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ABSTRACT - Fforced convection heat transfer experiments were provided
to study the effects of tripping wire rings on the average heat transfer
from a cross circular cylinder. The experimental data have been obtained
when the test tube is covered by a number of trlpplng wire rings as well
as the results obtained when the test tube is bare.The number of the tripping
wire rings ranges between O and 53. The results have been presented in
terms of Nusselt number and Reynolds number as well asthe pitch-

to-dlameter ratio of the tripping wire rings. Wind tunncl experiments extende

over the range of the frec stream Reynolds numbers from 7.19x10 to 5.37x10.
The pitch-to-dlameter ratio varies between 0.172 and 1.131. The experIments
are carrled out for a constant rate of heat flux. The values of the average
Nusselt number are fitted in a correlation. The correlation indicates that
the HNusselt number is a significant function of Reynolds number and pitch-
to—dlameter ratio. The augmentation of heat transfer varies from 13% to
62% as the pitch to diameter ratlo varies from 1.131 to 0.172.
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INTRODUCTION

Tubes operating in crossflow are principal elements of heat exchangars
employed in energetics, transportation, chemical and other industries. Con-
tihuing improvement of compact heat exchanger designs requires Ffinding
new methods for enhancement of heat transfer on such tubes.

With a cylinder in crossflow of a real fluid, a laminar boundary
layer is formed on the front part as the result of the viscous forces. It
is commonly accepted that, in the lower range of Reynolds number (Rel,
the cylinder is enveloped all around by a laminar boundary layer, which
separates from lts surface only at the rear stagnation point. An increase
of Re leads to an increase in the cffect of Inertia forces, so that the Taminar
boundary layer separates the surface at a certain distance from the rear
stagnation point, and a complex vortex structure is formed in the wake.
With a further increase of Re, the boundary layer gradually becomes turbulent,
and its scparation paint is shifted upstream. This complex fluid dynamic
behaviour is reflected in the heat transfer between the cylinder and the
fluld. The two processes have heen the subject of both applied and fundamental
studles for many years.

Early twentieth century publications on the subject show  that
therc was a general tendency to study the lower range of Re. The earlicst
studles of heat transfer were performed in air [1-3), but these were soon
followed by the flrst attempts to study flows of liquid [%,5]. Two major direc-
Hons were covered in this stageirthat of the average heat transfer from wires,
so significant for thermal anemometry, and of the hcat transfer tubes in
crossflow.

The second direction of research was closely eonnccted with the
progress of boller design. Along with single cylinder , studies were carried
out with arrays, or bundles of cylinders [6].

Recently, the response of the HNusselt number for a circular tube
to the angle at which the cylinder is yawed relative to crossflow has heen
studied by Sparraw and Yanez [7]. Their experiments were performed in air
and encompassed ten yaw angles in the range between 0° and 60° and the
free stream Reynalds number range between 9000 and 70,000. More recently,
Shalaby and Araid [B] studied experimently the forced convection heat transfer
fram a cross cireular yawed tube. Their work was performed in air andencom-
passed seven yaw angles in the range between 0° and 28° and 6-8 values
of the free stream Re between 9000 and 25,000, in addition, supplementary
experiments were carried out to study the response of the cylinder heat
transfer to alterations of the upstream thermal and fluid flow conditons.
As a further supplement to the heat transfer experiments, the pattern of
fluid flow adjacent to the cylinder surface was visualized by means of the
oil-lampblack technique.
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The present experimental work is performed to introduce the average
conductance over the entire surface (front and rear), when the air flow is
considered normal to the circular cylinder., The experimental data have been
obtained when the cylinder is covered by a number of tripping wire rings as
well as the data obtained when the cylinder Is bare. The number of tripping
wire rings ranges between 0 and 53. The reults have been presented in terms
of a Musselt number based on the cylinder diameter and a Reynolds number
based on cylinder diameter and thc upstream normal veloeity. The Reynolds
number ranges from 7720 to 55700. The tripplng wire ring are used around
the cylinder to ensure that a turbulent boundary layer prevailed over the
outer surface of the heated tube. The heated tube is made from brass of
32 mm outer dlameter, 27 mm inside diameter and 300 mm long.

EXPERIMENTAL APPARATUS AND PROCEDURE

An experimental test rig was designed and constructed for the planned
experlments, see Fig.(1). It consisted of a low-turbulence open circuit wind
tunnel of a 305 mm square cross section, in whieh alr from the laboratory
room was drawn through the system, by downstream blower (13}, The flow
rate was controlled by a trottle value (15), The velocity of the air stream
drawn through the system was sensed with the help of pitot tube (6) and an
inclined alcohol manometer (26) at the centres of nine lmaginary equal square
areas into which its plane was divided, the pltot tube being situated 50 cm
upstream. The air velocity was also measured by the hot-wire probe (5) located
75 cm_upstream. The difference in velocity values by the two methods was
about - 1 %,

Figure (1) shows the general layout of the experimental apparatus
with the assoclated air supply system and the heating tube. Figure (2) shows
a schematic diagram of the test tube. A polished brass tube (9) having outer
diameter (0) equal to 32 mm, inside diameter (d} equal to 27 mm and 300
long is used. On the brass tube test section, there are eight copper-constan-
tan thermocouples (11) distrdbuted as shown in Fig.(2) at mid length of the
test tube. The copper-constantan thermocouples used are made from 30 gauge
wires and are fixed in thin slots {1mm deep) cut on the outer surfaee of
the tube. Thus the average of eight local temperatures is obtained as follows

Tw:[T1+T2+T3+T5+T6+(TQ+TB);’2]:‘7 (1)

One may observe that the wvalues obtained by the thermocouples of points
4 and 8 should be close equal to each other, because they are located In
two sym metrical postions on the test tube. Thus, the mean value of the two
readings Is used. During this experimental work the difference between T
and T, was about ¥ 0.04 °C. The tube was heated electricaly by means 01#
the main heater (3).This heater eonsisted of nickel chromium heating wire
wound around a thermal brick tube (2) and situated in the test sectlon brass
tube as shown in Fig.(2). To prevent the heat loss from the main heater ends
two guard heaters (B8) were used. The combination of the gquard heater is
shown in Fig.{2). The guard heater is located in electrically insulated groove
made on the test section brass end {5). The heal input to each of the main
and guard heaters is controlled by using autotransformers {(18), {21) and (28)
as well as three voltmeters {19) and (22) and three ammeters {20} and (23),
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see Flg.(1). A tephlon ring {#), located in between the two ends of the brass
main test tube (1) and the brass end of the test tube (5) of outside diameter
32 mm and inside diameter 27 mm and lts length is 5 mm. The whole set
Is placed in between the two wooden ends {§). For a fixed main heater input,
the guard heater input is requlated so as to maintain as small a temperature
difference as possible less than 0.2 °C ( less than 0.01 mv on the digital
multimeter (27), Fig.(1) ) across the tepllon ring (4),thereby ensuring that
the heat flow from the test tube ends is negiigible. Twelve-junction ther-
mocouple used for this purpose had three junctions on eaeh side of the tephlon
ring (4). The junctions are located at the midheight of the tephlon rng at
three locations,each of them has 120° apart from the others. These ther-
mocouples are connected to digital multimeter {27) with an accuracy of 0.00tmv.
Two wooden ends (6} are fixed at the test section ends. The total length
of the test section assembly is 700mm. The heated test tube Ls covered with
some tripping wire rings (13). Each ring is made of 0.8 mm nickel chromium
wire diameter, 5.5 mm coil outer diameter and each ring has 70 turns. The
experimental work has been made when the heated brass tube is covered
by a number of tripping wire rings ranging between 0O and 53. The tripping
wires were used around the heated test tube to ensure thata turbulent boundary
layer prevailed over the tube surface.

The flow air stream temperatures before and after the test tube,
and the wind tunnel surface temperature are measured by the set of ther-
mocouples (8) located as shown in Fig.(1). The test tube assembly is supported
in the wind tunnel duct, in which it can be ajusted perpendicular to the main
air stream .

In order to find the heat lost by radlation (&) the average value
of emissivity of 0.03 for polished brass tube is taken from [9), in which they
reported that no significant dependence of emissivity on temperature was
observed The values of q_ were of order of 0.23% of the imput power to
the main heater q. negleEting the heat loss by conduction from the ends
of the test tube { ). A steady state was usually achieved after about 3
hours. The average onvective heat transfer coefficient was determincd from
the expression.

h=qlh (T, -T ) -0 (2)

The probable errcr in finding the average heat transfer coefficlent
was estimated to be abott ! 7%. The projected area of the test tube on
a vertical- plane perpendicular to the tumnel axis was calculated as follows

Ap=DXL -c-(3}

It is found that the blockage of the wind tunnel free stream cross section
area is about 10%. Test and lessmann [10] have reported that their heat
transfer results with and without blockage differ by a maximum of 7%. There-
fore, the blockage does not -affect the heat transfer results to some extent.

RESULTS, DISCUSSIOR AND CONCLUSIORS

For the determinatdon of the heat transfer coeflcients and their
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correlation with air flow, some quantities were measured for each data run.
The power input to the main heater, the heat lost by radiation, the average
tube surface temperature, the alr flow stream velocity and the free stream
temperature were recorded. The heat lost due to unbalance between the main
and guard heaters was neglected because the temperature 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
transfer coefficient from equation (2). The typical devlation of any thermocouple
reading from the average wall temperature was 0.25% of (Tw - Too). Similarly,
the three free stream thermocouples were averaged to obtain Too, with typical
percentage devlations being 0.11% of (Tw - Too},

For the Reynolds number, account was taken of the fact that the
presence of the cylinder results in the 10% blickage of the cross secton
of the wind tunnel. The blockage correction fir the free stream velocity
was based on equation [8a) of Morgan [6] which, when evaluated for the con-
dition of the experiments, yielded

*
u :1.052.Um v ()
Then, the free stream Reynolds number followed as

R, = UOOD!,V e {5

The thermophysical properties appearing in equations (2} and (5)
were evaluated at a reference temperature (Tw + Too) /2.

The parameters varied independently during the cour?e of exper&-
ments included the Reynolds number was varied from 7.19x107 to 5.97x107,
the pitch-to—dlameter ratio of the tripping wirc rings (P/D) from 0.172 to
1.131, the main stream velaclty from #.5 to 30.5 m/sec. The temperature
difference between the test tubc surface and the oncaming alr (At) was varied
from 28.7 to 110.2°C at a given Reynolds number. In all, 102 data points
were obtained and in addition, a number of experiments were repeated.

The results in terms of Musselt number (Nu) versus Reynolds number
{Re) for pitch -to-diameter ratios equal te 0.172, 0.253, 0.200, 0.566 and
1.131 are shown in Fig.(3) for q = 250. W 1w and In Fig{4) for T o763 0.2 °C.

The experiments performed to establish the generality of the results
will now be described. The flrst set of experiments was carried out on the
cylinder in cross flow without tripping wire rings. The cross flow Nusselt
numbers are plotted In Fig.(3} as a funcHon of the free stream Reynolds
number Re, Also appearing in the figure iIs a curve representdng the correlation
of Zhukouskas (28) in Ref.J11) Inspeetion of Flg.(3) shows that the Nusselt
number value increases, in general, with Reynolds number. The experimental
data obtained for the bare tube are found in a quite good agreement with
the same obtained from correlation (28) of Ref.[11].

_ About the response of MNusselt number te the tripping wire rings
surrounding the test tube, one may observe that the Nusselt numbers for each
of the flve investigated test tubes are plotted as a function of the free stream
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Reynolds number in Flgs. (3and4). From an overview of the figures, it is
seen that Wusselt numbers lncrease,in general with the tripping wire rings
number, and this increase is ordered In a regular manner {(i.e. as the number
of the tripping wire rings increases the Nusselt number value increases).
One may alsc observe that. Nusselt number values increase, in general, with
the free stream Reynolds number, The results displayed on the Fig.(3) are
obtained at q = 250 % £ 1 wand Ffor pltch-to—diameter ratios (P/D) equal to
0.172, 0.253, 0.3, 0.566 and 1.131, in whlch they correspond to the tripping
wire rings number (M) egual to 2, 17 , 31, 37 and 53. Qn thc other hand
the results displayed on Fig.(4)} are obtained at T = 76°C. During the course
of this work the power input to the heated test tuble was contlnuously readjusted
(by the main heater autotransformer (18}, in Fig.(ﬂ) inorder to keep the average
wall temperature constant and equal to 76°C* 0.2°C. From Figs. (3and4) one
may observe that the augmentation of heat transfer ranges hetween 13%
to 62% data obtained for the case of the bare tube.

Fig.(5) shows the variation of Nusselt number versus pltch-to-diameter
ratio (P/D). One may observe that the Mu value decreases as the pitch-to-
dlameter ratio increases to approach the data obtained for the bare tube.

Flg.(6) shows the variation of HNusselt number versus, the pitfh-to-
diame;er rate for Reynolds number values egual to 13.5x1D07, 27x10” and
51x107 at q = 250% ! 1% The results are displayed on log-log sheet, in which
one may observe that the MNusselt number values increase with Reynolds
number. It is also seen that the valuedf Nu decreases wlth the pitch-to-diameter
ratio (P/D}.

During the present experimental work, the tipping wire rings were
not welded con the heated test tube surface. They were only fixed around
the test tube under the triping wire strength. So that, the tripping wire rings
around the test tube are considered as boundary layer disturbing means, not
as an extended surface of the test tube. :

CORRELATION

Finally,an attempt is made to correlate the results obtained in the
present study. Such a correlation 1s guite useful from a designer’s standpoint.
The average Husselt number 1s correlated wlth the other relevant governing
parameters of the test tube, namely Reynolds number (Re) and pitch to dia meter
ratio (P/D). The following correlation 1s obtained.

Nu = 0.284 Rg"s

oy 0-1° )
3 4

7.19 x 107 Re< 5.97 x 10

0.172 £ - P/t

The correlation (6) predicts the values of the Nu which agree with
results to withint 5%, as shown in Fig.(7).

In correlation (6), the exponent of 0.6 on Re clearly suggests the
presence of a turbulent boundary layer. The equation” shows also that the
Nusselt number is a significant function of pitch to diameter ratio.
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NOMEKNCLATURE

CAd4DmaW TXToag
I

c-g = o

tube surface area, [mz]

cylinder outside diameter, [m]

cylinder inside diameter, [m]

heat transfer coefficient, [W/m“.°C]
thermal conductivity, [W/m.°C]

Nusselt number, [h D/K]

pitch of tripping wire rings, {m]

rate of heat transfer at cylinder test section, [¥]
free stream Reynolds number, { YaD/¥ ]
cylinder wall temperature, [°C]

Free stream temperature, [m/s]

Free stream veloeity, [m/s]

corrected free stream velocity, [m/s].

Greek sy mbols

V kinematic viscousity, [ m2/s ]
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