TRANSIENT NATURAL CONVECTION IN A LIQUID DURING COOLING

E. P. Kostogorov, E. A. Shtessel’, UDC 536.252
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An experimental study was made for an analysis of cooling of a liquid under con—
ditions of natural convection.

In an earlier study [1] the method of computer-aided numerical integration was found
useful for analyzing the problem of a cooling-down liquid with the Buildup, the development,
and the decay of natural convection also taken into account. A regular convection mode of
cooling has been established which, together with the well-known regular Kondrat'ev mode [2],
makes it possible to determine the thermophysical properties of liquids.

In a continuation of the author's research on transient convection [1,3-5], here the
convective effect in cooling-down liquids has been studied experimentally.

The trends in the cooling of a liquid were examined in horizontal vessels of square
cross sections 40 x 40 mm or 20 x 20 mm. Their length, 200 mm, by far exceeded their width.
Their upper and lower walls, through which heat transfer was made to take place, were 0.5~
mm~thick polished aluminum plates, while the lateral walls were 15-mm-thick plates made of
acrylic glass and additionally heat-insulated by an asbestos interlayer.

For heating a test liquid inside a vessel to the necessary initial temperature T;, the
latter was placed between a pair of horizontally lying flat heat exchangers of adequate ca~
pacity. After complete preheating of a liquid, its vessel was quickly transferred, by means
of amechanical device, to between two other heat exchangersboth at the same but amuch lower tem-
perature T,. The transferring time was approximately 1-2 sec. The horizontal dimen-
sions of all heat exchangers were much larger than those of a vessel. Water served as the’
heat carrier in these heat exchangers and its temperature checked accurately within 0.02°C
with two ultrathermostats. Calculations of the mean coefficient of heat transfer at the
interface of a vessel and a heat exchanger, at a given flow rate of the heat carrier, indi-
cated that the Biot number for all the test liquids had varied within the 400-650 range,
i.e., that boundary conditions of the first kind had almost been achieved. The absence of
temperature gradients on the surfaces of the heat exchangers was verified by thermocouple
measurements.

The temperature in the test liquids was measured with seven differential copper-
Constantan thermocouples having junctions 0.03 mm in diameter. Each of these seven thermo-
couples was pulled horizontally across a vessel between its lateral walls so as to line up
all junctions in one vertical row uniformly spaced over the height of a vessel. Such an
arrangement made it possible to shift the "string" of thermocouple junctions through any dis-
tance away from a lateral wall and thus place them with the zones of ascending and descending
streams respectively.

The readings of all thermocouples were recorded simultaneously with a model N-115 loop
oscillograph. The temperature was measured with a 0.5°C accuracy. During tests with only
one thermocouple its signals were transmitted to a photocompensation amplifier and from there
to a type KSP recording potentiometer, the circuit of the latter having been modified
slightly for higher sensitivity. The temperature measurements were in this case accurate
within 0.05°C.

For visual observation and photographing of the emergent convection streams, small
amounts of aluminum powder of the 5-10 um fraction were added to a test liquid. The illu-
mination system, which produced a plane—parallel light beam, was capable of sweeping any
section of the vessel cavity either laterally or longitudinally. Pictures were taken imme-
diately after the start of a test and in definite intervals of time so that the pattern of
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Fig. 1. Photographs of the convection pattern taken across a
vertical transverse section of the cavity at various instants

of time, with glycerin as the test liquid: (a) 0.5 min after
the start of a test (in evidence is a transient multivortex
pattern); (b) after 8 min (in evidence is a bivortical pattern,
with an ascending stream at the center and descending streams
along the walls); (c) after 25 min (in evidence is a univortical
pattern, with the liquid flowing upward along the right-hand
wall and flowing downward along the left-hand wall).

convection buildup and development could be tracked. Photographs of the section in which the
thermocouples were located made it possible to compare the flow pattern with the temperature
field. '

In order to perform the experiment over wide ranges of values of the Rayleigh number and
of the Prandtl number, it was necessary to select substances with widely different thermo-
physical properties: glycerin, castor oil, transformer o0il, ethylene glycol, orthoxylene,
and nonyl, octyl, heptyl, isopropyl, ethyl alcohols.

Inasmuch as even a negligible amount of a gas dissolved in a liquid could influence the
test results, measures were taken to ensure filling of a vessel with degassed liquids only.
Prior to pouring, a test liquid was heated to 40-50°C and held there for at least one hour
under vacuum so as to let any dissolved gases escape to the fullest extent possible.

After a liquid has been heated up and its vessel then brought in contact with a "cold”
pair of heat exchangers, the temperature of the liquid is lower in its upper and lower re-
gions than in the middle. Conditions necessary for convection to occur are realized only in-
the upper region, where the direction of the temperature gradient is opposite to the direc-
tion of gravity. After a layer of a certain thickness has cooled down, convection builds up
with the upper region of the vessel., The layer within which convection flow takes place is
quickly expanding downward so as to occupy an increasing part of the vessel. Convection
spreads deeper at a fast rate, "explosively" after an induction period [3]. The induction
period in all the test liquids was approximately 8-12 sec, i.e., much longer than the time
needed to transfer a vessel from the "hot" heat exchangers into the space between the "cold"
heat exchangers.
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Fig. 2. Temperature profiles in a verti-
cal transverse section of the cavity at the
instant of time Npo = 0.3, with transformer
0il as the test liquid Ngy,i = 3.71-10° and
Npr,i = 101 (I, conduction region; II, con-
vection region): 1) n = 0.2; 2) 0.4; 3) 0.6;
4) 0.8; 5) 1.0.

Visual observations made and photographs taken transversely indicate that at the very
start a liquid flows in an unordered pattern (Fig. la). Subsequently its flow pattern
changes and a multivortex one with an even number of vortices forms. Each pair of vortices
constitutes a convection cell. As the temperature difference decreases, the flow becomes
first bivortical (Fig. 1b) and then univortical (Fig. Ic). A comparison based on photo-~
graphs taken lengthwise indicates a ridge-like flow pattern. It has been found, furthermore,
that changes from one flow mode to another occur in a crisis manner with the restructuriza-
tion time shorter than the period during which any one pattern prevails.

According to the pictures in Fig. 1, the entire space occupied by a liquid can be ten—
tatively divided into two regions. Within the upper region convection takes place, while
within the lower region with a positive temperature gradient -the liquid remains statiomary.
The total liquid volume thus splits into two regions with different mechanisms of heat trans-—
fer: natural convection in the upper region and conduction in the lower region.

Thermocouple measurements yielded the temperature profiles in both regions. The temper-
ature profiles in transformer oil at the instant of a bivortical flow pattern are shown in
Fig. 2. Each curve here corresponds to a certain distance n from one lateral vessel wall
(0=<n=<2) . The temperature profiles in the lower part of the vessel are almost the same at
various sections, while in the upper part they differ depending on the location of the ther-
mocouple "string" in the ascending stream (n - 1) or in the descending stream (n » 0) respec-
tively. The boundary between the two regions appears here very distinctly. '

An analysis of the trend of the temperature profiled with time has revealed that con-
vective flow, as it builds up and spreads deeper, will very shortly (almost within the induc-
tion period) shift downward along the boundary between the region with convection and the
region without convection. Later on the location of this boundary does not change much fur-
ther. This means that, although the intensity of convection decreases with time, the region
where convection occurs remains almost constant. The location of the boundary can be re-
garded as quasisteady.

The dimensions of both regions can be estimated, approximately, on the basis of the fol-
lowing considerations. Let convection already be developed and the location of the conduc-
tion region remain almost constant in time. Then at the point £ = §/h, where & is the height
of the layer without convection and h is half the vessel height, the thermal fluxes moving
upward and downward must be equal ‘

q1 = G, (1>

where q; = agff(T§ — To) and qz = a(T§ — To). Here T; is the temperature at the interface of
both regions; To, the temperature at both upper and lower boundaries of the cavity; a = A/§,
the coefficient of heat transfer to the lower part of the vessel; and aeff, the effective co-
efficient of heat transfer to the upper part of the vessel

Gogf= a (1 + 0.07Ra)/?), (2)

in the case of a plane layer [6] with the coefficient of heat transfer by pure conduction
ar = A/(2h — §) and the Rayleigh number NRa,o defined in terms of the temperature differences
Ts — To and the height 2h — § of the convection layer.
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Fig. 3. Logarithm of the dimensionless tem-
perature 6 as a function of the Fourier num-
ber NFo, at various values of the initial
Rayleigh number Npa,i: 2) 1.35 10%; 3)
1.49-10%; 4) 3.71-10%; 5) 1.21-107; 6) 4.80-
107; curve | corresponds to pure conduction,
points I correspond to the instant a bivorti-
cal pattern has become established, points II
correspond to the instant a univortical pat-
tern has become established, points III corre-
spond to the instant natural convection has
decayed.

The said Rayleigh number NRa,o can also be expressed as
‘Ra, = Raj 6 [(2n— /AP,

where Npy i is the Rayleigh number defined in terms of the initial temperature difference
T, — To and the total vessel height 2h; 8 = (Tg — To)/(T, — To) is the dimensionless tempera-
ture at the interface.

Letting ¢ = 0.07 (Raie)l/3 and inserting expression (2) into Eq. (1), we obtain an ex-
pression for the quantity &

EFe—Il +e2-7) =1
The solution to this equation is
E=(l+o—VI+ee. (3)

With the aid of expression (3), it is possible to calculate approximately the size of
the layer in which heat transfer is effected by conduction. When the initial Rayleigh number
varies over a wide range, NRa,i = 10“-107, then the value of £ varies from 0.2 to 0.5. The
dimensionless temperature 8 is assumed to be of the order of 1/e.

Thus when heat transfer by convection is much more intensive than heat transfer by con-
duction, then the effect of convection is manifested in the upper layer of the liquid. The
cooling of a liquid layer of height 2h with convection can be formally reduced to the cooling
by conduction of a layer of a smaller thickness § but with asymmetric thermal boundary condi-
tions. Boundary conditions of the first kind are realized at the lower surface of such a
fictitiously defined layer and boundary conditions of the third kind are realized at its
upper surface. At its upper surface, moreover, the heat transfer coefficient depends on the
intensity of convection, i.e., a should be a function of the Rayleigh number.

It follows that any change in the intensity of convective flow in the upper part of a
vessel should continuously affect the cooling process in its lower part without convection.
A comparison of the temperature—time curve recorded in the experiment at any point by ther-
mocouples with the cooling curve for the same point based on the laws of pure conduction will
yield the necessary information describing the trend of natural convection. For this purpose,
then, several tests were made with a fixed position of a thermocouple within the region of
conductive heat transfer at the distance £ = 0.25 from the lower boundary of the cavity.

The results of this experiment with several substances are shown in Fig. 3, evaluated in
the form of curves depicting the logarithm of the dimensionless temperature 6 as a function
of the Fourier number Npy. Curve | corresponds to pure conduction. This curve has been
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obtained by calculation from data in [7] for the given thermocouple location. The other
curves lie above curve 1, in the order of increasing values of the Rayleigh number Nga,i. It
is quite evident here that a higher value of the Rayleigh number Npay,i corresponds to a
faster cooling of a liquid. As the cooling time can be regarded, for instance, the time
within which the dimensionless temperature drops to 37 of the initial temperature of the
liquid. The dependence of the cooling time Nyo_ on the magnitude of the Rayleigh number

NRa,i and on the magnitude of the Prandtl number Npr i, within their respective ranges 10* <
NRa,i < 107 and 5 < Npr,i < 5- 102, can then be described as

Fo_ = 1.22 (Pri_/Rai)O'OG.

The relation between cooling time with matural convection Nyo_ and cooling time with
conduction only Npo,T can be described by the ratio

Fo,/Fo_ = 0.98 (Ra;/Pr;)°-%.

For transformer oil with Npy,i = 3.7-10° and Npy,i = 10, for instance, the ratio of
Npo,T to Npo_ is equal to 1.92, i.e., convection reduces the cooling time to ome half.

We will now proceed to determine the transient characteristics of natural conmvection.
Each curve in Fig. 3 can be divided into a series of straight segments. This indicates that
convection in the upper region of the cavity decays not monotonically with time but by pas-
sing through some number of precisely defined levels within each of which cooling proceeds
at a constant rate. A comparison of thermal measurements with visual observations will make
it possible to correlate each straight curve segment with a corresponding definite flow
mode. Transition from one straight segment to another signifies a restructurization of the
flow pattern.

The last straight segments of curves 2, 3, 4 are parallel to the curve for pure conduc~
tion. This is possible only when the convection in the upper part of the vessel is so weak
as to have no effect on the heat transfer. As the instant at which such a mode of heat con-
duction sets in can be regarded the end of the convection decay period Npg,o. An evaluation
of the data in criterial form yields the relation

Foy = 0.148Ra$-* Pry0-% for  5-10¢<{Ra;<C3-10% 10CPr; L 108

It has not been possible to establish a mode of pure conduction for curves 5 and 6, be-
cause convection is still significant even at extremely small temperature differences.

The two straight curve segments preceding the purely conductive mode of cooling (curve
4) correspond respectively to bivortical and univortical flow modes. The time Npg,: separa-
ting these two modes can be expressed as a function of the initial Rayleigh and Prandtl num-—
bers, namely

Fo, = O.OSGRa‘%-45 Pri—°-45 .

Therefore, the dependence of 1n 6 on NFo reveals several time zones. The first zone
0 < Npo < Npo,2 is nonlinear and corresponds to short periods. Convection nucleates and
develops with a transient pattern forming (Fig. la). The second zone NFp,2 < NFo < NFo,:
corresponds to a ridge-like bicellular pattern (Fig. 1!b). It has not been possible to ex-
press the time Npo,» in the form of a criterial relation. The third zone Nfo,1 < NFo < NFo,o
corresponds to univortical flow (Fig. lc). Finally, at Nyo < Nro,o the purely conductive
mode of cooling becomes established.

Characteristically, not each curve in Fig. 3 passes through all time zones. The estab-
lishment of one or another flow pattern after nonlinear cooling depends largely on the initial
value of the Rayleigh number NRa,i. Experiments have shown that univortical flow remains the
sole pattern beginning from the crltlcal value of the initial Rayleigh number Nrs,i at which
convection begins and up to NRa,i = 1.5-10° (curve 2 in Fig. 3). Within the range 1.5°10° <
NRa,i < 3.5° 10° there first becomes established a bivortical pattern, which then changes into
a unlvortlcal one. Finally, at NRa,i > 3.5° 10° there occurs a successive transition from an
unordered three-dimensional flow to a univortical two-dimensional flow.

The limits within which one or another pattern prevails during the cooling process must
be characterized by the instantaneous value of the Rayleigh number Nga,o. This value must be
referred to the maximum temperature difference within the cavity and the height of the con-
vective layer. Measurements with the thermocouple "string," and also visual observations,
have made it possible to determine the critical values of the Rayleigh number corresponding
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to restructurizations of the flow patterns. The lower Rayleigh number, which determines the
threshold of decay of natural convection, has been found to be 860 * 40. The value of the
Rayleigh number NRa, o> whichseparates bivortical flow from univortical flow, is 8850 + 150.
The transition point from multivortical flow to bivortical flow could be determined much less
accurately. It is 38,000 * 2000.

It .is interesting to note that these critical values of the Rayleigh number are much
lower than those obtained in other studies [8-10] under steady conditions with heating from
below. Such a drop in the values can be attributed to the fact that, because of the temper-
ature being the same at both upper and lower boundaries, convection does not penetrate
through the entire depth of the cavity but takes place only within its upper region and thus
produces a free lower surface. Furthermore, the processes.in this study were highly tran-
sient. Such a transiency, together with the inertia of convective flow, should also lower
the critical values of the Rayleigh number. The transient characteristics of the cooling
process and the decay of natural convection, which have been examined here in liquids, can
be found helpful in several thermotechnical applications. One of them is the methodology of
measuring the thermophysical properties of liquids and gases. Eliminating the effect of con—
vection is a major problem in the practice of such measurements.. It seems very worthwhile,
therefore, to consider the fea51b111ty of measuring the thermal propertles of liquids without
eliminating natural convectlon but, instead, taking it into account in the analysis of the
cooling trends.

Let us return to the relation between ln 8 and Npo (Fig. 3). Beginning at time NFo,0s
cooling of a liquid is effected by conduction. The linearity of these curve segments, in the
selected coordinates, proves that the dimensionless temperature 6 is an exponential function
of the Fourier number Ny, i.e., that a regular cooling mode [2] becomes established in a
liquid. The thermal diffusivity g of a liquid can be determined from the slope of this curve
segment.

The other two straight segments, by analogy with those in [1], can be regarded as cor-
responding to regular convective cooling modes. The first of them is characterized by a bi-
vortical flow pattern, the second one is characterized by a univortical flow pattern. Regu~
lar convective cooling modes can be realized only in the lower part of a vessel, within the
region of conductive heat transfer. The effect of convection, however, is manifested at the
upper free surface and determines the heat dissipation associated with any one flow mode.
Consequently, the cooling rate depends on the intensity of convectlon and thus on the initial
Rayleigh number NRa, i

ky = din 8/dFo = 1.1810g Ra; — 2.608, ()

ky = d1n8/d Fo = 0.883 log Ra; — 2,066, (5)

where k; and k, are the cooling rates corresponding respectively to the first and the second
regular convective cooling modes.

The value of NRa,i can be easily calculated according to express1ons (4) and (5) from
experimental data on k,; and k,. The dimensionless complex g(T, — To)h®/a in NRa is with a
defined according to the theory of regular conduction, is known. Thus, knowing NRa,l, one
can calculate the complex B/v(T). With the temperatures To and T, matched correspondingly,
and with the coefficient of volume expansion known, one can thus determine the temperature
dependence of the kinematic viscosity v(T).

* In this way, the presence of regular convective cooling modes in a liquid makes it pos-
sible to experimentally determine its thermophysical properties as functions of the tempera-
ture.
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INVESTIGATION OF THE CHARACTERISTICS OF A LOW-TEMPERATURE
HEAT PIPE WITH A CRIMPED RETICULAR WICK

A. V. Dvoryaninov, V. I. Kozlov, UDC 536.248.2
A. P. Osipov, and Yu. Yu. Sergeev

A practical method of simulating weightlessness conditions for ground tests of
a low-temperature heat pipe using Freon—22 is developed and checked experimen-
tally.

The use of a wick with a reticular mesh enables one to produce heat pipes with a high
heat transmission and low thermal resistance [1].

Possible deviations in the dimensions of the cells of the mesh or their contamination
by solid inclusions do not have any considerable effect on the characteristics of the heat
pipes. In view of the fact that the channels of the wick are open in vapor space, the estab-
lishment of the operating ability of the pipe after drying the wick (e.g., by the action of
dynamic forces) is not limited by collapse of the vapor bubbles, as in arterial pipes, and
occurs in a short time. '

A crimped mesh enables one to construct most simply a capillary structure of the channel
type in a long (L/D =50) heat pipe, bothstraight and curved. Due to the elasticity of the
crimped mesh it is possible to obtain satisfactory contact between the wick and the inner
surface of the tube over its whole length.

The crimped mesh forms longitudinal open channels facing the vapor space and closed
channels facing the body of the pipe. A feature of this wick is the hydraulic coupling be-
tween its channels due to the permeability of the mesh. For a fairly large heat pipe diam-
eter and coarse wick channels not all the channels are filled with liquid under gravitational
conditions, even when there is no thermal load. Hence in such heat pipes, when tests are made
under gravitational conditionms, there is always excess liquid which fills the lower part of
the vapor channel, which henceforth will be called a "pool." The dimensions of the peol vary
depending on the temperature and the power supplied and have a considerable effect on the
thermal characteristics of the pipe when it has been tested. At the same time, when opera-
ting the pipe under conditions of weightlessness, the liquid completely fills all the channels
of the wick, and there is no pool, and possible excess liquid (due to drying of the channels,
excess priming, and an increase in the specific volume when the temperature increases) accu-
mulates at the end of the condensation zone,

The problem therefore arises of determining reliable characteristics of a heat pipe in-
tended for operation under conditions of weightlessness when it has been tested under gravi-
tational conditions.

The problem is solved by determining the value of the slope of the pipe when it is
tested under ground conditions, for which the heat-transfer properties of the pipe are not
higher than under weightlessness conditions. The slope is determined by a method worked out
on a model of the heat pipe with a wick whose channels lie in one plane.

1. Operating Process under Weightlessness Conditions. Consider a heat pipe with a
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