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Abstract

Characteristics of circumferential vortices, which emerge on a heated rotating disc under natural convection
dominant conditions, have been studied experimentally. The techniques of laser induced fluorescence (LIF) and particle
image velocimetry (PIV) have been utilized as a non-invasive method to obtain two-dimensional temperature and
velocity distributions, respectively. The results show that the frequency of appearance of the vortex increases with
increasing buoyancy effect. The ensemble averages of the temperature and vertical velocity as well as those of RMS
values of temperature and vertical velocity fluctuations are large in the vortex. Most of heat is transferred vertically by
fluctuations in the vortex. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

The boundary layer induced by a rotating disc is of
great scientific importance owing to its relevance to
applications in turbomachinery and chemical appar-
atuses such as rotating disc-type chemical vapor depo-
sition reactor.

The disc boundary layer is unique in that it is three-
dimensional from its inception. The laminar flow is one
of the few non-trivial three-dimensional cases whose
exact Navier—Stokes solutions exist [1]. The transitional
flow over a rotating disc has been considered by Malik et
al. [2], Balachandar et al. [3], Lingwood [4] and others.
The experimental investigation of the statistical and
structural features of the turbulent boundary layer over
a rotating disc has been also conducted by Littell and
Eaton [5]. On the other hand, Wu and Squires [6] have
used the large eddy simulation to compare their result to
the experimental measurements of Littel and Eaton [5].

Several studies of the heat transfer from an isother-
mal surface have been made by Cobb and Saunders [7],
McComas and Hartnett [8], and Popiel and Boguslawski
[9]. Elkins and Eaton [10] measured heat transfer from a
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uniform heat flux surface while Tadros and Erian [11]
computed the heat transfer for both isothermal and
uniform heat flux conditions.

Compared to those flow characteristics and the
forced convection heat transfer in the three-dimensional
boundary layer over a rotating disc, the effect of buoy-
ancy has been the subject of considerably fewer inves-
tigations. Recently, Ogino et al. [12-14] have showed
that circumferential vortices appear on a heated rotating
disc under the high uniform heat flux condition and they
travel on the disc from the center region to the edge.
These vortices are considered to appear by buoyancy
effect, because Reynolds number at which they are ob-
served is much smaller than that at which turbulence
appears in the isothermal system.

The structure of the circumferential vortices was
discussed by Ogino et al. [14]. The circumferential vor-
tices are developed from thermal plumes appearing near
the heated rotating disc and have a rotational motion of
nearly same scale as the thickness of the velocity
boundary layer on the rotating disc.

In this study, the temperature and velocity distribu-
tions near the heated rotating disc were measured si-
multaneously in the r—z plane using laser induced
fluorescence (LIF) and particle image velocimetry (PIV),
respectively, and then we investigated the effect of these
circumferential vortices on the characteristics of the
thermal flow field.
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Nomenclature T wall temperature

T: temperature at the inlet of the apparatus
Gy constant pressure specific heat vy radial velocity
g gravitational acceleration v dimensionless radial velocity (= v,/rw)
Gr,  Grashof number based on wall heat flux v, vertical velocity

(= BgqwRi/kv?) vl dimensionless vertical velocity (= v./\/vo)
Gr,. critical Grashof number (= 4.01 x 10'%) vertical distance in cylindrical coordinates
Gr, normalized Grashof number (= Gr,/Gry) Greek svmbols
k thermal conductivity ) . .
. p coefficient of thermal expansion
A number of the detected vortices . . S
N number of vortices appearing with time ¢ dimensionless vertical distance (= z/+/v/w)
! interval 1 v kinematic viscosity

p density
Pr Pre 1 =v ..

' h;;‘?(fiitllxnzintzzrvgzall‘/ ?) a standard deviation of the error of the
q_w(d) heat flux by fluctuation temperature measurement by LIF technique
q_z*(d) . X oy ) L T time interval of vortex emerging
q dimensionless heat flux by fluctuation ) . .

: (=79 /gy w angular velocity of rotating disc

- z w
Ry disc radius Superscripts
Re Reynolds number (= Riw/v) ! fluctuation
Reg approaching Reynolds number (= Rqv.,/v) average
r radial distance in cylindrical coordinates Subscrint
r dimensionless radial distance (= r/Rq) Pt
b temperature c conditionally sampled
t time

2. Experimental apparatus and procedures
2.1. Experimental apparatus

Fig. 1 shows the outline of the experimental ap-
paratus. The apparatus consists of an acrylic cylinder

of 580 mm in inner diameter and of a rotating disc of
400 mm in diameter and 50 mm in thickness.

Orifice plate

A copper disc of 360 mm in diameter and 10 mm in
thickness is embedded in the rotating disc, flush with the
surface of the rotating disc. The copper disc is heated by
an electric heater of 360 mm in diameter and 250 pm
thick which is set at the back of the disc. The surface of
the copper disc was used as the heat transfer surface. A
test calculation shows that a heat loss is less than 1% of
total heat produced. Heat flux at the wall, ¢, was

~k H,0
i Heater manometer Thermo-couple
ixer
o I Baffle /F‘J——LT
— plate ~|
Porous [/=°F"°77777770T Acrylic
plate <& 580 ¢ =~ cylinder
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Reservoir Rectangular Heat transfer
1 [ water jacket surface
J L
Pump | Motor

Wireless modem
Data collector

Fig. 1. Schematic diagram of experimental apparatus.



F. Ogino et al. | International Journal of Heat and Mass Transfer 45 (2002) 585-595 587

determined from the electric power supplied to the
heater which is measured by a digital powermeter.

Fluid used was aqueous solution of Rhodamine B
and led from a reservoir tank to the top of the appar-
atus. The velocity of the flow was made uniform by a
baffle plate and two porous plates, and the fluid im-
pinges vertically on the rotating disc.

Wall temperature 7,, was measured by 16 CA ther-
mocouples embedded in the copper disc. Bulk tem-
perature of fluid was measured by a sheathed
thermocouple at the inlet of the apparatus. Analogue
signals from the thermocouples are converted to digital
ones, stored to a memory, and then transmitted to a
personal computer by way of a RS-232C radio modem.

The rotating speed and inlet flow rate in the steady
state were measured with a digital tachometer or a stop
watch (at low rotating speed), and an orifice manometer,
respectively.

The Reynolds number was set constant as 3.0 x 10*.
The Reynolds number of approaching flow, Res, was
2.0 x 10%, the Prandtl number Pr varied from 5.4 to 5.8,
and the Grashof number based on the wall heat flux was
varied from 7.2 x 10" to 1.6 x 10", The values of Re
and Re; satisfy the criterion that the effect of the ap-
proaching flow on the heat transfer at the rotating disc
can be neglected [12]. In addition, the value of Re; is
larger than the theoretical value of laminar boundary
layer over the rotating disc, Re,, = 154, to eliminate a
large circulating fluid motion between the porous plate
and the rotating disc [15]. The experiment with heated
rotating disc was conducted at larger values of the
Grashof number than the critical Grashof number, that
is, under the natural convection dominant conditions.

2.2. Coordinates and configurations

The coordinates used are shown in Fig. 2. The center
of the disc is set as the origin, the radial direction as r
axis and the vertical direction as z axis, respectively.

The center of the visualization area of 26.8 mm wide
and 10.1 mm high was set at dimensionless radius

Fig. 2. Coordinate system.

r* = 0.6, as shown in Fig. 2. We set 61 x 52 grid within
the visualization area for both temperature and velocity
measurements, and the distances between each measur-
ing points are 1.49 x 107! mm in the radial direction
and 1.61 x 107! mm in the vertical direction. The dis-
tance between the surface of the disc and the lowest grid
was 7.26 x 107" mm.

2.3. Image acquisition system

We used an Ar-ion laser (Model 909, American
Laser) to illuminate the visualization area. The laser
beam was expanded to a sheet shape by a cylindrical
lens, and was inserted into the apparatus in the way to
involve the axis of the rotating disc.

A digital video camera (DCR-VX1000, Sony) was
used for the image acquisition. 4096 successive images
were recorded at a run at the intervals of 1/30 s.
Recorded images were once stored to a digital video
tape, and were transmitted to a personal computer via a
digital video capture board (DV-Raptor, Canopus).
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Fig. 3. Example of temperature variation with time.
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Fig. 4. Detection of temperature signals of vortex.
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Fig. 5. Frequency distributions of the time interval between the successive appearances of the vortex. (a) Gr; = 1.79, (b) Gr; = 2.76,

(©) Gr; =3.13, (d) Gr; = 3.98.

These images were used both in temperature and
velocity measurements through successive image pro-
cessing.

2.4. Temperature measurement

The temperature of the fluid was measured by the
fluorescence intensity of the Rhodamine B. The details
of the measurement technique are presented by Sak-
akibara et al. [16]. The concentration of Rhodamine B
was 6.5 x 107° kg-Rhodamine B/kg-water. Fluorescence
intensity was averaged within 7 x 7 pixels area to reduce
noise effect caused by particle reflection. From calibra-
tion experiments, it is found that LIF’s result is in good
agreement with thermocouple’s one regardless of the
position of the measuring point. Since the average value
and the standard deviation of the error of LIF method
based on the thermocouple measurement, (7iir — Trc),
were —8.50 x 1072 and 0.383 K, respectively, we con-
cluded that this method had enough precision for this
experiment.

2.5. Velocity measurement

PIV was used to obtain the velocity distribution of
a flow field. This method is widely used for velocity

measurement, for example, by Willert and Gharib [17],
Hassan et al. [18], and Wozniak and Wozniak [19].
The algorithm used in this study is the cross-correla-
tion technique in which two images are used. One
image is recorded at ¢, and the other is recorded at
t + At. First, small area, which is called the reference
matrix, is set at ¢, then the corresponding matrix is
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Fig. 6. Variation of the average time interval between the
successive appearances of the vortex.



F. Ogino et al. | International Journal of Heat and Mass Transfer 45 (2002) 585-595

searched over interrogation window set at ¢+ Az. Then
the displacement, (Ar,Az), between the reference ma-
trix and the corresponding matrix is determined from
the peak of the cross-correlation coefficient and the

<«—— disc edge
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velocity components are obtained from the following

equations:
v, = Ar/At,

_ (1)
v, = Az/At.

<0.1 m/s
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Fig. 7. Example of the measured temperature and velocity distributions. (a) Temperature distribution. (b) Velocity vectors.
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Fig. 8. Distributions of the conditionally averaged temperature. (a) Gry = 1.79, (b) Gr, = 2.76, (c) Gr, = 3.13, (d) Gr, = 3.98.
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3. Results and discussion
3.1. Detection of the vortex

Fig. 3 shows an example of the variation of the
measured temperature at r*=0.6 and z=7.26x
107! mm ({ = 0.63) with time. The solid curve repre-
sents a smoothed one by making use of an N-spline
function. We fixed all weight coefficients as 1, and varied
smoothing parameter in the spline function. We ob-
tained the optimum smoothing function which satisfied
the following condition:

where N is the number of original sampling data points,
T; the measured temperature values, 7, the calculated
temperature values and ¢ standard deviation of the error
of the temperature measurement by LIF technique.

From the temperature variation, we picked up peak
and bottom temperatures, 7,; and T, by the fol-
lowing criteria.

6.0 T T .

5.0
4.0
\» 3.0
2.0

1.0

0 1 1
0.62 0.61 0.60 0.59 0.58
(a) r

6.0
5.0
4.0

o 3.0

0 1 1
0.62 0.61 0.60 0.59 0.58
(c) r

\» 3.0

(b)

-2.4

Fori=1,2,3,--- N —1,
if Ty < Ty and Ti, > T,

then T, = T, 3)
if Tty > Ty and Ti < Ty,

then Tb,k+] =

ical )

where k =1,2,...

A result is shown in Fig. 4.

We regarded a signal as the vortex, if the following
conditions were satisfied:

Tka > T + V ﬁ (4)
and
(Tox — To-1) -; (Tos — Topr1) > 30, (4a)

where T is the time averaged temperature, and 7’ the
instantaneous temperature fluctuation. The detected
vortices by Egs. (4) and (4a) corresponded exactly to the
vortices determined by eyes from the video image.
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Fig. 9. Distributions of the conditionally averaged vertical velocity. (a) Gry = 1.79, (b) Gr; = 2.76, (¢) Gr; = 3.13, (d) Gr; = 3.98.
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Fig. 10. Distributions of the conditionally averaged radial velocity. (a) Gr;
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Fig. 11. Distributions of the conditionally averaged RMS value of the temperature fluctuation. (a) Gr; = 1.79, (b) Gr; = 2.76, (c)

Gr; =3.13, (d) Gr; = 3.98.
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3.2. Frequency of appearance of the vortex

Fig. 5 shows the frequency distributions of the time
interval between the successive appearances of the vor-
tex, 7, which is defined in Fig. 4. It is seen from Fig. 5(a)
that there are two peaksataroundt ~ 1 sand t = 7 s for
Gr, = 1.79. However, we could not detect any noticeable
difference between two visualized images of the vortices
at T~ 1 and 7 s. The probability of appearance of the
vortices of smaller 7 increases and that of larger t de-
creases with increasing normalized Grashof number, Gr;.

Fig. 6 shows the dependency of averaged time inter-
val between the successive appearances of vortex, T, on
Gr,. As shown in this figure, T decreases with increasing
Gr, and approaches to about 1.7 s at large values of Gr;.
In other words, the frequency of the vortex emerging
increases with increasing buoyancy effect.

3.3. Instantaneous temperature and velocity distribution

Fig. 7 shows an example of the measured instan-
taneous temperature and velocity distributions when a
vortex passes the measuring point of »* =0.6 and
{=0.63.

6.0 . : .
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0.62 0.61 0.60 0.59 0.58
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As shown in Fig. 7(a), the vortex has a mushroom
shape and there exists a high temperature core at the
bottom of the vortex. All vortices have such high tem-
perature cores as this one, though there are some vari-
ations in shapes of temperature distribution. Another
feature of the vortices is noticeable upward flow from
the high temperature core to the bulk fluid as shown in
Fig. 7(b).

3.4. Distribution of the averaged temperature

Fig. 8 shows the spatial distributions of dimension-
less conditionally averaged temperature in the r—z plane
obtained by the following equation:
= 1 La(r,0) — Ty

Ne
Tc*(r*’c):ﬁc;W’ (5)

where T;(r*,() is an instantaneous temperature distri-
bution at the moment that a vortex passes through the
measuring point at 7 = 0.6 and { = 0.63, and N, is the
number of the detected vortices.

Here, we define the vortex shape as the contour line
of Tr = 8.0 x 107*. From Fig. 8, it is found that the area

6.0 T T .

Vo2
4.5x10°
‘ 2.0x10°
0.62 0.61 0.60 0.59 0.58
(b) re
4.5x10°
0 . . . 2.0x10”
0.62 0.61 0.60 0.59 0.58
(d) r

Fig. 12. Distributions of the conditionally averaged RMS value of the vertical velocity fluctuation. (a) Gr; = 1.79, (b) Gr; = 2.76,

(©) Gr; = 3.13, (d) Gr; = 3.98.
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at T (r*,{) > 8.0 x 107* are almost same in size except
for Gr; = 1.79.

3.5. Distribution of the averaged vertical velocity

Fig. 9 shows the spatial distributions of dimension-
less conditionally averaged vertical velocity, v7;, in the r—
z plane obtained by the similar method as that of the
averaged temperature. The thick curve shows the con-
tour line of v, =0 and the broken curve shows the
vortex shape defined in 3.4. From Fig. 9, it is found that
the value of the upward velocity increases with increas-
ing Gr: especially near the center of the vortex. The
height where v*_(+*, {) takes its peak is about { = 1-2 and
the region of higher value of v*, extends to the right-
hand side of the vortex core, the rear side of the vortex
which travels in the radial direction from the center to
the disc edge, at larger Gr;. The downward flow near the
disc surface is caused by the compensating motion for
the strong upward motion in the vortex.

3.6. Distribution of the averaged radial velocity

Fig. 10 shows the spatial distributions of dimen-
sionless conditionally averaged radial velocity, v7_, in the

re?

6.0 T T T

5.0 E

4.0 f ;

s\ 3.0 E- 'Vv*z

A (e 26.0x10”
2.0F &
1.0
0 E 1.0x10”
0.62 0.61 0.60 0.59 0.58
(a) r*

1.0x10”

0.60
(c) re

0.59 0.58

r—z plane. The patterns of the contour lines of v}, are
almost same for all Gr;, that is, the values of v}, are large
at the region of { = 1-2, although at the vortex core,
r* = 0.6, they are somewhat small. This is in accordance
with the pattern shown in Fig. 7(b).

3.7. RMS value of the fluctuation

The spatial distributions of the conditionally aver-
aged RMS values of the fluctuations of temperature,
vertical and radial velocity components are shown in
Figs. 11-13 to evaluate the disturbance when the vor-
tices emerge on the disc.

Fig. 11 shows that the shape of the distributions of

\/ﬁ are similar to those of 77, the value of 1/ 72 being
large at the high temperature core.

Fig. 12 shows that the RMS value of the vertical
velocity fluctuation is large near the disc wall regard-
less of the radial position and is larger in the vortex
region than the outside of the vortex at { > 2 for large
Gr:.

qu the other hand, the value of \/1_;?72 decreases with
increasing { regardless of the radial position and Gr; as
shown in Fig. 13.
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V2 B}
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0.62 0.61 0.60 0.59 0.58
(d) r

Fig. 13. Distributions of the conditionally averaged RMS value of the radial velocity fluctuation. (a) Gr; = 1.79, (b) Gr; = 2.76,

(©) Gr; = 3.13, (d) Gr; = 3.98.
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Fig. 14. Distributions of the conditionally averaged vertical heat flux by fluctuation. (a) Gr; = 1.79, (b) Gr; = 2.76, (¢) Gr; = 3.13,

(d) Gr; = 3.98.

3.8. Vertical heat flux by fluctuation

We calculated the vertical heat flux by fluctuation
defined by

7= = pCurl T} (6)

to estimate the effect of the vortices on the heat transfer.

Fig. 14 shows the spatial distributions of dimen-
sionless conditionally averaged heat flux by fluctuation,
7. = 4% /gy, in the r—z plane. The thick curve shows
the contour line of qj*c(d) = 1.0. From Fig. 14, it is found
that the heat transfer in the upward direction occurs
mainly in the vortex and that the height where
qT‘C(d) (", {) takes its peak is { = 1-2 for large Gr;.

4. Conclusions

The results obtained by the present experimental in-
vestigation are summarized as follows:
1. The frequency of appearance of the vortex due to
buoyancy increases with increasing buoyancy effect

and approaches a nearly constant value at large Gras-
hof number.

2. The value of the vertical velocity component is very
high in the vortex, whereas that of the radial one is
rather small.

3. The RMS values of the temperature and vertical
velocity fluctuations are large in the vortex, although
that of the radial velocity fluctuation in the vortex is
almost same as that of the outside of the vortex.

4. The vertical heat flux by fluctuation in the vortex is
larger than that of outside of the vortex, and takes
its peak at { = 1-2 for large Gr;.
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