
1~1. J. H<Y,z .Mo.\r Two,&. Vol 23, pp. 269 278, 
6 Pergamon Press Ltd. 198(1. Printed in Great B&in 

BUOYANCY DRIVEN FLOWS ORIGINATING FROM 
HEATED CYLINDERS SUBMERGED IN A 

FINITE WATER LAYER 

F. P. INTROPERA and M. A. YAGHOURI 

Heat Transfer Laboratory, School of mechanical Engineering, 
Purdue University, West Lafayette, IN 47907, U.S.A. 

(Receirled 22 Murch 1979 and in revisedform 25 June 1979) 

Abstract - Flow visualization and temperature measurements are used to study conditions in shallow water 
layers heated from below by cylindrical sources and cooled from above by an air interface. Experiments have 
been performed for a single horizontal cylinder and for an array of five cylinders, with Rayleigh numbers in 
the range from 10’ to 106. The free convection boundary layer which develops on the cylinders is laminar, and 
boundary layer merger occurs at the top of the cylinders without separation. Although the plume which rises 
above the single cylinder is laminar, its interaction with the air interface produces a horizontal turbulent 
mixing layer in which vortex rings are formed and penetrate into the underlying tluid. The interaction of 

plumes generated by the array of cylinders occurs in different ways, de~nding upon the height ratio. 

NOMENCLATURE 

cylinder diameter [mm] ; 
distance from bottom of cylinder to bottom 
of test cell [mm] ; 
acceleration due to gravity [m s-‘1 ; 
test cell height [mm] ; 
water layer depth [mm] ; 

f%, 
s8D3u-c - Tw) 

Rayleigh number, ~___ ; 
VCZ 

T, temperature; 

cI/‘, test cell width [mm]. 

Greek symbols 

a, thermal diffusivity [m” s-l]; 

P, volumetric coefficient of thermal expansion 

[K-l]; 
v t kinematic viscosity Em2 s-l]. 

Subscripts 

a-w, air-water interface; 

c, cylinder surface condition; 

W, bulk water condition. 

INTRODUCTION 

BUOYANCY driven flows due to distributed heat 
sources submerged in bounded quiescent liquids exist 
when oil is preheated in a storage tank, waste heat is 
dissipated in a closed-cycle cooling system, or when a 
sensible energy storage system is being charged. Fiow 
conditions can strongIy influence heat transfer from 
the source to the liquid and hence the thermal 
performance of the system. This study is concerned 
with buoyancy induced flows which result when one or 
more heated, horizontal cylinders are submerged in a 
finite water layer having an air-water interface. For 
the configuration of Fig. 1, flow originates with a free 
convection boundary layer which merges at the top of 
the cylinder to form a two-dimensional plume. The 
plume is deflected by the air-water interface and 
subsequently cools due to heat transfer to the sur- 
roundings and the entrainment of underlying fluid. 
Hence a recirculation pattern is induced in which 
warm water rises with the plume, is cooled at the free 
surface, and descends along the side boundaries. For 
an array of cylinders, plumes generated by adjoining 

_ Air-Water 

FIG. 1. Schematic of flow in a shallow water layer with a submerged heated cylinder. 
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cylinders may interact with each other, before or after 
interacting with the interface, complicating the nature 

of the recirculation pattern. 

Previous studies of natural convection due to distri- 

buted heat sources in an extensive fluid have focused 

on plume development above line sources or boundary 
layer development on cylinders and spheres. Forstrom 
and Sparrow [l] and Fujii rt al. [2] studied the 

laminar, buoyant plume rising above a single horizon- 
tal line source in air, water and spindle oil and have 

observed a slow, regular swaying motion. Lieberman 

and Gebhart [3] and Pera and Gebhart [4] observed 
the mutual interaction and the interaction with adjoin- 

ing surfaces of plumes rising from an array of line 
sources in air, while Skipper et al. [5] observed no 
swaying motion or interaction between plumes rising 

from horizontal cylinders submerged in fuel oil. Pera 
and Gebhart [6] observed boundary layer and plume 
conditions near the top of a submerged cylinder, while 
Eichorn et al. [7] studied plume development above 

spheres and cylinders immersed in a stratified water 

layer. 

Despite the contributions of the foregoing studies, 
much remains to be learned concerning plume de- 

velopment, interaction and recirculation in finite me- 
dia, particularly in liquids having an air interface. In 

this work flow visualization and temperature measure- 

ments are used to study the buoyancy induced motion 
due to a single horizontal cylinder and an array of 

cylinders in water layers having finite boundaries and 
an air interface. Emphasis is placed on boundary layer 

motion around the cylinders, plume development 
above the cylinders, and the interaction of plumes with 
each other and the air interface. 

EXPERIMENTAL METHODS 

Experiments were performed using the test cell 
shown in Fig. 1. The cell was constructed from 
Plexiglas and insulated on the bottom and sides with 

Styrofoam. Its width W and length L (along the 
cylinder axis) were fixed at 280 and 225 mm, re- 
spectively, and machined copper cylinders of outside 
diameter D = 254mm were installed at a fixed 
distance of d, = 254mm from the bottom. Experi- 

ments were performed for a single cylinder installed 
midway along the width and for an array of five 
cylinders installed on 50.8 mm centers. For the flow 
visualization studies the test cell height was initially H 

= I40 mm and was varied by sacrificing the cell. That 
is, with completion of the experiments for one value of 
H, a top section of the cell was removed, and the 
experiments were repeated. Height ratios in the range 
2.5 I (H,/D) I 5.0 were considered, and in all of the 
experiments the air-water interface was maintained at 
a fixed distance of (H - H,) = 12.7 mm from the top 
of the cell. 

The cylinders were drilled to permit the insertion of 
electrical heaters, and the midplane (L/2) surface 
temperature was measured at three locations on the 
circumference (points a, b and c of Fig. l), with the 

results varying by less than 0.5’C. Temperature con- 
trol was maintained automatically for the sin& 

cylinder and for the central cylinder of the array by 

wiring the thermocouple at point c to a power 
controller. Power to the remaining cylinders of the 
array was manually and independently controlled, and 
it was possible to maintain the five cylinder surface 

temperatures to within 0.15‘C of each other. Surface 
temperature measurements were also made along the 
axial direction of selected cylinders, and in no case did 

the variation from the midplane to the end exceed 
0.5-c. 

The water bulk temperature, T,, was measured at a 
point well removed from all surfaces, and the vertical 

temperature distribution in the water was measured by 
using fixed thermocouples inserted through the test 

cell wall and by using a traversable needle probe. Due 
to the large temperature gradient which exists at the 
air- water interface, temperature measurements of the 

water in this region were also made using a rake of 
seven thermocouples installed 2.5 mm apart. De- 
ionized water was used for all of the experiments, and 

the tests were performed under darkened laboratory 
conditions. The measurements were made no sooner 
than 2 h from the start of heating, after steady-state 

conditions were reached, and the Rayleigh number 

range associated with the experiments was 10” ( Ru,, 

5 10h. 

Flow visualization was implemented by using the 

thymol blue dye technique [8]. The negative electrode. 
which was a straight platinum wire of 0.076 mm 
diameter, was inserted in the region of the flow to be 
observed. By varying the electrode position, it was 

possible to observe boundary layer development 
around the cylinder and plume development above the 

cylinder. 

EXPERIMENTAL RESULTS 

Thymol blue was generated at two locations which 
are symmetrical about the bottom of a single heated 

cylinder, and representative results are shown in Fig. 2. 
Boundary layers develop on the cylinder, merge at the 
rear stagnation point, and form a buoyant plume 
which interacts with the air- water interface. From 
time-sequenced photographs taken after the start of 
thymol blue generation, the plume vertical velocity 
was estimated to be approximately 2 mm s- ’ close to 
the cylinder surface and approximately 5 mm s- ’ two 
cylinder diameters above the surface. 

Plume and boundary layer conditions near the rear 
stagnation point are shown more clearly in Fig. 3. The 
photographs were taken at 20 s intervals, with thymol 
blue generated at the bottom and the upper right side 
of the cylinder. Two streamlines, which are close to the 
cylinder surface, rise on both sides of the cylinder and 
combine at the rear stagnation point to form a 
streamline at the midplane of the resulting two- 
dimensional plume. The other streamline, which orig- 
inates at a point that is 4 mm from the cylinder surface, 
also moves toward the rear of the cylinder to form a 
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FIG. 2. Piume development and interaction with the air-water interface for a single heated cylinder (RaD = 
6.5 x 105, H,/D = 3.8). 
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FIG. 3. Boundary layer and plume development for a single heated cylinder: (a) Ra, = 8.4 x 105, H,/D = 
3.8; (b) Ra, = 9.2 x 105. HJD = 3.8. 

streamline at the periphery of the plume. This 
streamline indicates that the boundary layer is at least 
4mm thick near the top of the cylinder. It is evident 
that laminar flow conditions exist in both the boun- 
dary layer and the plume and that the boundary layer 
approaches the top of the cylinder without experienc- 
ing separation. This observation is consistent with the 

results of Pera and Gebhart [6]. The photographs also 
reveal that the flow is characterized by the regular 
swaying motion normally attributed to buoyant plu- 
mes [1,2]. 

A comparison of Fig. 2, which is based on placement 
of the electrode assembly 27 mm from the cylinder end 
wall, and Fig. 3, which is based on placement of the 
assembly at the cylinder midplane, indicates the in- 
fluence which the wall can have on plume motion. In 
Fig. 2 the neutrally buoyant tracer, which is 25 mm 
long, reveals an axial twisting or billowing which may 
be attributed to entrainment effects. The results also 
indicate that the amplitude of the plume oscillation is 

reduced near the wall. No such effects are revealed by 
the tracers of Fig. 3, which are well removed from the 
wall. 

The nature of the plume interaction with the 
air-water interface is shown in Fig. 4. Upon deflection 
by the interface, the plume spreads horizontally, 
forming a layer of warm water which entrains cooler 
water from the underlying bulk fluid. In combination 
with heat losses across the air-water interface, the 
entrainment process causes the plume to cool as it 
spreads. The horizontal plume motion along the 
interface is characterized by turbulent mixing and an 
irregular vortex pattern. Vortex rings, which are 
generated in the plume mixing layer and may penetrate 
into the underlying fluid, are associated with the 
diffusion of large scale, low frequency turbulence. This 
diffusion of vorticity from the turbulent layer is shown 
most clearly in Fig. 4(b). It has also been observed by 
Shlien [9], and it resembles the penetrating convection 
process described by Turner [lo]. However, the 
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FIG. 4. Conditions in the plume mixing layer above a single heated cylinder (Ra, = 9.0 x lo’, H ,/D = 3.8). 

plunging sheets, which have also been observed for 
evaporatively cooled surface layers [ll, 121, were not 
detected. 

Plume behavior is a strong function of the height 
ratio, HI/D, and results are shown in Fig. 5 for ratios of 
3.8 and 2.5. The amplitude and period of the plume 
oscillation decreases with decreasing height ratio, and 
for (HJD) 5 2.5, the oscillation is barely perceptible. 
Moreover, for (HI/D) 5 2.5 there is no longer any 
turbulent mixing or vortex ring formation. Instead, 
following a slight downward deflection, the plume 
moves horizontally in an ordered, streamline fashion. 

Flow conditions have been observed for the array of 
heated cylinders, and the results of Fig. 6 were 
obtained with thymol blue generated at the middle 

three cylinders. For the prescribed conditions (Ra, = 
4 x lo5 and HJD = 3.3) each plume rises to the 
air-water interface, where it spreads horizontally. 
However, the plume motion does not continue to the 
side wall; instead adjoining plumes interact to estab- 
lish a recirculating flow region. In this region fluid, 
which has partially cooled due to heat transfer from 
the air-water interface, descends to approximately the 
level of the cylinders, where it resumes a horizontal 
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FIG. 5. Effect of height ratio on plume behavior: (a) Ra, = 9.2 x 105, H,/D = 3.8: (h) Ru, = 6.4 X 105, 
H,/D = 2.5. 

motion. The recirculating flow can penetrate to the 
sides of the cylinder and interact with the free con- 
vection boundary layer. The net effect is one of 
subdividing the fluid above the cylinders into equiv- 
alent regions (cells) of recirculating flow. Note that, 
although plume oscillations still exist, their amplitude 
is greatly reduced. 

The changes which begin to occur with increasing 
height ratio are shown in Figs. 7 and 8, which 

corresponds to (HI/D) = 4 and (HI/D) = 5, re- 
spectively. The magnitude of the plume oscillation 
increases with increasing height ratio, thereby increas- 
ing the probability of mutual plume interactions 
occurring below the air-water interface. The flow 
resulting from such interactions may take different 
forms. In Fig. 7(a), for example, two plumes originating 
from adjoining cylinders combine to form a single 
ascending plume; while in Fig. 7(b) a bifurcation 

FIG. 6. Plume development and interaction for the array of heated cylinders (Ra, = 4 x I@', HI/D = 3.3). 
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FIG. 7. Plume interactions for the array of heated cylinders (Ra, = 1.7 x lOs, H,/D = 4): (a) Ascending 
flow ; (b) ascending and descending Rows. 

occurs which results in ascending and descending 
flows. In contrast flow resulting from the plume 
interactions may be highly disordered (Fig. 8) and 
characterized by many recirculating regions of varying 
size. The situation may also be such that some of the 
plumes are interacting, while others are rising to the 
interface. 

delineation ofco~djtjons in the test cell is facilitated 
by knowledge of the thermal structure. The vertical 
tem~rature distribution for the single cylinder was 
previously reported [13], and the results were charac- 
terized by a large unstable temperature gradient within 
the first 5 mm of the air-water interface. This con- 
dition has been observed by others [S, l&14], and the 
region has been termed a thermal boundary layer. It 

may be divided into a very thin surface layer, which is 
ap~roximateIy 0.2 mm thick and in which heat transfer 
is dominated by diffusion, and a sublayer in which 
there exists some turbulent mixing. The adjoining 
plume mixing layer, which is lo-20mm thick, is 
characterized by a slightly unstabte temperature gra- 
dient, and the underlying bulk fluid is nearly 
isothermal. 

The thermal structure has been resolved in more 
detail for the array, and representative results are 
shown in Figs. 9 and 10. The temperature distributions 
in Fig. 9 were obtained for two different Rayleigh 
numbers, using fixed therm~oupies arranged on a 
vertical line which was midway between the outer 
cylinder and the test ceII wail. The results of Fig. 10 
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FIG. 8. Plume interactions for the array of heated cylinders (Ra, = 1.9 x 10’. H,!D = 5). 

pertain to a single Rayleigh number and were obtained 

using a traversable probe inserted between cylinders or 
between the outer cylinder and the cell wall. 

As shown in Fig. 10, the water layer may be dlvlded 

into four regions. The thermal boundary layer is 
characterized by a large, unstable temperature gra- 

dient. It consists of a very thin sublayer at the surface, 
in which the temperature distribution is linear, and an 

adjoining sublayer, in which the temperature distri- 
bution is approximately exponential. The temperature 

distribution in the thermal boundary layer is com- 
patible with the existence of convective instabilities 

302 304 306 308 310 
TEMPERATURE (K) 

FIG. 9. Vertical temperature distribution between an outer 
cylinder and the side wall for an array of submerged heated 

cylinders (H,/D = 5). 

inferred from the flow visualization. 
In the plume mixing layer, which is dominated by 

the interaction of plumes with each other and with the 
interface, temperature gradients remain large and the 

temperature reaches a maximum. This maximum has 
also been observed by Chang and Wagner [15] and 
attributed to convective instabilities induced by the 

unstable density gradient in the thermal layer. Its 
existence was confirmed for all space ratios and 
Rayleigh numbers of this study. 

From the bottom of the plume mixing layer to a 

140- 

I 1 I 
300 302 304 306 308 310 

TEMPERATURE (K) 

FIG. 10. Vertical temperaturedistributions betweencylinders 
for an array of submerged heated cylinders (HI/D = 6). 
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position just below the cylinders, the thermal structure 
is characterized by a nearly isothermal core. Con- 
ditions in this region are dominated by plume mixing 
effects, which contribute to maintaining a nearly 
uniform temperature. Stably stratified conditions exist 
in a region which ‘extends from a point which is 
approximately 8 mm (D/3) below the bottom of the 
cylinders to the bottom of the test cell. The existence of 
a stable temperature distribution (Fig. 9) is consistent 
with the fact that no fluid motion was observed in this 
region. 

Although plume deflections and interactions are 
known to increase with increasing height ratio, this 
effect has no influence on the general nature of the 
temperature distribution. The only variation is in the 
relative sizes ofthe four regions. For the smallest space 
ratio considered (HJD = 3), the boundary and plume 
mixing layers occupy most of the region above the 
cylinders, while the isothermal core is confined to a 
region which is slightly in excess of one cylinder 
diameter. For the largest height ratio (Hi/D = 15), 
however, there is little change in the extent of the 
boundary and plume mixing layers, and the isothermal 
core extends over most of the test cell. For all height 
ratios considered the bottom stratified layer has a 
thickness of approximately one cylinder diameter. 

SUMMARY 

The major conclusions of the study are summarized 
as foIlows. 

(1) Laminar flow conditions exist in the cylinder 
boundary layer and in the plume which develops 
above the cylinder. Boundary layer merger occurs at 
the top of the cylinder without separation, and the 
boundary layer thickness and plume width in this 
region are at least 4 mm. 

(2) The plume rising above a single cylinder exhibits 
the regular swaying motion normally attributed to 
buoyant plumes, and the amplitude and period of the 
oscillation increase with increasing height ratio. 

(3) For thesinglecylinder and a height ratio (HI/D) 
2 2.5, interaction of the plume with the air-water 
interface results in a surface mixing layer which is 
approximately 20mm thick and in which cooling 
occurs due to heat transfer across the interface and the 
entrainment of underlying fluid. Turbulent mixing in 
this layer is characterized by the formation of vortex 
rings which penetrate into the underlying fluid. 

(4) Plumes generated by an array of cylinders 
interact in different ways. For (H,/D) 5 4, plume 
interactions occur at the air-water interface, and 
equivalent regions of recirculating A ow are established 
between cylinders (Fig. 6). For (HJD) 2 4, however, 
the plumes may interact before reaching the interface 

to form a single ascending flow or a combination of 
ascending and descending flows. The interactions may 
also result in a highly disordered flow characterized by 
many recirculating regions of varying size. 

(5) The vertical thermal structure is characterized 
by a surface thermal boundary layer having a large 
unstable temperature gradient, a mixing layer in which 
there is a temperature inversion, an isothermal core, 
and a stratified bottom layer in which there is a stable 
temperature gradient. 
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ECOULEMENTS DE CONVECTION NATURELLE AUTOUR DE CYLINDRES 
CHAUDS ET IMMERGES DANS UNE COUCHE D’EAU 

Rkuni - Des visualisations d’&oulement et des mesures de tempirature permettent l’btude des couches 

d’eau peu profondes, chauffkes en bas par des sources cylindriques et refroidies au dessus par l’interface d’air. 

Des exptriences correspondent ;i un seul cylindre horizontal et B une rangCe de cinq cylindres, avec des 
nombres de Rayleigh variant de IO5 i 10h. La couche limite de convection naturelle qui se dCveloppe sur le 

cylindre est laminaire et il n’y a pas de dicollement au sommet du cylindre. Bien que le panache qui s’&ve au 
dessus du cylindre unique est laminaire, son inttraction avec l’interface d’air produit une couche de milange 
turbulent dans laquelle se forment des tourbillons annulaires qui p&&rent dans le fluide sous-jacent. 
L’inttraction des panaches form&s par la rangie de cylindres prend diffbrentes physionomies qui dtpendent 

de la hauteur de la couche. 

AUFTRIEBSSTROMUNGEN AN BEHEIZTEN ZYLINDERN IN 
EINER WASSERSCHICHT ENDLICHER DICKE 

Zusammenfassung - Striimungs-Sichtbarmachung und Temperaturmessungen werden benutzt, urn die 
Verhlltnisse in flachen Wasserschichten zu untersuchen, die von unten durch zylindrische WIrmequellen 
beheizt und von oben an einer Luftoberfllche gekiihlt werden. Es wurden Experimente fiir einen einzelnen 
horizontalen Zylinder und fiir eine Reihe von fiinfzylindern mit Rayleigh-Zahlen im Bereich von lo5 bis 10” 
durchgefiihrt. Die Grenzschicht der freien Konvektion, die an den Zylindern entsteht, ist laminar, und eine 
Vereinigung der Grenzschicht erfolgt an der Oberseite der Zylinder ohne AbIb;sung. Obwohl der Streifen, der 
iiber dem einzelnen Zylinder aufsteigt, laminar ist, erzeugt seine Wechselwirkung mit der Luftoberfllche 
eine horizontal turbulent durchmischte Schicht, in der sich Wirbelringe bilden und in die darunterliegende 
Fliissigkeit eindringen. Die Wechselwirkung der Streifen, die durch die Zylinderreihe erzeugt werden, tritt je 

nach HGhenverhlItnis in unterschiedlicher Form in Erscheinung. 

CBO6OjJHOKOHBEKTMBHbIE nOTOKM, B03HMKAIO~ME HA HAI-PEBAEMbIX 
UMJIIIHAPAX, FIOTPY)KEHHbIX B CJIOfi BOAbI KOHE’JHOti TOJIulIJHbI 

AtuIoTauWR ~~ C noMombK) BHsyaJuisauali TeqeHIifl M H3MepeHsa TeMnepaTyp ACCneAoBanaCb yCflOBHa 

B CJ,OIlX BOAbl He6OJlbmOti TOJIU,HHbl. HarpeBaeMbIX CNIiJy UA_WHApB’SeCKWMW WTO’IHWKaM H OXnaxAa- 

eMblX CaepXy BO3AymHOti rpaHHUefi pa3Aena. 3KCnepHMeHTbI npOBOAWWCb C eAHHIIYHbIM rOpHSOH- 

TanbHblM UHAHHA~OM A c cac_reMok 113 ~RTM UUAHA~OB npe W3MeHeHmi wcna Penea B Akiana3oHe 

OT lo5 A0 lo6. CBO60AHOKOHBeKTHBHblti nOrPaHMYHbIfi CflOfi, pa3BHBaEOLUmk5I Ha UHnlrHApaX, HOCAJI 

JaMHHapHblfi XapaKTep, a CJIRIIHHC flOrpaHR‘IHblX CJEO@B npOWZXOAHfl0 B BepXHefi VaCTH UkiJlHHApOB 

6e3 O-rpbIBa. HeCMOTpn Ha TO. 9TO nOAHUMaH)maRCII HaA eAUHH’IHb,M UHJI‘IHApOM Crpya liMeeT 

,IaMHHapHblii XapaKTep. e& B3aHMOAekrBHe C BO3AyXOM Ha rpaHHI,e palAe,Ia npHBOAHT K o6pasoeaHmo 
rOpA30HTaJIbHOrO Typ6yJIeHTHOrO CJIOR CMeUleHHII. B KOTOpOM o6pa3yiorcn BHXpeBbIe KOJIblla, npO- 

HHKalOIUAe B HHmeJIeX(aLLlHe CJIOH XGiAKOCTU. B3aEiMOAekTBee CTpyir. reHepHpyeMblX CHCTeMOii 

,,k,,‘,&,H,~pOB. npOHCXOAHT HHUM o6pa3oM H 3aBHCkIT OT OTHOmeHHIl BUCOT. 


