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A study of free convection in air around horizontal cylinders
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Abstract

Holographic interferometry is used to study free convection in air around horizontal cylinders of different diameters and equal length,
involving different surface temperatures, with the aim of defining the corresponding temperature fields. Interferograms were obtained to
determine the temperatur&)of each point as well as its distance from the surface of the cylinder. These values in turn made it possible
to define functions (of an exponential nature in our cagey, f(x), that satisfactorily reproduced the temperature fields. Posteriorly, these
functions were used to calculate the local convection coefficients, determining their dependency upon temperature and the direction of
measurement. Finally, the exponential functions were transformed into dimensionless expressions, and the corresponding Nusselt number
were calculated fo6r Pr product values of between2x 102 and 16 x 10°. 0 2002 Editions scientifiques et médicales Elsevier SAS. All
rights reserved.
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1. Introduction sively evaluated by Diez [7], Tokanai [8] and Gonzélez [9],
are able to afford a global assessment without altering the

Engineering studies of free convection heat transfer from temperature field in the process.

tubes or wires into an environmental fluid (generally air or The present study determines the temperature field around

water) require knowledge of the corresponding heat transferhorizontal heating cylinders of equal length and different di-

coefficients. With the aim of contributing to the extensive ameters, at different surface temperatures, that transmit heat

literature on the subject, we have designed a study in whichto the surrounding air by free convection.

prior determination of the temperature fields surroundingthe  The determination of the distance of each interference

heating system is a fundamental element. line (isotherm) to the heated surface was used to obtain an
Many authors, including Sako [1], Chen and Yoon [2] and exponential function of temperature as a function of distance

Farinas [3], have attempted to find theoretical solutions for for each radial direction of measurement. These functions

such temperature fields, based on energy and movementconwere in turn used to calculate the local convection heat

servation equations, while others have resorted to more tradi-transfer coefficients.

tional methods, fundamentally the positioning of thermome-  Lastly, the corresponding local and mean Nusselt num-

ters in different regions of the field. However, an inconve- bers were calculated as a function of the prodsicPr.

nience of such approaches is that the thermometer tends to

modify the field under study and moreover limits the in-

vestigation to point-by-point temperature assessments. Only2, Material and methods

the techniques employed by De Socio [4], or holographic

interferometry—the performance of which has been exten- 2.1, Experimental design

" Correspondence and reprints. Three heating cylllnders with alum.lnurr) walls 0.105 m
E-mail addressegpse.v.herraez@uv.es (J.V. Herraez), long and 0.001 m thick were used, with diameters of 0.01,
rafael.belda-maximino@uv.es (R. Belda). 0.02 and 0.03 m. The cylinders were positioned horizontally
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Nomenclature

D cylinderdiameter......................... m Ts temperature of the cylinder ................ H
Gr Grashof number based on the cylinder diameter T temperature atinfinity..................... K
he local convection coefficient ... ... Wwi—2.K 1 AT temperature difference at (Ts — Too) - - - . . K
ks thermal conductivity at (dT /dx),—o thermal gradient in proximity

=(Ts+Too)/2 e, wn-1.K-1 tothewall.........ooveeeiinnn... K1
L cylinderlength........................... m x distance along the cylinder ................ m
Nu local Nusselt numbers

Greek symbols

NU, average Nusselt numbers
Noo air refraction index at infinity o angular coordinate....................... rad
R cylinderradius ...............coooeeinn.. m n dimensionless distance
S order of interference A laserwavelenght ......................... m
T temperature ...............iiiiiiiia K 0 dimensionless temperature

in the air and were internally heated by identical electric re- in turn, A /[LTs (ns — 1)] is constant and equal taGb x
sistances. The cylinder surface temperature was determined0~> K—1, and depends on the conditions of the experiment.
using chromel-constantan thermoelectric microcouples in- The above equation thus becomes:
serted symme_trically_ alor!g the surface of th_e cylindgr by T — Too/(l_ 7.05x% 10°5S Too) )
means of the pinned-junction method. The entire experimen-
tal setup was placed on an antivibration table under con- Which is the equation used to calculate the temperature of
ditions of pneumatic isolation, with prior erection of the €ach interference line (in each case involving a margin of
optical setup required to obtain the interferograms via the €mor of 0.1 K).
double-exposure technique [7]. The interferograms were ob-
tained in a plane perpendicular to the axis of each cylinder.
A total of 18 interferograms were obtained (6 for each

cylinder of different diameter) at different cylinder surface
temperatures in the range of 333-533 K. This temperature
interval was chosen because values of under 333 K do not . :

. - . e . the holograms onto a millimetered screen. The size of the
yield sufficient lines for valid fitting, while at above 533 K resulting projected image was®x 3.6 2, which allowed

the mt_e_rference Im_es are. unable to afford measurementsus to measure the corresponding distances with an error of
of sufficient resolution. This temperature interval provides

: 10-° m. The results obtained in this way were more accurate
GrPr values in the range of.2 x 10° and 16 x 10°. than those calculated by densitometry.

The distributions of the temperatures and local convec-
2.2. Calculation of temperature and distance of the tion coefficients are practically constant with respect to the
interference lines anglea for values ofe corresponding to the lower half (LH)

of the plane, for evident reasons of symmetry of the interfer-

. i . ograms; a mean value was therefore taken in the mentioned
Based on the interferograms obtained (three of which o plane, as shown in (Fig. 2).

are shown in Fig. 1), we calculated the temperatdredf The values of the distances used for fitting, in the upper

each of the interference lines (isotherms), as well as the ;i of the plane, correspond to the arithmetic mean of those

distance,x, to the surface of the cylinder in the 24 radial gptained in the symmetrical directions with respect to the

directions of measurement indicated in (Fig. 2). vertical axis (due to the previously mentioned symmetry
reasons).

2.4. Measurement of distance

The measurement of the distanag,of each isotherm
to the surface of the cylinder, in each of the directions
of measurement, was carried out by projecting slides of

2.3. Calculation of interference line temperature

3. Results
The dark fringes appearing in the interferograms [6,7,

9,12,13] correspond to destructive interference lines of the 3.1. Temperature field

same temperature (i.e., isotherms). Their temperature was

calculated as follows: The values corresponding to the temperatures and dis-
tances , T) obtained in each direction of measurement and

T =Too/{1—1S/[L(ne — D]} (1) for each of the 18 interferograms of the experiment generate
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Fig. 1. Interferograms corresponding to a cylindrical tube 0.105 m in length,
with respective diameters and surface and environmental temperatures of:
(a) 0.01 m, 384.0 and 301.0 K; (b) 0.02 m, 349.5 and 298.4 K; (c) 0.03 m,
357.5and 302.5 K.

a large volume of study data. As an example (Table 1) shows
the data corresponding to one of these interferograms.

The values £, T') corresponding to the above mentioned
interferogram are reflected in (Fig. 3).

In all cases the experimental distributions could be fitted
using exponential functions of the following type:

T=f(x)=To+ (Ts — Too) - €5 ®3)

which satisfies the limiting conditions that:

T =Tsx Whenx = oo
T=Ts whenx=0

with correlation coefficients that in all cases wer®.99,

and which allowed us to calculate the valuekofor each
direction and interferogram. These functions constitute a
novelty in this type of studies, and we believe that they af-
ford a considerable advantage over the linear fits proposed
by Hauff and Grigull [10]. In effect, while such linear fit-
ting provides good results in proximity to the surface of
the cylinder, and thus allows correct determination of the
local convection coefficients, it is unable to adequately de-
scribe the temperature field at larger distances from the sur-
(b) face of the cylinder. In order to solve this problem, other
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Table 1
Temperature and mean distance r0~3) of each isotherm to the cylinder surface in the indicated measurement directions, for interferogram (b) in Fig. 1
Isotherm  T(K) Angles (rad)
LH /18 /9 /6 2r/9 57/18 /3 /18 4r/9 /2

1 345.3 0.16 0.17 0.17 0.17 0.18 0.20 0.26 .36 068 172
2 337.1 0.62 0.69 0.69 0.70 0.73 0.76 0.84 231 249 656
3 329.4 1.02 1.08 1.09 1.10 1.12 1.38 1.68 512 416 1112
4 322.0 171 1.71 1.69 1.71 1.75 1.89 2.26 .58 688 1710
5 314.9 2.50 2.49 2.49 2.51 2.72 291 3.60 A 993 2648
6 308.1 3.51 3.64 3.65 3.69 3.77 4.10 5.562 697 1417 -
7 301.6 5.83 6.08 6.12 6.21 6.65 7.17 8.46 .92 2466 -

x/2

s by the experimental functions proposed in the present study,
\ 1 n/3 for in addition to offering excellent correlation coefficients

in all cases, they imply a single coefficient that shows a sta-
ble tendency upon increasing temperature or modifying the
angle of measurement, in addition to satisfying the limit-
ing conditions of the experiment. As an example, (Table 2)
shows the values corresponding to the interferograms de-
picted in (Fig. 1).

LH (0 radians)

3.2. Local convection coefficients

Knowledge of the local convection coefficierite, is
clearly needed to calculate the heat transmitted by convec-
tion. In the most frequent case of natural convection (as in
our experiment) in the zone close to the cylinder wall, it may
be supposed that the fluid is either detained or displaces very
slowly [14]; the so-called limiting layer theory can therefore
be applied to calculate the correspondigalue in compli-
ance with the hypothesis that heat transfer is preferentially

Fig. 2. Radial directions of measurement.

353 7] the result of conduction. Based on this, we can apply the
Fourier equation to the phenomenon:
343 —
dQ/s dt = k¢[dT /dx]c—0
333 . .
where [dT/dx],—o is the thermal gradient close to the
323 — wall, and ks is the thermal conductivity coefficient of air
\ defined at the mean cylinder temperatufg, and room
313 = * ®/2 rad temperaturel .
Taking into account that the heat transmitted to the fluid
303 o o by this mechanism is to be transferred via convection to the
71t/18 rad .
0 rad rest of the fluid, we have:
293 T T T T T 1 X710 (m)
0 5 10 15 20 25 30 dQ/s dr = —he(Ts — Too)

Fig. 3. Graphic representation of,(T') in the directions indicated, for from which by Clearmg% we obtain:

interferogram (b) in (Fig. 1). he = —ke[dT /dx]x=0/(Ts — Too)
authors such as Peterka and Richardson [15], and Andersornd considering the functions employed we have:

and Sounders [16],.propose the use of p_olynomlal functllons [dT/dx]y—0 = —k - (Ts — Tao)

that correctly describe the temperature field; however, since

these generally fourth degree polynomial functions presentWhich leads to:

five coefficients, the resulting polynomial expression affords ,

. e _ he=k- ki (4)
an excellent correlation coefficient but without a stable ten-
dency of the coefficients upon modifying the temperature or ~ This equation allows us to calculate the local convection
angle of measurement. These inconveniences are resolvetheat transfer coefficients, for each direction of measurement.
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Table 2

Values ofk (m‘l) for the interferograms in Fig. 1, in the measurement directions indicated

Cylinder Interferogram Angles (rad)
D (m) Ts(K) Too(K) LH /18 /9 /6 27 /9 57/18 /3 Tn/18 47/9 /2
0.01 384.0 301.0 308 308 307 303 290 261 211 144 77 29
0.02 349.5 298.4 464 451 451 446 429 390 317 212 115 44
0.03 357.5 302.0 548 547 546 538 515 464 375 256 136 50
h, (wW/mK) Aw . m?.K")
25 5
- D =0.03
20 9 O rad m
15 — ©
10
7®/18 rad
5 —
+ /2 rad
0 - T T T T T T } AT(K) 0 T T T 1 «(rad)
0 0,4 0,8 1,2 1,6

0 30 60 920 120 150 180 210
Fig. 4. Graphic representation of the local convection coefficidrisas a

function of the temperature differencel” = Ty — T, for the cylinder of
diameter 0.02 m, and for the directions indicated.

hc(w .m2.K"
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et D=0.03m
20 D=0.02m
15 o
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Fig. 5. Graphic representation of the local convection coefficiérisas a
function of the temperature differeneel’ = Ty — T, for the cylinders of
diameters 0.01, 0.02 and 0.03 m, in the O radians direction.

Theh values thus obtained are represented as a function
of the temperature differenceAT, between the heating

cylinder and the surroundings, as reflected in (Fig. 4).

Likewise, and for comparative purposes, the values of

hc have been represented as a functiomdf for a given

Fig. 6. Graphic representation of the values of the coefficiem (Eqg. (5)),
as a function of the radial directions of measurement, for each of the three
cylinder diameters employed.

In all cases these distributions allowed fitting via func-
tions of the following type:

he = A[1— e BAT] (5)

which satisfactorily reproduce the experimental values of
h¢ for the temperature interval of our experiment, and with
correlation coefficients 0f-0.99 in all cases, enabling us
to calculate the coefficientd and B for each direction and
series. In all fits coefficienB was seen to remain constant,
with a valueB = 0.022 K~1, and an error of less than 1%.
In the case of coefficiemt the corresponding error was less
than 3% in all cases. The values obtained4are shown in
(Table 3).

On the other hand, we represented the values of coeffi-
cient A in Eq. (5), for each measurement direction and for
each of the three cylinder diameters employed, as shown in
(Fig. 6).

The points thus represented could be fitted by means of a
function of the following type:

A= Amax e[_M]_OlMZ]

with correlation coefficients 0£0.99 in all three cases.
In this expressioM max represents the maximum value
of A, i.e., that corresponding to a measurement direction

direction, and for all three cylinder diameters considered of 0 radians, and/; and M» are constants equal to 0.307

(Fig. 5).
In the remaining directions increases kg similar to

those presented were observed with increasing diameter.

and 4.53, respectively. The above equation thus becomes:

A = Amax- €[ —0.307*%%] (6)
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Table 3
Values ofA (W-m‘2~K‘1) for each series and measurement direction indicated
Cylinder Angles (rad)
D (m)
LH 7/18 7/9 7/6 27/9 57/18 7/3 7m/18 47/9 /2
0.01 10.79 10.79 10.76 10.69 10.12 19 757 504 2.68 1.00
0.02 19.45 19.45 19.40 19.22 18.31 A48 1370 909 4.83 1.81
0.03 22.72 22.72 22.66 22.50 21.39 29 1614 1062 5.64 2.12
. . . e} D=0.01m
3.3. Dimensionless temperature field log Nu_ o D=002m
X  D=0.03m
. o N
One way to generalize the results, eliminating the partic- W
ularities of the experiment [1,14] is to convert the tempera- 1
tures and distances to dimensionless values via the following
transformations: 1] o
0 =[(T — T)/(Ts — To)] and 0.5+ g
_ 1/4
=x-(Gr R
n=x-(Gr’%/R) -
Based on these transformations applied to (Eg. (3)), we
can obtain functions of the following kind: 0,471
g =ekn (7) : |
= 0,2 T T T T 1 log (GrPr)
where: 3 3.5 4 4,5 5 5,5
K=k (R/Gr1/4) Fig. 7. Values ofAmax as a function of cylinder diameter.

which provides the dimensionless temperature field, with
_correlatlop coefficients q$0.99 inall cases; the correqund— temperature of the experiment.

ing graphic representations are omitted, for they are similar | this way we were able to represent INg,. versus log
to those seen in (Fig. 3), with the corresponding change in (GrPr), as shown in (Fig. 7)

scale. ’ o

mean Nusselt numberil(,) for each cylinder diameter and

The fitting function obtained, with a correlation coeffi-

) cient>0.99, is expressed by the following equation:
3.4. Calculation of the Nusselt numbers (Nu)

Nu,, = C(GrPr)" (10)

By combining (Eq. (7)) and the Nusselt number of the where: C = 0.022 andm = 0.5682, thus allowing com-
diameter defined by: parison of our results with the values published by Mc

_ _ _ Adams [11].
Nu= (heD)/ks = —(DIdT /dx]s—0)/(Ts — Toc) In our case the values of log(¢ Pr) were between 3.34
we obtain the following expression: and 5.20, showing that values of4 afford acceptable
Nu= —2GrY/4(d8 /dn),—o agreement between ouMu, values and those reported

= =

_ _ _ o in the literature. However, for la@rPr) values of <4
Since in our experiment ¢ dy),—o = —k’, and considering  (corresponding in our case to cylinders with= 0.01 m),
thatk’ =k - (R/Gr/#) substitution yields: we obtainNu,, values that are significantly lower than those
Nu=2-%¥.-GY4—2. k. R=k-D @) obtained by Mc Adams.

as a result of which the determination/ofor each direction
and temperature allows us to calculate the corresponding
local Nusselt number. (1) Eighteen interferograms were obtained for heated

To the effects of our experiment, these values can also becyjinders measuring 0.01, 0.02 and 0.03 m in diameter,
calculated by substituting (Eqg. (5)) in the definition of the \hich allowed us to obtain their surrounding temperature
Nusselt numbers, thus obtaining the expression: fields by means of equations of the following type:

Nu= (h- D)/ki = A[1— e %] D/ ks 9 T=f@)=Te+Ts—Tx) e

This equation allowed us to calculate the local Nusselt  (2) The coefficientk, allows us to obtain the correspond-
numbers for each measurement direction at the temperaturefng values of the local heat transfer coefficierfis,in prox-
involved in our study. Based on these values, by applying imity to the cylinder and for each measurement direction,
the mean value theorem, we obtained the correspondingby means of the expressidn = & - ks, whereks is the con-

4. Conclusions
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A - 7 K (7) The relation betweeNu,, and the product@r Pr) is

257 given by:

- NU,, = 0.022(Gr Pr)0-5682
207
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