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Abstract- Finite amplitude convection with longitudinal vortex rolls for a steady hydrodynamically and 
thermally fully developed laminar forced flow between two infinite horizontal flat plates subjected to 
axially uniform wall heat flux is approached by a finite-difference solution using a combination of a 
boundary vorticity method and a line iterative relaxation technique. The governing equations with 
Boussinesq approximations are solved up to four times the critical value for the parameter (PrReRa). The 
onset of secondary flow in the form of longitudinal vortex rolls is indicated by a critical value (PrReRa)* 
which can be obtained by linear stability analysis with infinitesimal disturbance. The wave number in the 
post-critical flow regime is assumed to be that predicted by the linear stability analysis. The heat transfer 
mechanism is clarified by a detailed study of the field characteristics for flow and temperature using air 
(Pr = 0.7) as an example. A series of photographs depicting the gradual development of the longitudinal 
vortex rolls for air is also presented. Flow and heat transfer results are presented for Pr = 0.1.0.7.2. 10 and 
100. A study of the Prandtl number effect reveals that the effect of secondary flow on pressure-drop para- 
meterfRe can be neglected for Pr > IO and an asymptotic behavior for heat transfer results exists for 

Pr > 2 in the post-critical regime. 

NOMENCLATURE 

u, dimensionless wave number in linear 
stability analysis, 2nh/A; 

i Fanning friction factor : 
Gr. Crrashof number, g/3zh4,1v2 : 

!I 
gravitational acceleration : 
distance between two infinite parallel 
horizontal plates : 

M, number of divisions in both y’ and 
z’ directions : 

Nu, Nusselt number : 

P, pressure : 

P’, disturbance pressure : 

Pr, Prandtl number, v/u : 
Ra. Rayleigh number, PrGr : 

Re, Reynolds number. Oh,lv : 

.i’ Presently Visiting Associate Professor. Department of 
Mechanical Engineering. Cheng Kung University. Tainan. 
Taiwan. China, 

Re,, Reynolds number, U,h/2v : 

T, temperature : 
U, V, W velocity components in x’, y’ and z’ 

directions : 
u, u, w, dimensionless velocity disturbances 

in x’, y’ and z’ directions : 
u’, v’, d, velocity disturbances in x’. y’ and 2 

directions : 

x3 Y, z, dimensionless Cartesian coordi- 
nates : 

x’, y’. z’, Cartesian coordinates. 

Crreek letters 

B. coefficient of thermal expansion : 
0, dimensionless temperature dis- 

turbance : 
8’. temperature disturbance : 

;I 
thermal diffusivity : 
wave length of vortex rolls : 
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P. viscosity : present problem, only the fluid in the lower 
V. kinematic viscosity : half of the horizontal parallel-plate channel is 
i”. dimensionless vorticity : unstable because of an adverse temperature 
Z’. vorticity : gradient and this leads to a thermal instability 
P. density : problem [ 1,2]. It is evident that the theoretical 
z. uniform axial temperature gradient predictions of Nu = 8.235 and jRe = 12 for 

for two plates. iYT/aX’ : the no secondary flow case cannot be applied 
44l~ basic velocity profile function : after the value for ReRa reaches a critical value. 

43, basic temperature profile function : The onset and the subsequent formation of 
*. dimensionless secondary flow stream the longitudinal vortices in the post-critical 

function : flow regime are of considerable interest. Figure 
*: secondary flow stream function : 1 presents a series of photographs taken from 
V2. dimensionless Laplacian operator. the exit of a horizontal rectangular channel 

22!ay2 + a2/az2. with a cross section of 11 x 1 in. by injecting 
cigarette smoke into the heated main airflow. 

Subscript and superscript The flow visualization technique used is de- 
* critical value : scribed in [2]. The gradual formation of the 
_ 

b.’ 
mean value : longitudinal vortex rolls is clearly demonstrated 
basic quantities in unperturbed in Fig. 1 as the value for ReRa is varied from 
state : 1.47 x lo4 to 4.65 x 104. In addition to pro- 

M, mixed mean value : viding some insight into the development of 

: 
value at wall : the secondary flow pattern, the photographic 
condition for pure forced convection results clearly indicate the extent of the free 
or maximum quantity in unper- convection effect due to side walls. 
turbed flow: It is noted that the thermal instability prob- 

1, value at lower plate: lem can be studied by employing linear stability 
2. value at upper plate : analysis with infinitesimal disturbance while 
3, value obtained from overall balance, the flow and heat transfer problem in post- 

critical regime concerns disturbances with finite 
1. INTRODUCTION amplitude involving the nonlinear processes. 

FOR HYDRODYNAMICALLY and thermally fully The finite amplitude convection in a horizontal 
developed laminar forced convection between layer of fluid heated from below has been 
two infinite parallel plates with uniform wall studied by many investigators. Since the litera- 
heat flux, the Nusselt number based on the local ture on the Benard-Rayleigh convection prob- 
difference between wall temperature and fluid lem is too extensive to be reviewed here. only a 
bulk temperature is known to be 8.235 and the brief review of the references closely related to 
pressure-drop parameter fle is 12 when the the present study will be attempted. 
Reynolds number is based on channel height Malkus and Veronis [3] proposed a finite 
and mean velocity. Recently, it has been shown amplitude method in an attempt to predict the 
theoretically [l] and confirmed experimentally heat transfer rates in a post-critical steady 
[2] that a secondary flow in the form of longi- cellular flow regime for a layer of fluid heated 
tudinal vortices appears after the characteristic uniformly from below and cooled from above. 
parameter ReRa reaches a critical value for Stuart [4] described finite disturbances under 
fully developed laminar forced convection be- subcritical and supercritical conditions by using 
tween two infinite parallel horizontal plates an energy method and the shape of the ampli- 
subjected to uniform wall heat flux. For the tude functions obtained from the linearized 
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Ra = 536 , Re =704 ReRo q 3.77 x104 and u = 3.65 

ffa=538, &=59.2&% =3.19 x104ando=3-70 

ffu = 538, Re =49.7 Ret% = 2.68 x104 anda = 3-65 

FIG. 1. Formation of longitudinal vortex rolls for air (Pr = 0.7) in a horizontal rectangular channel (11 X lin.) 
subjected to uniform wall heat flux with free convection effect near side walls. 

H.M. 1 facingwge 7YOl 
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theory. Roberts ES] considered the nonlinear 
Benard convection by using an approximate 
procedure. By employing the concept of local 
potential, Roberts [5] shows the behavior of 
the preferred wave number as a function of the 
Rayleigh number. The wave number is shown 
to vary from 0 to 1 per cent for Rayleigh number 
ranging from 1708 and 4000. However, the 
small variation of the wave number may not 
have significant effect on the heat transfer result. 
Both Fromm [6] and Plows [7] solved the 
Benard convection problem by numerical 
methods using the wave number obtained from 
the linear stability theory. 

Mori and Uchida [8] applied Stuart’s 
approximate energy method for nonlinear mech- 
anics of hydrodynamic stability [4] to fully 
developed laminar forced convection between 
two infinite horizontal flat plates where the 
lower plate is heated isothermally and the upper 
plate is cooled isothermally. For this problem, 
the critical Rayleigh number of 1708 marking 
the onset of thermal instability is known to be 
identical to that for the Benard problem. It is 
noted that Stuart’s method represents an 
approximation to a perturbation theory about 
the critical characteristic number and cannot 
be expected to be valid for a wide range of 
Rayleigh numbers above the critical value. 
Recently, Ogura and Yagihashi [9] and Hwang 
and Cheng [lo] approached the problem 
treated by Mori and Uchida [8] using different 
numerical techniques. It is pointed out in [lo] 
that Mori and Uchida’s approximate analytical 
result for heat transfer based on Stuart’s 
method starts deviation at Ra = 3000, from 
known numerical solutions [6,7, lo], and about 
25 per cent error is observed at Rayleigh num- 
ber which is nine times the critical value of 1708. 

The purpose of this paper is to study the effects 
of longitudinal vortex rolls in the post-critical 
regime on flow and heat transfer characteristics 
for fully developed laminar forced convection 
between two infinite horizontal parallel plates 
subjected to the uniform wall heat flux. The 
physical problem of interest here is the finite 

amplitude thermal convection in plane Poiseuille 
flow considering the nonlinear effect on the 
flow structure and temperature field. The present 
problem is characterized by the interaction 
between the free and forced convections. Further- 
more, the free convection phenomenon repre- 
sents the interaction between the stable upper 
layer and the unstable lower layer. Because of 
the uncertainty and the absence of accurate 
theory, the wave number for the post-critical 
regime in this study will be taken to be the one 
which is predicted by the linear stability 
analysis [l] for the primary mode. The photo- 
graphic results shown in Fig. 1 reveal that the 
wave number does not appear to vary appre- 
ciably, at least in the post-critical regime near 
the critical value. In view of the fact that 
Stuart’s method is a perturbation approach and 
leads to appreciable error at higher Rayleigh 
numbers, a numerical solution [lo. 111 is em- 
ployed for the present problem. 

2. THEORETICAL ANALYSIS 

Consider a steady fully developed laminar 
forced convection in a post-critical regime 
between two infinite horizontal plates subjected 
to a uniform axial wall temperature gradient. 
The subject of interest here is the study of 
flow and heat transfer characteristics after the 
longitudinal vortex rolls set in. It will be 
assumed that the Boussinesq approximations 
are valid and the wave number in the post- 
critical regime is taken to be the one predicted 
by the linear stability analysis [ 11. 

The coordinate system is shown in Fig. 2. In 
order to investigate the flow structure and 
temperature field in the post-critical regime, 
perturbation quantities are superimposed on 
the basic flow quantities as, 

U = V, + u’, V = v’, W = d, T = Tb + 8 

and P = P, + p’ (1) 

where the basic flow quantities Ub, Tb and P, 
satisfy the well-known equations for plane 
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J 
” 

for the perturbation quantities can be obtained 

after some manipulation. The results are : 
Axial momentum equation 

Vorticity transport equation for secondary flow 

I where the dimensionless vorticity is 

FIG. 2. Coordinate system and numerical grid. 

Poiseuille flow. The solutions for the unper- 
turbed state are : 

u, = 4U,(z - z2) = U,C#&!2 

G = TN, - (U,zhlrc)(z - 2z3 + z4)/3 

= T,, - PrRe, sh do 

4, = 8(z - 2’) 

cjB = (2/‘3)(z - 22” + 2’) (2) 

where 7 = i/h, U, is the maximum velocity in 

the unperturbed state. 7 = iiT/?.? is a constant 

axial temperature gradient and Re, = U,h/(2v). 
For the purpose of simplification and con- 

venience. the following ‘non-dimensional trans- 
formations and parameters are introduced. 

(JI’. z’) = (y. z)h, (u’. 2”. w’) = (Re, u. c, w)v/h, 

W’ = PrRu,zh%. [’ = qvh2. $’ = v$. 

and Gr = g/kh4/v2, Ra = PrGr. (3) 
By employing equations (1)+3), the equations 

( = v”* 

and the dimensionless stream function 
defined by 

1: = r?$@z, II’ = - al/@, 

Energy equation 

(6) 

* is 

(7) 

(8) 

where V2 = ?2/ay2 + (:21(^1z2. 

The boundary conditions are: 
At the lower and upper plates, 

Li = l/l = d*i?: = 0 = 0. 

Along the lines of symmetry y = 0, 
0 < z < 1 and y = X/U, 0 < z < 1, r7u/?y = 
$ = t = M/ii!: = 0. 

For the present problem. two parameters Pr 
and Re,Ru appear in equations (4)48). In 
equation (4) one sees that the axial direction 
disturbance is caused mainly by the product of 
the vertical direction velocity disturbance. n: 
and the main flow velocity gradient (?4,,/(?,-. 
This product is balanced by the remaining 
inertia terms. c &/Fr and cr?u/Cz, and also by 

the viscous term V2u. In equation (5), the 
secondary motion is seen to be driven by the 
unbalanced buoyant force term Re,Ru d%/?y. 
In the energy equation (8). the thermal distur- 
bance is seen to come from two sources : 

(a) the term due to the convective motion of 
the main flow disturbance, U. 

(b) the term due to the vertical direction con- 
vection through the nonlinear basic tem- 
perature distribution. Pv w~&/~z. 
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For the case with small Prandtl number, the 
effect of source (a) is much more important than 
the effect of source (b). On the contrary. for the 
case with large Prandtl number, the effect of 
source (a) is negligible in comparison with the 
effect of source (b). Referring to equations (4H8) 
one notes that only a single parameter PrRe,Ra 
results for the case with large Prandtl number. 
When Pr -+ m and Re,Ra is still very close to 
the critical value, the inertia terms, u ZQay and 
w,aQ~!Jz in equation (5) and the term u repre- 
senting the convective motion due to the main 
flow disturbance in equation (8) may be neg- 
lected as compared with the remaining terms 
in the respective equations. By transforming 
(u, cv) into (a w)Re,Ra, only one parameter 
PrRe,Ra is left in the governing equations. This 
observation for large Prandtl number effect is 
also confirmed by the numerical results which 
will be presented later. 

In view of the complexity of the equations 
(4)<8) and the fact that an appreciable error is 
observed by applying Stuart’s approximate 
method to the related problem [lo] at higher 
Rayleigh numbers, the finite-difference tech- 
nique is applied to the present problem. The 
detailed finite-difference approximations and 
the line iterative scheme will be omitted here for 
simplicity since they are reported elsewhere 
[lo, 111. 

Since the coefficient matrices for the finite- 
difference equations corresponding to the 
equations (4), (5) and (8) are not symmetric and 
their eigenvalues vary from step to step during 
the iteration of nonlinear terms, the determina- 
tion of an optimal relaxation factor is very 
difficult. For most of the computations in the 
present problem, a relaxation factor of unity 
is used. An under-relaxation factor of 0.5 is 
often used to stabilize the numerical compu- 
tation. The effect of grid size on the convergence 
of the flow and heat transfer results is also 
reported in [ 111. For the present numerical 
solution, the number of divisions M = 28 is 
used to ensure the accuracy of the numerical 
result. It is noted that a prescribed error [ 10, 1 l] 

in the numerical computation is kept to be less 
than the order of lo-‘. The parameter Re, = 
u&(~v) can be converted readily to the para- 
meter Re = Bh/v which is based on the channel 
height and mean velocity by using the relation 
Re = (4,/3 + ti)Re,. 

3. RESULTS AND DISCUSSION 

3.1 Field characteristics forflo wand temperuture 
Before proceeding to the presentation of the 

overall flow and heat transfer results, it is 
instructive to examine the typical flow structure 
and temperature distributions in the post- 
critical regime in order to gain some insight 
into the heat transfer mechanism. The axial 
velocity distributions along thiee vertical lines 
for Pr = 0.7 and PrReRa = 30453 are shown 
in Fig. 3 with comparison made against the 

0.5 

L 

” 

tReRos19884 - 

-0 0.4 0.8 l-2 I.6 

u/c 

FIG. 3. Axial velocity distributions at y = 0. 0.868/2 and 
0.868. together with Poiseuille profile. 
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PrReRa L 19884 - 

PrReRa = 3045 3 - 

---___ 

T -T, 

PrReTh 

FIG. 4. Temperature distributions at y = 0. 0368/2 and 

0.868 together with protile from unperturbed flow. 

plane Poiseuille flow velocity profile. It is seen 
that due to the secondary flow the axial velocity 
profile along section 1 is shifted upward and 
the axial velocity profiles along sections 2 and 
3 are shifted downward. This also implies that 
the eye of the secondary motion is located 
somewhere between sections 1 and 2. Figure 3 
also suggests that stronger secondary motion 
prevails in the lower half of the channel and 
particularly in the region near section 1. 

The temperature distributions along three 
vertical lines for Pr = 0.7 and PrReRa = 30453 
are shown in Fig. 4 together with the temperature 
profile for the unperturbed state. As in the case 
of the axial velocity distributions, one is 
impressed with the distortion of the tempera- 
ture profile from the basic profile in the lower 
half of the channel particularly in the region 
near section 1. 

The distributions of the streamlines. constant 
vorticity lines and isotherms are shown in Figs. 
5-7, respectively, for Pp. = 0.7 and PrReRu = 
30453, 60000 and 73326. The three typical 
secondary flow streamlines illustrated in Fig. 5 
show the gradual development of the stream 
line patterns and confirm that the intensity of 
the secondary motion is stronger in the lower 
half of the channel since the unstable region is 

0.5 

~ 

0 Q c =-2.5 

_ , 

I -1. 

-0.3 

0- 
0 Y 0.5 O&58 0 Y “‘3 

<a) (b) 

I 
t 

1 

0 @ 0 * =-4. 

-3.5 

L -25 

-1 .o 

I. / ,I I 

18 0 Y O-5 0.868 

(C-I 

Pr=cP7 PrReRa: (a) 30453 (b) 60000 tc) 73326 

FIG. 5. Secondary flow streamlines for Pr = 0.7 at three selected va!ues of PrReRa. 
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I.0 

-30 

-1 

0.5 E 0 0 t=90 50 20 

z 

ta) lb) (Cl 

Pr=0.7 PrReRo: (a) 30453 (b) 60000 (c) 73326 

FIG. 6. Constant vorticity lines for Pr = 0.7 at three selected values of PrReRa 

confined to that part of the channel only. By 
noting the location of the eye and the distri- 
butions of the streamlines, the relative intensity 
of the secondary motion throughout the region 
can be gained. The upward stream near y = 0 
is much stronger than the downward stream 
near y = 0468. It is of interest to note that the 
secondary flow pattern presented in Fig 5(a) 
for PrReRa = 30453 can be compared with the 
experimental photograph shown in Fig. 1 for 
Pr = 0.7 and ReRa = 4-65 x lo4 (PrReRa = 
32600). 

For the unperturbed flow, the vorticiry is 
zero everywhere. Figure 6 reveals that with 
secondary flow, two sources of vorticity with 
negative sign appear at the lower and upper 
plates. The strength of the vorticity source at 
the lower plate is seen to be stronger than the 
one at the upper plate. The vorticities generated 
at the lower and upper plates are dissipated into 
the central region as a sink of the vorticity with 
positive sign. As the value of the parameter 
PrReRa increases, the strengths of the sources 
and sink increase correspondingly. 

Y 0.5 0’868 0 Y 05 0.868 0 Y 0.5 0.868 

(a) (b> (Cl 

Pr.0.7 PrReRa: (a) 30453 (b)60000 (c) 73326 

FIG. 7. Isotherms for Pr = 0.7 at three selected values of PrReRa 
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For the unperturbed flow. the isotherms are 
straight and parallel to the plates. With the 
secondary motion the isotherms become dis- 

torted as shown in Fig. 7. In response to the 

stronger secondary motion in the region 

0 G y. z d 0.5. the isotherms are seen to be 

distorted considerably there than in the remain- 
ing region of the channel. As the value of the 

parameter PrReRa increases. the distortion 01 

the isotherms becomes progressively pro- 
nounced. 

3.2 Pressure-drop and heat transfer parameters 
In order to compute pressure drop and heat 

transfer rate in design, the values for the product 

of friction factor and Reynolds number (&Re) 
and the Nusselt number (Nu) are required. 

Following the usual definitions, the expressions 
for jRc and NM can be written as follows: 

at lower plate (9) 

2.,-4+!? 1 

(f&4, = 0 lT-.2aT<T ‘= L. at upper plate 

(10) 

(jRe), = [(jRe), + (jRe),]R = 8: i + g ( 1 . 

where 

from overall force balance (11) 

(Nu), = I’ - @h=“l at lower plate 

(Al - h4 . 
(12) 

(N ) = [:-- (‘)z=j at upper plate 

u2 
(40 - %4 * 

(,3) 

(Nu)~ = 
(Nu), + (Nu)~ 2i3 + i&j2 2 .__ = _________ 

(4, - bf’ 

from overall energy balance (14) 

where 

T, - TM 

PrRe,zh 

It is noted that all the average velocity and 
temperature gradients contained in the above 

definitions (9)-(14) are evaluated by using 
non-central five-point finite-difference formula 

and all the integrations are carried out by using 
Simpson’s rule. 

The flow result in the form of the ratio 
(jRe)i/(fRe)O (i = 1.2,3) vs. PrReRa with Pr as 

a parameter is shown in Fig. 8. For a given 

finite value of PrRcRu with large Pr. the value 

of ReRu is small and the intensity of the second- 
ary motion is weak. Thus. the increment of 
the value for (fle), corresponding to the 
effect of the secondary motion on flow result is 
not significant. For example, Fig. 8 indicates 
that at PrReRa = 2 x lo5 (about eight times 

the critical value of PrReRa) the friction factor 
increases by about one per cent only for Pr = 
10 as compared with the case without secondary 
flow. Thus, one can conclude that the effect of 
the secondary motion on flow result is signiti- 
cant only when the Prandtl number is small. 

Figure 9 presents the results for Nusselt 

number ratio (Nu)J(Nu), (i = L2.3) vs. PrReRa 
for various Prandtl numbers. It is recalled 
that the adoption of the product of Pr and 
ReRa as a single parameter is based on the 
observation that an asymptotic behavior for 
heat transfer results exists as Pr -+ _*y. For 
example, for a given value for PrReRu - 
(PrReRa)*, the value of (Nu),/(Nu), for Pr 3 2 
is seen to approach the asymptotic solution 
for Pr > 10 with a largest difference of about 
three per cent within the range of present 
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FE. 8. Flow results for Pr = 0.1. 0.7. 2. IO and a. 
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FIG. 9. Heat transfer results for Pr = 0.1. 0.7. 2. IO and 100. 
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investigation. It is of interest to note that the 
value of (~~)~~(~~)* is approximateIy one 
regardless of the value of Prandtl number. 
This is apparently due to the fact that the heat 
transfer rate at the upper plate is not affected by 
the rather weak secondary motion near the 
upper plate. 

1. It has been confirmed that the numerical 
solution using the boundary vorticity method 
[IO, I I] is quite effective for the present rather 
complicated finite amplitude convection 
problem. The detailed convergence study for the 
numerical solution is given elsewhere [lo, 1 I]. 
The method is expected to be valid for the 
numerical solution of finite amplitude convec- 
tion due to body forces other than the buoyancy 
forces. 
2. The numerical results reveal that for Pr 2 10 
the effect of secondary flow on the pressure-drop 
parameter fle can be neglected. On the other 
hand, after reaching a critical value for P~~e~~~ 
the heat transfer results for Pr = 2 nearly 
coincides with the result for Pr = 10. This 
asymptotic behavior for the heat transfer result 
using a parameter PrReRa suggests that one 
need not carry out the numerical computations 
for all the Prandtl numbers ranging from 2 to 
oc in order to study the Prandtl number effect. 
in this connection, one may mention that the 
possibility for a simple correlation for Prandtl 
number effect on forced convective heat transfer 
with secondary flow was pointed out in [12]. 
3. The assumption that the wave number in 
the post-critical regime does not deviate from 
the critical value determined by the linear 
stability analysis is believed to be a reasonable 
one based on the photographic results shown 
in Fig. 1. However, it is probable that the wave 
number in the post-critical regime is determined 
in the thermal entrance region instead of the 
fully deveioped region considered in this study, 
A study in the thermal entrance region might 

shed some light regarding the variation of the 
wave number in the post-critical regime. 
4, The results of the present study clearly 
indicate that an advantage can be taken of the 
longitudinal vortex rolls to promote the heat 
transfer rate. In particular. it is significant to 
note that considerable improvement in heat 
transfer rate can be achieved with tittle increase 
in the friction factor for large Prandtl number 
fluids. 
5. In applying the present results to a hori- 
zontal rectangular channel with a large aspect 
ratio. the free convention effect due to side walls 
must be examined. Some guidance in this 
respect can be provided by Fig. 1 and the 
experimental results reported in [2] . 
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CONVECTION A AMPLITUDE FINIE AVEC DES TOURBILLONS LONGITUDINAUX 
DANS L’ECOULEMENT PLAN DE POISEUILLE. EFFET DU GRADIENT DE 

TEMPERATURE AXIAL UNIFORME 

Resume-Une convection a amplitude tinie avec des rouleaux tourbillonnaires longitudinaux pour un 
Bcoulement permanent laminaire force entitrement developpe hydrodynamiquement et thermiquement 
entre deux plaques planes horizontales et infinies soumises a un flux thermique parietal uniforme longi- 
tudinalement a et6 etudiee par une resolution aux differences tinies qui utilise une combinaison de la 
mithode de vorticite limite et dune technique de relaxation lintaire iterative. Les equations &rites avec les 
approximations de Boussinesq ont et6 resolues jusqu’a quatre fois la valeur critique du parametre PrReRa. 
L’etablissement de l’ecoulement secondaire sous forme de rouleaux tourbillonnaires longitudinaux est 
associe a une valeur critique PrReRa qui peut &tre obtenue par une analyse de stabilitt lintaire avec 
perturbation infinittsimale. On suppose que Ie nombre d’onde dans le regime post-critique d’tcoulement 
est celui calcule dans l’analyse de stabilite lintaire. Le mecanisme de transfert thermique est clarifie par 
une etude ditaillte faite pour des Ccoulements et des temperatures relatifs a l’air (Pr = 0,7). On prtsente 
aussi une serie de photographies decrivant le developpement graduel des rouleaux tourbillonnaires 
longitudinaux pour l’air. On donne les rtsultats de l’tcoulement et du transfert thermique pour Pr = 0,l; 
0,7; 2; IO et 100. Une etude de l’influence du nombre de Prandtl rtvtle que l’effet de l’ecoulement secondaire 
sur le paramttre de perte de pressionj”Re peut &tre neglige pour Pr = 10 et qu’un comportement asympto- 
tique des resultats du transfert thermique existe pour Pr = 2 dans le regime post-critique, 

KONVEKTION ENDLICHER AMPLITUDE MIT LANGSWIRBEL IN EBENER 
POISEUILLE-STRijMUNG-DER EINFLUSS EINES GLEICHMASSIGEN AXIALEN 

TEMPERATURGRADIENTEN 

Zusammenfassung-Die Konvektion bei endlicher Amplitude mit longitudinalen Wirbelrollen in einer 
stationlren, hydrodynamisch und thermisch eingelaufenen laminaren Stromung zwischen zwei unendlichen, 
waagrechten und ebenen Platten, die gleichmlssige Warmestromdichte liefern, wurde mit einem endlichen 
Differenzenverfahren zu I&en versucht. Dabei wurde die Kombination einer Grenzschicht-Wirbelmethode 
und ciner iterativen Relaxationsmethode verwendet. Die bestimmenden Gleichungen mit den Nlherungen 
von Boussinesqu werden bis zum 4-fachen des kritischen Wertes des Parameters (Pr’ Re. Ra) gelost. Der 
Beginn der Sekundlrstromung in Form von langsgestreckten Wirbelrollen wird durch einen kritischen Wert 
von (PrReRa)* angezeigt, der errechnet werden kann mit Hilfe der linearen Stabilitltsanalyse bei unendlich 
kleinen Storungen. Als Wellenzahl im tiberkritischen Stromungsgebiet wird die sich aus der linearen 
Stabilitltsanalyse ergebende angenommen. 

Die Art des Wlrmeiibergangs wird durch eine eingehende Untersuchung des Stromungs- und Temperatur- 
feldes bei Luft (Pr = 0,7) geklart. Eine Serie von photographischen Aufnahmen wird gezeigt, die eine 
allmlhliche Entwicklung der llngsgestreckten Wirbelrollen darstellen. Die Ergebnisse der Stromung und 
des Warmetiberganges werden filr Pr = O,l, 0,7, 2, 10 und 100 wiedergegeben. 

Die Untersuchung iiber den Einfluss der Prandtl-Zahl zeigt, dass die Auswirkung der Sekundlrstromung 
auf den DruckabfallparameterfiRe) vernachllssigt werden kann bei Pr = 10. Fiir Pr = 2 liegt ein asympto- 

tisches Verhalten der Warmetibergangsergebnisse im tiberkritischen Gebiet vor. 
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KOHBEICLJBH HOHELIHOM AMrIJIlU'y~bl C llpO~OJbHbIMki 
~ABBXPEHBJIMB B rI,rIocKoM ~IY~~~EK~EBCKOM TE~HBI/I.BJ~~IRHME 

PABHOMEPHOrO AHCklAJIbHOrW I'PAJJBEHTA TEMrIEPATYPbI 

AaHoTaqm-sanaqa 0 ItOHBeki~klI1 C KOHe’iHUil aMrUll1Ty~Oii c ll~~O~OJlbHbIMI4 ~IlX~HBblMkl 

BaZIaMM B yCTOI%WBOSl rklApOA~HaMkl’ieCKI1 I1 TepMHWcKM IIOJIHOcTbK) p33BklTOM .?aMklHapHOhf 

BbIIIYHE~eHHOM Te’IeHklkl Meitcny ABYMR 6eclioHesmmi~i IlJIOCliklMIl ,lJI~CTIllI3Mkl lIPI, akicIl&7lbHOM 

OfiHOpOAHOM TeKiIOBOM rlOTOIZe Ha CTeHKe peIllaeTCH llpIl6:II~lmeHH~ hlWO;lOM ~OHeYHbIX kKl:‘- 

HOCTeti I4 CnOMOqbH) ElTepa~llOHHOrO rlpOueCCa C kiClIO~b30l3~HkieM peJlaIiCaqklkl kl I’~‘aHMW~bIX 

jWIOBMn &WI 3aBHXpeHHOCTkl. OCHOBHbIe ypaBHeHIlJ1 B ~pkl6zUixtelIkiI~i EyCCkiHeCHa ~“lllalOTCll 

no 3HaqeHm napaMeTpa (Pr Re Ra), B YeTblpe paaa npeubrmam~eio Kpki’TkweclFoe. Ha BO3HIlii- 

lIOBeHI,e BTOpWiHOl’O TeYeHMH B @OpMe rlpOAOJ7bHbIX kIkiXpeBbIX B&-lOD ~Ka:IbIlSIeT l~~‘klTM’IWl”” 

3HaYeHcie (&’ Re Ra)*, KOTOpOe MOXEeT 6bITb IIO.?y’ieHO 113 aHaZIkl33 .EIlHeZiHOii ?‘CTOii’lI1BOCTIl. 

MeXaHkl3M TellJlOO6MeHa BbIHCHHeTCH 11:s ~C’TasiIbIJOrO IlCCJIe,~OBaHIlH X+I’FTepIlCTklki IIO.?eii 

CKOpOCTH M TeMlIepaT2_pbI Ha rIpMMepe IIO:IRyX” (/?’ = 0,7). IIl’eflCT3BneIIa CepklH @TO- 

rpa@&i, mo6pawamqnx noCTenemoe pa:lnIlTIle rlpofionblibrx BaxpekIbrx nanon ;inn B03nyXa. 

npeaCTaB.iTeHbI pe3ynbTaTbI 110 l’I4~.lpO~I~HaMIllie kl TeINlOO6hleHy ,&nfI p!’ = (),I ; 0,7 ; 10 II I()(). 

Ikcne~ouame BJIBHIIHII wlc.za IIpaHaTm rlol2a3blBaeT, YTO ~~IIJIII~~~M lITopllw~oro Te~teklilf~ 

Ha IlapaMeTp llepelEIAa ;ZaB.?eHwl f& MOH(IIO IlpCHe6peYb AnH Pt’ = I(), H ~CClhlIlTOTIl~~e~liOt’ 

nosegeHkfe l~o~@~mqnewTon TellnooSMeHa o61lapy~e1ro mn Pv = 2 II ~~~li~~IlTkl’l~~~l~~~~l IleWk1.W”. 


