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PERIODIC HEAT TRANSFER IN DIRECTLY OPPOSED 
FREE AND FORCED CONVECTION FLOW* 

SHRINIVAS K. NAYAKI" and V. A. SANDBORN + 

(Receired 30 October 1975 and in ret:ised.]orm 12 April 1976) 

Abstract- An experimental study of the heat transfer from small circular cylinders placed horizontal to 
a downward flowing air stream is reported. Based on heat-transfer measurements and flow visualization, 
a model for directly opposed free and forced convection was developed. Three modes of flow were 
observed. For very low velocities the free convection, buoyant plume dominates the heat transfer. At a 
"'Lower critical" Reynolds number, when the free and forced convections are of the same order of 
magnitude, a well defined periodic heat transfer was obtained. The periodic heat transfer was due to 
the build-up of the buoyant forces to a magnitude where they overcame the downward force of the air 
flow. At an "upper critical" Reynolds number the periodic heat transfer abruptly ceases. For velocities 
greater than the upper critical limit the forces due to the air flow dominate. A potential like, laminar sheet 
forms, as a shroud around the thermal layer of the hot cylinder. The average heat transfer from the 
cylinder decreases with increasing Reynolds number for both the case of dominant free convection and 
the periodic heat-transfer regime. The minimum value of the heat transfer occurred at the upper critical 

Reynolds number. 

INTRODUCTION 

INFORMATION on heat transfer, when both free and 
forced convection are important, is limited. One area 
of interest is the use of hot wire anemometers to 
measure the mean and turbulent flows when the vel- 
ocity is directed downward. Flows with strong vortex 
type motion, such as those behind a rearward facing 
step and atmospheric thermal flows, can produce the 
downward motion. For downward flows in the range 
where the free and forced convection are approximately 
equal it has been observed that the heat transfer from 
horizontal cylinders can be less than for the case of 
no flow. 

A study of the gross heat transfer from horizontal 
cylinders in directly opposed free and forced convection 
was reported by Oosthuizen and Madan [1, 2"]. The 
case of the flow about spheres was reported by Pei [3]. 
Analytical analysis for these types of flows is extremely 
difficult. The integral method of Acrivos [4] predicts 
that the Grashof number divided by the square of the 
Reynolds number will be the fundamental parameter. 
Joshi and Sukhatme [5] report an analytical solution 
based on a coordinate perturbation method for the case 
of directly opposed free and forced convection flow. 

The present paper covers an experimental evaluation 
of the flow model and heat transfer from horizontal 
cylinders in directly opposed free and forced convection 
flows. Although difficulties in control of low speed 
downward flows can produce unsteady effects, the 
general phenomenon observed was much larger in scale 
than any flow perturbations. The periodic phenomenon 
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had time periods from 3 to 15s, which is much longer 
than any flow time scales. The periodic phenomenon 
was not foreseen in previous analytical or experimental 
free convection studied. 

MECHANISM OF DIRECTLY OPPOSED 
FREE AND FORCED CONVECTION 

The phenomenon of either free or forced convection 
heat transfer from small cylinders is well documented 
[6]. The case of forced convection can be shown to 
vary with Reynolds, Mach or Knudsen numbers [-7"]. 
For pure free convection a thermal plume is developed. 
As might be expected, it was found that the directly 
opposed force convection restricts the thermal plume 
with the equivalent of a "stagnation point" being 
developed between the two flow systems. 

A small size, low speed, calibration flow facility 
which was developed mainly to calibrate velocity 
transducers was used for the present study [8]. This 
facility is shown in Fig. 1. By careful attention to the 
screens it was possible to develop a uniform flow vel- 
ocity over approximately 9 cm of the oenter of the test 
section. The velocities in the test section could be set 
from approximately l0 to 1500cm/s. In order to 
visualize the phenomenon, cylindrical sticks of "'in- 
cense" were employed. The burning incense produces 
both the heat and smoke for visualization, although it 
was impossible to obtain a uniform burning along the 
length. Limited observations with a crude Schlieren 
system viewing a small (0.001 cm) diameter heated 
cylinder confirmed that the smoke from the incense 
closely identifies the heated air. 

Figure 2 shows typical photographs of the smoke 
patterns obtained for the cylinder normal to the flow. 
Use of the incense stick as a "point" source of heat, 
rather than as a cylinder normal to the flow, is shown 
in the photographs of Fig. 3. The point source produces 
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a better defined, more stable demonstration of the 
flow. The photos shown are for cases where forced con- 
vection was present. Figures 2(a) and 3(a) show typical 
cases where a "'shroud" of heated air, outlined by the 
smoke, was formed downstream of the heat source. For 

these photos [Figs. 2(a)and 3(all the forced convection 
of the downward flowing air is dominant over the 
buoyant force of the heated air. The shroud around the 
point source (Fig. 3a) extends further downstream 
before a vortex "instability" appeared, than is the case 
for the horizontal cylinder (Fig. 2a). The vortex motion 
downstream of the horizontal cylinder produced some 
unsteady motion of the shroud directly around the 
cylinder. 

When the downward air velocity was reduced, a point 
was reached where the buoyant force of the heated air 
caused the shroud to move upward, as shown in 
Figs. 2(bt and 3(by. Once the heated air reaches a 
sufficient height above the heat source it appears to 
break up, as shown in Fig. 2(c). The motion above the 
heat source becomes disorganized and was quickly 
swept downstream by the air flow. A new shroud was 
formed around the heat source and the "bubbling" 
effect repeats in a periodic manner. Further reduction 
of the downward flowing air increases the bubbling 
frequency. At very low velocities the periodic motion 
changes to a "'plume" like upward flow of heated 
smoke. The plume is quite unstable and appears to 
lose its organized motion at small distances above the 
heat source. No doubt the plume motion was extremely 
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scnsitivc to any unsteady motion of the air stream. 
While the visualization of the horizontal c~.lmdcr, ~ a~, 
subject to three-dimensional eft'cots, the basic phenom- 
enon associated with directly opposed free and forced 
con~ ection is demonstrated. 

A number of small cylinders of varying diameter 
from (I.4mm to 0.01 mm were employed to measure 
the heat transfer [9]. Onl;, heat-transfer results I'rom 
the 0.01 mm dia cylinder will be discussed. The effect 
of cylinder length was also in',estigated. A length of the 
order of 8 mm or longer was found to have negligible 
threc-dimensional flow effects for the 0.01 mm cylindcr. 
The cylinders were heated electrically by .loulean hcat- 
ing. and the resistance of the cylinder material w~,s 
measured to determine the cylinder temperature. It se  
of constant temperature or constant current techniques 
[7] to operate the cylinders did not appear to greatly 
alter the heat transfer characteristics [9]. Figure 4 
shows a typical set of voltage outputs vs time, obtained 
for a number ofdifferent velocity settings for a cylinder 
operating at a constant temperature condition. lhb,  
particular set of data at a high cylinder temperature 
~as selected because the periodic effects were the most 
prominent observed in the study. l 'hc constant tcm- 
peraturc was maintained b~ a commercial, fccdback. 
constant temperature anemometer. The heat transfer 
[rom the c~linder is proportional to the square of the 
~ohage. Note that for the low ~clocity traces of Fig. 4 
the heat transfer is less than the free comcction Inu 
flo~ )trace. 

The voltage traces of Fig. 4 became progressively 
more unsteady' with increasing ~ elocity lsce for example 
the U = 16.6cms tracel. In this flow region the free 
convection plume is being impeded by' the do~nward 
flo~. Once the forced convection was strong enough 
the random lluctuations are replaced by periodic heat 
transfer. The frequency of the pcriodic heat transfer 
progressively decreases with increasing downward ~el- 
ocity. At a well defined critical velocity IU = 21.09 cm s 
for the measurements shown on Fig. 4) the periodic 
heat-transfer excursions reach a maximum A slight 
change in the flow. which was too small to recast, re, 
completely stops the periodic heat transfer. Note thal 
the steady heat transfer was the same as the minimum 
of the periodic heat transfer. The heat-transfer rate R~r 
velocities above 21.90 cm..'s progressively increasc. Thc 
high ',elocity traces were steady', similar to the trace 
shov, n for 21.09 cm.s. 

The timc averagcd mean values o1 the Nussclt 
number as a function of Reynolds number is shown 
on Fig. 5 (for the data of Fig. 4). Also shown on the 
insert of Fig. 5 is the variation of the periodic frequency 
with Reynolds number. The Reynolds number was 
based on the flow properties at ambient temperature. 
free stream velocity, and on the cylinder diameter. The 
thermal conductivity of air employed in the Nusselt 
number was based on an average temperature between 
the cylinder and the ambient air temperature. If Hie 
thermal conductivity at ambient air temperature ~erc 
used. the values of Nusselt number would be increased 
by a factor of 2.2. l o r  a 1o~ ~alue of cyiindcr ten> 



(a) Shroud of heated air 

;ated 
,linder 

,,ated 
,linder 

(c) Breakup of the shroud 
above the cylinder 

Air flow downward in all photos 
FIG. 2. Smoke visualization of heat flow from a horizontal cylinder in a downward flowing airstream. 

(a) Shroud of heated air: (bl Shroud moving upward: (cl Breakup of shroud above the cylinder. 

Shroud / H e a t  source 

[a) Shroud of stable heated air (b) Shroud movlng upward 

Air flow downward on all photos 

FIG. 3. Point source of heat in a downward flowing airstream. (a) Shroud of stable heated air; (b) Shroud 
moving upward. 191 
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perature (T = 10TCI, [9], the free convection (no flow) 
Nusselt number,  based on ambient  air temperature,  
has a value of 0.43. The value, Nu = 0.43, agrees closely 
with values reported for hot wire measurements  [7] 
(p. 64). The very high temperature case. shown on Fig. 5, 
has a free convection Nusselt number,  based on am- 
bient air temperature, of 0.82. This higher value of 
Nusselt number  is due to an increase of a factor of ten 
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in the Grashof  number  and also a marked increase ill 
the radiation heat loss. 

The dashed curve shown on Fig. 5 is the s tagnalmn 
heat-transfer variation based on free stream eondition~, 
predicted by Joshi and Sukhatmc [5]. The theoretical 
results of Joshi and Sukhatmc do not indicate the 
increase in heat transfer at the very Iox~. Rc,,nolds 
numbers. The theoretical prediction is strictlx a square 
root of Reynolds number  variation, since the ( i rashof  
over Reynolds number  squared range from 0.04 to tL08 
is too small for the theory to predict a change, lhe  
reasonable agreement between the theoD and Ihc 
tbrced convection dominated region, would appear to 
justin '  the use of the "'film" temperature e,,aluation 
of the thermal conductivity for the measurements.  

The present measurements  sire for Reynolds-. 
Grashof-, and Nusselt-numbers several orders of mag- 
nitude smaller than those reported by Oosthuizen and 
Madan  [2]. The basic characteristic of a minimum in 
the heat transfer at a tinite value of Reynolds number  
is also found by Oosthuizen and Madan.  ] 'hey did not 
report observations of periodic heat transfer. 

FLOV¢ M O D E l .  

The present study identities three basic regimes of 
directly opposed free and forced convection flow. At 
very low velocities the free convection plume dominates 
the heat transfer. As the vclocit> increases, thc effect ivc- 
ness of the pluine on the heal transfer decreases. The 
plunae-air flo~. interaction hecomcs increasingly {111- 
stable, which produces a random fluctuation in the 
heat transfer. At at "'lower critical" Reynolds number  
the downward flow stagnates the plume llm~. l h c  
stagnated hot fluid surrounding the c.,,linder builds up 
with time until the buoyant  force overcomes the force 
of the downward flowing air. Initially the start of the 
periodic heat transfer produces a slight increase in the 
mean heat transfer. As the velocity increases the li'c- 

quency of the periodic heat transfer decreases, and the 
mean heat transfer also decreases. Once the fiov, in- 
creases to the point where the shroud of heated air 
a round the cylinder cannot  build up sufficiently to 
move upward, a minimum heat transfer is obtained 
(upper critical Reynolds numberl.  A vcry stable flow 
condit ion is established at Reynolds numbers greater 
than the upper critical value. This higher flo~ ,,elocity 
decreases the heated shroud and a systematic increase 
in the heat transfer occurs. 

The values of the "'lower critical" and "'upper critical" 
Reynolds numbers  are plotted vs the Grashof  number  
on Fig. 6. The Grashof  number  is based on the free- 
stream viscosity, cylinder diameter  and the temperature 
difference between the cylinder and the air. A minimum 
value of Grashof  and Reynolds number  might be 
indicated from the measurements,  below which the 
periodic heat transfcr will not occur. The change from 
the unsteady plume to the periodic heat transfer pro- 
duced an unccrt~,inty in defining the lower critical 
Reynolds number.  Figure 7 shows the upper and lo~cr 
critical points correlated in terms of Nusseh number  
and (.}rashof number  di,,ided b~ the square of 1he 
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FIG. 6. Limits of the periodic heat transfer 
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FIG. 7. Upper and lower critical Reynolds 
number correlated with Nusselt and 
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Reynolds number. The measurements on Figs. 6 and 7 
are all for the same cylinder, with only the temperature 
being varied. 

The variation of the periodic frequency of the heat 
transfer in terms of the Strouhal number (frequency 
times cylinder diameter divided by flow velocity) vs 
the ratio of the Reynolds number divided by the upper 
critical Reynolds number is shown on Fig. 8. The data 
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for the different temperatures appears to define a single 
curve. The scatter was too great to justify other than 
a linear relation between the Strouhal and Reynolds 
number ratio. 

The present study demonstrates the effect for the 
simplest case of directly opposed flows. During the 
course of the experiments it was noted that slight angles 
of yaw of the cylinder appeared to increase the magni- 
tude of the periodic heat transfer. It is conceivable that 
angles of yaw can produce a more concentrated heat 
plume which will lead to the build up of larger buoyant 
forces. The results demonstrate that downward flowing 
air can produce an insulation effect on the heat transfer 
from horizontal cylinders. Depending on the particular 
flow geometry, the periodic heat transfer could lead to 
major problems. The application of such heat-transfer 
devices as hot wire anemometers must be limited to 
flows where the forced convection is dominant. 

CONCLUSIONS 

It is experimentally demonstrated that a periodic 
heat transfer exists from horizontal cylinders in directly 
opposed free and forced convection flow. A physical 
model, based on the observation of a shroud of heat 
that builds up around the hot cylinder, is proposed 
for the flow. At very low downward flow velocities the 
free convection plume determines the heat transfer. As 
the velocity is increased the plume is impeded to pro- 
duce a periodic bubbling of the heated air. Once an 
upper critical Reynolds number is reached, the periodic 
shedding stops abruptly. The upper critical Reynolds 
number produces the minimum value of heat transfer 
from the cylinder. 
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TRANSFERT DE CHALEI..IR P E R IODIQI .E  DANS t 'N  F C O U L E M E N T  DEi ( O N V E ( I ' I O N  
NATURELLE ET I)F CONVt!CTI()N t OR('I::I! FN OPPOSITION 

Resume On pr,3scntc unc btude exp6rimenhllc du transfcrt de chaleur autour de c.vlindres circulaires dc 
faible diametre places hori:,ontalemcnt clans un ccoulcmcnt d'air descendant. St, r la base de,, mesures dc 
transfert thermiquc et dc la ~isualisation dc I'ccoulement. un modt)le est d6~elopp6 pour la conxcction 
naturelte et la convection forccc en oppo.,,ition dirccte, l ro i s  rcgimc~, d'ccoulement ~,ont observes. Aux 
trcs faibles vitcsses, le transfcrt de chaleur est domino par la con,.eclion nalurellc dans lc sillagc thermique 
Pour un nombrc de Rc.,,nolds "'critique inf,2rieur". Iorsquc la con',cotton uatt, relle et la convection forcce 
sont du m~me ordre de grandeur, un transfert de chalcur p,2riodique bict~ dclini a ~:t~.' obtenu. Lc transfcrt 
de chalcur pcriodiquc cst provoque par lc de~ eloppcment des force.,, dc gra~ it6 qui parx iennent it ~aincre 
la force de l'ecoulement descendant d'air. Pour un nombrc de Reynolds "'critique suwricur",  le transfcrt 
de chaleur periodiquc cessc brutalcment. Aux x iter, scs sup(:rieurcs fi la limitc critique supcricurc. Ic~ forcc~ 
d0cs it l 'ccoulement d'air domincnt. Une nappe laminairc ~cmblablc ~t un ccoulemcnt potcnticl ~,e tbrme 
et enveloppc la couche limitc thermique atnour du c.~lindre chat,d. Le transfert de chalcur rnoyen autour 
du cylindre diminue lorsque le nombre de Reynolds croit ,t la fob, dams Ic cas i~ conxection naturellc 
dominantc et dans le cas du regime thcrmique p(~riodique. L-:t xaleur minimalc du transfert de chalcur se 

produit pour le nombrc de Reynolds critique supcrieur. 

PERIODISCHER W A R M E O B E R G A N G  BEI DIREKT E N T G E G E N G E R I C H T E T E R  
FRE1ER U N D  E R Z W U N G E N E R  K O N V E K T I O N S S T R ( 3 M U N G  

Zusammenfassung Es wird fiber eine expcrimentellc Untersuchung des WarmeiJbergangs xon kleinen. 
horizontal angeordneten Zylindern an cine abw~irts gerich!etc LuflstrSmung berichtet. Auf der Grundlage 
yon W~irmeiJbergangsmessungen und der Sichtbarmachung dcr Str6mung wurdc ein Modell fiJr direkt 
entgegengerichtete, freie und erzwungene Konvekt ionss t r6mungen entwickelt. Die StrSmungsformen 
wurden beobachtet. Bet sehr geringen Geschwindigkeiten iJberweigt der WfirmeiJbergang durch die yon 
der freien Konvektion bedingten Auftriebsstrismung. Bet einer "unteren kritischen'" Reynolds -Zahl, bet 
der die freie und die. erzwungene Konvektion xon der gleichen Gr613cnordnung sind. wurde deutlich 
ein periodischer WkirmeiJbcrgang beobachtet. Dcr periodische Warmei.ibergang wurde xerursacht durch 
das Anwachsen der Auftriebskr~te. bis diese die Krfifte der abwS.rts gerichteten LuflstrSmung i.ibersteigen 
Bet einer "oberen kritischen'" Reynolds-Zahl  bricht der periodische W~irmei.ibergang abrupt ab. FiJr 
Geschwindigkeiten oberhalb dieser oberen kritischen Grcnze ~iberwiegen die KrS.ftc infolge der Luft- 
strbmung. Es bildet sich eine potentialartige, laminate Schicht als Mantel um die thermische 
Grenzschicht des heigen Zylinders. Der mittlere Whrmei.ibergang am Zylinder nimmt sowohl fi]r den 
Fall der i.iberwiegend freien Konvektion wie for den Fall des periodischen Verhahens mit zunehmender  

Reynolds-Zahl ab. Der minimale W~irmei.ibergang trat bet der oberen kritischen Reynolds Zahl auf. 

f lEPFIOj2HqECKHITI H E P E H O C  T E H f I A  B H O T O K E  flPId HPOTHBOFIOf IO)KHO 
HAFIPABYIEHHblX CBOBO~HOI71 14 BbIHY)K~EHHOIT1 K O H B E K U H I d  

~lnloTauRg - -  j.q, OK,qaz2 CO~,ep>KHT pe3yJIbTaTbl 9KcnepHMeHTanbroro Hcc;~eaoaaHnfl nepeHoca Te[i.aa 
OX ne60~bUmX un~anapOB npyrnoro  ce~ennfl K HaCXOa~meMy BO311yLUHOMy HOTOK3,. Ha ocnoae 
a3Mepenafl nepenoca Tenna n an3ya.an3aunn noToKa, pa3pa60raua  MOaenb ~ 'm onncann~ xeqenna 
npn npoTnaono.qo~no nanpaafleHno~ CBO~O~'1HOH H abmy~ztenno~ KouaeKunn. Ha6mo~amrcf l  Tpfd 
Bn/la TeHenas. ~JI~ o'~eHb HHBKHX cnopocTefi (fla.]enne CBO60/lHOia KOHBeKHHH) CBO60~IHO-KOHBeKTHB- 
Haft CTpyl:lKa oKa3blBaeT .~OMHHHpyFomee B;1HflHHe Ha [lepeHoc TeH.rla. 1]pH ((CaMOM HH3KOM KpHTH- 
'IeEKOM>> ,~nC;-le PeflHO;lb~,ca, Kor~la CBO60,aHafl it BblHyYg/leHHafl KOHBeKLIHfl cpaBHI, IMbl HO nopfl~lKy 
Be.rlHHHH, rlO.tlyqeH yCTaHOBl, IBmni~¢~ nepHoflHqecKH~i nepeHoc Ten,qa. I]OEJ]e~IHH~ ooy¢.qOB£1eH 
HapacTaHHeM BbITa.qKHBaH3ulHx CH.q ,:1o Be.qH~IHHbl, npeBblUJatoLuei~ rpa~neHT flflBJleHH~ llncxo~qIllIlero 
Bo3hyWHOFO nOTOKa. ]-[QH ((BblCOKOM KpHTHHeCKOM>~ ~Hc.qe Pe~HO.3b.~ca nepHo3HqecKH~ nepeHoc 
xen.~a pe3Ko npeKpatuaeTc~. ~ 3 n  cKopocTefi ab[tue BepxHero KQHTHqeCKOFO r[pe~e_~a -2OMHHHpy- 
~ m e e  B.'IH~IHHe HMeK)T CH.qbl, o(Syc,qOBJ1eHHble BO3~2ylIIHblM rlOTOKOM. FlotlO~HO nOTeHtiHa.qbHOMy 
O6TeKaHH~, o6pa3yeTcg ~aMHHapHb~fi C.~Ofi ~aK 3KpaH BOKQ~[ Ten:loBoro norpaHHHHOFO C~1Oa Ha 
ropflqeM LIHn~H~lpe. Cpe~HHfi KO~bI~)HLII4eHT nepeHoca Ten~a OT HH.qHH.qpa yMeHbIHaeTcfl C yBe.qn- 
~eHHeM HHcJIa PeflHOnb,~ca, KaK npn ~OMHHHpylottlei~ CBO~O~HO~ KOHBeKUHH, TaK H HpH ~epHo/~H- 
tleCKOM pe~nMe nepeHoca ren.aa. MHHHMa:qbHblfi llepeHoc ten+Ta !dMe~T MeCTO [IDH <(BbICOKOM 

I':p~ITHtleclcOM>> qHc~e PefiHO.'lb~qCa. 


