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EXPERIMENTAL INVESTIGATION OF THE PERFORMANCE
OF A CROSS FLOW HEAT EXCHANGER WITH BUNDLE OF
SEMI - CIRCULAR TUBES
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ABSTRACT:

An experimental investigation has been conducted to clanfy heat
transfer charactenistics and effectiveness of a cross flow heat exchanger
with bundle of semi-circular tubes. An ambient air and a hot water have
been used as an external and internal fluids respectively. Where the tubes
are placed in an in-line arrangement. The Reynolds number ranged from
about 2x10" to 16.5x10" . The angle of attack (8) is varied from 0° to 270°
and the relative longitudinal pitches (Sy/d) from 1.35 to 2.69,while the
relative transfer pitche was kept constant (S/d = 1.35).

It has been found that the heat transfer in terms of Nusselt number
(Nu) and effectiveness (E) varies drastically with the angle of attack (6)
and also with the longitudinal pitches (S)). Correlations have been obtained
for (Nu) as functions of (Re) at different (S;/d) and (8) and also for (E) as
{uaction of capacity ratio Z, Sy/d, and 6. The results show that the highest -
values of Nu, E occurred when the angle of attack, (8) is 270° for all values
of (Sy/d) at constant (5/d).
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NOMENCLATURE:
a : Relative transfer pitch (Syd) .
b : Relative longitudinal pitch (S/d) .
C : Heat capacity rate (m'c,) . kW/K
¢, : Specific heat capacity at constant pressure. klJ’kg K
d : Diameter of semi- circular tube . m
h : Heat transfer coefficient of air, (q/ (ts—ta ) ) . kW / m’K
k : Thermal conductivity . kW /mK
I : Length of tube . m
m : Mass flow rate . kg /s
n : Number of tubes in each row .
Nu: Nusselt number of air, (hd/k) .
q : Heat flux . kW / m’
S, : Longitudinal pitch . m
S, + Transfer pitch . m
1 : Temperature . K
Vi : Maximum velocity of air, (ma /o n(S-d) 1) . m/s
Z : Heat capacity ratio |, (Cupin /Crux ) -
v Kinematic viscosity of air. m?/s
p : Density of air. kg / m’
0 : Angle of attack.
E  Effectiveness of heat exchanger,[( t, ~ ti )/ { ti- tw )] .
Re : Reynolds number, (V. d /v) .

SUBSCRIPTS :

a CAlr .

] Inlet .

0 . Qutlet .

s . Surface .

w : Water .

max . Maximun .

min . Minimum .
INTRODUCTION

High performance heat exchanger for saving and making effective
use of energy is very important. A mong many types of heat exchangers,
those constructed circular pipes have been used in many industries. There
are many types of heat exchangers such as parallel flow, counter flow and
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cross flow. However, the cross flow leat exchangers are widely used in
refrigeration and air conditioning.

As far as forced convection heat transfer characteristics of the
circular tubes are concemed, only a few investigations are available. Total
and local heat transfer analyses were made by Elmar [1]. Cross flow heat
exchangers with both staggered and in-line tube arrangements for various
ratios of pitch to diameter have been studied by Hewitt et.al [2].

Zhukauskas [3 ] performed many heat transfer experiments with
single tubes and banks of cylinders. Heat transfer around four circular
cylinders arranged in in-line tube bank in cross flow of air had been studied
by Aiba [4]. Achenbach [5] studied the heat transfer and pressure drop for
smooth and rough staggered tube bundle having transfer and longitudinal
pitch ratios of 2 and 1.4 respectively. In this study Revnolds number (Re)
ranged from 3x 10" to 7x10°. In the same way the heat transfer from smooth
single cyvlinders arranged in staggered and in an in-line tube banks with
uniform heat flux had been examined by Boughn et.al [6].

Optimal design of cross flow heat exchangers was studied by Bulck
(7]. This design showed that the performance of heat exchangers increased
by compacting more of the transfer area. Gowell [8] studied a general
method for the companson of compact heat transfer surfaces. This author
presented a family of methods for comparing compact heat transfer surface
configurations. Chen and Hsieh [9] presented a general procedure for
effectiveness for coinplex assemblies of heat exchangers.

Pavan and Venkatarathnam [10] proposed the methods for the
optimum sizing of balanced and unbalanced flow matrix heat exchangers.
Heat transfer and flow charactenstics around several cvlindrical rods
arranged n a single row in cross flow, were experimentally obtained by
changing the pitch of the cylinders [11]. There are several cases where the
contribution of both modes of heat transfer is of the samne order. This case
is referred to as mixed convection. Some researches did study the problem
but limited themselves to either cross flow only [12-13] or assisting flow

only [14].

In a previous article [15-16] the author reviewed the data on heat
transfer from hortzontal heated cyhindrical tube of wvanous knurled
enhanced surfaces in cross flow, The average Nusselt number due to mixed
convection froin an isothermal cylinder at arbitrary angles of attack was
solved numerically by Bassam and Hijleh [17]. They obtained correlation
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showing that, the change in the average Nusslet number relative to the case
of cross flow was up to (+20%) higher for opposing flow which use one of
the major objectives in the design of the enhanced heat exchangers.

An experimental study on heat transfer charactenistics from a semi-
circular tube in cross flow perpendicular to the curved tube surface have
been carried out by Ibrahim and Elsayed [18]. The results illustrated the
superior heat transfer characteristics of semi- circular tubes compared to
circular tube one.

From that mentioned above, the heat transfer coefficient and
effectiveness depend on the angle of attack and Reynolds number. In order
to employ semi-circular tubes as a heat transfer surface element of heat
exchangers, 1t s basically important to examine the heat transfer
characteristics and effectiveness of semi-circular tubes bank. Howewver,
there has been little mformation about them.

The purpose of the present study is to investigate the behavior of the
heat transfer coefficient and the performance of semi-circular tubes bank
cross flow heat exchanger with an in-lne arrangement, for various
longitudinal pitches and angles of attack at constant transfer pitch.

EXPERIMENTAL APPARATUS:

The experiments were conducted in the thermodynamics laboratory
of department of mechanical engineering at Zagazig University, The
experimental apparatus 1s an open-circuit airflow wind tunnel system
operated in suction mode. Along its path of flow, air from the laboratory
space passed through the test section, the air velocity through the tunnel is
regulated by a contro! valve. The overall system is shown in Figure 1.

Three test sections of /23mm x [25mm cross section and 420 mm
length were specially designed and fabricated. All test sections were for in-
line arrangement. The lower and upper walls of the test sections were
fubricated from sheets of compressed wood covered with formica, The
sidewalls were made from glass, so that the intemnal surface and tubes
arrays were visible. Strips of rubber matenal were laid in longitudinal
grooves milled into the top and the bottom edges of the side walls to guard
agamnst leakage

The assembled test section 1s held together with the wind tunnel by
positioning screws. This construction allows easy removal and insertion of
tube bank within the duct. The water boiler was designed to get an enough
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amount of hot water. The boiler is equiped with inlet valve controiled by a
float. The boiler was made from aluminum and insulated to minimize the
heat losses to the surroundings. A 0.55kW water pump was used to deliver
the hot water from the boiler to the semi- circular tube bank. The hot water
flows through the heat exchanger and then retumns again to the boiler. Two
collecting boxes are used at the inlet and outlet of the tubes to satisfy the
usually distribution of water flow rate. The collecting boxes are insulated
via three layers of glass wool. The apparatus is equipied electric heater for
the heating of entering air when it is necessary.

The plains of semi- circular tubes bank, which are used during
experiments, are iliustrated in Fig. 2. The tubes were made from copper of
26mm outer diameter, 2mm thickness, and /25mm length. The tubes are
heated by the hot water flowing through the tubes. The tubes in the banks
are arrangements - line. In such arrangements the transfer pitches are kept
constant with variable longitudinal pitches. The relative longitudinal
pitches (S/d) have the values of 1.35, 1.92, and 2.69 while the relative
transfer pitch (S/d) is kept constant and equals 1.35.

Temperature was measured using copper-constantan thermocouples
connected via switching box to a digital thermometer with uncertainty of
0.1%. Thermocouples were located in the inlet and the outlet of the test
sections and water header. Also, twenty-four thermocouples were
embedded in the walls of experimental tubes.

The air velocity across the tunnel of the heat exchanger was
measured using a pitot- static tube connected to a micromanometer. The
uncertainty in velocity measurements is estimated to be in the order of 2%.
The free stream velocity various from 2.65m/s to 22m/s. It (s important to
mention that all measurements were performed at the steady state
condition. The laboratory and hence, the inlet air dry bulb temperature was

kept around 29 °C.

RESULTS AND DISCUSSIONS:

Figures 3 and 4 show the characteristic of a variation of Nusslet
number (Nu) with the Reynolds number (Re). Figure 3 represents the
variations of Nu with Re for semi-circular tube bundles at different b for
a=135and 6 =0° From this figure, it is clear that Nu increases with the
increase of Re and/or b. It is very interesting to note that, at 6 = 0°and
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Re = 16.5% 10" the Nu increases by 30% when b changes from 1.35to 1.92
while it increases by 80% when b increases from 1.35 to 2.69.

Figure 4 shows how the angle of attack (0) affects the heat transfer
coefficient for various relative longitudinal pitches (b) at constant relative
transfer pitch. a=1.35. A close examination of this figure show that, for a
given Re and b, the increase of the angle of attack, Nu increases when 8
changes from 0° to 270°. The percentage of Nu increase depends upon the
value of b and 9, it is about 76% for b = 1.35 (Fig.4.a), 87% for b =1.92
(Fig.4.b) and 59% for b = 2.69 (Fig.4.c), all of them are at a = 1.35 and
Re=16.5x10".

The increase of the heat transfer coefficient, as a result of the angle
of attack variation froin,6 = 0° to © = 270° may be due to the growth of the
vortices and eddies formation of air around the studied tubes [19]. Thus,
from these results, it is clear that Nu depends on Re, b and 6, and could be
expressed by the following relationship.

Nu= A (Re/10%)" (1)

The obtained values for A and n summarized in Table 1, are valid for
2x10° <Re < 16.5x10" and 1.35 < b £2.69 at any angle of attack.

Exemplified in Figures 5 and 6 are characteristic variations of the
effectiveness, E. Figure 5 presents the effectiveness of heat exchanger (E)
as a function of capacity ratio, {(Z) for different longitudinal pitches (b} at
constant angle of attack, © = 0° and a = 1.35. The value of E increases with
increasing Z or/and b. The percentage of E increase is about 58% at Z = |
when (b} increases from 1.35 to 2.69.

Figure 6 shows the effect of the angle of attack, (8) varation on the
effectiveness of the heat exchanger (E). As alienated in this figure, E
increases with increasing 8 at constant a = 1.35 for the given capacity ratio,
7 and b, The increase of E depends on the value of b and 8. Also, it is seen
from this figure that. when 8 changes from 0° to 270 at Z = 1, E increases
bv about 54% for b =1.35 (Fig. 6.a), by 48% for b =192 (Fig. 6.b) and by
32% for b =2 69 (Fig. 6.¢).

The effectiveness of the heat exchanger for semi- circular tube bundles
and capacity ratio could be expressed by the following correlation:

E=BZ" (2)
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Where B and m in equation (2) are obtained for the applicable ranges
for both 0.12< Z < | and 1.35 < b < 2.69, at anv angle of attack §. The
values of B and m are summarized in Table 2.

Figure 7 shows the influence of the angle of attack variation upon
Nusslet number (Nu) at different relative longitudinal pitches (b). At
Re = 16.5x10% and relative transfer pitch a = 1.33, 1t is clear that, Nu
attains its maximum value at & = 270° and reaches a minimum value at
8 = 0° for all values of longitudinal pitches (b).

The characteristic vanations of the effectiveness (E) versus the angle
of attack (0) for different relative longitudinal pitches (b) at Re = 16.5x10*
are shown in Fig8 It 1s noted that, E attains its maximum value at
6 = 270° and reaches a minimum value at & = 0° for all values of

longitudinal pitches (b).
CONCLUDING REMARKS:

Heat transfer characteristics and effectiveness of semi- circular tube
bank in in- line arrangement at different longitudinal pitches and angles of
attack are clarified expenimentally in the present investigation. The
Reynolds number range examined is from 2x10* to 16.5x10". The relative
longitudinal pitches changes from 1.35 to 2.69 while the relative transfer
pitch was kept constant at a = 1.35. The angle of attack is varied from 0° to
270°. The main points obtained are summarized as follows:

1- Nusslet number increases with the increase of Re and/or the reiative
longitudinal pitch (b). Nu increase is about 80% when b increased fromn

1.35t02.69 at 6 =0°.

2- The increase of angle of attack from 0° to 270", for the given Re and b,
mcreases Nu. The percentage of Nu increase due to the change of the
angle of attack from 0" to 270° is about 76% , 87% and 39% for b equal
1.35,1.92 and 2.69 respectively. Nu atrained its maximum and
minimum values at 6 = 270" and 6 = 0" respectively, for all the values
of longitudinal pitches. The correlation Nu = A (Re / 10°)" could be
expressed showing the dependence of Nu upon Re, b and 6.

3- The effectiveness, E, of semi-circular tubes bundle depends, strongly
upon 6, b and the heat capacity ratio Z. E increases with the increase of
Z and/or b, 8. The Inghest and lowest values of E are obtained at Z =
and 0.12 respectively for all values of b and/or 8. The percentage of E
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increase, when 8 changes from 0° to 270° at Z = 1, 1s about 54%, 48%
and 32% for b equal 1.35. 1.92 and 2.69 respectively. Also, E attained
its maximum and minim values at © = 270° and © = 0° respectively for
all longitudinal pitches. The correlation E =-B Z ™ could be expressed
for heat exchanger of semi-circular tubes bundle for 0.12< Z < 1 and
1.35<b <2.69 at any angle of attack.
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