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Abstrlet--An apparatus desmgned to perform free convection expenments ]n cyhndncal hqmd samples 
under strictly controlled boundary cond~uons ]s described Convection experiments are carned out by 
measunng at the centre of the sample temperature vs time, as momtored by a thermocouple and a computer 
on-hne device The system water-deuterated water has been investigated m temperature ranges including 
the density maxima of the samples and compared, only in the case of pure water, with theory Previously 
observed anomahes of the convective behavmour ,n this range are confirmed m the form of typical "plateaux' 
and thoroughly examined to provide new reformation about the density maximum of ~sotop~c mixtures 
A new effect of a faster coohng appears, near the maximum density, when the boundary temperature ~s 

brusquely increased 

1. INTRODUCTION 

THE STUDY Of convective phenomena in water con- 
tamed in cyhndncal  cells with the axis verucal has 
demonstrated to be particularly interesting either in 
steady state conditions [1] or, more recently, m sys- 
tems far from steady state [2-7]. 

Our interest lS concentrated on free convection m 
cyhnders with a large height/dmmeter ratio and on 
phenomena occurnng in the ViClnlty of  the density 
maximum of  water and its mixtures with deuterium 
oxzde. 

For  systems of  this kind a theory has been recently 
developed and published [7], based on a model of  
convection which subdivides the fluid m two parts the 
central nucleus and the ' touche '  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-Boussmesq fired by means of  a set of  functions 
which account for the velocity variauons of  the 
nucleus at various heights. 

In the literature the pecuhar behavlour of  
convection in water near its density maxxmum is 
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reported for a sphencal bulb by Codegone [8]. 
Prehmmary measurements m cylinders are due to 
Sonnmo [9], showing the existence of  slowing down 
of the temperature vs time curves near 5°C The 
main dffficulUes met m these experiments are gen- 
erated by the Intrinsic vorticlty of  the system which 
gwes rise to scarcely reproducible results 

In this paper we start describing an apparatus 
designed to minimize undue perturbauons and obtain 
data on free convection in ranges including the clens]ty 
maximum The convectwe cell ts maintained at rest 
and the temperature at its walls changed by 
moving thermostatic fluids. In this way we avmd a 
possible cause of  nonreproducibdlty due to the move- 
ments of  the cell passing from one bath to the other 
when the free convect,on experiment ~s started. 

Moreover,  the initial temperature step which pro- 
duces convection is automatically and reproduclbly 
repeated to provide comparable results on d~fferent 
days 

New data on convection in water and ~ts m,xtures 
with heavy water are presented and compared with 
theory only for coohng at the centre of  the cell 

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

Moreover,  using an onginal  criterion of  positioning 
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NOMENCLATURE 

/, second expansion coefficient for the 
density function 

t tlme 
T temperature 
T, boundary condition for temperature T 
- generic level of  the hqutd m the cell 

measured from the top 

Greek symbols 
fl~ first expansion coefficient lot  the 

density funcuon 
p density of  the liquid 

the density maxima of  mixtures based on the analysis 
of  convective data, we show a possible deviation from 
ldeahty of  these isotopic mixtures 

2 DESCRIPTION OF THE APPARATUS 

The method adapted to obtain reproducible bound- 
ary and lmttal conditions in the fluid Is shortly 
resumed In the following points 

0) the cell is mamtamed at rest during the whole 
experiment,  

(u) Its temperature at the walls is controlled by 
thermostatic fluids circulated as fast as possible 
around it ; 

(lU) convection ts set up by the fastest possible tem- 
perature change obtained at a programmed instant,  

(iv) temperature at the cell centre is continuously 
measured and recorded during the whole experiment 

Since our flul&c method is 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 peculiar convective behaviour of  water near 
its density maximum, as indicated by previous pre- 
hmlnary measurements [7]_ 

The cell C is made of  copper tubing machined to a 
thickness of 2 mm for a length of  123 m m ,  the lower 
end of  it fits precisely in a nylon cylinder N~ carrying 
an O-ring gasket G to prowde tightness Similarly, the 
upper end is closed with a nylon stopper and O-ring 
gasket (Fig I) ,  the sample height is 93 mm. The lower 
nylon cyhnder IS part of  a piece N2 which supports a 
2 in PVC tube B around the cell and the connections 
A to a 1 in_ tubing This reduction from 2 to I in. allows 
the fluid coming from below to circulate around the 
cell at approximately the same speed as in the 1 m 
tubing The shape of  the connecuon is machined to 
favour the fastest possible temperature change in the 
cell walls when the thermostatic fluid temperature Is 
switched from TA to TB_ Above and below the 1 in 
tubes are connected to L-three way valves VI and VO 
which can be pneumatically actuated to switch the 
circulating fluid 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 for half temperature step decay 

FIo 1 Apparatus detail of the sample cell 

The remaining fluidic circuit Is straightforward 
(Fig 2) two 1 in pumps PA and PB ensure a con- 
tmuum circulation of  thermostatic fluids 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 switching setup. 

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

Baths A and B are maintained within + 0. i C at two 
different constant temperatures by means of  standard 
automatic electronic units T U A  and TUB (Ascon 
Co ), drwen by Pt l00 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 
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VO 

FIG 2 Schematic of the thermostat,c system w,th automatic 
switching of flow 

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

The temperature at the cell centre is measured by a 
copper--constantan thermocouple T (Ftg 1) the wires 
of whtch pass through a hole m the bottom nylon 
piece N. and sealed with waterproof sdlcone glue 

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

Data are automattcally averaged over a 1/8 s penod 
and recorded a 1000 s run consists of about 8000 
data obtained from 400000; a precision of 0 01"C is 

attained in most experiments In particular, at the 
thermocouple, a temperature stability of 0,01 C is 
observed for periods of 20 s, with occasional faster 
drifts amounting to 0 02C m 20 s 

The response time of the thermocouple in water is 
about 0 1 s (90°;'o of the signal), determining our 
choice of the rate ofsamphng The flul&c temperature 
switching is actuated from the computer's board The 
total duration or the experiment and the instant of 
temperature switchlngs are recorded w~th a precision 
of ! and 0_1 s, respectively Intermediate Umes 
are deduced using as a time basis the total durauon 
dwlded by the number of data recorded, intro- 
ducing a posstble error of less than 0.1 s on the relauve 
posmon 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). 

($2) 25% volume D20-75% volume H20,  
($3) 50% volume D20--50% volume H20, 
($4) 75% volume D20-25% volume H~O. 
($5) 99 75% D20 (Merck Co., D.F R.). 

However, most of our data refer to SI, l e. pure water 
The deuterated mixtures, as we explain further on, 
have been investigated only to achieve informauon 
about the temperature of the denstty maximum for 
such isotopic systems 

In Fig. 3 ts represented a typical free convection 
expenment of coohng (A), showing an evident 
anomaly at about 5:C when compared with the curve 
(B) obtained by submitting the same sample to the 
identical 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 t,me convectwe curve measured at the centre of the water sample (B) Ex- 
penment  w~th the same condmons of (A) but with 3% weight of cotton to hinder convect,on Note the 

absence of a plateau ,n this case 
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FIG 4 Memory effect of convectmn 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) is very different from the ones previously 
observed in temperature ranges not including the den- 
slty maximum of water, which show only one mflec- 
tion point and are very slmdar (apart from the rate of  
coohng) to the conduction curve (B). 

In Fig 4, which is 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 pos m ons  of  
the cooling curve 

• m posit ion 1, on  the typical 'p la teau ' ,  a "-20 s 
delay is followed by a rapid warming  with a kink ; 

• in posi t ion 2, at  the end of  the plateau,  and m 
posit ion 3, far below the plateau,  we note a fast rate 
o f c o o h n g  (even faster t han  the normal  rate v) followed 
by the warming  curve '  the delay is of  abou t  20 s at 

5 C a n d 4 0 s a t 2 5  C 

These observat ions  which, to our  knowledge, have 

never been reported m the l i terature of  fluid dynamics,  
reflect the intrinsic complexity of  convect ion in the 
central  region of  the cell and may be interpreted only 
through a detailed analysis based upon  the complete  
Navier -S tokes  equa t ion  for a non-Boussinesq fluid in 
non-hnear  condi t ions  

If  the switching on coohng  is operated at  tem- 
peratures lower than abou t  2-C, no faster coohng 
is observed, but a plateau on the warming  curve is 
equally present  at  a tempera ture  substant ial ly sym- 
metric with respect to 4 C  (Fig. 5(a)) 

Similar behavlours ,  with plateaux at different tem- 
peratures,  are observed in mixtures of  water  with 
heavy water (Figs 5(b)- (e) )  In fact, it is well known 
that  heavy water  presents a density m ax i m um  at abou t  
11 2 C [10] however,  the posi t ion of  maxima for 
mixtures IS not  available m the l i terature 

We may ob ta in  this in format ion  from our  con- 
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Fie, 5 Double plateaux in water-heavy water mixtures The 
arrows indicate the instants o f  temperature SWltChmgs at cell 
walls Note that in hmttmg cases (H 20 and D20)  the position 
o f  the density maximum Is close to the middle point  o f  the 

lwo plateaux (4 ] and I I 2 C, respectively) 
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FIG_ 6 Behav~our of the temperature of maximum density 
of water-heavy water m~xtures, calculated from convective 

plateaux 

vect~on data by assuming that the average of  the 
plateaux temperatures ~s close to the position of  the 
maximum density. This proves to be true for the limit- 
]ng cases (H20 and D 2 0  ) ; if we apply this cn tenon  
to our data we obtain the graph shown in Ftg. 6, 
where a straight line does not  fit the intermediate 
maxima positions, indicating a possible non-ideal 
mtxture behavlour 

4. THEORETICAL REMARKS AND 
CONCLUSIONS 

It i$ possible to explain theoretically the observed 
pecuhar form of the free convection curves T(:,  t) 
(where : is the half sample height) m fluids wtth den- 
sity maxtma. To reach this goal we use our theory, 

previously pubhshed [7], suitably modified to fit our 
data. 

This theory is vahd for any boundary conditions, 
so that we have first introduced the appropriate func- 

tions descnbmg our experimental condmons  as far as 
the temperature steps mmally applied to the samples 
These functions are identical to those indicated for 
the asymptotic solution analysed in ref. [7] On the 
contrary, to fit our data, appropriate boundary func- 
tions for the density must be considered, very different 
from those reported in ref. [7]. In fact it is evident that 
the turbulent convectwe flow modifies the form of the 
density curve at least by a few parts per mtlhon, which 
is very relevant m the density maxtmum region, due to 
the pecuhar form of  our solution, where the expansion 
coefficient k is at the denominator  

fl, + {[3~ -4k[p('_, t ) -p(T~)] /p(TO}'  ~- 
r ( : ,  t) = T~ -~ 

2k 

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

More refined calculattons and measurements to 
obtain data at various levels of  the sample are in 
progress and will be published soon 

We are also trymg to explain by our model the 
interesting memory effect reported here, but the com- 
plexity of  the boundary equations to be chosen is 
enormous 
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EXPERIENCES DE C O N V E C T I O N  N A T U R E L L E  DANS L 'EAU ET DES M E L A N G E S  
D E U T E R A T E S  A DES T E M P E R A T U R E S  I N C L U A N T  LE M A X I M U M  DE DENSITE 

R ~ u m 6 - - U n  appared est con~u pour  6tudner exl~nmenta lement  la convection naturelle dans des cellules 
Cyllndnques hqundes avec des conditions aux hm~tes s tnctement  contr616es Les experiences sont  conduntes 
en mesurant  au centre de la cellule la temp6rature en fonctnon du temps par un thermocouple rehe a un 
ordmateur  en lngne Le syst6me eau-eau deut~rat6e est 6tud~6 da i s  des domames  de temp6rature qu] 
mcluent les denstt6s maxlmales et on compare,  seulement da i s  le cas de l'eau pure, avec la th6orle Des 
anomahes  d6jfi observ6es dans la convection sont confirm6es par des "plateaux" typtques et elles sont 
solgneusement examm6es pour  obtemr des reformations nouvelles sur le max imum de denstt6 des m61anges 
~sotopnques I1 apparait  un nouvel effet de refro]d]ssement rapxde, tout pr/:s du maxxmum de dens]t6 lorsque 

la temp6rature fi la hm~te est brusquement  augment6e 

E X P E R I M E N T E  Z U R  N A T O R L I C H E N  K O N V E K T I O N  IN WASSER U N D  IN 
G E M I S C H E N  VON WASSER MIT S C H W E R E M  WASSER BEI T E M P E R A T U R E N  

IN D E R  U M G E B U N G  DES D I C H T E M A X I M U M S  

Zusammenfassung--Enne Vomch tung  fur Expenmente zur fre]en Konvekt]on an zylnndruschen Flusslg- 
keltsproben ben streng festgelegten Randbedlngungen wlrd beschneben Ben den Versuchen wlrd die 
Temperatur  nm Zent rum der Probe dutch em Thermoelement  und eme on-l ine-Computerverbmdung 
aufgeze~chnet Das System Wasser-schweres Wasser wurde in Temperaturberelchen m der Umgebung  
des Dtchtemax~mums untersucht  und ]m Fall remen Wassers m]t der Theorle verglichen Schon fruher 
beobachtete Anomalien des konvektwen Verhaltens m diesem Berelch werden in Form typnscher Plateaus 
bestatxgt_ She werden sorgf'altsg untersucht, um neue Informat]onen uber das Dxchtemaxamum von lsoto- 
pengem]schen zu erhaltcn Em neuer Effekt elner schnellen Abkuhlung wurde m d e r  N~ihe des D~chte- 

maximums beobachtet, wenn die Grenztemperatur  abrupt  angehoben w]rd 

~3KCHEPHMEHTM r lO CBOFaO~HO01 K O H B E K H H H  B BO~[E H ~Eg~ITEPHPOBAHHblX 
CMECSIX FIPH T E M H E P A T F P A X ,  C O O T B E T C T B ~ O I ~ H X  MAKCHMAJIbHOI~I  

FUIOTHOCTH 

A m o T u m t ~ O r m c w m ~ r c s  yc'raHonr.~, n p e m u ~ s a ~ e H s a ,  wLq n p o s e a e s M  ~XCUepUMCWrOB no CSO6Oa- 
HOg gOHeeX~aH n uu.~muW~eCXOM o6~eMe npa CTpOro Xowrpo~HpyeM~tX rpaHiPuu~x yc~onsax.  B 3xc- 
nepgMeu'rax H3MepMJIOCh mMel le l~e  TelvmepaTypM s UeHTpe o6pa3ua S ZaBI~IMOCTH OT BpeMelIa C 
nOMOmblO TCpMoDapld HCaBTOHOMHOFO BhlqHCJIH~HOI'O y~I'pO~CTB8 CH~['eMa so~,a- 
ncWrepHpolglmlaJ 8 0 ~  HCCJIC~rCg B ~[Halla3oHax TeMnCpaTyp, BILmoqmotu]m( Mm~Q~JM IInOTSOCTH 
06pa3uos,  u cpanxuna~rcx c Teopmcfi n cny~ac c ~xc'rog so, log,  r [o~rDepxaeuo  cymec-rsomxs~e paxee 
s a 6 . r o O , I l a ~ l i  alIOMKJIMJ~ IgapTllHld XOHI~IDCtMX 19 aaHHOM ~a l la3oHe ,  DpoJfl~Im~//BXCA n B~ZlC ~ -  
Iioro "1171aTO'. H npoBe~eHO HX Ti.uaTe.m, Hoe uccate~xo~me c uem,w no~v/qctmJt nosoA IOI~pMalDIM O 
MaECI[MLrlbHOg IUIOTRO~'H H3OTOmEMx C M ~ l l .  Hpn pC3KOM yBeJ]W~CltI~I TCMIi~g)aTypbl Ha rpalIHUc 

no3magae'r Honsag ~ r r  ycxopem~oro ox.qawdleHml D6.nB3H MaXCltMa.Tn,HOg nnoTHO¢l'~. 


