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Absfract—Results of an experimental investigation of transient natural convection flow and transport
development adjacent to a suddenly heated, 1.27-m-high, vertical surface in cold water are given. These
measurements determine the effects of the anomalous behavior of cold water on transient convective
response and on the eventual steady-state heat transfer characteristics. The range of ambient temperatures
studied is 1.2 € t,, < 6.8°C, for surface heating rates in the range 587-1870 W m~2 The transient and
resulting eventual flows were visualized and local surface temperatures measured. For the lowest ambient
temperature and heating conditions, 1, = 1.2°C and 587 W m %, the established flow resembled a downward
fiowing boundary layer. As 7, and the heating rate are increased, the flow is not of simple boundary region
form. A vigorous turbulent downflow, away from the surface, and intermittent upflow, very near the
surface, was seen. Further increase in 7., and heating rate results in yet stronger inner upflows. The outer
downflow existed at all times. However, it arose only intermittently for 1, = 3.1°C and heating rates of
1140 and 1870 W m~2 For these conditions, the flows resembled an upward flowing boundary layer.
These changes in transport regime are confirmed by local surface temperature measurements. Surface
height-averaged temperature, 1, was used in the evaluation of Nu; and Gry near the extremum temperature
I... Average steady-state heat transfer data are best correlated by Nug/Grl/* == 1.35]R—0.26/°"%* outside
0.23 < R < 0.29, where R = (1, —1,,)/{tL — t,,). Within 0.23 < R < 0.29 a minimum in heat transfer rate is
observed. Details of flow and transport evolution during the transient, starting from quiescence were
also studied. Farly one-dimensional conduction transport is followed by entrainment development. Both
unidirectional and bidirectional entrainment development were seen, depending upon the ambient and
surface-heating conditions. Bidirectional transient flows were found to be unstable, resulting eventually in
turbulent flow. Transition to turbulence occurred simultaneously at all downstream distances. The
persistence of one-dimensional transport was determined, at various downstream locations, for all ambient
and heating conditions. The measurements show the qualitative changes in flow regimes and also the actual
variation of the Nusselt number in the density extremum region. These characteristics are quite different
from those found in the well-studied Boussinesq behavior.

1. INTRODUCTION

NATURAL convection flows in water near the density
extremum temperatures abound in environment and
technology. Reversals in the direction of buoyancy
force and fluid velocity often occur. Such convective
motions have been studied quite extensively, in the
steady state; earlier investigations are summarized in
Gebhart and Mollendorf [1] and a general method for
analyzing such flows is suggested there, employing
the cold water density formulation of Gebhart and
Mollendorf [2]. Convective motions in ice melting are
described by Carey and Gebhart [3].

Relatively few experimental studies have been made
of purely thermally buoyant flows resulting from heat-
ing cold ambient water. Ede [4] made overall heat
transfer measurements in cold water at ¢,,, adjacent
to a 10.2-cm-high, electrically heated surface. Surface
temperatures, f,, were measured for three conditions :
@ t,andt, < 4°C; (b) 1, > 4°C > 1,,; and (c) ¢, and
1, > 4°C. Heat transfer data were compared with the
integral method boundary-layer analysis of Merk [S].
The flow behavior was not visualized.

Schechter and Isbin [6] used an integral method
analysis to study vertical surface transport in water
around 4°C. Experiments were conducted with a
30.5-cm-high heated surface. Both unidirectional and
bidirectional flows were observed, precluding a unified
integral method for these processes. The results of
Gebhart and Mollendorf [1] indicate that choosing
conventional profiles is unrealistic for some such
flows.

Qureshi and Gebhart [7] measured transport from
a vertical, 1.305-m-high uniform flux surface in pure
water at 4°C. The input heat flux ¢” was in the range
368-3617 W m ~* Surface temperature measurements
were made using embedded thermocouples. Fine ther-
mocouple and hot film sensors were used for meas-
uring velocity and temperature in the boundary
region. Measurements in laminar flows were in good
agreement with the similarity solution of Qureshi and
Gebhart [8]. Mean and disturbance data in the
unstable and transition regimes were also obtained
and compared with the linear stability analysis of
Qureshi and Gebhart [9], with excellent agreement.
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c thermal capacity of surface per unit area
exposed to fluid

g acceleration due to gravity

Grashof number

k thermal conductivity of fluid

L length of surface

Nusselt number

Pr  Prandtl number of fluid

q exponent in the density equation;

1.894816 for pure water at 1 bar

surface heat flux

c”{ goiq"‘?v(‘” ) /k( 29+ 3)1( b+ 33

R {Im“{w),’;(tawtac}

R* (zm“tco)l!(za“-zao)ﬂ

(tw— 1/l q" [gah7] 10D

t fluid temperature

. height-averaged surface temperature

t, local surface temperature

NOMENCLATURE

X vertical coordinate.
Ax  length of visualized portion of surface

Greek symbols
& coeficient in density equation
v kinematic viscosity of fluid

¢ nondimensional temperature function
T physical time

time for first departure from short time
transport,

T

Subscripts

value at the surface

value in the ambient

value at the density extremum

value when 1, = 1,

first-order correction, when ¢, % ¢,

—aOBSG

Higgins and Gebhart [10] carried out a similar
experimental investigation with an isothermal surface.
Fluid velocity and temperature measurements in the
laminar regime were found to be in good agreement
with the similarity solution of Gebhart and Mollendor{
{1]. Mean and disturbance profiles in unstable flows
were compared with predictions of the linear stability
calculations of Higgins and Gebhart [11]. Again good
agreement was found.

Joshi and Gebhart [12] report visualizations of
plume flows above a horizontal wire energy source,
for conditions in which the density exiremum arose.
Centerline temperature decay and velocity measure-
ments across the plume, at ¢, = 4°C, were in good
agreement with the similarity solution of Mollendorf
et al. [13]. For 1, > 4°C, the results wers compared
with the perturbation analysis of Gebhart ef al. [14].
Good agreement was found for small deviations from
4°C. For 1, <4°C, very complicated bidirectional
flows were seen, at various heating rates.

All of the above studies dealt with transport in the
steady state. Subsequently, Joshi and Gebhart [15]
calculated the short time transient flow response
adjacent to a suddenly heated vertical surface in cold
water. The transient surface conditions used were : (@)
a step in surface energy generation rate; and (b) a step
in surface temperature.

This paper is an account of transport regimes which
arise in transients adjacent to a vertical surface. The
surface is subjected to a sudden, and thereafter
constant, input energy generation rate ¢”. The surface
temperature responses found in the present study are
qualitatively seen in Fig. 1. In Fig. 1(a), the ambient
temperature is below the extremum. Initially, for
1 < 1, the buoyancy force is downward everywhere.
Only for 721, does an upward buoyancy force

develop near the surface. Further out from the
surface, the buoyancy force still remains downward,
resulting in a bidirectional distribution. In Fig. 1(b),
for ¢, > t,, the buoyancy force is always wpward
across the entire flow region.

Transient and steady surface temperature measure-
ments were made in the range 1.2 € £, € 6.8°C. The
input surface energy generation rates were in the range
587-1870 W m~* Time evolution of the resulting
flows was visualized for different ambient temperature
levels, all lower than 7, the density extremum tem-
perature. Surface temperatures are compared with the
analysis in ref. [15], to determine the time intervals in
the actual transients in which short time, one-dimen-
sional solutions accurately predict actual response.

2. EXPERIMENTAL SETUP

The experimental apparatus is described in detail in
Joshi [16]. The vertical surface consists of two 0.038-
mm-thick Inconnel 600 foils separated by layers of
resin-impregnated fabric. The resulting thickness of
the composite surface is 0.28 mm, i.e. 0.011 in. Cop-
per—constantan thermocouples (0.05 mm in diameter)
were embedded between the layers of the fabric. The
thin surface structure results in a very low thermal
capacity and also minimizes lag in thermocouple
response.

The experiment was carried out in an insulated
stainless-steel tank of dimensions 1.83x0.662x1.83 m
high. Glass windows permit visualization of the
flow from outside. The tank was filled with deionized
and demineralized water, to reduce leakage of elec-
trical current from the surface and sensors. The free
surface of water was covered with Teflon-coated rafts,
to reduce heat exchange and water contamination.
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Fig. 1. Qualitative buoyancy force responses in the present study, following a sudden and constant rate of
thermal energy generation within the surface. (@) £, < £, and (b} 1, > 1.

The tank walls were insulated by a 2.5-cm-thick Styro-
foam, covered with an outer 10-cm layer of fiberglass
insulation,

Temperature data were obtained digitally, through
a Hewlett-Packard Data Acquisition System con-
sisting of a 3497A scanner, 3456A programmable digi-
tal voltmeter and 98458 microcomputer. The scanned
data were stored on magnetic tapes for subsequent
processing.

Flow visualization was provided by finely ground
Pliclite particles in the water. This material has a
specific gravity of 1.026, which results in a large sus-
pension time in water. The flow visualization tech-
nique is shown in Fig. 2. A 5-mW belium-~neon laser
beam is spread into a vertical diverging plane, or
curtain, of light, perpendicular to the plane of the
surface. This is achieved using a cylindrical lens. The
Pliolite particles scatter the laser light into the other-
wise dark background. Time exposure photographs
were taken using a Nikon F3 35-mm camera with a
motor drive and intervalometer, using Kodak Tri-X
400 18O film.

Before each run, the tank water was cooled to the
required temperature level, ¢, by two Blue-M circu-
lating chillers; the water was continuously stirred.
The chillers and the stirrer were then turned off and
the tank water was allowed to stand for approximately
45 min, to achieve quiescence, Test times of 30 min
could be obtained without appreciable stratification
in the tank. Stratification, as monitored by a vertical

thermocouple array, was less than 0.15°C over the
tank height at the end of all experiments.

A step in the surface energy generation rate was
approximated by passing an electrical current from a
0-100 A, 0100 V Hewleti-Packard 6475C DC power
supply. The power supply was warmed for 30 min on
a dummy load of approximately the same resistance
as that of the test surface. Surface heating was initiated
by switching the current from the dummy load. The
data scanning was started before switching, Visu-
alizations and photography were started simul-
taneously with the heating of the surface.

3. FLOW VISUALIZATION

As shown in ref. [15], short time transient response
depends on the ambient temperature #, and the
imposed surface flux ¢”. The 12 experiments in the
present study are listed in Table 1. Three heating rates
were used throughout: ¢” = 587, 1140 and 1870
W m™?, at different ambient temperatures. These con-
ditions result in both unidirectional and bidirectional
buoyancy force and flow in the water. If 7, is greater
than ¢, upflow would result at all times in the entire
flow region. Thus, transient development would
resemble that for conditions in which the Boussinesq
approximations apply. Therefore, the only flow
regimes discussed here are for ¢, < t,, at various
heating levels.
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F1G. 2. Schematic sketch of the flow visualization technique.

3.1. Steady flow regimes

The coordinate system used in the following dis-
cussion is seen in Fig. 2, where x is always measured
upward from the lower edge of the heated surface
independent of actual flow direction. The distance
from the leading edge of the flow pattern is denoted
by X. For upflows, the lower surface edge is the lead-
ing edge. It is the trailing edge for downflows.

Table 1. Experimental conditions for the present study

]

Ly Te

Experiment (°C) (Wm™%)  Q* Rip s)
1 12 587 0.79 127 203
2 1.2 1140 1.02 0.85 90
3 1.2 1870 1.24 0.62 50
4 2.0 587 0.77 0.88 92
5 20 1140 1.00 0.58 44
6 2.0 1870 1.21 0.43 26
7 31 587 0.76 0.42 24
8 3.1 1140 0.98 0.28 13
9 31 1870 1.19 0.21 9
10 42 587 0.62 -0.10 Q
11 5.7 587 0.60 —~(.88 0
12 6.8 587 0.58 —1.47 0

Visualizations of the eventual steady flow, for the
nine experiments in which 7, < ¢, are shown in Fig.
3. For t, =12°C and the lowest heat rate, 587
W m~?, in Fig. 3(a), there is a large negative buoyancy
force in the outer thermal region. Resulting flow
response in the upper part of the picture, above the
location of the arrow, is of a boundary region type.
Ambient fluid rises and is then entrained. For x < 25
cm, below the arrow in Fig. 3(a), the flow undergoes
transition to turbulence.

Figure 4 shows the same flow as in Fig. 3(a), much
closer to the upper surface edge, for 30 < x < 89 cm.
Since the upper edge is the leading edge for these
conditions, this corresponds to 38 < X' < 97 cm. A
localized region of upflow is seen at the location of
the arrow at x = 42 cm. The other image in all the
visualizations results from reflection from the mirror-
like foi! surface. The strong outer downflow bends
around the upflow region. This upflow is due to the
buoyancy force changing direction near the surface.
This is because ¢,(X) > ¢, for sufficiently large X.
However, such upflow always occurs as isolated inter-
mittent pockets inside the more vigorous downflow
further out.

Doubling the heating rate, still at ¢, = 1.2°C,
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FiG. 3. Flow patterns observed in steady state for various ¢,, < t, and g". Values of ¢, (°C), ¢ (W m~?%)
and Ax (cm) are: (a) 1.2, 587, 58 ; (b) 1.2, 1140, 59, (c) 1.2, 1870, 59, (d) 2.0, 587, 66; (e) 2.0, 1140, 66 ; (f)
2.0, 1870, 66; (g) 3.1, 587, 56; (h) 3.1, 1140, 75; and (i) 3.1, 1870, 73.

results in a thick turbulent downflow region, Fig. 3(b).
Very close to the surface, a much weaker and inter-
mittent upflow is seen. A similar flow pattern arises
for a further 50% increase in ¢” as seen in Fig. 3(c).
The local upflow occurred more frequently in time
than before in Fig. 3(b), and at more locations along
the surface. This arises from a stronger upward buoy-
ancy force as ¢,(X) increases more rapidly down-
stream. Thus it exceeds £, by a larger amount and
produces a larger inside buoyancy force reversal.

Flow patterns for ¢, = 2.0°C are seen in Figs. 3(d)-
(), at the three heating rates. A turbulent outer down-
flow exists for all three heating levels. The inner
upflow, which is intermittent for the lowest heating
rate, Fig. 3(d), is continuous at the higher rates in Figs.
3(e) and (f).

For a still higher ambient temperature, ¢, = 3.1°C,
the flow patterns are seen in Figs. 3(g)-(i). A devel-
oping upflow region becomes clearly established near
the surface even at the lowest heating rate, Fig. 3(g).
The outer downflow in Fig. 3(g) developed late in the
transient. This is discussed further in connection with
the transient flow development in Section 3.2.

For large x, the outer downflow mixes with the
thickened inner upflow. This results in the formation
of the distinct counterclockwise vortices, seen in Fig.
5. These vortices are convected along the surface. At
higher heating rates, for ¢, = 3.1°C, Figs. 3(h) and (i)
show very regular upward flow near the surface. The
outer downflow bringing in entrainment, is much
weaker than in Fig. 3(g). These patterns changed with
time.

These visualizations illustrate the many mech-
anisms which result from the buoyancy and flow

reversals over the ambient temperature range, from
1.2°C to near the extremum, at ¢, = 3.1°C, for
increasing rates of heating. The transient evolution to
such flows is considered next.

3.2. Transient flow development

Similar time exposure photographs during the tran-
sient evolution, from quiescence, are shown in Figs.
6-9. For all conditions of z,, and ¢”, a one-dimensional
flow regime was seen at short times, as calculated in
ref. [15]; departure from this kind of response occurs
later. These calculations indicate that two different
mechanisms of entrainment development occur. If z,,
is far away from ¢,,, the flow is unidirectional ; entrain-
ment development starts from the leading edge. On
the other hand, in a bidirectional flow, much more
complex entrainment development mechanisms arise.
The visualizations also show that strongly bidirec-
tional transient flows are very unstable. Some be-
come turbulent even before entrainment has devel-
oped along the entire surface.

For ¢, < t,, the thermal input first results in a
downward buoyancy force, see Fig. 1(a). This gives
rise to an initial downflow. Later, an upflow develops
near the surface and the flow becomes bidirectional.
The calculations of Joshi and Gebhart [15] determine
when the inner upflow arises. The surface thermal
capacity effect indicated by the parameter Q*, was
included in these calculations. These times are listed in
Table 1, as 1., for the experimental conditions here.

3.2.1. Flow development at low ambient tempera-
tures. Transient flow development for the lowest ¢,
and ¢”, 1.2°C and 587 W m~2 is seen in the time
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F16. 4, Downward boundary region like flow for ¢, = 1.2°C
and¢” = 587 Wm™?in therange 30 < x < 89cm. A localized
upflow region exists at x = 42 cm.

sequence in Figs. 6(a)(g), for 0 < x < 57 cm, The
first effect is a one-dimensional downflow, seen in (a).
Entrainment into this flow is seen in {b) near the top.
It has developed all the way down to the lower edge
in (c), at about 208 s. A clockwise vortex has appeared
near the top in (d). In {e), this first vortex has moved
downward and a second vortex is visible above it.
Later, in (f), both vortices have moved downward and
reached the lower edge of the surface. A completely

Fic. 5. Steady flow pattern for ¢, = 3.1°C and ¢" = 587

W m~?in the range 57 < x < 118 ¢m. A strong outer downflow

is observed. Inner upflow entrains in the form of discrete
vortices.

downward boundary region flow is now established.
Later, in (g) localized regions of intermittent inner
upflow have developed, near the surface. This is seen
in (g) at approximately mid-height. The downward
flow bends around this region, as also seen earlier in
Fig. 4. Entrainment pattern near the lower edge of the
surface, in (g), appears irregular, indicating transition.
This is supported by surface temperature measure-
ments discussed later.
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FiG. 6. Transient flow development for ¢, = 1.2°C and ¢” = 587 W m~? in the range 0 < x < 57 cm.
Exposure durations in seconds are: (a) 110-130; (b) 154-174; (c) 198-218; (d) 220-240; (e) 242-262; (f)
396-416; and (g) 704-724.

The flow development, again at ¢, = 1.2°C, but at  the upper edge, as seen in (c). The one-dimensional
the intermediate heating rate of 1140 W m~?is seen  calculations predict the first occurrence of upflow,
in Figs. 7(a)-(g). It is similar until late in the transient.  near the surface, at 7. = 90s, see Table 1. In Fig. 7(c),
A one-dimensional downflow is again seen in (a) and  after the onset of bidirectional flow, downward and
(b). Again the development of entrainment starts from  upward developing entrainment patterns are seen at

(al (b) (c) (d) (e) () (g)

FI1G. 7. Transient flow development for ¢, = 1.2°C and ¢” = 1140 W m 2 in the range 0 < x < 60 cm.
Exposure durations in seconds are : (a) 32-52; (b) 98-118; (c) 142-162; (d) 164-184 ; (¢) 186206 ; (f) 208—
228; and (g) 296-316.

HMT 29:11-H
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a b < d

e f g h

Fic. 8. Transient flow development for ¢, = 1.2°C and ¢" = 1870 W m~? in the range 0 < x < 62 om.
Exposure durations in seconds are: (a) 67-82; (b} 86-101 ; {¢) 105-120; () 124-139; {e) 143-158; {f) 162
177; (g) 181-196; and (h) 238-253.

the top and botiom, respectively, The developing
entrainment at the bottom is seen to be suppressed in
(d). This may be due to the increasing and stronger
outer downflow. In (e) and (f), highly amplified dis-
turbances are seen. The flow becomes turbulent later,
in (g).

A quite different flow response arises at a yet higher
heating level, as seen in Figs. 8(a)-(h). Initial one-
dimensional downflow is seen in (2). The calculation
indicates first inner upflow at about 50 s. Later, in
(b}, this upflow has become stronger, causing upward
developing entrainment up to the location of the
arrow. In (c), disturbances are seen near the surface
at mid-height. They amplify at later times and in (h)
the flow is completely turbulent, The flow has become
turbulent before any entrainment has arisen at the
upper edge.

The responses for the two higher heating rates.in
Figs. 7 and 8, are very different than for the lower
heating rates in Fig. 6. In Fig. 7, the flow is purely
downward and laminar for v < 130 s and has a devel-
oping boundary region characteristic. Later an npflow
develops and causes entrainment development at the
bottom of the surface. The flow later undergoes tran-
sition. In Fig. 8, upflow appears much earlier, at
1 =50 s. Downward entrainment does not develop
before the entire flow undergoes transition to tur-
bulence. At the two higher heating rates, the resulting
bidirectional flow increases velocity gradients and
local shear stress across the flow region. The insta-
bilities may arise from this.

The transient flow evolutions seen at an ambient

temperature of 2.0°C for the same three heating rates,
were similar to Figs. 7 and 8. For ¢" = 587 W m ™%,
the lowest heating, bidirectional entrainment devel-
opment occurred followed by transition, as in Fig. 7.
The two higher heating rates showed flow patterns
similar to those in Fig. §.

3.2.2. Transient flows with ambient temperatures
just below £ A further increase in ambient tempera-
ture, to 3.1°C, results in a much weaker early outer
downward buoyancy force. The resulting very long
and complicated response at the lowest heating rate
is seen in Figs. 9{a)y-(g). An early inner upflow near
the surface, in (), results in entrainment development
starting from the bottom edge of the surface, in (b).
Later, in {¢), a well defined and thin upward laminar
developing flow is established.

This flow then undergoes drastic changes, due
to a number of interacting effects. First, the heated
wake shed above the top edge of the surfaces mixes
with ambient at 3.1°C. This results in more dense
water downstream, that is, above the surface. This
water sinks downward, as seen clearly already in
(d). The average velocity of the leading front of
the downflow is about 2 mm s~'. This downflow
continues at an approximately constant rate, in
(g

For the two higher heating rates 1140 and 1870
W m~? at 1, = 3.1°C, the outer downward flow was
much weaker than seen in Fig. 9. The eventual flows
for these conditions were shown in Figs. 3(h) and ().
They resemble upward developing boundary region
flow.



Vertical natural convection flow in cold water

1731

(a) (b) (c) d)

Fi1G. 9, Transient flow develonment for t,=31°Ca

2 1An§ient ageveepinent Ior = 3,

Exposure durations in seconds are: (a) IO2 5~122.5; (b) 143 5-163.5; (c) 36

(e) () (g)
nd g" =587 W m~? int.eraqgeﬂ<x<550m.
9-389; (d) 492-512; (e) 615~

635 () 656676 ; and (g) 697-717.

4. SURFACE TEMPERATURE
MEASUREMENTS

Temperatures were measured along the surface,
both during the transient, and in steady state, for all
conditions in Table 1. These temperature responses
confirm the flow development mechanisms elaborated
in Section 3. The measurements in the eventual estab-
lished flow are discussed first. Then their transient
evolution is considered.

4.1. Steady surface temperatures

As seen in Section 3, reversals in the direction of
buoyancy force and flow occur across the range of z,..
These changes in flow regimes and heat transfer are
also documented by measurements of average local
surface temperature, ¢,(x). These are discussed next,
in Figs. 10-14. To compute ¢,(x), averaging times
of 400 s or more were used, whenever the steady
temperatures showed disturbance levels of 5% or
more from the mean.

4.1.1. Local measurements at various ambient tem-
peratures. Figure 10 shows the average surface tem-
perature distributions, along the surface, for ambient
temperatures of 1.1,2.0,3.1,4.2, 5.7 and 6.8°C, for the
lowest heating rate of 587 W m ™2 Unfilled symbols
correspond to laminar flow states and filled symbols
are for disturbance levels of 5% or more around
the mean. For the lowest ambient temperature,
te = 1.2°C, a primarily downward flow exists. Recall
Figs. 3(a) and 4. The leading edge for this flow is the
upper surface edge. The surface temperature in Fig.
10 increases downstream from the leading edge as the

flow region thickens. Transient temperature traces for
these conditions are seen in Fig. 11. The measurements
imply laminar flow response at x = 96.8 and 70.0 cm.
Larger fluctuations arise further downstream, as the
flow undergoes transition to turbulence.

For the ambient at 2.0°C, turbulent downflow was
seen in Fig. 3(d). Figure 10 shows only small vari-
ations in the surface temperature at the various x
levels. Local temperature responses for these con-
ditions are seen in Fig. 12. Disturbance amplitudes
from the mean are 5% or more at all locations.

An increase in the ambient temperature to 3.1°C
resulted in upflow near the surface, as seen in Figs.
3(g) and S. The corresponding temperature levels in
Fig. 10 increase with x, for 0 < x < 54.5 cm. Down-
stream, at larger x, the flow undergoes transition.
Temperature traces with time in Fig. 13 show some
fluctuations even for x < 49.0 cm. These appear to be
caused by the unsteady nature of the outer downflow,
seen in Figs. 3(g) and 5. The disturbance amplitudes
increase downstream and higher frequency com-
ponents appear, indicating transition to turbulence.

For t,, = 4.0°C, upflow occurs for all x, although
these conditions do not result in a steady, self-similar
solution for the transport. For t,, near t,, a per-
turbation analysis has been carried out in ref. [14].
The following expression for the surface temperature
distribution is derived from these results.

(to~ 1) = [1+(gR*)$ (0, Pr)]

q'xy/2

* (gx’ap ) K[~ 670, PP’

M
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FiG. 10, Steady mean local surface temperatures, 7,(x), for g¢" = 587 W m~2 at various {,,; O 1.2°C, A
2.0°C, [0 3.1°C, © 4.2°C, VV 5.7°C, and O 6.8°C. Solid symbols indicate fluctuation levels of 5% or more
from the mean. Dashed lines join data points for ambient temperatures for which no analysis exists, ——

Analysis of Gebhart ez al. [14] ; — - — - — similarity solution with Boussinesq approximations for Pr = 10.0
att, =5.7°C; -+ same as —-—-— at ¢, = 6.8°C.
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Fi6. 14. Variation of Nu, /Gr{* with R. Solid line is the correlation of Carey [17] for vertical, isothermal
surfaces in cold water. Data points are shown as circles. The single point shown as x corresponds to the
similarity analysis for ¢, = 4.0°C from Gebhart and Mollendorf [1]. Dashed line is the proposed correlation.

In equation (1}, gR* characterizes departures from
the similarity condition of r,, = 4.0°C and is given by
R* = (1, —1 . }{2,— ) where {¢,—1..), is the surface
temperature response from ref. {1}, For Pr=11.6,
¢,(0) = 0.41024 and —¢’(0) = 1.16529. Notice that
R* =0 when r_ =1, For pure water at | bar,
&= 9297173 x 107%°C) " and ¢ = 1.894816.

In Fig. 10, good agreement exists between equation
(1) and the data for 1, = 4.2°C in the laminar region.
The surface temperature decreases instead, beyond 80
cm, with transition. For t,. = 5.7 and 6,8°C, equation
{1) becomes invalid since (gR*) is no longer small,
Data for these conditions were compared with the
Boussinesq calculation for a constant flux surface at
Pr = 10.0. All properties were evaluated at a film tem-
perature corresponding to this value of Pr. The Bous-
sinesq analysis overpredicts the buoyancy force for
these conditions, yielding lower temperatures than
measured. Surface temperature data decrease for
x > 80 cm, with transition,

4.1.2. Nusselt number correlation. In any practical
application, the overall Nusselt number is a quantity
of great importance. Time-averaged local surface tem-
peratures, 7,(x), were also spatially averaged at nine
locations along the surface. This surface height aver.
aged temperature 7, was then used in the calculation
of the Grashof number, Gr, = [gdjt, —1,.|2L /7], and
the parameter R = (4.0—1_)/(t,— ). The Nusselt
number was calculated as Nu, = ¢"Lilk(ty— 1)}

The resulting Nusselt number data, in the form of
Nu /Gri'* as a function of R, are plotted in Fig. 14.
Also shown is the correlation curve due to Carey [17]
for vertical, isothermal surfaces in cold water. For
Pr=11.61tis given by:

NuyJGri* = 1.39|R—0.26%24, )

Most of the present data points fall above the cor-
relation, as does the single point corresponding to
R = 0 from the similarity solution in ref. {1}.

A new correlation was therefore developed on the
present data, for a uniform flux condition. The data,
outside the range 0.23 < R < (.29 are well correlated
by

Nug/Grl'* = 1.35|R~0.26/%155, 3)

This result is also in better agreement with the cal-
culation for R = 0.

A minimum in heat transfer arises within the range
0.23 < R < 0.29, Based on the data of Ede [4] for a
10.2-cm-high surface, Carey [17] suggests an approxi-
mately constant value for Nu /Grl/* for these con~
ditions.

Our data near R = 0.29 for a much higher surface
show largely turbulent flow and a resulting small vari-
ation in surface temperature along the surface as seen
in Fig. 12. For a uniform input flux condition, this
implies Nu, /Gr!'® proportional to L', Thus a surface
height dependence on heat transfer is indicated. This
dependence is also supported by the data in ref. [4].
The ratio [L/Lg]"* is 1.87, which is within 11% of
the measured ratios of the minimum Nu /Grl/* in the
two studies.

4.2, Transient surface temperature response

Surface temperatures during the transient confirm
the short time response calculated in ref. [15]. The data
also indicate the mechanisms of tfransport departure
from one dimensional. These are described next in
Figs. 15-18, across the range of ambient conditions
and thermal inputs.

Figure 15 shows the local surface temperature
response at x = 9.8 cm for different ambient tem-
peratures, in the range 1.2-6.8°C, for ¢" = 587 Wm™>.
The solid line is the one-dimensional conduction
solution for negligible surface thermal capacity. As
seen in ref. [16], this is a very good approximation for
the thin surface used in the present experiments. The
surface temperature response for these conditions is
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FiG. 15. Transient surface temperature development for various ¢, for ¢" = 587 W m~? at x = 9.8 cm.
The solid line is equation (4).

calculated simply as

" 1/2
a0 =2 =" @

7'[

For the highest ambient temperature, ¢, = 6.8°C,
measured response follows equation (4) for t < 70 s.
Steady state is later achieved rapidly. Lower levels of
e, 5.7°C and 4.2°C, result in progressively delayed
departures from the one-dimensional trend during the
transient ; also, the eventual surface temperatures are
higher. These departure times are collected in Table 2.
For ¢, > t,, entrainment development always starts
from the leading edge and progresses downstream
with time.

The local buoyancy force levels are reduced as ¢,
is decreased towards the extremum temperature. For
a given ¢”, the reduced buoyancy force levels result
in weaker flow velocities during the transient. One-
dimensional transport at a given x location, therefore,
continues for a longer time. Also, reduced flow vel-
ocities result in poorer heat transfer and consequently
higher steady surface temperatures above the am-
bient, for a given heat flux input.

As the ambient temperature is reduced below 4°C,
the initial flow is downward. For sufficiently large ¢,
the flow becomes bidirectional. For ¢, = 3.1°C, in
Fig. 15, the one-dimensional transport persists to
about 1 = 160 s. A 7% temperature overshoot occurs
just before steady state is reached. As seen from Table
2, for x = 9.8 cm, the entrainment development from
the lower edge first terminates one-dimensional
transport.

Reducing the ambient temperature to 2.0°C pro-
longs one-dimensional transport. For ¢, = 1.2°C, the
large downward buoyancy force dominates the flow.
As seen in Fig. 3(a), and also from Table 2, one-
dimensional transport terminates with the arrival of
disturbances from the leading edge. For these con-
ditions it is the upper surface edge.

Transient response near the top of the surface, at
x = 96.8 cm, is seen in Fig. 16 for the same conditions
as in Fig. 15. No extremum arises for ambient tem-
peratures of 6.8, 5.7 and 4.2°C; all three responses are
similar. The initial conduction response is followed
by a decrease in temperature level. Later, the surface
temperatures increase again to achieve steady state.
This trend is different from those in Fig. 15. No similar
drop in the surface temperature during the transient
was observed close to the leading edge.

Transient experiments in room temperature water,
reported in ref. [16], show identical behavior. Laminar
mechanisms persist for all times near the leading
edge, causing no decrease in surface temperature.
However, the transient flow undergoes transition
downstream. The enhanced transport results in a tem-
porary drop in the surface temperature. Later, the
flow partially relaminarizes. Then the surface tem-
peratures increase to the eventual steady-state levels.
These temperatures are lower than the calculations in
ref. [14], due to transition.

For t, = 3.1°C, in Fig. 16, disturbances from the
upper edge of the surface terminate the one-dimen-
sional transport. As seen from Table 2, the longest
duration of one-dimensional transport does not occur
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Table 2. Measured first departure times in seconds from one-dimensional transport

x {cm)

Experiment 9.8 290 326 49.0 4.5 70.0 79.0 84.4 96.8
i 248 220 216 196 192 162 150 144 120
2 160 188 200 214 136 128 120 100
3 93 107 110 115 110 109 113 115
4 260 324 334 230 220 196 180 172 140
5 120 130 144 156 160 160 146 150 150
6 75 103 104 104 108 96 100 90 98
7 156 220 220 230 245 252 238 238 204
8 88 128 134 132 138 148 142 138 136
g 58 87 90 96 96 100 100 90 90

10 80 140 150 180 186 200 2065 216
11 76 112 116 138 142 154 160 166
12 70 105 106 120 124 140 144 150
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Fic. 16. Transient surface temperature development for identical conditions as in Fig. 15at x = 0.968 m.
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cither near the upper or the lower edge of the surface ;
rather it occurs between. This results from the bi-
directional entrainment development. At ambient
temperatures of 2.0°C and 1.2°C, the departure from
the conduction trend occurs earlier. The strong early
downflow for these conditions carries the upper edge
disturbances at faster rates.

Figures 15 and 16 explain the transient transport
development mechanisms across a range of ambient
temperatures, for ¢" = 587 W m~°. Different 4", for
a given ¢, have complex effects on transport devel-
opment. For r,, > 1, increasing g” yields higher buoy-
ancy force and flow velocities, causing earlier depar-
tures from the conduction trend and a faster
achievement of steady state for a given f, < f,.

1737

Increasing ¢” also results in an earlier establishment
of bidirectional flow. As observed in Section 3, these
bidirectional flows later become turbulent, This is con-
firmed by surface temperature measurements in Fig.
17 for ¢” = 1870 W m~? at ¢, = 1.2°C. Data are
plotted for four x locations. One-dimensional trans-
port persists for t < 110 s. Later, disturbances appear
at all four x locations almost simultaneously. Steady
temperature data show large fluctuations from the
mean, indicating turbulent transport. Flow visu-
alization sequences for these conditions in Fig. 8
support these mechanisms.

The unstable flow behavior seen in Fig. 17 does
not occur at higher ambient temperatures. This is
seen in Fig. 18, for ¢, = 3.1°C and ¢" = 1870 W m ™%
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Fi1G. 17. Transient surface temperature development for ¢” = 1870 W m~2and ¢, = 1.2°C at various x.
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Fig. 18, Transient surface temperature development for ¢” = 1870 W m™? and ¢,, = 3.1°C at various x.

At higher ambient temperatures there is a faster estab-
lishment of upflow than in Fig. 17. The outer down-
flow is weaker. The flow development then resembles
that of an upward boundary region. Thermocouples
at x =98 cm and x = 29.0 cm show laminar flow
mechanisms for all times. Transition to turbulence
occurs for x = 0.70 m and x = 0.968 m.

5. CONCLUSIONS

Time exposure photographs and surface tem-
perature measurements presented here explain the
transport development adjacent to a suddenly heated,
vertical surface in cold water. For 1, < 4.0°C, the
initial one-dimensional flow is downward. This flow

for low ¢" develops entrainment downward from the
upper edge of the surface, resulting in a developing
boundary region flow. Increasing ., or ¢" causes
transient bidirectional flow. Such flows were found to
be unstable, resulting ultimately in a strong turbulemt
downflow away from the surface. A weak intermittent
upflow was seen very close to the surface.

Further increase in £, to near 4.0°C causes an even
stronger inner upflow. The outer downflow is then
only intermittent. It arises because the warmer wake
shed above the top edge of the surface mixes with
colder ambient to produce denser water. This water
then sinks, altering the initially established boundary
region structure. Increased levels of ¢” result in much
weaker and intermittent outer downflow.
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Correlations for steady heat transfer data have been
obtained. Transient temperature measurements con-
firm an initially diffusive transport regime. Departure
times from such one-dimensional characteristic have
been determined. Analytical predictions for entrain-
ment development in transient bidirectional flows do
not exist at present. Qur measurements of the tran-
sient transport will be useful in any such modelling
efforts.
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MESURES ET VISUALISATIONS DE LA CONVECTION NATURELLE
VARIABLE ET PERMANENTE DANS L’EAU FROIDE

Résumé—On donne les résultats d’une étude expérimentale sur la convection naturelle adjacente 4 une
surface verticale de 1,27 m de hauteur, soudainement chauffée. Ces mesures déterminent les effets du
comportement anormal de 'eau froide sur la réponse convective et sur les caractéristiques thermiques. Le
domaine des températures ambiantes étudié est 1,2 < ¢, < 6,8°C, pour des flux de chaleur entre 587 et
1870 W m~2 L’écoulement variable et stationnaire est visualisé et les températures locales de température
sont mesurées. Pour les conditions de la plus basse température ambiante et de chauffage, ¢,, = 1,2°C et
587 W m™2, I’écoulement établi ressemble 4 une couche limite d’écoulement descendant. Quand ¢, et le
flux de chauffage augmentent ’écoulement n’a pas de forme simple: on voit une descente fortement
turbulente loin de la surface et une montée intermittente trés prés de la surface. Un accroissement ultérieur
de 1, et du flux de chauffage renforce I'écoulement ascendant. Le mouvement externe descendant existe
toujours, néanmoins il est intermittent pour ¢, = 3,1°C et 1140-1870 W m~>. Dans ces conditions, les
écoulements ressemblent 4 une couche limite montante. La température moyennée sur la hauteur £, est
utilisée dans ’évaluation du Nuy et Gry prés de la température extrémale 7,. L’état stationnaire est bien
représenté par Nuy/Gri’* = 1,35 [R—0,26]*' hors de 0,23 < R < 0,29 ou R = (t,,—t,.)/{tL—t.). A l'in-
térieur de 0,23 < R < 0,29 on observe un minimum du transfert thermique. Les mesures montrent les
changements qualitatifs dans les régimes d’écoulement et aussi la variation du nombre de Nusselt dans la
région de 'extremum de densité. Ces caractéristiques sont nettement différentes de celles trouvées dans le
comportement bien étudié de Boussinesq.
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MESSUNGEN UND SICHTBARMACHUNG VON INSTATIONAREN UND
STATIONAREN VERTIKALEN KONVEKTIONSSTROMUNGEN IN KALTEM WASSER

Zusammenfassung—Es werden Ergebnisse der experimentellen Untersuchung von instationdren natiirlichen
Konvektionsstrémungen und Transportvorgingen in kaltem Wasser bei einer sprungartigen Beheizung
einer 1,27 m hohen vertikalen Oberfliiche dargestellt. Diese Messungen zeigen den EinfluB des anomalen
Verhaltens von kaltem Wasser auf die instationéire Ausbildung der Konvektion und auf die Wérme-
transportcharakteristik im stationdren Endzustand. Der Bereich der Umgebungstemperatur betrigt
1,2 < 1, < 6,8°C, und der Bereich der Heizwiirmestromdichte 587-1870 W m~2. Die transiente und die
stationdr sich einstellende Strémung wurden sichtbar gemacht, und die lokalen Oberflichentemperaturen
wurden gemessen. Fiir die kleinste Umgebungstemperatur und Heizleistung (7, = 1,2°C und 587 W m~%
hat die eingesetzte Strémung Ahnlichkeit mit einer abwirts sirdmenden Grenzschicht. Bei Anstieg der
Temperatur 7, und der Heizleistung hat die Strémung nicht die Form einer einfachen Grenzschicht. Es
wurde eine lebhafte turbulente Abwirtsstrémung in einiger Entfernung von der Oberfliche und eine
intermittierende Aufwirtsstrémung an der Oberfliche beobachtet. Ein weiterer Anstieg der Temperatur
¢, und der Heizleistung erzeugt stirkere innere Aufwirtsstromungen. Die duflere Abwirtsstréomung exis-
tiert zu jeder Zeit. Jedoch stieg sie nur zeitweise fiir £, = 3,1°C und Heizleistungen von 1140 bis 1870 W
m~? an. Diese Wechsel im Transportvorgang werden durch lokal gemessene Oberfldchentemperaturen
bestitigt. Die {iber der Oberflichenhdhe gemittelte Temperatur ¢, wurde in die Berechnung von Ny und
Gr. nahe der Maximaltemperatur £, eingesetzt. Die mittleren stationdren Wiarmetibergangsdaten konnen
auBerhalb von 0,23 < R < 0,29 am besten mit der Beziechung Nu, /Gr{’* = 1,35|R—0,26|*'¢* wiedergegeben
werden, wobei R = (f,,—1,)/(t,—1,) ist. Im Bereich 0,23 < R < 0,29 wurde ein Minimum des Wirme-
\ibergangs beobachtet. Details der Entwicklung der Strémung wihrend der instationdren Phase werden
ebenfalls von Beginn an untersucht.

W3IMEPEHVSA Y BU3YAJIM3ALIUA NEPEXOHOI'O U YCTAHOBUBHIEIOCAH
BEPTUKAJIBHOIO ECTECTBEHHO-KOHBEKTHBHOI'O TEYEHHMSA B XOJIOOHONM BOJE

AmnoTauns—IIpeCTABIEHb! Pe3Y/IbTaThl JKCHEPHMEHTANBHOTO M3YYEHHA NEPEXOJHOIO M pa3BHTOro
ECTECTBEHHO-KOHBEKTUBHOIO TeYeHHs, OOYCIOBACHHOTO BHE3ANHBIM HATpEBaHHEM BCPTHKAIbLHOH miac-
THSB BBICOTOR 1,27 M B xostoaHo#l Boge. C HOMOLIBIO HIMEPEHUHE ONpPEAe/ICHO BIHAHUE aHOMAbHOIO
MOBEAEHHA XONOMHOR BOIBL HA KOHBEKTHBHLIE NIEPEXOAHBIC XAPAKTEPUCTHKN H YCTAHOBHBILHECH Xapak-
TEPUCTHKH TemnonepeHoca. TemmepaTypa okpyxaromeit cpenb—1,2 <t < 6,8°C, HHTEHCHBHOCTH
tentonogpoaa—587-1870 Br/m2. Habmonaauch nepexoaHoe W yCcTAHOBUBILEECS TEUEHHS ; H3MEPSIHCh
JIOKaJIbHble TEMINEPATYPBLI NOBEPXHOCTH. [JI8 HANMEHBLIMX TEMHOEPATYphl OKpyXarouwlel cpeawl ¢, =
1,2°C u ycnoeuit Harpesa 587 BT/M? yCTaHOBHMBILIEECS TeNEHHE HANIOMUHA/IO CTEKAIOLLMI MOrPAHAYHBIH
croit. C pocTOM ¢, M MHTEHCHBHOCTH HaTrpeBa TEYCHHE BUIOM3IMEHANOCH, 3JaMeYeHo CHIIbHOE TypOynenT-
HOE, HanpaBJICHHOE BHM3 T€UeHHE BAATH OT MOBEPXHOCTH M HYECHCTOE BOCXOAsALIEE OKoso Hee. Janbheh-
11lee yBeIHYEHHE HHTEHCHBHOCTH HAarpeBa BedeT K 6oslee CHIbHBIM BOCXOAALIMM BHYTPEHHHM TEYEHHAM.
HapyxHoe HUCXOAsILEe TEeYeH e CYLIeCTBYET npU Beex ycnosuax. Oanako np ¢, = 3,1°C u ckopoctax
sarpesa 1140 u 1870 Br/M® oHo BosuukaeT ckaukoobpasno. [ns 3THX yCAoBHI TEHeHHE HANOMMHAET
BOCXOAAILMHA NOTPaBu4Hbiil c10f. 3TH H3IMEHEHNA B PEXKMME NEPEHOCA MOATBEPXKACHBI H3MEPEHHIMA
JIOKABHON Temnepatypsl nosepxrocTi. OCpeHeHHas 110 BBICOTE TEMACPATYPA NOBEPXHOCTH {; HCHIOAb~
30Banach Mis oueHkn Nu, u Gr; BOnusm okcTpemyma temnepatyphi f,.. Ocpensensbie nausbie no
yCTAHOBMBLIEMYCH TerUionepeHocy HamwiyduwinM obpalom 0606MAaIOTCH C 7MOMOIIBIO  BEIDAKCHHA
Nu /Gr ' = 1,35]R - 0,26]%'** 3a upesenamu 0,23 < R < 0,29, rue R = {t,, — 1 )/t, — ). B amana-
sone 0,23 < R < 0,29 sabmopaercs MHEAMANbHAS HHTEHCHBHOCTHL TENJIONEpeHOCa, Takke M3ydarOTCs
ZeTaNH Pa3BHTHA TCHEHHS M NEPEHOCA MPH NEPEXOSHOM pPEeXHME, HAMHHAA C YCTOHYHBOTO COCTOSHMA.
BHauasie 3a OQHOMEDHBIM KOHAYKTUBHBIM INIEPEHOCOM ClIeZlyeT PEXHM pa3sBMTUA TeyeHHs. B 3asmc-
MOCTH OT YCJOBHI HAIpeBa OKPYXarolell Cpelbl H MOBEPXHOCTH HAGIIONANNCE OOHOHANPABNECHHDIH H
JBYHAIIpaBJIeHHbIH PeXHMBI PA3BUTHA TeueHHs. HaliieHo, 4TO JByHANpaB/ICHHBIE NEPEXOAHLIE TEYEHHS
HEYCTOHYMBbLI M MPUBOMAT K TypOyneHTHOMY Tedenuto. Ilepexon k TypOyNeHTHOCTH NPOHCXOANT OMHO-
BPEMEHHO Ha BCEM YYacTKe BHU3 N0 noToKy. CoXpaHeHHe OHOMEPHOrO MepeHoca 6o onpenesieHo B
pa3sHbIX TOYKAaX BHH3 MO NOTOKY JUIs BCEX YCJIOBHH HarpeBa W TeMIEPATYPbl OKpYXaroweH cpeibi.
H3MepeHus Moka3siBa0T KAYeCTBEHHBIE TEPEXOAbl B PEXUMAX TCUCHHS, a TAKKE H3IMEHEHHE BO BPEMEHU
yuciaa HyccenabTa B 06JacTH 3KCTPEMaNIbHOTO IHAYCHUA TUIoTHOCTH, TlonyyenHnnie XapaKTEPHCTHKH O~
HOCTBIO OTAMYAIOTCH OT HAWIEHHBIX B Cyuae XOPOWIO W3YMEHHHIX Tedenus n TerutooOmena B npubiu-
KeHHH ByCccHHecka.



