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Abstract—The flow and heat transfer of helium in a horizontal channel of height H and length L with a
heated bottom surface and a cooled top surface are studied. Numerical solutions of the transient, two-
dimensional Navier-Stokes and energy equations reveal that for conditions of interest in chemical vapor
deposition (CVD), a thermal instability in the fluid (the Rayleigh-Benard instability), produced by the
temperature difference between the horizontal surfaces of the channel, can result in traveling, transverse
waves. The results show the effects of these waves on the flow and the heat transfer over a range of Reynolds
numbers, Re = iiH/v, (10~' < Re < 10%), Grashof numbers, Gr = geH?/v? (2.5x 10’ < Gr < 6.0 x 10%),
aspect ratios, L/H (4 < L/H < 50), for two temperature ratios, ¢ = (T,— T,)/T,, 0.0333 and 2.333, cor-
responding to constant and variable property flow, respectively. The existence of transverse, traveling
waves is shown to enhance the heat transfer from 50 to more than 300% over the condition without
traveling waves. The important effect of the aspect ratio on the results is also emphasized.

INTRODUCTION

CHEMICAL vapor deposition (CVD) is an important
process for fabricating micro-electronic components.
Although widely used, the CVD process is not very
well understood and, as a result, reactor design is often
based on empirical methods. In the CVD process, a
mixture of reacting and inert gases, e.g. silane and
helium, flows over a heated substrate. As the heat is
transferred from the substrate by convection and by
diffusion, the active gas pyrolyzes to form species that
are reactive on the substrate. Reactant gases are trans-
ported to the heated substrate where surface reactions
produce a solid deposit (e.g. silicon). A volatile pro-
duct is released into the flowing gas and carried out of
the reaction chamber. Many reactor geometries are
used in CVD, and a horizontal channel flow CVD
reactor is shown in Fig. 1.

Some of the important quantities of interest in the
fabrication of semiconductors with CVD are the rate
of the deposition, the uniformity of the deposition,
and the sharpness of the interfaces between adjacent

Fic. 1. Example of a horizontal channel CVD reactor.
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layers. Several of the parameters which can be con-
trolled are the reactor geometry, the flow rates of the
gases through the reactor, the flow rate distributions
at the inlet of the reactor, the thermal boundary con-
ditions on the surfaces of the reactor, the temperature
of the substrate, and the composition of the reactant
gas mixture.

Fluid flow and convective heat transfer play import-
ant roles in the CVD process as noted by Jensen [1],
Giling [2], Coltrin et al. [3] and Ostrach [4]. The
transport processes give rise to boundary layers that
often lead to non-uniform deposition on the heated
substrate and, depending upon the orientation and
temperature of the reactor surfaces, buoyancy effects
can be significant. As a result, thin, highly uniform
deposits which also have sharp interfaces can be
difficult to obtain.

In general, the prediction of deposition rates and
distributions in a CVD reactor requires the solution
of the three-dimensional, time-dependent equations
for the conservation of mass, momentum, and energy
in the reactor geometry of interest. Furthermore, a
chemical reaction mechanism is required to describe
both the gas phase and the surface chemistry. Bound-
ary conditions as well as constitutive relationships for
shear stress, heat flux and mass diffusion flux are also
required. The complete solution of CVD problems is
not feasible at present due to limitations of computer
hardware and software. However, for some condi-



896 G. Evans and R. GREIF

¢ specific heat
D substantial derivative
Gr  Grashof number, geH?/v?2

g acceleration of gravity
H channel height
k thermal conductivity

L channel length

local Nusselt numbers on bottom and top
surfaces, g¥ H/(k,(T,— T,)) =
—k(90/0y));= 0.

mb,, average Nusselt numbers on bottom and
top surfaces, g¥ H/(k(T,—T,)) =
H|LZy,  Nuy,

n unit gravitational vector

Pr Prandtl number, v,/«, = 2/3 for helium

p pressure

p pressure due to motion in momentum
equations

QF, total dimensional heat flow rate from
bottom and top surfaces, X, g8 Ax

q¥.  dimensional local heat flux at bottom and
top surfaces, —k*(0T/8y*)|,ew 0,

g¥,  dimensional average heat flux at bottom
and top surfaces, QF,/L

Rz Rayleigh number, geH*/(v,,) = Gr Pr

Re Reynolds number, aH/v,

T temperature

t time

u horizontal velocity

7] average dimensional horizontal velocity

at inlet of channel

NOMENCLATURE

Uy, dimensional speed of thermal waves,
#(/(Gr)/Re) (A/7)

v vertical velocity

w channel width

x horizontal coordinate

Ax  grid spacing in x-direction

y vertical coordinate.

Greek symbols
o thermal diffusivity
B dimensional coefficient of thermal

expansion, 1/T,

Kronecker delta

£ temperature ratio, (7,— 7,)/T,

(] dimensionless temperature,

(T"‘ To)/(Ts_ To)

wavelength of transverse traveling waves
dynamic viscosity

kinematic viscosity

density

period of transverse traveling waves.

4B TR N~

Subscripts and superscripts
o dimensional quantities evaluated at
temperature T, and to conditions at
cold surface of channel (y = 1)

s conditions at hot surface of channel
(y=0)
* dimensional quantity.

tions and reactor geometries, CVD problems can be
simplified to one-dimensional or partial two-dimen-
sional (boundary layer approximation) problems, and
several investigations of this type have been made
[3, 5, 6].

For completeness it is pointed out that some three-
dimensional aspects of CVD have recently been
studied [7]. Moffat and Jensen [8, 9] solved the steady-
state, parabolized heat, momentum and mass-transfer
equations for variable property, mixed convection
in a horizontal channel. They included finite rate
chemistry in the dilute reactant formulation which is
discussed below.

In many CVD problems the fluid mechanics and
heat transfer can be separated from the chemistry and
species transport. The reactants often appear as trace
species in an inert carrier gas; consequently pre-
dictions of the flow field and the heat transfer can
be made by solving multidimensional conservation
equations for a single species. Furthermore, the
deposition is often limited by convection and diffusion
processes in the gas phase [10, 11], and for those situ-
ations in which the analogy between heat and mass

transfer is valid, the uniformity and magnitude of the
deposit can be obtained directly from the solution of
the energy equation for the carrier gas. If the analogy
cannot be made, e.g. due to different boundary con-
ditions for species and temperature, thermal diffusion
effects, etc., then the species equations must be solved
to obtain the deposition rates.

The gas flow in CVD reactors is characterized by
small Mach and Reynolds numbers. The density and
other properties undergo significant changes due to
the large temperature differences and the Boussinesq
approximation (density constant everywhere except
in the body force term) is not valid. Although the gas
flow in many CVD reactors is often assumed to be
steady, transient instabilities may be induced by
thermal or by other effects.

THE HORIZONTAL CHANNEL FLOW
REACTOR

An idealized horizontal channel flow reactor is
shown in Fig. 2. The channel height, H, is usually a few



A study of traveling wave instabilities in a horizontal channel flow 897

FiG. 2. Horizontal channel geometry and coordinate system.
The analysis is for the two-dimensional geometry.

centimeters, the channel length, L, is approximately
1 m, and the width, W, is approximately 10 cm.
Although not shown in Fig. 2, an unheated entrance
length may be present to allow for hydrodynamic
development of the flow. A heated substrate, T, =~
1000-1300 K, which is several centimeters to several
tens of centimeters in length, forms the lower surface
of the channel. The carrier gas is usually hydrogen or
an inert gas such as helium, argon, or nitrogen. At the
channel inlet, the average flow velocity, 4, is typically
a few centimeters per second.

The Reynolds number of these flows, based on the
height of the channel and the average velocity,
Re = aH|v,, varies from 1 to 1600 (typically around
20). The Grashof number, based on the channel height
and the temperature difference between the lower and
upper surfaces of the channel, Gr = geH®/vZ, with the
properties evaluated at the reference temperature, T,,
varies from 50 to 1.0 x 107 with a typical value being
10°. Research in convective heat transfer (referred to
in the next section) has shown that the flow in a
horizontal channel can have a varied structure
depending primarily on the relative effects of inertia
and buoyancy which appear in the ratio : Re*/Gr. For
values of Re?/Gr that are typical in CVD (1073-10"1),
buoyancy effects on the flow field and on the con-
vective heat transfer are expected to be very import-
ant. Secondary flow instabilities can occur ranging
from transverse, traveling waves that are oriented at
right angles to the main flow to steady, longitudinal
rolls that are aligned with the main flow. In both cases
the heat transfer rate from the substrate to the gas
is increased significantly (when the instability is
present), and hence the deposition rate would also be
increased. However, in the former case the instability
sweeps through the channel at a rate that is related to
the value of Re?/Gr whereas in the latter the instability
remains stationary. Thus, these instabilities would be
expected to produce dramatically different effects on
the uniformity and thickness of the deposited
material. Although transient instabilities have been
mentioned in several studies on CVD [12, 13] the most
recent models of the flow in a horizontal channel
typical of CVD conditions [8,9, 14], have been re-
stricted to steady flow and have resulted in steady,
longitudinal rolls.

HMT 32/5-H

Summary of related research

Laminar flows in horizontal channels that are
heated from below have been studied both exper-
imentally and analytically with most of the emphasis
being placed on the condition where the buoyant
forces are small compared to the inertial forces (large
values of Re*/Gr), e.g. Mori and Uchida [15], Akiyama
et al. [16], Kamotani and Ostrach [17], Incropera and
Schutt [18]; however, a few studies have considered
Re?/Gr < 0.1 [19, 20]. To date, most of the exper-
imental results are for small temperature differences
only and almost all of the analytical and numerical
studies have used the Boussinesq approximation. An
exception to this is the numerical study of Moffat and
Jensen [8] in which the steady, parabolized Navier—
Stokes equations for variable properties were solved
for mixed convection in a horizontal channel.

For Re?/Gr = 0, there is no imposed flow through
the channel and provided the Rayleigh number is
greater than the critical value, convection rolls will
occur. For a rectangular box with no imposed flow,
Davis [21] in a theoretical study and Stork and Miiller
[22] in an experimental study showed that the thermal
instability associated with heating on the lower
surface is manifested in the form of rolls with axes
aligned parallel with the short dimension of the box.
In typical CVD channel geometries (cf. Fig. 1), the
short side of the channel is perpendicular to the direc-
tion of the flow.

The studies concerned with small Re*/Gr (<0.1)
can be divided into two groups: Couette flow and
Poiseuille flow in horizontal channels heated from
below. Chandra [23] carried out a Couette flow exper-
iment in a duct where the upper cooled plate was
moved relative to the lower stationary heated plate.
He found that transverse waves appeared for small
shear rates. For larger shear rates, these transverse
waves were replaced by longitudinal rolls. Similar
findings in Couette flow were later observed by Brunt
[24], who observed that as the shear rate was reduced
(as Re?/Gr was decreased from 0.66 to 0.35) the flow
pattern switched from longitudinal rolls to transverse
waves.

In an analysis of the linearized equations, Gage and
Reid [25] examined the three-dimensional stability of
a thermally stratified plane Poiseuille flow of infinite
horizontal extent. They found that for Rayleigh
numbers greater than the critical value of 1708 the
flow was unstable (Ra = geH 3/(v,a,) = Gr Pr, where
Pr is the Prandtl number ; Gage and Reid considered
only the Pr = 1 case). Depending on the values of Re
and Ra, the flow was unstable to disturbances varying
from transverse waves, the axes of which were per-
pendicular to the main flow direction, to longitudinal
rolls that were aligned with the main flow. Platten and
Legros [26] investigated analytically buoyant con-
vection in horizontal channel flows of finite lateral
extent. They determined the Ra—Re region in which
the flow field consists of traveling, transverse waves.
In an experimental study, Luijkx et al. [27]
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demonstrated the existence of traveling, transverse
waves in a channel with W/H = 5, that was heated
from below and cooled from above with a fully
developed Poiseuille velocity profile for the initial con-
dition. As the Reynolds number was increased, these
transverse waves eventually were replaced by longi-
tudinal rolls.

Recently, Chiu and Rosenberger [12] determined
experimentally the thermal entry lengths for the
onset of instability and the development of the
flow of nitrogen in a horizontal channel with an
inlet parabolic flow profile for 1368 < Ra < 8300,
15 < Re < 170, and W/H = 10. They observed steady
longitudinal rolls for Re*/Gr = 0.3; however, for
combinations of large Ra and small Re (Re*/Gr
~ 0.03), they noted that the longitudinal rolls were
unsteady and indicated that the effect was due to
a combination of transverse, traveling waves and
longitudinal rolls.

The previous studies have shown that, provided Ra
is above a critical value and Re is sufficiently small,
transverse traveling waves occur in a channel flow that
is heated from below. As Re?/Gr is increased much
greater than 0.1 (for Pr ~ 1), the transverse, traveling
waves are replaced by longitudinal rolls, as noted
above by Chandra [23] and Brunt [24] for Couette flow
and Luijkx et al. [27] for Poiseuille flow, although in
Luijkx et al. [27] the transition occurs at much smaller
values of Re?/Gr due to the effects of the large Prandtl
number (450) used in their study. For very large values
of Re?/Gr, the flow is dominated by forced convection.
It is emphasized that the values of Re?/Gr that are
typical for CVD are within the regime of transverse
traveling waves.

We have developed and applied a model using the
two-dimensional transient Navier-Stokes equations
to examine thermal instabilities in CVD reactors. We
have determined that transverse, traveling wave in-
stabilities can sweep periodically through a horizontal
channel reactor from inlet to outlet. These results are
new and, as noted above, may be very important for
the operation of CVD reactors.

GOVERNING EQUATIONS

The conservation equations for mass, momentum
and energy are the basic equations governing the
behavior of a fluid continuum. We assume that the
pressure in the system is large enough for the con-
tinuum equations to be valid. This is true for most
applications of CVD. However, at pressures of only
a few Torr, although the continuum assumption is
valid, the assumption that the fluid flow and the heat
transfer in the carrier gas are separable from the re-
acting species is no longer valid since the reacting
species now form a large fraction of the gas in the
system. Thus, the applicability of our present results
to CVD is limited to those situations in which the
carrier gas is the dominant species.

The geometry under consideration is shown in Fig.

2. The equations are made dimensionless with the
following scales: channel height H, characteristic
VeIOCity \/(yﬁ(Ts_ TO)H)’ time \/(H/(gﬂ(Ts'_ To)))’
pressure p,gp(T,— T,)H, and temperature difference
T,~T, with @ = (T-T,)/(T,—T,), where T, and T,
are the temperatures of the bottom and top surfaces
of the channel, respectively. The fluid properties are
made dimensionless with the values evaluated at the
temperature T, designated by the subscript ‘0’. We
again emphasize that the Boussinesq approximation
is not made.
The dimensionless equations for an ideal gas are

dp | o(py)
ot 0x; =0 (1)
a(pui) a _ 615 (p_ 1) — 12 a‘[ij
Py + %) (puju;) = — ax, e n;+Gr 3,
2
(p®) 0
a T a—xj(pu@) =
0 (k 0® k 00 oc
— 12 bl N bt -
Gr= " pr I:ax, (c,, 6x,-> + 2 ox; 6xj] L)
Ps
=2 4
P = h1-8)106 @
where
x = (x,2);
ow, Oy 2 Oy,
Ty = #(axj + -0_);::) - géijﬂb‘x—k,

£ = (Ts_' To)/To'

In equations (2) and (4) we have utilized the results
of a small Mach number expansion of the pressure
(28]. The leading order term in this expansion is only
a function of time which we have taken to be constant
for the open channel flow considered. The first term
on the right-hand side of equation (2) contains § which
is the next higher order term of the Mach number
expansion and is the dimensionless pressure due to
motion. The hydrostatic component of the pressure
and the body force are included in the second term on
the right-hand side of equation (2) where #; is the unit
gravitational vector. In energy equation (3), viscous
dissipation and compressibility effects associated with
Dp/D:¢ are ignored and the Prandtl number Pr is
defined as v,/a,. In equation (4) p, is the dimensionless
gas density, evaluated at the temperature of the heated
lower surface.

We restrict the analysis to the following conditions :
(1) the flow is two-dimensional, i.e. W — oo, and (2)
the axial velocity, u, is assumed to have a fully
developed parabolic profile initially and at the channel
entrance, x = 0. For small temperature differences
(e = 0.0333) a temperature profile that varies linearly
from the bottom to the top of the channel is applied
at the channel entrance whereas for large tempera-
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ture differences (¢ = 2.333) an adiabatic condition is
applied at x = 0 since a linear temperature profile is
not strictly valid in this case due to the effects of
variable properties. However, it is pointed out that
the results prove to be only slightly affected by the
choice of the thermal boundary condition at x = 0.
The initial temperature profile is assumed to vary
linearly from the bottom to the top throughout the
channel.

Specifically, the initial and boundary conditions
are:

att=20

u = 6(Re/Gr'')(y—y?), v=0, @=1-y,
forOKx<L/HO0<y<1; (5

fort>0

u = 6(Re/Gr'*)(y—y?), v=0,

00

®=1-y or —=0, forx=0, 0<yx<l1
0x

u ov 0O

‘a;=a=$=0, forx=L/H, 0<y<1

u=v=0, ©@=1,
u=v=0=0, forO0<x<L/H, y=1 (6)

forO<x<L/H, y=0

Note that the velocity scaling has been chosen to
analyze flows with small values of Re?/Gr. The five
parameters in the above equations and boundary con-
ditions are: Re, Gr, Pr, ¢, and L/H.

NUMERICAL SOLUTIONS

Solution method and determination of accuracy
Equations (1)-(4) with initial conditions (5) and
boundary conditions (6) are integrated over control
volumes and finite differences are used to discretize
the derivatives. A central difference formulation is
used for all spatial derivatives and a backward Euler
method is applied to the time derivatives. The solution
method is semi-implicit and is based on the TEACH
code [29]. The method is semi-implicit because the
solution algorithm consists of a sequential line relax-
ation procedure, which is repeated until convergence
criteria are satisfied. The momentum and energy equa-
tions are solved implicitly along lines that are normal
to the channel surfaces and the equation for pressure
is solved implicitly along lines both normal and par-
allel to the channel surfaces in an alternating fashion.
The SIMPLER method described by Patankar [30] is
used to determine the pressure field. Under-relaxation
factors of 0.9 and 0.8 are used in the solution of the
momentum and energy equations, respectively. There
is no under-relaxation of the pressure equation. At
each time step, in order to obtain an accurate transient
solution, the equations are iterated until the following
convergence criteria are achieved : at each grid point
and for each dependent variable, the relative change
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from one iteration to the next must be less than 1 part
in 10° and the absolute change must be less that 1 part
in 10%. Once these iteration criteria have been achieved
for all of the dependent variables, a check is then
made of the relative and absolute changes of all of the
dependent variables at all of the grid points from the
preceding time to the current time. If any variable at
any grid point changes by more than 10% between
time steps, the result is rejected, the current value of
the time step is halved and the computation is repeated
for the new current time. The residuals of the equa-
tions (absolute values summed over the grid and nor-
malized by the number of control volumes) are also
checked and typical values at convergence are between
10~* and 1073, Global energy and momentum bal-
ances are maintained to better than 1% at each time
step.

The sufficiency of these criteria has been checked.
As an example, for a case of Re = 30, Gr = 1.85 x 103,
L/H =8, ¢=2333, helium (Pr=2/3), negligible
changes in the local heat flux at the surfaces of the
channel occurred when the relative and the absolute
error tolerances were changed from 107° and 10~ to
10-¢ and 10~7, respectively. It has also been demon-
strated that the results are essentially independent of
the time step criterion.

The sensitivity of the results to the grid size and the
time step have also been obtained. As an example, for
the parameters described in the preceding paragraph,
an (x,y) grid of (81,21) points with an initial time
step of 0.2, which was subsequently reduced to 0.1,
was used. The change in the local surface heat flux
when the number of y grid points was doubled to 41
was between 2 and 3%. A similar change occurred
when the number of x grid points was increased from
81 to 121. No discernible differences in the local heat
flux occurred when the time step was decreased from
0.1 to 0.05.

Results for small temperature differences

In the limit of L/H — oo, with constant properties
and a temperature profile that varies linearly at x =0
from the lower hot surface to the upper cold surface,
the present formulation reduces to the problem
studied by Gage and Reid [25). Their stability diagram
is reproduced in Fig. 3 and is for Pr = 1. Curves of
neutral stability for wave or roll instabilities with axes
aligned at the designated angle to the z-axis (0.0°
corresponds to traveling, transverse waves, 90.0° cor-
responds to stationary, longitudinal rolls) are shown.
Note that the region above a given curve corresponds
to an unstable flow. The flow is unstable to longi-
tudinal roll instabilities provided that Ra > 1708,
independent of Re. However, in respect to traveling,
transverse waves (the axes of which are in the z-direc-
tion) the stability of the flow depends on both Ra and
Re, approaching Ra = 1708 for small values of Re.
According to Fig. 3, the flow is least stable to longi-
tudinal rolls (90°) for all values of Re. However,
Platten and Legros [26] and Luijkx ez al. [27] have
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FiG. 3. Three-dimensional stability curve from Gage and

Reid [25]. Curve labels correspond to orientation of

instability : 0.0° for transverse waves, 90.0° for longitudinal

rolls. Experimental data : @, Chiu and Rosenberger [12]; O,

Akiyama et al. [16]; (], Kamotani and Ostrach [17]; W,
Kamotani et al. [19].

shown that for a channel with side walls, there is a
critical value of Re below which the flow is least stable
to traveling, transverse waves. Experimental data for
convection in horizontal channels at small to mod-
erate values of Re*/Gr are also shown in Fig. 3. These
data are within the Boussinesq limit. It is noted that
Chiu and Rosenberger [12] obtained indirect evidence
of traveling, transverse waves and Kamotani et al.
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[19] observed flow patterns that penetrated upstream.

We have solved the transient two-dimensional
equations for flow in a horizontal channel with
L/H = 20 in the Boussinesq limit (¢ = 0.0333) for
Re = 0.1 and Pr = 2/3, starting with an unstable case
(Ra = 6666), and proceeding to smaller and smaller
values of Ra until there is no longer an instability. For
this small value of Re, which is actually off the left edge
of Fig. 3, the flow should be unstable to transverse
disturbances for all values of Ra that are slightly larger
than 1708 (the critical value of Ra in the absence of a
mean flow). Figure 4 shows the results for the local
surface Nusselt numbers and the temperature field for
several Ra. We note that the local Nusselt numbers
are shown over the total channel, L/H = 20, whereas
for clarity, the temperature field is only shown over
the upstream half of the channel, x < 10. The local
Nusselt numbers at the bottom and top surfaces of
the channel are defined as

@
oy ,V=0.l.

qb H

PR A il

M

Nu,, =

The results were obtained in a sequence of calcu-
lations, starting with initial conditions (5) and
Ra = 6666, and integrating equations (1)-(4) until the
time average of the spatially averaged Nusselt num-
bers (defined below) on the lower and upper surfaces
of the channel changed by less than 2%. We define
stationarity to be the condition when the spatially

Ra = 6666

10 =3 = = 3 = T, S
Y R
" 00 25 50 75 10.0
X
(b) Ra = 3333

FIGs. 4(a) and (b). Heat fluxes from lower hot surface (—-) and upper cold surface (——-) of the channel
and temperature fields in the upstream half of the channel for Re =0.1, L/H =20, &= 0.0333:
(a) Ra = 6666; (b) Ra = 3333.



A study of traveling wave instabilities in a horizontal channel flow

Nuy,
0.4
0.0 T — U
o] 5 10 156 20
X
1.00
0.756
Ny,
bt .50
0.25 4
0.00 T — —T
o] 6 10 16 20
X

901

= . . = = =3
T N e RN N NS =
=S NN
e e

00 25 50 75 10.0

(d) Ra=1666

FiGs. 4(c) and (d). Heat fluxes from lower hot surface (——) and upper cold surface (——-) of the channel
and temperature fields in the upstream half of the channel for Re=0.1, L/H =20, £¢=0.0333:
(c) Ra = 2000; (d) Ra = 1666.

averaged Nusselt numbers at the surfaces of the chan-
nel change by less than 2% over a time interval that
is large compared to the characteristic time of the
system. Because the transit time of the fluid through
the channel is extremely long for the conditions of
Fig. 4 (Re = 0.1), it is not possible to determine con-
clusively that the flow is stationary. However, we note
that the wave pattern shown in Fig. 4(a) is much
different from the initial conditions and is established
rapidly, and further integration in time does not result
in any noticeable changes. Once a result for a par-
ticular value of Ra was obtained, a new calculation
was begun by lowering Ra, and the results at the
previously higher value of Ra were used as the initial
conditions.

In Fig. 4(a) the channel is filled with transverse
waves with a dimensioniess wavelength A (defined to
be the x-distance from peak to peak of the traveling
waves) of slightly less than 2. In Fig. 4(b), Ra = 3333
and the heat flux is smaller; however, A remains
slightly less than 2. In Fig. 4(c), Ra = 2000 and the
heat flux is again smaller ; furthermore, the heat flux
is reduced significantly in the center of the channel
relative to the values both upstream and downstream.
Finally, in Fig. 4(d), Ra = 1666 and the waves have
disappeared. Note that the local Nusselt numbers are
defined in equation (7) to yield a value of unity when
a linear temperature gradient corresponding to heat
conduction in a fluid with constant thermal con-
ductivity exists between the horizontal surfaces. The
results shown in Figs. 4(c) and (d) serve to bracket

the onset of instability between the values of
Ra = 1666 and 2000. This is in agreement with the
value of Gage and Reid [25] which would be slightly
larger than 1708 for the present case of Re = 0.1.

Zero gradient boundary conditions (6) are used
often in the numerical computation of elliptic flows
with open flow boundaries; however, they are only
approximate conditions. As can be seen in Fig. 4,
there is a clear effect of these boundary conditions
within one wavelength of the exit of the channel. We
have examined the effects of these conditions on the
flow in the interior of the channel by comparing the
variations of the local Nusselt number for several
aspect ratios. The effects of the boundary conditions
at x = L on the flow in the interior should diminish
as the aspect ratio is increased. Calculations were
carried out for values of L/H varying from 10 to 30
for the parameters of Fig. 4(b) (Ra = 3333, Re = 0.1,
& =0.0333). Over this range of aspect ratios, the
amplitude and the wavelength of the local Nusselt
number oscillations did not change within the uncer-
tainty in the determination of these quantities which
was about 10—15%. These quantities were determined
by a simple measurement from Fig. 4(b) for L/H = 20
and from the corresponding figures (not shown) for
the other L/H values. We emphasize that the accuracy
of the calculations is much better than this uncer-
tainty ; specifically, as noted previously, the accuracy
is between 2 and 3%.

We also examined the instability at Re = 40 by first
calculating an unstable case (Ra = 10*) and then pro-
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ceeding to smaller Ra. According to Gage and Reid
the flow should be unstable to transverse traveling
waves for Ra > 4900. For Ra = 10* we obtained
transverse, traveling waves which occurred in the
downstream 60% of the channel for L/H = 40. This
is shown in Fig. 5. Figure 5(a) shows the average
Nusselt numbers for the hot and cold surfaces of the
channel. The average Nusselt numbers are defined by

Naws =B _ i1y N, ®)
’ ko(Ts'—To) bt !

Figure 5(b) shows the local Nusselt numbers on the
two channel surfaces at ¢ = 200. The instability con-
sisting of transverse, traveling waves does not appear
until x > 10. Note that the peak local heat flux in the
region x > 10 (which can be seen in Fig. 5(b)) is more
than three times larger than the value in the stable
region x < 10, where the heat transfer is by con-
duction alone. Thus, for heat transfer enhancement,
a tremendous advantage can be gained with a longer
channel.

A separate simulation for Ra = 10* with L/H = 15
(not shown) showed signs of instability which dis-
appeared at later time. Apparently, the aspect ratio
was not large enough for the instability to remain.
This might have been anticipated from Fig. 5(b) which
shows that waves do not exist for x/H < 10.

1.4
1.2 T T T T T
100 120 140 160 180 200 220 240

t
t= 200.00

4.0

3.0

Nug,

1.0
0.0 T T T
[¢] 10 20 30 40
X

F1G. 5. Nusselt numbers from lower hot surface (——) and

upper cold surface (——-) of the channel for Ra = 10%

Re =40, L/H = 40, ¢ = 0.0333: (a) average Nusselt num-
bers; (b) local Nusselt numbers.
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Starting from the unstable case of Fig. 5, Ra was
decreased to 6666 and the results for the average and
the local Nusselt numbers are shown in Figs. 6(a)
and (b). The instability is now confined to only the
downstream half of the channel. A further decrease
in Ra from 6666 to 5333 with L/H = 40 showed no
signs of instability. The results for Re = 40 emphasize
the effect of aspect ratio. As Ra is reduced for fixed Re
the instability moves downstream. This phenomenon
has been observed experimentally by Luijkx et al. [27].
As the critical value of Ra for transverse, traveling
waves is approached starting from values of Ra that
are above the critical value, the aspect ratio must
become very large for the instability to be present. It
appears that this occurs because the flow is sweeping
the instability through the channel and a development
length is required for the waves to be established.
Thus, for small values of L/H the flow may not be
unstable even though it would be for L/H — o (the
case studied by Gage and Reid).

The ratio of the thermal wave speed to the average
flow velocity in the channel, given by

J(Gn) i
Re t

®

utw/i‘- =

where 4 and 7 are the dimensionless wavelength and
period of the thermal wave, respectively, has been

(2
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t
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F1G. 6. Nusselt numbers from lower hot surface (—) and

upper cold surface (——-) of the channel for Ra = 6666,

Re =40, L/H = 40, ¢ = 0.0333: (a) average Nusselt num-
bers; (b) local Nusselt numbers.
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determined. For the conditions of Fig. 5 (Re = 40,
Gr = 15000), u,,./i ~ 1.1. Luijkx et al. [27] also deter-
mined that the transverse waves traveled faster than
the average fluid velocity where u,,/# = 1.38 for the
conditions of their experiment. For the results shown
in Figs. 5 and 6, the time averages of the spatially
averaged Nusselt numbers are constant to within 2%,
and because Re is much larger than in Fig. 4, the time
averages now correspond to one or more transits of
the fluid through the unstable part of the channel.
Thus, the results shown in Figs. 5 and 6 correspond
to a stationary flow condition as defined earlier.

Results for large temperature differences

We now present results for variable property flow
and heat transfer for helium in a horizontal channel
for operating conditions that are typical of CVD pro-
cesses. These results are similar to those discussed for
constant properties in the preceding section. However,
the thermal boundary condition at x =0 is now
00@/0x = 0. Results for the temperature and velocity
fields, the average Nusselt numbers on the hot and
cold surfaces of the channel as a function of time, and
the local Nusselt numbers on these surfaces at selected
times are presented. All results are for a hot surface
temperature of 1000 K and a cold surface temperature
of 300 K, resulting in a value of & =2.333. The
relations for the temperature dependence of the
viscosity and thermal conductivity of helium are from
kinetic theory expressions and are given in ref. [31].
The specific heat of helium at constant pressure is
constant. We show how the results are affected by
changesin Re, Gr,and L/H. Results are also presented
for the temporal variation of the temperature at a
selected location in the channel.

Nominal case. Figure 7 shows the results of the
temperature and velocity fields in a horizontal channel
after a steady, periodic flow has evolved with Re = 30,
Gr=1.85x10°, Pr=2/3, L/H=28, and ¢ = 2.333.
Transverse waves traveling from left to right fill the
entire channel. Frames from a computer generated
movie are shown in Fig. 8. The temperature field is
represented by color shading and the velocity field is

00 20 40 6.0 8.0

F1G. 7. Velocity and temperature fields in horizontal channel

showing transverse waves traveling from left to right.

Gr = 1.85x10°, Re = 30, L/H = 8,and ¢ = 2.333 ; waves are
periodic.
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represented by particle tracks. The movement of the
thermal wave from left to right is shown in Figs. 8(a)~
(d) at t = 340, 343, 346, and 349, respectively. Red,
green, and blue correspond to high, intermediate, and
low temperature regions of the flow, respectively.
Figures 8(¢)-(h) focus on the time interval between
Figs. 8(a) and (b) and show the movement of the gas
as represented by particle tracking at 7 = 340, 341,
342, and 343.

Each string of 10 marker particles represents 10
successive positions of a single fluid particle as it
traverses through the channel. The direction of
motion of the fluid can be determined from the shade
of the particle which fades from the black color repre-
senting the current fluid particle’s position to the
background color which represents the position of the
same fluid particie at an earlier time. This technique
allows visualization of the path of a fluid particle as
well as yielding a direct measurement of the speed of
the fluid since the distance between adjacent positions
of the particle which represents the fluid particle’s
position at equal increments of time is directly pro-
portional to the fluid speed. The particles are intro-
duced into the channel at x = 0 at six equally spaced
y positions with a frequency that allows for adequate
flow visualization and replacement of the particles
which exit the channel at x = L. In Figs. 8(e)—(h), the
gasis seen to rise rapidly on the crest and the upstream
side of the thermal wave and as the flow nears the top
of the channel some of the gas turns downstream and
then accelerates toward the bottom of the channel on
the leeward side of the thermal wave while another
portion of the gas turns and flows upstream before
turning again and flowing toward the exit of the
channel. There is significant recirculation of the gas
within the channel; however these recirculation
regions are correlated with the thermal waves and
move with them from left to right in the channel. A
more complete description of this flow field has been
documented as a movie on videotape. A copy of the
tape can be borrowed by contacting the first author.

A power spectral analysis of the temperature at a
point in the middle of the channel has been performed
and the frequency of these waves has been found to
be x0.045. It is noted that the frequency associated
with the vertical motion of the fluid as it traverses the
sinusoidal path of dimensionless length 2.8 from the
hot bottom surface of the channel to the cold top
surface and back to the hot bottom surface is esti-
mated to be: v/2.8 x~ 0.047, where v = 0.13 is a typical
vertical speed in the channel. The temperature-time
history at a point in the middle of the channel after a
steady, periodic traveling wave condition has been
established is shown in Fig. 9. The single frequency
of the traveling waves is evident. The solution was
obtained by using an (x, y) grid of (81, 21) points.

The average Nusselt numbers over the bottom and
top surfaces of the channel are shown in Fig. 10 and
appear to be periodic. The periodic variations in the
average Nusselt numbers are a function of the aspect
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FiG. 9. Temperature-time history in the middle of the
channel (x = 4.0, y = 0.5), once the steady, periodic traveling

waves have occurred. Gr = 1.85x10°, Re =30, L/H =8,
and ¢ = 2.333.
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F1G. 10. Average Nusselt numbers from the lower hot surface

(——) and the upper cold surface (~—-) of the channel,

once the steady, periodic traveling waves have occurred.
Gr =1.85x10°, Re = 30, L/H = 8, and ¢ = 2.333.

ratio of the channel and are related to the thermal
wave position at x = L. As the channel aspect ratio
L/H is increased, the effects of the wave at x = L on
the average Nusselt numbers are less and the ampli-
tudes of the variations in average Nusselt numbers
become smaller. The temporal averages of the
spatially averaged Nusselt numbers of Fig. 10 have
attained constant values (the condition of stationarity
as defined earlier has been realized).

Figure 11 shows the local Nusselt numbers at the
hot and cold surfaces of the channel at ¢ = 700. The
fact that the average Nusselt number (cf. Fig. 10) is
slightly larger at the cold surface than at the hot
surface corresponds to the larger local Nusselt
number at the cold surface near the inlet of the
channel which is a result of the boundary conditions
applied on the temperature and the velocity (adiabatic
and parabolic, respectively) at x = 0. Note that for
variable property flow a fully developed velocity pro-
file is not symmetric about the midplane of the
channel. When integrated over time, an overall energy
balance for the channel shows that more energy is
convected into the channel than is convected out of
the channel ; thus the overall energy balance is main-
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FiG. 11. Local Nusselt numbers along the lower hot surface

(——) and the upper cold surface (-—-) of the channel for

t = 700. The traveling waves are periodic and regular at this

time (see Fig. 10). Gr = 1.85x 10°, Re = 30, L/H = 8, and
&= 2.333.

tained. The local Nusselt numbers at x = 0 in Fig. 11
are significantly larger than 1.0 due to the effects of
the variable properties.

Effect of the Grashof number. Starting with the
stationary flow condition discussed above, values of
Gr were increased to 3.5 x 10° and 5.0 x 10°; all other
parameters were held constant. The case of
Gr =6.0x10° was started from ¢=0. Figure 12
shows the average Nusselt numbers at the top and
bottom surfaces of the channel and the temperature
variation with time at the middle of the channel
(x=4.0, y=0.5; L/H = 8) for these three values of
Gr. These results are shown in Fig. 12 to be more
complex and to have lower frequencies than the cor-
responding curves at the lower Grashof number of
1.85 x 10° that are shown in Figs. 9 and 10. The results
of Figs. 12(a) and (b) were obtained on an (x, y) grid
of (81,21) points whereas those of Fig. 12(c) were
obtained on an (x, y) grid of (121, 41) points. We note
that the stationary condition defined above has been
reached in all of the results shown in Fig. 12.

Consistent with the trend discussed earlier for the
small temperature difference condition, the results for
large temperature differences also show that as the
Grashof number is decreased for fixed Re and L/H,
the transverse, traveling waves appear further down-
stream from the entrance of the channel and, for a
sufficiently small value of Gr, disappear altogether.
Figure 13 shows the variation with time of the average
Nusselt numbers on the channel surfaces when Gr
is decreased from 1.85x10° to 7.5x 10* at ¢ = 200
for Re =30, L/H =8, and ¢ = 2.333. As the time
increases, the transverse waves gradually diminish and
the flow becomes steady. However, if the Grashof
number is only decreased from 1.85 x 10°to 1.25 x 10°
at ¢ = 200, transverse, traveling waves now remain in
the channel as seen in Fig. 14 which shows the local
Nusselt numbers at ¢ = 300. However, in comparing
Figs. 14 and 11, we see that the initiation of the in-
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Fics. 8(a)—(d). Color shading representing temperature and particles representing the velocity field in

horizontal channel showing transverse waves traveling from left to right. Red, green, and blue correspond

to high, intermediate, and low temperatures, respectively. Thermal wave movement: (a)-(d) correspond

to ¢ = 340, 343, 346, and 349, respectively. Gr = 1.85x 10°, Re = 30, L/H = 8, and & = 2.333; waves are
periodic.
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(e)

(g) (h)

FiGs. 8(e)—(h). Color shading representing temperature and particles representing the velocity field in

horizontal channel showing transverse waves traveling from left to right. Red, green, and blue correspond

to high, intermediate, and low temperatures, respectively. Gas velocity: (e)-(h) correspond to ¢ = 340,
341, 342, and 343, respectively. Gr = 1.85x 10°, Re = 30, L/H = 8, and & = 2.333; waves are periodic.
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FiG. 12. Average Nusselt numbers at the channel surfaces, (——) hot surface, (——-) cold surface; time
history of temperature in the middle of the channel (x = 4.0, y = 0.5) for increasing Gr: (a) Gr = 3.5 x 10%;
(b) Gr = 5.0x10°; (c) Gr = 6.0x 10°. Re = 30, L/H = 8, and ¢ = 2.333.
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FIG. 13. Average heat fluxes from the lower hot surface

(—) and the upper cold surface (——-) of the channel

upon decreasing Gr to 7.5 x 10* from 1.85 x 10° at ¢ = 200;
Re =30, L/H = 8, and ¢ = 2.333.
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FiG. 14. Local heat fluxes along the lower hot surface

(—) and the upper cold surface (——-) of the channel

after the average heat fluxes have become stationary.
Gr = 1.25x10% Re = 30, L/H = 8, and ¢ = 2.333.
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stability occurs further downstream in Fig. 14 and
there are fewer waves within the channel.

Effect of the Reynolds number. The effect of increas-
ing Re on the position of the initiation of traveling,
transverse waves is similar to that of decreasing Gr.
By increasing the Reynolds number for fixed Gr, L/H,
and ¢, the instability appears further downstream, and
if the channel is short enough the instability dis-
appears, apparently being swept out of the channel.
In Fig. 15, the local Nusselt numbers are shown for
the case Gr = 1.85x 10°, Re = 50, L/H = 8, ¢ = 2.333
at 1 = 600. The instability is confined to the down-
stream 30% of the channel. This is in contrast to
Fig. 11 for which Re = 30. If the Reynolds number is
increased further to Re = 100, the instability no
longer exists in the channel as shown in the plot of
the average Nusselt numbers in Fig. 16, where Re was
changed from 30 to 100 at ¢ = 200.

We note that Moffat and Jensen {8, 9] have studied
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Fi16. 15. Local heat fluxes along the lower hot surface

(—) and the upper cold surface (——-) of the channel

after the average heat fluxes have become stationary.
Gr =1.85x10°, Re = 50, L/H = 8, and ¢ = 2.333.
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FiG. 16. Average heat fluxes from the lower hot surface

(—) and the upper cold surface (——-) of the channel upon

increasing Re to 100 from 30 at ¢ = 200. Gr = 1.85 x 10°,
L/H = 8, and ¢ = 2.333.

the steady, parabolized, three-dimensional flow of
hydrogen in a horizontal channel for Gr = 1.87 x 10°,
Re = 64, L/H = 5, ¢ = 3.41, W/H = 2, with adiabatic
conditions on the side walls. Steady, longitudinal rolls
were predicted for these conditions. It is clear that a
complete description of the flow phenomena over the
entire range of Re that are of interest in CVD can be
obtained only from an analysis of the transient, three-
dimensional Navier-Stokes equations.

Effect of the aspect ratio. For small temperature
differences, the aspect ratio L/H was shown to be an
important parameter. Recall, that for small values of
L/H, traveling waves may not be present even though
the flow would be unstable at a larger value of L/H.
A similar result holds for the variable property case.
Specifically, for Re = 50, Gr = 1.85x 10°, L/H =4,
and ¢ = 2.333 an instability did not develop (this is
not shown). Extending the aspect ratio to L/H =8
was shown in Fig. 15 to lead to an instability that was
present for x > 4.

Comparison of average Nusselt numbers. In Table
1, we summarize the results for the time averages of

Table 1. Average Nusselt numbers, (Nu,,),,, in horizontal channel flow

£ L/H Re Gr (Nup)a (Nu).,
0.0333 20 0.1 3000 1.1+ 1.1t
0.0333 20 0.1 5000 1.65t L7t
0.0333 20 0.1 10 000 2.2¢ 2.3%
0.0333 40 40 15 000 1.72 1.72
0.0333 40 40 10 000 1.16 1.16
2.333 8 30 75 000 1.61% 1.67}
2.333 8 30 125 000 2.3 2.4
2.333 8 30 185 000 3.03 3.09
2.333 8 30 350 000 3.98 4.05
2.333 8 30 500 000 4.28 391
2.333 8 30 600 000 43 3.8
2.333 8 50 185 000 1.78 1.93
2.333 8 100 185 000 1.55% 1.75%
2.333 4 50 185 000 1.55% 1.75%

T Stationary state not achieved.

1 Asymptotic values in the absence of waves. If fully developed, variable
property velocity and temperature profiles had been specified at x = 0, these
values would be the same on top and bottom surfaces and would be ~1.63.
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the spatially averaged Nusselt numbers, defined as

2.

Gt ). (10)

(—N_;b,t)m = mb.t de.

The separate effects of increasing Re, decreasing Gr,
or decreasing L/H are shown in Table 1 to result in
smaller values of the Nusselt numbers. For the small
temperature difference results (¢ = 0.0333) with
Re = 0.1, the average Nusselt numbers do not rep-
resent stationary values as defined earlier due to the
extremely long time for the fluid to travel through the
channel. For the cases of large temperature differences
(e = 2.333) without instability, the asymptotic values
of the average Nusselt numbers on the top and bottom
of the channel are not equal due to the small differ-
ences between the convective fluxes in and out of the
channel. These small differences result from differ-
ences between the prescribed inlet boundary con-
ditions for the velocity and temperature (equation (6),
parabolic velocity profile and adiabatic temperature
boundary condition) and the fully developed variable
property profiles. At the highest values of Gr studied
the average Nusselt numbers are more than 2.5 times
larger than the conduction values in fully developed
horizontal channel flow.

SUMMARY

We have predicted that transverse, traveling waves
associated with the Rayleigh-Benard thermal in-
stability occur for flow in a horizontal channel with a
heated bottom surface and a cooled top surface. The
local and the average Nusselt numbers from the
heated and cooled surfaces of the channel have been
determined. These solutions agree with the stability
predictions of Gage and Reid, which are limited to
the region of validity of the Boussinesq approximation

and to infinite channels (L/H — o0). In addition,

traveling, transverse waves are also predicted for
the flow in a horizontal channel of finite length for
conditions that are typical of CVD in which the
Boussinesq approximation is not valid.

The results have been shown to depend on Re, Gr,
L/H, and & for helium. Increasing Gr leads to a more
complex flow field with non-regular structure whereas
decreasing Gr leads to the initiation of traveling waves
further downstream. For small values of the Grashof
number, traveling waves will not exist in the channel.
Increasing Re also causes the transverse waves to
occur further downstream, and for sufficiently large
Re, there are no transverse waves in the channel. How-
ever, as noted in earlier studies, steady, longitudinal
rolls do exist for certain values of Gr and Re in hori-
zontal channels. For fixed Gr, Re, and &, we have
shown that increasing L/H can result in the occurrence
of transverse, traveling waves whereas decreasing L/H
can result in the elimination of these waves. We note
that for cases where transverse, traveling waves occur,
the heat transfer from the heated surface to the gas is
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increased from 50 to more than 300% over the amount
transferred when the waves do not exist (i.e. the situ-
ation of fully developed velocity and temperature pro-
files in a horizontal channel flow).

For CVD applications the additional transfer
resulting from the instability would significantly
increase the deposition rate when operating a hori-
zontal channel flow reactor in the transport limited
regime. Furthermore, since the waves are traveling,
any irregularities in the heat flux should be smoothed
out over time. However, careful control over the re-
actor operating parameters would be required to
avoid flow conditions which establish the steady,
longitudinal vortices that have been noted in previous
studies. Those flow instabilities would yield striations
in the deposited material. Besides being of funda-
mental interest in respect to convective heat transfer
this study should also help designers of CVD reactors
gain a better understanding of the processes which
occur in these systems.
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UNE ETUDE DES INSTABILITES D’ONDE PROGRESSIVE DANS UN ECOULEMENT
EN CANAL HORIZONTAL AVEC APPLICATIONS AU DEPOT CHIMIQUE DE VAPEUR

Résumé—On étudie 'écoulement et le transfert thermique de I’hélium dans un canal horizontal de hauteur
H et de longueur L, avec la surface inférieure chaude et la surface supérieure refroidie. Les solutions
numériques des équations bidimensionnelles de Navier-Stokes et d’énergie en régime variable révélent que
pour des conditions intéressantes du dép6t chimique de vapeur (CVD), une instabilité thermique dans le
fluide (instabilité de Rayleigh—Benard), produite par la différence de température entre les deux surfaces,
peut conduire 4 des ondes progressives transversales. Les résultats montrent les effets de ces ondes pro-
gressives transversales. Les résultats montrent les effets de ces ondes sur I’écoulement et sur le transfert de
chaleur, dans un domaine de nombre de Reynolds Re = #H/v, (10~! < Re < 10%), de nombre de Grashof
Gr = geH?[v2 (2,5 x 10° < Gr < 6,0 x 10°), de rapport de forme L/H (4 < L/H < 50), pour deux rapports
de température ¢ = (7,— T,)/T,, 0,0333 et 2,333 qui correspondent respectivement a4 des écouléments a
propriétés constantes et variables. L’existence des ondes progressives transversales augmente le transfert
de chaleur & 50% & plus de 300% par rapport au cas sans ondes progressives. L’effet important du rapport
de forme sur les résultats est dégagé.

UNTERSUCHUNG VON WANDERWELLEN-INSTABILITATEN IN EINER
HORIZONTALEN KANALSTROMUNG BEI DER CHEMISCHEN
DAMPFABSCHEIDUNG

Zusammenfassung—Stromung und Wirmetransport von Helium in einem horizontalen Kanal der Héhe
H und der Linge L mit beheizter Boden- und gekiihlter Deckfiiche werden untersucht. Die numerische
Ldsung der instationdren zweidimensionalen Navier—Stokes- und Energiegleichungen zeigt, daB unter den
fiir die chemische Dampfabscheidung interessicrenden Bedingungen die thermische Instabilitit im Fluid
(Rayleigh-Bénard-Instabilitit) zu wandernden transversalen Wellen fithren kann. Die Ergebnisse zeigen
den EinfluB dieser Wellen auf die Strémung und den Wirmetransport fiir Reynolds-Zahlen Re = iH|/v,
(107" < Re < 10?), Grashof-Zahlen Gr = geH?*/v? (2,5x10° < Gr < 6,0 x 10%), Seitenverhiltnisse L/H
(4 < L/H < 50) bei zwei Temperaturverhditnissen ¢ = (T,— T,)/T, (0,0333 und 2,333), die einer Strémung
mit konstanten bzw. variablen Stoffwerten entsprechen. Es zeigt sich, daB das Auftreten der wandernden
transversalen Wellen den Wirmetransport zwischen 50 und iiber 300% erhoht. Der wichtige EinfluB, den
das Seitenverhdltnis auf die Ergebnisse ausiibt, wird ebenfalls dargestelit.



A study of traveling wave instabilities in a horizontal channel flow

WCCIEJOBAHUE HEYCTOWYHUBOCTU B BUAE BEI'YIIMX BOJIH ITPU TEYEHHHU B
TOPU30OHTAJIBHOM KAHAJIE TTPUMEHTEJIBHO K XUMHUYECKOMY OCAXIAEHHIO
MMAPA

Asnoramms—HccnenyloTcs TedeHHe M TEILIONEPEHOC refiMs B FOPH3OHTAJLHOM KaHaje BHICOTOH H m
JUTHHO# L c HarpepaeMoif HHKHER H oxsIaxnaemMoit BepxHeil MOBEPXHOCTAMH. UHCIIEHHbIE PELlICHHS Hec-
TAMOHAPHLIX NByMepHHIX ypaBHeHuit HaBbe—CTOKCa H COXpaHEHHs SHEPrHH NMOKa3bIBAIOT, YTO B pacc-
MAaTPHBAEMBIX YCIOBHAX XMMHHYECKOTO OCaXkACHHA Napa TeIUloBas HEYCTOMYMBOCTBL Tekyuelf cpemst
(neycroliunBocTs Panes—bBeHapa), BHI3BaHHAA Pa3HOCTBIO TEMIIEPATYP TOPH3OHTAILHBIX NMOBEPXHOCTEH
KaHaJIa, MOXET NMPUBECTH K MOABJIEHHIO GEryILHX MOonepeYHBIX BONH. Pe3yabTaThl MOKa3LIBAIOT BIIMAHME
3THX BOJIH HAa TEYEHHE H TEIUIONEPEHOC [UIA [OHana3oHa H3MeHeHWs 4dncesn PeifHonbaca Re = uH/v,
(10"! < Re < 10%), uncen 'pacropa Gr = geH3/v? (2,5 x 10° < Gr < 6,0 x 10°), oTHOIWEHHS CTOPOH
L/H (4 < L/H < 50), nna aByx oTHoweHH# Temnepatyp ¢ = (T, — T)/T,, pasabix 0,0333 u 2,333 u coot-
BETCTBYIOIIMM NOCTOSHHBLIM M NepeMeHHBIM CBOHCTBaM TeueHHs. ITokasaHo, UTO MosAB/ICHHE monepey-
HbIX Gerymux BoJIH yBeJIM4HBaeT TelionepeHoc ot 50% no Gonee yeM 300% mo CpaBHEHHIO CO CIydaeM,
xoraa ux Het. [ToqyepkuBaeTCs Takke CHIILHOE BJIMAHAE OTHOIIeHH L/H kaHana Ha pe3yJbTaThl.
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