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ABSTRACT 

This study of the downward flow of nitrogen in a tall, partially heated vertical channel (up- 
stream isothermal at ?':, heated region isothermal at ?': downstream adiabatic) shows the 
strong effects of buoyancy even for small temperature differences. Time-dependent oscil- 
lations including periodic flow reversals occur along the channel walls. Although the flow 
and heat transfer are asymmetric, the temperature and axial component of velocity show 
symmetric reflections at two times that are half a period apart and the lateral component 
of velocity shows antisymmetric reflections at the two times. There is strong interaction be- 
tween the downward flow in the central region of the channel and the upward flow along 
the heated channel walls. At the top of the heated region, the upward buoyant flow turns 
toward the center of the channel and is incorporated into the downward flow. Along the 
channel centerline there are nonmonotonic variations of the axial component of velocity and 
temperature and a large lateral component of velocity that reverses direction periodically. 
Results are presented for Re=219.7 and Gr/Re2=1.83, 8.0, and 13.7. The heat transfer and 
the frequency of the oscillations increases and the flow and temperature fields become more 
complex as Gr/Re2 increases. The results have applications to fiber drying, food processing, 
crystal growth, solar energy collection, cooling of electronic circuits, ventilation, etc. 

. 
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NOMENCLATURE 

Gr Grashof number, g(Tz- T$)W *3/(T$ug2) 
Gr/Re2 mixed convection parameter, g(T:- Ti*,)W */(Tguc2) 

L 
Nu 

N%vg 
Pr  
Re 
T 

CP 

9 

IC 

Pm 
t 
U 

* 
Uin 

21 

W* 
X 

Y 

dimensionless length of heated region, L = L*/w* = 8.6 
local Nusselt numbers, - k g l y = o  , k x l y = l  8T 

spatially averaged Nusselt numbers, 1/L Jk NuAx 
Prandtl number, Cpinpin/ICin 

Reynolds number, PinUinW */pi*, 

temperature, (T * - zn *)/(T~ * - zn *) 
specific heat 
acceleration of gravity 
thermal conductivity 
motion pressure 
time 
axial component of velocity 
average inlet velocity (cm/s) 
lateral component of velocity 
channel width (cm) 
axial coordinate 
lateral coordinate 

* *  * 
* *  

Greek symbols 

p density 
p dynamic viscosity 
u kinematic viscosity 

Subscripts and superscripts 

in evaluated at  channel inlet 
at channel surfaces 

* dimensional quantity 
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INTRODUCTION 

Buoyant effects in fluid flow in vertical tubes or channels are common and have been stud- 
ied extensively (Ostrach [l]; Morton [2]; Scheele and Hanratty [3]; Lawrence and Chato [4]; 
Zeldin and Schmidt [5]; Quintiere and Mueller [6]; Cebeci et al. [7]; Yao [8]; Shadday [9]; 
Habchi and Acharya [lo]; Wang et al. [ll]). Recently, the time-dependent and asymmetric 
opposed mixed convection flow in a vertical channel with specified heat flux conditions has 
been studied numerically for low Pr (Chang and Lin [12]) and for Pr=0.72 and 7.0 (Lin et 
al. [13]). Other studies concerning the unstable nature of opposed flow mixed convection 
have been made by Guerrero and Hart [14]; Rogers and Yao [15]; Joye and Jacobs [16]; and 
Gau et al. [17]. 

In [15], nonlinear instability analysis was used to predict flow instability in both aiding and 
opposing mixed convection in a vertical tube with a linearly varying wall temperature pro- 
file. For aiding flow the heat transfer predicted from the single wave theory is smaller than 
what is observed; for Re=600, the predicted heat transfer is increased by considering mul- 
tiple waves. In [16], periodic temperature oscillations in opposed flow mixed convection in 
water in a partially heated (isothermal) vertical tube were measured upstream of the start 
of the heated region for Re=600 and Gr=5x107; the heat transfer was shown to lie along a 
forced convection asymptote for Re<2000. In [17], temperature fluctuations and unstable 
flow of air were observed in opposed flow mixed convection in a vertical heated converg- 
ing channel (one wall constant heat flux, the other insulated) for Gr/Re2=40 (where Gr is 
based on the heat flux) and Re=250; for a parallel plate channel the heat transfer was cor- 
related with two different expressions depending on the range of Gr/Re2. 

In Lin et al. [13], the cold downward forced flow first passed through an insulated region 
before entering the constant heat flux region; time variations of the average heat transfer, 
the axial component of velocity, and the temperature at two axial locations in the middle 
and at the downstream ends of the constant heat flux region were presented for Gr/Re2 up 
to 4. In some applications a cold section is located above the heated region. The effects of 
different thermal boundary conditions above the heated region are important since strong 
buoyancy causes the fluid flow to move upward along the heated surface. This effect is more 
pronounced at strong buoyancy as shown in this study. 

The results for the axial and lateral profiles of both velocity components and temperature 
and axial profiles of the heat transfer show the asymmetric nature of the phenomena as well 
as symmetric reflections at times that are half a period apart. The results exhibit nonmono- 
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tonic variations of the axial component of velocity and temperature and a large lateral com- 
ponent of velocity along the channel centerline. These effects can occur in practice for small 
temperature differences. The results have applications to fiber drying, food processing, crys- 
tal growth, solar energy collection, electronic circuit cooling, ventilation, etc. For example, 
in fiber drying, the opposed flow instabilities give rise to low frequency oscillations which 
can lead to lateral fiber motion and fiber tangling and breakage. 

ANALYSIS 

The geometry of the system is shown in Figure 1. Nitrogen at atmospheric pressure and 
300 K flows downward in a vertical channel with walls maintained at 300 K for x<O. At 
x=O the downward flow encounters a second region of the channel (O<x<8.6) that is at an 
elevated temperature, T:. Beyond the second region (228.6) the gas flows through a fi- 
nal region of the channel that is adiabatic. The problem is symmetric about the centerline 
of the channel (y=0.5). At the inlet (2=-4.3), the velocity distribution is parabolic. The 
section above the heated (isothermal at Tz)  region serves two purposes: first, it allows the 
inlet boundary conditions to be applied where the flow is unidirectional, and second, the 
effects of a cold surface above a hot zone on the rising, heated buoyant flow can be deter- 
mined. 

In the adiabatic region below the heated region, the flow returns to the unidirectional con- 
dition before exiting the channel. The two-dimensional, planar, dimensionless equations for 
the flow of a single component gas at low Mach number are: 

+ - - p  1 a - _ _ -  du 2 p  du +- 1 d au) 
Redx [ dx 3 (ax E)] + & & ( p i  - 

12) 

8Pm --- 
Re I-L a,) dy - dy 

1 d du +-- Re dx (I"ay) (3) 
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Figure 1. Geometry (not to scale) and boundary conditions. 
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The gas density is determined from the ideal gas equation of state. The properties of N2 are 
determined from kinetic theory expressions through the CHEMKIN computer code (Kee et 
al. [18], [19]). Equations (1)-(4) are for variable property flow and heat transfer; however, 
the cases presented in this work are for small temperature differences (maximum 15 K), and 
the effect of variable properties is primarily in the density changes in the gravitational term 
(2ndi term on the rhs in equation (2)). Reference quantities for nondimensionalization are: 
channel width, w *; average inlet flow velocity u avg; temperature difference (T;-Ti*,), where 
T = (T* - T:)/(T:- Ti*,); and properties evaluated at the inlet temperature, Ti*,. The 
dimensionless parameters in the above equations are the Grashof number Gr = g (Tz-  
T z )  w *3/(T$ Y $ ~ ) ,  the Reynolds number Re = u$ w */vz, and the Prandtl number P r  = 

* 

* *  * 
/Jin/kin* 

The boundary conditions are (for t > O ) :  

at x = -4.3, for 0 5 y 5 1 : T = 0,  u = 6y(l - y), v = 0; 

a t y = O a n d l ,  for O L x < 8 . 6 :  T = l ,  u=O, v = O ;  

at y = 0 and 1, for 8.6 5 x 5 52.9 : dT/dy = 0, u = 0, 21 = 0; 

at x = 52.9, for 0 5 y 5 1 : dT/dx = au/dx = dv/dx = 0. 

The initial conditions are: 

at t := 0, for 0 5 y 5 1 and for - 4.3 5 x 5 52.9 : T = 0 ,  u = 6y(l - y), v = 0. 

Num.erica1 Solution 

The conservation equations (1)-(4) were integrated over control volumes and discretized us- 
ing the hybrid differencing scheme (Patankar [ZO]). The continuity equation was used in the 
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SIMPLER method to determine the pressure, pm. The time derivatives were discretized us- 
ing the backward Euler method. A sequential line by line relaxation iterative method was 
applied to solve the discretized equations and boundary conditions. The results shown here 
were determined using 205 x grids and 34 y grids, with 50 x grids in the heated zone. The 
grid spacing was nonuniform and finer near the surfaces and the start of the heated region 
(at x=O). The time step was uniform (At=0.0357) for all the results shown. 

Convergence criteria 

An iterative method was used to solve the coupled, nonlinear set of equations at each time 
step. Underrelaxation factors (typical values were 0.05 to 0.5) were used for the momentum 
and energy conservation equations to avoid numerical instabilities; no underrelaxation was 
applied to the pressure and the pressure correction equations. The convergence criteria were 
set as follows: iterations within a time step were continued until the relative changes of all 
variables at all control volumes from one iteration to the next were less than or until a 
preset maximum number of iterations (typically 200-300) had occurred. For Gr/Re2= 1.83, 
after the initial transient disturbances (which lasted until t2100, approximately) subsided, 
about 60-70 iterations were required per time step. Global mass balances in the channel 
were satisfied to better than 1%. 

Grid and Time Step Sensitivities 

The number of grids in the y direction was varied from 26 to 42 and the number of grids in 
the x direction within the heated region was varied from 38 to 60 for Gr/Re2=8. Significant 
differences existed between results obtained using a 50x26 (x,y) grid in the heated region 
compared with results from a 50x34 grid. However, comparing results from a 50x42 grid 
with the 50x34 grid showed good agreement for all quantities (within 1-3%; a maximum dif- 
ference of 5% occurred in the peak value of the local Nusselt number). Comparisons made 
between results computed on 50x34 and 60x34 grids in the heated region showed agreement 
to within 1-5% depending on the quantities compared (magnitude and frequency of the os- 
ciliations of velocity, temperature, and average and local Nusselt numbers). As a result, the 
50x34 grid in the heated region was used. 

The time step, At, was varied from 0.01785 to 0.14286; for Gr/Re2=1.83, results of calcula- 
tions with At=0.07143 and 0.0357 agreed to better than 1%; however, for Gr/Re2=8.0, sig- 
nificant differences were noted for results calculated at these two time steps. A subsequent 
calculation using At=0.01785 showed good agreement with the At=0.0357 results (within 
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1-396 for all quantities except a maximum difference of 5% in the magnitude of one of the 
local Nusselt number peak values). For Gr/Re2=13.7, the results at At=0.0357 agreed with 
those obtained at 0.01785 to within 2-4%. The time step, At=0.0357, was used for the re- 
sults discussed below. 

RESULTS 

Nitrogen enters a vertical channel at 
with1 an inlet temperature T z  = 300 K (T=O) and an inlet parabolic velocity profile with 
an average velocity u*&=5 cm/s (u=l) corresponding to Re=219.7. In the region near the 
inlet (from 2=-4.3 to x=O) the channel is maintained at the inlet gas temperature (300 
K, ?'=O); from z=O to z=8.6 the channel temperature is T,*(T'=l); and from z=8.6 to the 
exit at z=52.9 the channel walls are adiabatic. Figure 2 shows the flow pattern (marker 
pathline traces for 8 time steps) and the temperature field (the lead arrow of the fluid path- 
line traces corresponds to the time of the temperature field) in the heated region of the 
channel for Re=219.7 and Gr/Re2=13.7; the features shown are characteristic of all three 
cases discussed later. In the heated zone, the fluid near the wall rises due to buoyancy which 
opposes the downward flow in the center of the channel. Just upstream of the start of the 
heated region, the downward flow (cf. white arrows in Fig. 2), which has a parabolic profile 

the downward flow enters the heated region it accelerates due to the effects of the temper- 
ature increase and the upward buoyant flows near the walls. The distance between arrow- 
heads on the pathline traces is directly proportional to the speed of the gas flow. When the 
upward buoyant flow reaches the top of the heated region and encounters the cooler upper 
region, it turns toward the centerline and is incorporated into the rapidly moving down- 
ward flow in the central core of the channel. This phenomenon occurs periodically and al- 
ternately on the two surfaces. The resulting velocity and temperature fields are complex, 
asymmetric with respect to the centerline of the channel, and periodic. 

The first case considered is for T,*=302 K corresponding to Gr/Re2=1.83. The color shaded 
contours of the temperature and velocity fields are shown in Figs. 3a-f and are clearly not 
symmetric about the centerline of the channel although the problem specified is symmet- 
ric. 'The results are periodic and the fields are shown at t=251.8 and half a period later at 
t=2519.3. The time t=251.8 corresponds to a minimum temperature at the location x=3.6, 
y=O.19. Although the fields are nonsymmetric, half a period later Figs. 3a-d show there 
is a symmetric reflection about the centerline of the channel (of this nonsymmetric field). 

= x*/w* = -4.3 (Fig. 1) and flows downward 

I at the inlet of the channel, is constricted by the upward buoyant flows near the walls. As 

~ 
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I I i 

Figure 2. Temperature field at one instant of time and selected fluid pathlines (markers 
show tjhe flow pat,t,eriis over 8 time steps) in the heated region for Re=219.7, Gr/Re2=13.7. 
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Figure 3. Temperature and velocity fields at t=251.8 (when T is minimum at x= 3.6, y= 
0.19) [(a),(c),(e)] and half a period later at t= 259.3 [(b),(d),(f)]; (a),(b) T ;  (c),(d) u; (e),(f) 
v; Re=219.7, Gr/Re2= 1.83. 
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Note that the lateral component of the velocity, v, shows an antisymmetric reflection about 
the centerline (cf. Figs. 3e,f). 

Figs. 4a-c show the periodic nature of the temperature and velocity at two axial locations 
(s=0.7, 3.6) within the heated zone. The temperature, T ,  and axial component of velocity, 
u, are shown near one of the channel walls at y=O.19; in addition, the lateral velocity com- 
ponent, v, is also shown near the channel centerline at  y=0.47. The amplitudes of all the 
oscillations are largest near the central part of the heated zone (x=3.6 curves). The peri- 
odic flow also exhibits flow reversals (u positive and negative in Fig. 4b); ZI also takes on 
positive and negative values (Fig. 4c). A power spectral analysis of the oscillations of the 
velocity and temperature at selected points using 2048 time steps yields a single period of 
15 (frequency of 0.07). For symmetric flows ZI would be zero at the centerline; here there 
are large oscillations in v near the centerline which disturb the symmetry of the flow. The 
oscillations can have a deleterious effect on some processes; e.g., fiber drying, reactor cool- 
ing, ventilation, food processing, etc. 

Lateral profiles of T ,  u, and ZI are shown at two times (t=251.8 and 259.3) for different axial 
positions in Figs. 5a-c (as stated above, the results are not symmetric about the centerline 
of the channel). Recall that the time t=251.8 corresponds to a minimum temperature at 
x=3.6, y=O.19. The upward buoyant flow near the wall does not penetrate upstream into 
the unheated region (x<O) as shown by the parabolic profile for u (Fig. 5b). Figure 5b 
shows that the buoyant upflow along the channel walls in the heated zone results in an en- 
hanced maximum value of u (u,,=2.5 at x=3.6). Comparisons of curves at the same axial 
location x having the same symbols at times that are one-half of a period apart show that 
both T and u are symmetric about the centerline half a period later (Figs. 5a,b), whereas v 
is antisymmetric about the centerline half a period later (Fig. 5c). 

Axial variations (which complement the lateral variations of Figure 5) of temperature and 
velocity close to and equidistant from both side walls of the channel (y=O.19 and 0.81) 
are shown in Figs. 6a-c at t=251.8 and 259.3. Both T and u clearly exhibit two maxima 
which are also seen in Figure 3. Comparisons of T and u at y=O.19, t=251.8 and at y=0.81, 
t=259.3 overlap, showing symmetry about the centerline half a period later; v shows anti- 
symmetry about the centerline half a period later; these reflections in time and space are 
also seen in Figure 3. 

The axial profiles of temperature and velocity along the channel centerline are shown in 
Figs. 7a-c at  t=251.8 and t=259.3. In contrast to the stronger upward buoyant region near 
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Figure 4. Time variations of temperature (a) and velocity (b,c) at y= 0.19, 0.47 and x= 
0.7, .3.6; Re=219.7, Gr/Re2=l.83. 
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line at two times (t= 251.8 and 259.3) half a period apart; Re=219.7, Gr/Re2=1.83. 
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the .wall where the flow is both upward (u <0) and downward (u >0) as shown in Fig. 6b, 
u at the centerline is always downward with alternating maxima and minima. At the cen- 
terline T also has alternating maxima and minima; exhibits positive and negative values 
at the centerline as shown in Fig. 7c (also see Fig. 4c) and near the walls (Fig. 6c). Iden- 
tical profiles of T and u occur half a period apart while the profile of v is "opposite" half a 
perilod later. 

The average Nusselt numbers shown in Figure 8a show a periodic oscillation which exhibits 
a higher frequency component which is also present in the u velocity component in Fig. 4c. 
The time average of Nuavg is approximately 3.7. The local Nusselt numbers shown in Fig. 
8b at t=251.8 exhibit nonmonotonic variations. 

The effects of increasing Gr/Re2for fixed Re=219.7 are shown in Figure 9 where the fields 
of T ,  u, and v are shown for Gr/Re2=1.83, 8.0 and 13.7. The three cases are shown at times 
when the temperature is a minimum at the location x=3.6, y=O.19. For increasing buoy- 
ancy there are stronger oscillations and a more pronounced effect near the start of the heated 
zone, z=O. However, even for the large values of the mixed convection parameter there is 
little penetration of the heated, buoyant fluid upstream of the heated zone, x<O (for the 
cold isothermal boundary condition considered in this study where T, = Tn for -4.3 5 
x < IO). 

The period of the oscillations decreases from 15.0 to 3.8 to 3.0 (frequency increases from 
0.07 to 0.26 to 0.33) with increasing Gr/Re2. The complexity and amplitudes of the oscilla- 
tions has increased significantly from the simpler variations at lower buoyancy (cf. Fig. 4) 
and are shown in Figure 10 for the case Gr/Re2=13.7. Note the increased amplitudes of T 
and v near the start of the heated region (x=0.7). For this case, a spectral analysis of the 
temperature oscillations shows small components at two and three times the fundamental 
frequency of 0.33. Temperature oscillations with frequencies ranging from 0.003 to 0.1 in 
opposed flow mixed convection for different thermal boundary conditions (13, 17) and in 
tube flow (16) have been reported in the literature. 

Lateral profiles similar to Figure 5 were also obtained at the higher values of Gr (not shown). 
These results show increased heating in the center of the channel and larger positive and 
negative values of both axial and lateral components of velocity, especially near the start of 
the heated region. Axial profiles of T ,  u, and v near the walls at higher buoyancy (Gr/Re2=13.7 
in Fig. 11) show greater spatial variation and clearly exhibit the symmetric (T and u) and 
antisymmetric (v) reflections that were previously noted for lower buoyancy. 
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Figure 8. Heat transfer from channel surfaces; (a) average Nusselt numbers; (b) local Nus- 
selt numbers at t= 251.8; Re=219.7, Gr/Re2=1.83. 
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Figure 9.Teniperature arid velocity fields at times when T is minimum at x= 3.6, y= 0.19 
for R,e = 219.7 and three values of Gr; (a)9(d),(g): Gr/Re2= 1.83; (b),(e)9(h): Gr/Re2= 8.0; 
(c)?(f),(i): Gr/Re2= 13.7; (a)-(c): T ;  (d)-(f): u; (g)-(i): ?J~ 
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For increasing buoyancy (Gr/Re2=1.83, 8.0, 13.7) the time average of Nuavg increases from 
3.7 to 4.5 to 4.9, approximately; the Gr/Re2=13.7 case is shown in Fig. 12 which also in- 
cludes the local Nusselt number. There is an increased heat transfer near the start of the 
heated region (cf. Figs. 12b and 8b). We note that the above results for these time aver- 
aged Nusselt numbers are similar to those reported in other studies involving mixed convec- 
tion; increasing heat transfer with increasing buoyancy has been observed although there 
is some evidence of a limited region of reduced heat transfer with increasing buoyancy in 
opposed mixed convection flow in converging channels with constant heat flux boundary 
conditions (17). 

CONCLUSIONS 

Unsteady, two-dimensional simulations of the downward flow of N2 in a vertical heated 
(isothermal) channel with an upstream cold section show the importance of buoyancy. Re- 
sults for the temperature, velocity, and heat transfer have been obtained for Re=219.7, 
Pr=0.7, and Gr/Re2=1.83, 8.0, and 13.7. To minimize property variations the temperature 
differences were small; i.e., 2, 8.7, and 15 degrees Kelvin for the three cases, respectively. 
For all cases there is an upward buoyant flow near the walls that turns downward at the 
top of the heated section. Near the walls, the axial flow reverses direction periodically; the 
lateral flow reverses direction both at the centerline and near the walls. The temperature 
and axial component of velocity along the centerline of the channel are nonmonotonic and 
oscillatory. The results are nonsymmetric, periodic, and exhibit increasing complexity and 
frequency for increasing buoyancy. The temperature and axial component of velocity half 
a period apart show symmetric reflections (of the asymmetric fields) while the lateral com- 
ponent of velocity, v, shows antisymmetric reflections. The average heat transfer is periodic 
and increases with increasing buoyancy. 
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