimental work, including local measure-
ments of the velocity and temperature profiles, as well
as extensions to the numerical formulation to include
the three-dimensionality of the flow, are currently being
undertaken by the investigators.
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ECOULEMENTS CONVECTIFS AUTOUR D'UN CYLINDRE ISOTHERME ET TOURNANT

Résumé— Les écoulements convectifs mixtes créés par un cylindre horizontal chaud et tournant dans I'air ont
été étudies numériquement et expérimentalement. La présence de la rotation présente une importante
complication et une expérience des études antérieures sur I'écoulement convectif et le transfert thermique
autour d’un cylindre horizontal chaud et stationnaire dans un milieu au repos. Des différences qualitatives
aussi bien que quantitatives dans le transfert et la configuration d’écoulement sont observées en comparaison
avec les cylindres immobiles. Des solutions numériques sont présentées pour des larges domaines de nombre
de Grashof, de paramétre rotationnel t et de nombre de Grashof/{(nombre de Reynolds rotationnel)?. Des
photographies schlieren sont obtenues pour étudier la position angulaire du panache pour différentes valeurs
des paramétres précédents. Les études schlieren révélent que pour les vitesses de rotation élevées 'écoulement
est tridimensionnel et que I'effet sur le transfert thermique est prononcé. Des mesures des nombres de Nusselt
moyens sont aussi obtenues. Des calculs bidimensionnels prédisent de fagon satisfaisante les caractéristiques
de transfert thermique pour des valeurs de 7 supérieures a l'unité.

KONVEKTIONSSTROMUNGEN AN EINEM ROTIERENDEN ISOTHERMEN ZYLINDER

Zusammenfassung—Die durch einen beheizten, in Luft rotierenden horizontalen Zylinder erzeugten
Mischkonvektionsstromungen sind numerisch und experimentell untersucht worden. Die Beriicksichtigung
der Zylinderrotation stellt eine wichtige Erweiterung friitherer Untersuchungen dar, die sich mit Konvektions-
stromungen und Wirmeiibergang um beheizte, nicht rotierende, horizontale Zylinder in einem ebenfalls
ruhenden Medium befassen. Es werden sowohl qualitative als auch quantitative Unterschiede zwischen dem
rotierenden und dem ruhenden Zylinder beziiglich des Wirmeiiberganges und der Stromungsformen
festgestellt. Fiir einen groBen Bereich der Grashof-Zahl und des Rotationsparameters o, Grashof-
Zahl/Reynolds-Zahl bei Rotation, werden numerische Lsungen angegeben. Um den Winkel der
Aufiriebsfahne bei unterschiedlichen Werten der obengenannten Parameter zu untersuchen, wird die
Methode der Schiieren-Photographie angewandt. Aus den Schlierenuntersuchungen geht hervor, daB bei
groBeren  Rotationsgeschwindigkeiten  dreidimensionale  Stromungsverhiltnisse  vorliegen. Die
Auswirkungen auf den Wirmelibergang werden diskutiert. AuBerdem werden Messungen der mittleren
Nusselt-Zahl durchgefithrt. Fiir Werte von ¢ groBer als Eins erlauben die zweidimensionalen Berechnungen
eine zufriedenstellende Vorhersage des Warmeiibertragungsverhaltens.
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KOHBEKTUBHBIE TEYEHHWA ¥ BPAIIAIOIMErOCS U30TEPMHUYECKOTO LIMJIUHIOPA

AnnoTanus—YHCIEHHO M IKCTIEPHMEHTANBHO H3YYaOTCH CMEUIAHHOKOHBEKTHBHBIE TCUCHHUS, BOSHUKAIO-
IHe Y BPaIAIOIErocs B BO3AYIHOMA Cpesie ropu3oHTaNbHOTO HumHApa. Hasmune spamenus apsercs
CCPbE3HBIM YCIOXKHEHHEM H 0000IeHueM paHee NPOBEIEHHBIX HCCAGROBAHUMA N0 KOHBEKTHBHBIM Teve-
HHAM H TEIUIONEPEHOCY OKOJIO HArpePAeMBIX HCHONBIXKHBIX I'OPH3OHTAJILHBIX LWIHHAPOB B MOKOH-
weiics cpene. HabmogaloTes CyluecTBeHHOE KaYeCTBEHHOE M KOJIHYECTBEHHOE OTJIHYMA XapaKTepHCTHK
TEIUIONEPEHOCa U PeXAMOB TEUECHHS, BOSHHKAIOUIMX B PE3Y/IbTaTe BPALICHUA LHIHHAPOB, IO CPABHEHHIO
¢ XapaKTEPHCTHKAMH HEMOZBHXKHLIX HHIMHAPOB. “IMCTEHHLIC PENICHHS NPEACTABNCHBI IS HMPOKHX
auanasonos uucaa I'pacroga  mapamMerpoB BpaumieHus o [wucho I'pacroda/(spamarensroe umcio
Peitnonnzca)?]. Momydens! numpen-GpoTOrpaguu [ U3YYEHHS YIJIOBOTO IIOJIOKEHHS BCILUIBIBAIOLIETO
NOTOKA 7S PA3aHYHBIX 3HAa4eHHH o6oux napamerpos. cciieqoBaHus, NPOBENEHHBIE LUTRPEH-METOIOM,
TIOKA3BIBAIOT, YTO NPH GONBINHX CKOPOCTAX BPAILEHHS TEYCHHE ABIAETCA TPEXMEPHBIM H 3AMETHO €ro
BausHEe Ha TernoobMen. Mamepens cpemune uncaa Hyccensra. [{ns asyMepHbix Moaeneil pn 3Haqe-
HEAX ¢, CONBIIMX COMHAILL, BLIMHCIEHb XaPaKTEPUCTHEH Terioo6Mena.
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