
Int. J.II'at Mass Trans! ..r, Vol. 26. 1'10:10. pp. 1515-1532. 1983
Printed in Great Dritain

0017-9310,8353.00 +0.00
D 1983 Pergamon I'm, ltd.

MECHANISM FOR TRANSITION TO TURBULENCE IN
BUOYANT PLUME FLOW

SHIGEO KmuRA and ADRIAN BEJAN
Department of Mech anical Engineering. Campus Box 427.

University of Colorado, Boulder, CO 80309, U.S.A.

(Recciced 21 July' 1982 and in fin al form 25 January 1983)

Abstract-This paper reports a theoretical and experimental study of the fundamental mechanism respon sible
for transition in natural conv ection plume flow.Theoretically, it is argued that the tra nsition 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 tran sition the plume
wavelength must always scale with the local plume diameter. The experiment al part of the study focused on
transition in the axisymmetric air plume above a point heat source . Smoke visualization of the plume shape at
transit ion led to extensive observations that support strongly the transition mechanism proposed
theoretically. The transitional plume is seen to meander in a plane (two-dimensionally) a nd 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 predi cted by the bu ckling theory is discussed.

NO;\lENCL\TURE

D local plume diameter Em]
f disturbance frequency [S-I]
9 gravitational acceleration [m S-2]
H loudspeaker height Em]
k thermal conductivity [W m - I K -I]

N ratio between tv and tmin ; same as buckling
number »; [16, 21]

Q heat input [W]
t time [s]
tmin minimum plume fluctuation time [s]
tv viscous communication time [s]
U plume velocity [m S-I]
x transition height Em]

Greek symbols
IX thermal diffusivity [m ' s - t]
fJ thermal expansion coefficient [K-I]
). wavelength Em]
).a buckling wavelength Em]
).min minimum plume fluctuation wavelength Em]
v kinematic viscosity [m? S-I]

Subscripts
B buckling property
o reference state

I. INTRODucnON

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 ofthe most basic phenomena which is
not yet fully und erstood. The importance of under­
standing this phenomenon is self-evident, consider­
ing the importance of predicting the ensuing turbulent
motion of fluids. The transition phenomenon is par­
ticularly important in the field of heat transfer, environ-

ment al engineering, atmospheric research, because
turbulence is the most effective transport mechanism
known to man .

The buo yant plume is one frequent type among
the many occurrences of free-convect ion flows in
engineering and other applications. In this paper weare
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 [I], 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 numeric al 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
Gebhart [8]. The latter two works are concerned with
the plume beha vior in the transition regime as well as in
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 now 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

Ill<T 26.1lH: t515



1516 SIII GEO KI~IURA and ADRIAN I3EJAN

lbl She" toyer~ x,.• e 4 .9140

tc ) VelOCIty ~n-------- ~_, ' 0 10 '0)
discontinuity lJ

(1)

(2)

(0) Fr ee Jet

i·min
t ~ tmin ~ V/2 .

However, since ) 'm in is proportional to D (Table I), the
minimum fluctuation period tmin is proportional to D
also. The proportionality tmin ~ D is shown as a
straight line on Fig. 1,where D is plotted on the ordinate
because in natural convection the plume becomes
thicker with a ltitude. For any inviscid stream of
thickness D, fluctuations with a period shorter than tmin

are stable.
The issue of whether the stream (U, D) will become

unstable is decided by examining the 'inviscidity' of the
flow. III viscidity or viscidityis afiow 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 t > tmin• The
plume stream remains inviscid ifduring each interval t it
is not overcome by viscous effects, i.e. it does not learn

This is the period in which the stream will Iluctuate
relative to the still environment. Note that U12 is the
plume mean velocity which, from symmetry consider­
ations, represents the order of magnitude of the velocity
with which the i.wa verises.The same flow is unstable to
an infinity of wavelengths i. > i'min [11], hence, the
same flow can fluctuate with an infinity of periods

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

The object of this study is the transition to turbulence
in a buoyant plume. This flow is represented
approximately by profile (a) in Table 1.The theoretical
basis of the present research is the idea that the i'min ~ D
scaling discu ssed 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 ba sis for the
transition phenomenon, and as an analytical result to
be verified by exp eriment.

Each longitudinal length scale 2(~i'min) and the
plume velocity U define a new time scale,

i.
t~-- .

V/2

Table I. Minimum wavelength for instability in inviscid now
(after refs. [t2-14])

~ X_n ' 1714 0

The type of classical stability results which
stimulated the present study is exhibited in Table 1. In a
1880paper, Rayleigh [11] showed that an inviscid 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 (::::: 2tD) for which an assumed disturbance
exhibits the highest amplification rate ([11], p. 65). The
minimum wavelength for instability, 2min, which results
from Rayleigh'sjet analysis is listed in row (a)of Table 1.

Similar results have been known from stability
studies involving other basic flows. For example,
Rayl eigh 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. As shown 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
is zero , i.e.of the same order as the shear layer thickness.
The proportionality i'min ~ D is also encountered in the

2. 11IE MI:"I:\IU:\t WA\'ELEr"GTII FOR I:"YISCID FLOW

I:"STABILITY: TI:\IE CRITERIO:" FOR TRA!"\SITlOl"

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
distiJrbances of many wavelengths which, when
superimposed on the laminar flow of interest, might
render the flow unstable, thus triggering turbulence.
Thesamecomment applies to the existing 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 besaid that the point ofview
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 an intrinsic 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-a-vis
transition has not been emphasized until now.



Transition to turbulence in plume flow 1517

tmin transition criterion (6) becomes

TIME

in other words,

FIG. I. The internal competition between the minimum period
for inviscid instability (tmiJ and the viscous communication

time (tv)'

(8)
DU
->55,

v

for transition to non-laminar flow.
The object of the following experimental study is to

test the validity of the t m in - tv 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 ;

(I) Experimentally, it is a univer sal conclusion that
transition is associ ated with a characteristic Reynolds
con stant con siderably greater than unity.

(2) Theoretically, the same transition criterion is
recommended by the buckling theory of inviscid jets
[16], where } 'm in is replaced by the buckling wavelength
of the stream, }'B = (n/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/~' = 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
dynamic stability theory can easily be subjected to scale
analysis to show th at the Reynolds number is indeed 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
ub/~· is 102

, in agreement with the time criterion (6)--(8).
(5)

(3)

(4)

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 oforder D/2) is given by the
classical solution to Stokes' first problem [15]

--.!!E:..- ~ 1
2(vt.)l12 '

D2

tv ~ 16~"

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

The inviscid instability predicted by so many
hydrodynamic stability studies (Table I) is therefore
possible only if tv exceeds t min• In Fig. I, this condition
corresponds to the intersection of the tmin ~ D line with
the t, - D2 parabola,

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

3. EXPERIMEl\TAL APPARATUS Al'\D PROCEDURE

The experiments focused on a controlled version of
the cigarette smoke phenomenon with which we are all
familiar. As shown in Fig.2, the apparatus consisted 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,

(7)

(6)O(N) = 1

where

tv DU/v
N=-~-,.,---.:.....,--

tmin 32(J.miJD)

Noting that ).mijD is a constant (Table 1), the O(N) = I
criterion is equivalent to stating that at transition the
stream (local) Reynolds number DU/~' is a certain
(critical) constant considerably greater than unity.
Thus, approximating }'min ~ 1.714D from Table I, the
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FIG. 2. Schematic of the experimental apparatus .
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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 height s and wavelengths are shown in Fig. 3:
bothx and ).decrease as the energy content of the plume
Q increases. The variation of ).f).o vs Q/Qo 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

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

( P) - 1/4

D_Q-t/4xI/2 r:!!.- ,
\.3k

l:. = (JL)-1/2.
)'0 Qo

Note that the scaling represented by equations (11)and
(12) is valid for Prandtl numbers of 0(1) or greater.

U _ QI/2(agP)1/2. (12)
vk

At transition we expect ). - D and tm in ~ tv [or DU/v
- constant, equ ation (8)], hence, the theoretical
functions to be tested are

(9)

(10)

x . (Q)- = function - ,
Xo Qo

). t'. • (Q)2
0

= function Qo .

The experimental findings were then compared with
the theoretical functions recommended by the tmin - tv
scaling. The theoretical functions x/xo and ).f).o can be
obtained by recalling that the diameter and velocity ofa

approximately 45 ern 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 Wand less than 20% 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 tmin - tv scaling during transition. For a certain
(reference) power dissipated in the coil, Qo, the plume
shape was photographed 3-6 times. The photographs
showed statistically the existence of a characteristic
height Xo and wavelength 20 for the beginning of
transition (Fig. 2). The power setting Qwas changed
during the course of experiments and these changes
reflected in the measured x and ).. The object of the
experiment was to discover the dimensionless functions
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FIG. J.The transition height and the wavelength as a funct ion
of heat input, in the absence of external no ise. O. x/xo.

transition height. 6. ).f).o, 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
noise served to introduce disturbances of many
(unspecified) wavelengths and amplitudes into the air
plume flow . Figure 4 shows the measured variation of
)';;'0 and x/xo with Q/Qo: the agreement with theory is
very good in a relatively wide range of power settings
Q/Qo. It appears that the stream has the natural ability
to filter [19] out of the disturbance spectrum the

'na tura l wavelength of transition. The measurements
indicate that the natural wavelength scales with the
plume diameter (because ). - Q-1/2). These results
validate the theoretical basis for adopting Im;n - tv 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
belong to the same plume, as the plume strength Qwas
held constant (Q =31.1 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 now is
characterized by a characteristic wavelength l and a
characteristic height x.

The relationship between l, 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 Qincreases by almost a
factor of2; correspondingly both l and x decrease by a

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. 6. ).f}.rr wavelength. Qo= 55 W, xo =0.25m,

)'0 = O.Wm.

factor of the order of 1/.J2 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 450 angle with
respect to thecamera-plumedircction. The mirror view
appears on the LHS ofeach 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
a few cases 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(e) 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(e) shows that the elbows ofthe
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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FIG.5(b).
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FIG.5(c).

FIG.5. Photographs showing the tran sitional shape of the sam e plume (Q = 31.1 W).
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FIG. 6(a). Q = 21.9 W.
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FIG. 6{b). Q= 38.9 W.

FIG. 6. The decrease in wavelength and transition height as the plume strength increa ses.
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FIG. 7(a).Q= 5.1 W.
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FIG. 7(c).Q = 12 W.

FIG. 7. The two-dimensionality of the meandering plume shape during tran sition.
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FIG. 7(c). Q = 12 W.

FIG. 7. The two-dimensionality of the meandering plume shape during transition.
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FIG. 8(a).Q= 1.03 \V, II = 0.045 m. 0 7V ; b,. 4V; 0 2V.

the characteristic wa velength 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 l, in fact,

5. TRAl'\SITlO:-\ 1:-\ A IIARMO:-\ICALLY-FORCED PLUME

The series ofexperiments described in the preceding
section yielded convincing evidence that the transition
phenomenon is the result of the scale properties
discussed in Section 2. These properties were studied
further in another series of experiments where, unlike in
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
loudspeaker was covered by a wooden panel with a
3mm x 200mm horizontal slit 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
stro ngly 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
[20]) and are amply documented in Figs. 8(a)-(f). In
Figs. 8(a)-(c) the loudspeaker was held at a level 4.5 em
above the heat source, while in Figs. 8(d)-(f) the
loudspeaker height was 13 em.

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 em to 13 em above the plume origin, has the effect
of placing the transition further downstream.

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

6. TRAl'SITIO:-\ REYr-\OLDS l'\UMBER

GREATER TIIAr-\ Ul'lTY

As a summary to the preceding series of obser­
vations, Fig. 10 shows the actual linear dimensions of

x - 10). (15)
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FIG. 8 (f). Q= 8.5 W, II = 0.13 m. 0 4V; 6. 2V; o 1V.

FIG. 8. Effect of disturbance frequency and amplitude on the
resonance characteristics of the plume. The voltage V repre­
sents the amplitude of the input signal to the loudspeaker.

(16)

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

In addition, note that the coefficientin 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)

to obtain

DU }.
--10-.

v D

According to Table 1,}./D can only be of the order of2
or greater, hence, the transition Reynolds number
DU[v must be a constant considerably greater than
unity (in the range 10-10 2

) . Thus, the present
experimental observations support qualitatively and
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FIG. 9. The transition height and wavelength as a function of
heat input, in air plumes excited harmonically by a
loudspeaker. 0 xJxo transition height; £::,. ).f).o wavelength;

Qo = 21 W; Xo = 0.35 m; ).0 = 0.06 m.

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) = lor DUll' = 0(102

) stated
in equations (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> 0(1) the velocity boundary layer thickness scales
asx pr l/2 Ra- I /4 and the vertical velocity as (Cllx)Ra l /2,

where Ra is the Rayleigh number gf3x2QI (Cl l'k).
Therefore DUll' = 0(102

) means that at transition the
Rayleigh numberis Ra = O(108Pr2

) . For the air plumes

7"""'''''

Q(W) x(m) ).(m)

2.0 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

7. CO;-';CLUSIO;-';S

* Reference power setting.

Table 2. Transition height and wavelength
measurements, plotted in Fig. 4

considered in our study this prediction reduces to
Gr = 0(10 8

) , which the commonly observed range of
transition Grashof numbers (note that Gr = RaIPr).

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)] ;

(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', then it is 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
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Table 3. Transition height and wavelength measurements
plotted in Fig. 9
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FIG. 10. The measured characteristic wavelength and tran­
sition height. 0 data from Table 2; 0 data from Table 3.

Q(W) x (m) i.(m) II (m) f(Hz)

1.05 1.28 0.15 0.045 1.9
2.13 1.02 0.11 0.045 2.8
3.56 0.94 0.095 0.045 3.9
6.79 0.65 0.085 0.045 5.5
9.7 0.53 0.075 0.045 6.4

14.9 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 tmin and the viscous penetration time

tv;
(c)characterized bya unique 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 tmin ~ 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 No = 0(1)
also predicts correctly the transition in free jet flow,
shear flow and wake flow, as well as a series ofturbulent
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

Resume-On etudie theoriquernent et experimentalement Ie mecanisme fondamental responsable de la
transition dans la convection naturelled'un panache. Theoriquernent, la transition apparait quand Ietemps de
penetration visqueuse normale au panache devient comparable ala periode de temps minimale de fluctuation
du panache comme un ecoulement instable non visqueux. On suppose aussi qu'a la transition, la longueur
d'onde du panache est en proportion du diarnetre local du panache. La partie experimentale de l'etude est
Iocalisee sur la transition dans un panache axisymetrique d'air au-dessus d'une source ponctuelle. Une
visualisation par fumee de la forme du panache ala transition conduit ades observations extensives qui
soutiennent fortement Ie mecanisme propose dans la theorie, Le sillage de transition serpente dans un plan
(bidimensionnellement) et avec une longueur d'onde qui est al'echelle du diametre du panache. S'il est excite
exterieurement par des longueurs d'onde, le panache a la propriete de selectionner la longueur d'onde
proposee theoriquernent. On discute l'equivalence entre Ie mecanisme de transition propose et celui de la

theorie du flambement.
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DER MECHANISMUS DES OBERGANGS ZUR TURBULENZ IN EINER THERMISCIIEN
AUITRIEBSSTROMUNG

Zusammenfassung-Es wied fibee eine theoeetische und experimentelle Unteesuchung dec grundle genden
Mechanismen berichtet, die fUe den Umschlag des Strdmungszustandes in therrnischen Auftriebsstrornungen
verantwortlich sind. In decTheorie wird davon ausgegangen.dall dieseeUmschlagaufte itt, wenn die Zeit fUe
die viskositiitsbedingte Duechdringung senkrecht zueAuftriebsstromung vergleichbar wird mit dec kleinsten
Periode, mit dec die Auftriebsstromung im reibungsfeeien Fall schwingen konnte, Es wird weiteehin
beh auptet, daBbeim Umschlag die Lange der Steomfahne in einem bestimmten Verhiiltniszu ihrem ortlichcn
Duechmesseestehen mull. Der experimentelleTeil der Unteesuchung konzentrierte sichaufden Umschlag in
achsensyrnmetrischen Luftstrornungen iiber einer punktfOrmigen Wiirmequelle. Die Sichtbarmachung der
Steomfahne bcim Umschlag mit Rauch erlaubte ausgedehnte Beobachtungcn dce Vorgange, welche die
theoretischen Vorstcllungen des Umsch1agvorgangs bestiirken. 1m Ubergangsgebiet sieht man, wie die
Steomfahnemiianderartige Bewegungen in einer Ebene(zweidimensional)ausfiihrt,wobeiihre Wellenliingein
einem bestimmten Verhiiltniszu iheemDurchmessersteht. DieStrornung hat die Eigcnschaft,ihre natiirliche,
theorctisch voeausgesagte Wellenliinge anzunehmen, wenn sie mit verschiedenen Wellenliingen angeregt
wied.Die Gleichwertigkeit zwischendem vorl iegenden Ubergangsmechanlsmus und dem Umschlag nach dec

"Ausbeulungs"-Theorie wird diskutiert.

MEXAHmM nEPEXO,UA K TYPEYllEHTHOCTH nPH CBOEO,UHOKOHBEKTHBHOM
CTPYfmOM TE4EHl1H

AIIIIOTaUHlI-npe..lCT3BJleIl0 TeOpeTlI~eCKOe II oxcnepuxrenransuoe IICC.1e.lOBaIIllC npouecca nepexoa a
K TYPOYJlCIITIIOCTII npu CBOOO.lIIOKOllBeKTIIBllo~1 BOCXO.lHLUCM crpyiluovr TC~CIIlIII. TCOPCTlI~CCKII

;lOK33aIl0. 'ITO nepexon npoucxoznrr BTO~I cnyxae, xorna Macuna6 npesrein: BH3Koro npOllIIKnOBCllIIH
no 1I0p~la.111 K crpye OK33blBaeTCH CP3BIIII~lbl~1 C MIIHII~laJlbllbl~1 nepIIO.lO~I . npu KOTOPO~1 CTpyH
~IOlKCT nynscuposars K3K IIcYCToii'lIlBblii HeBHlKllii nOTOK. Iloxaaauo T3KlKe. 'ITO npn nepcxonc
;1.11111a BO.1HbI crpyn scerna .llO.111(1Ia 6bITb CBH3aHa CJIOKaJlbll bl~1 .ll1l3~leTpo~1 crpyu . B axcncpuxrerrrax
OCIIOBlloe BIlI I ~13 111 1 e 6b1JlO ofipauieno na nepexon, B031111KalOLUllii B ocecusorerpnsnon B0311YWIIOii
crpye nan TO~C'lllhl~1 IICTO~IIIIKO~1 renna, ,Ubl~IOB311 BII3yaJlll33UIIH ljJOP~lbl CTp),1! npu nepexo.te K
TypOy.1CIlTlIOCTII n03BOJllIJla nonyxuru 60.1bllJoii 06bC~1 nauaux, CBII!IeTe.1bcTBYIOWIIX 0 cnpaseann­
BOCTII reoperuxecxn npennoxeuaoro ~leXallll3~la nepexozta. B 'laCTIlOCTII. 06113pYlI(ello. 'ITO B
nepeXO.lIIO~1 pell(lI~IC uafirnonaerca xapacrepnaa nnuna BO.1I1bl KO.1c6allllii nO.1H CKOpOCTII B crpye,
xoppeanpyiouraa c rntaxscrpoxt crpyn. Ilpu sneumax rap~IOIIII'leCKIIX B0311eiiCTBlIlIX CTpyHnpuofiper aer
cnoc06110CTb BblOllpaTb "eCTeCTBcIlIlYIO" ,ll..lI1HY BO.1I1bl B pell(lI~le nepe xo.ia. paCC'lIlTaIIllYIO
TeopeTII'lCCKII. Pacc~IOTpCIIO COOTBCTCTBIIC MC)l(.llY npennoxennuss MeX311113~1O~1 nepexoaa B

CBOOOlllIOKOIIBeKTlIBIIOii CTPYC II nepexonoxr, pacc-nrranusr» TCOpeTll'lCCKlI.




