Mansoura Engineering Journal (MEJ) Yol. 15, No. I, June 1990 M. 1D

FORCED CONVECTION HEAT TRANSFER

FROM A CROSS CIRCULAR YAWED TUBE
t A b vk wimm e 018 Ay e il Juasdio 30 et JI R
by
M.A. SHALADY and T.T. ARAID

Associate Prolessors, Mechanical Power Engineering
Department, Facultv of Engineering, Mansoura University, Egypt- _
Sl ) i) ]l 3,1 s NI EUS RS DS | Ry W RV | L ENE | R R R e - P .
sl pa Labrale G ool Tl ypey Vb ir pb g A Laalas L)_'._.r e b u,_‘.IJI
e Qe o e, pB, ki e Bl gr GRS Ragte A pld) eday o Ol
Ayt pO, b U0 desdlo sl et J1 S Jalaae ol o) syl a3y« Yo
Lyt e e $1ga Tt s Ol Bpbs o gand Bo) o cdes 08y o HIATE gl

PP} [ RS N Wil st Jlasol y Jlash Gblos gloed Bdeba cla ey byl g S
b oymall el J1dned Jalde ol Gl Seeld deny a2 alilas c.'.l.“..:.Jl ko A5
o il

ADSTRACT

Complementdry heat transfer and {low visualization experitnents were performed
lo investigate the elfect of yaw on tube. Wind tunnei experiinents encompassing
seven angles ol yaw betwcen @ = o ( crossflow ) and 23° yielded Nusselt numbers
extending over the range of f[ree stream Reynolds nummbers from 9080 to 23000.
It was found that as the cylinder was yawed with respect to the crossllow orienta-
tion, the MNusselt number at [irst increased, attained a maximum at a yaw angle
o 5° and then decreased to a broad minimum which occurred in the range of yaw
angles between .20 and 23° and then start to somewhal increase at yaw angle
equal 238°. As a further supplement to lhe heat transier experiments, the pattern
of Iluid flow adjacent to the cylinder surface was visualized by means of the oil-
lampblack technique.

The results were compared with the available experimental data. The values
of the average Nusselt numbers were f[itted in a correlation. This correlation indica-
tes that the Nusselt number is a signilicant funclion ol Reynolds number and angle
ol yaw. .

INTRODUCTION

Many [orms of heat exchange are employed in dilferent branches of modern
technelogy. Curvilinear bodies in cross f{low constitute a very common group of
elements in such exchaingers. Circular cylinders find perhaps the inost wide spread
application in heat exchangers, power goneraiors, and other thermal apparatus.
A highly important lield of application for a circular cylinder is in measurement-
in particular, in thermal anemomeiry, which employs thin wires both in crossilow
and at different yaw angies, as [luid-colled sensors.

With a cylinder in crossflow of a real [luid, a laminar boundary layer is formed
on the [ront part as the result of the viscous [orces. 1l is coimmonly accepted that,
in the lower range of Reynolds number {ile), the cylinder is enveloped all around
by a laminar boundary layer, which separates [rom its surface only at the rear
stagnation point. An increase of Re leads to an increase in the eflect of inertial
[orces, so ihat the lamninar boundary layer separates the surface at a certain distance
from the rear stagnation point, and a complex vortex structure is [ormed in the
wake. With a [urther increase ol Re, the boundary layer gradually becomes turbulent,
and its separation point is shilted upstream. This complex [luid dynamic behaviour
is rellected in the heat transler between the cylinder and the fluid. The two pro-
cesses have been the subject ol both applied and fundamental studies {or many years.
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A review ol early iwentieth cenlury publicalions on the subject shows that
there was a general tendency to study the lower range of Ite. The earliest studies
of heat transfer were perlormed in air {[-3}, but these were socon followed by the
lirst attempts to study {lows ol liquid {4,5]. Two major directions were covered
in this stage: that of the average heat transfer [roin wires, so signilicant for
thermal anemometry, and ol the heat trans{er [roim tubes in cross {low.

The second direction of research was closely connected with the progress
of boiler design. Along with single cylinders, studies were carried out with arrays,
or bundles ol cyfinders [6].

Recently, the response of the Nussclt number lor a circular cylinder to the
angle at which the cylinder is yawed relatlve 1o crossllow has been studied by
Sparraw and Yanez (7] Their experiments were periormed in air and encompassed
ien yaw angles in the range between 0 and 60° and the [ree stream Reynolds number
range between 93000 and 70,000. In their study a moch denser parameterization
than in the past has beer represented and supplementary experiments were carried
out to invesiigate the responsc ol the cylinder heat transler to alterations of the
upstrean thermal and [uid flow conditions. The sameproblem has L,ecn represerited
by the heat transler experiments of refs. {8,9) and the mass transler experiments
of ref. {10} At a given [ree stream Reynolds number, these studies yielded different
variations of the Nusselt (Sherwood) number with the angle of yaw. dn ref. {3],
Nu decreased as the cylinder was yawed fromm cross flow (@ = 0°) to © = 30, then
increased slightly in the range 30 - 50°, and decreased thereafter. On the other
side, in rel. (9] there was a monolonic decrease of Nu with @, In ref. [10],. Sh.
actually increased slightly as the yaw ranged [rom @ = 0 to 15° and subsequently
decreased with [urther increases in yaw,

Despite the 'alorementioned non-monotonic behaviour,it was concluded in refs.
{8 , (0] that the eflect ol yaw on the Nusselt number vbeyed Lhe so called Independ-
ence Principle. According to that principle, the Nusselt number is supposed to
be a unique [unction of the Reynolds numnber based on the velocity Uco cos 8,
independent of the yaw angle. Such a representation impliecs a monotonic decrease
ol Nu with @ at a fixed {ree stream Reynolds number, i.e based on Ug.

The present experimental work was perlormed in air and encomnpassed seven
yaw angles in the range between © - 0 and 23° and 6 - 3 values ol the [ree stream
Reynolds number between 9000 and 25,000, In addition, supplementary experiments
were carried out to study the response of the cylinder heat transfer to aiterations
of the upstream thermal and {luid flow conditions. As a further supplement to
the heat transfer experiinents, the pattern ol fluid [low adjacent to the cylinder
surlace was visualized by means of the vil-Jampblack technjgue.

EXPERIMENTAL APPARATUS AND PROCEDURE

An experimental test rig was designed and constrocted for the planned experim-
ents, see Fig. (I It consisted of a low-turbulence open circuit wind tunnel of
a 3-tm square cross section, in which air [rom the laboratory room was drawn
through the systein, by downstream biower (13). The [low rate was contralled by
a throttle valve (135). The velocity of the air streamm drawn through the system
was sensed by the help of Pilot tube (6) and an inclined alcohol manometer (26)
at the centers of nine inaginary equal square areas into which its plane was divided,
the Pitot tvise being situated 50 cin upstream. The air velocity was also measured
by the hot-wire probe {5) located 75 cm cpstream. The diiference in velocity values
by the two methods was about + 1%.

Figure (1) shows the general layout ol the experimental apparatus with the
associated air supply systemm and the heating tube. Figure (2) shows a schematic
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diagram of the test tube. A polished brass tube (9) having outer diameter (D) equal
to 32 mm,inside diameter {d) equal to 27 mm and 300 mm long is used. On the
brass tube test section, there are eight copper-constantan thermocouples (1) distri-
buted as shown in Fig {2-b} at the mid length of Lhe test tube. The copper-constantan
thermocouples used are made from 30 gauge wires and are [ixed in thin slots (| mm
deep)} cut on the outer surface ol the tube. Thus the average ol eight local tempera-
tures is obtained as [ollows

T, =Ll s Ty e Ty Ty T+ T, e (T, v T)/ 2)] 7 (i)

One may observe that the valucs obtained by the thermocouples of points 4 and
8 should be close cqual to each other, because they are located in two symmetrical
postions on (he test tube. Thus, the mean value ol the two readings is used. During
this experimental work the dillerence between T, and T, was about + 0.023 °C.
The tube was hcated electricaly by means of the mair® heater (3). This heater
consisted of a nickel chromium heating wire wound around a thermal brick tube
{2) and situated n the test section brass tube as shown in Tig. {2-a). To prevent
the heat loss fromn the main heater ends Llwo guard heaters (3) were used, The
combination ol the guard heater is shown in Fig. (2-a). The guard heater is located
in electrically insulated groove made on the lest section brass end (3. The heat
input to each of the main and guard heaters is controlled by using autotransfocrmers
{18), (21) and {2%) as well as three voltmeters (19) and (22} and three ammeters
{20) and (23), see Fig. (1. A tephlon ring (&), located in between the two ends
of the brass main test tube (l} and the brass end of the tesi tube (3} of outside
diameter 32 mm and inside diameter 27 mm and its length is 5 mm. The whole
set is placed in between the two wooden ends (6). For a [ixed main heater input,
the guard heater input is reguiated so as to maintain as small a temperature differ-
ence as possible less than 0.2 °C (less than 0.0] mv on the digital multimeter
{27), Fig. (i} across the tephlon ring {4} thereby ensuring that the heat flow irom
the test tube ends is negligible. Twelve-junction thermocouple used for this purpose
had three junctions on each side of the tephlon ring (4). The junctions are located
at the midheight ol the tephlon ring at three locations each of them has 120°
apart [rom the others. These thermocouples are connected to digitai muitimeter
(27) with an accuracy of 0.00imv.Two woeden ends (6) are fixed at the test section
ends. the total length of the test section assembly is 700 inm.

The flow air stream temperatures before and after tha rest tube, and the
wind tunnel surface temperature are measured by the set of thermocouples (8)
located as shown in Fig. (1} The test tube assembly is supported in the wind
wnnel duct as shown in Fig. {l - b)Y in which it can he moved to have different yaw
angles {©) is adjusted by rotating the whoie tcst lebe areund one ol the two ends
at 0, 5, 10, 15, 20, 73 and 28 deg, lsee Fig (I - b} |.

In order to find the heat lost by radiation (g_) the overage value ol emissivity
of 0.03 [or polished brass tube is taken [rom (T1], in which they reported that
no significant dependence of emissivity on temperature was observed. The values
of g were ol order of 0.23 % of the input power to the main heater q  neglecting
the heat loss by conduction from the ends ol the test tube (q ). A $teady state
was nsually achieved after about 3 hours. The average convedfive heat transier
coeflicient was determined from the expression

h=q/{A(T, -Tp),Nu=hD/K (2)

The probable error in [inding the average heat transfer coefficient was estimated
to be about + 7 %. The projected area of the test tube on a vertical plane perpendicu-
lar to the tunnel axis were estimated by the Iollowing correlation
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It 5 found that the maximumn blockage af the wind tuanel free strecam cross section
arca al higher values ol © is about 10%. Test and Lessimann [12} have reported
that their heat transfer results with and without blockage difler by a maximum
of 7%. Therelore, the blockage does not alfect the heat transfer results to some
extent.

RESULTS, DISCUSSION AND CONCLUSIONS .
Heat Transler Results :

For the determination ol the heat transfer coefficients and their correlation
with air [low, soine quantities were measured [or each data run. The power input
lo the main heater, the heat lost by radiation, the average tube surface temperature,
the air [low stream velocity and the f{ree stream temperature were recorded. The
heat lost due to unbalance between lhe main and pguard heaters was neglected
because the ternperature difference on the sides of the tephlon rings was kept
very small (less than 0.2 °C). Net rate of heat transferred by convection was used
to calculate the average heat transler coelficient from equation (2). The typical
deviation of any thermocouple reading [rom the average wall temperature was
0.25% ol (Tw - Tuae ). Similarly, the three iree stream thermocouples were averaged
tu obtain Te, with typical percentage deviations being 0.11% ol (Tw - Te).

For the Reynolds number, account was taken of the lact that the presence
of the cylinder results in the i10% blockage of the cross section of the wind tunnel,
The blockage correction for the free stream velocity was based on equation (8a)
of Morgan [6] which, when evaluated for the condition of the experiments, yielded

u' - 1052 . Uy {v)
Then, the Iree stream Reynolds number [ollowed as
Re = Um D /¥ (5)

A Reynolds number Rep based on the component of the iree stream velocity normai
to the yawed cylinder is sometimes used as an alterpative to the [ree stream
Reynolds number, i.e

ReN=(U:.:, cos @)D /Y =Recos ® {(6)

The thermophysical properties appearing in equations (2}, (5} and (6} were
evaluated at a reference teinperature {Tw + Ty} /2.

The parameters varied independently during the course of experiments included
the Reynolds number, the angle of yaw and the temperature dillerence. The
Reynoids number was varied from 9000 to 25000, the angle ol yaw from 0 to=~30
deg., the main stream velocity from 6 to |2 m/sec. The temperature difference
between the test tube surface and the oncoming air {( & t) was varied from 5 to
60 °C at a given Reynolds number. [n all, |77 data points were obtained and in
addition, a number ol experiments were repeated.

The results in terms of Nusselt numiber (Nu) versus Reynolds number (Re)
for angles of yaw equal to 0,5,10,15,20,25 and 28 deg are shown in Figs. (3-9)
respectively.

The experiments performed to establish the generality of the results will now
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be described. The first set of experimvents was carricd out wilh the cylinder in
cross (low. The cross flow Nusselt nunibers are plotied in Fig. (3) as a function
of the free stream Reynolds pumber Re.o Also appearing in the [igure is a curve
representing the correlation of Zhukauskas (9.2) in Rel. {13}, Inspection of Fig.
(3) shows thal, for B = o, the Nusselt numnber value increases in general with
Reynolds oumier. The experimental resulls also agreed within ¢ 7 percent with
the results obtained from Lhe correlation {9-2) in Rel, [13). When viewed relative
to the spread of the data on which crosslow Nusselt number correlations are based,
the level ol agrecment in evidowre in Fig. {3) is highly satislactory. This agreement
lends support to the preper functlioning ol the apparatus and proper execution ol
the experiiments.

About the respouse of Nusselt nurmber to yaw angles, one may observe that
the Nusselt numbers [or eacn of the seven investigated angles ol yaw are plotted
as a function ol the free -irce Reynoids number in Figs (3-9).From an overview
ol Lhe figures, it is scen that the results Tor the various yaw angles are not ordered
in a regular manner, Nu in ressed as the cylinder was yawed [rom crossflow to
@ = 5° , then decreased shghtly in the range 10-15° , and decreased thereafter.
One may also obscrve thal. jn general, Nusselt nuimbers values increase with the
[ree stream Reynelds number. 1t is also seen that [or Reynolds number values
above 20,000 the Nusselt number value is markediy increased as displayedin the
Figure. IPig. (10) shows the varition of Lhe Nusselt number with the yaw angle
for Reynolds numbers of LHOOL, 15000 and 20,000. The Figure shows that the
high Nu wvalues lake piace at vaw anglie  equal to 5 deg., and then the value
decreases gradually with yaw angle. In the case of Re = 20,000, one may observe
that the Nusselt number valuc ircreases again at @ = |5 and then again it decreases.
Fig. (10} is a crossplot of Thigs. ! }-"1),

The L‘UI;IPICX variation of Nusselt number witl the angle ol yaw as documented
by Fig. (10) is undoubtedly a reflection of changes in the pattera of fluid flow
with yaw. An indication ol 1ie< changes is provided by the [low visualization
patterns that will now be preserted.

Flow Visualization Patterns :

In addition to the heat trunsfer experiments, [low visualization was performed
using the oil-lanipblack technigue 114]. Fo lacilitale \hesc visualizalion experiments,
the surlace ol ihe cylinder was covered with aluminiuin foil before the mixture
of oil and lampblack powder was applied. When the air flow in the wind tunnl was
intiated and maintained, lhe acrodynamic forces acling on the cylinder surface
caused the mixtore to move and take on a pattern indicative of the pattern of
(luid flow adjacent te the cylinder. To obtain a record of the visualization pattern,
the alutiinium foil was removed from the ¢ylinder surface, laid {lat, and photographed.
The resulls is a pattern of streaks whivh reveai the [low path of the air as it
passes over the cylinder surface. In a stagnation region, the oil and lampblack
mixture remains as it was ilially applied, se that a black region without streaks
is indicative ol slagnation conditions

hotographs of the oil-lampbilack flew visualization patterns for © =0, 5,10,13
and 28° are presented in Fig. (1), They werc selected frum a larger collection
because they are ihe sharpest and clearest among those available and because
they display note worthy dilferencesin the pattern of [luid {low.

What is shown in Fig. {11} are photograplis of the aluminiuin foil that had
covercd the cylinder during a visualization run and that had been removed and laid
[lat innediately after the run was cowpleted. The photographs were taken with
the camera positioned perpendicular te lhe laid -out contact aluminium foil. The

»
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Fig. (11) Flow Visualization Patiern for & - @, 5, 10, 15 and 28° .
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views prescited in Lhe ligure are thal of an observer who is situated upstrean
of the cylinder and is looking downstrcain. .

The mnain [eatures of the visualization parterns arc the central, black horizontal
line, the array ol e line stoeaklbines who e coemale from the black line, and
the broad black bands which [lank e streak line region. Respectively, these
features correspond to the [orward stagnation line, the boundary layer region on
the forward portion of the cylinder, and the separated region has been masked
off because it was marred by [inger marks imprinted during the removal of the
contact aluminium foil from the cylinder.

"The [raying at the ends of the stagnation line reflects the end effects due
the wind tunnel walls. The orientation of the streaklines” with respect to the
stagnation line is alfected by the angle of yaw. For the crossilow case ( © = o° },
the streaklines are perpendicular to the siagnation line see Fig. (ll-a). At the
angle of yaw equal to 5,10.13 and 28° in Fig. (Il-b to 1l-e}, the angle at which
the strecaklines cianate Irom the stagnation lines deviate sfightly {rom the per-
pendicular. These deviations indicate 1he prescnce of a yaw-related axial velocity
component. [t is also observed that, as the {luid moves around the cylinder, there
15 a tendency for the direction ol the streaklines to approach the perpendicular
direction. For the angle ol yaw larger than ©° the sireaklines emanating from
the siagnation line emerge at an aogle considerably different than perpendicular,
rellecting the presence of strong amial velocity component. Away [rom the stagnation
lines the streaklines are oriented closer to the perpendicuiar direction, thereby
indicating a less  axial velocity component.

Correlations:
An attempt is finally made to correlate the data obtained in the present study.
Such a correlation is quite uselul Irom a designer's standpoint. The average Nusselt
number {Nu) is correlated with the other relevant govering parameters of the
test cylinder, namely Reynutds number (Re). So, to provide continuity, a least-
squares straight line to the lorm
n
Nu = C Re (7)
has becn passed through the data for each yaw angle. The numerical values of
c and n are listed in Table |

Table. 1. The constants ¢ and n for equation (7)

& deg. 0 5 10 15 20 25 28
n 0. 80 0.95 0, 80. 0.80 1i05 L.ug 1,40
¢ 0.038 0.018 0.055 0.057 0.004 0.00015 | 0.00013

The above equation predicts the values of the data within 21 1%,
Examination of Table | shows that the slope ¢l 1he Nu-Re variation, as
represented by the exponent n, is not very scnsitive to the angle of yaw. For the

most part, n is in the neighborhoad of the crossliow value ol 04

The main concluding remark is the Nusselt number [or a circulac cylinder
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does nal dececase mwnolun ally as the cyvlinder is yawed relative 1o the crosslow
oricnialion. As was discuszel s e paper, U investigalors of refs. [8-19] have
ancatintered non-monolonic variabone ol lhe Nossell munber with yaw angle, but
in o case bave te variarions bad 1he same Torm, 11 is believed that the present
Nussell number results are 1l mosl penerally characterized among those that
are available for 1le yawed cyluser. ilowever the issus is still open since the
response ol the Nusselt suber 1o irce stream lurbulence  in the presence of yaw
hay not yet been eslablished.

NOMENCLA FURE
A tibe area , m?
- A cylinder oulside diameler , in
d cylinder inside diameler ,
h heat transler coellicient . Win'e(
k thermal conductivity , Wim."C
Nu Nussell manber | Ik
q rate of heat traunticr at evlinder test section , W
He Iree siream Reynolds mownber |, Uiy
IleN Reynokls nutiber based on L cos 3
Tw cylinder wall teniperatine |, "C
Ten Free stream Llemwperagure , "C
Uens lrge siream veler gy
ux correcied Iree steeam velooi(y
Greek symibols
Q angle of yaw { » - " (or crossilow )
W kyncinalic viscowusily
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