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Abstract-This paper reports a research for the mixed-convective flow and its mass transfer performance 
controlled by a preset side-wall temperature profile in a horizontal rectangular duct heated from below, 
which simulates a horizontal thermal Chemical Vapor Deposition (CVD) reactor. The experiment is carried 
out in a fully developed region at a Rayleigh number of about 3.4 x 10’ to reveal various flow patterns 
depending on Reynolds number and the temperature profile on the side walls. Various unsteady flows are 
shown to be chaotic by calculating a set of Liapunov exponents from the observed time series of fluid 
temperature. In the case of an unsteady flow with time-averaged uniform temperature, the time-averaged 
mass transfer rate on the bottom wall of the duct becomes almost uniform in both the spanwise and the 

streamwise direction. 

HORIZONTAL thermal CVD reactors have been widely 
used for the process of producing thin layers of 
semiconductors, but a free convective effect to form 
stable lo~g~tu~nal vortices in the process prevents 
the uniform growth of such layers, CVD reactors are 
operated with a combination of large Grashof number 
(Gr) and small Reynolds number (Re), that makes the 
value of Gr/Re’ = 10-1000. For such flow systems a 
number of both numerical and experimental studies 
have been performed con~~~u~ the flow, tempera- 
ture, deposition, and their devefopment in the 
entrance regions [l-5]. 

Moffat and Jensen [l, 21 solved the steady-state, 
three-dimensional parabolized momentum, heat and 
mass-transfer equations with compressibility and 
variable physical properties to obtain the convective 
flow, temperature field and deposition performance 
in a horizontal rectangular duct. They revealed that 
the buoyancy-driven secondary flow had an unde- 
sirable effect on spatial uniformity of the growth rate 
and the flow structure is very sensitive to the thermal 
boundary condition on the walls of a reactor, the 
cross-section aspect ratio and the kind of carrier gas 
used. Van de Ven et aL [3] studied the growth rate of 
GaAs in the CVD process in a horizontal reactor with 
rectangular cross-section experimentally and theo- 
retically. They showed that the growth rate was 
severely nonuniform in the lateral direction due to 
the natural convection occurring for a high Kayleigh 
number (&). 

Furthermore, investigations of combined free and 
forced convection with application to CVD reactors 
revealed such a new flow behavior that the buoyancy- 

driven vortices can take many flow patterns 
including thermal instability of the flow for various 
combinations of Ra and Re. Chiu and Rosenberger 
[6] showed experimentally that the longitudinal rolls 
in combined convection between horizontal plates 
were ~steady like ‘snaking’. Also, they showed the 
regime of the combination of Ra and Re leading to a 
steady or unsteady flow. Evans and Grief [S, 71 solved 
the two- and three-dimensional unsteady momentum 
and heat-transfer equations with compressibility to 
examine thermal instability in a horizontal duct. They 
showed that transverse, traveling waves can sweep 
periodically through a horizontal channel from inlet 
to outlet and such an instability greatly enhanced the 
average heat transfer rate, 

These researches, which revealed the change of flow 
structure due to governing parameters such as Ra, Re 

and aspect ratio, are irnpo~~t both for operation of 
CVD reactors and for basic heat transfer science, but 
have hardly made a positive contribution towards the 
uniform growth of thin semiconductor layers so far. 
In this work, from the viewpoint that a properly preset 
side-wall temperature of the duct is an important fac- 
tor for controlling the Bow structure, we intend to 
destroy the stable rolls which prevent the uniform 
growth of a semiconductor layer by properly heating 
the side walls of the reactor. Our target of research is 
to find in what condition the buoyancy-driven longi- 
tudinal rolls can become so unsteady that the uniform 
growth may be attained. Then, a11 the change of flow 
cha~~e~stics by setting the side-wall tem~~ature 
profile in various ways is investigated over a wide 
range of Reynolds number for a fixed Rayleigh num- 
ber which is typical for CVD reactors. As a result, it 
is verified that the flow in the duct gets chaotic and, 
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NOMENCLATURE 

; 
horizontal width of duct 
height of duct 

D coefficient of diffusivity 
DE hydraulic diameter, 2ab/(a + h) 

cr’,, embedding dimension 
Gr Grashof number, gp(Th - r,)De’/v’ 

irn local mass transfer rate 
Pr Prandtl number, Y/CY 
RU Rayleigh number, Gr PP 
Re Reynolds number, U,,, fCQ/v 
Sh Sherwood number, hn De/D 
T time-averaged temperature 
t fluctuating temperature 
(ZJ. V, W) mean velocity components in 

X, y, 2 direction 
(X, )‘, :) rectangular coordinates, 

see Fig. 1 (b) 
s’ distance downstream from the leading 

edge of the aluminum tray where .Y’ is 
set to zero. 

~~ -. 

Greek symbols 

j 
thermal difiusivity of fluid 
coefficient of thermal expansion 

r5 depth of naphthalene sublimation 
At sampling time 
I:, radius of small ball 
c?) lion-djmensional tell~pe~dturc, 

(T- r,)!(r,- T;) 

/-/. Liapunov exponent 
1’ kinetic viscosity of fluid 

%I delay time 
T&i evolution time. 

Subscripts 
b bottom wall of duct 
I” fluid 
m mean throughout the duct 
swu upper half of the side wall of duct 
swl lower half of the side wall of duct 
t top wall of duct. 

-____ - 

at the same time, the time-averaged temperature dis- 
tribution becomes horizontally uniform under certain 
suitable conditions. A naphthalene evaporation tech- 
nique is employed to study the expectable mass trans- 
fer performance of the flows under these conditions. 
In order to elucidate the chaotic character of unsteady 
flows occurring for Reynolds numbers equal to and 
less than 220, we calculate a set of Liapunov exponents 
from the time series of fluid temperature. It is note- 
worthy that similar chaotic Aows have recently been 
captured by a direct numerical simulation [S, 91 within 
the Boussinesq approximation and with the assump- 
tion that the fiow is periodic in the longitudinal 
direction with a long period. 

2. EXPERIMENTAL APPARATUS AND 

PROCEDURE 

Figure I(a) shows a schematic view of the exper- 
imental apparatus, Fig. l(b) the cross-section of the 
duct and the coordinate system, Fig. 1 (c) the side-&l 
configuration, and Fig. l(d) the aluminum tray which 
was used in the experiment of naphthalene subli- 
mation. The cross section of the duct is rectangular, 
30 mm in height and 60 mm in width. The top wall 
was made of copper plate and cooled by water. The 
bottom wall was made of 5 mm (Duct A) or 8 mm 
(Duct B) thick copper plate heated by a thin stainless 
steel foil, IO pm thick, insulated from the copper plate. 
The foil was electrically heated. The top and bottom 
wall temperatures represented by Tt and 7;1, respec- 
tively, are kept constant within 2% of the temperature 
ditIerence between the two walls. In order to preset 

various profiles of the side-wall temperature, the side 
walls were divided in two halves and each of the halves 
were separately heated. For this purpose, two alumi- 
num 30 x 30 mm’ square ducts shown in Figs. 1 (b) 
and (c) were used as side walls, on each of which two 
mica plates, 14 mm wide and 0.5 mm thick, wcrc 
pasted ; further, two independent thin stainless steel 
foils, 10 pm thick, were pasted on the mica plates to 
control the temperature of the side watls. Keeping the 
right-and-left symmetry, we produced various side- 
wall temperature profiles by adjusting both the 
amount of water flowing in the aluminum ducts and 
the amount of current through the steel foils. The 
temperature of the upper or lower half of each side 
wall was measured at the fully-developed flow section. 
as shown in Figs. 1 (a) and (c) by three thermocouples 
of 0.1 mm diameter soldered on the back side of the 
steel foil with 3 mm intervals across the upper or lower 
half of the side wall and one thermocouple attached 
with tape at the center of the front surface of each 
foil. Then, the average of the temperatures measured 
by these four thermocouples indicates the upper tem- 
perature r,,, or lower temperature T,,, of each side 
wall. Two experimental apparatuses different in the 
full length of duct were used as indicated by A and 
B in Fig. I(a). Duct A was used for measuring the 
temperature field [lo], and Duct B for measuring the 
mass transfer rate by the naphthalene sublimation 
technique [ll]. Duct A is 2300 mm in full length 
with a 5 mm thick copper bottom wall. The fluid 
temperature was measured at the section 1970 mm 
(49.3 Be) downstream from the inlet and 330 mm (8,2 
De) upstream from the outlet. Duet B is 1000 mm in 
full tength with a 8 mm thick bottom wall. and the 
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Duct 8 
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Cc) 

Mica PIala Jt Stainless Foil 

Tbicknass: 0.5 11111 lOCIIn 

Width: 14 mm 13 mm 

Aluminum Tray Naphthalene Plate 

Unit in mm 

(d) Tb(C,,H8) =338 K 

FIG. 1. Experimental apparatus. (a) Schematic view. (b) 
Cross-section of flow duct. (c) Side-wall configuration. (d) 

Aluminum tray. 

naphthalene plate was set 750 mm (lg.8 De) down- 
stream from the inlet. The flows in these test sections 
were fully developed. 

The working medium was air which was com- 
pressed by a blower and sent into the long horizontal 
rectangular duct downstream of a settling chamber, 
as shown in Fig. l(a). The flow rate of air was mea- 
sured by a float-area-type flow meter upstream of the 
settling chamber. The sensor of air temperature was 

a thermocouple of 50 pm diameter, which was 
equipped in the flow so as to have its sensing point 5 
mm upstream of the supporting thin stainless L pipe 
of 1 mm outer diameter. This probe was inserted into 
the flow through the top wall at the fully-developed 
flow section, as shown in Fig. l(a), and traversed in 
the cross section to measure a time-averaged tem- 
perature field T, there. The experiment was performed 
mainly at a Rayleigh number of about 3.4 x lo5 and 
for Reynolds numbers not greater than 500. The tem- 
perature of the side walls was changed in between 
those of the top and bottom walls. The Gr/Re2 ratio, 
which is to govern the characteristics of a combined 
free and forced duct flow, was above 2 and therefore 
free convection was dominant. 

2.2. Analysis offluctuating temperature 

The time-averaged temperature and temperature 
fluctuation intensity were obtained by calculating 
30000 data sampled at 12 equi-spaced spanwise 
positions in the horizontal planes at y/b = 0.25, 0.50 
and 0.75, using a microcomputer. Also, the power 
spectrum of temperature fluctuation was obtained 
by analyzing the output of the thermocouple of 50 
,um diameter using an FFT analyzer. The response 
time of the thermocouple was about 0.13 s. 

2.3. Liapunov exponents 

The Liapunov exponents represent the time-devel- 
opment of the displacement vector between two very 
adjacent points in the phase space. The exponents can 
be calculated by the method proposed by Sano and 
Sawada [ 121, using the time series of fluid temperature 
observed at a certain point, as follows : 

Using a time series (T,)j = T&AZ) (j = 1,2,. , M), 
where M is the number of observations and AZ is 
the time interval of sampling, an attractor can be 
reconstructed in a &-dimensional phase space by 
forming the vectors 

(pr)j = [(T,)j, (Tr)j+,$. . .) (Tf),+(d,- ~)nla 

where rde, = nAr is the delay time, with the integer n 
chosen appropriately. In this study zde, is chosen as 
the lag time at which the autocorrelation function of 
the time series falls to nearly zero. 

Next, let us consider a small ball of radius E, cen- 
tered at a particular orbital point (Fr)j, and find any 
set of N points (Tf)k, $rcluded in this ball to make the 
displacement vector <’ = (p,-),, - (pr), (i = 1, . , N). 
After time interval r,+_, the p will evolve to ti as 
shown in Fig. 2. If E, is small enough, the dynamical 
development may be linearly approximated by a 
matrix, A(z,,,), as 

A&) is approximately obtained by using the dis- 
placement vectors F and p [12]. Then, the Liapunov 
exponent 2, can be computed as 

&. = ((l/&)]ln IIA(~d,v)~LII1) CL = 1,. . ,d,) 



in the 

where (. .) is the ensemble average over similar devel- 
opments of many successive phase points along the 
trajectory of (pr},, Z! is the eigea vector of unit length, 
and ii.. /j indicates the norm of a vector. 

A set of Liapunov exponents arranged in decreasing 
order is called a Liapunov spectrum. When one or 
more positive exponents are obtained, the flow may 
be characterized as chaotic with the magnitude of the 

exponents indicating the time scale for predictability. 

The program in this study was tested on the .\-- 
component of the well-known Loscnz model with par- 
ameters R = 40, CJ = 16. h = 4 [ 12, 131. The inte- 
gration was performed using the fourth-order Runge-- 
Kutta method by taking the time step as 0.01, the 
delay time ‘E~,~, as 0. I3 which is the sitme as that of 
&no and Sawada flZj, the radius of small bail as 
0.0 15 < c,! L Q 0.03 (f, is the horizontal extent of the 
attractor)_ the number of points ni contained within 
the small bafl as tiIm < N < 10 and the evolution time 
as 0.05 ,< 7&e, < 0.1. The error bars were calculated 
from several runs with different parameters E,, N. 
q,_ within the above mentioned ranges of values. A 
reasonable Liapunov spectrum of the Lorenz model 
was found from 65536 data paints by the present 
program. In the case of three-dimensional phase 
space, the results are shown in Table 1 and compared 
with the result of the time-delay method by Sane and 
Sawada [12] and the numerical resuit of Shimada and 
~agasb~~a [13J. In this case, our positive and zero 
exponfnis A,,& are m good aqecment with these 8.. 
resutts 122, l3]_ 

In anaiyzing the observed time series oif fluid tcm- 
perature including 65 536 data points, the deve~opinp 
time was 5Ahz g ~~~~ < lOA for time step hz -- 
0.007X12 s. ‘Typically, 7dC, was about 0.7 s. When the 
extent of the phase space was normalized as unity, the 
radius of $1 small ball was 0.03 < i:, < 0.05. and 

the number of the phase points included in it wan 
IO < ;Y S. 20. A lungsten cold wire of 5 jlrn di;lmetcr 
was used as a sensor of air tcmpct-aluri: in this expcr- 
imenf, 

WC examined the mass transfer rate on the bottom 
wait in both cases of steady and unsteady flows using 
the naphtbaiene sublimation technique, which 1 rcats 

the inverse phenomenon to deposition in a thermal 
CVD rc~tor. The mass transfer experiment was per- 
formed In thu c’ully developed region in Duct. B. A 
naphthalene plate, 3 mm thick, 44 mm wide and if4 
mm long. was pasted in the aluminum tray shown in 
Fig. lid) using double-sided tape, and this tray was 
embedded on the bottom wafI made of 8 mm thick 
copper 750 mm do\~nstr~m from the inlet. The trragi 
was &ted by two heaters jnde~end~nt~~~ and the 
na~?h~~a~ene sLzfdc3.2 tern~era~~r~ was kept const;ml 
at 338 2 I K. fr-i order to protect deformation of the 
naphthaiene plate, the naphthalene surfacu tcm- 
perature was kept IO K lower than that of the bottom 
wall. The &apes of the naphthalene surface, before 
and after the surface was exposed in the air BOUJ for 

40 min. were measured by a surface-shape measuring 
machine to give an amount of sublimation dis- 
tribution S(.r, z). Using the 5 and the subli~t~o~~ time. 
WC calculated the tocal time-averaged Sherwood num- 
bcr d~st~but~on fl4j. The accuracy of this technique 
was checked on the laminar bo~~ndar~ layer flow along 
an unheat.ed Rat plate, somewhat behind the Leadinp 
edge at which the sub~~mai~o~ occurs, and WC con- 
firmed that the experimental Sherwood number distri- 
bution was in good agreement with the theoretical one 
/IS1 within 3%. 

3. EXPERIMENTAL RESULTS AND 

DISCUSSIONS 

The experiment revealed that at Reynolds numbers 
ranging from 140 ro 500. steady or unsteady longi- 

‘Table I _ Liapunov spectrum estimated for the Lorenz model 

Numerical calculation 

Embedding Embedding Shitnada and 
This result Sane and Sawada [ 121 Nagashima [ 131 

~.---.-,----- .-. __-~--__ 
r, i 1.37-1-0.15 t.37+W% I .37 

,Tz 0.0-j:0.1 - 0.02 f 0.09 0.00 

i; -_ ts*it - 15.2*2.1 -22.37 
__-_ -~-~- -.... --- . 
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tudinal rolls were always observed, while at Reynolds 
number 140 or below, no specific vortices appeared 
and the flow was unsteady with a relative temperature 
fluctuation intensity of about S-7%. Then, we present 
the results mainly at three Reynolds numbers which 
showed different flow patterns. Figure 3 shows the 
relations between the side-wall temperature profile 
and flow pattern for Re = 500,220 and 90 [ 10, 11,16 
181. A certain vertical structure in the flow may be 
judged to exist from the time-averaged fluid tem- 
perature distributions for various side-wall tem- 
perature profiles as shown in Fig. 4. Taking the non- 
dimensional upper-half side-wall temperature O,,, in 
ordinate and the lower-half side-wall temperature O,,, 
in abscissa, we classify the experimental results for 
Re = 500 in Fig. 3(a), for Re = 220 in Fig. 3(b) and 
for Re = 90 in Fig. 3(c). White marks in Fig. 3 show 
the data obtained by this experiment using Duct A in 
Fig. l(a) and black ones those obtained by the pre- 
vious work 1161. 

For Re = 500, there are two distinct regions in the 
(OS,,,@,,,) plane as is seen in Fig. 3(a). One is a 
spacious region II with a pair of vortices with upward 
flow along the side walls, shown by mark a, and 
the other is region IV with a pair of vortices with 
downward flow along the side walls, shown by mark 
v. Then it is clear that the vertical structure is 
changed by changing the side-wall temperature 
profile, the time-averaged fluid temperature dis- 
tribution is never horizontally uniform, and two stable 
symmetric longitudinal rolls are always generated. 

For Re = 220, new regions I and III with almost 
steady and unsteady flow, respectively, appear as is 
seen in Fig. 3(b). In regions I and II we have a pair 
of vortices with upward flow along the side walls, 
shown by mark n and A. In region I, the relative 
temperature fluctuation intensity (J(P)/Tr; J(P) is 
the root mean square of temperature fluctuation, and 
T, is the local time-averaged fluid temperature) is 
below 0.6% and the horizontal fluid temperature dis- 
tribution agrees with the numerical results obtained 
by solving the steady momentum and heat-transfer 
equations with the Boussinesq approximation [16- 
181. However, in region II, the relative temperature 
fluctuation intensity is about l-2.5% and the steady- 
state approach described above fails to yield a 
solution. In region III, shown by mark 0 and +, 
even though two pairs of vortices were observed, they 
changed both their shape and position with time 
mainly horizontally, and the time-averaged tem- 
perature distribution in a horizontal plane was 
observed to be fairly flat. The relative temperature 
fluctuation intensity in this case is about 3% and 
almost uniform in the horizontal direction. In region 
IV, shown by mark V and v, a pair of vortices 
appeared with downward flow along the side walls, 
which rotate in the direction opposite to that in region 
1. The relative temperature fluctuation intensity is 
about 1%. 

For Re = 90, as is seen in Fig. 3(c), unsteady flows 

(4 

Re=500 (Gr/Re2 + 2) 

1.0 ( , , , , , , , , 

Exp. : One pair A 
lUpword flow dong the side -wollst A 

Re=220 (Gr/Re2 +lO) 

. . . : ~rmouswork Ml 

VOA : present work 

Re=90 (Gr/Re2 +59) 

FIG. 3. Relation between the side-wall temperature and flow 
pattern for Reynolds number (a) 500 (GrjRe’ + 2), (b) 220 

(Gr/Re* + 10) and (c) 90 (Gr/Re* i 59), respectively. 

are always produced for all side-wall temperature pro- 
files, but the time-averaged fluid temperatures do not 
have a very flat distribution in the spanwise direction, 
especially near the bottom wall. The relative fluc- 
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0. 

Exp.: 

q y/b = 0.25 
0 Y/b = 0.50 
A y/b = 0.75 

Re=220, Region IV 

Re= 90 

1 

b 
FIG. h-Continued 

In order to investigate the Rayleigh number depen- 
dence of generation of an unsteady flow for a given 
Reynolds number such as Re = 220, we performed 
the experiment at a Rayleigh number of about 
1.7 x 10’ and Re = 220. The result shows that the 
decrease of Rayleigh number results in a slight upward 
movement of the unsteady flow region on the map of 
Fig. 3(b), so that the unsteady flow region is little 
influenced by the change of Rayleigh number of this 
degree. 

We also performed the experiment at a Rayleigh 
number of about 3.4 x lo5 for Reynolds number rang- 
ing from 2400 to 12000, which is in the fully- 
developed turbulent region. In this case, the time- 
averaged horizontal temperature distributions and the 
time-averaged flow patterns could change depending 
on Reynolds number and the side-wall temperature 
profile [19], but the longitudinal rolls observed by 
time-averaging was so stationary that no horizontally 
uniform temperature was achieved by any means. 

3.2. Time-averagedjuid temperature distribution and 

flow visualization 

Figure 4 shows the non-dimensional time-averaged 
fluid temperature distributions in a half cross-section 

of the duct and the corresponding instantaneous tlow 
visualization photos for Re = 220 and 90. 

For Re = 220 and in region I, the temperature dis- 

tribution in a horizontal plane at the middle height of 
the duct is shown in Fig. 4(a-1). White circles indicate 
experimental points, and black ones the numerical 
results mentioned before [1618]. The temperature is 
high near the side walls and low in the middle of the 
duct, so that it is considered that a pair of vortices 
with upward flow along the side walls have been pro- 
duced in the duct. This is justified by a good agreement 
between the experiment and the numerical result. This 
flow pattern is also confirmed by the instantaneous 
flow visualization photo shown in Fig. 4(a-1). For 
Re = 220 and in region II, the experimentally 
observed temperature at the middle height of the duct 
shown in Fig. 4(a-2) by mark 0 is high near the side 

walls and is low in the middle, but any corresponding 
convergent numerical solutions were not found in this 
region [16]. This means that the flow can no longer 
be exactly steady. This flow pattern, more or less with 
a pair of vortices, is also confirmed by the photo 
shown in Fig. 4(a-2), but the circulation is not so clear 
as that of region I shown in Fig. 4(a-l), probably 
because of strong fluctuation. For Re = 220 and in 
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region 111. the time-averaged experimental tcm- 
pcrature distributions are shown in Fig. 4(a-3) by 
mark 0 al ~lh _ 0.25. 0 at j,!h = 0.50 and n at 
~,‘h = 0.75, respectively. The three distributions arc 
.litirly uniform in each horizontal plane. From the 

photo shown in Fig. 4(a-3), two pairs of longitudinal 
\,ortices were observed to unsteadily move and change 
their shape with time. For Rr = 220 and in region IV. 
the temperature distributions in a horizontal plane at 
the middle height of the duct are shown in Fig. 4(a- 

4). White circles are experimental points, while black 
circles are the numerical results [l&18]. The tcm- 
perature IS low near the side walls and high in the 
middle part. so that a pair of vortices with downward 

Row along the side walls have been produced. But the 
agreement of both experimental and numerical results 
is not so good as in region 1 of Fig. 4(a-I). This is also 
understood to be due to the nonlinear Row insrability 
(as detected in the power spectrum to be described in 

Section 3.3) and then this flow is not really steady. 
For Rc = 90. the flow becomes very unsteady and 

Fig. 4(b) shows the time-averaged experimental tcm- 
pcrature distributions at three horizontal planes. The 
three distributions are not very flat. From the photo 
shown in Fig. 4(b), no specific vortices can be 
seen. Therefore, for Reynolds numbers below 140 
(Gv/Re’ > 24) in this experiment, it may be reasonable 
to consider that the transverse rolls were generated in 
addition to the longitudinal rolls and made the flow 
unsteady regardless of the side-wall temperature 
profile, in the same way as Chin and Roscnberger [6] 
suggested. 

In order to understand the temperature fluctuation 
in more detail, the power spectrum of fluid tem- 
perature was studied. Figure 5 shows the power spcc- 
trum measured by a thermocouple of SO ltrn diameter 
at the position of !,ih = 0.5 and z/h = 0.3. The results 
are shown for Re = 500 in Figs. 5(a-1) and (a-2), for 

Rr = 220 in Figs. 5(b-I)--(b-4) and for Rr = 90 in Fig. 

5(c), respectively. 
For Re = 500 and in region II, the spectrum has 

many peak frequencies as shown in Fig. 5(a-I), but 
the spacing of each peak does not show any specific 
rule. But in region IV, the spectrum in Fig. 5(a-2) 
has many peak frequencies, which are broadened but 

expressed as linear combinations of two basic fre- 
quencies. f’, = 0.05625 Hz and,/? = 0.02500 Hz. This 
indicates that the time-dependent process in this 
unsteady Row is strongly nonlinear and no less than 
quasi-periodic. 

For Re = 220 and in region I. the relative tcm- 
perature fluctuation intensity is less than 0.6% and 
the spectrum in Fig. 5(b-1) does not have any charac- 

teristic frequency, showing an almost steady state. 
In region II, the intensity is about l-2.5% and the 
spectrum in Fig. 5(b-2) has many peak frequencies. 
but the spacing of each peak does not show any spe- 
cific rule. In region III. the spectrum in Fig. 5(b-3) 

has many peak t’requcncies. broadened but expressed 
as linear combinations of two basic frequencies. f’, =: 
0.13750 Hz and ,fi = 0.01875 Hz. The intensity is 
about 3”~~ and almost uniform in the horizontal dircc- 
lion. In region IV, the spectrum in Fig. 5(b-4) is :tbout 
the same except for,/, = 0.05625 Hz and f- = 0.02500 
Hz. The intensity is about 1”O. 

For Kr = 90. the spectrum in Pig. S(c) has simiiarl!, 
two basic frequencies, ,/, = 0.0X7.50 Hz and /! = 
0.03125 Hz. The intensity is about S’!;, and almost 
uniform in the spanwise direction. 

From the above investigation, it IS natural to think 
that some of these unstead? flows may bc chaotic. 

This can bc made sure by looking at the L~ap~~nov 
spectra from the time series of Ruid temperature in 
such ROM \. 

The Liapunov spectrum was calculated from the 
temperature time-series at the position of ~,,‘h = 0.5 
and z/h = 0.3. Some representative Liapunov spectra 
are shown in Table 2. 

For Rc = 220 and in region 1, the Liapunov spcc- 
trum is [3 k 2, -- 5 + 2, - 20 i_ 71 for d,,,,, == 3 and [3 f 2. 

- 3 + 2. - 9 rf 3. -2X + 71 for (I,,, = 4. In this flow the 
fluctuation intensity is below 0.6% and only a slight 

positive exponent appears. Then. we may judge that 
this flow is hardly chaotic. On the contrary. in the 
case of an unsteady Row for Rc = 220 and in region 
III. we have [21*5. 9_t3, ~-13+X] for ct,, = 3 and 
[20+5, 1214. -415, -18f8] for&, = 4.Twopos~ 
tivc exponents appear here. so that this flow is con- 
sidered as strongly chaotic. Fol- Rr I= 90 of an 
unsteady flow with the fluctuation of about 5%. 1%~ 
have[1If3,3_t2.-lI+7]and[1Orfri,3~2,--4t_3. 
- I7 _t_ 71. This flow is also considered as chaotic. 

Although the unsteady flows for Re = 220 in region 
III and for Re = 90 are both chaotic, their flow fea- 
tures seem to be considerably different from each 
other. as was discussed in Section 3.2. It would be 
instructive in future to clarify the meaning of the 
difference between the magnitudes of the maximum 
Liapunov exponents in both cases by a more precise 
method. such as a direct numerical simulation in 
which the evolutional Fourier spectrograph of the 
entire flow field is fully used for observing a chaos 
with many degrees of freedom [X. 91. 

Figure 6 shows the local time-averaged Sherwood 
number distributions on the bottom wall for Re = 220 
in both cases of steady and unsteady flows. The span- 
wise distributions at the central part of naphthalene 
(50 mm downstream from the leading edge of the 
aluminum tray) are shown in Fig. 6(a) and the stream- 
wise distributions along the ccntcr line of the duct 
are in Fig. 6(b). In Fig. 6, marks V and 0 indicate 
the results [or the side-wall temperature conditions 
of O,,.,, = O,,, = 0.00 and O,,,, = 0.3 1. O,,, = 0.15. 

respectively. Figure 6(a) shows that in the former cast. 
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FIG. 5. Power spectrum. (a-1) Re = 500 (O,,, = 0.88, O,,, = 0.93 in region II) ; (a-2) Re = 500 (O,,, = 0.00, 
O,, = 0.00 in region IV); (b-l) Re = 220 (O,,, = 0.90, O,.,,, = 0.93 in region I); (b-2) Re = 220 
(O,,, = 0.56, O,,, = 0.61 in region II) ; (b-3) Re = 220 (O,,, = 0.22, O,,, = 0.67 in region III) ; (b-4) 

Re = 220 (O,, = 0.00, a,,, = 0.00 in region XV). (c) Re = 90 (O,, = . 
0.00, O,, = 0.00 m regon III). 
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Table 2. Liapunov spectrum 

Region I 
d,,, = 3 [3+2. -5+2. m-20+7] 

Re= 220 (I,,, = 4[3*2, -3k2, -9i3, -2X17] 
o',,,= 3[31,5.9)3. ~ 13_+XJ 

Region II1 (I,,, = 4 [2Oi5. 12+4. -4i_5. -1x+X] 

Re = 90 Region III 
&,=3[11*3.3*>. plli7] 
(/“, = 4 [10*X 3+2, -~4*3. 17+71 

i.e. when a pair of stable longitudinal rolls exist in the 

duct, the spanwise time-averaged Sherwood number 
distribution is not uniform. The distribution takes 
the minimum value at the middle of the bottom and 
increases towards the side walls where the large con- 

centration gradient is caused by the downward scc- 
ondary flow along the side walls. But the streamwise 
distribution as shown in Fig. 6(b) by mark v becomes 
almost uniform except for the region that is less than 

about 20 mm (0.5 De) distant from the leading edge 
of the naphthalene plate. In contrast, for the case of 
unsteady flow in region III of Fig. 3(b), which gives 

rise to a time-averaged spanwise uniform temperature 
distribution, the spanwise Sherwood number dis- 
tribution is fairly uniform as shown by mark 0 in 

V: Steady Re=220 in region IV 

0 = 0.00, 0,, SW = 0.00 

0: Unsteady Re=220 in region 111 

0swu = 0.31, 0,, = 0.15 

(a) 

lb) o- 

5- 

0- 

zlb 

z/b=l.O 

50 100 

x’(mm) 

FIG. 6. Time-averaged Sherwood number distribution on 
the bottom wall for Re = 220. (a) Spanwise distribution. (b) 

Streamwise distribution. 

Fig. 6(a), and the streamwise distribution in this case 
is also almost flat except for the above-described 
region. This means that a chaotic flow with some 
mixing effect produces a spaciously uniform timc- 
averaged Sherwood number distribution in the naph- 
thalene surface. Such uniform distributions as shown 
in Figs. 6(a) and (b) are also obtained for all other 
side-wall temperature conditions in the same region 
III of Fig. 3(b) such as O,,, = 0.17, O,,, = 0.54. FOI 

Re = 90, however, the time-averaged Sherwood num- 
ber distribution on the bottom wall has a non-flat 
distribution in the spanwise direction, as expected 
from the thermal feature of Fig. 4(b). 

Thus. we may expect to obtain the uniform growth 
of a thin semiconductor layer in a horizontal thermal 
CVD reactor, only by properly setting the side-wall 
temperature profile so as to make a chaotic flow which 
seems to have a favorable mixing effect. 

4. CONCLUSION 

We have performed an experimental research con- 
cerning the effects of the side-wall temperature profile 
to the flow in the fully-developed region of a hori- 
zontal rectangular duct of aspect ratio 2 heated from 
below, and revealed the condition on which the hori- 
zontally uniform time-averaged fluid temperature and 
mass transfer rate on the duct bottom wall are 
produced. The experiments were performed for Reyn- 
olds numbers ranging from zero to 500 and a Rayleigh 
number of about 3.4 x 10’ and with various side-wall 
temperature profiles in between the top and the bot- 
tom wall temperature. 

The conclusions obtained are as follows. 

(1) By the flow visualization, the stable and 
unstable longitudinal rolls occur for Reynolds num- 
ber ranging from 140 to 500 ; while only an unsteady 
flow is always found for Reynolds number below 140 

but no specific vortices appeared. 
(2) For Reynolds number 500, a pair of steady 

longitudinal rolls always exist in the duct. When the 
side wall temperature is high, the secondary flow is 
upward along the side walls. But when the side wall 
temperature is low, the longitudinal rolls rotate 
oppositely. At this Reynolds number, the fluid tem- 
perature is never uniform horizontally. 

(3) For Reynolds number 220, three typical flow 
patterns depending on the temperature profile of the 
side walls appear, one is an unsteady flow with a time- 
averaged uniform temperature, the second is a flow 
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with a pair of longitudinal rolls and the other is a flow 
with similar rolls but with the opposite circulation. In 
the case of an unsteady flow, the temperature fluc- 
tuation intensity is about 3% and the power spectrum 
has many peak frequencies expressed as linear com- 
binations of two basic frequencies. Furthermore, the 
time-averaged local mass transfer rate on the bottom 
wall becomes almost uniform in both the spanwise 
and the streamwise direction and this flow is favorable 
for thermal CVD reactors. 

(4) For Reynolds number below 140, an unsteady 
flow is always found and no specific vortices are 
observed by the flow visualization. The time-averaged 
temperature on horizontal planes has a non-flat dis- 
tribution and the temperature fluctuation intensity 
is about 5%. The power spectrum has many peak 
frequencies expressed as linear combinations of two 
basic frequencies. 

(5) Unsteady flows for Reynolds number 220 and 
140 were found to be chaotic by calculating a set 
of Liapunov exponents from the time series of fluid 
temperature. 
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