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Abstract—This paperreportsa theoretical and experimental study of the fundamental mechanismresponsible
for transition in natural convection plume flow. Theoretically, it is argued that the transition occurs when the
time of viscous penetration normal to the plume becomes comparable with the minimum time period with
which the plume can fluctuate as an unstable inviscid stream. It is also argued that at transition the plume
wavelength must always scale with the local plume diameter. The experimental part of the study focused on
transition in the axisymmetric air plume above a point heat source. Smoke visualization of the plume shape at
transition led to extensive observations that support strongly the transition mechanism proposed
theoretically. The transitional plume is seen to meander in a plane (two-dimensionally) and with a wavelength
which scales with the plume diameter. If excited externally by many such wavelengths, the plume has the
property to select the natural wavelength proposed theoretically. The equivalence between the present
transition mechanism and the transition predicted by the buckling theory is discussed.

NOMENCLATURE

local plume diameter [m]
disturbance frequency [s™!]
gravitational acceleration [ m s~2]
loudspeaker height [m]

thermal conductivity [W m™! K~1]
ratio between ¢, and t,,;,; same as buckling
number Ny [16, 21]

heat input {W]

time [s]

minimum plume fluctuation time [s]
viscous communication time [s]
plume velocity [ms™1]

transition height [m]
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Greek symbols
a  thermal diffusivity [m? s~ ']
B thermal expansion coefficient [K™']
2 wavelength [m]
s buckling wavelength [m]
}win minimum plume fluctuation wavelength [m]
v kinematic viscosity [m? s~ ']

Subscripts
B buckling property
0  reference state

1. INTRODUCTION

THis is a study of the fundamental mechanism which
causes the transition to turbulence in buoyant plumes
rising from a point heat source. The transition to
turbulence is one of the most basic phenomena which is
not yet fully understood. The importance of under-
standing this phenomenon is sell-evident, consider-
ing the importance of predicting the ensuing turbulent
motion of fluids. The transition phenomenon is par-
ticularly importantin the field of heat transfer, environ-
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mental engineering, atmospheric research, because
turbulence is the most effective transport mechanism
known to man.

The buoyant plume is one frequent type among
the many occurrences of free-convection flows in
engineeringand other applications. Inthis paper we are
specifically interested in the axisymmetric buoyant
plume rising from a point heat source in a quiescent
environment. Existing studies on such plumes and the
plume transition phenomenon have been summarized
by Gebhart [1], who showed that considerable effort
has been devoted to this problem over the past few
decades. For example, the laminar 2-dim. and
axisymmetric plume has been studied by Yih [2,3],and
Brand and Lahey [4]. Probably the most thorough
treatment of this problem is the numerical analysis by
Fujii [5].

Experimental studies on the plane plume above the
line source were reported by Brodowicz and Kierkus
[6], Forstrom and Sparrow [7], and Schorr and
Gebbhart [8]. The latter two works are concerned with
the plume behaviorinthe transitionregime as well asin
the laminar regime. Schorr and Gebhart observed by
means of interferometric flow visualization a regular
laminar ‘swaying” motion at a large distance above a
line heat source. This type of boundary layer swaying
motion is amplified and eventually the flow becomes
turbulent. Forstrom and Sparrow also observed the
existence of swaying motion at a fixed point in space
near transition, by means of a thermocouple placed
midway between the mid-plane and the edge of the
thermal boundary layer.

The theoretical research on transition in plume flow
proceeded along the lines of hydrodynamic stability
theory. For example, Pera and Gebhart [9] showed by
integrating inviscid cases of the Orr-Sommerfelt type
equation that the assumed 2-dim. plume base flow is
less stable for the asymmetric mode than for the
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symmetric one. A thorough study of buoyancy effect on
hydrodynamic stability in the vertical round jet has
been conducted by Mollendorf [10] who found that
buoyancy strongly affects the stability of jets.

In the discussion of existing information on
transition, the adopted theoretical view is rooted in the
theory of hydrodynamic stability. This point of view
consists of recognizing the existence of external
disturbances of many wavelengths which, when
superimposed on the laminar flow of interest, might
render the flow unstable, thus triggering turbulence.
Thesame comment applies to theexisting experimental
work on transition: this time the disturbances are
introduced into the flow externally, for example, by
using a loudspeaker. Thus, as we look back at the
important advances made in this field of transition
research, it is important to keep in mind that this
research is not about flows alone, but about the
response of certain flows to certain disturbances.

From the outset, it must be said that the point of view
which stimulated the present study differs somewhat
from the classical hydrodynamic stability approach.
The difference lies in the fact that in this study
‘transition’is viewed as anintrinsic property of the flow
alone, i.e. a property which is not related to the nature
or questionable presence of an external disturbance. It
is shown in the next section that this intrinsic property
stems from hydrodynamic stability results which have
been known for one hundred years. However, it is
apparent that the significance of these results vis-d-vis
transition has not been emphasized until now.

2. THE MINIMUM WAVELENGTH FOR INVISCID FLOW
INSTABILITY: TIME CRITERION FOR TRANSITION

The type of classical stability results which
stimulated the present study is exhibitedin Table 1. Ina
1880 paper, Rayleigh [11]showed that aninviscid jet of
triangular profile is unstable to disturbances whose
wavelengths exceed a certain multiple of the jet
thickness D. Rayleigh did not calculate explicitly the
minimum wavelength of ‘neutral’ stability: his
discussion focused primarily on another, longer
wavelength (=21 D) for which an assumed disturbance
exhibits the highest amplification rate ([11], p. 65). The
minimum wavelength for instability, 2., which results
from Rayleigh’sjet analysisislisted inrow(a)of Table 1.

Similar results have been known from stability
studies involving other basic flows. For example,
Rayleigh considered also the free shear flow profile (b)
and found instability for wavelengths greater than ‘5D’
([11], p. 63). Thus, for several velocity profiles of the
base flow, the minimum wavelength for inviscid
instability always scales with the transversal dimension
of the flow. Asshown in row (c) of Table 1, this scaling is
consistent with another classical result, namely, the
instability of a plane of velocity discontinuity to any
wavelength [12]. In this case, the minimum wavelength
iszero,i.e.of thesame order as the shear layer thickness.
The proportionality 2_;, ~ Disalsoencountered in the
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Table 1. Minimum wavelength for instability in inviscid flow
(after refs. [12-14])

(a) Free jet v

A..=1714D

(b} Shear layer

(c) Vetoaty
discontinuity

stability analysis of radially symmetric flows, for
example, round jets [13] and annual shear layers [14].

The object of thisstudy is the transition to turbulence
in a buoyant plume. This flow is represented
approximately by profile (a}in Table 1. The theoretical
basisof the presentresearchistheidea thatthe ., ~ D
scaling discussed in the preceding paragraphs is an
intrinsic property of the inviscid flow, and that this
property is responsible for transition. The mission of
the experimental work outlined later in this paper is to
verify the validity of this theoretical viewpoint. Below, a
simple scaling argument is offered as a basis for the
transition phenomenon, and as an analytical result to
be verified by experiment.

Each longitudinal length scale A(>2;,) and the
plume velocity U define a new time scale,

p3

t~———mro.
U2

(1
This is the period in which the stream will fluctuate
relative to the still environment. Note that U/2 is the
plume mean velocity which, from symmetry consider-
ations, represents the order of magnitude of the velocity
with which the A waverises. Thesame flowis unstable to
an infinity of wavelengths 2 > 2., [11], hence, the
same flow can fluctuate with an infinity of periods
2t ~ P )
Tom eyt
However, since J_;, is proportional to D (Table 1), the
minimum fluctuation period t,,;, is proportional to D
also. The proportionality t.;, ~ D is shown as a
straightlineon Fig. 1, where Dis plotted on the ordinate
because in natural convection the plume becomes
thicker with altitude. For any inviscid stream of
thickness D, fluctuations with a period shorter thant,,;,
are stable.

The issue of whether the stream (U, D) will become
unstable is decided by examining the ‘inviscidity’ of the
flow. Inviscidity or viscidity is a flow property, not afluid
property. If the stream tends to fluctuate (wave), then
plume fluid will tend to collide with the stagnant
ambient intermittently, at time intervals ¢ > 1,;,. The
plumestream remainsinviscid ifduringeachintervaltit
is not overcome by viscous effects, i.e. it does not learn
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Fi1G. 1. Theinternal competition between the minimum period
for inviscid instability (t,;,) and the viscous communication
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by viscous diffusion of the presence of a restraining
ambient. The characteristic time of viscous penetration
(t,) from the plume—-ambient interface to the plume
centerline (over a distance of order D/2) is given by the
classical solution to Stokes’ first problem [15]

D/2

2t )? " ©
in other words,
DZ
b~ e C)]

Thus, at any level (height) in its development, no plume
will remain inviscid forever. Figure 1 shows that if the
fluctuation timeexceeds the viscous penetration timet,,
the plume will remain laminar because its ambient will
successfully continue to restrain it viscously.

The inviscid instability predicted by so many
hydrodynamic stability studies (Table 1) is therefore
possible only if ¢, exceeds t,;,. In Fig. 1, this condition
corresponds to theintersection of the t,,,;, ~ D line with
the t, ~ D? parabola,

tmin ~ tv' (5)

The phenomenon of transition to non-laminar plume
flow appears to be governed by the time criterion

O(N)=1 (6)
where

t, DU/v
N=—t~__—1 |
tmin 32()'mm/D)
Notingthat 2_; /D is aconstant(Table 1), the O(N) = 1
criterion is equivalent to stating that at transition the
stream (local) Reynolds number DU/v is a certain
(critical) constant considerably greater than unity.
Thus, approximating 2 _;, ~ 1.714D from Table 1, the

™
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transition criterion (6) becomes

by > 55, &)
v
for transition to non-laminar flow.

The object of the following experimental study is to
test the validity of the ¢, ~ t, scaling, as mechanism
for transition in plume flow. It is worth noting from the
outset that the theoretical time criterion is already
compatible with two earlier conclusions regarding
transition:

(1) Experimentally, it is a universal conclusion that
transition is associated with a characteristic Reynolds
constant considerably greater than unity.

(2) Theoretically, the same transition criterion is
recommended by the buckling theory of inviscid jets
[16], where 2, is replaced by the buckling wavelength
of the stream, 15 = (1/2)D = 1.57D.

An important distinction must be made, however,
between the above theoretical criterion [equations (6}
(8)] and the universally accepted fact that the transition
is characterized by DU/v = constant. To begin with,
the notion of a “critical’ Reynolds number of transition
is of purely empirical origin. On the theoretical side, the
linearized (small-disturbance) equations of hydro-
dynamicstability theory can easily be subjected to scale
analysis toshow that the Reynolds numberisindeed an
important dimensionless parameter; comparing the
Reynolds number with unity (one), we can say whether
or not the viscous terms can be neglected in the stability
analysis. Note, however, that this scaling argument is
not about ‘transition’, rather, it is about the simpli-
fication of stability analysis. Also on the theoretical
side, the Reynolds number appears in the solution to
the complete Orr-Sommerfeld equation: however,
unlike in criterion (8), the stability-derived transition
Reynolds number is not a constant. (It is a function of
the wavelength of each postulated disturbance.)

In view of this discussion, the time criterion (6)(8)
seems to provide for the first time a hydrodynamic
stability scaling basis for “the Reynolds number = a
constant considerably greater than unity” as transition
criterion. The experimental observations summarized
later in Section 6 show that at transition the order of
UD/vis 102, in agreement with the time criterion (6)~(8).

3. EXPERIMENTAL APPARATUS AND PROCEDURE

The experiments focused on a controlled version of
the cigarette smoke phenomenon with which we are all
familiar. AsshowninFig. 2, theapparatusconsisted ofa
man-size, airtight, Plexiglas enclosure which was
needed to isolate the experiments from ambient air
currents present in the laboratory. Two adjacent side-
walls and the top and bottom walls of the chamber were
constructed of wood. The remaining two adjacent side
walls were made of Plexiglas in order to permit the
lighting and viewing of the smoke plume.

An axisymmetric air plume was generated above a
small heat source placed in the center of the box,
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F1G. 2. Schematic of the experimental apparatus.

approximately 45 cm from the bottom. The heat source
was constructed in the form of a nichrome resistance
coil, as shown in Fig. 2. Electric power in the 0-50 W
range was measured and dissipated in the coil : most of
this energy was released into the buoyant air plume.
(The estimated radiation heat loss was less than 6% at
22 W and less than 209/ at 55 W)

Cigarette smoke was generated in an external device
constructed after a design described by Bradshaw [17].
The smoke was released directly beneath the nichrome
coil very slowly so that it did not affect the air plume.
This simple flow visualization technique worked very
well, and the plume shape visualized by the smoke trace
was photographed.

The experiments were designed to test the validity of
the t_;, ~ t, scaling during transition. For a certain
(reference) power dissipated in the coil, Q,, the plume
shape was photographed 3-6 times. The photographs
showed statistically the existence of a characteristic
height x, and wavelength A, for the beginning of
transition (Fig. 2). The power setting Q was changed
during the course of experiments and these changes
reflected in the measured x and A. The object of the
experiment was to discover the dimensionless functions

xio = function (Q%) > ®

] . {0 )
— = function { — J.
Ao (Qo

The experimental findings were then compared with
the theoretical functions recommended by the ¢;, ~ ¢,
scaling. The theoretical functions x/x, and 4/, can be
obtained by recalling that the diameter and velocity ofa

(10)

laminar plume above a point heat source scale as [18]

-1/4
D~ Q-1/4x1/2(5:i—§£-) , (11)
1/2
U~ Q”Z(g‘—iﬁ> . (12)

At transition we expect 2 ~ D and 1, ~ t, [or DU/v
~ constant, equation (8)], hence, the theoretical
functions to be tested are

o)
Xo Qo '
i=(g)—ll2‘
;'0 QO

Note that the scaling represented by equations (11)and
(12) is valid for Prandtl numbers of O(1) or greater.

(13)

(14)

4. RESULTS

In the first series of observations the plume was
photographed in the absence of any external noise
which might act as a trigger for transition. The measured
transition heights and wavelengths are shownin Fig. 3:
both xand Adecrease as theenergy content of the plume
Q increases. The variation of /2, vs Q/Q, parallels the
theoretical curve, equation (14) but the measured
transition heights are consistently greater than the
theoretical levels. Comparing this first series of
observations with the theoretical expectations [equa-
tions (13) and (14)], we conclude that in the absence of
external triggers the transition wavelength scales with
the plume diameter, however, the transition is delayed
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FI1G. 3. The transition height and the wavelength as a function
of heat input, in the absence of external noise. O, x/x,,
transition height. A, 2/2,, wavelength.

and occurs further downstream from the theoretical
level.

Considerably more conclusive results were obtained
by photographing the plume shapes immediately after
tapping the enclosure once, with a finger. This sort of
noisc served to introduce disturbances of many
(unspecified) wavelengths and amplitudes into the air
plume flow. Figure 4 shows the measured variation of
220 and x/x, with Q/Q,: the agreement with theory is
very good in a relatively wide range of power settings
Q/0Q,. It appears that the stream has the natural ability
to filter [19] out of the disturbance spectrum the
‘natural wavelength of transition. The measurements
indicate that the natural wavelength scales with the
plume diameter (because 2 ~ Q~!?). These results
validate the theoretical basis for adopting t;, ~ ¢, as
transition criterion (Section 2).

The repeatability of the above observations is
demonstrated by the sequence of photographs
presented as Figs. 5(a)-(c). These three photographs
belang to the same plume, as the plume strength Q was
held constant (¢ = 31.L W). The transition wavelength
and height are recorded instantly by means of the
vertical scale mounted next to the plume, at the same
distance from the camera [note that Figs. 5(a)~(c) were
taken at different times, using different focusing
lengths]. The photographs show clearly that, given a
plume, the transition to non-laminar flow is
characterized by a characteristic wavelength 2 and a
characteristic height x.

The relationship between 2, x and Q at transition
(Fig.4)is illustrated in Figs. 6(a) and (b). From Fig. 6(a)
to Fig. 6(b) the source strength Q increases by almost a
factor of 2; correspondingly both 2 and x decrease by a

1519

Egquaticns (13) cnd (14)

ot

A
XO

FIG. 4. The transition height and wavelength as a function of

heat input. The enclosure wall was tapped by a finger. O, x/xo,

transition height. A, 2/2,, wavelength. Qo = 55 W, xq = 0.25m,
Ao =004m.

factor of the order of 1/,/2 predicted theoretically.
Again, transition is characterized by a well-defined
‘meandering’ shape with a unique wavelength and at a
unique height.

An important aspect of the plume shape during
transition is its two-dimensionality. We investigated
this aspect by conducting a separate series of
experiments in which the plume was photographed
simultaneously from two angles, from the front and
from the side. The side-view was visible in a tall mirror
placed vertically near the plume, at a 45° angle with
respect to the camera-plume direction. The mirror view
appears on the LHS of each of the photographs shown
in Figs. 7(a)-(c).

By tapping the side of the box once, we had
absolutely no control on the plane in which the plume
would choose to meander during transition. Thus, we
had to take many photographs in order to come across
afew casces where the plane of deformation happened to
be nearly perpendicular to the camera-plume
direction. Two such cases are exhibited in Figs. 7(a) and
(b): plume deformation during transition is clearly in
one plane. Figure 7(c) shows one of the many cases in
which the plane of deformation did not coincide with
either the camera—plume direction or with the direction
perpendicular to the camera-plume line : regardless of
the misalignment, Fig. 7(c) shows that the elbows of the
sinusoidal shape are all in the same plane.

The 2-dim., planar, character of the plume
deformation during transition [Figs. 7(a)-(c)] is an
important conclusion: it contradicts the hydro-
dynamic stability assumption [13] that the initial
deformation (disturbance) in free jet flow is helical
(3-dim.).
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FiG. 5(a).
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Fi1G. 5(b).
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F1G. 5(c).

FiG. 5. Photographs showing the transitional shape of the same plume (Q = 31.1 W).
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FIG. 6(a). Q = 219 W.
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F1G. 6(b). 0 = 389 W.

F1G. 6. The decrease in wavelength and transition height as the plume strength increases.
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Fi1G6. 7(c). Q = 12 W.

F1G. 7. The two-dimensionality of the meandering plume shape during transition.
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Fi1G6. 7(c). Q = 12 W.

FiG. 7. The two-dimensionality of the meandering plume shape during transition.
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5. TRANSITION IN A HARMONICALLY-FORCED PLUME

The series of experiments described in the preceding
section yiclded convincing evidence that the transition
phenomenon is the result of the scale properties
discussed in Section 2. These properties were studied
further inanother series of experiments where, unlikein
Section 4, the location, intensity and frequency of the
‘trigger” disturbance were controlled. The disturbance
was generated by a loudspeaker suspended at a certain
height, H, next to the plume (Fig. 2). The face of the
Ioudspeaker was covered by a wooden pancl with a
3mm x 200 mm horizontalslit cut into it. Thus, we were
able to harmonically force only a narrow section of the
rising plume, at a height determined by the position of
the loudspeaker. The intensity of the harmonic forcing
(relative to a reference intensity) was monitored by
measuring the power needed to drive the loudspeaker.

The experiments were conducted in a manner similar
to what led to the observations summarized in Fig. 4.
For a fixed heat source strength Q, the plume was
disturbed (shaken) at certain frequencies f of the same
amplitude (the loudspeaker frequency varied, however,
the maximum travel of its cone was held constant). It
was observed that the transition height x depended
strongly on the frequency of harmonic excitation f. It
was found that there exists a characteristic frequency f
such that the transition takes place at a minimum
height: frequencies higher and lower than this
characteristic value triggered transition at higher
altitudes. These ‘resonance’ characteristics have been
studied extensively (visually and photographically
[207) and are amply documented in Figs. 8(a)-(f). In
Figs. 8(a)-(c) the loudspeaker was held at alevel 4.5 cm
above the heat source, while in Figs. 8(d)-(f) the
loudspeaker height was 13 cm.

The minimum transition height and the correspond:-
ing wavelength were found to decrease with the
increasing heat source strength Q. These observations
are summarized in Fig. 9: they are nearly identical to
the results of Fig. 4 obtained by tapping the enclosure
once with a finger. Thus, the plume resonates, hence, is
deformed most effectively when it is harmonically
forced at its natural frequency, with a wavelength that
scales with the plume thickness at the transition height.

The acoustic excitation provided by the loudspeaker
introduces two more variables in the experiment, the
loudspeaker height and the excitation amplitude. In
Figs. 8(a)-(f) we show the effect of disturbance
amplitude. Increasing the disturbance has the effect of
precipitating the transition, i.e. the effect of decreasing
the transition height. Raising the loudspeaker from
5.4 cm to 13 cm above the plume origin, has the effect
of placing the transition further downstream.

6. TRANSITION REYNOLDS NUMBER
GREATER THAN UNITY

As a summary to the preceding series of obser-
vations, Fig. 10 shows the actual linear dimensions of
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X {m)

flHz)
F1G.8(a). Q=103 W, H=0045m. O TV; A 4V;02V.

X{m)

1 1 1 i | ]

f(Hz)

FiG.8(b). 0 =413 W, H=0045m. O TV; A 4V; 3 2V.

the characteristic wavelength and transition height (the
same measurements are listed in Tables 2 and 3). It is
evident that at transition the height x is proportional to
the characteristic wavelength 2, in fact,

x ~ 10 (15)

is an order-of-magnitude fit for the data plotted in Fig.
10. The measured proportionality between x and 2 at
transition is anticipated correctly by the scaling



Transition to turbulence in plume flow

X(m)

f(Hz2)
FiG. 8(c). 0 =844 W, H=0045m. O 4V; A 2V; O 1V.

X{m)

f(Hz)
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argument presented in the beginning of this paper [see
equations (13) and (14)].

In addition, note that the coefficient in equation (15)
is a number greater than unity. This finding validates
the time criterion of transitions, equation (8), which
translated into a transition Reynolds number con-
siderably greater than unity. For example, by using the
D and U scales of the plume [equations (11) and (12)],
the transition height x is eliminated from equation (15)
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Fi1G. 8. Effect of disturbance frequency and amplitude on the
resonance characteristics of the plume. The voltage ¥ repre-
sents the amplitude of the input signal to the loudspeaker.

to obtain

DU 2

g IOD. (16)
According to Table 1, 2/D can only be of the order of 2
or greater, hence, the transition Reynolds number
DU/v must be a constant considerably greater than
unity (in the range 10-10%). Thus, the present
experimental observations support qualitatively and
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Equations (13} and (14}

olo

)X

x0 XO
F1G. 9. The transition height and wavelength as a function of
heat input, in air plumes excited harmonically by a

loudspeaker. O x/x, transition height; A /2, wavelength;
0o=21W;x,=035m;2, =006m.

quantitatively the transition mechanism envisioned in
Sections 2 and 3 and in Fig. 1.

It is worth noting that the local Reynolds number
transition criterion O(N) = 1 or DU/v = 0(10%) stated
inequations (6) and (8) and verified above, can be easily
translated into the Rayleigh or Grashof number
language used in natural convection. In fluids with
Pr > 0O(1) the velocity boundary layer thickness scales
asx Pr'/2 Ra~Y* and the vertical velocity as (x/x)Ra'/?,
where Ra is the Rayleigh number gBx2Q/(avk).
Therefore DU/v = 0(10%) means that at transition the
Rayleighnumberis Ra = O(108 Pr?). For the air plumes

©
= o
- o
i o
Tk o
x o
= o o
o
0©
ol ] | N B I B
ool o1
A{m)

F1G. 10. The measured characteristic wavelength and tran-
sition height. O data from Table 2; (] data from Table 3.
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Table 2. Transition height and wavelength
measurements, plotted in Fig. 4

(W) x (m) 2 (m)
20 1.13 0.12
8.6 0.48 0.098

22 0.45 0.049
31 0.35 0.044
39 0.26 0.040
55* 0.25 0.035

* Reference power setting.

considered in our study this prediction reduces to
Gr = 0(10%), which the commonly observed range of
transition Grashof numbers (note that Gr = Ra/Pr).

7. CONCLUSIONS

This paper described a fundamental study of the
phenomenon of transition to turbulence in natural
convection plume flow. The experimental part of the
study focused on a controlled version of the ‘cigarette
smoke’ plume flow. The experiment demonstrated
that:

(1) at transition, the plume assumes a sinusoidal
(meandering) shape of characteristic wavelength, and
at a characteristic height above the plume origin [Figs.
5(a)-(c)1;

(2) the transition wavelength scales with the local
plume diameter (Figs. 3,4 and 9);

(3) the transitional meandering shape is 2-dim,, i.e.in
one plane [Figs. 7(a)-(c)]; ‘

(4) if the transition is triggered by ‘noise’, thenitis a
plume property to ‘filter’ out of the noise the
characteristic transition wavelength which is propor-
tional to the plume diameter at the transition height
(Figs. 3 and 4);

(5) if the transition is triggered by single-frequency
forcing, then it is a property of the plume to ‘resonate’,
i.e. to deform most when disturbed with a wavelength
which scales with the plume diameter at transition
height (Fig. 9).

These experimental conclusions support strongly
the theoretical argument presented in Section 2.
According to this argument, the phenomenon of

Table 3. Transition height and wavelength measurements
plotted in Fig. 9

a(w) x(m) 4 (m) H (m) S (Hz)
1.05 1.28 0.15 0.045 1.9
2.13 1.02 0.1t 0.045 2.8
3.56 0.94 0.095 0.045 39
6.79 0.65 0.085 0.045 55
9.7 0.53 0.075 0.045 64

149 0.40 0.065 0.045 8

17.8 0.40 0.063 0.045 9.1

21.0* - 0.40 0.050 0.045 10

* Reference power setting.
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transition is:

(a) an intrinsic property of the flow;

(b) the result of the internal competition among two
characteristic time scales of the stream, the minimum
fluctuation period t;, and the viscous penetration time
tV;

(c)characterized by aunique meandering wavelength
which is always proportional to the local stream
thickness.

The transition mechanism proposed in Section 2
evolved from a review of classical hydrodynamic
stability results (Table 1) and led to the flow properties
(scaling) embodied in the time criterion ¢, ~t,
[equations (6) and (7)]. The same scales and time
criterion have been brought to light earlier by the
buckling theory of inviscid flow [16]. It was shown
recently [21] that the buckling time criterion Ng = O(1)
also predicts correctly the transition in free jet flow,
shear flow and wake flow, as well as a series of turbulent
boundary layer features such as the bursting frequency
and the viscous sublayer thickness. Thus, the present
study reveals an important relationship (equivalence)
between stability theory and buckling theory with
regard to explaining transition.
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MECANISME DE LA TRANSITION VERS LA TURBULENCE
DANS UN ECOULEMENT DE PANACHE

Résumé—On étudie théoriquement et expérimentalement le mécanisme fondamental responsable de la
transition dansla convection naturelle d’un panache. Théoriquement, la transition apparait quand le temps de
pénétration visqueuse normale au panache devient comparable a la période de temps minimale de fluctuation
du panache comme un écoulement instable non visqueux. On suppose aussi qu’a la transition, la longueur
d’onde du panache est en proportion du diamétre local du panache. La partie expérimentale de I'¢tude est
focalisée sur la transition dans un panache axisymétrique d’air au-dessus d'une source ponctuelle. Une
visualisation par fumée de la forme du panache a la transition conduit & des observations extensives qui
soutiennent fortement le mécanisme proposé dans la théorie. Le sillage de transition serpente dans un plan
(bidimensionnellement) et avec une longueur d’onde qui est a I'échelle du diamétre du panache. S'il est excité
extérieurement par des longueurs d'onde, le panache a la propriété de sélectionner la longueur d’onde
proposée théoriquement. On discute I’équivalence entre le mécanisme de transition proposé et celui de la
théorie du flambement.
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SHIGEO KIMURA and ADRIAN BEAN

DER MECHANISMUS DES UBERGANGS ZUR TURBULENZ IN EINER THERMISCHEN
AUFTRIEBSSTROMUNG

Zusammenfassung—Es wird Uber eine theoretische und experimentelle Untersuchung der grundlegenden
Mechanismen berichtet, die fiir den Umschlag des Strtdmungszustandes in thermischen Auftriebsstrémungen
verantwortlich sind. In der Theorie wird davon ausgegangen, daB dieser Umschlag auftritt, wenn die Zeit fir
die viskositatsbedingte Durchdringung senkrecht zur Auftriebsstromung vergleichbar wird mit der kleinsten
Periode, mit der die Auftriebsstrémung im reibungsfreien Fall schwingen kénnte. Es wird weiterhin
behauptet, daB beim Umschlag die Linge der Stromfahne in einem bestimmten Verhaltnis zu ihrem Grtlichen
Durchmesser stehen mu8. Der experimentelle Teil der Untersuchung konzentrierte sich auf den Umschlag in
achsensymmetrischen Luftstrdmungen iiber einer punktférmigen Warmequelle. Die Sichtbarmachung der
Stromfahne beim Umschlag mit Rauch erlaubte ausgedehnte Beobachtungen der Vorgiinge, welche die
theoretischen Vorstellungen des Umschlagvorgangs bestirken. Im Ubergangsgebiet sicht man, wie die
Stromfahne mianderartige Bewegungenin einer Ebene (zweidimensional)ausfiihrt, wobeiihre Wellenldngein
einem bestimmten Verhiltnis zu ihrem Durchmesser steht. Die Strémung hat die Eigenschaft, ihre natiirliche,
theoretisch vorausgesagte Wellenlinge anzunehmen, wenn sie mit verschiedenen Wellenlangen angeregt
wird. Die Gleichwertigkeit zwischen dem vorliegenden Ubergangsmechanismus und dem Umschlag nach der
“Ausbeulungs™Theorie wird diskutiert.

MEXAHH3M NMEPEXOOA K TYPBYJEHTHOCTH INMPH CBOBOAHOKOHBEKTHBHOM
CTPYHHOM TEYEHHH

Annorauus—IIpeacTaBiaeHo TeopeTHYeckOoe M IKCIEPHMEHTANLHOE HCCICIOBAHHE MPOLECCA Nepexoda
K TypOynaeHTHOCTH NpH CBOOOJHOKOHBEKTHBHOM BOCXoaslleM cTpyiinom Teyenun. TeopeTnyeckn
0Ka3aHO, YTO MePeXOd MPOHCXOAHT B TOM CJy4ac, KOraa MaciuTad BpeMeHH BA3KOTO NMpoHHKHOBEHHA
10 HOPMAMH K CTPye OKA3ILIBAETCH CPABHUMBIM C MHHMMAJIBHBLIM NEPHOIOM, NPH KOTOPOM CTpys
MORKET NY;IbCHPOBATH KaK HEyCTOIdiBLIT HeBa3kuii motok. Iloka3zano Takike, 4TO npH nepexoic
JUTHHA BOTHBI CTPYH BCErda JO:KHA ObITh CBSI3aHA € JOKANBHBIM /HaMeTpoM CTpyH. B sxcnepumenTtax
OCHOBHOE BHHMaHHe ObuTo OOpalleHO Ha Mepexod, BOIHHKAIOLIMIT B OCECHMMETpiHyHOIl BO3AylIHOM
CTpye Had TOYCYHBIM HCTOYHHMKOM Tenna. [eimosas Busyanusauns GOpMel CTPYH NpH Nepexole K
TypOY.1IeHTHOCTH MO3BONMNA NOAYYHTh GOIbION 00BEM NaHHBIX, CBHAETEILCTBYIOWHX O CIIPABELIH-
BOCTH TEOPETHYECKH NPEMTOKEHHOro MexaHuima mnepexoja. B wactnocti, obnapyxeno, 4ro B
NepexoaHoM pexive HabiroJaeTcs XapakTepHas AMHHAZ BOJIHBI KO1eGaHHil MOas CKOPOCTH B CTpye.
KOpPpeINpYIOMAS € ANAMETPOM CTPYH. [1pH BHSIIHIX rapMONHYECKHX BO3AeHCTBHAX CTpy s ipioOpeTaeT
cnocoOHOCTL BHIOHPATL ‘'€CTECTBEHHYIO' [JAHHY BOJIHBI B PEXHME [€PEX0Id, PACCYHTAHHYIO
TeopeTHYeckH. PaccMOTpPEHO COOTBETCTBHE MEANY MNPEANOKEHHBIM MEXaNH3MOM IEpexola B
CBODOIHOKOHBEKTHBHOIN CTPYe M NEPEXOAOM, PACCYHTAHHBIM TEOPETHYECKH.





