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Abstract-Results of an experimental investigation of transient natural convection tlow 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, < 68”C, for surface heating rates in the range 587-1870 W m-*. The transient and 
resulting eventual flows were visualized and local surface temperatures measured. For the lowest ambient 
temperature and heating conditions, I, = 1.2”C and 587 W m-*, the established flow resembled a downward 
flowing boundary layer. As rm and the heating rate are increased, the flow is not of simple boundary region 
form. A vigorous turbulent downflow, away from the surface, and inte~ittent upflow, very near the 
surface, was seen. Further increase in t, and heating rate results in yet stronger inner upflows. The outer 
downflow existed at all times. However, it arose only intermittently for t, = 3.I”C and heating rates of 
1140 and 1870 W m-*. 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, rr, was used in the evaluation of Nur and Gr, near the extremum temperature 
f,. Average steady-state heat transfer data are best correlated by Nu,/G~~‘~ = 1.35jR-0.261°~‘65 outside 
0.23 < R < 0.29, where R = (t, - r,)/(tL - rm). 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. Early one-dimensional conduction transport is foilowed 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 [I] and a general method for 
analyzing such flows is suggested there, employing 
the cold water density formulation of Gebhart and 
Mollendorf [Z]. 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 t,, adjacent 
to a lO.Zcm-high, etectrically heated surface. Surface 
temperatures, t,, were measured for three conditions : 
(a) t, and t, < 4°C ; (b) t, > 4°C > I, ; and (c) t, and 
t, > 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 
30.5cm-high heated surface. Both uni~rectional and 
bidirectional flows were observed, precluding a unified 
integral method for these processes. The results of 
Gebhart and Mollendorf [l] indicate that choosing 
conventional profiles is unrealistic for some such 
flows. 

Qureshi and Gebhart [7] measured transport from 
a vertical, I.305m-high uniform flux surface in pure 
water at 4°C. The input heat flux q” was in the range 
368-3617 W rnm2. 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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NOMENCLATURE 

thermal capacity of surface per unit area vertical coordinate. 
exposed to fluid L length of visualized portion of surface 
acceleration due to gravity 
Grashof number 
thermal conductivity of Auid 

Greek symbofs 

length of surface 
ti coefficient in density equation 

Nusseit number 
; 

kinematic viscosity of fluid 

Prandtl number of fluid 
nondimensional temperature function 

exponent in the density equation ; 
Z physical time 

1.894816 for pure water at 1 bar 5, time for first departure From short time 

surface heat flux 
transport. 

c”[g&q”+Y’ r,/p+3fp+ 3) 

(Ln - La>!T~o - f,) Subscripts 

CL- LN(&l-- I,)* 0 value at the surface 
(1, _ t,ifv”s”“istik3f’:‘“+3’ co value in the ambient 
fluid temperature 

: 
value at the density extremum 

height-averaged surface temperature value when t, = t, 
local surface temperature 1 first-order correction, when t, + t,. 

Higgins and Gebhart [lo] 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 ~ol~endorf 
[l]. Mean and disturbance profiles in unstable flows 
were compared with predictions of the linear stability 
calc~ations of Higgins and Gebhart [l I]. Again good 
agreement was found. 

Joshi and Gebhart 1121 report visualizations of 
plume flows above a ho~zon~~ wire energy source, 
for conditions in which the density extremum arose. 
Centerline temperature decay and velocity measure- 
ments across the plume, at t, = 4”C, were in good 
agreement with the simila~ty solution of ~ollendorf 
et al. [13]. For Z, > 4°C the results were compared 
with the perturbation analysis of Gebhart et al. [14]. 
Good agreement was found for small deviations From 
4°C. For t, < 4X!, very comphcated bjdire~tionai 
flows were seen, at various heating rates. 

All of the above studies dealt with transport in the 
steady state. Subsequently, Joshi and Gebhart fl5] 
calcuiated the short time transient Row response 
adjacent to a suddenly heated vertical surface in cold 
water. The transient surface conditions used were : (a) 
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 q”. The surface 
temperature responses found in the present study are 
qualitatively seen in Fig. 1. In Fig. I(a), the ambient 
temperature is below the extremum. Initially, for 
z < r2, the buoyancy force is downward everywhere. 
Only for z >, z? 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 1, > t,, the buoyancy force is always upward 
across the entire flow region. 

Transient and steady surface temperature measure- 
ments were made in the range 1.2 < t, < 6.8% The 
input surface energy generation rates were in the range 
587-1870 W rne2- Time evolution of the resulting 
flows was visualized for different ambient temperature 
levels, all lower than t,, the density extremum tem- 
perature. Surface temperatures are compared with the 
analysis in ref. [ 1 5Jr 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 1161. The vertical surface consists of two O-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. 0.01 t in. Cop- 
~r~onstantan the~ocoup~es (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-st@ tank of dimensions 1.83 x 0.662 x 1.83 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- 
tricai current from the surface and sensors. The free 
surface ofwater was covered with Teflon-coated rafts. 
to reduce heat exchange and water contamination. 



PIG. I. Qualitative buoyancy force responses in the present study, Following a sudden and constant rate of 
thermaI energy ~~era~~n within &he surface. (a) t, < t, and (b) t, > tm_ 

The tank walls were insulated by a 2.Scm-thick Styro- 
foam, covered with an outer IO-cm layer of fiberglass 
insulation. 

Temperature data were obtained digitally, through 
a Hewlett-Packard Rata Acquisition System con- 
sisting of a 3447A scanner, 345&A programmable digi- 
tar voltmeter and 9g45B microcomputer. The scanned 
data were stared on magnetic tapes for subsequent 
processing. 

Flow visuatization was provided by finely ground 
Pliolite 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 helium-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 
Plialite par&Ies scatter the laser Eight into the other- 
wise dark background. Time exposure ~hoto~~hs 
were taken using a Nikon F3 35-mm camera with a 
motor drive and inte~a~ometer, using Kodak Tri-X 
400 HO film. 

Before each run, the tank water was coofed to the 
required temperature Ievet, I,, by two Bfue-M circu- 
lating chillers; the water was ~ontj~uousIy 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 appreciabIe stratification 
in the tank. ~trati~~tion~ as monitored by a verticaI 

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 
approximat.ed by passing an ekctrical current from a 
@--Leo A, &lOO V ~ewIett-Packard 647X DC power 
suppty. The power suppfy was warmed for 30 min on 
a dummy load of approximately the same resistanoe 
as that ofthe test surface. Surface heatingwas initiated 
by switching the current from the dummy load. The 
data scanning was started before switching. Visu- 
alizations and photography were started simui- 
taneously with the heating of the surface. 

3. FLOW ViSUALiZATIUN 

As shown in ref. [ 151, short time transient response 
depends on the ambient temperature ct= and the 
imposed surface Bux q”. The 12 experiments in the 
present study are listed in Table 1. Three heating rates 
were used throughout : q” = 587, f 140 and 1870 
5%’ m- ‘, at different ambient temperatures. These con- 
ditions result in both unidirectional and bidirectional 
buoyancy force and flow in the water. If t, is greater 
than 1,, 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 8, -=z b,, at various 
heating fevels. 
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FIG. 2. Schematic sketch of the flow visualization technique. 

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 

L 4” 
Experiment (“C) (W mm’) Q* R ID ;s”, 

1 1.2 587 0‘79 1.27 203 
2 1.2 1140 1.02 0.85 90 
3 1.2 1870 I .24 0.62 50 
4 2.0 587 0.77 0.88 92 
5 2.0 I140 1.00 0.58 44 
6 2.0 1870 1.21 0.43 26 
I 3.1 587 0.76 0.42 24 
8 3.1 1140 0.98 0.28 13 
9 3.1 1870 I.19 0.21 9 

10 4.2 587 0.62 -0.10 0 
11 5.7 587 0.60 -0.88 0 
12 6.8 587 0.58 -1.47 0 

Visuali~tions of the eventual steady flow, for the 
nine experiments in which E, < t, are shown in Fig. 
3. For t, = 1.2C and the lowest heat rate, 587 
W rne2, 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 upgow 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 foil 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 t,(X) > t, 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 t, = 1.2”C, 
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(a) (b) (c) (d) (e) (f) (&I) (h) (i) 

FIG. 3. Flow patterns observed in steady state for various t, < t, and 4”. Values of t, (“C), q” (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 downtlow 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 q” 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 t,(X) increases more rapidly down- 
stream. Thus it exceeds t, by a larger amount and 
produces a larger inside buoyancy force reversal. 

Flow patterns for t, = 2.O”C are seen in Figs. 3(dt 
(f), 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, trn = 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 t, = 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 t, = 3.1”C, for 
increasing rates of heating. The transient evolution to 
such flows is considered next. 

3.2. Transientflow development 
Similar time exposure photographs during the tran- 

sient evolution, from quiescence, are shown in Figs. 
6-9. For all conditions oft, and q”, a one-dimensional 
flow regime was seen at short times, as calculated in 
ref. [ 151; departure from this kind of response occurs 
later. These calculations indicate that two different 
mechanisms of entrainment development occur. If t, 
is far away from t,, 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, < t,, the thermal input first results in a 
downward buoyancy force, see Fig. l(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 [ 151 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 r,, for the experimental conditions here. 

3.2.1. Flow development at tow ambient tempera- 
tures. Transient flow development for the lowest t, 
and q”, 1.2”C and 587 W m-‘, is seen in the time 
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FIG. 4. Downward boundary region like flow for E, = 12°C 
and 4” = 587 W me2 in the range 30 < x < 89 cm. A localized 

upflow region exists at x = 42 cm. 

sequence in Figs. 6(a)--(g), for 0 c x < 57 cm. The downward boundary region flow is now established. 
first effect is a one-dimensional downflow, seen in (a). Later, in (g) localized regions of intermittent inner 
entrainment into this flow is seen in (b) near the top. upflow have developed, near the surface. This is seen 
It has developed all the way down to the lower edge in (g) at approximately mid-height. The downward 
in (c), at about 208 s. A clockwise vortex has appeared flow bends around this region, as also seen earlier in 
near the top in (d). In (e), this first vortex has moved Fig. 4. Entrainment pattern near the lower edge of the 
downward and a second vortex is visible above it. surface, in (g), appears irregular, indicating transition. 
Later, in (f), both vortices have moved downward and This is supported by surface temperature measure- 

FIG 5. Steady flow pattern for t, = 3.I”C and q’ = 587 
W m-j in the range 57 -Z x c 118 cm. A strong outer downflow 
is observed. Inner upfiow entrains in the form of discrete 

vortices. 

reached the lower edge of the surface. A completely ments discussed later. 



1 ‘he flow development, again at t, = 1.2”C, but at the upper edge, as seen in (c). The one-dimension nal 

the intermediate heating rate of 1140 W m-* is seen calculations predict the first occurrence of upflc )w, 
in E Ggs. 7(a)-(g). It is similar until late in the transient. near the surface, at z, = 90 s, see Table 1, In Fig. 7( :c), 
AC me-dimensional downflow is again seen in (a) and after the onset of bidirectional flow, downward a .nd 

(b). Again the development of entrainment starts from upward developing entrainment patterns are seen at 
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(a) (b) (c) (d) (e) (f) (Li) 

FIG. 6. Transient flow development for t, = 1.2”C and 4” = 587 W m-2 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) 

396416 ; and (g) 704724. 

(a) (b) (d) (e) 

FIG. 7. Transient flow development for t, = 1.2”C and q” = 1140 W mm2 in the range 0 < x < 60 cm. 
Exposure durations in seconds are: (a) 32-52; (b) 98-118; (c) 142-162; (d) 164-184; (e) 186206; (f) 208- 

228 ; and (g) 296-316. 

““T 29:11-H 
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FIG. 8. Transient flow development for t, = t.2”C and q” = 1870 W ml’ in the range 0 < x <: 62 cm. 
Exposure durations in seconds are: (a) 67-82; (b) 86-M ; (c) fM-120; (ci) 124-139; fe) 143-158; (f) 162 

177 ; [g) 181-194; and fh) 238-253. 

the top and bottom, respectively. The developing tem~~ature of 2.o”C for the same three heating rates, 
entrainment at the bottom is seen to be suppressed in were similar to Figs. 7 and 8. For q” = 587 W rnT2, 
(d). This may be due to the increasing and stronger the lowest heating, bidirectional entrainment devel- 
outer downflow, In (e) and (f), highly amplified dis- opment occurred followed by transition, as in Fig. 7. 
turbances are seen. The flow becomes turbulent later, The two higher heating rates showed Aow patterns 
in (g). similar to those in Fig. 8. 

A quite different flow response arises at a yet higher 
heating level, as seen in Figs. 8(a)-(h). Initial one- 
Dimensions down~ow is seen in (a). 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. 

3.2.2. Transient Jaws with umbient temper&m% 
&.st b&w t,. A further increase in ambient tempera- 
ture, to 3.l”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)-(g). An early inner upflow near 
the surface, in (a), results in entrainment development 
starting from the bottom edge of the surface, in (b). 
Later, in (c), a weli defined and thin upward laminar 
developing tlow is established. 

The responses for the two higher heating rates.in 
Figs. 7 and 8, are very different than for the iower 
heating rates in Fig. 6. In Fig. 7, the flow is purely 
downward and laminar for r -=z 130 s and has a devel- 
oping boundary region characteristic. Later an upflow 
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 
7 = 50 s. Downward ~tr~inment 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. 

This flow then undergoes drastic changes, due 
to a number of interacting effects. First: the heated 
wake shed above the top edge of ihe surfaces mixes 
with ambient at 3.1% 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 

(eHg)+ 

The transient flow evolutions seen at an ambient 

For the two higher heating rates 1140 and 1870 
W m-‘, at t, = 3.1”C, the outer downward flow was 
much weaker than seen in Fig. 9. The eventuai flows 
for these conditions were shown in Figs. 3(h) and (i). 
They resemble upward developing boundary region 
flow. 
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(a) (b) (c) (d) (e) (f) (!t7) 

FIG. 9. Transient flow development for t, = 3.1”C and q” = 587 W m-* in the range 0 < n i 55 cm. 
Exposure durations in seconds are: (a) 102.5-122.5; (6) 143.5-163.5; (c) 369-389; (d) 492-512; (e) 615- 

635 ; (f) 656-676 

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 oft,. 
These changes in flow regimes and heat transfer are 
also documented by measurements of average Iocal 
surface temperature, t,(x). These are discussed next, 
in Figs. 10-14. To compute t,,(x), averaging times 
of 400 s or more were used, whenever the steady 
temperatures showed disturbance levels of 5% or 
more from the mean. 

41.1. 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-‘. 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, 
t, = 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 

and (g) 697-717. 

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.O”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 5. 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, 2 4.O”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 - t,> = 11 + (qR*M I (0, WI 
-Il.. L 
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60 70 80 90 100 

FIG. 10. Steady mean local surface temperatures, t,(x), for q” = 587 W m-* at various t,; 0 1.2”C, A 
2.O”C, 0 3.1”C, 0 4.2”C, V 5.7”C, and 0 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 et al. [ 141; -. -. - similarity solution with Boussinesq approximations for Pr = 10.0 

11.0 - x=0.326m 

._ 
12.0 - 

x=O.O98m 

FIG. 11. Local temperature spectra at various x after steady conditions have been achieved for q” = 
587Wm-‘andt, = 1.2”C. 
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FIG. 12. Local temperature spectra at various x after steady conditions have been achieved for q” = 
587 W me2 and t, = 2.0%. 

)r = 0.968 m 
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FIG. 13. Local temperature at various x locations after steady 
4” = 587 W m-‘and fco = 3.1”C. 

conditions have been achieved for 
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FE. 14. Variation of ~~~jG~~4 with R. Solid line is the correlation of Carey [l?] 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 t, = 4.O”C fram Gebhart and Mo~lendorF~~]. Dashed line is the proposed correlation. 

In equation (I)$ qR* characterizes departures from 
the similarity condition oft, = 4.O”C and is given by 
R” = (t, - r,)/(t, - t& where (1, - f& is the surface 
temperature response from ref. [l], For Pr = 11.6, 
4,(O) = 0.41024 and --4’(O) = 1.16529. Notice that 
R* = 0 when t, = t,. For pure water at 1 bar, 
fr = 9.297173 x 10-“(“C)-q and q = 1.X94816. 

In Fig. 10, good agreement exists between ~~~at~on 

(1) and the data for f, = 4.2”C in the taminar region. 
The surface temperat~~ decreases instead, beyond 80 
cm, with transition. For t, = 5.7 and 68°C equation 
(1) becomes invalid since (qR*) is no longer small. 
Data for these conditions were compared wirh the 
Boussinesq calculation for a constant flux surface at 
Pr = 10.0. All properties were evaluated at a film tem- 
perature correspul~d~n~ to this vaIue 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. 

4.12. ~usse~t number correlation. In any practical 
ap~ii~tion, the overall Nusselt number is a quantity 
of great importance. Time-averaged local surface tem- 
peratures, $x), were also spatially averaged at nine 
locations along the surface. This surface height aver- 
aged temperature i;. was then used in the calculation 
of the Grashof number, Gr, = [g&-- t,]4L”jv3, and 
the parameter R = f4.0-r,&(z,- f,). The Nusseit 
number was calculated as NzcL = $L/[k(rL - t,)]. 

The resulting Nusselt number data, in the form of 
Nu,/G~:,!~ as a function of R, are plotted in Fig. 14. 
Also shown is the correlation curve due to Carey [17j 
for vertical, isothermal surfaces in cold water. For 
Pr= 116itisgivenby: 

Nu,/Grp4 = 1.39\R-0.26/0.242. (2) 

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. ff]. 

A new correlation was therefore developed on the 
present data, for a uniform flux condition. The data, 
outside the range 0.23 < R < 0.29 are weft correlated 

by 

NuL/Gr,!‘4 = 1.351R-0.26)0,‘6s. (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 NuL/Gr:‘4 for these con- 
ditions. 

Our data near R = 0.29 for a much higher surface 
show largely turbulent Row and a resulting small vari- 
ation in surface tem~rature along the surface as seen 
in Fig. 12. For a uniform input flux condition, this 
implies NuL/Gr,!‘4 proportional to L’j4. Thus a surface 
height dependence on heat transfer is indicated. This 
dependence is also supported by the data in ref. [4]. 
The ratio [L/L,,,]‘!4 is 1.87, which is within 11% of 
the measured ratios of the minimum Nu,IGP~‘~ in the 
two studies. 

Surface temperatu~s during the transient co&m 
the short time response calculated in ref. [IS], The data 
also indicate the mechanisms of transport 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 focal surface temperature 
response at x = 98 cm for different ambient tem- 
peratures, in the range 1.2-6.8”C, for q” = 587 W m- 2. 
The solid Iine is the one~im~nsional conduction 
solution for negligible surface thermal capacity. As 
seen in ref. [ 161, 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 t,, for q” = 587 W mm2 at x = 9.8 cm. 
The solid line is equatlion (4). 

calculated simply as 

(r”-t,)=T ; . 
[I 

112 

For the highest ambient temperature, t, = 6.8”C, 
measured response follows equation (4) for z < 70 s. 
Steady state is later achieved rapidly. Lower levels of 
t,, 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, > t,, entrainment development always starts 
from the leading edge and progresses downstream 
with time. 

The local buoyancy force levels are reduced as t, 
is decreased towards the extremum temperature. For 
a given q”, 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 q”, 
the flow becomes bidirectional. For t, = 3.1”C, in 
Fig. 15, the one-dimensional transport persists to 
about z = 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.O”C pro- 

longs one-dimensional transport. For t, = 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. [ 161, 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. [ 141, 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 &ml 
Experiment 9.8 29.0 XL6 49.0 54s 70.0 79.0 84.4 96.X 

1 248 220 216 196 192 162 150 144 120 
2 160 I88 200 214 136 128 120 100 
3 93 107 110 115 110 109 113 115 
4 260 324 334 230 220 196 180 172 I40 
5 120 130 144 156 160 160 146 150 150 
6 75 103 104 104 108 96 100 90 9x 
7 156 220 220 230 245 252 238 238 204 
8 88 128 134 132 138 148 142 138 136 
4 58 87 1: 96 96 100 100 90 90 

10 80 140 180 186 200 20.5 216 
11 76 112 116 138 142 154 160 166 
12 70 105 106 I20 124 140 144 150 

FIG. 16. Transient surface temperature development’for identical conditions as in Fig. 15 at x = 0.968 tn. 
The solid line is equation (44). 
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either 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.O”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 ~7” = 587 W m-*. Different q”, for 
a given t, have complex effects on transport devel- 
opment. For I, > t,, increasing q” 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 t, < f,. 

Increasing q” 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 q” = 1870 W m-* at t, = 1.2”C. Data are 
plotted for four x locations. One-dimensional trans- 
port persists for z < 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 m~hanisms. 

The unstable flow behavior seen in Fig. 17 does 
not occur at higher ambient temperatures. This is 
seen in Fig. 18, for t, = 3.I”C and q” = 1870 W m-‘. 

FIG. 17. Transient surface temperature development for q” = 1870 W m-* and rm = 1.2”C at various x. 
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x'0.968m 

FE. 18, Transient surface temperature development for q” = 1870 W m-2 and t, L 3.1% at various x, 

At higher ambient tem~~atures there is a faster estab- for few q” develops entrainment downward from the 
lishment of upflow than in Fig. f7, The outer down- upper edge of the surface, resulting in a developing 
flow is weaker. The Bow develo~~~ent then resembles bounda~ region flow. Increasing I, or $ causes 
that of an upward boundary region. The~ocou~les transient bidirectional flow. Such Bows were found to 
at x = 9.8 cm and n = 29,O cm show briar fIow be unstable, resulting ~I~rnately in a strong turbulent 
mechanisms for all times. Transition to turbulent downfIow away from the surface. A weak intermittent 
occurs for x = 0.70 m and x = 0.968 m. upflow was seen very close to the surface. 

5. CONCLUSIOMS 

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 t, < 4.O”C, the 
initial one-dimensional Row is downward. This flow 

Further increase in r, to near 4B”C causes an even 
stronger inner upflow. The outer downIIow 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 3inks, altering the initially established boundary 
region structure. Increased levels of q” result in much 
weaker and ~nte~ttent outer down~ow. 
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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. Our measurements of the tran- 
sient transport will be useful in any such modelling 

efforts. 
10. 
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MESURES ET VISUALISATIONS DE LA CONVECTION NATURELLE 
VARIABLE ET PERMANENTE DANS L’EAU FROIDE 

Rbum~n donne les resultats d’une etude experimentale sur la convection naturelle adjacente a une 
surface verticale de I,27 m de hauteur, soudainement chauffee. Ces mesures determinent les effets du 
comportement anormal de l’eau froide sur la reponse convective et sur les caracteristiques thermiques. Le 
domaine des temperatures ambiantes Btudit est 1,2 < t, < 6,8”C, pour des flux de chaleur entre 587 et 
1870 W m-*. L’ecoulement variable et stationnaire est visualise et les temperatures locales de temperature 
sont mesurees. Pour les conditions de la plus basse temperature ambiante et de chauffage, t, = 1,2”C et 
587 W m-‘, l’ecoulement Btabli ressemble a une couche limite d’ecoulement descendant. Quand t, et le 
flux de chauffage augmentent l’ecoulement n’a pas de forme simple: on voit une descente fortement 
turbulente loin de la surface et une montec intermittente trts pres de la surface. Un accroissement ulterieur 
de t, et du flux de chauffage renforce l’ecoulement ascendant. Le mouvement exteme descendant existe 
toujours, neanmoins il est intermittent pour t, = 3,l”C et 1l4&1870 W mm*. Dans ces conditions, les 
Bcoulements ressemblent a une couche limite montante. La temperature moyennte sur la hauteur t, est 
utiliste dans f&valuation du Nu,_ et Gr, prts de la temperature extremale t,. L’etat stationnaire est bien 
represent& par NuLIGr:14 = 1,35 [R-0,26] o,‘65 hors de 0,23 < R < 0,29 od R = (t,,,-t,)/(t,-tl,). A l’in- 
terieur de 0,23 i R i 0,29 on observe un minimum du transfert thermique. Les mesures montrent les 
changements qualitatifs dans les regimes d’ecoulement et aussi la variation du nombre de Nusselt dans la 
region de l’extremum de densite. Ces caracteristiques sont nettement differentes de celles trouvees dans le 

comportement bien Ctudie de Boussinesq. 
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MESSUNGEN UND SICHTBARMA~HUNG VON INSTATION~R~N UND 
STATION~REN VERTIKALEN KONVEKTIONSSTR~MUNGEN IN KALTEM WASSER 

Zusammenfassung-Es werden Ergebnisse der experimentelien Untersuchung von instationgren natiirlichen 
Konvektionsstrijmungen und Transportvorggngen in kaltem Wasser bei einer sprungartigen Beheizung 
einer 1,27 m hohen vertikalen Oberfl&che dargestellt. Diese Messungen zeigen den Einflul3 des anomalen 
Verhaltens von kaltem Wasser auf die instationlre Ausbildung der Konvektion und auf die Wtirme- 
transportcharakteristik im station&en Endzustand. Der Bereich der Umgebungstemperatur betrHgt 
1,2 6 I, < 6,8”C, und der Bereich der HeizwLrmestromdichte 587.-1870 W rne2. Die transiente und die 
stationiir sich einstellende Striimung wurden sichtbar gemacht, und die lokalen Oberflgchentemperaturen 
wurden gemessen. Fiir die kleinste Umgebungstemperatur und Heizleistung (t, = 1,2”C und 587 W m-‘) 
hat die eingesetzte Stramung Ahnlichkeit mit einer abwarts striimenden Grenzschicht. Bei Anstieg der 
Temperatur f, und dcr Heizleistung hat die Strlimung nicht die Form einer einfachen Grenzschicht. Es 
wurde eine lebhafte turbulente Abw~rtsstr~mung in einiger Entfernung van der Oberfllche und eine 

inte~ittierende Aufw~rtsstr~mung an der Oberflache beobachtet, Ein weiterer Anstieg der Temperatur 
I, und der Hei~eistung erzeugt stirkere innere Aufw~rtsstr~mungen. Die IuBere Abw~rtsstr~mung exis- 
tiert zu ieder Zeit. Jedoch stiee sie nur zeitweise fiir f, = 3.1’ C und ~~eizleistun~en von 1 I40 bis 1870 W 
m-* an. Diese Wechsel im Transportvorgang werde% durch lokal gemessene ~berfl~chentemperaturen 
bestligt. Die iiber der OberflkhenhGhe gemittelte Temperatur rL wurde in die Berechnung von Nq und 
Gr, nahe der Maximaltemperatur &, eingesetzt. Die mittleren stationiren Wirmeiibergangsdaten kijnnen 
aul3erhalb von 0,23 < R < 0,29am besten mit der Beziehung Nu,/Gr:‘4 = 1,351R -0,26(“.‘65 wiedergegeben 
werden, wobei R = (I~--?,,)/(I,_-~,~) ist. Im Bereich 0,23 < R < 0,29 wurde ein Minimum des WSrme- 
iibergangs beobachtet. Details der Entwicklung der Strljmung wahrend der instationiren Phase werden 

ebenfalls von Beginn an untersucht. 

H3MEPEHMSI M B~3YA~~3A~~~ HEPEXOfiHOl-0 M YCTAHOBBBJBEI-OC% 
BEPT~KA~bHOrO ECTECTBEHHO-KOHBEKT~BHOrO TEYEHWR B XO~OAHO~ BOAE 

A~Taq-~~RCTaaneHbl pe3yJIbTaTbI 3KCnepaMeHT~bHOrO M3yYeHNII ne~XOAHor0 Ii pa3B3STOrO 

eCI~TBeHHO-KOHBeKT~BHOrO TeYeHITR, 06ycAOBAeaHOrO BHe3aIIHbIM HaflPZBaHAeM ~pT~K~bH0~ IIAaC- 

TSiHbI BbICOTOii 1,27 M B XOJIOAHOfi BOAe. C nOMO4bK) U3MepeHUii OnpeAeAeHO BJILiBHRe aHOMaAbHOI.0 

nOBeAeHfia XOAoAHOii BOLlbK Ha XOHBeXTBBHble nepeXOAHbIe XapaKTepliCTBKH H yCTaHOBHBIU%CX XapaK- 

TepecTeKH Tennonepetioca. TeMnepaTypa 0Kpywtamlueii Cpt2iIbI--1,2 $ t, < 6,8”C, HHTeHCABHOCTb 

TenJIOnOABOAa-587-1870 BT/M*. Ha6nmAanecb nepexoqsoe I4 ycTaaoaaBmeecn TeSeHAR; R3MepRAHCb 

JIOKaJIbHbIe TeMnepaTypbI ITOBepXHOCTH. Ana HaIiMeHbIIIlAX TeMIlepaTypbI OKpy)KaIoU&% CpeAbl t, = 

1,2”C u yCAOB&iti aarpeea 587 BT/M* ycTaHoBeBmeeca TereHure HanohimIano CTeKaloUniti norpaHw%bIfi 

CJIOti. C pOCTOM t, )I PHTeHCHBHOCTU HarpeBa Te’IeHAe BHAOW3MeHRJIOCb. JaMe’feIiO CWIbHOe Typ6yJIeHT- 

Hoe, Hanpasnemoe msi3 Teveeue BAam 0T noBepxHocTa II flqeeHcToe BocxoAfluIee oKon Hee. AaJIbHeit- 

U,ee yBWIHVeHIie HHTeHCUBHOCTU HarpeBa BeAeT K 6onee CUJIbHblM BOCXOARIUAM BHyTpeHHHM Te’+eHWBM. 

Hapymoe HacxoAmiee Tewikfe CyuwTByeT npa Bcex ycnoeunx. OnwaKo nprr t, = 3,l”C n CKO~~CT~X 

iiarpeea 11'80 H 1870 BT/M~ 0~0 B03HnKaeT caasKoo6paInio. &a 3THX ycnosrta TeYeHne HanoMRHaeT 

BOCXOAaIU& nOrpaH~qHb1~ CAOii. 3Tll A3MeHeHHR B l%%HMe nepHOCa nOATBep~AeHb1 R3MepeHKRMN 

AOKaAbHOii TeMI’IepaTypbI noaepxHocT~. OcpeAneHHaa no BMCOTe TeMnepaTypa noBepxHocTn t, IiCnOAb- 

30BaAaCb AJIa OUeHKU NZi, N Gr, 86nif3n 3KCTpeMyMa TeMnepaTypbI t,. ~~AHeHH~e AaHHbIe II0 

y~aHoB~B~eMyca Tennonepenocy Ha~nyq~nM o6pa3oM o606uiamTcn c noMo~b~ BbIpaxcetiirr 

NI+_!G~,I’~ = 1,35 1 R - 0,261°.“5 3a IIpeAenaMA 0,23 < R < 0,29, me R = (t, - t,)/(t, - t,). B nnana- 
30He 0,23 < R_ -z 0,29 iia6JEOAaeTC5I MmmanbHal ~HTeKCHBHOCTb TennonepeHoca. TaKxe HsysaIoTca 

Aeranlr pasaarsa TeeSeHMn u nepenoca npa nepexoniioM pemehle, HaYmiaa c yc-rotiqtcaoro COCTORHWL 

BHaqane 38 OAHOMepHbIM KOHAyKTHBHMM nepeHOCOM C,IeAyeT l3emMM pa3BHTHB Te4eHBII. B SaBACH- 

M0CTW OT yUIOBHii HarpeBa OKpymaI0IWti CpeAbI 11 IIOBepXHOCTH Ha6JtIoAaJIWCb OAHOHanpaBJIeHHblk H 

AByHanpaBneHnbIfi pexuhlu pa3BnTna TeqeHHa. HaiiAeHo, ST0 AeyeanpaBneHHbIe nepexoAHbIe TeqeHHa 

HeyCTOiiWBbI ,, np&,BOAXT K Typ6yAeHTHOMy Te’IeHHH). nepeXOA K TyptjyAeHTHOCTll npOHcXOAHT OAHO- 

BpeMeHHo Ha BceM yracTKe EHHJ no noTory. CoxpaneHse oAHoMepHor0 nepeHoca 6bIno onpeneneno a 

pa3HbIX TO’IKPX BH113 II0 IlOTOKy AnIl BCeX yCJIOBHfi HarpBa R TeMnepaTypbI OKpyXCaKWefi CpAbI. 

M3Mel,eHI(R nOKa3bIBaMT KaYeCTBeHHble IIepeXOAb, B peXWMaX TeYeHWB, a TaKxe H3MeHeHAe SO BpeMeHN 

9fCJIa Hyccenbra B o6inacTil 3KCTpeMaAbHOrO 3HaYeHAII WIOTHOCTN. l”lOny’IeHHbIe XapaKTepHCTHKH I’IOJI- 

HOCTbI‘, OTJIB’ZaI0TCII 0T HagAeHHbIX B cnysae XOPOIZIO I(3y’IeHHbIX Te’(eHWI R Tennoo6MeHa B npu(inw- 

W(eHHIi &%CHHeCKa. 


