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Abstract—Measurements are described of local heat transfer by free convection under steady state
conditions around a 2-in o.d. circular cylinder mounted with its axis horizontal in an isothermal
large enclosure, at several levels of wall temperature ranging from about 20°F below ambient, to about
80°F above ambient.

Helium was injected through the porous wall of the cylinder into the boundary layer at a uniform
rate per unit area of outside cylinder surface, in the range 1-00-7-50 1b,,/h ft2.

Analysis of the results showed that when the convective heat flux is zero, the wall temperature, in
this case termed the adiabatic wall temperature, was higher than ambient temperature by up to 190°F,
depending upon the location around the cylinder, and the helium injection rate. This phenomenon, so
far unreported in free convection, is similar to the findings in references [1, 2], and hence is due to the
diffusion thermo-effect.

The local heat-transfer coefficient was defined in terms of the adiabatic wall temperature, and
determined to be essentially independent of the temperature difference between wall and ambient. At the
lower stagnation point, its value increased rapidly with injection, but then levelled off to an almost
constant value when the injection rate exceeded about 2 lby/h ft®. At a given injection rate, the heat-
transfer coefficient decreased from a maximum value at the lower stagnation point to a minimum value
at the upper stagnation point.

At a given location on the cylinder circumference, the adiabatic wall temperature increased steadily
as the injection rate increased. At a given injection rate, the adiabatic wall temperature increased from
a minimum value at the lower stagnation point to a maximum value at the upper stagnation point.

The body forces at work in the binary boundary layer are discussed in their importance on heat

transfer.
NOMENCLATURE ks, thermal conductivity of stainless steel
b, thickness of stainless steel porous shell shell;
0:032 in; m, mass injection rate of helium per unit
Cp, specific heat of helium at constant area of outside cylinder surface;
pressure; qw, heat flux by free convection, equation
d, outside diameter of cylinder = 2 in; (1);
h, coefficient of heat transfer by free qrs net heat flux, by radiation, equation (2);
convection, equation (4); ge, heat flux by circumferential conduction,
k, thermal conductivity; equation (3);
r, outside radius of cylinder = 1 in:
*. Corpmunicagion from the Heat Transfer Laboratory’ g:’ tiim%erqture ’ i .
University of Minnesota, Minneapolis 14, Minn. @ adiabatic wall temperature at which
This research was mainly supported by the U.S. Air quw = 0;
Force through the AFOSR of the ARDC under contract Te, temperature of helium inside cylinder;
number AF 49(638)-558. ) Ts, temperature of the inside surface of the
CoTr nCiIl:rrer;s% Project Engineer, Corning Glass Works, enclosure;
IResgéarcfl .Assistant, Department of Mechanical 6, angle measured from radius through

Engineering, University of Minnesota.
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lower stagnation point, Fig. 2.
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Subscripts
W, cylinder outside wall;
oo,  ambient, inside the enclosure and far

away from cylinder wall.

1. INTRODUCTION
SIMULTANEOUS transfer of mass and heat from a
surface take place in many engineering applica-
tions, as for example in the ablation cooling
of missiles and re-entering space vehicles. Recent
measurements of forced convection heat transfer
with helium injection into a boundary layer {1, 2],
showed a strong coupling between the transport
of heat and the transport of helium, or diffusion
thermo-effects in the boundary layer. However,
no experimental or theoretical analyses to
investigate such effects in free convection exist
to date. Hence the following experimental
investigation was undertaken at the Heat Transfer
Laboratory to initiate research in this direction.

2. APPARATUS AND METHOD

The model was in the form of a 2-in o.d.
circular cylinder, with a 0-032-in thick porous
shell woven from stainless steel wire. The shell
was lined with fiber glass filter paper to a
thickness of 0-3 in approximately. Fig. 1 shows
details of the model construction and instru-
mentation.

The model was mounted with its axis hori-
zontal in an approximately isothermal large
enclosure in the form of a double walled steel
cylinder, 2 fti.d., and 4 ft high as shown in Fig. 2.
Helium from a bank of twenty bottles was heated
or cooled to the desired temperature level by
passing it through an electric heater and/or a
cooler. 1t was then discharged into the interior
of the model, where its temperature was measured
by the thermocouples indicated in Fig. 1.
Finally, the helium escaped through the model
porous wall into the adjacent boundary layer.
Its temperature in leaving the model surface is
assumed to be identical with the temperature of
the outside model surface. This latter temperature
was measured by iron—constantan thermocouples
welded to the inside of the stainless steel shell,
on the assumption that any temperature differ-
ences across the thin shell is negligible. The above
pair of assumptions have been justified in [3].

The helium injection process, described above,
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created concentration and temperature gradients
across the boundary layers around the cylinder.
Both gradients simultaneously contributed to the
transfer of heat and to the transfer of mass
throughout the boundary layer, according to the
laws of thermodynamics of irreversible processes,
e.g. [4].

The local heat flux exchanged between model
and boundary layer by free convection is deter-
mined by applying the first law of thermodyna-
mics to the open system shown in Fig. 3, with
the result

(D

in which ¢, and g, are small corrections due to
radiation and circumferential heat conduction
respectively, and are given by:

gr = eo(TH — TH @
ge = — ksb(d®Tu/d6®)/r". €)

By measuring #1, T, Tw and T; the local
convective heat flux was computed from
equation (1). The emissivity of the porous shell
was determined by measurement to be 0-46.

qw = mCp(Te — Tw) — gr — qc

3. EXPERIMENTAL PROCEDURE
The helium mass flow rate per unit area was
fixed at a certain value, and the helium tempera-
ture inside the model was adjusted to several
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levels, at each of which the wall temperature
distribution was read, as well as T and Ts. In
this way sufficient data were taken to determine
the heat flux distribution around the cylinder at
several levels of wall temperature, but at the same
injection rate.

The above procedure was repeated for other
values of the helium injection rate. In deter-
mining the heat flux, »1 was assumed to be
uniform over the model surface. This assumption
was determined to be correct within +4 per
cent [3].

The ambient temperature 7o, away from the
model surface was measured by two shielded
thermocouples located inside the enclosure.
Their readings agreed within +0-3 degF, and
their average was always used in the subsequent
calculation. The temperature T of the inside wall
of the enclosure was measured by two thermo-
couples taped to the wall. Their readings agreed
within £-0-1 degF.

All readings were taken, after steady state
conditions had been satisfactorily established
by observing successive readings of a particular
thermocouple and verifying that they did not
show a variation of more than 0-1 degF during
15 min intervals. Steady state was usually
established after about 90 min for the smallest
injection rate, and about 45 min for the highest
injection rate. The data were taken at different
days and reproducibility was checked occasion-
ally.

4. RESULTS AND DISCUSSION

Measurements were taken at each of three to
eleven different wall temperature levels for each
of the six different helium injection rates indi-
cated in Table 1 as cases 1 to 6. In each of the
six cases, m, T and T changed slightly from one
run to another, and so the values indicated in the
table are the mean of ail the runs constituting
one particular case. The variations from the mean
in each case are indicated in the table.

The distribution of T, around the circumfer-
ence of the cylinder is shown in Fig. 4 for two
runs in case 1, and one run in case 6. Similar
distributions for all other runs were obtained.

A. Heat transfer at the lower stagnation point
From the measurements, the convective heat
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Table 1

Number of m T, T,

Case temperature levels (Iby/h ft?) ("F) ( F)
i 7 1-00 + 1 per cent 659 + 4 651 = 4
2 3 1-49 -+ 1 per cent 772 +£3 783 -3
3 11 199 -+ 1 per cent 7 42 707 =2
4 8 3:99 |- 0-7 per cent 72:4 - 4 719 -4
5 4 6-00 4 05 per cent 762 + 2 777 -2
6 4 7-50 4 0-3 per cent 776 -+ 3 795 + 4

50 ] T T T The first conclusion is quite different

& CASE 1, POSITIVE @,
40}— © CASE I, NEGATIVE ¢,

o CASE 6, NEGATIVE ¢,

3OM

w 20— —
Q
l\s
I 10— —
K r
or —]

- dm.

I I | l |
0O 30 60 90 120 150

8

F1G. 4. Distribution of wall temperature.
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flux at the lower stagnation point was computed
with equation (1), and the results are presented
in Fig. 5 for all cases 1 to 6. Two conclusions may
be immediately made, concerning the relation-
ship between g,, and T, at a given injection rate:

(1) The heat flux is a linear function of the
difference between wall temperature and
ambient temperature.

(2) The heat flux does not vanish when the
wall temperature is equal to the ambient
temperature. On the contrary, ., vanishes
when Ty, is higher than Tx by up to 89
degF depending upon the injection rate.

from other known cases of free convection,
where g, varies as some power of (T -~
Tw) greater than unity, usually 5/4 or 4/3
power.

The second conclusion is also contrary to
heretofore reported observations in free con-
vection, in which g, vanishes whenever T, == T..
However, it is similar to observations in forced
convection, with helium injection into a low
speed turbulent boundary layer [1, 2], where it
was shown that the phenomenon must be due to
thermo diffusion. Hence diffusion thermo-effects
are also responsible for this apparent anomaly
observed in free convection.
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Fi1G. 5. Heat flux at lower stagnation point.
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Denoting the wall temperature at which the
convective heat flux vanished by 7, the adiabatic
wall temperature, it is possible to define a heat-
transfer coefficient by

Gqw =— ]?(Tw - Ta,). (4)

Since g, varies linearly with (T, — T,) at a
particular injection rate, £ has a constant value
independent of T, and equal to the slope of the
various straight lines in Fig, 5. Again, the fact
that # is independent of wall temperature level
is contrary to the known cases of free convection
in which % increases with Ty, according to some
power of (I'y — Tw), usually 1/4 or 1/3.

From Fig. 5, the value of / at each injection
rate was computed, and also (7, — Tx) deter-
mined. The results are presented in Fig. 6.
As the helium injection rate increased, the heat-
transfer coefficient increased rapidly at first, and
then became almost constant for injection rates
higher than about 2 iby/h ft2. However the
adiabatic wall temperature increased steadily
with injection. Similar trends are evident by
inspection of the dimensionless presentation of
the dependence of the heat-transfer coefficient
and the adiabatic wall temperature on the helium
injection rate shown in Fig. 7.
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Fig. 6. Effect of injection rate on heat-transfer
coefficient and adiabatic wall temperature at lower
stagnation point.
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The injection of helium into a boundary layer
tends to make the mixture with air lighter than
the ambient air. This effect alone creates a
buoyancy force which produces an upward
motion in the boundary layer. Heating or cooling
of the boundary layer will also contribute to the
density variation in the boundary layer and in
this way to the body forces. Hence two effects
were at work in the present measurements,
the effect due to the presence of a gas lighter than
air such as helium in the boundary layer and the
effect due to reduction of density by heating
above ambient temperature. They aided each
other when T, was higher than T, and opposed
each other when T was less than 7. The latter
effect appears to be negligible with respect to
heat transfer as compared with the former, since
the heat-transfer coefficient at a particular angle
6 was shown to be insensitive to positive or
negative values of (7, — Tw), even at injection
rates as small as 1 lbp/h ft2; and since, on the
other hand, it increased from 1 to 2 Iby,/h ft2, due
to increased buoyancy force when more helium
was injected into the boundary layer.

It is known that the injection process tends to
increase the thickness of the boundary layer and
hence introduces more resistance to convective
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heat exchange, with a resulting drop in heat-
transfer coeflicient. This trend apparently worked
opposite to the trend of improvement of heat-
transfer coefficient due to increased buoyancy
forces. Hence, beyond a certain injection rate,
the two effects apparently balance each other
and the heat-transfer coefficient will remain
constant, This might explain the fact observable
in Fig. 6 that # reaches constant value when
exceeded approximately 2 lbp/h ft2.

B. Heat-transfer distribution

By a procedure similar to that explained above
for the lower stagnation point, the local heat flux
was computed at all cases of injection, and at all
locations around the cylinder. Typical results
are presented in Fig. 8 for the upper stagnation
point. Again the independency of the heat-
transfer coefficient of wall temperature level,
and the existence of an adiabatic wall tempera-
ture which is higher than the ambient tempera-
ture by up to 190 degF are evident. From figures
such as Fig. 8 but constructed for the other
circumferential locations, the distributions of
the heat-transfer coefficient and of the adiabatic
wall temperature around the cylinder circum-
ference were determined. The results are pre-
sented in Figs. 9a and b, and 10. Although in
some cases the cylinder wall was colder than
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FiG. 8. Convective heat flux at upper stagnation
point.
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ambient temperature by up to 20 degF, the heat-
transfer coefficient at the lower stagnation point
was always higher than that at the upper stagna-
tion point. This is obviously a consequence of the
fact that the buoyancy force due to helium
injection, which has an upward direction, is the
dominant one.

The heat-transfer coefficient decreased from a
maximum value at the lower stagnition point
to a minimum value at the upper stagnation
point. The reduction is about 50 per cent for
cases 1, 2, 3, and 4, but is much larger in cases
5 and 6, being about 80 per cent. In these two
latter cases, the distribution resembles the
familiar one around a solid wall cylinder in free
convection.

The adiabatic wall temperature shown in
Fig. 10, increases from a minimum value at
the lower stagnation point to a maximum at the
upper stagnation point. This increase is par-
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ticularly pronounced in cases 5 and 6, and its
magnitude is similar to the drastic drop in heat-
transfer coefficient from the lower to the upper
stagnation points observed earlier for the same
cases. At a particular location on the cylinder,
the adiabatic wall temperature increased as the
helium injection rate increased.

5. SUMMARY AND CONCLUSIONS

Local heat transfer by free convection was
measured around a circular cylinder mounted
with its axis horizontal in an isothermal
enclosure. Helium was injected through the
porous cylinder wall into the adjacent boundary
layer, at six different mass injection rates, and
at various levels of wall temperature at each
injection rate. It was found that, when the con-
vective heat flux defined by (1) vanished, the wall
temperature, under this condition termed the
adiabatic wall temperature, was higher than
the ambient temperature by up to 190 degF,
depending upon location around the cylinder
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Fie. 10. Distribution of adiabatic wall temperature.

and on helium injection rate. Similar phenomena
were reported in other cases of helium injection
[1, 2], and were shown to be due to diffusion
thermo-effects.

In terms of the adiabatic wall temperature, a
local heat-transfer coefficient was defined. Its
value was found to be independent of the
difference between wall temperature and ambient
temperature, in the range of injection rates of
these measurements.

Two effects contribute to the body forces
acting on the fluid in the binary boundary layer
during the experiments, the density changes
caused by temperature differences in the bound-
ary layer; and the reduction in density in the
boundary layer with helium injection.

Since at a given injection rate, the local heat-
transfer coefficient was found to be independent
of the temperature difference between wall and
ambient, and its value at the lower stagnation
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point was always higher than at the upper
stagnation point whether heating or cooling
occurred, the temperature differences must have
a negligible effect on the heat transfer.

At the lower stagnation point, the heat-transfer
coefficient increased rapidly with the helium
injection rate, but then leveled off to a constant
value when the injection rate exceeded about
2 Ibp/h ft2. In this latter case, it seems that the
tendency to improve the heat transfer by stronger
buoyancy forces due to increased helium
injection, just balances the tendency to decrease
the heat transfer due to the thickening of the
boundary layer as more helium was injected.

At a given injection rate, the heat-transfer
coeflicient was a maximum at the lower stagna-
tion point, and decreased to a minimum at the
upper stagnation point. In this respect, the
distribution of the heat-transfer coefficient is
similar to that in free convection from a solid
wall cylinder at a temperature higher than
ambient. The adiabatic wall temperature on the
other hand increased from a minimum value at
the lower stagnation point to a maximum value
at the upper stagnation point.

Due to the large excess of adiabatic wall
temperature over the ambient temperature found
in the present measurements, heat fluxes to the
wall can take place when its temperature is less
than ambient temperature with a magnitude
equal to or even greater than the heat flux in the
case of zero injection. Hence helium injection
seems to be of dubious value as a means of
reducing heat transfer by free convection to a
surface.
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Résumé—On décrit ici des mesures de transmission de chaleur locale due a la convection libre en
régime permanent autour d’un cylindre circulaire de 5 cm de diamétre, placé horizontalement dans
une enceinte isotherme, pour plusieurs niveaux de température de paroi s'échelonnant de 11°C a
45°C au-dessus de la température ambiante.

A travers la paroi poreuse du cylindre on injecte de I'hélium dans la couche limite, & débit con-
stant par unité de surface extérieure du cylindre (compris entre 5 ¢t 38 kg/h.m.).

L’étude des résultats montre que lorsque le flux de chaleur convectif est nul, la température de paroi,
appelée dans ce cas température de paroi adiabatique, est supérieure a la température ambiante
d’une valeur pouvant atteindre 100°C, selon la position sur le cylindre et le taux d’injection ’hélium. Ce
phénomene jamais relaté en convection libre est similaire & ceux des références [1, 2] et est diici a un
effet thermique de diffusion.

Le coefficient local d’échange thermique est défini en fonction de la température de paroi adiabatique
et on établit qu’il est essentiellement indépendant de la différence entre la température ambiante et la
température de paroi. Au point d'arrét inférieur, sa valeur croit rapidement avec I'injection, mais
atteint presqu’une valeur constante quand le taux d’injection dépasse environ 10 kg/h.m® Pour
un taux d’injection donné, le coeflicient de transmission thermique décroit d’une valeur maximum
au point d’arrét inférieur 4 une valeur minimum au point d’arrét supérieur.

En un point donné de la périphérie du cylindre, 1a température de paroi adiabatique s’éléve réguliere-
ment avec le taux d’injection. Pour un taux d’injection donné, la température de paroi adiabatique croit
d’une valeur minimum au point d’arrét inférieur 4 une valeur maximum au point d’arrét supérieur.
Les forces en présence dans la couche limite cont étudiées pour voir leur influence sur le transfert de

chaleur.

Zusammenfassung—Es werden Messungen beschrieben fiir den stationiiren Wirmeiibergang durch freie
Konvektion an einem Kreiszylinder von 5 ¢m Aussendurchmesser, der horizontal in einem grossen
Behilter liegt und Wandtemperaturen von etwa 11 grd unter bis etwa 44 grd itber Umgebungstempera-
tur aufweisen kann. Durch die pordse Wand des Zylinders wurde Helium im konstanten Mengenstrom
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pro Einheit der Zylinderoberfiiche im Bereich 1,36-10-3-10,2-10-2 kg/m? in die Grenzschicht
eingeblasen.

Die Analyse der Ergebnisse zeigte fiir den Konvektionswdrmestrom Null eine Erhéhung der Wand-
temperatur, die in diesem Fall adiabate Wandtemperatur genannt wird, gegeniiber der Umgebungs-
temperatur bis zu 105 grd, abhingig von der Lage am Zylinder und der eingeblasenen Heliummenge.
Dieses, bisher bei freier Konvektion nicht angegebene Phinomen, dhnelt den Ergebnissen der Refer-
enzen [1, 2] und beruht danach auf dem Diffusionsthermoeffekt.

Der ortliche Wiarmeiibergangskoeffizient wurde als Funktion der adiabaten Wandtemperatur
definiert und im wesentlichen als unabhingig von der Temperaturdifferenz zwischen Wand und
Umgebungermittelt. Am unteren Staupunkt nimmt sein Wert mit der Einblasung rasch zu, nihert sich
aber dann einem beinahe konstanten Wert fiir Einblasmengen grosser als 2,72 - 10-2 kg/m?.

Bei gegebener Einblasmenge fillt der Warmeiibergangskoeffizient von einem Grosstwert am unteren
Staupunkt auf einen Kleinstwert am oberen Staupunkt.

An ein und derselben Stelle am Zylinderumfang erhoht sich die adiabate Wandtemperatur stetig
mit zunehmender Einblasmenge. Fiir gegebene Einblasmenge wichst die adiabate Wandtemperatur
vom Kleinstwert am unteren auf den Grosstwert am oberen Staupunkt.

Die auf die bindire Grenzschicht wirkenden Krifte werden hinsichtlich ihrer Bedeutung fiir den

Wirmeiibergang diskutiert.

Anrporanua—OnncaHE H3MepeHUs JIOKAIBbHOTO Kooddunmenra TemnoobmeHa myTém cBoGo-
ZHOH KOHBEKIMM B CTAIMOHAPHHIX YCIOBHAX JJIA KpPYrioro IMINHADA C HAPYKHHM
auamerpom 2 mgrofima. LnauHap okpyeH u3oTepMuvecKon 060JI09KOM GONBUIOrO pa3Mepa, a
€r0 0Ch 3aHHMAeT FOPH3OHTANbHOE MOJIoKeHMe. Temmeparypa CTEHKH HM3MEHSJIACh OT TEM-
meparypsl npubauauTenbEo Ha 20°F Hiske TeMIepaTyphl OKpY:Kaoleit Cpegsl 10 TeMmIepa-
Typsl npubansuTtensno Ha 80CF phimie TeMmepaTypsl OKpyKawineil Cpemsl.

lenuit BgyBasca yepes HOPHUCTYIO CTEHKY LUIMHAPA B MOrpaHHYHEI cI0it ¢ MOCTOAHHOM
CKOPOCTBIO HA €XMHHILY ILIONAAM HAPYHKHON MOBEPXHOCTH IMIMHAPA, AHANA30H CKOpocTeli :
1,00-7,50 dyur m/gac kB.dyT.

AHanon3 pesyJbTATOB NOKA3HBAET, UTO IpPHM KOHBEKTHBHOM TeMJIOBOM IOTOKE, PABHOM
HYTI0, TeMIeparypa CTeHKM, HashiBaeMad B BTOM ciaydae afuafaTuyeckoil TeMiepaTypoi
CTeHKH, ORLIIA BEHILIE TEMIEPATYPH OKPY:Kaioielt cpensl npubausurensHo va 190°F n 3aBucuna
OT OPMEHTAIMH OTHOCHTEIHHO IMJIMHAPA M CKOPOCTH BAyBA T€IHUA. JTO ABIICHME, O KOTOPOM
710 CHX IOp He coo0matoch B pafoTax mo cBOOGOAHON KOHBEKIWH, AHAJIOIMYHO PAacCMOTPEH-
Homy B [1,2] u, cnegoBaTenbHo, 00s3an0 TepMOnUPOy3HH.

JlokaapHHN Koa(PUIMEHT TemIoo6MeHa BRPAHAICA Yepes aanabaTIyecKyo TeMIepaTypy
CTEHKHN. Y CTaHOBJIEHO, YTO OH, B OCHOBHOM, He 3aBHCUT OT PasHOCTH TeMIEDPATyp CTeHKH
OKpyskalomelt cpegel. B HimskHell KpHTHYeCKOR Touke 3HAYeHMe KosdPmuueHTa OHICTPO
BO3pAcTaiI0 ¢ POCTOM BAYBAa, HO 3aTeM BHIPABHMBAJOCH A0 MOYTH MOCTOAHHON BeXMYHHBI MPY
ckopocTy BAyBa Bouie 2 (yHroB mjfdac kB.Qyr. [lpu maHHOM CKOPOCTH BRYBA 3HaYeHHe
KoapuLimenTa Temroo6MeHa YMEHBIIAJIOCh OT MAKCHMAJIBHOIO B HIKHeN KpHTHYeCKOIl
TOYKe 0 MIHMMAJLHOTO B BepXHell KpHTHYECKOH TOouKe.

B ¢urcuposanHOM MecTe LMJIMHADUYECKONW IOBEpXHOCTH ajmalarHyecKasa TeMIepaTypa
CTeHKM HEYKIOHHO B0O3pacTajla ¢ pocToM cKopocTm BAyBa. IIpm JaHHOH CKOpOCTH BAYBa
aguabarMdeckasd TeMIeparypa CTeHKH BO3pacTaja OT MHHUMAJILHOIO BHAYEHUS B HINKHeH
KPUTHYECKOM TOYKe [0 MAKCMMAJBHOrO B BepXHell KPUTHYEeCKON TOUKe.

PaccmarpuBanock BINAHME Ha MepeHOC TemId MACCOBHIX CHI, AeHCTByWIINX B GHHAPHOM

MOTPAHUYHOM CIIOE.
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