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An experimental investigation has been made of the processes occurring during
the natural transition from laminar to turbulent flow of natural convection flow
of water adjacent to a flat vertical surface where the surface heat flux is uniform.
Measurements of both the velocity and temperature fields were made over wide
ranges of the heat flux and at various downstream locations. Of prineipal interest
were the definitions of the boundaries of the transition regime and their deter-
mination at several values of the surface heat flux. The interaction of the velocity
and temperature fields during transition was measured. Our results show that
transition events are not correlated in terms of the Grashof number G*. The
form G*[x*, where n is of order , was found to give satisfactory correlations.
Measurements of the frequency and growth rate of disturbances indicate the
primacy of the velocity field during transition and show that the growth of
turbulence in the temperature field lags behind that in the velocity field. The
study of the turbulence growth, in terms of intermittency factors in both
the velocity and temperature fields, resulted in unambiguous criteria for the
boundaries of the transition regime. Our results suggest a kinetic energy flux
parameter E and a single value closely correlates both our measurements of the
onset of transition as well as those from all past studies known to us, for both
different fluids and heating conditions.

1. Introduction

Recent years have seen a growing interest in natural convection boundary-
layer flows. However, most studies have been concerned with laminar flow or
with only the earlier stages in the long process of the conversion of laminar flow
to turbulence. Although there has been some investigation of the turbulent
regime, the basic processes underlying the final stages of breakdown are still
largely unknown. As turbulent flows are often of greater practical significance in
nature and in technology, it is important to understand when and how laminar
flows finally become turbulent.

The early stages of disturbance amplification were initially considered from
the standpoint of linear stability. The question concerns the conditions under
which a balance of buoyancy, pressure and viscous forces contributes energy to
a disturbance and causes its growth asit is convected downstream. It is believed
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that later breakdown of laminar flow follows from such highly amplified dis-
turbances. The extensive analytical and experimental investigation of recent
years concerning laminar instability has been summarized by Gebhart (1973).

The analytical predictions of both the initial instability and the early growth
rate of disturbances have received excellent corroboration from experimental
studies. A very important result of these studies, for flows adjacent to vertical
surfaces, is that only disturbances in a very narrow band of frequencies are
rapidly amplified downstream.

As a disturbance amplifies downstream, three-dimensional and nonlinear
effects become important. The analysis of Audunson & Gebhart (1975) includes
both effects for a Prandtl number Pr of 0-7. The experimental investiga-
tion of Jaluria & Gebhart (1973) in water, Pr = 6-7, and with controlled disturb-
ances substantiated many of the predictions of that analysis. Both analysis
and experiment have shown that the nonlinear interactions among three-
dimensional disturbances lead to the establishment of a secondary mean
flow consisting of a double longitudinal vortex system. The outer vortex was
found to stretch out across the boundary region and into the ambient medium.
An alternate spanwise steepening and flattening of the longitudinal mean
velocity profile results. It was inferred that this distortion would lead to higher
local rates of energy transfer to disturbances, causing a more rapid growth.
Thus, we now believe that nonlinear interactions give rise to a secondary mean
motion, which in turn may lead to breakdown and the onset of transition.

However, few experimental studies have been made of the mechanism of
actual transition in natural convection. Some experimental data concerning
turbulent flow exist, but most of them are in the form of overall heat-transfer
rates and mean temperature profiles. Griffiths & Davis (1922) made the first
measurements of local heat transfer, as well as of mean velocity and temperature,
in air adjacent to an isothermal vertical surface. Recently Cheesewright (1968)
and Warner (1966) made a more detailed study of the same case, confirming and
extending the earlier results. The emphasis was again on the temperature field,
in particular on heat-transfer rates and mean temperature profiles. However,
these studies dealt primarily with turbulent flow; few measurements were made
in the transition regime. Cheesewright also made some velocity measurements,
but no data were taken in the transition region. The appearance of significant
temperature fluctuations was taken as the beginning of transition. The end of
transition was simply taken as the downstream location where major changes in
the form of the mean temperature profiles ended.

Vliet & Liu (1969)and Lock & de B. Trotter (1968) made moredetailed studies
of turbulent natural convection flow adjacent to a uniform-heat-flux vertical
surface in water. They also made some temperature measurements during
transition. Vliet & Liu defined the beginning of transition to be the downstream
locaticn where the surface temperature begins to decrease from a maximum
value. Some velocity data are given for the turbulent regime. Lock and de B.
Trotter measured temperature distributions and inferred the scale and intensity
of the turbulence. They alsc obtained some intermittency data from their
temperature measurements.
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A significant point that emerges from past studies is the wide range of Grashof
numbers over which both the beginning and end of transition have been esti-
mated to occur. For a uniform-heat-flux surface, the Grashof number G* is here
defined as G* = 5(gfq"x%/5kv?)t, where x is the distance along the vertical
surface from the leading edge, ¢” the uniform surface heat flux, k the thermal
conductivity, v the kinematic viscosity, #, the coefficient of thermal expansion
and g the acceleration due to gravity. The relation between G* and the con-
ventional Grashof number Gr, is given in the appendix.

Linear stability theory predicts that the downstream growth rate of a two-
dimensional disturbance depends, for a given Prandtl number, only on G*. It
is, therefore, important to determine whether a systematic trend does exist in
the G* values at the beginning and end of transition and if these values vary
with either the heat flux ¢” or the value of # at which measurements are taken.

A preliminary investigation of this question is reported by Godaux & Gebhart
(1974) in a study of the temperature field during transition. Defining the begin-
ning of thermal transition as the point where the mean temperature profile
begins to change its form from the laminar one, they found that the local G* at
the beginning of transition varied about as x%. That is, transition occurred near
a constant value of G*/ztoc (¢"z)%. The end of transition was not as well defined
in their measurements and a range of G* was suggested.

It is very significant that this trend was found even though the beginning of
transition is not sharply defined nor easily measured in terms of a departure
from laminar mean flow distributions. Nor is this the usual definition. The more
common practice is to take the first appearance of turbulent bursts as the onset
of transition as is widely done in forced flows; see, for example, Tani (1969).
In addition, since no detailed velocity measurements were made by Godaux &
Gebhart, no conclusions could be drawn regarding the nature of either the
velocity field or of the details of its interaction with the temperature field.

Clearly, an extensive investigation was needed to determine detailed transition
mechanisms and to find any relation which may exist between what is now known
of instability and disturbance growth, on the one hand, and eventual transition,
on the other. Such a study would determine the gross features of the boundary-
region flow as well as the nature and behaviour of the disturbances as the flow
undergoes transition. A principal aspect of this problem is the way the velocity
and temperature fields interact and influence each other. This requires an investi-
gation of the frequency and growth of disturbances as well as of the onset and
development of turbulence in the two overlapping boundary regions. Thus far,
this question has not been considered, and we shall see that it is of great signifi-
cance in water, owing to the large disparity in the thicknesses of the two laminar
boundary regions. Another important question is how the G* values defining the
limits of transition vary with ¢” or . Our measurements cover the whole transi-
tion regime in a flow subject only to naturally occurring disturbances.

Past and new information have led us to formulate the sequence of events
shown in figure 1. Turbulence, or bursts, were found to occur first in the thicker
velocity region, then later in the temperature field. Further downstream, the
mean velocity profile was found to change its form from the laminar one and to
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F1gure 1. Growth of boundary-layer thickness and sequence of events during
transition in water (Pr = 6-7) at ¢” = 300 B.Th.U./h ft2.

reach out further into the ambient medium. This was later accompanied by a
major distortion of the mean temperature profile, the beginning of what
Godaux & Gebhart (1974) called ‘thermal’ transition.

The growth of turbulence is expressed in terms of the local intermittency
factor I'(x, y), the fraction of time that the flow is turbulent at a downstream
location z and boundary-region location y. It was determined separately for
the velocity (I'y) and temperature (I';) fields. We shall see that the end of
transition is defined as the downstream location x beyond which both
intermittency factors, at the measured edge of the respective boundary

regions, no longer change appreciably in magnitude. This implies an unchanging
distribution of I';,, or of I';;, when plotted against the normal distance y from the
surface, when y is normalized by the corresponding measured mean boundary-
layer thickness 6y, or 84, Two limits separately indicate an end of transition
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in velocity and in temperature. Our measurements have shown that these two
different measures of the end of transition coincide.

We have also measured the predominant frequencies of the velocity and
temperature disturbances. The mean temperature and velocity profiles, and the
growth of the corresponding boundary-layer thicknesses, were measured. The
distribution of disturbance amplitude across the boundary region was also
obtained. We also measured disturbance intensities during transition. The
measurements were made over wide ranges of the downstream location = and
of the uniform surface heat flux ¢”.

The present results indicate that flow and temperature characteristics in the
transition regime are not properly correlated in terms of the parameter G* and
that the downstream location z, or the surface flux ¢”, must be considered in
conjunction with G* for a better correlation. The results indicate that the
parameter G'*/x", where n lies between 0-4 and 0-54, is an accurate correlating
factor. Its physical significance is discussed.

2. The experiment

The experiment was carried out in flow adjacent to a uniform-flux flat vertical
surface. The flat surface which generated the flow was a 52in. high and 19-8in.
wide Inconel 600 foil assembly consisting of two foils 0-0005in. thick separated
by layers of teflon. The assembly was bonded at high pressure and temperature
to fuse the teflon. This gave a very flat surface, which was then stretched
vertically between two knife edges. This arrangement gave rise to a well-defined
boundary layer on both sides. The foil assembly was heated electrically by means
of a d.c. motor generator when the current required was 30 A or more and by an
electronic d.c. power supply for smaller currents. Both the power supplies were
very stable and our measurements of velocity and temperature indicated no
dependence on the power supply used. The voltage across the foil was measured
by a digital voltmeter and the current through it by means of a shunt resistance
in series. As the flux is obtained from electrical dissipation, the condition of
uniform surface flux is achieved for a foil of uniform thickness.

The investigation was carried out in a 6 x 2} x 6 ft high insulated tank made
of stainless steel, with glass windows. The leading edge of the foil was 5-7in. from
the bottom of the tank and the trailing edge 15in. from the water surface.
A water purification and deaeration system enabled us to increase the resistivity
level of the water in the tank to around 1 MQ cm. The system is described in
detail by Hollasch (1970). Water of such a high purity is needed to avoid ‘drift’
in the calibration of bare hot wires. Only stainless steel, teflon and glass were
allowed to come in contact with the water and all sealing was done with a silicone
grease which does not contaminate water.

The thermal capacity of the foil assembly was sufficiently small that steady
flow was attained within a few minutes. The large size of the tank made long test
times, 30-40 min, possible without causing appreciable stratification or circula-
tion in the tank. The temperature difference across the boundary region was
usually of the order of 5-8°F, permitting assumption of constant properties.
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Constant-temperature hot-wire anemometers (Disa Model 55D01) were used
to measure velocity. The longitudinal velocity was measured using only one hot
wire with the sensor parallel to the vertical surface and perpendicular to the z
direction. Two wires in a V-arrangement were needed to measure the transverse
velocity component. The sensor wire was platinum and 0-0005in. in diameter
while the hot-wire supports were silver plated. This configuration provides
‘anodic protection’ for the sensor as discussed by Hollasch & Gebhart (1972).
The hot-wire overheat ratio used wasg 1-1. This resulted in a sensor temperature
about 60 °F above the ambient. Since the temperature in the boundary region,
except very close to the foil, was only a few degrees above the ambient, the error
in velocity measurements due to temperature fluctuations and to background
temperature changes was negligible. Calibration of the hot wires was carried out
in water of resistivity of about 1 MQ cm by the method of Dring & Gebhart (1969).
For further details concerning calibration and velocity measurement, see Jaluria
& Gebhart (1973).

The temperature measurements were made by means of a copper—constantan
thermocouple 0-003in. in diameter, using a reference temperature of 32 °F. This
diameter gave a response time of the order of 8 ms. This was adequate for the
frequencies encountered in this study. The thermocouple wires had a thin coat
of nylon, for electrical insulation, which was removed at the ends to weld the
junction. The thermocouple junction was located in the same horizontal plane
as the hot wire. We found that the thermocouple reading was not disturbed by
an active hot wire. The thermocouple wires were held in a pair of hollow glass
tubes of diameter 0-05in. These supporting tubes were attached to the support
outside the boundary layer which also held the hot-wire probe. The location of
the thermocouple junction with respect to the hot-wire sensor was accurately
determined. The hot-wire and thermocouple signals were simultaneously
recorded on a two-channel Offner Dynograph (type RS). At a sensitivity of
10 #V/cm, the temperature sensitivity was about 0-40 °F/em.

The probe array could be positioned anywhere in the boundary region. The
normal distance y to the vertical surface was obtained from a micrometer with
0-001in. divisions and the vertical (x) and transverse () positions using scales
with divisions of 0-05in. The exact location of the surface was determined by the
electrical circuit described by Jaluria (1972).

Detailed local measurements were made over a wide range of the downstream
location x and surface heat flux ¢”. However, the basic procedure employed was
to study the events for a wide range of (¥ at a given location #, by varying ¢”,
before moving on to another location. This procedure was used in order to avoid
frequent vertical repositioning of the probes and subsequent determination of
the location of the surface. However, at each x, the same set of values of ¢” was
used. Thus, we obtained data for the downstream sequence of events for fixed
values of ¢”. This corresponds to a single vertical surface studied at several
different levels of heat flux.

All our experiments were carried out late at night to avoid the effect of large
disturbances caused by the more intense daytime activity in the building. The
mass and capacity of the tank further cushioned it from such disturbances. As
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Figure 2. Mean velocity distribution. ,x=42in.; ®, G* = 752; @, G* = 838;
O, G*¥ = 914; [, G* = 1240; A, G* = 1342; ————~, z = 15In.; *, G* = 504;
W, G* = 551; ¥, G* = 586; A, G* = 625.

a check, many experiments were repeated on different nights to determine
whether the results were altered. No significant variation was observed in our
measurements and good reproducibility of data, within 5-109, for the wall
temperature, maximum velocity and surface heat flux, was found. We note that
an error of 5-109%, in ¢” gives rise to an experimental error of only 1-2 %, in G*

since G*oc ¢"t.

3. Experimental results
3.1. Mean velocity and temperature distributions

An important aspect of the transition process is the change in the mean velocity
and temperature distributions from laminar through transition to turbulent.
We measured mean velocity and temperature profiles at various downstream
locations z and over a wide range of Grashof numbers G*. At each location,
measurements were first made in what was evidently locally completely laminar
flow. The surface heat flux ¢q” was then increased in order to proceed through
transition to complete turbulence at that location.

Mean velocity profiles. Distributions across the boundary region at z = 15 and
42in. and for the range of G* studied are shown in figure 2. The measured mean
velocity U is normalized by the maximum value Upax found in the traverse.
The distance ¥ normal to the vertical surface is scaled as in laminar boundary-
layer theory by 8 = 52/G*,to obtain the similarity variable # = y/8. These curves
clearly show the changing form and extent of the velocity profile during transi-
tion. The laminar velocity profile calculated by Knowles (1967) for Pr = 6-9 is
shown for reference.

The data at x = 15in. for G@* = 504 and at x = 42in. for G* = 752 are very
close to the theoretical laminar profile. However, at z = 15in. for G* = 551 and
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Fricure 3. Mean velocity distribution U[U,, vs. ¥[8y at « = 42 in.
, laminar, G* = 752; —.—.—, G* = 914; ————, G* = 1342.

at x = 42in. for G* = 838 the profiles have become distorted and flow has been
induced further out in the ambient medium. As the surface heat flux ¢” is
increased at each downstream location, the flow penetrates deeper into the
ambient fluid as a consequence of growing turbulence in the boundary region.
At x = 42in. for G* = 1342, the thickness of the boundary region is twice that
of a laminar one. The downstream change in profile at a constant ¢” = 300
B.Th.U/hft? may be seen by comparing the results at = 15in. for G* = 551
with those at x = 42in. for G* = 1240. We see a thickening of the boundary
region and increased distortion.

An important point that emerges from the results in figure 2 is the dependence
of the form of the profile on both the downstream location « and on the value
of G*. For example, the mean velocity profile at x = 42in. and G* = 752 agrees
closely with that for laminar flow, whereas at 2 = 15in. and G* = 625 we already
have a pronounced distortion of the measured profile and considerable
thickening of the boundary region. The similarity in the form of the curves at
x = 15in. for G* = 504, 551 and 586 with those at x = 42in. for G* = 752, 838
and 914, respectively, also indicates that the mean velocity profile is not a
function of G* alone but that it also depends strongly on the downstream loca-
tion x, or on the surface heat flux ¢”. These results suggest that a correlating
parameter should incorporate either x or ¢” with G*.

The location (in ) of the maximum velocity remains approximately the same,
at around % = 0-7. The peak broadens with increasing G** and it becomes more
difficult to determine its exact location. Nevertheless, our data show that the
peak gradually shifts inwards, in terms of the physical distance y, as G* increases
at a given location. It shifts outwards downstream at constant ¢”.

The changing form of the distributions is better seen when they are plotted, as
in figure 3, against y normalized by the measured local velocity boundary-layer
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FicurE 4. Mean temperature distribution. ,x = 421in.; ll, G* = 914; A, G* = 1240;
Q,G* = 1342; ———, & = 15in.; J, G* = 551; @, G* = 586; A, G* = 625.

thickness 0;-5;. Values of §;-,; were estimated from figure 2. However, the con-
ventional definition of the edge of the boundary layer as the location (in y or )
where the velocity has dropped to 19, of its peak value was not practical. The
profile in the outer portion of the boundary region is too flat. Therefore, the edge
of the boundary layer was taken as the position at which the velocity had dropped
to 5%, of its maximum value. A similar definition was later used for the thermal
boundary-layer thickness 6, ,;.

Although figure 3 is a better correlation, there still remains systematic dis-
agreement. The curves meet at y/0;-;; = 1, by definition. Yet the peak is seen to
shift towards the surface. Clearly no correlation may be obtained by scaling % in
any way. Efforts of Cheesewright (1968) and Vliet & Liu (1969) to obtain such
a correlation in turbulent flow did not yield any satisfactory result. The forms of
our distributions agree with theirs in the shift of the peak towards the surface and
a flattening of the profile near the inflexion region with increasing G*,

Mean temperature profiles. These distributions are plotted in figure 4. The
results are in terms of ¢ = (I'—10.) (T, —T,) vs. 5, where T is the local fluid
temperature, T is the local surface temperature and 7, is the temperature of the
ambient medium. 7|, was determined by extrapolation of the measurements
of mean temperature to the surface. This value was found to be slightly less
than the theoretical value in the laminar regime and it decreased during
transition, as observed by Vliet & Liu (1969) and discussed in more detail later.

Atx = 15in. for G* = 551 and at = 42in. for G* = 914 the measured profiles
agree closely with the laminar profile, also calculated by Knowles (1967). With
increasing G'* the profiles steepen near the surface and flatten at higher . The
thermal boundary region thickens as G'* increases. At = 42in. for G* = 1342,
the thickness of the boundary region is about four times that of a laminar one.
The general form of these curves agrees with the measurements made by Godaux
& Gebhart (1974), Cheesewright (1968) and Warner (1966) in the transition
regime. Such thickening is expected to follow the thickening of the velocity
region. As the flow penetrates deeper into the ambient medium it also diffuses
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Figure 5. Downstream growth of boundary-layer thickness with G* for various values
of ¢” (in B.Th.U./h ft?). , velocity; ————, temperature; A, ¢ = 67; (1, ¢” = 120;
®. ¢ = 300; ®, ¢ = 415; %, ¢’ = 59.

the warm fluid outward. The temperature and velocity field are linked and,
depending on the magnitude and size of the turbulent eddies, the thermal
boundary region diffuses further into the ambient medium.

These results show that the progression of thermal transition also does not
depend on G* alone. At x = 15in. the distribution for G* = 625 is greatly
distorted from laminar form whereas at « = 42in. for the higher value G* = 914,
it is just beginning to deviate. The flow has progressed well into transition at
G* = 625 even before the beginning of distortion at G* = 914, at a lower value
of g". Clearly 5 does not correlate these mean temperature profiles. Nor would
a normalization of y by the measured thermal boundary-layer thickness &y,

Growth of boundary-layer thickness. The measured growth of &5, and &,y
with G* is shown in figure 5 for several values of the surface heat flux ¢”. Both
were normalized by the theoretical thermal boundary-layer thickness &, for
laminar flow. With our definition (5 9,) of boundary-layer thickness, 8, = 1-358.
Both boundary-layer thicknesses are seen to increase with transition from the
laminar values of 1-0 and 3-3. The location of the deviation depends sharply on
the value of ¢”. However, the rate of growth with G* is not sharply dependent
on ¢”, although the rate of growth with x increases at higher ¢”, since G*oc (¢"2%)}.
Since 6y, begins to deviate from the laminar value at alower G* than does 8154,
the flow field is seen to be the key to the transition mechanism. This is not sur-
prising, given the disparate boundary-region thicknesses at this Prandtl number.

We also infer from figure 5 that the ratio &p,,/87, decreases with G*, for
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Fieure 6. Variation of the velocity intermittency factor I'v across the boundary region.
, *x=42in.; A, G* = 752; [, G* = 838; O, G* = 914; %, G* = 1028;
®, G* =1240; VvV, G* = 1342; ———, z = 15in.; A, G* = 504; @, G* = 551;
V¥, G* = 586; B, G* = 625.

a given ¢”. For example, for ¢ = 300 B.Th.U./h ft?, this ratio decreases from 4-0
to 1-9 as G* increases from 550 to 1400. Thus, after its initial deviation, the
thermal boundary-layer thickness grows more rapidly. This is presumably due
to the growth of velocity turbulence to a large enough scale to cause very rapid
mixing of the thermal boundary-layer material.

Even though the thickness of the thermal boundary region rapidly increases, it
never equals the velocity-region thickness. The measurements of Vliet & Liu
(1969) in fully turbulent flow indicate that &,,,/87; becomes about 2-0,
according to our definition of boundary-layer thickness. We find about 1-9.

3.2, The growth of turbulence

The measured progress of transition, from the first appearance of turbulent
bursts to complete turbulence, is presented in terms of the local intermittency
factor I'(x, y) defined earlier. Distributions of I'(z, ) across the boundary region
indicate turbulence growth with G* and the end of transition may be inferred
from their characteristics.

Distributions of the velocity intermittency factor T';, at the two locations
x = 15 and 42in. for various ¢” are shown in figure 6. At both locations, for the
smallest values of G* the curves are seen to be very narrow and extend out only
to about = 3. The flow beyond is still entirely laminar. The maxima in the
distributions at x = 15in. for G* = 504 and at x = 42in. for G* = 752 are at
around 5 = 0-8 and are, thus, close to the maxima of the mean velocity profiles,
which, as we have seen, have not as yet deviated from the laminar ones.

With increasing G*, the I'}; distributions quickly reach further out in 9. The
maximum value alsorises to I';, = 1, i.e. to complete local turbulence. The region
of complete local turbulence also grows. At x = 42in. and G* = 1342 the
boundary region is completely turbulent out to # = 6-5. Although I', decreases
gradually beyond this, the flowis turbulent more than halfthe time even aty = 12.
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Fi1cURE 7. Variation of the thermal intermittency factor I'r across the boundary region.
x=42in.; [J, G* = 838; (O, G* = 914; %, G* = 1028; ®, G* = 1240;
VvV, G* =1342; ———, z = 15in.; @, G* = 551; ¥, G* = 586; W, G* = 625.

Figure 6 indicates a steep decrease in I', in the immediate vicinity of the
surface. This is particularly apparent at smaller values of G*. Thus the flow close
to the surface is predominantly laminar. This is probably due to damping at the
wall. Lock & de B. Trotter (1968) did not find this laminarization near the surface,
although they did measure a damping effect on disturbance amplitude there.
Since they used tap water, presumably of low resistivity, leakage currents to the
surface might have caused considerable errors in the readings.

The changing I';, distributions are consistent with the change in the mean
velocity profiles in figure 2. The expansion of the flow field out into the ambient
medium accompanies spreading I',- distributions. Apparently the initial turbu-
lent eddies are small and weak. However, as they are convected downstream
they grow in size and in strength and more effectively mix fluid across the
boundary region, giving rise to the broad I'y, curves at higher G'*.

Corresponding distributions of the temperature intermittency factor I';: are
plotted in figure 7. Their behaviour is similar. Highly localized turbulence in the
temperature field, evident from the narrow distribution, which also peaks at
around y = 0-8, spreads outward in the velocity boundary region as G* increases.
Again the region nearest the surface is predominantly laminar.

A comparison of the I'; and I'}, distributions indicates another significant
feature of these flows, that is, that turbulence appears first as velocity disturb-
ances and only further downstream as thermal disturbances. Although turbu-
lence was observed in velocity at « = 15in. for G* = 504 and at « = 42in. for
G* = 752 (see figure 6), no turbulence is found in temperature. Figures 6 and 7
also indicate that the I'j, distributions spread out further in the boundary region
than do those of I'y. Compare, for example, the results at x = 42in. and
G* = 914. Thus the temperature disturbances follow the velocity disturbances.
As turbulent eddies grow, greater mixing in the boundary region causes the
turbulent thickening of the thermal region. Later investigations of both the
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frequency and growth of velocity and temperature disturbances offer additional
evidence for these conclusions.

The rate of downstream development of turbulence may perhaps be seen more
clearly by plotting I', at 9 = 2, vs. G* for various values of ¢”, as shown in figure 8.
The growth from the first appearance of bursts is seen to be very rapid. These
curves clearly indicate that for any given ¢”, that is, given uniform surface flux,
the turbulence arises first in the velocity field. Although I'; deviates from zero
after I',, it increases more rapidly to complete turbulence downstream.

These I' curves are strongly dependent on ¢”. At higher values both initial
transition and complete turbulence occur at smaller G*. We again see the
independent importance of ¢” in the range of G* corresponding to transition.

3.3. The end of transition

With this increased understanding of the progress of transition we now consider
the definition of the end of transition, as distinct from the onset of ‘developed’
turbulence yet further downstream. We shall see later that this additional
process must be of fundamental importance in this flow. The end of transition
should be taken as the end of the downstream variation of some quantity
characteristic of transition. Cheesewright (1968) defined it as the downstream
location where major changes in the form of the mean temperature profiles
ended. One might also choose the location where the ratio 8y ,,/073 reaches
a constant value. However, such criteria are neither sharply defined nor
accurately measurable.

