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PERIODIC HEAT TRANSFER IN DIRECTLY OPPOSED
FREE AND FORCED CONVECTION FLOW*
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(Received 30 October 1975 and in revised form 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 frec 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 fiow.

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 1Ss, 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 center of the test
section. The velocities in the test section could be set
from approximately 10 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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Fia. 1. Low speed flow facility.

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 typicat
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(a)] 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(b) and 3(b). Once the heated air reaches a
sufficient height above the heat source it appears to
break up, as shown in Fig. 2(¢). The motion above the
heat sourcc 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

sensitive to any unsteady motion of the air stream.
While the visualization of the horizontal cylinders was
subject to three-dimensional effects. the basic phenom-
enon associated with directly opposed free and forced
convection i1s demonstrated.

A number of small cylinders of varyving diameter
from 0.4mm to 0.0 mm were employed to measure
the heat transfer [9]. Only heat-transfer results from
the 0.00 mm dia cylinder will be discussed. The effect
of cvlinder length was also investigated. A length of the
order of §mm or longer was found to have negligible
three-dimensional flow effects for the 0.01 mm cylinder.
The cylinders were heated electrically by Joulean heat-
ing. and the resistance of the cyvlinder material was
measured to determine the cylinder temperature. U'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 of different velocity settings for a cylinder
operating at a constant temperature condition. This
particular set of data at a high cylinder temperature
was selected because the periodic effects were the most
prominent observed in the study. The constant tem-
perature was maintained by a commercial, feedback.
constant temperature anemometer. The heat transfer
from the cylinder is proportional to the square of the
voltage. Note that for the low veloeity traces of Fig. 4
the heat transfer is less than the free convection (no
flow) trace.

The voltage traces of Fig. 4 became progressively
more unsteady with increasing velocity (see for example
the U = 16.6 cm’s trace). In this flow region the free
convection plume is being impeded by the downwuard
flow. Once the forced convection was strong enough
the random fluctuations are replaced by periodic heat
transfer. The frequency of the periodic heat transfer
progressively decreases with increasing downward vel-
ocity. At a well defined critical velocity (U = 21.09¢m s
for the measurements shown on Fig. 4) the periodic
heat-transfer excursions reach a maximum. A shght
change in the flow. which was too small to measure,
completely stops the periodic heat transfer. Note that
the steady heat transfer was the same as the minimum
of the periodic heat transfer. The heat-transfer rate for
velocities above 21.90 cm:s progressively increase. The
high velocity traces were steady, similar to the trace
shown for 21.09 cm-s.

The time averaged mcan values of the Nusselt
number as a function of Reynolds number is shown
on Fig. S (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 emploved in the Nusscht
number was based on an average temperature between
the cylinder and the ambient air temperature. If the
thermal conductivity at ambient air temperature were
used. the values of Nusselt number would be increased
by a factor of 2.2. For a low value of cylinder tem-



(a) Shroud of heated air

_Heated
cylinder

Heated
cylinder

Heated
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(b) Shroud moving upward

(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: (b) Shroud moving upward: (c) Breakup of shroud above the cylinder.

Shroud i Heat source

(a) Shroud of stable heated air (b) Shroud moving upward

Air flow downward on all photos

F1G. 3. Point source of heat in a downward flowing airstream. (a) Shroud of stable heated air; (b) Shroud
moving upward.
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F1G. 5. Heat transfer from a horizontal cylinder in a down-
ward airflow. Diameter 0.01 mm, temperature 1066°C.

perature (T = 107°C), [9], the free convection (no flow)
Nussclt number. based on ambient air temperature,
has a value 0f 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-
bicnt air temperature. of 0.82. This higher value of
Nusselt number is due to an increase of a factor of ten

in the Grashof number and also a marked increase in
the radiation heat loss.

The dashed curve shown on Fig. 5 is the stagnation
heat-transfer variation based on free stream conditions
predicted by Joshi and Sukhatme [5]. The theorctical
results of Joshi and Sukhatme do not indicate the
increase in heat transfer at the very low Reynolds
numbers. The theoretical prediction is strictly a square
root of Reynolds number variation. since the Grashof
over Reynolds number squared range from 0.04 10 0.08
is too small for the theory to predict a change. The
reasonable agreement between the theory and the
forced convection dominated region. would appear to
justify the use of the "film™ temperature evaluation
of the thermal conductivity for the measurements.

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

FLOW MODEL

The present study identifies 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 velocity increases, the effective-
ness of the plume on the heat transfer decreases. The
plume-air tlow interaction becomes increasingly un-
stable. which produces a random fluctuation in the
heat transfer. At a “lower critical”™ Reynolds number
the downward flow stagnates the plume flow. The
stagnated hot fluid surrounding the cylinder builds up
with time until the buoyant force overcomes the foree
of the downward flowing air. Initially the start of the
periodic heat transfer produces a shght increase in the
mean heat transfer. As the velocity increases the fre-
quency of the periodic heat transfer decreases, and the
mean heat transfer also decreases. Once the flow in-
creases to the point where the shroud of heated air
around the cylinder cannot build up sufficiently to
move upward, a minimum heat transfer is obtained
{upper critical Reynolds number). A very stable flow
condition is established at Reynolds numbers greater
than the upper critical value. This higher flow velocity
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 transfer will not occur. The change from
the unsteady plume to the periodic heat transfer pro-
duced an uncertainty in defining the lower cntical
Reynolds number. Figure 7 shows the upper and lower
critical points correlated in terms of Nusselt number
and Grashof number divided by the square ol the
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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 CHALEUR PERIODIQUE DANS UN ECOULEMENT DE CONVECTION
NATURELLE ET DF CONVECTION FORCEE FN OPPOSITION

Resume  On présente une Stude expérimentale du transfert de chaleur autour de cylindres cicculaires de
faible diametre placés horizontalement dans un ¢coulement d'air descendant. Sur la base des mesures de
transfert thermique et de la visualisation de I'Ceoulement. un modele est developpe pour la convection
naturelle et la convection forc¢e en opposition directe. Trois régimes d'écoulement sont observes. Aux
tres faibles vitesses. le transfert de chaleur est dominé par la convection naturelle dans le sillage thermique
Pour un nombre de Reynolds “critique inférieur™, lorsque la convection naturcle et la convection forece
sont du méme ordre de grandeur. un transfert de chaleur periodique bien defini a ¢t¢ obtenu. Le transfert
de chaleur périodique est provoqué par le développement des forces de gravite gui parviennent i vaincre
la force de I'écoulement descendant d-air. Pour un nombre de Revnolds “critique supéricur™ le transfert
de chaleur périodique cesse brutalement. Aux vitesses supéricures i la limite critigue supérieure, les forees
dues a I'écoulement d’air dominent. Une nappe laminaire semblable @ un ¢coulement potentiel se forme
et enveloppe la couche limite thermique autour du cylindre chaud. Le transfert de chaleur moyen autour
du cylindre diminue lorsque le nombre de Reynolds croit & la fois dans le cas @ convection naturelle
dominante et dans le cas du régime thermique périodique. La valeur minimale du transfert de chaleur se
produit pour le nombre de Revnolds cnitique superieur.

PERIODISCHER WARMEUBERGANG BEI DIREKT ENTGEGENGERICHTETER
FREIER UND ERZWUNGENER KONVEKTIONSSTROMUNG

Zusammenfassung Es wird uber cine experimentelle Untersuchung des Warmeubergangs von kleinen.
horizontal angeordneten Zylindern an cine abwarts gerichtete Luftstromung berichtet. Auf der Grundlage
von Warmelibergangsmessungen und der Sichtbarmachung der Stromung wurde ein Modell fir direkt
entgegengerichtete, freie und erzwungene Konvektionsstromungen entwickelt. Die Stromungsformen
wurden beobachtet. Bei sehr geringen Geschwindigkeiten uberweigt der Wirmeubergang durch die von
der freien Konvektion bedingten Auftriebsstromung. Bei einer “unteren kritischen™ Reynolds -Zahl, bei
der die freic und die erzwungene Konvektion von der gleichen Groflenordnung sind. wurde deutlich
ein periodischer Warmeubergang beobachtet. Der periodische Warmeubergang wurde verursacht durch
das Anwachsen der Auftriebskrafte. bis diese die Krafte der abwarts gerichteten Luftstromung ubersteigen.
Bei einer “oberen kritischen™ Reynolds-Zahl bricht der periodische Wirmeubergang abrupt ab. Fur
Geschwindigkeiten oberhalb dieser oberen kritischen Grenze Uberwiegen die Krafte infolge der Luft-
stromung. Es bildet sich eine potentialartige, laminare Schicht als Mantel um die thermische
Grenzschicht des heiflen Zylinders. Der mittlere Warmeubergang am Zylinder nimmt sowohl! fur den
Fall der uberwiegend freicn Konvektion wie fur den Fall des periodischen Verhaltens mit zunehmender
Reynolds-Zahl ab. Der minimale Wirmetibergang trat bei der oberen kritischen Reynolds Zahl auf.

NEPUOAMYECKHUN MEPEHOC TEIJIA B TNOTOKE MPU TTPOTUBOITOJIOXHO
HATIPABJIEHHBIX CBOBOJHONM U BLIHYXAEHHOWM KOHBEKLMU

AnsoTauns — Jok.;1aa cOAEpXHT PelyNbTaTel IKCNEPUMEHTAILHOTO MCC/IEA0BAHUA (1EpEHOCa Tella
OT HeOONBUMX UMIHHAPOB KPYTNOTo CeYEHHWs K HUCXOASLIEMY BO3OYWHOMY NOTOKy. Ha ocHose
H3IMEPEHHH nMepeHoca Tenna u BU3ya IH3auMM NoToka, pa3ipaboraHa MoOa€/1b il/IA ONMUCAHHA TEYEAHS
NpH NPOTHBOMO IOKHO HaNpaBneHHON ¢BOBOHON M BhIHYKIEHHON KOHBekuMH. Habnroaarores Tpu
BHNa TeueHus. s O4eHb HHIKHX CKOPOCTEH (sBIeHHE CBOOOAHOM KOHBEKLIMM) CBOBOIHO-KOHBEKTHB-
Hasl CTPyAKa OKa3bIBAET JIOMHHHpYIOLIEE BIUAHHE HAa MepeHoc Tenna. [Ipd «caMoM HU3KOM KpUTH-
yeckoM» yucie PediHosbAca, xoraa ¢BOOOAHAS W BbIHYXKiEHHAA KOHBEKUHA CPABHMMB! [10 MOPAIKY
BEJIMYMH, TOJYYEH YCTAHOBUBLUIMHCA TNEPUOIMMECKHH neperoc Teraa. [locneanu#t obycrnosnex
HapacTaHHWEM BbITAIKUBAIOWMX CH.1 JO BETHYHHBI, NPEBbILLAIOLIEH TPAIHEHT 1aBJIEHUS HUCXOAAILEr O
BO3AYWHOro NoToka. IIpH «BbLICOKOM KPHTH4ECKOM» uuc1e PeifHobIca NepHoIUUCCKHIl NMEPEHOC
Tenaa pe3ko mnpexpataeTcs. 18 CKOPOCTEH Bbillle BEPXHETO KPUTHUYECKOTO fipeiae’a JOMBHMPY-
oLLi€e BIHSHHE MMEKOT CHAbl, 00YC/10BNEHHbIC BO3IYILHBIM NOTOKOM. [M0a00HO NmoTeHUHaILHOMY
obTexaHuIo, 0Opa3yeTcs TaMHHAPHBIA CIOM KaK IKPaH BOKPYr TEMIOBOTO MOTPAHUYHOTO C/I0A HA
ropadem uundHape. CpeaHnit xo3ddUUMEHT nepeHoca Tenaa OT UWTHHAPA YMEHbILAETCA ¢ YBEIU-
yeHueM uucna Pefinosibaca, Kak NpM JOMHHWPYlOLLEH CBOOOAHOH KOHBEKUWH, TaK M MPH MEPUONH-
4YEeCKOM peXHMeE nepeHoca Tenta. MHHUMAnbHbLIH [IEPEHOC TEn.Ja HMEET MECTO MPU «BBICOKOM
KPUTHYCCKOM» yucne PeliHoIbaca.



