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Abstract

The thermal-hydraulic performance of five oval tubesis experimentally investigated and compared with that for
acircular tubein across-flow of air. The range of Reynolds numbers Rep, is approximately between 1000 and
11000. The nominal axisratios R (major axis/ minor axis) for three of the investigated oval tubes are 2, 3, and 4.
Two other configurations of oval tubes are also tested, an oval tube R = 3 with two wires soldered on its upper
and lower top positions, and a cut-oval tube. The performance of the tubesis corrected for the effects of area
blockage and turbulence intensity.

The measurement results show that the mean Nusselt numbers Nup, for the oval tubes are close to that for the
circular tube for Rep < 4000. For ahigher Rep, the Nup for the oval tubesis lower than that for the circular tube
and it decreases with the increase in the axisratio R. The drag coefficients C4 for the tubes are measured and the
combined thermal-hydraulic performance is indicated by theratio Nup / Cg4, which shows a better combined
performance for the oval tubes.

Keywords: heat transfer; drag coefficient; oval; circular; tube



List of Symbols

(@]

Cd avg

& & I

Nu

Nup

Re
Rec
Rep

\
V1

£

an

AtIm

internal, external area of atube, (m?)

frontal area of atube, (m?)

outer major axis or chord, (m)

drag coefficient, Cq = Fg/ (0.5 p Vi Ap)

average drag coefficient

diameter, (m)

for acircular tube: outside diameter, for an oval tube:
outside diameter of a circular tube having equivalent
perimeter, (m)

drag force, (N)

thermal conductivity of air, (W mK™)

thermal conductivity of wall, (W m*K™)

Nusselt number, Nu= a, D / ka

mean Nusselt number for atube, Nup = az Do / ka
nominal axis ratio for an oval tube (major axis/ minor
axis)

Reynolds number, Re=VDp/u

Reynolds number, Re;.=Vrcp/u

Reynolds number, Rep = Vi Do p / 1

air velocity, (ms™)

free stream velocity of air, (ms™)

upstream velocity of air to the test section, (m s™)
outer minor axis of an oval tube, (m)

air-side convective heat transfer coefficient, (W m? K™)
water-side convective heat transfer coefficient, (W m? K~
)

log-mean-temperature-difference, (°C)



1. Introduction

Oval tubesin across-flow of air exhibit lower air pressure drop than circular tubes. The
operating costs in cross-flow heat exchangers are mainly due to the energy required to move
air across the tubes. While the advantage gained from their hydraulic performanceis clear, the

thermal performance of oval tubesis not well agreed upon.

Maybe the oldest work on asingle eliptical cylinder mentioned in the literature is that by
Reiher in 1925 [1], as quoted by Ota et al. [2], who reported the mean heat transfer coefficient
for an elliptical cylinder whose configuration was obscure. Ota et al. [2] investigated
experimentally the thermal performance of asingle elliptical cylinder with an axisratio
(major axisto minor axis) of 2 in aflow of air having Reynolds numbers (Re;) of 5000 to
90000 with angles of attack from 0 to 90° (where Re; is the Reynolds number based on the
major axis c). For air flow parallel to the major axis, they found that the Nusselt number for
the liptical cylinder was higher than that obtained for a circular cylinder from an empirical
correlation by Hilpert [3]. Otaet al. [4] tested an elliptical cylinder with an axis ratio of 3 with
Re.; from 8000 to 79000. The Nusselt number for the elliptical cylinder was found to be
higher than that for acircular cylinder from Hilpert's correlation. When they compared the
results of their measurements with those for the elliptical cylinder with an axisratio of 2
mentioned in [2], asmall increase in heat transfer was noticed. Kondjoyan and Daudin [5]
studied experimentally the effect of variation in the free stream turbulence intensity Tu from
1.5% to 40% on the heat transfer from a circular cylinder and an elliptical cylinder (axisratio
4) for Reynolds numbers Rep between 3000 and 40000 (Rep is based on the diameter of the
equivalent circular cylinder for an elliptical cylinder). Their conclusion was that turbulence
intensity effect is asimportant as air velocity effect. They indicated that the Nusselt number

for the elliptical cylinder was about 14% lower than that for the equivalent circular cylinder.

For flow around an élliptical cylinder, Schubauer [6] made measurements of the velocity
distribution inside the laminar boundary layer, and Hoerner [7] showed the drag coefficient as

afunction of the axisratio.

For more than one tube or for a bank of tubes, Merker and Hanke [8] found experimentally

the heat transfer and pressure drop performance of staggered oval tube banks with different



transversal and longitudinal spacings. The oval tube axisratio was 3.97. They showed that an
exchanger with oval-shaped tubes had smaller frontal areas on the shell-side compared to
those with circular tubes. Ota and Nishiyama [9] investigated experimentally the flow around
two elliptical cylinders (axis ratio 3) which were in atandem arrangement. The static pressure
distribution on the surface was measured and the drag, lift, and moment coefficients were
evaluated for arange of angles of attack and cylinder spacings. Nishiyamaet al. [10]
investigated the heat transfer around four elliptical cylinders (axis ratio 2) which were placed
in atandem arrangement in air with Reynolds numbers Re. from 15000 to 70000. They
showed that the thermal performance of the elliptical cylinders was comparable to that of in-
line circular cylinders at narrower cylinder spacings and at smaller angles of attack. Salazar et
al. [11] measured the heat transfer from a bank of elliptical tubesin a cross-flow. The
elliptical tube axis ratios used were 1.054, 1.26, and 1.44. The characteristic length in Re and
Nu for the elliptical tube was assumed to be equal to the minor axis. The resultsindicated that
correlations of circular tubes were slightly higher than the measurements of the elliptical
tubes. Liu et al. [12] examined experimentally the performance of an array of 18 elliptical
tubes, where the tube axis ratio was 3.33. In their work, the colder tube array cooled warmer
air which flowed normal to the tubes. They evaluated the Nusselt number and the

dimensionless pressure drop factor on the air side.

For finned elliptical tubes there are several experimental works, Brauer [13] and Schulenberg
[14] showed better heat transfer for finned elliptical tubes than for finned circular tubes, and
Saboya and Saboya [15] indicated no major differences, while Jang and Y ang [16] indicated

lower heat transfer performance for finned elliptical tubes.

For evaporatively cooled heat exchangers, Hasan and Sirén [17] showed that a bank of wet
oval tubes has a better combined thermal-hydraulic performance than corresponding circular

tubes.

No special conclusions could be drawn from the available literature concerning the expected
thermal performance of oval tubes relative to circular tubes. While some worksin the

literature refer to better thermal performance, others indicate the reverse.

The objective of the current work is to investigate experimentally the performance of oval

tubesin across-flow of air in the low Reynolds number range (approximately 1000 < Rep <
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11000) and to compare the performance with that for an equivalent circular tube. Oval tubes

of five shapes will be investigated: oval tubes with three nominal axisratios (R= 2, 3, and 4),
and two other tube configurations; one is an oval tube R = 3 which has two wires soldered on
its upper and lower surfaces, and the other one is a cut-oval tube. The feasibility of using oval

tubesin heat transfer will be presented in terms of their combined thermal-hydraulic
performance.



2. Tube dimensions

A special tool (Fig. 1 (a)) was manufactured by the Laboratory of Production Engineering-
Helsinki University of Technology to form the oval tubes from soft circular copper tubes. The
tool is composed of three rollers; oneisaguiding roller and two are activerollers. To form an
oval tube, achannel possessing the shape of half of the required oval tube was machined on
the two opposite surfaces of the active rollers. The circular tube was placed into the cavity
between the two rollers, pressed by the rollers, and pulled out to form an oval tube.

Five oval tube shapes are investigated in this work. The dimensions of the tubes are indicated
inFig. 1 (b). The axisratios (outer major axis c to outer minor axisy) for three of the oval
tubes are 1.9, 2.8, and 4, which will be referred to by nominal valuesof R= 2, 3, and 4,
respectively. Additionaly, the investigation covers two other tube configurations. Oneis an
oval tube R = 3 with two steel wires soldered along the tube at a central angular position of +
90°. The wire cross-section is semicircular and its height is 1 mm. The profile of the second
tube is composed of two identical arcs of a bigger oval shapewhichiscut at a right angle at
therear. Thistube will be referred to as the cut-oval tube. Its minor axisis equal to that for the
oval tube R= 3, and itsmajor axisis shorter (c = 23.3 mm). This tube was formed by the
same method used for the other oval tubes.

The perimeter of the formed tubes was made equal to that of the circular tube (D, = 18 mm)
from which they were formed. This means that the heat transfer areais equal for al of the
investigated tubes.

3. Test rigs

3.1. Testrig for the thermal measurements

A test rig was built for the measurement of heat transfer from the tubes in a cross-flow of air.
The test rig includes awind tunnel, test section, water system, fan, and measuring
instruments. Fig. 2 shows the basic components of the test rig. Air was driven through the
wind tunnel and test section by afan under an induced draft. A frequency converter was used
to control the rotational speed of the fan. The flow rate of the air was measured by a pressure

difference measuring device. Heat transfer took place in the test section from hot water



flowing inside the tubesto air in a cross-flow. The hot water was circulated in the water
system. Thermocouples type T were used for the measurement of the air and hot water
temperatures. They were mounted at the inlet and outlet of the test section, at the air side and

water side.

Wind tunnel

A low-speed wind tunnel was built to provide uniform air velocity distribution in the test
section. The wind tunnel length is 1500 mm. The wind tunnel inlet and outlet are square, with
dimensions of 800 mm x 800 mm and 400 mm x 400 mm, respectively. The area contraction
ratio is four, which isin accordance with values mentioned by Pankhurst and Holder [18].
The profile of the wind tunnel is a sixth-order polynomial, which was designed according to
Lassila[19].

Water system

The water system comprises an electric heater, pump, water flow meter, electric power meter,
and thermocouples. The tube, which is made of copper, makes four passes through the test
section. The water system isinsulated from the surroundings. The electric heater was used to
increase the water temperature so that the inlet water temperature to the test section was kept
at about 70°C. The pump circulated the hot water inside the tube in a closed circuit. Heat
transfer took place from the hot water to the air which flowed normally to the tubes. The
electric power meter was used to measure the power supply to the water system. The
relatively high inlet water temperature and the multiple tube passes result in a higher rate of

heat transfer, which would decrease measurement errors.

Test section

The cross-sectional dimensions of the test section are 400 mm x 400 mm. The four passes of
the tube constitute asingle array of tubesin the test section and as shown by Fig. 3 (a) and
(b). The horizontal length of each passin the test section is 400 mm. The circular tube
outside diameter D, is 18 mm. The transversal tube spacing is 80 mm which is 4.45 D, For a
single array of tubes, as in the current work, Zukauskas [20] indicated that the heat transfer

from onetube in the array is similar to that for a single tube standing alone in the test section.
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The existence of atube in achannel and the related effect of flow restriction (Fig. 3 (c)) will
be taken into consideration by the blockage effect in Section 4.1.1.

The air velocity in an empty test section was approximately from 1 to 10.5 m s, which
covers awide range for general heat transfer applications. The Reynolds number Rep, based
on the aforementioned air velocity values and the tube diameter, is approximately from 1000
to 11000. Thisisin the lower range of the subcritical external flow.

The surfaces of the tubes were polished to eliminate radiation heat transfer. A bright tube has

an emissivity of 0.02, which makes its radiation losses negligible.

3.2. Test rig for the hydraulic measurements

The hydraulic behaviour of the tubeswill be found from the drag force measurements. A
simple method was used to find the drag coefficient Cyfor the tubes and as shown by Fig. 4.
The tube was placed in the horizontal axis of the test section. It filled the test section and
extended outside the side walls through two holes, where it was connected from its ends by
two arms to an accurate electronic weighing scale. There is asmall tolerance between the
surface of the tube and the edges of the two holes. One tube was investigated each time.
When thereis no air flow, the freely suspended tube isin its reference position, where its
major axisis at right angles to the vertical axis of the test section. When air flowsin the test
section, the tube moves from its reference position. The drag force is determined from the
force required to mantain the tube in its reference position.

4. Experimental measurements

The overall characteristics of the tubes will be determined from the thermal and hydraulic

measurements. Prior to that, the following preparation measurements were carried out:

Measurements of air velocity distribution at wind tunnel outlet

Air velocity was measured at the wind tunnel outlet using a pitot-static tube for avelocity
range of approximately 1 to 17 m s™. The measurements were taken along the vertical and the
horizontal centrelines of the wind tunnel outlet. Fig. 5 shows atypical velocity distribution



from the measurement. As seen, the wall effect is confined to a narrow region adjacent to the

wall and the velocity distribution at the positions of the tubesis uniform.

Measurements of heat loss from the insulation

The hot water system (components and piping) was insulated from the surroundings. Heat
loss through the insulation to the surroundings was measured by shortcutting the water system
which was done by bypassing the tubes inside the test section and operating the hot water
system. Theinsulation resistance for heat loss to the surroundings was found by measuring
the electrical power supply required to keep a steady state temperature for the water. The
importance of this could be recognised if we know that the results of the thermal

measurement for the tubes, which will be presented next, would show that the ratio of the heat

loss through the insulation to the total heat supplied to the hot water was between 10 to 34%.

4.1. Thermal measurements

The amount of heat transfer g from hot water to air for acircular tube is governed by the
equation

1= = @
) Ir{pb}r 1

A 2kA (A) aA

where At is the log-mean-temperature-difference between the hot water and cross-flow air
temperatures. The internal convective heat transfer coefficient for the hot water ay can be
calculated using the Gnielinski correlation from [21]. The tube wall thermal resistance to heat
conduction and the internal flow resistance to heat convection are too small (together <1% of
the total thermal resistance), so that the resistance to convective heat transfer from the tube
surfaceto air (1/ a, A,) dominates. For a steady state case, the amount of heat transfer from
hot water to air q is evaluated from the measured electrical power supply, which is converted
into heat, and the insulation heat loss. This method is more accurate than evaluating g from
the measurement of the small temperature drop of water in the test section. The temperature
difference At is determined from the temperature measurements for air and water.
Therefore, the air-side convective heat transfer coefficient for the tube a, can be found from
Eg. (1), from which the mean Nusselt number for the tube (Nup = a2 Do / ky) can be
evaluated. The highest value of (Gr / Rep?) for air in this work was about 0.025 (where Gr is
the Grashof number). Since thisvalueis <<1, then the effect of the natural convection could
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be neglected according to [21]. The thermophysical properties of the air are evaluated at the

average temperature between air and hot water temperatures.

4.1.1. Heat transfer measurements for the circular tube

Heat transfer measurements were carried out for the circular tube, where the 18 mm o. d.
circular tubeis considered as areference case for the measurements. Morgan [22] reviewed
more than 100 references for the relation between the Nusselt number Nup and the Reynolds

number Rep for acircular cylinder in across-flow of air. He proposed heat transfer
correlationsin theform Nu, =n, Re,™ , wherein his correlations, Nup is for turbulence free

flow and Rep, is defined in terms of the air free stream velocity Vi. Morgan indicated in [22]
that his proposed correlations are the same as Hilpert’ s [3] when the latter are corrected by
using modern data for the thermophysical properties of air.

The results of heat transfer measurements for the circular tube in the current work will be
compared to Morgan’s correlations. The characteristics of the tubes will be corrected for the

blockage effect (solid and wake blockages) and the turbulence effect.

Solid and wake blockages effect

This effect is due to the flow obstruction produced by placing atube in a channel, which will
increase the free stream velocity V4, as shown by Fig. 3 (c). To correct for the solid and wake
blockages effect for a circular cylinder, Morgan [22] used a correction equation by Vincenti
and Graham [23], who used the method of superposition to account for these effects for a
closed-throat wind tunnel of diameter D+

V, =V, [1+0.321C,(D/D;) +1.356 (D/D;)?| (2

where V; is the free stream velocity of the obstructed flow, V+ is the upstream velocity of air
to the test section, Cyisthe drag coefficient, and D is the outside diameter of the tube. Eq. (2)
will be implemented for the correction of this effect in the current work. D istaken as D, for
the circular tube or y (the outer minor axis) for the oval tubes. D+ is taken as the height of the
flow channel per one tube. Values of Cyare substituted in EQ. (2) asthey are found from the

10



hydraulic measurements (Section 4.2). For the data from the current work, Eq. (2) shows that
Vi / V1 = 1.1for thecircular tube, and V; / V1 < 1.04 for the oval tubes.

Turbulence intensity effects

The turbulence intensity Tu is defined as the root mean square of the instantaneous vel ocity

deviations from the value of the mean velocity, divided by the mean vel ocity

7

(Tu= Vi where V' isthe instantaneous deviations from the mean air velocity \7).

Free stream turbulence intensity produced by instantaneous fluctuations of air velocity at the
test-section was measured by means of a hot-wire anemometer. These measurements
indicated that the turbulence intensity was from 0.7% to 3.8% for air velocity from 1.1 to 10.8
m s™, respectively. The effect of higher free stream turbulence intensity is higher heat transfer
rate from the tube surface. Correlations presented by Comings et al. [24] and van der Hegge
Zijnen [25] were considered by Morgan [22] to evaluate the increase in the Nusselt number
ANup due to the turbulence intensity in the direction of flow for circular cylindersin the range
of Rep = 10000 and as the following

A,\'I\'”D =1.294Tu for 1% <Tu<3%, (33

uD

ANNUD =242 Tu*? for 3% <Tu<12%. (3h)
uD

This equation will be considered to correct for the turbulence effect in the current work. For
the flow turbulence intensity in thiswork (Tu = 0.7% to 3.8%), Eq. (3) shows 11% to 27%

increasein Nup.

Checking the circular tube measurements

Fig. 6 shows the measurement results for the 18 mm o. d. circular tube. The correction
equations, Egs. (2) and (3), are implemented to correct for the blockage effect and the
turbulence effect, respectively. For the blockage effect, the measurement points, which are
presented in terms of the Reynolds number based on Vr, are shifted towards higher values
based on V;. The effect of the turbulence intensity on the heat transfer is excluded which
resultsin lower Nup. The final measurement points after the corrections are shown with their
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error barsin Fig. 6 relative to Morgan’s correlation [22], who indicated that his correlation
involves a maximum uncertainty of + 5%. As seen in the figure, the corrected measurements
points are very close to the correlation. Thisis acheck of the measuring procedure and

facilities.

4.1.2. Heat transfer measurements for the oval tubes

The major axis of the oval tubes was parallel to the direction of the air flow. The oval tubes
were formed from 18 mm o.d. copper circular tubes, which after forming preserved the same
perimeter as the circular tube. When the performance of the oval tubes is compared with that
for the circular tube, it will be on the basis of the utilisation of the same surface area.
Therefore, for the same air velocity, any difference in the characteristics will result from the

different surface geometry (oval or circular).

The thermal performance of the circular tube and three oval tubes (having nominal axis ratios
Rof 2, 3, and 4) is shown in Fig. 7. The measurement results are corrected for the effects of
area blockage and flow turbulence as per Egs. (2) and (3), respectively. To compare with the
circular tube, the characteritic length in the definition of the Reynolds and Nusselt numbers
for the oval tubesistaken to equal the outside diameter of the circular tube which has the
equivalent perimeter (here D, = 18 mm), and will be written as Rep and Nup, respectively.
This definition was implemented by Otaet a. [2, 4] and Kondjoyan and Daudin [5]. A similar
definition for noncircular tubes was indicated by Jacob [26].

It appears that for lower Reynolds numbersin Fig. 7 (Rep < 4000), the differences between
Nup for the circular and oval tubes are small that aimost all of the measurement points for the
oval tubes are within a + 5% range around the measurement points for the circular tube. Note
that Rep < 4000 here corresponds to an air velocity of lessthan 4 m s, which is the range for
most air-conditioning applications. Beyond this velocity, Nup for the oval tubesis lower than
that for the circular tube and it decreases with the increase of the axisratio R. At Rep = 11000,
the decrease in Nup for the oval tubes from that for the circular tubeis 8% for R= 2 and 16%
for R= 3 and R= 4. Kondjoyan and Daudin [5] also reported lower Nup for an elliptical
cylinder having R = 4 compared with that for an equivalent circular cylinder.
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For subcritical flow around a circular tube, separation of the laminar boundary layer occurs at
an angle of about 80° due to the expansion in flow area and the adverse pressure gradient. The
local Nu islargest at the stagnation point and decreases with the distance along the surface
due to the growth of boundary layer thickness. The local Nu reaches its minimum near the
separation point. Beyond that, the local Nu increases because considerable turbulence exists
where the eddies of the wake affect the surface. The local Nu over the rear-side of the circular
tube is smaller than that for the stagnation point because fluid recirculation is not effective in
mixing the fluid in the vicinity of the surface with the fluid in the main stream. A similar
behaviour exists for oval tubes. For the location of the separation point of elliptical tubes, Ota.
et a. [2] stated that separation occurred at s/ ¢ = 0.6 for R= 2 which aimost coincided with
the location of the minor axis, and Ota et a. [4] stated that it occurredat s/ c=0.7 for R= 3
which was alittle downstream of the location of the minor axis, where s is the distance on the
tube surface. Schubauer [6] indicated that for R = 2.96 separation happened at an angle of
approximately 120°, and Kondjoyan and Daudin [5] showed it at approximately 105° for R=
4,

Generdly, it is noted that the coefficients of the empirical correlations for heat transfer for a
circular tube change for some ranges of Rep. For the range relevant to the current work, it is
noted that Morgan’ s correlations and Hilpert’ s corrected correlationsin [22] show that the
coefficients change at Rep = 5000. This would mean that the heat characteristics of the tube
start to change at the indicated Rep value. This could have arelation to the behaviour noticed
in our measurements, where the discrepancies between the oval and circular tubesincreased
for Rep > 5000.

For external flow around an object, the boundary layer grows thicker as the surface becomes
flatter. This explains the decrease of Nup for the oval tubes for Rep > 4000. The change of the
tube geometry from circular to oval for Rep < 4000 seemsto have an insignificant effect on
the thermal behaviour. Correlation equations fitted to the data presented in Fig. 7 indicate
that Nup = 0.728 Rep*" for all the points which have Rep < 4000, while for the points with
4000 < Rep < 11000: Nup = 0.117 Rep*®® for the circular tube, Nup = 0.209 Rep*® for the
oval tube R = 2, and Nup = 0.357 Rey>™"’ for the oval tubesR = 3 and R= 4.

Two other tube configurations were also investigated, the cut-oval tube and the oval tube R =

3 with the two wires. For the latter tube, the diameter of the equivalent circular tube includes
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also the wetted perimeter of the wires. The location of the wireis alittle upstream of the
expected separation point for aplain oval tube. Fig. 8 shows Nup and Rep, for these two tubes
together with that for the oval tube R = 3. The tubes indicated in Fig. 8 seem to have almost

identical thermal performance.

4.2. Hydraulic measurements

The drag coefficient Cy4 for each tube is found from the measurements of the drag force Fg.
The latter consists of the skin friction force on the tube surface and the form drag due to
separation at the rear-side of the tube, both of which are affected by the shape of the tube. The
pressure drop of the air flow across the tube isrelated to Cy. The drag coefficient is

Fy

05 pV.2 A )

d

where Ar is the tube frontal area which is perpendicular to the free stream direction and p is

the air density.

The drag measurements for the tubes are presented in Fig. 9 against Re. which is based on the
tube chord (the magjor axis for the oval tubes) where Re; = V1 ¢ p / u. It can be seen that Cq4 for
the oval tubesislower than that for the circular tube, and it decreases with increased oval tube
axisratio. Cq for the cut-oval tubeislower than that for the oval having R= 3, while the
addition of the wires on the latter tube increasesits Cqy. Table 1 shows the average values of
the drag coefficient Cqavg for the tubes together with that available from the literature for
comparable sections. The data for the elliptical sections are taken from Hoerner [7] for
subcritical flow. For the circular tube, the measured Cqayg is 1.05, while Morgan [22]
indicated that Cyaq ~ 1.2 (for 10° < Rep < 10°, tube aspect ratio > 10, blockage ratio << 1,
and Tu <<1), and Knudsen and Katz [27] indicated that Cqaq = 1.0 for 10°< Rep <2 x 10°,

4.3. Combined thermal-hydraulic performance of the tubes

The ratio of the Nusselt number to the drag coefficient (Nup / Cyavg) IS taken as an indication
of the thermal-hydraulic characteristics of the tubes. To compare the performance at the same
air velocity, Nup / Cqag Would refer to the amount of heat transfer from a tube to the energy
required to move the air across the tube. Fig. 10 shows Nup / Cq ayg for the tubes as determined

from the measurement data. It can be seen from this figure that the oval tubes are better than
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the circular tube in a combined thermal-hydraulic performance. The ratio of Nup/ Cqayg for

(NuD /Cdavg)oval
(NUD /Cdavg)

each oval tubeto that for the circular tube

has the average values indicated

circular

by Table 2 for the investigated range of Rep. These values indicate better combined thermal-
hydraulic performance for the tested oval tubes compared with that for the circular tube.

4.4. Analysis of the measurement errors

To find the uncertainty in the measurements of afinal variablef (e.g. Nu, Re, Cy), error
analysisis performed using the accuracy in the readings of independent variables x; (e.Q.
temperature, power, tube dimension, thermophysical property, pressure difference, force).
Errorsin the measurements of the independent variables dx; propagates in the calculation of

the uncertainty of the dependent variable df according to

2

of of of
df = [(—dx)® +(s—dx,)* +(s—dx;)* +... (5
\/(6x1 )"+ (5 %) +(6x3 X)" + . (9)

For the temperature measurements: The thermocouples were connected to a data-logger which
has an accuracy of * (0.1% of reading + 0.2 % of range span). The logger readings were
calibrated against readings of a mercury-in-glass thermometer. The accuracy of this
thermometer is taken equal to + 0.01 °C which is one-half its smallest scale division. The
error in the temperature measurement is due to the logger error, the residual of the systematic
error after calibration, and the thermometer error. Then the uncertainties in the water and air
temperature readings are 0.92°C and 0.83 °C, respectively.

For the power measurements: The power meter readings were calibrated against a reference
multimeter. The above-mentioned logger registers aso the power readings. The power
measurement error includes the logger error, the residua of the error after calibration, and the

reference multimeter error.

For the tubes dimensions: A digital calliper was used, which has an accuracy of + 0.00003 m.
For the measurement of lengths, 0.0005 m is taken as one-half of the smallest scale division

of the used tape measure.

The error in the thermophysical properties of air (kinematic viscosity, thermal conductivity,

and density) is taken to correspond to the expected error in the air temperature measurement.
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The relative uncertainty is defined as the uncertainty divided by the value of the variable (df /
f). Therefore the relative uncertainty in Nup is found to be between 3.3 and 5.5%, whichis
approximately equal to the uncertainty in the readings of the electric power meter used for the

heat supply measurements.

For the uncertainties in the Reynolds number: The air velocity was determined from pressure
difference readings of a micromanometer which was connected to a cross-type volumetric

flowmeter. The maximum relative uncertainty in the values of Rep isfound to be 2.7 to 5.6%.

For the uncertainty in the measurements of the drag coefficient Cd: The drag force was
measured by a digital weighing scale which has an accuracy of + 0.05 g. Therelative
uncertainty in Cdis 2.7 to 7.9%.

Error bars are indicated on figures (6,7, 9, and 10) for the measurements of the circular tube

asatypical set of measurements.

5. Conclusions

At the lower range of the investigated Reynolds numbers (Rep < 4000), Nup for the oval
tubes are close to that for the circular tube, as it seems that the change in the geometry of the
tube at thislow range of Rep has only a small effect on the mean heat transfer coefficient.
Thisrange of Rep corresponds to air velocities < 4 m s in thiswork, which is the range for
most air-conditioning applications. For a higher Rep, the Nup for the oval tubesis lower than
that for the circular tube and it decreases with the increase in the axis ratio R. The decrease in
Nup for the oval tubes from that for the circular tube at Rep = 11000 is 8% for R= 2 and 16%
forR=3andR= 4.

Due to the dlender shape of the oval tubes, their drag coefficients Cyare lower than that for the

circular tube. The investigated oval tubes appeared to have a better combined thermal -

hydraulic performance compared with that for the circular tube: the average value of theratio
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(NUp /Cya)

v is1.6for R=2,1.8for R= 3, 2.5for R= 4, 1.3 for the ova tube with the
(NUD /Cdavg)

circular

wires, and 2.1 for the cut-oval tube.

These results for single tubes are indicative of the expected performance of bundles of oval
tubes, which could be useful to investigate in the future. Because of their smaller face area,
oval tube heat exchangers are more compact than circular tube heat exchangers. This means
that more oval tubes can be put into a specified volume, which means higher heat transfer
area. Added to their better combined thermal-hydraulic performance, this would indicate

encouraging characteristics for using oval tubesin heat exchangers.
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Fig. 1. (a) Thetool used to form the oval tubes. (b) Shapes and dimensions of the tested oval tubes.

Fig. 2. Test rig for the thermal measurement.

Fig. 3. (a) Tubes distribution in the test section. (b) Tube passes. (c) Blockage effect on air velocity.

Fig. 4. Method of drag measurement.

Fig. 5. Velocity distribution along the vertical centreline of the wind tunnel outlet.

Fig. 6. Measurement data for the circular tube.

Fig. 7. Thermal measurements for the circular tube and the oval tubes R =2, 3, and 4 (the error bars are for the

circular tube points).

Fig. 8. Thermal measurements for the oval tube R = 3 with the wires, cut-oval tube, and the oval tube R= 3.

Fig. 9. Drag coefficients for the investigated tubes (the error bars are for the circular tube points).

Fig. 10. The combined thermal -hydraulic performance for the tubes (the error bars are for the circular tube

points).

Table 1. Average Cy from the measurements and the literature.

Table 2. The average values of theratio Nup / Cq 4 for each oval tube to that for the circular tube.
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Fig. 1. (a) Thetool used to form the oval tubes. (b) Shapes and dimensions of the tested oval tubes.
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Fig. 6. Measurement data for the circular tube.
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Table 1. Average Cy from the measurements and the literature.

Cd avg
M easured Literature
Circular 1.05 Circular 11911214
Oval R=2 065 | EllipticarR=2| 06!
OvalR=3 054 | EllipticarR=3| 043"
Oval R=4 041 | EllipticaR=4| 035!
Oval R =3 with wires 0.70 - -
Cut-oval 0.48 - -
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Table 2. The average values of theratio Nup / Cy 4,4 for each oval tube to that for the circular tube.

(Nuj, /Cdavg)oval
(NUp 7 Cyavg) direutar
OvalR=2 16
OvalR=3 18
OvalR=4 25
Oval R = 3 with wires 13
Cut-oval 21
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