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Abstract—Entrance effects in mixed convection between horizontal, differentialiy heated plates were studied
0 nitrogen by laser Doppler anemometry in a range 1368 < Ra < 8300 and 15 < Re < 170. Two entrance
lengths were deduced from velocity profiles : one for the onset of buoyancy-driven convective instability,
and one for the full development of the mixed flow. Explicit expressions for both entrance lengths are
given. In addition, unsteady longitudinal convection rolls were observed. These are discussed in terms of an
admixture of transverse convection rolls and/or contributions from upstream turbulence. The experimental
results show that the critical Ra for the transverse convection roils increases as Re increases.

1. INTRODUCTION

INVESTIGATIONS of the fluid dynamics of chemical
vapor deposition (CVD) of solid layers [1-8] or of the
cooling of electronic equipment [9, 10} underscore
questions about entrance effects in mixed convection.
In these systems, buoyancy-induced flow modulates
the forced flow, leading to complicated, three-dimen-
sional (3-D), mixed convection. Further com-
plications arise from the strong temperature depen-
dence of the properties of gases. Hence, the entrance
length for purely forced convection (i.e. without buoy-
ancy and for constant properties), though often
quoted in the CVD literature, can shed little insight
on the real conditions in these systems.

In this paper, as a precursor to a study of the flow
in laterally bound CVD reactors, we focus on the en-
trance effects of mixed convection in a channel formed
by two horizontal, parallel plates, which are iso-
thermally heated from below and cooled from above.
Even for this case, analytical solutions are intractable
and 3-D numerical schemes are not well developed as
yet. Various approximations have been made. For
example, the fully developed flow assumption reduces
the 3-D to 2-D problems [3, 10, 11]. However, it is
still important to know in which region of the channel
this simplification can be apphed.

Due to the temperature dependence of the prop-
erties and, for supercritical conditions, due to the
modulation caused by the buoyancy-induced flow,
the energy and momentum equations are strongly
coupled. The development of the temperature profile
is closely linked to the development of the velocity
profiles. Therefore, it is not necessary to distinguish
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beiween the thermal and hydrodynamic entrance
lengths, Instead, according to the flow behavior as
schematically indicated in Fig. 1, we will introduce
two terms, namely, the entrance length for the onset
of buoyancy-driven convective instability, L, and the

_entrance length for the full development of the mixed

flow, L,. The channel can then be divided into three
regions: a region dominated by forced flow
(0 < x < L,), a transition region (L, < x < L), and
a fully developed mixed flow region (x > L.).

The L, for longitudinal convection rolls (with axes
parallel to the forced flow direction) can be deduced
from earlier studies [12~14] of Ra,(x, Re), i.e. from
the Ra(Re) required at a given downstream x for
the onset of buoyancy-driven instability. Hwang and
Cheng [12] used linear stability theory, based on the
Boussinesqg approximation, to predict Ra,{x, Re) for
select Res. Kamotani and Ostrach [13] observed from
temperature profiles that the experimental values of
Ra,, are about two orders of magnitude larger than
theoretically predicted {12]. Later Hwang and Liu {14]
conducted flow visualization experiments and con-
firmed the finding of ref. [13]. Both theoretical {12]
and experimental [14] works qualitatively show that
L, depends nonlinearly on Re and Ra.

The L, for longitudinal convection rolis has not
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Frg. 1. Mixed convection flow between horizontal differ-
entially heated plates for Ra > Ra,. Dashed curves: sche-
matic temperature profiles. L, : entrance length for the onset
of buovancy-driven convective instability, L,: entrance
length for the full development of longitudinat rolls.

1645



1646 K.-C. CHiu and F. ROSENBERGER
NOMENCLATURE
o Doppler frequency, 2usin o/A T, temperature of the hot plate
Afo half-amplitude bandwidth of Doppler AT T.—T.
signal from spectrum analyzer u,v,w velocity components in the x-, y- and
g gravitational acceleration, 980 cms ™2 z-direction
Gr Grashof number, Ra/Pr g average velocity, u,,, /1.5, to simulate
H height of the channel, 1.58 cm the laterally unbound configuration
L, entrance length for the onset of Unax maximum u-velocity at x = —3H
buoyancy-driven convective Au modulation amplitude of u-velocity at
instability, experimental results for z = H/2 in fully developed region
AR = 10, equation (1) w width of the channel, 15.24cm
L, entrance length for the full x,y,z  Cartesian coordinates.
development of the mixed flow,
experimental results for AR = 10, Greek symbols
equation (2) o half angle between two laser beams
P, mean pressure Ji} thermal expansion coefficient [K ']
Pr Prandt]l number, v/x £ reduced Rayleigh number,
Ra Rayleigh number, BgATH */vk (Ra— Ra.)/Ra,
Ra, critical Ra for Rayleigh-Benard K thermal diffusivity fem?s ']
convection, 1708 A wavelength of laser
Ra., critical Ra for the transverse convection v kinematic viscosity [em?s™ ']
rolls 0 density of gas [g cm ™).
Ra., condition marking the onset of
instability at a given x and Re, same Abbreviations
notation as used in ref. [12] 2-D two-dimensional
Re Reynolds number, u,H/v 3-D three-dimensional
Ty average temperature, (T, + T,)/2 AR aspect ratio = width/height
T. temperature of the cold plate and LDA  laser Doppler anemometry.
isothermal section

been theoretically treated as yet. Experimental works
by Kamotani and co-workers [13, 15] gave some
preliminary results. In their first paper [13], they
concluded from vertical temperature profiles at
Ra = 1000 and Ra = 31000 that the thermal entrance
length for a range 1000 < Ra < 31000 is almost inde-
pendent of Ra and the same as that for subcritical
Ras. Later [15], they found that for a range
22000 < Ra < 210000 the thermal entrance length
depends on Re’/Gr.

In this paper, we will present explicit expressions
for L, and L, in the region 1368 < Ra < 8300 and
15 < Re < 170. The entrance lengths will be deduced
from velocity profiles measured by laser Doppler ane-
mometry (LDA). In addition, unsteady longitudinal
convection rolls were observed under two conditions :
either for flows with combinations of low Re and
high Ra or for flows without an isothermal entrance
section. These will be discussed in terms of an admix-
ture of transverse convection rolls (with axes per-
pendicular to the forced flow direction) and/or con-
tributions from upstream turbulence.

2. EXPERIMENTAL APPARATUS AND
TECHNIQUE

Figure 2 shows a schematic cross-section of the
channel, and its support structure, used to simulate

the laterally unbound mixed convection configuration
discussed above. An aspect ratio (AR = W/H =
width/height) of about 10 was chosen as a compromise
between LDA viewing conditions and the simulation
for the laterally unbound flow in the channel’s mid-
region. The channel was 15.24 cm wide and 1.58 ¢cm
high. The bottom and top were formed by 0.635
cm thick aluminum plates which were individually
thermostated to temperatures T, and T, respectively.
The temperature uniformity obtained in these 87.5 cm
long plates, as measured with thermistors as well as
an infra-red thermometer, was +0.2°C for AT =
24°C. The sidewalls were made of 1.27 cm thick
Plexiglas. In the upstream direction, this differentially
heated test section was smoothly connected to an iso-
thermal channel of the same cross-section, that was
thermostated to T, (Fig. 3). The length of this iso-
thermal section of 63.5 ¢cm was chosen such that alt
flows entering the test section with Re < 170 were
hydrodynamically fully developed [16-19]. The bot-
tom plates of the isothermal and test sections were
thermally separated by a coplanar 0.32 cm wide Plexi-
glas strip. A reasonably parallel entrance flow into
the isothermal section was achieved with a scttling
chamber that as schematically shown in Fig. 3 con-
tained several flow-deflecting baffles. Exit effects in
the test section were minimized by using a converging
exhaust box. Both the settling chamber and exhaust
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FiG. 2. Cross-section of the channel and three-dimensional

translation table. (1) Bottom plate; (2) top plate beam; (3)

sidewalls ; (4) linear bearings for coarse x-translation; (5)

four-spindle lift for z-translation (synchronized with timing

belt (6)); (7) x-y translation milling table; (8) heating coils ;

(9) convection barriers (wood); (10) conduction barriers
(Plexiglas).

box were made of Plexiglas, which facilitates the
evaluation of their function with smoke-flow patterns.

As can be seen in Fig. 2, the whole channel was
mounted on linear bearings (Thomson Inc. SPB-12-
OPN) for coarse translation in the x-direction. The
translation in the z-direction was facilitated by mount-
ing the base of the x-translation bearings on a syn-
chronized four-spindle lift which stood on a large
milling table. The milling table had a y-translation
arrangement and was also used for fine x-translation.
This three-coordinate translation capability allowed
us to position the stationary measuring spot of the
laser anemometer throughout the channel.

As indicated in Fig. 3, the commercial LDA system
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(TSI Inc.) consisted of a He—Ne laser (15 mW), beam
splitter and transmitting optics, collecting optics and
photomultiplier (on axis), band-pass filter and a fast
Fourier transform spectrum analyzer {Nicolet model
440B). The LDA measuring volume dimensions in the
x- and p-direction were 0.2 and 2.1 mm, respectively.
Seeds for light scattering were generated in a constant
output atomizer (TSI model 3076) from an aqueous
NaCl solution. In order to properly move with the
flow, at the low flow velocities investigated, the seed
size must not exceed a few tenths of a micron. This
was obtained in the given atomizer under 35 psig of
nitrogen with 0.2 g of NaCl per ml of water after
diffusion drying of the aerosol during passage through
a chamber lined with silica gel. Neutralization of the
electrostatically charged particles was achieved in a
radioactive neutralizer (TSI model 3012). The dry and
neutral particles were then mixed with the volu-
metrically controlled main nitrogen flow and fed
through the settling chamber into the channel.

Before the systematic studies of the flow depen-
dence on Ra and Re, we ascertained that the hydro-
dynamically fully developed flow (at x = 0, the be-
ginning of the test section) in the middle part of
the channel (y around 0.5W) is indeed 2-D. The
u(y, z) velocity profile for a hydrodynamically fully
developed flow in a rectangular duct can be computed
analytically {20]. The u(y/W) profile is flat over the
central 70% of the channel width for AR = 10 (80%
for AR = 20). As shown in Fig. 4, our LDA results
obtained at x = 0 agree well with the analytical sol-
ution.

The uncertainties in Ra and Re, resulting essentially
from the uncertainties in channel height, surface tem-
perature and limited steadiness of the forced flow,
are estimated to not exceed 5%. The thermophysical
parameters and operation conditions used for the
computation of Ra and Re are listed in Table 1. The
error bars shown in the velocity profiles represent

/

FiG. 3. Schematic diagram of experimental apparatus. (1) N, inlet (35 psig); (2) flow meters; (3) pressure

regulator; (4) NaCl solution ; (5) atomizer ; (6) diffusion dryer; (7) neutralizer; (8) settling chamber; (9)

isothermal entrance section; (10) test section; (11) exhaust; (12) laser; (I13) transmitting optics; (14)
collecting optics ; (15) photomultiplier ; (16) band-pass filter; (17) FFT spectrum analyzer.
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Fic. 4. Longitudinal velocities u{(y/W) at z =0.5H and

u(z/H) at y = 0.5W for hydrodynamically fully developed

flow with AR = 10. Circles : experimental data ; solid curves:
analytical solutions.

the half-amplitude bandwidth (Afp) of the Doppler
signal (fp) obtained from the spectrum analyzer.
These bandwidths are mainly determined by the
instrument resolution (finite number of fringes in
measuring volume), the velocity gradients across the
measuring volume, and some unsteadiness in the flow
structure of the rolls. The large variations in error
bars result mostly from the large changes in velocity
gradients between adjacent measuring points at cer-
tain locations.

3. RESULTS AND DISCUSSION

3.1. Entrance length for the onset of buoyancy-driven
instability

For the experimental determination of L,, the
u(x, y) velocity profiles at z = 0.2H were measured for
various combinations of Ra and Re. Since the entering
forced flow is heated from below, the buoyancy-driven
instabilities occur first in the region close to the heated
bottom plate, i.¢. in the thermal boundary layer. Then
the w-velocity is modulated by these instabilities due
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to the momentum coupling as is shown in the sequel
to this paper [11]. Thus, the u{x, y) velocity profiles at
z = 0.2 H were chosen to detect the onset of instability.
Figure 5 shows the results for Ra = 4878 and
Re = 44.8. In order to compare our results to those
for laterally unbound flow, we focus on the flow in
the central region (y = 6-9 cm) of the channel. Effects
from the sidewalls will be discussed in the next section.

The onset of instability is based on the following
operational definition: when the change of the u(y)
velocity profile in the central region at z =0.2H
exceeds 3% of u{x =0, y = 0.5W, z = 0.2H). Based
on this definition, we see from the coarse measurement
grid of Fig. S that L, lies between 10 < x < 20 cm. In
order to determine L, more precisely, u(y}-velocity
profiles were measured with closer spacings through-
out this range in x. The results, together with those
for all other Re~Ra combinations investigated, are
summarized in Table 2. A least square fit to these data
yields

Ll - (0165io.OS)HE—0.44i0.01Re().76_4;0.02 (E > 0)

(M

where ¢ = (Ra— Ra.)/Ra, represents the reduced Ray-
leigh number, and Ra, represents the critical Ra for
Rayleigh-Benard convection. The experimental data
(with error bars) and fitted curves (heavy, with fields
corresponding to the above standard deviations) for
three Ras are shown in Fig. 6. A comparison of
equation (1) and the theoretical predictions [12]
shows that our experimental results are about 50 times
larger. Yet our results are in agreement with other
experimental findings [13, 14].

In order to explain the disagreement between the
theoretical prediction and experimental resuits,
Kamotani et al. [15] suggested that the thermal bound-
ary layer thickness may be the proper vertical length
scale of Ra.. However, Hwang and Cheng [12] had
included the effect of the developing thermal bound-
ary layer in the entrance region. This can be seen from
Fig. 6 in ref. [12] where Ra,, decreases with increasing
x. We feel that the disagreement can be attributed
to two factors: the difference between infinitesimal
disturbances assumed in theory and measurable dis-

Table 1. Operation conditions for N, at P, = 0.85 atm

T, T Ty v gBiv?

(X) (K) (K) {em®s™') cm™ K™ Pr=vjx Ra
296.0 301.0 298.5 0.184 97.7 0.71 1368
296.0 305.4 300.7 0.186 939 0.71 2472
296.0 311.0 303.5 0.189 90.2 0.71 3789
296.0 316.0 306.0 0.192 87.1 0.71 4878
296.0 324.0 310.0 0.196 822 0.71 6446
296.0 335.0 315.5 0.202 76.0 0.71 8300

Note:

(1) P,is the pressure measured at the inlet of the isothermal section.
{2) Only the density has been corrected, through the ideal gas law, at Py = 0.85 atm.
(3) The physical properties are based on 7, and calculated from ref. [28].
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F1G. 5. Longitudinal velocity profiles #(y) measured at z = 0.2H and different x-positions for Re = 44.8

and Ra = 4878.
Table 2. Experimental values for L, 50 T T
Ra Re L, (cm)
40k .

2472 18.1 15-16 Ra=2472

325 20-22

528 26-28 30

74.3 32-34 E
3789 17.7 9-10 KA

31.8 12-13 -

538 19-21 = 20

74.5 25-30

102.2 38-42

129.4 43-45 10
4878 31.6 9--11

71.7 20-22

127.3 33-37 0 . L \ | . | .
6446 011 prg o 40 80 e 160

1273 3235 REYNOLDS NUMBER
8300 68.3 10-12 F1G. 6. Entrance lengths L, experimental data and least-

95.5 15-16 square curves (see text).

120.2 18-20

161.8 24-30

turbances required for experiment [21], and the slow
development of the spontaneous fluctuations near the
critical state [22]. This ‘critical slowing down’ leads to
a longer growth time and, hence, larger L, required
for the entrained infinitesimal disturbances to become
observable.

3.2. Entrance length for the full development of the
mixed flow

In this section we will consider only fully developed,
steady, longitudinal convection rolls. The conditions
required to reach this steady flow will be discussed in
the next section.

For the experimental determination of L,, the same
procedure was followed as that for the measurement
of L, except the u(x, y) velocity profiles were meas-
ured at z = 0.5H. As shown in Fig. 7, the shape of the
u(y) velocity profiles remains practically constant {i.e.
the flow is fully developed) after a certain axial
distance. Hence, we chose the modulation amplitude
of u(y) velocity profile in the fully developed region,
Au, as a criterion and used the following operational
definition : the flow is called fully developed when the
modulation amplitude of the u(y) velocity profiles at
z=0.5H in the central region (y = 6-9 c¢m) of the
channel reaches 95% of Au. Based on this definition,
we see from the coarse measurement grid of Fig. 7
that, for Ra = 4878 and Re = 44.8, the full devel-
opment of the longitudinal convection rolls is reached
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Table 3. Experimental values for L, T T
Ra Re L, (cm) 4878
2472 178 30-32 Ra=8300
32.5 50--55
3789 17.7 13-15 B
31.8 23-25
533 39-42
4878 31.6 16-20 B
4.8 26-29 E
52.8 32-35 o
71.7 40-45 ~
6446 455 20-22 - T
53.0 23-25
70.8 30-33
100.6 42-45 i
8300 53.4 18--20
71.7 25-27

120.2

between 20 < x < 30 cm. The results with closer
spacings in the x-direction and other combinations
of Re—Ra are summarized in Table 3. A least-square
fit to those data yields

L‘2 = (0-68i0.07)H8‘0'69i0'02 ReO.‘)GiOA()} (8 > O)

@

The experimental data (with error bars) and fitted
curves (heavy, with fields corresponding to the above
standard deviations) for three Ras are shown in Fig.
8. Our results clearly show, that in the region
2472 < Ra < 8300, L, depends on Ra and Re. This is
in contrast to earlier claims [13] which were deduced
from a comparison of results for Ra = 30000 with
those of subcritical flow and, hence, possibly missed
the variation in the range between.

From Figs. 5 and 7 one sees that the buoyancy-

160

120
REYNOLDS NUMBER

40 80

F1G. 8. Entrance lengths L,, experimental data and least-
square curves (see text).

induced flow first occurs near the sidewalls. Since the
gases entering the channel (at x = 0) are essentially at
T = T,, the new thermal boundary condition at the
sidewalls will always introduce temperature gradients.
This horizontal temperature gradient will induce
buoyancy-driven flow without threshold. In fact, the
sidewalls can be regarded as sources for finite ampli-
tude perturbations to the flow in the central region.
It is important to note that in the entrance region
of a channel with small AR, say AR =2 (typical of
horizontal CVD reactors), the rolls induced by side-
walls will fill the whole channel even at subcritical
Ras [1, 3, 4, 7]. For a channel with high AR and at
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F1G. 9. Longitudinal velocity profiles u(y) measured at z = 0.2H and 0.5H and different x-positions for
Re =30 and Ra = 1368.

subcritical Ras, as shown in Fig. 9 for AR = 10 and
Ra = 1368, only the flow in the entrance region and
near the sidewall is perturbed, while the flow in the
central region remains essentially unchanged. Hence,
this flow can be considered as a 2-D forced convection
flow. The increase in u-velocity of about 5% in the x-
direction (as shown in Fig. 9) can be accounted for by
the thermal expansion of the gas and uncertainties in
the measuring position of z. This sidewall effect for
high AR channels at subcritical Ras is in agreement
with the findings by Wesfreid ez al. [23]. These workers
studied the influence of velocity perturbations
imposed on sidewalls in a Rayleigh-Benard system
(i.e. without forced flow). They found that the induced
rolls were spatially damped exponentially with
increasing distance from the wall. For supercritical
Ras, the effect of sidewalls on L, and L, depends on
the AR of the channel. In general one will expect
that both L, and L, decrease with decreasing AR.
However, how much our results for AR = 10 deviate
from those for laterally unbound flow remains to be
investigated.

3.3. Unsteadiness of the longitudinal convection rolls

When unsteady flows are studied with LDA using
a signal averaging time (45 s for our experiments) that
is large as compared to the characteristic time of the
velocity fluctuations, a widened half-amplitude band-
width, A f},, results, which corresponds to twice Au.
This is reflected by the larger ‘error bars’ in u-velocity
(e.g. Fig. 10(a)) as compared to those observed in
steady flows (e.g. Fig. 10(b)).

With a simple flow visualization technique (light
cuts in the y—z plane) the unsteady flow modes were
identified as ‘snaking’ modulations of the longitudinal
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8 L b =T A
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LONGITUDINAL VELOCITY u (cm/sec)

FiG. 10. Comparison of u(y,z = 0.5H) profiles for: (a)
unsteady and (b) steady flow measured at x = 60 cm.

convection rolls. Such unsteady rolls occurred under
two conditions: (a) for flows with combinations of
low Re and high Ra, and (b) for flows without an
isothermal entrance section. For the first case, the
unsteadiness can be understood as an admixture of
transverse convection rolls. For the second case, the
unsteadiness may come from contributions of
upstream turbulence. Both aspects will be discussed
in the following sections.

3.3.1. Admixture of transverse convection rolls.
When an externally forced laminar flow is super-
imposed on the buoyancy-driven flow between two
horizontal differentially heated plates, the critical Ra
for the transverse convection rolls, Ra.,, increases
with Re [24-26]. But, as we have shown in ref. {11],
the critical Ra for the longitudinal convection rolls is
independent of Re and is equal to Ra.. Therefore,
when Re and Ra are such that Ra_ (Re) > Ra > Ra,,
only longitudinal convection rolls will exist. However,
with combinations of Re and Ra such that Ra >
Ra, (Re) > Ra,, transverse convection rolls will exist
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in addition to the longitudinal convection rolls. Their
combination with the forced flow results in a ‘snaking’
motion, i.e. time-dependent flow. Thus, from the onset
of the unsteady longitudinal convection rolls, one can
determine Ra,(Re).

Our experimental results for combinations of Ra
and Re leading to steady and unsteady flow, respect-
ively, are shown in Fig. 11 by circles and triangles.
The characteristic (solid) curve separates these two
regimes. The experimental error for this curve in terms
of Re is estimated to be about 15%. The theoretical
results based on the Boussinesq approximation and
constant physical properties for Pr = 0.7 {25] are rep-
resented by the dashed curve in Fig. 11. Our exper-
imental results of Ra, (Re) follow the same trend but
lie considerably above the theoretical prediction.
Again, this can possibly be attributed to the difference
between infinitesimal disturbances in theory and finite
amplitudes required for detection in an experiment
[21].

3.3.2. Contribution from upstream turbulence. In
the previous discussion we have assumed that the
flows with low Res entering the test section are laminar
and possess a very low turbulence intensity (for defi-
nition of turbulence intensity see ref. [27]). These con-
ditions were experimentally approximated with the
long isothermal entrance section upstream from the
test section (see Section 2). Thus, as we will see below,
upstream turbulence, which is likely created in the
sudden expansion of the narrow gas line into the set-
tling chamber or during the flow through the baffles,
was sufficiently damped out before the flow reached
the test section. However, without this additional iso-
thermal entrance section, some of the previously
steady longitudinal rolls (especially at higher Re) be-
came unsteady. As shown in Fig. 10, two velocity
profiles (unsteady vs steady) were measured at the
same axial position (x = 60 cm) and for the same Ra
and Re. Figure 10(b) was obtained with an isothermal
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entrance section upstream from the test section. For
Fig. 10(a), the bottom plate of the entrance section
was also heated to 7. Thus, the isothermal entrance
section was eliminated and the upstream turbulence
apparently less damped.

To study the turbulence intensity within the iso-
thermal entrance section, the half-amplitude band-
width of the Doppler signal (A f,), normalized by the
Doppler frequency (f}, in the u-velocity), was meas-
ured along the x-direction at y = 0.5W and z = 0.5H.
As shown by Fig. 12, the normalized bandwidth
(Afp/fp) decays along the x-direction and
approaches a constant value of about 5% after
x = —40 cm (for a flow with #; = 18 cm s™'). The
constant is solely due to the instrument resolution,
and the velocity gradient (along the z-direction) across
the measuring volume. For the higher values of
A 1o/ [, in order to ascertain that they are not due to
the velocity gradient in the y-direction, the cor-
responding u(y) profiles were measured. This showed
that the velocity gradient in the y-direction in the
central region (y ~ 0.5W) is negligible even as close
to the settling chamber as x = —60.5 ¢m. Thus, we
can conclude that the increase of A fi,/ f; in Fig. 12is
a measure of the turbulence intensity. If one assumes
that the turbulence intensity is negligible at the end of
the isothermal entrance section, the turbulence inten-
sity at the beginning of the isothermal entrance section
is estimated to be about 2-3% (i.e. half of the differ-
ence of Afy,/f,, between the beginning and the end,
see Fig. 12).

The effect of upstream turbulence on laminar
boundary layer flows was discussed by Schlichting
[271. He pointed out that an increase in the upstream
turbulence produces two effects. First, it causes earlier
transition to turbulence in the boundary layer.
Second, a turbulence intensity of about 2.5% prod-
uces an increase in the local heat flux by about 80%.
As shown in Fig. 10, we observed a third effect. The
heating from below for a channel flow with a certain
degree of turbulence intensity can cause the longi-
tudinal convection rolls to become unsteady.

Similar phenomena, as reflected in convective tem-
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perature oscillations [2, 4] or unstable fringe patterns
[7], were found in CVD reactors. Entrance flows in
CVD reactors typically emanate from narrow gas lines
and without an isothermal entrance section. Hence,
they will always possess a relatively high degree of
upstream turbulence intensity, which can be respon-
sible for the observed unstedy flow patterns.

4. SUMMARY

From a study of entrance effects of mixed con-
vection between horizontal plates in the range
1368 < Ra < 8300 and 15 < Re < 170, the following
results were obtained.

(1) For Ra > Ra,, the entrance lengths for the
onset of buoyancy-driven instability and for the full
development of the longitudinal convection rolls
depend on Ra and Re. The explicit expressions derived
from the experimental results for AR = 10 are given
in equations (1) and (2).

(2) For the onset of buoyancy-driven instability,
our results are about two orders of magnitude larger
than theoretical predictions. However, this is in an
agreement with other experimental works.

(3) For Ra < Ra,, the flow in the central region for
a channel with high AR can be regarded as a 2-D
forced convection flow. For channels with small AR
(typical of horizontal CVD reactors), the sidewall
effects play an important role in the overall flow pat-
tern.

(4) As shown in Fig. 11, the longitudinal con-
vection rolls are unsteady due to an admixture of
transverse convection rolls. The experimental results
show that Ra,, increases as Re increases. This agrees
qualitatively with the theoretical predictions.

(5) A low degree of upstream turbulence at the
beginning of the bottom heated section is essential for
the steadiness of the longitudinal convection rolls.
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CONVECTION MIXTE ENTRE PLAQUES HORIZONTALES—I. EFFET D’ENTREE

Résumé—Des effets d’entrée en convection mixte entre des plaques horizontales, differemment chauffées
sont étudiés dans P'azote par I'anémomeétrie laser Doppler dans un domaine 1368 < Ra < 8300 et
15 < Re < 170. Deux longueurs d’entrée sont déduites des profils de vitesse : une pour 'apparition d’in-
stabilité convective conduite par la gravité, et une autre pour I’établissement complet de I'écoulement
mixte. Des expressions explicites pour les deux longueurs d’entrée sont données. On observe aussi des
rouleaux de convection longitudinaux instables. Ils sont discutés & travers des rouleaux de convection
transverses et pour les contributions de turbulence en amont. Les résultats expérimentaux montrent que
le Ra critique pour les rouleaux de convection transverses augment lorsque Re croit.

MISCHKONVEKTION ZWISCHEN HORIZONTALEN PLATTEN—I. EINLAUFEFFEKTE

Zusammenfassung—Einlaufeffekte bei der Mischkonvektion zwischen horizontalen, unterschiedlich
beheizten Platten wurden mit einem Laser-Doppler-Anemometer fiir Stickstoff in einem Bereich von
1368 < Ra < 8300 und 15 < Re <170 untersucht. Zwei Einlauflingen wurden aus den Gesch-
windigkeitsprofilen abgeleitet : eine fiir das Einsetzen der auftriebsgesteuerten Instabilitit und eine fir die
volle Ausbildung der Mischstromung. Fur beide Einlauflingen werden explizite Ausdriicke angegeben.
AuBerdem werden instationdre ldngsgerichtete Konvektionswalzen beobachtet. Diese werden als Bei-
mischung von quergerichteten Konvektionswalzen und/oder als Beitrige der stromaufwérts vorhandenen
Turbulenz diskutiert. Die experimentellen Ergebnisse zeigen, daB die kritische Ra-Zaht fiir die quer-
gerichteten Konvektionswalzen mit der Re-Zahl ansteigt.

CMEIIAHHA ST KOHBEKLIASI MEXZY TOPH30HTAJIbHBIMU IJIACTUHAMHW—I.
HAYAJIBHBIN YUACTOK

Amnoraums—H3yyancs HavaiabHBIR Y4aCTOK NPH CMEINAHHOH KOHBEKLUMHM MEXAY TOPH3OHTaJbHBIMH
PA3/IHYHO HArPeBaEMbIMH IUIACTHHAMH C MOMOLIbIO METOZA JIa3€pHOit AOMMIEPOBCKOH aHEMOMETDHH
npu 1368 < Ra < 8300 u 15 < Re < 170. Pa3nuyanuch ABa HayaabHbIX y4aCTKA: Ha4ajla KOHBEKTHBHOM
HEYCTOWYMBOCTH, BBI3BAHHONH MOLBEMHOM CHNIONH H MOJIHOrO Pa3BUTHA CMEUIAHHOTO TeueHHs. Ilpube-
[leHbl BLIpaXeHHS B SIBHOM BHOe ANd 1UMH 0b6oux ydacTkoB. KpoMme Toro, HaGimonasuch HecTallHOHAp-
HblE TpOAOJbHblE KOHBEKTHBHble Banbl. OOCYXICHAa BO3IMOXHOCTh MX TOABJICHMA 3a CueT
NEpEMELIMBAHNA KOHBEKTHBHBIX BAJOB M/WIH BKJaJAa TYpOYJNEHTHOCTH OT BOCXOHASLLETO TEYEHHS. DKC-
NEPUMEHTA/ILHBIE PE3YJIBTATHl MOKa3bIBAIOT, HYTO KPHTH4ECKOE Ra 1A NOMEPEYHBIX KOHBEKTHBHBLIX
BAJIOB YBEJHYHBAETCH C pOCTOM Re.



