Int J Heat Mass Transfer
Pnnted in Great Britain

Vol 33,No 11, pp 2519-2524, 1990

0017-9310/90 $3 00+ 0 00
Pergamon Press pic

Free convection experiments in water and
deuterated mixtures at temperatures including
the density maxima

C ANSELMI. M DE PAZt+ and A MARCIANO
Dipartumento di Fisica, Via Dodecaneso. 33, 16146 Genova, Italy

M PILO

Dipartimento di Fisica Teorica e Sue Metodologie per le Scienze Applicate. Facolta di Scienze.
Universita di Salerno, Baronissi, Italy

and

G. SONNINO

Umniversité Libre de Bruxelles, Service de Chimue Physique, Bvd. du Tnomphe,
Campus Plane cp 231, 1050 Bruxelles, Belgium

(Recetved 24 July 1989 and in final form 12 Januar) 1990)

Abstract—An apparatus designed to perform free convecion expenments 1n cylindncal hquid samples
under stnctly controlled boundary conditions 1s described Convection expenments are carmnied out by
measuring at the centre of the sample temperature vs time, as monitored by a thermocouple and a computer
on-hne device The system water—deuterated water has been investigated 1n temperature ranges including
the density maxima of the samples and compared, only tn the case of pure water. with theory Previously
observed anomalies of the convective behaviour in this range are confirmed in the form of typical *plateaux’
and thoroughly examined to provide new information about the density maximum of 1sotopic mixtures
A new effect of a faster cooling appears, near the maximum density, when the boundary temperature 1s
brusquely increased

1. INTRODUCTION

THE STUDY of convective phenomena in water con-
tamned in cylindnical cells with the axis vertical has
demonstrated to be particularly interesting either 1n
steady state conditions [1] or, more recently. 1n sys-
tems far from steady state [2-7].

Our 1nterest 1s concentrated on free convection 1n
cylinders with a large height/diameter ratio and on
phenomena occurnng 1n the vicimity of the density
maximum of water and its mixtures with deuterium
oxide.

For systems of this kind a theory has been recently
developed and published [7], based on a model of
convection which subdivides the fluid in two parts the
central nucleus and the ‘couche’ or boundary layer,
moving with opposite velocities {2]. In ref. [7] a third
intermediate region has been considered to join
smoothly the nucleus and the boundary layer: the
effects of the density maximum were calculated for a
non-Boussinesq fluid by means of a set of functions
which account for the velocity variations of the
nucleus at various heights,

In the literature the pecular behaviour of
convection In water near its density maximum is
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reported for a sphencal bulb by Codegone [8].
Preliminary measurements in cylinders are due to
Sonnino [9]. showing the existence of slowing down
of the temperature vs time curves near 5°C The
main difficulties met 1n these experiments are gen-
erated by the intrinsic vorticity of the system which
gives nise to scarcely reproducibie results

In this paper we start describing an apparatus
designed to minimize undue perturbations and obtain
data on free convection in ranges including the density
maximum The convective cell 1s maintained at rest
and the temperature at 1ts walls changed by
moving thermostatic fluds. In this way we avoid a
possible cause of nonreproducibility due to the move-
ments of the cell passing from one bath to the other
when the free convection experiment 1s started.

Moreover, the initial temperature step which pro-
duces convection 1s automatically and reproducibly
repeated to provide comparable results on different
days

New data on convection in water and its mixtures
with heavy water are presented and compared with
theory only for cooling at the centre of the cell

A memory effect, which to our knowledge has never
been reported in the literature, is observed near the
maximum density

Moreover, using an onginal criterion of positioning
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A second expansion coefficient for the
density function

time

temperature

boundary condition for temperature 7
generic level of the hquid 1n the cell
measured from the top

NN

NOMENCLATURE

Greek symbols
p,  first expansion coefficient for the
density function
p  density of the hquid

the density maxima of mixtures based on the analysis
of convective data, we show a possible deviation from
ideahty of these 1sotopic mixtures

2 DESCRIPTION OF THE APPARATUS

The method adapted to obtain reproducible bound-
ary and miual conditions n the flmd 1s shortly
resumed n the following points

(1) the cell 1s maintained at rest during the whole
experiment ,

(n) 1ts temperature at the walls 1s controlled by
thermostatic flmds circulated as fast as possible
around 1t;

(11) convection 1s set up by the fastest possible tem-
perature change obtained at a programmed instant ,

(1v) temperature at the cell centre 1s continuously
measured and recorded during the whole experiment

Since our fluidic method 1s not quite flexible as far as
the cell diameter choice, we have built the apparatus
around a cell of 40 mm diameter. suitable to observe
the pecubar convective behaviour of water near
1ts density maximum, as indicated by previous pre-
liminary measurements [7].

The cell C 1s made of copper tubing machined to a
thickness of 2 mm for a length of 123 mm . the lower
end of 1t fits precisely in a nylon cylinder N, carrying
an O-ning gasket G to provide tightness Similarly. the
upper end 1s closed with a nylon stopper and O-ring
gasket (Fig 1), the sample height1s 93 mm. The lower
nylon cylinder 1s part of a prece N, which supports a
21n PVC tube B around the cell and the connections
Atoalin. tubing This reduction from 2 to 1 in. allows
the flind coming from below to circulale around the
cell at approximately the same speed as 1n the 1 1n
tubing The shape of the connection 1s machined to
favour the fastest possible temperature change 1n the
cell walls when the thermostatic fluid temperature 1s
switched from TA to TB. Above and below the 1 1n
tubes are connected to L-three way valves VI and VO
which can be pneumatically actuated to switch the
circulauing flmd from bath A to B or vice versa
(Fig 2)

This operation requires about 0 3 s, fast enough
compared to the duration of an experiment. typically
200 s (or half temperature step decay

I —
by
-

L
L
G

—1

Fic | Apparatus detail of the sample cell

The remaming fluidic circuit 1s straightforward
(Fig 2) two 1 in pumps PA and PB ensure a con-
unuum circulation of thermostatic flmds from baths
A, B and two additional L-valves VA and VB, pneu-
matically actuated at the same instant of VI and VO
complete the temperature swilching setup.

The tubes, the pumps and the valves and the sample
holder S are covered with insulating matenals to
reduce heat input from ambient

Baths A and B are maintained within +£0.1 Cattwo
different constant temperatures by means of standard
automatic electronic units TUA and TUB (Ascon
Co ), driven by Pt100 thermometers Temperatures as
low as —5°C can be attained by a 1 5 hp refrigerator
R and the buffer tank C, which provides A and B with



Free convection experiments in water and deuterated mixtures

VO
= ~
( t
S
VA | vB
faN Vi A I
PA PB
} }
A B T
TL’JB TA i ) L,JA
1 \ / 3
[ AY Y (A e N
PCA = =ToR)
C
R

FiG 2 Schematic of the thermostatic system with automatic
switching of flow

the appropriate amount of cold liquid by means of
pumps PCA and PCB

The temperature at the cell centre 1s measured by a
copper—constantan thermocouple T (Fig 1) the wires
of which pass through a hole in the bottom nylon
piece N, and sealed with waterproof silicone glue

The thermocouple signals are amplified 1000 times
by means of 2 low noise integrated circuit (AD521JD
by National) and carned to an Olivetti M24 computer
through a Labmaster 16 bit board

Data are automatically averaged over a 1/8 s period
and recorded a 1000 s run consists of about 8000
data obtained from 400000 a precision of 0 01VC 1s
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attained 1n most expenments In parucular. at the
thermocouple, a temperature stability of 0.01 C 1s
observed for penods of 20 s, with occasional faster
dnfts amounting to 0 02°Cin 20 s

The response time of the thermocouple 1n water 1s
about 01 s (90% of the signal). determining our
choice of the rate of sampling The fluidic temperature
switching 1s actuated from the computer’s board The
total duration of the experiment and the instant of
temperature switchings are recorded with a precision
of I and 0.1 s, respectively Intermediate times
are deduced using as a time basis the total duration
divided by the number of data recorded, intro-
ducing a possible error of less than 0.1 s on the relatve
position of two subsequent data

3. EXPERIMENTS WITH WATER AND ITS
DEUTERATED MIXTURES

We have studied five different systems

(S1) pure water with natural deuterium abundance
(1/6666) .

(S2) 25% volume D,0-75% volume H,O,

(83) 50% volume D,0-50% volume H,O .

(S4) 75% volume D,0-25% volume H,O.

(85) 99 75% D,0 (Merck Co., D.F R)).

However, most of our data refer to S, 1 e. pure water
The deuterated mixtures, as we explain further on,
have been investigated only to achieve information
about the temperature of the density maximum for
such 1sotopic systems

In Fig. 3 1s represented a typical free convection
expenment of cooling (A), showmng an evident
anomaly at about 5°C when compared with the curve
(B) obtained by submitting the same sample to the
1identical initial and boundary conditions and hinder-
ing convection by adding a 3% weight cotton fibre in
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FiG. 3. (A) Temperature vs time convective curve measured at the centre of the water sample (B) Ex-
penment with the same conditions of (A) but with 3% weight of cotton to hinder convection Note the
absence of a plateau in this case
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FiG 4 Memory effect of convection The arrows indicate the instants of temperature switching at cell
walls (1) absence of a faster cooling rate. (2) the largest evidence of a faster cooling rate, (3) a smaller
evidence of a faster cooling rate approaching the lower limit for the effect (T < 2°C)

the cell volume Moreover, the shape of this convec-
tive curve (A) 1s very different from the ones previously
observed in temperature ranges not including the den-
sity maximum of water, which show only one inflec-
tion point and are very similar (apart from the rate of
cooling) to the conduction curve (B).

In Fig 4, which 1s a sample of several experiments
not reported for brevity, we show a quite curious
effect observed by applying the temperature switching
towards warming to the cell at different positions of
the cooling curve

e 1n position 1, on the typical ‘plateau’, a ~20 s
delay 1s followed by a rapid warming with a kink ;

e in position 2, at the end of the plateau, and n
position 3, far below the plateau, we note a fast rate
of cooling (even faster than the normal rate') followed
by the warming curve ' the delay 1s of about 20 s at
5Cand40sat25C

These observations which, to our knowledge, have
never been reported in the hiterature of fluid dynamcs,
reflect the intrinsic complexity of convection n the
central region of the cell and may be interpreted only
through a detailed analysis based upon the complete
Navier-Stokes equation for a non-Boussinesq fluid 1n
non-linear conditions

Il the switching on cooling 1s operated at tem-
peratures lower than about 2°C, no faster cooling
1s observed, but a plateau on the warming curve 1s
equally present at a temperature substantially sym-
metric with respect to 4 'C (Fig. 5(a))

Similar behaviours, with plateaux at different tem-
peratures, are observed in muxtures of water with
heavy water (Figs S5(b)-(e)) In fact, 1t 1s well known
that heavy water presents a density maximum at about
112 C [10] however, the position of maxima for
mixtures 1s not available 1n the literature

We may obtain this information from our con-
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F16 5 Double plateaux in waler—heavy water mixtures The

arrows indicate the instants of temperature switchings at cell

walls Note that in imiting cases (H,O and D,0) the position

of the density maximum is close to the middle point of the
two plateaux (4 1 and 11 2 C, respectively)
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FiG. 6 Behaviour of the temperature of maximum density
of water—heavy water mixtures. calculated from convective
plateaux

vection data by assuming that the average of the
plateaux temperatures 1s close to the position of the
maximum density. This proves to be true for the hmt-
ing cases (H,0 and D,0); if we apply this criterion
to our data we obtain the graph shown in Fig. 6,
where a straight line does not fit the intermediate
maxima positions, indicating a possible non-ideal
muxture behaviour

4. THEORETICAL REMARKS AND
CONCLUSIONS

It 1s possible to explain theoretically the observed
peculiar form of the free convection curves T(z, f)
(where : is the half sample height) in fluids with den-
sity maxima. To reach this goal we use our theory,
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previously published [7], suitably modified to fit our
data.

This theory 1s valid for any boundary conditions,
so that we have first introduced the appropnate func-
tions describing our expenmental conditions as far as
the temperature steps initially applied to the samples
These funcuons are identical to those indicated for
the asymptotic solution analysed 1n ref. [7) On the
contrary, to fit our data, appropniate boundary func-
tions for the density must be considered. very different
from those reported n ref. [7]. In fact 1t 1s evident that
the turbulent convective flow modifies the form of the
density curve at least by a few parts per million, which
1s very relevant 1n the density maximum region, due to
the peculiar form of our solution, where the expansion
coefficient k 1s at the denominator

B+ {B: —ak[p(z.0) = p(T))/p(T)} ' *
2%k .

Tz.H=T+

Without giving details of the numerical solutions, we
show a fit of only one typical cooling curve in Fig 7
The marn features of the convection curve are quite
well reproduced by theory and the agreement with
expenmental data s fair

More refined calculations and measurements to
obtain data at various levels of the sample are 1n
progress and will be published soon

We are also trying to explain by our model the
interesting memory effect reported here, but the com-
plexity of the boundary equations to be chosen 1s
enormous
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EXPERIENCES DE CONVECTION NATURELLE DANS L'EAU ET DES MELANGES
DEUTERATES A DES TEMPERATURES INCLUANT LE MAXIMUM DE DENSITE

Reésumé—Un apparell est congu pour étudier expénmentalement la convection naturelle dans des cellules
cylindriques iquides avec des conditions aux limites strictement contrélées Les expéniences sont conduites
en mesurant au centre de la cellule la température en fonction du temps par un thermocouple relié a un
ordinateur en ligne Le systéme eau-eau deutératée est étudié dans des domaines de température qui
incluent les densités maximales et on compare, seulement dans le cas de I’eau pure, avec la théone Des
anomalies déja observées dans la convection sont confirmées par des “plateaux”™ typiques et elles sont
solgneusement examinées pour obtenir des informations nouvelles sur le maximum de densité des mélanges
1sotopiques Il apparait un nouvel effet de refroidissement rapide, tout prés du maximum de densité lorsque
la température a la limite est brusquement augmentée

EXPERIMENTE ZUR NATURLICHEN KONVEKTION IN WASSER UND IN
GEMISCHEN VON WASSER MIT SCHWEREM WASSER BEI TEMPERATUREN
IN DER UMGEBUNG DES DICHTEMAXIMUMS

Zusammenfassung—Eine Vornchtung fur Expenmente zur freien Konvektion an zylhindnischen Flussig-
keitsproben ber streng festgelegten Randbedingungen wird beschrneben Beir den Versuchen wird die
Temperatur 1m Zentrum der Probe durch emn Thermoelement und eine on-line-Computerverbindung
aufgezeichnet Das System Wasser-schweres Wasser wurde in Temperaturbereichen in der Umgebung
des Dichtemaximums untersucht und im Fall reinen Wassers mut der Theorie verglichen Schon fruher
beobachtete Anomalien des konvektiven Verhaltens in diesern Bereich werden 1n Form typischer Plateaus
bestatigt. Sie werden sorgfaltig untersucht, um neue Informationen uber das Dichtemaximum von Isoto-
pengemischen zu erhalten Ein neuer Effekt einer schnellen Abkuhlung wurde in der Nahe des Dichte-

maximums beobachtet, wenn die Grenztemperatur abrupt angehoben wird

3KCIEPUMEHTHI 10 CBOBOAHOM KOHBEKLIMH B BOAE U AEATEPHPOBAHHBIX

CMECSX MNPU TEMITEPATYPAX, COOTBETCTBVIOMNX MAKCHMAJILHOA
IMJOTHOCTH

Amoramms—OnHChBACTCA YCTAHOBKA, NPcAHA3HAYEHHAA [UIA NTPOBEACHHA JKCICPUMEHTOB OO cBOOO-
HOWl XOHBEKIMH B IWATHHAPHYECEOM OGBEME TPH CTPOro KOHTPOJIHPYEMbIX IPAHHIHBIX YCIOBHAX. B 3xc-
NEPUMEHTAX MIMEPLIOCL H3IMEHEHWE TEMIMEPATYphl B LEHTpe o6pasua B 38BHCAMOCTH OT BPEMEHH C
NOMOLLIO  TEPMOUApH
OCATEpAPOBAHHAN BOAA BCCICOYeTCS B ARANA30HAX TEMICPaTyp, BLIIOYAIOUX MAKCHMYM IUIOTHOCTH
obpasuos, u cpaBHEBacTCA ¢ Teopuct B cnydae ¢ uncToii Bonoit. [loATBEepEIOCHO CymiecTBOBaHHE paHEe
Aabmonasmuxcy aHoManul KapTHHEN KOHBEKIMH B JAHHOM IHANA30HE, MPONBJIMOINAXCA B BAAC THINY-
HOro “I1aTo”, H MPOBERCHO MX TINATENILHOC HCCIENOBAHAE C LEJbIO MONYICHAR HOBOA WHGOpMaLH o
MaKCHMANIbHOA IUIOTHOCTH H30TOMHRIX cMeccll. [IpH peaxoM yBe/HMCHHM TCMIICPATYPhl Ha TpaHHUC

HCABTOHOMHOIO BhMMHCITHTCIIBHOIO ycrpoﬁcrna Cucrema Bona-

PO3HHKAET HOBHIII 3pexT YCKOPCHHOr 0 OXIaXACHHA B6J1H3H MaKCHMATLHOHR IW10THOCTH.



