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THE INTERACTION OF UNEQUAL LAMINAR 
PLANE PLUMES 
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Abstract-Interactions between unequal laminar natural convection plumes generated by line heat 
sources were experimentally investigated using a Mach-Zehnder interferometer. These nominally free 
boundary flows were found to be affected by the presence of other similar flows which interfere with 
the supply of entrainment fluid. A model, based on the nature of the interacting flows, is successful in 

interpreting the mechanism. 

NOMENCLATURE 

stream function; 
gravitational acceleration; 

4[Gr,/4]‘!4; 

gs3 /IQ ( i li5 
GQ, 7~ 

h, merging height, see Fig. 4; 

H, his; 
1, thermal flux integral; 

L, plume span; 

M, see equations (7), (8) and (9); 

N, temperature decay rate; 

P? static pressure; 

p, see equation (7); 
Q1, Qz, plume strength, per unit span; 

~1, ~2, spackz; 

4 local temperature; 

to, plume midplane temperature; 

t m, ambient medium temperature; 

& velocity component along the plume; 

u, vertical velocity induced by entrainment; 

0, velocity component across the plume; 

V, plume entrainment rate; 

X, distance along the plume from the plume 
source; 

Y, distance out from plane of plume symmetry. 

Greek symbols 

B? coefficient of thermal expansion; 

‘I, similarity variable; 
til, 02, plume inclination, from vertical; 

P3 fluid density; 

*, stream function. 

1NTRODUCTION 

FREE-BOUNDARY buoyant flows are common in tech- 
nology and in the environment. When these flows 
occur multiply they interact and the consequences 
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thereof are of interest. An experimental study was 
carried out to investigate such an interaction between 
pairs of plane plumes. Pera and Gebhart [1] consider 
the interaction between laminar plumes of equal 

strength. Here results for the unequal plumes are 
presented. Review of related literature is given in Pera 

and Gebhart. 

THE EXPERIMENTS 

The plumes were generated by electrically heating 
nichrome wires about 18 cm long and 0.25mm in 
diameter in an isolated enclosure of dimensions 
69 x 69 x 84cm high. The strength of one of the 
plumes Q1 was always 72 W/m while the strength of 
the other Q2 was varied from 1.3 to 72W/m in eight 

steps. For each Q2. the spacing between the two wires 
was varied from 8.59 to 1.42cm in six equal steps of 
about 1.42 cm. A 20 cm Mach-Zehnder interferometer 

was used to visualize the temperature field above the 
heat sources. 

Characteristic results are seen in Figs. 1-3. In all 
photographs the left plume is stronger, with a strength 
of 72 W/m. Six spacings are seen in Figs. 1 and 2. In 
Fig. 1 the ratio of plume strengths Q2/Q1 is 0.019 and 
this is the smallest ratio studied. The stronger plume 
is hardly affected by the presence of the weaker one, 
even at small spacing. In Fig. 2 the ratio Q2/Q1 is 
0.63 and is the largest ratio for unequal plumes. There 

is large effect on the stronger one. As the spacing is 
decreased, inclination increases and the plumes merge 
within a shorter distance. Figure 3 shows the effect a 

smaller plume on a larger one when the strength of 
the weaker plume is varied at a fixed spacing. As the 
ratio Q2/Q1 increases the stronger plume tilts more 
and more. 

ENTRAINMENT PREDICTION OF INTERACTION 

These experiments, along with those in [ 11, suggest 
that the basicmechanism in interaction is the limitation 
or restriction of the induced external inviscid flow, up 
between the plumes. This flow supplies their down- 
stream entrainment. The restriction increases the in- 
duced flow velocity and causes an appreciable pressure 
inhomogeneity in the external field. This is balanced, 
across the plume, by the component of the buoyancy 
force normal to the principal flow direction. A model 
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The interaction of unequal laminar plane plumes 

FIG. 3. Distance between sources 2.87cm. Heat dissipated in left wire 72 W/m. Heat 
dissipation in right wire 1.3, 3.0, 5.3, 12, 21, 32,46 and 72 W/m. 

was developed for the interaction. The parameters are 
defined in Fig. 4. Bernoulli’s equation relates the 
induced flow of velocity U, in the region between the 

I I 

FIG. 4. Plane plume interaction for unequal strength 
plumes. 

plumes, to the difference between the motion pressure 

there, pi, and the pressure in the ambient external 
medium, pm. This pressure difference is equated to the 
cross-plume buoyancy force component. Then, through 
continuity considerations, U is related to the entrain- 

ment rate required by each plume on the side of inter- 
action. This model, successful for equal plumes, is here 
applied to unequal ones. 

The inclined plumes are treated as vertical ones with 
the buoyancy force, gpg(t - tm), in the Grashof num- 

ber Gr,, reduced by the cosine of the angle between 
the vertical and plume centerline. The use of the 
boundary layer similarity formulation for these inclined 
plumes appears justified from two separate consider- 
ations. First, we can see in Figs. 1-3 that the inclined 
plumes, especially those at the larger spacings, have 
essentially straight centerlines. Second, the measured 
downstream decay of midplane temperature to -rm 
was found to be approximately as xm315, as predicted 
by analysis for vertical plane plumes and corroborated 
through measurements, e.g. by Schorr and Gebhart [Z]. 
However, measured temperature levels are always 
appreciably lower than those calculated. 
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The similarity transformation for the plane plume, 
from Gebhart, Pera and Schorr [3], with the above 
modification, is: 

G=4 
g/l@” - t,,)x3 cos t) 

1’2 

to-t, = Nx-~‘~, N = - Q" I!’ 
J p%$Jg~I4cos H ’ 

‘7 
I= 

J 
.f”@ dv 

0 

The solutions, in terms of the stream and temperature 
functions ,f and (p, are known for many values of the 

Prandtl number, Pr. 

Considering the stronger plume first, the local, at x1, 
motion pressure difference immediately across the 

boundary region of the plume is denoted by p& -pibl. 
This is taken to be the result of, or balance for, the 

cross-plume buoyancy component, gpfi(tr - t,)sin Ot, 
integrated across the boundary region. With boundary- 
layer approximations this becomes 

= 2 (“‘gpg(tl-tr,)sinllidyI 

The difference A& differs from Ap = pa -pi by the 
order of dynamic pressure characteristic of the normal 
velocity component of the fluid drawn in by the plume 
for entrainment. C,(X) on each side. Now the normal 
component of velocity is -ot(c~c) = (3v/5x,)Gtf(x). 

The equivalent dynamic pressure, compared to Aph, 
becomes : 

For l/G1 tans, small we may neglect this difference 
and assume that Apb, ‘v Ap. A similar argument applies 
for the right plume. 

Both pi and U are taken to be uniform across the 
space between the plumes, at any given height. We 
may write the Bernoulli equation for the inviscid 
induction of fluid from below as Ap = pr -pi = pU 2/2 

and (1) becomes : 

pu2 p? ’ K’ 

______ = -GG:tan0t 
2 8x: 

41 dr/, x x;li5. 
0 

Now, applying the same consideration to the other 
plume, of different strength, we find : 

G:tanO 
X: 

1 = G:tanfj 
X: 

2. 

From above, U 3~ .x~‘~‘” ( = x; I.” O). Given this weak 
variation with x, tr is approximated by the average 

HAUKATULLAH and LUCIANO PERA 

value from x = 0 to the position of interaction, as 
follows : 

U(x)dx 

where G,, = G,,, and Gf, = G,,,. 
This estimate for ii is used over the area across which 

the fluid to be entrained enters the between-plume 
region, A = (st +.s2)(h+L), where L is the length of the 
plume and sl, s2 and h are as defined in Fig. 4. This 
is an over-estimate, since the plume thickness is 
neglected. The flow rate, DA, supplies the combined 
entrainment by the two plumes on their inside faces, 
LV, and we have: 

-yJ, 
LV= -L 

i! 
o ul(m)drll+ 

I 

I,. 
uz(m)dvz 

0 1 / 

= ~lLf~I(G~, + G,,) 

OA = (SI +sz)(h+L)i7 = rLf(co)(G,-,+G/,). (5) 

From (3) and (4) we have: 

Using (3) and (6) in (5) we obtain the following relation 
between HI = h/s, and H2 = h/s2. 

/ 1-a , 112 

g+“) u. 4drl) (G )I,2 

L .f(m) /’ 

Now, GJ, may be written in terms of a more convenient 
Grashof number, based on Qt and s1 as defined below, 
to yield a simpler relation for the interaction. 

= P 1,; ! ! J(GQ,) 

= (HI + H:)“’ 
H+ [l+J[;i,]=M1. (7) 

The value of P depends only on the properties of fluid. 
From Gebhart et al. [3] we find P = 1.11 for air, with 
Prandtl number of 0.7. 
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A similar equation may be obtained between Go, 
and HI and Hz if equation (4) is used in (5) and by 

eliminating Gf, instead of GJ?. 

= (Hz + H:P5 

;+I 
(8) 

1 

If the ratio of (7) and (8) is taken, a relation between 
Q1/Q2 and HI and Hz is obtained which is independent 
of fluid properties. 

= M 
3. 

(9) 

Equation (7) for infinite span plumes, i.e. h/L = 0, 
is plotted in Fig. 5 in terms of PJ(Go,) vs Mr. The 
actual data are seen to have wide scatter and are about 
50% below the prediction. The end-flow effect, (1 + h/L), 
is retained in Fig. 6. This brings most of the data closer 
to theory. About 58% of the points are within *25x 
of it, but most are still lower. A similar scatter was 
found when equation (8) with Go, was plotted vs MZ. 

Equation (9) is plotted in Fig. 7. The data is again 
low. Some interesting trends are apparent, however. 
Recall that equation (9) is independent of fluid 

properties and that the analysis depends on both 
l/G2 tan & and l/G1 tan 8i being small compared to 1 
and of the same order. For most of the experiments, 
l/G2 tane2 was less than 0.07, whereas l/G1 tan@i 
was between 2.85 and 0.04. To show the trends, four 
different symbols are used in Fig. 7, to separate the 
following classes of data. 

1 
I. 0.5 < ___ 

Gi tan f3i ’ 
solid circles 

1 
II. 0.1 < ~ 

Gi tan Oi 
< 0.5, open triangles 

1 
III. 0.05 ,< ____ 

Gi tan0i 
< 0.1, open circles 

1 
IV. ~ 

Gi tan f3i 
< 0.05, solid squares. 

Clearly, as l/G1 tan01 gets smaller the agreement 
between data and theory improves. Most of the data 
for points of type III and IV is within 10% of the 
theory. This trend is not found for the parameters used 
to plot Figs. 5 and 6. 

The above model, used boundary layer results. These 
approximations apply for large Grashof number, for 
small boundary-layer thickness. For the data of this 
experiment the Grashof number, 

16. 

‘0 2 4 6 lb 15 1’4 16 
M, 

FIG. 5. Comparison oftheory and data, without the end flow 
area effect (l+h,/L). 0, 0.5 < l/G1tanQL; A, 0.1 C 
l/G1 tan01 < 0.5; 0, 0.05 < l/G1 tan0, < 0.1; W, l/G1 

tan 0, < 0.05. 
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FIG. 6. Comparison of theory and data including the end 
flow area. Notations same as in Fig. 5. 

ranges from 21 to 346. At the lower end of this range 
the agreement between the experiment and model 
would not be expected to be good. We also recall that 
the value of A is an overestimate of the actual area, 
since the plume thickness is neglected. 

CONCLUSIONS 

The postulate of the influence of the entrainment 
mechanism appears also to be supported for unequal 
plumes interaction. Disagreements are related to 
approximations made in the analysis. Much of the 
scatter in the data may be due to observed unsteadiness 
in these kinds of flows. Although the experiments were 
done in a large isolated enclosure, it was found that 
even a single plume was not exactly vertical, showing 
some sort of interaction. 
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FIG. 7. Comparison of theory and data using equation (9). Notations same as in 
Fig. 5. 

The experiments reported here were mainly intended 
for visualization of interaction. The Mach-Zehnder 
interferometer shows only the temperature field. For 
air (Pr = 0.7) the extent of the temperature field is 
approximately that of the velocity field and the plume 
seen corresponds to essentially the whole boundary 
layer flow field. To get a deeper understanding of the 
interaction a more detailed study of the outer inviscid 
flow field is necessary and future studies must be in the 
direction of visualization and measurement of this flow. 
Another important aspect of interaction is the effect of 
heat transfer. A step in this direction, for plume above 
or below a horizontal wall, has been taken recently by 
Reimann [4]. 
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INTERACTION ENTRE PANACHES LAMINAIRES PLANS DIFFERENTS 

R&um&Les intiractions entre diffkrents panaches laminaires de convection naturelle et engendris par 
des sources liniaires de chaleur, sont &udibes experimentalement B l’aide d’un interfkromttre Mach- 
Zehnder. Ces 6coulements g frontikre libre se trouvent itre affect&s par la prtsence d’autres Ccoulements 
semblables qui interfkrent avec l’apport du fluide d’entrainement. Un modele, basi sur la nature physique 

des Bcoulements en inttraction. a permis d’interprkter les mkcanismes avec suc&s. 

GEGENSEITIGE BEEINFLUSSUNG IN UNGLEICHEN, 
LAMINAREN, EBENEN AUFTRIEBSSTROMUNGEN 

Zusammenfassung-Die gegenseitigen Beeinflussungen in ungleichen, laminaren, natiirlichen Auftriebs- 
strhmungen, wie sie an einer linienfijrmigen WLrmequelle entstehen, wurden experimentell untersucht in 
einem Mach-Zehnder-Interferometer. Die eigentlich freien RandstrGmungen wurden beeinfluat durch die 
Gegenwart anderer, lhnlicher Striimungen, die das verfiigbare, zustrcmende Fluid stiirten. Ein Modell, 
das der Natur der sich gegenseitig stiirenden Striimungen entspricht, erweist sich fiir die Interpretation 

der Vorglnge als erfolgreich. 

B3AMMOAEtiCTBME HEPABHbIX I’IJIOCKHX JIAMHHAPHLIX CTPYEK 

zkIIlOTZilUUi - c nOMOLUbH3 RHTep@Z.pOMeTpa Maxa-UeHnepa 3KCnepIiMeHTBJlbHO HCC,‘e~OBU,HCb 

B3UiMOnetJCTBHR MGiUly HePaBHblMll CB060nHO-KOHBeKTHBHbIMH CTP#KaMH, reHepHp)‘eMblMB 

JIHHetiHblMll UCTOYHHKBMH TellJIB. HaRneHo, ‘IT0 3TH IIOTOKR C t$,aKTHWCKH CB060nHbIMH QWWUBMB 

3BBWCRT OT HBJIWYAR np)‘rHX aHaJlOrHYHblX llOTOKOB, KOTOPbre HHTepi#%PHPYK)T 38 C+T YHOCa 

WiLIKOCTII. Monenb, OCHOBBHHaR Ha IIpllHWine B3aHMOnefiCTBASI nOTOKOB, yCIleILlH0 Od%BCH%IeT 

MeXBHU3M npouecca. 


